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Small influence of magnetic ordering on lattice dynamics in TaFe1.25Te3
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Raman scattering spectra of zigzag spin chain TaFe1.25Te3 single crystal are presented in a temperature range
from 80 to 300 K. Nine Raman active modes of Ag and Bg symmetry are clearly observed and assigned by probing
different scattering channels, which is confirmed by lattice dynamics calculations. Temperature dependence of
the Raman modes linewidth is mainly governed by the lattice anharmonicity. The only deviation from the
conventional behavior is observed for Ag symmetry modes in a vicinity of the magnetic phase transition at
TN ≈ 200 K. This implies that the electron-phonon interaction weakly changes with temperature and magnetic
ordering, whereas small changes in the spectra near the critical temperature can be ascribed to spin fluctuations.
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I. INTRODUCTION

The discovery of superconductivity in La(O1−xFx)FeAs
in 2008 [1] initiated an intensive search for new iron-based
superconducting materials, in order to obtain better under-
standing of their physical properties and the mechanism of
high-Tc superconductivity [2–4]. Novel iron-based materials,
however, are not only superconducting, but can also exhibit
various types of magnetic ordering. In some cases the magnetic
phase transition is continuous [5–8], whereas in others it
is accompanied by structural changes [9–15], or even by
a nanoscale coexistence of antiferromagnetic (AFM) and
superconducting domains [16–18].

TaFe1+yTe3 was synthesized and characterized about 25
years ago [19,20]. It is a layered system consisting of FeTe
chains, along the b axis, separated by a Ta/Te network
in between; see Fig. 1. These layers are parallel to the
natural cleavage plane. There are also additional Fe ions,
Fe2, randomly occupying interstitial sites [21–23]. TaFe1+yTe3

features anisotropic charge transport with metallic resistivity
within the plane and insulating in the direction normal to
the FeTe layers [23]. The first study of magnetic structure
implies that TaFe1+yTe3 is composed of double zigzag spin
chains with antiferromagnetic ordering of Fe1 spins [22]. The
newest neutron diffraction measurements suggest that spin
ordering within zigzag chains is ferromagnetic, whereas these
zigzag chains couple antiferromagnetically [23], as shown in
Fig. 1(b). However, the exact interaction mechanism is not
clearly resolved.

There is a similarity between TaFe1+yTe3 and the exten-
sively studied Fe1+yTe compound since they are correlated
bad metals which order antiferromagnetically below TN ≈
200 K and 70 K, respectively [10,23], both having rather
large magnetic moments on Fe ions, ≈2 μB/Fe. TaFe1+yTe3,
however, forms ferromagnetic (FM) zigzag spin chains which
couple antiferromagnetically between the layers, whereas the
Fe spins in Fe1+yTe form a bicollinear AFM structure. The
magnetic phase transition in Fe1+yTe is accompanied by the

structural change from a tetragonal to a monoclinic, as opposed
to TaFe1+yTe3 where a continuous transition to the AFM phase
is observed in thermodynamic and transport measurements
[22]. Just like in Fe1+yTe, interest in spin chain and ladder
materials [24] stems not only from their block-AFM states
similar to parent compounds of iron-based superconductors
[25], but also from superconductivity. It is worth noting that
spin 1/2 copper oxide ladder structures host a spin gap
and superconductivity upon doping [26–28]. In contrast to
superconductivity in copper oxide ladder materials that was
rather rare and with critical temperatures rather small when
compared to highest achieved in copper square lattices [29,30],
iron-ladder materials feature Tc’s similar to the highest found
in Fe-based superconductors [31].

Raman spectra provide additional information on magnetic
ordering and electron-phonon coupling. There exist several
Raman studies of the phonon spectra of iron based materials
near the superconducting or magnetic phase transition [32,33].
While no anomalies were observed in 1111 compounds
[34,35], the Raman spectra show anomalous behavior near
the spin density wave (SDW) transition in some of the 122 and
11 compounds [15,36–38], which was ascribed to the phonon
renormalization due to the opening of the SDW or supercon-
ducting gap, or to the structural transition. Large anomalies
were observed also in ferromagnetic KxCo2−ySe2 [5], which
was ascribed to the effect of electron-phonon coupling and
spin fluctuations. Fe1+yTe phonon spectra feature unusually
large anomalies near the magnetic phase transition, as seen
in sudden changes in the phonon frequencies and linewidths,
due to the phonon modulation of magnetic interactions and
structural phase transition [11–13]. Therefore, it is of interest
to examine lattice dynamics in the normal state of iron-spin
chain and ladder materials and compare it to materials like
Fe1+yTe. To the best of our knowledge, there are no published
data on lattice dynamics of TaFe1+yTe3.

In this paper we present polarized Raman scattering spectra
of TaFe1.25Te3 single crystal measured in a temperature range
from 80 to 300 K. Nine out of 15 Raman active modes are
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FIG. 1. (a) Structure of the TaFe1.25Te3 single crystal together
with the natural cleavage plane [1̄01]. x = 1/

√
2(1̄01̄) and y = (010)

correspond to our laboratory system. (b) A view of the TaFe1.25Te3

structure along the b axis. Two neighboring chains of Fe1 spins point
in a parallel direction, forming a ferromagnetic zigzag chain, whereas
spins of neighboring zigzag chains order antiferromagnetically. One
should note that Fe2 is present with occupancy of 0.25.

observed and assigned using the selection rules for different
polarization configurations and lattice dynamics calculations.
In a sharp contrast to the related FeTe compound, TaFe1.25Te3

Raman spectra do not show significant changes near TN ≈
200 K, which clearly indicates that the phase transition is
continuous. Temperature dependence of the frequency and
linewidth is conventional, driven by the anharmonicity effects,
except very near TN where some of phonon lines slightly
broaden which should be the consequence of spin fluctuations
near the critical temperature. These results indicate very small
changes in the electron-phonon coupling and in the Fermi
surface in the measured temperature range.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals were grown using the self-flux method, as
described elsewhere [19]. Raman scattering measurements
were performed on freshly cleaved (1̄01)-oriented samples,
using Jobin Yvon T64000 Raman system, equipped with a
nitrogen-cooled CCD detector, in the backscattering micro-
Raman configuration. The 532 nm line of a solid state laser
was used as an excitation source. A microscope objective with

50× magnification was used for focusing the laser beam. All
measurements were performed at low laser power, to reduce
local heating of the sample. For low temperature measurements
KONTI CryoVac continuous flow cryostat with 0.5 mm thick
window was used. All spectra were corrected for the Bose
factor. For extracting the data from the Raman spectra, phonon
modes were fitted with a Lorentzian profile.

The electronic structure is calculated for stoichiometric
TaFeTe3 in the paramagnetic phase within the density func-
tional theory (DFT), and the phonon frequencies at the �-point
are obtained within the density functional perturbation theory
(DFPT) [39], using the QUANTUM ESPRESSO package
[40]. We have used projector augmented wave (PAW) pseu-
dopotentials with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional with nonlinear core correction and
Gaussian smearing of 0.01 Ry. The electron wave function and
the density energy cutoffs were 64 Ry and 782 Ry, respectively.
The Brillouin zone is sampled with 8 × 8 × 8 Monkhorst-Pack
k-space mesh. The phonon frequencies were calculated with
the unit cell size taken from the experiments and the relaxed
positions of atoms within the unit cell. The forces acting on
individual atoms in the relaxed configuration were smaller than
10−4 Ry/a.u.

III. RESULTS AND DISCUSSION

TaFe1+yTe3 crystallizes in the monoclinic crystal structure,
which is shown in Fig. 1. The space group is P 21/m (unique
axis b), with two formula units per unit cell [19,20]. The
experimental values of the unit cell parameters are a =
7.436 Å, b = 3.638 Å, c = 10.008 Å, and β = 109.17◦. All
atoms (including the excess Fe), are at 2e Wyckoff positions,
with fractional coordinates given in Table I.

The factor group analysis (FGA) for P 21/m space group
yields the following normal mode distribution at the � point:

�Raman = 10Ag + 5Bg,

�IR = 4Au + 8Bu,

�acoustic = Au + 2Bu.

The Raman spectra were measured from the (1̄01) plane
of the sample, which is the natural cleavage plane [23,42].
From the Raman tensors given in Table II, the Ag phonon
modes are expected to be observable in the (xx) and (yy)
scattering configurations. The Bg modes can be observed only
in (xy) polarization configuration.

TABLE I. Experimental fractional coordinates of TaFe1.25Te3

taken from Ref. [19]. In the parentheses are the calculated values
for TaFeTe3.

Atom type x y z

Ta 0.8340 (0.8331) 0.25 0.3007 (0.2987)
Fe1 0.6147 (0.6223) −0.25 0.0890 (0.0988)
Fe2 0.7686 0.25 −0.0047
Te1 0.4392 (0.4326) 0.25 0.1860 (0.1637)
Te2 0.9835 (0.9842) −0.25 0.1589 (0.1584)
Te3 0.2179 (0.2192) 0.25 0.4970 (0.5028)
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TABLE II. Upper panel: atomic species (all of them are at 2e Wyckoff positions) and the contribution of each atom to the �-point phonons,
the corresponding Raman tensors for the TaFeTe3 single crystal (P 21/m space group) [41]. Lower panel: the calculated (for the stoichiometric
TaFeTe3) and experimental phonon energies at 100 K (for the TaFe1.25Te3 single crystal).

Atoms Irreducible representations

Ta, Fe1, Te1, Te2, Te3 2Ag + Au + Bg + 2Bu

Raman tensors

R̂Ag
=

⎛
⎝a 0 d

0 b 0
d 0 c

⎞
⎠ R̂Bg

=
⎛
⎝0 e 0

e 0 f

0 f 0

⎞
⎠

Raman active Infrared active

Symmetry Calc. (cm−1) Expt. (cm−1) Symmetry Calc. (cm−1) Expt. (cm−1)

A1
g 36.2 A1

u 42.8

B1
g 43.8 B1

u 54.9

B2
g 57.9 61.6 B2

u 94.4

A2
g 63.8 62.3 A2

u 101.4

A3
g 75.3 68.5 B3

u 111.3

A4
g 104.4 90 A3

u 131.1

B3
g 105.1 B4

u 143.2

A5
g 124.6 B5

u 160.4

B4
g 127.2 130.4 B6

u 188.6

A6
g 149.8 155 B7

u 227.9

A7
g 164.9 165 A4

u 231.1

A8
g 191 B8

u 289.4

B5
g 217.1 222.3

A9
g 241.9 223.9

A10
g 276.22

Raman scattering spectra of TaFe1.25Te3 single crystals,
measured at 100 K in three different polarization configura-
tions, are presented in Fig. 2. By using the selection rules,
we assign the Raman peaks appearing in the (xx) and (yy)
polarization configuration as the Ag ones. This conclusion
is supported by the lattice dynamics calculations, given in
Table II. By comparing the calculated values of Ag mode
energies with those of the peaks appearing in the (xx) and
(yy) spectra, we can unambiguously assign four Raman modes
(A4

g, A6
g, A7

g , and A9
g). The broad structure around 65 cm−1

probably originates from the A2
g and A3

g modes, although
the contribution of the A1

g mode (with calculated energy of
42.7 cm−1) cannot be excluded. The peaks at 57.9 cm−1 and
130 cm−1 that are clearly visible in (xy) but absent in (yy)
configuration are assigned as B2

g and B4
g modes, respectively.

The low intensity peak at ≈220 cm−1, that becomes clearly
observable at low temperatures, is tentatively assigned as B5

g

mode, although the contribution from the leakage of A9
g mode

cannot be excluded. The origin of the two very broad structures
at about 70 cm−1 and 160 cm−1, which are pronounced in
the (xy) configuration, is not completely clear. Aside from
providing additional charge, Fe2 atoms may contribute to
momentum transfer scattering, in line with the pronounced
quasielastic continuum, present in all the scattering con-
figurations. Consequently, contribution from single-phonon
scattering away from � point becomes observable, which is
theoretically predicted [43,44] and experimentally observed

[45,46]. Although we cannot exclude the possibility of two-
and, in particular, double-phonon contributions, we believe it
is less likely due to the nature of the processes and since they
usually have more pronounced contribution to A channel (for
arbitrary irreducible symmetry μ of C2h holds μ ⊗ μ � A).

The normal modes of the selected Ag and Bg vibrations,
as obtained by the lattice dynamics calculations, are shown in
Fig. 3. The low energy B2

g mode represents vibrations of Te
and Ta atoms which tend to elongate the (Ta,Fe)Te tetrahedra
in the xy plane. B4

g phonon originates mainly from Ta and Te
atom vibrations in directions opposite to each other, whereas
A4

g mode represents dominantly vibrations of another Te atom
in the xy plane. A7

g and A9
g modes originate from the vibrations

of Fe and Te atoms which tend to rotate the tetrahedra around
the x axis.

The DFT calculations are in very good agreement with
the measured Raman spectra, specially having in mind the
strength of electronic correlations in iron based compounds
and the presence of additional Fe2 atoms in the measured
sample. We restricted to the nonmagnetic DFT calculations.
This is because small changes in the phonon energies due to
the magnetic ordering cannot be reliably captured since the
DFT does not treat strong correlation and spin-fluctuations
effects. Our DFT calculations for the electronic band structure
agree with the results from Ref. [42]. The calculated electronic
dispersions are in rather good agreement with the ARPES
measurements [42], which indicates that the main effect of the
interstitial Fe2 ion is to provide additional charge and shift
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FIG. 2. Polarized Raman scattering spectra of TaFe1.25Te3 single
crystal measured at 100 K in various polarizations. The notation in
parentheses indicates the polarization directions of the incident and
scattered light according to Fig. 1(a). Inset: surface of the probed
TaFe1.25Te3 single crystal.

the Fermi level. This conclusion is supported with a small
difference between the relaxed and experimental fractional
coordinates; see Table I.

x
y

zTa
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Fe 4Bg
2Bg

4Ag
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9Ag

FIG. 3. Unit cell of TaFeTe3 single crystal with the displacement
patterns of several Ag and Bg Raman modes. Arrow lengths are
proportional to the square root of the interatomic forces.
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FIG. 4. Temperature dependent Raman scattering spectra of
TaFe1.25Te3 single crystal in the (yy) (left panel) and (xy) (right
panel) polarization.

In order to analyze the changes of the Raman spectra
near the AFM transition at TN ≈ 200 K, we have performed
measurements in a temperature range from 80 K up to
300 K. Raman spectra of TaFe1.25Te3 single crystal, measured
at different temperatures in the (yy) and (xy) scattering
configurations, are given in Fig. 4. In the following, we perform
the temperature analysis of the energy and the linewidth for
five most clearly observed modes.

The temperature dependence of the Raman mode energy is
usually described with [47,48]

ωi(T ) = ω0,i + �V
i (γi,αi(T )) + �A

i (Ci), (1)

where ω0,i is a temperature independent contribution to the
Raman mode energy. The second term represents a change of
the phonon energy induced by the lattice thermal expansion
and depends on the Grüneisen parameter γi and the thermal
expansion coefficient αi(T ). The term �A

i describes the anhar-
monicity induced change of the Raman mode energy which is
a function of the anharmonic constant Ci . Both �V

i and �A
i

have qualitatively the same temperature dependence. Since
there are no reported experimental data on the temperature
dependence of the lattice parameters for TaFe1+yTe3, we didn’t
attempt to fit the data, and the black dotted lines in Figs. 5
and 6 are guides to the eye. The ωi(T ) curves follow the
“standard” [5,15,37,49,50] continuous decrease in energy with
temperature, with very small anomalies near TN except for the
A4

g mode.
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FIG. 5. Temperature dependence of the energy and linewidth for
the B2

g and B4
g Raman modes of the TaFe1.25Te3 single crystal. The

red lines are fitted according to Eq. (2), whereas black lines are guides
to the eye.

The temperature dependences of the linewidth of selected
Bg and Ag modes are given in the right panels of Figs. 5
and 6, respectively. While the B2

g and B4
g phonon modes do

not show significant deviation from the usual behavior due
to the anharmonicity effects, with gradual broadening with
increasing temperature, the A4

g, A7
g , and A9

g modes exhibit
moderate additional broadening above 200 K. The red lines
present a fit to the standard formula for the temperature
dependent linewidth due to the anharmonicity [11,47,51]:

�i(T ) = �0,i

(
1 + 2

eh̄ω0,i /2kBT − 1

)
+ Ai, (2)

where �0,i is the anharmonic constant and Ai is the constant
term due to the disorder and electron-phonon interaction
[52]. The deviation from these anharmonicity curves is most
pronounced around TN (see the insets of Fig. 6).

We can observe that all Raman modes have moderate
linewidth and exhibit small anomalies near TN . This shows
that the phase transition is continuous, in agreement with
the thermodynamic and transport measurements [22]. Small
anomalies in the phonon spectra, which are restricted only to
the vicinity of the phase transition, imply that the electron-
phonon interaction of Raman active modes does not change
with temperature. This is in agreement with the recent
ARPES measurements which show negligible change of the
Fermi surface across the AFM transition [42], indicating that
the magnetic transition is not driven by the Fermi surface
instability. The anomalies in the linewidth of some phonon
modes near TN are likely the signature of the increased
scattering by spin fluctuations near the phase transition [51,53].
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FIG. 6. Energy and linewidth of the A4
g, A7

g , and A9
g Raman

modes of the TaFe1.25Te3 single crystal as a function of temperature.
The red lines are plotted according to Eq. (2), and the black dotted
lines are guides to the eye. The insets represent deviations of the
Raman mode linewidth from the anharmonic form.

The density of states (DOS) at the Fermi level is not large.
This can be concluded from the ARPES experiments [42]
which have shown three bands crossing the Fermi level but with
strong dispersion, while several relatively flat bands are found
only well below the Fermi level. The DFT calculations also
give moderate values for the DOS, N (EF ) ≈ 1 eV−1/f.u., after
the Fermi level is shifted due to the additional charge provided
by the Fe2 atoms. This value for the DOS also suggests that the
electron-phonon coupling is not strong in TaFe1.25Te3, since it
is proportional to N (EF ).

TaFe1.25Te3 has a similar moment size as Fe1+yTe, ≈
2μB /Fe. However, the differences in the magnetic ordering and
crystal structure cause different phonon properties of these two
compounds. Namely, the phonon lines in the Raman spectra of
Fe1+yTe have very large linewidth and pronounced anomalies
both in the frequency and in the linewidth near the first order
phase transition [11,13]. Small anomalies in the Raman spectra
of TaFe1.25Te3 as compared to Fe1+yTe can be ascribed to the
continuous, second order nature of the AFM transition and
smaller electron-phonon coupling due to lower DOS at the
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Fermi level. Also, the monoclinic angle β in the TaFe1.25Te3

unit cell significantly differs from 90◦ and therefore the form
of the vibrational modes is different.

IV. CONCLUSION

In summary, we have performed the Raman scattering
study of the zigzag spin chain TaFe1.25Te3 single crystal,
together with the lattice dynamics calculations of TaFeTe3.
By analyzing the Raman spectra in different polarization
configurations and using numerical calculations we have
assigned nine Raman active modes predicted by the FGA.
Very good agreement between the experimental frequencies
and those calculated for the stoichiometric compound shows
that the excess iron atoms weakly influence the phonon
energies but provide momentum conservation for the phonon
scattering away from � point. The temperature dependence
of the frequency and the linewidth of the Bg Raman modes
looks conventional, governed by the anharmonicity effects.
While in a broad temperature range the behavior of the Ag

modes is also conventional, there are clear anomalies near

the AFM transition. The anomalies in the frequency and the
linewidth are in the form of small kinks near TN . This implies
that the electron-phonon interaction and the DOS at the Fermi
level are approximately constant in the measured temperature
range. The increase in the linewidth near TN is likely due to
the coupling of spin fluctuations and vibration near the second
order phase transition.
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We present results from light scattering experiments on tetragonal FeS with the focus placed on lattice dynamics.
We identify the Raman active A1g and B1g phonon modes, a second order scattering process involving two acoustic
phonons, and contributions from potentially defect-induced scattering. The temperature dependence between 300
and 20 K of all observed phonon energies is governed by the lattice contraction. Below 20 K the phonon energies
increase by 0.5–1 cm−1, thus indicating putative short range magnetic order. Along with the experiments we
performed lattice-dynamical simulations and a symmetry analysis for the phonons and potential overtones and
find good agreement with the experiments. In particular, we argue that the two-phonon excitation observed in a
gap between the optical branches becomes observable due to significant electron-phonon interaction.

DOI: 10.1103/PhysRevB.97.054306

I. INTRODUCTION

In the iron based superconductors (IBS) magnetic order,
structure, nematicity, and superconductivity are closely inter-
related. Upon substituting atoms in the parent compounds the
properties change in a way that the shape of the Fermi surface
is generally believed to play a crucial role. Yet, the magnetic
properties were found recently to be more complex and to
depend also on the degree of correlation in the individual d

orbitals contributing to the density of states close to the Fermi
surface [1–3].

The influence of correlation effects seems to increase from
the 122 systems such as BaFe2As2 to the 11 chalcogenides
FeTe, FeSe, and FeS [4,5]. Surprisingly, the properties of the 11
class members differ substantially although they are isostruc-
tural and isoelectronic [3,6]: FeSe undergoes a structural
transition at Ts ∼ 90 K and displays electronic nematicity [7].
While long-range magnetic order cannot be observed down to
the lowest temperatures [7–10] the thermodynamic properties
and the Raman spectra strongly support the presence of short-
ranged magnetism [11,12]. Below Tc ∼ 9 K superconductivity
is observed [13] in pristine FeSe. In mono-layer FeSe Tc can
reach values close to 100 K [14,15].

*Present address: Physikalisches Institut, Goethe Universität, 60438
Frankfurt am Main, Germany.

†Present address: Fakultät für Physik E21, Technische Universität
München, 85748 Garching, Germany.

The replacement of Se by Te leads to slightly off-
stoichiometric Fe1+yTe which exhibits a simultaneous magne-
tostructural transition near 67 K [16] but is not superconducting
[17,18]. Finally, FeS having a superconducting transition at
Tc ∼ 5 K [19] remains tetragonal down to the lowest temper-
atures [20]. It is still an open question whether tetragonal FeS
hosts magnetic order. Obviously, the iron-chalcogenides are at
the verge of various neighboring phases and very susceptible to
small changes in the lattice and electronic structure. Yet direct
access to the competing phases is still very difficult in FeTe
and FeS because of the variation of the crystal quality across
the families.

Here, we choose a slightly different approach and do not
look directly at the electronic but rather at the lattice properties
in FeS close to potential instabilities and use the Raman-active
phonons as probes. We identify the A1g and B1g modes,
a two-phonon scattering process, and a fourth mode from
either defect-induced scattering or second-order scattering as
well. These results are in good agreement with numerical
calculations. Furthermore the temperature dependence of all
phononic modes supports the results reported in Refs. [21,22],
where emerging short range magnetic order at approximately
20 K was reported.

II. EXPERIMENT

Single crystals of FeS were synthesized as described else-
where [23]. Before the experiment the samples were cleaved
in air.

2469-9950/2018/97(5)/054306(11) 054306-1 ©2018 American Physical Society
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FIG. 1. Raman spectra of FeS at T = 80 K measured with light
polarizations as indicated. The inset shows the crystal structure of FeS
and the polarization directions with respect to the crystal orientation.

Calibrated customized Raman scattering equipment was
used for the experiment. The samples were attached to the cold
finger of a He-flow cryostat having a vacuum of approximately
5 × 10−5 Pa. For excitation we used a diode-pumped solid state
laser emitting at 575 nm (Coherent GENESIS). Polarization
and power of the incoming light were adjusted in a way that
the light inside the sample had the proper polarization state and,
respectively, a power of typically Pa = 3 mW independent of
polarization. The samples were mounted as shown in the inset
of Fig. 1. The crystallographic axes are a and b with |a| = |b|.
The c axis is parallel to the optical axis. a′ and b′ are rotated
by 45◦ with respect to a and b. The laser beam reached the
sample at an angle of incidence of 66◦ and was focused to a
spot of approximately 50 μm diameter. The plane of incidence
is the bc plane. By choosing proper in-plane polarizations of
the incident and scattered light the four symmetry channels
A1g , A2g , B1g , and B2g of the D4h space group can be accessed.
Additionally, for the large angle of incidence, exciting photons
being polarized along the b axis have a finite c-axis projection
and the Eg symmetry can also be accessed. For the symmetry
assignment we use the 2 Fe unit cell (crystallographic unit cell).

The observed phonon lines were analyzed quantitatively.
Since the phonon lines are symmetric and �L(T ) � ω(T ) the
intrinsic line shape can be described by a Lorentz function
with a central temperature dependent energy ω(T ) and a width
�L(T ) (FWHM). The widths turn out to be comparable to the
resolution σ of the spectrometer. Therefore, the Lorentzian
needs to be convoluted with a Gaussian having width �G ≡ σ .

III. THEORY

The electronic structure and the phonon dispersion were
calculated using density functional theory (DFT) and den-
sity functional perturbation theory (DFPT), respectively, [24]
within the QUANTUM ESPRESSO package [25]. The calculations
were performed with the experimental unit cell parameters
a = 3.6735 Å, c = 5.0328 Å, and z = 0.2602, where z is the
height of the sulfur atoms above the Fe plane in units of the
c axis [26]. We used the Vanderbilt ultrasoft pseudopotentials
with the Becke-Lee-Yang-Parr (BLYP) exchange-correlation
functional and s and p semicore states included in the valence
for iron. The electron-wave-function and density energy cut-

offs were 70 Ry and 560 Ry, respectively, chosen to ensure
stable convergence of the phonon modes. We used a Gaussian
smearing of 0.01 Ry. The Brillouin zone was sampled with a
16 × 16 × 16 Monkhorst-Pack k-space mesh. Our electronic
structure and phonon calculations are in agreement with
previously reported results [27,28].

The experimental positions of the S atoms entail a nonzero
z component of the force of 6 × 10−2 Ry/aB acting on them
with aB the Bohr radius. However, the relaxation of the z

positions of the S atoms would result in a large discrepancy
between the calculated and experimental energies of the optical
branches [28], whereas the phonon frequencies calculated from
experimental structure parameters are in good agreement with
the experiment (see Table II). When using the measured lattice
parameters, including atomic positions, some of the acoustic
phonons are unstable and do not have a linear dispersion at
small k. Upon relaxing the atomic positions the acoustic dis-
persion becomes linear and the energies at the zone boundary
decrease slightly. The energies of the optical branches, on the
other hand, increase by some 10%. Having all this in mind,
we choose to use the experimental lattice parameters stated
above. In this sense our calculations should be understood as
a compromise.

The phonon dispersion and the density of states were
calculated on a 6 × 6 × 6 Monkhorst-Pack k-point mesh, and
the dispersion is interpolated along the chosen line. The
calculated phonon dispersions of the experimental and relaxed
structures qualitatively coincide and display similar shapes and
a gap. Discrepancies only appear in the absolute energies.

The selection rules for two-phonon processes were calcu-
lated using the modified group projector technique (MGPT)
[29], which avoids summing over an infinite set of space group
elements.

IV. RESULTS AND DISCUSSION

A. Polarization dependence

Raman spectra of FeS for four linear polarization config-
urations at a sample temperature of T = 80 K are shown in
Fig. 1. Three peaks can be identified at 215, 265, and 305 cm−1.
The symmetric peak at 215 cm−1 shows up for aa, bb, and
a′b′ polarizations, but vanishes for ba polarization. Hence the
excitation obeys B1g selection rules and can be identified as
the out-of-phase vibration of iron atoms along the c axis. The
strongest slightly asymmetric peak at 305 cm−1 obeys A1g

selection rules with contributions of order 5% in ba and a′b′
polarizations from either leakage or defect-induced scattering.
An asymmetric Fano-type line shape can be acquired by cou-
pling a phonon to an electronic continuum. However, as shown
in Fig. 6 in the Appendixes, we find that the superposition of
two symmetric, yet spectrally unresolved peaks gives a better
agreement with the data than the description in terms of a Fano
function. The stronger peak at 305 cm−1 has A1g symmetry
with some remaining leakage. We therefore identify this mode
with the in-phase vibration of sulfur atoms along the c axis. The
second peak, labeled P2, appears in spectra with parallel light
polarizations and vanishes in ba, but has some contribution in
a′b′ polarizations, suggesting mixed A1g and B1g symmetry.
The third peak, labeled P1, is symmetric and appears only in
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FIG. 2. Raman spectra of FeS in bb polarization projecting A1g +
B1g + Eg symmetries measured at temperatures given in the legend.
The inset shows the light polarizations with respect to the crystal
orientation.

spectra with parallel light polarizations and thus has pure A1g

symmetry.

B. Temperature dependence

For properly assigning all observed modes and for getting
access to putative phase transitions we studied the temperature
dependence. Figure 2 shows Raman spectra in bb polarization
at 8, 40, and 300 K. The three peaks shift to higher energies
upon cooling. The fourth peak P2 cannot be resolved in the
raw data and can only be analyzed after a fitting procedure
(see Appendix B). The peak energies ω(T ) and the (intrinsic)
linewidths �L(T ) were determined as described at the end of
Sec. II. All four modes show a monotonous increase in energy
and decrease in linewidth upon cooling as shown in Fig. 3.
Below 20 K the increase in the energies accelerates. We first
address this overall behavior and disregard the anomaly around
50 K for the moment.

The shift and narrowing of all modes can be explained
in terms of lattice contraction using a constant Grüneisen
parameter γ and anharmonic decay into other phonon modes,
respectively. The change in the (Lorentzian) linewidth �L(T )
is given by [30]

�L(T ) = �L,0

(
1 + 2λph-ph

exp
(

h̄ω0
2kBT

) − 1

)
. (1)

The zero temperature limits �L,0 and ω0 were obtained by
extrapolating the respective experimental points of �L(T ) and
ω(T ) in the range 20 � T � 50 K to T = 0 (Fig. 3). With the
phonon-phonon coupling λph-ph being the only free parameter
the temperature dependence of �L(T ) can be described as
shown by red dashed lines in Fig. 3. The phonon energy ω(T )
contains contributions from both the anharmonic decay and the
lattice contraction, which depends essentially on the thermal
occupation of the phonons, and can be written as [31]

ω(T ) = ω0

[
1 − γ

V (T ) − V0

V0

−
(

�L,0√
2ω0

)2(
1+ 4λph-ph

exp
(

h̄ω0
2kBT

) − 1

)]
. (2)
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FIG. 3. Temperature dependence of energy and width of the four
observed phonon modes in FeS. Black squares show the phonon
energies ω; open circles denote the phonon linewidths �L. The red
dashed and solid lines represent the temperature dependencies of
the phonon linewidths and energies according to Eqs. (1) and (2),
respectively. For better visualizing the low-temperature part, the data
of this figure are plotted on a logarithmic temperature scale in Fig. 8
of Appendix D.

V (T ) and V0 are the volumes of the unit cell at temperatures
T and T → 0, respectively. The numbers for the calculations
are taken from Ref. [20]. The second term describes the effect
of phonon damping on the line position in the harmonic approx-
imation. Using λph-ph from Eq. (1), the Grüneisen parameter
γ is the only free parameter and is assumed to be constant.
The temperature dependencies ω(T ) resulting from the fits are
plotted in Fig. 3 as solid red lines. The numerical values for
parameters γ and λph-ph obtained from the T -dependent energy
and linewidth are compiled in Table I.

Below 20 K and around 50 K anomalies are found in the
experimental data as follows:

(i) At 50 K the peak energies of all four modes deviate
significantly from the otherwise smooth temperature depen-
dence. The nearly discontinuous increase in energy could
be reproduced for the A1g phonon and peak P2 in multiple
measurements. For the B1g phonon and mode P1 the anomaly
is not as clearly reproducible. The energy anomalies do not
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TABLE I. Symmetry, Grüneisen constant γ , and phonon-phonon
coupling parameter λph-ph of the four experimentally observed modes.

Mode Symmetry γ λph-ph

S A1g 2.2 1.68
Fe B1g 3.4 0.31
P1 A1g 2.4 0.25
P2 A1g + B1g 2.2 0.31

have a correspondence in the linewidth. As there is neither
an abrupt change in the lattice constants [20] nor any other
known phase transition close to 50 K the origin of this anomaly
remains unexplained although we consider it significant.

(ii) Upon cooling from 20 K to 4 K all four modes exhibit
sudden, yet small, increases in energy. The changes in width
are heterogeneous in that the A1g mode narrows and the B1g

mode broadens. No clear tendencies can be derived for modes
P1 and P2. Sudden changes in the temperature dependence
typically indicate phase transitions. Yet, no phase transition has
been identified so far. However, the anomaly at 20 K coincides
with the emergence of short range magnetic order as inferred
from two μSR studies [21,22]. Susceptibility measurements
on a sample from the same batch were inconclusive. On the
other hand, the XRD data show a small anomaly in the lattice
parameters and the unit cell volume does not saturate at low
temperature but rather decreases faster between 20 K and 10 K
than above 20 K [20]. This volume contraction by and large
reproduces the change in the phonon energies as can be seen
by closely inspecting the low-temperature parts of Fig. 3 (see
also Fig. 8). Hence the indications of short-range magnetism in
FeS found by μSR have a correspondence in the temperature
dependence of the volume and the phonon energies.

Clear phonon anomalies were observed at the onset
of the spin density wave (SDW) phases in 122 systems
[32–34] and of the more localized magnetic phase in FeTe [35],
whereas continuous temperature dependence of the phonons
was found in systems without long-range magnetism [36,37].
Upon entering the SDW state in the 122 systems the A1g (As)
mode softens abruptly and narrows by a factor of 3, whereas
the B1g (Fe) mode stays pinned and narrows only slightly [32].
The strong coupling of the As mode to magnetism was traced
back to the interaction of the Fe magnetic moment with the
Fe-As tetrahedra angle [38], which goes along with a change
of the c-axis parameter. In Fe1+yTe the roles of the B1g and
A1g modes are interchanged [35,39,40]. In contrast, all four
modes observed here in FeS harden below T ∗ ≈ 20 K being
indicative of a type of magnetic ordering apparently different
from that in the other Fe-based systems.

Very recently, commensurate magnetic order with a wave
vector of q = (0.25,0.25,0) was found in FeS below TN =
116 K using neutron powder diffraction [41]. In the Raman
spectra no anomalies can be seen around 120 K even if the range
is studied with fine temperature increments of 10 K as shown
in Appendix C. However, a small change in the temperature
dependence of the c-axis parameter is observed around 100 K
by XRD [20], which could be related to this type of magnetic
order. Since the influence on the volume is small there is no
detectable impact on the phonons.

TABLE II. Raman active phonon modes in t-FeS. Shown are the
symmetries, the theoretical predictions for the experimental lattice pa-
rameters at T = 0, and the atoms involved in the respective vibrations.
The experimental energies in the third column are extrapolations to
T = 0 of the points measured between 20 K and 50 K.

Phonon energy (cm−1)

Symmetry Calculation Experiment Atomic displacement

A1g 316.1 305.3 S
B1g 220.4 215.8 Fe
Eg 231.6 Fe, S
Eg 324.8 Fe, S

C. Analysis of the modes P1 and P2

Based on the energies, the selection rules, and the tempera-
ture dependence we first clarify the phononic nature of the two
lines P1 and P2, which cannot as straightforwardly be identified
as lattice vibrations as the in-phase sulfur and out-of-phase iron
vibrations at 305.3 and 215.8 cm−1. Second we derive their
origin from the phonon density of states (PDOS) calculated
for the zero-temperature limit.

All experimental energies for T → 0 were derived from the
points at low temperature as described in Sec. IV B (see also
Fig. 3). The results for the modes at the � point are summarized
in Table II and can be directly compared to the results of the
calculations. The discrepancies between the experimental and
theoretical energies for the Raman-active phonons are smaller
than 4%. The price for this accuracy in the optical energies is
an instability and possibly too high energies in the acoustical
branches at small and, respectively, large momentum (see
Sec. III).

The unidentified peaks P1 and P2 appear in the spectra
measured with aa polarization, where none of the electric
fields has a projection on the c axis. Thus they cannot have Eg

symmetry obeying ca and cb selection rules. In addition, the
observed energies would be relatively far off of the calculated
energies (see Table II). Both peaks exhibit temperature de-
pendencies similar to those of the two Raman-active phonons
and the Grüneisen parameters are close to the typical value
[42] of 2 and similar to those of the Raman-active phonons.
The phonon-phonon coupling parameters λph-ph derived from
the temperature dependence of the linewidths are close to 0.3
similar to that of the B1g phonon. λph-ph of the A1g phonon
is roughly five times bigger for reasons we address later. Yet,

because of the small prefactor (�L,0/
√

2ω0)
2 = O(10−3), the

contribution of phonon-phonon coupling to the temperature
dependence of ω(T ) remains negligible in all cases and
the phonon energies are essentially governed by the lattice
contraction. These considerations demonstrate the phononic
origin of the peaks P1 and P2.

In the second step we try to identify the phonon branches
to which P1 and P2 can be related. To this end the full
phonon dispersion and density of states (PDOS) were derived
as described in Sec. III and are plotted in Fig. 4.

Independent of using the relaxed or experimental structure,
P1 is located in the gap of the (theoretical) PDOS and cannot
result from first order defect-induced Raman scattering. What
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alternatives exist for explaining P1? If we exclude exotic
explanations such as a collective mode for the reasons given
above the energy of ωP1 = 265 cm−1 can only be obtained by
the sum of two phonon modes having equal energy ωP1/2 and
momenta k and −k (for maintaining the q ≈ 0 selection rule).
As shown for various transition metal compounds including
TiN, ZrN, or NbC second-order phonon Raman scattering can
occur in the presence of defects [44]. Then first-order scattering
being proportional to the PDOS (modulo energy and symmetry
dependent weighting factors) is expected to be also substantial
if not stronger. Although our crystals are slightly disordered
there is no indication of substantial intensity at energies with
high PDOS as can be seen by directly comparing Figs. 1 and
4(b). Alternatively, second-order scattering can originate in
enhanced electron-phonon coupling [45]. In either case the
energies of two phonons add up as they get excited in a
single scattering process. Generally, no selection rules apply
for second order Raman scattering and the resulting peak would
appear in all symmetry channels [46]. Exceptions exist if the
phonon wave vectors coincide with high-symmetry points or
lines of the Brillouin zone.

From the phonon dispersion alone several phonon branches
having k and −k and energies in the range around ωP1/2 could
add up to yield 265 cm−1 (see Fig. 4). However, as explained in
Appendix F and shown in Table III for the space group P4/nmm

of t-FeS, theA1g selection rules of P1 exclude all nonsymmetric
combinations of branches (right column of Table III). On the
other hand, all symmetric combinations include A1g selection
rules for the two-phonon peak (left column of Table III) and
one has to look essentially for a high PDOS in the range ωP1/2.
As shown in Fig. 4(b) the PDOS has a maximum in the right
energy range. Since the maximum results from momenta away
from the high-symmetry points or lines (see Fig. 4) which alone
lead to pure A1g symmetry one expects also intensity in B1g and
Eg symmetry as opposed to the experiment. For exclusive A1g

selection rules only seven possibilities exist. Since phase space
arguments favor modes having a flat dispersion in extended
regions of the Brillouin zone the �, M , and/or A points are
unlikely to give rise to P1, and only the lines S = A − Z, � =
� − M , and V = A − M remain. The dispersion along the
S or � branch contributes very little to the PDOS. On the
high-symmetry line V a doubly degenerate branch would have
a flat dispersion [see Fig. 4(b)] and contributes substantially
to the PDOS but the energy of 150 cm−1 differs by 13%
from the expected energy of 132.5 cm−1. Instead of arguing
about the accuracy of the theoretical phonon energies (see
Sec. III) we looked at the dispersion close to but not strictly
on V where the contribution to B1g and Eg symmetries is
expected to be still very small, e.g., along M ′ − A′ [Fig. 4(b)].
A detailed inspection shows that the maximum of the PDOS
between 130 and 140 cm−1 comes from there. This explains
both the selection rules and the energy of P1 to within a few
percent.

Peak P2 cannot be explained in terms of one of the two Eg

phonons either. As opposed to P1 it is not inside the gap of
the PDOS and thus can originate from either first or second
order scattering. If P2 originates in second order scattering
in the same fashion as P1 there are five possibilities yielding
A1g + B1g but not Eg selection rules. As explained in the last
paragraph only the branches � = � − X and U = Z − R may
contribute. For the low PDOS there we consider also first order
defect-induced scattering for P2 to originate from. In fact, the
PDOS possesses its strongest maximum 5 cm−1 below the
(theoretical) A1g phonon exactly where P2 is found. In spite
of the very high PDOS here, the peak is weak explaining
the negligible contributions from first order defect-induced
scattering at lower energies. The high PDOS between 300 and
325 cm−1 may also be an alternative yet less likely explanation
for the weak contributions in crossed polarizations in the
energy range of the A1g phonon (Fig. 1).

Finally, we wish to clarify whether the large phonon-phonon
coupling λ

A1g

ph-ph found for the A1g Raman-active mode (see
Table I) is related to the appearance of P1. Due to the close
proximity of the energies the A1g mode apparently decays
into states close to those adding up to yield P1. The decay
is less restricted by symmetry leaving more options. For both
processes the phonon-phonon coupling has to be substantial
with the order of magnitude given by λ

A1g

ph-ph ≈ 1.7. Phonon-
phonon coupling is present in any type of material because
of the anharmonic potential. Defects enhance this effect [44].
Since FeS is a metal the phonon-phonon coupling goes at least
partially through electronic states and may be indicative of
enhanced electron-phonon coupling, λel-ph, as described, e.g.,
in Ref. [45]. The related contribution to λph-ph is then expected
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TABLE III. Two-phonon processes in FeS. The symmetry group of the FeS system is the space group P 4/nmm. For products of irreducible
representations (IRs) in the left column Raman active modes (RM) in decomposition are given in the right one. Raman active modes of FeS
are �+

1 (A1g), �+
2 (B1g), and two double degenerate �+

5 (Eg). �+
1 comes from vibrations of S atoms, �+

2 from Fe ones, and both atom types
contribute with one pair of �+

5 modes. For complex representations (V1,2,3,4 and all W ) the double index indicates that the real representation
is used, for example, V13 = V1 ⊕ V ∗

1 = V1 ⊕ V3. Irreducible representations of the space group given in Ref. [53] are used.

Overtones Combinations

IR products RM IR products RM
(phonon states) in decomposition (phonon states) in decomposition

[(�±
i )2] (i = 1,2,3,4) A1g �h

1 ⊗ �h
2 , �h

3 ⊗ �h
4 (h = ±) B1g

[(�±
5 )2] A1g , B1g �h

i ⊗ �h
5 (i = 1,2,3,4, h = ±) Eg

[(Xi)2] (i = 1,2) A1g , B1g , Eg X1 ⊗ X2 Eg

[(Mi)2] (i = 1,2,3,4) A1g M1 ⊗ M2,M3 ⊗ M4 B1g

[(�i)2] (i = 1,2,3,4) A1g M1 ⊗ M3, M1 ⊗ M4, M2 ⊗ M3, M2 ⊗ M4 Eg

[(�i)2] (i = 1,2,3,4) A1g , B1g �1 ⊗ �2, �3 ⊗ �4 B1g

[(V13)2], [(V24)2], [(V5)2] A1g �1 ⊗ �3, �1 ⊗ �4, �2 ⊗ �3, �2 ⊗ �4 Eg

[(W13)2], [(W24)2] A1g , B1g, Eg �1 ⊗ �2,�1 ⊗ �3, �2 ⊗ �4, �3 ⊗ �4 Eg

[(Y1)2] A1g , B1g , Eg V13 ⊗ V24 �+
2

[(Z±
i )2] (i = 1,2,3,4) A1g V13 ⊗ V5, V24 ⊗ V5 �+

5

[(Z±
5 )2] A1g , B1g W13 ⊗ W24 �+

5

[(Ai)2] (i = 1,2,3,4) A1g Zh
1 ⊗ Zh

2 , Zh
3 ⊗ Zh

4 (h = ±) B1g

[(Ri)2] (i = 1,2) A1g , B1g , Eg Zh
i ⊗ Zh

5 (i = 1,2,3,4, h = ±) Eg

[(Si)2] (i = 1,2,3,4) A1g A1 ⊗ A2, A3 ⊗ A4 B1g

[(Ui)2] (i = 1,2,3,4) A1g , B1g A1 ⊗ A3, A1 ⊗ A4, A2 ⊗ A3, A2 ⊗ A4 Eg

[(	i)2] (i = 1,2,3,4) A1g R1 ⊗ R2 Eg

[(	5)2] A1g , B1g S1 ⊗ S2, S3 ⊗ S4 B1g

[(T1)2] A1g , B1g , Eg S1 ⊗ S3, S1 ⊗ S4, S2 ⊗ S3, S2 ⊗ S4 Eg

U1 ⊗ U2, U1 ⊗ U3, U2 ⊗ U4, U3 ⊗ U4 Eg

	1 ⊗ 	2,	3 ⊗ 	4 B1g

	i ⊗ 	5 (i = 1,2,3,4) Eg

to be proportional to λ2
el-ph. This conclusion is compatible

with early results on the branch-dependent electron-phonon
coupling in LaFeAsOF, where the strongest effects are reported
for some �-point modes and the acoustic branches with inter-
mediate to large momenta [47]. λA1g

ph-ph > 1 and the two-phonon
peak P1 indicate that the electron-phonon coupling is possibly
larger than in the other Fe-based systems and reaches values up
to unity. In BaFe2As2, as an example from the pnictide family,
λ2

el-ph ≈ (1–4) × 10−2 < λph-ph ≈ 0.1 is reported [32,48,49].
On the other hand, one finds λ2

el-ph ≈ 0.4 < λph-ph ≈ 0.9 for
the Eg phonon in MgB2, being generally believed to be a
conventional superconductor [50,51]. Thus one may speculate
whether λel-ph might be even large enough in FeS to account
for a Tc in the 5 K range.

V. CONCLUSION

We have studied and identified phonons in tetragonal FeS
by Raman scattering. For the A1g sulfur and B1g iron mode
the DFT and DFPT calculations agree to within a few percent
with the experiment. A third observed peak within a gap in
the theoretical phonon density of states can be identified as a
second order scattering process involving two phonons. Both
the selection rules, based on the modified group projector tech-

nique, and the energy are in agreement with the experiment. A
fourth mode identified close to the A1g sulfur phonon can be
traced back to the biggest maximum of the PDOS and is most
likely activated by a small amount of defects.

The temperature dependence of all four modes is governed
by the contraction of the lattice, but shows anomalies at
50 K and below 20 K. The anomaly observed at 20 K has
a correspondence in the thermal expansion [20] and μSR
experiments [21,22], which indicate short-range magnetic
order. The long-range magnetic order observed recently by
neutron diffraction experiments [41] below TN = 116 K has
no correspondence in the Raman spectra.

The appearance of two-phonon scattering indicates strong
phonon-phonon scattering, which is likely to originate from
an electron-phonon interaction being enhanced in comparison
to other pnictides and chalcogenides. We argue that in FeS
the Tc can in principle entirely result from electron-phonon
interaction.
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APPENDIX A: MAGNETIZATION MEASUREMENTS

Figure 5 shows magnetization measurements on a t-FeS
sample from the batch studied in small applied fields. Measure-
ments were done on a Quantum Design MPMS XL-7 SQUID
magnetometer by cooling the sample to 2 K and sweeping

FIG. 6. Decomposition of the asymmetric phonon peak at
305 cm−1. Measured data are shown as black dots. The orange line
shows the sum of two Voigt profiles shown as blue and green lines,
respectively. The convolution of Fano and Gaussian (red line) deviates
in the peak flanks and the nearby continuum.
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FIG. 7. Temperature dependence of A1g and B1g phonon modes in
the temperature range between 80 K and 300 K. Black squares denote
the phonon energies; open circles denote the phonon linewidths.

the temperature at 0.1 K/min. When cooled without applied
field (ZFC, black curve) the sample shows a superconducting
transition with onset at 4.5 K and a center of the transition
at 3.6 K. When cooled in an applied field the magnetization
decreases only weakly in the superconducting state indicating
strong pinning.

APPENDIX B: DECOMPOSITION
OF THE LINE AT 305 cm−1

The peak at 305 cm−1 at low temperatures shows a sig-
nificant asymmetry towards lower energies (see also Fig. 1).
Coupling of the A1g phonon mode to an electronic continuum
by strong electron-phonon coupling would result in a line shape
given by the convolution of a Fano function and a Gaussian, the
latter representing the resolution of the spectrometer. We find,
however, that this does not yield a satisfactory description of the
measured line shape as can be seen from the red curve in Fig. 6,
and thus conclude that the asymmetry of the peak stems from
the overlap of two peaks which cannot be resolved separately.
The corresponding line shape is the sum of two Lorentzians
convoluted with a Gaussian which governs the resolution of
the setup. Due to the distributivity of the convolution this is
identical to the sum of two Voigt functions sharing the same
width �G of the Gaussian part. The overall spectral shape is
shown in Fig. 6 as an orange line and agrees excellently with the
data. The two contributing lines are shown in blue and green.
From the selection rules (see Fig. 1) we identify the blue curve
as the in-phase vibration of sulfur atoms in A1g symmetry. The
green line denotes a second mode P2, the origin of which is
discussed in the main text.
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APPENDIX C: DETAILED TEMPERATURE DEPENDENCE
FOR 80 � T � 300 K

Figure 7 shows the temperature dependence of the energies
ω and linewidths �(T ) (FWHM) from 80 K to 300 K mea-
sured in temperature increments of 10 K. Raman scattering
measurements were performed using a Jobin Yvon T64000
Raman system in micro-Raman configuration. A solid state
laser with 532 nm line was used as an excitation source.
Measurements were performed in high vacuum (10−6 mbar)
using a KONTI CryoVac continuous helium flow cryostat with
0.5 mm thick window. Laser beam focusing was accomplished
using a microscope objective with ×50 magnification. The
samples were cleaved right before being placed in the vacuum.
As can be seen from Fig. 7, there is no deviation from the
standard temperature behavior around 120 K.

APPENDIX D: TEMPERATURE DEPENDENCE
ON A LOGARITHMIC SCALE

To better illustrate the behavior of the phonons at low
temperatures Fig. 8 shows the experimental data and the
theoretical curves from Fig. 3 of the main text on a logarithmic
temperature scale. The region below 20 K is shaded light gray.
As explained in Sec. IV B all four modes show an increase
in energy below 20 K instead of the expected saturation,
indicative of the putative onset of short range magnetic order.
This effect manifests itself also in an incipient decrease of the
unit cell volume [20] and is visible in the theoretical results
for the phonon energies (full red lines). No clear tendency can
be seen for the linewidths. The energy anomaly found around
50 K is discussed in the same section.

APPENDIX E: SECOND SAMPLE BATCH

Figure 9 shows Raman spectra on a t-FeS sample from
a different batch (E256) taken at T = 310 K. The sample
was oriented the same way as described in the main text. All
three modes are visible for parallel light polarizations (bb), but
vanish for crossed polarizations (ba), confirming the selection
rules observed in the sample described in the main text. The
inset shows magnetization measurements on a sample from
batch E256 similar to the ones described in Appendix A. The
superconducting transition sets in at 4.1 K.

APPENDIX F: SELECTION RULES FOR TWO-PHONON
PROCESSES AND MGPT

In the multiphonon scattering process the system goes
from an initial vibrational state (ground vibrational state)
|0,0, . . .〉 to a final multiphonon state |nμ,nμ′ , . . .〉, where nμ

is the number of phonons in the same state μ and μ stands
for the entire set of quantum numbers (quasimomentum k,
angular momentum quantum number m, etc.). For two-phonon
processes the final vibrational state is the state with two
phonons in the same quantum state (double-phonon or the
first overtone state) or with two phonons in different states
(combination state). The corresponding matrix element for
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FIG. 9. Raman spectra of a t-FeS sample from a different batch
taken at T = 310 K in polarizations as given in the legend. The
inset shows magnetization measurements on a sample from this batch
similar to Appendix A.
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two-phonon Raman scattering is

〈0, . . . ,nμ,0, . . . |R|0,0, . . .〉,nμ = 2,overtones,

〈0, . . . ,nμ,0, . . . ,nμ′ , . . . |R|0,0, . . .〉,
nμ = nμ′ = 1,combinations, (F1)

where R is the Raman tensor. This matrix element should be a
scalar or should transform as unit representation of the system
space group S . The standard approximation for the Raman
tensor in infinite wavelength-light approximation for the non-
resonant case is the polarizability tensor, which transforms as
the (symmetrized) square of the vector representation, DR(S).
Decomposition of DR(S) gives irreducible representations of
the Raman active modes. The ground vibrational state trans-
forms as unit representation, whereas the final two-phonon
state transforms as symmetrized square, [(Dμ(S))2], of the
corresponding irreducible representation Dμ(S) (overtones) or
the direct product of two irreducible representations Dμ(S) ⊗
Dμ′

(S) (combinations). Symmetrization in the case of over-
tones comes from the bosonic nature of phonons. The matrix
element [Eq. (F1)] transforms as reducible representation

[(Dμ(S))2] ⊗ DR(S), for overtones, or
Dμ(S) ⊗ Dμ′

(S) ⊗ DR(S), for combinations. (F2)

It is a scalar if the decomposition of the representations
shown above contains the unit representation or, equivalently,
if the intersection of decompositions of [(Dμ(S))2] orDμ(S) ⊗
Dμ′

(S) and DR(S) is a nonempty set. To obtain selection rules
for two-phonon processes, following Birman’s original method
[52], it is enough to find the decomposition of [(Dμ(S))2]
(for overtones) and Dμ(S) ⊗ Dμ′

(S) (for combinations) for
all irreducible representations. If there is any representation

of the Raman active mode in those decompositions then
that overtone or two-phonon combination is symmetrically
allowed in the Raman scattering process. The decomposition
of the (symmetrized) square of the vector representation is
straightforward and is actually a finite dimensional point group
problem. On the other hand, decomposition of [(Dμ(S))2]
or Dμ(S) ⊗ Dμ′

(S) for any irreducible representation could
be a difficult task because space groups are infinite. In the
standard method based on character theory summation over
all group elements is used and it is a problem in the infinite
case. Therefore, it is necessary to apply a method which avoids
summation over group elements. As is proven in Ref. [29]
the modified group projector technique (MGPT) uses only
group generators and finite dimensional matrices. Actually,
the decomposition D(S) = ⊕μf

μ

DD(μ)(S) of the arbitrary
reducible representation D(S) into irreducible representations
is effectively a determination of the frequency numbers f

μ

D .
The MGPT expression for frequency numbers involves group
generators si only:

f
μ

D = TrF

(
S∏

i=1

F (D(si) ⊗ D(μ)∗ (si))

)
. (F3)

Here S is the number of group generators, F (X) is the projector
on the subspace of the fixed points of the operator X, and
Tr is the matrix trace (sum of the diagonal matrix elements).
Consequently, the problem is reduced to calculation of the
S + 1 projector to the fixed points. Technically, one looks for
the eigenspaces for the eigenvalue 1 of each of the operators
D(si) ⊗ D(μ)∗(si), finding projectors on them, then multiplies
the corresponding projectors, and repeats the procedure for the
whole product from Eq. (F3). The trace of the final projector
gives the corresponding frequency number.
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We present Raman scattering results on the layered semiconducting ferromagnetic compound CrSiTe3. Four
Raman-active modes, predicted by symmetry, are observed and assigned. The experimental results are supported
by density functional theory calculations. The self-energies of the A3

g and the E3
g symmetry modes exhibit

unconventional temperature evolution around 180 K. In addition, the doubly degenerate E3
g mode shows a clear

change of asymmetry in the same temperature region. The observed behavior is consistent with the presence of
the previously reported short-range magnetic order and strong spin-phonon coupling.

DOI: 10.1103/PhysRevB.98.104306

I. INTRODUCTION

Trichalcogenides CrXTe3 (X = Si, Ge) belong to a rare
class of quasi-two-dimensional semiconducting materials
with a ferromagnetic order, band gaps of 0.4 eV for Si and
0.7 eV for Ge compounds, and Curie temperatures (TC) of
32 and 61 K, respectively [1–6]. Because of their layered
structure, due to van der Waals bonding, they can be exfoliated
to mono- and few-layer nanosheets, which, together with
their semiconducting and magnetic properties, make an ideal
combination for applications in optoelectronics and nanospin-
tronics [7–11]. This was further supported by the observation
of giant resistivity modulation of CrGeTe3-based devices [12].

From an x-ray diffraction study [1], it was revealed that
CrSiTe3 crystals are twined along c axes, the thermal expan-
sion is negative at low temperatures, and the thermal conduc-
tivity shows strong magnon-phonon scattering effects. A very
small single-ion anisotropy favoring magnetic order along c

axes and spin waves was found in CrSiTe3 by elastic and
inelastic neutron scattering [13]. Spin-wave measurements
suggest the absence of three-dimensional correlations above
TC, whereas in-plane dynamic correlations are present up to
300 K. First-principles calculations suggested the possibility
of graphenelike mechanical exfoliation for CrXTe3 (X = Si,
Ge) single crystals with conserved semiconducting and ferro-
magnetic properties [14]. The exfoliation of CrSiTe3 bulk to
mono- and few-layer two-dimensional crystals onto a Si/SiO2

substrate has been achieved [15] with a resistivity between
80 and 120 K, depending on the number of layers. Critical
exponents for CrSiTe3 were also determined from theoretical
analysis [16].

Spin-phonon coupling in CrGeTe3 was investigated in
Raman scattering experiments [17]. Splitting of the two
lowest-energy Eg modes in the ferromagnetic phase has been
observed and ascribed to time-reversal symmetry breaking by

*nenadl@ipb.ac.rs

the spin ordering. Furthermore, the significant renormaliza-
tion of the three higher-energy modes’ self-energies below TC

provided additional evidence of spin-phonon coupling [17].
The external pressure-induced effect on lattice dynamics and
magnetization in CrGeTe3 has also been studied [18].

The Raman spectrum of CrSiTe3 single crystals was re-
ported in Ref. [1], where three Raman-active modes have been
observed. Similar results have also been presented in Ref. [15]
for ultrathin nanosheets of CrSiTe3. Here, we report a Raman
scattering study of CrSiTe3 single crystals, with the main
focus on phonon properties in the temperature range between
100 and 300 K. Our experimental results are qualitatively
different from those previously reported [1,15] but consistent
with the results obtained for CrGeTe3 [17,18]. Furthermore,
our data reveal the asymmetry of the E3

g mode, which is
suppressed at higher temperatures. The A3

g and E3
g symmetry

modes exhibit nonanharmonic self-energy temperature depen-
dence in the region around 180 K, related to the strong spin-
lattice interaction due to short-range magnetic order [1]. Ener-
gies and symmetries of the observed Raman-active modes are
in good agreement with theoretical calculations.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals of CrSiTe3 and CrGeTe3 were grown as
described previously [19]. For a Raman scattering experi-
ment, a Tri Vista 557 spectrometer was used in the backscat-
tering micro-Raman configuration with a 1800/1800/2400
grooves/mm diffraction grating combination. A coherent
Verdi G solid-state laser with a 532-nm line was used as the
excitation source. The direction of the incident (scattered)
light coincides with a crystallographic c axis. Right before
being placed in the vacuum, the samples were cleaved in
the air. All measurements were performed in a high vacuum
(10−6 mbar) using a KONTI CryoVac continuous-helium-flow
cryostat with a 0.5-mm-thick window. Laser-beam focusing
was achieved through a microscope objective with ×50 mag-
nification, a spot size of approximately 8 μm, and a power

2469-9950/2018/98(10)/104306(7) 104306-1 ©2018 American Physical Society
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TABLE I. Calculated and experimental crystallographic lattice
parameters for CrSiTe3 (|a| = |b|), bond lengths, interlayer distance
(d), and van der Waals (vdW) gap.

CrSiTe3 Calculation (Å) Experiment (Å) [20]

a 6.87 6.76
c 19.81 20.67
Si-Si 2.27 2.27
Si-Te 2.52 2.51
Cr-Te 2.77 2.78
d 6.86 6.91
vdW gap 3.42 3.42

<2 mW on the surface of a sample. All spectra were corrected
for the Bose factor.

Density functional theory calculations were performed
in the Quantum Espresso software package [21], using the
PBE exchange-correlation functional [22], PAW pseudopo-
tentials [23,24], and energy cutoffs for wave functions and
the charge density of 85 and 425 Ry, respectively. For k-point
sampling, the Monkhorst-Pack scheme was used, with a �-
centered 8 × 8 × 8 grid. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces
were minimized down to 10−6 Ry/Å. In order to obtain
the parameters accurately, treatment of the van der Waals
interactions was included using the Grimme-D2 correction
[25]. Phonon frequencies were calculated at the � point

within the linear response method implemented in Quan-
tum Espresso. Calculated crystallographic properties obtained
by relaxing the structures are in good agreement with x-
ray diffraction measurements [20]. A comparison between
our, calculated, and experimental results is presented in
Table I.

III. RESULTS AND DISCUSSION

A. Polarization dependence

CrSiTe3 crystallizes in the rhombohedral crystal structure,
described by R3 (C2

3i) [26]. Wyckoff positions of atoms,
together with each site’s contribution to phonons at the � point
and corresponding Raman tensors, are listed in Table II. The
phonon mode distribution obtained by factor-group analysis
for the R3 space group is as follows:

�Raman = 5Ag + 5Eg,

�IR = 4Au + 4Eu,

�Acoustic = Au + Eu.

Since the plane of incidence is ab, where |a| = |b| [�(a, b) =
120◦], and the direction of light propagation is along c axes,
from the selection rules, it is possible to observe all Raman-
active modes, i.e., five Ag modes and five doubly degener-
ate Eg modes. According to the Raman tensors presented
in Table II, Ag symmetry modes are observable only in
the parallel polarization configuration, whereas Eg symmetry

TABLE II. (a) Type of atoms, Wyckoff positions, each site’s contribution to the phonons at the � point, and corresponding Raman tensors
for the R3 space group of CrSiTe3. (b) Phonon symmetry, calculated optical phonon frequencies at 0 K, and experimental values for Raman-
active (at 100 K) and infrared (IR)-active (at 110 K) [1] CrSiTe3 phonons.

(a) Space group R3 (No. 148)

Atom(s) (Wyckoff positions) Irreducible representations

Cr, Si (6c) Ag + Eg + Au + Eu

Te (18f ) 3Ag + 3Eg + 3Au + 3Eu

(b) Raman tensors

Ag =
⎛
⎜⎜⎜⎝

a 0 0
0 b 0
0 0 c

⎞
⎟⎟⎟⎠ E1

g =
⎛
⎜⎜⎜⎝

c d e

d −c f

e f 0

⎞
⎟⎟⎟⎠ E2

g =
⎛
⎜⎜⎜⎝

d −c −f

−c −d e

−f e 0

⎞
⎟⎟⎟⎠

Raman active IR active [1]

Calc. Expt. Calc. Expt.
Symmetry (cm−1) (cm−1) Symmetry (cm−1) (cm−1)
A1

g 88.2 – A1
u 91.8 91.0

E1
g 93.5 88.9 E1

u 93.7 –

E2
g 96.9 – A2

u 116.8 –

E3
g 118.3 118.2 E2

u 117.1 –

A2
g 122.0 – A3

u 202.4 –

A3
g 148.0 147.4 E3

u 206.2 207.9

A4
g 208.7 – A4

u 243.7 –

E4
g 219.5 217.2 E4

u 365.8 370.4

E5
g 357.4 –

A5
g 508.8 –
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FIG. 1. Raman spectra of CrSiTe3 single crystals measured at
100 K in (a) parallel and (b) cross polarization configurations. The
gray line represents the TeO2 spectrum measured at 300 K. Inset:
Raman spectrum of CrGeTe3 in the parallel polarization configura-
tion measured at 100 K.

modes can be expected to appear for both in-parallel and cross
polarization configurations.

The Raman spectra of CrSiTe3 for two main linear po-
larization configurations, at 100 K, are shown in Fig. 1.
Four peaks can be observed in the spectra, at energies of
88.9, 118.2, 147.4, and 217.2 cm−1. Since only the peak at
147.4 cm−1 vanishes in the cross polarization configuration, it
corresponds to the Ag symmetry mode. The other three modes
appear in both parallel and cross polarization configurations
and, thereby, can be assigned as Eg symmetry modes (Fig. 1).

In order to exclude the possibility that any of the observed
features originate from the TeO2 [17,27], its Raman spectrum
is also presented in Fig. 1. It can be noted that no TeO2

contribution is present in our CrSiTe3 data. Furthermore, the
observed CrSiTe3 Raman spectra are also consistent with the
CrGeTe3 Raman spectra (see inset in Fig. 1), isostructural to
CrSiTe3. Five Raman-active modes have been observed for
CrGeTe3, two Ag modes, at 137.9 and 296.6 cm−1, and three
Eg modes, at 83.5, 112.2, and 217.5 cm−1, in agreement with
the previously published data [17,18]. The main difference in
the spectra of CrSiTe3 and CrGeTe3 arises from the change in
mass and lattice parameter effects that cause the peaks to shift.

Calculated and observed Raman-active phonon energies
are compiled in Table II, together with the experimental
energies of the infrared (IR)-active phonons [1], and are found
to be in good agreement. Displacement patterns of the Ag
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FIG. 2. (a) The E3
g mode Raman spectra of CrSiTe3 at four

temperatures measured in the cross polarization configuration. Blue
lines represent line shapes obtained as a convolution of the Fano
line shape and Gaussian, calculated to fit the experimetal data.
Temperature dependence of (b) the energy, (c) the line width, and (d)
the Fano parameter q of the E3

g mode. The dashed red line represents
standard anharmonic behavior [28,29]. All the parameters show a
change in tendency around 180 K.

and Eg symmetry modes are presented in Fig. 4, in the
Appendix.

B. Temperature dependence

After proper assignment of all the observed CrSiTe3

Raman-active modes we proceeded with temperature evolu-
tion of their properties, focusing on the most prominent ones,
E3

g and A3
g . Figure 2(a) shows the spectral region of the doubly

degenerate E3
g mode at an energy of 118.2 cm−1, at four

temperatures. Closer inspection of the 100 K spectra revealed
clear asymmetry of the peak on the low-energy side. The
presence of defects may result in the appearance of the mode
asymmetry [30], however, they would also contribute to the
mode line width and, possibly, the appearance of phonons
from the edge of the Brillouin zone in the Raman spectra [29].
The very narrow lines and absence of additional features in
the Raman spectra of CrSiTe3 do not support this scenario.
The asymmetry may also arise when the phonon is coupled
to a continuum [31]. Such a coupling of the E3

g phonon mode
would result in a line shape given by the convolution of a Fano
function and a Gaussian, the latter representing the resolution
of the spectrometer [29]. Comparison between the Fano line
shape convoluted with a Gaussian, the Voigt line shape, and
the experimental data at 100 K is presented in Fig. 5, in the

104306-3
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FIG. 3. (a) A3
g mode Raman spectra of CrSiTe3 at four tem-

peratures measured in the parallel polarization configuration. Blue
lines represent Voigt line shapes. (b) Energy and (c) line-width
temperature dependence of the A3

g mode.

Appendix, with the former yielding better agreement with the
experimental data. Furthermore, it fully captures the E3

g mode
line shape at all temperatures under investigation [Figs. 2(a)
and 6].

Upon cooling of the sample, the E3
g mode energy hardens

[Fig. 2(b)] with a very small discontinuity in the temperature
range around 180 K. Down to the same temperature, the
line width monotonically narrows in line with the standard
anharmonic behavior [dashed red line in Fig. 2(c)]. Upon
further cooling, the line width increased, deviating from the
expected anharmonic tendency. This indicates activation of
an additional scattering mechanism, e.g., spin-phonon inter-
action. Figure 2(d) shows the evolution of the Fano param-
eter, |q|. Whereas in the region below 180 K, it increases
slightly but continuously, at higher temperatures it promptly
goes to lower values and the mode recovers a symmetric
line shape. We believe that the observed behavior of the
E3

g mode can be traced back to the short-range magnetic
correlations, which, according to Ref. [1], persist up to
150 K, and the strong spin-phonon coupling in CrSiTe3.
Similar behavior of the energy and line width, which dif-
fers from the conventional anharmonic, as well as the Eg

mode Fano-type line shape, was recently reported in α-RuCl3

and was interpreted as a consequence of the spin-phonon
interaction [32].

Unlike the E3
g mode, no pronounced asymmetry was ob-

served for the A3
g mode. As can be seen from Figs. 3(b) and

3(c) both the energy and the line width of the A3
g mode showed

FIG. 4. Unit cell of a CrSiTe3 single crystal (solid lines) with
the displacement patterns of the Ag and Eg symmetry modes. Arrow
lengths are proportional to the square root of the interatomic forces.

a similar change in tendency in the same temperature region
as the E3

g mode, most likely due to the spin-phonon coupling.

IV. CONCLUSION

The lattice dynamics of CrSiTe3, a compound isostruc-
tural to CrGeTe3, is presented. An Ag and three Eg modes
were observed and assigned. The experimental results are
well supported by theoretical calculations. The temperature
dependences of the energies and line widths of the A3

g and
E3

g modes deviate from the conventional anharmonic model
in the temperature range around 180 K. In addition, the E3

g

mode shows clear Fano resonance at lower temperatures. This
can be related to the previously reported short-range magnetic
correlations at temperatures up to 150 K [1] and the strong
spin-phonon coupling.
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FIG. 5. Analysis of the E3
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to fit the experimental data. The Voigt profile deviates from the
experimental data at the peak flanks.
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APPENDIX

1. Eigenvectors of Raman-active modes

Figure 4 summarizes the Ag and Eg symmetry mode
displacement patterns of a CrSiTe3 single crystal (R3 space
group). Arrow lengths are proportional to the square root of
the interatomic forces.

2. Asymmetry of the E3
g line

The peak at 118.2 cm−1, which we assigned as the E3
g sym-

metry mode, at low temperatures shows a significant asym-
metry towards lower energies. The possibility of additional
defect-induced features in Raman spectra can be excluded,
since the modes are very narrow, suggesting high crystallinity
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FIG. 6. The E3
g mode Raman spectra of CrSiTe3 at all temper-

atures measured in the cross polarization configuration. Blue lines
represent calculated spectra obtained as the convolution of the Fano
line shape and Gaussian.

of the sample. Also, the theoretical calculations do not predict
additional Raman-active modes in this energy region. On the
other hand, coupling of the phonon mode to a continuum may
result in an asymmetric line shape described with the Fano
function. Due to the finite resolution of the spectrometer it has
to be convoluted with a Gaussian (�G = 1 cm−1). In Fig. 5 we
present a comparison of the line obtained as a convolution of
the Fano line shape and a Gaussian (blue line) and a Voigt line
shape (orange line) fitted to the experimental data. Whereas
the Voigt line shape deviates at the peak flanks, excellent
agreement has been achieved for convolution of the Fano line
shape and a Gaussian.

3. E3
g mode temperature dependence

Figure 6 shows Raman spectra of CrSiTe3 in the region of
the E3

g mode in the cross polarization configuration at various
temperatures. Solid blue lines represent the convolution of
the Fano line shape and Gaussian fitted to the experimental
data. The asymmetry is the most pronounced below 190 K.
Above this temperature, the asymmetry is decreasing, and at
high temperatures the peak recovers the fully symmetric line
shape.
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We present Raman spectroscopy measurements of the van der Waals bonded ferromagnet Fe3−xGeTe2,
together with lattice dynamics. Four out of eight Raman active modes are observed and assigned, in agreement
with numerical calculations. The energies and linewidths of the observed modes display an unconventional
temperature dependence at about 150 and 220 K, followed by the nonmonotonic evolution of the Raman
continuum. Whereas the former can be related to the magnetic phase transition, the origin of the latter anomaly
remains an open question.

DOI: 10.1103/PhysRevB.99.214304

I. INTRODUCTION

A novel class of magnetism hosting van der Waals bonded
materials has recently become of great interest, since the
materials are suitable candidates for numbers of technical ap-
plications [1–5]. Whereas CrXTe3 (X = Si, Ge, Sn) and CrX3

(X = Cl, Br, I) classes maintain low phase transition temper-
atures [1,6–9] even in a monolayer regime [10], Fe3−xGeTe2

has a high bulk transition temperature, between 220 and 230 K
[11,12], making it a promising applicant.

The Fe3−xGeTe2 crystal structure consists of Fe3−xGe sub-
layers stacked between two sheets of Te atoms, and a van der
Waals gap between neighboring Te layers [13,14]. Although
the structure contains two different types of Fe atoms, it is
revealed that vacancies take place only in the Fe2 sites [13,15].

Neutron diffraction, thermodynamic and transport mea-
surements, and Mössbauer spectroscopy were used to analyze
the magnetic and functional properties of Fe3−xGeTe2, with
an Fe atom deficiency of x ≈ 0.1 and TC = 225 K. It is
revealed that at a temperature of 1.5 K, magnetic moments
of 1.95(5)μB and 1.56(4)μB are directed along the easy
magnetic c axes [16]. In chemical vapor transport (CVT)
grown Fe3GeTe2 single crystals, besides the ferromagnetic
(FM)-paramagnetic (PM) transition at a temperature of 214 K,
FM layers order antiferromagnetically at 152 K [17]. Close to
a ferromagnetic transition temperature of 230 K, a possible
Kondo lattice behavior, i.e., coupling of traveling electrons
and periodically localized spins, is indicated at TK = 190 ±
20 K, which is in good agreement with theoretical predictions
of 222 K [18].

Lattice parameters, as well as the magnetic transition tem-
perature, vary with Fe ion concentration. Lattice parameters
a and c follow the opposite trend, whereas the Curie temper-
ature TC decreases with an increase of Fe ion concentration
[15]. For flux-grown crystals, the critical behavior was inves-
tigated by bulk dc magnetization around the ferromagnetic
phase transition temperature of 152 K [13]. The anomalous
Hall effect was also studied, where a significant amount of
defects produces bad metallic behavior [19].

Theoretical calculations predict a dynamical stabil-
ity of Fe3GeTe2 single-layer, uniaxial magnetocrystalline
anisotropy that originates from spin-orbit coupling [20].
Recently, anomalous Hall effect measurements on single-
crystalline metallic Fe3GeTe2 nanoflakes with different thick-
nesses are reported, with a TC near 200 K and strong perpen-
dicular magnetic anisotropy [21].

We report Fe3−xGeTe2 single-crystal lattice dynamic cal-
culations, together with Raman spectroscopy measurements.
Four out of eight Raman active modes were observed and
assigned. Phonon energies are in a good agreement with theo-
retical predictions. Analyzed phonon energies and linewidths
reveal fingerprint of a ferromagnetic phase transition at a
temperature around 150 K. Moreover, discontinuities in the
phonon properties are found at temperatures around 220 K.
Consistently, in the same temperature range, the Raman con-
tinuum displays nonmonotonic behavior.

II. EXPERIMENT AND NUMERICAL METHOD

Fe3−xGeTe2 single crystals were grown by the self-flux
method as previously described [13]. Samples for scanning
electron microscopy (SEM) were cleaved and deposited on
graphite tape. Energy dispersive spectroscopy (EDS) maps
were collected using a FEI Helios NanoLab 650 instrument
equipped with an Oxford Instruments EDS system, equipped
with an X-max SSD detector operating at 20 kV. The surface
of the as-cleaved Fe3−xGeTe2 crystal appears to be uniform
for several tens of microns in both directions, as shown in
Fig. 4 of Appendix A. Additionally, the elemental composi-
tion maps of Fe, Ge, and Te show a distinctive homogeneity
of all the three elements (Fig. 5 of Appendix A).

For Raman scattering experiments, a Tri Vista 557 spec-
trometer was used in the backscattering micro-Raman con-
figuration. As an excitation source, a solid state laser with a
532 nm line was used. In our scattering configuration, the
plane of incidence is the ab plane, where |a| = |b| (�(a, b) =
120◦), with the incident (scattered) light propagation direction
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TABLE I. Top panel: The type of atoms, Wyckoff positions, each site’s contribution to the phonons in the � point, and corresponding
Raman tensors for the P63/mmc space group of Fe3−xGeTe2. Bottom panel: Phonon symmetry, calculated optical Raman active phonon
frequencies (in cm−1) for the magnetic (M) phase, and experimental values for Raman active phonons at 80 K.

Space group P63/mmc (No. 194)

Fe1 (4e) A1g + E1g + E2g+A2u + E1u

Fe2 (2c) E2g+A2u + E1u

Ge (2d) E2g+A2u + E1u

Te (2c) A1g + E1g + E2g+A2u + E1u

Raman tensors

A1g =
⎛
⎝

a 0 0
0 a 0
0 0 b

⎞
⎠ E1g =

⎛
⎝

0 0 −c
0 0 c

−c c 0

⎞
⎠ E2g =

⎛
⎝

d −d 0
−d −d 0
0 0 0

⎞
⎠

Raman active modes

Symmetry Calculations (M) Experiment (M)

E 1
2g 50.2

E 1
1g 70.3

E 2
2g 122.2 89.2

A1
1g 137.2 121.1

E 2
1g 209.5

E 3
2g 228.6 214.8

A2
1g 233.4 239.6

E 4
2g 334.3

along the c axes. Samples were cleaved in the air, right before
being placed in the vacuum. All the measurements were
performed in the high vacuum (10−6 mbar) using a KONTI
CryoVac continuous helium flow cryostat with a 0.5 mm
thick window. To achieve laser beam focusing, a microscope
objective with ×50 magnification was used. A Bose factor
correction of all spectra was performed. More details can be
found in Appendix C.

Density functional theory (DFT) calculations were per-
formed with the QUANTUM ESPRESSO (QE) software package
[22]. We used the projector augmented-wave (PAW) pseu-
dopotentials [23,24] with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [25]. The electron wave func-
tion and charge density cutoffs of 64 and 782 Ry were chosen,
respectively. The k points were sampled using the Monkhorst-
Pack scheme, with an 8 × 8 × 4 �-centered grid. Both mag-
netic and nonmagnetic calculations were performed, using
the experimentally obtained lattice parameters and the calcu-
lated values obtained by relaxing the theoretically proposed
structure. In order to obtain the lattice parameters accurately,
a treatment of the van der Waals interactions is introduced.
The van der Waals interaction was included in all calculations
using the Grimme-D2 correction [26]. Phonon frequencies in
the � point are calculated within the linear response method
implemented in QE.

III. RESULTS AND DISCUSSION

Fe3−xGeTe2 crystallizes in a hexagonal crystal structure,
described with the P63/mmc (D4

6h) space group. The atom
type, site symmetry, each site’s contribution to the phonons

in the � point, and corresponding Raman tensors for the
P63/mmc space group are presented in Table I.

Calculated displacement patterns of Raman active modes,
which can be observed in our scattering configuration, are
presented in Fig. 1(a). Since the Raman tensor of the E1g mode
contains only the z component (Table I), by selection rules,
it cannot be detected when measuring from the ab plane in
the backscattering configuration. Whereas A1g modes include
vibrations of Fe and Te ions along the c axis, E2g modes
include in-plane vibrations of all four atoms. The Raman
spectra of Fe3−xGeTe2 in the magnetic phase (M), at 80 K, and
nonmagnetic phase (NM), at 280 K, in a parallel scattering
configuration (ei ‖ es), are presented in Fig. 1 (b). As it can be
seen, four peaks at 89.2, 121.1, 214.8, and 239.6 cm−1 can be
clearly observed at 80 K. According to numerical calculations
(see Table I), peaks at 89.2 and 239.6 cm−1 correspond to
two out of four E2g modes, whereas peaks at 121.1 and
239.6 cm−1 can be assigned as two A1g symmetry modes. One
should note that numerical calculations performed by using
experimentally obtained lattice parameters in the magnetic
phase yield a better agreement with experimental values. This
is not surprising since the calculations are performed for the
stoichiometric compound as opposed to the nonstoichiometry
of the sample. Furthermore, it is known that lattice parameters
strongly depend on the Fe atom deficiency [15]. All calculated
Raman and infrared phonon frequencies, for the magnetic
and nonmagnetic phase of Fe3−xGeTe2, using relaxed and
experimental lattice parameters, together with experimentally
observed Raman active modes, are summarized in Table II of
Appendix D.

After assigning all observed modes we focused on their
temperature evolution. Having in mind finite instrumental
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FIG. 1. (a) Displacement patterns of A1g and E2g symmetry
modes. (b) Raman spectra of Fe3−xGeTe2 single crystal measured
at different temperatures in a parallel polarization configuration.

broadening, the Voigt line shape was used for the data analysis
[27,28]. The modeling procedure is described in detail in
Appendix B and presented in Fig. 6. Figure 2 shows the
temperature evolution of the energy and linewidth of the A1

1g,
E3

2g, and A2
1g modes between 80 and 300 K. Upon heating

the sample, both the energy and linewidth of A1
1g and A2

1g
symmetry modes exhibit a small but sudden discontinuity at
about 150 K [Figs. 2(a) and 2(e)]. An apparent discontinuity
in energy of all analyzed Raman modes is again present at
temperatures around 220 K. In the same temperature range
the linewidths of these Raman modes show a clear deviation
from the standard anharmonic behavior [27–31].

Apart from the anomalies in the phonon spectra, a closer
inspection of the temperature-dependent Raman spectra mea-
sured in the parallel polarization configuration reveals a
pronounced evolution of the Raman continuum [Fig. 3(a)].
For the analysis we have used a simple model including
a damped Lorentzian and linear term, χ ′′

cont ∝ a�ω/(ω2 +
�2) + bω [32], where a, b, and � are temperature-dependent
parameters. Figure 3(b) summarizes the results of the analysis
with the linear term omitted (most likely originating from a lu-
minescence). At approximately the same temperatures, where
phonon properties exhibit discontinuities, the continuum tem-
perature dependence manifests nonmonotonic behavior. The
maximum positions of the curve were obtained by integrating
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FIG. 2. Energy and linewidth temperature dependence of A1
1g

[(a) and (b)], E 3
2g [(c) and (d)], and A2

1g [(e) and (f)] phonon modes in
Fe3−xGeTe2.

those shown in Fig. 3(b). The inset of Fig. 3(b) shows the
temperature evolution of their displacements. This analysis
confirms the presence of discontinuities in the electronic con-
tinuum at temperatures around 150 and 220 K, which leaves
a trace in the phonon behavior around these temperatures
(Fig. 2). While we do not have evidence for the Kondo effect
in the Fe3−xGeTe2 crystals we measured, a modification of
the electronic background at FM ordering due to localization
or the Kondo effect cannot be excluded.

The temperature evolutions of the phonon self-energies and
the continuum observed in the Raman spectra of Fe3−xGeTe2

suggest the presence of phase transition(s). Magnetization
measurements of the samples were performed as described in
Ref. [13], revealing a FM-PM transition at 150 K. Thus, the
discontinuity in the observed phonon properties around this
temperature can be traced back to the weak to moderate spin-
phonon coupling. The question remains open regarding the
anomaly observed at about 220 K. As previously reported, the
Curie temperature of the Fe3−xGeTe2 single crystals grown
by the CVT method is between 220 and 230 K [11,12,14],
varying with the vacancy concentration, i.e., a decrease in the
vacancy content will result an increment of TC [15]. On the
other hand, the Fe3−xGeTe2 crystals grown by the self-flux
method usually have a lower Curie temperature, since the
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FIG. 3. (a) Raman spectra of Fe3−xGeTe2 at four temperatures
measured in a parallel polarization configuration. Solid lines rep-
resent the theoretical fit to the experimental data. (b) Temperature
evolution of the electronic continuum after omitting the linear term.
Inset: Displacement of the maximum of fitted curves.

vacancy content is higher [13,15]. Crystals used in the Raman
scattering experiment presented here were grown by the self-
flux method with a Fe vacancy content of x ≈ 0.36 [13]. This
is in good agreement with our EDS results of x = 0.4 ± 0.1,
giving rise to the FM-PM transition at 150 K. Nevertheless,

FIG. 4. SEM image of a Fe3−xGeTe2 single crystal.

FIG. 5. EDS mapping on a Fe3−xGeTe2 single crystal. (a) Sec-
ondary electron image of the crystal with the mapping performed
within the rectangle. (b)–(d) Associated EDS maps for Fe, Ge, and
Te, respectively.

an inhomogeneous distribution of vacancies may result the
formation of vacancy depleted “islands” which in turn would
result in an anomaly at 220 K similar to the one observed in
our Raman data. However, the EDS data (see Fig. 5) do not
support this possibility. At this point we can only speculate
that while the long-range order temperature is shifted to a
lower temperature by the introduction of vacancies, short-
range correlations may develop at 220 K.

IV. CONCLUSION

We have studied the lattice dynamics of flux-grown
Fe3−xGeTe2 single crystals by means of Raman spectroscopy
and DFT. Four out of eight Raman active modes, two A1g

and two E2g, have been observed and assigned. DFT cal-
culations are in good agreement with experimental results.
The temperature dependence of the A1

1g, E3
2g, and A2

1g mode
properties reveals a clear fingerprint of spin-phonon cou-
pling, at a temperature of around 150 K. Furthermore, the
anomalous behavior in the energies and linewidths of the
observed phonon modes is present in the Raman spectra at
temperatures around 220 K with the discontinuity also present
in the electronic continuum. Its origin still remains an open
question, and requires further analysis.
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APPENDIX A: ELECTRON MICROSCOPY

In order to examine the uniformity of Fe3−xGeTe2, Scan-
ning electron microscopy (SEM) was performed on as-
cleaved crystals. It can be seen from Fig. 4 that the crystals
maintain uniformity for several tens of microns. Furthermore,
the elemental composition was obtained using EDS mapping,
as shown in Fig. 5. The atomic percentage, averaged over
ten measurements, is 47%, 17%, and 36% (±2%) for Fe, Ge,
and Te, respectively, with the vacancy content x = 0.4 ± 0.1.
The maps associated with the selected elements appear homo-
geneous, as they are all present uniformly with no apparent
islands or vacancies.

APPENDIX B: DATA MODELING

In order to obtain the temperature dependence of the
energies and linewidths of the observed Fe3−xGeTe2 phonon
modes, the Raman continuum, shown in colored lines in

TABLE II. Top panel: Comparison of calculated energies of
Raman active phonons using relaxed (R) and experimental [nonre-
laxed (NR)] lattice parameters for the magnetic (M) and nonmagnetic
phase (NM), given in cm−1. Obtained experimental values in the
magnetic phase at a temperature of 80 K are given in the last column.
Bottom panel: Comparison of calculated energies of infrared optical
phonons of Fe3−xGeTe2.

Raman active modes

Calculations

Sym. NM-R M-R NM-NR M-NR Experiment (M)

E 1
2g 28.4 49.6 33.9 50.2

E 1
1g 79.2 70.2 71.7 70.3

E 2
2g 115.5 121.0 100.0 122.2 89.2

A1
1g 151.7 139.2 131.7 137.2 121.1

E 2
1g 225.5 206.0 194.3 209.5

E 3
2g 238.0 232.6 204.9 228.6 214.8

A2
1g 272.0 262.6 235.7 233.4 239.6

E 4
2g 362.0 337.6 315.4 334.7

Infrared active modes

A1
2u 70.7 96.6 73.5 92.7

E 1
1u 112.5 121.2 89.4 121.6

A2
2u 206.0 162.5 183.1 153.7

E 2
1u 226.4 233.6 192.1 231.3

A3
2u 271.8 248.6 240.8 241.0

E 3
1u 361.1 336.6 314.7 334.7

Fig. 3(a), was subtracted for simplicity from the raw Raman
susceptibility data (black line). The spectra obtained after the
subtraction procedure are presented in Fig. 6 (black line) for
various temperatures. Because of the finite resolution of the
spectrometer and the fact that line shapes of all the observed
phonons are symmetric, the Voigt line shape (�G = 0.8 cm−1)
was used for data modeling. Blue, yellow, and green lines in
Fig. 6 represent fitting curves for A1

1g, E3
2g, and A2

1g phonon
modes, respectively, whereas the overall spectral shape is
shown in the red line.

APPENDIX C: EXPERIMENTAL DETAILS

Before being placed in a vacuum and being cleaved, the
sample was glued to a copper plate with GE varnish in order to
achieve good thermal conductivity and prevent strain effects.
Silver paste, as a material with high thermal conductivity, was
used to attach the copper plate with the sample to the cryostat.
The laser beam spot, focused through an Olympus long-
range objective of × 50 magnification, was approximately
6 μm in size, with a power less than 1 mW at the sample
surface. A TriVista 557 triple spectrometer was used in the
subtractive mode, with a diffraction grating combination of
1800/1800/2400 grooves/mm and the entrance and second
intermediate slit set to 80 μm, in order to enhance stray light
rejection and attain good resolution.
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APPENDIX D: CALCULATIONS

In Table II the results of DFT calculations are pre-
sented for magnetic (M) and nonmagnetic (NM) relaxed
and experimental lattice parameters. For comparison, the

experimental results are shown in the last column. Since the
lattice parameters strongly depend on the Fe atom deficiency,
the best agreement with experimental results gives the mag-
netic nonrelaxed solution.
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Abstract

We report temperature-dependent Raman scattering and magnetization stud-

ies of van der Waals ferromagnetic compound CrSi0.8Ge0.1Te3. Magnetic sus-

ceptibility measurements revealed dominant ferromagnetic interactions

below TC which shift to the lower values due to the presence of vacancies.

A Raman active mode, additional to the ones predicted by symmetry in the

parent compounds, has been observed. This Ag symmetry mode most likely

emerges as a consequence of the atomic vacancies on Si/Ge site. Presence of

the strong spin–phonon coupling at temperature around 210 K is indicated

by deviations from conventional phonon self-energy temperature dependence

of all analysed modes.
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1 | INTRODUCTION

Considerable progress has been made in the field of
material science through developing new materials and
revealing their properties in the last decade. Namely, in
the recent years, large family of van der Waals materials
with inherent magnetism became the focus of experimen-
tal and theoretical research, because they seem suitable
for numerous technical applications.[1-7] The family
includes Fe3− xGeTe2 metallic materials with high
magnetic transition temperature,[8-10] semiconductors
CrXTe3 (X = Si, Ge, Sn) and CrX3 (X = Cl, Br, I) mono-
layers[2,11-13] and heterostructures.[14]

CrSiTe3 and CrGeTe3 are ferromagnetic (FM) semi-
conductors with band gap of 0.4 and 0.7 eV and Curie
temperatures (TC) of 32 and 61 K, respectively.[15-18] Twin-
ing of CrSiTe3 single crystals along c-axes was revealed by
X-ray diffraction experiment as well as Cr3+ ions magnetic
order.[15] Recently, through high-resolution angle-re-
solved photoemission spectroscopy (ARPES), it was possi-
ble to identify full electronic structure near the Fermi
level. Due to spin–orbit coupling, CrSiTe3 is a Mott-type
FM insulator.[19] Electronic structure of CrGeTe3 single
crystals was also investigated by ARPES.[20] It was shown
that the low-lying valence bands are centred around the Γ
point and are mainly formed from Te 5p orbitals.
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Raman scattering studies of CrSiTe3 reveal strong
spin–lattice coupling in the paramagnetic phase[15,21] as a
consequence of a short-range magnetic order in this com-
pound. In addition to renormalization of energies and
linewidths of observed Raman active modes, coupling of
doubly degenerate Eg mode with magnetic continuum
was found.[21] The coupling results in an asymmetric
phonon line shape up to 180 K. Besides the splitting of
two low-energy Eg modes in the magnetic phase of
CrGeTe3 and unconventional behaviour of phonon prop-
erties around transition temperature, experimental
results indicate spin–phonon coupling effect with mag-
netic quasi-elastic scattering.[22] Pressure-dependent
Raman scattering study of CrGeTe3 showed a decrease in
bond length, the deviation of Cr–Te–Cr angle, and reduc-
tion of phase transition temperature.[23]

Change of the carrier concentration plays an impor-
tant role in the physics of semiconducting materials as it
can lead to surprising physical properties. Very small var-
iations in dopant concentrations can lead to structural
modifications and considerable changes in magnetic
transition temperature. Here, we report a Raman scatter-
ing and magnetization studies of CrSi0.8Ge0.1Te3. Our
scanning electron microscopy (SEM) measurements
reveal 10% of Ge atoms concentration and 10% of vacan-
cies. Vacancies induced a decrease in TC was detected
within magnetic susceptibility measurements. In the
Raman scattering results, we identified three Ag and four
Eg symmetry modes. Additional peak of the Ag symmetry
is also observed in our spectra. This mode may be traced
to vacancies and possible inhomogeneous distribution of
Ge atoms substitution on Si atomic site at nano-scale.
Energies of modes predicted by symmetry analysis are
found between the experimental values of parent
compounds CrSiTe3 and CrGeTe3, reported previously in
Milosavljevi et al..[21] The presence of the strong
spin–phonon interaction at temperature around 210 K
is indicated in small deviations from conventional
temperature-dependent behaviour of the observed modes
energies and linewidths, including additional one.

2 | EXPERIMENT AND
NUMERICAL METHOD

CrSi0.8Ge0.1Te3 single crystals were grown as described
previously.[24] Magnetic properties were measured in a
Quantum Design MPMS-XL5 system.

SEM measurements were performed using FEI
HeliosNanolab 650. This microscope is equipped with an
Oxford Instruments energy dispersive spectroscopy (EDS)
system with an X-max SSD detector operating at 20 kV.
Measurements were performed on as-cleaved samples

deposited on a graphite tape. The elemental composition
EDS mapping was obtained on crystals that appeared to
be uniform for several tens of microns. The maps show
the presence of Cr, Ge, Te and Si.

For Raman scattering experiment, Tri Vista 557 spec-
trometer was used in the subtractive backscattering
micro-Raman configuration. The combination of gratings
was 1800/1800/2400 grooves/mm and the entrance slit of
80 μm. Solid state laser with 532-nm line was used as an
excitation source. In our scattering configuration, plane
of incidence is ab-plane, where |a|= |b| (∡ða,bÞ= 120∘ ),
with incident (scattered) light propagation direction
along c-axes. Samples were cleaved in the air before being
placed in vacuum. All measurements were performed in
high vacuum (10−6 mbar) using a KONTI CryoVac con-
tinuous Helium flow cryostat with 0.5-mm thick window.
Laser beam focusing was achieved using microscope
objective with ×50 magnification. All spectra were
corrected for Bose factor.

Spin-polarized density functional theory calculations
were performed in Quantum Espresso software pack-
age,[25] based on plane waves and pseudopotentials, using
Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional[26] and projector augmented wave (PAW)
pseudopotentials.[27,28] The cutoff for wavefunctions and
the charge density of 85 and 425 Ry were chosen, respec-
tively. The k-point were sampled using the Monkhorst-
Pack scheme, on 8 × 8 × 8 Γ centred grid used for both
structures. Optimization of the lattice parameters and
atomic positions in unit cell was performed until the
interatomic forces were minimized down to 10−6 Ry/Å.
Treatment of the van der Waals interactions is included
using the Grimme-D2 correction, in order to obtain the
lattice parameters more accurately. Phonon wave num-
bers were calculated within the linear response method,
as implemented in PHonon part of Quantum Espresso.

FIGURE 1 Energy dispersive spectroscopy (EDS) mapping on

a CrSi0.8Ge0.1Te3 single crystal [Colour figure can be viewed at

wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

In order to investigate uniformity and elemental composi-
tion of CrSi0.8Ge0.1Te3 sample, SEM measurements were
performed on as-cleaved crystals. EDS mapping presented
in Figure 1 shows that the ratio of Cr:Si:Ge:Te (averaged
over 10 measurements) is 1:0.8:0.1:3. This result reveals
the presence of 10% Ge atomic vacancies in the sample.

Figure 2a,b presents the temperature dependence of
zero-field cooling (ZFC) magnetic susceptibility χ(T) =M
(T)/H measured in 1-kOe magnetic field applied parallel
to a (a) and c (b) crystallographic axes. Curie–Weiss law
χ = C

T−θ fit at high temperatures yields Weiss tempera-
tures θa = 61(2) K, θc = 70(2) K and high temperature
paramagnetic moments μeff,a = 4.14(2)μB and μeff,c = 3.91
(2)μB for CrSi0.8Ge0.1Te3, consistent with dominant FM
interactions below Tc and in line with the observed FM
Tc and magnetic hystheresis loops.[13,24] The approximate
Tc value can be determined from the minima of the
dχ/dT curves insets in Figure 2(a,b). It should be noted

that, instead of monotonous rise, there is a weak but
discernible shift to lower temperature in dχ/dT in
CrSi0.8Ge0.1Te3 when compared with CrSiTe3. This small
reduction in FM transition temperature is likely induced
by the presence of vacancies, as suggested by the EDS
data. The presence of vacancies in this class of materials
usually disarrange magnetic exchange due to disorder
increment, which leads to the reduction of TC.

[29]

Isostructural parent compounds CrSiTe3 and CrGeTe3
crystallize in the rhombohedral crystal structure,
described with space group R3 (C2

3i).
[30] According to fac-

tor group analysis, five Ag and five double degenerate Eg

symmetry modes are expected to be observed in the light
scattering experiment. Detailed symmetry analysis, pho-
non mode distribution and selection rules for parent
compounds (CrSiTe3 and CrGeTe3) can be found in
Milosavljevi�c et al.[21] In our scattering configuration, the
plane of incidence is ab plane, where |a|= |b|
(∡ða,bÞ= 120∘ ) (inset in Figure 3), and the direction of
incident (scattered) light propagation is along c-axes.
According to the selection rules for this scattering
configuration,[21] all Raman active modes may be
observed, having in mind that Ag symmetry modes can
be detected only in parallel polarization configuration.
The Eg symmetry modes are expected to appear in both
the parallel and cross polarization configurations. Raman
spectra of CrSi0.8Ge0.1Te3, obtained by continuous change
of the angle between polarization vectors of incident and

FIGURE 2 Temperature dependence of zero-field cooling

(ZFC) χ=M/H for CrSiTe3, CrSi0.8Ge0.1Te3 and CrGeTe3 in 1-kOe

magnetic field applied in-plane (a) and along the c-axis (b). Insets

show transition temperatures of ferromagnetic orders (dχ/dT) and

magnetic hystheresis loops taken at 2 K

FIGURE 3 Raman spectra of CrSi0.8Ge0.1Te3 single crystal,

measured at 100 K, as a function of angle θ, between incident and

scattered light polarization. Inset: schematic representation of the

incident and scattered light polarization with respect to the crystal

orientation [Colour figure can be viewed at wileyonlinelibrary.com]
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scattered light, θ=∡ðei,esÞ , (0∘⩽θ⩽90∘ ) at 100 K, are
shown in Figure 3. It can be seen that by changing this
angle, starting from θ = 0�, the intensities of the peaks at
energies 80.2, 116.4 and 145.5 cm−1 continuously
decrease and completely vanish for polarization angle of
90�. Therefore, these excitations obey pure Ag symmetry.
On the other hand, the peaks at energies of 84.5, 88.3,
117.2 and 215.0 cm−1 are not influenced by change of
polarization angle, so they can be identified as Eg symme-
try modes.

Here, one should note that the feature observed at
around 117 cm−1 in both scattering configurations is
actually a two-peak structure comprising of 116.4-cm−1

Ag and 117.2-cm−1 Eg symmetry modes. Detailed analysis
of the structure for two scattering configurations is pres-
ented in Figure A1 of Appendix. Furthermore, closer
inspection of the data revealed that peak at energy of
145.5 cm−1, which obeys pure Ag symmetry, is also com-
posed of two modes, P1 (144.6 cm−1) and A3

g (146.7 cm
−1),

as shown in Figure A2 of Appendix.
Calculated optical phonon wavenumbers of the

parent compounds, CrSiTe3 and CrGeTe3, together with
their experimental Raman active values as well as Raman
mode energies of CrSi0.8Ge0.1Te3, are compiled in Table 1.
As expected, experimental values of CrSi0.8Ge0.1Te3
Raman active modes are found between the values of the
observed modes in parent compounds.[21] Figure 4a
shows compositional evolution of the peaks with highest

intensity, assigned as E3
g and A3

g symmetry modes in par-
ent compounds. The E3

g mode energy changes almost lin-
early (Figure 4b), as a consequence of change in lattice
parameters and “change of mass” effect. The observed
energy shift is followed by doubling of the linewidth,
dominantly induced by the significant crystalline disor-
der. The similar type of behaviour, with somewhat larger
increase in the linewidth, was also observed for the A3

g

symmetry mode. The most striking feature was the addi-
tional Ag symmetry mode (denoted as P1, see Figure A2
of the Appendix), observed in the doped sample. Gener-
ally, both the substitutional defects and vacancies may
have similar impact on the Raman modes energy and
linewidth. Here, the appearance of P1 peak can be under-
stood as a consequence of the presence of vacancies on
Si/Ge atomic site and their inharmonious distribution at
nano-scale. The mode “splitting” is detected only for the
A3
g but not for other observed modes, due to the fact that

different nature of these vibrations results in different
values of energy shifts. In the case of other modes, the
difference between the shifts for corresponding domains
is smaller than the spectral resolution of the instrument
(�1.8 cm−1), and therefore, the separate modes can not
be resolved.

Figure 5 shows CrSi0.8Ge0.1Te3 Raman scattering
spectra measured at various temperatures. For clarity,
spectra obtained for cross polarization configuration are

FIGURE A1 Decomposition of unresolved A2
g and E3

g

symmetry modes obtained by simultaneous modelling in parallel

and cross polarization configuration. Grey line represents the

measured data, Voigt line of A2
g mode is shown by green, and blue

lines represent the E3
g symmetry mode in parallel (upper panel) and

cross (lower panel) polarization. The orange line is the

superposition of these two lines [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE A2 Decomposition of phonon mode in parallel

scattering configuration on two Ag symmetry modes. Open circles

represent the measured data and the blue one sum of two Voigt

profile line shapes. Data modelled with one Voigt profile line shape

(orange line) deviates significantly from measured data [Colour

figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Phonon symmetry, calculated (T= 0 K) and experimental (T= 100 K) Raman active phonon wavenumbers of parent

compounds CrSiTe3 and CrGeTe3.
[21] Experimental values for Raman active phonons of CrSi0.8Ge0.1Te3 at 100 K are shown in the last

column

Raman active modes

Calculations Experiment

Symmetry CrSiTe3 CrGeTe3 CrSiTe3 CrGeTe3 CrSi0.8Ge0.1Te3

A1
g 88.2 84.2 — — 80.2

E1
g 93.5 82.0 88.9 83.5 84.5

E2
g 96.9 90.8 — — 88.3

E3
g 118.3 114.2 118.2 112.2 117.2

A2
g 122.0 105.9 — — 116.4

A3
g 148.0 134.8 147.4 137.9 146.7

A4
g 208.7 200.3 — — —

E4
g 219.5 209.6 217.2 217.5 215.0

E5
g 357.4 229.8 — — —

A5
g 508.9 290.7 — 296.6 —

Note: All values are given in cm−1.

FIGURE 4 (a) Raman scattering spectra of E3
g and A3

g phonon

modes of CrSiTe3 (orange line), CrSi0.8Ge0.1Te3 (yellow line) and

CrGeTe3 (green line) at T = 100 K measured in cross (left panel)

and parallel (right panel) scattering configuration, respectively.

(b) Energy (grey line) and linewidth (red line) of these two

modes with respect to the percentage of Si atoms concentration.

Energy and linewidth of P1 mode are marked with black and red

star, respectively [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Raman spectra of CrSi0.8Ge0.1Te3 single crystal

measured at various temperatures. The spectra were analysed by

using multiple Voigt peak functions and a single

χ00cont = aΓω=ðΓ2 +ω2Þ+ bω function, for parallel (θ = 0�, solid
coloured lines) and cross (θ= 90�, dashed coloured lines) scattering

configuration. For clarity, higher and lower energy ranges (left and

right panel) are multiplied by the factor of five [Colour figure can

be viewed at wileyonlinelibrary.com]
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only shown for the mid-energy range. Temperature
dependence of energies and linewidths of all the observed
Ag symmetry modes, including P1, are presented in
Figure 6. By heating the sample from 100 K to approxi-
mately 210 K, monotonous decrease in energy of all the
Ag symmetry modes is present, dominantly driven by
thermal expansion.[31] In the temperature region around
210 K, these modes' energy exhibit small deviation,
followed by a continuous decrease up to room tempera-
ture. In the same temperature region, deviation from
expected anharmonic type of behaviour is observed for
all the Ag symmetry modes linewidth. This effect is more
pronounced for higher energy modes where the
anharmonicity is expected to be higher. Similar response
of analysed Eg symmetry modes is present and shown in
Figure 7.

Concerning previously reported strong spin–phonon
coupling in CrSiTe3,

[15,21] which persists up to 180 K, we
believe that this unconventional behaviour of energies
and linewidths can be attributed to the coupling of the
phonon modes to the spin system.[32] Due to the doping
and presence of vacancies, strong magnetic correlations
in CrSi0.8Ge0.1Te3 are sustained up to 210 K.

4 | CONCLUSIONS

In summary, we presented temperature-dependent
Raman scattering and magnetization studies of doped
van der Waals ferromagnet CrSi0.8Ge0.1Te3. SEM mea-
surements revealed the presence of 10% vacancies on
Si/Ge atomic site. As a consequence, magnetization mea-
surements detected small but clear decrease in TC. Seven
out of 10 Raman active modes have been assigned in our
Raman spectra. Temperature dependence of all the
observed modes shows the persistence of magnetic corre-
lations up to 210 K. In addition, the results revealed the
appearance of the peak that obey pure Ag symmetry,
which is attributed to the possible inhomogeneous distri-
bution of Ge atoms and vacancies at nano-scale. This
study provides an insight into the impact of doping and
presence of vacancies on magnetic and lattice properties
in this class of materials.
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APPENDIX: A DECOMPOSITION OF
UNRESOLVED MODES

Analysing the spectra of CrSi0.8Ge0.1Te3 single crystal, in
different polarization configurations (Figure 3), in the
energy range around 117 cm−1, becomes clear that lower
energy part completely disappears in cross polarization
configuration, whereas higher energy part persists.
Enlarged part of this energy region is shown in
Figure A1, in parallel and cross polarization configura-
tion at temperature of 100 K. After simultaneous model-
ling of these spectra becomes clear that they consist of
the A2

g and E3
g modes, at energies 116.4 and 117.2 cm−1,

respectively. This is completely supported with theoreti-
cal calculations presented in Table 1.
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On the other hand, existence of P1 is not predicted by
theoretical calculations, as Raman active peak. Only
closer inspection and detailed analysis, presented in

Figure A2, shows that much better agreement with
experimental results gives modelling as a superposition
of two Voigt lines.

8 MILOSAVLJEVI�C ET AL.



Short-Range Order in VI3
Sanja Djurdjic ́Mijin, A. M. Milinda Abeykoon, Andrijana Šolajic,́ Ana Milosavljevic,́ Jelena Pesǐc,́ Yu Liu,
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ABSTRACT: We present a detailed investigation of the crystal structure
of VI3, a two-dimensional van der Waals material of interest for studies of
low-dimensional magnetism. As opposed to the average crystal structure
that features R3̅ symmetry of the unit cell, our Raman scattering and X-ray
atomic pair distribution function analysis supported by density functional
theory calculations point to the coexistence of short-range ordered P3̅1c
and long-range ordered R3̅ phases. The highest-intensity peak, A1g

3 , exhibits
a moderate asymmetry that might be traced back to the spin−phonon
interactions, as in the case of CrI3.

■ INTRODUCTION

A well-known family of transition metal trihalides (TMTs)
MX3 (X = Cr, B, or I) have received a great deal of attention
due to potential existence of two-dimensional (2D) ferromag-
netism,1−6 which has been confirmed in CrI3.

7,8 The similar
crystal structure and magnetic properties of CrI3 and VI3
fostered a belief that the same might be found in the latter. In
fact, magnetization measurements revealed the 2D ferromag-
netic nature of VI3 with a Currie temperature (Tc) of around
50 K.9,10 Contrary to a layer-dependent ferromagnetism in
CrI3,

11 the first-principles calculations predict that ferromag-
netism in VI3 persists down to a single layer,9 making it a
suitable candidate for engineering 2D spintronic devices.
Resistivity measurements showed VI3 is an insulator with an
optical band gap of ∼0.6 eV.9,12

Whereas laboratory X-ray diffraction studies reported three
possible high-temperature VI3 unit cell symmetries,9,12−14

high-resolution synchrotron X-ray diffraction confirmed a
rhombohedral R3̅ space group.10 A very recently published
Raman spectroscopy study indicated that the VI3 crystal
structure can be described within the C2h point group.15 All
results agree on the existence of a phase transition at a
temperature of 79 K. However, the subtle12 structural changes
below 79 K are still under debate.
The long-range magnetic order in ultrathin 2D van der

Waals (vdW) crystals stems from strong uniaxial anisotropy, in
contrast to materials with isotropic exchange interactions
where order parameters are forbidden.16−18 2D vdW magnetic
materials are of interest both as examples of exotic magnetic
order19 and for potential applications in spintronic technol-
ogy.2,4,20,21

Atomically thin flakes of CrCl3 have a magnetic transition
temperature that is different from that of bulk crystals possibly

due to the different crystal structure of the monolayer and
ultrathin crystals when compared to bulk.22,23 Similar
observations were made on CrI3 monolayers.22,24,25 It has
been proposed23 that the second anomaly in heat capacity in
bulk CrCl3 arises due to regions close to the surface that host a
different crystal structure when compared to bulk;26,27

however, due to the substantial mass fraction detected in
heat capacity measurements, this could also reflect differences
between the short-range order and long-range crystallographic
order of Bragg planes. The short-range order is determined by
the space group that is energetically favorable for a monolayer
or a few layers, whereas the long-range crystallographic order is
established over large packing lengths.
In this paper, we present an experimental Raman scattering

study of the bulk VI3 high-temperature structure, supported by
density functional theory (DFT) calculations and the X-ray
atomic pair distribution function (PDF) analysis. The
comparison between the Raman experiment and DFT
calculations for each of the previously reported space groups
suggested that the high-temperature lattice vibrations of bulk
VI3 are consistent with a P3̅1c trigonal structure. Nine (2A1g +
7Eg) of 12 observed peaks were assigned on the basis of factor
group analysis (FGA) and DFT calculations. The PDF analysis
indicated the coexistence of two crystallographic phases at two
different interatomic distances, short-range ordered P3̅1c and

Received: July 12, 2020

Articlepubs.acs.org/IC

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acs.inorgchem.0c02060
Inorg. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

A
U

C
K

L
A

N
D

 U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
O

ct
ob

er
 2

5,
 2

02
0 

at
 0

2:
14

:0
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanja+Djurdjic%CC%81+Mijin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+M.+Milinda+Abeykoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrijana+S%CC%8Colajic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Milosavljevic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jelena+Pes%CC%8Cic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedomir+Petrovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedomir+Petrovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zoran+V.+Popovic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nenad+Lazarevic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c02060&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?fig=tgr1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02060?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


long-range ordered R3̅, as two segregated phases and/or as
randomly distributed short-range ordered P3̅1c domains in the
long-range ordered R3̅ lattice. Raman data displayed a
moderate asymmetry of the A1g

3 phonon line. This behavior
was attributed to the spin−phonon interaction, similar to the
case for CrI3. The additional peaks in our spectra obey Ag
selection rules and can be described in terms of overtones, as
well as the A2g silent modes “activated” by the symmetry
breaking.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
The preparation of single-crystal VI3 samples used in this study is
presented elsewhere.10 For the Raman scattering experiment, a Tri
Vista 557 spectrometer was used in the backscattering micro-Raman
configuration with a 1800/1800/2400 grooves/mm diffraction grating
combination. A Coherent Ar+/Kr+ ion laser with a 514 nm line was
used as an excitation source. Laser beam focusing was achieved
through the microscope objective with 50× magnification. The
direction of the incident (scattered) light coincides with the
crystallographic c axis. The sample, cleaved in open air, was held
inside a KONTI CryoVac continuous helium flow cryostat with a 0.5
mm thick window. Raman scattering measurements were performed
under high vacuum (10−6 mbar). All of the obtained Raman spectra
were corrected by the Bose factor. The spectrometer resolution is
comparable to the Gaussian width of 1 cm−1.
PDF and wide-angle X-ray scattering measurements were carried

out in capillary transmission geometry using a PerkinElmer
amorphous silicon area detector placed 206 and 983 mm downstream
from the sample, respectively, at beamline 28-ID-1 (PDF) of National
Synchrotron Light Source II at Brookhaven National Laboratory. The
setup utilized a 74.3 keV (λ = 0.1668 Å) X-ray beam.
Two-dimensional diffraction data were integrated using the Fit2D

software package.28 Data reduction was performed to obtain
experimental PDFs (Qmax = 26A−1) using the xPDFsuite software
package.29 The Rietveld and PDF analyses were carried out using
GSAS-II30 and PDFgui31 software packages, respectively.
Density functional theory calculations were performed using the

Quantum Espresso software package,32 employing the PBE exchange-
correlation functional33 and PAW pseudopotentials.34,35 All calcu-
lations are spin-polarized. The cutoff for wave functions and the
charge density were set to 48 and 650 Ry, respectively. The k-points
were sampled using the Monkhorst−Pack scheme, on a 6 × 6 × 6 Γ-
centered grid for R3̅ and C2/m structures and a 12 × 12 × 8 grid for
the P3̅1c structure. Optimization of the lattice parameters and atomic
positions in the unit cell was performed until the interatomic forces
were <10−6 Ry/Å. To obtain more accurate lattice parameters,
treatment of the van der Waals interactions is included using the
Grimme-D2 correction. The correlation effects are treated with the
Hubbard U correction (LDA+U), using a rotationally invariant
formulation implemented in QE,36 where U = 3.68 eV. Band structure
plots are calculated at 800 k-points on the chosen path over high-
symmetry points. Phonon frequencies were calculated with the linear
response method, as implemented in the -honon part of Quantum
Espresso.

■ RESULTS AND DISCUSSION

The first reported results for VI3, dating from the 1950s,37−39

indicated that VI3 adopts a honeycomb layer-type BiI3
structure described with space group R3̅, which is a structure
common in TMTs, also found in the low-temperature phase of
CrI3.

6,40

There have been several proposed unit cell symmetries for
VI3 in the literature: R3̅,12,13 C2/m,14 and P3̅1c.9 Schematic
representations of the P3̅1c, R3̅, and C2/m crystal structures
are depicted in Figure 1. The corresponding crystallographic
unit cell parameters, previously reported, are listed in Table 1.

Each of the suggested symmetries implies a different
distribution of Raman active modes.
According to FGA, eight (4Ag + 4Eg), 11 (3A1g + 8Eg), and

12 (6Ag + 6Bg) Raman active modes are expected to be
observed in the light scattering experiment for R3̅, P3̅1c, and
C2/m crystal structures, respectively. Wyckoff positions,
irreducible representations, and corresponding tensors of
Raman active modes for each space group are listed in Table 2.
The first step in determining the crystal symmetry from the

light scattering experiment is to compare the expected and
observed Raman active modes, shown in Figure 2. The red
solid line represents the spectrum measured in the parallel
polarization configuration, whereas the blue line corresponds
to the cross polarization configuration. Five of 12 observed
peaks emerge only in parallel, whereas five peaks and a broad
peak-like structure can be observed for both polarization
configurations. The emergence of the 123.4 cm−1 peak in the
cross polarization can be understood as a “leakage” of the A1g

3

mode due to a possible finite c axis projection and/or the
presence of defects.
Now the peaks that appear only for the parallel polarization

configuration can be assigned as either A1g or Ag symmetry
modes, assuming the light polarization direction along the
main crystal axis of the C2/m structure for the later. On the
basis of the FGA for possible symmetry group candidates, the
remaining Raman active modes can be either of Eg or Bg
symmetry. The selection rules (Table 2) do not allow
observation of the Bg symmetry modes for the parallel
polarization configuration. Consequently, the peaks that can
be observed in both scattering channels were recognized as Eg
modes. The absence of Bg modes in the Raman spectra rules
out the possibility of the AlCl3 type of structure (space group
C2/m). Two possible remaining crystal symmetries (R3̅ and

Figure 1. Schematic representation of the high-temperature (a) P3̅1c,
(b) R3̅, and (c) C2/m structures of VI3. Black solid lines represent
unit cells.
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P3̅1c) are difficult to single out on the basis of the Raman data
symmetry analysis alone. To overcome this obstacle, the DFT
method was applied for each of the suggested structures.
It was reported in the literature that P3̅1c VI3 can have two

possible electronic states9,14,41−43 that both can be obtained
using DFT+U calculations by varying the smearing and mixing
parameters. This approach resulted in a Mott-insulator state
having a lower energy making it the electronic ground state of
VI3. However, the total energy difference of these two states is
small and will not be mentioned further because it is outside of
the scope of our analysis. For the sake of completeness, both
sets of phonon energies obtained through DFT calculations for
these electronic states of the P3̅1c structure are listed in Table
3 together with the results for the R3̅ and C2/m space groups
as well as the experimental results measured at 100 K.
Now one can see that, even though the Raman mode

symmetries for the case of the R3̅ crystal structure can describe
our Raman spectra, there is a stronger mismatch in calculated
and experimentally determined phonon energies when
compared to the results obtained for the P3̅1c structure. The
deviation is largest for the calculated Ag

1 mode. The closest
mode in energy, which obeys the same symmetry rules as the
calculated Ag

1, is a peak at ∼64.1 cm−1, yielding a deviation of
∼30%. Also, the calculated energy of the Ag

4 mode could not be
identified within our spectrum, with the closest experimental
Ag peaks being within 20%. Such deviation in theory and
experiment, >20%, indicates that the room-temperature
phonon vibrations in VI3 do not originate predominantly
from the BiI3 structure type either, leaving P3̅1c as the only
candidate. This indication is further reinforced by the inability
to connect the experimentally observed Eg modes at ∼77 and
∼86 cm−1 with the R3̅-calculated modes.
Our experimental data (Table 3) are mostly supported by

the phonon energies obtained for possible electronic states of

Table 1. Previously Reported Experimental and Calculated Unit Cell Parameters for P3̅1c, R3̅, and C2/m Structures of VI3

P3̅1c R3̅ C2/m

calcd exp.9 calcd exp.12 calcd exp.14

a (Å) 6.87 6.89(10) 6.69 6.89(3) 7.01 6.84(3)
b (Å) 6.87 6.89(10) 6.69 6.89(3) 12.14 11.83(6)
c (Å) 13.224 13.289(1) 19.81 19.81(9) 7.01 6.95(4)
α (deg) 90 90 90 90 90 90
β (deg) 90 90 90 90 109.05 108.68
γ (deg) 120 120 120 120 90 90
cell volume (Å3) 559.62 547.74(10) 767.71 814.09(8) 563.33 533.66(36)

Table 2. Wyckoff Positions of Atoms and Their Contributions to the Γ-Point Phonons for the R3 ̅, C2/m, and P3̅1c Structures
and the Raman Tensors for the Corresponding Space Groups

space group P3̅1c space group R3̅ space group C2/m

atom irreducible representation atom irreducible representation atom irreducible representation

V (2a) A2g + A2u + Eg + Eu V (3a) V (4g) Ag + Au + 2Bg + 2Bu

V (2c) A2g + A2u + Eg + Eu V (6c) Ag + Au + Eg + Eu I (4i) 2Ag + Au + Bg + 2Bu

I (12i) 3A1g + 3A1u + 3A2g + 3A2u + 6Eg + 6Eu I (18f) 3Ag + 3Au + 3Eg + 3Eu I (8j) 3Ag + 3Au + 3Bg + 3Bu

A1g = ( )a a
b Ag = ( )a a
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Figure 2. Raman spectra of the high-temperature VI3 single-crystal
structure measured in parallel (red solid line) and cross (blue solid
line) polarization configurations at 100 K. Peaks observed in both
spectra were identified as Eg modes, whereas peaks observed only in
the red spectrum were assigned as A1g modes. Additional peaks that
obey pure A1g symmetry are marked as P1−P3.
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the P3̅1c trigonal structure with deviations of around 10% and
15%. Nine of 11 Raman modes were singled out and identified,
with Eg

1 being not observable in our experimental setup due to
its low energy. The A1g

1 mode might be missing due to its low
intensity and/or the finite spectrometer resolution. The most
striking was the observation of the broad feature at ∼180 cm−1,
persisting up to 300 K in both scattering channels. Whereas its
line shape resembles those of the two-magnon type of
excitation, we believe that scenario is unlikely for a
ferromagnetic material. The energy region where the feature
was observed may also suggest the possibility of a two-phonon
type of excitation. However, their scattering cross sections are
usually small and dominated by overtones, thus mostly
observed for the parallel scattering configuration.45 For
example, such an excitation was observed at ∼250 cm−1

(Figure 2). Finally, the observed feature also falls into the
energy region where, as suggested by the numerical
calculations, observation of the Eg

7 and Eg
8 modes is expected.

We believe that it is actually a complex structure comprising Eg
7

and Eg
8 Raman modes, significantly broadened by the spin−

phonon interaction, that is particularly strong on these phonon
branches. The proximity of the two very broad, presumably
asymmetric peaks hampers their precise assignment.
Closer inspection of other Raman peaks revealed that some

of them also exhibit an asymmetric line shape. To further
demonstrate this virtue, we have quantitatively analyzed the
highest-intensity peak, A1g

3 , using the symmetric Voigt line
shape and convolution of a Fano profile and a Gausian.44−46

The asymmetric line shape (with a Fano parameter of |q| =
12.3) gives a slightly better agreement with the experimental
data, as depicted in Figure 3. Considering that the observed
asymmetry in similar materials was shown to reflect the spin−
phonon interaction,46,47 we propose it as a possible scenario in
VI3, as well.
Our findings, based on the inelastic light scattering

experiments, at first glance differ from those presented in ref
10. To resolve this discrepancy, we used synchrotron X-ray
Rietveld and PDF analysis. Typically, the short-range order

(SRO) contributes to diffuse scattering under the long-range
order (LRO) Bragg peaks when they coexist. Because the
diffuse scattering is subtracted as part of the background in the
Rietveld refinement, this method is more sensitive to the
average structure of materials. In contrast, PDF analysis is
performed on the sine Fourier transform of the properly
corrected diffraction patten, including both Bragg and diffuse

Table 3. Comparison between Calculated Values of Raman Active Phonon Energies for Insulating and Half-Metallic States of
the P3 ̅1c Structure and Experimentally Obtained Values (left)a and Phonon Symmetries and Calculated Phonon Energies for
the R3̅ and C2/m Structures of VI3

b

space group P3̅1c space group R3̅ space group C2/m

symmetry calcd (cm−1) calcd (cm−1) exp. (cm−1) symmetry calcd (cm−1) symmetry calcd (cm−1)

Eg
1 17.2 15.2 − Eg

1 45.2 Ag
1 58.1

A2g
1 (silent) 35.0 56.8 Eg

2 69.9 Bg
1 60.0

Eg
2 62.2 61.6 59.8 Ag

1 99.3 Ag
2 82.7

A2g
2 (silent) 69.4 72.3 Eg

3 99.8 Bg
2 82.9

Eg
3 74.1 75.9 77.2 Ag

2 105.1 Ag
3 85.7

A1g
1 83.3 84.2 − Ag

3 135.5 Bg
3 88.9

Eg
4 84.9 86.6 86.7 Ag

4 167.9 Ag
4 99.3

Eg
5 91.5 98.4 95.2 Eg

4 176.8 Bg
4 99.3

A2g
3 (silent) 92.2 96.3 Ag

5 122.3
Eg
6 97.4 108.3 100.4 Bg

5 149.9
A1g
2 113.2 119.3 116.8 Bg

6 161.0
A1g
3 117.1 123.9 123.4 Ag

6 164.0
A2g
4 (silent) 121.3 147.8

Eg
7 132.2 151.9 c

Eg
8 149.4 166.9 c

A2g
5 (silent) 185.9 212.1

aThe experimental values were determined at 100 K. The experimental uncertainty is 0.3 cm−1. bAll calculations were performed at 0 K. cSee the
text for an explanation.

Figure 3. Quantitative analysis of the A1g
3 mode. The blue solid line

represents the line shape obtained as a convolution of the Fano line
shape and the Gaussian, whereas the green one represents a Voigt
profile fitted to experimental data (□). For details, see refs 44 and 45.
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components. PDF is a real space function that provides a
histogram of interatomic distances, which contain information
regarding all length scales.48−51 The 1−10 and 11−30 Å PDF
length scales are more sensitive to SRO and LRO, respectively.
For the VI3 system, the best Rietveld fit was obtained using the
R3̅ space group (Figure 4a), in agreement with that previously

observed.10 Not surprisngly, LRO obtained from the Rietveld
refinement showed a good agreement on the PDF length scale
of 10−30 Å. However, the R3̅ space group gave a poor fit on
the length scale of 1.5−15 Å with refined δ1 to account for
correlated motion (Figure 4b). In contrast, P3̅1c gave a better
fit to SRO, but a poor fit to LRO. The best PDF fits were
obtained by refining a weighted two-phase structural model
containing ∼25 wt % SRO P3̅1c and ∼75 wt % LRO R3̅
phases. The refined correlation length of the SRO is ∼15−20
Å (Figure 4c). These results suggest two possible seanarios:
(1) coexistence of two segregated phases, LRO R3̅ and SRO
P3̅1c, and (2) randomly distributed short-range ordered P3̅1c
domains in the long-range ordered R3̅ lattice. A detailed
structural analysis is required to pinpoint scenario 1 and/or 2,
which is beyond the scope of this work.
In addition to the peaks already assigned to Γ-point Raman

active phonons of the P3̅1c crystal structure (Table 2), three

additional peaks at 64.2 cm−1 (P1), 110.1 cm−1 (P2), and
220.6 cm−1 (P3) are observed (see Figure 2). According to the
results of DFT, energies of these modes correspond well to
those calculated for silent A2g

2 , A2g
3 , and A2g

5 modes. Their
observability in Raman data may come from the release of the
symmetry selection rules by breaking of the (translation)
symmetry as suggested by the PDF in both scenarios.52−55

However, as previously discussed, these peaks obey A1g
selection rules, indicating the possibility for them to be
overtones in nature. In this less likely scenario, the phonon−
phonon coupling is enhanced by the spin−phonon interaction
and/or by the structural imperfections, thus enhancing the
Raman scattering rate for the two-phonon processes.45 Hence,
the observed Raman modes reflect the symmetry of phonon
vibrations related to the SRO.56,57 It is interesting to note that,
besides a possible short-range crystallography that is different
from the average, VI3 might also feature short-range magnetic
order above 79 K.14

■ CONCLUSION

In summary, room-temperature phonon vibrations of VI3 stem
from the P3̅1c symmetry of the unit cell. The PDF analysis
suggested the coexistence of two phases, short-range ordered
P3̅1c and long-range ordered R3̅, as two segregated phases
and/or as randomly distributed short-range ordered P3̅1c
domains in the long-range ordered R3̅ lattice. Nine of 12
observed peaks in the Raman spectra were assigned in
agreement with P3̅1c symmetry calculations. Three additional
peaks, which obey A1g symmetry rules, could be explained as
either overtones or as activated A2g silent modes caused by a
symmetry breaking. The asymmetry of one of the A1g phonon
modes, together with the anomalous behavior of Eg

7 and Eg
8,

indicates strong spin−phonon coupling, which has already
been reported in similar 2D materials.46,58
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und VJ3. Z. Anorg. Allg. Chem. 1969, 366, 121−129.
(38) Berry, K. O.; Smardzewski, R. R.; McCarley, R. E. Vaporization
reactions of vanadium iodides and evidence for gaseous vanadium-
(IV) iodide. Inorg. Chem. 1969, 8, 1994−1997.
(39) Klemm, W.; Krose, E. Die Kristallstrukturen von ScCl3, TiCl3
und VCl3. Z. Anorg. Chem. 1947, 253, 218−225.
(40) Liu, Y.; Petrovic, C. Three-dimensional magnetic critical
behavior in CrI3. Phys. Rev. B: Condens. Matter Mater. Phys. 2018, 97,
014420.
(41) He, J.; Ma, S.; Lyu, P.; Nachtigall, P. Unusual Dirac half-
metallicity with intrinsic ferromagnetism in vanadium trihalide
monolayers. J. Mater. Chem. C 2016, 4, 2518−2526.
(42) Wang, Y.-P.; Long, M.-Q. Electronic and magnetic properties of
van der Waals ferromagnetic semiconductor VI3. Phys. Rev. B:
Condens. Matter Mater. Phys. 2020, 101, 024411.
(43) Li, Y.; Liu, Y.; Wang, C.; Wang, J.; Xu, Y.; Duan, W. Electrically
tunable valleytronics in quantum anomalous Hall insulating transition
metal trihalides. Phys. Rev. B: Condens. Matter Mater. Phys. 2018, 98,
201407.
(44) Lazarevic,́ N.; Popovic,́ Z. V.; Hu, R.; Petrovic, C. Evidence for
electron-phonon interaction in Fe1−xMxSb2 (M = Co and Cr 0 ≤ x ≤
0.5) single crystals. Phys. Rev. B: Condens. Matter Mater. Phys. 2010,
81, 144302.
(45) Baum, A.; Milosavljevic,́ A.; Lazarevic,́ N.; Radonjic,́ M. M.;
Nikolic,́ B.; Mitschek, M.; Maranloo, Z. I.; Šcépanovic,́ M.; Grujic-́
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In the iron-based superconductors (IBS) magnetic order, structure, nemacity and 
superconductivity are closely interrelated. Influence of correlation effects seems to increase 
from 122 systems, such as BaFe2As2, to the 11 chalcogenides FeTe, FeSe and FeS. Although, 
isostructural and isoelectronic, 11 class members differ significantly. FeSe undergoes a 
structural transition at 90 K,  shows electronic nemacity, with no long range magnetic 
ordering down to lowest temperatures, and superconductivity at 9 K. On the other hand, 
FeTe exhibits magneto-structural transition at 67 K, but no superconductivity. FeS has a 
superconducting transition at 5 K, but it does not show structural transition. Magnetic 
ordering in FeS still remains an open question.  

Here we present light scattering data on phonons in tetragonal FeS. We identified two 
out of four Raman-active phonon modes, and a second order scattering process involving 
two acoustic phonons. Additionally, DFT calculations verify experimentally obtained results. 
Calculated phonon density of states and selection rules for two-phonon process based on the 
modified group projector technique confirm second order scattering process within a gap in 
the projected density of states. Low temperature experiments revealed that temperature 
dependence of all modes is mainly governed by lattice contraction, except for deviations at 
50 K and below 20 K. The anomaly below 20 K coincides with the observation of the 
possible short range magnetic order.  
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Small influence of magnetic ordering on lattice dynamics in TaFe1.25Te3 
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The TaFe1+yTe3 single crystal is a layered system with monoclinic crystal structure, 
composed of FeTe chains along the b-axis, separated by a Ta/Te network, with additional Fe 
ions randomly situated on interstitial sites. It is a correlated bad metal which orders 
antiferromagnetically at T_N\approx 200 K. The magnetic structure consists of double 
zigzag spin chains, although the type of intra- and interchain magnetic interactions is still 
under debate. We present polarized Raman scattering spectra of TaFe1.25Te3 single crystal in 
a wide temperature range. Nine out of 15 Raman active modes are observed and assigned 
using measured spectra in different polarization configurations and lattice dynamics 
calculations. Unlike the case of related FeTe compound, TaFe1.25Te3 do not show significant 
changes near magnetic transition temperature T_N, which lead us to conclude that the phase 
transition is continuous. Temperature dependence of energy and linewidth is conventional, 
with the only exception in the vicinity of T_N, where some of phonon modes broaden. This 
is probably the consequence of spin fluctuations near the critical temperature. Our results 
suggest very small changes in the electron-phonon coupling and density of states at the 
Fermi level in the investigated temperature range. 
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Spin-phonon coupling in CrSiTe3 and CrSi0.8Ge0.1Te3 
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Trichalcogenides CrXTe3 (X = Si, Ge) are semiconducting representatives  of the van der 
Waals materials, with ferromagnetic order and  band gap of 0.4 eV for Si and 0.7 eV for Ge 
compound, and Curie temperatures of 32 K and 61 K, respectively. Their layered structure 
provided exfoliation to mono and few-layer nanosheets, due to the weak van der Waals inter-
layer bonding. This possibility togeather with their semiconducting and magnetic properties 
makes them ideal candidates for applications in optoelectronics and nano-spintronics.  
Here we present temperature dependent Raman scattering study on CrSiTe3 and 
CrSi0.8Ge0.1Te3. Four and eight out of ten Raman active modes were assigned and observed 
for pure and slightly doped compound, respectively. The self-energies of  and  

symmetry modes of CrSiTe3 compound exhibit unconventional temperature evolution around 
180 K. In addition, doubly degenerate  mode shows a clear change of asymmetry in the 

same temperature region. The observed behavior is consistent with the previously reported 
presence of short-range magnetic order and strong spin-phonon coupling. Changing the 
concentrations of elements in parent compounds and doping plays a significant role in 
semiconducting physics and can lead to surprising physical properties, like considerable 
change in magnetic transition temperature or structural modifications. SEM measurements 
performed on our CrSi0.8Ge0.1Te3 single crystals revealed the 10% concentration of Ge 
atoms and the same amount of vacancies. Inelastic scattering results on CrSi0.8Ge0.1Te3 in 
addition to symmetry predicted modes, shows the presence of one mode attributed to the 
inhomogeneous distribution of Ge atoms, and two overtones, all obeying pure  selection 

rules. All analyzed modes display unconventional behavior, but in a difference from the pure 
compound on a higher temperature of 210 K. 
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Abstract. Crystal structure, magnetic ordering and nematic phase are closely interrelated in the iron-

based superconductors.  Although isostructural and isoelectronic, properties of 11 chacogenides, FeSe, 

FeTe and FeS, differ significantly. Whereas FeSe  undergoes a nematic and structural phase transition at 

90 K, togeather with superconductivity below 9 K, and no traces of long-range magnetic ordering, FeTe 

is not superconducting but exhibits magnetostructural phase transition at temperature  of 67 K. The last 

member of the familly, FeS, have a superconducting transition at 5 K,  and remains tetragonal down to 

lowest temperatures.   

 

Here, we present results of Raman scattering experiment on tetragonal FeS, and analysis of vibrational 

properties close to potential instabilities [1]. Besides A1g and B1g modes assignation,  which is in a good 

agreement with DFT calculations, third peak whitin a gap  of  calculated phonon density of states can be 

indentified as a result of  second order scattering process. Both, selection rules for two-phonon 

processes, based on modified group projector technique and energy are in a good agreement with the 

experiment. A fourth mode, close to A1g could originate from either deffect-induced scattering or 

second order scattering as well.  The temperature dependence of all four modes is governed by the 

contraction of the lattice, with anomalies at 50 K and below 20 K. The anomaly observed at 20 K has a 

correspondence with previously reported results of short-range magnetic ordering. The presence of two-

phonon scattering indicates strong phonon-phonon scattering, which is likely to originate from an 

electron-phonon interaction being enhanced in comparison to other pnictides and chalcogenides. 
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Abstract. A new class of magnetic van der Waals bonded materials has recently become of great
interest, as a suitable candidates for various applications. Whereas CrXTe3 (X = Si, Ge, Sn) and
CrX3 (X = Cl, Br, I) classes maintain low phase transition temperatures even in a monolayer regime,
Fe3−xGeTe2 has a high bulk transition temperature, between 220 and 230 K, making it a promising
applicant.

Here we present DFT calculations of lattice dynamics and Raman spectroscopy measurements
of the van der Waals bonded ferromagnet Fe3−xGeTe2 [1]. Four out of eight Raman active modes
are observed and assigned, in agreement with numerical calculations. The energies and linewidths
of the observed modes display an unconventional temperature dependence at about 150 and 220
K, followed by the nonmonotonic evolution of the Raman continuum. Whereas the former can be
related to the magnetic phase transition, the origin of the latter anomaly remains an open question.
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Theoretically speaking, the restriction of only one dimension in a three-dimensional material 
could result in its layered quasi-two-dimensional (2D) analog which has completely 
unpredictable properties and therefore hosts various unexpected physical phenomena. 
Successful exfoliation of quasi-2D grapheme by A. Geim’s group in 2004 did not only 
confirm these expectations and create a platform for experimental investigation of low-
dimensional phenomena, but also paved the way for the next-generation nanoelectronic 
devices. All of the above mentioned strongly contributed to the extensive research on the 
fundamental properties of quasi-2D materials. Great effort has been put towards realization 
of a magnetic atomically thin crystals which would open up the opportunities of exploring, or 
even exploiting, of different 2D magnetic states, expand the scope of their possible 
applications, and point to the possible emergence of a new quantum state of matter. That 
being said, it is not surprising that the experimental confirmation of 2D magnetism in 
transition-metal-trihalides (TMTs) caused a stir in scientific community. In an effort to better 
understand fundamental properties of these materials we have performed the Raman 
Spectroscopy Study of the two TMT members – CrI3 and VI3, both of which have been 
confirmed to host low-dimensional magnetism. This experimental technique was used to 
probe a reported phase transition in CrI3 and crystal structure of VI3. The phase transition, 
which transforms the low-temperature R￣3 structure into the high-temperature C2/m 
structure, with potential co-existence, has been observed at 220 K. Our findings confirm the 
mentioned phase transition but at much lower temperature of 180 K, and no co-existence has 
been tracked. Our investigation into the crystal structure of VI3 tried to give an answer to the 
long unsolved mystery whether at room temperatures VI3 crystallizes into a P3￣1c, R￣3 or 
C2/m crystal structure. Interestingly, what we have observed points to the coexistence of 
short-range ordered P3￣1c and long-range ordered R￣3 phases. 
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Ana Milosavljević1, Andrijana Šolajić1, Sanja Đurđić Mijin1, Jelena Pešić1,  

Bojana Višić1, Yu Liu2, Cedomir Petrovic2, Zoran V. Popović1,3, Nenad Lazarević1 
1Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, 

Serbia, 2Condensed Matter Physics and Materials Science Department, Brookhaven 
National Laboratory, Upton, New York 11973-5000, USA, 3Serbian Academy of Sciences 

and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia 
 

Fe3-xGeTe2 belongs to a highly experimentally and theoretically studied class of van der 
Waals ferromagnetic materials.  Due to the weak interaction between the layers, the 
exfoliation of the bulk crystals to mono and a few layers is relatively easy. The magnetic 
properties of these materials are kept even in a low-dimensional regime which makes this 
class suitable for possible applications in new device engineering.  
Fe3-xGeTe2 has a relatively high magnetic transition temperature (220-230 K). This 
temperature, as well as lattice parameters, strongly depends on vacancies concentration in the 
sample. Samples with a higher concentration of vacancies grown by flux method have lower 
TC (150 K). 
In Raman spectra of flux-grown Fe3-xGeTe2 single crystal four out of eight modes predicted 
by symmetry are detected (2A1g + 2E2g). The experimentally obtained phonon energies are in 
a good agreement with theoretically calculated values. Temperature dependence of phonon 
self-energies displays deviation from the conventional model at temperatures around 150 K 
and 220 K. In addition, at the same temperatures nonmonotonic behavior of electronic 
continuum is present. While the temperature of the first anomaly coincides with the magnetic 
phase transition temperature, the anomaly at 220 K remains an open question although can 
be related to a persistence of short-range magnetic ordering in this compound.   
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Rezime

U okviru ove disetacije predstavljeni su rezultati prou£avanja dinamike re²etke dva tipa

materijala sa jakim elektronskim korelacijama metodom Ramanove spektroskopije. Prvoj

grupi materijala pripada klasa 11-halkogenida superprovodnika na bazi gvoº�a, odnosno FeS

i FeSe1−xSx (0 ≤ x ≤ 1), dok drugu £ine kvazi-dvodimenzioni materijali magnetnih karakteri-

stika, Cr(Si:Ge)Te3 i Fe3−xGeTe2. Predstavljeni rezultati daju uvid i u sloºenu me�upovezanost

razli£itih stepeni slobode; vibracionih, elektronskih i spinskih.

Superprovodnike na bazi gvoº�a karakteri²e veliki broj razli£itih ali me�usobno bliskih

faza; naru²enje kristalne simetrije, superprovodno stanje, nemati£na faza i magnetno ure�enje.

Zagonetnost sprege ovih faza i njihove koegzistencije ve¢ decenijama podsti£e brojna istraºi-

vanja u ovoj oblasti. Kompleksnost faznih dijagrama izostrkturnih i izoelektronskih gvoº�e

halkogenida (FeSe, FeTe i FeS) izazvala je poslednjih godina veliko interesovanje nau£ne za-

jednice i dovela do intenzivnog prou£avanja kako £istih uzoraka tako i materijala dobijenih

me²anjem razli£itih vrsta atoma halkogena.

U prvom delu ove disertacije najpre su predstavljeni rezultati Ramanove spektroskopije na

£istom FeS uzorku, a zatim je ispitivan uticaj dopiranja FeSe uzorka atomima sumpora na

vibracione karakteristike ovog materijala. Dva od £etiri simetrijom predvi�ena Raman aktivna

moda A1g i B1g, su ozna£ena u polarizovanim ramanskim spektrima tetragonalnog FeS. Pored

simetrijom predvi�enih modova, u spektrima su identi�kovana dva dodatna moda, od kojih

prvi A1g simetrije, dok se drugi mod javlja i u A1g i u B1g kanalu rasejanja. Na osnovu

teorijski izra£unatih fononskih disperzionih relacija i fononske gustine stanja, zaklju£eno je

da se dodatni mod A1g simetrije nalazi u procepu fononske gustine stanja i da je posledica

dvofononskog procesa rasejanja. Za razliku od prethodnog, mod koji se javlja i u A1g i u

B1g kanalu rasejanja ne nalazi se u procepu fononske gustine stanja, pa se moºe objasniti i

kao rezultat procesa defektom indukovanog rasejanja. Temperaturska zavisnost (20 ≤ T ≤
300K) fononskih energija uglavnom je odre�ena kontrakcijama re²etke. Dodatno, skokovite

promene ispod 20K mogu biti posledica kratkodometnog magnetnog ure�enja. DFT prora£uni

i simetrijska analiza dvofononskih procesa u saglasnosti su sa eksperimentom. Dvofononska

ekscitacija prisutna u spektrima ovog materijala koja se nalazi u procepu fononske gustine stanja

posledica je poja£ane elektron-fonon interakcije u ovom materijalu. U spektrima serije uzoraka

FeSe1−xSx (0 ≤ x ≤ 1) merenim u A1g kanalu rasejanja ve¢ pri najmanjim koncentracijama

atoma sumpora (x = 0.05) dolazi do pojave dodatnih modova. Ovi rezultati ukazuju da

prisustvo atoma sumpora uti£e na elektron-fonon interakciju posredstvom koje se odvijaju

dvofononski procesi koji rezultuju pojavom dodatnih pikova A1g simetrije. S druge strane,

prisutno je ²irenje modova shodno koncentraciji defekata, a recipro£na vrednost polu²irine B1g

moda prati trend kriti£ne temperature merenih uzoraka u zavisnosti od x.
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Drugi deo istraºivanja posve¢en je izu£avanju dinamike re²etke kvazi-dvodimenzionih mag-

netnih materijala, tritelurida Cr(Si:Ge)Te3 i ditelurida Fe3−xGeTe2. Iako razli£ite prirode

provodnosti, pomenuti materijali predstavnici su nove klase feromagnetnih materijala slojevite

strukture. Slabe van der Valsove sile me�u slojevima omogu¢avaju jednostavnu eksfolijaciju za-

preminskih kristala na mono- i poli-slojeve. U Ramanovim spektrima poluprovodnika CrSiTe3

identi�kovana su £etiri moda, Ag i tri Eg, £ije su energije u veoma dobrom slaganju sa teo-

rijskim prora£unima. Temperaturska zavisnost analiziranih fononskih linija ukazuje na nekon-

vencionalno pona²anje na temperaturama ispod 180K, znatno iznad temperature magnetnog

prelaza. Pored toga, na istim temperaturama jedan od Eg modova pokazuje asimetriju ka

niºim energijama. Ovakvo pona²anje konzistentno je sa prethodno predloºenim kratkodomet-

nim magnetnim ure�enjem i poja£anom spin-fonon interakcijom. Uticaj dopiranja i vakancija

na dinamiku re²etke ispitivan je na uzorku sastava CrSi0.8Ge0.1Te3. Usled prisustva vakancija,

prime¢en je pad temperature magnetnog prelaza u odnosu na CrSiTe3. U ovom slu£aju, u ra-

manskim spektrima identi�kovano je ukupno sedam simetrijom predvi�enih modova i dodatni

mod Ag simetrije. Ovaj mod javlja se usled �cepanja� jednog od simetrijom predvi�enih Ag mo-

dova. Cepanje ovog moda posledica je prisustva vakancija u uzorku na pozicijama Si/Ge atoma

i njihove nehomogene raspodele na nano-skali. Nekonvencionalno pona²anje energija i polu²i-

rina svih analiziranih modova do temperature 210K ukazuje na prisustvo poja£ane spin-fonon

interakcije u prisustvu vakancija i atoma germanijuma.

Fe3−xGeTe2 je metal sa relativno visokom temperaturom magnetnog faznog prelaza, koja

pak zavisi od koncentracije vakancija u uzorku, x i moºe iznositi od 150 do 230K. �etiri od osam

simetrijom predvi�enih Raman aktivnih modova je ozna£eno i analizirano. Eksperimentalni

rezultati u saglasnosti su sa teorijskim prora£unima. Energije i polu²irine analiziranih modova

odstupaju od konvencionalnog modela na temperaturama 150 i 220K. Ovo pona²anje fononskih

linija pra¢eno je nemonotonom evolucijom elektronskog kontinuuma na istim temperaturama.

Dok anomalija na temperaturi od 150K odgovara magnetnom faznom prelazu, ona na oko

220K za sada ostaje nerazja²njena i eventualno se moºe dovesti u vezu sa kratkodometnim

magnetnim ure�enjem ili formiranjem Kondo re²etke.

Klju£ne re£i: Ramanova spetrkoskopija, superprovodnici na bazi gvoº�a, van der Valsovi

materijali

Nau£na oblast: Fizika

Oblast istraºivanja: Fizika kondenzovanog stanja materije

UDK broj: 538.9
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Abstract

In this thesis the Raman scattering study results of two types of strongly correlated materials

are presented. First, the 11-chalcogenides from iron-based superconductors, FeS and FeSe1−xSx
(0 ≤ x ≤ 1), whereas the second type refers to the quasi-two dimensional magnetic materials

Cr(Si:Ge)Te3 and Fe3−xGeTe2. In addition, the presented results give insight into the complex

correlation of di�erent degrees of freedom; vibrational, electronic, and magnetic.

Iron-based superconductors are materials characterized by a large number of di�erent closely

interrelated phases; crystal symmetry breaking, superconducting state, nematic phase, and

magnetic order. The correlation and coexistence of these phases have been studied for decades

in order to clarify the physical mechanisms in these compounds. The complexity of phase

diagrams of isostructural and isoelectronic iron-chalcogenides (FeSe, FeTe, and FeS), brought a

lot of attention in the past few years. The pure compounds as well as those obtained by mixing

the di�erent types of chalcogen atoms are intensively theoretically and experimentally studied.

In the �rst part of this thesis, the results of Raman spectroscopy study on pure tetragonal

FeS compound are presented, as well as the in�uence of sulfur atoms doping on the vibrational

properties of FeSe. Two out of four modes predicted by symmetry, A1g and B1g, are assigned

in polarized Raman spectra of tetragonal FeS. In addition to the symmetry predicted modes,

two more are also detected. First one is the mode of A1g symmetry, while the second one is

observed in A1g as well as in B1g scattering channel. Based on calculated phonon dispersion

relations and phonon density of states, the mode of pure A1g symmetry is located in the gap

of phonon density of states and represents a result of two-phonon scattering process. Unlike

former, the additional mode detected in A1g and B1g scattering channels is not located in the

gap of phonon density of states and could be explained as a consequence of defect-induced

scattering process. Temperature dependence (20 ≤ T ≤ 300K) of observed modes' energy

is mostly governed by lattice contraction, while anomalies below 20K indicate the presence of

short-range magnetic order. DFT calculations and symmetry analysis for two-phonon processes

are in a good agreement with experiment. Presence of two-phonon excitation in the gap of

phonon density of states is most likely a consequence of enhanced electron-phonon interaction

in this material in comparison to the other members of a class. In polarized Raman spectra of

FeSe1−xSx (0 ≤ x ≤ 1), the additional A1g symmetry modes are detected, even for the very law

concentrations of sulfur atoms (x = 0.05). This result indicate that the presence of sulfur atoms

in the sample a�ects the electron-phonon interaction responsible for two-phonon processes and

the presence of two-phonon modes in A1g scattering channel. In addition, broadening of phonon

lines is present due to disorder, as x is increased, while the inverse of the B1g mode line width

follows the trend of Tc(x).

In the second part of the research the lattice dynamics of quasi-two-dimensional magnetic
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materials, tritellurides Cr(Si:Ge)Te3 and ditelluride Fe3−xGeTe2 was studied. Although of a

di�erent conducting nature, these materials represent the new class of ferromagnetic layered

compounds. Weak van der Waals forces between the layers enable simple exfoliation of bulk

crystals to mono and few-layers. In Raman spectra of a semiconductor CrSiTe3 four modes

are identi�ed, Ag and three Eg, with energies in a very good agreement with theoretical cal-

culations. Temperature dependence of all analyzed modes exhibit unconventional behaviour

at temperatures below 180K, well above magnetic transition temperature. In addition, at the

same temperatures one of Eg modes shows clear asymmetry in the lower energy part. These

results can be explained by the presence of short-range magnetic order and the strong spin-

phonon coupling previously reported in this material. In�uence of vacancies and doping on

a lattice dynamics was studied using the CrSi0.8Ge0.1Te3 sample. Due to the presence of va-

cancies, the shifting of magnetic transition temperature to the lower values in comparison to

CrSiTe3 was found. In this case, seven symmetry predicted modes are detected in Raman spe-

ctra, and additional mode of Ag symmetry. This additional mode appears due to "splitting" of

one of the symmetry predicted Ag modes. The cause of mode splitting could be found in the

presence of vacancies in the sample and their inhomogeneous distribution on Si/Ge atomic site

at nano-scale. Strong spin-phonon coupling in the presence of vacancies and Ge atoms up to

temperature of 210 K is indicated by deviations from conventional temperature dependence of

phonon energies and line widths of all analyzed modes.

Fe3−xGeTe2 is a metal with a relatively high magnetic transition temperature, which strongly

depends on vacancies concentration x in the sample, and takes values between 150 and 230K.

Four out of eight symmetry predicted Raman active modes are assigned and analyzed. The

experimental results are in agreement with numerical calculations. At temperatures around 150

and 220K, energies and line widths of the observed modes deviate from conventional model.

The nonmonotonic evolution of the Raman continuum follows the modes' behaviour at the

same temperatures. Whereas the anomaly at 150K corresponds to the magnetic transition, the

latter one, at 220K, could be related to the localization or Kondo lattice behaviour, but still

remains an open question.

Keywords: Raman spectroscopy, Iron-based superconductors, van der Waals Materials

Scienti�c �eld: Physics

Research area: Condensed Matter Physics

UDC number: 538.9
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Glava 1 Uvod

Ramanova spektroskopija predstavlja opti£ku metodu za karakterizaciju materijala. Ova

metoda zasnovana je na efektu neelasti£nog rasejanja svetlosti vidljivog dela spektra na ma-

terijalu (Ramanov efekat). Fotoni upadnog snopa svetlosti mogu se rasejati neelasti£no na

razli£itim vrstama (kvazi)£estica, fononima, magnonima, elektronima, zbog £ega je ova tehnika

veoma pogodna za ispitivanje razli£itih vrsta ekscitacija i njihovih interakcija u materijalima sa

jakim elektronskim korelacijama [1, 2, 3]. Svakoj vrsti ekscitacije odgovara odre�en oblik linije

u Ramanovom spektru; fononi se javljaju kao uºi pikovi na ta£no odre�enim energijama, dvo-

magnonske ekscitacije kao ²iroke strukture na vi²im energijama, dok su obe vrste ekscitacije

superponirane na elektronski kontinuum [2].

U ovoj disertaciji predstavljeni su rezultati Ramanove spektroskopije na dvema razli£itim

klasama materijala - superprovodnicima na bazi gvoº�a (FeSe1−xSx, 0 ≤ x ≤ 1) i kvazi-

dvodimenzionim magnetnim materijalima (Cr(Si:Ge)Te3 i Fe3−xGeTe2).

Iako otkrivena pre vi²e od jednog veka, superprovodnost i dalje uºiva veliku nau£nu paºnju i

nastavlja da bude jedna je od najistraºivanijih oblasti �zike kondenzovanog stanja materije. Sve

do otkri¢a visokotemperaturske superprovodnosti u kupratima ovaj efekat uspe²no je obja²nja-

vala BSC (Bardin - Kuper - �ifer) teorija. Prema ovoj teoriji do formiranja Kuperovih parova,

odnosno privla£ne interakcije me�u elektronima, dolazi posredstvom fonona. Kako na vi²im

temperaturama dolazi do termalnih ekscitacija elektrona i raskidanja Kuperovih parova, efekat

visokotemperaturske superprovodnosti se nije mogao obijasniti postoje¢im teorijama. Ovime je

otvorena potpuno nova oblast �zike kondenzovanog stanja materije - �zika nekonvencionalnih

superprovodnika.

Nakon otkri¢a superprovodnosti u LaOFeP [4], odnosno LaFeAsO1−xFx [5], pored kuprata

otkrivena je jo² £itava jedna klasa superprovodnika na bazi gvoº�a, speci�£na po veoma boga-

tim i kompleksim faznim dijagramima. �isti uzorci ove klase materijala obi£no se karakteri²u

normalnim (nesuperprovodnim) stanjem. Naru²enje kristalne simetrije koje se javlja usled

sniºavanja temperature, pra¢eno je formiranjem dugodometnog magnetnog ure�enja. Situacija

postaje zna£ajno zanimljivija pri supstituciji atoma mati£nih jedinjenja. Pri odre�enoj koncen-

traciji magnetno ure�enje biva potisnuto i javlja se superprovodna faza [6]. Tako�e, kod nekih

superprovodnika na bazi gvoº�a dolazi do tzv. nemati£ne faze, stanja koje karatketri²e elek-

tronska anizotropija i naru²enje rotacione simetrije [7, 8, 9, 10]. Prou£avanje ovih faza i njihovog

me�usobnog uticaja klju£no je u razja²njavanju fenomena nekonvencionalne superprovodnosti.

S tim ciljem se poslednjih godina prou£avaju £lanovi klase 11-halkogenida (FeSe, FeTe i
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FeS). Ova izostrukturna i izoelektronska jedinjenja pogodna su za prou£avanje me�usobnog

uticaja kristalne strukture, magnetnog ure�enja, nemati£ne i superprovodne faze. Zavisno od

tipa atoma halkogena svaki predstavnik ove klase odlikuje se razli£itim �zi£kim osobinama.

Kod prvog sintetisanog superpovodnika ove klase, FeSe, na temperaturi od oko 90K dolazi do

naru²enja simetrije, iz tetragonalne u ortorombi£nu [11, 12], odnosno do nemati£nog ure�enja

[13]. Ispod temperature strukturnog faznog prelaza javljaju se spinske �uktuacije i frustrirano

magnetno ure�enje [14] dok se superprovodna faza javlja na 9K [15]. Za razliku od FeSe, FeTe

nije superprovodan [16] ali ga karakteri²e antiferomagnetno ure�enje i naru²enje simetrije iz

tetragonalne u monoklini£nu na temperaturi od 67K [16, 17, 18]. Do strukturnog faznog prelaza

u FeS sistemu ne dolazi ni na najniºim temperaturama, ali ispod 5K ulazi u superprovodnu fazu

[19, 20]. Iako nemati£no ure�enje nije uo£eno u ovom materijalu, ispostavilo se da dopiranjem

FeSe atomima sumpora, FeSe1−xSx (0 ≤ x ≤ 1), nemati£na faza opstaje do nemati£ne kriti£ne

ta£ke x ≈ 0.2 [21, 22]. U okolini ove ta£ke kriti£na temperatura dostiºe svoj maksimum.

Ovakav rezultat ukazuje na uticaj nemati£nih �uktuacija pri formiranju superprovodnog stanja

[22]. Iako je kriti£na temperatura FeS i FeSe superprovodnika niska, o£igledno je da su �zi£ke

osobine kao i mehanizmi koji se odvijaju u ovim materijalima razli£iti. Kako bi se do²lo do

saznanja za²to i na koji na£in se ovi procesi odvijaju, i kako jedni na druge uti£u, neophodno

je do¢i do novih rezlutata koji bi upotpunili postoje¢u sliku.

U svemu gore navedenom prona�ena je motivacija za predstavljeno istrºivanje u okviru

kog su primenom Ramanove spektroskopije ispitivani monokristalni uzorci FeS i FeSe1−xSx
(0 ≤ x ≤ 1). Ramanski sprektri £istog FeS uzorka pored modova predvi�enih simetrijskom

analizom, A1g i B1g simetrije, otkrivaju i dva dodatna moda, od kojih jedan A1g simetrije, i

drugi koji se javlja i u A1g i u B1g kanalu rasejanja. Ovakav rezultat stvorio je potrebu za

dodatnim analizama. DFT prora£unima utvr�eno je da se dodatni mod A1g simetrije nalazi u

procepu fononske gustine stanja. Na osnovu selekcionih pravila za dvofononske procese izra£u-

natih MGPT metodom za prostornu grupu simetrije ovog sistema (P4/nmm), odre�eni su

pravci visoke simetrije u blizini kojih se nalaze stanja koja ovom procesu doprinose. Mod koji

se javlja u A1g i B1g kanalima rasejanja ne nalazi se u procepu fononske gustine stanja pa

moºe biti rezultat dvofononskog procesa ali i defektom indukovanog rasejanja. Temperaturska

zavisnost energija i polu²irina ispod 20K indikacija je kratkodomentnog magnetnog ure�enja u

ovom materijalu. U polarizovanim ramanskim spektrima serije uzoraka FeSe1−xSx (0 ≤ x ≤ 1),

pored simetrijom predvi�enih modova (nedopiranih uzoraka) u A1g kanalu rasejanja £ak i mi-

nimalno dopiranih uzoraka, javljaju se dodatni modovi. Vode¢i se analogijom dodatnog A1g

moda detektovanog u spektrima FeS uzorka, vrlo je mogu¢e da su dodatni modovi u A1g kanalu

rasejanja rezultat dvofononskih procesa. Ovi dvofononski procesi nejverovatnije su posledica

promena u elektron-fonon interakciji u prisustvu atoma sumpora. S druge strane, temperatur-

ska zavisnost polu²irine B1g moda obrnuto je srazmerna trendu kriti£ne temperature merenih

uzoraka. Doprinos predstavljenog istraºivanja dosada²njim saznanjima o ovoj relativno novoj

klasi superprovodnih materijala je dvojak. Prikazani su posredni dokazi o elektron-fonon in-
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terakciji kako u FeS tako mogu¢e i u dopiranom FeSe po£ev²i od malih koncentracija atoma

sumpora.

Poslednjih godina u fokusu istraºivanja je i klasa van der Valsovih magnetnih materijala.

Ova klasa uklju£uje metale (Fe3−xGeTe2)[23] i poluprovodnike CrXTe3 (X = Si, Ge, Sn) i CrX3

(X = Cl, I) [24, 25, 26, 27, 28]. Karakteristi£na je po tome ²to smanjivanjem dimenzionalnosti

zapreminskih kristala materijali zadrºavaju svoja magnetna svojstva. Ova osobina omogu¢uje

njihovu tehnolo²ku primenu, ali ujedno stvara i potrebu za njihovim intenzivnim istraºivanjem.

CrSiTe3 i CrGeTe3 su poluprovodnici £ija je veli£ina energijskog procepa 0.4 eV i 0.7 eV, a

Kirijeva temperatura 32K, odnosno 61K [29, 30]. U Ramanovim spektrima CrSiTe3 (CrGeTe3)

detektovano je £etiri (pet) modova, Ag + 3Eg (2Ag + 3Eg). Pored nekonvencionalnog pona²a-

nja energija i polu²irina modova najve¢eg intenziteta CrSiTe3 uzorka ispod temperature od

180K, jedan od modova Eg simetrije pokazuje asimetriju ka niºim energijama. S obzirom na

utvr�eno prisustvo magnetnih korelacija do 150K, ovakvo pona²anje modova moºe se pripisati

poja£anoj spin-fonon interakciji. S druge strane, menjanje koncentracije nosilaca u poluprovod-

nicima moºe da dovede do promena u odre�enim �zi£kim osobinama, od strukturnih promena

do zna£ajnog skoka temperature faznog prelaza. SEM analizom ustanovljeno je da se u uzorku

dopiranom atomima Ge nalazi 10% vakanicija i isto toliko atoma Ge, odnosno da je sastava

CrSi0.8Ge0.1Te3. Usled prisustva vakancija, merenjem magnetne susceptibilnosti utvr�en je pad

Kirijeve temperature u ovom uzorku. U Ramanovim spektrima identi�kovana su tri moda Ag
i £etiri moda Eg simetrije. Pored simetrijom predvi�enih modova u spektrima je detektovan

dodatni mod Ag simetrije. Ovaj mod se najverovatnije javlja kao posledica vakancija i njihove

nehomogene raspodele na pozicijama Si/Ge atoma. Temperaturska zavisnost energija i polu²i-

rina analiziranih modova odstupa od anharmonijskog modela ispod 210K, i time ukazuje na

prisustvo poja£ane spin-fonon interakcije.

Za razliku od CrXTe3 (X = Si, Ge), Fe3−xGeTe2 ima vi²u temperaturu magnetnog prelaza

(220 - 230K). Parametri re²etke kao i temperatura magnetnog prelaza zna£ajno variraju od kon-

centracije vakancija u uzorku, koja pak zavisi i od na£ina sinteze [31, 32, 33]. Uzorci sintetisani

CVT metodom imaju manju koncentraciju vakancija i vi²u Kirijevu temperaturu (220-230K)

[31], dok obratno vaºi za one sintetisane �uks metodom i njihova temperatura prelaza je oko

150K [34]. �etiri od ukupno osam Raman aktivnih modova detektovano je u Ramanovim

spektrima, dva A1g i dva E2g simetrije. Vrednosti eksperimentalno dobijenih fononskih energija

konzistentne su sa teorijski izra£unatim vrednostima. Na temperaturi od oko 150K prime¢ena

je nemonotona temperaturska zavisnost energija i polu²irina analiziranih modova. Ovakva

temperaturska zavisnost moºe se dovesti u vezu sa feromagnetnim faznim prelazom [34]. Do-

datno, na oko 220K, ponovo dolazi do nekonvencionalnog pona²anja fononskih karakteristika.

U oba slu£aja, anomalno pona²anje energija i polu²irina pra¢eno je skokovitim promenama u

elektronskom kontinuumu.

Ova doktorska disertacija podeljena je u ²est poglavlja. Nakon uvoda u prvom, u dru-

gom poglavlju opisane su teorijske osnove Ramanovog rasejanja i eksperimentalne postavke za
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merenje neelasti£nog rasejanja svetlosti. U tre¢em poglavlju opisane su �zi£ke osobine prou£a-

vanih materijala. �etvrto poglavlje posve¢eno je dinamici re²etke FeS superprovodnika i uticaju

atoma sumpora na fonone u FeSe1−xSx (0 ≤ x ≤ 1). U petom poglavlju prikazani su rezul-

tati Ramanove spektroskopije na kvazi-dvodimenzionim magnetnim materijalima, i analiziran

je uticaj magnetnih �uktuacija i faznih prelaza na njihove vibracione karakteristike. Glavni

zaklju£ci istraºivanja sumirani su u ²estom poglavlju. Nakon ovog poglavlja nalazi se dodatak

u kome je opisan MGPT metod. Disertacija se zavr²ava pregledom kori²¢ene literature.
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Glava 2 Ramanovo rasejanje

Efekat neelasti£nog rasejanja svetlosti eskperimentalno je prou£avan istovremeno na razli£itim

stranama sveta. Zvani£nu potvrdu dobio je 1928. godine od strane Indijskih nau£nika Ramana

i Kri²nana koji su poku²avali da uo£e Komptonov efekat primenom svetlosti vidljivog dela

spektra, o£ekuju¢i vrlo sli£ne rezultate. U eksperimentu je kao izvor kori²¢ena sun£eva svetlost,

a monohromati£nost je postignuta primenom �ltera [35]. Eksperiment je dao nepredvi�ene

rezultate u vidu pomeraja u odnosu na talasnu duºinu upadnog snopa, ²to je dovelo do otkri¢a

potpuno novog efekata [36, 37, 38]. Predikciju ovog efekta prvobitno je dao Austrijski teoreti£ar

Smekal pet godina ranije [39].

Istovremeno, u nekada²njem Sovjetskom Savezu, Mandelj²tam i Landsberg ciljano su

ispitivali rasejanje svetlosti ºivine lampe na kristalu kvarca. Nerasejanu svetlost koja je

onemogu¢avala detektovanje rasejane eliminisali su propu²tanjem snopa kroz ºivinu paru

[35, 40]. Rezultati Mandelj²tama i Landsberga publikovani su samo tri meseca nakon rezultata

indijskih nau£nika, zbog £ega je ovaj efekat nazvan - Ramanov efekat. Raman je za ovo otkri¢e

dobio Nobelovu nagradu, 1930. godine. Treba pomenuti da postoje indicije nastale uvidom u

bele²ke indijske i sovjetske grupe na£nika da su Mandelj²tam i Landsberg, svega nekoliko dana

pre Ramana dobili prve rezultate. Iz tog razloga, u Rusiji se i dan danas ovaj efekat naziva

kombinacionim rasejanjem [35].

2.1 Teorija Ramanovog rasejanja

Do Ramanovog rasejanja dolazi usled promene polarizabilnosti molekula α, odnosno suscepti-

bilnosti kristala χ [1]. Prilikom ekscitacije uzorka snopom monohromatske svetlosti u£estanosti

ωL moºe do¢i do elasti£nog (Rejlijevog) rasejanja, pri £emu je u£estanost rasejane svetlosti

jednaka u£estanosti upadne, ωL = ωS. Sa manjom verovatno¢om dolazi do neelasti£nog (Ra-

manovog) rasejanja jer se samo mali deo, oko 10−8 - 10−12, fotona neelasti£no raseje. Ukoliko

je u£estanost rasejanog fotona ve¢a od u£estanosti upadnog, ωS = ωL + ωj, govorimo o anti-

Stoksovom procesu odnosno anhilaciji fonona. U suprotnom, kada je ωS = ωL − ωj u pitanju

je Stoksov proces, u kome dolazi do kreacije fonona [1, 41]. �ematski prikaz procesa rasejanja

dat je na Slici 2.1.

Za Ramanovo rasejanje odgovorne su elektronske ekscitacije. Upadni foton kreira par

elektron-²upljina, pri £emu se fonon rasejava na ekscitovanom elektronu (ili ²upljini). Pro-

ces rekombinacije elektrona i ²upljine, pra¢en je emisijom rasejanog fonona. U ovom procesu
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Slika 2.1: �ematski prikaz (a) Rejlijevog i Ramanovog rasejanja u slu£aju (b) Stoksovog i (c)
anti-Stoksovog procesa.

zakoni odrºanja energije i kristalnog impulsa moraju vaºiti, pri £emu se zakon odrºanja energije

odnosi samo na inicijalna i �nalna stanja. Na osnovu zakona odrºanja kristalnog impulsa, zbog

velikog intenziteta talasnog vektora fonona na ivici Briluenove zone (π/a, gde je a parametar

re²etke) u odnosu na fotone vidljivog dela spektra (kL ≈ kS), samo su ekscitacije iz centra

Briluenove zone, odnosno Γ ta£ke (q ≈ 0) opservabilne u Ramanovom eksperimentu [1, 41].

Ovo naravno vaºi u slu£aju translaciono invarijantnih sistema kao ²to su kristali.

2.1.1 Klasi£na teorija Ramanovog rasejanja

Klasi£na teorija Ramanovog rasejanja zasnovana je na ideji da elektromagnetno polje upadnog

snopa sveltosti, indukuje vremeski zavistan dipolni moment sistema M(t) =
∑
eiri(t) [41].

Neka je E = E0 cosωLt vektor elektri£nog polja upadnog elektromagnetnog talasa. Zadrºavaju¢i

se na linearnom £lanu, izraz za indukovani elektri£ni dipolni moment je

M = αE (2.1)

gde je α polarizabilnost molekula. U op²tem slu£aju pravac vektora M ne poklapa se sa

pravcem vektora elektri£nog polja E, i α predstavlja tenzor drugog ranga. Jednostavnosti radi,

pretpostavimo da se pravac vektora E poklapa sa nekim od pravaca visoke simetrije sistema,

odnosno da je paralelan vektoru M.

Kako polarizabilnost α, zavisi od raspodele gustine naelektrisanja ρ, α = α(ρ), vibracijom

molekula dolazi do promene ρ, a time i polarizabilnosti α. Za dovoljno male pomeraje atoma u

odnosu na njihove ravnoteºne poloºaje, α ¢e imati linearnu zavisnost od normalne koordinate

Q =
√
µ(u2−u1), gde je µ redukovana masa. Ako je α0 polarizabilnost molekula u ravnoteºnom
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poloºaju, razvojem α u Tejlorov red za male pomeraje oko ravnoteºnih poloºaja dobija se:

α = α0 +

(
∂α

∂Q

)
0

Q+
1

2

(
∂2α

∂Q2

)
0

Q2 + ... (2.2)

Red procesa rasejanja odre�en je £lanom uz odgovaraju¢i stepen po normalnoj koordinati Q,

pa je tako proces rasejanja u prvom redu odre�en £lanom linearnim po Q, u drugom redu

kvadratnim, itd [41].

Ako molekul vibrira u£estano²¢u ωj i Q = Q0 cosωjt, polarizabilnost je:

α(t) = α0 +

(
∂α

∂Q

)
0

Q0 cosωjt (2.3)

Zamenom izraza za polarizabilnost (2.3) u izraz za dipolni moment (2.1) a zatim i trigonome-

trijskom transformacijom dobijenog izraza dipolni moment postaje:

M(t) = α0E0 cosωLt+

(
∂α

∂Q

)
0

Q0E0 cosωjt cosωL (2.4)

M(t) = α0E0 cosωLt+
1

2

(
∂α

∂Q

)
0

Q0E0 [cos(ωL − ωj)t+ cos(ωL + ωj)t] (2.5)

Na osnovu izraza (2.5) moºe se zaklju£iti da pored toga ²to indukovani dipolni moment vib-

rira u£estano²¢u ωL, vibrira i u£estano²¢u ωL ± ωj, usled toga ²to vibracije atoma moduli²u

polarizabilnost α [41].

Prema klasi£noj teoriji, intenzitet zra£enja koje emituje dipolni moment M(t) u prostorni

ugao dΩ = sin θdθdφ

dI(t) =
dΩ

4πc3
sin2 θ|M̈(t)|2 (2.6)

po jedini£nom prostornom uglu dΩ je:

I(t) =
1

4πc3
sin2 θ|M̈(t)|2 = A|M̈(t)|2 (2.7)

Integracijom izraza (2.7) po θ i φ, intenzitet zra£enja koje se emituje u prostorni ugao 4π je:

Î(t) =
2

3c3
|M̈(t)|2. (2.8)

Dalje je, koriste¢i (2.5), (2.6) i (2.8), intenzitet rasejane svetlosti po jedini£nom prostornom

uglu:

I(t) = AE2
0

[
k2

0 cos2 ωLt+ k2
1 cos2(ωL − ωj)t+ k2

2 cos2(ωL + ωj)t
]

(2.9)

gde je:

k2
0 = α2

0ω
4
L (2.10a)
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k2
1 =

1

4

(
∂α

∂Q

)2

0

Q2
0(ωL − ωj)4 (2.10b)

k2
1 =

1

4

(
∂α

∂Q

)2

0

Q2
0(ωL + ωj)

4 (2.10c)

Me²oviti £lanovi u izrazu (2.9) su izostavljeni s obzirom na to da se snaga zra£enja u srednjem

anulira u dovoljno dugim vremenskim intervalima, odnosno:

I = lim
τ→∞

1

τ

∫ τ

0

I(t)dt =
1

2
AE2

0(k2
0 + k2

1 + k2
2) (2.11)

Na osnovu izraza za intenzitet rasejane svetlosti (2.9) vidi se da ¢e rasejana svetlost oscilovati

u£estano²¢u ωL i ωL ± ωS [41]. Furije transformacijom dipolnog momenta M(t), uz kori²¢enje

izraza (2.7), de�nisana je snaga zra£enja:

P (ω) = A lim
τ→∞

2

τ

∫ τ/2

−τ/2
|M̈(t)e−iωtdt|2 (2.12a)

P (ω) = πAE2
0(k2

0δ(ω − ωL) + k2
1δ(ω − (ωL − ωj)) + k2

2δ(ω − (ωL + ωj))) (2.12b)

Na osnovu ovog izraza, intenzitet rasejanja (2.11) postaje:

I =
1

2π

∫ ∞
0

P (ω)dω (2.13)

Prvi £lan u izrazu (2.12b) predstavlja izraz za elasti£no odnosno Rejlijevo rasejanje, dok drugi

i tre¢i £lana odgovaraju neelasti£nom Ramanovom procesu, Stoksovom i anti-Stoksovom, re-

spektivno [41].

Klasi£na teorija na dobar na£in predvi�a pojavu Stoksove i anti-Stoksove linije u Ra-

manovim spektrima, ali ne i njihov odnos intenziteta [41]. Naime, eksperimentalno je utvr�eno

da Stoksova linija ima ja£i intenzitet od anti-Stoksove, dok se na osnovu izraza (2.10) i (2.11)

dobija da je taj odnos manji od jedinice, odnosno, da je anti-Stoksova linija ja£eg intenziteta:

IStoks
Ianti−Stoks

=
(ωL − ωj)4

(ωL + ωj)4
(2.14)

Ova nekonzistentnost klasi£ne teorije i eksperimentalnih rezultata razja²njena je kvantnim pri-

stupom teoriji Ramanovog rasejanja.

U kristalima atomi neprekidno vibriraju oko svojih ravnoteºnih poloºaja, a u zavisnosti

od broja i vrste atoma u elementarnoj ¢eliji i simetrije njihovih poloºaja, javljaju se razli£ite

kombinacije pomeraja u kristalnoj re²etki koje se nazivaju normalne koordinate vibracija ili

normalni modovi [1]. U kristalima postoji 3N − 3 normalnih koordinata u zavisnosti od broja

atoma N u elementarnoj ¢eliji. Ukoliko dolazi do promene dielektri£ne propustljivosti ma-
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terijala, normalni mod je infracrveno aktivan, dok se usled promene susceptibilnosti kristala

javljaju Raman aktivni modovi. Zavisno od simetrije elementarne ¢elije kristala, normalni mo-

dovi mogu biti i istovremeno infracrveno i Raman aktivni, u slu£aju sistema koji nemaju centar

inverzije, a mogu biti i opti£ki neaktivni [1]. Dakle, umesto polarizabilnosti, kod kristala se

razmatra tenzor susceptibilnosti χ. Razvoj ovog tenzora po normalnim koordinatama Qk je

oblika [1, 41]:

χij = χ
(0)
ij +

∑
k

χij,kQk +
1

2

∑
k′,k′′

χij,k′,k′′Qk′Qk′′ + . . . (2.15)

Promena komponente tenzora susceptibilnosti za normalnu koordinatu Qk de�ni²e se kao:

∆χij,k = χij,kQk =

(
∂χij
∂Qk

)
0

Qk (2.16)

a u matri£nom obliku:

R = δχ(k) =

χxx,k χxy,k χxz,k

χyx,k χyy,k χyz,k

χzx,k χzy,k χzz,k

 (2.17)

gde je R Ramanov tenzor drugog reda. Intenzitet rasejane svetlosti I proporcionalan je:

I ∝ |eS ·R · eL|2, (2.18)

gde su eS i eL jedini£ni vektori polarizacije rasejane i upadne svetlosti. Relacija

|eS ·R · eL|2 6= 0 (2.19)

predstavlja selekciona pravila za Ramanovo rasejanje [1]. Dakle u zavisnosti od geometrije

rasejanja i od toga da li je neka od komponenti Ramanovog tenzora razli£ita od nule, normalni

mod je Raman aktivan.

2.1.2 Kvantna teorija Ramanovog rasejanja

U terminima teorije £estica, Rejlijevo rasejanje odgovara elasti£nom sudaru fotona i kristala,

dok Ramanovo rasejanje odogovara neelasti£nom, pri £emu foton ili gubi (Stoksov proces) ili

dobija (anti-Stoksov proces) jedan ili vi²e kvanata vibracione energije. Proces rasejanja prvog

reda uklju£uje samo jedan fonon i opisan je linearnim £lanom po normalnim koordinatama Qk

u izrazu (2.15). U procesu rasejanja drugog reda u£estvuju dva fonona, i opisan je £lanom uz

Qk′Qk′′ u relacijii (2.15) [41].

Neka (ωL,kL) odre�uje upadni foton, u£estanosti ωL i talasnog vektora kL, (ωS,kS) rasejani

foton i (ωj,q) fonon u procesu prvog reda. Na osnovu zakona odrºanja energije i kristalnog
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impulsa u inicijalnom i �nalnom stanju za Rejlijevo rasejanje vaºi:

ωL = ωS (2.20a)

kL = kS, (2.20b)

dok za Ramanovo rasejanje vaºi:

ωL = ωS ± ωj(q) (2.21a)

kL = kS ± q (2.21b)

gde znak "+" odgovara Stoksovom procesu prilikom kog dolazi do kreacije fonona, dok znak

"-" odgovara anti-Stoksovom procesu, odnosno procesu anhilacije fonona [41]. Fajnmanovi

dijagrami ovih procesa prikazani su na Slici 2.2.

(ω , k )L L

(ω , q)j

(ω , k )S S (ω , k )S S

(ω , q)j

(ω , k )L L

(a) (b)

Slika 2.2: Fajnmanov diagram (a) Stoksovog i (b) anti-Stoksovog procesa.

Kako je ωL � ωj(q), na osnovu zakona odrºanja energije (2.21a) ωL ≈ ωS. Na osnovu

talasnih duºina upadne i rasejane svetlosti λL,S = λ0/n(ωL,S), gde je λ0 = c/ν talasna duºina

u vakuumu a n indeks prelamanja, za talasne vektore upadne i rasejane svetlosti u kristalu

kL,S = 2π/λL,S dobijamo kL,S = n(ωL,S)ωL,S/c. Uzev²i u obzir da je ωL ≈ ωS, za talasne

vektore upadne i rasejane svetlosti vaºi kL ≈ kS [1].

Dalje je λL,S � a, gde je a parametar re²etke, pa je intenzitet talasnih vektora upadne

i rasejane svetlosti mnogo manji od onog sa ivice zone, tj. kL,S � π/a. Sada se na osnovu

zakona odrºanja kristalnog impulsa moºe zaklju£iti da je qj � π/a, tj. da su u Ramanovom

procesu prvog reda opservabilni samo fononi za koje je q ≈ 0, odnosno iz Γ ta£ke Briluenove

zone [1, 41].

Kvantna teorija Ramanovog rasejanje obja²njava nekonzistentnosti eksperimenta i teorijske

predikcije odnosa intenziteta Stoksove i anti-Stoksove linije. Naime, u Stoksovom procesu sistem

apsorbuje energiju, i nakon prelaska na virtuelni nivo prelazi u prvo pobu�eno vibraciono stanje.

Energija rasejanog fotona je u ovom procesu manja od energije upadnog. Obratno vaºi za anti-

Stoksov proces, sistem gubi energiju i energija rasejanog fotona ve¢a je od energije upadnog.
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Na osnovu Boze-Ajn²tajnove statistike za popunjenost nivoa, odnos intenziteta Stoksove i anti-

Stoksove linije proporcionalan je izrazu (2.22) koji je znatno ve¢i od jedinice:

IStoks
Ianti−Stoks

∝
(
ωL − ωj
ωL + ωj

)4

exp

(
~ωj
kBT

)
(2.22)

U procesu rasejanja drugog reda upadni foton (ωL,kL) ekscituje sistem iz inicijalnog vibra-

cionog i elektronskog stanja u virtuelno. Sistem tada emituje foton (ωS,kS) pri £emu dolazi do

prelaza iz virtuelnog u �nalno elektronsko i vibraciono stanje koje se od inicijalnog razlikuje

za dva kvanta vibracione energije. Ukoliko su u pitanju opti£ki fononi govorimo o Ramanovom

rasejanju drugog reda. U ovom procesu mogu u£estvovati fononi u razli£itim kvantnim sta-

njima, i tada govorimo o kombinaciji, ili fononi u istom kvantnom stanju, odnosno overtonovi.

U slu£aju kombinacije, u£estanosti ωj′ ± ωj′′ izme�u inicijalnog i �nalnog stanja vibracioni

kvantni brojevi menjaju se kao nj′ → nj′ ± 1 i nj′′ → nj′′ ± 1, a u slu£aju overtona u£estanosti

2ωj kao nj → nj±2. �ematski prikaz prelaza Stoksovog procesa prikazan je na Slici 2.3. Zakon

odrºanja energije i kristalnog impulsa sada su oblika [41]:

ωL = ωS ± ωj′(q′)± ωj′′(q′′) (2.23a)

kL = kS ± qj′ ± qj′′ (2.23b)

virtuelno stanje

inicijalno stanje finalno stanje

ℏωS

ℏ(ω +ω )j’ j’’ℏωj’
ℏωj’’

ℏωL

ℏωj’
ℏωj’’nj’

n +1j’’n +1j’

nj’’

Slika 2.3: �ematski prikaz prelaza u dvofononskom Stoksovom procesu [41].

(ω , k )L L
(ω , k )S S (ω , k )S S(ω , k )L L

(a) (b)
(ω , q’)j’ (ω , q’’)j’’

(ω , q’)j’

(ω , q’’)j’’

Slika 2.4: Fejnmanovi diagrami (a) direktnog i (b) indirektnog procesa rasejanja drugog reda.

Kao i u slu£aju rasejanja prvog reda je kL ≈ kS � π/a. U Stoksovom procesu drugog

reda (ωS < ωL) dolazi do kreacije dva fonona, (ωj′ ,q
′) i (ωj′′ ,q

′′), ili kreacije jednog fonona
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i anhilacije fonona niºe energije. U anti-Stoksovom procesu drugog reda (ωS > ωL), moºe

do¢i do anhilacije dva fonona ili anhilacije jednog fonona i kreacije fonona niºe energije. Na

osnovu (2.23b) zaklju£uje se da u Ramanovom procesu drugog reda u£estvuju samo fononi iz

prve Briluenove zone. Do rasejanja drugog reda moºe do¢i na direktan ili indirektan na£in.

U prvom slu£aju, svetlost se direktno rasejava na Qk′ i Qk′′ , pri £emu dolazi do promene

u polarizabilnosti drugog reda, opisane tre¢im £lanom u izrazu (2.15). Kada je u pitanju

indirektan proces, dolazi do anharmonijskog sprezanja u prvom redu Raman aktivnih fonona

koji u stvari predstavljaju me�ustanja u ovakvoj vrsti procesa. Fajnmanovi diagrami obe vrste

procesa drugog reda prikazani su na Slici 2.4 [41].

2.1.3 Uticaj temperature na Raman aktivne fonone

U realnom kristalu, za razliku od izotropnih harmonijskih sistema, u kojima fononi me�usobno

ne interaguju i mogu dugo ºiveti, opti£ki fononi razmenjuju energiju me�u sobom i sa drugim

ekscitacijama. Usled fonon-fonon interakcija dolazi do neravnoteºne populacije i raspada fonona

na fonone niºe energije ili rasejanja na termalnim fononima pri £emu se javljaju modovi na ra-

zli£itim energijama [1]. Ove interakcije opisuju se svojstvenom energijom fonona, kompleksnom

veli£inom koja se moºe zapisati u obliku [1]:

Σ = ∆(ω)− iΓ(ω), (2.24)

gde je ∆(ω) promena fononske u£estanosti a Γ ²irina, obrnuto proporcionalna vremenu ºivota

fonona (Γ ∼ 1/τ) [1, 42]. Temperaturska zavisnost u£estanosti Raman aktivnog moda moºe se

predstaviti kao:

ω(T ) = ω0 + ∆(T ), (2.25)

gde ω0 predstavlja u£estanost moda na apsolutnoj nuli, dok promena u£estanosti ∆ poti£e od

dva doprinosa £isto zapreminskog, koji se manifestuje kroz termalno ²irenje i £isto temperatur-

skog, koji poti£e od anharmonijskog efekta. Doprinos ovih mehanizama promeni u£estanosti

dat je izrazom:

∆(T ) = ∆V + ∆A, (2.26)

Prvi £lan u jedna£ini (2.26) dat je izrazom (2.27a), u kom γ i α ozna£avaju Grunajzenov

parametar moda i koe�cijent toplotnog ²irenja. Grunajzenov parametar γ opisuje promenu

u£estanosti ramanskog moda prilikom izotropnog naprezanja u kristalu, γ = −(∂ ln ν/∂ lnV )T ,

gde je ν u£estanost a V zapremina kristala. Efekat termalnog ²irenja dovodi samo do promene

u£estanosti datog moda, ne i njegove ²irine. S tim razlogom se £lan (2.27a) naziva i kvazi-

harmonijski doprinos, odnosno £isto zapreminski doprinos. Kod ve¢ine materijala ovaj £lan je

negativan jer efekat termalnog ²irenja dovodi do ²irenja kristalne re²etke i omek²avanja modova,
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odnosno pomeraja ka niºim energijama [1].

Anharmonijski £lan ∆A poti£e od fonon-fonon interakcija, odnosno trofononskih i £etvoro-

fononskih procesa. U trofononskim procesima dolazi do raspada fonona ili sudara termalnih

fonona pri £emu nastaju novi fononi. Analogno, £etvorofononski procesi dovode do raspada

fonona na tri fonona niºe energije ili opet, sudara termalnih fonona i nastanka novih. Zadrºava-

ju¢i se na trofononskim procesima, ovaj £lan dat je izrazom (2.27b) koji je uvek negativan jer

ovi procesi dovode do negativnog pomeraja u£estanosti. ω0, Γ0 i λph−ph u izrazima (2.27b) i

(2.27a) oznaka su za u£estanost, konstantu anharmoni£nosti, tj. ²irinu datog moda na T = 0K

i parametar fonon-fonon interakcije [1].

∆V = ω0

[
e(−3γ

∫ T
0 α(T ′)dT ′) − 1

]
(2.27a)

∆A = − Γ2
0

2ω0

(
1 +

4λph−ph
e~ω0/2kBT − 1

)
(2.27b)

Temperaturska zavisnost ²irine datog moda zavisi samo od anharmoni£nosti i data je izra-

zom:

Γ = Γ0

(
1 +

2λph−ph
e~ω0/2kBT − 1

)
(2.28)

2.2 Oblici spektralnih linija

Rekombinacijom pri prelasku elektrona iz pobu�enog u osnovno stanje dolazi do zra£enja, pri

£emu ekscitacija ima odre�eno vreme ºivota i doga�a se sa odre�enom verovatno¢om. For-

malno, spektralna svetlost moºe se smatrati zra£enjem prigu²enog harmonijskog oscilatora. U

klasi£noj teoriji prigu²eni harmonijski oscilator emituje elektri£no polje dato vremenski zavi-

snom difernecijalnom jedna£inom:

Ë + ΓĖ + ω2
0E = 0, (2.29)

£ije su svojstvene vrednosti:

α1,2 = −Γ

2
± i
√
ω2

0 −
Γ2

4
, (2.30)

tako da je njeno op²te kompleksno re²enje linearna kombinacija eα1t i eα2t, sa kompleksnim

koe�cijentima [43]. Kako se polje opisuje realnim delom ove funkcije, imamo da je:

E = C1e
−Γt/2 cosωt+ C2e

−Γt/2 sinωt, (2.31)

gde je ω =
√
ω2

0 − Γ2/4. Da bi oscilovanje bilo prigu²eno, mora vaºiti Γ/2 < ω0, pri £emu se

koe�cijenti C1,2 iz jedna£ine (2.31) odre�uju na osnovu grani£nih uslova. U slu£aju elektri£nog
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polja koje dostiºe svoj maksimum i £iji je izvod jednak nuli u po£etnom trenutku, t = 0, re²enje

je oblika [43]:

E = E0e
−Γt/2

[
cosωt+

Γ

2ω
sinωt

]
. (2.32)

Restrikcijom uslova na E = 0, za t < 0, ova jedna£ina postaje:

E = E0e
−Γt/2 cosωt. (2.33)

Treba napomenuti da funkcija (2.33) nije re²enje (2.29) ali je matemati£ki pogodnija za opisi-

vanje energetskog spektra prigu²enih oscilacija. Spektar bilo koje vremenski zavisne funkcije

dobija se njenom Furije transformacijom. S obzirom na to da funkcija (2.33) trpi skok u ta£ki

t = 0, njen spektar je dosta komplikovan pa se za opis prigu²enih oscilacija koristi kompleksan

oblik (i dalje uz restrikciju E = 0 za t < 0)[43]:

E = E0e
−Γt/2eiωt. (2.34)

Ozna£avanjem u£estanosti prigu²enih oscilacija ω sa ω0 jednostavnosti radi, Furije transforma-

cijom (2.34), spektar je oblika [43]:

E(f) =

∫ ∞
0

E0e
−Γt/2eiω0te−i2πftdt =

E0

Γ/2 + i2π(f − f0)
. (2.35)

Eksperimentalno, raspodela u£estanosti dobija se na osnovu intenziteta zra£enja S(f), koji se

de�ni²e kao kvadrat opsega u£estanosti. U terminima ugaonih u£estanosti, intenzitet zra£enja

koje emituje prigu²eni oscilator je:

S(ω) = E(ω)E∗(ω) =
E2

0

(Γ/2)2 + (ω − ω0)2
(2.36)

Ovaj pro�l spektralne linije naziva se Lorencov ili jo² i prirodni (Slika 2.5 (a)) [43]. �irina

Lorencove linije odre�ena je parametrom Γ = 2π/τ , koji predstavlja meru neodre�enosti u£es-

tanosti ω, gde je τ vreme ºivota oscilacije. Normiran na jedinicu intenzitet zra£enja moºe se

zapisati kao [43]:

IL(ω − ω0) =
Γ/2π

(Γ/2)2 + (ω − ω0)2
(2.37)

Pored Lorencovog pro�la, u spektroskopskim tehnikama koriste se i drugi oblici spektralnih

linija. Kada je raspodela energija koju emituje oscilator statisti£ki raspodeljena dolazi do ²irenja

spektralne linije i u tom slu£aju koristi se Gausova raspodela [43]. Gausov pro�l spektralne

linije je oblika:

IG(ω − ω0) =
1

σ
√

2π
e−

(ω−ω0)
2

2σ2 , gde je σ =
Γ2
G

8 ln 2
(2.38)
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U izrazu (2.38), ΓG ponovo predstavlja polu²irinu, dok je σ2 varijansa, odnosno disperzija

Gausove raspodele (Slika 2.5 (b)). Pored ovih oblika spektralnih linija koristi se jo² i Voitov

pro�l [43]. Voitov pro�l linije (Slika 2.5 (c)) predstavlja konvoluciju linija Gausovog i Loren-

covog pro�la. U eksperimentima rasejanja, £esto linija izvora koji se koristi za pobudu sistema

ima sopstvenu ²irinu, koja doprinosi ²irini linije koja poti£e od rasejanja na sistemu, odnosno

javlja se instrumentalno ²irenje. Instrumentalnom ²irenju odgovara Gausov pro�l linije. Dekon-

volucijom Voitove linije dobija se prava polu²irina linije koja poti£e od sistema.

ω0ω0ω0

R χ
'' (a

. j.
)

( b )

ΓG

ω0

Γ

( d )( c )( a )

R a m a n o v  p o m e r a j  ( c m - 1 )

Slika 2.5: (a) Lorencov, (b) Gausov, (c) Voitov i (d) Fano pro�l spektralne linije.

Fano pro�l (Slika 2.5 (d)) koristi se kada se u ramanskim spektrima javljaju linije

asimetri£nog oblika. Da bi se primenila u analizi neophodna je interakcija izme�u kontinu-

alnih (elektronskih) i diskretnih (fononskih) ekscitacija [43, 44, 45]. Najjednostavniji oblik ove

linije je:

IF (ω − ω0) = C
(q + ε)2

1 + ε
, gde je ε =

ω − ω0

Γ
(2.39)

U ovom izrazu ω0 predstavlja £istu fononsku u£estanost, Γ polu²irinu, dok je q parametar

asimetrije.

2.3 Eksperiment

U ovom poglavlju ukratko ¢e biti opisane komponente i ramanski spektrometri kori²¢eni u

eksperimentima na osnovu kojih su dobijeni rezulatati predstavljeni u narednim poglavljima.

Kao ekscitacioni izvori kori²¢eni su £vrstotelni laseri Coherent Verdi G i Coherent GENESIS,

koji emituju zelenu liniju talasne duºine 532 nm i ºutu liniju talasne duºine 575 nm.

Emitovana svetlost se opti£kim putem usmerava na uzorak. Opti£ki put se moºe sastojati iz

velikog broja komponenti, sa ciljem da se iz emitovanog laserskog snopa elimini²u divergentne

komponente i potisnu plazma linije. Primer opti£kog puta prikazan je na Slici 2.6. Emito-

vana svetlost �ltrira se najpre kroz �lter PH1. Monohromator sa prizmom (PMC) otklanja

ostatak plazma linija i razlaºe svetlost. Razloºena svetlost se zatim projektuje na otvor kroz

koji prolazi samo svetlost odre�ene talasne duºine. Filter PH2 oblikuje snop i uklanja di-

vergentne komponente snopa. Prepolarisani snop kontroli²e se pomo¢u λ/2 plo£ice u odnosu

na polarizaciju odre�enu Glen-Tompson polarizatorom (P). Polarizacija upadne svetlosti ima
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čvrstotelni laser

spektrometar
hladni prsten

uzorak
kriostat

M1M2

M3 M4

PMC

L1
L2L3L4S1

PH1

L5

L6
S2

PH2

P
SBC

L7O1S3

PH3

L8

PM

O2 A

λ/2

λ/2λ/4

L9
O3
S

Slika 2.6: �ematski prikaz opti£kog puta u eksperimentalnoj postavci za Ramanovo rase-
janje koja se nalazi na Valter Majsner institutu u Minhenu. Kori²¢enjem ove eksperimentalne
postavke ispitivan je tetragonalni FeS. Preuzeto iz [46].

veliku ulogu u ovom tipu eksperimenta i odre�uje se kombinovanjem Glen-Tompson polariza-

tora i Soleil-Babinet kompenzatora (SBC). Prostorni �lter PH3 obezbe�uje otklanjanje efekata

interferencije polarizatora i Gausov pro�l laserske linije. Polarizovana "pro£i²¢ena" svetlost

usmerena je na uzorak pod uglom od 66◦, odakle se neelasti£no rasjena svelost pomo¢u so£iva

sakuplja i odvodi u spektrometar [46].

Laserski snop se moºe usmeravati na uzorak i uz pomo¢ konfokalnog mikroskopa, £ime se

omogu¢ava fokusiranje laserskog snopa na uzorku od nekoliko µm a time i rad sa veoma malim

uzorcima. Neelasti£no rasejana svetlost se istim mikroskopom sakuplja i odvodi u spektrometar.

Ovakva eksperimentalna kon�guracija naziva se kon�guracija rasejanja unazad (backscattering)

i tako�e je kori²¢ena tokom izrade ove disertacije. Eksperimentalna kon�guracija, uklju£uju¢i

polarizaciju upadnog i rasejanog snopa, kao i orijentaciju samog uzorka igra veliku ulogu u

eksperimentima Ramanovog rasejanja i uti£e na selekciona pravila. S obzirom na prirodu

uzoraka, eksperimenti su ra�eni u kriogenoj sredini sa helijumskim sistemom hla�enja, £ime su

omogu¢ena merenja na temperaturama od 2 do 300 K, i u visokom vakuumu od 10−5 do 10−6

mbar.

Pri izradi ove disertacije, kori²¢eni su Jobin Yvon T64000, Tri Vista 557 trostepeni raman-

ski sistemi i dvostepeni monohromator Jobin Yvon U1000. Trostepeni sistemi sastoje se iz

dvostepenog pre-monohromatora i spektrometra (Slika 2.7) i mogu da rade u oduzimaju¢em

i sabiraju¢em reºimu. U oduzimaju¢em reºimu (Slika 2.8 (a)), polihromatska svetlost ulazi u

prvi stepen monohromatora kroz otvor S1, i razlaºe se po talasnim duºinama na re²etki G1,

odakle se sistemom ogledala usmerava na otvor S1/2 i ulazi u drugi stepen pre-monohromatora.

Uloga otvora S1/2 je da selektuje odre�eni opseg talasnih duºina koji ¢e propustiti u drugi ste-

pen premonohrtomatora, i time elimini²e elasti£no rasejanu svetlost. Re²etka G2 rekombinuje

neelasti£no rasjanu svetlost ponovo u polihromatsku, koja kroz S2/3 prolazi u spektrometar gde

se uz pomo¢ re²etke G3 razlaºe i sistemom ogledala usmerava na lateralni izlaz. Ovde se nee-
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uzorak

čvrstotelni laser mikroskop

CCD

pre-monohromatorspektrometar
123

G1G2G3 lateralni
ulaz

S1S1/2S2/3

mikrokomora

Slika 2.7: �ematski prikaz trostepenog Raman sistema TriVista 557 koji se nalazi u Centru za
�ziku £vrstog stanja i nove materijale, Instituta za �ziku u Beogradu. Na ovom sistemu dobijen
je deo rezultata vezan za FeS, seriju uzoraka FeSe1−xSx (0 ≤ x ≤ 1), kao i rezultati Ramanovog
rasejanja na van der Valsovim magnetnim materijalima. Preuzeto iz [47].

(a) (b)
S1

G1

S1,2

G2

S2,3

G3

D S2,3

G3

 (c)

λmin

λmax

CCD

Slika 2.8: �ematski prikaz (a) oduzimaju¢eg i (b) sabiraju¢eg reºima rada spektrometra. (c)
Razlaganje svetlosti re²etkom G3. Preuzeto iz [47].

lasti£no rasejana svetlost detektuje uz pomo¢ CCD detektora (Slika 2.8 (c)), koji opti£ki signal

pretvara u elektri£ni. Kod TriVista 557 sistema, oduzimaju¢i reºim postiºe se tako ²to re²etka

G2 rotira za isti ugao ali u suprotnom smeru u odnosu na re²etku G1, dok se kod sistema Jobin

Yvon T64000 propu²teni snop sistemom ogledala invertuje pre nego ²to padne na re²etku G2.

U sabiraju¢em reºimu (Slika 2.8 (b)) re²etka G2 razlaºe ve¢ razloºenu svetlost propu²tenu

kroz prvi stepen pre-monohromatora. Glavna karakteristika sabiraju¢eg reºima je visoka spek-

tralna rezolucija. S druge strane oduzimaju¢i reºim omogu¢ava detekciju niskoenergetskih

ekscitacija i potiskivanje �zalutale svetlosti� zbog £ega se i vi²e koristi.

Dvostepeni sistem Jobin Yvon U1000 funkcioni²e u sabiraju¢em reºimu na analogan na£in

kao i pre-monohromator trostepenih sistema.
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2.4 Simetrijska analiza

Kao ²to je ve¢ re£eno u Poglavlju 2.1.1 i 2.3, opservabilnost Raman aktivnih modova u vi-

sokosimetri£nim sistemima kao ²to su kristali jako zavisi od geometrije rasejanja. Detekcija i

pona²anje modova zavisno od orijentacije kristala u odnosu na laboratorijski koordinatni si-

stem, kao i ugla izme�u vektora polarizacije upadne i rasejane svetlosti jednozna£no de�ni²e

simetriju vibracije i njenu asignaciju.

kL

kS

o66  

ei

es

x

y

z a

b

c

kL

kS

ei

es

x

y
z a

b
c

(a) (b)

θ

θ

Slika 2.9: �ematski prikaz geometrije rasejanje (a) pod pseudo-Brusterovim uglom i (b) unazad
(φ = 0). Ugao izme�u vektora polarizacije upadne i rasejane svetlosti ozna£en je sa θ =
](eL, eS).

Na osnovu prostorne grupe simetrije kristala i pozicione simetrije atoma u elementarnoj

¢eliji mogu¢e je utvrditi Raman aktivne modove i njima odgovaraju¢e tenzore. Relaciju (2.18)

mogu¢e je veoma jednostavno pro²iriti u terminima ugla rotacije kristala u odnosu na labora-

torijski koordinatni sistem. Ako sa Rφ ozna£imo matricu rotacije oko glavne kristalografske c

ose, relacija (2.18) postaje:

I ∝ |eS ·
(
RT
φ ·R ·Rφ

)
· eL|2 (2.40)

Analogno izrazu (2.18), da bi mod bio opservabilan, desna strana relacije (2.40) mora biti

razli£ita od nule.

Na Slici 2.9 prikazane su geometrije rasejanja (a) pod pseudo-Brusterovim uglom i (b)

unazad, u uk²tenoj polarizaciji (θ = ](eL, eS) = 90◦) kada se ose kristala i laboratorijskog

sistema poklapaju (φ = 0). U prvom slu£aju generalno je mogu¢e detektovati vi²e fonona

nego u geometriji rasejanja u nazad. Naime, kada je ravan na koju se usmeravaju fotoni

ab kristalografska ravan, fononi £iji Ramanov tenzor sadrºi samo z komponente u geometriji

rasejanja unazad ne mogu biti detektovani. Tako�e, ukoliko Ramanov tenzor sadrºi samo

dijagonalne komponente, opservabilan je isklju£ivo u paralelnoj polariza£iji (θ = 0◦). Naravno,

detekcija fonona £ak i u slu£aju kada su selekcionih pravila ispunjena, zna£ajno zavisi od samog

uzorka, svetlosnog izvora, kalibracije i rezolucije instrumenta.
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Glava 3 Materijali

3.1 Superprovodnici na bazi gvoº�a

Otkri¢e superprovodnosti u prvom superprovodniku na bazi gvoº�a LaFePO na kriti£noj tem-

peraturi Tc = 5K [4] iznenadilo je nau£nu javnost i dovelo do ekspanzije u sintezi i karakterizaciji

ovih materijala. Sinteza izostrukturnog materijala LaFeAsO imala je veliki uticaj na razvoj ove

oblasti �zike kondenzovanog stanja materije. Naime, dopiranjem ovog materijala atomima �u-

ora kriti£na temperatura na kojoj dolazi do superprovodne faze bila je znatno vi²a u odnosu

na LaFePO (26 K) [5]. Ovo je bio za£etak klase �1111� superprovodnika na bazi gvoº�a koji je

podstakao dalja istraºivanja i sintezu superprovodnika sve vi²ih kriti£nih temperatura. Nakon

toga slede klase pniktida (FePn), �122� (Ba0.6K0.4Fe2As2) [48] i �111� [49], zatim halkogenida

(FeCh) �11� [50], �21311� klasa (Sr2MO3FePn) [51] i �122*� (AxFe2−ySe2 gde je A = K, Rb,

Cs, Ti) [6].

3.1.1 Kristalna strutura i fazni prelazi

(a) (b)  (c) (d)„1111”
(X = As, P) 

„111”
(X = As)

„11”
(X = Se, Te, S)

„122”
(X = As)

FeX4

O
Ln

M M

Slika 3.1: Kristalna struktura klase (a) �1111� (Ln = La, Pr, Ce, Nd, Sm, Gd, Sr, Ca), (b)
�122� (M = Ba, Sr, Ca, Eu), (c) �111� (M = Li, Na) i (d) �11� superprovodnika na bazi gvoº�a.

Generalno, svaku klasu superprovodnika na bazi gvoº�a karakteri²e tetragonalna kristalna

struktura u normalnoj fazi. Kristalna re²etka sastoji se od FeX4 (X = Pn, Ch) tetraedarskih

ravni izme�u odgovaraju¢ih slojeva metala i/ili oksida zavisno od klase. Kristalna struktura

prve £etiri klase prikazana je na Slici 3.1. Klase �1111�, �111�, �11� i �21311� opisuju se is-

tom prostornom grupom simetrije P4/nmm, dok klasama �122� i �122*� odgovaraju I4/nmm,

odnosno I4/m [6]. Kod velikog broja superprovodnika na bazi gvoº�a obi£no na tempera-
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turama vi²im od Tc dolazi do naru²enja simetrije koje, u nekim slu£ajevima, koegzisitira sa

dugodometnim magnetnim ure�enjem. Ispostavilo se i da dopiranje ovih materijala elektro-

nima ili ²upljinama ima velikog uticaja na porast kriti£ne temperature Tc.

Kod nedopiranih £lanova klase �1111� najpre dolazi do naru²enja tetragonalne simetrije u

ortorombi£nu. Na temperaturama niºim od temperature strukturnog faznog prelaza javlja se

magnetno ure�enje (spinske gustine talasa - SDW) (TS > TSDW ). Izuzetak je GdFeAsO kod

kog se ne javlja SDW stanje [6]. Dopiranjem elektronima naj£e²¢e dolazi do porasta kriti£ne

temperature, za ²ta je primer pomenut na po£etku ovog poglavlja LaFeAsO0.88F0.12 (Tc = 26K).

Za razliku od �1111� klase, strukturni i magnetni fazni prelaz se javljaju na istim tempera-

turama u nedopiranim MFe2As2 (M = Ba, Sr, Ca, Eu) iz �122� klase. Dopiranjem na mestu

metala ili pniktogena ovi prelazi se razdvajaju. Dopiranjem elektronima (Fe), ²upljinama (M),

ili izoelektronskim dopiranjem (As) dolazi do drasti£nog porasta kriti£ne temperature [6].

Prisustvo vakancija u Li1−yFeAs (�111� klasa) uzrokuje opadanje kriti£ne temperature, kao

i dopiranje elektronima polikristala LiFe1−x(Co, Ni)xAs za oko 10K za x = 0.1 [52]. Ovo je

potvr�eno i eksperimentima na monokristalu LiFe0.95C0.05As sa izmerenom Tc = 11K [6, 53].

Materijali �11� klase, prou£avani su u okviru ove distertacije, pa ¢e njihovim karakteristi-

kama biti posebno posve¢eno slede¢e poglavlje.

Kod velikog broja superprovodnika na bazi gvoº�a dolazi do pojave tzv. nemati£ne faze

[7, 8, 9, 10]. Ovo stanje karakteri²e velika anizotropija u elektronskim osobinama dok je ani-

zotropija re²etke skoro zanemarljiva [46]. Postavlja se pitanje kakvu i koliku ulogu pri naru²enju

kristalne simetrije imaju elektronski stepeni slobode. Kako do naru²enja simetrije u elektron-

skoj strukturi moºe do¢i na temperaturama znatno vi²im u odnosu na temperauru regularnog

strukturnog faznog prelaza [54, 55] ispostavlja se da strukturni fazni prelaz moºe biti posledica

promena u elektronskoj strukturi [46]. S druge strane, ako je nemati£na faza posledica elek-

tronske anizotropije jo² uvek nije u potpunosti jasno da li do nje dolazi posredstvom spinskih

[55, 56] ili orbitalnih [57] stepeni slobode [46].

Kompleksni fazni dijagrami svake od klasa superprovodnika na bazi gvoº�a, od strukturnog

prelaza, preko magnetnog, nemati£nog i superprovodnog stanja, njihove koegzistencije, i uticaj

supstitucije atoma na svako od ovih svojstava u potpunosti opravdava njihovo vi²edecenijsko

prou£avanje. S druge strane, mehanizmi usled kojih se ove faze javljaju jo² uvek nisu u pot-

punosti jasni.

3.1.2 11 - halkogenidi

Na osnovu prethodnog poglavlja moºe se re¢i da su u superprovodnicima na bazi gvoº�a,

kristalna struktura, magnetno ure�enje, nemati£na i superprovodna faza me�usobno spregnute

osobine. 11 - halkogenidi (FeCh) predstavljaju klasu superprovodnika na bazi gvoº�a najjed-

nostavnije kristalne strukture, £ije predstavnike karakteri²u neka od ovih svojstava. �lanovi

ove klase (FeSe, FeS i FeTe) kristali²u u tetragonalnu kristalnu strukturu, opisanu prostornom
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grupom simetrije P4/nmm. Kristalna struktura se sastoji od FeCh4 tetraedara, transliranih

duº glavne kristalografske ose (Slika 3.2). Interesantno je da su ovi materijali, pored toga ²to

su izostrukturni i izoelektronski, veoma razli£iti po gore navedenim osobinama.

a
b

c

a

b

Fe
Ch

Slika 3.2: Kristalna struktura gvoº�e halkogenida. Sivom linijom predstavljena je jedini£na
¢elija.

Prvi otkriveni superprovodnik iz ove klase je FeSe. U ovom materijalu na temperaturi od

oko 90K dolazi do naru²enja simetrije iz tetragonalne u ortorombi£nu pri £emu materijal ulazi u

nemati£nu fazu [11, 12, 13]. Jo² jedno otvoreno pitanje je i magnetno ure�enje u prvom iz klase

11 - halkogenida. Skorija studija elektronskog Ramanovog rasejanja FeSe ukazuje na postojanje

spinskih �uktuacija i frustriranog magnetnog ure�enja [14]. Sniºavanjem temperature ispod

9K, FeSe ulazi u superprovodnu fazu [15]. Ono ²to je pokrenulo sve ve¢e interesovanje za ovaj

materijal jeste visokotemperaturska superprovodna faza FeSe monoslojeva. Naime, monosloj

FeSe na SrTiO3 supstratu dostiºe kriti£nu temperaturu od oko 77K [58, 59].

S druge strane, dopiranjem ovog materijala atomima telura (x = 0.5), dolazi do porasta

kriti£ne temperature na 14K pri atmosferskom pritisku [16]. Najvi²a kriti£na temperatura od

23K izmerena je na uzorku sastava Fe1.03Se0.57Te0.43 pri pritisku od 3.1 GPa [60].

Potpuna supstitucija atoma selena atomima telura rezultuje nesuperprovodnim FeTe [16,

61]. U ovom materijalu istovremeno na temperaturi od 67K dolazi do strukturnog faznog

prelaza (naru²enja simetrije iz tetragonalne u monoklini£nu) i antiferomagnetnog ure�enja [16,

17, 18].

Fazni dijagram FeSe1−xTex (0 ≤ x ≤ 1) sistema prikazan je na Slici 3.3 (a). Ovaj fazni

dijagram moºe se podeliti u nekoliko oblasti. Prvu u kojoj dominira dugodomento antiferomag-

netno ure�enje (AFM) pra¢eno naru²enjem simetrije iz tetragonalne u monoklini£nu (Mono).

U drugoj oblasti se sa opadanjem koncentracije atoma telura gubi AFM ure�enje i javlja se

superprovodna faza. Superprovodna faza je prisutna do kraja serije, odnosno £istog FeSe. Pa-

ralelno sa superprovodnom fazom za x ≤ 0.5 (tre¢a oblast) dolazi do naru²enje simetrije iz

tetragonalne u ortorombi£nu.

Poslednji u nizu materijala iz ove klase, FeS, za razliku od svojih prethodnika ne ispoljava

strukturni fazni prelaz, £ak ni na najniºim temperaturama [19]. U superprovodno stanje prelazi

na temperaturama ispod 5K [20]. Do sada nema konkretnih informacija o magnetnom ure�enju
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Slika 3.3: Fazni dijagram u funkciji koncentracije atoma (a) Te i (b) S u FeSe sistemu . Su-
perprovodno, antiferomagnetno, i nemati£no stanje ozna£eni su sa SC, AFM, odnosno Nem.
Monoklini£na, odnosno ortorombi£na faza ozna£ene su sa Mono i Orto. Podaci za FeSe1−xTex
i FeSe1−xSx preuzeti su iz Ref. [62], odnosno Ref. [22]

u ovom materijalu, mada odre�ene studije ukazuju na kratkodometno magnetno ure�enje koje

poti£e od magnetnih momenata atoma gvoº�a [63].

Kako atom sumpora ima manji jonski radijus od atoma selena, njegovom supstitucijom u

FeSe, dolazi do pozitivnog hemijskog pritiska i promena u FeSe elektronskoj strukturi kao i

suzbijanja nemati£ne faze. Naime, ²to je koncentracija atoma sumpora ve¢a, to je tempera-

tura na kojoj dolazi do nemati£nog ure�enja niºa (Slika 3.3 (b)) [22]. Ova faza javlja se do

koncentracije od oko x ≈ 0.2, pa se iz tog razloga ova ta£ka naziva nemati£nom kriti£nom

ta£kom (NCP). Kriti£na temperatura FeSe uzorka od 9.3K supstitucijom atoma sumpora raste

i dostiºe maksimum u sistemu FeSe0.89S0.11 (Tc = 10.6K). Nakon ove koncentracije naglo opada

i za x = 0.4 njena minimalna vrednost iznosi 2.1K. Daljim pove¢avanjem koncentracije atoma

sumpora Tc raste i za FeS sistem uzima vrednost 4.6K (Slika 3.3). Tako�e, zanimljivo je da se

blag porast u kriti£noj temperaturi de²ava istovremeno sa opadanjem temperature nemati£ne

faze, i da je maksimalna vrednost Tc u blizini ta£ke skoka TS [22].

3.2 Kvazi-2D magnetni materijali

Poslednjih godina intenzivno se teorijski i eksperimentalno pru£ava klasa materijala koja, pored

dugodomentnog magnetnog ure�enja, ima za osobinu da su strukturne komponente u 2D ravni

vezane jakim kovalentnim vezama, dok je interakcija izme�u samih ravni slaba van der Valsova.

Slaba interakcija omogu¢ava jednostavnu eksfolijaciju ovih materijala na monoslojeve, koji

zadrºavaju magnetne karakteristike i time otvaraju mogu¢nost primene ove vrste materijala

u dizajniranju ure�aja nove generacije. Ova klasa materijala je veoma ²iroka, i moºe se podeliti

na nekoliko podklasa [64], poluprovodnike (Cr(Si, Ge)Te3, MSe2 (M = V, Mn), CrX3 (X =

Cl, Br, I)) [24, 25, 26, 27, 28] i metale (Fe3GeTe2)[23] feromagnetnog ure�enja i antiferomag-
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netne izolatore (MP(S, Se)3, M = prelazi metal) [65]. U okviru ove disertacije prou£avani su

poluprovodnici Cr(Si:Ge)Te3 i metal Fe3−xGeTe2.

3.2.1 Feromagnetni poluprovodnici Cr(Si:Ge)Te3

Triteluridi CrSiTe3 i CrGeTe3 su poluprovodni materijali sa feromagnetnim ure�enjem. Na

osnovu apsorpcionog spektra CrSiTe3 dobijen je energetski procep od 0.4 eV [29]. U istoj

studiji, temperaturska zavisnost odnosa magnetne susceptibilnosti (χ = M(T )/H, H = 1 kOe),

u ab ravni i duº c-ose ukazuje da do feromagnetnog prelaza dolazi na temperaturi TCurie = 33K

i ure�enja magnetnih momenata duº c-ose. S druge strane, odnos H/M(T ) na temperatu-

rama niºim od 150K odstupa od linearnog modela, ²to ukazuje na postojanje kratkodometnih

magnetnih korelacija, drasti£no iznad temperature magnetnog prelaza (Slika 3.4).

Slika 3.4: Temperaturska zavisnost magnetizacije CrSiTe3 u polju ja£ine 1 kOe i H/M(T ).
Preuzeto iz [29].

S druge strane, na osnovu transmisionog spektra CrGeTe3 na sobnoj temperaturi odre�en

je procep izme�u provodne i valentne zone od 0.7 eV [30]. Sli£no, CrSiTe3, na osnovu magnet-

nih merenja odre�ena je temperatura magnetnog prelaza TCurie = 61K i ure�enje magnetnih

momenata duº c-ose [30].

Prisustvo spinskih talasa u CrSiTe3, do temperature £ak deset puta iznad TCurie u ab

ravni i odsustvo trodimenzionih magnetnih korelacija iznad TCurie prou£avano je metodom

(ne)elasti£nog rasejanja na neutronima [24]. Metodom eksfolijacije izolovani su mono i poli-

slojevi CrSiTe3 na Si/SiO2 supstratu. Zavisno od broja slojeva, dolazi do promene otpornosti

u opsegu temperatura od 80K do 120K, konzistentno teorijskim predikcijama o zna£ajnom

porastu Kirijeve temperature sa opadanjem dimenzionalnosti [66].

Ugaono razloºenom fotoemisionom spektroskopijom visoke rezolucije (ARPES) odre�ena je

elektronska struktura CrSiTe3 u blizini Fermi nivoa. Zbog spin-orbit interakcije, ovaj materijal

klasi�kovan je kao Motov feromagnetni izolator [67]. Istom metodom analizirana je i elektronska

struktura CrGeTe3, u kojoj su niske valentne zone centrirane oko Γ ta£ke [68].
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3.2.2 Metali£ni feromagnet Fe3−xGeTe2

Za razliku od poluprovodnih CrXTe3 (X = I, Ge, Sn) i CrX3 (X = Cl, Br, I) sa relativno

niskim temperaturama magnetnog prelaza, £ak i u slu£aju monoslojeva [66], Fe3−xGeTe2 u

feromagnetno stanje prelazi na vi²im temperaturama. Kirijeva temperatura Fe3−xGeTe2, TCurie,

moºe dostizati 220 - 230K £ak i u formi zapreminskog kristala [31, 32].

Zavisno od metode rasta kristala u ovom materijalu se javljaju vakancije na poziciji Fe2

atoma. Pokazano je da �zi£ke osobine kao ²to su parametri re²etke, Kirijeva temperatura

i magnetizacija zavise od koncentracije vakancija u uzorku [33]. Naime, uzorci u kojima je

prisutna ve¢a koncentracija vakancija imaju ve¢i parametar re²etke c i manji parametar a u

odnosu na uzorke sa manjom koncentracijom vakancija.

Slika 3.5: Normirani parametri re²etke u funkciji koncetracije Fe atoma u Fe3−xGeTe2 po-
likristalnim uzoracima (p-xrd) na sobnoj temperaturi. Prikazana se i vrednosti dobijene za
monokristalni uzorak (sc-xrd) na 173K; amax = 4.0244(1)Å i cmax = 16.405(1)Å. Preuzeto iz
[33].

Na Slici 3.5 prikazane su vrednosti normiranih parametara re²etke u zavisnosti od kon-

centracije atoma gvoº�a u uzorcima sintetisanim metodom rasta iz �uksa. Parametri re²etke

monokristala (sc-xrd) tako�e su prikazani na ovom gra�ku i potvr�uju ²irenje re²etke duº a

pravca i skupljanje duº c, sa porastom koncentracije Fe atoma. Tako�e je prime¢eno da je

²irenje re²etke u ab ravni znatno ve¢e u odnosu na promene duº c pravca [33]. Nehomogena

promena u vrednostima parametara re²etke �zi£ki zna£i da se usled ²irenja re²etke u ab ravni

popunjavanjem vakancija atomima na Fe2 poziciji, rastojanje izme�u ravni atoma telura i Fe3Ge

ravni smanjuje. Kada se atomi telura pomere ka Fe3Ge ravni, dolazi do skupljanja re²etke duº

c pravca, kako bi se odrºala van der Valsova struktura [33].

Temperaturska zavisnost magnetne susceptibilnosti ispitivana je pri razli£itim koncentraci-

jama vakancija u Fe3−xGeTe2 polikristalima (0.03 ≤ x ≤ 0.31) i u monokristalu Fe0.76GeTe2

[33]. Prime¢eno je da pove¢avanje koncentracije vakancija uti£e na opadanje TCurie (Slika 3.6).
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Naime, nedostatak atoma na pojedinim Fe2 pozicijama, odnosno neure�enost sistema, remeti

magnetne korelacije i dovodi do opadanja temperature magnetnog faznog prelaza. Prisustvo

vakancija uti£e na strukturne parametre i ²irenje re²etke duº c pravca. To zna£i da se me�u-

atomsko rastojanje Fe1 - Fe1 pove¢ava i Fe1 - Fe2 smanjuje. Kako su feromagnetne interakcije

uspostavljene izme�u atoma gvoº�a strukturne promene uti£u na magnetne karakteristike si-

stema [33].

Slika 3.6: Temperaturska zavisnost magnetne susceptibilnosti χ = M/H (H = 100Oe) po-
likristala Fe3−xGeTe2 u zavisnosti od koncetracije vakancija i monokristala (x = 0.24). Preuzeto
iz [33].

Uzorci stehiometrijskog sastava uglavnom su sintetisani CVT metodom i imaju visoku tem-

peraturu feromagnetnog prelaza [31, 32]. Pored ovog tipa magnetnog prelaza na TCurie = 214K

u dvodimenzionim slojevima ispod 152K uo£eno je prisustvo antiferomagnetnog ure�enja [69].

Imaginarni deo ac susceptibilnosti Fe3GeTe2 prikazan je na Slici 3.7. Prema ovim rezultatima

prisutna je konkurentnost 3D - feromagnetne i 2D - antiferomagnetne faze u temperaturskom

opsegu od 152 do 214K [69].

Prema jednom od istraºivanja, u blizini temperature feromagnetnog faznog prelaza u

Fe3GeTe2 (230K) postoji indikacija formiranja Kondo re²etke. Naime na TK = 190K ± 20K,

koja je u saglasnosti sa teorijskom predikcijom od 222K, dolazi do interakcije provodnih elek-

trona i periodi£no lokalizovanih spinova [70]. Teorijski prora£uni predvi�aju dinami£ku stabil-

nost Fe3−xGeTe2 slojeva i magnetnu anizotropiju koja poti£e od jake spin-orbit interakcije [71].

Na osnovu anomalnog Holovog efekta Fe3−xGeTe2 nanoljuspica ustanovljena je jaka ortogonalna
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Slika 3.7: Imaginarni deo ac susceptibilnosti Fe3−xGeTe2. Kriva H//ab uve¢ana je 60 puta.
Preuzeto iz [69].

magnetna anizotropija, uz TCurie od oko 200K [72].
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Glava 4 Ramanova spektroskopija superprovodnika na

bazi gvoº�a

Ramanova spektroskopija pokazala se kao veoma korisna, neinvanzivna i neizostavna eksperi-

mentalna metoda za ispitivanje ekscitacija i njihovih interakcija u materijalima sa jakim elek-

tronskim korelacijama. Ovom tehnikom su uspe²no prou£avane sve do sada poznate klase super-

provodnika na bazi gvoº�a [73, 74, 75, 76, 77]. Primarna uloga Ramanove spektroskopije bila je

pro£avanje fononskih ekscitacija. Usavr²avanjem metoda za sintezu kvalitet kristala zna£ajno

je pobolj²an, te se za ispitivanje superprovodnika na bazi gvoz�a godinama intenzivno koristi

elektronsko Ramanovo rasejanje [3]. Ovom metodom uspe²no su ispitivane dvomagnonske eks-

citacije, spinske i nemati£ne �uktuacije, SDW stanje, superprovodni procep [3].

U ovom poglavlju prikazani su rezultati Ramanove spektroskopije FeS i FeSe1−xSx (0 ≤ x ≤
1). Najpre je detaljno analizirana dinamika re²etke £istog FeS. Nakon toga ispitivan je uticaj

defekata na vibracioni spektar dopiranih uzoraka.

4.1 Ekseprimentalni detalji i teorija

U zavisnosti od koncentracije atoma sumpora uzorci monokristala FeSe1−xSx ispitivani u ovom

istraºivanju sintetisani su CVT metodom za vrednosti 0 ≤ x ≤ 0.24, odnosno hidrotermalno

za vrednosti 0.4 ≤ x ≤ 1 [22, 78]. Za eksperiment neelasti£nog rasejanja svetlosti kori²¢ene su

eksperimentalne postavke opisane u Poglavlju 2.3. Konkretno, vibracioni spektri tetragonalnog

FeS mereni su upotrebom eksperimentalne postavke za Ramanovo rasejanje Valter Majsner

instituta u Minhenu (Poglavlje 2.3, Slika 2.6). Fononske ekscitacije FeS i FeSe1−xSx (0 ≤ x ≤ 1)

ispitivane su primenom eksperimentalne postavke u Centru za �ziku £vrstog stanja i nove

materijale, Instituta za �ziku u Beogradu (Poglavlje 2.3, Slika 2.7).

Za uzorke koji sadrºe atom halkogena karakteri²ti£no je vezivanje kiseonika iz vazduha. Da

bi neelasti£no rasejana svetlost sa sigurno²¢u poticala od sistema koji se analizira potrebno je

obezbediti £istu povr²inu na koju ¢e laserski snop biti usmeren. Eliminisanje ne£isto¢a postiºe

se cepanjem kristala neposredno pre stavljanja u vakuum (∼ 10−6 mbar).

Za potrebe magnetnih merenja kori²¢en je Quantum Design MPMS XL-7 SQUID magne-

tometar. Temperatura na FeS uzorku sniºavana je do 2K sa korakom 0.1K/min. Sniºavanjem

temperature, bez prisustva spolja²njeg polja (Slika 4.1, ZFC), superprovodno stanje analizira-

nog uzorka javlja se na Tc = 4.5K. Prime¢eno je da u prisustvu spolja²njeg polja (FC) prilikom
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Slika 4.1: Temperaturska zavisnost magnetnog momenta FeS sistema u spolja²njem polju B =
1mT.

sniºavanje temperature magnetizacija u superprovodnom stanju sporije opada.

Elektronska struktura i fononske disperzije tetragonalnog FeS odre�ene su kori²¢enjem

teorije gustine funkcionala (DFT), odnosno perturbacione teorije gustine funkcionala (DFPT)

[79] u okviru QUANTUM ESPRESSO paketa [80].

Prilikom izra£unavanja elektronske strukture i fononskih disperzija kori²¢eni su eksperimen-

talni parametri elementarne ¢elije, a = 3.6735 Å, c = 5.0328 Å, i z = 0.2602, gde je z visina na

kojoj se nalaze atomi sumpora u odnosu na Fe ravan [81]. U prora£unima su primenjeni Van-

derbilt ultra-mekani pseudopotencijali sa Becke-Lee-Yang-Parr (BLYP) izmensko-korelacionim

funkcionalom i s i p stanjima uklju£enim u valencu gvoº�a. Elektronska talasna funkcija i

gustina energije ograni£ene su na 70, odnosno 500Ry, sa ciljem stabilne konvergencije fonon-

skih modova. Briluenova zona uzorkovana je pomo¢u 16 × 16 × 16 Monkhorst-Pack mreºe u

impulsnom prostoru sa Gausovim ²irenjem od 0.01Ry. Dobijeni rezultati elektronske i fononske

strukture konzistentni su sa prethodno objavljenim [82, 83].

Fononske disperzije i gustina stanja ra£unate su na 6 × 6 × 6 Monkhorst-Pack mreºi, uz

interpolaciju disperzija duº odre�enog pravca. Rezultuju¢e fononske disperzije dobijene pomo¢u

optimizovanih i eksperimentalnih parametara se kvalitativno poklapaju, sli£nog su oblika i

sadrºe procep.

Selekciona pravila za dvofononske procese odre�ena su metodom modi�kovanih grupnih

projektora (MGPT) [84] koji je opisan u Dodatku A.1.

4.2 Dinamika re²etke FeS

FeS kristali²e u tetragonalnu kristalnu strukturu opisanu prostornom grupom simetrije

P4/nmm (D7
4h). Poziciona simetrija atoma, ireducibilne reprezentacije i odgovaraju¢i Ra-

manovi tenzori prikazani su u Tabeli 4.1. Na osnovu simetrijske analize u Ramanovim spek-

trima mogu se o£ekivati £etiri moda; A1g, B1g i dva Eg moda. Na osnovu oblika Ramanovog

tenzora mogu¢e je jednozna£no odrediti u kojim geometrijama rasejanja ¢e odre�eni mod biti
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Tabela 4.1: Za prostornu grupu simetrije FeS, P4/nmm (D7
4h), date su pozicione simetrije

atoma, ireducibilne reprezentacije Raman aktivnih modova i odgovaraju¢i Ramanov tenzor.

FeS Prostorna grupa P4/nmm (D7
4h)

Fe (2a) B1g + Eg

S (2c) A1g + Eg

Ramanovi tenzori

A1g =

A 0 0
0 A 0
0 0 B

 B1g =

C 0 0
0 −C 0
0 0 0

 1Eg =

0 0 0
0 0 E
0 E 0

 2Eg =

 0 0 −E
0 0 0
−E 0 0



opservabilan.

U zavisnosti od orijentacije uzorka i odnosa vektora polarizacije upadne i rasejane svetlosti

mogu¢e je uo£iti ekscitacije koje se javljaju u svim kanalima rasejanja D4h prostorne grupe,

A1g, A2g, B1g i B2g. Ako su fotoni polarizovani duº b - ose usmereni na uzorak pod dovoljno

velikim uglom, projekcija na c - osu ¢e biti kona£na. Ovo zna£i da je u ovakvoj polarizacionoj

kon�guraciji mogu¢e detektovati ekscitacije Eg simetrije.

�etiri glavne geometrije rasejanja u kojima su izvr²ena merenja FeS monokristala prikazane

su na umetku Slike 4.2. Sa a, b (|a| = |b|) i c ozna£ene glavne kristalografske ose tetragonalnog
FeS, pri £emu je c - osa paralelna opti£koj osi. Rotacijom uzorka oko c - ose za ugao od 45◦, ose

a i b preslikavaju se u a′ i b′. Ugao pod kojim je upadni snop svetlosti usmeravan na bc ravan u

ovom eksperimentu je 66◦ (Poglavlje 2.4, Slika 2.9 (a)). Na osnovu oblika Ramanovog tenzora

utvr�eno je da se A1g mod se moºe uo£iti samo u paralelnim polarizacionim kon�guracijama

dok B1g mod nije opservabilan u ba kon�guraciji. Kao ²to je ve¢ re£eno, da bi se uo£ili modovi

Eg simetrije potrebna je kona£na projekcija fotona polarizovanih duº b - ose na c - osu.
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Slika 4.2: Ramanov spektar FeS na T = 80K u £etiri polarizacione kon�guracije. Umetak: FeS
kristalna struktura i pravci polarizacije u odnosu na orijentaciju kristala.

Na Slici 4.2 prikazani su Ramanovi spektri na 80K mereni u £etiri glavne linearne polariza-
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Tabela 4.2: Raman aktivni modovi u tetragonalnom FeS. Prikazane su simetrije, izra£unate
vrednosti energije na T = 0K, i atomi koji doprinose svakoj od vibracija. Eksperimentalne
vrednosti energija u tre¢oj koloni dobijene su ekstrapolacijom do T = 0K na osnovu eksperi-
mentalnih vrednosti izme�u 20K i 50K.

Simetrija
Energija fonona (cm−1)

Tip atoma
Teorija Eksperiment

A1g 316.1 305.3 S
B1g 220.4 215.8 Fe
Eg 231.6 Fe, S
Eg 324.8 Fe, S

cione kon�guracije. Uo£ena su tri pika na energijama 215, 265 i 305 cm−1. Pik uo£en na najniºoj

energiji (215 cm−1) prisutan je u spektrima aa, bb i a′b′ ali i²£ezava u spektrima ab polarizacione

kon�guracije. Na osnovu simetrijske analize i selekcionih pravila zaklju£eno je da je njegova

simetrija B1g. Ovaj mod opisuje vibracije atoma gvoº�a duº c - ose. Mod najve¢eg intenziteta

javlja se na energiji od oko 305 cm−1. Iako na ovoj energiji postoje doprinosi u ba i a′b′ kon�gu-

racijama rasejanja, njegov dominantan doprinos prisutan je u A1g kanalu rasejanja. Doprinos

ovog moda u ba i a′b′ kon�guracijama moºe biti posledica curenja ili defektom-indukovanog rase-

janja. Dodatno, A1g mod pokazuje asimetriju ramanske linije ka niºim energijama. Asimetrija

ramanske linije obi£no se javlja kao posledica interakcije fonona i elektronskih stepeni slobode.

U tom slu£aju pik se modeluje Fano oblikom spektralne linije (Poglavlje 2.2). Na Slici 4.3

prikazan je rezultat modelovanja ovog pika konvolucijom linija Gausovog i Fano pro�la. Zbog

odstupanja od eksperimentalnih ta£aka upravo na asimetri£noj strani, pik je modelovan dvema

simetri£nim spektralnim linijama. Ovaj metod dao je mnogo bolje slaganje sa eksperimental-

nim rezultatima. Zaklju£eno je da je na prvi pogled pik najve¢eg intenziteta u stvari sastavljen

od dva moda; jednog A1g simetrije koji odgovara vibracijama atoma sumpora duº c ose i drugog

ozna£enog sa P2. Dodatni pik P2 javlja se u spektrima paralelne polarizacije, nestaje u ab,

ali njegov doprinos postoji u a′b′ kon�guraciji. Ovo sugeri²e da je P2 pik niºe simetrije koji

se javlja u A1g i B1g kanalima rasejanja. Pik ozna£en sa P1 na energiji od 265 cm−1 uo£en je

isklju£ivo u spektrima paralelne polarizacione kon�guracije, na osnovu £ega je zaklju£eno da je

ova ekscitacija A1g simetrije.

Imaju¢i u vidu da se u eksperimentalnim rezultatima pored simetrijom predvi�enih mo-

dova nalaze dva dodatna pika, s ciljem veri�kacije eksperimentalnih rezultata, izvr²eni su DFT

prora£uni tetragonalnog FeS. Dobijene vrednosti energija sumirane su zajedno sa eksperimen-

talnim u Tabeli 4.2. Pore�enjem ovih vrednosti dobija se odstupanje manje od 4%, odnosno

modovi A1g i B1g su korektno ozna£eni.
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Slika 4.3: Dekompozicija asimetri£nog pika na energiji 305 cm−1. Crnom bojom ozna£eni su
eksperimentalni rezultati , narandºastom suma dve linije Voitovog pro�la (zelena i plava linija).
Crvenom linijom ozna£ena je konvolucija Gausijana i Fano pro�la. Ova linija odstupa od
ekseprimentalnih vrednosti na asimetri£noj strani pika.

4.2.1 Temperaturska zavisnost

Nakon adekvatne simetrijske analize i ozna£avanja modova kvantitativno su analizirane de-

tektovane ekscitacije. S obzirom na to da je oblik ramanske linije svih modova simetri£an i

ΓL � ω(T ), gde je ΓL Lorencova polu²irina i ω(T ) energija moda, odgovara im Lorencov pro�l

spektralne linije. Me�utim, u obzir treba uzeti i instrumentalno ²irenje koje se opisuje Gauso-

vim pro�lom (Poglavlje 2.2). Za polu²irinu Gausijana (ΓG) i spektralnu rezoluciju (σ) vaºi

ΓG ≡ σ. S tim u vezi, da bi se izvr²ila analiza uo£enih modova potrebno je koristiti Voitov

pro�l linije odnosno, konvoluciju Gausijana i Lorencovog pro�la.
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Slika 4.4: Ramanov spektar FeS u bb polariacionoj kon�guraciji koja projektuje A1g, B1g i Eg
simetriju. Prikazani spektri mereni su na temperaturama 8, 40 i 300K. Umetak: polarizacija
svetlosti u odnosu na orijentaciju kristala.
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Tabela 4.3: Simetrija, Grunajzenov parametar γ, i parametar fonon-fonon interakcije λph−ph

sva £etiri moda.

Mod Simetrija γ λph−ph

S A1g 2.2 1.68
Fe B1g 3.4 0.31
P1 A1g 2.4 0.25
P2 A1g +B1g 2.2 0.31

Temperaturska merenja izvr²ena su u opsegu temperatura izme�u 300 i 4K. Na Slici 4.4

prikazani su Ramanovi spektri u bb polarizacionoj kon�guraciji na temperaturama 300, 40 i

8K. Jasno se moºe se uo£iti da pri sniºavanju temperature energije svih modova monotono

rastu a polu²irine opadaju. Na Slici 4.6 prikazana je temperaturska zavisnost energija i polu²i-

rina u merenom temperaturskom opsegu. Na temperaturama ispod 20K prisutan je blagi skok

u energiji svih modova. Dodatno, skokovite promene u fononskim energijama prisutne su i

na oko 50K. Zanemaruju¢i ta£ke u kojima se javljaju devijacije u energijama i polu²irinama

analizirano je pona²anje ovih fononskih osobina u terminima zapreminskog i anharmonijskog

doprinosa (Poglavlje 2.1.3) u temperaturskom opsegu 20 ≤ T < 50K. Temperaturska zavis-

nost Lorencove polu²irine, ΓL, data je izrazom (2.28). Na osnovu ovog izraza dobijene su

vrednosti parametra fonon-fonon interakcije, λph−ph, koji u njemu �guri²e. Za svaki mod vre-

dnosti λph−ph su prikazane u poslednjoj koloni Tabele 4.3. Interesantno je da je vrednost ovog

parametra A1g moda skoro ²est puta ve¢a u odnosu na ostale analizirane modove. Uz modi�ka-

ciju zapreminskog dela (2.27a) u jedna£ini (2.26) izraz za energiju datog moda moºe se zapisati

kao

ω(T ) = ω0

[
1− γV (T )− V0

V0

−
(

ΓL,0√
2ω0

)2
(

1 +
4λphph

exp( ~ω0

kBT
)− 1

)]
, (4.1)

gde su V (T ) i V0 zapremina elementarne ¢elije na temperaturi T i T → 0. Na Slici 4.5

prikazane su vrednosti parametara re²etke i zapremine elementarne ¢elije tetragonalnog FeS u

zavisnosti od temperature koje su kori²¢ene u ovoj analizi [19]. Koriste¢i izvedene vrednosti

parametra fonon-fonon interakcije iz izraza (2.28), jedini preostali slobodni parametar u izrazu

(4.1) je Grunajezenov parametar, γ. Vrednosti ovog parametra prikazane su u pretposlednjoj

koloni Tabele 4.3. Iz ovih rezultata se moºe videti da parametar γ za A1g, P1 i P2 uzima

svoju standardnu vrednost ∼ 2, za razliku od njegove vrednosti za B1g mod (γ(B1g) = 3.4).

Krive temperaturske zavisnosti energija ω i polu²irina ΓL, prikazane su na Slici 4.6 punom i

isprekidanom crvenom linijom.

Vratimo se sada devijacijama u fononskim energijama na temperaturama ispod 20K i oko

50K. Na temperaturi T ≈ 50K energije svih modova odstupaju od ina£e monotone temper-

aturske zavisnosti. Ovo pona²anje je izraºenije kod A1g moda i P2, u odnosu na B1g mod i

P1. Za razliku od energija, nije uo£eno nemonotnono pona²anje fononskih polu²irina. Na ovoj
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Slika 4.5: Temperaturska zavisnost parametara re²etke i zapremine elementarne ¢elije (umetak)
FeS [19].

temperaturi ne dolazi do skokovitih promena parametara re²etke (Slika 4.5) [19], kao ni do

faznih prelaza, pa uzrok ovakvog pona²anja za sada ostaje nerazja²njen.

Pri sniºavanju temperature izme�u 20 i 4K javlja se skokovita promena u energiji sva £etiri

moda (Slika 4.6). Dok promene u polu²irini nisu najuo£ljivije kod modova P1 i P2, polu²irina

A1g moda opada, dok polu²irina B1g moda raste. Skokovite promene u fononskim energijama

i polu²irinama tipi£no su indikator faznih prelaza. Me�utim, na ovim temperaturama za sada

nije potvr�eno prisustvo faznog prelaza. S druge strane, devijacije ispod 20K mogu se dovesti

u vezu sa rezultatima dve µSR studije [63, 85] u kojima je uo£eno kratkodometno magnetno

ure�enje. Dodatno, zapremina elementarne ¢elije smanjuje se ne²to zna£ajnije izme�u 20 i

10K u odnosu na zapreminu na vi²im temperaturama (Slika 4.5 [19]). Redukovanje zapremine

elementarne ¢elije moglo bi uticati na skokovite promene fononskih energija.

Kada je u pitanju dugodometno magnetno ure�enje u FeS, rezultati neutronske difrakcije

ukazuju da se ono javlja na temperaturi TN = 116K [86]. Imaju¢i ovo na umu, ispitivana

je detaljna temperaturska zavisnost A1g i B1g modova izme�u 100 i 300 K sa korakom 10K.

U Ramanovim spektrima nije uo£eno nikakvo odstupanje od monotnonog trenda fononskih

energija i polu²irina na temperaturama oko 120K (Slika 4.7). U XRD rezultatima [19] je na

oko 100K (Slika 4.5) prime¢ena mala skokovita promena u c parametru re²etke koja bi se mogla

dovesti u vezu sa rezultatima neutronske difrakcije, ali koja nema zna£ajnog uticaja na fononske

ekscitacije.

4.2.2 Analiza modova P1 i P2

Neo£ekivani eksperimentalni rezultati u kojima su jasno uo£eni dodatni pikovi zahtevali su

detaljniju analizu. Trebalo je utvrditi da li moºda P1 i P2 odgovaraju o£ekivanim Eg modovima;

da li su ove ekscitacije fononskog porekla; i koji je njihov uzrok.

Ekscitacije ozna£ene sa P1 i P2 uo£ene su u spektrima aa polarizacije u kojima elektri£no
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Slika 4.6: Temperaturska zavisnost energija i polu²irina sva £etiri moda. Kvadratima su oz-
na£ene energije ω, krugovima polu²irine ΓL. Crvenom isprekidanom i punom linijom ozna£ena
je temperaturska zavisnost polu²irina i energija na osnovu (2.28) i (4.1).

polje nema projekciju na c-osu. Kako se modovi Eg simetrije mogu javiti samo u ca i cb polari-

zacionim kon�guracijama (Tabela 4.1), zaklju£eno je da P1 i P2 ne odgovaraju Eg modovima.

Dodatno, teorijske vrednosti energija Eg modova (Tabela 4.2) zna£ajno odstupaju od eksperi-

mentalnih vrednosti energija pikova P1 i P2, ²to se ne moºe re¢i za A1g i B1g mod. Ovime je

eliminisana mogu¢a veza izme�u P1 i P2, i fonona Eg simetrije.

Prilikom analize temperaturske zavisnosti energije i polu²irine P1 i P2 dobijene su njima

odgovaraju¢e vrednosti Grunajzenovog parametra i parametra fonon-fonon interakcije. Gru-

najzenov parametar uzima svoju standardnu vrednost γ ∼ 2 [87]; parametar fonon-fonon

interakcije λph−ph ∼ 0.3 - uporedivu sa vredno²¢u ovog parametra za B1g mod. Dodatno,

(ΓL,0/
√

2ω0)2 = O(10−3) pa je dorinos fonon-fonon interakcije temperaturskoj zavisnosti ω(T )

zanemarljiv. Na osnovu ovih razmatranja izveden je zaklju£ak da su fononske energije su²tinski

odre�ene kontrakcijama re²etke i da su ekscitacije P1 i P2 fononske prirode.

De�nisanjem prirode ekscitacija P1 i P2 pojavila se potreba za odre�ivanjem mehanizma koji

stoji iza njihove pojave. Upotrebom DFT i DFPT metoda izra£unate su fononske disperzione
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Slika 4.7: Temperaturska zavisnost A1g i B1g modova u opsegu temperatura od 80K do 300K.
Crnom bojom ozna£ene su fononske energije; plavom bojom polu²irine.

k - mreža

PDOS
-1(stanja/cm  j. ć. )

Slika 4.8: (a) Briluenova zona tetragonalnog FeS sistema. (b) Fononske disperzije duº
obeleºenih pravaca i fononska gustina stanja (PDOS). Sivom bojom ozna£en je procep u fonon-
skim disperzionim relacijama i PDOS-u.

relacije i fononska gustina stanja (PDOS) (Slika 4.8). Nezavisno od toga da li su u prora£unima

kori²¢eni optimizovani ili eksperimentalni parametri, pik P1 se nalazi u procepu fononske gustine
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stanja. Ovo zna£i da P1 ne moºe biti rezultat defektom indukovanog rasejanja prvog reda. Na

osnovu zakona odrºanja kristalnog impulsa (q ≈ 0) pik P1, odnosno njegova energija ωP1 =

265cm−1 i talasni vektor moraju odgovarati zbiru fononskih energija ωP1′(k) + ωP1′′(−k) i

talasnih vektora ±k.
Generalno, do rasejanja drugog reda moºe do¢i usled prisustva defekata [88]. U tom slu£aju

rasejanje prvog reda proporcionalno je fononskoj gustini stanja. Direktnim pore�enjem eksper-

imentalnih rezultata (Slika 4.2) i fononske gustine stanja (Slika 4.8 (b)), moºe se utvrditi da

P1 nije rezultat defektom indukovanog rasejanja drugog reda. S duge strane, do rasejanja dru-

gog reda moºe do¢i i usled poja£ane elektron-fonon interakcije [89]. Iako se u op²tem slu£aju

dvofononske ekscitacije mogu videti u svim kanalima rasejanja [90], £injenica da je P1 uo£en u

A1g kanalu ukazuje da se moºe povezati sa fononima van Γ ta£ke £iji talasni vektori odgovaraju

pravcima visoke simetrije odnosno njihove neposredne okoline.

Selekciona pravila za procese rasejanja drugog reda za prostornu grupu P4/nmm odre�ena

su metodom modi�kovanih grupnih projektora (Dodatak A.1). Ova selekciona pravila prikazana

su u Tabeli 4.4. Piku P1 odgovaraju A1g selekciona pravila pa se iz razmatranja mogu isklju£iti

sve nesimetri£ne kombinacije (desna kolona u Tabeli 4.4). U levoj koloni Tabele 4.4 prikazane

su sve simetri£ne kombinacije. Me�u njima je potrebno na¢i one sa isklju£ivo A1g selekcionim

pravilima. Zatim treba odrediti ta£ke i pravce visoke simetrije Briluenove zone za koje oko

energije ωP1/2 postoji nenulta fononska gustina stanja.

Postoji samo nekoliko ta£aka, odnosno pravaca visoke simetrije sa isklju£ivo A1g selekcionim

pravilima. Doprinos stanja iz ta£aka visoke simetrije Γ, M i/ili A dolazi sa veoma malom

verovatno¢om. Favorizovani su pravci visoke simetrije S = A − Z, Σ = Γ −M i V = A −M
sa ravnim fononskim disperzijama. Disperzije duº pravaca S i Σ daju mali doprinos fononskoj

gustini stanja. Duº pravca V dvostruko degenerisana grana sa ravnom disperzijom zna£ajno

doprinosi gustini stanja, ali se njena energija (150 cm−1) za oko 13% razlikuje od o£ekivane

vrednosti (132.5 cm−1). Me�utim, u neposrednoj okolini pravca V na energijama izme�u 130 i

140 cm−1, duº pravca M ′ − A′, nalazi se najve¢a fononska gustina stanja (Slika 4.8).

Ekvivalentno piku P1, P2 se ne moºe dovesti u vezu sa Eg modovima, ali se za razliku

od njega ne nalazi u procepu fononske gustine stanja. Stoga P2 moºe biti posledica defektom

indukovanog rasejanja prvog reda ili, sli£no P1 rasejanja drugog reda. Ukoliko govorimo o pro-

cesu rasejanja drugog reda, analognim razmatranjem mogu¢e je odrediti pravce visoke simetrije

kojima odgovaraju A1g i B1g, isklju£uju¢i Eg selekciona pravila. U ovom slu£aju doprios moºe

do¢i iz pravaca ∆ = Γ−X i U = Z − R. Duº ovih pravaca je prisutna mala fononska gustina

stanja, pa se mogu¢nost defektom indukovanog rasejanja prvog reda ne moºe u potpunosti

isklju£iti. Maksimum fononske gustine stanja se prema teorijskim prora£unima nalazi na oko

300 cm−1. Ova vrednost odgovara eksperimentalno odre�enoj energiji pika P2. Dodatno, velika

gustina stanja u opsegu energija od 300 - 325 cm−1 mogla bi biti uzrok doprinosa A1g moda u

spektrima ukr²tene polarizacije.

Analizom temperaturske zavisnosti energija i polu²irina (Poglavlje 4.2.1) dobijena je skoro
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Tabela 4.4: Selekciona pravila za dvofononske procese u FeS sistemu opisanom prostornom
grupom P4/nmm. Za proizvode ireducibilnih reprezentacija (IR) u levoj koloni, dekompozicija
na Raman aktivne modove (RM) nalazi se u desnoj. Raman aktivni modovi FeS sistema su
Γ+

1 (A1g), Γ+
2 (B1g) i dva dvostruko degenerisana Γ+

5 (Eg) moda. Γ+
1 poti£e od vibracija S

atoma, Γ+
2 od Fe, dok oba tipa atoma doprinose svakom paru Γ+

5 modova. Za kompleksne
reprezentacije (V1,2,3,4 i sve W ) dvostruki indeks ozna£ava kori²¢enje realne reprezentacije, na
primer: V13 = V1 ⊕ V ∗1 = V1 ⊕ V3. Kori²¢ene su ireducibilne reprezentacije iz Ref. [91]

Overtonovi Kombinacije

IR RM IR RM

[(Γ±i )2], (i = 1, 2, 3, 4) A1g Γh1 ⊗ Γh2 , Γh3 ⊗ Γh4 , (h = ±) B1g

[(Γ±5 )2] A1g,B1g Γhi ⊗ Γh5 , (i = 1, 2, 3, 4, h = ±) Eg

[(Xi)
2], (i = 1, 2) A1g,B1g,Eg X1 ⊗X2 Eg

[(Mi)
2], (i = 1, 2, 3, 4) A1g M1 ⊗M2, M3 ⊗M4 B1g

[(Σi)
2], (i = 1, 2, 3, 4) A1g M1 ⊗M3, M1 ⊗M4, M2 ⊗M3, M2 ⊗M4 Eg

[(∆i)
2], (i = 1, 2, 3, 4) A1g,B1g Σ1 ⊗ Σ2, Σ3 ⊗ Σ4 B1g

[(V13)2], [(V24)2], [(V5)2] A1g Σ1 ⊗ Σ3, Σ1 ⊗ Σ4, Σ2 ⊗ Σ3, Σ2 ⊗ Σ4 Eg

[(W13)2], [(W24)2], A1g,B1g, Eg ∆1 ⊗∆2, ∆1 ⊗∆3, ∆2 ⊗∆4,∆3 ⊗∆4 Eg

[(Y1)2] A1g,B1g,Eg V13 ⊗ V24 B1g

[(Z±i )2], (i = 1, 2, 3, 4) A1g V13 ⊗ V5, V24 ⊗ V5 Eg

[(Z±5 )2] A1g,B1g W13 ⊗W24 Eg

[(Ai)
2], (i = 1, 2, 3, 4) A1g Zh1 ⊗ Zh2 , Zh3 ⊗ Zh4 , (h = ±) B1g

[(Ri)
2], (i = 1, 2) A1g,B1g,Eg Zhi ⊗ Zh5 , (i = 1, 2, 3, 4, h = ±) Eg

[(Si)
2], (i = 1, 2, 3, 4) A1g A1 ⊗A2, A3 ⊗A4 B1g

[(Ui)
2], (i = 1, 2, 3, 4) A1g,B1g A1 ⊗A3, A1 ⊗A4, A2 ⊗A3, A2 ⊗A4 Eg

[(Λi)
2], (i = 1, 2, 3, 4) A1g R1 ⊗R2 Eg

[(Λ5)2] A1g,B1g S1 ⊗ S2,S3 ⊗ S4 B1g

[(T1)2] A1g,B1g,Eg S1 ⊗ S3, S1 ⊗ S4, S2 ⊗ S3, S2 ⊗ S4 Eg

U1 ⊗ U2, U1 ⊗ U3, U2 ⊗ U4, U3 ⊗ U4 Eg

Λ1 ⊗ Λ2, Λ3 ⊗ Λ4 B1g

Λi ⊗ Λ5, (i = 1, 2, 3, 4) Eg

²est puta ve¢a vrednost parametra fonon-fonon interakcije A1g moda u odnosu na ostale uo£ene

i analizirane modove (Tabela 4.3). Vrednosti energija ukazuju na raspad A1g fonona na fonone

£ije su energije bliske onima koji u£estvuju u procesu rasejanja drugog reda koji rezultuje

pikom P1. U ovim procesima fonon-fonon interakcija je od su²tinskog zna£aja. Fonon-fonon

interakcija meri se parametrom λph−ph i njegova vrednost za A1g mod je jako velika (∼ 1.7). Do

fonon-fonon interakcije dolazi u svim materijalima i javlja se kao posledica anharmoni£nosti.
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U prisustvu defekata ovaj efekat je poja£an [88]. Uzimaju¢i u obzir £injenicu da je FeS metal,

fonon-fonon interakcija se mora barem delimi£no odvijati posredstvom elektronskih stanja.

Parametar λph−ph proporcionalan je kvadratu parametra elektron-fonon interakcije (λ2
el−ph), pa

velika vrednost λA1g

ph−ph tako�e moºe biti indikator poja£ane elektron-fonon interakcije u ovom

materijalu.

4.3 Uticaj supstitucije na dinamiku re²etke FeSe1−xSx (0 ≤ x ≤ 1)

Dosada²nja istraºivanja superprovodnika FeSe i FeS ukazuju na razli£ite faze i interakcije koje

uti£u na formiranje superprovodnog stanja. Naru²enje kristalne simetrije, nemati£na faza i

frustrirano magnetno ure�enje u FeSe prisutni su iznad Tc. Ovi efekti nisu uo£eni u izostruk-

turnom i izoelektronskom FeS, u kom do formiranja superprovodnog stanja dolazi iz tetrago-

nalne kristalne faze. O£igledno, mehanizmi koji uti£u na supeprovodnost su u ovim materijalima

razli£iti. Zbog toga je vaºno ispitati na koji na£in evoluiraju odre�ene osobine izme�u FeS i

FeSe.

U ovom poglavlju predstavljeni su eksperimentalni rezultati neelasti£nog rasejanja svetlosti

na seriji uzoraka FeSe1−xSx (0 ≤ x ≤ 1). Ovi rezultati deo su trenutno aktuelnog istraºivanja,

pa iako preliminarni, prikazani rezultati daju uvid u evoluciju vibracione strukture.
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Slika 4.9: Ramanovi spektri FeSe1−xSx (0 ≤ x ≤ 0.93) na T = 100K u a′a′ i a′b′ polarizacionoj
kon�guraciji. Zvezdicom je ozn£ena evolucija A1g moda sa x. Umetak: pravci polarizacije u
odnosu na orijentaciju kristala.
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Na Slici 4.9 prikazani su Ramanovi spektri FeSe1−xSx, (0 ≤ x ≤ 0.93) u a′a′ i a′b′ polari-

zacionim kon�guracijama. Generalno, u translaciono invarijantnim sistemima u a′a′ i a′b′ kon-

�guracijama mogu¢e je detektovati isklju£ivo ekscitacije A1g, odnosno B1g simetrije. Uzev²i u

obzir koncentraciju defekata merenih uzoraka naru²enje selekcionih pravila i projekcija fononske

gustine stanja potpuno su o£ekivani u ramanskim spektrima. Me�utim, pored simetrijom pred-

vi�enih modova u spektrima dopiranih uzoraka u A1g kanalu rasejanja uo£eni su dodatni mo-

dovi. U Poglavlju 4.2.2 je bilo re£i o posledicama defektom indukovanog rasejanja prvog reda i

rasejanja drugog reda. Kada bi dodatni modovi bili posledica defektom indukovanog rasejanja

prvog reda, do²lo bi do naru²enja selekcionih pravila i ovi modovi bi bili prisutni u svim kana-

lima rasejanja, uklju£uju¢i i B1g. Pore�enjem spektara na Slici 4.9 to de�nitivno nije slu£aj. U

a′b′ polarizacionoj kon�guraciji prisutan je samo mod B1g simetrije.

Evolucija ramanskih spektara u A1g kanalu rasejanja u zavisnosti od koncentracije atoma

sumpora u uzorku (x) pokazuje da se prvi dodatni mod javlja ve¢ pri malim koncentracijama

(x = 0.05). U £istom FeSe uzorku nisu uo£eni dodatni modovi. Ovaj rezultat konzistentan je

sa rezultatima Ramanovog rasejanja na FeSe1−xSx, (0 ≤ x ≤ 0.2), u kojima je dodatni mod A1g

simetrije uo£en pri koncentraciji atoma sumpora x = 0.04 [92]. Na Slici 4.9 se moºe videti da

kako koncentracija atoma sumpora raste, intenzitet simetrijom predvi�enog A1g moda opada

dostiºu¢i svoj minimum za x = 0.23. Suprotno, intenzitet dodatnog moda raste sa porastom x.
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Slika 4.10: Zavisnost energije i polu²irine ((a) i (b)) A1g i ((c) i (d)) B1g modova od koncentracije
atoma sumpora u FeSe1−xSx (0 ≤ x ≤ 1).

Dodatni pik u A1g kanalu rasejanja u prisustvu atoma sumpora sugeri²e sli£an scenario

kao u FeS. Prethodno je utvr�eno da ovaj mod ne moºe poticati od defektom indukovanog

rasejanja prvog reda. Analogno FeS, na osnovu selekcionih pravila i promene u elektronskoj

strukturi u prisustvu atoma sumpora u dopiranim uzorcima dolazi do poja£ane elektron-fonon
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interakcije. Kao posledica poja£ane elektron-fonon interakcije javljaju se dvofononski procesi

koji rezultuju pojavom dodatnih pikova u A1g kanalu rasejanja. Dodatno, pri koncentraciji

x ≈ 0.2 (NCP) odnos intetnziteta A1g i dodatnog moda se drasti£no menja u odnosu na

FeSe0.95S0.05 i FeSe0.07S0.93 (odnosno FeS). U okolini ove ta£ke nemati£na faza i²£ezava (Slika

3.3, Poglavlje 3.1.2) i najverovatnije elektron-fonon interakcija postaje dominantna.

Zavisnost energije i polu²irine A1g i B1g modova od koncentracije atoma sumpora u

FeSe1−xSx prikazana je na Slici 4.10. Uzev²i u obziru simetri£nost ekscitacija, prikazani rezul-

tati dobijeni su kori²¢enjem Voitovog pro�la spektralne linije. Energija A1g moda (Slika 4.10

(a)) do NCP ta£ke monotono opada, da bi pri ve¢im koncentracijama (x ≥ 0.69) nastavila

monotoni rast. Polu²irina ovog moda (Slika 4.10 (b)) pona²a se u skladu sa koncentracijom

defekata u uzorku. U krajnjim ta£kama (ili u njihovoj blizini) polu²irina fononske linije manja

je u odnosu na ostatak serije, zbog manje koncentracije defekata. S druge strane energija B1g

moda monotono raste (Slika 4.10 (c)) duº £itave FeSe1−xSx (0 ≤ x ≤ 1) serije. Polu²irina (Slika

4.10 (d)) raste sa pove¢anjem koncentracije defekata, analogno A1g modu.
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Slika 4.11: Kriti£na temperatura (Tc) [22] i invertovane normirane polu²irine A1g i B1g fononskih
modova u FeSe1−xSx (0 ≤ x ≤ 1). Punim slimbolima predstavljene su polu²irine modova
dobijene na Institutu za �ziku u Beogradu, a otvorenim simbolima polu²irine dobijene na
Valter Majsner Institutu u Minhenu.

Nemati£ne �uktuacije u FeSe javljaju se u B1g kanalu rasejanja [14, 93] pa bi se njihov uticaj

na B1g mod mogao o£ekivati. Na Slici 4.11 prikazane su polu²irine Raman aktivnih modova A1g

i B1g simetrije u zavisnosti od x. Polu²irine normirane su na odgovaraju¢e polu²irine modova

FeSe uzorka (x = 0) ([FWHM(x)]−1/[FWHM(0)]−1). Na gra�ku je ujedno prikazana i kriti£na

temperatura ispitivanih uzoraka [22]. Moºe se uo£iti da invertovana normirana polu²irina B1g

moda prati trend kriti£ne temperature za razliku od moda A1g simetrije. Ovo bi zna£ilo da se

prisustvo nemati£nih �uktuacija re�ektuje na vibracioni spektar ovih materijala kroz B1g mod.
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Glava 5 Ramanova spektroskopija kvazi-2D materijala

5.1 Ramanova spektroskopija Cr(Si:Ge)Te3

5.1.1 Eksperimentalni detalji i teorija

Monokristali Cr(Si:Ge)Te3 ispitivani u ovoj disertaciji sintetisani su metodom rasta iz �uksa

[94, 95]. Za eksperimente Ramanovog rasejanja kori²¢ena je eksperimentalna postavka rasejanja

unazad koja se nalazi u Centru za �ziku £vrstog stanja i nove materijale, Instituta za �ziku

u Beogradu. Ova eksperimentalna postavka je detaljno opisana u Poglavlju 2.3 i prikazana

na Slici 2.7. S ciljem postizanja visoke spektralne rezolucije, u trostepenom TriVista 557 sis-

temu pode²ena je kombinacija re²etki 1800/2400/2400 zareza/mm. Kako bi se obezbedila £ista

povr²ina na uzorku, neposredno pre stavjanja u visok vakuum (10−6 mbar) uzorci su cepani.

Pravac upadne, odnosno rasejane svetlosti u ovoj eksperimentalnoj kon�guraciji poklapa se sa

pravcem kristalografske c - ose.

Energije fonona u Γ ta£ki dobijene su kori²¢enjem teorije gustine funkcionala u okviru

QUANTUM ESPRESSO paketa [80], uz PBE izmensko-korelacioni funkcional i PAW pseudo-

potencijale. Energije talasne funkcije i gustina naelektrisanja ograni£ene su na 85, odnosno

425Ry. Briluenova zona uzorkovana je 8 × 8 × 8 Monkhorst-Pack mreºom. Parametri re²etke

i poloºaji atoma optimizovani su do minimizacije me�uatomskih sila od 10−6 Ry/Å. Da bi se

dobile ²to preciznije vrednosti parametara uklju£ena je van der Valsova interakcija kori²¢enjem

Grimme-D2 popravke. Fononske energije u Γ ta£ki izra£unate su metodom linearnog odziva.

Magnetna svojstva merena su pomo¢u Quantum Design MPMS-XL5 sistema. SEM i EDS

merenja izvr²ena su na FEI Helios Nanolab 650 sistemu.

5.1.2 Dinamika re²etke CrXTe3 (X = Si, Ge)

Monokristali CrXTe3 (X = Si, Ge) kristali²u u romboedarsku kristalnu strukturu opisanu pros-

tornom grupom simetrije R3 (C2
3i) [96]. Kristalna struktura prikazana je na Slici 5.1. U Tabeli

5.1 su date teorijske i eksperimentalne vrednosti parametara re²etke (|a| = |b|, ](a, b) = 120◦),

kao i duºine veza me�u atomima, rastojanje izme�u slojeva (d) i van der Valsov procep (vdW

gap) za oba jedinjenja.

Poziciona simetrija atoma, ireducibilne reprezentacije i odgovaraju¢i Ramanovi tenzori

prikazani su u Tabeli 5.2. Broj molekulsih jedinica po elementarnoj ¢eliji u ovim jedinjenjima
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Slika 5.1: Kristalna re²etka CrXTe3 (X = Si, Ge) sistema. Sivom linijom predstavljena je
jedini£na ¢elija CrXTe3 (X = Si, Ge) kristalne strukture.

Tabela 5.1: Teorijske i eksperimentalne vrednosti parametara re²etke CrXTe3 (X = Si, Ge)
(|a| = |b|), duºina veze, rastojanje izme�u slojeva (d) i van der Valsov procep (vdW gap). Sve
vrednosti date su u Å.

X = Si X = Ge

Teorija Eksperiment [97] Teorija Eksperiment [97]

a 6.87 6.76 6.91 6.83

c 19.81 20.67 21.82 20.56

X−X 2.27 2.27 2.40 2.43

X− Te 2.52 2.51 2.61 2.55

Cr− Te 2.77 2.78 2.79 2.77

d 6.86 6.91 7.27 6.85

vdW gap 3.42 3.42 3.81 3.35

je Z = 2 pa se na osnovu faktor-grupa analize dobija raspodela fononskih modova za sistem

opisan prostornom grupom simetrije R3:

ΓRaman = 5Ag + 5Eg,

ΓIR = 4Au + 4Eu,

ΓAcoustic = Au + Eu.

(5.1)

Imaju¢i u vidu da je ravan cepanja ab (001) kristalografska ravan, na osnovu selekcionih

pravila, odnosno oblika Ramanovih tenzora (Tabela 5.2), u ovoj eksperimentalnoj kon�guraciji

mogu¢e je uo£iti svih deset Raman aktivnih modova. Nezavisno od orijentacije kristala, modovi

Ag simetrije mogu se javiti samo u spektrima paralelne polarizacione kon�guracije, dok se

dvostruko degenerisani Eg modovi mogu uo£iti i u spektrima paralelne i u spektrima ukr²tene
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Tabela 5.2: Atom i poziciona simetrija atoma, ireducibilne reprezentacije i odgovaraju¢i Ra-
manov tenzor za prostornu grupu R3.

Prostorna grupa R3 (C2
3i)

Atomi (Poziciona simetrija) Ireducibilne reprezentacije

Cr, X (6c) Ag + Eg+Au + Eu

Te (18f) 3Ag + 3Eg+3Au + 3Eu

Ramanovi tenzori

Ag =

A 0 0
0 B 0
0 0 C

 1Eg =

C D E
D −C F
E F 0

 2Eg =

 D −C −F
−C −D E
−F E 0



polarizacione kon�guracije.

Ramanovi spektri CrSiTe3 u paralelnoj i ukr²tenoj polarizacionoj kon�guraciji prikazani su

na Slici 5.2. U spektrima su uo£ena £etiri pika na energijama 88.9, 118.2, 147.4 i 217.2 cm−1. U

spektru merenom u ukr²tenoj polarizacionoj kon�guraciji (Slika 5.2 (b)) nije uo£en jedino pik

na energiji 147.4 cm−1. Na osnovu selekcionih pravila zaklju£eno je da je ovaj pik Ag simetrije.

Ostali uo£eni modovi javljaju se u obe polarizacione kon�guracije, te s toga ispunjavaju Eg

selekciona pravila.

5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

1 0 0 2 0 0 3 0 0
E 1g

 T e O 2
T  =  3 0 0  K

( b )

E 4g
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T  =  1 0 0  K

A 3g

e i  | |  e s
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e i  ⊥  e s

Rχ
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e i  | |  e s
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. j.
) C r G e T e 3
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Slika 5.2: Ramanov spektar CrSiTe3 kristala na T = 100K u (a) paralelnoj i (b) ukr²tenoj
polarizacionoj kon�guraciji. Spektar TeO2 na T = 300K prikazan je sivom linijom. Umetak:
Ramanov spektar CrGeTe3 u paralelnoj polarizacionoj kon�guraciji na temperaturi T = 100K.

S obzirom na to da su atomi telura skloni gra�enju oksidnih jedinjenja sa kiseonikom iz
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vazduha, da bi se sa sigurno²¢u utvrdilo da uo£eni modovi ne poti£u od vibracija TeO2 [25, 98],

njegov spektar tako�e je prikazan na Slici 5.2. Na osnovu ovih rezultata moºe se zaklju£iti da

u spektrima CrSiTe3 nema doprinosa TeO2.

U Ramanovom spektru izostrukturnog jedinjenja CrGeTe3 u paralelnoj polarizacionoj kon-

�guraciji (umetak na Slici 5.2) uo£eno je pet modova, dva Ag simetrije na energijama 137.9 i

296.6 cm−1 i tri Eg moda na energijama 83.5, 112.2 i 217.5 cm−1. Ovi rezultati u saglasnosti

su sa prethodno objavljenom Ramanovom studijom na ovom materijalu [25, 99]. Razlika u

energijama uo£enih modova CrSiTe3 i CrGeTe3 jedinjenja javlja se kao posledica efekta mase i

razlike u parametrima re²etke.

Kako bi eksperimentalni rezultati bili potvr�eni izvr²eni su DFT pror£uni i dobijene su

energije fonona (T = 0). Ove vrednosti su zajedno sa eksperimentalnim objedinjene u Tabeli

5.3 i pokazuju veoma dobro slaganje. Dodatno, atomski pomeraji Ag i Eg vibracionih modova,

prikazani su na Slici 5.3.

Tabela 5.3: Simetrija fonona, izra£unate (T = 0K) i eksperimentalne (T = 100K) fononske
energije Raman aktivnih modova CrXTe3 (X = Si, Ge). Eksperimentalne vrednosti za Raman
aktivne fonone CrSi0.8Ge0.1Te3 prikazane su u poslednjoj koloni. Sve vrednosti date su u cm−1.

Raman aktivni modovi

Teorija Eksperiment

Simetrija X = Si X = Ge X = Si X = Ge CrSi0.8Ge0.1Te3

A1
g 88.2 84.2 - - 80.2

E1
g 93.5 82.0 88.9 83.5 84.5

E2
g 96.9 90.8 - - 88.3

E3
g 118.3 114.2 118.2 112.2 117.2

A2
g 122.0 105.9 - - 116.4

A3
g 148.0 134.8 147.4 137.9 146.7

A4
g 208.7 200.3 - - -

E4
g 219.5 209.6 217.2 217.5 215.0

E5
g 357.4 229.8 - - -

A5
g 508.9 290.7 - 296.6 -

5.1.2.1 Temperaturska zavisnost: spin-fonon interakcija

Nakon simetrijske analize i ozna£avanja modova, izvr²ena je temperaturska analiza fononskih

energija i polu²irina. Uzorci CrSiTe3 monokristala mereni su u temperaturskom opsegu od 300

do 100K. Detaljno su analizirani modovi najve¢eg intenziteta, E3
g i A

3
g. Na Slici 5.4 (a) prikazan

je Ramanov spektar u opsegu energija dvostruko degenerisanog E3
g moda (118.2 cm−1) meren

na razli£itim temperaturama. Na temperaturi T = 100K ramanska linija E3
g moda pokazuje

asimetriju ka niºim energijama. Prisustvo defekata moºe biti uzrok asimetri£nog oblika fononske
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Slika 5.3: Elementarna ¢elija CrXTe3 (X = Si, Ge) (siva linija) i atomski pomeraji Ag i Eg
modova. Duºine strelica proporcionalne su kvadratnom korenu me�uatomskih sila.

linije. U slu£aju rasejanja na defektima naru²ena je translaciona simetrija sistema i u spek-

trima se mogu javiti ekscitacije sa ivica Briluenove zone [100]. Dodatno, prisustvo defekata

uti£e na ²irenje ramanskih linija. Me�utim, osim simetrijom predvi�enih modova u raman-

skim spektrima nisu prisutne dodatne strukture. Tako�e, relativno mala polu²irina fononskih

linija indikacija je visoke kristali£nosti uzoraka. Asimetrija ramanske linije moºe se javiti kao

posledica interakcije fononskih i elektronskih/spinskih ekscitacija [101]. Zbog feromagnetne

prirode ovog materijala spin-fonon interakcija mogla bi biti uzrok ovakvog pona²anja E3
g moda.

Uzimaju¢i u obzir instrumentalno ²irenje, ovaj pik modelovan je konvolucijom spektralne linije

Fano pro�la i Gausijana (Poglavlje 2.2). Rezultat je prikazan na Slici 5.5. Tako�e, na Slici 5.5

prikazan je i rezultat modelovanja E3
g pika simetri£nim (Voitovim) pro�lom spektralne linije. U

ovom slu£aju javlja se odstupanje od eksperimentalnih vrednosti upravo na asimetri£noj strani

pika.

Sniºavanjem temperature od 300 do 180K energija E3
g moda raste. Na temperaturi oko

180K dolazi do malog skoka u energiji ovog moda i daljim hla�enjem uzorka energija nastavlja

monotono da raste(Slika 5.4 (b)). Polu²irina E3
g do 180K monotono opada saglasno anharmon-

ijskom modelu (Poglavlje 2.1.3). Izme�u 300 i 180K temperaturska zavisnost data je izrazom

(2.28) i prikazana je crvenom linijom na Slici 5.4 (c). Daljim sniºavanjam temperature polu²i-
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Slika 5.4: (a) Ramanov spektar u opsegu energija E3
g moda na razli£itim temperaturama u

ukr²tenoj polarizacionoj kon�guraciji. Plava linija predstavlja konvoluciju linije Fano pro�la i
Gausijana. Temperaturska zavisnost (b) energije, (c) polu²irine i (d) parametra asimetrije q,
E3
g moda. Isprekidanom crvenom linijom predstavljen je anharmonijski model.
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Slika 5.5: Analiza simetri£nosti E3
g moda. Crnom linijom predstavljeni su eksperimentalni

podaci, plavom - konvolucija Fano pro�la i Gausijana, narandºastom - Voitov pro�l.

rina E3
g moda raste, odstupaju¢i od ovog modela. Ovakovo pona²anje indikacija je prisustva

dodatnih mehanizama rasejanja, odnosno, spin-fonon interakcije. Na Slici 5.4 (d) prikazana je

temperaturska evolucija Fano parametra asimetrije, |q|. Ispod 180K ovaj parametar neznatno

kontinualno raste, dok na vi²im temperaturama dolazi do naglog pada, i mod dobija simetri£ni

oblik. Ovakvo pona²anje E3
g moda indikacija je kratkodometnog magnetnog ure�enja u ovom
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materijalu, koje je u literaturi [29] potvr�eno do oko 150K, i poja£anom spin-fonon interak-

cijom. Sli£no pona²anje energija i polu²irina, koje odstupa od standardnog anharmonijskog

modela, kao i asimetrija Eg moda u α-RuCl3, tako�e je pripisano spin-fonon interakciji [102].
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Slika 5.6: (a) Ramanov spektar u opsegu energija A3
g moda na razli£itim temperaturama u para-

lelnoj polarizacionoj kon�guraciji. Plava linija predstavlja Voitov pro�l spektralne linije kojom
su modelovani eksperimentalni podaci. Temperaturska zavisnost (b) energije i (c) polu²irine
A3
g moda.

Za razliku od E3
g , ramanska linija A3

g moda ne pokazuje asimetriju ni na najniºim tempe-

raturama (Slika 5.6 (a)). Na Slici (Slika 5.6 (b) i (c)) prikazana je temperaturska zavisnost

energije i polu²irina A3
g moda. Moºe se uo£iti sli£an trend ovih fononskih osobina u okolini

ta£ke 180K kao kod E3
g moda.

Asimetrija ramanske linije dvostruko degenerisanog Eg moda, nemonotono pona²anje

analiziranih fononskih energija i polu²irina na temperaturi od oko 180K indikacija su po-

ja£ane spin-fonon interakcije u ovom materijalu. Dodatno, ovi rezultati ukazuju na prisustvo

kratkodometnog magnetnog ure�enja na temperaturama znatno iznad temperature magnetnog

faznog prelaza (TCurie = 33K [29]).

5.1.3 Dinamika re²etke CrSi0.8Ge0.1Te3

O eksperimentalnoj postavci Ramanovog rasejanja kori²¢enoj za prou£avanje ovih materijala i

selekcionim pravilima nedopiranih uzoraka CrXTe3 (X = Si, Ge) bilo je re£i u Poglavlju 5.1.1,

odnosno Poglavlju 5.1.2. Od ukupno deset Raman aktivnih modova CrXTe3 (X = Si, Ge) pet

je Ag, i isto toliko Eg simetrije.
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Slika 5.7: Ramanovi spektri CrSi0.8Ge0.1Te3 monokristala, na temperaturi 100K u funkciji ugla
θ, izme�u vektora polarizacije upadne i rasejane svetlosti. Umetak: Vektori polarizacije upadne
i rasejane svetlosti u odnosu na orijentaciju kristala.

Ramanovi spektri CrSi0.8Ge0.1Te3 monokristala mereni na temperaturi T =100K prikazani

su na Slici 5.7. Detaljnijim uvidom u spektre paralelne (θ = 0◦) i ukr²tene (θ = 90◦) polariza-

cione kon�guracije, moºe se uo£iti da niskoenergetski deo ekscitacije na oko 117 cm−1 i²£ezava

u ukr²tenoj polarizacionoj kon�guraciji, dok deo na vi²oj energiji opstaje. Uve¢an prikaz Ra-

manovog spektra u opsegu energija oko 117 cm−1 u ove dve polarizacije dat je na Slici 5.8 (a).

Dodatno, detaljnijim uvidom u ramanske spektre paralelne polarizacione kon�guracije u spek-

tralnom opsegu oko 145.5 cm−1 mogu se uo£iti dva moda na veoma bliskim energijama (Slika

5.8 (b)). Imaju¢i u vidu da modovi Ag simetrije nisu opservabilni u ukr²tenoj polarizacionoj

kon�guraciji, i da sa kontinualnom promenom ugla θ ka paralelnoj polarizacionoj kon�guracijji

intenzitet Ag modova raste dostiºu¢i svoj maksimum za θ = 0◦, izvr²ena su merenja u funkciji

ugla θ. Intenzitet modova Eg simetrije ne zavisi od ugla izme�u vektora polarizacije upadne

i rasejane svetlosti, te na njih promena ugla θ nema uticaja. Dodatno, inteniztet Ag i Eg
modova ne zavisi od orijentacije kristala. Zbog toga nije bilo potrebno ispitivati zavisnost od

ovog parametra. Ovakvim postupkom mogu¢e je ta£no odrediti simetrije svih modova koji se u

spektru javljaju. Stoga je ispitivana samo zavisnost fononskih ekscitacija u zavisnosti od ugla

θ = ](ei, es) (0◦ ≤ θ ≤ 90◦) (Slika 5.7).

Pove¢avaju¢i ugao, po£ev²i od θ = 0◦, intenzitet pikova na energijama 80.2 i 145.5 cm−1

kontinualno opada. Za vrednost θ = 90◦ ovi modovi potpuno nestaju, pa im na osnovu selek-

cionih pravila (Tabela 5.2) odgovara Ag simetrija. S druge strane, promena ugla polarizacije
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ne uti£e na intenzitet modova na energijama 84.5, 88.3, i 215.0 cm−1. Na osnovu selekcionih

pravila moºe se zaklju£iti da su ovi modovi Eg simetrije. Dodatno je potrebno izanalizirati

modove na oko 117 i 145.5 cm−1. Kontinualnom promenom ugla θ deo strukture na oko 117

cm−1 na niºim energijama gubi intenzitet i potpuno nestaje u ukr²tenoj polarizaciji, dok na

deo na vi²im energijama promena ugla nema uticaja. Simultanim modelovanjem spektara u

paralelnoj i ukr²tenoj polarizaciji dobija se dekompozicija ove ramanske linije na fonone enrgija

116.4 cm−1 i 117.2 cm−1. Prema selekcionim pravilima, na niºoj energiji nalazi se mod A2
g a

na vi²oj mod E3
g . Ovo je detaljnije prikazano na Slici 5.8 (a). Osim toga, detaljnijom analizom

pika Ag simetrije na energiji oko 145.5 cm−1 ispostavlja se da je i ovaj pik u stvari superpozicija

dve ramanske linije. Modelovanjem ove strukture pomo¢u dve linije Voitovog pro�la dobijaju

se fononske energije 144.6 cm−1 (P1) i 146.7 cm−1 (A3
g) (Slika 5.8 (b)). Kako bi se prove-

rila verodostojnost ovog rezultata, struktura na oko 117 cm−1 modelovana je i pomo¢u jedne

Voitove linije. Rezultat ovog postupka davao je drasti£no lo²ije slaganje sa eksperimentalnim

rezultatima (Slika 5.8 (b)).
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Slika 5.8: (a) Dekompozicija A2
g i E

3
g modova. Prikazani su istovremeno modelovani spektri u

paralelnoj i ukr²tenoj polarizacionoj kon�guraciji. Sivom bojom ozna£eni su eksperimentalni
rezultati, zelenom Voitov pro�l A2

g moda, plavom E3
g mod u obe polarizacione kon�guracije i

narandºastom superpozicija pikova. (b) Dekompozicija modova A3
g i P1. Sivom bojom ozna£eni

su eksperimentalni rezultati, plavom superpozicija dve linije Voitovog pro�la, narandºastom
modelovanje rezultata jednom linijom Voitovog pro�la.

Vrednosti energija Raman aktivnih modova nedopiranih uzoraka CrXTe3 (X = Si, Ge)

izra£unate DFT metodom i njihove eksperimentalne vrednosti date su u Tabeli 5.3 u Poglavlju

5.1.2. U poslednjoj koloni ove tabele prikazane su eksperimentalne vrednosti Raman aktivnih

modova CrSi0.8Ge0.8Te3 uzorka. O£ekivano, energije modova dopiranog uzorka nalaze se izme�u

njihovih vrednosti CrSiTe3 i CrGeTe3 uzoraka. Na Slici 5.9 (a) prikazana je evolucija modova

najve¢eg intenziteta, E3
g i A

3
g, u sva tri jedinjenja. Energija E3

g moda ima gotovo linearnu zavis-

nost od koncentracije atoma silicijuma (Slika 5.9 (b)), usled promena u parametrima re²etke i
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efekta mase, dok neure�enost u kirstalu dovodi do udvostru£avanja polu²irine. Sli£no pona²anje

sa ne²to ve¢im porastom u polu²irini uo£eno je i kod A3
g moda.
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Slika 5.9: (a) Ramanovi spektri E3
g i A3

g moda CrSiTe3 (narandºasto), CrSi0.8Ge0.8Te3 (ºuto) i
CrGeTe3 (zeleno) na T = 100K mereni u ukr²tenoj, odnosno paralelnoj polarizacionoj kon�-
guraciji. (b) Energija (sivo) i polu²irina (crveno) ovih modova u funkciji koncentracije atoma
silicijuma. Energija i polu²irina pika P1 ozn£ene su crnom, odnosno crvenom zvezdicom.

Kao ²to je ve¢ re£eno, u dopiranom uzorku je pored o£ekivanih modova uo£en dodatni pik

Ag simetrije, ozna£en sa P1 (Slika 5.8 (b)). Kako bi se objasnilo odakle poti£e ovaj mod bilo

je neophodno izvr²iti dodatne analize. Prilikom supstitucije atoma mati£nih jedinjenja moºe

do¢i do pojave vakancija i nehomogenosti u uzorku. Zbog toga je na ovom uzorku izvrºena

SEM i EDS analiza (Slika 5.10). Uzorci su cepani i poloºeni na gra�tnu plo£icu. Dobijeno

je da usrednjen odnos elemenata, Cr:Si:Ge:Te, iznosi 1:0.8:0.1:3. Na osnovu ovog rezultata

ustanovljeno je prisustvo 10% vakanicija i isto toliko atoma germanijuma u uzorku.

Generalno, defekti izazvani supstitucijom atoma i vakancije mogu izazvati promene u ener-

giji i polu²irini Raman aktivnih modova (Slika 5.9 (b)). Dodatno, ovim defektima se moºe

obijasniti i prisustvo pika P1. Prisustvo vakancija na Si/Ge atomskim pozicijama i njihova

nehomogena raspodela na nano-skali moºe da dovede do pojave dodatnih pikova u ramanskim

spektrima, usled naru²enja translacione simetrije. Ako je ovo uzrok �cepanja� simetrijom pred-

vi�enog Ag moda, postavlja se pitanje zbog £ega ovaj efekat nije uo£en kod ostalih modova.

Prvo, priroda ovih vibracija je rali£ita, pa su razli£iti i pomeraji u njihovim energijama. Drugo,

spektralna rezolucija instrumenta je ∼ 1.8 cm−1 ²to zna£i da se ekscitacije £ija je razlika u

energiji manja od ove vrednosti ne mogu uo£iti. Na osnovu ove analize moºe se zaklju£iti da je

najverovatnije efekat �cepanja� ostalih modova prisutan, ali neopservabilan u ovoj eksperimen-

talnoj kon�guraciji.
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Slika 5.10: EDS mapiranje CrSi0.8Ge0.1Te3 monokristala.

5.1.3.1 Magnetna susceptibilnost

U feromagnetnim van der Valsovim materijalima koncentracija vakancija u uzorku ima zna-

£ajnog uticaja na temepraturu feromagnetnog faznog prelaza [33]. Uzev²i u obzir rezultate

predstavljene u prethodnom poglavlju ispitivan je uticaj supstitucije atoma i vakancija na mag-

netne karakteristike CrSi0.1Gr0.8Te3.

Na Slici 5.11((a), (b)) prikazana je temperaturska zavisnost magnetne susceptibilnosti

χ(T ) = M(T )/H u polju ja£ine 1 kOe usmerenom duº a, odnosno c kristalografske ose. Mode-

lovanjem Kiri-Vajsovim (Curie-Weiss) zakonom:

χ =
C

T − θ
(5.2)

dobijene su Vajsove temperature θa = 61(2)K i θc = 70(2)K i paramagnetni momenti na vi²im

temperaturama µeff,a = 4.14(2)µB i µeff,c = 3.91(2)µB. Ovi rezultati u saglasnosti su sa fero-

magnetnim prelazom uo£enom u mati£nim jedinjenjima CrXTe3 (X = Si, Ge) i odgovaraju¢im

histerezisnim petljama [95, 97]. Temperatura magnetnog prelaza, TCurie, se moºe odrediti na

osnovu minimuma krive dχ/dT (umetak na Slici 5.11 (a) i (b)). U pore�enju sa CrSiTe3 dolazi

do blagog pada TCurie. Pokazano je da u ovoj klasi materijala pove¢anje koncentracije vakancija

prati sniºavanje temperature na kojoj dolazi do feromagnetnog ure�enja [33]. Stoga se blagi

pad TCurie u CrSi0.1Gr0.8Te3 moºe obijasniti rezultatima SEM analize.

5.1.3.2 Temperaturska zavisnost: spin-fonon interakcija

U mati£nom jedinjenju CrSiTe3 u temperaturskoj zavisnosti Raman aktivnih fonona uo£eno je

prisustvo poja£ane spin-fonon interakcije i kratkodometnog magnetnog ure�enja na temperaturi

koja je zna£ajno vi²a od TCurie (Poglavlje 5.1.2). S obzirom da je uticaj supstitucije atoma i

vakancija na magnetne i vibracione karakteristike CrSi0.8Gr0.1Te3 prisutan, dalja karakterizacija

ovog jedinjenja zahtevala je analizu temperaturske evolucije ramanskih spektara. Na ovom
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Slika 5.11: Temperaturska zavisnost magnetne susceptibilnosti χ = M/H CrSiTe3,
CrSi0.8Ge0.1Te3 i CrSiGeTe3 monokristala u polju ja£ine 1 kOe duº (a) a i (b) c-ose. Umetak:
Temperatura feromagnetnog prelaza dχ/dT i histerezisna petlja na T = 2K.

uzorku izvr²ena su merenja u opsegu temperatura izme�u 300 i 100K.

Na Slici 5.12 prikazani su Ramanovi spektri ovog jedinjenja na nekoliko razli£itih tempera-

tura. Kako modovi A2
g i E

3
g nisu odvojivi u paralelnoj polarizacionoj kon�guraciji (puna linija),

preglednosti radi, u ovom energetskom opsegu prikazani su i spektri mereni u ukr²tenoj kon�-

guraciji (isprekidana linija). Delovi spektra u niºem i vi²em spektralnom opsegu pomnoºeni su

faktorom pet. Spektri su analizirani upotrebom Voitovog pro�la spektralne linije za fononske

eksitacije, dok je kontinuum modelovan prigu²enim Lorencijanom koji sadrºi i linearni £lan:

χ′′cont =
aΓω

Γ2 + ω2
+ bω, (5.3)

gde su a, b i Γ temperaturski zavisni parametri [2].

Ovim pristupom dobijene su energije i polu²irine svih modova Ag i Eg simetrije. Tempera-

turska evolucija energija i polu²irina modova Ag simetrije (uklju£uju¢i P1) prikazana je na Slici

5.13. Sa porastom temperature od 100 do 210K, kao posledica termalnog ²irenja [42], energije

ovih modova monotono opadaju. Na temperaturi oko 210K dolazi do skoka ka vi²im vred-

nostima, da bi sa daljim porastom temperature energije ponovo pratile monotono opadaju¢i
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Slika 5.12: Ramanovi spektri CrSi0.8Ge0.1Te3 monokristala na razli£itim temperaturama.
Fononske ekscitacije u spektrima modelovane su Voitovim pro�lom linije. Simultano je analizi-
ran i elektronski kontinuum koji je modelovan funkcijom (5.3). Spektri paralelne polarizacione
kon�guracije (θ = 0◦) ozna£eni su punom, ukr²tene (θ = 90◦) isprekidanom linijom.
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trend. U okolini 210K polu²irine analiziranih modova odstupaju od standardnog anharmon-

ijskog modela (Poglavlje 2.1.3). Ovaj efekat je dominantniji kod modova na vi²im energijama

gde je anharmoni£nost ina£e izraºenija.
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Slika 5.14: Temperaturska zavisnost energije i polu²irine E2
g ((a) i (b)), E

3
g ((c) i (d)) i E

4
g ((e)

i (f)) modova.

Prilikom analize dvostruko degenerisanih Eg modova uo£ena je vrlo sli£na temperaturska

evolucija energija i polu²irina (Slika 5.14). Diskontinuiteti u energijama i polu²irinama prisutni

su na temperaturi oko 210K.

Rezultati Ramanove spektroskopije mati£nog jedinjenja CrSiTe3 (Poglavlje 5.1.2) ukazuju

na prisustvo spin-fonon interakcije do temperature od 180K. Spin-fonon interakcija se u ovom

jedinjenju re�ektuje kroz nekonvencionalno pona²anje energija i polu²irina Raman aktivnih

modova, i asimetriju dvostruko degenerisanog Eg moda. Asimetrija ramanske linije nije uo£ena

ni kod jednog od modova prisutnih u spektrima CrSi0.8Ge0.8Te3. U ovom jedinjenju spin-fonon

interakcija se uo£ava kroz diskontinuitete fononskih energija i polu²irina. Pored �cepanja�

modova i pada temperature feromagnetnog prelaza, supstitucija atoma i prisustvo vakancija za

posledicu ima i prisustvo magnetnih korelacija do 210K. Ova temperatura je zna£ajno vi²a u

odnosu na temperaturu na kojoj je detektovan ovaj tip interakcije u CrSiTe3. Stoga, prikazani

rezultati ukazuju na zna£aj supstitucije atoma i vakancija na strukturne i magnetne osobine u

ovoj klasi materijala.
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5.2 Ramanova spektroskopija Fe3−xGeTe2

5.2.1 Eksperimentalni detalji i teorija

Monokristalni uzorci Fe3−xGeTe2 sintetisani su metodom rasta iz �uksa. Strukturnom analizom

utvr�eno je prisustvo vakancija x ≈ 0.3 i odre�eni su parametri re²etke a = 3.954(2) i c =

16.372(2) [34]. Za eksperiment neelasti£nog rasejanja svetlosti kori²¢en je trostepeni Ramanov

spektrometar TriVista 557 u kon�guraciji rasejanja unazad (Poglavlje 2.3, Slika 2.7). Sva

merenja izvr²ena su u visokom vakumu (10−6 mbar). Neposredno pre stavljanja u vakuum uzorci

su cepani. U ovoj eksperimentalnoj kon�guraciji pravac upadne (rasejane) svetlosti poklapa se

sa c kristalografskom osom. Ravan na koju je usmeravan laserski snop je ab kristalografska

ravan (|a| = |b|, ](a, b) = 120◦). Za potrebe SEM analize kori²¢enjen je FEI Helios nanoLab

650 sistem.

Teorijski prora£uni izvr²eni su upotrebom DFT metoda u okviru QUANTUM ESPRESSO

paketa [80], uz PBE izmensko-korelacioni funkcional i PAW pseudo-potencijale. Energije ta-

lasne funkcije i gustina naelektrisanja ograni£ene su na 64, odnosno 782Ry. Briluenova zona

uzorkovana je 8 × 8 × 8 Monkhorst-Pack mreºom. Energije fonona u Γ ta£ki u magnetnoj

(M) i nemagnetnoj (NM) fazi dobijene su kori²¢enjem eksperimentalnih parametara re²etke i

relaksiranih teorijskih parametara za predloºenu strukturu. Da bi se dobile ²to preciznije vre-

dnosti parametara uklju£ena je van der Valsova interakcija kori²¢enjem Grimme-D2 popravke.

Fononske energije u Γ ta£ki izra£unate su metodom linearnog odziva.

5.2.2 Dinamika re²etke Fe3−xGeTe2

Fe3GeTe2 kristali²e u heksagonalnu kristalnu strukturu opisanu prostornom grupom simetrije

P63/mmc (D4
6h). Kristalna re²etka ovog sistema sastoji se od Fe3Ge ravni u kojima se javljaju

neekvivalentne pozicije atoma gvoº�a (Fe1 i Fe2), umetnutih izme�u slojeva atoma telura.

Susedni slojevi atoma telura razdvojeni su van der Valsovim procepom (Slika 5.15).

a b

c

a

b

Fe Ge Te

Fe1

Fe1

Fe2
Fe2

Slika 5.15: Kristalna struktura Fe3−xGeTe2. Sivom bojom ozna£ena je jedini£na ¢elija. Fe1 i
Fe2 ozna£avaju dve neekvivalentne pozicije atoma gvoº�a.
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Na osnovu prostorne grupe simetrije i pozicione simetrije atoma u elementarnoj ¢eliji faktor-

grupa analizom se dobija da je osam modova Raman aktivno od ukupno ²esnaest opti£kih

modova (Izraz (5.4)). Atomi i njihove pozicione simetrije, ireducibilne reprezentacije i Ramanovi

tenzori dati su u Tabeli 5.4.

ΓRaman = 2A1g + 2E1g + 4E2g,

ΓIR = 4A2u + 4E1u,

ΓAcoustic = A2u + E1u.

(5.4)

Ramanov tenzor moda E1g simetrije sadrºi samo z komponentu pa ih nije mogu¢e uo£iti

u eksperimentalnoj kon�guraciji rasejanja unazad. U ovoj geometriji rasejanja mogu¢e je

uo£iti samo fonone A1g i E2g simetrije. Atomski pomeraji kojima odgovaraju ove dve simetrije

prikazani su na Slici 5.16 (a). U vibracijama A1g simetrije duº c ose u£estvuju Fe i Te atomi,

dok u vibracijama E2g simetrije u£estvuju sva £etri tipa atoma.

Tabela 5.4: Atom i poziciona simetrija atoma, ireducibilne reprezentacije i Ramanovi tenzori
za prostornu grupu P63/mmc (D4

6h).

Prostorna grupa P63/mmc (D
4
6h)

Atom (Poziciona simetrija) Ireducibilne reprezentacije

Fe1 (4e) A1g + E1g + E2g + A2u + E1u

Fe2 (2c) E2g+A2u + E1u

Ge (2d) E2g+A2u + E1u

Te (4f) A1g + E1g + E2g + A2u + E1u

Ramanovi tenzori

A1g =

A 0 0
0 A 0
0 0 B

 E1g =

 0 0 −C
0 0 C
−C C 0

 E2g =

 D −D 0
−D −D 0

0 0 0



Ramanovi spektri u magnetnoj (80K) i nemagnetnoj fazi Fe3−xGeTe2 (280K) u paralelnoj

polarizacionoj kon�guraciji prikazani su na Slici 5.16 (b). Uo£ena su £etiri pika na energiji

89.2, 121.1, 214.8 i 239.6 cm−1 na T = 80K. Primenom DFT metoda fononske energije su ra£u-

nate upotrebom relaksiranih (R) i eksperimentalnih (NR) parametara re²etke. U oba slu£aja

odre�ena su re²enja u feromagnetnoj (M) i paramagnetnoj (NM) fazi. Ovi rezultati prikazani

su u Tabeli 5.5 zajedno sa eksperimentalnim vrednostima energija. Pri pore�enju teorijskih i

eksperimentalnih vrednosti treba imati na umu dve stvari. Prvo, teorijske vrednosti odre�ene

su za stehiometrijski uzorak, a uzorak koji je analiziran Ramanovom spektroskopijom sadrºi

vakancije. Drugo, na T = 80K uzorak se nalazi u feromagnetnom stanju. Prema tome, najade-

kvatnije slaganje sa eksperimentom trebalo bi da daje magnetno re²enje dobijeno kori²¢enjem

eksperimentalnih parametara re²etke. Pore�enjem vrednosti u Tabeli 5.5 zaklju£eno je da to i

jeste slu£aj. Pikovima na energiji 89.2 i 239.6 cm−1 odgovaraju modovi E2
2g i E

3
2g. Modovi A1

1g
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i A2
1g u spektru se nalaze na energijama 121.1 i 214.8 cm−1.
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Slika 5.16: (a) Atomski pomeraji opti£kih modova A1g i E2g simetrije. (b) Ramanovi spektri
Fe3−xGeTe2 monokristala u paralelnoj polarizacionoj kon�guraciji u feromagnetnoj (T = 80K)
i paramagnetnoj (T = 280K) fazi.

5.2.2.1 Temperaturska zavisnost: fazni prelazi

Imaju¢i na umu zavisnost temperature magnetnog faznog prelaza od koncentracije vakancija u

uzorku (Poglavlje 3.2.2) trebalo je ispitati da li magnetne korelacije uti£u na fononske linije,

na kojoj temperaturi i u kojoj meri. S tim ciljem ispitivana je temperaturska evolucija fonon-

skih energija i polu²irina u temperaturskom opsegu od 100 do 300K. S obzirom na to da je

Fe3−xGeTe2 metal, o£ekivan je doprinos elektronskih ekscitacija Ramanovoj susceptibilnosti.

U Ramanovim spektrima Fe3−xGeTe2 u funkciji od temperature (Slika 5.17 (a)) prime¢en

je nelinearni odziv elektronskog kontinuuma. Iz tog razloga bilo je potrebno najpre izvr²iti nje-

govu analizu modelom prigu²enog Lorencijana i linearnog £lana (Izraz (5.3), Poglavlje 5.1.3.2)

Temperaturska evolucija elektronskog kontinuuma analizirana ovim modelom prikazana je na

Slici 5.17 (b). Integracijom ovih krivih moºe se dobiti poziciona vrednost njihovog maksimuma

(Umetak na Slici 5.17 (b)). Ove vrednosti ukazuju na devijacije u ina£e monotonoj tempera-

turskoj evoluciji kontinuuma na temperaturama od 150K i 220K.
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Tabela 5.5: Teorijske vrednosti energija Raman aktivnih modova Fe3−xGeTe2 izra£unate upotre-
bom relaksiranih (R) i eksperimentalnih (NR) parametara re²etke u magnetnoj (M) i nemag-
netnoj (NM) fazi. Sve vrednosti date su u cm−1. Eksperimentalne vrednosti u magnetnoj fazi
(T = 80K) date su u poslednjoj koloni.

Raman aktivni modovi

Teorija Eksperiment (M)

Simetrija NM-R M-R NM-NR M-NR

E1
2g 28.4 49.6 33.9 50.2 -

E1
1g 79.2 70.2 71.7 70.3 -

E2
2g 115.5 121.0 100.0 122.2 89.2

A1
1g 151.7 139.2 131.7 137.2 121.1

E2
1g 225.5 206.0 194.3 209.5 -

E3
2g 238.0 232.6 204.9 228.6 214.8

A2
1g 272.0 262.6 235.7 233.4 239.6

E4
2g 362.0 337.6 315.4 334.7 -

1 0 0 2 0 0 3 0 0 4 0 0

0 1 0 0 2 0 0 3 0 0 4 0 0

1 0 0 2 0 0 3 0 0
1 0 0

1 2 5

1 5 0

3 0 0
2 8 0

2 4 0
2 0 0

1 6 0  
1 2 0

8 0

1 4 0  K

R a m a n o v  p o m e r a j   Ω ( c m - 1 )
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x (
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Slika 5.17: (a) Ramanovi spektri Fe3−xGeTe2 monokristala na ozna£enim temperaturama
mereni u paralelnoj polarizacionoj kon�guraciji. Rezultati modelovanja elektronskog konti-
nuuma prikazani su linijama u boji. (b) Temperaturska evolucija elektronskog kontinuuma.
Umetak: Promena maksimuma krive modelovanja.
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Slika 5.18: Analiza fononskih ekscitacija u Fe3−xGeTe2 momokristalu upotrebom Voitovog pro-
�la spektralne linije nakon oduzimanja doprinosa elektronskog kontinuuma na ozna£enim tem-
peraturama.

Fononske ekscitacije superponirane su na elektronski kontinuum. Da bi se pristupilo nji-

hovim karakteristikama bilo je potrebno iz spektara oduzeti doprinos koji poti£e od elektronskih

ekscitacija. Ovim postupkom dobijaju se spektri prikazani na Slici 5.18 (crna linija). Uzev²i

u obzir instrumentalno ²irenje (ΓG = 0.8 cm−1) i simetri£nost ramanske linije, fononske eksci-

tacije modelovane su Voitovim pro�lom spektralne linije. Rezultat ove analize prikazan je na

Slici 5.18. Plavom, ºutom i zelenom linijom prikazane su spektralne linije A1
1g, E

3
2g, odnosno

A2
1g moda. Sveukupan �t eksperimentalnih podataka prikazan je crvenom. Nedovoljno veliki

intenzitet E2
2g moda onemogu¢ava korektno modelovanje, te je ovaj mod izuzet iz analize.

Na ovaj na£in dobijena je temperaturska evolucija energije i polu²irine A1
1g, E

3
2g i A

2
1g fonon-

skih modova izme�u 80K i 300K, prikazana na Slici 5.19. Moºe se uo£iti da sa porastom

temperature energije modova A1g simetrije pokazuju mali skok na T ∼ 150K (Slika 5.19 (a)

i (e)). Daljim zagrevanjem uzorka, na oko 220K dolazi ponovo do odstupanja od monotono

opadaju¢eg trenda energije svih analiziranih modova. Temperaturska zavisnost polu²irine mo-

dova moºe se podeliti u tri oblasti, izme�u 80 i 150K, 150 i 220K i izme�u 220K i 300K.

U svakoj od pojedin£nih oblasti sa porastom temperature raste i polu²irina fononskih linija.

Me�utim, u okolini grani£nih ta£aka ovih oblasti (≈ 150K i ≈ 220K) dolazi do odstupanja

vrednosti od standardnog anharmonijskog modela opisanog u Poglavlju 2.1.3.

Analiza temperaturske evolucije elektronskog kontinuuma i fononskih ekscitacija ukazuje

na prisustvo faznih prelaza u Fe3−xGeTe2. Uzorci ispitivani u ovom istraºivanju sintetisani su

metodom rasta iz �uksa. Strukturna analiza ovih uzoraka ukazuje na koncentraciju vakancija
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Slika 5.19: Temperaturska zavisnost energije i polu²irine A1
1g ((a) i (b)), E

3
2g ((c) i (d)) i A1g

((e) i (f)) modova Fe3−xGeTe2 monokristala.

Slika 5.20: Temperaturska zavisnost magnetizacije Fe3−xGeTe2 monokristala kori²¢enih u ovoj
disertaciji u spolja²njem polju H = 1 kOe duº ab i c pravca. Umetak: temperaturska zavisnost
dM/dT u poljima razli£ite ja£ine usmerenih duº c ose. Preuzeto iz [34]

od oko 30% [34]. Temperaturska zavisnost magnetizacije, M(T ), ispitivanog uzorka prikazana

je na Slici 5.20 [34]. Na niºim temperaturama dolazi do razdvajanja ZFC i FC krivih (H||c)
²to ukazuje na jaku magnetnu anizotropiju. Zavisnost dM(T )/dT od ja£ine spolja²njeg polja

prikazana je na umetku Slike 5.20. Na osnovu minimuma ove krive odre�ena je TCurie = 152K

(H = 1 kOe), i uo£en je njen porast pri ja£im poljima [34]. Na osnovu ovoga zaklju£eno je

da su skokovite promene u elektronskim i fononskim karakteristikama na oko 150K posledica

feromagnetnog faznog prelaza.
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Slika 5.21: (a)SEM (b)EDS mapiranje Fe3−xGeTe2, sekundarna elektronska slika kristala. Mapi-
ranje je izvr²eno u granicama pravougaonika. (c) - (e) Pridruºene EDS mape za Fe, Ge i Te.

Devijacije na temperaturi oko 220K zahtevale su dodatna istraºivanja. Imaju¢i u vidu

da Kirijeva temperatura stehiometrijskih uzoraka sintetisanih CVT metodom dostiºe 220, £ak i

230K [31, 32, 103], ideja je bila ispitati homogenost i sastav uzorka. Naime, ukoliko bi raspodela

vakancija na uzorku bila nehomogena, u rezultatima neelasti£nog rasejanja bi se mogao detek-

tovati signal iz oblasti u kojima je prisutna razli£ita koncentracija vakancija. Time bi se mogle

objasniti dve temperature magnetnog faznog prelaza. SEM i EDS analizom (Slika 5.21) ispiti-

van je hemijski sastav cepanog uzorka i ustanovljena je homogenost povr²ine monokristala duº

oba pravca od po nekoliko desetina mikrona. Usrednjen odonos atoma Fe:Ge:Te dobijen EDS

mapiranjem izraºen u procentima iznosi 47 : 17 : 36 (±2%). Prisustvo vakancija u uzorku,

x = 0.4± 0.1, u saglasnosti je sa prethodno izvr²enom strukturnom analizom merenih uzoraka

[34]. Imaju¢i u vidu SEM rezultate mogu¢nost postojanja oblasti sa razli£itom koncentracijom

vakancija u uzorku je isklju£ena.

Skokovite promene u elektronskim i fononskim svojstvima na 220K eventualno bi mogle

biti posledica kratkodometnog magnetnog ure�enja. Naime, sli£no pona²anje ve¢ je uo£eno

kod van der Valsovih materijala Cr(Si:Ge)Te3. U ovim materijalima jake magnetne korelacije

prisutne su na mnogo vi²im temperaturama od TCurie (Poglavlje 5.1). Tako�e, na temperaturi

190±20K postoje indikacije formiranja Kondo re²etke, odnosno dolazi do interakcije provodnih

elektrona i periodi£no lokalizovanih spinova. Iako trenutno ne raspolaºemo podacima kojima

bi mogli potvrditi ovaj scenario, ipak ga ne moºemo u potpunosti odbaciti.

Feromagnetni fazni prelaz na temperaturi od oko 150K ostavlja jasan trag ne samo na
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fononske energije i polu²irine ve¢ i na elektronski kontinuum Fe3−xGeTe2 monokristala. Do-

datno, analiza temperaturske zavisnosti fononskih i elektronskih ekscitacija ukazuje na nemono-

tonu evoluciju njihovih osobina i na temperaturi oko 220K. Homogenost uzorka isklju£uje

mogu¢nost feromagnetnih prelaza na razli£itim temperaturama usled grupisanja vakancija u

oblasti sa razli£itim vrednostima x. Promene na 220K se za sada mogu dovesti u vezu sa

kratkodometnim magnetnim ure�enjem ili Kondo efektom u Fe3−xGeTe2.
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Glava 6 Zaklju£ak

U ovoj disertaciji prikazani su rezultati ispitivanja dinamike re²etke, i analizirani su efekti

elektron-fonon i spin-fonon interakcije u superprovodnicima na bazi gvoº�a odnosno, 11-

halkogenidima FeS i FeSe1−xSx (0 ≤ x ≤ 1) i kvazi-dvodimenzionim magnetnim materijalima

Cr(Si:Ge)Te3 i Fe3−xGeTe2.

U polarizovanim Ramanovim spektrima prvog prou£avanog materijala iz klase superprovod-

nika na bazi gvoº�a, FeS, pored o£ekivanih modova A1g i B1g simetrije prisutna su dva dodatna

pika, P1 i P2. DFT i DFPT prora£unima dobijene su fononske energije, fononske disperzione

relacije i gustina stanja. Rezultati ovih prora£una potvr�uju korektno ozna£avanje A1g i B1g

modova koji opisuju vibracije S i Fe atoma duº c - ose. Simetrijskom analizom, na osnovu

selekcionih pravila je utvr�eno da je pik P1 visoke A1g simetrije. Pik P2 je niºe simetrije jer

se javlja i u A1g i u B1g kanalu rasejanja. Dodatno, pik P1 se nalazi u procepu izra£unate

fononske gustine stanja. S obzirom na visoku simetriju ovog moda i njegov poloºaj u fonon-

skoj gustini stanja zaklju£eno je da P1 ne moºe biti rezultat defektom indukovanog rasejanja

i da se javlja kao posledica procesa rasejanja drugog reda. MGPT metodom odre�ena su se-

lekciona pravila za dvofononske procese u ta£akama i duº pravaca visoke simetrije Briluenove

zone tetragonalnog FeS. Ovaj rezultat i fononske disperzione relacije omogu¢ili su da se de�ni²u

fononske grane duº pravaca visoke simetrije kojima pripadaju stanja koja ovom procesu dopri-

nose. Mod niºe simetrije, P2, se ne nelazi u procepu fononske gustine stanja. Zbog toga ovaj

mod moºe biti posledica procesa rasejanja drugog reda ali i defektom indukovanog rasejanja

prvog reda. Ispitivana je i temperaturska evolucija fononskih energija i polu²irina u opsegu

temperatura od 300 do 4K. Utvr�eno je da su fononske energije izme�u 300 i 20 K su²tinski

odre�ene kontrakcijama re²etke. Ispod 20K dolazi do odstupanja od monotone temperaturske

zavisnosti fononskih energija i polu²irina, ²to je dovedeno u vezu sa kratkodometnim magnet-

nim ure�enjem u ovom materijalu. Analizom temperaturske zavisnostni polu²irine A1g moda

anharmonijskim modelom odre�ena je vrednost parametra fonon-fonon interakcije za ovaj mod.

Dobijena je vrednost skoro ²est puta ve¢a u pore�enju sa ostalim modovima. Kako se fonon-

fonon interakcija u metalima odvija preko elektronskih stanja a imaju¢i u vidu dvofononsku

ekscitaciju u procepu fononske gustine stanja, u ovom materijalu elektron - fonon interakcija

je najverovatnije poja£ana u odnosu na FeSe. U fononskim spektrima FeSe1−xSx (0 ≤ x ≤ 1)

u A1g kanalu rasejanja javljaju se dodatni modovi ve¢ pri jako malim koncentracijama atoma

sumpora (x = 0.05). Sli£no FeS, ovakvo pona²anje najverovatnije ukazuje na poja£avanje

elektron-fonon interakcije u prisustvu atoma sumpora. Ispitivanjem zavisnosti polu²irine A1g i
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B1g moda u zavisnosti od x, uo£eno je da invertovana polu²irina B1g moda prati trend kriti£ne

temperature ispitivanih uzoraka.

Slede¢i deo istrºivanja je bio usmeren na van der Valsove magnetne materijale Cr(Si:Ge)Te3

i Fe3−xGeTe2. Pored dinamike re²etke ispitivan je i uticaj spinskih stepeni slobode na fononske

ekscitacije u Cr(Si:Ge)Te3. U polarizovanim Ramanovim spektrima CrSiTe3 sistema detekto-

van je jedan mod Ag simetrije i tri Eg moda. Eksperimentalne vrednosti energija ovih modova

konzistentne su sa vrednostima dobijenim DFT prora£unima. Ispitivanjem fononskih osobina u

zavisnosti od temperature uo£eno je njihovo odstupanje od anharonijskog modela na tempera-

turama ispod 180K. Na istim temperaturama jedan od modova Eg simetrije pokazuje asimetriju

ramanske linije ka niºim energijama. Na osnovu ovih rezultata zaklju£eno je da je spin-fonon

interakcija u ovom materijalu prisutna na temperaturi zna£ajno vi²oj od TCurie.

Na uzorku sastava CrSi0.8Ge0.1Te3 ispitivan je uticaj supstitucije atoma i vakancija na di-

namiku re²etke i spin-fonon interakciju ove klase materijala. Neodvojivost modova u spektrima

paralelne polarizacione kon�guracije zahtevala je ispitivanje fononskih ekscitacija u funkciji ugla

izme�u vektora polarizacije upadne i rasejane svetlosti. Na osnovu ovih rezultata ozna£eno je

sedam modova predvi�enih simetrijom (3Ag + 4Eg) i dodatni mod Ag simetrije. Poloºaj ener-

gije dodatnog Ag moda u neposrednoj blizini jednog od simetrijom predvi�enih Ag modova

sugerisao je njihovo �cepanje� £iji je uzrok trebalo dodatno ispitati. S tim ciljem izvr²ena je

SEM analiza i utvr�eno je prisustvo 10% vakancija i isto toliko atoma germanijuma u uzorku.

Zaklju£eno je da su defekti i njihova nehomogena raspodela na nano-skali najverovatnije uzrok

ovog �cepanja�. U temperaturskoj zavisnosti energija i polu²irina svih analiziranih modova ja-

vljaju se skokovite promene na temperaturi oko 210K. Imaju¢i u vidu jake magnetne korelacije

u mati£nom jedinjenju (CrSiTe3) do 180K, ovakvo pona²anje fononskih enerija i polu²irina

pripisano je spin-fonon interakciji. Ovakvi rezultati ukazuju na zna£aj supstitucije atoma i

prisustva vakancija na vibracione i magnetne osobine ove klase materijala.

Pored fonoskih ekscitacija u van der Valsovom feromagnetu Fe3−xGeTe2 sintetisanom

metodom rasta iz �uksa analizirana je i nemonotona evolucija elektronskog kontinuuma. U

fononskom delu spektra detektovana su £etiri moda dva A1g i dva E2g simetrije. Analizom

njihove temperaturske zavisnosti uo£eno je nemonotono pona²anje modova i to na temperatu-

rama u okolini 150 i 220K. Temperaturska evolucija elektronskog kontinuuma u istim ta£kama

pokazuje skokovite promene. Imaju¢i u vidu da je temperatura feromagnetnog prelaza u ovom

uzorku 152K, prva devijacija odgovara ovom faznom prelazu. SEM analizom utvr�ena je ho-

mogenost uzorka. Ovaj rezultat isklju£ivao je mogu¢nost feromagnetnih prelaza na razli£itim

temperaturama usled varijacije koncentracije vakancija u razli£itim segmentima uzorka. Prisu-

stvo spin-fonon interakcije na temperaturama iznad TCurie prethodno je potvr�eno u klasi van

der Valsovih magnetnih materijala. Shodno tome, eksperimentalni rezultati se najverovatnije

mogu objasniti jakim magnetnim korelacijama u ovom materijalu do temperatureod 220K.
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Dodatak

A.1 MGPT metod - Selekciona pravila u dvofononskim procesima

U procesu rasejanja vi²eg reda sistem iz inicijalnog (osnovnog) vibracionog stanja |0, 0, . . .〉
prelazi u �nalno vi²efononsko stanje |nµ, nµ′ , . . .〉, gde je nµ broj fonona u istom stanju µ

i ozna£ava £itav skup kvantnih brojeva (kvazi-impuls k, kvantni broj ugaonog momenta m,

itd.). U dvofononskom procesu �nalno vibraciono stanje je stanje u kome u£estvuju dva fonona

u istom kvantnom stanju (overton stanja) ili dva fonona u razli£itim stanjima (kombinacija

stanja). Odgovaraju¢i matri£ni element dvofononskog Ramanovog procesa je:

〈0, . . . , nµ, 0, . . . |R|0, 0, . . .〉, nµ = 2, overton,

〈0, . . . , nµ, 0, . . . , nµ′ , . . . |R|0, 0, . . .〉, nµ = nµ′ = 1, kombinacija, (1)

gde je R Ramanov tenzor. Ovaj matri£ni element je ili skalar ili se transformim²e po jedini£noj

reprezentaciji prostorne grupe sistema S. U standardnoj aproksimaciji (u aproksimaciji svetlosti

beskona£ne talasne duºine) Ramanov tenzor je u nerezonantnom slu£aju tenzor polarizabilnosti,

koji se transformi²e kao (simetrizovani) kvadrat vektorske reprezentacije, DR(S). Razlaganje

DR(S) daje ireducibilne reprezentacije Raman aktivnih modova. Osnovno stanje transformi²e

se po jedini£noj reprezentaciji, dok se �nalno dvofononsko stanje transformi²e kao simetrizo-

vani kvadrat, [(Dµ(S))2], odgovaraju¢e ireducibilne reprezentacije Dµ(S) (overton) ili direktan

proizvod dve ireducibilne reprezentacije Dµ(S)⊗Dµ′(S) (kombinacija). Simetrizacija u slu£aju

overtonova dolazi od boznoske prirode fonona. Matri£ni element u jedna£ini (1) transformi²e

se kao reducibilna reprezentacija

[(Dµ(S))2]⊗DR(S), za overtonove, ili

Dµ(S)⊗Dµ′(S)⊗DR(S), za kombinacije. (2)

Ako dekompozicija reprezentacija sadrºi jedini£nu, ovaj matri£ni element je skalar, ili ekviva-

lentno, ako je presek dekompozicija [(Dµ(S))2] ili Dµ(S)⊗Dµ′(S) i DR(S) neprazan skup. Da bi

se dobila selekciona pravila za dvofononske procese Birmanovim metodom [104] dovoljno je na¢i

dekompoziciju [(Dµ(S))2] (za overtonove) i Dµ(S)⊗Dµ′(S) (za kombinacije) svih ireducibilnih

reprezentacija. Ukoliko u dekompoziciji postoji reprezentacija Raman aktivnog moda, tada je

taj overton ili kombinacija simetrijski dozvoljena u procesu Ramanovog rasejanja. Dekompozi-
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cija (simetrizovanog) kvadrata vektorske reprezentacije je direktna i predstavlja problem kona-

£nodimenzionalne ta£kaste grupe. Sa druge strane, dekompozicija [(Dµ(S))2] ili Dµ(S)⊗Dµ′(S)

za svaku ireducibilnu reprezentaciju moºe biti nere²iv problem, jer su prostorne grupe besko-

na£ne. Zato se standardni metod zasnovan na teoriji karaktera, u kom se sumiraju svi elementi

grupe, ne moºe primeniti. Potrebno je primeniti metod koji zaobilazi sumiranje elemenata

grupe. Metod modi�kovanih grupnih projektora (MGPT) koristi samo generatore grupe i

kona£nodimenzione matrice [84]. Dekompozicija D(S) = ⊕µfµDD(µ)(S) proizvoljne reducibilne

reprezentacije D(S) na ireducibilne je su²tinski odre�ivanje fµD. Izraz MGPT na osnovu kog se

odre�uju fµD, uklju£uje samo generatore si:

fµD = TrF

(
S∏
i=1

F
(
D(si)⊗D(µ)∗(si)

))
(3)

Ovde je S broj generatora grupe, F (X) projektor na podprostor �ksirane ta£kaste grupe opera-

tora X, i Tr trag matrice. Problem se sada svodi na odre�ivanje S + 1 projektora. Tehni£ki to

zna£i da se za svaku svojstvenu vrednost l operatora D(si)⊗D(µ)∗(si) traºe njegovi svojstveni

prostori, a zatim i njihovi projektori. Odgovaraju¢i projektori se tada pomnoºe i procedura se

ponavlja za £itav proizvod iz jedna£ine (3). Trag krajnjeg projektora daje odgovaraju¢i fµD.
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