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Research direction

Structure-property relations in functional materials

¢ Magnetic oxides and spin—phonon coupling
- Unveiling the spin—-phonon coupling in nanocrystalline BiFeOs;, Mater. Sci. Eng. B (2021)
structure - magnetism

- Spin-phonon interaction in nanocrystalline DysFes0;;, J. Sci.: Adv. Mater. Devices (2023)
structure - magnetic ordering

- Double Magnetization Reversal in ErsFesOq; Garnet Nanocrystals [6]
I

i+ Functional oxide materials

- Th-doped BiFeO; thin films (M21a+) [3]
structure -> electrical properties

- Gd-substituted Aurivillius BisTizFeO;s ceramics [5]
local structure - functional properties

* Interdisciplinary materials research [2]
- Dextran-coated CeO, nanopatrticles

surface structure - biological response

- Silibinin-loaded liposomes [ 1]

molecular structure -> bioactivity

Selected publications (2021-2025)

- Unwailing the spin—ph coupling in ystalline BiFeO; by resonant twa-phanon Raman active modes, Mater. Sci. Eng, B, 274 (2021) 115444
- Spin-phenan interaction in nanocrystalline Dy,Fe 0, probed by Raman spectroscopy: Effects of magnetic ordering, J. Sci.: Adv. Mater. Devices, 8 (2023) 100600 Structure-magnetic
ordering

- Unraveling the Effects of Terbium Doping on the Electronic Structure and Conductivity of BiFeO; Thin Films (M21a+} structure-electric properties
- Double Magnetization Reversal in EryFe,0y Garnet Nanocrystals structure ~magnetic reversal

- Effectof i b on Lay Aurivillius BigTisFe0,; Ceramics local structure-functionality of ceramic

- Probing the Effects of Dextran-Coated CeO, Nanoparticles on Lung Fibroblasts Using Multivariate Single-Cell Raman Spectroscopy surface-biofisics

- Silibinin-Loaded Lij The Influence of ions on P! ical C| istics, Stability, and Bi ivity with Dermal i molecul structure-
bioactivity

My research is focused on structure-property relations in functional materials. Using
Raman spectroscopy and complementary techniques, we study how structural changes
influence magnetic, electronic, and even biological properties of different systems.
Regarding the CeO2 nanoparticles, | conducted porosimetry (BET) measurements to
define surface area and porosity. When biological and spectroscopic data showed
discrepancies in cellular response, my analysis of active site accessibility provided the
missing link. | established a quantitative correlation between the physical properties of
the material and its biological impact, which was essential for the overall reliability of
the study.

For the Gd-substituted Aurivillius ceramics, | introduced Raman spectroscopy as the
central experimental technique. Conventional X-ray methods were not sensitive enough
to detect the subtle local structural changes. My expertise allowed us to identify shifts in
lattice symmetry and bond interactions that were previously inaccessible. This provided
the definitive proof of how Gadolinium ions influence the functional properties of the
ceramic.

| applied advanced Raman spectroscopy to resolve molecular interactions and the
stability of silibinin-loaded liposomes, providing critical physical-chemical insights for
dermatological application.

In all cases, my contribution went beyond data collection; | was actively involved in
designing the experimental approach and interpreting the results, which directly led to
the successful publication of these findings in high-impact journals.



Introduction — Motivation

* Magnetism and lattice vibrations in a material appear as completely separate
phenomena...

* ...but in some materials, they are directly linked.

» The question is: can we “see” magnetism through lattice vibrations?

Spm—Phonon Interaction Without Magnet With Magnet

Spin Waves

i —

5

With Magnet

Focus of this talk

* Spin-phonon coupling in magnetic oxides

» Raman spectroscopy as a probe of magneto-structural interactions
* Examples from rare-earth iron garnets and BiFeO; systems




Introduction — Motivation

* What are multiferroic nanomaterials? Hm M-E sensor
*  Why are they interesting?
(Applications: sensors, memory ﬁ
devices, spintronics...)

*  What do we want to know about them?
* Why is spin-phonon interaction
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Multiferroic materials are materials that simultaneously exhibit more than one ferroic
order, typically ferromagnetism (spontaneous magnetic ordering) and ferroelectricity
(spontaneous electric polarization), sometimes also ferroelasticity. This coexistence
allows coupling between magnetic and electric properties, which is rare in conventional
materials.

They can be used in sensors (detecting magnetic or electric signals), memory devices
(storing information via electric or magnetic states), and spintronics, where the
electron’s spin, rather than its charge, is used to process and store information more
efficiently.

The increasing number of publications in recent years highlights that this is an active
and rapidly growing research field.

Magnetoelectric interaction:

Combines electronic & magnetic properties

Enables current-free devices (e.g., non-volatile memory)
Can revolutionize computing & communications



Why BiFeO,?

* Multiferroic at room temperature! Strong Spin-Phonon Interaction in BiFeO,
— T = 1100 K (ferroelectric)
- Ty = 640 K (antiferromagnetic)
* Scientifically important
— Strong spin-lattice interaction

— Applications: spintronics and memory
devices

— Magnetoelectric coupling
+ Challenges: [3]
— High leakage current =
— Presence of oxygen vacancies (Fe?*/Fe3*)j 2
« Why I study it:
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- Let’s look at the fundamentals: BiFeO3 is a unique multiferroic at room temperature.
Note the high transition temperatures TC at 1100 K and TN at 640 K which make it a
prime candidate for practical applications.

- The importance here lies in the strong spin-lattice interaction and magnetoelectric
coupling. These properties are the key to developing next-generation spintronics and
advanced memory devices.

- However, we face two major bottlenecks: the high leakage current and the presence
of oxygen vacancies. These defects, specifically the SFe~{2+}/Fe*{3+]}$ fluctuations,
are exactly what my research aims to solve.

Now, look at the graph in the right side, which is the core result of my paper in Applied
Surface Science, where | am presenting influence of doping on current density profiles
for, in our case, Th-doped films. Observe how the 10% Terbium doping (the green curve)
drastically reduces the leakage current by several orders of magnitude compared to the
pure sample.



Crystal structures

0,10 - |a3d cubic structure R3c rhombohedral structure
| Ferrimagnetic ordering [6] " Antiferromagnetic ordering
|
V=0

Caflinesr AFM
(deal Peravskite)
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{ s LW. Martin et al. Materials Science ond Engineering R, 68 (2010) 89-133
| S.K.S. Patel et al. .. Mater. Chem. C, 6 (2018} 526-534
| 8. Stojodinovié et al., Unraveling the effects of Tb doping on BiFeQ; thin
films (2024).

Unit cell contains eight formula units with 160 atoms. Dy is in the dodecahedral sites
with 8 oxygen ions, Fe is in tetrahedral and octahedral sites. Dy3Fe5012 is
ferrimagnetic material in nature with three magnetic sublattices.

Fe ions are strongly coupled via antiferromagnetic superexchange interaction,
resulting in a net moment of 5 uB per molecule at 0 K.

The Dy sublattice couples antiferromagnetically with the net moment of the Fe?*
sublattices.

At low temperatures the magnetization of Dy sublattice overrides the magnetization
of Fe sublattices. With increasing temperature, the magnetization of Dy sublattice
falls off more quickly than that of Fe sublattices and at compensation temperature
(Tom) @around 230K, the magnetizations of Dy and Fe sublattices are compensated.
Above T_,,,, up to the transition temperature T. = 550K, the magnetization of Fe
sublattices predominates.

Sharing the same crystal structure as DylG, my comparative research on Erbium Iron
Garnet reveals a unique double magnetization reversal not seen in the other
systems. Unlike standard garnets, ErlG nanocrystals exhibit two compensation points
during cooling, where the magnetization switches from positive to negative at 75 K
and then reverts to positive at lower temperatures. These findings, including a
complex double-umbrella spin structure at low temperatures, demonstrate that ErlG
offers superior flexibility for designing advanced spintronic devices.



Canted antiferromagnetic ordering can be visualized as a spin cycloid, where the
magnetic moments are mostly antiparallel but slightly tilted (canted) relative to each
other. This canting leads to a small net magnetization, giving rise to weak
ferromagnetism.

Why it’s interesting in nanomaterials:

At the nanoscale, finite size and surface effects can enhance or modify the canting,
changing magnetic properties.

Spin cycloids can interact strongly with lattice vibrations (spin—phonon coupling), making
them ideal for studying magnetoelectric effects and novel spintronic applications.

Look at the AFM micrographs in the right side, which show the surface morphology of Tb-
doped BiFeO3 thin films at various scales. Notice the high uniformity and well-defined
grain structure; as the lead researcher, | used these results to confirm that my synthesis
process produces dense and smooth films. This specific morphology is crucial because, at
the nanoscale, finite size and surface effects significantly modify the spin canting and
magnetic properties. By achieving this level of surface quality, we ensure the strong spin-
phonon coupling necessary for novel spintronic aplications.

[6]* slika nije identicna u radu, ali je prica o vezi izmedju kristalne | magnetnih
podresetki identicna za Dy i Er gvozdje garnete, sto je na predavanju | istaknuto. Slika
ispod, o kompenyacionim temperaturama, nije iz naseg rada, ali je kompenzaciona
temperatura | njen znacaj takodje predstavljen u pomenutom radu [6] | veoma je vazan
rezultat publikacije koji sam objasnio, diskutovao i oko cega sam diskutovao na kraju
predavanja odgovaravsi na pitanja iz publike.



Raman spectroscopy
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Experimental:

- TriVista 557 triple spectrometer
- backscattering geometry

- Aexe =514 nm
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In this work we investigated the temperature-dependent Raman spectra of
Dy3Fe5012 and BiFeO3 nanomaterials in temperature range from 80K to 700K.

As for garnets, they have body-centered cubic Oh10 symmetry which, according to
factor group analysis, predicts 25 Raman active phonons.

Less than 25 modes were seen in the experiment due to symmetry breaking and less
crystallinity, the mode intensity decreased, and some were not seen in the
measurements.

In literature, whole range is devided in 3 ranges.



Inlensily (arb, u.)

Temperature dependent Raman spectra of Dy;Fe;0,, nanoparticles
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Temperature dependent Raman spectra of Dy;Fe;0,, nanoparticles

Intensity (arb. u.)
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- Red line is anharmonicity.



Frequency shift

Frequency change of a phonon with temperature:
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First term on the right side is the frequency-independent pure-volume contribution
due to the lattice expansion/contraction, explained by Gruneisen law.
Second term is the anharmonic contribution due to phonon-phonon interaction. This
term is the much higher than the first one. First term can be neglected. In
nanostructures, the effect is stronger due to:

- dimensional limitations and

- larger surface area,

where bonds are not completely harmonics.
In semiconductor materials like ferites and garnets, when the carrier concentration is
low the third term can be ignored.
The last term is the spin-phonon contribution, caused by the modulation of the
exchange integral by lattice vibration.
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Magnetic interaction mechanism

According to Heisenberg model, the magnetic exchange energy in a case of materials with FM and AFM
ordering is:

H=-2 Z Ji(5:5)) + ZZ Ki;(S:Si0)
[} Lj
where Sy, denotes the spin of the /, j and k,-nearest and next nearest neighbors magnetic ions.

AFM ordering is given as:

Bwspn _ A(S:S)) . B(SiSk)
w,  S2 52
functions for nn and nnn interactions.

Supposing the same correlation function for (S,-Sj) and (S;Sk)

_—""dominant AFM interaction: A;_,, > 0
Aws_p,lo( As_ph(SiSj) ) $-ph

§ ~“dominant FMinteraction: As_p, < 0
, S

> | Aspn* (%ioﬂ)z

From mean-field theory:

(sis) _ (m()?
52\ Mo )

PL, PZ,P3, P4, P>, PY, P7

K. Wakamura et al. L Appl. Phys. 63 (1988) 3824
J.AMoreiraet al: FPhys. Rev. B 81 (2010) 054447
K. Yosida. Theory of Magnetism. Ch 2 (1996) 72-74

where S is the total spin, A and B are spin dependent force constants and (S,Sj), (S;Sy) are spin correlation

The frequency shift of a given phonon due to the spin-phonon coupling in materials with competing FM and

W. Baltensperger et al. Helverica Physica Acta, 41{1968) 6-7

- (S:S;) noka3syje KoNMKO Cy opujeHTauuMje CNMHOBA Ha ABa cycefiHa aToma (uam joHa)

mehyco6Ho noBe3saHe y NpPoceky.

- AKo je (SiS;) no3MTUBHA, TO 3HAYM Aa CMMHOBM Texe Aa byay napanenHm (wTo je
KapaKTepucTUYHO 33 pepomarHeTnsam).

- AKo je (SiS;) HeraTuBHa, CNMHOBM Texe Aa byay aHTMNapanenHu (Kao Ko,
aHTMdepomarHeTnsma).

- BpegHocT 61u3y Hyna ykasyje Ha cnaby unm HUKaKBY Kopenauujy.

- OBaj napameTap je K/by4yaH y pasymeBatby MarHeTHor ypehera y matepujannma u
YeCTo ce KOPUCTU Y TEOPUJCKMM MOAE/IMMA Kao LUTO je XajaeHbepros moaen.

- M(T) je marneTH3auuja Marepujasia Ha HeKoj Temnepatypu 7.

- M_0 je marHeTH3ai1ja Ha ancoylyTHOj Hy/M (MJTM Ha TeMIIepaTypH Kaja je
MarHeTu3aluja MaKCUMajHa — Tj. y OTIYHO ypeheHOM cTamby).

- Kana nopenumo M(T) ca M_0, no6ujamo onHOC (UK pelaTUBHY BPEIHOCT)
MarHeTusaluje.

- Kaza taj oqHOC y3MeMO Ha KBaapaT, TO YeCTO CIY)KH Kao Je0 Mojelia KOju OInucyje

CNUH-()OHOH CHpery, TeMiepaTypHYy 3aBHCHOCT OMepaja (POHOHCKHX MOA0BA UJIHU

AeKJapanujy MaraeTHor ypehema.
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Anharmonicity + spin-phonon interaction in Dy;Fe;0O,,
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The dominant antiferromagnetic superexchange interaction is between Fe
spins in tetrahedral and octahedral sites.

Another important and the second interaction in strength is between Dy and
resultant Fe spins in tetrahedral sites. This interaction is antiferromagnetic.
Mode at 410 cm-1 most corresponds to that type of interaction which is
antiferromagnetic, which can be seen in the Raman shift on Figure.

Compensation temperature is observed in measurements of magnetisation
with temperature, where is noticeable drop in magnetisation above 230 K,
where Dy sublattice couples antiferromagnetically with the net moment of the
Fe3* sublattices, about we discussed in the introduction.

Another important thing to notice on these graphs is ferrimegnetic behaviour in
phonons which comes from higher frequency range (it means correlated with
vibrations of oxygen above Fe ions), where we can apply mean-field theory.
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Anharmonicity + spin-phonon interaction in Dy;Fe,O
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The dominant antiferromagnetic superexchange interaction is between Fe
spins in tetrahedral and octahedral sites.

Another important and the second interaction in strength is between Dy and
resultant Fe spins in tetrahedral sites. This interaction is antiferromagnetic.
Mode at 410 cm-1 most corresponds to that type of interaction which is
antiferromagnetic, which can be seen in the Raman shift on Figure.

Compensation temperature is observed in measurements of magnetisation
with temperature, where is noticeable drop in magnetisation above 230 K,
where Dy sublattice couples antiferromagnetically with the net moment of the
Fe3* sublattices, about we discussed in the introduction.

Another important thing to notice on these graphs is ferrimegnetic behaviour in
phonons which comes from higher frequency range (it means correlated with
vibrations of oxygen above Fe ions), where we can apply mean-field theory.
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Spin-phonon constants for Dy;Fe;O,,
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In order to determine the strength of spin-phonon coupling, it is
necessary to separate spin-phonon and anharmonic contributions from
the change of the phonon frequency with temperature below Tc.

These results are related to our recent work on rare-earth iron garnets
and their spin-phonon interaction mechanisms.

From the value for lambda we can conclude that the mode at about 700
cm-1 has 4 times higher spin-phonon constant, thus this mode has a
stronger spin-phonon interaction than the mode at about 675 cm-1.
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Raman spectrum of BiFeO; nanoparticles

Related recent work:

B. Stojadinovic et al., Unraveling the effects of Tb doping on BiFeO; thin films (2024).
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Experimental: |
- TriVista 557 triple spectrometer o " . f A ) ‘ 3
- backscattering geometry 100 200 300 400 500 600 1000 1100 1200 1300 1400 1500
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(prvo prica o materijalu, kratak vec pomenut uvod)

In the left corner, | am presenting the Raman spectra of Th-doped BiFeO3
nanoparticles. Notice that the high-frequency modes, primarily responsible for Fe-O
vibrations, are the most sensitive to doping; the substitution with 4f elements like
Terbium induces subtle crystal structure changes that are clearly reflected in the
shifting and broadening of these specific Raman bands.

The high-order Raman modes of the ferroelectric materials are usually very weak, but
in the spectrum of BiFeO3 from Fig. 1 an intense multiphonon band is observed.
The second-order modes S1 and S2, are at the double frequency of the first-order
Raman modes.

The increasing intensity of S1 and S2 modes was attributed to the resonant
enhancement when the excitation energy (532 nm =2.34 eV) is close to the
absorption edge of BiFeO3. The resonant behavior of these modes was explained by
exchange mechanism between Fe3+ ions.

15



Raman spectra of BiFeO, nanoparticles
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Temperature-dependance of Raman spectra BiFeO, nanoparticles are shown on Figure
left. We can see that the intensity of two-phonon modes S, and S, decrease and
disapear at about temperature of 600K, becaouse of that, as we know that Neal
transition temperature is 640K, we corelate this efect to magnetic ordering in this
material.



Spin-phonon constants for BiFeO,
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In order to determine the strength of spin-phonon coupling, it is necessary to
separate spin-phonon and anharmonic contributions from the change of the phonon
frequency with temperature below Tc.

Within the mean-field theory, spin-spin correlation function Si-Si+1 is proportional
to the square of normalized magnetization.

The (M(T)/MO0)2 curve was obtained using a numerical solution for Briluen function in
a case of Fe3+ ions having spin S=5/2.

Obviously, Aws-ph(T) scales very good with (M(T)/MO0)2 curve confirming that the
significant deviation of two-phonon frequencies from anharmonic behavior below Tn
is actually due to spin-phonon interaction.

According to Eq., from the plots Aws—ph(T) vs Si - Si+1(T), we applied lineary fit for
this graphs, where the spin-phonon coupling constant A can be determined for both
phonon modes. We can see that spin-phonon coupling constant A for both modes are
same, meaning that spin-phonon interaction is the same for both.
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Conclusions

Significant deviation of certain phonon frequencies from
anharmonic behavior below T, are seen in Dy;Fe;0,,. Such
behaviour is characteristic for spin-phonon coupling in materials
with dominant FM ordering.

In a case of BiFeO; two-phonon frequency deviation below T was
ascribed to spin-phonon coupling in materials with dominant
AFM ordering.

The spin-phonon interaction in both materials is successfully
described by mean field theory.

These results represent part of the research published by the
author in the last years.
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