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Research direction
Structiire-property relations in functiona I materials

•      MaEnetlc oxides and sDinrdhon®n couE)I!nrf!-Unveilingthespiri-phcmoncoupling in nanocrystalline BiFe03, Mcter. Scti. Eng. 8 (2021|

structure + magnetism
-Spin-phonon Interaction in nanocrystoIIlne Dyofeso.2, J. S€.l...Adv. Mater. Devices (2023)
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•      FunctEona[ oxlde materlails

[3]- Tb-doped BiFe03 thin films (NI21a+)
structLlre + electrical properties

[5][2]- Gd-su bstituted Aurivilliu5 BlsTi3Feois ceramics
local structure + functional properties

•      lhterdlsdBllnarv materials research
- Dextran-coated Ceoz nanoparticles

Surface stmcture + btological respetise

[1]- Sillblnln-loaded liposomes
molect]Iar structure + bioactiv.rty
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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 Ce02 nanoparticles, I 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. I 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,  I 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.

I 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;  I 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.
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Introduction -Motivation
•     What are multiferrojc nanomaterials?                                      th   M-E sensor
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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
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Why BiFe03?

•    Multiferroic at room temperature!                       eat,ng spln~®n intolrfuon !n BiFco,
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devices                                                                                                           pr€,t,   [u
-M    netoelectric coupling

0.I

•    Challenges:                                                   [3]
- High leakage current +So,o,

-  Presence of oxygen vacancies ure2+/Fe3+) S
•    Whylstudyit: Ed

i::=ifi:{i;:Lit
-  Ideal for investigating spin-phonon

interaction
- Raman spectroscopy is sensitive to both I EL6           -

®lco     `7S      .50      .2S        a        2S       sO       7S      icoElcewicfieldqv/cm)

lattice and magnetic effects
•

Po

-Let's look at the fundamentals: BiFe03 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 maj.or bottlenecks: the high leakage current and the presence

of oxygen vacancies. These defects, specifically the SFe^{2+}/Fe^{3+}S 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 I am presenting influence of doping on current density profiles
for, in our case, Tb-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.
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-     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 LiB per molecule at 0 K.

-The Dy sublattice couples antiferromagnetically with the net moment of the Fe3+

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

(Tcom) around 230K, the magnetizations of Dy and Fe sublattices are compensated.
Above Tcom, up to the transition temperature Tc = 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.
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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 BiFe03 thin films at various scales. Notice the high uniformity and well-defined

grain structure; as the lead researcher, I 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 I magnetnih
podresetki identicna za Dy i Er gvozdje garnete, sto je na predavanju I istaknuto. Slika
ispod, a kompenyacionim temperaturama, nije iz naseg rada, ali je kompenzaciona
temperatura I njen znacaj takodje predstavljen u pomenutom radu [6] I veoma je vazan
rezultat publikacije koji sam objasnio, diskutovao i oko cega sam diskutovao na kraju
predavanja odgovaravsi na pitanja iz publike.
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Raman spectroscopy
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-    ln this work we investigated the temperature-dependent Raman spectra of

Dy3Fe5012 and BiFe03 nanomaterials in temperature range from 80K to 700K.
-    As for garnets, they have body-centered cubic Ohio 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.
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Temperature dependent Raman spectra of Dy3Fe50[2 nanoparticles
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Temperature dependent Raman spectra of Dy3Fe50]2 nanoparticles
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-Red line is anharmonicity.
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Frequency shift

Frequency change of a phonon with temperature:

a)(T) -aJOTo) = Aa) = AaJan ELe-£n;rfuAcos.p

Grt}neisen law: /
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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.

-     ln 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
Accordlng to Helsenberg model, the magnetic exchange energy in a case of materials with FM and AFM
ordering is:

H=-2EJtj(s€sj)+zEKutsisk)

where Su* denotes the spln of the /, / ond A,-nearest and next nearest neighbors magnetic lolls.
The freqilency shift of a given phonon due to the spin-phonon coupling in materials with competing FM and
AFM ordering is given as: ±--    +¥0o
where5lsthetotalspin,AandBarespindependentforceconstantsand(S!fy),{S£Sk)arespincorrelation

functions for nn and nnn Interactions.

Supposingthesamecorrelationfunctionfor(S!fj)and(S!S*)

±±a)S_pfecals_pn(s,s,)!<~='dominant_AF"interaction:+pfr>o\

Frommean-fie|dtheory:             |          ``d°mjnant"lnteraction:fu_ph <o

F(#rh  Acos-phac (#)2        ¥ \#[i=£'#edei,,alA,##,tj#:3!,,,tj,,##A,.5,:,2:«i9f,8".7
J.A.Moreinei al. f'A,i¥.  ifeii. JJ 81  {Zti I(i) 054J17
K, Yesjth 77iptrty. q/`Achtgri..il.sin. Ch I ( I iJgr.) 73-7+

PJ..  F]£i  F]5i F]qi  F].i  F]O. F]J                                                                                          „

-(sisi) noKa3yje i{OniiKO cy OpMjeHTaL+Mje cnMHOBa Ha 4Ba cyce4Ha aTOMa (M" joHa)

Mef}yco6Ho noBe3aHe y npocel{y.
-Alto I.e (Sisj) no3M"BHa, To 3Ha" Aa cnMHOBM TeHKe Aa 6yAV napaflen" (uTo je

i{apaKTepMCTMUHo 3a ¢epoMarHe"3aM).
-AKo je (Sisj)  HeraTMBHa, cnMHOBM Texe 4a 6yAV aHTMnapanenHL4 (Kao  r{qu

aH"¢epoMarHe"3Ma).
- Bpe4HOCT 6nLi3y Hy»a yKa3yj.e  Ha ona6y MnM HMKaKBy i{openaL|i.jy.

-oBaj. napaMeTap je KfoyilaH y pa3yMeBaLby MarHeTHor ypeberba y MaTepMjanl"a M

iiecTo ce KopMc" y TeopMjci{I" MOAenMMa  Kao  LI]To je Xaj.3eH6eproB MOAefl.

-M(T) je MarHe"3al|14ja MaTepHjaTla Ha HeKoj TeMnepaTypH I.
- M_o je MarHe"3al|Hja Ha allconyTHoj lry" (rmH Ha TeMIIepaTypH KaHa je
MarHe"3al|Hja MaKCHMajlHa -Tj. y IIOTHyHo ypebeHOM cTalby).
-Kaqa IIoueJIHMo M(T) ca M_0, ;|o6HjaMo o;|Hoc (rmH pejlaTHBIry Bpe;|HocT)

MarHe"3auHje.
-Kana Taj O;|HOc y3MeMO Ha KBa;|paT, TO tlecTO cjlyscll Kao ;leo MO;|ejla KojH OnHeyje

cnllH-¢OHOH cllpery, TeMIIepaTypHy 3aBIICHOcT IIOMepaja ooHOHCKIIx M04OBa HTIH

qeKI[apaulljy MarHeTHor ypebelba.
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Anharmonicity + spin-phonon interaction in Dy3Fe50i2
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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 Dy3Fe50i2
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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 Dy3Fe50i2
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-   ln 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 s  ectrum of BiFeo   nanoparticles
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-     (prvo prica o materijalu, kratakvec pomenut uvod)
-     ln the left corner,I am presentingthe Raman spectra of Tb-doped BiFe03

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 BiFe03 from Fig.  1 an intense multiphonon band is observed.
-    The second-order modes sl and s2, are at the double frequency of the first-order

Raman modes.
-    The increasing intensity of Sl 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 BiFe03. The resonant behavior of these modes was explained by
exchange mechanism between Fe3+ ions.
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Raman spectra of BiFe03 nanoparticles
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Temperature-dependance of Raman spectra BiFe03 nanoparticles are shown on Figure
left. We can see that the intensity of two-phonon modes S] and S2 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.
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Spin-phonon constants for BiFe03
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-     ln orderto 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)/MO)2 curve was obtained using a numerical solution for Briluen function in

a case of Fe3+ ions having spin S=5/2.
-Obviously, Aus-ph(T) scales very good with (M(T)/MO)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 Aus-ph(T) vs Si . Si+1(T), we applied lineary fit for

this graphs, where the spin-phonon coupling constant ^ can be determined for both

phonon modes. We can see that spin-phonon coupling constant ^ 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 Tc are seen in Dy3Fe50i2. Such
behaviour is characteristic for spin-phonon coupling in materials
with dominant FM ordering.

-   In a case of BiFe03 two-phonon frequency deviation below TN 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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