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ABSTRACT: The rich phase transition landscape of spinel ferrites v (em) N N
and its profound impact on their physical properties have garnered e GV oy Ve Y
significant interest in recent years. The complex interplay of 500| v, 35848 e
divalent and trivalent cations distributed across A- and B-sites gives = v, 31249 77 >
rise to a captivating variety of interactions. In this study, we delve < 4001 19290
into the structural, electronic, magnetic, and vibrational properties @ 300
of ZnFe,0, as a function of the degree of inversion, employing £ 500
first-principles density functional theory with global and range- ° gn
separated hybrid functionals and a local basis set. The ground state 100 : Oe
of ZnFe,0, is an open-shell system, characterized by Zn atoms 0 J\
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occupying tetrahedral sites, Fe atoms residing in octahedral sites,
and Fe atom spins exhibiting ligand parallel alignment. In the
normal structure, the antiparallel arrangement is less stable than the
ferro arrangement by 0.058 eV (673 K) for fully relaxed structures, decreasing to 0.034 eV (395 K) upon incorporating a zero-point
vibrations contribution. For normal ferromagnetic ZnFe,O,, we calculated scattering for Ay E, and 3T,, symmetry at 676.6, 367.1,
and (189.7, 457.7, 602.3) cm ™, respectively. Additionally, four T, vibrational frequencies predicted by group theory were obtained
at 524.59, 358.48, 312.49, and 192.9 cm™}, demonstrating excellent agreement with the experimental studies. We also explored the
influence of spin rearrangement and inversion (X = 0.5 and 1) on Raman and infrared spectra. By analyzing the infrared spectra of
isotopic substitutions, we reevaluated the assignments of the four T, modes in light of available experimental data. Notably, the
sensitivity of peak positions and intensities for some Raman modes, particularly A, and ng(Z), to spin arrangement could provide a
convenient experimental tool for detecting phase transitions induced by changes in temperature or external electric fields. This
investigation shines a light on the complex interplay of phase transitions in spinel ferrites, paving the way for a deeper understanding
of their properties and potential applications.

Wavenumber (cm)

1. INTRODUCTION

Infrared (IR) and Raman spectroscopy serve as essential
techniques for investigating the vibrational modes of spinel
ferrites, contributing significant insights into their physical and
chemical properties. Nevertheless, the task of assigning IR and
Raman modes in these materials poses a significant chal-
lenge.' "' The complex nature of these materials, characterized
by the presence of metal cations in varied sites within the crystal
lattice, gives rise to multiple vibrational modes, further
complicating the assignment of IR and Raman modes.'”"”
The overlap of the IR and Raman bands adds another layer of
complexity, often resulting from multiple vibrational modes
stemming from the tetrahedral and octahedral sites. Broad IR
and Raman bands frequently observed in these materials can be
attributed to site disorder, strain, or even instrumental
limitations.

The spinel structure is characterized by a cubic close-packed
array of oxygen anions (O>”), with metal cations (M) occupying
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the tetrahedral (A) and octahedral (B) sites. Generally, a spinel
ferrite material follows the AB,O, formula, wherein A and B
signify metal cations. These materials host a treasure trove of
optical, electrical, and magnetic properties with insulating
behavior at low temperatures and low-gap semiconductors
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with nonzero magnetic moments. This multifaceted nature

renders ferrites invaluable in an array of cutting-edge
2122 .23,
applications, from photocatalysis,
26 27,28
energy storage,” drug delivery,

of spintronics and spin caloritronics.

2 . 25
and gas sensing,” to

and the ever-evolving fields
29,30
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The absorption frequencies in spinel ferrites primarily stem
from lattice vibrations of oxide ions interacting with cations,
producing a spectrum of frequencies in the unit cell.’’ The
frequencies are influenced by cation—oxygen bonding and
cation mass. Several studies have documented the associated
spinel IR frequencies for ferrite,'””*™*> with some successfully
identifying the four frequencies predicted by group theory for
the spinel cubic structure’’ and others primarily focused on
documenting the two high-frequency bands to confirm the
spinel formation, without any density functional theory
prediction linking spectral frequencies to a specific structure.
The issue of IR peak splitting for s(pinel structures is rarely
explicitly addressed in the literature.”®*” For instance, Lopez et
al. reported the splitting of the two highest-frequency bands into
four bands in a ZFO sample prepared by the coprecipitation
method.”® In contrast, Zaki et al. reported a high-frequency band
appearing at 700 cm ™', which is outside the range reported for a
normal structure.”' Gawas et al. also reported a similar
shoulder in the region 733—728 cm™" for mixed Ni—Mn—Zn
ferrites and attributed it to the stretching vibration at the
tetrahedral sites.”

Similarly, accurate assignments of vibrational modes in spinel
using Raman spectroscopy have consistently presented
difficulties. Nekvapil et al. deconvoluted the Raman modes of
MnFe,0, and Mny¢Zn (,Fe,O, into six and nine modes,
respectively, compared to the five modes observed in iron oxides
magnetite containing only iron cations.’ They assigned all three
peaks at the highest frequencies (674.47, 634.8, and 598.47
em™) for Mnyg Zny,Fe,0, to A, symmetry. Andhare et al.”?
identified six modes related to three synthesized samples Co,_,
Zn,Fe,0, (X = 0.0, 0,5 and 1.0), and assigned the additional
band appears at 604.5 cm™' for ZnFe,0, to A;,(2) symmetry,
distinguishing it from the other Alg( 1) at 681 cm™.'""” The
assignments presented by Yadav et al.** for ZnFe, 0, attributed
the two bands at 605 and 653 cm™ to A, symmetry, observing
an increase in their intensities with the annealing temperature.
Interestingly, this band around 600 cm™ was not observed by
Wang et al."> The spectra of NiysZn,sFe,0, mixed spinel
obtained by mechanochemical synthesis compared with that of
ZnFe,0, and NiFe,O, by Lazarevic et al. showed clear
distortions from normal cubic spinel bgf exhibiting more than
the expected five modes of cubic spinel.*” They also assigned the
group of the highest peaks (637, 670, 689, and 721 cm™") to A,
symmetry, and from the ratio of these peaks, they estimated the
inversion of cations.

In this study, we undertake a comprehensive exploration of
both collinear antiferromagnetic (AFM) and ferromagnetic
(FM) arrangements of normal and inverse ZnFe,0, (ZFO),
utilizing a variety of hybrid functionals rarely deployed in such
systems. Zn ferrite, a spinel ferrite with exceptional magnetic
properties and chemical stability, plays a pivotal role in various
technological applications ranging from magnetic storage
devices to catalysis.""~** Its unique spinel structure allows for
a normal to inverse transition, a feature that can significantly
impact its magnetic behavior and catalytic performance. Prior
DFT studies have primarily relied on the local spin-density
approximation (LSDA) and generalized gradient approximation
(GGA) and GGA+U,* ™" with no known theoretical analyses
comparing the infrared features of FM and AFM ZFO at varying
inversion degrees. To bridge this knowledge gap, we present
calculated IR and Raman spectra, providing deep and
quantitative insight into ZFO. The exploration of ZFO’s
vibrational modes through spectroscopic characterization

opens up a fascinating realm of complex interactions and
correlations, enabling a more profound understanding of the
nature of spinel crystal structures. The results could potentially
be used as a basis for differentiating between observed patterns
in experiments that are inherent to the lattice structure and those
that emerge due to imperfections, like disorder of cations. The
recent advances in ab initio calculations of infrared and Raman
spectra for solid materials have been instrumental in interpreting
experimental results,"® paving the way for a deeper under-
standing of this captivating material and its numerous
applications.

2. COMPUTATIONAL DETAILS

The calculations in this study are based on density functional
theory (DFT) and were obtained using the CRYSTAL17
package.”” The calculations include atomic positions, total
energy, and electronic and spin distributions on different
degrees of inversion of ZFO. From the optimized structure, we
obtained the IR- and Raman-active frequencies and intensities.
Spin-polarized calculations were carried out to study the
influence of spin ordering on the electronic and structural
properties. In the ferromagnetic (FM) configuration, the
magnetic moments were initially set in one direction, while in
the antiferromagnetic (AFM) configuration, the magnetic
moments were set to be antiparallel between two Fe atoms in
the unit cell. The functionals employed in the calculations
include global hybrid functional B3LYP*® (20% of HF
exchange) , PBEO (25% of HF exchange) ! and range-separated
HSE06°* (the fraction of HF exchange varies based on the
distance between electrons), which correct most of the self-
interaction error of pure DFT functionals. An all-electron basis
set of Gaussian-type functions was used for all atomic species
involved in the study.>~>°

The five thresholds, T, that controlled the truncation criteria
of the Coulomb and exchange infinite series were set to 8 (T1—
T4) and 16 (TS). The energy convergence thresholds for the
self-consistent field (SCF) cycle were set to 10™® and 107'°
Hartree for optimizations and vibration frequency calculations,
respectively. The full optimization process, involving lattice
parameters and all atomic bases in the cell, used a root-mean-
square (rms) displacement of 107> A. The shrinking factors
controlling the number of independent k—{points used in the
sampling of the Monkhorst—Pack net,’>” were set to 88,
corresponding to 29 points in the first Brillouin zone with ZFO.
Mulliken population analysis for charge and magnetic moments
was executed at the end of the SCF process for each
nonequivalent atom.*””* The magnetic moments were specified
solely for the atoms in the initial guess, & (+1) and spin 8 (—1),
to define the open-shell configurations. The frequencies
(wavenumber) @, were calculated from second energy
derivatives with respect to atomic displacements u at the I'
point,*” according to the following equations:

0

H .. 2
r _ ai,b 0o _ 0°E
Wm‘,h,‘ = WWhere Hai,bj = (thuf. i~

where u is the atomic displacement of atoms a and b in the
system, with atomic mass M, and M, respectively. The i-th and j-
th are the Cartesian directions in which the atoms move (atomic
coordinates). Then, at no computational cost, the shift in
frequencies due to isotopic substitutions can be obtained by
replacing the masses in eq 1.
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Table 1. Thermodynamic Functions (eV/cell) Obtained at T = 298.15 K and P = 0.10132500 MPa for Different ZFO Systems”

X=0 X=0S5 X=1

energy M AFM EM AFM FM AFM
E, 0.8961 0.8813 0.8839 0.8790 0.8729 0.8742
Er 0.3914 0.3981 0.3970 0.3994 0.4026 0.4025
S (meV/(cell-K)) 2.1859 2.2381 2.2202 2.2418 2.2569 2.2602
PV 0.000097 0.000097 0.000097 0.000097 0.000097 0.000096
TS 0.6517 0.6672 0.6619 0.6684 0.6729 0.6738
E; + PV-TS —0.2601 —0.2690 —0.2648 —0.2688 —0.2702 —-0.2712
Ex=E; +Ey+ Er + PV-TS 0.00 0.034 0.575 0.267 0.864 0.455

“E, denotes the energy per lattice cell (electronic energy), E, represents the zero-point energy, Er signifies the thermal contribution to the
vibrational energy, and S denotes entropy. All energies are obtained at the B3LYP level. Ey, indicates the relative energy compared to the ground

state (FM, X = 0.0).

The integrated intensity for IR absorption I(p for each P mode
is computed through a CPHF/KS method®"* as follows:

7N, -

IP = ? dP' |ZP| (2)
where c is the speed of light, N, is the Avogadro’s number, d, is
the degeneracy of the mode, and 7, is the mass-weighted
effective mode Born charge vector.® The Raman intensities are
evaluated analytically based on the first- and second-order
coupled perturbed Hartree—Fock/Kohn—Sham (CPHF/KS)
equation solutions.**

3. RESULTS AND DISCUSSION

3.1. Energy, Geometry, Charge and Spin Distribution,
and Band Structure. Our investigation of the thermodynamic
functions obtained from spin-polarized calculations (Table 1)
reveals intriguing insights into the stability of various ZFO
configurations. The FM ZFO (X = 0) emerges as the most stable
configuration, corroborating previous findings using the PBEO
functional.”® The electronic energy of EM ZFO (X = 0) is lower
than that of AFM ZFO (X = 0) by approximately 0.058 eV,
which decreases to 0.034 eV (395.5 K) when considering the
free energy, inclusive of zero-point energy. Increasing the
inversion degree reduces the stability of both FM and AFM-
ZFO by about 0.59 and 0.29 eV for (X = 0.5) and 0.89 and 0.48
eV for (X = 1), respectively. As the inversion degree increases,
the stability of both FM and AFM-ZFO diminishes by about
0.59 and 0.29 eV for (X =0.5) and 0.897 and 0.488 eV for (X =
1), respectively. Significantly, we observe consistent relative
stabilities across all functionals utilized in this study (Table 2).
This consistency underscores the robustness of our results, even
when the hybrid functional changes, particularly in terms of
variations between the two spin states. The influence of the exact
exchange percentage is evident in the energy difference between
the spin states across all of the employed functionals. Previous
DFT studies””®° highlight the importance of hybrid functionals

Table 2. Electronic Relative Energy (in eV) of (X =0, 0.5, and
1) ZFO Spinel Geometry (Zn,_yFey) [Zn,Fe,_yO,] to the
FM Normal Spinel Structure Calculated with Different
Functionals

X=0 X=05 X=1
functionals FM AFM FM AFM FM AFM
B3LYP 0.00 0.059 0.59 0.29 0.90 0.49
HSE06 0.00 0.07 0.59 0.33 0.91 0.54
PBEO 0.00 0.08 0.58 0.34 0.90 0.55

for achieving better congruence with experimental results,
compared to the GGA + U method. Our study aligns with these
findings regarding relative energy and supports the experimental
study proposing that ZFO is fundamentally a FM system, driven
by first-neighbor exchange interactions.’”*®

Figure 1 illustrates the optimized structure of the ZFO crystal
with X = 0 in two-spin arrangements: FM (Figure 1a) and AFM
(Figure 1b) configurations. These diagrams, obtained by using
the B3LYP functional, highlight bond distances (in A), net
charges (in lel), spin densities (in lel), and bond populations (in |
el). Mulliken population analysis, calculated for charge and spin
density at the end of the self-consistent-field (SCF) cycle, offers
valuable insights into the nonequivalent atoms.*”>® The local
symmetry of normal FM-ZFO belongs to the cubic crystal family
and the Fd3m space group (centrosymmetric), comprising 48
symmetry operations. Lattice parameters obtained with three
adopted functionals for normal spinel FM-ZFO [B3LYP = 8.522
A, PBEO = 8.448 A, HSE06 = 8.450 A] fall within the range of
measured values: 8.441 A, 8,445, 8.451 A,"® 8.459 A,'” 8.520
A7%%7 The Fe—0O and Zn—0 bond lengths in the normal spinel
are almost equal with negligible differences (0.03 A for FM and
0.02 A for AFM), aligning with previously measured values for
(Zn—0) (Fe—0) bond lengths, [2.12,2.01 A],”" [2.11,2.12].7"
Figure 1 suggests that the distortion from the cubic structure is
minimal in the AFM arrangement, as exemplified by the
variations in Fe—O bonds: about 0.001 A within AFM, and
approximately 0.004 A compared to FM. As the inversion degree
increases, bond lengths and populations in both A- and B-sites
reveal significant variations, emphasizing the crucial role of Fe
atoms” occupation of the A-site.

In FM of X = 0.5 where Fe and Zn atoms distribute between
A- and B-site, their bonds are as follows: A-site -3 X Fe—Q 1.93
A 1xFe—0197A,3XZn—01.994, 1 X Zn—0 2.01 A; B-site
-3XFe—01.99A,3 xFe—02.04A,3XZn-02.10A,3 X Zn—
0 2.11 A. Similarly, in AFM of X = 0.5, the bonds are A-site -1 X
Fe—O 1.95A,2 X Fe—0 1.94 A, 1 X Fe—0 1.95 A, 1 X Zn—-0
201 A, 2 X Zn—0 198 A, 1 X Zn—0O 1.99 A; B-site: no
symmetry remaining with Fe—O as their bonds are (1.99, 2.00,
2.04, 2.04, 2.06, 2.08 A) and Zn—O bonds are (2.091, 2.098,
2.11, 2.14 A). The highest bond population is with the Zn—O
bonds in the A-site (0.093—0.043 lel), and the lowest values are
with the Fe—O bonds (0.029—0.014 lel), indicating a preference
for the former to tetrahedral site due to the difference in ionic
size (Zn>* 0.74 A, Fe’* 0.64 A).

In FM of X = 1, the A-site bonds are 2 X Fe—O 1.91 A, 2 X
Fe—O 1.95 A, and the B-site bonds are 3 X Fe—0 2.03 A, 3 X
Fe—0 2.06 A with a population of approximately 0.03—0.05 lel,
and 3 X Zn—0 2.14 A, 3 X Zn—0 2.11 A with a population of

https://doi.org/10.1021/acsomega.3c04268
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Figure 1. Schematic representation of bond lengths (A/bold), bond populations (lel/italic), spin moment (lel in parentheses), and Mulliken charges (|
el) for normal spinel (a) FM and (b) AFM configurations. Data obtained using B3LYP.

Table 3. Band Gaps (eV) and Magnetic Moments (g;) for Various Magnetic Arrangements (FM and AFM) in ZFO Geometries
(Zn,_xFey) and [Fe,_yO,] Calculated Using Different Functionals

functionals ZFO
B3LYP X=0

HSEO06 X=0

PBEO X=0

Eg
$.277
2.948

5.354
2.960

5481
3.346

5.103
3.068

5.168
3.085

5.272
3.436

5.822
3.798

5.889
3.825

5.996
4.159

p
Eg
3.138
2.948

3.086
3.100

2.864
3.347

3.264
3.063

3.085
3.165

2.876
3.432

3.926
3.798

3.783
3.902

3.556
4.160

Fe (Oy) up Fe (Ty) pp Zn (Oy) pp Zn (Ty) pp
4.301 0.084
4.291 0.000

—4.291
4312 4.291 0.034 0.083
4.298 4.229 0.025 —0.024
—4.275
4.349 4.259 0.056
4.299 4214 0.000
—4.299 —4.214
4.354 0.086
4.347 0.000
—4.348
4.367 4.349 0.030 0.086
4.355 4.291 0.025 —0.025
—4.334
4.403 4315 0.053
4.360 4.274 0.000
—4.361 —4.274
4.363 0.085
4.357 0.000
—4.357
4.375 4.357 0.030 0.085
4.364 4.303 0.025 —0.024
—4.344
4411 4.323 0.053
4.371 4.285 0.000
—4.371 —4.285

approximately 0.04—0.05 lel. In AFM of X = 1, the A-site bonds
are 2 X Fe—0 1.93 A, 1 X Fe—0 1.92 A, 1 X Fe—0 1.90 A, and
the B-site bonds are Fe—O bonds 1.99, 2.01, 2.03, 2.09 A, and
the Zn—O bonds 2 X 2.08 A, 2.126 A, 2.127 A,2.13 A, and 2.14

37002

A, with population about 0.015—0.033 lel in Fe—O, and 0.04—
0.06 lel in Zn—O. The nature of the Zn—O and Fe—O bonds,
estimated from the very low value of bond populations and

https://doi.org/10.1021/acsomega.3c04268
ACS Omega 2023, 8, 36999-37010
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charge distributions, are predominantly ionic. Oxygen atoms
accumulate charge (~—1.5 lel) from the surrounding cations.

Our analysis demonstrates that the total spin densities for Fe
and Zn atoms are conserved in all calculated structures, with Fe
exhibiting a magnetic moment consistent with experimental
measurements of 4.2 y," > and previous calculations, 4.1—4.2
' * and 4.7—4.8 . ">’ Zn atoms, in contrast, display nearly
zero spin density in both configurations, confirming their
diamagnetic nature (Table 3).

Figure 2 compares the complementary band structures
obtained with the B3LYP approach for FM-ZFO and AFM-

AFM

Energy (eV)

8
L
k-Points

Figure 2. Band structures of ZFO in FM (left) and AFM (right)
configurations calculated with B3LYP for varying degrees of inversion.
The red horizontal line represents the Fermi level, while continuous and
dotted black lines indicate the @ and 8 energy bands, respectively.

ZFO with varying degrees of inversion. Energy gaps along the o
and f spin channels (Table 3) can be compared to values
obtained with other functionals. In FM, a significant shift
between the o and f bands results in distinct direct energy gaps,
aligning with previously calculated value with PBEO (3.13 eV),*
and experimental measurement.”” The impact of inversion on
the energy gaps is minimal, with a slight increase or decrease
depending on the inversion degree and spin channel.

3.2. Spectroscopic Characterization: Exploring Crystal
Structures with Raman and Infrared Spectroscopy. The
complex of crystal structures can be revealed through the Raman
and infrared (IR) spectra, though experimentally assigning
spectral features to particular structures can prove challenging.
Preparation methods, temperature, defects, and intrinsic
structural disorder may all cooperate to complicate the analysis.
Thankfully, simulated spectra emerge as a powerful tool,
enabling precise characterization of spectral features while
sidestepping most of these interfering factors.

The IR vibrational spectra of ZFO configurations, computed
at the B3LYP level and derived from equilibrium lattice
structures, are displayed in Figure 3. Each panel showcases a
different configuration, with the first panel representing X = 0,
the next two featuring X = 0.5 and 1, and each panel including
the AFM spectrum for comparison. These spectra are plotted
with a full width at half-maximum of 8 cm™" and a pseudo-Voigt
function—a linear combination of Lorentzian and Gaussian
functions. Delving into the ZnFe,O, spinel’s space group Fd3m
(047), we uncover 42 modes, 39 of which are optical and the
remainder acoustic. Group theory analysis reveals that the
infrared-active vibrational mode is the triply degenerate 4T,
while the Raman-active modes consist of A, E;, and 3T,
combinations.'

The FM-ZFO (X = 0) spectra feature four distinct modes.
Analyzing the spectra, we traverse from the lowest wavenumber
(193 cm™, v,) to the highest (524 cm™!, v,), unraveling the
hidden relationships between bending and stretching modes
involving Zn and Fe atoms. The mode at 193 cm™" v, has
unobserved intensity and is related to the bending mode of O—
Zn—0 and Zn—O—Fe. The second mode at 312.5 cm™" (v;) has
the highest intensity and is a combination of the bending modes
of Zn—0O—Fe, O—Fe—0, and O—Zn—0, as well as the
stretching modes of Fe—O—Zn. The third peak that appears
at 358 cm™' (v,) is exclusively related to the atoms in the
octahedral sites (Fe—O—Fe mode). The last peak at 524 cm™
(vy) has the lowest intensity and is related to the bending mode
of Fe—O—Zn. These four active modes exhibit triply degenerate
phonons of T, symmetry, aligning with group theory and
demonstrating good agreement with previously reported values
for ZEO?' (Table 4). According to Waldron®' and Hafner,'” the
v; band related to the intrinsic vibrations of the AO,, and v,
belong to the BO4. Turning our attention to the simulated
spectra of isotopic substitutions (**Fe — **Fe and ®*Zn — “Zn)
for ZFO FM (X = 0) in Figure 4, we uncover intriguing
correlations between the vibration modes of the two cations. As
we progress from high to low wavenumbers, the IR peaks
become more influenced by the heavier Zn atom and vice versa
for the Fe atom. This insight helps us further understand the
complexity of ZFQ’s vibrational modes, while also shedding
light on the important work of Preudhomme and Tarte.”*~”
Based on their experimental isotopic data, they found that the
contribution of the tetrahedral cation to the vibration modes is
too small to be observed experimentally, and the band at the

https://doi.org/10.1021/acsomega.3c04268
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Figure 3. B3LYP simulated infrared spectra of ZFO (X = 0.0, 0.5, 1.0) with its two-order magnetic configuration; left panels refer to FM, and right

panels refer to AFM.

Table 4. Comparison of the Frequencies of the IR Modes of
Normal ZFO Presented Previously with Those Calculated in
the Present Study

vibrational modes current
(em™! ref 31 ref 32 ref76 ref79 ref80 study
v, 55§ 600—548 552 590 55§ 524.59
v, 393 400—450 425 400 430 358.48
V3 3258 330—-350 336 240 330 312.49
vy 169 <200 166 1929

lower frequency (v,) is more likely to be affected by the divalent
tetrahedral cation.

In the AFM-ZFO (X = 0) spectra, we notice key differences
compared to FM spectra, such as the splitting of the
intermediate band at 358 cm™' into four bands (346, 358,
368, and 370 cm™') and the appearance of additional low-
intensity modes. The peak centered at 312.21 cm™" appears as
one broad peak. The highest-frequency band exhibits a red shift
of about 12 cm™" (513 cm™"), while the lowest-frequency band
shows a blue shift of 3 cm™ (195 cm™'). The spin
reconstruction also activates additional modes with very low
intensity, specifically at low frequencies 121.2, 188 cm™' and
others at 245, 447, and 635 cm™". Isotopic shifts in Figure 4
indicate that the new modes (121.2, 245, 447, and 635 cm™") are
mainly influenced only by Fe atom, particularly the 447 and 245
cm™! modes, which exhibit large shifts of 7.7 and 4.4 cm™},
respectively. The mode at 188 cm™ demonstrates the same
correlation as that of the 194.7 cm™" mode.

The simulated Raman spectrum of FM ZFO (X = 0) features
five active internal modes related to T, Ay, and E; symmetry
species (Figure 5). These five peaks are well separated, with their
symmetries aligning with the calculations in ref 1. The first peak
occurs at 676 cm™' (A,,), followed by two peaks at 602 cm™
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Figure 4. Simulated isotopic shifts resulting from *°Fe — **Fe and ®Zn
— 9Zn substitution for ZFO (X = 0) in its two-spin configuration, FM
(top) and AFM (below); blue bars represent Fe atom, and orange bars
represent the Zn atom.
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Figure 5. B3LYP simulated Raman spectra of ZFO (X = 0.0, 0.5, 1.0) with its two-order magnetic configuration; left panels refer to FM and right panels

refer to AFM.

Table S. Comparison of the Frequencies and Assignments of the Raman Modes of Normal ZFO Previously Reported in the

Literature with Those Calculated in the Present Study

Raman symmetry assignment ref 13 refs 66,83 ref S
Ty, (1) 221 159 212
E, 246 254 230
Ty (2) 355 364 277,33
Ty (3) 451 459 496
Ay 647 665 589, 67

ref 81 current study (X = 0)

ref 84 ref 39 exp. theo M AFM
160 190.7 176.5 +3 191 189.7 188.6
250 296.7 352+3 375 367.1 365.3
350 461.9 447 + 3 464 457.7 43S5.7
472 442.9

450 550.6 S73+3 600 602.3 601.2
630 604.5/681 647 +3 695 676.6 669.7

(ng(3)), and 458 cm™ (ng(Z)), with relative intensities of
43% and 38% compared to the highest peak. The fourth peak at
367 cm™ (E,) has a moderate intensity of about 53% of the
highest peak, and the final peak is weak, appearing at a lower
wavenumber (189 cm™) (T,,(1)). However, a review of the
literature reveals that the peak at 602 cm™ not reported
experimentally in ref 13, and assigned to A, symmetry in ref 39,
leads to misleading assignments for the obtained Raman modes,
as shown in Table 4. Among the various studies reviewed in ref
66, our assignment aligns only with the reported in ref 81. The
observed peak at ~250 cm™ ** does not correspond to one of
the five modes predicted by group theory, as indicated in ref 81.
Instead, it is more likely related to cation disorder within the
synthesized samples or defects. As we will see below, inversion
induces a growing peak in this region. The peak at 602.3 cm™"
may not have been observed experimentally due to the
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broadening of the A, peak caused by strain development in
small crystalline particles.

Analysis of the calculated spectra reveals that the highest peak
Ay, is a combination of two modes, including the stretching of
Zn—O0 and the bending of Zn—O—Fe, which mostly belong to
AO,,. The other peaks at 602 and 189.7 cm ™" are a combination
of many correlated bending modes involving cations in both
sites. This explains the low intensities of these peaks and why
they are not observed in most of the measured spectra. The peak
at 457.7 cm™ involves only the stretching modes of Zn—O—Fe
and O—Zn—O0, while the dominant mode at 367.1 cm ™" is the
stretching of Fe—O bonds. The effect of spin reconstruction in
the Raman spectra of AFM (X = 0) (Table S) is primarily
concentrated on three significant differences; the peak at 457.7
cm™" shifts to a lower frequency and splits into two peaks, 436
and 443 cm™'; the peak at 367 cm ™! becomes broader and more
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Figure 6. Polarized Raman spectra of ZFO (X = 0) for two-spin configurations, demonstrating the dependence of A}, mode intensities on exited light
direction. The top panel corresponds to FM, and the bottom panel corresponds to AFM.

intense, about 64.4% of the highest peak, and shifts slightly to a
lower frequency by 3 cm™'; the highest-frequency peak Ay
exhibits a significant red shift of approximately 7 cm™". Such
influence of some Raman modes by spin reconstruction has been
previously reported for magnetic material by Webster et al.,*
and attributed to spin—orbit coupling. The splitting of the
doubly degenerate peak is likely related to the slight deformation
of the cubic crystal. Figure 6 presents the Raman spectra for the
normal ZFO, as well as the FM and AFM phases, obtained under
different polarization conditions. It is evident that the A;, mode
is significantly influenced by the laser setup as the corresponding
peak vanishes in the spectra acquired with perpendicular
polarization. This effect is also observed in the AFM spectra.
The polarization dependence of these modes could provide
valuable guidance for optimizing experimental setups and
obtaining accurate spectral data.

The changes in the infrared (IR) spectra of the inverse
ferromagnetic (FM) ZFO spinel are significant, demonstrating
splitting across all spectrum regions and presenting a distinct
structure compared to normal spectra. The inversion activates
additional modes at low-frequency regions with very low
intensities (141, 186, 194, and 205 cm™"), followed by a group
of peaks with high intensities (287, 313, 317, 348, and 350
cm™"). Two peaks with moderate intensity appear at 376 and
408 cm™', and at a higher-wavenumber region, four peaks appear
at 484, 496, 503, and 516 cm™. Captivating feature of the
vibrational spectra is the distinct peak at 679 cm™', which
emerges in an otherwise flat region of the normal spectrum. This
peak was previously reported in ref 86 for Ni-based
compositions, where it manifested as a sideband of the primary
v, peak and was accompanied by another shoulder appearing at
lower frequencies. For instance, in (Nigge Fegq,)Fe,O,, the
bands were observed at 667.5, 605 (v,), and 537.5 cm™, with
their intensities diminishing as Zn content increased. These
spectral features were attributed to the presence of Fe*" cations
in tetrahedral sites, causing lattice deformation. A red shift for
the v, band was also noticed in association with the increasing
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intensities of the shoulders, in accordance with our calculations:
524.5 cm™" in the normal spinel shifted to a range of 484—516
cm™! after splitting. Interestingly, no splitting was reported for
the second main band, v,, which may be due to the low
resolution of the IR instrument at low frequencies.

The intensity of the highest peak at 317 cm™" is three times
lower compared to the corresponding peak at 312 cm™" in the
normal spectrum. This occurs due to the full occupation of
heavier atoms (Zn) in the B-site and lighter atoms (Fe) in the A-
site. This splitting of the two main IR absorption bands into four
sub-bands has been reported by Rathod et al.*” for Li ferrite and
Li—Zn ferrite compositions. Zaki et al.” also reported IR splitting
for Cu,_,Zn Fe,0, samples as Zn content increased, with higher
wavenumbers (700, 600, 536 cm™') and lower wavenumbers
(395, 325,266 cm™") appearing for X = 1. The emergence of the
700 cm~' peak may be linked to the formation of an inverse
spinel in their study, while the low-frequency 266 cm™ peak was
only activated in our investigation upon inversion.

Figure 3 compares the AFM spectra with the FM of inverse
ZFO spinels. The antiferromagnetic configuration results in a
diminished intensity of the highest peak at 319 cm™ and a subtle
shift to a higher wavenumber by 3 cm™. The peak at 354 cm™
experiences a 4 cm ™" shift while retaining the same intensity, and
the peak at 287 cm ™' remains unchanged. Meanwhile, groups of
peaks at higher frequencies shift even higher, specifically at 489,
517, and 525 cm™.

Table 6 provides a clear depiction of the distinct motion types
associated with the activated modes upon inversion, particularly
when X equals 0.5 and 1. The vibrational modes of the two
cations become increasingly correlated as they split, with nearly
all cations participating in the activated modes. A limited
number of peaks display a mode that depends solely on one
cation. For example, when X equals 0.5, the modes at the lower
frequencies of 184 and 186 cm™" and 210 cm™" involve only the
Zn and Fe atoms, respectively, albeit with minimal intensities.
The mode with the highest intensity, at 324 cm™}, along with
two modes at 459 and 474 cm ™!, which have very low intensities,

https://doi.org/10.1021/acsomega.3c04268
ACS Omega 2023, 8, 36999-37010


https://pubs.acs.org/doi/10.1021/acsomega.3c04268?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04268?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04268?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04268?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 6. Activated Frequencies and Related Mode Types (Stretching (S) and Bending (B)) for Inverted ZFO (FM, X=0.5and 1)

wavenumber (cm™) FM  Fe—O—Fe Fe—O—Zn Zn—-0-Zn O-Fe—-O O-Zn—-O Zn—O-Fe Fe—O-Fe Zn—-0-Zn O-Fe—O 0O-Zn-0

X=05 (B) (B) (B) (B)

124 v v
184 v
186
210
211
229
297 v
312
324
336
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FM X = 1 B (B) (B) (B)
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are correlated to the Fe atom. Furthermore, the shoulder at 312
cm™! is associated with Zn. As we transition to X equaling 1, the
correlation among the cation modes amplifies, with only four
modes engaging a single cation. Specifically, three modes at 194,
350 (with high intensity), and 408 cm™" involve Fe, while the
mode at 313 cm™! is associated with Zn.

The Raman spectra, akin to their IR counterparts, exhibit
splitting throughout the spectrum with altered relative
intensities compared to the normal spectra (Figure 5). At
lower wavenumbers, the peaks at 206, 210, and 218 cm™
intensify by approximately 10-fold, flattening the spectrum
below 206 cm™". The trio of peaks appearing at 277, 317, and
331 cm™ exhibit lower intensities compared to the correspond-
ing E, peak in the normal spectra. Conversely, groups at 463,
472, and 482 cm™' and 547, 572, and 606 cm™' reveal
significantly higher intensities than the corresponding unsplit
T, peaks in the normal spectra. The final nondegenerate peak at
725 cm™' decreases in intensity and shifts to a higher
wavenumber by 49 cm™', a consequence of the complete
occupation of the lighter Fe atom at the A-site.

The AFM spectrum displays minuscule peaks at 130 and 141
cm™!, with the intensity of the peak at 211 cm™ nearly doubling.
Splitting is observed in the group of peaks centered at the highest
one, 322 cm™' (278, 287, 307, 322, 343, 354, 374, 401 cm™!).
The peak at 462 cm ™" shifts to a lower wavenumber by 2 cm™,
while the peaks at 479 and 502 cm™' shift to higher
wavenumbers by 7 and 20 cm™’, respectively. Two small new
peaks emerge at 517 and 525 cm™". The final group at 551 and
575 cm™! shifts to higher wavenumbers by 4 and 3 cm™,
respectively, and the peak at 604 cm™ shifts to a lower
wavenumber by 2 cm™'. The ultimate peak at 717 cm™'
experiences a slight decrease in intensity and shifts to a lower

wavenumber by 8 cm™.

4. CONCLUSIONS

In conclusion, our calculations of optimized structures, bond
lengths, bond populations, and spin densities for ZFO
compounds with varying inversion degrees (X = 0, 0.5, and 1)
and spin configurations (FM and AFM) underscore the
significance of Fe and Zn distribution within the A- and B-
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sites. The Zn—O bonds exhibit a stronger preference for the
tetrahedral A-site due to their larger ionic size and more
significant overlap, which leads to more covalent character. The
vibrational spectra of the ZFO spinel structures exhibit notable
changes upon inversion and alterations in magnetic order,
including peak shifts, intensity variations, and peak splitting.
These spectral transformations can be attributed to the
rearrangement of cations within the lattice and the impact of
magnetic interactions on the vibrational modes. Our calcu-
lations successfully align with group theory’s predictions for
vibrational modes in the spinel structure, at 524.59, 358.48,
312.49, and 192.9 cm™ for the 4T,, IR modes, and at 676.6,
367.1,and (189.7,457.7,602.3) cm™" for the A, E, and (3T,)
Raman modes, respectively. The IR spectra of the inverted
structure exhibit a peak at 679 cm™’, which emerges in a region
of the spectrum that is otherwise flat in normal spectra. This
peak could be linked to an inverted structure in the measured
spectra. Our analysis further reveals that the rising mode at ~250
cm ™! in the Raman spectra does not correspond to any of the five
modes predicted by group theory, as indicated by experimental
studies. This peak is activated only upon inversion. A careful
analysis of the isotopic IR spectra reveals fascinating interactions
and correlations between the modes, providing insights into the
complexities of stretching and bending modes involving Zn and
Fe atoms. Understanding these spectral alterations provides
crucial insights into the local atomic environment and magnetic
properties of these materials. This knowledge is invaluable when
exploring their physical properties and potential applications in
various sectors, such as energy storage, catalysis, and spintronics.
The methodology elucidated here can be adapted and applied to
explore other members of the spinel ferrite family, thereby
facilitating a comprehensive interpretation of the experimental
spectra.
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