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Spin—phonon coupling is important in chromate spinel oxides ACr,O4, but its role in LiFeCr4Og is not well under-
stood. In this paper, we employ Raman scattering and first-principles phonon calculations to study this material. Ten out of
13 Raman-active modes are well assigned. Notably, no phonon splitting is observed across the structural phase transition
due to the remarkably small Griineisen constants. This observation, in conjunction with the structural data, provides com-
pelling evidence that the structural phase transition in LiFeCr4Og is primarily driven by the spin-driven Jahn—Teller effect.
Interestingly, some Raman modes (at 207 cm ™!, 306 cm™! and 462 cm™!) exhibit unusual linewidth behavior across the
temperature range investigated. Furthermore, the Raman spectra in different phases show no magnetic field dependence.
These results suggest that phonons couple with short-range spin correlations, offering insights into how spin and lattice

degrees of freedom interact in frustrated systems.
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1. Introduction

In geometrically frustrated systems, spins on a lattice of
polygons or polyhedra with an odd number of sides experience
antiferromagnetic coupling with each other, making it impos-
sible to simultaneously satisfy all interactions with neighbor-
ing spins. These systems provide a solid foundation for explor-
ing exotic physical properties.!'=>! Chromate spinel ACr,Qy is
a typical example of such a frustrated system.[®! In these ma-
terials, frustration arises from the antiferromagnetic nearest-
neighbor interactions Jcr_cr, suppressing long-range spin or-
der. However, strong spin—phonon coupling can relieve this
frustration, usually accompanied by a structural phase tran-
sition, known as the spin-driven Jahn-Teller effect.[”"! This
removes the spin degeneracy of the ground state, and conse-
quently a long-range spin order can develop, as observed in
ZnCryO4 and CdCryO4.0 '] When magnetic atoms occupy
the A-site and J4_c; is large enough to overcome frustration,
the system will exhibit a higher Néel temperature. If the A-site
magnetic ions in a cubic spinel structure exhibit orbital degen-
eracy, the system undergoes a tetragonal distortion above the
Néel temperature driven by the cooperative Jahn—Teller effect.
Additionally, a monoclinic structural transition occurs at the
magnetic transition temperature.[!>13!

Compounds with two types of A-site atoms, such
as LiACryOg (A = Ga, In, Fe), exhibit more interesting

TThese authors contributed equally to this work.
fCorresponding author. E-mail: amzhang @lzu.edu.cn

CSTR: 32038.14.CPB.ade4b4

behaviors.[!*18 Ordering between Li and A atoms exerts dif-
ferent chemical pressures on the Crs pyrochlore network, al-
tering Cr—Cr bond lengths. This effect results in the forma-
tion of a ‘breathing’ pyrochlore structure, which could host
the hedgehog spin textures (magnetic monopoles) proposed
by Aoyama and Kawamura.['”! Furthermore, this ordering
breaks the inversion symmetry of the original spinel struc-
ture (Fd3m), turning it into a lower-symmetry space group
(F43m).

As shown in ZnCr, Oy, spin—lattice coupling always plays
a crucial role in spinel compounds. Saha et al.l'®! observed
anormal Raman modes in LiFeCr4Og near the magnetic or-
dering temperature Ty, spin-gap transition 7sg and magne-
tostructural and structural transition 7y;s. Recently, Okamoto
et al.'""! reported a significant volume increase in LiFeCr,Og
at Tys under a magnetic field up to 9 T. To better understand
the nature of this coupling in LiFeCr4Og, detailed Raman scat-
tering is essential as it provides a powerful tool for probing the
lattice, spin and their interactions.

In this paper, we used Raman scattering and first-
principles phonon calculations to investigate the lattice dy-
Ten of
13 Raman-active modes were assigned, and their frequencies

namics and spin—phonon coupling in LiFeCr4Os.

agree with theoretical predictions. Furthermore, phonon mode
splitting expected during the structural phase transition was

not observed due to the small Griineisen constants. Com-
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bined with temperature-dependent x-ray diffraction (XRD),
we concluded that the structural phase transition is driven by
the spin-driven Jahn—Teller effect. Unlike previous studies, we
did not observe any anomalies in the phonon frequencies near
Tn ~ 97 K, Tsg ~ 54 K or Tiys ~ 27 K. Interestingly, the line
widths of a 75 mode at 207 cm ™!, an E mode at 306 cm~! and
an A mode at 462 cm ™! are unusually broad, with the first two
continuing to broaden as temperature decreases and exhibit-
ing anomalies near the phase transition. However, the Raman
spectra in different phases exhibit magnetic-field-independent
behavior. These observations can be explained by the cou-
pling between phonons and frustration-enhanced short-range
spin correlations.

2. Method

A polycrystalline powder of LiFeCr4Og was prepared us-
ing the conventional solid-state reaction technique.!'8! Stoi-
chiometric amounts of LiCOs3, Fe>;O3 and Cr,03 (all from
Alfa Aesar, 99.99%)) were mixed, formed into pellet and then
heated in air at 1050 °C for 15 h, followed by cooling at a
rate of 50 °C/h to reach room temperature. The XRD data
were collected by a Guinier camera (G670, HUBER) and an-
alyzed using the FullProf suite.[>’! The results confirmed the
high quality of our samples. The magnetic behavior was mea-
sured by a superconducting quantum interference device under
a magnetic field of 100 Oe.

Raman spectra were collected with a LABRAM HR Evo-
lution spectrometer equipped with a 1800 lines/mm grating,
a liquid-nitrogen-cooled charge-coupled device and a 473 nm
laser. Temperature- and field-dependent Raman spectra were
measured in a closed-cycle pulse-tube refrigerator (1.8-300 K,
0-9 T, attoDRY?2100, attocube).

To determine the phonon modes of LiFeCr4Og, we con-
ducted first-principles electronic structure calculations using
the projector-augmented-wave method,?!! as implemented
in the Vienna Ab Initio Simulation Package.?>>*! For the
exchange—correlation potential, the Perdew—Burke—Ernzerhof
generalized gradient approximation was adopted.>>! The ki-
netic energy cutoff of the plane-wave basis was set to 600 eV.
A 11 x 11 x 11 k-point mesh was employed for the Brillouin
zone sampling. Gaussian smearing with a width of 0.05 eV
was used around the Fermi surface. In the structural opti-
mization, both the cell parameters and internal atomic posi-
tions were allowed to relax. The total energies were con-
verged to less than 1078 eV to achieve good self-consistency
in the electronic step and the positions of the ions were re-
laxed toward the equilibrium position using the conjugate gra-
dient algorithm until the force acting on each atom was less
than 0.002 eV/A. The DFT +U method!2%) was used to take
into account the electron correlation effects for the localized

Fe/Cr 3d states in the spherically averaged approach with
Ut = 4.0 eV. The calculated lattice parameter a = 8.27572 A
is in good agreement with the experimental values./1®!8] Af-
ter the equilibrium structure was obtained, the vibrational fre-
quencies and polarization vectors at the center of the Brillouin
zone were calculated using the density functional perturbation

theory method. ?7-28!

3. Results

At room temperature, LiFeCrsOg exhibits a cubic crys-
tal structure with space group F43m (point group 7;). The
symmetry analysis yields 13 Raman-active modes Ir = 3A;| +
3E + 7T at the Brillouin zone center I". Phonon modes can be
assigned based on depolarization ratios, which are defined as
the ratios of the intensities of scattered light polarized perpen-
dicular to the plane to that polarized in the scattering plane
1, /1;.1%) Due to the presence of small single crystals with
different orientations, the ratios can differ at different loca-
tions(see supplemental material Section 1). Therefore, three
sites were selected for measurement. Figure 1 presents the po-
larized Raman spectra from site 1 above Tyg, with full data in
Table 1. The results indicate that P2, P3 and P° can be catego-
rized into one group, P*, P? and P!0 into another, and P!, P®,
P’ and P® into a third. Among these, P® exhibits a notable de-
viation in the depolarization ratio, possibly due to overlap with
a mode from minor Cr, O3 impurities (see supplemental mate-
rial Section 2). 1301 Hence, the observed phonon modes can be
classified into three categories, i.e., E, A; and T, modes. The
remaining modes marked in red were not definitively assigned.

To relate observed peaks to the specific modes and atomic
displacements, we conducted first-principles calculations. The
theoretical results are summarized in Table 1, with atomic
displacements of all optical phonon modes shown in supple-
mental material Section 3. The calculated frequencies show
good agreement with experiments, except for the P* mode.
Previous study has highlighted disparities in the calculated
Cr—Cr distances in magnetic and non-magnetic environments
for LiGaCrySg.[*!] The P* mode is associated with magnetic
atoms, and the complex magnetic environment in LiFeCrsOg
may cause deviations between the calculations and experi-
ments.

Figure 2(a) presents the temperature dependence of the
Raman spectra, showing a smooth evolution with no additional
peaks emerging. However, XRD patterns confirm a complete
structural phase transition from F43m to I4m2 (see supple-
mental material Section 4). Symmetry analysis indicates 26
Raman-active modes in the I4m2 phase: Ix = 64| + 3B +
7B, + 10E. In other words, seven T, modes in the cubic phase
will split and some new modes will appear. This contradiction
can be explained by the small Griineisen constants.
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Fig. 1. Polarized Raman spectra of LiFeCr4Og at site 1 above Tys. The results from the other sites can be found in the supplemental material
Section 1. ¢; and e, represent the polarizations of incident and scattered light, respectively. The assigned modes are labeled in black, and the
unassigned modes are shown in red. The inset demonstrates that P” and P® remain distinguishable from each other.

Table 1. Assignments of Raman modes of LiFeCr4Og. The calculated phonon frequencies are in good agreement with experiments. Additionally,
results from Ref. [32] are included. Moreover, the main atomic motions and depolarization ratio p measured at different sites are also presented here.

Symmetry Calc. freq. (cm™')  Main atom Exp. freq. (4 K) (cm™)

Depolarization ratio p

Exp. freq. (cm™!)132] Griineisen parameter

Site 1  Site2 Site 3
491.49 Cr,0 462.78 (P*) 0.016 0.233  0.006 0.011
Ay 624.31 0 619.96 (P) 0.039 0.218 0.062 3.5%107*
690.85 0 694.45 (P'0) 0.036 0.213 0.034 9.4x1073
322.99 Cr,0 307.01 (P?) 0.053  0.182 0.851 0.296
E 438.69 0 446.58 (P?) 0.054 0.173 0.796 0.022
520.2 ¢} 512.68 (PY) 0.027 0.179 0.764 2.9%1073
226.64 Fe,O 226.99 (P!) 12.817 2.884 2482 -
335.02 Li,Cr,0
446.29 Li 435
I£) 4783 Cr,0 495
542.27 Li,0 549.78 (P%) 545 5432 1.622 1.238 2.1x1073
592.74 0 601.88 (P7) 597 1.871  2.824 2.062 -
606.1 0 606.75 (P®) 635 2403 2166 1534 -

In magnetic materials, the temperature dependence of
phonon frequencies can be attributed to several factors:
(i) lattice expansion/contraction, (ii) anharmonicity effects,
(iii) renormalization of electronic states near the spin order-
ing temperature, and (iv) the spin—phonon contribution aris-
ing from the modulation of the exchange integral by lattice
vibration. 33! The phonon frequency shift due to lattice expan-
sion/contraction can be estimated by the Griineisen law

()~ (¥)
Do, latt_ T |4 7

where wy is the frequency of the normal mode o, AV repre-

(D

sents change in lattice volume and 7, is the Griineisen param-
eter of this mode, typically ranging from 0.1 to 1.8 in spinel
ferrites.[3*361 At low temperatures, anharmonic effects are

negligible, and the smooth evolution of phonon frequencies
across the magnetic phase transition indicates minimal con-
tributions from spin—phonon or electronic effects. Thus, lat-
tice expansion/contraction dominates the frequency shift. As
depicted in Fig. 2(b), the lattice volume follows a nearly ex-
ponential temperature dependence due to thermal expansion

above Tys, represented by the formulal®”!

V(T) = Vgexp oo (T —T,) + o (T* = T7)], 2)

where 0 and o are constants and V7, represents the volume
at reference temperature 7; 298 K. According to Egs. (2) and
(3), we have estimated the Griineisen constants at 28 K, and
the values are listed in Table 1.

At low temperatures, LiFeCrsOg undergoes a transition
from a cubic structure to an orthogonal structure due to com-
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pression along the c-axis. At 4 K, the volume is V = 2aac ~
564.53 A3, whereas at 28 K, it becomes V = ccc = 564.96 A3,
indicating a relative volume change of AV /V ~ 0.0761% (see
supplemental material Section 4). According to Eq. (1), the
frequency shift from 4 K to 28 K exhibits minimal change, re-
maining within experimental error. Thus, no peak splitting is
observed during the structural phase transition.
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Fig. 2. (a) Temperature-dependent Raman spectra of LiFeCr4Og.

(b) Lattice parameters (left axis) and volumes (right axis) of LiFeCr;Og
as a function of temperature. Yellow and blue stars represent 2V and
V/2a, respectively. The inset displays the variation of lattice volume
with temperature, fitted to an exponential model, with o and ¢ as the
fitting parameters.

We extracted the temperature dependence of frequencies
and line widths for eight relatively strong peaks. These modes
fall into two groups, one being so-called normal modes. Their
frequencies and line widths vary smoothly with temperature,
as shown in Figs. 3(a)-3(f), and are well explained by an an-

harmonic phonon decay process 383!

2
“- “’°_C<1+ exp(hwo/ZkBT)—1>’ ©

where ay, kg and C are the phonon frequency extrapolated to
0 K, the Boltzmann constant and a fitting constant which rep-

resents the coupling strength between phonons, respectively

2a
ha)g/2kBT)—1)’ @)

r=r(1
anh < + exp(

where Fa?lh is the anharmonic phonon broadening extrapolated
to 0 K, wy is the phonon frequency at 0 K and a is an anhar-
monic constant. It is worth noting that our Raman results show
some differences from those reported in Ref. [16]. Based on
our structural and magnetic measurements, which are in good
agreement with previous studies, we believe that this discrep-
ancy is unlikely to originate from sample quality or composi-
tion. We also note that the mode assignment in that reference
was not explicitly detailed, which led to a different fitting ap-
proach from ours. These factors may contribute to the varia-
tion in results, and further investigation may be needed to fully
clarify the origin of the discrepancy.

The other group comprises the P! and P> modes, whose
frequencies follow the expected anharmonic temperature de-
pendence, while their linewidths, as shown in Figs. 3(g) and
3(h), deviate significantly from standard anharmonic behav-
ior. This suggests an additional decay channel beyond nor-
mal phonon—phonon coupling. Since LiFeCr4Og is a mag-
netic insulator, this channel is likely to relate to spin order.
This is further confirmed by the fact that P! and P?> modes ex-
hibit anomalies near the magnetic phase transition. Thus, we
performed magnetic field-dependent Raman scattering. None
of the spectra, including P! and P?, show any magnetic field-
dependent behavior from 1.8 K to 150 K, as shown in Fig. 4.

Generally, the effects of magnetic fields on phonons can
be categorized into two mechanisms: magnetostriction and
spin—phonon coupling. Okamoto et al.'!”! reported strong
spin—lattice coupling in LiFeCr4Og, where a 9 T magnetic field
induces a volume change of approximately 500 ppm at Tys.
Although Raman scattering is sensitive to changes in lattice
volume, no significant phonon frequency shift was observed
in our measurements, probably due to the small magnetic
Griineisen constants of the material. The magnetic Griineisen
constant Ype is related to the thermal Griineisen constant Yy
and the thermal expansion coefficient o by the relation[*"!
Yme < Y /B. Based on previous data,!!”! ¢ reaches a maxi-
mum value of only 0.0544. Given the small value of Y, Ve 1S
also expected to be small, making the phonon frequency shift
induced by magnetostriction negligible. This result does not
contradict the occurrence of magnetostriction in the sample.
The magnetic field may also influence spin—phonon coupling;
however, no significant effect was observed. This seems to
contradict the idea that P! and P? are coupled with spin order.

The anomalous behavior of P! and P? can be attributed to
their interactions with short-range spin correlations, as previ-
ously discussed by Wakamura for ferrimagnetic FeCr,S.[*!]
In magnetic materials, the total crystal potential comprises

117801-4
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a general non-magnetic potential Uy and a magnetic poten-
tial Uy, modulated by exchange interactions via phonon dis-
placement u. The second derivative of Uy, with respect to
w introduces an additional harmonic force constant, while the
third derivative couples phonon damping with the spin sys-
tem. The phonon frequency shift at the Brillouin zone center
is related to long-range spin order, whereas the FWHM broad-
ening is mainly due to coupling between phonons at the Bril-
louin zone center, phonons at the Brillouin zone boundary and

short-range spin order. Both frequency and line width evolve
together with the spin correlations (S; - S )

(SSp) o< ((M®)? 4+ NKT y*%), (5)

here M* represents the magnetization from long-range spin
order, while ¥ *¢ is the magnetic susceptibility matrix, reflect-
ing short-range spin correlations. N denotes the number of
magnetic ions per unit cell.

246.7| 2 160 5503 .
6.7 : 227.6} {307.0
445.6} 1°4  sas7 TE ~
3} R,
< 226.4} {306.3 &
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Fig. 3. The left panel presents the temperature dependence of the frequencies (left axis, black) and full width at half maximum (FWHM;
right axis, blue) for P3, P4, P5, P°, P and P! modes of LiFeCr4Og ((a)—(f)). The right panel shows the temperature dependence of (g) the
frequencies and (h) the FWHM of P! (left axis, black) and P2 (right axis, red) modes. The solid lines in (a)—(g) represent the fitted curves
using Eqgs. (3) and (4), and dashed lines in (h) serve as a guide to the eyes, showing the smoothing curve of the data. As shown in the inset, the

phonon linewidths reach their maxima at Tyys and 7.

Intensity

70 K

90 K
J\J\\.___ 100 1\'——1\\----

w._,/\J\;...n.f....( L150 |\—J\-—-m
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Fig. 4. Field-dependent Raman spectra of LiFeCr4Og at temperatures
ranging from 1.8 K to 150 K. The dashed lines represent spectra in the
absence of a magnetic field, whereas the solid lines represent spectra
under a magnetic field up to 9 T. The Raman spectra at 0 T and 9 T
show negligible differences.

In this paper, the line widths of P!, P> and P* are over
three times broader than those of other phonons. These modes
are linked to the magnetic atoms, indicating spin—phonon cou-
pling. However, their frequency shifts are consistent with an-
harmonic phonon decay, suggesting that the second deriva-
tive of Uy, is negligible. Among them, only the P! and
P2 modes exhibit anomalous temperature-dependent behavior.
Their line widths broaden as temperature decreases, peaking
near Tyis and Ty. This follows the behavior of spin correlation
(Si-S;), as shown in Fig. 3(h). In fact, LiFeCr4Og exhibits
strong frustration due to its pyrochlore network. The Curie—
Weiss temperature 6 obtained from the Curie—Weiss fitting
(x = C/T + 0) is greater than 1000 K, with a frustration in-
dex exceeding 18.['8! Spin fluctuations, enhanced by magnetic
frustration, persist over a wide temperature range, including
the region above Tyis covered in our experiments. Together
with critical fluctuations associated with the transition, these
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fluctuations lead to a broadening of the phonon linewidths as
the temperature decreases. However, the short-range magnetic
correlations are rapidly suppressed below Tis.['*18 As a re-
sult, the linewidths of these modes narrow with further cool-
ing. Additionally, a 9 T magnetic field (at approximately 6 K)
has little effect on the long-range spin order and spin fluctu-
ations. Therefore, the Raman spectra exhibit magnetic-field-
independent behavior.

Finally, we focus on the structural phase transition in
LiFeCr40g. In ACr,0O4 compounds, structural transition can
arise either from a conventional Jahn—Teller effect, driven by
the lifting of orbital degeneracy through symmetry lowering,
as exemplified by FeCr,O4, or from a spin-driven Jahn—Teller
mechanism, where spin degeneracy is relieved by lattice dis-
tortion, as established in ZnCr,Oy4. In LiFeCr4QOg, Fe is triva-
lent, unlike in FeCryOu, where Fe?t is Jahn-Teller active.
Since Fe3' lacks orbital degeneracy, a conventional Jahn—
Teller effect is unlikely to be the driving force. This is fur-
ther supported by temperature-dependent powder XRD data,
which reveal only minimal changes in the bond lengths and an-
gles of FeOy tetrahedra across the transition (see supplemental
material Section 4), in contrast to compounds exhibiting Jahn—
Teller distortion. These subtle variations indicate that the crys-
tal field environment, and thus the electronic energy levels of
the Fe ions, remain essentially unchanged. However, the Cry
tetrahedra distort during the transition, indicating a release of
magnetic frustration. Moreover, the small Griineisen constants
extracted from our data suggest negligible changes in lattice
potential energy. Instead, pronounced geometric frustration in
this compound leads to substantial magnetic energy contribu-
tions above Tyis. During the magnetic structural transition,
the release of spin frustration causes a significant reduction in
magnetic potential energy, while the lattice potential energy
is largely unaffected. Taken together, these findings exclude
the conventional Jahn—Teller effect and point to a spin-driven
Jahn-Teller mechanism as the origin of the structural transi-
tion.

4. Conclusion

In summary, we investigated spin—phonon coupling in
LiFeCrsOg by means of comprehensive Raman scattering.
Through first-principles calculations and polarized Raman
measurements, we successfully assigned 10 out of 13 Raman-
active modes. Owing to the small Griineisen constants, no
phonon splitting was observed during the structural phase tran-
sition. Our results show that the temperature dependence of
line widths of P! and P> modes deviates from conventional
anharmonic behavior. Instead, a strong spin—phonon interac-
tion, particularly short-range spin correlations, dominates the
phonon decay process. This interaction is enhanced by spin

frustration and might already exist above the magnetic tran-
sition temperature. Furthermore, structural analysis reveals
that the structural phase transition in LiFeCr4Og is governed
by a spin-driven Jahn-Teller effect rather than the conven-
tional Jahn-Teller effect. These results provide fundamental
insights into the lattice dynamics of LiFeCrsOg and are sig-
nificant for understanding spin—phonon coupling in similarly
frustrated systems.
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