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Orbital-resolved spin-exchange interactions and spin-phonon coupling in CrVO4
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This report investigates the role of orbital degrees of freedom in CrVO4, focusing on orbital-driven spin-
exchange interactions and spin-phonon coupling through both experiments and first-principles calculations.
Combining synchrotron radiation x-ray powder diffraction, Raman spectroscopy, and x-ray absorption fine
structure measurements, a significant correlation between magnetic transition and structural modification was
identified, revealing spin-lattice coupling at the transition (TN ). This coupling is linked to conventional mag-
netoelastic interactions, even active above TN , supported by both experimental and theoretical findings. The
calculations revealed crystal field splitting and orbital nondegeneracy resulting from charge transfer in the
3d3 system of CrVO4 due to octahedral symmetry breaking. The study discusses the detailed mechanism
of orbital-resolved spin-exchange interactions, leading to one-dimensional A-type antiferromagnetic ordering.
Notably, no significant orbital-selective spin-phonon coupling was observed at approximately 200 K (4TN ) in
CrVO4, in contrast to earlier studies [A. P. Roy et al., Phys. Rev. Lett. 132, 026701 (2024)]. These findings
advance the understanding of the fundamental physics in CrVO4 and significantly contribute to the field of
spin-orbital-lattice physics in transition metal oxides.

DOI: 10.1103/kxbt-1nbq

I. INTRODUCTION

Orbital degrees of freedom are a key focus in the study
of strongly correlated electron systems due to their unique
quantum dynamics and strong entanglement with other de-
grees of freedom, including spin, charge, and lattice [1–3].
The interactions among these degrees of freedom have at-
tracted significant interest, leading to a deeper understanding
of various physical phenomena and potential applications in
metals, insulators, and systems undergoing metal-insulator
transitions [4–6]. These systems can exhibit diverse ordering
types, such as magnetic (spin), charge, and orbital order-
ing, as well as the cooperative Jahn-Teller (JT) effect driven
by lattice distortion [1,7–10]. Recent research has high-
lighted the importance of multiorbital systems with strong
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spin-orbit coupling (SOC), which is a critical interaction in
condensed matter physics [11–14]. SOC plays a significant
role in the behavior of topological insulators [15], super-
conductors [16], Dirac and Weyl semimetals [17,18], and
multiferroics [19]. The balance between SOC and other inter-
actions, such as on-site Coulomb repulsion, leads to complex
behaviors and exotic states, particularly in transition metal
compounds with partially filled d orbitals [20,21]. In cases
of small SOC, conventional spin-orbital ordered states can
emerge, resulting in notable effects like the JT distortion and
strong coupling between orbital and spin degrees of free-
dom, as described by the Goodenough-Kanamori-Anderson
(GKA) rules [10,22]. The incorporation of orbital degrees of
freedom and their coupling with spin, particularly through
localized spin-orbital models, i.e., Kugel-Khomskii (KK)-
type superexchange interactions [2,23], has been shown to
influence various phenomena, including enhanced magneto-
electric and spin-phonon coupling in materials like CaBa(Co,
Fe)4O7 [24] and photoinduced high-temperature magnetism
in YTiO3 [25]. The KK-type superexchange Hamiltonian ex-
hibits hidden symmetries that indicate it does not allow for
long-range spin order in a three-dimensional cubic lattice at
nonzero temperature, particularly in the absence of spin-orbit
interactions [26].
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Orthorhombic CrVO4 [Cmcm (D172h) (Z = 4)] features
infinite chains of edge-sharing CrO6 octahedra connected
to corner-sharing VO4 tetrahedra [27,28]. It exhibits an
A-type antiferromagnetic transition at approximately 50 K
(TN ), having ferromagnetically ordered sheets that stack an-
tiferromagnetically, and a broad maximum of around 70 K,
indicating low-dimensional short-range magnetic ordering
[29,30]. This behavior is attributed to the crystal structure,
where the edge-sharing CrO6 chains are aligned parallel
to the c axis. The magnetic exchange interactions among
Cr3+ cations are characterized by short-range antiferromag-
netic coupling via superexchange paths (Cr–O–Cr) within
the chains (intrachain interaction). In contrast, the interchain
magnetic exchange interaction is ferromagnetic (FM), fol-
lowing super-superexchange paths (Cr–O· · ·O–Cr) [31–33].
CrVO4 as a 3d3 system with Cr3+ ions exhibits a nonde-
generate t3

2g (S = 3/2) state under weak SOC, resulting in
a quenched orbital moment and negligible SOC energy gain
[2,10,34]. The crystal field can lift the orbital degeneracy,
influenced by strong Coulomb correlations and hybridization
with cations, further enhanced by the JT effect. Addition-
ally, superexchange interactions of the KK type can lead
to orbital and magnetic orderings, with the crystal field
playing a secondary role in stabilizing these orders [23,35–
37]. In general, KK-type interactions typically emerge in
orbitally degenerate Mott insulators through second-order
superexchange processes. These interactions are especially
prominent in perovskite systems such as KCuF3, LaVO3, and
LaMnO3, as well as in newer classes of low-dimensional
magnetic materials like honeycomb lattices and van der
Waals compounds [2,35,38–43]. In these systems, virtual
electron hopping between transition metal ions leads to en-
tangled spin-orbital dynamics. However, CrVO4 does not fall
into this category and it lacks the orbital degeneracy and
crystal structure motifs that underpin conventional KK-type
mechanisms.

A recent study on orthorhombic CrVO4 has suggested the
significant influence of KK-type interactions on its electronic
and phononic properties [44]. These findings have suggested
that interactions in this system could lead to substantial mod-
ifications in electronic states and phonon characteristics at
temperatures up to four times the Néel temperature, iden-
tifying a strong orbital-selective spin-phonon coupling at
200 K, without any noticeable discontinuity at TN , indicat-
ing a complex interplay of interactions. These findings are
both unexpected and notably rare for orthorhombic A-type
antiferromagnetic (AFM) materials, which typically exhibit
anomalies in phonon frequencies (ω) near TN , primarily due
to strong magnetoelastic coupling. Such anomalies can persist
up to approximately 2TN , driven by short-range spin correla-
tions even in the paramagnetic regime [45–47].

This discrepancy with prior report [44] motivates a deeper
exploration of orbital-driven spin-exchange interactions and
spin-phonon coupling in CrVO4 that we carried out here
carefully combining experimental complementary probes and
first-principles calculations. The significant spin-lattice cou-
pling in this compound across TN has been consistently
identified through low-temperature synchrotron radiation x-
ray diffraction (SR-XRD), Raman spectroscopy, and x-ray
absorption fine structure (XAFS) spectroscopy. No significant

structural modifications were observed around 200 K (4TN ),
which contrasts with the reported presence of unusually strong
orbital-selective spin-phonon coupling and KK-type interac-
tions in CrVO4. These findings enhance the understanding of
the fundamental physics of CrVO4 and may inform the de-
velopment of materials with tailored electronic and magnetic
properties governed by spin-lattice interactions.

II. MATERIALS AND METHODS

A. Experimental details

Polycrystalline CrVO4 compound was synthesized by
the standard solid-state reaction method. The temperature-
dependent SR-XRD of CrVO4 was performed by using
a 12.52-keV (λ = 0.990 084 Å) synchrotron x-ray source,
recorded in the temperature range 10–300 K using an image
plate (Mar 345) area detector at angle dispersive x-ray diffrac-
tion beamline (BL-12), Indus-2, RRCAT, Indore, India. The
experimental data were analyzed by the Rietveld refinement
method using FULLPROF software and crystal structures at
different temperatures were analyzed using VESTA software.
Temperature-dependent Raman and XAFS spectroscopy data
were used to extract information about the local atomic struc-
ture behavior as a function of temperature across the magnetic
transitions. The Raman spectra were measured in the 5–300 K
range using a liquid He-based flow-type cryostat and a He-Ne
laser (λ = 632.8 nm) as the excitation source (laser power
� 3 mW and spot size = 2 µm) coupled with a Jobin Yvon
Horibra LABRAM spectrometer.

The x-ray absorption spectroscopy (XAS) experiments
were carried out at the P65 beamline of the PETRA-III syn-
chrotron radiation storage ring DESY (Hamburg, Germany).
The XAS measurements were conducted in transmission ge-
ometry using the quick-XAS monochromator mode, with
roughly 0.5 eV energy resolution. Given the proximity of the
vanadium K-edge (5465 eV for metallic V) and chromium
K-edge (5989 eV for metallic Cr), both edges were measured
within a single scan to optimize the beamtime. We measured
15 temperature points heating the sample across the TN tem-
perature in the 5–100 K range, ensuring thermal stabilization
at each set point before data acquisition. At each temperature,
three scans were collected, verified for energy calibration, and
averaged. Standard data reduction procedures were applied
to the raw V and Cr K-edge XAS spectra, including pre-
edge background subtraction, normalization of the edge jump,
and extraction of the extended x-ray absorption fine structure
(EXAFS) signal χ (k) [48]. Quantitative structural analysis
was performed by fitting the k2-weighted experimental spectra
k2χ (k) to theoretical curves calculated as the sum of partial
contributions from various atomic coordination shells (scatter-
ing paths) surrounding the absorbing atom (V or Cr). Partial
contributions to the theoretical EXAFS signal were calculated
using the standard EXAFS model curve with Gaussian disor-
der approximation [49]. The amplitude and phase functions
were calculated using FEFF8 program [50] from atomic clus-
ters obtained by SR-XRD data refinement. The statistically
relevant contributions were selected through a trial-and-error
procedure, the refinement was optimized refining the lowest-
temperature spectra, and the same procedure was applied to
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the whole dataset following a well-ascribed procedure [51].
To reduce the number of free parameters and the correlation
effects in the data fitting, the same edge energy shift (�Eo) and
many-body loss S2

o parameters were applied to all the spectra
as a function of temperature, and the signal multiplicities were
fixed to the crystallographic values. This procedure avoids
the known correlations between energy scale and interatomic
distances, and coordination numbers and disorder factors, al-
lowing high sensitivity to even weak changes of structural
parameters as a function of temperature, namely, interatomic
distances R and mean square relative displacement σ 2.

B. Computational details

First-principles calculations were performed within the
framework of density functional theory (DFT) and the pro-
jected augmented wave (PAW) method as implemented in
the Vienna ab initio Simulation Package (VASP) [52–54].
The spin-polarized calculations were performed with collinear
A-type AFM ordering [29]. A plane-wave energy cut-
off of 700 eV was used based on convergence to achieve
high accuracy in our calculations. A �-centered Monkhorst-
Pack grid of 7 × 7 × 6 has been used for Brillouin-zone
(BZ) integration within the convergence criterion of 1 meV
per formula unit of 12-atom primitive cell [55]. To de-
scribe the exchange-correlation energy, we have used the
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof description for solids (PBEsol) [56]. The
GGA+U approximation was applied in all calculations to
localize the 3d electrons of Cr and correct for the oversimplifi-
cation of electron correlation within the GGA scheme using an
on-site Hubbard interaction U of 4.2 eV, following the method
of Dudarev et al. [57]. The calculated band gap with this
Hubbard U agrees well with the one estimated from optical
measurements, and it is consistent with the values employed
in other Cr-based compounds [58–61]. The phonon disper-
sion was calculated with the density-functional-perturbation
theory (DFPT) approach within harmonic approximation as
implemented in Phonopy [62]. The phonon calculations were
performed with a 2 × 2 × 2 supercell of a primitive cell
containing 144 atoms. To compute the magnetic exchange,
a tight-binding model was constructed based on maximally
localized Wannier functions (MLWFs) as implemented in the
WANNIER90 program package [63]. The MLWF was con-
structed by 3d orbitals of Cr and V and 2p orbitals of O. The
magnetic exchange was estimated using Green’s function ap-
proach as implemented in TB2J [64]. Magnon dispersion was
calculated using a linear spin wave theory approach by means
of the SPINW code [65] using derived exchange coupling (see
the Supplemental Material [66] for more details).

We have also employed multireference CASSCF/RASSI-
SO/SINGLE-ANISO calculations using the MOLCAS8.2 pro-
gram package to compute the 3d orbital splitting of Cr [67].
The calculations were performed on a model system with
three Cr and six V atoms (see Fig. S1 in the Supplemental
Material [66]) to mimic the surroundings of Cr. We have em-
ployed the diamagnetic substitution method in our calculation
where all the Cr atoms except the one under investigation
were replaced by diamagnetic Ga3+. The basis set for our
calculations was taken from ANO-RCC library of MOLCAS8.2

(a) (b)

(c) (d)

z

FIG. 1. (a) The variation of normalized lattice parameters and
unit cell volume with temperature obtained from Rietveld refinement
of the temperature-dependent XRD patterns of CrVO4 (symbols are
the experimental data points, while dashed lines are guided to the
eyes only and error bars from Rietveld refinement are smaller than
marker sizes). The inset box illustrates the values of the linear ther-
mal expansion coefficients and the corresponding relative volume
changes up to 60 K. The observed negative values clearly indicate the
presence of negative thermal expansion behavior. (b) The polyhedral
form of the orthorhombic (SG: Cmcm) crystal structure along c axis
drawn in VESTA software using refinement cif file of CrVO4 at 10 K,
and (c), (d) different superexchange interactions pathways for J1, J2,
and J3 between NN and NNN magnetic Cr3+ atoms. Colored regions
highlight the transition temperatures in panel (a).

[68,69]. We have used VTZP basis set for Cr and VDZP basis
set for Ga, V, and O in our calculations. The scalar relativistic
effect was considered using the Douglas-Kroll-Hess (DKH)
Hamiltonian [70]. The disk space of our calculations has
been reduced by the Cholesky decomposition technique. The
CASSCF calculations were performed with three electrons in
five 3d orbitals [CAS(3,5)] of Cr in the active space. Within
this active space, we have computed energies of 10 quartets
and 40 doublets. All these spin-free states have been mixed by
RASSI-SO [71] to compute the energies of spin-orbit states.
Finally, the orbital splitting of Cr has been deduced with the
SINGLE-ANISO module of MOLCAS8.2.

III. DATA ANALYSIS AND RESULTS

A. Spin-lattice coupling

We quantitatively analyzed the temperature-dependent SR-
XRD data from CrVO4 sample (Fig. S3 in the Supplemental
Material [66]) using the Rietveld refinement method to
identify signatures of spin-lattice coupling. The Rietveld re-
finement also confirms the CrVO4 phase purity. Figure 1(a)
presents the evolution of lattice parameters and unit cell vol-
ume as a function of temperature across TN . The a and b
axes exhibit a smooth and slight compression with increasing
temperature, more pronounced along the a axis. The largest
anomalies are found along the c axis, which shows a distinct

043189-3



GANESH BERA et al. PHYSICAL REVIEW RESEARCH 7, 043189 (2025)

steplike behavior upon crossing TN , and on the cell volume,
presenting evident negative thermal expansion till about 80 K.
We have determined the linear thermal expansion coefficients
(αa, αb, and αc in K−1) along the principal crystallographic
axes, together with the relative volume change ( �V

V ) over
the temperature range up to 60 K for a and b axes and the
volume V and the range of 40–60 K for c axis, as presented
in the inset box of Fig. 1(a). These results enable a de-
tailed characterization of the anisotropic lattice response at
low temperatures. These structural changes are the hallmark
of spin-lattice coupling and persist above TN extending up
to approximately 80–100 K. Figure 1(b) shows the crystal
structure of CrVO4 along the c axis and Figs. 1(c) and 1(d)
illustrate the various exchange interaction paths observed
in CrVO4.

Notably, the crystallographic distances within the poly-
hedral units (Cr/V–O) remain relatively stable across TN , in
contrast to the more pronounced changes observed in the crys-
tallographic distances between transition metal atoms (Cr–Cr
and Cr–V) and in the crystallographic bond angles involv-
ing metal-ligand connections (Cr–O–Cr and Cr–O–V) [see
Figs. S4(a)–S4(c) of the Supplemental Material [66]]. This
indicates that the structural changes crossing the transition
temperature are not primarily due to distortions of individual
polyhedra, but rather due to significant tilting and/or rota-
tion of the CrO6 and VO4 polyhedra within the unit cell.
Such reorientations contribute to a more pronounced struc-
tural distortion along the c axis, as opposed to localized
deformations confined within each polyhedron. The Cr atoms
of the edge-sharing CrO6 octahedra are aligned along the c
axis; therefore, the relative elongation of the Cr–Cr distance
is equal to the relative elongation of the c axis (see Fig. S5
of the Supplemental Material [66]. These findings are fur-
ther supported by principal component analysis (PCA) and
XAS results for CrVO4, which offer deeper insight into the
temperature-dependent microstructural evolution, confirming
the stability of the Cr/V–O bond lengths, against a weak ef-
fect in the next-neighbor coordination shells mainly involving
Cr–Cr distances along the c axis. These structural distortions
represent the microscopic counterpart of evolving spin-
lattice interactions. This interplay is further evidenced by the
temperature-dependent shifts in both the magnetic exchange
strength and the magnon excitation energies, as elaborated
later in this work. Moreover, this spin-lattice interaction is
also reflected in the temperature-dependent SR-XRD patterns
of CrVO4 (raw data, Fig. S6 of the Supplemental Material
[66]), especially at higher 2θ angles, where the emergence and
merging of specific reflections near the transition temperature
(TN ) provide further evidence of structural modifications (see
shaded areas in Figs. S6(b) and S6(c) of the Supplemental
Material [66]).

The normalized spectra at the V and Cr K-edges are shown
in Fig. 2, in the near-edge (XANES) and EXAFS regions.
At first glance, the spectra appear identical with no visi-
ble temperature-dependent effects. The pre-edge features of
3d metals are known to be especially sensitive to the lo-
cal coordination geometry around the absorber [72]. In fact,
they originate from transitions to empty d states, which are
dipole-forbidden, but the hybridization of d levels with oxy-

FIG. 2. The V (left panels) and Cr (right panels) K-edge XAFS
data as a function of temperature in the XANES (top panels) and
k2-weighted EXAFS (bottom panels) regions, vertically shifted for
the sake of comparison. The inset in the top panels reports the
derivative of the absorption signals in the pre-edge region. In the
XANES panels, the energy scale is calculated considering the origin
at the K-edge of the V and Cr metals. The very equal features in the
XANES and EXAFS regions are evident at the V and Cr K-edges.

gen p states may favor dipole-allowed transitions enhancing
the pre-edge features, as evident in the vanadium XANES
spectra (Fig. 2) in which the tetrahedral symmetry (Td ) al-
lows the pd hybridization. In the case of octahedral symmetry
(Oh), this hybridization is absent, which results in the weak
pre-edge features observed in the chromium XANES spectra.
The weak pre-edge features observed at Cr K-edge suggest
undistorted CrO6 octahedra. Noticeably, modifications of the
local coordination symmetry modify the pd hybridization, re-
flecting in large changes of the pre-edge features that became
sensitive fingerprints of tiny changes of local coordination
geometry [72]. The data in Fig. 2 demonstrate very unchanged
pre-edge features, as evident also looking at the pre-edge
derivatives in the insets of Fig. 2, suggesting no changes
of CrO6 and VO4 polyhedra geometry across the magnetic
transition temperature.

To highlight the most subtle changes in the XAFS spec-
tra, we first used the PCA, which has demonstrated special
sensitivity to very tiny spectral changes [51] and helps in indi-
viduating relationships between variables driving further data
analysis procedures. Figure S7 of the Supplemental Mate-
rial [66] reports the PCA loading as a function of temperature
for the Cr and V XAFS spectra. Looking at the Cr K-edge
[Fig. S7(a) of the Supplemental Material [66]], the first (PC1)
and second (PC2) principal component loadings reveal a spe-
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TABLE I. The average local atomic structure around vanadium
and chromium was determined by the EXAFS data analysis. The in-
teratomic distances (REXAFS) and mean square relative displacements
(σ 2

o ) averaged over the temperature range (5–100 K) are shown,
and in parentheses is the standard deviation on the last digit of
the parameter distribution. The interatomic distances obtained from
the low-temperature SR-XRD Rietveld refinement (RSR-XRD) are re-
ported for the sake of comparison.

K edge Shell N RSR-XRD (Å) REXAFS (Å) σ 2
o (×103 Å2)

V–O1 2 1.6420 1.6343(7) 5.80(10)
V–O2 2 1.7847 1.7602(5)

V V–Cr 6 3.3614 3.3560(4) 4.43(6)
V–V1 2 3.8070 3.7531(9) 4.86(31)
V–V2 4 4.4708 4.4775(9) 3.61(19)
Cr–O 6 2.0000 1.9449(3) 4.71(2)

Cr Cr–Cr 2 2.9963 2.9701(22) 2.80(6)
Cr–V 6 3.3614 3.3396(3) 5.03(8)

cific evolution of the spectra across the transition temperature
and the cluster analysis (K-means) clearly distinguishes the
two regions below and above TN . On the contrary, the PCA
analysis of the vanadium XAFS spectra shows no trend as a
function of temperature (Fig. S7b of the Supplemental Ma-
terial [66]). This finding points out a dominant relationship
between the Cr local structure and the magnetic transition
around 50 K, while the local order around V does not change
appreciably.

The quantitative analysis of the EXAFS spectra allows
deeper insight into the structural modifications occurring tun-
ing the temperature across the transition temperature TN . The
V K-edge spectra were fitted using five coordination shells,
namely two oxygen neighbor shells V–O1,2 at 1.634 Å (two
neighbors) and 1.760 Å (two neighbors), respectively, a V–Cr
shell (six neighbors) at 3.356 Å, and two V–V1,2 shells at
3.753 Å (two neighbors) and 4.478 Å (four neighbors). The
same disorder factor σ 2 was used for V–O1,2 shells. The Cr
K-edge data were fitted using only three main contributions:
an oxygen neighbor shell Cr–O at 1.944 Å (six neighbors),
a Cr–Cr shell (two neighbors) at 2.970 Å, and one Cr–V
shell at 3.339 Å (six neighbors). The average interatomic dis-
tances found by EXAFS analysis are in good agreement with
the lattice distances refined from low-temperature SR-XRD
(Table I). The interatomic distances and σ 2 parameters as a
function of temperature are reported in Fig. 3. The neighbor
shell distances around V are unchanged as a function of tem-
perature, the semidispersion in the whole temperature range
being less than 10−3 Å for the first three shells. No specific
trend is found related to the magnetic transition, except for σ 2

of the V–V1 and V–V2, where the increase could simply be
due to increased thermal disorder. The local structure that does
not change must be linked to the lack of effects in multivariate
analyses of vanadium XAFS data. Around Cr, the Cr–O and
Cr–V shells are very unchanged across the whole temperature
range, but the Cr–Cr distances, corresponding to the distance
of Cr sites along the c axis [Fig. 1(c)], evidently increase
above TN . This effect must be related to the differences in-
dividuated by PCA and cluster analysis and to the peculiar
trend of the c axis resulting from XRD analysis. Therefore,

0.0
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FIG. 3. Structural parameters from the refinement of the Cr (top
panels) and V (bottom panels) EXAFS spectra. The left panels show
the relative changes of interatomic distances �R = R(T ) − Ro, with
respect to their temperature-averaged values Ro. The right panels
report the ratios between temperature-dependent mean square rela-
tive displacement σ 2(T ) and their temperature-averaged values σ 2

o .
The data of the different shells are vertically shifted for clarity. The
vertical gray lines indicate the magnetic transition temperature TN

and the horizontal gray line (top left panel) highlights the raising of
Cr–Cr shell distance above TN .

our XRD and XAS findings coherently provide insights into
the microstructural effects related to the evolution of the spin-
lattice coupling in CrVO4, highlighting the stability of bond
lengths within the polyhedral structure and the potential role
of lattice distortions due to mainly magnetoelastic coupling
in the system rather than strong spin-orbital-driven lattice
coupling.

B. First-principles calculations

Multireference CASSCF/RASSI-SO/SINGLE-ANISO
calculations reveal that the typical crystal field splitting of
the d orbitals of Cr3+ into t2g and eg subsets in the CrO6

octahedral environment occurs due to octahedral crystal field,
even in the presence of the highly positive V5+ (d0) in the
VO4 tetrahedra. The orbital degeneracy is further lifted by
structural distortion from the ideal octahedral symmetry.
The barycenters of the t2g and eg levels are found to be
separated by 1.59 eV, a typical value for a transition metal
system (Fig. S8 of the Supplemental Material [66]). The
calculated band structure of CrVO4 shows a direct band
gap of 2.45 eV, which aligns well with the experimentally
measured value of 2.62 eV [Fig. S9(a) of the Supplemental
Material [66]). The first-principles calculations also reveal
that the valence band maximum is dominated by 3d orbitals
of Cr and 2p orbitals of oxygen, while the conduction band
minimum is mainly dominated by 3d orbitals of V and Cr
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FIG. 4. Magnon dispersion of CrVO4 at T = 10 K. The red line
contains two quasidegenerate modes, one for each magnetic atom.
Four Brillouin-zone regions are represented, separated by solid black
lines.

[Fig. S9(b) of the Supplemental Material [66]). However,
a non-negligible population of eg orbitals below the Fermi
level is observed from the computed PDOS due to the
symmetry breaking from ideal octahedra and ligand to metal
charge transfer [Fig. S9(c) of the Supplemental Material
[66]]. This implies that the exchange interactions in CrVO4

can occur through both t2g and eg orbitals. In CrVO4, the
magnetic structure can indeed be modeled by considering
a nearest-neighbor (NN) intrachain exchange interaction J1

and two next-nearest-neighbor (NNN) interchain exchange
interactions J2 and J3 [Figs. 1(c) and 1(d) and Fig. S10
of the Supplemental Material [66]). To elucidate the
orbital contribution to the magnetic exchange pathways,
first we employed a tight-binding Hamiltonian derived
from MLWFs [63]. It offers the calculations of magnetic
exchange using Green’s function approach as implemented
in TB2J [64]. This method uses local spin rotation as a
perturbation, which circumvents the limitations of energy
mapping analysis, where obtaining convergence for some
metastable configurations is challenging. The estimated
exchange couplings at 10 K agree well [J1 = −2.87 meV,
J2 = 0.32 meV, and J3 = −0.56 meV, Ĥ = −JŜ1 · Ŝ2,
where the positive sign corresponds to the FM and the
negative sign corresponds to the AFM interaction; see Table
SI of the Supplemental Material [66]] with the theoretical
calculation reported for CrVO4 [44]. Additionally, we
computed the magnon spectra using linear spin wave theory,
considering both nearest-neighbor and next-nearest-neighbor
interactions derived from DFT. Our calculations reveal two
quasidegenerate magnetic quasiparticle modes, consistent
with the A-type AFM ordering of Cr atoms along the c axis
(Fig. 4). Figure S11 of the Supplemental Material [66] shows
the magnon frequency at the Z point of the Brillouin zone (q
= [00 1]) and exchange interactions (J1 and J2) as a function
of temperature, indicating typical damping with increasing
temperature but displaying an anomalous behavior near
the Néel temperature (TN ), where the frequency increases.
Beyond 60 K, spin waves are progressively damped with
increasing temperature (see Supplemental Material [66]).
These results are consistent with our previous observations of
lattice distortion across TN obtained by combining XRD and
XAS analyses.

FIG. 5. The calculated maximally localized Wannier functions
illustrate the dominant atomic orbitals involved in the antiferro-
magnetic interaction for (a) the short pathway of the J1 magnetic
exchange and (b) the long pathway of the J1 magnetic exchange and
the dominant atomic orbitals involved in the ferromagnetic interac-
tion for (c) the short pathway of the J1 magnetic exchange and (d) the
long pathway of the J1 magnetic exchange.

A. J1 Spin exchanges

The intrachain magnetic exchange J1 occurs through two
dominant superexchange pathways: (1) Cr–Oeq–Cr in the a–
c plane and (2) Cr–Oap–V5+–Oap–Cr confined in the b–c
plane, where eq and ap describe the equatorial and apical
oxygen atoms, respectively. The orbital-resolved magnetic
exchange reveals that J1 originates from two competitive path-
ways, t2g–t2g and t2g–eg, where the former contributes to the
antiferromagnetic coupling and the latter contributes to the
ferromagnetic coupling (see Table SII of the Supplemental
Material [66]). The t2g–t2g interactions occur between the dxz

orbitals of the two Cr atoms [Figs. 5(a) and 5(b)]. On the other
hand, the t2g–eg interaction occurs between the dxz and dx2−y2

orbitals of two Cr atoms [Figs. 5(c) and 5(d)]. This brings
up the question of why the J1 exchange remains antiferro-
magnetic, even though the Cr–Oeq–Cr bond angle is nearly
90◦. According to the GKA rule, the interactions should be
ferromagnetic as the Cr–Oeq–Cr angle is close to 90◦ [73,74],
because orbitals are arranged in such a way that the p-orbital
tails of one Cr–Oeq unit are nearly orthogonal to the other
Oeq–Cr unit [Figs. 6(a)–6(c)] such that the symmetric (ψ+)
and antisymmetric (ψ−) combination of them remains nearly
degenerate (�e = E (ψ+) − E (ψ−), see Ref. [59]). Therefore,
the AFM contribution to the magnetic exchange should be
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FIG. 6. (a)–(c) A Cr–O–Cr spin-exchange interaction with ∠M–L–M angle φ = 90◦ occurring in a Cr2O6 dimer. The symmetric (ψ+) and
antisymmetric (ψ−) combinations of the two magnetic orbitals shown in panel (a), a Cr2O6 dimer, made by two edge-sharing coplanar CrO4

square planes, shown in panel (b), and the energy split �e between the two (ψ+ and ψ−) in panel (c). (d)–(f) A Cr–O–Cr spin- exchange
interaction (J1) with ∠M–L–M angle φ > 90◦ (here, φ = 96◦). The in-phase and out-of-phase combinations of the two magnetic orbitals in
panel (d), the energy split �e between the two in panel (f), and two noncoplanar CrO4 square planes as in panel (e). (g)–(i) The exchange
interaction (J1) between the two magnetic orbitals in the Cr–O· · · V5+· · · O–Cr spin exchange found in CrVO4 when the L· · · L contact is
bridged by a d0 metal cation V. (g) The symmetric and antisymmetric combinations (ψ+ and ψ−, respectively) of the two magnetic orbitals; (i)
the energy split �e between ψ+ and ψ− is large when the bonding interaction O 2p tails of the ψ− state with the dπ orbital of V. The detailed
expressions have been presented in the text.

nearly zero where the AFM contribution is proportional to
�e. In CrVO4, the ∠M–L–M angle deviates from 90◦ (ap-
proximately 96◦), causing the p-orbital tails at the bridging
ligands L to lose their orthogonality, resulting in a nonzero
overlap integral. This leads to energy differences between
the ψ+ and ψ− combinations of the orbitals, resulting in
�e > 0 and a nonzero contribution to JAFM [Figs. 6(d)–6(f)].
The involvement of the ligand 2s orbital in developing AFM
ordering in CrVO4 is often overlooked for simplicity. This
interaction also has an antisymmetric effect on ψ+, which
shifts the energy of ψ+ (E (ψ+)) to higher values [Fig. 6(f)]
[75]. Furthermore, the violation of GKA rule can be as-
cribed to the long Cr–Oap–V5+–Oap–Cr exchange pathway.
The presence of bridging d0 metal cation (V5+) brings ψ−
lowers in energy through favorable overlap via px orbital of
Cr–Oap, dxz orbital of V, and py orbital of another Oap–Cr
[Figs. 6(g)–6(i)] while ψ+ is unchanged. Thus, the energy
separation between ψ+ and ψ− increases, which leads to a
strong AFM exchange [59,76]. This is also in agreement with
the literature study where Bansal and co-workers proposed
that the transfer of an electron from px orbital of Cr–Oap with
the py orbital of Oap–Cr via bridging V leads to the AFM
exchange [44]. The interaction through the V bridge might
also arise from the strong covalent interaction between the
O 2p and V 4s orbitals, which can be characterized by sp3

hybridization, as demonstrated by NMR studies of 51V in

CrVO4 [32]. Similarly, 51V NMR studies of the quasi-one-
dimensional compound BaCu2V2O8 have shown nonzero spin
densities at the vanadium sites, indicating the involvement of
VO4 tetrahedra in both intrachain and interchain exchange
interactions [77].

B. J2 and J3 spin exchanges

In the interchain spin exchange, two types of super-
superexchange paths are identified: Cr–Oeq–V5+–Oap–Cr (J2)
and Cr–Oeq–V5+–Oeq–Cr (J3). In the J2 super-superexchange
path, the O· · · O contact involves different types of oxygen
atoms, with one Oeq atom situated in the equatorial plane
and another Oap atom oriented along an axially elongated
direction, nearly perpendicular to the equatorial plane. This
configuration results in complex and relatively rare orbital-
resolved exchange interactions, which are not extensively
documented in the existing literature. The orbital-resolved
magnetic exchange reveals that J2 is dominated by t2g–t2g–t2g

interactions where dyz orbital of one Cr interacts with the dyz

orbital of another Cr via dyz orbital of bridging V (Table SIII
and Fig. S12(a) of the Supplemental Material [66]). In the Cr-
Oeq–V5+–Oap–Cr path, the arrangement of the two magnetic
orbitals leads to nearly orthogonal p-orbital tails, resulting
in a negligible total overlap integral with the 3dπ of V [see
Fig. S12(a) of the Supplemental Material [66]]. This results in
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FIG. 7. (a) Temperature-dependent Raman spectra of CrVO4 at
the temperature range 5–300 K. (b), (c) Enlarged view of the regions
highlighted in green in panel (a) showing the variation of peak
positions as a function of temperature, indicating the signature of
spin-phonon coupling.

a relatively small �e, indicating a diminished contribution to
the JAFM. However, the JFM interaction does not vanish, as the
electron density overlap from the p-orbital tails of differently
oriented oxygen atoms remains nonzero, owing to the O· · · O
contact being close to the van der Waals distance [78].

In the interchain spin-exchange path J3, two parallel CrO4

equatorial planes are corner shared with VO4 tetrahedra,
where the O 2p orbital tails of the two magnetic orbitals are
well separated by the O· · · O contacts. The orbital-resolved
magnetic exchange reveals that J3 is mediated by the in-
teraction between dyz orbital of one Cr with the dxy orbital
of another Cr via the dyz orbital of bridging V (Table SIV
and Fig. S12(b) of the Supplemental Material [66]). Here,
O 2p tails of the magnetic orbitals strongly interact with the
bridging V through favorable overlap, thereby lowering the
energy level of ψ−, while ψ+ remains unaffected by the V
3dπ orbital. This interaction increases the energy split �e
between ψ+ and ψ− in the Cr–Oeq–V5+–Oeq–Cr exchange
paths, consequently resulting in weak antiferromagnetic J3.
However, the magnetic properties of CrVO4 are predomi-
nantly influenced by the one-dimensional character of the
CrO2 ribbon chain via the J1 exchange path, with J2 also
contributing favorably to this one-dimensional AFM chainlike
behavior as observed in LiCuVO4 [79,80].

C. Spin-phonon coupling

We have utilized temperature-dependent Raman spectro-
scopic data to gain a better understanding of how the local
atomic structure behaves as temperature changes during a
magnetic transition. Raman spectroscopy, specifically, is a
technique that allows us to examine the strength of atomic
interactions by studying directly the vibrations of molecules
at the atomic level. By doing so, one can observe how the
evolution of magnetic order is connected to alterations in the
dynamics of the atomic lattice, providing valuable insights
into the relationship between atomic structure and magnetic
behavior with temperature. Figure 7 presents the temperature-
dependent (5–300 K) Raman spectra of CrVO4. The data
clearly indicate that the overall Raman spectral signature re-
mains consistent across TN , confirming the absence of any

structural phase transition and impurity phase, which aligns
with the XRD measurements. The temperature-dependent Ra-
man spectra were analyzed using a Lorentzian fitting to extract
quantitative details regarding the changes observed across the
transition. In general, the temperature-dependent frequency
change in the phonon mode can be written as [47,81,82]

�ω(T ) = �ωqh(T ) + �ωanh(T ) + �ω(e-ph)(T )

+ �ω(s-ph)(T ), (1)

where �ωqh(T ) represents the quasiharmonic contribution
arising solely from the thermal expansion of the lattice. The
change in frequency owing to intrinsic anharmonicity is given
by �ωanh(T ). �ω(e-ph)(T ) and �ω(s-ph)(T ) are the electron-
phonon and spin-phonon coupling terms, respectively. The
term �ωqh(T ) is neglected here and �ω(e-ph)(T ) is absent in
CrVO4 due to the insulating nature. Therefore, the change
in frequency of the phonon modes with temperature can be
explained as

�ω(T ) = �ωanh(T ) + �ω(s-ph)(T ). (2)

The behavior of anharmonic phonons with temperature,
resulting from phonon-phonon interactions, offers valuable
insights into the underlying physics. Consequently, the Raman
shift (�ω) and linewidth (�) of selected modes as a function
of temperature were fitted using an anharmonic model. The
temperature dependence of the phonon frequency due to cubic
anharmonicity (three-phonon process) is given by [83]

�ωanh(T ) = ω0 + C

[
1 + 2

ex − 1

]
. (3)

Similarly, the temperature dependence of phonon linewidth
due to quartic anharmonicity (four-phonon process) can be
written as [83]

��anh(T ) = C

[
1 + 2

ex − 1

]

+ D

[
1 + 3

ey − 1
+ 3

(ey − 1)2

]
, (4)

where x = h̄ω0
(2kBT ) , y = h̄ω0

(3kBT ) , ω0 is the Raman frequency at
absolute zero, and C and D are cubic and quartic anharmonic
coefficients for frequency (ω) and linewidth (�), respectively.
The analysis revealed that the Raman shifts (�ω) of the stud-
ied modes deviate significantly from the expected anharmonic
behavior when the temperature drops below approximately
80 K (TSR), particularly concerning the magnetic short-range
transition. However, two Raman modes associated with a
combination of bending modes involving both Cr and V,
along with distorted polyhedra, and bending modes with rigid
polyhedra (at 190 and 302 cm−1), exhibit anomalous phonon
softening from the room temperature compared to the an-
harmonic behavior of other modes, as shown in Figs. 8(a)
and 8(b). This peculiar behavior of these modes might be
associated with strong intrinsic anharmonic phonon-phonon
interactions in the CrVO4 lattice along with spin-phonon cou-
pling and merits further investigation [82,84]. Unlike other
phonon modes, the cubic-anharmonic model could not explain
the behavior of these modes since their frequency decreases
upon cooling in the entire temperature range. For all other
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FIG. 8. The temperature dependence of Raman shifts (ω, cm−1) (red) and linewidth (�, cm−1) (blue) of selected modes corresponding to
(a) Ag (190 cm−1), (b) Ag (303 cm−1), (c) Ag (926 cm−1), and (d) B3g (932 cm−1). Error bars denote one standard deviation obtained from
fitting. The symbols are the experimental data points, and the solid red lines in panels (c) and (d) and blue lines in panels (a)–(d) are the
anharmonic models that fit ω and �, respectively, as described in the text. Transition temperatures are highlighted by colored regions.

modes, no discontinuity in �ω and � was observed at 200 K,
while we noted significant anomalous changes at TN (� 50 K)
in �ω [Figs. 8(c) and 8(d), and Figs. S13 and S14 of the
Supplemental Material [66]], suggesting spin-phonon cou-
pling at the transition. To investigate the spin-phonon coupling
further, we have calculated Raman frequencies from the first-
principles phonon calculations. The calculations reveal that
the structures are dynamically stable with temperature, as
there are no negative frequencies (see phonon dispersion and
projected density of states in Fig. S15 of the Supplemental
Material [66]). According to group theory, CrVO4 will have
15 Raman- active modes at � point (5Ag, 4B1g, 2B2g, and
4B3g). The temperature dependence of the frequency of the
calculated Raman modes agrees well with the experimental
results (see Figs. S13 and S14, and Table SV of the Supple-
mental Material [66]).

To further analyze the temperature-induced shifts in
eigenfrequencies, we calculated the differences between the
measured frequencies (�ωexp(T )) and the predicted anhar-
monic behavior (�ωanh(T )) (represented by solid red lines in
Fig. 8 and Figs. S13 and S14 of the Supplemental Material
[66]). These differences for selected modes are illustrated
in Fig. S16 of the Supplemental Material [66]. Notably, a
significant influence of spin-phonon coupling on the eigenfre-
quencies is observable below 80 K, driven by strong FM spin
fluctuations in the interchain exchange interactions within
the a–b plane, resulting in short-ranged spin-spin correlations

(generally observed in A-type AFM materials). Pronounced
short-range spin fluctuations in CrVO4 have already been
revealed through magnetic susceptibility (see Fig. S17 of
the Supplemental Material [66]) and NMR measurements
reported in prior studies [30,32]. The results can be com-
pared with theoretical models, where the frequency shift is
expressed in terms of spin-spin correlation function 〈 Si · S j〉
between the nearest neighbors on two opposite sublattices as
[45,84–87]

�ωs-ph(T ) = 2

ωμ

∂2J

∂u2
〈Si · S j〉 = λsphS2�(T ). (5)

In this equation, 〈 Si · S j 〉 is spin-spin correlation factor
(indicates the statistical average of adjacent spins), λsph(=

2
ωμ

∂2J
∂u2 ) is the spin-phonon coupling coefficient, S2 is the

average of adjacent spins (here, S2 = 9
4 , for Cr3+ 3d3), and

�(T ) = [1 − [ T
TSR

]γ ] is the normalized order parameter that
is directly proportional to the average magnetization M(T),
where TSR is short-range magnetic ordering temperature and
γ is critical exponent. The calculated spin-phonon coupling
coefficients (λsph) are provided in Table II. The phonon scat-
tering can be attributed to the presence of weak spin-phonon
(lattice) coupling, which becomes active even above the TN

temperature (50 K) due to the emergence of short-range mag-
netic ordering (≈ 80 K)-induced lattice strains in the system.
This finding is consistent with NMR studies of CrVO4, which
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TABLE II. The fitting parameters of the anharmonic model fit to ω and � and the spin-phonon coupling coefficients (λsph) of the various
Raman modes derived phenomenologically.

Assigned modes ω (cm−1) ω0 (cm−1) C (ω)(cm−1) C (�)(cm−1) D (�)(cm−1) λsph (cm−1)
(300 K) (Expt.)

T(B1g) 170 178.96 (4.35) −8.18 (4.36) 0.94 (0.03) −0.06 (0.03) 0.74 (0.09)
T(Ag) 191 1.13 (0.02) −0.05 (0.02)
R(B1g) 250 254.69 (0.65) −2.98 (0.65) 0.88 (0.07) 0.08 (0.07) 0.51 (0.06)
ν2(Ag) 303 1.11 (0.12) 0.15 (0.13)
R(B1g) 380 384.56 (1.37) −3.89 (1.39) 0.92 (0.15) 0.36 (0.15) 0.65 (0.04)
ν4(B3g) 383 395.89 (0.44) −7.96 (0.45) −0.36 (0.75) 1.84 (0.76) 0.67 (0.26)
ν2(Ag) 417 423.13 (0.19) −2.77 (0.20) 1.45 (0.07) 0.13 (0.08) 0.76 (0.26)
ν4(B2g) 450 459.40 (0.32) −5.46 (0.33) 1.77 (0.05) 0.18 (0.06) 0.70 (0.05)
ν4(B3g) 504 512.19 (0.37) −4.50 (0.39) 2.41 (0.05) −0.01 (0.05) 0.89 (0.41)
ν3(B1g) 670 681.14 (1.86) −7.34 (1.89) 3.35 (6.22) 1.14 (6.27) 0.61 (0.26)
ν3(Ag) 759 776.03 (1.67) −14.25 (1.69) 6.88 (0.58) 0.37 (0.60) 0.69 (0.04)
ν1(Ag) 926 932.64 (0.35) −5.29 (0.36) −4.98 (1.56) 8.57 (1.56) 0.57 (0.03)
ν3(B3g) 931 940.68 (0.86) −7.37 (0.37) 3.42 (0.19) −0.13 (0.19) 0.67 (0.03)

reported the onset of short-range spin fluctuations at 77 K
[32]. The renormalization of phonon frequencies above TN can
be explained by in-plane ferromagnetic correlations 〈 Si.S j 〉,
which exist even in the paramagnetic phase. Similar behavior
has been observed in other A-type AFM materials, as well as
in other types of manganite and vanadate materials [45]. The
absence of anomalies in ω and � at 200 K, within the limits of
instrument resolution, indicates that no significant interactions
between phonons and other degrees of freedom occur below
this temperature. However, the anomaly in ω and � at TN can
be attributed to the onset of long-range AFM ordering. This
is associated with the two-ion contribution to magnetoelastic
coupling through the (super)exchange interactions [45,46,88]
and/or phonon scattering resulting from short-range spin fluc-
tuations that induce lattice strains above TN [89,90].

IV. DISCUSSION

The study of CrVO4 using advanced computational and
experimental methods reveals significant insights into its
electronic structure, magnetic behavior, and spin-phonon in-
teractions. CrVO4 exhibits crystal field splitting of Cr3+ in
the CrO6 octahedral environment, despite the presence of V5+
in VO4 tetrahedra, which was not considered in prior study
[44], resulting in a splitting between t2g and eg orbitals with
a splitting energy of 1.59 eV. The material exhibits valence
and conduction bands primarily composed of Cr and V 3d
states, with notable O 2p hybridization. Therefore, the re-
sult shows a non-negligible population of eg orbitals due to
symmetry breaking of the regular octahedral, suggesting that
exchange interactions occur through both orbitals t2g and eg.
The magnetic structure is governed by both intrachain (J1)
and interchain (J2, J3) exchange interactions. J1, primarily me-
diated by Cr–O–Cr and Cr–O−V−O−Cr pathways, remains
AFM despite a Cr−Oeq–Cr bond angle suggesting FM cou-
pling, due to symmetry and orbital overlap. The V5+ bridge
in J1 enhances AFM exchange through favorable orbital inter-
actions. J2 and J3 involve more complex interactions through
oxygen bridges, with J2 dominated by t2g–t2g–t2g interactions
and J3 by dyz–dxy interactions. J1 is the primary contributor

to AFM behavior, driven by the one-dimensional CrO2 chain
along the c axis.

XANES and EXAFS analyses reveal that the valence states
of vanadium (V5+) and chromium (Cr3+) remain stable across
the magnetic transition and hence the Cr/V–On coordinations.
However, notable structural changes occur in the local en-
vironment around Cr when the temperature rises above TN .
Specifically, there is an increase in the Cr−Cr interatomic
distances associated with edge-sharing CrO6 octahedra, ac-
companied by a decrease in the Cr–Cr mean square relative
displacement σ 2. This combination indicates a significant
microstructural reconfiguration, which likely plays a critical
role in modulating the superexchange interactions (J1) within
the system. Furthermore, these observations also suggest a
conventional magnetoelastic response of the material rather
than strong spin-orbital-lattice entanglement.

The SR-XRD analysis corroborates these findings, show-
ing significant changes of lattice constant mainly along the
c axis (and consequently in the volume) crossing TN , while
smoother effects are shown along the a and b axes. Ra-
man spectroscopy reveals that the magnetic transitions do
not correspond to structural phase transitions, but phonon
modes show deviations in anharmonic behavior near TN . This
suggests that spin-phonon coupling influences the system,
particularly above TN , where short-range magnetic ordering
begins. Softening of bending phonon modes involving Cr and
V occurs with decreasing temperature in the whole temper-
ature range, distinct from other phonon modes, which show
anomalies near TN . Phonon modes associated with this cou-
pling soften as temperature decreases, contributing to the
long-range AFM ordering and magnetoelastic coupling ob-
served in the system. The magnetic and structural properties
of CrVO4 are intricately linked to spin-lattice interactions,
polyhedral tilting, and spin-phonon coupling, which all play
significant roles in its magnetic transition behavior. However,
in our study, no anomalous change in the phonon frequencies
(ω) or linewidths (�) of all the modes was observed at 200 K,
suggesting that no significant spin-phonon coupling occurs
below this temperature, within the resolution limits of our
instruments.
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This contrasts with the recent findings of Roy et al. [44],
which reported orbital-driven spin-phonon coupling at 200 K
(about 4TN ) for CrVO4 suggesting a significant influence of
KK-type interactions on its electronic and phononic charac-
teristics at temperatures up to four times the Néel temperature
(TN = 50 K), without any noticeable discontinuity at TN .
However, these rare and unexpected findings contrast with
typical orthorhombic A-type AFM materials [45–47], which
usually show phonon frequency (ω) anomalies near TN from
strong magnetoelastic coupling, often persisting above TN due
to short-range spin correlations, according to our findings.
A careful examination of the Raman data reported by Roy
et al. near TN reveals deviations from expected anharmonic
phonon behavior, suggestive of underlying spin-phonon in-
teractions. However, this region receives limited attention
in their analysis, possibly due to challenges in data quality
near TN . By focusing primarily on the higher-temperature
regime (∼200 K), their study may underrepresent potential
spin-related contributions to phonon anomalies at TN . Con-
sequently, the observed phonon renormalization effects are
attributed mainly to interactions with other degrees of free-
dom manifesting below 200 K, potentially overlooking a key
signature of spin-lattice coupling commonly observed in cor-
related systems. In addition, the interpretation by Roy et al.
assumes that the VO4 tetrahedra in CrVO4 suppress the
conventional octahedral crystal field splitting of Cr3+ ions,
leading to partial occupancy of both the t2g and eg orbitals.
This assumption appears questionable, as it overlooks the
actual crystal field environment and lacks the key microscopic
mechanisms of orbital-resolved spin-exchange interactions.
Therefore, our results suggest that the presence of strong
orbital-selective spin-phonon coupling driven by KK-type in-
teractions in CrVO4 is questionable, indicating that the earlier
observations may have been influenced by Cr2O3 impurity
phase. However, in a recent study, this type of phonon behav-
ior with temperature has been observed in the Cr2O3 system
[91] as observed by Roy et al. [44] in CrVO4.

V. CONCLUSIONS

This study highlights the key role of orbital degrees of free-
dom in CrVO4, particularly in orbital-driven spin-exchange
interactions and spin-phonon coupling at TN . Both experi-
mental data and first-principles calculations show spin-lattice
coupling near the transition temperature (TN ), driven by
magnetoelastic interactions. XAS confirms that V and Cr
valence states and local coordination remain stable, while
polyhedral tilting around Cr plays a critical role in magnetic
transitions by affecting superexchange interactions (J1). The
magnetic results reveal a one-dimensional A-type antiferro-
magnetic ordering at 50 K, influenced by orbital-resolved
spin-exchange interactions. Phonon softening near TN con-

tributes to long-range AFM ordering and magnetoelastic
coupling and spin-phonon coupling above TN , driven by short-
range spin fluctuations. The lack of anomalies in ω and �

of any of the modes at 4TN within instrument resolution
excludes the existence of any strong orbital-selective spin-
phonon coupling in CrVO4. These findings not only enhance
our understanding of the electronic and physical properties
of CrVO4 but also offer a significant contribution to the
broader field of spin-orbital-lattice physics in transition metal
oxides.

ACKNOWLEDGMENTS

G.B. thanks the University Grant Commission, New
Delhi, for the Dr. D. S. Kothari Post-Doctoral Fellowship
Award (2021) (Grant No. F.4-2/2006 (BSR)/PH/20-21/0166)
and Generalitat Valenciana (GVA) for the postdoctoral
fellowship CIAPOS/2023/346. G.B. also acknowledges Dr.
Manik Kuila for SR-XRD measurements. S.D., J.J.B.,
and A.M.S. acknowledge financial support from the
European Union (HORIZON EUROPE European Research
Council (ERC-2021-StG-101042680 2D-SMARTiES),
and HORIZON EUROPE Marie Sklodowska-Curie
Actions (SpinPhononHyb2D 101107713) and (TIMES
101118915). The calculations were performed on the
HAWK cluster of the 2D Smart Materials Lab. D.E.,
D.S.P., and A.M.S. thank the support from Ministerio
de Ciencia, Innovación y Universidades (MCIU) from
Spain (DOI: 10.13039/501100011033) under Projects
PID2023-146181OB-I00, PID2022-138076NB-C41, and
PID2021-125518NBI00. They also thank the support of GVA
through Grants PROMETEO/2024/4, SEJIGENT/2021/034,
MFA/2022/009, CIPROM/2021/075-GREENMAT,
CIAICO/2021/241, MFA/2022/007, and CIDEXG/2023/1.
C.M. acknowledges the Grant of Excellence Departments
2023-2027, MUR (IT) (ARTICOLO 1, COMMI 314-337
LEGGE 232/2016). V.R.R. and G.B. gratefully acknowledge
financial support from DST under the India@DESY
collaboration for XAFS measurements at beamline P65,
PETRA-III (DESY, Hamburg). We thank Dr. Edmund Welter,
Dr. Tinku Dan, Dr. Wolfgang Caliebe, and Dr. Deepak
Prajapat for their assistance during XAFS measurements
conducted under Proposal No. I-20230303. This work is also
part of the Advanced Materials program supported by MCIU
with funding from NextGenerationEU (PRTR-C17.I1) and by
GVA.

DATA AVAILABILITY

The data supporting this study’s findings are available
within the article.

[1] S. V. Streltsov and D. I. Khomskii, Orbital physics in transition
metal compounds: new trends, Phys. Usp. 60, 1121 (2017).

[2] K. I. Kugel’ and D. I. Khomskiı̆, The Jahn-Teller effect and
magnetism: Transition metal compounds, Sov. Phys. Usp. 25,
231 (1982).

[3] Y. Tokura and N. Nagaosa, Orbital physics in transition-metal
oxides, Science 288, 462 (2000).

[4] R. Logemann, A. N. Rudenko, M. I. Katsnelson, and A.
Kirilyuk, Exchange interactions in transition metal oxides: The

043189-11

https://doi.org/10.3367/UFNe.2017.08.038196
https://doi.org/10.1070/PU1982v025n04ABEH004537
https://doi.org/10.1126/science.288.5465.462


GANESH BERA et al. PHYSICAL REVIEW RESEARCH 7, 043189 (2025)

role of oxygen spin polarization, J. Phys.: Condens. Matter 29,
335801 (2017).

[5] M. Grüninger, R. Rückamp, M. Windt, P. Reutler, C. Zobel, T.
Lorenz, A. Freimuth, and A. Revcolevschi, Experimental quest
for orbital waves, Nature (London) 418, 39 (2002).

[6] C. Ulrich, A. Gössling, M. Grüninger, M. Guennou, H. Roth,
M. Cwik, T. Lorenz, G. Khaliullin, and B. Keimer, Raman
scattering in the Mott insulators LaTiO3 and YTiO3: Evidence
for orbital excitations, Phys. Rev. Lett. 97, 157401 (2006).

[7] Y. Murakami, H. Kawada, H. Kawata, M. Tanaka, T. Arima,
Y. Moritomo, and Y. Tokura, Direct observation of charge and
orbital ordering in La0.5Sr1.5MnO4, Phys. Rev. Lett. 80, 1932
(1998).

[8] S. Sugai and K. Hirota, Orbital waves in YVO3 studied by
Raman scattering, Phys. Rev. B 73, 020409 (2006).

[9] T. Hotta, Orbital ordering phenomena in d- and f-electron
systems, Rep. Prog. Phys. 69, 2061 (2006).

[10] S. V. Streltsov and D. I. Khomskii, Jahn-Teller effect and
spin-orbit coupling: Friends or foes? Phys. Rev. X 10, 031043
(2020).

[11] N. Iwahara, V. Vieru, and L. F. Chibotaru, Spin-orbital-lattice
entangled states in cubic d1 double perovskites, Phys. Rev. B
98, 075138 (2018).

[12] J. Romhányi, L. Balents, and G. Jackeli, Spin-orbit dimers and
noncollinear phases in d1 cubic double perovskites, Phys. Rev.
Lett. 118, 217202 (2017).

[13] D. Fiore Mosca, L. V. Pourovskii, B. H. Kim, P. Liu, S. Sanna,
F. Boscherini, S. Khmelevskyi, and C. Franchini, Interplay
between multipolar spin interactions, Jahn-Teller effect, and
electronic correlation in a Jeff= 3/2 insulator, Phys. Rev. B 103,
104401 (2021).

[14] H. Watanabe, T. Shirakawa, and S. Yunoki, Microscopic study
of a spin-orbit-induced Mott insulator in Ir oxides, Phys. Rev.
Lett. 105, 216410 (2010).

[15] M. Z. Hasan and C. L. Kane, Colloquium: Topological
insulators, Rev. Mod. Phys. 82, 3045 (2010).

[16] X.-L. Qi and S.-C. Zhang, Topological insulators and
superconductors, Rev. Mod. Phys. 83, 1057 (2011).

[17] Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D.
Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X. Dai, Z. Hussain,
and Y. L. Chen, Discovery of a three-dimensional topological
Dirac semimetal, Na3Bi, Science 343, 864 (2014).

[18] S.-Y. Xu et al., Discovery of a Weyl fermion semimetal and
topological Fermi arcs, Science 349, 613 (2015).

[19] Y. Tokura, S. Seki, and N. Nagaosa, Multiferroics of spin origin,
Rep. Prog. Phys. 77, 076501 (2014).

[20] R. Rejali, D. Coffey, J. Gobeil, J. W. González, F. Delgado, and
A. F. Otte, Complete reversal of the atomic unquenched orbital
moment by a single electron, npj Quantum Mater. 5, 60 (2020).

[21] A. M. Len, J. W. González, and H. Rosner, Ca3Ru2O7: Inter-
play among degrees of freedom and the role of the exchange
correlation, Phys. Rev. Mater. 8, 024411 (2024).

[22] J. B. Goodenough, Magnetism and the Chemical Bond (Wiley-
Interscience Publishers, New York, 1963).
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