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Thermal transport in CuCr2X4 (X= S, Se, Te): Experiment and ab initio calculations
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We present a combined experimental and theoretical study of the longitudinal and transverse thermoelectric
properties of ferrimagnetic spinels CuCr2X4 (X = S, Se, Te). The thermoelectric power of all studied phases is
positive and consists of two contributions; an almost linear diffusive thermopower observed at high temperature,
and a strong enhancement below TC attributed to magnon drag. The diffusive part of thermopower and resistivity
decreases from X = S to Te, whereas the magnon drag enhancement is the biggest for X = Se, which has also the
highest TC . The thermopower was calculated by DFT method using GGA, GGA + U , GGA+oeeHyb, and mBJ
potentials. A good agreement with the experimental thermopower was achieved using GGA potential for X = S
and with mBJ potential for X = Te. The mBJ potential, which was designed for sp-type semiconductors, better
describes the valence bands of CuCr2Te4 that exhibit stronger sp-orbitals character than sulfide and selenide.
The anomalous Nernst effect (ANE) is negative at room temperature for all phases, the highest absolute value
∼1.5 μV/K is observed for X = Te and Se around room temperature, whereas ANE for X = S is much smaller. A
sign change of ANE to positive is observed at 285 K for X = S and at 65 K for X = Se. The trend of anomalous
Nernst conductivity is reproduced by Berry phase calculations if the renormalization of the bands due to the
strong correlation effects is taken into account.

DOI: 10.1103/PhysRevB.104.085146

I. INTRODUCTION

Recent studies of phenomena arising from the coupling
between spin and heat currents as well as types of anomalous
Hall effects (AHE) in various magnetic materials have trig-
gered renewed interest in the anomalous Nernst effect (ANE)
as one of the topologically nontrivial phenomena and for
its potential application to thermoelectric devices. Interesting
materials exhibiting this kind of phenomena could be found in
the ferrimagnetic chalcogenide spinel series CuCr2X4 (X = S,
Se, Te), where ANE and AHE were studied for X = Se [1–6]
and AHE for X = S [7]. The CuCr2X4 phases exhibit long
range magnetic ordering below TC ∼ 380, 430, and 325 K
for X = S, Se, and Te, respectively, with saturated magnetic
moment at low temperature around 5 μB. It was found that the
behavior of AHE and ANE in CuCr2Se4 corresponds to the in-
trinsic mechanism explained by Karplus-Luttinger theory and
its modern generalization based on the Berry-phase approach
[2,4,8]. We assume that the same approach can be applied for
CuCr2S4 and CuCr2Te4. In order to analyze the transverse
transport properties, it is helpful to investigate also the lon-
gitudinal transport properties, linked together by the Onsager
relations [9–11]. As regard the temperature dependence of
thermopower in CuCr2X4, in addition to the diffusive contri-
bution described by Mott formula [12], a strong enhancement

*Corresponding author: knizek@fzu.cz

at lower temperature is observed pointing to a strong influence
of magnons and their dynamics [13,14].

The charge and spin density transfer between cations and
ligands markedly influences the character of bands at the
Fermi level and consequently the transport properties. The
magnetic structure and moments on individual sites were
studied by neutron diffraction in CuCr2Se4 and CuCr2Te4.
The former studies found a magnetic moment on Cr site
between 2.8–3 μB and zero moments on remaining sites,
thus claiming a ferromagnetic ordering [15,16]. A similar
conclusion was also derived in a later study [17]. This value
of Cr magnetic moment would correspond in an ideal case
to electron configuration d3, valency Cr3+, and spin magnetic
moment 3 μB. The corresponding valency distribution model
is Cu2+Cr3+

2 Se2−
4 . The neutron diffraction on CuCr2Te4 re-

vealed that magnetic moment on Cr site is enhanced to
3.11 μB compared to CuCr2Se4 [16]. On the other hand,
Yamashita et al. refined a smaller magnetic moment on Cr
site 2.64 μB and negative moments on Cu and Se −0.07 and
−0.2 μB, respectively, thus claiming a ferrimagnetic order-
ing [18]. That would correspond in an ideal case to valency
distribution Cu1+Cr3.5+

2 Se2−
4 and Cr electron configuration

d2.5. In the present work we confirm by electronic structure
calculation the latter case, i.e., ferrimagnetic ordering with
small negative moments on Cu and Se.

In this work we have focused on the comparison of the
experimentally determined transverse and longitudinal trans-
port properties of CuCr2X4 (X = S, Se, and Te) with the
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calculated properties obtained using the electronic structure
calculation based on the density functional theory (DFT). The
thermoelectric power was calculated using the BOLTZTRAP

program [19]. Anomalous Nernst conductivity was repro-
duced by Berry phase calculations. The magnetic moments
and oxidation states were evaluated by atoms in molecules
approach [20].

II. COMPUTATIONAL METHOD

We performed density-functional theory (DFT) calcula-
tions using the WIEN2K package [21], implementing the
augmented plane wave and local orbital (APW + lo) method.
The generalized gradient approximation (GGA) [22] is em-
ployed for the exchange-correlation potential. The structural
parameters are fully optimized in GGA level, resulting in a =
9.9040, 10.4352, 11.2310 Å and x = 0.2583, 0.2578, 0.2573
of the X site (x, x, x) in Fd 3̄m space group, for S, Se, and
Te, respectively. The muffin-tin radii of 2.3, 2.3, 1.8, 2.0, and
2.3 a.u. (a.u. = Bohr radius = 0.529 Å) are used for the Cu, Cr,
S, Se, and Te atoms. The maximum modulus for the reciprocal
vectors Kmax was chosen such that RMT × Kmax = 8.0. The
Brillouin zone was sampled with 20 × 20 × 20 mesh.

To investigate the effects of exchange-correlation func-
tional, modified Becke-Johnson (mBJ) potential [23], GGA,
GGA + U , and GGA plus on-site exact-exchange hybrid
(GGA+oeeHyb) functional [24] are used in this paper. The
mBJ has an orbital independent exchange-correlation poten-
tial (not functional) from the original Becke-Johnson terms
[25]. While this approach improves especially the sp charac-
ters, the methods described below focus on d and f shells
only. The GGA + U approach is carried out for the strong
correlation effects of the 3d electrons at Cu and Cr sites.
Here the fully localized limit (FLL) [26] is chosen for the
double-counting method using the effective Hubbard parame-
ter defined by Ueff = U − J with J = 0. The calculations with
the oeeHyb functional are also executed as a comparison. The
exact (Hartree-Fock) exchange is applied to the correlated 3d
shells with full anisotropy of the exchange, replacing 20% of
the local density exchange by the exact one.

The Seebeck coefficients were carried out using semi-
classical Bloch-Boltzmann transport theory with the constant
scattering time approximation, implemented in the BOLTZ-
TRAP code [19]. The Brillouin zone was sampled with a dense
k mesh up to 60 × 60 × 60, and the grid were interpolated
onto a grid containing eight times as many k points.

To extract the Berry-phase effect in thermoelectric trans-
port, model Hamiltonians which reproduce the energy range
of −7 to 4 eV are constructed using WIEN2WANNIER [27]
and WANNIER90 [28] packages. The basis was composed of
d orbitals at each Cu and Cr site and p orbitals at X site. The
anomalous Hall conductivity (AHC) σxyz and the anomalous
Nernst conductivity (ANC) αxyz can be expressed with the
out-of plane component �n,z(k) of the Berry curvature as
follows [4]:

σxyz(T, μ) = −e2

h̄

∫
dk

(2π )3
�n,z(k) fnk, (1)

αxyz(T, μ) = −1

e

∫
dε

(
−∂ f

∂ε

)
σxyz(0, ε)

ε − μ

T
, (2)

where e, h̄, fnk, ε, and μ are the elementary electric
charge, the reduced Planck constant, the Fermi-Dirac dis-
tribution function with the band index n and the wave
vector k, the band energy, and the chemical potential, re-
spectively. To check the convergence of σxyz, a dense k
mesh of 300 × 300 × 300 (500 × 500 × 500) is used for
Se/Te (S) [29]

In the electronic structures of CuCr2X4, the d bands of
Cu/Cr sites and the p bands at X sites are distributed over
the range from −7 to 4 eV. To calculate the anomalous Hall
conductivity by Eq. (1), the integration of the Berry curvature
is started from the bottom of the bands, which is at −7 eV. It
means that the model Hamiltonian should reproduce the DFT
band structure correctly, not only around the Fermi energy, but
also the bottom of the bands.

The atomic charges and magnetic moments were calcu-
lated using the atoms in molecules (AIM) concept of Bader
[20]. In this approach, the unit cell is divided into regions by
surfaces that run through the minima in the charge density. By
integrating the electron or spin density within these regions
the charge or spin moment on a given site can be calculated.
The advantage of this method is that the analysis is based
solely on the charge or spin density so it is independent on
the basis set and atomic spheres used.

III. EXPERIMENT

Bulk polycrystalline samples of the CuCr2X4 (X = S, Se,
Te) compounds were prepared through the solid state chem-
ical reaction route using elemental Cu (Sigma-Aldrich 4N),
Cr (Sigma-Aldrich 4N), S (Sigma-Aldrich 5N), Se (Sigma-
Aldrich 5N), and Te (Sigma-Aldrich 5N) in stoichiometric
amounts. The mixture of the elements was sealed in evac-
uated quartz tubes and heated up to 800 ◦C for about two
(CuCr2Te4) to seven days (CuCr2S4) for the initial reaction.
A very slow increase of temperature (∼50 ◦C/day between
550–800 ◦C) was used in case of CuCr2S4 compound to avoid
explosion of the reaction ampoules. After this step the am-
poules were slowly cooled and the mixtures were grounded to
a powder, pelletized under 6 tons pressure and finally sintered
for 72 h at 600 ◦C.

The Nernst effect was measured using a homemade appa-
ratus employing the standard setup in which the directions of
magnetic field Bz, thermal gradient ∇xT , and resulting elec-
tric field Ey are mutually perpendicular. The thickness of the
measured ceramic samples in the direction of the temperature
gradient was Lx = 2 mm and the electric contact distance was
Ly = 4 mm. The small voltage signal Vy was measured using a
Keithley 2182A nanovoltmeter and the temperature difference
�Tx was detected by differential thermocouples at the hot and
cold sides of the samples. The magnetic field up to ±8 kOe
was changed in steps and data were acquired when the field
was stable. The hysteresis loops were measured by starting
and ending at the maximum positive field, and the temperature
was changed while the field was at the maximum positive
value. The Nernst signal Sxyz was calculated according to a
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TABLE I. Calculated charges and spin moments in units of μB of CuCr2X4. The analysis based on the atoms in molecules (AIM) theory is
performed with AIM code implemented in WIEN2K package. The spin moments based on the atomic spheres and interstitial region are presented
for comparison.

Ionic charge/site (AIM) Spin moment/site (AIM) Spin moment/sphere Spin moment/f.u.

Method X Cu Cr X Cu Cr X Cu Cr X Interstitial Total

GGA+SOC S 0.58 1.27 −0.78 −0.10 3.17 −0.30 −0.13 2.68 −0.10 0.24 5.05
Se 0.42 1.09 −0.65 −0.08 3.36 −0.37 −0.12 2.78 −0.13 0.22 5.16
Te 0.17 0.85 −0.47 −0.03 3.60 −0.43 −0.08 2.88 −0.13 0.28 5.45

mBJ+SOC S 0.91 1.53 −0.99 −0.24 3.13 −0.25 −0.26 2.76 −0.11 0.20 5.02
Se 0.73 1.36 −0.86 −0.14 3.29 −0.31 −0.17 2.84 −0.13 0.20 5.19
Te 0.46 1.09 −0.66 −0.03 3.47 −0.35 −0.07 2.89 −0.12 0.25 5.50

formula1

Sxyz = Ey

∇xT
= − Vy

�Tx

Lx

Ly
(μV/K) (3)

and was analyzed with respect to ordinary and anoma-
lous effects, considering also the role of transverse thermal
gradient ∇yT .

The low temperatures (2–310 K) measurements of elec-
trical resistivity, thermopower (Seebeck coefficient Sxxz =
−Vx/�Tx), and thermal conductivity were made by the four-
probe method of the thermal transport option (TTO) of the
Physical Property Measurement System (PPMS, Quantum
Design) by using a specimen of 8 mm length and 2 × 2 mm2

cross section. The Hall resistivity was measured using electri-
cal transport option (ETO) of PPMS between −2 and 2 T, the
thickness of the sample was Lz = 0.5 mm and the dimensions
in the direction of electric current and detected voltage were
Lx = Ly = 4 mm.

IV. RESULTS AND DISCUSSION

The calculated charges and spin moments are summarized
in Table I. The calculated orbital moments are less than
0.01 μB, therefore we will just discuss the spin moments.
Increasing degree of covalent character of the metal-ligand
bond from X = S to Te is manifested by lowering the calcu-
lated charges on individual sites. The calculated spin moments
support the ferrimagnetic spin configuration for all CuCr2X4

phases with positive moment on Cr and negative moments
on Cu and X sites. The absolute values of the moments on
Cr and X sites are increasing from X = S to Te, whereas
moment of Cu is decreasing and for X = Te the Cu spin
moment is close to zero. The comparison with the charges and
magnetic moments derived from the atom spheres revealed
the importance of using the AIM (or similar) method for
calculating both charges and spin moments in the case of
CuCr2X4 phases, since a sizable spin moment exists also in

1Here we follow the convention of the three-index Sxyz, where the
first index indicates the direction of the applied flux, the second index
indicates the direction of the measured field, and the third index
indicates the direction of the externally applied magnetic field, which
is always z in our case. Vy = V (y = Ly ) − V (y = 0); �Tx = T (x =
Lx ) − T (x = 0).

the interstitial region, which was mainly allocated to the Cr
and ligand atoms by the AIM method.

Figures 1–3 show the electronic band structures of the
ferrimagnetic phase of the three materials calculated using
various potentials, namely GGA in Fig. 1, mBJ in Fig. 2, and
GGA+oeeHyb in Fig. 3. Here the magnetization axis of the
spin-orbit coupling (SOC) is set to the global (001) direction
[30]. The effects of symmetry breaking by the SOC is clearly
shown along 	-X ′ (001), while it is smaller along 	-X (100).
It can be seen that the effect of SOC on the band structure is
increasing from X = S to Te. Since the behavior of the anoma-
lous Hall and Nernst conductivity in CuCr2Se4 is consistent
with the intrinsic mechanism and its generalization based on
the Berry-phase approach [2,4,8], and a dominance of this
mechanism in metallic ferromagnets with moderate electrical
conductivity (typical conductivity for CuCr2X4 phases) is pre-
dicted [31], we expect that the same approach can be used for
CuCr2S4 and CuCr2Te4.

The experimentally determined temperature dependencies
of thermopower and resistivity for CuCr2S4, CuCr2Se4, and

FIG. 1. Electronic band structures of ferrimagnetic (a) and
(d) CuCr2S4, (b) and (e) CuCr2Se4, and (c) and (f) CuCr2Te4, from
the GGA calculations. The left and right panels are the results with-
out and with SOC, respectively. The k path refers to Ref. [8].
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FIG. 2. Electronic band structures of ferrimagnetic (a) and
(d) CuCr2S4, (b) and (e) CuCr2Se4, and (c) and (f) CuCr2Te4, from
the mBJ calculations. The left and right panels are the results without
and with SOC, respectively. The k path refers to Ref. [8].

CuCr2Te4 are presented in Fig. 4. The Seebeck coefficient is
positive and converges to zero at low temperature for all three
phases. Two contributions can be clearly distinguished in
the thermopower temperature dependence. The almost linear
thermopower at high temperature, and a strong enhancement
at lower temperature. The practically linear part can be ex-
plained by a standard diffusive thermopower described by the

Mott formula Sd = π2k2
B

3e
T
σ

( ∂σ
∂E )EF , where T is temperature, σ is

electrical conductivity, kB is the Boltzmann constant, and e is

FIG. 3. Electronic band structures of ferrimagnetic (a) and
(d) CuCr2S4, (b) and (e) CuCr2Se4, and (c) and (f) CuCr2Te4, from
the GGA+oeeHyb calculations. The left and right panels are the
results without and with SOC, respectively. The k path refers to
Ref. [8].

FIG. 4. Experimentally determined temperature dependence of
thermopower for CuCr2S4, CuCr2Se4, and CuCr2Te4. The error bars
are comparable to the size of the symbols. The ferrimagnetic ordering
temperatures are indicated. The inset shows temperature dependence
of electrical resistivity.

the charge of the carriers. A significant positive enhancement
occurs just below TC and could be assigned either to magnon
or phonon drag. We interpreted it as magnon drag based
on two key arguments. First, the onset occurs at the same
temperature as the formation of the long-range ferromagnetic
order for each phase. Phonon drag occurs typically at lower
temperature. The second argument is the quite low observed
thermal conductivity, see Fig. S1 in the Supplemental Material
[32]. In connection with the relatively high metallic con-
ductivity, the electronic contribution to thermal conductivity
represents a significant part of the total thermal conductivity
(with the exception of X = S), so the phononic part is below
2–3 W m−1 K−1. This observation disadvantages the phonon
drag scenario due to the resulting short phonon mean free
path. The magnon drag scenario was also supported in
[13,14]. The diffusive thermopower is positive reflecting the
hole character of charge carriers, and the magnon drag con-
tribution is also positive. Magnon drag has the same sign as
the diffusive thermopower, when the viscous hydrodynamic
magnon drag, which lifts up the diffusing thermopower keep-
ing the same sign, prevails over the effect of magnon decay,
characterized by Gilbert damping parameter [33,34].

The magnitude of the diffusive part of thermopower is
decreasing from X = S to Te, similarly to resistivity. The
magnon drag enhancement is the biggest for CuCr2Se4, which
also has the highest TC . The onset of magnon drag is quite
steep making minimum at TC in temperature dependence of
thermopower for X = Se and Te. In the case of X = S the
growth of thermopower at TC is slower and a steeper increase
occurs at lower temperature. This behavior was reproduced for
series of samples and it was also observed by other authors,
see, e.g., Fig. 1 in Ref. [13] (let us remind that the labels of
X = S and Se for thermopower are exchanged in this figure).
We do not have a definitive explanation for this behavior, but
we tentatively ascribe it to small amount (around 5 mol %)
of CuCrS2 impurity present in all synthesized samples, and
the resulting small local variations in stoichiometry. In our
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FIG. 5. Comparison of experimental and calculated ther-
mopower of CuCr2S4 for various DFT potentials.

calculation we focus on the determination of the diffusive part
of the thermopower by BOLTZTRAP code [19].

The comparison of experimental and calculated ther-
mopowers of CuCr2S4 for various DFT potentials is shown
in Fig. 5. We can see that the Seebeck coefficient based on
GGA+oeeHyb and mBJ potentials is too low compared to ex-
perimental. Better agreement is achieved with GGA potential.
Including GGA + U does not improve the situation, since the
calculated thermopower is diminished with increasing U and
becomes negative at lower temperature. The best agreement
is achieved for calculation using a small shift of chemical
potential achieved by introducing 0.05 holes per formula unit
(f.u.) that would correspond to a slight off-stoichiometry like
CuCr2S4.025. Comparing this calculated curve with the exper-
imental data we can clearly distinguish the enhancement by
magnon drag just below TC at ∼365 K.

The comparison of experimental and calculated ther-
mopowers of CuCr2Se4 for various DFT potentials is shown
in Fig. 6. In this case we could not find any suitable potential
for describing experimental data. The curves based on GGA
and GGA + U are close to observed data at high temper-

FIG. 6. Comparison of experimental and calculated ther-
mopower of CuCr2Se4 for various DFT potentials.

FIG. 7. Comparison of experimental and calculated ther-
mopower of CuCr2Te4 for various DFT potentials.

ature, however they are shifted to negative values at lower
temperatures. The curves based on GGA+oeeHyb displays
better agreement at lower temperature but the increase at high
temperature is too slow. The temperature trend of curve based
on mBJ is intermediate between GGA and GGA+oeeHyb.
Better agreement could be achieved, e.g., with GGA+oeeHyb
calculation using a big shift of chemical potential achieved by
introducing 0.3 electrons/f.u. (not shown). However, we con-
sider this level of off-stoichiometry as unlikely in the present
sample and, in addition, the rigid band approximation is not
warranted to hold for such a shift of chemical potential.

The comparison of experimental and calculated ther-
mopowers of CuCr2Te4 for various DFT potentials is shown in
Fig. 7. In this case all curves based on the GGA or GGA + U
potential are negative over the whole calculated temperature
range. The curve calculated using the GGA+oeeHyb potential
is positive, but it is significantly higher than the experimental
one. The best agreement is achieved using the mBJ type of
the potential. Although it does not exactly reproduce a small
deflection in the experimental data with a minimum around
500 K, we consider this difference as negligible and the agree-
ment as satisfactory. Comparing this calculated curve with the
experimental data, we can again distinguish the enhancement
by magnon drag below TC at ∼310 K.

In order to explain why the agreement is achieved for
CuCr2S4 and CuCr2Te4 for different types of potentials, we
will compare the character of bands at the Fermi level and the
function of individual potentials. The studied phases contain
transition metals Cu and Cr with partially occupied d orbitals,
and ligand anions S, Se, or Te, for which the partially occupied
valence orbitals have sp character. The bands at the Fermi
level are mainly formed by d orbitals of Cr and sp orbitals of
ligands, while the contribution of Cu d orbitals is smaller. The
sp-orbitals character of the valence band is increasing with
the increasing degree of covalency of the metal-ligand bond
from X = S to Te. The increasing covalency brings along the
charge and spin density transfer from ligands to cations. This
is clearly manifested by lowering the calculated charges on
individual sites in Table I. The mBJ potential was developed
to improve especially the band description and band gap in

085146-5



KYO-HOON AHN et al. PHYSICAL REVIEW B 104, 085146 (2021)

FIG. 8. Experimentally determined Nernst effect of CuCr2S4 for
selected temperatures. The lower panel is focused on the sign change
of ANE around 285 K.

semiconductors and insulators, where the valence and conduc-
tion band are prevalently of the sp-orbitals character [23]. Our
results can be understood by considering that the sp-orbitals
character of the valence band in CuCr2Te4 is so pronounced
that the use of mBJ potential is valid. On the other hand, in
CuCr2S4 with lower degree of covalency of the metal-ligand
bond, the mBJ potential give less agreement with experiment
than GGA potential. However, it seems that in the case of
CuCr2Se4 there is no intermediate approach between GGA
and mBJ potential available, which would correctly describe
the bands around Fermi level.

The dependence of the Nernst effect of CuCr2S4,
CuCr2Se4, and CuCr2Te4 on the magnetic field is dis-
played for selected temperatures in the upper panels of
Figs. 8, 9, and 10, respectively (see Figs. S2, S3, and S4 in
Supplemental Material [32] for full hysteresis loops). The
lower panels of Figs. 8 and 9 highlight the sign change of the
ANE for CuCr2S4 and CuCr2Se4, whereas the lower panel of
Fig. 10 displays the vanishing of the ANE above TC ∼ 325 K
for CuCr2Te4. The total signal of the Nernst effect (Sxyz) is
composed of the ordinary and anomalous contributions (SO

xyz

and SA
xyz) according to the relation Sxyz = SO

xyzH + SA
xyz(M ).

Whereas ordinary Nernst effect is linearly proportional to the
applied magnetic field (H), the anomalous Nernst effect fol-
lows the field dependence of magnetization (M). The ordinary
Nernst coefficient SO

xyz was extracted as the slope of the linear
extrapolation of the high field part of the hysteresis curves,
and the constant part of the remaining curve was taken as the
amplitude of ANE, see Fig. S5 in the Supplemental Material
[32]. The extracted temperature dependence of the ANE are
displayed in Fig. 11. The ANE is negative at room temperature
for all phases, the highest absolute value ∼1.5 μV/K is ob-

FIG. 9. Experimentally determined Nernst effect of CuCr2Se4

for selected temperature. The lower panel is focused on the sign
change of ANE around 65 K.

served for X = Te and Se around room temperature, whereas
Nernst effect for X = S is much smaller. A sign change of
ANE to positive is observed at 285 K for X = S and at 65 K
for X = Se, see the inset of the Fig. 11 and lower panel of
Fig. 8.

FIG. 10. Experimentally determined Nernst effect of CuCr2Te4

for selected temperature. The lower panel is focused on the vanishing
of ANE above TC .
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FIG. 11. Experimentally determined temperature dependence of
anomalous Nernst effect for CuCr2S4, CuCr2Se4, and CuCr2Te4. The
inset highlights the sign changes of ANE.

It should be noted that the experiments were done in the
adiabatic mode, i.e., with thermal current Qy = 0.2 This is
different from the isothermal measurement with ∇yT = 0,
for which the proper Nernst effect is measured. In adiabatic
experiment a small thermal gradient ∇yT arises necessarily in
response to applied gradient ∇xT due to the thermal Hall ef-
fect (or Righi-Leduc effect), see, e.g., [35–37]. Consequently,
an additional contribution to the ANE signal that depends
on Seebeck coefficient Sxxz and the ratio ∇yT/∇xT or the
ratio of the transverse and longitudinal thermal conductivities
(∇yT/∇xT = κxyz/κxxz) is given by the formula (see, e.g.,
Eq. (5.18) in Ref. [38])

SA
xyz(adiabatic) = SA

xyz(isothermal) − Syyz
κxyz

κxxz
, (4)

where we may put Syyz = Sxxz since our samples are isotropic
(polycrystalline specimens without preferential orientation).
In order to determine the correction of the ANE data, the value
and sign of κxyz could be deduced from Hall conductivity data
σxyz based on Wiedemann-Franz law κxyz = LoσxyzT , where Lo

is the Lorenz number 2.44 × 10−8 W � K−2, for experimental
proof see [36]. The correction for anomalous thermal Hall
effect (ATHE) can be neglected in most materials. Since the
κxyz derived from the Wiedemann-Franz law is a response
to the electronic part of thermal conductivity κxxz only, the
ratio κxyz/κxxz is negligible in insulators or semiconductors,
where the phononic part of thermal conductivity is dominant
over the electronic part. The electronic part of the thermal
conductivity predominates in metals, but these in turn pos-
sess a small Seebeck coefficient. However, in the present
case of CuCr2Se4 and CuCr2Te4, these materials have high

2A small thermal current and consequently thermal gradient in y
direction may be caused by a possible small misalignment of the
heater relative to the center of the sample, but this thermal gradient
will create a constant or symmetric signal in dependence on the
magnetic field, which can be easily separated from the Nernst signal,
see Fig. S5 for details.

FIG. 12. The temperature dependence of experimentally de-
termined adiabatic anomalous Nernst effect SA

xyz (adiabatic), the
contribution of the anomalous thermal Hall effect (ATHE), and the
calculated SA

xyz (isothermal), see Eq. (4), for CuCr2Se4 and CuCr2Te4.

electric conductivity, and consequently the electronic part of
thermal conductivity makes up to 50% of the total thermal
conductivity (see Fig. S1 [32]), and at the same time they
display high Seebeck coefficient due to the enhancement by
the magnon drag. It appears that the contribution of ATHE is
significant, namely up to −0.2 μV/K for CuCr2Se4 and up
to −0.4 μV/K for CuCr2Te4, see Fig. 12. Anomalous Hall
resistivity ρA

xyz is positive for these materials, see Fig. S6 in
the Supplemental Material [32], so anomalous Hall conduc-
tivity calculated using the formula σxyz = −ρxyz/(ρ2

xxz + ρ2
xyz )

is negative, thus κxyz is also negative, and in total the correc-
tion term −Sxxzκxyz/κxxz is positive. Therefore, the corrected
SA

xyz(isothermal) is in absolute values enhanced compared to
the experimental ANE SA

yxz(adiabatic), in particular within
the temperature range ≈100–300 K. But the contribution of
ATHE does not alter the general shape of the temperature
dependence of ANE as well as has no influence on the sign
change of ANE around 65 K for CuCr2Se4, as at this temper-
ature the ATHE contribution to ANE is negligible. In the case
of CuCr2S4, the calculated contribution of ATHE is less than
10−3 μV/K over the whole experimental temperature range.

For the sake of comparison of the experimental and cal-
culated transverse thermal properties, in the first step we
have calculated anomalous Hall conductivity (AHC) using
Eq. (1). Figure 13 shows the calculated AHC of CuCr2X4

at zero temperature in dependence on the chemical potential
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FIG. 13. Calculated anomalous Hall conductivity of CuCr2X4 in
dependence on the chemical potential and doping.

and hole/electron doping. Our calculations are in agreement
with the theoretical analysis performed for CuCr2Se4−xBrx

system in Ref. [8], namely it reproduces the sign changes with
electron doping. In the next step the temperature dependence
of the anomalous Nernst conductivity (ANC) was calcu-
lated from AHC using Eq. (2). The experimental ANC αA

xyz
was derived from longitudinal electrical conductivity σxxz,
anomalous Nernst effect SA

xyz, Seebeck coefficient Sxxz, and
anomalous Hall conductivity σ A

xyz using the formula αA
xyz =

σxxzSA
xyz + σ A

xyzSxxz, applicable for our isotropic system. The
temperature dependence of the experimental and calculated
ANC is displayed in Fig. 14.

FIG. 14. Comparison of experimental and calculated anoma-
lous Nernst conductivity αA

xyz = σxxzSA
xyz + σ A

xyzSxxz of CuCr2S4,
CuCr2Se4, and CuCr2Te4. Full line for calculated ANC with variable
chemical potential, dotted line for fixed chemical potential.

Let us note that ANC obtained using Eq. (2) is actually
calculated with chemical potential μ fixed at the position for
T = 0 K (dotted lines in Fig. 14). However, chemical potential
is usually not constant with increasing temperature unless it
is exactly in the middle of the symmetric band. Therefore
we have also calculated ANC using the evolution of μ with
temperatures adopted from the BOLTZTRAP output, see the
solid lines in Fig. 14. Nevertheless, it can be seen that the
difference between ANC calculated with fixed and variable μ

can be considered as negligible.
The calculated ANC follows a similar trend as the exper-

imental ANC in the sense that it reproduces correctly the
change from positive values for X = S and Se to negative for
X = Te at low temperature and sign change to negative for
X = S and Se at higher temperature. However, the calcu-
lated sign changes occurs at much higher temperatures than
observed, see the inset of Fig. 14. We propose the following
arguments for the explanation of the difference in the tem-
perature scales of the experimental and calculated ANC. The
comparison of calculated and experimental results of Seebeck
coefficients shown above indicate that our band structure has a
correct dispersion around the Fermi energy. On the other hand,
the Berry curvature is calculated using the whole range of the
occupied bands, from the bottom of the spin-polarized bands
(−7 eV) to the Fermi energy. It means that, in distinction to
Seebeck coefficient, calculated AHC (and subsequently ANC)
is affected by band structure dispersion not only near EF , but
also by the lower occupied bands. In principle, the strong
correlation effects of d electrons yield bandwidth renormal-
ization, namely narrowing of the bands, which cannot be
evaluated by the DFT approach. To include such many-body
physics (changes of the effective mass of quasiparticles),
methods like, e.g., dynamical mean-field theory calculations
has to be used. Since there is a strong hybridization between
metal d orbitals and ligand p orbitals, the bands around EF are
less affected by renormalization effects. However, the bands
display a dominant d character within the range from −4 to
−1 eV below EF , where a bigger correction by the strong
correlation effects is anticipated, see the projected DOS in Fig.
S7 in the Supplemental Material [32]. The renormalization
might be different for each phase depending on the degree
of correlation effect, presumably increasing from X = Te
to S. The renormalization of the band structure within this
energy range would result in contraction of the temperature
scale of calculated ANC, and would give better agreement of
the calculated and experimental ANC, but will not affect the
calculation of the Seebeck coefficient.

The vanishing of ANC toward zero above TC for X = Te
is not reproduced by Berry phase calculation, since it uses the
band structure corresponding to the perfect magnetic ordering
at 0 K, so it does not take into account lowering magnetization
with increasing temperature and finally vanishing magnetiza-
tion and ANC above TC . The critical temperature for X =
S and Se is above the temperature range for Nernst effect
measurement, so it is not reflected in the data.

For the possible thermoelectric applications it is interesting
that the magnitude of the Nernst effect increases from X =
S to Te (opposite to trend in Seebeck coefficient), i.e., it
displays the same trend as the electrical conductivity. Thus
in the case of the “longitudinal” thermoelectric power factor
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Pxxz = S2
xxzσxxz the increase of conductivity is compensated

by the decrease of Seebeck from X = S to Te, whereas
for the “transverse” power factor, which could be defined as
Pxyz = S2

xyzσyyz (assuming σxxz = σyyz), both electrical conduc-
tivity and Nernst effect exhibit the same trend of increasing
from X = S to Te. However, the possible application of the
Nernst effect of CuCr2Te4 is limited by the rather low critical
temperature of the long range magnetic ordering.

V. CONCLUSIONS

The transport properties of ferrimagnetic spinels CuCr2X4

(X = S, Se, Te) were investigated both experimentally and
theoretically by the DFT methods. The thermoelectric power
of all studied phases is positive and consists of two contri-
butions; an almost linear diffusive thermopower observed at
high temperature, and a strong enhancement by magnon drag
below TC . The diffusive part of the thermoelectric power was
calculated using WIEN2K package and BOLTZTRAP program.
The agreement with experiment was tested for several se-
lected potentials, namely GGA, GGA + U , GGA+oeeHyb,
and mBJ. The best agreement with the experimental thermo-
electric power was achieved using GGA potential for X =
S and with mBJ potential for X = Te. We explained these
results by a stronger sp-orbitals character of the valence bands
of CuCr2Te4 compared to sulfide and selenide, in coherency
with the designation of the mBJ potential for improving the
description of band structure and band gaps of sp-type semi-
conductors.

The transverse thermoelectric properties represented by the
Nernst effect were measured for CuCr2S4 and CuCr2Te4 and
compared with the measurement for well known CuCr2Se4.
The anomalous Nernst effect is negative at room temperature
for all phases. The highest absolute value up to ∼1.5 μV/K is
observed for X = Te, but it is exceeded by ANE of X = Se at
room temperature due to lower TC of CuCr2Te4. The Nernst
effect for X = S is much smaller. A sign change of ANE to
positive is observed at 285 K for X = S and at 65 K for X =
Se. The trend of anomalous Nernst conductivity is reproduced
by Berry phase calculations if the renormalization of the bands
due to the strong correlation effects is taken into account.

For the possible thermoelectric applications it is important
that the magnitude of the Nernst effect displays the same
trend as the electrical conductivity, i.e, increases from X =
S to Te (opposite to trend in Seebeck coefficient). However,
the possible application of the Nernst effect of CuCr2Te4 is
limited by the rather low ferrimagnetic TC .
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APPENDIX: ANALYTIC UNDERSTANDING OF ANC

In this Appendix we explain how the T -dependent αxyz is
calculated from the σxyz at zero temperature. Assuming μ = 0,
for simplicity, the equation of αxyz can be rewritten as

αxyz(T ) = 1

e

∫ ∞

−∞
dε

(
−∂ f

∂ε

)(
− ε

T

)
σxyz(0, ε). (A1)

There are three parts in the integral: −∂ f /∂ε for the
Gaussian function, −ε/T for the linear contribution of ε,
and σxyz at zero temperature. In this formalism, only the
part (−∂ f /∂ε)(−ε/T ) has the complete information of T -
dependent dynamics. The factor behaves as the weight
function for σxyz(0, ε), which decides the contributions to αxyz

in the integral, i.e., the positive (negative) part of the scale
factor is multiplied to σxyz at ε < 0 (ε > 0), see the curves
calculated for selected temperatures in Fig. 15. Also the struc-
ture of σxyz near ε ∼ 0 plays a more important role than the
value at ε = 0 itself.
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