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Giant conductivity anisotropy in cubic CuCr2Te3I and semiconducting behavior
in CuCr2S3Cl and CuCr2Se3Br
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Spinel structure CuCr2X4 where X is a chalcogen are ferromagnetic metals with Curie temperatures at or above
room temperature. Experiments show that these compounds can be alloyed with halogens while preserving the
ferromagnetic ordering. This alloying changes the carrier concentration and yields semiconductors for 25%
halogen substitution on the chalcogen site in at least some cases. Here, we establish the electronic structures and
related properties of CuCr2S3Cl, CuCr2Se3Br, and CuCr2Te3I. CuCr2S3Cl and CuCr2Se3Br are ferromagnetic
semiconductors with moderate band gaps and spin-polarized band edges. In contrast, CuCr2Te3I is found
to be a semimetal, with nearly compensating Fermi surfaces. Calculations with spin-orbit coupling show an
extraordinary sensitivity of the Fermi surfaces to the magnetization direction in this cubic material due to the
details of the band crossings near the zone center. As a result, CuCr2Te3I is expected to show unusual anisotropic
transport.
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I. INTRODUCTION

There is ongoing interest in ferromagnetic semiconductors
for spintronic applications [1]. There is also strong interest
in such materials and in ferromagnetic semimetals for funda-
mental magnetotransport studies. Spinel structure CuCr2Se4

doped with Br has attracted attention in this regard [2–4]. The
chalcospinel compounds CuCr2S4, CuCr2Se4, and CuCr2Te4

are known ferromagnetic metals with cubic structures [4–12].
CuCr2Te4 has recently attracted attention due to the observa-
tion of metallic ferromagnetism at room temperature in thin
sheets [11].

The chalcogen sites in these compounds can be alloyed
with halogens while maintaining the ferromagnetism, at
least in the case of alloying with the halogen in the same
row of the periodic table as the chalcogen [2,3,13–19].
These are believed to be random alloys, without evidence
for chalcogen-halogen ordering. Among the alloys with 3:1
chalcogen:halogen stoichiometry, CuCr2Se3Br has been ex-
perimentally characterized in the most detail. Importantly, it
is ferromagnetic. This composition has been demonstrated
to be insulating both in terms of transport and optical prop-
erties [13,14,20]. However, it should be noted that while
experiments suggest semiconducting behavior, this is compli-
cated by disorder, and in particular Lee and co-workers noted
that they do not obtain activated behavior in samples close
to the nominal semiconducting stoichiometry [2]. The halo-
gen alloys of CuCr2S4 and CuCr2Te4 are thought to behave
qualitatively similarly, although they have been less stud-
ied. Here, we investigate the 3:1 alloys using first-principles
methods. We find that CuCr2S3Cl and CuCr2Se3Br are semi-
conducting ferromagnets with spin-polarized band edges, and
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different spin polarizations for the conduction and valence
band edges. CuCr2Te3I found to be a semimetal with nearly
compensating spin-polarized Fermi surfaces that lead to an
exceptionally large conductivity anisotropy due to spin-orbit
coupling (SOC).

II. COMPUTATIONAL METHODS

The present calculations were performed within density
functional theory (DFT) using the general potential linearized
augmented plane-wave (LAPW) method [21], as implemented
in the WIEN2K code [22]. The generalized gradient approxima-
tion of Perdew, Burke, and Ernzerhof (PBE-GGA) [23] was
employed. We did not apply a Hubbard U because the base
materials are metallic chalcogenides, as opposed to antifer-
romagnetic insulating oxides, and in such cases, particularly
for transition metals in the early part of the 3d series (such
as Cr and Fe), Hubbard U corrections can give spurious
results including exaggerated magnetic properties [24,25].
Local orbitals were used to treat semicore states. This was
based on the standard LAPW+lo augmentation [26], rather
than the more efficient, but sometimes less accurate, APW+lo
approach [27]. We used a plane-wave sector basis set cutoff
kmax as given by the parameter Rminkmax = 9, where Rmin is the
smallest of the LAPW sphere radii. The reported results were
obtained at the experimental lattice parameters for the cubic
spinel structure [13]. The Cu and Cr atoms are on symmetry
sites in these compounds with space group Fd 3̄m (227). The
mixed chalcogen-halogen is at site 32e (u, u, u) with a free
internal coordinate u. The internal coordinates were relaxed
by total energy minimization. Reference calculations for the
nonalloyed compounds CuCr2S4, CuCr2Se4, and CuCr2Te4

were performed by the same method, again using experimen-
tal lattice parameters [28] and relaxed internal parameters.
The structural parameters are given in Table I.
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TABLE I. Basic properties of the chalco- and chalcohalide
spinels, as obtained in scalar relativistic calculations. Results for the
tellurides with SOC are given in the text. The lattice parameters are
from experiment, while the internal parameter for the anion position,
u, is from relaxation. Here, Cu (8b) is at (3/8, 3/8, 3/8), C (16c) is at
(0,0,0), and the anion X (32e) is at (u, u, u). A gap, Eg, of 0 denotes
a metal. Spin magnetizations M are in μB per formula unit, and the
densities of states at the Fermi level, N↑(EF ) and N↓(EF ), are in eV−1

per formula unit.

Compound a (Å) u M Eg (eV) N↑(EF ) N↓(EF )

CuCr2S4 9.812 0.2421 5.02 0 1.78 0.25
CuCr2Se4 10.335 0.2425 5.11 0 2.07 0.39
CuCr2Te4 11.125 0.2429 5.31 0 2.37 0.60
CuCr2S3Cl 9.866 0.2418 6.00 0.40 0 0
CuCr2Se3Br 10.414 0.2420 6.00 0.37 0 0
CuCr2Te3I 11.120 0.2428 5.99 0 0.31 0.10

The alloying was treated by the virtual crystal approx-
imation (VCA) [29–31]. The VCA is an average potential
approximation. In the present case, it was applied by re-
placing the mixed chalcogen-halogen site by a site with an
average nuclear charge Zvc = ZCh + 0.25, where ZCh is the
chalcogen atomic number. Thus, Zvc = 16.25 for CuCr2S3Cl,
Zvc = 34.25 for CuCr2Se3Br, and Zvc = 52.25 for CuCr2Te3I.

The VCA goes beyond rigid bands, and specifically
includes composition-dependent distortions of the band struc-
ture. In all electron implementations, the VCA is applicable to
adjacent elements in the periodic table. It works best when the
bands associated with the alloyed elements, in this case the
chalcogen and halogen p bands, are broad and the elements
are similar in electronic structure and chemical properties
such as atomic size. It is helpful for the accuracy of the VCA
if the two elements in question are similar in size. This is
the case for adjacent chalcogen and halogen ions, specifically
Shannon ionic crystal radii of 1.70, 1.84, and 2.07 Å, for S−2,
Se−2, and Te−2, respectively, as compared to 1.67, 1.82, and
2.06 Å, for the corresponding halide ions, Cl−, Br−, and I−,
respectively [32]. This is also supported in the present com-
pounds by the fact that the experimental lattice parameters of
the reference and corresponding halogen alloyed compounds
are very similar (see Table I). The VCA has the advantage of
maintaining the full crystal symmetry, which facilitates analy-
sis of the band structure and Fermiology. This is essential for
the characterization of the semimetallic state that we find for
CuCr2Te3I in particular.

III. RESULTS AND DISCUSSION

The scalar relativistic band structures are shown in Fig. 1.
The values of the calculated spin magnetization, per for-
mula unit, and the majority and minority densities of states
at the Fermi level are given in Table I. These values were
obtained using a 32 × 32 × 32 uniform grid for sampling
the Brillouin zone. The band structures for the reference
nonalloyed compounds are similar to those given in prior
first-principles work [33–38]. As discussed previously for
CuCr2Se4, the electronic structure from DFT calculations,
similar to those reported here, is consistent with spectroscopic

measurements [39]. The spin magnetizations for these ref-
erence compounds are close to, but somewhat larger than,
the nominal value for high-spin Cr+3.5 (2.5μB/Cr), which
would correspond to a model Cu+Cr2

+3.5Ch4
−2. This pic-

ture is consistent with the Cr-derived metallic bands at the
Fermi level. The values, slightly larger than 2.5μB/Cr, are
also consistent with recent experiments [2] for CuCr2Se4.
However, it should be noted that there is also significant
covalency evident in the density of states, particularly be-
tween the chalcogens and both Cu and Cr. This leads to a
moment larger than 2.5μB when integrated around the Cr
atom, for example, in CuCr2Se4, 2.72μB inside a Cr LAPW
sphere of radius 2.25 bohrs, enhanced slightly by an inter-
stitial magnetization, and reduced by opposite polarizations
of −0.15μB for each Se (radius 2.25 bohrs) and −0.12μB

for each Cu (radius 2.20 bohrs). The magnetization increases
with halogen alloying, reaching 6μB/f.u. for CuCr2S3Cl
and CuCr2Se3Br, and 5.99μB for CuCr2Te3I. These values
are consistent with recent experimental measurements [2]
for CuCr2Se3Br.

As mentioned, the band structures for the nonalloyed
reference compounds are metallic and have significant spin
polarization with much lower values of the minority spin
density of states at the Fermi level, N↓(EF ), than for the
majority spin, N↑(EF ). The density of states spin polarization
for CuCr2Se4 is PDOS = [N↑(EF ) − N↓(EF )]/[N↑(EF ) +
N↓(EF )] = 0.61. This is consistent with the values
|P| > 0.56 found in point contact Andreev reflection
measurements [4].

The band structures of the halogen alloyed compounds
are shown in the middle row of Fig. 1. The corresponding
projected electronic densities of states are given in the bottom
row. We find that CuCr2S3Cl and CuCr2Se3Br are semicon-
ductors. However, surprisingly, CuCr2Te3I has no gap and
is a low carrier density semimetal. The band structures of
the halogenated compounds cannot be understood based on
rigid band electron doping of the reference compounds. For
example, the band structure of CrCr2Se4 shows a substantial
gap in the majority spin channel above the Fermi level, while
the minority spin bands do not show a full gap. This feature
has led to the expectation that the material would become
a half-metal upon electron doping, for example, with halo-
gen alloying [39]. Half-metallicity was also suggested with
Se vacancies [37]. This suggested a potential for spintronic
applications.

Instead, we find that the rigid band picture does not ap-
ply. First of all, as might be expected, the exchange splitting
between the majority and minority spin bands increases mod-
estly as the Cr moments increase (see Table I) with electron
count. This can be seen in Fig. 1, where the majority bands
occur lower relative to the conduction band edges than would
be expected from the reference compound band structure.
Second, there is a strong distortion of the bands, which opens
a gap in the minority spin near the Fermi level, converting
what would be a half-metal into a semiconductor. This means
that the expected large range of half-metallicity from the rigid
band model is not found. This is consistent with point con-
tact Andreev measurements for CuCr2Se3Br where high-spin
polarization but not as high as expected for a half-metal was
found [4].
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FIG. 1. Scalar relativistic band structures. Majority spin bands are shown in blue while minority spin bands are red. The zero energy is the
Fermi level for metals, and the valence band maximum for semiconductors. Note the semimetallic character of CuCr2Te3I. The corresponding
projected densities of states are given in the bottom row for the chalcohalides. Majority spin is shown as positive and minority spin is shown
as negative.

The projected densities of states (bottom row of Fig. 1)
show Cu d bands between approximately −2 and 0 eV,
with respect to the valence band edge in CuCr2S3Cl and
CuCr2Se3Br. CuCr2Te3I shows a broader distribution of the
Cu d states, extending from approximately −4 to −1 eV with
respect to the Fermi level EF . In all three of these compounds,
the Cr d distribution is consistent with high-spin Cr+3 with
an occupied majority spin Cr t2g level and unoccupied eg and
minority spin t2g bands (note that there is a slight overlap in
semimetallic CuCr2Te3I, as discussed below).

As mentioned, CuCr2S3Cl and CuCr2Se3Br show semi-
conducting gaps in our VCA calculations. Figure 1 shows that
the band edges are spin polarized in these compounds, with
the valence band edges coming from majority spin bands,
while the conduction band edges come from minority spin

bands. While this might suggest some device applications
based on p-n junctions, we note that the semiconducting
composition corresponds to very heavy 25% alloying between
elements with different valence states. As such, strong carrier
scattering might be expected. This would make it difficult to
realize devices requiring good carrier transport. Experimen-
tal resistivity measurements show high resistivity in a range
of composition near the semiconducting stoichiometry with
evidence for disorder-induced carrier localization [2]. One
possible remaining application direction would be to use the
high-spin polarization that would be expected very close to the
semiconducting composition. In principle, it may be possible
to use p-type material as a source of majority spin carriers
in a device and n-type material as a source of minority spin
carriers. Perhaps in this context the availability of a single
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FIG. 2. Anion (Te/I) p component of the density of states for
ferromagnetic VCA CuCr2Te3I comparing the scalar relativistic (SR)
result with that including SOC. Note that this is obtained by projec-
tion onto p character within Te/I centered LAPW spheres of radius
2.40 bohrs. The plot is on a per formula unit, per spin basis with the
Fermi level set to 0 eV.

material that with slightly different compositions can provide
both majority and minority spin carriers could enable some
applications.

We now turn to CuCr2Te3I, which is semimetallic in our
scalar relativistic VCA calculation. The semimetallic nature
arises from a minority spin band that intersects the majority
spin band that would correspond to the valence band maxi-
mum around the � point. In addition there is a near touching of
the Fermi energy by an unoccupied minority spin band at the
X point. The band crossing near the � point leads to three hole
Fermi surfaces of majority spin character and one compensat-
ing minority spin Fermi surface. The occupancies of the hole
sections (per two formula unit unit cell) are 0.0002, 0.0063,
and 0.0070 holes, while the minority spin section contains
0.0136 electrons.

The fact that CuCr2Te3I is a low carrier density ferro-
magnetic semimetal and includes the relatively high atomic
number p electron elements, Te and I, suggests that spin-orbit
coupling (SOC) may be important for its properties. Besides
modification of the bands, SOC mixes majority and minority
spin bands, and in a ferromagnet this mixing depends on
the magnetization direction. Accordingly, we did calculations
including SOC to investigate this. We find that the magnetic
properties are only slightly changed by SOC, and that the band
structure remains semimetallic.

The role of the Te/I atoms for the SOC is supported by the
electronic density of states. Figure 2 shows the p projection
for the anion LAPW spheres, comparing scalar relativistic
calculations and calculations with SOC (magnetization along
the [001] direction). It should be noted that this projection,
while proportional to the Te/I p orbital character is an under-
estimate as anion p states are extended and as a result some of
the Te/I p character will be outside the projection radius. In
any case, it may be seen that there is evidence of significant
hybridization involving the anions, for example, in the Te/I
contribution to the electronic structure above the Fermi level.

FIG. 3. Fermi surfaces for CuCr2Te3I calculated with SOC and
magnetization directions along [001] (left) and [111] (right). The
surfaces are shaded by velocity from blue (low) to red (high). This
figure was generated by the FERMISURFER software [40].

It is also seen in the fact that there is noticeable exchange
splitting of the Te/I density of states, particularly above the
Fermi level and in fact that the majority and minority spin
contributions in the occupied electronic states within approx-
imately 2 eV of the Fermi level are significantly different.
It may also be noted that the Te/I contribution at the Fermi
level especially for the majority spin is significantly affected
by SOC. Furthermore, the induced magnetic moments in the
Te/I spheres while not large (approximately −0.08μB/sphere,
where the negative sign denotes the fact that they are opposite
to the overall spin magnetization direction), are nonetheless
significant. We additionally find small orbital moments on the
Te/I of approximately −0.0004μB/sphere.

The calculated spin moment (including SOC with magne-
tization direction along [001]) becomes 5.98μB per formula
unit. The Cr orbital moments are very small, 0.03μB/Cr,
consistent with a nearly half full t2g shell, and parallel to the
spin moments. However, in spite of the small orbital moments,
there is a significant magnetization direction-dependent effect
on the Fermi surface as shown in Fig. 3. The inclusion of
SOC leads to interaction between the majority spin Fermi
surfaces and the minority spin surface that results in gapping
in the directions away from the magnetization direction. The
inner large sheet Fermi surface then becomes flattened along
the magnetization direction, while the other two sheets that
originated from the largest majority section without SOC,
and the minority section break up leaving a shell-like rela-
tively high velocity surface along the magnetization direction.
This structure rotates with the magnetization direction as seen
comparing the left and right panels of Fig. 3. An additional
effect of SOC is the appearance of small low Fermi velocity
sections around the X points. There are four bands crossing
the Fermi level, similar to the scalar relativistic result, but the
band occupancies are somewhat changed. For magnetization
along [001] the band occupancies are 0.9975 (correspond-
ing to 0.0025 holes), 0.9957 (0.0043 holes), 0.9811 (0.0189
holes), and 0.0257 electrons.

The Fermi surface structure with SOC thus takes a visibly
anisotropic structure. This anisotropy may then be expected
to yield a conductivity anisotropy, with conductivity higher
along the magnetization direction considering the fact that the
Fermi surface has more area normal to the magnetization. The
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FIG. 4. Comparison of the total density of states of ferromag-
netic CuCr2Te3I as obtained from calculations in the VCA and with
an SQS cell, including SOC. The plot is on a per formula unit, per
spin basis with the Fermi level set to 0 eV.

magnetic anisotropy is low in cubic materials, such as these
spinels. As such, the magnetization can be readily rotated
by magnetic fields, which then might be expected to lead to
exceptional magnetotransport effects below the Curie temper-
ature in this material if the conductivity anisotropy is sizable.
We calculated the conductivity anisotropy within the constant
scattering time approximation (CSTA) using the BOLTZTRAP

code [41]. The CSTA assumes that the relaxation time is the
same for all states on the Fermi surface, so that the anisotropy
comes from integration of the band velocities on the Fermi
surface. For this calculation we used the first-principles elec-
tronic structure on a dense 32 × 32 × 32 grid of k points. We
find giant anisotropy of the conductivity for a cubic material.
For a [001]-oriented magnetization the anisotropy is σz/σx,y =
1.56 (here, z is the magnetization direction).

In addition to the VCA calculations discussed above, we
did calculations for a special quasirandom structure (SQS)
in order to verify that local symmetry breaking due to com-

positional disorder would not destroy the semimetallic state
predicted by the VCA calculations. Such local symmetry
breaking has been discussed recently in the context of metal-
insulator transitions [42]. For this purpose, we generated a
14-atom SQS structure for CuCr2Te3I using the Monte Carlo
method implemented in the ATAT code [43,44]. The atomic
coordinates were relaxed and electronic structure calculations
performed including SOC with the magnetization direction
along [001]. The low symmetry of the SQS cell leads to
non-negligible relaxations, so that for example the shortest
Cr-Te bond is 2.66 Å, while the shortest Cr-I bond is 2.78
Å. Nonetheless, we find that the semimetallic character is
retained as shown in the density of states (Fig. 4), where
distortion and broadening of the peaks related to disorder is
evident, but the semimetallic nature is preserved. The spin
magnetization of the SQS cell is 5.996μB per formula unit,
which is slightly larger than the 5.983μB obtained in the VCA
calculation.

IV. SUMMARY AND CONCLUSIONS

We report DFT calculations using the VCA for halogen
alloyed spinels, CuCr2S3Cl, CuCr2Se3Br, and CuCr2Te3I. We
find semiconducting states with small band gaps of ∼0.4 eV
for the S and Se compounds, along with oppositely spin-
polarized conduction and valence band edges. CuCr2Te3I is
found to be a low carrier density semimetal. The particular
band structure of this compound leads to a Fermi surface that
strongly reconstructs due to SOC. This is predicted to lead
to an exceptionally large conductivity anisotropy for a cubic
material. It will be of interest to measure this in magnetized
samples, and if demonstrated to explore magnetotransport
effects, for example, with fields transverse to the magneti-
zation direction. Considering the possibly strong scattering
from chalcogen-halogen disorder, it would also be of interest
to investigate alternate methods of electron doping CuCr2Te4,
in particular methods that do not involve halogen substitution
for Te. One approach might be substitution on the Cu site. To
our knowledge, ZnCr2Te4 is not a reported spinel compound,
though the present results suggest that it may be of interest to
attempt its synthesis and if successful explore its properties.
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