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We report ab initio band structure results for two chromium
chalcogenide spinels, CdCr2S4 and CdCr2Se4. Electronic struc-
tures have been calculated for both the nonmagnetic and the
ferromagnetic states. The calculations correctly predict CdCr2

Se4 to be a ferromagnetic insulator. The results for CdCr2S4

correspond to a ferromagnetic semimetallic ground state, with
very low density of states at the Fermi energy and a nearly
gapped structure. Strong exchange splitting in both compounds
suggests the possibility of realizing a half-metallic ferromagnetic
state in doped Cr chalcogenide spinels. ( 2000 Academic Press

Key Words: electronic band structure; chromium chalcogenide
spinels; linearized mu7ntin orbital method.

I. INTRODUCTION

There has been intense research activities involving fer-
romagnetic compounds of "rst-row transition metals in
recent times. Much of the interest is centered around the
observation of colossal negative magnetoresistive (CMR)
e!ect due to its potential technological implications. Most
of the studies are related to hole-doped manganites (1),
which are ferromagnetic metals. An application of magnetic
"eld close to ¹

#
in these perovskite systems suppresses the

resistivity drastically, giving rise to the CMR. More re-
cently, a double perovskite without any manganese,
Sr

2
FeMoO

6
, has also been reported (2}4) to have CMR

properties. CMR behavior in these compounds are closely
related to the double-exchange mechanism (5, 6). Most
interestingly, FeCr

2
S
4
, which is also reported to have sub-

stantial negative magnetoresistance (7), forms in the spinel
structure and contains no manganese ion. In view of this,
magnetic chalcogenide spinels are becoming an interesting
class of compounds in terms of their electronic and magnetic
properties. In this report, we investigate the electronic and
magnetic structures of two such chalcogenide spinels,
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CdCr
2
S
4

and CdCr
2
Se

4
, using ab initio band structure cal-

culations.
Chromium chalcogenide spinels CdCr

2
S
4

and CdCr
2
Se

4
are ferromagnetic semiconductors (8), with the ferromag-
netic transition temperatures (9) being 84.5 K for CdCr

2
S
4

and 129.5 K for CdCr
2
Se

4
. They also exhibit negative mag-

netoresistance, with &4% increase in conductivity with the
application of a 7-kG magnetic "eld in the case of CdCr

2
S
4
.

Both compounds are found to show a negative temperature
coe$cient of resistivity in the para- and ferromagnetic re-
gions without any discontinuity at the Curie temperature.
Other ferromagnetic semiconductors, such as HgCr

2
Se

4
, are

also found to exhibit a large negative magnetoresistance,
due to the reduction of spin disorder upon application of
a magnetic "eld (10). A related compound, CuCr

2
S
4
, has

recently been shown to be half-metallic, while FeCr
2
S
4

and
Fe

0.5
Cu

0.5
Cr

2
S
4

are found to be insulating (11). Earlier
band structure calculations on these systems employed the
extended HuK ckel empirical method (12) and self-consistent
Xa calculations (13). These approaches su!er from the lim-
itation of being semiempirical; consequently, the previously
reported band structures are substantially di!erent from
what we have obtained from the present ab initio calcu-
lations. For example, the width of the d bands turns out to
be much larger (of the order of 2}3 eV) in our calculations,
compared to the earlier results. Goodenough has provided
phenomenological energy diagrams for a number of thios-
pinels and discussed the various energetics (14). More re-
cently, CdCr

2
Se

4
has been studied using the full-potential

linearized augmented plane wave (FPLAPW) method by
Continenza et al. (15). The density of states obtained in Ref.
15 is very similar to what we have obtained. However, there
has been no report of a detailed analysis of the bonding in
terms of a COHP analysis or tight-binding parametrization
of the electronic structure of CdCr

2
Se

4
. We present results

of such analysis here and report a comparative study be-
tween CdCr

2
S
4

and CdCr
2
Se

4
.

We present, in this paper, the electronic band structure
calculations for CdCr S and CdCr Se , within the local
2 4 2 4
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spin-density approximation, using the linearized mu$n-tin
orbital method in the atomic-sphere-approximation
(LMTO-ASA) (16). We have also performed the nonmag-
netic calculations for both these compounds to investigate
the bonding and the underlying basic electronic structure.
We analyze the band dispersions for the nonmagnetic case
in terms of a nearest-neighbor tight-binding model to ex-
tract the hopping interaction strengths (17, 18). We discuss
the insulating nature of the ferromagnetic CdCr

2
S
4

and
CdCr

2
Se

4
and also present the estimates for the exchange

parameter, J.

II. DETAILS OF CALCULATIONS

We have used the LMTO-ASA method to calculate the
band structure of CdCr

2
S
4

and CdCr
2
Se

4
. Both the com-

pounds form in the spinel structure AB
2
X

4
, where the

anions X are arranged in a cubic close-packed lattice, with
the A cations in the tetrahedral and the B cations in the
octahedral sites (19), shown schematically in Fig. 1. In the
"gure, we have only shown some of the tetrahedral and
octahedral motifs for the sake of clarity. The tetrahedral
motifs are connected to neighboring octahedral motifs
through corner-sharing ligand sites, while neighboring-oc-
tahedra are connected by edge-sharing. CdCr

2
S
4

has a lat-
tice constant a"10.207 As , with the fractional atomic
coordinate, u parameter, for the S atoms being 0.375 (12).
CdCr

2
Se

4
similarly forms in the cubic spinel structure with

the lattice constant a"10.721 As and u"0.383 for the Se
atom positions (12). There are two formula units per unit
cell; 16 empty spheres, with two di!erent symmetries, de-
noted E and E1, were required to satisfy the &&volume-"lling''
criterion of ASA with overlaps between atomic spheres
FIG. 1. A schematic representation of the spinel structure of CdCr
2
X

4
(X"S or Se). X atoms occupy the corners of the octahedra and tetrahedra;
Cd and Cr are at the centers of the tetrahedra and octahedra, respectively.
being less than 16%. Sphere radii used in the case of
CdCr

2
S
4

were 1.303 As for Cd, 1.7 As for Cr, 1.259 As for S,
1.29 As for E, and 1.072 As for E1, respectively. Self-consist-
ency was achieved using s, p, and d partial waves as the basis
for Cd and Cr, s and p components for S, and only s func-
tions in the case of the empty spheres. There were 4 empty
spheres of the type E and 12 of E1 type. Self-consistency was
achieved with 47 k points in the irreducible part of the
Brillouin zone. Similarly, in the case of CdCr

2
Se

4
, once

again 16 empty spheres were required to "ll the unit cell
volume with reasonable overlaps of atomic spheres and 47
irreducible k points were used for the self-consistency.
Sphere radii used for Cd, Cr, Se, E, and E1 were 1.411, 1.558,
1.428, 1.257, and 1.215 As , respectively, in the case of
CdCr

2
Se

4
. In addition to the regular band structure calcu-

lations, we have also evaluated the crystal orbital Hamilton
population (COHP) to understand the chemical bonding.
COHP is the density of states weighted by the correspond-
ing Hamiltonian matrix elements, which if positive indicates
a bonding character and when negative indicates an anti-
bonding character. To understand the role of magnetic
interactions in these compounds, we have performed the
band structure calculations for both the nonmagnetic and
magnetic states of the compounds, using spin-restricted and
spin-polarized calculations. This has enabled us to discuss
the electronic structure of the nonmagnetic compounds in
terms of the basic crystal-"eld e!ects due to the constituent
CrX

6
(X"S or Se) octahedra, which play a major role in

determining the underlying electronic structure. A compari-
son of these results with those obtained from spin-polarized
calculations for the ferromagnetic ground state leads to
a better understanding of the electronic structure of these
magnetic spinels.

III. RESULTS AND DISCUSSION

In Fig. 2a we show the density of states (DOS) of
CdCr

2
S
4
, along with the partial densities of states of Cr

d and S p characters. LMTO-ASA calculations of the non-
magnetic CdCr

2
S
4

yields a metallic state with a "nite den-
sity of states at the Fermi level. The total DOS is almost
entirely made up of Cr d and S p partial DOS, arising from
the CrS

6
octahedra. The DOS features can be grouped

roughly into three regions marked A, B, and C shown in
Fig. 2a. The feature A has larger contributions from
S p states with a substantial admixture of Cr d states, while
the features B and C primarily originate from the Cr
d bands. Thus, the DOS feature A is the Cr d}S p bonding
states, with features B and C arising from the antibonding
Cr d}S p interactions. The antibonding states are clearly
separated into two groups (B and C) due to the octahedral
crystal "eld of the CrS

6
units into t*

2g (B) and e*g (C) bands.
The Cr t

2g levels interact with the S p levels via the
pdn interactions, while the eg bands interact via the pdp



FIG. 2. (a) Density of states/eV cell of nonmagnetic CdCr
2
S
4
. Solid

line is the total DOS. Dashed line is the Cr d partial DOS and dotted line
the S p partial DOS. (b) COHP of Cr 3d}S 3p interaction. (c) COHP of Cr
3d}Cr 3d interaction.

FIG. 3. The left panel shows band dispersions of nonmagnetic
CdCr

2
S
4
, with Cr t

2g contributions shown as fat bands. The right panel
shows the same dispersions, but with eg contributions shown as fat bands.
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interactions. We show the COHP of Cr 3d}S 3p interactions
in Fig. 2b and Cr 3d}Cr 3d in Fig. 2c. Both of them show
a positive COHP in the energy region of the feature marked
A and negative in the energy regions marked B and C,
con"rming the above-mentioned interpretations of the vari-
ous DOS features. Apart from a major contribution from Cr
3d}S 3p interactions, we "nd that direct Cr d}Cr d interac-
tions contribute signi"cantly in the energy range, where the
dominant contribution is from the t

2g orbital.
The band dispersions along various symmetry directions

are shown in Fig. 3 in terms of fat bands (20). While both
panels in Fig. 3 show the same dispersions, the &&fatness'' of
the individual band dispersions in the left panel are propor-
tional to the Cr t

2g contributions, while that in the right
panel is given by the Cr eg contributions. From these "gures,
it is clear that the 12 bands between approximately !1.5
and 0.5 eV have primarily Cr t

2g characters; these 12 bands
arise from the four Cr atoms in the unit cell, each contribu-
ting three spin-degenerate orbitals, namely, d

xy
, d

yz
, and d

zx
.

These 12 bands, with their comparatively small dispersions,
are responsible for the structured DOS feature marked B in
Fig. 2. Since Cr3` ions have a d3 electronic con"guration,
the t

2g band is half-"lled in the nonmagnetic case, leading to
the Fermi energy, E
F
, being in the middle of the t

2g DOS.
There are 8 bands between approximately 0.5 and 2 eV with
evidently Cr eg character (see Fig. 3, right panel). These arise
primarily from the dx2!y2 and d3z2!r2 orbitals of Cr with an
antibonding combination with S p orbitals of the same
symmetry. These e*g bands are responsible for the Cr d dom-
inated DOS feature marked C in Fig. 2a, appearing above
E
F
. The e*g bands are found to have larger dispersions than

the t*
2g bands, due to the fact that the pdp interaction

strength dominating Cr eg}S p interactions is larger than the
pdn interaction controlling Cr t

2g!S p interactions. There
are 24 bands in the energy range of !1.0 to !7.0 eV,
arising from the three p orbitals contributed by each of the 8
sulfur atoms in the unit cell interacting with the Cr d states.

To obtain a more quantitative description of the elec-
tronic structure of this compound, we have analyzed the ab
initio band dispersions in terms of a tight binding model,
details of which can be found in our earlier publications (17,
18). The essential aspects of the tight binding calculation are
the inclusion of only Cr d and S p orbitals in the real crystal
structure. The hopping interactions are parametrized in
terms of Slater}Koster integrals (21), which are varied to
obtain the best "t to the band dispersions calculated within
the LMTO-ASA method. While our earlier investigations of
perovskite oxides suggested that only metal d}ligand p in-
teractions along with ligand p}ligand p hoppings are su$-
cient to provide a realistic description of the band
dispersions, in the present case the ab initio bands could not
be "tted with only these interactions. We additionally re-



FIG. 4. Upper panel shows the DOS of ferromagnetic CdCr
2
S
4
, in

terms of the total (solid line) and the S p partial (thin line) DOS. Cr d up
spin of CdCr

2
S
4

partial DOS along the positive y-axis and Cr d down-spin
PDOS along the negative y-axis are shown in the lower panel.
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quired Cr d}Cr d hopping interactions in the model; in the
spinel structure, the Cr}Cr distance is the same as the S}S
distance, unlike that in the perovskite structure. Various
hopping interactions obtained from this tight binding analy-
sis are pdp"!0.89, pdn"0.43, ppp"0.5, ppn"!0.27,
ddp"!0.19, ddn"0.12, and ddd"!0.2 eV. It is to be
noted that pdp is about twice as large as pdn, in agreement
with earlier "ndings (17, 18). However, we "nd that the pdp
in CdCr

2
S
4
is considerably smaller than that in LaCrO

3
(17,

18). This, in addition to the Cr}S}Cr bond angle being 903
in CdCr

2
S
4
, leads to a much reduced e*g bandwidth com-

pared to that in LaCrO
3
. Interestingly, the t*

2g bandwidth of
CdCr

2
S
4
is comparable to that in LaCrO

3
. This is caused by

a substantial hopping interaction between the t
2g orbitals at

the neighboring Cr sites in the spinel structure. Thus, there
is a competition between the Cr}S and direct Cr}Cr interac-
tions in these compounds in contrast to the perovskite
structure. The tight binding analysis also suggests a bare
crystal-"eld splitting of about 1.1 eV. Having discussed the
essential features of the nonmagnetic CdCr

2
S
4
, we now turn

to the spin-polarized calculation.
In Fig. 4, we show the total DOS along with S p partial

DOS for ferromagnetic CdCr
2
S
4

in the upper panel; the
lower panel shows the Cr dC and dB partial DOS. While the
DOS features below !1 eV remain similar to the nonmag-
netic case shown in Fig. 2 with a dominance of S p states, the
DOS features related primarily to Cr d states appearing
above !1 eV are distinctly di!erent compared to those in
Fig. 2. In the case of the ferromagnetic CdCr

2
S
4
, there is

a further splitting of the crystal-"eld split Cr d bands, due to
the intraatomic exchange interactions (J) into t

2g up-spin
and t

2g down-spin and eg up-spin and eg down-spin bands. It
is seen from Fig. 4 that the Cr d up-spin partial DOS
appears in the unoccupied part, above the Fermi level but
for the small admixture in the bonding counterpart at about
!2.0 eV. Of the down-spin Cr d DOS, the t

2g part is fully
occupied and is below the Fermi level and the eg part is
above the Fermi level. This can be clearly seen from the
corresponding band dispersions shown in Fig. 5 in four
panels. The upper panels show the band dispersions for the
up-spin states, while the lower two panels are for the down-
spin states. The left two panels show t

2g character as fat
bands, while the two right panels show the fat bands corre-
sponding to the eg character. Clearly, the e*g bands for both
up and downspins appear above the E

F
. t*

2g up-spin bands
are also found to be above E

F
, while those corresponding to

the down-spin t*
2g are below E

F
. This suggests that Cr3` is in

the t3
2gB t0

2gC e0gB e0gB state, as is expected in the presence of
strong crystal "eld and exchange splittings. It can be seen
that t*

2g up-spin and e*g down-spin bands overlap energeti-
cally, giving rise to the DOS feature between approximately
0 and 2 eV, while the DOS feature between 2 and 4 eV is
entirely due to the e*g up-spin band. The occupied t*

2g down-
spin band appears between !1.5 and 0 eV. Thus, the total
crystal-"eld splitting between the up-spin t*
2g and up-spin

e*g as well as that between the down-spin counterparts is
about 1.5 eV; this includes the e!ect of hybridization shifts.
The exchange splitting between the up- and down-spin
t*
2g and that between the up- and down-spin e*g is about
2 eV. The crystal-"eld splitting is thus less than the ex-
change splitting. In these calculations, CdCr

2
S
4

appears to
be semimetallic with very low DOS at E

F
, while experi-

mentally it is known to be semiconducting. This arises from
the well-known limitation of such local spin-density approx-
imation in treating Coulomb correlations. A proper treat-
ment of such correlation e!ects would lead to a narrowing
of the individual band dispersions, opening up a gap at E

F
.

However, it is interesting to note that even the present
calculation leads to an almost gapped DOS at E

F
.

The basic electronic structure of CdCr
2
Se

4
is similar to

that of CdCr
2
S
4

discussed so far. The DOS of nonmagnetic
CdCr

2
Se

4
is shown in Fig. 6a. The total DOS here is almost

entirely made up of the Cr d partial DOS and Se p partial
DOS, also shown in the "gure. The various DOS features
(A, B, and C) can be identi"ed in a way similar to that in the
case of CdCr

2
S
4
. COHP of Cr 3d}Se 4p contributions to the

bonding, shown in Fig. 6b and that for the Cr 3d}Cr 3d
interactions shown in Fig. 6c, also allow for similar inter-
pretations, as in the case of CdCr S . This is further sup-
2 4



FIG. 5. Band dispersions of ferromagnetic CdCr
2
S
4

are shown along various symmetry directions. The top two panels are for the up-spin and the
bottom two for the down-spin channels. The two panels on the left show the t

2g contributions, while the right panels show the eg contributions in terms of
fat bands.
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ported by the corresponding band dispersions shown in
Fig. 7, yielding a very similar interpretation. In the case of
CdCr

2
Se

4
also, the nonmagnetic state turns out to be metal-

lic, with the Fermi level lying in the high DOS region of the
t*
2g feature. As in the case of CdCr

2
S
4
, the position of E

F
at

the peak of a narrow DOS feature suggests a Stoner insta-
bility, indicating a magnetic ground state of the system. The
DOS of nonmagnetic and also ferromagnetic CdCr Se
2 4
compare well with those reported in Ref. (15) obtained using
the full-potential linearized augmented plane wave calcu-
lations.

Density of states of ferromagnetic CdCr
2
Se

4
is shown in

the upper panel of Fig. 8, along with the Se p partial DOS.
The lower panel of Fig. 8 shows the up- and down-spin Cr
d contributions. For the sake of clarity, the down-spin DOS
is shown along the negative axis. Here also the up-spin



FIG. 6. (a) Density of states/eV cell of nonmagnetic CdCr
2
Se

4
. Solid

line is the total DOS. Dashed line is the Cr d partial DOS and dotted line
the Se p partial DOS. (b) COHP of Cr 3d}Se 4p interaction. (c) COHP of Cr
3d}Cr 3d interaction.

FIG. 7. The left panel shows band dispersions of nonmagnetic
CdCr

2
Se

4
, with Cr t

2g contributions shown as fat bands. The right
panel shows the same dispersions, but with eg contributions shown as fat
bands.

FIG. 8. Upper panel shows the DOS of ferromagnetic CdCr
2
Se

4
, in

terms of the total (solid line) and the Se p partial (thin line) DOS. Cr d up
spin of CdCr

2
Se

4
partial DOS along the positive y-axis and Cr d down-spin

PDOS along the negative y-axis are shown in the lower panel.
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t*
2g and up- and down-spin e*g bands appear above the E

F
.

The down-spin t*
2g is completely occupied and is below E

F
.

The corresponding band dispersions are shown in Fig. 9 in
four panels, providing the characters of each group of bands
in terms of t

2g and eg characters. The total crystal-"eld
splitting in the case of CdCr

2
Se

4
is 1.75 eV, with up-spin

t*
2g and e*g appearing at about 1.25 and 3 eV, respectively.
The exchange splitting is found to be about 2.25 eV, with
up-spin t*

2g (e*g ) appearing at about 1.25 eV (at 3 eV) and the
down-spin t*

2g (e*g ) appearing at !1.0 eV (0.75 eV), respec-
tively. This indicates that both crystal-"eld and exchange
splittings are larger in CdCr

2
Se

4
compared to those in

CdCr
2
S
4
. The DOS features, particularly B and C, in

CdCr
2
Se

4
are slightly narrower than those in the case of

CdCr
2
S
4
. As a result of this band narrowing, the calculated

density of states exhibits a clear gap at E
F

for CdCr
2
Se

4
(see

Fig. 8), in agreement with the experimentally observed
semiconducting ground state of this compound. This sug-
gests that the semiconducting ground state of chalcogenide



FIG. 9. Band dispersions of ferromagnetic CdCr
2
Se

4
are shown along various symmetry directions. The top two panels are for the up-spin and the

bottom two for the down-spin channels. The two panels on the left show the t
2g contributions, while the right panels show the eg contributions in terms of

fat bands.
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spinels is primarily driven by large crystal-"eld and ex-
change splittings.

In addition to predicting the correct ground state for
CdCr

2
Se

4
and nearly correct one for CdCr

2
S
4
, it turns out

that the LSDA calculated magnetic moments are also com-
parable to those obtained experimentally. Thus, the cal-
culated magnetic moment of CdCr

2
S
4

is &6.3 k
B

per
formula unit, close to the experimental value of 5.7 k
B

per
formula unit (22). The calculated magnetic moment of
CdCr

2
Se

4
is &6.2 k

B
per formula unit compared to the

experimental value of 5.6 k
B
/formula unit (9). It is interesting

to note that large exchange splittings in both the com-
pounds lead to strong polarization of the up and downspin
densities of states. In particular, there is a 100% spin polar-
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ization below E
F

over a wide energy window in both the
compounds. Even above E

F
, a complete spin polarization is

realized over a somewhat narrower energy window. This
opens up the fascinating possibility of doping these chal-
cogenide spinels with nonmagnetic heterovalent impurities
at the Cr sites to dope holes or electrons and realize a fully
polarized half-metallic ferromagnetic state. An experimental
search for such doped systems appears to be a promising
task.

IV. CONCLUSION

In conclusion, we have studied the electronic band struc-
ture of ferromagnetic semiconducting spinels, CdCr

2
S
4

and
CdCr

2
Se

4
, using the scalar relativistic spin-polarized

LMTO-ASA method. By carrying out the nonmagnetic
calculations for both the compounds, we discussed the basic
mechanisms to understand the underlying bonding and
electronic structure. From spin-polarized calculations, the
exchange splitting is found to be larger than the crystal-"eld
splitting, for both the compounds. This leads to a strong
spin polarization of the bands, suggesting possibilities of
realizing a half-metallic ferromagnetic state in doped Cr
chalcogenide spinels.
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