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Half-metallic electronic structures of giant magnetoresistive spinels:
Fe12xCuxCr2S4„x50.0,0.5,1.0…

Min Sik Park, S. K. Kwon, S. J. Youn,* and B. I. Min
Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea

~Received 18 November 1998!

Electronic structures of Cr-based chalcogenide spinels Fe12xCuxCr2S4 (x50.0,0.5,1.0) are investigated by
using the linearized muffin-tin orbital~LMTO! band method in both the local-spin-density approximation
~LSDA! and the LSDA1U. The LSDA yields the half-metallic electronic structures forx50.0,1.0 and the
insulating electronic structure forx50.5. The LSDA1U yields the insulating electronic structures forx
50.0 in agreement with experiments. The orbital ordering driven by the on-site Coulomb interaction forx
50.0 is demonstrated based on the LSDA1U electronic structures. Orbital magnetic momentMorb is obtained
by taking into account the spin-orbit interaction.Morb’s of Fe and Cu in these compounds are found to be very
large, reflecting the localized features of 3d band electrons. Conduction models forx50.0,0.5,1.0 are dis-
cussed with the schematic energy diagrams incorporating the Jahn-Teller effect and the half-metallic electronic
structures.@S0163-1829~99!15515-2#
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I. INTRODUCTION

Recently discovered colossal magnetoresistance~CMR!
phenomena have attracted considerable attention, becau
the potential for technological applications and the intrigu
physical properties of materials.1 The CMR phenomena ar
observed in cubic perovskite manganitesR12xAxMnO3 (R
5rare earth; A5divalent cation!, layered manganites
(LaSr)3Mn2O7,2 and Tl2Mn2O7 with pyrochlore structure.3,4

Albeit not so colossal, very large negative magnetore
tance has been observed also in Cr-based chalcoge
Fe12xCuxCr2S4 (x50.0,0.5) with spinel structure.5 Figure 1
shows the magnetizationM, the resistivityr, and the mag-
netoresistance~MR! as a function of temperature fo
Fe12xCuxCr2S4 (x50.0 and 0.5). Under the magnetic fie
of 6 T, the MR forx50.0 amounts to;20% near the mag
netic transition temperatureTc5170 K, and for x50.5,
;7% nearTc5340 K. As compared to;100% MR of
PRB 590163-1829/99/59~15!/10018~7!/$15.00
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perovskite manganites, the MR of Cr-based chalcogenide
relatively small. Still this size of MR is as large as in gia
magnetoresistance~GMR! metallic multilayers. As in perov-
skite manganites, the metal-insulator transition seems to
cur simultaneously with the magnetic phase transition, a
the peak position of the MR curve coincides withTc . The
magnetic phase in this case is ferrimagnetic, Fe and Cr s
polarize antiferromagnetically. The resistivitiesr in both
cases (x50.0 and 0.5) manifest semiconducting behavio
@(dr/dT),0# for T.Tc and T!Tc , while, in the finite-
temperature range belowTc , metallic features are observe
The temperature range showing the metallic feature is w
for x50.5.

In fact, the large negative magnetoresistance phenom
in the spinel Fe12xCuxCr2S4 have been already reported6

The observed MR with the external magnetic field of 1.3
was ;6% for x50.0. Furthermore, the question on the C
valence state in CuCr2S4 has been the longstandin
FIG. 1. Magnetization~M !, resistivity (r),
and magnetoresistance (MRH5$@r(0)
2r(H)#/r(0)%) vs temperature for FeCr2S4

~left!, Fe0.5Cu0.5Cr2S4 ~right!. ~Adapted from
Ref. 5.!
10 018 ©1999 The American Physical Society
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PRB 59 10 019HALF-METALLIC ELECTRONIC STRUCTURES OF . . .
problem.7,8 Lotgering7 claimed that the Cu valence sta
should be monovalent, while Goodenough8 claimed that it
should be divalent. Various experiments give different
sults on the Cu valence state. The electronic structure
CuCr2S4 was once calculated by Horikawaet al.9 by using
the discrete variational (DV)-Xa method based on th
Hartree-Fock-Slater model.10 They obtained the half-metallic
electronic structure for CuCr2S4, even though they did no
use such a terminology. In the half-metal, the charge carr
are fully polarized: the one spin band is metallic whereas
other spin band is insulating.11,12

In this study, we have investigated electronic structure
Cr-based chalcogenide Fe12xCuxCr2S4 (x50.0,0.5,1.0) by
using both the local-spin-density approximation~LSDA! and
the LSDA1U ~LSDA incorporating the on-site Coulomb in
teractionU) method13 on the basis of the linearized muffin
tin orbital ~LMTO! band method. The von Barth–Hed
form of the exchange-correlation potential is utilized, a
40kW points inside the irreducible Brillouin zone are used
the integration. It is found that the LSDA yields half-metall
electronic structures for Fe12xCuxCr2S4 (x50.0,1.0) and the
insulating electronic structure forx50.5. The ground state
insulating nature ofx50.0 can be described well by th
LSDA1U method. The orbital contribution to the magne
moment is examined by including the spin-orbit interacti
in a perturbative way.14 Both the magnetic exchange
correlation interaction and the spin-orbit interaction are ta
into account simultaneously in the self-consistent st
Transport properties of this compound are explored base
the half-metallic electronic structure. Further, physical pro
erties of the Jahn-Teller effect and the orbital ordering
duced by the on-site Coulomb interaction are discussed.

II. CRYSTAL STRUCTURE
AND THE JAHN-TELLER EFFECT

FeCr2S4 and CuCr2S4 crystallize in the spinel structur
AB2X4 ~see Fig. 2!. The ideal spinel structure is formed by

FIG. 2. Spinel structureAB2X4 ; A,B ions are at tetrahedral an
octahedral sites, respectively.
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cubic close-packed~fcc! array of X atoms, in which one-
eighth of the tetrahedral and one-half of the octahedral in
stitial sites are occupied by cations. The tetrahedrally co
dinated sites and the octahedrally coordinated sites
referred to asA andB sites, respectively. TheX atoms have
fourfold coordination, formed by threeB cations and oneA
cation. There are two formula units in the primitive unit ce
and for the LMTO calculation, four empty spheres are co
sidered in the interstitial sites to enhance the packing rat

In the spinel structure, five degenerated levels of transi-
tion metals,A andB, are split into two levels by the crysta
field, caused by the electrostatic interaction betweend orbit-
als of cations andp orbitals of nearby anions.15 One is the
triplet (t2g) which consists ofdxy , dyz , anddzx levels, and
the other is the doublet (eg) which consists ofd3z22r 2 and
dx22y2 levels. The energy difference between two levels
labeled by 10Dq. In the octahedral sites, energy levels oft2g
are lower than energy levels ofeg , whereas, in the tetrahe
dral sites, the situation is reversed.

When theset2g andeg levels are not fully occupied, the
Jahn-Teller instability can occur. Then the degenerate ene
level is split further again by reducing the crystal symmet
Accordingly, the lattice distortion is induced by the Jah
Teller instability.16 In the case of Fe12xCuxCr2S4, both Fe
and Cu are expected to behave as Jahn-Teller active ion
their valence states are Fe21(d6) and Cu21(d9).

III. RESULTS AND DISCUSSION

A. FeCr2S4 „x50.0…

The LSDA electronic structure calculation yields the fe
rimagnetic half-metallic state for FeCr2S4 at the experimen-
tal lattice constanta59.989 Å. Spins of Fe and Cr ion
polarize antiferromagnetically. The metallic nature from t
LSDA, however, does not seem to agree with the experim
showing that the ground state of FeCr2S4 would be insulat-
ing @Fig. 1~a!#. Therefore, one has to invoke some oth
mechanism to have an insulating ground state. One poss
mechanism is the Jahn-Teller effect. Obtained results
magnetic moments in Table I are in good agreement with
experiments,17 which suggests that FeCr2S4 has a normal
spinel valence configuration such that Fe21Cr2

31S4
22 . Since

Fe21 with d6 electrons is a Jahn-Teller active ion in th
tetrahedral interstitial sites, it is expected that the ene
splitting will occur due to the Jahn-Teller effect at Fe sites
result in the insulating ground state. Indeed, Spender
Morrish18 have found that the tetrahedral site of FeCr2S4 is
distorted belowT510 K by the Jahn-Teller effect exhibit

TABLE I. Spin magnetic moments inmB of spinel
Fe12xCuxCr2S4 from the LSDA1U calculation at the experimenta
lattice constant. Total in the table corresponds to the total s
magnetic moment per formula unit, andES denotes the empty
sphere.

Total Cr Fe Cu S ES

x50.0 2.00 3.11 23.70 20.11 20.05
x50.5 3.50 3.11 23.95 20.30 20.14 20.01
x51.0 5.00 3.04 20.50 20.15 20.00
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ing the tetragonal structure. Hence, once taking into acco
the Jahn-Teller distortion in the calculations, the LSDA
expected to yield a correct insulating ground state
FeCr2S4.

Another possible mechanism to produce an insulat
ground state for FeCr2S4 is the Coulomb correlation effect
Sinced electrons at Fe and Cr sites of FeCr2S4 are rather
localized, the LSDA may not describe properly their cor
lated natures. This is related to the well-known band g
problem of the local density approximation~LDA !, as also
seen in the wrong LDA prediction of a metallic phase f
undoped high-Tc cuprates. The correlation effect can
taken into account in a mean field way by the LSDA1U
method incorporating the on-site inter-d-orbital Coulomb in-
teractionU.13 The LSDA1U method gives rise to the cor
rect insulating ground state for FeCr2S4 ~see Fig. 3!. We
have usedU values of 2.5 and 1.5 eV for Fe and Cr, respe
tively. TheseU values are somewhat smaller than those u
in LSDA1U calculations for transition metal oxides.13 The
first-principles determination of theU parameter is still lack-
ing, but it is expected that theU values in metallic transition
metals or in intermetallic transition metal compounds
smaller than in transition metal oxides.19,20 Hence we have
chosen here rather smaller values ofU, which are compa-
rable to those for intermetallic transition metal compoun
to see the Coulomb correlation effect on the band struct
The Hund’s coupling exchange parameterJ is also employed
in the LSDA1U calculation, 0.94 and 0.89 eV for Fe an
Cr, respectively. It is seen in Fig. 3 that the extra Coulo
interaction betweend orbitals induces the energy splitting t
manifest a small energy gap in the density of states~DOS!
near the Fermi level (EF).

FIG. 3. Total and projected local density of states~PLDOS!
from the LSDA1U calculation for FeCr2S4. Parameters used ar
U52.5,J50.94 eV for Fe andU51.5,J50.89 eV for Cr.~a! To-
tal DOS per unit cell~two formula units!, ~b! PLDOS of Fe-3d, ~c!
PLDOS of Cr-3d, ~d! PLDOS of S-3p.
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The structures in the DOS nearEF originate mainly from
the minority spin band of Fe-3d electrons. Thus, due to th
Coulomb interaction, the minority spineg band of Fe is split
into two subbands, and only the lower subband is occup
The local density of states~LDOS! in Fig. 4 shows that the
occupied one has a predominantd3y22r 2 character, while the
empty one adz22x2 character. This splitting produces th
orbital ordering ofd orbitals. Figure 5 provides the minorit
spin density ofeg electrons at Fe sites, which clearly ind
cates that the orbital ordering with dominantd3y22r 2 charac-
ter occurs due to the Coulomb interaction. Such an orb
ordering will in turn drive the lattice distortion in the tetra
hedral Fe sites, which will reproduce the experimentally o
served cooperative Jahn-Teller effect.

The orbital contribution to the magnetic moment is o
tained by incorporating the spin-orbit interaction in the se
consistent band calculation. The orbital magnetic mom
Morb in FeCr2S4 turns out to be substantial. The totalMorb
per formula unit amounts to20.31mB , most of which comes
from Fe ion which has20.24mB . This is very large as com
pared toMorb of the bcc Fe;0.03mB . Such a largeMorb of
Fe in FeCr2S4 implies that the Fe-3d electrons in FeCr2S4
are very localized as compared to those in bcc Fe.

FIG. 4. Partialeg and t2g PLDOS of Fe in FeCr2S4.

FIG. 5. The calculated angular distribution~orbital ordering! of
the minority spin density of Feeg band in FeCr2S4.
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Now, let us examine the temperature dependent resist
behavior of FeCr2S4. Figure 1~a! indicates that FeCr2S4 pos-
sesses an insulating nature in most of the temperature r
except forT5150–180 K. With increasing the temperatur
the insulator-metal transition occurs atT;150 K, and the
metal-insulator transition occurs again atT;180 K. The in-
sulating nature belowT5140 K can be understood by th
Jahn-Teller and the Coulomb correlation effect, as m
tioned above. The origin of metallic nature forT
5150–180 K is rather uncertain. The double exchange
teraction operating in the perovskite manganites will not p
a role here, since no mixed-valent cations are expecte
FeCr2S4.21 Nevertheless, it is interesting to note that t
overall behavior of temperature dependent resistivity
FeCr2S4 is quite similar to that of doped mangani
La0.85Sr0.15MnO3.22 The resistivity behavior in
La0.85Sr0.15MnO3 is qualitatively understood using the sma
polaron model. That is, the insulator to metal transition
high temperature corresponds to the thermal to band hop
transition of the small polarons,23 while the metal to insulator
transition at low temperature corresponds to the polaron
dering transition.24

In FeCr2S4, it was suggested that the static Jahn-Te
distortion transforms into the dynamic one nearT510 K.18

Thus, one can expect that small polarons are formed
FeCr2S4 by the dynamical Jahn-Teller phonon-electron int
action. Observed anomalies in the phonon frequency and
damping constant nearTc corroborates the strong electro
phonon interaction in this system.25 In this scheme, one ca
explain the insulator to metal transition nearT5150 K in
terms of the suppression of the Jahn-Teller instability and
concomitant disappearance of the energy gap. The met
insulator transition atTc5180 K can be understood by con
sidering the band to thermal hopping transition of the sm
polarons, and so the insulating behavior aboveTc originates
from the thermal hopping of small polarons, as in perovsk
manganites.23,26

One can anticipate that, in the temperature range oT
5150–180 K, metallic FeCr2S4 has a half-metallic elec
tronic structure, as the LSDA predicts. With increasing
temperature towardTc , the energy gap induced by the Jah
Teller effect and the on-site Coulomb interaction vanish
and so the LSDA results are expected to be effective.
large negative MR is closely related to the half-metallic n
ture, because the conduction becomes much more enha
by aligning the magnetic domains through the external m
netic field. In half-metallic systems, there is no Stoner c
tinuum to which charge carriers can transit with flipping th
spins. Hence the spin-flip scattering is suppressed, and s
resistivity will decrease with applying the magnetic fiel
Moreover, half-metallic property can increase MR by co
tributing tunneling between magnetic grains. The MR due
tunneling between ferromagnetically coupled grains is p
portional to the polarization of the tunneling electrons.
half-metallic ferromagnets, electrons nearEF are fully spin
polarized, and so the MR can be larger than in normal
romagnetic metals.27

This can be easily understood from the schematic ene
diagram of Fig. 6, which is drawn based on the half-meta
LDOS ~Fig. 4! with the valence configuration
Fe21Cr2

31S4
22 . The LDOS of Fig. 4 indicates that the ex
ty
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change splittingsDex(5SJ) at Fe and Cr sites are larger tha
the crystal field splittings (Dex;324 eV:10Dq;1 eV).
Hence the spin configurations at both ions are high s
states, that is, the spin-up bands (eg and t2g) at Fe are fully
occupied, and the spin-downt2g band at Cr is also fully
occupied. The conduction electrons are mainly from
spin-downeg band of Fe. Therefore, one can expect the sp
polarized tunneling ofeg electrons of Fe becomes muc
more effective with all the magnetic domains aligned, and
the MR ratio is expected to become very large.

On the other hand, one has to pay attention to other p
sible mechanisms. There have been several approach
understand the transport phenomena in ferromagnetic s
conductors such as FeCr2S4 , CdCr2Se4, and EuO. Haacke
and Beegle28 proposed that the magnon-hole interaction
responsible for the anomalous thermopower of FeCr2S4 near
Tc . Kogan and Auslender29 proposed the Anderson localiza
tion due to spin disorder to explain the resistivity peak o
served in In doped CdCr2Se4. TheT-dependent resistivity of
doped CdCr2Se4 is very similar to that of FeCr2S4. The con-
ducting carriers in doped CdCr2Se4 are produced by In dop
ing. As compared to FeCr2S4, there are no Jahn-Teller activ
ions in CdCr2Se4. Rather, there might exist some contrib
tion of the double exchange interaction due to possi
mixed-valent Cr ions in doped CdCr2Se4. So the origin of
the resistivity peak in doped CdCr2Se4 may not be the same
as in FeCr2S4. Further theoretical and experimental studi
are necessary to identify the conduction mechanisms in th
spinel ferromagnetic semiconductors.

B. CuCr2S4 „x51.0…

For CuCr2S4 at the experimental lattice constanta
59.814 Å, both the LSDA and LSDA1U calculations
yield the ferromagnetic half-metallic ground state, which
consistent with the experiment~see Fig. 7!. In LSDA1U
calculations, parametersU52.5, J50.89 eV for Cu andU
51.5, J50.89 eV for Cr are used. The LDOS of Cr in th
octahedral sites of CuCr2S4 is similar to that of Cr in
FeCr2S4. This means that the conditionJ.10Dq is also sat-
isfied for Cr ions in CuCr2S4, and so the schematic energ
diagram at Cr is as in Fig. 8 to have a high spin state. On
other hand, the condition ofJ.10Dq is not satisfied for Cu

FIG. 6. Schematic energy diagram of half-metallic FeCr2S4.
Note that FeCr2S4 has an insulating ground state.
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ions, and so the Cu ion has a low spin state, and contrib
charge carriers~hole or electron! to show a metallic behavio
in CuCr2S4. From this, one can expect that the spins of m
bile carriers are fully polarized.

The calculated spin magnetic moment 5mB ~Table I! is
consistent with the value as described by Goodenough8,15

He explained that this value comes from two Cr ions hav
a local magnetic moment of 3mB and the antiparallel spin
polarization of the antibondings* band having21mB . The
spin density ofs* band is not localized only at Cu sites b
spread over the crystal. Experimental results30 also support
this idea. This result reflects that CuCr2S4 has a normal spi-
nel valence configuration Cu21Cr2

31S4
22 , even though the

bonding nature is not fully accounted for by the ionic mod

FIG. 7. Total and projected local DOS from the LSDA1U cal-
culation for CuCr2S4. Parameters used areU52.5,J50.89 eV for
Cu andU51.5,J50.89 eV for Cr.~a! Total DOS per unit cell~two
formula units!, ~b! PLDOS of Cu-3d, ~c! PLDOS of Cr-3d, ~d!
PLDOS of S-3p.

FIG. 8. Schematic energy diagram of half-metallic CuCr2S4.
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Since the Cu21 with d9 electronic configuration in the tetra
hedral interstitial sites is Jahn-Teller active, it is possible
have the Jahn-Teller effect in CuCr2S4. However, so far, the
Jahn-Teller distortion is not observed in the experiment.30

The orbital magnetic momentMorb in CuCr2S4 is also
very large. The totalMorb per formula unit amounts to
20.15mB , and the Morb of Cu ion corresponds to
20.09mB . This again indicates that the Cu-3d electrons in
CuCr2S4 are still localized, and the 3d band of Cu is not
fully occupied.

Note, however, that other valence configurations w
also proposed, such as Cu1@Cr31Cr41#Se4

22 with monova-
lent Cu7 or Cu12n

1 Cun
21@Cr11n

31 Cr12n
41 #X4

22(X5S,Se), which
shows temperature-dependent valence configurations.31 In
these cases, there are mixed-valent Cr or Cu ions, and s
ferromagnetic ground state can be explained in terms of
double exchange interaction.32 As yet, there is no experimen
tal agreement on the valence configuration of CuCr2S4,
which remains to be resolved.

C. Fe0.5Cu0.5Cr2S4 „x50.5…

We have performed the electronic structure calculat
for Fe0.5Cu0.5Cr2S4 by replacing one Fe by Cu in the unit ce
of two formula unit FeCr2S4. For Fe0.5Cu0.5Cr2S4 for a
59.904 Å, both the LSDA and the LSDA1U calculations
yields the ferrimagnetic and insulating ground state~Fig. 9!,
which is consistent with the experiment at low temperat
@Fig. 1~b!#. In the LSDA1U calculations, parameters use
are U52.5, J50.94 eV for Fe,U52.5, J50.89 eV for
Cu, andU51.5, J50.89 eV for Cr. The reason why th
LSDA yields the correct insulating ground state f

FIG. 9. Total and projected local DOS from the LSDA1U cal-
culation for Fe0.5Cu0.5Cr2S4. Parameters used areU52.5,J
50.94 eV for Fe, U52.5,J50.89 eV for Cu, andU51.5,J
50.89 eV for Cr.~a! Total DOS per unit cell~two formula units!,
~b! PLDOS of Fe-3d, ~c! PLDOS of Cu-3d, ~d! PLDOS of Cr-3d.
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Fe0.5Cu0.5Cr2S4 is that the different ionic potentials of Fe an
Cu sites in the unit cell induce the band splitting with a ba
gap nearEF .

Distinctly from the case of FeCr2S4, the LSDA1U cal-
culations do not give the definite orbital ordering ofd orbit-
als. This suggests that thed-electrons in Fe0.5Cu0.5Cr2S4 are
not so localized as in FeCr2S4. This feature is again consis
tent with the experiment observations. Note in Fig. 9 that
temperature range showing metallic property (T5180
;360 K) is much wider inx50.5 than inx50.0, reflecting
that the carriers inx50.5 are more delocalized than inx
50.0. The delocalized nature ofd electrons causes thed
band wider, and so the splitting due to the orbital order
seems to be smeared out. As inx50.0, we expect thatx
50.5 has a half-metallic electronic structure in the tempe
ture range showing metallic property.

The valence configuration ofx50.5 can have two pos
sible cases. The first possibility is a normal spinel config
ration, Fe0.5

21Cu0.5
21Cr2

31S4
22 . This configuration is consisten

with the calculated magnetic moments~Table I!. Then the
schematic energy diagram corresponds to Fig. 10. In
case, Fe21 and Cu21 are Jahn-Teller active ions, and so t
Jahn-Teller distortion may occur. However, due to more

FIG. 10. Schematic energy diagram of Fe0.5Cu0.5Cr2S4.
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localized nature of conduction electrons, the effect is
pected to be observed only at very low temperature. The t
orbital magnetic momentMorb per formula unit of
Fe0.5

21Cu0.5
21Cr2

31S4
22 amounts to20.13mB , and theMorb’s of

Fe and Cu ion correspond to20.08mB and 20.06mB , re-
spectively. This again indicates that the Fe-3d and Cu-3d
electrons in Fe0.5

21Cu0.5
21Cr2

31S4
22 are rather localized, and th

3d band of Cu is not fully occupied. In the case
Fe0.5

21Cu0.5
21Cr2

31S4
22 , the temperature dependent resistiv

behavior will be similar to that in the case ofx50.0, because
of the same valence configuration. In this view, the wid
metallic region inx50.5 is due to more delocalized conduc
ing carriers from Cu21.

The second possible valence configuration
Fe0.5

31Cu0.5
11Cr2

31S4
22 , proposed based on some experimen

results.33–35 In this case, it may be easy to explain the ins
lating ground state even without the Jahn-Teller and
Coulomb interaction effects. However, this considerat
has difficulty in explaining the wide metallic region observ
in x50.5.

IV. CONCLUSION

We have studied electronic structures of Cr-based cha
genide spinels Fe12xCuxCr2S4 (x50.0,0.5,1.0) by using the
LMTO band method in both the LSDA and LSDA1U. We
can qualitatively explain the resistivity behavior ofx
50.0,0.5 based on their half-metallic electronic structures
is deduced that Fe12xCuxCr2S4 (x50.0,0.5,1.0) have half
metallic properties in the temperature range showing met
behaviors, which are expected to have close correlation
observed large negative MR phenomena. The orbital co
bution to the magnetic moment obtained by incorporating
spin-orbit interaction turns out to be very large in these co
pounds, reflecting very localized features of 3d band elec-
trons. The orbital magnetic moments of Fe and Cu are
large as20.24mB and 20.09mB , respectively. Further, we
have discussed the Jahn-Teller effects and the orbital or
ings, which will be possibly observed in Fe12xCuxCr2S4.
Experiments to measure the orbital magnetic moments an
observe the Jahn-Teller effects at low temperature and
half-metallic property in the metallic regime o
Fe12xCuxCr2S4 are demanded to clarify the origin of suc
large negative MR phenomena.
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