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We present a first-principles study of the electronic and magnetic properties of the chromium spinel
CdCr,Se,, a ferromagnetic semiconductor, which, for its interesting magnetic and electric properties has
been the object of many experimental studies. Using calculations based on the full-potential linearized
augmented plane wave relativistic scheme we are able to reproduce the structural equilibrium properties
and to explain many of the features measured by resonant photoemission spectroscopy. In particular, we
analyze the contribution of the Cr 3d electrons in a density-of-states study including the two spin orien-
tations and a comparison with the binary analog CdSe.

INTRODUCTION

Ternary compounds have attracted attention in the last
twenty years since their properties can be tailored for
various technological devices.! The presence of two
different cations and the wide range of possible solid solu-
tions allows the existence of many stoichiometrically
stable compounds presenting a set of predetermined
physical properties.> Moreover, many different structural
phases are allowed by the very small cohesive energy
differences that make almost degenerate different crystal-
lographic configurations.® The degree of freedom in syn-
thesizing crystals with well-defined physical properties
appears in this way augmented with respect to the tradi-
tional binary compounds. The interest is further in-
creased by the difficulties related to a theoretical under-
standing of their structural and electronic properties.
The unit cell, for example, is larger than that of the cor-
responding binary analogs for the need to accommodate
many different atomic species. The corresponding lower-
ing of the symmetry increases as a first consequence the
computational effort necessary to obtain unambiguous re-
sults even if the resulting smaller Brillouin zone allows
for the use of a reduced set of special k points. Neverthe-
less, computational difficulties are hindering less the
study of complex systems where the role played by
different atoms and structures is responsible for physical
effects that may give useful hints in the study of other
and more complex materials (e.g., high-T,. superconduc-
tors, ternary ferroelectrics, and intercalates).

Among the ternary compounds, spinels have been the
object of extensive investigations for their unusual opti-
cal, electrical, and magnetic properties.* Their general
formula A"BJX}" favors the existence of a number of
different arrangements where the X anions are generally
0O, S, Se, and Te. In these compounds the anions form
typically a slightly distorted cubic close-packed lattice
into whose tetrahedral and octahedral holes the cations
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are variously arranged. The distortion, which is con-
sidered the peculiar crystallographic characteristic of this
class of materials, is produced by the combined effect of
different cations and ordered arrays of vacant sites.’
Spinels are defined normal when only divalent atoms oc-
cupy tetrahedral sites. Inverse spinels, on the contrary,
are characterized by an exchange between the two kinds
of cations; the degree of inversion, ranging continuously
from zero to one, is defined as the percentage of the di-
valent atom which are exchanged. As a consequence,
since all the octahedral sites are crystallographically
equivalent, the inverse spinels are intrinsically disor-
dered. Previous studies performed within the first-
principles, norm-conserving self-consistent pseudopoten-
tial method have pointed out the difficulties in exactly
defining the energy differences for various degrees of nor-
mality for the MgIn,S, crystal.*

In particular it has been shown that not only the ener-
gy differences depend dramatically on the lattice relaxa-
tion, but so also does the relative order of the inverse and
partially inverse structures. As a general consequence of
the great degree of freedom allowed by the complexity of
the ternary structure, spinels undergo various phase tran-
sitions with pressure. A study of this kind has been per-
formed on the quasicubic CdIn,Se, reproducing in the
pseudopotential scheme the transition pressure of 10 kbar
that brings the structure to crystallize in the spinal
configuration.® All electron studies have considered the
problem of the vacant sites in this class of materials with
particular attention on the effects due to the anion relaxa-
tion on the structural properties.” Another reason for in-
terest is related to the wide range of magnetic experimen-
tal studies that, until now, have been poorly supported by
reliable theoretical calculations. The computational
difficulties are mainly due to the inclusion of transition
elements in the study. Experiments range from the first
old investigations on the magnetoabsorption in chal-
cogenide spinels® to the recent interpretation of their
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anomalous negative magnetoresistance with the aid of
semiempirical models.’

In this paper we discuss the results obtained from the
ab initio relativistic full-potential linearized augmented
plane-wave method!® giving particular attention to the
electronic charge densities and to the projected density of
states in the two different spin orientations for the mag-
netic spinel CdCr,Se,; our results are then compared to
photoemission results.”!!

The ferromagnetic order in this compound is defined at
130 K (Ref. 12) and shows a strong interaction between
carriers and spins. We present a study which is able to
give a well-defined comparison between experiment and
the results obtained with the help of non-first-principles
calculations.” !*

Section I will describe the crystallographic structure
and some details of the method. Section II will report the
results for the paramagnetic and ferromagnetic phases
with a discussion. In the Conclusions we will point out
the state of the study together with some future prospec-
tives.

I. STRUCTURE AND METHOD

We performed band-structure calculations for the equi-
librium crystal configuration of the spinel-type CdCr,Se,.
The symmetry of the crystal is cubic, space group O/
(Fd3m), and the unit cell contains 14 atoms whose lattice
positions are reported elsewhere.* When the value of the
so-called internal distortion parameter u is %, the anions
lie on an ideal fcc lattice: in this case all the Cr atoms are
located in octahedral sites and all the Cd ones in
tetrahedral sites. The undistorted configuration of
CdCr,Se, in the normal phase is depicted in Fig. 1.

All-electron full-potential linearized augmented plane
wave!® (FLAPW) calculations have been used within the
local-density approximation (LDA). We calculated the
paramagnetic as well as the ferromagnetic state; for the
paramagnetic state we used the Hedin and Lundqvist'*
form for the exchange-correlation potential while for the

FIG. 1. Direct spinel structure for CdCr,Se,.
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ferromagnetic state, within the spin-polarized scheme, we
used the parametrization by von Barth and Hedin.!” In
both calculations, the experimental values'? for the lattice
constant and the internal distortion parameter
u(a=10.721 A and u =0.383) were used.

In the FLAPW scheme the core states are calculated
fully relativistically and updated at each iteration,
whereas for the valence states a semirelativistic calcula-
tion is performed; the effect of spin-orbit coupling on the
energy bands is considered as a perturbation on the
semirelativistic calculation. We also considered the effect
of spin-orbit coupling on the spin-polarized calculation,
using a second variation scheme.'®

In the present calculation, the outermost d states of Cd
are considered as part of the valence bands, since they are
quite shallow in energy (see discussion later). The Se 3d
orbitals, on the other hand, are considered as (self-
consistently updated) core states, and the ~0.18 elec-
trons spilling out of the muffin-tin sphere are treated by
means of the overlapping charge method.!” Inside the
muffin-tin spheres, the wave function is expanded in
spherical harmonics up to /,,, =8, while /_,, =6 is used
for the charge density and the potential expansions. In-
tegrations over the irreducible wedge of the Brillouin
zone was performed using 10 special k points.'® Conver-
gency with respect to the number of k points used to in-
tegrate the charge density, was checked by using also the
linear tetrahedron method'® with a mesh of up to 80 k
points. The difference in the converged charge density
occupation was of the order of 0.01 electron. The
muffin-tin radii used were R =2.3 a.u. for all the ele-
ments and convergency was achieved using a cutoff
RK . =7.2.

II. RESULTS AND DISCUSSION

A. Paramagnetic calculation

In Fig. 2(a) we show the calculated total density of
states (DOS) obtained from the paramagnetic calculation.

At very low energies, below the Fermi level, we find
the well localized S5s states of the Se (—14.0 eV not
shown in the figure) and the 4d states of the cation (Cd)
weakly hybridized with the Se s states. The main body of
the valence band (between —7.5 eV and the Fermi level)
is constituted by the d states of Cr and the p bonding
states of Se.

The presence of a high peak on top of the Fermi level
shows clearly that the nonmagnetic phase is highly unsta-
ble, even within the simplified picture of the Stoner cri-
terion. It is interesting to remark that the major contri-
bution to this peak comes from the d states of Cr, the
Fermi level laying in the middle of these states. The Cr d
band extends also above the Fermi level, where a well-
defined peak is present (0.5-2.0 eV); the more extended
and wide unoccupied band (above 2.0 eV) is instead main-
ly due to the unoccupied 5s and 5p states of Cd.

Comparing with the DOS of pure CdSe at the same
Cd-Se bond length as in the spinel structure considered
[dashed line in Fig. 2(a)], it is possible to notice a
broadening of the valence band and the closing of the
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band gap due to the presence of the Cr d open shell (the
lower density of states per cell is, of course, a result of the
lower number of electrons in the CdSe cell with respect to
the CdCr,Se, cell).

Moreover, the spinel structure shows a lower hybridi-
zation between Cd 4d states and the higher valence band
than the pure CdSe compound. In fact, in this latter
case, the semicore Cd 4d states are found at lower bind-
ing energy than in the spinel structure.

B. Ferromagnetic calculation

In the ferromagnetic calculation the high instability
present in the paramagnetic state is totally removed.
This is clear from the total density of states plotted in
Fig. 2(b): the Fermi level occurs in the middle of the Cr
d states, in the gap between the bonding and antibonding
d states, in agreement with what was found by Oguchi,
Kambara, and Gondaira.’* In Fig. 3 we plot the density
of states projected on the different atomic sites for Cd,
Cr, and Se (majority and minority contributions), respec-
tively. These contributions, according to the usual
definition, come from the states within the muffin-tin
spheres. Contributions coming from the interstitial are
included in the total DOS; we also point out that the
valence states are mainly p and d states (and therefore
well localized) and that we considered nearly touching
spheres.
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FIG. 2. (a) Total density of states for paramagnetic CdCr,Se,

(solid line) and CdSe (dashed line). (b) Total density of states
for ferromagnetic CdCr,Se,.
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The main contribution to the valence band is due to
the d states of Cr highly hybridized with the p states of
Se. The states coming from Cd do not present any
significant spin polarization, while a noticeable spin po-
larization is present on the Cr site: the states occupied
(i.e., lying below the Fermi level) in the majority com-
ponent are many more than the occupied states in the
minority component. This will result in a large magnetic
moment on the Cr site. As far as the Se-projected density
of state is concerned, we notice that the shapes of the ma-
jority and minority components are quite similar and that
there is not any energy shift among these states: this will
result in a very small magnetic moment. As is clear from
the plotted densities of states, the Cr d states lay on top
of the Se p states and of the fundamental gap (Se p—Cd s)
of CdSe; these states are highly hybridized with the states
composing the valence band. Moreover, the exchange
energy among the polarized Cr d states pushes the anti-
bonding minority states towards higher energies, in the
energy region of the Cd unoccupied s band and of the an-
tibonding Se p states.

Relativistic interactions (i.e., spin-orbit effect), al-
though changing and removing some degeneracy in the
states, do not sensibly affect the composition of the re-
sulting charge or the magnetic moment. The main result
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FIG. 3. Majority and minority component of the projected
density of state for Cr (upper panel) and Cd and Se (lower
panel), solid and dashed lines, respectively.
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is to split levels in the conduction and valence bands with
mainly Se p and Cd d character, while states with mainly
Cr component are very little affected. The spin-orbit
splitting at the top of the valence band (Se p states) is
A%=0.45 eV, while the splitting for the Cr states is only
A°=0.01eV.

The valence band width (i.e., the separation at I be-
tween the low Se s states and the top of the Se p occupied
states) is 14.0 eV, the same value as in pure CdSe at the
same Cd-Se bond length as in the spinel structure. All
the valence band is characterized by a large hybridization
between Cr d and Se p states, the major contribution
coming from the Cr d states localized in the region of 4
eV below the valence-band top.

We refer to photoemission results ranging from 10 to
50 eV (Refs. 11 and 9) in order to compare our calculated
valence-band energies. The two previously mentioned ex-
perimental reports differ slightly in the main spectral
features detected: they find a main peak at 1.45 (Ref. 11)
or 1.30 (Ref. 9) eV below the valence-band maximum,
and some other smaller features at 2.9 (Ref. 11) or 3.0
(Ref. 9) and at 5.25 (Ref. 11) or 5.29 (Ref. 9) eV. Minis-
calco et al.'! also report two features at lower binding
energy: 5.85 and 10.7 eV, respectively. The exact posi-
tion of the Cr d states is still now rather controversial
and the object of discussion; comparing our theoretical
results with the experiments we will try to clarify this is-
sue.

The peak at higher binding energy (10.7 eV) is due to
the Cd 4d contribution and it is related to the sharp peak
at ~9.0 eV in our density of states; the energy position of
the theoretical peak is shallower than the experimental
finding, due to LDA which underestimates the
exchange-correlation contribution in very confined core-
like states.

The features at lower binding energies, on the other
hand, relate rather well with features in the theoretical
DOS. In particular, we can see that the peak at 1.45
(Ref. 11) or 1.30 (Ref. 9) eV, below the valence-band max-
imum, is in good correspondence with the huge peak in
the partial density of states of Cr, due to a twofold degen-
erate Cr d state (majority-spin component) with symme-
try ['j,-E, which presents a flat dispersion in proximity
of the Brillouin-zone center. In this respect, our findings
seem to agree more with the atomic-level-derived model
proposed by Taniguchi, Fujimori, and Suga’® than with
the identification proposed by Miniscalco et al.!! that at-
tributes this state to a threefold degenerate T,, Cr d
state. According to our calculations, the Cr T,,-I")5d
state is much shallower in energy (we find this state at
—0.79 eV). However, we should point out that in this
energy region there are several Cr d bands and that the
identification of the photoemission feature with one par-
ticular band is not straightforward.

We should notice that, in this energy region, minority-
spin states should not contribute since they are mostly
originating from Se p states and both photoemission ex-
periments™!! seem to agree on the fact that the behavior
of this feature as a function of the photon energy is
characteristic of a d-like band (the experimental peak is
enhanced as the photon energy is increased).
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The other transitions found at binding energies 2.9,
5.25, and 5.85 eV also correspond to precise features in
the calculated DOS. In particular, the transition at ~3.0
eV is nicely located in the middle of the Se p band hybri-
dized with the Cr d band, while features at higher bind-
ing energies (5.25 and 5.85 eV) seem to be located in the
region where there is also a noticeable hybridization
among Cr d, Se p, and the Cd s band.

The fundamental gap is usually referred to in the litera-
ture as the energy difference between the highest occu-
pied p state in the valence band and the lowest unoccu-
pied s-like state in the conduction band. According to
our calculation, this energy gap is 2.38 eV (which is re-
duced to =~2.0 eV, taking into account the spin-orbit
splitting of the p-like valence top band) for the majority
states and 3.08 eV for the minority states, while it is 0.79
eV in pure CdSe at the same Cd-Se bond length as in the
spinel structure. In this same energy region are localized
the unoccupied T, and E, states of chromium.

Photoluminescence decay and quantum efficiency mea-
surements have determined a fundamental gap of 1.8 eV,
at 77 K.%° This result agrees with a previously detected
luminescence transition at 1.8 €V, which has been attri-
buted to transitions between Cr states split by crystal-
field and excited states®!' (and therefore not directly relat-
ed to the fundamental band gap as previously defined);
however, we should notice that photoluminescence exper-
iments tend to include shallow impurity effects in the op-
tical transition and therefore this transition may not cor-
respond to the fundamental band gap.

In Table I we report the decomposition of the total
muffin-tin charge into different angular momentum com-
ponents. As it is possible to observe, the total charge ob-
tained from the paramagnetic calculation corresponds,
exactly, to the sum of the majority and minority com-
ponents in the ferromagnetic calculation. Also, with the
exception of the Cr atom, the total paramagnetic charge
is equally distributed between the two different spin com-
ponents, showing that the net spin polarization on the Cd

TABLE 1. Decomposition of the total muffin-tin charge into
different angular momentum components for the different cases
considered. The symbols PM and FM stand for paramagnetic
and ferromagnetic calculation, respectively.

Atom Q: Qp Qd Qtol
PM

Cd 0.44 0.35 9.32 10.12

Cr 0.22 0.23 3.95 4.41

Se 1.55 2.61 0.05 4.22
FM (majority)

Cd 0.22 0.17 4.66 5.06

Cr 0.13 0.13 3.39 3.66

Se 0.77 1.28 0.03 2.08
FM (minority)

Cd 0.21 0.17 4.67 5.06

Cr 0.10 0.11 0.53 0.74

Se 0.77 1.38 0.02 2.17
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TABLE II. Total magnetic moment u [in Bohr magneton
(up)] per atom and its decomposition into different angular
momentum components, on the different atomic species for the
ferromagnetic calculation.

Atom s Hp Ha KT
cd 0.02 0.00 0.00 0.02
Cr 0.03 0.02 2.86 2.91
Se 0.00 —0.1 0.01 —0.09

and Se atoms is very low.

This is even more clear in Table II where the magnetic
moments per atom and per angular momentum contribu-
tions (within the muffin-tin spheres) are shown. The mag-
netic moment is very low on the Cd atom which does not
really contribute to the states on the valence-band top;
the Cr atom, on the other hand, shows a larger polariza-
tion (its magnetic moment is a little less than 3y ), most
of its spin polarization coming from the d states. The
contribution coming from the interstitial region is as
large as 0.5up per formula unit, probably mainly due to
the Cr d states. This result seems in qualitative agree-
ment with the schematic picture given by Taniguchi,
Fujimori, and Suga,’ obtained considering the hybridiza-
tion among Cr 3d and Se 4p states, and, if the contribu-
tion from the interstitial is considered, also with previous
X-a calculations by Oguchi, Kambara, and Gondaira®®
which give pc,=3.515. In agreement with the previous-
ly mentioned calculation and with some NMR experi-
mental results??, we find that the Se atom shows an anti-
parallel alignment with respect to the Cr d shell, resulting
in a negative and low magnetic moment (mainly due to
the Se 4p shell, hybridized with the Cr 3d shell). This is
also shown by the total spin density (obtained by sub-
tracting the total minority charge from the total majority
charge density) projected on the [110] plane and shown in
Fig. 4. The regions with antiparallel spin are localized in
proximity of the Se atoms: this is reasonably explained
by the exchange interaction among hybridized Cr d states
and Se p states: there is an ‘“‘attraction” among orbitals
with parallel spin, while orbitals with opposite spins are
repelled in more distant regions.

CONCLUSIONS

First-principles methods have been used to investigate
the electronic properties of the magnetic spinel CdCr,Se,
in its paramagnetic and ferromagnetic phases. The rela-
tivistic FLAPW method has been able to identify the role
of the Cr 3d electrons in the chemical bonding. The pro-
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FIG. 4. Total spin density (dashed lines correspond to anti-
parallel spin density contours) of CdCr,Se, in the (110) plane.
Levels are given in units of 2 electrons/cell.

jected density of states compares very well, for the
majority- and minority-spin orientations, with the photo-
emission studies. A well-defined assignment of the intra-
gap transition has been obtained with a detailed analysis
of the crystal-field splittings due to the empty Cr d states.
The presence of different cations with noncomplete shells
produces effects notably relevant when compared to the
electronic scheme of the nonmagnetic binary CdSe com-
pound. The total muffin-tin charge is analyzed through
the angular momentum components accounting for the
different polarizability of the cations in the ternary. The
previous theoretical models obtained in a non-first-
principles calculation have been analyzed and compared
sometimes favorably with the present a priori results.
The exact definition of the energy dispersion is now a step
toward a detailed analysis of the structural modifications
induced by different cations and by noncomplete elec-
tronic shells in this interesting class of magnetic ternary
spinels.
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