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The electronic structures, the effective masses, and optical properties of spinel CdCr,S, are studied by using the full-
potential linearized augmented planewave method and a modified Becke—-Johnson exchange functional within the density-
functional theory. Most importantly, the effects of the spin—orbit coupling (SOC) on the electronic structures and carrier
effective masses are investigated. The calculated band structure shows a direct band gap. The electronic effective mass
and the hole effective mass are analytically determined by reproducing the calculated band structures near the BZ center.
SOC substantially changes the valence band top and the hole effective masses. In addition, we calculated the corresponding
optical properties of the spinel structure CdCr;S4. These should be useful to deeply understand spinel CdCrS4 as a
ferromagnetic semiconductor for possible semiconductor spintronic applications.
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1. Introduction

Recently, the ferromagnetic semiconductive spinel com-
pounds have been studied for potential candidates for semi-
conductor spintronic devices.!!™! A great deal of experimen-
tal attention has been concentrated on the cubic spinel com-
pound CdCr,S4. In 2005, Hemberger et al.!'l reported that
the cubic spinel CdCr,S4 has relaxor-like dielectric properties
and colossal magnetocapacitance. Sun et al.l%! observed sev-
eral interesting behaviors in spinel system CdCr,S4, showing
that a glassy dipolar state occurs near Tc ~ 85 K and a fer-
roelectric ordering occurs near 7, ~ 56 K. Gnezdilov et al.l”}
showed pronounced phonon anomalies indicating a symme-
try reduction and Cr off-centering in the cubic unit cell of
CdCr,S,. Subsequently, Oliveira e al.'®! demonstrated that a
linear coupling between the magnetic and polar order parame-
ters is sufficient to justify the appearance of a magnetic cluster
in the paramagnetic phase of CdCr,S4. Furthermore, using
muon spin rotation/relaxation spectroscopy ((tSR), Hartmann
et al.”) studied the magnetic properties of CdCr,S4.

On the theoretical side, with an ab initio method, Shan-
thi er al.' calculated the electronic structures for both
the nonmagnetic and the ferromagnetic states of CdCrySa4,
and presented that CdCr,S4 corresponds to a ferromagnetic

semimetallic ground state, with very low density of states
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at the Fermi energy and a nearly gapped structure. Fen-
nie et al.l''l studied the dielectric properties, zone-center
phonons and Born effective charges of the ferromagnetic
spinel CdCr;S4. In the same year, Lunkenheimer et al 2]
provided strong evidence that the variation of the dielectric
constant at the magnetic transition and the colossal MC ef-
fect in this material are caused by a speeding up of relax-
ation dynamics under the formation of the magnetic order. In
2008, within the local spin-density approximation LSDA and
LSDA+U, Yaresko!3! obtained the semiconductive electronic
band structure and exchange coupling constants in CdCr,S4
spinels. Recently, using a modified Becke—Johnson (mBJ) ex-
change plus local density approximation correlation, Guo et
al.l"* obtained accurate energy gaps and optical properties of
ferromagnetic semiconductors CdCr,S4. However, more the-
oretical investigation is needed for achieving more insights of
the ferromagnetic semiconductor spinel material.

Here, we use the full-potential density-functional-theory
method to investigate the electronic structures, effective car-
rier masses, and optical functions of the CdCr,S4, with the
spin—orbit coupling taken into account and the semiconductor
gap accurately calculated. This paper is organized as follows.
The theoretical methods and computational details are given

in Section 2. Our calculated results and some discussions are
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presented in Section 3. Finally, a summary of our main results

is given in Section 4.

2. Theoretical methods

The electronic structures of ferromagnetic semiconduc-
tor CdCr,S4 in spinel structure were carried out by using a
full potential linearized augmented plane waves (FPLAPW)
method in the framework of the DFT!!>1®] a5 implemented in
the Wien2k package.!!”8] We use a modified Becke-Johnson
(mBJ) semi-local exchange potential!'”! plus the local den-
sity approximation (LDA) for the correlation potentiall?0-2!]
to do our main DFT calculations, and additionally do some
calculations with the popular generalized gradient approx-
imation (GGA)[??! for necessary comparison. It is well
known that the mBJ exchange plus LDA correlation can pro-
duce accurate semiconductor gaps for semiconductors and
insulators!420-23-26] and overcome the usual LDA and GGA
underestimation of the band gaps. The full relativistic ef-
fects are calculated with the Dirac equations for core states,
and the scalar relativistic approximation is used for valence

states.[27-29

! The spin—orbit coupling (SOC) is taken into ac-
count. The maximum / quantum number for the wave function
expansion inside atomic spheres was set to /yax = 10. The con-
vergence parameter Ry X Kpax 1S set to 8 and the radii Ry, of
the atomic spheres are chosen as 2.47 (Cd), 2.43 (Cr), and 2.05
(S) Bohr for CdCr,S4. We use 1000 k-points in the first Bril-
louin zone for self-consistent calculation and 10000 k-points
for optical properties calculation. The self-consistent calcula-
tions are considered to be converged only when the integration
of the absolute charge-density difference between the input
and output electron density is less than 0.0001|e| per formula

unit, where e is the electron charge.

3. Result and discussion
3.1. Crystal structure

CdCr,S4 is a typical ferromagnetic semiconductor with
the spinel structure AB>X4, which belongs to the space group
227 (Fd-3m). The primitive cell crystal structure is shown
schematically in Fig. 1. The atomic sites with symmetries are
Cd (8a, Ty), Cr (16d, D34), S (32e, C3,)3% in the cubic spinel
structure. At first, the CdCr,Sy is optimized from the exper-
imental lattice constant 10.240 AP with the popular GGA.
The optimized lattice constant, with the available experimen-
tal data3!! and the theoretical results,['43?! is presented in Ta-
ble 1. The final optimized value 10.298 A is 0.57% larger than
the experimental one.3!! The SOC effect makes the calculated
total energy become lower. Because the easy magnetization
axis of the ferromagnetic spinel CdCr;S4 lies along the [100]

crystallographic axis,*! we consider only the [001] magneti-

zation direction in the spin—orbit coupling calculation.

Fig. 1. (color online) The primitive cell structure of spinel CdCr;,S.

Table 1. The lattice constants (a), primitive cell volume (V), semi-
conductor energy gap (Eg) and the magnetic moment (M) in the spinel
ferromagnetic semiconductor CdCr;Sy.

a \%4 Eg M
GGA 10.298 106.049 0.821141 11.998
Exp. 10.24031 104.8580311 1.80132
mBJ 1.6714 11.997
mBJ +SOC 1.52 11.997

3.2. Electronic properties

To overcome LDA and GGA underestimation of energy
gaps, we have used the mBJ approximation. The electronic
band structures for the spinel structure CdCr,S4 along the high
symmetry directions in the first Brillouin zone are calculated.
The effect of the spin—orbit coupling is investigated. In Fig. 2,
we present the spin-polarized band structures of CdCr,S, cal-
culated with mBJ [Fig. 2(a)] and mBJ plus SOC [Fig. 2(b)]. It
is clear that the bottom of the conduction bands and the top of
the valence bands are situated at the I" symmetry point, show-
ing direct band nature for CdCr,S4 which is consistent with
the result of Guo et al.!'*! The semiconductor energy gap cal-
culated with mBJ+SOC is 1.52 eV, a little lower than the theo-

(141 The energy

retical value 1.67 eV calculated with mBJ only.
gap calculated with mBJ [Fig. 2(a)] is significantly larger than
the previous DFT results: 0.82 eV with GGA,['¥1 0.77 eV with
LSDA, "l and 1.47 eV with LSDA+U.!"!l It is clear that the
mBJ potential can provide a better band gap than other theoret-
ical methods in comparison with the experimental 1.8 eV.!3?]
In addition, the calculated Fermi energy becomes higher by
0.018 eV after SOC is taken into account. Comparing Fig. 2(a)
with Fig. 2(b), we can see that the SOC effect has little in-
fluence on the conduction band bottom. In order to explain
more clearly the SOC effect on the valence band maximum,
we present the insert figures which show the energy band near
the Fermi surface in Fig. 2. It is interesting that the degeneracy
of the six bands at the I" point is completely lifted by the SOC
effect, as shown in Fig. 2(b). For both of the majority-spin
and minority-spin channels, the valence bands corresponding

to I'i5 states at the I" point divide into three energy levels.
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Fig. 2. (color online) Energy bands of CdCr,Sy4 calculated with mBJ (a) and with mBJ-SOC (b).

Furthermore, we have calculated the total density of states
(TDOS) of CdCr;S4 between —6 eV and 4 eV with both mBJ
and mBJ plus SOC, and present the results in Figs. 3(a) and
3(b). The amplified density of states in Figs. 3(c) and 3(d) fur-
ther shows the effect of SOC. These figures are consistent with
the band structures in Fig. 2. In addition, the partial densities
of states (PDOS) have been calculated with mBJ plus SOC
and are presented in Fig. 4. They are important to understand
the contribution of every atom and specific electronic states

of CdCr,S4 to the valence band and conduction band near the
Fermi surface. The study shows that the states in the conduc-
tion band bottom are mainly derived from both the Cr d states
and the Cd s state, but the lowest state in the conduction band
bottom is the Cd s state. As for the valence band top, the S p
states play a dominant role, but the Cr d(#2,) states also make a
substantial contribution. These results are also consistent with

the band structures.
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Fig. 3. (color online) The spin-resolved total density of states ((a) mBJ, (b) mBJ-SOC) and the amplified parts near the Fermi energy

((c) mBJ, (d) mBJ-SOC) of CdCr,S;.
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Fig. 4. (color online) The spin-resolved partial density of states of
CdCryS4 with mBJ-SOC: (a) Cd s and Cd d electrons; (b) Cr p and
Cr d electrons; (c) S p electrons.

3.3. Effective carrier masses

The electronic structures of a semiconductor near the
band valence top and the conduction band bottom are vital to
its electronic transport properties. The effective mass theory
will undoubtedly become one of the direct ways to understand
the material properties. If the band extremum is located in the
center of the Brillouin zone, the band dispersion function E(p)
should be parabolic for a small p value. Using effective mass
approximation theory, the dispersion relation near the conduc-
tion band minimum (CBM) can be written as

72
2my

€

E.(k) =E.+ —k, (1)
where m; is the electron effective mass. The effective mass of
electrons m; of the CdCr,S4 semiconductor can be calculated
from the band structure near the conduction band minimum.
The diagonal elements of the effective mass tensor m; for the

electrons near the conduction band bottom are calculated us-

ing the following relation: 34!
1 PE®R .
m; WOk

Therefore, the effective mass of the electron is evaluated
by fitting the electronic band structure near the bottom to a
parabolic function. The hole effective masses can be calcu-
lated in a similar way. As usual, we have three holes in each
of the spin channels.

Without the spin—orbit coupling, we use 1000 points
along three main high-symmetry directions: [001], [110], and

[111] in the first Brillouin zone, then fit the 0.5% range of the
dispersion curves near the CBM and VBM by using Eq. (2).
There are two heavy holes and one light hole corresponding
to the top of the valence bands for both the majority-spin and
minority-spin states. They correspond to the doublet and sin-
glet. By fitting the function, we get the electron effective mass
and the hole effective mass m} along the three directions near
the I' point. The results are presented in Tables 2 and 3, re-
spectively. The electronic effective masses m; along the three
directions are almost the same, which means that the electron
effective mass is isotropic in the k space. It can be seen in Ta-
ble 3 that along the [001] direction, the heavy-hole and light-
hole effective mass are 0.289 and 0.222 of the majority-spin
channel, much larger than 0.123 and 0.102 of the minority-
spin channel. The same trend is also true for the other two
high-symmetry directions [110] and [111]. For the majority-
spin channel, without the spin—orbit coupling, the hole ef-
fective mass along the three directions has the relationship:
mfﬁll“ < ml*lgm < ml’:ﬂlm and mfhno < mﬁ?m < ml*hl“. Unlike the
electron effective mass, the hole effective mass is anisotropic
in the k space.

Table 2. The electron effective masses along [001], [110], and [111]
directions of CdCr,S4 calculated by mBJ and mBJ-SOC.

[001] [110] [111]
Method mBJ/mBJ-SOC mBJ/mBJ-SOC mBJ/mBJ-SOC
m} 0.094/0.094 0.094/0.096 0.097/0.093

Table 3. The hole effective masses my; and mg, along [001], [110], and
[111] directions of CdCr,S4 calculated with both mBJ and mBJ-SOC.

[001] [110] [111]
mBJ/mBJ-SOC mBJ/mBJ-SOC mBJ/mBJ-SOC

Method

mi,/mo  0.280/4.541  3.023/18231  0252/1513
Majority-spin  mj; /my  0.222/0.086 0.159/0.086 0.235/0.077
m, Jmo - 70.200 ~/0.159 ~10216
mi/mo  0.123/0.324 0.167/0.304 0.116/0.155
Minority-spin  mj,/mo  0.102/0.047 0.099/0.047 0.114/0.066
m, Jmo -/0.115 ~10.093 ~/0.108

The spin—orbit coupling changes substantially the band
structures. There appears a spin—orbit splitting band near
VBM. We also choose 1000 points along the three high-
symmetry directions, [001], [110], and [111], in the first Bril-
louin zone, and fit the 0.5% range of the dispersion relation
near the CBM and VBM. The final fitting results are presented
in Tables 2 and 3. Observing the data in Table 2, the calcu-
lated electron effective mass is equally 0.094 along the high-
symmetry directions-[001]. As for the other high-symmetry
directions, the electron effective mass is 0.096, 0.002 larger
than that along the directions-[110] with the mBJ method. In
addition, the electron effective mass is 0.004 smaller than the
value 0.093 calculated along the directions-[111] with the mBJ
method. We can conclude that the electron effective mass is al-

most isotropic in the k space. We found that the hole effective
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masses m; in Table 3 are very different from those calculated
with mBJ only. This is because the spin—orbit coupling causes
interaction between the minority-spin states and the majority-
spin states. For each of the spin channels, the degenerate states
of the valence band top are divided into the heavy hole band,
light hole band, and the spin—orbit split band in series from
the Fermi energy. The upper three valence bands are origi-
nated mainly from the majority-spin channel, and the lower
three mainly from the minority-spin channel. The hole ef-
fective mass and the effective mass of spin—orbit split band
along the three directions for majority-spin are larger than
those for minority-spin, respectively. For majority-spin, the
hole effective mass along the three directions has the rela-

‘onship: 111 %001 #110  «111 001 _ %110
tionship: my " <myp” <mpp L omp <my =my, -, and

%110 x001 *111
Mg~ <My <My,

. As the band structures show, the heavy
hole in the majority-spin channel is very anisotropic near the
center of the Brillouin zone, and in contrast, the other holes are
substantially less anisotropic. In addition, the spin—orbit cou-
pling makes the heavy holes much more heavy and the light
holes lighter, and on the other hand it enhances the anisotropy

of the heavy holes.

3.4. Optical properties

Ambrosch-Draxl et al.1¥ have pointed out that the ran-
dom phase approximation (RPA) is a useful method to cal-
They
have provided formalism for treating optical properties within
the RPA and implemented it with the Wien2k package.!!”-18]
Werner et al.’%! have successfully calculated the optical con-

culate the screening and optical response in solids.

stants for 17 elemental metals with this method. The com-
plex dielectric function of a solid is given as (@) = € (®) +
igy () to describe the optical response of the material at pho-
ton energy @. The imaginary part, & (), includes contribu-
tions from both of the spin channels. The real part, £ (®),
can be extracted from the imaginary part using the Kramers—
Kronig relation. The other optical coefficients can be ex-
pressed in terms of the dielectric function. Using the defini-
tion of direct transition and Kramers—Kronig relation,?’! we
calculated optical properties of CdCr,Sy4 in the spinel cubic
phase with mBJ calculation. Our calculated real and imagi-
nary parts of the dielectric functions € for CdCrpSsare con-

U141 The other op-

sistent with the result in the previous work.
tical properties are also studied. We present the optical ab-
sorption coefficient o(®) and optical conductivity o(w) as
functions of the photon energy in Fig. 5. For the absorption
coefficient () in Fig. 5(a), the absorption edge starts from
about 1.7 eV, corresponding to the I'-I" direct transition, and
increases as the photon energy increases. The optical conduc-

tivity (@) shown in Fig. 5(b) starts from 2.02 eV and then

increases abruptly. These reflect the semiconductor gap be-
cause the electrons do not have enough energy to cross the
energy gap to reach the conduction bands.
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Fig. 5. The optical absorption coefficient o(®) (a) and conductivity
o (w) (b) as a function of photon energy for CdCrS4.

4. Conclusions

In summary, the electronic structures and effective mass
of ferromagnetic semiconductor CdCr,S4 have been investi-
gated by using the full-potential linearized augmented plane
wave (FP-LAPW) method within the density-functional the-
ory. We use the modified Becke—Johnson (mBJ) exchange
functional to accurately describe the electronic structures, es-
pecially the semiconductor gap, of ferromagnetic semiconduc-
tor CdCr;S4 and investigate the effects of the spin—orbit cou-
pling. The calculated band structure shows a direct band gap,
which accords well with the previous theoretical results and
the experimental findings. The contribution of different bands
was analyzed from the total and the partial density of states
curves. The electronic effective mass and the hole effective
masses are analytically determined by reproducing the calcu-
lated band structures near the Brillouin zone center on the ba-
sis of the effective-mass Hamiltonian. In addition, the impor-
tant optical properties are investigated. These should be useful
to study carrier transport properties of ferromagnetic semicon-

ductor CdCr,S4 and similar magnetic semiconductors.
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