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The electronic structure and polar magneto-optical Kerr effect �MOKE� of the transition metal chalco-
genides, such as CrSe, CrTe, and VTe, in zinc-blende and wurtzite structures are studied by full-potential
density-functional calculations. The p-d exchange interaction in these half-metallic ferromagnets is estimated
and found to be ferromagnetic. The MOKE is quite large in all of these compounds. It is found that the peaks
in Kerr rotation spectra lower than 3.0 eV are enhanced by the plasma resonance due to the metallic feature in
the majority spin channel, while those higher than 3.0 eV originate from the quite large off-diagonal optical
conductivity element. The CrTe exhibits a larger Kerr effect than the CrSe since the spin-orbit coupling of p
orbitals in Te is stronger than that in Se, while the larger Kerr effect in VTe than in CrTe is quite unexpected
because the magnetic moment in VTe is smaller than in CrTe. This strange result is understood in terms of
transitions from the underlying band structure. Our calculations can give hints to the understanding of MOKE
and the design of the new materials with technologically desirable magneto-optical properties through tailoring
their electronic band structures.
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I. INTRODUCTION

Diluted magnetic semiconductors �DMSs� have been in-
tensively studied due to their interesting magnetic, elec-
tronic, and optical properties.1 In DMSs, the transition metal
ions substitute for the cations of host semiconductor, acting
as spin injectors. The d orbital of the transition metal ion
mixes with the p orbital of the neighboring anion, which
strongly influences the valence band of the semiconductor.
The s orbital of the conduction band will also be influenced
by the magnetic ion though the interaction between them is
much smaller. These couplings between the magnetic ion and
charge carriers are the so-called s , p-d exchange interaction
in DMSs. Its most important feature is the spin-polarized
interaction, causing the interesting physical properties of
DMSs.2 One direct result of the s , p-d exchange interaction
is the giant Zeeman splitting of the host bands, leading to
quite large magneto-optical �MO� effects in DMSs. There-
fore magneto-optic measurement plays an important role in
clarifying the s , p-d exchange interaction and electronic
structures of DMSs.3,4 Besides this, the potential applications
of the MO effects in the magneto-optic disks for data
storage,5 optical isolators, and circulators for optical
communications6 also stimulate the intense experimental
studies of the MO effects in DMSs. On the other hand, there
are less theoretical works, especially an initio calculations of
MO effects in DMSs,7 because the electronic structure of the
low concentration doped system is quite complex, making
the calculations of it and MO effects much suffering. But the
characteristic s , p-d exchange interaction, parametrized as
N0� �s-d� and N0� �p-d� in the mean-field model,8,9 is nearly
independent of the concentration of doped transition metal,
which could be extracted from calculation of the spin polar-
ized band structure on a hypothetical 100% doping
system7,9,10 though the impurity bands and other low-

concentration-doped effects could not be included in this
case compared with the real DMS systems.

Recently, the room-temperature ferromagnetic DMS
Zn1−xCrxTe was discovered and its p-d exchange interaction
N0� was found to be ferromagnetic by an analysis of the
magnetic circular dichroism spectrum.11 Xie et al. found that
the Zinc-blende �ZB� phase of CrTe, the end limit of
Zn1−xCrxTe with x=1, is half-metallic ferromagnets and is
predicted to be stable mechanically.12 They further found that
CrSe, CrTe, and VTe are all half metals both in the ZB and
wurtzite �WZ� structures.12,13 The half-metallic ferromagnets
are believed to have unusual MO effects since they are me-
tallic for majority spin electrons, but insulating for minority
ones, which will naturally give rise to extraordinary magne-
totransport and optical properties. At the same time, the half-
metallic ferromagnets are thought as the ideal materials for
high performance spintronic devices due to their 100% spin
polarization. Especially those in the ZB or WZ phase are
compatible in structure with the important III-V or II-VI
semiconductors, which would have high efficiency in spin
injection.14 So, a combined study of the p-d exchange inter-
action and MO effects is highly desired, which would be
very helpful in understanding the p-d exchange interaction
and large MO effects in the DMSs and also in designing new
multifunctional materials.

In this paper we will employ an accurate full-potential
density-functional method to systematically study a series of
half-metallic V and Cr chalcogenides �mainly Se and Te�
both in the ZB and WZ structures. The band structure and the
polar magneto-optical Kerr effect �MOKE� for each com-
pound are calculated. The neighborhood of V and Cr, Se and
Te in the periodic table would be good for studying the sys-
tematical changes in electronic structure and MOKE. The
p-d exchange interaction is found to be positive, i.e., ferro-
magnetic, being consistent with that in Zn1−xCrxTe. The
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MOKE is found to be quite large in all of these compounds.
Two kinds of contributions to MOKE are identified. The
simple band structure in highly symmetrical ZB structure
makes the understanding of difference in MOKE spectra
very easy and convenient.

II. METHODOLOGY

The highly accurate all electron full-potential linearized
augmented plane-wave method implemented in WIEN2K �Ref.
15� is used for electronic structure calculations within the
generalized gradient approximation �GGA�.16 The lattice pa-
rameters of CrSe, CrTe, and VTe in the ZB and WZ struc-
tures are taken from Refs. 12 and 13. The spin-orbit coupling
�SOC� is taken into account by using the second-variation
method17 self-consistently. The cutoff energy for the in-
cluded eigenstates is as high as 2.5 Ryd. A separated calcu-
lation with cutoff energy of 3.5 Ryd gives nearly the same
results. The efficiency of the second-variation approach to
treat SOC in WIEN2K has been demonstrated in Ref. 18,
which showed that the calculated spin-orbit splitting in Te
compounds by the WIEN2K code is well consistent with its
experimental data, even without including the p1/2 local or-
bital corrections. In our calculations, the magnetization is
taken along �001� direction for both ZB and WZ structures
when the SOC is included. In such configurations, the polar
Kerr effect is given by the well-known formula for the com-
plex Kerr angle in the two-media approach,19,20

�K��� + i�K��� =
− �xy���

�xx����1 +
4i�

�
�xx���

, �1�

with �K��� the Kerr rotation angle and �K��� the so-called
Kerr ellipticity. This macroscopical model formula has been
widely and successfully used in calculation of MOKE spec-
tra for many systems, such as element metals, simple or
complex structured compounds, and even multilayered
systems.20–22 ��� �� ,��x ,y ,z� is the element of optical
conductivity tensor, which is calculated within the electric-
dipole approximation using the Kubo linear-response
formula:21

������ =
ie2

m2�V
�

k
�
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� j j�
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Here, f�Ejk� is the Fermi function, �� j j�=Ejk−Ej�k is the
energy difference of the Kohn-Sham energies Ejk, and �−1 is
the inverse of the lifetime of excited Bloch electron states,
taken as 0.4 eV, which is thought to be large enough for the
transition metal compounds.22 The 
 j�j

� are the elements of
the dipole optical transition matrix. There are two ways of
calculating the complex optical conductivity tensor. One is to
use directly Eq. �2�, and the other is first to calculate the
absorptive parts of the tensor and then the dispersive parts
could be obtained by the Kramers-Kronig relations21 be-

tween both parts. Here, we use the first method to avoid the
possible error or inaccuracy brought by the Kramers-Kronig
transformation since the MO effect is a very small quantity
which is related to the difference between responses to the
left- and right-hand circularly polarized light. There are to-
tally about 20 000 k points sampled in the Brillouin zone for
the integration over k space in the self-consistent calculation,
which is assumed to be converged once the integrated charge
density difference per formula unit, 
��n−�n−1�dr, is less than
0.0001, where ��n−1� and ��n� represent the input and output
charge density, respectively. This number of k points is also
used to get the self-consistent potential in calculations of the
anomalous Hall effect of bcc Fe metal.23 In order to get the
accurate optical conductivity tensor, more dense k-space
sampling, as many as 50 000 k points, is used, and the spe-
cial k-point method is adopted for evaluating Eq. �2�. The
upper limit of the band index j and j� is taken as the band
lying at as high as 2.5 Ryd above Fermi level, and the con-
vergence is carefully checked by varying it from
1.5 to 3.5 Ryd.

Because of the metallic nature, the intraband transitions
will have a dominant contribution to the optical tensor in the
lower-energy region. This kind of contribution to the diago-
nal components of the conductivity tensor is usually de-
scribed by the Drude formula,

���
D ��� =

�P,�
2

4�� 1

�D
− i�
 , �3�

where �P,� is the unscreened plasma frequency and �D is the
phenomenological Drude electron relaxation time, character-
izing the scattering of charge carriers, which depends on the
amount of defects, and therefore varies from sample to
sample. �D is different from the interband relaxation time
parameter �. The � can be frequency dependent24 and should
be nonzero since excited states always have a finite lifetime,
whereas �D will approach zero for very pure materials. It is
shown that in the similar half-metallic systems a �D

−1 of about
0.3 eV can well reproduce the experimental spectra.25 We
have calculated the plasma frequency �P by

�P,�
2 =

4�e2

m2V
�
jk


�Ejk − EF��
 j j
� �2. �4�

After that, it is found that the Drude type intraband contri-
bution to the MOKE is small in the lower-energy region
��2.0 eV� and has nearly no effects in the higher-energy
range.

III. RESULT AND DISCUSSION

The band structures of CrSe, CrTe, and VTe in the ZB
phase are shown in Fig. 1. Those in the WZ phase �not
shown� have similar features as in the ZB case. The spin
polarized band structures in the left-hand panels of Fig. 1 are
calculated without SOC. Compared with those calculated
with SOC, it is obvious that the half-metallic feature is stable
in all the compounds no matter whether SOC is included or
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not. The p-d exchange interaction makes the p bands �rang-
ing from −2.0 to −6.0 eV� of Se or Te spin split. At the
center of the Brillouin zone �� point�, the spin splitting en-
ergies ��� of the valence p bands are about 1.0, 1.0, and
0.56 eV for CrSe, CrTe, and VTe, respectively. The local
magnetic moment on Cr or V atoms in CrSe, CrTe, and VTe
are 3.721, 3.759, and 2.675�B, respectively. The p-d ex-
change interaction is usually described by9

Hp-d = − N0� · xS� · s� , �5�

where x is the doping concentration of transition metal, and S�

and s� are the spin operators of the transition metal electrons

in the d states and the valence band, respectively. After
knowing these, we can estimate the p-d exchange interaction
parameter N0� of these systems in the same manner as done
for MnTe,9 MnSe, and MnAs.10 It is found that N0� is 0.537,
0.532, and 0.419 eV for CrSe, CrTe, and VTe, respectively.
All the N0� parameters are found to be positive, i.e., the
p-d exchange interaction is ferromagnetic, inconsistent with
the experimental values in Zn1−xCrxSe,26 and Zn1−xCrxTe.11 It
is in sharp contrast to the negative value in the cases of
MnTe, MnSe, and MnAs,9,10 which could be ascribed to their
band-structure difference. According to the Schrieffer-Wolff
formula,2,9,27 the sign of N0� is determined by the energy
position of the donor �occupied� local d level relative to the
top of the valence p orbitals. Here, the occupied 3d orbitals
of Cr or V are higher in energy than the top of Se or Te p
orbitals, while those of Mn 3d orbitals are lower in the case
of MnTe, MnSe, or MnAs.9,10,27 In fact, here, the ferromag-
netic �FM� p-d exchange interaction is possible because Cr
or V is less than half filled with both spin-up and -down
orbitals empty. So, it is possible for the p electrons to make
the virtual jump in both channels. According to Hund’s first
rule, the virtual jump of the electrons with their spins parallel
to those on the local d orbital, i.e., the FM kinetic exchange
interaction, is preferable in energy. For the half filled or more
than half filled ions, such as Mn, Fe, and Co in II-VI semi-
conductors, only spin-down orbitals are empty while the lo-
cal magnetic moment comes from the unpaired spin-up
electrons, making the FM channels forbidden for the
virtual jump of electrons. But one exception is Co in TiO2.
There, the Co ion is in its low-spin state,7,28 in which both
spin-up and -down orbitals are not fully occupied, making
the FM p-d exchange interaction possible and prevail over
the antiferromagnetic �AFM� interaction. Also, the occupied
Co d level is higher in energy than the top of valence oxygen
p orbitals.7

In the pure ZB phase of ZnSe and ZnTe semiconductors,
including SOC will split the sixfold degenerated �counting
also the spin� highest energy valence-band state at � point
into the twofold ��7, p1/2� and fourfold ��8, p3/2� substates.
But in the cases of CrSe, CrTe, and VTe, the spin polarized
p-d exchange interaction will modify this picture by further
removing the remaining degeneracy, as shown in the right-
hand panel of Fig. 1. It is obvious to see the spin-orbit split-
ting in the p bands of Se or Te, especially along the k paths
from W to L and L to �. We can also easily find from the
band structures that the spin splitting � induced by the p-d
exchange interaction is larger than the spin-orbit splitting �
in this 100% doping case, which is different from the
picture2 in the lower doping concentrations where ��� be-
cause � is proportional to x in Eq. �5�. The p bands of Se or
Te are first split into two subbands with energies 0 and �,
respectively. The SOC then further split the triply degener-
ated subbands into three bands by keeping one fixed and
other two shifted by � /3. Thus the six states now are −� /3, 0,
� /3, �−� /3, �, �+� /3.10,29 So, the estimated spin-orbit
splitting at � point of Se and Te p bands is 0.33 and 0.50 eV,
respectively. Both of them are smaller than those 0.38 and
0.85 eV, obtained for ZnSe and ZnTe, respectively, due to
the strong p-d hybridization which reduces the effective
SOC accordingly.10,18,29 It is also interesting that the t2g

FIG. 1. �Color online� The band structures of CrSe �upper pan-
els�, CrTe �middle panels�, and VTe �lower panels� in their ZB
structures, calculated without �left-hand panels� and with �right-
hand panels� the spin-orbit coupling �SOC�. The vertical solid and
dashed lines indicate the different possible transitions from band to
band. In the left-hand panels, the solid line is for band structure of
the majority spin �spin-up� electrons, while the dotted line is for
those of the minority spin �spin-down� ones.
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bands of tetragonally coordinated Cr or V is affected by SOC
while the eg bands seem to be nearly unaffected, which is
apparently shown by the bands along the � k path.

The calculated MOKE of these compounds in both ZB
and WZ structures is presented in Fig. 2. All of them have
quite large Kerr effect; even the moderately large lifetime
broadening parameter of 0.4 eV is used in calculations. A
smaller broadening parameter would increase the peak val-
ues. The Kerr rotation and the ellipticity are well compatible
with each other. It is clearly seen that when the Kerr ellip-
ticity crosses the zero line, a peak always appears in the Kerr
rotation spectra and vice versa due to the Kramers-Kronig
relations, which means our direct calculation of Eq. �2� is
quite good. Though the peak value and position are some-
what different, as a whole, the shape of the spectra are quite
similar due to the comparability of the electronic structures.
Two kinds of structures in the Kerr rotation spectra are no-
ticeable. One of them is lower than 3.0 eV, and another is
higher than 3.0 eV. In the former, the peak around 2.0 eV
becomes narrower and higher when the compound’s struc-
ture changes from the ZB to WZ. Contrarily, in the latter, the
Kerr rotation peak around 4.5 or 5.0 eV in the ZB phase
undergoes broadening and lowering in the WZ phase. The
quite large Kerr rotation near 2.0 eV and 4.5–5.0 eV would
find possible applications of these compounds in the orange
or ultraviolet laser light MO effect devices. The sensitivity of
Kerr effect to the geometrical structure has already been used
to detect the structure of thin films. Generally, the MOKE
peaks in CrTe are larger than those in CrSe, which could be
ascribed to the stronger SOC in Te than in Se. But it is quite

strange to have the greater MOKE peaks in VTe than in CrTe
because usually it is expected that the larger magnetic mo-
ment would bring the larger MO effect when the SOC is
nearly the same, just as in the case of MnBi and CrBi.30

To investigate the origin of Kerr spectra and understand
the larger Kerr effect in VTe, let us consider the separate
contributions of the numerator �xy��� and the denominator
D�����xx����1+ 4i�

� �xx�a� in Eq. �1� to the Kerr rotation
angle in these systems. As shown in Fig. 3, the imaginary
part of the inverse denominator, Im�D−1�, exhibits a similar
structure to the Kerr rotation spectrum in the energy region
lower than about 3.0 eV, while the imaginary part of the
off-diagonal optical conductivity, Im��xy�, is very small in
the same region, showing no such structure. On the contrary,
in the energy region higher than 3.0 eV, the Im��xy� contrib-
utes most to the Kerr rotation spectra while the Im�D−1�
keeps nearly a small constant. So, it is obvious that there
exist different mechanisms for the Kerr rotation peaks in the
lower and higher energy regions. The former is induced by
the plasma resonance, confirming the idea of Feil and Haas31

based on model calculations for some magnetic metallic
rare-earth or transition metal compounds. The latter mostly
originates from the off-diagonal conductivity due to the in-
terband transitions between the SOC-split bands. So, it
would be easier to understand the calculated Kerr spectra in
Fig. 2 by identifying the contributions of each band to the
off-diagonal optical conductivity element. As shown in the
left-hand panel of Fig. 1, the solid vertical lines indicate the

FIG. 2. �Color online� Calculated Kerr rotation ��K, solid line�
and Kerr ellipticity ��K, dashed line� spectra for CrSe, CrTe, and
VTe in the ZB �left panel� and WZ �right panel� structures.

FIG. 3. �Color online� Separate contributions to the Kerr rota-
tion spectra of CrSe, CrTe, and VTe in the ZB �left panel� and WZ
�right panel� structures from Im��xy� �solid line� and Im�D−1�
�dashed line�.
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contributions near the absorption edge in the semiconducting
spin-down channel. Around the absorption edge, the Im��xy�
has the quite large peak structures. The dashed vertical lines
indicate the transitions with the same transition energy, but
should be forbidden because spin flip is not allowed in the
dipole-approximation without SOC. When the SOC is taken
into account, the spin-up and -down states are mixed to each
other, and the initial p bands now have the large spin-orbit
splitting, which will cause a large difference in the absorp-
tion of the circular polarized photons since it requires a
change of the band’s orbital angular momenta by � or −�.
The transitions indicated by vertical dashed lines now are
possible, as shown in the right panel of Fig. 1. Since these
bands are all nearly parallel, the transitions between them
should contribute a great weight to the absorption due to the
well-known parallel-band effects.32 We noticed that VTe has
one less valence electron than CrTe or CrSe, and so, its
Fermi level is shifted downward compared with those of
CrTe or CrSe, which makes much more part in k space be
able to contribute to the transitions indicated by the dashed
lines. As a result, VTe would have the larger Im��xy� and so
the larger Kerr rotation than CrTe or CrSe. It seems that the
larger magnetic moment or exchange splitting would not
guarantee the larger MO effects. The detailed electronic
structure probably plays more important role in the MO ef-
fects, determining the contributions of possible transitions to
the diagonal and off-diagonal conductivities.

IV. CONCLUSION

In summary, the electronic structures and the polar
MOKE spectra of half-metallic ferromagnetic transition

metal chalcogenides of CrSe, CrTe, and VTe in the ZB and
WZ structures are studied by full-potential density-functional
theory calculations. The p-d exchange interaction parameters
N0� of these systems are estimated from the spin-polarized
band structures and found to be ferromagnetic, being consis-
tent with that in the room-temperature ferromagnetic DMS
Zn1−xCrxTe. The effective SOC of Se or Te in these systems
is reduced by the strong p-d hybridization and is critical to
the MO effects. The polar Kerr rotation is found to be quite
large in the systems. Especially in the ZB VTe, the largest
Kerr rotation angle is found to be as large as 15° around
4.5 eV, which lies in the ultraviolet energy range. The Kerr
effect lower than 3.0 eV is enhanced by the plasma reso-
nance due to the metallic feature in majority spin channel
while that higher than 3.0 eV is caused by the large off-
diagonal conductivity element contributed by the interband
transitions between the spin-orbit split bands. We find that
the larger Kerr effect in CrTe than in CrSe is due to the
stronger SOC in Te than in Se, while the unusual larger Kerr
effect in VTe than in CrTe is found to be caused by the
unique difference between their electronic structures. We
hope our calculations could give some hints to the under-
standing of MOKE and the design of the new materials with
technologically desirable magneto-optical properties through
tailoring their electronic band structures.
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