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Temperature dependence of the magneto-optic effect, i.e., magnetic-circular-dichroism (MCD) spec-
tra, of metastable zinc-blende MnTe films has been investigated. MCD peaks from the I' point of the
Brillouin zone as well as from the Mn d-d intra-atomic tranistions were observed. Below 70 K the ener-
gy of the I' peak showed a distinct magnetic blueshift accompanying a rapid increase of the MCD inten-
sity. These anomalies reflect the first-order phase transition into the type-III antiferromagnetic-ordering
state of a frustrated Heisenberg antiferromagnet. In the antiferromagnetic-ordering state, a larger
magneto-optic effects as compared with that in the paramagnetic state was observed. This large
magneto-optic effect in the antiferromagnetic-ordering state is related with the sharpening of the

optical-absorption spectra.

I. INTRODUCTION

There has been much recent interest in diluted magnet-
ic semiconductors' (DMS) both for study of optical and
magnetic effects, as well as for optoelectronic-device pos-
sibilities. In DMS the band electrons and holes strongly
interact with the localized magnetic moment, and causes
a variety of interesting phenomena, such as the giant
magneto-optic effect.’

The Cd,_,Mn,Te system is a typical DMS system. It
can be considered as a mixed crystal system between two
zinc-blende (ZB) phase materials, CdTe and MnTe. Mag-
netic and optical properties of these base materials are in-
dispensable for the investigation of the Cd,_,Mn, Te sys-
tem. CdTe is a well-known nonmagnetic semiconductor.
On the contrary, the properties of the zinc-blende phase
MnTe have not been clarified because it had been con-
sidered to be a hypothetical material until Durbin et al.?
recently succeeded to grow its single-crystal films by a
molecular-beam epitaxy. Only theoretical calculations on
its electronic structure had been reported.*°

In addition to the importance of ZB MnTe as a base
material for the Cd, _,Mn,Te system, it has also attract-
ed basic interest for its possible unique magnetic behav-
ior.”® Manganese ions in the ZB phase MnTe form a fcc
lattice, and interact with their nearest neighbors via anti-
ferromagnetic (AFM) interaction. Such system has no
stable magnetic ground state’ and is called a frustrated
Heisenberg antiferromagnet. If one takes into account
the next-nearest-neighbor (NNN) magnetic interaction
Junn in addition to the antiferromagnetic nearest-
neighbor (NN) interaction Jyy, a variety of magnetic or-
dering can be possible depending on values of Jyy and
Junn- In Cdy_ Mn, Te systems Jyny is also antiferro-
magnetic and is about one order smaller than Jyy.* Un-
der this condition, an antiferromagnetic ordering of type
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three (AFM-III) should be the ground state.!® The sym-
metry arguments predict the first-order phase transition
between the paramagnetic state and the AFM-III order-
ing state.!’ In the Cd,_,Mn,Te system the antiferro-
magnetic ordering has not been observed up to x =0.77,
which can be fabricated as bulk crystals.! Recently Ando
et al. grew the 2-um-thick [111]-oriented ZB-MnTe films
and measured its magnetic susceptibility.'> Their data in-
dicated an antiferromagnetic phase transition at 7T~ 60
K. Klosowski et al.!® showed a first-order phase transi-
tion at T~70 K by measuring neutron scattering of the
[001]-oriented MnTe films.

In this paper we report the magneto-optical effect on
the ZB MnTe. Magneto-optic effects in DMS arise main-
ly from the optical transition between the Zeeman-
splitted I'¢ conduction-band edge and the I'y valence-
band edge. Magneto-optic studies have been reported by
many authors,>!*~!® but in most of these works direct
observation of the magneto-optic effect in the vicinity of
the band-gap energy have been difficult because of the
large optical-absorption coefficient near the band gap. By
using thin-film crystals, we succeeded in observing the
magneto-optic effect near the band gap. As a magneto-
optic effect we measured the magnetic-circular-dichroism
(MCD) effect by applying the magnetic field along the
light propagation direction (Faraday configuration).
MCD is the magnetic-field-induced difference between
the optical-absorption coefficients for the two circular po-
larization. Most papers on magneto-optic effects of DMS
measured the rotation of the polarization plane, that is
the Faraday effect. The MCD effect and the Faraday
effect are related to each other by the Kramers-Kronig
relations, and give essentially identical information on
the electronic state of materials. However MCD is more
suitable to investigate the origin of the magneto-optic
effect of the material because the MCD signal is more
directly related with the responsible optical transition.
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II. EXPERIMENTS

A. Film growth

The samples were fabricated by the ionized cluster-
beam method on [0001]-oriented sapphire substrates.®
Pure ZB phase [111]-oriented MnTe films were obtained
at a substrate temperature of 300 °C by using a buffer lay-
er of [111]-oriented CdTe of typical thicknesses of 500 or
1000 A. A trace of the stable phase of MnTe, i.e., NiAs
structure, was not detected by the x-ray-diffraction mea-
surement. The lattice constant determined from the x-
ray-diffraction peak was 6.34 A, which agreed with the
expected lattice constant for ZB MnTe. Thicknesses of
the MnTe films used in this study ranged from 1000 to
5000 A. Usage of the transparent sapphire substrates en-
abled us to observe the magneto-optic effect of MnTe
films in a transmission configuration.

B. Magnetic circular dichroism

When a magnetic field is not applied, the transmitted
light intensity can be expressed as

I=I,exp[—k(E)L], (1)

where k(E) is the optical-absorption coefficient at energy
E without applied magnetic field, L is the thickness of the
sample, and [ is the input light intensity.

Magnetic field causes the Zeeman splitting of the ener-
gy levels. The I'g(J =3) valence band splits into four lev-
els, and the I'((J=1) conduction band splits into two
levels. For the o, polarized light the [g(J,=—3)
—T(J,=—1) transition and the I'y(J,=—3)—TJ,
=1) transition are allowed. For the o _ polarized light
the Ty(J,=3)—>T¢J,=5) transition and the
[g(J,=1)—>T¢J,=—1) transition are allowed. The
difference between the optical-absorption coefficients for
the two circular polarization causes the MCD effect. But
the contributions from Tg(J,=1)—>T¢(J,=—1) and
[g(J,=—31)—T(J,=1) transitions to the MCD effect
are very small because their intensity are about three
times weaker than the others and their energy splitting is
much smaller than that for the others.!”!® We neglect
these weak components in the following analysis.

Under these conditions the absorption coefficients k ..
and k _ for the o, and o _ polarization can be expressed

by

kAEF#:E+%§ 2)
and
k_(E)=k E—%f : 3)

where AE is the Zeeman-splitting energy which is ex-
pressed as!®

AE=—(S)Ny(a—B) (4)

in the first-order perturbation treatment of the sp-d in-

K. ANDO, K. TAKAHASHI, T. OKUDA, AND M. UMEHARA 46

teraction. {S?) is the average spin per Mn ion, Ny, is the
number of cation per unit volume. a and S are the in-
tegrals of the sp-d exchange interaction for the I'¢ con-
duction and I'g valence bands, respectively.
MCD 6 per unit light propagation distance expressed
in degree units is given by
180

6=—(k

477. V_k+)- (5)

By substituting Egs. (2) and (3) into Eq. (5), we obtain a
following expression:

180 , . dk(E)
41 AE dE

Equation (6) shows the MCD is proportional not only
to the Zeeman-splitting energy AE but also to the energy
derivative of the light-absorption coefficient dk /dE. The
energy derivative of the absorption coefficient is known
to be a useful quantity to analyze the electronic structure
of semiconducting materials. Therefore Eq. (6) shows
that MCD measurement is also a useful method in study-
ing the semiconducting materials, especially, for DMS
which shows a very large AE. Equation (6) also shows
that the value of AE can be deduced from combined mea-
surements of MCD and absorption spectra. For
Cd,_,Mn, Te with low-Mn concentration, values of AE
thus determined?® well agree with the previously reported
values by the magnetoreflection spectroscopy method,?!
indicating the applicability of Eq. (6).

MCD and the absorption coefficient were measured by
using monochromatic light from a Xe lamp in a spectrum
range from 200 to 750 nm. For MCD measurements, the
state of the polarization of input light was modulated be-
tween the o , and o _ polarization with 50 kHz by a pho-
toelastic modulator. The transmitted light was detected
by a photomultiplier tube and a lock-in amplifier. The
temperature of the samples were controlled from 15 to
300 K by using a closed-cycle He gas refrigerator. Mag-
netic field up to 12 kG was applied along the light propa-
gation direction.

0(E)=—

(6)

III. RESULTS

Figure 1 shows the MCD spectra at 15 and 50 K. The
MCD signal increased linearly with applied magnetic
field at all investigated temperature. The noisy signal
above 3.8 eV is due to the low transmitted light intensity
by the strong interband optical absorption.

The MCD signal is composed of several structures.
We attribute a pair of negative large peaks at 3.38 eV and
positive weak peaks at 3.6 eV to the I'y— I'¢ optical tran-
sition at the T point of the Brillouin zone on the basis of
the compositional dependence of the MCD peaks in the
Cd,_,Mn, Te system?® which showed a good agreement
between the energy of the negative MCD peak and the re-
ported band-gap energy in this system.?? Our result indi-
cates that the band gap of ZB MnTe is about 3.38 eV at
T=15K.

The peak value of the MCD spectrum at 15 K was
—1.7° /cm G at 3.38 eV, which is almost as large as the
peak value observed in Cd, gMn,, ,Te samples. The width
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FIG. 1. Photon energy dependence of MCD in MnTe at
T=15and T=50K.

of the MCD peak was 220 meV, which is about three
times wider than that of Cd,gMn,,Te. At present it is
not clear whether this wide peak shows the intrinsic
width or imperfection of the sample.

A positive peak structure around 3.9 eV did not show a
noticeable dependence on the sample quality whereas the
peak attributed to the I'g— I’ optical transition showed
a sensitive dependence on the film quality. This indicates
that the peak is not related to the I'y— I optical transi-
tion. There are two possible optical transitions responsi-
ble for this peak; the L-point optical transition and the
spin-orbit splitted I';—TI¢ optical transition. Ken-
delewicz?® estimated the L-point energy of ZB MnTe to
be about 3.8 eV based on their manganese concentration
dependence of the reflectivity spectra of Hg,_, Mn, Te.
On the other hand, Wei and Zunger® theoretically calcu-
lated the spin-orbit splitting of ZB MnTe to be 0.63 eV.
If this spin-orbit-splitting energy is correct, the I';—TI¢
optical-transition energy should be about 4 eV. Further
study is needed for a clear assignment of this peak.

Small but not negligible peaks were also noticed at 3.1
eV and below 3 eV (Figs. 1 and 2). When the tempera-
ture changed between 15 and 100 K, these small peaks
did not show noticeable energy shift (less than 20 meV),
which was in a striking contrast with a large energy shift
of the I's—T'¢ peak (220 meV). This suggests that the
origin of these small MCD peaks are of localized nature.
We attribute the weak MCD signals to the localized
intra-atomic d-d transition in Mn ions. In Cd,_,Mn,Te
systems a clear assignment of Mn intra-atomic transition
levels has not been established. Benecke, Busse, and
Gumlich?* tentatively assigned the observed bands of
their excitation spectra of luminescence to the transitions
from the %4,(5S) ground state to *T;(*G)(2.23 eV),
‘T,(*G)(~2.46eV), and *4,*E(*G)(2.6eV). Other
Mn-related optical transitions at a higher-energy range
have not been observed because of the small band-gap en-
ergy of Cd,_ Mn, Te crystals which can be obtained as
bulk crystals. Among many II-Mn-VI DMS systems,
Mn-related optical transitions in Zn;_,Mn,S systems
have been extensively studied because of its wide band-
gap energy. In addition to 64,(°S)—*T(*G)(2.34 eV),
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FIG. 2. MCD spectra of MnTe at T=15 and 50 K for below
3-eV photon energy.

*T,(*G)(2.52eV), and *4,*E(*G)(2.68¢eV) transitions,
the ®4,(°S)—*T,(*D)(2.29 eV) transition and fifth band
at 3.16 eV were reported.?* Overall correspondences be-
tween these reported energy of Mn intra-atomic transi-
tions in DMS systems and the energy of observed small
MCD signals support our assignments of the observed
small MCD peaks to the intra-atomic transitions. The
magneto-optic effect of the localized d-d transitions in
DMS systems has not been reported so far. The high sen-
sitivity of the polarization modulation method enabled
the observation of the magneto-optics of the localized
transition.

Figure 3 shows the temperature dependence of the neg-
ative peak energy of the MCD peak attributed to the
I's— I optical transition. With decreasing temperature,
the peak energy showed a blueshift. Below T~70 K a
further blueshift was clearly observed. The blueshift at
T>100 K is normal blueshift which is also observed in
usual nonmagnetic semiconductors. The large extra blue-
shift at low temperature should reflect the appearance of
the magnetic ordering of ZB MnTe because its magnetic
susceptibility indicated the phase transition from the
paramagnetic to the antiferromagnetic state at T ~60

34 \'.
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FIG. 3. Temperature dependence of the photon energy Eycp
of the negative I'y—I'¢ MCD peak of MnTe. Extrapolated
value from data at 7> 100 K is shown by a solid curve.
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FIG. 4. Temperature dependence of the peak intensity of the
negative I'y—I'¢ MCD peak of MnTe.

K.!? In magnetic semiconductors the blueshift of the
band-gap energy may be known to correspond to the an-
tiferromagnetic ordering.?> The experimentally observed
blueshift also supports the existence of the anitferromag-
netic phase transition in ZB MnTe.

The blueshift of the band-gap energy has been reported
in Cd,_,Mn,Te systems.?%?’ But clear observation of the
magnetic blueshift has been very difficulty because of the
mixed crystal effect and the difficult of precise determina-
tion of the band-gap energy by a conventional optical-
absorption spectroscopy.

Figure 4 shows a temperature dependence of the MCD
peak intensity. The I'y—I'¢ MCD peak always remained
negative irrespective to the temperature. Absolute value
of the MCD peak intensity increased with deceasing tem-
perature. Corresponding to the magnetic blueshift, the
MCD peak became larger at lower temperature.

As shown by Eq. (6), the MCD is related to the energy
derivative of the optical-absorption coefficient, dk /dE.
This correspondence is apparent in Fig. 5. The reason of
the discrepancy in the higher-energy side of the peaks is
not clear now. Figure 6 shows the temperature depen-
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FIG. 5. Spectra of MCD and the energy derivative of the
optical-absorption coefficient k.

FIG. 6. Temperature dependence dk /dE at the MCD peak
energy.

dence of dk /dE at the MCD peak energy. Rapid in-
crease of dk /dE in the antiferromagnetic phase corre-
sponds to that of the MCD peak intensity shown in
Fig. 4.

IV. DISCUSSION

We analyzed the temperature dependence of MCD
peak energy Eyp (Fig. 3) at a temperature higher than
100 K by an empirical equation given by Varshni:?®

aT?
T+b

E(T)=E(0)— (7

The parameter b was fixed to be 65.4 K which ex-
plained the temperature dependence of the band gap in
CdTe. From a least-square-error fitting analysis we
determined the values of the parameters as E(0)=3.256
eV and a=1.45 meV/K. The fitted curve is shown in
Fig. 3 by a solid line. The magnetic blueshift was calcu-
lated by subtracting E(T) given by Eq. (7) from the ex-
perimental data of E\cp (Fig. 7).

In Cd,_,Mn, Te the magnetic blueshift of the absorp-
tion edge at low temperature was reported to be about 15
and 70 meV for x=0.3 and 0.7, respectively.27 Diouri,
Lascarais, and Amrani’® theoretically calculated the
magnetic blueshift by considering the sp-d exchange in-
teraction up to the second-order perturbation and ob-
tained an expression of the compositional dependence of
the magnetic blueshift as x2V/Ngp... V/N is the
volume per cation and q,,, is the cutoff wave vector
which is inversely proportional to the lattice constant. If
we take account of this compositional dependence, the
observed magnetic blueshift of about 145 meV in MnTe
was consistent with the data for Cd,_,Mn,Te (X <0.7).
In Diouri’s model, values of the sp-d interaction integrals
a and B were assumed to be independent on Mn concen-
tration. This implies that a and 8 of ZB MnTe are not so
different from the reported values for Cd,_,Mn,Te, i.e.,
Noa=0.22 eV and N,f=—0.88 eV.!
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The magnetic blueshift of the absorption edge in anti-
ferromagnetic semiconductors comes from the second-
order perturbation effect of the sp-d interaction.
Theoretical considerations show that the temperature
dependence of the magnetic blueshift can be well ex-
pressed by the squared sublattice moment (see Appendix).
The superconducting quantum interference device mea-
surement of the magnetic susceptibility indicated the ex-
istence of the phase transition at T~60 K.!> However
we failed to explain the temperature dependence of the
magnetic blueshift by the squared Brillouin function as
long as we fixed the Curie temperature to around 60 K.
Then we tried to fit the experimental data at the low-
temperature region by changing the value of the Curie
temperature and obtained a result shown in Fig. 7 by a
solid curve. This shows that Curie temperature for the
second-order transition is about 90 K. The difference be-
tween the squared Brillouin function and the experimen-
tal data may reflect the first-order phase transition at
around 60 K. These findings are in good agreement with
the theoretical expectation of the first-order antiferro-
magnetic phase transition,’ and are strongly supported by
the correspondence between temperature dependence of
the magnetic absorption shift and the squared sublattice
magnetization of ZB MnTe obtained by the recent results
of the neutron scattering (see Fig. 7).1

The above discussions show that anomalies observed in
the temperature dependences of the MCD of ZB MnTe
around 60 K comes from the first-order phase transition
between paramagnetic and the type-III anitferromag-
netic-ordering state. However the increase of the MCD
intensity in the antiferromagnetic-ordering state looks
peculiar. Equation (6) shows that MCD depends on both
of the Zeeman-splitting energy AE and the energy deriva-
tive of the optical-absorption coefficient dk /dE. The
correspondence between the temperature dependences of
the MCD peak intensity and dk /dE is obvious in Figs. 4
and 6. This shows the rapid increase of the MCD intensi-
ty in the antiferromagnetic-ordering state in MnTe origi-
nates from the sharpening of the optical-absorption
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FIG. 8. Temperature dependences of MCD peak intensity
and the estimated Zeeman-splitting energy AE with H =10 kG
for the I'y—I' optical transitions of MnTe.

coefficient in the magnetic-ordering state. Suppression of
the spin fluctuation may sharpen the optical-absorption
spectra.

We estimated the value of the Zeeman-splitting energy
AE by using Eq. (6) (Fig. 8). AE became smaller in the
antiferromagnetic-ordering state as expected, although it
had still a large value.

Bartholomew, Furdyna, and Ramdas’’ analyzed the
temperature dependence of the Faraday effect in
Cd,_,Mn,Te (x <0.7) by assuming the Curie-Weiss-like
temperature dependence. We also analyzed our data of
MCD peak intensity of MnTe at T > 100 K where dk /dE
was almost temperature independent. We obtained the
magneto-optic Curie-Weiss temperature of —80 K,
which differed from the magnetic Curie-Weiss tempera-
ture of —530 K determined from the magnetic suscepti-
bility measurement.!? Values of Nya and NyB may not
change with temperature. Then the above discrepancy
indicates that the magneto-optic effect and the Zeeman
splitting in ZB MnTe are not proportional to its magneti-
zation. Although its origin is not clear now, the impor-
tance of the higher-order correction to calculate AE has
been pointed out'®? even for Cd,_,Mn,Te with
moderate Mn concentration.

V. CONCLUSIONS

Magneto-optic effects of the zinc-blende phase MnTe
has been studied by using MCD. MCD peaks from the I'
point of the Brillouin zone as well as the Mn d-d intra-
atomic transitions were observed. MCD intensity and its
peak energy position of the I's—I'¢ optical transition
showed anomalies at around 60 K. An analysis shows
that these anomalies reflect a first-order phase transition
between the paramagnetic phase and the type-III antifer-
romagnetic phase. The Zeeman-splitting energy AE was
estimated from the spectra of the MCD and the optical-
absorption coefficient. AE decreased in the antiferromag-
netic phase, as expected. But the MCD intensity in-
creased in the antiferromagnetic phase due to the shar-
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pening of the optical-absorption
antiferromagnetic-ordering phase.

spectra in the
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APPENDIX

The calculation of the absorption edge shift for mag-
netic semiconductors may be traced back to Rys, Hel-
man, and Baltensperger.’*® The method has been applied
recently to a diluted magnetic semiconductor
Cd,_,Mn,Te by Diouri, Lascaray, and Amrani.?® They
studied only the absolute value of the magnetic blueshift
between T'=0 K and temperatures much higher than the
Néel temperature, assuming a single conduction band
and a single valence band without the spin-orbit interac-
tion. This assumption seems oversimplified for
Cd,_,Mn,Te, as shown later. Besides, they did not
show the temperature dependence. In this Appendix, we
study the temperature dependence of the magnetic ab-
sorption shift for zinc-blende structures, and show that
zinc-blende MnTe shows a magnetic blueshift well pro-
portional to the square of the sublattice magnetization
when the magnetic absorption shift is mainly brought
about by the thermal fluctuation effect of localized mo-
ments. During optical-absorption processes, electrons
and holes are produced in conduction and valence bands,
respectively. In magnetic semiconductors, such a small
number of electrons and holes strongly interact with lo-

J

C()u,kr;)\,k)=% 2<Wx'k'(r_Rm )|Jc(r_Rm )oS,, ]\plk(r_Rm ) >ei(k—k’JRm ,
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calized magnetic moments, and make the bottom (top) of
the conduction (valence) band displace. The interaction
Hamiltonian is given by

H,",“‘Z—%EJ,,(r-Rm Jo-S,, , (A1)
m

where J,(r—R,,) is the exchange interaction between
electrons and the Mn local moment S, (§=3) for con-
duction bands (n =c¢) and valence bands (n =v), and o is
the Pauli matrix for electrons. We begin with the Hamil-
tonian in the (I',J,J,;k) representation, considering the
spin-orbit interaction in zinc-blende structure, where T is
the band character at k=0, J is the total angular mo-
ment, J, is z component of J, and k is the wave vector of
the electron. Then

H=H,+H,, (A2)
H,=3 3¢ (kala,,—3 S CAk;0Kalway
A ok AMAk'k

(A3a)

and

H,=3 73 {—¢&,(k)}d}dy
Ak

(A3b)

+3 3 VAKA, K ) edsy -
A K’k
Here H_ is the Hamiltonian for the conduction band and
H, is that for the valence band. In H_, a{k and a,, are,
respectively, creation and annihilation operators of an
electron with wave vector k in the conduction band
A=(T¢J,J,), and g, (k) is the dispersion of the band.
The matrix element for the interaction is given as follows:

(Ada)

where W,,(r) is the Bloch function with the spin-orbit interaction for zinc-blende structure.’! For I'q, J=1 and J, is
+1. On the other hand, in H,, ¢,;,(k) is the dispersion of the valence band A, and d}tk and d,, are, respectively,
creation and annihilation operators of a hole; we define d Xk =a;y, diy =a§k. Thus the creation operator d ;, produces
the vacancy of the electron state at k in the A valence band. The matrix element for the interaction is

V(LKA k) =1 (W, (r—R,, )|/, (=R, )0, ¥4 (r—R,, ) ye K THR"

In the 'y band, J=3, and thus J,=3, 1, —1, and —3,
while for I';, J=1,and J,=+1.

Now, we calculate the self-energy for electrons and
holes up to the second-order of the exchange interaction,

for the absorption process | J,=—2)
—T¢(J,=—1). The first-order correction for the elec-
tron is
AEM(kq)=C(Aokg; Aoko)
(AS5)

=1J.(0)(1/Ny) 3 (S )

(A4b)

r

for Ag=(T¢, 1, — 1), where

J. (K —K)=Ny{S (D)|J.(r)[Sy(r)) (A6)

with the s-like Bloch function S,(r), and thus J_.(0)
=Nya with the conventional exchange constant a.'
Since 3,,(SZ ) =0 for antiferromagnetic orderings, the
first-order energy vanishes. This situation is the same for
valence holes. Consequently, the energy correction will
be given by the second-order perturbation. For the
conduction-band electron at k,=0,
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magnetic system,*? which may be a good approximation
for large S, are used, and
2

1 i —Rm
2m, _ GA(q)+G.(q) G#q)= S S (@) R TR (SFSE) L (A8)
=——=73 . (A7) 2No | T
#i q*
q
In the similar way, the second-order correction for the
In the last equation, the effective-mass approximation for  hole in the valence band at A,=(T'g,2, —2) and k,=0 is
£;.(k), the quasistatic approximation for the localized  obtained as
|
[ V(Ao ko; A ko+q)|2
AE{M(ky)=
v %% —€x00 (ko) + €3, (kg tq)
_2m(Th) _ GAq) 2m(Ty) _1 G, "(@ 2m(ly) _ 2 G, "(q) A9)
G o w3 w23 g+2m(T)A/R) ]

where the first, second, and third terms are, respectively,
contributions from A=(Tg3,—3), (g3, —1), and
(T';, 4, —1). Therefore, m(T}) and m(I‘,’;) mean, respec-
tively, the effective mass of heavy and light holes for the
I'g band, and m(I';) is the effective mass for the I'; band.
Furthermore A is the spin-orbit splitting between I'y and
I'; bands at k=0, and

2
Gljlﬂ(q)z ] EELI (q)IZ iq(Rm— Rl)(sasﬁ>
2N -
(A10)
where
J,(k'—k)=No{Xy.(r)|J,(r)| Xy (1))
=No{ Y (D)|J, ()| Y (1)) (A11)

with the p-like Bloch functions X, (r) and Y, (r) for the
valence band. [For the calculation of the matrix element
of Eq. (A4b), see Ref. 31, for example.] Now we decouple
|

2m, _ J.(Q—G)s%)?

12m

[

the spin-correlation function (S2S2 ) as

(SESE)=(SEI(SEY+((ST—(SE)INSE—(SE))),
(A12)

where the first term of the right-hand side is called the
ordering term, and the second the fluctuation term. For
the ordering term, (SZ)=(S?)e'QR™ where Q
=(2m/a)(},1,0) is a vector characterizing the antiferro-
magnetic ordering of zinc-blende MnTe (Ref. 13) (a is the
lattice constant for the fcc lattice), while the fluctuation
term is treated by the self-correlation approximation
hereafter:

((SF—(ST)NSE—(SE)))
=((SISE)—(S2)(SEN)S,,, -

By these approximations, the self-energy of electrons,
AE?, is reduced to

[J.(q)|?{S(S+1)—(S?)?}

1
AEP(ky=0)=——
0 4 2 < (Q—G)?

4R

) (A13)
No q q

where G is the reciprocal vector for fcc lattice. The first term of AE!? is the contribution from the ordering term,
while the second term is that from the fluctuation. Hereafter, J,(q) and J,(q) are, respectively, approximated by
J.(0)=Nya and J,(0)=N,B.! Instead, we must impose the cutoff wave vector g,,,, for the summation over q or G. It
seems reasonable to choose @max SO as to enclose a number of modes equal to the number of magnetic atoms. Then
Gy =(2/a)(7/3)1/3=0.984 X (277 /a ), which, however, is a little smaller then |Q|=(2m/a)(V/5/2)=1.11X (27 /a).
Thus, hereafter, we shall for convenience take g,,,, =|Q|. Then AE!? is approximated as

AED= = T(O)2m, /7 [3(SV+ (g /BTNS(S +1)—(59)2]]

(A14)
1 17.(0)

= [ TSSEHNH(F -5,

c

where W, is the bandwidth of the conduction band defined by z#?/(2m_a?) (z is the number of the first nearest neigh-
bor), f=(¢ ..z /8m*)=1.067, g =(3z/Q%a*)=0.729, and thus f —g =0.338>0. The term with g is the contribution
from the ordering term [three reciprocal vectors contribute to the first term of Eq. (A13)], and the term with f is that
from the fluctuation. The calculation explicitly indicates that the self-energy of electrons at the bottom of the conduc-
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tion band causes a blueshift for absorption edge, and its temperature dependence is described by the square of the sub-
lattice magnetization {.S?)? within the self-correlation approximation.

The contribution from the valence-band hole is not so simple as the conduction-band electron, because of the pres-
ence of three types of hole effective masses, and the spin-orbit interaction. Using the same approximation as the con-

duction band, we obtain the self-energy of holes at A(Tg, l,

—3) and k,=0, as follows:

AEL‘,Z’(ko=0)=iMi—fS(s+1>h —fUSHYA—h)+(f —g) (S5}, (A1S)
4 w(rh
with
aowrh awh aowh (a7 ] (w7
T3 wrh 3 W, 3s (T, | W(T,) S| A : (A16)

where W(T'}), W(T}), and W(T;) are, respectively, the
bandwidth for the heavy and light holes in the I'g band,
and that for the I'; band, with the same definition
as the electron band. Furthermore, 0<h <1 and
5 =(qmax@/V'z )=2.027. We can see that the self-energy
of holes is a function of both ((S?)?) and (S?)2. When
f(1—h)>>(f —g), the term with ((S?)?) is dominant
and causes a redshift, while when (f —g)>> f(1—h), the
term with (S?)? becomes dominant and causes a blue-
shift. Note that in the limit of W(I'})~ W(I“g)~ Ww(T;)
and A~O0, h approaches to 1.0. In this limit, the situation
in the valence-band hole becomes the same as that in the
conduction-band electron, which is just the case as treat-
ed by Diouri, Lascaray, and Amrani?® So far the contri-
bution for the optical-absorption edge shift has been sep-
arately discussed for electrons and holes, however, the
effect of the second order perturbation is sum of the both
contribution

AE =AE*'+AE? . (A17)

Now, we remark the following points concerning
MnTe: (i) When the contribution from the conduction
band is dominant, a blueshift with the temperature
dependence of (S?)? is concluded. On the other hand,
when the contribution from the valence hole is dominant,
the situation becomes complex, as mentioned above. (ii)
In Cd, _,Mn,Te, because both the effective mass and the
exchange interaction for the conduction electron are
much smaller than those for the valence hole,' the main
contribution for the magnetic absorption shift comes
from the valence hole. The situation may be the same for
zinc-blende MnTe. (iii) Judging from the experimental
data for Cd,_ ,Mn, Te,?® Cd,_,Mn,Te shows a magnetic
blueshift for different concentrations between 0.3
<x <0.73. (iv) According to the present experiment, a
magnetic blueshift is also concluded for zinc-blende
MnTe. For zinc-blende MnTe, the wave vector indicat-
ing the antiferromagnetic ordering Q is fairly large; for
example, |Q|=V'37/a for sc and fcc second type I, while
for MnTe, |Q|=V'57/a. Furthermore, because the 3d
wave function of the Mn atom is fairly extended com-
pared with the 4f wave function in rare earth, g depen-
dence of the exchange coupling, which may be described
as J(q)~J(0)exp( —u?q?), becomes important. (A simi-
lar discussion is seen in the paper by Diouri, Lascaray,

and Amrani.’® The ordering term in the second-order
perturbation is proportional to J(|Q|)? [for example, see
the first term of Eq. (A13)], which decreases rapidly for
the large Q for MnTe. Therefore, there is a large possi-
bility that the ordering effect becomes small for zinc-
blende MnTe: g may be considerably smaller than 0.729
estimated at the beginning. Moreover when we see that
((8%)?) is well approximated by L(SZ)*+1S(S +1) for
S=§,33 the self-energy of holes, given in Eq. (A15), is
further approximated to

17,(0)]2

i 1
LF(14+h)—g S ——f(14+20)S(S +1)} .
4W(I‘§'){['f )—g1{(S%) 3 ) J

This evidently shows a magnetic blueshift proportional to
(S2)? for the case of small g. In this way, we can con-
clude for zinc-blende MnTe that the self-energy correc-
tion for both the electrons and holes causes a magnetic
blueshift approximately proportional to the square of the
sublattice moment when the magnetic absorption shift is
mainly brought about by the thermal fluctuation effect of
localized magnetic moments. This conclusion is strongly
supported by the comparison between the temperature
dependence of the absorption shift and the square of the
sublattice magnetization of MnTe obtained from neutron
studies (see Fig. 7).

So far the thermal fluctuation effect of localized spins
has been treated by the self-correlation approximation.
Taking into account the correlation between different
sites requires the Hamiltonian for localized spins of zinc-
blende MnTe which gives rise to a first-order transition.
Such a study is deferred to a future study.

Finally, the absolute value of the magnetic blueshift

given by
[J,(0)]*S?

BLAGICh f—gt———[Lf(1+h)—g]
4w, 8T wrn ¢ 8

(A18)

is roughly estimated. Using m,=0.1m,, m,=0.6m,,"
and @ =6.34 A, we obtain W,=11.4 eV and W(T})
=1.90 eV. The value of g may be substantially reduced
as already discussed, while the fluctuation term (f) is not
so reduced since the lower limit of the integral [see the
second term of Eq. (A13)] starts from ¢ =0. Then as an
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example we assume g =0.35, which is about half of the
value estimated at the beginning, and f =0.80. The
value of A, also, is not estimated accurately, however, the
value may be around 0.5. With J,(0)=Ny,a=0.22 eV,
J,(0)=NyB=—0.88 eV,! and S=3, we obtain
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A=0.003+0.159=0.162 (eV), which compares reason-
ably well with the experimental value of 0.145 eV. We
can see that the magnetic blueshift of zinc-blende MnTe
almost comes from the self-energy correction for the
valence-band holes.
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