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The effect of the magnetic order on the optical-absorption edge of the semiconductor
Cd;_,Mn,Te is studied. A magnetic blue shift is observed when the temperature decreases below
the Néel temperature. This effect is not affected by the magnetic order at low temperature. With
‘the analysis of the experimental data, it is proposed that the exchange interaction gives rise to a red
shift of the absorption edge. This phenomenon, however, decreases with temperature to such an ex-
tent that an extra blue shift appears at low temperatures.

I. INTRODUCTION

The absorption edge of semiconductors usually exhibits
a blue shift with decreasing temperature. In magnetic
semiconductors, this behavior is strongly affected by mag-
netic phase transitions.!”> This effect has been studied in
several ferromagnetic crystals such as europium chal-
cogenides® > and chromium chalcogenide spinels.®=® The
absorption edge exhibits a bathachromic shift with tem-
perature below the Curie temperature 7. This results in
a substantial reduction of the energy gap by an amount
which is about 25% in the case of EuO and 50% in the
case of HgCr,Se..® On the other hand, antiferromagnetic
crystals present a different behavior. In the case of EuTe
(Ref. 3), MnS and CoO (Ref. 2) magnetic blue shifts were
observed, while a red shift was noticed in the case of
MnO. This effect had been investigated by several au-
thors using a theory based on a model in which a conduc-
tion electron is coupled by exchange interactions with the
magnetic moments localized on lattice sites.”~!!

A similar effect is expected in semimagnetic semicon-
ductors. The main difference between semimagnetic and
magnetic semiconductors is that the former are obtained
by the introduction of magnetic ions in a semiconductor
matrix, resulting in their random distribution, while
the latter are periodic spin systems. The most studied
semimagnetic semiconductors are the II-VI compounds
containing  manganese. Among these materials,
Cd;_xMn,Te is a large-band-gap semiconductor. Its
magnetic phase diagram was determined by specific-heat
and low-field susceptibility measurements by Galazka
et al.'> Three ranges of Mn concentration were dis-
tinguished, resulting in different magnetic properties at
low temperatures. The range 0.6 <x <0.73 corresponds
to an antiferromagnetic structure of the third kind, while
a spin-glass phase occurs for 0.2 <x <0.6. For x <0.2
the material remains paramagnetic at all temperatures.
The absorption edge of Cd;_,Mn,Te was studied previ-
ously.3~16 At low temperatures two absorption bands,
attributed to Mn intraion transitions, perturb the funda-
mental absorption edge.

In the present work, the absorption spectra of
Cd;_.Mn,Te were determined in the temperature range
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between 4.4 and 300 K up to @a=20000 cm~!. Taking

into account the two absorption bands, the fundamental

absorption edge of Cd,_,Mn,Te was deduced. A blue
shift is observed with decreasing temperature for both an-
tiferromagnetic and spin-glass-type samples. The ob-
tained experimental data are analyzed, evaluating the ex-
change interaction between the magnetic ions and the
band electrons.

II. EXPERIMENTAL RESULTS

Absorption  measurements were performed on
Cd;_,Mn,Te single crystals prepared by a modified
Bridgman technique by Triboulet.!” Samples with
thicknesses of 3 um—0.3 mm were used to measure the
absorption edge as a function of composition. These sam-
ples were mechanically polished. Four crystals with man-
ganese compositions corresponding to x =0.3, 0.4, 0.63,
and 0.73 were studied. To determine the absorption coef-
ficient, the variation of the reflectivity with temperature
was neglected. Its room-temperature value, R =0.3, was
used over the entire range of temperatures. It is assumed
that such an approximation does not substantially affect
the data obtained.

In Fig. 1 the absorption spectra of Cdg,7Mng 73Te are
depicted at the temperatures of 4.4, 145, and 300 K. A
strong increase of the absorption can be noticed above the
value of absorption coefficient (a) larger than 5000 cm ™1,
This is mainly attributed to a valence- to conduction-band
transition. In the case of a <5000 cm™!, two bands can
be observed, A4 and B, located at 2.43 and 2.63 eV, respec-
tively. To elucidate the influence of the magnetic order
on the fundamental absorption edge, it is necessary to el-
iminate the contribution of these 4 and B bands from the
spectra. It can be seen in Fig. 1 that the contribution of
these bands at energies above 21600 cm™! is less than
2000 cm™!. Below this energy the absorption coefficient
of the A and B bands is between 2000 and 3000 cm ™.
Taking into account this extra absorption, one can deter-
mine the region of the fundamental absorption edge. This
is shown by the dotted lines in Fig. 1 at temperatures of
300, 145, and 4.4 K, respectively. To determine the shift
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FIG. 1. Absorption spectra of Cdg,;Mng 73Te at 4.4, 145, and
300 K. The dotted lines represents the extreme possible values
for the absorption edge after eliminating the contribution of the
A and B bands.
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of the fundamental absorption edge, the energy value was
arbitrarily taken at @=9000 cm~'. The resulting tem-
perature dependence of the fundamental absorption deter-
mined by this procedure is shown in Fig. 2. The errors in-
herent in the above-described technique are indicated by
the lengths of the bars. A blue shift is present, as expect-
ed, below 70 K. At higher temperatures, the temperature
coefficient of the band gap, dE,/dT=—9X 10~*eV/K,
has a value close to that determined by electroreflec-
tance.'® Using the temperature dependence of a classical

semiconductor, E(T)=E,—aT?*/(T+®),"° the dashed
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FIG. 2. Absorption edge as function of temperature for
Cdo.27Mng 73Te. The dotted curve shows the extrapolation of E,
obtained from high temperatures according to a classical E (T)
law.
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FIG. 3. Absorption edge as function of temperature for
Cdy.¢Mng sTe. The dotted curve shows the extrapolation of E,
obtained from high temperatures according to a classical E,(T)
law.

curve is obtained by extrapolating, to lower temperatures,
the high-temperature data, according to this expression.
The difference between the extrapolated and measured
curve is attributed to the effect of the magnetic ordering.
This blue shift can be estimated to be ~45 meV. The ab-
sorption of Cdy ¢Mny 4Te crystal is not significantly influ-
enced by the 4 and B absorption bands. In Fig. 3 the
variation of the band gap, E,, taken at &~ 10000 cm ™! as
a function of the temperature, is shown. For this sample
as well, the result is a hypochromic magnetic shift whose
value at 4.4 K is about 17 meV. The same measurements
were performed on samples corresponding to manganese
concentrations of x =0.3 and 0.6, giving a blue shift of 7
and 31 meV, respectively.

III. DISCUSSION

The magnetic shift of the absorption edge of magnetic
semiconductors has been treated by Rys ef al.,® who relat-
ed this phenomenon to the lowering of the conduction-
band energy by exchange interaction of the magnetic ions
and conduction electrons. It has been shown that a good
approximation of this shift could be obtained by the
rigid-ion spin model, at temperatures far below and far
above the Curie temperature. A similar treatment is used
in this investigation, taking into account the nature of the
absorption edge, attributed to the I's—I'g transition. It is
assumed that the magnetic blue shift is the sum of
valence- and conduction-band displacements, and tem-
peratures much lower or much higher than the Néel tem-
perature 7 will be considered.

The exchange interaction between Mn?* and band elec-
trons is described by the usual Heisenberg Hamiltonian
with the following modifications:

Hexz—xl/-zJ(r—rj)s-Sj , (1)
N5

where S; is the localized spin at site R;, s is the spin of
the band electron and r its position, J(r—R;) is the ex-
change integral which varies rapidly over a unit cell, V/N
is the volume per magnetic ion, and x is the fraction of
cation sites occupied by Mn?* ions. According to the
virtual-crystal approximation, the summation is extended
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over all the cation positions.

Expression (1) is considered to be a perturbation of the
system of one electron and N spins, with respect to the
nonperturbed system:

1
vV

where k is the wave vector and | o) represents the spin
part of the wave function.
Then the first-order correction is

AEM(k,0)=(k,0 | Hex | ko) . (3)

| k,0)= e 7o), 2)

By introducing Jo= f J(x)d>3x to replace the summation
in Eq. (1), we obtain

AEN(K,0)= —x0Te~ 35, . @)
N J

In the case of Cd;_,Mn,Te, >, Sz=0 at all tempera-
tures. Consequently, the energy correction will be given
by the second-order term,

| Mq,a,a’ | 2
Eyk)—Eyk—q) ’

AEX(k,o)= 3 3 (5)

q(0) o' &
where E(k) is the unperturbed electron energy and

Mg oo ={ko|Hy|k—q,0') . (6)
. Using the Fourier transform of the exchange coupling,
Jg= [ dxI(x)e i, (7)
we have
<k|J(r—R,-)|k—q>=iVe‘i“'Rqu. (8)

The range of the exchange coupling, J(x), is determined
by the size of the 3d shell. The Fourier transform J, can
be approximated by’

. [JO f0r|ql <Yqmax >

= 9
¢ |0 for|q| >gmax - ©

A. Energy correction at T << Ty for antiferromagnetic
Cd;_xMn,Te

In a rigid antiferromagnet of the third kind, the spins
are ordered in the fcc lattice as shown in Fig. 4. In this

)

AN

¢
i

b - -

®

FIG. 4. Magnetic cell for type-III antiferromagnetic order-
ing.
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case,
ij =0 Py Sjy =O Py SJZ=S]= iS .
Using (8), Eq. (6) can be given as

xJ ia'R.
Myoo=——23(o|sS;|0")e' "™, (10)
N J
where
(o]sS;|o")=(0|s,S;|0')=08;8,,, -
Therefore,
xJg _iqR; '
Mq,a,a’=_ 080,0' zsje I . (11)
N J
Using the Fourier transform of S;,
S(q)=3 8¢’ (12)
J
the matrix element becomes
M a5, .S(Q)
q,0,0' — T N 004,09.q) . . (13)

It it known that S(q)=0, except for g=q,+Q, where qq
is a vector which characterizes the antiferromagnetic or-
der and Q is any vector of the reciprocal lattice. In an an-
tiferromagnetic of the third kind, qo=(27/a)(0,1,%3) or
(27/a)(1,0,+), and then we obtain

2
X
| Mq,o,a’ ‘ 2= TJ<2102S280,0'5%‘10+Q . (14)

Finally, the second-order perturbation correction is
2
Jq

AE(Z) k, —1,2,2¢2 .
(k,0)=5x°0"S Eo(k)—Eq(k—q)

q (=Q+qp)

(15)

Assuming the same approximation® for J 3 of both con-
duction and valence bands, the shift of the extrema of the
two bands at k=0, in the parabolic approximation, can be
given as

m} J?
AE?— _x%—;sz T = (16)
A" g(=Q+qp 4
and
my J?
AEP— x5 W (17)

4 7 Qe a°

for conduction and valence band, respectively, where m}
and m, are the effective masses of the conduction- and
valence-band electrons.

The lowest value of | q| is obtained for Q=0 and it is
g=|qo| =0.58 a.u. The q dependence of J, is needed to
evaluate AEngELEZ)—kAE,ﬁZ). In this investigation the
classical approximation (9) is used with an appropriate
value of .. This is certainly smaller than 0.58 a.u., as
will be shown in the following. On one hand, AE,, for
q=0.58 a.u. is 0.3 eV, which is incompatible with experi-
mental data which give AE;=0.045 eV. On the other
hand, the comparison between Jg for Mn?* and Jq for
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Eu?t (gmax=0.72) using the § interaction and an ade-
quate atomic wave function for these two cases, leads to
Gmax <0.4 a.u. for Mn?*+. Therefore it can be concluded
that the optical gap of Cd;_,Mn,Te in the case of
0.6 <x <0.73 is not significantly affected by the exchange
coupling at T =0.

B. High-temperature energy correction ( T >> Ty )

The square of the matrix element in expression (6) in-
cludes a double sum over the ion positions denoted by the
indices / and m. At temperatures much higher than the
Néel temperature, the correlation between ion spins can be
neglected and only the /=m terms contribute to
| Mg ool 2, Consequently,

Z' IMq,a,a’ ' 2

2
x2S S (o580 (@ 55, |0)
o I m »

Xe—iq~(R,—Rm) 18)
becomes
E qu,a,o'!2=xzz—lichS(S+l) (19)
p

for the s = % conduction band, and
' 2.5 2
; | Mg oo | 2=x qu,,S(S—H) (20)

for the s =3 valence band.
Hence, in the parabolic approximation, the second-
order perturbation shift is

AEP =AE? + AEY

_ xS +1) M ae +5myJ e,
AN# G q’

(21)

Now, replacing 3, by

174
d3
f 2?1

and using

f —12—.]¢21c1'3q=417'J(2,qmax ,
q

expression (21) becomes

2 VS(S+

NQ7)*# (M T Gede max+ 55 3uGy max) -

(2)
AE® =

(22)

C. Application of the results to Cd,_,Mn,Te

The effect of the magnetic order on the fundamental
absorption edge can be obtained by taking the difference
between the second-order correction at temperatures much
below and much above the Néel temperature, respectively.
As it was shown above, AE{)_; - ~ 0. Therefore

TABLE 1. Comparison between measurements and calculat-
ed value of the magnetic blue shift using ¢pn.=0.24 for dif-
ferent concentrations.

Concentration AE (meV)
X Calculated Measured
0.73 45 45
0.63 31 33
0.4 17 13
0.3 7 7

(2) (2) (2)
AEg =AET>>TN _AET<<TN NAET>>TN .

This can be evaluated, for example, for x =0.73, by using
the following constants: The lattice constant a =0.638
nm, the volume per magnetic ion, ¥ /N ~ 158 a.u., the ex-
change coupling constants, Jo.=Noa=16.2X10"3 a.u.
and Jg,=NoB/3=21.6X10"° a.u.,”® and the effective
masses m; =0.1my and m, =0.65mg,?! with m=0.5
a.u. We obtain

AE; ~[(9.7X107%)g,max] +0.19¢, may » (23)

where AE, and g, are, respectively, given in eV and a.u.
Comparing with the experimental value of AE, and as-
suming the same order of magnitude gp., for g,m., and
gc max» W€ obtain ¢.,, ~0.24 a.u. This type of behavior
can be expected to be valid for different compositions of
this semimagnetic semiconductor with the same value,
Gmax =0.24 a.u. In Table I the calculated value of the
magnetic shift for different compositions are given and
compared with the measured values. One can see that the
agreement is quite acceptable.

IV. CONCLUSION

In the case of Cd;_,Mn,Te, a blue shift of the funda-
mental absorption was measured as a function of the mag-
netic ion concentration. An analysis of the experimental
data was carried out using the rigid-ion spin model.

In this case a second-order perturbation correction can
be evaluated at temperatures 7 << Ty and T >>Ty. The
calculations indicate that in the first case there is no signi-
ficant effect due to magnetic order, but at temperatures
high compared to the transition temperature there is a sig-
nificant correction. Using the calculated values the blue
shift of the fundamental absorption could be satisfactorily
attributed to magnetic disorder.

For completely disordered ion spins, the ion-electron
spin exchange shifts the absorption edge toward the red.
This phenomenon, however, decreases with temperature
due to magnetic ordering and increased rigidity of the lat-
tice, thus leading to the extra blue shift at low tempera-
tures.
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