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Magnetospatial dispersion effect in magnetic semiconductors Cd12xMn xTe
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We show that a magnetic field induces a strong birefringence in noncentrosymmetric cubic crystals of
Cd12xMnxTe in the Voigt configurationk'B. The induced birefringence can be separated into the linear
magnetospatial dispersion birefringence of akB type, and the quadratic Voigt birefringence ofB2 type. ThekB
effect is strikingly anisotropic, whereas theB2 effect is fully isotropic. A microscopic theory is proposed for
explaining the dispersion of symmetric and antisymmetric contributions to thekB birefringence near the
absorption band edge.@S0163-1829~98!04119-8#
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A large variety of magneto-optical~MO! and spatial dis-
persion~SD! optical phenomena can be described in the m
general form by a series expansion of the optical dielec
tensore i j as a function of the magnetic fieldB and the wave
vector of lightk:1,2

e i j ~v,k,B!5e j i ~v,2k,2B!5e i j ~v!1a i jkBk1b i jkl BkBl

1d i jkkk1h i jkl kkkl . ~1!

The best known examples represented by different term
Eq. ~1! are the Faraday rotation~FR! ;B, the Voigt birefrin-
gence~VB! ;B2, the optical activity;k, and the Lorentz
birefringence;k2. These effects have been studied in
large number of materials and the underlying microsco
mechanisms are quite well understood.

In contrast, much less attention has been paid to
magnetic-field-induced SD effects, which are bilinear in t
wave vector of lightk and the applied magnetic fieldB ~kB
effects!:1,2

De i j ~v,k,B!5g i jkl Bkkl , ~2!

where ĝ is the axial fourth-rank tensor allowed in all non
centrosymmetric crystals. It is evident that a study of r
evant optical phenomena can provide information on
electronic structure of solids that cannot be gained from s
ies of optical phenomena due to material tensors in Eq.~1!.
Examples of experimental manifestations ofkB-type contri-
butions to optical phenomena are scarce and restricted to
alteration of the optic absorption spectrum in the region
exciton transitions when the magnetic field is reversed,3,4 the
magnetic-field-induced ellipticity5 and the magnetic birefrin
gence in the transparency region.6,7 Being due to the higher
order perturbations of the electronic structure, effects of
kB type are much smaller than the linear MO effects. Ad
tional experimental difficulties for their observation arise b
cause in the longitudinal Faraday configuration they
masked by the much stronger Faraday effect, whereas in
transverse Voigt configuration they overlap withB2 and k2

effects.
570163-1829/98/57~23!/14611~4!/$15.00
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All data thus far reported were obtained in diamagne
crystals, in which linear MO effects are small, and hence,kB
effects have to be very small. LargerkB effects might be
expected in magnetic semiconductors possessing huge F
day rotation8–10 and Voigt birefringence.11 In this paper we
report results on magnetic-field-induced birefringence of l
early polarized light in diluted magnetic semiconducto
Cd12xMnxTe. We used an experimental technique that
lowed us to avoid the Faraday rotation contribution to t
observed signals and an unambiguous separation of the
duced birefringence intokB andB2 contributions. We prove
that the magnitude of thekB effect increases linearly with
the concentration of magnetic Mn21 ions. We show that the
new MO effect ofkB type shows a dispersion different from
that of Faraday rotation and Voigt birefringence. We dev
oped a microscopic theory and its predictions are in go
agreement with the experiment.

Equation~2! can be written in a form containing a sym
metric and an antisymmetric contributions to thekB effect

De i j 5g i jkl
S Bkkl1gi js@B•k#s . ~3!

Cd12xMn xTe crystals belong to the cubic classTd , in which
the tensorĝS is symmetric under the permutation of the fir
and last two indices and has one independent compo
gxxyy5gyyzz5gzzxx52gyyxx52gzzyy52gxxzz5A. The
tensor ĝ is fully symmetric and has only one independe
componentgxyz5g. In the Voigt geometryk'B the mag-
netic birefringence is defined by tensorsĝ and b̂ from Eqs.
~2! and ~1!. For ki@110# and Bi@001#, the two axes of the
optical indicatrix due to the tensorĝ are in the~110! plane at
645° with respect to the direction ofB and the relevant
birefringence is

Dn5gBk/n, ~4!

wheren5Ae0 is the index of refraction. ForBi@11̄0#, the
two axes are along the@11̄0# and @001# axes and

Dn5~3A12g!Bk/4n. ~5!
14 611 © 1998 The American Physical Society
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The second contribution to the magnetic linear birefr
gence stems from the tensorb̂ in Eq. ~1!:

Dn~Q,B!; f ~Q!B2/2n, ~6!

whereQ denotes the orientation ofB in the (110) plane with
respect to the@001# axis. Thus thekB andB2 contributions
overlap and the experimental method should provide a p
sibility to separate them.

The experimental setup is shown in Fig. 1. A laser be
~He-Ne laser,l50.633mm and 1.15mm, and Al2O3:Ti la-
ser,l50.7– 0.83mm! passes through a polarizer, a samp
in the gap of an electromagnet, a quarter wavel/4 plate, a
Faraday type MO modulator, and an analyzer. An import
expedient that allowed measuring the anisotropy of magn
birefringence was to place the sample on a stage that c
be rotated by 360° around the laser beam axis. The trans
ted light was detected by a photodiode and the signal
measured using a lock-in amplifier. The sensitivity
measuring the induced rotationa5(p l /l)Dn was 109.
The magnetic field range was61.5 T. All measurements
were performed atT5294 K. The plane-parallel~110!
and ~111! samples with a thicknessl of 0.6– 1.5 mm were
prepared from Cd12xMn xTe single crystals (x
50,0.25,0.35,0.42,0.52).

Two polarization configurations were used. In case~a! the
incident linear polarizationE1 was parallel to the magneti
field B (EiB), while in case~b! it was at 45° toB (E45°B).
In case~a!, the B2 contribution vanishes and only thekB
contribution is measured. In case~b!, the two contributions
are measured simultaneously. The Faraday rotation
Cd12xMnxTe crystals is about three orders of magnitu
larger than thekB effect and hence can easily meddle in
observed signals whenk andB are not perfectly perpendicu
lar. To prevent this meddling the control measurements
alignments were taken without thel/4 plate. The absence o
any rotation was taken as a proof of exact 90° alignmen
k andB vectors.

As an example we display in Fig. 2 the induced birefr

FIG. 1. Schematic diagram of the experimental setup.

FIG. 2. Magnetic linear birefringence in the~110! sample of
Cd12xMnxTe (x50.42) for two polarization geometriesE1iB ~a!
andE1 at 45° toB ~b!.
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gence as a function of magnetic field atl50.633mm in the
~110! sample (x50.42) for two polarization geometries. Th
different sets of data correspond to different azimuthal po
tions of the sample. In case~a! the birefringence is a linea
odd function of magnetic field, thus unambiguously provi
the presence of thekB effect solely. In case~b!, the birefrin-
gence is essentially asymmetric upon field reversal due to
simultaneous presence ofkB andB2 contributions. The qua-
dratic Voigt birefringence was found to be isotropic.

Figure 3 shows the rotational anisotropy of thekB effect.
In case~a! the effect reverses sign whenB→2B, whenQ
→Q1180°, and when the sample is rotated by 180° arou
the laboratoryZ axis. However, it remains unchanged by t
180° rotation around theY axis. In case~b! the kB birefrin-
gence reverses sign when the sample is rotated by 1
around theY axis, however, it remains unchanged by ro
tion around theZ axis. All these features are in perfect agre
ment with the symmetry predictions. Depending on the p
larization geometry the rotational anisotropy can
described in the~110! plane by two contributions propor
tional to cosQ (sinQ) and cos3Q (sin3Q). In ~111! samples
the kB effect exhibits an anisotropy proportional to a cos3Q
(sin3Q) function.

Figure 4~a! shows the normalized components of the sy
metric A/x and antisymmetricg/x contributions calculated
from the spectral variations of thekB effect in geometries
EiB andE45°B in four Cd12xMn xTe samples as a functio
of (Eg2E), whereEg is the energy gap calculated using E
~4a! from Ref. 8 andE is the photon energy. The inset show
the concentration dependence of the specific rotationa due
to the kB effect measured in geometryE45°B (Q5270°,
see Fig. 3! at Eg2E50.45 eV. Linear dependencea(x) and
the fact that the magnitude of thekB effect in CdTe is at
least an order of magnitude smaller than in Mn-contain
crystals proves that the origin of thekB effect is related to
Mn 21 ions. Figure 4~b! shows the data for normalized Fa
aday rotationRF /x and quadratic Voigt birefringenceBV /x2

measured in the same samples. Figures 4~a! and 4~b! dem-
onstrate the universal behavior of thekB effect,RF, andBV

FIG. 3. Rotational anisotropy of the magnetic linear birefri
gence ofkB type in a ~110! sample of Cd12xMn xTe (x50.42).
Solid curves are best fit calculations. The insets show the same
presented in polar plots.
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and provide a unique opportunity to compare both the ab
lute values and the energy dispersions of three different
effects in four samples. The Faraday rotation is about th
orders of magnitude larger than thekB effect. Near the band
gap thekB andB2 effects are of comparable magnitudes a
field of about 1 T. Note that the valueA/x51026 mm/T
corresponds approximately to the rotationa/x56 deg /cm T.

The dispersion of three MO effects in different samp
can be well fitted by a functiond1t(Eg2E)2t shown by
solid lines in Fig. 4, wheret'1.4 for the normalized com
ponent of symmetric tensorA/x, t'1.5 for theRF /x, and
t'3.5 for the BV /x2. The antisymmetric componentg/x
does not show any resonant behavior near the band gat
50). The frequency-independent partd50 for RF andBV .
In contrast d'231027 mm/T for A/x and
d'131027 mm/T for g/x.

The previously published theoretical works concern
the kB effect have concentrated on the exciton
mechanism5,7 or intraband transitions12 and thus cannot be
applied to our data. We present a semiquantitative consi
ation that takes into account interband transitions from
valence bandG8 to the conduction bandG6. Taking the de-
rivative of the optical tensore i j (v,k,B) ~Ref. 13! with re-
spect tokl andBk and retaining only the most important ne
the band edge ‘‘resonance’’ term, we get

g i jkl 5
4p\2

E2V

]

]kl]Bk
(
r ,s,q

Jsq,rq2k
i ~2k!Jrq2k,sq

j ~k!

Erq2k2Esq2E
U

k,B→0

,

~7!

whereV is the crystal volume;r 561 ands561, 63 enu-
merate the conduction and valence band states, respecti
J(k) is the Fourier transform of the current operator. W
shall analyze the most singular contributions tog i jkl near the
band edge. For this reason we neglect the dependence o
current matrix element on magnetic field because the co

FIG. 4. Dispersion of normalized components of symmetricA/x
and antisymmetricg/x contributions to thekB effect, Faraday ro-
tation RF /x and Voigt birefringenceBV /x2 in four Cd12xMn xTe
crystals.
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sponding term slowly varies with frequency. We shall diffe
entiate only the energy denominator with respect toBk . In
doing this we shall use the dependence ofErq2k andEsk on
B for the limiting case whenB is small. It produces the
anisotropic splittings9 DElh(q,B)56bA423cos2u and
DEhh(q,B)563bcosu of light- and heavy-hole bands, re
spectively, and the isotropic splittingDEc(q,B)563a of
the conduction band.u is the angle between the wave vect
q and the magnetizationM of the Mn21 ions. a and b are
proportional to the magnetizationM and describe the ex
change interaction of the Mn21 ions with band electrons.9

ThekB effect is due to a combined action of the inversi
asymmetry of the crystal and the magnetic field and, hen
should be proportional to an inversion asymmetry parame
There exist several such parameters for the zinc-ble
structure14 that enter the interband current operatorJ(k) or
determine the spin splittings of the conduction and vale
bands.

For the calculation ofJ(k)5 (e/2) (ve2 ik•r1e2 ik•rv),
wherev5(1/\)]Hcv /]q is the velocity operator, we use th
interband effective Hamiltonian

Hcv5A3@P~q•R!1 iBsinmqiqnRm#, ~8!

whereR is the operator of a polar vector in the basisCG6
,

CG8
, sinm is a fully symmetric tensor,P andB are the Kane

parameters, the latter being due to the inversion asymme
We have also analyzed contribution tog i jkl proportional to
the inversion asymmetry parameterd0, which enters the de-
rivative ]Erq /]q5\2q/mc1rd0f(q), wheref is a quadratic
function of q, as well as the contribution due to the param
eter C0 defining the linear inq spin-orbit splitting of the
valence band and entering Eq.~7! through the wave func-
tions csq .

Integration in Eq.~7! leads to a cumbersome expressi
for A and tog50. The zero result forg is in agreement with
our experimental data, which show a frequency-independ
behavior ofg and its smallness in comparison withA, espe-
cially near the band gap. The frequency dependence of
contributions toA from each of the parametersB, d0, andC0
near the band gap has the formA;(Eg2E)21/2. The dis-
crimination between various contributions remains an
solved problem and requires a more elaborate theory.

The frequency behavior ofA calculated in terms of this
approach is not strong enough to explain the experime
data. This is quite similar to what is encountered in the
terpretation of the Faraday rotation data.10 The Faraday rota-
tion near the band gap should vary faster, if one takes
account a wave-vector dependence of the exchange inte
tion parametersa andb of band electrons with Mn21 ions.
The degree of this enhancement depends on the extentq0 of
a region in the Brillouin zone near theG point in which these
parameters do not decrease appreciably. If we take the l
q0→0, then we obtain the frequency dependence

A5t~Eg2E!23/21d~E!, ~9!

whered(E) is a slowly varying function of photon energ
due to the terms omitted in our calculations. This dep
dence is in good agreement with experiment.
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In conclusion, we have shown that the magnetic field
duces strong linear birefringence in cubic crystals of m
netic semiconductors Cd12xMn xTe in the Voigt configura-
tion k'B. The data obtained allow an unambiguo
separation of the induced birefringence into two contrib
tions. The first ofkB type is due to the magnetospatial di
persion effects and reveals a striking anisotropy. The Vo
birefringence ofB2 type is fully isotropic. We measured i
the same samples the Faraday rotation, which provided
with a unique opportunity to compare the absolute val
and energy dispersion of three different MO effects. T
comparison convincingly proves their different microscop
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origins, though their enhancement in all cases is due t
strong exchange interaction of Mn21 ions with band carriers.
Further studies of magnetic birefringence can provide n
information on the splitting of electronic transitions due
the inversion asymmetry. We anticipate a strong increas
magnetic birefringence in magnetic semiconductors at
temperatures, as usually occurs with the Faraday rotation
Voigt birefringence. Our measurements of thekB effect in
CdTe show that it can be measurable in nonmagnetic se
conductors as well.
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