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Magnetospatial dispersion effect in magnetic semiconductors Gd,Mn,Te
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We show that a magnetic field induces a strong birefringence in noncentrosymmetric cubic crystals of
Cd,_,Mn,Te in the Voigt configuratiork . B. The induced birefringence can be separated into the linear
magnetospatial dispersion birefringence dfBatype, and the quadratic Voigt birefringenceBf type. ThekB
effect is strikingly anisotropic, whereas tB& effect is fully isotropic. A microscopic theory is proposed for
explaining the dispersion of symmetric and antisymmetric contributions tckBidirefringence near the
absorption band edgfS0163-1828)04119-9

A large variety of magneto-opticdMO) and spatial dis- All data thus far reported were obtained in diamagnetic
persion(SD) optical phenomena can be described in the mostrystals, in which linear MO effects are small, and herkd,
general form by a series expansion of the optical dielectrieffects have to be very small. LargkB effects might be
tensore;; as a function of the magnetic fieland the wave expected in magnetic semiconductors possessing huge Fara-

vector of lightk:'? day rotatioi~'° and Voigt birefringencé! In this paper we
report results on magnetic-field-induced birefringence of lin-
€ij(w,k,B)= €ji(w,— K, — B) = & (@) + a;j By + Bijii BB early polarized light in diluted magnetic semiconductors
Cd,_,Mn,Te. We used an experimental technique that al-
+ SijkKit Mijia Kiki - (1) lowed us to avoid the Faraday rotation contribution to the

] observed signals and an unambiguous separation of the in-
The best known examples r_epresented by dn_‘fere_nt t(_arms lBuced birefringence intkB andB? contributions. We prove
Eq.(1) are the l:2araday rotatidivR) ~B, the Voigt birefrin-  hat the magnitude of theB effect increases linearly with
gence(VB) ~B D the optical activity~k, and the Lorentz  {he concentration of magnetic M ions. We show that the
birefringence~k*. These effects have been studied in apey MO effect ofkB type shows a dispersion different from
large number of materials and the underlying microscopignhat of Faraday rotation and Voigt birefringence. We devel-

mechanisms are quite well understood. . oped a microscopic theory and its predictions are in good
In contrast, much less attention has been paid to thggreement with the experiment.

magnetic-field-induced SD effects, which are bilinear in the ~gqyation(2) can be written in a form containing a sym-
Wf?Vets\)/?Cztor of lightc and the applied magnetic fiell (kB metric and an antisymmetric contributions to #@ effect
effects:™
Aeij:yﬁlekkl+gijs[B'k]s- (3
A€ij(w,k,B)=yijiBiki, ) . S

Cd;_,Mn,Te crystals belong to the cubic claBg, in which
where y is the axial fourth-rank tensor allowed in all non- the tensory® is symmetric under the permutation of the first
centrosymmetric crystals. It is evident that a study of rel-and last two indices and has one independent component
evant optical phenomena can provide information on they,,,,= vyy;7= Y2z — Yyyxx= — Yzzyy= — Yxxzz=A.  The

electronic structure of solids that cannot be gained from studrensorg is fully symmetric and has only one independent
ies of optical phenomena due to material tensors in(Eg. componentg,,,=gd. In the Voigt geometryk | B the mag-
Examples of experimental manifestationsk&-type contri- netic birefringence is defined by tensdrsand,f% from Egs.

butions to optical phenomena are scarce and restricted to t?ﬁ) and (1). For k|[110] and B|[001], the two axes of the
alteration of the optic absorption spectrum in the region o ' '

exciton transitions when the magnetic field is reverséthe ~ OPtical indicatrix due to the tensgrare in the(110) plane at
magnetic-field-induced ellipticifyand the magnetic birefrin- =45° with respect to the direction @ and the relevant
gence in the transparency regihBeing due to the higher- Pirefringence is

order perturbations of the electronic structure, effects of the

kB type are much smaller than the linear MO effects. Addi- An=gBkKn, (4)
tional experimental difficulties for their observation arise be- ) ) ) —

cause in the longitudinal Faraday configuration they ardvheren= e, is the index of refraction. FoB|[110], the
masked by the much stronger Faraday effect, whereas in tHwo axes are along thel 10] and[001] axes and
transverse Voigt configuration they overlap wB& and k?

effects. An=(3A+2g)Bk/4n. (5)
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FIG. 1. Schematic diagram of the experimental setup.

The second contribution to the magnetic linear birefrin- E450
gence stems from the tensgrin Eq. (1)

An(®,B)~f(©)B2/2n, ©6) 0 AN /\\

o (deg/ecm T)

YR
where® denotes the orientation & in the (110) plane with o ® m/
respect to th¢001] axis. Thus th&B and B? contributions 2 *
overlap and the experimental method should provide a pos- 0 % 760 0 360
sibility to separate them. (deg)
The experimental setup is shown in Fig. 1. A laser beam _ _ o o
(He-Ne laserh =0.633 um and 1.15um, and ALO:Ti la- FIG. 3. Rotational anisotropy of the magnetic linear birefrin-

ser,\=0.7—0.83um) passes through a polarizer, a sampledence 0ofkB type in a(110 sample of Cd_,Mn,Te (x=0.42).
Solid curves are best fit calculations. The insets show the same data

in the gap of an electromagnet, a quarter wavé plate, a .
Faraday type MO modulator, and an analyzer. An importanf’resemeOI in polar plots.
expedient that allowed measuring the anisotropy of magnetic
birefringence was to place the sample on a stage that coulgence as a function of magnetic field\at 0.633m in the
be rotated by 360° around the laser beam axis. The transmit110 sample k= 0.42) for two polarization geometries. The
ted light was detected by a photodiode and the signal wadifferent sets of data correspond to different azimuthal posi-
measured using a lock-in amplifier. The sensitivity oftions of the sample. In cag@) the birefringence is a linear
measuring the induced rotatioa=(wI/A)An was 10. odd function of magnetic field, thus unambiguously proving
The magnetic field range was 1.5 T. All measurements the presence of thieB effect solely. In caséb), the birefrin-
were performed afT=294 K. The plane-paralle(110)  gence is essentially asymmetric upon field reversal due to the
and (111) samples with a thicknedsof 0.6—1.5 mm were simultaneous presence kB and B2 contributions. The qua-
prepared from C¢_,Mn,Te single crystals X  dratic Voigt birefringence was found to be isotropic.
=0,0.25,0.35,0.42,0.52). Figure 3 shows the rotational anisotropy of % effect.
Two polarization configurations were used. In cé@mghe In case(a) the effect reverses sign wh@i- —B, when®
incident linear polarizatiorc; was parallel to the magnetic —©® +180°, and when the sample is rotated by 180° around
field B (E|B), while in case(b) it was at 45° toB (E45°B).  the laboratoryZ axis. However, it remains unchanged by the
In case(a), the B? contribution vanishes and only tHeB 180° rotation around th¥ axis. In casdb) the kB birefrin-
contribution is measured. In ca$l), the two contributions gence reverses sign when the sample is rotated by 180°
are measured simultaneously. The Faraday rotation iaround theY axis, however, it remains unchanged by rota-
Cd,_,Mn,Te crystals is about three orders of magnitudetion around theZ axis. All these features are in perfect agree-
larger than thekB effect and hence can easily meddle into ment with the symmetry predictions. Depending on the po-
observed signals whdnandB are not perfectly perpendicu- larization geometry the rotational anisotropy can be
lar. To prevent this meddling the control measurements andescribed in thg110) plane by two contributions propor-
alignments were taken without the4 plate. The absence of tional to co® (sin®) and cos® (sin30). In (111) samples
any rotation was taken as a proof of exact 90° alignment ofhe kB effect exhibits an anisotropy proportional to a c@s3
k andB vectors. (sin30) function.
As an example we display in Fig. 2 the induced birefrin-  Figure 4a) shows the normalized components of the sym-
metric A/x and antisymmetrig/x contributions calculated

A Ry o from the spectral variations of tHeB effect in geometries
. ] S et 0 E|B andE45°B in four Cd,_,Mn,Te samples as a function
. o 0=120°)] IR of (Eq—E), whereEg is the energy gap calculated using Eq.
£ emwer o | ) . (4a) from Ref. 8 anckE is the photon energy. The inset shows
g o °°\°°°°ffi:’3:%swwaoe"':;:;:;:::: . ER the concentration dependence of the specific rotadiaiue
S| eé RS i A / 1 to thng effect measured in geometiy45°B (0 =270°,
I LT | S AP B see Fig. 3atEg—E=0.45 eV. Linear dependencgx) and
2f W/ AN S the fact that the magnitude of theB effect in CdTe is at
- o “; |9=27I°° ‘ ] » least an order of magnitude smaller than in Mn-containing
15 10 05 Bosz)os 10 15 A5 10 05 BOQT)OE 10 15 crystals proves that the origin of theB effect is related to

Mn?" ions. Figure 4b) shows the data for normalized Far-
FIG. 2. Magnetic linear birefringence in tHa10 sample of ~aday rotatiorRg/x and quadratic Voigt birefringenda,, /x>

Cdy,_,Mn,Te (x=0.42) for two polarization geometries,||B (a) measured in the same samples. Figures 4nd 4b) dem-

andE, at 45° toB (b). onstrate the universal behavior of tkB effect, Rg, andBy,
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15 ; - - - - sponding term slowly varies with frequency. We shall differ-
entiate only the energy denominator with respecBto In
doing this we shall use the dependenceéegf  andEg, on
B for the limiting case wherB is small. It produces the
anisotropic  splittingd AEj,(q,B)=*b\4—3cogd and
AE(q,B)=*=3bcow of light- and heavy-hole bands, re-
. spectively, and the isotropic splittindE.(q,B)=*3a of
AT the conduction band? is the angle between the wave vector

' ' q and the magnetizatioM of the Mn?>* ions.a andb are
proportional to the magnetizatiohl and describe the ex-
change interaction of the Mri ions with band electrors.

ThekB effect is due to a combined action of the inversion
asymmetry of the crystal and the magnetic field and, hence,
should be proportional to an inversion asymmetry parameter.
There exist several such parameters for the zinc-blende
structuré® that enter the interband current operai¢k) or
1210 08 08 04 02 00 determine the spin splittings of the conduction and valence

EjE (oY) bands.

For the calculation ofJ(k)= (e/2) (ve *"+e kTy),
wherev=(1/£)dH, /dq is the velocity operator, we use the
interband effective Hamiltonian

A, gix (107um/T)

(b)

> 4 O @

FR/x (10° deg/cm T)
VB/x? (10deg/om T2)

FIG. 4. Dispersion of normalized components of symméirix
and antisymmetrig/x contributions to thekB effect, Faraday ro-
tation Re/x and Voigt birefringenceB,, /x? in four Cd;_,Mn,Te
crystals.

Heo = V3[P(q-R) +iBSinmdiGnRm], ®)

and provide a unique opportunity to compare both the absovhereR is the operator of a polar vector in the badis ,
lute values and the energy dispersions of three different MOIIFB, Sinm IS @ fully symmetric tensor? andB are the Kane
effects in four samples. The Faraday rotation is about thregarameters, the latter being due to the inversion asymmetry.
orders of magnitude larger than th8 effect. Near t_he band \we pave also analyzed contribution 4q,, proportional to
gap thek B andB? effects are of comparable maggntudes at aihe inversion asymmetry parametdy, which enters the de-
field of about 1 T. Note that the valu_e/x:lo um/T  rvative &Erq/aqzhzq/chrr&of(q), wheref is a quadratic
corresponds approximately to the rotatiefx=6 deg/cm T.  fynction of g, as well as the contribution due to the param-
The dispersion of three MO effects in different samplesg;g, C, defining the linear inq spin-orbit splitting of the

can be well fitted by a functionl+t(Eq—E) ™" shown by  y5jence band and entering E() through the wave func-
solid lines in Fig. 4, wherer~1.4 for the normalized com- jons Yeq.

ponent of symmetr|<2: tensok/x, 7~1.5 for theRg/x, and Integration in Eq.(7) leads to a cumbersome expression
7~=3.5 for the By/x®. The antisymmetric componem/x  for A and tog=0. The zero result fog is in agreement with
does not show any resonant behavior near the band gap gyr experimental data, which show a frequency-independent

=0). The frequency-indeEeYndent part0 for Re andBy.  pehavior ofg and its smallness in comparison with espe-
In CO”F?S'E d~2x10"" um/T  for A/x and cjally near the band gap. The frequency dependence of the
d~1X10"" um/T for g/x. contributions toA from each of the parametes 5,, andC,

The previously published theoretical works concemingnear the band gap has the forw- (Eq—E) /2. The dis-

the kB effect have concentrated on the excitonic crimination between various contributions remains an un-

applied to our dqta. We present a semiquanti.tative consider- The frequency behavior o& calculated in terms of this
ation that takes into account interband transitions from theapproach is not strong enough to explain the experimental
valence band’g to the conduction banil. Taking the de-  gata, This is quite similar to what is encountered in the in-
rivative of the optical tensoej(w,k,B) (Ref. 13 with re-  terpretation of the Faraday rotation d&tahe Faraday rota-
spect tok; andBy and retaining only the most important near tion near the band gap should vary faster, if one takes into

the band edge “resonance” term, we get account a wave-vector dependence of the exchange interac-
_ _ tion parameters andb of band electrons with M#" ions.
4mh? 9 Jsqrg-k(—K) I g-k.sq(K) The degree of this enhancement depends on the exgeit
Yijkl = E2y 0K By /Sy Erq x—Esq—E ' a region in the Brillouin zone near thepoint in which these

k’B—'?n parameters do not decrease appreciably. If we take the limit
0o— 0, then we obtain the frequency dependence

whereV is the crystal volumer=+1 ands=+*1, =3 enu-

merate the conduction and valence band states, respectively; A=t(E4— E) %2+ d(E), 9
J(k) is the Fourier transform of the current operator. We

shall analyze the most singular contributionsytg, near the  whered(E) is a slowly varying function of photon energy
band edge. For this reason we neglect the dependence of tHee to the terms omitted in our calculations. This depen-
current matrix element on magnetic field because the corredence is in good agreement with experiment.
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In conclusion, we have shown that the magnetic field in-origins, though their enhancement in all cases is due to a
duces strong linear birefringence in cubic crystals of magstrong exchange interaction of Mh ions with band carriers.
netic semiconductors Gd,Mn,Te in the Voigt configura- Further studies of magnetic birefringence can provide new
tion kLB. The data obtained allow an unambiguousinformation on the splitting of electronic transitions due to
separation of the induced birefringence into two contribu-the inversion asymmetry. We anticipate a strong increase of
tions. The first ofkB type is due to the magnetospatial dis- Magnetic birefringence in magnetic semiconductors at low
persion effects and reveals a striking anisotropy. The Voigfémperatures, as usually occurs with the Faraday rotation and
birefringence of? type is fully isotropic. We measured in Voigt birefringence. Our measurements of % effect in

the same samples the Faraday rotation, which provided ugd'l;je SthOW that |t"can be measurable in nonmagnetic semi-
with a unique opportunity to compare the absolute valuegonductors as wetl.

and energy dispersion of three different MO effects. The This research was supported by the INTAS, the DFG, the
comparison convincingly proves their different microscopicRFBR, and the Program Fundamental Spectroscopy.
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