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Voigt effect in diluted magnetic semiconductors: Cd, „Mn„Te and Cd, „Mn„Se
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We report a giant Voigt effect in diluted magnetic semiconductors Cd& „Mn„Te and Cd& Mn„Se
and present an excitonic model that describes its dispersion and M dependence, M being the magnetiza-

tion. We discuss the Voigt effect in Cd&, Mn„Te (0.10 & x & 0.45), a zinc-blende diluted magnetic semi-

conductor, in the context of this model. In addition, we present experimental results for the Voigt effect

in Cd& Mn Se (x=0.26 and 0.31), a diluted magnetic semiconductor with wurtzite structure, where the
effect is considerably more complicated due to its lower symmetry. Specifically, we present a striking an-

isotropy of the Voigt effect in Cd, Mn Se, which depends on the relative orientation of the applied
magnetic field with respect to the optic (c) axis of the crystal.

I. INTRODUCTION

Voigt effect is the double refraction induced in a medi-
um by an external magnetic field H so that in an other-
wise optically isotropic medium light polarized perpen-
dicular to H travels with a velocity different from that
polarized parallel to H. This phenomenon is closely re-
lated to the Faraday effect associated with the circular
double refraction experienced by light traveling along H
in such a medium. The Voigt efFect is usually very small
except for photon energies very close to the band gap. In
II-VI based diluted magnetic semiconductors (DMS al-
loys), however, it is expected to be much larger than in
nonmagnetic semiconductors, due to the very large Zee-
man splittings of electronic bands in these materials
(which also underlies the "giant" Faraday rotation ).

In this paper, we report the observation of a "giant"
Voigt effect in Cd& „Mn„Te, a DMS alloy having a
zinc-blende structure, as well as in Cd, „Mn„Se, a uniax-
ial crystal having a wurtzite structure. In the latter case,
a striking anisotropy of the Voigt effect is observed, de-
pending on the orientation of H relative to the hexagonal
axis of Cd, Mn„Se.

II. EXPERIMENT

The samples used in our measurements were single
crystals grown by the vertical Bridgman method. The
samples in the form of plane-parallel wafers were pol-
ished using successively finer grits down to 0.05 pm, and
their manganese concentrations (x) were determined by
electron-probe microanaiysis. These samples were placed
in a variable-temperature optical cryostat equipped with
a superconducting coil. White light from an incandes-
cent lamp was sent through the sample and an external
magnetic field H was applied perpendicular to the wave
vector of the light, k (i.e., in the plane of the sample).

The light incident on the sample was linearly polarized,

with the electric field of the light at an angle of 45' to the
magnetic field, so that the components of the electric field
along and perpendicular to H were equal in magnitude.
Since these two components travel with different veloci-
ties, they emerge from the sample with a phase difference
and the transmitted light thus becomes elliptically polar-
ized, the elliptical polarization depending on the phase
difference experienced by the two polarization com-
ponents. The phase difference P is given by

E/
(n, —n„)

where E is the photon energy, l is the thickness of the
medium that the light traversed, c and A have their usual
meanings, and n~ and n

~~

are the indices of refraction for
the electric field perpendicular and parallel to H, respec-
tively. The transmitted beam passed through a linear po-
larizer, which was at —45' with respect to H. It is easily
seen that in this configuration the transmitted intensity
displays maxima for P = (2p + I )vr and minima for
$=2pn, p being a.n integer.

In Fig. 1 we show a transmission curve obtained in this
manner for Cd& Mn Te, x =0.35, at a temperature
T=20 K, H=60 kG, the spectral analysis being per-
formed on a double monochromator. Each successive
maximum or minimum corresponds to an additional in-
crease or decrease of P by 2m. . In this manner, one can
determine the relatiUe dispersion of the Voigt effect as a
function of photon energy. The absolute value of the
Voigt effect can be determined by increasing magnetic
field from 0 to 60 kG at any specific wave number. Fig-
ure 2 is such a transmission curve obtained with
Cd& Mn Te, T=20 K, v=16500 cm '. The Voigt
effect (i.e., P) is zero for H=O, and each successive
minimum indicates an increase of P by 2m. Note that the
period decreases with increasing magnetic field since —as
we will see—the magnitude of the Voigt effect is propor-
tional to the square of the external magnetic field.
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ic field. At low fields the behavior of this magnetic-field-
induced birefringence is thus expected to be quadratic in
H. Considering the four cr+ and the two m excitonic zone
center transitions from the valence band to the conduc-
tion band as shown in Fig. 3, we can express the refrac-
tive index as

n2 =no+ gF;/(E; E—), i =1,3,4, 6, (2a)

and

n „=n o + g F; /(E; E),—i =2, 5, (2b)

where E; is an excitonic transition energy for each al-
lowed transition, and F,. is a constant involving the oscil-
lator strength corresponding to that transition. Note
here that in the absence of an external magnetic field for
an isotropic DMS (e.g. , Cd, Mn Te) E; =E, and
F,=gF;. The relative strengths of F; are given by
F, :F2.F& ..F4.F5:F6=3:4:1:1:4:3 (Ref. 4) for
Cd, Mn Te. In the case of Cd, „Mn Se, E; at H=0
has two different values, namely, Ez for i = 1,6 and EB
for i=2,3,4,5 where E„and EB are transition energies of
the A exciton and B exciton, respectively. For H~~c, the
quantitative analysis can be made starting from expres-

i =1,3,4, 6, (3a)

n =n (0}+g bE;+ —,
' g 2(bE; )aE'

i =2, 5, (3b)

where n (0) is the refractive index for H =0,
G =F, /(E, 2 —E.2}, and QE, is the excitonic Zeeman split-
ting of each transition energy (E; E, ) from—1 to 6. We
thus obtain

sions similar to those in Eq. (2) with the two different
values of E; at H =0. As will become clear in the follow-
ing discussion, the analysis of the Voigt effect in
Cd, „Mn„Se with HJc needs a detailed description of
the Zeeman splittings. The Voigt effect in Cd& „Mn Se
will be discussed only qualitatively in the next section in
connection with experimental results and in the
remainder of this section we focus on an isotropic DMS.

We can now express the refractive indices for the o.+
and m transitions by a Taylor expansion about E„to the
second order in (E, E, ),—

8 6
n =n (0)+ g b,E;+—,

' g (b.E )

n', —
n~(

=n' n' =—,', , (3bEi+&Ei+bEg+3bE6 —4bE2 4bE5}
8(E2 E2)2

F (E2+3E2)
+

2 [3(bEi) +(bE2) +(bE4) +3(b E)64(bE2) —4(bE~) ] . —
16(E,—E )

(4)

We now note that AE5 = —AE2, AE6 = —AE&, and
b.Ez = —bE&, and thus all the first-order terms in Eq. (4)
vanish, leaving F, (E, +3E )/8(E, —E ) [3(bEi)
+(bEi) —4(EE2) ]. (Note that bE5% —bE2, etc. for
Hlc in Cd& Mn„Se, and the quantitative description
becomes complex for this geometry. ) Let
ni —

n~~ =(1/2n)(ni —
n~~ ), where n =(ni+n~ )/2. For E

close to E, we can assume that n =F, /(E, E), and-
from Eq. (4) we obtain

(F )1/2(E2+ 3E2)

16(E2 E2)5/2
0

X [3(bE, ) + (b,E ) 4(bE ) ] . —

As shown in Fig. 3(a), in the presence of H the I 6
conduction-band minimum splits into two levels, given by
E +3A and the I 8 valence-band maximum into four lev-
els given by +B and +3B, where the energy of the
valence band at H =0 is taken as 0, and

1 M 1 MA= —a B=—P
g MnI B g MnPB

a and p are the exchange integrals for the conduction-
and valence-band electrons, M is the magnetization per
unit volume, and gM„ is the Lande g factor of the Mn +

spins (gM„=2). The energies of the associated exitonic
transitions [which determine Eq. (5)] are bE, = —3A
+3B, EE2= —3A+B, and AE~= —3A —B, B being
negative. We then finally have

(F ) "E(E +3E )

24iric (E —E )'/ gMnPB

2

p(p —~) .

IV. RESULTS AND DISCUSSIGNS

A. Cd& „Mn„Te

Figure 1 shows the transmission spectrum for
Cd] Mn Te, x=0 35, T=20 K, H=60 kG, I=3 25
mm, with the sample placed between a polarizer and an

(6)

The magnetization M of DMS alloys in the paramagnetic
state is proportional to the external magnetic field H at
sufficiently low fields and/or at sufficiently high tempera-
tures. In this regime, the Voigt effect is proportional to

and we can define a new parameter, representing P
per unit length per unit square of the magnetic field,
denoted by Y (in analogy with the Verdet constant used
to describe the Faraday rotation) such that P=YIH .
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analyzer making an angle of +45 and —45, respective-
ly, with an external magnetic field H, which is in the
plane of the sample, (i.e., perpendicular to the direction
of propagation). As can be seen, a series of oscillations
occurs as a consequence of the magnetic-field-induced
birefringence and the resulting variation in P. The
transmission maxima correspond to P=(2p + 1)ir, as dis-
cussed in the preceding section. The decreasing ampli-
tude of oscillations for increasing photon energy is in part
due to the differential near-gap absorption for the electric
field component polarized parallel and perpendicular to
H. Near the absorption edge the Voigt phase shift P is
about 10000, much larger than for any nonmagnetic
semiconductor, arising from the huge Zeeman splittings
of the excitonic transitions in the DMS's.

In Fig. 4, we show the parameter Y as a function of
photon energy for a series of Cd, Mn„Te samples
(x=0.13, 0.22, 0.35, and 0.41) at various temperatures,
where Y is the Voigt phase shift P per G per cm. In or-
der to bring out the M dependence on x in the Voigt
effect, we compare Y at a given value of (E/E, ), E, be-
ing the excitonic energy. As can be seen from the limited
number of compositions studied, the Voigt effect at a
given value of (E/E, ) appears to increase with increasing
x up to a certain value of x, beyond which it decreases.
[In the figure we identify (E/E, ) =0.96 at 5 K for each
x.] This behavior is similar to that of the Faraday effect
in Cd& Mn Te or Cd& Mn„Se, where the Faraday ro-
tation (or, equivalently, the magnetization) at 5 K in-
creases up to x=0.25, beyond which it decreases. ' This

can be traced to the antiferromagnetic coupling between
nearest-neighbor Mn + ions. As the temperature in-
creases, the x value at which the peak in the Voigt effect
(or the Faraday efFect) occurs also increases beyond
x=0.25, since the antiferromagnetic interaction is gradu-
ally becoming less important. We note that the Voigt
effect depends on x more strongly than does the Faraday
effect, since it depends on M, while the Faraday effect is
linearly proportional to M.

As mentioned earlier, Fig. 2 displays the variation in
the transmission of Cd, Mn Te, x=0.35, T=20 K, as
the magnetic Geld is increased from 0 to 60 kG at a
specific photon energy v=16 500 cm '. The decreasing
amplitude with increasing magnetic field is probably due
to the differential absorption for the polarizations

~~
and

LH. The H dependence of the Voigt effect is demon-
strated in Fig. 5, obtained from the data shown in Fig. 2.
The magnetization of DMS alloys follows the Brillouin
function B»2(H/(T+ T~z)) in the low-temperature re-
gime (where Tz~ is a phenomenological measure of the
Mn-Mn antiferromagnetic interactions), and thus exhibits
a saturation effect for low temperatures and at high fields.
This saturation effect has been extensively studied in the
Faraday effect of Cd, Mn„Te (Ref. 5). A similar satu-
ration in the Voigt effect is apparent in Fig. 6 for
Cd, Mn„Te, x =0.18, T= 5 K, v= 14 000 cm ', l
=2.03 mm, the figure resembling M as a function of H .
Note that the saturation effect is more pronounced for
the lower manganese concentrations (which have smaller
T„~'s). The small deviation from linearity seen in the
high-field limit of Fig. 5 is an indication of the onset of
the saturation of M for the x =0.35 sample.

According to Eq. (6), P is proportional to
E(E,+3E ) I(E, E) ~ . Fo—r photon energies near the
band gap, the dispersion of P will be mainly dominated

2000
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FICx. 4. The magnetic-field-induced phase difference due to
the Voigt effect P per unit length per unit square magnetic field

(designated by the parameter Y) as a function of photon energy
for Cd& Mn„Te {x=0.13, 0.22, 0.35, and 0.41) at various tem-
peratures. Note the marked increase in Y close to the absorp-
tion edge for a given x. These curves indicate that the number
of manganese ions (Mn +) that can contribute to the magnetiza-
tion decreases noticeably above x =0.25 at 5 K due to large an-

tiferromagnetic interaction between the nearest-neighbor Mn +.
The arrows identify the photon energy for (E/E, ) =0.96 at 5

K.

50
H' (kG')

60

FIG. 5. The phase dift'ereuce P between electric field parallel
and perpendicular to H as a function of H, demonstrating the
M dependence of the Voigt effect, where M is the magnetiza-
tion. The raw data are shown in Fig. 2. The small deviation at
high fields from the H dependence is due to the saturation of
the magnetization.
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2000—
TABLE I. Temperature dependence of E, and m / in

Cd~ „Mn„Te. The unit for m is (G cm' )/(eV deg' ).
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FIG. 6. P vs H2 for Cd, „Mn„Te, x =0.18, T= 5
v= 14OOO cm '. The saturation in p is due to the saturation of
the magnetization. For low x, low temperature, and high fields,
this saturation effect is more pronounced.

by the denominator of this expression. To reveal the
dependence of Y on E near the energy gap, we ignore E,
in the numerator, and plot (E /Y) against E (Ref. 7).
Figure 7 shows such plots for x =0.22 at various temper-
atures. The linearity of the plots and their extrapolations
(which converge toward reasonable values of E, at large
E) indicate that the excitonic transitions indeed play the
dominant role in the Voigt effect of DMS alloys. Some
deviation from the linearity of such a curve was notice-
able at higher temperatures and/or for x + 0. 13 or
x ~0.41. Such a deviation appears to arise from the
larger error in the determination of the Voigt effect,

which is smaller at these temperatures and Mn concen-
trations.

In Table I we show E, and m, E, and m being, re-
spectively, the intercept on the horizontal axis and the
slope of the linear Qts such as those shown in Fig. 7.
Since the Voigt effect is inversely proportional to m
m is proportional to the M '. A plot of m versus
T thus shows the temperature dependence of inverse
magnetic susceptibility. At the higher temperatures the
magnetization follows a Curie-gneiss law, but deviates
from it at the lower temperatures. A similar behavior
was obtained from Faraday effect measurements (see Fig.
7 in Ref. 6}. We note that the Voigt effect for x=0.31 is
larger than that for x=0.22 for T ~40 K, but smaller for
T ~ 20 K, for the reasons associated with Mn-Mn antifer-
romagnetic interactions discussed earlier in this section.

B. Cd& „Mn„Se

oooo

750—

E
Ol

500—

Ol

250—

hl

Three different Voigt geometries employed in
Cd, „Mn„Se are shown in Fig. 8: (i) H~~c, klc, (ii} Hlc,
k~~c, and (iii) Hlc, kJ.c. In this section, we discuss the an-
isotropy of the Voigt effect revealed in the experimental
results based on these geometries.

The experimental results for case (i) are displayed in

c II k

0
3.0

I

3.2 5.4
E' (ev')

I

3.6

FIG. 7. (E /Y) vs E for Cd& Mnx Te, @=0.22 at several
temperatures (T=5, 10, 20, and 40 K), where E is the photon
energy. This plot demonstrates the photon-energy dependence
of the Voigt effect according to an excitonic model, Eq. (6).

Hll c, k i8 Hlf, kllc Hlf, k J. C

FIG. 8. Three Voigt geometries for a uniaxial (wurtzite) crys-
tal such as Cd, Mn Se.
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Fig. 9. The transmission of Cd, Mn Se, x =0.31,
T=20 K, 1=4.32 mm with the polarizer and analyzer
oriented at +45 and —45' with respect to the c axis, re-
spectively, was recorded as a function of photon energy.
The curve shown in Fig. 9(a) is for zero magnetic field,
and the observed oscillations are due to the intrinsic
birefringence. (Note that this effect is totally absent in
cubic samples, such as Cd, „Mn„Te.) The intensity
minima (maxima) correspond to 5= (2irl /A, )(n, n—, )

=2irp [ir(2p+I)], where 5 is the phase difference be-
tween the two "normal modes, " one parallel and the oth-
er perpendicular to the c axis, n, and n, are the refractive
indices for each "normal mode, " and p is an integer. The
lower spectrum [Fig. 9(b)] is for H=60 kG (applied ~~c),

where the shift of the oscillation pattern represents the
Voigt effect in this configuration. As has been discussed
in an earlier publication, below a certain frequency the
intrinsic birefringence (n, n, ) inc—reases with increasing
photon energy but starts decreasing above that (labeled
"turning point" in Ref. 8), i.e., the corresponding p values
decrease with increasing wave number (see Fig. 6 in Ref.
8). For the sample and the temperature corresponding to
Fig. 9, this "turning point" is around 16000 cm '. Since
the natural birefringence or the value of p decreases with
increasing wave number in the spectral range shown in
Fig. 9, the shorter periods between the oscillations at
H =60 kG than at H =0 is an indication that the super-
position of the intrinsic birefringence and that due to the
Voigt effect decreases more rapidly with increasing wave
number than the intrinsic birefringence by itself. In oth-
er words, the total birefringence (observed at HAO) is less

TABLE II. Comparison of Voigt effect in Cd& Mn Se at
H=60 kG for the three different geometries in Fig. 8.

x T (K) E (cm ')
H[fc, k&c

(5/2m.

H+c, ki[c Hlc, klc

l=3.72 mm l=3.03 mm l=3.72 mm

026 5 16000
16 250
16 500
16600
16700

5.0
8.4

15.6
21.0
29.0

1.5
2.5
4.85
6.6
8.8

& 0.2
& 0.2
& 0.5
& 0.5
& 0.5

than the intrinsic birefringence (observed at H=0). The
absolute value of the Voigt effect P was obtained by
recording the transmitted intensity while the magnetic
field was increased from 0 to 60 kG (similar to the curve
in Fig. 2) at several wavelengths .At 16300 cm ', P is
about 2m and increases at higher frequencies. In this
configuration (H~~c, klc), the Voigt effect is found to be
the largest, a consequence of the larger Zeeman shift of
the A exciton in H~~c. (Note that this is the only
configuration with H~~c. ) In Table II, we show (P/2ir)
due to the Voigt effect alone (i.e., after subtracting the
natural birefringence from the total birefringence when
klc).

Figure 10 shows the transmission curve observed in
Cd& „Mn Se, x=0.31, T=5 K, H=60 kG, l=5.60 mm
for Hlc, k~~c, case (ii), where its intrinsic birefringence
does not come into play. Again, each successive max-
imum or minimum corresponds to an additional increase
or decrease of P by 2m. The absolute value of P at 16 600
cm ' and H=60 kG is 5~. In general, the Voigt effect
for HJ.c, k~~c is smaller than for H~(c, kic and larger than
for Hic, kic, case (iii), where no significant change in
phase with magnetic field is observed (see Table II).

The explanation of the striking anisotropy of the Voigt
effect in Cd& Mn Se has to be sought in the differences
in the Zeeman splittings of the excitons for H~~c [Fig.
3(b)] and Hlc [Fig. 3(c)] in conjunction with the selection
rules. The conduction-band minimum of Cd& Mn Se
is at the zone center with I 7 symmetry. The valence-
band maximum, also at the zone center, has I 9 symmetry
and is separated from the next-lower-lying I 7 maximum
by the crystal-field splitting. The excitons associated
with I 9 and I 7 are labeled 3 and B, respectively. The
A-excitonic transition is allowed only for Elc whereas
the B-excitonic transiton is observed with E~~c as well as
Elc, where E is the electric vector of the light. '

When the magnetic field is applied along the optic axis

FIG. 9. A channeled spectrum in the radiation transmitted
by Cd& Mn„Se, x=0.31, T=5 K, klc, H=O (a) and H~~c with
H=60 kG (b), the sample being placed between two crossed po-
larizers making a +45 angle with respect to c. The upper spec-
trum involves the intrinsic birefringence, whereas in the lower
spectrum the total birefringence includes both intrinsic and
magnetic-field-induced birefringence, i.e., the Voigt effect. In
this spectral range, the intrinsic birefringence decreases with in-
creasing photon energy (see Fig. 6 in Ref. 8).
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FIG. 10. The transmission curve for Cd& Mn„Se, x=0.31,
T=5 K, Hj.c, k~~c, H=60 kCx, i.e., in a configuration in which
the intrinsic birefringence is absent.

(c) [Fig. 3(b)], two &+ transitions originate from I'9(A)
(labeled 1,6) and two &+ (labeled 3, 4) and two & transi-
tions (labeled 2, 5) originate from I 7(B), all terminating
at the I 7 conduction band. Since the Zeeman splitting of
the A exciton is larger and the A-excitonic transition lev-
el lies closer to the photon energies where the Voigt effect
is studied, n experiences a stronger dispersive effect in
the presence of an external magnetic field than does n
Without an external magnetic field, the extraordinary re-
fractive index, n, is larger than the ordinary refractive in-
dex, n, (Ref. 8). For H~~c, n, (or n ) becomes larger with
increasing magnetic field, resulting in a smaller total
birefring ence.

If the magnetic field is applied perpendicular to c [Fig.
3(c)], the eigenstates are admixtures of different (j,j, )

states, where j and j, correspond to total angular
momentum and its z component, respectively. For Hlc,
we choose the z axis along H. In the limit of zero mag-
netic field, each eigenstate is an equal admixture of +j,
and —j, although it would have had a definite value of j,
had we chosen z along c. With increasing magnetic field,
each eigenstate will become close to an eigenstate of (j,j, )

and the transitions labeled 1,3,4,6 will be increasingly po-
larized in a plane perpendicular to H, whereas those for
2,5 will be polarized parallel to H. (Although transitions
other than 1 —6 are allowed for Hlc, we assume here that
only 1 —6 play a dominant role. ) These considerations
can enable us to interpret the difference in the Voigt
effect for Hlc, k~~c, and for Hlc, klc.

As mentioned earlier, A-excitonic transition is allowed
only for Elc at H=O. For Hlc, k~~c, case (ii) in Fig. 8,
the 1 and 6 transitions contribute to n~ because E is lc,
assuming that the same selection rule applies for HWO.
The transitions 3 and 4, associated with the 8 exciton,
will also contribute to n~ in this configuration, but their
contribution to the Voigt effect will be more or less can-

celled by the contribution to n
~~

from the 2 and 5 transi-
tions. As discussed above, for Hlc, klc, case (iii), E asso-
ciated with the 1, 3, 4, and 6 transitions is perpendicular
to H, but only 3 and 4 can be polarized parallel to c since
the A exciton appears only for Elc. Once more, the
effects of 2 and 5 will compensate those from 3 and 4.
Thus the negligible Voigt effect for Hlc, klc can be un-
derstood.

To summarize: for H~~c, the excitonic Zeeman split-
tings of Cd& Mn Se are similar to those for
Cd& „Mn Te and the Voigt effect is the largest among
the three configurations displayed in Fig. 8. The Zeeman
splitting of the A exciton for Hlc is significantly smaller
than that for H~~c and the Voigt effect is correspondingly
smaller. In Hlc, kic, where the A exciton should play
an insignificant role, the Voigt effect is negligible.

V. CONCLUDING REMARKS

The Voigt effect is a magneto-optic phenomenon
second order in H and is usually very difficult to observe
at laboratory magnetic fields. However, the birefringence
due to the Voigt effect in diluted magnetic semiconduc-
tors for photon energies near the band gap at H=60 kG
is of the order of the natural birefringence of calcite in
the visible range. This giant Voigt effect is due to the
huge excitonic Zeeman splitting and exhibits a quadratic
dependence on the magnetization (M). If, say, the Zee-
man splitting in Cd, Mn„Te, x=0.25, is 100 times
larger than in Cd, Mn Te, x=0.02, the Voigt effect in
the former will be 10000 times larger than in the latter.
It must be emphasized that even in DMS alloys the Voigt
effect is readily observed only at low temperatures and at
high magnetic fields. For example, if P is 10000' for
Cd& Mn Te, x=0.3, at 20 K and 60 kG, it will be only
1 at 300 K and 6 kG at photon energies corresponding to
the same E/E„assuming the magnetic susceptibility at
300 K is 10 times smaller than at 20 K.

In contrast to the Voigt effect in the cubic
Cd& Mn„Te, a strong anisotropy was observed in the
Voigt effect in Cd, „Mn Se. For k~~c, the Voigt effect
can be measured directly as in Cd& Mn„Te, whereas for
klc the intrinsic birefringence has to be subtracted off
from the total birefringence. In the case of H~~c, klc,
where the Voigt effect is the largest among the three basic
experimental geometries, the Voigt effect reduces the to-
tal birefringence near the absorption edge.
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