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The near-infrared Faraday rotation of Cdq ~Mn Te has been measured for x = 0—0.3 at 300
and 77 K for photon energies between 0.1 (12.0) and 1.5 (0.8) eV (pm). We have developed a
multioscillator model for the Faraday rotation using an analytical expression for the refractive index
that includes contributions from interband transitions at the I', I, and X points of the Brillouin
zone, as well as the lattice contribution from optical phonons. The multioscillator model explains
the measured behavior of the Verdet constant as a function of photon energy for all concentrations
at both temperatures. This model has also been applied successfully to Faraday rotation data for
Cd~ Mn Te and Znq Mn Te from previous studies.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS's) are known
to have a large Faraday rotation at photon energies near
the band gap. This is the result of an enhanced Zee-
man splitting of the band electrons caused by the Sp-d
exchange interaction between the magnetic moments of
transition-metal ions, such as Mnz+, and the free-carrier
spins. The present work was motivated by the possibil-
ity of using DMS's as infrared Faraday isolators at room
temperature, particularly in the 10-pm region of the CO2
laser. In 1983 Turner, Gunshor, and Datta2 reported
room-temperature measurements of the Cdo ssMno 4sTe
Faraday rotation for wavelengths up to 1.0 pm (1.2 eV).
More recently, Bartholomew, Furdyna, and Ramdas and
Nikitin and Savchuk4 reported more detailed studies of
Faraday rotation in Cdq Mn Te and Znq MnsTe in
the same wavelength region. Our work explores the spec-
tral region between 0.825 (1.5) and 12.0 (0.1) pm (eV)
at 300 and 77 K for Mn concentration z = 0, 0.05, 0.08,
0.18, and 0.27.

Bartholomew, Furdyna, and Ramdas, Nikitin and
Savchuk, 4 and Butler, s among others, have analyzed
their Faraday rotation data for Cdq s Mn Te and
Zn~ Mn Te in terms of a single-oscillator model for the
index of refraction involving an interband excitonic tran-
sition at the fundamental gap E'o. Although this model
yields good results for Mn concentrations z & 0.05, at
lower values of z it is unable to account for the observed
change in the sign of the Verdet constant of Cdq Mn Te
and Znp Mn Te as a function of photon energy. VVe

believe that the success of their single-oscillator model
is fortuitous, to some extent, since at 300 and 77 K
their model does not adequately describe the index of
refraction of Cdq Mn Te or Znq Mn Te. Pikhtin and
Yas'kov fitted the measured refractive index n of vari-

ous semiconductors, with diamond and zinc-blende struc-
tures, to a multioscillator model that includes contribu-
tions from interband transitions at the L and X points
in the Brillouin zone in addition to the fundamental-gap
contribution at the I' point. We have used this analytical
form of n to derive an expression for e~. We interpret
our Faraday rotation data in terms of transitions at the
F and L points in the Brillouin zone. The higher-energy
transitions at the L point are found to be responsible
for the sign reversal of the Verdet constant as a func-
tion of photon energy. This effect has been observed
at small z for both Cdq Mn Te and Znq Mn Te (see
Bartholomew, Furdyna, and Ramdass).

II. THEORETICAL BACKGROUND

For the model describing Faraday rotation we consider
linearly polarized light propagating through a material of
length L in the direction of B.After traveling through the
material, the electric-field polarization vector E makes an
angle e~ with the initial polarization direction.

Faraday rotation results from the diH'erence in phase
velocity of left (cr ) and right (o+ ) circularly polarized
light propagating through a medium along B. (Right and
left circularly polarized light are defined as having pos-
itive and negative helicity with respect to time, respec-
tively. ) The phase difference Arp between the two circu-
larly polarized components after propagation through a
distance L is given by

~L
b.(p = (n —n+)

in the cgs system; ~ is the angular frequency of the light,
c is the speed of light in vacuum, and n and n+ are the
indices of refraction for o and o+ polarizations, re-
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spectively. The Faraday rotation angle e~ is then given
by

E'I
8F ——2b.p = (n —n+) = (n —n~), (2)2c 2hc

where f is the photon energy h~ and h is Planck's con-
stant divided by 2x. For undoped wide-gap semiconduc-
tors, only conduction to valence interband contributions
are significant.

To calculate the zero-field refractive index n we
used the multioscillator model derived by Pikhtin and
Yas'kov, '

0.7 S,' —8'z Gi
f2 g2 tc'2 g2

GTo
Ez —E' E'Tz —Ez '

where Zo, Ei, and Ez are the band gaps at or near the I',
L, and X points in the Brillouin zone, respectively, and
STo is the energy of the zone-center TO phonons. Gi,
Gz, and GTo are the corresponding oscillator strengths
for the fi, Z2, and tTo transitions.

This expression for n is obtained from the application
of the Kramers-Kronig relations to the imaginary part
of the dielectric constant ez(u) in the limit of low ab-
sorption. For photon energies lower than Zo the details
of the ez(co) dispersion are not important and we need
to keep only the major features. s It is possible then to
model ez(~) as a constant between E'o and Zi followed
by two undamped oscillators at 8'i and Sq as shown in
Fig. 1. Between to and E'i we take a constant amplitude
A of 0 7E& . which is the average of ez(co).s In con-
trast to the single-oscillator model, the multioscillator
model does not assume that the fundamental absorption
is due to an esciton ioith oscillator strength concentrated
at So. The absorption edge is modeled as a step func-
tion. This is a reasonable approximation for transitions
that are nonexcitonic or weakly excitonic in nature.

The measured index of refraction was fitted to Eq. (3)
to obtain Gi and Gz using measured energy gaps. Using
the Lyddane-Sachs-Teller relation and Eq. (3), GTo can
be related to the other constants and the energy of the
LO phonon Fr,o through

t 07 8, Gi G21
GTo =

l
1p '

ln&~ +
&q + &2 l (~Lo —~To).

0 1 2 ~

(4)

PHOTON ENERGY
FIG. 1. Schematic spectrum of the imaginary part of the

dielectric constant eq for a typical zinc-blende semiconductor.
The model used to approximate e2 is shown as a dashed line.

Values for these constants are shown in Table I.
Figure 2 shows the best At to the room-temperature re-

fractive index of CdTe (Ref. 7) using the single-oscillator
model and the multioscillator model of Pikhtin and
Yas'kov. In the single-oscillator model, n is given by

+o

0

where no and I'o are used as fitting parameters.
Bartholomew, Furdyna, and Ramdas and Nikitin and
Savchuk4 have used an approximation in which no2is
dropped compared to the second term of Eq. (5). Such
an approximation leads to a Verdet constant oc t (Sc-
E2) l From .the best fit to the room-temperature
CdTe data we obtain no ——7.2 and Fo —0.15 eVz. Using
Zo

——1.528 eV (Ref. 8) we note that, even for 8 = 1.500
eV, dropping no in Eq. (5) is not a good approximation.
Without this approximation the Verdet constant would
be oc Fz(foz —Zz) z, since no is the dominant term in

Eq. (5) for most energies.
For small b,f; the difference (n —n+) can be expressed

(6)

TABLE I. Dispersion parameters for the index of refraction of CdTe and ZnTe.

Material

CdTe (300 K)
CdTe (77 K)
ZnTe (33 K)

Eo (eV)'

1.528
1.613
2.271

Ei (eV)

3.50
3.62
3.70

E2 (eV)

5.50
5.59
5.50

ETo (meV)'

17.40
18.23
23.60

Ei,o (meV)

20.80'
21.08'
25.78

Gi (eV )

66.467
46.556
34.289

Gg (eV )

12.74
71.26

109.17

Reference 8.
References 9 and 10.

'References 11 and 12.
Reference 6.

'Reference 13.
Reference 6.



45 NEAR-INFRARED FARADAY ROTATION OF Cd& „Mn„Te 14 013

3.0

2.9

2.8

2.7

I I I I I I ) I ) I I I ) I ~ I ) I ) )

0.6 0.8 1.0 1.2 1.4

PHOTON ENERGY (eV)

Lande g factor of the Mn + ions, p~ is the Bohr magne-
ton, and M is the magnetization. At high temperatures
the magnetization is given by

where

sNp(gM„@gal) S(S + 1)
3kgy

zNp(g„. p~)zS(S+ 1)
3k~T(1 —~~~ z)

(12)

and 8(z) = epz with Op & 0. This approximation is
valid for 8(z) « T. Using this we obtain

FIG. 2. Best fit to the room-temperature refractive index

of CdTe, using the single-oscillator and multioscillator models

described in the text.

c)n 1 cInz

M; 2n c)n;
(7)

Taking partial derivatives with respect to Zp and 81 we

get

where the index i runs over the various transitions con-

tributing to n and AZ; = 8 —Z+ is the difference be-
tween the transition energies for the 0 and 0+ polar-
izations in the presence of a magnetic field. For 8 & Zp

we evaluate the sum in Eq. (6) for Zp and E1 and ig-
nore contributions for Zz and Z~o. This is a reasonable
approximation since, for the wavelengths of interest, the
dispersion from Sz and E&o is relatively small (see dis-

persion parameters in Table I). Using Eq. (3) we obtain

where Np is the number of Mnz+ ions per unit volume,
S =

z is the spin of the Mnz+ ions, k~ is the Boltz-
mann constant, and ep is a constant of the material
having values of —470 and —831 for Cd1 ~Mn Te and
Zn1 ~Mn Te, respectively. 14 Combining expressions for

bSo and bSp, we obtain

@No(n —p)gM. PaS(S + 1) & (z)
31 &T(1 —~~~ z)

where No(n —P) = 1.10 eV and b, E~~
) = —8.0 x 10

eV/kG for Cd1 Mn~Te (Refs. 15 and 16) and Np(n—

P) = 1.28 eV for Zn1 Mn Te.1 1s The value of b,gp
for Zn~ ~Mn~Te is determined from the data analysis
(see Sec. IV). The exchange splitting of Cd1 ~Mn~ Te at
the L point has been measured by Ginter, Gaj, and Si
Dang. 9 The magnitude of the splitting is approximately
26 times smaller than that at the F point and it has the
same sign. The Zeeman contribution at the L point is
expressed as

(8a) )-181 ——g1PgyB)
(2) ) (14)

Bn

M1
0.7

g2)z ~g( 1 )

Using Eqs. (2), (6), (Sa), and (Sb) we obtain

EL Bn Bn8 =-,„2nc . o 1
(9)

We consider two contributions to the magnetic-field-
induced energy splitting at the I' point: (i) the conven-
tional Zeeman splitting (as observed in CdTe) and (ii)
the exchange induced spl-itting. We can express 6Zp as

bSo + Ago where the superscripts (Z) and (E) rep-(z) (z}
resent Zeeman and exchange interactions, respectively.

is determined from experiment and AE'0 can be
expressed as

~g(&) (~ p) M0 'I

gM PB
(10)

where a and p are exchange constants for the conduction-
and valence-band electrons, respectively, gM„= 2 is the

where g1 is an effective interband g factor at the L point,
used here as a fitting parameter. Thus for Cd1 ~Mn~Te,

1 zNp(n —P)g„.P~S(S+ 1)
26 3kgy T(1 —~zg)

Since we have no information about the L-point exchange
splitting for Zn~ Mn Te, the total-energy splitting is
approximated as

AE'g ——pp~ B, (16)

where p is a fitting parameter. The total interband Fara-
day rotation is then obtained by inserting Eqs. (8a), (8b),
(13), (15), and (16) into Eq. (9).

At T = 77 K we adopt a phenomenological form of M
given by

C(z)
++ +AF

where T~F is used as a fitting parameter. We find that for
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z = 0.047, the value obtained for T~~ is close to 470z as
in the high-temperature approximation of Eq. (11). For
z = 0.076, however, the value of T~~ deviates signifi-
cantly from 470z.

We obtained the 77-K refractive index of CdTe from
the temperature-dependent Sellmeier coefficients gener-
ated by Barnes and Piltch using the data of Harvey
and Wolfe.

III. EXPERIMENTAL PROCEDURE

Single crystals of Cdi Mn Te were grown using the
Bridgman method. The Mn concentration of the four
samples used was determined from atomic absorption
by Northern Analytical Laboratory~2 at (4.7 6 0.2)'%%uo,

(7.6 + 0.4)'%%uo, (17.9 6 0.94)'%%uo, and (26.8 + 1.3)%. The
samples were cut and polished, then etched in a 5%% so-
lution of bromine in methanol for approximately 1 min.
The samples are p type with carrier concentrations of

10 cm . Samples with 7.6% and 26.8% Mn were
used as grown, while the 4.7'%%uo and 17.9% samples were
annealed in a Cd-rich atmosphere at 800 'C for 5 days.

Faraday rotation measurements at T = 77 K were
made using a cryostat with a KBr room-temperature
window and a ZnSe cold window. A 2-in. bore Bit-
ter magnet provided dc magnetic fields of up to 150
kG. A tungsten halogen lamp and an air-cooled coil-
form were the radiation sources for A ( 1.0 and A ) 1.0
pm, respectively. The linear polarizers used were Po-
laroid HR, for A ( 2.0 pm, and PTR Optics wire-
grid for A ) 2.0 pm. We used a 0.22-m Spex model
16808 double-grating monochromator. The detector
was a liquid-helium-cooled Ge bolometer from Infrared
Laboratories. Details of the experimental determina-
tion of e~ are provided in the Appendix.

IV. RESULTS AND DISCUSSION

Figures 3 and 4 show the room-temperature Verdet
constant for Cdi ~Mn Te as a function of photon energy.
The data were fitted to the multioscillator model using
Eq. (9). The only fitting parameters used were gi and Eo
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FIG. 3. Room-temperature Faraday rotation of Cd& Mn Te for various Mn concentrations as a function of photon energy.
Solid lines indicate the best fit to the multioscillator model. Some data by other authors have been included: in (a) solid circles
are from Ref. 4, open diamonds, closed squares, and open triangles are from Ref. 3. (b) is a detail of (a) in the region of zero
crossing. (c) shows the Verdet constant for s = 0.076, 0.179, and 0.268. (d) shows the long-wavelength data in an expanded
scale.
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FIG. 4. Room-temperature Faraday rotation of
Cdq Mn Te for various Mn concentrations as a function of
photon energy, measured by Nikitin and Savchuk (Ref. 4).
Solid lines indicate the best fit to the multioscillator model.

Figure 3(a) shows the Verdet constant for low values of
z. This figure includes data from Bartholomew, Furdyna,
and Ramdas. Figure 3(b) is a detail of Fig. 3(a), which
shows the change in the sign of V as z increases from
0% to 5'. In Fig. 3(c) we show the Verdet constant for
a ) 0.05. Figure 3(d) shows the long-wavelength Faraday
rotation for Cdq Mn Te. The agreement between the

data and the multioscillator model in this wavelength
region is not as good as in the shorter-wavelength region;
this may be due to the neglect of small contributions
from impurities and other defects. Figure 4 shows data of
Nikitin and Savchuk fitted to the multioscillator model.
We observe that beyond 1.5 eV the ordering of the
curves is reversed since the band-gap resonance occurs
at lower energies for small z. A similar crossing can also
be seen in Fig. 3(c). As shown in Table II, the values for
Eo obtained from the fitting are reasonably close to the
measured values.

Figure 5 shows a similar set of curves for Znq Mn Te.
The zero-crossing occurs at a higher value of z than for
Cdq Mn Te, indicating that Znq Mn Te has a larger
ratio of bSq jbSs than Cdq Mn Te. Fitting parame-
ters for Zny Mn Te are also found in Table II. Figure 6
shows g& and y as a function of z for Cdq Mn Te and
Znp Mn Te, respectively, at 300 K. In both materials
g& (y) has the same sign as the conduction-band g factor
at the I' point and increases monotonically with Mn con-
centration. Note that for Znq Mn Te, the parameter p
includes both the Zeeman and exchange contributions.

We can see from Figs. 3(b) and 5 that the model can
successfully describe the zero-crossing of the Verdet con-
stant observed at low Mn concentrations. The contribu-
tion to the Faraday rotation due to the gap at the L point
is responsible for the change of sign of the Verdet con-
stant. In Cdq Mn Te, the Zeeman contribution to 6Eq
is larger than the exchange contribution for most concen-
trations, while at the I' point the exchange contribution

TABLE II. Fitting parameters for the Faraday rotation of Cdp Mn~ Te and Znp ~Mn Te.

Material

Cdq Mn Te (300 K)

Cdq Mn Te (77 K)

Znq Mn Te (300 K)

* (%)
0
0
1

3
4.7
5

7.6
10
15

17.9
20
25

26.8
30

4.7
7.6

0
2
5
10

Reference Eo (eV)

1.528
1.528
1.541
1.567
1.589
1.594
1.627
1.660
1.725
1.762
1.791
1.857
1.879
1.923

1.656
1.700

2.271
2.281
2.297
2.323

Eo' (eV)

1.530
1.530
1.500
1.542
1.570
1.570
1.646
1.650
1.721
1.747
1.780
1.876
1.859
1.950

1.656
1.700

2.310
2.260
2.300
2.320

—gi (—7)'
0.4
0.5
0.9
1.4
1.7
1.8
2.2
3.5
3.7
4.2
4.8
4.1
5.2
4.3

5.6
10.6

0.6
1.2
2.0
2.8

This paper.
Reference 3.

'Reference 4.
References 8 and 27.

'p applies to Znq Mn Te.
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FIG. 5. Room-temperature Faraday rotation of
Znq Mn Te for various Mn concentrations as a function
of photon energy, measured by Bartholomew, Furdyna, and
Ramdas (Ref. 3). Solid lines indicate the best fit to the mul-

tioscillator model.

dominates for z & 0.005. This results in AFO and Afq
having opposite signs. Furthermore, the L-point contri-
bution to eF is dominant at low energies and low Mn
concentrations, thus accounting for the zero crossing in
the data.

To fit the room-temperature Zn~ Mn Te data, we

first used Ate( ) as a fitting parameter at z = 0. This

procedure yields Afo ——3.0 x 10 5 eV/kG. This value(z)

is then used to fit the data for z g 0. 6Zq was modeled
as ypBB because of the lack of information about the
L-point exchange splitting in t;his material.

Figure 7 shows the Faraday rotation of Cdq Mn Te
at 77 K for z = 0.047 and 0.076. In fitting the 77-K data
we assumed that the ratio b, E& )/bSI ) is the same as(&) (&) .

that for 300 K. The values of Eq and f2 were adjusted

—6 f I I I
I

I I I
I

I I I

FIG. 7. Faraday rotation of Cd& Mn Te at 77 K for
s = 0.047 and 0.076. Solid lines represent the best fit to
the multioscillator model.

using dfq/dT = —5.5 x 10 4 eV/K and diaz/dT = —4.1 x
10 eV/K. z Values of the fitting parameters are given
in Table II. For the T~~ parameter we obtained values
of 36.9 and 19.8 K for z = 0.047 and 0.076, respectively.

The success of the model at both 300 and 77 K indi-
cates that excitonic effects at the absorption edge are not
sufficiently strong to justify the use of a single-oscillator
approximation at these temperatures. It is remarkable
that the predicted Zo's are close to the measured ones,
considering that the behavior of c2 at the I' point has
been crudely modeled as a constant for both tempera-
tures.
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APPENDIX: ANALYSIS OF FARADAY
ROTATION MEASUREMENTS

0 I I I I I I I I I I I I

20 30

Mn CONCENTRATION (%)

FIG. 6. Room-temperature eff'ective interband g factor at
the L point, g~ (p), as a function of Mn concentration for
Cdq Mn Te and Znq Mn Te.

In the following we summarize the mathematical
framework for the interpretation of Faraday rotation
measurements. Our measurements cover such a wide
range of wavelengths that in some cases the polarizers
become imperfect and can transmit some light with the
undesired polarization. The following analysis takes into
account this possibility. It also makes corrections for mul-

tiple reflections at the faces of the sample so that the rota-
tion angle extracted from the measurement corresponds
to a single pass through the material.

A beam of light that is initially polarized along the
z direction can be expressed in terms of its left (E) and
right (r) circularly polarized components as they traverse
the medium along the z direction as
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E = 2Eo(&i&+ &2v))

where
SkrZ —ArZ/2 ~ tklZ —6'(Z/2

g
g~~rZ g ~rZ/2 ~8kiZ p

—~lZ/2

(A1)

(A2)

Eg is a constant amplitude, k is the propagation constant,
n is the absorption coefficient, and z is the coordinate
along the propagation direction.

When the initial polarizer is oriented along z, a small
fraction 8 of the electric field along y will also get through.
After some algebra, we obtain an expression for the trans-
mitted intensity,

—G'r Z —QgZ

Iiv(ir) = -'E()(1 —R) (1+ s ), z ~ . + „

e-(a„+az)z/2[1 R2e-2(a„+az)zj
+

1 —2Rze-(a~+ac)zcos 2(k„k&)z + R4e-&(ar+az)z

x cos2ycos(k„—kl)zp p sin2psin(k„— kl)z

(A3)

where the subscripts N and R refer to the magnetic field
in the normal and reverse directions, respectively, R is the
surface reflectivity, y measures the leakage perpendicular
to the transmission axis of the analyzer and polarizer,
and y is the angle between i and the transmission axis
of the analyzer. The magnetic-field reversal results in the
exchange of the (r, E) labels in the above equations. In
the limit where n = 0 and y = 4,

where

and

I~ —IN (1 —s )
I~ + IN

'
(1 + sz) '

4R
(1 —R&)&

'

In the limit of a perfect polarizer p = P = 1 and we get

sin 28' = (1+rlsin 28'),
'7

(A4) sin28p —AI (1+ rlsin 28') . (A5)
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