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The photoinduced Faraday process in the diluted magnetic semiconductor Cdo 75Mno 25Te is investi-

gated for laser frequencies well below the semiconductor band gap. This study is performed through
measurement of the giant photoinduced rotations of the laser polarization as the magnetic field, laser in-

tensity, and temperature are changed. We identify three different contributions for the photoinduced
Faraday rotation angle: a fast Kerr contribution proportional to the laser intensity, a population change
due to two-photon absorption and carrier stimulated recombination, and a Mn'+-ion magnetization as a
consequence of the spin exchange interaction between the photocreated carriers and the magnetic ions.
The last two contributions, which are quadratic in the laser intensity, saturate as the magnetic Geld in-

creases, due to the saturation of the total spin of electrons and holes in the conduction and valence
bands. An experimental study of the low-temperature dependence of the photoinduced Faraday rotation
confirms the theoretical analysis and shows that the population and magnetic contributions are almost
temperature independent while the Kerr term exhibits the same behavior as the linear Faraday rotation
angle.

I. INTRODUCTION

The study of photoinduced variations of the propaga-
tion characteristics of a laser beam is of both fundamen-
tal and technological importance. Indeed, level shifts and
population changes induced by intense short light pulses
can lead to rapid modifications of either the refraction or
absorption indices of a medium, which can give informa-
tion about the nonlinear medium and lead to useful appli-
cations. Several aspects of these optica1 Kerr nonlineari-
ties and their implications on the beam characteristics
along its propagation direction have been extensively ad-
dressed in the literature. ' In contrast, little has been
done to exploit such light-mediated mechanisms to rapid-
ly modify transverse characteristics of a beam. In a few
isolated cases the photoinduced variation of the polariza-
tion state of the laser beam in the presence of a magnetic
field has been observed: This has been done in metallic
gases and in intrinsic bulk II-VI semiconductors,
where only minute changes of the Faraday rotation angle
were observed.

The situation however can be drastically different in
the later case if the band electron states are appropriately
modified through spin-exchange interaction with magnet-
ic impurities which can act as "local amplifiers" of the
magnetic field and induce giant Zeeman splittings of the
dipole-allowed optical transitions; this is precisely the
origin of the giant Faraday polarization rotation ob-
served in diluted magnetic semiconductors (DMS) for
light frequencies close to their band gap. Clearly, in the
presence of an intense light beam the impact of these Zee-
man splittings will be modified by level shifts and popula-
tion changes and, through the amplifying effect of the
spin-exchange interaction, we may expect giant light-
induced modifications of the Faraday rotation as well;
this was indeed recently demonstrated in Cd, Mn Te,

with x =0.25, where photoinduced modifications of
several percents of the linear rotation angle were mea-
sured at room temperature for magnetic fields less than
half a tesla.

Here, we present an experimental and theoretical
analysis which uses the magnetic-field, laser-intensity,
and temperature dependence of the photoinduced Fara-
day rotation (PIFR) to delineate the physical origin of
such a nonlinear rotation. In Sec. II we briefly describe
the experimental setup and procedure. Section III is de-
voted to a detailed analysis of the temperature and
magnetic-field dependence of the traditional Faraday ro-
tation. In Sec. IV, we analyze the nonlinear phenomena
(two-photon absorption and stimulated recombination of
photoinduced free carriers) which are closely linked to
the PIFR. The magnetic-field dependence of the photoin-
duced Faraday rotation is studied experimentally in Sec.
V, which also contains a theoretical approach to PIFR
and a discussion to compare theoretical and experimental
results. Finally, Sec. VI shows that the temperature
dependence of the PIFR is also in good agreement with
the theoretical analysis of Sec. V.

II. EXPERIMENTAI. SETUP AND PROCEDURE

In our experiment, the polarization rotation angle was
measured by means of an analyzer as a function of several
parameters: light intensity, magnetic-field amplitude, and
temperature. The experimental setup and data-gathering
procedure were cursorily described in Refs. 8 and 9. The
main change in the latest case was the introduction of the
DMS sample in a cryomagnetic system which allowed a
controlled temperature variation in the range 4—300 K.
However, results presented in this paper were obtained at
low temperature (T(20 K). A small Faraday rotation
(0.6 per T) was measured with no sample, which was due
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to the silica windows of the cryostat. This rotation was
temperature independent and had no photoinduced con-
tribution. As a consequence, it did not inhuence the pho-
toinduced Faraday rotations, which were obtained by
making the difference between the polarization directions
for high and low laser intensities, respectively.

Let us also recall that the light pulses, 35 ps in dura-
tion, delivered from a transverse monomode-mode locked
Nd-YAG laser, were focused onto the Cdo 75Mno 25Te
with a band gap at 1.95 eV, well above the laser frequen-
cy (1.16 eV), so that the medium was one-photon trans-
parent at the laser frequency, and the conduction-band
states could only be reached and populated by two-
photon transitions.

III. LINEAR FARADAY ROTATION

The linear Faraday rotation was observed at low laser
intensity at a temperature of 10 K. Figure 1 shows the
Faraday rotation angle OL as a function of the magnetic
field H. As expected, OL is almost proportional to H, a
small saturation (4%o at 3 T) occurring only for magnetic
fields larger than 2T. As demonstrated by several au-
thors ' '" the Faraday effect in DMS is due to the spin-
exchange interaction between band electrons and the d
electrons of the Mn + ions. The polarization rotation
OL associated with this Faraday effect is, therefore, pro-
portional to the magnetization of the paramagnetic Mn +

ions.
At low temperature (T (20 K) Gaj, Planel, and Fish-

men' derived an expression of the magnetization Mo of

100

FIG. 1. Linear Faraday rotation angle as a function of the
magnetic field.

Mn + ions induced by the magnetic field H in terms of an
effective Brillouin function

MO +No gMnPB ~J(gMnJPBH~kB( +~AF))

where No is the number of cations per unit volume,

gM„=2 the Lande factor for the Mn + ion, pz the Bohr
magneton, and kz the Boltzmann constant. BJ is the
standard Brillouin function for J=—,

' in the case of Mn +

ions. Finally, x and T~z are empirical coefficients which
represent an effective manganese concentration and an
antiferromagnetic temperature, respectively. Both x and

T~z were shown to be dependent on the concentration x
of Mn + ions. '

If H is small enough, which is the case for magnetic
fields smaller than 3 T (see Fig. 1), the Brillouin function
can be reduced to its argument so that Mo can be written

xAH
T+ T~z

(2)

where 2 =No(gM~s) J(J+1)/3k'. Consequently, the
linear Faraday rotation angle OL is given by

mH
T+T (3)

where m is a constant which is proportional to xA and
depends on the laser frequency.

Due to Eqs. (2) and (3), 8L can be used to monitor the
magnetization. Indeed, this technique was already used
to determine the temperature dependence of the Verdet
constant m/(r+Tzz) in Cd-Mn-Te. The procedure
used in Ref. 7 consisted of measuring OL vs H at a given
temperature and plotting the inverse of the Verdet con-
stant versus the temperature, thus allowing one to give
the dependence of m and T„z on the Mn + ion concen-
tration. However, such a technique does not allow a
determination of the exact dependence of OL (or
equivalently Mo} with respect to H at a given tempera-
ture. Such a dependence could be found by measuring OL

as a function of T for a given magnetic field. Results are
presented in Fig. 2, which shows OL

' vs T for H =0.5, 1,
and 2 T. The linear dependence versus T is quite good
for temperatures between 6 and 15 K. For temperatures
larger than 20 K we observed a saturation of OL, while
below 6 K, a cusp could be seen which corresponded to
the paramagnetic spin glass phase transition. ' From
Fig. 2 it can be easily seen that the value of the intercept
T~~ on the T axis depends on the magnetic field. This
value T~z is plotted in Fig. 3 as a function of H together
with the Verdet constant m extracted from the slope of
the straight lines of Fig. 2. A linear dependence of both
T„~ and m can be, therefore, supposed for these two phe-
nomenological constants. Note that T~z varies by a fac-
tor larger than 3 for magnetic fields smaller than 3 T.
This large variation, together with the growth of m for
increasing magnetic fields, suggests that the coupling be-
tween Mn + ions becomes more efficient at larger mag-
netic fields.



J. FREY, R. FREY, AND C. FLYTZANIS 45

~[ sooe-' (~-') IV. NONLINEAR PHENOMENA RELATED
TO PIFR
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FIG. 2. Inverse of the linear Faraday rotation angle as a
function of the temperature for different values of the magnetic
field. Note that the intercepts of the T axis by the fits differ
from each other.

Before turning our attention to the photoinduced Fara-
day rotation, it is useful to describe the nonlinear phe-
nomena (two-photon absorption and stimulated recom-
bination of free carriers) which may play an important
role in this nonlinear magneto-optical process. Indeed,
due to the high laser intensity, free carriers are created by
two-photon absorption. Since the band-gap frequency is
much smaller than twice the laser frequency, the density
of states is high in the valence and conduction bands, and
a large density of free carriers (on the order of 10' cm )

can be easily created without any saturation of the two-
photon absorption. After intraband relaxation, which
occurs in a time smaller than 1 ps, the free carriers accu-
mulate at the bottom of the conduction band (CB) for
electrons and at the top of the valence band (VB) for
holes. On the other hand, the density of states associated
with one-photon transitions for frequencies near the band
gap is very low so that a population inversion can be easi-
ly obtained as in optically pumped semiconductor
lasers. '

According to this analysis a strong red emission occur-
ring at =2 eV was clearly seen for temperatures smaller
than 80 K (for higher temperatures population inversion
no longer occurs' ). The signal corresponding to this red
emission was detected by using a fast pin photodiode and
a 400-MHz bandwidth oscilloscope. The signal consisted
of a high unresolved peak (less than 1 ns in duration) and
a low-intensity exponential decay with a relaxation time
of about 10 ns. This observation evidently proved that
the red emission was in fact stimulated. We also verified
that, at least for laser intensities less than 1 GW/cm, the
intensity of the stimulated red emission was proportional
to the square of the laser pulse energy showing that the
excitation was actually performed by two-photon absorp-
tion.

Let us also note that a red spontaneous fluorescence
was also observed at 2 eV in Cd-Mn-Te by Moriwaki
et al. and attributed to the transition T, ~ A, of Mn +

ions. ' However, as this transition is one-photon forbid-
den for a free ion, the corresponding transition moment
could be too small even in the crystal to allow stimulated
emission. Moreover, the fast spontaneous relaxation
(r= 10 ns) also observed is not very probable for the
Mn + ion transition [r=10 ps at 4 K (Ref. 17)] so that
the red emission observed in our experiment is most like-
ly due to stimulated interband recombination.

V. MAGNETIC-FIELD DEPENDENCE OF PIFR

A. Experimental results

FIG. 3. Antiferromagnetic temperature (T„F) and Verdet
constant (m) as a function of the magnetic field.

The dependence of the light-induced Faraday rotation
angle ONI versus the applied magnetic-field intensity up
to 4 T is shown in Fig. 4; the sample temperature was 10
K and the laser peak intensity about 1 GW/crn . As seen
there for low magnetic fields, less than H„=O.5 T in our
sample, the relative photoinduced change of the Faraday
rotation amounted to 14%, while for magnetic fields
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) )egL(deg)
(5)

where y'" is the linear susceptibility at H =0 which in
our case is real, since the relevant frequency co is well
below the onset of real one-photon transitions, and y( ' is
the third-order susceptibility g' '(co, —to, to) which enters
the optical Kerr effect coefficient n2. hy'+' and dy'+' are
the modifications of the above coefficients, g'" and y' ',

respectively, induced by the magnetic field. Accordingly,
the Faraday rotation is

r

O
—~~ g~(1) g~( & ) + g~(3) g~(3)

Pt pC

where n p is the refractive index of the DMS sample at
frequency co.

2. Intraband relaxation

larger than H, =2.25 T this amounted to only 6', im-

plying that saturation set in at different stages as the
magnetic field increased. The results actually could be
fitted with three straight lines of decreasing slopes as the
magnetic-field intensity increased.

B. Theory

The saturation of the photoinduced Faraday rotation
with increasing values of the magnetic field can be related
to the mechanisms that are responsible for the photoin-
duced Faraday effect and, by the same token, can be used
to extract information concerning them. We point out
here that, in our study, the laser frequency is far from
one- or two-photon resonance with bound excitons, and
in contrast to the case of Ref. 29, the role played by
bound magnetic polarons in the optically induced Fara-
day effect is not important here.

1. General expression of the Faraday rotation angle

In the Faraday configuration in which the magnetic
field H is applied along the propagation direction of the
electromagnetic wave of frequency co, the Faraday rota-
tion angle OF for an optically isotropic medium of thick-
ness 8 is given by

COPOF= (n n+) . —
2c

(4)

In Eq. (4), c is the light velocity in vacuum and n + are
the effective refractive indices for the two counterrotating
circular polarization o. +. At moderately high laser in-
tensities I these can be written in the form

FIG. 4. Nonlinear Faraday rotation as a function of the ap-
plied magnetic field. H„and H, are the values of H limiting re-

gions (A), (B), and (C) (see text).

Calculation of OF would require the use of the density-
matrix approach to susceptibilities' in the case of a semi-
conductor system. Such a calculation is quite difficult
and can be avoided in a first step if we look carefully at
the intraband relaxation process. Indeed, carriers are
created in the conduction and valence bands through
two-photon absorption with an energy excess of about 0.4
eV which is distributed into the CB and VB according to
the ratio of the effective masses m„and m, . The carriers
relax through collisions between them and with optical
phonons in a time span ( & l ps) which is much less than
the pulse duration. ' However, as optical phonons have
frequencies of the order of 150 cm ', a quasiequilibrium
is set in the bands at a temperature which can be higher
than that of the lattice. Such an observation is reported
in the case of Cd-Te for 30 ps duration Nd-YAG laser
pulses, ' a situation which is quite comparable to ours.
Moreover, the quasiequilibrium temperatures can be
different in the valence band (T„) and in the conduction
band ( T, ) with the restriction T„~T, . '

3. The equivalent system

,H„= so.tS=P(s, S+s+S +s S+ ), (7)

where s and S are band-electron and localized-impurity

As the quasiequilibrium is reached in a time span much
smaller than the pulse duration, it is possible to use an
equivalent two-level system to describe the susceptibili-
ties. However, as a magnetic field is applied to the
medium, Zeeman effect splits the J=

—,
' valence level and

the J=
—,
' conduction level into four and two sublevels, re-

spectively (see Fig. 5). Such a model was already success-
fully used to analyze the linear Faraday rotation DMS.
In Fig. 5, hE, =E, , /2

—E, , /2 and hE„=EU 3/2
E 3/2 are the Zeeman splittings induced in the pres-

ence of the magnetic field. However, in DMS with large
Mn + concentration, these Zeeman splittings are chieQy
due to the exchange interaction existing with that of d
electrons of the Mn + ions.

The spin-exchange interaction is described by the
Hamiltonian
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spin operators, respectively, and 8 is the exchange in-
tegral which in our case of cubic symmetry (zinc-blende
structure) is characterized by two matrix elements
&= (s I+Is )»d P=(p, lP)p, ) for the conduction and
valence bands, respectively.

In such a case AE, and hE, can be written

Ec

H&0
+1/2

-1/2

a&c

~E = 6aM
gM&a

(Sa)

gMnPB

4. Expressions ofy$' and gQ'

(8b) e. e, a e

As the CB and VB are in quasiequilibrium in a time
span which is much less than the pulse duration, it is pos-
sible to give a time-dependent expression for the suscepti-
bilities, the populations which enter into these suscepti-
bilities also being time dependent.

The linear susceptibility is calculated through the
density-matrix technique' applied to our six-level sys-
tern. Taking into account the fact that the
~u,

—
—,') ~~c, + —,') and ~u, —,') ~~c, —

—,
' ) transitions are

three times less probable than that occurring between
~u,

—
—,')~~c, —

—,') and ~u, —', )~~c, + —,') levels, the sus-

ceptibilities y'+' are given by

-3/2
)L

Ey

—1/2

+1/2

+3/2

FIG. 5. The equivalent system used for the calculation of the
photoinduced Faraday rotation angle.

()) 2 2 (t) (t) c, +1/2 Ev, k3/2)
+ (t,I)= J Od V 3(pc, kl/2 Pu, +3/2)

(Ec +1/2 Eu +3/2)

(Ec, +1/2 Ev, +1/2)
Pc, 5 1/2 Pv, +1/2

(~ )2 (E E )2
c, T1/2 u, +1/2

(9)

where JVo is the population density of the equivalent two-level system and d+ are the electric dipolar transition mo-
ments for the counterrotating polarizations cr +. In Eq. (9), p,"+,/2 and p'„"+„/2 (x = 1,3) are the probability for an elec-
tron to occupy the ~c, +—,) and ~u, +x/2) levels, respectively. For a low laser intensity, the VB is entirely filled and the
CB is empty so that p',"+,/2=0 and p'„"+„/2= —,

' (x =1,3). On the other hand, at high laser intensity I(t) large electron
and hole densities b,n, (t) are created by two-photon absorption. However, as discussed in Sec. IV, due to stimulated
recombination, the densities of thermalized carriers Anr(t) can be strongly less than b n, (t). Although a complete cal-
culation is necessary to take this stimulated recombination into account, as a first step we may set bnT(t)=quan, (t)
where q is a phenomenological parameter (q ( 1). The population factors of Eq. (9) are then

JV~c +, /2= b,nr(t) f, (+1/2),
JVO X

JVop„+„/2= b,nT(t)f, +—— (x = 1,3),

(loa)

(10b)

where f,(+—,
'

) and f, (+x /2) are the statistical repartition functions of electrons in CB and holes in VB, respectively.
If the carrier density is high the Fermi-Dirac statistics apply, while the Maxwell-Boltzmann statistics are a correct

approximation for low carrier density. As in our case the stimulated recombination hinders the increase with time of
the carrier density, the Maxwell-Boltzmann statistics can apply so that

f,(+—,
'

) =

hE,
exp

2kT,

hE,
exp +exp

2kT,
AE,
2kT,
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f„(+x/2)=

b,E,
exp +

2xkT„
T

hE„ AE„
exp +exp +exp

V U

hE„
6kT,

+exp

(x=1,3) .
AE„

2kT„

(1 lb)

Equations (10) and (11) must be included into Eq. (9) to
get the expression of gL+'(t)

On the other hand, as two-photon transitions are in-
volved in the calculation of g'+' through the density-
matrix technique, our equivalent system is not relevant.
Therefore, the same phenornenological value as in Ref. 8
is taken to express y'+'I, namely, A+IM0, where A + is a
factor which depends on the laser frequency but is in-

dependent of the laser intensity and magnetization.

8 = [ 'JVod F—( '—b,E, +2 b—,E, )
n0C

+ 236 nr(t)d —F[3B3/2(rl„)+2B,/2(rl, ) ]

+hA IM(3] (12}

with F =Es/[Eg (fico) ], b, A =—A —3+, and

rl~ =b,E~ /2kT~ (y =c,u). In Eq. (12), Eg is the semicon-
ductor band-gap energy, d the unperturbed dipolar tran-
sition moment, and B„/2(rt ) the Brillouin function for
electrons in CB (x =1 and y =c) and holes in VB (x =3
andy =u).

We stress the fact that the effective magnetization M
involved in the expression of bE (y =c,u) in Eqs. (8) and
(12) consists of the magnetization Mo due to the applied
magnetic field H and, as will be demonstrated in the next
section, a term hM induced by the spin flip-flop of photo-
carriers. As a consequence, besides the linear Faraday
rotation angle

M022rcoX 2 2 5pa-
3noc 3 gMnPB

(13)

we write the photoinduced Faraday rotation angle

~NL ~It: +~p +M

with the three contributions

(14)

n0C
(15a)

5. The three contributions to the photoinduced
Faraday rotation angle

The Faraday rotation angle defined by Eq. (6) can be
easily calculated using Eqs. (8) through (11). If the oscil-
lator strength is assumed to be magnetic-field indepen-
dent OF can be set in the following form:

The first contribution 8tc given by Eq. (15a) is due to the
Kerr effect in the presence of the magnetic field; this con-
tribution only was taken into account in Ref. 8. The
second term 8& [see Eq. (15b)] corresponds to a nonlinear
rotation induced by carrier density changes and the last
one, 83c in Eq. (15c}shows the importance of the rnagne-
tization change of Mn + ions.

6. The photoi nduced magnetization

Let us assume that electrons and holes are created
through two-photon absorption with equal densities of
spin up and spin down states irrespective of the excitation
polarization; this assumption is, in fact, corroborated ex-
perirnentally by the observation of equal amounts of ab-
sorption for linearly and circularly (right and left} polar-
ized beams. At the intraband quasiequilibrium which is
reached in less than 1 ps, the spin populations are no
more degenerate; this implies that the photocarrier spins
do change during the intraband relaxation process by a
fast mechanism. Among the possible mechanisms
(electron-electron, electron-hole, electron-phonon, etc.}
the spin-exchange interaction, which can induce fast
flip-flop processes through the transverse part
s+S +s S+ of the exchange Hamiltonian H,„, plays
an important role. This mechanism, which was studied
theoretically ' has a relaxation time of the order of 1 ps
(Refs. 28 —30) in contrast to the much slower relaxation
process related to the s,S, term (r) 1 ps) (Ref. 31) and
whose effect can be safely neglected here. The operator
s+S +s S+ does not modify the total angular momen-
turn, so that one has

xNO(SO ) +bn, (t)[p, (s,') +p„(sf, ) ]

=xNO(S7 )+En, (t)[p, (s, )+p„(sh ) ], (16)

where (So) = —
—,'Bs/2[5 ghs~j3H/(2kT)] is the average

spin per Mn + site, (s,') and (sf, ) are the average spins
per electron and hole at the moment of their generation
by two-photon absorption, and p, and p„are the proba-
bility for electron and hole spin relaxation through spin
exchange, respectively. Since these carriers are created
with equal amounts of spin up and down states, one has
(s,') = ( sf, )=0. In Eq. (16), (Sr ) = ($0 ) + ( hS ) is the
average spin per Mn + site after the intraband relaxation,
(hS) being its photoinduced variation; (s,~) and (sh )
are the average spin per electron and hole at quasiequili-
brium so that

8~ = ,'bnr(t)d F[3B3/2(rtu—)+2BI/2(9e }]
n0C

m'cd 2~d2 2 5p bM
M 3 0

n0C gM&a

(15b)

(15c)

)=
(Sh ) = B3/2( )

(17a)

(17b)

Using Eqs. (16} and (17), the spin-flip-flop-induced
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magnetization of Mn + ions b,M = x—NO gM~s ( bS )
becomes

bM= —,'b—n,(t)gM~t) [p,B,/2(i), )+3p,83/2(ri, )] . (18)

As shown by Eq. (18), the photoinduced magnetization
is proportional to the density of created photocarriers
and depends on the magnetic field and temperature
through the same Brillouin functions as does the popula-
tion contribution of the photoinduced Faraday rotation.

C. Discussion

By comparing the experimental results of Fig. 4 to the
calculations of Sec. VB, it is possible to verify our
theoretical approach and to extract some information
about the nonlinear Faraday process.

I Qual.itative agreement

It is not our intention to use the previous model here to
get a quantitative fit between theory and experiment.
However, a qualitative agreement can be easily seen;
indeed, the Brillouin function BJ(ii ) can be reduced, to a
good approximation, to two straight lines of equations
8 (Jir)»=(J+1) ir/»(3J) and 8 (ri )=1 for small and
large values of g, respectively. In these expressions,
J=—,

' and y =v and J=—,
' and y =c for the valence and

conduction bands, respectively.
Since —a(p, or ii, (ri„, 83/2(il„) saturates before

8)/2(ri, ) when the magnetization is increased. For small
values of H both 83/2(i)„) and 8, /2(ri, ) are proportional
to M so that 8&L is given by

2. Determination of the quasiequilibrium temperatures

The quasiequilibrium temperatures in the CB and VB
can be easily determined by using the intersection of the
two asymptotic straight lines BJ(il» ) =(J + 1)il» /(3J)
and BJ(ri»)=1 of the Brillouin function. As a conse-
quence, the angular points of Fig. 4 are obtained for

J+1 ~Ey
J 6kT

(22)

The exciton Zeeman splittings bE (y =c, v ) were mea-
sured by Gaj, Ginter, and Galazka in CdosoMn 20Te, a
composition which is close to ours. Using their deter-
mination and doing corrections for the magnetic-field
value and for the temperature by using Fig. 2, one finds

T, =59 K and T, =3S K. As predicted in Sec. V B 2,
these values are somewhat higher than the 10 K of the
lattice.

3. Intensity dependence of the PIFR

As the carriers are created through two-photon ab-
sorption their density, b,n, (t) is proportional to the

i) eNL(dea)

Cdo &5 Mno 25 Te

The photoinduced Faraday rotation has, then, a linear
dependence versus 0 and the slope is only due to the
Kerr contribution; this corresponds to zone C in Fig. 4.

8ÃL = [kkI+(A PM+kPM )b n, (t)]MO (19)

O~L,
—A, kIMo+ gM~~k

T XP~M~ 9T XPM~

b,n, (t) .a 5

In Eq. (19), Ak =mcolbd /noc is related to the Kerr con-
tribution and kzM and A, 'PM are connected to the popula-
tion and magnetic flip-Hop processes for the conduction
electrons and valence holes, respectively. Note that the
constants A, 'pM and A, 'pM), which can be easily calculated
owing to Eqs. (15)—(18), are independent on the laser in-
tensity and applied magnetic field. As the magnetization
is proportional to the magnetic field (see Sec. III), 8)vt is
proportional to 8; this corresponds to zone A in Fig. 4.

As H increases beyond a value 0, such that g„=—'„
83/2(i), ) saturates at the value one while 8 ()/l2, )iis still
proportional to g, and 0&L becomes

(~) gMnPB k
U (U)

8)vL, =[kkI+ApM bn (t)]Ms kpM bn (t) .
5

(20)
As a consequence, the photoinduced Faraday rotation ex-
hibits a linear dependence versus the applied magnetic
field with a smaller slope than that given by Eq. (19); this
is zone 8 of Fig. 4.

Finally, beyond a value H, such that ri, =1, 8)/2(ri, )

also saturates at the value one and

8

FIG. 6. Nonlinear Faraday rotation as a function of the ap-
plied magnetic field for different values of the laser intensity (Io,
0.7 Io', 0.4 Io). The slopes of the fits are mo, 0.73mo, and
0.41mo. The intercepts of the 0&L axis are: Oo, (0.74) 00, and
(0.41) 90.
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9 gM~g kTU
( )

8Nr =A,kIMo —
A, ~s'r b,n, (t) . (23)

The slope and intercept of the 8&L axis of the straight
line giving the evolution of 8&L with respect to H as
given by Eq. (23) must, therefore, exhibit different evolu-
tions as the laser intensity is increased. This behavior
was confirmed experimentally, as proven in Fig. 6 where

8&L is plotted versus H for three different laser intensities

(IL =1.4, 1.0, and 0.56 MW/cm ). Indeed, the slope of
the straight lines, which are the fits to the experimental
results, are actually proportional to the laser intensity
and, although the precision is not as good in this case, the
intercepts (A,B,C in Fig. 6) are found to be proportional
to I . Evidently, such an agreement with the predictions
of Eq. (23) is a supplementary proof of the validity of our
analysis.

VI. TEMPERATURE DEPENDENCE OF PIFR

In the photoinduced Faraday rotation angle given in

Eq. (15), several parameters depend on the temperature:

square of the laser intensity. Consequently, the popula-
tion and magnetic Aip-Hop contributions of the photoin-
duced Faraday rotation angle are proportional to I'. If
the laser intensity is not too high (I (1.5 GW/cm ), as
observed experimentally, the population and magnetic
contributions of conduction electrons Az~, hn, (t) can be
neglected with respect to the Kerr contribution A,kI, and
Eq. (20) reduces to

the band gap Eg, the Brillouin functions BJ(ri~) which
determine the population repartitions of electrons and
holes in the CB and VB and the magnetization Mo of
Mn + ions (see Sec. III). However, in the 5—20-K range
of our experimental investigation, the band gap is almost
temperature independent, and for a suSciently high
magnetic field the Brillouin functions are saturated so
that the temperature dependence of O~L is reduced to
that of the Mo already discussed in Sec. III.

As shown in Sec. V C 3, when the laser intensity is not
too high the photoinduced Faraday rotation angle is
given by Eq. (23) which involves the Kerr contribution
for the slope and the hole-induced population and mag-
netic contribution for the intercept. As a consequence, as
verified experimentally for three different temperatures
(T=10, 12.5, and 17.5 K) the slope depends on T while
the intercept 8&L (0) is the same for the three tempera-
tures tested. This result can be used to verify that the
Kerr contribution to 8&L has the same temperature
dependence as 8L. Indeed, as shown in Fig. 7, the inverse
of 8&L -8&L (0) exhibits a linear growth with respect to T,
as it is in the case for HL also plotted in the same
figure. Moreover, it can be seen from Fig. 7 that the
same antiferromagnetic temperature T~+= 10.5 K is in-
volved in both measurements. This confirms that the
temperature dependence of the photoinduced Faraday ro-
tation is mainly related to that of the magnetization of
Mn~+ ions.

VII. CONCLUSION

I

4P

2-
I

g
lO

I

4)'a

O

~AF

TEMPERATURE (K)

20

FIG. 7. Inverse of the Kerr contribution to the photoinduced
Faraday rotation angle I [O~L -8&L (0)] '

J together with the in-
verse of the linear Faraday rotation angle (OL ') as a function
of the temperature. The antiferromagnetic temperature T&& is
the same for both fits.

An experimental investigation of the Faraday rotation
process has been performed in the diluted magnetic semi-
conductor Cd-Mn-Te through the dependence of the
Faraday rotation angle with respect to magnetic field,
laser intensity, and temperature changes.

At low laser intensity, the measurement of the tradi-
tional Faraday rotation angle has shown that the antifer-
romagnetic temperature and effective concentration in-
troduced in the expression of the magnetization of Mn +

ions depends linearly on the magnetic field, indicating
that the coupling between Mn + ions could be more
eScient at larger magnetic fields.

At high laser intensity, the determination of the pho-
toinduced Faraday rotation variation has allowed the
identification of three contributions which have been es-
timated theoretically: a fast Kerr contribution propor-
tional to the laser intensity, a population change contri-
bution through two-photon absorption and stimulated
recombination of photoinduced carriers, and a much
slower one due to the exchange interaction existing be-
tween the spins of the s and p photoinduced carriers and
that of the d electrons of Mn + ions. The population and
magnetic contribution, whose amplitude was measured to
be quadratic in the laser intensity, have been demonstrat-
ed to saturate as the magnetic field increases. The thresh-
olds have been attributed to the saturation of the total
spin of holes and electrons in the valence and conduction
bands, respectively. An experimental study of the tem-
perature dependence of the photoinduced Faraday rota-
tion angle below 20 K has also proven that, as expected
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theoretically, the population and magnetic contributions
were independent of the temperature while the Kerr term
exhibited the same behavior as the linear Faraday rota-
tion angle. Evidently, similar experiments should be per-
formed for different Mn + ion concentrations, in particu-
lar, for low x values when there is no need for the
effective concentration, a situation which would certainly
improve the interpretation of the data. Such experiments
will be undertaken as soon as such samples are available.

Moreover, time-resolved experiments would be very
useful to better characterize this nonlinear effect. Pump
and probe experiments are presently going on and prelim-
inary results confirm our analysis; all the results concern-
ing this time-resolved study will be published elsewhere.

We wish to point out also that the study of the pho-
toinduced Faraday effect may provide very valuable in-
formation about these processes and, in addition, could
lead to applications such as optically addressed optical
valves or for generating large instantaneous Mn + ion
magnetization and spin alignment, processes which are
not possible by direct application of magnetic-field pulses.
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