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Optically induced magnetization was studied in narrow-gap Hg, Mn Te in zero external mag-
netic field as a function of composition, excitation energy, and temperature. These experimental re-
sults, together with previously published data for Hg, „Mn, Te as well as for Cd, „Mn„Te [Aws-
chalom et al. , Phys. Rev. Lett. 58, 812 (1987)] are analyzed. Two mechanisms of Mn-spin orienta-
tion by photoelectrons brought about by the s-d coupling are considered: (i) the static polarization
induced by the mean field of spin-polarized electrons, and (ii) the dynamic polarization caused by
the s-d spin-Aip scattering. The analysis implies the dynamic polarization to be strongly suppressed
by interaction among the Mn spins. In the case of Hg, Mn Te the static polarization is calculated
to be in quantitative agreement with the measured photomagnetization. In the wide-gap
Cd& „Mn Te a comparativeiy small value of the observed photomagnetization implies the presence
of an efficient spin relaxation of photoelectrons, presumably related to trapping by bound states. In
order to describe the dependence of photomagnetization on excitation energy, the energy loss of
photoinjected carriers by LO-phonon emission was considered. In addition to spin relaxation of
photoelectrons by magnetic ions, the decay of spin orientation caused by spin-orbit coupling was
taken into account. The latter effect is particularly strong in the narrow-gap case. The model
correctly reproduces a strong dependence of photomagnetization on excitation energy in narrow-

gap Hg& „Mn Te and its absence in Cd& Mn Te.

I. INTRODUCTION

The diluted magnetic (semimagnetic) semiconductors
are a class of semiconducting materials which have be-
come a subject of intensive experimental and theoretical
investigations in recent years. ' They combine the
essential features of conventional semiconductors with in-
teresting magnetic properties which can be tuned by
composition and by external magnetic fields in a con-
trolled manner. The spin-spin exchange interaction be-
tween the paramagnetic ions themselves and between
these ions and the free carriers results in profound efFects
which have been investigated by many different tech-
niques.

It has been recently shown by some of the present au-
thors that a magnetization in zero external magnetic field
can be induced by optically excited carriers in
Hg, Mn Te. ' Novel techniques were employed,
namely a combination of optical pumping, i.e., photoexci-
tation of carriers by circularly polarized light, with the
detection of the minute, induced magnetization using a
superconducting quantum-interference device (SQUID).
Awschalom and co-workers ' have improved this tech-
nique using SQUID's with a lower noise level and have

studied via the optically induced magnetization in wide-
gap Cd& Mn„Te both the energetics and spin dynamics
of the magnetic response on a picosecond time scale.

We have shown that the observed magnetization is due
to the orientation of the Mn ions caused by the spin-
polarized, excited electrons. In the same way the use of
optical pumping techniques has substantially improved
our knowledge on the spin-relaxation phenomena '" of
photoexcited free carriers, the photomagnetization effect
in diluted magnetic semiconductors offers the potential of
studying relaxation phenomena of the oriented Mn ions.
Furthermore, the magnetic response of the samples can
be studied as a function of excitation intensity, polariza-
tion, and temperature as well as of the photon energy.
Since all the phenomena mentioned above depend cru-
cially on the band structure of the materials, in Fig. 1 the
energy levels close to the fundamental gap are shown for
inverted, zero, and open-gap Hg& „Mn„Te as well as for
the wide-gap material Cd& Mn Te.

It is the purpose of this paper to address and clarify the
fundamental question of how the spin-polarized free car-
riers orient the localized 3d electrons of the Mn ions.
The exchange interaction as described by the s-d interac-
tion Hamiltonian, —JS.s, offers two possibilities.
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both contributions to the total magnetization in zero
external magnetic field. It is organized as follows: In
Sec. II we describe the experimental setup for measure-
ments on the narrow-gap material Hg, „Mn Te. In Sec.
III the experimental results, namely the polarization, the
temperature dependence, and the dependence on exciting
photon energy of the light-induced magnetization, are
shown. In Sec. IV a theoretical description follows,
directed at the microscopic aspects of the problem: the
initial polarization of spin-oriented electrons, their spin-
spin exchange with the Mn 3d electrons, and the various
relaxation phenomena of both subsystems. Next, in Sec.
V, a comparison between results and the analysis of the
effects in a narrow-gap system and the results of Aws-
chalom and co-workers ' for the wide-gap system
Cd, Mn„Te (x =0.2) is presented. A unifying treat-
ment for both materials is possible, if the details of the
band structure and their influerice on the relaxation phe-
nomena are considered. In Sec. VI we provide a more
complete understanding of the alignment of Mn ions due
to their interaction with the spin-oriented free carriers,
including the spin mechanics and relaxation rates. It
turns out that the Mn-Mn spin relaxation is of crucial im-
portance to the dynamic polarization.

%e show that our own results combined with those of
Awschalom and co-workers ' lead to the conclusion
that, in general, the orientation of the 3d electrons of the
Mn ions occurs via the mean-field mechanism and that
the dynamic polarization through spin-Aip scattering is
restricted to rather specific experimental conditions.

NARROW GAP

Hg, „Mn„Te
WIDE GAP

+~ex Eg &0

E &0

Zero Gap
x= 0.07

Open Gap
x = 0.13

Inverted Gap
x=0 x&0

FIG. 1. Energy-band diagrams for semimagnetic semicon-
ductors. In the materials where optically induced magnetiza-
tion is observed the corresponding interband transitions are
marked by arrows.

(i) The spin-polarized conduction electrons cause an
effective field along the propagation direction of the excit-
ing light (z direction) in which the Mn ions are oriented
according to their low-field susceptibility y(T). This po-
larization is produced by diagonal elements of the s-d in-
teraction Hamiltonian and will be referred to as the
mean-field effect.

(ii) The spin-polarized carriers can transfer their polar-
ization to the Mn subsystem via a spin-Rip mechanism.
This type of interaction, the dynamic polarization, in-
volves the off-diagonal elements of the s-d interaction
Hamiltonian. Rather weak Mn-Mn spin interactions
turn out to be necessary for the dynamic polarization to
result in a sizable value.

There are already some well-known phenomena, such
as the magnetic polarons in'diluted magnetic semicon-
ductors (DMS's), where the mean-field approach has
proved to be insufficient and thermodynamic Auctuations
of the spin field were shown to be important. ' ' Some
investigations, like the first report on the light-induced
magnetization in Hg, „Mn Te, have emphasized the im-
portance of spin-Aip —scattering effects.

In this paper we analyze the relative importance of

II. EXPERIMENTAL SETUP

In order to measure the optically induced magnetiza-
tion, it is necessary to combine in the experimental setup
typical features of an optical pumping experiment"
with sensitive detection of magnetization using a super-
conducting quantum-interference device. For the opti-
cal experiment an interband excitation has to be per-
formed using circularly polarized light (Fig. 2). For the
samples under investigation, zero- and open-gap
Hg& „Mn Te with x values ranging from 0.07 to 0.135, a
cw CO laser was chosen, the photon energy of which can
be varied by an intracavity grating (A'co,„=220—245
meV). Instead of using a rotating 1,/4 plate, a photoelas-
tic modulator (ZnSe) operating at 37 kHz varies the po-
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FIG. 2. Experimental setup: In an optical pumping experiment the degree of polarization of the CO-laser radiation is chopped by
the photoelastic modulator from left to right circular polarization. The sample is located within a superconducting flux transformer
of a rf SQUID.
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larization by strain-induced birefringence. The principal
strain axes are aligned at 45 with respect to the CO-
laser-beam polarization (being linear in the horizontal
plane). With appropriate setting of the modulator retar-
dation, the incident linearly polarized light is chopped
between left and right circular polarization within a
modulation cycle. Particular attention is paid to the con-
stant intensity of CO-laser radiation impinging on the
sample in order to avoid. any parasitic magnetic signals
originating from thermal Auctuations within the sample.

In order to change the laser intensity on the sample, an
attenuator arrangement is used consisting of a rotatable
A, /2 plate and an AgBr linear polarizer. The radiation is
focused onto the sample, which is mounted on a sample
holder and surrounded by the pickup coil of the Aux
transformer providing an inductance of 2 pH, which is
matched to the input coil of the toroidal radiofrequency
SQUID. A niobium can is used to shield the SQUID sys-
tem and the pickup coil from electromagnetic and static
magnetic stray fields. A 2-mm-diam hole is drilled into
the niobium shield so that the CO-laser radiation can im-
pinge onto the sample. The whole area of the sample (0.8
mm diam) is illuminated in order to increase the magnet-
ic coupling em.ciency between the optically induced mag-
netic Aux emerging from the sample and penetrating the
pickup coil.

Apart from chopping the polarization between left-
and right-circularly-polarized light at 37 kHz, a constant
dc bias applied to the birefringent crystal enables us to
check whether the magnetization signal vanishes for
linearly polarized light.

Despite the hole in the niobium shield a SQUID signal
is obtained with a noise limit which is as low as
(2 X 10 )&bo/&Hz; @o denotes the (lux quantum
(Co=2.07 X 10 "V s). There is no observable degrada-
tion in comparison to a completely screened pickup coil
in a. closed niobium can. Since the superconducting
shield provides excellent screening, no gradiometric Aux
transformer configuration with astatic coils was neces-
sary. Since the absorption constant of Hg, Mn Te
above the fundamental absorption edge is of the order of
10 cm ', the radiation is absorbed within approximately
1 pm, whereas the sample thickness is 0.5 —1.0 mm. Thus
the spin-polarized carriers which polarize the Mn ions
form a sheet magnetically. The length of the pickup coil
(0.5 mm, 3.5 mm diam) is large compared to the magnetic
sheet, even taking electron and spin diffusion into con-
sideration. The diffusion length of electrons is evaluated
to be of the order of 10 pm, whereas that of localized
spins is estimated to be at least 1 order of magnitude
shorter. Under this condition the SQUID signal is pro-
portional to the induced magnetic moment of the sample.
It is very dificult to determine the actual coupling factor
for the given geometrical arrangement of the sample and
the pickup coil from calculations. Therefore, the cou-
pling factor was determined experimentally: a single-turn
coil with exactly the same size as the sample was placed
in the pickup coil. It was found from the measured
current through this coil and its area that the Aux quan-
tum @o picked up by the SQUID corresponded to the
magnetic moment of 3.3 X 10 emu (4. 1 X 10 ' T m ).

Since the polarization chop rate is rather high (37 kHz)
a compromise is necessary between the frequency
response of the SQUID electronics and the minimum ob-
servable Aux slewing rate. The detection limit of this sys-
tem corresponds to a magnetic moment of 3.7X10
emu per &Hz and per cm (unit of sample area), and a
slewing rate of (3 X 10 )&o/s.

The sample temperature can be varied independent of
the SQUID system temperature within the limit 4—20 K,
simply by changing the impinging laser power. Special
care was taken to calibrate the temperature sensors to ob-
tain reliable sample temperatures.

The Hg& Mn Te samples used were grown by a
modified Bridgeman technique and annealed in Hg vapor.
The hole concentration of about 10' cm is frozen out
at liquid-helium temperatures, where practically no free
carriers exist. Their x content was checked by x-ray
diffraction. The Hg, Mn Te samples were cut into
pieces of approximately 1X1X0.5 mm, polished and
etched with a bromine-methanol solution, and mounted
into the pickup coil of the SQUID system. Due to the
rapid variation of the energy gap with x content, any Hg
diffusion within the top layer of about 1 pm thickness
crucial for the optically induced magnetization signal has
to be avoided. Therefore, the samples were directly im-
mersed in liquid helium after the polishing and etching
procedure.

Optically induced magnetization was detected also in a
wide-gap material Cd& Mn„Te. ' Awschalom and co-
workers have used a miniature dc SQUID susceptome-
ter with integrated fiber optics to detect optically induced
magnetization in Cd& „Mn Te (x =0.2) with a pickup
loop of 12X12 pm (sample size: 10 pm diam, 1 pm
thickness). In their experimental arrangement No corre-
sponded to a magnetic moment of 5. 58 X 10 " emu,
while detection limit per cm ( 1. 1 X 10 ' emu/
cm VHz) is comparable to ours. A magnetic moment of
=8X10 ' emu was detected at 4.2 K for a laser power
density of 5 kW/cm, corresponding to the light-induced
bulk magnetization = 10 emu. A magnetic field of
=0.2 Oe would produce such magnetization in

Cdo. 8Mno. zTe at 4.2 K.

III. EXPERIMENTAL RESULTS

For the Hg, Mn Te samples with x contents of
about x =0.07, 0.11, 0.12, and 0.135, the induced Aux as
a function of the modulator retardation is shown in Fig.
3. It is seen that no detectable magnetization is observed
within our noise limit for the zero-gap material
(x =0.07). For larger Mn concentrations (energy gap)
the signal was detected and found to attain the maximum
value for circularly polarized radiation. A strong sensi-
tivity of photomagnetization on the energy gap demon-
strates that the effect is n.ot caused by a direct inAuence of
the light on d electrons. Furthermore, no photomagneti-
zation was found in nonmagnetic InSb and
Hgp 77Cdp pgTe, implying that spin-polarized photocar-
riers themselves give magnetization below our detection
limit. Beside, a high chop rate between left and right cir-
cular polarizations (37 kHz) precludes the appearance of
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FIG. 3. Proof of "direct" photomagnetism in samples of Hg, Mn Te; note the absence of any signal in the zero-gap sample
x =0.07. The photomagnetization vanishes for linearly polarized excitation (0', 180') and has a maximum for circularly polarized ex-
citation (90 ). The vertical scale gives the total magnetic moment induced in the samples.

a significant polarization of nuclear spins (visible in non-
magnetic materials for time-independent circular polar-
ization ' ' '). We thus conclude that the photomagneti-
zation in question must originate from Mn d spins orient-
ed by spin-polarized photocarriers. The maximum
detected fiux was about (1 X 10 )@o for a laser-power of
density 2 W/cm . Since the diffusion length of photoelec-
trons is about 10 pm in narrow-gap Hgi Mn Te, this
Aux corresponds to a bulk magnetic moment of
=3.0X10 " emu in the volume =SX10 cm . Such
magnetization (=6X10 emu/cm ) would be produced
by an external field of =3X10 Oe. A small value of
the induced magnetization implies, in particular, that a
feedback influence of polarized Mn spins on effective-
mass electrons can be neglected. (The case of an extreme-
ly high excitation requiring inclusion of the feedback
effects has been treated theoretically by Warnock and
Awschalom. ) The temperature dependence of the in-
duced magnetization for the x =0.12 sample is shown in
Fig. 4. For this temperature range a 1/T dependence is
observed. For comparison in Fig. 5 the dc susceptibility
versus 1/T as determined by Nagata et al. for a sample
with x =0.11 is plotted together with results of a fit,

X (»=
T o+Xo

in this small temperature range ( c =27.6 X 10
emu K/g, 8= —3.5 K, go=0. 98X10 g). Clearly, the
optically induced magnetization and the susceptibility
follow a similar, but not identical, temperature depen-
dence. In our experimental setup the temperature of the
sample is varied by changing the laser power from 2 to
about 60 mW. Since the sample is situated either in
liquid helium (T =4.2 K) or in exchange He gas, the ab-
sorbed laser power changes its temperature. As shown in
Fig. 6, the photomagnetization first increases linearly
with laser power. However, when increasing laser power
further, the sample temperature increases and simultane-
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FIG. 4. Temperature dependence of the photomagnetization

normalized to 10 W impinging laser power for Hgl „Mn Te
(x =0.12). Note the 1/T scale of the abscissa.

ously the induced photomagnetization deviates consider-
ably from a linear behavior. The temperature values in-
dicated by the arrows in Fig. 6, as well as those in Fig. 4,
were obtained by calibrating a temperature sensor at the
position of the sample against a second one. All data
shown in the Fig. 3 were obtained at laser powers of 10
mW, in the linear regime, which was also used for the ob-
servation of the wavelength dependence of the photomag-
netization as described below.

Apart from the temperature dependence of the induced
magnetization the response to the variation of the in-
cident photon energy is also of importance for a physical
understanding of the effect. ' Unfortunately the use of
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a CO laser limits the useful photon-energy range to
220 —245 meV. The magnetization spectrum as a func-
tion of Ace,„ is displayed for two samples in Figs. 7 and 8.
There are distinct changes of the magnetization signal as
the exciting laser frequency varies. In Fig. 7 (x =0. 135)
a relatively small induced Aux at energies up to 228 meV
is followed by a strong increase beyond the LO-phonon
energy of the Hg Te-like phonon of Hg, Mn Te
(ficoLo=17 tneV). For still higher energies the observed
signal decreases again. For this particular sample the ex-
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FIG. 6. The dependence of photomagnetization in

Hg& Mn„Te (x =0.135) on the impinging laser power. A
linear relationship is observed only in the range up to 15 mW,
below which most of the photomagnetization experiments were
performed. For higher laser powers the sample temperature in-
creases and the signal deviates from proportionality.

FIG. 7. Light-induced total magnetic moment vs exciting
photon energy for Hg &

„Mn Te (x =0. 135 ). Each dot is an
average over ten individual measurements. The error bars indi-
cate the maximum spread of experimental data, corresponding
to a noise signal. The energetic distance of the minima coin-
cides with the LO-phonon energy 17 meV.

periment scans electron energies from below the LO ener-

gy to energies of about 2hco„o, as depicted in Fig. 7. For
a sample with a much smaller gap, Fig. 8, x =0.11, the
induced magnetization is in its maximum about a factor
of 2 smaller in the same energy range. As a consequence
the signal-to-noise ratio decreases; note the increase of
the error bars in Fig. 8. Each of the dots represents an
average over ten individual measurements. The relatively
small energy range ensures that the quantum efficiency
for excitation is really constant. Thus the observed struc-
tures are an important clue to intrinsic relaxation phe-
nomena.

Figures 7 and 8 imply that the emission of LO phonons
by electrons excited sufficiently above the bottom of the
conduction band is of crucial importance for the total
magnetization signal ~ For excitations considerably above
the conduction-band edge, as for the sample shown in
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FIG. 8. Light-induced total magnetic moment vs exciting
photon energy for Hg, Mn Te (x =0.11).
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Fig. 8, a phonon-cascade process will relax the energy,
momentum, and spin of the nonequilibrium carriers and
thus diminish their ability to order ferromagnetically the
spins of the 3d Mn ions. These results also demonstrate
that spin-polarized electrons, not holes, cause orientation
of Mn spins. This is because in the case of holes no
dependence on laser energy would be observed in this en-
ergy range due to the small curvature of the heavy-hole
band.

and n+, n denote the concentration of electrons orient-
ed parallel and antiparallel to the propagation direction
of light.

In the above formula G is the total generation rate per
unit volume, which may be related to the impinging laser
power PI according to

PL (1—R —T)
Jd rG(r)=

IV. THEORY

A. Initial polarization

«+ —G- )hh= 6,
IMhhI'Dhh+ IMg, I'D)h

D]h
(G+ —G )u,

= 6,
IMhh~ Dhh+ IMih~'Di.

where for cr+ polarization

P.=—n+ —n

n++n

As sketched in Fig. 9, circularly polarized light pro-
duces two 5-like distributions of spin-polarized electrons,
one originating from transitions from the heavy-hole (hh)
band, the second from the light-hole (lh) band. The cor-
responding generation rates are described by the initial
polarizations P;(hh), P;(lh) weighted by the joint density
of states (Dhh, D~h) and by the transition probability ma-
trix elements (Mhh, M~h):

where R is the reAectivity, T the transmission, and fico„
the laser photon energy. Because of nonparabolicity of
the conduction and light-hole bands, corresponding ex-
pressions for (G+ —G )„„&z are rather complicated.
The expressions for the transition matrix elements, the
joint densities of states, and the initial spin polarizations
for transitions from both bands (hh, lh) are given in Ap-
pendix A and can be readily expressed by band-structure
parameters. The explicit values of material parameters
that we will use in our calculations are displayed in Table
I and Fig. 10. The value of the generation rate depends
on E and the ratio E /b„as shown in Fig. 10. For
Hg, Mn Te, for the composition range of interest,
6=1.08 eV can be taken as constant. The energy gap of
Cd, Mn Te (x =0.2) is 1.925 eV for 4.2 K and b, =0.9
eV, and thus Eg/6=2. 14. Therefore, for wide- and
narrow-gap materials the amount of the initial spin polar-
ization is not identical if an excitation to finite k values is
considered. It should be noted that if the dominant con-
tribution comes from the carriers excited from the
heavy-hole band, then the generation rate is simply given
b 9'i4

(G+ —G —)hh= —
—,'G .

E(k)

B. Relaxatxon mechanisms

The generation rate (G+ —G ) determines the spin-
oriented electron concentration (n+ n) together—with
the relevant relaxation rates and the diffusion process:

B(n+ n)— 1
+ — += G —G —(n n)——

(y tG, -6-~hh

(3
+Db(n+ n), —(4)

Actually there are two equations, one for the generation
from the heavy-hole band and one for the generation
from the light-hole band. In the above equation D is the
diffusion constant; the relaxation time ~ takes into ac-
count energy- and spin-relaxation processes and may be
written in the form

FIG. 9. Electrons injected from the heavy- and light-hole
bands are rapidly transferred to the vicinity of the conduction-
band bottom by optical-phonon emission. (G+ —G )» and
(G+ —G )&h are the generation rates of spin-polarized electrons
in the conduction band.

1 1 1+
grec T le

Here, ~„, is the radiative and nonradiative lifetime, and
T„ incorporates all nonspin-conserving mechanisms.
Under stationary conditions the solution of the above
equation assumes a form
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TABLE I. Parameters of narrow- and wide-gap semimagnetic semiconductors used for calculation of
photomagnetization (at T =4.2—5 K).

Material

Eg (meV)
6 (meV)
I' (eVcm)
a/0 (eV)
plVO (eV)

y (emu/g)
mz/mo
m„ /mo
hcoLp (meV)
1/e —1/e,
Sample
diam (pm)
I', (mW)
m) (emu}

'Reference 48.
Reference 1.

'References 7 and 8.

x =0.11

126
1080

7.5 X 10
—0.4'
0.6'

4X10-'
0.45
1.32
17

0.025

800
10

9.4X10-"

Hg, „Mn Te
x =0.12

165
1080

7.3 X10-'
—0.4
0.6

4X 10
0.45
1.32
17

0.025

800
10

2.8X10-"

x =0.135

213
1080

7.2X10-'
—0.4'
0.6'

4X10-'
0.45
1.32
17

0.025

800
10

1.8 / 10

Cd& „Mn„Te
x =0.2

1925
900

9.7X10-'
—0.216

0.84
9X 10

0.63
1.32
21

0.047

10'
5c

4.3 X 10

a(1 —R —T)PI P;

2 Ace„

' 1/2

' — 1

~D

(1—R —T)PI P;r
Csex

z
X a exp

rD
1

exp( —za)
rD

(6)

where 2 is the sample area, z is the distance from the sur-
face and a is the absorption coefficient. The photomag-
netization signal depends on total number of spin-
polarized carriers, X„rather than on their density. In-
tegrating n+ —n over z, one obtains

Thus, as is expected X, does not depend on the diffusion
efficiency, and therefore in the following we shall omit
the diffusion term.

Since the experimental data shown in Figs. 7 and 8
clearly indicate that the measured magnetization depends
on Ace„and exhibits structures associated with the LO-
phonon energy of Hg 1

Mn Te, we consider the follow-
ing rate equations for the calculation of n+ —n, which
takes into account inelastic phonon scattering:

B(n+ n)—
at m ficoLp

1=G+ —G (n+ —n)l-
rec

1 + 1 1

+po f 't +po $ f' Tle
m AcoLp

B(n+ n)—
Bt po't T poL T

= (n+ n)—
( m —1)ficoLp

m ficoLp

(n+ —n )l(, )„

rec

1 1 1 1

po f $ poof Tle ( m —1 )ficoLp

r)(n+ —n )

Bt OXf~«
1= (n+ n)—

po) t po) $
ACg)Lp

1
(n+ —n —) lax~.„ grec 0 X ficoLp

The labeling of the energies is counted from the bottom
of the conduction band in multiples m of fico„o (i.e., the
label 0 corresponds to an excitation below ficoLo).

For stationary conditions Eqs. (8) are solved for the
population of the energy level E =n Ace„o and

I

E' =n 'fico„o due to excitations form the heavy- and
light-hole bands, respectively. We write explicitly the
solution for the former case:

(n+ n—
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where 500 0.5

j=n+1 pot/ +pop $ . J

1

Tle

1 1 1

TDp TeMnTHY

As is known, the Elliott-Yafet mechanism occurs due
to the fact that the band structure is strongly a8'ected by
spin-orbit interaction and the wave functions of the con-
duction band contain p-type admixtures. Therefore, the
spin ceases to be a good quantum number and all scatter-
ing mechanisms partly relax the initial spin polariza-
tion. ' ' ' The corresponding spin-relaxation rates may
be written in the form' '

1 16 1

THY 27
E,(k)

E 1 ——'g
3

1 + 1 1 1

j=n fcc pof f pot) 1e . J

r, is either the spin-conserving ( f 1) or spin-flip ( $ f ) re-
laxation time due to interaction with the polar-optical
phonons. Their explicit form is given in Appendix B.
For the sake of simplicity, we neglect nonpolar electron-
phonon coupling as well as the presence of MnTe-like
LO-phonon modes.

Apart from polar-optical spin-flip scattering (r~, ~t),
we shall consider three kinds of other spin-relaxing phe-
nornena: the Elliott-Yafet (TEv) and D'yakonov-Perel'
(TDp) mechanisms, as well as spin exchange with Mn
ions (T,M„):

400—
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which is not included in the expressions given so far.
D'yakonov and Perel' have shown that the k splitting
can be treated as an e6'ective relaxation mechanism for
the spin orientation, provided this splitting is smaller
than the inverse of the momentum-relaxation time. Un-
der these conditions the D'yakonov-Perel' relaxation rate
is10, 14

x COMPOSI TION

FIG. 10. Dependence of the energy gap on the fractional Mn
concentration. The dots denote the location of the samples un-
der investigation. On the right ordinate scale the relative im-
portance of the energy gap and spin-orbit interaction is indicat-
ed, which influences the degree of initial spin polarization of ex-
cited carriers.

where

TDP
= 0.08~' m*(k)

mcv

and ~ is the momentum-relaxation time, excluding
optical-phonon scattering, which is treated separately (it
is described by 1/r~, t &

). We assume that r~ does not de-
pend on electron energy E,(k), a justifying approxima-
tion in the view that ~ is presumably determined by
scattering by neutral acceptors. It should be noted in this
context that because of the p-type character of the
valence band the Elliott-Yafet process if very efBcient for
holes. Because of that, holes lose their spin orientation
very fast and their contribution to the orientation of the
Mn ions can be neglected.

Due to the interaction with remote bands and due to
the presence of spin-orbit interaction, the conduction
band of the zinc-blende structure exhibits a k splitting

where

I
m

X 1

(1+6,/E )(1+26,/Eg )

1 1

m po't f

E,(k)
(1 1)

and m (k) denotes the k-dependent effective mass in the
conduction band and m„an interband mass characteriz-
ing the strength of interaction with the far bands.

The third mechanism which relaxes the spin of conduc-
tion electrons, and which is characteristic for magnetic
materials is that which is caused by s-d —like interaction,—JS-s. For the conduction electrons, we use the follow-
ing expression:

eMn

yk~ Tkm *(k)

7TA g p

2b2 2

a4a2+ —c4+ 'b4+ ' ' + -b'c P'
C 4 C 6 C C C
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where

(13)

00

are the s-d and p-d exchange integrals, y is the magnetic
susceptibility of Mn spins, and g =2.0 is their Lande fac-
tor; a„b„c, describe s-type (a, ) and p-type (b„c,) com-
ponents in the Bloch function, given explicitly in Ref. 32.

In contrast to narrow-gap materials, in wide-gap ma-
terials one has to consider a further step in the thermali-
zation process: Results of optical pumping" as well as
those on photoconductivity in wide-gap materials imply
that the emission of phonons does not end up in the con-
duction band, but electrons are trapped in the picosecond
time scale by shallow donors. Under this condition the
spin depolarization is no longer described by Eq. (12), but
is determined by a fluctuating exchange field experienced
by the hopping electrons. " The corresponding relaxation
time is given by

OC

CL

+eMn
(14a)

with

6=(SE k~T)' (14b)

(14c)
32&Qgg pg

where 6 is the most probable value of the spin splitting of
donor levels in the absence of the magnetic polaron
effect, "r, is the correlation time (of the order of the hop-
ping time from one donor to another), and a~ is the Bohr
radius. Formula (14a) is strictly valid under motional-
narrowing conditions, "i.e. , for r, (Al( gE&ks T)'

In Figs. 11—13 the calculated relaxation rates are
shown as a function of the initial carrier energy in the
conduction band for two Hg, Mn Te samples and a
Cd, Mn Te sample. For the four important relaxation
mechanisms, the value of E /5 is the crucial quantity,
along with the Frohlich polar-phonon coupling parame-
ter (also see Table I): For the two narrow-gap materials
the relaxation rates 1/T, M„are rather small as compared
to that for Cdo 8Mno 2Te. The relative importance of the
spin-Aip mechanisms due to the Elliott- Yafet and
D'yakonov-Perel' relaxation also varies with E /h. For
higher values of Eg//ea~aE the DP mechanism finally is the
leading one. In the narrow-gap case, at lower energies
the EY mechanism is the dominant spin-relaxation mech-
anism.

It is interesting to compare the relative importance of
the spin-spin exchange rate between polarized free car-
riers and the Mn subsystem, 1/T, M„, with all the other
non-spin-conserving mechanisms. In Fig. 14 a plot of
1/T, M„divided by

0i
0 30 60 90

E, (meV)

120 150

40
) I 1

H go.s6s""O.nsT'

Eg/h = 0.20

~~ 20

FIG. 11. Relaxation rates vs carrier energy for Hg& Mn Te
(x =0.11). The polar-optical-phonon scattering is mainly spin
conserving and transfers electrons to energies below the LO-
phonon energy (17 meV). T,M„ is the exchange-scattering time
(electrons —Mn ions), whereas EY denotes the non-spin-
conserving Elliott-Yafet mechanism, and DP is the D'yakonov-
Perel' mechanism, which relaxes the carrier spin polarization
most effectively at higher energies due to k' splitting in the non-
centrosymmetric zinc-blende crystal. The momentum relaxa-
tion time was taken as ~ =10 "s.

+pop f

1 1 1 1 1 1

TDP TEY TeMn +po J, f Tle 0
0 30 60 90 120 150

as a function of E, is shown for various values of E /A.
The momentum-relaxation rate 1/w =1X 10' s ' was
adopted for this calculation. It is clearly seen that the
relative importance of 1/T, M„ increases with the energy
gap or when the carrier energy approaches zero.

E, (meV)

FIG. 12. Same as Fig. 11, for Hg& Mn Te (x =0.135). The
EY mechanism is decreased with respect to Fig. 11, whereas the
carrier —Mn-ion exchange scattering is twice as much for
x =0.11.
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40 C. Exchange interaction: Mean-field mechanism
and dynamical polarization

~ 20
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As discussed in the preceding sections, a circularly po-
larized light produces a stationary spin density of s elec-
trons, —,'(n+ n—), oriented in the direction of the light
propagation (z direction). Thus, under the presence of
the exchange interaction, —JS.s, the Mn spins experi-
ence a mean (molecular) field. This field is pointed along
the z direction and is readily given by

CX

2g pa

where a is the s-d exchange integral defined by Eq. (13)
and g =2.0 is the Lande factor of Mn spins. Since the
chop rate between the left and right circular polarizations
is surely smaller than the spin-lattice relaxation rate of
Mn spins, this B* can be regarded as a static magnetic
field. Hence, it will induce a magnetization which may be
written in the form

n+ —n
M, =y(T)B*=—y(T) a,

2g pg

FIG.. 13. Same as Fig. 11, for Cd& „Mn Te (x =0.2). In this
wide-gap semiconductor the polar-optical-phonon scattering
and the carrier —Mn-ion exchange scattering are much more
effective than in the narrow-gap material (Hg& Mn Te). The
EY mechanism can be neglected.

2.0

1

TeNn1.1 . 1 . 1

TeMn apollo Top TEY

g
X

2
gPa

(17)

where y( T) denotes the temperature-dependent static
magnetic susceptibility of Mn ions. As seen from Eq.
(16), the temperature dependence of Mi is determined by
that of g, providing n+ —n is temperature independent.
This takes place when the spin-relaxation time is dom-
inated by mechanisms other than the s-d exchange in-
teraction. However, if the latter mechanism is the lead-
ing one, one sees from Eqs. (9) and (12) that T,M„and
hence n+ n is inversely —proportional to y( T)T. Thus,
in this case M& becomes inversely proportional to T.

It is interesting to note that M, can be formally ex-
pressed by an eff'ective Lande factor of electrons due to
the s-d exchange interaction,

CD

X10 Eg/b, = 2.12

In terms of g, M& becomes

M, = ,'gpii(n—+—n). — (18)

00 1 I I I I I

30 60 90 120

CARRIER ENERGY {meV j

150

FIG. 14. Electron —Mn-ion exchange scattering rate, divided
by the overall spin-Aip relaxation rates, vs carrier energy. This
ratio describes the effectiveness of the coupling between spin-
polarized carriers and localized Mn ions. The momentum re-
laxation time of 10 "swas taken for this calculation.

For typical values of e and y, g = 10 in semimagnetic
semiconductors at low temperatures. Hence, we see im-
mediately that the magnetization of Mn spins, M &,

is much larger than that of photoelectrons, —
—,'gp~(n+

—n ), as g =2 in the latter case (the magnetic moment
of photoelectrons is not induced by a magnetic field and
therefore neither spin-orbit nor s-d corrections to g ap-
pear). This, in particular, explains why in nonmagnetic
narrow-gap materials with large effective g factors like
InSb or Cd& Hg„Te no photomagnetization was detect-
ed by us. 5

In a previous report on light-induced magnetization
the second source for magnetization was considered,
namely that which originates from the off'-diagonal terms
of the s-d interaction s+S +s S+. For a finite Mn-ion
spin-lattice relaxation time TM„h, and neglecting the
spin-spin interaction between Mn ions, both the mean
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(N+ —N ) —(N+ N—)

TMn, ph

(19)

The first two terms on the right-hand side of Eq. (19) cor-
respond to the off-diagonal contribution (dynamic polar-
ization). The terms W+ and W are the spin-fiip rates
between the two subsystems, and their ratio is given by

8'+ Ac@, —Am.
=exp (20)

k~T

Ace, and Ace are, respectively, the energy splittings of the
electrons (%co, ) and Mn ions (A'co ) in the molecular and
external fields. For the stationary case, Eq. (19) yields a
solution for N+ —N

where

(N+ N) TM~—e

TMn, ph + TMne

(N+ +N )(n+ W+ nW )—
+

1 1

TMneTMn, ph

(21)

TMne
=n+ W++n W (22)

TMn „h represents the spin relaxation of the Mn spins due
to several mechanisms such as phonon scattering,
hyperfine interaction with the nucleus, and scattering by
the photoexcited holes in the valence band as well as by
the bound holes.

If we assume that 1/TMn ph ) 1/TMne one obtains
(N =N++N

N+ —N =N+ —N +NTM„„I,(n+ W+ nW ). —

field term and the spin-fiip term (dynamic polarization)
can be combined in a rate equation for the excess concen-
tration of oriented Mn ions. For the sake of simplicity,
we shall describe the Mn-spin polarization in terms of the
occupation of just two levels with concentrations N+ and
N . By assuming that the equilibrium density
(N+ —N ) corresponds to that caused by the effective
field B*,one obtains

d(N+ N)—= 2N n+ W+ —2N+n W
at

we get

71 + Pl

=NTNi„, (n+ W+ —n W ) =N
n++n

(2&)

In order to estimate TMn„we take T,~„=10 ' s for the
spin-spin exchange scattering time of electrons by Mn
spins. Using the relation between TMn, and T,M„, we
then get

&=gps g B.S, , (27)

where 8 is a sum of an external and molecular field B*.
The second part includes those components of spin-spin
interactions that can be described by the Heisenberg
Hamiltonian,

TMne = Te =10 s."n++n

Thus, for N=10 cm and pg+ +pg =10 cm, the
inequality 1/TNi„b ))1/TNi„, indeed holds. Therefore,
in this approximation [see Eq. (24)] the total magnetiza-
tion of the Mn ions is produced by two parts, M, and
M2. Apart from the first (mean-field) term produced by
the molecular field B*,there is a second term, Mz, which
comes from the off-diagonal part of the s-d exchange
Hamiltonian (dynamic polarization):

n+ —n
M =M, +M~= —y(T) a

2g pg

gPB TMn, ph
(n+ —n ),

eMn

where T,Ni„ is given in Eq. (12). The above relation is val-
id for an arbitrary value of total Mn spin S (Ref. 37).

In order to estimate the relative importance of both
terms M, and M2, it is necessary to consider the
inAuence of spin-spin interactions on the polarization of
Mn spins. In the case of the static polarization M&, these
interactions are included by taking experimental values of
g(T). The case of the dynamic polarization is more in-
volved and can be best analyzed in the framework of the
spin-temperature theory. ' According to that theory we
divide the total Hamiltonian of the Mn-spin subsystem
into three parts. The first of them is the Zeeman contri-
bution:

(23) &,= —gJ;S; S (28)

N+ —X =N+ —N +N
Mne ~+

If, however,

(24)

Since under our experimental conditions W+ = W, we
obtain

l7 J

Finally, the third part, &„„takes into account nonscalar
couplings which can come from the dipole, pseudodipole,
and Dzyaloshinskii-Morija interaction. It is convenient
to introduce local magnetic fields corresponding to &,
and &„7:

TMne

1 1))
TMn, ph

3Tr~s (ns)

g ps2 Q TrS,
(29)

(which means that the spins of the Mn ions are coupled
strongly to the reservoir provided by the electron spins), In terms of these local magnetic fields, Mz assumes the
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form'

gpss T&
Mz= — (n+ n— ),

eMn

where

(30)

mi = — G„, P;(hh) g Thh~„

+P(lh) g T,„~„
n'=0

(35)

TMn, ph

B2

B2+ B2+ B2
s T ns

S ns

(31)
where

PL (1—R —T)
tot

~ex
(36)

Mn ph s& ns

An upper limit of TI can be thus estimated from

B2
T* =T

1 Mn, ph B2+B2
ns

(32)

(33)

It is well known that the local magnetic field B„, is a
quantity which can be derived from EPR experiments. It
is related to the second moment of the EPR line, which is
simply proportional to the square of its half-width,
(b.H) . The measured width of the EPR line" implies
that AH=B„, ~1 kG for our Mn concentrations. Since
in the case under consideration B is of the order of the
Earth's magnetic field, we see that spin precession in-
duced by local fields reduces M2 by more than 6 orders of
magnitude. Taking 10 s as an upper bound for TMn ph

at T ~ 4.2 K, x ~ 0. 1 (Ref. 39), we find M2 /M, ((10
for narrow-gap Hg, Mn„Te. We conclude that the
detected photomagnetization was primarily caused by the
mean-field efFect. An observation of a sizable dynamic
polarization would require more diluted materials, lower
temperatures, or higher magnetic fields along the light
direction.

V. COMPARISON BETWEEN EXPERIMENTAL
RESULTS AND THEORETICAL CALCUI. ATIONS

In order to compare the observed magnetization with a
calculated one, we recall that the experiment provides the
total magnetic moment nz induced in the sample:

m = fdrM(r) . (34)

Summarizing results of the preceding sections, we get
for the mean-field part of the induced magnetic moment
by electrons excited from the heavy- and light-hole
bands.

Here, TM ph T and Tn, are relaxation times of energy
corresponding to the Zeeman, scalar, and nonscalar in-
teractions, respectively. The physical interpretation of
the above formula is as follows: The magnetization M2 is
inversely proportional to the spin temperature. The spin
temperature can be decreased by dynamic polarization to
an extent determined by the heat capacitance of various
reservoirs (proportional to B,Bs, and B„„respectively,
and their energy-relaxation rates 1/TNi„~h, 1/T„and
1/T„, ). Since the fast energy relaxation proceeds
presumably through Mn clusters, ' ' while Zeeman's
energy comes mostly from isolated Mn spins, one may ex-
pect

is the total number of photons absorbed per time unit.
Similarly, for the dynamic polarization we have

p m

m2= — G„„P;(hh) g
n =0 eMn

m'

+P (lh) g . (37)
TeMn n'

m i
=

—,'g ps G„,T,~„(E), (38)

where g =g(T) is the electron eff'ective Lande factor due
to the s-d exchange interaction, and

—1~2 4gPa Gtot T i (39)

where g =2.0 and T*, is the Mn-spin-lattice relaxation
time corrected for local-field effects, as given in Eq. (23).
Equations (38) and (39) constitute convenient formulas
for estimates of the upper limit of I, and m2, respective-
ly.

As a first step in a quantitative comparison between
measured and calculated photomagnetization in

Hg& Mn Te, we assume that the spin lifetime is limited
by scattering of optical phonons and magnetic ions, i.e.,
we set 1/r„,= 1 /TFr =1/TDP =0. The theoretical
values of photomagnetization signal as a function of exci-
tation energy lead one to assume that at maximum the
values are plotted in Fig. 15 for the mean-field model in
comparison to the experimental data. We see that for the
samples with the largest energy gap E the theoretical
values are close to those observed experimentally,
whereas the decrease of photomagnetization for small x is
due to 1/~, &&. Moreover, since in the case under con-
sideration m, o:g(T)T,Ni„, where according to, Eq. (12)
1/T, ~„~y( T)T, the photomagnetization should be in-
versely proportional to temperature. Experimental data

According to the above model and numerical results
presented in Figs. 11—13, electrons excited to the energy
E, above the bottom of the conduction band are rapidly
scattered by optical phonons to the energy E =E,—nba„o in between E =0 and E =ALLO. Therefore, a
stationary value of the spin density and thus of the pho-
tomagnetization are primarily determined by spin life-
time of electrons in the energy range 0&E «A'coLO. Be-
sides, if scattering of electrons by Mn ions is the dom-
inant mechanism which limits the spin lifetime of photo-
electrons (i.e. , Thh=T, ~„), and when excitations from
the light-hole band can be neglected [i.e., P;(hh) = —0.5

and P;(ih)=0], I, and mz assume a particularly trans-
parent form,
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FIG. 15. Light-induced total magnetic moment vs composi-
tion x in Hg& Mn Te for photon energies of 220 —245 meV,
which give the maximum signal. Squares are experimental re-
sults; the solid line is calculated according to the mean-field
model assuming that the spin lifetime of photoelectrons is limit-
ed by optical-phonon and exchange scattering of Mn ions, i.e.,
neglecting recombination as well as spin depolarization by the
Elliott- Yafet and D'yakonov-Perel' mechanisms.

depicted in Fig. 4 follow this expectation.
%'ith decreasing energy gap, the measured and calcu-

lated photomagnetization goes through a maximum, but
the experimental values lie below the theoretical curve.
We ascribe a low value of the measured photomagnetiza-
tion in samples with the smallest E to the influence of
additional shortening of spin life, which should be espe-
cially efficient in the narrow-gap case: the Elliott-Yafet
process and possibly the Auger recombination. The com-
parison between measured and calculated photornagneti-
zation, assuming finite values of TFY TDp and ~„„is
shown in Figs. 16 and 17. The value of the momentum-
relaxation time was fixed at ~ =0.1 ps, while ~„, was
treated as an adjustable parameter for each sample. This
fitting procedure leads to ~„,=5 and 2 ns for x =0.135
and 0.11, respectively. It is not astonishing that the cal-
culated energy dependence of magnetization is sharper
than that determined experimentally, as no randomiza-
tion of initial 6-like carrier distribution by, e.g., acoustic
phonons and interelectronic interaction was taken into
account. The latter should be particularly important in
the case of the narrowest-gap sample (Fig. 17), where the
excitation energy is much larger than Eg.

For comparison, we also computed the photomagneti-
zation brought about by the dynamic polarization, re-
garding T i as an additional fitting parameter. The
values of T', =46 and 100 ns for x =0.135 and 0.11, re-
spectively, deduced in this way seem to be unrealistically
long if local field elan'ects are taken into consideration
along the lines presented in Sec. IV.

We now turn to the photomagnetization results of
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FIG. 16. Comparison of the mean-field (solid line) and the
spin-Hip (dashed line) calculated total light-induced magnetic
moment with measured data (dots) for Hg& „Mn„Te
(x =0.135) vs photon energy.
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FIG. 17. Dependence of the total light-induced magnetic mo-
ment on the photon energy as measured (dots) and calculated
according to spin-Aip (dashed line) and mean-field (solid line)
models for Hg& Mn„Te (x =0.11).

Awschalom et al. for Cdo 8Mno 2Te. We shall analyze
these data under the assumption that nuclear e6'ects are
absent in spite of the presence of a nonzero time-averaged
circular polarization. For the laser power of 5 rnW and
A'co,„)E, m =4. 10 ' emu was detected in Ref. 7. This
number per one absorbed photon is about 10 times
smaller than that observed by us» Hgo. 88Mn0. 12Te T"i
points to the existence of a very fast spin relaxation of
photoelectrons in Cd, „Mn„Te. As already mentioned,
in the case of wide-gap materials one expects an ef5cient
trapping of electrons by localized states near the
conduction-band edge. Since the capture occurs within a
very short time compared to the spin-flip time of
conduction-band electrons, the photomagnetization is
given by Eqs. (38) and (39) with T,M„determined by hop-
ping processes, as given in Eq. (14). Since irrespective of
excitation energy the spin relaxation occurs in the donor
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states, no dependence of photomagnetization on %co„ is
expected for %co„&Eg. This is in agreement with the ex-
perimental results. Moreover, under the assumption that
the mean-field effect dominates, the data imply T,~„=1.5
ps, i.e., for a~ =50 A, ~, =1.3 ps. The latter is close to
the value deduced by Gaj from optical pumping experi-
ments in Cdp99MIlppiTe, ~, =7 ps. It is worth noting
that the fast spin relaxation induced by the s-d coupling
also leads to a drastic reduction in the degree of lumines-
cence polarization in Cd& „Mn Te, ' as in the degree
of luminescence polarization in Cd, ,Mn„Te (Refs. 43
and 44) as compared to nonmagnetic materials.

It is also probable that the actual value of T,~„ is even
shorter than the estimate above, i.e., that the photomag-
netization is caused, at least partially, by the dynamic po-
larization. Assuming that Eq. (39) also holds for local-
ized electrons, the data imply T*, 70 ps under the ex-
perimental conditions of Ref. 7.

As far as the increase of the photomagnetization signal
below the band-gap excitation discovered by Awschalom
et al. is concerned, it is interesting to note that a strong
increase of the degree of luminescence polarization in the
same energy range has been observed by Warnock
et al. in optical pumping experiments on Cd, „Mn„Te
and Cd& Mn„Se. These findings have been described
as being caused by creation of photoholes in the region
where local magnetization has the right direction with
respect to the hole spin. This may lead to a decrease of
the hole spin relaxation and results in large value of both
photomagnetization and degree of circular luminescence
polarization.

VI. DISCUSSION AND CONCLUSIONS

The photoinduced magnetization in a dilute magnetic
semiconductor is a valuable tool for studying relaxation
phenomena. The effect originates in narrow-gap materi-
als from the orientation of the Mn ions in the effective
field of spin-polarized electrons. As far as the orientation
of Mn ions via spin-Aip scattering caused by the off-
diagonal elements of the exchange Hamiltonian is con-
cerned, the spin-spin interactions decrease substantially,
by orders of magnitude, the contribution from the dy-
namic polarization to the total magnetization. Only for
extremely diluted magnetic semiconductors could the
orientation of the Mn ions by the spin-Aip mechanism
contribute considerably to the total magnetization.

In the analysis several assumptions were necessary.
The spin orientation of the holes was neglected for
Hg, Mn Te on the basis of their comparatively much
shorter spin-relaxation time. In order to calculate the
dependence of photomagnetization on photon energy, ad-
ditional simplifying assumptions were made: for the ini-
tially injected 5-like distribution of hot spin-polarized
electrons, no steady-state distribution function was de-
rived using appropriate techniques. Instead, a simple
model based on rate equations and cascade processes due
to LO-phonon emission was considered using constant
momentum-relaxation times. This rather crude approxi-

mation was used since the experimental results were ob-
tained in a comparatively small photon-energy range,
which is of the order of 20 meV. The main features,
namely structures close to the LO-phonon mode energy
in Hg, Mn„Te and their absence in Cd& Mn„Te, are
well accounted for. In Hg& Mn Te the relatively small
absolute magnetization signal for injected electron ener-
gies below Eg+AcoLo is due to the importance of the
spin-Aip scattering events (Elliott- Yafet mechanism)
caused by impurity and acoustic-phonon scattering,
which diminish n+ —n . This mechanism, which is par-
ticularly strong for narrow-gap materials, causes a steady
decrease of n+ —n and thus of the magnetization with
increasing carrier energy. However, for initial electron
energies slightly above AcoLo, the very effective Frohlich
interaction transfers excited electrons by LO-phonon
emission towards the bottom of the conduction band,
close to k =0, where the Elliott- Yafet mechanism is rath-
er ineffective and thus does not decrease effectively the in-
itial electron polarization. For still higher initial ener-
gies, this transfer of carriers ends at electron energies and
corresponding k values where the Elliott- Yafet mecha-
nism is already important and thus the observed signal
decreases again.

In the case of wide-gap Cd& Mn Te a relatively small
value of photomagnetization was observed by Aws-
chalom et al. for %co & Eg This, together with a small
magnitude of luminescence polarization under optical
pumping conditions, ' implies the presence of very
efFicient spin relaxation. The Auctuating molecular field
from Mn spins which comes about by trapped electrons
hopping between donors can constitute the dominant
efFect in wide-gap materials. The corresponding scatter-
ing rate is inversely proportional to a~, where a~ is the
Bohr radius, which is comparatively small in these ma-
terials.

It should be stressed that the effect described is
different from the so-called photomagnetization effects
reviewed recently. These authors deal with efFects relat-
ed to a change of the magnetization in ferromagnetic, an-
tiferromagnetic, or at least spin-glass systems.

In conclusion, we point out that the polarization of the
Mn spins in the photomagnetization experiments using
circularly polarized band-gap radiation to inject spin-
polarized carriers into the conduction band is caused by
the molecular field of these carriers. The observed effect
has both the correct order of magnitude, at least in

Hg, Mn Te, as well as the correct variation with tem-
perature.

The second mechanism for the orientation of Mn ions,
the dynamic polarization via the spin-Hip scattering, is
strongly reduced by interactions among the Mn ions.

In our paper we have focused on the photomagnetiza-
tion in the limit of zero external magnetic field. In the
high-field region, where the exchange splitting of bands
becomes the dominating energy in the system, a number
of novel phenomena related to photomagnetization can
be also observed in dilute magnetic semiconductors.

Note added in proof. The value for the photomagneti-
zation given on p. 1513 of Ref. 5 differs by a factor of 20
from that given in this paper. This is due to uncertainties
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in the previous determination of the magnetic coupling
ef5ciency.
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APPENDIX A: JOINT DENSITY OF STATES,
TRANSITION MATRIX ELEMENTS,

AND INITIAL POLARIZATION
IN NONPARABOLIC BANDS

According to Kane the joint density of states for
transitions from the valence bands j (heavy hole, hh; light
hole, lh) to the conduction band (c) is given by

kD = (A 1)
2m. idE, /dk dE /—dki

Expressing the dependence of D on k explicitly by the
photon excitation energy Ace„, the joint density of states
for transitions from the light-hole band is given by

Dih(A'co, „)=
' 3/2

mp

2A
(E~ )

1 /2 ACOex fiCOex

g

2 1/2

(A2)

Eg mh
COex + m*

0

mh
2 f2

and, for the transition from the heavy-hole band,
3/2

—1
2

2
mh mh—1 +4
mp mo &g

1/2 1/2

X 1— mh /mp

[(mh /m 0
—1) +4( m/im )0(fico,„/Es )]' (A3)

where m 0 denotes the band-edge mass of the conduction band and mh the heavy-hole mass.
The squares of the transition matrix elements for o.+ radiation are given by

IM,„I =
—,'P I [a,(ki)bi(ki)+ai(ki)b, (ki)] +[a,(ki)ci(ki) —ai(ki)c, (ki)] I (A4)

I'=-'P'a'(k ) (A5)

[(g' )2 E2]1/2
)
I/2

where P = i(A' /mo)—($ pi, ZI) is the momentum matrix element, and a, (k ), b;(k ), and c;(kj) are the coefficients of
the s- and p-type wave functions, and kj is the corresponding momentum wave-vector (j= l, h ):

1/2
mo

(A6)
2A

and

2mh

Q2

' 1/2

(E) +—1/2 ~~ex 1 mh

&g 2 mp

1—1
2 mp

2
mh Ace,„—1 +4
mo

1/2 ' 1/2

(A7)

The initial polarization for a certain k direction is given by

J
"'

(I&-' kim I-' k) I'+I(-' kia I

—-' k&l' —I&
—-' kim I-' k&i' —I( —-' kim I

—-' k&I')
hh

where

and

(V, +iVy )
mp

(k) I'= I "
( I &
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I

—-' k & I'+
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Replacing ( —', )k) by ( —,
' ~k) and ( ——', ~k) by ( ——,

' ~k), one obtains the equations for the light-hole band (also see Fig. 9).
The expressions for P, (hh, lh) are finally given by

P, (hh) = —
—,
'

2 2(a, btc& —at b, c, +ata, b, ct a—ta, btc, )
—(a,bt+atb, )

P;(lh) = —
—,
'

(a, bt+atbt) +(a, ct —atc, )

(A 10)

(Al 1)

APPENDIX B: SPIN-CONSERVING AND NON-SPIN-CONSERVING SCATTERING BY LO-PHONON EMISSION

The spin-conserving scattering is calculated to be starting with the expressions given in Refs. 27 and 28:

1—2e coLO
2

ES

[A+B(qz —k) ]'
ak

X 1 —L 2—
2k q2

—k

2

ln'
q

2L
1—L2— 1 q2

2k 2k q2
—k

2 2 2 2'q2 q 1 L 1 4 4,
16k q

—k

(B1)

where e and e, denote the high-frequency and static dielectric constants, A =(E /2) and B =
—,'P, q, and q2 are the

phonon momenta denoting the limits of the q integration for energy and momentum conservation, and
L =b +c =1—a

C C C

For spin-Aip scattering one obtains
2e coLO

8k'
[A+B(qz —k) ]'~

Bk (qz —k)

where

XL —,'[qz+(qz —2k) ](q& —
qi ) ——„'(q2 —qi )

—q2(q2 —2k) ln
q&

(B2)

f = (16y +SPy+P ),
9

and P and y are defined as in Ref. 28.
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