FIG. 3. Ratio of the probability
of two-photon to three-photon ion-
izationforthe process (37) as a
function of the parameter Z;, cal-
culated from (35). Curve 1—F
=107 V/cm, curve 2—F =5x10°
V/cm.
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(IE;| =3w, w=947 cm™, which corresponds to the CO,
laser radiation) for different wave fields. When F~10°
V/cm, the increase in n, occurs in an electric field f
still weak enough in comparison with the characteristic
atomic field f,= | E;|%%. The effect becomes more ap-
preciable as the ratio | E;| /w increases. The nonmono-
tonic dependence of 7, on f will probably be found for
neutral atoms as well,
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Results are presented of a study of optical spin orientation in a ferromagnetic semiconductor. The
experimental results are interpreted in terms of a unified model which takes into account the effect of
illumination on both the temperature and the Curie point of the spin system. Experiment shows that the
Curie temperature of the magnetic semiconductor is raised by illumination.

PACS numbers: 75.50.Dd, 75.30.La, 78.20.Ls

1. Optical spin orientation has by now been observed
in a large number of paramagnetic semiconductors,
The effect of unpolarized light on a ferromagnetic me-
dium has been investigated by several workers (see,
for example, €21), In this case, illumination gives rise
to a change in the magnetic permeability of the medium.
In contrast to previous experiments, t21 jllumination by
circularly polarized light produces optical magnetiza-
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tion of a demagnetized ferromagnet. 4] In this paper,

we present the results of an investigation into the opti-
cal spin orientation in europium sulfide.

Europium sulfide is a magnetic semiconductor. Stud-
ies of the optical spin orientation in such compounds are
of particular interest. From the standpoint of optical
spin pumping, a ferromagnetic is the very opposite of a
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gaseous medium (in which optical pumping was observed
first). In gases, the spins of the individual atoms inter-
act with one another only at the time of collision, where-
as, in a ferromagnetically ordered spin system, the
spins of the individual electrons are coupled by a strong
exchange interaction. A system of this kind may ex-
hibit an essentially new effect in which magnetization by
light is not due to the direct momentum transfer from

a photon to the spin system, Circularly polarized light
may act as an external disturbance defining only a spe-
cial direction along which the spins will be oriented as a
result of the exchange interaction, The optical pumping
effect may turn out to be quite substantial when light is
used as a controlling agent in this way.

2. Let us consider the possible orientation mecha-
nisms in europium sulfide. The energy spectrum of the
electron states in europium sulfide is the sum of delo-
calized and localized states.®’ The former comprise
states in the conduction and valence bands, formed as a
result of the strong overlap of s, d, and p shells of the
europium and sulfur atoms. The localized states in-
clude the states of electrons in the 4f shells of the euro-
pium ions Eu*? (S;,,). The overlap of the wave functions
for the 41 shells of neighboring ions is small and, con-
sequently, the bound-electron approximation provides a
sufficiently acceptable description of the state.'? The
exchange interaction leads to the ordering of the spins
of the 4f electrons so that, for temperatures T<T,
~16.2 °K, the europium sulfide becomes a ferromagnet.

The edge of the optical absorption band of europium
sulfide is connected with the transition of electrons from
the 4f shells to the conduction band, i.e., 4f7(S;,,)
~4f8%(F,)5d(t,).""" Analysis of the selection rules for
this process'® has shown that the probability of the opti-
cal transition depends on the polarization of the absorbed
light and the orientation of the electron spin in the initial
and final states. In particular, the most probable tran-
sitions under illumination by circularly polarized light
are those from levels for which the component of the
resultant angular momentum (J =3) in the direction of
propagation of the incident radiation is opposite in sign
to the momentum of the photon. The depletion of these
levels should lead to partial orientation in the spin sys-
tem of the 4f shells of the Eu' ions. At the same time,
there should be partial orientation of the spins of elec-
trons released into the conduction band. The stationary
values of the spin orientation of 4 f shells and band elec-
trons are determined by the ratio of pumping and relax-
ation rates., Thus, in paramagnetic europium sulfide,
the orientation of localized and delocalized electrons by
light is analogous to the optical pumping of the ground
and excited states in a gas,

In ferromagnetic europium sulfide, the spins of the
4f shells of neighboring Eu*? ions are practically par-
allel so that, on the microscopic scale, the spin orienta-
tion is nearly complete. However, in a demagnetized
specimen, whose volume is divided into a large number
of differently oriented domains, the macroscopic aver-
age spin orientation is zero. If we proceed from the in-
dividual paramagnetic atoms to the ferromagnetic do-
mains, we readily see that, because of strong circular
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dichroism in the domain, the absorption of circularly
polarized light should lead to partial macroscopic spin
orientation in the initially demagnetized specimen. How-
ever, in addition to the above direct effect of light on
level populations in the ferromagnet, there are certain
additional optical magnetization mechanisms. They are
connected with the strong exchange interaction between
the 4f shells of the Eu*? ions.

When the energy of an absorbed photon is low enough,
the transfer of an electron to the conduction band may
result in a transition of the 4 shell from the magnetic
to the nonmagnetic state (®S;,,~"F,). The reduction in
the concentration of magnetic ions leads to a weakening
of exchange (the effective Weiss field is proportional to
the concentration of magnetic ions). The simultaneous
increase in the concentration of electrons in the conduc-
tion band leads to an increase in the molecular field (in-
direct exchange™®’). Since the Curie temperature is
proportional to the Weiss field, we may conclude that
the appearance of electrons in the conduction band and
of holes in the 4f level gives rise to a change in T.. Be-
cause of strong dichroism, the absorption of circularly
polarized radiation depends on the orientation of the
magnetization of the domain and, consequently, the
change in T, will be different in differently oriented do-
mains. In the neighborhood of the Curie point, the mag-
netization of a domain is very dependent on the differ-
ence between the temperature 7" and T,. This is re-
sponsible for the fact that illumination of a demagnetized
multidomain specimen by circularly polarized light
should produce a resultant magnetization.

We note that the recombination of a conduction-band
electron with an unoriented hole in the 4f level may give
rise to the appearance of an unoriented Eu*? ion with a
certain finite probability., An unoriented spin of this
kind in a ferromagnetic lattice is a packet of magnons.
Hence, the size of this packet is close to the lattice con-
stant, and the characteristic wave vector of the spin ex-
citations is large, so that the packet rapidly spreads
throughout the volume of the crystal. The creation of
a large number of high-energy magnons should lead to
an increase in the temperature T of the system., The
magnon temperature will also increase as a result of
the energy relaxation of electrons in the conduction band.
The resultant effect of light on magnetization is thus de-
termined both by the change in T, and the change in T

Finally, one further specific orientation mechanism
connected with the redistribution of domain volumes is
possible in a multidomain specimen, Thus, as soon as
the absorption of light gives rise to a change in exchange
energy, and, in the case of circularly polarized incident
radiation, this change depends on the domain orienta-
tion, the free-energy density in differently oriented do-
mains turns out to be different., The domain structure
is determined by the free energy minimum condition. ts1
This means that the volumes of domains with high ex-
change energy should increase, whereas the volumes of
domains with lower energy should decrease. The orien-
tation-dependent change in the domain volume should,
when averaged over a large number of domains, result
in an additional orientation of the spin system.
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3. The magnetization produced by light can be de-
tected in various ways. ®%!2] The results reported be-
low were obtained by measuring optically induced cir-
cular dichroism (OICD), using the apparatus described
previously. ®! The specimens were in the form of eu-
ropium sulfide films deposited on a transparent sub-
strate. The specimen thickness d was 5x10~° cm with
d~1/K, where K is the light absorption coefficient. The
specimen was placed in a helium cryostat, and the es-
timated temperature in the illuminated region was found
to be 10-12 °K. Under these conditions, and for a
pumping rate of 10° cm™+ sec™, the signal due to the
optically induced circular dichroism was found to be
equal in magnitude to the dichroism in an external field
of 1 Oe (~0.01%).

An increase in the substrate temperature by 4 °K led
to a reduction in the effect by not less than two orders
of magnitude (below the limit of sensitivity of the ap-
paratus). Additional measurements at liquid-nitrogen
temperatures, using digital signal storage, showed re-
liably that the magnitude of the effect under these con-
ditions was lower by at least three orders of magnitude
than the initially observed effect. This enables us to
conclude that the observed strong OICD is connected
with ferromagnetic ordering of the spins of the Eu*?
ions. We also investigated experimentally the effect of
an external magnetic field (H,,, <2 kOe) on the optical
pumping process. The magnetic field was perpendicular
to the direction of propagation of the pump radiation,
and was found to weaken the effect, but the interpreta-
tion of this phenomenon in the case of a ferromagnetic
specimen was essentially different from the usual ex-
planation of the Hanle effect. >’ The dependence of the
induced circular diochroism on a magnetic field parallel
to the pump axis is shown in Fig. 1. It is clear from
this graph that the effect decreases with increasing ex-
ternal magnetic field and, when the latter is of the or-
der of 1.3 kQe, the effect changes sign. Further in-
crease of H,,; gives rise to a rapid increase in the ef-
fect. It is important to note that the external magnetic
field did not exceed 2 kOe, i.e., the magnetization of
the film did not exceed 20% of the saturation value. The
dependence of the sign of the effect on the sign of H,,, is
connected with the symmetry of the experimental ar-
rangement which was designed to measure the differ-

a7
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FIG. 1. Optically induced circular dichroism 6D(H) (1), mag-
netic circular dichroism D(H) (2), and the derivative dD(H)/dH
(3) as functions of the external magnetic field H parallel to the
light beam. Vertical bars on experimental curves indicate the
noise level.
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6D, 6M

FIG. 2. Change in mag-
netic circular dichroism (1)
and magnetization (2) pro-
duced by unpolarized illumi-
nation as functions of the
external magnetic field.

| 1
1 2
H, ., kOe
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ence between circular dichroism due to illumination by
right- and left-handed circularly polarized radiation.
The change in the sign of the OICD in a relatively weak
magnetic field has no analog in the optical orientation
of paramagnetic media.

The same experimental arrangement and the same
wavelength of the helium-neon laser (0.63 u) were used
to determine the magnetic circular dichroism and its
magnetic-field derivative as functions of the external
magnetic field (curves 2 and 3). Comparison of the
curves in Fig. 1 shows that the observed field depen-
dence of optically induced circular dichroism is specific
for optical magnetization.

4. To explain the experimental results, we must first
establish the relationship between optically induced cir-
cular dichroism and optically induced magnetization.

To do this, we investigated the effect of unpolarized ra-
diation on magnetization and circular dichroism of fer-
romagnetic europium sulfide in a constant magnetic field
(Fig. 2). It is clear from these results that the mag-
netization decreases under illumination but, despite this,
circular dichroism is found to increase. This appar-
ently paradoxical result is explained by the particular
spectral dependence of circular dichroism in europium
sulfide.

The spectral dependence of magnetic circular dichro-
ism established for our specimens was similar to that
reported by Ferre.'™ For wavelengths near 0.63 TR
dichroism falls sharply as the photon energy is in-
creased. At the same time, it is known that, as the
temperature is reduced, the optical absorption edge of
europium sulfide undergoes a “red shift” connected with
the increase in ferromagnetic order in the domain. An
increase in the microscopic magnetization (in a domain)
is thus found to be accompanied by a reduction in dichro-
ism for A =0.63 p although the magnetization of the
specimen as a whole (due to the reorientation of the do-
mains) leads to an increase in dichroism.

The change in the macroscopic mean dichroism D and
magnetization M observed experimentally can be written
in the form

= a
80=D [L_DWOJF@_" ,
n

D oM, SM=M [S—M+6_n]‘ (1)

M, n

where D and M, are, respectively, circular dichroism
and magnetization of an individual domain, and n is the
average projection of the unit vectors lying along the
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magnetization in each domain along the direction of
propagation of the incident light, It is clear that an in-
crease in n (magnetization of the specimen on the mac-
roscopic magnetization curve) leads to a simultaneous
increase in both M and D, At the same time, when 8D/
8M, <0, the increase in the microscopic magnetization
M, leads to an increase in M and a reduction in D, In
our case, stationary application of unpolarized light
reduces largely to the heating of the specimen. We then
have on=0, 6M,<0, so that M <0 and 6D>0, and this
is, in fact, observed in practice.

5. Let us now analyze the results on the effect of a
longitudinal magnetic field on optical pumping (Fig. 1).
The positive sign of the OICD in strong magnetic fields
corresponds to an increase in the light absorption coef-
ficient for light with right-handed circular polarization
in the case of a circularly polarized pump, For an in-
dividual domain, this means that the absorption of light
is accompanied by an increase in the dichroism, and
this is in complete agreement with the results of experi-
ments on unpolarized illumination (Fig. 2). As shown
in Sec. 4, the magnetization of the domain is then re-
duced.

The negative sign of OICD in a weak magnetic field,
which corresponds to a reduction in dichroism and an
increase in the domain magnetization under illumina-
tion, would appear to be in conflict with the results of
experiments with unpolarized illumination, It will be
shown below that, in low fields, the effect of light with
modulated polarization is not reduced to heating. In
this case, it is possible to isolate experimentally the
nonthermal effect of the pump, i.e., the increase in
domain magnetization connected with the change in Curie
temperature. The increase in T, when light excites
electrons into the conduction band was first considered
in"® but, so far, this effect has not been observed ex-
perimentally. !

Let us illustrate the foregoing discussion by a simple
calculation, Let us suppose that the film is subdivided
into a large number of domains, the magnetization of
which is perpendicular to the plane of the specimen.
Because of strong circular dichroism, the light absorp-
tion coefficient K¢ is strongly dependent on polarization
and the orientation of domain magnetization relative to
the direction of propagation of the incident radiation:

KY=K,—K.no,

where K, is the polarization-independent part of the ab-
sorption coefficient, K, is the coefficient representing
the magnitude of circular dichroism, »; =+1 when the
direction of magnetization is parallel to the direction of
propagation, n; =-1 in the opposite case, and o=+1
represents right- and left-handed circular polarizations.
In the case of unpolarized or plane-polarized light, we
have 0=0. For a demagnetized specimen, the dichro-
ism averaged over a large number of domains is zero
and K=K,. For a partially magnetized specimen,

K(o)=K,—K:no,

where 7 is the mean domain orientation, which can be
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simply expressed in terms of the mean magnetization
M, i.e., n=M/M,, and M, is the limiting value of the
domain magnetization. Thus, dichroism turns out to be
proportional to magnetization:

Kioy—K-o=—2K.M/M,.

We shall assume below that the absorption of light in
a domain is uniquely related not only to the direction but
also to the magnitude of magnetization. We shall also
assume that the absorption of light leads only to a change
in the magnetization and this change may be connected
both with a change in the temperature of the system and
a change in the exchange Weiss field. In the neighbor-
hood of the Curie point, the magnetization depends on
the difference between T and T,, i.e., Mq=My(T -T,),
so that the rate of change of magnetization under illumi-
nation is given by

dM, dM,(dT dT.
o it (4T _dt.y ®
dl dl

where I is the intensity of the pump. The change in T,
is connected with the transport of electrons from the 4f
levels of ions to the conduction band, and the increase
in T, due to indirect exchange predominates over the re-
duction in the Curie temperature due to the weakening

of direct exchange. The Coulomb attraction of elec-
trons to holes produced by light in the 4 f shells of eu-
ropium (Eu*®) ensures that the excited electrons are lo-
calized near the holes at distances of the order of the
screening length ,. Under the conditions prevailing in
our experiment, in which the concentration of electrons
in the conduction band was up to 10'® cm™, we had 7,
~107® ¢m, which was much less than the linear dimen-
sions of a domain (I~10"*-10"° cm™?®), and we may
therefore conclude that the change in the Curie tempera-
ture had a local character and was subject to discontin-
uous variations between the domains., Under these con-
ditions, we have for each domain illuminated by light

dar.
dl

= §1(K,—K,n0), (3)

where 7 is the electron recombination lifetime, 6=J S/
2 represents the enhancement of direct exchange result-
ing from the increase in the electron concentration in
the conduction band, J, is the exchange constant, and §
is the mean spin of the 4f shells of europium ions.

The temperature of the spin system is determined by
the relationship between the heat released as a result of
light absorption and the heat-transfer conditions. Since
the linear dimensions of the domains are very small
(I~1 u), one may suppose that, very approximately, the
specimen is at a temperature T which is average over
all the domains and is determined by the mean absorp-
tion coefficient K:

dT/dI=aK, @

where a =B/C is the ratio of the heat released by the ab-
sorption of one photon to the thermal conductivity of the
wall separating the system from the ambient medium,
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Using (3) and (4), we can readily obtain the expres-
sion for the rate of change in the light absorption coef-
ficient of the ferromagnetic film under the action of in-
cident radiation:

dK (a,) _ dK, dM,
dl(s,) dM, dT

(LR

(K,—K;na,) (% — 6t )

where » is the mean orientation of the domain, M, is
the limiting magnetization in the domain, K, and K, are
the polarization-dependent and polarization-independent
parts of the absorption coefficient, respectively, o, is
the polarization of the pump, and o, is the polarization
of the probing radiation.

Let us begin by considering how unpolarized illumina-
tion affects the absorption of unpolarized light. 4! It is
readily seen that

dK(0) _ dK, dM.,~(B
M, dT

a1(0) o) ©)
Because of the red shift of the absorption band, we have
dK;/dM,>0. It is well known that an increase in tem-
perature is accompanied by a reduction in the saturation
magnetization, so that dM,/dT <0. Thus, the sign of the
change in the absorption coefficient for unpolarized light
in the case of unpolarized illumination turns out to be
unambiguously related to the ratio of the changes in T
and T,. When heating predominates over the increase in
the Curie temperature, so that B/C> 67, the absorption
coefficient is reduced by illumination. On the other
hand, when the increase in T, predominates (B/C< 67),
there is an increase in the absorption: dK(0)/dI(0)>0.

In the experiments with stationary (or modulated at low
frequency w~100 Hz) unpolarized illumination, the ab-
sorption coefficient is found to be reduced by illumina-
tion, i.e., under these conditions, the temperature in-
creases more than T,."

The situation is qualitatively different when linearly
polarized pump radiation is modulated in intensity at a
high frequency (w~10° sec™). In this case, the thermal
effect of light is substantially weakened by inertia, and
experiment shows the presence of an enhancement (at
the frequency of the perturbation) of absorption of light
from the probing laser. We note that delayed effects
(connected, for example, with the recombination life-
time of the electron) cannot produce a shift in the re-
sponse to the perturbation by more than 7/2, i.e., they
cannot give rise to a change in the sign of the effect.
This experiment thus has a unique interpretation, i.e.,
the enhancement in absorption of the probing light is
connected with the “red” shift of the absorption edge un-
der the action of the pump.

Let us now consider the effect of an unpolarized pump
on the magnitude of circular dichroism:

dK(+1)
dI(0)

dK(—1)
dI(0)

dK, dM, (

B
=23 ar ———(SI)K.n. )

c

Proceeding by analogy with the above discussion and
noting that, for the wavelengths which we have used in
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our experiments, dK,/dM, <0, we find that dichroism
should increase under illumination by unpolarized light
provided B/C>67. Comparison of (6) and (7) will show
that the signs of the changes in absorption and dichroism
are always opposite under illumination. This is, in fact,
confirmed by experiment. Absorption is found to de-
crease and dichroism to increase under steady illumina-
tion. When the pump is modulated at high frequency, so
that the thermal effect is reduced, it is found that ab-
sorption is enhanced by illumination whereas dichroism
is reduced.

Finally, let us consider the experiment on optically
induced circular dichroism. In this experiment, one
detects the difference between dichroisms induced by
light with right- and left-handed circular polarization:

(dK(+1) B dK(q))_(dK(ﬂ)  dK(-1) )

al(+1)  dl(+1) a(—1) (-1
dK, dM, | B
=4, ar (?"Z_M)Kz' (®)

We recall that » is the mean orientation of the domains
in the magnetic field. It is clear from this expression
that the experiment on OICD can be used to separate the
contribution of the heating of the system from the change
in the Curie temperature. In the case of a highly mag-
netized specimen n>(67C/B)'/2 and heating is the pre-
dominant effect whereas, for a demagnetized specimen
n=0 and the entire effect is determined by the change in
the Curie temperature in differently oriented domains.
Thus, OICD in a demagnetized specimen can be used to
isolate the change in magnetization connected with the
change in the Curie temperature. Analysis shows that
T. increases under illumination, i.e., the increase in
indirect exchange predominates over the reduction in
direct exchange in the Weiss field. Experimental esti-
mates show that T, increases by an amount of the order
of 0.1 °K, which corresponds to an electron concentra-
tion in the conduction band of the order of 10'® cm™,

To check the conclusion that the parabolic dependence
of OICD on the external magnetic field is connected with
the average heating of the specimen, and that the nega-
tive sign of OICD in the case of low n is due to localized
effects in the region of the light spot, we carried out an
experiment in which the pump and probing beams were
separated in space (Fig. 3b). Curve 1 in this figure
corresponds to coincident beams and curve 2 to a par-
tial overlap of the light spots. Curve 3 corresponds to
the case where the pump and probing beams were sepa-
rated in space by 1 mm. It is clear that OICD in a fully
demagnetized specimen is observed only when the light
spots associated with the pump and probing beams over-
lap. For a magnetized specimen, the effect is observed
even when the spots are separated to distances exceed-
ing their linear dimensions by a substantial factor. We
note that a simple reduction in pump intensity (Fig. 3a)
does not affect the overall situation.

6. Let us now summarize briefly the foregoing dis-
cussion. All the experimental data can be explained in
terms of a unified model. The observed optical spin
pumping in a ferromagnetic semiconductor is connected
with the orientation of the ground state of the Eu*? ions
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FIG. 3. Optically induced circular dichroism as a function of
external magnetic field for: a—successive reduction (1, 2, 3)
of the intensity of the pump (light spots of the magnetizing and
probing beams coincident), b—successive increase in the
separation between the light spots (beam intensities constant).
1—light spots overlap (I =0), 2—light spots partially overlap
(I=0.1 mm), 3—1light spots separate (I =1 mm). Vertical bars
indicate noise levels.

responsible for the absorption of light. The possibility
of optical magnetization is connected with the different
absorption of polarized light in differently oriented do-
mains. The effect of the light reduces to both the heat-
ing and the reduction in the Curie temperature of the
spin system,

It has been shown experimentally that the steady ap-
plication of unpolarized light reduces largely to the heat-
ing of the spin system. In the case of high-frequency
modulation of the light intensity, the experimental data
can be unambiguously interpreted as the enhancement in
magnetization under illumination (the increase in the
Curie temperature due to indirect exchange predominates
over the increase in the temperature of the spin system
because of the inertia of thermal effects).

The method of double polarization modulation which
was used to observe optically induced circular dichroism
can also be used to isolate the nonthermal contribution
of the effect of the illuminating radiation. The change
in the sign of OICD when the magnetic field is parallel
to the light beam shows that the increase in magnetiza-
tion accompanying the enhancement of indirect exchange
through photoexcited electrons predominates over its
reduction associated with the transition of a proportion
of the Eu*? ions to the nonmagnetic Eu*® state during the
absorption of light. Thus, two independent experiments
have confirmed the enhancement of magnetization by
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light predicted by Vonsovski‘f, Samokhvalov, and Ber-
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