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The temperature dependence of the ellipticity ¢ and the angle of Faraday rotation ¢ have been
studied for the case where the measuring beam (4 = 0.525 um) propagates almost along the
threefold symmetry axis and the magnetic field is applied in the basal plane of the sample. Two
types of curves were measured: 1) ¥*(T') and ¢*(T') for a cooled sample irradiated with an
additional source with A > 0.75 um; 2) ¥(T) and ¢(T) without the additional irradiation. The
differences between the two types of curves, AY(T) = ¥* — pand A¢ = ¢* — ¢, exhibit critical
behavior, leading to the conclusion that structural and orientational magnetic phase transitions
occur simultaneously. It was found that the transition temperature depends on the orientation of
the magnetic field and the intensity of the irradiation. The dependence on the intensity is well
approximated by the function T = 158 exp( — 0.05/1'"?), where I is the intensity of the
irradiation and the numbers 158 and 0.05 are fitting parameters. The results are interpreted by the
phenomenological theory of phase transitions with the use of a two-component order parameter
and a model of photoinduced interacting centers, with a long-range interaction potential that falls

off exponentially with distance.

The photoexcitation of solids often induces a variety of
new physical properties that are due to the generation of
exciton states whose influence on the spectrum of a solid is
comparable to that of impurity states. The phenomena that
are of the greatest scientific and technological interest are
those of a cooperative nature, since in these cases the re-
sponse of the systems to optical excitation is large. These
collective effects are produced when the external variable
parameters (intensity, temperature, or both together) take
on critical values, and, by analogy with equilibrium thermo-
dynamics, have been called optically-induced phase transi-
tions. Such phase transitions occur in systems far from equi-
librium' and in systems in quasiequilibrium, where the
number of optically excited atoms is small and all the states
can be described approximately by a Boltzmann distribution
of the order parameter.’

In magnetically ordered media the phenomena of the
first type are represented by the laser excitation of new mag-
netic states in MnF,, EuCrO, (Refs. 3,4), which have been
observed at high intensities of the incident light. Phenomena
of the second type include effects that are due to the therma-
lization of the excitation through specially synthesized im-
purity states, and have so far been studied in detail only for
the case of Y;Fe;O,,:Si, where the photoexcitation reor-
ients the magnetic moment to a new axis that is induced by
the magnetic anisotropy through redistribution of aniso-
tropic electron states that have spatial degrees of freedom.’

Theoretical treatments of the photoinduced anisotropic
phenomena in magnets are based on the idea of noninteract-
ing photosensitive anisotropic centers.®” The centers that
have been used have a very wide range of composition, sym-
metry, etc, and their common property is that they do not
interact with each other. A large amount of experimental
data has been collected, which fit well into the framework
developed on the basis of these ideas, at least in the cases of
yttrium iron garnet (YIG) and CdCr,Se,. By analogy,
these ideas were used to interpret the experimental results
obtained during irradiation of iron borate samples, prepared
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as nominally pure single crystals or single crystals doped
with various elements.®

However, the spectral dependences of the effects, which
for YIG were impurity related, for the iron borates were due
to excitation of the matrix ions. Therefore a model was pro-
posed® for the induced anisotropic properties, based on the
interaction of impurity or defect states with the photoexcited
states, resulting in ordering of the impurity or defect states
and the appearance of uniform anisotropy. The experimen-
tal results obtained for samples FeBO, :Ni, which exhibit the
highest photosensitivity, are in quite good agreement with
these ideas; hence it follows that the magnitude of the aniso-
tropic effects resulting from the competition between the en-
tropy and the ordering terms is proportional to the Boltz-
mann factor, or, in the high-temperature approximation,
proportional to 1/7T.

The first signs that the phenomenon were more compli-
cated were found in the work by Chzhan et al.,'° where the
temperature dependence of the initial susceptibility below
the Néel temperature T, was discovered to be nonmono-
tonic, a result due to the presence of impurity or defect
centers and their effect on the magnetic structure. Moreover,
more recent data indicate the possibility of photoinduced
enhancement of the interaction of the impurity states
through magnetoelastic waves,'! which leads to the forma-
tion of a modulated state in this crystal. It is therefore an
important matter to undertake temperature-dependent in-
vestigations of effects that indicate reliably the presence of
structural or magnetic transformations in a medium, one
such effect being optical anisotropy, which undergoes a
transformation in both cases.'? The additional contribution
to the birefringence that appears at low temperatures can be
due either to changes in the magnetic system, which shows
up in the Cotton—-Mouton effect, or to structural distortions
that lower the symmetry of the crystal. These two effects can
also appear simultaneously.

Since this problem is of a fundamental nature, to solve it
we have developed a special method by which one can sepa-
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rate the lattice and the magnetic contributions and analyze
them separately. The experimental facts obtained in this ap-
proach indicate the presence of both a structural and a mag-
netic phase transition, which are described from a common
thermodynamic point of view, so that the calculated and
experimental temperature dependences are found to be in
satisfactory agreement.

METHOD

Itis well known'? that when rhombohedral crystals un-
dergo magnetic ordering with weak ferromagnetism they be-
come optically biaxial, but because the angles between the
optical axes are very small there is virtually no anisotropy in
the cross section of the optical ellipsoid cut by a plane per-
pendicular to the C; symmetry axis. Consequently, we can
write

An,,=An™,

Z“C:‘» (1)

where An™ is the magnetic contribution to the birefringence.
However, a change in the birefringence can be due both to
changes in the lattice contribution An°and the magnetic con-
tribution, so that

SAn=08An*+06An". . (2)

According to Ref. 14, the rotation ¢ of the plane of polariza-
tion and the ellipticity ¥ induced by magnetooptical effects
in light travelling in a direction close to the optic axis of a
rhombohedral crystal can be written

o=al’sin 2(0—¢) +m[bB sin (y—¢)+csin3(p+gpo)], (3)
p=a'l*sin 2(0—@) +m[b'P sin (y—@) +c sin 3(p+qo)]. 4)

respectively. Here m and / are the moduli of the ferromagne-
tic and antiferromagnetic moments, a,a’ b,b ' and c,c’ are the
magnetooptical constants, /3 is a coefficient that depends on
the angle between the direction of propagation of light and
the optic axis, @ is the azimuth of the initial polarization of
the light, y defines the orientation of the axis about which the
crystal is tilted away from normal propagation of the light,
@, defines the orientation of the twofold symmetry axis, and
@ defines the orientation of the ferromagnetic moment in the
basal plane. It has been established experimentally that for
A =525 nm, a>a’, and if the crystal is also positioned nor-
mal to the measuring beam, i.e., 8 = O we have from Eq. (4)

Pp=a'l* sin 2(0—¢). (5)

The small changes Ay in the ellipticity under these condi-
tions can be attributed to changes in the following param-
eters:

Ap=2a"1* cos 2(0—¢) Ap+2a'IAL sin2 (—gp)

+Aa’'lPsin 2(0—¢q).

According to this expression the magnetic contribution to
the change in the ellipticity may be due to a change A/ in the
modulus of the antiferromagnetism vector, a change Aa’ in
the magnetooptical constant, or a change Ag in the orienta-
tion of the antiferromagnetism vector. By means of specially
designed experiments we were able to determine that within
experimental error the intensities of the optical excitation
used in subsequent experiments did not change / or a’. This
result is evidence that variations in the orientation of the
antiferromagnetism vector and structural transformations

(6)
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of the lattice play the primary roles in the externally induced
changes in the ellipticity of transmitted light. For
6 — @ = 45° the magnetic contribution is insignificant, and
hence in this geometry of light propagation the changes in
Ay allow one to follow just the response of the crystal struc-
ture to the external agent.

Returning now to Eq. (3),if 0 — ¢ = 0 and > c, then
the latter condition is satisfied even for small inclinations of
the sample, the rotation of the plane of polarization is

P=>bpm sin (1~¢), (N

and its variation will be described by the following expres-
sion
A®=0bp sin (Y—@)Am~+bfm cos(Y—@) A

+@m sin (y—¢)Ab. (8)
The most important cause of a change in ¢ for y=¢ is a
change in the orientation of the ferromagnetism vector; that
is, if the crystal is tilted about an axis that coincides with the
azimuth of the ferromagnetism vector, then the variation in
the Faraday effect will mainly reflect only the variation in
this azimuth.

Therefore, by means of polarization-dependent mea-
surements of the parameters of the light transmitted through
the sample one can independently follow small externally-
induced changes in the structural and the magnetic param-
eters of the samples.

EXPERIMENTAL RESULTS AND DISCUSSION

We have used the experimental method and geometry
of light propagation described above to determine the tem-
perature dependence of the ellipticity ¥(7") and rotation
é(T) of the plane of polarization of light of wavelength
A =525 nm transmitted though FeBO,:Ni samples in the
absence of “‘active” irradiation and have also determined the
analogous quantities ¥*(7") and ¢*(7) with supplemental
irradiation of the sample in the wavelength range 800 to
1000 nm with an intensity 7=~0.1 W/cm? The difference
curves AY(T) = y* — Yand Ad(T) = ¢* — pareshown in
Figs. 1 and 2, respectively. According to the above discus-
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FIG. 1. Temperature dependence of the photoinduced ellipticity of a mea-
suring beam transmitted through a FeBO, :Ni sample along the optical axis
(the C; axis). @) Magnetic field H = 100 Oe applied in the direction of the
twofold symmetry axis. Scale of the curve reduced by a factor of two. + )
magnetic field A = 100 Oe applied in the basal plane perpendicular to the
C, axis.
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FIG. 2. Temperature dependence of photoinduced rotation of the plane of
polarization of the measuring beam transmitted through the FeBO,:Ni
sample at a small angle to the optical axis. @ and + ) Magnetic field
H = 100 Oe and 40 Oe, respectively, applied to the basal plane perpendicu-
lar to the C, axis. A¢ = 2.5 corresponds approximately to 3 deg of tilt of
the ferromagnetic moment from the direction given by the external magnet-
ic field.

sion, the photoinduced changes in the ellipticity and rotation
of the plane of polarization reflect the temperature-related
behavior of the lattice distortions and the temperature-in-
duced variation in the azimuth of the ferromagnetism vec-
tor.

Let us consider in more detail the characteristic fea-
tures of Fig. 1. The variation of the ellipticity, which is pro-
portional to the variation of the linear optical anisotropy of
the crystal, becomes appreciable when the temperature of
the sample is lowered a certain amount below a critical tem-
perature T,, and it exhibits a threshold dependence
o« (T — T,). Over a considerable temperature range below
T, the dependence can be well approximated by a linear
function of the temperature. The threshold temperature and
the slope of the curves relative to the temperature axis de-
pend on the direction of the external magnetic field, which
orients the ferromagnetism vector in the basal plane relative
to the C, symmetry axis. When the magnetic field is along
the twofold symmetry axis the temperature 7", and the rate
that the optical anisotropy increases with the temperature
are higher than when the magnetic field lies in the basal
plane orthogonal to the C, symmetry axis.

Let us consider the reasons for the appearance of optical
anisotropy below 7, when the sample is given supplemen-
tary irradiation. Because of the experimental conditions that
were chosen, the measured ellipticity can be due only to
structural changes. Since An was vanishing small, n, =n,,
before the irradiation, a proportional change in the refrac-
tive index resulting from the lowering of the symmetry with
no change in the crystal system could not produce any ap-
preciable birefringence. We must therefore conclude that the
optical anisotropy is due to the tilting of the optical axis
relative to the C; symmetry axis. This situation can be real-
ized only if the symmetry of the crystal is reduced from tri-
gonal (optically uniaxial) to a lower symmetry (optically
biaxial). From general arguments, the resulting symmetry
must be the intersection of the initial symmetry group with
the symmetry of the external influence. However, in the
present case, the external influence is isotropic (unpolarized
photoexcitation). Therefore, the change in the point group
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that occurs can be considered as spontaneous—a result of
internal degrees of freedom. This cause of the change An, as
well as the critical nature of its temperature dependence, is
evidence for a photoinduced structural transition with tem-
perature in samples of FeBO, with Ni impurities. These lat-
ter factors must also be involved in the mechanism of the
crystal lattice transformation, in which prior to the photoex-
citation the impurity states are disordered, while with the
photoexcitation they become ordered at temperatures below
the critical temperature. According to previous ideas,”!' the
impurity ions form anisotropic oxygen-nickel complexes,
with a degree of ordering that depends on the direction of the
ferromagnetism vector relative to the twofold symmetry
axis. During the photoexcitation an interaction, which is
somewhat greater when the ferromagnetism vector is
aligned along the C, axis, arises between these complexes,
which have orientational degeneracy, and in this case both
the slope of the temperature dependence relative to the tem-
perature axis and the critical temperature will be greater
when the magnetic field is parallel to the C, axis: H||C,.

Let us turn now to Fig. 2, which shows the temperature
variations of the Faraday rotation that results from photoex-
citation of the sample, and which, according to Eq. (8), is
due to a change in the orientation of the ferromagnetism
vector in the basal plane relative to the direction of the ap-
plied field. Over a wide temperature range these curves can
be approximated by a linear function of the temperature
with a threshold temperature 7, that does not depend on
the external magnetic field and is close to the structural tran-
sition temperature 7.. A characteristic fact that bears on
these experiments is that there is no change at all in the ori-
entation of the ferromagnetism vector when this vector is
aligned with the C, symmetry axis. Hence this vector is reor-
iented to a new direction when the temperature of a photoex-
cited FeBO, :Ni crystal with the direction of the ferromagne-
tic moment normal to the C, axis is lowered below the
threshold temperature T, ,,. When the ferromagnetism vec-
tor is aligned with the C, axis the equilibrium direction re-
mains unchanged.

It follows from the general theory of orientational tran-
sitions'>'® that the process described above can occur when
thereis a competing anisotropic interaction, and hence in the
simplest case this result can be considered, in addition to the
crystallographic anisotropy, as another form of light-in-
duced magnetic anisotropy, whose easy magnetization axis
does not coincide with the crystallographic axis in the first
case and either coincides with it or is normal to it in the
second case. By means of visual observations it was deter-
mined that in the second case, when the temperature is below
the transition temperature a decrease in the magnetic field is
accompanied by a symmetric reorganization of the magnetic
moment with the formation of a stripe magnetic structure.
This observation is evidence that when the ferromagnetic
moment is oriented along the C, axis, the easy axis of the
induced anisotropy is normal to that axis. By use of the first
case (HLC,) one can estimate the value of the induced ani-
sotropy field H, as being > 100 Oe and the deviation of the
direction of this anisotropy relative to the C, axis, which is of
the order of 10°. For this estimate we used very simple argu-
ments involving the energy extremum of the sample with a
uniform magnetic moment in an external field and the corre-
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FIG. 3. Dependence of the transition temperature on the intensity of the
photoexcitation.

sponding anisotropy fields, as well as the fact that the rota-
tion of the magnetic moment was about 3°, as calculated
from experimental data on the Faraday effect.

If, therefore, it is assumed that the photoexcitation
causes an interaction between impurity complexes, then the
~ observed phenomenon can be interpreted as a symmetry-
lowering phase transition, which, for MLC, is accompanied
by magnetic-orientation phase transition. The orientation of
the magnetic field has an influence on the transition tem-
perature (7, = 125 K for HLC, and T, = 135K for H||C, ),
but its magnitude does not. Moreover, it has been deter-
mined that the intensity of the active photoexcitation in-
fluences the critical temperature. This latter dependence is
shown in Fig. 3, and is readily approximated by an exponen-
tial. The fact that the intensity of the irradiation influences
the transition temperature is evidence that the magnitude of
the interaction between impurity complexes depends on the
number of photoexcited ions. According to Rudenko,"” the
critical temperature in disordered systems can be related to
the interaction potential between randomly arranged effec-
tive spins by the expression

T¢=T°exp(-—lg;l-—i7~). 9

Comparing this expression to the calculated curve
T, = 158 exp( — 0.05/1'*), which gives a minimum in the
rms deviation of T, from the experimental points and is
shown in Fig. 3 by the solid line, it is easy to determine that
for the photoexcitation intensities used in the experiment the
correlation length of the interaction potential is R = 365 .&,
and the maximum value of the critical temperature is
T, = 158 K. In these estimates it is assumed that the correla-
tion length depends on the intensity according to the expres-
sion R = 17.4(1 /n) '* with the concentration of impurity
atoms taken to be n = 10'° cm 7, as estimated from the
amount of nickel oxide in the charge.
Temperature-dependent studies have thus shown that
the optical anisotropy of FeBO, crystals containing impuri-
ties subjected to continuous photoexcitation has a critical
nature as its temperature is reduced, which is evidence of a
structural transformation from D,, to C, or C,, which are
permitted by symmetry. This transformation is accompa-
nied by a reorientation of the sublattice moments when the
external magnetic field is perpendicular of the the C, sym-
metry axis, while the sublattice moments remain unchanged
for H||C,. The parameters have been determined for the
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potential that describes the interaction between impurity
complexes that arises in the photoexcitation of the matrix
ions.

PHENOMENOLOGICAL THEORY

To describe adequately the results obtained we use the
thermodynamic theory of phase transitions, under the as-
sumption that the photoexcitation of the crystal results in an
increase of the critical temperature, as is the case for the
transition into the modulated state.!! Then the lowering of
the initial symmetry from D,, to C, or C,, the specific occur-
rence of which will be established later, can be described by
the two-component order parameter 7 = (7,, 7, ), whose
contribution to the thermodynamic potential is

(Dn="(7hz+f'|22)+ui(ﬂxz+ﬂ22)2+uz'ﬂaz'flzz- (10)

We take into account the magnetic part of the thermody-
namic potential by the presence of anisotropy of the antifer-
romagnetism vector 1=1(cos @,sin ¢,0) with an energy
density K and an easy axis along the unit vector n = (cos-
@,sin ¢,0), thus giving a magnetic contribution in the form
K(n-l), plus a Zeeman interaction m-h, where m is the ferro-
magnetism vector, m = (M, + M, )/M (sing,cosg,0), and
h =H'M = h(sing,cosp,0) is the magnetic field. Then,
with @ a small quantity, the magnetic contribution is

(11)

It is easy to show that the interaction potential of the micro-
scopic order parameter 77 and the macroscopic order param-
eter @ in the linear approximation in the small parameter ¢
can be written as

O,=0,+Kp*+mhg?.

(D.-m=alznn]z(p. (12)

From the condition that the total potential be an extremum
and stable, one can find that in addition to the initial phase
7, = 1, = 0and ¢ = 0, two asymmetric phases are possible
forT<T,

D) 7= (1,,0) or (0,7,), 9 =0, 7 = — r/2u,,

(13)

for

r<0, u,>0, u*>0, where u* =u, — a*/4(k + mh),

2) 7= (n,m), @=ar/[2(4u, +u,)(k+ mh) —a’/2],
(14)

for
7 =n3=n= —r/(4u, +u¥) and r <0,
u; >0, 0<u¥<4du,.

The phases that appear below T, can be compared with
those obtained experimentally. The first, with » =7, , and
@ =0, corresponds to the state that is obtained as the tem-
perature is lowered during photoexcitation, when the magnet-
ic field is oriented in the basal plane along the twofold symme-
try axis. In this case it is found both experimentally and by
calculation that An£0 and ¢ = 0. The second phase, where
there are structural transformations and a change in the equi-
librium orientation of the sublattice moments, corresponds
experimentally to the situation where the magnetic field is in
the basal plane and normal to the twofold symmetry axis.
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Since An is usually proportional to the square of the order
parameter,'? the expressions that we have derived imply that
the experimentally measured quantities Ay and A¢ must be
linear functions of the temperature, as is quite satisfactorily
confirmed by the curves in Figs. 1 and 2. Furthermore, since
the constant of proportionality between the order parameter
and the temperature is larger in the first case than in the sec-
ond, this means that the experimentally measured quantities
that are proportional to the birefringence (the ellipticity)
must be larger over the entire temperature range when the
new phase appears in a magnetic field that is oriented parallel
to the twofold axis. This conclusion corresponds entirely to
the experimental results.

This phenomenological description, which is based on
two interacting order parameters, is in good agreement with
the majority of the experimental facts. Consequently, we can,
on the basis of the experimental results, make an estimate of
the constants that figure in the potential that is constructed.
Unfortunately, since the measurements of the microscopic
order parameter are indirect, this approach does not permit
one to determine all the external parameters, but nevertheless
the subject is of interest for the purpose of determining the
physical meaning of these parameters. From a comparison of
the theoretical and experimental curves, it is possible to esti-
mate the ratio of the coefficients u, /u, = 1-10, and the ani-
sotropy energy density K = 5-10° erg/cm ~?, which in order
of magnitude corresponds to that previously measured.

CONCLUSIONS

It can thus be concluded that with reduced temperature a
structural phase transition takes place in photoexcited iron
borate crystals doped with nickel, and this phase transition is
due to the photoinduced interaction between oxygen-nickel
complexes. This lattice transformation also involves the mag-
netic subsystem, which undergoes an orientational phase
transition, which is related to the appearance of magnetic ani-
sotropy through a coupling with the lattice subsystem. The
transition temperature depends on the intensity of the excita-
tion radiation and the orientation of the external magnetic
field in the basal plane of the crystal.

We have made an estimate of the correlation length and
the maximum critical temperature. We have proposed a phe-
nomenological theory, whose results are in qualitative agree-
ment with experimental results. The components of the mi-
croscopic order parameter can be taken to be those
introduced in Ref. 9—inequalities in the equally probable
concentrations of defects orientationally degenerate in the
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three equivalent directions and weakly coupled with the mag-
netic subsystem. The photoexcited ions, interacting with
these impurity complexes, produce ordering in them, depend-
ing on the direction of the ferromagnetism vector in the basal
plane, thereby favoring anisotropy of the populations of these
centers. As a whole, the physical picture is analogous to the
behavior of effective spins in a field that couples them, and
gives a good description of the field-, orientational- and relax-
ation-dependent experiments. The introduction of a photoin-
duced interaction between these centers has permitted a de-
scription of the experimental data and the temperature
behavior of the photoexcited crystals that is adequate to the
experimental data, and thus explains completely the phenom-
enon of photoinduced anisotropic properties in iron borates.
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