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We present the results of an experimental and theoretical investigation of photoinduced change in 
the magnetic moment in FeBO, crystals. A SQUID magnetometer, equipped with an optical 
pumping system, was employed in the experiment. By studying the field, temperature, and time 
dependences of the photoinduced change in the magnetic moment at various optical powers we 
were able to determine the mechanism responsible for the change in the magnetic state under 
irradiation. All experimental results are explained within a model where the crystal matrix is 
described in the continuous approximation and the photocenter (supposedly and Fe2+ ion) is 
described as a quasi-Ising ion with 3 = 1, exchange-coupled to one of the magnetic sublattices of 
the crystal. Under irradiation the populations of the levels in the ground-state multiplet are 
redistributed in a manner such that, because of the selection rules for optical transitions, the more 
anisotropic level is predominantly populated. The model employed made it possible to calculate 
and explain the anisotropic properties of FeBO, crystals and the spin-reorientation transition in 
the basal plane at low temperatures. 

INTRODUCTION 

There are many reasons for the current interest in 
FeBO, crystals. On the one hand, these crystals already have 
practical applications in millimeter-range microwave de- 
vices.' On the other hand, they also have a rich set of phys- 
ical properties and they serve as model crystals for studying 
many pheonmena. One of the interesting properties of 
FeBO, crystals is their photosensitivity, first observed as a 
change in the magnetic susceptibility under irradiation with 
white light.2 Later the effect of light on the magnetoacoustic 
resonance' and optical linear birefringence4 were investigat- 
ed, and induction of long-period magnetic structure5 was 
observed. However, all of these experiments were performed 
at liquid-nitrogen temperatures, which is a limiting factor in 
establishing the mechanisms responsible for the photosensi- 
tivity of FeBO, crystals. 

The first investigations of the photomagnetic effect at 
liquid-helium temperatures were performed on FeB0,:Ni 
crystals by the antiferromagnetic resonance (AFMR) 
method.' It was then observed that the time variation of the 
photoinduced shift of the resonance field in time can be di- 
vided arbitrarily into two stages: fast changes (reversible, 
timed in seconds) and slow changes (irreversible, timed in 
minutes). In the investigation of irreversible photoinduced 
changes in crystals, both containing different impurities and 
nominally pure, it has been found7.' that irradiation changes 
the AFMR linewidths and the temperature behavior of the 
resonance field. In addition, the low-temperature maxi- 
mum, attributed to the presence of bivalent iron ions in 
FeBO, crystals, decreases in magnitude against the back- 
ground of a general increase in the value of the resonance 
field. These magnetoresonance experiments were interpret- 
ed as redistribution of Fe2+ ions by means of charge transfer 
between nonequivalent crystallographic positions in the 
process of light absorption. 

We present below the results of a study of the temporal 
behavior of the reversible light induced change in the com- 

ponent of the magnetic moment in the direction of the exter- 
nal magnetic field by the SQUID magnetometry method. 

EXPERIMENT 

The measurements were performed on nominally pure 
bulk FeBO, single crystals with an average transverse size of 
1.5 mm. The crystals were grown by the method of spontane- 
ous crystallization from a molten solution. The light propa- 
gated in the direction of the external magnetic field. The 
latter field was perpendicular to the C, axis and lay in the 
basal plane of the crystal. The crystal was oriented with re- 
spect to the direction of the magnetic field with an accuracy 
of + 5". The light source was a helium-neon laser with 
A =  0.63 pm. 

A SQUID magnetometer was chosen as the instrument 
for the investigation. This magnetometer has an extremely 
high sensitivity ( 10-4p V / @ , ,  where @, is the magnetic flux 
quantum), which makes it possible to perform delicate mea- 
surements in weak magnetic fields. The sensitivity of this 
method, in contrast to force methods for measuring the mag- 
netic susceptibility, does not depend on the average intensity 
of the signal against whose background the induced changes 
are measured. 

The measurements were performed on a SQUID mag- 
netometer described in Ref. 9. We employed a cryogenic at- 
tachment with a lightguide, as shown in Fig. 1. The laser 
light was directed through a system of lenses into the end of 
the lightguide, which was at room temperature. The distance 
between the surface of the sample and the cold end of the 
lightguide was 0.5 mm. The sample was located at the bot- 
tom of an ampul in a stress-free state. The power of the laser 
radiation incident on the sample was calibrated with an opti- 
cal power meter. For this, the cold end of the lightguide was 
placed in the measuring head, and the conditions of the ex- 
periment were reproduced as closely as possible. 

An Fe/Au-Cu thermocouple, whose cold junction was 
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FIG. 1. Schematic of thecryogenic insert with the sample: I-sample, 2- 
lightguide, 3-ampul, 4-insert, 5-attachment, &detecting coils of a 
superconducting magnetic-flux transformer, 7-framework, 8-super- 
conducting solenoid, 9-magnetic screen. 

FIG. 2. Time dependence of the photoinduced change in the magnetic 
moment at T = 2 K ( I ) ,  6 K ( 2 ) .  and 16 K (3); 4-light pulse. 

located 3 mm above the sample, was used to measure the 
temperature. 

EXPERIMENTAL RESULTS 

In the experiment we measured the change in the pro- 
jection of the magnetic moment on the direction of the exter- 
nal magnetic field upon illumination. Figure 2 shows the 
light pulse (curve 4)  and the photoinduced changes in the 
magnetic moment of the sample (curves 1-3 ). The width of 
the light pulse was chosen so that there would be enough 
time for the measured quantity to reach a stationary value. 
We next tracked the maximum change in the magnetic mo- 
ment, denoted as Sm,. Under prolonged irradiation, after 
the light is switched off the change in the magnetic moment 
does not return to the initial zero marker, but rather a small 
residual moment, which remains constant in time, is ob- 
served. 

The magnetic field dependences of the photoinduced 
change in the magnetic moment at different temperatures 
are presented in Fig. 3, and the changes at different optical 
pump power levels are presented in Fig. 4. Curve 1 in Fig. 3 
and curve 3 in Figure 4 were obtained on the same sample, 
but in a different series of measurements. For this reason, we 
attribute the observed difference in these curves to the uncer- 
tainty in the placement of the crystal with respect to the 
external magnetic field. We note that in fields exceeding 300 
Oe these curves are identical and behave as shown in Fig. 3. 
The positive component of the photoinduced change in the 
magnetic moment is specific to each sample and occurs in 
virtually all crystals which we studied. It is probably formed 
by the contribution of the Bloch walls separating domains in 
the horizontal direction (parallel to the ( 1 1 1 ) plane) in bulk 
FeBO, crystals. We call attention to the fact that at low tem- 
peratures the photoinduced component of the magnetic mo- 
ment decreases with increasing temperature, while the re- 
verse behavior is observed with increasing optical power. 

It is obvious (see Fig. 5)  from the temperature depend- 
ence of Sm,, measured in magnetic fields corresponding to 
the maximum "negative" and "positive" photoinduced 

changes in Fig. 3, that at temperatures T> 30 K these 
changes are virtually identical. It is also clear from Fig. 5 
that all of these changes occur against the background of a 
monotonic and smooth decrease (with increasing tempera- 
ture) of the magnetic moment of the crystal (curve 3) and 
they are not related with the thermal effect of the optical 
radiation. 

Analysis of the time dependence of the photoinduced 
change in the magnetic moment showed that the part of the 
curve corresponding to the descending section is not de- 
scribed by a simple exponential. Its shape at a fixed tempera- 
ture in the range T< 50 K can be described by the formula 

As the temperature increases the "slow" exponential 
begins to predominate. The parameter T, of the "fast" expo- 
nential in the temperature range considered can be approxi- 
mated by the expression 

l / r l=ol  exp(-A,lk,T), (2) 

where k ,  is Boltzmann's constant, w ,  = 1.5 sec- I ,  and A,/  
k ,  = - 5.6 K. The amplitude B,  decreases by more than an 
order of magnitude as the temperature changes from 4.2 to 
50 K. With regard to the "slow" exponential, we note that 
the time 7, in this temperature range decreases approximate- 
ly by a factor of two, but its temperature dependence is no 
longer described by a formula of the type (2).  In addition, 
for agreement with experiment, the quantities w, and A, 
must be temperature dependent. Within the framework of an 
approach in which the impurity system is represented as an 
ensemble of two-level centers, this behavior can be explained 
by the existence of centers with a collection of splittings 
which are close in magnitude. It was established that the 
thermal contribution, whose relative weight increases with 
increasing temperature, becomes appreciable at tempera- 
tures D 5 0  K. 
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We discovered a characteristic feature of the time de- 
pendence of the photoinduced change in the magnetic mo- 
ment: an onset of oscillations. According to Fig. 2 (curve 1 ), 
when the optical radiation is switched on at T = 2 K, self- 
excited oscillations start to buildup after several seconds. 
This process becomes stationary and has the form of steady 
harmonic oscillations. After the light is switched off, the 
oscillations decay over a time of the order of 10 sec. As the 
temperature increases up to T = 6 K the amplitude of the 

FIG. 3. Field dependences of the photoinduced change in the 
magnetic moment (experiment) at T = 4.2 K ( 1  ), 6 K ( 2 ) ,  
and 16 K ( 3 ) ;  P = 0.1 W/cm2. 

self-excited oscillations decreases significantly and is virtu- 
ally indistinguishable from the background noise (Fig. 2, 
curve 2) .  The process occurs in magnetic fields 15-70 Oe; no 
self-excited oscillations were observed in stronger fields. 
One can also see from Fig. 2 that the time at which the pho- 
toinduced component of the magnetic moment saturates in- 
creases with increasing temperature. 

MODELS 

It has now been established reliably that the photosensi- 
tivity of FeBO, crystals is determined by internal factors, 
which are characteristic of the given sample, and it is not 
introduced by the dopants. In a number of cases the dopants 
intensify the sensitivity to i r radiat i~n,~ and as our previous 
experiments show,'*' the technological conditions of the syn- 
thesis play a large role. For nominally pure samples it has 
been established that the wider the AFMR line (i.e., the 
lower the sample quality) the higher the photosensitivity. It 
is obvious that in such a case the photosensitivity of the crys- 

FIG. 4. Field dependences of the photoinduced change in the magnetic FIG. 5. Temperature dependences of the photoinduced change in the 
moment for optical pump powers (experiment) P = 0.02 W/cm2 ( I ) ,  magnetic moment (experiment) in fields H = 100 Oe ( I )  and 175 Oe (2) ;  
0.04 W/cm2 (21, and 0.1 W/cm2 ( 3 ) .  T = 4.2 K. 3-FeBO, magnetization; P = 0.1 W/cm2. 
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tal must be related with the existence of iron-oxygen com- 
plexes arising at the crystal growth stage and containing bi- 
valent iron ions. 

It is knownt0 that Fez+ ions in the structure of corun- 
dum, which is isomorphic to FeBO, crystals, can occupy 
positions held by A13+ ions without any distortion of the 
crystal. The principal magnetic properties of Fe2+ ions in 
the corundum structure at low temperatures are described 
by a spin Hamiltonian which includes the Zeeman energy 
with an anisotropicg factor and uniaxial single-ion magnetic 
anisotropy for effective spin 3 = 1 with the C3 axis being the 
local quantization axis. Crystal-field theory gives g, = 0,'' 
while the Jahn-Teller analysis gives g, = 3.3-5.3;" in both 
cases gll = 3.4, indicating that the orbital angular momen- 
tum plays a large role in the formation of the magnetic state 
of the Fe2+ ion. The single-ion anisotropy constant D has the 
value 4.2 cm- '. 

Magnetically,12 the crystal FeBO, is a two-sublattice 
weak ferromagnet of the easy-plane type with TN = 348 K. 
The strongest interaction is the antiferromagnetic intersub- 
lattice exchange interaction; the intrasublattice ferromagne- 
tic interaction is an order of magnitude weaker. An impor- 
tant feature of this crystal is that it undergoes a 
spin-reorientational phase transition at T, = 5 K, where the 
direction of easy magnetization changes from the a symme- 
try plane to the C2 axis as the temperature increases, though 
for different crystals a spread in the values of T, is ob- 
served.' Anomalies are observed in the AFMR parameters 
near this temperature, while no peculiarities are observed in 
the temperature dependence of the magnetization. 

According to Mossbauer spectroscopy data,13 the tem- 
perature dependence of the linewidth (which exhibits weak 
traces of a fine structure) contains a break at T = 55 1 K. The 
authors attributed this break to restructuring of the energy 
spectrum due to a Jahn-Teller transition. For pure FeBO, 
the Fe3+ ions do not have levels in this region. 

We note that calculations for Fe2+ in Al,03, taking into 
account the Jahn-Teller effect, show that an energy level is 
present near 500 crn-'.'O 

It is well knownt4 that boron-containing compounds do 
not crystallize very well and tend to form a glass with a three- 
dimensional framework; in addition, boron-oxygen com- 
plexes, where the boron ions can be in a B4+ state, can form 
in such compounds. Applied to the case of FeBO,, the pres- 
ence of such a complex could serve as a catalyst for the ap- 
pearance of Fe2+ ions. In the magnetic respect, the crystals 
containing bivalent iron ions have sharply anisotropic mag- 
netic properties. For example, for FeCO, crystals (here the 
carbon is in the C4+ states), which are structurally isomor- 
phic to FeBO, crystals, the Fez+ ions behave as Ising ions 
and the entire crystal exhibits metamagnetic properties. l 5  

Thus, if it is assumed that the photosensitive center is a 
complex containing an Fez+ ion, analysis of the results 
should provide an explanation of all properties characteris- 
tic of the crystal in both the ground state and in the presence 
of different perturbations. 

Since for Fez+ the quasidoublet with splitting of about 5 
cm- (Ref. 1 1 ), which is observed at low temperatures, has 
the lowest energy and the next level is quite high, it is most 
likely that optical irradiation induces redistribution of popu- 
lations of this quasidoublet. For a two-level system the tem- 
perature dependence of the relaxation time to thermody- 

namic equilibrium will be determined by an expression of the 
type (3) in the case if irradiation produces in the level with 
the higher energy an excess population. For this reason, 
some part of the photoinduced change in the magnetization 
can be associated with such a mechanism. The relaxational 
behavior of the other part can be explained within a two- 
level model assuming that under irradiation the lower ener- 
gy level acquires excess population. Thus we are forced to 
consider several nonequivalent centers which react differ- 
ently to optical irradiation. 

Let the impurity ions occupy sites which are character- 
istic of Fe3+ ions, are tied to sites of oxygen vacancies, they 
are distributed with equal probability over 24 nonequivalent 
positions in the crystal, differing by the sets of indices 
{ k  = 1,2; s = 1,2; t = 1, ..., 6) = (p}, indicating respective- 
ly, the following: whether the site belongs to the first or the 
second sublattice; the angle f a, by which the 6 and 7 axes 
of a local coordinate system are turned in the basal plane 
relative to the crystallographic Cz axes (the crystal axis Xor 
Y); and, the number of the nonequivalent site in the chosen 
sublattice. Then we label by the index q the ion located at a 
selected nonequivalent position. Further, we assume that the 
quantization axes Z'  for Fez+ ions in the local coordinate 
system coincide with the 6 axes. 

All of the conditions stated above can be satisfied simul- 
taneously for an impurity ion located at the (pq)-th position 
by using a spin Hamiltonian of the form 

- 
where Spq = 1 is the effective spin of an ion, j? is the Bohr 
magniton, AM is the molecular field generated by the other 
sublattice and acting on the (pq)-th ion, Ho is the external 
magnetic field, and D and E are the parameters of the crystal 
field. For all ions we have Nk = NJ2, N,, = NJ4, 
Nks, = Nd24, and Zcks,q> Nksrq = No is the total number of 
impurity centers. 

Diagonalizing the expression (3)  gives the following 
eigenvalues: 

where ypq and yi, are the cosines of the angles between the 
corresponding fields acting on the moment ofthe (pq)-th ion 
and the local quantization axis Z '. 

Figure 6 displays a diagram of the energy levels of the 
centers as a function of the angle between the direction of 
magnetization of the sublattice and the local axis Z ' for dif- 
ferent positions. (Since (AM I > IgHoI, the direct contribu- 
tion from the interaction between the magnetic field and the 
spin of the ion is neglected.) 

If the interference effects between different states are 
neglected, the behavior of the ensemble of impurity ions in 
the optical radiation field can be described by the system of 
kinetic equations 

drip,' - = dp;mnpqm, 1, rn= ( I ,  2.3, @). 
d t  I+m 
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CALCULATION OF PHOTOINDUCED CHANGES OF THE 
MAGNETIC PROPERTIES 

FIG. 6.  Diagram of energy levels of impurity centers in different crystallo- 
graphic positions as a function of the angle between the chosen axis C2 and 
an external magnetic field. The arrows indicate the predominant photoin- 
duced transition in a cycle of optical absorption and relaxation. 

where $ is the index of the optically excited state. 
For the entire crystal, the condition 

is satisfied. Here nh, is the population of the I-th state and 
d hT is the probability of a transition between the I-th and the 
m-th levels. 

As applied to our case, we assume that optical transi- 
tions occur only between the ground states of the center and 
the optically excited state I$), i.e., 11 ) - I$) (1 = 1,2), and 
that the transition probabilities are functions of the frequen- 
cy Y and intensity I of the radiation and the temperature T: 
d '* = d '*(Y,I, TI.  We assume that the transitions I $) - I I ) 
are nonradiative. Since the optical radiation does not direct- 
ly induce transitions between levels of the ground-state mul- 
tiplet of the impurity center, the relaxational transitions be- 
tween them must satisfy the following condition-because 
of the detailed-balancing condition, for example for the 
states I 1 ) and 12): 

On the basis of what was said above, the formulas for 
the populations of the levels of the center have in the station- 
ary case the form 

np,'= ( l + A t )  IQ, (8a) 

and the expressions for A,, A,, and Q in terms of the transi- 
tion probabilities are presented in Ref. 16. Since the energy 
of the level 3 is quite high and this level does not contribute 
to the magnetic properties and it also has a very short life- 
time [T,, - 10- '' sec (Ref. 1 1 ) ], we can ignore it. 

Summing the results (4)  and (8), the expression for the 
energy of the impurity subsystem in the optical radiation 
field can be written in the form 

where S is the entropy of the impurity subsystem. 

According to Ref. 17, the magnetic energy of an FeBO, 
crystal, taking into account the energy of the impurity sub- 
system, has the form 

Since we shall be concerned below only with the situa- 
tion when the external magnetic field and the magnetic mo- 
ments of the sublattices lie in the basal plane, the uniaxial 
anisotropy energy W, , can be dropped. In a spherical coor- 
dinate system the terms in the expression ( 10) assume the 
form 

Wz=-HoMofcos (P,,-~~,)+cos (9,- ~ 2 )  I ,  
WE=AEMo2 cos ( ~ i - ( ~ 2 ) ,  

W,=-A,MoZ sin (cp,-cp,), 

where f is given by the expression (9). These quantities are, 
respectively, the Zeeman interaction, the intersublattice ex- 
change interaction, and the Dzyaloshinskii interaction. 
Here M, is the saturation magnetization of the sublattice; p, 
and p, are the azimuthal angles of the sublattices; pH is the 
angle of the magnetic field, measured from the C, axis; A, 
and AD are corresponding constants. 

In the expression ( 10) the term describing the anisotro- 
py in the basal plane has been dropped. The contribution 
arising from the impurity subsystem will be obtained below. 

The equilibrium angles of the magnetizations of the 
sublattices are determined from the condition of an energy 
minimum 

where p, - p, = rr - S, - S, and S1, are the cant angles of 
the sublattices. If the sublattices are identical and the impur- 
ities are distributed with equal probability over the sites of 
the sublattices, then S, = S, = 6. 

From Eq. ( 1 1 ) we obtain the cant angle for S 1 : 

where it was assumed that under the condition of equilibri- 
u m p ,  =pH -8 + 7~/2. 

In the experiment we measured the change in the mag- 
netic moment, whose magnitude, as is well known," is deter- 
mined by the expression 

Iml=JM,+W21=2Mo sin 6-2.1M0fi. (13) 

If the optical irradiation introduces a change via redistribu- 
tion of the populations of the levels of the impurity centers, 
then the contribution of the magnetization of the first sublat- 
tice to the change photoinduced in the moment is 

where Af = f * - fO, f o  corresponds to the populations of 
the levels of the center in the absence of radiation, i.e., when 
A, = A, = 0, and f * corresponds to the populations when A, 
and A, are nonzero. Since the sublattices make the same con- 
tribution to the energy f and the centers located at the corre- 
sponding positions of different sublattices have the same en- 
ergies, we have 
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In calculating the photoinduced changes of the magnet- 
ic state, in order to compare with experiment it is necessary 
to take into account the fact that the sample is in an unsatu- 
rated state and its magnetization is a function of the magnet- 
ic field. As customarily done in the literature,17.'%e change 
in the expression for f from the variables M I  and M, to the 
variables m and L. This gives 

M,= (mf L)/2, M,= (m-L) 12 
'el. units 

under the condition that mL = 0. Here the magnetization of 
the crystal depends on the magnetic field m = m (H, , ) .  In the 
model calculations below we employ the very simple de- 
pendence 

obtained in the quadratic (in the field) approximation of the 
inverse susceptibility. l 9  

The calculations were performed for the parameter val- 
ues D = 3.865.10-l4 ergs, E = 3.796. 10-l4 ergs, a = 33, 
b = 1 SO, and C = 26. It was also assumed that the exchange 
field acting on an impurity ion is equal in magnitude to the 
field acting on the Fe" ion in FeBO,. This gives 
 ALP^ = 0.208. 10-15.F(T) ergs and, /Zmfl3 = 0.338 
. 10-I7.F(T) .m(H)  ergs, where F (T)  is a polynomial of 
degree 10 for fitting the temperature dependence of the mag- 
netization of FeBO,. All other parameters are identical to 
the parameters given in the literature. The best fit to the 
experimental data with this collection of parameters was ob- 
tained with a = 22.5" and an impurity concentration 
No = 1Ol6. 

RESULTS AND DISCUSSION 

Since optical irradiation populates predominantly the 
state /2),  in order to understand the effect on the magnetic 
system of the crystal, we set for simplicity d2" d'''' = 0 
and, because the lifetime of the center in the optically excited 
state is short, n+ = 0. We assume that the probabilities of 
optical transitions are the same for all positions. In this case 
A, = 0 and the constant A, was calculated from the condi- 
tion that the deviation of the population of the state (2) from 
equilibrium for centers in positions t = 3 and 6 as a result of 
optical irradiation at T = 4.2 K was 5, 10, 20, 30, and SO%, 
corresponding to the values A, = 0.068,O. 142,0.318,0.545, 
and 1.271. To determine the range of values of the probabili- 
ty of the optical transition d '* we employed the fact that at 
liquid-helium temperatures the ratio of the "weak-field dip" 
in the Sm, ( H )  dependence in Fig. 3 to the magnitude of the 
second dip is about 1/4. 

Figures 7 and 8 show the computation results for the 
case when the field Ho is perpendicular to the C, axis for 
different levels of optical pumping and different tempera- 
tures, respectively. As in the experiment, we obtained two 
dips in the field dependence of Sm,, and the asymptotic level 
was reached in strong magnetic fields. These dips are due to 
the competition between the contributions from centers lo- 
cated in the positions t = 2, 5 (low-field dip) and t = 3, 6 
(high-field dip) (see inset in Fig. 7).  The centers located in 
positions of the type r = 1, 4 are not manifested because of 
the large splitting between the energy levels and the practi- 
cally zero population of the state ( 1 ). 

According to Fig. 7, as the optical radiation power in- 

FIG. 7. Field dependences of the photoinduced change in the magnetic 
moment (calculation) at T =  4.2 K and A> = 0.068 ( I ) ,  0.142 (2) ,  0.318 
(3) ,  0.545 ( 4 ) ,  and 1.271 (5). Inset: contributions from centers occupy- 
ing different crystallographic positions. 

creases the centers located at the positions t = 2, 5 react 
more strongly to the radiation. This behavior is explained by 
the fact that the splitting of the energy levels for centers in 
positions of the type t = 2, 5 is somewhat larger than in the 
positions t = 3,6. At a fixed temperature the thermodynam- 
ically equilibrium population of the state 11) for centers 

FIG. 8. Field dependences of the photoinduced change in the magnetic 
moment at different temperatures (calculation) with A! = 0.318 and 
T =  4.2 K ( I ) ,  6 K (2) ,  10 K ( 3 ) ,  and 16 K (4).  
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t =  
for 

2,5 is higher than the population of the analogous state 
centers t  = 3, 6, and since the populations of levels with 
increases with increasing optical radiation power, the 

fraction of centers transferred from the state 11) into the 
state 12) will be larger for t = 2, 5 centers. It is obvious that 
in the high-power limit these fractions will become equal and 
both dips will become identical. This tendency is observed in 
both the experiment and in the calculations (compare Figs. 
4 and 7). 

The change in the photoinduced moment at fixed opti- 
cal pump power and different temperatures can be explained 
on the basis of the above considerations (Fig. 8).  In this case 
we find that the depth of one of the dips changes insignifi- 
cantly while the depth of the other changes much more 
strongly. For T> 16 K both dips merge and subsequently 
behave as a single entity. It is obvious that at high tempera- 
tures the populations of the states 11) for different centers 
become equal, and the fractions of the centers participating 
in phototransitions become equal. 

The temperature dependence of the photoinduced 
change in the magnetic moment, calculated in a magnetic 
field H = 100 Oe, is shown in Fig. 9 (central curve-8). 
Curves of the temperature dependences of the contributions 
from centers in different crystallographic positions are also 
presented there. We call attention to the good agreement at 
low temperatures between experiment (Fig. 5) and the cal- 
culations (Fig. 9).  As the optical radiation power increases, 
the photoinduced component of the magnetic moment in- 
creases in magnitude, and the role of the centers with large 
energy splittings and their relative contributions increase 
with decreasing temperature. Experimentally, the situation 
is significantly more complicated, since it must be recog- 
nized that the thermomagnetic contribution to the matrix 
become noticeable and the domain structure and its dynam- 
ics are changed with increasing temperature. In the case of 
high temperatures ( T> 50 K )  secondary effects (heating, 
elastic stresses) can mask the mechanism being considered 

FIG. 9. Temperature dependences of the photoinduced change 
in the magnetic moment (calculation) with A,  = 0.318, 
H = 100 Oe: contributions from centers in different crystallo- 
graphic positions, H-integral curve H = 100 Oe. 

for the photomagnetic effect in FeBO, crystals, and all 
mechanisms must be taken into account simultaneously. 

The theoretical results make it possible to understand 
why irradiation produces in the crystal an effective field 
which is perpendicular to the direction of the external mag- 
netic field and is recorded through the change in the linear 
birefringen~e.~ Since these experiments were performed at 
temperatures D 7 8  K, the states 11) and 12) for centers 
analogous to centers in the positions t  = 2, 5 ( - a)  and 
t  = 3 ,6  ( + a)  and having small splittings are equally popu- 
lated, and because the thermal relaxation is fast (A/ 
k, T4 1 ), the optical radiation hardly disrupts their thermo- 
dynamically equilibrium populations. For centers in posi- 
tions of the type t  = 1,4 the splitting is much stronger, and 
the population of the state 11) and correspondingly the con- 
tribution to the photoinduced redistribution of the level pop- 
ulations increase with the temperature. As follows from the 
expression (4),  the interaction of the impurity spin with the 
magnetization vector of the sublattice, which is perpendicu- 
lar to the external magnetic field, is stronger. For this rea- 
son, for centers of the type t  = l, 4 it is the component of the 
field along the sublattice magnetization that increases when 
the state 11) is emptied. 

We can say the following concerning the self-excited 
oscillations (in time), observed at low temperatures, in the 
photoinduced part of the magnetic moment. This effect was 
first reported in Ref. 20, where oscillations of the magnetic 
permeability were observed in Y,Fe,0,,:Si4+ crystals under 
irradiation. The results were interpreted as oscillations of 
the domain structure. The results of experiments on the visu- 
alization of the photoinduced motion of domain walls in a 
gradient magnetic field were presented later in Ref. 21. It 
was found that the instability of the domain structure is 
caused by competition between the anisotropy from two 
types of centers, which react differently to irradiation. 

Photoinduced motion of domain walls has also been ob- 
served in FeBO, c ry~ta l s ,~  and the parameters characteriz- 
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FIG. 10. Temperature dependences (calculation) of the anisotrop- 
ic part of the field of the impurity subsystem ( I )  and the isotropic 
contribution (2). Inset: angular dependence of the field generated 
by the impurity centers. 

ing the domain structure were investigated as a function of 
the magnetic field strength and the optical radiation power. 
Several mechanisms were proposed to explain this effect: 
photoinduced phase transition, caused by softening of the 
magnetoelastic mode;" self-excited oscillations of the para- 
metric type;23 instability due to competition between differ- 
ent anisotropie~.~~ 

In our case, self-excited oscillations are observed in a 
limited range of magnetic fields and at temperatures below 6 
K. This suggests that the instability of the optically excited 
magnetic system of FeBO, could be associated with competi- 
tion between magnetic anisotropies and restructuring of the 
magnetic state of the crystal. However, currently available 
experimental data are insufficient to suggest a definite model 
for the process. 

SPIN-REORIENTATIONALTRANSITION IN THE BASAL 
PLANE 

The correctness of the model employed for the impurity 
center is further confirmed by the description of, in addition 
to the photomagnetic properties, the anisotropic properties 
of FeBO, and the fact that a spin-reorientational transition 
occurs at low temperatures. 

We consider only the contribution of the impurity sub- 
system. Since all terms in Eq. ( lo) ,  except forf, are isotropic 
with respect to rotation of the magnetization vector in the 
basal plane, it is the anisotropy f that could be responsible for 
the properties of interest to us. The internal field, generated 
by the impurity subsystem and acting on the magnetic mo- 
ment of the crystal, is determined by the expression'" 

where p, is the angle between the magnetic moment of the 
crystal and the chosen axis of the crystal (in our case the C2 
axis), and Mo is the magnetization of the sublattice. 

Calculation of the field ( 16) in the absence of optical 
radiation, i.e., for A, = A 2  = 0, gives a dependence of the 
type shown in the inset in Fig. 10. It is seen that an alternat- 
ing part Ha is observed against the background of a constant 
component H A .  As the temperature changes, the angular 
position of the minimum of H, changes. If the temperature 
increases, the amplitude of the variable part passes through a 
maximum and then approaches zero. The constant compo- 

nent also approaches zero as the temperature increases (see 
Fig. 10). 

It is obvious that the energy of the magnetic system will 
be a minimum at the positions p : . It is these directions that 
will be the directions of easy magnetization. The tempera- 
ture dependence of p : is shown in the inset in Fig. 11. One 
can see that the easy-magnetization axis turns from q: 
= 30" to the angle p 0, = 0 in the temperature range 4-30 K. 
If curves of the type presented in the inset in Fig. 10 are 
analyzed, as done in Ref. 25, i.e., the anisotropy field is de- 
fined as the difference of the resonance fields corresponding 
to the angles pH = 30" and pH = 0", 

then we obtain the curve presented in Fig. 11 (curve I).  
Curve 2 in the same figure was calculated with the exchange 
interaction of the impurity spin with the matrix two times 
smaller than for curve 1. In all calculations the impurity 
concentration was No = 1016 cm3. These curves are qualita- 
tively similar to curve 3, taken from Ref. 25 and determined 
as the anisotropy field in the basal plane. Using the terminol- 
ogy adopted in magnetoresonance studies, the constant part 
HA in Fig. 10 behaves as a function of the temperature like 
an "isotropic gap" A, and the amplitude of the alternating 
part H, behaves similarly to the AFMR linewidth. For non- 
uniformly magnetized media with strong local anisotropy, 
this behavior of the linewidth is expected, and in this case the 
damping of the microwave oscillations, which is determined 
by the imaginary part of the frequency w",  is proportional to 
( H E H ,  )"'8, where the factor 0 does not exceed unity." 
The existence of "partial minima" of the anisotropy field at 
low temperatures T< T, could be the reason for the irre- 
versible behavior of the resonance parameters with increas- 
ing or decreasing temperature as well as splitting of the 
AFMR line. 

We did not employ in our calculations the optimal ener- 
gy parameters of an impurity center in the FeBO, matrix, 
and the values of the parameters are probably too high. At 
the present time, however, there are no published data on 
these quantities. Nevertheless, we obtain quite good agree- 
ment between theory and experiment for the photomagnetic 
effect. In calculating the spin-reorientational transition in 
the basal plane, we fall into the range of values of anisotropy 
fields determined experimentally by other methods, 
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I FIG. 11. Temperature dependences of the field of the magnetic anisot- 
ropy in the basal plane (see text): 1,2--calculation (for curve 2 the 

0 15 30 T , K  exchange interaction is two times smaller than for curve I) ,  3-experi- 
ment ( H ,  (Ref. 25) ) .  Inset: temperature dependence of the direction 
of easy magnetization in the basal plane. 

Ha -0.01-0.7 Oe. We note that the magnitude of this anisot- 
ropy and the value of Ts depend on the quality of the sam- 
ple.' These quantities are higher for samples of lower quali- 
ty. This is seemingly attributable to the fact that as the 
number of defects, i.e., Fe2+ ions, having strong spin-orbital 
coupling increases, stresses in the crystal intensify and this in 
turn increases the crystal-field parameters D and E and al- 
ters the exchange between an impurity spin and the matrix. 

CONCLUSIONS 

It follows from the foregoing analysis of the experimen- 
tal and theoretical data that the photomagnetic and aniso- 
tropic properties of FeBO, crystals can be described within a 
model where the impurity center (tentatively an Fez+ ion) 
is a three-level center whose lower energy levels cross, and 
the crystal matrix is described in the continuous approxima- 
tion. Optical irradiation induces, together with charge trans- 
fer between heterovalent iron ions,'.' redistribution of the 
populations of the sublevels of the ground state multiplet of 
the impurity center, and the level with strong anisotropic 
behavior is predominantly populated. The calculations show 
that the observed photoinduced change of magnetization in 
weak magnetic fields is determined by the state of the macro- 
scopic magnetization of the crystal. The splitting of the ener- 
gy levels, which is associated with the exchange interaction 
of an impurity spin with the antiferromagnetism vector, is 
the main effect and determines the temperature dependence 
of the photoinduced changes and anisotropic properties of 
the crystal. The anistropic properties, including the spin- 
reorientational transition, are explained by the competition 
between the fields which arise from centers located in none- 

the energy spectrum of an impurity center, taking into ac- 
count the anisotropy of the exchange interactions of an im- 
purity spin with both sublattices of the crystal. In addition, 
the temperature and angular dependences of the optical 
transition probabilities must be studied further and the dy- 
namics of the electronic transitions between levels of the 
ground state multiplet must be considered in greater detail. 
To explain the self-excited temporal oscillations of the mag- 
netization, additional experimental investigations must be 
performed and a mathematical model must be specified. 

In conclusion we thank V. V. Rudenko and N. V. Vol- 
kov for fruitful discussions and helpful suggestions. 
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