Influence of optical excitation of holmium impurity ions on magnetic resonance

in yttrium iron garnet
G. A. Petrakovskiiand G. S. Patrin

L. V. Kirenski Institute of Physics, Siberian Branch of the Academy of Sciences of the USSR, Krasnoyarsk

(Submitted 27 September 1985)
Zh. Eksp. Teor. Fiz. 90, 1769-1780 (May 1986)

The changes in the parameters of the magnetic resonance in a Y;Fes0,,:Ho** single crystal
subjected to laser radiation of the A = 1.064 um wavelength have been investigated
experimentally and theoretically. A model in which the crystal matrix is considered in the
continuum limit and the impurity ions are regarded as quasi-Ising particles with a moment

J = lis used to show that the main experimental results can be explained by an effective
reduction in the concentration of the impurity ions because of a transition to an optically
excited state and by the departure of the populations of the levels of the ground-state
quasidoublet from the Gibbs distribution in the course of a cycle comprising optical excitation
and relaxation. A theoretical explanation is provided of the characteristics of the angular and
temperature dependences of the resonance field and of the width of the magnetic resonance

line of Y;FesO,,:Ho>™ in the ground state.

1. INTRODUCTION

The development of modern physical experimental
methods has aroused the interest of researchers in physical
systems which are in nonequilibrium states. These systems
may be “frozen” states such as amorphous materials,' me-
tastable states of the type created by magnetic fields, pres-
sure,? or optical excitation,? and also dynamic excited states
typical of, for example, laser systems. We shall consider the
influence of optical excitation on the magnetic state of mat-
ter. We shall confine our attention to the effects that result
from optical excitation of impurity ions in magnetic insula-
tors. Such excitation appreciably alters the electron states of
the ions affected,* which—under certain conditions—may
alter the magnetic properties of matter. These effects differ
fundamentally from the optical effects of photomagnetic an-
nealing, since in the latter case the essential feature is not the
presence of optically excited states but redistribution of
some of the active magnetic centers (for example, Fe?* ions
in Y;Fe;0,,:Si** crystals®®) under the influence of illumi-
nation. It should also be mentioned that this mechanism
differs greatly from the photomagnetism of magnetic semi-
conductors.”® '

Selective transfer of paramagnetic ions to optically ex-
cited states generally alters all the interactions in a magnetic
material. However, depending on the predominant mecha-
nism, it is convenient to divide the optical excitation effects
into exchange and relativistic effects. Since optical excita-
tion may alter fundamentally the magnetic state of ions and
the exchange interactions, it is clear that the ground state of
the whole crystal may change drastically in a great variety of
ways. The new magnetic state may be observed when the
spin system is in dynamic equilibrium subjected to optical
pumping or may be metastable. In both cases the new state
may be collective (in phase transitions) or it may be a single-
ion state. In the former case the effect should be manifested
as a phase transition of the percolation type with an intensity
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threshold. An example of such an effect is an optically in-
duced change in the magnetic state reported for EuCrO,
(Ref. 3).

The second class of effects associated with a change in
the relativistic interactions is characterized by modifications
of the magnetic properties of magnetic materials. This class
of effects stems from the basic dependence of the magnetic
properties of matter (for example, the single-ion anisotro-
py) on the electron state of a magnetic ion. An effect of this
type has been observed® as an optically induced orientational
transition in ErCrOs. In this case the optically excited Er**+
ions act as impurities.

It was found previously'® that pulsed laser radiation of
theA = 1um wavelength alters the parameters of a magnetic
resonance in a Y;Fe;0,,:Ho** single crystal. It has also
been shown that these changes are mainly due to a change in
the magbetic state of the holmium ions when they undergo
transition to an optically excited state.

We shall report a detailed investigation of the influence
of laser excitation of the Ho>* ions in the Y,Fe;O,, matrix
on magnetic resonance in steady state, carried out with the
aim of identifying the mechanisms of optically induced
changes.

2. PROPERTIES OF A Y;Fe;04, CRYSTAL DOPED WITH
Ho3* IONS

Yttrium iron garnet Y,Fe,O,, is one of the most thor-
oughly investigated ferrites. This is due to the fact that this
insulator possesses unique properties, particularly resonant,
acoustic, and optical. An important feature is also the highly
advanced technology available for the preparation of high-
quality Y;FesO,, single crystals. '

For optical excitation to have an effect on the properties
of matter there must be a long-lived (metastable) excited
level and the ability to transform the system efficiently to
this level. The situation is fully analogous to that encoun-
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tered in the search for laser-active materials. If the electronic
properties of ions in the ground and excited states are differ-
ent, then the transformation of the system to an excited state
will alter greatly some characteristics of a magnetic materi-
al. Therefore, effective controlled modification of material
properties by optical radiation requires the knowledge of de-
tails of its electron structure and of the mechanisms that
determine its properties.

It is known'” that the resonance properties of Y;Fe;O,,
depend sensitively on the presence of rare earth impurities.
For example, the width AH of the FMR line representing
homogeneous precession of the magnetization of “pure”
Y,Fe,0,, is approximately proportional to temperature in
the range 0-3000 K and at 7 = 300 K it represents a few
tenths of an oersted (inthe A = 3 cmrange). The addition of
1 at.% holmium ions alters the FMR line width by about 750
Oe at the maximum on the temperature scale when the mag-
netizing field H,, is oriented along the [111] axis. The tem-
perature dependence of AH hasa characteristic maximum at
a temperature that depends on the orientation of a sample.
The behavior of the resonance properties of Y FesO,, crys-
tals doped with rare earths is normally described using a
theory of “slow” relaxation,'? but there are some points that
still remain unclear.

On the other hand, a detailed study of the optical prop-
erties of “pure” and Ho®*-doped iron garnets'? has made it
possible to reconstruct and describe the structure of the
ground °1; and first excited I, multiplets of the Ho’* ion,
and also to identify the channels for transfer of the electron
excitation energy by the holmium ions and the efficiency of
these channels. In a Y,Fe,0,,:Ho’ * crystal the *7, multiplet
is metastable and its lifetime at 7= 78 K is about 4 ms and
excitation of this crystal with radiation of the 0.4-2 um
wavelengths generates °I, — °I, luminescence in the region
of A = 2 um. Stafford et al.'* reported emission of stimulated
radiation as a result of pulsed laser radiation pumping
(A = 1.06 um) via the absorption band of the Fe** ions at
the octahedral positions. In this case the levels of the °I,
multiplet were filled as a result of the ‘T, (Fe’*)
«»>I,(Ho®*) nonradiative transition (Fig. 1) when the
threshold pump density was 3 J/cm” at 7= 78 K.

3. EXPERIMENTAL METHOD

All the measurements were carried out using the
spectrometer described in Ref. 10. The radiation source was
acw laser with the following parameters: A = 1.06 xm, beam
diameter 3 mm, radiation power 0.5-3 W. The measure-
ments were made on Y,Fe;O,,:Ho** (0.1 at.%) samples in
the form of disks 2 mm in diameter and 0.2 mm thick, cut
parallel to the (110) plane. These disks were polished on
both sides to give an optical surface finish. The direction of
propagation of the exciting radiation was perpendicular to
the plane of the sample and to the direction of an external
magnetic field.

The experimental results were obtained by the follow-
ing procedure: first a microwave absorption line was record-
ed for an unilluminated sample, then optical radiation of P,
power was applied to the sample and after 2-3 min the ab-
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FIG. 1. Diagram of the energy levels in a Y;Fe,0,,:Ho>* crystal and the
transition scheme.

sorption line was recorded during illumination. In this time
a thermal equilibrium was established in the working
chamber of a cryostat and the temperature of the sample
remained subsequently constant. The radiation was then
switched off. The time taken to recover the initial tempera-
ture was 1-2 min. This procedure was repeated for the next
value of the power P, > P,.

We carried out measurements at values of the optical
radiation power such that the increase in the temperature of
asample AT was less than the error in the temperature deter-
mination shown in the plots (for example, when the optical
radiation power density was 10 W/cm?, the temperature rise
was AT=2K)."

Figures 2 and 3 show the experimental results which

H,, kOe
N
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FIG. 2. Experimental temperature dependences of the resonance field (a)
and of the line width (b) obtained for a Y;Fe,O,,:Ho>* (0.1 at.% ) crys-
tal when the magnetic field was directed along the [001] axis: 1) unillu-
minated sample; 2) radiation power density 7 W/cm?; 3) 12 W/cm?.
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FIG. 3. Experimental temperature dependences of the resonance field (a)
and of the line width (b) obtained for a Y;Fe;0,,:Ho** (0.1 at.%) crys-
tal when the magnetic field was directed along the [111] axis: 1) unillu-
minated sample; 2) radiation power density 7.35 W/cm?; 3) 10 W/cm?.
The arrows identify the positions of the maxima.

were obtained for a Y;Fe;O,, sample in which the Ho** ion
concentration was x = 0.1 at.% and the measurements were
carried out at different optical pump powers when the mag-
netic field direction was parallel to the [001] and [111]
axes. Clearly, the influence of optical radiation on the mag-
netic resonance depended on the direction of the external
magnetic field and, in the range of pump powers investigat-
ed, it disappeared in the region of T = 50 K. The tempera-
ture dependence of the line width had a common feature for
both directions: illumination reduced the line widths at its
maximum and shifted the maximum toward lower tempera-
tures.

We also carried out experiments on an yttrium ferrite
garnet single crystal free of dopants and characterized by a
microwave absorption line width of about 1 Oe. Within the
limits of the experimental error, there were no changes in the
line width or in the resonance field.

4. THEORY

These experimental results can be understood on the
basis of the following model.

In many-level systems one frequently uses in practice
the fact that adjacent levels form groups, which makes it
possible to describe some low-temperature magnetic proper-
ties by introducing an effective moment. As a rule, the g
factor and the exchange interactions are strongly anisotrop-
ic.'® For example, in the case of a Y;Fe;0,, crystal doped
with holmium ions the low-temperature behavior is de-
scribed in Ref. 17 allowing only for the lowest quasidoublet
of the Ho** ion and assuming quasi-Ising behavior. The lat-
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ter assumption is justified because rare-earth ions with an
even number of electrons have two levels which are quite
distant from the other levels and we then have g, = 0 (Ref.
18).

In a qualitative analysis of the influence of optically
excited states we can limit ourselves to introduction of an
additional level separated from the ground-state quasidoub-
let by an energy equal to the photon energy #v. This situation
can be described mathematically by a three-level model of a
center using an effective moment J = 1. Figure 1 shows the
diagram of the energy levels and the transition scheme for a
Y,Fe,0,,:Ho*>" crystal.

We shall assume that the impurity ions are distributed
with equal probability among six inequivalent positions in a
crystal. Each ion is then characterized by a site index
i=1,..,N, and by a position index k = 1,...,6, where N,

= N,/6 and N, is the total number of impurity ions.

In the case of the ith ion located in the k th position we
can apply the molecular field approximation and include the
first nonvanishing terms of a crystal field with local ortho-
rhombic symmetry. The Hamiltonian of this ion can be writ-
ten as follows:

Ha=(M,—gH,) 8l —D(J., ~1)+AT: ~T5.)/2. (1)

Vir

Here, A M, is the molecular field exerted on the Ho** ions by
the “iron” subsystem; H, is the external magnetic field; A
and D are the crystal field parameters; £ is a parameter in the
theory (in the present case it represents the maximum mag-
netic moment of an ion }; M, is the total magnetization of the
investigated crystal; 31,* , 5,“* ,and ij are the corresponding
components of the effective moment in the local coordinate
system.

Diagonalization of expression (1) subject to the condi-
tion D > 0 yields the eigenvalues

e = F{[ AM—gH) Eynl*+AY4}", eg’=D,  (2)

where ¥, is the cosine of the angle between the total field
acting on the moment of the ith and the local z quantization
axis in the k th position in the garnet structure (the local z
axes of a dodecahedral position coincide with the [100],
[010], and [001] crystallographic directions).

If we ignore the details of the populations the levels of
the impurity ion, we find that its behavior in a laser radiation
field can be described by means of rate equations.

Inthe case of the ithion in the & th position the system of
equations is

dny'/dt = Zdtmnu"', I,m={4,2,3}, (3)

Lolem

and the whole crystal satisfied the condition

Z Nwno!=N,.

1,ik

Here, n/, is the population of the / th level; d,, is the prob-
ability of the transition from the / th to the mth level; d,; (or
d,;) is the probability of the transition in accordance with
the4 — 5 — 3 scheme (Fig. 1).

In general, an analysis of the behavior of the ions inter-

G. A. Petrakovskirand G. S. Patrin 1040



acting with optical radiation should be carried out bearing in
mind that impurity ions are in nonequilibrium states and
that the effective temperature may differ from the tempera-
ture of the matrix.

In an analysis of heat transfer in solids the thermal equi-
librium is established in a wide range of temperatures (with
the exception of the ultralow region) by thermal diffusion.
The time taken to establish such an equilibrium after a heat
pulse is applied to one of the faces of a sample of thickness L
is"?

T =pc,L*/x,

where p is the density, ¢, is the specific heat at constant
volume, and x is the thermal conductivity. For example, in
the case of quartz?®at T = 5 K we have 7* = 1.7 X 10~ s for
L = 0.2 mm. A comparison of the lifetime 7 of the Ho® * ions
in the °I, state with the time 7* shows that 7> 7*. This allows
us to assume that a holmium ion in an optically excited state
is at every moment in thermal equilibrium with the crystal
matrix.

Optical radiation does not induce direct transitions
between the levels of the ground-state quasidoublet of an
impurity ion so that the probabilities of relaxational transi-
tions between these levels obey the following condition be-
cause of detailed balance?'

d;z/du“ exp( bt A/kB T), A=82—8|, (4)

where kg is the Boltzmann constant and T is the lattice tem-
peraure.

When the magnetization vector precesses about a spe-
cific axis at a frequency w, the projections of the molecular
field on the local z axes also vary at a frequency . This alters
the splitting A and causes a redistribution of the populations
of the sublevels 1 and 2. In the case of small variations in the
direction of the magnetization Eq. (4) becomes

dy/dy=exp( — A% /kp T) [1—(8u/ks T) expiot], (4a)
where AY, is the steady-state splitting of the levels of the ith
ion in the k th position,

Sa=(0A4/00) AB+ (0An/09) Ag, (5)

and 6 and g are the polar and azimuthal angles of the magne-
tization vector. Bearing in mind the above discussion and
solving the system (3) by the method of successive approxi-
mations, we obtain the first-order solution for n/, (see the
Appendix 1).

The behavior of the system can be described as a func-
tion of the changes in the parameters if we know the form of
the free energy. We shall consider the Y;Fe;O,, crystal ma-
trix in the continuum limit. The parameters which describe
this matrix are the magnetization M(7") and the magneto-
crystalline anisotropy constant K, (M, T'). The free energy of
acrystal with impurities subjected to a laser radiation field is

U=F+F ,++W, (6)

where
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F.=—MH, F.=—'}|K,| Z, M}+MNM/2,

Jumc,y,z

f‘z na'en'—ST,
1,ik
S'is the entropy of the impurity subsystem, N is the tensor of
the demagnetization coefficients, and W is the energy of the
optical radiation field.

Solution of the Landau-Lifshitz equations yields ex-
pressions for the resonance field H, and the magnetric reso-
nance relaxation frequency w,. We shall assume, as usual,
that the oscillation frequency is w = w, + jow,. We then have

H, =— (Hoo"+Hp"+foofe) 2
T (Hoo*—Hey"+foo—fos) */4+ (0,/T)*1", N

AH= a)r/r_—“ (P/(l)‘) [H,.(Soo"'sw) +H99ASW+HwASeo]/2,
(8)

Here, T is the gyromagnetic ratio and the expressions for
Ho, H o, fo0s fppr Sess and S, are given in Appendix 1.

The equilibrium values of the angles 6, and g, are deter-
mined from the minimum of the free energy (6) on the as-
sumption that the Zeeman energy is much greater than the
other terms. In the experiments a sample was usually orient-
ed so that the magnetic field H, was in the (110) plane. This
corresponds to an equilibrium azimuthal angle of §, = 7/4.

The equilibrium value of 9 is determined from the
expression

00=0n—[U’" (0x)/MH ][1-U" (6x)/MH]™*, 9)

where ,, is the angle between the external magnetic field
and the z axis in the crystallographic coordinate system (the
[001] direction in the present case). A prime represents dif-
ferentiation with respect to the variable 6. All stages of this
calculation were carried out in the linear approximation.

The quantities defined by Egs. (7) and (8) were calcu-
lated for the following values of the parameters*:

AM,=125koe, E=104p, ©,=9.3 GHz,
M,=218 G, A°=8cm™', K,=245

x10° erg/cm® | N,=1,267-10* particles/cm’®
7,=1,08-10~*sec , D=5000 cm ™" .

5. RESULTS AND DISCUSSION
a. System in the absence of optical pumping

A resonance in the absence of laser radiation can be
described by substituting in Eqs. (A1.2) and (A1.3) the val-
ues A, = A, = B = C = 0, which corresponds to zero popu-
lation of the level 3. Figure 4 shows the angular dependence
of the line width calculated from Eq. (8) (curve 1) and the
experimental dependence taken from Ref. 23 (curve 2). We
can see that the angular dependence of the resonance field is
practically identical with that obtained in Ref. 24 without
allowance for the delay of the transitions between the levels
of the Ho®>™ ions.
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FIG. 4. Angular dependence of the line width at helium temperatures: 1)
calculated for T'=5 K; 2) experimental curve taken from Ref. 23 and
obtained at T=4.2 K.

Figure 5 shows the temperature dependence of the theo-
retical line width for the magnetic field directions close to
[111] (curve 1) and [110] (curve 4), as well as the experi-
mental curves obtained for the same directions and taken
from Ref. 23 (curves 2 and 3, respectively). In all these cal-
culations it was assumed that 7, was independent of tem-
perature and that the condition w,7, = 1 was obeyed. Clear-
ly, the angular dependence exhibited good agreement
between the theory and experiment.

The experimental and calculated temperature depen-
dences of the line width were in general agreement. When
the magnetic field was directed close to the [ 110] axis, there
were two maxima which had not been explained earlier,
whereas in the case of the field directed along the [001] and
[111] axes, the positions and amplitudes of the maxima were
close to those found experimentally. The discrepancy
between the curves may be attributed to the imperfections of
our model because only two levels are considered in dealing
with the ground state. Nevertheless, this approximation may
be justified and the results obtained can be explained.

AH, Oe

&0

L/

B0 T,K

FIG. 5. Temperature dependences of the line width: 1) calculation for 8,

= 55% 2) experimental dependence for a magnetic field along the [111]
axis; 3) experimental dependence for a magnetic field along the [011]
axis; 4) calculation for 6, = 86.5°. The experimental points were taken
from Ref. 23.
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It is known that rare-earth ions with a moment J have
wave functions ®, of the form

O, = Zc..mu, m

(m is the magnetic quantum number and C " is the coeffi-
cient in the above expansion).

All the theoretical*>*® and experimental®? results pro-
vide grounds for assuming that the lowest quasidoublet of
the holmium ion consists mainly of the states |8,8) and
|8, — 8),i.e., the wave functions of the states | 1) and |2) are

[1>=a|8, 8)+8|8, =8>+ (...),
|25=5|8, 8>+n|8, —8>+(...),

where the brackets represent a small contribution of the
higher levels and there is a large difference between the coef-
ficients @, 3 and 6, 7.

A transition of an ion from the |1) to the |2) state maxi-
mizes the change in its magnetic moment. At low tempera-
tures and for the directions characterized by the minimum
value of A the change dominates the state of the whole sys-
tem. This is indicated by the good agreement between the
calculated and experimental curves obtained at low tem-
peratures. When the field H,, is directed along the [111] axis
the splitting A between the |1) and |2) states of an ion is
approximately 60 cm ™', but the levels with different values
of the magnetic moments are below this value. Clearly, these
levels are “‘activated” earlier when temperature is increased,
which shifts the temperature dependences toward lower
temperatures.

The amplitudes of the peaks and their positions at low
temperatures depend very strongly on the values of A and &.
We made no attempt to improve the agreement between the
calculations and the experimental results by fitting the pa-
rameters because the model is too crude.

b. Influence of an optically excited state

An allowance for the existence of an optically excited
state of an impurity ion has the effect that the coefficients 4,
A,,B,and Cin Egs. (A1.2)-(A1.4) become functions of the
pump power. The population of the level 3 is then nonvan-
ishing. Clearly, the dynamics of the transitions is governed
by the ratio of the probabilities of the transitions between the
levels. However, there is at present no detailed information
on the probabilities of transitions in Y;Fe;O,,:Ho**, so that
their selection is to some extent arbitrary.

We shall try to understand what happens in our system
when an impurity ion is raised to an excited level by assum-
ing, for the sake of simplicity, that d,; = d,; = p,. This ap-
proximation is permissible because the °I, level is filled as a
result of a nonradiative transition which clearly involves the
transfer of excitation by phonons®” and this process is inde-
pendent of the polarization of the incident radiation. More-
over, since the final level in the °I, — °I, radiative transition
is separated from the ground state by about 400 cm ™', we
shall assume that d;, = 0. The fact that the lifetime 7 of the
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excited level is 4 X 10~ s gives d5, = 250. We shall also use
the relationships in Eq. (A2.4) and the fact that w,7, = 1.

Figures 6 and 7 show the theoretically calculated tem-
perature dependences of the resonance field and line width
for the external magnetic field directions parallel to the
[001] and [111] axes in the absence of optical excitation
(curve 1) and in the case of pumping of level 3 (curves 2 and
3). Curves 2 and 3 represent populations of level 3 amount-
ing to 10 and 30% of the total number of the impurity
centers at T = A/kg.

A comparison of the theoretical and experimental de-
pendences shows that the resonance field behavior is in
qualitative agreement with the theory when the external
field H, is oriented along the [001] axis or along the [111]
axis. It should be noted that the calculations were carried out
for a spherical sample. In the case of the line width of a
sample subjected to a magnetic field oriented along the
[001] axis there is again a qualitative agreement between the
theory and experiment, whereas in the case of the [111] di-
rection the reduction in the amplitude of the maximum is
considerably greater than that found experimentally.

Optical radiation reduces effectively the concentration
of impurity ions because of transitions from the states |1)
and |2) to the state |3) in which the magnetic moment is
zero. Moreover, in the process of optical relaxation from the
level 3 the Gibbs distribution of the populations of the |1)
and |2) states is disturbed, which alters the equilibrium di-
rection of the magnetization described by Eq. (9).

Since the resonance field is governed primarily by the
static magnetic characteristics of a material, the optically

H,, kOe

0 40 80 T,K

FIG. 6. Theoretical temperature dependences of the resonance field (a)
and line width (b) for a magnetic field directed along the [001] axis: 1)
populationn, = 0;2) n; =0.1;3) n; = 0.3; T = A/kg. Thearrowsidenti-
fy the maxima of the two quantities.
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FIG. 7. Theoretical temperature dependences of the resonance field (a)
and line width (b) for a magnetic field directed along the [111] axis: 1)
populationn, = 0;2) n; =0.1;3) n; = 0.3; T = A/ky. Thearrowsidenti-
fy the maxima of the two quantities.

induced changes can be explained by a change in the magni-
tude of the magnetic moments and in the energy of the mag-
netic anisotropy of the impurity subsystem. Relaxation pro-
cesses in such systems are governed by the structure and
dynamics of transitions between the sublevels of the ground-
state multiplet. Therefore, when the external field is oriented
along the [001] axis and the main role is played by the quasi-
doublet of the |1) and |2) states, the model is clearly close to
reality. In the case when Hy|| [111] we can assume that the
processes of the magnetic and optical relaxation from the
level 3 (or the process of absorption of light) involves the
states lying below level 2 separated from level 1 by the energy
A (8, = 55°). It should be noted that in this model there is a
tendency for the temperature maximum of the line width to
shift toward lower temperatures, although the reduction in
the amplitude of the maximum predominates because of a
reduction in the number of ions in the |1) and |2) states.

Other combinations of the transition probabilities d,,,
yield qualitatively similar results. The situation when dj,
and d,, are comparable with d,, is more interesting, but it
does not reproduce the conditions in our experiments and we
shall not deal with it.

6. CONCLUSIONS

It follows from the above theoretical analysis that the
resonance properties of an yttrium iron garnet crystal doped
with Ho*™*, including the effects of optical excitation, can be
described qualitatively by regarding an Ho’* impurity ion
as a three-level center with zero magnetic moment in the
excited state. The results obtained are in full agreement with
those obtained in static magnetic investigations, which indi-
cate quasi-Ising nature of the behavior of the holmium ions
in the Y,Fe;O,, matrix.'” The theoretical model used in the
present study can be refined by a more detailed considera-
tion of the electron structure of the Ho** ions and of the
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dynamics of electron transitions between the levels. It may
also be important to go beyond equilibrium thermodynamics
in a more rigorous analysis of the static and resonance prop-
erties of an optically excited system.

We shall conclude by noting that our results give
grounds for assuming that the resonance properties of yt-
trium-holmium iron garnet can be described allowing for the
features of the energy structure of the impurity centers and
for the distributionof the impurities between the local posi-
tions in a crystal, and that the mechanism of ““slow” relaxa-
tion is not the dominant one.

The authors are deeply grateful to K. A. Sablina for
growing single crystals of yttrium-holmium iron garnet.

APPENDIX 1

The expressions for the populations of the levels of an
ith impurity ion in an optical radiation field are

ni=n"+w, 1={(1, 2, 3).

Here,
noi=(1+4,)/0, (AL1)
n''=[exp( — Al/kpT) +4,]/Q, (Al.2)
ns’'=[exp( — AV/kgy T)+1)B+A4;]/0Q, (AL.3)

0i

~

iy = F exp(—AL/ksT)exp (iwt)
B
X {1 +iw/dsylexp(—A/ksT)+1]} 1,

fis'=0, (Al1.4)

where
Q=[exp( — A%kyT) +1]} (1+B) +C,

A= (dzsdu)/q, Az=dudgz/q, A3=dud33/q, (Al.5)
B= (dza+du)dz£/q, C=A1+A2+As, q= (du+du)dzn-
APPENDIX 2

The notation used in the text is as follows:

H "“=02F Al OV, (A2.1)

{ZN[

6’A,.

exp( — Ay /kpT) + A4, — 1 — 4,
[exp(pAR/ksT) +1](1+B) +C ]

} S"/O]To, (A22)

Spy = Z 2 @17

Rt k T1-+((I)’To):

X{f A,
lexp % T+exp(_

(aA" ) (1+4,)

AgT)]' (1+B)
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(A2.3)
(A2.4)

+C(1+exp kA?‘TL)}_l ,
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