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The influence of saturation on the behavior of the EPR absorption spectra was investigated in BaF,
crystals with admixture of 0.059%, of Er* ions at 1.8°K. The relationship between the absorption in
the spectral lines belonging to different magnetic complexes of Er® and the polarization of the nuclear
spins of F'° was observed and investigated, including the stimulated spectral diffusion over the EPR
spectrum due to saturation of the NMR of F'°, It is shown that the entire EPR spectrum of Er**, in-

cluding the hyperfine structure due to the isotope Er
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, can be described in a manner similar to that

of a single homogeneous line, by two temperatures: the Zeeman spin temperature of the center of
gravity of the spectrum, and the temperature of the electron spin-spin reservoir; the latter is equal
to the Zeeman spin temperature of the F*° nuclei. Such an approach explains, in particular, the sta-
tionary induced radiation at the outermost lines of the EPR spectrum, which was observed during the

course of the experiments.
1. FORMULATION OF THE PROBLEM

IN the study of paramagnetic resonance in crystals,
more frequent use is being made of the concept of reser-
voir of spin-spin interactions!!!; this concept employs
two temperatures for the description of the spin system,
namely the Zeeman temperature (Ty) and the spin- spin
temperature (Tgg).

Recent experimental investigations have shown that
this concept is valid and fruitful in EPR, especially in
problems connected with the shape of the resonance line
under saturation conditions®™®), cross relaxation™®,
and dynamic polarization of nuclei’®®’. Nonetheless,
the problem of using the Tgg concept in the case of
saturation of an inhomogeneous EPR line has not yet
been solved. In a number of theoretical papers!”®! this
problem is used by solving the concept of ‘‘spin packets’’
constituting the inhomogeneous line; in others!®° the
hypothesis of the ‘‘local field reservoir’’ having its own
temperature is introduced instead.

As to the experimental study of this problem, the only
experiment of this type is so far our own paper™?, in
which we succeeded in confirming a number of important
predictions of the theory, the object of the investigation
did not make it possible to control the width, shape, and
saturation factor of the individual ¢‘spin packets.”” We
note that the introduction of ¢ spin packets’’ within the
limits of an unresolved line always presupposes a cer-
tain leeway in the choice of the parameters connected
with the packets, and it is therefore difficult to compare
the theory with experiment with sufficient conviction.

In this paper we undertook to approach the problem of
saturation of the inhomogeneous line with the aid of an

DBy way of an example we can cite ['!], where all of three free
parameters were used in the packet model, and this of course makes it
always possible to obtain the desired results from the theoretical for-
mula.
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experiment with such paramagnetic crystals in which
there exists an entire system of closely-lying but still
resolved EPR lines, coupled by cross relaxation. In
such a system the form and number of ‘‘spin packets’’
are completely controlled, just as the Zeeman spin tem-
perature of each of them. It was also desirable to be
able to vary the relative locations of the individual lines
(“packets’’), and in addition, to determine the tempera-
ture Tgg by using the direct thermal contact between the
system of the electronic spin-spin interactions (SS) and

the nuclear spins of the crystal lattice (the system
Zn) [12,13,5]

2. EXPERIMENTAL PROCEDURE

We chose as the object of the investigation BaF, with
an admixture of Er*" (concentration f = 0.05%). In the
crystal employed by us, the EPR spectrum consisted of
four lines corresponding to four magnetic complexes
Er®*, the magnetic axes of which were directed along the
trigonal axis of the unit cell. From the data oft™*! it
follows that 8 = 1/2, g, = 5.94, and g | = 7.13 for each of
the complexes, so that when working at 3.2 cm wave-
length the spectrum falls in the range of magnetic fields
~1000 Oe. We also observed much weaker spectra be-
longing to the isotope Er'®” (natural content 23%, nuclear
spin I = 7/2), having a characteristic hyperfine structure
(hfs). In addition to spectra of trigonal symmetry, we
observed an isotropic EPR line belonging to Er®* in a
cubic surrounding; the number of such centers was
about 10%.

The magnetic field H, was applied in a plane perpen-
dicular to one of the trigonal axes, and could be rotated
about this axis. This has made it possible to change the
relative positions of the spectral lines. The spectra
observed at certain values of Hy are shown in Fig. 1.

DThe crystal was grown at the Kazan’ State University.
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FIG. 1. Experimentally observed EPR absorption spectra of Er3*
in BaF, at different orientations of H, in the (111) plane. Thin lines—
spectrum under equilibrium conditions, thick lines—under conditions
of saturation of one of the lines. The saturation point is indicated by an
arrow. The enhancement E of the polarization of the F'° nuclei has the
following values: a—E = 2.6; b—E = 4.6; c—E=-3.0;d—E=0.71;e-E =
-0.74. The thick horizontal segments are the results of calculation of
the line amplitudes by formula (3). The triangles denote the centers of
gravity of the spectra. a’'—part of the hyperfine structure due to the
Er'%7 isotope at ¢ = 14°. The intense line to the right corresponds to
the extreme left line of the spectrum a. E = 4.8.

The line near Hy = 1 kOe belongs to the cubic spectrum;
the weak spectrum of the isotope Er'®" is hardly seen in
Figs. 1a, b, c, d, e, and is partly shown in Fig. 1a’.
Certain differences in the amplitudes of the fundamental
four lines (when they do not overlap) are due to the dif-
ference in the orientation of the axis of the complexes
relative to the microwave field. The experiments were
performed at T = 1.8°K. Under these conditions the
spin-lattice relaxation time of the Zeeman spin system
Te® 0.2 sec™®), and one could expect the cross relaxa-
tion within the limits of EPR spectrum to turn out to be
much more effectively than the spin-lattice relaxation.

The indication of the EPR absorption spectrum was
realized by means of a weak (unsaturating) microwave
source under conditions of deep sinusoidal modulation
of the magnetic field at 50 Hz. The saturation of the
chosen line was carried out by periodic microwave pul-
ses of duration =0.5 msec, synchronized with the field
modulation. Inasmuch as the period of the modulation
(20 msec) was much smaller than 7, the saturation
was practically stationary. The degree of saturation
was monitored by means of the amplitude of the satura-
ted line, indicated during the return passage of the mag-
netic field (the spectrum was scanned twice during one
modulation period).

Simultaneously with indication of the EPR spectrum
of Er®*, we observed in the same sample also the NMR
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of the F*° nuclei (nuclear spin 1/2, spectroscopic split-
ting factor 4.007 Hz/Oe). The Zeeman temperature Tz,
of the nuclear spins was determined from the enhance-
ment of the nuclear polarization E = To/Tyy,, which was
proportional to the amplitude of NMR absorption line.

3. RESULTS

We investigated five different variants with different
orientations of H, in the (111) plane, namely at ¢ = 14,
0, 24, 35, and 52°, where ¢ is the angle between H, and
the projection of the [111] axis on the (111) plane. In
each of the variants, all the EPR lines were saturated
in sequence. Some of the experimental results are
shown in Fig. 1, which shows also the enhancements E
of the nuclear polarization.

A cursory examination of Figs. la, b, ¢, d, and e
may give the impression that the differences in the de-
grees of saturation transfer from the directly saturated
line to the remaining lines of the spectrum can be ex-
plained within the framework of the traditional concepts
of ‘“spectral diffusion’’ without allowance for the SS
reservoir®®, In fact, if we introduce the quantity k;
= Py/Pj,, where Pj is the amplitude of the i-th line under
conditions when the j-th line is saturated, and P;, is the
amplitude of the i-th line under equilibrium conditions,
then it can be concluded from Figs. 1b and 1c that k;
increases monotonically with increasing distance from
the saturation point. A similar growth of k; is observed
also for the lines 3, 2, and 1 of Fig. 1le. However, it can
be noted that k, is somewhat smaller than k3, and the
effect observed in Fig. 1a cannot be explained at all
from the point of view of the traditional concepts of
‘‘spectral diffusion.”” Here, when the line 2 is satura-
ted, k; turns out to be not only smaller than k,, but be-
comes negative, i.e., population inversion and stimulated
emission takes place in line 1. A similar effect was ob-
served also in the hfs lines of the isotope Er'® (see
Fig. 1a’).

The inversion was even larger when the saturating
pulses were shifted rapidly during the course of the ex-
periment from the outermost lines of the spectrum to its
middle. Thus, if the line 1 was first saturated (Fig. 1a),
and then the saturation point was transferred after a
time ~ 0.1 sec to line 2, then the value of k, at the first
instant following was approximately —0.15, and only
after a fraction of a second did it approach its stationary
value (- 0.06).

An analysis of the results has shown that the ‘“anom-
alies’’ in the behavior of the values of k;j occurred for
lines located farther from the center of gravity of the
entire spectrum than the saturation point, but on the
same side. The centers of gravity, calculated from the
relation Eaini = 0, where §; is the deviation of the cen-

ter of thel i-th line from the center of gravity of the
spectrum and n; is the number of ferromagnetic centers
contributing to the i-th line, are shown in Figs. 1a, b, c,
d, e by triangles.

We investigated also the dependence of the polariza-
tion of the F'° nuclei on the deviation &; of the saturating
pulse from the center of gravity of the spectrum. The
results are shown in Fig. 2, where each experimental
point corresponds to saturation of the center of some
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FIG. 2. Enhancement of the polarization of the nuclei F!% at the
maximum saturation factor (E*) against the deviation (8;) of the satura-
tion point relative to the center of gravity of the EPR spectrum. Points—
experimental values, curve—result of calculation by means of formula
(4) at 6, = 1.05 GHz.

line. The results for all the investigated variants are
shown on the common plot, since no correlation was ob-
served between the orientation of H, and the dependence
of E on bj- In order to facilitate the subsequent analysis,
Fig. 2 shows the values of E® obtained by extrapolation
of the experimental results to the case of limiting satur-
ation of the line j (we use here the experimental depen-
dence of E on the power of the saturating pulses). At

the maximal experimentally reached saturating factors
(6—10) the values of E were 10—20% lower than those
of E®. A detailed analysis of Fig. 2 will be given in the
next section; we note here that E ~ 1 in the case of
saturation near the center of gravity.

4. COMPARISON OF EXPERIMENT WITH THEORY

The ‘‘anomalies’ in the behavior of the values of k;,
noted in the preceding section, are quite similar to the
course of the absorption coefficients on the wing of a
homogeneous magnetic-resonance line if the line is not
strictly resonantly saturated, a course predicted theor-
etically on the basis of the Tg concept™™? and experi-
mentally observed recently 1nSEPR[2’5] and NMR!%1,
The similarity is confirmed by comparing the effects
occurring when the saturation point is shifted (see the
preceding section) with isotropic passage of a homogene-
ous line under saturation conditions.

All this has induced us to attempt to describe the en-
tire aggregate of cross-relaxation- coupled lines of Er®*
by means of only two temperatures, T'Z and TISS’ in a
manner used for a single homogeneous line. Such a
possibility is based also on the results of a theoretical
calculation!®? of the cross relaxation of first order in a
system of several resonant lines, performed under the
assumption that a single SS reservoir exists for all the
lines.

Let us assume, by analogy with the homogeneous line,
that the absorption within the limits of the entire spec-
trum is described by a single expression

P(8)c0 g (5) (—;—+Ti) , (1)

where g(6) is the shape factor of the entire aggregate of
lines regarded as a single inhomogeneous line, v, is the
frequency of the center of gravity of the spectrum, and 6§
is the running deviation from p,. Since in the absence of
saturation we have Ty = Tgg = To, We write k; in the
form

P(6:)
ki = Po(37)

—(vo+6l)*l(vo—+6, %) 2)

Unlike a homogeneous line, where the temperature
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Ty corresponds to a real Zeeman system, the quantity
T, now pertains to the center of gravity of the spectrum,
where there can be no resonant lines at all, and there-
fore an experimental determination of T7 is difficult.
The quantity T?7 can be readily eliminated by expressing
ki in terms of k; (j = i):

Tss" vo+ 0: (3)

Using relation (3), we can determine Tgq from any
two experimental values of k; and k;, and then calculate
k; for the remaining lines and compare them with the
experimental data. On the other hand, we can attempt to
determine Tgg from measurements of the nuclear polar-
ization of F'°, assuming that TISS is equal to the true
temperature of the spin-spin reservoir Tgg, and the
latter, just as in ruby crystals®!, is equal to the spin
temperature of the lattice nuclei Ty,. Substituting then
in (3) the measured value of E in place of TO/TSS, we
can calculate from a single value of k the amplitudes of
all the remaining spectral lines.

We used the latter method, and always chose for the
determination of kj the line directly subjected to satura-

tion. The results of the calculation are shown by the
heavy horizontal segments in Fig. 1. We see that in all
cases there is undisputedly good agreement between
theory and experiment, when account is taken of the ac-
curacy in the determination of E (approximately 10%).
A similar agreement with (3) was obtained also when all
the remaining lines were saturated in the variants of
Fig. 1la, b, c, d, e.

Thus, it can be concluded that, first, the entire ag-
gregate of lines can in our case actually be described in
terms of two temperatures, T and Tgg and, second,
the temperature TISS is equal to the Zeeman temperature
of the lattice nuclei T, and obviously is the true tem-
perature of the spin-spin reservoir Tgg.

The agreement between the calculation by means of
formula (3) and experiment shows also that the mono-
tonic growth of k; with increasing distance from the
saturation point (Fig. 1b, ¢) is not connected with a de-
crease in the rate of cross relaxation, as may appear at
first glance, and is due to deviation of the SS reservoir
from equilibrium, just as the ‘‘anomalous’’ course of k;
in Figs. 1a, 1a’, and le.

We note that usually [5j| < v,, thus ridding formulas
(1)—(3) of an excessive parameter, namely the exact
position of the center of gravity of the spectrum,

We proceed now to analyze the results shown in Fig.
2. Continuing the analogy with the homogeneous line, let
us attempt to describe the dependence of TO/TSS E on
6; by means of the formulat’d:

T, 8,2\ 1 852\ -1

o) M) e
In the case of a homogeneous line, the parameter is
8o = (yH) Tle/71e’ where (yHL) is the mean square of
the local fields due to the spin-spin interaction and 'r 1e
is the time of the spin-lattice relaxation of the SS sys-
tem. It is shown in'®® that for an inhomogeneous line
made up of spin packets the formula (4) may remain in
force if the cross-relaxation time is 7, < 7,0, 7,¢>

with = (L) [T’ 4 M, (5)
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where MY is the second moment of the spin distribution
over the packets relative to the center of gravity of the
spectrum.

It is seen from Fig. 2 that when 6, = (1.05 + 0.1) GHz
the experimental points fit satisfactorily the theoretical
curve. To compare 6, with formula (5), we calculated
M7 directly; it turned out that for the variants shown in
Figs. 1a, b, c, d, e, the value of (M¥)'/* calculated with-
out allowance for the hfs fluctuates between 0.52 and
0.6 GHz. Since in our case yHy, ~ 50 MHz (this estimate
was obtained by calculating the second moment of the
homogeneous EPR line!®'), formula (5) is at first glance
not confirmed.

The situation changes radically if we include in the
calculation of M¥ the hfs of the isotope Er'®’, with con-
stants™? A = 2.05 x 10° cm™ and B = 2.46 x 1072 cm™.
Allowance for these lines, which have low intensity but
fall in the region of large |6, yields M¥ = 1.0 GHz, which
coincides with 8, within the limits of measurement ac-
curacy. Thus, formula (5) is confirmed if it is assumed
that the entire hfs spectrum is also subject to effective
(compared with the spin-lattice interaction) cross re-
laxation, and consequently is described by the same
formulas (1)—(3). This is confirmed by Fig. 1a’, which
shows the part of the hfs situated to the left of the main
spectrum at ¢ = 14° (line 4 of Fig. la’ corresponds to
line 1 of Fig. 1a). It is interesting that in this case the
inversion coefficient on the line 1 (Fig. 1a’) reaches
—0.5, this being due to the large value of |5; — 5]-| and
the closeness of (sj to do.

5. COUPLING OF NUCLEAR SPINS WITH THE SS
RESERVOIR

In the preceding sections we regarded the nuclear
spin system of F'° only as a ‘‘thermometer’’ with which
to determine the temperature Tgg. We now stop to dis-
cuss phenomena directly connected with the mechanism
of the thermal contact of the SS and Z, systems, namely
stimulated spectral diffusion and spin-lattice relaxation
of the nuclei.

Stimulated spectral diffusion is defined as the action
of the resonant saturation of this system Z, on the
course and on the result of the cross relaxation in the
EPR spectrum'®**). A decrease of the quantity |To/Ty, |
(i.e., depolarization of nuclei), occurring under the
saturation of the NMR, should lead to a corresponding
decrease of T/ Tgg, Which in turn contributes to equal-
ization of the Zeeman spin temperatures over the EPR
spectrum (in our notation—to equalization of the values
of kj).

The effect of stimulated spectral diffusion is demon-
strated in Fig. 3, which shows the result of the satura-
tion of NMR of F'° under conditions of simultaneous
saturation of line 2 of the EPR spectrum of Er* (¢ = 14°,
kz = 0.22). We see that in NMR saturation the inversion
of the line 1 is replaced by positive absorption; the
quantity ks, to the contrary, decreases. Thus, as a re-
sult of saturation of the NMR k; and k; come close to ko,
Tgg tends to T, which in turn is close to zero. In our
case, where initially To/Tgg = 2.78 (Fig. 3a), we have
To/Tgg = 1.84 after NMR saturation (Fig. 3b; Tgg is
calculated from formula (3)).

We also measured the time of spin-lattice relaxation
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FIG. 3. Oscillograms of the EPR spectrum of Er®*: a—saturation of
one of the EPR lines (second on the left); b—simultaneous saturation of
the NMR of F!3. The orientation of H,, is the same as in Fig. 1a.

of the F*° nuclei, namely 7, = 0.38 sec. If it is as-
sumed that the nuclear relaxation proceeds via thermal
contact with the SS system, then in the absence of elec-
tronic cross relaxation 7 , = 7 o(cy + CSS)/CSS’ where
cn and cgg are the specific heat of the Z;, and SS sys-
tems!®!, The electronic cross relaxation produces an
additional way of relaxing the SS and Z,, system to the
lattice, since a connection arises between the SS reser-
voir and the ‘‘difference’’ electronic Zeeman system,
which relaxes to the lattice with a time 7,,. The calcu-
lation for the case of cross relaxation between two EPR
lines (i and j) shows™! that if the rate w;,. is not boun-
ded, and the ¢ specific heat’’ of the Zeeman system is
cs > cggs Cpy then 7, = 7 4, (according to'®1, the
‘‘difference’’ Zeeman system is characterized by the
quantity Vi/TZi — Vj /TZ] )

It can be assumed that this calculation can be gener-
alized to the case of cross relaxation in a system of
many EPR lines, and in analogy with the results of the
calculation of the saturation of such a system'®?, the
value of 6, determined from (5) is the characteristic
frequency for the ‘‘difference’’ Zeeman. In this case
cg « 65, and for our crystal cg/c, = £65/2vy > 1. The
measured value 7 = 0.38 sec indeed turns out to be
quite close to 7,¢ = 0.2 sec; a certain deviation of 7,
from 7 is apparently due to the limited cross-relaxa-
tion rate which introduces a delay ~ Tcrcn/css in the
nuclear relaxation process.

6. CONCLUSIONS

We have verified that the behavior of the group of
EPR lines, connected by effective cross relaxation, is
described completely, under conditions of saturation of
some section of the spectrum, by two temperatures,

T’Z and Tgg, the latter being the true temperature of the
spin-spin reservoir. This means that any analysis of
cross relaxation without allowance for the shift of the
temperature Tgqq should lead to large errors both in the
understanding of the nature of the process and in the
concrete estimates of the values of 7.y, the ¢‘length of
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spectral diffusion,”’ etc. Moreover, the shift of satura-
tion over the EPR spectrum (and obviously also over the
‘“‘spin packets’’ within the inhomogeneous line) does not
correspond in general to the simple diffusion equation,
inasmuch as the process does not tend at all to equalize
the Zeeman spin temperatures of the individual
‘“‘packets’’ (the values of k;). One can consequently speak
of spectral diffusion only if the SS reservoir is ‘“closed’’
on the lattice, i.e., T;e < 7 ¢, OF else under conditions
of stimulated spectral diffusion (see Sec. 5 of this arti-
cle).

Notice should be taken of the deep analogy between
the arbitrary system of EPR lines, connected by effec-
tive cross relaxation, and the single homogeneous line
that follows from the applicability in both cases of Eq.
(1). In both cases, in particular, it is possible to obtain
stimulated emission on the wing sections of the spec-
trum. However, unlike the case of a homogeneous line,
negative absorption in a system of lines (for example,
line 1 in Fig. 1a) is connected with the real inversion of
the populations on the Zeeman levels. Thus, we have
here a new method of obtaining stationary population
inversion, different from the usual three-level scheme.

Our results agree fully with the theoretical calcula-
tion for the case 7op K T,q, Tie" . By the same token,
the fundamental premises of this calculation, namely the
existence of a common SS reservoir for all types of elec-
tron spins and neglect of cross relaxations of higher
order, have been experimentally confirmed. It is inter-
esting that the ‘‘difference’’ Zeeman system, mentioned
by us in Sec. 5, has apparently many properties of the
‘“local-field reservoir’’'®! with a characteristic fre-
quency 8, and a temperature Tgg. The formation of such
a reservoir does not contradict, therefore, the existence
of ‘“spin packets,”’ and, to the contrary, is a result of
cross relaxation between them.

In this paper we have used a recently proposed!®’
method of measuring Tgg and monitoring cross relaxa-
tion by observing the nuclear spin of the lattice, and
demonstrated the great possibilities of this method.
Obviously, equality of the temperatures Ty, and Tgg is
not an exclusive property of ruby, and has a more gen-
eral character.

We assume that the results obtained in this paper,
pertaining to the extremely generalized case of an arbi-
trary set of spin packets, together with the previously
published data'®-'2%211 wi]ll make it possible to regard
the question of the applicability of the concept of the
spin- spin temperature in EPR as finally solved.
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the investigations, and to M. I. Rodak and M. E. Zhabo-
tinskil for help with the work and for fruitful discus-
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