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Saturation of the dipole-dipole reservoir (DDR) of Cr** ions in ruby, brought about by direct absorption of
the energy of a low-frequency nonresonant ultrasonic field, is observed experimentally for the first time. The
dependence of the DDR temperature on the intensity of the longitudinal ultrasonic wave can be described
satisfactorily by curve (1). Ultrasonic saturation of the DDR is considered theoretically. The stationary

solution of the corresponding kinetic equations is functionally identical to formula (1). A reasonable value of
the spin-lattice relaxation time 7,, is obtained by comparing the theory with the experimental results. This
indicates the possibility that the ultrasonic DDR saturation technique may be a means of studying spin-lattice

processes in paramagnetic crystals.

PACS numbers: 43.35.Fj

Nonresonant methods of investigation of paramag-
netic materials have long been known.? However, be-
cause of their low sensitivity in comparison with reso-
nance methods, they have long failed to achieve wide-
spread use. Lately since it has been possible to in-
crease the sensitivity by one to two orders of magnitude
with the aid of the temperature shift of the dipole-di-
pole reservoir (DDR),? the situation has changed (see,
for example, Refs. 3-5). The absorption of a non-
resonant alternating magnetic fieldand the DDR saturation
produced by it have been studied in cited works. We
have previously® described an experiment on the non-
resonant absorption of ultrasound by the spin system of
paramagnetic ions Cr% in ruby under conditions of a
DDR temperature shift, at an orientation and a value of
the longitudinal magnetic field such that three of the
four levels of the chromium ion are equivalent
(Va3=vgy).

The theoretical interpretation of the experimental
results was based on the fact that, in the case of iden-
tical energy intervals between the spin levels of a para-
magnetic particles, a low-frequency sound wave causes
direct transitions between the dipole-dipole sublevels
into which the states with a given energy of the single-
particle spectrum of the system are split. From a
comparison of the expression for the second absorption
coefficient o, obtained theoretically with account of the
considerations set forth above, with the experimentally
measured value, a value of the spin-phonon coupling
constant was found that is in satisfactory agreement
with the data of other methods. This indicates the pos-
sibility of obtaining useful information by the method of
nonresonant absorption, and is a definite confirmation
of the effectiveness of the absorption mechanism con-
sidered.

It is clear that if we increase the intensity of the ul-
trasonic wave, then we can bring about a considerable
change in the populations of the dipole-dipole sublevels,
i.e., a change in the DDR temperature and, in the
final analysis, of the DDR saturation. The experimen-
tal and theoretical study of this effect is of interest in
itself, and can also give information on the rates of
spin-lattice relaxation processes, and would appear to
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be a confirmation of the validity of the choice of mech-
anism for the ultrasound absorption.

2. The experimental investigation of the effect of
ultrasonic field on the DDR temperature of Cr* ions
(concentration ~0.05 at.%) under conditions of equidis-
tant energy levels has been carried out in the following
manner. At a value of the external magnetic field
H,=1320 Oe and an angle between the axis of the crys-
tal and the magnetic field 6 x26°, the transition frequen-
cies between the levels 2, 3, and 4 of the Cr® ions be-
come identical (v,;=vg,=4 .7 GHz; the enumeration of
the levels is in the order of increasing energy). Under
these conditions, nonresonant absorption of the energy
of an alternating magnetic field of low frequency is ob-
served, and from the magnitude of the absorption
we can assess the DDR temperature.® As an absorp-
tion detector, we used an ordinary autodyne. The DDR
was saturated by a longitudinal ultrasonic wave propa-
gating along the C,; axis of the crystal. The measure-
ments were carried out with the use of ultrasound of
frequency /27 =19619. 8 kHz, which corresponds to
mechanical resonance in the sample (the equivalent
resonant acoustic resistance R,=1.1 kQ, Q ~5300).

To increase the sensitivity, the DDR temperature was
first lowered to 0. 21 K by non-strictly-resonant micro-
wave pumping of the EPR line Cr®* -ions, corresponding
to the transition 2-4, on the low-frequency wing with
detuning 6/27 equal to 110 MHz relative to the center of
the line. The coefficient of absorption of the ultrasonic
field energy by the dipole-dipole reservoir under these
conditions amounted to @ 10”7 cm™, as reported earl-
ier.® The construction of the measurement cell was
described in the same article. The sample was placed
in liquid helium at a temperature of T=4.2 K. The
temperature of the sample in the presence of the ul-
trasonic field of maximum intensity!’ (20 W/cm?) did
not differ from the temperature of the helium bath, as
established by measurement of the time T, of the spin-
lattice relaxation of the Cr®* ions in the transition
(+3 —~-3) at 6= 0° in the presence and absence of the
ultrasonic field.?’ Within the limits of the measure-
ment accuracy (~5%) there was no difference noted in
the values of T, (we recall that the temperature de-
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pendence of the rate of spin-lattice relaxation is linear
in the range 1.4-20 K").

Figure 1 shows the dependence of the ratio of the DDR
temperatures T3,/T,, (T3, is the DDR temperature in
the absence of the ultrasonic field and T, is its value
at ultrasonic saturation), defined as the ratio
A(I)/A(0) of the corresponding amplitudes of the non-
resonant absorption of the alternating magnetic field
energy, on the intensity of the ultrasonic wave in the
sample, which was estimated from the measured vol-
tage at the acoustic resonator and its equivalent reso-
nance resistance and @ factors. It is seen that the de-
pendence is satisfactorily described by the curve

TodiTaa=(1+I/1,)"", (1)

where I is the intensity of the ultrasonic wave in the
sample, and I,=2W/cm? In order to eliminate the
saturating effect of the alternating magnetic field on the
DDR, the quantity A(I)/A(0) was measured by us for al-
ternating magnetic fields of different amplitude 2. No
dependence of A(I)/A(0) on k was observed, so that we
can regard the field that records the DDR temperature
to be unsaturated.

It should be pointed out that in the case in which the
ultrasonic field occupies only part of the volume of the
sample, the ratio TJ,/T,, should not be less than the
value 1-V, /V, as is clear from simple considerations.
Here V,, and V are respectively the volume irradiated
by the ultrasonic field and the total volume of the sam-
ple. The fact that the experimental data are satisfac-
torily described by the formula given above indicates
that the boundary effects leading to a difference between
V. and V are small.

In order to confirm the effectiveness of the pre-
viously assumed,® mechanism of direct absorption of
the energy of the ultrasonic field by the dipole-dipole
reservoir, we carried out the following experiment.

At a value of the angle 6 =26°, the magnetic field was
changed by jumpwise at a frequency 17 Hz from a value
H, corresponding to equidistant energy levels 2, 3,
and 4 of the Cr* ion, to a value exceeding H,, by 60 Oe.
The value of the signal of the nonresonant absorption of
energy of the.alternating magnetic field of frequency 8
MHz (and consequently of the quantity T,,) was obtained
by measuring the 17-Hz amplitude, the signal compo-
nent at the output of the autodyne. An ultrasonic pulse
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FIG. 1. Dependence of T&,/T“ on the intensity of the ultrasonic
wave in the sample (T¢°¢ is the DDR temperature in the absence
of the ultrasonic field and Ty is its value in the case of ultra-
sonic saturation).
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with duration ~20 msec was switched on either at the
instant when the levels 2, 3, and 4 were equidistant,
or at the instant when the levels were not equidistant.
In the first case, we observed a strong increase in the
DDR temperature, in the second, a much weaker one.
This agrees with the considerations set forth pre-
viously® and in the first section of this paper.

3. The absorption of the ultrasonic energy by the
reservoir of dipole-dipole interactions, which are
secular relative to the group of equidistant levels, was
previously considered® in the framework of the linear
response. The ultrasonic field was assumed to be suf-
ficiently weak that it produced no significant change in
the thermodynamic properties of the DDR, the temper-
ature of which was determined by not strictly resonant
pumping and therefore this approach was correct.
Since our purpose here is to take into consideration the
effect of DDR saturation by a sufficiently strong ultra-
sound, we turn to the method of kinetic equations, which
is more suitable for this purpose.

A system of paramagnetic particles possessing a spec-
trum of n levels, 2S + 1 of which are equidistant, can
be described by the Hamiltonian. & = +¥%, where

Hy=H A K+, K=, +,+, . (2)
The Hamiltonian
2,= 2 AAMP o =hALS, (3)

im==§

describes the equidistant (with a distance #Z4, between
neighboring energy levels) part of the spectrum of the
paramagnetic particle, while the operators are deter-
mined by the matrix elements

| Prame | > =8y Bprra

on functions that diagonalize the single-particle spec-
trum.®

5, is the part of the dipole-dipole Hamiltonian that is
secular relative to #,. &, is the Hamiltonian of the
lattice, to which are added spin-Hamiltonian terms not
containing variables relating to the equidistant part of
the spectrum; this Hamiltonian plays the role of a
thermostat. %, is the spin-lattice interaction which,
along with #, we shall not give in explicit form.

The interaction with the not-strictly-resonant pump
of frequency A=~kA,(sk is an integer) can be expressed
in terms of P/, in the form

%, = ho, Z A (P st P m) cos A, (4)
R
where w, is the Larmor frequency, corresponding to
the maximum amplitude of the microwavefield,a,, are
dimensionless quantities, while the nonresonant inter-
action with an ultrasonic wave of frequency 2 propagat-
ing along the z axis can be expressed in the form

9@,,'=hGeuZFumm’cos Q(t—v'z), (5)
where %G is the spin-phonon coupling constant, F, are

dimensionless coefficients, and z; is the z coordinate
of the j-th spin.
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The macroscopic state of the system is characterized
by nonequilibrium mean values of #, and #;, which are
set in correspondence with the reciprocal temperatures
Bs=1/k,T,, B4=1/k, Ty, The quantity 8,=1/k,T cor-
responds to the thermostat. The kinetic equations for
the reciprocal temperatures are conveniently obtained
by the method of the nonequilibrium statistical opera-
tor (NSO).?® In the case we have considered, when
7, X,1+#0,° the absorption of the nonresonant ultra-
sound is described by the first approximation of the
NSO in terms of #*, while the nonresonant relaxation
absorption (or in parallel fields) is determined by the
non-vanishing of the commutator [#*,%,.] and is con-
tained in the next-order approximation of the NSO.°

Averaging the equations of motion of the operators
¥, (a =s,d) with the NSO, we arrive in the high-temper-
ature approximation at the next kinetic equations:

ap, . A—kA, Bi—Bo , Ba—Po @
_dT_W(A)[@'T 7 p,] Ay v N
_ dBa _ kA (A—EKA,) . A—kA, Ba—Bo Ba—Bo Ba
dt W(A) Eaod [ﬁ.‘l‘ kA, ﬁ'1]-'- Tdd * Tds +T_a.'
(M
where the parameters of the spin-lattice relaxation
1 1 7 h ), B (b .
‘—‘=‘—2~J. = Sp{[:(t,), ... () 1 [9B.., .1} a, (8)
Tap 200 - SP{S-'zexp<_Bi%r,))

are usually of the same order of magnitude, and
w? =Sp(2’ff,)/ 7?2Sp(S?). In Ref. 8 and everywhere below,
the time dependence of the operators is determined by
the interaction representation with the Hamiltonian 7.
Finally,
3ok af(A~kA)) ™,
W) =670 @s+1) o ©®

m=--5+k

is the probability per unit time of transition, within the
equidistant part of the spectrum, under the action of
not-strictly-resonant pumping, and f(A -k4,) is the
shape of the line of the corresponding transition.

Equations (6) and (7) differ in form from the equa-
tions of Provotorov by the term g,/7, in the right hand
side of (7). The following expression is obtained for
the quantity 1/7,, which characterizes the degree of the
action of the ultrasound on the DDR temperature:

-

! G'efwa {Sp(S.7)} { 5 cos Qt,[Sp (44 ()

i .
T 4

+ 22 sin? (—Q; z‘v;) Sp (4:4;(t,)) 1de,+ fsin Qt, [ E sin (% z,-,-)

XSp (Aidy(£)) 1, } (10)

where
A=2A;= Z(Z Fumm’)v A=— ";'?[A, .1, zy=z0—2.
3 i 0om

For a two-level system, as is easily seen, the oper-
ator A=0, and the effect of absorption is very weak,
since the quantity (Qz3}}/v) < 10 for ultrasound. For
many-level systems (except for the case A ~S,),A#0
and the corresponding term in (10) is the leading one.
After integrating twice by parts in (10), we obtain
, Sp(A)Q*

Sp(8:) od*

1 o, R
—_E=—2—G80 g(Q) =g, —T.(i) , (11)
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where
Sp(4S.) s,
Sp(S.*)

is the part of A that does not commute with %, and

A=4A-

Spl4(t)4]

Spa (12)

g(Q)= é j. cos (Q,)

The ultrasonic absorption coefficient
0B
BT la/ w,

is measured experimentally. Here I=pv%%/2 is the
energy passing per unit time through a unit area per-
pendicular to the direction of the sound wave, and V is
the volume of the sample.

If the ultrasonic field is sufficiently weak, so that we
can neglect any change in the DDR temperature under
its action, then « is found to be the same as in Ref. 6:

1 251N 1
a= — WS (S+1) ——— - B (O win™ (1)/ -, (13)

where N is the number of spins in the sample, and 8}(0)
is a stationary solution of Eqs. (6) and (7) if we set
77'=0 in them, i.e., the solution of the Provotorov
equations.

In the case |8|=|A-kA | <A, the values of £5(0)
are given by the following expressions:

B0 (s b7 | (ot Dpt),

‘5"';0) = (—raprro SO/ ( priosl ot T )

= (s+#as
(14)

o s(A) Ta s(A) T
where (A)=W(A)T,, is the microwave pumping factor.

As the ultrasonic power increases, the 8 begin to
differ from (14). If the factor s(A) is such that in the
absence of ultrasound a significant shift is observed in
the DDR temperature (83 (0)/8,>> 1), then the stationary
solutions of Eqs. (6) and (7) have the form

of__p st s(A)+H 1. Kod E’d“(o) -t
b= [ T +]".

st " o/ 1 Tss (15)
pr=p (0)[1+ 8+ 0, T,e/5 (A) Taa S(A) _T.a—]

[1+S(A)+1£, Fos B.*(0) ]'* )
s(A) Ta 02tk 0 T,/S(A)Taa Do

It is seen from (15) that with increase in the intensity
of the ultrasonic wave (1/7, ~I), the value of 8;', de-
creases as a consequence of the direct saturation of the
DDR by the ultrasound. Moreover, the barrier to satu-
ration of the energy reservoir connected with the single-
particle spectrum of the system is removed, and B3
can also decrease all the way to the value 8;' =8,/
(s(A)+ 1), while in the absence of ultrasound, even at
s(A)>1, the value of B (0) cannot be less than
0%/ (0% + k*wiT,,/T4q). [We recall that in strictly resonant

pumping, B (res)=B,/(s(k4,) +1)].

The interaction of the nonresonant alternating mag-
netic field with the Cr®* ions, just as the interaction
with ultrasound, does not commute with 5%, when there
are identical energy levels in the spectrum of the ions.
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This is connected with the fact that the splitting of the
fundamental multiplet is due, along with the Zeeman
energy, to the terms of the spin Hamiltonian which are
responsible for the “initial” splitting. It follows from
what has been said that the energy of the nonresonant
alternating magnetic field is absorbed by the DDR. In
order to describe this absorption, we must add the
term B,/7, to (7), with the kinetic coefficient 7;' propor-
tional to the square of the amplitide & of the alternating
magnetic field. If this field is sufficiently weak, then
the value of the absorption is proportional to the value
of 85 given by formula (15). It was this circumstance
which allowed us, in the experiment described in Sec.
2, to determine the quantity T3,/T,=85/8; (0) from
the absorption of the energy of the alternating magnetic
field. Expressing the quantity ¥%wZ7;'(1) with the help
of (13) in terms of a and I, we obtain, with account of
(14):

Tu®|Taa=[1+1/1,) -, (16)

where

28+1 (kAo) I8l s(A) 1

1 N
Ie=— (=) 8(s+1
3 ( V) S+1) akksT s(A)+1 1.,

1m

As has already been pointed out above, formula (16)
satisfactorily describes the experimental results if we
set I,=2W/cm?®.

The quantity T/Tg,(W) was determined from the
nonresonant absorption as a function of the microwave
power W(s(A)~W). Upon increase of W to the level
used in the experiment on DDR saturation by the ultra-
sonic field, the T, (W) dependence became very weak.
Consequently, a sufficiently strong (s(A)>1), not
strictly resonant microwave pumping was realized,
with the quantity (s(A) +1)/s(A)=1. Substituting I, in
(17, a=10"cm™, T=4.2K,S=1,n=4, N/V
=2.3-10" cm™, A =27-4.7-10° c™, |§|=27-1.1-10°
sec™, k=2, we obtain 7,,%100 msec. The value of 7,
agrees with the data of other experiments.”

In conclusion, we note that the possibility of deter-
mination, by acoustic nonresonant methods, of the
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spin-phonon coupling constant® and the relaxation times,
together with the definite experimental advantages of
low-frequency methods, obviously make them promis-
ing for the investigation of many paramagnetic ma-
terials.

D By intensity of the ultrasonic field is meant here the quan-
tity I=p¥’e/2=QPy/VQ, where v=11.2x10° cm/sec is the
velocity of longitudinal ultrasound, p and V are the density
and volume of the sample, P is the power fed to the sample,
and €, is the amplitude of the strain created by the ultra-
sound.

%) The authors are grateful to I. N. Kurkin for help in the
measurement of 7.

3) The quantities S and S, should everywhere be taken in the
sense in which they have been introduced here and should
not be confused with the spin of the paramagnetic ion.
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