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Results are reported of an investigation of the cross-relaxation absorption of 20 MHz sound by Cr3+ in ruby 
at 4.2 K, due to a stationary shift of the temperature Tdd of their dipole-dipole interaction pool (DDP). 
Experiment has shown that the acoustic absorption is uniquely determined by the value of the T, shift and 
leaches -lo-' cm-' at Tdd--0.21 K. It is shown theoretically that the effect is du effect is due to direct 
sound-induced transitions between the DDP levels. These transitions are allowed in the case when the single- 
particle spin energy-level spacings are equal. It is noted that the use of nonequilibrium DDP states extends the 
experimental capabilities of the techniques of relaxation paramagnetic sound absorption. 

PACS numbers: 62.65. + k, 43.35.Fj, 43.35.Sq 75.20.En 

1. INTRODUCTION 

It is known that relaxation paramagnetic sound ab- 
sorption' is the analog of nonresonant paramagnetic 
absorption of the energy of an alternating magnetic 
field, also known a s  absorption in parallel fields. Just 
a s  in the case of acoustic paramagnetic resonance 
(APR),~ the study of relaxation absorption of sound 
yields direct information on the dynamic characteris- 
t ics of the interaction between paramagnetic centers 
and crystal-lattice vibrations. The resonance method 
encounters difficulties due to the complexity of mea- 
surements in the hypersound frequency range, and to 
the restrictions imposed on the number of investigated 
substances by the stringent requirements with respect 
to their mechanical and chemical properties (the latter 
is corroborated by the fact that almost no APR studies 
of water-soluble paramagnetic crystals have been made 
so far). 

Measurements of relaxation sound absorption, which 
can be performed at lower frequencies -lo5-10' Hz, 
a re  much less affected by these restrictions. The rea- 
son for the small number of experiments performed by 
this method (see, e. g., Ref. 3) is apparently that for 
most transition-group ions the relaxation-absorption 
effect is weak and does not exceed "10" cm-' even in 
substances with maximum possible paramagnetic-cen- 
t e r  density. It is therefore difficult to separate this 
effect from the sound absorption due to factors not 
connected with the magnetic properties of the samples. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

The experiment was performed on a ruby crystal 
with approximate cr3' ion density 0.05 at.% at 4.2 K. 
From among the many cross-relaxation situations in 
ruby, which differ in the strength of the constant mag- 
netic field and in the angle between the C, axis of the 
crystal and the magnetic field, we chose a situation 
wherein the cross-relaxation absorption of the alter- 
nating magnetic field energy is most strongly pronoun- 
ced.= At an external magnetic field H,=1320 Oe and 
at an angle 9 =26 " between the C3 axis and the magnetic 
field, cross relaxation affects the energy levels 2, 3, 
and 4 of the cr3* ions (vz, = vg4 = 4.7 GHz, the levels 
a r e  numbered in order of increasing energy). In addi- 
tion, the resonance frequency of the 2-4 transition in 
this field is situated in the 3-cm band, in which it is 
convenient to produce a disequilibrium in the DDP (Fig. 
1). Notice must be taken of the resonant character 
of the cross-relaxation absorption, since the frequen- 
cies of the 2-3 and 3-4 transitions a r e  equal at  a defi- 
nite value of the external magnetic field. 

The cross- relaxation absorption of the ultrasound 
was registered with an autodyne acoustic-absorption 
detector.' A sample measuring -1 x 1 x 0.5 cm, so 
finished that the working faces were parallel within 
10 in., was combined with a 20-MHz X-cut quartz 
piezoconverter to form an acoustic resonator. The 
converter was thermocompression-welded to the crys- 
tal.' The acoustic coupling obtained in this manner was 
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equilibrium states of the dipole-dipole pool (DDP) of 
the interactions of the paramagnetic centers, states 
resulting from not strictly resonantly saturated EPR, 
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times. Following the aforementioned analogy, one can 
expect a strong shift of the DDP temperature to cause 
an equally appreciable increase in the relaxation ab- 
sorption of sound. To check on this idea, observations 
were made of the nonequilibrium cross-relaxation ab- 
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sorption of sound by cr3' ions in ruby, and the prelim- 
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transparent to both longitudinal and transverse sound, 
and withstood repeated cooling to liquid-helium tem- 
perature without adverse effects. 

The acoustic resonator of the autodyne was excited 
at  one of the overtones. In the experiment, longitudinal 
sound of frequency 19619.8 kHz was propagated along 
the C, axis, of the crystal. At 4.2 K, the acoustic 
resonator had an equivalent resonant acoustic resis- 
tance R, = 640 52 corresponding to a background damp- I ing 0, % l o 4  cm- , and a mechanical-resonance peak 
width Afs2.7 kHz at the 0.7 level. The measured lon- 
gitudinal u]ltrasound velocity was v = 11.24 x lo5 cm/ 
sec. 

To increase the sensitivity of the acoustic-absorption 
spectrometer we used square-wave modulation of the 
magnetic field, followed by synchronous detection of 
the absorption signal: In this modulation method it is 
possible to effect both differential passage through the 
absorption line a t  low modulation amplitude, and reg- 
istration of the absorption line itself without distortion 
of its waveform at a modulation swing exceeding the 
line width by several times. The spectrometer sensi- 
tivity is several times higher in the latter case than in 
the differential-passage regime. We have realized the 
indicated procedure by assembling the apparatus de- 
scribed by sadykov.l0 The modulation frequency was 
8 Hz and the amplitude swing was up to 130 Oe in a 
magnet gap 75 mm. 

TO produce a disequilibrium of the crs'-ion DDP, the 
acoustic resonator was placed in a rectangular 3-cm- 
band waveguide at  a distance of 3/4 wavelength from 
the shorted end, in the antinode of the magnetic com- 
ponent of an Hlo electromagnetic wave (Fig. 2). One 
of the piezoconverter electrodes, which was coated 
on the sample, was galvanically connected to the nar- 
row wall of the waveguide and served simultaneously 
a s  the wall part that covered the opening for the piezo- 
converter. This measuring-cell construction prevent- 
ed the electromagnetic field applied to the piezocon- 
verter from penetrating into the sample. To observe 
and measure the parameters of the crS'-ion EPR line 
a t  the 2-4 transition frequency, we used an ordinary 
3-cm-band spectrometer with Ngh-frequency modula- 

FIG. 2. Simplified diagram of measurement cell: 1-screen 
2-coaxial cables, 3-silver electrode, 4-piezoconverter , 
5-indium electrode that serves simultaneously as an acoustic 
coupler, 6-coil, 7-sample, 8-waveguide. The dashed lines 
show the structure of the magnetic component of an Hie elec- 
tromagnetic wave in the waveguide. 

tion of the magnetic field. The modulating coil was 
wound directly on the sample. The same coil, together 
with a Pound-Knight autodyne, was used to observe the 
cross-relaxation absorption of the energy of the alter- 
nating magnetic field. 

The experimental procedure was the following. The 
strength of the external magnetl'c field and the angle 
between the C, axis of the crystal and the magnetic 
field were chosen such that the cross-relaxation ab- 
sorption signal in the parallel field was a maximum. 
The "acoustic" autodyne was then used to observe the 
cross-relaxation absorption of ultrasound at not-strict- 
ly-resonant saturation of the EPR line. The absorp- 
tion signals were registered with an automatic plotter 
a s  functions of the field H, with the magnetic-field 
modulated by a square wave with a swing of 30 Oe. 

In the experiment, the magnitude and sign of the 
registered cross-relaxation sound-absorption line cor- 
responded to the temperature acquired by the DDP 
when the EPR line is saturated in the vicinity of the 
field H, . When the microwave-field frequency is 
changed, i. e., when position of the center of the Ho line 
corresponding to the 2-4 transition is shifted relative 
to the pump point H,, the amplitude Aa! of the cross- 
relaxation ultrasound-absorption signal varies smooth- 
ly. When the EPR line was saturated on its low-fre- 
quency (weak-field, H, < Ho) wing, the absorption was 
increased relative to the equilibrium value; when the 
EPR line was saturated on its high-frequency (strong- 
field, H,, >Ho) wing, the absorption signal reversed 
sign, i. e. , amplification of ultrasound took place. 
This is understandable, for in the latter case an excess 
energy h(v - vo) is transferred to the DDP, causing it to 
become "overheated" a l l  the way to negative tempera- 
tures (here v o  is the Zeeman frequency corresponding 
to the center of the EPR line, and v is the pump fre- 
quency. Conversely, in the first case the missing en- 
ergy is drawn from the DDP, which then becomes cool- 
ed. 

We measured the dependence of Aa on the position of 
the saturation point relative to the center of the EPR 
line. To this end, we measured separately the depen- 
dence of Aa on the frequency of the saturating micro- 
wave field, a s  well a s  the similar dependence of the 
field Ho corresponding to the center of the unsaturated 
EPR line, and of the EPR line width AH between the 
inflection points. By comparing the results, we then 

As, rel. un. 

FIG. 3. Relative magnitude of cross-relaxation sound-ab- 
sorption signal vs. the position of the saturation point on the 
E PR line wing. 
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plotted the curve of Fig. 3. The values of A a  of the 
maximal positive and negative cross-relaxation ultra- 
sound absorption agreed within the limits of experi- 
mental e r ro r  and amounted to Aol,,,= (I* 0.25)x 10-I 
cm-'. 

Since the sound absorption, which is inversely pro- 
portional to the DDP temperature, is small under equi- 
librium conditions, it can be reliably estimated from 
the absorption under nonequilibrium conditions by using 
the ratio of the lattice and DDP temperatures under 
conditions of not- strictly- resonant E PR- line saturation 
measured by the technique of absorption in parallel 
fields. The maximum temperature ratio obtained in 
this manner turned to be approximately twenty. Con- 
sequently, the equilibrium cross-relaxation sound 
absorption in this experiment was -5x 10" cm-'. 

3. DISCUSSION OF RESULTS 

We calculate now the sound-wave absorption by a non- 
equilibrium spin system a s  a result of spin-spin inter- 
actions, for the considered case when certain intervals 
between the paramagnetic-center spin energy levels 
coincide. The Hamiltonian of such a spin system can 
be expressed in terms of projection operators Pi, 
acting in the space of single-particle wave functions. 

We have 

Here % is the spin Hamiltonian of the noninteracting 
paramagnetic centers; &;. describes the energy-level 
spread that leads to  inhomogeneous broadening of the 
EPR line; q, is the secular part of the dipole-dipole 
interaction; the summation is over states whose ener- 
gies satisfy the equality E, - Ea = E, - Ea. . The in- 
dices i and j number the paramagnetic ions. 

The interaction of the spin system with low-frequency 
sound (sound frequency Ew << E, - Ea) can be represent- 
ed by the Hamiltonian 

1 
8. ( t )  = - F,P,,'e0 eos (at-qrj) E - -(a(ie-imt+a-qe(*l) e,, 2 

(2) 

where co cos(wt - q *rj) is a component of the strain 
tensor, q is the wave vector of the sound wave, and Fa 
is the diagonal matrix element of the spin operator. 
In particular, if the sound propagates along the sym- 
metry axis 2, then F = G [ s ~ , -  S(S +1)/3], where G is 
the spin-phonon interaction constant. The off-diagonal 
part is omitted from (2), since the probability of a tran- 
sition between different energy levels Ea under the in- 
fluence of low-frequency sound is negligibly small. 

We call attention above a l l  to the circumstance that 
in the case of equal spacing between the single-particle 
spin energy levels the low-frequency sound wave causes 
direct transitions between the DDP energy sublevels. 
This is seen from the fact that the operators %and 

Rdd do not, generally speaking, commute: 

(3) 
On the other hand, in the case of a nonequidistant spec- 
trum only the states B ' = P  and a!'= a a r e  left in the 
secular part of qd, and in the limit of long sound wave- 
length x>> I r, - r,-[ the commutator tends to zero. 

The paramagnetic absorption of sound is thus de- 
termined by the difference between the populations of 
the energy levels of the dipole-dipole pool, i. e. ,  by its 
temperature Tdd. It is convenient to express the sound- 
absorption coefficient a(w) in terms of the imaginary 
part of the acoustic susceptibility of the spin system 
~ ( w ) ,  expressing i t  in terms of the spectral intensity 
r (w)  of the correlation function of the spin operators 
u, on the basis of the fluctuation-dissipation theorem: 

We have used here the long-wave approximation q -0; 
(. . - )  is a statistical mean value with a local-equili- 
brium density matrix. 

It is natural to assume that the spectral intensity 
r (w)  is Lorentzian, with width 1/r,, and can be deter- 
mined by the method of moments (see, e. g., Ref. 11): 

Here M,/M, are  the moments of the r(w) curve nor- 
malized to unity, and the parameter 7 is in fact the 
resonant cross-relaxation time. 

We consider now the case realized in our experiment, 
when the energy intervals between the levels a r e  equal 
(E ,  - E3 = E3 - E2) .  Direct calculations yield then 

where N is the number of paramagnetic centers in the 
sample. 

The sound-absorption coefficient takes thus the form 

with a parameter 7 determined by formulas (5) and (6). 
Here No is the number of paramagnetic centers per 
unit volume, -2.3 x 10" cm" in our case. 

To calculate the time T we use the concrete wave 
functions described in Sec. 2 for the values of the mag- 
netic field and of i t s  angle with the z axis. The lattice 
sums were estimated by averaging over the angles and 
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by a comparison with a primitive cubic lattice in which 
the unit cell has the same volume for one aluminum 
atom in corundum. Our calculations by formulas ( 5 )  
and (6 )  yielded T " 0 . 9 ~  10" sec. 

A s  noted above the DDP temperature was measured 
by comparing the relaxation absorption of the alter- 
nating magnetic field under the same conditions a s  of 
sound, with absorption under equilibrium conditions. 
This yielded Tdd=0.21  K. Substituting these data in (71, 
we obtain aT = G~ 0.56 X 10" cm-I, where the constant - 
G is in reciprocal centimeters. Comparing this re- 
sult with the experimental A a , , = 1 0 ~  cm-', we obtain 
the estimate G 3 1.3 cm-' for the spin-phonon interaction 
constant of the cr3' ion in ruby. This is in satisfactory 
agreement with results obtained by other methods (G 
= 6  cm-', Ref. 12) ,  thus confirming the effectiveness 
of the method of relaxation paramagnetic absorption of 
sound under conditions of shifted DDP temperature. 
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