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various types of crystals over a broad range of tem-
peratures and frequencies. It was found that the attenua-
tion of elastic waves is well described by the Akhiezer
mechanism in all crystals. Among other things, it was
shown that injection of impurities into the crystal lowers
the attenuation.

One of the possible mechanisms of elastic-wave
attenuation in crystals is their interaction with the free
carriers. It is shown that the experimental results are
in good agreement with the theory of V. L. Gurevich.

The interaction of elastic and spin waves in magnetic-
ally ordered crystals has been studied in detail. A new
phenomenon—natural magnetoelastic resonance, a reson-
ant interaction between elastic and spin waves in the
absence of an external field—was detected in the internal
fields of the magnetocrystallographic anisotropy. The
acoustic Faraday and birefringence effects in magnetic
crystals were investigated.

The generation of acoustic harmonics was studied,
yielding information on the anharmonicity of the inter-
action forces in the crystals and its third-order elastic
moduli. The appearance and development of this trend
is associated with the name of V. A. Krasil'nikov (Mos-
cow State University).

The phenomenon of diffraction of light on hypersonic
waves is useful in the study of various crystal proper-
ties. The case in which scattering of light on elastic
waves is attended by rotation of the polarization plane
of the light proved highly interesting. There are two
possible scattering geometries in an optically aniso-
tropic crystal at a given elastic-wave frequency: two
angles of incidence and two angles of diffraction.

Study of the velocity and attenuation of sound waves
in crystals can yield useful information on the nature of
phase transformations and on the so-called "soft"
modes'^4 ̂ .
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Ε. Κ. Zavoiski i ' s discovery of e lectron paramagnetic
r e s o n a n c e 1 ^ resulted in the rapid development of reson-
ance methods for the study of condensed media. Nuclear
spin echo, which was detected by E. H a h n [ 2 ] by the
nuclear spin induction method developed theoretically
and experimentally by F. Bloch^3^ , occupies a special
position among these methods of studying matter . The
high promise of the use of spin-echo technique in elec-
tronic systems was defended theoretically in^4'5^ and
confirmed experimentally i n ^ 6 ' 7 ] . The possibility of
using sound to excite the spin echo was investigated
i n [ 8 ' 9 ] . Then the proposition that all of the observed
resonances in mat ter can be studied in g reater detail
by observing the spin-echo-type signals corresponding

FIG. 1. Oscillogram of echo signal in KH2 PO4 single crystal at 4.2°K.
After each exciting pulse (narrow spikes), we observe a sequence of hy-
personic pulses reflected from domain walls. The echo signal follows
the second hypersonic signal at an interval τ ~ 10"6 sec. The abscissa is
signal amplitude.

t o t h e m w a s d e m o n s t r a t e d t h e o r e t i c a l l y ^ 1 " 3 . A m e t h o d of
s e l e c t i n g t h e a p p r o p r i a t e e x t e r n a l c o h e r e n t f i e l d s f o r
e x c i t a t i o n of t h e s e s i g n a l s w a s a l s o i n d i c a t e d . S i g n a l s
of the s p i n - e c h o t y p e w e r e i n d e e d o b s e r v e d in f e r r o m a g -

t 1 1 ' 1 2 3 , on L a n d a u l e v e l s ^ 1 3 ' 1 4 3 and i n o p t i c a l s y s -
1 6 3

Observation of a signal of the spin-echo type on flux-
oids in c las s two superconductors was reported in^ 1 7 ] .
A theoretical analysis indicated^ 1 8 3 that observation of
the fluxoid echo also augurs well for the detection of
spin-echo-type signals in other sys tems that have quasi-
continuous spectra and in which resonances do not occur
on a change in the static magnetic, e lectr ic , and elast ic
fields, e.g., on the vibrations of domains and their boun-
dar ies in ordered states of mat ter (ferro- and antiferro-
magnetics, ferro- and ant i ferroelectr ics , ferroelast ic
s y s t e m s t l 9 ] ) , on vortex filaments in superfluid helium,
and on dislocations in crys ta l s and tubes of channeled
optical and acoustic radiation (filaments)^ 2 0 3 . All of the
systems enumerated above have definite natural fre-
quencies and can produce spin-echo-type signals. The
theory indicates that these signals will exhibit a number
of distinctive proper t ie s inherent to the cyclotron
echc£ 1 4 ] . An investigation of fe r roe lect r ic single crys-
ta ls at 4.2°K using electronic spin-echo apparatus^ 2 1 3

led to the detection of e lectr ical analogs of signals of
the ferromagnetic-echo and st imulated-ferromagnetic-
echo types at a frequency of 10 1 0 sec" 1 and an exciting-
pulse duration of 3 χ 10~8 sec^ 1 2 3 .

Figure 1 shows an osci l logram of the echo signals in
KH2PO4. The longitudinal and revers ib le and i r r e v e r s i -
ble t ransverse relaxation t imes were found to be of the
o r d e r of Τι ~ 10"5 sec, Τ? ~ 1 0 s sec, and T 2 ~ 1.6
χ 10"6 sec, respectively. Similar signals were observed
in single crysta ls of KD 2 PO 4 , CsD 2AsO 4, CsH2AsO4,
RbH 2PO 4, and RbH2AsO4, but the signals were absent in
LiNbO3 and Rochelle salt.

Basic propert ies of the signals: 1) When a sample is
ground to a powder, the signals from the hypersonic
pulses excited in it vanish, but the echo signals pers i s t .
2) The signals a re one order higher in strength than
electron spin-echo signals from radicals . 3) Signal
strength does not change in the range (8.9—9.6)
χ 109 s e c ' 1 . 4) The echo is excited by the e lectr ic com-
ponent of the alternating electromagnetic field. 5) In the
range from 0—1.2 χ 104 G, the signals a re independent
of the static magnetic field. 6) In the 0—10 kV/cm range,
there is no dependence on the static e lectr ic field.
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FIG. 2. Amplitude of electron spin
echo in glasses as a function of static
magnetic field intensity Η at temperature
of 4.2°K: a) in quartz glass without in-
jected impurities; b) in glass with the im-
purities (CeO2 + TiO2).
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7) T h e s t r e n g t h of t h e e c h o d o e s n o t d e p e n d o n t h e a n g l e

b e t w e e n t h e c r y s t a l a x e s a n d t h e a l t e r n a t i n g e l e c t r i c

f i e l d v e c t o r . 8 ) A n e c h o a p p e a r s o n l y i n t h e o r d e r e d

p h a s e of a f e r r o e l e c t r i c . 9) W h e n t h e t e m p e r a t u r e i s

ra i sed to Τ > 4.2° Κ, the t ime Ti rapidly becomes shor-
t e r and the echo signals vanish. 10) The phase-memory
mechanism i s governed by the sca t te r of the internal
e lect r ic fields. It can be assumed that the echo is due
to collective vibrations of e lect r ic dipoles (dipole p las-
mons) or to e lectr ic spin waves whose frequency is a
complex combination of the frequencies of tunneling, ex-
change, multipole-multipole interactions, and e last ic
vibrations of the atomic groups in the ferroelectrics^ 2 3 ^.
It appears that the new physical phenomenon discerned
here might be used for identification of the ordered
state in fe r roe lec t r ic s and for study of their proper t ies ,
as well as in quantum-electronics devices.

The electron spin-echo technique has also been found
highly promising for the investigation of g lasses, in
which the ordinary e lectron paramagnetic resonance
signals^2 4^ are very broad and practical ly preclude
separate m e a s u r e m e n t s of the p a r a m e t e r s T l ( T 2 , and
T*. Figure 2 shows the intensity J of the e lectron spin
echo at 4.2°K in quartz g lass (without special injection
of impurit ies) (a) and in glass with impuri t ies (CeO2 and
T1O2) (b) as functions of the static magnetic field H.
Interestingly, the signals a r e observed at Η = 0 and a r e
independent of frequency over a range of one gigahertz.
The t imes a r e T2 ~ 10"6 sec, T? ~ 10~9 sec, and T l

< 10"3 sec; signals were observed at Η 1 Hj and Η II Η!
(Hi is the alternating-field vector). This i s apparently
the first report on observation of an electronic analog
of the nuclear quadrupole echo discovered in 195lC253.
Electron spin echo signals were also detected at 4.2°K
on Fe 3 + ions (I center) in a synthetic single crystal of
t iger ' s-eye quartz (T 2 ~ 6 χ 10"6 sec) on all five t rans i-

^ 2 ^

Methods of the spin-echo type permit temporal separ-
ation of the excitation act s and observation of the signals
and measurement of the dynamic character i s t ic s of the
sys tems in the range (10 e -10 1 5 ) sec" 1, and are therefore
highly promising for the investigation of substances.

l Ε. Κ. Zavoiskif, Doctorate thes is (Physics Institute,
USSR Academy of Sciences, 1944).

2 E . Hahn, Phys. Rev. 80, 580 (1950).
3 F . Bloch, Phys. Rev. 70, 460 (1946).
4 N . G. Koloskova and U. Kh. Kopvillem, Fiz. Tverd.

Tela 2, 1368 (1960) [Sov. Phys.-Solid State 2, 1243
(1961)].

5 U . Kh. Kopvillem, ibid. 3, 754 (1961) [3, 549 (1961)].
6 J . R. Klauder and P. W. Anderson, Phys. Rev. 125,

912 (1962).
7 W. B. Mims, Phys. Rev. 141, 499 (1966).
8 N. G. Koloskova and U. Kh. Kopvillem, Fiz. Met.

Metalloved. 10, 818 (1960).
9 A. V. Alekseev, U. Kh. Kopvillem, V. R. Nagibarov,

and M. I. Pirozhkov, Zh. Eksp. Teor. Fiz. 55, 1852
(1968) [Sov. P h y s . - J E T P 28, 980 (1969)].

1 0 U . Kh. Kopvillem, ibid. 42, 1333 (1962) [15, 924
(1962)].

1 1 D . E. Kaplan, Phys. Rev. Lett. 14, 514 (1965).
1 2 U. Kh. Kopvillem, Fiz. Tverd. Tela 9, 1038 (1967)

[Sov. Phys.-Solid State 9, 813 (1967)].
1 3 R. M. Hill and D. E. Kaplan, Phys. Rev. Lett. 14,

1062 (1965).
1 4 Ya. Ya. Asadullin and U. Kh. Kopvillem, Fiz. Tverd.

Tela 9, 2737 (1967) [Sov. Phys.-Solid State 9, 2150
(1968)].

1 5 U. Kh. Kopvillem and V. R. Nagibarov, Fiz. Met.
Metalloved. 15, 313 (1963).

1 6 N. A. Kurnit, I. D. Abella and S. R. Hartmann, Phys.
Rev. Lett. 13, 567 (1964).

1 7 1 . B. Goldberg, E. Ehrenfreund and M. Weger, Phys.
Rev. Lett. 20, 539 (1968).

1 8 U. Kh. Kopvillem, Fiz. Tverd. Tela 11, 129 (1969)
[Sov. Phys.-Solid State 11, 93 (1969)].

1 9 K . Aizu, Phys. Rev. B2, 754 (1970).
2 0 C . A. Sacchi and C. H. Townes, Phys. Rev. 174, 439

(1968).
2 1 A. G. Semenov and V. E. Khmelinskii, Pribory i

Tekh. Eksper im. No. 5, 197 (1967).
2 2 R. Lobo, S. Rodriguez and J . E. Robinson, Phys.

Rev. 161, 513 (1967).
2 3 W. Cochran, Adv. Phys. 18, 72, 157 (1969).
2 4 T. S. Al ' tshuler, Fiz. Tverd. Tela 9, 2070 (1967)

[Sov. Phys.-Solid State 9, 1623 (1968)].
2 5 H. I. Dehmelt and H. Kruger, Zs. Phys. 129, 401

(1951).
2 6 L . M. Matar rese , J . S. Wells and R. L. Petuson,

J . Chem. Phys. 50, 2350 (1969).

Translated by R. W. Bowers




