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Yu. M. Gal'perin, P. E. Zil'berman, S. N. Ivanov,
V. D. Kagan, and G. D. Mansfel'd. A New Type of
Acoustoelectric Nonlinearity (Nonlinear Landau Damp-
ing of Sound Waves).

Nonlinear effects that accompany the propagation of
microwave-frequency sound waves in semiconductors
are investigated theoretically and experimentally. At
these frequencies, the length 27r/q of the sound wave
proves to be much smaller than the conduction electron
free path I for a number of substances (qZ ~^> 1). Under
these conditions, only the group of "resonant" electrons
that satisfy the laws of energy and momentum conser-
vation on collisions with acoustic quanta interacts with
the acoustic wave. The absorption of the sound is deter-
mined by the energy balance in such processes and is
analogous to the Landau damping of plasma waves. In a
sufficiently strong external electric field, absorption of
the sound gives way to its amplification. With increas-
ing,intensity of the sound, nonlinear effects make their
appearance; for example, the gain begins to depend on
intensity. At qZ 2> 1, the mechanism of the nonlinearity
differs essentially from the concentration nonlinearity,
which is the basic factor at low frequencies. The con-
centration nonlinearity appears as a result of capture of
some of the space charge by potential wells created by
the acoustic wave. A measure of this capture is found
in the rat io of the depth Φ of the potential wells to the
average e lectron energy"?. When qZ ^> 1, the momen-
tum distribution function in the resonant region differs
strongly from the equilibrium distribution as a result of
a back effect of the acoustic wave on the " r e s o n a n t "
e lect rons . It i s this effect that r e p r e s e n t s the basic
source of the nonlinearity. A calculation indicates that

for nonmonochromatic sound with a spectral line width

(τ is the momentum relaxation t ime of the electrons
and m is their effective mass) , a nonlinearity of the type
in question intervenes when

For monochromatic sound, such a nonlinearity appears

at (<i>/e)(qZ)2 ~ 1 if q <C m / n q r , and at (φ/€)(?τ ρ /Κ)

~ 1 when q » m / n q r Since (#/e)(qZ)2 ~ 1, and eTp/K

^> 1, this nonlinearity intervenes much e a r l i e r than con-

centration nonlinearity.
The electronic amplification of sound of frequency

1—2 GHz was investigated experimentally in n-InSb at
Τ = 77°K (qZ = 5—10). The sound was excited and regis-
tered with CdS epitaxial t r a n s d u c e r s . The dependence of
the amplification of the sound on its intensity at the in-
put, which varied in the range 10"5—1 W/cm2, was stud-
ied. It was found that the gain d e c r e a s e s progress ively
with increasing intensity of the sound. The manner in
which the effect depends on the frequency of the sound
and its intensity is consistent with the theory and per-
mits qualitative and quantitative differentiation of the
observed effect from the concentration nonlinearity.
The intensity of the sound in the output c r o s s section of
the crystal was observed to be independent of the power
input into the crys ta l at large values of the la t ter . This
can be interpreted as establishment of a stationary wave
in the crystal .

Translated by R. W. Bowers
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A scientific sess ion of the Division of General Physics
and Astronomy and the Division of Nuclear Physics of
the USSR Academy of Sciences was held on May 26 and
27, 1971 in the Conference Hall of the P. N. Lebedev
Physics Institute. The following papers were delivered:

1. A. A. Mikhailov, The Motion of the E a r t h ' s Poles .
2. Yu. Kagan and E. G. Brovman, The Problem of

Metallic Hydrogen.
3. V. B. Braginskii and V. I. Panov, The Equivalence

of Iner t ia l and Gravitational M a s s e s .
4. Ya. B. Zel'dovich, L. P. Pitaevskii, V. S. Popov,

and A. A. Starobinskii, P a i r Production in a Field of
Heavy Nuclei and in a Gravitational Field.

5. A. B. Migdal, Vacuum Stability and Limiting
Fields'!

Below we publish brief contents of the papers .

A. A. Mikhallov. The Motion of the E a r t h ' s Poles .
Soon after the American Chandler discovered in 1892

that the poles move over the e a r t h ' s surface with a
14-month period, the International Latitude Service was
organized to investigate this phenomenon. Five stations
situated on the paral le l of 38° 9' Ν were equipped with
standardized instruments (zenith telescopes) and began
regular determinations of the i r lat i tudes from s t a r - p a i r
observations by the Talcott method. The original sta-
tions were Carloforte in Italy, Chardzhui in Russia,
Mizusawa in Japan, Ukiah in California, and Gaithers-
burg near Washington. In 1930, the latitude station at
Kitab in the Uzbek SSR was set up on the same paral le l
to replace Chardzhui (now Chardzhou). The observations
of these stations were reduced at an international center
that was located in Germany originally, in Japan from
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1922 to 1935, in Italy from 1935 to 1961, and again in
Japan since 1962. During this time, the observation
programs and reduction methods were modified several
times, and the work of some of the stations was tempor-
arily interrupted. There is therefore no fully uniform
material for investigation of the general laws governing
the motion of the poles, but, by way of an approximation
to it, Vicente and Yumi last year published a paper con-
taining a list of the pole's rectangular coordinates from
1900 through 1969, referred to the so-called conven-
tional international origin—the point at which the mean
North Pole, i.e., the pole after removal of periodic mo-
tions, was situated in 1900—1905. The list contains co-
ordinates of the mean pole for the middle of each month
during the period stated, expressed in hundredths of a
second of arc accurate to 0".001, which corresponds to
3 cm on the surface of the earth. An analysis of this
wealth of material that was carried out at Pulkovo
Observatory yielded the following results.

1. It brought out clearly a secular motion of 0".0033
per year, which corresponds to 10 cm, in the direction
of the 76th meridian of western longitude.

2. Superimposed on this approximately uniform mo-
tion is a periodic annual motion along an elliptical path
with semiaxes 0".081 = 250 cm and 0".064 = 200 cm,
with the major axis directed along the 13th meridian of
western longitude. This ellipticity indicates inequality
of the earth's principal equatorial moments of inertia
and is probably related to a certain slight ellipticity of

Chandler motion
period 1.2 years

3 №m

t h e e a r t h ' s e q u a t o r . T h i s m o t i o n w i t h o n e - y e a r p e r i o d

i s c a u s e d by m e t e o r o l o g i c a l f a c t o r s , c h i e f l y t h e d e p o s i -

t i o n of s n o w a n d i c e o n t h e c o n t i n e n t s a n d t h e e n o r m o u s

a i r m a s s e s o v e r n o r t h - e a s t e r n A s i a i n w i n t e r .

3 . T h e 1 4 - m o n t h o r C h a n d l e r p e r i o d i s t h a t of t h e

e a r t h ' s n a t u r a l w o b b l e o n i t s a x i s d u e t o n o n c o i n c i d e n c e

of t h e a x i s of r o t a t i o n w i t h t h e a x i s of i n e r t i a . T h i s

v i b r a t i o n d e c a y s a n d t h e n i n c r e a s e s a g a i n , a n d h a s , o n

t h e a v e r a g e , t r a c e d o u t a n e a r l y c i r c u l a r e l l i p s e o v e r

6 6 y e a r s , w i t h s e m i a x e s 0 " . 1 2 5 = 3 . 8 m a n d 0 " . 1 2 0

= 3 . 6 5 m . D i f f e r e n t a u t h o r s h a v e e s t i m a t e d t h e r e l a x a -

t i o n t i m e of t h e s e v i b r a t i o n s a t 1 0 t o 3 0 y e a r s , but i t

a p p e a r s t o b e c l o s e t o 2 0 — 2 5 y e a r s , a n d a n e w e x c i t a -

t i o n of t h e d a m p i n g v i b r a t i o n s r e q u i r e s s o m e s o r t of

d i s t u r b a n c e , w h i c h h a s b e e n s o u g h t i n c a t a s t r o p h i c

e a r t h q u a k e s o r v o l c a n i c e r u p t i o n s , a l t h o u g h t h e l a t t e r

a r e t o o w e a k t o a c c o u n t f o r t h e e f f e c t .

A s f o r t h e s e c u l a r m o t i o n of t h e p o l e s , it i s i n t r i g u -

i n g t o c o m p a r e it w i t h t h e a c t i o n of t h e f o r c e t h a t a r i s e s

a s a r e s u l t of t h e e a r t h ' s r o t a t i o n a n d t e n d s t o s h i f t t h e

c o n t i n e n t s t o w a r d t h e e q u a t o r . T h i s f o r c e i s p r o p o r -

t i o n a l t o t h e e l e v a t i o n of t h e p a r t i c u l a r l a n d a r e a a b o v e

s e a l e v e l a n d t o t h e s i n e of t h e d o u b l e d l a t i t u d e , s o t h a t

i t v a n i s h e s a t t h e p o l e a n d t h e e q u a t o r a n d r e a c h e s i t s

m a x i m u m v a l u e s a t t h e l a t i t u d e s ± 4 5 ° . If t h e e a r t h ' s

c r u s t s h i f t e d a s a s i n g l e w h o l e o n t h e u n d e r l y i n g m a g m a ,

t h e r e s u l t a n t of a l l s u c h f o r c e s w o u l d t e n d t o r o t a t e i t

f r o m n o r t h t o s o u t h i n t h e d i r e c t i o n of t h e 9 7 t h m e r i d i a n

of e a s t e r n l o n g i t u d e . T h e N o r t h P o l e w o u l d t h e n m o v e

i n t h e o p p o s i t e d i r e c t i o n r e l a t i v e t o t h e c r u s t , i . e . ,

8 3 ° W, w h i c h i s v e r y c l o s e t o w h a t i s o b s e r v e d . T h e

v a r i o u s c o n t i n e n t s p u l l t h e c r u s t i n d i f f e r e n t d i r e c t i o n s ,

but t h e a c t i o n of t h e v a s t T i b e t a n P l a t e a u , t h e h i g h e s t o n

e a r t h , p r e d o m i n a t e s . If t h i s i s t h e c a u s e of t h e s e c u l a r

m o t i o n of t h e p o l e , t h e p a s t h i s t o r y of t h i s m o t i o n s h o u l d

b e t h e s a m e a s i t s h i s t o r y o v e r t h e p a s t 7 0 y e a r s , a n d it

s h o u l d c o n t i n u e i n t o t h e f u t u r e a s l o n g a s t h e r e a r e n o

s u b s t a n t i a l c h a n g e s i n t h e r e l i e f of t h e c o n t i n e n t s .

Yu. K a g a n a n d E . G. B r o v m a n . T h e P r o b l e m of

M e t a l l i c H y d r o g e n .

I n t e r e s t i n t h e p r o b l e m of m e t a l l i c h y d r o g e n w a s

o r i g i n a l l y r e l a t e d c h i e f l y t o a s t r o p h y s i c a l p r o b l e m s .

T h e p i o n e e r i n g w o r k of W i g n e r a n d H u n t i n g t o n ( 1 9 3 5 )

w a s f o l l o w e d b y p u b l i c a t i o n of a w h o l e s e r i e s of p a p e r s

i n w h i c h a t t e m p t s w e r e m a d e t o f i n d t h e e q u a t i o n of s t a t e

a n d t o a n a l y z e t h e p h y s i c a l p r o p e r t i e s of m e t a l l i c h y d r o -

g e n at e x t r e m e l y h i g h d e n s i t i e s . A . A . A b r i k o s o v ^

m a d e a n i m p o r t a n t c o n t r i b u t i o n t o t h e e l a b o r a t i o n of

t h e s e p r o b l e m s .

R e c e n t l y , h o w e v e r , t h e p r o b l e m h a s a c q u i r e d a p u r e l y

" e a r t h b o u n d " i n t e r e s t . T h i s h a s b e e n d u e b a s i c a l l y t o

t h r e e c i r c u m s t a n c e s .

F i r s t , it w a s s u g g e s t e d t h a t m e t a l l i c h y d r o g e n s h o u l d

b e a s u p e r c o n d u c t o r w i t h a h i g h t r a n s i t i o n t e m p e r a t u r e .

T h i s s t a t e m e n t h a s s o m e b a s i s i n r e a l i t y i n v i e w of t h e

h i g h v a l u e s of t h e c h a r a c t e r i s t i c p h o n o n f r e q u e n c i e s ( t h e

s m a l l m a s s of t h e i o n ) a n d t h e r e l a t i v e l y l a r g e e l e c t r o n -

p h o n o n i n t e r a c t i o n c o n s t a n t ( t h e a b s e n c e of a n i o n i c

c o r e ) . S e c o n d l y , t h e h o p e w a s v o i c e d t h a t t h e m e t a l l i c

p h a s e of h y d r o g e n w o u l d h a v e a m e t a s t a b l e s t a t e .

T h i r d l y , t h e d e v e l o p m e n t of t h e p h y s i c s a n d t e c h n i q u e

of h i g h p r e s s u r e s m a d e i t r e a l i s t i c t o p o s e t h e p r o b l e m

of p r o d u c i n g , i n t h e v e r y n e a r f u t u r e , t h e e n o r m o u s
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p r e s s u r e s necessary for the transi t ion from the mole-
cular to the metallic phase.

A second problem must be singled out here . It i s
readi ly understood that the existence of a sufficiently
long-lived metall ic phase of hydrogen at zero p r e s s u r e
would be of cardinal importance for numerous " e a r t h -
bound" applications.

Analysis of the problem of the metastable metallic
phase of hydrogen presupposes solution of a whole
s e r i e s of interre lated problems:

1. Finding the energy of the metal l ic state of hydro-
gen and proving the existence of stationary points with
respect to all p a r a m e t e r s of the phase, including vol-
ume, a s well as determination of the s t ructure to which
the absolute energy minimum corresponds.

2. Proof of dynamic stability, both in the long-wave
l imit (uniform deformation) and in respect to excitations
with a rb i t ra ry wavelength (the real i ty of the phonon-
spectrum frequencies for the entire momentum space).

3. Finding the equations of state for various crys-
talline phases and establishing the relation between the
s t ructure obtained under p r e s s u r e from the molecular
phase and the s t ructure of the metastable phase at p r e s -
sure ρ = 0.

4. Determination of the lifetime of the metastable
state.

F o r analysis of the f irst three problems, we have
employed the resu l t s of a previously developed multi-
part ic le theory of m e t a l s ^ , application of which to
analysis of specific nontransition metals resulted in
good quantitative agreement with the experimental data
for a broad range of static and dynamic proper t ie s , in-
cluding both the equation of state over the entire acces-
sible interval of p r e s s u r e s and the phonon spectrum
throughout the phase volume.

Use of these resu l t s for the case of metallic hydrogen
is made e a s i e r by the absence of ionic-core overlap and
of uncertainty as to the value of the electron-ion inter-
action, which is now of purely Coulomb nature, so that
only the universal constants appear in the problem.

The energy of the metallic phase of hydrogen was
analyzed as a function of the continuous s t r u c t u r e
p a r a m e t e r s (unit-cell p a r a m e t e r s ) . Here the problem
was analyzed over the ent ire p a r a m e t e r region for cubic,
uniaxial, and rhombic la t t ices (for all 11 Bravais lat-
tices) and for known diatomic s t r u c t u r e s of the diamond
and /3-Sn types and the close-packed hexagonal s t ruc-
t u r e . The Monte Carlo method was used in a six-
dimensional p a r a m e t e r space for s t ructures of lower
symmetry.

Analysis of the resu l t s obtained indicated the follow-
ing:

1) The presence of a region of intermediate densit ies
r s ~ 1.7, where ρ = 0 and compressibi l i ty is positive,
i s character i s t ic for the metall ic phase of hydrogen.

2) All cubic s t ructures a r e unstable with respect to
shearing deformations at ρ = 0.

3) Only the strongly anisotropic s t r u c t u r e s a re
mechanically stable in principle.

4) Anisotropy gives r i s e to families of s t r u c t u r e s
in which there a re practical ly no energy b a r r i e r s be-
tween different s t ructures of the same family and the
s t r u c t u r e s themselves merge into one another by defin-
ite types of deformation. Naturally, the corresponding
elast ic modulus is near zero.

5) The absolute minimum is real ized on the " t r i a n -
g u l a r " family of s t ructures , which is the set of struc-
tures obtained from the simple hexagonal lattice if the
s i tes a r e shifted paral le l to the c axis (z axis) while
preserving the hexagonal projection onto the x, y plane
and the distance between s i tes along ζ (the distance be-
tween ions on the x, y plane i s markedly l a r g e r than the
distance between them along z). Next higher in energy
is the " s q u a r e " family, which i s obtained from the sim-
ple tetragonal lattice by a deformation of the same type.

6) Leaving aside the elast ic modulus corresponding
to the deformation that generates the family, these
s t ructures exhibit long-wave stability.

Analysis of the phonon spectrum over the entire
phase space indicated that s t ructures of the tr iangular
family possess full dynamic stability. Consideration of
the zero-point oscillations has a s a consequence that the
tr iangular (and, by analogy, the square) family of s truc-
t u r e s appears to become the only s t ructure that loses
crystall ine symmetry along the ζ axis but p r e s e r v e s the
str ict t r iangular lattice in the x, y plane. As a result,
we arr ive at a three-dimensional substance with two-
dimensional order . Interestingly, thermal fluctuations
at Τ * 0 do not disturb such a two-dimensional struc-
t u r e . This was first demonstrated by Landau ( s e e ^ ) .

Thus, the possibility of the existence of a hydrogen
metall ic phase at ρ = 0 that i s stable within the frame-
work of the metallic state and, to all appearances, pos-
s e s s e s a highly unique s t ructure must be regarded as
established in principle.

With the object of analyzing the proper t ie s of the me-
tall ic state under p r e s s u r e , the equations of state were
found for the various crystal s t r u c t u r e s and the phase
diagram determined with the thermodynamic potential
and p r e s s u r e as coordinates (T = 0). With increasing
p r e s s u r e , the anisotropy of the energywise favored
s t r u c t u r e s d e c r e a s e s owing to the increasing relative
importance of the ionic latt ice. In the l imit of astronom-
ical densit ies, the lowest energy corresponds to the
symmetr ical FCC and HCP-type lat t ices, which become
stable at high p r e s s u r e s . Phase t ransi t ions take place
between the various metall ic s t r u c t u r e s at intermediate
densities, e.g., at comparatively low p r e s s u r e s a t ran-
sition takes place from the " c o m p r e s s e d " s t ructures
(c/a < 1) corresponding to the t r iangular and square
families to " s t r e t c h e d " s t ructures (c/a > 1), among
which the rhombohedral lattice comes to be that with
the lowest energy as the p r e s s u r e increases . The tran-
sition from the molecular to the metall ic phase under
p r e s s u r e will take place in one of the stretched s t ruc-
tures . However, the wide scat ter of the resu l t s for the
molecular phase makes it impossible to es t imate the
transit ion p r e s s u r e with any confidence. Thus, using
only recent papers as a basis, we can obtain values
ranging from 3 megabars to 1 megabar.

It should be noted that metall ic hydrogen under p r e s -
sure exhibits liquid tendencies. In the case of stretched
s t ructures , this re su l t s from the relatively free slip of
the crystal planes paral le l to another. In view of this,
the possibility that the transit ion from the molecular
phase will be to a l iquid-metal phase cannot be entirely
excluded.

The question a s to the lifetime of the metastable state
remains open. (This time i s finite even at Τ = 0 owing
to quantum effects.)




