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It is shown that macroscopic oscillations similar to second sound in dielectrics may propagate in 
pure metals at low temperatures. These oscillations essentially constitute sound in the electron gas, 
although the interaction between the electrons occurs as a result of exchange of thermal phonons. 
Electron sound is possible under certain conditions which, in the case of closed Fermi surfaces, re
duce to equality of the number of electrons and holes. The phase velocity of the sound significantly 
depends on the topology of the Fermi surface. Damping of the sound is also investigated. 

INTRODUCTION 

LANDAU was the first to point to the existence of 
undamped temperature waves in liquid He II, called 
second sound. Microscopically, second sound is 
"ordinary" sound in a phonon gas. This point of view, 
naturally, leads to the question of the possible exist
ence of phonon second sound in solids, a question fre
quently discussed in the literature. This phenomenon 
was recently observed experimentally by Ackerman, 
Bertman, Fairbank, and Guyer in crystalline He 4 [ll 

(their paper contains also references to theoretical 
work). 

For second sound to exist it is necessary that the 
normal collisions, in which the quasimomentum of the 
phonons is conserved, be much more probable than the 
processes in which the quasimomentum is not con
served (scattering by lattice defects, umklapp pro
cesses, etc.). Second sound exists in the interval of 
frequencies w bounded from above by the frequency of 
the normal collisions Til and from below by the fre
quency of collisions with momentum loss T{{ 

(1) 

As noted by Gurevich and Shklovski1[2 J, phonon 
second sound in semiconductors is possible only under 
the additional condition that the number of electrons 
differ little from the number of holes. The propagation 
of second-sound wave is not accompanied in this case 
by appreciable oscillations of the density of the elec
tric charge and by appearance of current, so that the 
damping connected with the conductivity of the medium 
is small. The characteristic velocity of second sound 
in semiconductors, just as in dielectrics, is of the 
same order as the phonon velocity, i.e., the velocity of 
ordinary (first) sound. 

In the present paper we consider oscillations of the 
second-sound type in metals. As will be shown below, 
at sufficiently low temperatures these oscillations 
constitute sound in an electron gas, although the elec
tron- electron interactions which make the sound pos
sible is realized by exchange of thermal phonons. This 
occurs because at low temperatures the phonon mean 
free path relative to collisions with electrons, lpe 
~ ® /T ( ® - De bye frequency), is much shorter than 
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the electron free path relative to collisions with pho
nons, lep ~ (®/T) 5 • Therefore the phonon emitted by 
the electron will be absorbed by another electron 
within a very short time after covering a very short 
distance. Thus, the electron-phonon interaction leads 
to effective interelectron collisions (for details 
see [3 l ). The characteristic second-sound velocity V 
is then, naturally, of the same order as the electron 
Fermi velocity: V ~ VF, although at a certain special 
topology of the Fermi surface we have V ~ VFT/EF 
« VF ( T - temperature, E F - Fermi energy). With 
increasing temperature, the contribution of the phonons 
becomes appreciable and the sound ceases to be purely 
electronic. 

A necessary condition for the existence of second 
sound in a metal is the equality of the number of elec
trons and holes (similar limitations exist in the case 
of open surfaces). In a metal, the conditions under 
which the normal collisions prevail over the collisions 
with umklapp become complicated and depend on the 
topology of the Fermi surfaces. If the Fermi surfaces 
are closed and the Brillouin zone can be chosen such 
that its boundaries do not cross the Fermi surfaces, 
then the second sound can propagate at all directions 
in the lattice. On the other hand, if the surfaces are 
open, then the second sound can propagate only in 
directions perpendicular to the directions of the open
ings. Of course, condition (1) on the frequency, as 
well as analogous conditions on the wavelength and the 
mean free path, must be satisfied. 

SOUND DISPERsiON LAW 

We write down the system of kinetic equations for 
the electron (f(r, p, t)) and phonon (N(r, q, t)) dis
tribution functions 

i)i'lf + (vV)/ + eE ~~ = lepN(f, N) + !}!(!, N), (2) 
t op 

iJN Bt+ (sV)N = lcpN(N,f)+Ipu(N,f). (3) 

Here E - electric field, v = ilE/ilp and s = anjaq -
velocities of the electron and phonon, and E ( p) and 
n ( q) - their energies. The operators I~p and ~e 
describe the normal electron-phonon and phonon-
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electron collisions. The terms IU correspond to col
lisions with loss of quasimomentum. 

In Eqs. (2) and (3), no account was taken of the in
terelectron collisions, which are negligible in typical 
metals, or of interphonon collisions, since at low tem
peratures phonon-electron collisions are much more 
probable (see, e.g.,l 4 l, p. 159). 

We are interested in cases when the terms IU are 
small compared with IN, i.e., the metal is sufficiently 
pure, and the umklapp processes are much less proba
ble than normal collisions. For closed Fermi surfaces 
such a situation is ensured by the exponentially small ' 
probability of the umklapp processes at low tempera
tures. In the case of open Fermi surfaces, we shall be 
interested in what follows only in the case when the 
surface is closed in certain directions. In these direc
tions, the probability of the unklapp processes is ex
ponentially small, as before, and the corresponding 
component of the total quasimomentum is conserved 
with exponential aceuracy. 

In the case when the surfaces are closed but cross 
the boundaries of the Brillouin zone, the umklapp pro~ 
cesses, generally speaking, are just as probable as 
the normal collisions. However, the very subdivision 
into N and U processes is arbitrary, since it depends 
on the choice of the unit cell of the reciprocal lattice. 
From the physical point of view it is important whether 
it is possible to choose the unit cell such that its faces 
do not cross the Fermi surfaces. 

Closed Surfaces 

We start with the simplest case of closed Fermi 
surfaces which do not intersect the boundaries of the 
Brillouin zone. Under the conditions of interest to us 
the kinetic equation can be solved by successive ap- ' 
proximations. This signifies in fact expansion in 
powers of the small parameters 

1/wtu~i, T.v/Tu~l, 

l.v/1.~1, 'A/Iu~1, l.v/lu<1. 

For the distribution function 

f = f 0l + j<'l + JC2J + ... , N = JVCOI + JVCll + 1'1'(21 + ... 
we obtain a chain of equations that are linearized in 
the deviation from equilibrium (see [3 ]): 

df\O) ofo dN\01 - + eEv- = lepN (fC11 JVC11) -- = [ N (il/01 j'(11) 
dt 8E ' ' dt pe ' ' 

df\11 
-----;jt = fepN (!C'I, JVC21) + f,pu (j(OI, NCOI), 

Here 
df of 
dt ==a~+ (vV)/, 

Sol~tions of the zeroth-approximation equations (5), 
as 1s well known, are the drift functions 

(4) 

(5) 

(6) 

(7) 

(8) 

corresponding to local equilibrium of the system of 
quasiparticles; this equilibrium is established under 
the influence of the normal collisions. The quantity 
u ( r, t) has the meaning of the velocity of ordered 
motion, while T~ ( r, t) denotes the deviation of the 
local temperature from the temperature T of the 
thermostat, and OJ.l( r, t) denotes the change of the 
chemical potential of the electrons 1> 

io(;;) = [et/T + l_.j-1, N0(Q) = [eQ11'- 1]. -1, f, = E- !l. 

The drift solution (8), in view of the equality of the 
number of electrons and holes, does not lead to the 
occurrence of an electric current (or charge). Indeed, 
using the fact that the dispersion law c ( p) is even, 
we obtain for the electric current density 

jCOI = e (n_·- n,_) u, 

where n _ and n. are the numbers of electrons and 
holes, inasmuch as for closed surfaces (which do not 
intersect the boundaries of the Brillouin zone) we have 

(10) 

Current is produced when n. = n _ only as the result of 
collisions with loss of quasimomentum and of spatial 
and temporal inhomogeneity of the parameters of the 
local equilibrium u, ~' and OJ.l, i.e., in the next higher 
approximation in the small parameters (4). Accord
ingly the term with the electric field is included in (6). 

The first-approximation equation (6) assumes the 
following form: 

ofo . . -. -
-De [pu + (vV) (pu)+ O!.t + (vV)I\ft + dl + e(vV )tl] = l,pN(j(ll, SC11), 

o1Y0 . . 

- oQ [qu +(sV) (<Ju) + Q{} + Q(sV)ti] = lp,.N (fYC11, JC11). (11) 

Let us write the conditions for the solvability of these 
equations, which are the consequence of the conserva
tion of the number of electrons, of the total energy, 
and of the quasimomentum in normal collisions: 

~ dp fe 1F = ~ dp efc;/' + ~ dq Qlp/' = ~ dp pln:v + ~ dq ql pes= 0. 

(12) 

Here and henceforth we imply summation over the 
electron bands and over the phonon polarizations. We 
obtain the following system of equations describing the 
quantities OJ.l, ~' and u in the zeroth approximation in 
the small parameters (4): 

6~ (1) + 11: (e)= 0, 

6i1 (~) + t}{(;2) + (Q2)} + 1/3rlivu{(pv;) + (qsQ)} = 0, (13) 
1 otl 
3 ox; {(pve) + (qsQ)} + ,;, {(p;p,) + (q,q,)} = 0. 

We have introduced here the notation 

llWe assume for the time being that the collisions with the phonons 
can cause the electron to go over from any electron or hole surface to 
any other surface. Only the total number of electrons is conserved here. 
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(cp(p)) == *J dp<p(p) (- ~0 ). (1jJ(q))""' ~J dqljl(ql(- ~~0 ). 

and the integration is carried out over the Brillouin 
zone. The fact that the electron and phonon mean 
values are denoted by the same bracket cannot lead to 
any misunderstanding; ( 1) = 2h-3 jdp ( -of0 /oE ), and 
a corresponding expression for phonons is not encoun
tered below. In deriving (13) we used the central sym
metry of the dispersion laws, and also the following 
properties of the mean values: 

(p;u,) = b;, (n+- n_) = 0, 

< r. > b;k < ' q;s,,. =- qsQ,_ 
3 

In order to find the dispersion of the second sound, 
we seek the solution of the system (13) in the form 
O!J., J, and u ~ exp [ i (k · r - wt )]. For the velocity 
V = w /k we obtain 

where 

p = 1 (~-1 )xx((pv;;> + (qsQ)) 2 

9 \e'> + \S2') - (e)'/(1) ' 
(14) 

The relations between the amplitudes ("polarization" 
of the wave) are as follows: 

(~) ( ~-1 ) ix -
OfL =- tl<i}, u; = 11~ ((pve) + (qsQ)). (15) 

Open Surfaces 

For concreteness, we consider the case when the 
umklapp processes are impossible in some direction 
z. This means that the faces of the Brillouin zone, 
which intersect the Fermi surface, should be parallel 
to the z axis. It is clear the the drift solution (8) is 
now valid only if the drift velocity u is directed along 
the z axis, for only in this direction is the quasimo
mentum conserved. (Formally this is expressed by the 
fact that the terms describing the unklapp processes in 
directions perpendicular to the z axis are not small 
and should be taken into account in Eqs. (5)-(7) to
gether with the terms IN.) 

Let us ascertain under which conditions the drift 
solution does not lead to the occurrence of the current 
j = e ( PzV ) Uz. (For open surfaces, the condition n. 
= n_ becomes meaningless.) Let us assume that the 
direction z has a sufficiently high symmetry, so that 
the drift current is directed also along this axis; 
(pzvk) ~ Ozk· (It is sufficient, for example, to have two 
vertical symmetry planes. This case is realized in a 
simple hexagonal lattice.) It is easy to show that 

2 2 
(p,v,) = h3 ~ /o dp- -1,3 ~ dS, f0p" 

where dS is the element of the surface of the Brillouin 
zone. The first term, obviously, is simply the total 
number of electrons n. The second term differs from 
zero only for the "hole" bands, in which the states 
adjacent to the faces and not intersecting the Fermi 
surface are occupied, and therefore this term equals 
the product of the number of states in the Brillouin 
zone N by the number of hole bands a. As a result we 
get 

j, = e(n -- aN)u,. 

Thus, the condition for the vanishing of the current in 
the case of drift has a simple physical meaning: the 
total number of electrons equals the number of all the 
states oN in the hole bands. In the case of closed 
surfaces we get from this, obviously, that n _ = n •. 

Under the conditions considered above, second 
sound can propagate along the direction z of the open
ing. The dispersion equation is obtained in analogy 
with the foregoing, with account taken of the fact that 
now only the z-component of the quasimomentum is 
conserved. We present the result for the velocity and 
polarization of the wave: 

p = ( (p,') + (q,2)) - 1 { (p,1;z~) + (q,s,Q) }' 

(e2) + (Q2)- (~) 2/(1)- --

b[L = - l'l-(("1-)), u, = _! (pz~_·,;) + (q,~Q) 
v (p,') + \q,') 

We have used the fact that by virtue of the assumed 
symmetry properties 

(16) 

(17) 

In perfect analogy, we can consider the case when 
the z axis is the only direction of the opening. The 
wave vector of the sound k = kK is located in this case 
in the xy plane, and the result is obtained from (16) by 
replacing the index z by K. 

Closed Surfaces Intersecting the Brillouin-zone 
Boundaries 

As already mentioned, in this case it is important 
that it is possible to choose the unit cell in the p-space 
in such a way that its boundaries no longer intersect 
the Fermi surfaces. It is clear that the dispersion law 
can no longer be assumed centrally symmetrical and, 
for example, the mean values (p), (PiPkvz), etc., taken 
over the new cell, differ from zero. We note that the 
mean values of the periodic functions remain unchanged, 
for example, ( v) = 0, etc. 

In this section we shall take into account the fact that 
a multiply-connected Fermi surface can consist of in
dividual surfaces (or groups of surfaces) separated 
from one another by distances much larger than the 
temperature momentum of the phonon. Then the elec
trons are practically unable to go from one group to 
the other, and the particle-number conservation law is 
satisfied for each group separately (with exponential 
accuracy). In the preceding section it was tacitly as
sumed that there is only one group of Fermi surfaces 
that are close to one another. 

We break down the unit cell into region, each of 
which contains only one of the isolated groups. Then 
( I~p) a = 0, where ()a denotes averaging over the 
a-th region. Accordingly, the solution in the zeroth 
approximation has the same form (8) as before, but 
now we must assume that the change of the chemical 
potential oJl is different for different regions. 

The equations for the quantities O!J. a, .J, and u, as 
can be readily seen, have the following form: 
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~Oft"(;)"+ tl((e-:;) + (Q2)) + U [ (p~)- ~ ((pvx;) + (qsxQ)) ]= 0, 

L <llla (p)" ---c~ (p;v")") + tl [ (p;;)- -,~((p;Vx;) + (q;sxQ)) J 

+ llh [ (p;p•)+ (q;q,)- : (p;phvx) J = 0. (18) 

Here, as before, V = w /k and k = k K. The phonon 
mean values are taken over the undisplaced Brillouin 
zone, in which the dispersion law of the phonons has a 
symmetry center. After eliminating OfJ. 2 and .J we get 

Here 
(19) 

( \ + ( > "' (p)" (p.)" ' ' 
aih = PiPit! qiqk - -; ~~- Si£h, 

1 _ ( ) j- "";' (p)" ()JhVx)" + (ph) a (p;vx)" +, + , 
11h = - :1JIP11Cx - : - ('f)u -- - ;Olh ~kYJi, 

where 

I' 
c' = ---

1' 

C,h =o ~ _(P;_"x;:()~:RIJ_x)_"_ + 'li'lk, 
a ' 

We now use the fact that the dispersion law E ( p) 
is centrally symmetrical in the expanded p-space: 
E ( p) = E (- p). Therefore, in the cell chosen by us, 
each group of surfaces a corresponds to a centrally
symmetrical group a (see Fig. 1). We denote the 
group equivalent to a but located in our cell by a. It 
is easy to understand that the surfaces a and a are 
symmetrical with respect to a certain point pa, since 
a parallel transfer of one of the centrally- symmetrical 
surfaces does not violate their relative central sym
metry. The vector pa is different for each pair of 
surfaces a and a. This symmetry property allows us to 
to greatly simplify the coefficients of (19). We con
sider the first two terms in the expression for bik: 

- (p;pkl.'x) + 
+ ~ _ J!Ji_.>"(pkVx)"+ (pk)"(p;C'x)" 

a ( 1)" 

1"'(" \ ( \-=- --,2- LJ \PiPkVx/1 + PifJhVx/ 0 ) 

+ ~f;)-;(p_l;"_x~~~ph)-;(p;l'x)a_,) . 

For the pair a and a we choose the origin at the 
symmetry center of this pair: 

r-1'" J rt\-"-Vc , 
l ____ j 

FIG. I. Undisplaced and displaced 
Brillouin zones in the case when the Fermi 
surfaces intersect the faces of the undis
placed cell. The surfaces a and a in the ex
panded p-space are symmetrical with re
spect to the origin. The surfaces a and a 
in the displaced cell are symmetrical with 
respect to the point pa. 

p = p" + p'. 

Using the obvious relations 

(p/)" = -(p;')"~ (p.'vx)" = (pk'Vx)~ (1)" = (1)"--:-

we can readily verify that the expression given above 
vanishes. Analogously we can show that ~ = 0. Thus, 

(p)"(p.)" (20) 
"'" = (p;p.) + (q;qk)- ~ < 1)" ' b;h = 0. 

Further, inasmuch as the" tensors ( Pivk) a and 
(pivkE) are diagonal, the matrix Cik has only one 
nonzero element cKK, equal to 

= '\' L(pxvx)~ ( , 'V ( E') a(]JxVx)". \2 (21) 
Cxx ~ ( ) +\ (pxVxE) + (qxsxQ)- LJ-------- I 

a 1 a a ( 1)" j 

Using the obtained relations, we obtain from the dis
persion equation det ~ = 0 the velocity of sound 

(22) 

As seen from (21), cKK > 0. In addition, ( a-1)KK > 0, 
since the diagonal matrix elements a (20) are positive 
by virtue of the Bunyakovski1-Schwartz inequality. It 
is easy to see that if there is only one group of surfaces, 
formula (22) goes over into (14), inasmuch as 
( PiVk) = 0. 

The polarization of the wave is characterized by the 
following relations: 

u { 1 ) lirt" =- - (p)a-- ((e')"'l- (pux)") 
(1)" v . 

VELOCITY OF SECOND SOUND 

f} = ~ (23) 
v~, 

We investigate the expressions derived above for the 
speed of sound. The electronic mean values which en
ter in formulas (14)- (22) are of the following order of 
magnitude: 

(p;)a ~ ]JF(1), (p;ph) ~ ]JF2(1), (p;vk)a ~ BF(1), 

For simplicity we assume that all the Fermi surfaces, 
and also the distances between them, have the same 
characteristic dimension PF, EF ~ PFVF, and ( 1) a 
~ ( 1). Let us calculate, for example, (PiVktJ: 

- 2 (" ( Ofo ) 2 (" fJljl 
(p;v.e>=-,;,J dpp;v.(e-tt) - 8 --; =-Th}J p;ap.dp 

= - T ~ (" p;ljldS" + 6;•T ~3 } ljldp. 
h3 J h 

Here I)! ( x) = x ( f0 ( x) - 1 ) - ln fo ( x), where 
x = 'E/T; it is easy to see that 1)!(-x)RI)!(x), IJ!Ix» 1 

~e-x, and l)!(x) > 0. For closed surfaces, the first 
term in the right side of the equality can be neglected, 
since I)! is exponentially small on the surface of the 
Brillouin zone. Thus, 

(p;v.-;)= ll;.T2(1)} ljl(x)dx. 

This result is valid also for open surfaces, if i and k 
coincide with direction of the opening z. Indeed, when 
k = z, the integral J Pil/!dSk is exponentially small, as 
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before, by virtue of the smallness of </!, and the inte
gral vanishes when i = z but k f- z (see (17)). 

The phonon mean values are estimated without dif
ficulty, since the main contribution to the integrals is 
made by the "temperature" phonons, for which 0 ~ T: 

(q.s.Q) ;:::::; (Q2) ;:::::; s2 (q;qk) ;:::::; 

;:::::; T2( :F)' ( :J (1), 

where as before ( 1) = - 2h-3 f dp8f0 /8E. The factor 
following T2 in this formula is equal to -h-3J dqBN0 /BO. 
We assume also that the temperature momentum of the 
phonon is much smaller than the Fermi momentum: 
T « To = EFslvF· In the case of several isolated elec
tron groups, those terms of expression (21) for cKK 

which are small with decreasing temperature at 
T << To can be neglected and 

(24) 

According to (20) and (22), we get 

V VF 

~ 1+----,-(=T j"'""T,---1)-" ' 

(25) 

and when T?: T, the phonon mean values from the 
expression (20) for aik become significant. Naturally, 
when T << T, and pure electron sound is produced, we 
have V ~ VF, and when T .;2: T,, owing to the influence 
of the phonons, the phase velocity decreases (see Fig. 
2). 

For small electron groups, when the distance p0 

between the Fermi surfaces is much larger than their 
characteristic dimension PF, it is easy to show that 

(26) 

In the case of one group of surfaces, the tempera
ture-independent term (24) in cKK vanishes. Then 

(27) 

We see therefore that at the very lowest temperature 
( T « T 2 ) we get pure electronic sound propagating 
with velocity V ~ VFT/EF. When T >> T,, the sound 
becomes purely-phonon and, naturally, V ~ s. In the 
intermediate region, which is relatively narrow 

~~ 
' ' 
' ' 

·LZ== 
r, 

FIG. 2. Dependence of the velocity of second sound on the tem
perature. The lower curve pertains to the case when there is one group 
of surfaces. The upper curve pertains to several groups of surfaces 
(separated by a distance greatly larger than the temperature momentum 
of the phonon). 

(T,/T2 ~ (vF/s)'14 ), V ~ T2 and is determined both 
by the electron and by the phonon characteristics (see 
Fig. 2). 

We present also the order of magnitude of the ratio 
of the amplitudes for pure electron sound. For several 
groups, we get from (23) 

u ~ ~ , Oft ~ u( Po+ v; PF), 
and in the case of one group of surfaces 

DAMPING OF SOUND 

As is well known, the damping of the sound is con
nected with the finite time and finite mean free path of 
the normal collisions and with the presence of pro
cesses which do not conserve the quasimomentum. 
Therefore, to obtain the damping, it is necessary to 
derive for the quanities u, J, and OIJ. "hydrodynamic" 
equations with allowance for the "viscous" terms that 
are linear in the small parameters (4) (similar to the 
Navier-Stokes equation), and also to take into account 
the electric field that leads to Joule losses. It is first 
necessary to solve (11) with respect to the functions f 1'' 

and N (lJ, and substitute the result in (7). The condi
tions for the solvability of the latter equations yield 
together with relations (12) a system of homogeneous 
equations for the drift parameters and the electric 
field: 

1 d . 1 -d \" d 
J dp7i!-(!1°1 + fCll) = J dp € dt (f.OJ + j<ll) + J dq Q dt (NCO)+ NCII) = 0, 

~ dp p .'!_ (!CO)+ fC!l) + I dq q ~ (NCO)+ NCII) & J & ' 

= ~ dp plepu (j<OJ, NCO!) + ~ dq ql peu (NCOI, j<OJ). 

These equations and Maxwell's equations describe the 
sound with allowance for damping. We omit the rather 
cumbersome and complicated calculations2'. 

The result has the following order of magnitude 

2lThe main difficulty arises in solving the equation for f(1l, which is 
obtained from (11) after eliminating N(ll. (The operator lpe does not 
contain integration over the phonon momenta q, and therefore the sec
ond equation of (11) is algebraic with respect to N(ll.) This equation 
can be written in the form 

l~e(f<IJ) = F(p), 

where l~pe has the meaning of the collision integral between the elec
trons via the phonons, and F(p) is expressed in terms of the drift func
tions f( 0l and N(0l. From the structure of the equation it is easy to see 
that f( 1l is a "fast" function of the variable € (which changes signifi
cantly over distances ~T) and a smooth function of the momentum 
p* on the constant-energy surface. Using the fact that the thermal mo
mentum of the phonon is small compared with the dimensions. of the 
Fermi surface (T/s~PF ), we can show that the operator I~pe is integral 
with respect to the variable €/T and differential with respect top*. 
Then the form of the integral operator and the order of magnitude of 
the coefficients in the equation are not connected with the dispersion 
laws of the electrons and phonons, which affect only the dimension
less differential operators iliat do not contain the temperature. There
fore the order of magnitude of the function f( 1 ) and its dependence on € 
can be obtained for arbitrary laws of electron and phonon dispersion. 
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(28) 

The first term describes the viscous damping 
(1m w ~ v/k2 , where v ~ zNvF is the electronic vis
cosity) and is connected, for example, with the appear
ance of terms of the type 

N ~ ,; <pp;vkv,> & & 
Xk Xt 

in the third equation of (13). As seen from (28), elec
tron sound in metals is possible if the following in
equality is satisfied 

(29) 

which is particularly difficult to satisfy for slow waves. 
The latter condition, when rewritten in the form of the 
inequality for the wavelength 

acquires a simple physical meaning, since (vFzN/w) 1/ 2 

is the diffusion displacement of the electron during one 
period of the field. If the velocity of the wave is of the 
order of the electron velocity we arrive naturally, just 
as in the case of dielectrics, to the condition (1), i.e., 
the condition on the lengths coincides with the condition 
on the frequencies. 

Let us estimate the contribution made to the damp
ing by the Joule losses in the metal. To this end it is 
simplest to use the energy formula for the absorption 
coefficient, according to which the latter is the ratio 
of the dissipated power to the energy density in the 
wave. Confining ourselves to the case of purely elec
tronic sound, we have 

Im !Jl ~ jE I nm;:2• 

In order to find the electric field E, which occurs when 
sound propagates in the metal, we should use Maxwell's 
equations 

4n &j 
rotrotE = ---, 

c2 &t 

and calculate the current that enters in it with the aid 
of the kinetic equation. As seen from (11), the current 
part of the distribution function f< 1 > is of the order of 

3>Inasmuch as the relaxation time rN cannot be introduced rigor· 
ously, these results should not be taken literally. In particular, the 
"mean" value which enters here is (ViPk} =I= 0. 

The corresponding current density is 

i = aE + r. 
where3 > 

The current j' plays the role of an inhomogeneity 
in Maxwell's equations. Solving these equations under 
the condition that the longitudinal current vanishes, 
jK = 0, we obtain for the transverse components of the 
electric field 

where 

• O'axO'x~ 
O'o:Jl = O'a~---, 
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The longitudinal field is 

Using the relations between 6J.;., J., and u, we can 
easily show that both in the case (15) and in the case 
of (23) we have, in order of magnitude, 

Ea.~-- 1+ - u mw[ ( k6 )'J-1 
e W'l"N ' 

Using the energy formula, we get 

Im w I w ~ wTN. 

6-2 = inne' 
mc2 • 

It is easy to show that with increasing temperature, 
when the contribution of the phonons becomes appreci
able, this result is conserved in order of magnitude. 

Thus, the dissipation due to the Joule losses does 
not exceed the dissipation connected with the non
electromagnetic mechanisms (of course, provided that 
n • = n _ ) , and the absorption of sound in metals will be 
small if the conditions (29) are satisfied. 
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