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Sound absorption in impurity superconductors in which a current is flowing is studied by quan-
tum field theory methods developed by Abrikosov and Gor’kov. The dependence of the absorption
coefficient on the temperature and on the quantity which determines the current in the sample,

s = pyvg (P is the Fermi momentum, vg is the velocity of the pairs) is found.

AT the present time, a significant number of re-
searches!173) have been devoted to the study of
superconductors in the presence of a current in
them. The interest in this question stems from the
fact that the current flowing through a specimen
creates a number of features which are associated
with the tendency of the current to disrupt the su-
perconductivity. By increasing the momentum of
the pair, and thus changing the current in the su-
perconductors, it is possible under corresponding
conditions (see [*! ) to create a situation whereby
the superconductivity in the specimen vanishes. In
this sense, the effect of the current on the super-
conductors is analogous to the effect of paramag-
netic impurities,[ 51 Wwhere the exchange interac-
tion of the electron spins with the spins of the im-
purity atoms leads to the elimination of the energy
gap in the spectrum of elementary excitations (the
so-called gapless superconductivity), and also to
the disruption of the superconductivity.

In the present work, the effect of the current on
sound absorption in superconducting alloys is in-
vestigated. Here, it is assumed that the frequency
of the incident sound wy << 1/7, where 7 is the
relaxation time of the electrons in the normal
metal.

1. The interaction of the sound wave with the

electrons can be expressed in the following fashion:

Hint = haptan () (2) b (2) dr, (1)

where ua,@(x) is the deformation tensor of the
body, 7\043 is a tensor whose components are
equal, in order of magnitude, to the Fermi energy
and in momentum space are functions of the mo-
mentum of the electron, i (x) is the operator of
the electron field.

By using the formula of the thermodynamics of
irreversible processes, which determines the den-
sity of the force which a sound wave exerts on a
system of electrons,

Oap =— 6<Hint>/ 6utxﬁ (2)

(the angle brackets denote averaging over the
grand canonical ensemble), we obtain the energy
absorption per unit volume

Im {6 (Hmt> i
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) (3)

Here w; is the frequency of sound and
Hint> = S ¢(z)G (zz)dr. (4)

where G(xx’) is the temperature Green’s function
of the electrons [G(xx) is its value for r =r/,
T =7 -0], and ¢(x) = 3\0[3 uaﬁ(x).

With account of Eq. (1), we write down the sys-
tem of equations for the functions G(xx’) and
F(xx’):

(

\

)6 (a2') 4 A () F¥ (a2 — (2) G (a2)
= §(z—2'),

(2o ) P (ze) o A4 (@) G (a)

—@(z)Ft(zz') = 0. (5)

We represent the Green’s functions G(xx’),
and F'(xx’) in the form

F(xx’),

G(xz') = GO(zz’) + GV (z2’),
F(az') = FO(zz') + FO (22'),
F+(1‘x,) — F(0)+(xx/) + 11‘(1)+(z1;/)’

where G(O)(xx’) and F(O)(xx’) are the Green’s
functions in the absence of the field, while G‘V(xx’)
and F(xx’) are the additions, which are linear in
the deformation tensor. By linearizing Eq. (5), we
get

(-3

) 6 (a2') + AOF® (a2
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= ¢(2) GO (az') — AV (2) FO* (a'),

9 v o :
(5? +5-+ u) FOr (z2') — AOG® (22
= ¢(2)FO* (z2) + A®* () GO (z2). (6)

From these equations, it is possible to express
G(“(xx’) in terms of the quantities on the right
hand side of (6). For this purpose, it is convenient
to write down this expression in operator form,
and then to find the operator which is inverse to
the operator of the left side of Eq. (6). By pro-
ceeding in such fashion, we obtain the following
expression for the contribution G (xx’) to the
Green’s function, which is linear in uaﬁ(x):

GO (zz') = { @(a")[G(a"2') G (a") + F (") F+ (za") di”

+ (1a® (27) G (2"2") F (z27) — A+ (27) G (2" 2')

X F+(zz")] dix”. (7)

Here and below, we omit the symbol (0) in the
functions G(xx’) and F(xx’). The expression (7)
must be averaged over the locations of randomly
distributed impurities. If we use the well-known
formulas

A(z)= lim |g|F(xz'),

r/>T
T/->T+0

At(z)= lim |g|Ft(zz’),
et

then it is easy to see that the second integral in
(7), after averaging, gives a correction of the next
order relative to the fundamental term.

By substituting (7) in Egs. (4) and (3), we get
the following formula for the quantity W:

ﬂ)oT

(27)°

x Sm § dp o (pa) [7G (1) G (p-) + 19 (29) IF () P+ (p)].

(8)
Here the bar denotes averaging over the locations
of the impurities,

Proy=(P*Eq/2, 0% wo/2).

By introducing the notation

IT; (pqwo) = |9 (pq) 1%G (p+) G (p-) + | 9 (pa) |2F (p+) F* (p-)
(9)

and using the method of summation of ladder dia-

grams developed by Abrikosov and Gor’kov, % we
easily obtain an integral equation for the quantity

113 (pqwy):

I, (pgwo) = |9 (pa) |2[G (p+) G (p-) + F(ps) F+(p-)]

+ G(p+) G(p-) A — F(p+) G (p-) Az — F(p4) F* (p-) As
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— G(p+)F(p-) A, (10)

"e =‘(—2:L15—3“ S |U(p—p’) [21L: (p'qoo) dp’ (11)

(n is the concentration of the impurities, U is the
interaction potential of the electron with the im-
purity).

We shall not write out the equations for IIy, Il
and II;, inasmuch as only IIi(pqw,) enters in (8).
We only remark that the equations are greatly
simplified if we do not take into account the spatial
dispersion of the sound wave, that is, if we put
g — 0 in (10). In this case (see [6]) a set of two
integral equations is used which has the form

i (poo) = | (p) I2[G (p+) G (p-) + F(p+) I (p-)]
+ [G(p+) G(p-) + F(p+) FH(p-) A — [F+(p+) G (p-)
+ G(p+)F (p-) 1Az,
Iz (pwo) = |@(p) [2[#(p+) G (p-) + G(—p+) F*+(p-)]
+ [F(p+) G(p-) — G(—p+) F*(p=) JA1 + [G(—p4+) G (p-)
— FH(ps) F+(p-) ] Ae. (12)
If we introduce the notation
Ai(powo) = [@(p) |*ri(0w),

then Egs. (12) can easily be put in algebraic form
(in the following formulas, the bar denotes averag-
ing over the directions of p)

lo(p).|* = [|o(p) |*G(p+) G (p-)
+ lo@) |2 (p+) F(p-) 1 (1 + 1)
— 2] (p) [F (p+) G (p-) e,
lo(p) %22 = [lo(p) |*F (p+) G (p-)
— |o(P) [2G(—p+) I (p-) 1 (1 + 21)
— [lo(p) I27 (p+) F (p-) — @ (P) [’G(—p+) G(p-) ]2z,
(13)

where, for example,

|o(p) |2G (p+) G (p-)
Tol?

Z‘L_: U —p’) |2 G NG ’ ,
(gn)sl(pizgl (P—P) |*e|*G(py)G (p-")dp

AZ
 dam (0 A2
1 nmpo

— = Uue)|2 ZdQ,
- <zn>2|cp128' (0) [2]¢]

1
b= 24Q,,
[o] 4nS [o(p) |2dQp
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Here m is the mass of the electron, p, is the
limiting Fermi momentum.

By calculating the other terms of Eq. (13) in
similar fashion, we get

1 / 0o — A?
! 2v(Mv 4+ n-v-) (\ vv_ (142
i(0-A 4+ 0Ao)/2
TowW_ (v Fnv_)
_i(0-A+o0A)/2 ]
R S Gl
1 A2 — oo-
Aoy,
+2to(nv +n-v-) ( vv_ " (19
where
1 1
= 1 _ _— 1 9
N T 2wy’ T 2TV
v= (0?4 A2)% v_= (024 A2%)"% o-= w0 — m,. (15)
Solving the set (14), we find
1 A2
By = ﬁ( | oo A ) 1 ’
2 vw_  /t(nv+n_v_)—1
(oAt 0A-)/2 1
he = Vv To(nv +nv)—1° (16)
Together with (12), (9), and (8), this gives
W mngoml_cﬂ_Z S) To Vo — we- — A? .
21 To(mv+n-v-)—1 vv_
(17)

We have thus obtained an expression for the
density of absorbed energy in the temperature
technique. It is well known that all the physical
quantities, including the density of absorbed en-
ergy, must be expressed in terms of a retarded
Green’s function, which is an analytic function in
the upper complex half plane w. The latter is ob-
tained if we use Eq. (1), and write down the coupling
of the operator op in the Heisenberg represen-
tation with an operator in the interaction repre-

sentation:
Oap(z) = S~1(1) 0up(z)S(2), (18)

where

t
S(t)= Texp{i g caﬁ(x)uaﬁ(x)d‘*x} . (19)
Now, recalling Eq. (17), we can find the quan-
tity W by means of analytic continuation.t "} Using
the condition w;7 < 1, we get
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0™t pom | |2 ®
———————\ ch2—-dv".
§c o7 90

T

W= (20)*
Carrying out the integration, we get the follow-
ing expression for the absorption coefficient ag:
- 2(.00%'777,[70

as = [Aag (P) nang’ |21 (A), (21)

ps? (n)
where p is the density of the material, s(n) is the
sound velocity, n =q/|q|, n’ is the unit vector
which determines the polarization of the sound
wave and n(x) is the distribution function of the
electrons in the metal.

2. We now consider the superconductor in the
presence of a current. The presence of a current
in the superconductor corresponds to a definite
momentum of the electron pairs. The Green’s
function of the impurity superconductors was found
by Abrikosov and Gor’kov.'®) Later, Maki'?? gen-
eralized this function to include the case of a pair
momentum differing from zero. In this case, they
have the form
G= 2"t gy B

(0 —sz)? —E2— A2 (0 —s2)2 —E2— A2
(22)
Here, in the case in which TA < 1, the following
relation holds:

w TA
U= -—, €=_7

sy e e @

where z is the cosine of the angle between the
momentum of the electron on the Fermi surface
and the direction of the pair momentum, while
o = 2s%/3 and s = pyvg.

In Egs. (22) and (23) we have neglected the ef-
fect of the magnetic field of the current. This is
valid if the pair velocity vg is very large in com-
parison with vj, the Larmor velocity of the pair in
the magnetic field of the current. This latter is
easily estimated. We obtain

vjlvs ~ €2 merd << 1,

where d is the thickness of the film.

We replace in (8) the functions G(p) and F(p)
by the Green’s function of the superconductor in
the presence of a current, and carry out the pro-
cedure of averaging the entire expression over the
locations of the impurities. Without making de-
tailed calculations, which are completely analogous
to those set forth above, we note that if we use
Eqgs. (22) and (23), then, after simple calculations,
we get

*ch = cosh.
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O = _@oTPom | Aas (P) Rang’|?
72T ps?(m)
x § do ch—z—“’— Im———
e yi—w

D

-2 = } (24)
Yi—u? Yi—u? :
The quantity w, = A(1 — §2/3)3/2 in the last for-
mula is the gap in the energy spectrum of the super-
conductor in the presence of the current. The ex-
pression in the curly brackets can easily be com-
puted if we use the first formula of (23) and recall
that the quantities Im (1/v 1 —u?) and
Im (u/V1—u?) are different from zero for w > w.
Expanding (23) in a series in u — u, we get, after
integration,
ﬁi=_’*_(A)”[ g T\
an 3\ 7ta \ A A

I

D)
sy rEUEE e

%—1‘( )+F(3)c<2(%)‘[1_(%)2]
[2+( )](i) %>1» (25)

In these formulas the value of A remains undeter-
mined. The dependence of A on the temperature
and on the quantity s is easily obtained if we use
the equation

lg|T

= dpF (p),

)7 > §anrp)
where F(p) is the thermodynamic Green’s function
in the presence of the current. Proceeding in

standard fashion, we have for temperature
T « A [5:2]

A__nra_z(Z)‘h(A)’/=[1_(ta>2”]

A—oo_ 4 A 3 10 A
3\/T\: _ 1a

XP(E)(Z) eovr, <,

1 A——-a hta—i[TaarcsinA—<1—— )2)%
nXo-o_— TN T2l A 10 \ 10

1 /nT\2 A)Z[ A)Z]"/’ ta
— (% 2 Y et >,
6( A) (1:(1 ! ('m A =

where A, is the gap for T =0, s =0.
For Ta = A, the quantity w, = 0, that is, the

In

(26)
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gap in the energy spectrum of single-frequency
excitations disappears. If we take into account
that here In (A/Ay) =—7/4, we get s, the value
of s for which the gap disappears. For T =0, we
have

3A00 e—.’rl8_

SO=V 2T

At this value of s, as is easily seen from the sec-
ond formula of (25), the sound absorption coeffi-
cient depends in power-law fashion on the temper-
ature and is equal to

(27)

ep(3) () o)) e
where

D(v) = 3-22ven -0/ (1 — 229 T (v) (v — 1).

For s >sy, we have, from the second equation of

(2 4of

From this equality, setting A equal to zero, we

nl

Ta

2ta 1

Y]

InS=
nAoo

get the critical value sgy for the quantity s. For
T =0, we have
11/ 3A0
Sc0 = & 00 (29)
2 T

Equating (29) with (27), we have
So = 096 Sco

Thus, we see that in the superconducting phase
there exists a region s, s = s¢o where the gap
in the energy spectrum is missing. We note that
there exists a similar analysis of gapless super-
conductivity. (2,31 The dependence of the value of
Aon s and T in this region is:

aTl \ }'/2

s (2 [1= (2 V=5 52 1)

Using the last of the formulas (25), we see that in
this region the value of ag/a, depends to some
degree on the temperature:

<

_ £ 2sg nT\z]
a: 1 12 [1 Scoz —3'—;; 00)
Sco T 2]
J— Y | ——
x[1 )RS ( AOO\/

We consider, finally, the region s < s.
sufficiently low values of s, we have

T s
]
A | 1 8 5.0

For

and from the first formula of (25), we get
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G 8 T (s )‘/’exp{—%“[i—%a( S \/]} (30)

an  3-2% Agy s \ Sco/

We note that this formula in the limit s — 0
does not transform to the formula for the super-
conductor in the absence of the current. This is
connected with the fact that the possibility of the
expansion of Eq. (24) in powers of u — u, imposes
some limitation on the region of application of
Eq. (30). The latter can be obtained if we estimate
the next term of such an expansion. This gives

s (3T /)"

In conclusion, I express my gratitude to A. A.
Abrikosov for his attention to the research and
useful comments.
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