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Electron tunneling through a structure consisting of a normal metal, dielectric, and superconductor is
considered for the case when a sound wave passes through this structure. The frequency dependence
of the excess current produced by the sound field is found.

RECENTLY, a significant quantity of research has
been devoted to the study of the tunnel current of super-
conductors subjected to the action of a sound field. (1-3)
The problem in question took on special interest in con-
nection with the study of the effects of the action of
phonons on the volt-ampere characteristics of super-
conducting tunnel diodes. *]

The present research is devoted to the study of the
tunnel current of a structure consisting of a normal
metal, dielectric, and superconductor in the case in
which a sound wave passes through this structure. The
sound wave modulates the tunnel current at its fre-
quency, and as a result an effective tunnel current,
which depends on the sound frequency, is added to the
constant tunnel current. We shall study the volt-ampere
characteristic of this current as a function of the sound
frequency close to absolute zero temperature.

1. The Hamiltonian of the considered system we can
write as follows:

Ho= Hyp+ Hy+ Hin, (1)

where Hj and Hg are the Hamiltonians of the metals to
the left and to the right of the barrier, and Hy and Hjp,¢
describe the contact terms (see*)) and the interaction
of the sound with the electrons, respectively. The latter
have the values

H = Hy+ H,

H = S S dry dey [T (x1, 12) Y (r1, £) @ (X, 1) + T (r4, T2) @ (v, £) P (r1, 2) ],

R )
Hing = § dr Xag iag () W+ (x, 1) 9 (1, ).

Here T is the amplitude of the transmission of the elec-
tron through the barrier, “aB(x) is the deformation
tensor of the body, A,g is a tensor whose components
are equal in order of magnitude to the Fermi energy,
and ¥(r, t) and ¢(r, t) are the electron field operators
to the right and to the left of the barrier.

We introduce the following functions: ®]

i Sp {exp (iHot — iNA) Y+ (r, £) P (r, 2)}
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Sp {exp (iHot —iN))}
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G (r, i1, 1) =

—iSp {exp(iHot — iNA) ¥ (', ) p* (1, 1))
Sp {exp (iHot —iN1L)}

Ge(r,t,v t')y=

where ix = gu, iT =8 (u is the chemical potential, g8 a
quantity inverse to the temperature) and N(r, t)

=¥*(r, t)(r, t) is the operator corresponding to the
number of particles. Let us find the time change in the
particle number operator to the right of the barrier.
Using the equation of motion of the operator and the

first formula of (2), we obtain the following expression
for the tunnel current between two metallic specimens
(after averaging over the grand canonical ensemble)
separated by a dielectric partition:

. 2
(N (r,t)) =— ?Re S dr’ dry droT (x4,12) T* (r,¥')

t
x § ar' (62 (v, ., 1)G2 (x, 1,5, )
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—exp {i(A—22)} GOm0V, 1 +0)CE (rt v t)). (4)

The functions G < (r, t, r’, t’) can be found by means
of the solution of the Gor’kov equation, obtained with
account of the interaction of the sound wave with the
electrons. '°) By means of this solution and Eq. (3), one
can obtain the following expression for the correction
8G>(r, t, r’, t’) to the function G>(r, t, r’, t’) that is
linear in the deformation tensor:

* do
G (r,t, ¥, t') = e~iout o i)
T

X S d"”iaﬂuaﬁ (r")[g=>(r",¥, 0) g= (r,1’, © + wo)
+ > (", 7, 0) >+ (1,17, 0 + o), (5)
where g%(r, r', w), f%(r, r’, w) are connected with the

functions G>(r, t, r’, t’), Fz(r, t, r’, t') by the following
relations:
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c d . , ’

G§(rr t, r’f t’) = 5 T;‘e—lm(l_t)g§(r1 r, (‘))y
- (6)
e do . ,

Fg(r, t, v, t') = S mg—““(f—!')f§(r, r, o).
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We substitute (5) in (4) and transform to the momen-
tum representation. We then get for the effective cur-
rent

Jeff (@o) = c"_"kﬂﬁaﬂ_qg S do S S dg, dgzs S El.o‘d_oz

¥2(2m)? (4n)?
X [A® (py + q, ©) A® (p1, © — wo) + B(P1, © — wo) B+ (P1+ 4, 0)]
X A (pg, © — o) fot (@ — wo) [f1~ (@ — wo) — fo~(@)]. (1)

dere ¢y, = (2mevp|T|?/H)N ;(0)N,,(0) is the conductivity
of the normal tunnel current, N ,,(0), N, (0) are the cur-
rents of the electron states of the metals to the left and
to the right of the barrier, u°a is the component of the
displacement vector, and

1
exp(F (p12— 0)/T]—1

fiz(o)=
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The functions A(p, w) and B(p, w) can easily be de-
termined if we equate the imaginary parts of the Green’s
function, found from (6), with the imaginary part of the
retarded Green’s function. It is easy to establish the
fact that the following equations hold:

A(p,0) = 2Im GR(p,0), B(p,n) =2ImFR(p, »).

@)

If we take it into account that for the normal metal
Ap, w) = 2716(w — £p i), then in place of Eq. (7), we
get, after carrying out the integration over &,,

cnn}vaﬁuuoqp d_Oz
¥2-2x S g e g
Xv[A(p,m—mo)A(p+q,m)-l—B(p,m—mo)B*(erq,w)]
X foH (0 — 0o)[fi~ (0 — wo) — f2~(0)]. (9)

The resultant expression describes the tunnel current
of the normal metal—dielectric—superconductor struc-
ture, connected with the presence of a sound field of
frequency wo,. We note that Eq. (9) has a very general
form and is valid both for ideal superconductors and
for superconductors containing impurities.

2. Let us now consider the case in which we have an
ideal superconductor to the right of the barrier. Using
the expression for the retarded Green’s function of
superconductors,m we get, in accord with what was
pointed out above,

T eff (@9) =

5
VEF A

ngiAz)é(erv??‘Az)‘],

Apo)=x[(1+ Jo(o— 18+ 8

+(1—

B(p,0)= [8(0 —VE+ A2)—8(0 + V& + AD)].  (10)

V§Z+ A®

We substitute (10) in (9) and carry out integration over
¢ and over the angles. Without account of the anisotropy
of the electron-phonon interaction, we have, after sev-
eral transformations, (11)

oo
CnnMBuaoﬂﬁ

Tl (o) = § do K (0, 00) fr* (0 — 00) [/~ (0 — 00) —

8V2twr -
where
K (0, wo) = (0 — 0o)
, V(o — @2 — A2 Y2 —
V(0 — 00)2 — A2 V0?2 — A2 A? ~
x{[1_+ o —ou —m(m_mo)]eu—lqn D
_ Y(o—o0)*—AYe2—A2 A2
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O+ — Yo — A F ¥ (0 — 00)2 — A ) s(x)={ 1, z>0
qvr 0, z<<0 (12b)

and ng = qB/ |q| is a vector in the direction of propaga-
tion of the sound.

Equations (11) and (12) for the tunnel current are
greatly simplified if we make some assumption on the
quantity q—the wave vector of the sound. We limit our-
selves to the practically most interesting case, when
lalvp > A. Then we get from Eq. (11) for T = 0,

x{G(

fr(@)],
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® (® + wo) — A?
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R

Jeff (o) = —
() 472 hop

(13)

for V> A. For V< A, we have Jeff(w,) = 0 (V is the
shift in the Fermi level of the superconductor from that
in the normal metal). Equation (13) can be expressed
in terms of the elliptic integral; however, we shall
present some limiting cases:

Jetf (wo) = ——-——Cﬂnxafuaonsr
4V2ﬁl)p
(@0 [ ——— @, VAHYV2—A2
2 Vz—Az——l_—), SV—A
2A<V i A oo=>
A V4YlR—A
ZVVZ-AZ+—IHJV—, 0>>A
o

A

3. Let us consider paramagnetic impurities. Taking
into account the relation (8) and the fact that the retar-
ded Green’s function is the analytic continuation of the
temperature Green’s function in the upper complex
plane w, we can rewrite Eq. (9) in the following form:

7 eff (o) = Q-—Lcm. Re de S dgp § dop Chap () uaap

(2m)2
(p+ g, —i0)+ F (p, —i(0 — 00) ) F+(p+4q, —i0) }Dav-
-fit (0 — wo)[fi (0 — wo) — /o7 (0)]. (14)

—00  —o0o0

P, —i(0—wo))G

In the latter formula, the angle brackets denote averag-
ing over the positions of the randomly distributed im-
purities. We carry out the averaging over the impurities
by analogy with!™®®!, Without repeating the calculations
of[6 we can write down the following expression for the
averaged values of the effective tunnel current:

— Aapla’npogt’ Uy
oty S
Im ! Im ! ]
Y1 —u? V1 —uy (15)
Here u. = u(w + wo),
1t 1
T - Ty T{’Y
1 _ nmpr 1
=2 (1@ 5SS+ 1)1Ta®) |2 Jdo
1 nmpg 1
A _ nmp S{ |D4(0) 2+ < S(S+1) [ Ua(0) I ] (p)do.
o  2a%
e
9 () = Rap () 'y = . § Ay (p) sty do, (16)
while the following relation holds between w and u:
_‘ﬂ.:u(1_ 1-—1>, _1_= 7 nmprS(S+1) S|U 0) |2 do,
A A A Y1 —u?/ Ts 24 (2m)2 (17)

where U,(6), U,(6) are the amplitudes of the exchange
and non-exchange scattering of the electrons on the im-
purities, and S is the spin of the i /purity.

In Eq. (15), w’ = A[1 - (154)*]*? represents a gap
in the energy spectrum of the superconductor. To find
the expression in the curly brackets, it is necessary to
know the values of Im(u/v1 — u2), Im(1/¥1 — u?), which
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always depend in significant fashion on the parameter For sufficiently high concentrations of paramagnetic
1/7gA. Taking it into account that the quantities differ impurities, when 7gA < 1, Eq. (17) gives
from zero when w > w’, we can expand them in series

inu—u’ (u’ is the value of u at w = w’). With the aid of Im 1t _ (TsA)2‘< o+ o )2,
the relations (17), we obtain for 7¢A > 1 Y1—u2 Y1 —(1A)? A (22)
1 2
Im—— M Al Ay (29
N It = w2 (A1 — (t,A)7 ( A >
7 2,7 ) + — o’ \h i
= V_S (1 — (7:8) 7" (v,A) % <—~—*m zo ) (0 + @ — o), and for small frequencies and displacements, we get
" (18) Teff (00) & Y2 hap (D) uans "’f:: VI + (t.A).
V1—uy?
VT . , w-{-mo—(o'\'/‘ , . i
= — ?[1 — (TA) "] (T,A) /s(__A._/ e(o + 0o— o). In conclusion, I express my gratitude to A. A.

Abrikosov and L. P. Pitaevskii for interest in the work.
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