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The theory of superconductors with overlapping energy bands in the vicinity
of the Fermi energy was considered in works (17°). On the basis of the results
obtained in these works, we shall consider the thermodynamic properties of a
two-band model of a superconductor with small amounts of a nonmagnetic im-
purity. We shall investigate the nature of the change in the order parameters
with increasing impurity concentration, determine the energy gap in the spec-
trum of Fermi elementary excitations, and calculate the electronic heat capacity.
The calculations will be carried out in the limiting cases of temperatures close
to the critical temperature (T.) and to zero temperature. The notation is the
same as in works (379).

Let us denote by G,,, P,,, and R,, the temperature Green’ s functions of the n-th
band of a superconductor with an impurity (after averaging over the positions
of the latter). Then one may write:

P, (k|Q) = [I', + X, (k|)]*/ 4, (k|Q), (1)

n

where
* 1 D
m ﬁv kQ
V. are the constants of the effective electron-electron interaction of the two-

mn

band model (on the Fermi surface). The function R,, not written out, is the

no
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complex conjugate of the function P,. The contribution of the impurity inter-
action to the mass operators o,, and X, has the form:

7,(k[Q) = ZZIuk K)[PG,, (K'|)x (nk, mk')[?,

m  k’/

X, (kQ) = ZZ u(k = K')[*R,, (K'|)[x(nk, mk") |?, 3)

m k'
where x(nk,mk’) is the integral over the unit cell of the modulating factors w,,.
and u,,,s of the Bloch functions of the electrons in the metal.

Taking into account that the principal values of the Green’ s functions are con-
centrated near the bands of the Fermi surface (we assume them to be spherical),
with radii kL and kI, we solve equations (1)—(3) in the following way:

o, (k|Q) ~iQt, (Q); X, (k|Q) ~T,X,(Q), (4)

h Uy,
W=D o ol T

h 1 Q] 1+t
rx,o=y ——— =" m
R v = Tt oy ot

where in the two-zone case we have

uy + oy (uy —uy)/yJuz +1=[Q|/T, oy = h/2751, )
Uy + gty — uy)/y/uf +1 = |Q]/Ty, gy = h/275 1.

On the basis of these formulas, for the order parameters I', we obtain the
equations

=S Vo5 3 s ®

Let us now proceed to the investigation of the order parameters at zero temper-
ature.

Although the impurity concentration considered by us does not exceed several
percent, we can distinguish two limiting cases: a low impurity concentration
(o; < 1) and a high impurity concentration (o; > 1). The solution of equations
(6) in the first case differs from the values of the gaps 7, of the pure substance
by small corrections:

sovietrxiv.org/items/ru-196701.77573 Machine Translation


https://sovietrxiv.org/items/ru-196701.77573

Ly =%+ (7)

where

V= h [ 27, KP%VQW_EP%%” (1_‘/211]\72’72)
2715 L+ "Nt Tt Ve "
+‘/21N2 h [ 27 K[Wl_%q—E[hl_%”,

d 27 (M +% Mt 7t e

(8)

d=a+ NiVigv1 /72 + NaVarva /715 a = NyNy(Vy; Vo — VigVay).

K, E are complete elliptic integrals. The quantity ~4 is obtained from ~; by
replacing the index 1 22 2. Both of these quantities are negative, i.e., the impu-
rity reduces the order parameters. In the case of a high impurity concentration
(a; > 1) we obtain the following results:

7/T1 = 72/Ts,

— )2 _ 2
In N VZ (N + Ny) :7N1N2<1 z) In {2\/20—[1 <1+Nl)]+(N1+N2)(N2 Nz )lnz,

Iy (Ny+DNy2) (Ny + Ny 2)? N, 2(Ny + Ny2)?
9)

where

z =/, ay = h/2757, Qs/ay = (Ny/Ny)z. (10)

Thus, in this limiting case the ratio -, /T'; increases with increasing impurity
concentration according to a power law, i.e., a further decrease of the quantity
I',, occurs. In the concentration range considered by us, the order parameters
do not, generally speaking, become zero and, consequently, the superconducting
state of the metal is preserved.

Let us calculate the density of states NV,,(€2) in this temperature region. This
quantity is defined as follows:

N, (@) = N, Re [u,,/v/u2 = 1], (11)

where in the present case the quantities u,, and the frequency 2 are related by
the equations
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QT = uy +ioy (uy —uy)/y/ud —1, Q/Ty = uy +iay(uy —uy)/y/f ui —1,
(12)

which are obtained from (5) by the replacement (6)

U, — —iU,, Q — i€, r,—r,.
It can be shown that when one of the two densities V,, is equal to zero, the other
density is also equal to zero. Both densities begin to take on nonzero values at
a certain frequency €, which, according to (°,7), plays the role of a gap in the
electronic energy spectrum. At a high impurity concentration (a; >> 1), the
energy gap has the form

Qp =T4T5(ay +ay)/(a Ty + ayly). (13)

It follows from this that the quantity €2, is greater than the smaller of the two
order parameters I',, and smaller than the larger of them. Since, as was shown,
the I',, decrease with increasing concentration, while remaining nonzero, the
same statement is true for the energy gap €2,. At a low impurity concentration
(a; < 1) we have

h fe-t

Q,~T —— for T I
0 2+2721 11 or 1y > 1y,
(14)
no[1—¢
Q,~T —_— for T I
0 1JF27_12 T or 1y >14,

where £ =T, /T,.

For what follows, it is of interest to calculate the densities of states V,, in the
neighborhood of 2 =~ ;. The calculations performed lead to the following
results.

For a; > 1,

Na(@) \/g( T, )4/3 (a1 +a5)* VO —Qp (15)

N, Iy =1 (aya)%3 it/

n

where by €1 in the present case one should mean expression (13).

Fora; « 1 and I'y > T'y:
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9

w

Ny( \/5\/97(20(1}/3 <1+ )1/2 (1 1)5/6
N1 N AN :

(16)
@) \FQ D a2 (11 ) (1)
N, SNazgE @) (1+g)(-¢)
and for I'y > I';:
g\/7 ° QO (aya,) 231+ (1 —&)71/3,
(17)

B f (;%Q a3 *a P11 — g7
1

On the basis of these results, for the low-temperature electronic heat capacity
in the limit a; > 1 we obtain:

4/3 2

27k 1/6 nr (a; + ay)
C ~9 B N. NOQ -39, 1-2 1 2 18
s 3T (N1 + Np)Qy' e T, T, (aga,)2/3 (18)

and in the case of a low impurity concentration a; < 1,
N. 1+1

LESV T

O~ [27hs Qe | YTy (1218 (19)
. 3T 231 N, (1
(ayaz) L (149 r,>T,.

VI A=

Let us now turn to the limiting case of temperatures close to the critical tem-
perature T,. In this case the parameters I',, are small. Expanding with respect
to them,

1/2
r, = (ln /g) {Cn + In Bﬁ Cl+ } , (20)

we obtain, in the limit of a high impurity concentration (hf,./27,,, > 1), the
expressions

Cy 1=V Ny In(29B,w, /) o2 _ 8 (77)2 o)
Cy B Va1 Ny In(2y8,w, /) ’ B 7¢(3) \ B. ’

where
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C = (C1Ny + CyN,)/(Ny + Ny). (22)

On the basis of these formulas and the expression for the difference of the
thermodynamic potentials, obtained under the same assumptions, we obtain
for the critical magnetic field H, and the jump of the heat capacity C, at the
critical point the expressions

chi B ’ . 4 m\?
coa(ml) . am-cm—ma A= (5 (M(;\)e).

The expressions obtained coincide in form with the analogous formulas for pure
one-band substances if 3, is understood as the quantity determined on the two-
band basis ), and if it is assumed that, instead of the density of states of the
one-band model, the total density N; + N, enters. Equation (23) also coincides
in form with the analogous formulas for pure two-band substances in which
interband transitions are absent, provided, however, that the quantity 3, is
defined according to Ref. ().

The author expresses his deep gratitude to Academician N. N. Bogolyubov for
his interest in the work and for discussion of the results.

Institute of Mathematics with Computing Center
Academy of Sciences of the MSSR

Received
2 XII 1966

CITED LITERATURE

L'V. A. Moskalenko, Fiz. met. i metalloved., 8, 503 (1959).

2 H. Suhl, B. T. Matthias, L. K. Walker, Phys. Rev. Letters, 3, 552 (1959).

3 V. A. Moskalenko, M. E. Palistrant, ZWETF, 49, 770 (1965).

4V, A. Moskalenko, L. Z. Kon, ZhETF, 50, 724 (1966).

5 V. A. Moskalenko, ZhETF, 51, 1163 (1966).

6 A. A. Abrikosov, L. P. Gor’ kov, ZhETF, 39, 1781 (1960).

7 S. Skalski, O. Betbeder-Malibet, P. R. Weiss, Phys. Rev., 136 A, 1500 (1964).

Note: Figure translations are in progress. See original paper for figures.

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the
original.

sovietrxiv.org/items/ru-196701.77573 Machine Translation


https://sovietrxiv.org/items/ru-196701.77573

	Abstract
	Full Text
	THERMODYNAMIC PROPERTIES OF SUPERCONDUCTORS WITH A NONMAGNETIC IMPURITY.
	ALLOWANCE FOR THE OVERLAP OF ENERGY BANDS
	CITED LITERATURE


