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Abstract

The thermodynamics of the "anomalous“ state of a Fermi-system (in which the cor-

' rela.tioﬁ of the pairs of particles with parallel spins is taken into account) is in-
vestigated. The transition(temperature TC to. the "anomalous" state is found and

the temperature dependence of the sp‘ecj:fic heat f_or ‘,T’V O and 'T"‘Tc . ForT:Tc,
the spe-cific heat has a jump. In addition the formulae for paramagnetic susceptibility.
for T~0 ana T""TC are obtained. ‘ o ‘
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‘1. Introduction-

In the paperl) (referred to as part I) the possibility of an "anomalous" (non -
superconducting) state .of Ferniisystem is stuoied. This. state is connected with crea-
_tion of pairs with parallel spins( The:creation oocurs'ifithe eléctronfelectronv1nterac-
tion is attractive; we fidé that in .the expansion of'thévinteraotion tern 1n spheri-

cal hdrmonios_only the ccefficients-with odd indices give a oontribution.

CIf 1n.the expansicn of the interaction in spherical harmonics retained terms with
* even indices j onl& (for instance in the paperz)—,7 ) the compensation equation for
the pairs with antiparallel spins has two solutions: one trivial and one nontrivial
(giving the superconducting state). However the oompenoation equation for the pairs

with parallel spins has the trivial solution only.

lf in the expansion of the interaction in spherical harmonics are retained terms
with odd indices J&mf4 (paperl)¥ d;); tho.compensation"equation for the pairs'of
particles with antiparallel spins has the trivial solution only. On the other hand
the compensation equation for pairs with perallel spins has two solutioms: trivial

and nontrivial (giving the "anomalous® state).

The solutions of the compensation sguation and of the secular equation for the
collective oscillations are in the case (zﬂb even functions of %? 3,4 (the. uuper-‘
oonduoting state, longitudinal osoillations)'in the case ‘ZMuﬂ odd functions of'*1)5)
(the Panomalous" state'the'oscillstions of the type of the transversal oscillations).

In the papers 4)f5) 1s,proved that for the‘general'forn of the interaction term
the ¢olleotive osoillations split into tuo branohes: for the pairs of particles with
antiparallel‘spins and for the pairs of‘partioles with parallel spins. The terms of
‘the type 'SENV k '
spins only (the solution of the secular equation the even function of ¢ ’ therefore

give'oontribution to the osoillations of the pairs with antiparallel

the longitudinal osoillations), the terms of the type of :G4tf4 ' give & contri -
“bution to the osoillations of the'pairs with parallel spins (the solution of the secu~
lar oquations the odd function of ,f therefore the osoillations of the type of the
transversal oscillations) In the paperl) is shown that if 3:7 > j the energy of
the "anomalous" state 1s lower than the energy of superoonducting state and oertain

properties of this state are studiad-(for T =0)..



qu‘ we want to examine the properties of this state for temperature | - #£ 0.

1. The compensation equation.

The compensation equation has the forml)
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‘since the ex'pectat"ilon value of cb:. dfr is not zero but 41.1':, .4). The functions u.,ﬂ
are the coefficients of the Bogolubov transformation for transition from the Fermi-
'ope.aratorvs Q‘é.d" 'QI}‘_ ‘to oLF,‘_ I°L;;" ; these lL't,g satisfy the condition
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Similiary as in the paperl) we putt , |
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. where 6 e/ are the angles between vectors F’ and /P and the. polar axis, and
, 70 the angle round this axis.
The equation (2) atter taking 1nto account (1),(3),(4) can be write in 1ntegral



form
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Hence we finaliy get for }P .as the function of temperature the equation
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this means we assume that the interaction 1s attractive.

3. The dependence of on the temperafure and the tramsition
temperature to the "anomalous" state.

After a change of variables 6} :ﬁVXCkT we get similiary as in 6)
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Hence for T.”v 0 making use of the asymptotio formulae for Bessel-functions
for great argument we obtain
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where ?(1) 15 the error function. ] ) o
Now we want to find the critical temperature TC (for T P Tc_ must be \P(‘r) =0).,

Moreover we want to get '\l/(T) for "'Tc, . For this purpose we make use of a

suitable representation of Bessel func110n K (z.) ok 6) YWe obtain

: A
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where ,(/y\_(} = 0,577, (y = 1,8,

Putting in (12) ’\l/ = 0 we find
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Hence
H = 2,45 | (13a)
le
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where Z'(m.) zetq function.

Therefore for T~ Tc. .
(T -T _ '
WT) = ‘(,/{\J ET“I (15)

From (13a) and (15) results that the. function@l{}@[‘)/[‘c decreases from 2,45 to O

in the temperature interval (O,Tc ).

4. Entropy anﬁ specific heat.
Now we want to obtain tﬁe formulae for the temperature dependence of the specific
heat, especially for va TC . Therefore we must first g,et; the formula for the entro-
pY. ' | v

e start from the expression
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Putting (7) in (16) and passing to the 1ntegral form we obtain
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After changing variables similiary as for (10) we have
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Hence for T'VO y making use for the asymptotic formulae for Bessel-functions

for great arguments
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Now we want to £ind A4(T) for T~ Tc . Since for T"7T¢_ ,6(7')—7 0 we put
(17) in the form '
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Having found /S(T) we can obtain the temperature dependence of specific heat C(T)
for T~0 and T’\Tc_ + The specific heat in normal state for T‘Tc we denote by
z.dM
C.(1)=%T = Te
For temperature heat T1=(0 we have
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however for temperatures T~T. (TKTc )
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From (22) we see that for T=T(_ the specific heat has a Jump since

(/€. (1) = 4,83




5. The total momentum of elementary exoltations,

Let us consider the total momentum P of elementary excitations in the case

. -
of macroscopic motion with constant velocity

P ZFlng, )
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Now M = ’n(ﬂx EZ) . For small .velocitj;es
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In -the integral form we have finally
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whore ul is the component of vector AL perpen-

-

dicular to the gquantization axis of electron spin and u.” the parallel componeﬁt of
-~ —) ~7
7 « We see from (25) that vectors 13 and A are not parallel and we cannot
-3 -7
wrlte the dependence p= NMmu and define the number Nm. of normal electrons in

"anomalous" state.

Consider ,F7 for T’\'O and for T’\'Tc, . After changing variables ’éa"l‘ﬂ‘&‘l‘f

we get P )
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N the number 'of electrons in unite volume

18 the mass of the electron, > nu
' ' e dw 8Tt _
: - (29)
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since in the formula (9) E'~pg/m .
From (28) we see that tﬂe perpendicule.r component of 1: dominates for [~Q s

it is three orders of magnitude smaller than the parallel component
"we must use the following identities

In order to obta:in. (26) for T~ T,
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‘ T,_ T
F= New [ + % NI -3 i, ) —J ' 8

/

We see that even_ for ’\ch the‘ pa:;allel component of 1: is smaller than

the perpendicular one.
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6. Paramagnetic susceptidbility.

From the paper b we have for the paramagnetic suscepti‘bility )(

Le* olM 'IVCT)
X(T)- mE _“—E ( ] o (35)

where ’\-}/(T’) we get from (10). :
For the temperatures ' T’.‘/O we obtain from (11a)
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f(T)J,,ff‘é—‘;H 496¢ e ] 36)

For the temperatures T"' Tc, we get from (15)

: e
e dnf et V T.-T ’
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With the elementary excitations oonsidered here (type j'ZMM ) we could ex-—

- plain the Reif ‘experiment 8) which gives the dependence of paramagnetic susceptibi-
1lity, 1f we put €4~ 3,5, '
/

It 1s a pleasant duty to thank Prof,N.N. Bogolubov for proposing this problem and )

" helpful advice, D.V.Shirkov for valuable discussions.



LI

References

Z. Galésiewicz (preprint) "On the state of a Fermi—system'with correlation of pairs

. of particles with parallel. spins I,

4

S

J.Bardeen, L.Cooper, dJ. Schrieffer, Phys.Rev, 108, (1957), 1175.

N.N.Bogolubov, V.V.Tolmachov, D.V.Shirkov, A new method in the theory of super-
conductivity". Izdat.Akad. Nauk SSSR~(1958) English copy in Forts.d. Phys.6(l956)605.
English edition - Consultants Bureau, INC, New York -(1959).

N.N.Bogolubov, Uspekhi £1z .Nauk, 67 (1959), 549, .

Ze Galasiewicz,"A method of approximate second quantization in the theory of super -
conductlvity" in print in Prog. Theor.Phys. .

I.M. Khalatnikov, AJA. Abrikosov, Uspekhi fiz.Nauk,‘65 (1958), 5 51.’English copy in
Advances in Phys. 8, (1959), 45. .
I.M.Ryzik, I.S.Gradstein, Tables of integrals, sums and serles Izdat. Techn.Literat.
Moscow (1951); A

F.Relf, Phys.Rev. 106, (1957), 208.°

Racelyad by Publishing Department
on February. 24, - 1960.



