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Quaswhemlcal Equilibrium Approach to Superconductlwty

by M. R. Schafroth, S.T.Butler, and J. M. Blat1*)

The F.B.S. Falkiner Nuclear Research and Adolph Basser Computing Laboratories
School of Physics, The University of Sydney, Sydney, N.S. W. Australia.**)

(16. X. 1956.)

Abstract. A new approximation method for the partition function of a system
of interacting Fermi particles is proposed. It consists in neglecting all dynamical
correlations between more than pairs of particles, including however all statistical
correlations. It is shown that this approximation is valid in the following two cases:
(i) In a dilute gas of atoms capable of forming diatomic molecules one gets the
thermodynamical theory of chemical equilibrium. (ii) For the electron gas in metals
one gets an extension of the free-electron theory which takes into account the
interactions to a first approximation. The validity of the approximation in this
case is dependent on the quenching effect of the Pauli principle which forbids most
scattering processes between electrons. The quenching of the dynamical correla-
tion by the Pauli principle follows automatically from the theory. In both cases
(i) and (ii) one finds that the thermodynamical properties of the system are given
in the form of a chemical equilibrium between the fermions (‘‘atoms’’) and diatomic
“(pseudo-) molecules”, the latter obeying Bose-statistics. They can, under certain
conditions, undergo a Bose-Einstein condensation and, in case (ii), thereby produce
a transition to a superconducting state. This depends on the properties of the
correlation and is not followed in detail here. It is, however, shown qualitatively
that the interaction of electrons through the phonon field should have the features
required for such a transition. '

1. Introduction.

It has been pointed out previously?!) that an explanation of the
phenomenon of superconductivity in metals might be found in terms
of the Bose- -gas model?®) by assuming a resonance in the sca,ttermg
of electrons in the metal. As a provisional approach to the problem,.
it was then assumed that such a resonance could be treated like a
bound state with negative binding energy, and chemical equilibrium
between free electrons and these resonant states was then assumed.
This provisional approach suffered from several defects, some of

*) The greater part of this work was done independently by the authors during
a stay of M. R. S. at the Institute for Advanced Study in Princeton.

**) Also supported by the Nuclear Research Foundation within the Universitv
of Sydney.
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which will be discussed later in this section, and no quantitative
agreement with experiment could be reached. Still, the trend of the
results was encouraging enough to warrant a further investigation
of the question. It is the purpose of this paper to develop a new
systematic approximation procedure for the partition function of
a system of interacting particles which is especially suited for our
purpose.

The approach we propose is essentially a quantum mechanical’
generalization of the Ursell method?3). Its basis is to study the corre-
lations between the particles in the system. Such correlations are
produced partly by the interaction (“‘dynamical correlations’),
partly by the statistics of the particles (‘‘statistical correlations”).
These two kinds of correlations have to be carefully sorted out. The
statistical correlations will always be taken into account exactly,
since we want to study systems at low temperatures. Approxima-
tions are made on the dynamical correlations. They can be classified
in a standard fashion into pair-correlations, triplet-, quadruplet-,
and higher, correlations. Our approximation method consists in tak-
ing these types of correlations successively into account.

The zero-order approximation in this procedure is given by As-
sumption 0: All dynamical correlations are neglected. For the case of
the electron gas of metals, the zero-order approximation is the free-
electron theory of metals, which is known to work very well.

The first-order approximation is given by Assumption I: All
triplet- (and higher) dynamical correlations can be meglected; pair-
correlations are taken into account exactly. In a similar way, higher
order approximations can be set up by taking into account even
higher correlations; we shall not do so in this paper, but restrict our-
selves to the study of the first-order approximation which we shall
call the ‘“‘quasichemical equilibrium approxzimation”. The reason for
this name will soon be seen.

Obviously, assumption I contains assumption 0 as a special case,
and one would, therefore, expect that for all systems for which
assumption 0 gives a good approximation, assumption I will give
a consistent extension of this approximation, We shall apply our
procedure to two cases:

(1) True chemical equilibrium between atoms and diatomic mole-
cules in perfect gases. In this case, the quasichemical approximation
yields the thermodynamical theory of chemical equilibrium (hence
the name). This case serves as a useful test case for the theory.

(ii) The electron gas in metals. In this case, the quasichemical
approximation 1s a systematic extension of the free-electron theory



Vol. 30, 1957. Quasichemical Equilibrium Approach... 95

of metals which allows correlations between electrons to be taken
into account in a systematic way. This seems to be the appropriate
formulation of the provisional approach in ref. 1); one sees that the
concept of “‘resonance’” no longer explicitly enters the theory. At
the same time, the quasichemical equilibrium approximation ful-
fills the requirement stated by Prierns%) in his criticism of the
Frohlich-Bardeen theory5) of superconductivity. PEIERLS says: “To
take such terms” (namely non-diagonal terms in the electron-elec-
tron interaction due to the lattice vibrations) “into account one
would, however, have to start from a wave function which allows
for correlations between the electrons”. This is exactly what the
quasichemical approximation achieves.

Of course, the remarks made above are not in themselves suffi-
cient to justify the applicability of the quasichemical equilibrium
approximation to either case (i) or (i1). A more detailed discussion
1s contained 1n section 5, where criteria for the validity of the appro-
Ximation are set up. An important role in these considerations will
be played, for the case of the electron gas, by the “quenching” of
the correlation by the Pauli principle. When the electron gas is
highly degenerate, one expects the Pauli principle to have a strong
influence on the “pseudomolecules”, i.e. on the correlated pairs. In
terms of scattering, one would expect only those scattering events
to be allowed whose firal states are not already occupied by free
electrons. In a self-consistent way one might try replacing the dy-
namical correlation function between two free-particle states k; and

ko, B(k1. ky), by a “quenched’ correlation function B (ky, k) designed
to take this effect into account:

E(kl’kz):: (1—n(k1)) B (ks ky) (1—1’&(k2)) (1.1)

where
1 ,

is the Fermi distribution of the free atoms. Our treatment which,
as mentioned, takes statistical correlations into account exactly,
includes an exact treatment of this effect, without any self-consist-
ency arguments, and the result turns out to be exactly the guess
(1.1). ‘ _

The importance of this effect for the discussion of the validity of
the quasichemical approximation can be understood qualitatively
in terms of the provisional approach of ref. 1). In order for such an
approach, in which a resonance is treated like a bound state, to be
even approximately valid, one would have to postulate that the
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width of the resonance be very small. Furthermore, in order not to
get, any room-temperature superconductors, the resonance would
have to be confined to a small neighbourhood of the Fermi surface.
Both these conditions would be very hard to fulfill, were it not for
the quenching. Since the scattering phases will be largely quenched
within the Fermi sphere, they will rise abruptly from zero to their
unquenched value over the Fermi surface region. Such an abrupt
rise-of the phases corresponds to a resonance in the quenched scat-
tering, and the position of this resonance is confined to the Fermi
surface region. This argument indicates that strong quenching will
be favourable to the quasichemical equilibrium approximation: this
18 borne out by the later discussion. For the case of Bose particles,
the quenching would have the opposite effect, and the quasichemical
equilibrium apprommatlon does not, therefore, appear to be useful
there except in the relatively trivial case of true chemical equilib-
rium.

These remarks may suffice at present to justify the quasichemical
approximation method. In sections 2-4 we carry through our pro-
gramme without worrying about the applicability of the method ;
section 2 contains the simple case of Boltzniann statistics, sections 8
and 4 are devoted to the general case of particles obeying Fermi
statistics. In section 5 we discuss some relevant properties of the
pair-correlation and set up criteria for the validity of the quasi-
chemical approximation method. Section 6 contains the application
to the case of true chemical equilibrium; the thermodynamical
theory of chemical equilibrium is derived and justified directly from
statistical mechanics. In section 7, finally, we shall consider the
application to the case of electrons in metals. It is shown that the
criteria set up in section 5 are fulfilled, so that the quasichemical
equilibrium approximation indeed furnishes a consistent extension
of the free electron-theory of metals. The thermodynamical prop-
erties of the electron gas are then given by an expression which can
be interpreted as stemming from the formation of *““pseudomolecules”
consisting of two electrons, in chemical equilibrium with the gas
of free electrons. If the pair-correlation between electrons has cer-.
tain special properties, those pseudomolecules can undergo a Bose-
Einstein condensation and, thereby, produce a transition to a super-
conducting state. The special properties needed for this behaviour
are Just those which one would expect if the pair-correlation is pro-
duced by the intermediary of the sound waves in the lattice?). The
pair-correlation due to this effect (in combination with the screened
Coulomb repulsion) 1s, at.present, not known. It will, however, he
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established that under some reasonable assumptions about this cor-
relation many of the equilibrium features of superconductivity can
be understood.

In Appendix I, for convenience, we briefly recall the thermody-
namical theory of chemical equilibrium in perfect gases. Appendix IT
contains the justification for an approximation made in section 4.
Appendix III gives a simple semi-classical treatment of the “two-
particle U-matrix” which sheds some additional light on the results
of section 5. -

2. The Boltzmann Case.

In this section we are going to develop our programme for the
case of particles, called “atoms’’, obeying Boltzmann statistics. We
consider a system of N identical atoms of mass m enclosed in a
volume V. The free energy Fy(V, T) is given by the partition func-
tion 1
e~ N = - Trace (¢~*%¥) , (2.1)

where Hy is the Hamiltonian for N atoms, « = /kT. We evaluate
the trace in the representation in which the momenta of the atoms
are diagonal. (For simplicity, we restrict ourselves in this section
to spinless particles; inclusion of the spin leads to no new aspects )
The partition function now becomes -

_ 1 R ENE T Ty,
e al{N:'T!" 2 </€vlﬂ2" " k_Nle aHNEkI’ RZ" 2 kN>' (2°2)
E!E""?N =

The sum extends over all momenta independently for each k..
We now define U-functions®) and correlation functions:
(i) The “one-particle U-function’ is the Boltzmann factor for a

free atom:

U,(F)=<E|e=®|Fy=e=B . - (28)
where o | |
o) =5 ' (2.4)

(i) The “two-particle U-function” U,(k,, k,) 1s (Teﬁﬁed by
Ulloye ko) =<loys oy [ e~ B\ Iy, k0> — Us(ky) Uy (k). (2.3")
(iii) The higher U-functions are to be defined similarly in ‘a re-
cursive way. E.g., the three-particle U-function is
U (]ﬂpkg:ks)-‘<k1: 2;]‘53’ e *H tkp 2:]‘:3) :
[Ul(kl) Uz(hz’ks) + Ul( 2) U (’ﬁ3! ) + Ul(lﬁa) Uz(kvk )]
e U1(il,C ) Uslk,) U1(H73) . ' . (2.3")
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The n-particle correlation function, B,(k;. - .k,), is defined by

ACRET AR LS (2.5)
' {]1 U, (k;)

Vanishing of 8, is equivalent to vanishing of U,. Our fundamental
assumption is:
Assumption I: All correlation functions B, with n > 8, i.e. all
functions U, with n > 8, will be replaced by zero.
Using this, the matrix element in (2.2) can be reduced to sums of
products of U,(k) and U,(ks, k), and by rearranging terms we get
! N,!
N = o % 2N2!(2€7;2N2)! 2N7\:2! »

% 2 UsFuRa) e Ualfam,-n Fox) UsFawsd) - UslEn): - (2:6)
2%

The combinatorial factors in (2.6) are determined as follows:
(a) There are N!/2 N,! (N —2 N,)! ways of choosing the k — s
which are to be attached to-a U,(k);

(b) The 2 N, momenta k which go into U, — s can be paired in
2¥(2 N, —1) (2 N, —38)... 5-83:1 =2 N,!/N,! ways. (One has to
bear in mind here that since we are dealing with Boltzmann atoms,

U(E: K ) 1s not symmetrical in (E, K’ ).-We shall return to this point
later in this section.) |

Going over to the grand canonical ensemble by

g0 — N g oFy (2.7)
with
Gsitl®P (2.8)

where u 18 the cheniiéfﬂ poteﬁtial, z the “activity”’, we get

=2

2 Lz(’ﬁpkz) 2(E2N,—1’ ]_‘;21\7,))(

N,! N 2N,)
N SN +2 N,
><U1(A¢2N,+1)' ’fN) ZZ AP A
X_» Z_ Uz(}_{lzz)”' Uz(l_{zm—vkzm AZ/\ U1 1 1(151\71) (2:9)
kl"'kzNz ET‘)NI

with N; = N — 2 N,. The last expression splits into two factors, so
that
Q=0 +9, - (2.10)
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with
- z,:Uus Ui x) @.11)
X
and "
e—ag,:z 2N Z U,(ys o) -+ - U2(E2N,—1’ﬁ2Na)' (2.12)
N, Nz' 75’1"'-]‘?21\7,

Equation (2.10) expresses the chemical equilibrium property (law
of partial pressures). Equation (2.11) is the grand canonical parti-
tion function for a free gas of atoms. A standard evaluation leads to

Q,(4) = — kT e 3 U, (F) (2.13)
%
or, using (2.3")
Q,(u) = — kT e (2.14)
where ’
Rz 3

is the mean thermal wave length of a particle. Equation (2.12) can

be expressed by the second virial coefficient per particle, b. One
has®)

> Uz(EJ’Ez)Z_ l—p;b. (2.16)

——
LA

The virial coefficient b can be written®)

b=— (/2 A)? Ze-aﬂs+2““ de' gmo= 0N (9 47)

where E, are the energies of the bound states, 7,(E’) the scattering
phase to angular momentum [ at energy E’. Inserting this, we get

; Qy(p) = 25(u) + Q3(m) (2.18)
with

)= —hTetor L2007 STgeBs (2.19)

. y.282 21+1 8 —am
Q) =~ T oo T 320 . de I ==, (2.20)
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If there is no appreciable scattering, then £, = 0. If then we
measure the energy levels E, from the ground state energy E, of the
molecule: .

E.~E,~E, | (2.21)

We can write (2.20) as follows :

; g 14 s
Qi) = — BT e CHB) s 36 (2.22)

This is identical with the grand canonical partition function of a
system of Boltzmann particles with mass 2 m (4/)/2 is the mean
thermal wave length for mass 2 m) with an internal degree of free-
dom (s) giving rise to energy levels Ej, and at a chemical potential
2 u— E, (2.18), therefore, becomes identical with the thermo-
dynamic recipe. (Appendix I, Equation 7.)

. Since we have consistently employed Boltzmann statistics, the
sum over the internal states (s) of the molecule includes all dynam-
1cally possible such states, regardless of their symmetry properties.
For actual gases, however, even in the high-temperature region
where Boltzmann statistics holds for the translational motion, the
symmetry properties are important for the internal wave function.
They require that in (2.22) one should take into account only pro-
perly symmetrized states. This forbids one out of every two rota-
tional levels. In the limit of temperatures high enough so that kT
1s large compared to the spacing of rotational levels, this amounts to
reducing the sum over s in (2.22) by half. (2.22) should, therefore,
be replaced by |

; ol v o1 - ,
D) =~ RT EE) s g B e, (2.22")

The insertion of this factor 4 is a well-known recipe in Boltzmann
statistics; it enables the latter to be applied in a region where it is
strictly no longer valid. Our treatment could easily be refined so as
to yield the factor } automatically, by symmetrizing U, (ky, ky).
Since, however, this will automatically be achieved by the general
treatment in the later sections, we are not going into this question
here.

In the general case when the scattering is not negligible, (2.18/20)
furnish the required quasi-chemical equilibrium approximation for



Vol. 30,1957. Quasichemical Equilibrium Approach... 101

an interacting Boltzmann gas. Defining the number of ‘“‘molecules”,
N, and the number of “pseudomolecules’, N;, by *

1% N _ 0%
2 a.u
i - (2.28)
N2.=‘._ ou

and calling N,+ N; = N,, N, = — 0£2,/0u, the equation of state
becomes EE

pV = NKT (1--32) (2.24)

where 3 . N e
N, . b o A o
WNRE~TV" (8:28)

This is not identical with the virial series up to the second term; it
reduces to it for N, <€ N. For bound states only, (2.25) is, in fact,
the law of mass action. For the general case, N, + 0, the discussion
of the validity of assumption Iin section 5 indicates that for a Boltz-
mann system, where there is no quenching, assumption I can only
be valid as long as N, <€ N, and, therefore, the quasi-chemical
equilibrium theory (2.18/20) reduces to the virial expansion as far
as scattering states are concerned. We are, therefore, not going to
‘discuss the Boltzmann case any further.

~ 3. The Fermi Case: Quenching Faetors.

We shall now carry through our programme for the general case
of “atoms” obeying the exclusion principle. We attack the problem
quite generally, allowing for internal degrees of freedom (spin) of
the atoms, and even allowing external fields. The partition function
for N interacting atoms then is :

e~*FN = Trace (¢~*2¥) _ (8.1)

where Hy is the Hamiltonian for the free-particle system, and the
trace is to be extended over completely antisymmetrical states only.
In terms of the eigenstates (k) of H, for a single particle (3.1} can
be written

1

I = DT X KTy e EN [ Ky (3.2)
; ke i
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where each k, runs independently over all single-particle states, and
where } is a summation over all permutations -

po (i), 63

Instead of the U-functions and correlation functions of section 2
we now have to consider ‘“‘U-matrices’ and ‘‘correlation matrices’:
(1) “One-particle U-matrix”:

Ck, { U, 1 I e k> = kot Ui(Ry) (34)
where
U,(k,) =e % (3.5)
1s the Boltzmann factor, and where
H|k>=¢|k>. (3.5")

(1) “Two-particle U-matrix”:
ey ko | Uyl by kgp = ey le™* o\ Ry > — e [Un [ Ry <o [ Uy (3.4)
<keyko| Uy|kiky> 1s not in general diagonal; its diagonal elements are

the two-particle U-function of equation (2.8). The “two-particle
correlation matrix’ 1s

Cloykey | By [Ty

(i) The higher U-matrices and correlation matrices can be de-
fined correspondingly; we are not going to do so explicitly, since
our basic assumption again is:

Choy oy | U, L, By
2 = T07,() Oaihn) U 0o U (B

(8.6)

Assumption I: All higher U-matrices, and, therefore, all higher
correlation matrices can be neglected.

As in section 2, this enables us to express (3.1) in terms of U, and
U, only:

- N! 2 N,!
e~ Ty = 2 221\” 2N,I(N—-2N,)! 'N:! (_I)Px

“ky P
U2

’ r’
1 STREE¢ 2Na—1k2N, 2 No—1 Ko 5, X

X <k2N,+1I éN,+1> R (3.7)

Let us consider herein a term with fixed number N, of U,-factors
and fixed states k;, and investigate the effect of the various per-
mutations P. First, consider a permutation

k, k k.

Eyyeookyn s k. o1 By il e
P'z(}’ Bl GlmbIl e 2 kf") (3.8)

kl""kZNa’ 2N, 417" kzwl’k k3+1’ 2" VN

o

a:-

*
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in which, among other things, two states k, and k; belonging to U,-s,
are interchanged. The contribution from P’ can be combined with
the one from the permutation P in which this interchange of k; and
k; has been reversed, other things remaining equal:

P = (k;k;) - P

where (k, k;) 1s the interchange of k; and k;. Since U, is diagonal, P’
only gives a contribution when k; = k;; furthermore, (—1)f =
— (— 1)¥’; therefore, the contribution from P’ just cancels the con-
tribution from P in case k; = k; and is zero for k; £ k;. We can,
therefore, restrict ourselves in (3.7) to the subclass of permutations
P which do not contain any interchange among states belonging to
U,-factors, provided we restrict the summation over the states
appearing in U, so that no two of them are equal, i.e. provided we
fulfill the requirement of the Pauli principle.

Next, we consider permutations P’ leading from a U,-factor to
a Us-factor:

i *
(kl,...ki,---kzNz,k2N2+1’---kj3---kN) (310)
ku'“fiy"'“kZszkZNzﬂ"”}f;é""kN

Again, we can absorb the contribution of P’ into the one of

P=(kk)- P (8.11)

As above, since U is diagonal, P’ gives zero contribution unless
k; = k;;if k; = k;, the contribution of P’ just cancels the contribu-
tion from P. Therefore, we may drop all the permutations linking
Us-factors to Uj-factors, provided we restrict the sum over states
in (3.7) in such a way thatno k; (1 = 1, 2, .... 2 N,) may equal any
of the kyy 1, ... Ey. :

Using these simplifications, we are now in a position to rewrite
(8.7) in a way which allows the system to be separated into atoms
and (pseudo-) molecules:

——GCFN: 1 — Pa.
¢ %‘Nz!(N—M\Tz)! AP‘;( 1) x

X 2 <k1k2l'Uz

k- ke,

ki k;> T ke, Nz—l'kz N, U, ké Ny—1 ké N X

x X Uyliyys) Uy (ky). (3.12)

ko N,4+1° kN
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P, here runs over all the permutations of the 2 N, states ki, ... ko y,.
The dash on the summation over the states ky 5, 1, - - ky indicates
that the sum is subject to the limitations: (i) no two k; (t = 2N, +1,

. N) are to be equal; (1) no k; (1 =2 N, + 1, ... N) may assume
any of the values ky,...k;y,. Going over to the grand canonical
ensemble |

e %% = Yy g oFN N (8.18)
< .

we get, with N; = N —2 N,:

z2N,
e“"g:%' i (_1)1%.)_7 Chyky| U,

kyoo-kg y,

r r
1 2>"‘

..-‘...<k2Nz.—1k2-_Na 2N,>2 N,! .Z ‘ Us(f)- -~ Ulle) (3‘.14)

kN1 .

where the It; run over all single-particle states with the exception of
the set kl, .ks x,, and such that no two k are identical. The sum

= 2 - 3 U, (%) U, (ky) (3.15)

k- Ry,
under the above l1m1tat10ns can now easily be performed. It is equal
to

2

: e?aﬂn: I’ [1+2T,(0)] (3.16)

where k runs over all states Wlth the exceptlon of the set ky,. ..k y..
We rewrite (3.16) as
2 N,

_uQI_H 1—1—2 U, (k)] H1+zU1 (3.17)

where k now runs over all single-particle states. The first product
in (3.17) is exactly the grand canonical partition function of a free
Fermi gas:

_e‘°“°F = ]k][l +2 U, (k)] (3.18)
and, therefore (3.14) becomes
e~ %R . o—a2p(u) g—afp(p) (8.19)

with
22 N,

2( P 37 x

e~ xS(w) 2
Eye ko N,

. P ‘ , L, 2N,
o xRy |U2| FoyFog -+ <k2N,—1 Ky N, IUzi Fig -1 kzzv;) HQU‘%) (3.20)
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where we have put

1
n(k) 1s the Fermi occupation number of state k, and g(k) is, there-
fore, the quenching factor (1.2). The quenching factors in (3.20) can
now be absorbed into the U,-matrices. Since the set (kf,...k;y,) 18
merely a permutation of the set (ky,. ..k, y,), We may replace

Iat) by  ITTate) a0}

Now we define the ““quenched” U,-matrix U, by

ey oy |0 e gy = [q0) @) <y g | U3 6, > (k) ()T (8:22)

so that U, is a hermitian matrix. Equation (3.20) then becomes
(dropping the now superfluous subscripts 2):

ey _ ZaLTen X x

bk

X <k1 kz Iﬁzl ké ké> e <k2 N-1 kz N lﬁzl ké lerké N7 (3'28)
The chemical equilibrium propérty now follows from (3.18, 19, 23):
Q) = 2x(m) + () (8:24)

The grand canonical partition function is the sum of the partition
functions of two independent?) systems: a free Fermi gas and a
system described by £,,. The task of evaluating the latter is taken
up 1n section 4.

4. Evaluation of 2y (u«).

So far, we have shown that, as long as assumption I holds, the
gas of interacting Fermi atoms behaves like a free Fermi gas in
chemical equilibrium with another independent system which is

determined by the “quenched” U,-matrix only. We now proceed to
evaluate the partition function ot the latter system as given by
(3.28). We follow as closely as possible the “cycle integral® treat-
ment of the perfect Bose gas®) which in the k-representation runs
as follows:
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For a perfect Bose gas, the grand canonical partition function is

e~ *“B :;;_A:Z Z CAUALH TR U] k}) (4.1)

where P = (%) runs over all permutations. Decomposing P into
cycles, the product of N factors U, splits in the same way into
“cycle-products” of the type

<k, U, ki <k, Uil k> -« <kil_1 Uy kil> <kil LA k> (42)

The important property here 1s that such a cycle product contains
with every k,; also the permuted one k} = k;, so that there are no
“links”’ between cycles. Now we define the *““cycle coefficient” @, by

1
D, = I ; k:;:kl(kl

where P’ runs over all (I —1)! cyclic permutations of k,,...k,.
Using this, (4.1) can be written ' |

N
e Pre FTE
&< N

AR CAUALY (4.3)

Ul

2 AN(mymy, e emy) (11 D)™ (21 By)™ (UL B)™
(My, - M )

j {;mlz—sz) (4.4)
where A¥(m,, my,...my) 1s the number of permutations of N ele-
ments which split into m, cycles of length 1, m, cycles of length 2,
...my cycles of length N; or, in other words, the number of parti-
tions of N elements into my+1 + my*2 + - - + my+ N. This number 1s

N (4.5)

A‘N(ml’m2’.-.mlv)= N

o mit™
=1

Inserting this into (4.4) we get

N 00 oo
RSN § EEIGE iy § R §
N (my,-ompy) 151 1y -y (mp 1=1 M I-1 4.6
(X my- =N} (4.6)

o, Bmallys |
—aQ,= Y 4, - (4.7)
) =1
®,, (4.8), can be easily evaluated in this case, using (3.4):

N LAGHS (4.8)
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Inserted into (4.7) this yields the well-known result for the perfect
Bose gas

Rt s il =—Zlog( 1-2U, k)). (4.9)

In order to pattern the evaluation of (3.23) along the above treat-
ment, we have to define a ‘“‘reducibility’” of permutations which
serves the same purpose as the cycle decomposition in (4.1). Matters

are complicated in this case by the fact that the matrices U, in
(3.23) always contain pairs of states, so that a cycle within P does
not, in general, lead to a chain of U,-matrices which has no “links”
to others. We therefore define “‘reducibility’ of a permutation P by
just the required property: A permutation P is called reducible if
there exists a subset of | (<(N) matrices U, whose rear indices (k')
form a permutation of the front indices of the same matrices. E.g.
for N = 8,

Coskia| U |Teglesy <legkiy| Uyl biksd Closkos) Uy|highsd

belongs to a reducible permutation. It is made up of the irreducible
permutation.

{kyks| ﬁz[ [N IORENN ffz | kiko>
(kgkg | ﬁz l kgks >

and

On the other hand,
(ol | Us kgl > <legley| Uy | Ferke) <eghe]| Uz lheakiad

belongs to an irreducible permutation.
Now we define

= 2 1)”2; Ckyky| U,
27

! !
1 2>"'

(4 10)

where the sum 2" is restricted to irreducible permutations. (3.23)
can then be written, in analogy to (4.4)

—a 2N : ’
M= N, & Bl my) (U@ (N By

My, s om

(Zlmz:llvv) \ (4 11)
The number B¥(m,, m,,...my) of permuta’mons of N pairs of states
which are reducible into m1 -1 pair, my-2 pairs etc. 1s equal to the
number of partitions of N pairs into my+1 +my2+ ... +my N
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pairs, and is, therefore, equal to A¥(m) (4.5). Inserting this into
(4.11) we get, in complete analogy to (4.7)
— a2y, =lZ @1221=12 @, g2 (4.12)
-1 =1

with @, given by (4.10).
In order to proceed with the evaluation of the ‘‘cycle coefficients”
@, we bring the matrix U, into diagonal form: -

{a| ﬁz =, {0 - (4.18)
or : . Ty
Uiy [Tk Ky = 5 Gk loyu, o iy (4.14)
where
ki CAISXCRAT AT 05, 4, (4.15)

The nature of the spectrum u, will be discussed in the next section.
It 1s useful also at this stage to introduce symmetrized and anti-
symmetrized wave functions by

@lhky = Gl kD + oz o llk) (@10
(o[ ke]> = — <o lko s <o l{Ryko}> =+ <o [{y By }> (4.17)
" klzk:'(o-l |[k1 k2]> <|:k1 kz]l 0'2> = 60; - (418)

We now insert (4.13/18) into (4.10); obfriously, due to the factor
(— 1)?, the symmetrical wave functions always cancel, and we get

1
@z=“2"m§ (- n*

Z ual e u’ol 2 X
, “ e ky-kyg _
x {[ky ko]| 01) <o |

[y lp]> + + + {{Fogqg k]| 00 <0y [[Bogyy iy ]> (4.19)
The permutation P here runs over all irreducible permutations of
the 2 I states ky, . .. ky;. We now interpret the states <c|[k; k,]> as
states of a (pseudo-) molecule composed of the two atoms 1 and 2.
Most permutations P in fact interchange atoms between mole-
cules; only the subclass of permutations which leaves each “natural
pair”’ (ky;_y.ke:) Intact ‘actually interchanges molecules. We show
here that by restricting ourselves to this subclass of permutations
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in (4.19) we get Bose statistics for the molecules. In Appendix I,
{4.19) 1s evaluated generally, and it is shown there that the permuta-
tions which exchange atoms between different molecules give negli-
gible contribution, although their number by far outweighs the
number of permutations interchanging molecules as a whole.

The irreducible permutations which interchange molecules as a
whole are easily characterized: Each such permutation consists of
an irreducible, 1.e. cyclic permutation of the ! “natural pairs”
(Kgi—1, ko) (1 =1, ... ), multiplied by an arbitrary number of
transpositions (Kg;_y, kg;) > (Kgs, Kss—y) of natural pairs. There are,
therefore, (I —1)! 2! such permutations. Each of them gives the
same contribution, since the minus sign occurring in the wave func-
tion of a molecule upon transposition of its arguments is taken care
of by the factor (— 1)® in front. The contribution of these permuta-
tions to (4.19) can, therefore, be written = izn

. 2HI-1)
P 2% ot " U X

B 2; ey k] |0y <oy | [y ] [k ky)| 050 <0a|[Eskg]) - - -
1---k2] )
v o [logy

The summation over the states k can now easily be performed, using
(4.18), and we get

(4.20)

(o]

o=+ 3 (). (4.20")

Inserting this into (4.12) we get for the contribution of the terms
considered to the potential £,

’ - ‘ UI'
——oc.QM::l':Zl' Zlff_l“) = Xlog (1 ~2u) (4.21)

which has indeed the form of Bose statistics (4.9). In sections 5 and
6 we shall discuss this result in detail.

5. The Correlation Matrix for Free Particles.

This section is devoted to a study of the spectrum wu, of the
matrix I~I2. Whereas, however, up to now we have not specified the
states k of the free atoms, thereby including in our treatment par-
ticles in external fields, we now restrict ourselves to free particles

*
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in a volume V with periodical boundary conditions. The states k

of the free atoms are then given by a wave vector k and an “inter-
nal’’ variable s which takes only discrete values, like e.g. the spin:
(k) > (k, s). Furthermore, we are only going to consider translation-
ally invariant interactions, so that U, conserves total momentum.
Introducing, therefore, for a pair of atoms (71;1, $1; Ez, s,) the center
of gravity momentum I—fla = l?l + E; and the relative momentum

%19 = 3(k; — ky), we can write

<El S Ko Ss l ﬁ2ll ]_51 S1s Ey 50
= <;12’ 5189 | Uy(K ) ‘ ;{231 s3>0 (K — Kip). (5.1)
It follows at once that the eigenvectors <o|[Tal 81 l—c; s]> of U, must
have the form

CES|[Fy 80 Fass]) = 0(Fy+ Ty — K) CKS|% 1555
where
(K8 |%158 850 = ——<KS\§213231>. (5.2)

Here, S is some “internal quantum number” of the molecule. The
eigenvalue of U, in the state <KS|, (5.2), shall be written ug(K);
the equation determining uS(I_f) 18
B D) (ES|%1y8:5,5 %1558,
"1y’ 817 8 — — _
= ug(K) CKS| %1588 (5.3)
Equation (4.21) now reads

irz(K) I ;1231 Sg) =

—

—a @y =—3" 3'log (1—22ugK)). (5.4)
s K
In the limit of large volume V this becomes
' V .
—ocQM=~W§fd3Klog(1—zzuS(K)). (5.5)

We are now going to investigate the spectrum us(ﬁ), 1.e. the
solutions of the “integral” equation (5.8). Going over to infinite
volume, (5.3) goes over into

2 [ @ g ('s53) 55153 U(B) |5,
5’ 8’ —_ -
= g(K) @g(% 5, 85) (5.6)
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where the eigenfunctions

~ Vo o\ e
Por(# 8, 8,) = (W) /\KS}“ 81837 (5.7)
are now normalized by
fd %D, Pz (% 518,) Py 818y) = O (5.8)

(5.6) is an integral equation in ¢g z with the symmetrical kernel
(%' 5181 T}zl % 8,8, =

= [q(g—Jr;i',s;)q(E; )] (') 8| U
da(E7n) (K —7s )i [ (£ 470 ) a5 7 0]

—aH

—))ia_{slsz} X

_e —aHy| =

% 818, [ (IE + 2, sl) q(iK;_ ;,82)]ilr (5.9)

where H and H, are the total and the free-particleHamiltonian
of the two-particle system, respectively. Using

n(k,s) =2Us(k, ) q(k, 5) (5.10)

(5.9) can also be written as
| — f -, ? K'- ==y ’ %
2(K)|x 5 Bg e [n(7 +x :31) n(T —% ,sl)] b

x(x 8 8 1 e*2Ho p—a H pa/2H, _ 1’23132>ln(§—|—;,81)ﬂ(g‘“zasl)]%
(5.11)

>t r 1
X {# 3132|3

2%(x' s, s,

a form which 1s more useful for discussion.

The integral equation (5.6) will be a regular integral equation and
have only discrete eigenvalues, provided

(1) The kernel <%'s, 32[62(1?)[ %5,8,> decreases rapidly enough for
large |%|, |%’]. This is clearly an assumption on the interaction
H— H, We assume that H — H, 1s square integrable at large
%], |#].

(11) The kernel <§’s{s§iﬁ2(f()|§sls2> has no é-function singularity
at # = %', This is the important requirement; its failure is respon-
sible e.g. for the fact that the spectrum of <(%'s;sj|e~*Ho|%s,8,> 18
not discrete; indeed,

b d

Ge's) 5| e Ho 8(x — 7'y e 2@ =Im - (519)

%8 80=0,.,0,.,
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In <x's{sjle~*H —e *Ho| 55, 5,5, however, the two terms have the same
d-singularities which in general cancel against each other. The re-
quirement is best stated in z-space. Calling Z the relative coordinate

of the two atoms, the Fourier transform of <%'sjsj|U,|%s,5,> is the
z-space U,y-matrix

3, 8.1 X s o’ o |TT | —ixz —
@ P fd % |d3x'e (xslsz|U22xslsz>e =

= (z's] 8, ‘Uzlfsl 55 (5.18)

Our requirement on the kernel of (5.6) is fulfilled if
(Z' s} 53| Uy| T 5155 is such thatfd‘*wfd%'[<E's{s§|62|¥slsg>l exists
and is finite: i.e., if the U,-matrix has finite range in x-space.

Under the two weak requirements (i) and (ii) the spectrum ug(K)
will, therefore, be discrete9) |

The spectrum uS(K) of U, plays a central role in our method.
uS(K) in (5.4) takes the place of the expression e~2Es® which one
would write down for true bosons. It is indeed the spectrum ug(K)
of the U,-matrix rather than the spectrum E <(K) of the two-par-
ticle Hamiltonian which is relevant for the quasichemical equili-
brium approximation. In Appendix 3 we discuss a semi-classical
approach to the calculation of the spectrum us(ff) which throws
some light onto the physical meaning of us(f{). We interpret the
eigenvalues ug(K) as describing the energy spectrum of “pseudo-

molecules’” whose internal structure is given by the corresponding
wave-function ¢gz(%) in k-space, or by its Fourier transform

V5(®) = g [ @F pgilé) e (5.18)
n -space.
We are now in a position to give conditions for the validity of
our basic assumption I.

I. A first and obvious condition is that collisions of the pseudo-
molecules (i) with atoms, and (i) with each other shall be un-
important.

II. A second condition is that the three-, or four-, etc., particle
correlations should not, by some special effect, be very much
stronger than the two-particle correlation. (E.g., this condition is
violated if the atoms (4) form a triatomic molecule 43 which is
more stable than the diatomic molecule A4,)
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ITI. The third condition 1s best understood by comparison with
Fierz’s theory of condensation in classical dilute gases!l). Fierz
treats the case of a classical gas of atoms which have a short-range
attractive potential, and which is dilute enough so that one can
omit any volume-exclusion effects. He then shows that at high
temperatures practically no molecules of any kind are formed; at a
sharply defined temperature, formation of molecules in large num-
bers occurs suddenly, but the equilibrium favours molecules with
very high atomic weight n, i.e. liquid drops. Clearly, in this case,
although condition I (and II for low n) hold, our approximation is
inadequate. The third condition is, therefore, that no gas-liquid
transition shall occur for the temperature reglon to which our treat-
ment 1s applied.

IV. A fourth condition is necessary if the result (5.4) Which states
that the pseudomolecules obey Bose statistics is to have any mean-
ing outside the region in which this reduces to Boltzmann statistics.
The deviation of (5.4) from the Boltzmann result bacomes noticeable

when the K-space range K, of ug(K) becomes comparable Wlth or
smaller than the inverse of the intermolecular distancs d,:

K,<dy'. (5.14)

In order for the Bose corrections to be msaningful at all, (5.14) must
not contradict any of the conditions I—IIL. The crucial condition

I(ii). Since in all cases of interest I(il) requires that the sizs a of
the pseudomolecules, i.e., the range of ypg(2) in (5.13), be small
compared to d,, the possibility to fulfill (5.14) requires at the same
time

K, <a'. (515

In appendix I it is shown that the same condition (5.15) also
ensures the validity of the neglect of the terms in (4.19) Wthh inter-
change single atoms between different molecules.

If the above conditions are satisfied, we eXpect our approxima-
tion to hold. In section 6 we shall show that the conditions are ful-
filled for the case of chemical equilibrium in dilute gases. For quite
different reasons, the same conditions are expected to be fulfilled
in the electron gas in a metal: this case is treated in section 7.
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6. True Chemical Equilibrium in Gases.

As a special case, we now consider the situation of true chemical
equilibrium in a gas. We neglect the quenching factors from the
start; the justification for this lies in the fact that, as we shall show,
our result goes over into the thermodynamical theory of chemical
equilibrium. It then follows from a remark in appendix I (Equation
I. 13) that we can never reach the quenched region at all. Without

the quenching factors, we have U, = U, = e-*H— ¢~*H:_Ifwe assume
that the correlations are due entirely to the existence of bound
stat33 we can write

GlULR) 7'y = Fem=Fs e Kimgr iy g () (6.1)
S

where the sum extends over all bound states S, E¢ being the energy,
@s(%) the (x-space) wave function of state S. The assumption (6.1)
1s valid if the scattering is sufficiently weak; we are not going to
deal with this question here. Inserting us(ﬁ) from (6.1) into (4.21),
we get

—“Qu 22100( e2%H o~ mESe—a,(EZK”Mm)) (62)
S
Measuring all energies from the lowest eigenvalue E,,
Ey=E,—E, (6.3)
(6.2) reads
— a2y, 22 log (1 — x4 Fd) g (F s +(BCA ). (6.4)

This is indeed identical with the grand-canonical partition function
for a Bose gas of particles with mass 2 m and an internal degree of
freedom, S, giving rise to energy levels K¢, and with chemical po-
tential (2 u — E,). (6.4), together with (3.24), is identical with the
thermodynamical result (1.7). In the limit of a very dilute gas,
where e*@#~F) £ 1, we again get the Boltzmann result (2.22) with
the difference, however, that this time the sum over S runs only
over internal states with antisymmetrized wave function (Equation
4.18). The factor 4 which we had to insert ad hoc in going from
(2.22) to (2.22') is, therefore, automatically contained in our present
result.

We see now clearly under what conditions the thermodynamical
theory of chemical equilibrium is correct:
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I. Condition I must hold. (I1) 1s fulfilled if the average distance
d, between atoms is large compared to the size a of the molecule
(which is, strictly, different for each state S, and equal to the range
of |ypg(x)|?). (I1i) is fulfilled when the average distance d, between
molecules is large compared to a. Comprehensively, this requires

Y ar<l. (6.5)

II. Condition IT must hold, 1.e. the diatomic molecule must be
much more stable than higher molecules; i.e. the lowest energy K
of any higher molecule must fulfill

E,~E,>kT. (6.6)

ITI. The validity of this condition is ensured by the saturation
property of chemical forces; once the molecule is formed, the higher
correlation functions are essentially repulsive. This ensures that
molecules are formed before the atoms form a liquid, if molecules
exist at all. (The ultimate condensation of the molecular gas into a
liquid depends on the remaining wntermolecular correlations and 1s
outside our scope.)

IV. This condition ensures simultaneously the validity of (6.4) in
the region where the effects of Bose statistics set in and (as shown
in appendix II) the permissibility of neglecting the statistical inter-

change of single atoms between molecules. The range K; of ugy(K)
18, here, given by

Ky =1 (6.7)
where .
OQah \%
. (—2 = ) (6.8)

1s the mean thermal wave length of a molecule. At low enough tem-
peratures (5.15) holds automatically:

i>a. (6.9)

Therefore we can reach the degeneracy region at molecule densities
which do not violate (I1ii).

V. (6.1) must hold. It can be shown that when the interaction is
such as to produce bound states but negligible scattering phases,
this assumption is equivalent to (6.9). We are not going to prove
this in detail. Rather, we take the attitude: Chemical (and quasi-
chemical) equilibrium is not determined by the interaction between
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atoms, but by the U,-matrix which is the primary concept. (6.2)

holds exactly, when the U,-matrix 1s determined by the bound
states only; that this is true for vanishing scattering phases, is of
secondary interest. The presence of strong scattering would be in-
compatible with condition I, since the range of the corresponding
correlation would become of order 419).

VI. The neglect of the quenching factors is quite justified by
(1.18). In principle, inclusion of these factors would lead to a slight

modification of the U,-matrix, i.e. to a small shift of the eigen-
values Eg. However, the magnitude of this shift would be of the
same order as other things which have been neglected, namely of
order (a/A)3, and therefore it is not consistent to include this effect.

7. Speculations on Superconduectivity.

The main application we have in mind for the present method is
to the electron gas in metals, as a new approach to the problem of
superconductivity. This will require a detailed study of the quen-

ched U,-matrix for electrons in metals, which has not yet been
undertaken. No theory of superconductivity is, therefore, . con-
tained in this paper; however, some general results of the method
seem promising enough to warrant a few speculations on the
nature of this phenomenon, subject to later confirmation by a study

of U, The main task at present is to give a justification for the
applicability of the present method to electrons in metals under the
influence of their interactions. We investigate separately the condi-
tions stated 1n section 5.

I. (1) Collisions between pseudomolecules and electrons have to
be unimportant. Unlike the case of true chemical equilibrium, this
cannot be justified by the low density of the system. Indeed, from
this viewpoint, already the free electron theory of metals would be
unjustified: the mean free path for electron-electron scattering
under the influence of a screened Coulomb repulsion would only be
of the order of a lattice distance! The justification for the free
electron theory of metals has to be sought in the “quenching” effect
of the Pauli principle: when the gas is highly degenerate, most
scattering processes between electrons are forbidden, since the final
states are already occupied. This same argument applies for colli-
sions between electrons and pseudomolecules, and, therefore, in the
case of high quenching, we can expect our approximation to hold.
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Indeed, the quasichemical approximation appears as.a first-order
correction to the free-electron theory of metals. In a systematic way,
one might imagine an expansion of the partition function of the
interacting electron gas in terms of two-, three-, ... n-particle
U-matrices, each of them properly “quenched” by the purely sta-
tistical correlations. In such an expansion, the free-electron theory
would be the zeroth approximation, whereas the ‘“‘quasichemical
approximation’’ represents the systematic first-order correction to it.

(11) Collisions of pseudomolecules among each other will in general,
also be atfected by the quenching, but this effect is more involved
and at present rather obscure. One would, therefore, expect the
applicability of our method to require a low density of pseudo-
molecules, although this might eventually turn out to be a too
stringent requirement. Since we expect the condensed pseudomole-
cules to be the superconducting particles, even this stringent condi-
tion will always be fulfilled in the neighbourhood of the super-
conducting transition.

II. A formation of higher pseudomolecules in preference to di-
atomic ones is too unlikely a possibility to need any special com-
ment. Even if this were so, our approximation should give reliable
qualitative results, unless exculsively molecules with an odd number
of electrons are formed, which would then have a Fermi-type
behaviour.

III. The validity of the third condition cannot be estabhshed
rigorously. Imagine the programme outlined above, of expanding
the partition function of an interacting electron gas into n-particle
U-matrices, carried through. For a classical gas, this is just the

“cluster’’-expansion?); for a degenerate gas, it would involve a
careful sorting out of dynamical and statistical correlations, as was
carried through in section 8 for the two-particle correlations, and
has not, to our knowledge, been attempted so far. As discussed in
conjunction with condition I, the quenching effect of the Pauli
principle will greatly reduce the importance of the higher terms —
as can be seen on the two-particle correlation, Equation (3.22); 1
fact, only through the quenching effect can this expansion have any
meaning at all. Even then, however, it can happen that at low tem-
peratures, the equilibrium suddenly shifts to very high =, giving
rise to a liquid-condensation. The question which is of interest here
1s whether or not this effect sets in before the presence of two-electron
pseudomolecules is felt. Physically, this leaves the alternative: either
our theory can be applied, or the electron gas undergoes a liquid
condensation. Since it i1s very hard to see how such a condensation
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could occur without separation of phases, and, furthermore, how
superconductivity could result from it, we assume that the formation
of pseudomolecules 1s the dominant feature.

To sum up, therefore, excluding the possibility of the formation
of an electron liquid in metals, 1t seems that the quasichemical ap-
proximation represents a consistent extension of the free electron
theory of metals and should be highly suited for the discussion of
superconductivity.

The question remains, whether condition IV of section 5 is ful-
filled, 1.e. whether the Bose statistics ever come into play. For the
quenched U,-matrix (5.11), the range K, in center-of-gravity mo-
mentum 1s, in general, of the order of the Fermi momentum k,, 1.e.
equal to the range in %. This is certainly so for any Galilean invariant

interaction, where the dependence of (5.11) on K is entirely con-

tained in the factors n(E/Z + %). In a metal, however, we expect
the correlation between electrons to be due to two causes:

(a) The Coulomb interaction. This is purely repulsive. (The ex-
change terms, which serve to compensate an overestimated repul-
sion, are already contained in the symmetrized correlation matrix!)

It will, therefore, produce only negative eigenvalue of the U,-

matrix. For each of them, the range in K of us(f—f) 1s of the same
order as the range in » of the wave function, and, therefore, the
contribution from these eigenvalues can only be taken seriously in
the Boltzmann case, 1.e.

22ug| < 1. (A)

(b) The Frohlich interaction will in general be much weaker than
the Coulomb interaction, but it has attractive parts and will, if
strong enough be able to produce one or more positive eigenvalues

U S(K) of U,. Furthermore, these eigenvalues will have the required

property of a short range in K, as can be seen from the following
simple argument: The Frohlich interaction 1s produced by the ex-
change of sound waves between the two electrons. If the two elec-
trons move with a center-of-gravity velocity exceeding the velocity
of sound, the waves emitted by one will not be able to reach the
other, and the interaction must vanish. We are, therefore, led to

expect that the positive u S(If ) contributed by the Frohlich interaction
will have the property required by condition IV, namely a short
range in K ; the range of the corresponding wave-function in » will
still be of order k,, the Fermi momentum. This being so, we can go
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into the region where the Bose corrections in (5.5) become impor-
tant, 1.e. where
uge=1, (B)

Of course, strictly (B) contradicts (A), except in the case where all
the negative eigenvalues due to the Coulomb repulsion are smaller
in absolute value than the positive eigenvalues produced by the
Frohlich interaction. The semi-classical model of Appendice III in-
dicates that this 1s the probable situation at low enough tempera-
tures. However, even 1f this were not so, the contradiction is not
very serious; it means that, once we enter the region (B) where the
Bose effects on the positive eigenvalues set in, the terms in (5.5)
contributed by the negative eigenvalues can no longer be trusted.
That 1s, we miss certain effects of the repulsive forces which are
quite noticeable, but which have nothing to do with the Bose-
condensation of the positive eigenvalues in which we are, after all,
mainly interested.

For the pupose of the following discussion we shall, therefore,
assume, that the quasichemical equilibrium approximation 1is ap-
plicable to metals. The grand canonical partition function of the
electron gas without external forces neglecting the spin is then
given by (3.24) and (4.21), viz.

Qu) =—kT ) ]log (14 exp [a(u—e (e)]1) +
+kT 37 3 log (1 — 2 ug(K)). (7.1)

The first term is the usual expression for £ from the Fermi statistics
of the free electrons, the second term arises from the effect of the

two-particle correlations: uS(K) are the eigenvalues of U,:

ton G2 | Uy B) | 7y = [n(E ) m (B —5) P

x (' |eH2Heg—aH gx/2H, _ ] E2 [fn (—J;i +}?) n(fg — Z)]% (7.2)

For weak correlations, we expect the us(ff) to be small compared
to unity. Different situations now arise according to the sign of
Ug (I_f): If all uS(I?) <0, 1.e. if the correlation matrix is negative-
definite, we call the correlation ‘“‘purely repulsive”. One would ex-
pect a purely repulsive interaction among electrons to lead to such



120 M. R. Schafroth, S. T. Butler, and J. M. Blatt. H.P.A.

a purely repulsive correlation (cf. the semi-classical treatment in
appendix III). In this case, the second term in (7.1) is regular for
all « and u and does not, therefore, produce a transition. For other
than purely repulsive correlations, however, where one of the eigen-

values uS(K)) 1s positive, at low enough temperatures the pseudo-
molecular contribution in (7.1) will always become noticeable,

namely when e2*# y (K) becomes comparable to unity. The cheml-
cal potentlal will be limited to u < uy, Where

5t [Ug(K) gy =1. - (73)

Exactly what happeﬁs upon approaching the limit (7.8) depends on
the detailed nature of the largest eigenvalue uO(K) Assuming that
uO(K) reaches its maximum for K=0, and that % )HuO(O)I >e K3

for small [K|, a phenomenon similar to Bose-condensation occurs:
Roughly speaking, when replacing sums by integral in (7.1) the
maximum number of particles which can be accomodated by the
integral, for u = p,, becomes

v g 1 f Y74 uS(K/uSK) -
= (2ﬂ)3fd k eq(s@’)—#)Jrl (2:: d* K 2y (K)]1— (7.4)

which 1s finite under the conditions mentioned. The remaining elec-
trons have to be accommodated, paired into pseudomolecules, into
the pseudomolecular ground state, which forms a condensed phase
pervading the whole system. Under the application of an inhomo-
geneous magnetic field, which is small enough not to mix the ditfe-
rent eigenvalues ug'®), the pseudomolecules behave similarly to
simple charged bosons: they show a Meissner effect. (This does not

depend on the dependence of us(f() on K, once the existence of the
condensed state is established.) We therefore identify tentatively
the transition given by (7.3) with the transition to the superconduct-
ing state. Thermodynamically, this i1s a transition without latent
heat; the behaviour of the specific heat at the transition again

depends on the detailed dependence of u S(I—f) on K. The penetration
depth will be related directly to the number of condensed pseudo-
molecules which plays the role of the ‘“‘number of superconducting
particles” in the usual interpretation; to get order-of-magnitude
agreement with experiment this number must increase strongly
with decreasing temperature. In the simple picture of reference 1,
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the transition was given by a formula similar to (7.3) with a uS(K)
of the form

ug(K)=e 2FogmalBlam, [~ (. (7.5)

This gave a constant chemical potential for the system below the
transition temperature and a much too small increase of condensed
bosons with decreasing temperature. In order to get a large enough.
amount of condensed pseudomolecules, u, must actually decrease
with decreasing temperature; from (7.8) 1t then follows that %4(0)
should have a slower temperature dependence than (7.5). Now it
1s known'4) that for the case of simple interactions through an
z-space potential quantum mechanical effects have just the effect
of damping the temperature-dependence of the U,-matrix, so that
1t 1s not a far-fetched assumption that this will be fulfilled in general.
In reference 2) it was shown that the critical magnetic field in a
perfect Bose gas 1s simply related to the penetration depth é by

H fic . | (7.6)

¢~ 2eo? "

This result depends essentially on the fact that the spectrum uo(I_f)
for the perfect gas is quadratic in K for small K. The coefficient of
K2, the mass, drops out in (7.6). We may, therefore, expect that the
same law (7.6) will follow from the present model if *u,O(I_f) — u,(0) =

const. K2 for small K. For a different K—dependence, a different
relation would be expected. Since (7.6) gives quite good order-of-

magnitude agreement, we presume that the eigenvalue us(ﬁ) has
to have a quadratic dependence on K for small K, or very nearly so.

Summing up, one sees that under quite weak assumptions about

the largest eigenvalue u,(K) of the U,matrix, we can expect to
obtain the following properties of the system described by (7.1):

1. A thermodynamic transition without latent heat ; the behaviour
of the specific heat depends on details. The condition for the occur-
rence of this transition is that the attractive parts of the Frohlich
interaction be strong enough to produce a positive eigenvalue.

2. A Meissner effect in magnetic fields, below the transition.

3. A strong increase of the number of condensed particles with
decreasing temperature.

4. The ralation (7.6) for the critical field.
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It seems, therefore, very plausible that the mechanism of two-
particle correlations which leads to (7.1) is the agent of supercon-
ductivity. Two further facts deserve attention in this context:

a) Non-equilibrium properties, like steady currents, are outside
the scope of the quasichemical approximation method, which is
fundamentally restricted to thermal equilibrium.

b) The fact that the pseudomolecules presumably undergo a true
Bose condensation will lead to unphysical properties wherever the
fact that the condensed state extends over the whole volume enters,
as discussed in reference 2). In other words, the method will presum-
ably give an infinite correlation length A1%)16), This unphysical
result stems from the fact that the quasichemical approximation
method totally ignores dynamical correlation between pseudomole-
cules; the statistical correlations which are included in the model
in principle are discussed in appendix II and shown to be insuffi-
cient to lead to a finite correlation length. A refined treatment
which takes the interactions between pseudo-molecules into account
would be expected to replace the Bose condensation by a “quasi-
condensation’ into a state with finite correlation length. As a first
approximation, a theory with infinite correlation length is certainly
satisfactory, since the effects of the finiteness of A are always
small'®). The effects discussed in reference!®) would, however, not
follow from a theory along the lines proposed here.

If the speculations contained in this section are correct, the next
task would be to investigate the largest eigenvalue u4(K) of the

quenched ﬁz-matrix of electrons in a solid. This correlation matrix
will be due to the combined effect of a) the sereened Coulomb inter-
action between electrons, and b) the Froéhlich interaction due to the
scattering of electrons by the lattice vibrations?). The determination

of uo(fz) 1s then a problem which has yet to be solved.
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APPENDIX I.

Thermodynamical Theory of Chemical Equilibrium.

The thermodynamical theory of chemical equilibrium in perfect
gases 1s well-known. In the simple case of an equilibrium between
atoms (A4) and diatomic molecules (4,) with binding energy —&(e <0)
one proceeds as follows: Since for perfect gases the free energies are
additive upon mixing, the free energy of the system at temperature
T, volume V and with N, atoms and N, molecules present (N; +
2 N, = N being the total number of atoms), is

F(T,V,N,N,)=F,(T,V,N,)+FoT,V,N,) + N,e (I.1)

where F'; and F, are the free energies of the free atomic resp. mole-
cular gas. The stability condition

0F =0 (1.2)
when

0V=06T=0 (I.24a)
and

0N =0N;+20N,=0 (L.2b)
yields

2 py = pgte (1.3)
where

= (250, -1

are the chemical potentials of the atomic and molecular gas respect-
vely. F'y, F, (resp. uy, us) can be calculated from statistical mecha-
nics, and (1.3) then determines the equilibrium curve.

An equivalent formulation of this procedure 1s: Let the free
energy of the total system wn equiltbrium be (T, V, N), and con-
sider the “grand canonical potential”

n terms of which one has
082
N=- (W)T v

(%J;_)N’Vz (%)H,V; (%)T,NZ (g—if?)a’,u' (1.5)
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For the individual gases, we have similarly
QT V,p)=F;—p;N;. (1.6)
Then the chemical equilibirum property is expressed by |
QT,V,pu)y=2,(T,V, u)+ (T, V,2 u—e). (1.7)
(Since quite generally 2 is related to the pressure p by
Q=—9pV. (1.8)

Equation (1.7) expresses directly the additivity of partial pressures.)
2, and £, are to be taken from statistical mechanics; for Fermi
atoms one has

Q,(uy) = — kT X log(1+ exu—E9) (1.9)
$ i

where s runs over all single-particle states, F, being the energy in
state s, « = 1/kT. For the molecules one has to take Bose statistics:

Q,(us) =+ kT 3 log(1 — e*(mEs) (I.10)
. |

with equivalent notation. In the limiting case of Boltzmann statis-
tics, which is valid at high temperatures, the two statistics merge
in the formula
Q) =—kT X &5, (1.11)
8

The crucial assumptions of the thermodynamical theory of chemi-
cal equilibrium are (1) the validity of the perfect-gas a,pprommatlon
for atoms and for molecules, and (1) the additivity of free energies
of the atomic and molecular gas upon mixing. Physically, these
mean a neglect of interactions between all particles. On the other
hand, this same interaction is responsible for the formation of the
bound state of the molecule! A more careful investigation of the
approzﬂmatlon involved is needed to remove this apparent paradox.
This 1s done in section 6.

It is important to realize that the atomic gas can never ‘enter the
Fermi degeneracy region. In fact, for a Bose gas the chemical po-
tential 1s always negative

py <0 (I.12)

and this implies, together with (1.3)

<5 <0 1.13)
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whereas the degenerate region of the atomic gas is defined by

>0, (1.14)

Therefore, in the case of true chemical equilibrium, the “quenching
factors” (1.2) will never be of any importance. This is a special
feature of the true chemical equilibrium; the reason for this is
that before the atomic gas even approaches the degeneracy region,
a great number of molecules is formed and starts condensing, di-
minishing the density of the atomic gas very rapidly.

APPENDIX II.
General Evaluation of (4.19) and Discussion.

We want to evaluate (4.19) exactly, taking into account all per-
mutations, in order to discuss the limits of validity of (4.21). Con-
sider any pair of permuted states in (4.19), e.g. (kg;_1, k3;). We shall
call this pair a “natural pair” if it is equal to any pair (ky;_;, Ka;),
disregarding the order. The terms included in (4.21) are then pre-
cisely the terms without *“‘non-natural” pairs. We are going to
generalize the evaluation of @, by making essentially an expansion
in terms of numbers of non-natural pairs.

In any permutation there will be certain sequences of natural pairs
which perform part of a cyclic permutation among themselves, say

(ki iy 1) = (kg kig1) = oo = (i o By 1) (L)
such that, under P, (kfz,f’ k£j+1) = (ki;,,» ki, 1+1), disregarding the
order within the pair, for j = 1,2, ... n. Such a sequence will be
called a “complete sequence of natural pairs of length n”,

a) if (k;, k; ) 1s different from all (kg;, k3;44), 1.€. 1s not 1itself a

natural pair in the permutation P, and if also (k} ,, k; . +1) 15 not

a natural pair: i.e., if the sequence (I.1) breaks off at both ends; or
b) it (ki .5 ki, +1) = (Ki, Kiyq), ioe. if the sequence (I.1) closes
by (k:, . ki, +1) = (i ks 4q). Since we only consider irreducible
permutations, this case can only happen if the sequence (I.1) con-
tains all pairs, i.e., for n = l. The permutations which give rise t0
this case are, therefore, just the ones we took into account in (4.21).
Consider now the contribution to (4.19) of a permutation contain-
ing (among others) a complete sequence of natural pairs of length n,
*
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(II 1). It will read:

2zz' =0 “’% Ugiy* * * Uay,) (U7 * * U)X
4 O"L'n 'n+1

x ) [k kil+1ﬂ > <a; |[
(kit" : kifn+1+1)

(R, leiy 1>+ + <[ s,, iy +1]| 0, > X

X (G@'nl[kin“ ki, +1]> % 2 <[k2n+2k2ﬂ+3]|0'n+1> e (I1.2)
(272n+2 ke ?E'l)
The summation over the pairs (k;, k; +4), - - - (ks ks +1) can readily

be performed, using (4.18), and we get

2:11 ( 1)P2 2 (uﬂ't ﬂLl(‘M'C"ﬂ+1 ) X

011 'n+ 1’

x () x N <[kz-1kz-1+1m><m:11[kz-n+1kfzn+l+ﬂ>- LB

@& ki +1kig, ki, +1

The same process can be repeated for all complete sequences of
natural pairs, and we get for the contribution of a permutation

with s complete sequences of natural pairs with lengths ny, ... n;
(Zn,=1—3s):
,
)7 X gy x XX
Oy 0O : 2 § (kl"'k2s)

X <[k1 kz] I10'1> <0'1‘ [k; k;D e <[k2 s—1 k2 s]‘as> <O‘s* [k; s—1 ké e]> d (11-4)

The same contribution (11.4) is given by all permutations which can
be obtained by filling in the (I — s) pairs we have integrated over
into the appropriate places in all possible ways; this number is
equal to

2= [T )yt =st5(1—s)! (I1.5)
i=1
The contribution to (4.19) from all permutations with s complete
sequences of natural pairs with lengths n,, ... n;is, therefore, given
by

§ {—3)! n+ ﬂ_g
@5)(7’@1"’”3):(23;!) 2 2:” Ll gletl)

X 2 Ky ke, ’0'1><0'1‘[k k <[ 25—1Kas)] ’0'><0'1 25— 1k;31>
(ky---kys) (I1.6)

where P runs over all irreducible permutations of the 2 s states
ki, ... koy such that no (k;;, k3;.,) 1s a natural pair.
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We now define the functions linking the s complete sequences of
natural pairs, by

W (oy000) = gy & (17 Pl o) <[k K]y

(kl e k2s)

o <i:k28—- 2.9 'O-s> <G H: 28— Ik."zs]> (II7)
where P runs over all irreducible permutations of (k,, ... kys) with-
out natural pairs. In particular, one has

Pilo) =1 (I1.7)
and, e.g.
¥, (0109) =3 2 {< ey k) |0'1><0'1Hk1k4 HNLYA 0'2><0'2|[ o ks>

kl koks k;

|
Kk R2J|0'1><0'1][k2k3 ><{ky k4ﬂ‘72><0'2‘[ 1k4]
[k ey ) |01y <oy [Ty g ] <[Feg Toy ] 02> <ol [ea o[> —
T [k ko) ‘0'1><(71 27‘74 ><( 3 4]|Gz><0'2| k1k3]>}-
Then (I1.6) becomes:

DI(ny,. ) = (1 s)!st 2 un1+1 n2+1 ) ue;:ﬂ Y (oy---0,). (IL8)
We can now perform the sum over the (ny, ... n,). Defining
-1
F(ay o)=Y il e (IL9)
(s, mg) =1
(Xng=1—s)

we get for the contribution of all permutations with s complete se-
quences of natural palrs

&P = 3 P(nywem) = GBS 3T FOu, e, ) Fy(oy-0,) (11.10)

Ny --Ng (0,---0g)

(I1.9) 1s a higher difference quotient:
Fi @y, a) = (2 20 - - ) A7) [+ ] (IL.11)

where

S iC2)
A(f(@) [y, 2,) = 24 Tz (I11.12)

I=1 s8=1 (g,--0g)
2 Iy _
X (8, by, -+ 20y) AP ((Lu%ﬂu) [Bhgs e+~ ] (I1.18)
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and, since 4¢-1is a linear operator independent of [, we can perform
the sum over I at fixed s. The result is

Q=3 0% (I1.14)
s$=1
with
—al=s! 3 W (o1, - 0,) (U Uy, - - - U, ) X
s—1 1 2

x A (; f.(2 m)) (U5 Uy - uas] (I1.15)

where
f(x) = 12 L P (I1.16)

Equation (II.14) is the required expansion of 2,,in terms of the
number (s — 1) of non-natural pairs. The first two terms read:

—a 2, = ‘02' fulz?u,) = — D' log(1—2%w,) (I1.17)

which 1s identical to the result (4.21), and

Uy fale )~ u,, falz? u,)

l (IL.18)

—afy =2 2 ¥y(0y0,)

Uu_ —u
0,6, O2 oy

which 1is the first-order correction to (4.21).

In order to discuss the correction terms (II.18) and the terms
with s = 3 in (I1.14), we again restrict ourselves to the case of free
particles in a volume V which is at the basis of the discussion in

section 5. o then stands for (K, S), where K is the center-of-gravity
momentum, S the internal state of the pseudomolecule. ¥, (0y 05)
1s an “‘Interaction” between two rholecular states o; and o, Its

range in Kis roughly equal to the range of the wave-function ¢z (%)
in relative-momentum space, 1.e. the inverse of the size a of the

pseudomolecule. Provided that a=* > K;, where K is the ff—spa,ce

range of us(f?), (I1.18) will be smaller than (IT.17) by a factor of .
the order of (aK,)3. Indeed, since the range K, of u, and u,, is very
much smaller than the range of ¥,, ¥, in (I1.18) can be replaced by
a constant ¥°. The two summations over o, and o, then give a
result of the order of (V K32 ¥°. ¥°, on the other hand, 1s of order
a?/V, as can be seen from (IL.7); this can also be inferred from the
dimensional argument that (1) the volume factors V' must turn out
correctly, i.e., £}, must be proportional to V, and (2) no other
volume enters into ¥, except V and a3. — a2}, therefore, becomes
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of order (V K;3):(a K,;)® and is smaller than — «£2}, by a factor
(a K,)3. By a similar argument, for arbitrary s,

Q90 =0[(a® K3)*~1]. (I11.19)

These orders of magnitude can be understood qualitatively. For
the case of true molecular binding, as treated in section 6, Bose
statistics for the molecules stems from the fact that two molecules
can be exchanged as a whole; this produces noticeable effects when
the mean thermal wave length 4 of the molecules (6.8) is compar-
able to the intermolecular distance d,; the range K; of ug, in this
case, 1s equal to 1. The terms with s = 2, say, are corrections to
the pure Bose statistics of the molecules arising from the effect of
exchanging one single atom out of each of a pair of molecules. For
such an exchange to happen, the wave-functions of the two mole-
cules have to overlap; the molecules have, therefore, to be within
a range a of each other, whereas the exchange of two molecules is
possible when they are a distance of order 4 apart: this argument
leads one to expect a factor (a/}{)?’ between the two contributions.
For pseudomolecules everything is the same, except that the range

K, of ug(K) is not, in general given by (6.7).
The expansion parameter in the series (I1.15) is, therefore, essenti-

ally
= (a K,)3. (11.20)
Now, Bose statistics comes into play only when
d K, s 1 (I1.21)

where d, is the average distance between pseudomolecules. For
1<Ld, K;, everything reduces to Boltzmann statistics. On the
other hand, we cannot in general expect our basic assumptions to
hold unless

a<<dy (I1.22)

where a is the size of the pseudomolecule. (I1.21) and (11.22) together

entail
K,a<1 ' (I1.23)

so that y <1, and, therefore, the higher terms in (I1.15), are always
small.

Still, we cannot dismiss the series (I11.15) quite as lightly. Let us
first mention that statistical mechanics does not guarantee that a
series like (II.15) which proceeds in powers of a certain parameter
y actually converges. We know that the partition function for N-
particles 1s a polynomial of N* degree in y. As regards the expres-
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sion for £2 of such a system, we can only conclude that it allows an
asymptotic expansion In terms of y; the convergence is left open.
By the definition of an asymptotic series, we then know that, if
we break it off at a particular value s, of s, the error will be at most
of the order of the (sy + 1)t term. Neglecting the terms with s > s,
in (II.15), therefore, involves an error of the order of Q2%+, We
have to check whether this error is uniformly small as a function
of z for the range 0 <<z <1 which is allowed in 2,.

First, (IL.15) shows that each term Q) has, as a function of 2,
a singularity only at the same point 2z, as £7,, namely

Bl Yol Ln (11.24)

max

Furthermore, one can see from (IL.15) that the singularity of
at z = 2z, gets weaker with increasing s: From these two remarks

one concludes that
[ Q5 0(2) [ Q3(e) | < C,, v* (I1.25)

uniformly for all 0 <z <C1.

If this were not so, if e.g. 23, had a stronger singularity than 2},
at z=2,, then for z— 2z, 2}, would become larger than 2}, and
would eventually win over. This would then mean that the nature
of the condensation would be completely altered by the statistical
effects due to interchanges of single atoms between molecules. This
possibility is in itself quite plausible, but the result (I1.25) shows
that this is not so, £}, < 2}, always holds, even for z— z,, and,
therefore, the molecular gas shows an ordinary Bose condensation.
We conclude that the statistical corrections 2% (s > 1) are not
strong enough to extablish a finite correlation length!5) for the
condensed molecular gas: this has to be achieved by the dynamical
interactions between molecules.

The foregoing discussion shows, then, that for our purpose the
terms with s > 1 can always be ignored.

APPENDIX III.

Semiclassieal model for the two-particle U~-matrix.

We wish to study the classical equivalent of the problem of find-
ing the eigenvalues of the two-particle U-matrix (without quench-
ing), for the simple one-dimensional case of two point-particles with
a conservative interaction:

H=H,+ V(g (ITI.1)
where p?
Hy=5m

m = reduced mass, p = relative momentum, ¢ = relative coordinate.
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We are, therefore, concerned with the quantity
U(p,q)=e *H —eg = (g72V _ 1) g7, (IT1.2)

We interpret U(p,q) as the Hamiltonian of an “effective” system
whose motion we wish to study. We make use of the following
theorem of classical mechanics: If H is the Hamiltonian of a system,
then any function G(H), when considered as a Hamiltonian, leads
to the same motion as H itself, with a difference in time scale only.
All quantities which are independent of time scale are, therefore,
the same for H and for G(H). This relieves us from having to worry
whether to take U or, say, log U, as the Hamiltonian. The motions
are given by

U(p,q) = const. = s-e~*% (IT1.8)

s=+1 (II1.4)

where I and s form a complete set of integrals of motion.

The sign s is determined by the sign of U which, in turn, is de-
termined by the sign of V. The possible motions are, therefore, all
confined to regions of uniform sign of V. Let us take as an example

I

V)

Fig. 1.
Typical Potential between two Particles.

a potential V(q) of the shape shown in Fig. 1, i.e. with a strong re-
pulsive region for ¢ < a and an attractive part for ¢ > a. Then we
get one set of motions for each of the two regions ¢ <a and q > a:

1) g <a,ie. V(g) > 0: s =—1. (IIL.8) reduces to:
U= —e*F (1I1.3)
where

E=2 1V, (I11.5)

and
V

€

w=—kT-log (1—e*7) (I11.6)
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(i) ¢ > a,1.e. V(q) < 0:s=+ 1. (IIL3) becomes

U e i g2 E (I11.3")
where
E' = _2% L Ve’ff (111.5%)
and
Ve'ffz — kT -log (e‘“V —1). (ITI.6")

The repulsive and the attractive region give rise to separate
troughs of “effective” potential in which the motion takes place
according to (II1.5) and (I11.5"); in the trough corresponding to the
repulsive region, the energy values give rise to negative values of U,
in the attractive region, U is positive, as shown by (IIL.3") and

A

'

y Verr

Vo

a 7
Fig. 2.
Effective Potential for the Potential of Fig. 1.

(ITL.3"). Fig. 2 shows the qualitative behaviour of V¢ and Vi for
the potential shown in Fig. 1.

A quantization according to the correspondence principle can now
be performed by requiring

[pda=(m+Hh. (11L.7)

Indeed, the action integral f pdq is independent of the time scale

and, therefore, according to the remark made above, only dependent
on the motion, not the Hamiltonian. (IL1.7) gives rise to an infinite
sequence of discrete energy eigenvalues F,, E, in the two troughs
respectively. These then generate two sets of eigenvalues of U:

U_,——e B (n=1,2,...)

cm

%,,=+e B  (n=1,2,...)

(IT1.8)

(IT1.8) gives the semiclassical spectrum of the “matrix” U, Equa-
tion (II1.2). The following properties are obvious:
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(i) U has a discrete spectrum, bounded on both sides, with a con-
densation point at 0.

(1) Repulsive correlations give negative, attractive correlations
positive eigenvalues.

(1) For T'— 0, 1.e. &« — oo, V,;;, — 0, V¢e — V, both limits being
non-uniform. Therefore, at low temperatures, the “‘attractive”
trough V¢ becomes lower than the *“‘repulsive’” one, V,y; further-
more, Vi is also wider than V,,,: therefore, at low enough temper-
atures, the largest positive eigenvalue of U becomes larger than the
largest negative one.

Of course, the classical model cannot be taken too literally for
the cases of interest. It neglects not only the quenching, but also
the wave-mechanical “smearing” of the correlation which is known
to reduce considerably the peak of the factor (¢~*¥ — 1) near the
minimum of 714). Furthermore, a velocity dependence in the inter-
action may considerably change the results.
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