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Possibility of triplet pairing in palladium
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The spin-fluctuation contribution to the p-state pairing interaction in Pd is calculated. The
resulting transition temperature, due to spin fluctuations alone, is only of order 10 K indicating

that the occurrence of an observable p-state transition depends strongly on the phonon interaction.
Recent calculations of the p-wave phonon interaction are briefly discussed but do not yet allow a
reliable prediction of T, .

The discovery of a condensed phase with triplet
pairing in 3He has led to renewed interest in the possi-
bility of finding other p-state superfluids. A particular-
ly attractive candidate is provided by the d electrons in
Pd. While the spin-fluctuation (SF) effects in Pd are
not as strong as in 'He, they do exist and tend to
enhance triplet pairing.

Recently, Foulkes and Gyorffy' have calculated,
within a spherical Fermi-surface approximation, the
p-wave phonon-induced pairing interaction in Pd and
find a rather large result: A, ~

"-0.2 ~ Ao", where Ao"

is the s-state BCS pairing parameter due to the pho-
nons. The present authors' have considered this
problem within the site representation' employing
Doniach's mode14 for the degenerate d subbands. In
the site representation, the contact model yields a van-
ishing contribution to p-state pairing and, therefore,
we have calculated the nearest-neighbor interaction as
the leading contribution. This corresponds physically
to scattering processes where the two electrons are ini-
tially separated by a nearest-neighbor distance and
where, finally, they again occupy a pair of nearest-
neighbor sites. Assuming a short-range phonon
Green's function in site space corresponding, roughly
speaking, to an Einstein model, we find ~X~P"

~
&& XOPh,

where A0" is determined by the contact interaction.
This should be considered as a preliminary result since
the Einstein model is probably not adequate for p-state
pairing where the momentum-transfer dependence of
the interaction may be important. '

In this paper, we discuss in detail only the spin-
fluctuation interaction. Our result, namely, that the

p-state T, due to the SF interaction alone is very small
(X~

"~~ 0.1, T, ~ 10 K), indicates the importance of
correctly estimating A. ~

". Even a small attractive p-
state phonon contribution, when combined with the
SF contribution, might yield an observable T, Due to
the sensitivity of p-state pairing to momentum scatter-
ing, however, an extremely clean sample would be
necessary. '

The contributions of the spin fluctuations to the
pairing interaction and to the effective mass are closely
related and, as is well known, the original SF
theory, ' which employed a one-parameter one-
spherical band model for the d holes, overestimates
m'/m in Pd. Inclusion of intersubband (Hund's rule)
scattering' and, particularly, a momentum-dependent
exchange interactions reduce the predicted mass
enhancement. %'e employ essentially the same
model-exchange interaction (irreducible particle-hole
interaction) as Schrieffer and adjust the model param-
eters to reproduce the available "experimental" results.
The model is then used to calculate A, ~" and T,"'.
Specifically, we demand that the model yield a Stoner
susceptibility enhancement factor9 5 = 10, a spin-
correlation range' p = 5 A, and an effective mass"
m'/m = I +8m/m =1.7. Unfortunately, the experi-
mental effective mass contains a phonon contribution.
We take (Sm/m)s" = (gm/m)p". This assumption
finds some justification on comparison of Pd with Ir
where strong SF effects are not present and the pho-
non interactions should be approximately the same. "

The starting point of the T, calculation is the exact
vertex (gap) equation linearized at T = T„
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xG (k'a)„)G (—k', —cu„)

xI {k',~, ) .

xX(1', 2', 3', 4') V(3', 4', 3, 4) . (2)

The arguments denote both subband and spin;
1 atcr~, etc. , and the convention used is shown in
Fig. 3. In the one-parameter one-band paramagnon

—k,'-Oj
lX~

V

G is the exact normal-state single-particle propagator
and I (k, k') is the irreducible interaction for an an-
tiparallel spin-particle pair scattering from (k, —k) in
subband a to (k', —k') in subband a'. Singlet and tri-
plet amplitudes can be obtained as the appropriate
combinations of the antiparallel spin amplitude.

We now restrict ourselves to I = 1 pairing and as-
sume that the p-state contributions of the phonon and
short-range Coulomb interactions can be neglected.
Then 1 reduces to SE " which is shown in Fig. 1.'~
The SF contribution to the eft'ective mass is obtained
from the self-energy Xs"(k) shown in Fig. 2. In Figs.
1 and 2, V is the irreducible particle-hole interaction
and the "response function" X consists simply of an
iteration of V in the particle-hole channel. It is con-
venient to define a quantity A, which appears in each
diagram and is related to the. particle-hole t matrix by
t=A+ V:

A (I, 2, 3, 4) = X v(1, 2, I ', 2')
1', 2'
3P 4I

[' v

a', o'

FIG. 2. Self-energy X " (k) in subband a.

model the A diagrams separate into ladders and
strings of bubbles.

It is helpful to first forget the band indices and
analyze A with respect to spin. ' " In Figs. 1 and 2,
two combinations of spin indices appear: (a) In Sl"
and in X,A(a, o, a', cr') —=OA occurs which describes a
particie-hole pair with zero z component of spin
(m, =0). OA includes both singlet and triplet contribu-
tions and the diagrams contain both ladders and bub-
bles. (b) In Slt" and in X, A(a. , —a, o, —o) 'A oc-
curs which is a pure particle-hole triplet (m, = + 1)
and contains ladder diagrams only. In order to ex-
press all contributions in terms of 'A, we define

A = A(o, cr, a. a) ~ A(a, o', —o', —o) . (3)

=-'('A) =-'('v'x'v) (4)
Reinstating the subband indices and using Eq. (4) we
obtain

dX.s"(k) -—i X (24r)4 '

One can show' that A ='A, i.e., A is the m, 0
component of the particle-hole triplet. A+ is the
singlet representing density fluctuations and we will
assume that it is included in the short-range screened
Coulomb interaction. Neglecting A+ with respect to

A and using the above relations we find

'A(a, a, +a, +a) =+-'('A'+'A-)

(a)
gk;0;a'

V

]4

( x
]'E

V

x'A(a, a', a, a';q)G (k —q), (5)

Sl ') (k —k')
t 'A(a, a', a', a;k —k'),

Si.".~ {I +I ') = tA(&, &',

We now calculate 'A in random-phase-type approxi-
mation employing SchrieN'er's models which in our
notation amounts to setting

tb)
FIG. 1. Spin-fluctuation contributions 81 " (k, ru, k', a') to

the pair-interaction function for scattering from subband a to
subband a'. X represents an iteration of the irreducible in-
teraction V in the particle-hole channel.

FIG. 3. Diagrammatic convention for the quantity
A(1, 2, 3, 4) which appears in Figs. 1 and 2 and is analyzed in
the text.
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'V(ai, a2, a3 a4) 5 8 N. (0)u (q )K+(q) =
1 —[U+2JIr +3J'(q)]u(q)

(1S)

where

V{ai, a2, a3 a4 q),
N. (0) u (q)K. (q) =

1-(U-J ) (q)
(16)

' V(a, a, a', a';q) Ug + Ju(1 —5 )

+J„'„(q),
J ' (q) =J'a'2/(q2+a') .

(9)

(10)

P, p,)N (0)51 "
p, ) dp.

in the limit of strong exchange enhancement A, l & 0
for leven (singlet) and Xl )0 for i odd (triplet). "
The effective mass enhancement due to spin fluctua-
tions is calculated as in Ref. 8 and leads to the result
m'lm =1+ ~XO "~ + ho". Taking account of the ex-
change k' —k' between Eqs. (6) and (7), Eq. (12)
becomes

2kF 2

x,'"=-[-'+(-»'] J
' q dq J, 1- ' N. (O)

2kF 2k

x'A(a, a, a, a;q) . (13)

Equation (2) for 'A(a, a, a, a) can easily be diago-
nalized in the band indices yielding

'A(a. a, a, a;q) = —'[U+2Ju+3J'(q)] K+(q)

with

+ —', (U -J„)'K.-(q), (14)

Here, Uand JH are the self-exchange and Hund's-rule
exchange intra atomi-c terms, respectively, and J'(q) is

intended to account for the interatomic contributions
and the q dependence of the intra-atomic contribu-
tions. ' The form of J'(q) is chosen for simplicity and
leads to a range in coordinate space of order 1/a'. A

nice feature of this model is that since 81 ~ 8, the
gap equation is diagonal in the band indices and to ob-
tain 81 and X only ' A(a, a, a, a) need be calculated.

For the present purposes a suSciently accurate esti-
mate of T, can be obtained by assuming a BCS-type
model ~here SI(k, co,k', ~') -SI (k, k') for ao, ao' & eosF

and gl 0 otherwise. Here, cusr —EF/S is roughly the
maximum paramagnon energy. We assume now
Doniach's mode14 for the d-hole subbands. This
model consists of six half-spheres at the points
X, —X, Y, —Y, Z, —Z in the fcc Brillouin zone or,
equivalently, three spheres centered at X, Y, and Z.
Taking (k( = (k'( = kr and expanding in k k' —=p, we
obtain

T,'" = (Tr/S) exp[ —(1+~X0 "~ + ho")/k~ "] . (11)

where

The spin-correlation range p is obtained by expanding
X(q) for small q:

3N (0)
x(q) =

e~ 1+p'q'

36J'k2
p
——— kF' 1+

12 a'2

We have adjusted the four model parameters U, J~,
J', and a' in various ways so that we obtain the "ex-

0
perimental" values for Pd; S = 10, p = 5 A, and
(Sm/m)s" =0.35. Within the spherical subband
model, we find in all the parameter combinations in-
vestigated that T,"' & 3x10 ' K.

To go significantly beyond the present model re-
quires enormous numerical effort' and leads to
results whose validity cannot be easily assessed. In
view of this, it seems worthwhile to consider briefly
the simplest generalization of the original one-
parameter paramagnon theory, namely, replacement
of Eq. (9) by

' V(a, a, a', a', q) = U(q) S

where

U(q) = Ua'/(q'+a') .

(20)

{21)
0

Taking now kF =0.9A ' and E~ =1 eV as appropriate
for the single spherical band model, we find that with
S =10, a choice of a -0.707kF fits both of the values
~ xo "~ =0.35 and p = 5 A. With this choice of a, U has
a range in coordinate space of 1.6 A. The model
yields A &sF 0 095 and T, ' = 3 x10 K. This two-
parameter model must of course be considered as
phenornenological but since it does fit correctly the SF
mass enhancement and correlation length it may
nevertheless provide more reliable results than more
sophisticated models.

We note in passing that in the present theory as the
ferromagnetic transition is approached (S ~),
7 " 0 like S '. Thus T,'" should exhibit a max-
imurn as a function of S which we find to occur'at

where we have defined U N (0) U, etc. For spheri-
cal subbands u(q) is the Lindhard function. %'e note
that in X&'" all factors of N (0) can be absorbed into
the model parameters, thus eliminating the need for
an explicit calculation of X (0).

The magnetic susceptibility is given by x(q)
=3K+(q) and the Stoner factor is

S = [1 —(U+2Jn+3J')] ' .



D. FAY AND J. APPEL

about S -70. This situation actually occurs in Ni-Rh
alloys" and rough calculations yield a p-state T, on the
order of 0.5 K. Unfortunately the p-state superfluid
phase in alloys would most likely be destroyed by

scattering. '

Thus the hope for p-wave pairing in transition me-
tals still seems to rest with Pd, if the phonon interac-
tion is attractive and not vanishingly small.
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