Retardation and anisotropic pairing

This chapter continues our discussion of superconductivity, considering the effects of
repulsive interactions and the physics of anisotropic Cooper pairing. According to an apoc-
ryphal story, Landau is reputed to have said that “nobody has yet repealed Coulomb’s
law” [1]. In the BCS theory of superconductors, there is no explicit appearance of the the
repulsive Coulomb interaction between paired electrons. How then do real-world super-
conductors produce electron pairs, despite the presence of the strong interaction between
them?

This chapter we will examine two routes by which Nature is able to satisfy the Coulomb
interaction. In conventional superconductors, the attraction between electrons develops
because the positive screening charge created by the ionic lattice around an electron
remains in place long after the electron has moved away. This process that gives rise
to a short-time repulsion between electrons is followed by a retarded attraction which
drives s-wave pairing. However, since the 1980s physicists have been increasingly fas-
cinated by anisotropic superconductors. In these systems, it is the repulsive interaction
between the fermions that drives the pairing. The mechanism by which this takes place
is through the development of nodes in the pair wavefunction — often by forming a
higher angular momentum Cooper pair. The two classic examples of this physics are
the p-wave pairs of superfluid *He and the d-wave pairs of cuprate high-temperature
superconductors.

In truth, the physics community is still trying to understand the full interplay of
superconductivity and the Coulomb force. The discovery of room-temperature supercon-
ductivity will surely involve finding a quantum material where strong correlations within
the electron fluid lead to a large reduction in the sum total of kinetic and Coulomb
energy.’

15.1 BCS theory with momentum-dependent coupling
e

We now illustrate these two different ways in which superconductors “overcome” the
Coulomb interaction, by returning to the more generalized version of BCS theory with
a momentum-dependent interaction:

I'In weakly interacting systems we are trying to reduce the Coulomb energy in the face of a large kinetic energy,
but in strongly interacting systems we are more often trying to reduce the kinetic energy in the face of large
Coulomb interactions.



15.1 BCS theory with momentum-dependent coupling

Hj

H=Y exci,cko + Y Vi (e e cip)- (15.1)
ko kK

Notice how we have deliberately included a + sign in front of the interaction Hy, to empha-
size its predominantly repulsive character. As before, we carry out a Hubbard—Stratonovich
decoupling of the interaction:

H; — Z[Akc—kickT + H.C.] — Z Aka_,]i,Ak/, (15.2)
k Kk
where V| ]l{, is the inverse of the matrix Vy . While this is formally exact inside a path inte-

gral, following s-wave BCS theory we seek a mean-field theory in which the Ak are static.
The only place where Vy s appears is in the last term, so we can immediately diagonalize

the resulting BCS theory to obtain a quasiparticle dispersion Ex = ,/ el% + |Ag|? in which
the function Ak is obtained self-consistenly by minimizing the free energy.

We can immediately generalize the mean-field free energy obtained for the momentum-
independent interaction (14.145),

F=-2T Z|:ln[2 cosh(,sEk/z)]] =Y AV Ak, (15.3)
k

kK’

and if we differentiate with respect to Ak, we obtain
SF Ak 1
sa. = ~lanh(BES/ D7 ; o Ak (15.4)
Inverting this equation by multiplying by Vj \, we obtain the BCS gap equation:

Ay Ey
Av=—) Vpw (2E‘; tanh ('BT"» . (15.5)
k/

BCS gap equation: momentum-dependent coupling

The zero-temperature limit of this equation takes the simpler form
Ak,
Agx = — ik | — | - 15.6

Note the minus sign in front of this equation! If the interaction is uniformly attractive,
so that Vy v < 0 is negative, then this equation is satisfied by a uniformly positive gap
function. However, in general the interaction Vy s will contain repulsive (i.e. positive)
terms, so a uniformly positive gap function cannot satisfy the gap equation, giving rise to
gap nodes where the gap changes sign. The most satisfying kind of solution occurs if the
sign of the gap function can satisfy

sgn(Ag) = —sgn(Vi ) sgn(Ay), (15.7)
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so that regions of phase space that are linked by a repulsive interaction will have opposite
gap signs, whereas regions linked by an attractive interaction will have the same sign.
This is the situation that leads to the largest gap and the largest mean-field transition
temperature. We shall see that this can occur in two ways:

e In electron—phonon superconductors, where the interaction is repulsive at high energies,
the gap function A(e) is largely isotropic in momentum space, but is energy-dependent
and changes sign at an energy comparable with the Debye frequency.

e In anisotropic superconductors, the gap function Ay becomes strongly momentum-
dependent and acquires nodes in momentum space.

This last mechanism appears to be at work in all electronically mediated superconduc-
tors: organic, heavy-fermion, high-temperature cuprate and iron-based superconductors.
We shall now illustrate this physics by using the BCS gap equation.

Example 15.1 The simplest anisotropic pair potential takes a factorizable form V) o =
—g—‘?ykyk/, where yx is real and normalized, Zk()fk)2 = 1. In this case,

Hy = —g—‘;)ATA, (15.8)

but now the pairs acquire a spatial form factor
A=Y (reekiexr) AT =3 (mepyelyy) - (15.9)
k k
For example, in a simple model of d-wave pairing in a square two-dimensional lattice of

side length a, yx = cos(kya) — cos(ky).

(a) Show that the action for this case is identical to that of s-wave pairing, except that the
gap A — Ag = Aypk now acquires a form-factor yi. Write the action for the path
integral.

(b) Derive the gap equation for the factorizable interaction above.

Solution

(a) We carry out a Hubbard—Stratonovich decoupling of the interaction that is formally the
same as for s-wave pairing:

_ _ _ V _
H = —gVOAA s AA 4 AA + —AA. (15.10)

80

Now we substitute A = Yk WCkrC—ky and A = ) ykc_k | Ck to obtain

_ V _
H; = Z Yk (Ac_uckT + H.c.) + g—OAA.
k



15.2 Retardation and the Coulomb pseudopotential

Following the approach of Section 13.6, written in a Nambu notation the action for the
path integral is then

B _
S = / dt Y Yi(d; + exta) i + Hy
0
k

B ) Vo
— / dt {Z Uk(dr + M) Yk + —AA} , (15.11)
0 - g0

where hy = ex13 + yk(Af_ 4+ Aty)and 1o = %(Tl +it).
(b) Approximating the path integral by a mean-field saddle-point approximation, where
A(t) = A is a real constant, the mean-field free energy is then given by

%
F=-TY Trin(—io, +h) + —|A]?
£0

K,iw,

_ BEC\ |,V A2
- TXk:In[2cosh< > )]+ A%, (15.12)

80

where Ex = ,/ei + ylflA|2. Finally, differentiating with respect to A, we obtain

oF ZA E 1%
—_:oz_zyk tanh('B k>+—A, (15.13)
oA o 2FEx 2 g0
from which we have the gap equation
1% 2 E
VoS (BB (15.14)
80 2Ex 2
k
In the continuum limit, this becomes
1 2 E
L f RATEPINN <&> (15.15)
80 k 2Ex 2

15.2 Retardation and the Coulomb pseudopotential
I ——

In Chapter 7, we encountered the Bardeen—Pines model interaction,

2 2
Vor(qo) = | —— |1+ =24 (15.16)
XA eo(q® + «2) w? — a)g ’ ’

where the first term describes the instantaneous Coulomb interaction and the second
describes the retarded attractive component due to phonons. Notice that the’Bardeen—
Pines interaction, taken in its entirety, is always repulsive, but is less so at low energies.
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A simple BCS model that captures the character of this interaction has the form Vy o =
Vefr ()| w=¢;—e,,» Where

n—g (lo| <wp)

15.17
" (otherwise), ( )

Ver(w) = N(0) ™! x {
corresponding to an attractive electron—phonon interaction of strength —g/N(0) operating
at energy scales lower than the Debye frequency wp, superimposed on an instanta-
neous Coulomb repulsive interaction of strength +u/N(0) (Figure 15.1), where p is a
dimensionless coupling constant representing the Fermi surface average of the Coulomb
interaction.”

If we Fourier transform this interaction to the time domain, we obtain

dw . *® do . D dw .
N 0 V l, — N 0 e —Ilwt — e —Ilwt _ e —iwt
OV (® ()fhveﬁv(w)e “f_ooZn" gf_tzne

Instantaneous repulsion

—_—— gwp <sin a)Dt)

— w8 (f) oz (15.18)

g wpt

retarded attraction

where ¢ is the time between “emission” and ‘“absorption” of the exchange boson. We
see that the interaction contains an instantaneous delta-function repulsion and a retarded
attraction with an oscillatory tail. It is the second term that drives the pairing.

We now show that the retardation has the effect of renormalizing the effective Coulomb
interaction down to a much weaker value,

. z
1+ pin(D/wp)’

n (15.19)
where D is the half-bandwidth and wp is the Debye energy. Typically, the ratio D/wp ~
103 K/500K ~ 102, so that In(D/wp) ~ 5 and, even if the bare Coulomb coupling con-
stant is of order unity, the renormalized Coulomb coupling constant ©* ~ 1/6. Provided
g — p* > 0, the renormalized s-wave pairing interacton is attractive and superconductivity
develops.

We shall slightly modify interaction (15.17), and write the BCS interaction in the form

n—g (el leg| < wp)

N o -1
Vegr(k, k) = N(O)™ x { n (otherwise).

(15.20)
Let us assume a constant density of states N(e) = N(0), replacing the momentum sum by
an energy integral, Y ,» — N(0) [ de, and denoting A(ex) = Ak. Then the gap equation
(15.6) becomes

A(€))
2E(€")’

D
Ale) = —N(O)/ de'V(e, € (15.21)
-D

2 Caution: by convention we adopt the “u” notation for the repulsive interaction, in the full knowledge that it
clashes with our notation for the chemical potential.



15.3 Anisotropic pairing

-k T
-k T

Direct and exchange scattering of a triplet pair.

where we have restricted the sum over momentum space to one-half of momentum space,
reflecting the fact that singlet and triplet pairs are only independently defined in half of
momentum space (k € %BZ). Now the equal spin pairing terms also involve triplet pairs,

which also interact via the triplet interaction Vlz - We find
v;gs + Véés = Z Vk—x = Vi4x) I:(CETCJLkT)(C—k%Ck’T) + (CLCT_M)(C—kakw)] :

kK elBz
(15.39)
The appearance of scattering of amplitude Vi, and amplitude V), can be understood as
a result of the exchange scattering term shown in Figure 15.3. A compact way to represent
both parallel and unequal spin pair operators is to use the vector of § = 1 triplet pair
operators:

T
. . e Clk) ~ CkpClpps X
\IJkJr = Cli(x (51'02) ﬁcr—kﬂ = i(clh‘j—u + c;;TcT_kT), y (15.40)
o

k1 Cky + CiqCky> 2

refering to the x, y, and z components of the pair operator. The z component describes
unequal spin pairing, while the x and y components describe linear combinations of equal
spin pairing. Under a rotation, the triplet creation operator lfllz " transforms as a vector. In
this notation, the BCS interaction is written

Vs = Y (VEewwd + v BT 9L (15.41)
kK elBZ
Note the following:

— If one is only interested in singlet pairing, one can drop the triplet pairing terms and
consider the interaction

Vscs = ) Vi (clT(TcT_k e iy ciy)- (15.42)

— One can decompose pairs into their orbital angular momentum components. Since
the parity of a pair is related to its orbital angular momentum quantum number L
by P = (—DE, even-parity superconductors involve even L (s, d, ... wave), while
odd-parity triplet pairs involve L odd (p, f, ... wave).
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Let us now return to consider the pair potential induced by the magnetic interaction
1 - o

1 T T o ol
) Z chk1+qack2—qy P 7 Ck,8Ck | B> (15.43)
ki.ko.q ap 8

where the Jg is an effective renormalized interaction between the quasiparticles. For exam-
ple, in the cuprate superconductors, nearest-neighbor antiferromagnetic interactions derive
from the vicinity to a Mott transition; these give rise to an antiferromagnetic interaction
of the form Jq = 2J(cosgyra + cosgya), where a is the separation of Cu atoms in a
two-dimensional square lattice.

Now we need to consider the spin dependence of the interaction, determined by the

matrices <%> 5 . (%) 5 =S 1- 3’2. We note that the eigenvalue of S 1- 3’2 is different for
« Y

singlet and triplet states:

_|_
BlOOR|—

(triplet)

(singlet). (1544

31.32:{

Since the symmetric and antisymmetric parts of the interaction filter out the singlet and
triplet pairs, respectively, these eigenvalues must now enter as prefactors into the pairing
potentials, giving

vS 3 (T i
kk' ™ 4 2
1 (I — Jror
T _ k—k k+k
Vek = 7 (f) . (15.45)
Remarks

e Antiferromagnetic interactions (Jy_pr > 0 = Vlf i < 0) attract in the anisotropic

singlet channel, whereas ferromagnetic interactions (J _r < 0 = Vlf i < 0)attract in
the triplet channel:

antiferromagnetic interaction <> singlet (mainly d-wave) anisotropic pairing
ferromagnetic interaction <> triplet (mainly p-wave) anisotropic pairing.

e The idea that ferromagnetic interactions could drive triplet pairing in nearly ferromag-
netic metals, such as palladium, was first proposed by Layzer and Fay in the early 1970s
[2]. In 1986 the discovery of antiferromagnetic spin fluctuations in the heavy-fermion
superconductor UPt3 led three separate groups (Zazie Béal Monod, Claude Bourbonnais,
and Victor Emery at Orsay, Sherbrooke, and Brookhaven National Laboratory [3]; Kazu
Miyake, Stefan Schmitt-Rink, and Chandra Varma at Bell Laboratories [4]; and Douglas
Scalapino, Eugene Loh, and Jorge Hirsh at the University of California, Santa Barbara
[5]), to propose that antiferromagnetic fluctuations drive d-wave superconductivity.



15.4 d-wave pairing in two-dimensions
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hole
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(a) Superconductivity in cuprate superconductors involves the two-dimensional motion of electrons on a square
lattice. The undoped material contains a square lattice of Cu>* ions, each carrying a localized S = % moment. When
holes (or electrons) are introduced into the lattice via doping, the spins become mobile and the residual
antiferromagnetic interactions drive d-wave pairing. A simplified model treats this as a single band of electrons of
concentration 1 — x, moving on a square lattice with hopping strength —7 and nearest-neighbor antiferromagnetic
interaction J. (b) Schematic phase diagram of cuprate superconductors where x is the degree of hole doping. A
commensurate antiferromagnetic insulator (pink) forms at small x, while at higher doping a superconducting dome
develops. The normal state contains a pseudogap at low doping, forming a strange metal at optimal doping, with a
linear resistivity. Fermi-liquid-like properties only develop at high doping, and it is only in this regime that the
superconducting instability can be treated as a bona-fide Cooper pair instability of a Fermi liquid.

The basic connection between anisotropic singlet superconductivity and antiferromag-
netic interactions is relevant to a wide variety of superconductors.

e If one is only interested in anisotropic singlet pairing, it is sufficient to work with an
interaction of the form

3 SRR T AYREE:
Vbes = =7 g{: <f (cprc i e i)

15.4 d-wave pairing in two-dimensions

One of the most dramatic examples of anisotropic pairing is provided by the d-wave pairing
in the copper oxide layers of the cuprate superconductors. These materials form antiferro-
magnetic Mott insulators, but when electrons or holes are introduced into the layers by
doping, the magnetism is destroyed and the doped Mott insulator develops d-wave super-
conductivity. The normal state of these materials is not well understood, and for most of the
phase diagram it cannot be treated as a Fermi liquid. For instance, at optimal doping these
materials exhibit a linear resistivity p(T) = AT + po due to electron—electron scattering
that cannot be understood within the Fermi liquid framework. However, in the over-doped
materials Fermi liquid behavior appears to recover and a BCS treatment is thought to be
applicable.
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Here we consider a drastically simplified model of a d-wave superconductor in which
the fermions move on a two-dimensional tight-binding lattice with a dispersion e€x =
—21(cos kya + cos kya) — ., where t is the nearest-neighbor hopping amplitude, interacting
via an onsite Coulomb repulsion and a nearest-neighbor antiferromagnetic interaction, so
that the Hamiltonian becomes

H=Y e cxo+ Y Unjpnjy +J Y S-S, (15.46)
K j (i)

while, in momentum space,

1 - -
T
Jq = 2J(cos gra + cos gya). (15.47)

Provided U and J are small compared with the bandwidth of the electron band, we can
treat this as a Fermi liquid with a BCS interaction in the singlet channel given by

. 3J
Vflmglet —U— 7(cos gxa + cos qya)-

Here, following the previous section, we have multiplied the spin-dependent interaction by
—3/4 to take care of the expectation value of S7 - S» = —3/4 in the singlet channel. When
we replace ¢ — k — K’ and symmetrize on momenta to obtain the singlet interaction, we
obtain

1 . . 3J
Vk,k/ _ 5 [Vsznglet(k . k/) + Vsmglet(k + k/)] =U — T(Cxcx, + cycy/), (15.48)

where we have used the notation ¢, = cos ky, ¢y = cos ky, and so on. The mean-field BCS
Hamiltonian is then

3J 3
Hpcs = Zekcﬂgckg + Z <U — ?(cxcxr + cycyr)) CliTcik¢c—k’¢ck/T'
ko kK
Let us immediately jump forward to look at the gap equation,
de/ Ak, /3Ek’
Ak = — Vik' tanh . 15.49
g (2n)? *k < 2 ) (1549

In the gap equation, the interaction will preserve the symmetries of the pair. If we divide
the interaction into an s-wave and a d-wave term, Vy v = VS + Vl? as follows,

KK X’
s-wave extended s-wave
3
V]ik, = U - ZJ(CX + cy)ew +¢y) (s-wave)
3
Viw = — I (ex = ey)lex = ey) (d-wave), (15.50)

then we see that the s-wave term is invariant under 90° rotations of k or k’, whereas the
d-wave term changes sign:

S _ S D _ _yD
Vk,k’ - +Vk,Rk/ ’ Vk,k/ - Vk,Rk/ ’



15.4 d-wave pairing in two-dimensions

where Rk = (—ky, k). Notice how the onsite Coulomb interaction is absent from the
d-channel. A condensate with d-symmetry,

AkD = Aplcx — Cy),

such that ARI?k = —Alkj , will couple to Cooper pairs via the d-wave interaction, because
its integral with s-wave functions must change sign under 77 /2 rotations and is hence zero,
Zk/ Vk K AD ..) = 0. By contrast, a condensate with extended s-wave symmetry, with the
form

AS = Ay 4 Axey +¢y),

for which Afi,k = +Aﬁ, will vanish when integrated with the d-wave part of the interaction,
Zk/ KK i/(. ..) = 0. In this case the two types of pairing are symmetry decoupled;
moreoever, the symmetry of the d-wave pair condensate orthogonalizes against the local
Coulomb pseudopotential.

Let us now look more carefully at the d-wave condensate, where the gap function
AE = Ap(cx —cy) vanishes along nodes along the diagonals k, = +k,. The corresponding
quasiparticle energy

E = /& + Adcx — ¢,)? (15.51)

must therefore vanish at the intersection of the nodes (where Ax = 0) and the Fermi
surface (where ex = 0), as illustrated in Figure 15.5. At the nodal points the dispersion can
be linearized in momentum, so that

E~ Jrsk3) + (vasky)?

wla —wla

Energy dispersion for a two-dimensional d-wave superconductor witha d —y2 9ap function. The upper part of the
plot shows a cut-away three-dimensional plot of the dispersion, showing the banana-shaped quasiparticle cones of
quasiparticle excitations around the nodes. In the lower contour plot, the position of the nodal excitations is seen to
occur at the intersections of the Fermi surface (white line) and the nodal lines of the gap function (red line).
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where vp = 0E/0k, is the Fermi velocity at the node and vpo = 0dE/0k =

V2Apasin (%) is the group velocity parallel to the Fermi surface created by the pairing.

These excitations form a “Dirac cone” of excitations.
Let us now write out the gap equation for the d-wave solution in full:

D
Vk,k’

&K (3 Ap(cy — cy) BEy
~| Gy (—ZJ(cx—cy)(cx/—cyr)> 2’;5 . u tanh( ~ )
(15.52)

AD(C.X - Cy) -

Fortunately, the d-wave form factor ¢, — ¢, drops out of both sides, to give

3 d*k —cy)? E
_ 27 (= )" on (PEX (15.53)
1] anp T 2E, 2

Though it is straightforward to evaluate this kind of integral numerically, to get a feel of
the physics let us suppose that the interaction only extends by an energy wsr around the
Fermi energy, and that, furthermore, the band-filling around the I (k = 0) point is small
enough to use a quadratic approximation, €j = —4¢ — u + tk2. In this case, the 2D density
of states per spin N(0) = %m is a constant, while the gap function is

Ap(ey — ¢x) = Ap(k; — k}) = Ag cos 26, (15.54)

where Ag = Ap(kra)?/2 and a is the lattice spacing. Notice the characteristic A(f)
cos 26 form, characteristic of an [ = 2, d-wave Cooper pair. Now the gap equation becomes

3 OSF 2T dH cos? 20 E
1 = ZJN(O) f de f & 55 W anh (’3—)
4 o Jo 2w 2E 2

E = /€2 + (Agcos20)2. (15.55)

BCS gap equation: d-wave pairing

At T, the average over angle gives %, so the equation for 7 is

3 RC | €
1= —JN(O)f de — tanh . (15.56)
8 0 € ZTC
This is identical to the BCS gap equation, but with g = %JN (0), with the same formal form
for T, = 1.13wspe™ /8.
It is particularly interesting to compute the d-wave density of states. Let us continue
to use our approximation A(6) = Agcos26. To compute the density of states, we must
average the density of states we obtained for an s-wave superconductor (14.186) over angle:

|E]
N(E) = NOO)R , 15.57
p(E) =NO) e<\/(E—i6)2—Azcos229>9 (157

where (...)g = [ g—g(. ..) and the real part cleverly builds in the fact that the density of
states vanishes when |E| < |A(6)|. We can recast this expression as a standard elliptic inte-
gral by making the change of variable 26 — ¢ — /2. The resulting integral over ¢ is then



15.4 d-wave pairing in two-dimensions

NH(E) T deo |E| E—ié
~oy = Re - = | (15.58)
© 0 7 \/(E—iS)z—Azsinqu
where
2 1
®[x] = —Re |:K (—2>1| (15.59)
b4 X
is expressed in terms of the elliptic function
(15.60)

ko= [
X) = _—
0 ,/l—xsinzqﬁ

known from the study of the pendulum.® This function is plotted in Figure 15.6. The clean
gap of the s-wave superconductor is now replaced by a V-shaped structure, with a low-
lying linear density of states derived from the Dirac cones in the excitation spectrum, and
a sharp coherence peak in the density of states around £ ~ £A. We can understand the
linear density of states at low energies by remembering that, for a relativistic spectrum
E = ck, the density of states is ﬁk% = (2|7tEc‘2)' For these anisotropic Dirac cones, we
must replace 2 - VFVa; taking into account the four nodal cones and remembering the
tricky factor of % that enters because of the energy average of the coherence factors in the
tunneling density of states (14.184), we obtain

N(0)
oo ] 1 |El  kr |E| |E]
NY(E)= - x4 x — = — = N(0)—, (15.61)
2 27T VEVA 2nvp A A

3.0f
25F
20f
N4EYN©O) |
15
1.0

0.5F

0_0’1....1.-.. e e e .
-2 -1 0 1 2

Density of states N*(E)) /N(0)) for a d-wave superconductor.

3 Note: here we use the notation used by Mathematica, with x multiplying sin? ¢.
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where we have put va = 0E/dk| = (kp)"'dA(0)/86 = 2A /kp, identifying N(0) = 2L =

= =
kr
2avE"®
Lastly, let us take a brief look at the alternative s-wave solution, where Ax = A1 +
As(cx + ¢y). The first, momentum-independent term is entirely local, whereas the second
term describes s-waves pairing with nearest neighbors. The gap equation

VS A1+A2(Cx’+cy’)

kk
d*k’ 3 AS BE,/
A = — / o (U = et e + cy,)) 2Ek tanh (Tk> (15.62)
k/

is more complicated because there is cross-talk between the local and extended s-wave
terms. To simplify our discussion, suppose we confine the interaction to within an energy
wsr of the Fermi surface and assume that the filling of the Fermi surface is small enough
that we can take k = k' ~ 0 in the pair potential. Then the effective s-wave coupling

constant will be
~2 ~2
3 ———t

Vkw = U — ZJ (cx +¢y)(cy +cy) = U —3J, (15.63)
which is only attractive providing J > U/3. We see that, for a single Fermi surface,
the attraction in the extended-s-wave channel is suppressed by the Coulomb interaction,
entirely vanishing if / < J. = U/3. In fact, extended s-wave solutions are possible, and
are believed to occur in the iron-based superconductors, but they require compensating
Fermi surfaces in regions where ¢, + ¢, have opposite signs, so that the Fermi surface aver-
age of the gap function vanishes, permitting a decoupling of the pairing from the repulsive
Coulomb interaction.

Example15.2  For a single Dirac cone of excitations with dispersion

Ex = \/ (vikx)? + (vyky)?, (15.64)
show that the density of states is given by
E
N(E) = .
2w vy
Solution
We write the density of states as
dkydk, 5 5
N(E) = Xk: 5(E - Ek) = (27_[)2 ) (E - \/(kax) + (Vyky) . (1565)

Changing variables, x = vyky, y = vyky, then

dxdy
N(E) = / W(ﬁ (E — /(&2 +y2)) . (15.66)

Changing x = rcos6, y = rsin6, then the measure becomes dxdy — rdrdf and the
integral is




15.4 d-wave pairing in two-dimensions

Example 15.3

(a) Carry out a Hubbard—Stratonovich decoupling of the BCS Hamiltonian on a two-
dimensional lattice, where the pair potential is

3
Vik = _/\/;—1 (U — EJ(C,chr + cycyr)) , (15.67)

(cx = cos kya, ¢y = cos kya), and show that the mean-field action takes the form
hx

B _ =
Swrr = [ 43 I+ + Bur + duri v
0
k

(15.68)

4 < X AisAis
+ N [Q(AzsAzs + ApAp) — } ,

where
Ag = Ays + Azs(cx + ¢y) + Aplex — ¢y) (15.69)

is the momentum-dependent gap function.

(b) Write down the mean-field free energy.

(c) Assuming a d-wave solution (i.e. Ap # 0, A1 = A, = 0), rederive the gap equation
for this problem.

(d) For a single Fermi surface, why will a d-wave condensate have a higher 7 than an
extended s-wave condensate?

Solution

(a) Let us factorize the interaction into s- and d-wave component, as follows:

U 3J
Vikk = ﬁ)/ls(k))/ls(k/) TaN [v25(K)y25(K) + ypK)yp(K)], (15.70)

where yi5(k) = 1, y25(k) = ¢y + ¢y, yp(K) = ¢, — ¢y are a set of normalized s-,
extended s-, and d-wave form factors, respectively. We can then write the interaction
Hamiltonian as

U . 3 7. :
H=—AA ——[AA A ] 15.71
1 /\/s 15318 4M 28 25 + DAD ( )
where
Ar =) ¢rkc k| cxr (I € {15,2S,D}) (15.72)
k

create s-, extended s-, and d-wave pairs, respectively. If we carry out a Hubbard—
Stratonovich decoupling of each of the product terms in this interaction, we then obtain

_ 4Ny - . N -
H; — Z (AFA[‘ + H.C.) + 3—; (AzsAQS + ADAD) — #AlsAlg

re{15,28,D} N
_ 4 _ _
= Z (AkC—kwm + CkpC—ky Ak) + 3—; (AzsAzs + ADAD)
k

N -
- s, (15.73)
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where Ax = Y pyr(K)Ar = Ass(cx + ¢y) + Ap(cx — ¢y). Then the complete
transformed Hamiltonian takes the form

H = Zekcfmckg + 2:(A1(CZKTCT_k¢ + H.c.)
k k
N (2 (RpAp + RasAss) — ~AjsA
s\ 37(ApAD 25825) = [ AIsALS
= Z 1/[11- (Ek‘L’3 + Axtt + Akl’_) /%
k

4 _ - 1 -
+ N g(ADAD‘i‘AZSAZS)_ 5A13A1S , (15.74)

where we’ve dropped the constant remainder ), ex. The corresponding action is
given by

hy

B _ -
S= / E Yk(0r + ex13 + AxT— + AT1)Yk
0
k

4 - < AisAis
+ N [§(A25A25 + ApAp) —

(b) Carrying out the Gaussian path integral over the Fermi fields for constant gap functions,
we obtain

Zyr = e PFur — /D[ll_fﬂﬂ]e_s,

where

Fyr = —TInZyp = —T Z In det[—iw, + hx]

K,iw,

4 - - AisAis
+ N [g(Azsﬁzs + ApAp) — ]

U
= =T > 2In[(iw)* — € — AkAk]

K,iw,
4 - - A1sAis
N, | —(AaxgA ApAp) —
+ s[3J( 25A2s + ApAp) U ]
BEx
= -7 In|2 —_—
Z Il|: COS( 3
k
4 _ _ A1gA
+M[§<A25A25+ADAD>— lj] 15], (15.75)
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(©)

(d)

where the last line follows from carrying out the Matsubara sum and Ex =
Jek + 1Akl
Suppose Ap is the only non-zero component of the gap function. Then

BEk +

Fyr = —TZln [2005 <T>] +M3J(AQSA25), (15.76)
k

where Ey = \/eﬁ + vp(K)2ApAp.
Taking the derivative of Fjsr with respect to Ap, we obtain

SFumF BEK\ yp®)*Ap  4Ap
MF _ 0 — — 5" tanh N—2, 15.77
SAD Xk:an ( 2 ) Y] (15.77)
giving us the gap equation,
4 E k)?
= :ftanh Lk vk (15.78)
37 2 ) 2E

Whereas the d-wave condensate is completely decoupled from the repulsive U, so that
02 Fyr /dA1sAp = 0, the extended s-wave component always mixes with the local
s-wave component, which leads to a reduction of the effective coupling constant, so
the d-wave Cooper instability will typically occur at a higher temperature. If we set
the differentials of the free energy with respect to Ajg and A»sg to zero, we obtain two
coupled gap equations, which, written in shorthand, are

4Arg ’
a7 = Aos(yis) + Ars{visyas)
Ars )
7 (vis)A1s + (visyas) Aos, (15.79)

where we have used the shorthand (...) = > | ﬁtanh (ﬁ—?‘> (...)k (although
vis = 1, we have kept it in its symbolic form to show the symmetry of the equa-
tions). The two equations are coupled, because in general (y15)y2s) # 0 for two s-wave
form factors. We can eliminate A g from the second equation, to obtain

(visY2s)
Ars = -~ 5y, (15.80)
(vigh + o

In other words, providing (y15y2s) # 0, the extended s-wave solution will always
induce a finite onsite s-wave pairing, which costs a lot of Coulomb repulsion energy.
Substituting this into the first of the mean-field equations (15.79), we obtain

4 (4 nsne? 2 Ex )
g = (3] + ll]+ (y125>> = (y2s(k)°) = fktanh(zTc) yas(K)”. (15.81)

Since 1/J.f is increased, we see that the effective coupling constant J.g is reduced
by the cross-talk between the extended s-wave channel and the onsite Coulomb inter-
action, suppressing the extended s-wave T.. When the higher 7, d-wave condensate
develops, this opens up a gap in the spectrum, pre-empting any lower-temperature
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562 Retardation and anisotropic pairing

s-wave instability. This is presumably why d-wave pairing predominates in the cuprate
superconductors.

An important exception to this case occurs when there are multiple Fermi surface
sheets which live in sectors of the extended s-wave form factor which have opposite
sign. In this case, the average (y1s5y2s) ~ 0 and the larger average gap of the s-wave
solution then favors extended s-wave over d-wave.

Example 15.4
(a) Show that the Nambu Green’s function for a singlet superconductor with a momentum-
dependent gap is
G(k, iwy) = [iw, — ekt3 — AkT1]™ ), (15.82)
where the gap function Ay = A_x assumed to be real.

(b) Using the Nambu Green’s function, compute the tunneling density of states for a three-
dimensional d-wave superconductor with gap Ax = A cos 2¢.

Solution

(a) The Nambu Hamiltonian for a singlet superconductor with a momentum-dependent
gap Ax = A(¢) = A cos2¢ is given by

H=>" ¥
k (15.83)
hy = ext3 + Acos207t,
where we taken the gap to be real. The Nambu Green’s function is then
_ w + hg
w—he @ — (g + A2cos?2¢)

gk, w) =

(b) The diagonal part of the Nambu Green’s function is given by
w + €k
2 _ (eﬁ + A2 cos?2¢)

and the tunneling density of states is given by
1 w + €k
Nw)y=—) Im| ———————
(@)= b4 Z ((a) i8)? — >
= —N(O)/ fde Im wre
(@ — i8)* — €2 + A(¢)?
= —N(0) f —Im
<\/A2 cos22¢ — (w — 15)2)

7r/2
—N(O)/ 2]
\/(a) —i8)2 — A2sin® ¢

_ 2N(0)ReK( A, ) (15.84)

T w— i

[GR)]11 =
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where

/2 dx
K(x) :/ S S
0 /1 —x2sin’¢

The last few stages of this calculation are the same as those in the derivation of the s-wave
density of states in (14.185). We see that the form of the mean-field density of states of a
three-dimensional d-wave system is the same as the density of states of a two-dimensional
one.

Example 15.5

(a) By generalizing the approach taken in Section 13.8 for an s-wave superconductor,
compute the London stiffness of a d-wave superconductor with gap A(¢) = A cos ¢,
showing that it takes the form

e=oolt— [ do [P ( YO\pe| @
onn = |1- | a)/§(— dw) e
A®©) = A cos(2¢). (15.85)

(b) Contrast the temperature dependence of the penetration depth in an s-wave and a clean
d-wave superconductor.

Solution

This question is a little subtle at the beginning, because the d-wave gap has momen-
tum dependence Ak, and it is not immediately clear whether, when a vector potential is
included, we should make the Peierls replacement Ax — Ag_,A Or not.

One way to rationalize this is to notice that, in Nambu notation, the correct gauge-
invariant Peierls replacement is k — k — eAt3, so that in pairing terms of the form Agt;
we must replace

=0
1 e P )
Akt — E{Ak—eAr3’T1} = Ak — EVkAk {r3, 71} = Ak + O(A7), (15.86)

so there is no correction to the current operator derived from the pairing, and the only
important dependence of the BCS Hamiltonian on the vector potential comes from the
kinetic energy €x_.az; 73 (14.241).

An alternative and more convincing way to argue the above is to explicitly introduce
the vector potential into the pairing interaction using a Peierls substitution in real space.
Consider the local pairing interaction, —g fx lIfg(x)\IJD(x), where

V)= fR yp(RIV{(x+ R/ | (x — R/2) (15.87)

creates a d-wave pair with spatial form factor yp(R) centered at x. If we write the
interaction out in full, it takes the form
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HF?@/RHWQMﬂUOH@+WDﬂ@—Rﬂ0WquWDWW+WﬂD
=g [ w®yp®) s (W] R x4 R2)
x,R,R’

x (wj(x —R/2)V, (x — R’/Z)) - (15.88)

which involves the normal-ordered product of two hopping terms. To make this gauge-
invariant, we need to make a Peierls substitution on each hopping term, replacing

efiA(x)-(Rfk/)/Z
—_—~

i : i oy i SR Acd
U X+ R/2) Y (x+R/2) = d X+ R/2)Yp(x + R /2) e " iR2

eiA(x)-(R—R’)/z
—_—
+ N i R2a 0
¥ (x =R/2)Y (x —R'/2) - ¢ (x = R/ (x — R'/2) e xRz B0,

where the Peierls factors have been evaluated ignoring gradients in the vector potential. We
notice that the two Peierls factors cancel, so there is no dependence of the pairing term on
the external vector potential.

(15.89)

(a) We can now follow the methodology of Section 13.8, including the momentum
dependence of the gap, throughout the calculation. We obtain

0 4 Y VeV A (15.90)
b= ., €k Vh€k . .
Topve [(@n)? + € + ARP?

Carrying out the integral over energy for each direction, and the summation over the
Matsubara frequencies following the method of Section 14.8, then gives an angular-
averaged version of (14.260):

ol [ (@) [
mn—mp ﬁ;m<¢m>/%

||
R : 15.91
e<\/(a)—i8)2—A2c0522¢>i| (190

where we have taken the real part of the integrand to eliminate terms where |w| <

|A@)].

We recognize the last term as the thermal average of the density of states, so that
o = 0| 1- (52

2N(0) A
Alw) = TReK< : )

where (see (15.58))

w— 15

and K (x) is the elliptic integral (15.60).
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(b) At low temperatures, the density of states is given by A(w)/N(0) = (lw|/A), so that
the thermally averaged density of states

(A(w)) _ kBT2/°° x _ kT, (15.92)
NO) ATJy (@+DEe 4+ A

grows linearly with temperature. Thus in a d-wave superconductor the inverse pen-
etration depth }%2 o« Q(T) will exhibit a linear dependence on temperature at low
temperatures, ratLher than the exponential dependence expected from a fully gapped
s-wave superconductor:

| A2(0)  kgT
ATy A

(kpT << A).

(Note that in a dirty d-wave superconductor the density of states is constant at low tem-
peratures, which leads to a quadratic temperature dependence of the inverse penetration
depth at the lowest temperatures.)

15.5 Superfluid *He

15.5.1 Early history: theorists predict a new superfluid

As our second example of anisotropic pairing, we discuss the remarkable case of superfluid
3He. As the 1950s came to an end and the wider significance of the BCS pairing instability
was appreciated, the condensed-matter community began to realize that *He might form
a BCS superfluid condensate, avoiding the mutual repulsion of the atoms by pairing in
a higher angular momentum channel. Four independent groups (Lev Pitaevksii [6] at the
Kapitza institute in Moscow; David Thouless at the Lawrence Radiation Laboratory, Uni-
versity of California, Berkeley [7]; Victor Emery and Andrew Sessler at the University of
California, Berkeley [8]; and the Gang of Four, Keith Brueckner and Toshio Soda at the
University of California, La Jolla, and Philip W. Anderson with Pierre Morel at Bell Labo-
ratories, New Jersey * [9, 10]) came up with the idea of anisotropic pairing. Although these
early papers examined both p- and d-wave pairs, each of them used bare nuclear interaction
parameters as input to the BCS theory, and on the basis of these calculations came to the
conclusion that the leading attractive channel was the / = 2, d-wave channel, predicting a
d-wave superfluid condensate would develop in *He around 7, = 50—150 mK. The theory
community would later be vindicated in their prediction of anistropic superfluidity in 3He,
but at a much lower temperature and with a p-wave rather than a d-wave symmetry.
During the 1960s the theory of anisotropic superfluidity developed rapidly, providing the
framework for p-wave pairing that would ultimately be used to understand 3He. In 1961
Morel and Anderson [10] introduced the ground state of what would later be identified

4 Pierre Morel was officially a scientific attache at the French Embassy in New York City.
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566 Retardation and anisotropic pairing

as the “A” phase, while in 1963 Roger Balian at the Centre d’Etude Nucléaires, Saclay,
and Richard Werthamer at Bell Laboratories [11] discovered, an isotropic triplet paired
ground state that would later be identified as the “B” phase. Gradually, towards the end
of the 1960s, it became clear that the use of a bare interaction parameter as an input to
BCS theory needed to be corrected for many-body effects, particularly with ladder diagram
corrections to the pair scattering amplitude [12]. In a pioneering work, Walter Kohn at the
University of California, San Diego, and Joaquin Luttinger at Columbia University, New
York, [13] showed that, when many-body corrections to the Cooper channel interaction are
considered, the sharpness of the Fermi surface guarantees that Fermi liquids are inevitably
unstable to anisotropic pairing in some higher angular momentum channel. Using an input
delta-function potential, Kohn and Luttinger derived an approximate asymptotic formula
for T, as a function of angular momentum / in *He, given by

To(l) ~ € _m 15.93
c F €Xp (kFa)Z 5 ( . )

where [ is the angular momentum of the pair, €7 and kr are the Fermi energy and momen-
tum, respectively, and a is the diameter of the *He atom. Curiously, Kohn and Luttinger
chose to illustrate this equation for / = 2, d-wave pairing, which for kra ~ 2 gives
T. ~ 1077 ¢x. Had they made the bold but uncontrolled insertion of / = 1, they would
have obtained 7, ~ 0.05¢r ~ 50 mK, surely an indication that p-wave pairing is a stronger
candidate than d-wave! Then in 1967 D. Fay and A. Layzer, working at the Stevens Insti-
tute of Technology, New Jersey, made the critical observation [14] that in dilute neutral
fluids many-body effects, which tend to ferromagnetically enhance interactions, will also
generally lead to p-wave pairing.

It was not until 1972 that Douglas Osheroff, Robert Richardson, and David Lee at Cor-
nell University finally discovered superfluidity in *He, developing at 2.65 mK [15] (see
Figure 15.7). From the anomalies in the NMR response, this team was able to identify two
phases: a high-temperature A phase and a low-temperature B phase in which most of the
magnetic response disappeared. By carefully analyzing the detailed NMR measurements

f& ]
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Phase diagram of >He, showing the superfluid A and B phases, [22] with icons representing the gap anisotropy. Note
that 0.1TMPa = 1 atm. Adapted with permission from D. Vollhardt and P. Wolfle, The Superfluid Phases of Helium 3,
Dover, 2013. Copyright 2013 by Dieter Vollhardt and Peter Wolfle.
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carried out on these phases, Anthony Leggett, working at Sussex University [16], was
able to show [17-19] that the pair symmetry of the A phase is triplet and probably cor-
responds to the Anderson—Morel state (now called the Anderson—Brinkman—Morel state).
The pair symmetry of the B phase was later identified with the isotropic and fully gapped
Balian—Werthamer state [20].

Curiously, although the early *He theorists predicted the wrong pair symmetry for
3He, their efforts were not in vain, for d-wave pairing was realized seven years later
in superconductors, with the discovery of the first anisotropic superconductor, CeCuSi,,
by Frank Steglich at Cologne University [21]. We now know many examples of d-wave
superconductors, including the high-temperature cuprate superconductors.

15.5.2 Formulation of a model

The beauty of 3He is that its isotropy provides us with a model system. The Fermi surface
is perfectly spherical and in this case the pairing interaction between the quasiparticles
depends only on the relative angle between the initial and final pair momenta k and K/,
i.e. Vg = V(cos ). This implies that the pairing interaction can be decomposed as a
multipole expansion involving Legendre polynomials:

A A
Viw = Y QL+ DVPi(k - k). (15.94)
l
This is reminiscent of the multipole expansion of Fermi liquid interactions (6.38). Using
the orthogonality relation f %PZ(C)PZ/(C) = 07 /(21 + 1), the parameters V; are given by

even (singlet)
odd (triplet).

1

V= / 1 dcgsepl(cos O)V(cosh) e { (15.95)
These are the higher angular momentum analogues of the BCS s-wave interaction para-
meter. Now the parity of the Legendre polynomials alternates with [, P; = (—1)! (Pi(—x) =
(—1)!Py(x)), so the even [ define singlet pair potentials while the odd / define triplet (S=1)
pair potentials.

Using the relationship (27 4 l)Pl(ﬁ . ﬁ/) = 4 an:—l Y ;n(ﬁ)Ylm(ﬁ/), we can factorize
the anisotropic BCS interaction in the form

A A/
Vi = D Vi Vi ®)yim (k). (15.96)

I,m

where we have used the notation y;,, = VA7 Yy, to denote spherical harmonics normalized
to give unit norm when averaged over the sphere | %y}"mylm = 8.1 8mm - This is the same
kind of factorized interaction encountered in the previous section, and we can treat it in the
same way. For *He, the hard-core repulsion between the atoms rules out an s-wave insta-
bility> and it is the p-wave (/= 1) triplet (S = 1) channel that takes over. Approximating
V1 = —g/V and ignoring all other channels, then

3 Curiously, in optical atom traps in which the atomic interactions among highly dilute fermions can be tuned
through a Feshbach resonance, it is possible to produce an attractive s-wave interaction, so a conventional BCS
instability does occur.
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30 ~ A
Vkk = —%3 cos(k - k') = _Vg(kak;)a (15.97)

where k, = kq /kr and the sum over the repeated index a = 1,2,3 is implied. The BCS
Hamiltonian for a triplet superfluid is then [11]

3g0 - LA A, o
Hpcs = ZGkCliaCka -V Z (‘Iflikz) - (kW)
o kKk'eIBZ

Uy = ¢ ko (—i@&) Ckp
op
U=l (51'02) s (15.98)
of
Notice that there are now three triplet channels (\ilk = \Ifl‘(l, a = 1,2,3) and three orbital

channels (k;, [ = x, v,7) in which the pairing takes place. The summation over momentum
in the interaction takes place over one-half the Brillouin zone.

15.5.3 Gap equation

If we carry out a Hubbard-Stratonovich transformation, we get

HMFT—Zekck(,ckﬁ Z |- (Al)k1+HC]+—(A1 A). (1599
kel >BZ

The three vectors ﬁl (I = x,y,2) define a three-dimensional matrix Af = (Al)“ which

links the spin and orbital degrees of freedom. If we denote ﬁk =Y ﬁllAq, then, since

=X,y,Z
[ Bk = L84, it follows that
5 as?; - -
=(A)* = 3/ —(Ak) k. (15.100)
4
Thus we can write
Vi -, = 3V [ dS2 dSy,
—(A] - A) = — — KA Ak Ky =— AV Ay, 15.101
30 1A P /zz,ia"""k (100
where we have identified Vk_ W = —6710(312 - k') and denoted [; = f = %% The mean-field
Hamiltonian is then
>4 3V [ dS dSy,
i i
Hyrr = Zékckackg + Z (\Ifk - Ag + H.C.) + — / E . Ak/(k k/)
ko kelBz
(15.102)

Now, to diagonalize this mean-field theory we need to cast it into spinors. Triplet pairing
mixes up and down electrons, which obliges us to use a four-component spinor called a
Balian—Werthamer spinor [11] after its inventors:
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CkT
Ck Ck| . .
vk=|. + |= ¥ . Balian—Werthamer spinor (15.103)
102C_y C_ky
_ T
€k

The upper two entries are the destruction operators for particles of momentum k, while the

lower two,
ak c f
<T>E k), (15.104)
ak|, —C_x A

are the destruction operators for holes of momentum k. Hole-destruction operators are
the time reversal (denoted by the operator 6) of the corresponding particle-creation opera-
tors, and the minus sign in the lower entry appears on time reversal of a down-spin state,
a;i L= Ock ¢9_1 = —C—kT-6 Notice how the io» that appears in the triplet pair opera-
tors is now neatly absorbed into the spinor. Moreoever, the BW spinor obeys canonical
anticommutation rules:

{WRa ’ Wll/ﬂ } = 8k,k/ 8aﬂ °

Of course, we have doubled the number of components in the spinor, so we must now
restrict the momentum to one-half of momentum space, k € %BZ. The payoft is that we
now have a rotationally invariant representation in which the spin operator is defined in
terms of block-diagonal Pauli matrices:

@El@&:(i+§), (15.105)

while the Nambu matrices are now block matrices:

oA (=i (4]
cmrons (D) (e ()]

In this notation, the BCS Hamiltonian can be succinctly rewritten as
3V d;d2, - - . .
— | L —E A Ak E)
20 4T 4w

Hurr = Y Vphdn+
keBZ

-

€k Ak . 5 - N - N
h = | —= | =ex3 + (Ak - 0)T4 + (Ag - 0)t—, (15.107)
Ai’; -0 ‘ —€k

where 7+ = %(n =+ itp). It is common to denote the direction of the gap function in spin
space by the complex d-vector d,

Ak = Ad, (15.108)
which is normalized so that its angular average over the Fermi surface is unity:
dQ% -
/l—M@P=1. (15.109)
4

% You can also verify that the diagonal and off-diagonal matrix elements of the spin operator are the same for

particles and for holes, so that hlt(}hk = c_g(iop)o(—ior)c_k = cT_k(?c_k, where the last step follows

because 51 = —0rG 5.

569



570 Retardation and anisotropic pairing

The d-vector is an emergent property of the Fermi surface, and the textures it gives rise to
in momentum space define the state of the condensate.

If we take the determinant of w — hx by multiplying out its two-dimensional block
diagonals, we find

det(w — Iy) = det [(a)z — D)1 — (AL -5) Ak - &)]
— det [(a)z — D)1 — A2(|d? + idy x dy - 5)]
— det [(a)z — )1 — A2(|dy|? + 2d1 X dok - 5)] . (15.110)

where we have used the identity 0%c” = §% 4 ie®“o¢ on the second line and decomposed
dx = dik — idyk into its real and imaginary parts on the last line. The quasiparticle energies
determined by pairing matrix Ay are then

Eis = /€2 + A2(Jdk P & 211k x d).

There are in fact two superfluid phases of 3He, and, in both, lek and ZZZk are parallel, and
the gap functions take the form

. kX + lAcyif + k.2 BW or B phase
Ak = A X 3 o (15.111)
\/; (ky + iky)Z . ABM or A phase

The BW or B phase is named after Balian and Werhammer. In this phase the d-vector points
radially outwards from the Fermi sea, forming a topological “hedgehog” configuration (see
Figure 15.8(a)) with a uniform gap and quasiparticle energy given simply by

Ex = /e + A2 B phase

The B phase, with a full gap, dominates the phase diagram. The ABM or A-phase, named
after its discoverers, Anderson, Brinkman, and Morel, develops in a small sliver of the
phase diagram under pressures of about 2 MPa (see Figure 15.7(b)). This phase involves
pairing in a single triplet orbital channel with a uniform (“z”) direction of the d-vector;
now the magnitude of the gap is momentum-dependent:

A@O)=A A(6)=Asin 6

d(x)

B phase A phase

m Showing the gap structure and d-vector orientation for the B and A phases of superfluid *He.
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¢ 3 . ips
Ak = EAsmee Z. A phase

This function vanishes at the poles, giving rise to a quasiparticle excitation spectrum

3
Ex = \/el% + §A2 sin 6. A phase
The derivation of the mean-field equations for these two solutions is simplified by the
observation that, for both of them, the potential energy term is
3V [d2d2, - - . . Vv
| KA Ap(k-kK)= — A%
20 A 4Anm 20

The free energy of the mean-field theory then takes precisely the same form as in BCS
theory:

E Vv
Fyrr = —ZTZIH (2 cosh %) + gAz.
Kk

If we differentiate with respect to A? we obtain the gap equation:

1 Ldcosf [“  A(6)2/A2 |:\/€2+A(9)2:|
/ d¢ ——tanh | ——— | .

goNO) —J1 2 Sy 2+ A®0) 2

According to this analysis, the A and B phases have identical mean-field transition tem-
peratures. However, at lower temperatures the B phase wins out because its fully gapped
Fermi surface gives rise to a lower free energy.

Example 15.6 Consider a single triplet Cooper pair described by the state

1 A 2 1 A N o+
W) = E(d : qz,i)m) = Ed- (c;((oiozc'_k>|0),

where d is a real unit vector.

(a) Show that
> I A -
S|W) = —(d x ¥)[0)
\/5 k
and use this to prove that the spin of the state is S = 1, i.e.
S2|W) = 2| W), (15.112)
while the component of the spin in the direction of the d-vector vanishes:

@- 5w =0 (15.113)

and the expectation value of the magnetic moment is zero, i.e. (W |3’ |W) = 0.
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(b) Show that the expectation value is
(W|S9SP 1wy = 8% — geqP, (15.114)
so that (%) = S(S + 1) = 2, corresponding to a spin-quadrupole with a fluctuating

moment in the plane perpendicular to the d-vector.

Solution

(a) The effective spin operator for this state only involves momenta -k, so we may use S=
%[ci& Ck —i—cT_k& c—k]. To determine the action of the spin operator on the triplet pair, we
need to commute it past the triplet pair operator onto the vacuum. The commutator is

- b -
[S“, (\Iflz) ] = [(clta“ck + cT_ka“c_k> , <c£abiazc'_k>}
= CII <oaabi02 + obioz(a“)T> cik,

where the first and second terms derive from the positive and negative momentum

components of the spin operator. Using o»(c¢%)! = —o%0> we obtain
- 1 .
[S“,(\If;;)b] = [aa,ab] ioac’ | = ieapectoione’ (15.115)
or
a . — b . F c:.F \_:5. Qe
§%d - \eoioac )| = i€aped” (o ione ) = i(d x ¥, )7, (15.116)
and hence
§lwy = 3 (@-T)H)0) = iE (21 x \fﬁ) 10). (15.117)
V2 K V2 K
Using (15.115), we have
SUHP10) = ieanc(F)°10), (15.118)

so that
S2(E)P10) = $95°(¥))?10)
= i€apeSa(W))°10)

28pa
A N NP AN
= leabcleacd(qjk) 10) = 2(‘-Ifk) 10), (15.119)
so, writing this in vector notation,
S0/ 10) = 2, 10). (15.120)

Hence S?|W) = Sz(;i . \if;i)|0) = 2|W), corresponding to a spin of 1.
If we evaluate the expectation value of the moment, we get

- 1 on o a o A A
(WIS|W) = Z{0](d" - Wi(d UHI0) = id x d*. (15.121)
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In our case d is real, so that (5’) = 0. Note, however, that if d = cAil + icAlz is complex,
then (3‘ ) = 2211 X 212, so that if 211 and 212 are not parallel, the Cooper pair state carries
a net magnetic moment.

(b) Taking the result (15.117), we have

2895
a cb 1 DT = \4 T T $
(WIS'S"1W) = Seapgennsd’d” O] () () 10) = eapgen
— ((Sabgpr _ 6ar(gpb> rd
= 8% — g, (15.122)

so the moment fluctuations of the pair lie in the plane perpendicular to the d-vector.

Example15.7 Derive the BCS pair wavefunction for the B phase of *He.

Solution
By analogy with the case of singlet pairing, we expect the ground state to be a coherent
state of a triplet pair,

W) = exp [ATT] 10), (15.123)

where

1 ~ >
Al = 3 > uk - 0) (15.124)
k

creates a triplet pair and ¢ = ¢_k is an even function of momentum. The factor of % is
included as a normalization that takes account of the fact that \Ifli is only independent in
one-half of momentum space.

Now the ground state is annihilated by the quasiparticle destruction operators. For the
triplet B phase we write the quasiparticle-creation operators as

u ~
GIT( = WE : <v11:) = Cltauk(r ~+ Cko Vko s (15.125)

where ¢y = c_kg[—i02]ps and the uy, and vy, are two-component spinors. For the B
phase, we can take the mean-field Hamilonian to be

Hyrr = Y Yphci. hk=< « | Ak-3) ) (15.126)

- Ak-G) | —ex
kejBZ

Now since [H, ax] = Exay, it follows that

K | AG-5) (”"):E (”“) (15.127)
NI ACY YA '

(Notice that, if we choose a spin quantization axis parallel to k, then this eigenvalue

equation is identical to singlet pairing.)
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Now we must find the condensate that is annihilated by the quasiparticle operators:
ak = (uf ,v)) - Yk = U] ko + Vi Er (15.128)

To commute the quasiparticle operator with the pair creation operator, we note that

lax. ) 1= uf Sy (15.129)
so that
1 ~ - . -;4
law, A7) = 5 | ak. ) ey (- Gioac”
k/
1 N N T
= §¢k [u;z(k . O’)lO‘zCT_k + CT_k(k . o)laz(uk)T]
(k-3)ios
1 + .7 > . . fal -
= §¢k uy (k - O’)lO’zCik + uli —ioy(k - T) cik
_ f3 i
= o [uyk- "], (15.130)
where we have used 0267 = —5 0, and the fact that ¢y = ¢_x. Now by (15.127),
A~ E
k- 5) = %ﬁ(, (15.131)
so that

luk| — (Ex + €x)
Vil A

enabling the commutator of the quasiparticle operator with the pair creation operator to be

: (15.132)

written in the compact form

o Ju i
[o, AT] = mqsk(v.iclk). (15.133)

As in the case of singlet pairing, if we choose
o = —— (15.134)
then
[, Ap] = —vf - &0, (15.135)
and since ¢k commutes with A;, it follows that
[on, (A])"] = —n(AD)" Vi, (15.136)

so that
[k, exp[ Af]] = — exp[ AT Iv] &. (15.137)

This means that

ak exp[AT] = exp[ Aok — exp[ AL v ek = exp[ ATl - ek, (15.138)
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so that o annihilates the coherent state:

ok exp[AT110) = exp[ATlu) - ck|0) =0, (15.139)
proving that
W) = exp ! > M(12 S| 10) (15.140)
2 |uk| k

is the ground state.

Note that we have to be careful in reducing this to the usual multiplicative BCS form,
for the square of the triplet pair operator is not zero. If one splits the sum over momentum
space into two parts, k; > 0 and k; < 0, then the Cooper pair operator can be written as

koo 41 k-G —1).
AT =" dkef (T) C+ Y e (T) cx

k;>0 k;<0

=3 tef <w> k. (15.141)
k

The additional singlet term that has been added and subtracted from the upper and lower
halves of momentum space cancel with each other. Now the terms inside the pair operators
are projection operators, and the squares of these operators do vanish. We can now expand
the coherent triplet paired state as a BCS product, as follows:

k-G k) \ -
w) =T] (|uk| — e (%‘W) c_k> 0. (15.142)

k

Example 15.8
(a) Show that the Nambu Green’s function for *HeB is given by

iw, + €x13 + (Ak .01
(iwn)? — Ey,

G(k) = liw, — ext3 — (A - 5)1] ™" =

(b) Calculate the magnetic susceptibility of the B phase of >He. Show that the ground-state
condensate has a finite Pauli susceptibility equal to 2/3 of the normal state.

Solution
(a) As in the case of singlet pairing, we can write the propagator as G(k) = —aTJ]r—hk. Let
us start with the imaginary-time propagator, which we will write
Gk, 7) = —(Tya(1)¥ (0)) (15.143)
or, written out explicitly, Gog(k,7) = —(TWka(T)WEﬁ(O)% where Y, is a Balian—

Werthamer spinor. The expectation values are to be evaluated with the mean-field
Hamiltonian H = n , where
Zke%BZ Vihk vk
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hk = ext3 + (Ag - 3)11. (15.144)
When we take account of the time-ordering, the equation of motion for G is

0:G(k, 7) = =8(x) (Y1, Y3 }) — (T@ Yi(2) Y, (0))

= —48(v)l — (T[H, Wk(f)]wﬁ(o))
— —5(0)1 — Gk, 1), (15.145)

where we have used Y (t) = efT e M7 and 3, Y (v) = [H, Yi(v)] = —h Y. It
follows that

(0r + )Gk, 7) = —8(7)1 (15.146)
or G(k,t) = —1/[0; + hg]. Fourier transforming this expression in time (G(k, 7) —
gk, iwy), 0; = —iwy), it follows that (—iw, + hx)G(k) = —1, or

1 ' Ax -G
G(k, i) = _ Lo T T 2+ ( K VU (15.147)
— &3 — (Ak - 3)7) (iwp)* — E,

where, for He-B, we can take Ax = Ak , SO that (&k . 3)2 = A2,
(b) In a magnetic field, the free energy becomes

T -
F = —3 Z Tr ln[—g_l(k) — uno - B] + field-independent terms, (15.148)
k

where the factor of % derives from expanding the summation over one-half the Bril-
louin zone to the entire momentum space and py is the nuclear moment of the
3He-atom. We can either differentiate this twice with respect to the field or write the
spin susceptibility as a mean-field polarization bubble, to obtain

k
ab _ azF _ T,Ltjzv

555 = b=t Zk: Tr [ G G (k) |-

(15.149)
Inserting (15.147), we obtain

@ T3, ZTr Oaiwn + ext3 + (Ak - 6)T O_bia)n +ext3 4 (Ak - 0)7 .
(iwn)? — Ex (iwn)? — E;
(15.150)

Now we can carry out the traces over the Nambu and Pauli matrices separately. Carrying
out the trace over the Nambu components, we obtain

= —Tud Z - E2]2 ([(ia)n)2 + 2ITt[o %] + [a“(&k )b (A - 8)]) .
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Now Tr[o%?] = 28%. To calculate Tr[o % 0¢5?], one can cyclically anticommute o
around the trace (using 0% = 26% — 6%0'%), picking up the remainders, to obtain

Tr[o_ao_bo,c‘o,d] <8ab86d _ 806‘81%1 + 8ad8bc>
so that
Trlo%(Ak - 5)0P(Ax - 3)] = 2[2A0 AD — 8PP Ay - A] = 2A%[2k%" — 5], (15.151)

so the susceptibility can be rewritten
= 2T (1Gn)? + 16 + AZ2RR? — 51)
MNZ[( E2]2 (ion)* + €

= 2Ty} Z = EZ] . ([(ia)n)2 + €2+ AMS™ 4+ 2A2[RRE — 5‘”’]) .
(15.152)

After the momentum sums, kb — %S“b so the susceptibility is isotropic, X“b = X(T)S“b ,
where

4
= —2Tuj Z o E2]2 ([(iwn)2 + E¢l - §A2> . (15.153)

The first term is recognized as the Pauli susceptibility of a singlet BCS superconductor,
which drops exponentially to zero as 7 — 0, while the second term must be interpreted
as an additional contribution derived from the polarizability of the triplet condensate. The
evaluation of the Matsubara sums follows the same lines as for a singlet superconductor.
We obtain

_ 1 2 2 i 2
2MNZ% +E 27” — Ex)(z + Ex)? (Z M >
_ 2 2 i 2 _
R ZMNZ{ [f()<z+E>2 (Z * 5 3A)]Z=Ek+(Eﬁ Ek)}
2A? A2
=23 ) :—f’<Ek> (1 - E) +(1- 2f(Ek>>?} (15.154)
k k k

At zero temperature, the first term vanishes. The second term becomes

oo A2
J— _— 2 -~ A < A-2/1
x(T =0) =2uyN(0) /_oo de (3[62 n A2]3/2)

€ o 2
= 213 N(0) [—} = = x 2u%N(0), (15.155)
N Vel + A2 o 3 N

so the zero-temperature susceptibility is 2/3 of the normal-state Pauli susceptibility. This
intrinsic susceptibility of the condensate is present because the triplet pairs become slightly
spin-polarized in a magnetic field.
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We can actually do a little better than this, however, by noticing that, at a finite
temperature (denoting E = v/€2 + A2),

%_lfood i[;[l_z(];)]]
373 ) w et

—1 oodd A31 2f(E 2f'(E) | 1 A? 15.156
_5/_00 eg[ﬁ[—f()]—f()(—ﬁ)}, (15.156)

which we recognize as the argument of the second part of the integral in (15.154). We can
thus rewrite the susceptibility as

1 2
x(T) = §XS(T) + 3P

where xp = ZMIZ\,N (0) is the Pauli susceptibility of the normal state and

xs(T) = 213 N(0) / - de[—f' (Ve + AD)] = 2u3N(O)Y [%] , (15.157)

where

Y[x] 1/00 du (15.158)
x] == .

2 J_oo cosh?[/u? + x2]
is called the Yoshida function, after its inventor, Kei Yoshida. The final expression for the
susceptibility of the B phase is then

2 1
xB(T) = xp 3 + §Y[A/2T] . (15.159)

Exercises

Exercise 15.1 The standard two-component Nambu spinor approach does not allow a rota-
tionally invariant treatment of the electron spin and the Zeeman coupling of
fermions to a magnetic field. This drawback can be overcome by switching to a
four-component Balian—Werthamer spinor, denoted by

1 o

_ C _ —CkJ/

Yk = <—ioz(cL)T> | |- (15.160)
CT—kT

(a) Show, using this notation, that the total electron spin can be written
> 1 -
S=7 2 ViGaik, (15.161)
k
where

0 ¢

o4 = <6 0) (15.162)
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is the four-component Pauli matrix. (You may find it useful to use the relationship
ol = ioyaios.) In practical usage, the subscript 4 is normally dropped.

(b) Show that, in a Zeeman field, the BCS Hamiltonian

- g - KA £ V -
Hyrr = ZC%[%%,S — 0gp - Blekg + Z [Ac—kwm + C'lmC'—kiA} + gAA
K

ko
(15.163)
can be rewritten using Balian—Werthamer spinors in the compact form
1 L = V-
Hyrr = 5 ) vk [hk—cm-B]t//k-l—g—OAA, (15.164)
k

where by, = ext1 + A171 + As1o as before, but the T now refer to the four-
dimensional Nambu matrices

-_ ([0 1] [o -t} 1o
r:([l 0]’[11 0}’[0 —lD' (15.165)

(c) Show that the quasiparticle energies in a field are given by =Ex — o B.
Exercise 15.2 Pauli limited type II superconductors.
The BCS Hamiltonian introduced in describes a Pauli limited superconductor, in
which the Zeeman coupling of the paired electrons with the magnetic field domi-
nates over the orbital coupling to the magnetic field. In the flux lattice of a Pauli
limited type II superconductor, the magnetic field penetrates the condensate and can
be considered to be approximately uniform.

(a) Assuming that the orbital coupling of the electron to the magnetic field is negli-
gible, use the Balian—Werthamer approach developed in the previous problem to
formulate BCS theory in a uniform Zeeman field, as a path integral. Show that the
free energy can be written

T L o V _
F=—-= ZTrln[aT +hg — G4 - Bl + —AA
24 80

T v
S ln[Ez—(ia) —aB)Z]—I——AA
2 Z k n 20

K,iw,,o
Fx—oB)] V-
=73 In 2cosh PER B} VR (15.166)
= 2 80

(b) Show that the gap equation for a Pauli limited superconductor becomes
1 1 Ex —oB 1
— == E tanh PEx — oB) .
g 2 = 2 2FEx

Use this expression to show that the upper critical field is given by gupB/2 =
A /2, where A is the zero-temperature value of the gap.

(c) Pauli limited superconductors usually undergo a first-order transition to the flux
state at a higher field than the one just estimated. Why is this?
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