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Superfluid Anisotropy in YBCO: Evidence for Pair Tunneling Superconductivity
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Proximity effect and pair tunneling models are applied as alternative scenarios to explain the recently
measuredab-plane andc-axis components of the superfluid tensor in copper-oxide superconductors
which contain chains, such as YBa2Cu3O6.95. It is argued that conventional proximity effect models,
which couple chains and planes via single electron tunneling only, are incompatible with the
experimental observations. On the other hand, several surprising features of the experimental data
are readily explained by the presence of a microscopic pair tunneling process.

PACS numbers: 74.50.+r, 74.20.Mn
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Recent measurements of the electromagnetic resp
of clean untwinned single crystals of YBa2Cu3O72d and
YBa2Cu4O8 reveal a largeab-plane anisotropy [1,2]. The
ratio of the superfluid density inb anda directions (CuO
chains are along theb axis) at zero temperature is abo
ø2.4 for the one-chain compound YBa2Cu3O6.95 and
rather larger,ø6, for the two-chain compound YBa2Cu4O8
[1]. Anisotropies of similar magnitudes are observed in
normal state resistivity [3]. Early work on Knight shift an
the NMR relaxation timeT1 [4] in YBa2Cu3O6.95 indicates
that there is an appreciable gap on the chains belowTc.
Taken together, these experiments unequivocally show
normal electrons on the CuO chains are coupled into
superconducting state belowTc. However, an unexpecte
feature of the recent data is that the temperature de
dences of the superfluid densities ina andb directions are
similar; both are clearly linear at low temperature [1], a
roughly obeyr

ssd
a sTdyr

ssd
a s0d . r

ssd
b sT dyr

ssd
b s0d up to Tc,

wherer
ssd
asbd is the superfluid density in thea sbd direction.

Along thec axis,rssd
c sT d approaches its zero-temperatu

value with a power higher than linear. The implicatio
of these facts for the microscopic nature ofc-axis coupling
in copper oxides is the subject of this Letter.

Two distinct models of plane-chain coupling are cons
ered here; first, a proximity model where intrinsically s
perconducting plane and chain layers are coupled thro
single electron tunneling only[5] and, second, an inter
layer pair tunneling model where chains and planes
coupled through a Josephson-likepair tunnelingprocess.
In both cases the superfluid response is assumed t
dominated by coherent Fermi excitations about quasi
chain and plane Fermi surface sheets [6]. We mim
clean YBCO-type electronic structures by stacking pla
“CuO2” and chain “CuO” layers alternately along thec
axis, and employ a simple tight-binding description. W
show that the penetration depth results are incompat
with the proximity model, but find a natural explanatio
within the pair tunneling model.

The proximity model is defined by the mean-fie
Hamiltonian

H ­ H0 1 H1 , (1)
4 0031-9007y96y76(1)y134(4)$06.00
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H0 ­
X

k

"X
n

´nkc
y
nkscnks 1 ´'kscy

1ksc2ks 1 H.c.d

#
,

(2)

H1 ­
X
nk

Dngnkscy
nk"c

y
n2k# 1 H.c.d , (3)

where c
y
1ks and c

y
2ks are the creation operators of elec

trons in the plane and chain bands, respectively,´1 k ­
22tscoska 1 coskbd 2 m, and ´2 k ­ 22tc coskb 2

m 1 ´c. Here m is the chemical potential and́c the
relative energy between the chains and the planes. I
sufficient to assume the simplest nearest-neighbor tig
binding dispersions for electrons on both chain and pla
layers; the qualitative results are independent of the d
tailed forms of́ 1k and´2k. Dngnk are the gap functions
with the pairing symmetriesgnk on the plane (n ­ 1)
and chain (n ­ 2) bands. They are determined by sel
consistent gap equationsslnyV d

P
k gnkkcnk"cn 2k#l ­ Dn,

whereln (n ­ 1, 2) are the strengths of the pairing po
tential on the plane and chain layers. Whenl2 ­ 0,
the chain layer is not intrinsically superconducting
D2 ­ 0, and the superconducting correlation in the cha
layer is generated purely by the proximity effect. Th
coupling between the chains and planes in Eq. (2) is v
single electron interlayer hopping with matrix elemen
´' k ­ 22t' cosskcy2d. This coupling vanishes at the
zone boundarykc ­ p. In the physically relevant regime
the interlayer hopping constantt' is much smaller than
the plane and chain hopping constantst andtc.

The mean-field Hamiltonian (1) has four branches
quasiparticle excitations. Their energy dispersions a

given by 6E6,k with E6,k ­
q

bk 6
p

b2
k 2 ck, where

bk ­ ´
2
'k 1

P
nsD2

ng
2
nk 1 ´

2
nkdy2 and ck ­ s´1kD2g2k 1

´2kD1g1kd2 1 s´2
'k 2 ´1k´2k 1 D1D2g1kg2kd2. While

the E1,k quasiparticle excitation branch has a gap for a
k, zero energy excitations may be present in theE2,k
branch. The locations of such energy gap nodes
given by the conditionck ­ 0, i.e., by the solutions of
the simultaneous equationś1kD2g2k 1 ´2kD1g1k ­ 0
© 1995 The American Physical Society
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and ´
2
'k 2 ´1k´2k 1 D1D2g1kg2k ­ 0. Such solutions

depend strongly on the pairing symmetries of electrons
both layers. If the planar electrons haved-wave pairing
symmetry, i.e.,g1k ­ scoskb 2 coskady2, line gap nodes
always exist. However, if bothg1k andg2k have isotropic
s-wave symmetry (e.g.,g1k ­ g2k ­ 1), nodal lines exist
only when the pairing functions on the plane and cha
layers have opposite signs,D1D2 # 0, and, in addition,
4t2

' . jD1j jD2j. In the somewhat artificial case wher
the pair interaction on the chain layer vanishes,D2 ­ 0
and the “proximity” nodal line on the chain Fermi surfac
sheet (́ 2k ­ 0) lies along kc ­ p , independent of the
pairing symmetry of the plane layer. More generall
proximity induced nodal line loops are present on th
chain Fermi surface sheet.

The superfluid tensor is related to the kinetic energy a
the current-current correlation function [7–9]:

rssd
m ­ k2a2

mKml 2
i
V

Z 0

2`
dt e2ivtkfJms0d, Jmstdgl ,

(4)

where kAl ­ TrsAe2bH dyTre2bH and am ­ sa, b, cy2d
for m ­ sa, b, cd with sa, b, cd lattice constants.kKml and
Jm are the kinetic energy and the current operator along
m direction, respectively.Ja ­

P
ks 2at sinkac

y
1ksc1ks ,

Jb ­
P

ks 2b sinkbstcy
1ksc1ks 1 tcc

y
2ksc2ksd, and Jc ­

ct' sinskcy2d scy
1ksc2ks 1 c

y
2ksc1ksd. For the proximity

model Eq. (1), we find that the modification of the su
perfluid density along the nonchaina axis (rssd

a ) due to
chain-plane hybridization is very small, and its temper
ture dependence is almost the same as for a pure 2D sys
with the chains and planes decoupled. If the planar ba
hasd-wave pairing symmetry,rssd

a will be linear in T at
low temperature. Along theb axis, however, the contribu-
tion of the chain band is important. Close to the transitio
temperature,rssd

b is dominated by the contribution of the
plane band and the difference betweenrssd

a and rssd
b is

small. At low temperature, the leading temperature d
pendence ofrssd

b is determined by that of the low-energ
density of states rsvd ­ s1yV d

P
kfdsv 2 E2,kd 1

dsv 2 E1,kdg. In the absence of nodes, for exampl
when g1k ­ g2k ­ 1 and D1D2 . 0, r

ssd
b approaches

its zero-temperature value exponentially as the tempe
ture decreases. Since this is clearly inconsistent w
experiments, we consider only (nodeful) gapless cas
When v , minsE1,kd, only E2,k quasiparticles have
contributions torsvd. SinceE2,k ­

p
ckyE1,k andE1,k

is weakly k dependent around the gap nodes in gener
rsvd at low energy is therefore determined main
by the structure ofck. If D2 ­ 0, the quasiparticles
around the nodal linekc ­ p and ´2k ­ 0 dominate
the low energy excitations, and it can be shown th
rsvd ,

p
v for small v. This is a consequence o

the extreme flatness of the quasiparticle dispersion in
on

in
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direction normal to the nodal lineE2,k , skc 2 pd2 near
kc ­ p . Correspondingly, the low temperature superflui
density along theb direction has pronounced upward
curvature, increasing rapidly as

p
T as zero temperature

is approached [9]. This behavior is clearly inconsisten
with the linear temperature dependence of the superflu
density in both planar directions in YBa2Cu3O72d and
YBa2Cu4O8. On the other hand, in the realistic situation
where bothD1 and D2 are finite, it can be shown that
rsvd , v when v ø sjD1j, jD2jd, and hencer

ssd
b , T

when T ø sjD1j, jD2jd. In an intermediate temperature
regime jD2j ø T ø jD1j, the strong upward curvature
in rssd

b persists. Moreover, in the regime of physically
relevant parameters self-consistent solutions of the g
equations givejD2j ø jD1j. Along the c axis, rssd

c

shows also a positive curvature. But the low temperatu
behavior of rssd

c is more peculiar. IfD2 ­ 0, it can
be shown that at low temperaturerssd

c , T rather thanp
T as a consequence of vanishing coherence facto

on proximity nodal lines. If, however,D2 is finite and
T ø D2, we find thatrssd

c , T 2. Figure 1 shows the
typical temperature dependence of the three compone
of the superfluid densities in the proximity model on
normalized plot.

The presence of a positive curvature inrssd
b is not lim-

ited to the “pure” proximity effect limit discussed above
but is in fact a general feature in weakly coupled two-ga
systems. Consider the case where the chain and pla
bands are completely decoupled with transition temper
turesTchain

c , Tplane
c and superfluid densitiesrssd

chain and
rssd

plane, respectively. In this case,rssd
b ­ rssd

plane 1 rssd
chain

FIG. 1. Normalized superfluid densitiesrssdsT dyrssds0d as
functions ofTyTc alonga, b, andc directions in the proximity
model. g1k ­ scoska 2 coskbdy2 and g2k ­ coskb . t ­ 1,
tc ­ 0.85, t' ­ 0.2, ´c ­ 0.5, l1 ­ l2 ­ 1.5 (Tc , 0.23),
and the electron concentration on the CuO planes is about 0.
2D1sT ­ 0dyTc , 4.6, which is nearly the same as for a purely
d-wave superconductor on square lattices at the filling 0.8
rssd

b s0dyrssd
a

s0d , 2.2 andrssd
b s0dyrssd

c
s0d , 70.
135
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FIG. 2. Schematic representation of the superfluid density
the proximity model. rssd

chain and rssd
plane are the superfluid

densities of the chains and planes when the interlayer coup
is zero. rssd

b,0 ­ rssd
plane 1 rssd

chain. When chains and planes ar
weakly coupled by single electron tunneling, the chain-directi
superfluid response develops a positive curvature nearT chain

c .

will have a sudden change atT chain
c as shown in Fig. 2.

Switching on a weak interlayer couplingt' leads to single
transition temperature.Tplane

c but leaves a smooth upturn
in r

ssd
b in the vicinity of T chain

c .
While a dx22y2 paired state can account for the linea

temperature behavior ofrssd
a , we conclude that the prox-

imity model cannot give a satisfactory explanation of th
observed temperature dependences ofr

ssd
b or r

ssd
c . How-

ever, the above analysis does highlight paradoxical featu
of the experimental results, namely, the CuO chain la
ers must be intrinsically superconducting, yet there mu
be a node of the energy gap on the chain Fermi su
face sheet. Otherwise,sdrssd

b ydT djT­0 . sdrssd
a ydT djT­0

as the chain band gives no contribution to the linear te
perature term ofrssd

b at low temperature, in contradiction
to experiment. As a quasi-1D system has an energy g
under ordinary circumstances, the presence of nodes s
gests that the gap function of the chain bandD2g2k may
have 2D character; i.e.,g2k is not simply a function ofkb

only. We are thus led to the surprising conclusion that s
perconducting coherence extends across CuO chains in
chain layer.

The failure of the single particle tunneling mode
leads us to introduce a pair tunneling model of the ty
originally proposed by Wheatley, Hsu, and Anderson [10
The model consists of a kinetic energy termH0, which is
the same as defined in Eq. (2), and a local singlet p
tunneling potential termHI :

HI ­ 2
l

4

X
r ,d­â,b̂

sD̂y
1,r ,dD̂2,r1ĉy2,d

1 D̂
y
1,r ,dD̂2,r2ĉy2,d 1 H.c.d , (5)
136
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whereD̂n,r ,d ; cnr"cnr1d# 2 cnr#cnr1d" is the singlet pair
operator. This model is compatible with the two expe
mental requirements specified above. (1) The pair
functions in the chain and plane layers must have
same symmetry, e.g., boths or both d, if the admixture
between thes- andd-wave components is weak. Othe
wise, the only self-consistent solution to the mean-fie
Hamiltonian (6) (below) is the trivial onẽDn ­ 0. This
model accounts for the presence of interchain pairing d
cussed above. (2) The magnitudes of the gap parame
on chains and planes are tied together; plane and c
layers are not independently superconducting.

Taking the BCS mean-field approximation, each te
in (5) can be decoupled, for example, for the fir
term in (5), as D̂

y
1,r ,dD̂2,r1ĉy2,d . kD̂y

1,r ,dlD̂2,r1ĉy2,d 1

kD̂2,r1ĉy2,dlD̂y
1,r ,d 2 kD̂y

1,r ,dl kD̂2,r1ĉy2,dl, wherekD̂l is the
thermal average of the operatorD̂. As the system is trans
lationally invariant,kD̂y

n,r ,dl should ber independent. If
we further assume the amplitude ofkD̂y

n,r ,dl is d indepen-
dent, then the gap functionlkD̂y

n,r ,dl can be written as
lkD̂y

n,r ,dl ­ D̃nand, here D̃n and and are, respectively,
the amplitude and the phase factor oflkD̂y

n,r ,dl. and

are determined by the pairing symmetries of the ch
and plane bands. Witha1d ­ a2d ­ ad, the mean-field
decoupled pairing potentialHI can be written as

H 0
I ­

X
k

∑
sD̃2gkc

y
1k"c

y
12k#

1 D̃1gkc
y
2k"c

y
22k# 1 H.c.d 1

2
l

D̃1D̃2

∏
, (6)

where gk ­
P

d ad coskd. On a square lattice, the
nearest-neighbor singlet paired state can have ei
extendeds-wave symmetry,gk ­ scoska 1 coskbdy2, or
d-wave symmetry,gk ­ scoska 2 coskbdy2. As only
thed-wave pairing state can have gap nodes on the pla
Fermi surface, we consider only this case.

At the mean-field level the proximity and pair tunnelin
modelsH 0

I and HI have the same form; the differenc
lies only in how the self-consistent procedure for t
gap function has been applied. Thus the mean-fi
quasiparticle energy spectra are identical except t
D1g1k andD2g2k in the proximity model spectrum shoul
now be replaced bỹD2gk andD̃1gk , respectively.

Figure 3 shows the components of the normalized
perfluid tensor as functions ofTyTc computed in the pair
tunneling model using a typical parameter set. The
tio rssd

b yrssd
a at zero temperature is mainly determined

tcyt, while rssd
b yrssd

c is mainly determined byt'yt. For
the case shown in Fig. 3, the parameters have been ch
so that the ratiosrssd

b yr
ssd
a andr

ssd
b yr

ssd
c at zero tempera-

ture are approximately 2.4 and 100, which gives a qu
tative fit to the experimental values for YBa2Cu3O6.95.
The overall temperature dependences ofrssd

b sT dyrssd
b s0d
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FIG. 3. Normalized superfluid densitiesrssdsT dyrssds0d as
functions ofTyTc alonga, b, andc directions in the interlayer
pair tunneling model withd-wave pairing symmetry. t ­ 1,
tc ­ 0.85, t' ­ 0.17, ´c ­ 0.5, l ­ 1.5 (Tc , 0.17), and the
electron concentration on the CuO planes is about 0.85.
T ­ 0, the ratio between the maximum gap andTc on the
planar Fermi sheet is2D̃2yTc , 4.6.

andr
ssd
a sTdyr

ssd
a s0d are quite similar. At low temperature

r
ssd
a sTd , T because of the planard-wave state. As both

D̃1 andD̃2 are finite in this case, from the previous discu
sion rsvd , v at low energy andrssd

b , T at low tem-
perature. The temperature dependence ofrssd

c sTdyrssd
c s0d

is quite different fromr
ssd
a sTdyr

ssd
a s0d, especially at low

temperature where the numerical results indicater
ssd
c ,

T 2. All of these results agree very well with the expe
mental measurements [1]. Increasing´c so that the ef-
fective electron concentration in the chain band decrea
we find that the difference betweenrssd

a sT dyrssd
a s0d and

rssd
b sTdyrssd

b s0d becomes smaller, but the difference b
tween rssd

c sT dyrssd
c s0d and rssd

a sT dyrssd
a s0d becomes even

larger. These changes ofrssd
a sT dyrssd

a s0d, rssd
b sTdyrssd

b s0d,
andrssd

c sTdyrssd
c s0d with the electron concentration in th

chain band agree qualitatively with the experimental
sults for YBa2Cu3O6.6 and YBa2Cu3O6.95 [1].

In the above discussion we have assumed that the
plitude of the order parameterkD̂n,dl is the same ina
and b directions. A more complete self-consistent so
tion of the gap equations should allow admixture of
s-wave component to form ad 1 s wave state [11]. The
gap nodes survive for weak admixture, but the positio
of the nodes shift away from the diagonals of the Br
louin zone. Admixture of a smalls component is consis-
tent with thec-axis Josephson tunneling experiments
YBa2Cu3O72d [12]. While full self-consistent treatmen
for the gap equations including ans component is com-
plicated technically in our model, preliminary calculation
suggest that this improves the agreement between the
tunneling model and experiments. Another refinem
At
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es,

-

-

m-

-
n

s
-
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of the model would include a finite plane layer pairin
interaction.

In conclusion, we have pointed out that the plan
anisotropy of electromagnetic response of clean YBC
type structures forms a useful probe of the microsco
state of copper-oxide superconductors. We have arg
that the data of Hardy and co-workers [1] imply that th
CuO chains layers are intrinsically superconducting b
that there is a node on the chain Fermi surface sh
The experimentally observed temperature dependence
superfluid densities are incompatible with convention
d-wave proximity models in the clean limit without an
implausible fine tuning of parameters. The data a
however, readily compatible with a model ofd-wave pair
tunneling superconductivity.

We thank J. Waldram for bringing our attention to th
significance of Ref. [1].
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