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A novel interplay betweend-wave superconducting order parameter symmetry and the underlying Cu
3d orbital based electronic structure of copper oxides leads to a striking anisotropy in the superfluid
response of these systems. In clean tetragonal materials thec axis penetration depth increases asT5 at
low temperature, in contrast to linearT behavior in theab plane. Disorder is a relevant perturbation
which causes all components of the superfluid response to depend quadratically on temperature at low
temperature. However, the crossover temperature scale from the intrinsicd-wave behavior to the disor-
der dominated behavior for the in-plane response may be different from that for the out-plane response.
[S0031-9007(96)01768-1]

PACS numbers: 74.25.Nf, 74.20.Mn
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A variety of experimental data on copper oxide supe
conductors are compatible with a pairing state ofdx22y2

symmetry in CuO2 planes. The existence of energy ga
nodes in this state has profound consequences for
low temperature electromagnetic response. The in-pla
penetration depth increases linearly withT at low T in
contrast to the activated behavior of conventional s
perconductors. The linear-T result holds in the regime
where the response is governed by coherently propag
ing fermion quasiparticle excitations, i.e., at temperatur
G ø T ø Tc whereG is the superconducting quasipar
ticle scattering rate. Linear-T behavior in theab plane
has now been established in both chain and nonchain c
per oxides [1–4]. Thec-axis penetration depthlcsT d in
La22xSrxCuO4 [5], YBa2Cu3O72d [1], Bi2Sr2CaCu2O81x

[2,6], and HgBa2Ca2Cu3O81x [4] has now been measured
However, as it is very difficult to determine accurately th
low T dependence oflc due to the high anisotropy of
high-Tc oxides, the published data oflc still lack consis-
tency except all have shown that theT dependence oflc

is much weaker than that observed in theab plane. In
La22xSrxCuO4, lcsT d drops exponentially withT at low
temperature; while in other compounds,lcsT d approaches
its zero temperature value in a power law. Straightfo
ward extension of thed-wave model to 3D leads to line
gap nodes on a warped cylindrical Fermi surface. Th
gives a linear-T c-axis response in apparent contradictio
to experiment [7].

In this paper we propose that weakT dependence
of the c-axis superfluid densityrc

s is a general feature
of nonchain cuprates with crystal tetragonal symmetr
whose origin lies in the simple but unusual electron
structure of these materials. Our analysis is based on
assumption that coherent Bloch bands along thec axis are
present at low temperatures; i.e.,kz is a good quantum
number. As discussed below, an essential feature of
electronic structure is that thec-axis hopping integral
t'skkd is a function of the in-plane momentumkk and is
vanishingly small whenkk lies along the zone diagonals
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of the 2D Brillouin zone [8,9]. The nodal lines of
the dx22y2 -wave gapDskkd ­ Dscoskx 2 coskyd and the
zeros oft'skkd therefore coincide. This weakens thed-
wave node contribution along thec axis relative to the
ab plane and leads to a weakT dependence of thec-axis
superfluid responserc

s . At sufficiently low temperatures
disorder effects are always relevant, and tend to enha
theT dependence ofrc

s .
Let us first consider the electron structure in high-Tc

compounds with tetragonal symmetry. For simplicit
we consider a tetragonal monolayer system, for exam
HgBa2Cu O41d [10]. Low-density approximation (LDA)
band structure calculations reveal that a minimal tigh
binding model for high-Tc compounds involves nearest
neighbor hopping between Cu3dx22y2 and4s (with some
3d3z221 characters) and Opx andpy orbitals [8,9]. Thus a
model Hamiltonian for HgBa2CuO41d, expressed in terms
of bonding, ak ­ 2fcosskxy2dpxk 1 cosskyy2dpykgyvk

wherevk ­ 2
q

cos2skxy2d 1 cos2skyy2d, and nonbonding,
bk ­ 2fcosskyy2dpxk 2 cosskxy2dpykgyvk, representation
of orthogonal oxygen Wannier orbitals with respect to th
Cu dx22y2 orbital [11], is given by

H ­
X

k

C
y
k

0BBB@
2Ed 0 tpdvk 0

0 Es 1 2tssd coskz tpsmk tpszk

tpdvk tpsmk 0 0
0 tpszk 0 0

1CCCACk

1
X

i

Un2
di , (1)

where Ck ­ sdk , sk , ak , bkd, sEd , Esd are the energy
of s3d, 4sd orbital with respect to the O orbital, and
stpd , tps, tssd are wave function overlap integrals amon
d, s, and p orbitals. The symmetry functions ap-
pearing here aremk ­ vkscoskx 2 coskydy2 and zk ­
2vk cosskxy2d cosskyy2d. The Hamiltonian (1) differs
from that in Ref. [9] purely by retention of a strong
Coulomb interactionU in the Cud orbital. This produces
a charge transfer insulator at half filling, a feature abse
in LDA calculations.
© 1996 The American Physical Society
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In the strong coupling limit, the four band model (1
can be simplified as a one-band model by eliminati
the high-lying Cu4s orbitals and the high-lyingd 2 p
spin triplets. This projection procedure can be carr
out in two steps: first, by elimination of the high-lyin
4s orbital; and second, by solving the correlation proble
within the unit cell and treating intercell hopping as
degeneracy lifting perturbation following Refs. [12,13
This yields the well-knownt-J model with both intralayer
and interlayer hoppings and exchanges. We assume
nonbonding orbitals are sufficiently low lying that the
are filled and inert. We notice that the dominantc-axis
overlap is via large radiuss orbitals [9]. Thus terms to
second order inE21

s must be retained to describe effectiv
c-axis hopping via O bonding orbitals. The lowest ener
states within the CuO2 unit cell are spin 1y2 doubletsj1sl
with one hole per unit cell and Zhang-Rice singletsj2l
with two holes per unit cell. Theab plane hopping matrix
elements for Zhang-Rice singlets involve bothd-a and
effectivea-a overlap. However, along thec axis, the only
channel for hopping is via the bonding O orbitals. It c
be shown that the projectedc-axis hopping integral has the
form t'skkd ­ t0

'm
2
k, where t0

' ­ tssstpdtpsM0yEdEsd2

andM0 ­ k1sjay
s j2l is the overlap of the state produce

by eliminating the hole in the O bonding orbital and th
ground state doublet. Thust'skkd contains akk dependent
factor m

2
k, which vanishes whenkx ­ 6ky [14]. This

is a robust feature of realistic strong correlation mod
of nonchain tetragonal materials and directly reflects
matrix element between Cu4s and bonding Oa orbitals.
It is worth pointing out thatab plane anisotropy observe
in c-axis magnetotransport experiments may be domina
by precisely this effect [15].

Now let us consider the effect of thiskk dependent
t' on thec-axis superfluid response. We take the BC
weak coupling approximation and assume the gap or
parameter has thedx22y2 symmetry. For a clean system
the electromagnetic response is governed by coheren
fermion quasiparticle excitations at low temperature.
this case the superfluid density (or inverse square
penetration depth) is given by [16]

rm
s ­

1
V

X
k

"
2

√
≠´k

≠km

!2
≠fslkd

≠lk
2

≠2´k

≠k2
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´k

lk
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blk

2

#
,

(2)

where ´k is the energy dispersion of electrons,lk ­q
´

2
k 1 D

2
k, and fslkd is the Fermi function. When

t'skkd ­ t0
'm

2
k, it is straightforward to show that at low

temperature thec-axis superfluid response is

rc
s sT d ,
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whereNs0d is the normal density of states on CuO plane
DsT d is the energy gap,D0 ­ Ds0d, andV is the energy
cutoff which is much larger thanD. TheT5 term is from
the first term in (2): oneT is from the contribution of
the linear density of states of thed-wave state, and the
otherT 4 is due to thescoskx 2 coskyd4 factor in t2

'skkd.
The second term in (3) comes from the second term
(2); at low temperature it contributes a positiveT 3 term
to rc

s since thed-wave gapDsT dyD0 , 1 2 sTyD0d3.
However, the coefficient of thisT3 term is proportional to
sD0yVd2, which is extremely small. Therefore it is likely
that the dominant temperature dependence ofrc

s should
be T 5 at low temperature. ThisT5 behavior in rc

s is
clearly very different from thet'skkd ­ const case where
rc

s varies linearly withT at low temperature. In Fig. 1,
we compare the temperature dependence ofrc

s sT dyrc
s s0d

in the whole temperature regime for the above two case
The temperature dependence ofrssT dyrss0d alonga axis
is also shown in Fig. 1 for comparison.

There are several effects which may lead to a fini
hopping integral along thec axis in the vicinity of the gap
nodes in clean systems and thus a strongerT dependence
of rc

s . Direct interplane hoppings which are not assiste
by Cu 4s orbitals, for example, can make thec-axis
dispersion finite around the gap nodes and eliminate t
zeros int'skkd altogether. In this case, we may mode
thec-axis electronic structure byt'skkd ­ t0

'm
2
k 1 tnode

' ,
wheretnode

' denotes the interlayer hopping integral at th
gap nodes contributed from all possible interlayer hoppin
channels not assisted by Cu4s states. tnode

' is expected
to be small in high-Tc compounds, but it generates a

FIG. 1. Normalized superfluid densityrssT dyrss0d vs
TyTc. The energy dispersion of electronśk ­ 22t 3
scoskx 1 coskyd 2 4t0 coskx cosky 2 2t'skkd coskz is used
in the calculation. Curve (a) is for the model with
t'skkd ­ t0

'scoskx 2 coskyd2y4 along thec axis. Curves (b)
and (c) are for the model witht'skkd ­ t0

' along thec and the
a axes, respectively.t ­ 1, t0 ­ 20.25, t0

' ­ 0.1, Tc ­ 0.14,
and the filling factor is 0.4. (The results are not sensitive t
the change of parameters.)
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small linear term inrc
s , with a slope proportional to

stnode
' d2, which dominates thec-axis superfluid response

whenT ø tnode
' .

Sufficiently close to a nodal line thec-axis hopping rate
always becomes small in comparison with the impuri
scattering rate, and thus disorder is always a relev
perturbation. Disorder introduces a finite quasipartic
lifetime and consequently a finite density of states at t
Fermi level. At low temperature the correction to th
superfluid density caused by finite quasiparticle scatter
rates is approximately given by

drm
s , 2

2
p

X
k

√
≠´k

≠km

!2

3
Z `

2`

dvfsvd Im
sv 1 iGd2 1 l

2
k

fsv 1 iGd2 2 l
2
kg2

. (4)

It can be shown that both theab plane and thec-axis su-
perfluid responses behave asT 2 whenT is much smaller
than the quasiparticle scattering rateG [17]. However,
the coefficients of theT2 terms are very different for the
ab plane and thec-axis responses. On theab plane,
rab

s sT dyrab
s s0d , 2sD0yGd sTyD0d2, while along thec

axis,rc
s sTdyrc

s s0d , 2sGyD0d sTyD0d2. Thus theT 2 be-
havior of the c-axis response is by a factorsGyD0d2

weaker than that on theab plane (generallyG ø D0) due
to them

2
k factor in t'skkd. Notice that disorder has oppo

site effects inab andc axis; it weakens theT dependence
of the in-plane response and strengthens theT dependence
of the out of plane response.

Another important aspect of disorder is that it may di
rupt the symmetry of bonding orbitals about the copp
site. The selection rule preventing hopping for mome
tum alongkx ­ 6ky is then relaxed. For example, con
sider the effect of interlayer defects on O site. This lea
to a random component oft' due to random variation in
the matrix elementM0 for a Zhang-Rice singlet discusse
earlier. Near the gap nodes this fluctuating compone
in t' dominatesc-axis hopping, and thus electrons in th
vicinity of nodes are well described by an impurity as
sisted hopping model which has been introduced in t
literature on phenomenological grounds [7]. Impurity a
sisted hopping gives a new conduction channel and ha
direct contribution to thec-axis superfluid densityrc

s,imp,

rc
s,imp ,

4
b

X
vn ,k,k0

kdt'skddt's2kdlimp

3 Tr

"
sin2 kz

2
Gsk 1 k0, vndGsk0, vnd

2 cos2
kz

2
Gsk 1 k0, vndt3Gsk0, vndt3

#
. (5)

Thus the superfluid response induced by the impur
assisted hoppingr

c
s,imp depends on the impurity

average of the assisted hopping matrix eleme
kdt'sqddt's2qdlimp. If the impurity scattering is
isotropic in space, i.e.,kdt'sqddt's2qdlimp is inde-
4634
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pendent onq, then the assisted hopping contribution to
rc

s in a d-wave state is zero, resulting from the vanish
ing average of thed-wave gap on Fermi surface. If,
however, the scattering is anisotropic, for example
if kdt'sqddt's2qdlimp has the Lorentzian form
kdt'sqddt's2qdlimp ­ y

2
0kFdkfsk 2 k0d2 1 sdkd2g, [7]

then in the strong forward scattering limit (dk ! 0)
r

c
s,imp behaves asT 2 at low temperature,

rc
s,imp ~ G'DNs0d

"
1 2 8 ln 2

√
T
D

!2

1 osT 2d

#
, (6)

whereG' ­ 2py
2
0Ns0d. For a small but finitedk, r

c
s,imp

behaves similarly to thedk ! 0 case, but the overall
amplitude ofrc

s,imp decreases with increasingdk.
The above discussion indicates that both the lifetim

effect and the impurity assisted hopping contribute aT2

term to rc
s at low temperature. TheT5 behavior of

rc
s from the coherent tunneling of electrons is therefor

observable only whenTc ¿ T ¿ maxsG, T pd, where
T p , 1

2 fG'D0yst0
'd2g1y3Tc is a characteristic temperature

above which the contribution from the coherent hoppin
of electrons torc

s is larger than that from the impurity
assisted hopping. For a highly anisotropic and clean hig
Tc superconductor, generallyG' ø t0

' and t0
' is smaller

than or of the same order asD0. However, because of the
1y3 exponent inTp, Tp is a rather large temperature scale
compared with evenG. Thus assisted hopping may affect
the c-axis superfluid response in a larger temperatur
region than the scattering lifetime effect.

Summarizing the discussion above, we may draw
qualitative phase diagram for the temperature dependen
of rc

s and rab
s at low temperature: WhenT ø G,

the lifetime effect is important; bothrab and rc
s vary

quadratically withT . WhenTp ¿ T ¿ G, the impurity
assisted hopping becomes more important to thec-
axis superfluid response. In this case,rc

s varies still
quadratically withT , but the coefficient of theT 2 term
in rc

s sT dyrc
s s0d is proportional toG'yst0

'd2D, which is
generally smaller than that in theT ø G case where the
coefficient ofT 2 term in rc

s sTdyrc
s s0d is proportional to

GyD3. When Tc ¿ T ¿ G for rab
s or Tc ¿ T ¿ Tp

for rc
s , the disorder effect is not so important and the

temperature dependences ofrc
s andrab

s in a clean system
should be recovered. Thus there is a crossover fromT2

to T when T , G for rab
s and from T 2 to T5 when

T , T p for rc
s as T increases at low temperature [18].

A simple formula which gives a qualitative measure fo
the crossover ofrc

s from the intrinsic T5 behavior to
the disorderT 2 behavior isrc

s sT d ø rc
s s0d 1 aT 2f1 1

sTyTpd3g with a a scattering potential dependent constan
The above picture may be also valid for the case o
substitutional impurities such as Zn, but we cannot rul
out a possible formation of an “impurity band” which may
have a stronger effect on the low temperature behavior
rc

s than the disorder effects previously discussed.
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In comparing the predictions of this model to exper
ment for a given system, it is essential to assess whet
coherent Bloch bands are present at all. The answer
this question in the normal state of highly anisotropic cop
per oxides, such as BSCCO, appears to be no. Thec-axis
mean free path is generally very short compared with t
c-axis lattice constant. Microwave [19] and thermal Ha
measurements [20], however, reveal that the mean fr
path grows very rapidly in the superconducting state. T
superconducting quasiparticle scattering rate is therefo
much lower than the extrapolated normal state scatteri
rate. Thus it is our belief that the available experiment
data favor coherent Bloch band formation alongc axis at
low temperature belowTc. For BSCCO,t0

' is small and
rc

s might be dominated by the impurity assisted hoppin
[7]. However, for other compounds with lattice tetrag
onal symmetry and relatively lower anisotropy, such a
LaSrCuO, TlBaCaCuO, and HgBaCuO, we believe th
the coherent band should have substantial contribution
rc

s . Experimentally, a crucial test for this can be done b
carefully measuring and analyzingrc

s data in these com-
pounds to see if the predictedT 5 behavior exists.

YBCO compounds (for both YBa2Cu3O72d and
YBa2Cu4O8) contain both CuO2 planes and CuO chains.
In these materials, thec-axis hopping integral between
two CuO2 layers within a cell as well as that between
a CuO chain layer and a CuO2 layer deviates notice-
ably from the behaviort' ~ scoskx 2 coskyd2 and
is finite around thedx22y2-wave gap nodes due to the
hybridization between CuO chains and CuO2 planes and
the one-dimensionality of CuO chains [9]. Thus theT 5

behavior inrc
s is not applicable to YBCO. The impurity

assisted hopping may have a substantial contribution
rc

s in YBa2Cu4O8, but it may not be so important in
the fully oxygenated YBa2Cu3O72d To understand the
properties of thec-axis superfluid response in YBCO, a
comprehensive study for the electronic structures of CuO2
planes as well as CuO chains is needed [21].

In conclusion, we have demonstrated that there exist
remarkable interplay between underlying electronic stru
ture and orbital parameter symmetry in copper oxides. T
c-axis electromagnetic response reflects not only the sy
metry of the order parameter but also the relative symme
of the copper orbitals involved inc-axis andab-plane con-
duction. At low temperature the disorder effect dominate
and bothrc

s andrab
s haveT 2 dependence. Above some

characteristic temperatures, which may be different forrc
s

andrab
s , the temperature dependences in a clean syste

linearT for rab
s andT 5 for rc

s , are expected.
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