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A novel interplay betweed-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 materialsakis penetration depth increasesidsat
low temperature, in contrast to line@r 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 intfimgwe 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

A variety of experimental data on copper oxide super-of the 2D Brillouin zone [8,9]. The nodal lines of
conductors are compatible with a pairing statedef ,»  thed,._,.-wave gapA(k;) = A(cosk, — cosk,) and the
symmetry in Cu@ planes. The existence of energy gapzeros oft, (k) therefore coincide. This weakens the
nodes in this state has profound consequences for thegave node contribution along the axis relative to the
low temperature electromagnetic response. The in-planeb plane and leads to a wedkdependence of the-axis
penetration depth increases linearly withat low 7 in  superfluid responsg¢. At sufficiently low temperatures
contrast to the activated behavior of conventional sudisorder effects are always relevant, and tend to enhance
perconductors. The linedr-result holds in the regime theT dependence gs¢.
where the response is governed by coherently propagat- Let us first consider the electron structure in high-
ing fermion quasiparticle excitations, i.e., at temperaturesompounds with tetragonal symmetry. For simplicity
I' « T < T, whereT is the superconducting quasipar- we consider a tetragonal monolayer system, for example
ticle scattering rate. Linedf-behavior in theab plane HgBaCu Oy [10]. Low-density approximation (LDA)
has now been established in both chain and nonchain copand structure calculations reveal that a minimal tight-
per oxides [1-4]. The-axis penetration depth.(T) in  binding model for highf. compounds involves nearest-
La,—,Sr,CuQy [5], YBa,Cuw;0;_5 [1], Bi,ShCaCu,Og 4, neighbor hopping between Gd/,-—,> and4s (with some
[2,6], and HgBaCaCuw; Os+, [4] has now been measured. 3d3,2—; characters) and @, andp, orbitals [8,9]. Thus a
However, as it is very difficult to determine accurately themodel Hamiltonian for HgBgCuQ, . 5, expressed in terms
low T dependence of. due to the high anisotropy of of bonding, a;=2[cogk,/2)p.w + cOSky/2)pyl/wi

high-T. oxides, the published data af still lack consis- wherew; = 2\/co§(kx/2) + cog(k,/2), and nonbonding,
tency except all have shown that tifedependence of. Br = 2[cosk,/2) pui — COSks /2)poy ]/ @i, Tepresentation

is much weaker than that observed n Wlle'plane. In of orthogonal oxygen Wannier orbitals with respect to the
Lay—,Sr.CuQy, A.(T) drops exponentially witll" at low . L

AT Cud,.- . orbital [11], is given by
temperature; while in other compounds(T') approaches
its zero temperature value in a power law. Straightfor- —Eq 0 tpawi 0

ward extension of the-wave model to 3D leads to line g = chj 0 Es+2t5,dCOSk; Ipspr IpsZk Cy
; ; ; ; trd Wi Tps Mk 0 0
gap nodes on a warped cylindrical Fermi surface. This X p p
gives a linearf c-axis response in apparent contradiction 0 TpsZk 0 0
to experiment [7]. + > Unk, (1)
i

In this paper we propose that wedk dependence
of the c-axis superfluid density¢ is a general feature where Cy = (dk, sk, ax, Br), (Eq4, E;) are the energy
of nonchain cuprates with crystal tetragonal symmetrypf (3d, 4s) orbital with respect to the O orbital, and
whose origin lies in the simple but unusual electronic(z,4, 1,5, t;;) are wave function overlap integrals among
structure of these materials. Our analysis is based on thé, s, and p orbitals. The symmetry functions ap-
assumption that coherent Bloch bands alongcthgis are  pearing here ar@u, = wi(cosk, — cosky)/2 andz; =
present at low temperatures; i.é,, is a good quantum 2w cogk,/2)cogk,/2). The Hamiltonian (1) differs
number. As discussed below, an essential feature of thieom that in Ref. [9] purely by retention of a strong
electronic structure is that the-axis hopping integral Coulomb interactiorV in the Cud orbital. This produces
t, (ky) is a function of the in-plane momentuk) and is  a charge transfer insulator at half filling, a feature absent
vanishingly small wherk lies along the zone diagonals in LDA calculations.
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In the strong coupling limit, the four band model (1) whereN(0) is the normal density of states on CuO planes,
can be simplified as a one-band model by eliminatingA(T) is the energy gapAg = A(0), and(} is the energy
the high-lying Cud4s orbitals and the high-lyingl — p  cutoff which is much larger thaa. The 7> term is from
spin triplets. This projection procedure can be carriedhe first term in (2): onel is from the contribution of
out in two steps: first, by elimination of the high-lying the linear density of states of thewave state, and the
4s orbital; and second, by solving the correlation problemother 7+ is due to the(cosk, — cosk,)* factor in 11 (ky).
within the unit cell and treating intercell hopping as aThe second term in (3) comes from the second term in
degeneracy lifting perturbation following Refs. [12,13]. (2); at low temperature it contributes a positi¥7é term
This yields the well-known-J model with both intralayer to p¢ since thed-wave gapA(T)/Ag ~ 1 — (T /Ap)>.
and interlayer hoppings and exchanges. We assume tiéowever, the coefficient of thig? term is proportional to
nonbonding orbitals are sufficiently low lying that they (A,/Q)?, which is extremely small. Therefore it is likely
are filled and inert. We notice that the dominaréxis  that the dominant temperature dependence ofhould
overlap is via large radius orbitals [9]. Thus terms to be 75 at low temperature. Thig™> behavior inp¢ is
second order i, ! must be retained to describe effective clearly very different from the, (k) = const case where
c-axis hopping via O bonding orbitals. The lowest energyp$ varies linearly withT at low temperature. In Fig. 1,
states within the Cu@unit cell are spin 12 doubletd1o)  we compare the temperature dependencpét)/p¢(0)
with one hole per unit cell and Zhang-Rice singl¢2s  in the whole temperature regime for the above two cases.
with two holes per unit cell. Theb plane hopping matrix The temperature dependencemfT)/p,(0) alonga axis
elements for Zhang-Rice singlets involve bathe and s also shown in Fig. 1 for comparison.
effectivea-« overlap. However, along theaxis, the only There are several effects which may lead to a finite
channel for hopping is via the bonding O orbitals. It canhopping integral along the axis in the vicinity of the gap
be shown that the projectedaxis hopping integral has the nodes in clean systems and thus a stroffgedependence
form ¢, (ky) = 1 uz, where t§ = t,(tpat,sMo/E4E;)*  Of p¢. Direct interplane hoppings which are not assisted
andM, = (1o|a}|2) is the overlap of the state produced by Cu 4s orbitals, for example, can make theaxis
by eliminating the hole in the O bonding orbital and thedispersion finite around the gap nodes and eliminate the
ground state doublet. Thus(k) contains & dependent zeros int, (k) altogether. In this case, we may model

factor uj, which vanishes whert, = +k, [14]. This thec-axis electronic structure by (k) = £ u? + ol

is a robust feature of realistic strong correlation modelsvheres’°® denotes the interlayer hopping integral at the
of nonchain tetragonal materials and directly reflects thegyap nodes contributed from all possible interlayer hopping
matrix element between Gt and bonding Qu orbitals.  channels not assisted by @u states. /1°% is expected

It is worth pointing out thatzb plane anisotropy observed to be small in highf. compounds, but it generates a

in c-axis magnetotransport experiments may be dominated

by precisely this effect [15].

Now let us consider the effect of thi; dependent ' ' '
t, on thec-axis superfluid response. We take the BCS 1.0 7
weak coupling approximation and assume the gap order (a)
parameter has thé,.—,- symmetry. For a clean system (b)
the electromagnetic response is governed by coherent 3D
fermion quasiparticle excitations at low temperature. In
this case the superfluid density (or inverse square of
penetration depth) is given by [16]

2
1 der \ 9f (M) e &k BAi
p—— 3| o 22k — C %k Bk g P2k
Ps =0 ;[ (ak,) o KL Ay 2 |
(2) ,
where g; is the energy dispersion of electrons;, = Y 0.5 1

\/s% + A7, and f(A;) is the Fermi function. When 17T,

1. (k) = 19 ui, it is straightforward to show that at low FIG. 1. Normalized superfluid densityp,(T)/p.(0) vs

_avi ; ; T/T.. The energy dispersion of electrons, = —2¢ X
temperature the-axis superfluid response is (COSk, + COsk,) — 41" Cosk, Cosk, — 211 (kj)cosk. is  used

2 5 in the calculation. Curve is for the model with

©)
05 | .

p(T)/p(0)

pi(T) ~ %N(O) (t3)2|:1 _ t1 (k) = 1 (cosk, — cosk,)?/4 along thec axis. Curves k)

12\ Q Ao and ¢) are for the model with, (k) = 9 along thec and the
a axes, respectivelys = 1, = —0.25,10 = 0.1, T, = 0.14,
+ o(T?) |, (3)  and the filling factor is 0.4. (The results are not sensitive to

the change of parameters.)

4633



VOLUME 77, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NVEMBER 1996

small linear term inp¢, with a slope proportional to pendent oryg, then the assisted hopping contribution to
(1°%)2, which dominates the-axis superfluid response p¢ in a d-wave state is zero, resulting from the vanish-
whenT < ¢1°%. ing average of thel-wave gap on Fermi surface. If,
Sufficiently close to a nodal line theaxis hopping rate however, the scattering is anisotropic, for example,
always becomes small in comparison with the impurityif (571(¢)8t.(—¢))mp has the Lorentzian form
scattering rate, and thus disorder is always a reIevar(tStL(q)BtL(—q)xmp=v§kF6k[(k—k’)2+(6k)2], [7]
perturbation. Disorder introduces a finite quasiparticlehen in the strong forward scattering limits — 0)
lifetime and consequently a finite density of states at they ;,,, behaves ag? at low temperature,
Fermi level. At low temperature the correction to the

2
superfluid density caused by finite quasiparticle scattering PCimp * TLAN(0) |:1 _ 8In2(z) + O(Tz)} (6)

rates is approximately given by A
Spkt ~ — 2 Z(ﬂ> wherel';, = 27 v2N(0). For a small but finiteSk, Pyimp
m o behaves similarly to theédk — 0 case, but the overall

(w + i) + A} amplitude ofpy ;, decreases with increasird.
(@ +ir2 —2p° @ The above discussion indicates that both the lifetime
effect and the impurity assisted hopping contribut&’a
term to p¢ at low temperature. Th&> behavior of

X fm dof(w) Im

It can be shown that both the plane and the-axis su-
perfluid responses behave BS whenT is much smaller . - X
than the quasiparticle scattering rate[17]. However, Ps from the coherent tunneling of electronf is therefore
the coefficients of the™ terms are very different for the OPServable onl)() whenT, > T > max(I',T"), where
ab plane and thec-axis responses. On theb plane, I~ ~ 2[I'1A0/(11)*]" T, is a characteristic temperature
p?”(T)/pg”’(O) ~ —(Ao/T) (T /Ap)?, while along thec above which the gontrlbutlon from the coherer!t hopplng
axis, p<(T)/pc(0) ~ —(I'/Ao) (T /Ap)2. Thus theT? be- of e_lectrons t(_)p§ is Iarger than that fro_m the |mpur|ty
havior of the c-axis response is by a factdi’/A)> assisted hopping. For a highly anlsg)troplcoar_\d clean high-
weaker than that on theb plane (generalli’ < Ao) due 7. superconductor, generally, < r1 andr] is smaller
to the u; factor inz, (kj). Notice that disorder has oppo- than or of the same order as. However, because of the
site effects inub andc axis; it weakens th& dependence 1/3 exponentinr™, 7" is a rather large temperature scale
of the in-plane response and strengthengtiiependence compared with evel’. Thus assisted hopping may affect
of the out of plane response. the c-axis superfluid response in a larger temperature
Another important aspect of disorder is that it may dis-région than the scattering lifetime effect.
rupt the symmetry of bonding orbitals about the copper Summarizing the discussion above, we may draw a
site. The selection rule preventing hopping for momen-dualitative phase diagram for the temperature dependence
tum alongk, = *k, is then relaxed. For example, con- Of p§ and p{” at low temperature: Whel' < T,
sider the effect of interlayer defects on O site. This leaddhe lifetime effect is important; botp* and p; vary
to a random component of due to random variation in quadratically with7. WhenT™ > T > T', the impurity
the matrix elemend/, for a Zhang-Rice singlet discussed assisted hopping becomes more important to the
earlier. Near the gap nodes this fluctuating componer@Xis superfluid response. In this case, varies still
in 7, dominatesc-axis hopping, and thus electrons in the quadratically with7', but the coefficient of the> term
vicinity of nodes are well described by an impurity as-in p¢(7)/p;(0) is proportional tol', /(r1)*A, which is
sisted hopping model which has been introduced in th@enerally smaller than that in tfle < I' case where the
literature on phenomenological grounds [7]. Impurity as-coefficient of 72 term in p(T)/p$(0) is proportional to
sisted hopping gives a new conduction channel and hasl&/A*. WhenT, > T > T for pf* or T. > T > T*

direct contribution to the-axis superfluid density{,,, ~ fOr oy, the disorder effect is not so important and the
4 temperature dependencesggfandp? in a clean system

Psimp ™~ o Z (6t (K)ot (—k))imp should be recovered. Thus there is a crossover ffdm
Bt to T whenT ~ I for p% and from T? to T° when

T ~ T for p¢ asT increases at low temperature [18].
A simple formula which gives a qualitative measure for

K the crossover ofp¢ from the intrinsic 7° behavior to

— c08 =Gk + k', w,)T3G(K', a)n)7'3:|. (5) the disorderT? behavior isp(T) = p<(0) + aT?[1 +

2 (T /T*)3] with o a scattering potential dependent constant.
Thus the superfluid response induced by the impurityThe above picture may be also valid for the case of
assisted hoppingp_jy,, depends on the impurity substitutional impurities such as Zn, but we cannot rule
average of the assisted hopping matrix elemenbut a possible formation of an “impurity band” which may
(6t1(q)dt1(—q))imp- If the impurity scattering is have a stronger effect on the low temperature behavior of
isotropic in space, i.e.{6t.(¢)81,(—¢q))mp iS inde-  p¢ than the disorder effects previously discussed.

s k
X Tr| sin? EZG(k + K, 0,)Gk', w,)
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