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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
measuredub-plane andc-axis components of the superfluid tensor in copper-oxide superconductors
which contain chains, such as YBa5049s. 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

Recent measurements of the electromagnetic response
of clean untwinned single crystals of YBa50O,-s and . + t
YBa,Cu,O; reveal a large:b-plane anisotropy [1,2]. The Ho = ;[;S”kc”k”c”"“ T eLilCikocous + H'C')}’
ratio of the superfluid density ih anda directions (CuO )
chains are along the axis) at zero temperature is about
=2.4 for the one-chain compound YB@uwOg9s and
rather largerz=6, for the two-chain compound YBE&w,Og
[1]. Anisotropies of similar magnitudes are observed in the
normal state resistivity [3]. Early work on Knight shift and where c;rk,, and c;rk,, are the creation operators of elec-
the NMR relaxation tim&; [4] in YBa,Cuw;Og 95 indicates  trons in the plane and chain bands, respectively, =
that there is an appreciable gap on the chains bdlow —2t(cos, + cos,) — u, and &y = —2f.C08;, —
Taken together, these experiments unequivocally showthat + e.. Here w is the chemical potential and. the
normal electrons on the CuO chains are coupled into theslative energy between the chains and the planes. It is
superconducting state beldly. However, an unexpected sufficient to assume the simplest nearest-neighbor tight-
feature of the recent data is that the temperature depebinding dispersions for electrons on both chain and plane
dences of the superfluid densitiesdrandb directions are layers; the qualitative results are independent of the de-
similar; both are clearly linear at low temperature [1], andtailed forms ofe;, ande,;. A,y are the gap functions
roughly obeyp S (T)/p%(0) = p'(T)/p\"(0) up to T,,  with the pairing symmetriesy,; on the plane f = 1)
Wherepy()b is the superfluid density in the (b) direction. ~ and chain £ = 2) bands. They are determined by self-
Along the ¢ axis, p(T)) approaches its zero-temperature CONSISteNt gap equations, /V) 3 i Yu(curicn —k1) = An,
value with a power higher than linear. The implicationsWN€ré . (» = 1,2) are the strengths of the pairing po-
of these facts for the microscopic naturecedxis coupling ~ €ntial on the plane and chain layers. Whan= 0,
in copper oxides is the subject of this Letter. the chain layer is not intrinsically superconducting,

Two distinct models of plane-chain coupling are consid-22 = 0 and the superconducting correlation in the chain
ered here; first, a proximity model where intrinsically su-'@Yer IS generated purely by the proximity effect. The

perconducting plane and chain layers are coupled througfPUP!ing between the chains and planes in Eg. (2) is via
single electron tunneling onlfs] and, second, an inter- single electron interlayer hoppmg_Wlth maitrix element
layer pair tunneling model where chains and planes arL« = —271 cos(k_c/z). This coupling vanishes at the
coupled through a Josephson-ligair tunnelingprocess. 20Nn€ boundary. = 7. In the physically relevant regime
In both cases the superfluid response is assumed to B |r|1terlaye(rj hﬁp_plnhg constant Is muc:(? smaller than
dominated by coherent Fermi excitations about quasi-20'€ Plane and chain hopping constanendz...

chain and plane Fermi surface sheets [6]. We mimic 1h€ mean-field Hamiltonian (1) has four branches of
clean YBCO-type electronic structures by stacking planaguasmartlcle excitations. Their energy dispersions are
“CuQ,” and chain “CuQ” layers alternately along the given by £E.; with E+; = /by = /b7 — ¢4, where
axis, and employ a sim_ple tight-binding descr.iption. Wep, = &, + Zn(A%%%k +&2,)/2 and ¢, = (e1xAayar +
show that the penetration depth results are incompatible, A,y,)2 + (e2, — ejcen + A1Aryiya)?.  While
with the proximity model, but find a natural explanation the £, , quasiparticle excitation branch has a gap for all

H, = ZAnv’nk(CImC:—kl + H.c), 3)
nk

within the pair tunneling model. _ k, zero energy excitations may be present in fhe;
The proximity model is defined by the mean-field pranch. The locations of such energy gap nodes are
Hamiltonian given by the conditionc, = 0, i.e., by the solutions of
H=Hy, + H;, (1) the simultaneous equations;; A,y + A1y =0
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and aik — eneau + AiAsyiiyar = 0. Such solutions  direction normal to the nodal linB_ ; ~ (k. — )* near
depend strongly on the pairing symmetries of electrons o, = 7. Correspondingly, the low temperature superfluid
both layers. If the planar electrons hayaevave pairing density along theb direction has pronounced upward
symmetry, i.e.,y;x = (cosk, — cosk,)/2, line gap nodes curvature, increasing rapidly a¢l as zero temperature
always exist. However, if botly;, andy,; have isotropic is approached [9]. This behavior is clearly inconsistent
s-wave symmetry (e.gyix = ya = 1), nodal lines exist with the linear temperature dependence of the superfluid
only when the pairing functions on the plane and chairdensity in both planar directions in YB@wO,;-5 and
layers have opposite signj,; A, = 0, and, in addition, YBa,CwOg. On the other hand, in the realistic situation
412 > |A1|]A,]. In the somewhat artificial case where where bothA; and A, are finite, it can be shown that
the pair interaction on the chain layer vanishas,= 0 p(w) ~ w whenw < (|A],|A,]), and hencqg(b‘) ~T

and the “proximity” nodal line on the chain Fermi surface when 7 < (|A|,|A,]). In an intermediate temperature
sheet &y = 0) lies alongk. = =, independent of the regime|A,| < T < |A,|, the strong upward curvature
pairing symmetry of the plane layer. More generally,in ) persists. Moreover, in the regime of physically
proximity induced nodal line loops are present on therelevant parameters self-consistent solutions of the gap

chain Fermi surface sheet. quations give|A,| < |A;|. Along the ¢ axis, p%’

The superfluid tensor is related to the Kinetic energy anghows also a positive curvature. But the low temperature
the current-current correlation function [7-9]: behavior of p© is more peculiar. IfA, = 0, it can

i [0 ‘ be shown that at low temperaturés) ~ T rather than
pl) = (—aiK,) — v fxdte_””t([J,L(O)Ju(t)]% JT as a consequence of vanishing coherence factors
@) on proximity nodal lines. If, however), is finite and
T < A,, we find thatp® ~ T2. Figure 1 shows the
where (4) = Tr(Ae #H)/Tre PH and a,, = (a,b,c/2) typical temperature dependence of the three components
for u = (a, b, c) with (a, b, ¢) lattice constants{k ,) and of the superfluid densities in the proximity model on a
J, are the kinetic energy and the current operator along thBormalized plot.

i ) i i it 1) im-
w direction, respectively.J, = 3., 2at Sifka¢ 1y Ciros " -ghte rt)rr]es“ence”of a pos.lttlveﬁcurtv?tu'rtegﬁ Is no('; “”t;
. ited to the “pure” proximity effect limit discussed above
Jp = Z.k(r 2b Slnkh(tcirkvclka + tCC;kO'CZkU')! and Jo = P P y

_ + H - but is in fact a general feature in weakly coupled two-gap
cty Sin(ke/2) (cirgCots + CuoCirs). FOr the proximity  systems. Consider the case where the chain and plane
model Eq. (1), we find that the modification of the su-pands are completely decoupled with transition tempera-
plt;:-rfluidI densr:tybacljong the nonchain a>|<|is (oéf)) due to turesT¢hain < Tplane and superfluid densitieﬁish)ain and
chain-plane ridization is very small, and its tempera-_ (s) i i () — () 5)
ture deppendenyce is almost the sgme as for a pure ZDEySté)rﬁl““e’ respectively. In this case,,” = ppne + Pehain
with the chains and planes decoupled. If the planar band

hasd-wave pairing symmetrypﬁf) will be linear inT at 1 - T T
low temperature. Along thg axis, however, the contribu-
tion of the chain band is important. Close to the transition
temperaturepgj) is dominated by the contribution of the - .

plane band and the difference betweefy and p'* is
small. At low temperature, the leading temperature de-
pendence Ofo(bs) is determined by that of the low-energy
density of states p(w) = (1/V)>[6(w — E_}) +
8(w — E4+x)). In the absence of nodes, for example,
when vy = yx = 1 and AjA, > 0, pgj) approaches - 8
its zero-temperature value exponentially as the tempera
ture decreases. Since this is clearly inconsistent with
experiments, we consider only (nodeful) gapless cases 0 . .
When o < min(E+;), only E_,; quasiparticles have 0 0.5
contributions top(w). SinceE_; = /c;/E+ andE4 T,
is weakly k dependent around the gap nodes in generakiG. 1. Normalized superfluid densitiep(T)/p®(0) as
p(w) at low energy is therefore determined mainly functions ofT/T, alonga, b, andc directions in the proximity
by the structure ofc;. If A, =0, the quasiparticles model. yi = (cosk, — cosk,)/2 and yx = cosk,. =1,
around the nodal lin&k, = 7 and ey, = 0 dominate ‘e _ 085 71 =02, ec =05, A = A =15 (I ~0.23),

he | Lo di b h h gnd the electron concentration on the CuO planes is about 0.85.
the low energy excitations, and It can be shown tha A((T = 0)/T. ~ 4.6, which is nearly the same as for a purely

p(®) ~ Jo for small . This is a consequence of 4-wave superconductor on square lattices at the filling 0.85.
the extreme flatness of the quasiparticle dispersion in aﬁj)(O)/pgp(o) ~22 andpﬁj)(o)/pgw(o) ~ 70.
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whereA,, s = cpriCnr+s) — CarlCnr+s1 1S the singlet pair
operator. This model is compatible with the two experi-
mental requirements specified above. (1) The pairing
functions in the chain and plane layers must have the
same symmetry, e.g., bothor bothd, if the admixture
between thes- and d-wave components is weak. Other-
wise, the only self-consistent solution to the mean-field
Hamiltonian (6) (below) is the trivial ond, = 0. This
model accounts for the presence of interchain pairing dis-
cussed above. (2) The magnitudes of the gap parameters
on chains and planes are tied together; plane and chain
layers are not independently superconducting.

Taking the BCS mean-field approximation, each term
in (5) can be decoupled, for example, for the first
term in (5), as A-lr,r,EAZ,r+E/2,5 = <A;r,r,5>52,r+e/2,5 +

Temperature <A2,r+£‘/2,6>A-lr,r,6 - <A-1r,r,5><A2;\r+é/2,5>a where(A) is the
FIG. 2. Schematic representation of the superfluid density ithermal average of the operatdr As the system is trans-
the proximity model. p{,,,, and p}),,. are the superfiuid |ationally invariant,(A! , ;) should ber independent. If

densities of the chains and planes when the interlayer couplin%/e further assume the amplitude(dfr Vis & indepen
n,r,0 -

- chain plane
T T:

is zero. pi*y = pll.. + pl,- When chains and planes are U )
weakly coupled by single electron tunneling, the chain-directiordent, then the gap function{a, , s) can be written as
superfluid response develops a positive curvature Rg&i". A<Ar1;,r,5> = A, a5, hereA, and a,s are, respectively,

the amplitude and the phase factor MAZ%@). Ups

will have a sudden change &fh*" as shown in Fig. 2. are determined by the pairing symmetries of the chain
Switching on a weak interlayer coupling leads to single a@nd plane bands. With,s = a5 = s, the mean-field
transition temperature-T?P'a"¢ but leaves a smooth upturn decoupled pairing potentidl; can be written as
in ' in the vicinity of 7¢hin. ) .

While a d,._,» paired state can account for the linear H; = Z[(Azykcmcl_kl
temperature behavior qfﬁf), we conclude that the prox- k
imity model cannot give a satisfactor(y expla(lr;ation of the + Alwcgmc;kl + He) +
observed temperature dependencepbé?f or po’. How-
ever, the above analysis does highlight paradoxical features B ,
of the experimental results, namely, the CuO chain layWnere i = X5 @5 Co;.  On a square lattice, the

ers must be intrinsically superconducting, yet there mus@earejt-neighbor singlet pair_ed state can have either
be a node of the energy gap on the chain Fermi sur-€Xtendeds-wave symmetry;y; = (cos, + cosk,)/2, or

. (s) N (s) d-wave symmetry,y, = (cosk, — cos,)/2. As only
face sheet _OtherW|s¢(dpb /dT)lT.—O . (dpa /dT.)lT‘O the d-wave pairing state can have gap nodes on the planar
as the chain band gives no contribution to the linear teml-: i surf id v thi
perature term ofo(s) at low temperature, in contradiction ermi suriace, we consider only tis case. ;

. b . ’ At the mean-field level the proximity and pair tunneling
to expe””.‘e”‘- AS a quasi-1D system has an energy gat?lodelsH} and H; have the same form; the difference
under ordinary circumstances, the presence of nodes su !

; ) fes only in how the self-consistent procedure for the
gests that the gap.f_unctlo.n of the chain bahgyy, may gap function has been applied. Thus the mean-field
have 2D character; i.eyy is not simply a function ok,

o ) quasiparticle energy spectra are identical except that
only. V(\j/e atl_re thurs1 led to thetsurgrlsmg Cor(];dlglor? t.hat.Sl:a yix andA,yy in the proximity model spectrum should
pﬁrc_:orll ucting coherence extends across CuO chains in gw be replaced by, v, andA, yx, respectively.

chain fayer. Figure 3 shows the components of the normalized su-

| Bhe faltlur_et O]:j the smg_let partllgle tunge:ln% t;no;jel erfluid tensor as functions @f/T. computed in the pair
€ads us fo infroduce a pair iunneling modet ot the typ unneling model using a typical parameter set. The ra-

originally proposed by Wheatley, Hsu, and Anderson [10]..” " (), (s . : .
The model consists of a kinetic energy tefy, which is tio p;;’/pa’ at zero temperature is mainly determined by

the same as defined in Eq. (2), and a local singlet paifc/?> While ng)/f_’(cs) is mainly determined by, /7. For

tunneling potential ternt;: the case show_n m(l?g. 3, the parameters have been chosen

N so that the ratiop/p" and p')/p) at zero tempera-

H = —— Z (M,r,(sﬁz,we/z,& ture are approximately 2.4 and 100, which gives a quali-
r6—ab tative fit to the experimental values for YBau;Og9s.

+ Al A5, 25 + Hec), (5) The overall temperature dependencesplf(T)/p!"(0)

2ak] @
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1 . , . of the model would include a finite plane layer pairing
interaction.

In conclusion, we have pointed out that the planar
anisotropy of electromagnetic response of clean YBCO-
type structures forms a useful probe of the microscopic
c state of copper-oxide superconductors. We have argued
that the data of Hardy and co-workers [1] imply that the
CuO chains layers are intrinsically superconducting but
that there is a node on the chain Fermi surface sheet.
The experimentally observed temperature dependences of
- . superfluid densities are incompatible with conventional
d-wave proximity models in the clean limit without an
implausible fine tuning of parameters. The data are,
5 03 L l however, readily compatible with a model é#fwave pair

) tunneling superconductivity.
T/T, We thank J. Waldram for bringing our attention to the
FIG. 3. Normalized superfluid densitiep®(T)/p®(0) as  Significance of Ref. [1].
functions of T /T, alonga, b, andc directions in the interlayer
pair tunneling model withd-wave pairing symmetry.t = 1,
t. =0.85 ¢t =017, &, = 0.5, A = 1.5 (T, ~ 0.17), and the
electron concentration on the CuO planes is about 0.85. At
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