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Effects of interlayer interaction on the superconducting state in YBaCu;0_ 5
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For a two-layer system in a weak-coupling BCS formalism any interlayer interaction, regardless of its sign,
enhances the critical temperature. The sign has an effect upon the relative phase of the order parameter in each
of the two planes but not upon its magnitude. When one of the planes has a dispersion consistent with CuO
chains and no intrinsic pairing interaction there is both an enhancement of the critical temperature and an
s+d mixing in both layers as the interlayer interaction is increased. The magnetic penetrationcdayis,
Josephson tunneling, density of states, and Knight shift are calculated for several sets of model parameters.
[S0163-182697)05346-3

. INTRODUCTION 2A e/ Tc about 1.5 times highBrthan the value of 4.4
found in the BCS weak-coupling approximation. In the two-
The search for the mechanism which causes superconduleyer model that we study here a higher value 4f2,/T. is
tivity in the copper oxide materials is an ongoing effort obtained which is closer to that observed in experiments such
which has yet to reach a consensus. One factor which ayﬁ angle-resolved photoemission spectroscdpRPES
model should account for is that the critical temperatureRef- 9 or CITS (Ref. 10 that measure the absolute magni-

; ; ; ; ; tude of the order parameter.
tends to be higher in systems with multiple adjacent GuO \ .
layers, and even in systems, such as YBa;O,. , We find that the presence of the chains destroys the te-

. . . : tragonal symmetry of the Cuf planes and shifts the
(YBCO), in which a CuO layer is adjacent to the C4O d-wave gap nodes in the Cy(plane off the diagonals in

layers, T seems to be enhanced. _ agreement with an earlier modelIn this case the gap con-

It is generally believed that the superconducting condentains an admixture of- andd-wave symmetry. Calculations
sate resides in the Cuylplanes, although one interpretation of the c-axis Josephson tunneling current show that the posi-
of the observed large-y anisotropy of the zero temperature tive and negative parts of the order parameter do not cancel,
magnetic penetration depth factor of~1.6) in YBCO in-  as ford-wave pairing in a tetragonal system, and that the
dicates that there is as much condensate in the CuO chains d@sephson junction resistance-tunneling current products
in the CuQ, planes(i.e., the condensate in the chains only RJ(T=0), are in the range of 0.1-3.0 meV, in agreement
contributes to the penetration depth for current in the direcwith the experiments of Suet al** We also calculate both
tion parallel to the chains, i.e., the direction.! Since itis  the normal and superconducting density of sta@®S) for
believed that whatever mechanism is responsible for supethe CuQ, planes and CuO chains separately since some sur-
conductivity in the copper oxides is intrinsic to the CuO face prg)obes, such as current-imaging tunneling spectroscopy
planes, some other mechanism for creating the supercondudf!TS),™ can measure them separately. Finally the Knight
ing condensate on the CuO chains is required. shn‘; is calculated separately for both the planes and the

In this paper we derive a Hamiltonian for a layered sys-chains. _ o _
tem and, making a simplifying assumption that there is no N Sec. Il we mtrodu_ce our Hamiltonian and _denve a set
pairing between electrons which reside in different layersOf coupled BCS equations for planes and chains and other
derive a pair of coupled BCS equations for a system of twd'ecessary formulas, particularly the expression for the mag-
layers, each with possibly different dispersion and pairing'etic penetration depth in this model. In Sec. Ill we present
interactions. In this model Cooper pairs can scatter betweeth€ the solutions of these BCS equations as well as the re-
the layers so that, as in a two-band modielen if there is no sults_ of caIc_uIatlons of the mggnetlc penetration dgpth, elec-
pairing interaction in one of the layers, there will still be a tronic density of statesc-axis Josephson tunneling, and
condensate in that layer due to the interlayer interaction. Knlg_ht shift. Section IV contains a short discussion and con-

Although we make a particular choice for the pairing in- clusion.
teraction(which is motivated by the nearly antiferromagnetic
Fermi liquid model which leads naturally todrwave gap

for single CuQ, planes), ad-wave solution is also found for | this section we will present a Hamiltonian in which
other types of nonisotropic pairing interactich@ne result multiple layers are coupled through the pairing interactions
of having gap nodes cross the Fermi surface is a lowpetween adjacent layers. We will then make the assumption
temperature linear behavior of the magnetic penetratiofhat there is no interlayer paifée., that each Cooper pair
depthA;;?, as is observed in YBCO>~"Here we only try to  resides in only one of the laygrand that there is no single-
model the low-temperature behavior and relative magnitudeparticle interlayer hopping. The Hamiltonian of this special
in thex andy directions of the magnetic penetration depth.case is then diagonalized and coupled BCS equations de-
The T~T,. behavior is only reproduced for values of rived. We then give expressions for the magnetic penetration
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depth in this model, the Knight shift, the quasiparticle den-there is no single-particle interlayer hopping. This Hamil-
sity of states, and the dc Josephson junction resistancésnian has the same form as that for a two-band model stud-

tunneling current product for e-axis tunnel junction.
The general Hamiltonian is

_ T T
H= kEB &k,ap(8xp, 0@k, T Ak g3, a)
,a

1
T T
~Q kaiBys VkaapyoBki a@ ki p8a1,8-qrs0 (1)

where the greek indices enumerate the layers, aE]’g
(ak,«) create(destroy electrons of momenturk in layer «
(k is in units of a~! where a is the lattice parametgr
&x.op IS the electron dispersion, ant q ,s,s is the pairing
interaction.

Performing a mean field analysis, we get

_ T T
H= kZﬂ ek, ap(x1,08K7, 81 Ak, 58K o)
a

— 2 (Mg apaly 4y g+ HC)+C,
k,aB

whereC is a constant, H.c. indicates the Hermitian conju-
gate,Ak'aBEQ*Eq, YOV q.a8y5Xq,ys @r€ the order param-
eters, andyq ,s=(aq1,,8-q|,5 are the pair susceptibilities.

Writing this in Nambu spinor notation, we get

H= E Al,aHk,aﬁAk,ﬁv
k,aB
whereA] ,=[a}; , @ k.. ] and

€k, apB

Hicap= ¥)

Ak,aﬁ }

Ak ap  ~ €kap .

In this model the magnetic penetration depth is given by

the expressioit

. 8me? 1 . .
)\”2 hZCZ Q 2 y(klaﬂykﬁa(Gk aﬁ|A 0~ Gk aﬁ)
)
where
. 0f(Ek) . f(Eea)—f(Eip)
k,aB= aEk,a apB Ek,a_Ek,ﬁ (1_60(,8):

~ c?skyaA
y(klaﬁ Zukay O7k Uk&ﬁi

*Ey , are the eigenvalues of E@), f(x) is the Fermi func-
tion, 8,4 is a Kronecker delta, and, ,; is the unitary ma-
trix which diagonalizes Eq(2). The quantities, %, andc

ied by one of udin an earlier publication and is similar to
that studied by other$: ¢ Interlayer pairind®~*8 has also
been studied.

The Hamiltonian has eigenvalues given by
Exo=* \/sk2’a+ AE’Q and is diagonalized by the unitary ma-
trix

~ uk,a Uk,a
U K,a— [ _ } ’ (4)
Uk, a uk,a
where

are the usual BCS coherence factors. Using this unitary
transformation4) we can evaluate the pair susceptibilities to

get

«=(Ag7,a8-q),a) =

=
tan PKaT)’ (5)

whereT is the temperature arkk is Boltzmann’s constant.
Note that if we had included the interlayer pairing from Eq.
(1) we would have susceptibilities of the form
(aq1.48-q),5) With a# B and both the eigenvalues and the
unitary matrix(4) would be much more complicated.

For a bilayer systenfi.e., a=1,2) the BCS equations are

1
Ak,lz 5% (Vk,q,lqu,1+ Vk,q,lZXq,2)’

1
Ak,fﬁ% (Vk,q,l2Xq,l+ Vk,q,22Xq,2)a (6)

where we have takeh/kqlz Vi,q21, although in general
only Vy q12= Vk 21 1S required.

Noting thathyz changes sigsee Eq.(5)] with A, , we
see that this set of equatiof®) is unchanged by the substi-
tution {Ay 5,V 12t —1—Ax2,— Vi q120 Which means that
the overall sign oV, 4 1, only affects the relative sign of the
order parameters in the two layers and not their magnitudes.
This is interesting because it means that the effecT gof
having an interlayer interaction is independent of whether
this interaction is attractive or repulsive, although some cal-
culated propertiege.g., c-axis Josephson tunneling current
still depend upon the relative sign of the interlayer interac-

are the electron charge, Planck’s constant, and the speed tdn. It is important to emphasize that any interlayer inter-

light, respectively.
We now make the
Vi.a.ay=Vkq,eayy= Vk,q.apys9epdys

following

and Ek,a= €k, aa

simplification:

action, either attractive or repulsive, tends to enhange T
and that this is consistent with the observation thati3
higher in materials with multiple adjacent CuO layefE&his

=&y ap0ap- This means that there is only intralayer pairing well known result can be easily shown by examining the

and no interlayer pairing(i.e., Ay ,=Ay 50,5 and
Xa,7=Xq,ys0ap are both diagonal in the greek indi¢eznd

coupled BCS equation®) nearT~T,. In this limit we can

write
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Ak,a:Aank!

Vk,q,aﬁ: Vaﬁnk Mg

whereA , andV,z are numbers ang, is a normalized func-
tion which could be taken to ba& wave and corresponds to
the highesfl.. The coupled BCS equatiori§) can then be
written as

1 (77q)2+ €91
Al—Aanﬁ% eer BN 21T

Sq’2
2kgT.)’
1o (79 ,
AZ_A1V12§§ -~ tanh 5
8q’2
2kgT.)"
We now assume that is the dominant superconducting

channel wherV1,=V,;=0 and obtain, assuming an infinite
band with cutoffwc,

1 2
+ szlzﬁé (Zq)z tan
a

(78

1 2
+A2V22§§ (Zq)z tan
a,

(70)

1.120¢
A;=(A1N 11+ AN )N T ; (8a)
o4
1.130c
Ar=(A1A 21t A%N5))In T , (8b)
C
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and making the substitutions Vi;=Vy=V|+V,,
Vi,=V|=V,, e;=e+t, ande,=e—t we obtain both the
Hamiltonian and BCS equations used by létiall® Our
work differs from theirs in that we allow both the dispersion
and the interaction to be different in the two layers. This is
important not only because we are able to model systems
such as YBCO in which there are Cy(lanes and CuO
chains, but also because the order parameter in each of the
layers may differ in sign even in two identical layéfgther
workers have studied models in which the electrons in the
pairs reside in different layers(i.e., in which only xi 12 is
nonzerg as well as models in which there is no intralayer
interactiort®*® (i.e., in which onlyV, 4 1, is nonzerg.

After solving the set of coupled BCS equatiof® at
T=0 using a fast Fourier transfor(RFT) techniqué!?°we
approximate the order parameteyg, andAy , with

Bia=(A0 7+ AT

+A@ @ tanH 1.74/T /T 1), (12)

where then(k') are the three lowest harmonics given by

(so) _
77k0 =1

7 =cogk,)+cogk,),
(&= cogk,) —cogk
7 = cogky) —cogky),

and theA!) are their amplitudes. The amplitudes of the

where\;=V;; X the density of electronic states at the Fermihigher harmonics are all very much smaller in magnitude and

surface. Substitution of Eq8b) into Eq. (8a leads to a
quadratic in In(1.1@c/T.) with the solution

T,=1.13%", 9)

with

\= [N 11+ Moot V(N 11— N2 2+ 4N 1 o] (10

N| =

This result is well known and is given by E(.3) on p.
105 of Ref. 23. It is also found as E¢40) of Chi and
Carbotte®> We note thatk ;,, whatever its sign, increases
and so increases, .

If we had takerV, 41, as complex, the symmetry would
be {AizViqid—{A2 "% Viq1£'?} where Vi g1,

the gap nodes and the maximum magnitude of the gap,
which are the most important features of the order parameter,
are essentially unchanged by this approximation. We also
calculate the magnetic penetration depth which in this sys-
tem, since the){, ; are diagonal in the greek indices, is
given by the simplified expression

4me? 1
-2__
7\ij T h2c2 5%

ask,a ask,a &f(sk,a) &f(Ek,a)
ok oK o )’
(12

é,sk,a

which is the usual expressithsummed over the layers.

The curvature of the penetration depth cur\)\q_,z(T)
(and also its low-temperature slgp& governed by the ratio
2A o/ T, WhereA ., is the maximum value of the order
parameter in the first Brillouin zone, and is close to a straight

=|Viq14€'?, and the relative phase between the layersine for thed-wave BCS value of &, /T.=4.4. The pres-

would no longer bet 1.

ence of the interlayer interaction increases this ratio and

We note that by performing the unitary transformation mages thex ;%(T) curve have a downward curvature. Ex-

S'HS where
1 1 0
~ 1|11 -1 0 O
~ 2|0 o0 1 ’
0O 0 1 -1

perimental measurements of both the rativ,2,/T. (Refs.
10 and 2} as well as the penetration depth in high quality
crystals of both YBCQRef. 1) and BSCQ(Ref. 22 indicate
that this ratio is quite high in the HTQiigh-T.) materials —
on the order of 6 or 7.

Other quantities calculated are the Knight shift which is
given by
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df(Ex)
IE,

KM= g3 W |

the normal state electronic DOS which is given by I / / \é\ \

1 o1 r Y A S T e ]
V=g dec oM e |1 T

r—o™ ‘ : : )
aw L o
! : : “
the superconducting electronic DOS which is given by A | | |
!
1 1 r -
N(w)_ﬁg 5(Ek—w)—rI|TOE; (Ex—w)2+172" ] i g %

and thec-axis Josephson junction resistance-tunneling cur- _ : :
rent product RJT) through a superconductor-insulator- | \ ] Lo

superconductor junction for incohereataxis tunneling is I \ R AL |
given by the relatiorf* f | : I

27T
RIT) = FroNF w2 AM(@nA (@), (16
FIG. 1. Model of YBCO Fermi surfaces for chaifleng dashed

where curve and planegclosed short dashed cupvim the first Brillouin
1 AL(R) zone. The {,7) point is at the center of the figure. For the chains
k .
ALR(y )= _2 , the parameterst,, ,€,,B,,u,} in Eq. (17) are{—50,-0.9,0,1.2
YO (i )2 (AT (wy)? and for the planes they afd00,0,0.45,0.51

in which the superscridt (R) indicates on which side of the Fermi surface and bandwidth are close approximations to
junction the dispersion and order parameter are on, the suthose observed experimentafly(see Fig. 1 In order to
over w,=nT(2n—1) is for all Matsubara frequencieR,is  model YBCO we chos¢100,0,0.45,0.51for the planes and
the resistance of the junction, amdt(®(0) is the normal {—50,—0.9,0,1.2 for the chains. In both dispersiorts,
state electronic DOS given by E@.4). If the tunneling were which sets the overall energy scale, is in units of meV. For
coherent, the matrix elemefwhich is incorporated int®)  the interactionsYy .5, We chose the form of Millit al?
would have a k—k') dependence, and the sums over (MMP form)
space would not be separable.
v _ — Xo
ll. RESULTS kawp=Jap ] T 2N g Q2

In this section we make an explicit choice for the disper-

sions and interactions and then present the results of oyjherey, is a constant that sets the scale of the susceptibility,
numerical solutions to the coupled BCS equati@)sas well &, is the magnetic coherence leng®= (=, ) is the com-

as the results of our calculations of the magnetic penetratiop,ensurate nesting vector, ang; is the coupling to the
depth, densities of states, Knight shift, and Josephson cugpndyction electrons, the size of which can be fixed to get a
rent. As we wish to model YBCO we will want to account gesjred value of the critical temperature and can be consid-
for both the CuQ planes as well as the CuO chains. Further,greq to containy,. The remaining paramete, is given in

we will assume that we do not have a pairing interaction inRef. 2 and will not be varied in this work. In this paper we
the chains, but only in the planes as well as an interlayeget g, = 0: .e., there is no intrinsic pairing in the chains.

interaction. This means that all of the order parameter in thenis means that any superconductivity in the chains is in-

chains is due to.the interl_ayer interaction. We note that aly,ceq by the interlayer interactiap,, since we have set the
though our solution technigf

@llows the order parameters popning between layers to zero. The effect of an interlayer

to be complex and to have a relative phase between layefs,nning has been extensively studied in works by Atkinson
we find that in the models studied here, to within an overalland Carbott® as well as other15:17-19

phase, the order parameters are all real with a relative phase \ye solve the coupled BCS equatiof® using a FFT
of 1. ] ) techniquée’ In Fig. 2 we plot the lowest three Fourier com-
For the dispersions;y ,, we use ponents(11) of the zero-temperature order parameter as a
_ _ function of the interlayer interactiothigher Fourier compo-
Bia= ~ 2t (1+ €a)COKK) + COSky) — 2B, cO8ky)cOky) nents are all much smaller in magnityder two different
—(2-2B,— )1, a7 intralayer interactiongupper and lower framgsn the planes
(left frameg and chaingright frameg. The values plotted in

where the parametefs, ,e, B, ,u.} are chosen so that the Fig. 2 are the amplitudes'™, A andA @ given by Eq.
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20 . . . } For the first choice of intralayer interactiofupper

(@ frames, g;,=26.2, and there is no order parameter in the
chains when there is no interlayer interactig®., g;,=0)
and the order parameter in the planes is pliveave. As the
interlayer interaction is increased from zeseyave compo-

N ) nents appear in the planes and all three components appear in
= T~ B the chains. This 8+d mixing” is caused by the breaking of
R ST the tetragonal symmetry upon the introduction of the chains;
< T~ there is no relative phase between theand d-wave com-

r i ponents within either the planes or chains but there can be a
relative phase between the order parameter in the planes and
Fo———s, 1 chains. In the range af;, explored here thd-wave compo-
x g,,=26.2 nent in the plane remains dominant but for sufficiently strong
-30 : ‘ ‘ interlayer interaction the isotrop&wave component even-
tually dominate’ (i.e., the gap nodes disappgdfor inter-
action parametergg,;,912,922={26.2,10, the critical
temperature is 100 K and the maximum value of the gap in
the Brillouin zone is 27.5 meV in the planes and 8.0 meV in
the chains, while the maximum values on the Fermi surfaces
are approximately 22 and 7 meV, respectively. The ratio
2A o/ T is 6.4 in the planes and 1.9 in the chains.
- For the second choice of intralayer interactiower
frames, g,,=9.18, there is no order parameter in either the
- N chains or the planes when there is no interlayer interaction
i N (i.e., g1,=0). As the interlayer interaction is increased
d-wave and thers-wave components of the order parameter
Fo———s, . appear in both the planes and chains. Again, there is no rela-
T g, =262 tive phase between the and d-wave components within

11 . . .

‘ ‘ either the planes or chains but there can be a relative phase
between the order parameter in the planes and chains. In the
range ofg,, explored here, thd-wave component is domi-

) nant. At approximatelyg,,=15 the gap nodes no longer
FIG._ 2. Calculz_mon of the_ zero-t_emperature order parameters 8S0ss the Fermi surface in the chains: the feature at
a fu.nctlon of Fhe |nte.rlayer interactiogy, for two fixed values of g1~ 25 coincides with the gap nodes leaving the Brillouin
the interlayer interactiog,; (upper and lower framéegresented for - . . ) .
the planeqright frame$ and chaindleft frameg separately. In all zone _and the isatropis wave becoming dominant. I_:pr In-
frames the solid curve is thé-wave component of the order pa- teraction pargmeter@ll,glz,gzz}z{9.18,29,(}) the critical
rameter, the short dashed curve is the extersedve component, temperature _'S aga'” 10(_) K and the maXImum value of the
gap in the Brillouin zone is now 32.8 meV in the planes and

and the long dashed curve is the isotropiwvave component. In the - . A ’
upper framesy;;=26.2 and forg;,= 10, T,=100 K. Atg;,=0 the ~ 20-1 meV in the chains, while the maximum values on the

order parameter is zero in the chains and is mireave in the ~ Fermi surfaces are approximately 27 and 17 meV, respec-
planes. As the interlayer interaction is increased the order parametéively. The ratio 24,/ T is 7.6 in the planes and 4.7 in the
becomes present in the chains and there is a mixing-whve chains.
components. In the lower frameg;;=9.18 and for g;,=20, Note that forg,,>0 all of thes-wave components of the
T.=100 K. Atg,,=0 the order parameter is zero in both the chainsorder parameters in both the planes and chains have the same
and the planes. As the interlayer interaction is increased the ordeelative sign and thed-wave components have opposite
parameter becomes present in both the chains and planes and theigns, while forg;,<0 all of the relative signs are reversed
is a mixing ofs-wave components with the isotropgewave com-  put that the magnitudes of the components are insensitive to
ponent eventually becoming dominant. The featurg;at-25 oc- the sign ofg,, as noted after EQ6).
curs when the_gap node leaves the Brillouin zone. As discugsed in In Fig. 3 we plot the density of state®0OS) for the
the text there is @, —g;, symmetry. Bothgy; and gy, are in - planes(left frameg and chaingright frames calculated us-
units oftq; g,,, the coupling in the chains, is set equal to zero. ing the lowest three harmoni¢d1) of the solution to the
BCS equationg6) with two sets of interaction parameters.
(11 with a=1 for the plane layergright frameg and The dotted curves are the normal state DOSDOS and
a=2 for the chain layergleft frames. For the orthorhombic the solid curves are the superconducting DBEDOS. The
system studied here all three of these harmonics belong tmsets show the Fermi surfa¢gashed curvgsand gap nodes
the same irreducible representation of the crystal point grougsolid curve$ in the first Brillouin zone[with (7, 7) at the
except forg,;,=0 when the tetragonal Cuayer is decou- centell. The peak in the NSDO®otted curvesis the van
pled from the orthorhombic CuO layer. Recent CITSHove singularity located att2(2— u,—4B,=* €,) which is
measurements show that the gap has a magnitude~020  at —62 meV in the plane layerdeft frames and at 10 and
meV in the chains and-30 meV in the planes which would —170 meV in the chain layer¢right frames. They are
indicate thatg,, is large. caused by the saddle points in the electron dispersions,

30 T T T ;

A[meV]
)
\
i
/
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w[meV] w[meV]
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FIG. 3. Calculation of the superconductitgplid curve$ and normaldotted curvesdensity of state$DOS) for two sets of interaction
parameterg,; (upper and lower framggpresented separately for the plarilest frameg and chaingright frameg. Some experiments are
surface probes and may probe either the planes or chains independently. The insets show the Fernilasintateurjeand gap nodes
(solid curve in the planes and chains for the two different parameter choices in the first Brillouin zonemyitf) &t the center. In the upper
frames,(a) and (b), we have chosefg;1,912,9,2} ={26.2,10,0 which givesT.=100 K. In the lower framegc) and(d), we have chosen
{911,912,09201 ={9.18,20,0 which also givesT.=100 K. Note that for the second parameter choice the gap nodes do not cross the Fermi
surface in the chainfframe (d), insef and that the DOS is gapped. Theaxis Josephson resistance-tunneling current product for a
YBCO-Pb junction for a pure-wave order parameter is zero due to the equal parts of the order parameter with opposite signs. Here this is
not the casdinsets and thec-axis Josephson resistance-tunneling currents product for a YBCO-Pb junctit® ar6.18 meV,(b) 2.35
meV, (c) £0.25 meV, andd) 2.17 meV. The relative sign is due to the relative sign ofsdiveave components of the order paramsie.,
the only part which contributes

€.a» @t (0 7) and (= 7,0). These van Hove singularities present in the normal DO%dotted curves in Fig. j3and
are shifted by the presence of the superconducting order pathich are slightly shifted in the superconducting sttin
rameter(solid curve$ by an amount that depends upon theframe(a) of Fig. 4 the local maxima of the gap on the Fermi
value of the order parameter at the saddle pdihis;frame  surface are 16 and 18 meV, (b) they are 1 and 7 meV, and
(c) these values are very different and the van Hove singuin () they are 25 and 3 meV. If) one can see that there are
larity is split, and in frame(a) these values are almost the no gap nodes which cross the Fermi surface; the maximum
same and no splitting is evident. and minimum values of the gap on the Fermi surface are 17
An interesting feature is that the low-energy behaviorand 4 meV, respectively. In Fig.(® the finite gap in the
(w~0) of the SCDOS is governed by themallestlocal ~SCDOS corresponds to the minimum of the gap on the Fermi
maximaof the gap on the Fermi surface when the gap nodesurface and the peak to the maximum.
cross the Fermi surface and by timnimaof the gap on the The Josephson junction resistance-tunneling current prod-
Fermi surface when there are no gap nodes which cross ti#et RJ(T=0) for ac-axis YBCO-Pb junction, given by Eqg.
Fermi surface. In Fig. 4 the magnitude of the gap along thé16) with A and e appropriate for PB! is +0.25 and
Fermi surface is plotted. In Figs(a}—4(c) one can see that *2.2 meV for the planes and 2.2 meV and 3.4 meV for the
there are two different local maxima of the gap on the Fermchains for the two choices @,z made, in agreement with
surface and these maxima dte first ordef®) manifested as earlier calculation$! The relative sign is due to the relative
twin peaks in the SCDOigs. 3a)—3(c)]; these peaks are sign of thes-wave componentsi.e., the only part which
distinct from the van Hove singularities which are alsocontributeg of the order parameters. The actuabxis Jo-
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a b 4.4, The presence of the chain layer and the interlayer inter-
(a) (b) action increases this ratio in the plane layer but it remains
low in the chain layer due to the absence of an interaction in

_x _ % this layer. It is this lower value that makﬁ§y2(T) (along the
?E) 15 ?é 15 chaing have upward curvaturesolid curves.
5 10 S0 One can se¢Figs. 5a) and Hc)] that the in-plane pen-

etration depth perpendicular to the chaif@ashed curve

closely resembles that observed experimentally in high qual-

©) o @ Jo W (d)" 0 Joo 1s0 ity crystalsl?? and is largely determined by the presence of
gap nodes crossing the Fermi surface, which cause the low-

o o
(=] wn

® = temperature linear behavior, and the ratitv.2,/T. which,
;20 ;20 for values above~4.4, make the curve of\iTZ(T) have
L L downward curvature. The penetration depth along the chains
g < (solid curveg, however, has an overall upward curvature due

5 _ 5 to the low values of 4,,,,/T. in the chains. It is the com-

0 0 ponent of the penetration depth due to the chains that makes

0 50 100 150 0 50 100 150 -2
) ) the overall\,*(T) have downward curvature. The compo-

nent of the penetration depth due to the chains perpendicular
to the chains does not contribute significantly to the overall

FIG. 4. The magnitude of the gap on the Fermi surface as ?)enetration depth in this directiom,;yz is due almost en-

function of angle for the four cases of Figs. 2 and 3. The afAg&e . .
measured from the center ofr(7r) point of the Brillouin zone with tirely to the CuG layers. For a single plane modive

they axis (i.e., the vertical in the insets of Fig) 8orresponding to would have{gll,glz,g_22}={30,0,(}, 28 g/ T would be
0=0. Frames(b) and (d) do not span all angles due to the Fermi 4.5,. and.the penetrat|2%n depth would closely resemble the
surface not being closed in the chain layer. For the first choice oftraight line - (T/T). o
interaction parameters {gs1,012,022 ={26.2,10,9, the ratio The Knight shift[Figs. §b) and E(_d)], which is calcula’_[ed
2A maxrs I Te» WhereA a4k is the maximum value of the gap on independently for the planegsolid curve$ and Chalnsl
the Fermi surface, is 4.3 and 1.6 for the planes and chain, respetdashed curvgshas a low-temperature power law behavior
tively; for the second{g11,912,9,,0={9.18,20,0, they are 5.7 and When the gap nodes cross the Fermi surfguanes, both
3.8. figures and chains in the upper figur@nd an exponential

) ) ) ) behavior when the gap is finite over all the Fermi surface
sephson junction  resistance-tunneling current producfchains, lower figure When these quantities are measéired
RJ(T) for a junction made with untwinned YBCO would be the distinction between a power law and exponential behav-
some weighted average of the plane and cleagxis tunnel-  jor rests upon the choice zero and so is not a reliable indica-

ing currents depending upon the relative abundance of chairgr of the presence of gap nodes on the Fermi surface.
and planes in the top layer of the YBCO. For a twinned

sample with both twins equally abundant there would be zero
net tunneling current, although there is evidence that for V. CONCLUSION AND DISCUSSION

single crystals of YBCO there can be up to a 5:1 ratio in the We have derived a general expression for the Hamiltonian
relative abundance of the two twin orientatidisiVe note  in a multilayer system and then made a simplification and
that due to the different magnitudes of the order parametersave explicitly diagonalized the Hamiltonian. A set of two
in the two layers the model presented here is consistent witboupled BCS equations is then derived for this simplified
the observedr shifts in corner junctior~3*for both attrac-  system which is subsequently solved numerically by a FFT
tive and repulsive interlayer interactiogs,. technique. This technique, unlike othé?$® makes no as-

In Fig. 5 we have plotted the magnetic penetration deptisumptions about the functional forand hence the symme-
(left frameg and the Knight shift(right frame$ calculated  try) of the order parameter in either layer or any relationship
with the lowest three harmonid¢41) of the solutions of the between the order parameters in the different layers.

BCS equationg6) for the two choices of interaction param-  Using the three lowest harmoni¢s1) of the solutions
eters. In the penetration depth fran{iet) the solid curve is  found for the coupled BCS equatiof®) the magnetic pen-
for thex direction(along the chainsand the dashed curve is etration depth(12), normal and superconducting density of
for the y direction (perpendicular to the chainsThe dotted  states(14) and(15), Knight shift (13), andc-axis Josephson
curve is 1-(T/T.)? and is plotted for comparison. The ratio resistance-tunneling current produ¢t$) were calculated.

Ayy/ N« at zero temperature is 1.37 for both interaction pa- Our choice of electron dispersion relations was made so
rameter choices since the zero-temperature penetration depiB to approximate the YBCO system in which there are lay-
is a normal state properfy.e., the second term in Eq12)  ers consisting of Cu@ planes as well as layers which con-
does not contribute at zero temperajuréfThe zero- tain CuO chains. Our choice of interactions was made so that
temperature penetration depth is largely governed by thenere is a pairing interaction in the CyQayer as well as an
bandwidthli.e., 4t,(2— €,) ] — the larger the bandwidth, the interlayer interaction, but no pairing interaction in the CuO
larger the zero-temperature penetration depth. layer.

As pointed out above, the curvature of the penetration The solution of the BCS equations is predominately of a
depth curve,\;; 2(T), is largely governed by the ratio d-wave character, but because the tetragonal symmetry is
2Aad T and is a straight line for thd-wave BCS value of broken by the presence of the chains, there is some mixture
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FIG. 5. Calculations of the
magnetic penetration deptteft
frameg and the Knight shiftright
frames for the two sets of interac-
tion parameters. Frame@®) and
(c) show the magnetic penetration
depth along(solid curve and per-
pendicular (dashed curyeto the
CuO chains. The dotted curve is
1—(T/T)? and is shown for
comparison. The chains, due to
\ their Fermi surface, do not con-
T S N I NI PR RIS I BI tribute appreciably to the penetra-

=0 40T [K]60 80 100 20 40, [K]SO 80 10C tion depth perpendicular to the
chains(dashed curvgs The ratio
L B I B RN L B A B B L I ()\yy/)\xx)zis1.37forbothsetsof
parameters since this is a normal
state property. Frameg®) and (d)
show the Knight shift in the
planes (solid curve$ and chains
(dashed curvgsdue to the cross-
ing of the gap nodes and the
Fermi surface in the chains i),
the Knight shift in the chain is a
power law at low temperature,
while due to the finite gap ird),
the Knight shift in the chain is ex-
ponential at low temperature.
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of s-wave order parameter with no relative phase betweeindicates that a surface probe may measure very different
the components, although the relative sign of the order paresults depending upon whether the top layer is CuO chains
rameter in the planes and chains may bé&. Further, we or CuO, planes. Depending upon the interlayer pairing
find that due to a symmetry in the set of coupled BCS equastrength the CuO chain layer may have a very narrow
tions derived, the sign of the interlayer interaction affects" d-wave”-type gap or a finite “isotropic-wave”-type gap.
only the relative sign of the order parameter in the two layers Our calculation of thec-axis Josephson resistance-
and not their absolute magnitudedthough some properties tunneling current product® J(T=0) for a YBCO-Pb junc-
could be affected by this relative sigiWe also find that any  tion for several choices @,z ranges from 0.18 to 0.50 meV
interlayer interaction strongly enhances the zero-temperatuffer the planes and from 2.35 to 3.06 meV for the chains, with
order parameter and, hence, the critical temperature. This jsossibly a relative sign between the chain and plane layers
consistent with the observation thE¢ is higher in materials due to the relative sign of the-wave components of the
with multiple adjacent Cu@ layers. order parameters. The actuelaxis Josephson resistance-
Furthermore, we find that the presence of gap nodes itunneling current product for a junction made with un-
only one of the layers is enough to produce a low-twinned YBCO would be some weighted average of the
temperature linear behavior for the penetration depth, alplane and chain results depending upon the relative abun-
though if the minimum gap in the chains is too large, thedance of chains and planes in the top layer of the YBCO. For
(T) and\,, (T) curves can cross. Our calculation of the a twinned sample with both twins equally abundant there
magnetlc penetratlon depth gives a form that is similar tovould be zero net tunneling current although there is evi-
that measured experimentally perpendicular to the chainslence that for single crystals of YBCO there can be up to a
but not along the chains due to the small value of5:1 ratio in the relative abundance of the two twin
2A a4/ T in the chains. This leads us to speculate that thererientations®
may be intrinsic pairing in the CuO chains of the same order
as in the CuQ@ planes since the &,,,,/ T, ratios must both
be large (6 — 7) for the low-temperature slope of the
)\ﬁZ(T) curves to be approximately equal as is observed in This research was supported in part by the Natural Sci-
experiments:?? This would tend to support the simple ences and Engineering Research Council of Canada
smgle band orthorhombic model previously proposed byNSERQ and by the Canadian Institute for Advanced Re-
us 120 search(CIAR). We would like to thank W. A. Atkinson and
Our calculation of the superconducting density of statesA. M. Westgate for discussions and insights.
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