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The anisotropic surface resistance R, ,, and R, . as well as the penetration depth A,, and A, of
YBa,Cu;05_4 single crystals have been measured at 9.6 GHz. A .(T) and \,,(T) are linear in temperature at
low temperatures with much different slopes, consistent with the existence of line nodes on a cylindrical Fermi
surface. A collapse of the c-axis scattering rate below 7', is also observed, and the temperature dependence of
the ab plane scattering rate is consistent with quasiparticle-quasiparticle scattering. The behavior of A .(T) is
not consistent with proximity-effect models, or with cubic d,2,2_,> pairing symmetry, but is consistent with

a cubic d,2_,2 pairing state.

The symmetry of the ground-state wave function is one of
the most important problems in the study of cuprate super-
conductors today. Some models postulate that the pairing
mechanism involves the exchange of antiferromagnetic spin
fluctuations.! Monte Carlo calculations based on the Hub-
bard model suggest that pairing occurs in the d,2_,2
channel.> The gap function for this state has the form
A(k)=Ap[cos(ka) — cos(k,b)], and exhibits line nodes
parallel to the ¢ direction on a cylindrical Fermi surface. The
result, in the absence of impurity broadening, is a density of
states that increases as E-Ey with respect to the Fermi en-
ergy at low energy. This linear energy dependence implies
that all components of the magnetic penetration depth N(T)
should exhibit a linear temperature dependence at low
temperatures.3"5

Recently, a number of experimental results and theoretical
interpretation of the results suggest two-dimensional (2D)
d-wave superconductivity in the ab plane of hole-doped cu-
prate superconductors such as YBa,Cu3;0;_; (YBCO).5~
However, other theoretical models have been proposed to
explain the linear temperature dependence of A,,(7T).
Klemm explained the A ,,(T) data of Hardy et al.® in YBCO
quantitatively, based upon proximity coupling between one s
wave superconducting and one normal layer per unit cell.'’
He also suggested measurements of A .(7) as a way to con-
clusively distinguish the pairing state symmetry. Another
theory proposed by Chakravarty et al.'! features low T, pair-
ing in each copper oxide layer enhanced by Josephson pair
tunneling between layers. There is an experiment suggesting
that the electrodynamic properties in the superconducting
state along the ¢ axis of La,_,Sr,CuO, can be explained by
a similar Josephson-coupled layer model,'? although no con-
clusion was made about the pairing state symmetry.

In principle, one should be able to use c-axis surface im-
pedance measurements to measure the anisotropy of the gap
and put further constraints on the pairing state symmetry.3’4
The properties of the superconducting state in the ¢ direction
of YBCO, such as the penetration depth, surface resistance
R, and conductivity o, are still not clear. In this paper we
measure A\.(7T), R,.., and o, of YBCO single crystals to
shed further light on the pairing state symmetry of the cu-
prates.

YBCO single crystals are grown in zirconia crucibles by
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the standard flux method.'> We chose samples with minimum
twinning and smooth shiny surfaces with typical crystal sizes
of about 1 mmX1 mmX 15-25 um. Rutherford back scat-
tering channeling yield is <4% at room temperature, indica-
tive of high quality. The crystals typically show zero resis-
tance at 92—-93 K in dc resistivity measurements. ac and dc
magnetization measurements also confirm the transition tem-
perature to be 92—-93 K with the transition width less than
0.25 K. The normal-state resistivity at 100 K is about 40—-50
1 cm by dc measurement, similar to that of the Illinois
crystals' and substantially less than ~70 w{ cm of the
University of British Columbia group.®

The surface impedance measurements were made by a
cavity perturbation method.'®> The cylindrical Nb cavity was
thermally treated in an ultra high vacuum to recrystallize the
surfaces, and was kept submerged in liquid helium at 4.2 K
during the experiments. The surface resistance and the pen-
etration depth data are obtained via the simultaneous mea-
surement of the quality factor Q and the resonant frequency
fo of the cavity as a function of the sample temperature. The
surface impedance is obtained from the Q and f using

Rs:F(l/Q_l/Qcav)a AXS:27Tf0/'LOA)\’
1)

AN=-— g(AfO_ Afﬂvcav)a

where Qg (~2.3X107 at 4.2 K and 9.6 GHz) and Af,_.,,
are the quality factor and frequency shift of the cavity with-
out sample, respectively. I' and { =T/ u,f5 are the geomet-
ric factors which depend on the resonant mode, the size of
the cavity, and the sample size and shape. With the high Q,
we have a resolution of A(1/Q)~5%10" ' and Af,~1 Hz
translating to AR,<50 uQ and AN<3 A for a typical
YBCO crystal. Note that in contrast to lower frequency
measurements,® we do not need to consider a finite thickness
correction because in our frequency range the ab plane and
c-axis skin depths are far less than the corresponding sample
dimensions.?

To study the anisotropy of YBCO, we measure the crys-
tals in two orientations: in experiment I, the ¢ axis of the
crystal is parallel to the rf magnetic field; in experiment II,
the ¢ axis is perpendicular to the rf magnetic field (see the
inset of Fig. 1). Assume the crystal has width /, height /#, and
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FIG. 1. Temperature dependence of the penetration depth
AN=X\(T)—\(4.2 K) in a YBCO single crystal. Solid lines are the
linear fits. The inset shows the orientation of the crystal in the two
experiments.

thickness ¢. In experiment I, the rf current runs in the ab
plane, and the complex loss is Kf_abt(l+h)MZs_ab, where
K ,; is the induced surface supercurrent, Z,=R,+iX,, and
M is the demagnetization factor. As the supercurrent flows
only in the ab plane, we measure just A, and R,_,, . In this
configuration, because the rf field is perpendicular to the
large sample surface area, the demagnetization factor be-
comes large and makes the calculation of the geometrical
factors T' and ¢ of Eq. (1) difficult.”®!® Therefore ' and ¢
were determined by comparing the normal-state surface re-
sistance at 100 K with the dc resistivity p,,(100 K)
~40 u() cm. As a check, a Nb crystal of known resistivity
and similar size was used to independently determine
the geometric factors.!”> In this case we found
R(T>T )~X(T>T,) for both the YBCO and Nb crystals.

In experiment II, the demagnetization factor is approxi-
mately one. The geometric factors I" and ¢ in Eq. (1) can
be calculated precisely and are in excellent agreement
with the experimental data on the Nb crystal placed
in this orientation.'® The complex loss is given
by Ky et h(I+ 1) Z ;o= K oiPhtZ .+ K oi*h1Z 1, , Where
K o is the induced surface supercurrent flowing along the
a- (or b-) and c-axis directions, and Z, .4=R, .
+ ipowNeg. The c-axis penetration depth A, and surface
resistance R,_. can be extracted from experiments I and II as

)\c:[)\eff(l+h)_)\abl]/t;

(2
Rs-c: [Rs~eff(l +h) _Rs—abl]/t'

The extraction of A\, and R, . has been done for several
crystals of different thickness #, and the results are qualita-
tively similar. In this paper, we will analyze the properties of
one crystal in detail and point out the degree to which its
properties reflect those of all the samples.

Figure 1 shows AN=A(T)—N\(4.2 K) for ANy, ANggr
and AN /15 for a YBCO crystal. The strong linear tempera-
ture dependence extends up to 40 K in A,;, and A4, and
therefore \.. The slope d\,,/dT=5 A/K, slightly bigger
than 4.3 A/K reported by the UBC group,? is consistent with
the clean d-wave model for a superconductor with line nodes
in the gap.*!” As for the penetration depth along the ¢ axis,
the slope is d\,/dT~130+15 A/K (we find that the exact

RAPID COMMUNICATIONS

3317

values of these slopes vary from sample to sample). Re-
cently, Klemm and Liu calculated X\ .(T) using a multilayer
proximity model, and their \ .(T") shows an activated behav-
ior at low temperatures.'® Our result that A\ (7)) is linear at
low temperatures is consistent with the d-wave model and
not with the multilayer proximity model. Also, an extrinsic
proximity effect model which supposes that a normal-metal
dead layer exists on the surface of the YBCO crystal,'® can-
not account for either the ab plane or c-axis penetration
depth measured here.!’

To determine the absolute magnitude of the penetration
depth in experiment I, we assume YBCO is in the London
limit [A>£(0)] and use the identity X (4.2 K)/R, (100 K)
=2N(4.2 K)/&, where & is the skin depth, to deduce the
value of penetration depth at 4.2 K.2° Since X,= pow\, we
have X(4.2 K)=X,(100 K)— wuoAN, where AN is the
measured penetration depth change from 4.2 to 100 K and
X,(100 K)=R (100 K)=(wmops./2)"* in the normal skin-
effect regime. We obtain \,,(4.2 K)=1250 A, and if we
assume the linear behavior continues below 4.2 K, this ex-
trapolates to X ,,(0)=1230 A. An alternative (and somewhat
arbitrary) method for estimating X\ ,,(0) is to plot AN vs y,
where y=1/1—t*]"2 is the Gorter-Cgsimir temperature de-
pendence, t=T/T,., and T, is chosen to be 90.5 K.2! When
the data is plotted in this way, we obtain a straight line from
75 K up to 90.4 K with a slope giving \,,(0)=1200 A,
nearly equal to the value obtained above. In experiment II,
we cannot determine A .4(0) using the normal-state imped-
ance as X, oi(T>T.) # Ry oi(T> TC).IS’16 However, apply-
ing the Gorter-Casimir relation in the same way, we obtain
an estimated value of X .(0)=1380 A. Assuming the linear
temperature dependence between 4.2 and 40 K can be ex-
trapolated to 0 K, we have \.(4.2 K)=1415 A. All the
A(0) values determined here are in the range of reported
values®*? and they are not strongly dependent on the \(T)
extrapolation or T value assumed, although they do vary by
~20% from sample to sample. From Eq. (2), we extract
A(0)=1.05 um. The anisotropy of the magnetic penetration
depth, A p/A.~9 for T<T.2, in good agreement
with recent estimates made from infrared reflectivity
measurements.>

Annett et al.? predicted that a superconducting state with
four line nodes parallel to the ¢ axis on a cylindrical Fermi
surface will show AN ,,(T)/\,p(0)~ a(T/T,)+ B(T/T.)>,
and AN (T)/N.(0)~y(T/T.) at low temperatures. We find
excellent fits to AN,,(T) of this form up to 7/T .= 0.65 with
a=0.32, B=0.29; however, linear fits to A.(7) with
y=~1.5 are good only for 7/T.<0.3.

Figure 2 shows the normalized superfluid density
[A(0)/N\(T)]?, which is also proportional to the imaginary
part o, of the complex conductivity o= o0,—io,. The su-
perfluid density along the ¢ axis is depleted linearly at low
temperatures, but much faster than in the ab plane, with less
than 10% remaining for temperatures above 50 K. At tem-
peratures 0.35<T/T.<1, [A.(0)/\,(T)]? is proportional to
(T—T,)/T?* resembling the calculation of 1/A.(T)? for a
d,2_,2 superconductor with a spherical Fermi surface.* In
addition, the calculation of o,.(T) for the cubic d,2, 2,2
state does not resemble our data.
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FIG. 2. N?(0)/\%(T) vs T/T. for A, Ngp, and A in a YBCO
crystal. Data for A, and A are experimental results. Data for A,
are extracted from A,, and A. Solid line is the weak-coupled
BCS s-wave calculation.

The steep drop of the superfluid density along the ¢ axis
and ab plane at low temperatures is in remarkable contrast to
that of the BCS s-wave calculation, which is shown by the
solid line in Fig. 2. The slopes of [A(0)/A(T)]? at
T/T.=1 for the ab plane is about 4.06, and for the ¢ axis it
is about 0.37, whereas the weak-coupled BCS theory gives a
value for this slope of exactly 2 in the London limit.”> This
value for the slope in the ab plane is larger than any con-
ventional superconductor,” while the slope for the ¢ direc-
tion is comparable to the weak-coupled limit of a cubic
d-wave superconductor.?®

Figure 3 shows the surface resistance in the ab plane, and
the effective surface resistance, which contains the contribu-
tion from the c-axis component. The losses drop by three
orders of magnitude in a few degrees below T, reach a
minimum around 70 K, and then increase to a maximum
around 40 K for R,_,; and 30 K for R,_. before falling down
again. The lowest value of R,_,;,~165 w{) at the minimum
dip around 70 K (210 w{) at 77 K) is among the lowest
reported surface resistance values measured at 10 GHz near
77 K.2” The normal state R (T) and X (T) imply a metallic
temperature dependence for p.(7), with a value p.(100 K)
~4 m{) cm, consistent with values obtained by c-axis
transport'* and infrared reflectivity. >~
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FIG. 3. Surface resistances for R; ;p,, R, s, and R, /15 of a
YBCO crystal. Data for R; . is extracted from R; ,, and Ry 5.
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FIG. 4. The real part of conductivity o;_,, and 10Xo_. as a
function of temperature for a YBCO crystal.

Because we measure both R and AX simultaneously, we
can determine o (T) using the fewest assumptions.®* Fig-
ure 4 shows the real part of the complex conductivity o
along the ¢ direction and in the ab plane. There is no re-
sidual resistance subtraction from R, ,,, while for R, .,
about 5 m{) was subtracted to make o;_.(T—0)—0 in Fig.
4. From Fig. 4, we can clearly see that there are two peaks in
01.4»: a broad peak centered around 30 K and sharp peak
near T.. In o{_., the first peak occurs between 15 and 30 K,
and the conductivity in the c¢ direction is at least 30 times
less than that of the ab plane. In the clean d-wave model,
one expects o1(T)~T? at low temperatures.'” However, we
see a sublinear temperature dependence for o(7) in both
the ab plane and c-axis directions at low temperatures.

The second sharp peak in o_,,(T) occurs just below T
precisely at the point where o,=0, and it is not seen in
data on Nb crystals. This peak in oy may be due to inhomo-
geneities which broaden the transition, and/or enhanced fluc-
tuations in the microwave conductivity near T,.?' The peak
in Fig. 4 is among the sharpest ever seen® and if it is due to
inhomogeneity, it is a sign that all YBCO crystals studied to
date are by no means ‘“ideal.”

A two-fluid interpretation of the c-axis conductivity leads
to qualitatively similar conclusions as those obtained for the
ab-plane results by the UBC group.®?* We find that both
1/7,5(T) and 1/7.(T) fall dramatically below T, although
neither clearly follows the (7/T,)* form predicted by the
d-wave model,'” with 1/7,,(42 K)~10" Hz and
1/7,(4.2 K)~3x 10" Hz>' The ab-plane scattering rate is
better described as 1/7,,(T)~x, ,,(T)? where p~2.1-2.4
(for ab-plane normal fluid fraction x,,,>0.25), and
p<1/2 (for x,, ,,<<0.25), perhaps indicative of quasiparticle-
quasiparticle scattering at high temperatures, and residual
scattering at lower temperatures. The c-axis scattering rate
reaches its residual value below about 10 K, and its value is
somewhat smaller than a recent far-infrared determination of
85 cm ™! (~2.6X10'? Hz).” This low value of the residual
scattering rate is consistent with our observation of a ““clean-
node” AN.(T)~T at low temperatures.> It may also mean
that nonlocal electrodynamic corrections could become im-
portant in YBCO at low temperatures.

Our results for o.(7T) and N\ (T) in YBCO are rather
different from other recent measurements of c-axis proper-
ties in related cuprate materials. s-wave-like temperature
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dependencies have been seen in the c-axis plasma fre-
quency of YBa,Cu,Og by Basov et al.,** and in \.(T) of
La,_,Sr,CuO, by Shibauchi et al.'? The samples measured
by Basov et al. had no coherent Drude-like component in the
low frequency conductivity and are thought to be naturally
underdoped®? whereas our samples, like those of Schiitz-
mann et al.,”® have a metallic c-axis conductivity above
T.. This suggests that the c-axis electrodynamic properties
may be very sensitive to doping (since the low resistivities of
our samples, and the low T, of Schitzmann’s samples sug-
gest that they are overdoped), as well as to the particular
layered structure of each cuprate material.

In summary, we have measured the surface impedance of
the same high quality YBCO crystal along the ¢ axis and in
the ab plane. The low temperature part of A.(7) and
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N.p(T) show linear behavior, which is consistent with line
nodes in the ¢ direction on a cylindrical Fermi surface. There
is a collapse of the c-axis quasiparticle scattering rate below
T. which closely parallels the ab-plane quasiparticle dynam-
ics. The overall anisotropic surface impedance temperature
dependence is not consistent with either intrinsic or extrinsic
proximity-effect models, but is surprisingly consistent with a
cubic 3D d,2_,2 pairing state, except for the temperature
dependence of o(T) at low temperatures.
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