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¢-Axis Electrodynamics of YBaCu3O7—5

A. Hosseini, Saeid Kamal, D. A. Bonn, Ruixing Liang, and W. N. Hardy

Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, British Columbia,
V6T 171, Canada
(Received 23 March 1998

New measurements of surface impedance in XBgO;_s; show that thet-axis penetration depth
and conductivity belowl'. exhibit behavior different from that observed in the planes. Taxis
penetration depth never has the linear temperature dependence seenah ptemne. Instead of
the conductivity peak seen in the planes, thaxis microwave conductivity falls to low values in
the superconducting state, then rises slightly below 20 K. These results show-dli transport
remains incoherent belo®,, even though this is one of the least anisotropic cuprate superconductors.
[S0031-9007(98)06826-4]

PACS numbers: 74.25.Nf

The highly anisotropic nature of cuprate superconducstiffness and can be highly anisotropic. The surface re-
tors and the question of their dimensionality continue tcsistance in the superconducting state is given by [4]
play a central role in research on high temperature suR, = uiw?A3(T)o(w,T)/2, thus providing a means of
perconductors. Early on it was established experimenebserving what happens to the low frequency conductivity
tally that transport properties within the Cu@lanes of o (w,T) of the material as it is cooled below the super-
these materials differ markedly from transport normal toconducting transition.
the planes. The dc resistivity in the direction can be The ab-plane surface impedance of YBa,50,_s has
orders of magnitude higher than it is within the planesbeen extensively studied, revealing several key features of
and it often has a qualitatively different temperature dethe superconducting state. Measurementy@) atlow T
pendence, exhibiting upturns with decreasing temperaturi@ YBa,Cu;O;_5 exhibit a linear temperature dependence
[1]. The two-dimensional character that this normal statg5], which is a strong indication of nodes in the energy gap
anisotropy implies has been an essential ingredient iof this material. Closer t@., A(T') has been found to vary
many of the ideas that have been brought forward to exas[(T. — T)/T.]~'/3, consistent with a superconducting
plain the unusual properties and the high critical temperatransition governed by 3DXY-like critical fluctuations
tures of these materials [2]. However, Y&asO;_s5, [6]. The temperature dependence of #ieplane surface
which is one of the best controlled and most studied ofesistance reveals an enormous peakifI") and is one
the high temperature superconductors, is also one of thef the measurements indicating a rapid decrease in the in-
least anisotropic members of the family. For low oxy- plane scattering rate belof. [7—-9].
gen vacancy level§ < 0.07, the ¢-axis resistivity shows Obtaining this kind of information for currents running
no upturn with decreasing temperature and the resistivitin the ¢ direction presents great technical difficulties.
anisotropy is less than a factor of 50 [3]. In this Letter weMost surface impedance measurements involve placing
present new measurements of thexis microwave con- a sample in microwave magnetic fields,., where the
ductivity and penetration depth which clearly show that,currents induced in the surface must form closed loops. By
in the superconducting state, the interplane electrodynanshanging the geometry or orientation of the sample one can
ics are quite different from those observed in #igplane.  perform measurements that contain different admixtures of
Both quantities show that transport in thelirection is in-  ab-plane andé-axis currents and then extract the surface
coherent, even though the anisotropy in the normal statinpedance in different directions. This can be achieved
is not particularly large. by rotating a sample or by measuring samples cut with

One of the strengths of measurements of the surfacdifferent orientations. Measurements that involve rotating
impedanceZ; = R, + iX, is that they provide com- the sample [10,11] have severe problems due to changing
plementary information on both the superfluid and thedemagnetizing factors and changing current distributions.
low energy excitations out of the condensate. In thdf one is working with thin, rectangular samples, which
limit of local electrodynamics, the surface reactances the most common situation with crystals of cuprate
X;(T) = pmowA(T) provides a very direct measurement superconductors, there is a huge change in demagnetizing
of the London penetration depth(7), which in turn factors if the sample is rotated from, || ¢ (planar
is related to the superfluid density(7T) via A"%(T) =  currents only) toH,. L ¢ (combination of planar and
wons(T)e?/m*. Thus, in the absence of separate infor-¢-axis currents). Even if the sample is not very thin and
mation onm*, measurements of(T’) give a direct mea- the demagnetizing factors can be dealt with, changes in
surement ofn (T)/m*, which is related to the superfluid the ab-plane current distribution bring poorly controlled
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uncertainties into such procedures for extractingctais 300 , : 3
electrodynamics. * AN,
For La 35SK 15CuQy, where large samples are avail- O Ak,
able, Shibauchget al. arrived at a more satisfactory so- O AA,
lution by cutting and polishing thin slabs with different 3

orientations [12]. This avoids the problem of changing 290 |
demagnetizing factors, although it does force one to com-
pare measurements on different samples, thus relying 0

two slabs being otherwise identical. Our approach to ob- < * o)
taining the ¢-axis surface impedance relies on the fact 100 L o ° Bl
that thin crystals of YBa8Cw0,_5 cleave very cleanly in * o © o

the [100] and [010] directions. The surface resistance ol Q g u

penetration depth is initially measured with the mi- .

crowave magnetic field lying in the plane of the thin slab,
measuring with bottH,. || b (a,é currents) andd,. || a
(b,¢ currents). The contribution due t-axis currents
is then increased by cleaving the slab into a set of nar- T(K)

row needles which is remeasured with. lying along  Fig 1. The temperature dependence of the penetration
the axis of the needles. This technique is particularlydepth AA(T) = A(T) — A(1.2 K) of YBa,Cw;Ogos is hearly
reliable because it has no significant change in demaguadratic in the: direction and linear in thab plane.

netizing factors, no change in the distribution ab-
plane currents, and there is no need to compare differenfy| ihree directions [17,18].

) ) ) Strikingly similar behavior
samples. With this sequence of experiments and Megsaq pheen reported by Shibaugtti al. for polished slabs

surements of the sampl_e’s dimensiqns itis straightfor\_/var%f Lay §5S115CUO; [12], by Jacobset al.for cleaved
to extract the surface !mpe_dancelln all three d'reCF'OnScrystal's of BiS,CaCuOs. 5 [19], and by Panagopoulos
We have measuredl(T) in this way in a superconductmg_ et al. for aligned powders of HgB&aCu; Og. 5 [20].
loop-gap resonator and the results have been descrlb.edFigure 3 shows measurements Rf(T) at 22 GHz
elsewhere [13]. The new measurements of surface res'f&'erformed on a thin plate WitH,.. || 4. This orientation

tance in thez-direction R, (T) have been performed in a produces currents running across the face of the slab in

superconducting 22 GHz cylindrical cavity opergted in thethe b direction, with a small contribution from currents
TEo; mode. The samples are crystals7(mnt in area running down the side of the slab in t@edirection. The

b%’ é(l) "”; t.h'Ck’?ess) QLP{B@‘;LBO;“: grow(r; mdyttrla— | mall change seen iR, (T) after cleaving the sample into
Stabilized zirconia crucibles, then detwinned and annealeq, . hoadles is the increase in loss due to an increased

to set the oxygen content [14]. N N ;

Figure 1 shows the temperature dependence of thfa-axIS contribution.  Except neaf’., the change is
penetration depth AA.(T) = A(T) — A.(1.2 K) ex-
tracted in the manner described above. Instead of the 1 o
linear behavior seen in both directions in tab plane %é e

’ *

the temperature dependence is close to quadratic, with Ooo
a power law of AA(T) « T?! giving a good fit to the O
data up to about 40 K. These microwave results can
be combined with far infrared measurements Qf{0) .
[15,16] to produce the superfluid fractions shown in
Fig. 2. A key feature of this figure is that in all three < o5 |
directions, the behavior nedf. is consistent with 3D &
XY-like critical fluctuations. However, at lower tempera- <
tures, the superfluid fraction in ttéedirection is very flat
and shows no sign of the linear temperature dependence
observed in theab plane. Furthermore, previous work
has shown that this behavior persists over a wide doping
range, from underdoped (= 0.42) to slightly overdoped 0.0 s s
(6 = 0.01) [13]. This indicates that, despite the 30¢ 0 20 40
critical behavior nearT., highly doped YBaCuO;_s T(K)
does not behave as if it were &wave pairing state FIG. 2. The superfluid fraction in thec direction of

in an anisotropic three—d_imensional metal, where ON&/Ba, Cu; O 95 is qualitatively different from the behavior seen
would expectA(T) to be linear at low temperatures in in either direction in theab plane.
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_ ) FIG. 4. The broad peak iR, (T) and R,,(T) is due to a
FIG. 3. The surface resistance at 22 GHz of a thin plate ofapid increase in quasiparticle lifetime beldy. The surface
YBa,Cu; 0495, before and after cleaving the plate into four resistance in thé direction is different from these, showing an
needles. The small differences are used to extractthgis  upturn only at low temperatures.
surface resistance shown in Fig. 4. Inset shows increase of
¢-axis contribution to the loss below 15 K. )
on a sample taken from a different crystal growth run and
S ~ the conductivity from both sets of data is shown in Fig. 5.
extremely small which indicates that the surface resisin the normal state just abovE., the microwave con-
tance in the directionR,.(T) is actually quite low. Since ductivity of both crystals is abous.3 x 10* Q" !'m™!,
R, = A(T)o(w,T), we see that the increase in loss thatcorresponding to a dc resistivity ¢f6 mQ cm, which is
might be expected from the much largein the ¢ direc-  in good agreement with the range of values reported for
tion is in fact balanced by a rather laiwaxis conductivity.  crystals of YBaCu;O;_s in this range of oxygen dop-
The influence oR,.(T) is most clearly discernible above ing [3]. Below T., o.(T) falls rapidly, with no sign
60 K, and rather surprisingly there is some additionalof the peak observed in thab plane, the conductivity

¢-axis loss appearing below 20 K. The small size of thesventually reaching a minimum value near 30 K. The
effect observed here indicates that it would be difficult to
unambiguously extradk,.(T) from the earlier techniques
that involved changing the orientation of the sample B _
[10,11], since the effect of changes in current distribution 0.06  ocrystall o |
can easily be larger than the change observed in this o crystal 2
experiment.
Figure 4 shows the surface resistance in all three
directions R,., Ry, R,.), extracted from the data in
Fig. 3, plus a set of measurements to deterningT). TE
R,.(T) is very low and qualitatively different from that “g &
—
OE.

0.04 +

observed in either of the planar directions. In the
plane,R(T) in high purity crystals exhibits a broad peak 0.02 g s ]
which is caused by a very large peakdn(7) in both Q%j%@@) Ooocﬁ

the @ and b directions. This increase in thab-plane sy <<>§§"% P
conductivity below T, has been attributed to a rapid i
increase in quasiparticle lifetime in the superconducting 0.00
state, but the increase seems to be completely absent for
carriers moving in the direction. InsteadR,.(T) falls

to very low values belowl’. and then rises slightly again FIG. 5. Measurements of.(T) andR,.(T) are used to extract
below 20 K. the ¢-axis conductivity shown here. The,.(T) measurements

Using the measurements af(T), the c-axis conduc- have been repeated on a crystal taken from a different growth

. . gun. Although the conductivity is small and difficult to measure
tivity o1.(T) can be extracted from this measurement of;";g clearly reproducible from run to run. Belo,, o\.(T)

R,.(T). BecauseR,.(T) is so small, and rather surprising falls orders of magnitude below ttao-plane conductivity, then
in shape, we have repeated the entire set of measuremenites again slightly at low temperatures.

0 20 40 60 80 100
T(K)
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qualitatively different temperature dependencies in thenevertheless behave as Fermi liquids [17]. The very low

two directions leads to an anisotropy in the conductiv-¢-axis conductivity shown here for YB&u; O¢ 95 below

ity of almost 10* by 30 K. However,o.(T) never T. and the incoherent behavior of tiieaxis superfluid

falls to zero, but instead rises again at low temperadensity in all cuprate systems studied so far provide

tures, so the® axis never completely exhibits insulating important tests of these different points of view.

behavior. At 10 K the value obtr.(T) at 22 GHz is We acknowledge helpful conversations with P.J.

10* Q~'m™!, which is close to the residual conductiv- Hirschfeld, I. Affleck, C. Homes, D. Basov, and T.

ity of oo(T =10K) =5 X 10° Q" 'm~'at100 cm™!',  Timusk. This research was supported by the Natural

the low frequency limit of far infrared:-axis measure- Science and Engineering Research Council of Canada and

ments [15]. the Canadian Institute for Advanced Research. D.A.B
Both the magnitude ofr.(T) and its rapid drop in acknowledges support from the Sloan Foundation.

the superconducting state suggest thedxis transport

is incoherent, even belowW, in YBa,Cw;Og95. This

resolves a conflict presented by earlier surface impedance

measurements that showed a broad peakoin(T),

similar to the one observed in ttab-plane conductivity H'] For a review, see S. L. Cooper and K. E. GrayPinysical
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