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Using a very sensitive microstrip-resonator

technique,

we have measured A(T) of c-axis

Y Ba>Cu307 -5 films on various substrates and compared the results to similar data on Nb and NbCN
films. For YBa>Cu3O7-5, A(T) is found to be exponential and not power law in its temperature depen-
dence (for T < T,./2) in the best films. Overall the data cannot be described by a single-gap BCS tem-
perature dependence. The data at low temperature provide a lower limit of 2A(0)/ksT. = 2.5 for the
minimum gap in YBa>Cu3;O7 -5, yet show strong-coupling-like behavior at high temperatures. We dis-
cuss our results in the context of other experiments on the cuprate superconductors.

It is well known that the temperature dependence of the
superconducting magnetic penetration depth A(7T) is sen-
sitive to the symmetry of the electron-pairing state leading
to superconductivity and hence the presence of nodes in
the pair wave function for certain directions in k space.
Previous measurements of A(7) for the high-temperature
copper oxide superconductors are most consistent with a
BCS nodeless pair wave function.! ”* On the other hand
these experiments generally lose sensitivity in the low-
temperature regime where the differences between the
various predictions are most distinct. Also, recent in-
frared studies of untwinned single crystals of YBa,Cus;-
0O;-s (Y-Ba-Cu-O) show a clear in-plane anisotropy
along the a and b crystallographic directions,* which
should lead to deviations from simple isotropic BCS be-
havior at all temperatures. And finally, there has been
considerable controversy in the literature concerning the
true temperature dependence of A(7) in Y-Ba-Cu-O
(Ref. 5) and how to extract values of A(0) from the data.
Thus measurements of A(7) remain central to our under-
standing of the high-temperature copper oxide supercon-
ductors.

In this paper we present a different, particularly sensi-
tive approach to measurements of A(7). It is based on
measurements of the surface inductance of a supercon-
ductor in thin-film form contained in a microstrip resona-
tor.*”® The basic idea of the measurement is to deduce
the penetration depth from a measurement of the phase
velocity of a microwave signal propagating on a thin-film
superconducting transmission line. In the particular case
of a microstrip transmission line (see the inset of Fig. 1),
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where the constant is independent of temperature, except
for a possible small temperature dependence of e.r which
has been shown to be absent in the data presented here.® '
For a local clean-limit BCS-like superconductor with a
finite gap in all directions in k space, [A(T)/A(0)—1]
a7 "expl—A(0)/kgT] as T goes to zero,'? whereas
for a superconductor with nodes in the gap,
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where d is the dielectric thickness. €. is the effective rela-
tive dielectric constant, and both films in the transmission
line are of thickness ¢ and have penetration depth A(T).
With this technique it is possible to measure changes in A
of less than 1 A, an order of magnitude better than other
techniques used to date.®

Two identically prepared c-axis Y-Ba-Cu-O supercon-
ducting films [thickness ¢ > 31(0)/2] on separate sub-
strates are used to make a microstrip transmission line
resonator by sandwiching a thin dielectric sheet (e.g.,
Teflon FEP) between the films and clamping the whole as-
sembly.® ™% For our c-axis oriented films, the shielding
currents for the propagating mode flow entirely in the
direction parallel to the ab plane. However, since the Y-
Ba-Cu-O films are heavily twinned, shielding currents
flow roughly equally along the a- and b-crystallographic
directions. The measurements are performed at excitation
levels for which the data are independent of the applied
microwave power.

An attractive feature of this measurement technique is
that the data can be used directly to reveal the tempera-
ture dependence of A(T’) at low temperatures, in a manner
that is independent of the microstrip geometry (¢, d, w,
and e.) and any assumed theoretical temperature depen-
dence of A(T).7%10 Rewriting Eq. (1), subtracting off a
zero-temperature phase velocity baseline, gives in the
thick- and thin-film limits,
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T<T.J/2,

r
IAN(T)/A(0) =11 < (T/T.)" as T goes to zero, the value of
n depending on the specific nature of the nodes (points,
lines, etc.).'?

The data typical of the best high-7,. superconducting
Y-Ba-Cu-O films on MgO single-crystal substrates are
plotted in Fig. 1 so as to test the exponential temperature
dependence. A test of the power-law dependence is shown
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FIG. 1. Raw data in the form In{lc/v,(T)1%>—[c/v, (013,

which is proportional to In[A(7T)/A(0) — 1], is plotted vs T./T to
emphasize any exponential decay of A(T) for Nb, NbCN, and
Y-Ba-Cu-O/MgO (sample M058C45) films. Also shown as a
solid line is the temperature dependence In[A(T)/A(0) — 1] cal-
culated for BCS weak-coupling theory (Ref. 12). The inset
shows the geometry of the microstrip transmission line.

in Fig. 2. Only for T < T,./2 are the slopes of these lines
suitable for establishing the low-temperature limiting be-
havior,'* and there the slopes can be interpreted as
—A(0)/kgT. and n in Figs. 1 and 2, respectively. Com-
parable data for Nb and NbCN are also shown as a test of
our technique.'® In Fig. 1 the data for Nb, and NbCN
films deposited on sapphire show straight lines for
T <T,./2 as expected for a BCS superconductor. From
the slopes of the lines we find 2A(0)/kp T, =4.4 £ 0.5 and
48+0.5 for Nb and NbCN, respectively, somewhat
higher than expected.'* The low-temperature slope ob-
served for the Y-Ba-Cu-O/MgO film corresponds to
2A(0)/kpT,=2.5%0.3 [or 2A(0)=17.5%2 meV =140
+ 16 cm '), From Fig. 2, an exponent n of about 3 is ob-
tained.®'® Examination of Figs. 1 and 2 shows that our
Y-Ba-Cu-O data are better described by an exponential
temperature dependence than by a power law. While the
exact shape of these curves is sensitive to the choice of a
zero-temperature baseline, v,,(O)/c, the conclusions above
regarding exponential versus power-law fits are not.'* Ob-
servation of exponential behavior at low temperature does
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FIG. 2. The data from Fig. 1 are now plotted vs In(T/T,) to
emphasize any power-law decay of A(T).
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not absolutely rule out non-s-wave pairing.'® Strictly
speaking it only says that there are no nodes where the
density of states is finite.

A possible origin of the low values of 2A(0)/kp T, found
for Y-Ba-Cu-O may be the nature and density of defects
present in these films. We choose to concentrate on the
Y-Ba-Cu-O/MgO films because it is known from trans-
port studies that they have better normal-state properties
than those on YSZ or LaAlOs.'%'® In addition, the best
films on MgO studied here have a normal-state resistivity
at 100 K of 60 u @ cm, '® an rf residual loss of 16 uQ at 10
GHz, 4.2 K,'” an absolute value of A(0) = 1400 A, '° and
a low density of high-angle grain boundaries,'” making
them among the best high-T, films available. As already
mentioned, like all films they are highly twinned. Never-
theless the transport properties of these Y-Ba-Cu-O/MgO
films are comparable to single crystals and their rf proper-
ties are in fact as good or superior.

Up to this point, we have focused on only the tempera-
ture dependence of A(T) for T < T./2. To examine the
data at higher temperatures, we must extract A(7T") from
the phase velocity data over the entire temperature range.
As discussed in detail elsewhere,®”®'' this is done by
self-consistently fitting the data to an assumed theoretical
temperature dependence. The data for Nb and NbCN
can be fit very well with a BCS temperature dependence
over the entire temperature range of the measurement us-
ing a single energy gap'"'* with values of
2A(0)/kpT. = 4.2 and 4.75, respectively (see Fig. 3). The
values of the gaps are still higher than tunneling results,
which give 2A(0)/kgT.=3.8 for Nb,'® however they are
comparable to recent stripline surface resistance measure-
ments which yield values of 2A(0)/ks T =4.4 for Nb, and
4.75+0.25 for NbN.?° The value of A(0) in the sput-
tered Nb film is found to be approximately 825 A, in good
agreement  with previous measurements,?!  while
A(0) =2820 A in the NbCN film.

In the case of our Y-Ba-Cu-O/MgO films, we find that
the temperature dependence of A cannot be self-consis-
tently fit to a BCS temperature dependence derived from
a single energy gap over the entire temperature range.??
From Fig. 1, it is clear that the low-temperature data can
be fit to a BCS temperature dependence with a single gap
of 2A(0)/kpT,=2.5%0.3.7 By examining the tempera-
ture dependence of [A(0)/A(T)]?, we find that the high-
temperature (0.65T, to 0.987,) data best fits a single-gap
BCS temperature dependence with an effective
2A(0)/kpT.=4.51+0.25. This is in good agreement with
measurements of A(7T’) restricted to this same temperature
range in single-crystal Y-Ba-Cu-O (Ref. 23) where it was
found that a single-gap BCS fit yields 2A(0)/kpT. =4.3.
Thus it seems that the electrodynamic response of the cu-
prate superconductors provides additional evidence for
large 2A(0)/kpT. in these materials, although lacking any
direct evidence for the validity of isotropic BCS theory,
it is not clear how accurate the inferred values of
2A(0)/kp T, actually are.

Based on our data, we conclude that the temperature
dependence of A(T) at low temperatures is exponential
and not power law, and the size of the parameter
2A(0)/kpT, is at least 2.5 for Y-Ba-Cu-O. The penetra-
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tion depth data at high temperatures shows strong-
coupled-like behavior, in sharp contrast to the low-
temperature behavior. We now discuss these results more
broadly in the context of what is presently understood
about the cuprate superconductors.

Early work on superconductor electrodynamics was
based on an empirical two-fluid model, in which a normal
and superconducting electronic fluid coexist in the materi-
al.>* A two-fluid model consistent with the residual sur-
face resistance of our Y-Ba-Cu-O/MgO films, 7% leads
to the conclusion that roughly 25% of the charge carriers
remain unpaired in Y-Ba-Cu-O at low temperatures.'’
However, this model is inconsistent with our observations
of exponential behavior in A(7) at low temperatures.

A variation on the two-fluid model assumes that Y-Ba-
Cu-O consists of two shielding superfluids, the planes and
the chains, which act in parallel,?® as possibly suggested
by recent infrared data on untwinned single crystals.*
This model is consistent with measurements of two dis-
tinct nuclear-spin relaxation rates 1/7,7 in Y-Ba-Cu-
0,2 and recent Raman scattering results from Y;Bas-
CugO\4 - suggesting two gaps [2A(0)/ksT. =6.3,2.8].%

The two fluids, in general, will have different oscillator
strengths n,/m™ in the superfluid response, so the compos-
ite penetration depth will be of the form X,,Zrzunﬂ
=poe2(ny1/m¥ +n,/m%¥). Presumably each component
has its own energy gap 2A,,(0)/kgT.. For the Y-Ba-Cu-
O film on MgO shown in Fig. 1, the observed temperature
dependence can be self-consistently fit (with 3 parame-
ters) within this model using a choice of two BCS temper-
ature dependencies with energy gaps 2A,(0)/kzT.=2.0
and 2A,(0)/kgT.=4.5, and an oscillator strength weight-
ing factor (m{/ng)/(m% /n;) = 3.5 (see the Y-Ba-Cu-
O/MgO curve in Fig. 3). The zero-temperature penetra-
tion depth resulting from this fit is Aparane1(0) =1565 A,
which yields A;(0) =3320 A and 1,(0) =1775 A for the
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FIG. 3. Here [A(0)/A(T)]? is plotted vs T/T. for self-

consistent fits of the Nb (a strong-coupling superconductor) and
Y-Ba-Cu-O/MgO films. The Y-Ba-Cu-O data were self-
consistently fit to the models discussed in the text, with results
that are indistinguishable on this plot. The curve calculated for
BCS weak-coupling theory (Ref. 12) is also shown.

two components.

However, from estimates of the anisotropy of the plas-
ma frequency measured by ir reflectivity in untwinned Y-
Ba-Cu-O single crystals by Schlesinger et al.,* one infers
an oscillator strength ratio (in the clean limit) in the ab
plane of (m:huins/nchuins)/(m;luncs/”plunes) =0.5, very dif -
ferent from that found in the parallel superconductor fit to
our data. Thus, the measured penetration depth and sur-
face resistance'’ data at microwave frequencies are not
consistent with published ir reflectivity measurements of
Y-Ba-Cu-O within a parallel superconductor model. In
addition, this model does not explain the origin of the re-
sidual microwave surface resistance seen in these same
Y-Ba-Cu-O/MgO films.

A third interpretation of our data is that weak links at
twin boundaries are influencing the electromagnetic
response. Weak-link structures (caused for example by
oxygen vacancy-ordered defects) may also be present even
in untwinned single crystals.?® The combined effects of
grains and weak links can be modeled as a network of in-
ductors, yielding an effective penetration depth, in the
small grain limit (@ <) of

Mseries (T) = A& (T) + o/ [2mp0al (T} /2,

where Asc(T) is the penetration depth of a perfect grain
and a is the weak-link spacing. For our samples reason-
able estimates for the fixed parameters of this model are a
BCS penetration depth with 7. =90 K and Asc(0) =1400
A for the domains,??> with twins spaced about 0.1 pum
apart (as seen in TEM micrographs'®) film thickness of
4340 A and an interdomain J.(0) =2x107 A/cm?2 730
For the weak-link critical current temperature depen-
dence, we take the Ambegaokar-Baratoff form,?' in order
to be consistent with our observations of an exponential
dependence of A(T)/A(0) —1 at low temperatures. Two
parameters were varied to get a best fit to the data:
2A(0)/kpT. in the domains [which strongly influences the
high-temperature dependence of A(7)] and A* (0), the re-
duced gap at the weak link (which influences the low-
temperature fit). We obtain excellent self-consistent fits
to the data (indistinguishable from that shown in Fig. 3)
on a film with a small large-angle grain boundary content
by taking a 2A(0)/kpT.=4.5 and a weak link A*(0) of
about 6-7 mV [giving an I. Ryy =10.5 mV, comparable
to that consistent with the 10 GHz residual losses on the
same film'? and also consistent with a minimum gap in
Y-Ba-Cu-O of 2A(0)/kgT. = 2.5]. The zero-temperature
penetration depth for this fit is Acries(0) =1395 A, 3233
Direct measurement of the weak-link parameters of twin
boundaries will be necessary to prove or disprove their role
in the microwave properties of the cuprate superconduc-
tors.** However, one can use the parameters for this mod-
el and calculate the far-infrared absorption in the films.
These calculations give an absorptivity of approximately
1% between 100 and 400 cm ~', in good agreement with
recent infrared measurements on these films,*> and single
crystals.3°

In summary, we have examined the temperature depen-
dence of the magnetic penetration depth of a variety of
Y-Ba-Cu-O thin films. The low-temperature dependence
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is exponential, arguing against the possibility of nodes in
the energy gap in Y-Ba-Cu-O (at least for directions with
finite density of states). We have measured the minimum
energy gap from the low-temperature dependence of A(T)
of 2A(0)/kgT. = 2.5. Unlike conventional strong-coupled
superconductors, the inferred temperature dependence of
AM(T) in the Y-Ba-Cu-O/MgO films is not characterized
by a single-gap (scaled, isotropic) BCS temperature
dependence. The physical origin of this behavior remains
an open question.

The authors wish to thank Hewlett-Packard Research
Labs for providing microwave equipment as well as Bob
Taber and Steve Laderman for their advice. We also
thank C. B. Eom for thin-film deposition and the KGB
group at Stanford for assistance. This work was support-
ed by grants from NSF-ECS and the AFOSR through the
Stanford superconductivity center and the SDIO. One of
the authors (B.W.L.) would like to acknowledge support
from the Semiconductor Research Corp. (SRC 89-MJ-
103) and from Digital Equipment Corp.

*Present address: Physics Department, Center for Supercon-
ductivity Research, University of Maryland, College Park,
MD 20742.

fPermanent address: School of Physics and Astronomy, Tel
Aviv University, Tel Aviv, 69978 Israel.

#Permanent address: KFK Karlsruhe, Postfach 3640, D-7500,
Karlsruhe 1, Federal Republic of Germany.

IL. Krusin-Elbaum et al., Phys. Rev. Lett. 62, 217 (1989).

2A. T. Fiory et al., Phys. Rev. Lett. 61, 1419 (1988).

3D. R. Harshman et al., Phys. Rev. B 39, 851 (1989).

4Z. Schlesinger et al., Phys. Rev. Lett. 65, 801 (1990).

SA. F. Hebard, A. T. Fiory, and D. R. Harshman, Phys. Rev.
Lett. 62, 2885 (1989); R. L. Greene, L. Krusin-Elbaum, and
A. P. MalozemofT, ibid. 62, 2886 (1989).

6S. M. Anlage et al., Appl. Phys. Lett. 54, 2710 (1989).

’S. M. Anlage et al., J. Supercond. 3, 311 (1990).

8B. W. Langley et al., Rev. Sci. Instrum. 62, 1801 (1988).

9K. Chang, J. Appl. Phys. 50, 8129 (1979).

105, M. Anlage et al., in Physical Phenomena in Granular Ma-
terials, edited by G. D. Cody et al., MRS Symposia Proceed-
ings No. 195 (Materials Research Society, Pittsburgh, 1990).

IIB. W. Langley, S. M. Anlage, and M. R. Beasley (unpub-
lished); B. W. Langley, Ph.D. thesis, Stanford University,
1991.

12, Halbritter, Z. Phys. 243, 201 (1971).

13J. F. Annett, N. D. Goldenfeld, and S. R. Renn, in Physical
Properties of High Temperature Superconductors 11, edited
by D.M. Ginsberg (World Scientific, Teaneck, NJ, 1990).

14The slopes of the lines in Figs. 1 and 2, as well as their shape,
are somewhat sensitive to the choice of v,(0)/c, which comes
from extrapolation of the data to 7=0. We are more
confident about the slopes derived from the Y-Ba-Cu-O data
because it extends down to 7/T. =0.1.

I5The Nb and NbCN films were sputtered by J. Murduck at
TRW, Redondo Beach, from Nb targets in Ar and Ar-N;-
CH,4 atmospheres, respectively. The Nb film has 7.=9.2 K
and residual resistivity ratio (RRR) of 4 with p(0) =4 yQcm
and thickness 3650 A. The NbCN film has a T.=15.8 K,
RRR of 1.1, p(0) =60 u Q cm, and thickness 5660 A.

16C. B. Eom et al., Appl. Phys. Lett. 55, 595 (1989); C. B. Eom
et al., Physica C 171, 354 (1990).

17S. S. Laderman et al., Phys. Rev. B 43, 292 (1991).

18The BCS A(T) is calculated using an isotropic scaled weak-
coupling theory by the method of J. Halbritter, Z. Phys. 266,
209 (1974). By varying 2A(0)/ksT. with this method one can
examine the effects of strong coupling without resorting to

more elaborate theories. Parameters for Nb are 7. =9.0 K,
Imip=130 A, A, =390 A, and & =(2/x)&r =380 A, and for
NbCN 7. =18.0 K, /mip =100 A, 1, =2300 A, and & =50 A.

19S. I. Park, Ph.D. thesis, Stanford University, 1986; R. F.
Broom and P. Wolf, Phys. Rev. B 16, 3100 (1977).

20D, M. Sheen et al. (unpublished); D. E. Oates er al. (unpub-
lished).

2Ip. W. Epperlein, Physica B 108, 931 (1981); L.-J. Lin and D.
E. Prober, IEEE Trans. Mag. MAG-23, 839 (1987).

22Parameters chosen for YBaxCu;O7 -5 are & =(n/2)E =15 A,
AL =1400 A, /mre=100 A, and 7. =90 K (see Ref. 18).

23S, Sridhar, D. H. Wu, and W. Kennedy, Phys. Rev. Lett. 63,
1873 (1989).

24D, Shoenberg, Superconductivity (Cambridge Univ. Press,
London, 1965), p. 194.

’H. Peil and G. Muller, IEEE Trans. Magn. MAG-27, 854
(1991).

26y, Z. Kresin and S. Wolf, Phys. Rev. B 41, 4278 (1990); M.
Takigawa et al., Physica C 162-164, 853 (1989).

271A. P. Litvinchuk et al. (unpublished).

28C. H. Chen, in Physical Properties of High Temperature Su-
perconductors 11 (Ref. 13).

29G. Deutscher and O. Entin-Wohlman, J. Phys. C 10, L433
(1977); T. L. Hylton and M. R. Beasley, Phys. Rev. B 39,
9042 (1989).

303, Tahara et al., Phys. Rev. B 41, 11203 (1990).

31V, Ambegaokar and A. Baratoff, Phys. Rev. Lett. 10, 486
(1963); 11, 104 (1963); see also G. Deutscher, IBM J. Res.
Dev. 33, 293 (1989).

32The fit values of Awries(0) is close to the value of 1400 A taken
for the domains, but is quite different from the value calculat-
ed from the equation for Awries(7). This is because fits to the
data do not make use of the magnitude of the fitting function,
only its temperature dependence.

33In general we find a strong dependence of A(0) on the temper-
ature dependence used to fit the data (see Refs. 6-8, 11) as
others have (see Ref. 5). This problem is common to all mea-
surement techniques that do not uniquely determine a zero-
temperature baseline.

341f the weak links are taken to be grain boundaries [with a =1
um (Ref. 16) and J.(0) =2x10° A/cm?] instead of the twin
boundaries, the fit parameters are almost identical: 2A(0)/
ksT.=4.5, A*(0) =8 meV. Hence the weak links can origi-
nate from several different kinds of defects.

35D, Miller et al. (unpublished).

36T, Pham et al., Phys. Rev. B 41, 11681 (1990).



