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Interface superconductivity in La; 44Nd, 4Sr1,CuO,4/La; g,Sr 1,Cu0O,4 bilayers
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We identify a distinct superconducting phase at the interface of a La; 44Nd 451 12CuOy4/La; g4S1( 16CuO,
epitaxial bilayer system using ac screening measurements. A model based on interdiffusion of quasiparticles
and condensate at the interface yields a thickness of ~25 nm for the interfacial layer. Two-dimensional
superconductivity of the interface layer appears to be governed by Kosterlitz-Thouless-Berezinskii transition. A
parallel magnetic field suppresses the superconducting transition temperature of this layer with a pair-breaking

parameter « varying as H>.
DOLI: 10.1103/PhysRevB.82.024518
I. INTRODUCTION

A range of novel physical phenomena such as high-
mobility two-dimensional (2D) electron gas,! quantum Hall
effect,” magnetism,’ and interface superconductivity*~’ are
observed at interfaces between complex oxides, which have
been at the focus of intensive scientific research. The inter-
faces can be exploited to tailor unusual properties by modi-
fying the electronic structure at the interface using control-
ling factors such as interface roughness, strain due to lattice
mismatch, structure reconstruction at the interface, charge
depletion/accumulation due to the difference in chemical po-
tentials, etc. Recently there have been many experiments
showing the existence of superconductivity at the interfaces
between two oxide insulators* due to charge accumulation on
application of electric field and at metal-insulator interfaces’
due to long-range electrostatic interactions. A dislocation-
induced interface superconductivity has been reported in su-
perlattices where one® or both” components are semiconduc-
tors.

In this paper we present a study of bilayer thin-film
systems of optimally doped compound La;g5Srg,CuOy
(LSCO) and static charge stripe ordered compound
La, 4sNd, 4St 1,CuO,4 (LNSCO) close to anomalous 1/8 dop-
ing level. This combination provides an interesting possibil-
ity of interaction between two contrasting phases in proxim-
ity to each other at the interface. We indeed observe a
manifestation of this proximity in form of an additional su-
perconducting (SC) interface layer in bilayers.

II. EXPERIMENT

The physical properties of doped La,CuQO, epitaxial films
are affected in a nontrivial manner by the single-crystal sub-
strate on which they are deposited. For example,
La, ¢Sty ;CuO, films grown on (001) SrLaAlO, (SLAO)
show a doubling of the superconducting transition tempera-
ture (7,) from bulk value of 25 K to 49 K.® Similarly, thin
films of La, 4_Nd4Sr,CuO, grown on (100) SrTiO; show
insulating behavior as 7—0 while films on SLAO are
superconducting with T, higher than the bulk value.>'® We
have chosen (001) SLAO as the substrate in order to have
a bilayer with a distinct 7. as well metallic behavior below
300 K. A multitarget pulsed laser deposition (PLD) technique
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based on KrF excimer laser (A=248 nm) was used to realize
a layer-by-layer growth of LSCO (100 nm) and LNSCO (100
nm) films as well as LNSCO (d,=100 nm)/LSCO (d,
=50 nm) bilayers. The films and bilayers were grown at
800 °C in 230 mTorr of oxygen pressure. The deposition
chamber was filled with oxygen to atmospheric pressure af-
ter the growth and then the sample was cooled to room tem-
perature with a 30 min holdup at 500 °C to realize full oxy-
genation of the structure.

The crystallographic structure and interface quality of the
films were characterized using x-ray scattering in 6-26, w, ¢,
and grazing incidence x-ray reflectivity (GIXR) modes. The
superconducting response of the films was measured through
resistivity p(7) as well as ac screening methods. For the
former, the samples were patterned in four-probe geometry
using photolithography. The strength of ac screening currents
and their dissipative behavior in 3 X3 mm? films were mea-
sured with a two-coil mutual inductance method similar to
the one described by Jeanneret et al.,"" in which an ac volt-
age is applied to the drive (primary) coil to create a magnetic
field of amplitude %,.~0.3 Oe and the voltage across the
pick-up (secondary) coil is measured with a lock-in amplifier
used in the differential mode. The measurements were per-
formed at frequency f=100 kHz in the temperature range of
5-35 K. The ac response of the samples was also measured
in the external dc magnetic field H (0-3500 Oe) applied
parallel to the plane of the sample.

III. RESULTS AND DISCUSSION

Figure 1(a) shows 6#-26 x-ray diffraction pattern of a
LNSCO (100 nm)/LSCO (50 nm) bilayer around (008) and
(0010) reflections of the SLAO substrate. We can see two
overlapping Bragg peaks of which the lower angle compo-
nent can be assigned to the reflections from (00[)-oriented
LSCO planes while the higher angle one is due to (00/)
planes of the LNSCO. This assignment is based on the c-axis
lattice parameters, ¢y gco and ¢y nsco, Which are 1.33 nm and
1.31 nm in the bulk form, respectively. Rocking curves of the
bilayers have a full width at half maximum of 0.2°-0.4°,
indicating a high-quality epitaxial growth. A typical rocking
curve about (008) LSCO peak is shown in Fig. 1(b). A ¢
scan of the bilayer shows sharp peaks only at integral mul-
tiple of 7r/2 [Fig. 1(c)] indicating in-plane ordering of
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FIG. 1. Panel (a) shows #-26 x-ray diffraction pattern of LN-
SCO (100 nm)/LSCO (50 nm) bilayer in the vicinity of (008) and
(0010) reflections of the SLAO (001) substrate. The position of
LSCO peak is marked with an arrow pointing downward whereas
LNSCO peak is marked with up arrow. Panel (b) shows w scan
about (008) LSCO peak while ¢ scan of (1011) LSCO peak is
shown in the panel (c).

ab-plane. A fitting of the GIXR curve with a genetic
algorithm'? yields a roughness of 3.3 nm at the LNSCO/
LSCO interface.

Figure 2(a) shows the normalized in-plane resistivity
Prorm(T)=p(T)/ p(275 K) for LSCO and LNSCO films. The
LSCO film shows superconducting transition at 7,.=31.2 K
with a broadening (AT,) of =3.4 K while the transition in
LNSCO is characterized by 7,=12.1 K with AT.=3.1 K.
Here the 7, has been defined as the temperature where the
resistance drops to 90% of the extrapolated normal-state
value. In the case of LNSCO layer grown on SLAO [inset of
Fig. 2(a)], the low-temperature tetragonal phase seems to be
suppressed as indicated by the absence of the resistivity jump
at low-temperature orthorhombic to low-temperature tetrag-
onal phase transition temperature seen at 7,~70 K in single
crystals.!® The temperature dependence of resistivity of the
LNSCO (100 nm)/LSCO (50 nm) bilayer is also shown in
Fig. 2(a). The heterostructure displays a single SC transition
at 7.=27.8 K, which is =3.4 K lower than the 7. of the
single-layer LSCO film. We now consider the issue of this
lowering of T, (=3.4 K) in bilayers and how the supercon-
ductivity in LNSCO, albeit with a much lower T, affects the
response of the bilayer. The suppression of 7, can be attrib-
uted to several factors including (i) the tensile strain on
LSCO due to LNSCO bottom layer. Quantitatively, the in-
plane (ab) epitaxial strain &,,=(a 3co—dnsco)/dLsco, de-
pendence of T, for a tetragonal unit cell is given by® 7.
=TC(0)+2(5T‘C/ 58ab)8ab' With aLSCO=O.378 nm, dapnsco
=0.380 nm, and 6T,/ ds,,=325 K,'* we have &,,=0.6%
and decrease in 7. of =4 K, provided the strain is retained
throughout the film thickness. This may not be true for a
50-nm-thick film as the strain will tend to relax with increas-
ing thickness. (ii) The T, in such films is also sensitive to
oxygen content'> and may be a factor contributing to its sup-
pression. (iii) The structural disorder in the film suppresses
the areal superfluid density n, and hence the T.. (iv) Lastly,
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FIG. 2. (Color online) (a) Temperature dependence of normal-
ized resistivity p,om(T)=p(T)/p(275 K) for LSCO and LNSCO
films of thickness 100 nm each and of a LNSCO (100 nm)/LSCO
(50 nm) bilayer. Inset shows p(7) for LNSCO (100 nm) films on
SLAO with the upturn of resistivity following the logarithmic T
dependence, as shown by dotted line. (b) Temperature dependence
of real and imaginary parts of the pick-up coil voltage for a 100-
nm-thick LSCO film showing one SC transition (dotted line) and
for a LNSCO (100 nm)/LSCO (50 nm) bilayer with three distinct
transitions (solid line).

we consider reduction in 7. due to conventional proximity
effect,'0 given as AT,/T,o~1.35¢40)/d>, where T, is the
transition temperature of single-layer SC film and &., the
coherence length along ¢ axis (&.<<d,). However a typical
value of £.(0)=0.7 nm (Ref. 17) yields negligibly small
AT.(=10 mK) compared to the observed suppression of
=~3.4 K.

A yet another effect of significant interest in the context of
cuprate physics is the interplay between LSCO and LNSCO
at the interface. However, any interfacial effect is difficult to
detect with planar-transport measurements as the supercon-
ductivity of LSCO electrically shorts the less conducting bot-
tom layer of LNSCO. Here we show that the interface super-
conductivity is manifested prominently in the measurement
of screening currents, provided the film thickness is smaller
than its magnetic penetration depth. This condition is satis-
fied in our case as both ab-plane and c-axis penetration
depths are much larger than the film thickness. The real and
the imaginary parts of the induced pick-up coil voltage V due
to ac screening current in LNSCO/LSCO bilayer are shown
in Fig. 2(b). The real part of the response has two clear loss
peaks at 9.5 K and 19.9 K, corresponding to SC transition of
individual LNSCO and LSCO layers, respectively. Corre-
sponding to these peaks, two transitions reflected as a sudden
change in slope of the imaginary part are also seen. It is clear
from the figure that Im V starts appearing after the realization
of the zero-resistance state, which shows the screening mea-
surements show the transition only when the whole sample
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becomes superconducting. A careful examination of the tem-
perature dependence of Re V reveals a small but distinct
peak near =15.4 K located in between two prominent loss
peaks. This feature provides a strong evidence for the exis-
tence of a third SC layer in the samples, which is presumably
located at the interface of LSCO and LNSCO layers. It is
instructive to see what are the other sources of this additional
signal. For example, grain boundaries, ac field-induced dis-
sipation at weak links and flux motion in ab-plane can result
in such additional peak.'® However, the single loss peak seen
in our one-component monolayer films rules out the presence
of such extraneous effects. Other possibility is related to in-
terdiffusion of Sr/Nd cations at the interface, which may re-
sult in a layer of its unique 7. But the typical roughness of
~3.3 nm at the LNSCO-LSCO interface as deduced from
GIXR measurement, sets an upper limit to any intermixing
and is quite small compared to the thickness over which the
quasiparticle and Cooper pair correlations spread across the
interface. Also a large volume of high-resolution transmis-
sion electron microscopy studies on heterostructures of cu-
prates grown using PLD under similar conditions as used by
us show atomically sharp interfaces.!” Such studies suggest
that the diffusion of cations under the condition of growth is
limited to atomic distance only.

Since the appearance of the additional peak in the real
part of pick-up coil voltage is the central result of this paper,
it is important to comment on the likely reasons behind in-
terface superconductivity seen in our bilayers. Appearance of
this interface layer may be related to the role of stripes in
LNSCO."? In the normal-state region of LNSCO films, we
observe a crossover from metallic to insulator behavior in the
resistivity curves. The insulating region is characterized by a
logarithmic T-dependent resistivity given as poclog(1/7), as
shown in inset of Fig. 2(a). Similar transport behavior has
been observed in single-crystal LSCO systems below opti-
mal doping,?’ in LNSCO single crystals,”! and in LNSCO
thin films grown on SLAO.!? These observations suggest the
possible existence of dynamically fluctuating stripes, if not
static stripes. In the proximity of a robust condensate in
LSCO, the confinement of charge carriers within dynamic
charge stripes in LNSCO may be more relaxed due to the
weakening of the pinning potential. Also at the same time,
these stripes may induce an incipient dynamic stripe order in
LSCO up to some distance from the interface. This interme-
diate stripe ordered state may be the reason behind the addi-
tional superconducting layer in our bilayers. Another possi-
bility may be inferred from the theoretical studies of bilayer
made up of underdoped and overdoped layers, where an en-
hancement of 7. can be observed.?” The phase fluctuation
dictates the 7, in underdoped compounds while some sort of
local superconducting pairing occurs without any phase co-
herence at higher temperatures. On the other hand, the pair-
ing and phase order occur simultaneously with a robust
phase stiffness in overdoped compounds. If we make a bi-
layer of these two, then high phase stiffness of the overdoped
layer phase locks the pairs in the underdoped layer via the
interlayer tunneling. Although, in our case, LSCO is opti-
mally doped; but it has a comparatively higher phase stiff-
ness than LNSCO and thus it may introduce pairing correla-
tion in LNSCO, which, in turn, creates a region with a new
T. at the interface.
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FIG. 3. (Color online) Main panel shows Im V vs T curve for
LNSCO (100 nm)/LSCO (50 nm) bilayer with the contributions of
LSCO, interface layer, and LNSCO shown by different shades. In-
set (a) shows temperature dependence of inverse sheet kinetic in-
ductance L;l(T) for three components of the bilayer separately.
L;l(T) vs (1—72) curves are shown in inset (b). Black straight lines
show the (1—7%) dependence of L;l(T) at low temperatures (r<<t*).
Here, t=T/T,. Inset (c) shows KTB transition line (dashed) for the
interfacial layer along with corresponding L;'(T).

An estimate of the thickness of this interface layer can be
made by considering two length scales relevant in this sys-
tem; namely, (1) the coherence length &, over which the
transmission of Cooper pairs from a superconductor (S) to
normal metal (N) occurs, as introduced in the context of
proximity effect and (2) a diffusion length A, which sets the
scale for diffusion of quasiparticles from N into S until they
form Cooper pairs as explained by Blonder et al.”> The con-
ventional proximity effect'® gives & ~0.5 nm for c-axis
transport in our case. However it has been shown theoreti-
cally that the Josephson tunneling with barriers made up of a
antiferromagnetic material®* or a phase-disordered supercon-
ductors in pseudogap state® is greatly enhanced compared to
the conventional SNS tunneling. Giant proximity has also
been observed experimentally in similar cuprate supercon-
ductor systems,?® where the supercurrents can mediate within
normal metal of thickness as large as =20 nm by resonant
tunneling. In the light of these observations, the condensate
of LSCO can indeed perturb LNSCO layer to greater depths
from the interface. We now consider the diffusion of quasi-
particles from LNSCO into the top superconducting layer.
The diffusion length is given as A=\e“'DTQ, where D is the
diffusion coefficient and the quasiparticle relaxation time,
To~6 ps.?’ The quasiparticle diffusion along ¢ direction is
dominated by incoherent transport due to interlayer
scattering.”® The diffusion coefficient is given as D
=(c/2)*/ 7y,,, where ¢ is the c-axis lattice parameter of
LSCO (=1.33 nm) and the interlayer hopping rate® is
1/ 70,~ 180 cm™!, from which we find A=3.8 nm.

In order to separate out the contribution of each layer to
the net areal superconducting condensate density, we have
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deconvoluted the Im V vs T curve of the bilayer using mea-
sured single-layer data, as shown in Fig. 3. The inset (b) of
Fig. 3 shows the variation in L;'(T) vs [1—(T/T,)?] for the
three components of the nominal bilayer with T, being ob-
tained by extrapolating the linear high-temperature portion of
the L;l(T) vs T curves [shown in inset (a)] to zero. Here
inverse sheet kinetic inductance L;l(T)=ds/ ,u,o)\ib(T), where
Nap(T) is the magnetic penetration depth in ab-plane, is ex-
tracted from Im V by a numerical inversion method!! assum-
ing Re V~=0. The temperature dependence of L,:l(T) clearly
shows A, (T) follows a temperature dependence of the form
)\;,%(T)=)\;§(O)[1 —(T/T,)*] at low enough temperatures (¢
<1t"), which is a feature of d-wave superconducting order
parameter modified by the effect of the disorders (which may
be generated during film fabrication).3° It is worth noting that
Aap(0)=709 nm in case of LSCO layer is within the range of
Nap(0) (450-840 nm) found by various experiments on bulk
as well as thin films.3! Moreover, the superconductor-to-
normal phase transition is in accordance with quasi-2D ther-
mal phase fluctuation model, where the measured 7, is ap-
proximately the Kosterlitz-Thouless-Berezinskii (KTB)
transition temperature for a single superconducting layer due
to unbinding of vortex-antivortex pairs,>> and this tempera-
ture Txrp is related to kinetic inductance as

n d

— (1)
87rp1o N (Ticrp)

kT =

where @ is the flux quantum and d the thickness of the
layer. In Fig. 3(c), the intersection of the straight line, as
predicted by Eq. (1), for CuO, planes coupled throughout the
interfacial layer thickness with the measured L;'(7) yields
Txr- This suggests that the superconductivity at the inter-
face is essentially two dimensional in nature. Also we ob-
serve a continuous rapid drop in L,;l(T) and thus in areal
superfluid density n, of the interface layer. In theory, the
superfluid density drops discontinuously to zero for a 2D
superconductor. But weak interlayer coupling in cuprates
softens this discontinuity.

The secondary coil voltages for three different in-plane dc
magnetic fields are shown in Figs. 4(a) and 4(b). The SC
transition temperature of the interface layer, T.(H) decreases
monotonically with increasing field while the imaginary part
is suppressed. To identify the position of 7. corresponding to
loss peak maxima, we have fitted the Re V vs T curve with a
three Gaussian function combination.>® In order to explain
the magnetic field dependence of T.(H) for three layers
shown in inset of Fig. 4(c), we have considered a pair-
breaking model in gapless regime,'®3* given by the equation

T.(H) B T
l“{ 7,(0) } T 4kyT(H) @

in the limit e <kgT.(H), where « is the pair-breaking param-
eter. Since « has a quadratic dependence on field for thin
films in parallel magnetic field,* we have plotted
T.(H)In[T.(H)/T.(0)] as a function of H? in Fig. 4(c). An
excellent fit seen here confirms the pair-breaking model for
suppression of T.. It is interesting to note that the loss peak
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FIG. 4. (Color online) [(a) and (b)] The pick-up coil voltage for
LNSCO (100 nm)/LSCO (50 nm) bilayer is shown as a function of
temperature for in-plane dc magnetic fields of 1500 and 3000 Oe.
Data for zero field are also shown in the figure. (c)
T.(H)In[T.(H)/T.(0)] is plotted as a function of H? for three layers
of LNSCO (100 nm)/LSCO (50 nm) bilayer with straight line fits
given by Eq. (2). The curves are shifted down by 0.5 K from one
another for clarity. Plot of T.(H)/T.(0) vs H is shown in the inset.
Here, T.(H) values correspond to the temperature at which Re V vs
T curves goes through a peak (open symbols). We have also ex-
tracted T.(H) from the peak in d(Im V)/dT vs T curves (filled sym-
bols). (d) Plot of T,(H) vs L;'(0,H)/L;'(0,0) with dotted straight
line fit. Error bars shown correspond to transition width.

due to interfacial layer almost disappears at fields in excess
of 3000 Oe. The nature of the superconducting state of all
three layers can be understood by the relationship between
the magnetic field-induced shift in 7.(H) and the relative
change in the inverse kinetic inductance L,:l(O,H)/ LZI(O,O)
in the limit 7—0, which shows a linear behavior within
experimental accuracy [see Fig. 4(d)]. This is in accordance
with well-known Uemura proportionality given as T, %n,.%

IV. CONCLUSION

Bilayers of La1.48Nd0A4Sr0.12CuO4 and La1A84Sr0_16CuO4
grown on (001) SLAO show a superconducting interface
layer with critical temperature (7.~ 15.4 K) intermediate
between the 7, of the La;gSry;,CuO; and
La; 44Nd, 4S1( 1,CuO,. Taking into account the interdiffusion
of quasiparticles and condensate at the interface, we esti-
mated this layer to be ~25 nm thick. The superconducting
order parameter of the interfacial layer appears to be of
d-wave nature and this two-dimensional superconductivity
follows Kosterlitz-Thouless-Berezinskii transition. The sup-
pression of superconductivity due to the magnetic field (H)
appears to be due to H> dependent pair breaking. Here we
have also established that the ac screening measurements can
be used as a noble method to verify superconductivity at
buried interfaces, which is not easily detectable by the con-
ventional dc transport measurements.

024518-4



INTERFACE SUPERCONDUCTIVITY IN...

ACKNOWLEDGMENTS

The authors would like to thank Rajni Porwal for prepar-
ing the mutual inductance coils and P. C. Joshi for photoli-

PHYSICAL REVIEW B 82, 024518 (2010)

thography. P.K.R. acknowledges financial support from In-
dian Institute of Technology (IIT) Kanpur and the Council
for Scientific and Industrial Research (CSIR), Government
of India.

*rcb@iitk.ac.in

'A. Ohtomo and H. Y. Hwang, Nature (London) 427, 423 (2004).

2 A. Tsukazaki, A. Ohtomo, A. T. Kita, Y. Ohno, H. Ohno, and M.
Kawasaki, Science 315, 1388 (2007).

3 A. Brinkman, M. Huijben, M. van Zalk, J. Huijben, U. Zeitler, J.
C. Maan, W. G. van der Wiel, G. Rijnders, D. H. A. Blank, and
H. Hilgenkamp, Nature Mater. 6, 493 (2007).

4N. Reyren, S. Thiel, A. D. Caviglia, L. Fitting Kourkoutis, G.
Hammer, C. Richter, C. W. Schneider, T. Kopp, A.-S. Ruetschi,
D. Jaccard, M. Gabay, D. A. Muller, J.-M. Triscone, and J. Man-
nhart, Science 317, 1196 (2007).

3A. Gozar, G. Logvenov, L. Fitting Kourkoutis, A. T. Bollinger,
L. A. Giannuzzi, D. A. Muller, and 1. Bozovic, Nature (London)
455, 782 (2008).

' Seguchi, T. Tsuboi, and T. Suzuki, J. Phys. Soc. Jpn. 61, 1875
(1992).

7N. Ya. Fogel, E. I. Buchstab, Yu. V. Bomze, O. 1. Yuzephovich,
M. Yu. Mikhailov, A. Yu. Sipatov, E. A. Pashitskii, R. I. Shek-
hter, and M. Jonson, Phys. Rev. B 73, 161306(R) (2006); O. 1.
Yuzephovich, M. Yu. Mikhailov, S. V. Bengus, A. Yu. Aladysh-
kin, E. E. Pestov, Yu. N. Nozdrin, A. Yu. Sipatov, E. I. Buch-
stab, and N. Ya. Fogel, Low Temp. Phys. 34, 985 (2008).

8].-P. Locquet, J. Perret, J. Fompeyrine, E. Michler, J. W. Seo,
and G. Van Tendeloo, Nature (London) 394, 453 (1998).

°1. Tsukada, Phys. Rev. B 64, 224501 (2001).

10y, Liu, J. F. Qu, M. Zhu, S. D. Zhang, S. J. Feng, and X. G. Li,
Phys. Rev. B 70, 224512 (2004).

1B Jeanneret, J. L. Gavilano, G. A. Racine, Ch. Leemann, and P.
Martinoli, Appl. Phys. Lett. 55, 2336 (1989).

12A. D. Dane, A. Veldhuis, D. K. G. de Boer, A. J. G. Leenaers,
and L. M. C. Buydens, Physica B 253, 254 (1998).

13]. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, and S.
Uchida, Nature (London) 375, 561 (1995).

4F. Gugenberger, C. Meingast, G. Roth, K. Grube, V. Breit, T.
Weber, H. Wiihl, S. Uchida, and Y. Nakamura, Phys. Rev. B 49,
13137 (1994).

151, Bozovic, G. Logvenov, L. Belca, B. Narimbetov, and 1. Sveklo,
Phys. Rev. Lett. 89, 107001 (2002); H. E. Mohottala, B. O.
Wells, J. 1. Budnick, W. A. Hines, C. Niedermayer, L. Udby, C.
Bernhard, A. R. Moodenbaugh, and F. C. Chou, Nature Mater.
5, 377 (2006).

6P, G. de Gennes, Rev. Mod. Phys. 36, 225 (1964).

7M. Cyrot and D. Pavuna, Introduction to Superconductivity and
High-T, Materials (World Scientific, Singapore, 1992).

18 M. Nikolo and R. B. Goldfarb, Phys. Rev. B 39, 6615 (1989); S.

L. Shindé, J. Morrill, D. Goland, D. A. Chance, and T. McGuire,
ibid. 41, 8838 (1990); J. W. Li, R. L. Wang, H. R. Yi, H. C. Li,
B. Yin, and L. Li, ibid. 46, 9190 (1992).

19J M. Triscone and @. Fischer, Rep. Prog. Phys. 60, 1673
(1997).

208, Komiya and Y. Ando, Phys. Rev. B 70, 060503(R) (2004).

21T, Noda, H. Eisaki, and S. Uchida, Science 286, 265 (1999).

22E. Berg, D. Orgad, and S. A. Kivelson, Phys. Rev. B 78, 094509
(2008); S. Okamoto and T. A. Maier, Phys. Rev. Lett. 101,
156401 (2008); L. Goren and E. Altman, Phys. Rev. B 79,
174509 (2009).

2G. E. Blonder, M. Tinkham, and T. M. Klapwiijk, Phys. Rev. B
25, 4515 (1982).

24E. Demler, A. J. Berlinsky, C. Kallin, G. B. Arnold, and M. R.
Beasley, Phys. Rev. Lett. 80, 2917 (1998).

2D. Marchand, L. Covaci, M. Berciu, and M. Franz, Phys. Rev.
Lett. 101, 097004 (2008).

201, Bozovic, G. Logvenov, M. A. J. Verhoeven, P. Caputo, E.
Goldobin, and M. R. Beasley, Phys. Rev. Lett. 93, 157002
(2004).

27p. Kusar, J. Demsar, D. Mihailovic, and S. Sugai, Phys. Rev. B
72, 014544 (2005).

28M. Turlakov and A. J. Leggett, Phys. Rev. B 63, 064518 (2001).

29K. Tamasaku, Y. Nakamura, and S. Uchida, Phys. Rev. Lett. 69,
1455 (1992).

30p. J. Hirschfeld and N. Goldenfeld, Phys. Rev. B 48, 4219
(1993).

3IK. M. Paget, S. Guha, M. Z. Cieplak, I. E. Trofimov, S. J. Tur-
neaure, and T. R. Lemberger, Phys. Rev. B 59, 641 (1999), and
references therein.

32]. M. Kosterlitz and D. J. Thouless, J. Phys. C 6, 1181 (1973); J.
M. Kosterlitz, ibid. 7, 1046 (1974); V. L. Berezinskii, Sov. Phys.
JETP 32, 493 (1971).

33 Lorentzians were rejected because of the significant peak area
associated with tails outside the transition region.

34K. Maki, in Superconductivity, edited by R. D. Parks (Dekker,
New York, 1969), p. 1035; M. Tinkham, Introduction to Super-
conductivity (McGraw-Hill, New York, 1975), p. 264.

35Y. J. Uemura, G. M. Luke, B. J. Sternlieb, J. H. Brewer, J. F.
Carolan, W. N. Hardy, R. Kadono, J. R. Kempton, R. F. Kiefl, S.
R. Kreitzman, P. Mulhern, T. M. Riseman, D. L1. Williams, B.
X. Yang, S. Uchida, H. Takagi, J. Gopalakrishnan, A. W. Sleight,
M. A. Subramanian, C. L. Chien, M. Z. Cieplak, G. Xiao, V. Y.
Lee, B. W. Statt, C. E. Stronach, W. J. Kossler, and X. H. Yu,
Phys. Rev. Lett. 62, 2317 (1989).

024518-5


http://dx.doi.org/10.1038/nature02308
http://dx.doi.org/10.1126/science.1137430
http://dx.doi.org/10.1038/nmat1931
http://dx.doi.org/10.1126/science.1146006
http://dx.doi.org/10.1038/nature07293
http://dx.doi.org/10.1038/nature07293
http://dx.doi.org/10.1143/JPSJ.61.1875
http://dx.doi.org/10.1143/JPSJ.61.1875
http://dx.doi.org/10.1103/PhysRevB.73.161306
http://dx.doi.org/10.1063/1.3029751
http://dx.doi.org/10.1038/28810
http://dx.doi.org/10.1103/PhysRevB.64.224501
http://dx.doi.org/10.1103/PhysRevB.70.224512
http://dx.doi.org/10.1063/1.102053
http://dx.doi.org/10.1016/S0921-4526(98)00398-6
http://dx.doi.org/10.1038/375561a0
http://dx.doi.org/10.1103/PhysRevB.49.13137
http://dx.doi.org/10.1103/PhysRevB.49.13137
http://dx.doi.org/10.1103/PhysRevLett.89.107001
http://dx.doi.org/10.1038/nmat1633
http://dx.doi.org/10.1038/nmat1633
http://dx.doi.org/10.1103/RevModPhys.36.225
http://dx.doi.org/10.1103/PhysRevB.39.6615
http://dx.doi.org/10.1103/PhysRevB.41.8838
http://dx.doi.org/10.1103/PhysRevB.46.9190
http://dx.doi.org/10.1088/0034-4885/60/12/004
http://dx.doi.org/10.1088/0034-4885/60/12/004
http://dx.doi.org/10.1103/PhysRevB.70.060503
http://dx.doi.org/10.1126/science.286.5438.265
http://dx.doi.org/10.1103/PhysRevB.78.094509
http://dx.doi.org/10.1103/PhysRevB.78.094509
http://dx.doi.org/10.1103/PhysRevLett.101.156401
http://dx.doi.org/10.1103/PhysRevLett.101.156401
http://dx.doi.org/10.1103/PhysRevB.79.174509
http://dx.doi.org/10.1103/PhysRevB.79.174509
http://dx.doi.org/10.1103/PhysRevB.25.4515
http://dx.doi.org/10.1103/PhysRevB.25.4515
http://dx.doi.org/10.1103/PhysRevLett.80.2917
http://dx.doi.org/10.1103/PhysRevLett.101.097004
http://dx.doi.org/10.1103/PhysRevLett.101.097004
http://dx.doi.org/10.1103/PhysRevLett.93.157002
http://dx.doi.org/10.1103/PhysRevLett.93.157002
http://dx.doi.org/10.1103/PhysRevB.72.014544
http://dx.doi.org/10.1103/PhysRevB.72.014544
http://dx.doi.org/10.1103/PhysRevB.63.064518
http://dx.doi.org/10.1103/PhysRevLett.69.1455
http://dx.doi.org/10.1103/PhysRevLett.69.1455
http://dx.doi.org/10.1103/PhysRevB.48.4219
http://dx.doi.org/10.1103/PhysRevB.48.4219
http://dx.doi.org/10.1103/PhysRevB.59.641
http://dx.doi.org/10.1088/0022-3719/6/7/010
http://dx.doi.org/10.1088/0022-3719/7/6/005
http://dx.doi.org/10.1103/PhysRevLett.62.2317

