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FIG. 1: (a) R(T ) of a bare LSCO(0.35) Þlm. The inset de-
picts the I −V tunneling characteristic of the same Þlm, taken
by STM at 4.2 K . (b-d) R(T ) curves of the LSCO(0.35) Ð
LSCO(x) bilayers with x = 0 .10, 0.18 and 0.12, and of the cor-
responding bare Þlms. The arrows mark the zero-resistance
transition temperature.

1(c). This contrast in the behavior of the UD and OD
bilayers is clearly apparent in Fig. 2(a), which presents
a compilation of the zero-resistance transition tempera-
tures of all the Þlms and bilayers measured by us. An
enhancement ofTc was observed for all the UD bilay-
ers studied, with a magnitude that decreased both to-
wards the UD boundary of the superconducting phase
and the optimal doping level of the bare Þlms. Surpris-
ingly, the largest enhancement, of 11 K, was found for the
x = 0 .12 bilayer. Moreover, the Tc of the LSCO(0.35) Ð
LSCO(0.12) bilayer was higher than those of both the
bare optimally-doped LSCO(0.15) Þlm and its bilayer.
We have also measured a sequence of inverted bilayers,
where a 10 nm LSCO(x) Þlm was deposited on top of a
90 nm LSCO(0.35) layer, and have found essentially the
same behavior. It is also worth noting that, in a control
experiment, no Tc enhancement was observed in bilayers
of gold and LSCO(0.12).

Establishment of bulk superconductivity is accompa-
nied by a diamagnetic Meissner signal. With our SQUID
magnetometer sensitivity we could not detect any such
signal at the enhancedTc of our bilayers. However, a
clear diamagnetic response was observed when each bi-
layer was cooled through the transition temperature of
the corresponding bare LSCO(x) Þlm. This behavior
points to the fact that the enhancement does not oc-
cur in the bulk of the sample, but is likely an interface
phenomenon. We Þnd further support for this conclusion
in our STM data.

The tunneling spectra of our bilayers, measured by an
STM on the surface of the LSCO(0.35) top layer, exhib-
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FIG. 2: (a) Tc vs. x of the bilayers (open symbols) and bare
Þlms (solid symbols) measured in this work. (b) Tc of LSCO
Þlms grown on LaSrAlO4 (open symbols), and on STO (solid
symbols), as compiled from Refs. 9 and 15. The dotted line
depicts the Tc of bulk LSCO.

ited a predominantly Ohmic (gapless) behavior similar
to that of the bare LSCO(0.35) Þlm shown in Fig. 1(a).
However, when the thickness of the top LSCO(0.35) layer
was reduced from 10 nm to 5 nm, the differential conduc-
tance revealed a gap in the low-energy density of states
over large parts of the sample surface, as depicted in Fig.
3. It is possible that the STM tip is coupled to a su-
perconducting region at the interface [assuming that the
LSCO(0.35) is in the ballistic regime], or alternatively,
that the gap is a consequence of a proximity effect in the
metallic layer due to such a region. The latter interpre-
tation seems more convincing in light of the absence of
coherence peaks from the bilayer data, and the fact that
the zero-bias conductance is rather high, about 75% of its
normal state value. This should be compared with the
spectra measured on the bare LSCO(0.10) Þlm, shown
in the inset of Fig. 3, where the normalized zero-bias
conductance is about 3 times smaller and the coherence
peaks are well developed. Regardless of the mechanism
responsible for the appearance of the gap, this behavior
further suggest that the Tc enhancement effect does not
occur in the bulk of LSCO(0.35) layer, but is apparently
conÞned to the interface region. It should be noted that
interface superconductivity has already been observed by
I. Bozovic and his group on LSCO bilayers [11].

Superconductivity in a two-dimensional system disap-
pears via a Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition [12, 13], where it is destroyed by phase ßuctua-
tions due to the unbinding of thermally-excited vortex-
antivortex pairs. Consequently, we have looked for the
tell-tale signatures of a BKT transition in our data, and
found them exclusively in bilayers showing enhancement
of Tc, as demonstrated in Fig. 4 for the LSCO(0.35) Ð
LSCO(0.12) bilayer. SpeciÞcally, we have Þtted the mea-
sured temperature-dependent resistance to the predicted
BKT form R(T) = R0 exp(! bt−1/ 2), valid just above the
transition temperature TBKT . Here R0 and b are ma-
terial parameters and t = T/T BKT ! 1. The best Þt
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Figure 4a shows the evolution of the low temperature
spectra at the!p , 0" point as a function of doping.
The sharp quasiparticle peak moves to higher energy,
indicating that the gap increases with underdoping [14]
(although this is difficult to see on the scale of Fig. 4a).
We see that the hump moves rapidly to higher energy
with underdoping [15]. These trends can be seen very
clearly in Fig. 4b, where the energy of the peak and hump
are shown as a function of doping for a large number
of samples. Finally, we observe that the quasiparticle
peak loses spectral weight with increasing underdoping,
as expected for a doped Mott insulator; in addition, the
hump also loses spectral weight, though less rapidly.

The hump belowTc is clearly related to the supercon-
ducting gap, given the weak doping dependence of the
ratio between the hump and quasiparticle peak positions
at !p, 0", shown in Fig. 4c. Tunneling datafind this same
correlation on a wide variety of high-Tc materials whose
energy gaps vary by a factor of 30 [16]. We have addi-
tional strong evidence [1,13] that the peak and hump do
not arise from two different“bands.”

Thus, the peak, dip, and hump are features of a single
spectral function, and imply a strong frequency depen-
dence of the superconducting state self-energy (a“strong-
coupling effect”). The hump represents the energy scale
at which the spectral function belowTc matches onto that
in the normal state (as evident from the data in the bot-
tom curve of Fig. 1b). However, the existence of the dip
requires additional structure in the self-energy. We had
suggested that this structure can be naturally understood
in terms of electrons interacting with a sharp collective
mode [13,17] belowTc, which also leads to an explana-

FIG. 4. Dependence of energy scale on carrier density:
(a) Doping dependence of the spectra (T ! 15 K) at the
!p, 0" point (U55K is afilm). The inset showsTc vs doping.
(b) Doping dependence ofT !, and the peak and hump binding
energies in the superconducting state along with their ratio (c),
as a function of doping,x. The empirical relation betweenTc
and x is given by Tc#Tmax

c ! 1 2 82.6!x 2 0.16"2 [25] with
Tmax

c ! 95 K. For T !, solid squares represent lower bounds.

tion of the nontrivial dispersion, as discussed below. It
was speculated that the mode was the same as that ob-
served directly by neutron scattering in YBa2Cu3O7 [3,4],
and more recently in Bi2212 [18,19].

To motivate the analysis below thatfirmly establishes
the mode interpretation of ARPES spectra and its connec-
tion with neutron data, we need to recall [13,17] that the
spectral dip represents a pairing induced gap in the inco-
herent part of the spectral function at!p , 0" occurring at
an energyD 1 V0, whereD is the superconducting gap
and V0 is the mode energy. We can estimate the mode
energy from ARPES data from the energy difference be-
tween the dip (D 1 V0) and the quasiparticle peak (D).

In Fig. 5b we plot the mode energy as estimated from
ARPES for various doping levels as a function ofTc and
compare it with neutron measurements. Wefind striking
agreement both in terms of the energy scale and its doping
dependence [5]. We note that the mode energy inferred
from ARPES decreases with doping, just like the neutron
data, unlike the gap energy (Fig. 4b), which increases.
This can be seen directly in the raw data, shown in
Fig. 5a. Moreover, there is strong correlation between the
temperature dependences in the ARPES and neutron data.
While neutrons see a sharp mode only belowTc, a smeared
out remnant persists up toT! [20]. As the sharpness of
the mode is responsible for the sharp spectral dip, one then
sees the correlation with ARPES where the dip disappears
aboveTc, but with a remnant of the hump persisting toT!.

An important feature of the neutron data is that the
mode exists only in a narrow momentum range about
!p, p" and is magnetic in origin [4]. To see a further con-
nection with ARPES, we return to the results of Fig. 3.
Note the dispersion along the two orthogonal directions
are similar (Fig. 3c), unlike the dispersion inferred in the
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FIG. 5. Doping dependence of the mode energy: (a) Spectra
at !p, 0" showing the decrease in the energy separation of the
peak and dip with underdoping. Peak and dip locations were
obtained by independent polynomialfits and carefully checked
for the effects of energy resolution. (b) Doping dependence of
the collective mode energy inferred from ARPES together with
that inferred from neutron data (for the latter, YBCO results as
compiled in Ref. [5], Bi2212 results of Refs. [18] and [19]).
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was speculated that the mode was the same as that ob-
served directly by neutron scattering in YBa2Cu3O7 [3,4],
and more recently in Bi2212 [18,19].
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the mode interpretation of ARPES spectra and its connec-
tion with neutron data, we need to recall [13,17] that the
spectral dip represents a pairing induced gap in the inco-
herent part of the spectral function at!p , 0" occurring at
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and V0 is the mode energy. We can estimate the mode
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In Fig. 5b we plot the mode energy as estimated from
ARPES for various doping levels as a function ofTc and
compare it with neutron measurements. Wefind striking
agreement both in terms of the energy scale and its doping
dependence [5]. We note that the mode energy inferred
from ARPES decreases with doping, just like the neutron
data, unlike the gap energy (Fig. 4b), which increases.
This can be seen directly in the raw data, shown in
Fig. 5a. Moreover, there is strong correlation between the
temperature dependences in the ARPES and neutron data.
While neutrons see a sharp mode only belowTc, a smeared
out remnant persists up toT! [20]. As the sharpness of
the mode is responsible for the sharp spectral dip, one then
sees the correlation with ARPES where the dip disappears
aboveTc, but with a remnant of the hump persisting toT!.
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mode exists only in a narrow momentum range about
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FIG. 5. Doping dependence of the mode energy: (a) Spectra
at !p, 0" showing the decrease in the energy separation of the
peak and dip with underdoping. Peak and dip locations were
obtained by independent polynomialfits and carefully checked
for the effects of energy resolution. (b) Doping dependence of
the collective mode energy inferred from ARPES together with
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for a YBCO film at optimal doping and four 

stages of deoxygenation. Tc and A -2 (0) decrease 

as oxygen is removed. Irregularities near Tc in 

the underdoped stages are the result of thermal 

phase fluctuations and sample inhomogeneity. 

ation and sample inhomogeneity effects become 

significant. Our model reproduces these when 

A0(0 ) _~ 300K is fixed and Too ~- F 2/5 in the 

experimental range, 0.4 < F < 1. The gap ra- 

tio, Ao(O)/kBTco, increases with underdoping, 

but the gap ratio defined from the maximum 

gap on the contributing FS segments, Am~ = 

AO (0) cos ( ~ (1 - F ) ) , increases only slightly. 

The model provides a basis for interpretation of 

7(T) [5]. Figure 2 shows the normalized specific 

heat coefficient v(T)/70 as calculated within the 

model for F =1, 0.8, 0.6 and 0.4. The model cor- 

rectly reproduces three significant features of the 

experimental results. Namely 1) 7(T) for T < 50 

K is nearly independent of doping (Tc > 60 K), 

2) the peak value of 7(T) at Tc decreases much 

more rapidly than Tv, and 3) the electronic en- 

tropy just above Tc, i.e., the integral of 7(T) from 

0 K to Tc, decreases significantly. This implies 

that the hypothetical normal-state 7(T) must de- 

crease dramatically as T decreases below Tc, even 

though 7 is nearly constant for T > Tc. Our 

model incorrectly predicts that 7(T) just above 

Tc should decrease with underdoping. We hy- 

pothesize that our model describes the electron 
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shows a significant deviation from the remaining 

slopes. The normalized specific heat coefficient 

predicted by the model is shown at optimal and 

three underdoped stages, k-space integrals in the 

model are taken only over a fraction of the FS, 

F,  as illustrated in the inset. 

degrees of freedom that condense into the super- 

conducting state, and that there exists, in ad- 

dition, an anomalous contribution to 7(T) which 

arises from degrees of freedom (e.g. spins) not as- 

sociated with the superfluid, and which decreases 

rapidly in the vicinity of To. 
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Figure 4a shows the evolution of the low temperature
spectra at the!p , 0" point as a function of doping.
The sharp quasiparticle peak moves to higher energy,
indicating that the gap increases with underdoping [14]
(although this is difficult to see on the scale of Fig. 4a).
We see that the hump moves rapidly to higher energy
with underdoping [15]. These trends can be seen very
clearly in Fig. 4b, where the energy of the peak and hump
are shown as a function of doping for a large number
of samples. Finally, we observe that the quasiparticle
peak loses spectral weight with increasing underdoping,
as expected for a doped Mott insulator; in addition, the
hump also loses spectral weight, though less rapidly.

The hump belowTc is clearly related to the supercon-
ducting gap, given the weak doping dependence of the
ratio between the hump and quasiparticle peak positions
at !p, 0", shown in Fig. 4c. Tunneling datafind this same
correlation on a wide variety of high-Tc materials whose
energy gaps vary by a factor of 30 [16]. We have addi-
tional strong evidence [1,13] that the peak and hump do
not arise from two different“bands.”

Thus, the peak, dip, and hump are features of a single
spectral function, and imply a strong frequency depen-
dence of the superconducting state self-energy (a“strong-
coupling effect”). The hump represents the energy scale
at which the spectral function belowTc matches onto that
in the normal state (as evident from the data in the bot-
tom curve of Fig. 1b). However, the existence of the dip
requires additional structure in the self-energy. We had
suggested that this structure can be naturally understood
in terms of electrons interacting with a sharp collective
mode [13,17] belowTc, which also leads to an explana-

FIG. 4. Dependence of energy scale on carrier density:
(a) Doping dependence of the spectra (T ! 15 K) at the
!p, 0" point (U55K is afilm). The inset showsTc vs doping.
(b) Doping dependence ofT !, and the peak and hump binding
energies in the superconducting state along with their ratio (c),
as a function of doping,x. The empirical relation betweenTc
and x is given by Tc#Tmax

c ! 1 2 82.6!x 2 0.16"2 [25] with
Tmax

c ! 95 K. For T !, solid squares represent lower bounds.

tion of the nontrivial dispersion, as discussed below. It
was speculated that the mode was the same as that ob-
served directly by neutron scattering in YBa2Cu3O7 [3,4],
and more recently in Bi2212 [18,19].

To motivate the analysis below thatfirmly establishes
the mode interpretation of ARPES spectra and its connec-
tion with neutron data, we need to recall [13,17] that the
spectral dip represents a pairing induced gap in the inco-
herent part of the spectral function at!p , 0" occurring at
an energyD 1 V0, whereD is the superconducting gap
and V0 is the mode energy. We can estimate the mode
energy from ARPES data from the energy difference be-
tween the dip (D 1 V0) and the quasiparticle peak (D).

In Fig. 5b we plot the mode energy as estimated from
ARPES for various doping levels as a function ofTc and
compare it with neutron measurements. Wefind striking
agreement both in terms of the energy scale and its doping
dependence [5]. We note that the mode energy inferred
from ARPES decreases with doping, just like the neutron
data, unlike the gap energy (Fig. 4b), which increases.
This can be seen directly in the raw data, shown in
Fig. 5a. Moreover, there is strong correlation between the
temperature dependences in the ARPES and neutron data.
While neutrons see a sharp mode only belowTc, a smeared
out remnant persists up toT! [20]. As the sharpness of
the mode is responsible for the sharp spectral dip, one then
sees the correlation with ARPES where the dip disappears
aboveTc, but with a remnant of the hump persisting toT!.

An important feature of the neutron data is that the
mode exists only in a narrow momentum range about
!p, p" and is magnetic in origin [4]. To see a further con-
nection with ARPES, we return to the results of Fig. 3.
Note the dispersion along the two orthogonal directions
are similar (Fig. 3c), unlike the dispersion inferred in the
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at !p, 0" showing the decrease in the energy separation of the
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for the effects of energy resolution. (b) Doping dependence of
the collective mode energy inferred from ARPES together with
that inferred from neutron data (for the latter, YBCO results as
compiled in Ref. [5], Bi2212 results of Refs. [18] and [19]).
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tion of the nontrivial dispersion, as discussed below. It
was speculated that the mode was the same as that ob-
served directly by neutron scattering in YBa2Cu3O7 [3,4],
and more recently in Bi2212 [18,19].

To motivate the analysis below thatfirmly establishes
the mode interpretation of ARPES spectra and its connec-
tion with neutron data, we need to recall [13,17] that the
spectral dip represents a pairing induced gap in the inco-
herent part of the spectral function at!p , 0" occurring at
an energyD 1 V0, whereD is the superconducting gap
and V0 is the mode energy. We can estimate the mode
energy from ARPES data from the energy difference be-
tween the dip (D 1 V0) and the quasiparticle peak (D).

In Fig. 5b we plot the mode energy as estimated from
ARPES for various doping levels as a function ofTc and
compare it with neutron measurements. Wefind striking
agreement both in terms of the energy scale and its doping
dependence [5]. We note that the mode energy inferred
from ARPES decreases with doping, just like the neutron
data, unlike the gap energy (Fig. 4b), which increases.
This can be seen directly in the raw data, shown in
Fig. 5a. Moreover, there is strong correlation between the
temperature dependences in the ARPES and neutron data.
While neutrons see a sharp mode only belowTc, a smeared
out remnant persists up toT! [20]. As the sharpness of
the mode is responsible for the sharp spectral dip, one then
sees the correlation with ARPES where the dip disappears
aboveTc, but with a remnant of the hump persisting toT!.

An important feature of the neutron data is that the
mode exists only in a narrow momentum range about
!p, p" and is magnetic in origin [4]. To see a further con-
nection with ARPES, we return to the results of Fig. 3.
Note the dispersion along the two orthogonal directions
are similar (Fig. 3c), unlike the dispersion inferred in the
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Figure 1. The inverse squared penetration depth 

for a YBCO film at optimal doping and four 

stages of deoxygenation. Tc and A -2 (0) decrease 

as oxygen is removed. Irregularities near Tc in 

the underdoped stages are the result of thermal 

phase fluctuations and sample inhomogeneity. 

ation and sample inhomogeneity effects become 

significant. Our model reproduces these when 

A0(0 ) _~ 300K is fixed and Too ~- F 2/5 in the 

experimental range, 0.4 < F < 1. The gap ra- 

tio, Ao(O)/kBTco, increases with underdoping, 

but the gap ratio defined from the maximum 

gap on the contributing FS segments, Am~ = 

AO (0) cos ( ~ (1 - F ) ) , increases only slightly. 

The model provides a basis for interpretation of 

7(T) [5]. Figure 2 shows the normalized specific 

heat coefficient v(T)/70 as calculated within the 

model for F =1, 0.8, 0.6 and 0.4. The model cor- 

rectly reproduces three significant features of the 

experimental results. Namely 1) 7(T) for T < 50 

K is nearly independent of doping (Tc > 60 K), 

2) the peak value of 7(T) at Tc decreases much 

more rapidly than Tv, and 3) the electronic en- 

tropy just above Tc, i.e., the integral of 7(T) from 

0 K to Tc, decreases significantly. This implies 

that the hypothetical normal-state 7(T) must de- 

crease dramatically as T decreases below Tc, even 

though 7 is nearly constant for T > Tc. Our 

model incorrectly predicts that 7(T) just above 

Tc should decrease with underdoping. We hy- 

pothesize that our model describes the electron 
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Figure 2. nN(T) (x A-2(0) -- A-2(T) from the 

averaged .data of the film of Fig. 1. The final 

deoxygenation state is shown as a dashed line and 

shows a significant deviation from the remaining 

slopes. The normalized specific heat coefficient 

predicted by the model is shown at optimal and 

three underdoped stages, k-space integrals in the 

model are taken only over a fraction of the FS, 

F,  as illustrated in the inset. 

degrees of freedom that condense into the super- 

conducting state, and that there exists, in ad- 

dition, an anomalous contribution to 7(T) which 

arises from degrees of freedom (e.g. spins) not as- 

sociated with the superfluid, and which decreases 

rapidly in the vicinity of To. 
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ṽ! ! v!
2xt2

⊥
δE2

fermi surface 
mismatch

+

! 2 = ! 2(0)− 2 ln 2
"

#̃2 ṽf
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We take parameters from experiment with bulk pure material
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with good FS matching, Tc can be enhanced for t⊥>t/5
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FIG. 1: (a) R(T ) of a bare LSCO(0.35) Þlm. The inset de-
picts the I −V tunneling characteristic of the same Þlm, taken
by STM at 4.2 K . (b-d) R(T ) curves of the LSCO(0.35) Ð
LSCO(x) bilayers with x = 0 .10, 0.18 and 0.12, and of the cor-
responding bare Þlms. The arrows mark the zero-resistance
transition temperature.

1(c). This contrast in the behavior of the UD and OD
bilayers is clearly apparent in Fig. 2(a), which presents
a compilation of the zero-resistance transition tempera-
tures of all the Þlms and bilayers measured by us. An
enhancement ofTc was observed for all the UD bilay-
ers studied, with a magnitude that decreased both to-
wards the UD boundary of the superconducting phase
and the optimal doping level of the bare Þlms. Surpris-
ingly, the largest enhancement, of 11 K, was found for the
x = 0 .12 bilayer. Moreover, the Tc of the LSCO(0.35) Ð
LSCO(0.12) bilayer was higher than those of both the
bare optimally-doped LSCO(0.15) Þlm and its bilayer.
We have also measured a sequence of inverted bilayers,
where a 10 nm LSCO(x) Þlm was deposited on top of a
90 nm LSCO(0.35) layer, and have found essentially the
same behavior. It is also worth noting that, in a control
experiment, no Tc enhancement was observed in bilayers
of gold and LSCO(0.12).

Establishment of bulk superconductivity is accompa-
nied by a diamagnetic Meissner signal. With our SQUID
magnetometer sensitivity we could not detect any such
signal at the enhancedTc of our bilayers. However, a
clear diamagnetic response was observed when each bi-
layer was cooled through the transition temperature of
the corresponding bare LSCO(x) Þlm. This behavior
points to the fact that the enhancement does not oc-
cur in the bulk of the sample, but is likely an interface
phenomenon. We Þnd further support for this conclusion
in our STM data.

The tunneling spectra of our bilayers, measured by an
STM on the surface of the LSCO(0.35) top layer, exhib-
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FIG. 2: (a) Tc vs. x of the bilayers (open symbols) and bare
Þlms (solid symbols) measured in this work. (b) Tc of LSCO
Þlms grown on LaSrAlO4 (open symbols), and on STO (solid
symbols), as compiled from Refs. 9 and 15. The dotted line
depicts the Tc of bulk LSCO.

ited a predominantly Ohmic (gapless) behavior similar
to that of the bare LSCO(0.35) Þlm shown in Fig. 1(a).
However, when the thickness of the top LSCO(0.35) layer
was reduced from 10 nm to 5 nm, the differential conduc-
tance revealed a gap in the low-energy density of states
over large parts of the sample surface, as depicted in Fig.
3. It is possible that the STM tip is coupled to a su-
perconducting region at the interface [assuming that the
LSCO(0.35) is in the ballistic regime], or alternatively,
that the gap is a consequence of a proximity effect in the
metallic layer due to such a region. The latter interpre-
tation seems more convincing in light of the absence of
coherence peaks from the bilayer data, and the fact that
the zero-bias conductance is rather high, about 75% of its
normal state value. This should be compared with the
spectra measured on the bare LSCO(0.10) Þlm, shown
in the inset of Fig. 3, where the normalized zero-bias
conductance is about 3 times smaller and the coherence
peaks are well developed. Regardless of the mechanism
responsible for the appearance of the gap, this behavior
further suggest that the Tc enhancement effect does not
occur in the bulk of LSCO(0.35) layer, but is apparently
conÞned to the interface region. It should be noted that
interface superconductivity has already been observed by
I. Bozovic and his group on LSCO bilayers [11].

Superconductivity in a two-dimensional system disap-
pears via a Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition [12, 13], where it is destroyed by phase ßuctua-
tions due to the unbinding of thermally-excited vortex-
antivortex pairs. Consequently, we have looked for the
tell-tale signatures of a BKT transition in our data, and
found them exclusively in bilayers showing enhancement
of Tc, as demonstrated in Fig. 4 for the LSCO(0.35) Ð
LSCO(0.12) bilayer. SpeciÞcally, we have Þtted the mea-
sured temperature-dependent resistance to the predicted
BKT form R(T) = R0 exp(! bt−1/ 2), valid just above the
transition temperature TBKT . Here R0 and b are ma-
terial parameters and t = T/T BKT ! 1. The best Þt
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picts the I −V tunneling characteristic of the same Þlm, taken
by STM at 4.2 K . (b-d) R(T ) curves of the LSCO(0.35) Ð
LSCO(x) bilayers with x = 0 .10, 0.18 and 0.12, and of the cor-
responding bare Þlms. The arrows mark the zero-resistance
transition temperature.

1(c). This contrast in the behavior of the UD and OD
bilayers is clearly apparent in Fig. 2(a), which presents
a compilation of the zero-resistance transition tempera-
tures of all the Þlms and bilayers measured by us. An
enhancement ofTc was observed for all the UD bilay-
ers studied, with a magnitude that decreased both to-
wards the UD boundary of the superconducting phase
and the optimal doping level of the bare Þlms. Surpris-
ingly, the largest enhancement, of 11 K, was found for the
x = 0 .12 bilayer. Moreover, the Tc of the LSCO(0.35) Ð
LSCO(0.12) bilayer was higher than those of both the
bare optimally-doped LSCO(0.15) Þlm and its bilayer.
We have also measured a sequence of inverted bilayers,
where a 10 nm LSCO(x) Þlm was deposited on top of a
90 nm LSCO(0.35) layer, and have found essentially the
same behavior. It is also worth noting that, in a control
experiment, no Tc enhancement was observed in bilayers
of gold and LSCO(0.12).

Establishment of bulk superconductivity is accompa-
nied by a diamagnetic Meissner signal. With our SQUID
magnetometer sensitivity we could not detect any such
signal at the enhancedTc of our bilayers. However, a
clear diamagnetic response was observed when each bi-
layer was cooled through the transition temperature of
the corresponding bare LSCO(x) Þlm. This behavior
points to the fact that the enhancement does not oc-
cur in the bulk of the sample, but is likely an interface
phenomenon. We Þnd further support for this conclusion
in our STM data.

The tunneling spectra of our bilayers, measured by an
STM on the surface of the LSCO(0.35) top layer, exhib-
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FIG. 2: (a) Tc vs. x of the bilayers (open symbols) and bare
Þlms (solid symbols) measured in this work. (b) Tc of LSCO
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symbols), as compiled from Refs. 9 and 15. The dotted line
depicts the Tc of bulk LSCO.

ited a predominantly Ohmic (gapless) behavior similar
to that of the bare LSCO(0.35) Þlm shown in Fig. 1(a).
However, when the thickness of the top LSCO(0.35) layer
was reduced from 10 nm to 5 nm, the differential conduc-
tance revealed a gap in the low-energy density of states
over large parts of the sample surface, as depicted in Fig.
3. It is possible that the STM tip is coupled to a su-
perconducting region at the interface [assuming that the
LSCO(0.35) is in the ballistic regime], or alternatively,
that the gap is a consequence of a proximity effect in the
metallic layer due to such a region. The latter interpre-
tation seems more convincing in light of the absence of
coherence peaks from the bilayer data, and the fact that
the zero-bias conductance is rather high, about 75% of its
normal state value. This should be compared with the
spectra measured on the bare LSCO(0.10) Þlm, shown
in the inset of Fig. 3, where the normalized zero-bias
conductance is about 3 times smaller and the coherence
peaks are well developed. Regardless of the mechanism
responsible for the appearance of the gap, this behavior
further suggest that the Tc enhancement effect does not
occur in the bulk of LSCO(0.35) layer, but is apparently
conÞned to the interface region. It should be noted that
interface superconductivity has already been observed by
I. Bozovic and his group on LSCO bilayers [11].

Superconductivity in a two-dimensional system disap-
pears via a Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition [12, 13], where it is destroyed by phase ßuctua-
tions due to the unbinding of thermally-excited vortex-
antivortex pairs. Consequently, we have looked for the
tell-tale signatures of a BKT transition in our data, and
found them exclusively in bilayers showing enhancement
of Tc, as demonstrated in Fig. 4 for the LSCO(0.35) Ð
LSCO(0.12) bilayer. SpeciÞcally, we have Þtted the mea-
sured temperature-dependent resistance to the predicted
BKT form R(T) = R0 exp(! bt−1/ 2), valid just above the
transition temperature TBKT . Here R0 and b are ma-
terial parameters and t = T/T BKT ! 1. The best Þt

0 0.05 0.1 0.15 0.2
0

20

40

60

80

100

x

[K
]

T
c
0

! /2

t
"
=t/5

t
"
=t/4

Student Version of MATLAB

doping (x)



zZero temperature paramagnetism

7

! " # $ %

&'(

"

"'(

)

*+
&
! +

"
," -."

! /*0
1!

,

2

2

.
"
1!'&.

.
"
1!'(.

.
"
1!').

measuring the T=0 stiffness reduction can reveal the doping dependence of the QP charge

for two underdoped layers 
with doping x ~ y:

δρpara(0) ∝ −xy(α1 − α2)2

δk2(x, y)
t2⊥kF

vF

! s(T = 0) =
n1

m!
1

+
n2

m!
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¥ d-wave symmetry of the gap can be crucial in determining Tc enhancement

¥ Low energy effective theory of the bilayer explains enhancement of  Tc but requires 
rather too large interlayer tunneling 

¥ Can effectively large interlayer coupling  be achieved  due to inhomogeneous interface?    
(Work in progress)
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