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Abstract

Heterostructures made of a layer of a cuprate insulator, La,CuQs, on the top of a layer of a non-
superconducting cuprate metal, La;ssSro4sCuQOy4, show high-7,. interface superconductivity
confined within a single CuO; plane. Given this extreme quasi-two-dimensional quantum
confinement, it is of interest to find out how does interface superconductivity behave when
exposed to an external magnetic field. With this motivation, we have performed contactless
tunnel diode oscillator-based measurements in pulsed magnetic fields up to 56 T as well as
measurements of the complex mutual inductance between a spiral coil and the film in static
fields up to 3 T. Remarkably, we observe that interface superconductivity survives up to very
high perpendicular fields, in excess of 40 T. In addition, the critical magnetic field H,(7) reveals
an upward divergence with decreasing temperature, in line with vortex melting as in bulk
superconducting cuprates.

I. INTRODUCTION
A. Critical behavior in two-dimensional superconductors

Superconductivity in conventional superconductors has been well accounted for by the Bardeen-
Cooper-Schrieffer theory'. In these materials, the superconducting transition is typically rather
sharp, and the critical fluctuation region very narrow, less than 1 mK wide. Hence, the critical
temperature, 7., and the critical fields, H.; and (in type-2 superconductors) H.,, are all sharply
defined, and can be unambiguously read from e.g., the raw experimental magneto-transport data.

However, cuprates that show high-7. superconductivity are quasi-two-dimensional. This is true,
in particular, for La;«SryCuQs, the simplest of hole-doped cuprates, which we study here. For
optimal doping (x = 0.16), the in-plane (screened) plasma frequency in this material is* about 0.8
eV, while the c-axis (Josephson) plasma frequency is® about 5 meV, i.e., ~160 times lower; in
anisotropic three-dimensional model this would imply the c-axis effective mass about 2.5x10*
higher than the in-plane effective mass m* = 4 m,. This is clearly unphysical, showing that the
three-dimensional model is inapplicable, and implying that that the individual La, SryCuO4
layers are only weakly (Josephson) coupled*®. This was shown most directly by biasing a bulk
single crystal of La,SryCuO4 with a dc voltage V" and observing microwave emission at the
frequency v that satisfies the Josephson relation v = (2e/h)V, where 4 is the Planck constant and e
the electron charge. This clearly shows that La, SryCuQO4 behaves like a native stack of intrinsic
Josephson junctions.



In addition, La,«SryCuO4 and other cuprates are characterized by very low superfluid stiffness.
Together with reduced effective dimensionality, this leads to a large increase in thermal
fluctuations®. In consequence, one observes'’ broadened resistive transitions, thermally assisted
flux flow, giant and quantum creep, vortex liquid and glassy states, etc. This makes the
experimental determination of 7. ambiguous, since instead of a sharp critical temperature here
we have a critical range that can be 10-20 K wide. Hence, in the literature one can find notions
such as T, T,% = T(R=0), T,""*™ etc., referring to different points at the R(7) curve in
the broad transition region. Moreover, there is a dependence on the frequency of the probe, since
higher-frequency (radio-frequency to microwave to terahertz to optical) probes pick up
superconducting fluctuations at progressively shorter time scales and higher temperatures'®"*.
The experimental determination of H.; is subject to the same ambiguity, since a substantial
portion of the phase diagram well above the H,;(T) line is occupied by a vortex-liquid phase". In
practice, H.; is most frequently determined by using as the defining criterion the field at which
the resistivity reaches say 50% or 90% of its ‘normal state value’ near the 7, onset. The
drawbacks of this practice is not just that these criterions are arbitrary and the 100% point ill-
defined, but more important, they all produce concave H.»(T) curves quite unlike the mean-field
behavior of H.(T) predicted by the standard Bardeen-Cooper-Schrieffer theory. The physical
reason is that even a 99% criterion underestimates the mean-field H.,(7); the observed finite
resistivity does not imply that all the Cooper pairs have been broken by the magnetic field but
rather that vortices are flowing and causing dissipation”'>'®. For this reasons, in what follows,
we denote by H,, the characteristic magnetic field at which the vortex lattice melts into a vortex
liquid. While this field H,, is also subject to some uncertainty, we make sure that this does not
affect our conclusions. H,, provides a conservative lower limit on the mean-field H,,.

B. High-T., interface superconductivity

High-T, interface superconductivity in Lay.(Sr,CuOy4-based heterostructures was first reported'’
back in 2002. Subsequent important advances include observation of high-7, interface
superconductivity in structures in which neither constituent material was superconducting per se.
For example, heterostructures consisting of a layer of heavily overdoped La; 55Srp45CuOa, which
is metallic but not superconducting, and a layer of La,CuQOy4, which in itself is insulating, show
high-T, interface superconductivity'® with 7, ~ 30-35 K.

In the last decade or so, a large number of papers have been published that are related to high-7
interface superconductivity in La,(SryCuOs-based heterostructures. Altogether, they present the
results from a massive accumulated database, with well over a thousand La, (SryCuOy4 bilayer
samples studied by many techniques. All of these data, without exceptions, are consistent with
high-7. superconductivity being confined to a single CuO, plane, which furthermore can be
identified (and to some extent controlled). Strong evidence comes from e.g., c-axis transport in
heterostructures with one-unit-cell thick La,..Sr,CuOy layers', the dependence of T, on the
thickness of Laj s5Sr45CuOy4 and La,CuO, layers'®, the critical current measurements in bilayer
La, 55S19.45Cu04/La,CuOy heterostructures'®, and doping independence of 7, in bilayers®. One
should also mention the perfect 2D scaling near the superconductor-insulator transition®' in Lay.
S1xCuO4. However, the most direct proof was achieved by a new technique, 0-doping
tomography, specially invented for this purpose™. It relies on the known fact that doping Las.
S1ryCuO4 with a small concentration of Zn atoms (which substitute for Cu) causes a dramatic
reduction of 7. and the superfluid density. In La,SryCuOs-based heterostructures, such a
reduction is only observed when Zn dopant atoms are inserted in the second CuO, plane above



the nominal La, 55Srg45CuO4/La,CuQOy interface. This demonstrated that high-7. interface
superconductivity is confined to a single CuOs plane in these heterostructures®.

A separate question is whether the observed high-Tc interface superconductivity originates from
a purely electronic mechanism (electron transfer across the interface, resulting in electron
accumulation on one side and depletion on the other side of the interface), or from a chemical
mechanism, i.e., cation intermixing between the two cuprate layers. In principle, one can
generate quasi- two-dimensional high-7. interface superconductivity confined to a single LSCO
layer by either of these two methods — by near-optimal 6-doping with Sr in that particular layer,
or by doping via charge transfer from a neighbour layer(s). Which of these two mechanisms
dominates in a given sample can be differentiated by resonant X-ray scattering that can measure
the profile of the density of mobile charge carriers within a film and can distinguish them from
the cation density profile”. Applying this technique to LSCO-LCO heterostructures analogous to
the one studied here, it has been shown that the first mechanism — electron redistribution across
the interface— is dominant in this situation®. Independent evidence pointing to the same
conclusion was obtained by reflection high-energy electron diffraction, time-of-flight ion
scattering and recoil spectroscopy, scanning transmission electron microscopy, and high-
resolution electron-energy loss spectroscopy'®, as well as by the coherent-Bragg-rod analysis, a
synchrotron-based phase-retrieval X-ray diffraction technique**. The later has shown directly
that Sr inter-diffusion is limited to a single LSCO layer, and is in fact asymmetric (Sr moves
towards the substrate, due to epitaxial strain)**.

It is an interesting question whether and how are the structures of individual vortices and of the
vortex lattice, under the conditions of such extreme two-dimensional quantum confinement,
modified compared to those in bulk samples. However, till now the H-T phase diagram of these
ultrathin La; 55S1945Cu04/Lay;CuO4 heterostructures was explored neither theoretically nor
experimentally.

II. EXPERIMENTAL RESULTS

Here we present the first H-7 phase diagram of a high-quality ultrathin La; 55519 45CuO4/La,CuO4
heterostructure determined using the technique based on a radio-frequency tunnel diode
oscillator. In zero field, the film shows high-7. interface superconductivity with 7, = 31 K. As
reported here, interface superconductivity survives up to very high magnetic fields H,(7),
exceeding 40 T at the lowest temperature available in this experiment (7 = 1.4 K).

The studied bilayer heterostructure consists of a five-unit-cells thick layer of a cuprate insulator,
La,CuO4, on top of an equally thick layer of a non-superconducting cuprate metal,
La; 55S1945CuQO4. It was synthesized using an advanced atomic-layer-by-layer molecular beam
epitaxy system that incorporates in situ surface science tools such as time-of-flight ion scattering
and recoil spectroscopy and reflection high-energy electron diffraction. The film was grown on a
10x10x1 mm’® single-crystal LaSrAlO, substrate polished nearly perpendicular to the [001]
crystallographic direction. The growth mechanism, microstructure and superconducting
properties of similar Laj ssSrg4sCuO4/La,CuOy4 heterostructures synthesized by this technique
have been reported previously'’**. Atomic-layer-by-layer molecular beam epitaxy technique
enables synthesis of atomically smooth films as well as multilayers with sharp interfaces.



To determine H,, we used radio-frequency measurements based on tunnel-diode oscillator
device™. Given the thin film geometry, a pair of compensated single-layer flat spiral coils was
used in pulsed-field experiments in order to compensate the voltages induced during a field
pulse. One of these coils was positioned very close to the film surface (~ 0.2 mm), while the
other was at a relatively large distance (2 mm) below the sample surface. These coils, together
with a capacitor in parallel, constitute the inductive element of a resonant LC circuit powered by
a tunnel-diode oscillator biased in the negative resistance region of the current-voltage
characteristic. After signal amplification, mixing with a reference signal and demodulation, the
resulting oscillator frequency, which can be approximated by /= 1/2zy/ LC), lies in the MHz
range. As the magnetic field increases, the tunnel-diode oscillator tracks the shift in the resonant
frequency that increases upon entering the normal state, giving a clear indication of the
superconducting-to-resistive state transition”®?’.

Measurements in pulsed magnetic fields were performed in the temperature range from 1.4 K to
35 K. The film was oriented with A either parallel or perpendicular to the CuO; planes. Similar
radio-frequency measurements were performed on the same LajssSrp45CuOs/La,CuOy
heterostructure in static magnetic fields with H//c in the field range below 3 T. (The
crystallographic c-axis is perpendicular to the CuO; planes.) In this radio-frequency technique,
we measure the complex mutual inductance, M, between a film and a flat spiral coil located in
the proximity of the film. The LC resonance circuit is driven by an impedance meter operating at
2-30 MHz, with a high frequency stability of 10 Hz. The film is placed in vacuum at about 0.2
mm above the coil; this allows the sample temperature to vary from 2 K to 50 K, while keeping
the LC circuit at a constant temperature of 4.2 K. Changes in M(H,T) are detected as changes of
the resonance frequency, f(H,T), and of the impedance, Z(H,T), measured by an impedance meter
tuned to the impedance resonance at different frequencies™’.
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Figure 1 (Color online) (a) Field-dependent frequency changes in pulsed fields for H//c. The inset
displays construction lines for the determination of the characteristic field H,,. (b) The first derivative of
the frequency shift can be used to identify H,, more precisely. Temperatures are shown in Kelvin.

Figure 1 displays an example of field-dependent the derivative, d(Af)/dH in pulsed magnetic
fields for temperatures in the range from 30.6 K down to 1.4 K. What remains in Fig. 1 is a
feature observed in the entire explored temperature range. The point of deviation from the
background curve yields a characteristic field, H,,(7).
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Figure 2. (Color online) ReM(T) and ImM(T) for magnetic field values in the range 0-2.9 T. T, a

and T.”" are the Bardeen-Cooper-Schrieffer and Berezinskii-Kosterlitz-Thouless transition
temperatures, respectively.

In Fig. 2 we show the temperature dependence of ReM and ImM measured at different magnetic
fields. Note that the temperature at which ReM(7) starts to drop is lower than the temperature at
which ImM(T) starts rising, by about A7, = 5 K in zero field. Moreover, the sharp drop in
ReM(T) indicates an equally sharp drop in the superfluid density at the same temperature. This
observation is ascribed to the dynamic Berezinskii-Kosterlitz-Thouless transition®*. Within this
framework, the dynamic Berezinskii-Kosterlitz-Thouless transition at a given frequency occurs
at the temperature gkt at which ImM(T) is the largest, and the correlation length £°(7) (i.e.,
the average distance between thermally induced free vortices and antivortices) becomes equal to
the vortex diffusion length /,, = (1 4D/a))1/ ? where D is the vortex diffusion constant. In Fig. 2,
we see that the dynamic Berezinskii-Kosterlitz-Thouless transition is completely removed by a
very small magnetic field, B = 0.3 T. The field strength that destroys the vortex pairs, Hges, can
be estimated from the relation /, ~ a,, where a, = (QD()/Ha;m)”2 is the Abrikosov vortex lattice
parameter, i.e., the scale limiting the formation of vortex—antivortex pairs in a magnetic field.
From [, ~ a,, we estimate that a, = 102 nm at H,., yielding Hzy, = 0.2 T, close to what we
observe.

At larger fields above Hy., the dynamic Berezinskii-Kosterlitz-Thouless transition is absent as
the antivortices are largely flipped out and only parallel vortices remain, and ReM(7) decreases
gradually, without an apparent rapid drop. Nevertheless, the onsets in and ReM(T) and ImM(T)
remain displaced, because ImM(T) starts to rise exponentially as soon as superconducting
fluctuations become significant enough to cause a visible increase in the film conductivity, while
ReM(T) onsets only when the global coherence is established, enabling the formation of
supercurrent loops that are needed to screen the external magnetic field. The width of this



fluctuation range depends on how short is the time scale on which the superconductive
fluctuations can be detected; it increases with the frequency of the measurement, to about 10 K
in microwave'”'" and over 20 K in terahertz'*"'* experiments.
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Figure 3. (Color online). Temperature dependence of H,. Black squares indicate the
values inferred from pulsed magnetic field experiments with H//c (see Fig. 1). Brown
squares correspond to the data for H.lc. Red and blue squares are the values of H,
inferred from the onset of ReM(7T) and the maximum of /mM(T), respectively, measured
in static magnetic fields with H//c.

In Fig. 3, we show the temperature dependence of H,,, determined in few different ways. The
black and brown squares indicate the values of H,, inferred from pulsed field experiments for
H//c and H_Lc, respectively, while the red squares correspond to the onset of drop in ReM(7T) and
the blue squares correspond to the maximum of /mM(T) curves in Fig. 2. As observed, different
criteria turn out very similar H,(7) dependences.

The kink field H,, can be regarded as the field at which vortices start flowing due to thermally
activated melting®”'>'®. It may be much smaller than H,,, the field needed to break all Cooper
pairs. At this point, much of the sample is still superconductive but phase slips disrupt the global
phase coherence, so that the London penetration depth diverges. Within this framework, the
melting transition field is given by”:
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Here b,, = H,/H.; is the reduced melting field, + = 7/T, is the reduced temperature, C; is the
Lindeman number and Gi is the Ginzburg number given by:

Gi =05 (Hksi)
¢ ()53 2)
where y = A/Ag 1s the anisotropy ratio (A, and A, are the magnetic penetration depth parallel and
perpendicular to ab plane). From our two-coil inductance measurements, we know that A,,(0) =
230 nm, but for La, 55519 45Cu04/La,CuQO4 heterostructures A. is unfortunately not known. Thus
we treat the right-hand side of eq. (1) as a fitting parameter A = 22C;>NGi. For A = 0.7 we get a

very good fit in the whole explored temperature range, supporting the interpretation of H,,(7) as
the actual melting transition field.

) t [402-1) 1] _ 2mCf

In Fig. 3, one can also notice a downturn of H,,(7) for H Lc, i.e. parallel to the superconducting
interface layer. For this field direction, the superconductor might enter a spatially-modulated
Fulde, Ferrell, Larkin and Ovchinnikov state at low temperatures30’3l. Actually, indications of
this state have been observed in several 2D organic superconductors’>. However, in order to
drive the high-7. superconducting layer to the normal state at low temperatures where Fulde-
Ferrell-Larkin-Ovchinnikov effect could be observed, significantly larger magnetic fields may be
necessary.

I1I. DISCUSSION AND CONCLUSIONS

While this is the first report of the H-T phase diagram of Las5Srg45CuO4/LayCuOy4
heterostructures, there has been much previous study of quasi-two-dimensional superconductors,
both theoretical and experimental, and many results apply to the present situation® . It is well
known that quasi-two-dimensional systems are unstable to thermal fluctuations that destroy the
true long-range order’”*. However, at low-temperature a quasi-ordered phase can form with
a correlation function that shows a power-law decrease with the distance, in contrast to the
exponential decay of correlations in the high-temperature disordered phase’*. In such quasi-
two-dimensional physical systems, vortex-antivortex pairs are thermally generated as low-energy
excitations, but at low temperatures they are bound, do not move with the current, and hence
cause no dissipation. Thus, superconductivity is possible’”*’ in such systems, including ultra-thin
films, heterostructures and superlattices, as well as in naturally layered materials, as long as the
layer sheet resistance is lower than the pair quantum resistance (h/4e” = 6.45 kQ).>"*1*

As the temperature is increased, the pairs get broken, which triggers vortex flow and finite
resistivity. In neutral superfluids, this occurs at a sharp Berezinskii-Kosterlitz—Thouless phase
transition’ >’. While there has been much confusion about this in the literature, such a transition
does not occur in superconductors at dc and low frequencies, because of vortex screening® ™.
However, a dynamic Berezinskii-Kosterlitz—Thouless phase transition is possible at high enough
frequencies*™*’, and has in fact been observed in teraherz experiments with both Bi-based'” and
La-based” cuprates as well as in radio-frequency experiments on Laj s5Sro4sCuO4/LayCuOy
heterostructures®®’, as indeed confirmed in the present experiments.



Much further evidence has been reported of quasi-two-dimensional nature of superconductivity
in Lay.Sr,CuOy as well as various other cuprates™~*, including observation of free vortices®""
at temperatures well above 7. One should mention analogous observations in various other
layered superconducting materials and ultrathin films, both inorganic and organic™®, a detailed
review of which is beyond the scope of the present paper.

In conclusion, measurements of the complex mutual inductance between a spiral coil and an
ultrathin  La; 55819 45CuO4/La,CuO4 heterostructure for H//c reveal similar temperature
dependence of both the onset in ReM(T) and the maximum of ImM(T). In zero field, ReM(T) —
and thus the superfluid density — shows a very sharp drop, a signature of the dynamic
Berezinskii-Kosterlitz-Thouless transition, which disappears in magnetic fields above 0.2 T. The
onset of ImM(T) occurs at higher temperature then in ReM(T), because superconducting
fluctuations increase the conductivity even without achieving the global phase coherence, in
agreement with previous microwave and terahertz observations in cuprates. The temperature
dependence of the critical magnetic field H,,(7) shows an upward divergence as the temperature
decreases down to 1.4 K. This behavior, which is quantitatively accounted for by vortex melting
transition at H,, is similar to what is observed in bulk superconducting cuprates and some other
quasi-two-dimensional superconductors. The main surprise here is that in ultrathin
La; 55S19.45CuO4/La,CuOy4 heterostructures superconductivity is remarkably resilient to magnetic
field, surviving in the field of 40 T.
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