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Strain and Proximity Effect in (La,Sr) ;CuQO4-Based Superconducting Superlattices
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Controlled variations of the in-plane Cu-O bond length and interlayer proximity coupling have been

produced in based superlattices LajgsSro1sCuQs (LSCO) based superlattices.

In LSCO/Sm;CuO4

strained superlattices, the in-plane lattice constant of the LSCO layers is increased and the transition
temperature (7.) is decreased. We estimate the effective pressure to be —8 GPa and conclude the in-
plane Cu-O bond length is an important factor controlling 7. For the LSCO/Laj65Sro.35CuOs (metal-
lic) superlattices, a proximity-induced coherence length of 50 A is calculated for the metallic layer using

the de Gennes—-Werthamer theory.

PACS numbers: 74.76.Bz, 68.55.—a, 74.50.+r, 74.72.Dn

A variety of theories have been proposed to explain the
superconducting mechanism in copper oxide superlattices.
These are the proximity effect [1,2], carrier concentration
(31, pressure effect [4,5], and a 3D-2D crossover (Koster-
litz-Thouless transition) [6]. Hydrostatic pressure studies
on bulk oxide superconductors have revealed that the
transition temperature (7,.) depends strongly on the pres-
sure [7,8]. However, the use of hydrostatic pressure ob-
scures the intrinsic anisotropy of these materials, since
both in-plane lattice spacing a (b) and the out-of-plane ¢
axis are isostatically compressed. Superlattice and multi-
layer films offer the unique opportunity to separate the
roles of the bond lengths within the CuO; planes and
along the Cu-O apex. In-plane compressive or tensile
stress can be easily applied by adjusting the lattice mis-
match between the alternate layers [1,9].

In addition, the study of the proximity effect between
high-T. superconductors and normal metals in superlat-
tice structures is both scientifically and technologically of
great importance. The coupling between the supercon-
ducting and normal-metal layers will help us to better un-
derstand the nature and origin of superconductivity in the
high-T, cuprates.

In this paper, we compare the properties of three series
of multilayer films containing the superconducting oxide
La; g5Srg.1sCuQy4. Layers of undoped, semiconducting
La,CuO4 or Sm,CuO4 were inserted in a controlled
manner in the LSCO compound using a multitarget,
laser-ablation technique to study the effect of in-plane
Cu-O bond length variation. Alternatively, layers of
overdoped, metallic Laj 5Srg3sCuQ4 were inserted to
study the proximity effect. Because of the relatively
small structural differences between these compounds,
complete epitaxy was obtained at the interfaces. Thus
systematic trends with the stacking periodicity could be
identified, reflecting the changes in the in-plane Cu-O
bond length and proximity coupling.

The laser-ablation technique used to form the superlat-
tices has been described in Ref. [9]. The target composi-
tions for the respective layers were LajgsSrp15CuQOy4
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(LSCO), Sm,Cu04 (SmCO), LayCuO4 (s-LCO), and
Laj ¢5Srg.35CuQ4 (m-LSCO). The laser beam (pulse in-
tensity: 1 J/cm?) was sequentially focused on these tar-
gets at a repetition rate of 15 Hz to produce an average
deposition rate of 0.2 A/s. Deposition was performed in
0,-03(8%) mixtures at a total pressure of 1 mTorr and
the substrate was heated at 700°C. SrTiO3(100) was
used as a substrate. The superlattices were formed with
stacking periodicities of 1/1 to 120/120 half-unit-cell lay-
ers. A periodicity of 1/1 means the periodic stacking of a
half unit cell of LSCO and a half unit cell of SmCO (or
s-LCO, or m-LSCO). The two layers define one cycle
and this cycle was repeated several times. The total
thickness of the multilayers was 1000 A. We have
formed three series of superlattices as shown in Fig.
1, namely, LajgsSrg15Cu04/SmyCuO4 (LSCO/SmCO;
superconductor/semiconductor),  LajgsSrgsCuQ4/Las-
CuO4 (LSCO/s-LCO; superconductor/semiconductor),
La|,35 Sro,|5CuO4/La|,65Sro,35Cu04 (LSCO/m-LSCO; su-
perconductor/normal metal).

Note that in the latter two cases, only the Sr doping
level was varied between the successive layers. Since the
in-plane lattice parameter a varies only weakly with Sr
content over this composition range, negligible interfacial
stress was expected for these multilayers. On the other
hand, large stress effects were expected for the
LSCO/SmCO superlattices, because of the relative large
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FIG. 1. Schematic models for superlattices. (a) Strained

multilayer: LajgsSro.1sCuOs/SmaCuQOs. (b) Superconductor/
semiconductor: LajgsSro1sCuO4/La,CuO4. (c) Superconduc-
tor/normal metal: La, 85Sro1sCuOa/La1.65Sro.3sCuQOs.
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lattice mismatch of 3.4% (LSCO, 3.78 A; SmCO 3.91 A)
for these materials, resulting in an expansion of the a axis
of the LSCO layers. A necessary condition for the ex-
istence of proximity coupling between a superconductor
and a normal metal is that the superconducting order pa-
rameter extend into the normal metal. The penetration
depth of the order parameter depends strongly on the car-
rier concentration of the normal metal. Thus, different
penetration depths were expected for the LSCO/m-
LSCO and LSCO/s-LCO superlattices, respectively, be-
cause of the different carrier concentrations. As shown
earlier [9], the LSCO/SmCO multilayers can be
classified into three categories depending on the stacking
periodicity. For the short periodicities, new structures
are formed, having a large unit cell containing CuQOs py-
ramid, CuOg octahedral, and CuOy4 planar Cu-O coordi-
nation. At intermediate periodicities, from 10/10 to
60/60, the x-ray diffraction pattern with the scattering
vector along with the surface normal (26-8) shows
separate peaks corresponding to the ¢ axis of both LSCO
and SmCO. For these stacking sequences, the in-plane
lattice constant a is expected to be expanded for LSCO
and compressed for SmCO. In order to observe these
changes, we have measured the lattice constants a and ¢
with a four-circle x-ray diffractometer. The results are
shown in the form of a pole figure in Fig. 2(a). The
figure shows that the LSCO layers and SmCO layers
grow epitaxially on the SrTiOj; substrate. The most im-
portant observation of Fig. 2(a) is the difference between
the two in-plane lattice parameters for LSCO and
SmCO. The variation of the in-plane lattice constant a
with the stacking periodicity is shown in Fig. 2(b). It is
seen that the parameter a of the SmCO layer decreases
with decreasing stacking periodicity below 60/60. On the
other hand, for the LSCO layer, a increases from 3.78 A
at great thicknesses to 3.84 A at a periodicity of 15/15
with decreasing layer thickness. As shown in [9], the
changes in ¢ have the opposite sign of those in a. By
comparison, for the LSCO/s-LCO multilayer, a remains
constant at 3.84 A. Thus the expansion of a in the
LSCO/SmCO layers may be attributed to an in-plane
pressure effect due to the large lattice mismatch. The
changes in the lattice constant a correspond to changes in
the in-plane Cu-O bond length in LSCO which is forced
to expand parallel to the layer interface as the individual
layers become thinner. The pressure at the interface of
the strained LSCO layers may be estimated using data
for bulk LSCO under isostatic pressure, dP/da =1.6x102
Pa/A [10]. In the case of the 15/15 multilayer, a is ex-
panded from its normal value for LSCO of 3.78 A to 3.84
A. The corresponding pressure is 8 GPa.

The pressure effect can also be discussed from another
point of view. We consider two sheets in elastic contact
and estimate the stress using elasticity theory. In this
case, the tensile stress (o) in the LSCO layer can be
written as follows:
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FIG. 2. (a) Pole figure of the LSCO/SmCO superlattice ob-
tained by four-circle x-ray diffraction. (b) Variation of the in-
plane lattice constant a of the LSCO layer (A) and SmCO lay-
ers (®); A is in-plane lattice constant a of LSCO layer in
LSCO/s-LCO unstrained superlattices.

oc=E;(ai—a)dTdl/t;, (1)

where dl, E;, a;, and t; are the lattice mismatch, Young’s
modulus, thermal expansion coefficient, and thickness of
each layer [i =1(LSCO),2(SmCO)]. Using the values of
dT =700 K and E;=1.5 GPa, and a=10"> K ™' [11],
the stress in the LSCO layer can be estimated as 3.0
GPa. This value is similar to the pressure derived above
from the experimentally observed changes in lattice pa-
rameter.

Corresponding to the changes of the lattice constant,
the critical temperature (7.) of these strained superlat-
tices decreases rapidly with decreasing number of half
unit cells as shown in Fig. 3(a) (squares and solid line).
It should be noted that the in-plane pressure effect is in-
dependently induced in these superlattices. Using the
value —8 GPa, a negative pressure effect of —2.0
K/GPa can be estimated from the observed 7, decrease
of Fig. 3(a).

For the unstrained superlattices, LSCO/s-LCO and
LSCO/m-LSCO, on the other hand, the lattice constant a
remains constant over the entire range of layer thick-
nesses. For the former, T. does not change down to a
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FIG. 3. Variation of the critical temperature T. of (a)
LSCO/SmCO (solid line), LSCO/LCO (super/semiconductor,
dashed line), and (b) LSCO/La;esSro3sCO4 (super/normal)
multilayer films as a function of the number of half unit cells.

periodicity of 15/15 multilayers. The T. reduction for
layer thicknesses less than 10/10 periodicity will be dis-
cussed later.

The variation of T, for the super/normal superlattices
is shown in Fig. 3(b). T. decreases gradually with de-
creasing number of half unit cells; however, the T, de-
crease deviates markedly from that of the strained multi-
layers. In this system, there is essentially no strain at the
interface of each layer. Therefore, the question is why
the T, of this kind of superlattice decreases with decreas-
ing stacking periodicity in the absence of lattice mis-
match.

There are several possible explanations for this tenden-
cy of T, such as interlayer coupling, 3D-2D (Kosterlitz-
Thouless) transition, and proximity effect.

In the following we will examine the possibility of
proximity coupling in greater detail. It is well known
that the Cooper pairs penetrate from a superconductor
into a normal metal, producing a lowering of T, in the su-
perconducting material [2,3]. In the case that each layer
is relatively thick, we calculate T, using the de Gennes-
Werthamer (dGW) theory [12,13]. For thin layers, the
coupling is calculated according to the Cooper limit
theory [14].

The relation between T, and the thickness of each lay-
er may be written as follows [13]:

In(T./T.) =X(E2k3) , ()
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FIG. 4. Critical temperature of the LSCO/SmCO superlat-
tices as a function of the thickness of each stacking layer. Solid
circles are the measured values and open circles are calculated
using the dGW theory and the Cooper limit theory, respective-
ly.

[NE2k tan(kd) ], =[NE2tanh (kd)]1,, , 3)
X@)=v(i++2)—v(}), 4)

where ¥ is the digamma function and 7., 7., k, and
d; are the T, of superconductor, 7. of normal metal,
Boltzmann constant, and thickness of each layer, respec-
tively.

The open circles in Fig. 4 represent the calculated
value using the dGW theory, using the parameters
Ve=8x10° cmsec ™' and T.=34 K [15]. It is seen that
for d > 150 A, the dGW theory is in good agreement
with the observed data (solid circles). However, below
150 A, the measured 7. is significantly higher than that
predicted by the dGW model. Instead, the observed
values approach the value of the Cooper limit calculated
using the average (WVoV) of the super/normal system
given by

(NoV)=(N}Vd;+N2V,d,)/(Neds+ Npd,) (5)
and using
T.=Op/1.45exp(—1/NoV) , 6)

where ©p, N;V;, and d; are the Debye temperature, the
effective attractive interaction, and the thickness of each
layer [i=s(super),n(normal)], respectively [14]. This
limit simply corresponds to very thin layers where the
electrons experience the average pairing interaction of the
n (normal) and s (super) materials.

By fitting Egs. (2)-(4) to the experimental data, a
coherence length of 50 A is estimated for the normal m-
LSCO layers. According to the BCS theory, the coher-
ence length of the oxide superconductors is very short be-
cause of their high superconducting critical temperature
(T,). Therefore weak interaction between electrons and

2635



VOLUME 70, NUMBER 17

PHYSICAL REVIEW LETTERS

26 APRIL 1993

phonons in the normal layer produces this large coher-
ence length of 50 A. This may be one possible explana-
tion for the long proximity coupling length.

In conclusion, we have formed three series of multilay-
ers, LSCO/SmCO, LSCO/s-LCO, and LSCO/m-LSCO
by using a multitarget pulsed-laser-ablation technique.
In the case of LSCO/SmCO strained multilayers, the lat-
tice constants a and ¢ of the LSCO layers are expanded
and contracted, respectively. In this superlattice, a pres-
sure of 8 GPa at the interface can be estimated by com-
paring with isostatic pressure data on the bulk system. A
value of 3 GPa is estimated from the thermal expansion
elastic calculation. This result shows that uniaxial pres-
sure, along the basal plane, giving rise to variations in the
Cu-O bond length in the CuO; plane is one of the impor-
tant factors determining 7. In the case of the unstrained
superlattices of LSCO/s-LCO, on the other hand, the lat-
tice constants a and ¢ do not depend on the layering se-
quence. The T, decrease in the unstrained superlattices
of superconducting/overdoped-m-LSCO layers was dis-
cussed in terms of proximity coupling, and a large coher-
ence length of 50 A was estimated for the normal-metal
layer.
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