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Abstract

Using ALL-MBE technique, we have synthesized ddéfgrheterostructures consisting of
an insulator LgCuQ, (1) and a metal LassSr 45CuQy (M) layer neither of which is super-
conducting by itself. Th&/-I bilayers were superconducting with a critical tengure

T. = 30-36 K. This highly robust phenomenon is confimethin 1-2 nm from the inter-
face and is primarily caused by the redistributtbrdoped holes across the interface. In
this paper we present a comprehensive study ofintesface superconductivity by a
range of experimental techniques including transpwasurements of superconducting

properties.

1. Introduction
Functionality of interfaces between strongly catetl oxide materials has been at
the focus of much research recently. A range dfifiaging interface electronic phenom-

ena — high mobility 2 D electron gas, quantum ldé#ict, and interface superconductiv-



ity - have been discovered [1-4]. The electronatest at the interface are influenced by
many factors including interface roughness, caimerdiffusion, strain due to mismatch
in the lattice constants, structure reconstructlae to the ionic character of the crystal
and polar surface termination, charge depletiomfiamedation driven by the difference in
chemical potentials, etc. Therefore, to understamparticular interface phenomenon one
not only needs a technology to prepare oxide hsterctures of very high quality but
also access to a range of experimental techniques.

In this paper we report our present understandfnidped high-temperature inter-
face superconductivity in cuprate bilayers consgbf an insulator L&£uQ, (LCO) and
a metal LaseSr.44CuQ, (LSCO) neither of which is superconducting in &imn [4]. The
main difficulty in the study of interfaces in tregstem, in comparison to semiconducting
heterostructures and p-n junctions, is the verytstiwaracteristic screening lengthg.
Indeed, in cupratdsr (01 nm, which is comparable to the height of ong aelil (1 UC),
and also to the superconducting coherence lerdgtlin addition, since LSCO is a solid
solution of Sr in an LCO matrix, one can not a prexclude the possibility of some
La/Sr mixing due to diffusion across the nominaérface. The diffusion coefficient and
the characteristic length of diffusion of Sr acrase LSCO/LCO interface under our
growth conditions are actually not known. Thus, of¢he first tasks is to differentiate
the effects of chemical interdiffusion from thobattoriginate in depletion/accumulation
of the mobile charge carriers near the interface.

This report is based on extensive data sets olokdogea suite of advanced tech-
niques. Several hundred LSCO-LCO heterostructuree wynthesized using a unique

atomic layer-by-layer molecular beam epitaxy sysig&hlL-MBE) [4,5]. The crystal



structure was monitored during growth by Reflectlugh energy electron diffraction
(RHEED), while the chemical composition of surfdager was studied using the Time-
of-flight ion scattering and recoil spectroscopyOH-ISARS) [6]. The superconducting
transport and screening properties of the filmsewstudied by measuring the dc resis-
tance and the mutual inductance, respectively. Mieostructure ofM-I bilayers was
analyzed using a high resolution scanning transamissgectron microscope (STEM) with
electron energy loss spectroscopy (EELS) [4]. Thailp of charge carrier density in
LSCO-LCO superlattices has been determined frononaes soft X-ray scattering
(RSXS) data [7]. The lattice parameters of sindlage films and of heterostructures

were determined by high-resolution X-ray diffracti®].

2. Heterostructure synthesis andn-situ characterization

The films reported here were synthesized usingAihle- MBE system [4,5]. We
used single-crystal LaSrAlsubstrates polished with the (001) axis perpetaido the
surface, with a typical miscut of < 8.1During growth the substrates were kepTat
660°+ 5°C, according to the nominal pyrometer megdi he film synthesis took place at
a chamber pressune ~ 8x10° Torr in an atmosphere consisting essentially afepu
ozone.

The growth kinetics was controlled by source srutg using pneumatic linear-
motion actuators. The growth rate was ~ 0.05 A/Ske. deposition rates from individual
thermal effusion cells were monitored and contrblie real time using an Atomic Ab-
sorption Spectroscopy system. The absolute ratee aeecked before growth using a

quartz crystal balance, which was calibrated bysueag the film thickness using a pro-



filometer, Rutherford backscattering, grazing-angieay reflectance oscillations, and X-
ray diffraction finite-thickness fringes. The quwlof growth was monitored in real time
by means of RHEED. In Fig. 1 (a), we show a typR&8IEED pattern obtained from a
smooth LSCO surface. In Fig. 1 (b), we illustrdte diffraction dynamics by plotting the
diffracted intensity along the dashed line in Figal as a function of time, during the
complete deposition of one Bk+ 3x bilayer heterostructure. The RHEED intensity in-
tegrated over a small area around the speculactifh spot, shown as the rectangle in
Fig 1 (a), is plotted as a function of time in Flgc). The graph shows pronounced oscil-
lations, with the phase dynamics reflecting thengjes in surface coverage and recon-
struction between the first couple of layers arelrfmaining ones.

The surfaces of single-phase films and heterosires were studied by Atomic
force microscopy (AFM). A typical AFM image of arSCO-LCO bilayer is shown in
Fig. 2. The rms surface roughness is about 0.4lesn,than 0.5 UC. No secondary phase
precipitates, grains, or grain boundaries are seen.

Our ALL-MBE deposition chamber is equipped with FFGARS system, which
is a surface-sensitive technique fiesitu measurements of the chemical composition [6].
It allows us to place an absolute upper limit om dmount of possible Sr diffusion along
the growth direction iM-1 bilayers. In Fig. 3 we show the evolution of peasociated
with recoiled Sr from the top surface layers asslt of elastic binary collisions with the
incoming 10 keV K+ projectiles. The parameters weneed to maximize the surface
sensitivity: we used a low incidence angle of alhf a low index crystallographic azi-
muth, (100), and monitored single-scattering eveiésuming that the integrated inten-

sity of Sr recoil peak is proportional to its suwdaconcentration we can put an upper limit



on the length over which Sr diffusion could provilgnificant doping levels to about 1
UC. This is actually an overestimate, because sooné&ibution to TOF-ISARS spectra

comes from projectiles that penetrate beyond theatomic layer.

3. The microstructure of M-I bilayers

The microstructure of all-1 bilayer and its interfaces was analyzed using STEM
EELS. [4] An upper limit on the amount of chemigatierdiffusion at the interfaces was
obtained by recording the Lanthanum-/and oxygen-K (O-K) EELS edges. The rms
interface roughness at tMe| interface, determined by fitting the error funatim the La
profile and to the mobile hole distribution, was= 1.2+ 0.4 nm, comparable to 1 UC
height. This value is in good agreement with the obtained from the TOF-ISARS data.

Contributions to the interface roughness may comomn fseveral sources: (i) diffu-
sion of Sr ions fronM to | layer; (ii) the projection of the surface roughmes the sub-
strate, and (iii) local variations in the termimatilayer of the substrate, which can cause
extended defects (edge dislocations) in Melayer which nucleate at the cuprate-
substrate interface. If we neglect (ii) and (iindaattribute the interface roughness en-
tirely to diffusion of Sr ions from th® layer to thd layer, we can put an upper limit on
the out-of-plane diffusion coefficient for Sr io(Bs;) at growth temperature, as follows.
Denoting byA the characteristic length of the interface, weehavw= 1 UC= (DSr[fbl’z,
wheret is the time of our growth process. For the typicle t ~ 2,000 s, we gdDs; [
102" m?/s, which is negligibly small compared to the knovatues for bulk diffusion in
oxides [9]. This indicates that our films have loancentration of defects and imperfec-

tions that could promote massive Sr diffusion.



4. Redistribution of mobile holes across th&l-I interface

At the interface of two dissimilar and electricaltgnductive materials with dif-
ferent chemical potentialgy and/s,, an accumulation/depletion layer is expected tmfo
as a result of migration of mobile charge carr{etsctrons or holes) from one material to
the other. According to the X-ray photoemissiorada0], the chemical potential in La
«SICuQ, system depends on the doping level: in the ovesdapgime (when Sr content
x > 0.15), one hasgddx /71.5 eV/hole, while in the underdoped regime<(0.15) the
slope is very low, d/dx < 0.2 eV/hole. Therefore, in oM-I heterostructure the chemical
potential difference between overdoped LSQG (0.44) and insulating LCXE 0) lay-
ers isAu= 0.5 eV. Using\u = end/2& & [11], where the carrier density in thelayer is
n 710 cm® and the dielectric permitivity in thielayer isg = 30 [12], we can estimate
the thickness of the accumulation layer insideli® layer to bel = 6 A.

A natural question is whether the interface supsdaoativity arises due to the ef-
fect of hole accumulation in LCO layers, or dueStointerdiffusion alone. The RSXS
technique can probe the distribution of mobile bdledependently of the atomic lattice
[7]. For the RSXS studies, we fabricated supedagticonsisting of 15 repeats of k2x
1xl). These films had. = 38 K, similar to the value in optimally doped LSQTB] as
well as in theM-I bilayers discussed in this paper. The detailhefdaxperiment and of
the model used to determine the profiles of Sr atamd of the mobile hole density are
described in Ref. [7]. The main conclusion of th&X$ study was that genuine charge
transfer occurs from the metallic (LSCO) layerhe tnsulating (LCO) layer, because the

profile of hole density differs from the profile 8" ion distribution. The level of doping



in LCO layers is found to be close to 0.18 holes@&O;, plane, suggesting that the LCO
layers are the locus of superconductivity in owehestructures. This study demonstrates
that charge accumulation can be achieved acrassiticlm-metal oxide interfaces despite

the small screening lengths, estimated t616es A [7].

5. Transport measurements

We have studied the superconducting transportepties ofM-I1, I-M, andM-S
bilayers (whereS stands for oxygen-doped, superconductingClug,.s) by measuring
the dc resistanc&(T), and the mutual inductance in the transmissiodenidl(T), over
the temperature interval from= 4.2 K to room temperature. The typical resistramsi-
tions forM-S M-I andI-M bilayers are shown in Fig. 4 (c). TMeS sample is obtained
by annealing aiM-I bilayer in pure ozone atmosphere. The higfigst50 K is observed
in M-S bilayers; inM-1 bilayersT. = 30 K while the lowesT; = 15 K is observed it-M
structures. (In thinnell-1 bilayers we have seen somewhat higher valye, 36 K.) In
Figs. 4 (a) and 4 (b), we shd¥®(T)in single-phase films dfandM, for comparison.

Several questions arise naturally: (i) why we obselifferentT. in M-I andI-M
bilayers? (ii)) Why inM-S bilayers we se@; = 50 K, i.e., almost 25% larger than the
highest critical temperature in our optimum dopiegle phase filmsT. = 40 K)?

One of the important superconducting parametets sdiperconductor, the mag-
netic penetration depth, can be extracted from the mutual inductance nreasents. In
our mutual inductance set-up, the film is clampetivieen two axially symmetric coils,
of the average radius 0.9 mm. The drive and pickaifs have 400 and 160 turns of 46

awg Cu wire, respectively. The drive coil currergss 5 HA and the data were acquired



at the frequency = 10 kHz. The measured mutual inductakd@) is a complex number
with the real and the imaginary parts correspondintie in-phase (dissipative) and 90°
out-of-phase (inductive) coupling between the cdilsr the films thinner than the pene-
tration depth (d<X), the in-phase signal is proportionalX@d, i.e.,M(T) = Mo(2A\%/Rd),
whereMp is the mutual inductance with no film presentsdhe film thickness, and R is
the effective radius of the coils [15,16].

In Fig. 5 we show the real and the imaginary paitsiutual inductance of avi-I
bilayer that consists of a 3 UC thitkayer on top of a 3 UC thickl-layer. From these
data, we can evaluate the temperature dependertbe gliantity dd{(T)? O 1/[M(T)/M]
shown in the inset of Fig. 5. This quantity is prdmpnal to the superfluid densitys(ih),
in our bilayer. There is an abrupt jumpt ki) at T=T;, which can be ascribed to the Be-

reziski-Kosterlitz-Thouless transition [17,18]

6. Pseudomorphism — a route td . enhancement

The critical temperature of LSCO films strongly dads on the epitaxial strain,
which is determined by the misfit between the swalbstand the film lattice constants
[13,19,20]. The lattice mismatch between the imel&ttice constants of oufilms and
LaSrAlO, substrates is -1.1 %, compressive, while betwdeand LaSrAIQ it is just
+0.03 %, tensile. The lattice parameters of simpilase and bilayer films were deter-
mined by high-resolution X-ray diffraction. Typicalt-of plane diffraction spectra for
high scanning angles are shown in Fig. 6 (a)Mer and in Fig. 6 (b) fot-M bilayers.
Since thec-axis lattice parameters of the constituent mdseaae fairly differentcy =

13.15 A forl andcy = 13.25 A forM, one would expect to see in bdth andM-I bilay-



ers pairs of close but distinct Bragg peaks. Téidlustrated in Fig. 6 (c) and Fig. 6 (d),
where we show the bilayer diffraction spectra dal@d assuming that the constituent
layers maintained their original crystallographiwisture. However, as seen from Figs. 6
(a-d), no such splitting of the Bragg peaks is oles@ even at high scanning angles. This
means that each bilayer shows a single value auhef plane lattice parameter.

Adjustment of the in-plane lattice constants of filla to those of the substrate, i.e.,
pseudomorphic growth, is not surprising as longhasfilm is thinner than the critical
thickness. However, as seen from Table 1, the velofra unit cell folM is noticeably
different from that of. In view of the small compressibility, which igrslar in | andM,
one would therefore expect that the out-of-plartecka constants ih andM would re-
main different if both were epitaxialy constrainedhave the same in-plane lattice con-
stants.

One can learn more by comparing bilayers and siplgése films, see Table 1. IhM
structuressy = 13.169 A, which is rather close to (within 0.1d% that in single-phaske
films, co = 13.154 A. InM-I bilayers, it is almost identical to that in singleaseM films,

Co = 13.245 A. In both cases, tiog lattice constant and the unit cell volume of thp t
layer essentially adjust to those of the bottonetaiote that the detected lattice distor-
tions are large — e.g., IiM bilayers the contraction @f in M reaches ~ 0.08 A, compa-
rable to the effect of a high pressure [21,22]lofwt 2 GPa.

If an M-I bilayer is annealed in ozone we find that botretayexpand. This is rather
surprising, since this procedure is known [13]ntraduce interstitial oxygen ihwhile
leavingM essentially unaffected. Moreover, the out-of-plétéce constant in sudd-S

bilayers isco = 13.289 A, which is perceptibly longer then ingle-phaséM films. How-



ever, again there is no apparent splitting of thegg peaks, and the unit-cell volumes of
the two constituent layers stay equal.

The in-plane lattice constant values indicate 28aUC thickl layers are relaxed, i.e.,
both ag andby lattice constants are close to their bulk valy23,24] whileM layers of
the same thickness are pseudomorphic. This camderstood by recalling that the criti-
cal thickness fol on LaSrAIQ is less then 20 lattice constants [25] whileNbit should
be significantly larger because of its much beldétice match to the substrate. On the
other hand, the large adjustmentggfattice constants and unit-cell volumes of theltop
andM layers are surprising. We believe that the origfirthis effect must be in long-
range electrostatic interactions in these ionistaig [8].

Another potentially important observation is illated in Fig. 7, where we show the
values ofT; in our single-phase films and bilayers as a fumctf the value o€, lattice
constant. Apparentlyl. scales withcy in a linear manner. This finding allows us to link
in a phenomenological way, the observed ‘asymmdistween the superconducting
properties ofi-M andM-I bilayers to their significant and unexpected stread differ-
ences. Likewise, the enhancégdin M-S bilayers is related to the anomalous elongation
along thec-axis: M-S bilayers have the longes§ = 13.289 A and correspondingly the
highestT. = 50 K, which is about 25-40% higher than in singla&seS films prepared
under identical conditions. Roughly linear depergeaf T, on ¢, has already been no-
ticed [19,20] in LaxSKCuQ, samples with different level of Sr doping; howevee
wish to stress that in our case there is no Srtgutisn - the lattice constants change for

different reasons.
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6. Conclusions

We have elucidated some of the observed pecudiariti superconducting properties
of I-M, M-I and M-S bilayers by a combination of state-of-the-art teqghes: RHEED,
TOF-ISARS, RSXS and STEM-EELS. The interface supadactivity arises in a very
thin layer (1-2 Cu@planes thick), largely due to accumulation of nelsharge carriers
in the LaCuQy layer. Under our growth conditions, the diffusiomefficient of Sr ions
across the interface is very smdd; 0 10%* m?s. Thec, lattice parameter depends on
the deposition sequence and is always determinetthdyattice constant of the buffer
layer. This structural asymmetry is the root of thigerence between the transport prop-
erties ofl-M andM-I bilayers. The enhancementfin M-S bilayers can also be linked
to the peculiar structure with elongatedattice constant. The volume of unit cell of the
top layer adjusts to the one of the bottom layefeurthe influence of long-range electro-

static interactions.
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Table 1:

Sample a(A) by (A) @ (A) V(A%

M layer 5.3137 5.3130 13.2451 373.934

M-I bilayer 5.3130 5.3122 13.2446 373.806

| layer 5.3751 5.3706 13.1545 379.742

I-M bilayer 5.3669 5.3618 13.169 378.960

S layer 5.3765 5.3745 13.2217 382.060

M-S bilayer 5.3113 5.3113 13.2890 374.894

| bulk 5.4004 5.3574 13.1555 380.662

S bulk 5.3346 5.3969 13.1646 379.019
LSAO 3.7564 (5.3123) | 3.7564 (5.3123) 12.6357 178.298.63%)

14




FIGURE CAPTIONS:
Fig. 1
(a2): RHEED image of an LSCO-LCO bilayer taken viltle electron beam incident near
the (100) direction. The distance between mairakfreorresponds to the inverse of in-
plane lattice constant, which in LCO and LSC@gs 3.8 A.
(b): The evolution of the intensity of diffracte@dm measured along the dashed line in
Fig. 1 (a), as a function of time, during growthaof3xM + 3x) bilayer.
(c): The oscillations in intensity of the speculpot in RHEED during growth of a
LSCO-LCO bilayer. The intensity was integrated aver area of rectangle shown in Fig.

1 (a).

Fig. 2

(a): An atomic force microscopy (AFM) image of asCO-LCO bilayer. The root-
mean-square roughness of the surface ovept@tarea is14 A.

(b) The profile of the film surface along the ligkown in Fig. 2 (a). A typical step size is

J0.5 UC.

Fig. 3
(a): The Time-of-flight ion scattering and recqiestra (TOF-ISARS) from the surface
of an LCO thin film (black) and an LSCO film (redjhe pronounced peak in the LSCO

spectra corresponds to the recoil oF$ons.
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(b): Evolution of the normalized integrated inténgf the Sr recoil (shown in the inset)
during digital deposition of LSCO on top of the L3&yer, with the increment of 0.5

UC. The dashed lines are guides for the eye.

(c): Same as (b) for deposition of LCO on top ofdCslayer. The Sr recoil peak vanishes

after deposition of 2 UC of the LCO top layer.

Fig.4

(a): TheR(T)dependence in a single-phadém.

(b): TheR(T)dependence in a single-phagdilm.

(c) TheR(T) dependence in various bilayers. The typical vahfek at the mid-point of

the resistive transitions afig = 15K in[-M andT. = 30K in M-I structures. IM-S bilay-

ers (two samples shownl); = 50K.

Fig. 5: Temperature dependence of the normalizethahunductance foM-I bilayer,
with T, = 36 K. The inset shows the temperature dependettes anverse value of the
mutual inductance, a quantity that is proporticdoahe superfluid density, is the mu-

tual inductance measured with superconductingf@moved.

Fig. 6
(a): X-ray diffraction patternc§-26 scan) from avi-1 bilayer grown on LaSrAl@sub-
strate. Each constituent layer is 20 UC (26 nnokthi

(b): The same, for akM bilayer.
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(c): The measured diffractograms (solid lines) ofv| bilayer compared with simula-
tion in whichM andl layers were assumed to retain their bulk strectur

(d): The same as in (c), but for &M bilayer. Experimentally, every bilayer shows a
single value of the, lattice constant. This is actually true for th@esttwo lattice con-

stants gy andby, as well (not shown).

Fig. 7: The dependence of the superconductingatitemperaturel,, on the value oy
lattice constant in various La-Sr-Cu-O samplesistlith this work. Note that the values
of T, shown forl-M, M-I andM-S structures come from very thin interfacial layekiso
note thafl, strongly depends on the hole density, which inSlteeyers withinM-S struc-
tures need not be the same as in our single-pghéses, because the-axis expansion

may affect the intake of interstitial oxygen. ThasHded red line is a linear fit to the data.
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