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Abstract

This is a study of the Lay_;Sr;CuQy (referred to hereafter as LSCO) system. It presents the
growth of thin filims, their structural characterization, and the investigation of their physical
properties.

A customized molecular beamn epitaxy (MBE) system is used to grow LSCO samples of
various composition on SrTiO3 (STO) and SrLaAlQ4 (SLAO) substrates. The powerful RF
plasma source of atomic oxygen, the sequential deposition as well as a very low deposition rate
(less than 0.5 unit cell per minute) allowed us to grow high-quality epitaxial thin films. The
sample quality was checked with reflection high-energy electron diffraction (RHEED), X-ray
diffraction, and transmission electron microscopy {TEM) measurements.

It is known that the superconducting transition temperature of high-T, compounds is usually
very sensitive to external applied pressure. Part of this thesis is devoted to an investigation of
the influence of epitaxial strain (pressure) on the physical properties of ultrathin films. STO
and SLAO single crystals can be used to induce tensile and compressive strain, respectively.
In both cases the bi-axial pressure is applied along the in-plane directions, leaving the c-axis
free to increase or decrease. The main result is a doubling of the critical temperature 7 of
the LSCO from 25 K for the bulk material to 49.1 K for a 150 A thick film under compressive
strain. The counterpart of this result, 7, = 10 K under tensile strain, is also intriguing. The
normal-state transport measurements revealed that insulating behavior is obtained under tensile
strain (STO) and metallic behavior under compressive strain (SLAQ). These results taught us
scveral things. First, the critical temperature T¢ increases as the distance between two adjacent
CuOy; planes increases, ruling out iuterlayer tunneling theories. Second, a higher T, is obtained
for compounds with the largest Cu-Ojpical bond length. This general trend is valid for the single
and double-layer compounds.

This work was essentially focused on the underdoped regime of the phase diagram (7T¢,z},
close to the superconductor-to-insulator (SI) transition. Measurements of the in-plane pene-
tration depth Ag(T") of ultrathin LSCO films reveal that, in the extreme underdoped regime,
the zero-temperature areal superfluid density ns(0) o< 1/2,(0) follows the quantum prediction
ns(0) o< Te. This obscrvation is interpreted as a clear manifestation of the fundamental role of
quantum phase fluctuations in the underdoped quasi-2D regime of the cuprates. An analysis
of the data in terms of the Emery-Kivelson model for superconductors with a small superfluid
density, where the strength of quantum fluctuations is controlled by the normal-state resistivity
p of the material, shows that the zero-temperature SI transition of LSCO occurs when the sheet
resistance p/d of its 2D elementary superconducting unit (of thickness d; = 0. 66 nm) is about
twice the quantum resistance Rg = h/(2e)?.
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The discovery' of high-temperature superconductivity in copper
oxides raised the possibility that superconductivity could be
achieved at room temperature. But since 1993, when a critical
temperature (T,) of 133 Kwas observed in the HgBa,Ca,Cu;03.5
(ref. 2), no further progress has been made in raising the critical
temperature through material design. It has been shown, how-
ever, that the application of hydrostatic pressure can raise T.—up
to ~164 K in the case of HgBa,Ca,;Cu;04,5 (ref. 3). Here we show,
by analysing the unjaxial strain and pressure derivatives of T, that
compressive epitaxial strain in thin films of copper oxide super-
conductors could in principle generate much larger increases in
the critical temperature than obtained by comparable hydrostatic
pressures. We demonstrate the experimental feasibility of this
approach for the compound La, 4Sry;CuQ,, where we obtain a
critical temperature of 49 K in strained single-crystal thin films—
roughly double the bulk value of 25 K. Furthermore, the resistive
behaviour at low temperatures (but above T.) of the strained
samples changes markedly, going from insulating to metallic.

A high-pressure state in thin films can be induced by using
epitaxial strain*’, but only moderate increases of T, have been
reported (+15%; refs 6, 7). Here we first re-examine published
uniaxial pressure or strain derivatives of T, and predict that under
compressive epitaxial strain a much larger increase in T, must be
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Tabie 1 Uniaxlal pressure and strain derivatives with estimated possible increase of 7,

5T, 8T, . 8T, 8T,
Compound o e ATS, P B, AT

(K) (K) (K) (KGPa™) (KGPa™) (K)
La91Sr000CuUO, (ref. 8) 284 ~-851 10 32 6.6 32
La|.gsro.|oCUO4 (fef 9) 375 -2,440 22 6.5 -13.8 65
YBa,Cua0y (ref. 10) : -0.05 -03 -0.5
YBa,Cu30; (ref. 11) 0.15 ~0 1.5
YBa,Cus0; (ref. 5) 0.5 - 5
GdBﬂgCUaohs (ref. 4) =31 239 -1.2
Bi,SrpCaCuy0g (ref. 12) 18 -2.8 18
BizSr,CaCu,0g (ref. 13) 13 -08 13
(Bi,Pb),Sr,CaCu,Cg (ref. 14) 10.0 -185 100
(Bi,Pb),Sr,Ca8,Cuy01 (ref. 14) 6.2 ~-18.5 62

Values are shown for various compounds. For orthorhombic compounds, values along the @ and b axes have been averaged.

* Estimated change in T for ey, = — e, = 0.7%.
1 Estimated change in T, for AP = 5GPa.

possible. We then apply this idea to an underdoped La,_,Sr,CuO,
(referred to here as 214, with x = 0.10) compound, which has a
bulk T, of 25K.

The pressure (P) and strain (¢ = [dyy — rainea)/Foun> With d a
lattice parameter) dependence of T, for a tetragonal unit cell
contains an in-plane (ab) and an out-of-plane (¢) term, and is
written as follows:

6T

5T,
CP C
3P, T op,

= TC(O) + 2&6,,1, +£er

de,, e,

Table 1 summarizes values of the uniaxial pressure. and strain

coefficients® . For most systems, the in-plane and out-of-plane

T. derivatives have opposite signs. Under hydrostatic pressure both

terms nearly cancel, leading to a small increase of T, (refs 15, 16).

But under epitaxial growth conditions, €, and €, normally have

opposite signs (although this is not always the case'’), and both

terms add up to increase (compressive, €,, > 0) or decrease (tensile,
€ <0) Te

T, = T.0)+ 2 P

1

Lattice parameter (&)

3.75 " Il L L 1 . 1 " |
0 200 400 600 800 1000

Temperature (°C)

Figure 1 Extrapolated in-plane lattice parameters as a function of temperature.
Values are shown for different Sr concentrations of the ‘214' compound
(Lag«SryCuOs, a=85%10"8K"") as well as for the SLAO (SrLsAlQ,,
a=105x10"8K"") and STO (SrTi03, =9 x 10-8K~") substrates. Above
500°C, azi4 has not been reported. The reflection high-energy electron diffraction
data give only relative measurements, but indicate that at 750°C growth is
compressive forx <0.12
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To increase T, significantly, a large amount of compressive strain
must be induced. This requires (1) the choice of a suitable system
and substrate combination (214" and SrLaAlQ,, referred to here as
‘SLAO’, with a = 3.754 A); (2) a defect-free growth process (block-
by-block molecular beam epitaxy'®), and (3) an optimal thickness
(10-15 nm). This thickness is a compromise between avoiding the
nucleation of misfit dislocations and minimizing the T reduction
observed for vltrathin films'*%, Indeed, dislocations appear when a
critical thickness A has been exceeded®; k. decreases with increasing
mismatch, suggesting that a large strain requires very thin films.
Such thin (15-nm) 214’ films were grown simultaneously on SLAO
and SrTiO; (referred to here as ‘STO’ with a = 3.905 A, tensile
strain) by block-by-block molecular beam epitaxy'*# at 750°C,
where a sequence of two monolayers of (La,Sr)-O followed by one
monolayer of Cu~O is repeated. High-quality thin films can thus be
prepared, and strain-relaxation processes related to the incorpora-
tion of defects can be minimized.

Precise estimates of e demand values for the thermal expansion
coefficients o of 214 and SLAO. Unfortunately, oy, is not
known above 500°C. In Fig. 1, o, = 8.5 X 107°K ™" (ref. 23)
and ag .0 = 10.5 X 107 °K ™! were used, and compressive strain is
predicted at the growth temperature for all ‘214’ compounds with
x < 0.4. However, measurements of e,, during growth using reflec-
tion high-energy electron diffraction® revealed compressive strain

T ¥ T
S S S
10°F E
E S T .
S g
! =3
105;§ igo, 3
) E
.‘é‘
2
E 10°F
£
kA
o
2
8 10°F 3
=
S
10° E
101 2 \ " 1 1 1 A

10 20 30 40 50 60
Diffraction angle, 20 (deg.)
Figure 2 Measured X-ray diffraction pattern of the 12-unit-cell-thick ‘214’ film on
SLAQ. Besides the substrate peaks indicated by S, only the '214' (00/) peaks with

their finite-size oscillations are observed. The presence of these finite-size
oscillations suggests a film rcughness of *(1-2) unit cells.
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only up to x = 0.12. This discrepancy might be related to a smaller
Q314 at high temperatures or to the presence of an interface layer™. In
any case, a large compressive strain requires x < 0.12.

The 6-260 X-ray diffraction pattern of the film grown on SLAO
reveals (00]) peaks and finite-size oscillations (Fig. 2). From this and
measurements taken around the (107), (109) and (1011) reﬂections,
the lattice parameters ¢ = 13.31 £ 0.01A and a = 3. 76 * 0. 02A
were determined (bulk compound25 13.212 and 3.784 A, respec-
tively) leadingto ¢,, = 0.63%, ¢, = — 0.76%. For the film grown on
STO, similar measurements yield € = — 0.54%, ¢, = 0.35%. Pre-
liminary X-ray refinements of these data using a modified Suprex*®
program yield a change of the distance between two CuO, planes
from 6.61 A (bulk) to 6.65 A (SLAQ) and 6. 594 (STO). The cross-
section, high-resolution transmission electron microscopy image
(Fig. 3) of the film grown on SLAO confirms the low defect density
in the sample. The film—substrate interface, indicated by arrows, has
steps that are one-half of a unit cell high. Despite these steps, perfect
continuity of the first ‘214’ layer was obtained, and no defects were
observed. On the basis of image simulations (see Fig. 3 inset), the
stacking sequence of the interface can be described as LaO-LaO—
AlO;-La0-Cu0,-La0-La0; that is, there is an intermediate
La,CuAlQq layer at the interface. In Fig. 3, the white dots in the
film and substrate correspond to Cu and Al columns, respectively.
By taking the Al-Al distance as a standard, the distances between
two CuQ, planes are obtained directly from lattice fringe spacing
refinements, namely 6.63 A (SLAQO) and 6. 57A (STO). A few misfit
dislocations only were found in plan-view samples with an average
distance of 200 nm. These have an average length of 150 nm and
Burgers vectors of b = {100} and (110). Their presence suggests that
the film has nevertheless partially relaxed; thinner films might allow
us to increase the strain further.

The values of ¢ determined above, together with the 67T,/8¢
coefficients of Table 1 and the phenomenological equation (1),
suggest a substantial change of T.. Measurements of the resistivity
versus temperature p(T) (Fig. 4) indeed reveal that the film grown
under compressive strain has a T, of 49.1K, while the film grown
under tensile strain has a T, of 10K. Compared with the T, of the
bulk compound” (25K, see dotted line in Fig. 4), these values
represent a spectacular increase and decrease, respectively. Such
large changes have not been achieved for bulk 214, not even under
the highest hydrostatic or nniaxial pressure used up to now.
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Figure 3 Cross-section, high-resolution electron-microscopy image of the ‘214’
film on SLAQ. On the basis of image simulations, the white dots in the film and
substrate can be correlated with Cu and Al columns, respectively. The unit cells
are indicated by the small white rectangles. The inset shows the simulated image
of the interface structure with the stacking sequence LaO-La0-AlO,-La0-
Cu0,-La0-Lal.
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At low temperatures (T' < 100K), another significant but unex-
pected change occurs. Compared to the resistive behaviour of the

* bulk compound (as shown by the p( T) curve), the film grown under

tensile strain shows a large upturn in this curve as temperature is
reduced, before the onset of superconductivity. Such a behaviour
has been observed for heavily underdoped 214’ compounds
(x=0.06; ref. 27). On the other hand, the film grown under
compressive strain shows a metallic and linear p( T), which is usually
observed for optimally doped compounds (x = 0.16; ref. 27).
However, we emphasize that in both cases the overall p(T) beha-
viour remains very different from that of typical underdoped or
optimally doped samples. For instances, the ratio p(300K)/p(50K)
for the film on SLAO is ~8, compared with ~4 for the best
optimally doped bulk samples?”. Moreover, at relatively high tem-
peratures (270K), a change of slope 8p/6T occurs for the film on
SLAQ, towards a value typically observed above the ‘psendogap’
temperature T* (see dashed line in Fig. 4). For the bulk compound,
on the other hand, such a change of slope occurs at T* = 600K (ref.
28); that is, under compressive strain T is reduced by a factor of
two. Hence, these data suggest that in addition to causing a
substantial increase of T, strain also significantly modifies the
normal-state properties.

These changes could partially be explained by variations of the
carrier density #n. Indeed as n increases, an insulator-to-metal
transition is observed”. A correlation between an increasing T,
and decreasing T" as n becomes larger is commonly reported for
other copper oxides”. However, a rough estimate using the values of
p(300K) indicates that these variations are not larger than *10%.
This certainly cannot explain the observed T, value of 49 K, which is
significantly higher than the maximum observed in the bulk 214’
system (37K for x = 0.16). -

These results give rise to two fundamental questions. First, can
the T, of other compounds be increased? Table 1 shows that under
compressive strain (P = 5GPa or ¢, = — ¢, = 0.7%), significant
increases can be expected for some compounds. Unfortunately the
uniaxial T; derivatives for the Tl and Hg compounds are not yet
available. Second, how do these observations change our under-
standing of superconductivity in copper oxides? If the changes in n

T T T T
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Figure 4 Resistivity versus temperature for the two films grown simultaneously
and for the bulk x = 0.10 sample®. Data were obtained using a four-point method.
Inset, Real andimaginary parts of the a.c. susceptibility of the film on SLAQ, which
reveals a sharp, single-phasetransition AT, = 0.7 K; the transition width of the film
on STOis AT, =4K.
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amount to +10%, this would result in a total T, variation of 7K in
the bulk phase diagram. In strained films a total variation of ~40K
is observed, together with a drastic change in T". Hence, the lattice
deformations associated with the strain fundamentally modify the
energy scales, leading to the formation and condensation of the
superconducting pairs. As the pair formation strongly influences
the spin and charge excitation spectrum of the normal state, p(T)
and the metal—insulator transition are also considerably modified.
Further work to identify and quantify the subtle lattice deforma-
tions responsible for these changes needs to be done. In any case, the
data reported here emphasize that T, increases as the distance
between consecutive CuQ, planes increases, in contradiction of a
recent theoretical prediction®. Our data also show that adjustment
of the epitaxial strain offers a unique way to increase T, and to reveal
the fundamental role played by the interlayer coupling. O

Received 13 March; accepted 27 May 1998.
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The ability to modify the stacking sequence of ultrathin films offers a unique way to change either
the interaction strength or the doping, but demands a careful control of each atomic monolayer.
Progress is hampered by the lack of a direct method that allows differentiation on a local scale
between the various terminating layers of a crystal. Here, the combination of a vacuum annealing
process and friction force microscopy reveals this local distinction on a SrTiO; surface. Using the
friction contrast, we find how the terminating layer of a single crystal profoundly influences the
terrace edge structure. © 1998 American Institute of Physics. [S0003-6951(98)01914-7]

In recent years, great progress has been made in the
synthesis of novel layered oxides with properties such as
high-T', superconductivity,' colossal magnetoresistance,? and
fatigue-free ferroelectricity.> These exceptional properties
arise in part due to the spatial separation of the layer con-
taining the charge reservoir and the layer responsible for the
relevant interaction such as magnetic coupling or electric po-
larization. Solid-state synthesis is constrained within bound-
aries defined by thermodynamic and kinetic rules, including
the limited doping range over which properties can be tuned.
Thin-film deposition techniques allow these limits to be
shifted, as illustrated by the sandwiching of various com-
pounds in superlattices,4 so far without significantly improv-
ing their properties. However, by completely removing peri-
odicity and symmetry along one axis, the properties of a
one-unit-cell (UC) film can be massively modified. Contrary
to the bulk compounds, in which the effect of each charge
reservoir or interaction layer is divided between the layers
below and above, adding a single monolayer to such a film
can boost either the relevant interaction or the doping. Un-
fortunately, progress in this field has been hampered by the
lack of a nondestructive method allowing a direct local de-
termination of the stacking sequence, including the addi-
tional terminating layer (TL).

One specific example of tailoring the doping beyond the
bulk limit by adding (or removing) one TL is given, related
to superconductivity in a one-UC film of YBa,Cu;0,_;
©“123.°°~ Examples where the interaction strength is modi-
fied can be constructed following similar principles. The
‘123’ UC contains two ‘‘interaction’’ layers and one
charge reservoir. Two stacks, derived from the ‘123’ UC,
are shown in Fig. 1 on a SrTiO; substrate (STO). Stack (a)
contains only two ‘‘interaction’’ layers (the CuO, planes),
whereas stack (b) contains two ‘‘interaction’’ layers plus two
charge reservoirs (top and bottom CuQ plane) and hence
could have an increased T.. These stacks can be grown on
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STO, but they occur simultaneously with two different
¢123"’ stacks'® for the following reasons. First, the two dif-
ferent TL of STO (TiO, and SrO, Fig. 1) impose different
starting layers, namely BaO and CuO, respectively.'' Sec-
ond, the thermodynamics during film growth allow two
stable TL layers to form (the CuO and the BaO layer).'*"'6

This is a general observation for layered com-
pounds: one particular interlayer bond is the weakest and the
structure can be cleaved there, leaving two stable configura-
tions on opposite sides of the cleavage plane.’6 In this case,
the weakest bond links precisely the BaO plane to the CuO
plane. To correlate a measured property with a specific stack
requires two important steps: (i) to prepare a substrate with a
unique and known TL contrary to the observed mixture'7 =20
and (ii) to identify the TL of the dominant stack on the film
surface. Critical to both steps is a direct procedure to check
on a local scale the presence, distribution, and nature of the
different TL. In this report such a procedure is presented for
STO.

The STO substrates were etched and annealed at = 1000
°C in O, for a few hours by the manufacturer.?’ They were
analyzed here with a scanning force microscope (SFM)? af-
ter having been annealed in vacuum (1077 Torr) for about 1
h at various temperatures T,. The same set of experiments
has been repeated several times, using different cantilevers
for each set of experiments. Hence, tip parameters such as
contamination, shape, and roughness can be ruled out, al-
though it is indeed possible to determine them using a sys-
tematic method.”> The SFM topography image [Fig. 2(a)]
shows a 0.7-um? region. A systematic analysis of the height
differences between the terraces [Fig. 2(c)] reveals (n+3)
UC steps (n integer) and hence the presence of two TL as
observed previously.?* The simultaneously recorded friction
force microscopy (FFM) image [Fig. 2(b)] reveals a friction
contrast (for T,=600 °C) observed for the first time on such
a surface.”> The analysis along the dashed lines [Fig. 2(c)]
indicates that a change of contrast occurs only when a (n
+ 1) UC step — and thus a change of TL — is involved.
Hence, Fig. 2(b) reveals the lateral distribution of the TL.
What is the origin of the friction contrast? The main effect of
vacuum annealing on STO is a loss of oxygen from the
TiO, layer at high values of T,,% eventually leading to a

1697 © 1998 American Institute of Physics
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where multiple TL occurs, the chemical selectivity between
these TL has already been used in terms of selective etching.
Another way to recover a single TL is to develop new mask-
ing techniques based on the same selectivity. Therefore, we
have developed a general procedure that finally opens a door
to the local identification of the various TLs of layered ma-
terials and hence to the controlled modification of UCs, tai-
loring their properties to an extent never accessible in bulk
compounds.

The authors thank H.-J. Guntherodt, E. Meyer, J. G.
Bednorz, C. Rossel, R. Allenspach, and H. Siegenthaler for
useful discussions, and the Swiss National Science Founda-
tion (NFP36) as well as the Swiss Priority Project *‘Minast’’
for financial support.

'1. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).

2K. Chahara, T. Ohono, M. Kasai, and Y. Kozono, Appl. Phys. Lett. 63,
1990 (1993); R. von Helmholt, J. Wecker, B. Holzapfel, L. Schultz, and
K. Samwer, Phys. Rev.: Lett. 72, 2331 (1993).

3C. A.-Paz de Aranjo, J. D. Cuchiaro, L. D. McMillan, M. C. Scott, and J.
F. Scott, Nature (London) 374, 627 (1995).

“For a review, sce for instance, J. N. Eckstein and 1. Bozovic, Annu. Rev.
Mater. Sci. 25, 679 (1995).

ST, Terashima, K. Shimura, Y. Bando, Y. Matsuda, A. Fujiyama, and S.
Komiyama, Phys. Rev. Lett. 67, 1362 (1991).

6Q. Li, C. Kwon, X. X. Xi, S. Bhattacharya, A. Walkenhorst, T. Venkate-
san, S. J. Hagen, W. Jiang, and R. L. Greene, Phys. Rev. Lett. 69, 2713
(1992).

7J.-M. Triscone, @. Fischer, O. Brunner, L. Antognazza, A. D. Kent, and
M. G. Karkut, Phys. Rev. Lett. 64, 5176 (1990).

81 N. Chan, D. C. Vier, O. Nakamura, J. Hasen, J. Guimpel, S. Schultz,
and 1. K. Schuller, Phys. Lett. A 175, 241 (1993). :

9N. Chandrasekhar, V. S. Achutharaman, V. Agrawal, and A. M. Goldman,
Phys. Rev. B 46, 8565 (1992).

19Similar stacks were snggested in V. C. Matijasevic, B. llge, B. Stauble-
Pumpin, G. Rietveld, F. Tuinstra, and J. E. Mooij, Phys. Rev. Lett. 76,
4765 (1996); T. Haage, Q. D. Jiang, M. Cardona, H.-U. Habermeier, and
1. Zegenhagen, Appl. Phys. Lett. 68, 2427 (1996).

"], G. Wen, C. Tracholt, and H. W. Zandbergen, Physica C 205, 354
(1993).

12K. Shimura, Y. Daitoh, Y. Yano, T. Terashima, Y. Bando, Y. Matsuda,
and S. Komiyama, Physica C 228, 91 (1994).

138. 1. Pennycook, M. F. Chrisholm, D. E. Jesson, D. P. Norton, D. H.
lowndes, R. Feenstra, H. R. Kerchner, and J. O. Thomson, Phys. Rev.
Lett. 67, 765 (1991).

“H. L. Edwards, J. T. Markert, and A. L. de Lozanne, Phys. Rev. Lett. 69,
2967 (1992).

158. Tanaka, T. Nakamura, M. lijama, N. Yoshida, S. Takano, F. Shoji, and
K. Oura, Appl. Phys. Lett. 59, 3637 (1991).

163.p, Locquel and E. Machler, Mater. Res. Bull. 19, 39 (1994).

7T, Hikita, T. Hanada, M. Kudo, and M. Kawai, J. Vac. Sci. Technol. A 11,
2649 (1993).

Fompeyrine et al. 1699

M. Yoshimoto, T. Maeda, K. Shimozono, H. Koinuma, M. Shinohara, O.
Ishiyama, and F. Ohtani, Appl. Phys. Lett. 65, 3197 (1994).

9T, Nakamura, H. Inada, and M. liyama, Jpn. J. Appl. Phys., Part 1 36, 90
(1997).

M. Kawasaki, K. Takahashi, T. Maeda, R. Tsuchiya, M. Shinohara, O.
Ishiyama, T. Yonezawa, M. Yoshimoto, and H. Koinuma, Science 266,
1540 (1994) reported that etching in buffered NH,~HF preferentially re-
moves SrO, althongh this process is not 100% selective as reported by P.
A. Bertrand and P. D. Fleischauer, Thin Solid Films 103, 167 (1983); K.
S. Young and Y. W. Lam, Thin Solid Films 109, 169 (1983).

2 ESCETE, Single Crystal Technology, B. V., NL—7547 RD Enschede, The
Netherlands. The etching process used is similar to that in Ref. 20.

.22 The SFM analysis was performed with a Nanoscope 111 system from Digi-

tal Instruments (Santa Barbara, CA) in contact, friction, and tapping mode.
The scan unit was placed in an argon-filled bag, which was attached to the
annealing chamber and sealed against the ambient. Cantilevers were
changed in situ, and their geometry was analyzed later by means of scan-
ning electron microscopy to calculate the cantilever spring constants. For
details see E. Meyer, R. Lithi, L. Howald, M. Bammerlin, M. Guggisberg,
and H.-J. Guntherodt, in Micro/Nanotribology and lIis Applications,
NATO ASI Series E: Appl. Sci., edited by B. Bhusan (Kluwer, Dordrecht,
1997), Vol. 330, pp. 193-215. Contact and lapping modes revealed simi-
lar topography images, but only contact-mode resnlts are presented here.
For this mode we used Si sensors (Nanosensors, Aidlingen, Germany)
with a spring constant of 0.26 N/m and a torsional spring constant of 106
N/m.

S, M. Paik, S. Kim, and I. K. Schuller, Phys. Rev. B 44, 3272 (1991).

24B. Stauble-Piimpin, B. Ilge, V. C. Matijasevic, P. M. L. O. Scholte, A. J.
Steinfort, and F. Tuinstra, Surf. Sci. 369, 313 (1996); R. Sum, H. P. Lang,
and H.-J. Guntherodt, Physica C 242, 174 (1995).

ZFriction contrast was observed between a substrate and a deposit, see for
instance L. Howald, E. Meyer, R. Luthi, H. Haefke, R. Overncy, H. Ru-
din, and H.-J. Guntherodt, J. Vac. Sci. Technol. B 12, 2227 (1994); 1.
Tamayo, R. Garcia, T. Utzmeier, and F. Briones, Phys. Rev. B 55, R13436
(1997); B. Bhushan, J. N. Israelachvili, and U. Landman, Nature (L.ondon)
359, 133 (1995). .

26V E. Henrich, G. Dresselhaus, and H. J. Ziegler, Phys. Rev. B 17, 4908
(1978); B. Cord and R. Courths, Surf. Sci. 162, 34 (1985); T. Matsumoto,
H. Tanaka, T. Kawai, and S. Kawai, Surf. Sci. Lett. 278, L153 (1992).

Q). D. Jiang and J. Zegenhagen, Surf. Sci. 367, L42 (1996); H. Bando, Y.
Aiura, Y. Haruyama, T. Shimizu, and Y. Nishihara, J. Vac. Sci. Technol.
B 13, 1150 (1995).

BT Nishihara, O. Ishiyama, S. Hayashi, M. Shinohara, M. Yoshimoto, T.
Ohnishi, and H. Koinuma, in Proceedings of MRS Spring Meeting, Sym-
posium on Epitaxial Oxide Thin Films, Vol. 474 (Materials Research So-
ciety, Warrendale, PA, 1997), contrary to Ref. 26, these authors also sug-
gest an increased Ti desorption, possibly due to ignoring ordered oxygen
vacancies in their data deconvolution.

3. Suzuki, H. Ohsaki, and E. Ando, Jpn. 1. Appl. Phys., Part 1 35, 1862
(1996).

307, Jorgensen, M. A. Beno, D. G. Hinks, L. Soderholm, K. J. Volin, R. L.
Hitterman, J. D. Grace, I. K. Schuller, C. U. Segre, and K. Zhang, Phys.
Rev. B 36, 3608 (1987). )



PROCEEDINGS OF SPIE REPRINT

V@3’ SPIE—The International Society for Optical Engineering

Reprinted from

Superconducting and Related
Oxides: Physics and
Nanoengineering Il1

20-24 july 1998
San Diego, California

Volume 3481

©1998 by the Society of Photo-Optical Instrumentation Engineers
Box 10, Bellingham, Washington 98227 USA. Telephone 360/676-3290.



Critical temperature enhancement by means of
substrate-induced pressure

J. Perret®®, J. Fompeyrine®, J. W. Seo®?, E. Méchler?,
@. Fischer¢, P. Martinoli® and J.-P. Locquet®

®Institut de Physique, Université de Neuchétel, CH-2000 Neuchatel, Switzerland
5IBM Research Division, Zurich Research Laboratory, CH-8803 Riischlikon, Switzerland
¢DPMC, Université de Geneéve, CH-1211 Geneve, Switzerland

ABSTRACT

In the field of high-temperature superconductivity there has been no increase in the critical temperature 7, of bulk
compounds since 1993. However, an analysis of the uniaxial strain or pressure derivatives of T, in the cuprate
superconductors allows us to predict that under a compressive epitaxial strain, a large increase of T, should be
possible. We demonstrate the experimental feasibility of this approach for Las_,Sr,CuQy4s (“214”) thin films
deposited on (001)-oriented SrLaAlQ, substrates for different Sr content (0.045 < z < 0.11). Under epitaxial strain,
a large jump of the critical temperature T is observed, as well as a drastic change in the resistive behavior from
insulating to metallic at low temperatures.

Keywords: Cuprate, Superconductivity, Oxide, Thin Films, Epitaxial Strain

1. INTRODUCTION

The pressure dependence of the superconducting transition temperature T is an important quantity to optimize
a material as well as to investigate the nature of the superconducting state. A strong dependence indicates that
the material is able to reach higher values of T, at ambient pressure, for example by doping in order to change the
electronic structure or to invoke “chemical” pressure. Pressure is also a “clean” and controlled means to change the
lattice parameters of the system and check theoretical predictions.

Most of the experiments as well as theoretical calculations are based on hydrostatic or quasihydrostatic pressure.
The pressure (P) and strain (¢ = [dbuik — dstrained)/dbulk, Where d is a lattice parameter) dependence of T, for a
tetragonal unit cell contains an in-plane (ab) and an out-of-plane (¢) term, and can be written

T 0T,
T.(0) + 2_5PabP + 3.

6T, 6T,
TC(O) + ZEGM, + 6—6‘:65 . (1)

1c

I

For most systems,! the in-plane and out-of-plane T; derivatives have opposite signs, leading to a partial cancellation
of the hydrostatic pressure effects.? For these reasons, and because of the large intrinsic anisotropy of the cuprate
superconductors, uniaxial deformations are required in order to isolate the different contributions responsible for any
change of the superconducting properties. However, under epitaxial growth conditions, €,; and €. normally have
opposite signs, and these two terms add up to increase (compressive, €45 > 0) or decrease (tensile, €, < 0) Te.

Several groups have succeeded in inducing a high-pressure state in thin fitms by using epitaxial strain,3* but
only moderate increases of T, have been reported.5® In the case of epitaxially grown c-axis thin films we deal with a
permanent biaxial pressure applied in the ab-plane by the substrate on the film. The magnitude of the effect depends
on the ability to keep the strain inside the growing structure as long as possible. Hence, the optimal thickness of the
film is a compromise between avoiding the nucleation of misfit dislocations and minimizing the T, reduction observed
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for ultrathin films.”® Indeed, dislocations appear when a critical thickness h. has been exceeded;? h. decreases with

increasing mismatch, suggesting that a large strain requires very thin films. The aim of this report is to emphasize

the relations between these two fundamental aspects (induced pressure and synthesis) of thin-film growth.

Among the high-T, cuprates, Lag—;Sr,CuO,4s has the simplest crystallographic structure. This compound can
be grown in a wide range of concentration of mobile charge carriers by varying the Sr content. For the bulk-related
compound the lower limit of concentration is about z = 0.06, whereas in the overdoped region superconductivity
is suppressed beyond z = 0.25. The value of T, reaches a maximum of 37 K for z = 0.15 — 0.16. Another way
to improve the transport properties of the strontium doped “214” compound is to increase its oxidation level by
electrochemistry 1911 The critical temperature reached in this way does not exceed 40 K for the entire oxygen
doping range (0 < § < 0.135). Both strontium and oxygen content can significantly change the lattice parameters
and T, masking the exact origin of an enhancement of the superconducting properties.

The choice of a suitable substrate is crucial for the quality of the deposited superconducting film. In-plane lattice
parameters, thermal expansion coefficients, and dielectric and interdiffusion constants are some of the parameters
which we have to take into account. The most common substrate used for the growth of cuprate superconductors is
SrTiO; (STO). The mismatch between the lattice parameters of the latter and of the “214” is about +3.1%, inducing
a expansion of the a- and b-axis of the film (tensile strain). Previous studies have shown that critical superconducting
temperatures of thin films deposited on STO are strongly depressed compared to the bulk ones.!?21% We observe a
T. above 30 K only for thicknesses beyond 500 nm, where the mismatch between the film and the substrate becomes
partially accommodated by the misfit dislocation pattern. In the case of SrLaAlO4 (SLAO) substrates, the deposited
thin film will be slightly compressed due to a small negative mismatch (—0.60%). Other groups®16:17 have succeeded
in growing high-quality “214” thin films on SLAO substrates. Values of T, reached were as high and even higher
than those obtained for the bulk compounds.

2. EXPERIMENTAL DETAILS

The samples studied in this report were thin (12 unit cells) films of Lag_,Sr;CuO4+s deposited simultaneously
on high-quality, (001)-oriented SLAO and (100)-oriented STO substrates. We focused our study on the highly
underdoped region (0.045 < z < 0.11) where the strain is expected to be maximum. The sample fabrication details
have been reported elsewhere.!® In brief, thin films were grown in a molecular beam epitaxy (MBE) system equipped
with four effusion cells (one for strontium), two electron beam guns (for copper and lanthanum), two quartz monitors,
a reflection of high-energy electron diffraction (RHEED) system, an efficient RF plasma source of atomic oxygen,
and three quadrupole mass-spectrometers. The latter allowed us to control the beam flux and were calibrated using
the quartz monitors. The method used to grow epitaxial thin films consists of a block-by-block deposition.’® The
sequential deposition starts with 2—z monolayers of La-O, z monolayers of Sr-O, and one monolayer of Cu-O followed
by a 10-sec waiting step under a continuous flow of atomic oxygen. We have shown previously that high-quality films
can be grown with this method. The base pressure of the system is of the order of 10~° Torr, whereas during the
deposition, the partial Oy pressure is about 5x10~% Torr. The substrate temperature measured with a pyrometer
operated in the infrared (8-14 um) was 770 °C, and the deposition rate was approximately 0.5 unit cells per minute.
The cool down is rather fast, the heater power being switched off, but the plasma source oxidizes the sample until it
reaches room temperature.

3. RESULTS AND DISCUSSION

During the deposition, long vertical streak patterns showed by the RHEED indicate a nearly two-dimensional growth.
There is also an extra modulation visible between the streaks (Fig. 1). The accuracy with which we determined the
effective Sr content is not better than 10%. The Sr doping level is estimated from Hall measurements performed at
100 K on thin films deposited on STO.!® The values of the inverse Hall coefficient given in Ref. 15, as well as the
two end points of the phase diagram (T¢,z) on STO, were used to calibrate our strontium content.

Usually, the oxidation level is a confusing issue because it is difficult to measure it accurately. In our case the
parent compound La;CuOg4s may be;doped with oxygen in a small range by different techniques, allowing samples
to reach critical temperatures as high as 44 K.2°22 However, strontium incorporation in this material depresses its
transition to 40 K. The fact that underdoped (z < 0.045) Lag—_;Sr;CuOy44s thin films deposited on STO and on
SLAO exhibit semiconducting-like rather than superconducting behavior at low temperatures proves that the oxygen
excess is negligible in these samples. Moreover, high-temperature post-annealing stages under a continuous flow of
molecular oxygen do not improve the transport properties of our films significantly.
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Figure 3. Off-axis § — 28 diffraction spectrum around the (1011) reflection for the film (a) on SLAO and (b) on
STO.

of these films?* confirms the higher crystallinity of the film on SLAO.

3.2. Transport properties

The behavior of cuprate superconductors above their critical temperature remains mysterious. A better understand-
ing of the normal-state properties could help us toward a complete theory of these materials. Here we focus our
analysis on the behavior of thin films with a strontium content of z = 0.10, which seems to be the optimal doping
level (highest T¢) under the compressive strain achievable on SLAO.

o
o
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F-N
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Figure 4. Resistivity versus temperature for two films grown simultaneously on STO and SLAO and for a bulk
single crystal?® (dotted line). The strontium content is the same for the three samples (z = 0.10).
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The values of € determined in the previous section as well as the strain derivatives §1¢/de for the “214” com-
pound?®27 suggest an important increase of T.. Resistivity measurements (Fig. 4) performed on two underdoped
(z = 0.10) samples grown simultaneously on different substrates show that the film grown under compressive strain
on SLAO has a Tc(R = 0) of 49.1 K, whereas the film grown under tensile strain on STO has a T.(R = 0) of only
10 K. Compared to the T, of 25 K for the bulk compound,?® these values show how large the epitaxial strain effects
can be. Such large variations of the critical temperature have not been achieved for the bulk “214”, not even under
the highest hydrostatic or uniaxial pressure used to date. Only an in-plane bi-axial pressure could lead to such a
change in T,. The width of the transition on SLAQ is extremely sharp 67, = 0.7 K, whereas on STO the value of
8T, = 4 K might be related to the presence of planar defects.2*

Another significant change occurs in the normal-state resistivity of these films. The resistivity p(T) of the film
grown under tensile strain (on STO) exhibits a significant upturn before the onset of superconductivity. This behavior
is expected for highly underdoped bulk “214” (z < 0.08).25 Under compressive strain (on SLAO) the resistivity shows
a linear and metallic behavior, which is usually observed for optimally doped compound (z = 0.16). The small change
in slope at about 260 K could be interpreted as an indication of the development of a pseudogap in the excitation
spectrum. For the bulk compound, however, such a change of slope starts at higher temperatures.?® Hence, in
addition to the drastic increase of T, epitaxial strain also modifies the normal-state properties of “214”.

The superconductor-insulator transition in “214” thin films under compressive strain occurs at a lower strontium
concentration (z = 0.045) compared to that of the bulk (z = 0.06). Moreover, this transition seems to be very sharp;
the film goes abruptly from an insulating to a superconducting state with a T, of 37 K as shown in Fig. 5.
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0.00 0.05 0.10 0.15 0.20 0.25
Strontium content x

Figure 5. T.(R = 0) dependence on strontium content z for “214” thin films grown under epitaxial strain. The
dotted line corresponds to “214” bulk data.?®

4. CONCLUSIONS

The results obtained on Las.Sr,CuQg44s thin films grown under epitaxial strain give rise to some comments. It
is interesting to emphasize that the highest 7. on SLAO appears to be reached for = = 0.10. Invoking an increase
of the carrier density due to a reduction of the in-plane surface under compressive strain is not sufficient to explain
such a variation. Indeed, a change in the carrier density of £10% would result in a total T variation of 7 K in the
bulk phase diagram, and not ~40 K as we observed. Moreover, previous Hall coefficient measurements on bulk “214”
showed a very small pressure dependence, ruling out a large pressure-induced carrier density change.3°
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Measurements of c-axis resistivities as a function of pressure indicates clearly that p. decreases as the c-axis
parameter in bulk “214” decreases.?! In spite of the difficulty of identifying and quantifying which lattice deformation
(in-plane or out-of-plane) is responsible for the changes in the transport properties, the data for this compound reveal
that T, increases with increasing distance between consecutive CuQO3 planes, which contradicts certain theoretical
predictions concerning interlayer coupling.3?2 Further work should help us to gain a better understanding of the
fundamental mechanisms that lead to high-temperature superconductivity.
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ABSTRACT

The microstructure of La; ¢Srg.1CuQy4 thin films grown by molecular beam epitaxy on SrLaAlO4 and SrTiO; is
investigated by transmission electron microscopy. Using SrLaAlO4 as substrate material, compressive strain is
induced, which leads to a drastic increase of T.. In contrast, SrTiOj yields a tensile strain and a decrease of T.. The
film on SrLaAlO4 has a low defect density. Only misfit dislocations with an average spacing of 200 nm are found,
which are more or less irregularly distributed. For SrTiOs, a periodic array of misfit dislocations is present with an
average distance of 16 nm. At the interface, as derived from the comparison with simulated images, (LaSr)>CuAlQg_
and (LaSr)TiOs-. are formed on SrLaAlQ,4 and SrTiOg, respectively. These intermediate layers are found to increase
the corresponding compressive and tensile strain further. The lattice deformation is determined based on lattice-
image analysis. Here, the distance of CuO; planes can be measured locally. It turns out that applying a compressive
or tensile strain increases or decreases the distance between CuO, planes. Accordingly, direct evidence is presented
that a decoupling of CuQ; planes leads to an increase of T¢, which is in contradiction to recent theoretical predictions.

Keywords: Superconductivity, Cuprate, Thin Films, Epitaxial Strain, Microstructure, TEM

1. INTRODUCTION

The critical temperature T of a high-temperature superconductor can be increased by applying hydrostatic pressure.!
Unfortunately, this state is not stable when the pressure is relieved. The comparable pressure effect can also be
obtained and stabilized by applying an epitaxial strain,?? i.e., by using the lattice mismatch between the film and
its substrate in an epitaxial film growth. So far, only moderate increases of T. have been reported.*® To increase T
significantly, it has been shown that the amount and, in particular, the sign of the induced strain ¢ are essential .®
The term ¢ is defined by the relative lattice deformation ¢ = (dpuik — dFilm)/dBuix (where d is a lattice parameter)
and contains two terms, ¢ = f — 4§, where f is the lattice mismatch between the film and substrate and § is the plastic
strain associated with the incorporation of dislocations. It is known that the introduction of dislocations starts when
the film thickness exceeds the critical value h. at which the strain relaxation is initiated.”® Consequently, the
highest amount of elastic strain can only be induced in a very thin film with a thickness of less than h..

Indeed, by optimizing these parameters,®1® we succeeded for the first time to increase T: drastically by applying

compressive epitaxial strain.® The deposition of Lay_Sr,CuO4 (“214”) on SrLaAlQ, (SLAO) yields a doubling of
T. (49 K) compared to the bulk material (25 K) with the same composition.!! In contrast, the equivalent “214"
thin film grown simultaneously on SrTiO3 (STO), which yields a tensile strain,®!® showed a decrease of T. (10 K).®

The tensile strain might be the explanation for the low T. values measured up to now for all “214” thin films grown
on STO.5:12

In order to correlate the drastic change of T. with the actual amount and sign of the epitaxial strain, it is
essential to study the microstructural property of these films in detail. In recent years, it has been shown that lattice
defects in high-T. superconductors can have an important effect on the physical properties of the materials.5:13-18
In particular, for stress-induced films the amount of the strain is directly related to the presence of defects and
consequently to T¢. Recently, we reported in detail on the microstructure of “214” thin films grown on SLAO.1¢ In
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the present work, we compare the results of the transmission electron microscopy (TEM) investigations of the “214”
thin films grown simultaneously on SLAO and STO showing a T. of 49 and 10 K, respectively. The microstructural
properties, particularly the defects present and their types and density, are determined and compared. Furthermore,
the lattice deformation was measured based on high-resolution TEM (HRTEM) images and correlated with the
spacing between the CuQ, planes. The results will be discussed with respect to the epitaxial strain and its effect on
the increase of T..

2. EXPERIMENTAL DETAILS

The Sr-doped “214” thin films were grown in a molecular beam epitaxy (MBE) system equipped with an atomic
oxygen source and a reflection high-energy electron diffraction (RHEED) system. The block-by-block deposition
technique®” was used, i.e. a repeated sequence of two layers of (LaSr)O followed by one monolayer of Cu-O and a
10-sec waiting period. Using a recently developed method to determine the lattice parameters from RHEED data,!?
we found that a significant compressive strain can be obtained by using (001)-oriented SLAO substrates and a doping
concentration of ¢ < 0.12. STO yields tensile strain for all & values.

“214" thin films were grown on SLAQ and STO at 750 °C to a final thickness of 15 nm. After the first three
monolayers were grown, we allowed an additional waiting period of about 60 sec. The lattice parameters of the film
were determined by the in-plane and out-of-plane 6 ~ 26 x-ray diffraction!! to be

aFim = 3.76 + 0.02 A and cpiim = 13.31 £ 0.02 A for SLAO,
aFilm = 3.802 £ 0.02 A and cpim = 13.167 4 0.02 A for STO.

The resistivity versus temperature measurement was carried out with a four-point method and is shown in Fig. 1
for both samples!! together with the data on the bulk compound.!® The film grown on SLAO has a transition
temperature of T, = 49.1 K with a very sharp transition of AT = 0.7 K. In contrast, the film grown on STO has a
T. of 10 K and a transition of AT, = 4 K. In addition, a typical insulating behavior is observed above T, i.e., the
resistance increases with decreasing temperature.

For the TEM study, plan-view and cross-section samples were prepared by cutting, grinding and finally thinning
the material with an Ar-ion beam until electron transparency is achieved. HRTEM studies were performed in a JEOL
4000EX microscope operated at 400 kV with a point resolution of 0.17 nm, whereas conventional TEM (CTEM) was
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Figure 1. Resistivity versus temperature for “214” grown simultaneously on SLAO and on STO and for the bulk
with the same composition. The film on SLAO shows a sharp transition of AT, = 0.7 K; the transition width of the
film on STO is AT. = 4 K.
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performed with 200 kV microscopes, JEOL 2010 and Philips CM20. Image simulations were made using the Mac
Tempas and EMS Stadelman software packages. For lattice image analysis, the HRTEM images were digitized. The
lattice displacement was measured using the peak finding process of the SEMPER!® image processing program and
refined with JULIA 20

3. RESULTS
3.1. Microstructure of “214” on SLAO

SLAO is tetragonal (I4/mmm) with a = 3.754 A and ¢ = 12.635 A. Its structure is comparable to that of “214”:
two neighboring (La,Sr)-O planes form a rock-salt structure separated by AlO; or CuO; layers, as can be seen in
the schematic drawing in Fig. 2. A homogeneous epitaxial growth of “214” thin film on this substrate material is
obtained, as can be seen in the representative cross-sectional image of the sample in Fig. 3. Here, the full thickness of
the film is measured to be 15 nm, which is in agreement with the nominal film thickness derived from the finite-size
oscillations of the x-ray diffraction patterns.® The epitaxial relationship between the film and the substrate is derived
from the diffractogram shown in the inset of Fig. 3:

[001])s4b]{[001] it and [100]sub]|[100)pitem

in tetragonal notation. Furthermore, studying the diffractogram more carefully, one finds that the 200 spots of the
film and the substrate apparently overlap, whereas the 002 reflections can clearly be distinguished. This indicates a
small in-plane mismatch between the film and the substrate, proving that the film is coherent with the substrate. In
contrast, the c-axis parameter, which can be derived from the 002 reflections, is about 13.3 A, which is in agreement
with the value determined by x-ray diffraction. However, the film and substrate reveal a characteristic contrast
parallel with the interface with a periodic spacing of 6.6 and 6.3 A, respectively. These can be correlated with the
projected image of the 1/2(001) planes in both systems. These characteristic so-called c/2 fringes are observed in
the film throughout the entire image without any interruption, hence confirming a homogeneous film growth. In
particular, these fringes are already present in the vicinity of the interface and interrupted by the substrate surface
steps. Thus, homogeneous film growth already takes place from the beginning of the film growth, without amorphous
or secondary phases in between. Surface steps of one half-unit cell of SLAO are present, for example in the region
marked by an arrow in Fig. 3. Nevertheless, the film shows a perfect continuity without any defects despite, these

“214"/SLAO “214"/STO

Figure 2. Schematic drawing of the unit cells of “214”, SLAO and STO. SLAO has a structure comparable to
“214": two neighboring (La,Sr)-O planes form a rock-salt structure separated by AlO; or CuQO; layers.
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Figure 3. Representative HRTEM image of “214” grown on SLAO in cross section. The film indicates a homoge-
neous growth; no misfit dislocations are found along the interface. The diffractogram in the inset reveals separated
reflections for the film and the substrate along [001]* directions. Along the [100]* direction, the spots apparently
overlap, indicating that the in-plane mismatch between “214” and SLAO is very small. The film is 12 unit cells
thick, as indicated by the vertical array of dots.

steps. Across the interface, lattice fringes are also in perfect continuity; when looking at the image at grazing
incidence parallel to (101) and (101), a distortion of the lattice fringes is visible. Nevertheless, no misfit dislocations
are observed along the entire interface.

To interpret the HRTEM images properly, image simulations were carried out.!® A reasonable fit between the
calculated and the experimental image was obtained by assuming a specimen thickness of 8 nm and a defocus value
of —60 nm. In Fig. 4 an enlarged HRTEM image of the interface is shown including the simulated images. Based on
these simulations, the characteristic rows of bright dots in the substrate and the film, which were mentioned above
as ¢/2-axis fringes, can be correlated directly with Al and Cu-columns in projection, respectively. The unit cells of
SLAO and Laj ¢Srg.;CuQ4 with the assumed cation positions are indicated in the image. Here, it has to be mentioned
that for the present image condition the difference between the pure La- and the La-Sr mixed columns is neglectable.
Having identified the Cu columns in the image, the distance between CuO32 planes in “214” can now be determined
by measuring the spacing of the c/2-fringes. Accordingly, the CuO; spacings averages to 6.645+0.02 A,'¢ yielding
13.2940.04 A for the c-axis. The stacking sequence at the interface was determined based on image simulations and
can be described as LaO-AlO3-LaO-CuO,-La0; thus, the presence of an intermediate layer of La(Sr)2CuAlQg_; can
be deduced.!® The simulated image of the interface appears as an inset in Fig. 4.

In Fig. 5(a) the plan-view image of the sample shown was taken in bright-field with of g = 110. Here, dislocation
contrasts can be observed that reveal a strain field around the dislocations which are elongated along the (100} and
{110) directions. They are irregularly distributed with an average distance of 200 nm. Preferentially, they combine,
forming a node of dislocations. By means of extensive CTEM studies, these dislocations were found to be edge-type
with Burgers vectors of b = (100) and (110). No other defects, in particular no planar defects, were found. Moiré
fringes, which normally indicate an in-plane mismatch between the film and the substrate, are completely missing
from the entire sample. Additional selected area diffraction experiments could not distinguish between the spots of
the substrate and the film either. This indicates that the in-plane lattice parameter of the film is indeed very close
to the substrate value, which is in agreement with the cross-section observations.

3.2. Microstructure of “214” on STO

STO is cubic with @ = 3.905 A and yields a tensile strain in the “214” film. A typical plan-view image of the sample
is shown in Fig. 5(b) in bright-field mode with g = 110. The epitaxial relationship derived from the diffraction is
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equivalent to that on SLAO. Moiré fringes are found in the bottom part of the image (marked “M”), indicating that
in this part of the TEM specimen the substrate is still present and superimposed with the film. From the distance
between the Moiré fringes, the in-plane lattice parameter of the film is found to be about 3.8 A. This corresponds to
a misfit of 2.7%, which was also confirmed by selected-area electron diffraction (SAED) studies. In the top part of
the figure, a characteristic contrast of a misfit dislocation network is seen to have an average distance of 16+2 nm.
These dislocations were determined with a detailed CTEM study to be edge-type misfit dislocations with a Burgers
vector of b = (100). Here, it should be emphasized that the dislocations are now connected to a regular network.
Besides the dislocations, planar defects are present with an average distance of 155 nm, which can be seen as rather
broad lines parallel to the {100) directions. The broad contrast indicates that their habit planes are inclined; tilting
experiments showed that their habit planes are paralle] to {101} planes.

The cross-sectional view of the sample is presented in Fig. 6. The film indicates a homogeneous epitaxial growth
within a small area with a diameter of about 15 nm. Here, the characteristic c-axis fringes (marked by small arrows)
are again clearly visible with a well-defined spacing of about c¢/2 = 6.6 A. At the boundary of these 15-nm regions,
planar defects occur, for example in the area indicated by the large arrow. Planar faults were mostly found to be
at an inclined angle of about 74° and, occasionally, 50° to the interface. These angles correspord to an inclination
angle between the (001) plane and the {101} and {103} planes, respectively. The distance between the {101} and
{103} planar defects averages 80 and 200 nm, respectively.
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Figure 6. HRTEM image of “214” grown on STO in cross section. The film is not homogeneous, unlike the film
on SLAO: it contains planar defects, one of which can be seen in the image and is marked by the large arrow. The
planar defects lead to an interruption of CuQ; planes; this can be seen as an interruption of the c-axis fringes. The
film is 12 unit cells thick, as indicated by the vertical array of dots.

At the interface, misfit dislocations are found, which can be seen in Fig. 7 in the enlarged HRTEM image of the
interface. Their average distance is about 16 nm; this is in agreement with the value determined by the plan view
observation. Furthermore, the interface of this sample indicates a more distorted contrast than the film grown on
SLAO (see Fig. 3). Studying the lattice fringes at the interface carefully using lattice image analysis,?° a 2-nm-wide
intermediate layer with an in-plane lattice parameter of about 3.95 A was found. To interpret the image contrast
properly, image simulations were carried out; a reasonable fit was obtained assuming a sample thickness of 6 nm
and a defocus value of —70 nm. In Fig. 7 the calculated image was inserted and the “214” structure was confirmed.
Based on the direct correlation between the HRTEM image contrast and the cell structure, the average distance
between CuQ, planes was found to be 6.57+0.04 A, i.e., significantly smaller than the 6.645 A found for the SLAO
sample. A structural model of the interface was developed by assuming an intermediate (La,Sr)TiO3 layer. The
calculated image of STO/(La,Sr)TiO;s is inserted in Fig. 7. The large bright dots in the interfacial layer, which
have a perovskite-like structure, are in accordance with the contrast in the simulation. A more detailed study of the
microstructure of the film will be published elsewhere.?}
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Figure 7. Enlarged HRTEM image of the interface in “214” grown on STO. A misfit dislocation is indicated by an
arrow. The interface contains a (La,Sr)TiO3 intermediate layer with a large in-plane parameter than STO. Simulated
images are inserted to interpret the image contrast properly; the bright dots can be correlated with cation positions
as indicated in the image. The origin of the unit cells are marked by a white rectangle and a square for “214” and
STO, respectively.

4. DISCUSSION

For the increase of T, in “214” thin films, a high amount of compressive strain is essential. In order to compare the
amount of strain in both samples, the microstructural properties in both films were studied carefully. In Table 1, the
lattice parameters of the various substrate materials are listed, including their misfit compared to the bulk “214”
material and the resulting strain in the film. Accordingly, STO has a misfit that is about four times larger than that
of SLAO. This explains the large difference in dislocation density between the two films. Recently, Williams et al.1°
showed in their TEM study that the microstructure of 98-nm-thin “214” films depends strongly on the substrate
material. They observed a difference in the density and types of defects depending on the substrate. In the present

Table 1. Comparison between SLAO and STO leading to compressive and tensile strain in “214”, respectively.
The lattice parameters measured in these films, compared to the lattice spacing in the equivalent bulk material,
indicate an elongation and contraction of the c-axis in SLAO and STO, respectively. The resulting amount of elastic
strain is comparable in both samples; only the sign is different. In the STO sample, the high mismatch is already
accommodated by the plastic strain, i.e., by the incorporation of the misfit dislocations.

aSub, Csub | measured apjm, crim | misfit f = €+ 4 | elastic strain ¢ | plastic strain §
(A (A) (%) (%) (%)
Bulk 3.784
13.212
SLAO 3.754 3.76+0.02 0.8 0.63 0.17
12.635 13.3140.01 -0.76
STO 3.905 3.8024-0.02 -3.1 —0.54 —2.56
13.16740.004 0.35
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study, the difference is more pronounced because we are dealing with ultrathin films. In the case of the film on
SLAO, we are apparently close to h, therefore only few dislocations were observed. For the film grown on STO,
hc is certainly exceeded, which results in a periodic array of dislocations. To avoid the incorporation of dislocations
completely, a thinner film might help. Taking into account that ke is ~ f~!, a film that is 10 to 11 unit cells thick
might already be sufficient for SLAO, whereas for an STO thin film only a few unit cells might be required.

Considering the lattice deformation, in the case of SLAO the mismatch is accommodated mainly by the elastic
strain. The ratio between the elastic and plastic parts of the strain is about 80% to 20%, whereas for STO the
relation is just the opposite, i.e., only 20% of the elastic strain remained. Nevertheless, it has to be noted that
the resulting amount of elastic deformation is comparable in both samples (0.63% and —0.54% for SLAO and STO,
respectively) despite the different sign of the strain. This almost symmetrical elastic deformation also leads to similar
but opposite changes of T., +24 K and —15 K.

From the TEM study, we conclude that the “214” thin films grown by MBE have excellent homogeneity. Therefore,
ecne can infer that the strain accommodated by the plastic part is due primarily to the presence of the misfit
dislocations and the planar defects. Another important aspect is certainly the intermediate layer as observed in
the HRTEM images (Figs. 4 and 7). At the interface of “214”/SLAO, one monolayer of (La,Sr);CuAlOg_, was
found, which is actually a surprising result considering the structure of “214” and SLAO (see Fig. 2). Owing to
the structural similarity, a structure with a continuous stacking of La0O-AlO3-LaO blocks replacing Al by Cu in the
film was initially expected. However, this result shows that the (La,Sr);CuAlQg_, structure with two corner-sharing
octahedra is favored at the interface.

Recently, the stable phases of the La-Sr-Cu-Al-O system were studied by Wiley et al.22 They successfully grow
orthorhombic LaSrCuAlO;s crystals with the lattice parameters of a = 7.9219, b = 11.02 and ¢ = 5.4235 A. In this
structure, Al is surrounded by a tetrahedron of oxygens, whereas Cu is again surrounded by an oxygen octahedron.
The relevant orientation of LaSrCuAlQs for our intermediate layer is [012] with lattice spacings of d(12) = a* =
3.8655 A and af2 = ¢* = 3.9645 A, which are not in agreement with the parameters derived from our HRTEM
image in Fig. 4 (¢ = 3.7 and ¢ = 4.1 A). On the other hand, the interface structure is just one monolayer and
certainly heavily strained. In addition, we have to consider that the La and Sr ratio is probably not 1:1 as in the
LaSrCuAlQg structure. Nevertheless, (La,Sr)2CuAlQs_, is stable at the interface and shows perfect compatibility
with SLAO and “214"” covering the entire interface, even at a surface step. It has been reported that LaSrCuAlQs is
a semiconductor.?? Unfortunately, no detailed information exists on the properties of the structure reported here.
Properly doped, it could be a superconductor, but in any case it seems to be a good candidate for an intermediate
layer in “214” heterostructures. With respect to the lattice deformation, we also conclude that this additional
interface structure (a = 3.7 A) gives rise to an increase of the compressive strain in the rest of the film.

In contrast, the interface “214" /STO leads to an intermediate layer of (La,Sr)TiQO3, which yields higher tensile
strain. The presence of (La,Sr)TiO3 was reported by Werder et al.?® at the interface of “214” on (110)-oriented
SrTiO;. On (100)-oriented SrTiOj, they observed no such additional layer. The presence of (La,Sr)TiOj; in our
system can be explained by the special growing procedure of the film; after the first three monolayers were deposited,
an additional waiting period of about 60 sec was allowed. During this time, interdiffusion of the substrate material
might occur, which would favor the formation of such an interface compound. La.Sr;_,TiO3 is a semiconductor in
the range of 0.1 < z < 0.4 and metallic for z > 0.4.2425 This system provides again an interesting possibility for
the preparation of heterostructures. Nevertheless, the results on both substrates emphasize that for a strain analysis
a detailed study of the microstructure is necessary. In addition, the formation of intermediate layers provides an
additional parameter to tune the amount of strain.

The fundamental aim of this work is to identify the driving force behind the T increase. Based on HRTEM
images and image simulations, we can first confirm the presence of a “214” structure and rule out that second phases
are responsible for the T, change. Concerning the defects present, planar faults yield an interruption of the CuQ,
planes and possibly a local change of the stoichiometry?® along the fault. Therefore, we have to regard such defects
as junctions and, probably, this leads to a broad transition.!*?” Indeed, comparing the two T: curves in Fig. 1,
the transition width is about 6 times larger in the STO sample. The misfit dislocations present have no c-axis
component and do not affect the atomic structure of “214” film because their Burgers vectors are complete lattice
vectors. Therefore, a direct correlation between the misfit dislocations and the change of T is not expected. On the
other hand, misfit dislocations directly influence the elastic deformation. The lattice parameters derived from x-ray
diffraction, SAED patterns and HRTEM images clearly indicate the following lattice deformation: a contraction of
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the ab-axis and an elongation of the c-axis for SLAQO and the opposite for STO. In particular, in HRTEM images the
lattice deformations are directly correlated with the distance between CuQ; planes,'¢ leading to a larger and smaller
CuO; spacing for SLAO and STO, respectively, compared to the bulk value. This result shows that the increase
of T is directly correlated with an increase of the CuO; plane distance, i.e., a decoupling of the CuO; planes,
whereas a stronger coupling leads to a decrease of T.. This contradicts an existing theory of high-temperature
superconductivity, which suggests a higher 7. when the coupling is increased.?®
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