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Absence of1
8 anomaly in strained thin films of La2ÀxBaxCuO4¿d
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Compressive and expansive strain was induced into La22xBaxCuO41d thin films with x50 – 0.35 on
LaSrAlO4 and SrTiO3 substrates, respectively. For the compressed films, the superconducting transition tem-
perature (Tc) reached 44 K withd;0 and 49 K withd.0, and theTc-x phase diagram did not show a local
minimum atx;0.125, the so-called ‘‘18 anomaly.’’ For the expanded films, we observed strong reduction of
Tc . We suggest that the absence of the ‘‘1

8 anomaly’’ in the compressed films is due to thec-axis expansion,
as well as the in-plane compression, and suppression of the residual resistivity.
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Since the discovery of high-temperature superconduc
ity in La22xBaxCuO41d ~LBCO!,1,2 this material has been
extensively investigated3–16 to clarify the correlation be-
tween superconductivity and crystal structure. In LBCO
reduction of the superconducting transition temperature (Tc)

is observed for the barium compositionx;0.125 (18 ),3

where the low-temperature tetragonal~LTT! phase appear
below 60 K.4 It has been reported that application of hydr
static pressures extinguishes the LTT phase5 and restores the
superconductivity in bulk ceramic samples of LBCO.5–10But
the recovery ofTc seems to be incomplete;Tc remains
around 15 K or lower.5–10Thus, it is still unclear whether the
suppression ofTc at aroundx50.125, the so-called ‘‘1

8

anomaly,’’ can be prevented only by structural modificatio
or not. Recently, it has been demonstrated that pressur
states can be induced into thin films by epitaxial growth
La22xSrxCuO41d ~LSCO!.17–21 In LSCO films, Tc
increases20,21 or decreases17,18 with the compressive or ex
pansive epitaxial strain due to lattice mismatch betwe
films and substrates, respectively. In this paper, we app
the epitaxial strain to LBCO and observed the disappeara
of the ‘‘ 1

8 anomaly’’ by the structural modification.
The ~001!-oriented thin films of LBCO were grown by

electron-beam coevaporation. The details of the growth w
described in our previous report.22 The film thickness was
typically 300 Å. The films were grown on (001
LaSrAlO4 ~LSAO! and (100) SrTiO3 ~STO! substrates. After
the evaporation, the films were cooled to temperatures lo
than 150 °C in molecular oxygen or in a mixture of 10
ozone and molecular oxygen. The films cooled in oxyg
have an oxygen composition close to 4 (d;0), while those
cooled in ozone contain excess oxygen (d.0).23 The lattice
parameters of the films were determined using four-cir
and standard x-ray diffractometers, assuming a tetrag
structure. Resistivity was measured by the standard fo
probe method. The electrodes were formed by evaporatio
silver films with thickness of 500 Å. The contact resistan
was lower than 10V for a 2 mm2 area. We definedTc as the
temperature below which the resistivity is less than 1%
the normal-state value.

Figure 1 shows thea- and c-axis lengths,a0 and c0 , of
the films at room temperature. Both thea0 and c0 for the
PRB 620163-1829/2000/62~2!/799~4!/$15.00
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films deviate from those for bulk samples,11 indicating that
the films are strained by the lattice mismatch between
films and substrates. On LSAO substrates, thea0 for the
films is close to the in-plane lattice parameteras53.756 Å
for the substrates, which is 0.03–0.05 Å smaller thana0 for
bulk LBCO.11 The compression ofa0 results in the expan-
sion of c0 via the Poisson effect. In Fig. 1, thec0 for the
films with d;0 and.0 is about 0.1 and 0.15 Å larger tha
that for the bulk,11 respectively. The increase in thec0 for the
films with d.0 is expected to include the change caused
the excess oxygen as observed in bulk samples.16 On the
other hand,a0 for the films on STO substrates is 0.035
larger than that for the bulk11 in Fig. 1. This is consisten
with as53.905 Å for the STO substrates, which is larg
than thea0 for the bulk LBCO. In this case, the increase
a0 results in a decrease inc0 via the Poisson effect. In Fig. 1
thec0 for the films on STO substrates is about 0.1 Å smal
than that for the bulk.11

Figures 2~a!–2~d! show the temperature dependences
the resistivity for the LBCO films withd;0 and x
50.05– 0.35. The films are stable for both long-time air e
posure and cooling cycles. The results after air exposure
more than three months is exactly the same as those for f
films. Films of La2CuO4 (x50, d50) are semiconducting
This fact confirms that the LBCO films cooled in oxygen a
free from the intercalation of the extra interstitial oxyge
With increasingx, the resistivity decreases, then the sup
conductivity appears atx;0.06 as shown in Fig. 2~a!. In Fig.
3, Tc increases to 40 K with increasingx to 0.10 for the films
on LSAO substrates. Forx50.10– 0.15, the increasing rat
of Tc is lower than forx50.06– 0.10. Atx50.15, Tc is
maximized to 44 K, which is higher than that observed in t
bulk,1–15 demonstrating the strain effect as in the LSC
films.20 With increasingx beyond 0.15,Tc starts to decrease
For x.0.30, the superconductivity disappears, although
films stay metallic (dr/dT.0) down to 4.2 K. The compo-
sitional evolution is similar to that observed for LSCO.24–26

For x50.10– 0.15, the values ofTc distribute over a
rather narrow range between 40 and 44 K in Fig. 3. This
quite different from the case for bulk samples of LBC
where the ‘‘18 anomaly’’ is observed as a pronounce
Tc depression at aroundx50.125 andTc is lower than
R799 ©2000 The American Physical Society
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40 K.3–13 It seems that the ‘‘18 anomaly’’ does not appear in
LBCO films on LSAO substrates. Moreover, as seen in F
2~b!, the resistivity for the films on LSAO substrates wi
x;0.125 does not exhibit a kink nor minimum aboveTc ,
which are observed at around 60 K in bulk samples a
interpreted as indications of some unclarified change in
electronic states related with the ‘‘1

8 anomaly.’’12,13 The ab-
sence of the anomaly in the resistivity for the films al
supports the disappearance of the ‘‘1

8 anomaly’’ by the com-
pressive strain.27

On STO substrates,Tc is below 4.2 K and as low as 8 K
for the films withx50.125 and 0.15 as shown in Figs. 2~b!
and 2~c!, respectively. The resistivity values at low tempe
tures for the films on STO is more than two times larger th
for the films on LSAO, suggesting a strain effect on t
normal-state properties. In Fig. 3, it can be seen thatTc is
below 8 K in the entire compositional rangex50.10– 0.15.
The Tc suppression is pronounced at aroundx50.125 as in
bulk samples,3–13 suggesting that this suppression is rela
with the particular hole density.

With cooling in ozone,Tc for the films on LSAO sub-
strates withx50 – 0.15 exceeds 40 K regardless ofx as
shown in Fig. 3. The resistivity for these films~Fig. 4! is
metallic (dr/dT.0) and similar to that for the films with
d;0 and x50.15 in Fig. 2~b!. The excess oxygen intro
duced into the films seems to result in the optimal doping
holes into the CuO2 planes. Forx50.075, we attained the
maximumTc of 49 K, which is higher than theTc reported

FIG. 1. Variations of thea- and c-axis lengths,a0 and c0 , as
functions of Ba concentration,x, for La22xBaxCuO41d thin films.
Open and closed circles are for films on (001) LaSrAlO4 substrates
with d.0 and;0, respectively. Closed triangles are for films o
(100) SrTiO3 substrates withd;0. The solid lines represent th
data for polycrystalline samples with no excess oxygen~from Ref.
11!. The broken line representsa053.756 Å, the in-plane lattice
parameter of LaSrAlO4 substrates.
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for bulk samples,16 indicating the strain effect again.
The main result of this work is the complete disappe

ance of the ‘‘18 anomaly’’ in LBCO attained by a structura
modification due to the compressive epitaxial strain. Hyd
static pressures extinguished the LTT phase in bulk cera
samples of LBCO ~Ref. 5! but do not recover Tc

FIG. 2. Temperature dependences of resistivity
La22xBaxCuO4 thin films with x5~a! 0.05–0.10,~b! 0.11–0.14,~c!
0.15, and~d! 0.20–0.35. The solid and dashed lines are for the fil
on (001) LaSrAlO4 and (100) SrTiO3 substrates, respectively. Th
insets in~b! and ~c! show the superconducting transitions for th
films on LaSrAlO4 with x50.125 and 0.15, respectively. The resi
tivity data for films on LaSrAlO4 with x50.05 in~a! and on SrTiO3

in ~b! and ~c! are scaled down by factors of 5 and 2, respective
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completely.5–10 Tc remains around 15 K and shows satur
ing behavior at pressures above around 1.5 GPa.5 High-
pressure studies have suggested that there exist othe
known origins of the ‘‘18 anomaly,’’ which are not directly
related to the structural features of the LTT phase.5,9 Our
result contrasts with these results for bulk samples,5–10 and
seems to strongly suggest that the origin of the ‘‘1

8 anomaly’’
is related to the crystal structure.

FIG. 3. Dependence ofTc on Ba concentration,x, for
La22xBaxCuO41d thin films. Open and closed circles are for film
on (001) LaSrAlO4 substrates withd.0 and ;0, respectively.
Closed triangles are for films on (100) SrTiO3 substrates withd
;0. The dashed line represents the data for polycrystalline sam
with no excess oxygen~from Ref. 9!. Tc for the films is defined as
the temperature at which the resistivity is 1% of the normal-s
value. The solid lines are guides for the eye.

FIG. 4. Temperature dependences of resistivity
La22xBaxCuO41d thin films on (001) LaSrAlO4 substrates withx
50 – 0.15 andd.0.
-

un-

It is likely that the difference between our result and t
results for bulk samples under hydrostatic pressures5–10 is
due to the difference in the structural changes in thec-axis
direction. The hydrostatic pressures suppress the forma
of the LTT phase by the in-plane compression of the Cu2

planes, but also suppressTc by the compression in thec-axis
direction. On the other hand, the films on LSAO substra
are also compressed in the in-plane directions but expan
in the c-axis direction under the anisotropic pressure o
plane type generated by the epitaxial strain, as seen in Fi
It is expected that the low-temperature structure of
strained films on LSAO substrates is low-temperature ort
rhombic ~LTO! or high-temperature tetragonal~HTT! ~Ref.
4! with expansion in thec-axis direction. This interpretation
is consistent with our preliminary low-temperature structu
analyses for the films on LSAO and STO substrates.28

The mechanism of theTc suppression in the LTT struc
ture is still not clear. Recently, it was suggested that the L
structure seems to be favorable for pinning a horizon
stripe phase, which was proposed based on superlattice p
in neutron diffraction for a single crystal o
La1.48Nd0.4Sr0.12CuO4.

29 In the model based on the strip
phase, the disappearance of the ‘‘1

8 anomaly’’ may be inter-
preted as the charge stripe becoming dynamical. Howe
dynamical charge stripes have not been experimentally
served yet. So we will resort to a simpler interpretation. W
think that theTc reduction is due to some structural featur
in the LTT phase, for example, the shorter bond length
tween Cu and oxygen in the apical site, which was repor
from the extended x-ray absorption fine structure in LSC
crystals.30 Then the charge redistribution caused by t
changes in the positions of the atoms results in theTc reduc-
tion. In this sense, we suppose that the ‘‘1

8 anomaly’’ is an-
other aspect of the strain or pressure effects in LBCO. T
experimental results demonstrated that the expansion
compression of thec axis increases and decreasesTc , re-
spectively. We suggest that the transition from LTO to LT
is equivalent to a compression of thec axis.

We also note that the enhancement ofTc in the com-
pressed films is related to the smaller residual resistiv
(r0). As seen in Figs. 2~b!, 2~c!, and 4, our films with the
enhancedTc show smallerr0 , defined by the extrapolation
of the resistivity to 0 K with the third order polynomials (a
1bT1cT21dT3). For example, we obtained r0
510mV cm for the film withx50.15 andd;0 in Fig. 2~c!
and 2mV cm for that withx50.15 andd.0 in Fig. 4. The
small values ofr0 are common in some other cuprates, f
example, YBa2Cu5O6.9, but not with bulk single crystals o
the La-214 compounds.14,15,31,32

The largerr0 in the La-214 crystals might be due to ra
dom potential caused by partial substitution of alkaline-ea
cations for La ions. This argument is excluded by the low
r0 in the films, which also have randomly distributed Ba io
in the La sites. Another possible origin ofr0 might be oxy-
gen vacancies. This is also unlikely, because the bulk c
tals annealed in oxygen partial pressures of about 1 bar
expected to contain oxygen vacancies not more than
films cooled from the growth temperatures to room tempe
ture in oxygen partial pressures of 1024 Torr.

As another possible candidate of the origin ofr0 , we
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suggest locally distributed antiferromagnetic domains, wh
causes the incommensurate magnetic peaks in inel
neutron-scattering experiments for bulk crystals of La-2
compounds.33 The incommensurate peaks have been
served not so clearly in YBa2Cu3O6.9,

34,35 in which small
values of r0 are generally obtained as in the compress
LBCO films. The reducedr0 in our films may indicate re-
duction of the local antiferromagnetic fluctuation, which m
u-
o-
h
tic
4
-

d

be related to the enhancement ofTc . In this scenario, the
origin of the incommensurate peaks may have a nega
contribution to the superconductivity in La-214 materials.

In summary, we observed disappearance of the18
anomaly’’ in LBCO films under compressive epitaxial strai
The expansion of thec axis is possibly essential for the en
hancedTc . The reducedr0 in the films may also correlate
with the Tc enhancement.
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