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Compressive and expansive strain was induced intp_Ba CuQ,, s thin films with x=0-0.35 on
LaSrAIO, and SrTiQ substrates, respectively. For the compressed films, the superconducting transition tem-
perature T.) reached 44 K with~0 and 49 K with6>0, and theT.-x phase diagram did not show a local
minimum atx~0.125, the so-called ’g‘ anomaly.” For the expanded films, we observed strong reduction of
T.. We suggest that the absence of thigahomaly” in the compressed films is due to thexis expansion,
as well as the in-plane compression, and suppression of the residual resistivity.

Since the discovery of high-temperature superconductivilms deviate from those for bulk sampl&sindicating that
ity in La,_,Ba,CuQ,, s (LBCO),'? this material has been the films are strained by the lattice mismatch between the
extensively investigatéd'® to clarify the correlation be- films and substrates. On LSAO substrates, #gefor the
tween superconductivity and crystal structure. In LBCO, dfilms is close to the in-plane lattice parametgr=3.756 A
reduction of the superconducting transition temperatligg ( for the substrates, which is 0.03—0.05 A smaller thgrior

is observed for the barium composition~0.125 ¢),2  bulk LBCO."* The compression o#, results in the expan-

where the low-temperature tetragoralTT) phase appears Sion of Co via the Poisson effect. In Fig. 1, thg for the
below 60 K* It has been reported that application of hydro- films with 5~0 and>0 is about 0.1 and 0.15 A larger than
static pressures extinguishes the LTT pfiasel restores the that for the bulk'* respectively. The increase in tog for the
superconductivity in bulk ceramic samples of LBEG3°But  films with 6>0 is expected to include the change caused by
the recovery ofT, seems to be incompletéf, remains the excess oxygen as observed in bulk samifl&3n the
around 15 K or loweP 2 Thus, it is still unclear whether the Other handa, for the films on STO substrates is 0.035 A
suppression ofT, at aroundx=0.125, the so-called ¥  larger than that for the butk in Fig. 1. This is consistent
anomaly,” can be prevented only by structural modificationsWith as=3.905A for the STO substrates, which is larger
or not. Recently, it has been demonstrated that pressurizéfian thea, for the bulk LBCO. In this case, the increase in
states can be induced into thin films by epitaxial growth of2o results in a decrease @y via the Poisson effect. In Fig. 1,
La,_,SKLCUQ,, 5 (LSCO).Y21 In LSCO films, T, the ¢, for the films on STO substrates is about 0.1 A smaller
increase®2 or decreaséd® with the compressive or ex- than that for the bulk?
pansive epitaxial strain due to lattice mismatch between Figures 2a)—-2(d) show the temperature dependences of
films and substrates, respectively. In this paper, we appliethe resistivity for the LBCO films withé~0 and x
the epitaxial strain to LBCO and observed the disappearance 0.05-0.35. The films are stable for both long-time air ex-
of the “5 anomaly” by the structural modification. posure and cooling cycles. The results after air exposure for
The (001)-oriented thin films of LBCO were grown by more than three months is exactly the same as those for fresh
electron-beam coevaporation. The details of the growth werélms. Films of LgCuQ, (x=0, §=0) are semiconducting.
described in our previous repdft.The film thickness was This fact confirms that the LBCO films cooled in oxygen are
typically 300 A. The films were grown on (001) free from the intercalation of the extra interstitial oxygen.
LaSrAlO, (LSAO) and (100) SrTiQ(STO) substrates. After  With increasingx, the resistivity decreases, then the super-
the evaporation, the films were cooled to temperatures lowezonductivity appears at~0.06 as shown in Fig.(d). In Fig.
than 150°C in molecular oxygen or in a mixture of 10% 3, T. increases to 40 K with increasingo 0.10 for the films
ozone and molecular oxygen. The films cooled in oxygeron LSAO substrates. For=0.10-0.15, the increasing rate
have an oxygen composition close to 4<0), while those of T is lower than forx=0.06—0.10. Atx=0.15, T, is
cooled in ozone contain excess oxygeh~0).> The lattice ~ maximized to 44 K, which is higher than that observed in the
parameters of the films were determined using four-circléoulk,!™*® demonstrating the strain effect as in the LSCO
and standard x-ray diffractometers, assuming a tetragondilms.?’ With increasing« beyond 0.157T starts to decrease.
structure. Resistivity was measured by the standard fourFor x>0.30, the superconductivity disappears, although the
probe method. The electrodes were formed by evaporation diims stay metallic §p/dT>0) down to 4.2 K. The compo-
silver films with thickness of 500 A. The contact resistancesitional evolution is similar to that observed for LSGHZ°

was lower than 1@ for a 2 mnf area. We defined, as the For x=0.10-0.15, the values of. distribute over a
temperature below which the resistivity is less than 1% ofrather narrow range between 40 and 44 K in Fig. 3. This is
the normal-state value. quite different from the case for bulk samples of LBCO

Figure 1 shows tha@- and c-axis lengthsa, andc,, of  where the ‘4 anomaly” is observed as a pronounced

the films at room temperature. Both tlag and cq for the T, depression at around=0.125 andT, is lower than
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FIG. 1. Variations of thea- and c-axis lengthsa, andcy, as g
functions of Ba concentratiorx, for La, ,Ba,CuQ,, s thin films. Cé .
Open and closed circles are for films on (001) LaSrA$Qbstrates < 0.3 040 TK 507
with 6>0 and~0, respectively. Closed triangles are for films on o P
(100) SrTiG substrates withd~0. The solid lines represent the 2 0.24 [
data for polycrystalline samples with no excess oxy(fesm Ref. 2 x172)
11). The broken line representy=3.756 A, the in-plane lattice 5‘2 0.14 |
parameter of LaSrAlQsubstrates. 1
O LA BB BRI B AL B —
40 K313t seems that the ¥ anomaly” does not appear in (@ x=
LBCO films on LSAO substrates. Moreover, as seen in Fig. ~ | 0.20
2(b), the resistivity for the films on LSAO substrates with & 0.3 0.35
x~0.125 does not exhibit a kink nor minimum aboveg, %
which are observed at around 60 K in bulk samples and g 0.2 8%(5)
interpreted as indications of some unclarified change in the 2 )
electronic states related with the ‘anomaly.”*?3 The ab- 5
sence of the anomaly in the resistivity for the films also % ¢ 1
supports the disappearance of thpdanomaly” by the com- R
pressive strain:
On STO substrateg,; is below 4.2 K and as low as 8 K 0 R B e e
for the films withx=0.125 and 0.15 as shown in Figgb? 0 100 20 300

and Zc), respectively. The resistivity values at low tempera- Temperature (K)

tures for the films on STO is more than two times largerthan g1, 2. Temperature dependences of resistivity for
for the films on LSAO, suggesting a strain effect on the ,  Bacuo, thin films with x=(a) 0.05-0.10(b) 0.11-0.14/(c)
normal-state properties. In Fig. 3, it can be seen fals  0.15, andd) 0.20-0.35. The solid and dashed lines are for the films
belov 8 K in the entire compositional range=0.10-0.15.  on (001) LaSrAIQ and (100) SrTiQ substrates, respectively. The
The T, suppression is pronounced at arowy0.125 as in  insets in(b) and (c) show the superconducting transitions for the
bulk samples; 3 suggesting that this suppression is relatedfiims on LaSrAIQ with x=0.125 and 0.15, respectively. The resis-
with the particular hole density. tivity data for films on LaSrAlQ with x=0.05 in(a) and on SrTiQ
With cooling in ozone, T, for the films on LSAO sub- in (b) and(c) are scaled down by factors of 5 and 2, respectively.
strates withx=0-0.15 exceeds 40 K regardless fas
shown in Fig. 3. The resistivity for these filmi&ig. 4) is  for bulk sample<?® indicating the strain effect again.
metallic (dp/dT>0) and similar to that for the films with The main result of this work is the complete disappear-
6~0 andx=0.15 in Fig. 2Zb). The excess oxygen intro- ance of the ‘g anomaly” in LBCO attained by a structural
duced into the films seems to result in the optimal doping oimodification due to the compressive epitaxial strain. Hydro-
holes into the Cu@planes. Forx=0.075, we attained the static pressures extinguished the LTT phase in bulk ceramic
maximumT, of 49 K, which is higher than th&. reported samples of LBCO (Ref. 5 but do not recoverT,
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. It is likely that the difference between our result and the

La, BaCuO,; films | @ onlSAO@E-~0) results for bulk samples under hydrostatic pressutéss

60 - © onlSACG>0) due to the difference in the structural changes in draxis

A onSTO (8 ~0)

- ol direction. The hydrostatic pressures suppress the formation

of the LTT phase by the in-plane compression of the €uO
planes, but also suppre$s by the compression in theaxis
direction. On the other hand, the films on LSAO substrates
are also compressed in the in-plane directions but expanded
in the c-axis direction under the anisotropic pressure of a
plane type generated by the epitaxial strain, as seen in Fig. 1.
It is expected that the low-temperature structure of the
strained films on LSAO substrates is low-temperature ortho-
rhombic (LTO) or high-temperature tetragon@TT) (Ref.
4) with expansion in the-axis direction. This interpretation
; is consistent with our preliminary low-temperature structural
0.4 analyses for the films on LSAO and STO substrafes.
The mechanism of th&_ suppression in the LTT struc-
FIG. 3. Dependence off, on Ba concentrationx, for  tureis still not clear. Recently, it was suggested that the LTT
La,_,Ba,CuQ,, s thin films. Open and closed circles are for films Structure seems to be favorable for pinning a horizontal
on (001) LaSrAlQ substrates with6>0 and ~0, respectively.  Stripe phase, which was proposed based on superlattice peaks
Closed triangles are for films on (100) SrEi®Gubstrates withd  in  neutron diffraction for a single crystal of
~0. The dashed line represents the data for polycrystalline samplq_sal_48|\jd0_45r0_12(:uo4_29 In the model based on the stripe
with no excess oxygeffrom Ref. 9. T, for the films is defined as phase, the disappearance of thkanomaly” may be inter-
the temperatu_re gt which the_: resistivity is 1% of the normal-statepreted as the charge stripe becoming dynamical. However,
value. The solid lines are guides for the eye. dynamical charge stripes have not been experimentally ob-
served yet. So we will resort to a simpler interpretation. We
completely>~'° T, remains around 15 K and shows saturat-think that theT, reduction is due to some structural features
ing behavior at pressures above around 1.5 GPigh- in the LTT phase, for example, the shorter bond length be-
pressure studies have suggested that there exist other wveen Cu and oxygen in the apical site, which was reported
known origins of the ‘g anomaly,” which are not directly from the extended x-ray absorption fine structure in LSCO
related to the structural features of the LTT phaSeOur crystals®®* Then the charge redistribution caused by the
result contrasts with these results for bulk sampié8and  changes in the positions of the atoms results infpeeduc-
seems to strongly suggest that the origin of theahomaly”  tion. In this sense, we suppose that thedanomaly” is an-
is related to the crystal structure. other aspect of the strain or pressure effects in LBCO. The
experimental results demonstrated that the expansion and
compression of the axis increases and decreases re-

T (K)

[

] . spectively. We suggest that the transition from LTO to LTT
0.9 La, ,Ba, CuO, 4 films ispequiva}I/ent to a%?)mpression of theaxis.

] cooled in ozone (3 > 0) We also note that the enhancementTqf in the com-
0.6 x= pressed films is related to the smaller residual resistivity
03 0.15 (po)- As seen in Figs. @), 2(c), and 4, our films with the

enhancedrl . show smallerp,, defined by the extrapolation

0.125 of the resistivity b 0 K with the third order polynomialsa(
+bT+cT?+dT%). For example, we obtained p,
=10u) cm for the film withx=0.15 ands~0 in Fig. Ac)
and 2 uQ) cm for that withx=0.15 ands>0 in Fig. 4. The
small values ofpy are common in some other cuprates, for
0.05 example, YBaCusOg o, but not with bulk single crystals of
the La-214 compound§:1®31:32

The largerpg in the La-214 crystals might be due to ran-
0 dom potential caused by partial substitution of alkaline-earth
cations for La ions. This argument is excluded by the lower
po in the films, which also have randomly distributed Ba ions
in the La sites. Another possible origin pf might be oxy-
gen vacancies. This is also unlikely, because the bulk crys-
tals annealed in oxygen partial pressures of about 1 bar are
expected to contain oxygen vacancies not more than the

FIG. 4. Temperature dependences of resistivity forfilms cooled from the growth temperatures to room tempera-
La,_Ba,Cu0,, ; thin films on (001) LaSrAIQ substrates wittk  ture in oxygen partial pressures of 10Torr.
=0-0.15 ands>0. As another possible candidate of the origin @mf, we
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suggest locally distributed antiferromagnetic domains, whictbe related to the enhancement f. In this scenario, the
causes the incommensurate magnetic peaks in inelastarigin of the incommensurate peaks may have a negative
neutron-scattering experiments for bulk crystals of La-214contribution to the superconductivity in La-214 materials.
compounds® The incommensurate peaks have been ob- In summary, we observed disappearance of thg “
served not so clearly in YB&uOg o >*%° in which small anomaly” in LBCO films under compressive epitaxial strain.
values ofp, are generally obtained as in the compressedrhe expansion of the axis is possibly essential for the en-
LBCO films. The reduceg, in our films may indicate re- hancedT.. The reducec, in the films may also correlate
duction of the local antiferromagnetic fluctuation, which maywith the T. enhancement.
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