PHYSICAL REVIEW B VOLUME 61, NUMBER 18 1 MAY 2000-I1

La,_,Sr,CuO, epitaxial thin films (x=0 to 2): Structure, strain, and superconductivity
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We have growr{001)-oriented thin films of La_,Sr,CuQ, with strontium compositiox=0-2 by reactive
coevaporation and characterized them by x-ray-diffraction and resistivity measurements. A systematical
change in thee-axis length indicates that single-phase films were obtained for the whole compositional range.
The films with the oxygen compositiop~4 showed superconductivity for between 0.06 and 0.30. Far
=0.15, the superconducting transition temperatdig (vas maximized to 44 K, due to a strain effect caused
by the lattice mismatch between films and substrates. Around this composition, it is foufld fbathe films
shows a good correlation with tleeaxis length. Fox=0.30, T, for the films strongly depends on the residual
resistivity[ p(0 K) ]: higherT. for lower p(0 K). The depression df. aroundx=0.125 is smaller than that for
the bulk samples, suggesting that the strain suppresses the “1/8 anomaly.” The filmg>wdtlattained by
cooling in ozone showed, between 40 and 48 K for<<0.15. Forx>0.30, the compositional dependence of
the resistivity is explained by both oxygen defects and a structural phase transitieriLa.

[. INTRODUCTION range order of the rotations takes place, resulting in a low-
temperature tetragondlTT) phase In LSCO, it has been
It has been well established that the carrier concentratiosuggested that the instability to the LTT phase is not suffi-
is one of the key parameters for the superconducting transiient to realize a long-range order, but instead causes local
tion temperature ) in cuprate highf, superconductors distortions of the Cu@ planes'®*! It is expected that the
(HTSC's). In La,_SKCuQ, (LSCO), the carrier concentra- strain in thin films of LSCO may affect the distortions, al-
tion is easily controlled in a wide extent by the strontium lowing us to investigate the physical properties in this system
compositionx and the oxygen composition Hence the fab- free from the anomaly.
rication of high-quality thin films of LSCO with various Another topic in the thin-film growth of LSCO-related
compositions is important for fundamental investigations ofmaterial is the introduction of the excess oxygen by strong
HTSC's. Until recently, however, it has been difficult to oxidation. Our recent repdfton the physical properties of
grow LSCO thin films with good superconducting propertiessuperconducting thin films of L&uQ,, s suggests that films
comparable to those of bulk single crystals. As revealed byxidized using ozone have a much more homogeneous dis-
several experiments? the essential reason is the strain duetribution of the excess oxygen than bulk samples oxidized by
to lattice mismatches between LSCO films and substrategigh-pressure annealifitor electrochemical method$ The
which strongly affects theT, of LSCO films. With  strong oxidation using ozone may also be effective for inves-
(100) SITIQ (STO substrates, a serious reductionTipis  tigating the transport properties in LSCO witb>0.3, where
observed because of large unrelieved expansive stf@ey. it is known that oxygen vacancies in the Cuflanes are
cently, it has been demonstrated that, using substrates &rmed and compensate the carrier doping by Sr substitution
LaSrAIO, (LSAO) with a small and compressing lattice mis- for La.*>~*8
match, T, for LSCO films is improved;® and even Furthermore, the strong oxidation may metallize ortho-
exceed$® the values for bulk samples. To the best of ourrhombic SsCuQ; containing isolated CuO chains with suffi-
knowledge, exceeding of bulk;'s has not been reported so cient doping of holes. The transport properties for this com-
far for other HTSC's. pound has been reported for bulk samples oxidized
It is likely that the strain in thin films also affects the strongly*® but not for thin films yet. In the case of BauQ;
so-called “1/8 anomaly” forx~0.12 (Refs. 6 and Yin this ~ with the same structure as ,8uQ;, the oxidation using
system. This anomaly is expected to be correlated with strug@zone results in redistribution of oxygen atoms and leads to
tural distortions of the CuPplanes with rotations of Cu superconducting thin films of B&uO,_; which has a te-
octahedrd. In the La,_,Ba,CuQ, (LBCO) system, a long- tragonal structure with CuOplanes instead of well-doped
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CuO chaing? Although a tetragnal phase of Bu0;, s with La. St CuO thin films
oxygen vacancies in the Cy@lanes has been reported for 142 + ey e
bulk samples by several groufis it has been claimed that
this phase is nonsuperconductffg®* _

In this paper, we report the growth of single-ph&3e1)- 138 ¢ L o Cut
oriented thin films of LSCO with strontium composition | Il Oxygen deficient (La,$1,Ca0, ,
=0 to 2. The films without excess oxygen showed supercon- i {1V Onvgen doped (SrLa),CuO,
ductivity for x=0.06—0.30. The maximum value d%. ob-
served forx=0.15 exceeds 44 K due to the strain effect in :
the films on LSAO substrate. The strain also appears to be 3 R
effective in suppressing the “1/8 anomaly.” The oxidation 13.0
using ozone successfully introduces excess oxygen into the .
films with x<<0.15, but is not strong enough to fill up the " .
oxygen vacancies in the Cy@lanes forx=0.4—1.7 nor to
make the CuO chains metallic far=1.8—2.

W/////////////////////
<

A4
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Il. EXPERIMENT 12.2 L : :

The thin films of LSCO were grown by electron-beam
coevaporation from metal sources. The evaporation beam
flux of each element was controlled by electron impact emis- FIG. 1. Evolution of thec-axis length €,) with strontium com-
sion spectrometry via feedback loops to electron gunspositionx for La,_,SrCuQ, thin films. The films withx<2 were
Nominal flux was adjusted during the growth so as to keegrown on (001) LaSrAlO, substrates. The film withk=2 was
the film surfaces free from precipitates of impurity phases irgrown on a(100 SrTiO; substrate. Open and closed symbols are
reflection high-energy electron diffraction(RHEED) for films cooled in oxygen and ozone, respectively. The broken line
monitoring?® The evaporants react at the substrate surface§presents the data for bulk ceramic samples annealed in oxygen
heated to 650—750 °C with a mixture of 10% ozone and mo{Ref- 19. Four compositinal regions are denoted by |, I, Ill, and
lecular oxygen supplied with the flow rate 2.25 sccm througH V. Whose details are described in the text.
an alumina tube directed at the substrate from a distance of
about 3 cm. The chamber pressure during growth was 3 IIl. RESULTS AND DISCUSSION
x 10" ° Torr. The growth rate was typically 0.5-3 A/s. The A. Lattice parameters
films were grown on(001) LSAO substrates except for the . _ -
films with x= 2, which were grown 01100) STO substrates. . The x-ray diffraction pat.terng |nd|cat_ed that all of the
For the films withx=0 and 0.12—0.18, the both kinds of films are single phase ameaxis oriented. Figure 1 shows the

substrates were used. The thicknesses of the films were 15(5;;axis_ length o) .(.)f the films of ITSAO substrates with
4500 A. strontium compositiox<<2 and the film on a STO substrate

After the evaporation, the films were cooled to '[empera-W't_h X=2-_Th? systematic variation afo |nd|c_a_tes that a
tures lower than 150 °C at a rate lower than 20 °C/min in 3solld solution is formed in the entire compositional region.

x 10~ Torr molecular oxygen or in the same ozone flow aSFurthermore, the overall behavior of, neglecting the strain
the film growth. Forx<0.35, two sets of films were pre- effecF forx=0-0.35, shows a good agreement with the bro-
pared. One set was cooled in oxygen to obtain the oxygel{€" line reported for bulk samples wit=0-1.2 annealed
compositiony close to 4. The other was cooled in ozone to'n 9XYgen.” Below, we give detailed descriptions of the lat-
introduce the excess oxygen into the films. The films withtice parameter for the following four compositional regions:
x=0.4—2 were cooled in ozone to compensate the oxygeﬁl) x=0-0.35y~4, (2) x:0—0.13,y>4, (3) x .
deficiency reported in the literature for bulk materigist® :_0'35_1'8' and4) x=1.8-2. Th_e regions are denoted in
The lattice parameters of the films were determined using'9- 1 by I, 1l 1ll, and 1V, respectively.
four-circle and standard x-ray diffractometers. Resistivity
was measured by the standard four-probe method using elec- (1)x=0-0.35,y~4.
trodes formed by Ag evaporation. We definEdas the tem- ' : .
perature below which the resistivity is less than 1% of theFor the films on LSAQ substrate_s wiity=0-0.35 cooled in
normal-state value. Although the composition of the films©XY9€N, Co around x=0.15 deviates from that for bulk
was roughly determined by inductively coupled-plasma mea_samgleés annealed under an oxygen pressure of 1 bar at
surements, the strontium compositienwas estimated from 400 °C shown by a broken line in Fig. 1. Tleaxis for the
the nominal deposition rates assuming fiats maximum at ~ thin films with x=0.15 is about 0.05 A longer than that for
x=0.15. The oxygen compositionis an important param- the bulk. This expansion in the axis is due to the strain
eter in this system. At present, however, we have no availeffect discussed in our previous repbin the films withx
able method to determine the valuesyofi thin-film samples  =0.15 on LSAO substrates, the axis is compressed by
with enough accuracy. In this study, we estimptqualita- 0.4% due to the stress generated by the lattice mismatch
tively from the comparison of the lattice parameters and théetween LSCO and LSAO. The stress is of a plane type
resistivity data with those for bulk samples in the because a film has no restriction in the direction perpendicu-

literature®7:15-18.26 lar to the surface. This causes the expansion otthgis in
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the films due to the Poisson effect. The shrinkage ofghe 10?
axis of 0.2-0.3% was also obseved for the films with La St CuO thin films
=0.08-0.125, confirming that the deviation @f from the oL Y
bulk values arounat=0.15 is due to the strain effect. Thus,
we suggest that the films in this region are strained 1001 O 0, cool
(La, Sp,CuQ, as shown in Fig. 1. e @® O, cool
3 -1

(2)x=0-0.13, y>4. g 107
The cooling in ozone expanded tleaxis further for the § 107
films with x=0-0.13 in Fig. 1. Considering the report for =4
bulk materials oxidized electrochemicaffy this c-axis ex- 10° -
pansion indicates that the excess oxygen was successfully
introduced into the films. The strength of the oxidation by 104+
cooling in ozone is enough to introduce the excess oxygen
into the films withx<<0.15. The oxygen composition of the 10 Lu x ‘ ! »
films in this region is expected to be larger than 4. So we 0 0.5 1 1.5 2
suppose the films in this region are oxygen-doped x
(La, SP,CuQy, s as shown in Fig. 1. FIG. 2. Plot of the resistivity at 300 K p(300K)] for

La,_,Sr,CuQ, thin films with various strontium compositions
(3)x=0.35-1.8. The films withx< 2 were grown or{001) LaSrAlO, substrates. The

.. | L h is shrink film with x=2 was grown on 4100) SrTiO; substrate. Open and
In. thg comp93|t|ona I’egION—O.35.—1.8, thec axis shrinks — ¢nseq symbols are for films cooled in oxygen and ozone, respec-
with increasingk. The data for the films shows a good agree-yely. The solid line is a guide for the eye.

ment with that for bulk samples witk<1.3 annealed in

oxygen, which have a NiF-type crystal structure with oxy- K,NiF,-type phase for x<1.8 and an orthorhombic
gen defects in the Culplanes->®These bulk samples were SKLCUOstype phase fox=1.8—2. The orthorhombic struc-
reported to have an oxygen deficiencyxé-d withd ~0.11  tyre of the films withx=1.8—2 appeared in RHEED pat-
for x=0.4—1 andd~0.33 for x=1.21° The values ofc;  terns. Forx=1.8—2, thec-axis length increases with sys-
observed for the films wittk=0.4—1.3 suggests that the tematically, indicating that a solid solution is formed also in
films also have oxygen deficiencies, the amounts of whichhis compositional region.
are close to those in the bulk samples. The c-axis length of the film withk=2 is 12.78 A, which

It has been reported that the stoichiometric compounds longer than the value of 12.706 A reported for bulk
LaSrCuQ has a largec-axis length of 13.27 &’ The bulk  samples of orthorhombic S2uOs .2 It is likely that the
samples of this compound were prepared under an oxygedarger c-axis length for the film comes from excess oxygen
pressure of 3 kbar. In this case, the amount of oxygen defintroduced by the cooling process in ozone. An increase in
ciency is very small. The-axis length for our film withx the c-axis length with increasing oxygen content has been
=1 is 13.05 A and much smaller than the value for thereported for bulk sampleS,which supports the above specu-

stoichiometric compound, suggesting a larger oxygen defilation. On the other hand, theaxis length of 12.54-12.57 A
ciency in the film. has been reported for a tetragonal phase g€@D;, 5.2

The change in thec-axis length for the films withx  This value is far from that fo_r our thin films .Wi'[h=2. So
=1.3-1.8 coincides with the extrapolation line of that for W& Speculate that the films in this compostional region are
the bulk samples withk<1.3. This suggests that the films ©Xygen-doped orthorhombic (Sr,,€u0;, ; as shown in
with x=1.3—1.8 are single phase and they also have th&'9- 1.

KoNiF,-type structure with oxygen defects in the GuO
planes. For the bulk samples wi®1.34, multiphase for- B. Resistivity and transition temperature

mation has been reportédl. The solid-solution region is Figure 2 is a plot of the resistivity at 300 K for the LSCO
wider in the thin-film synthesis with Cooling in ozone than films with the various strontium Compositiom which gives
that in the bulk synthesis. a perspective view of the results of the resistivity measure-
These results show that the oxidation by cooling in ozongnents reported in this paper. Here we displayed the data for
is not strong enough to remove the oxygen deficiencies in théhe films grown on LSAO substrates wikh 2 and the film
films with x>0.4. In this compositional region, the films are grown on a STO substrate with=2. The resistivity for the
expected to be oxygen-deficient (La)&uQ,_ s as shown films cooled in oxygen decreases with increasirfgppm 0 to
in Fig. 1. 0.32, suggesting that the substitution of Sr for La introduces
holes into the Cu@planes in this compositional region. The
(4)x=1.8-2. slope of the curve changes at arourw 0.06 where the su-
perconductivity appears. A monotonic decrease of the resis-
The compositional evolution of the-axis length for the tivity from x=0.06—0.32 indicates that the oxygen compo-
films have a clear kink at=1.8. We attribute this kink to sition y is maintained close to 4 in these films cooled in
the boundary between two structural phases, the tetragonakygen as it is in well-oxidized bulk cerami®&The resis-
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tivity starts to increase at=0.4, suggesting the formation of figure shows a correlation betwedn and ¢y, confirming
the oxygen deficiency starts at this composition, even thougthat the expansion in theaxis direction is essential for the
the films with x>0.35 were oxidized by the cooling in enhanced . in the films, as discussed above. The coefficient
ozone. The increase is intensified at 0.6 and continue to 1. 16T, /dc, obtained by a least-squares fit of the correlation is
the compositional regior=1-1.6, the resistivity at 300 K about 200 K/A. In a recent report of an anisotropic-pressure
is almost independent of. The resistivity shows a strong study for LSCO single crystaf€,a correlation betweeii,
enhancement fox=1.7 close to the structural phase bound-and c, has been also observed. For the single crystals, the
ary between KNiF,type and SjCuOstype structures as coefficientdT./dc, was 280 K/A®® which is close to the
suggested by the structural data discussed above. The resiglue obtained in this work for the films.
tivity is almost independent of again forx=1.8—2 with the The resistivity for the films cooled in oxygen on LSAO
orthorhombic SYCuO;-type structure. substrates still decreases with increasirfgom 0.15 to 0.32

As we did in the previous section for the lattice param-as shown in Fig. &), indicating the increase in the carrier
eter, we describe below the details of the results of the resisoncentration as established using bulk samfids. this
tivity measurements for the following four compositional re- “overdoped” compositional regionT. decreases with in-
gions. (1) x=0-0.35,y~4, (2) x=0-0.13,y>4, (3) x  creasingx and the superconductivity disappearsxat0.32.

=0.35-1.8, and4) x=1.8-2. For the nonsuperconducting metallic film on an LSAO sub-
strate withx=0.32, the resistivity is about 6@ cm at 300
(1)x=0-0.35,y~4. K and 6 uQ cm at 4.2 K. These values are much lower than

those reported so far for bulk single crystals.

Figures 3a), 3(b), and 3c) show the temperature depen-  The superconductivity for the overdoped films on LSAO
dences of the resistivity for the films cooled in oxygen onsypstrates withx=0.30 appears to be very sensitive to the
LSAO substrates withx=0-0.05, 0.06—0.15, and 0.15— residual resistivityp(0 K) as shown in Fig. 6. We defing0
0.32, respectively. As seen in FigaB the films of LaCuO;  K) as the extrapolated value @t=0K of the third-order
(x=0) are semiconducting in the whole temperature regionpolynomials @-+bT+cT2+dT®) determined by least-
With increasingx, the resistivity decreases rapidly, more squares fitting of the resistivity data aboVe. The upper
than an order of two in magnitude. The films fo+=0.025  pound of the temperature region for the fitting was fixed at
and 0.05 show a similar temperature dependence. Both a0 K. The lower bound was chosen from the temperature
metallic (dp/dT>0) at temperatures between 100 and 300range between 4.2 and 60 K for each sample to avoid the
K, and semiconductingdp/dT<0) below 100 K. effect of the superconducting fluctuation. In Fig. 6, the film

The superconductivity appears at0.06 as shown in with the lowestp(0 K) of 16 uQcm showsT,=16K,

Fig. 3(b). As seen in the figure, the resistivity decreases withyhereas the film withp(0 K) of 31 x0 cm does not show the
increasing« monotonically. On the other hand, the composi- superconducting transition down to 4.2 K. Figure 7 is a plot
tional dependence df; is not simple as shown in Fig. 4. of T, with p(0 K) for the films withx=0.15 and 0.30. It can
With increasingx from 0.06 to 0.10,T. rapidly increases pe seen that the increase g K) reducesT, for x=0.30
from 10 to 40 K. In the compositional regiorx  more strongly than fox=0.15. Forx=0.30,p(0 K) of about
=0.10-0.15, the increasing rate @i is lower thanx 30 u()cm is enough to extinguish the superconductivity. On
=0.06-0.10. Fox=0.10-0.15, the values df. distribute  the other handT. as high as 20 K was still observed fer
over a rather narrow range between 40 and 44 K. The maxi=0.15 even withp(0 K) of about 150u) cm. Forx=0.15,
mum T, of 44 K is obtained for the films on LSAO sub- the correlation betweet, and p(0 K) is reached at around
strates withx=0.15, which are considered to be “opti- p(0K)=280u{) cm by an extrapolation td,=0 K with a
mally” doped. This value ofT, is significantly higher than linear line obtained by least-squares fitting. This value is
that observed in bulk samples. about 10 times larger than the critical value of 382 cm for

In our previous report, we explained this increas&dby ~ x=0.30, at which the superconductivity disappears. This
a strain effect due to lattice mismatch between films andstrong reduction ofl, with increasingp(0 K) in the over-
substrate$. The uniaxial strain dependencetT./de; (i doped compounds has also been reported for Zn-substituted
=a, bandc) for LSCO have been deduced by Gugenbergesingle crystals of LSCG*
et al. from high-resolution dilatometry experiments using the  \We speculate that the sample dependencg.ofc,, and
Ehrenfest relationshif. Their result gives positive p(0 K) for the films in Figs. 5 and 7 is mainly caused by the
dT./de,=250K and dT./de,=400K, and a negative strain relaxation. Although the strain relaxation mechanism
dT./de.,=—1090K. Using these values, we can estimatehas not been understood well, it seems to be affected by the
the increase i from the observed strain in the films. The substrate surface conditions as well as the growth conditions
a-axis compression of 0.4% and theaxis expansion of including the cation stoichiometry and the oxidation. De-
0.5% in the films withkx=0.15 are expected to give increasespending on these conditions, the critical thickness for relax-
in T, of +2.6 and+5 K, respectively. The total value of 7.6 ation ranged from a thickness less than 50 A to that more
K is consistent with the observéld enhancement of 4-7 K. than 5000 A. Some thick films exceeding the critical thick-
It may be noteworthy that the-axis expansion has a signifi- ness show values df; higher than 40 K, but finiténonzero
cant contribution to th@ . gain. values ofp(0 K). Such a result can be explained by consid-

For the composition aroung=0.15, we obtained films ering that relaxation of strain causes a structural gradation in
with various values off . by varying the growth conditions a film along the direction normal to the surface. Namely,
on LSAO and STO substrates. Figure 5 is a plofgfwith even if the LSCO layers close to the surface are relaxed, the
the c-axis length for those films wittx=0.12—-0.18. This layers close to the substrate are still strained. The gradation
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FIG. 3. Temperature dependences of the resistivity for_L&r,CuQ, thin films cooled in oxygen 01001 LaSrAlO, substrates(a)

x=0-0.05,(b) x=0.06—0.15, andc) x=0.15—0.32. The thicknesses of the films are 900—-1800 Afe—0.22, 4500 A fox=0.27,
0.32, and 300 A fox=0.30.
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FIG. 4. Composition dependencesTof for La, _,Sr,CuQ, thin
films on (001) LaSrAlO, substrates. Closed and open symbols are 50+
for films without and with excess oxygen, respectively. The broken
line represents the data for bulk polycrystalline samfesf. 32.
pattern depends on the critical thickness. Such partially re-
laxed (thick) films will disturb the T, correlations withc, 0 . I

andp(0 K), leading to a large scatter of data in Figs. 5 and 7.

We summarize the overall behavior ®f for the films 0 100 200 300
cooled in oxygen on LSAO substrates in Fig. 4, which plots Temperature (K)
the maximum value obtained so far for each composition. In
the entire compositional regiofT,. for the films is higher FIG. 6. Temperature dependences of the resistivity for

than that for the bulR? For x=0.06—0.15, the enhancement La, ,Sr,CuQ, thin films on (001) LaSrAIO, substrates withx
of T, for the films comes from the epitaxial strain effect. For =0.30. The thicknesses of the films are 170 A.
x>0.15, the enhancement @f may have different origins

other than the strain effect. Theaxis length starts to ap- aroundx=0.32 for the films, while it disappears at around

x=0.25-0.30 for the bulk® As discussed above, the super-

proach the bulk value with increasingfrom 0.15, suggest- ductivitv in th doned redion i " h
ing that the strain effect is less effective in this overdopeocon. uctivity In the overdoped region IS very sensitive to the
residual resistivity in the samples. The smald K) in the

compositional region. This is consistent with the fact that the, . sim samples results in the highdt, in this composi-
nposit . 2
lattice mismatch between LSCO and LSAO decreases withy, 5 region and allows the superconductivity to survive un-

increasingx. Moreover, the superconductivity disappears at; x=0.30.

It might be argued that the smallgfO K) in the films is,
60 at least, partially due to the more homogeneous distribution
La, SrCuO, films ~ x=0.12-0.18 of La and Sr atoms and the smaller amount of oxygen defi-

ciency in the Cu® planes. More importantly, however, it
e onLSAO
O on STO

50
should be noticed that the strain in the films also affets
K), because we observed a clear differencep(@ K) be-
tween the films on LSAO and STO substrates in our previous
study? The compressive strain on LSAO substrates seems to
be effective to reduce(0 K) as seen in the resistivity data
for the films with x=0.15 and5>0 in Figs. 3b) and 8,
respectively. We suppose that the largéd K) in the bulk
samples of the LSCQRef. 7) may come from scattering due
to local antiferromagnetic domains, which cause the incom-
mensurate magnetic peaks observed in neutron-scattering
measurement¥. The small values op(0 K) are common
with some other cuprates, for example, %.Ba;Og o, Where
the incommensurate dynamic spin fluctuations are not
observed® as clearly as in the LSCO crystdfsThe re-

FIG. 5. Plot ofT, with the c-axis length ¢,) for La,_,Sr,cu0, ~ ducedp(0 K) in our films may indicate the reduced local-
thin films with x=0.12 to 0.18. The thickness of the films ranges SPin fluctuation. Then the strong correlation betwpéh K)
from 150 to 4500 A. Closed and open symbols are for films onandT, seems to suggest that the local antiferromagnetic spin
(001) LaSrAlo, and (100) SrTiO; substrates, respectively. The fluctuation has a negative effect on the superconductivity in
solid line represents the result for a linear fit to the data points. LSCO.
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60 LBCO.? respectively. It is likely that the in-plane compres-
La, St CuQ, films sive strain in the films suppresses the local distortions of the
2xo X CuG, planest! which is expected to be closely related with

the “1/8 anomaly” in the bulk samples. It may be notewor-
thy that the temperature dependences of the resistivity also
suggest the suppression of the “1/8 anomaly” by the strain
in the LSCO films. In Fig. &), the resistivity for the films
with x=0.10 and 0.125 does not show upturns or saturating
behaviors in the temperature range below 100 K, which have
been reported for bulk single crystals witltlose to 0.125 as
evidence of the “1/8 anomaly.” The strain effect in the
films is qualitatively consistent with high-pressure studies for
bulk samples. It has been reported that an application of
hydrostatic pressure suppresses the “1/8 anomaly,” from
both the superconducting and normal-state properties in bulk
samples of LSCQRef. 37 and LBCO%~3°

50

c

T (K)

OI - ‘SOI - Il(‘)O‘ - IIS‘O‘ - I2(‘)0‘ - i2§0‘ - ‘300
p(0K) (1 Qcm) (2)x=0-0.013, y>4.

FIG. 7. Plot of T, with p(0 K) for La,_,Sr,CuQ, thin films on
(001) LaSrAlQ, substrates. The thickness of the films ranges from  \ith cooling in ozoneT, for the films on LSAO sub-
150 to 4500 A. Open and closed symbols are for the films with strates withx<0.15 exceeds 40 K regardlessofs shown
=0.15 and 0.30, respectively. The solid lines represents the resulﬁ1 Fig. 4. The temperature dependence of the resistivity for
of linear fits to the two data sets. . - . : .
these films in Fig. 8 is metallic and similar to that for the

Another feature of Fig. 4 is that the composition depen-ﬁlmS cogled in oxygen withx=0.15 in Fig.. %b)' In this .
dence ofT. aroundx=0.125 is smaller than that for the bulk composmonal region, the excess oxygen 1S mtroduceq Into
samples. This suggests that the strain in the films suppressi€ films by cooling in ozone, resulting in nearly optimal
the “1/8 anomaly,” which appears in the reduction and dis-doPing of holes into the Cufplanes. For these films, the

appearance off, in bulk samples of LSCORef. 6 and  ©0XYgen compositiory is expected to be larger than 4. The
maximumT . of 48 K has been achieved fa=0 and 0.10.

These values of . are comparable or higher than those re-

1 La, Sr CuO, films ported for bulk samples oxidized by an electrochemical
900 | method?® _ _ _

1 cooled in ozone (y > 4) The enhancement oF. in the films cooled in ozone on

. *= LSAO substrates may be explained by the strain effect as in
600+ 0.125 the case for the films witlx around 0.15 cooled in oxygen.

This argument is supported by the substrate dependence of
T. and the lattice parameters for JGuQO,, 5 films cooled in
ozone'? For the films on STO substrate§, is remarkably
lower than that for the films on LSAO substrates; whefBas
0.079 for the films on LSAO has reached 48 K, that for the films on
STO has never exceeded 30 K. A clear difference in the
lattice parameters was observed between the films on LSAO

7 0.050 and STO substrates. The valuesagdixis andc-axis lengths

’ for the film on LSAO were 3.750 and 13.280 A, respectively,
] 0.025 whereas those for the film on STO were 3.791 and 13.200 A.
/ The substrate dependence of the film structure can be

0.100

Resistivity (u2cm)

roughly explained by the strain caused by the lattice mis-
match between the films and the substrates. The values of
a-axis length &) for bulk samples of LgCuQy, 5 (Ref. 26
are larger than that for LSAO and smaller than that for STO.
Thus, the mismatch causes compressive stress in the films on
0t ARRAR AR AR LSAO and tensile stress in those on STO, and thereby the
0 100 200 300 a-axis length decreases in the films on LSAO and increases
in the films on STO. The expansion of tleeaxis on LSAO
and its compression on STO are correlated with the change
FIG. 8. Temperature dependences of the resistivity forin dp via the Poisson effect. It is ||ke|y that the strain in the
La,_,Sr,CuQ, thin films on (001) LaSrAlO, substrates witx  films affects theilT as in the case of the films witharound
<0.15 cooled in ozone. The thicknesses of the films are 450 A. 0.15 cooled in Q.

Temperature (K)
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FIG. 9. Temperature dependences of the resistivity for 0 100 200 300
La,_,Sr,CuQ, thin films on (001) LaSrAlO, substrates withx
=0.32—1. The thicknesses of the films are 4500 Axer0.32, 520 Temperature (K)

A for x=0.40, 0.60, and 0.80, and 170 A fe=0.50 and 1.00.
FIG. 10. Temperature dependences of the resistivity for
For LSCO thin films withx=0.10 grown with activated L& -xSKCuQ, thin films on (001 LaSrAIO, substrates withx
oxygen on LSAO substrates, Locquet al. observedT. =1-1.6 cooled in ozone. The thicknesses of the films are 170 A for
— 49K.% Our films with x=0.10 cooled in ozone on LSAQ X=10,1.2, 1.4, 1.6, and 520 A for=1.1, 1.3, and 1.5.
substrates showl ;=48 K. The lattice constants for the
ozone-cooled films were,=3.756 A andc,=13.296 A, LaSrCuQ s, 5. Except for temperatures lower than 50 K, the
which are very close to those for their films. On the othermagnitude of the resistivity for the films witkh=1.1-1.6
hand, the temperature dependences of the resistivity of Olgoncentrates in a narrow range betweer 10~ and 6
films are different from that of their films. A clear change of X 1072 cm. The resistivity for the films does not show a
slope was observed at 270 K for their filmbut not for ours. ~ Systematic change witk. It may be, however, noteworthy
that most of the films show metallic behavior except %or
(3)x=0.35-1.8. =1.2 and 1.6. Furthermore, it should be noted that the resis-
tivity for the films with x=1 is higher than for the films with
The resistivity for the films on LSAO substrates in the com-the adjacent compositions as shown in Figs. 9 and 10. Espe-
positional regionx=0.32—1 increases with increasingin  cially at the lowest temperature, the resistivity for the film
Fig. 9. This indicates the formation of oxygen deficiency inwith x=1 is more than three orders of magnitude higher than
this compositional region as expected from thaxis length  for the films withx=0.8 and 1.1.
in Fig. 1. The temperature dependences of the resistivity for These results of the resistivity measurements for the films
the films with x=0.32-0.6 are metallic and those for the with x=0.4—1.2 described above show a qualitative agree-
films with x>0.6 are semiconducting. The increase of thement with those for the bulk polycrystalline samples an-
resistivity with x has been explained by the reduction of thenealed in oxygef>“°although the resistivity for the films is
carrier mobility and the cancellation of the hole doping with lower by one order of magnitude than for the bulk. The bulk
the increased oxygen vacancies. samples showed metallic behavior with positive temperature
Figure 10 shows the temperature dependences of the reeefficient of the resistivity fox=0.4—0.66. The resistivity
sistivity for the films withx=1-1.6 cooled in ozone on increased ax increased from 0.4 to 1, then decreased with
LSAO substrates. In this compositional region, the increasincreasingx from 1 to 1.2. These features agree with the
in X corresponds to Sr substitution for La in LaSrGuQ;, results for the films in this study. On the other hand, the
the compound withx= 1. The resistivity at low temperatures resistivity for the films are much different from that for the
is three orders of magnitude reduced by the increasedh  bulk samples quenched in air from 1200%°In the com-
0.1, suggesting that the Sr substitution for La causes dopingositional region x=0.66—1.2, the resistivity for the
of holes into the Cu@ planes with oxygen defects in quenched bulk samples were higher than for the annealed
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samples, and much more higher than for the thin films. The 10°
resistivity monotonically increases withuntil x=1.2. La. Sr CuO films

It has been reportédi*°that the quantityd in the oxygen Zxox oY
compositiony=4—x/2+d is larger in the annealed samples
than in the quenched samples for0.4%4° The annealed
samples exhibited the santkvalue of about 0.11 in the
composition rangex=0.33—1 and an increase oh up to
0.33 forx=1.2. On the other hand, in the quenched samples,
d gradually decreased with increasirgand vanished fox
equal to and more than 1. From the comparison of the resis-
tivity data, we expected that the oxygen compositions of the
thin films withx=0.4—1.2 are close to those for the annealed
ceramic samples. This is consistent with the comparison in
the c-axis lengths discussed above. Moreover, the higher re-
sistivity for the film with x=1 mentioned above also seems
to be consistent with the abrupt changedifrom 0.11 (for
x=0.33-1) to 0.33for x=1.2) in the annealed polycrystal-
line sampleg>4°

Forx=1.3-1.6, no transport data has been reported so far
because of the formation of multiphase samples in the bulk
synthesis® The resistivity data for films in this composi-
tional region resemble those for the film with=1.1 as men-
tioned above. Thus we expect that these films also have the
oxygen composition of 4 x/2+d with d close to 0.33, i.e., w2l
the samed as for the annealed ceramic sample with 1.2. 0 100 200 300
This excess oxygen ofl causes the hole doping into the
system and makes the resistivity lower than for the films Temperature (K)
with x=1.

As shown in Fig. 11, it is remarkable that the films with ~ FIG. 11. Temperature dependences of the resistivity for
x=1.7 show very high resistivity of $2cm at 300 K and LQZ,XSrXCuq, thin films with x=1.7—-2 cooled in ozone. T_he films
100Q cm at 100 K, which is much higher than that for other"‘”thzX<2 Were growﬁqggosol%gsrﬁl% St“b?tk:attelf' Ihe film Wf'tthh
films. This composition is adjacent to the boundary betweerk. < Was grownon rii, substrate. The thicknesses ot the
the KNiF -type phase and the SuOxtype phase as men- |ILns are 520 A forx=1.7-1.9, 170 A forx=1.8, and 300 A for
tioned above. We speculate that the high resistivity may be

explained by microscopic phase mixing due to a structuratjent indicated the metallic nature of the compodfide-
instability at this phase boundary, although no macroscopigyeasingx from 2 causes substitution of divalent Sr ions by
phase separation is detected in the datecfoin Fig. 1. trivalent La ions, resulting in the reduction of the number of
Finally, we applied the activation-type modeb  ojes and gradual increases in the resistivityxto1.8, as
=AexpE/koT) and th‘i/ r}’f‘l”able range hoppinG/RH)  ghown in Fig. 11. The resistivity data for this composition
modelp=A exl (Q/koT) ¥ "], wheren is the dimension range were also compared with the activation-type model
number, in order to fit the resistivity data for the films with 5,4’ the VRH models withh=1—3. Although not conclusive
x=1-1.8, EXC|Uding those. with metallic behaVlCﬂ*[ﬂdT again, the VRH model witm=1 showed gOOd flttlng
>0). Although not conclusive, the VRH models witi+2 Several films withx=1.8—1.9 were also cooled in oxygen
or 3 showed a fairly good fitting for all of the data. in an attempt at electron doping of the CuO chains in
Sr,CuO; by the cation substitution without excess oxygen.
(4)x=1.8-2. However, those films appeared to decompose. The resistivity
for these films was too high to be measured by our experi-
mental setup, indicating that the attempt for electron doping
was unsuccessful.

Resistivity (€2cm)

In the compositional regior=1.8—-2, it is suggested by the
change in thec-axis length that the films have the
SrL,CuO;-type structure with one-dimensional CuO chains.
So we had better start from=2. As seen in Fig. 11, the

resistivity at 300 K for the film withx=2 is about IV. SUMMARY

107 Qcm in the semiconducting region, suggesting the |, summary, we obtained single-pha8@1)-oriented thin
holes are induced by excess oxygen to the CuO chains tms of LSCO for the entire compositional regior=0-2,
some extent, but the number of holes is insufficient for mejncluding x=1.3—2, where multiphase formation has been
tallic transport. A nonmetallic behavior in the temperaturereported for bulk samples. Based on the results of x-ray dif-
dependence of the resistivity was also reported for stronglyraction and the resistivity measurements for the films, we
oxidized bulk samples of SCuO;, 5 while the measure- discussed the following point$l) Because of the strain ef-
ments of the magnetic susceptibility and the Seebeck coefffect, T, for the films on LSAO substrates is higher than for
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the bulk samples. The observed correlation betwegand  CuQ, planes.(5) In the compositional regior=1.8—2, the

Co suggests that the expansion in thexis direction is es- films have the SICuOy-type structure with one-dimensional
sential for the enhancer, in the films. We also found that a CuO chains, in which the number of holes is insufficient for
higher T, is accompanied by a lowgr(0 K), which is sug-  metallic transport.

gested to indicate the reduced local spin fluctuati@nThe The present work suggests that thin-film technique is use-
strain in the films seems to suppress the “1/8 anoma(8)”  ful to increaseT. in HTSC and to search for superconduc-
For x<0.15, the cooling in ozone is effective in introducing tivity in materials difficult to be synthesized by bulk tech-
excess oxygen into the films and resdiltshigher than 40 K nique. Additionally, theT correlations withcy, and p(0 K)
regardless ofx. (4) For x=0.4-1.7, the films have the observed in this study are clues to find out the key factors of
KoNiF-type crystal structure with oxygen defects in the T in HTSC.
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