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Optimal superconductivity in La,_,Sr,CuQO,
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The temperature dependence of the resistip{fy) and the thermoelectric powes(T) have been measured
under hydrostatic pressure on a single-crystal film of ds8r 1:CuQ, deposited on a LaSrAlgsubstrate. The
compressive biaxial stress built into the film raisEsat ambient pressurdl. increased with pressure
< 3.3 kbar, but saturated at a pressure-indepentigntd3.7 at pressureB>3.3 kbar. A low-temperature
enhancement o&(T) having aT,,~140 K increased witfT .. The data are discussed within the framework
of a vibronic model of the superconductive phase.
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La, ,SrCuQ, is the simplest of the superconductive T, occurs in a phase with flat, or nearly so, Guéheets as
copper-oxide systems. It contains no charge-reservoir layepressure reduces the bending anglef the (180°) Cu-
which makes unambiguous the number of holes per Cu ator®-Cu bond. The dependenceTf on the bending anglé is
in the superconductive CyQheets once the doping concen- also apparent from a comparisonTf for the samex of the
trationx and the chemical stoichiometry are established. Sysisostructural systems La,Sr,CuQ, and Lg_,CaCu0,.°
tematic study has revealed an evolution withfrom antifer-  However, limitation to pressureB<20 kbar with a Be-Cu
romagnetic insulator to superconductor and finally to normatell prevented us from access to critical pressBrein an
metal, as illustrated by the partial phase diagram of Fig. 1Xx=0.15 ceramic sample. In this paper we report access to
The superconductive compositions appear to represent a dithis transition with a Be-Cu pressure cell in s 0.15 thin-
tinguishable thermodynamic state below room temperaturefilm sample that is under a two-dimensional compressive
with a maximum critical temperatur,,~36 K occurring  Stress as a resylt of bond-length r.ni.sm.atch with the substrate.
in an orthorhombic single-phase composition with0.153  We define optimal superconductivity in the 13Sr,Cu0,

The distortion from tetragonal to orthorhombic symmetrySyStém as that having the highest valueTof obtainable
buckles the Cu-O-Cu bond angle from 180°(180°— ¢) to Egger pressure in the optimally doped=(0.15) composi-
relieve the compressive stress on the ¢aleets introduced :

by a mismatch F(;f théLa,S)-O and Cu—% equilibrium bond Sato and Naitt' demonstrated that La,Sr,CuQ, films
lengths. This distortion decreases with increasing tempera-

ture and Sr concentratiom. At T., the orthorhombic- TX)
tetragonal transition occurs at ar-8.21% 4001 .\
The charge-carrier concentration of 0s1%<0.20 per Cu ' A A
in a CuQ sheet appears to give the maximurg in all 4 gg/@_@
- . . NSNS
cuprate superconductors. An additional feature influencing 300 7874

T, is the(180°-¢) Cu-O-Cu bond angle within a CyQheet.

An anomalously large compressibility of the Cu-O bond
within a CuG sheet which is due to a transition from lo-
calized to itinerant behavior of the antibonding electrons that
o bond in a Cu@ sheef causes hydrostatic pressure to
straighten the(180°«¢) Cu-O-Cu bond angle. Previous
measurement$ on ceramic samples witk=0.18 in Be-Cu 100 H Ty
pressure cells have shown thigt initially increases linearly
with hydrostatic pressure in the orthorhombic phase, but
changes abruptly to a pressure-independent value at a critical N
pressureP, that, like the orthorhombic-tetragonal transition 0 0.1 02 03
temperatureT,, decreases with increasing Moreover, a
high-pressure x-ray studyias shown that pressure stabilizes
the tetragonal phase of the 214 structure, so we assume thatF|G. 1. Partial phase diagrams of the system_L&r,CuO,
the change in slope off, versusP at P. reflects the showing schematically the shift of the orthorhombic-tetragonal
orthorhombic-tetragonal transition. In any case, saturation ofhase boundary with increasing pressure.
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FIG. 2. Temperature dependence of the in-plane resistivity . o
pan(T) of a single-crystal LagsSr, 1:Cu0; film on a LaSrAIQ, sub- FIG. 3. Pressure dependence of the in-plane resistp4tyT)

strate. for the film of Fig. 2.

oriented with thec axis perpendicular to the substrate have At gmpient pressure, the temperature dependence of the
T, reduced by a tensile stress on the GsBeets if deposited  hermoelectric power(T) of Fig. 5 is similar to that found

on SrTi0;, and haverl increased by a compressive stress iffo; ceramic sample®® Also as in the ceramic samples, the
deposited on LaSrAIQ A L&y g5501CUO, film on o temperature enhancement @fT) with a Tp,~140 K
LaSrAlO, remained orthorhombic al =Ty, but hadTc  jncreases significantly withT, below 3.3 kbar. In thex

~43 K compared tdl:~36 K in an unstressed ceramic or _q 15 ceramic samples, and the enhancement do not
single-crystal specimen. We therefore undertook to investigayrate within the pressure range accessible in a Be-Cu pres-
gate whether, with a Be-Cu pressure cell, we could add hyg,re cell. However, in the films the enhancement increases

drostatic pressure to the two-dimensional compressive stre§§“y weakly with P at P>3.3 kbar, whereT, is pressure
already in the film so as to access the orthorhombic to te"aghdependen(Fig. 4. ' ¢

onal transition. Three questions motivated this experiment:
(1) DoesT, increase to a maximum value Bt in an opti-  orthorhombic under ambient pressure but much closer to the
mally doped samplef2) What is the maximum value . yansition atP, than a ceramic specimen, which is ortho-
attainable in the La ,SLCuO, system and is it influenced o mpic for P< 20 kbar? Figure 4 confirms that the film is

by a biaxial component of the pressure} Does the low- ,hqer the epitaxial stress caused by the lattice mismatch with
temperature enhancement of the thermoelectric power thgge g pstrate. our estimation for the in-plane epitaxial stress
we™" have associated with the superconductive phase ingt anout 16 kbart shows good agreement with the difference
crease to a maximum with.? Finally, we consider the im- betweenP.~3.3 kbar for the film andP.>20 kbar for the
plications of the observed angular dependencd ofor a  ceramic samplé.Moreover, the low-temperature enhance-
“vibronic” model of the superconductive phase. ment of «(T), which is not due to phonon drag, is found to

The single-crystal LgsSt 15CUQ, film studied was depos-  jncrease withT, in the pressure range<OP<3.3 kbar: it
ited on LaSrAIQ at NTT, Japan. Details of the procedure for

making the films can be found in Ref. 11. The film wilh

The T.-P curve in Fig. 4 suggests that the film is still

=43.8 K as measured at NTT was found at Austin to have 4.0 _ 30

To=43.0 K, whereT, is the temperature below which no ]

voltage is resolvable with a nanovoltmeter. A higher resolu- 43.8 28

tion at Austin revealed a small shoulder at low resistivity that ] } I ”{/ % %

loweredT, by 0.4 K. The other 0.4-K discrepancy appears to 4361 ~—— g

be due to a difference in the calibration of the thermometers. 1 26 3

The measurement error at AustinAS ;<<0.2 K. The Be-Cu \Mé 434 ?;

high-pressure apparatus and a description of the measure-F ] - | 24 ;

ment of physical properties have been reported elsewfiere. 432 \&
Figure 2 shows the temperature dependence of the resis- ]

tivity within the basal planep,,(T); it is identical to single- 43.0] -22

crystal datd* and to independent measurements on fitts. ]

Above 100 K,p(T) can be fit perfectly to a linear relation- 428 .20

ship that extrapolates to zero ndar0 K. Hydrostatic pres- 6 T 4'; T é T 1'2 '

sure does not alter this linear temperature dependence, but it P, r, (kbar)

increased  from 43 to 43.7 K within 3.3 kbarT, saturates

for P=3.3 kbar(Figs. 3 and #indicative of aP.~3.3 kbar FIG. 4. Pressure dependence of the critical temperdtyrand

in our film. of the thermoelectric power at,,,~140 K.
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La,_,Sr,CuQ, structure, are oriented alternately along te-
tragonal[100] and[010] directions, the(w,0) and (0,7) di-
rections of the Cu@ sheet on traversing the axis. In

the  low-temperature-tetragonal (LTT) phase  of

La, gBay LUy, these stripes are pinned and are therefore
directly detectable with neutron diffractidA.Superconduc-
tivity is suppressed where the stripes are statioRaf{;t
reappears in the LTT phase if the stripes are depinned under
pressure, and, increases with pressufe.lt follows that
superconductivity is associated with mobile stripes and that
these stripes are to be distinguished from a conventional
charge-density wave that introduces an energy gap at the
Fermi energy. These stripes appear to be the consequence of
a phase segregation that is accomplished by cooperative
oxygen-atom displacements in the Gu€heets rather than

by any atomic diffusiorf! Clearly the charge carriers must
couple strongly to the oxygen displacements for phase seg-
regation into the stripes to occur. This strong electron-lattice

FIG. 5. Temperature dependence of the in-plane thermqelectrigoup”ng would be retained with mobile stripes as well as
power a,,(T) under different hydrostatic pressures of the film of \ith mobile clusters of five copper centers. The linear tem-

Fig. 2.

perature dependence pf,(T) extends to 1000 K without
saturation'®> which indicates that the mobility of the charge

retains a smaller pressure dependencePfpr3.3 kbar, even ratlo ! _
though the films already appear to be tetragonal &g Carriers is not determined by a Boltzma_mn scattering mecha-
~140 K at ambient pressure. We suggest that this observ&sm. Strong electron coupling to mobile stripes or clusters
tion indicates that the transition from orthorhombic to tetrag-would make the normal-state charge carriers move diffu-
onal symmetry is not sharp in the normal state, short-ranggively, but with any activation energl,<kT for T>T,,
orthorhombic distortions persisting well above the long-thereby giving a charge-carrier mobility~T~ 1 and p,y,
range ordering temperaturé.=43.7 K for the film in the ~T. The problem is to find a way to describe the transfor-

tetragonal phase is neqr2 K higher than the maximuri
~42 K obtained under hydrostatic pressure for the Bllk. carriers coupled to mobile stripes.

This gain inT, is associated with the two-dimensional com-
ponent of the stress on the film, which h@ig=43 K at
ambient pressure. Even highEy is expected for a tetragonal
sample with higher compressive stress in #ib plane and
large c-axis extensions. In facf[,=49 K was recently re-
ported for a thin film of La ¢S, ;CuQ, with a large compres-
sion of thea-b plane and a large-axis extension by the

epitaxial strain'®

mation from cluster molecular orbitals to itinerant charge

Electron coupling to mobile stripes would be to the
phonons with propagation vectgrparallel to the vectoQ
of the stripe periodicity in a Cupplane. These phonons
would have the same symmetry as an itinerant electron of
wave vectok having a component in the directi@, so we
can expect an admixture of phonons and electrons to give
itinerant vibronic stategraveling in the direction of). The
admixture of traveling electronic and phononic states would

To interpret the significance of this dependence on thdransform the electronic heterogeneity of mobile clusters or

angle ¢, we turn finally to avibronic model of the supercon-
ductive phase. The superconductive phase i Lar,CuQ,

static stripes into a homogeneous system as required by the
theories of vortex formation and pinning. Moreover, it would

appears at a crossover from localized-electron behavior igive a stabilization energphe~(k-Q)? in a given CuQ

the antiferromagnetic insulator k@uQO, to Fermi-liquid

sheet. Averaging over successive sheets, the stabilization

electronic behavior in the overdoped compositions with would go as (coé+sing)(cosy—sing)~cosd, which corre-
=0.30. The equilibrium Cu-O bond length for localized elec-sponds tad-wave symmetry. Moreover, the number of states

trons is larger than that for itinerant electrérend a double-

so stabilized would increase with the ordering of the mobile

well potential for the Cu-O bond length at crossover is re-Stripes, and hence with decreasing temperature, in the
sponsible not only for the large compressibility of the Cu-Opolaron-liquid phase appearing in the intervBl<T<T,
bond in the superconductive phase, but also for phase segre-300 K. A transfer of spectral weight frortwr,7) to the
gation between the antiferromagnetic phase and clusters ¢m,0) and (0,7) directions with decreasing temperature

stripes rich in charge carriers. Two of us have shottthat
in the underdoped compositions<&<0.10, a mobile

would flatten thes,(k)curves in the(sr,0) and (0,7) direc-
tions, so as to enhanceg(T) to a maximum value at .-

charge carrier is confined to a cluster of five copper center§he onset of Cooper-pair fluctuations in the interVak T

by interaction with the antiferromagnetic matrix. We have <T,xWwould increasingly lowee:(T) asT approached . in

also arguetf that in the optimally doped compositions thesethe intervalT,<T<T .. Consistent with this model is the
clusters form a strongly interacting “polaron gas” at high quite spectacular observation of a progressive transfer of
temperatures that condenses into a “polaron liquid” belowspectral weight from thém,) to the (,0) and(0,7) direc-
room temperature. At that time we did not specify the naturdions in the Cu@ sheets on lowering the temperature from
of this liquid, but later experimerts®? indicated that the 300 K to T..?%2?"In this model, thed-wave superconductiv-

hole-rich regions become ordered beldwinto stripes sepa-

ity below T, reflects a coupling between itinerant vibronic

rated by localized-electron magnetic-stripes that, in thestates. The itinerant electrons wikhparallel to the stripes
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are not coupled to the phonons and may give a measurableerence of stripe segments within the polaron-liquid normal
s-wave component to the superconductive energy fjap state, which would be compatible with achieving the long-
Within this model, the influence of the Cu-O-Cu bond range coherence needed for superconductivity at a higher
angle onT . might be attributed t¢1) a change in the oxygen T_.. We are thus led to the conclusion that bending of the
vibrational frequencywo Wwithin a bond,(2) an enhanced Cu-O-Cu bond angle makes more difficult the long-range
Cu-O covalent mixing, o(3) a weaker pinning and hence ordering of the mobile stripes that is required for supercon-
greater mobility of the stripes. Although there is strong evi-qyctivity.
dence thatuo would increase with the Cu-O-Cu bond angle, In conclusion, thdtetragon@] phase having a pressure-
we rule out the first alternative as there is little effeCt-brl independenﬂ'c has been approached under hydrostaitc pres-
of %070 isotope exchange in optimally doped copper ox-sure in an optimally doped La, Sr,Cu0, thin film. The flat
ides. We mlght rule out the second alternative becéﬁésie CuG, sheets have been shown to gi\/e a maxim'[g'mnder
unchanged by pressure in the tetragonal phase even thoughbient or hydrostatic pressure. In contrast to the maximum
pressure should continue to increase the Cu-O covalent leFC of a ceramic samp|e under hydrostatic pressure, the two-
ing after the Cu-O-Cu bond angle is straightened. Ind&ed, dimensional stress on the Cpéheets of a film give an extra
has been reportétito decrease at high pressuRs 4 GPa  gain in T, which points to a way to increask, in these
in overdoped tetragonal samples. On the other hand, an agnjsotropic materials. The enhancementat140 K in the
isotropic compressibility may invalidate this deduction, sincethermoelectric power has been confirmed to change With

a largec-axis compression under hydrostatic pressure Mayegardless of whether the gain T is due to a flattening of
make the increase io-axis covalent bonding compete with the cuqQ sheets or to a two-dimensional stress.

any increase in covalence in theb plane. With only a two-
dimensional compressive stre§g, appears to be higher in
the tetragonal phase. A maximuim,=42 K under hydro-
static pressuré is to be compared with @,=43.7 K in the
film samples, and @&.> T, makes the difference even larger.  The Austin authors thank the NSF, the TSCUH, Houston,
Finally, the increase with pressure in the enhancement of X, and the Robert A. Welch Foundation, Houston, TX, for
a(T) would, in the vibronic model, signal a more facile co- financial support.
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