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Optimal superconductivity in La 22xSrxCuO4
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~Received 14 September 1998!

The temperature dependence of the resistivityr(T) and the thermoelectric powera(T) have been measured
under hydrostatic pressure on a single-crystal film of La1.85Sr0.15CuO4 deposited on a LaSrAlO4 substrate. The
compressive biaxial stress built into the film raisesTc at ambient pressure.Tc increased with pressureP
,3.3 kbar, but saturated at a pressure-independentTc543.7 at pressuresP.3.3 kbar. A low-temperature
enhancement ofa(T) having aTmax'140 K increased withTc . The data are discussed within the framework
of a vibronic model of the superconductive phase.
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La22xSrxCuO4 is the simplest of the superconductiv
copper-oxide systems. It contains no charge-reservoir la
which makes unambiguous the number of holes per Cu a
in the superconductive CuO2 sheets once the doping conce
trationx and the chemical stoichiometry are established. S
tematic study1 has revealed an evolution withx from antifer-
romagnetic insulator to superconductor and finally to norm
metal, as illustrated by the partial phase diagram of Fig
The superconductive compositions appear to represent a
tinguishable thermodynamic state below room temperatu2

with a maximum critical temperatureTmax.36 K occurring
in an orthorhombic single-phase composition withx50.15.3

The distortion from tetragonal to orthorhombic symme
buckles the Cu-O-Cu bond angle from 180° to~180°2f! to
relieve the compressive stress on the CuO2 sheets introduced
by a mismatch of the~La,Sr!-O and Cu-O equilibrium bond
lengths. This distortion decreases with increasing temp
ture and Sr concentrationx. At Tc , the orthorhombic-
tetragonal transition occurs at an x'0.21.4

The charge-carrier concentration of 0.15<x<0.20 per Cu
in a CuO2 sheet appears to give the maximumTc in all
cuprate superconductors. An additional feature influenc
Tc is the~180°-f! Cu-O-Cu bond angle within a CuO2 sheet.
An anomalously large compressibility of the Cu-O bo
within a CuO2 sheet,5 which is due to a transition from lo
calized to itinerant behavior of the antibonding electrons t
s bond in a CuO2 sheet,6 causes hydrostatic pressure
straighten the~180°-f! Cu-O-Cu bond angle. Previou
measurements7,8 on ceramic samples withx>0.18 in Be-Cu
pressure cells have shown thatTc initially increases linearly
with hydrostatic pressure in the orthorhombic phase,
changes abruptly to a pressure-independent value at a cr
pressurePc that, like the orthorhombic-tetragonal transitio
temperatureTt, decreases with increasingx. Moreover, a
high-pressure x-ray study9 has shown that pressure stabiliz
the tetragonal phase of the 214 structure, so we assume
the change in slope ofTc versus P at Pc reflects the
orthorhombic-tetragonal transition. In any case, saturation
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Tc occurs in a phase with flat, or nearly so, CuO2 sheets as
pressure reduces the bending anglef of the ~180°-f! Cu-
O-Cu bond. The dependence ofTc on the bending anglef is
also apparent from a comparison ofTc for the samex of the
isostructural systems La22xSrxCuO4 and La22xCaxCuO4.

10

However, limitation to pressuresP,20 kbar with a Be-Cu
cell prevented us from access to critical pressurePc in an
x50.15 ceramic sample. In this paper we report acces
this transition with a Be-Cu pressure cell in anx50.15 thin-
film sample that is under a two-dimensional compress
stress as a result of bond-length mismatch with the subst
We define optimal superconductivity in the La22xSrxCuO4
system as that having the highest value ofTc obtainable
under pressure in the optimally doped (x50.15) composi-
tion.

Sato and Naito11 demonstrated that La22xSrxCuO4 films

FIG. 1. Partial phase diagrams of the system La22xSrxCuO4

showing schematically the shift of the orthorhombic-tetrago
phase boundary with increasing pressure.
3827 ©1999 The American Physical Society
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oriented with thec axis perpendicular to the substrate ha
Tc reduced by a tensile stress on the CuO2 sheets if deposited
on SrTiO3, and haveTc increased by a compressive stress
deposited on LaSrAlO4. A La1.85Sr0.15CuO4 film on
LaSrAlO4 remained orthorhombic atT5T0, but had Tc
'43 K compared toTc'36 K in an unstressed ceramic o
single-crystal specimen. We therefore undertook to inve
gate whether, with a Be-Cu pressure cell, we could add
drostatic pressure to the two-dimensional compressive s
already in the film so as to access the orthorhombic to tet
onal transition. Three questions motivated this experime
~1! DoesTc increase to a maximum value atPc in an opti-
mally doped sample?~2! What is the maximum value ofTc
attainable in the La22xSrxCuO4 system and is it influenced
by a biaxial component of the pressure?~3! Does the low-
temperature enhancement of the thermoelectric power
we12 have associated with the superconductive phase
crease to a maximum withTc? Finally, we consider the im
plications of the observed angular dependence ofTc for a
‘‘vibronic’’ model of the superconductive phase.

The single-crystal L1.85Sr0.15CuO4 film studied was depos
ited on LaSrAlO4 at NTT, Japan. Details of the procedure f
making the films can be found in Ref. 11. The film withT0
543.8 K as measured at NTT was found at Austin to ha
T0543.0 K, whereT0 is the temperature below which n
voltage is resolvable with a nanovoltmeter. A higher reso
tion at Austin revealed a small shoulder at low resistivity th
loweredT0 by 0.4 K. The other 0.4-K discrepancy appears
be due to a difference in the calibration of the thermomet
The measurement error at Austin isDT0,0.2 K. The Be-Cu
high-pressure apparatus and a description of the meas
ment of physical properties have been reported elsewhe13

Figure 2 shows the temperature dependence of the r
tivity within the basal plane,rab(T); it is identical to single-
crystal data14 and to independent measurements on film15

Above 100 K,r(T) can be fit perfectly to a linear relation
ship that extrapolates to zero nearT50 K. Hydrostatic pres-
sure does not alter this linear temperature dependence, b
increasesT0 from 43 to 43.7 K within 3.3 kbar.T0 saturates
for P>3.3 kbar~Figs. 3 and 4! indicative of aPc'3.3 kbar
in our film.

FIG. 2. Temperature dependence of the in-plane resisti
rab(T) of a single-crystal La1.85Sr0.15CuO4 film on a LaSrAlO4 sub-
strate.
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At ambient pressure, the temperature dependence of
thermoelectric powera(T) of Fig. 5 is similar to that found
for ceramic samples.16 Also as in the ceramic samples, th
low-temperature enhancement ofa(T) with a Tmax'140 K
increases significantly withTc below 3.3 kbar. In thex
50.15 ceramic samples,Tc and the enhancement do n
saturate within the pressure range accessible in a Be-Cu p
sure cell. However, in the films the enhancement increa
only weakly with P at P.3.3 kbar, whereTc is pressure
independent~Fig. 4!.

The Tc-P curve in Fig. 4 suggests that the film is st
orthorhombic under ambient pressure but much closer to
transition atPc than a ceramic specimen, which is orth
rhombic for P,20 kbar.7 Figure 4 confirms that the film is
under the epitaxial stress caused by the lattice mismatch
the substrate. our estimation for the in-plane epitaxial str
of about 16 kbar11 shows good agreement with the differen
betweenPc'3.3 kbar for the film andPc>20 kbar for the
ceramic sample.7 Moreover, the low-temperature enhanc
ment ofa(T), which is not due to phonon drag, is found
increase withTc in the pressure range 0<P<3.3 kbar; it

y
FIG. 3. Pressure dependence of the in-plane resistivityrab(T)

for the film of Fig. 2.

FIG. 4. Pressure dependence of the critical temperatureT0 and
of the thermoelectric power atTmax'140 K.



rv
g

ng
g

.
-

l

th

r

c

re
-O
g
s

te
ve
se
h
w

ur

th

e-

ore

nder

hat
nal
the

ce of
tive

t
eg-
ice
as
m-

e
ha-
ers
ffu-

or-
ge

e

s
of

ive

uld
or
the

ld

tion

es
ile
the

re

r of

m

ic

ct
of

PRB 59 3829OPTIMAL SUPERCONDUCTIVITY IN La22xSrxCuO4
retains a smaller pressure dependence forP.3.3 kbar, even
though the films already appear to be tetragonal at aTmax
'140 K at ambient pressure. We suggest that this obse
tion indicates that the transition from orthorhombic to tetra
onal symmetry is not sharp in the normal state, short-ra
orthorhombic distortions persisting well above the lon
range ordering temperature.Tc543.7 K for the film in the
tetragonal phase is nearly 2 K higher than the maximumTc
'42 K obtained under hydrostatic pressure for the bulk17

This gain inTc is associated with the two-dimensional com
ponent of the stress on the film, which hasTc543 K at
ambient pressure. Even higherTc is expected for a tetragona
sample with higher compressive stress in thea-b plane and
large c-axis extensions. In fact,Tc549 K was recently re-
ported for a thin film of La1.9Sr0.1CuO4 with a large compres-
sion of thea-b plane and a largec-axis extension by the
epitaxial strain.18

To interpret the significance of this dependence on
anglef, we turn finally to avibronic model of the supercon-
ductive phase. The superconductive phase in La22xSrxCuO4
appears at a crossover from localized-electron behavio
the antiferromagnetic insulator La2CuO4 to Fermi-liquid
electronic behavior in the overdoped compositions withx
>0.30. The equilibrium Cu-O bond length for localized ele
trons is larger than that for itinerant electrons,6 and a double-
well potential for the Cu-O bond length at crossover is
sponsible not only for the large compressibility of the Cu
bond in the superconductive phase, but also for phase se
gation between the antiferromagnetic phase and cluster
stripes rich in charge carriers. Two of us have shown2,19 that
in the underdoped compositions 0,x,0.10, a mobile
charge carrier is confined to a cluster of five copper cen
by interaction with the antiferromagnetic matrix. We ha
also argued20 that in the optimally doped compositions the
clusters form a strongly interacting ‘‘polaron gas’’ at hig
temperatures that condenses into a ‘‘polaron liquid’’ belo
room temperature. At that time we did not specify the nat
of this liquid, but later experiments21,22 indicated that the
hole-rich regions become ordered belowTl into stripes sepa-
rated by localized-electron magnetic-stripes that, in

FIG. 5. Temperature dependence of the in-plane thermoele
power aab(T) under different hydrostatic pressures of the film
Fig. 2.
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La22xSrxCuO4 structure, are oriented alternately along t
tragonal@100# and @010# directions, the~p,0! and ~0,p! di-
rections of the CuO2 sheet on traversing thec axis. In
the low-temperature-tetragonal ~LTT! phase of
La1.88Ba0.12CuO4, these stripes are pinned and are theref
directly detectable with neutron diffraction.22 Superconduc-
tivity is suppressed where the stripes are stationary;23,24 it
reappears in the LTT phase if the stripes are depinned u
pressure, andTc increases with pressure.25 It follows that
superconductivity is associated with mobile stripes and t
these stripes are to be distinguished from a conventio
charge-density wave that introduces an energy gap at
Fermi energy. These stripes appear to be the consequen
a phase segregation that is accomplished by coopera
oxygen-atom displacements in the CuO2 sheets rather than
by any atomic diffusion.21 Clearly the charge carriers mus
couple strongly to the oxygen displacements for phase s
regation into the stripes to occur. This strong electron-latt
coupling would be retained with mobile stripes as well
with mobile clusters of five copper centers. The linear te
perature dependence ofrab(T) extends to 1000 K without
saturation,15 which indicates that the mobility of the charg
carriers is not determined by a Boltzmann scattering mec
nism. Strong electron coupling to mobile stripes or clust
would make the normal-state charge carriers move di
sively, but with any activation energyEa!kT for T.Tc ,
thereby giving a charge-carrier mobilitym;T21 and rab
;T. The problem is to find a way to describe the transf
mation from cluster molecular orbitals to itinerant char
carriers coupled to mobile stripes.

Electron coupling to mobile stripes would be to th
phonons with propagation vectorq parallel to the vectorQ
of the stripe periodicity in a CuO2 plane. These phonon
would have the same symmetry as an itinerant electron
wave vectork having a component in the directionQ, so we
can expect an admixture of phonons and electrons to g
itinerant vibronic statestraveling in the direction ofQ. The
admixture of traveling electronic and phononic states wo
transform the electronic heterogeneity of mobile clusters
static stripes into a homogeneous system as required by
theories of vortex formation and pinning. Moreover, it wou
give a stabilization energyD«;(k•Q)2 in a given CuO2
sheet. Averaging over successive sheets, the stabiliza
would go as (cosu1sinu)(cosu2sinu);cos2u, which corre-
sponds tod-wave symmetry. Moreover, the number of stat
so stabilized would increase with the ordering of the mob
stripes, and hence with decreasing temperature, in
polaron-liquid phase appearing in the intervalTc,T,Tl
'300 K. A transfer of spectral weight from~p,p! to the
~p,0! and ~0,p! directions with decreasing temperatu
would flatten the«k(k)curves in the~p,0! and ~0,p! direc-
tions, so as to enhancea(T) to a maximum value atTmax.
The onset of Cooper-pair fluctuations in the intervalTc,T
,Tmax would increasingly lowera(T) asT approachedTc in
the intervalTc,T,Tmax. Consistent with this model is the
quite spectacular observation of a progressive transfe
spectral weight from the~p,p! to the ~p,0! and ~0,p! direc-
tions in the CuO2 sheets on lowering the temperature fro
300 K to Tc .26,27 In this model, thed-wave superconductiv-
ity below Tc reflects a coupling between itinerant vibron
states. The itinerant electrons withk parallel to the stripes

ric
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are not coupled to the phonons and may give a measur
s-wave component to the superconductive energy gapD.

Within this model, the influence of the Cu-O-Cu bon
angle onTc might be attributed to~1! a change in the oxygen
vibrational frequencyvO within a bond, ~2! an enhanced
Cu-O covalent mixing, or~3! a weaker pinning and henc
greater mobility of the stripes. Although there is strong e
dence thatvO would increase with the Cu-O-Cu bond ang
we rule out the first alternative as there is little effect onTc
of 18O/16O isotope exchange in optimally doped copper o
ides. We might rule out the second alternative becauseTc is
unchanged by pressure in the tetragonal phase even th
pressure should continue to increase the Cu-O covalent
ing after the Cu-O-Cu bond angle is straightened. IndeedTc
has been reported17 to decrease at high pressuresP.4 GPa
in overdoped tetragonal samples. On the other hand, an
isotropic compressibility may invalidate this deduction, sin
a largec-axis compression under hydrostatic pressure m
make the increase inc-axis covalent bonding compete wit
any increase in covalence in thea-b plane. With only a two-
dimensional compressive stress,Tc appears to be higher in
the tetragonal phase. A maximumTc542 K under hydro-
static pressure17 is to be compared with aT0543.7 K in the
film samples, and aTc.T0 makes the difference even large
Finally, the increase with pressure in the enhancemen
a(T) would, in the vibronic model, signal a more facile c
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herence of stripe segments within the polaron-liquid norm
state, which would be compatible with achieving the lon
range coherence needed for superconductivity at a hig
Tc . We are thus led to the conclusion that bending of
Cu-O-Cu bond angle makes more difficult the long-ran
ordering of the mobile stripes that is required for superc
ductivity.

In conclusion, the~tetragonal! phase having a pressure
independentTc has been approached under hydrostaitc pr
sure in an optimally doped La22xSrxCuO4 thin film. The flat
CuO2 sheets have been shown to give a maximumTc under
ambient or hydrostatic pressure. In contrast to the maxim
Tc of a ceramic sample under hydrostatic pressure, the t
dimensional stress on the CuO2 sheets of a film give an extra
gain in Tc , which points to a way to increaseTc in these
anisotropic materials. The enhancement atT'140 K in the
thermoelectric power has been confirmed to change withTc
regardless of whether the gain inTc is due to a flattening of
the CuO2 sheets or to a two-dimensional stress.
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