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Electron-lattice coupling and stripe formation in La,_,Ba,CuQO,
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The temperature dependence of the resistd®(CE) and the thermoelectric powet(T) under different
hydrostatic pressurdd are reported for polycrystalline La,Ba,CuQ,, 0.11<x=< 14, they reveal a minimum
in R(T) and an abrupt change in the signa(T) at a transition from the low-temperature tetragothdlT) to
the low-temperature orthorhombic phase. Superconductivity is suppressed at ambient pressure in the range
0.12<x=<0.13, where neutron-diffraction data have shown a static charge ordering into hole-rich and magnetic
stripes, but pressure introducegype superconductivity into these compositions within the LTT phase with a
dT,/dP~1.0 K/kbar. Thex=0.14 sample is superconductive at ambient pressure in the LTT phase, and
dTy/dP>0 changes t@T,/dP=0 at aP.~10 kbar. No anomaly in the transport properties is found at the
magnetic ordering temperatuiig;~30 K in the LTT phase. These data, which show no support for stripe
formation and superconductivity resulting from magnetic interactions, are found to be compatible with a model
of strong coupling of charge carriers in coherent electronic states to fluctuations in the Cu-O bond lengths.
Periodically alternating stripes of hole-rich and magnetic domains in the €lé®ts are pinned, far=1/8, by
the crystallographic distortion of the LTT phase; but the application of hydrostatic pressure, which decreases
the magnitude of the LTT deformation, restores superconductivity apparently by depinning the stripes.
[S0163-182697)09234-3

INTRODUCTION synchrotron x-ray diffraction study of a composition with
=0.15 has shown that superconductivity exists in the LTT
At high temperatures, the superconductive systemghasé, although with a reduced, and static stripes were
L,_,ACuQ, L=rare earth andA=alkaline earth, are te- found only in samples where superconductivity is sup-
tragonal with Cu@ planes alternating with.,_,A,O, rock-  pressed. However, inelastic neutron-scattering data are com-
salt layers on traversing the axis. This high-temperature patible with the presence of mobile stripes in a superconduc-
tetragonal(HTT) phase remains stable to lowest temperafive L& ,SKCuQ, composition with the LTO structure.
tures at higher values of (x>0.2). For smaller values of, ~ 1hese observations add strong support to heterogeneous
the mismatch between the mean equilibrimA-O bond electronic models of the copp_er-t_mde supe_zrconductors that
length and the equilibrium Cu-O bond length in the GUO would segregate holes and spins into hole-rich and hole-poor

planes places the in-plane Cu-O bonds under a compressi\g%ma'tni‘. More_(()jver, |r}—plane t?te“f“a' cfonductlynyhdata prg—
stress. The bond length mismatch increases with decreasing < Sting evidence fora scattering ot acoustic pnonons by

temperature because of a smaller thermal expansion of theOblle stripes,” but not by the pinned stripés.

equilibrium Cu-O bond length; and below a transition tem- Although the existence of mobile stripe domains in a
q 'gth, ) magnetic matrix now appears firmly established for the nor-
peratureT,, the compressive stress on the Gu@anes is

. i ) mal state of the copper-oxide superconductors, the driving
relieved by a cooperative rotation of the GuOctahedra  force for their formation remains controversial. In order to
around the[110] axes, which lowers the symmetry from te- gimplify the description of a complex system of interacting
tragonal to orthorhombic. In the low-temperature orthorhom—charges, spins and lattice vibrations, emphasis has been
bic (LTO) phase, the 180° Cu-O-Cu bonds of the GUO given to one feature or another. One approach would empha-
planes are buckled t@80°-¢), transforming the planes to size the electron-electron and magnetic interactions, as in a
sheets. The LTO-HTT transition temperatur€, decreases t-J model® another invokes the inherent lattice instability
monotonically with increasing. associated with the location of the Fermi eneggyin a van

In the system La_,Ba,CuQ,, there is a second crystallo- Hove singularity where the densityM(er) of one-particle
graphic transition below &;,<T, in a narrow compositional states is exceptionally high. Wel*=4 on the other hand,
range 0.1kxx<0.15; in the low-temperature tetragonal have pointed out that a transition from localiz@d strongly
(LTT) phase stabilized beloW,, the Cu@ octahedra rotate correlatedl to itinerant electronic behavior may introduce a
alternately abouf100] and[010] axes of a Cu@ sheet on  double-well potential for the equilibrium Cu-O bond length
traversing thec axis? At compositions close tax=1/8 that would favor a segregation into hole-rich and magnetic
within the LTT phase field, superconductivity is suppresseddomains. Moreover, where that segregation gives rise to an
in x=1/8 compositions exhibiting similar behavior, static ordered alteration of the two types of domains, the heteroge-
“stripes” parallel to[100] or [010] axes of the Cu@sheets neous state would represent a distinguishable thermody-
have been observed to appear abruptly belgmwby neutron  namic phase.
diffraction®® The existence of these stripes has also been Our thermoelectric power data indicated that formation of
demonstrated by EXAF$? Significantly, a high resolution the distinguishable thermodynamic phase occurs by the con-
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densation of a gas of nonadiabatic polarons containing seviear 50 K in the ambient-pressurR¢T) curve is not identi-

eral copper centers rather than by a van Hove instabilityfied. Thea(T) curves are typical of an underdoped sample;
However, the data forced us to introduce local, dynamica(T) increases with temperature to a value that is
pseudo-Jahn-Teller deformations of the oxidized copper certemperature-independent, and the low-temperature enhance-
ters; cooperativity among the local deformations was showment peaking in the interval 180T ,,,,<150 K in optimally

to stabilize polarons containing several copper centers and tdoped samples is not apparent. Pressure increases not only
introduce an elastic coupling between polarons that can conf,,, but alsoa(T) of the normal state; see inset of Figall

pete with the Coulomb repulsion between thEr.ondensa- 0.12<x=<0.13. Figures 1b)-1(d) shows theR(T) and

tion of the polarons into extended domains introduces cohery(T) data under several applied pressures %c¢0.12,

ent electronic states having a dispersigk) and a defined 0.125, and 0.13. In this compositional range, superconduc-
Fermi surface; these coherent states coexist with incohererivity is suppressed at ambient pressure and a resistance
(localized states in the lower Hubbard bafidHB) of the  minimum occurs at & ,,;,~70 K. Pressure reducds,;,, but
magnetic domains that lie well belog . A gap at half-band it remains above 50 K under the highest pressures applied.
in the coherent states makes the coherent charge capriersAs noted by others’~?° pressure induces the appearance of
type. superconductivity with a quite largeT,/dP.

In this paper, we report the temperature dependence of the A remarkable drop inx(T) sets in on lowering the tem-
resistancéR(T) and of the thermoelectric powes(T) under  perature throughT,,, «(T) becoming negative at lower
different hydrostatic pressures for polycrystalline samples ofemperatures. A negative(T) in the LTT phase has also
La, ,Ba,CuQ, in the narrow compositional range 0Z£X  been reported by othef$-** Moreover, a low-temperature
<0.14, and we argue that these data and similar measurenhancementa(T) with a T,~150 K emerges; it be-
ments on the system La,Sr,CuQ, provide evidence for a comes more pronounced with increasing pressure as is evi-
IN(ep)/dp<<0, or adnex/dp<<0, where¢ is a measure of dent, for example, in Fig. (#l) for x=0.13. Pressure also
the bending of thé180°— ¢) Cu-O-Cu bond angle anu is reduces the magnitude of the negative valueg(@f); nev-
the effective density of mobile charge carriers. On the otheertheless, the superconductive state havid) =0, which
hand, the spin system appears to have little influence on thig obtained at higher pressures, is approached on lowering
transport properties. These findings provide a strong indicathe temperature from negative values @fT). The super-
tion that the electron-lattice, not the magnetic, interactiongonductive state of the-type superconductors is normally

control the formation of the electronically heterogeneousapproached from positive values efT) as occurs forx
thermodynamic phase found for the normal state of the=(.11.

copper-oxide superconductors. x=0.14.Figure Xe) shows theR(T) anda(T) curves for
x=0.14 under several applied pressures. The data are similar
EXPERIMENT to those obtained fox=0.13, Fig. 1d), except for the ap-

pearance of superconductivity at ambient pressure and a van-
Samples of La ,Ba,CuQ, were made from Lgs;  ishing at higher pressure afT,/dP and da(285 K)/dP.

BaCQ;, and CuO powders by conventional solid-state reacThe critical pressurés kbarg for a da/dP=0 at 285 K is
tion. The Samples were Sintered at 1050 OC fo”OWed by a%omewhat |0wer than the 10 kbars td)To/d P= 0

anneal in oxygen atmosphere at 900 °C. All samples were
single phase to x-ray diffraction. Comparison of our data
with the literature indicates that there is little, if any, devia-
tion from oxygen stoichiometry. Large single crystals of LiadNdy 4051 1 U0, appear to
Four-probe resistanc&(T) and thermoelectric-power be more easily prepared than single crystals of
a(T) measurements under high pressure were carried out iba; gBay 1/-CuQ,. Both compounds manifest the=1/8 sup-
a self-clamped apparatus described elsewteTde contri-  pression of superconductivity within a LTT phase field, and
bution to «(T) from the copper leads was subtracted out.the phase diagrams of the two compounds are nearly identi-
The accuracy of thex(T) measurements i$0.3 uV/K. cal; it is therefore appropriate to begin the discussion of our
We useT in place of the superconductive critical tem- data with a review of the major results obtained by neutron-
peratureT . ; it is defined as the temperature below which thediffraction and resistivity measurements on single-crystal
resistance becomes unobservable with a nanovolt meter. Th&y 4gNdy 451 1/CUO,. Tranquadaet al® found (a) a phase
pressures used to calculatd@,/dP were measured &t,. transition from LTT to LTO at al,~70 K; (b) the abrupt
appearance in the CyQheets of static stripes oriented par-
allel to [100] or [010] axes on lowering the temperature
throughT,,; (¢) a long-range magnetic ordering within the
The evolution of the transport properties with hole dopinghole-poor stripes below &y=50 K; (d) a discontinuity at a
X in La,_,Ba,CuQ,, 0.11=x<0.14, can be separated into minimum in the resistivityp,,(T) of the a-b planes, i.e.,
three compositional rangex=<0.11, 0.12<x=<0.13, andx  CuO, sheets, at & ,,;,=T,~70 K; and(e) a smooth varia-
=0.14. tion of p(T) throughTy.
x=<0.11. Figure Xa) shows theR(T) and «(T) data for We find aT,,;;~70 K in our R(T) data also, which we
x=0.11 under several applied pressures; the data are typictdke to mark the LTT-LTO transition dt,,<T; in the range
for compositionsx<0.11. The resistivity changes monotoni- 0.12<x=<0.14 in Lg _,Ba,Cu0,. There is no evidence for a
cally with temperature abovEg,; T. increases with pressure LTT phase in thex=0.11 sample; d,, associated with the
with d T,/dP~1.0 K/kbar. The origin of the change of slope LTT-LTO transition disappears in the range 0s1%6<0.16,

DISCUSSION

RESULTS
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FIG. 1. Temperature dependence of the thermoelectric pa€), and the resistand@(T), under different hydrostatic pressures for
polycrystalline samples of the system,LgBa,CuQ,: (a) x=0.11, (b) x=0.12,(c) x=0.125,(d) x=0.13, and(e) x=0.14.
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occur only at a specific hole concentration, and the observa-
tion of static stripes ak=1/8 within the LTT phase is the
result of pinning by such a commensuration. The stripes are
not pinned in the superconductixe=0.14 sample.

In the CuQ sheets, phase segregation into large, nonadia-
batic polarons in underdoped samples or stripe domains at
higher hole concentrations would be accomplished by coop-
erative displacements of the oxygen atoms away from the
magnetic Cu atom near neighbor toward the other nonmag-
netic Cu atom at the boundary between phases, and these
cooperative displacements may be either dynamic or static.
At a critical composition, a competition between dynamic
and pinned oxygen displacements could manifest itself in a
large 1%0/*%0 isotope effect, as has been obseffied the
system La_,Ba,CuQ, near x=1/8. Moreover, mobile
stripes would introduce dynamic oxygen displacements that
could scatter strongly acoustic phonons transporting heat.

The parent compound LEuQ, is a Mott-Hubbard anti-
ferromagnetic semiconductor. Doping with an alkaline-earth
atomaA in the systems La ,A,CuQ, results in a large Fermi
surface even in the underdoped cupraté; does not drop
the Fermi energyg into the lower Hubbard band, but trans-

FIG. 2. Low-temperature phase diagram for the systemfers states from the incoherent Hubbard bands to the neigh-
La,_,Ba,CuQ,, 0=x=<0.14.

borhood ofer. We proposed a few years ago that these
transferred states are associated with hole-rich, mobile do-

which gives us the tentative phase diagram shown in Fig. 2mains that, forx>0.1, condense into a thermodynamically
NMR (Ref. 25 and uSR (Ref. 26 measurements have lo-
cated arl y~ 30 K within the LTT phase field. The LTO-HTT
transition temperaturd; is taken from neutron-diffraction

data®’

By analogy with La 4gNdg 4051 1/CUQ,, suppression of
superconductivity in the range 04£X<0.13 within the
LTT phase is assumed to be associated with the formation gfositive thermoelectric power and Hall effect indicate that
static stripes. We note that the stripes are oriented parallel ter is located in a region of the dispersion curve that has a
the[100] or [010] axes of the Cu@sheets whereas the rota- positive curvature as at the top of a band, and a mid-IR
tions of the Cu@ octahedra in the LTO phase are aboutstructure in UPSRef. 30 has provided evidence for a pos-
[110] axes. In the HTT phase, there is no deformation to pirsible gap neakg in the middle of the band. We have dis-
the stripes, so they remain mobile. In the LTO phase, theussed a possible origin of an energy gap at half-bbaslis
deformation axes cross the stripe axes at a 45° angle, so thleistrated schematically in Fig.(8). Angle-resolved photo-
deformation has a wrong symmetry for pinning the stripesemission spectroscogARPES has shown that in the region
However, in the LTT phase the symmetry of the deformationof e-, the dispersion curve is anomalously flat at tkle
is compatible with the pinning of stripes having widths com-point, which is in the direction of the Cu-O-Cu bond axés.
mensurate with the lattice distortion. Commensuration can Nearx=1/8 in La_,BaCuQ,, a change in the sign of

UHB

distinguishable phase in the superconductive compositional
range'?13The normal state of this new phase now appears to
consist of fluctuating stripes of alternating hole-rich and
hole-poor domains although the coherent states agax-
hibit a Fermi surface, as determined by ARPES, that is lo-
cated close to the position predicted by band calculation. A

T |

-

[

LHB

(a)

(b)

FIG. 3. Schematia(k) dispersion curves for
La, ,Ba,CuQ, 0.11=x<0.14, in(a) the LTO
and HTT phases an), (c) the LTT phase.

(©)
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the thermoelectric power on cooling through the LTO-LTT density of itinerant-electron states. Since the wMith of the
transition temperaturg,, is accompanied by a change in the x2-y? band of itinerant-electron states varies as ¢@nd we
resistivity p(T) from a metallic to a semiconductive tem- have ad¢/dP<0, W, must increase with pressure as the
perature dependence. A change in the signxafignals a overlap integrals enteringV, also increase with pressure.
change in the sign of the curvature, averaged over all thgherefore we conclude that the density of mobile charge
Fermi surface, of the(k) dispersion curve aég if a band  carriers, whether polaronic or itinerant, increases with pres-
model for the states neas- remains valid. Such a change syre in the LTT phase due to a transfer of spectral weight
would seem to require the opening of an energy gap belowom trapped states to mobile-carrier stateghatecreases. In

e as illustrated in Fig. @). Whether the gap at half-band rea| space, the spectral-weight transfer would be associated
remains in the LTT phase remains to be tested, but it shoulgith an increase with decreasimgin the width of the hole-

not be expected to vanish in the LTT phase as it is not relatedlch stripes once the stripes become depinned at<ap, .

to the translational symmetry of the unit cell. From our The data are thus consistent with the conclusion that super-
model of the origin of the gap;, we would expect the gap at conductivity is found where the stripes are mobile.

half-band to increase with a pinning of the stripes that in- \ye have shown elsewhéfethat ad[ sa(T)]/dP>0 in
creases the bending of the Cu-O-Cu bonds from 186%.  the LTO phase vanishes in the HTT phase as degdP,
According to the model of Fig.(8), [a| should increase as \hich shows ad[ Sa(T)]/dh<0: therefore an increase in
er approaches the lower band gap with increasingut we N (¢.) also increases the enhancement te$e(T). The
observe thate| reaches a maximum at=1/8. This latter  temperature at whichia(T) is a maximum falls in the range
observation suggests an alternative solution; the transitioRoo<T<150 K, which is too high for acoustic phono¥is.
from the LTO to the LTT phase induces a separated band gfye conclude thawa(T) implies a strong coupling of the
polaronic states ag that is located in a gap in thek) curve  mopjle charge carriers to the oxygen-atom displacements in
as pictured in Fig. &). Moreover, neutron diffraction dafa the Cu-0-Cu bonds and a transfer of optical-mode lattice
show that pinning of the stripes, which increases the bendingntropy by the charge carriers in the mobile hole-rich stripes.
¢ of the Cu-O-Cu bond angle, narrows the bandwidth of the | commensuration of the stripe periodicity in the
states neaer, and also traps out mobile charge carriers. At_ 14 sample leads to a depinning of the stripes at ambient

x=1/8, the Culll )/Cu ratio matches commensuration of the pressure; depinning reduces the bond bending 4o, in
stripes, thereby minimizing the number of mobile charge Carthe LTT phase antN(er) becomes high enough to support
riers. This model is consistent not only with the 0bservat'onsuperconductivity. We interpret a nearly pressure-
of a nonmetallic temperature dependence (@) belowTi,,  jndependent(285 K) above 5 kbars to reflect a disappear-
but also with a maximunia| at x=1/8 since polaronic mo-  ance of the LTO fluctuations in the HTT pha%above 5
bile charge carriers atx would make the statistical contri- pars at room temperature. On the other handTa/dP
bution dominate the transport term in the thermoelectric., g vanishing above 8.~ 10 kbars within the LTT phase is
power. Since the bending angfeis a maximum for a com-  jnteresting since aw<0 shows retention of the LTT phase
mensurate pinning of the stripe domainxat1/8, we con- 5 p>p_ which indicates as$/dP<0 continues to be
clude that then; decreases ag increases, i.e.dnei/dp  present forP>P,. It would appear that a depinning of the
<0 or, for a band model witei~N(e), IN(er)/dh<0.  gyripes that releases all the trapped carriers is not complete
Moreover, a larger thermal expansion of the La-O and Ba-Qor p<p_ and that once the release of trapped carriers is
equilibrium bond lengths rglatlve to the Cu—O.bond Iengthcomplete atP> P, there is little dependence df, on & in
makes the bond-length mismatch increase with decreasinge | TT phase.
temperature to give a¢/dT<0.>* Therefore the nonmetallic  £orx=0.16. the LTO phase is retained to lowest tempera-
temperature dependence of the resistivity belgywmay ré-  tures and, on cooling through,, «(T) drops to zero from
flect a dneg/dT=(dnes/9¢)(9¢/dT)>0 rather than an acti- he positive side. Moreover, dT,/dP>0 to 17 kbars
vated mobility in the LTT phase. shows, unlike the LTT phase, a market@l,/d$<O0 as in the
We now consider the phqnges induced by pressure. Intherg phase of La ,Sr,Cu0,.3 This observation suggests
LTT phase, alT./dP>0 is similar to that found in the LTO  there is an important transfer of spectral weight from the

phase of the La ,SKCUQ, system where pressure was yphard bands to the coherent band with decreagiigthe
found to stabilize the HTT phase relative to the LTO phasq 1o phase that does not occur in the LTT phase.

because9¢/(9P<_O.34 The unusually high compressibility of  ginally, the band model successfully predicts the locus of
the Cu-O bond in the superconductive compositions also akne Fermi surface obtained by ARPES whereas real-space
plies to the La_,Ba,CuQ, system to give @$/dP<0 (Ref.  oyxperiments have now shown the presence of dynamic hole-
20) in the compositions investigated in this study. It thenjch and hole-poor stripes in most of the higih-cuprate
follows that the observedi|a|/dP=(d|a|/INer)(MNei/3d)  system@™> With a photoemission resolution ofAE
(9¢19P)<0 requires aine;;/d¢<0 sinced|a|/ineg<0. We 50 mev, ARPES may not be able to resolve the band

can also demonstrate the relatione/ d¢<0 from the ob-  girycture changes induced by stripe formation if the stripes
servation thatiT;/dP>0. From 1SR data&’ we have the  are mobile with a short residence timi on a given atom.

relation T.~ng/m*, which gives dT./dP~dng/dP
=(dngs/9)(dplIP)>0, and d¢p/dP<0 then requires a

(9neﬁ/(9¢<0.
SUMMARY AND CONCLUSIONS
The pressure dependence |af shows adngg/dP>0. In
an itinerant-electron model, the magnitudengf~N(er) de- In summary, we have found the following.

pends on two factors, the flatnessefk) at ez and the total (1) BothR(T) anda(T) show no anomaly at a magnetic-
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ordering temperature or, as we have shown elsewleae, phase, the flat portion of the dispersion curve appears to
the opening of a spin gap; however, they both change draransform to a set of polaronic states within a gap in the
matically at the structural LTT-LTO transition temperature dispersion curve for the coherent states, and the number of
T:» and they both vary sensitively with the bendiggof the ~ mobile polaronic states increases with decreagirand de-
(180°—¢) Cu-O-Cu bonds. pinning of the stripes.

(2) The normal state of the superconductive compositions (7) The bending¢ of the (180°-¢) Cu-O-Cu bond
is a distinguishable thermodynamic state consisting of a peangles is a maximum anbl(eg) is therefore a minimum
riodic array of alternating hole-rich and magnetic domainswhere the stripes are pinned and superconductivity is sup-
(stripes that are mobile, and at a ratio Qlh)/Cu=1/8, the  pressed; reduction ab to a <. by hydrostatic pressure
period of this charge-density wav€DW) is commensurate depins the stripes and introduces superconductivity.

with the lattice periodicity of a CuPsheet. However, pin- (8) A 9[6a(T)]/oP>0 shows that the enhancement
ning of the CDW to give static stripes observable by diffrac-5«(T) of the thermoelectric power also increases with
tion experiments only occurs in the LTT phases. N(er); a maximum inda(T) in the temperature range 100

(3) Formation of the stripes does not introduce an energy T< 150 K suggests that the mobile charge carriers trans-
gap ateg, which would suppress superconductivity, eitherport optical-mode, not acoustic-mode, lattice entropy, which
where the stripes are mobile or become pinned in the LTTwould be consistent with a strong coupling of the charge
phase; but a gap at midband in the{y?) band of coherent carriers to Cu-O bond-length fluctuations.
states makes the charge carriprg/pe in the HTT and LTO In conclusion, there is little evidence that magnetic or
phases, the opening of an additional gap belgwby the electron-electron interactions alone or the location of a Fermi
structural change makes the charge carrieitype in the  energy in a van Hove singularity is responsible for the pecu-
LTT phase. liar transport properties of the normal state of the copper-

(4) In both the LTO and LTT phases, hydrostatic pres-oxide superconductors. On the other hand, there is over-
sure reduces the bendirgof the (180°—-¢) Cu-O-Cu bond whelming evidence that strong electron coupling to
angle: d¢/dP<0, which is indicative of an exceptionally fluctuations of the Cu-O bond lengths is occurring; these
compressible mean equilibrium Cu-O bond length, i.e., of dluctuations would be the result of both a double-well poten-
double-well bond potential. tial for the Cu-O bond at a crossover from localized to itin-

(5) A dT./9¢$p<0 implies a dn4/dhp<0, where nys  erant electronic behavior and local, pseudo Jahn-Teller de-
~N(er) is the effective density of coherent electronic stateformations. A recent stud of the insulator-metal transition
at eg, i.e., IN(eg)/d¢p<0. in the system La_,Sr,CuQ, occurring in a pulsed field of 61

(6) Inthe LTO phase, aW,./d¢$<0 for the widthW, of T is completely consistent with this conclusion.
the x?-y2 band of coherent states promotes a transfer of
spectral weight from incoherent to coherent states with de-
creasing bendingb of the (180°—¢) Cu-O-Cu bond angle; ACKNOWLEDGMENTS
this spectral-weight transfer appears to accompany a mean The authors thank the NSF and the Robert A. Welch
flattening of thee(k) dispersion curves aéc. In the LTT  Foundation, Houston, Texas, for financial support.
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