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Hole localization in underdoped superconducting cuprates neag doping
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Measurements of thermal conductivity versus temperature over a broad range of doping,Quy®a ,
and HgBaCg,_1Cu,0,,.-+5 (N=1,2,3) suggest that small domains of localized holes develop for hole
concentrations negr=1/8. The data imply a mechanism for localization that is intrinsic to the Qui@nes
and is enhanced via pinning associated with oxygen-vacancy cluss&63-18209)01805-4

There has been considerable recent interest in novelk, ) aboutp=1/8, since the electronic thermal conductivity
charge- and spin-ordered phases which may compete witfx,) at T>T, in optimally doped, single-crystal Y-123 rep-
superconductivity in the cupratésThis stripe order is fa- resents only~10% of the totalk= xo+ | .'° We attribute
vored at Cu@ planar hole concentrations nepr1/8 for  this suppression i, to phonon scattering by local distor-
which the modulation wavelength is commensurate with theions of the CuO polyhedra. In support of this interpretation
lattice, and when an appropriate pinning potential is presents the doping behavior of the relative intensityyggr) of
Inelastic neutron scattering res@lsiggest that stripe modu- anomalous planaf*Cu NQR peaks for Y-123, indicative of
lations are disordered and/or fluctuating in;LgSr,CuQ,  charge inhomogeneity in the planes, and attributed to the
(La-214 and YBgCu;Og 4 (Y-123). Nuclear magnetic and presence of localized hol&sThe simple assumption that the
quadrupole resonano®MR and NQR studies* indicate  total thermal resistivity is a sum of a term proportional to this
the presence of localized holes in the Gutlanes. Whether disorder (<1 yqr), and a constant term from other scattering,
localized holes are a general feature of cuprates and contrilbeproducesc«(p) quite well[crosses, Fig. ®)]. Studies of«
ute to short-ranged charge/spin segregation and the normah lightly doped insulating cuprates and structurally similar
state pseudogap are fundamental issues of current interest.

Here we report the observation of anomaliespat1/8
revealed in the oxygen doping dependence of thermal con-
ductivity («) in Y-123 and Hg cuprates. Our principal find-
ing is that a fraction of the doped holes in the Gufdanes
become localized near this particular doping level. This frac-
tion correlates with the oxygen vacancy concentration in the
charge reservoir layers, consistent with the formation of -
nanoscale, hole-localized domains that are pinned near :i
oxygen-vacancy clusters. 2

Two prominent characteristics of the in-plane heat con- e
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ductivity in superconducting cuprafeare a normal-state
predominantly of lattice origin, and an abrupt increase st
T<T,. To motivate our proposal that probes localized
holes, we demonstrate for Y-123 that its magnitude and tem-
perature derivative aT. correlate with independent mea-
sures of local structural distortiorgplanar Cu NQR and the
superfluid fraction (specific heat jump respectively, )
throughout the underdoped regime<(0.16). Consider data _ F!G- 1. (3 Doping dependence of the normal-stateat T
from previous worR that illustrate thep=1/8 features inx f—lOORKffcér :(/'1|23 p°|ycry5taés tand tmz ?Ianetﬁf single crystals
(Fig. 1. The upper panel shows normal-state dafp,T rom Ket. ©. values op were determined from nermopower mea-
surements following Ref. 9. Also plottedX(s, right ordinate is

=100 K) for an Y-123 polycrystal and thab plane of “1 : 2

. 0.08+0.18\qr) ., Where I\qr is the anomalous planatCu
single crystals. The lower panel shows, for the same spec

he di ionl | h A f & QR signal(Ref. 4, see text The dashed curve is a guide to the
mens, the dimensionless slope change iat T, defined a eye. The solid curve is discussed in the tek). The normalized

I'= —d(KS/Kn)/d.t|t.:1,. wheret=T/T, anq x*(«") is the slope change ix(T) at T, vs doping for each of the Y-123 speci-

thermal conductivity in the superconductifigorma) state.  mens in(a). Also shown are the normalized electronic specific heat

I' measures the change in scattering of heat carf®e-  jump A y/y from Ref. 5 (x’s), and thexSR depolarization ratén

trons and phononsinduced by superconductivity. Both ,s™1) from Ref. 12(solid curve, divided by 1.4 and 2.7, respec-

quantities exhibit local minima near=1/8. tively, and referred to the right ordinate. The dashed curve is de-
Figure Xa) implies a sharply reduced lattice conductivity scribed in the text.
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manganites provide further evidence that bond disorder as-
sociated with localized charge is an effective phonon scatter-
ing mechanism in perovskites.

The electronic specific heat jump for Y-123\ v/ y(p)
[crosses, Fig. (b)], correlates remarkably withl'(p).
Though the origin of the slope change#nat T, (i.e., elec-
tronic or phononi¢ has been a subject of some debate, this
correlation demonstrates unambiguously thatsimilar to
A+vyly, measures the difference between the normal- and
superconducting-state low-energy electronic spectral weight.
This conclusion is robust since the correlation holds for both
polycrystals and single crystals; in spite of additional thermal
resistance due to-axis heat flow and granularity in the poly-
crystal, changes with doping reflect the intrinsic behavior of
the in-plane heat conduction.

The muon spin rotation{SR) depolarization rateo(,),?

a measure of the superfluid density, matches the dat& for
and Avy/y at p<0.09 andp>0.15 when suitably scaled
[solid curve in Fig. 1b)]. The sharp rise iy for p>0.15 is

due to the superconducting condensate on oxygen-filled
chains'? The range ofp over whichI" and Ay/y deviate [
from the u SR curvecoincideswith the range of suppressed 0 !
x. The suppressed transfer of spectral weight belgwis 0 50 100 150
consistent with the localization of a fraction of planar holes. T(K)
That oy is not also suppressed nepr1/8 indicates that

hole-localized domains do not inhibit the formation of a flux ~ FIG. 2. (&) Thermoelectric power antb) thermal conductivity
lattice in adjacent regions where holes are itinerant. The sc&S temperature for Hg-1212. Data pt=0.121 andp=0.132 are
nario we have outlined resolves the prior inconsistency of th@mitted from both@ and(b) for clarity. The inset shows(T) near
nonmonotonicA y/y doping behavior with the continuously ¢ @nd extrapolated™ curves forp=0.153.

rising pseudogap energy scale, inferred from numerous ex-

periments in the underdoped regirfe. each of the materials studied. The data follow the generic

If our interpretation is correct the maximum density of high-T, phase curvé, approximated well by the parabolic
localized holes occurs gi=1/8. This suggests a possible form, T (p)/Tq®=1-82.6(p—0.15y (solid curve, Fig. 3
connection with the physics of stripe formation and raises The doping dependencies(p, T/TI™®=1.2) andI'(p)
questions about the generality of this phenomenon and th@r each material are shown in F|g§aﬂand 4b)1 respec-
role of oxygen vacancies. To address these issues we hay@ely. As for the Y-123 datd,«" was determined by poly-
studiedx in HgB&Cayn—1CUnOom+ 2+ 5 [H9-1201 M=1),  nomial fits to the normal-state datatat 1.2 (see inset, Fig.
Hg-1212 (m=2), Hg-1223 (n=3)]. A single HgQ layer  2). Uncertainties in the heat-loss corrections and extrapola-
per unit cell contributes charge tm planes in Hg-1260  tions of " in the range 0.8t<1.2 are reflected in the error
—1)m so that the oxygen vacancy concentratior d in-  pars forI". Uncertainties in the extrapolations were estab-
creases with decreasing [at optimum doping.d,,=0.18  |ished by varying the range of data and polynomial order
(Hg-lZO]), O.35(Hg-1212, and 0.41(Hg-1223 (Ref. 13] used for fitting.

The preparation of the polycrystalline starting materials is  The data for the Hg materials are qualitatively similar to

described elsewheré. Transport measurements were per-that of Y-123, but with the magnitude of suppression near
formed on specimens ~1x1x3 mnt) cut from as-

prepared disks; each was measured repeatedly up to ten
times after successive heat treatments at 300—350°C in
flowing argon or vacuum to reduce the oxygen content. The
thermopower(S) and thermal conductivity were measured
during each experimental run using 2bm typeE thermo-
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couples and a steady-state technique. Heat losses via radia-
tion and conduction through the lead€-15 % near 300 K
and 1-3% forT<<120 K) were determined in separate ex-
periments and th& data corrected. Uncertainty in the con-
tact geometry introduces a5% inaccuracy irk.

Figure 2 showsS(T) and «(T) for the Hg-1212 speci-
men. The thermopower curves are labeledhyas deter-
mined fromS(290 K) and the universab(p) relations es-
tablished by Talloret al® Data for Hg-1201 and Hg-1223
yield similar sets of curves. Figure 3 shoWg(p)/T¢ 2 for
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FIG. 3. T¢(p) normalized toTg™ for each of the Hg com-
pounds. The solid curve i§, /TI®=1-82.6(p—0.157.
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6 T y T y of the normal-state elastic constantsv?) of single-crystal
st Hg-1223 i ] L_a-214(Re_f. 15 parallel_s thgt ofc for Hg-1223. A s_ubstar?-
— tial hardening of the lattice in the underdoped regime, with a
é st & 4 1 maximum nearp=x=1/8, is observed for all symmetries
§ Hg-1212 (shear mode data are shown in the inset, FigA increas-
< 3t / max_ ing v? is expected quite generally from elastic coupling to
Hg-1201 / T, 12 ] conduction electrons for a decreasing electronig: density of
2 oo _o° (a) stategthe pseudoggp® The appearance of a maximum sug-
20 f— e gests a competing effect, possibly related to the increasingly
[o] L

magnetic character of the planes. Thus the maximumfior
underdoped Hg-1223 is plausibly attributed to a renormal-
ized dispersion, and its suppression in compounds with lo-
calized holes to increased scattering. In spite of the oversim-
plification implicit in kinetic theory, these observations
suggest that in the absence of localized holefp) for
Y-123 would have a similar behavisolid curve, Fig. 1a)].

Our interpretation dictates a proportionality between the
suppression of« and I', allowing for a self-consistency
check. The lattice thermal resistivity(= 1/«) introduced

. . . . by randomly distributed, hole-localized domains should be
0.05 0.10 0.15 0.20 0.25 proportional to their volume fraction singeis a bulk probe.

P We then expectl” (and Ay/vy) to be suppressed by an
amount proportional to the same fraction, i.&I'(p)
FIG. 4. (8 Doping dependence of the normal-stake at ~=aAW(p), whereAl' and AW are the amounts by which

T/T{®=1.2 for each of the Hg compounds. Dashed curves aréhe measured’ andW differ from values given by the solid
guides to the eye and the solid curve is described in the@®xthe  curves in Figs. 1 and 4. This simple relation agrees very well
normalized slope change i(T) at T, vs doping for each of the Hg  with the data[dashed curves in Figs.(d) and 4b)] usmg

compounds at the same doping levels agan The solid line is  g1212~1 7 W/mK, a2%=2.6 W/mK, and a¥123
1.71-250(p—0.157f. Dashed curves are described in the text. —2.8 W/mK.

only a supporting role in the localization of holes. The im-
p=1/8 in k andI" increasing with the oxygen vacancy con- portance of 1/8 doping implies that the phenomenon involves
centration. Consider first thE(p) data for Hg-1223 which  an excitation of the CuQplanes that is commensurate with
falls on an inverted parabola, centered npar0.16 [solid  the lattice. A plausible candidate is a small domain of static
curve, Fig. 4b)]. This behavior is similar to the SR curve  stripe order, nucleated via pinning by a vacancy-induced
for Y-123, and suggests that the superconducting condensateechanism. Recent Raman scattering studies of optimally
is not suppressed in Hg-1223. An extension of our interpredoped Hg compounds implicate vacancy clusters in pin-
tation for Y-123 implies that very few holes are localized in ning: the oscillator strength of the 590 chmode, attrib-
this compound. Thd" data for underdoped Hg-1201 and uted toc-axis vibrations of apical oxygen in an environment
Hg-1212 are suppressed relative to that of Hg-1223 anaf four vacant nearest-neighbor dopant sites, scales Avith
maximally so neap=1/8, consistent with the localization of and AI'. Oxygen vacancies in both Y-123 and Hg
a fraction of holes. cuprate$>*® displace neighboring Bd toward the CuQ@

A similar behavior is seen in the data. Forp<0.16, planes. Resulting local distortions of the CuO polyhedra
Hg-1212 hask(p) indistinguishable from that of Hg-1223, could pin a charge stripe as do the octahedral tilts in
except in the narrow range pfnear 1/8 where it is sharply (La,Nd)-214! Alternatively, a magnetic mechanism is pos-
suppressedk for Hg-1201 is substantially suppressed over asible. In the Hg cuprates the shift of Ba atoms associated
broader doping range. The implication is that in the absencwith a cluster of four vacancies nearest a CuO polyhedron
of localized holesk for underdoped Hg-1201 and Hg-1212 will induce a positive potential in the planes that inhibits its
would follow the solid curve in Fig. @), an interpolation occupation by a hole, thereby suppressing spin fluctuations
through a composite of data for all three compounds, excludand possibly fixing a Cii' spin at the site. Larger vacancy
ing the data point gb=0.18 for Hg-1223 and ranges pffor  clusters, surrounding adjacent CuO polyhedra oriented along
Hg-1212 and Hg-1201 where is suppressed. The increase (100) directions, may induce several spins to order antifer-
in x(p) in the overdoped regimep&0.16) for all com- romagnetically via superexchange. The presence of this spin-
pounds is presumably due to the risikg, and possibly to a chain fragment would favor charge or spin segregation that is
rising «, as well, the latter due, e.g., to a decrease in thecharacteristic of stripe order.
phonon-electron scattering. Consider the relevant length scales. If randomly distrib-

Our data suggest that the maximum #fp) observed uted, static stripe domains are to scatter phonons, their in-
nearp=1/8 for Hg-1223 is an intrinsic feature @f, in un-  plane extent must be less than the phonon mean-freefpath
derdoped cuprates. From kinetic theony, =1/3C, v?r, and their mean separation comparablé toExpressing\ ~1
whereC, is the lattice specific heat, is the sound velocity, as a sum of terms for scattering by these domains and by all

and 7 the phonon relaxation time. Interestingly the behaviorother processesA “*=Ag '+ Al we use the in-plane
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thermal resistivity for Y-123 and kinetic theory to fifd tial T, suppression is observed ngar 1/8 in Y-123 or the
Ag=[3ICLvAW(p=1/8)]=70 A as an estimate of the Hg cuprates, in contrast to the case(bh,Nd)-124; stripe
separation between domainspat 1/8. We can make a rough domains in the latter system have longer-range order
estimate of the fractional area of the planes having stati¢=170 A)!

stripes by taking the typical domain size to ba>28a (a is The authors acknowledge helpful comments from J. Ash-
the lattice constait the stripe unit cell suggestedor  enazi, S. E. Barnes, M. Peter, and F. Zuo. Work at the
(La,Nd)-214. This yields a fraction 18(A)*=0.05. Thel'  University of Miami was supported by NSF Grant No.
data suggest that this fraction is somewhat higher in HJDMR-9631236, and at the University of Houston by NSF
1201, but apparently below the two-dimensional percolatiorGrant No. DMR-9500625 and the state of Texas through the
threshold of 0.50. This presumably explains why no substanfexas Center for Superconductivity.
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