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Localized holes in superconducting lanthanum cuprate
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Copper NQR spectra demonstrate the existence of a second, anomalous copper site in lanthanum cuprate
whose character is independent of the method of doping. We present a systematic NMR/NQR study of
La,CuQ,, s for a range ofé, which demonstrates that the density of such sites increasesSwithalysis of
our results and of published data fromJ14Sr,CuO, indicate that a substantial fraction of the doped holes
in these materials localize in CyQoctahedra adjacent to the out-of-plane dopants, and that the anomalous
sites are those neighboring a site occupied by such a pinned hole. Thus, superconductivity occurs in a
CuO, plane containing many localized hol¢$0163-182808)51702-X

It is becoming evident that inhomogeneous distribution ofthese “defects” on superconductivity is unexpected: al-
charge carriers is a common, if not universal, feature of cuthough the density of itinerant holes in 4@uQ, ;, is very
prates and that ordering of charge into modulated structuresimilar to that in La ggSry 15CuQ,, the former which has a
may play a key role in enabling superconductivity.How-  significantly larger density (~ 8 per Cu of localized holes
ever, neither the exact nature of these inhomogeneities netso has théigher T, [up to 58 K(Refs. 9 and 1f found in
their influence on the electronic properties are well underthe lanthanum cuprate materials. The spatial ordering of the
stood. They are generally evident as dynamically fluctuatingyxygen dopants in LgCuQ,. s found in neutron scattering
and spatially incoherent, but static charged stripes whicktudied'~**appears to be related to this higher.
form antiphase domain walls between undoped and antifer- The single crystals of LgCuO,., s used in this work were
romagnetically ordered intervening regions apparently arisgrown first as LaCuO, , by a flux method. Thé=0.10 and
in the cuprates from pinning to the lattice by, e.g., the low-g 1o crystals were then doped by electrochemical
temperature tetragondlTT) structure; these are thought to oyiqation24 these crystals have superconducting onset tem-
be antagonistic to superconductivityRecent extended x- peratures of about 40 K. Neutron scattering revealed order-

ray—absorptior_1 fing structure measqrem‘érmsovide evi- ing of the interstitial oxygerthenceforth denotedO) in the
dence for Sripes in LggsSro1sCUO, In support of these 54 4 samplé! The 5=0.06 sample lies on the oxygen-

propositions. Little is known about either the pinning mecha—rich edge of the miscibility gap and was described in Ref. 6.

nism or the local character of the localized-charge stat ) .
NMR and NQR are local probes ideally suited to understanc‘.;l—rhe NQR and NMR spectra were obtained using standard

; inli -7/4
ing these issues. Crystallographic diffraction studies find #U!S€d techniques. The spectraultiplied by f~"to correct
single Cu site in Sr- and O-doped lanthanum cuprate, yefpr the frequencyf dependent enhancement of spectrometer

copper NQR spectra reveako ®3Cu lines (see Fig. 1 and _sensitivity“’) were fit by four appropriately constrainéds-
Refs. 5-8 and included referengeemonstrating the exis- NG known isotopic ratios and quadrupole momgiisrent-
tence of a second, anoma|0(jSB”) copper site in lantha- zians; thes=0.12 fit is shown in Flg 1. The integrated in-
num cuprate whose character is independent of the methd@nsity of a given component of the spectrum was obtained
of doping® Insight from NQR/NMR studies into the local by integrating the corresponding element in the fit, then cor-
environment of theB site together with the dopant concen- recting for different decay rates of the spin-echo intensity
tration dependence of th-line intensity in lanthanum cu- (exd —2(7/7»)?] herd. We find that =25 usec andry
prate leads to the conclusion that a significant fraction of the=40usec. Extrapolation of our spectréobtained at 7
doped holes are localizeéd the CuQ, planesadjacent to the =10 used to 7=0 increase$;~° (Ig is the integrated in-
out-of-plane dopant and that tH& sites correspond to Cu tensity of the 3Cu B line as a fraction of the totaf*Cu
sites neighboring these localized holes. The influence ointensity; the superscript refers to J@uO,. s) by =10%.
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FIG. 2. (a) The doping dependencies bf. 15°°(4) is plotted
against the top and left-hand axes aHg®%(x) (from Ref. 7)
against the bottom and right-hand axeste the different scalgs
To facilitate direct comparison with;>“°, the normalization of
IE°© shown in this plot neglects the hypothesized intensity
(~10% of the total intensifyassociated with the CuQoctahedra
occupied by localized holes. Cun@ shows the prediction of our
model [see Eq.(1)]. (b) The density of itinerant holepg in
La,Cu0Q,, ; deduced from 5°°, and the fraction of pinned holes
ng/x in La,_,Sr,CuO, predicted by the moddkurveD, plotted
against the lower and right-hand axeGurveE shows an indepen-
dent determinatioriRef. 9 of pg, and curveF po=34.

Frequency (MHz)

of doped holes rather than as a manifestation of the local
FIG. 1. Copper NQR spectra for three samples 0§@a0,,;  distortion associated with the dop&rthis assertion is sup-
(this work) and for La g,Sr 16CUO, (Ref. 7). All show the charac-  ported byab initio cluster calculations of the magnitude of
teristic triple peak structure demonstrating the existence of a seahe local electric field gradiedEFG) at the copper site, de-
ond, anomalou8 peak around 38 MHz. The decomposition of the tajls of which are available elsewheleeUsing this method
6=0.12 spectrum is shown: the two peaks at lower frequency argye are able to calculate the copper NQR frequengy for
the ®Cu and®*Cu lines arising from thé sites, and the two higher the A site which deviates from the observed value-b§%.
peaks are j[he same two lines fr@nsites. Note the much smaller We calculate that a Sr dopant Shiﬁé by only 0.5 MHz; an
integrated intensity of the peak in L3 ,5ro.1éCUO,. interstitial O™, on the other hand, causes a shift roughly ten
) ) ) ) times larger: about 4.5 MHz or twice the observed shift for
Electrochemical doping produces broadgriines, causing the B [ine. Most importantly, these calculations show that
the peakB-line intensities of theﬁzQ.lO and Q.12 samples ean for a site adjacent to a Cufbctahedron occupied by a
to be smaller than fo5=0.06 in spite of their larger inte- |5calized hole is shifted upwards by 2.5 MHz, very close to
grated intensities. The spectra shown were obtained at {he ghserved shift. Although an Oion at the interstitial site
=50 K; wherL%Oexamlnecdfor 6=0.06) no temperature de- gives a similar shift, the agreement with the localized hole
pendence tdg~" was observed. calculation, along with the dopant-independence of the shift,
For 0.016<0.06, LaCuO,, ; phase separaft® *’ ngicates theB site in both La,_ ,Sr,CuO, and La,CuO,. 5
into oxygen-poor insulating and oxygen-rich metallic re- 3rises from the copper sites neighboring a Guitahedron
gions; for highers, it is single phase, metallic and supercon- gccupied by a pinned hdeand not the direct influence of
ducting at low temperatures wih reaching 58 K:*%*%*! " {he dopant ions on the Cu EFG. The particular environment
The B line is presentsee Fig. 1 in macroscopically single produced by the localized hole must persist on that site for a
phase ¢>0.06) material. While the shift of th® line  time of order the inverse linewidth<1 wseq in order to
is very similar to that observed in La,Sr,CuQ,, lg is  produce a distinct NQR line. Thus the hole is pinned to the
much larger in LaCuQ,, 5 [see Figs. 1 and(@)]: we find  |attice.
15°°>0.4 for §=0.12; in contrastlg*°=0.1-0.15 in NMR measurements reveal thatsites are also adjacent
Lay gSrp 16CU0,.>7 to thei-0,'® and thus implicate the Coulomb interaction be-
The two different means of doping lanthanum cupratetween the doped hole and the negatively charged dopant in
(Sr?* substitution for L&" vs insertion of interstitial pinning. Neutron scattering resifits® show that the inser-
027) create very different local disturbances in the lattice tion of thei-O in the LaO layeifin the (distorted tetrahe-
yet the shift of theB line quadrupole frequencyg relative  dron composed of the apical oxygens of thg Gctahedra
to theA line is independent of the means of doping, indicat-centered on the copper atohtisplaces the neighboring api-
ing that this feature arises as a consequence of the presenza oxygens from their normal positions leading to a tilted
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and distorted octahedron. This tilts the local electric fieldconfining potential. This will diminish as hole density in-
gradient(EFG) at the copper site since the dominant contri-creases causing the background antiferromagnetism to be-
bution to the local EFG comes from the nearest-neighbogome less dominant.

oxygen ions of the Cu@ octahedra. In the presence of an  Starting from the assumption thawo adjacentSr ions
applied fieldH,, the nuclear quadrupole interaction causes @re¢ necessary to pin a hole in a Cy®@ctahedron in
shift v dependent on the relative orientatiGangle ¢) of ~ L82-xSIKCuO,, we obtain a quantitativéwith no free pa-

Q ; (2) rametery understanding of the magnitude and doping depen-
the crystalline axes with respect td,. Becausedv’/d6 d f d thusla in L Sr.CuO.. Yoshi
vanishes for§=90°, the effect of the distribution of EFG enc7e OfNs, an Uslg [N Lay_xoN UL, YOShimura
tilts, A6 on the linewidth is minimal there; its effect etal argued that thé site arises when an apical oxygen
J > ZUERG ME R . : site becomesacantdue to proximity to two Sr dopants. This
increases as_io |s.t|Ite(.j away fr(_)m 90°, and the rate of the scenario is clearly not appropriate for J@uO,. 5 which
increase in linewidth is progortlonal 0 Oerc. BBy Meastl~  contains substantiatxcessoxygen. Kennarcet al. noticed
ing this rate we find tha\ fgrc=1.6° andA fgrc=4.6°" the correlation betweel and the probability of having two
The considerably larger EFG tilt for tH& sites means that sy neighbors, but argued against the apical oxygen vacancy
the B sites are associated with octahedra distorted by, anghodel on several groundswe follow this approach to de-
therefore adjacent to, thHeO. termine, instead, the probabilify (assuming a random dis-

The primary role of the Coulomb interaction with the tribution of Sr dopantsthat a given site will be occupied by
charged dopant in the pinning mechanism provides a solta Sr, and will have at least one Sr amongst its four nearest
tion to another pUZZ|e|Z|éCO is much |arger thanlésco [see in-plane neighbors. Such a Sr cluster will pin a hole and
Fig. 2a); note the different scaléswhich means a larger Produce fourB sites, so for smalk we find
fraction of localized holes in LgCuO,, s relative to A LAk 5 K
Laz,xSrXCuO4_. This is _con5|stent Wlth_twg facts: the larger |I|§SCO(X)=4P(X)=4—2 4Bk( 1— _) (_) @
charge of thei-O relative to a substitutional Sr and the 21 2 2
previously recognized fact that many doped holes in where ,B,=41/[KI(4—K)!]. This expression gives cun@

La,Cu0,.; are not itinerant J_qhnstoret alt hav_e .in Fig. 2@ which agrees very well with the data of
measured the_ dependence of itinerant hole density "W oshimura et al. Thus guantitative understanding of the
La,CuQ,, s oni-O content. They conclude that rather than (very differen) intensities of the lines in La,CuO,, 5 and

two hples peii-O, for 6<0.08 ggch O dopant and Sr dopant La, ,Sr,CuO, can be obtained within this picture.
contribute thesamenumber of itinerant holepo/ps= 6/X, Neutron diffraction studiés show that the distortion as-
while for 6>0.08,po/ps=(25—0.08)/x.° This result[tak-  sociated with thé-O produces a single, unique apical oxy-
ing into accountps(x) as determined belolis shown by  gen, and thus a unique CyCoctahedron in LaCuOy,,, 5; it
curve E in Fig. 2(b). One interpretation of this unexpected s likely this will be the hole pinning site. The two adjacent
result is that missing holes are confined to short bonds beSr dopants will have two equivalent nearest Cu ions; presum-
tween thei-O and a neighboring apical oxygéhWe argue  ably the hole chooses one of these as the localization site.
instead that the holes are pinned in the planes. Again, while the Coulomb interaction is primarily respon-
A simple model based on the primary role of the Coulombsible for pinning, othere.g., electron-phonon or magnetic
interaction with the dopant in pinning quantitatively explainsinteractions must also play a role.
the doping dependence of the pinned hole density for both O We assert, then, thaks, is less tharx: ps=X—ng, where
and Sr doping. The larger charge of th® relative to the Ns=P(x) [=0.85¢ for x<0.15, see curvd, Fig. 2b)].
background,—2 compared to- 1 for the Sr, is responsible Hall measurements which indicate thag~x for x<0.15
for the much larger fraction of pinned holes. We will denote (Ref. 24 are sufficiently uncertaitdue to both the tempera-
the number of pinneditinerany holes per Cu by, (p.,), ture dependence of the I-.|aII'number and the sensitivity of the
wherea= O for La,CuQ,, s anda= Sr for La, _,Sr,CuO;,. re§ults to oxygen nonst.0|ch|om'elrly1at they (;annot rule out
Since a pinned hole on a given Cu site will eliminate that sitethls small missing fraction. Optical spectra indicate the pres-

from the NQR spectrum and produce four nearest-neighboﬁnce of bound charge stateth binding energy-0.5 eV'in

B sites, 15°°=4ny/(1—ng). The results forpg (=26 85_,S1,CUO,) 2 S .
' B o o7 o In conclusion, we propose that a significant fraction of

—no) obtained froml 5°° are shown in Fig. @). We postu-  pgles doped into metallic and superconducting lanthanum
late that a charge of-1 is inadequate to localize a hole, cuprate are localized in CuyDoctahedra. This hypothesis
whereas the-2 charge of the oxygear of a cluster of two  enaples a consistent account of the magnitudefpfn the

or more Sr ions will pin a hole. EachO in La;,CuO,4s  NQR spectra and the insensitivity of to the means of
should then pin a hole, so we expew=6=po; this rela-  goping. It also provides a quantitative explanation of the
tionship, shown by curvé in Fig. 2(b), agrees very well doping dependence of the intensity of tBeline in both
with the data for §=0.10 and 0.12, as well as with |_azCuO4_*_ls and LaQ—xserUO4- There is strong evidence
Johnston’s resultécurve E). For §=0.06, however, signifi-  for ordering and c-axis staging o90.1*"3162"The |ocalized
cantly more holes are pinned than predicted by our model.charge in LaCuQ,. ; is adjacent to the-O, so we expect
We believe this reflects an additional tendency of holes tahat the localized charge is ordered as well. The occurrence
localize in response to the antiferromagneti&F) back-  of high-T. superconductivity in the presence of this large
ground. There is an energy cost to delocalizing a hole sincdensity of localized holes~0.1/Cu) and the fact that the
this suppresses AF interactions, and this may contribute Erger maximunil.'s [as high as 58 KRefs. 9 and 14 are
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found in La,CuQ,, 5, which has the larger density pinned These pinned holes could also play a contributing role in
holes, leads us to speculate that ordering may mitigate thethe spin gapg®

otherwise disruptive effects, or that, rather than suppressin .

superconductiviE[)y, these “defects” may play a suzgortiveg Work at Los .AIamos National Laboratory was performed

role3 We note that the spin lattice relaxation and KnightUnder the auspices of the U.S. Department of Energy. Ames
shifts for A and B sites are very similaf indicating that Laboratory is o_pera?ed for the U.S. Department of Energy by
the pinned hole does not have a strong local effect olowa State University under Contract No.'W-7405-Eng-82.

properties of the itinerant holes. This ordering may be related "¢ Work at Ames was supported by the Director for Energy
to the larger maximumT, achieved in LaCuO,,;.  Research, Office of Basic Energy Sciences.
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