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We examine the low-temperature magnetic properties of moderately doped3rgdCuQ,, paying particular
attention to the spin-glass phase and the commensurate-incommensurate transition as they are affected by Sr
impurity disorder. A model of the carriers, believed to be appropriate at low temperatures, is employed in the
CuG; planes that accounts for both the strong coupling of the hole’s motion to the antiferromagnetically
correlated spins and the pinning potential associated with the Sr impurities. This model has been shown to
explain quantitatively several magnetic and transport features of the antiferromagnetic region of the phase
diagram. Preliminary indications that this model also can explainxth®.02 region of the phase diagram
follow from its success in accounting for the doping and temperature variation of the spin correlation length.
Here we further scrutinize this model by attempting to explain various features of the spin texture of the
spin-glass phase. New measurements with traveling-solvent float zone grown crystals of the low-temperature
susceptibility show an increase of an anomalously small Curie constant with doping. This behavior is modeled
in terms of our numerical simulation results that find small clusters of antiferromagnetically aligned regions
separated by disordered domain walls produced by the impurities — the domain walls lead to a percolating
sequence of paths connecting the impurities. We predict that for this spin morphology the Curie constant
should scale as [12¢£(x, T=0)?], & being the spin correlation length, a result that is quantitatively in agreement
with experiment. Also, we find that the magnetic correlations in the ground states produced by our simulations
are commensurate in the spin-glass phase, consistent with experiment, and that this behavior will persist at
higher temperatures where the holes should move along the domain walls effectively being expelled from the
antiferromagnetically correlated domains. However, our results show that incommensurate correlations de-
velop continuously around 5% doping with an incommensurate wave vector jglarig0),(0+1)], consis-
tent with recent measurements by Yamatlal. At this doping level the domain walls and not the clusters start
to become the dominant feature of the spin texture, and thus the Curie behavior should disappear in the
incommensurate phase, again consistent with experiment. Thus, we find that this model is capable of describ-
ing the low-temperature disorder-induced magnetic spin morphologies of thg&Sk&u0, system in the low
and intermediate doping regions of the phase diagram. Coupling this understanding of the magnetic correla-
tions with the observed transport features, it is clear thmgurity effects strongly influence the physics of
LaSrCu0.[S0163-18207)01210-1

I. INTRODUCTION tic-neutron-scattering results for this phaseuld be inter-
preted in terms of the freezing of microdomains roughly of a
The magnetic, electronic, and transport behavior of thesize of 20 A. Subsequent NQR experiments supported this
La, _,Sr,CuQ, high-T, superconductor have been intensely conjecture by showing how the La relaxations rates could be
studied, and one avenue of research that might lead to amderstood in terms of AFM domains of small, finite-size
understanding of the anomalous normal-state properties, asagnetic domain®These interpretations made it quite natu-
well as possibly the key to the superconducting instability,ral to refer to this phase as a cluster SG.
involves the examination of the evolution of the antiferro- More recent experiments have provided a much more
magnetic (AFM) insulator (0.8x=<0.02) to a spin-glass complete characterization of these compounds. Most impor-
(SG) phase (0.02x=<0.05), and ultimately to a supercon- tantly, the measurements show evidence of canonical SG
ductor with anomalous normal-state properties (&85 behavior® Further, samples in this doping range are found to
~0.2). Each of these doping ranges involve new and excithave an anomalously small Curie constant as one approaches
ing physics with many mysteries to resofvand in this the SG transition from aboVeAlso, studies of the anoma-
paper we focus on the microscopic details of the spin texturéous transport propertiesjncluding an isotropic, negative
of the SG phase. magnetoresistanéeserve to emphasize the unusual behavior
Early experimental work demonstrated that theof LaSrCuO in this doping regime at low temperatures.
0.02<x=0.05 materials had a low-temperature SG phase, as In this paper we discuss how the spin texture of the SG
evidenced in the freezing of the magnetic moment seen iphase at a microscopic lev@) necessitates the identification
1SR studies. Shortly afterward it was noted that quasielas- of this phase as a cluster SG, ajid explains how the small
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finite-size domains characterizing this spin texture are condoping regime is destroyed by the lack of orientational order
sistent with the anomalously small Curie constant found exef the moments of these clusters. The smallest collection of
perimentally. To do this, we must begin with a model for theimpurities which forms a small cluster of AFM correlated
effect of the dopant Sr impurities and the holes they inducgpins is three noncolinear Sr impurities, and from such three-
into the CuG; planes. However, if a model is to be success-impurity configurations it is established that domain walls
ful in describing the physics of this compound, it must beseparating the clusters are regions of disordered spins which
able to describe the physics afl doping ranges, not simply have a larger local ferromagnetiEM) correlation than any-

the SG regime. We employ such a candidate model — it waghere else in the lattice. Also, since carriers are much more
introduced previousfy'®and is based on the strong coupling mopile in FM regions, it is reasonable to assume that this
of the hole’s motion to the background antiferromagneticgpin texture leads to meandering rivers of charge connecting

Cu-spin correlations. To be specific, at low temperaturesine jmpurity sites — namely, at the higher temperatures at
when the carriers are localized in the region of the Sr impuyyhich the holes move the domain walls constrain and are
rities, they generate spin distortions that one can model USi”EopuIated with the mobile holes. This spin texture thus ex-
a spin-only Hamiltonian. Our model is only strictly justified plains why thex=<0.05 material does not develop incom-
at low temperatures where the carriers are localized near th&ensurate magnetic fluctuations: since the holes are “ex-
Sr impurities — however, as has been argued elsev&ﬁerg,pe”edn from the AFM clusters by their preference for
and as we elaborate on below, we believe that the spin d'%oving in a FM region, there is no impetus for the local
tortions produced by the holes that gradually become mOb"?’nagnetic order to peak at any wave vector other than
as the temperature is raised will resemble those generated @’=(7r,7-r). We demonstrate this for the low-temperature
the localized carriers that we focus on in this paper, and thug,i texture by the explicit evaluation &Q).

the qualitative aspects of the arguments presented her (i) (a) The susceptibility experiments of Cha al. on

shoul_d be applicable at higher temperatures. . the SG phase of LaSh,CuO, between 20 and 100 K
This model accounts for the crucial and largely 'gnoreddisplayed an anomalously small Curie consfakite have
role (in previous literaturg of dopantdisorder To be spe- rown a new set of samples using the traveling-solvent,
cific, when comparing its predictive powers to the physics Ofﬁoat-zone method, for a variety of concentrations in the SG
the weakly doped AFM phase this model has been shown tf,gime \We have determined the Curie constants for all of
be capable of describin@) the traverse spin-freezing tem- haqe samples, and have determined how this constant
perature vs dopirig observed by Choet al," and(ii) pro- changes with d(,)ping concentration in the SG phase.
vides a better fit to the conductivity VB data than three- (b) Modeling the topology of the SG phase in terms of
dimensional (3D) variable-range hopping, as Wwell as gma|| domains of AFM correlated spins separated by disor-
correctly predicting the critical concentration~0.02 at  gered domain walls, and then treating the clusters as inde-
which the metal non-metal transition takes plate! Fur-  pendent low-spin magnetic units, we show that such a small
ther, when compared to the behavior of the intermediate dofyoment follows immediately, and that it increases with dop-
ing regime for the SG phase, preliminary wBtkhowed that ing by one over the correlation length squared. This result is
this model is able to track the behavior of the doping andy, "quantitative agreement with experiment, and thus our
tempgrature—d%pendent spin correlation length, as measurgfimprehensive experimental study of this quantity serves as
by_Kelmeret al.” and characterized by the empirical relation- 5 «ritical test of the cluster SG phenomenology.
ship (i) As mentioned previously, this model accounts for
some observations in the AFM phase, and in this paper we
EMxT=1x,0+&H0T). (1) show that it also describes some results found in the SG
phase. If this model is an accurate representation of the spin
In this paper we continue the comparison of our candidatdéexture in all doping regimes it should also be able to explain
model by studying its spin texture vs doping in the SG re-the appearance of incommensurate correlations for
gime. We focus on understanding the spin texture at a mix~0.05° Indeed, we find that this is the case, providing
croscopic level and find that disorder induces meanderingery strong support for this model. We associate this phe-
domain walls connecting Sr sites; we argue that this is the@omenon with the degradation of the integrity of the domains
correct way to think of the underlying spin texture of a clus-of the cluster SG as doping levels are increased, and relate
ter SG. A state qualitatively similar to this but one producedthe delay in the appearance of the incommensurate correla-
by electronic phase separation in the presence of Sr impuritijons to impurity disorder effects. We propose that our re-
disorder was previously proposed by Emery and KivefSon. sults are suggestive that the mechanism behind the incom-
In our model the possibility of electronic phase separatiormensurate phase follows from the spiral phase theory of
does not exist, and so electronic phase separation is not neBhraiman and SiggiH.
essarily the progenitor of the cluster spin SG. Instead, we Our paper is organized as follows. First, in Sec. Il we
believe that the spin distortions generated by the holes andiscuss our model of the spin distortions introduced by a

the Sr disorder are the key aspects of this problem. single Sr impurity and a single hole, and explain how this
A summary of our theoretical and experimental results formay be used to study the effects of a nonzero density of
this spin texture follows: holes all localized around Sr impurities. Then we present an

(i) Clusters of antiferromagnetically correlated regions areanalysis of a small number of Sr impuritiéthree, in fack
formed, the boundaries of which are defined by the Sr imputhat leads to an understanding of how domains of AFM cor-
rities. These domains have AFM order parameters whichielated spins are produced, and survey results from our ex-
vary in direction, and thus long-ranged AFM order in this tensive numerical simulations that produce the ground states
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for our model Hamiltonian. In Sec. Ill we present new ex-

) A , X X X X X X X X X X (a)
perimental results for the susceptibilities of this compound
just above the SG transition temperature, and then show how x X @ x X m X X
the above-mentioned small AFM domains adequately de- X X X X X X X X X x
scribe the observed Curie constants. In Sec. IV we present a
discussion of the commensurate-to-incommensurate transi- X XXX X X X XX X
tion, and relate the effects of spin distortions that we have
included explicitly to theoretical mechanisms for the spiral
phase. Last, we summarize our results and relate them to X X X X X X X X X X (b)
other outstanding problems in the study of moderately doped % x m % x m % x
LaSrCuO. A brief, preliminary report on this work has al- Sr Sr
ready appeared elsewhéfe. X X X X X X X X X X
X X X X m X X X X
II. MODEL AND SIMULATION RESULTS [ S ¥
X X X X X X X X X X
A. Model Hamiltonian for a single hole around a Sr impurity X X X X X X X X X %

It is well known that the near-neighbor Heisenberg
Hamiltonian provides a very accurate representation of the FiG. 1. (a) A schematic of the interaction between competing
magnetic properties of the 2D CyCplanes®? apart from  circulations for two Sr impurity sites. When the chiralities of these
small anisotropies which we ignore in the present pa@&r.,  states are opposite, one finds that the currents add in a constructive
these anisotropies only affect the correlation length when itashion. This is the ground state for any two impuritiés. If one
becomes of the order of 80 lattice constants, a distance thatids a third noncollinear Sr impurity to the previous situation, nei-
greatly exceeds any length scale discussed in this papether a positive nor negative circulation for the third impurity leads
Thus, we represent the magnetic interactions between the Ga only constructive current interactions, and thus this situation is

spins using frustrated.
H.=J z S-S ) the circulating hole ground state. The factor $f ensures
J <> ' that this Hamiltonian scales &, the same as the near-

. ) ) ) ) neighbor Heisenberg Hamiltoniamvhich facilitates the in-
where (ij) denote neighboring Cu sites, addis the ex- | sion of quantum fluctuations in a straightforward man-
change constant, known to be of the order of 1550 K. nen, and the ratid®/J~3 has been suggest@en the basis

At low dop|n7gl‘!evels and at low temperatures, transportys (i) comparisons to Raman scattering results @nda nu-
measurement3’' suggest that the carriers move by hop- merical simulation that has been shown to be consistent with
ping. Presumab_ly the!r motion corresponds to the holes hquq. (1). From now on we shall assume that this interaction
ping from one impurity site to another, such as occurs inamijtonian represents the spin texture in the neighborhood
doped_s_emlconduc_tors before _the metal-nonmetal transitiony any Sr impurity, and that we can represent the low-
The_n, It s appropriate to c0n3|dgr the_ response of the magc'emperature multiply doped state with such an interaction
netic background to carriers localized in the vicinity of the Srpresent at every plaquette bordering a Sr site.
impurity ions. A variety of previous theoretical studié$?!
have all shown that the ground state for a single hole in such
a situation corresponds to a doubly degenerate ground state B. Impurity state interactions
for which the hole circulates either clockwise or counter-
clockwise in the plaquette directly above or directly below
the Sr impurity. The hole motion couples to the transvers
fluctuations of the Cu spins and produces a spiraling twistin
of the AFM order parametér?® a state that is topologically
similar to the singly charged skyrmion excitations of the 2D
classical nonlineasr- model?

One of us and Mailhd? proposed that a simple way o
representing the effects of this circulating hole motion on th
AFM background was to integrate out the hole motion an
replace it by a purely magnetic interaction. K&r2,3,4 de-
noting the four spins in the plaquette bordering the Sr impu
rity, the interaction Hamiltonian for a single hole is given by

One may examine the interaction between pairs of these
skyrmionlike impurity states and explain the transverse spin-
Sreezing temperature found experimentdfy? In this sec-
ion we wish to consider the interactions between more than
two such impurity states, as this immediately leads one to an
understanding of the possible origin of the cluster spin glass
f phase.

Around each impurity site the ground state is chiral, with
ce}he spin distortions corresponding to either clockwise or
counterclockwise circulations. On the basis of only this fact
it is straightforward to predict the ground state for two Sr
impurities: as shown in Fig. (&), if one chooses opposite
chiralities around the two Sr sites, then the “currentsi-
ther those of the motion of the hole, or the concomitant spin

Hipe=— ;[(S.L'Szx $3)2+ (S, X Sy)? currents—see Rgf. 1CGadd constructively_in the regiqn be-
tween the impurities. One may show, either numerically or
+(S;-8,X )2+ (S, S XS], 3) analytically, that this is indeed the ground state. Now con-

sider three noncollinear Sr impurities. It is clear that there is
One may show that for classical spins, as londpa3>2.2  no configuration for which the chiralities assigned to each
the ground state dfl ;+ H;,; has the same topology as that of impurity do not destructively interfere with one another—
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FIG. 2. (Colon (a) The distribution of spin directions for the ground state surrounding three noncollinear Sr impimitieated by solid
circles. What is shown is the projection of a spin’s direction onto the plane of the fapaid in the understanding of these figures, a spin
lying entirely in the page pointing to the top of the page is shown at the)righen, the blue spins represent those spins pointing up out of
the page, while the red spins represent those spins pointing below the(lpafee same as ifa) with the B sublattice spins flippesuch
that an AFM would appear as a BMrhis aids in the visualization of the spin directions, and more directly shows how the orientation of the
AFM order parameter in the domain formed by the three Sr impuriljgésg approximately in the plane of the page pointing to the top of
the pageis rotated with respect to the direction of the AFM order parameter in the bulk of the lattice, the latter pointing directly up out of
the page.

three such impurity states necessarily lead to a frustrated Figure 2 shows the ground state that we have fo{audt
interaction between the spin distortions created by each Snethod for finding the ground state is detailed in the next
impurity, as shown in Fig. (b), and the question then arises: subsectioff) for three impurity sites placed in the positions
what is the ground state of this configuration of impurity of an isosceles triangle with the lengths of the sides roughly
sites? equivalent to the separations between randomly placed Sr
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impurities for a doping level in the middle of the SG phase.(Although H; is not the exact local field for the spins on the
Figure Za) shows the actual spin directions, whereas Fig.Sr-doped plaquettes, it nonetheless supplies an adequate de-
2(b) shows the spins on aB sublattice sites flipped, as this scription of the disorder and frustration in the spin morphol-
substantially improves the visualization. The Hamiltonian isogy) If these classical spins are assumed to be of a unit
isotropic in spin space, and thus we have complete freedomhagnitude, then the maximum magnitude of the local field is
to orient the spins in any direction — we have chosen tha#t, Then we calculate the local field’s magnitude for each
the AFM order parameter would point directly out of the spin, and if it is lower than some critical field* , we change
page infinitely far from these impurities. its orientation to be any direction. For those sites which have
Figure 2b) most clearly shows the very important result a large local field, only a small random angle is ugeitbsen
that the state that is produced by the frustrated current intefrom no more than 5% of the 4 steradians on the unit
actions is a small domain of AFM correlated spins whosespherg. This method ensures that large domains of AFM
orientation is rotated with respect to that of the bulk AFM. correlated spins have their integrity preserved at this step,
For example, in the configuration depicted in the figures theyhereas the domain walls, the regions of more strongly dis-
domain’s AFM order parameter points toward the top of theordered spingand thus smaller local fielgisare allowed to
page whereas the order parameter of the bulk AFM pointsnore fully explore the full spectrum of spin directions. Then,
out of the page. Also, there are narrow domain walls sepaanother local minimum is found using the conjugate gradient
rating this domain from the bulk of the lattice, although asmethod and the Grempel algorithm is repeated with this new
expected theoreticafl* the spins distortions decay alge- |ocal minimum. This procedure allows the system to more
braically as one moves away from the Sr impurities. Witheasily access its lower energy states. We have varied the
many Sr impurities distributed randomly above and below &ritical field H* from 2 up to 3.9 after each application of
plane, we thus expect to find many such domains, and wghe conjugate gradient method, and find that after only 3 or 4
now analyze the results from our numerical determination ogpplications of the Grempel algorithm tkgresumably true
the ground states showing that this is indeed an appropriaiground state is found. A full critique of the success of this
way to think of this phase: these domains are the predomimethod may be found in Ref. 25.
nant components of the cluster SG spin texture. We have found ground statésr at the very least, very
low-energy statgsfor Sr doping concentrations correspond-
. _ ing to values ofx=0.02,0.035,0.05,0.065, and 0.08. Differ-
C. Ground state spin textures for the SG regime ent lattice sizesl. XL with L=20, 30, 40, 50, and 60, and
As explained above, the ground state for a random distridifferent distributions of Sr impurities, at least five for each
bution of Sr impurities is frustratedviz., the interactions x, are implemented as described in the Appendix. In order to
between impurities are frustrajed hus, standard numerical obtain better statistics we also included>880 clusters for
approaches such as the conjugate-gradient method usuakty=0.02 andx=0.035.(We impose one restriction on each
find low-lying states, but not the ground state. We have nudistribution of Sr impurities—in an attempt to mimic the
merically searched for the true ground states using a tectCoulomb repulsion between impurities that would tend to
nique first put forward to examine a random distribution offorce them apart during the crystal growth process, we do not
frustrating FM bonds doped into a 2D AFMY model on a allow for two near-neighbor plaquettes both to contain Sr
square latticé® a technique that from now on we shall refer impurities)
to as the Grempel algorithm. This approach was formulated As a check that we are indeed finding ground states con-
after earlier work® showed that the lower energy states of sistent with the actual spin texture of LaSrCuO, from these
this latter model could be thought of in terms of small do-ground states we obtained the following quantitiés:The
mains of AFM correlated spins separated by domain wallsbulk value of the staggered magnetization. Assuming that the
very similar to the spin texture that we are proposing for ourfinite-size scaling for the staggered magnetization is the
perturbed Heisenberg model. same as it is for the undoped lattidethe system possesses
Given that the Grempel algorithm is helpful in illuminat- long-ranged orde®® viz., MT(L)~MT()+O(1/L), we
ing the physics of the cluster SG phase, we briefly explain itgind that forx=0.035—0.08 long-ranged order is absent; for
key features with regards to the Sr impurity problem dis-x=0.02 finite-size effects are too large for us to determine if
cussed in this paper. First, for a given lattice size and distritong-ranged order is present. Thus, it is unclear whether or
bution of the Sr impurities we start by assigning randomnot our x=0.02 simulations are properly reflecting the ab-
directions to all spins. Then, using the conjugate-gradiensence of long-ranged AFM order found experimentalfpr
technique we “relax” the system and find a state that is ax=x,=0.0175+0.0025. (i) The zero temperature correla-
local minimum on the SG energy surface. We repeat this fotion length vs doping. We have used the finite-size scaling
up to fifteen initial conditions(our results did not change ideas that are covered in the Appendix to extract this quan-
when we experimented and used more than fifte&hen, tity from our ground states. Our results are shown in Fig. 3,
we applied the Grempel algorithm to find lower energy con-along with a compilation of all two-axis experimental data.
figurations: We begin with the lowest-energy relaxed stateClearly, over the 0.035x=<0.08 range of doping our nu-
and first calculate the local field at each lattice site, the lattemerically determined correlation lengths agree with experi-
being defined by ment quite well. Fox=0.02 we find a correlation length that
is significantly less than the approximately 40 lattice con-
stants found in the experiments of Keimetral.” The pos-
_ _nNia sible reasons behind this failure are similar to those dis-
Hi= > (-D's. @ _
jeij) cussed above: For such a large correlation length we would
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160 Encouraged by th&=0.035 successes, we now describe
1 e the spin texture, at a microscopic level, that is associated
, ) with these ground states. We proceed in a manner that most
140 B Birgeneau and Shirane (1989) ~ [1] . 3 i : .
0 Hayden et al (1991) — [4] clearly displays the existence of the domains. The first infor-
i @ Keimer et al. (1992) - [7] mation that details the kind of inhomogeneous spin texture
120 A Hayden et al. (1996) — [40] that exists in the SG phase is the local field defined in Eq.
1 ¥ prosent work (4). In Fig. 4a) we show the local fields for ar=0.035
€ 100 distribution of Sr impurities(this concentration is in the
— - middle of the SG phagen a 60<60 lattice. The plaquettes
‘I? 80 — having a Sr impurity above or below them are shown as open
- ] squares, and the size of the local field at the Cu sites is
G 60 -1 indicated by the radius of a solid circle. For this figure all
hd 1 local fields less than 99% of the maximum local field are not
10 included.(Smaller values of this field do not affect the quali-
tative features of this figure: the domain wall widths become
i smaller and the continuity of the domain walls connecting
20 E § E E E [ E neighboing Sr sites is not as clear, so here we use this rela-
] L] g tively large local field to make the domain walls’ appearance
0 ' | ' | ' | ' as obvious as possibjeThis figure displays some evidence

0.00 0.04 0.08 0.12 0.16 of clusters of strongly AFM correlated spins; clearly, some
x regions of spins are no longer strongly AFM correlated with
other regions. However, what this figure most clearly shows

FIG. 3. The correlation length determined from our ground!S that there are channels of disordered sfaesined as hav-
states as a function of at T=0 (the open staisin comparison to  INg @ reduced local fiedthat are set up connecting neigh-
all of the two-axis neutron-scattering data collected since 1984°0ring Sr impurities—these paths of disordered spins are the
(from the collection of data in Ref.)2with the reference numbers domain walls of the clusters.
included inside of angular brackets. The solid line is the fit of our More complete information concerning the actual spin
data to the expression given in E&) with A=0.49 and3=0.98,  texture that is found follows from the kind of figure shown in
and shows how well this empirical form fits both our numerical Fig. 4(b). This diagram corresponds to the same ground state
results and the 3 and 4 % samples studied in Ref. 7. shown in Fig. 4a), and is constructed in the same way as

Fig. 2—the projection of each spin onto thxg plane is
have to study systems that were of a linear dimension thahown, and every spin onEsublattice site is flipped so that
were at the very minimum twice the correlation length. Also,a completely ordered state would appear to be a FM state
because of the low concentration, the average should be oveiith all spins pointing up out of the page. A careful exami-
more distributions of disorder to properly sample what a lownation of this figure clearly shows the existence of the do-
concentration bulk system would be like. Thus, for themains. For example, in the upper middle portion of this fig-
x=0.02 simulations both finite-size effects and a restrictedire a region bounded by six Sr impurities is seen to produce
averaging over disorder potentially limit the reliability of our a domain of strongly AFM correlated spins. Further, one
simulations and thus prevent a proper comparison with exmay characterize the sizes of the domains using figures such
periment. We have been able to fit ofx,T=0) data for as Fig. 4b)—we have done this for a number of the ground
x=0.035 to the following empirical forngsetting the lattice states found in 68 60 lattices, and observed that the average
constant to be one from now pn number of spins per domain varies &, T=0)? to within

10%.
Many other examples of these domains can be found,
5 some being three, four, ., sided domains. These assemblies
are always associated with the Sr impurities being at the
We find that the best fit occurs fagk~0.49, x.=0.0, and edges of the clusters, and thus it is clear that these AFM
7~0.98, and thus our data are reasonably consistent with trféPrrelated regions are a result of the dopant disorder. Itis the
scalingé(x, T=0)o1/x. This implies the vanishing of long- doma|nl|_ke spin texture of this phase which motivates us to
ranged AFM order in the plane &=0 for any nonzero 'efértoitas acluster SG. . o
density of Sr impurities, a result that may be understood in One question that this spin texture answers is the elimi-
terms of the algebraic decay of the spin distortions producefl@tion of long-ranged AFM order: we find that the orienta-
by a single hole localized near a Sr impurity. The resultingt!ons of the local AFM order parameters of these clusters is
curve is shown in Fig. 3, and clearly represents a good fit t4@ndom, and thus the disappearance of AFM order may be
both our numerical data and the data found in the study ofhought of in terms of the lack of orientational order of thg
the x=0.03 and 0.04 samples by Keimet al’ local cluster moments. Thus, the long-ranged AFM order is

The x=0.02 results described in the two points listed 'éPlaced by the SG order.
above suggest that, due to finite-size effects, we are unable to . ) o
reliably simulate thex=0.02 phase, and thus from now on D. Commensurability of the spin correlations in the SG phase
we focus on samples with a minimum concentration of One may calculateS(Q) for the ground states of the
x=0.035. x=0.02 orx=0.035 states, and it is always found that the

f(X,TZO)Z m .
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FIG. 4. These pictures explain the spin texture
of a x=0.035 system for one particular distribu-
tion of Sr impurities on a 6860 lattice. The
plaquettes containing Sr impurities are shown as
() & local field = 100% squares. Ina) the local fields, as defined in Eq.

local fleld = 99% (4), are shown. Clusters of various sizes and
shapes are seen, but the most striking feature of

[T

-+ X . . L R o I . . . i
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peak occurs at the commensurate AFM wave vector
Q= (1, 7). (For higher doping concentrations incommensu-
rate correlations develop, a subject that we shall discuss in
Sec. IV) This is consistent with the experimental observa-

Curie Constant vs. x

tion that the spin correlations remain commensurate in the 040 LI
SG phase:® To see that this may still be the case even if the ® As grown

holes are mobile simply note that holes like to move in FM ® O2 annealed

regions rather than AFM ones. Then, since the domain walls # Vacuum annealed hd
are more disordered than the interior of the domains, they —— Theory

necessarily have a greater FM correlation present; thus, the _. %30 § @ .

holes will tend to move along the domain walls. Put another

way, the holes arexpelledfrom the interiors of the domains, ¢ ®
and only move along the domain wall&® complete theo- i
retical discussion of the transport in the lowcompounds

0.20 - [ [ ]

will be presented elsewhet®. This provides a plausible ex-
planation of why the spin correlations remain commensurate
both at low temperatures, when the hole’s motion is domi-
nated by the Sr impurity potentials, or at higher tempera-

tures, where the holes are mohiind a resistivity that varies

linearly with T is found. We note that a similar explanation 0.10 r 1
of the commensurability of the SG phase was pointed out by
Emery and Kivelsor® l

Curie Constant (% of Cu Spins)

Ill. CURIE CONSTANT J
0.00 @~ bt

) ) ] , 0.000 0010 0020 0.030
An important experimental result contained in the study X

of Ref. 6 involves the behavior of the susceptibility vs tem-

perat_u_re just above the_ SG transition temperaflige, To be FIG. 5. The variation of the effective Curie constant, expressed
specific,Tg~10 K and it was found that from roughly 20 10 5 4 percentage of the contribution that would arise from indepen-
100 K the susceptibilityt(T) could be described via a Curie gents=1/2 ions withg=2 at each Cu site, for several different

form with the Weiss constant equal to zero, LaSrCuO samples vs. The theoretical prediction contained in Eq.
(7), using the correlation length expression given in &), is also
C shown.
X(T)=Xp+ T (6)

The as-grown single-crystal samples were prepared using
For one well-studieck=0.04 sample it was found that the identical preparation techniques—it was hoped that this
Curie constantC was very Sma”' Corresponding to 0n|y would prOduce a reliable trend of the Curie constant with
0.5% of the Cu spins present in the sample. Other sampledoping (see below. For the first three concentrations, this
studied in the work associated with Ref. 6 were found towas the case. Unfortunately, the=0.045 sample showed
have similar susceptibiliies with Curie constants corre-Signs of superconductivity, and this concentration will only
sponding to between 0.2 and 4 % of the Cu spins present iRe addressed in the next section. The as-grown crystals were
the samplé’ In this section we present experimental resultsSubsequently exposed to additional treatments: oxygen an-
that detail the manner in whici varies with doping level, Nnealing or vacuum annealing. The oxygen annealing was
and then show how the spin texture described at the end d¥erformed at a temperature of 600 °C for 10 h. The vacuum
the previous section leads to a straightforward and plausibl@nnealing has been done at 850 °C undex0~°® Torr for
explanation of this behavior. one hour. The susceptibility results for these samples were
very similar to those of the as-grown samples, thus support-
ing our contention that these are excellent single crystals
with a high degree of Sr impurity homogeneity.

Single crystals of La_,Sr,CuQ, (x = 0.02, 0.025, 0.035, The magnetization as a function of temperature has been
and 0.045% of masses around 2.0 g have been grown using aeasured using a Quantum Design superconducting quan-
crucible-free, contamination-free, traveling-solvent floatingtum interference device magnetometer. TMevs H data
zone(TSF2) method?® The stoichiometric feed rods are pre- indicate that there are no ferromagnetic impurities present
pared from the proportional amount of high purity originals within our instrumental resolution. The obtaingdvs T data
(>99.999%) LaO;, SrCQ,, and CuO. The solvent rods are were replotted a&T vs T to extract the Curie constants from
prepared using CuO as self-flux (20% ,08, 80% CuQ). the region abovd ¢ in which the slope is a constant.

The optical floating-zone furnace uses four elliptical mirrors  The data for our samples are presented in Fig. 5; the 0.5%
with halogen lamps at one focal point and the solvent zone isalue for the Curie constant quoted for the 0.04 crystal
melted at the second focal point. The growth rate is about btudied in Ref. 6 is similar to that extracted from this figure.
mm/h, the rotation rate is 50 rpm opposite, and the growth ighe Curie constant is expressed as follows: for a given mass
done under air flow. of LaSrCuO we calculate the Curie constant that would be

A. New experimental results
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expected if all of the Cu spins were isolat&¢ 1/2 spins  between this admittedly highly simplified theory and experi-
with g=2, and call thisC,. Then, we express the Curie con- ment. Given that we have ignored any contribution from the
stant found in the region abovi; as a fraction ol’y. The  domain walls, it is not surprising that our value for the Curie
errors in our data are roughly constant and equal to 10% ofonstant is somewhat less than what is observed experimen-
the measured values. tally. Further, Eqs(5) and(7) together approximately yield
In the as-grown samples there is a clear indication of a&/Cy*x?, consistent with the overall trend of an increasing
linear variation with doping concentration, approximately Curie constant withx.
given by C(x)/Cy=(0.1+=0.02)x. For the O, annealed
samples it could be argued that the Curie constant grows
guadratically with doping, whereas for the vacuum annealed
samples it appears that the Curie constant is nearly indepen- In all ground states we have found some evidence for
dent of x (we note, however, that the oxygen depletion isdomains. These clusters are antiferromagnetically correlated,
expected to be largest for the higher Sr dopings for vacuurgo it is not surprising that in the SG phase we found that the
annealing, and thus our identification of hole doping levelsjominant magnetic correlations are commensurate, as we de-
with x is least accurate for this preparation technjqiize-  scribed in Sec. Il D. However, asincreases we find that the
spite this variation, it is pleasing that in all cases the magniareal fraction associated with the domain walls starts to
tude of the Curie constant is roughly similar, and we nowdominate at the expense of the clusters, and thus the persis-
present a heuristic argument that accurately tracks this b@ence of AFM correlations is no longer guaranteed. This is
havior. shown most clearly in Fig. 6 wherein we show xn 0.08
result for the local fields — the=0.035 result for the same
B. Cluster SG model of the Curie constant distribution of Sr impuritiegat a lower concentration — see
the Appendix is shown in Fig. 4a). As is seen from a com-
arison of these two figures, the concept of domain walls is
ost: only in a small number of regions can one say that there

Are any clusters, and thus the concept of domain walls sepa-

of A.FM correlatgd Spins s_eparate_d by narrow domain Wa!lsrating the clusters is irrelevant. Instead, almost everywhere
of disordered spins. The linear dimension of these domain ere is a more homogeneously distorted spin texture, and

tracks the zero-temperature correlation_length. Also, in th.eeffectively dopant disorder is being averaged out. This is
above section we showed how the Curie constant found i onsistent with the experimental resfithat forx=0.06 one

the ten?perie\ture rﬁmge Jtl)JSt a}bc?f?g }[{anec(:j W'thx’ W'trt] '?)nt' only observes the Curie behavior over a much smaller tem-
anomalously Small number of efiectivé L.u spins contribu Ingperature range (20T<50 K), and the Curie constant that is

to this constant. In this section we show that these two rez - 1"ic uch smaller, whereas for highemo Curie-like

sults are compatible with one another, and thus establish tI‘E

IV. INCOMMENSURABILITY vs DOPING

The results from the work of Sec. Il C suggested that th
spin texture of the low-temperature moderately dope

consistency between phenomenolodies bromoting the exis ehavior is found at any temperature. We now consider this
y P 9gies p 9 ehavior in relation to the observed commensurate-
ence of a cluster St and the experiments that showed that

this material has a canonical SG phése incommensurate transition.
P ) Recent experimental work by Yamaeaal® has shown

row domain walls composed of strongly disordered SPINS¢ritical concentration corresponding ¥@-~0.05. It is very

Due to the dqmam walls we make the assumption that_therl triguing that these correlations first develop at thealue
is no interaction between the domains — this is consiste

with the vanishing Weiss constant found experimentally. or which superconductivity first appears, and thus makes the

Then, the effective Curie constant for this spin texture fol_mechanlsm behind the appearance of the IC phase an impor-

lows immediately: as a simple picture of such spin configu-tant guestion. Here we show that our model, based on spin
rations, let each domain be ol L geometry: further, take distortions produced by holes localized around Sr impurities

-~ . X at low temperatures, reproduces this commensurate-
L~£(x,T=0). Noting thf.it the qugntum-mechamcal groundincommensurate transition. Most importantly, any model of
state for such a cluster is =0 singlet forL even, and a

. . . mobile holes that induces spin distortions analogous to those
S= 7 doublet forL odd,andthat the gaps to the first excited discussed here may also produce a similar IC phase, and it
states are larg€,as a first approximation we take the singlet can be arguéed that what we are analyzing are “snapshots”
clusters to be magnetically inefin the temperature interval of the kinds of effects produced by mobile holes generating
over which the susceptibility was measureAccordingly,  dipolar backflow spin distortions.

for a lattice withN Cu spins, the susceptibility arises from  We have only calculated the ground-state spin textures for
N/(2L?) spin- magnetic units. Finally, for a cluster SG we this system. Thus, we cannot directly compare our results to

predict the measured dynamic structure fact&§Q, ) found ex-
perimentally. Instead, we examitgQ), and look for signs
C 1 of incommensurate correlations in the snapshots of the
C_ON 282 7 ground state spin texture.

We find that atx=0.05 two of the five distributions of Sr
The result of using Eq5) for the correlation length is also impurities generate IC correlations. Bor 0.065 three of the
shown on Fig. 5, and displays the quantitative agreemerfive distributions generate IC correlations, whereas for
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FIG. 6. The same as Fig.(@ for x=0.08.
There are fewer clusters present in this ground
state, and instead this spin texture is found to be
much more homogeneous. Such a state has a Cu-
rie constant that is much smaller than that pre-
dicted by Eq.(7) due to the absence of clusters.
This behavior is consistent with experiment.

® local field = 100%

local field = 99%

x=0.08 all five of the distributions of Sr impurities gener- grown crystals, the anomalously small Curie constant that
ated IC correlations. From these numbers we conclude thatas measured in Ref. 6, and have characterized both its mag-
the C-IC is seemingly continuous and happens close taitude and the manner in which this constant changes with
Xx~0.06. This number is very close to that found experimen-doping. We have thereby provided a quantitatively accurate
tally. Also, in both experiment and our simulations the cor- model of this Curie constant by utilizing the idea that the
relations develop along#1,0) or (0;£1). This agreement clusters behave like independent low-spin quantum units.
between our work and experiment is striking, and suggests We have also shown that the C-IC transition in our model
that mechanisms which produce the IC phase by spin distoiis continuous, and occurs at roughly the samas is found
tions, such as the spiral phase mechanism of Shraiman argperimentally. We thus attribute the critical valuexgf to
Siggia;” should be reexamined with an eye to understandingsr impurity disorder. Also, our model induces incommensu-
the stability of this phase in the presence of strong Sr impurability in the same axial directiong +1,0),(0£1)] as is

rity disorder(albeit with a bias towards maximum hole den- found experimentally. Given that the spin distortions pro-

sity around the Sr impuritigs duced by the partially localized holes studied in this paper
are similar to the dipolar backflow spin distortions induced
V. SUMMARY by mobile holes in the theories of Shraiman and Siggia, it is

possible that a model of such holes including the effects of

We have considered a simple model of the effect of holesSr disorder forT>Tg will provide an accurate representa-
at low temperatures that are localized around the Sr impurition of the physics of the intermediately doped LaSrCuO
ties in LaSrCuO and have found evidence for clusters ofystem studied here. We note that previous theoretical claims
AFM correlated spins in the SG phase — we believe that thi®f an incipient phase separation of the spiral phase must be
spin texture provides ample reason to refer to this state asrainvestigated using a model that includes explicitly the Sr
cluster SG. That this twofold degenerate chiral ground stateisorder; it is likely that disorder will completely suppress
leads to a SG phase lends support to the prescient speculhis instability. We will report on the results of related stud-
tions of Villain.®> We briefly note that we have also consid- ies in a future publication.
ered another related model of spin distortions produced by In none of the theoretical work presented here have we
localized O holes, the so-called Aharony model, and we stilincluded the quantum fluctuations of the Cu spins, instead
find strong evidence for such clusters in this model of Srrelying on a classical model of the spins. Support for this
impurity disorder. Thus, our result is seemingly model inde-idea follows in part from the success of the renormalized
pendentproviding that the Sr disorder is included explicitly. classical model in describing the undoped phase. However,

We have examined in greater detail, using new TSFZve are now utilizing inhomogeneous, linearized, spin-wave
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theory, including the modified spin-wave theory constraint to .
enforce the fact that there is no long-ranged order in the SG *
phase, to assess the importance of quantum fluctuations to -
these results. Further, upon completion of these results, we Ly
should better be able to test if the dynamical fluctuations of '
such a cluster SG phase are responsible for the unusual scal- L;
ing of Xj(w) found by Keimeret al.’

We have also not included th€Y anisotropy, a compo- Ly

nent that could possibly affect our results. However, the to-
pology of a cluster SG was first found in a 20¢ model?6:2°
and thus it seems highly unlikely that this small interaction
would qualitatively affect our conclusions, especially given
the small AFM correlation length in the SG phase. Other
magnetic anisotropies would serve to sharpen the domain
walls separating the clusters, and thus could only serve to
strengthen our arguments.

Last, we note that the ideas expressed in this paper are not .
necessarily limited to the Sr-doped 214 compound. Recent
work by Budnicket al.3® has shown that Sr-doped 188ith

the Sr substituting for the Y iofsproduces a similar SG FIG. 7. This figure shows smaller lattices embedded in larger
phase, and by symmetry we expect similar impurity groundattices. The idea behind this construction is that what we want to
states in thIS material. AISO, Li—dOped 214, Studied Origina”ystudy is small chunks of an infinite System’ and see how one ap-
by Endohet al,*” and more recently examined in Ref. 38, proaches the infinite system by taking larger and larger sections.
potentially has chiral impurity states, as recently discussegince we are considering a disordered system, translational period-
by Haaset al®° So, it is possible that similar physics might icity is broken and we must make sure that the larger clusters con-
also be found in this compound. tain the same distribution of impurities as the smaller clusters. Thus,
Note added in proofWe have performed numerical de- in practice we place one distribution of Sr impurities into the largest
terminations of the ground state for=0.02 for five different ~ (say, LsXL3) cluster, and then examine the properties of the
impurity distributions for 10100 clusters, and have thus LiXLj, LyXL,, and thenLzX L3 clusters, etc., to best represent
confirmed the absence of long-ranged AFM order for this Sthe manner in which the system approaches the bulk limit.
doping level.

dered system by imagining that we hav€élarge samples of

the crystal, all having the same average density of Sr impu-
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such sets of data we have found that we can best obtain good
APPENDIX statistics for each sample, and then we perform an average
over all ' samples. Further, the manner in which we in-
One of the outstanding problems of theoretical solid-staterease the density of impurities leads to smoother variations
physics involves the determination of accurate finite-sizeof quantities withx. We repeat this process for a number of
scaling forms for disordered systems. We have attempted tdiffering initial, low density distributions of impurities, and
circumvent this problem in the following manner: we havewe find that quantities like the correlation length are very
performed our numerical simulations of this spatially disor-well converged with only five samples per
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