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We provide an explanation of the spin-freezing transition recently observed by Chou et al. [Phys.
Rev. Lett. 71, 2323 (1993)] in Laz_,Sr.CuO4 for z < 0.02. We propose that topological excitations
of the two-dimensional Heisenberg quantum antiferromagnet having noncoplanar transverse compo-
nents have a pair-interaction energy that qualitatively and quantitatively agrees with the observed
values of spin-freezing temperature as a function of doping.

I. INTRODUCTION

One of the avenues that may aid in the understanding
of the properties of high-temperature superconductors
involves examining the magnetic correlations that exist
in the CuO; planes when doped with carriers. Experi-
ments may be employed to investigate the local magnetic
character of these systems—some of the most useful are
nuclear quadrupole resonance (NQR) studies where the
nucleus provides a local probe!>—and from this infor-
mation many features of the magnetic ordering and/or
fluctuations may be identified. Further, through reso-
nance frequencies, one can measure the coupling between
the nucleus and the electric field gradient surrounding it,
thus providing insight into the electronic charge distribu-
tion of the system.

The parent compound of the Bednorz-Miiller high-
T. compound, viz., LagCuOy, is an antiferromagnetic
(AFM) insulator which undergoes a Néel-ordering tran-
sition at ~ 300 K. When the compound has trivalent
La substituted for with divalent Sr for low doping levels,
viz., less than 1% Sr, the AFM ordering persists with
the Néel transition temperature (Ty) rapidly decreas-
ing with increasing Sr concentration. Recent !3°La NQR
experiments® on lightly doped La;_,Sr,CuOy4 (z < 0.02)
have suggested that an interesting addition to the AFM
structure takes place. To be specific, they have mea-
sured data consistent with the coexistence of the AFM
phase with long-ranged order and a spin-glass phase, and
have noted that this latter state can be interpreted to be
composed of frozen transverse (i.e., perpendicular to the
direction of the staggered magnetization) spin compo-
nents. The state may be unambiguously assigned to be
that of a spin glass via the stretched exponential recov-
ery of the nuclear magnetization.* A schematic diagram
of the low-z phase diagram is shown in Fig. 1, where a
line separating the pure Néel state and the spin-glass co-
existing state is denoted by TY; we shall refer to this line
as the spin-freezing temperature. The focus of this paper
is to (i) suggest the spin texture of this coexisting state,
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and (ii) show that this spin texture predicts an onset of
coexistence at Ty consistent with experiment.

To begin, let us summarize the experimental re-
sults. Chou et al® have measured the '%°La NQR
for different dopings and temperatures in lightly doped
Laz_,Sr,CuOy for low temperatures. They measured the
13973 NQR frequency spectrum, and the relaxation times
for the system’s magnetization to return to equilibrium.
The splitting of the 2vg NQR peaks due to the internal
field associated with the AFM ordering of the spins at
the Néel temperature led to a doping-dependent ordering
temperature T (z)—this determination of Tx(z) is in
agreement with other measurements, such as (i) their ob-
servations of the spin-lattice relaxation rate, and (ii) that
found using static susceptibility measurements.® Further,
a large enhancement of this splitting was found at very
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FIG. 1. Schematic phase diagram of the weakly doped sys-
tem, showing that at temperatures below T¢(z) a coexisting
quantum AFM with long-ranged order and a spin-glass phase
is observed.
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low T, viz., at temperatures less than ~ 30 K, with the
enhancement increasing with increasing . Such behavior
could be caused by an alteration of the underlying spin
texture at this temperature. A change in the spin state
may also be inferred from measurements of the relaxation
rate of the 3vg transition—below ~ 70 K there is a large
enhancement of this rate. The rate continues to increase
until it rapidly drops off at very low temperatures, viz.,
temperatures around 5-16 K. Using this low-temperature
behavior of the relaxation rate, Chou et al.? identified the
maximum of the NQR rate with the spin-freezing temper-
ature T¢. As a function of doping it was determined to be
approximately given by Ty (z) ~ (815 K) z, and it is this
linear relation that we have sketched in Fig. 1. Above 30
K (which may be interpreted to be the charge localiza-
tion transition temperature®) the nuclear magnetization
relaxed with a multiexponential decay, while below this
temperature a dramatic change was noted in that now the
relaxation of the magnetization was found to be described
by M(o0) — M(t) < exp[—(t/T})*/?]. This stretched ex-
ponential decay has been found in many systems studied
by NQR (see, e.g., Ref. 4), and can be associated with
a spin-glass ordering. However, the staggered moment of
the AFM phase does not disappear, as indicated, e.g., in
(i) the zero-temperature extrapolation of the 2vg split-
ting to the undoped value, or (ii) the continuous change
of the splitting as Ty is traversed [see Fig. 1(c) of Ref. 3
for the data corresponding to both of these results], and
thus the spin-glass ordering is found to coexist with the
long-ranged AFM order.

Similar experimental results were found in both other
NQR work? at £ = 0.012 and 0.015, as well as in elec-
tron paramagnetic resonance (EPR) studies of the same
system at £ = 0.009 by Rettori et al® (see their Fig.
12)—this latter study again found an increase in internal
field observed in the —7/2 — —5/2 transition.

Clearly, it would be desirable to explain the above-
mentioned behavior of the spin texture, and associated
experimental measurements, and that is the focus of this
paper. However, we wish to stress that this phenomenon
is certainly not limited to the weakly doped Bednorz-
Miiller high-T. compound or to AFM’s. For example,
previous experimental work on metallic spin glasses,®
and related computational studies!® on the moderately
frustrated three-dimensional Heisenberg model, aids in
the understanding of the high-T. system we are study-
ing. The work on the moderately frustrated Heisenberg
model leads to the phase diagram shown in Fig. 2 of
Ref. 10, and for dopant levels less than 25% is similar to
that of our Fig. 1. In particular, the linear dependence
of Tgy is the same. The authors of Ref. 10 identified
the coexisting freezing of the transverse-spin degrees of
freedom (transverse in the sense of being perpendicular
to the already present ferromagnetic moment) and long-
ranged ferromagnetic order at the spin-freezing temper-
ature T,; this latter ordering is not associated with a
phase transition, only involving a short-ranged freezing
of spins, and does not eliminate the ferromagnetic or-
dering. Unfortunately, these authors did not attempt to
come to an analytic understanding of this similar linear
dependence of the spin-freezing temperature on doping.

Nor did they attempt to justify the magnitude of the
slope of this pseudophase boundary. That is precisely
what we will present in this paper, albeit for at a doped
two-dimensional AFM.

Our paper is organized as follows. In Sec. II we
summarize our previous work!*!2 on the spin texture of
singly and weakly doped CuQO; planes; this involves stud-
ies of a noncoplanar spin texture where each Sr2* dopant
produces a spin state reminiscent of a singly charged
Skyrmion. This section also serves to introduce the ef-
fective Hamiltonian that we will use to describe these
doped planes. In Sec. III we present an analytic calcu-
lation of the two-Skyrmion interaction energy, and then
use this to suggest the dependence of T¢(z) on doping
z. In Sec. IV we describe numerical work examining
the same two-skyrmion interaction energy problem, and
which reaches the same qualitative conclusion as in Sec.
III, viz., an interaction energy o z, as well as providing
a quantitative estimate of the slope. Then, we conclude
this section by extrapolating the above work to deter-
mine the dependence of the spin-freezing temperature on
doping via both a comparison to Chou et al., and a sim-
ple counting of the degrees of freedom of the two-defect
system. Finally, in Sec. V we summarize how this and
other work on the weakly doped planes lead to a clear
description of the novel spin texture of this system.

II. SPIN TEXTURE
OF WEAKLY DOPED PLANES AT LOW T

Our model of the doped state of a CuO. plane at
low T is based on a collection of partially delocalized
holes. It is assumed that at low temperatures the carri-
ers (viz., O holes) are not mobile, but rather are confined
to some small region of a plane—this is entirely consis-
tent with the localization transition seen in resistivity
measurements between 50 and 100 K,'® as well as with
the localization transition inferred from the NQR mea-
surements of Chou.® Physically, this localization can be
considered to arise from the electrostatic attraction of
the holes to a divalent Sr2* ion.

A study of the magnetic spin texture of the ground
state of the system for one hole was previously discussed
by one of us,!! within the framework of the ¢t-J model.
There, the hole was only free to move around one square
plaquette, and it was found that the distorted AFM
spins’ state could be described, in a semiclassical sense,'*
via a noncoplanar spin state with a rotational twist gen-
erated by the motional current of the hole circulating
around the plaquette. Since the hole can circulate in
either the clockwise or counterclockwise directions, the
ground state is twofold degenerate. The combination of
the above results allows one to infer that the spin tex-
ture is analogous to a singly charged Skyrmion found in
classical chiral field theory.!® A numerical study'® found
similar results in that the symmetry of the ground state
in their work is identical to that of the Skyrmion.

In order to model many such partially localized carriers
an effective Hamiltonian based on only the spin degrees
of freedom was recently proposed by two of us.!? Again,
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based on the semiclassical representation of the spins, a
Hamiltonian thought to mimic the effect of a hole con-
fined to a single plaquette was used:

D
H:JZS,SJ—EZ{(8182 XSa)z
(i3)
+(Sz - S3 % S4)2 + (S3 -S4 X S])Z

+(S4 - S1 x S2)%}. (2.1)

The first term is the usual Heisenberg interaction rep-
resenting the AFM background. J is the exchange cou-
pling and (¢j) denotes nearest neighbors in the plane; all
near-neighbor pairs are summed over. The second term
is introduced to generate a spin distortion that is the
same as that produced by a hole circulating around the
plaquette, the corners of the plaquette being denoted by
1, 2, 3, and 4. It was motivated by the work of Wen,
Wilczek, and Zee!” on chiral spin liquids, and we shall
refer to this term as the chiral-plaquette interaction. The
prefactor of the interaction, D/S*, includes the 1/S* fac-
tor to ensure that the Heisenberg and one-plaquette in-
teractions both scale as S2. In Ref. 12 it was found that
the interaction strength D must exceed ~ 2.2J to be able
to induce a singly charged Skyrmion ground state.

In order to model a plane doped with many O holes,
one simply sums the chiral-plaquette interactions over all
plaquettes having a Sr?* ion above them; we distribute
these defects randomly in the plane, and the resulting
system is necessarily spatially inhomogeneous. The re-
sults of Monte Carlo studies of the spin-spin correlation
function!® for large lattices at temperatures greater than
J/2 were consistent with the empirical relation

E_l(sz) = f—l(.’I),O) + E—I(O$T)

for the spin correlation length £(z,T) found experimen-
tally by Keimer et al.!® Note that in order for Eq. (2.2)
to be obtained, it was necessary to use D ~ 3J. Further,
in Ref. 12 we showed that a mean field model of this
effective Hamiltonian was also consistent with Raman
scattering experiments.?® Now, in this paper, we extend
our study of this effective Hamiltonian and demonstrate
that the transverse spin-freezing temperature Ty may be
quantitatively determined.

(2.2)

III. SEMICLASSICAL EVALUATION OF T

Here we present a discussion that leads to the ana-
lytic prediction for the dependence of the spin-freezing
temperature on doping. The theory is based on a calcu-
lation of the interaction energy between two Skyrmions,
and is performed utilizing the semiclassical approach of
Shraiman and Siggia.!4 Two of us?! have previously used
a similar approach to calculate the interaction energy be-
tween two spin polarons generated in the frustrated bond
model,22:23 3 calculation that was also verified via exact
diagonalization numerical work.?!

To begin, we introduce the spin texture associated with
one Skyrmion, where the spins are described by a contin-

uum field which is chiral. The direction of the staggered
magnetization is denoted by a chiral vector field {2 satis-
fying

Py

N-0=1 (3.1)

at every point in the plane. For a singly charged
Skyrmion (Q = =+ 1) placed at the origin of the coor-
dinate system in use, and for one choice of phase (see
below), where the staggered magnetization is chosen to
be in the positive z direction at infinity, the chiral field
is found to be'®

N 2z 2y r2 — 2%
Q= x:i:)‘2+T2 r2+)\22’

A2 + r2

where r = +/z2+y2? is the distance in the two-
dimensional plane from the center of the Skyrmion, and
) is the size of the Skyrmion. That A is the size of the
Skyrmion is seen from the z component; viz., for 7 < A
the direction of the staggered magnetization is reversed;
formally, X sets the length scale in the continuum prob-
lem. Further, upon changing the topological charge Q
from 1 to — 1, the handedness of the twisting of the
staggered magnetization is found to change. This is seen
in the z and y components: Note that 2, +iQ, o z 1y,
and thus the twisting of the staggered magnetization is
described by a vector which circulates in the counter-
clockwise (Q = 1) or clockwise (Q = —1) directions.
Last, note that these two components of the spin field
represent the transverse degrees of freedom and in this
paper we shall suggest that it is these components that
lock together, due to the mutual interactions between
Skyrmions mediated by the Heisenberg AFM superex-
change, leading to the spin freezing observed experimen-
tally. A schematic representation of the spin texture for
the Q@ = 1 Skyrmion is shown in Fig. 2.

We place one Skyrmion at r = 0, and then a second
at r = (£,0). A charge of Q = 1 is chosen for the first,
and the charge of the second will be determined by min-
imizing the interaction energy. The latter may be ob-
tained from extrapolating the semiclassical theory'* to
describe this system. There, in the classical approxima-
tion, Shraiman and Siggia derived that the interaction
between a dipolar spin distortion P,, such as that which
would be produced by a ferromagnetic bond in an AFM
background (here a = z or y labels a direction in the
plane, such as the direction of the ferromagnetic bond),
and the surrounding spins are given by

Py

y+

(3.2)

Elassical = —92 Z P, (fl x 6aﬁ).

a=z,y

(3.3)

The interaction strength g is a phenomenological
constant!* which in the t > J limit is of O(J). The
ground state for the spin texture is then found by min-
imizing the sum of this energy and the usual Heisen-
berg AFM interactions between spins, the latter being
most conveniently represented by the nonlinear o model.
We cannot associate a dipole moment with the spin tex-
ture of a Skyrmion, although it can be represented as
a superposition of dipolar back-flow spin distortions in-
duced by mobile holes subsequently localized onto a sin-
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FIG. 2. Spin texture of a Skyrmion state, such as that given
in Eq. (3.2), shown on a small 6 x 6 cluster (here, Q=1, and
A = 0.5). The spin state shown in the figure is found by taking
Eq. (3.2) and rotating all spins (in spin space) by 7/2 along
the +z direction. The spins at infinity are chosen to all point
out of the page, and we have only displayed the projection
of the spins onto the plane. Also, for ease of presentation,
all spins on B sublattice sites of the background Néel state
have been inverted (S; — —S;), making the D = 0 state be
a completely polarized ferromagnetic state. The solid dots
denote the lattice sites.

gle plaquette.?* A more direct way to represent the inter-
action of the background spin texture with the distortion
induced by the Skyrmion is to replace

P, > Q2 x8,0, (3.4)
where the staggered magnetization in this equation is
that of the Skyrmion. This is the analog of the definition
of the semiclassical dipole moment given by Shraiman
and Siggia?® for mobile holes. Then, we posit that one
can represent the interaction between two Skyrmions as

B =2 3 (800 < 0.00) - (2 x 3,60

a=z,y

(3.5)

where the superscripts 1 and 2 denote each of the two
Skyrmions. (Here we shall assume that each of the spin
fields describing a Skyrmion is that produced by systems
with only one defect. Thus, no back-reaction effects are
included—these will be considered in the next section.)
As an estimate of this energy we evaluate E;,; at either
of the points in space where either of the two Skyrmions
are located. In the limit of large ¢ we obtain

Einy = —8J/€2, £— o0, (3.6)
when the second Skyrmion is chosen to be a Q = —1
spin distortion, as this leads to the minimum energy. We
note that the second Skyrmion can be placed anywhere
in the lattice with the same result [viz., Eq. (3.6)] being
obtained as long as the second Skyrmion has Q = —1.
However, an arbitrary phase of the Skyrmion must be
introduced [one that is not included in Eq. (3.2)—see,

e.g., Ref. 15 for such a spin field], and then fixed via min-
imizing Fi,; with respect to this angle. (The interaction
energy between two Skyrmions with the same topological
charge scales as 1/¢* in the large-£ limit. As we will see
below, this would lead to T; o< z2, which indeed is not
observed experimentally.)

For holes randomly placed on a two-dimensional lat-
tice one expects that the doping = would be given by
xz = 1/€%. This is consistent with the low-temperature
neutron scattering studies of Keimer et al.1® where the
correlation length £(x,T) was found to behave approx-
imately as £(x,0) ~ 1/4/x. Thus, expressing the two-
Skyrmion interaction energy as a function of doping, we
finally have

Ein = —8Jz. (3.7)

Now, we suggest that one may associate the spin-
freezing temperature Ty with this interaction energy; to
be specific, kgTs o |Ein|. This is consistent with the
notion that there is only short-ranged ordering of the
transverse spins (similar to the results of Ref. 10) and
the temperature at which the freezing occurs is such that
at higher temperatures thermal fluctuations would desta-
bilize a spin texture having these transverse degrees of
freedom fixed. Of course, the energy associated with
the state in which transverse degrees of freedom would
become frozen into their ground state involves many
Skyrmions, and thus we can only consider our treatment
to be valid in the low doping limit. Noting that the spins
are S = 1/2 quantum spins, and thus we must include
the renormalization factor Z, accounting for quantum
fluctuations, we finally have that

kBTf X SJZC.’B ) (3.8)
where Z, ~ 1.2.26 This relationship demonstrates that if
the transverse degrees of freedom which freeze are associ-
ated with the many-Skyrmion spin texture produced by
randomly distributed defects, a linear dependence of T
on doping is expected. This is entirely consistent with
the experiments of Chou et al..3

IV. NUMERICAL EVALUATION OF T}

We have just seen that the freezing of the transverse
degrees of freedom of two Skyrmions separated by a dis-
tance 1/4/z would lead to a spin-freezing temperature
linear in doping z. In this section we present a numerical
procedure to obtain the quantitative dependence of T}
on the doping again in the low-temperature and lightly
doped regime. This work is required since the relation-
ship found in the previous section, viz., Eq. (3.8), did not
allow for (i) the back reaction, and subsequent alteration,
of a Skyrmion’s core, and thus must be an overestimate
of the interaction energy, and (ii) relies on an assump-
tion for g,, the interaction strength. Here we wish to
eliminate these limitations and determine a very accu-
rate numerical relationship for T on x.

To establish a relationship between E;;; and z we will
consider a lattice of classical spins with two Skyrmions
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placed somewhere in the lattice a distance £ lattice spac-
ings apart. We calculate the interaction energy for such
configurations by evaluating the ground state using Eq.
(2.1) as the Hamiltonian (we have done the calculations
for S = 1, and properly convert to S = % below). In
Ref. 12 it was found that the constant D was required to
be 2.5 < D/J < 3.3 in order to explain both the Raman
scattering data2® and the neutron scattering experiments
consistent with Eq. (2.2). Here we perform the evalua-
tion of Ejy for D/J = 2.5, 3, and 3.3 in Eq. (2.1) to see
how E;y, varies with D/J.

The method employed in the evaluation of E; is
straightforward and involves studying L x L lattices with
open boundary conditions with two chiral-plaquette in-
teractions included on two plaquettes, and then extrapo-
lating to L — oo; for concreteness, we explain the method
by considering Fig. 3. In this figure we have shown a 6 x6
lattice and have labeled two plaquettes S; and S,, where
the separation between the centers of these plaquettes
corresponds to £ = 2. First, we find the single-skyrmion
energy for finite L by eliminating the chiral-plaquette
interaction on Sz, and then find the ground state spin
configuration and associated energy (with open bound-
ary conditions)—denote this energy by F;(L,£), where
the inclusion of £ in F; indicates that the Skyrmion is off
center on the lattice. Then, the chiral-plaquette interac-
tion on S; is reintroduced and the two-Skyrmion energy
may be found once the two-Skyrmion ground state en-
ergy, denoted by E;(L,{), is known (again evaluated for
open boundary conditions). All zero-force spin config-
urations were evaluated using a conjugate-force method
similar to that employed in Ref. 21.

Consistent with the above semiclassical work, we al-
ways find that the ground state for two defects corre-
sponds to opposite topological charges on the plaquettes.
Then, in analogy to a two-particle binding energy, one
defines

Einy(L,£) = Ey(L, £) — 2[Eq1(L, £) — Eo(L)] — Eo(L),
(4.1)

where Eq(L) is the energy of a pure Heisenberg AFM,
with open boundary conditions, for an L x L lattice.

X X X X X X

X X X X X X

X X X X X X
S, S,

X X X X X X

X X X X X X

X X X X X X

FIG. 3. Schematic diagram of a small cluster denoting two
Sr defects above plaquettes S; and S,.

Finally, the large-L limit is taken to evaluate the interac-
tion energy. An example of this extrapolation is shown
in Fig. 4 for D/J = 3 and £ = 8+/2, the latter corre-
sponding to z = 0.0078.

In Fig. 5 we have plotted |Ein|/J vs z, utiliz-
ing £ = 1/4/z, for all three ratios of D/J. We ob-
tain 5.14z + 0.08, 5.00z + 0.08, and 4.74z + 0.08, for
D/J = 3.3, 3.0, and 2.5, respectively. The linear rela-
tion found in Eq. (3.8) is also found in the numerical
work, and thus validates the hydrodynamic description
of the spin degrees of freedom employed in the previous
section. Further, it is clear that Eq. (3.7) represents
the D — oo limit (viz., no alteration of the Skyrmions’
cores), and thus the energies found in this section are ap-
propriately less than that of Eq. (3.7). It is encouraging
that these energies do not change that much with D/J.

To determine the quantitative behaviour of Ty¢(z) we
must (i) transform the above energies to represent those
of § = % quantum spins, and (ii) determine the ratio
of |Eint| to kgTy. The first point may be incorporated
by multiplying the interaction energies by S(S + 1)Z..
The second is a nontrivial exercise, and to resolve it one
can appeal to experiment. Chou et al. investigated how
best to describe the low-temperature maxima they ob-
served in the NQR rate, and found that if one attempted
to describe the maxima by a nonequilibrium freezing of
the spins, with a correlation time 7 associated with an
Arrhenius law, viz.,

T < exp(E/kgT), (4.2)

then the relaxation rate peaked at Ty with a related ex-
ponent

(E/kpTs) = 8.9 +0.5 (4.3)

(see Fig. 3 of Ref. 3). Clearly, the energy E in the
exponent in Eq. (4.3) must be associated with an inter-
action energy, and thus we incorporate |Ein| into this
equation. A theoretical explanation for this relation-
ship follows from application of the equipartition theo-

-0.035

—0.036

—0.037

Elnf/ J

—0.038

—0.039+

~0.040 +——————————
0.0 2.0
1/L4.2

4.0x107®

FIG. 4. Interaction energy defined in Eq. (4.1), in units of
J, for D = 3 and a separation of defects of 8/2 (viz., eight
diagonal spacings), as a function of system size L for L = 20,
24, and 28, showing the extrapolation to the bulk limit.
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FIG. 5. The magnitude of the interaction energy |Fint|, in
units of J, as a function of doping z for differing ratios of
D/J. For each D/J, the data extrapolate linearly back to
the origin.

rem. Apart from continuous symmetries, there are three
differing low-energy states of the single defect problem:
Q = % 1, as well as an excitation with zero topological
charge (see Ref. 11 for a discussion of this important
low-energy excitation). Thus, there are 3% static degrees
of freedom for the two-defect system. However, since the
spins are quantum spins, one should include a kinetic or
dynamical component for the quantum fluctuations as-
sociated with each of these degrees of freedom. Then,
counting %kBT for each such degree of freedom one ex-
pects

1
Ejp = 2 32 EchT,. (4.4)

This is consistent with the experimental determination
of Chou et al. given in Eq. (4.3).

Then, we immediately have estimates for the spin-
freezing temperature:

Ts ~ (805 K)z for D = 3.3, (4.5)
Ty ~ (784 K)z for D = 3.0, (4.6)
Ts ~ (743 K)z for D = 2.5, (4.7)

where we have used J ~ 1550 K for the exchange con-
stant. We anticipate error bars of at least 5% on the
above values, the major uncertainties coming from Z,
and the exchange constant J.

The experimental result, viz., Ty ~ (815 K)z, shows
that for D being close to 3 this two-Skyrmion interac-
tion model provides a very credible estimate of the spin-
freezing temperature. We stress that the temperature
and doping dependence of the spin correlation length was
found to agree with Ref. 19, and the Raman scattering
spectra of Ref. 20, when the interaction strength D ~ 3
was used. It is gratifying that quantitative aspects of all
three experiments seem to be consistent with the spin

texture found when the low-temperature doped planes
are described by Eq. (2.1).

V. DISCUSSION

We have considered a simple model of the ground state
spin texture produced by a Sr?* defect and a single hole
localized in its region,!! and then utilized a model that
allows for the description of many such defects,'? viz., Eq.
(2.1), where the chiral-plaquette interaction is summed
over all plaquettes having a divalent Sr above them. We
have used a semiclassical theory, and a numerical simu-
lation technique, to determine the interaction energy be-
tween two such Skyrmion states. We find that the ground
state of such a system corresponds to two Skyrmions hav-
ing opposite topological charges, and that then the inter-
action energy, analogous to a two-particle binding energy,
is proportional to 1/¢2, as in Eq. (3.6), where £ is the
separation between defects. Then, we associate the dop-
ing z with this average distance via £ = 1//z, consistent
with the low-temperature spin correlation length deter-
mined by neutron scattering studies. The interaction en-
ergy is then found to scale linearly with doping, and if we
associate the spin-freezing temperature with this interac-
tion energy we can reproduce the same linear dependence
that is observed experimentally. We have quantified this
relationship by using the experimental value for the Ar-
rhenius exponent given in Eq. (4.3). We can also present
theoretical arguments that lead to values for the ratio of
E to kpTy that give the same numerical value as in Eq.
(4.3) (e.g., a simple equipartition theorem argument also
gives a ratio of 9).

Alternatively, the frustrated bond model of Aharony
et al.?? predicts an interaction energy which scales lin-
early as = (see Ref. 21), but the spin texture of the
ground state depends on the location of the frustrated
bonds in the plane (e.g., see Ref. 21). Also, the ratio of
Eq. (4.4) would be 4 for the frustrated bond model, and
not ~ 9, as found experimentally. However, it is not clear
whether or not the experimental results of Chou et al.?
depend on probe frequency, and thus it is not clear if this
particular kind of experiment could distinguish between
these two models of the spin texture of the weakly doped
planes. Since the important physics of both these mod-
els is that defects produce long-ranged spin distortions,
and there is some evidence that such distortions are also
produced by mobile holes at moderate doping levels,%27
it is encouraging that both models rely on spin devia-
tions coupling the perturbing effects of the holes to the
long-wavelength spin waves, thus further justifying our
hydrodynamic approach.

We have shown that for our model, with the interaction
strength D/J ~ 3 in Eq. (2.1), the dependence of Ty
on z is reproduced quite accurately. Further, since our
model with this same ratio of D/J also reproduces the
neutron scattering measurements of the spin correlation
length!9:28 and the Raman scattering spectra,?’ it seems
likely that these novel topological excitations of the S =
% quantum AFM do indeed play a role in forming the
spin textures of the low-temperature, inhomogeneously
doped CuO; planes.
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