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Abstract. An model of Laz_;Sr;CuO4 explaining the features of incommensurate spin textures without
any assumption of stripe formation is proposed. The foundations of this model are the mechanism of
negative-U center formation proposed earlier and the concept of specific ordering of doped ions. It is shown
that within the framework of the proposed model the features of “stripe” textures of Las_;Sr;CuOy4 reflect
exclusively the geometrical relations existing in a square lattice and the competition between different types

of doped hole ordering.

PACS. 74.20.Mn Nonconventional mechanisms (spin fluctuations, polarons and bipolarons, resonating
valence bond model, anyon mechanism, marginal Fermi liquid, Luttinger liquid, etc.) — 74.72.Dn La-based
cuprates — 75.10.-b General theory and models of magnetic ordering

1 Introduction

The past few years have seen many papers devoted to the
study of hole-doped cuprate high-T, superconductors that
in one way or another use the concept of stripes [1-3] to
analyze the results of research in this field. This concept
presupposes the existence of incommensurate modulation
of the spin AFM structure in the form of antiphase do-
mains of antiferromagnetically ordered spins separated by
narrow extended stripes of doped holes.

The incommensurable modulation of AFM spin struc-
ture is observed in neutron scattering experiments [4] as
two incommensurate peaks shifted in relation to AFM vec-
tor by ¢ = 1/T along the modulation vector. Here, T is
the period of the magnetic structure in units of the lattice
constant.

The results of neutron studies [4-10] of the magnetic
texture of Lag_,Sr,CuO4 can be summed up in the form
of a stripe phase diagram (Fig. 1a). It is seen that the
incommensurate elastic-scattering peaks related to static
modulation (shaded areas in Fig. la) are observed at
x < 0.07. In the range 0.07 < z < 0.15 incommensurate
peaks are observed in inelastic neutron scattering, which
are evidence of dynamic modulation of spin texture (open
areas in Fig. 1a). At < 0.07 there are one-dimensional
“diagonal” stripes with a single modulation vector di-
rected along orthorhombic axis b, while at = > 0.05 there
is modulation in two directions parallel to the tetragonal
axes (“parallel” stripes). To compare the spin structures
for the cases of diagonal and parallel stripes, the diagonal
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Fig. 1. Experimental magnetic phase diagram of

Laz_,Sr;CuOy4 [4-10] a« = 45° and 90° correspond to
diagonal and vertical stripes, respectively. Hatched regions are
the intervals where static stripes are observed. (b) Calculated
stripe phase diagram of Las_;Sr;CuO4. The dashed lines
bound the regions of percolation along NUC chains with
leom = 3 and leom = /5 (dynamic stripes); the thick lines cor-
respond to the regions of the existence of microdomains with
doped Sr ions ordered into a v/8 x /8 lattice (0.05 < z < 0.12)
and diagonal lines of Sr ions (z < 0.066).

stripes are examined in tetragonal units, too. Thus the
spin modulation incommensurability parameter d = ¢ for
parallel and d = ¢/ V2 for diagonal stripes.
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The theory, however, faces significant difficulties in de-
scribing the entire set of experimental results. The chief
ones are:

1. the relation d ~ = for z < 0.12 and d ~ const. for
z > 0.12;

2. the transition from diagonal to parallel stripes at x ~
0.05;

3. the change from static to dynamic stripes at > 0.07
and emergence of static correlations within a narrow
region of concentrations at x =~ 0.12 (“pinning of
stripes” );

4. the one-dimensionality of diagonal stripes and the two-
dimensionality of parallel stripes;

5. the slant of parallel stripes;

6. 2c-period of stripe modulation in c-direction (¢ — is
the distance between CuOg planes).

In an attempt to explain the results of neutron experi-
ment Gooding et al. [11,12] proposed the spin-glass model
based on the supposition of chaotic distribution of local-
ized doped holes. A localized doped hole is supposed to
generates a long-range field of spin distortions of AFM
background that can be described as the creation of a
topological excitation, a skyrmion [13,14], with topolog-
ical charge Q = £1 corresponding to twisting of AFM
order parameter in the vicinity of a localized hole. Thus,
doping destroys long range AFM order and leads to the
formation of AFM-ordered microdomains whose angular
points are specified by doped holes.

Combining some ideas from [11,12] together with our
ideas concerning the mechanism of two-atomic negative-U
center (NUC) formation [15] and Sr ordering (see below)
we provide below an alternative explanation of the ob-
served spin and charge modulations.

2 Formation of negative-U centers

We base our reasoning on the assumption that at sufficient
low temperatures, the doped holes are rigidly localized
in the immediate vicinity of an impurity ion. More pre-
cisely, in Las_,Sr,CuQOy4 a hole is localized in the CuO,
plane on four oxygen ions belonging to an oxygen octa-
hedron adjacent to Sr ion (Fig. 2a). This conclusion fol-
lows from the results of measurements of X-ray absorption
fine-structure (XAFS) spectra [16] and NMR spectra [17]
in Lag_,Sr,;CuQy.

In accordance with [15] NUC is formed under doping in
the CuO; plane on a pair of neighboring interior Cu ions
belonging to CuysO,, cluster (Fig. 2) if two holes formed
as a result of doping (doped holes) are localized in the
oxygen squares surrounding outer Cu ions (Figs. 2b, 2d).
This requirement is fulfilled when the distance between the
outer Cu ions (or between the projections of Sr ions onto
the CuO; plane, which is the same) is 3a or a\/5, where
a is the lattice constant in the CuOs plane (Figs. 2b, 2d).
In the intermediate case, when the distance between outer
Cu ions is av/8 (Fig. 2c), there is no pair of neighboring
copper ions with a doped hole adjacent to each of them,
and NUCs are not formed.
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Fig. 2. Formation of NUC in Las_;Sr;CuQOy4. (a) Unit cell of
Lag—Sr,CuO4. NUC (dashed oval) is formed on the interior
pair of Cu ions in CuOs plane if the distance between outer Cu
ions (see text) is 3a (b) or av/5 (d). In the intermediate case,
when the distance between Cu ions is av/8 (c), there is no pair
of neighboring copper ions with a doped hole adjacent to each
of them, and NUCs are not formed. This situation corresponds
to an insulator.

Pair hybridization of oxygen p, ,-states with NUC
states determines the behavior of high-7,. superconduc-
tors. Electron pairing in such system, responsible for
high-T, superconductivity, emerges because of strong
renormalization of the effective electron-electron inter-
action when scattering with intermediate virtual bound
states of NUC’s is taken into account.

Thus, doped carriers in our model are localized, and
they are responsible for the formation of NUC’s. These
NUC’s act as pair acceptors and generate additional hole
pairs, which are also localized in the vicinity of the NUC.
Conduction occurs in such a system if these regions of hole
localization form percolation clusters in CuOs plane and
by means of quantum tunneling between such clusters. As
well, conductivity can be provided if isolated clusters of
NUC’s are imbedded in metal matrix.

3 Ordering of doped holes in Lay_,Sr,CuQO,4

In the considered scheme of the doping the system of Sr
ion and hole located in oxygen sheet, represents an electric
dipole that interacts with other dipoles through long range
Coulomb potential. In such systems the orientation inter-
action between dipoles arises, that results in alignment
of these dipoles by opposite poles to each other. Based
upon crystal structure of Las_,Sr,CuQy it is possible to
assume that replacement La on Sr will occur so that aris-
ing dipoles form vertical chains (reminding crankshafts)
extended along c-axis (Fig. 3). Such arrangement simulta-
neously removes a question: what of La(Sr)O planes dopes
hole in the central CuOs plane.

Let believe that chains are flat and drawn up parallel
to each other. The calculation of electrostatic interaction
energy of dipole chains shows, that two nearest chains



K.V. Mitsen and O.M. Ivanenko: The nature of spin textures in HTSC

0 -Sr

( P _ @ -La
“J""-L' OgsT o -0
])’_’_‘,_;_.\ r'j(T - '._'}Al;:"’ ® -Cu
O—= @ _oxygen sheets, where doped
‘3’\@,-—':’@ holes are localized

Fig. 3. Ordering of Sr ions in Las_,Sr;CuO4. Negatively
charged strontium ions together with doped holes “ascribed”
to them are dipoles that attract each other at opposite ends to
form cranked chains.

(Fig. 3) will attract to each other if doped holes are spaced
leom > 2 and the next nearest chains repulse from each
other. Such character of interaction results in dipole chain
ordering and occupation of the sites in square lattice with
certain parameter .., by doped holes. The minimum of
interaction energy is appropriate to leom = V8. At the
same time it is follows from calculation that the energies
of configurations with lcom = 2, V5, V8 and 3 are close
with a precision of AE ~ 1072e2?/ea ~ 50 K per dipole
(a =4 x 1078 cm, ¢ — is the permittivity). This value is
determined the temperature of charge ordering T,j. Above
T.r, the doped holes localized on oxygen sheets around
some Cu ions can jump to next oxygen ions.

Because the energies of configurations with .o, = 2,
V5, v/8 and 3 are very close the simultaneous coexistence
of microdomains, in which doped holes occupy the sites
in square lattices with definite but different [.,,,, is pos-
sible. Microdomains with a given [.,,, distance can only
exist over a certain concentration x range. This range is
bounded from above by the com = 1/lcom value; at higher
concentrations, the existence of physically significant do-
mains with given [.,,, violates the condition of a constant
mean concentration. At x < Z.om, dipole chains become
broken, and vacancies appear in the square lattices of pro-
jections. Microdomains with a given [, distance remain
intact up to some x= x, value, which, at a random dis-
tribution, corresponds to the two-dimensional percolation
threshold z,, = 0.593 [18]. That is the percolative cluster
serves as a carcass of a given microdomain. Accordingly,
the existence of microdomains with given l.,,, is possible
in the concentration range satisfying a condition

0.593/12

com

<x§1/12

com*
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Table 1. Intervals of the existence for microdomains with var-
ious lcom values.

leom Tp Tm Properties
>3 insulator
3 0.066 0.111  high-T¢ superconductor
\/g 0.075 0.125 insulator
V5 012 0.20  high-T¢ superconductor
2 0.15 0.25 normal metal

Note: x, and z., are the lower and upper boundaries of the
concentration range in which domains with the given l..m» can
exist, Tm = 1/1%,,,; ©p = 0.593z,, is the percolation thresh-
old, when the existence of percolation chains with | = l.om
becomes possible. The last column contains characteristics of
microdomains with the given lco., value.

The concentration of occupied sites p in such microdomain
changes with z from p ~ 0.6 (at = 0.593/12,,,) up to
p=1(atw=1/12,,).

The size of the ordered microdomain depends on the
proximity of z to Z.om. Along the c-axis the size of the
ordered microdomain appears to be of some lattice con-
stants, with the pattern of doped hole ordering being re-
peated in every second CuOs plane.

We assume that, at small = (at a mean distance be-
tween dopant projections of [ > 3a), dipole chains are
grouped in planes parallel to the ¢ axis and the orthorhom-
bic a axis in such a way that the distance between doped
holes (or strontium ion projections) along the a axis be
av/8, that is, correspond to minimum interaction energy.

As follows from our reasoning, Las_,Sr,CuO4 must
be treated as a set of mutually penetrating domains in
which strontium ions are ordered in such a manner that
doped holes fill (in part or completely) square lattice sites
with various [ ..., values determined by the concentration.
The site percolation regions in lattices with various l.om,
values, that is, the concentration regions corresponding
to the existence of clusters of various phases, can be de-
termined. Table 1 lists the existence intervals of domains
with different {.opm,-

4 Formation of spin textures

Now we consider the spin textures formed because of
dopant ordering. Let us examine the case of complete Sr
ordering at x o, = 1/8. We assume that each hole circu-
lates over the oxygen sheet surrounding a copper ion and
that because of the interaction between the hole current
and the spins of the four nearest copper ions the latter
are polarized. The emerging distortions of the AFM back-
ground can be described as the creation of a topological
excitation, a skyrmion [13,14], with a topological charge
41 corresponding to twisting of the AFM order parameter
(Fig. 4) in the vicinity of a localized hole.

Figure 5a shows a possible ordering of the projections
of Cu spins on the CuO5 plane for a completely ordered
arrangement of localized holes at = 1/8. Here, the CuO4
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Fig. 4. Rotation of the directions of Cu spin projections in the
vicinity of a skyrmion for topological charges @ = +1 (a) and

Q=—-1(b).

plane is broken up into separate AFM-ordered quadran-
gular microdomains whose corners are determined by the
localized doped holes. The directions of Cu spin projec-
tions at lattice sites are indicated by arrows. The emerg-
ing pattern is characterized by the AFM-ordering of the
microdomains proper and by the ordered alternation of
skyrmions. Such a checkerboard pattern of AFM-ordered
microdomains (Fig. 5a) results in an imitation of a “par-
allel stripe” structure. Actually, the “parallel stripes” are
of the chains antiphase microdomains with magnetization
directions along horizontal or vertical axes (Fig. 5a). The
magnetic modulation period 73, = 8 in this case is equal
to the total size of two antiphase microdomains along the
modulation vector and a rectangle with an area equal to
2 x T, must contain two sites. L.e.
2px=2; and d=1/T, =z=1/8.

Thus, the relation d = x in the case of parallel stripes is
caused exclusively by the fact that doped holes lie along
straight lines equally spaced at l.o., = 2.

Now let us consider the magnetic textures formed at a
slight deviation of x below zcom = 1/8. Kimura et al. [10]
used an Laj ggSrg.12CuQy4 sample to observe the modula-
tion of a spin texture with an incommensurability param-
eter d = 0.118. This corresponds to a mean texture period
T = 8.5 (in units of a), i.e., to the alternation of two pe-
riods, T),1 = 8 and 13,2 = 9. Figure 5b shows the picture
of an ordered distribution of doped holes we proposed for
a mean concentration x = 0.118, which was obtained by
cutting the completely ordered lattice at x = 1/8 along
the orthorhombic a-axis and shifting one part in relation
to the other by the vector ¢ = (1, 1). Such a dislocation
conserves the coherence of ordering in domains on both
sides of the dislocation (with a small phase shift). Such
a structure (Fig. 5b) produces characteristic reflections in
the diffraction pattern, and these reflections correspond to
incommensurable modulation of both spin with an incom-
mensurability parameter d. The condition of conservation
of the mean concentration yields

dem = (Td — 1)331.
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Fig. 5. (a) Projections of spin directions at z = 1/8 when
doped holes are ordered into a V8 x /8. lattice. Microdomains
that form horizontal stripes are hatched, thick lines denote
stripe directions. (b) The same at < 1/8. The plane is di-
vided into domains separated by diagonal dislocations, which
are nuclei of diagonal stripes. The shift of vertical stripes by
one cell at each dislocation results in an effective tilt of parallel
stripes by the 0y angle.

Here T, is the mean dislocation period in units of a. To
maintain the mean concentration x,, = 0.118 for a local
concentration inside a domain xz; = 0.125, the introduced
diagonal dislocations must have a mean period T; = 17
(=T'm1+Tm2). Such quasiperiodic dislocations, which lead
to incommensurable modulation of the crystal structure
and the spin texture, result in incommensurable reflections
d = 0.118 in full agreement with the experiment [10].

The special feature of the appearing picture of ordering
is the shift of parallel stripes by one lattice constant (see
Fig. 5b); that is, as though, they deflected from tetrag-
onal axes by the 6, = 1/17 ~ 3.3° angle toward the
orthorhombic axis b. These are those “slanted” parallel
stripes with a slope angle of 3°, which were observed by
Kimura et al. [10].

Let us now turn to the case of arbitrary values of x for
x < 0.125. Here, the distribution pattern can be obtained
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from the completely ordered distribution at x = 0.125
(Fig. 5a) by removing a certain number of lines of sites
one after another. The texture imitating parallel stripes
may occur down to x & 0.05 because small clusters (pieces
of broken lines) with {.,,, = v/8 still survive due to large
relative fluctuations of concentration in small volume.
Let us suppose that the lattice contains such correlated
remnant fragments of a parallel stripe texture genetically
linked to V8 x /8 microdomains. The related neutron
diffraction pattern exhibits characteristic reflections de-
termined by the mean remnant texture period. In turn,
the mean period T of this texture, defined as the distance
between the equivalent points of unidirectional magnetic
domain, includes two occupied sites. L.e. a rectangle with
an area equal to Tmlwm/\/ﬁ = 27T, must contain two sites
and d = 1/T,,, = x. This relation for parallel stripes takes

place at 0.05 < x < 0.125, when the V8 x /8 lattice is
occupied.

As is seen from Figure 5b the inserted dislocations are
actually the nucleus of diagonal stripes extended along
a-axis. They appear as quasi-periodic structures at x <
0.05 when /8 x /8 texture remainders disappear, and
there only remain diagonal lines of impurity dipoles with
a distance of l.m > 2v/8 between the lines and a dis-
tance of l.om = V8 between the dipoles. Therefore di-
agonal stripes are always directed along the orthorombic
a-axes and, accordingly, the modulation vector, along the
other orthorombic b-axes. If all dipoles are ordered in di-
agonal ranks, the period of diagonal spin modulation T,
(in tetragonal axes) should be equal T, = 1/v2z (or
d = /2x). Since the part of doped holes can remain in
space between dipole ranks the period of observable spin
structure will be more, than 1/ V2z, accordingly d is less
than v/2x. The experimental value of d varies [5] from
d~ 0.7z up to d = 1.4z over the range 0.01 < z < 0.05.

The last problem that we will discuss deals with
dynamic stripes. Figure 1b shows the concentration
ranges within which there can be antiferromagneti-
cally correlated clusters of V8 X /8 microdomains
(0.05 < z < 0.125) and diagonal chains of doped holes
spaced | = /8 (x < 0.07). The dashed lines limit the
regions of existence of percolation clusters with I, = 3
and lem = +/5. Such conductive cluster bordering
on AFM cluster destroys the static spin correlations
because of the motion of charges that disrupt the
magnetic order in the neighborhood along its path.
Therefore spin correlations can be observed in the range
0.066 < x < 0.11 only in inelastic neutron scattering as
dynamic incommensurable magnetic fluctuations. What is
remarkable (see Fig. 1b) is that in addition to the region
x < 0.07 there is a narrow interval of concentrations
0.11 < x < 0.12 where there is no percolation along
NUC, and it is precisely in this interval that static in-
commensurable correlations are again observed (Fig. 1a).
At nonhomogeneous Sr distribution the existence of small
ordered domains with x < 0.125, bordering a percolative
cluster with .o, = \/g, is possible at x > 0.125. It results
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in the experimental observation of dynamic spin texture
with d ~ 0.125.

5 Conclusion

Thus we have found that the localization of doped holes
and the ordering of the Sr ions in Lag_,Sr,CuQOy4 in certain
lattices can lead to the formation of an incommensurate
spin texture, which imitates stripe modulation, with an
incommensurability parameter d = . We have discussed
in detail the stripe phase diagram of Las_,Sr,CuQy in
the framework of proposed model and have shown that its
features only reflect the geometrical relations existing in
a square lattice and the competition of different types of
dopant ordering.

The work was supported by Russian Foundation for Basic Re-
search (grant # 05-02-16706).
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