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Recent electron-spin-resonan@&SR data show rotation of the antiferromagnetiF) easy axis in lightly
doped layered cuprates upon lowering the temperature. We account for the ESR data and show that it has
significant implications on spin and charge ordering according to the following scenario: In the high-
temperature phase AF domain walls coincide withO twin boundaries of an orthorhombic phase. A magnetic
field leads to annihilation of neighboring domain walls resulting in antiphase boundaries. The latter are spin
carriers, form ferromagnetic lines and may become charged in the doped system. However, hole ordering at
low temperatures favors tH&00) orientation, inducing ar/4 rotation in the AF easy axis. The latter phase has
twin boundaries and AF domain walls {200 planes.
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The effect of holes on antiferromagnetism is a central(100 planes and arfincommensurajewave vector in the
issue in high-temperature superconductivity. In a remarkablg100] direction. This CDW favors an AF polarization in a
recent experiment the role of doping in Y,CaBa,Cu;0s  diagonal[110] direction which is weakly orthorhombic with
(x~0.008) was studied by dassyet al using an electron- (100 twin boundaries and DW’s.
spin-resonancéESR) technique. The data show that the an-  An AF polarized in thg100] axis favors an orthorhombic
tiferromagnetic(AF) polarization rotates frorfi100] at high ~ phase since dipoles interact differently fer<— and 1|
temperatures tg110] around ~40 K. A corresponding Pairs. This magnetoelastic coupling is expected to be rather
anomaly was also seen by muon spin resonance ifimall in the cuprates, leading to a change in lattice constant
Y, ,CaBaCwO; as well as in La,SrCuo, Of ordef 107°~107°. In principle ESR analysis can detect
compound£.In the undoped compounc € 0) the polariza- the resulting change in crystal fieldhowever, the effect

tion remains in thg100] direction down to low tempera- SE€MS 00 weak in the case AF YBaxOg. Yet, this cou-
tures. pling can be sufficiently strong in samples of sizgé mm so

The ESR dathalso show that AF domains are present andthat twin boundaries are necessary to relieve macroscopic
that their relative intensity is controlled by magnetic fieIds.StramS'

N e i We proceed to present evidence for stépsnd(iii ), and
I.n the high temperat.ure phase .Wlth field in {100 cprec then derive stefii). We claim that an orthorhombic structure
tion, the [010Q] polarized domains are preferred since the

canting of AF spins has a higher susceptibility. This defines IS in fact supported by the mere observation of AF domains.

«depinnina” field hich th ferred d X i he presence of AF domains and the associated domain
epinning" field at which the unpreferred domains are di- 4> are well known to result from either entropy effects

minished. For example, at high temperatures and above @hen temperature is fairly close to thé éléemperaturg or
field of ~1 T 80% of the domains are polarized perpendicu-from disorder or from a magnetoelastic coupling. The ESR
lar to the field. The ESR data show, curiously, that the deexperiment has used high-purity samples and temperature
pinning field of the[110] AF of Y;_,CaBaCusOs (With  \yas well below the Kel temperature. Hence the presence of
field in the[110] direction is higher than that of thgl00] DW's is a strong indication for the presence of the magne-
AF in YBa,Cu;O; (field in the[010] direction, both at low  toelastic coupling, supporting stép of the scenario above.
temperatures. Step (iii) is consistent with data on the compouhds

In the present work we suggest that the transition in thd_a; g;8ag 105 xSLCUO,. These compounds maintain fixed
AF polarization correlates with a lattice distortion and with carrier density while allowing for both tetragonal and ortho-
condensation of the holes into a charge-density wavehombic phases. In the tetragonal phase an incommensurate
(CDW). Our reasoning involves a scenario for spin andCDW (as well as an incommensurate spin-density wave
charge ordering with the following steps. with wave vector in thd100] direction is present. For sys-

(i) At high temperatures and weak magnetic fields theems near the orthorhombic boundafless orthorhombic
[100] polarized AF leads to an orthorhombic structure; thephase the CDW wave vector deviates slightly from the
AF domain walls(DW's) coincide then with twin boundaries [100] axis and finally the CDW disappears in the orthorhom-
at (110 planes. bic phase.

(i) Strong magnetic fields favor one of the AF domains so  We propose then that the orthorhombic structure induced
that DW's annihilate. We show that this process results irby the[100] polarized AF structure is unstable when holes
antiphase boundarieAPB’s) which consist of ferromag- are added and form [d00] CDW. The AF polarization then
netic lines. rotates to the[110] direction which, as shown below, is

(iii ) At low temperatures hole ordering can occur by bind-weakly orthorhombic and ha&l00) twin boundaries. We
ing states localized at the APB’s. However, hole orderingproceed now to analyze an effective free energy and study
favors the(100) orientation, i.e., a CDW with maxima on various domain walls. In particular, stéjp) is shown, i.e.,
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perpendicular to the separating bond favor shorter bonds,
therefore a TB induces a/2 rotation in the AF polarization,
as shown in the figure.

We claim that neighboring DW'’s have the same rotation
angle /2 (or — m/2), rather than opposite/2 and — /2.
To show that the latter has no solution note first that the
macroscopic strain which imposes the TB array does not
affect the local differential equation fai(s), instead it de-
termines the average TB spacirueing an integration con-
stant. Hence the existence of a static solut&fs) can be
deduced from dynamical stability considerations of the AF
structure by itself. In particular, DW's with opposite2 and
— 7r/2 rotations are unstable since by approaching each other
they can annihilate and form the lower-energy ground state;
in contrast, twow/2 DW’s when approaching each other
form a higher-energy antiphase boundé&wge below, hence

FIG. 1. Twin boundary with spin polarizatiorfarrows exhib-  they are stable and a static solution is possible.

iting an AF domain wall. The dashed line is in(#L0) plane and is To illustrate this idea more explicitly we consider a slowly

the s=0 line defining a TB position. The displacements) is ~ vVarying magnetization with a magnetoelastic coupling en-

parallel to this line and yields the strair= du/(+/2ds) interpolating ~ €rgy of the form—ae cos(2); in particular, g 110] polariza-

between the two orthorhombic variants. tion (6= w/4) does not couple to this straithe 7/4 state
has a weaker coupling to a different strain, as considered

the collapse of two neighboring magnetic DWs.g., by  below). F; in Eq. (2) is replaced now by a quadratic term

applying a magnetic fieldleads to antiphase boundaries +3be? since the T-O transition is driven by the magneto-

which can be detected by a variety of experiments. elastic coupling, hence the full free energy is

Consider first the elasticity part, i.e., the tetragonal- ) ’
othorhombic(T—O) transition gnd _formgtion of twin bounq- F=—aecog26)+ Ebez+3c f E (‘9_0) C©
aries (TB’s). The orthorhombic distortion, for weak strain, 2 27\ ds 2\ ds

corresponds to a tetragonal lattice displaced in[fid)] di-

rection with a displacement that is linear in the coordinate where the constants,c,d are positive and the last term rep-

i — e i ] resents the spin stiffnes§A crystal field ~cos(49) from
sin the[110] axis, i.e.,u~*s (see Fig. 1 The * signs  gpin_orhit coupling is neglected; in fact it must be small to
correspond to the two variants of the orthorhombic phasegnsyre tha=0 is a ground statg.The two orthorhombic
The free energy, in terms of the strain=u/(1/29s), has  variants correspond t6=0,7/2 with the straine= +a/b.

then the form Domain walls are solutions of the minimum condition for
Eq. (2
]:0—7:1(6)+§C s/ (1 e
—acos{29)+be—cT=0,

where F;(€) has a double minima corresponding to the two J°s
variants. A static solution interpolating smoothly between the
two variants is then possibleand is described by a function )
erg(s). This function has necessarily am value where _2365'”(2'9)”%:0- ©)
erg(s) =0 which defines a twin boundary location, hence the

TB is on a (110 plane. In general, a TB orientation is A TB which interpolates between the variarts +a/b nec-
uniquely determined by the type of structural transformationgessarily leads to rotation of the AF polarization #¥2, as in
i.e., smooth interpolation between variants across othefig. 1. We show next that a periodic TB array for whig{s)
planes leads to diverging elastic enerdiéhe formulation is a monotonic function is a valid solution. Consider a seg-
of EqQ. (1) is a simple demonstration that for the T-O transi- ment of such a TB array whem@=0 ats= —s; becomesd
tion TB’s are on(110 planes. A macroscopic strain which = x/4 ats=0 and finally rotates t@= n/2 ats=sy; in the
maintains the overall sample shape, e.g., by presence of same interval the strain is antisymmetric, interpolating from
parent (tetragonal phase’ imposes a TB array and deter- e neara/b>0 (assuminga>0) to e near —a/b<0. Inte-

2

mines its periodicity. gration of Eq.(3) yields

We proceed now to study the T-O transformation induced
by a[100] polarized AF as well as the possible AF domain 96(s) d96(s)| _2afs (9)sin20(s)]ds. (@)
walls coexisting with TB’s. An AF domain wall is defined by s s - d _506 '

a localized rotation of the polarization anglgle.g., relative %

to the[100] axis) by *#/2, i.e., neighboring domains are In the interval—sy<s<s,, sif26(s)]>0 is symmetric while
polarized along100] and [010], respectively. The coupled € is antisymmetric starting from positive values, hence the
AF and strain structure is illustrated in Fig. 1. Note that spingight-hand side of Eq(4) is positive and approaches zero at
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FIG. 2. The first line shows three AF variants aldi@0], sepa-
rated by two DW’s(with the diagonal polarizationsThe second
line shows the result of annihilation of the two DW’'s—the spins
marked by ? continue to either left or right domains and an an- N ‘l/ /I\ \l/ . \L 4
tiphase boundary results somewhere in the ? marked range.

I

\
Id

FIG. 3. An APB along d11) line, centered on the dots, showing
so. At the next TB,e is antisymmetric starting fromegative  a ferromagnetic line. Note that the ferromagnetic polarization is
values while sif2é(s)] is symmetric and negative, hence Parallel to that of the AF.
again the right-hand side of E¢}) is positive. We conclude
that 96/9s>0 is a consistent solution. Furthermore, in the magnetic lines. Note that by rotating the APB of Fig. 3 into
limit c<d the gradients are dominated by the spin stiffnessa (100 plane its linegwithin the layer$ are AF rather than
while the strain follows the local AF angle,e ferromagnetic.

~(a/b)cos(¥) and Eq. (3) becomes —(a?/b)sin(46) Consider next an alternative AF phase with polarization
+d#60ls=0. The latter is the sine-Gordon equation with along[110], stabilized by terms beyond those in &2), e.g.,
well-known periodic domain structure satisfying/ds>0.  CDW ordering(see below. The coupling of nearest neigh-

A /2 DW is therefore followed by theamesign + /2 bors alond 100] or [010] is now identical and orthorhombic-
DW. This result is, in fact, a robust consequence of the enlty IS not induced, i.e., the first term in E(R) vanished at
ergy argument above requiring DW's stability, hence it is 0= /4. However, second nearest neighbors form eifher
valid even with additional terms in Eq2). A remarkable ©F —»— Pairs which are nonequivalent. Hence a tetragonal

consequence of this analysis is that when two neighboringnit cell which is formed by the vectof410], [110], [001]
TB’s annihilate the result is not a uniform ground state, butof the original lattice tends to contract and expand along
rather a change of(s) by = which is an APB, i.e., all spins [110] and[110], respectively. This unit cell is rotated by
on one side of the boundary are reversed relative to the/4 relative to the previous one, hence the axisalong
ground-state orientations. The annihilation process of DW'svhich an orthorhombic distortion alternates is now in the
is shown in Fig. 2. The first line shows the spin arrangement100] direction, therefore twin boundaries that interpolate be-
of three variants separated by two DW's with the polariza-tweené= /4 and§=3m/4 are in(100 planes of the origi-
tion angle increasing monotonically. In the second line thenal tetragonal lattice. The detailed description of these TB's
DW's are eliminated, i.e., the spins are rotated so as to b more involved than the previous ones since ngarm/2
aligned with either the left or the right domain. The diagonalthe previous strain will couple. However, following the sta-
spins join their nearest domain, but the horizontal ones cahility argument above, we expect againmd2 DW to be
choose either domaitiindicated ly a ? mark, with any followed by the same sigr- 7/2 DW, hence a strong mag-
choice resulting in an APB somewhere in the ? marked renetic field in a[110] direction would coalesce these TB’s and
gion. Note that the APB carries an additional spin 1/2 relalead to(100 APB's.
tive to the AF ground state. The final ingredient in our model is that the added holes
APB’s involve a major rearrangement of the electronicform a CDW with wave vector alondl00] as clearly seen in
coordinates and can result in a localized state, as shown bythe L& g788g 125 xSKLCUO, compound$. Indeed the
mean-field study? analogous to studies on solitons in poly- charged APB in the mean-field calculatt8is more strongly
acetylene. An APB involves therefore atomic scales and itbound when the APB is along @00 plane. Thesg100)
width is of that order. In contrast, an AF DW as well as a TBAPB’s form a periodic array of stripes equivalent to a CDW
have a much larger width and therefore lower formation enwith wave vector in th¢010] direction. In a[100] polarized
ergies. The high-energy cost of an APB, relative to that ofAF these (1000 APB’s would cross(1100 DW'’s or (110
two DW'’s, provides the stability of the DW array with same APB’s; the[100] CDW therefore favors a rotatdd10] po-
sign DW’s. larized AF so that crossings with DW’s are avoided. Further-
DW's can be eliminated by a strong magnetic field as wasnore, in a strong110] field the[110] polarized AF has the
demonstrated by the experiment ohdasyet al,! leading to  appropriate ingredients for forming stripes, namef00)
a single variant. The process can generate APB's assumimyPB’s, facilitating the CDW formation. We expect therefore
that they are sufficiently apart and do not annihilate eaclthat the transition temperatuiig.py into a CDW be higher
other. APB’s carry spin 1/2 per Cu along the boundary, i.e., avith a field in this[110] direction. The predictions for DW’s
ferromagnetic line along110] as shown in Fig. 3. These and APB’s are summarized in Table | as well as pertinent
lines are AF in thd001] direction, yet, the interlayer cou- experimental signatures.
pling is weak so that it is relatively easy to flip magnetization ~We show now that our model accounts also for the obser-
by a field parallel to the AF polarization. Hence, when the vation that depinning field in thg110] polarized AF
magnetic field overcomes the interlayer coupling a nonlinealy'; ,CaBaCu;Og is larger than that of thgl00] polarized
longitudinal susceptibilityy; appears due to aligned ferro- AF in YBa,CuzOg, both at low temperaturésDepinning
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TABLE |. The table lists topological structures in the AF ordering in lightly doped cuprates, as well as
pertinent experimental signatures at various magnetic fields. High temperature correspond$1t@Ojthe
polarized AF phase and low temperature corresponds tp1tt# polarized AF with g100] CDW phase.

High temperature Low temperature
Strong[100] field (110 neutral APB (100 DW and (100 charged APB
ferromagnetic lines, nonlineay|
Strong[110] field (110 bW (100 charged APB
higher Tcpw
No field (110 bw (100 DW and (100 charged APB

stronger depinning than for the undoped case

involves annihilation of DW in pairs leading to a single do-  In conclusion, our scenario accounts for the unusual ESR
main. In Y; _,CaBa,Cu;Og some of the DW need to cross a datd and predicts a variety of topological structur@able
charged APB, a process which has a barrietyBe,Cu;05  1). We propose that experiments based on these observations
the process involves TB annihilation which is continuouslycan supplement the ESR data as well as clarify a central
achieved as field is increased with no barrier. Hence a largggsue in high-temperature superconductivity—the nature of
depinning field in ¥, _,CaBaCusOs. doping in AF layered cuprates.

Finally, we propose a variety of experiments for observing
APB’s and probing our scenario.
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