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Stripe as an effective one-dimensional band of composite excitations
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The microscopic structure of a charge stripe in an antiferromagnetic insulator is studied withid the
model using analytical and numerical approaches. We demonstrate that a stripe in an antiferromagnet should be
viewed as a system of composite holon-spin-polaron excitations condensed at the self-induced antiphase
domain wall(ADW) of the antiferromagnetic spins. The properties of such excitations are studied in detail with
numerical and analytical results for various quantities being in very close agreement. A picture of the stripe as
an effective one-dimensionélD) band of such excitations is also in very good agreement with numerical data.
These results emphasize the primary role of kinetic energy in favoring the stripe as a ground state. A com-
parative analysis suggests the effect of pairing and collective meandering on the energetics of the stripe
formation to be secondary. The implications of this microscopic picture of fermions bound to the 1D antifer-
romagnetic ADW for the effective theories of the stripe phase in the cuprates are discussed.
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[. INTRODUCTION what are the excitations around this state. The search for

Strongly correlated models of the CuPlanes of highf,  such a case has motivated our present work and that is the
superconductors continue to attract much attention due to theay we unify our approaches hefe.
belief that most of the physics in the cuprates is governed by In this work we attempt to integrate some of the earlier
strongly interacting, purely electronic degrees of freedom.ideas on the-J model physics with the newer trends and
Microscopic studies of Hubbard aried models have been phenomenology which have appeared due to stripes. We ap-
successful in explaining thé-wave character of the pairing proach the problem using a comparative study of the stripe in
mechanisrfi®and other experimental results, such as narrovan antiferromagnetic insulator by DMRG and an analytical
low-energy bands in the angle-resolved photoemission fotechnique, within the framework of theJ, model. Our nu-
the undoped systenis® More recent interest in these models merical study utilizes DMRG in large, X Ly clusters of up
has been boosted by the discovery of stripes, or spin anth 11X8 sites, using various boundary conditions. The ana-
charge inhomogeneities, in high- materials’® Generally, lytical method is a self-consistent Green’s-function technique
the strongly correlatet+J and Hubbard models in the non- developed earlie??* which accounts for the retraceable-
perturbative regimeJ<t or U>t) are difficult to approach path motion of the holes away from stripe. We demonstrate
analytically, although some advances have been achieved that the stripe in an antiferromagn@F) should be viewed
solving them. Because of this, numerical methods have beess a system of composite holon-spin-polaron excitations con-
responsible for much of the progress in the understanding adensed at the self-induced antiphase domain @ilW).
these model$!~1* Moreover, such numerical studies have Thet-J model has long been seen as a natural model for
become a very important test of the ability of theoreticalthe description of the charges and spins in a dope&’AfRe
approaches to describe the stripe and other low-energsingle- and two-hole problems within the model have been
phase¥ in cuprates. studied extensively using different analytical schemes and

While the striped phase was anticipated from mean-fieldumerical approaches in small clustérs:*?3-*2Some at-
solutions of the Hubbard mod#,probably the most con- tempts to generalize the conclusions of these studies on the
vincing evidence of stripelike ground states has been prorature of the many-hole ground state have also been
vided by density-matrix renormalization groudMRG)  made>**~>*Very good agreement between the numerical and
studies of thet-J model in large clusters in the range of analytical studies for these problems has been achieved
parameters relevant to real systeth$iowever, some other within the spin-polaron paradigh?>3¢2*This essentially
numerical approaches raise the question that the stripes segunasiparticle picture describes the single-hole excitation as a
in DMRG might be the result of finite-size effe¢fsAnother  hole strongly dressed by the “stringlike” spin excitations. It
aspect of the problem is that numerical studies alone do naovas found that two such quasipatrticles tend to form a bound
directly answer questions on the origin of stripes. Ideally,state ofd-wave symmetry:?42°=323738he generic reason
one would wish for a theory which would closely agree withfor the absence of theswave pairing is the magnon-
the numerical data on all essential aspects, thus providing mediated exchange, which generates a repulsion in the
definite physical answer on how the stripes are created arsiwave channet:**°In thet-J model, vertex corrections are
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suppresseéd®° and such a repulsion is strong. Then the at-fidence that the-J, model is the right starting point for the
traction in higher-order harmonics leads to the bound statedescription of these systems.

of higher symmetryj* Attempts to integrate out the spin ~ As long as one is concerned with the short-range physics
background and to reformulate the) model as an effective ©f the charge and spin excitations, the isotropic(3U-J
model for quasiparticles with a narrow banet 2J) and an ~ &nd anisotropi¢-J, models lead to similar results, as is well
interaction repulsive in the-wave channel and attractive in Known from earlier studieS. Roughly, the hole motion is
the d-wave channel have been matié:35% assuming the fast and the spin relaxation is slow whesJ. Therefore, in

. . i .the fast time scale the hole moves in the background of es-
antiferromagnetic correlation length to be the largest scale' '%fntially static, staggered spins. We will show below that the
r

the problem. Phase separation in such a model in a physic ipe phases obtained numerically for thd, model are

ranget>J seems to be unlikely since the pair-pair imerac'.virtually identical to those in the-J model studied befor¥.

tion Shojjzld also be repulsive, which agrees with the numeriy a5 3150 been concluded, based on the Ginzburg-Landau
cal data.” The ground state in this model would be a dilute fnctional approach, that the antiphase shift of the antiferro-
gas ofd-wave spin-polaron pairs. _ _magnetic order parameter must originate from some short-
_Such a generalization of the spin-polaron picture to a fixange physic§! The rigidity of the 7 shift of the antiferro-
nite concentration of holes relies on the assumption that thghagnetic phase across the domain wall in both numerical
antiferromagnetic background remains unchanged. Howevesnd experimental studies also argues for the short-range gen-
it is well known that the feedback effect of holes on theesis of the stripes.
antiferromagnetic background is important. Aside from In this paper we, therefore, study analytically and numeri-
Hartree-Fock treatments of the Hubbard md8elvhich  cally the system of holes at the ADW in the anisotropi,
showed stripelike domain-wall solutions, other studies of themodel. While we restrict ourselves to the study of the
t-J model in the low-doping regime have indicated instabili- strongly anisotropic limit of the basizJ model, we believe
ties of the antiferromagnetic ord&rThese instabilities were that the results of our study are much more generic since the
thought to lead towards spirdl, stripelike spiraf® or  strongly correlated nature of the problem is preserved.
spin-liquid®® states. Earlier numerical works in the small Technically, switching off the transverse spin fluctuation
clusterd” have demonstrated stripes in the ground statd1as numerical and analytical advantages. The numerical ad-
which were also domain walls in the BleAF. With the Vvantages are twofold. First, the sizes of the system which can
mounting evidence from experimeftd and from DMRG ~ Pe handled by the DMRG method are considerably bigger.
numerical dat¥ the idea oftopological dopind®® has flour- Second, one can think of the boundary conditions as a way

: . ; f stabilizing ground states of different symmetries. In our
ished. The spontaneously created ADW's have been widel . X
considered as the topological alternatives to the homogegase the choice would be between the state with and the state

neous Nel backaround®-52 without an ADW. Then, one can consequently dope holes in
Thus. the m;gny—holé ground state has turned out to bthe stripe(ADW) configuration and study the evolution of

; e properties of the system as a function of doping, starting
very different from that for a few holes. In order to under- ¢ o very dilute limit. It is worth noting the boundary

stand the nature. of the chgrge ex0|_tat|ons in this phase ON&nditions in our case work as a very gentle instrument of
needs to recon'S|de.r the single-particle problem arqund th'éontrolling the symmetry of the ground statéthout affect-
ground state with different topolog§. The one-dimensional  ing the wave functions of the states themselves. The analyti-
(1D) character of the charge stripes has led to a number afa| advantage is the treatability of the problem. The analyti-
attempts to generalize the physics of strictly 1D systemsgal part of this work largely relies on a previous study by two
where the excitations are holons and spinons, to highesf us and BishopB! where we have calculated the Green’s
dimensions*>>On the other hand, there is a growing under-function of the charge excitation at the ADW by a method
standing that the stripes are the outcome of the same tendewhich goes beyond the limits of mean-field or perturbation
cies which are seen already for the single-hole probfem, theory.
and that the charge excitations in the stripe phase may still The general conclusion of the present study is that the
have lots in common with the spin polarofs’ stripe should be considered as a collective bound state of the
Note that topological doping generally refers to the intro-holes with an ADW. In such a system the excitations are
duction of dopants into the topological defects of a fieldcOmposite holon-spin-polarons which populate an effective
theory, which are the field configurations that interpolate belD band. This picture is in very good agreement with the
tween different vacua of the problem. For problems Withnumer!cal result; and provides insight into the problem of
high symmetry, such as the &) Heisenberg model, topo- the Stripe phase in cuprates. . .
logical defects are continuous distortions of the order 'S Paper is organized as follows. Section Il describes

; : i ts of our analytical approach in detail. Section
parameter® The ADW's are the topological defects for sys- VaI'0Us aspec ;
tems with lowerZ, symmetry, such as the Ising or the an- Il describes the DMRG method. Section IV presents the

isotropic t-J, model (and also models for polyacetyléife results and comparison. Section V lists our conclusions.
While the magnetism in cuprates is very well described by

the SU2) symmetric modef® the experimental finding of
stripes indicate that topological doping corresponds to topo- Our starting point is thé-J, model which is given by
logical defects of lower symmetry. Although the reason for 1

this lowering of the symmetry is, most probably, dynamical H=—t T +He)+J [ 267~ NN
in nature and is still not clearly understood, it gives us con- (%0’ (CivCjo+H-C) <.E,> S5 gNN,

II. ANALYTICAL APPROACH

(D)

214527-2



STRIPE AS AN EFFECTIVE ONE-DIMENSIONAL BAND ...

Pty bt 4+
) +++++++

~11)
) +43 5 0+
+++++++

+++++++
(a) (b)

FIG. 1. (a) A hole followed by the string of spin defects in a
homogeneous AFb) Same aga), “ +"and “ —” denote the sign of
the staggered magnetizatidd;=(—1)'S?. Arcs denote wrong
(ferromagnetit bonds.
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wheret is the kinetic energyJ is the antiferromagnetic ex-
change, andN;=n;; +n;, . All operators are defined in the
space without double occupancy of the sites.

The single-hole problem for the-J (t-J,) model in a
homogeneous antiferromagnetic background is well studied
with analytical results and numerical data being in very good
agreement!?%3%The charge quasiparticle is understood as a
spin polaron, i.e., a hole dressed by strings of spin
excitations® It is also often expressed as that the hole move-

(b)
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ment in a homogeneous antiferromagnetic background is
frustrated because of the tail of misaligned spins following
the hole, see _Flg. 1 The idea that_ an ADW can be a more FIG. 2. (a) Homogeneous N state,(b) two domains of an AF

favorable configuration for holes relies on the fact that such g ... opposite staggered magnetization separated by the bond-

frustration ‘?f the hole’s kinetic energy can be a_voided f°,’ entered ADW,(c) a static hole {=0) is attracted to the ADW.
movement inside the wall, such that the hole is essentially s genote wrongferromagnetiz bonds.

free in the 1D structure. However, as we show below, the

spin-polaron aspect of the physics of the charge carrier re-
mains very important in the stripe phase as well. We will firstW
consider the specifics of the hole behavior in the inhomoge

© tiittit

Now let us consider a single hole doped to the system.
hen the kinetic energy is neglectet=0) the lowest-

. ) i . energy state is defined from simple bond counting. Evidently,
neous antiferromagnetic staetate with an ADVW and wil the hole is attracted to the domain wall since the potential

address the spin-polaron aspect of the problem later. For t ergy 0 term) is lowered when the hole removes the wrong
detailed description of the spin-polaron formalism used inbond Fig. 2c)

this work we refer to Ref. 20. When the kinetic energy is taken into consideration the

following observation can be made. If one restricts the hole
motion to one side of the ADW “ladder” of defect@long
they axes x is fixed atx, in Fig. 3) the problem is identical
Since the stripe corresponds to an ADW in the spin backto the hole motion in the 1D Ising chafA.That is, one can
ground, one has to study the nature of charge excitations &ke that after the first step, a 1D spin defsginon is cre-
such a domain wall. Let us consider the empty system firstated and then the motion of the hole does not cause any
The ground state is, of course, given by the simpleelNe further disturbance in the spin background, Figs,8. The
configuration of spins, Fig. (3. However, when the an- hole simply rearranges the wrong bonds while moving. Since
tiphase shift of the staggered magnetization is creé®d the charge does not carry any memory about the spin of the
forced by the boundary conditions, for instantee straight place where it was created, this excitation is a holon. Nota-
bond-centered domain wall is the lowest energy state, Figaly, when the spinon and holon are separated, they both carry
2(b). It has the enerngfmnf J/2 per unit length, which is a kink or antikink of the staggered magnetic order; in other
lower, for example, than the corresponding energy for thevords, they are zero-dimensional ADW’s in the 1D chain
site-centered domain walE2,.=3J/4. We remark here that problem, Fig. 4.
the SU2) Heisenberg spins would prefer a continuous un- It is more visually convenient to use staggered magneti-
twist from one end of the crystal to the other without a sharpzationM;=(—1)'S’ instead of the on-site magnetization to
domain wall. emphasize the opposite direction of the order parameter in

A. Holon in the domain wall
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FIG. 3. Longitudinal hole motion along the ADW. The=X,
line can be considered as an Ising chain. Arcs denote wfemngp-
magneti¢ bonds.

the antiferromagnetic domains of spins. We, therefore, will
often use “+” or “* —" instead of the actual direction of the
spin.

Since the spinon in our case is a finite-energy excitation
(Espinorn=14/2), in the t<J limit the hole will be always
bound to its site of origin. One can think of several possibili-
ties to avoid the spinon creation in order to focus on the
properties of the charge excitation only. One ¢grassume
that the crystal is finitésemifinite¢ and create a hole at one
of the ends of the chain, then the propagation of the holon
along the chain is free(ii) create a pair of holes at the
nearest-neighbor sites and then consider their motion inde-
pendently, in this case both the kink and antikink are carried
by holons, andiii) start with the empty domain wall with a
“wiggle,” one half of it misplaced by one lattice spacing
from the other half along the& axis. This way one has an
extra wrong bond in it, Fig. @), which is equivalent to
having a 1D chain along th&=xq line with the single
spinon. Then the hole creation at one of the sites forming the
spinon is identical to the creation of a free holon, Figs.
5(b,c). The purpose of these manipulations is to show that
the single-hole motion along the ADW can be made free
provided that the spin environment ensures the holonic na-

PHYSICAL REVIEW B5 214527

+ + + + holon
+ + + (@7 i >
+ + 4+ - X0
+ + + - FIG. 5. (a) An empty ADW with the “wiggle.” For this configu-
- rationx=Xgq line is an Ising chain with the single spindib) A hole
+ + O i line i ing chain with the single spinaiin) A hol
-+ O —_— . —_— created at the place of the spinon is a hol@.Same agb) with
O - S, S, ) “+"and “ —" showing the sign of the staggered magnetization.
AL + (i spmon Arcs denote wrongferromagnetiy bonds.
+ S'I_ Sj_- \Sl:g_ 4
-.|_ + + + _ ture of the charge excitation. These considerations are by no
(') 1‘ é é - means new and were discussed in Refs. 63 and 64. We sug-

gest calling the free motion of the hole within the stripe a

FIG. 4. Propagation of the hole in the Ising chain. Numbers‘prepared-path” motion in accord with the “retraceable-
indicate the amount of hoppings made by the hole away from itgpath” motion for the spin polaron.

origin, “+” and “ —" represent the sign of the staggered magneti-

As it follows from the above consideration, the wave

zation. function of the single holon cannot be simply written as a
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result of an action of a single annihilation operator on some 2r . ‘ \ ‘ T
unique ground-state wave function, since it requires a rear- 1.5F =04 free hiolon band
rangement of thésemiy infinite amount of spins. However, 1
if the ground state is “prepared,” as in the cd§g), one can I
still keep the formal similarity with the conventional single- =

particle creation. In other words, if the holon is to be created ™
at the sitei, its wave function can be written as 0 -

|1i>:Ci,ai|¢O,i>:(_1)i_1]1;[i CjT,ojjl;[i CJ'T;J.|O> _l;zZpolaron in the bulk :
=(=1)'"Y-- - 11TLOTITL ) st ]
=(-1)" Y o ++++O0————... ), B 03 (ky—on)/n 02 1

2
. . . . FIG. 6. The free-holon bands( = 2t cosk, solid curve, energy
where the Hilbert space at each site is restricted to smglgf the spin polaron in the bulisolid line), and energy per hole in

occupancyo=—a, o;=1(|) if jeA(B) sublattice,[0) is  the 1D holon band at half-fillingE,,,=J/2— 4/ (dashed ling are

the vacuum state, +” and “ —" denote the domains with  shown.
staggered magnetization “up” and “down,” respectively.
This definition suffices for our consideration. gument is gathered from the unphysical limit of the model,

The above-mentioned restriction of the hole motion along<J, where thekinetic energy of the hole is indeed lower in
the ADW can be formally expressed as a separation of théhe state with an ADW EQEWN_»[) than in the homoge-
kinetic-energy term in the Hamiltoniafl) in two pieces: neous state with a spin polaroB{?,~ —t2/J). However, the

Ht=H”+Hi 3) energy cost of. the 'dolmai.n waIEwa,,~J,_ per ur)it .Iength
t ' overwhelms this gain in kinetic energy in this limit. More-

where the first ternflongitudina) includes only 1D motion over, the true ground state in th&J limit is neither a stripe
alongy axis for x=x, and the second terrfiransversgin-  nor a homogeneous Kk state with holes, but rather the

cludes the rest. Evidently, phase-separated hole-rich and no-hole states. In the physical
| limit t>J the “longitudinal” kinetic energy of the holon at
Hel1)=t(|11i-0)+|1i41)), (4)  the bottom of the ADW 1D band is 2t, while the energy of
and thus the hole(spin polaronin the “bulk” (homogeneous N&) is
7|k) =2t cosk k), (5) Eqp=—23t+0(J¥%), ®
where Evidently, the “unfrustrated” kinetic energy alone is insuffi-

cient to compete with the energy of the homogeneous state.
B r We further illustrate this statement below.
|k>_2i ei[1;). ©) Figure 6 shows the energies of the spin polaron in the
bulk and the dispersion of the pure holon state at the ADW
Consequently, the single-particle “bare” Green’s function of for the realistic ratio of)/t=0.4. In thet-J, model the dis-
the free spinless fermiofiolon) propagating along the ADW  persion of spin polarons is small and we neglect it from this

with simple tight-binding dispersion can be written as picture. One has to bear in mind that there is (afinite)
energy offset between these two lines: the energy of the
GOk, ) = (k| 1 k)= 1 (77 ADW. ESPW=L,J/2. This simply means that the single ho-
X MY Y w_H\t\ Y w—2tcosk,+i0’ lon cannot compensate the price for the domain-wall cre-

ation. Thus, the holon band must be filled to a certain level in
where the zero of energy is set at the energy of the lowesjrder to reduce the energy. When we add more holes they
static (=0) single-hole stateEo=(7H;)i—0=Eising™(Ly  will fill the higher k states in the band. Assuming a rigid-
—1)J/2+2J, andL, is the size of the plane in the direction band filling the total energy per hole as a function of the 1D
of the stripe. The holon band minimum is locatedkgt filling fraction n| can be calculated,
=1, and the index, corresponds to the coordinate of the
stripe. J ( 1

2t sinwn
This observation that the hole can avoid the frustration of Etot/Nh:§ n_” - —H- ©)
the antiferromagnetic background in the presence of an
ADW in comparison with the homogeneousélstate where ~ which is infinite atnj— 0, Ey,,=0 for completely filled band
the hole motion always leads to stringlike spin defects ha® =1, and has a shallow minimum at some intermediate
been known since the discovery of the stripe phases. Howvalue ofn; . For a chosen value df't=0.4 this minimum is
ever, the sufficiency of this effeetloneto justify the stripe aroundnﬁ“'”z 0.32. This lowest energi ,i,=—1.253 is a

formation has been exaggerated. Roughly speaking, this abit lower than the energy of the half-filled barkg,,=J/2

7TI"IH
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—4t/7=—1.0% shown in Fig. 6 by the dashed line. One (a)
can see that these energies are more thiaigher than the
energy of the spin-polaron system in the homogeneow Ne
stateEg,~—2.3%. Therefore, the energy balance of a nar-
row, strictly 1D stripe vs polarons is strongly against the
stripe.

B. Transverse hole motion ——

verse part of the kinetic energy for the stripe formation. The
transverse motion of a hole from the ADW, which includes
all possible paths and not only those perpendicular to the
stripe, is by no means different from the string type of propa-
gation in the homogeneous AF, compare Figs. 1 at@l. 7
That is to say that the charge excitation must essentially re-
gain its spin-polaron properties away from the domain wall. (b) spin—polaron
Our Fig. Ma) shows an example of a string generated by such A ] -
a transverse movement. It is well known that the hole can .Spmon‘
propagate by erasing the tail of wrong spins via the so-called i 1 O
Trugman processés.There is an important qualitative fea- D j
ture of our case which makes it different from the homoge- e il
neous problem in this aspect. Since the excitation inside the )
ADW is a holon, that is, th€@=1, S’=0 excitation, while -
the spin polaron is a normal quasiparticl®=1, S*= LT
+1/2, the conservation of the quantum numbers requires the
departure of the holon from the stripe to be always accom-
panied by the emission of the spino®@€0, S*=*+1/2).
This is clearly the case as is shown in Fig&,d.

In other words, the transverse hole motion should be con-

This illustration brings up the importance of the trans- — _E_h+

\/

sidered as a decay process of the DW) charge excita- X0

tion into a 1D spin excitation and a bulk charge excitation, (C) )

Fig. 8(a). Since both the holon dispersion and the holon-spin- spin-polaron
polaron coupling are given by the same paramétsuch A spinon e
virtual decays will lead to a strong renormalization of the i y O
holonic energy band. i i )

As shown in Eq(7) the bare Green'’s function of the hole 5 1' A ]~
residing at the ADW is the Green’s function of a free spinless ) ) )
fermion (holon) with tight-binding dispersion. The renormal- ! ? A il
ization of this Green’s function is given by the self-energy 1

schematically shown in Fig.(B). It is well known in the
single-hole problem for the:J model that the self-consistent
Born approximation, which is equivalent to the retraceable-
path approximation in our case, accounts for the absolute
majority of such a renormalizatiofi. This latter fact is re- T
lated to the effective analog of the Migdal theorem in this X0

class of problems: all f't:St'order ?orrgct|ons toé,he hole- FIG. 7. (&) An example of a string generated by the transverse
magnon vertex are zero because of spin conservaticor- hole movement. Notably, the first defect in the string is a spinon in

rections from tshe higher-order processes, also known age =y, Ising chain.(b) A schematic result of the hole departure
Trugman path§; remaining beyond the retraceable-path ap-rom the ADW, “+” and “ —” showing the sign of the staggered

proximation are negligible. In anticipation of the further re- magnetization as beforéc) Same asb) with the actual spin direc-
sults we have to remark that in our problem the Trugmanions shown.

processes are simply forbidden by the conservation of quan-
tum numbers for the holon decay. Therefore, the retraceablés particularly simple since the spinon is a dispersionless
path approximation should work even better due to the facéxcitation and the double line corresponds to the spin-
that the holon must emit the spinon with the energy. In polaron Green’s function known from the previous studfes.
other words, at least one spin excitation is always createds in the case of the spin polaréhthe renormalization is
and thus the Trugman paths belong to the same class as abming from the retraceable-path movements of the hole
other renormalization processes. away from ADW and back. The full Green'’s function is then
In our case the calculation of the self-energy in Figh)8 given by

v
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( a) spinon, Q=0, S=—1/2 =g 1/i=0.4 osl residue |

Z(ky)

holon, Q=1, S=0 2.0

i polaron in the bulk
spin—polaron, Q=1, S=1/2 .M% I \ 0'(—)1.0 -0.5 00 05 1.0

N

m

(b) ) e s

dressed holon
-3.0r- l

I . .
-1.0 -0.5 0.0 0.5 1.0

FIG. 8. (a) Decay of the holon into a spinon and a spin polaron. (ky—TC)/‘II
(b) The self-energy associated with such a decay.

FIG. 9. Energy of an ADW elementary excitatig(k,) vs k,
1 (solid curve. Solid straight line is the energy of the spin polaron in

G, (ky,w)= — (100 the bulkESP. These energies are relative to the energy ofstlatic

o w—2t COSkY_E(w)ﬂO hole in a corresponding magnetic background, that isatteolute

where3(w) takes the form of a continued fraction, energy of the ADW excitation i€,y =(Ly—~1)J/2 higher than
that of the spin polaron. Dashed line is ttiéal energy per hole in

(2_2),[2 the half-filled 1D stripe bandE,,, energy of the pure Ising state
S(w)= . , (11 being subtracted. Since the reference energyEfgrandE*P is the
o (z—=Dit same, they can be compared directly. Inset: residue of the Green'’s
s w1~ wp— - - - function versus, (solid curves.

z=4 is the coordination numbes; is the energy of théth 4 question if the modification of the spin-polaron wave func-
segment of the string, which is equal to the number of wrongion is really negligible. While we will demonstrate below
bonds (/2 each associated with the segment, indexcor-  the adequacy of the above approximation, it can be shown
responds to the coordinate of the stripe. that one can consider the problem more rigorously using the
The energy spectrum of the elementary excitations isame approach by taking into account the energy of each
given by the poles of the Green’s function E&j0), therefore  stringexactlyup to a certain length. and applying the path-
one needs to calculat®(w) and seek solutions oE(k,)  independent assumption only fior 1. Technically, it means
— 2t cosk,—2(E(k,))=0. The resulting effective 1D band that one can find all; in Eq. (11) up to some length of the
for the composite holon-spin-polaron excitation has been calktring, use the explicit continued-fraction form¥{w) from
culated in the previous work A standard simplification in Eq. (11) up to the same length, and then use the approxi-
the calculation of(w) is to assume that at;’s in Eq. (11)  mate solution for the continued fractid( ») from Eq.(12)
are identical so that the energy of the string is simply profor |>|_. In other words, the modification of the spin-
portional to the length of the path and is independent of thgyolaron wave function in the vicinity of the ADW can be
path of a hole. This is a good approximation for the spinconsistently taken into account within the same approach.
polaron because only very few strings do not follow this rule.  The results of such calculations for a representative value
With this aSSUmption the solution for the Self-energy can bQ]/t:O4 with lC:4 are shown in F|g 9. The energy of the
found in a compact analytical form given by the ratio of the jowest pole of the Green’s function verskisis shown by the
Bessel function$? If we takew;=J/2 (energy of the spindn  solid line. As in Fig. 6 there is an infinite offset of the renor-
and w;-;=J [two wrong bonds per segment of the string, malized holon-spin-polaron band from the spin-polaron en-

see Fig. 7a)], the self-energy f§-*° ergy by the magnetic energy of the domain wal,g
) =(Ly—1)J/2. Since the effective band is significantly nar-
S(w 2t (12) rowed in comparison with the free band, the energy range

shown in Fig. 9 is smaller than that in Fig. 6. One can see
that the energy of the 1D ADW excitation with the energy of
with Y (w)=J_ 131/ T- o13-1(r), J,(r) the Bessel func- the magnetic background subtracted is now lower than the
tion, andr =2./3t/J. energy of the spin polaron in the bulk at kJl, which means
For our problem this path-independent energy approximathat the dressed 1D band is better for optimizing the kinetic
tion also assumes that one can neglect the renormalization ehergy than the homogeneous spin-polaron state.
the bulk spin-polaron wave function due to the vicinity of the  Another informative quantity, the residue of the Green’s
ADW. However, there is a concern that this assumption mayunctionZ(k,), is shown in Fig. ginse}. It gives a measure
overestimate the energy of the excitation. Near the ADWof the amount of bare holon in the wave function of the
there is less energy required to create a spin flip, thereforelementary excitations. We avoid the use of the quasiparticle
there should be a subset of strings having a lower energgesidue since the holon is not a quasiparticle in a strict sense,
than the string of the same length in the bulk. That is, there isince its overlap with the physical electron is zero. However,

)= w—J32+\3tY (0—J/2)
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[ —04 i by the dashed line. Above~0.5 the energy13) versusn,
—14F J/t=0. - is almost constaft with the energy difference between the
o -16- ] stripe and no-stripe spin-polaron states of abe0t6]. This
s ] behavior of E;y; vs nj, the absolute value of the energy
= -18p ] difference, as well as the value of are, of course, functions
& ok - of the J/t ratio. However, these quantities only weakly de-
e ol ] pend onJ/t in the realistic range 0<1J/t<0.5 with nj shift-
3 . ing towards zero for smallel/t (see also discussion &,
K -24F ] vs nj in Sec. V).
26- 4 An interesting question is what kind of energy scale de-
I R R fines the difference between a homogeneous state with spin
280 0.2 0.4 0.6 0.8 1.0 polarons and a stripe state at some fixgdsay nj=1/2),

[ AE=ESP—EfRW. By letting J/t—0 we observe thahE

, 0 as well, and thus it cannot be proportionat.tdhis is in

FIG. 10. Total f the syst th ADW per hol - e : .
G. 10. Total energy of the system wi per Oeversusagreement with the expectation that k0 all magnetic

1D hole densityn; (curve). Horizontal line is the total energy of fi . hould b d It hel
free spin polarons in the homogeneous AF per hole. In both caseX" lgurations shou ecome degenerate. |t is nevertheless

the energy of the pure Ising state is subtract#ti=0.4. hard to tell analytically or numerically if_the Iegding termin
AE scales withJ¥3 (however, see the discussion at the end
the residue preserves its original meaning, which refers to thef the section
renormalization of some bare excitation. One can see that a
significant part of the initial holon &, = 7 resides inside the
wall (about one hajfand that almost all its weight is trans- ~ The knowledge of the single-particle Green’s function not
ferred to strings atk,— 77|>7/2. Because the band is very only allows us to calculate the energetic stability of the stripe
flat at the sam@<y— m|> /2, the velocity of the elementary as a function ofn and J/t (Ref. 21 but also enables us to
excitations is much slower than the bare Fermi velooﬁy find spatial profiles of the charge and spin densite6x)
=2t sinkg/%, in agreement with experimental findingslt and|(S*(x)|, as well as the electron distribution functiop
is easy to show that the velocity at the Fermi level for our 1Dfor the stripe staté’ To evaluate those quantities one needs
band isvg=0v2Z(kg). Generally, both the flatness of the top to know the wave function of the 1D band excitation written
of the band and vanishing quasiparticle residue argue that trig terms of the operators of spins and holes. If such a wave
excitation at thosé are only weakly attached to the stripe. function is known for eaclk, in the effective band then the
The closeness of the bulk energy band to the top of the 1Dlistribution of the hole density and the damage of the spin
stripe band suggests that the 1D excitations at the top of itgensity from the hole and strings can be extracted. Within the
band are not too different from the bulk spin polarons in therigid-band picture these wave functions are orthogonal at dif-
homogeneous AF. ferentk, and thus the density profiles are given by the su-
perposition of the contributions from eakf:

D. Densities, electron distribution function

C. Stripe energy

For the chosen value dfit=0.4, the energy of the holon N(X):kzk n"(x,ky),
at the bottom of the band is lower than the energy of the spin v
polaron by about 1.5 that is, the energy of three wrong
bonds. Then the rough estimation gives that the magnetic (SHX)|= 2 (A Xk, (14
energy of the domain wall will be compensated when in ky=ke
average every fourth site along the initial 1D chain is takerwhere
by the hole. That is, the kinetic energy will make the stripe to

be the ground state at 1D linear hole concentratipn nf n"(x,ky) = (ky[cicf[ky),
=1/4 (for J/t=0.4). A more accurate consideration should , ~ A
have the band-filling effects taken into account. Within the (s (x k)| = (ky|STky), (15

rigid-band approximation the total energy of the system pegyhere j=(x,y) and the choice of thg coordinate is arbi-
hole with the energy of the pure Ising state subtracted is trary.
301 1 otk Such a wave function for our composite excitation can be
Etot/Nh:_(_ B 1) N f FE(ky)dky . (13 wri.tten ina variety of ways. The simplest one is tq write it as
2\n 27N ) 7 ke a linear combination of the components with strings of dif-

4,25,37
where the first term is the domain-wall energy and the Sec[erent lengtfr

ond term is the kinetic energy of the free quasiparticles fill- 5 *

ing the effective 1D band up tke=mn;. The total energy |ky)=2 Cy il ky), (16)

per hole of this 1D band indeed crosses the spin-polaron IS0R

energy at around=0.3 as shown in Fig. 10. The total en- where|0k,) is a pure holonic state and under the indexe

ergy per hole at half-filling=,,=—2.5%, is shown in Fig. 9  also understand a summation over different paths of the same
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| . .
1 I/ =0 ]
: /I (free holon) _|
|
|
K: T
‘M‘ -
|
I FV/\.’/‘\\‘—O K= 3m4 |
L ‘__‘//\I‘/\\‘_‘ k= 5w/8_|
X |
=
. k=72 3k , . ‘ , .
i 1 -1 -0.5 0 0.5 1
m K= 3m8 (k,-m)/m
B 0__’/;/‘/.*\\\‘_’ k= w4 _ FIG. 12. Energy of an ADW elementary excitatiitk,) vs k,
| for strings withl=0,1,2 . .. , included in the wave function.
k=8 ]
A that at the momenta away from the bottom of the band the
oo ! o o 0 hole is mostly spread around the stripe. Further results on
T | T T " . .
5 4 3 10 1 5 4 5 ¢ these and other quantities are given in the context of the
X comparison with the numerical data, Sec. IV.
FIG. 11. The hole density modulation within the single-hkje E. Other questions

eigenstate for different momenkg, k=|k,— 7. One can see that . .
at the momenta away from the bottom of the band the hole is There are few other issues we would like to address here.

mostly spread around the stripe. First, if one is to start from the strictly 1D stripe and is to
gradually relax the initial restriction for the hole to be kept in

lengthl. Then, using a retraceable-path approximation, it issuch a 1D chain, how soon does one reach the true eigen-

easy to see that for each specific path value of thet-J, Hamiltonian? That is, let us allow the bare
holon to have an admixture of strings of lendth 1,2, . . .
t\/Zy and see when the results converge and become independent
Cy = Y , (17)  of |. Figure 12 shows the energy bands for such restricted-
v Eky_‘”l_ T _‘”'_E'H(Eky) string-length problemsl=0 corresponds to a free holon,

Fig. 6,1=1 andl =2 are for the cases where the strings of
T length 1 and 2 are included in the approximationee is our
tion (ky/ky,)=1. An equivalent expression for the spin- answer from Eqs(10)—(12), Fig. 9.
polaron case has been obtained in Refs. 27 and 28 using the This comparison demonstrates one more time that the
spinless-fermion-Schwinger-boson representation for théare, or almost bare, 1D excitation with some admixture of
original constrained fermion operators. the transverse fluctuations is certainly not a good approxima-
Since the hole density and the spin density are given byion for the description of the stripe charge excitation. It is
the averages of the locé&bn-site operators their calculation especially true for the finite concentrations where large mo-
using Eq.(16) is quite straightforward because they are di-menta aroundit®=7/2 are most important.
agonal in the string basis and do not provide transitions be- As an alternative starting approximation we argue, once
tween different components of the wave functid®). Cal-  again, for the picture of a holon strongly coupled to the bulk
culation of n is technically more cumbersome since it is spin-polaron excitation, Fig. 8. The dispersion obtained with-
given by the nonlocal averages. One can always rewgi®s  out renormalization of the spin-polaron propagator in Fig.
8(b) is shown by the dashed line in Fig. 13, which is already
~ 1 ~ Kod/~ very close to the result where such a renormalization is taken
M= (CiCi) = N Z (ci‘VEi)erzo e i(clcig)|, (18 intoyaccount(solid line, from Fig. 9.”°
The second issue is the following. Since there are two
where we drop the spin index for clarity. One can see that theypes of kinks in the systeitkink and antikink which can be
matrix elements between different strings are essential. Faissociated with the pure holonic excitation, Fig. 4, one can
the details of calculations ofy in thet-J model we refer to  have two different species of excitations having opposite
earlier works, Refs. 35, 68, and 69. geometrical quantum numbets.One may then think of
As an example of the calculation of the discussed quantithem as essentially independent particles populdtjgsiy
ties we show our results fcmh(x,ky), Eq.(15), in Fig. 11 for  independent bands.
J/t=0.4. This quantity shows the hole density modulation in A little thinking brings such a logic into a paradox: the
the direction perpendicular to the stripe within theeigen-  case when the chain is completely filléall sites are occu-
state in the 1D band for different momerka. One can see pied by holegin this language will correspond to two half-

where multiplier Zky comes from the normalization condi-
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N

. . | .
- J/t=0.4 polaron in the bulk

. L .
(ky—n)/n
FIG. 15. 11x6 cluster with one hole, field applied at open ends
FIG. 13. 1D energy band for the composite excitation. Renor-crossesto stabilize ADW,J/t=0.35.
malization of the spin-polaron propagator at the vicinity of the
ADW is included(solid line), not included(dashed ling ~JL, and the minimum of the energy is achieved at

_ _ _ Loptimar(J/t). The corresponding energy By;,~— 2t

the paradox by noting that these extra quantum numberge retraceable-path motion of the hole by the strings in the
should not lead to the increase of the total number of stategpin-polaron problem which also give(istring>~(~]/t)1/3

in the system. In our case the_re cannot be more than one hpéq]d E.,~2V3t+ B(J2)'3, see Ref. 36. Therefore, there is

at any site while the assumption of independence of oppositg, new energy scale, different from the homogeneots! Ne
species implicitly doubles the Hllbert space. Theref_org,_ 'fproblem, introduced by the domain wall, and the prepared-
one wants to keep two flavors in the problem, an infinitea¢h motion in 1D ADW is, in fact, not too different from the
on-site repulsion between them should be introduced. Thakaceable-path motion of the hole within the spin polaron.
latter problem in one dimension maps exactly onto the probg ¢ may conclude that the same scalgl?t)“® should gov-

lem of spinless, single-flavor particlésand thus the single- ern the energetic balance favoring the stfip@his is yet
band approach used throughout this work is justified. Not&,qher argument that the stripes are the outcome of the same

that in the presence of the 2D degrees of freedom where thgjencies which are seen already for the single-hole prob-
stripe as a whole can make wiggles, the problem of thesg,

geometrical quantum numbers becomes more compli€ated.
The last question is what energy scale defines the free
kinetic-energy difference between the stripe and no-stripe

states. Naively, sucAE should be governed by the kinetic The numerical study of the J, model utilizes the DMRG
term since the hole motion can be made free in a 1D strucmethod for the clusters up to ¥B with various boundary
ture. However, the energy of the orderJL is paid to pre-  conditions(BC's). The BC's at the left and right sides are
pare such a structure in a 2D AF. Let us considertthd  always open; if the BC's at the top and bottom are periodic
limit for the 1D hole motion and assume that the length ofwe refer to the BC's as cylindrical. A staggered magnetic
the ADW is a free parameter which would minimize the totalfield, typically of size 0.1, can be applied at the open ends
energy. In the continuum limi¢Ey,)=—2t+At/L? (E;)  in order to enforce the ADW inside the system, or enforce it
to stay homogeneous. Typically we keep 1000—2000 states

IIl. NUMERICAL APPROACH

N N per block, and perform up to a dozen finite system sweeps.
)( X )( Typically the truncation error was»10™°.
Y )/
N N\ N
)( Y \( Y
N /] N
Y 4
N )( )\
Y Y
X X | X X
V Vv 4
O 005
FIG. 14. 116 cluster with one hole, cylindrical BC'’s, ant FIG. 16. 11x4 cluster, one hole, open BC's in the narrow direc-
=0.35. The size of the circles is proportional to the on-site holetion, no staggered field, cylindrical BC'sl/t=0.2. The ground

density. state here contains a stripe.
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AN N (a)

N
N

N
N\

FIG. 17. 11x8 cluster with four holes, cylindrical BC’s, and
J/t=0.35. The ground state contains a stripe. ——

Figures 14—17 show several examples of the states within i i
the different clusters. Figure 14 shows thexBLcluster with o (,;_I__l_ +
one hole, cylindrical BC'’s, and/t=0.35. The ground state

E_¢- |
cluster with one hole, but with a staggered field applied at ++ +

is homogeneous in this case. Figure 15 shows the saxé 11 R
the open ends]/t=0.35. The ground state is an ADW with - = =0 ++ +

the hole bound to it. Figure 16 shows the narrowex41 .
cluster with one hole, no staggered field, cylindrical BC’s, |
and at smalled/t=0.2. The system spontaneously forms a

stripe in the ground state for this system. One may conclude

from here that in the XL, system with the number of (C)
holesN,=L,/4 one will have a stripe in the ground state for

The first problem we would like to clarify is the single-
hole excitation problem in the stripe configuration. We there-
fore consider different clusters with an ADW induced by  fri, 18. A schematic picture of ax® cluster with periodic

J/t=0.2. Figure 17 shows the largestX& cluster with four _——! :++ +
holes, no staggered field, cylindrical BC'’s, aid=0.35. In [

this case the ADW is also spontaneously formed with the —— _O_I. + +
holes occupying the border between the antiferromagnetic P e,

domains. — _I_"‘+'++
E L E

IV. RESULTS ! ++ +

A. Single-hole problem ek =4+

staggered fields for various values Bit. BC'’s and ADW.(a) One hole, straight ADW is enforced by periodic
BC'’s, (b) holon and spinon in the straight ADWg) spinon and
1. Boundary conditions holon recombined after the circular motion of the hole around the

cylinder, the ADW is translated ix direction as a result. The
shaded row at the bottom is equivalent to the top row and is shown
to emphasize periodic BC’s in direction.

We would like to remark here that simple cylindrical or
periodic BC’s do not quite work for the purpose of the study
of the single excitation for the following reason. As we have
discussed in Sec. Il the core of the composite excitation is a
holon, that is, an excitation carrying the kink, Fig. 5, while by the process of holon recombination with the spinon with
periodic BC's require the domain wall to be closed on itselfthe subsequent change of the side of the domain wall. Then,
around the cylinder, Fig. 18). This means that) there will  when the holon completes the full circle around the cylinder
be two excitations in the wall, holon and spinon, instead ofthe whole domain wall is translated in thxedirection, Fig.
one, Fig. 18b), (ii) the free holon movement is frustrated by 18(c).
the spinoniii) periodic BC'’s induce an artificialabsent in The way to avoid such a frustration of the free holonic
L,— e limit) stripe meandering. The meandering is inducedmotion in the finite system is intuitively evidefit Since the
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21 e e DMRG, MBC | i ]
o0—o DMRG, PBC 5 e : L=3
22| extrapolation 3 oL
o theory Ky E e
< -23F 252
LTIJ *
| ]
25 Dkﬂ/——‘ -
-2.6 : ! !
0 0.1 0.2 0.3 0.4
1 /Ly

FIG. 21. The ground-state energy vs inverse linear size of the
cluster. Mdoius BC'’s (circles correspond to the case of a single
holon, periodic BC's(squaresinduce the state with the holon and
spinon. Theoretical results for the energy of the free holon and
holon+spinon are put on thg axis (diamonds$. Lines are guides to
the eye. Inset shows Nbus BC's and theoretical data in a strongly
magnified scalelJ/t=0.35.

FIG. 19. A schematic view of X7 cluster with Mdius BC's. :
An ADW in the center of the cluster and a wiggle are induced by.Obtalm_:‘d frgm Eqst10)—(12). Note that the reference energy
Mébius BC's. in Se(_:. Il dlffer_s from t_hat used here by the constaht the
quantity associated with the energy of four bonds broken by
holon carries a topologicaieometrical charge the topologi- € hole. We would like to note that there is no energy ad-
cal BC's are to be used. In our case it is bigs BC's, Fig. justment between numerical and analytical data used in Fig.
19. One can see that with these BC’s the holon motion €0 and it is not the result of the best fit. The maximal dis-
unfrustrated. The number of sites should be odd to avoid th§€Pancy of numerical and analytical results in Fig. 20 is
frustration in the spin system. For the case of thebMe BC about~0.1%. The closeness of agreement is even better than

we, therefore, study clusters £7, 11x5, and 13, and in in the case of similar calculations for the spin polaron com-
the' case of c'ylindrical BC's thé clustlars are><ﬂ’ 11x6 pared to the exact diagonalization d&tahe reason for that
and 11x4. ' " has been discussed in Sec. Il. The Trugman paths, which are

beyond the retraceable-path approximation, are the source of
2. Energy the discrepancies in the case_of _the spin p_o!aron. In our case
. the Trugman paths do not exist in their original form.
Figure 20 shows thd/t dependence of the ground-state  ope can also study the ground-state energy dependence
energy of a single hole in the XI7 cluste_r with a Mbius 4, the size of the system. In Fig. 21 we sh&us versus
BC, energy of the undoped system being subtracted. Thfﬂ_y for L,=3,5,7 (Mobius BC'S and forL,=4,6,8 (peri-
theoretical curve shows th#/t dependence of the ground- qic BC'y together with the theoretical results for the infi-

state energy of the single holon spin polaron, that is, theiio system,J/t=0.35. For the case of Mius BC's the
energy of the bottom of the effective 1D band in Fig. 9, haoretical point at 1/,=0 is Egs=Enolon; for the case of

periodic BC’s the theoretical point represents the sum of the

0.51 o IDMRG ' ' 1 holon and spinon energics=Epoiont J/2. That is, we as-
00F  theory i sume that they do not form a bound state in the thermody-
namic limit. One can see essentially negligible finite-size ef-
w 03 ] fects on the energy of the free holon spin polattobius
. -10F 1 BC's, also see insgtThis feature can be anticipated since
< gl ] the excitation is a bandlike state and the ground-state wave
er : vector belongs to the reciprocal space of all three clusters.
-20F 8 The linear extrapolation to |1{,"=0 in Fig. 21 was made
sl ] from L,=5,7 andL,=6,8 for Mdbius BC and periodic BC
' results, respectively.
-3.0F .
0.0 0.4 08 12 16 2.0 3. Density

Jit Figure 22 shows the results for the hole density distribu-

FIG. 20.J/t dependence of the ground-state energy of the singldion across the stripe for the ground state of the single hole at
hole in 11x7 cluster with Mdius BC (DMRG, circle9 and the J/t=0.35. DMRG data from the 247 cluster with Mdius
single holon spin polaron in the infinite strigéeory, solid ling. BC'’s are shown by the circles. Theoretical results obtained
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e—e DMRG, MBC

o--0 DMRG, PBC 0.525 X J/t=0.35

x theory
0.521

04r J/t=0.35 A
= 6
~ 0.3r X
= -

0.2} : .

0.11

B /D/ \\D\ N
1 2 3 9 10 11

FIG. 22. Hole density distribution across the stripe Jit FIG. 23. The spin-density(S*)(x)| vs x at J/t=0.35. Data for

=0.35. Data for Mbius BC's, 1IX7 cluster (circles, periodic =~ Mobius BC's, 117 cluster (circles, and theoretical results
BC's 11x8 cluster, and theoretical resul{srosses are shown. (crossepare shown. Lines are guides to the eye. Inset shows Mo
Lines are guides to the eye. Inset showshitis BC's and theoret-  Pius BC's and theoretical data far=4 and 5 in a magnified scale.
ical data forx=6 in a strongly magnified scale. Enlarged area is Enlarged area is shown by the box.

shown by the box.

X# Xg, Similar to that a=xg, which are hard to account for
analytically. In any case, the largest discrepancy between the
theory and numerical data fopS“(x=x,*1)/S*(x)| does

not exceed 10%.

from Egs. (15—(17) are shown by crosses. The total dis-
agreement of the numerical Mius BC data and analytical
result is =,|Nyum— Ninl/Npum=0.3%. The same Fig. 22
shows the density profile of the hole distribution along xhe
axis for the case of periodic BC's. We note that the hole
density modulation in the case of periodic BC's is essentially The electron distribution function is compared as well.
induced by the repulsion of the open boundaries inxhe For this quantity the analytical calculations are quite cumber-
direction. If the system would be significantly wider in thke some and were restricted fy|=2 in Eq.(18). One can see
direction the circular meandering effect, which induces thefrom Eq.(18) that, apart from the constamt, is given by the
transverse motion of the domain wall, would spread the denset of cogd-k), with the coefficients given by the;(¢/c; , )

sity homogeneously. The same would be true in the case Qfyerages. We list such coefficients for severalin Table |,
periodic BC'’s in thex direction. This just demonstrates the \ynere one can see a very good agreement of DMRG with the
following paradox: a finite system with periodic BC'’s in all theory.

directions would show a h_omogeneou; ground_state, as in Figure 24 shows a plot af, in the (1,0, (0,1), and(1,1)

Ref. 18, whose wave function may be, in fact, given by thegjrections. A more informative 2D intensity plot in Fig. 25
superposition of slowly meandering stripes. In that case thepoys the DMRG results for the electron distribution func-
stripe should be detected not from the density profile but;y, averaged over tha and y directions,n, =[n(ky,k.)
from the instantaneous spin-spin correlation function, WhiCh+n(ky,kX)]/2. Two features are worth discussing. y

should eXh'b.'t a strong antiphase component. . First, there is almost no anisotropy between khandk,

The density profz|le study of the S|.ngle.—hole problem IS directions inny for the highly anisotropic stripe configura-
completed by the(S’)(x)| data shown in Fig. 23. Note that Fig. 24. That can be, broadly speaking, interpreted as
the spin-density profile is not straightforwardly related to the, ot another demonstration of the equal importance of the

hole density since there is also a large contribution from th ransverse and longitudinal kinetic energiéghe broad fea-

hole-induced strings of misaligned spins affecting the avery reg inn, in the t-J-like models are understood as coming

age on-site spin valueg. For a singl_e hole i_n the stripe of tmFrom the fast(incoherent motion of the hole inside the qua-
lengthL, the suppression of the spin-density should be prog;,icle, while the coherent part should show itself a8 a
portional to 1L, (Ly=7 in the case of the 247 clustey.

This is valid for allx except the center of the stripe, where
the motion is holonic. Since the holon is a topological exci-

4. Electron distribution function

TABLE I. 3(c{c;,4) for several coordination vectors. J/t

tation it borders two 1D domains with opposite staggered_o'35'

spin value. Because of that any site alotgXxy (Xg=6 in

Fig. 23 always has average spin zero and this is notlg 1/ d DMRG Theory
effect. The deviation of the theoretical results from DMRG (1,0 0.1041 0.102
for [(S?)(x)| is more observable than foM(x). This is be- 0, 0.1216 0.115
cause of the subset of the paths which correspond to the 1, —0.1266 —0.093
processes of hole departing and then rejoining the stripe in 2,0 —0.0030 ~0
the other leg of the ladder. Such paths can produce deviations (0,2 ~0.0041 ~0

from the 1L, character of the spin-density modulation for
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+cosk,)/2, which is zero along the linegr,0)-(0,m). This

0'52_ gives a diamondlike shape of . In the ADW configuration,
0.51 (ETEHd) for d=(2,0) and (0,2 are strongly suppressed due
- to the s shift of the antiferromagnetic order parameter across
050 the wall and across the holon. As a result, there are signifi-
\M/o 49' cant and almost equal ckg, and cok, cosk, harmonics of
=heaid| opposite sign im, (see Table)l, but the harmonics co:k)zy
048 are much suppressed. This is different from the spin-polaron
I case where they are all of the same order. Our resultg,for
0.47 in Fig. 25 are obtained for the single-hole problem in a stripe
configuration, but sinca, is saturated on short distances the
048005 10 15 20 25 30 same characteristic features should remain the same for
k higher doping. In fact, our “Maltese-cross-like” shapergf

. is remarkably close to that observed in angle-resolved pho-
FIG. 24. Ny for one-hole in Mdius BC 11x7 cluster for(l,O), toemission Spectroscoﬁ@
DMRG and theory results, respectively. and DMRG data on the energy, density, and electron distri-
8.69 bution function for the single excitation in the stripe configu-

peak ak =k, proportional to the quasiparticle resicife’ ration. This proves that our description of such an excitation
In the stripe case, excitations are not quasiparticles in a stafs correct.

dard sense and, therefore, no sharp features are to be ex-
pected. In fact, it is easy to show that for a holon in a

S . . B. Many-hole problem
periodic 1D Ising chain is equal to Y P

The second problem we address in this work is the many-
e 1 hole system. As we described in Sec. Ill the finite cluster can
”k:<k0|ckck|k0>_ 5~ [ Cosk cosko, (19 pe doped with different amount of holes and one can use
staggered-field BC's at the open boundaries to enforce the
wherek is the momentum of the holon. This is the simple state with and without an ADW. At some doping concentra-
consequence of the fact that the holon is a zero-dimensiongbn the stripe state with an ADW becomes a ground state
domain wall and tha(éfEHd) averages for distances larger and no fields are necessary to stabilize it. We also note that
thand=1 are identically zero. for two and more holes the Mius BC’s are not beneficial
Second, the general behaviormgfin our problem is simi- anymore because the holes play the role of boundaries for
lar to that for the spin polaron: it has a maximunkat(0,0) each other and the meandering of the domain wall can come
and a minimum ak=(, ), which is a simple consequence as a result of some “collective” motion. Our Fig. 26 shows
of the kinetic-energy minimization in the ground stéte. an example of such a process for the case of two holes. Such
However, its shape is crosslike rather than diamondlike  effects were discussed earlier in Refs. 55 and 63. However,
the shape of spin-polaram , see Refs. 68 and 69 or spin ~ we will show that the role of such processes in the stripe
polaronsn, is mainly given by the powers of,=(cosk, €nergy is negligible. This can be anticipated since the holes
are spread significantly within the individual excitation and

In Fig. 27 we show the DMRG and theory results for the
total energy of the system per hole versus linear hole con-
centrationnj=Ny/L, (energy of the empty system being
subtractefl DMRG data are obtained in the X8 cluster
with N,=1,2,3,4,5, and 6 holes populating an ADW. At
N;,>3 there was no need to stabilize the stripe by the fields

45 such collective processes should be statistically rare. More-
over, the bending of the stripe affects the free longitudinal
motion of the holes and thus is unfavorable. This is in accord
z with the earlier work, Ref. 53, where such a rigidity was
referred to as garden hoseffect. Note that in the case of a
strictly 1D stripe close to complete fillingn(=1) the lon-
’ gitudinal kinetic energy is suppressed and the stripe mean-
dering can become more important.
- 1. Total energy
1.0
-2.0
-3.0 i : .
a0 20 10 00 10 29 a0 at the boundaries since it was the ground state of the system.
The theoretical curve is equivalent to the results shown in

FIG. 25. 2D intensity plot of,=[n(k, k) +n(k, k) 1/2 from  Fig. 10, which are obtained from the rigid-band filling of the
DMRG for a single hole in Mbius BC 11x7 cIusterJ/t=0.35. effective 1D band using Ed13). Note again that the refer-
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(C) (d) FIG. 27. Total energy of the system with an ADW per hole
versusn;. Circles are the DMRG results from the 8 cluster.

0 i . . Solid curve and crosses are the theoretical results as described in
— = = i— ++ + = —— E— ++ + the text. Horizontal solid and dashed lines are the energies of free
: Kantr OO spin polarons and bound states of spin polarons in the homogeneous

— e — —:O:++ — - —:O:++ AF, respectivelyJ/t=0.35.

=== ++ —— " al2 + One can question the physical picture of a straight,
: ++ — e —O++ ¥veakly mear_1dering _stripe descri_bed_k_)y an effective 1D band
: rom the point of view of applicability of the free-holon
: <4 4 approximatior?® The controversy is that at the physically
relevant concentration =0.5 the free-holon approximation
(n<1) and the free-electron approximation{h <1) are
not applicable and should be equally bad. A very good agree-

FIG. 26. A schematic picture of*¥5 cluster with two holes in ment of our theory with the nl_JmerlcaI _data _LJMva.S and .
an ADW. (a)—(d) Hole motion in the periodic direction combined beyond can be seen as quite puzzling since the theory is
with the transverse motion of both holes results in the translation opased OnnH<1 approaph. I—!owever, such 'a controve:rsy
ADW in x direction. The shaded row at the bottom is equivalent to€0mes from the mean-field picture of the strictly 1D stripe.
the top row and is shown to emphasize periodic BC'y direction. ~ One should rather consider a stripe to be a combination of
strongly dressed, well spread holes forming a collective
bound state with the ADW. In fact, the actual amount of

ence energy is different from Sec. Il by)2Crosses are also S : o
the result ?gr the same rigid-band fillifg but for the s;ystemhoIonS within the. effec'uve; 1D band is glveP B¥holons
with the discretek space. We mimic the periodic finite-size :E_ky<kFZky (Zky '? a residue of the Green's functipn
system by imposing that only,=8 k points are available in which, for the physical range of parameters, d_oes not exceed
the effective 1D band. Straight solid and dashed lines are thBholons=0.2<1 even for a completely filled stripey=1. It
energies per hole of the systems of independent Spin p(demonstrates that thﬁ<l approach should work well in all
larons and bound states of spin polarons in the homogeneotidnges of doping.
AF, respectively. . )

Obviously, the rigid-band filling neglects the effects of 2. Chemical potential
interaction between the carriers except the Fermi repulsion. Figure 27 provided a comparison of the total energy of the
Such interactions are quite complicated and would includeystem within the different topological sectors, which defines
attractive as well as repulsive terms as well as some colleahe ground state. However, a more discrete energetic analysis
tive effects resulting in stripe meandering. However, givenis necessary to study the delicate balance of the stripe forma-
the good agreement of analytical and numerical results ongon. Here we introduce the chemical potential as the differ-

can conclude that such effects are secondary for the stripénce between the energy of the system Withand N,,— 1
formation. Therefore, the kinetic energy of the individual number of holes:

holes, both along the strigbolonic motion and perpendicu-

lar to it (spin-polaron pajt is the main reason that brings the w(Np) = Em_ Et“:)ht‘l_ (20)
stripe to the ground state. Note that since the holons are

spinless, the Fermi exclusion is much more effective at indn the situation when the kinetic energy is frustrated, it gives
ducing proper correlations between holons, acting as a har& measure of how effectively the energy of the system
core repulsion, than in the usual spin-1/2 case, where up- arid lowered by an extra hole for the states with different
down-spin particles can be on the same site. Thus, the effetepology.

tiveness of this simple band-filling approach is not so sur- Figure 28 shows: as a function oN;, for the DMRG in
prising. the 11x8 cluster with cylindrical BC's for the states with and
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| @@ DMRG, stripe N
s—m DMRG, no stripe )(
16| o 1D band theory J
I N
; - 8__ -\-; _____ =8 )(
5]
= L 4
X
-22r
2.4
J/t=0.35
| | | | | |
5t 1 2 3 4 5 6 FIG. 29. 11x6 cluster with four holes. Homogeneous antiferro-
Nh magnetic state is enforced by the boundary conditions. Instead of

being homogeneous, the circular ADW is created.

FIG. 28. Chemical potential vBl,. Discretek rigid-band re-
sults,L,=8, (diamond$, DMRG data in 18 cluster for the sys- by the boundary conditions aN,=1,2, while for N
tem with ADW (circles and without ADW (squarel J/t=0.35.  —4 56 it is the ground state. Conversely, the no-stripe state
Lines are guides to the eye. (homogeneous AFis the ground state foN,=1,2 (N,=3
ooks like a metastable statand is to be enforced foN,

2. We mark the no-stripe data foi,=3,4 as shaded be-
cause theN,,=4 state is not formed by the gas of spin po-
frons or polaron pairs but rather is a stripelike circle with an
ADW in the center of the clusteFig. 29. It is not a bound
state of polaron pairs, but rather a many-particle bound state

with the condensate of magnons, the “droplet” of the
Ny w—shiftehd AFhinsidehthe circle cor(‘jresponds;o such afconden—
sate. This shows the strong tendency to the stripe formation
,Zl Erin(kn) + (3I2)Nn+ (312 by, odar (2D o that even a small, finite number of holes will prefer to
) ) . form a closed loop of the ADW nuclei, which can then de-
wherek, is one of the available.,=8 k points, counted e|op into the straight stripes as the doping grows. We would
from the bottom of the band,n(ky) is the energy of the 1D e 1o discuss here thid,, =1 andN, =2 cases in Fig. 28 in
excitation, Fig. 9, 3/2 is the energy of the static hole at the 4re detail. While the no-stripe state is the ground state for
ADW, J/2=Espinonis the frustration energy caused by BC's. these hole concentrations, the effectiveness of the energy
As a result, the theoretical expression for the chemical POrowering is much higher in the stripe state. Rof=1 it is
tential is given by yet another form of the discussion given in Sec. |l that at the
" N bottom of the 1D holon-spin-polaron band the energy is sig-
w7 (Np) = Eyin(kyn, ) +33/2+(3/2)(=1)™, (220 nificantly lower than in the bulk. In other words, from Fig.

here Ev. (ke ) is the | ¢ ilable for t 28 one can see that the individual charge carries benefit en-
where Eyin( Nh) is the lowest energy available for the, ergetically from being at the stripe. Since fd=1 in either

hole in the 1D band. The last term provides a zigzag behavine stripe or the no-stripe system it is the kinetic energy of
ior of u(Np) shown in Fig. 28. , _ the individual charge excitation which is optimized, one can
For Np=1 the DMRG and the theory points are equi- conclude that the formation of the stripe is kinetic-energy
valent to those in Fig. 21 for the,= 8 cluster with periodic  grjven.
BC's and for theE;,°= Epgjont Espinon: respectively. Since The idea that stripe formation can be viewed as a conden-
the DMRG data in Fig. 21 seem to scaleB°, the differ-  sation of a set of hole pairs has been discussed in Ref. 76.
enceuPMRE(1)— utheo™(1) is, most probably, a finite-size Here we see that if one preconfigures the ADW, even a single
effect. One can see a very good overall agreement of thkole is bound to it with substantial binding energy, and pair-
trends in both the numerical and analytical result. Since théng is not involved. The quantitative description of stripe
theoretical results are calculated from the picture whichformation that we have developed, which does not involve
corresponds to the subsequent filling of the 1D band, th@airing, suggests that pairing is a lower-energy phenomena
chemical potential should grow as the higHeistates are which can be considered after the stripe is formed. However,
filled. the condensation of pairs idea may also be a valid point of
We mark differently the data fal,=5 andN,=6 since view. An energetic test for this point of view would be that
in the L,=8 stripe they correspond to the high concentra-the energy per hole of a stripe should be only slightly less
tions where the finite-size effects become more pronouncedhan that of separate pairs. More specifically, the energy ad-
Note again that the ADW configuratiofstripe is enforced vantage of the stripe should be less than the pair binding

without the stripe, together with theoretical results calculate
from the discretde rigid-band filling of the effective 1D
stripe band. In obtaining theoretical data points we needed t
account for the frustrating character of the cylindrical BC'’s
(discussed above for one hpler the cases when the num-
ber of holes is odd:

Nh_
tot

E
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energy. For the 148, J/t=0.35 system, we find that the e DMRG, MBC 0 —0.35 -
energy of the half-filled stripe, per pair of holes, is 0--0 theory JIt=0.35
2E3/5PN,,=—3.91. This compares witk,=—3.72 for a x_theory, averaged | /' 1

single pair. The difference between these two energies is ap-
proximately twice the binding energy of a pair of holes,
A=-0.09, suggesting that the condensation of hole pairs is
not nearly as good a description as the current formalism, at
least in thet-J, model.

A separate issue is whether the stripes help to promote
pairing, are irrelevant to it, or hinder it. In the no-stripe state
the chemical potential is lower fdl,=2 than forNy=1.

This energy is the true bound-state energy of the pair of spin
polaronsAs,= u(2)— (1)<0, much studied in the pa4t.

In the stripe state the excitations do not form a true bound
state, althoughu(2)—u(1)<0. The theoretical result for this FIG. 30. Hole density distribution across the stripe Jit
difference, w(2)— u(1)=Eyin(K,) —Exin(ky) —J, contains =0.35. DMRG data for four holes in X8 cluster, cylindrical BC's

the negative energy-J provided by the removal of the (filled circles. Theoretical results fofi) a half-filled stripe centered
spinon, which is induced by the PBC’s in the one-hole sysat Xo=6 (empty circles, (ii) linear combination of stripes at,

tem and has nothing to do with the pairing. Since the DMRG=5: Xo=6, andx,=7 (crossepare shown. Lines are guides to the
data look very much the same and algP?MRS(2)  ©ve

— 1'"€°(2) is almost the same as for the one-hole case, one, . . .

may conclude that there is no binding involved here at aII.aISO implies tha.t there are deep states, Wh'ch reduce the en-
However, it may also be that the binding energy is compen—ergy of the stripe, and shallow states, which are spread
sating the stronger finite-size effects for tig=2 case lead- around the stripe and are only weakly coupled to it.
ing to the samg.PMRCE(2)— 1"e°Y(2) . In anycase, we see

no significant enhancement of binding and thus the stripes
seem to be largely irrelevant to pair binding. To conclude this section we show the hole density profile

The collective stripe fluctuationg@s opposed to the fluc- for the half-filled stripe in the 1% 8 cluster(four holeg com-
tuations of individual holéshave been discussed as an ef-pared to the theoretical results fof=1/2 from Eqs.(14)-
fective alternative way to lower the energy and stabilize the(16), J/t=0.35, Fig. 30. In DMRG data cylindrical BC's are
stripe phasé® We check the effectiveness of such processesised and the stripe is the ground state for this system. The-
by studying two holes in the 28 system with periodic oretical results for the 1D-band stripe centered in the middle
BC's and Mdius BC's. The Mius BC's suppress the stripe of the system ak,=6 are shown by the empty circles. As
meandering considerably, which is seen in the hole densitye discussed before, the meandering effect causes the migra-
profiles, while the difference between the energies of thdion of the stripe as a whole in the transverse direction. Since
states is slightly above the numerical accuracy of thewve know that the meandering effect is weak and that it ef-
DMRG. fectively leads to the coupling of stripes centered at the dif-

The overall conclusion of this discussion is the following. ferentx, we, therefore, model this effect by assuming that
The kinetic energy of thendividual charge excitations at the the ground state is given by the linear superposition of 1D
domain wall, which includes significant components of bothbands centered at=5, 6, and 7 with equal weight. Further
longitudinal and transverse motion, is the reason for thelistribution is assumed to be unfavorable because of the
stripe formation. The pairing energy does not seem to b@pen BC’s. Then the density profile is given by the average:
significantly modified and, in general, is associated with theﬁ(x)=[NXO:5(X)+NX0:6(X)+ NX0:7(X)]/3' The results of
;maller energy scale. Meandering of the stripg, while being,ch an averaging are also shown in Fig.(8®sses Even
important for some other properties, has very little effect on,giter agreement can be reached assuming wider meandering

the energy of the stripe. Therefore, one can write this as 8nq weight distribution, but such a task is beyond the scope
hierarchy of the energy scales: of this work.

1 2 3 4 5 6 7 8 10 11

3. Density

A Eyin> Epairing> Emeandering (23) V. CONCLUSIONS

where AE,;, is the differencein the release of the kinetic Summarizing, we have presented a comprehensive com-
energies between the stripe and homogeneous st&g,  parison of the DMRG numerical data for clusters up te<81
~(J%)'3, as discussed in Sec. Ep.iing~J but, in fact, is  with the analytical studies based on the self-consistent
only a fraction 0fJ.?° EmeanderingShould carry a statistically Green's-function method for a single stripe of holes in an
small factor describing the probability of the collective mo- AF described by thet-J, model. We consider the close
tion of two or more holes together. As we mentioned,agreement of the results as a strong support for the validity
EmeanderingiS hardly detectable numerically. of our analytical method and of the physical picture which
The emerging picture of the stripe as a collective boundollows from it. We have provided a description of the charge
state of strongly dressed 1D band excitations with the ADWktarriers building the stripe as a system of 1D elementary
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excitations, unifying the features of holons and antiferromag- Altogether, the comprehensive comparison of the results
netic spin polarons. Then the stripe should be seen as af the theory and DMRG numerical approach has shown a
effective 1D band partly filled with these elementary excita-very close quantitative agreement, thus providing a strong
tions. This picture is in a very good accord with the numeri-support to our way of understanding the charge excitations at
cal data. the antiphase stripe in an AF.

As it follows from our study, the stripe can be roughly
described by the deep backbone states, which minimize the
energy of the antiphase configuration in the AF and the shal-
low, almost free spin-polaron-like excitations around the We would like to acknowledge invaluable discussions
ADW. Since the spin polarons are known to have a considwith A. Abanov, E. Dagotto, L. Pryadko, O. Tchernyshyov, J.
erable pairing between themselves, such a framework doéganquada, and S. Trugman. We are indebted to A. Bishop
not require the superconducting pairing to come from somdor numerous stimulating conversations. This research was
1D instability, but rather suggests that the pairing is largelysupported in part by Oak Ridge National Laboratory, man-
unrelated to the 1D stripe pattern. Such a scenario is alsaged by UT-Battelle, LLC, for the U.S. Department of En-
discussed in recent work, Ref. 77. Another hypothetical adergy under Contract No. DE-AC05-000R22725, and by a
vantage of our picture is a more effective screening of theCULAR research grant under the auspices of the U.S. De-
long-range component of the Coulomb repulsion, which reppartment of Energy. S.R.W. acknowledges the support of the
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