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Partially filled stripes in the two-dimensional Hubbard model: Statics and dynamics
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The internal structure of stripes in the two-dimensional Hubbard model is studied by going beyond the
Hartree-Fock approximation. Partially filled stripes with inhomogeneous magnetization and charge along the
stripe core, consistent with experimental observations, are stabilized by quantum fluctuations, included through
the configuration interaction method. Similar configurations result to be stable for filled stripes, and have a
lower energy than the standard paramagnetic core solution. Away from half-filling, solitonlike solutions show
up within the Hartree-Fock approximation. The hopping of short regions of the stripes in the transverse
direction is comparable to the bare hopping element. The hole-hole correlation shows maxima along the stripe
direction, while the integrated value of compares satisfactorily with experimental results.
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[. INTRODUCTION filled and partially filled stripes are analyzed in Sec. lll.
Some comments on configurations that may appear when
By now it is well established that charged stripes areholes are added to half-filled stripes are also made. The re-
formed in a significant doping range of cuprate oxiles. sults beyond the Hartree-Fock method are presented in Sec.
The existence of these stripes was predicted, on the basis bf, where observable quantities such as the hole-hole corre-
mean-field calculations, in advance of its observation, bottations and the quasiparticle momentum dependence are also
in the one-bant” and the three-band Hubbard mode&Enis  discussed. Section V resumes the main conclusions.
is one of the very few theoretical results in the field of high-
T. superconductivity which was confirmed after its predic- Il. MODEL AND METHODS
tion. However, experiments showed that stripes contained ) . o
one hole per two sites of the stripe cdtlf-filled stripes, Here we show that mean-field calculations, initially used

instead of one hole per sitéilled stripes, as predicted by the {0 demonstrate the existence of stripes, can be improved in
Hartree-Fock calculations. Interest in these calculations de2rder to study the partially filled stripes observed experimen-

creased, as it was generally understood that the Hartree-Fol&lly- In addition, they provide significant insight into the

(HF) approximation was unable to obtain ground-state solulnternal structure of the stripes and their fluctuations in the
tions which could be interpreted in terms of partially filled ransverse direction. The HF method can be viewed as a

stripes. It must be noted, however, that the Hartree-Fock agiu@siclassical approximation to the spin and charge degrees
proximation, as analyzed in Ref. 9, can lead to self-0f freedom. Their low-amplitude quantum fluctuations can
consistent partially filled stripes, among a wide variety ofP€ incorporated by using the random-phase approxméﬁlon.
other solutions which break translational invarigh¢also ~ Finally, one needs to consider quantum tunneling processes
see Sec. llIA. These solutions are, at best, metastabld€tween degenerate, or nearly degenerate, HF solutions,
solutions? Alternatively, half-filled stripes can be stabilized When there are many. This is achieved with the configuration
by adding additional interactions to the Hubbardnteraction method, widely used in quantum chemiStA)
Hamiltonian® Unrelated calculations found stripes with dif- 1"€ combination of HF and CI methods gives reasonable
ferent fillings in thet-J model! and, using different tech- Tesults even when applied to one dimensional sysférihe
niques, in the Hubbard mod,although other numerical Cl method restores the symmetries broken at the HF level,
calculations show conflicting resuft324 It was also argued 2@nd provides information on the quantum dynamics of static
that stripes in doped Mott antiferromagnets arise from a tentlF solutions, which can be broadly classified into spin po-
dency toward phase separation, frustrated by electrostatl@"ons or stripes. _ _
interactions®® Stripes in the Hubbard model have also The Hamiltonian is defined on a square lattice as

been analyzed within slave-boson techniques, which use the

HF solutions as input’ Extensions of the Hartree-Fock H=t Y, ¢ ¢ otU> mni,, (1)
method which include low-energy spin and charge fluctua- ijons T P

tions (the random-phase approximatjonwere also + . o
discussed?® wheren; s=c; (¢; 5, and the label denotes a given site in a

In the present work, we analyze stripes in the one-bandinite cluster. The usual mean-field decoupling of the inter-
Hubbard model by extending the Hartree-Fock approxima@ction term is performed,
tion by means of the configuration interactig@l) method. U
The scheme was already presented in Refs. 19 and 20. The o L iaNA 2N\
model is briefly discussed in Sec. Il. Mean-field solutions for Uni i,y =7 (a6 = (si)s) @
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FIG. 1. Spin and charge textures for the three stripe solutions discussed in the text. Séttiortib) correspond to half-filled stripes,
while solution(c) is a filled stripe. Hereafter we choogseandy axes to be the the horizontal and vertical axes, respectively.
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spin structure, and a solution with a charge density wave of
eriod 2, and & 0] 0 spin structurgsee the Appendix In
oth cases, a four-site periodicity along the stripe is found,

where g;=Sc/ /s and §=3¢ ¢ ¢l s Ci s and o is a
vector made up of the three Pauli matrices. The Hartree—FocE

equations are iterated until self-consistency. CalculatlonWhich leads to a gap in the electronic spectrum. This is con-

were carried out ol Xm clusters with periodic boundary _ ; ; o ; ;
i . . . sistent with the well known instability of one-dimensional
consitions. A thorough discussion of how the CI method is y

. ystems at the HF levét.
implemented, and of the way expected values are calculated; 1y icq) stripe solutions obtained in this work, within the
can be found in Refs. 19 and 20.

: ; ) . mean, field approximation and periodic boundary conditions,

configuration interaction method needs to take into accoungptained in a 5 4 cluster, andJ =8 (hereafter we shall use
the fact that, at the mean-field level, there are many degen-as the unit of energy The filled stripe, like the ones con-
erate solution® which are not orthogonal. When a given sidered in previous mean-field calculations, is shown in Fig.
Slater determinant is included, all other solutions related to iti(c), while Figs. 1a) and ib) correspond to half-filled

by a lattice translation are also included. This procedure restripes, not reported earlier to our knowledge. We note that
stores the translational symmetry broken at the mean-fieldolutions similar to those of Fig.(d and Xb) can also be
level, as discussed above. In this respect, the scheme ussthble for the filled stripéheir stability depending obJ). In

here differs from the ordinary implementation of the CI this case, however, there are some differences with respect to
method to nondegenerate atoms or molecules, where thbe solutions of Fig. 1 that are worth notirig a large frac-
usual choice is a set of Slater determinants built up otion of the charge is localized at sites neighboring the stripe
electron-hole pairs above the ground state. HF solutions hawore, and(ii) the spin arrangement at those sites is not as in
ing different energies and different charge and spin configuthe antiferromagnetidAF) background; instead there are
rations have also been included in the CI calculatisee = many sites ferromagnetically coupled. Textures such as those
below). The number of possible configurations grows rapidlyof Fig. 1 correspond to self-consistent Hartree-Fock solu-
with the cluster size, posing a limitation on the maximumtions, and can be found in clusters of any size. A generaliza-
cluster size which can be studied within this method. Thetion of the{1 || solution to a 1& 16 cluster with 1/8 holes
efficiency of this approach was checked in several studies gfer site(32 holeg is shown in Fig. 2. The configuration is
the Hubbard model in one and two dimensidh$>?2and is  similar to patternc of Table I, and, though the vector that

further illustrated in the Appendix. separates two parallel stripesris (4a,0), the periodicity of
the configuration is &8 in the x direction and 4 in they
1. MEAN-FIELD SOLUTIONS direction. ,
' ' _ We have also calculated the energy required to create a
A. Filled and half-filled stripes hole in these configurations by subtracting the energy of the

Different stripe solutions can be obtained by judiciouslyAF background. The energies per hole obtained in this way
choosing the initial spin and charge texture. As extensivelare shown in Fig. 3. Itis interesting to note that the standard
discussed elsewhere, previous mean-field studies focused &flution for the filled stripgnonmagnetigis the best unre-
filled stripes! which tend to be the solutions with the lowest Stricted Hartree-FockJHF) solution only forU smaller than
energy per hole within this approximation, especially for the~5t. For larger values of the interaction parameter the non
values ofU/t~4 used in the initial studiek.’ homogeneous solution of Fig(ld becomes far more favor-

There are, however, self-consistent solutions which deable. For largeU the paramagnetic core solution has also
scribe partially filled stripes. These solutions have energieBigher energy than that of Fig(a.
per hole comparable to those of the filled stripes bit
~8-20. They have a unit cell, along the stripe direction,
which contains four sites. We have found two types of half- Doping of stripes away from half-filling leads to the for-
filled stripes: a solution with uniform charge andfd| | mation of defects. The addition of a single electron can in-

B. Nonconmensurate stripe solutions
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FIG. 2. Spin and charge textures for axl66 cluster with T E E
32 holes ¢=1/8, where § is the number of holes per sjte 0 5 10 15
andU/t=8. U/t

d he f . f h 1/2 soli h FIG. 3. Hartree-Fock energies per hole for filled and half-filled
uce the formation of two charge solitons, or to t estripes as a function dfi/t. The results correspond to<GL6 clus-

formation of steps. These mean-field solutions are showg, < \ith periodic boundary conditions.
in Fig. 4.

Charge fractionalization can be described within meanmethod’ on the other hand, gives solutions appropiate to
field methods?® and leads to a description of the doped stripeciusters with periodic boundary conditions, but with built-in
as a Luttinger liquié’ (also see Ref. 25We find that steps ~ stripe correlations. Finally, to the basis set required to imple-
are slightly more stable, in line with the arguments presenteghent the Cl we have added method solutions, which are
in Ref. 26. Note, however, that the step shown in Fig. 4s|ightly higher in energy. In Table I, we show different two-

carries a unit of charge. stripe configurations obtained within the Hartree-Fock
method, and the energy gain from hybridizing those related
IV. RESULTS by lattice translations. Results are also given for two filled

stripes. As noted above, paramagnéliomogeneoyssolu-
tions are far less favorable than nonhomogeneous solutions
We now hybridize the solutions described in Sec. Ill tofor the intermediateJ of Table I. The additional gain asso-

construct better solutions of the Hubbard Hamiltonian, fol-ciated by combining solutions not related by lattice transla-
lowing the techniques explained in Ref. 20. Note that thetions is shown in Table Il. We have checked that other tex-
stabilization of stripe solutions, within other schemes, re-tures, not depicted, do not change the results appreciably.
quires a careful fine tuning of the boundary conditiths, The energy per hole, calculated by subtracting the HF energy
leading to difficulties when comparing to solutions obtainedof the antiferromagnetic solution for one electron per lattice
for clusters with periodic boundary conditiohs.Our  site, results to be slightly more favorable for the half-filled

A. Choice of configurations

TABLE |. Energies of two stripes in 84 clusters for various Hartree-Fock solutions of filleld @nd
half-filled (hf) stripes, and the Cl combinations made by including all configurations related by lattice
translations. The second row gives a sketch of the spin texture in the stipes 8). In the case of filled
stripes, configuratioa has a nonuniform charge along the stripe. Note that some configurations do not exist
for either filled or half-filled stripes.

a b c d e f
T 1 T 1 Tl 0 0 0 0 0 0
T 1 Tl Tl T Tl 0 0
Ll Ll L1 0 0 0 0 0 0
Ll L1 L1 Ll Lo 0 0
Ef\r —23.431 - - —23.491 —23.373 —22.488
EL, —23.669 - - —23.697 —23.600 —23.050
ENC —18.822 —18.824 —18.818 —18.689 —18.690 -
= —19.438 —19.452 —19.437 —-19.334 —-19.334 -
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L T T B I O TABLE Ill. Band energies of single stripes with different
Ly @ 41 R lengths. The results were obtained by including the HF configura-
tion of Fig. 1(b) plus the configuration derived from it through a
[ BT B I BN ORI . h
(0,1) displacement of the stripe core. The results correspond to
I - | e ot u/t=8.
L T T B I R
Lt e R N T 4X5 8X5 1245 16x5
e ot brooo Ene —11.24  —-2249  —33.734  —44.991
U by ot Eq.o) —-12.41  —-2293  —-33.958  —45.087
rod ‘®ﬂ| LI oot E(r0) —10.98 —22.75 —33.939 —45.086
Vot }@: Vot by :®: by E(o.m —-10.76  —2255  —33.749  —44.992
P @le Loe J/@ by ot
b
i : g : I I :2: (: I : th'e longitudinal direction,'and the d_istance betyveen stripes
D with the same structure in a direction pependicular to the
R B R | $ LG_) | o t | Stripes_
(R SO I ot 4t The difference in energies between solutions with differ-
[ T NS R ent momenta reflects the energy gain from the delocalization
b e ot Voo bt of the Hartree-Fock solutions, which, in the present case, is
associated with the quantum dynamics of the stripes. In the
T R t e 4 1 o .
situations studied here, the ground state corresponds to the
bPeo vt bot bt zero momentum solution.
Vot } ©re o vt In Tables Il and IV we report the Cl energi& at some
tlo : o oot oyt symmetry points within the Brillouin zone, for one- or two-
ot L@ Lo 1 Yo v stripe solutions in clusters of increasing length. In the case of

one stripe the CI results were obtained by including two
b) UHF configurations, namely, that of Fig(k plus the one
derived from it through a (0,1) displacement of the stripe

FIG. 4. Addition of a single hole to a half-filled stripe. Hartree- Core; for two stripes, configuratiorssandc of Table | were
Fock spin and charge textures calculated for>a22 cluster with included. In both cases all Configurations obtained by all lat-
periodic boundary conditions and 12 holes/{=8). () Two-kink  tice traslations from the original ones were also included.
solution. (b) Step solution. The UHF energies of the configurations included in the ClI
calculation are also shown in the tables. The results illustrate
the size dependence of the CI energies. The energy gain de-
creases as the length of the stripe increases, due to the reduc-
. ' ) Sion in the overlap between solutions at different positions.
should be considered too small, particularly if one notes thaktermatively, one can say that transverse fluctuations of
the number of configurations !ncludeq in the calculation 'Sstripe segments are suppressed as the length of the segment
higher in the case of the half-filled stripes. increases. It is worth noting that the energy gdip,,
—Eynr decreases faster, with the cluster size, in the two-
stripe solutions than in the one stripe solution. This can be
easily understood by recalling that a large part of that gain is

The solutions obtained within the Cl scheme restore transkinetic energy, and thus it is easier for a smaller distortion of
lational symmetry, and can be classified according to thehe AF background to move.
total momentum, which corresponds to the sum of the mo- The bandwidths of the spectra obtained within the CI
menta of all electrons. The number of allowed momenta ignethod are also plotted in Fig. 5. The CI calculation was
given by the number of inequivalent displaced solutionscarried out by including all configurations discussed in Table
which can be hybridized to build the trial wave function. Il. The results shown in Fig. 5 were fitted by meansVef
This number is bound by the periodicity of each stripe along=Wye~'"'o, whereW, andl, are adjustable parameters. The

Ly
e

stripe, namely,—1.213 and— 1.286 for the filled and half-

B. Size dependence and quantum dynamics of the stripes

TABLE Il. Energies obtained by hybridizing different solutions, sketched in Table I, inkd &luster.
The last column shows the result obtained when including all configurattbestotal number of different
configurations obtained by lattice traslations is given in parentheses

a+b a+c a+d ate b+c a—f
EL, - - —24.116 —24.062 - —24.551 (104)
=H —19.751 —19.940 —19.501 —19.840 —19.746 —19.991 (160)
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TABLE IV. Band energies of clusters with two stripes of differ- The optimal Cl wave function, discussed above, was used in
ent length. The results corresponddét =8, and were obtained by the calculation.Ci,j shows a maximuni{0.021) when the

including configurations and ¢ of Table | (HF energies of those

configurations are also given

holes are separated by a vectgr=r;—r;=(0,m), that is,
when both are along the stripe direction. This feature of the
hole-hole correlation differentiates stripes from other two

4X8 8x8 12x8 16x8 208 hole configurati?%gg investigated within thd modef® or the
a Hubbard modet. <~ The results are shown in Table V. Note
EQF :12:?; ::;2; :222; :;g'igg ::2'22 that the two main configurations involved]{(||) and
HF : ' ' : ' (70]0), can be viewed as a superposition of site-centered
Eoo ~ —1994 —=37.75 =564l  -7517 —-93.96  anq pond-centered one-dimensional domain wWalEhese
Ezo ~ —1819 -37.57 -56.37 —7517 —93.96  configurations lead to a very accurate description of the dy-
Eom ~ —1820 —3757 —5637 —7517 —9396  namics of a hole in the one-dimensional Hubbard misdel

(also see the AppendixThe fact that the maximum hole-
hole correlation is found along the strifgee the discussion
values that we find aré{,,l)=(19.2,1.7) and (3.0,4.6) for abovg implies an additional similarity between the stripe
the (1,0) and the (0,1) directions, respectively. Note that theolution and one-dimensional Luttinger liquids. Thus the
physical bandwidth cannot be defined in clusters narrowestripes can be viewed as a one-dimensional system at
than four lattice spacings. The bandwidth associated with thguarter-filling®*? Because of the commensuration with the
displacement of a stripe of this length is tL.8he two stripe  lattice, we find a gap in the charge spectriUie estimate
results in Fig. 5(triangles are fitted in the same way, with the value of this gapA.,, beyond mean-field theory, by
(Wp,mg)=(10.1,2.1). In this case the/ bandwidths in the calculatingAc,=E, 1 +E, —1—2E, around the optimal
two directions almost coincide. The exponential suppressiofilling. For U/t=8, we obtain,A;,=0.7+0.1t, which is
of the tunneling of stripe segments of increasing length iower than the Hartree-Fock gap. Fdrt=12, we findA.j,
expected on general grounds. =0.5+0.1t.

The ClI results discussed above suggests that the stabiliza- )
tion of half-filled stripes is a general result, at least for values  TABLE V. Hole-hole correlations((1—n;)(1—n;)) for half-
of U/t in the range 6—20. The valug/t=8 corresponds to filled stripes onl Xm clusters as_a functhn of_ the vectoy . The
at-J model withJ/t=1/2. The energy per hole that we ob- results correspond t&J=8t, while the direction parallel to the

tain compares well with calculations for this modél. SUIP€ s (1.0). Asingle stripe was included ix& and 8<5 clus-
. " ters, and two stripes in a>48 cluster. Themx5 clusters (h=4
For U/t=12 (J/t=1/3), we obtain e,~—1.71+0.05%.

. . . . and 8 configuration of Fig. (b) and that obtained by displacing its
IQII(?UI\{;/\?LUr?SZE:S also in reasonable agreement with Othe(L,ore a lattice vector (0,1) are used, while in the & cluster con-

figurationsa and ¢ of Table | were included. In both cases the
configurations derived by applying all lattice translations to the

C. Charge correlations above-mentioned configurations were also included in the CI

We have also calculated the hole-hole correlation calculation.
=((1—n;)(1—n;)) for a half-filled stripe in a 5% 4 cluster. r /1m A%5 85 AX8
(0,0) 0.198 0.192 0.218
(1,0 —2.05x10°2 —1.99x102  —1.95x10?
. (2,0) 1.50<10° 3 1.77x10°3 4.07x10°3
- (3,0) - - 1.25¢10 2
ol (4,0) - - 3.2X 102
(0,1) —1.49<10°%2 —-1.23x10%2 —9.60x10° 3
., (0,2) 2.16<10 2 2.49< 1072 2.93x10°2
- (0,3) - 2.33% 102 -
I (0,4) - 2.6310°2 -
£ (1,1) 6.34x 10 3 4.93x10°3 7.57x10°2
6+ (2,2) 2.01x 103 2.44x10°3 4.80x10° 3
(3,3) - 2.46¢10°2 -
8t (1,2) 6.02<10 3 9.42x10°3 8.64x 103
(2,1) 1.63<10°3 1.35x10°3 4.10x10°°3
-10 - - - (1,3) - 9.5510 3 -
0 5 10 15 20 (3.1) 3 B 1950102
m (3,2) - - 1.25¢10°2
FIG. 5. Quasiparticle band widttW) in the directions (0,0) (1.4) - 1.06<10 2 -
—(1,0) (filled circles and (0,0}~(0,1) (empty circle$ obtained  (4,1) - - 3.2%10°2
on 5X| clusters with a single half-filled stripe vs the stripe length  (4,2) - 2.4810°8 3.22x10°2

Results for two stripes on8l clusters are also show(triangles.
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FIG. 7. Spectral weightj; integrated over either the highest 64
occupied electron statésppe) or the whole valence bangbwer),
along the k,,0) (empty symbolsand (Ok,) (filled symbols direc-
tions for the cluster and stripe solutions of Fig. 6.

Several features of the results, that agree with the experi-
FIG. 6. Spectral weight; integrated over either the highest 64 Mental data, are worth of comment. The spectral weight at
occupied electron statéapped or the whole valence bangbwen, ~ the center of the Brillouin zone mainly comes from electron
for a 16x 16 cluster with 224 electrort®2 holes. The results cor-  States deep in the band. On the other hand, summing up the
respond to a stripe solution similar to configuratioof Table |with ~ contribution of all electrons does not eliminates the strong
periodicities & and 4a in the x andy directions, respectively, like ~anisotropy(the spectral weight is maximum along tkend

those of Fig. 2. The calculations were carried out for a cluster withY @IS, s pointed out in Ref. 35 when commenting upon the
periodic boundary conditions. results obtained after integrating over a 500 meV energy

window of the Fermi level. In the experimental results the
o Fermi surface was placed &=+ 7/4 or k,= = 7/4 lines
D. Quasiparticle momentum dependence for the two domains, respectively. This is compatible with
We have also computed the valuergffrom the solutions ~the results shown in Fig. 6, as can be more clearly noted
described above. Figure 6 shows the spectral weightte-  When plotting the spectral weight along the ae=e Fig. 7.

. : ; The strong spectral weight around the zone center is no
grated over either the highest 64 occupied electron Statqanger present when the contribution of deep electrons is not
(uppe) or the whole valence bandower). The results cor-

; included. This is clearly visible in Fig. 6 and in Fig. 3 of Ref.
respond to a 18 16 cluster with 224 electrori82 holes and 35 (5150 see Fig. )7 Now the spectral weight is concentrated

periodic boundary conditions, and were obtained within the,aar the points £ ,0) and (0 ), and bounded by the
UHF approximation for a stripe solution similar to configu- |ines mentioned above. We should note that this is found for
I’ationC Of Ta.ble | W|th periodiCitieS a and Za in theX and a Stripe pattern W|th an &8 per|od|c|ty in thex direction,

y directions, respectivelfsee Fig. 2 Although, as discussed significantly different from the configuration with aa4peri-
below, the present results essentially agree with the mosidicity proposed in Ref. 35, indicating that what matters is
detailed experimental analyses of the electronic structure ahe distance between stripes and not subtle differences in
stripe phases in cupratés,®a striking difference is worthy  spin and/or charge arrangements.

of comment: while in the experimental spectra of Ref. 35 the We have checked on smaller clusters that these results are
x andy directions are equivalent, in our calculations they arenot changed when going beyond UHF by means of the ClI
not (the spectra show a higher weight along ytdirection as  procedure. It is appealing that inhomogeneous spectral inten-
should correspond to the stripe configuration of Fig. 2 sities are obtained even when charge and spin distributions
However, in a recent experimental study it was pointed oufré homogeneous in real space, as in the CI solutions pro-
that most measurements wetand ar¢ carried out on Posed here?
twinned crystals; thereby the apparent two-dimensional char-

acter observed in many caséso note that Ref. 35 sug-

gested the existence of two different domains with perpen- We have shown that the half-filled stripes observed in
dicular stripes experiments in cuprates can be derived using the same meth-

V. CONCLUDING REMARKS
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TABLE VI. Cl and exact energies for two and four electrod, €2 and 0, respectivelyon a four-site
chain with periodic boundary conditiorisquaré for two values of the electronic repulsidh The weight of
the included UHF configurations in the CI ground state is also giwete that, as the basis is not orthonor-
malized, weights can be larger thain The number of different configurations obtained from a given one
through lattice translations is given in parentheses.

Nh U Tl 0000 7010 Trll Eci Eexact
0 5 0.518(2) - - 0.225(4) —1.795 —1.844
10 0.557(2) - - 0.268(4) —1.095 —1.100
2 5 - 41.88(1) 79.62(4) 69.46(4) —3.348 —3.348
10 - 2.22(1) 5.18(4) 4.95(4) —3.149 —3.149
ods which lead to the prediction of the existence(fdfed) ACKNOWLEDGMENTS

; ; 7
stripes in the Hubbard mod&t’ The CI method allows us to The financial support of the CICyTSpain, through

describe quantum transverse fluctuations of the Stripe%rants Nos. PB96-0875 PB96-0085 1FD97-1358 and

which are significant(comparable tot) for segments of grvM2000-1107. and CAM(Madrid), through Grant No.
length of 4-6 lattice units. Hole-hole correlation showsq7n/0045/98 is’ gratefully acknowlédged.

maxima along the stripe direction. We present the distribu-

tion of ng, with good agreement with experimental results. APPENDIX: FOUR OR TWO ELECTRONS ON A SQUARE
The usefulness of the present method for the study of ) ) _ ,

half-filled stripes suggests that a detailed description of spin !N this appendix we discuss the ground-state energies for

waves in the antiferromagnetic background is not essefitial, WO Or four electrons on a four-site chain with periodic

On the other hand, the scheme used here shows that thereb@undary conditiongor, equivalently, & squareéwe note that

a delicate balance between spin pola?&ﬂsand stripes, this may represent up to some extent the core of the stripes in

which seems also to be found in Monte Carlo calculations o{:ig' 1. The results are reported in Table VI. The Cl calcula-
the t-J model1131427:3% detailed comparison of the rela- ion includes the UHF configurations of Fig. 1. The results

. i ¢ th h thin th indicate that while the weight of the paramagnetic configu-
tive stability of these phases cannot be done within theiion in the four-electron ground state is negligible, that of

present method, and also seems difficult to achieve by othgpe configuration in Fig. (b) is quite important. This is in
techniques. It would be interesting to analyze further the exine with our UHF results for the filled stripe shown in Fig.
perimental implications of this near degeneracy of qualita \vhich indicate that the aforementioned configuration is by
tively different solutions. far more favorable than the paramagnetic core solution. The
Finally, the present method suggests that dynamic inhoerror in the energy for four electrons is less than 3%. In the
mogeneous spin and charge textures, like stripes or spin pease of two electrons, configuratiof® and (b) in Fig. 1
larons, are closely related to the mean-field solutions. Théave a similar weight in the ground-state wave function. On
existence of inhomogeneities in these solutions is related tthe other hand, the exact energy is reproduced by the ClI
the fact that translationally invariant wave functions, in thecalculation only when the paramagnetic configuration is in-
mean field, lead to states with a negative compressibilitycluded. These results illustrate the use and support the effi-
which are unstable toward phase separatfon. ciency of the nonstandard Cl approach used in this work.
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