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Charge localization and stripes in a two-dimensional three-band Peierls-Hubbard model
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Using a two-dimensional three-band Peierls-Hubbard model appropriate to layered transition-metal oxides,
and in an inhomogeneous Hartree-Fock approximation, we show that several kinds of charge-localized meso-
scopic patterngstripeg may exist: vertical site stripes, vertical zig-zag stripes, diagonal site stripes, and
oxygen-centered stripes. A random-phase-approximation analysis reveals new phonon modes and intense low-
energy spin excitations in these stripes. A softened phonon mode with momeén@rn the oxygen-centered
stripe may explain the anomalous phonons observed by neutron-scattering experiments in several cuprate
superconductorgS0163-182608)50210-X]

Charge localizationsmall polaron formationhas been ‘ :
observed in recent years in a variety of doped transition- H:i;j:g tij({uk})ciocja+§ e({uh)civCin
metal oxides including nickelates, cuprates, and manganites, ' ’
and the organization of the localized holes into mesoscopic -
patterns, particularly “stripes,” has been suggested. For ex- +§i: UiCiyCi iy Cip + , 2 )
ample, neutron-scattering experiments have shown that in iihee
Lay 4gN\d, St 1CuQ,, doped holes form commensurate 1 1
charge-localized stripés> These stripes are also antiphase +2| 2—M|p|2+k2| EKk'uku" @
domain walls between antiferromagnetically ordered spins in

Fhe cu@ p'a”‘gs' a_md S|multa.neously,.the SlJperCOr.1dlm'v'tywhich has been successfully employed to study the polaron
is suppresseti? This observation may imply that stripes are

: tant for the phvsics of high-t . ductates in cupratésand the unusual low-energy magnetic ex-
'mportant for the physics ot high-temperature SUPErconauCty; o ng LaCug slig 0,.28 Here ciTU creates a hole with
ors, and the excitations of spin, charge, and lattice with re

_ spinc at sitei in the Cud,2_,2 or the O orbital. For the
spect to them are therefore of central interest. Several the?égticg part, we study or);lzy ){;e motionpxcﬁ‘/ O ions along the
retical studies suggest that stripes may have significa |

: S . ficant,_o ponds and assume, for simplicity, that only diagonal
impact on the superconductivity in cuprafes. Theoreti- components of the spring-constant matrix are finke,

cally, the stripe phase has been predicted by solving the Hub-= 5 k. For electron-lattice couplings, we assume that the
bard model or thet-J model in the Hartree-FOCKHF)  nearest-neighbor Cu-O hopping is modified by the O-ion dis-
app_rom_maﬂor?, and by numen_cal density matrix relgor- placementuy ast;jj=t,q* auy, where the+ (—) applies if
malization group(DMRG) calculations for theé-J model=*  the bond shrinkgstretche} with positive u,. The Cu-site
However, these calculations have not considered the freedoghergy is assumed to be modulated by the O-ion displace-
of oxygen sites, which has been shown to be one importanhentu, linearly ase;=e4+ B2 (*+u,), where the sum ex-
factor for stabilizing stripe$®> Recent measurements also tends over the four surrounding O ions. Other forme-gh
suggest that stripes may occupy the oxydesmther than coupling can be easily included in our approach, as well as
transition-metal sites(bond stripes’*1°Very recent inelas- disorder and impurities. We include Hubbard repulsion on
tic neutron scattering experiments on,lggSr, 1:CUQ, sug-  both Cu-site U4) and O-site U,) and the nearest-neighbor
gest that a phonon mode with momentum0) becomes Cu-O Coulomb repulsionl,).
softened and localized possibly due to the formation of bond Mean-field states were obtained by solving the Hamil-
stripes* (Evidence for related anomalous phonons exists itonian in an unrestricted HF approximation with self-
several layered cupraté¥. consistent conditions for on-site and nearest-neighbor charge
For a systematic understanding of, and discrimination beand spin densities, as well as lattice displacements, without
tween, various charge-ordered patterns in transition-metaissumption on the form of these quantitiéSelf-consistent
oxides, it will be necessary to characterize both electroni®onlinear equations are obtained by minimizing the total en-
energy scalépseudogap regimend low-energy vibrational ergy with respect to these quantities, resulting in generally
modes(of lattice, charge and spi-and most importantly inhomogeneous patterns. We use periodic boundary condi-
their inter-relationship$’ To this end, here we use a two- tions and the parameters are taken from local-density-
dimensional three-band Peierls-Hubbard model, in whictapproximation electronic estimatetg;q=1, A=e,—€;=4,
dy2_y2 orbitals of, e.g., Cu ang, , of O are explicitly in-  Uyq=10, U,=3, andU,4=1, a=4.5/A, ,8=1/,3T, and K
cluded, and moreover electron-phonéeph) interactions =32/A%.1%17 We choose the system in such a way that it
are taken into accountA more complete model of nick- consists of 54 CuGQ, unit cells for vertical stripes and>b
elates includes an additiondlorbital: Results will be given unit cells for diagonal stripes. Since the stripe is an antiphase
elsewherg. The Hamiltonian of this model reads antiferromagnetic domain wall, in such systems mismatch of

+
UijC-T C. fcjo"cia
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FIG. 1. Charggradi of the circle3 and spin(arrows densities FIG. 2. Chargdradii of the circleg and spin(arrows densities

in the verticz?ll site stripéa) and zig-zag stripe?b). The large circles in the diagonal site stripé) and the oxygen-centered strif).
fiucr::] fi(')srg:; sites and the small ones for O sites. The hole concentrag, symbols are as in Fig. 1. The hole concentration is 0.2.
though finite-system effect must be considered to correctly
spin in the boundary can be avoided. We add four extra holesstimate the energy of larger systems, we emphasize that all
to the stoichiometric state in thex&4 system and five extra these stripes are true local minima but dependent on bound-
holes in the 55 system, leading to the same hole concen-ary conditions(e.g., domains, dislocations, and twins in real
tration, 0.2/unit cell. materialg. The on-site coupling3 tends to stabilize zig-zag
Figure 1 shows two kinds of vertical stripes in the systemand diagonal stripes, and also to modulate charge density on
with 5X 4 CuGQ, unit cells. In panela), the charged domain vertical stripes. In fact, experimentally, both vertical and di-
walls are shown running vertically along the copper sitesagonal stripes have been observed. For example, vertical
(“site-stripe”). Spin is quenched along this stripe. Spins onstripes are formed in doped $@u0O, and diagonal stripes in
other Cu sites are antiferromagnetically correlated with a doped LaNiO,,>?° and current measurements cannot distin-
phase shift across the stripe, analogous to a one-dimensiongliish between vertical stripes of site or zig-zag type. Nu-
domain wall. Due toe-ph interactions and accumulation of merical DMRG calculations also predict that both the site
charge on the stripe, the oxygen sites adjacent to the stripgnd the zig-zag stripes are possible in a small cluster of the
have pronounced lattice distortions and carry more chargeJ model'? We expect that, because the stripes can also be
density than other oxygen sites. In the stripe, the four oxygeformed with orientation perpendicular to those in Figs. 1 and
ions around a copper ion distort asymmetrically between th@, other more complicated patterns with crossed stripes are
direction along the stripe and that perpendicular to the stripepossible, analogous to, e.g., epitaxial surface discommensu-
In panel(b), the stripe is of zig-zag type and there is again arrations or fine-scale tweed. Local stripes of one kind can be
antiferromagnetier phase shift across the stripe. Again, the defects on another kind of stripe and responsible for stripe
lattice is strongly distorted for the oxygen sites adjacent tanelting?! as we will discuss elsewhere. We have computed
the stripe. Different from the site stripe, within the zig-zag the HF electronic levels within the charge transfer gap for the
stripe the four O ions around a Cu site are essentially equivararious stripes, which will also be reported elsewhere. We do
lent and the stripe can be regarded as consisting of isolatawbt describe here commensurate-incommensurate patterns or
CuQy clusters. This zig-zag stripe can be more stable thamossible insulator-metal transitions within stripes, as a func-
the vertical site stripe because of the greater number of rdion of hole concentration.
laxed oxygens. Figure(d describes the spin-charge-lattice  All three stripes discussed above are centered on copper
configuration of the diagonal-site stripe for thx5 system  sites, whose spin is quenched. Recent data, e.g., neutron scat-
with the same parameters as above. In this stripe, the,CuQering measurements of the phonon behavior in the striped
clusters are equivalent and, across the stripe, spins of thghase of LagsSr, 1<CuQ,,* indicate that the charge may be
antiferromagnetic background again achieve an additianal accumulating along an array of oxygen sitg®., Cu-Cu
phase shift. The HF energies of these striped phases are clasend centered In our three-band model, this oxygen stripe
(—4.77,—4.83, and—4.84t,4 per unit cell for the vertical- can indeed also exist. In Fig(l®, we show an oxygen stripe
site, zig-zag, and diagonal-site stripes, respectjiveM- in the 5X4 system with a weakee-ph coupling and a
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FIG. 3. Phonon dispersion in the undoped systemthe vertical site striped phagb), the vertical zig-zag striped phage, and the
diagonal site striped phasd). Points represent specific eigenmodes and their strength is proportional to the density of the mode. Frequencies

incm™L,

smaller charge transfer gap=2, than for the above Cu- straints, we use a smaller system consisting &f43 unit
centered cases. Within the domain, the oxygen ions acquireells for vertical stripes and a>33 system for diagonal
much larger charge densities than those oxygen ions outsididripes with hole concentration 1/3. To understand the local
the stripe, and more importantly, they carry finite spin.magnetic structure, we focus on the spectral weight of mag-
Along the stripe, spins on oxygen are aligned antiparallel imetic excitations ak=(0,0). The spectral weight can be cal-

the form of singlets. The coupling between the stgand  culated as
environment(the adjacent Cuis antiferromagnetic. Thus

spins on copper sites at two sides of the stripe are parallel, f(k,w)o il > (0] Sgy(K)|nY|?8(w— (En—Ep)) (2)
showing that this stripe also gives an additiongdthase shift Neen n70
to the antiferromagnetic background. Although from our 831

small system calculations, stromgph couplings and direct
oxygen-oxygen hopping tend to destabilize the oxygen
stripe, we note that this stripe can be further stabilized by
including a double-exchange interaction, or out-of-plane
oxygen buckling, which are not included in modg).

Having obtained the mean field spin-charge-lattice con-
figurations, we carry out numerical random phase approxi-
mation(RPA) analysis of the phonon modes in these various
striped phases. Figure 3 depicts the various phonon disper- ¢y
sions. Panela) is for the 5<5 undoped system, which is oot
used for reference purposes. Parib)s-(d) correspond to the
vertical site stripe, the vertical zig-zag stripe, and the diago-

690

nal site stripe, respectively. Because of the formation of the 0k k=0 o
stripes, some new phonon modes appear, generalizing the (a)

local phonon(“shape”) modes associated with individual

localized chargegpolarons.!’ Lattice displacements both @ e e ® HO e O
parallel and perpendicular to the stripes have been identified o ° ® ® °

and should be valuable for experimentally distinguishing be-
tween types of stripes. Regarding the oxygen-centered stripe, ¢ OO0 GHG®
in Fig. 4 we plot the phonon dispersion and the lowest mode ° ° ® ® ]
at k=(,0). The lattice configuration of this mode is the e o e © O © (O
same as that of the recently observed@0 meV phonon with

momentum(7,0) in La, ¢Sk, 1:Cu0,.2* According to the ex- ° e © o o
periments, this mode is spatially localized, as is the lattice e @ o® © @ HE © @
configuration of Fig. &). This mode has frequency below
the undoped oxygen breathing band, which is also consistent ©) - > = = >
with the experimental data.
Since low-lying excitations will account for the low- FIG. 4. (a) Phonon dispersion in the oxygen-centered stripe

temperature behavior, we also apply the RPA analysis tphase. The symbols are as in Fig.(B) The lowest(,0) phonon
explore the spin and charge excitations and possible phonafode in this stripe. The length of the arrow is proportional to the
resonances in the striped phases. Because of numerical carkygen amplitude in thigw,0) mode.
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ene The spectral weights of charge excitations also show some
(a) modes in the phonon energy range, though their intensity is
much weaker than that in the spin channel. Our calculations
oes | . for spin excitation spectral weight with different momenta
indicate that in these stripes, the peak of the strong antifer-
romagnetic spin-spin correlation is split or shifted from zero
A energy to a small but finite energy. This finite energy exci-
o o o o o tation may be related to a spin pseudogap in disordered/
(b) meandering stripes, but larger systefssaller momenta
are necessary for the assignment.
In summary, using a two-dimensional three-band Peierls-
Hubbard model, we find that several kinds of stripes can

J\-/k exist (at least as global metastable configuratjottse verti-

o
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cal site stripe, the vertical zig-zag stripe, the diagonal site

510 stripe, and the oxygen-centergédond stripe. In all these

stripes, spins on copper sites receiver @hase shift across

(©) the stripe. Due to the formation of the stripe, some new local

phonon modes appear. These different kinds of stripes may

aes | ] be realized in different materials. For example, vertical

stripes are observed in doped,CaiO, and diagonal stripes

in doped LaNiO,.1?° The zig-zag stripe we identified may
o.0g, L —_— A - —. be relevant to ladder materials as well as layered cupfates.

O Tpa Recent neutron scattering measurements indicate that the

FIG. 5. Spectral weight of magnetic excitations in the vertical gxygen-centered stripe is formed in .LgSr, ;:Cu0, and a

site stripe(a), vertical_zig-_zag stripéb), and diagonal site stripe). softened phonon with energy70 meV has been observ&t.

The hole concentration is 1/3. Our theoretical calculations predict a lo¢ahapg mode in

. he oxygen-center ripe with th rr mmetry an
for k=(0,0), Se(K) = =i . a3 Gl 11 With o stand- the oxygen-centered stripe with the correct symmetry and

) i X k lying below the undoped oxygen breathing band. We also
ing for Pauli matrices, the superscriptfor the transverse 50 jated the spectral weight of magnetic and charge exci-
components, antllce for the number of Cu@units. Figure  (q4ions for different stripes and find the possibility of spin-

5 shows the low-energy magnetic excitation spectral weightsponon and weaker charge-phonon resonances. Detailed ex-
for the vertical site stripea), the vertical zig-zag stripe),  perimental study of dynamical spin-phonon correlations,
and the diagonal site stripee). In these stripes, there are . e|ated with electronic gap signatures, will be helpful for
some intense low-energy magnetic excitations localizeq,qerstanding the signatures of stripes. Estimates of pairing
around the magnetiedgesof the stripes, and with energies g,c1ations in the presense of the various strigespecially
coinciding with the stripe phonon band. The detailed Strucbxygen—centere)dare in progress.
ture of these excitations depends on the type of stripe, but

they typically have a local spin-wave character with the local We are grateful to K. Yonemitsu for important consulta-
magnetic coupling modulated by the oxygen pattern aroundions on the RPA code, and to T. Egami, P. C. Hammel, R.
the stripe. For example, the vertical zig-zag stripe has on&. Martin, M. Salkola, S. A. Trugman, Y. Yoshinari, and J.
more low-energy mode than the site stripe. This differenc&aanen for helpful discussions. This work was supported by
may be useful to experimentally distinguish between stripeshe U.S. Department of Energy.
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