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Vibrational edge modes in intrinsically heterogeneous doped transition metal oxides
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By applying an unrestricted Hartree-Fock and a random phase approximation to a multiband Peierls-
Hubbard Hamiltonian, we study the phonon mode structure in models of transition metal oxides in the presence
of intrinsic nanoscale inhomogeneities induced by hole doping. We identify low-frequecalvibrational
modes pinned to the sharp interfaces between regions of distinct electronic st(doped and undopgdnd
separated in frequency from the band of extended phonons. A characteristic of these “edge” modes is that their
energy is essentially insensitive to the doping level. We discuss the experimental manifestations of these modes
in inelastic neutron scattering and also in spin and charge excitation spectra.
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I. INTRODUCTION Our purpose here is to elucidate typical manifestations of

Recent advances in experimental techniques providétripe'orde_r in experimental probes sensitive to the excita-
strong indications that a broad class of electronic material$ions in spin, lattice, and charge sectors. In particular, we
Common]y referred to astrong]y Corre]atedexhibit intrin- compare our theoretical results with the observations of
sically heterogeneous electronic phasésStrong interac- “@nomalous” phonon modes in the cupratés? Analogous
tions in these materials drive the phase separation betwedfsults also apply to edge mode signatures in other doped
regions of distinct electronic structutédowever, a compet- transition metal oxidesand related complex electronic ma-
ing interaction or electronic kinetic energy can lead to frus-terials, as found in recent experimental studf€s’* corre-
tration of the global phase separation and to formation ofponding modegphonon shape modesave already been
nanoscale inhomogeneitieshich can take the form of, e.g., Predicted and identified in conjugated polymers and quasi-
stripes and checkerboat@®r clumpst! Unlike the conven- — one-dimensionajquasi-1D charge transfer solid:2°
tional spin- and charge-density-wave phases, the ordering of
intrinsic heterogeneities is sensitive to thermal and quantum Il. MODEL
fluctuations'? as well as static disorder. This makes an un-
ambiguous identification of such phases and their distinction 10 model the Cu@planes of doped cuprates, we use a 2D
from the more familiar density-wave instabilities prob|em_three—band extended Peierls-Hubbard Hamiltonian, which in-
atic, requiring the development of new diagnostics more ser/Udes bOchS electron-electron and  electron-phonon
sitive to the unique structure of such phases. Here, we prdnteraCt'O”Sz-7’
pose one such diagnostic tool which relies on the detection 1
of localizededge modepinned to the interface between re- Ho= >, tod(Ui)(cl ¢j, + H.c) + X (uj)c! cip+ E EK”uﬁ

gions of different electronic structure. The ed@eterface (o o (ij)

modes appear in every degree of freedom coupled to the 1

inhomogeneity(charge, spin, lattiog'® with corresponding + > EUijniUnjU,. (1)
correlated experimental signatures. Here we studyattiee ij,o0’

ylbrathnal edge mOth'.Ch lend themselves to study with Here,c! creates a hole with spior on sitei; each site has
inelastic neutron scattering. We also compute the corre- la

sponding excitation spectra in spin and charge channels ano e orbital(ds_y2 on Cu or Opy or py on O). The CU(O) site
ponding P : P 9 electronic energy i%4 (€,). Here,U;; represents the on-site
describe the cross correlations. P |

We focus on one patrticular class of transition metal oxidesCu (O) Coulomb repuLsmrUd (Up) or the intersite ondJyq
that has attracted significant attention recently: namely, cuand the summationX is taken except for the case
prates. These are the materials exhibiting Higrsupercon-  (i,0)=(j,d”"). The electron-lattice interaction causes modifi-
ductivity upon doping. The presence of stripes and checkercation of the Cu-O hopping strength through the oxygen
boards and their possible influence on superconductivity ar@isplacementy;: t,q(U;j) =tpg* au;;, where + (—) applies if
subjects of intensive debate. Since it appears that stripes céiie Cu—O bond shrinkéstretches for a positiveu;;; it also
significantly affect superconductivit§;26it is important to  affects the Cu on-site energieg(u;;) = €4+ B8Zj(+u;), where
establish whether they are indeed present in the materialthe sum runs over the four neighboring O ions. The other
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FIG. 2. (Color) Localized vibrational eigenmodes for the case of
20— a 20%-doped Cu@plane. The stripe is centered along the middle
vertical Cu row. There are two localized branches: One corresponds
0 = to the oxygen vibration parallel to the stripgow frequency,
(0,0) (r,0) (2m,0)(0,0) (m,0) (2m,0) E=14.8 meV, leff, and the other corresponds to the oxygen dis-
placements perpendicular to the stripéhigh frequency,
(b) (C) E=68.5 meV, right The supercell size is45.
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whereR,|(t) =R/ +d,+u(t) is the position of thdth oxygen
C? : @ : @ ° @ : @ ’ @ GO @ ’ @ atom expressed in terms of the location of the unit cell origin
@ e ® e ®® - © Do ®+ @ o R?, position within the unit celd,, and time-dependent vi-

brational component;(t). For phonon modes with(t) ori-

FIG. 1. (a) (Color) Neutron scattering spectra and the ground-ented along the corresponding metal-oxygen bonds, on the
state structures for the undopgéft panel in(a) and(b)] and hole- O, sublatticed,=(a/2)x and u;=xX, and on the @ sublat-
doped(20%) case[right panel in(a) and(c)]. The system sizes are tice d,=(a/2)y and u;=y,y. The scalar displacements can
4x 4 and 4x5, respectively, with periodic boundary conditions. now be expressed in terms of the normal modgsas
The neutron scattering spectra are symmetrized with respect to dkl(t):zna'x',nzn(t) andM(t):Enay',nZn(t)- Making a first-order

rec'ﬂons_ parallel and perpend_lcular to the strlpe. In the lower plOtSeXpanSiOH in the oxygen displacements, we obtain
black circles represent Cu sites and red circles represent O. The

radius of the circle is proportional to the corresponding site hole = 21 X (12 L1 2y |2 i(kekyparz x -y
density. Arrows centered on circles show the magnitude and direc-S(k’w) En: [kX|ak‘n| ¥ ky|ak’n| * kxky(e' T Hn®hen
tion of spin. The green lines originating from O sites indicate the

magnitude and direction of the equilibrium O displacements in the +c.0)] X
presence of a stripe. 2Mwy,

[(1+ng)d(w— w,) + Ngd(w + wp)].

oxygen modes couple to electron charge more weakly and . @

are neglected for simplicity. We use the following set of Here, aﬁ,n=2|e_ikR' @ n andng=(e*’T-1)"1 is the thermal
model  parameter$¥?’  ,-e;=4.4eV, Ug=11eV, population of the phonon mode This is a generalization of
Up=3.3eV, Up=1.1eV, K=38.7eV/R, «a=52eV/A,  the usual neutron scattering intensity expresidor the
andB=1.2 eV/A, withty,q=1.1 eV. To approximately solve case of phonons with a larger real space unit cell. We plot
the model, we use unrestricted an Hartree-F@gK) com- gk, w)/|k|? for k directions sampling longitudinal modes,

bined with an inhomogeneous generalized random phase agonsistent with the common experimental convention.
proximation(RPA) for linear lattice fluctuatiort€ in a super-

cell of size N,X N, with periodic boundary conditions. In

this model, _d_oped holes tend to segregate into stripes due to IIl. LOCAL PHONON MODES

the competition between the magnetoelastic interaction that

favors global electronic phase separation and electronic ki- We first analyze the signatures of the edge mode by com-
netic energy that favors uniform carrier dengty°We note  paring computed phonon spectra for doped and undoped cu-
that other competing interactions can produce stripesprates(Fig. 1). The predicted neutron scattering intensities
clumps, and other inhomogeneiti&s’? the local, coupled are given in the original Brillouin zone, symmetrized with
charge-spin-lattice dynamics governing edge modes on thesespect to the two possible orientations of the stripe.
templates then can still be modeled with a similar Hamil- The ground-state configuration in the undoped case is a
tonian and RPA analysis. uniform antiferromagnetAF), while, in the doped20%)

The output of the calculation here is the inhomogeneousase, the holes partially segregate into a Cu-centered vertical
HF ground state and the phonon eigenfrequencies and eigestripe3* The doping produceswo quasi-1D low-frequency
vectors. From the phonon eigenmodes, we calculate the copranches that split off from the band of extended phonon
responding neutron scattering cross section modes characterizing the undoped state. In Fig. 2 we plot
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FIG. 3. (Color) Electronic excitations in a 84 system with a
vertical stripe(a) Spectral weights of longitudinal magnetic excita-
tion (solid line), transverse magnetic excitatigdotted ling, and
charge excitatioridashed lingfor (%77, 7) momentum transfer. The
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twinned YBgCu;Og.5 (Ref. 19 have attempted to resolve
the phonon spectrum both parallel and perpendicular to the
purported stripe directio??, but conclusive identification has

scale for the transverse spin mode is 4000 times larger than the orlR,Een hampered by the degeneracy and mixing of many
for others.(b) The ground state(c) Spin and charge configurations Modes near the zone boundary. There has been no search yet

for the excited state-40 meV; this frequency corresponds to the for theparallel edge modes which are predicted here to have
oxygen vibration parallel to the stripe. He8=0. (d) S, configu- @ huge softening of~60%. However, there are distinct
ration for the excited state-50 meV, wheres,=0. anomalies in the longitudinal phonon spectrum of
La,_Sr,CuQ, around 30 meV that have not been studied in
representative modes from these branches. Clearly, these atetail®
modes “localized” in the direction perpendicular to the Despite the close agreement between the energy scales of
stripe. The lower-frequency branch centered aroundhe predicted and observed modes, it is important to note
~30 meV corresponds to the oxygen displacemetig  Some deviations from the reported experimental data for the
the stripe and the high-frequency one a0 meV to the mode intensities. We speculate that these discrepancies may
vibrations perpendicularto the stripe(The example shown be due to the detailed local oxygen environments: Either
in Fig. 2, right, is a localized asymmetric breathing more complex intraunit cell distortions—i.e., local oxygen
model”18 The dispersion of the lower branch correspondspolarizations(e.g., from local confinement or pairing ef-
to the energy dependence of the localized modes on thiects, which would require more detailed modeling than the
quasi-1D momentum along the stripe direction. Differentconstrained O displacements used here-frmore com-
wave vectors cause different degrees of charge transfer bglex stripe configurations than the regular linear stripes we
tween copper and oxygen atoms along the stripe and, hendeave considered.(Such textured—e.g., checkerboard—
have different energies. The dispersion in the direction perpatterns are indeed found in certain modetd.
pendicular to the stripes is very we@hkut nonzerp due to
the strong concentration of the modes’ spectral weight along
the stipes. Our results are in a semiquantitative agreement
with the experiments. By the choice of parameters, we fit the We now investigate the structure of corresponding elec-
optical phonon band structure in the undoped case. Experironic excitations in thehargeandspin channels. We again
mental evidence from neutron scattefihtf shows mode use the inhomogeneous generalized RPA; however, due to
softening of about 15% with doping in the cuprates, consisthe increased computational complexity, we must use smaller
tent with the softening obtained here for therpendicular ~ system sizes: a 83 system for diagonal stripes and a
70-meV edge mode. Experimentally, the softening is dopingd X 4 system for vertical stripes. In both cases the hole con-
independent, which is consistent with the formation of ancentration is%. We have analyzed the spectra, as well as the
edge mode, for which the doping is expected to change theeal-space structure of these excitations. For example, the
intensity but not the energy in the limit of sufficiently dilute excitation spectrum in the longitudinal spin channel is given
stripes. Recent neutron measurements in twinned and déy |(w,q)==,(0|S(q)|n)[?8(w—E,+E,), where|0) and |n)

IV. MODIFIED ELECTRONIC EXCITATIONS

224514-3



MARTIN et al. PHYSICAL REVIEW B 70, 224514(2004)

are the Hartree-Fock ground state and an RPA excited statship with the “41-meV” magnetic resonance mééé’ Note
respectively. The real-space structure of the excitdtipris  that there is no coupling of magnetic excitations with the
described by, e.g{0|S/(i)|n). This quantity shows how the low-energy vibrational mode. This is because in the Cu-site-
expectation value of the component of spin on sité¢  centered stripe, oxygen vibration only transfers charge be-
changes due to to the excitation of the RPA spatavhen the  tween the sites with no spin polarization and, hence, does not
system is driven by an external field of frequerigy- E,. couple to the spin channel.

The phonon spectrum for the verticak3! case is essen-  Figure 4a) shows the spectral weights for excitations in
tially the same as in the 45 case in Fig. 1, with two local- the diagonal stripe case. Here, there are several RPA excited

ized branches near 30 meV and 70 meV. However, the relsStates near 65 meV, which lead to a peak in the longitudinal

tive weight in the localized modes increases with theSPIn excitation spectrum. The excited state that has the low-

increased density of stripes. This and the insensitivity of théSt €nergy of the states65 meV is plotted in Fig. @); the

modes’ energy to doping are the main characteristics of thgbranonal mode corresponding to this excitation is shown in
19

edge modes. For thex33 diagonal stripe case, the phonon 19: 4(b). As discussed earlier, unlike for the vertical stripe

. ase there is no localized vibrational mode around 40 meV,
spectrum has only the high-energy edge mode at 70 me\gnd accordingly there are no RPA spin or charge excitations

but no_excitation near 30 mev. Note that the Iow-energyin this energy range. The only excitations of the longitudinal

vibrational mode can only exist for a vertical stripe becausefnagnetic and charge channels appear in the 65-90 meV
the oxygen-mediated charge transfer along the stripe is SUp3ge The transverse magnetic excitation shows only the
pressed in the diagonal case. Goldstone mode.

The spectra for magnetic and charge excitations for the
vertical stripe case are presented in Fig. 3. The spectral V. SUMMARY
weight of the charge excitation ql=(§7r,7-r) has a peak near
~40 ”?eV,; which correspgnds to the frequelncy of the half'spin, charge, and lattice channels, familiar in the polaronic
breathing” oxygen vibration along the strifsame low- oy jcs of conjugated polymers and quasi-1D charge transfer
energy branch as Fig(®, but with q,=]. This charge ex-  4jt52526.38i5 also expected to be prominently manifested in
citation produces dynamic dimerization along the stripeihe case of other doped strongly correlated materials, includ-
which couples to the antiphase oxygen vibration parallel tqng nickelates, cuprates, and bismuthatésThe intensities
the Stripe. On the other hand, the excitation near 70 meV |§f these Signatures should increase with dor('mm there-
associated with the antiphase oxygen vibration perpendiculdbre density of interfacgsin addition to angle-resolved pho-
to the stripe[same split-off branch as Fig(i®] and corre-  toemission spectroscopgARPES and inelastic magnetic
sponds to the charge excitation at the Cu sites next to thend lattice neutron scattering, experimental techniques that
stripe. The transverse spin channel modégai,w) shows should be applied to study the edge modes include dielectric
not only the Goldstone zero mode but also a higher-energgonstants and infrared and Raman spectros€ppgsonant
excitation~50 meV. From Fig. &), this higher-energy ex- Raman scattering would be particularly valuable even for
citation likely corresponds to the spin-wave branch foldedow doping levels®
back at the zone boundatlarger systems sizes are neces-
sary to be definitivg. From continuity of spin-wave excita-
tions, it follows that there is an intensity somewhere below We would like to acknowledge valuable discussions with
50 meV at(, ). It is possible that this mode has a relation- T. Egami. This work was supported by the U.S. DOE.

We conclude that the formation of split-déical modes in
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