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Spectral functions of lightly doped antiferromagnets using dressed hole operators
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Literature addressing the existence of “hole pockets” in experiments for the Thigtuprates and in
theoretical analysis of electronic models of correlated electrons is reviewed. It is argued that the issue is not
conclusively resolved, both in theory and experiments. The apparently large Fermi surface observed in nu-
merical studies of the doped Hubbard and models suggests the presence of ¥ carriers (with x the
concentration of holgs However, this is in contradiction with results obtained in similar calculations for the
Drude weight which scales witk at low doping. To address such a paradidressedoperators are here used.

Their spectral decompositioh(k, w) is analyzed specially using tthe] model on ladders, but considering also
chains and two-dimension&D) clusters. The results are contrasted against those obtained with the standard
bare operators. It is concluded that substantial changes in the spectral weight can occur by replacing the bare
hole creation operator by its dressed version. Apparently large Fermi surfaces can turn into small ones by
working with quasiparticldgp) operators that represent accurately the state of one hole. Thus, large Fermi
surfaces in angle-resolved photoemisdiARPES, obtained by the sudden removal of an electron, may not be

in contradiction with a visualization of the normal state of lightly doped antiferromagnets as composed of a gas
of spin polarons with energies approximately obtained from the rigid band doping of the half-filled dispersion.
The coexistence of a large Fermi surface in ARPES with, e.g., a holelike Hall coefficient seems possible in
systems with strong correlations. In this paper the expression “hole pocket” is used as representing a large
accumulation of spectral weight centereckat( =+ 7/2,* 7/2) generated by antiferromagnetic correlations in

2D clusters, or in analogous positions for ladders and chains. The subtle issue of whether such hole pockets
represent a true small Fermi surface or just large incoherent weight cannot be addressed with finite resolution
techniques such as angle-resolved photoemission and numerical studies of electronic models. They only pro-
vide information about the location of the dominant weightAitk,w). The ideas discussed here are very
general and they can be applied to a variety of problems where quasiparticles are strongly dressed by low
energy excitations of the medium in which they are immerg86163-18207)03821-6

[. INTRODUCTION persion does not change much with doping, the region near
X=(m,0) is substantially affected. As the hole dopirg
o ) grows from zero, the flat quasiparticle band near,Q)
Angle-resolved photoemissiofARPES experiments moyes up in energy towards the Fermi energy which is ap-
continue providing important information for the understand-proximately reached at optimal doping. At very low hole
ing of the normal and superconducting states of the highjensity the flat band at is 0.2 eV below the chemical po-
critical temperature superconductordmong the interesting  tential. These results are supplemented by information along
results observed with ARPES in this context is the discoverghe X—M direction showing that the band crossing of the
of flat bands in the neighborhood &f=(,0), in the two-  Fermi level observed at optimal doping actually disappears
dimensional2D) square lattice notation, for a variety of op- in the underdoped regime. A possible explanation of the re-
timally doped compounds:* These results show the rel- sults presented in Ref. 8 involves the presence of “hole
evance of strong electronic correlations within the planes tgpockets” induced by antiferromagnetic correlations which
properly describe the cuprates. In addition, the dispersion ddire features centered ket (= 7/2,* 7/2) for x smaller than
a hole in an antiferromagnet has been addressed with ARPESptimal. It is important to remark that half the pocKee.,
through experiments in $9,Cl,,>® allowing a comparison the region lying at momenta the closest e, ¢) which here
with predictions obtained from thieJ and other electronic is referred to as the “outside” part of the pockétas not
models for the cuprates at half-fillifgThen, both the un- been observed experimentallgee Fig. 1 This may be
doped and optimally doped limits have been studied and theaused by its small intensity. Actually ARPES data for opti-
next step is the analysis of the evolution of one result intamally doped Bi2212 obtained by Aelgt al. using a tech-
another as the density of holes is smoothly changed in thaique with high resolution in momentum space have shown
underdoped regime. Recently, progress in this direction hateatures that are compatible wiihll small hole pockets, i.e.,
been reported in a study of Br,CaCyOg, s (Bi2212 by  with a nonzero signal for both the outside and inside regions
Marshall and collaboratdtssee also Ref.)9 While along  of the pocket®!! However, certainly the intensity outside is
the I'=(0,0) to M=(a,7) direction the quasiparticle dis- much smaller than the intensity in the inside pocket \ithié

A. Experiments and theory on hole pockets: Present status
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FIG. 1. ARPES results reproduced from Ref. 8. They show the

|
Fermi level crossing of two Bi2212 samples of differing oxygen f
content(one corresponding to optimal doping and the other to the '\/\‘
underdoped regime The entire BZ can be reconstructed by four- T -
fold rotation about (0,0). 0,0 (1:/2,I w/2) (m, ®)

closest to (0,0)and, in addition, superstructural effects may FIG. 2. (a) Schematic representation nfk) along the diagonal
contaminate the data. Complicating matters further, note thdt—M as predicted by theories with hole pockéssich as those
studies of YBaCuOg. 5, With 0.2<8<0.9, by Liuetal’?>  based on the spin-density-wave mean-field approximatian, fill-
do not report appreciable changes in the hole dispersion ne#g rigidly the quasiparticle dispersion obtained at half-filling. For
X in a wide range of densities contrary to what occurs foran actual calculation using a variational state based on the string
Bi22128 More recently, studies by Dingt al*® found no picture see _Fig._3 of Ref. 22, and using a spin-density-wave mean-
evidence of small hole pockets in underdoped Bi2212 evefiéld approximation see Ref. 28&)) Possible behavior ai(k) if an
in samples with a critical temperature as small as 15 K. Thugdccurate many-body calculation would be |m_pleme_nte_d for the 2D
the presence of pocket features in ARPES is still under much? ©F Hubbard models. Now the second discontinuity has been
discussion. replaced by an accumulation of weight.

Regarding the theoretical aspects of the problem, hole
pockets have been mentioned since the early studies of holé What density it is reasonable to assume that the quasipar-
injected in antiferromagneté- 26 These holes are sometimes ticle dispersion has not changed appreciably with respect to
visualized as spin polarons, i.e., formed by the actual vathe half-filled result. This may occur only very close to the
cancy plus a cloud of spin excitations that reduce the antiundoped limit. Second, from a rigorous point of view the
ferromagnetic order parameter in its vicinity, as in spin-bagfigid filling of the half-filled dispersion generates a small
approache&’ The dispersion of just one hole in the two- Fermi surface with a momentum distributiorfk) = (c{c,)
dimensional Heisenberg model is accurately known using &avingtwo discontinuities along the direction from (0,0) to
variety of technique$®® The minimum of the hole band, or (7, 7) [see Fig. 2a)]. Similar results were obtained in an
maximum of the valence band, is lat (+ 7/2,= 7/2) and  actual variational calculation based on the string picture by
thus at least naively a small but finite density of holes wouldEder and Beckef and also using the spin-density-wave
populate this region creating the pockets mentioned abovenean-field approximation by Duffy and MorédThese two
Such rigid filling of hole states has appealing properties asingular points survive even at densities when the four pock-
noted by Trugmar® Recent effective models for the high- ets merge into one single structure, i.e., when the Fermi sur-
T. cuprates, such as those used in the “antiferromagnetiface could be labeled as “large.” It is very unlikely that at
van Hove scenario? also describe the normal state aslarge hole density in the real cuprates two such discontinui-
made out of weakly interacting quasiparticles with a disperties alongI’'—M exist, and thus the pocket scenarios can
sion calculated from numerical studies at half-filliffg°Flat ~ only be accurate in the underdoped regime at best.
bands are observed as in experiments. Assuming a rigid fill- Even though mathematically indeed there are two discon-
ing of this band, reasonable results are obtained for supetinuities alongl’—M in theories with hole pockets, we prefer
conductivity once a nearest-neighbor attraction is introduceto interpret these results as follows: if a high resolution cal-
in the problem to mimic the sharing of spin polarons effectsculation for electronic models could be possible it is likely
(i.e., real space approach to hole paijings the density of that only one discontinuity im(k) along I'—M will be
holes increase, the pockets start overlapping and eventualfyresent, i.e., the large one closdtoHowever, in addition to
the Fermi surface becomes lar§&° Thus, in this context a this singularity, the presence of robust antiferromagnetic cor-
transition from a small to a large Fermi surface is predictedrelations in the system must produce features in the form of
in apparent agreement with the recent experiments of Mara large accumulation of spectral weight at the position where
shallet al® the second discontinuity in(k) exists in hole pocket ap-

However, there are several features of the hole pockegtroachegas illustrated in Fig. @)]. This is reasonable since
theories that are not satisfactory. First of all it is unclear upno drastic changes can be expected in the distribution of
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weight as the antiferromagnetic correlation lengga varies  studied ladder systerifshave a similar behaviét~>' which
from o (long range ordérto a finite number, as long as it Seems to be general of models with short range antiferromag-
remains robust. Then, hole pocket theories may provide uséetic fluctuations.

ful guidance for the location of important parts of the spec- It is important to remark that also in experiments for the
tral weight in ARPES experiments once it is accepted thaguprates similar results are observed. Uctgtlal. reported a

the Second(iikeiy Spurious discontinuity in n(k) aiong Drude WE|ght that grQWS "nearly with the hOIe- Qoncentl’ation
I'—M may be replaced by a sharp crossover in more acct@way from the half-filled cas¥& Other 3 transition metals
rate calculations. Thus, below we will proceed with the have a similar behavio? In addition, Hall coefficient mea-

analysis of hole pocket ideas and experimental results havinﬁ'lrements for the cuprates at low temperature show that

this caveat in mind, i.e., in the rest of the paper the expresH changes sign at a very large hole density, implying hole-
sion “hole pocket” will be used to refer to a large accumu- like behavior in the region where ARPES results indicate a

. : . large Fermi surfacé&®
lation of spectral weight generated by short range antiferro A possible explanation of this paradox relies on the ex-

mag|r|1et_|c Icorrelatlg(nf I?Lcat/(;dln gomgtrr]]tun: space fcl)'rmmg fended character of the hole guasiparticle. As explained be-
small circle aroundk=(x /2,2 m/2) without any implica- fore, a hole is not just a pointlike vacancy but also includes a

tion on the actual Fermi surface of the problem. This generginiie region in its vicinity where the spins are distorted from
aI|z§t|on of the ter.m also avoids subtleties rel4ated v.wt.h theig regular behavior far from the hole. For the purposes of
Luttinger theorem in the Hubbard ane m.odels? anditis  this discussion the issue of whether the distortion decays
suitable for the finite resolution experimental technlquesrapid|y with distance away from the empty sifgolaron pic-
(ARPES and numerical methods currently available. ture) or if it decays slowly as in some calculations, is not
Many numerical studies of the spectral weight in the lit-important since most of the contribution to the dressing
erature have been interpreted as compatible with a larggrises from short distance properties, as long as the quasipar-
Fermi surface for hole densities~0.12 with only one large ticle weight Z remains finite. The size of the distortion is
peak crossing the Fermi energy along the M line and no  actually a function of the ratio between the exchadgé the
vestige of the “outside” region of a hole pocket, not even in S=1/2 spins and the hopping amplituti¢hat regulates the
the form of incoherent weighf. However, these calculations hole kinetic energy, i.e., at is reduced the size of the spin
have problems. For example, recent studies have shown thdistortion grows and it can easily cover a few dozen sites
Monte Carlo simulations carried out &t/t=4 have not e€ven for realistic values od/t.** On the other hand, the
reached low enough temperatures to be able to address tAR&RPES experiments are usually interpreted as the sudden
presence of hole pocketdIn addition, studies at larger cou- creation of a vacancy by the removal of an electron. This
plings supplemented by maximum entrofE) techniques abruptly created excitation is not a hole quasiparticle since
to obtain dynamical properties are typically carried out atth® Spin dressing is missing. Only after some time elapses the
large temperature due to sign problems. Weight alongPin background can relax around the vacancy and the qp
I'—M abovek=(/2,7/2) could be easily missed since the State is reached. The difference between the state created in
pocket structure can only exist in the presence of strong arﬁ\RPES and the actual ground state of the hole is reflected on

tiferromagnetic fluctuations that can be washed out at Iargéhe quasiparticle weiglit of the experimental ARPES peaks.

) o . there is a large difference between a “one-site” bare va-
temperatures. Exact diagonalization methods applied to 2 : )
. . cancy and the actual dressed hole, tAéa small. Numerical
finite clusters at zero temperature actually show the existen

C . .. .
of weight in the region where the pockets are supposed to bsqud|es ofZ for realistic values ofl/t in thet-J model have

hat thi ight is i I 3, ifZi
located(i.e., “shadow bands” vestiges are observed in thes Shown that this weight is indeed small nametp.3, if Z is

s 20 finite sive off diffio l%efined such that®2Z<13%%Then, important potential de-
studies.™ However, finite size effects are difficult to control \;4ti5ng exist between the actual hole gp and the excitation

in this approximation. Thus, we believe that the issue o_f th‘%ested in ARPES experiments. The most important difference
presence of spectral weight A(k, ) at low temperature in - jie5 in theintensityof the peaks. In this paper it is conjec-
the region where pockets are p_req|cted IS .St'” unclear Nured, and numerical evidence supports the claim, that the
models of cqrrelated glectrons with intermediate range a”t'l'ntensity of the outside part of the hole pockets is negligible
ferromagnetic fluctuations. or rather small in ARPES and numerical simulations pre-
cisely due to the difference betweéare and dressedhole
states. In other words, if spin dressed hole states could be
created experimentally or in the computational studies, then
In principle, a large Fermi surface would correspond tohole pockets features could be observed as high intensity
1-x conduction electrons. However, all numerical studies ofstructures in systems with robust antiferromagnetic correla-
the optical conductivity and the Drude weidgbtin Hubbard  tions. Eder and Ohta arrived recently to similar
andt-J models have shown th&t~ x in strong coupling and conclusions’
for small doping, i.e., the number of carriersxisather than Note again that this paper doast intend to address the
1-x.1*?" This occurs up to hole densities as large asmportant issue of whether the zero-temperature Fermi sur-
(n)=1-x~0.5("quarter filling™ ), i.e., clearly in the region face of lightly doped antiferromagnets is small or large. For
where A(k,w) data are interpreted as corresponding to asuch a study it would be necessary to calculatk) very
large Fermi surface. These two results are apparently incon&ccurately and search for discontinuities at particular mo-
patible and such a paradox motivated the study presented imenta. This is beyond the accuracy of the many-body tech-
this paper. Not only 2D planes but also the recently muchiiques currently available, both numerical and analytical.

B. Paradox and possible solution
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The goal of the paper is more modest. It simply provideswhere
numerical information about the regions in energy and mo-

mentum where the ARPES and angle-resolved inverse pho- _ .t _ o — = Y
toemission(ARIPES signals have the largest weight. In this ~ * 'l E,M |l,201 (C1,0,01, 40,0 (Clyo Cio))Cir
respect it is here shown that a Fermi surface that apparently €)]

pecome “emall fihe operator used o explore e &ubapacd!™dn denote NN sites of . (lg=i and =5,
P P P Actually the hole state should be in a plane wave state due

of Ne—1 electrons is dresse@ivhere N, is the number of to translational invariance and thus we are finally interested
electrons in the ground state in y

Il. QUASIPARTICLE OPERATORS ; it A (ot
= ik-iy T — Iz

How do we proceed to construct the dressed hole opera- i 2. e ;Zo By @
tors and test these ideas numerically? The basic procedure (Wt . i
was set up several years ago by Dagotto and Schrigffer WNerey'*y; is the Fourier transformed of E(®). In a simi-
using string operators. Similar ideas were independently inl@" Way, the general expression for the dressed annihilation
troduced by Eder, Becker and StepliMore recently Eder  OPerator of a hole with string of length is
and Ohtd’ have implemented the method for two-
dimensional(2D) clusters. Ideas from both Refs. 35 and 37 Y= e Ky, (5)
are used below in our discussion of ladders, chains, and [
planes. For completeness details on the construction of the \
dressed operators are here provided. It is intuitively clear that L E r o) 6
spin excitations need to be added to dress the hole vacancy. V'T_ﬂzo Buy it 6)
A variety of techniques have shown that “strings” are suit-
able excitations for this dressitg® Thus, the hole is in- Wherey{*);; is the Hermitian conjugate of*];, given by
jected at a given sit¢, and first allowed to propagate one Ed. 3.
lattice spacing to sitg which brings one spin from back to In the results shown below strings of lengtk=3 were
i. For a classical Nel state this spin is in the “wrong” considered. Thus, in both the one-dimensional and square
spin-up-down sublattice, and for a quantum mechanical Ne lattices, the number of variational parametgrs to deter-
state it is also in the wrong sublattice most of the time andmine is 4. For ladders, it is necessary to consider different
thus it costs energy. Considering as an example a hole cr@arameters for strings along the longitudinal and the trans-
ated by annihilating an electron with spin up, this effect canversal directions. It is easy to verify that the number of varia-

be introduced in the quasiparticle operator by replacing théional parameters is 10. Various criteria can be adopted to fix
bare hole operator by these parameters. One of them is to maximize the weight

Zon_,1n Of the first pole found in the spectral decomposition
of the dressed hole operawﬁT at half-filling defined as

R

where the siteg are the nearest-neighbdisN) of IE,’; and Zon—1n(kK)= (P Vkﬂ’l v )i ()

Ci, are creation and annihilation operators of electrons with !

spin o. If the t-J model is considered, defining;, where| V%) is the n(_)rmalized ground state in the sub_sp_ace

:CiTg(l_ni,—o) enforces the constraint of no double occu- of_n_h holes. Alternatively, thgg's coult_j be chosen by mini-

pancy. B, and B, are parameters which give the relative Mizing the £nergy of the state with one dressed hole,

weight between the two components of the dressed opera¥ 1n(K))=7i;[Wgk). In practice it was observed that both

tors. These parameters are determined variationally as di§titeria lead to similar results. From these procedures it be-

cussed below. Equatiofl) follows the original prescription COmMes quite apparent that' thg relative weights among the

of Ref. 35 to improve a bare operator. Eder and &htseq different length string contributions turn out to be momen-

a slightly different approach which amounts to fixingto ~ tum dependent. In our calculations we did not observe a

| in Eq. (D). systematic behavior worth discussing here regarding the ac-
Following similar ideas longer strings can be introduced tual optimal values of the parametefs as the couplings,

For example, string excitations of length 2 are included bydensities and cluster geometries were (_:hanged. Nevertheless

adding in Eq.(1) the termzj’,a"zj,o(aa’zj:—')(aa;—)c_ﬁ ., we observed that there is no need to fine-tune these param-

wherej are NN sites of, andj’ are NN sites of. For each eters to their best values to obtain accurate numbers. In other

new string excitation another variational parameter must bé(vords, thes dependence of the results is in general mild.

introduced, and thus this term should be weighted by a pa- !N Order to determine the parametgs5;, similar proce-
rameters,. dures were followed. That is, they could be selected by

ViTT:,BoC_iT"'Blsz (CjoCh)Cir (1)

The general expression for the dressed creation operat§faximizing the weight:

of a hole with string of length\ is (W8 on(K))]

((Won(K)[ W gn(k))) M2’
where| W, (k))= yi;|¥$h), or by minimizing the energy

Zip—on(k)= (8)

A
yh= Zo Byl ©)
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(VoK) H[Ygn(k)) such a way that\()(k,») andA{;)(k,w) for dressed op-
Eon(k)= (Pon(K)[Pon(k)) ©  erators indeed satisfy the sum ruleisl) and (12). Such a

, o procedure would be appropriate if a detailed comparison
whereH is the Hamiltonian of the mod€e.qg., thet-J model  ith experimental results is intended, especially for the

defined below. These criteria adopted to determine the pa‘quantitiesNﬁ,ﬁ)(w) and Ng;)(w). However, in the present

rametersg, by relating the states of 0 and 1 holes are they ok we havenot carried out such a normalization of spec-
closest to the idea of considering the operajQy as the g functions since our main goal is to study the redistribu-
Hermitian conjugate ofy}, . A different criterion has been tion of weight, for each momentum, produced by the dress-
adopted in Ref. 37. The set of paramet@s and 8, are  ing of quasiparticles. Thus, in the results below the integral
completely determined, using either the overlap or the enever w of the PES and IPES spectra is 1 for each case,
ergy criteria, except for an overall constant that is fixed byregardless of the density of holes and bmth the bare and
normalizing the wave functionﬂ”\l’ﬁﬁ) andy;| P2, re-  dressed operators.

spectively. Another possibility is to adopt those parameters

relative t080,8; - lll. MODEL AND TECHNIQUE
The PES and IPES spectra for dressed operators are de- ) ) )
fined, respectively, as In this paper the-J model is used for the calculations,
which is defined as
Al (k@) =2 (Wil v [Vl — (Efpe 1~ ERR, 1 -
7 H=J> |S-§—5ninj|—t > (¢ ¢, +H.c), (13
(10) @) 4 (i
in the standard notation. Note, however, that the main idea
A (K, w)= P Pasy|2 discussed here, namely that a possible transition from appar-
h (K@) 2,, (¥ o=l 7 ¥ he ently large to apparently small Fermi surfaces can be

, o achieved by changing bare to dressed hole operators, should
Xolw—(Epn-1—Eqn) ], be valid for a wide variety of models where spin or other
type of fluctuations appreciably dress the bare vacancies. As

\évrher?:,’gﬂél SJ]SSEQ‘S el %‘f&?ﬁ?ffﬁg?ﬁ@gg eslgsgt(:gl_ geometrical setup for the present study 2D clusters, ladders
ay P - ' P and chains will be used. Of special importance will be the

func/'uons are completely determined once the parametel,q its in ladders since in this case sufficiently long clusters
B,B’ of the dressed operators have been calculated g

. . IR the leg direction can be studied numerically. Certainly it
gs
explained before. Normalizing the statqs}l\[fn@ and would also be very important to carry calculations on doped

vii|Wip) to 1, itis easy to see thdt . Al (k,0)do=1.  5p systems’ However, the linear size of these clusters may
It is important to+n0t|ce that the stzindard sum rules for the,gt pe large enough to clearly disentangle real physics from
density of statet{;,)(w) = (LN)Z AL (k,w) (N = num-  size effects. In addition, a large body of literafiiréas
ber of siteg using bare operators in ttie] model are usually  shown that doped ladders and doped planes have very similar
stated as features and thus a study of ladders can shed light on the
1-x physics of planes as well.

() _ () _- The numerical technique used in this paper is exact diago-
f_mN”h'bare(w)dw_X' f wN“h'ba'e(w)dw_ 2 nalization (ED) which a?lows for the stﬁds of dynamicalg
(11)  properties of models of correlated electrons on finite

clusters* The calculation of the spectral functions, Ef0),
is perforrr?fd using the formalism of continued fraction
! . ) . expansion:® Although in principle the quasiparticle opera-
/34& aresdefmed relatslve B, and By, i.e., when the states 45 coyid be implemented in quantum Monte Carlo simula-
Vil Wan) and i [ Wi) are not normalized to 1. This is due ions; in practice the evaluation of static correlations in this
to the fact that the anticonmutation relations for dressed opegntext would involve expectation values in the ground state
operators;, ,c;,, for a string length greater than zero. This is operators. This observable will likely be very noigye.,
reasonable since now the quasiparticle operators have a finigairrying large error bayspecially if there are “sign” prob-
“size” and they behave as normal fermionic operators onlylems in the simulations. In addition, the study of dynamical
when the excitations created by them are well separated frofsroperties with maximum entropy techniques is still being
each other. The standard sum rules for individual momentgeveloped and noisy signals dramatically decrease the reli-
using bare operators, namely ability of the results. Thus, here our analysis is limited to the
ED method.

wherex is the doping fraction. These sum rules are no longe
valid for dressed operators, even in the case witgreand

fw (AL (k) + AL (ko) ]do= > (12)

e ThbarC T nh,bare 2 IV. 2D CLUSTERS

are also no longer satisfied for dressed operators with the Let us begin our study by considering two-dimensional

normalizations discussed above. clusters. In this case Eder and OHthave already performed
Note that one could take advantage of the arbitrariness afalculations of the PES and IPES spectra for dressed opera-

the overall normalization of the parametgsg and B,’L in  tors following the quasiparticle ideas of Dagotto and
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PES, <n>=1.0, J=0.4 PES, <n>=1.0, J=0.4

(1,3)

A(k,®)
Ak, w)

- T N
—— — T . _ -

3 2 1 0 1 2-3
()] [O)] 0] )

FIG. 3. PES spectral weight for the 28] model at half-filling FIG. 4. Same as Fig. 3 but for &L8x /18 cluster. The label of
andJ=0.4 (t=1) using a 44 cluster. The soliddashed lines = momenta is in units ofr/3.
correspond to dressdblare operators.
here is in excellent agreement with the expectations dis-
Schrieffef® discussed before. Since the dressed operatorsussed in the Introduction and also with previous literatire.
used here are not identically the same as th@itthough

they are very similgrit is worth comparing our results with V. LADDERS

their predictions, at least for some special cases. In Fig. 3,

the PES signal at half-filling obtained with the bare operators A. Undoped ladders

and the dressed operators E¢S—(3) is shown for a & 4 In Fig. 5, results corresponding to an undoped ladder at

cluster atJ/t=0.4. In agreement with Ref. 37, and the intui- 3;t=0 3 are shown. For the case of bare operators the PES
tive expectations discussed in the Introduction, a substanti@pectrw function previously presented in Ref. 31 is recov-
change in the weight distribution is observed here changingreq. The first pole in the spectrum carries only a small frac-
from bare to dressed operators. For momenta near the naiy@n of the total weight. Especially for the antibonding band
Fermi momentum, such as7(2,7/2) and (Or), the domi-  gndk= 7, and also for the bonding band ake0, the bare
nant peaks have grown substantially in weight indicating thaWeight at low energy is very small. This result qualitatively

the operatorial form of the dressed operator H4$-(3) is  resembles those obtained at half-filling for the 2D cluster
suitable for this calculatiofa “bad” operator would not

have been able to increase the quasiparticle weighten
with several free parameters in its definition Bonding Antibonding
Note specially the dramatic change in the distribution of PES PES
weight near ¢r,7) in Fig. 3 (see also Ref. 37 The bare
A(k,w) corresponding to this momentum carries a negligible
weight in its first pole. However, after dressing the hole by
string excitations, this same pole becomes the dominar
structure in the spectrum through a huge change in the qui
siparticle weight. A similar situation occurs for momentum
(0,0). After the introduction of the dressed operators now the
six momenta of Fig. 3 have peaks with similar intensities,
quite different from the result found with the bare operators.
In Fig. 4, similar results are shown using a tilted square
cluster of 18 sites that allow us to test other momenta in the
Brillouin zone. The effects are qualitatively the same as ob
served for the 16-site cluster. The dramatic change s
(m,7) and (0,0) remain. It was observed that increasinc
J/t, the peaks obtained with the bare operators increase the ® o
intensity, since the reduction in hole mobility makes the hole
state resemble more a plain near-static vacancy. Nevertheless gig, 5. PES spectral weight for the) model on a % 8 ladder.
the use of gp operators still helps in increasing even furthef=1 is the unit of energy. The density(s)=1 and the Heisenberg
their intensity. AtJ/t=1 (not shown, it was observed that couplingd=0.3. Bonding(antibonding denotes results for momen-
the changes are still quite substantial specially at momentunum along the rung equal to Ox{j. The solid (dashed lines are
(7r,7). Then, the study of half-filled 2D clusters presentedobtained with dressetbare operators.

A(k,m)
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FIG. 6. Same as Fig. 5 but far=1.0. FIG. 7. PES and IPES spectral weight for #é model on a

2X 8 ladder usingbare operatorst=1 is the unit of energy. The

(Figs. 3 and % However, when the dressed operators arefensity is(n)=0.875=2/16 and the coupling=0.3.
used a substantial rearrangement of the spectral weight oc-
curs. The incoherent part &f(k,w) is drastically reduced weight is scattered in a large window of energy. For the
and most of the weight moves to the first pole in the speciPES case, well-defined peaks appear neéor several mo-
trum. This occurs for all momenta, and specially dramatic ismenta in both the bonding and antibonding bands. Actually
the improvement for the antibonding= 7 case where the weight at energies- 1t aboveu can be found in all cases.
region with negligible weight is replaced by a broad two- Especially notable is the antibondihg= = spectrum where
peak structure carrying most of the weight of the spectrathe PES part has a rather small weight at low energies, while
function. For both bands there is now virtually no distinctionon the contrary the IPES sector presents a large signal at
between the different momenta. w~1t aboveu. Taken at face value, these results suggest
Similar conclusions are reached for other values of thehat in the antibonding case a quasiparticle band has crossed
couplingJ/t. In Fig. 6, results fod/t=1 are presented. At the chemical potential somewhere in the interval
this large coupling most of the momenta already have a larger/4<k< /2. For the bonding band the situation is similar
peak dominating the spectral weight even when bare operaut with the crossing located in the vicinity &f~ /2. It is
tors are employed, and the use of dressed operators simplyear that inspecting by eye the numerical results obtained
increase that weight even further. An exception is once agaiwith bare operators would lead to the conclusion that the
the antibondingk= 7 case where even at such large cou-doped ladder has a large Fermi surface, i.e., the quasiparticle
pling, the bare operator fails to produce a robust peak at loiand crosseg just once in both bands and it disperses into
energy. However, the dressed operator is here as effective gdse IPES regiort?
it was atJ/t=0.3, and it produces for this band and momen-
tum a peak as intense as for other momenta, similarly as it
occurs in 2D clusters. Then, it is concluded that even thoug!
ladders do not have long range antiferromagnetic order, th PES _IPES PES _IPES

short distance antiferromagnetic correlations are stroni n n
enough to influence on the propagation of holes. The succe: 0

of the hole operator Eq$1)—(3) both for planes and ladders
/2 k

Bonding Antibonding

indirectly proves this statement.

B. Doped ladders

The most important results of this paper have been ob <
tained for lightly doped ladder systems. It is here where the
use of bare and dressed operators produces drastically diffe
ent results regarding the large vs small character of the Fern
surface. In Figs. 7 and 8, the spectral functions obtained on
2Xx8 cluster with two holegi.e., (n)=0.875),t=1 and
J=0.3 are presented. Let us first consider the data corre o 1 2 3 40 1 2 3 a
sponding to PES bare operatdiSig. 7):2>%! here a large o o
peak is observed near the chemical potential only at
k= /2 (bonding andk< /4 (antibonding. In the rest the FIG. 8. Same as Fig. 7 but now fdressedoperators.

TLEL
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FIG. 9. PES and IPES spectral weight for i model on a
2X8 ladder. t=1 is the unit of energy. The density is
(n)=0.875=2/16 and the coupling=1.0. The soliddashedlines
denote results using dress@shre operators.

FIG. 10. Same as Fig. 9 but f¢n)=0.75 andJ=0.3.

results in the bonding sector are very similar to those ob-
tained at{n)=0.875. Only atkk= 7 the PES weight has de-
creased substantially compared with Figs. 7 and 8. The anti-
Let us now consider the case when dressed operators af@nding band is more affected by the reduction of the
used(Fig. 8. The situation is dramatically different for the electronic density, as expected. Now, the PES region for
antibonding band. The IPES weight appearingwat u~t k= 7/2 has been drastically depleted compared with the re-
for k=3/4 is now shifted to high energies beyond the rangesults for(n)=0.875 suggesting a “large” Fermi surface for
shown in Fig. 8. Conversely, weight in the PES sector moveshis band and density even using dressed operators. Results
closer to the Fermi energy. In the range of energies showgt (n)=0.50 (Fig. 11) show that this trend continues as the
the net effect amounts to a transfer of weight from IPES tohole density grows. At this or smaller densities the Drude
PES at large momente~ 7 in the antibonding sector. The eight no longer grows as the number of holésnd thus
quasiparticle peak described by the dressed operators rgyere is no paradox as described in the Introduction. At
sembles the quasiparticle dressed peak found at half—fillingn>:o_5o the antibonding band is empty regardless of
(Fig. 5 but now with the chemical potential located slightly \whether bare or dressed operators are used, while the bond-
below the energy of the first pole kt= 7/2. In other words, ing band is approximately half-filled. Increasimdt to 1,
the hole momentum distribution corresponding to dressegffects similar to those shown in Figs. 10 and 11 have been
operators will now have a minimum in the vicinity @2, as  gpserved. It is quite reasonable to find no qualitative changes
if there were hole pockets at this momenta. For the bondingetween the dressed and bare operators at large hole density
band, important changes are also observed. The dominagince the antiferromagnetic correlations are negligible and
features are now in the PES region and the band appears as

fully populated. Bondi , ,
TheJ/t dependence of the results is illustrated by the dat: onding Antibonding

at J=1.0 obtained forn)=0.875 (Fig. 9. In the bonding PES IPES PES —IPES
band belowu, the dressed operators still improve on the bare J/\i 0 M M
operators but by a smaller factor thanJkt 0.3, as in 2D R

clusters. The interpretation of Fig. 9 for the bonding band a: ) 7 o
a large vs small Fermi surface is complicated by the fact tha )
the two holes actually form a tighioundstate at this cou- A N a
pling. The splitting between the two dominant peaks at
k~ /2 is likely related to the binding energy which for \
J/t=1.0 is ~1t. For the antibonding band the situation at PO A ASSEN J =
this large coupling is similar as fa¥f=0.3. The most sub-
stantial changes occur at large momenta, not&bha/4, A
where again a shift of weight from IPES to PES transforms = -

A(k,0)
=
B

an apparent large Fermi surface into a small one. It is inter . = -
esting to remark that in Ref. 29 an “intriguing” duality be- /JL e PR
tween metalliclike features and lightly hole doped insulating _4 ) 0 2  _4 2 0 2
features was reported. The results present here contribute ® ®

the solution to this apparent paradox.
Data at(n)=0.75 and)/t=0.3 are shown in Fig. 10. The FIG. 11. Same as Fig. 9 but f¢n)=0.50 andJ=0.3.
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PES This is the 1D equivalent of the “shadow bands” recently
extensively discussed in the literatdfé!=*3To construct

the dressed operators in 1D the same procedure as in higher
dimensions was followed since the Heisenberg model on a

N\
chain has strong short distance antiferromagnetic correla-
— tions in spite of its long distance power-law decaying behav-
_/M/K_
AN N

<n>=1.0 <n>=0.875 <n>=0.75

| 0 u

N ior. For their motion the holes react mainly to their local spin
environment and thus the dominant short distance hole dress-
ing is common to chains, ladders, and planes. The results at
half-filling working with the dressed operator indeed show a
substantial increase in the intensity of the dominant peak
e — which becomes approximately uniform for all momenta.
! PPN N Away from half-filling the effects observed in chains are
AN . SN B still similar to those found in ladders and planes. Consider,
3 2 9 3 2 3 2 -1 0 for example,(n)=0.875=2/16 (we will concentrate our at-
) ® o tention on PES results only for simplicjtyAbove k~ /2,
the bare operator peak has reduced drastically its intensity.
FIG. 12. PES spectral weight for the 1E) model on a chain of However, using dressed operators a large weight is found not
16 sites at}=2.0 (t=1) and several densities. The dresgedre only at small momenta but also fée=37/4. Actually the
operator results are shown with solidashedl lines. shape of the spectral function for the quasiparticle operator
resembles what would be obtained if the region near
thus the form of the dressed operator EqB—(3) is no k= /2 of the half-filled result would have been removed by
longer operative. Certainly the largest differences betweehole doping, i.e., as if hole pockets would have been created
bare and quasiparticle operators have appeared in this studly the system. Certainly the momentum distribution of the
close to half-filling wheret e is not negligible. dressed operators will have a sharp minimumm#2. The
results at(n)=0.75 show similar features. The bare opera-
tors have a large signal only at smaéll while the dressed
VI. CHAINS operators in addition still have some nonnegligible weight at

The study of the PES spectra discussed for ladders arl@rgek. Thus, once again, even in models without sharp qua-
planes can be easily extended to one dimensional systemparticle peaks in the thermodynamic limit, a large redistri-
However, here the special properties of electronic 1D modelgution of weight can occur when bare operators are replaced
complicates the interpretation of the data. Actually, it isby dressed operators resembling a transformation from a
known a priori that there is no quasiparticle peak in the large Fermi surface to a small Fermi surface.
spectral function of the 1D-J model, but instead two diver-
gences appear in the spectra due to spin-charge sepdtation. VIl. CONCLUSIONS
Numerical studies on finite chains produce a collection of '
discrete § functions that only in the thermodynamic limit In this paper it has been argued that apparently “large”
become the continuum between the two divergences. In spiteéermi surfaces obtained with techniques that have a finite
of this complication note that the purpose of this paper is taesolution in momentum and energy such as those found
discuss the general notion that there is a potential redistribuwvith ARPES and in numerical studies of correlated electrons,
tion of spectral weight when operators different from barecan be changed into “small” Fermi surfaces by using
fermionic ones are used in creating the charge excitationsiressed quasiparticle hole operators rather than bare opera-
Thus, independent on whether the peaks foundl(in, w) for  tors. Examples have been provided for ladders, planes, and
1D systems correspond to true quasiparticles or are part of ghains described by theJ model. This result is especially
continuum, repeating for chains the calculation performedtlear for ladders at densityn)=0.875. As the density grows
for ladders and planes can illustrate the generality of thdurther the antiferromagnetic correlations become negligible
ideas discussed in this paper. Both numerical simulations anahd no important differences are found between bare and
PES experiments have a coarse resolution and it is difficuldressed holegif the dressing is attributed to antiferromag-
for them to decide whether a given peak is a quasiparticl@etic correlations Note that the subtle issue of whether the
peak or a sharp cusp in the spectrum. However, using thes#ole pockets” define a small Fermi surface at zero tem-
techniques at least it is possible to state with confidence thperature has not been addressed here. The techniques em-
position of the dominant weight in the data. This positionployed only allows for a study of the location of the main
may be altered by replacing bare operators by dressed onepectral weight in the spectrum, but not of singularities in
in any dimension including 1D. n(k).

Results for thet-J model on a chain of 16 sites, Intuitively, the sensitivity of(i) momentum ¢, ) in 2D
J/t=2.0 and several densities are shown in Fig. 12. For thelusters andii) the antibonding band witk= 7 in ladders to
half-filled case the spectra are qualitatively similar to thosehe change of operators from bare to dressed can be under-
discussed for ladders and planes. Working with the bare opstood by noticing that near half-filling holes reduce their en-
erator the largest peak is a0, and it slightly decreases in ergy by having those moment&This is clear from typical
intensity ask grows. Above k=/2, a reflected signal distributionsn(k) such as those illustrated in Fig(&ee also
caused by strong antiferromagnetic fluctuations is observedRefs. 22 and 28 Evolving in time(Fig. 13), a hole vacancy

Alk,m)
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The main experimental implication of our study is that
materials can exist for which ARPES would signal a large

A el w2) Fermi surface while other measurements, such as optical
conductivity and Hall coefficient, could suggest that holes
q=-(n/2, /2) are the carriers and that the Fermi surface is small. In other
words,ARPES is associated with bare holes while transport
A k=(r, 7) measurements react to dressed hol@sr results also have

consequences for theories that construct the doped regime
starting with results for the quasiparticle behavior obtained at

half-filling.?* The fact that dressed operators may transform a

large Fermi surface into a small one provides support for

A k=(n/2, 7/2) these theories.

The ideas discussed here are very general and they can be
applied to models for heavy fermions, quasi-one-dimensional
systems, and manganites. If the dressing of hole excitations

FIG. 13. Schematic representation of the time evolution of aj, 5 given compound or theoretical model is large, then cal-
hole quasiparticle_ near half-filling. The hole may spend a considergjations using dressed operators are needed to study the
able part of the time in a state of momentum close #07) (See  5ccyracy of theories that treat doped regimes as composed of
Ref. 18. hole excitations obtained in the undoped limit. Apparent ex-

o perimental paradoxes where large Fermi surfaces are ob-
that forms part of a quasiparticlenade out of a vacancy plus tained in ARPES while holelike behavior is found in the
its dressing may reside with high probability into a state pryge weight of the optical conductivity() should not be

with- momentum in the vicinity of £, ) to improve its ki-  gyrprising when the quasiparticles are strongly dressed.
netic energy. This is especially true in the smHHl regime

where having spin excitations that are not energetically op-

timal [i.e., withk= — (7/2,7/2) rather than ¢, )] is com- ACKNOWLEDGMENTS
pensated by the gain in the hole kinetic energy. In such a
regime the bare IPES signal will be large close t9%), as We thank R. Eder and A. Moreo for useful conversations.

observed, while for dressed operators the movement of thE.D. was supported by Grant No. NSF-DMR-9520776. Ad-
whole quasiparticle is considered and such effects do nditional support by the National High Magnetic Field Lab

longer affect the results. and Martech is acknowledged.
17.-X. Shen and D. S. Dessau, Phys. Rep3 1 (1999, and Olson, Phys. Rev. B2, 553(1995.

references therein. 13y, Ding, M. R. Norman, T. Yokoya, T. Takeuchi, M. Randeria, J.
2D. S. Dessauet al, Phys. Rev. Lett71, 2781(1993. C. Campuzano, T. Takahashi, T. Mochiku, and K. Kadowaki
3K. Gofronet al, J. Phys. Chem. Solids4, 1193(1993. (unpublished See also H. Dingt al,, Nature382 51 (1996.

4J. Ma, P. Almeras, R. J. Kelley, H. Berger, G. Margaritondo, X. *For a review see E. Dagotto, Rev. Mod. Ph§8, 763 (1994.
Y. Cai, Y. Feng, and M. Onellion, Phys. Rev. Bl, 9271 15R. Eder and Y. Ohta, Phys. Rev.H, 6041(1995; K. J. E. Vos,

(1995. R. J. Gooding, P. W. Leung, and L. Cheibjd. 51, 12 034
5B. 0. Wells, Z.-X. Shen, A. Matsuura, D. M. King, M. A. Kast- (1995; F. Onufrieva, S. Petit, and Y. Sidis, Physica266, 11

ner, M. Greven, and R. J. Birgeneau, Phys. Rev. L[ #&tt.964 (1996. See also Y. Ohta, K. Tsutsui, W. Koshibae, and S.

(1995. Maekawa, Phys. Rev. B0, 13 594(1994; R. Eder, Y. Ohta,

5M. Grioni, H. Berger, S. LaRosa, I. Vobornik, F. Zwick, G. Mar- and T. Shimozatoipid. 50, 3350(1994.
garitondo, R. J. Kelley, J. Ma, and M. Onellion, Physic&®be 16R. Eder, Y. Ohta, and S. Maekawa, Phys. Rev. Lé#. 5124
published. (1995.

"A. Nazarenko, K. Vos, S. Haas, E. Dagotto, and R. Gooding’A. Kampf, and J. R. Schrieffer, Phys. Rev.4B, 7967(1990.
Phys. Rev. B51, 8676(1995. See also O. Starykh, O. de Al- '8E. Dagotto, A. Nazarenko, and M. Boninsegni, Phys. Rev. Lett.

cantara Bonfim, and G. Reiteibid. 52, 12534 (1995; B. 73, 728(1994.
Kyung and R. Ferrelfunpublishegt T. Xiang and J. M. Wheat-  *°N. Bulut, D. J. Scalapino, and S. R. White, Phys. ReG(B7215
ley (unpublisheg T. K. Lee and C. T. Shiltunpublishegt V. I. (1994; R. Putz, R. Preuss, A. Muramatsu, and W. Hafike-
Belinicher, A. L. Chernyshev, and V. A. Shubfanpublisheg published. See also R. Eder and K. W. Becker, Z. Physr®
P. W. Leung, B. O. Wells, and R. J. Goodifgnpublishegl 219(1990; Z. Liu and E. Manousakis, Phys. Rev.45, 2425
8D. S. Marshallet al, Phys. Rev. Lett76, 4841(1996. (1992.
9S. LaRoszet al. (unpublishedl 205, Trugman, Phys. Rev. Lets5, 500 (1990; Phys. Rev. B37,
10p, Aebiet al, Phys. Rev. Lett72, 2757(1994. 1597(1989.
115, LaRosa, R. J. Kelley, C. Kendziora, G. Margaritondo, M. E. Dagotto, A. Nazarenko, and A. Moreo, Phys. Rev. Lét.
Onellion, and A. Chubukoyunpublished 310(1995.

2R, Liu, B. W. Veal, C. Gu, A. P. Paulikas, P. Kostic, and C. G. ?°R. Eder and K. W. Becker, Phys. Rev.4, 6982(1991).



55

23D, Duffy and A. Moreo, Phys. Rev. B1, 11 882(1995. See also
D. Duffy and A. Moreo,ibid. 52, 15 607(1995.

24A. Chubukov, D. Morr, and K. Shakhnovidlunpublishedl

25A. Moreo, D. J. Scalapino, R. Sugar, S. White, and N. Bickers
Phys. Rev. B41, 2313(1990; W. Stephan and P. Horsch, Phys.
Rev. Lett.66, 2258(199)); E. Dagottoet al, Phys. Rev. B46,
3183(1992; R. R. P. Singh and R. L. Glenistébjd. 46, 14 313
(1992.

26A. Moreo, S. Haas, A. Sandvik, and E. Dagotto, Phys. Re§1B
12 045(1995; S. Haas, A. Moreo, and E. Dagotto, Phys. Rev.
Lett. 74, 4281(1995.

27G. Psaltakis, J. Phys.: Condens. Ma@e5089(1996.

28For a recent review see E. Dagotto and T. M. Rice, Sci@Tde
618(1996.

29M. Troyer, H. Tsunetsugu, and T. M. Rice, Phys. Re\6B 251
(1996.

30C. Hayward, D. Poilblanc, and D. Scalapino, Phys. Re\s3
R8863(1996; C. Hayward and D. Poilblandbid. 53, 11 721
(1996.

31S. Haas and E. Dagotto, Phys. Rev5& R3718(1996.

825, Uchidaet al, Phys. Rev. B43, 7942 (1991). See also S. L.
Cooperet al, ibid. 41, 11 605(1990; T. Arima, Y. Tokura, and
S. Uchida,ibid. 48, 6597(1993.

SPECTRAL FUNCTIONS OF LIGHTLY DOPE.. ..

14 553

33T, Katsufuji, Y. Okimoto, and Y. Tokura, Phys. Rev. Lef5,
3497(1995.

343. M. Harris, Y. F. Yan, and N. P. Ong, Phys. Rev4§ 14 293
(1992.

35E. Dagotto and J. R. Schrieffer, Phys. Rev48® 8705(1990.

36p. Panat, B. Dey, D. Kanhere, and R. Amritkar, Mod. Phys. Lett.
B 9, 1685(1995.

37R. Eder and Y. Ohta, Phys. Rev.3®), 10 043(1994.

38R. Eder and K. W. Becker, Z. Phys. 1, 219(1990; R. Eder, K.

W. Becker, and W. H. Stephaibid. 81, 33 (1990.

39B. Shraiman and E. Siggia, Phys. Rev. LéM, 740 (1989.

40y, Meden and K. Schashammer, Phys. Rev. 86, 15 753(1992);

K. Schamhammer and V. Mederibid. 47, 16 205(1993; J.
Voit, ibid. 47, 6740(1993.

41S. Haas and E. Dagotto, Phys. Rev5R R14 396(1995.

42K, Penc, K. Hallberg, F. Mila, and H. Shiba, Phys. Rev. L&t
1390(1996.

“3For recent developments in 2D, see S. Haas, A. Moreo, and E.
Dagotto, Phys. Rev. Let{74, 42 81 (1999; R. Preusset al,
Phys. Rev. Lett75, 1344(1995; A. Chubukov, Phys. Rev. B
52, R3840(1995; M. Langer, J. Schmalian, S. Grabowski, and
K. H. Bennemann, Phys. Rev. Le®5, 4508(1999; J. Schma-
lian, M. Langer, S. Grabowski, and K. H. Bennemann, Phys.
Rev. B54, 4336(1996.



