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Angle-resolved photoemission in doped charge-transfer Mott insulators
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A theory of angle-resolved photoemissiGhRPES in doped cuprates and other charge-transfer Mott insu-
lators is developed taking into account the realidfibA +U) band structure(bi)polaron formation due to the
strong electron-phonon interaction, and a random-field potential. In most of these materials, the first band to be
doped is the oxygen band inside the Mott-Hubbard gap. We derive the coherent part of the ARPES spectra with
the oxygen hole spectral function calculated in the noncros@adye) approximation and with the exact
spectral function of a one-dimensional hole in a random potential. Some unusual features of ARPES, including
the polarization dependence and spectral shape in,G&®, and YBaCu,Og, are described without any
Fermi surface, large or small. The theory is compatible with the doping dependence of kinetic and thermody-
namic properties of cuprates as well as with th@ave symmetry of the superconducting order parameter.
[S0163-18209)00146-7

[. INTRODUCTION strongly correlated band. They also implicate the resulting
(quasiy one-dimensional1D) density-of-states singularity
The concept of polarons led to the discovery of the coppefs a possible origin for the high transition temperature. How-
oxide superconductors. The expectation was that if an elesver, recent polarized ARPES studies of untwinned Y123
tron and a surrounding lattice distortion with a high effectivecrystals of exceptional qualty unambiguously refer to the
mass can travel through the lattice as a whole, and a strorgeak as a narrow resonance arising primarily from the
electron-phonon coupling exists, the perovskite insulatoquasi-1D CuQ chains in the buffer layers rather than from
could be turned into a high-temperature supercondddtor. the planes. Also, careful analysis of the Eliashberg equations
this paper we develop the theory of angle-resolved photoshows that the van Hove singularity can hardly be the origin
emission(ARPES in doped charge-transfer Mott insulators of high T, in sharp contrast with a naive weak-coupling
based on the bipolaron thedty,which describes some un- estimate. Interestingly, a very similar narrow peak was ob-
usual ARPES features of high: YBa,Cus0;_ 5 (Y123),  served by Parlet al® in high-resolution ARPES near the

YBa,Cu,Og (Y124), and a few other materials. gap edge of the cubisemiconductor~eSi with no Fermi
ARPES data in cuprates remains highly controvefsial. surface at all.
One of the surprising features is large Fermi surface In this paper we take the view that cuprates and many

claimed to exist in a wide range of doping fitting well the other transition-metal compounds are charge-transfer Mott-
local-density approximatiorlLDA) band structures in the Hubbard insulators any level of doping* as established in
earlier studies. This should evolve with doping as-() in  the “LDA +U" band-structure calculations for cuprates and
a clear contradiction with low-frequency kinetics and ther-manganite® suggesting the single-particle density of states
modynamicssee, for example, Refs. 5-1Qvhich show an  shown in Fig. 1. This means that the first band to be doped is
evolution proportional te in a wide range of doping includ- the oxygen band lying within the Hubbard gap, Fig. 1. The
ing the overdoped regidi (x is the number of holes intro- strong on-site repulsion on coppéd) normally does not
duced by doping Now it is established, however, that there allow for the occurrence of a well-defined quasiparticle peak
is a normal-statépseudggap in ARPES and tunneling, ex- in thed band within the LDA+U approximation. However,
isting well aboveT,,***®so that some segments of a “large the oxygen band, which is found inside the Hubbard gap,
Fermi surface” are actually missig.The temperature and

doping dependence of the gap still remain a subject of con- LDA+U DOS

troversy. While kinetic, thermodynami¢®® tunneling®® |
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and some ARPE&Refs. 14 and 1bdata suggest that the gap
p oxygen band

opens at any relevant temperature in a wide range of doping,
other ARPES studié$ *°claim that it exists only in under-
doped samples below a characteristic temperakire

Perhaps the most intriguing feature of ARPES is the ex-
tremely narrow and intense peak lying below the Fermi en-
ergy, which is most clearly seen near tli@nd X points in " E

Y1247° Y123?* and more recently in La ,SrCuQ,.* Its FIG. 1. Schematic LDA U density of states. The chemical
angular dependence and spectral shape as well as the origjbtential is pinned inside the charge-transfer gapdue to the

of the featurelesgbut dispersivg background remain un- bipolaron formation in underdoped cuprates. It might enter the oxy-
clear. Some authof$refer to the peak as an extended vangen band in overdoped cupraiés if the polaron band crosses the
Hove singularity (evH9 arising from the plane (Cuf)  bipolaron onglinsed.

lower
Hubbard
d-band
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Fig. 1, is less correlated and completely filled in an insulatorprates, irrespective of the level of dopitiy®

As a result, a single photoexited oxygen hole has well- Here we first derive the polaronic ARPES theory in Sec.
defined quasiparticle properties in the absence of thdél. Then, in Sec. Ill we apply the simplest noncrossing ap-
electron-phonoftor spin-fluctuationinteraction. Strong cou- proximation for the self-energy and compare it with the exact
pling with high frequency phonons, unambiguously establesult in Sec. IV. The experimental ARPES results, in par-
lished for many oxide& leads to the high-energy spectral ticular, the angular dispersion, spectral shape, and polariza-
features of an oxygen hole in an energy window about twicdion dependence, are compared with the theory in Sec. V. We
the Franck-Condor{polaronio level shift E, and to the conclude that the narrow peak in ARPES |_S|atn|n3|c po-
band-narrowing effect.On the other hand, the low-energy laron (oxyger) band fognd. below the chemical pot'entlal by
spectral function is influenced by the low-frequency thermaf@lf Of the bipolaron binding energy. We also arrive at the

lattice, spin and random fluctuations. The latter can be deSonclusion that the present experimental photoemission
scribed as “Gaussian white noise.” Thehole polaron in spectra can be understood with a small Fermi surface or even

oxides is almost one dimensional due to a large difference itf/ithout anyFermi surface(depending on doping
the ppo and pp# hopping integrals and effective “one-
dimensional” localizitaion by the random potential as de- Il. POLARONIC ARPES

scribed in Ref. 27. This allows us to explain the narrow peak The interaction of the crystal with the electromagnetic

in the ARPES spectra with the spectral dengitk,E) of a  fj|q of frequencyw is described by the Hamiltoniain the
one-dimensional particle in a Gaussian Wh'te'no'sedipole approximation

potential?®
The electron-phonon interaction also binds holes into in- o ot
tersite oxygen bipolarons the size of a lattice constant. Hin= (871)sin(11) X, (e-dy)cthy, +He, (1)

The bipolaron density remains relatively Idelow 0.15 per k!

cell) at any relevant level of doping. The residual repulsivewherel is the intensity of the radiation with the polarization
(Coulomb hole polaron-bipolaron interactibris strongly e (we takec=A=kg=1), k is the momentum of the final
suppressed by the lattice polarization owing to a large statistate(i.e., of the photoelectron registered by the detector
dielectric constant. As a result, the main role of hole bipo-is the (quasjmomentum of the hole remaining in the sample
larons in ARPES is to pin the chemical potential inside theafter the emission, andl and hl, are their creation opera-
charge-transfer gap, half the bipolaron binding energy abovgys, respectively. For simplicity, we suppress the band index
the oxygen band edge, Figla. This binding energy as well h/, . Due to the translational symmetry of the Bloch states,
as the smgl_et_-trlplet bipolaron exchange energy are thougg "Y=u_,(r)exp(ik’-r), there is a momentum conserva-
to be the origin of the normal-state pseudogaps, as propos . . .
0 . . ion rule in the dipole matrix element,

by one of us? In particular, the non-Korringa temperature
dependence of NMRRef. 30 and more recently the values i =d(K) Sar )
and universal scaling with temperature of the uniform mag-
netic susceptibility*®3?and electronic specific héatwere ~ With
quantitatively described with bipolarons. In overdoped
samples thébi)polaronic carriers screen a static random po- d(k)zie(N/vo)l’Zka e 1%y, _g(r)dr, 3)
tential and the electron low-frequency phonon interaction. Vo
Hence, the hole spectral function depends on doping. In par- . : . .
ticular, the bipolaron and polaron bands might overlap beyvhergG is a reciprocal-lattice vectoN the number of unit
cause the bipolaron binding energy becomes sthal the cells in the c_rystal of the VOIQmNVO'
chemical potential might enter the oxygen band, Fig),1 The Fermi Golden Rule gives the photocurrent to be
and then a Fermi-level crossing might be seen in ARPES.
The featureless background is explained as the phonon cloud 1(k,E)=472l|e-d(k)|2>, e?*#Ni=Ei|(f|hl_g|i)]?
of a small hole polaron, which spreads over a wide energy L
interval about Ey=1 eV. X 8(E+E—E)), (4)

The same approach has been applied to the tunneling
spectra®® As a result, the temperature independent gap antvhereE is the binding energyE;  is the energy of the initial
the anomalous gap/ ratio, injection/emission asymmetry and final states of the crystal, afd u«,N; are the thermody-
both in magnitude and shape, zero-bias conductance at zep@mic and chemical potentials and the number of holes, re-
temperature, the spectral shape inside and outside the gapectively. By definition the sum in Ed4) is n(E)A(k
region, temperature/doping dependence and “dip-hump’—G,—E), where the spectral functiornA(k—G,E)=
structure of the tunneling conductance were described. It i§— 1/7)ImGR(k—G,E) is proportional to the imaginary part
clearly compatible with the doping evolution of thermody- of the retarded Green functiofGF) and n(E)=[expE/T)
namic and kinetic properties because holes introduced by 1], the Fermi distribution. In the following we consider
doping into the oxygen band are the only carriers in ourtemperatures well below the experimental energy resolution,
theory. Moreover, the derivetipolaron energy dispersion so thatn(E)=1 if E is negative and zero otherwise, and, for
with minima at the Brillouin-zone boundaries provides convenience, we pus=0.
d-wave symmetry of the Bose-Einstein conden$atie The spectral function depends on essential interactions of
agreement with phase-sensitive experiméhis. also pro- a single hole with the rest of the system. As we argued
vides a parameter-free expression Tqrin a few dozen cu- earlief’ the most important interaction in oxides is the Irro
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As we have discussed above, ARPES measures the imagi-

hole with thec-axis polarized high-frequency phonons. This nary part of the retarded GF multiplied by the Fermi-Dirac

interaction results in self-trapped polarcfis® The Franlich

distribution function and by the square of the dipole matrix

interaction is integrated out with the Lang-Firsov canonicalelement.GR is obtained fromG(k,w,) with a substitution
transformatiorf® which is a multipolaron equivalent of a iw,—E+i0*. As a result, we obtain

single-polaron displacement transformatfon.with the
quantum Monte CarldQMC) technique®? one can prove

I(k,E)~[d(K)[*N(E)Z8(E+ &) + linco E), ()

that this transformation, is practically exact for a |°”g'ra”gewherelmcoh(E) is a structureless function of the binding en-
interaction in a wide region of the coupling strength, includ—ergy which spreads from abotitw down to —2E,. Only

ing the intermediate- and weak-coupling regime and in g, the extreme limit of a very strong electron-phonon cou-

wide range of the adiabatic ratiey/D (w is the phonon

pling, where the polaron bandwidth is well below the phonon

frequency and is the bandwidth By applying the Lang-  frequency, can multiphonon structurelig.,(E) be verified.

Firsov canonical transformation, the hole Matsubara GF ig; has actually been observed in the optical conduct®fty.
expressed as a convolution of the coherent polaron GF and The small Holstein polaron is very heavy except if the

the multiphonon correlation functich,

T o(M, 0, — w,)e kK)m
g(k,wp) == . , (5
( n) N wn%'k’ |wn7_§kl ( )
where the multiphonon correlation functiong(m, )

=T=,e '"*7g(m,Q,), is found as

1
a(m,n)=exg 55 2 [@Ffman ). (@
q
Here

fq(m,7)=[cogq-m)coshwg|7]) —1]

X coth-— + cogq-m)sini wg|7|)

@q
2T
with m the lattice vector,w,=#T(2n+1), n=0,+1,
+2,...,andQ,=27Tn.

In the case of dispersionless phonons and a short-range
(Holstein interaction with aq independent matrix element
[wq=w, | ¥(0)|*=2g?], one can readily calculate the Fou-

rier component ofr(m, 7) to obtair?

_92 _92 © 21

e g
N

=1

G(k,wn)=

fwn— &

2 Ny 1_nkr
X - - .
K’ |(l)n_§k/+|(1) Iwn—fk,—lw
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phonon frequency is extremely high.n fact, oxides are
ionic semiconductors where the long-range electron-phonon
interaction dominates because of a poor screening. That
leads to a much lighter, mobile small Htah polaron
(SFP.2"*2|t is easy to sho#? using Egs(5) and(6) that for

any finite-radius interaction with g-dependent matrix ele-
ment the coherent part of ARPES spectra takes the same
form as Eq.(8) but with adifferentspectral weight{Z) and
effective-massZ’) renormalization exponents. Also sorke
dependence of thimcoherentbackground appears if the ma-
trix element of the electron-phonon interaction depends on
q.** Hence, in general,

1(k,E)~[d(K)[’n(E)ZS(E+ &)+ lincor( K. E),  (9)

with the sameZ= exp(—E,/w) as in the case of the Holstein
polaron but with the SFP bandwidth much less reducgd,
=Z'E(k) —u, where Z'= exp(—yE,/w). In general, one
finds

y=§ |y(q>|2[1—cos<q-a>]/ ; ly(@)]?  (10)

and E,= (1/2N) = ¥(0) |*wq. The numerical coefficieny
might be as small as 0./Ref. 42 and even smaller in the
cuprates with the nearest-neighbor oxygen-oxygen distance
less than the lattice constang=0.2" which is precisely
confirmed by exact QMC calculation of the small polaron
mass*? On the one hand, this important result tells us that
small polarons as well as intersite bipolarons are perfectly
mobile and can account for the high-values in cuprate®

The Green'’s function of a polaronic carrier comprises twoOn the other hand, the coherent spectral weight remains
different contributions. The first coherektdependent term strongly suppressed in polaronic conductors, (B).because
arises from the polaron band tunneling. The spectral weighZ might be less tharz’ by one or even a few orders of

of the coherent part is strong(gxponentially suppressed as magnitude. These unusual SFP spectral features provide an
Z=exp(—g? and the effective mass is strongly enhancedexplanation for the apparent discrepancy between a very
&=ZE— o (we include the polaronic level shift into the small Drude weight and a relatively moderate mass enhance-
chemical potentialu). Here E(k) is the bare (LDA-U) ment,m* ~3m,— 10m, (depending on dopingof carriers in
holeband dispersion. The secokdndependent contribution manganite®*® and cuprates. They also explain why the
describes the excitations accompanied by the emission arelHs observed in ARPE@Refs. 20—22 can hardly be seen
absorption of phonons. We believe that this tetg,{E), in angle averaged photoemission. Indeed, the integrated
is responsible for the asymmetric background in the opticaspectral weight of the incoherent background is proportional
conductivity and in the photoemission spectra of cuprateso (1—2), Eq. (7). It turns out to be much larger than the
and manganites. We notice that its spectral density spread®herent contribution, proportional td<1. Finally, the
over a wide energy range of about twice the polaron levek-dependenincoherentbackground might obscure the ex-
shift Ep=g2w. On the contrary, the coherent term shows anperimental determination of the Fermi-level crossing. The
angular dependence in the energy range of the order of therecise assessment of its role involves somewhat lengthy
polaron bandwidth &=ZD. computations, and it will be presented elsewhere.



PRB 60 ANGLE-RESOLVED PHOTOEMISSION IN DOPED. .. 15417

LemT T N The spectruniEq. (13)] belongs to the star with two prongs,

s . and, hence, it is twofold degenerdfeThe doublet is degen-
erate if the hole resides on the apical oxygéim general,
the degeneracy can be removed due to the chains in the

FIG. 2. The noncrossing diagram for the self-energy. Thebuffer layers of Y123 and Y124, so that tiggoolaronic band
dashed line corresponds to the random potential @mdto the  corresponding to the tunneling along the chains might be the
thermal lattice and spin fluctuations. lowest one.

As mentioned above, the oxygen hole (guasijone-

In the following we concentrate on the angular, spectraldimensional due to a large difference between the oxygen
and polarization dependence of the first coherent term, Ediopping integrals for the orbitals elongated parallel to and
(9). The present experimental resoluftaallows probing of  perpendicular to the oxygen-oxygen hoppitigt.<t. This
the intrinsic damping of the coherent polaron tunneling. Thisallows us to apply a one-dimensional approximation, reduc-
damping appears due to the random field and low-frequencing Eq. (13) to two 1D parabolic bands near theéand Y
lattice and spin fluctuations described by the polaron selfpoints, &Y =k?/2m* — u with m* = 1/2ta? andk taking rela-
energy % ,(k,E), so that the coherent part of the spectraltive to (7,0) and (Or), respectively. Then, the equation for

G(k, E)

function is given by the self-energy in the noncrossing approximatfiiq. (12)]
takes the form:
Ay(k,E)=—(1/m) 2p(6)=—2’3’2[2p(e)—e]’1’2 (14)
« ImXp(k,E) for each doublet component. Here we introduce a dimension-
[E+ ReEp(k,E)—gk]2+[lm2p(k,E)]2' less energy(and self-energy e=(E+u)/ey using e
an = (D?m* )" as the energy unit. The constdhis the second

moment of the Gaussian white-noise potential, comprising
Hence, the theory of the narrow ARPES peak reduces to thghermal and random fluctuations Bs=2(V3T/M +n;,v?),
determination of the Self-energy of the coherent small hO|QNhereV0 is the amplitude of the deformation potentii,is
polaron scattered by impurities, low-frequency deformationihe elastic modulug);, is the impurity density, and is the
and spin fluctuations. coefficient of thes-function impurity potential. The solution

is
Ill. SELF-ENERGY OF 1D HOLE IN THE NONCROSSING

APPROXIMATION €
Ep( 6) = § -

256" 216

1 63 1/211/3
2—56+ms> }

1+i3¥3 1 €8
—2 )16 27"

1 63 )1/2} 1/3
Due to energy conservation, small polarons exist in the

Bloch states at temperatures well below the optical-phonon 1-i3¥3\[1 €8
frequency T<w/2 no matter how strong their interaction - 2 E+ 27~
with phonons i€%47-492Thijs textbook result, known for a
long time\;\ﬁ?as been questioned by some autPbis.has (15
been showr that the confusion is due to a profound misun- . o .
derstanding of the strong-coupling expansion by those au- While the energy resolution in the present ARPES studies

thors. The finite polaron self-energy appears only due to th& almost perfect,the momentum reso_lutlon remains rather
(quasjelastic scattering. First, we apply the simplest non-PoO": 6>0.17/a. Hgnce, we h:?\ve to integrate the spectral
crossing(ladde) approximation to derive the analytical re- funcgon, Eq'(ll)t with a Gaussian momentum resolution to
sults, Fig. 2. Within this approximation the self-energyis obtain the experimental photocurrent,

independent for a short-range scattering potential like the - (k—k')?
deformation or a screened impurity potential, so that |(k,E)~Zf dk’Ap(k’,—E)exp{— T} (16)
gp(E)NE GS(k,E), (120 The integral is expressed in terms Bf(¢) [Eqg. (15)] and
K

the tabulated error functiow(z) as

with Gi(Kk,E)=[E— &~ ,(E)] % 07

The oxygen polaron spectrum is parametrized in the tight- I(k,E)~— FIm{E p(e)[W(zy)+W(2Z,) ]}, a7
binding model a&
Xy , wherez; ,=[ £k—i/2%,(€)]/ 6, W(z):efzzerfc(—iz), and

&7 =2[t codkyya) —t' cogtky @)+t cos(kzd)]—,u.l3 e=(—E+u)le. Thispphotocurrent is plotted as dashed

13 lines in Fig. 3 for two moment&k = 0.04w/a (almostY or X

If the oxygen hopping integrals in E¢13), reduced by the points of the Brillouin zongand k=0.3w/a. The chemical
narrowing effect, are positive, the minima of the polaronpotential is placed in the charge-transfer gap below the bot-
bands are found at the Brillouin-zone boundaryXir{=,0)  tom of the hole bandyx= —20 meV, the momentum resolu-
andY (0,7). The wave vectors corresponding to the energytion is taken as=0.28m/a, and the damping,=19 meV.
minima belong to the stars with two prongs. Their group has The imaginary part of the self-enerd¥q. (15)] disap-
only 1D representations. This means that the spectrum igears belowe= —3/25°=—0.9449. Hence, this approxima-
degenerate with respect to the number of prongs of the station gives a well-defined gap rather than a pseudogap. Actu-
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The equation fop,(z) has no known analytic solution and,

% hence, must be solved numerically. There is, however, an
_;-. \\ asymptotic expression faky(k, €) in the tail where|e[>1:
: ‘ 4
é Ap(k,€)~2w(—26)llzexp{—§(—26)3/2
00 slo‘ — kK
Binding Energy (meV) XCOSH mﬁ : (23)

FIG. 3. Thle pola;on S_pethra' f““CtiO“'li”;‘ig(;EgZ:/W"h the mo-, practice, for computational efficiency we use the exact
mentum resolution function for wo anglek=0.04m/a (UPer g0 tra| density for- 1.4<e<1, and outside this range we
curves andk=0.30x/a, with the dampingey,=19 meV, the mo- .

RN N use the asymptotic result far<—1.4 [Eq. (23)] and the
mentum resolution §=0.28xr/a, and the polaron massn . imation f 1 h th | t
=9.9m,. The bipolaron binding energy |2|=40 meV. The nc()jr]-(:_ross_lnr? zf)prfOXImahlon @=L, W lere ﬁy are ?m?csh
dashed curves are the spectral density integrated with the momen- Istinguishable from the exact result on the scale of the
iagrams plotted here.

tum resoltion in the noncrossing approximation. . . .
The result forAy(k,—E) integrated with the Gaussian

ally, the noncrossing approximation fails to describe themMomentum resolution is shown in Fig. 3 for two values of
localized states inside the gdpe., the Lifshitz tail of the the momentunisolid lines. Quite differently from the non-
density of states One has to go beyond the simple ladder, crossing approximation the exact spectral functiaveraged
Fig. 2, to describe the single-electron tunneling inside thavith the momentum resolution functiphas the Lifshitz tail

gap® and the ARPES spectra at very small binding energy.due to the states localized by disorder within the normal-state
gap. However, besides this tail the noncrossing approxima-

tion gives very good agreement, and for binding energy

greater than about 30 meV, it is practically exact. Owing to
The exact spectral function for a one-dimensional particlghe screening of the stat{or low-frequency random poten-

in a random Gaussian white-noise potential was derived btial, (bi)polarons can reduce the characteristic length of the

Halperirt® and the density of states by Frisch and LIoyd. tail, y. This familiar tendency towards delocalization of car-

Halperin derived two pairs of differential equations from riers with doping* in semiconductors should be distin-

whose solutions the spectral function of a “Schrodinger” guished from that in low-dimensional disordered metals

particle (i.e., in the effective-mass approximatjoand of a where the interaction effects also favor some

“discrete” particle (tight-binding approximation may be delocalizatiorr”

calculated. The QMC polaronic bandwidth is about 100 meV The cumulative density of stat¢BOS),

or larger?? which allows us to apply the Schrodinger particle

IV. EXACT SPECTRAL FUNCTION OF 1D HOLE

spectral function, given
Ap(k,e)=4f_ Po(—2z)Rep4(2)dz, (18
wherepg 4(z) obey the two differential equations

Po=0, (19

@ d
d—22+d—Z(Z +2¢€)
and

d2

d
2" d—z(22+25)—z—ik P+ Po=0, (20)

with boundary conditions

lim 22~ "p(2)= lim Z>""p,(2), (22)

Z7— 0 Z— —®

wherek is measured in units of,=(DY?m*)?3, The first
equation may be integrated to give

z
exp(—z%/3— 2z¢) f exp(u®/3+2ue)du

Po(2)= =

Wllzf u~Y2exp(—u®/12—2ue)du
0

(22)

Np(e):(zw)—lf;de'f:dkAp(k,e'), (24)

is expressed analyticaffy in terms of the tabulated Airy
functionsAi(x) andBi(x) as

Np(e)=m ZAi%(—2¢)+Bi%(—2¢)] L. (25

The DOSdAN(¢€)/de fits well the voltage-current tunneling
characteristics of cupratés.

V. THEORY OF ARPES IN Y124 AND Y123

With the polaronic doublefEq. (13)] placed above the
chemical potential, we can quantitatively describe high-
resolution ARPES in Y123Ref. 21 and Y124 (Ref. 20.
First, we explain the experimentally observed polarization
dependence of the intensity nedand X.?* The Bloch peri-
odic functionu,(r) can be expressed in terms of the Wannier
orbitalsw(r) as

U (r)=N"Y2>7 ek M=y (r —m). (26)

Then the dipole matrix element is given by the derivative of
the Fourier component of the atom{@&Vanniey orbital, f,
=v, ¥?fdrw(r)exp(k-r), as
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Theory Experiment
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. _W_i'_ Y . L . [ L
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Binding Energy (meV)

FIG. 4. Polarization dependence of the ARPES peak in Y123

(Ref. 21 nearX andY points compared with the theory. FIG. 5. Theoretical ARPES spectra f¥rI" direction. Param-

eters are those of Fig. 3. The theory provides a quantitative fit to
d(k)=i(e- V) f,. 27) experimenFig. 2(a) of Ref. 2q in this scanning direction.

parameter found in tunneling experimefitsThat yields an
estimate of the polaron scattering rate, which appears to be
smaller than the polaron bandwidifabout 100 meV or
largen, in agreement with the notidhthat many highF,
cuprates are in the clean limit. There is also quantitative
agreement between thea(fyig. 7) and experimentFig. 3(a)

yof Ref. 20 in the perpendicular directiolY-S, in a re-

To estimatef, , we approximate the&,y oxygen orbitals
contributing to thex andy polaronic bands, respectively,
with  w,(r) = (1/8a3m) Y%(x/2a)exp(~r/2ap) and wy(r)
= (L/8a3m) Y yl2a,)exp(—r/2ay). As a result, we obtain
for the x orbital,

Jf

Wz(Sagw/vo)l’zao{[(kao)er 1/4)73 stricted region of smalk,, where almost no dispersion is
X observed ary ound. Slight dispersion in thé&'-S direction
—6(kyag) [ (kag)2+1/4] % (2g)  towards the chemical potential might be due to a negative
in Eq. (13).
and However, there is a significant loss of the energy-
pr integrated intensity along both directions, Fig. 8, which the
e k —6(8a877/vo)1’2a8kxkyvz[(kao)2+ 1/4]~4. theoretical spectral function alone cannot account for. The
Y,z 29 energy-integrated ARPES spectra obey the sum rule,
Herek is the photoelectron momentum, aaglis the size of fx dEI(k,E)~]|d(k)|?n,, (30)
the Wannier function. For the case pforbital, one should —

interchange andy. Near theX andY points of the Brillouin
zone, we havék, ,|<k, respectively. Then it follows from
Egs.(28) and(29) that the ARPES peak should be seerXat
and almost disappear #tif the photons are polarized along
the x direction, i.e.,d|a. If the polarization is along thg
direction (|b), the peak appears dtand almost disappears
at X. Precisely this behavior is observed in ARPES spectra
obtained using polarized photoffsFig. 4. We also notice a
very strong dependence of the dipole matrix elenié&d.
(28)] on the photon energgi~ v~ 3 at largev. Hence, it is
not surprising if the ARPES peak disappears at largs has
been recently observef.

The exact 1D polaron spectral function, E48), inte- e |
grated with the experimental momentum resolutishown
in Fig. 5), provides a quantitative fit to the ARPES spectra in
Y124 along theY-I" direction[Fig. 2(a) of Ref. 20. The
angular dispersion is described with the polaron mass FIG. 6. Theoretical fit(dashed linesto two experimental
= 9.9‘ne in agreement with the Monte Carlo calculations of ARPES curves corresponding ke=0.04w/a (upper curvesandk
the SFP mas¥ The spectral shape is reproduced well with =0.30r/a (momenta are measured relative to tfigoint of the
€o=19 meV, Fig. 6, in close agreement with the value of thisBrillouin zone.

wheren, = (h¢h/). If the dipole matrix element is almokt
independent, and the chemical potential is pinned well inside
the charge-transfer gap, so thmgt=1 this integral would be

Intensity (arb. units)

100 50 0
Binding Energy (meV)
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FIG. 9. (a) The energy-integrated ARPES intensity in F&Sef.
23) as a function of the analyzer angle. The spectra are shown in

(b).

100 50 0
Binding Energy (meV)

Y-S direction are all 15 meV or more below the Fermi level.
At a temperature of 1 meV, if the loss of spectral weight
FIG. 7. Theoretical ARPES spectra in Y124 fé¢S direction. ~ were due to a Fermi-surface crossing, one would expect the
The theoretical fit agrees well with experim¢htg. 3(a) of Ref. 2Q peaks to approach much closer to the Fermi level. Also the
in a restricted range df, near theY point, and outside this range experimental spectral shape of the intensityk atkg is in-
the theoretical peaks are somewhat higher than in experiment. compatible with any theoretical scenario, including different
marginal Fermi-liquid models, Fig. 10. The spectral function
k independent as well. This is not the case for Y124, noon the Fermi surface should be close to a simple Lorentzian,
matter what the scanning direction is, Fig. 8. Therefore, we
have to conclude that either the dipole matrix elemerk is A (ke E)~ [E|#
dependent ofand the oxygen band is strongly correlatéa PR EZ+ consix E2F’
the Mott-Hubbard sengeAs we have mentioned above, the . .
incoherent background of SFP is angle dependent as welpecause the imaginary part of the self-energy behaves as
which might contribute to the intensity loss. |E[# with 0<=<2. On the contrary, the experimental inten-
The rapid loss of the integrated intensity in teS direc- ~ Sity shows a pronounced minimum at the alleged Fermi-
tion was interpreted by Randeria and Campuzdhas a surface, Fig. 10. T_aklng into account the_ finite temperature
Fermi-surface crossing. While a Fermi-surface crossing ignd (o) the experimental energy resolution does not help
not incompatible with our scenarisee Fig. 1 insetwe do  because both of them are well below the characteristic width
not believe that it has really been observed in Y124. First off the experimental spectral function in Fig. 10.
all these authors suppressed a few experimental curves in the If there is indeed no Fermi-surface crossing in many cu-
Y-T direction, which prevented them from observing the in-Prates, as we argue, why then does the “maximum locus”
tensity loss in this “dielectric” direction, where there is ob- determination point to a large Fermi surface in cuprates,
viously no Fermi-surface crossing. This loss of intensityWh'Ch is d_rastlcally _mcompatlble with thel_r kinetic and ther-
alongY-T tells us that the intensity loss might be due to themodynamic properties? We propose that it appears due to the
matrix element rather than to the Fermi-surface crossing if@ct that oxygen semiconducting band has its minima at large
both directions. This is confirmed by our observation of a

(31)

similar rapid loss of the intensity in dielectric FeSi(Ref.
23) (see Fig. 9with no Fermi surface at all. The peaks in the @
=

(a) (b) =

= 77}

< 0.5 0.5 1 8

E E

g

=

b= 0 T T T 0 T T T 50 0

0.5 -025 0 025 0.5 02 01 0 01 02 Binding Energy (meV)
ky (t/ a) kx (m/ a)

FIG. 10. The experimental ARPES sign@olid line) on the
FIG. 8. The energy-integrated ARPES intensity in Y124 in thealleged Fermi surface does not correspond to a Fermi-liquid spec-
Y-I' (a) andY-S (b) directions. Momenta are measured relative to tral function (dashed ling We assume particle-hole symmetry to
the Y point of the Brillouin zone. obtain the spectral function for negative binding energy.
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k inside or even on the boundary of the Brillouin zone. Thatnot only due to the thermal lattice fluctuations, but also be-
is why ARPES show intense peaks near lakgienitating a  cause of the anomalous screening belbwin the charged

large Fermi surface. Bose liquid® The Bose-Einstein condensate screens effec-
tively the long-range Coulomb potential of impurities. As a
VI. SUMMARY AND CONCLUSIONS result, one can expect a drastic change of the damgjng

when T, is passed. That might help to understand the near

In summary, we have proposed a theory of ARPES injisappearance of the narrow peak abdyein some Bi cu-
cuprates based on the LBAU band structure and the bipo- prates. On the other hand, in the stoichiometric Y124 with
laron theory compatible with the normal-state kinetic a”d(theoretically no impurities, one can expect about the same

thermodynamic properties of these materials. The theory eXxqyits from ARPES below and abaVe, which seems to be
plains the narrow flatbands observed in Y123 and Y124, inype cas€® Within the bipolaron theory there is only one

cluding their polarization, spectral and angular depe”denc%ingle-particlegap, which is half of the bipolaron binding
as well as a featurelesbut dispersive background. The energy both below and abov .

ARPES peak originates from the hole excitations of the po- \ye pelieve that many cuprates are doped insulators with
laronic oxygen band of the buffer layers, in agreement with,, Fermi surface at all due to the bipolaron formation. The
the experimental results and electronic structure of SChab‘F‘ermi-surfaee crossing, if it were firmly established in the
et al?! Differently from these authors, we suggest that thisoyerdoped samples, would correspond to a small Fermi sur-

band is intrinsic for cuprates and takes part in the bipolarof,.e of the oxygen band pockets located at fitkitéke in
formation and superconductivity, which is nicely confirmed many ordinary semiconductors, for example, in Ge and Si.
by a few independent studiééThe normal-state gap is half ’ '

of the bipolaron binding energy. The angular dependence of
the peak and of the gap is due to the polaron band dispersion,
which agrees well with the QMC results for the small o The authors greatly appreciate enlightening discussions
lich polaron. with D. S. Dessau, N. E. Hussey, V. V. Kabanov, P. E.

The spectral shape of the peak is affected by the sofKornilovitch, G. J. Kaye, A. I. Lichtenstein, G. A. Sawatzky,
lattice, spin, and random fluctuations. The characteristic scatt. R. Schrieffer, Z.-X. Shen, J. Zaanen, G. Zhao, and R.
tering rate agrees well with that found in the tunnelingZeyher. C.J.D. has been supported in this work by a grant
experiments? This scattering rate is temperature dependenfrom the EPSRC of the UK.
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