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Anomalous temperature dependence in the photoemission spectral function of cuprates
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Temperature-dependent angle-resolved photoemission experiments were performed on overdoped single
layer Bi2Sr2CuO6 (Tc;4 K) and on the parent compounds Sr2CuO2Cl2 and Ca2CuO2Cl2. Contrary to the
more conventional results obtained on Bi2Sr2CuO6, the parent compounds show strong temperature depen-
dence over a wide energy range that is two orders of magnitude larger than the temperature scale involved. The
doping dependence strongly suggests that the anomalous temperature dependence has its origin in the novel
many-body physics in the Mott insulators. We consider the observed temperature dependence using a heuristic
model with multiple initial and final states in the photoemission process. The nature of the multiple states and
broad photoemission line shape in parent compounds is also given.
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I. INTRODUCTION

It is believed that the doped CuO2 plane is responsible fo
high-temperature superconductivity~HTSC!. This doped
CuO2 plane shows many peculiar properties that cannot
explained within the simple single-electron picture. The m
difficulty is that the relevant electrons experience very la
on-site Coulomb repulsion, as they reside in the localized
3d orbitals. Even though superconductivity only occu
within a limited doping range of the CuO2 planes, for a bet-
ter understanding of the problem it is crucial to study t
entire doping range, including the undoped systems~i.e., the
so-called parent compounds!. In this context, angle-resolve
photoemission spectroscopy~ARPES! has proved itself to be
an extremely powerful tool. In fact, ARPES studies
Sr2CuO2Cl2 and related materials1–4 have greatly contrib-
uted to the understanding of the electronic structures of
CuO2 planes.

One of the very interesting observations in spectrosco
studies of transition-metal oxides is the mismatch betw
the energy scale of the temperature dependence and the
perature involved. For example, optical experiments of
show changes up to several electron volts with a tempera
change of the order of 100 K.5 This mismatch of energy scal
by two orders of magnitude cannot be understood by triv
thermal broadening and is likely an indication of many-bo
processes in the system, and is probably related to ano
lous nonconservation of the optical sum rule seen in th
materials.6 Relatively speaking, much less detailed tempe
ture dependent ARPES experiments were performed on t
materials. In most cases, experiments on HTSC mate
were performed above and below the superconducting t
sition temperatures, where the change is observed in a
0163-1829/2002/65~17!/174516~7!/$20.00 65 1745
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tively narrow energy range of the order of the gap energ7

Here we report on the anomalous temperature depend
observed in ARPES data from the parent compou
Sr2CuO2Cl2 ~SCOC! and Ca2CuO2Cl2 ~CCOC!. The com-
parison of these results with those on single-pla
Bi2Sr2CuO6 ~Bi2201! in the overdoped regime shows dr
matic contrast, even though these systems are similar in
they have a single CuO2 plane per unit cell. Whereas wea
temperature dependence is observed on Bi2201, the ph
emission~PE! spectral functions of the parent compoun
show a very strong and unconventional temperature dep
dence. It is difficult to explain the strong temperature dep
dence in the undoped compounds by the simple pho
broadening seen in conventional band materials and the d
tic difference in the temperature dependence indicates a r
change in the many-body effects as one moves away f
the boundary of the Mott transition. To account for the e
ergy scale of the temperature dependence as well as the
ing dependence, we discuss the transfer of spectral we
considering multiple initial and final states in the PE proce
Within this picture, the spectral intensity is transferred fro
one final state to another upon changing the temperature
to the population shift in the initial states. The implication
this interpretation of the ARPES spectra on the understa
ing of electronic structures of correlated electron system
discussed.

II. EXPERIMENT

ARPES data were taken at beamline V of the Stanf
Synchrotron Radiation Laboratory. SCOC and CCOC sin
crystals were grown by the standard solid-state reac
method.8 Overdoped Bi2201 withTc54 K was grown by
©2002 The American Physical Society16-1
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the traveling-solvent floating-zone method. The crystals w
oriented by the Laue method prior to the experiments
then cleavedin situ in a pressure better than 5310211 torr.
With 22.4 eV photons, the total energy resolution was ty
cally 70 meV, and the angular resolution was61°. Extreme
caution was taken to have fair comparison of the spectra
different temperatures. The data were normalized only by
incident photon intensity. To check the reproducibility a
exclude extrinsic effects such as sample aging, experim
were repeated on the same cleaved surface cycling the
perature. Care was taken to ensure that there was no cha
problem.

III. EXPERIMENTAL RESULTS

The inset of Fig. 1~a! shows ARPES spectra of SCO
taken at two temperatures. The spectra consist of a w
main valence band with a small foot on the lower bindi
energy side.1 The spectra show strong temperature dep
dence over the entire valence band. While we believe
temperature dependence seen on the main valence ba
due to the same effect that will be discussed later, it is m
complicated in the case of the main valence band becau
has multiple bands. We thus concentrate on the foot struc
which has a single band character according to the b
structure calculations.9 Figures 1~a! and 1~b! show the low-
energy part of ARPES spectra from SCOC for several te
peratures and two differentk-space points in the first Bril-
louin zone~BZ!, as indicated in the inset in Fig. 1~c!. The
detected peaks are often referred to as the quasiparticle p
and are the states withdx22y2 symmetry from the CuO2
plane. What catches one’s eye is the large temperature
pendence over a large energy scale, more than 1 eV whic
two orders of magnitude larger than the temperature

FIG. 1. Temperature-dependent ARPES spectra taken
(2p/3,0) and (p/2,p/2) on SCOC@panels~a! and~b!, respectively#
and at (0.4p,0.4p) on CCOC@panel~c!#. The three sets of spectr
correspond to the little shaded foot structure in the valence-b
data shown in the inset of panel~a!. The inset in panel~b! shows the
percentage change in the integrated low-energy spectral we
DS(T) as defined in the main text. The inset in panel~c! shows the
positions in the Brillouin zone where the spectra were taken, w
the size of the circles representing the angular resolution.
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volved. For both points in the BZ, upon lowering the tem
perature, the peak becomes stronger and sharper, and
to lower energies~note that the observed peak shift is not d
to charging of the sample as it would shift the peaks in
opposite direction!. Even the higher-binding-energy sid
which has often been regarded as background shows a s
temperature dependence. Figure 1~c! presents a set of spectr
taken at (0.4p,0.4p) on the similar compound CCOC, fo
several temperatures. As shown by a direct comparison
tween Figs. 1~b! and 1~c!, the spectra of SCOC and CCO
display qualitatively the same behavior. To quantify t
temperature dependence, the normalized low ene
spectral weights for SCOC defined asDS(T)
5* u@ I (T,E)/I (150,E)#21udE are plotted in the inset o
panel~b!. HereI (T,E) is the photoemission intensity at tem
perature T and energyE. The integration windows for
(2p/3,0) and (p/2,p/2) are 1.2 eV and 0.45 eV, respe
tively. The exact values of the energy windows do not aff
the overall behavior of the temperature dependence.

To further investigate this issue, we performed tempe
ture dependence measurements on overdoped Bi2201Tc
54 K) and compared the data to those on SCOC. Both
these materials have very similar CuO2 planes and their elec
tronic properties are extremely two dimensional. The ess
tial difference between the two is the doping, with the ov
doped Bi2201 having effectively smaller electron-electr
correlations. The idea is to test if the anomalous tempera
dependence seen in Fig. 1 is related to many-body eff
that change with doping. In addition, doping dependen
studies in cuprates quite often provide insightful informatio
The results are shown in Fig. 2 for several selectedk-space
points along the~0,0! to (p,0) cut for 200 K and 300 K. The
contrast is striking and represents the most convincing
dence that the temperature dependence observed on S
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FIG. 2. Comparison of temperature-dependent ARPES spe
along the~0,0! to (p,0) cut on SCOC and overdoped Bi2201. Th
number on each spectra shows the distance from~0,0! to the (p,0)
point in percentage. The spectra have been normalized only by
incident photon intensity. Note that the energy scales for the
panels are different.
6-2



or
r

o
ta
e

tu
th
ec

ea
a

pe
ct
e
in
ad
in

h

em

o
d
s
le
n

t
e

g

co
s.
e
e
no
e

s
is
ho
-

o-
ve

t

nex-
use

t of

nd
ence
hin
el

ence
ght

ec-
s a
the

rom
cted
of

and

d in
tes

e

nitial

ra

the

ANOMALOUS TEMPERATURE DEPENDENCE IN THE . . . PHYSICAL REVIEW B65 174516
and CCOC is due to many-body effects in the Mott insulat
that go away with doping. While a very strong temperatu
dependence is seen at differentk points on SCOC, Bi2201
shows a weak temperature dependence similar to what
would expect from thermal broadening in a simple me
with the most evident effect being the weak decrease of p
intensity upon increasing temperature.

IV. INTERPRETATION BY SPECTRAL WEIGHT
TRANSFER

A. Failure of the conventional interpretations

There are conventional ways to explain the tempera
dependences seen in photoemission spectra. The first is
mal smearing due to the Fermi-Dirac statistics. The eff
results in broadening of a Fermi step by'4kT. This is
purely electronic in origin and applies only to the states n
the Fermi energy as the effect is negligible once the states
away from the Fermi energy. Hence, the temperature de
dence seen in Fig. 1 cannot be the thermal smearing effe
more common explanation for the temperature-depend
photoemission spectra is the simple phonon broaden
Here we emphasize that, by saying ‘‘simple phonon bro
ening,’’ we refer to the case of band electrons interact
with phonons as seen inconventional band materials. In-
deed, such an effect is expected in PE spectra similar to w
is found in neutron and x-ray scattering10 where the de-
creased intensities of diffraction peaks upon increasing t
perature are described by the Debye-Waller factore22W

~whereW}T). In addition, the simple phonon effect is als
responsible for a~weak! temperature-dependent shift an
broadening of the PE peaks.10 However, there are reason
why the behavior shown in Fig. 1 is difficult to reconci
with pure phonon effects that are observed on conventio
systems~systems with noncorrelated electrons!. First, the en-
ergy scale is larger than the phonon energy scale. For
simple phonon effect, one expects a broadening of the p
DEwidth52plkBDT (kBDT;25 meV for DT5300 K)
wherel is the electron-phonon coupling parameter andDT
is the temperature change.11 The electron-phonon couplin
parameterl is usually less than 1@l51.15 for Be~0001!
surface states which have very strong electron-phonon
pling# and is expected to be smaller for band insulator11

Therefore, such a strong temperature dependence ov
large energy scale shown in Fig. 1 is unlikely to be induc
by the simple phonon broadening. Another fact that is
consistent with the simple phonon effect for the observ
temperature dependence is the peak position shiftDEpeak. In
Fig. 1 we can observeDE.100 meV for DT'200 K,
whereas the energy shift due to a simple phonon effect i
most 50 meV.10–12 Second, the intensity change in Fig. 1
much more than what one would expect from a simple p
non effect in a single-band material.10–12An apparent excep
tion is a comparable intensity change observed on Au~111!
~Ref. 13!; it is, however, due to the reduction of the phot
electron diffraction signal by phonons and thus obser
only for a specialk point ~normal emission!, unlike the
present case. In addition, some of the SCOC spectra in
left panel of Fig. 2~the top and the two bottom sets! gain
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spectral weight as the temperature is increased. This is u
pected on the basis of simple phonon broadening beca
thermally excited phonons only reduce the spectral weigh
the PE feature.10

B. Overall view of spectral weight transfer

The contrasting behaviors in the data from SCOC a
Bi2201 indicate that the anomalous temperature depend
seen in the SCOC data is due to a many-body effect. Wit
this framework, it is possible to construct a heuristic mod
to account for the large energy scale temperature depend
on insulating systems by considering the spectral wei
transfer betweenmultiple final states~whose nature will be
discussed below! in the PE process. To understand the sp
tral weight transfer, one cannot use a simple view of PE a
direct mapping of band structure. Instead, one must use
general view of PE as an excitation process of a system f
an initial state to a final state and a photoelectron as depi
in Fig. 3~a!. Measurements of the energy and momentum
the photoelectron give the energy and momentum of theN
21 electron final state through the conservation laws

ki5kpe1kf ~momentum conservation!, ~1!

hn1Ei5Epe1Ef ~energy conservation!, ~2!

wherehn is the energy of the photon,kpe , ki , kf , Epe , Ei ,
and Ef are momenta and energies of the photoelectron
initial and final states, respectively~here ‘‘state’’ refers to a
state of the whole system, not to a one-electron state!.

Let us consider an idealized system as the one depicte
Fig. 3~b!. Before the PE process, we have two initial sta
Ai and Bi , very close in energy. After the PE process, w
also have two final states (Af andBf , with one fewer elec-

FIG. 3. Panel~a!: Sketch of the PE process. Panel~b!: Model
system to discuss the spectral weight transfer. The system has i
statesAi andBi , and final stateAf andBf . Only transitions from
Ai to Af , and fromBi to Bf are allowed. The resulting PE spect
at different temperatures are depicted in panel~c!. As shown in
panel~d!, the shift of peak position observed in the experiment~Fig.
1! can now be understood as transfer of spectral weight due to
existence of multiple initial and final states.
6-3
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C. KIM et al. PHYSICAL REVIEW B 65 174516
tron compared toAi andBi) which are, contrary to the initia
states, far apart in energy. Now let us assume the trans
from Ai (Bi) to Af (Bf) is allowed but is disallowed to
Bf (Af), due to thedifferent symmetryof Ai andBi in regard
to the dipole selection rule. At 0 K, the probability of the
system being in stateAi is 1 and inBi is 0, according to
Boltzman statistics@Fig. 3~c!#. As a result, only the photo
electrons (Ape) corresponding to the final stateAf are emit-
ted. Note that the photoelectronApe has energy higher tha
Bpe because of energy conservation. When the tempera
of the system increases, the probability of finding the sys
in stateBi increases too, and hence we begin to see tra
tions to stateBf . That is, spectral weight istransferredfrom
Af to Bf . Note that the stateBf can be energetically quite
separated from the stateAf , and this energy scale is no
related to the temperature scalekBT ~the latter only controls
the initial-state distribution! and in principle can be orders o
magnitude larger. What is described here is an idealized c
In reality,Ai (Bi) would have a finite transition amplitude t
Bf (Af) too. But if there is any imbalance in transition pro
abilities, a sizable spectral weight transfer will be observ
Indeed, numerical studies based on many-body theory s
a temperature dependence in ARPES spectral functions
energy scale much larger than the temperature scale.14,15This
effect is also relevant for other spectroscopic methods, s
as optical measurements, to explain the observed temp
ture dependencies.34–36,5

C. Multiple final states

A necessary condition for this mechanism to work ove
large energy scale is the existence of multiple final statesAf
andBf in the example! spread over a wide energy range f
a given momentumk. This is unexpected with a simple view
of ARPES as direct transition between the rigid electro
bands, which works only in the noninteracting electron p
ture in a strict sense. With electron correlation, a poss
distribution of the final states over a wide energy range
be described in the following way. For simplicity of the di
cussion, we start with a simple noninteracting electron s
tem in the ground state. As stated earlier, in a rigorous se
the PE process should be understood as a transition bet
initial and final states of thesystem. Figure 4~a! depicts an
initial state~ground state for simplicity! of a noninteracting
electron system. In panel~b!, a possible final state of th
(N21)-electron system is shown. The energy and mom
tum of the photoelectron can be obtained according to E
~1! and~2!. The resulting PE states~states in phase space th
the photoelectron can occupy! are plotted in the same pane
Note that, in the final state of the (N21)-electron system
the only difference is in one of the initially occupied singl
electron states~type I!. The PE states associated with type
final states are the usually perceived PE states and the
produce the initial one-electron band. For this reas
ARPES is often referred to as a mapping of the band st
ture. However, there is noa priori reason why only the
type-I final states shown in panel~b! should be considered
For example, if we consider a final state of theN21 system
with an electron-hole pair in addition to the photohole
17451
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shown in panel~c! ~type II!, the resulting PE state is not o
the ‘‘band’’ @the PE states in panel~b!# but away from it to
satisfy the energy and momentum conservation laws. Li
wise, we can consider two electron-hole pairs~type III! and
proceed to construct all the possible final and correspond
PE states. The possible PE states constructed this way
shown in panel~d!. The thick line represents the PE stat
with the type-I final states depicted in panel~b!. The gray
area represents the PE states with the type-II final st
shown in panel~c! while the hatched area represents type-
states@note here that type II is a subset of type III, but it
shown as in panel~d! for clarity#.

As is shown above, there can be multiple PE states ov
wide energy range for a given momentumk. This is due to
the fact that the photoelectron reflects the properties of
many-body system. It is, however, important to note that onl
the type-I states havespectral weight~transition probability!
and thus are observable in the case of noninteracting elec
systems. That is, only a single state isobservedfor a givenk
for a noninteracting electron system. In the case of intera
ing electron systems, the system wave functions can
longer be expressed as a single Slater determinant and
states such as type II will have spectral weight.16 In this case,
a broad distribution of PE states for a givenk will appear

FIG. 4. ~a! The initial ~ground! state of a noninteracting electro
system.~b! A final state with only one electron removed~type I! and
the resulting PE state.~c! Another possible final state with a
electron-hole pair in addition to the photohole. The resulting p
toelectron is not on the ‘‘band.’’~d! Regions of phase space whe
possible PE states exist. Type III is a superset of type II, but labe
as shown in the figure for clarity.
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ANOMALOUS TEMPERATURE DEPENDENCE IN THE . . . PHYSICAL REVIEW B65 174516
and the breadth of the observed spectral feature consistin
such multiple states is related to the strength of the corr
tion. In a single-particle description of the excited states
the many-body system such as Fermi liquid theory, t
breadth is interpreted as the lifetime of the quasiparticle.17–20

These multiple states appear due to the electron correla
or configuration interaction. This effect also causes the
ellite structures, shakeoffs, and shakeups observed in
photoemission spectroscopy.10,21–23

Calculations based on many-body theory~such as Hub-
bard or t-J models! with realistic parameters for cuprate
show multiple final states spread over the several eV ene
range, supporting the discussion above.24 Electron correla-
tion plays an important role in this new interpretation
allowing multiple final states over wide energy range. Su
multiple states are observed in the data shown in Fig. 1~a!:
the peak is very asymmetric and appears to have a se
structure at;1.2 eV binding energy. Spectra taken at c
tain k-space points show the second feature and additio
higher energy states more clearly than others.2,4 The two fea-
tures in the data in Fig. 1 constitute just part of the final-st
spectral weight, with the rest of it being buried under t
main valence band at higher energies according to nume
results.24 The shift of the peak position seen in Fig. 1 m
further imply that even the peak—for example, shown in F
1~c!—may consist of multiple final states as some theoret
work suggests.25 In this case, the breadth of the peak is d
to the existence of multiple final states rather than an
tremely short photohole lifetime as mentioned above.26 The
peak shift can then be understood as the consequence o
transfer of spectral weight as illustrated in Fig. 3~d!. As tem-
perature increases, the lower-energy states are suppre
and the spectral weight is transferred to higher-energy sta
The peak appears to move to the higher-energy side e
though the positions of the final states do not move. Wit
this interpretation, the peak position is not the position o
state, but simply the centroid of a multiple-state structure

In regards to the broadness of the lowest-energy peak
cussed above, numerical results based on thet-J model show
the lowest-energy peak always standing out independen
the cluster size similar to a sharp quasiparticle peaks.24,27

This is quite different from what is observed experimenta
where the width of the lowest-energy peak is at least 3
meV as shown in Fig. 1. One of the explanations may be
t-J is a very simplified Hamiltonian and cannot explain t
experimental results. Indeed, calculated spectra of the
dimensional~1D! system based on a more realistic Cu-O ri
show more states, making the features broader compare
simple t-J results.28 Another possibility is from the role o
phonons. Theoretically it was found that incorporati
phonons intot-J calculations greatly increases the width
calculated Raman spectra, with the magnons providing
energy scale and phonons providing coupling between dif
ent states.29 A similar mechanism may be responsible for t
broad line shape in photoemission spectra with the phon
giving the coupling between the multiple states describ
above. It is unclear which one is more responsible and
leave this as an open question for future studies. In ei
17451
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case, the interpretation of the temperature dependence
spectral weight transfer is largely unaffected.

D. What are the initial states?

Possible candidates for the initial states depicted in Fig
may result from instabilities leading to charge and spin
dering in many transition-metal oxides. Indeed, ARPES
sults on Zn-doped Bi2Sr2CaCu2O8 ~Zn is believed to favor
magnetic ordering in this material! show an enhanced tem
perature dependence compared to the Zn-free case.30 Optical
measurements on unreduced Nd22xCexCuO4 also show that
spin and charge instabilities can cause a strong tempera
dependence.5 Since there are no such instabilities in SCO
and CCOC, the natural question is, what are the initial sta
that are energetically close and give different transition pr
abilities ~due to different symmetries! for the final states?
One obvious candidate is the phonons. As discussed be
numerical work based on many-body theory shows that
clusion of phonons greatly increases the ARPES linewid
which in turn means the phonon states are bridged to dif
ent final states~note again that the phonon energy scale
relevant only to the initial energy scale with the large fin
state energy scale being provided by the electron-elec
correlation and this picture thus differs from simple phon
broadening!. Even though temperature dependence stud
based on thet-J model without phonons show a very larg
energy scale, the degree of the temperature dependen
much smaller than the experimental observation shown
Fig. 1.14 It was found that inclusion of phonons in this mod
enhances the temperature dependence in addition to gi
the broad width which was difficult to produce.31 At low
temperature, the system is more likely to be in the grou
state. At a higher temperature, the probability of the syst
to be in a thermally excited phonon state increases, resu
in a redistribution of the spectral weight in different fin
states.

Another possibility comes from the the low-energy sp
flipped states in SCOC and CCOC. These spin excita
states may be the initial states with different symmetri
Turning our attention to the data shown in Fig. 2, we kno
that the difference between SCOC and Bi2201 is essent
the doping level. Upon increasing doping the antiferroma
netic ~AF! correlations decrease. On the very overdoped s
the CuO2 plane becomes an almost paramagnetic syst
that is, magnetism is very weak.32 These results from SCOC
and CCOC along with the Bi2201 case therefore may s
gest that magnetism is related to the strong temperature
pendence seen in ARPES spectra of SCOC and CCOC
discussed above, these states may be bridged to diffe
final states by the dipole selection rule, hence strongly affe
ing the ARPES line shape as the probability of therma
excited spin states increasing at higher temperature. T
means that themagnetismin these systems may be respo
sible for the anomalous temperature dependence.

The idea that magnetism greatly contributes to the str
temperature dependence is supported by other experim
results. ARPES spectra on La22xSrxMn3O7 ~Ref. 33!, as well
as optical measurements on SCOC,34 YBa2Cu3O6,35 and
6-5
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C. KIM et al. PHYSICAL REVIEW B 65 174516
FeSi,36 suggest that the magnetism contributes to strong te
perature dependence over a large energy scale. In partic
a detailed analysis of the bimagnon-plus-phonon spectrum
YBa2Cu3O6 ~Ref. 35! and SCOC~Ref. 37! not only suggests
the magnetism as an essential part of the observed op
absorption, but also indicates that the continuum of exc
tions extending to very high energy (;1 eV) is due to spin
fluctuations~the higher the temperature, the more severe th
are!, which are responsible for strong local deviations fro
the Néel state in 2D undoped cuprates. One particular p
diction of this interpretation is that the strong temperatu
dependence should disappear when the system beco
paramagnetic at high temperature. Supporting evidence
this picture may be the temperature-dependent optical m
surements on unreduced Nd22xCexCuO4. The measurements
show that the temperature dependence disappears above
K when the system becomes uniform.5 For SCOC and
CCOC (TN5256 K), however, this temperature is too hig
for ARPES measurements. The data in the inset of Fig. 1~b!
appear to show a slope change aroundTN similar to the
optical data on SCOC,34 but the energy window is not large
enough to make a concrete conclusion. Therefore, exp
ments on an AF system with a smallJ ~small enough to
access the paramagnetic state! as well as on insulating 2D
nonmagnetic samples should be important to verify our at
bution of the strong temperature dependence to magneti

In the above, we proposed phonons and low-energy m
netic excitations as the possibilities for the initial states
SCOC and CCOC. Even though which one contributes m
is an interesting question, it is worth noting that separat
the two cases may not be possible: there is no crystal
system that does not have phonons and correlated sys
considered here mostly have magnetism. Therefore, exp
mentally finding out which is more responsible is a ve
difficult task and may only be possible theoretically. Mo
importantly, it may also be that we need both of them to ha
the observed anomalous temperature dependence; tha
magnetism and phonons play on top of each other to prod
such a strong temperature dependence as was suggest
the bimagnon-plus-phonon analysis.35,37 In this regards, it is
interesting to note that a strong doping dependence of
electron-phonon coupling in cuprates has been argued
recent report.38

V. CONCLUDING REMARKS

The broad ARPES line shape observed on HTSC’s, es
cially in the underdoped case, has often been attributed to
n
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extremely short photohole lifetime~hence extremely shor
mean free path!.19,20 However, there is a strong discrepanc
between the lifetime directly measured39 in pump-probe ex-
periments (\/t,10 meV) and the one inferred from th
linewidth of ARPES spectra (;300 meV). In addition, re-
cent measurements of the thermal Hall conductivity also s
gest a very long mean free path, about 200 times longer t
what is inferred from the sharpest ARPES peak.40 As dis-
cussed above, a ‘‘peak’’ consists of multiple states and
width does not reflect the photohole lifetime~physical time!
but the strength of correlations which give rise to the m
tiple states. This naturally explains the general trend
broader spectral features towards insulating states.41 More
importantly, the observed temperature-dependent redistr
tion of spectral weight suggests that the multiple sta
within the peak may have different properties and hence
single-particle description of the excited states fails, the p
sibility of which was raised soon after HTSC wa
discovered.42

In summary, we performed temperature-depend
ARPES measurements on single-plane cuprates. Wherea
spectra on overdoped Bi2201 show a rather weak temp
ture dependence, in the insulating parent compounds SC
and CCOC we observed a very strong temperature dep
dence~both in energy and intensity!, which is not expected
in a noninteracting electron picture. This indicates th
many-body effects originating from the strong electron c
relations characterizing the CuO2 plane have to be taken into
account. Phonons and magnetic excitations are discusse
possible candidates for the low-energy initial states.
show that the anomalous temperature dependence can b
counted for by considering the transfer of spectral weig
between multiple initial and final states in the photoemiss
process. In this context, only the initial-state configuration
inherent to the experimental temperature scale. What is
cussed in this paper has important implications for the
derstanding of not only the ARPES line shapes but also d
from other spectroscopic methods in correlated electron s
tems.
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35M. Grüninger, D. van der Marel, A. Damascelli, A. Erb, T. Nun
ner, and T. Kopp, Phys. Rev. B62, 12 422~2000!.

36A. Damascelli, K. Schulte, D. van der Marel, and A.A. Me
ovsky, Phys. Rev. B55, R4863~1997!.

37J. Lorenzana, J. Eroles, and S. Sorella, Phys. Rev. Lett.83, 5122
~1999!.

38A. Lanzara, P.V. Bogdanov, X.J. Zhou, S.A. Kellar, D.L. Fen
E.D. Lu, T. Yoshida, H. Eisaki, A. Fujimori, K. Kishio, J.-I
Shimoyama, T. Nodak, S. Uchidak, Z. Hussain, and Z.-X. Sh
Nature~London! 412, 510 ~2001!.

39C.J. Stevens, D. Smith, C. Chen, J.F. Ryan, B. Podobnik, D.
hailovic, G.A. Wagner, and J.E. Evetts, Phys. Rev. Lett.78, 2212
~1997!.

40Y. Zhang, N.P. Ong, P.W. Anderson, D.A. Bonn, R. Liang, and
N. Hardy, Phys. Rev. Lett.86, 890 ~2001!.

41S. Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and S. Tajim
Phys. Rev. B43, 7942~1991!.

42G.A. Sawatzky, Nature~London! 342, 480 ~1989!.
6-7


