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Temperature-Induced Momen tum-Dependen t 
Spectral Weight Transfer in Bi2Sr2CaCu20,+, 

Z.-X. Shen, P. J. White, D. L. Feng, C. Kim, G. D. Gu, 
H. Ikeda, R. Yoshizaki, N. Koshizuka 

Angle-resolved photoemission data from the cuprate superconductor Bi2Sr2CaCu20,+, 
above and below the superconducting transition temperature Tc reveal momentum- 
dependent changes that extend up to an energy of about 0.3 electron volt, or 40kTc 
(where k is the Boltzmann constant). The data suggest an anomalous transfer of spectral 
weight from one momentum to another, involving a sizable momentum transfer Q - 
(0.457~, 0). The observed Q is intriguingly near the charge-order periodicity required if 
fluctuating charge stripes are present. 

'In a conventional superconductor, Tc is 
regulated by the superconducting energy 
gap A, which is related to the characteristic 
phonon energy (1 ). The central physics can 
be described with a mean-field approach, as 
in the theory of Bardeen, Cooper, and 
Schrieffer (BCS) (2). In this paradigm, only 
excitations near A out from the available 
Fermi energy EF are modified by supercon- 
ductivity. The phase-space constraint im- 
posed by these two drastically different en- 
ergy scales, a few thousandths of an electron 
volt for A and a few electron volts for EF, 
limits an electron with momentum k to mix 
onlv with electrons with momenta near k 
and -k through the coherence factors (1 ). 

We report angle-resolved photoemission 
spectroscopy (ARPES) data from optimally 
doped Bi2Sr2CaCu208+, single crystals that 
suggest a different paradigm in high-Tc su- 
~erconductors. As the temDerature is low- 
ered from above to well below T,, the sin- 
gle-particle excitation spectra show changes 
that strongly depend on k. At certain mo- 
menta, the change extends up to an energy 
close to 300 meV, or 40kTc, much larger 
than the BCS value near 2kTc. Further- 
more, spectral weight is transferred from 
very high energy at a momentum k to a 
much lower energy at another momentum 
k' that is far from either k or -k. Along the 
( 1.0) direction, the momentum-de~endent . .  . 
spectral weight' transfer seems to 'broadly 
peak near I Q I - 0.4%. This Q, and the 
previously found collective excitations of 
similar energy scale but with a different 
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momentum transfer Q' broadly peaked near 
(P, P) (3), are intriguingly close to the 
charge- and spin-order periodicities that are 
required if the fluctuating charge stripes are 
present. 

In an ARPES ex~eriment. a monochro- 
matic photon beam' ejects photoelectrons 
whose enerev and momentum are analvzed -, 
by an electron spectrometer (4). Special 
attention is paid during the experiment to 
ensure the proper normalization of the data. 
The spectra above and below Tc were first 
normalized to the integrated signal intensi- 
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Fig. 1. Angle-resolved photoemission data along 
(0, 0) to (P, 0) from a Bi,Sr,CaCu,O,+, single 
crystal with T, = 88 K. The solid line gives data at 
100 K, and the dashed line gives data at 20 K. The 
momenta are expressed in units of l/a, with a 
being the lattice constant. 

ty above EF that came from scattered elec- 
trons excited bv higher order lieht and was , - - 
roughly proportional to the angle-integrat- 
ed spectral weight. For a given pair at each 
momentum, the spectra were further 
rescaled so that the high-binding-energy 
tails were also matched, consistent with the 
general expectation that the data above and 
below T- should be the same at these ener- 
gies. The latter procedure, which is needed 
~robablv because of subtle effects such as 
changes in sample position as a result of 
thermal ex~ansion of the crvostat, involves 
only mino; resealing. The physics'discussed 
here remains the same with or without the 
application of the second procedure. 

In the normal state, a broad feature in 
the ARPES data along (0,O) to (P, 0) (Fig. 
1) was observed to disperse from -300 meV 
near ( 0 . 3 6 ~ ~  0) to almost the Fermi level 
near (P, 0). The dispersion is rapid from 
(0.36~, 0) to ( 0 . 6 4 ~ ~  0) but slow from 
(0.64~, 0) to (P, 0) (5). In the supercon- 
ducting state (Fig. I) ,  a sharp peak emerges 
from the broad normal-state feature with a 
dip at higher energy, although the dip is 
weaker than typically seen (6). The most 
important observation emphasized here is 
the strong temperature-induced k- and E- 
dependent spectral weight transfer. Al- 
though the overall spectral weight appears 
to gain slightly near (P, 0), spectral weight 
is lost upon the superconducting transition 
at momenta (0.36~, 0) and (0.55~, 0). 
Furthermore, the spectral weight loss ex- 
tends up to a remarkably high energy of 300 
meV at (0.36~, 0). However, the slight gain 
of spectral weight from ( 0 . 7 3 ~ ~  0) to (P, 0) 
remains concentrated at the low-binding- 
energy portion. 

Figure 2 plots the frequency-integrated 
spectral weight difference above and below 
Tc as a function of k. The quantity A, - 

Fig. 2. Momentum-dependent spectral weight 
change along (0, 0) to (7~, 0). The data show that 
the spectral intensity is transferred from one mo- 
mentum to another, with a transferring vector Q 
broadly peaking between 0 . 4 ~  and 0.57~. (Inset) 
The expected Fermi surface. The shaded area 
depicts the occupied states. 

www.sciencemag.org SCIENCE VOL. 280 10 APRIL 1998 259 



AnOrmaI, where A is the k-resolved single- 
particle spectral weight, when normalized 
to the normal-state value Anormal, gives the 
difference of the occupation probabilities in 
the two states, [nk(s) - nk]/nk [here nk and 
nk(s) represent the occupation probabilities 
of the normal and superconducting states, 
respectively]. The data make clear that 
spectral weight is transferred from one k to 
another kt .  The gain in spectral weight for 
one k and loss at another k' is consistent 
with the sum rule requiring that the k- 
integrated spectral weight, which is propor- 
tional to the particle number, be conserved 
(7). The detailed balance of k-integrated 
spectral weight requires considerations of 
other factors, such as photoionization cross 
section and the phase-space volume. It ap- 
pears that the spectral weight is transferred 
by a Q - ( 0 . 4 5 ~ ~  0) for the following 
reasons. Among the high-symmetry direc- 
tions we have investigated-(0, 0) to (T, 
O), (7 ,  0) to (T, T), and (0, 0) to (T, 
(Fig. 2, inset)-the k-dependent spectral 
weight transfer is strongest along the (0, 0) 
to (T, 0) direction. Along (0, 0) to (T, O), 
(A,, - Anorma1)/Anorma1 gives a negative 
minimum near 0 . 4 ~  and smaller positive 
values from 0 . 7 ~  to T. Considering that the 
spectral weight should be conserved within 
the first Brillouin zone, the most reasonable 
I Q I should connect the minimum at 0 . 4 ~  
to the middle of 0 . 7 ~  and T, yielding a 
value of ( 0 . 7 ~  + ~ ) / 2  - 0.47 = 0 . 4 5 ~ .  
Within this scheme, the uncertainty in I Q I 
stems more from the maximum of (A,, - 

Anormal)/Anormsl, as it is very broad. Indeed, 
the small amount of the spectral weight 
gain is close to the experimental uncertain- 
ty. Despite these uncertainties of finer de- 
tails, the general feature of the k-dependent 
spectral weight transfer as a function of 
temperature is apparent in the raw data 
(Fig. 1). This finding deviates strongly from 
the BCS paradigm. 

According to the BCS theory for pho- 
non-mediated superconductors (1, 8) (Fig. 
3), for electrons in the Fermi sea, only a 
small shell of excitations UD to the charac- 
teristic phonon energy huphonon away from 
the Fermi energy is possible (h is the Planck 
constant, v is the phonon frequency). For 
two electrons with momenta k, and k2, an 
exchange of a virtual phonon will yield 
electrons with momenta k,' and k,'. The 
total momentum kl + k2 = kl l  + k2' = K 
is conserved, requiring that only the shaded 
phase-space region in Fig. 3B is available for 
this interaction. Because the typical value 
of hvphonOn/EF is about lo-, to the 
phase space spanned by Ak is small, except 
when K = 0. Thus, the pairing interaction 
in a superconducting condensate is domi- 
nated by electrons with opposite momen- 
tum, kl = -k2. In a similar fashion, only 
the electron excitations within a shell of A 
will be modified. Depending on the elec- 
tron-phonon coupling constant, A can be 
even smaller than huphonon. In a single- 
particle spectral function measured by 
ARPES, one should onlv see an u~ward 
shift of ;he electron e n e r i  from its nirmal- 

Fig. 3. Schematic comparison between (A through C) BCS theoryand (D through F) the observed result. 
(A) Quasiparticle band diagram and expected energy position at ek and (8; + A2)112 above and below T,, 
respectively. (6) Allowed phase space (shaded area) for pairing interaction of electrons k, and k,. (C) 
Occupation probability. The shaded area is the reduction below T,. (D) Spectral weight transfer from k 
at higher energy to various k' at lower energy, in contrast to (A). (E) The relaxed phase-space constraint 
(shaded area). (F) Measured occupation probabilities, which is the frequency-integrated spectral weight. 
The shaded area is the difference above and below T,. 

state value ek to (ck2 + A2)'I2. This energy 
renormalization is significant only when ck 
is smaller and comparable to A - 2kTc (Fig. 
3A). The shaded area in Fig. 3C depicts the 
change in occupation probability from that 
in the normal state (nk) to that in the 
superconducting state [nk(s)]. In the super- 
conducting state, the occupation probabili- 
ty is modified according to the supercon- 
ducting coherence factor 

which stems from the quasiparticle in the 
superconducting state being a mixture of an 
electron and a hole. This factor should al- 
ways be smaller than l for occupied states 
along (0, 0) to (T, 0). 

The energy scale of 300 meV, or 40kTc, 
is much higher than the expected BCS 
value of about 2kTc (1). In the strong- 
coupling BCS-Eliashberg theory ( I ) ,  one 
may see very weak temperature-dependent 
changes due to phonons whose energies are 
higher than A. Although changes up to very 
high energies have been observed in cup- 
rates by other techniques, they are evident- 
ly related to the dispersion (Fig. I) ,  ruling 
out the phonons as a possible explanation. 
Because the change extends up the entire 
dispersion of the band or the "bandwidth - 
EF," which is regulated by the exchange 
coupling constant J (9, lo), there is no 
hierarchy of energy scales in the system. 
Instead of having only a small energy win- 
dow A out of E, being available for pairing 
interactions, the whole bandwidth of scale 
EF is available (Fig. 3, D and E). This 
expanded window would probably mean 
that, instead of only the small fraction of 
electrons near EF, all electrons are involved 
in the pairing interaction (1 1 ). A corollary 
of the above observation would be that T, 
may be limited by factors other than the 
strength of the pairing interaction. This 
idea is consistent with a growing indication 
that the superconducting transition may 
not be described by a mean-field theory like 
BCS (12), especially for the underdoped 
cuprate superconductors. Within the con- 
text of ARPES data, the lack of scaling of A 
with T (13) and the existence of the pseu- 
dogap in the normal state (14) are consis- 
tent with this view. 

In addition to the high energy scale in- 
volved, perhaps more striking is the anom- 
alous k-dependent spectral weight transfer 
above and below Tc. The occupation prob- 
ability below Tc goes above the normal- 
state value from (0.77, 0) to (T, 0) (Fig. 
3F), violating the BCS picture (Fig. 3C), 
requiring it to be smaller than the normal- 
state value. This probability appears to 
come from the k-space region that is Q 
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awav. Furthermore, the result denicted in 
Fig. ' 3 ~  implies that the  anomaloils excess 
spectral weight at k '  actually comes from 
much higher energy a t  another k, although 
the  spectral weight at each k shifts toward 
higher enc.rgy as the sample is cooled below 
T,. Given such a large value of I Q I , the  
k-dependent spectral weight transfer is not 
caused by the  mixing of states with mornen- 
ta close to k and -k. 

There are several nossible non-BCS in- 
terpretations of the  data. T h e  observed q 
structure can be readily explained if the 
system has collective excitations, which 
have real-space periodicities corresponding 
to Q, that are enhanced or developed a t  
lower temperature. T h e  question is the or- 
igin of these excitations, which is obviously 
not  the  B i -0  superstructure, which has a 
very different q value. A n  earlier observa- 
tion indicated that the system has other 
collective excitations with Q' - ( 7 ,  T) (3) .  
It is intriguing that Q and Q' are close to 
the  expected momenta of charge and spin 
ordering in the charge stripes that were first 
observed in  neutron scattering from 
La, ,,,Nd, 4Sr,,12Cu04 (1 5 ) .  T h e  stripe 
model envisages the  doped holes segregat- 
ing into domain walls (stripes) that separate 
alltiferro~nagnetic regions with a phase slip 
of TI across a domain wall (antiphase do- 
mains). T h e  model requires the  existence of 
a charge-order peak a t  q = (?2s ,  0 ) 2 ~  or 
(0,  i 2 x ) 2 7  and a spin-order peak at q '  = 
( 7 , ~  ? x ~ )  or ( 7  i x r ,  T) ,  with x being 
the  doping level. T h e  neutron peak a t  q '  
seen in La,.48Nd,4Sr,12C~04 is of elastic 
nature, rnakine the identification of the  " 

stripe correlatio~l u~lambiguous. However, 
earlier neutron exuerime~lts from 
La,-,Sr,CuO4 samples of lower doping 
have also identified inelastic peaks near the 
same q '  (16).  It has been argued that the  
inelastic peaks are caused by dynamic stripe 
correlations (15).  A recent doping-depen- 
dent study of La2_,Sr,Cu04 found that q '  
stops deviating f ~ ~ r t h e r  from ( 7 ,  T) when x 
is illcreased to near Ys (1 7). T h e  presence of 
the stripe correlation has also been predict- 
ed theoretically (18,  19) .  Recently, it was 
found that the  spacing between the  (1,  0)  
domain walls, which decreases with donine - 
for x < 'A, saturates with x near YE, and the  
situation becomes more complicated for 
x > YE (20) .  Taking the  nominal ~lulnber  of 
6 - 0.18 near optimal doping (21) ,  we use 
the  saturated value of s = I% and q = 

( 5 0 . 5 7 ,  0)  or (0 ,  i 0 . 5 ~ )  and q '  = ( 7 ,  T i 
0.127)  or (T  i 0.127, 7 ) .  These lnomenta 
are intriguingly close to the observed Q - 
(0.457, 0 )  and Q' - ( 7 ,  T) if one recog- 
nizes the broadness of the  a structures. 

Within  the  context of the  above strlpe 
~nterpretation, our data have important lm- 
plications. First, the  effect is observed in a 

sampie with a very high T,, unlike the  
Lal,,,Nd,4Sr,,,2Cu0, case, where T, is 
strollgly suppressed (1 5 ) .  Therefore, the  
stripe correlations coexist with high-T, su- 
perconductivity. T h e  stripe correlations are 
short raneed, as reflected in the  broadness " 

of the  q structure. Further, because the  
spectral weight transferred by Q comes from 
high to  low energies (Fig. I ) ,  the  scattering 
process is energy-dependent, again suggest- 
ing the  dynamic nature of the  stripes. This 
picture is consistent with a theoretical mod- 
el proposed by Emery, Kivelson, and Zachar 
connecting the  presence of fluctuating 
stripes and high-Tc si~perconductivity (1 1) .  
Second, the  data nrovide com~lementa rv  
i~lformation about the  stripe correlation. T o  
date, the  most i rn~or tan t  e s~er imen ta l  evi- 
dence for stripe correlation stems from neu- 
tron scattering experiments, which are most 
sensitive to the  snin order. T h e  information 
about charge order stems indirectly from 
the  nuclear superlattice peaks seen in neu- 
tron scattering (15) ,  x-ray scattering (22) ,  
and extended x-ray absorption fine struc- 
ture esperilnents (23).  T h e  photoemission 
data provide more direct information for 
the  valence-charge distribution. Further, 
t he  observed change up to 300 meV, which 
is a n  energy scale controlled by .J ( 9 ,  l o ) ,  
suggests that the  stripe phenolneno~l  is re- 
lated to the  strong antiferromagnetic inter- 
actions. This result is consistent with sev- 
eral theoretical studies using many-body 
models (1 1 ,  18-20). Third, the  stripe inter- 
pretation implies that the  spectral weight 
transfer between data recorded a t  20 K and 
those at 100 K inav not be a direct nroduct 
of superconductivLy. T h e  spectral 'change 
above and below T, may merely facilitate 
the  identification of the  stripe correlations 
that are gradually enhanced at lower tern- 
peratures. Having identified the  stripes, 
ARPES may be used to study the issue of 
whether the  stripes facilitate or compete 
with superconductiv~ty. 

T h e  above internretation is the most 
plausible explanation of our data, but more 
experiments are needed to further check this 
internretation. T h e  most obvious check will 
be the results from underdoped samples, but 
this will be a challenging experiment be- 
cause the surfaces of underdoped samples are 
very reactive, making it hard to get reliable 
temnerature-denendent data with sufficient 
statistics to see the subtle effects in Fig. 1,  
even in  an  extremely good vacuum. Finally, 
we need to test our data against other theo- 
retical models. For example, the change at 
(0 .367,  0 )  and (0.557, 0 )  may alternatively 
be interpreted as a shift of the broad feature, 
as discussed for boson nairs 124). 

T h e  possible presence of the  stripes may 
shed light o n  the  long-standing problem 
regarding the photoelnission line shape 

(25) .  Given the  stunningly sharp peak seen 
below T,, the  extremely broad feature in the  
normal state reflects a completely incoher- 
ent  motion. T h e  anolnalously strong scat- 
tering may he directly related to the mate- 
rial's propensity to  have a microscopically 
inhomogeneous charge distribution because 
they are manifestations of the same under- 
lying interactions. This propensity of inho- 
mogeneity is also in  concert with the  spec- 
tral line shape in  the  superconducting state. 
Below T,, the  spectra may be broken into 
two parts, representing the two correspond- 
ing electronic components. T h e  first is the  
sharp peak that represents the  superfluid 
density (26);  the  second is a higher energy 
portion of the  spectra that is as broad as 
those of the  normal state. Both components 
appear to  be important for superconductiv- 
ity because T, scales with the  first in  the  
underdoped regime (13) and the  pairing 
strength correlates with the  second in the  
overdoped regime ( 3 ,  27).  Within  the  con- 
text of a recent theory (1 I ) ,  the  first com- 
ponent arises from the  carriers of the  hole- 
rich region, and the  second arises from 
those in  the  hole-poor region. This assign- 
ment  is consistent with the  first comuonent 
scaling with doping and with the  second 
component being similar to spectra from a n  
antiferromagnetic insulator (28) and pro- 
viding pairing illteractions that peak near 
( 7 ,  7 )  (3) .  T h e  growth of the  first compo- 
nent  a t  the  expense of the  low-energy por- 
tion of the  second component (Fig. 1 )  sug- 
gests that electrons change their allegiance 
to  the  two components dynamically. T h e  
coexiste~lce of stripes and superconductivity 
helps to  visualize the  two-component pic- 
ture. However, the phenomenology itself 
does not require the  electronic components 
to  form regular arrays. Thus, the  next ex- 
perimental challenge will be to  investigate 
whether the  stripes are merely windows that 
reveal the  secret of the  underlvine interac- , - 
tions or are the  intermediate steps leading 
to the  high 7,. Independent of its outcome, 
the  physical picture that has emerged here 
calls for a far-reaching revision of our ideas 
of metals and superconductors. 
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Optical Studies of Individual lnAs Quantum hecome increasingly important in the  near 
future, similar to the  situation 11-ith single- 

Dots in GaAs: Few-Particle Effects molecule stuiiies (7) .  T h e  relative ease o i  
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Optical emission from individual strained indium arsenide (InAs) islands buried in gallium 
arsenide (GaAs) was studied. At low excitation power density, the spectra from these 
quantum dots consist of a single line. At higher excitation power density, additional 
emission lines appeared at both higher and lower energies, separated from the main line 
by about 1 millielectron volt. At even higher excitation power density, this set of lines was 
replaced by a broad emission peaking below the original line. The splittings were an order 
of magnitude smaller than the lowest single-electron or single-hole excited state ener- 
gies, indicating that the fine structure results from few-particle interactions in the dot. 
Calculations of few-particle effects give splittings of the observed magnitude. 

Semiconiluctor iluantum dots have been 
the subject o i  intense research in recent 
years. These heterostructures consist of 
nanometer-scale islands of one type of semi- 
coniluctor either embedded in a illfierent 
semiconiluctor or free-standing o n  a suit- 
able substrate. T h e  materials are chosen 
such that electrons and holes are co~lfined 
to the islanil, result~ng in a discrete spec- 
t n ~ m  for the  confined charges. T h e  spec- 
t r ~ ~ ~ n  o i  a quantum dot prov~des ~ ~ l i o r ~ l l a t i o n  
about its internal stnlcture, sinlilar to the  
spectnlm of a n  atom or a molecule. Unlike 
atoms and molecules, ho~vever,  i luantu~n 
clots suikr  fro111 unavoidable variation in 
their size, and hence, their energy levels. 
Previous measurements most often averaged 
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over many dots, making ~t il~ificult to dis- 
enta~lgle  the  features related to single-dot 
pl~ysics from those ar~sing irom dot-to-dot 
variation. 

Recent stu~lles o i  ~nilividual semicon- 
ductor quantum dots shon~eil departures 
from a single-partlcle description of quan- 
tum dots, u s ~ n g  magnetoconductance mea- 
surements (1 ) and difierential co~l i lucta~lce  
ineas~~reinents (2 ) .  In  these studles, the  
quantum dots were filled n i t h  only one type 
of charge carrler (electrons), leading to 
strong Coulomb eifects. Studies of photon 
e~nission from localized sites arising irom 
interface fluctuatic~ns in i luantu~n \yells 
sho~yed the  existence of excitons (3 ,  4 )  and 
bl-exc~tons (4 ) ,  n.111~11 c o ~ l s ~ s t  o i  tivo diifer- 
ent  types of charge carriers, electrons and 
holes. Tri-excito~ls have been ohserveil in 
the  CuCl  system (5). Even studies of indi. 
v ~ d u a l  pairs of i luantu~n dots have been 
periomed, shoiving clear eifects o i  coupling 
beta.een the  quantum dots ( 6 ) .  W e  expect 
that studies of individual i~uan tum dots will 

p o s ~ t ~ o ~ l i ~ l g  o i  iluantum dots, 111 co~llparison 
\\-it11 s~nq le  atoms (tor n.hich atomic traps 
are needeil), \vill faciliate e spe r i~ne~ l t s  in 
q ~ ~ a n t u i n  coinput~ng (8 ) ,  to use one exam- 
ple. In  such experiments, it will be neces- 
sary to  control the  electronic states of the 
~ luan tum dots using, for example, fast pulsecl 
lasers. 

O n e  extensively studieil ~ l u a n t u ~ n  dot sys- 
tell1 1s InAs islands embedded in  GaA4s. 111- 
dnlm arsenide has a 7.2% larger lattice con- 
stant than GaAs, and only a t h ~ n  layer of 
111~4s can he eroivn o n  a GaA4s surface before 
the f111ll breaks LIP into small islands o n  a 
thin InAs \vetting layer (9).  \When embed- 
ded in GaAs, the 1 ~ 4 s  islands are s~llall 
enough to conf~ne  the  electronic states 
strongly in all three dime~lsions, ~ n a k ~ n g  
good quantum dots xvit11 low-temperature 
1~11ninescence energies hetween 1 .i? and 1.4 
eV. T h e  n.etting layer behaves as a th111 
iluantum well. Several groups have forined 
such islands o n  flat substrates, using inolec- 
ular beain epitaxy (12-12), metal-organic 
chein~cal vapor deposition (1 3 ,  14),  and 
chemical beam epltaxy (13). T h e  op t~ca l  
e ~ n ~ s s i o n  spectra o i  individual dots are of 
great interest, hecause the spectra character- 
i:e the electron~c structure and thus deter- 
mine the properties available for optical or 
electrical dev~ce  applications. Recently, op- 
tical emission spectra tor ind~vidual IIIP 
quantum dots In harriers of GaInP were re- 
ported to have multiple emission lines for 
each InP dot even at low excitation power 
density (16).  T h e  InP dot spectral features 
Lvere 111 good agreement \\-it11 detailed elec- 
tronic structure calculations (1 7) .  Spectra 
with narrow e~nission l ~ n e s  from s ~ l ~ a l l  num- 
bers o i  111~4s dots In GaAs ( 12, 18, 19) have 
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