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Generalized spectral signatures of electron fractionalization in quasi-one- and two-dimensional
molybdenum bronzes and superconducting cuprates
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We establish the quasi-one-dimensional Li purple bronze as a photoemission paradigm of Luttinger liquid
behavior. We also show that generalized signatures of electron fractionalization are present in the angle-
resolved photoemission spectra for quasi-two-dimensional purple bronzes and certain cuprates. An important
component of our analysis for the quasi-two-dimensional systems is the proposal of a ‘‘melted holon’’ scenario
for thek-independent background that accompanies but does not interact with the peaks that disperse to define
the Fermi surface.
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I. INTRODUCTION

In the Landau Fermi-liquid~FL! theory1 of interacting
electrons, low-energy single-particle, i.e., electron addit
and removal, excitations behave like free electrons excep
enhanced mass and therefore are termed Landau ‘‘quas
ticles.’’ The electron in this generalized sense retains its
tus as a fundamental particle. One paradigm for non
~NFL! behavior is the electron fractionalization that occu
in the so-called Luttinger liquid~LL !, as defined2 by the
phenomenological applicability of the Tomonaga-Lutting
~TL! model3,4 of interacting electrons in one dimension.
this state, electronlike single-particle eigenstates no lon
exist, and an electron/hole excitation propagates only a
continuum of collective density waves. In this sense,
electron is ‘‘fractionalized.’’5–7 Two key features of LL frac-
tionalization are power-law behaviors of correlation fun
tions, characterized by an anomalous dimension (a), and the
complete separation of spin and charge degrees of free
into density waves dispersing with different velocitiesvs,
vc . The Luther-Emery~LE! model8 differs from the TL
model by an additional interaction term that causes a ga
the spin excitation spectrum. In this paper we focus on
single-particle spectral function, which has characteristic f
tures that are much different from that of a FL. This spec
function can be measured in angle-resolved photoemis
spectroscopy~ARPES!.

In spite of many efforts on ARPES in quasi-low
dimensional systems,9–11 there remains much skepticism a
to the relevance of fractionalization to these spectra. F
the TL model is strictly one dimensional~1D!. It is then a
serious question whether actual quasi-1D materials with t
underlying higher dimensionality could display TL~or LE!
behavior and beyond that, whether such behavior could
found even in quasi-2D materials such as the supercond
ing cuprates, as has been proposed5,6 in various scenarios
Second, the ARPES spectra of low-dimensional mater
generally differ in various ways from the simple model spe
tra. Nonetheless, the experimental spectra display defi
NFL attributes. Our stance here is that the simple mod
correctly show generic possibilities while lacking one
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more of the elements needed for describing actual d
Treating all the important elements, e.g., multiple bands,
full Coulomb interaction, electron-phonon interactions, a
higher dimensional couplings, all on an equal footing, is b
yond current theory. But we surmise that fractionalizati
may be the correct physics underlying the more comp
reality, even for some materials with dimensionality grea
than one.

In this paper we adduce strong evidence supporting su
hypothesis. We have obtained over time11–14 increasingly
more detailed ARPES spectra of the quasi-1D me
Li0.9Mo6O17 ~Li‘‘purple bronze’’!. The 1D Fermi surface
~FS! found in these studies12 is shown in panel~a! of Fig. 1.
Here we show that, with the exception of one aspect tha
nonetheless of definite NFL character, the dispersing
shapes defining the ARPES FS are well described by fi
temperature TL model theoretical spectra.15 This material is
thus an LL ARPES paradigm. We also introduce generali
signatures of electron fractionalization extracted from the
model and related thinking. Presentation of these signat
provides the basic organization of the paper and we sh
that they are present in our ARPES spectra of several l
dimensional bronzes,16 including those of quasi-1D
K0.3MoO3 ~the K ‘‘blue bronze’’! and of quasi-2D
NaMo6O17 ~the Na ‘‘purple bronze’’!. The Na purple bronze

FIG. 1. ARPES FS maps for~a! quasi-1D Li purple bronze~Ref.
12! and ~b! quasi-2D~hidden 1D! Na purple bronze~Ref. 18!.
©2003 The American Physical Society17-1



tw

ri

p
se
c

de

p
n

e
1
t
ici

e,
on
r

en

1.
on
n

s

II
ha

the
l

ntal
.
ith

ted
fec-
a
s a

upt
ver,

d

ndi-

G.-H. GWEON, J. W. ALLEN, AND J. D. DENLINGER PHYSICAL REVIEW B68, 195117 ~2003!
is significant here as a bridge material between one and
dimensions because of its ‘‘hidden 1D’’ FS~Ref. 17! arising
from three weakly coupled 1D chains that are mutually o
ented at 120°. We have previously measured its FS~Ref. 18!
by ARPES, as reproduced in panel~b! of Fig. 1 and in this
paper we show that the associated ARPES spectra dis
generalized fractionalization signatures that are also pre
in the ARPES spectra of the quasi-2D superconducting
prate Bi2Sr2CaCu2O81d ~Bi2212!.19,20An important compo-
nent of the analysis is to identify the effect of charge disor
on the LL spectra.

We are concerned here only with normal state line sha
above phase transitions to ordered states, e.g., charge-de
wave~CDW!, spin-density wave~SDW!, or superconductiv-
ity ~SC!. Whereas the ordered state must entail higher dim
sionality the normal state is expected to display quasi-
fractionalization behavior.21 In this connection we note tha
models with electron-phonon interactions but no expl
electron-electron interactions show aboveTCDW a CDW-
fluctuation-induced pseudogapped NFL metallic stat22

which, we postulate, might also admit of a fractionalizati
description. The phase transitions of our materials occu
24 K ~Li purple bronze, order unknown butnot CDW/SDW
Refs. 11 and 12!, 180 K ~K blue bronze, CDW!, 80 K ~Na
purple bronze, CDW!, and 90 K ~Bi2212, SC!. X-ray
scattering23 due to CDW or SDW formation has never be
found in the Li purple bronze and its optical conductivity24

shows no gap down to 1 meV. It is, however, a SC below
K.25 For the K blue and Na purple bronzes CDW fluctuati
effects aboveTCDW have been identified in x-ray diffractio
up to room temperature.16

Throughout this paper, a single but typical ARPES data
is discussed for each material, plus data@Figs. 2~b! –2~d!#
taken for bronzes with an angle-integrated VG ESCALAB
spectrometer. The ARPES data were taken along 1D c
axes for bronzes, and along the (p,p) direction, i.e., the
diagonal of the 2D Brillouin zone~BZ! for Bi2212.19 All of
the data presented are already published,11,14with two excep-
tions @Figs. 2~b! and 3~d! Ref. 26#. In the following, we give
values of the experimental energy resolutionDE ~in full

FIG. 2. Theoretical~Ref. 15! and experimental angle-summe
spectral functions. Best-fit curves from panel~a!, with modifiedDE
andT values where appropriate, are shown as lines.
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width at half maximum! and the full angular widthDu,
where it becomes relevant to do so.

II. GENERALIZED FRACTIONALIZATION SIGNATURES

1. No Fermi edge in angle-summed spectrum

Electron ~or hole! fractionalization in the LL leads to a
strong and surprisingly counter-intuitive suppression of
k-summed spectral functionr(v) at the chemical potentia
(m), vanishingas a power lawuv2mua at T50. This is
contrasted with the Fermi edge~FE! line shape of an FL,
given by the Fermi-Dirac function.r(v), broadened byDE,
is measured by the angle-summed ARPES and experime
data hinting at nonzeroa have been known for some time9

We compare various angle-summed spectra in Fig. 2 w
theoretical line shapes. As an experimental FL reference,27–29

we include the angle sum of the TiTe2 ARPES data.27 For
comparison to the 1D TL line shapes, our angle-integra
spectra of the quasi-1D and hidden 1D bronzes are ef
tively 1D sums and for Bi2212 we sum ARPES spectr19

along a line normal to the FS. One immediately notice
qualitative difference between the smooth onsets atm of the
quasi-1D metals, definitely non-FL, and the more abr
edges of the quasi-2D metals, all resembling a FE. Howe
fits to the theoretical line shapes of panel~a! give a values
that require more refined thinking: 0.9~Li purple!, 0.7 ~K
blue!, 0.3 ~Na purple!, and 0~Bi2212, TiTe2). Two findings,
enabled by the use here of the recent finiteT spectral-
function theory15 of the TL model, are significant for the

FIG. 3. Anderson-Ren plots for~a! the Bi2212 data taken along
G-Y ~Ref. 19!, ~b! the quasi-1D band for the K blue bronze~Ref.
11!, ~c! the quasi-1D band for the Li purple bronze~Ref. 14!, and
~d! the hidden-1D band crossingm for the Na purple bronze. The
data in ~d! are shown again in Fig. 7~a! as a stack plot with mo-
mentum value labels. For these plots, the intensity scale for i
vidual curve was varied as a free parameter.
7-2
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GENERALIZED SPECTRAL SIGNATURES OF ELECTRON . . . PHYSICAL REVIEW B68, 195117 ~2003!
discussion below: afinite a for the quasi-2D Na purple
bronze and ana value increased from that~0.6! obtained12

previously by applying aT50 theory to the same data fo
the Li purple bronze. The FE line shape for Bi2212 is
apparent contradiction to its non-FL properties.5,6 Along this
particular line ofk space30 it is possible that thea value is so
small that the spectrum is essentially the same as an FE
the givenT andDE. But the second signature along this lin
presented below, yields a moderately largea value, making
it also possible that instead the energy range of the pow
law behavior is so small that it is completely masked byT
and DE. Indeed, theoretical work shows that such a sm
energy range, on the order of 10 meV, can occur for the
Hubbard model.31 A Hubbard model is likely for cuprates bu
not for the Mo bronzes whose 4d orbitals are less localized

Some comments are in order for the fits of Fig. 2. Fir
the TL model used here could be replaced by any the
which yields a power-law spectrum atT50 and obeys quan
tum critical scaling at finiteT. Second, the smallness (D
'20 meV) of the spin pseudogap,32 which implicates the LE
model for the blue bronze,11 justifies its neglect here. More
specifically, in this paper we limit ourselves to the ca
max(T,DE).D(T), whereD(T) is any pseudogap. Third, th
TL model assumes a constant one-electron density of s
~DOS!. Thus thea values obtained by the fit potentially hav
some unquantified errors and so for the Na purple bronze
have verified explicitly that an FL line shape with a slop
DOS does not produce a good fit. Fourth, the energy rang
the fit is determineda posterioriby the fit, and is marked by
the energy range of the lines, except for TiTe2, for which
only the FE width is fit because its unusually small ba
width27 causes the strong drop of intensity as soon as
binding energy becomes bigger than the FE width. We n
in particular, that the fit range for the Li purple bronze
binding energy ,0.12 eV, at which point two non
m-crossing bands11,14 start to contribute and give rise to th
break observed in the line shape of panel~b!.

2. Anderson-Ren line shape

This is another signature that we associate witha. Ander-
son and Ren~AR! proposed33 an empirical visualization
scheme for the Bi2212 ARPES line shapes along
diagonal30 of the 2D BZ. In this view, the line shape is give
by a common power-law tail relative tom, with exponent
a21, for binding energies greater than the peak positi
and a straight line fall tom for energies less than the pea
position. Figure 3 shows the dispersing line shapes
Bi2212 and of the bronzes, plotted with intensity scaling
show the remarkable result that the AR line shape is
served inall of them. In contrast, we find that the FL ARPE
line shapes for the Ti 3d band of TiTe2 ~Ref. 27! and also for
a Mo surface state34 do not follow the AR line shape.

We examine next the relationship between the expon
from the AR line shape and from them onset in angle-
summed spectra. The plots in Fig. 3 show that the AR l
shape does not hold whenk approacheskF . Therefore, the
AR line shape, as identified here, is a high-energy and h
momentum behavior. Nonetheless, taking the AR connec
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to a, we geta values of 0.4~Bi2212!, 0.2 ~K blue!, 0.7 ~Li
purple!, and 0.4~Na purple!. These values show reasonab
agreement with those found in Fig. 2 for the Li and N
purple bronzes, but not for the K blue bronze and Bi22
For the K blue bronze this finding could signal that its sp
pseudogap breaks the AR connection toa. For Bi2212 we
infer that thea50 result in Fig. 2 reflects an unobservab
small energy range for power-law behavior nearm, as dis-
cussed above. The Li purple bronze ARPES data that
reported initially12 give an exponent of20.2 ~hence a
50.8) in reasonable agreement with the current data.
also verified that the tail exponent reported in Fig. 3 is mo
fied only slightly to20.35, if we subtract out approximatel
the contribution from higher-energy non-m-crossing bands
~see Fig. 4 caption!. In short, our analysis distinguishes larg
a (.0.5) correlations found in the Li purple bronze an
small a (,0.5) correlations found in the Na purple bronz
and Bi2212, important for discussing the next signature.

Before proceeding, we mention that there is no kno
microscopic derivation for the AR line shape, yet.35 It is easy
to see that the LL fails because it produces line shapes
which the origin of the approximate power law is the movi
position of the dispersive peak rather than the fixedm. This
observation is intriguing, particularly in light of the othe
wise excellent LL description of the Li purple bronze, as w
will see now.

3. Two or more objects in ARPES

In the LL line shape, two features disperse with velocit
vc , vs, in contrast to the single quasi particle peak of the F
Depending on the magnitude ofa, the low binding energy
spin feature is either a peak (a,0.5) or an edge (a.0.5).36

As we discussed and demonstrated before,12 by reason of its

FIG. 4. High-resolution angle-resolved photoemission data
the Li purple bronze~Ref. 14! taken alongG-Y ~a! and TL model
~Ref. 15! simulation~b!. The data show a single band crossing, d
to the suppression of the otherm-crossing band in this geometr
~Ref. 14!. In the data, the peaks with energy,20.3 eV arise from
a non-m-crossing band,11 which is excluded from the theoretica
simulation. As the bottom curve~corresponding tok@kF) of panel
~a! shows, the line shape of the non-m-crossing band is a well-
confined peak, so the line shape of them-crossing band can be
observed essentially unhindered in an extended energy range,
energies greater than its peak energy minus'0.1 eV for k<kF .
Experimental conditions (T5250 K, DE549 meV, Du50.36°)
are fully included in the simulation.
7-3
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ideally 1D FS, linear band dispersion to at least 300 m
below m, low transition temperature~24 K!, and lack of a
single particle gap opening at least down to 1 meV in
low-T phase, the Li purple bronze is a unique candidate fo
simple LL description, ana50.9 TL in particular. Figure 4
shows our newest dataset14 compared with the finiteT
theory.15 The samea value, 0.9, that best simulates th
amount of the weight at them crossing relative to the pea
height also agrees nicely with the value obtained in Fig
The vc /vs value of 2~and\vc54 eV Å) is used as in Ref
14, where we already noted that the improved angle res
tion Du relative to that of our earliest work12 gives better
resolution of the spin edge and leads to avc /vs value
changed from our early value of 5. Overall, there is excell
agreement between the improved experiment and the
proved theory. Figure 5 shows that the quality of the agr
ment is definitely sensitive to the choice ofvc /vs and Fig. 6
shows the same for the choice ofa. Other features such a
the general decrease of intensity as the peak approachm
and them weight retraction after the peak has crossedm are
also reproduced with internal consistency by the theory. T
same is true, of course, for them onset of the angle summe
spectrum, and in this context we emphasize again the e
mous difference between the angle summed spectra of
Fermi-liquid reference material TiTe2 and of the Li purple
bronze. The excellent agreement with the TL theory ma
the Li purple bronze presently unique~apart from the AR
tails which are, nonetheless, of clear NFL character! as an
ARPES example of the TL line shape.

We generalize the idea of two dispersing objects in the
line shape as follows. As shown in panel~d! of Fig. 3 and
panel~a! of Fig. 7, the line shapes of the 2D Na~or K! purple
bronze37 are surprisingly complex considering the simplici
and good agreement with band theory of the ARPES

FIG. 5. TL model spectra from theory of Ref. 15 in pane
~b!–~f! compared to Li purple bronze ARPES data of panel~a! and
Fig. 4~a! to show sensitivity of TL description of data to choice
ratio of velocities of holon peaks and spinon edges. Holon p
dispersion is held constant and matched to experimental peak
persion for ease of comparison of spinon edge dispersions.
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shown in Fig. 1. In particular, the line shapes show twoin-
dependentcomponents,both the dispersing peaks that giv
the well-defined FSand an equally large amount o
k-independent weight seen by itself in thek.kF spectra.
Because this weight is perfectly confined within the ban
width it does not have an extrinsic origin, e.g., the inelas
scattering of photoelectrons. Charge disorder scattering
ing k loss is likely, due to the well-known tendency fo

k
is-

FIG. 6. TL model spectra from theory of Ref. 15 withvc /vs

value of 2 and variousa in panels~b!–~f! compared to Li purple
bronze ARPES data of panel~a! and Fig. 4~a! to show sensitivity of
TL description of data, with regard to the weight atm and the
broadness of the peak atm crossing, to choice ofa.

FIG. 7. ARPES line shapes~a! alongM -K for the quasi-2D Na
purple bronze~Ref. 26! compared to those~b! along G-X for the
Bi2212 ~Ref. 20!.
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GENERALIZED SPECTRAL SIGNATURES OF ELECTRON . . . PHYSICAL REVIEW B68, 195117 ~2003!
alkali-metal atom deficiencies in the purple bronzes,16 but in
a FL picture it is impossible to understand thefractionalized
k loss seen here. The lack of apparent interaction betw
this weight and the dispersing peak, and its presence u
duced in amplitude after the peak crossesm, shows that it
cannot be simply attributed to the incoherent part of a
spectral function.

We propose electron fractionalization, with badly sc
tered charge waves giving thek-independent weight and spi
waves, unscattered because they do not see the charge
der, dispersing to define the FS just as they do in the
purple bronze. Here, the spin waves are peaks instea
edges becausea,0.5. Having now a clear example, au
mented by other fractionalization signatures, confers m
plausibility on the original suggestion38 to us of this ‘‘melted
holon’’ picture for Bi2212~and other metallic cuprate! spec-
tra. As seen in panel~b! of Fig. 7, these spectra also show,
addition to dispersing peaks,k independent weight20 that is
remarkably similar to that of the Na purple bronze exc
that the overlap with oxygen bands precludes knowing if i
also so neatly confined to thed bandwidth. It is significant
that the blue bronze has neither charge disorder
k-independent weight. The 1D Li purple bronze has cha
disorder and again shows somek-independent weight,11 al-
though less than that of the Na purple bronze. Since the
purple bronze spectra show both dispersing charge peaks
spin edges, this weight is perhaps some small portion of
charge peak weight but could signal the more intriguing p
sibility that fractionalization has occurred intothreedensity
excitations, a possibility which is actually known in theory39

and is plausible in this material with two bands crossingm
together.

4. Sharp MDC, broad EDC

Orgadet al.7 noted that the TL spectral functions show
sharp momentum distribution curve~MDC! at m and a broad
energy distribution curve~EDC! at kF while for the FL both
are sharp. The mechanism for this contrast in the theor
the generic 1D kinematic restrictions on momentum, but
on energy, for electron fractionalization into one or mo
kinds of dispersive density waves, as happens in, but is
restricted to, the TL~or LE! model. They reported this strik
ing MDC/EDC contrast for cuprates, especially the sta
stripe system La1.25Nd0.6Sr0.15CuO4, but also the Bi2212. As
seen in Fig. 8, our data for quasi-1D metals indeed show
contrast, a small momentum offset from the theory for the
purple bronze40 notwithstanding. So does the Na purp
bronze data of Fig. 7~also see Ref. 37! once we recognize
the k-independent~badly scattered charge wave! weight as
part of the intrinsic spectrum. It is precisely th
k-independent weight in the Bi2212 spectra that enabled
identification made by Orgadet al.7 of this signature in
Bi2212 and our discussion here enables us to offer an
plicit proposal as to the origin of the weight within a fra
tionalization picture. Strong arguments that this weight
intrinsic to the spectral function have been given previou
in Refs. 41 and 42.
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Note that this MDC/EDC contrast requires at least mo
erately largea,7 further supporting our conclusion of a non
zero but smalla for Bi2212 from the combined analysis o
signatures 1 and 2. Note also thatvs is used to scale the
momentum axis of the MDC plots. While it means the sp
wave velocity for the TL model~and therefore for the Li
purple bronze!, its generic meaning is the smallest veloci
of density waves involved, and for the poorly understo
spin-gapped K blue bronze we use the value of 1 eV Å
make its MDC width similar to that of the Li purple bronze

III. SUMMARY

To summarize, our ‘‘scorecard’’ representation of the ele
tron fractionalization signatures is the following: Li purp
bronze ~1,2,3,4!, K blue bronze~1,2,4!, Na purple bronze
~1,2,3,4!, Bi2212 ~2,3,4!. Our electron fractionalization sig
natures are ubiquitous in the sense that each of the exam
materials shows at least three signatures. The Li pu
bronze displays all four and as such is a quasi-1D LL pa
digm. The missing signature in the quasi-1D K-blue bron
can be attributed to complexities of a spin gap and its inc
ent CDW ordering. Neither of these materials seems to
quire the ideas of Ref. 43. It is especially notable that the
two of our materials are quasi-2D and that the Na pur
bronze displays all four signatures within the framework
our ‘‘melted holon’’ interpretation. Like the Na purple
bronze, Bi2212 could well be fractionalized with nonze
a,0.5 and badly scattered charge waves, but with eithea
or the energy range of power-law behavior too small to
tect in them onset of its angle-integrated spectrum. We no
that thek-independent spectral weight of both materials d
mands some explanation outside of the FL picture. We ar
here that the Na purple bronze is a kind of Rosetta stone

FIG. 8. ARPES intensity map for the Li purple bronze~a!, and
its MDC ~b! and EDC~c! cuts, and similar plots for the K blue
bronze ~d!, ~e!, and ~f!. In ~b! and ~c!, theory curves of the TL
model, as used in Fig. 4, are shown as thin solid lines. In~c!, the
difference between the data and the theory is shown as a gray
line, representing the non-m-crossing band. The K blue bronze ha
three crossings showing as three peaks in the MDC, and here
focus on the central crossing, but others lead to the same con
sion.
7-5
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G.-H. GWEON, J. W. ALLEN, AND J. D. DENLINGER PHYSICAL REVIEW B68, 195117 ~2003!
enables the recognition of the effects of disorder on fracti
alization in the Bi2212 spectrum.

Overall, it is remarkable that all these systems disp
common, generic signatures within our generalized elec
fractionalization scheme regardless of their different, and
ten not fully understood, lowT physics, and different globa
dimensionalities. Our findings are a strong hint of a bigg
picture in which fractionalization plays a central role.
closing, we mention that another important general fracti
alization signature that is implicit in our use of the theory
Ref. 15 is that of quantum critical scaling in the energy a
temperature dependence of ARPES line shapes. Such sc
has already been reported for Bi2212 line shapes44 and our

*Present address: Lawrence Berkeley National Laborat
MS 2-200, 1 Cyclotron Road, Berkeley, CA 94720.
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son, H. Höchst, J. Marcus, C. Schlenker, and L.F. Schneeme
J. Electron Spectrosc. Relat. Phenom.117-118, 481 ~2001!.

12J.D. Denlinger, G.-H. Gweon, J.W. Allen, C.G. Olson, J. Marc
C. Schlenker, and L.S. Hsu, Phys. Rev. Lett.82, 2540~1999!.

13G.-H. Gweon, J.D. Denlinger, J.W. Allen, C.G. Olson, H. Ho¨chst,
J. Marcus, and C. Schlenker, Phys. Rev. Lett.85, 3985~2000!.

14G.-H. Gweon, J.D. Denlinger, C.G. Olson, H. Ho¨chst, J. Marcus,
and C. Schlenker, Physica B312-313, 584 ~2002!.

15D. Orgad, Philos. Mag. B81, 377 ~2001!.
16Low-Dimensional Electronic Properties of Molybdenum Bronz

and Oxidesedited by C. Schlenker~Kluwer Academic Publish-
ers, Bordrecht, 1989!.

17M.-H. Whangbo, E. Canadell, P. Foury, and J.-P. Pouget, Scie
252, 96 ~1991!.

18G.-H. Gweon, J.W. Allen, J.A. Clack, Y.-X. Zhang, D.M. Poirie
P.J. Benning, C.G. Olson, J. Marcus, and C. Schlenker, P
Rev. B55, R13353~1997!.

19A. Kaminski, M. Randeria, J.C. Campuzano, M.R. Norman,
Fretwell, J. Mesot, T. Sato, T. Takahashi, and K. Kadowa
Phys. Rev. Lett.86, 1070~2001!.

20D.S. Dessau, Z.-X. Shen, D.M. King, D.S. Marshall, L.W. Lom
bardo, P.H. Dickinson, J. DiCarlo, C.-H. Park, A.G. Loeser,
Kapitulnik, and W.E. Spicer, Phys. Rev. Lett.71, 2781~1993!.

21E.W. Carlson, D. Orgad, S.A. Kivelson, and V.J. Emery, Ph
Rev. B62, 3422~2000!.

22R.H. McKenzie and D. Scarratt, Phys. Rev. B54, R12709~1996!.
19511
-

y
n
f-

r

-
f
d
ling

plans for the future include such studies for the other ma
rials we have discussed.

ACKNOWLEDGMENTS

G.H.G. and J.W.A. acknowledge useful discussions w
S.A. Kivelson. For the data of Fig. 3~d!, we are indebted to J
Marcus and C. Schlenker, to W.P. Ellis, R. Claessen an
Reinert, and to Z.-X. Shen for providing samples, for parti
pation in the experiments, and for use of his end-stati
respectively. This work was supported by the U.S. N
Grant No. DMR-99-71611 and the U.S. DOE Contract N
DE-FG02-90ER45416 at U. Mich.

y,

,

-
r,

,

s

ce

s.

.
,

.

.

23J.P. Pouget~private commmunication!.
24L. Degiorgi, P. Wachter, M. Greenblatt, W.H. McCarroll, K.V

Ramanujachary, J. Marcus, and C. Schlenker, Phys. Rev. B38,
5821 ~1988!.

25M. Greenblatt, W.H. McCarroll, R. Neifeld, M. Croft, and J.V
Waszczak, Solid State Commun.51, 671 ~1984!.

26The data in Fig. 3~d! were taken at Beamline 5 of the Stanfo
Synchrotron Radiation Laboratory, withhn522.4 eV, DE
543 meV, andDu52°.

27R. Claessen, R.O. Anderson, J.W. Allen, C.G. Olson, C. Janow
W.P. Ellis, S. Harm, M. Kalning, R. Manzke, and M. Skibowsk
Phys. Rev. Lett.69, 808 ~1992!.

28R. Claessen, R.O. Anderson, G.-H. Gweon, W.P. Ellis, J.W. All
C. Janowitz, C.G. Olson, Z.X. Shen, V. Eyert, M. Skibowski,
Frimelt, E. Bucher, and S. Hu¨fner, Phys. Rev. B54, 2453
~1996!.

29L. Perfetti, C. Rojas, A. Reginelli, L. Gavioli, H. Berger, G. Ma
garitondo, M. Grioni, R. Gaa´l, L. Forró, and F. Rullier Albenque,
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