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We report the detailed non-Fermi-liquid (NFL) line shape of the dispersing excitation which
defines the Fermi surface for quasi-one-dimensiongbMbsO;;. The properties of LiyM0ogO;;
strongly suggest that the NFL behavior has a purely electronic origin. In relation to the theoretical
Luttinger liquid line shape, we identify significant similarities, but also important differences.
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A topic of high current interest and fundamental impor-be deduced. A second study [10] obtained similar data.
tance for condensed matter physics is the possible failurA third study [13] resolved valence band structure but the
due to electron-electron interactions [1] of the Fermi-liquidpeak dispersing t&y was too weak in the spectra for its
paradigm for metals. The paradigm lattice non-Fermidine shape to be discerned.
liquid (NFL) scenario for a metal is the Luttinger liquid  Here we report the detailed NFL line shape of the dis-
(LL) behavior [2] of an interacting one-dimensional elec- persing excitation which defines the FS fog 4Mos0;5.
tron gas. The energye() and momentumk) resolved Obtaining the line shape data was enabled by taking pre-
single particle spectral function R(w) for the dispers- cautions to minimize photon-induced sample damage [14]
ing excitation that defines the Fermi surface (FS) is mucland by studying a region ik space where the ne#ir
different for the LL than for a Fermi liquid [3,4]. Since ARPES intensity is especially large, as determined by
A(k,w) can be measured by angle-resolved photoemissiofirst making ak-space map of the ARPES intensity near
spectroscopy (ARPES), there has been strong motivatioAr. The properties of LiyMogO,7 strongly argue that the
for such studies of quasi-one-dimensional (g-1D) metalsNFL behavior has a purely electronic origin, giving this
An unfortunate complication for this line of research is thatset of data a special current importanceq dMogO;7 dis-
many g-1D metals display charge density wave (CDW)plays metallicT-linear resistivityp and temperature inde-
formation and that strong CDW fluctuations involving pendent magnetic susceptibilify for temperatures down
electron-phonon interactions above the CDW transitiorio Tx = 24 K, where a phase transition of unknown ori-
temperature can also causekA¢) to have NFL behav- gin is signaled by a very weak anomaly in the specific
ior which in some ways resembles that of the LL [5,6]. heat [15]. AsT decreases belo@y, p increases, buy
For example, both scenarios predict a substantial suppres unchanged [15,16]. Most significant, infrared optical
sion ofk-integrated spectral weight neBf, bringing am-  studies which routinely detect CDW or spin density wave
biguity to the interpretation of pioneering angle integrated(SDW) gaps [17] in other materials, do not show any gap
photoemission measurements [7,8] which observed suabpening [18] for energies down to 1 meV, setting an up-
a weight suppression, and to subsequent ARPES studiger limit of (11.6/3.52) = 3 K for a mean field CDW or
[9,10] of dispersing line shapes in g-1D CDW materials. SDW transition temperature. Belofy =~ 1.8 K the ma-

Thus far ARPES studies of non-CDW @-1D metalsterial is a superconductor [19]. The properties of the 24 K
have not obtained dispersing line shape data which coulttansition are not consistent with CDW (or SDW) gap for-
be compared meaningfully with many-body theories.mation, and in any case, the small valuergfpermits the
Most of the non-CDW @-1D metals are organic and forNFL ARPES line shape to be studied frdfiy to nearly
these metals-integrated weight suppression neBy 107, a temperature high enough that any putative g-1D
occurs [8], but dispersing features have not been observe€DW fluctuations should be absent. Comparing the data
[11]. LipyMogOy7 is a 3D material with bonding such to the theoretical Luttinger liquid line shape, we identify
that only g-1D bands define its FS. It is unusual as asignificant similarities, but also find important differences.
g-1D inorganic metal which appears to be free of strong Single-crystal samples were grown by the electrolytic
electron-phonon effects, as discussed further below, aneduction technique [15]. The ARPES was performed at
which shows suppressefl- photoemission weight. An the AmegMontana beam line of the Synchrotron Radia-
initial ARPES study [12] at 300 K did not resolve tion Center at the University of Wisconsin. Samples ori-
individual valence band features but did observe for a&nted by Laue diffraction were mounted on the tip of
single broad peak a general angle dependent shift aral helium refrigerator and cleaved situ at a tempera-
diminution of spectral weight which enabled a g-1D FS toture of 30 K just before measurement in a vacuum of
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~4 x 107! torr, exposing a clean surface containing the
crystallographicc and g-1Db axes. Monochromatized (a)
photons ofhr = 24 eV were used to obtain the spectra
reported here. All the data are normalized to the pho-
ton flux. The instrumental resolutioAE and Er were
calibrated with a reference spectrum taken on a freshly
sputtered Pt foil. AE was 150 meV for theEy inten-

sity map and 50 meV for the energy distribution curves
(EDC'’s). The angular resolution for the spectrometer was
+1°, which amounts to+7% of the distance froml’

to Y in the Brillouin zone. Thek space neaFy inten-

sity map was made by detecting electrons over the range
AE = 150 meV, centered 50 meV belo®r, and sweep-

ing analyzer angles along two orthogonal directions rela-
tive to the sample normal, in steps offbr one angle and

2° for the other. Following standard photoemission the-

ory [20], (i) such sweeps move tlkevector on a spherical
surface with a radius which depends on the kinetic energy
and hence on the photon energy, (ii) one then observes the
intersection of this spherical surface and the FS, (iii) the
photohole momentum components parallel to the surface( )
(k, and k,) are determined unambiguously by the ana-
lyzer angles and the kinetic energy of the photoelectron, . e i

and (iv) we have used a standard ansatz of free photoelec =

tron bands, offset by an inner potential to which we give

a nominal value of 10 eV, to deduce the perpendicular K

photohole momentumnk(). = \
Figure 1(a) shows the projection onto the plane of _h.-

our near£r intensity map made at a temperature of 30 K

by varying both analyzer angles for fixéddh = 24 eV.  FIG. 1. NearE; intensity map of LioMosOy7. (a) kj plane

I'-Y andI'-X are theb™ and c¢* directions, respectively. projection for hv = 24 eV with variation of two detector

Figure 1(b) shows the projection onto the/T'-Y plane angles. (b)k,/I'-Y plane projection for varyingiy = 15—
of a map made at 200 K by fixing one analyzer angle 2 eV and one detector angle. The thick arrow in (b) indicates

hil . h h | d al he ph the arc corresponding tar = 24 eV used in (a). In both
while varying the other angle and also the photon energynaps, image contrast has been enhanced by dividing the data by

The spherical arcs for each photon energy are easily seeifie data heavily smoothed to retain only slowly varying cross-
and an arrow shows the arc corresponding to the fixedectional dependences.

photon energy of the map of Fig. 1(a). The straightness
of the FS segments in both maps shows that this material
fulfills very well the band theory prediction of being bands are easily seen in other spectra, e.g., alorg
g-1D [21,22]. The Fermi wave vectdy defined by the andI'-Y. Thus, apart from a bandwidth difference seen
center of the left-hand FS segment2g; ~ 0.57 A~!,  also for other bronzes [10,23], we find a good general
somewhat larger than the band theory [21,22] value oagreement with band theory. Since LL models assume
0.51 A°'. Bright spots occur where the ARPES matrix linear dispersion around, it is noteworthy that this
element is large. aspect of the band theory is observed over an energy
Figure 2(a) shows a sequence of spectra taken aange of 200 meV for one band and 500 meV for the
200 K =~ 8Tx along a line0.06 A~! below an X-M  other. Figure 3(a) shows the spectra overplotted so as
Brillouin zone boundary and passing through the FS ato display the detailed line shape of the dispersing peak
one of the bright points, as indicated in Fig. 1(a). Overwhich defines the FS. In spectra 2 through 5 one sees
the correspondingt range alongI'-Y, the calculation the leading edge increase to a certain limit, “the wall,”
of Fig. 2(b) shows two bands merging and crossingand in spectra 5 through 10 one sees the intensity fall,
Er together. We identify the two dispersing peaks offirst without a change in the leading edge, and then
Fig. 2(a) with these two bands, since both the calculatiomccompanied by a shift of the leading edge away figym
and our g-1D FS image show that the two bands dispers@/ithin the experimental resolution, very little intensity
very weakly alongI’-X. The calculated bands which develops aEr in any spectrum. A set of spectra taken at
do not crosskr are very weak for the special path of 50 K are identical with respect to all these features.
Fig. 2(a), but can still be seen as a small peak or general In the absence of any LL line shape theory includ-
humping~400 meV belowEr in spectra 4 to 11. These ing interactions between two bands, we apply line shapes
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FIG. 2. (a) ARPES spectra showing FS crossing along the
path, marked with an arrow in Fig. 1(a), that passes through the
bright spot of the image. For each spectrum, the corresponding
momentum value parallel tb'Y is given in percentage of the

length of I'Y. (b) Tight binding band calculation [21] showing —
bands along(-I'-Y. The bar shows the range bfy explored 05 0.0 05 0.0

in (a). E-E, (eV)

FIG. 3. (a) Spectra of Fig. 2(a) replotted to emphasize the
calculated for the one-band Tomonaga_Luttinger (TL)“Wa”” bEhaViOI', described in text. Inset shows a detailed view

. of the spectral line shape approachifg, with lines drawn
model to the two degenerate bands crossifig Fig 0 emphasize a hint of 1D onset behavior. (b) Tomonaga-

ure 3(b) shows TL line shapes for a spin independenfinger (TL) model spectra, calculated to be compared
repulsive interaction [4] and singularity index = 0.9.  with (a), as described in text. Inset shows the spinon edge
The thick lines are spectra including our angle and ensingularity onsets.

ergy resolutions. The thin lines accompanying two of the

spectra show the purely theoretical curves without includ-

ing the experimental resolutions. Thevalues and format four lowest members of the upper set of curvedjes

are exactly the same as for Fig. 3(a). Before discussingutside the FS. The dependence of the nonzero singular
the considerable similarity to the experimental data forenergy onset in this case reflects the holon dispersion.
the behavior of the leading edge, we first describe the We now discuss the choice of parameters and the
generic theoretical features. The LL has no single particleomparison to experiment, for which we associate the
excitations, and the removal or addition of an electron respectral peaks with the rapidly dispersing holon features
sults entirely in the generation of combinations of collec-and the leading edges with the slowly dispersing spinon
tive excitations of the spin and charge densities, knowrfeatures. We consider a range @f> 1/2 because for

as spinons and holons, respectively. In this TL modekr < 1/2 the low-energy edge singularity takes the form
the spinon dispersion is that of the underlying bamgk  of a peak which is obviously not present in the data. Each
with Fermi velocityvg, and the holon dispersion Bvrk  « determines @8 andvr is chosen so thgBv gk matches
where 8 depends orw and is>1. For the lower group the experimental peak movements, linear=t600 meV

of spectra, withk inside the FS, there is an edge singu-below Er for one peak, but only=200 meV below Eg
larity onset at a nonzero low energy and then a rise tdor the other, so that the lowest energy peak in data
a power law singularity peak at higher energies. Theseurves 1 to 3 has no theoretical counterpart. One finds
sharp features are greatly broadened by the experimenttdiat for the broadened spectra, @asncreases from /2,
resolutions and, except for the slight shoulder of curve 2(a) the peak maximum asapproachesy decreases more
the spinon features of the theory curves are simply theapidly, and (b) the amount dfr weight relative to the
leading edges of the line shapes. The movements Avith spectrum maximum in thé = kr spectrum decreases.
of the low energy onset and of the peak reflect the disAs expected in the TL theory [3,4], we have observed
persions of the spinons and holons, respectively. Thattha power law onset aEr in a measurement of the
onset occurs at a nonzero energy ko kr is a direct angle-integrated photoemission spectrum, from which we
consequence of the restrictive kinematics of 1D. For theleducea = 0.6, nicely greater than /2. Fora = 0.6
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(B = 4) the behavior of (a) is similar to experiment but insulator precludes the LL. This is the first such report
the value for (b) is about twice the experimental valuefor a g-1D metal.

of =16%. Fora = 0.9 (B =5), it is noticeable that Work at UM was supported by the U.S. Department of
the behavior of (a) is faster than in experiment, but theEnergy (DoE) under Contract No. DE-FG02-90ER45416
fractional amount oft weight for thek = kr spectrum and by the U.S. National Science Foundation (NSF)
is only slightly greater than in experiment. With the Grant No. DMR-94-23741. Work at the Ames Lab was
choice @ = 0.9 and vy = 0.7 eVA [24], the theory supported by the DoE under Contract No. W-7405-ENG-
curves reproduce semiquantitatively the variation of theB2. The Synchrotron Radiation Center is supported by the
leading edge in spectra 2 to 5, the wall behavior inNSF under Grant No. DMR-95-31009.
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