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Electronic structure of a quasi-one-dimensional insulator: The molybdenum
red bronze Ky 3M004

S. Mitrovic, L. Perfetti, C. Sgndergaard, G. Margaritondo, and M. Grioni
Institut de Physique des Nanostructures, Ecole Polytechniqder&le de Lausanne, CH-1015 Lausanne, Switzerland

N. Barig¢ and L. Forfo
Institut de Physique de la Matie Complexe, Ecole Polytechniquédéeale de Lausanne, CH-1015 Lausanne, Switzerland

L. Degiorgi
PSI, CH-5232 Villigen, Switzerland
and Laboratorium fu Festkaperphysik, ETH Zurich, CH-8093 Zurich, Switzerland
(Received 22 May 2003; revised manuscript received 30 July 2003; published 13 January 2004

High-resolution angle-resolved photoemissiGkRPES displays quasi-one dimensionélD) electronic
states in the insulating molybdenum red bronzg 100, in good qualitative agreement with band structure
calculations. Combined ARPES, optical conductivity, and electrical resistivity data underline the importance of
defects which pin the Fermi level within the gap. The ARPES line shape exhibits the same strong-coupling
features observed in the blue bronzgKloO;, a related 1D Peierls conductor. We speculate that a similar
mechanism could be at the origin of the gaps in both materials.

DOI: 10.1103/PhysRevB.69.035102 PACS nunider71.45.Lr, 71.10.Pm, 71.38.Cn, 79.60.

I. INTRODUCTION =0.3), which exhibit Peierls instabilities towards low-
temperature charge dens(ijt% waEDW) insulating states.
Low-dimensional, and especially quasi-one-dimensionaPptics™ and photoemissiofi ** studies of the potassium
(1D), materials are of current interest because of their uniquélue bronze(BB) Ko aMoOs, confirmed various aspects of
physical properties and electronic instabilities, which areN€ weak-coupling Peierls scenario, including the nesting
well documented by structural, thermodynamic, spectrolProPerties of the Fermi surface and the occurrence of pre-
scopic, and transport measuremenihotoemission, in par- transitional fluctuations, but also provided evidence for

cular. h led i fth 4 strong electron-phonon interactiolfsThe 1D red bronzes
ticular, has revealed peculiar aspects of these systémisD Ag3M00O; are insulators at all temperatures. The purple

ponductors, the absence of a clear Fermi edge in momentungyinzes A MogO,, are two-dimensional—with “hidden”
integrated PES spectra, and unusually broad angle-resolvedip characté and nesting*’—and exhibit metal-to-metal
(ARPES line shapes, are clearly incompatible with the spec-CDW instabilities, with the notable exception of the 1D Li
tral properties of norma2D or 3D) metals®~® Such anoma-  purple bronze.
lies could point out strong and singular 1D correlations, and Here we present an ARPES study of the electronic struc-
possibly the breakdown of the Fermi liquid paradigm pre-ture of the red bronzéRB) Ky3qM00;, and new optical
dicted by theory strictly in 103:2 conductivity and electrical resistivity data. We report a quali-
Tackling this arduous problem requires broadening thdative agreement between the measured 1D dispersion and
still limited spectroscopic database on 1D materials. Experiband structure calculations. We also show that defects states
ments so far mainly addressed 1D conductors, which exhibi®!n the Fermi level |n.the semmonductmg_gap. Slml!a““es
characteristic low-energy properties, and low-temperatur@€tween the ARPES line shapes of metallic BB and insulat-
metal-insulator transitions. Conventional 1D “band insula-"9 RB suggest that electron-phonon interactions are simi-
tors” were deemed less interesting, but this is not necessari:ggy strong, and may lead to the formation of strongly renor-
the case. Some features of optical and ARPES measureme lized polaronic carriers in both materials.
of semiconducting (NbSg,l, namely the unusually small , ‘srpicTURAL AND ELECTRONIC PROPERTIES
guasiparticle(QP) scattering rate, cannot be explained by
prevailing model$.1D band insulators are also useful refer-  The Mo red bronze crystallizes in a monoclinic structure
ences for the metallic systems, since the low-energyspace groupC2/m), with a=14.278 A, b=7.723 A, ¢
electron-hole excitations which destroy the QP’s and lead te=6.387 A, and3=92.3°. As for all Mo bronzes, the funda-
Luttinger liquid (LL), are “frozen” by the energy gap. The mental structural building blocks are Mg®©ctahedra, which
persistence of peculiar spectral line shapes in the insulatoferm corner-sharing double chains running along the crystal-
would set new constraints on the interpretation of the eleclographicb direction(see Fig. 1 The periodicityb along the
tronic properties of 1D materials. chain corresponds to two MgQunits, due to the presence of
The molybdenum bronzes,Mo, O, (whereAis an alkali  lateral—or “hump”—octahedra. Corner- and edge-sharing
meta) offer unique opportunities to investigate low- double chains are arranged into infinite layers parallel to the
dimensional metallic and insulating systems with closely re< direction, which alternate along tizedirection with cation
lated structural and electronic propertf@3he most studied layers.
members of this family are the metallic 1D blue bronzes (  The structure is essentially two-dimensional, but intra-
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supported by band structure calculations which yield similar
bandwidths for RB and BB, nor by magnetic susceptibility
and ESR data which indicate a very small spin derf&ify.
The present ARPES data provide a direct experimental de-
termination of the valence band in RB, and definitely rule out
the Mott-Hubbard scenario.

I1l. EXPERIMENTAL

Single crystals of RB were grown as described in Ref. 24,
in the form of shiny red platelets, less than a millimeter
thick, with surfaces of-3x3 mn? parallel to the crystallo-
graphic(100 planes which contain the 1D chains. The crys-

d tals, oriented by Laue diffraction, were cleaved in ultrahigh
vacuum at a base pressure of #®mbar to expose fresh
surfaces. We utilized a He discharge lamprE21.2 eV)

and a Scienta ESCA 300 hemispherical analyzer with energy
and momentum resolutioAE=10 meV andAk=0.04 A.

The ARPES results were reproduced on various cleaves and
different samples. The Fermi level position was determined
from the spectrum of a polycrystalline Ag sample, with an
accuracy of+0.5 meV. We verified that charging did not
distort or cause spurious shifts of the spectra by varying the
photon intensity.

FIG. 1. (Top) left: Double chains of ideally undistorted MgO Electrical resistivity measurements were performed by a
octahedra run along thHeaxis. One such double-challight shade  standard four-point contact technique between 300 and 800
is shown split for clarity. Right: view along the axis, showing K. The optical reflectivity was measured on a specimen from
layers of clusters alternating with K layers along thelirection.  the same batch, in the spectral range from the far-infrared up
(Bottom) left: The bottom portion of the,g-block bands, for the to the ultraviolet for light polarized along and perpendicular
real (left) and the hypothetical undistorted structéright). Right:  to the chain direction, using the equipment described
Schematic view of the symmetry-breaking bond length alternatiore|sewheré® The Kramers-Kronig transformations were then
of short(S and long(L) bonds within a real double chaiadapted  applied in order to obtain the optical functions, namely, the
from Ref. 18. real parto,(w) of the optical conductivity. To this end stan-

dard extrapolations, at low and high energies, were em-
chain interactions are predominant, and the electronic strugloyed. Because of the insulating state of RB, the reflectivity
ture acquires a pronounced 1D character. It can be describadhs extrapolated to a constant value in the limit of zero
considering the overlap of Mo and O orbitals along thefrequency.
chain?® The relevant states are Malét,,) and O 2 orbit-
als, which hybridize to formr (bonding and #* (antibond-
ing) bands straddling the Fermi level. An ideal undistorted
chain would be semimetallic, with a filled valence and an The longitudinal dc electrical resistivityig. 2) exhibits a
empty conduction band degenerate at the zone boundary ¥emiconducting temperature dependence. Two distinct en-
In reality, the MoQ octahedra are distorted, with an alter- ergy gaps can be identified:=1.36 eV above~600 K and
ation of long-long-short-short Mo-O bonds along the chain.A* =0.44 eV below~450 K. No simple activated behavior
The distortion, which is also periodic with periodiciby lifts can be defined at intermediate temperatures. We interpret the
the degeneracy, and the red bronze is predicted to be a sentgrger gapA as the full semiconducting gap, and the smaller
conductor with an indirect gap~0.1 eV (Fig. 1). Thisis  one as evidence for “midgap” states. Their contribution is
notably different from metallic BB, where a different ar- negligible at high temperatures, but dominates the resistivity
rangement of the Mog octahedra leads to two partially at low temperature, where the number of carriers thermally
filled bands which share the valence electrons. excited across the fundamental gap is small. This assignment

RB is insulating at all temperatures, and there are nas supported by the ARPES data discussed below.
structural indications of CDW instabilities, even if the re-  Figure 3 showsr;(w) at 300 K up to the visible spectral
ported nonlinear transport and a large maximum of the dirange for light polarized along the chain axis. Our optical
electric constant are analogous to CDW-related properties idata agrees with previous results obtained on samples from a
BB.192° The presence of unusually lon@.069 A MoOg different origin?® The low-frequency part of the spectrum
bonds along the chain has led to the hypothesis of @&hows many phonon lines due to the large number of atoms
Coulomb-driven localization of the electrons, and to an (52) in the primitive unit cell. The analysis of the phonon
alternative interpretation of the energy gap as a correlatiomodes is complex, and beyond the scope of the present pa-
(Mott-Hubbard rather than a band gapThat picture is not per. We concentrate instead on the high-frequency spectral
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FIG. 4. ARPES intensity mafs) parallel andb) perpendicular

12 13 2.0 259 30 53 to the chain direction. The dashézbsing line is a guide to the eye.
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FIG. 2. Temperature dependence of the dc electrical resistand@long the 1D chain direction, with a minimum &t (Eg
measured along the chain direction. The observation of two distinct=2.1 eV) and maximaEg= 1.3 eV) at the zone boundaries
gaps @ andA*) is consistent with midgap states which pin the Y (+ 7/b). At variance with the BB case, there is only one
Fermi level(inses. valence band in RB, and its periodicity coincides with the

periodicity of the lattice. This band is quite similar to the
range. The dommant feature is the broad absorption centeregbnding valence band of BE, but it is rigidly shifted by
at about 8000 cm' (~1 eV), which we ascribe to the op- ~1 eV towards higher binding energies. The narrow-band,
tical insulating band gap. Another remarkable feature is thvott insulator scenario of Ref. 21 is not confirmed by the
shoulder on the low frequency side of the gap at abougxperiment. The measured dispersiaE=0.8 eV is four
5500 cm * (~0.68 eV), which again we attribute to “mid- times larger than the tight binding value. A similar difference
gap” states. The optical gap absorption comes rather close {§f BB was eliminated by subsequent first-principle
the square-root singularity expected for a 1D band inSU'atOléa|Cu|ation§18 and we expect that impro\/ed band calcula-
On the high-frequency tail of the gap feature;(w) ap-  tions would be able to reproduce the ARPES dispersion.
proximately decays with aw~> power law, indicative of a Weaker “shadows” of the main band extend beyond the
rigid lattice where only umklapp_scattering off the single- zone boundaries into the second Brillouin zone. Shadow
period lattice potential is possibfé.This frequency depen- bands were also observed in BB and in other 1D Peierls
dence, however, can be verified only over a limited spectraystems such as (Tagel (Ref. 29. While the periodicity of
range, due to an overlap with high-energy interband transithe bands is a “geometrical” property, simply reflecting the
tions. periodicity of the atomic arrangement, the intensity of the

The ARPES intensity map of Fig. 4 shows dispersionARPES features, and the gap size, depend on the strength of

the periodic—lattice or CDW—potentidf. In Peierls sys-

3000 ' ' ' ' ' tems such as (Tagel—and possibly also in
— K(.33M00; 300 K, E//chain (NbSeg) ;1—the broad energy gaps and well visible shadows
........ i reflect lattice distortions associated with the CDW. The spec-

i\ I tral features of Fig. 4 bear clear resemblance to those cases.
The hump octahedrérig. 1) double the “geometrical” peri-
odicity along the chains, defining the size of the Brillouin
zone(BZ). They also impose strong constraints on the inner
octahedra and induce a deformation of the chain, which pro-
vides the necessary periodic potential to open a wide gap.

The experimental gap is considerably larger than the cal-
culated one, but the tight-binding scheme underestimates the
Mo d—O p antibonding interactions which remove the de-
............ generacy of the perfect chaih.This raises the question of
the origin of the distortion. Steric considerations are obvi-
ously important, but electronic contributions could also play
a role. The periodicity of the distortion coincides with that of
y Optical band gap a hypothetical Peierls distortion k2=2m/b), suggesting
.......... the possibility of an instability with a very high critical tem-

0 o ' 5 ' 1'0 ' 13 perature. This hypothesis would define a common framework
Frequency (10° cm ™)) gé?lgl,z%D Mo bronzes, and justify the transport anomalies of

FIG. 3. Real part of the optical conductivity of RB, measured ~ The dispersion perpendicular to the chains is extremely

with the light polarized along the chains. small. The map of Fig. @) refers to a line irk-space parallel
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FIG. 5. Comparison of the spectral lineshapes of [BBm Ref. 1 0=E; 2 1 0=Ep

12) and RB measured, respectively, at the Fermi wave vector and at Binding energy (eV)
the top of the valence band.

FIG. 6. Comparison of ARPES intensity maps of a “good
to thec axis, for a fixed wave vectorkﬁ=0.4 I'Y) along the cleave” (a) as in Fig. 4, a “bad cleave(b), and the corresponding
chains. The dispersion is0.05 eV, smaller than the calcu- Mementum-integrated spectfa.
lated value AE~0.1 eV)*® Therefore, RB appears even
more one-dimensional than in the tight binding descriptionand transport is more surprising. In 1D systems with broken
This conclusion should be tested against state-of-the-art firgfymmetry ground state, the optical gap.f) is usually
principle calculations, and is moderated by the known surfarger than the transport gap {) due to the band dispersion
face sensitivity of ARPES. The ARPES dispersion correctlyperpendicular to the chains, and the discrepancy increases
follows the bulk periodicity, but small rearrangemefrdax-  with increasing deviations from perfect nestihgn BB, for
ation) at the surface could influence the overlap of the atomiqnstance,At,/Aopp0.6. We do not have a firm explanation
orbitals, and affect the measured dispersion. for the observation of an optical gamallerthan the trans-

ARPES only probes occupied electronic states, and carport gap in RB. We speculate on a general ground that such
not measure the full gap. A further complication comes fromgifferences may be due to different curvatures of the band
the peculiar 1D line shape. ARPES data on related 1D comprobed by different experiments. Moreover, only the optical
pounds such as the BB and (Tap#, but especially on measurements are at the same time bulk sensitive and con-
insulating (NbSg);l, have shown that identifying the peak tactless, and we cannot exclude a possible influence of the
position with the QP energy would lead to a gross overestiinterface and of the outermost surface layers both in the
mation of the energy gaps. It was found instead that theransport and ARPES.
spectral leading edge is a good indicator of the QP energy We did occasionally observe evidence for surface defects.
both in the metallic and in the insulating pha$e$) as a  Such “bad” surfaces could not be identified by visual inspec-
consequence of strong interactions and QP renormalizatiofion, but their spectra contained spurious features, as shown
We have determined the energy position of the spectral leadn Fig. 6. The ARPES map of a “bad” cleaviFig. 6(b)]
ing edge(Fig. 5 at the top of the band, and obtainé&d exhibits the dispersive band of a representative “good” sur-
~1eV. This defines the position of the valence band maxiface[Fig. 6(@)], but also diffuse, nondispersive, intensity at
mum E,, relative to the Fermi energir (Fig. 2, inset. A lower binding energy. For the “good” surface, a momentum-
similar value is obtained from a comparison with the spec-averaged spectrurfFig. 6(c)] obtained by integrating the
trum of BB measured at the Fermi wave veckyr in the  intensity map over the whole BZ is consistent with published
metallic phase, where the QP energy coincides Wth photoemission dati The spectrum of the “bad” surface
Again, an energy shift of~-1 eV would be necessary to su- exhibits a spurious shoulder at0.6 eV (arrow). Both the

perimpose the two line shapes. ARPES and the integrated data are indicative of defects and
ARPES and transport data can be reconciled if we assum@ahomogeneous pinning &g across the surface. Inhomoge-
that impurity (or defec} states, located-0.4 eV belowE, neous pinning and its spectral consequences are well docu-

pin the Fermi level, and define the resistivity gap (Fig. 2, mented effects in semiconductors, a classic example being
insed. They could be associated with oxygen vacancies, othe (110 surface of GaAgRef. 34.

other defects, and are not confined to the surface region On most surfaces the emission within the gap, and there-
probed by ARPES. A very small density of impurities would fore the amount of inhomogeneous pinning was quite small
be sufficient to pin the Fermi energy and determine the low{Fig. 4). This allows us to draw a conclusion which is rel-
temperature behavior of the resistivity. The only measurablevant for all Mo bronzes. Charge balance in these com-
effect on ARPES would be the observed rigid shift of thepounds critically depends on the exact K stoichiometry, and
valence band by A-A*)~1 eV. Such a scenario is also it is not guaranteed priori at cleaved surfaces, raising con-
consistent, at least qualitatively, with the optical conductivitycerns about the ARPES results. A sizable K excess or defi-
(Fig. 3). The quantitative discrepancy between ARPES andiency at the surface of a semiconductor such as the RB,
optical gaps is not uncommon for 1D materials, e.g., thevould have large effects on the spectra, since the Fermi level
organic Bechgaard saltd The disagreement between optics would be pinned either d&,, or atE. On the contrary, we
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observe that the Fermi level is always pinned within the gapturn, lends further support to the interpretation of the nature
Therefore, the stoichiometry of the cleaved surfaces is robusif the static deformation in terms of an electronic instability.
in RB, and we can at least presume that charge neutrality is
similarly satisfied at the surfaces of otHemetallic) bronzes.
Finally, we briefly consider the spectral ARPES line shape
of the RB. Circumstantial evidence for the characteristic We have determined by ARPES the electronic structure of
spin-charge separation of the LL scenario, has been obtaingde quasi-one-dimensional insulatog 4MoO; (red bronze
from data on the 1D bronze §§MogO;-,% and on artificial  In agreement with band structure calculations, we find a
nanostructure® Alternative interpretations of the data are, single valence band, with strong 1D character. Its broad
however, possiblé’ In particular, in the presence of strong bandwidth (-1 eV) appears incompatible with an interpre-
electron-phonon interactions, the resulting spectral weightation of the insulating gap in terms of a Mott transition. The
renormalization could mask the LL featurésThis might  spectral propertie@ispersion, line shapef the red bronze
well be the case in Peierls systems such as the blue bronzare remarkably similar to those of the metallic 1D blue
where a polaroni¢Gaussiah lineshape provides a satisfac- bronze K s;MoOs, where strong electron-phonon interactions
tory description of the spectra. A comparison of the spectrdead to polaronic quasiparticles and to a broken-symmetry
of Fig. 5 shows that the line shape of the metal and of th€CDW) insulating ground state. A similar mechanism could
insulator are essentially identical, if the Fermi cutoff in the be invoked to explain the formation of a commensurate dis-
BB spectrum is taken into account. Both line shapes ar¢ortion and the energy gap in the red bronze. In this perspec-
much too broad 4E~0.5 eV) to be interpreted as the spec- tive, the red bronze could even be a metal at sufficiently high
tra of normal QP’'s. On the other hand, a polaronictemperatures. This hypothesis would be hard to test experi-
scenarié®*#3°provides a rationale for the unusual width and mentally, because the transition would most likely occur out-
for the discrepancy between peak and leading edge energisile the range of stability of the compound, but total energy
in terms of phonon sidebands, representing the dressing ahlculations could shed light on this intriguing possibility.
the heavy(polaronig QP. This is also supported by optics. A
detailed analysis of the optical conductivity indicated a large
electron-phonon coupling constant-1.2 in BB and from
a comparison we infer a similarly large coupling in RB. In  We thank K. Kamaras for the generous loan of the crys-
summary, similarities in the spectral properties of BB andtals, and acknowledge stimulating discussions with E. Ca-
RB ARPES suggest that the dominant factor in both materinadell. This work has been supported by the Swiss NSF
als is the strong coupling of electrons to the lattice. This, inthrough the MaNEP NCCR.

V. CONCLUSIONS
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