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Angle-resolved photoemission study of the mixed valence oxide;¥,5: Quasi-one-dimensional
electronic structure and its change across the metal-insulator transition
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We have performed angle-resolved photoemission spectroscopy of mixed valence gRidehdt shows a
metal-insulator transitiofMIT) at =150 K. In the metallic phase, we observe two bands near the Fermi level
(Er). One is a prominent band located around 0.8 eV and the other is a weak structure around 0.2 eV that
shows dispersion towat- only along theb axis. Furthermore, though the momentum distribution cunig-at
shows a peak dib/7w=0.29+0.01 indicative of & crossing, the intensity of the band ndgg is strongly
suppressed in the region BE . These observations indicate quasi-one-dimensional electronic statg®gf,V
consistent with a highly anisotropic behavior observed from resistivity and optical conductivity measurements.
Across the MIT, the band ned&: shifts to higher binding energy and becomes less dispersive, resulting in
opening of an energy gap of 0.2 eV. We discuss some implications of the experimental results.
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Most of vanadium oxides exhibit a metal-insulator transi- In this paper, we report angle-resolved photoemission
tion (MIT) as a function of temperature and have been exspectroscopyARPES of mixed valence oxide yO,3 across
tensively studied in order to understand the mechanismthe MIT. Due to flat and mirrorlike surfaces obtained by
While, for monovalence vanadium oxides such as,Vhe  cleaving, we could perform ARPES measurements, which
mechanism has been discussed in terms of the on-site Corrgvestigate momentunmkj dependent electronic structures.
lation effect; that of mixed valence oxides has been thoughtin the metallic phase, we observed two features near the
to originate in different mechanism, since electrons in mixedcgrm; level E.). One is a prominent band located around

valence oxides can transfer to another site without the effegj g_qv binding energy and the other is a weak feature around
of the Coulomb energy.

V013, Which is classified into the Wadsley phase ex-
pressed by \O,,,, 1, is a mixed valence compound and also
exhibits a shargresistivity changes an order more tharf 10
along all crystal axesMIT at T,=150 K (Ref. 3 with an
antiferromagnetic order belowly=50 K2* V-O bond
length analysis of the metallic phase has reported the exis
tence of three different vanadium siteg1Y, V(2), and 3),
with the effective charges of 4.16, 4.60, and 4.34, respec-
tively, indicating of the mixed valences of twd'V- like and
one \P*-like sites. BelowT,, it has suggested that the
charge redistribution occurs, wherg1y ions become more
V5*.like while the M2) and M3) ions more V}'-like.
Nuclear magnetic resonan¢dlMR) measurement$ have
revealed that, below,, half of the VV* sites takes singlet
spin pairs resulting in the decrease of the magnetic susceptiab-plane
bility. (b)

The crystal structure of §0,3 is defined as a monoclinic
system and changes space group symmetry f£&im in the
metallic phase taC2 in the insulating phaséFig. 1).° The V5
crystal consists of distorted \fbctahedra, which form two
types of sheets parallel to tleeb plane @A andB in Fig. 1)
including zigzag vanadium chains running along thaxis
with different arrangement of three vanadium sitegl)y
V(2), and M3) [Figs. 1b) and Xc)]. The zigzag vanadium
chains of theA plane are similar to those af -NaV,O5 that
shows a typical one-dimensional electronic structubetu-
ally, electrical resistivity of ¥O,3 measured along tha, b, FIG. 1. (a) The crystal structure of YO, 5 for the metallic phase,
and ¢ axes of the monoclinic structure shows anisotropicprojected on thé010) plane® (b) and(c), two types ofa-b planes,
behavior with the lowest resistivity along thieaxis® This A and B, including zigzag chains running along theaxis with
suggests a possibility of one-dimensional-like electronicmixed V**-like and \P*-like sites, and with mono-¥/ -like sites,
structures in YOy3. respectively.
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0.2 eV showing finite dispersion only along the direction of
the zigzag chain. These results are consistent with the resis- FIG- 3. ARPES spectra of V @bands of O, 3 along(a) thea
tivity and optical measurements showing highly anisotropic?*is and() theb axis at 170 K, and alon() thea axis and(d) the
behavior"” We also observed that the dispersive band loosel IS at 130 K.
its intensity near thdeg region, though it has peaks in the
momentum distribution curve@DC’s) that relate to the Figure 2 shows two sets of valence-band ARPE spectra of
existence of the Fermi momenturkg), reminiscent of those V0,3 measured alongp) the a axis and(b) theb axis at 170
of other typical one-dimensional systems. Across the MITK, latter of which corresponds to the direction of the zigzag
both the bands shift to higher binding energy with the bancthain. Normalization of the spectral intensity is made at an
nearEg having a larger shift, resulting in opening of a gap binding energy of 8 eV. The angles indicated at the right side
having ~0.2 eV. These results represent the electroni®f selected spectra are the polar angle relative to the surface
structure and its change across the MIT of the mixed valenceormal. These spectra are very similar to the angle-integrated
oxide VgO;3. spectra of \0;5.%2 The valence-band spectrum at 0° has
V0,3 single crystals were grown by chemical transportprominent features from 3 eV to 8 eV with mainly three
reaction using TeGlas a transport ageftDetails are as Structures and has a very weak feature around 1 eV. The
follows: About 10 g of \4O,5 powder prepared using ce- former features are ascribed to Qo Bominant bands, while
ramic method and 500 mg of TeGlere sealed in an evacu- the latter is ascribed to V & dominant bands. The O @2
ated transparent silica tube with the dimension of 150 mm irbands measured along the a g¥gy. 2(a)] have a negligible
length and 30 mm in diameter. This tube was held in a horidispersion within the first Brillouin zone#=7° corresponds
zontal furnace with the growth zone at 550 °C and the chargéo the zone boundajyIn sharp contrast, those along the
zone at 600 °C for a week. axis[Fig. 2(b)] change in relative intensity and peak position
ARPES experiments were carried out on a photoemissiofs 6 is increased, indicating largedependence in the elec-
spectrometer having a Scienta SES2002 analyzer, a He diffonic structure. The sharp structure at 4 eV that has mini-
charging lampgGAMMADATA ) with a monochromator, and mum binding energy at 0° moves to higher binding energy
a flowing liquid-He cryostat with a thermally shielded till around §=12°, but it moves back for highet. The pe-
sample holder. The energy and angular resolutions for the Héodicity of the valence-band dispersion match the size of the
la resonance line were set to 15 meV and.1°, respec- Brillouin zone along theb axis, indicating that the present
tively, to get reasonable countg®,; samples were cleaved spectra reflect bulk electronic states 0fQ43;. Having a
in situ parallel to the(001) plane and all spectra were re- two-dimensional network in tha-b plane, the O P states
corded within 30 min after cleaving. The measurements werdybridizing with the V 3 states reflect the electronic struc-
done at 170 K for the metallic phase and 130 K for thetures of the V 8 sites arranged in the one-dimensional man-
insulating phase. We could not measure belgybecause of ner. This result indicates that the electronic structure of
charging effectsEg of V¢O;35 was referenced to that of a VO3 is highly anisotropic within the-b plane.
gold film evaporated onto the sample holder. In Fig. 3, we show ARPE spectra néag measured along
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Z FIG. 4. Second derivative in-
tensity maps nedfg of VgO,30b-
tained from ARPES spectra mea-
sured alonga) the a axis and(b)
the b axis at 170 K, and alon¢r)
thea axis and(d) theb axis at 130
& K. Lighter areas correspond to
o » bands. Triangles in(b) indicate
R peak positions from MDC'’s at 0.0,
S, G 0.1, and 0.2 eV. Circles indicate
the peak positions of the promi-
nent structure from Fig. 3. Upper
“Is 10 05 0 05 panels show MDC'’s aEr .
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thea axis andb axis at 170 K[(a) and(b)] and at 130 K[(c)  raw data shown in Fig. 3. The MDC &; along theb axis
and(d)] acrossT, . The intensity of each spectrum is normal- [Fig. 4(b), upper pandlshows two peaks to be symmetrical

iz_ed with the integrated intensity from -0.1 eV to 1.8 eV. i respect tokb/m=0. Further we have found that the
First, we concentrate on the spectral behavior of the metallif)eak positions of MDC for other binding energies, which

phas€Figs. 3a and 3b)]. For both directions, we observed relates to the band dispersion, form a small electron pocket at

prominent features around 0.8 eV, which looks similar to th - : : -
lower Hubbard band, as has been observed in other varﬁé—blw_o’ as shown with triangles in Fig.(). Observed

dium oxide® We also observe a weak shoulder featurespectral behavior is reminiscent to that of quasi-one-

around 0.2 eV especially along theaxis. Along thea axis dimensional materials. For example, it is reported that
the band at 0.8 eV has almost no dispersion within the Bril/ARPES results of quasi-one-dimensional charge-density

louin zone, while, along thé axis, the bands are found to Wave material I§ 3MoOs eghibitAtheEF weights suppression
have dispersion. For example, energy position of the promithough there ar& crossings;’ and such a spectral shape
nent peak gradually moves towards higher binding energy aas been discussed in terms of Tomonaga-Luttinger liquid.
6 is increased from 0° to 12°. The observed difference inFurthermore, present ARPES results qfO{; are consistent
band dispersion ned is consistent with the anisotropic With highly anisotropic behavior observed from resistivity
behavior as seen in the valence-band regiBiy. 2 and and recent optical conductivity measuremeritéus the ab-
most likely originates in the zigzag chains running along thesence of the Fermi edge is most likely reflecting the bulk
b axis (Fig. 1). Furthermore, as seen in FiggaBand 3b), electronic states, indicating the quasi-one-dimensional-like
the intensity neaEg is strongly reduced and the spectra doeélectronic structure along tHeaxis.
not have a Fermi edge, though those spectra were measuredFrom the value ofkg, we could speculate the relation
in the metallic phase. We will discuss this latter. between the observed two electronic structures and two types
In order to look at the band structure ndas, we took  of the zigzag chains. As shown in Fig(b}, ke along theb
the second derivative of raw data shown in Fig. 3 after modaxis is located arounklb/ 7=0.29+0.01. The zigzag chains
erate smoothing and plotted the intensity as a function of thavith mono-V** sites in theA planes and mixed % and
momentum and the binding ener(ig. 4). Since this analy- V°" sites in theB planes(see, Fig. 1 can be considered as
sis makes the curvature of the law ARPES spectra havinthe nearly half-filled and quarter-filled two-leg ladder cases,
some important information clearer, it has been taken forespectively. Normally, the two-leg ladder has two bands at-
other ARPES result®~*?Lighter areas correspond to bands. tributed to bonding and antibonding bands from two rows,
We observe two bands, which is directly related to the twowhose energy separation is determined by the hopping inte-
structures in the raw spectra shown in Figtl3e prominent gral between the two rows. For the monozigzag chains, one
band at 0.8 eV and the weak features at about 02 &¥is  might observe a peak in a MDC located aroukb/m
clearly seen from Fig. 4, the dispersion of the band igar =0.42 for smaller separation of the two bands, but two peaks
is different between tha andb axis. The band nedt along  that are symmetrical with respect kio/ w=0.42 for larger
that thea axis is almost flat having a maximum energy po- separation. On the other hand, for the mixed zigzag chains,
sition aroundcka/ 7= 0 and shows n& crossings within the one might observe a peak in a MDC located arolbdm
Brillouin zone. In contrast, that along tHe axis seems to =0.26 for smaller separation of the two bands, but two peaks
have upward dispersion tending towdtgd . However, the that are symmetrical with respect kib/ 7= 0.26 for larger
second derivative intensity neBr disappears, which relates separation. The observed valuekdi 77=0.29+ 0.01 is close
to the absence of Fermi edge structures in the raw spectrén that expected for mixed zigzag chains. Thus it is more
though the system is in the metallic phase. One might specyplausible to say that the band ne&g is derived from the
late that the surface of this materials is not metallic, as hagigzag chains with mixed 4 and \P* sites. The fact that
been reported for other vanadium oxidé@slo confirm the we do not distinguish the bonding and antibonding bands
band dispersion ned&: , we have done MDC analysis of the from the present study indicates that the energy separation
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between the two bands, which corresponds to the hoppingairs giving rise to the decrease of the magnetic
integral between the two chains, are not so large. susceptibility’* For V,0;, which is another mixed valence
Lastly, we discuss the spectral change across the MITvanadium oxide exhibiting a MIT, pairing of V sites rather
Figures 3c) and 3d) show the spectra in the insulating than the on-site electron correlation plays an important role
phase along tha andb axis measured at 130 K, respectively. in the MIT*® Even for VsOy3, the on-site correlation may
From comparison with the band dispersions measured at tHot be a proper candidate, since the ban&@abf V¢O,3 is
metallic phase, we can observe change in electronic strudlot a half-filled case that is a necessary condition for the
tures. The intensity of the band neBg observed in the Mott transition. Neither may it be possible to attribute the
metallic phase becomes smaller in the insulating phase, r@Pening of the gap of 0.2 eV from the present measurements
sulting in opening of a gap of nearly 0.2 eV along the bothto the spin pairing reported from the NMR study alone, be-

g . : . the energy gain due to a spin pairing is a order of
directions. The shift of this band through the MIT is very cause :
similar to the previous result observed in angle-integratec%everal tenth meV. Rather the observed drastic change of the

. i . : . “bands with flatter dispersions in the insulating phase seems
photoemissioff.The 0.8-eV band in the insulating phase be reflecting the redistribution through, and the simultaneous

comes broader and seems to have less dispersion compay nge in lattice parameters, both of which with cooperative

to that in the metallic phase. These spectral behaviors afg,nher may lead to the enhancement of the charge localiza-
more evident in the second derivative plots as shown in Figsion in the vanadium sites that give rise to the MIT.

4(c) and 4d), where the band nedt in the metallic phase In conclusion, we have investigated the electronic struc-
seems to shift to-0.4 eVin the insulating phase. The open- yres of mixed valence vanadium oxidg®;; using ARPES.
ing of the gap is further confirmed from the MDC's BE  ARPES data show the dispersive band nEaronly along
showing that intensity aE in the insulating phase IS thep axis, which is the direction of zigzag chains, with sup-
strongly reduced compared to that in the metallic phase,essed intensity nedi . This agrees with the highly aniso-
These ngervaﬂons in energy distribution curves and MDC Yropic behavior observed from resistivity and optical conduc-
clearly indicate the change in the electronic structures acrosR ity measurements and thus indicates that the electronic
the MIT, consistent with the bulk metal-insulator transition. ;- cture of \{O,5 is quasi-one-dimensional-like. Across the
In addition, we observe Fhat thfa dispgrsion of the 0.2_3—eVM|-|-' we observed the energy shifts of the two bands rigar
bands becomes smaller in the insulating phase than in i change in dispersion, which result in opening of the
metallic phase, as |s_seen_from the open circles in the Fig. &nergy gap of 0.2 eV. These results show the momentum
NMR and x-ray diffraction measurements have revealeqqaqqyeqd electronic structures of mixed valence vanadium

Important Chzg_ges across the MIT. Fro”? x-ray diffraction ;g VsO13. We hope that the present results motivate fur-
measurement "F has reportgd that the Igttlce parameters Ofther theoretical studies to understand the mechanism of the
the a andb axis increase while that af axis decrease below MIT in V ¢Oys

T;, namely, the V-V separations in treb plane increase

while those along the axis decrease. Further, a V-O bond  We thank Dr. A. Chainani for stimulating discussion. We
length analysis has reported that thel)/ions become more also thank professor T. Tohyama for valuable comments.
V°*-like while the M2) and M3) ions become more This work was supported by Grant-in-Aid for Scientific Re-
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