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We have made a detailed temperature-dependent photoemission study Ofi®@¢§001) thin films, which
show a metal-insulator transition at300 K. Clean surfaces were obtained by annealing the films in an oxygen
atmosphere. Spectral weight transfer between the coherent and incoherent parts accompanying the metal-
insulator transition was clearly observed. We also observed a hysteretic behavior of the spectra for heating-
cooling cycles. We have derived the “bulk” spectrum of the metallic phase and found that it has a strong
incoherent part. The width of the coherent part is comparable to that given by band-structure calculation in
spite of its reduced spectral weight, indicating that the momentum dependence of the self-energy is significant.
This is attributed to by ferromagnetic fluctuation arising from Hund'’s rule coupling between difteoebitals
as originally proposed by Zylbersztejn and Mott. In the insulating phase, the width of thieBa®d shows
strong temperature dependence. We attribute this to electron-phonon interaction and have reproduced it using
the independent boson model with a very large coupling constant.
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I. INTRODUCTION dent as assumed in DMFTIn the present work, we have
studied another typical Mott-Hubbard system )/Qwhich

To elucidate the physical properties of Mott-Hubbard sys-undergoes a metal-insulator transition as a function of tem-
tems has been one of the most challenging subjects in comerature, and examined the spectral function of the “bulk” to
densed matter physics and has continued to pose controvesee whether the self-energy is momentum independent or
sial theoretical as well as experimental issues. In this respeahot. Our results have shown that the self-energgn@men-
the single-particle spectral function of transition-metal ox-tum dependentprobably due to ferromagnetic fluctuations
ides, particularly of early transition-metal oxides, is of fun- arising from the multiorbital nature of the Vd3band of the
damental importance in the physics of Mott-Hubbard sysutile structure.
tems. In fact, the coexistence of the coherent péne VO, is well known for its first-order metal-insulator tran-
quasiparticle(QP) band and the incoherent pafa remnant  sition (MIT) at 340 K> The transition is accompanied by a
of the upper and lower Hubbard bands the spectral func- structural transition. In the high-temperature metallic phase it
tion and spectral weight transfer between them as a functiohas a rutile structure while in the low temperature insulating
of electron correlation strengtd/W, whereU is the Cou- phase M, phasé the V atoms dimerize along theaxis and
lomb repulsion energy and/ is the bandwidth, are a remark- the dimers twist, resulting in a monoclinic structure. The
able manifestation of electron correlation as identified in themagnetic susceptibility changes from paramagnetic to non-
photoemission spectra of V and Ti oxidesTheoretically, magnetic in going from the metallic to the insulating phases.
dynamical mean-field theorDMFT) applied to the Hub- Hence, this transition is analogous to a Peierls transition and
bard model has successfully reproduced these characterisiit fact the importance of electron-phonon interaction has
features’ Comparison between experiment and theory, howbeen demonstrated by Raman scattéringnd x-ray
ever, has not been straightforward. In DMFT, the self-energyliffraction’ studies. On the basis of local-density approxima-
is necessarily local, and therefore the density of stdd&S)  tion (LDA) band-structure calculation, Wentzcovitehal®
at the Fermi level Eg), namely, the spectral intensity Bt concluded that the insulating phase of ¥@ an ordinary
remains the same as that of the noninteracting system arighnd (Peierl$ insulator. On the other hand, the magnetic
electron correlation effect manifests itself as the narrowingsusceptibility of the high-temperature metallic phase is un-
of the coherent QP band. Experimentally, the reduction of theisually high and temperature dependent, indicating the im-
DOS atEr rather than the narrowing of the coherent partportance of electron-electron correlation. Furthermore, Cr-
was observed in the photoemission spectra qf Car, VO3, doped VQ or pure VG under uniaxial pressure in thi210]
suggesting the importance of the momentum dependence difrection of the rutile structure has another monoclinic insu-
the self-energy:? However, a recent “bulk-sensitive” photo- lating phase called th#!, phase. In the, phase, half of
emission study of the same compounds has shown that thee V atoms form pairs and the other half form zig-zag
QP band is indeed narrowed and the DOSEatremains chains® While the V atoms in the pairs are nonmagnetic,
unchanged from that predicted by band-structure calculatiorthose in the zig-zag chains have local moment and are re-
indicating that the self-energy is nearly momentum indepengarded as one-dimensional Heisenberg chains according to
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an NMR study'® Based on these observations for thie |VO 70, (001)}
phase, Ricet al! objected to the argument of Wentzcovitch 2 2 |
et al. Thus it still remains highly controversial whether the 300 K
MIT of VO, is driven by electron-phonon interacti¢result- F
ing in a Peierls insulatgor electron-electron interactidine-
sulting in a Mott insulator forming a spin-Peierls-like spate

To deal with the above problems, photoemission spectros-
copy is a powerful technique and, in fact, has been exten-
sively applied to this materiafHowever, detailed photo- i
emission studies of the MIT has been hampered because the f . V2p,, "'ﬁ
transition temperature of bulk \VQOs rather high and there- \__/ \/\/
fore it is difficult to keep the surface clean in an ultrahigh kS
vacuum for the high-temperature metallic phase. Also, be- \
cause the transition is strongly first order with the structural
change, the sample is destroyed when it crosses the MIT and
one can go through the transition only once for one sample.

In this work, we have avoided those experimental diffi- £ 1 o 15 and Vv 2 core-level XPS spectra of
culties by using thin film samples epitaxially grown on VO, /TiO,(001) thin film.
TiO,(001) surfaces using the pulsed laser deposition

techniquet® After having obtained a clean surface by oxygen; g gold spectra. The total energy resolution wa8.8 eV
annealing, the surface remained fairly stable for severa(‘
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h in the hiah liic oh d or XPS and~30 meV for UPS. Clean surfaces were ob-
ours even in the high-temperature metallic phase and agineq py annealing the films in a preparation chamber con-

lowed us to study detailed temperature-induced changes bo cted to the spectrometer at 643 K undet Pa oxygen

in the metallic and insulating phases including the hyStereti%tmosphere fol h prior to the photoemission measurements.
behavior across the MIT. Spectral weight transfer between

the coherent and incoherent parts of the &/ spectral func-
tion accompanying the metal-insulator transition was clearly ll. RESULTS
observed. We have attempted to deduce the “bulk” photo- Figure 1 shows the Osland V 20 core-level XPS spectra

emission spectrum by subtracting surface contributions frorrg)f a VO, /TiO,(001) film taken at room temperature. Con-

the measured spectra. We compare the “bulk” spectrum Wm{ributions from the MgKa; and K, satellites have been

the band-structure calculation to discuss electron correlation . .
) . ) - subtracted. The Odlpeak shows a single peak without any
in the metallic phase, particularly possible momentum de-

pendence of the self-energy. We have also found a Strcmcontam|nat|on signals at higher binding energies, indicating

temperature dependence in the spectra of the insulatingeagutrr;e surface became sufficiently clean by the above pro-

phase and attributed it to strong electron-phonon interaction: Figure 2 shows the valence-band UPS spectra of

VO, /TiO,(001) taken at 300 and 280 K. The secondary
Il. EXPERIMENTAL electron background has been subtracted following the pro-

, o _ cedure of Li and HenricR® The structures from binding en-
VO, /TiO,(001) thin films were prepared using the

pulsed laser deposition technique as described in Ref. 19. A ; ; ; ; ; ; I
V,0; pellet was used as a target. During the deposition, the VO,/TIO,(001) —— 300 K (metallic) -
substrate temperature was kept at 733 K and oxygen pressure 2 ANl L 280 K (insulating)
was maintained at 1.0 Pa. The film thickness was about 10
nm. The epitaxial growth was confirmed by four-cycle x-ray
diffraction (XRD) measurements and the MIT was confirmed
by electrical resistivity measurements showing a jump of
about thee orders of magnitude. The transition temperature in
the films was 295 K on heating cycle and 285 K on cooling
cycle, while the MIT occurs at 340 K in bulk sampfe$he
reduced MIT temperature of the films is due to the compres-
sive strain from the TiQ substraté® Bulk VO, single crys-

tals were prepared by the chemical vapor transport method
and measured as described in Ref. 18.

X-ray photoemission spectroscof¥PS) and ultraviolet | | | | | | >
photoemission spectroscopyyPS measurements were per- 12 10 8 6 4 2 0
formed using the M&K « line (hv=1253.6 eV) for XPS and
the He | resonance linehfy=21.2 eV) for UPS with a VSW
hemispherical analyzer. Estimation of the instrumental reso- FIG. 2. Valence-band photoemission spectra obLY00,(001)
lution and binding energy calibration were made by measurthin film. Secondary electron background has been subtracted.
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VO,/TiO,(001) bulk V02| gion EB.= 0.5-2eV (incohereﬂt pg}t The spectra of the
Py —300K| - 350K films [Fig. 3(b)] are almost identical to that of the bulk
2| (a) oKl 2 (9 ---- 300K sample Fig. 3(c)] except for the somewhat stronger tempera-

5 -~ 200K| S o ture dependence of the film spectra. Because of the much
£ - ;ggﬁ g higher stability of the film surface in vacuum, we could ob-
I —- 350K| & tain the spectra with much higher signal-to-noise ratio at
= 2 much smaller temperature intervals in the whole temperature
% % range. Also, the film retained the original spectra after sev-
= = ) eral temperature cycles whereas the bulk single crystal broke
= = Lo

into pieces once it crossed the MIT. In the previous study of
bulk single crystal$® detailed temperature-dependent studies
were therefore limited to the low-temperature insulating
phase, where the crystal did not break. The present tempera-

! ! ha ! ; ! ;
20 1.0 0 20 1.0 0
Binding Energy (eV) Binding Energy (eV)

VO,/TiO,(001)|— . | j

[ ture dependence in the insulating phase has reproduced the
() - 7 bulk crystal results. _ o
R zr / . He_re, we have observed a hysteretic behavior in the spec-

280 K &l f - tra with temperature across the MIT, as demonstrated by the

—--- 250K | cooling = = temperature dependence of the intensity aro&pd(inte-
A%k B C grated fromEg=—0.2 to 0.5 eV shown in the inset of Fig.
—--300K l heding 20 10 0 10 20 3(b). The hysteretic behavior is seen over the temperature
—-- 350K Relative Temperature (K) range of~10 K. This may indicate the coexistence of me-

tallic and insulating regions with changing volume fractions
in this temperature range. Photoemission spectra of another
system which shows a first-order temperature-induced metal-
insulator transitionRNiO3, also shows a similarly gradual
temperature dependente?? In the case oRNiO3, the hys-
teretic behavior in the transport and thermodynamic proper-
ties extends over a wide temperature range of several tens
K,2% and correspondingly the photoemission spectra show a
more gradual temperature dependence over the wider tem-
perature range.

Recently, it has been demonstrated that photoemission
spectra of transition-metal oxides are strongly influenced by
surface contributions. In particular, the incoherent part cen-
tered aroundg=1-1.5 eV contains more surface contribu-
tions than the coherent pdrt? Since the surface layer tends
to have a smaller bandwidiv and hence a largey/W, the
surface layer tends to have a stronger incoherent part and a
weaker coherent part than in the béfié®In order to remove
such surface contributions and to analyze the electronic
structure of bulk materials, we attempted to deduce the
“bulk” spectrum in the metallic phase under several assump-
tions. If the thickness of the surface layerdsnd the pho-
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FIG. 3. Photoemission spectra of Y{iO,(001) thin film in
the V 3d band region(a) Raw data. Dotted and dot-dashed lines
indicate estimated contributions from the tail the @ [2and.(b) V
3d band with the O § contributions being subtracted. The inset
shows a hysteretic behavior of the spectral intensity arobpd
across the MIT(c) Photoemission spectra of a bulk single crystal
VO,. Top: raw data; bottom: background being subtracted.

ergiesEg=2 to 12 eV are due to the Op2band. The region
from Eg=2 eV toEf is the V 3d band. While the O @ band  toelectron escape depth)sthe observed spectruf(w) is
shows no clear temperature dependence, thedvband given by
shows a temperature dependence, indicating that the MIT
occurred between 280 and 300 K.

Figures % and 3b) show the UPS spectra of
VO, /Ti0O,(001) in the V 3 band region taken at various whereF3(w) and F°(w) are the “surface” and the “bulk”
temperatures. First the temperature was decreased from 38fectra, respectively. As the electronic properties of the sur-
to 150 K, then it was increased again to above 300 K. Theace layer of VQ are not precisely known, in the following
spectra showed good reproducibility within this temperatureanalyses, we consider the extreme case where the photoemis-
cycle. The tail of the O B band has been subtracted assion spectra of the surface layer largely consists of the inco-
shown in Fig. 8a) and the resulting spectra have been nor-herent part. Therefore, the intensity of the incoherent part in
malized to the integrated intensity frofy=—0.3t0 2.3 eV, the “bulk” spectrum deduced below should be regarded as
as shown in Fig. ®). The MIT is clearly seen as the change the lower bound for the actual bulk one.
in the spectral intensity @ accompanied by the spectral  Assuming that the spectrum at 280 KTy,,) represents
weight transfer between the low binding-energy regiein  the “surface” spectrum, because the photoelectron escape
=0-0.5 eV(coherent pajtand the high binding-energy re- depth\ is not precisely known, we subtracted the “surface”

F(w)=FXw)(1-e ") +F°(w)e 9,
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2 (b) FIG. 5. “Bulk” spectrum is compared with the LDA band-
2 — raw data structure calculation from Ref. 27.
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- - — 33% subtracted . : IV. DISCUSSION
—--- 40% subtracted LT

— - 50% subtracted A. Metallic phase

In Fig. 5, we compare the “bulk” spectrum thus deduced
with the LDA band-structure calculatidi.The calculated
density of state¢DOS) is multiplied by the Fermi-Dirac dis-
tribution function at 350 K and broadened with a Gaussian
corresponding to the instrumental energy resolution.
The width of the coherent part0.5 eV is similar to that
given by the band-structure calculation. This means
thatm*/m, is ~1, wherem* is the average effective mass
of the QP andm, is the average bare band mass of the

Binding Energy (eV) V 3d band. From the spectral weight ratio of the coherent
part to the incoherent part 1:2, the renormalization factor

FIG. 4. (a) Subtraction of “surface” contributions with various hecomesZ~ 1/3. From the ratio of the intensity & of the
ratios from the photoemission spectrum of the metallic phése. spectra to the DOS given by the band-structure calculation,
Comparison of the spectra {ia) with the XPS spectrum from Ref. gne can estimate the averagk mass defined by

12. Here, the curves ifa) have been proadened with a Gaussian tomk/mb: |(78k/(9k|k:kF|/|(98k/(9k|k:kF+(9 ReE(k,w)/ﬁk|k:kF|,
account for the lower energy resolution of XPS.

25 2.0 1.5 1.0 0.5

as m/my,~0.3. Thus, we again obtainm*/m,

contribution with various ratios as shown in Figay Here, = (1/Z)(m,/mp)~1. Note that we have assumed that the
“20% subtracted” means that the intensity of the subtractecsurface layer is without the coherent part arodid If the
insulatorlike spectrum was 20% of the total intensity. In Fig.surface spectrum has a finite coherent part, the coherent part
4(b), we compare the “bulk sensitive” XPS spectrum in the of the “bulk” spectrum would be further reduced and the
literatur? with those spectra iifa) after having broadened deducedk mass would be even smaller. Henagy/m,
them with a Gaussian function corresponding to the lower-0.3 deduced here should be taken as the upper limit for
experimental energy resolution of XRS0.55 e\j. One can  My/my, and therefore on can safely conclude thg/m, is

see that the XPS spectrum is in best agreement with “209smaller than unity. That is, the momentum dependence of the
subtracted” spectrum. According to the “universal curve” of self-energy is not negligible in the metallic phase of O

the photoelectron escape depttihe escape depth is10 A Our finding m,/my<1 is contrasted with the “bulk”

for hy=21.2 eV and~15A for XPS (r=1486.6 eV), re- spectra of Sr ,CaVOj; reported by Sekiyamat al* In
spectively. Using the surface layer thickness of(25.7 A)  their result, the width of the coherent part of the W Band

on the (001 surface of the rutile structure, wheeeis the  of SrVGO; is reduced by a factor of40% compared with the
c-axis lattice constant, the surface contribution-i¢4% for ~ LDA result, and the spectral weight of the coherent part is
hv=21.2 eV and~32% for hv=1486.6 eV, respectively. also reduced by-40% due to the transfer of spectral weight
Hence, the “20% subtracted” spectrum should have 30940 the incoherent part, resulting in almost the same spectral
surface contribution and therefore it is reasonable that thétensity atEg as that of the LDA value, that is, the self-
“20% subtracted” spectrum is in agreement with the XPSenergy has negligible momentum dependence in
spectrum. After all, we consider that the “bulk” spectrum is Sr;_,CaVO3. The origin of the momentum dependence of
given by the “40% subtracted” spectrum. the self-energy in V@ is not known at this moment. One
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FIG. 6. UPS spectrum in the insulating ph#280 K) compared
with the LDA+U band-structure calculationU(=4.0 eV) (Ref.
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possibility is poor screening of long-range Coulomb interac-
tion, but it is unlikely that the screening effect is so different
between VQ and Si_,CaVO3;. Another possible origin of
the momentum dependence is ferromagnetic fluctuations in
VO, considering the enhanced magnetic susceptibility in the
metallic phase, corresponding t0*/m,~6 (Ref. 28. Re- A . ,
cently, Liebsch and Ishida proposed that the multiorbital 50 15 1.0 05 0O
nature of the V 8 band is important to describe the metallic
phase of VQ (Refs. 29, 30 following the idea originally
proposed by Zylbersztejn and Maft.Acc_ordlng to these FIG. 7. Comparison of the spectral function of the independent
works, the occupancy of they orbitals is very different poson model with the photoemission spectra of,y00,(001) in
between the metallic and the insulating phases due to lattice insulating phase(a) Spectrum at 150 K and its Gaussian-
distortion in the insulating phase and this affects the role ofhroadened (FWHM 200 meV) spectrum(b) independent boson

local Coulomb interaction in each phase. If many orbitalsmodel calculation(c) measured photoemission spedtize same as
contribute to the metallic conductivity, ferromagnetic corre-Fig. 3).

lation may arise from Hund’s coupling between those orbit-
als. Further studies are necessary to confirm this scenario.

Binding Energy (eV)

the mean-field level is not sufficient to understand the pho-
toemission spectrum of the insulating YOHere, we point
out that the photoemission spectra of a double-layer manga-

As stated in Sec. I, it has been controversial whether th8it€ L& 251 gMn;07 also show a broad Gaussian-like line
insu]ating band gap is primar”y caused by the lattice distor_shape n Strlklng contrast with LDA band-structure calcula-
tion or the electron-electron interaction. In order address thi§on, and this discrepancy has been attributed to the strong
issue, it is useful to examine the photoemission spectral linglectron-phonon coupling. Furthermore, one can recognize
shape of the V @ band in the insulating phase. that the spectra of VOshow very strong temperature depen-

In Fig. 6, we compare the UPS spectrum of the insulatingdence in the insulating phase as shown in Fig. 3. The same
phase with the DOS given by the LDAU band-structure temperature dependence was observed in the spectra of bulk
calculation (U=4.0 eV) by Huancet al,>? where the effect single crystal and was attributed to electron-phonon interac-
of electron-electron interaction is taken into account on theion, because the core-level spectra also show a similarly
mean-field(i.e., Hartree-Focklevel. The figure shows that, strong temperature dependente.
although the insulating gap can be produced by the LDA Simple thermal broadening cannot explain the observed
+U method, the Gaussian-like broad spectrum ofd/dand  temperature dependence as shown in Fi@), Avhere the
cannot be reproduced. This disagreement between theory aptiotoemission spectrum taken at 150 K and the same spec-
experiment cannot be explained by a surface effect becauseum broadened with a Gaussian, whose FWHM is 200 meV
since the bulk component should have finite contribution(~8kgT at 300 K are compared. In order to simulate the
(~60%) even for this low photon energy and therefore thetemperature-dependence based on the electron-phonon inter-
sharp feature should be clearly visible overlapping the suraction mechanism, we introduce the spectral function of the
face signals. This means that electron-electron interaction omdependent boson model at finite temperature giveft by

B. Insulating phase
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g < large as 47(Ris 0.82 A for VO,.%%) Hence, we can say that
A(w)=e 9NTDH 0 > CAN™(N+1)—m g=30-50 is a reasonable value for the electron-phonon cou-
b m=0 pling constant for VQ.
X [ w—ectA—(1—2m)wq], Finally, we comment on how the strong electron-electron

) _ ) interaction and the strong electron-phonon coupling are re-
whereN is the. phonon occup_at|on numberis the electron-  |ated with each other in V© (and probably in other
phonon coupling constanky is the average phonon energy, transition-metal oxides as wellin ionic crystals, the on-site
the A=guwy is the electron self-energy shift due to coupling Coulomb repulsion energy is given by U=e?/2¢.R.
to phonons, and gives the peak position of the spectra. Therefore, according to the expression of Egéelal,® the
This spectral function describes the situation where spectrargeU and the largey is related with each other though. .
weight is transfered from the zero-phonon line at the lowestrhis means that the strong electron-phonon interaction is a

binding energye.—A to e~ A+ (I-2m)w, by emitting  consequence of strong electron-electron interaction.
(I—m) phonons or absorbingn phonons. Because this spec-

tral function consists of a series of delta functions, one has to V. CONCLUSION
broaden this function to compare with the photoemission ) )
spectra. For this purpose, we use a simplified model self- e have studied the electronic structure of My mea-
energy 3 (w)=Gw/(w+iy)?, which simulates the “life- SUring the photoemission spectra of Y(@i0O,(001) thin
time” broadening which increases with increasing bindingf”ms- The metal-insulator transition was clearly observed as
energy’® In Figs. 7b) and 7c), we compare the spectral & change in the spectral intensity Bt accompanied by
function of the independent boson model with the photo_spectral weight transfer between the coherent and incoherent
emission spectra of VOTIO,(001) in the insulating phase. parts of the spectral func’qon. From comparison of the
We have chosen the parameterssas 1.2 eV, g=40, and “bulk” spectrum in the metallic phase and the band-structure
wo=0.03 eV(Ref. 36 for the independent boson model and calculation, we have concluded that, while the mass en-
G=15e\® and y=2 eV for the broadening. Because the hancement factom* /m,, is almost unity, the momentum de-
tail of the lower binding energy side of the photoemissionP€ndence of the self-energy is important in the metallic
spectrum reaches the vicinity &, we have chosen the phase, possibly due to ferromagnetic fluctuations arising
coupling constangg so thats,—A~0. Hence,g=s,/wo from the multiorbital character of the Vd3band. In the
~40. One can see that the temperature-dependent spectfafulating phase, the Vaband is strongly broadened as the
function of the independent boson model qualitatively repro_temperature is increased. We attr_lbute th_ls temperature de-
duces the photoemission spectra. _pendence tq the electron-phonon mteragnon and reproduced
The extremely large coupling constag 40 may appear it using the independent boson model with a very large cou-
unphysical at first sight. However, Citrit al3” have shown pling constant. This indicates that, while electron-electron
that in ionic crystals the coupling constant can be large anipt_eracﬂon is necessary to produce the band gap in the insu-
reportedg =55 for K| based on their analysis of temperature- &lng phase, electron-phonon interaction is important to
dependent core-level photoemission spectra. They have esfH"y understand the electronic structure and charge transport
mated the value of g using the expressiong in VO,.
=e?(6/7V)Y¥(1le.,— 1leg)l wgy, WhereV is the volume of a
primitive unite cell, e, and g, are the high- and low-
frequency limits of the dielectric constant. For YOV The authors would like to thank A. Liebsch, S. Biermann,
~29.5 A3, ¢, ande, have been given as 5 and 30 in Ref. and T. Mizokawa for enlightening discussions. This work
31, respectively. From these valugsis calculated as-32.  was supported by a Grant-in-Aid for Scientific Research in
On the other hand, Egdedt al®® have used 1R in stead of  Priority Area “Novel Quantum Phenomena in Transition
(6/7V) Y2 for perovskite-type V oxides, wheiis the ionic  Metal Oxides” from the Ministry of Education, Culture,
radius of the transition-metal ion. In this cagehecomes as Sports, Science and Technology, Japan.
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