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Abstract. — We study the Mott-Hubbard metal-insulator transition in single-crystal V2Os3
using hard X-ray (HX : hv = 5940¢eV) core-level photoemission spectroscopy (PES). HX-PES
enables a bulk probe of the electronic structure in the paramagnetic metallic and antiferromag-
netic insulating phases. Metallic V2O3 shows additional features at low binding energy to the
main peak of V 1s, 2p, and 3s core levels, which vanish in the insulating phase. The low-binding-
energy features in the metallic phase are also observed using soft X-rays (SX : hv = 1450eV),
but with a reduced relative intensity compared to the HX-PES spectrum. A model cluster
calculation including core hole screening by coherent states at the Fermi level, reproduces the
low-binding-energy features in the metallic phase. The O 1s core level also shows spectral
changes: the asymmetric line shape in the metallic phase transforms to a symmetric line shape
in the insulating phase, consistent with the metal-insulator transition. The results indicate
screening by coherent states is more effective in the bulk compared to the surface. HX-PES is,
thus, a reliable probe of the electronic-structure changes across the metal-insulator transition
in strongly correlated electron systems.

Introduction. — V403 represents a typical Mott-Hubbard system and has been extensively
studied over the past several decades [1]. The metal-insulator transition (MIT), which occurs
at Tyr = 160 K, transforms VO3 from an antiferromagnetic insulator (AFI) to a paramagnetic
metal (PM). It is associated with a structural transformation from the trigonal (corundum)
symmetry of the PM phase to a monoclinic structure at low temperature [2-6]. The formal
oxidation state of V ions is V3T with 3d? configuration, where the two electrons occupy
the to, orbitals. Due to a trigonal distortion of the V,Os3 lattice, the to4 orbital splits into
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nondegenerate aj, and doubly degenerate ey orbitals. While an early work had pictured a
(8 = 1/2) singlet formation with {e],a1,} configuration due to pairing of two adjacent V ions
{V1,V32} along the c-axis [7], recent work indicates that the orbital configuration is better
written as an admixture of {e],e]} and {e],ai,} configurations and the two electrons in a
V37T ion form a high-spin (S = 1) state [8-11].

Several PES experiments have been done to study the electronic structure of VoO3 [12-21].
Valence band studies using ultraviolet photoemission spectroscopy (UPS) have shown that the
O 2p band is located between ~ 4 and ~ 10eV binding energies and the V 3d states lie within
~ 3eV from the Fermi level (Er) [12,13]. The V 3d states show significant changes across the
MIT with the formation of a gap in the AFI phase [12,13]. However, only recent valence band
experiments using soft X-rays showed a prominent Er peak, the so-called coherent peak in
the PM phase of V303 [14]. The coherent peak appears across the insulator-to-metal transi-
tion with a rearrangement of spectral weight from the lower and upper Mott-Hubbard bands
as a function of U/W (U: on-site Coulomb correlation energy; W: effective bandwidth), as
is well described by a dynamical mean-field theory of V203 [11]. Core-level PES is also a
powerful tool to study electronic states of transition metal oxides. Early studies of the V 2p
and 2s PES showed [15-18] that the spectra can be well reproduced by cluster calculations
indicating strong hybridization between O 2p and V 3d states. This hybridization leads to
considerable weight for the charge transfer configurations d®L,d*L?, ... with a net d-electron
number ng ~ 2.6 in the ground state and explains the observed charge transfer satellites in the
core-level PES spectra [15-18]. Temperature-dependent V 2p core-level studies using SX-PES
showed a weak low-binding-energy feature to the main peak [19,20]. Since the low-binding-
energy feature was observed only in the metallic phase, it was attributed to metallic screening.
Recently, HX-PES has been developed as a genuine probe of the bulk (50-100 A) electronic
structure [22-27]. The role of surface vs. bulk electronic structure in three-dimensional cor-
related electron systems has attracted significant interest recently [28-31].

Here, we have applied HX-PES (hv = 5940 V) to study the V 1s, 2p, and 3s core-levels of
the PM and AFI phases of pure V5,0O3. For V 2p core levels, we make a comparison of the HX-
PES (hv = 5940 eV) spectrum with the SX-PES (hr = 1450 V) spectrum in order to elucidate
the differences due to the probing depth. The electron mean free path (MFP) of photoelectrons
with 5425eV kinetic energy, which corresponds to the kinetic energy of photoelectrons from
V 2p core levels when excited with a photon energy of 5940eV, is estimated to be about
~ 80A. This is about 4 times larger than the MFP (~ 20A) of photoelectrons obtained
using AlK,, photons (hv = 1486.6eV) [32], the photon energy used in early SX-PES studies.
Another important advantage of HX-PES is that a deep core level can be studied, which is
not possible with a conventional PES experiment using AlK, photons. For example, the V
1s core level is located at about 5465eV binding energy, and can be probed only using hard
X-rays. Furthermore, the 1s state is expected to possess a simpler shape, since the exchange
splitting is expected to be negligible in V 1s spectra due to the much smaller overlap between
1s and 3d orbitals, as compared to the usually observed exchange splitting in 3s spectra of 3d
transition metal compounds using SX-PES [33-36]. The present study of V 1s, 2p, and 3s core
levels as a function of temperature provides clear evidence for the metal-insulator transition,
with the observation of low-binding-energy well-screened features in the PM phase which are
absent in the AFT phase. A model cluster calculation including a screening channel due to
coherent states at Ep reproduces the low-binding-energy features well. The O 1s core level
also shows a line shape consistent with the MIT.

Ezperiment. — HX-PES experiments were performed at an undulator beamline, BL47XU,
of SPring-8. The experimental details are described in refs. [22,23]. Since the electron emis-
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Fig. 1 — V 1s PES spectra of the (a) PM (250K) and (b) AFI (90K) phases measured with hr =
5940 eV, where the intensities are normalized by the area under the curves. The calculations including
the screening from coherent states are also included in (¢) and (d) for the PM (V* = 0.75) and AFI
(V* =0) phases.

sion angle was set to 70° relative to the sample surface, the probing depth is estimated to
be 70 A [32]. SX-PES experiments were performed at an undulator beamline, BL17SU of
SPring-8, using a photon energy of 1450 eV obtained by a grating monochromator. The total
energy resolution was set to about 400meV for both, the HX and SX-PES measurements.
The V503 single-crystal sample was fractured in a vacuum of better than 2 x 10~7 Pa for
HX-PES and 2 x 1078 Pa for SX-PES experiments.

Results and discussion. — Figure 1 shows the V 1s PES spectra of V203 in (a) the
PM (250K) and (b) the AFI (90K) phases measured with hv = 5940eV. The spectra are
normalized for the area under the curve over the measured energy range. The observed V 1s
spectrum shows a clear temperature dependence across the MIT. At a lower binding energy
to the main peak in the PM phase, a shoulder structure is observed, which is labelled A. The
feature A disappears in the AFI phase. This temperature dependence across the MIT in V503
indicates that the feature A is strongly related to the conductivity of V5Os, i.e., the density of
states at Fr. Since the valence band PES spectrum of VoO3 has shown a prominent coherent
peak at Ex [14], which collapses in the AFI phase [11], it is important to consider an additional
screening channel from the coherent V 3d states at Er to explain the observed behaviour.

In order to understand the origin of the feature A in the PM phase, we have carried out
a cluster model calculation as is usually done for core-level spectra of transition metal com-
pounds, and including an additional screening channel for charge transfer from coherent states
at Er. The calculation is described in detail elsewhere [26]. The present calculation employs
a VOg cluster in the Cs, local symmetry with full multiplet structure. The charge transfer
energy from coherent states to the upper Hubbard (UH) band A*, approximated as levels, is
defined as the energy difference between the configuration averaged energies E(3dC)— E(3d?).
The usual charge transfer energy A is the energy difference between the ligand states and the
UH band. The ground state is described by a linear combination of the following configura-
tions: 3d2, 3d3L, 3d*L?, 3d*C, 3d*C, 3d*LC, and 3d*C?, where C, C and L represent the
electron in the coherent states just above Eg, the hole in the coherent states just below Eg
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and the hole in O 2p ligand band, respectively. The final states are described by a linear
combination of 1s'3d?, 1s'3d3L, 1s'3d*L?, 1s'3d'C, 1s'3d3C, 1s*3d*LC, and 1s*3d*C>. An
effective coupling parameter V*(e,), for describing the interaction strength between the V 3d
orbitals and coherent states is introduced, analogous to the hybridization V'(e4) between the
V 3d orbitals and ligand states. Figure 1(c) shows the calculated result for the PM phase. In
the calculation, the following parameters are used: U = 4.5, A = 6.0, Uy, = 6.5, 10Dq = 1.2,
Ayrg = —0.05, V(eg) = 2.9, A* = 0.9, V*(ey) = 0.75, in units of eV, where the definition of
these parameters are described in ref. [26]. The overall spectral features of V 1s across the MIT
are well reproduced in the calculation. An analysis of the final states shows that 1s'3d? states
form the main peak. The 15'3d3C state lies below these states, because A* is much smaller
than A, and constitutes the feature A. Therefore, the feature A originates from screening by
the coherent states at Er. This, in turn, should mean that the absence of the feature A in the
AFT phase indicates the collapse of the coherent states, as is also theoretically predicted [11].
This is actually confirmed by the calculation with V* = 0, which suppresses the screening from
coherent states, keeping all other parameter values to be the same. The calculation reproduces
the observed symmetric V 1s spectrum in the AFI phase including the disappearance of the
feature A (fig. 1(d)), but for the width of the main peak obtained in the experiment.
Another interesting observation in the V 1s spectra of figs. 1(a) and (b), is the existence of a
satellite structure at 5478 eV binding energy, which does not show temperature dependence, in
contrast to the clear temperature dependence of the feature A. The calculation also reproduces
the satellite structure as a charge transfer (CT) satellite formed by the 1s'3d®L state, and
which does not depend on the coupling V* with the coherent states. The unchanged CT
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Fig. 2 — V 2p PES spectra of V203 in the (a) PM (250K) and (b) AFI (90 K) phases measured with
hv = 5940eV. (c) V 2p PES spectra of V203 in the PM (250K) with hv = 1450 and 5940V are
shown by solid and broken curves, respectively. O 1s PES spectra of V203 in the (d) PM (250 K)
and (e) AFI (90 K) phases with hv = 5940 eV are also shown by empty circles. For the PM phase (d),
the thin solid line shows the Doniach-Sunji¢ curve fit result.
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satellite as a function of temperature (figs. 1(a) and (b)) indicates that the O 2p and UH
bands energy separation does not change across the metal-insulator transition.

Figures 2(a) and (b) show the V 2p PES spectra of V203 in the PM phase (250 K) and
AFT phase (90 K) measured with hv = 5940eV, respectively. The V 2p spectrum of the PM
phase (fig. 2(a)) shows a markedly different spectral shape from the one reported using A1K,,
photons [15-18]. At lower binding energy of the V 2ps/, main peak, there is a shoulder and a
very sharp peak, which are again labelled as A. V 2p; /5 also shows the structure at low binding
energy (labelled B). In the AFI phase, the features A and B completely vanish like the feature
A in V 1s spectra. The features A and B also originate from the screening by coherent states
(1s13d3C) as has been recently shown for Vi 9gCrg.0203 [26]. The observed low-binding-energy
features, especially the feature A in the 2p3/, region are much sharper than the low-binding-
energy feature in V 1s. This is suggested to be due to the larger lifetime broadening in V 1s.
The V 2p spectrum of the PM phase (250 K) with hv = 1450eV also shows the low-binding-
energy features A and B, which are observed at same energy position as in the HX-PES
spectrum (fig. 2(c)). The previous V 2p PES studies using soft X-rays for V203 cleaved in
ultrahigh vacuum or for thin films have reported a broad weak structure at low binding energies
to the main peak, but the sharp feature in A has not been observed [19-21]. The present HX-
PES and SX-PES comparison on the same single crystals indicates that the intensities of the
features A and B are larger in the HX-PES spectrum. The intensity reduction on decreasing
the photon energy from 5940eV to 1450¢€V is related to the probing depth decreasing from
~ T0A to ~ 20A. The clear observation of sharp features in the HX-PES spectrum is thus
attributed to the larger probing depth as well as to better resolution compared to the earlier
study. The present study indicates that screening by coherent states at E is more effective in
the bulk-sensitive measurement. It has been shown that nonlocal or nonconventional screening
effects are modified at the surface compared to the bulk [37], consistently with the present
results. The probing depth of the V 2p spectrum with hv = 1450 €V is rather near that of the
V 1s spectrum in fig. 1. The appearance of the sharp low-binding-energy feature in the V 2p
spectrum even with hv = 1450 eV excludes the possibility of the surface contribution for the
broad feature of A in the V 1s spectrum.

The O 1s core level with hvy = 5940eV shows an asymmetric shape in the PM phase
(fig. 2(d)) which becomes symmetric in the AFT phase (fig. 2(e)). An asymmetric line shape
is known to result from continuous excitations at Fr, which is described as the Doniach and
Sunjié line shape [38]. A curve fit was made to estimate the singularity index (a) of the Doniach
and Sunji¢ line shape [38], shown in fig. 2(d) as a thin solid line. The curve fit matches well
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Fig. 3 — V 3s PES spectra of the (a) PM (250K) (solid curve) and (b) AFI (90K) (broken curve)
phases with hv = 5940eV.
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with the experimental spectrum, from which we have obtained the value of « to be 0.248 in the
PM phase. The observed change in the line shape from an asymmetric to symmetric behaviour
in the PM and AFI phases, respectively, is consistent with the temperature-dependent metal-
insulator transition. The O 1s spectra do not show a low-binding-energy feature as in the
V 1s and 2p states, suggesting that the additional screening channel at Eg, forming the
low-binding-energy feature, is operative only in the V derived states.

Finally, we discuss the V 3s core-level PES spectra of the AFI and PM phases with
hv = 5940eV as shown in figs. 3(a) and (b). The data are normalized for the area under
the curve. The observed V 3s spectra show temperature-dependent changes related to the
feature A at low binding energy to the main peak, as seen in fig. 3. The feature A was not
observed in V 3s core levels using A1K,, [16]. The peak A vanishes in the AFI phase (fig. 3(b)),
as in the V 1s and 2p spectra. The V 3s spectra show two broad satellite structures at ~ 81 eV
and ~ 94 eV, which are centred at 13eV and 26 eV from the main peak. The V 3s spectrum
using AlK, also showed the 81.4eV binding energy peak at the same energy position and
concluded it to be a CT satellite [16]. The satellite at ~ 94 eV is assigned to configuration
interaction (CI) between 3s'3p®3d" and 3s23p*3d"*! final states, as predicted by cluster
calculations [17]. Both, the CT and CI satellites, do not show temperature dependence. This
behaviour is consistent with the fact that the CI satellite has an atomic origin [39,40], while
the CT satellite position is a measure of the separation between the O 2p states and the UH
band which does not change across the MIT transition.

Conclusion. — In conclusion, we have performed a HX-PES study of the Mott-Hubbard
transition as manifested in the V 1s, 2p, and 3s core levels of VoO3. The observed core-
level spectra show well-screened features at low binding energy to the main peak in the PM
phase. The low-binding-energy features vanish in the AFI phase. A model cluster calculation
confirms that the low-binding-energy feature originates from screening by the coherent states
at Fr. The absence of the low-binding-energy feature in the AFI phase indicates the additional
screening channel in the PM phase and a collapse of the coherent states at Fr in the AFI
phase of V50O3. The low-binding-energy feature is also observed in the V 2p spectrum of
the PM phase of VoOj3 using hv = 1450 eV photons, but with reduced intensity. The O 1s
core level also shows changes of the spectral shape from an asymmetric line shape in the PM
phase to a symmetric feature in the AFI phase, confirming the MIT. The CT and CI satellites
observed in the V 1s and 3s core levels do not show temperature dependence, in contrast
to the low-binding-energy well-screened feature. The results show that hard X-ray core-level
PES is an important and reliable tool to study the MIT in correlated electron systems.
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