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Evidence for the constancy of U in the Mott transition of V,0;
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We have performed high-resolution hard-x-ray photoemission spectroscopy for the metal-insulator transition
(MIT) system (V;_,Cr,),0s3 in the paramagnetic metal, paramagnetic insulator, and antiferromagnetic insulator
phases. The quality of the spectra enables us to conclude that the on-site Coulomb energy U does not change
through the MIT, which eliminates all but one theoretical MIT scenario in this paradigm material.
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I. INTRODUCTION

The Mott-Hubbard metal-insulator transition (MH-MIT) is
a fundamental phenomenon not only for strongly correlated
physics' but also for solid-state physics in general. Dynamical
mean-field theory (DMFT)? has provided a new conceptual
framework for describing how the MH-MIT occurs in the
one-band Hubbard model when the on-site Coulomb repulsion
U exceeds a critical value U, relative to the intersite hopping
energy W. Nonetheless, even when DMFT is combined with
realistic electronic-structure calculations in the local-density
approximation (LDA + DMFT), an internally consistent
description of the MIT as it is observed in nature has not
yet emerged. This is true even for the most heavily studied
paradigmatic material V,0O3. This material shows a first-order
transition from a high-temperature paramagnetic metal (PM)
phase to a low-temperature antiferromagnetic insulator (AFI)
phase at Ty ~ 155 K, accompanied by a structural change
from the corundum phase to the monoclinic phase.*= Slight Cr
substitution on the V sites develops a paramagnetic insulator
(PI) phase with the same corundum structure above Ty ~
180 K as shown in the inset of Fig. 1. In the comparison
between early LDA + DMFT calculations®® and valence-
band photoemission spectra, the U value consistent with
spectroscopy'? is too small to allow the MIT for the W values
found in the LDA calculations for the various phases.

This basic tension concerning U has proved to be continu-
ing and pervasive, even though the theory has been made more
sophisticated. Since changes in the V 3d orbital occupation
are reported through all these transitions,'! an interplay among
the spin-, charge-, and orbital degrees of freedom is thought
to be essential for MIT. More recent LDA + DMFT studies
suggest that an effective trigonal crystal-field splitting leads to
aredistribution of the orbital populations (known as the orbital
selective MIT).'>!3 Nonetheless, U must still be changed
through the transition in the cited theories. A very interesting
alternative concept is that the orbital polarization induced by
a slight enhancement of the effective crystal-field splitting can
reduce U,/ W and thereby facilitate the MIT'*!> even though
U is unchanged. Thus there are now only two possibilities

1098-0121/2011/84(7)/075117(5)

075117-1

PACS number(s): 71.30.+h, 71.27.4a, 79.60.—i

on the table for V,0s: either U or U, changes in the MIT.
A direct experimental determination of the differences in the
bulk electronic structures and the value of U in all three phases
is essential to move the issue forward.

In this paper, we report a state-of-the-art hard-x-ray photoe-
mission spectroscopy (HAXPES) study to tackle this problem.
Since U/ W is known to be much different for the surface
and the bulk, bulk-sensitive HAXPES with Av = 5-8 keV
(Refs. 16-20) is essential by virtue of its large probing depth
(>50 A at hv ~ 8keV). The very high quality of our HAXPES
spectra relative to that of earlier studies enables a detailed
analysis to identify in all three phases the incoherent part
of the V 3d spectrum, i.e., the lower Hubbard band (LHB)
that defines U on the photoemission side of the Fermi level
E . Thereby, we obtain very strong evidence that U stays
essentially constant through the MIT in (V_,Cr,),03, leaving
a change in U,/ W as the viable scenario for the MIT.

II. EXPERIMENT

HAXPES was performed at BLI9LXU in SPring-8 with
use of an MBS A1-HE hemispherical analyzer system. The
linearly polarized light at ~8 keV was delivered from an
in-vacuum 27-m-long undulator.”! The beam was focused
onto the sample within 50 x 100 um?. The overall energy
resolution was set to 220 meV for the wide scan of the
valence band and 130 meV for the high-resolution mode
near Ep as confirmed by the Au Fermi edge. Well-annealed
oriented single-crystalline samples were cleaved in situ in a
vacuum of 8 x 107% Pa. The measurement was performed
above and below the temperatures of the PM-AFI and PI-
AFI transitions (inset of Fig. 1). Soft-x-ray photoemission
spectroscopy (SXPES) measurements were carried out at
BL25SU in SPring-8 with a comparable energy resolution.”’

III. RESULTS AND DISCUSSION

Figure 1 shows the HAXPES spectra of (V|_,Cr,),03 (x =
0and 0.015) of the entire valence band. A Shirley-type inelastic
integral background is subtracted from each spectrum and the
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FIG. 1. (Color online) Entire valence-band spectra of
(V1-xCr,),03 (x =0 and 0.015) in the PM and AFI phases
(top), those in the PM and PI phases (middle), and those in the PI
and AFI phases (bottom). Inset shows the schematic phase diagram
of (Vl—xcrx)203-

spectra are normalized by their integrated area over the whole
energy range of the valence band in all phases. In Fig. 1,
one can recognize that the AFI spectra of the samples with and
without Cr doping are very similar to each other, demonstrating
the negligible effect of disorder on the electronic structure. All
phases show a large peak structure around —8 eV, which is
derived from O 2 p states hybridized with V 4s and 3d states.?

Figure 2 displays the high-resolution HAXPES spectra
reflecting the bulk V 3d electronic states. The background
is subtracted in the same manner as for Fig. 1. It is useful
first to compare the PM and PI spectra [Fig. 2(b)], for which
the problem is simplified by excluding the roles of both
the magnetic long-range ordering and the structural phase
transition. The PM spectrum in Fig. 2(b) shows the prominent
quasiparticle (QP) peak just below Er. In addition, the small
bump structure observed around —1.3 eV is ascribed to the
incoherent part corresponding to the LHB.”>! In contrast,
the PI spectrum shows a gap opening, with a strong spectral
weight transfer across the PM-PI transition.

A strong spectral weight transfer is also observed across the
PM-AFI transition, as shown in Fig. 2(a), indicating that the
crystal symmetry change in this transition is not a major factor
of the MIT in (V;_,Cr,),03. There are, however, noticeable
differences in the AFI and PI line shapes. First, the AFI phase
band gap is larger (220 meV from Ef) and the threshold is
noticeably sharper than for the PI phase [Figs. 2(a) and 2(b)],
in agreement with the results of optical measurements>® and
the previous SXPES.” These differences are seen directly in
the spectra for the PI-AFI transition shown in Fig. 2(c) and
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FIG. 2. (Color online) High-resolution HAXPES spectra of
(V1-xCr,),05 (x = 0 and 0.015) near Ef in the PM and AFI phases
(a), those in the PM and PI phases (b), and those in the PI and AFI
phases (c). (d) The difference between the AFI and PI spectra (open
circle), which is estimated by averaging the two results for the x = 0
and 0.015 AFI spectra. The thick solid line is the smoothed difference.

also in the negative and positive peaks in the regions near
—0.25 and —0.5 ~ —0.85 eV in the difference spectrum in
Fig. 2(d). Second, the spectra in both the doped and undoped
AFI phases clearly consist of multicomponents, as indicated
by the two vertical bars for the shoulder and peak structures
ataround —1.3 and —0.5 eV, respectively [Fig. 2(a)]. The AFI
structure at —1.3 eV can most likely be ascribed to the LHB.
On the other hand, the —0.5 eV peak was not predicted by the
early LDA + DMFT calculations for V,03.° Most interesting
is that the LHB energy position seems to be not different in
all three phases, as indicated by shaded bars in Fig. 2. We
further notice in Fig. 2(c) that the tails on the lower-energy
side (from —2 to —3 eV) are almost identical, suggesting that
U (as observed on the PES side of Er) may be essentially
the same in these two phases. To confirm this conclusion, it
is essential to know the energy positions of the LHB in all
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phases. To do that, we must first establish firmly the origin of
the —0.5 eV peak in the AFI phase.

In Figs. 3(a), 3(b), and 3(c), we show the v dependences
of the spectral weight near Ep for all three phases. For
easy comparison of the intensity near Er, the background
is subtracted here in the same manner as in Refs. 7 and 9
and the spectra are normalized below —1 eV. As shown in
Fig. 3(a) for the PM phase, the relative weight between Ep
and —1 eV representing the QP peak increases remarkably
with increasing v from 60 eV (Ref. 24) to 8180 eV in the PM
phase. This development of the QP peak is not due to a change
of the relative cross sections of V 3d and O 2p states, but
to the enhancement of the bulk contribution in accordance
with the increase of the probing depth.”” We also show
that the extracted bulk component from the photoemission
spectra at hv = 700 and 60 eV (Refs. 7 and 25) is in full
agreement with the HAXPES spectrum. Thus the increase of
the relative intensity of the QP peak can be interpreted as due
to the reduction of the U/ W in the bulk caused by the wider
bandwidth W in the bulk than in the surface. We note in passing
that the finding of a larger QP peak in the HAXPES spectrum
demands a smaller value of U, which exacerbates the problem
that U is then too small to enable the MIT.

The structure near —0.5 eV in the AFI and PI phases
increases also with increasing hv, as seen very clearly in
Figs. 3(b) and 3(c), even though the difference between
hv = 8 keV and 700 eV is smaller than for the PM phase,
reflecting a smaller difference between the bulk and surface in
the AFT and PI phases. Although the presence of this spectral
feature in the AFI phase has been inferred in the previous
study,’ it is seen much more clearly here by its extraction from

SXPES spectra at 700 and 220 eV. The extracted spectrum
is fully consistent with the directly detected spectrum by
bulk-sensitive HAXPES. Following the early suggestion by
Rozenberg et al.,?" the increase of the structure near —0.5 eV
in the AFI phase can be ascribed’® to a QP induced by
long-range spin coherence. The statistics of the PI phase
HAXPES spectrum are slightly worse than for the AFI phase,
but the extracted bulk spectrum in Fig. 3(c) demonstrates
clearly a difference between the surface and bulk electronic
structures even in the PI phase. The observable increase of
the bulk PES intensity with 2v may be ascribed to “residual”
spectral weight resulting from the short-range magnetic order
detected by neutron scattering in the PI phase. The slight
transfer of the spectral weight across the PI-AFI transition,
as seen in Figs. 2(c) and 3(d), can now be understood as due
to the switching from the short-range magnetic order to the
long-range ordering.

We now proceed to identify the LHB in the AFI spectrum.
For this we have adopted as a working hypothesis that for the
resolution of the experiment, the QP component in the AFI
phase has essentially the same spectral shape as in the PM
phase. We shift the PM spectrum and normalize it to realize
a good fit to the leading edge of the AFI spectrum, as shown
by the thin solid curve in Fig. 3(e). Then this spectral shape
is subtracted from the AFI spectrum, yielding the LHB in the
AFI phase, as shown by the thick solid curve in Fig. 3(f).
The peak position of the LHB in the AFI phase indicated by
the vertical bar is thus estimated as —1.2 £ 0.15 eV, which is
almost degenerate with that of the PM phase.

To test the robustness of the evaluation of the LHB position,
we further explore the sensitivity of the result to two possible
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corrections to our subtraction procedure. First, our procedure
may have subtracted too much weight from the AFI LHB
region because the LHB of the PM spectrum is also subtracted.
To test the importance of this effect, we have repeated the
procedure but with an alternate subtracted line shape having
only a smooth tail extending to higher energy from the PM
phase QP peak, as shown by the thin solid line labeled “type 2”
inFig. 4(a). The resulting LHB is shown as the thick solid curve
in Fig. 4(b). The subtraction procedure in Figs. 3(e) and 3(f)
corresponds to the case labeled “type 1” in Figs. 4(a) and 4(b).
The position of the AFI phase LHB is seen to be robust against
this first correction, i.e., still degenerate in energy with the PI
phase LHB. Second, one may think of the possibility that the
peak of the coherent component in the AFI phase overlaps
with the QP peak in the PM spectra. To check this possibility,
we fit the type 2 line shape of Fig. 4(a) at the very top of the
leading edge peak, as shown in Fig. 4(c). The resulting LHB is
the solid curve in Fig. 4(d) and its position is again degenerate
with the LHB of the PM spectra. Thus the energy position
of the AFI LHB is robust against these possible variations of
the QP-peak extraction procedure. Even if the LHB in the PM
phase is not subtracted from the AFI spectrum, no essential
change is seen for the LHB spectral weight in the AFI phase.
More extremely, accounting for a possible overlap of the AFI
and PM coherent peaks also does not change the LHB position,
so the possibility that the LHB in the AFI phase is deeper than
that in the PM phase is definitely excluded.

We note that the position of the LHB peak is also robust for
the photon energy dependence of the valence-band spectra, and
thereby it does not change between the surface and the bulk, as
shown in Figs. 3(a), 3(b), 3(c), and previous reports.”*? U is
defined by the separation of the LHB and the upper Hubbard
band (UHB) on the unoccupied side of Er, which we do
not observe. However, if U increases in the insulating phases
due to a reduction in screening, it is highly unlikely that the
UHB can shift while the LHB remains fixed. Therefore, we
conclude that U stays essentially constant through the MIT in
(V1-xCr,)20s5.

Our result strongly supports the scenario'*!> of the orbital
selective Mott transition in which U,/ W changes through the
MIT due to the enhancement of the effective trigonal crystal-
field splitting. We remark that this idea is also supported by
the observation in an optical study’! long ago of uniaxial
stress-induced spin flop in Cr,O3;. Considering the stress
dependences of Cr** states in ruby,*? the spin flop mechanism
could be traced to a sign change in the magnetocrystalline
anisotropy, driven primarily by a change in the trigonal
crystal field. One infers that the trigonal splitting is very
strain-sensitive in this crystal structure, which may well be
the key to formulating a unified explanation of the MIT in
(V12xCr )03, i.e., U is consistent with the PM phase QP
weight and unchanging through the transition, W has changing
values as found in the LDA, and the MIT is enabled for
these values of fixed U and changing W by a changing value
of U,.

IV. CONCLUSION

In conclusion, the high-resolution HAXPES gives notice-
able spectral weight transfers for the bulk electronic states
in (Vi_,Cr,),03 (x =0 and 0.015) across all three phase
transitions. The QP peak of the AFI phase due to the long-
range magnetic ordering is clearly observed and enables an
identification of LHB. The essentially degenerate LHB for
all three phases yields strong evidence that U stays constant
through the MIT. This finding renders a changing U./W in
an orbital selective Mott transition as the only currently viable
scenario for the MIT in (V;_,Cr,;),03. An understanding of
the MIT as it is observed in nature for a paradigm material
may finally be at hand.
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