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Understanding the Nature of the Kinetic Process in a VO, Metal-Insulator Transition
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Understanding the kinetics during the metal-insulator transition process is crucial to sort out the
underlying physical nature of electron-lattice interactions in correlated materials. Here, based on the
temperature-dependent in situ x-ray absorption fine structure measurement and density-functional theory
calculations, we have revealed that the monoclinic-to-tetragonal phase transition of VO, near the critical

temperature is characterized by a sharp decrease of the twisting angle § of the nearest V-V coordination.

The VO, metallization occurs in the intermediate monocliniclike structure with a large twist of V-V pairs
when the § angle is smaller than 1.4°. The correlation between structural kinetics and electronic structure
points out that the structural rearrangement is a key factor to narrow the insulating band gap.
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Complex transition-metal oxides have attracted wide-
spread attention owing to the special phenomena of uncon-
ventional electronic and magnetic phase transitions [1,2].
However, understanding the nature of metal-insulator tran-
sitions (MITs) in correlated materials remains challenging
[3-5]. Vanadium oxide (VO,) can be considered as an
archetypical MIT system with a conductivity change of
several orders at the critical temperature 7. (341.1 K),
accompanied by a transition in lattice structure from a
monoclinic to a tetragonal phase and a dramatic increase
of the infrared absorbance [6-8]. Although various tech-
niques, including spatial- and time-resolved probes and
x-ray absorption fine structure (XAFS) spectroscopy have
been applied to investigate this transition [5,9-13], the
underlying physics of MITs in VO, is still an open ques-
tion. An electron-correlation-driven Mott transition [5,11],
a structure-driven Peierls transition [14,15], or the coop-
eration of these two mechanisms [12,13] have been pro-
posed. The controversy is mainly due to the lack of a bridge
between atomic and electronic kinetics during the MIT
process of VO,. Several recent studies have addressed
interesting aspects of this system and pointed out the
formation of a metallic domainlike state in the monoclinic
VO, near MITs [5,11,16]. Apparently, the tetragonal lat-
tice structure is not necessary to the appearance of a
metallic behavior in VO,, in agreement with the hypothesis
of a Mott transition. However, important questions arise:
What is the precise structure of the intermediate states, and
do structural variations and MITs occur simultaneously?
How does the tetragonal phase evolve from the monoclinic
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phase, and what is the key parameter controlling the struc-
tural evolution? Some hints could be associated with the
fact that the nearest V-V coordination, which plays a
critical role in determining the electronic properties of
VO,, undergoes a significant “depairing” across the MIT
[15]. So far, most of the published works are focused on the
features of the initial and final states of the MIT process
and provide relatively scarce information on the structural
evolutions near 7. In order to address the above issues, an
accurate in situ investigation of the kinetic process of the
monoclinic-to-tetragonal phase evolution would clarify the
interplay between atomic rearrangements and electronic
structure changes of the whole VO, MIT process.

In this work, using the temperature-dependent in situ
XAFS technique, we detect the atomic kinetics across the
MIT in crystalline VO, during a heating-cooling cycle.
Since the atomic and electronic structures of VO, change
significantly in a narrow temperature range around 7', this
characterization technique is sensitive in monitoring the
structural evolution across T.. The experimental setup
including the high precision temperature controller enables
us to control temperature variations of =0.2 K [Fig. 1(a)].
Compared to ultrafast pulse-induced transitions, a ther-
mally driven transition is slow. It may keep the VO, system
in a stable intermediate state, allowing the determination of
accurate spatial positions near 7. The VO, was prepared
by the annealing method [17], a standard and reliable way
to obtain monoclinic VO, with high crystallinity [18]. The
phase homogeneity and the reversible transition character-
istics were confirmed by differential scanning calorimetry
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and x-ray diffraction (XRD) (Figs. S1 and S2 in Ref. [17])
measurements. Temperature-dependent in situ XAFS data
(V K edge) at a series of temperatures were recorded in
transmission mode at U7B and U7C stations of the
National Synchrotron Radiation Laboratory, China.
Figures 1(b) and 1(c) show V K-edge in situ XAFS spec-
tra of crystalline VO, within the temperature range 298—
350 K. In about 3° around 7', the extended XAFS (EXAFS)
functions y(k) and Fourier transforms exhibit remarkable
and systematic evolutions. The y(k) oscillation shape of
the monoclinic VO, is significantly different from that of
the tetragonal one in the k range 4-8 A~! as shown in the
yellow-hatched region in Fig. 1(b). Correlated changes can
be identified in the Fourier transform profiles in the real
space [Fig. 1(c)]. The Fourier transform curves in the mono-
clinic phase region are characterized by four distinct peaks:
two peaks at 1.20 and 1.63 A corresponding to the chemical
bonds of the V-O split, and the other two at 2.12 and 2.86 A
associated to V=V1 and V-V2 bonds, respectively. By in-
creasing the temperature to 339.8 K, the intensity of the first
peak at 1.20 A decreases significantly, while the second
peak grows in intensity and moves to 1.55 A. At the tem-
perature of 343 K and above, the two V-0 split peaks merge
in a single peak at 1.48 A, indicating an increased symmetry
of the [VOg] octahedral geometry with comparable V-O
bond lengths for the tetragonal phase [14]. Moreover, the
V-V1 peak at 2.12 A shifts to 2.36 A, which can be
explained as a change of the dimerization of the V-V pairs
at a distance of 2.65 A in the monoclinic phase to the
elongated distance 2.85 A in the tetragonal phase. To our
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FIG. 1 (color online). (a) The experimental setup of the
temperature-dependent in situ XAFS and XRD. V K-edge
EXAFS oscillations [y(k)] (b) and their Fourier transforms
(c) at several temperatures during the heating process.

knowledge, this is the first in situ temperature-dependent
XAFS study of the transition of the VO, structural kinetic
phase from the initial monoclinic to the final tetragonal
phase.

To obtain quantitative structural information during the
VO, MIT, a least-squares parameter fitting using the
ARTEMIS module [19] of IFEFFIT was performed [17].
The V-0 and V-V distances among all the best fit parame-
ters (Table S1 in Ref. [17]) are shown in Fig. 2(a). The
fitting results point out that, when moving from a mono-
clinic to a tetragonal phase, the VO, structure shows an
increased symmetry both in the [VOg] octahedron and in
the V atomic chains, as manifested by the overlap of V-O
and V-V peaks. In this process, the V-V pairs in the chains
undergo not only the elongation of V—Vl1a and the short-
ening of V-V1b but also a twist from the zigzag-type to a
linear chain. To determine this critical angle, based on the
structural characteristic and similarities between the mono-
clinic and tetragonal phases, we show in Fig. 2(b) the
supercell structure of both VO, phases. It can be clearly
seen that V atoms dimerize and the V-V pairs tilt around
the a), axis for the monoclinic phase (the direction of V
atoms marked by black arrows). The twist of V-V pairs can
be quantitatively characterized by the angle § defined as
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where Ry_v,, Rv—v1p, and a,, values can be obtained via
a structural fit (Table S2 in Ref. [17]). Combining the
above results, we reconstruct the crystal structure varia-
tions at the atomic level in Fig. 3 and Fig. S4 in Ref. [17].

To understand the nature of the MIT, we compare the
temperature dependence of the twisting angle 6 [Fig. 4(a)]
with the resistance [Fig. 4(b)] behavior of the crystalline
VO,. In Fig. 4(a), the graph of 6 vs temperature shows a
well-defined hysteresis loops. In the two-dimensional
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FIG. 2 (color online). (a) Temperature profiles of the bond
distances as obtained by the EXAFS fit. (b) The top panel
presents the microscopic structures of monoclinic and rutile
VO, projected along [010]. The distortion of V atoms is outlined
by black arrows along the a axis (c axis for the rutile cell). The
bottom panel shows the motions of V atoms and the correlations
among unit cell parameters between two phases. 0 is the twisting
angle of the V-V pairs.
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FIG. 3 (color). (a) The initial monoclinic phase, (b) the inter-
mediate structure during the heating process, and (c) the final
tetragonal phase. The 67, in the tetragonal phase evolve from the
6, and 6, angles of the monoclinic phase. For the sake of
simplicity, the V atom is fixed relatively to the adjacent O and
V atoms.

space, the twisting angle 6 may well characterize in a
quantitative way the VO, phase transition. Starting from
an initial value of about 7°, it drops abruptly to zero in the
range 338-341 K. The resistance shows a drop of 4 orders
of magnitude within 5° (338-343 K) during the heating
process. The similar hysteretic behavior of 0, in both the
temperature range and the transition point, confirms the
high quality of the samples [20] and suggests a strong
dependence of the electronic behavior to structural changes
(i.e., the twisting angle 6). This implies that the change of
the electronic property and the structural phase transition
occur simultaneously, suggesting for the MIT of VO, a
cooperative mechanism of a structurally driven (Peierls)
mechanism and the electron correlation (Mott).

To confirm this interpretation, we also performed
density-functional theory calculations based on the atomic
structural parameters by in situ XAFS. The obtained den-
sities of states (DOS) for the series of transitional VO,
structures at several different temperatures are shown in
Fig. 4(c). For the insulator phase, the Fermi level is gen-
erally selected as the position of the highest occupied state
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FIG. 4 (color online). (a) Plot of the twisting angle § vs
temperature and (b) the temperature dependence of the resist-
ance during the thermal cycle of heating and cooling. (c) DOS of
the intermediate VO, structure at different temperatures calcu-
lated by using the density-functional theory method.

in the valence band, while the position of the Fermi level in
a metallic system is determined by the number of itinerant
electrons. The calculated band gap for the monoclinic
phase at RT is about 0.6 eV, in agreement with experimen-
tal results by photoemission spectroscopy [13] and calcu-
lations based on the cluster dynamical mean field theory
[21]. The gap of the VO, intermediate structure at 339.8 K
gradually narrows to 0.36 eV. For the intermediate struc-
ture at 340.8 K, the gap becomes zero, revealing a metallic-
like behavior, consistent with the large drop of the
resistance (about 4 orders of magnitude) as compared
with the initial insulating phase.

It should be underlined here that the tetragonal phase is
associated to a high symmetry characterized by the angle
6 = 0°, and data show that the lattice structure leaves the
asymmetric monoclinic configuration only when the full
transition in the tetragonal phase occurs [see Fig. 2(b)]. As
an example, at 340.8 K, the intermediate state character-
ized by the angle & of about 1.4° still belongs to the
monoclinic phase. Hence, we propose that in crystalline
VO, the metallic phase is formed before a full transforma-
tion to the tetragonal phase. The claim is in agreement with
a recent micro-XRD investigation on a VO, film showing
that a metallic behavior appears at the applied voltage of
4 V while diffraction plane characteristics of the tetragonal
structure are observed only when the voltage increases to
about 7 V [22]. In this work, however, we show that
increasing the temperature induces a reduction of & from
7° to 1.4° and a local structure distortion from the normal
monoclinic phase to a new metallic monoclinic phase. A
similar phenomenon has been reported in the pressure-
induced metallization process in VO, [23]. Although the
metallic phase exists without the full transformation into
the VO, tetragonal structure, it can be speculated that the
rearrangement of the V chains within the monoclinic
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lattice play an important role in inducing this phenomenon,
which means that the changes of atomic and electronic
structures occur simultaneously. Taking into account the
pure monoclinic phase for the initial sample at RT and a
vacuum in situ cell (107° Pa) used in XAFS measure-
ments, the VO, phase transition could be regarded as a
continuous (homogenous) process from the initial mono-
clinic to the final tetragonal phase with a series of inter-
mediate structures. No other tetragonal or monoclinic
phase coexists in this process within the detection limit
of XAFS.

We explain this scenario in the framework of the
molecular-orbital picture [15,21]. The dimerization and
the off-axis zigzag displacement of V-V pairs induce a
splitting of the a;, band and the high shifting of the eg
band, forming a Peierls-like gap at the Fermi level. The
band gap is thus determined by the localized charge varia-
tion, which depends on changes in V-V pair twist and
varies sensitively with the separation of V-V pairs along
the ¢ axis. Quantitatively, the semiempirical expression for
the separation of V 3d electrons reveals that, when the
V-V distance is reduced to the critical distance (2.94 A),
the coupling interaction between 3d electrons leads to the
itinerant electronic behavior. In the monoclinic VO,, the
dimerization and tilt of V-V pairs give rise to alternating
short V=V1a (2.65 A) and long V-V 1b (3.12 A) distances.
Actually, the value of long V-V1b is significantly larger
than the critical distance, and thus the d-orbit electrons are
localized within the short V-V pairs, leading to the insu-
lator behavior. However, at 340.8 K, the fit shows a Ry_vy1;
value of 2.90 A smaller than the critical distance, a condi-
tion that makes possible a delocalization of the d electrons
among all V atoms to give the metallic behavior of VO,.
The observed metallic behavior in the structure within the
monoclinic framework is due to the change of 0.2 A of the
V-V distance, which implies the role of the correlation in
the transition. In view of the concurrent evolutions of the
atomic and the electronic structure as well as the presence
of an intermediate monocliniclike structure with a metallic
character, we consider that both the structural distortion
induced by temperature and the electron correlations are
active and contribute to the MIT in VO, near T.

Using temperature-dependent in situ X AFS spectroscopy
combined with density-functional theory calculations, we
have been able to resolve fine changes in the atomic and
electronic kinetics of VO, across the MIT with high accu-
racy. The structural phase transition can be definitely char-
acterized by the twisting angle 6. A continuous series of
intermediate structures have been configured, in which the
variation of nearest V-V pairs is found to play a key role on
the evolutions of the electronic structures, leading to the
formation of the transitional structure with the monoclinic
symmetry exhibiting the metallic behavior. The strong cor-
relation among atomic spatial rearrangements, electronic

structures, and electrical resistance supports a cooperative
mechanism for the VO, MIT. These results establish a clear
correlation between the dynamics of the lattice structure
and electronic properties and clarify a possible structural
pathway and the mechanism of similar phase transitions in
correlated materials.
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