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Uniform structural phase transition in V,0; without short-range distortions of the local structure
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The local structure of V,03, an archetypal strongly correlated electron system that displays a metal-insulator
transition around 160 K, has been investigated via pair distribution function (PDF) analysis of neutron and
x-ray total scattering data. The rhombohedral-to-monoclinic structural phase transition manifests as an abrupt
change on all length scales in the observed PDF. No monoclinic distortions of the local structure are found

above the transition, although coexisting regions of phase-separated rhombohedral and monoclinic symmetry
are observed between 150 and 160 K. This lack of structural fluctuations above the transition contrasts with
the known presence of magnetic fluctuations in the high-temperature state, suggesting that the lattice degree of
freedom plays a secondary role behind the spin degree of freedom in the transition mechanism.

DOLI: 10.1103/PhysRevB.104.184115

I. INTRODUCTION

The interplay among spin, orbital, and lattice degrees of
freedom (d.o.f.) in solids has long commanded a large share
of research efforts in condensed matter physics. Rich and di-
verse behaviors are observed in systems where these d.o.f. are
simultaneously active, including metal-insulator transitions
(MITs), high-transition-temperature superconductivity, colos-
sal magnetoresistance, unconventional magnetism, and novel
forms of symmetry breaking [1,2]. Transition metal oxides in
particular have been the subject of intensive investigations in
this direction, thanks to the strong electronic correlations and
the unfilled d shell that naturally leads to interactions between
the spin, orbital, and lattice d.o.f. [3].

Among transition metal oxides, V,0O3; has occupied a
prominent position in the study of MITs in Mott insulators
and other strongly correlated electron systems [4—6]. At Tyt
~155 K on cooling and 170 K on warming, V,03 transitions
between a paramagnetic metal with a rhombohedral crys-
tal structure above Tyyr and an antiferromagnetic insulator
with a monoclinic structure below Tyyr [7-12]. The high-
temperature thombohedral crystal structure is illustrated in
Fig. 1. The monoclinic distortion is characterized by a tilting
of the nearest-neighbor vanadium pairs (connected by thick
black lines in Fig. 1) off the ¢ axis and a rotation of the
associated oxygen octahedra. As a result, the three equiva-
lent next-nearest-neighbor vanadium-vanadium bonds in the
rhombohedral structure (orange lines in Fig. 1) break into
three distinct bonds with slightly different bond lengths. Si-
multaneously, the magnetic moments order ferromagnetically
within (110) planes in the hexagonal setting, transforming
to (010) planes in the monoclinic setting, with alternating
magnetization between layers.

The concomitant changes of the electronic, magnetic, and
structural properties across the MIT underscore the complex
nature of the transition and the nontrivial interdependencies
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among these various d.o.f. In bulk V,03;, the transition can
be tuned by substituting small amounts of Ti or Cr for V,
introducing V vacancies, or applying hydrostatic pressure,
which results in a first-order quantum phase transition to a
paramagnetic metallic state around 2 GPa [6,12—14]. Further
possibilities for engineering the MIT can be achieved by fab-
ricating V,0j3 in thin-film form [15-19]. Although significant
progress has been made toward a deeper understanding of this
remarkable transition in V,03; [4,20-30], a complete theory
that successfully describes all the observed behavior remains
elusive.

In recent years, elucidating the interrelationships between
the electronic, magnetic, and structural phase transitions in
V,03 has been a major research objective [31-37]. Particu-
larly important is determining which d.o.f.—i.e., spin, lattice,
or orbital—is the primary driver of the transition. Experimen-
tal efforts in this direction have focused on determining if the
electronic, magnetic, and structural transitions can be decou-
pled from each other and/or if fluctuations of any d.o.f. are
present in the high-temperature phase, which would provide
insights into the hierarchy of interactions underlying the three-
fold transition in V,0j3. Conflicting viewpoints have emerged,
leaving the question open. For example, a nanoscale-resolved
infrared spectroscopy study suggested a decoupling of the
structural transition from the metal-insulator transition [32],
while x-ray diffraction [33] and muon spin relaxation [34]
studies with resistance-calibrated thermometry found that
all three transitions remained tightly coupled. Antiferromag-
netic fluctuations have been observed in the high-temperature
state [34,38—40], suggesting the importance of the spin d.o.f.
On the other hand, extended x-ray absorption fine structure
(EXAFS) studies of the local atomic structure have reported
the presence of short-range monoclinic distortions in the nom-
inally rhombohedral phase acting as a structural precursor to
the MIT [41,42], while sound velocity measurements have
suggested a softening of certain elastic moduli on cooling

©2021 American Physical Society


https://orcid.org/0000-0003-0426-6570
https://orcid.org/0000-0002-3911-9864
https://orcid.org/0000-0002-4047-9453
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.184115&domain=pdf&date_stamp=2021-11-23
https://doi.org/10.1103/PhysRevB.104.184115

ETHAN R. A. FLETCHER et al.

PHYSICAL REVIEW B 104, 184115 (2021)

FIG. 1. Rhombohedral crystal structure of V,0;5. Blue and red
spheres represent vanadium and oxygen atoms, respectively. Octa-
hedrally coordinated oxygen atoms surround each vanadium atom,
but for simplicity, the oxygen octahedra are shown only for two
vanadium atoms. The thick black (thin orange) lines connect nearest-
neighbor (next-nearest-neighbor) vanadium atoms.

toward the MIT [43—46]. Reminiscent of numerous examples
of local symmetry breaking and structural inhomogeneity pre-
ceding long-range structural transitions in strongly correlated
materials [47-52], such a scenario would underscore the im-
portance of the lattice d.o.f. Additional experimental work is
therefore required to clarify these important issues in V,0s3.

In this work, we use x-ray and neutron pair distribution
function (PDF) analysis to perform a detailed investigation of
the local atomic structure of pure V,03 at ambient pressure.
The PDF method provides direct access to the local pairwise
atomic correlations in real space via Fourier transformation
of the scattering data, revealing details of the local structure
that may otherwise be invisible to conventional diffraction
techniques [53]. We find that the local atomic structure tran-
sitions abruptly and uniformly between the monoclinic and
rhombohedral symmetries at Tyt on all length scales in the
PDF data, with no evidence for short-range monoclinic dis-
tortions surviving in the high-temperature phase. The lack of
any structural fluctuations above the transition suggests that
the lattice d.o.f. is inactive in the high-temperature state, in
contrast to the known presence of antiferromagnetic fluctua-
tions at high temperature. These results strongly suggest that
the lattice plays a secondary role in the MIT behind the spin
degree of freedom.

II. EXPERIMENTAL METHODS

A powder sample of V,03 was synthesized via reduction
of high-purity NH;VO;3; in 5% H;,/Ar gas at 900 °C with a
flow rate of 3.3 mL/s for two days, followed by cooling at
100 °C/h. The magnetic susceptibility was measured using a
SQUID magnetometer (Quantum Design, Magnetic Property
Measurement System), revealing a sharp transition at 170 K
on warming [see Fig. 2(d)]. This confirms the good quality of
the sample with minimal vanadium vacancies.

The neutron PDF experiment was conducted at the Spalla-
tion Neutron Source (SNS) at Oak Ridge National Laboratory
on the NOMAD beamline [54]. Powder diffraction patterns
were collected in a warming sequence between 100 and 400 K
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FIG. 2. Fits to the neutron PDF data collected at 100 K using
the monoclinic structural model (a), 200 K using the rhombohedral
model (b), and 155 K using a mixed-phase model with spatially
segregated regions with the rhombohedral and monoclinic structures
(c). (d) Monoclinic phase fraction extracted from the PDF fits (blue
circles, left axis) and magnetic susceptibility obtained from SQUID
magnetometry (orange curve, right axis). Both measurements were
done in a warming sequence.

from 300 mg of powder in a thin quartz capillary using a
nitrogen gas blower for temperature control. At each tem-
perature, scattering data were collected for a total accelerator
proton charge of 4 C. The data reduction and Fourier trans-
form were performed using the data processing scripts on the
beamline computers. The maximum momentum transfer Qpax
included in the Fourier transform was 35 A~!. The x-ray PDF
experiment was performed on beamline 28-ID-1 of the Na-
tional Synchrotron Light Source IT (NSLS-II) at Brookhaven
National Laboratory using an x-ray wavelength of 0.1671 A
on a 10 mg sample in a thin kapton capillary sealed with clay.
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The sample was placed in a liquid helium cryostat capable
of a temperature range of 5-500 K. The diffraction patterns
were recorded on a large area detector made of amorphous
silicon and azimuthally integrated using FIT2D [55] to obtain
one-dimensional diffraction patterns. These diffraction pat-
terns were normalized and Fourier-transformed with Q. =
24 A~! to produce the PDF using the XPDFSUITE software
available at the beamline. Diffraction images were collected in
a warming sequence from 5 to 400 K in steps of approximately
5 K, with 2 min of data collection per temperature point.

Atomic PDF analysis was conducted using PDFGUI [56]
and DIFFPY [57]. Magnetic PDF [58-60] analysis of the
magnetic correlations in V,03; was performed using the
DIFFPY.MPDF package.

III. RESULTS

We first present an atomic PDF analysis of the neutron
total scattering data, followed by an analysis of the x-ray data.
Neutrons scatter strongly from oxygen but only very weakly
from vanadium, whereas x-rays scatter much more strongly
from vanadium than from oxygen. Hence, these two data
sets offer complementary sensitivity to oxygen (neutrons) and
vanadium (x-rays). We then return to the neutron data set for
a magnetic PDF analysis of the antiferromagnetic correlations
in V203.

A. Neutron PDF analysis

In Fig. 2, we display atomic PDF fits to the neutron PDF
data collected at 200 K (a) and 100 K (b) using the published
rhombohedral and monoclinic structural models, respectively.
The fit quality is good, as evidenced by the low values of

>~ (Gobs—Geate)?

the goodness-of-fit metric R, = e , Where Gps

and G, are the observed and calculatedObIS)DF patterns, re-
spectively. This confirms that the sample is phase pure and
undergoes a structural transition from rhombohedral to mon-
oclinic symmetry, as expected. Additionally, we display a
fit at 155 K conducted with a model containing both the
rhombohedral and monoclinic phases, corresponding to phase
separation of the two structures at this temperature. Fits using
either only the rhombohedral model or the monoclinic model
were unsatisfactory (R, > 12%, a much larger value of R,
compared to the two-phase model and well beyond the con-
servative estimate of 0.8% as the threshold for a meaningful
difference between models [61]). Smaller improvements to
R, when including two phases are also seen for 150 and
160 K, whereas single-phase fits are satisfactory outside this
temperature range. Thus, the structural transition is in pro-
cess from slightly below 150 K to slightly above 160 K.
This type of structural phase separation has been observed
previously in V,03 [33,62], along with phase separation be-
tween paramagnetic and antiferromagnetic regions [12,62].
The monoclinic phase fraction extracted from the fits is shown
as a function of temperature in Fig. 2(d), together with the
magnetization curve obtained from SQUID magnetometry.
The results are consistent between the two probes, although
the transition temperature observed in the PDF data appears
to be ~5 K lower than the transition temperature observed
in the magnetometry data. This is likely due to imperfect

temperature calibrations. To investigate the possibility of any
local structural distortions persisting above the long-range
structural phase transition, we inspect the neutron PDF pat-
terns collected on a fine temperature grid across the transition.
The PDFs collected between 120 and 200 K are displayed
in Fig. 3, offset vertically with the temperature increasing
in the vertically upward direction. Panel (a) shows a wide
view of the data (up to ~18 A), while panel (b) zooms in on
just the first 6 A. The wide view reveals an abrupt change in
the characteristic shape of the PDF pattern occurring between
150 and 160 K, reflecting the significant rearrangement of the
atomic positions at the structural phase transition. Figure 3(b)
shows that this abrupt change in the observed PDF is likewise
observed in the low-r region of the data, which corresponds
to the correlations between the first few nearest neighbors for
any given atom. In particular, the prominent peak centered
around 2.9 A shifts abruptly to slightly lower r when the
temperature is raised from 155 to 160 K, and the peak centered
around 4 A is much broader at 155 K and below, indicating
the proliferation of atom pair separation distances due to
symmetry breaking in the low-temperature phase. A similar
effect is seen around 5.5 A. The data set at 155 K shows
distinct features that are present at both higher and lower
temperatures, again indicating that the sample consists of
phase-separated thombohedral and monoclinic regions at this
temperature. These observations point to an abrupt, first-order
transition from rhombohedral to monoclinic crystallographic
symmetry that occurs uniformly on both local length scales
and longer-range length scales; no observable distortions of
the oxygen positions characteristic of the low-temperature
monoclinic phase persist into the high-temperature rhombo-
hedral phase.

B. X-ray PDF analysis

The x-ray PDF analysis corroborates the abruptness of
the structural transition and the lack of any local distortions
surviving into the rhombohedral phase. In Fig. 4 we dis-
play the x-ray PDF data between 4 and 300 K, again offset
vertically. As with the neutron data, sudden and significant
changes occur as the temperature is raised above ~150 K.
The most obvious change is the low-temperature splitting of
the broad feature centered on ~5.6 A. Additional changes
can be identified for the peaks centered around 4.6 and 5.0 A
(peak positions shift to lower r at high temperature); the small
peaks between 4.1 and 4.4 A (broadening and shifting of
peak centers at low temperature); the two-peak feature be-
tween 3.2 and 3.9 A (enhanced splitting at low temperature);
and the peak centered on 2.8 A (broader at low tempera-
ture). Consistent with the neutron PDF, these observations
indicate that no measurable distortions persist into the high-
temperature phase. The two patterns highlighted by the black
dashed curves, which were collected at 152 and 156 K, show
features characteristic of both the low- and high-temperature
structure, once again indicating coexisting rhombohedral and
monoclinic regions that are spatially segregated.

To provide further confirmation of this, we fit the mono-
clinic and rhombohedral structural models over the first 10 A
of the x-ray PDF data at several temperatures both below and
above the transition. From the refined structural models, we
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FIG. 3. Neutron PDF patterns for V,0j3 at various temperatures across the transition shown over a wide viewing range (a) and a narrower
range focusing on the local atomic correlations (b), showing an abrupt change in structure across the transition. The patterns have been offset
vertically for clarity. The pattern collected at 155 K with the dashed black curve corresponds to spatially segregated regions of rhombohedral

and monoclinic symmetry.

then extracted the V-V atom pair distances. The structural
transition in the average structure is known to result in distinct
V-V distances in the monoclinic and rhombohedral phases.
If no monoclinic distortions persist into the high-temperature
phase, as the results thus far have suggested, then the mon-
oclinic model should naturally refine to be equivalent to the
rhombohedral model at high temperature. In other words, the
monoclinic model V-V distances should converge to those of
the rhombohedral model above the transition. This is precisely
what we observe, as seen in Fig. 5 for the second-nearest-
neighbor V-V pair in the rhombohedral structure (orange lines
in Fig. 1). Below ~160 K, the monoclinic model yields three
distinct V-V distances around 2.84, 2.90, and 2.97 10\, whereas
the symmetry of the rhombohedral model only allows a single
V-V distance. Above ~160 K, the monoclinic V-V distances
collapse onto the rhombohedral V-V distance within experi-
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FIG. 4. X-ray PDF patterns for V,0; collected between 4 and
300 K in steps of 4 K, offset vertically for clarity. The patterns change
abruptly between 148 and 160 K, with the patterns collected at 152
and 156 K (highlighted by the black dashed curves) showing a mix-
ture of high- and low-temperature features due to phase separation in
the sample.

mental sensitivity, once again demonstrating the lack of any
persistent monoclinic distortions of the local structure above
the transition. We note that the nearest-neighbor V-V distance
is not split into multiple distances by the monoclinic distor-
tion, so the second nearest neighbor is the closest V-V pair
with sensitivity to monoclinic symmetry breaking.

C. Magnetic PDF analysis

The magnetic correlations in V,0j3 give rise to additional
intensity in the neutron scattering pattern, which likewise
contributes to the real-space signal as the magnetic PDF. For
completeness, we also include the magnetic PDF analysis
here. The magnetic PDF was isolated by first performing
atomic PDF fits at all temperatures, and then subtracting the
fit residual at 300 K (where correlated magnetic scattering is
negligible) from the fit residuals at all lower temperatures.
This approach, which has been used successfully elsewhere
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FIG. 5. Vanadium-vanadium pair distances extracted from fits to
the first 10 A of the x-ray PDF data using the monoclinic model (tri-
angles) and the rhombohedral model (circles). Above the transition,
the monoclinic model converges to be practically indistinguishable
from the rhombohedral model, confirming the lack of any persistent
monoclinic distortions in the local structure. The error bars were de-
termined from the estimated standard deviation of the fit parameters.
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FIG. 6. (a) Magnetic PDF fit for V,0; at 100 K using the pub-
lished antiferromagnetic structure. The blue curve represents the
experimental magnetic PDF curve isolated from the neutron PDF
data as described in the text, and the red curve represents the calcu-
lated magnetic PDF. (b) The ordered magnetic moment as a function
of temperature determined from the magnetic PDF fits.

[63], allows us to isolate the temperature-dependent portion
of the total PDF signal that cannot be captured by the atomic
PDF fit. In an experiment with a temperature-independent
background signal, the remaining temperature-dependent sig-
nal should be dominated by the magnetic PDF (assuming the
atomic PDF fits are accurate, which they are in this case). We
further cleaned the magnetic PDF signal by filtering out all
frequencies above 5 A~!, above which the magnetic scattering
is very weak due to the magnetic form factor, and by applying
a dilation transformation to the low-temperature atomic PDF
fit residuals to minimize the artifacts introduced by thermal
expansion when subtracting the 300 K reference fit residual.
The latter correction was implemented by performing a least-
squares minimization of the difference between the 300 K
fit residual and the low-temperature fit residual, where the
dilation was applied to the low-temperature fit residual to
stretch the signal in the r-dimension, mimicking the effect of
thermal expansion. This optimized magnetic PDF signal was
then used as input for the magnetic PDF fits. The published
antiferromagnetic structure [8] was used for the fits, with the
only free parameter being a scale factor.

A representative magnetic PDF fit performed at 100 K
is displayed in Fig. 6(a). The fit is good, considering how
weak the magnetic PDF signal is (over 30 times smaller in
magnitude than the atomic PDF). The magnetic PDF scale
factor is related to the ordered magnetic moment by [59,64,65]

Crae (D)2
m=g ﬁ, (D

Catnmag

where m is the locally ordered magnetic moment in Bohr
magnetons, g is the Landé g-factor (taken to be 2 in this case),
Cmag and Cy are the best-fit scale factors for the magnetic
and atomic PDF components, respectively, (b) is the average
coherent neutron scattering length of the sample, and 7,¢
is the fraction of atoms in the sample with a nonzero mag-
netic moment. We note that this formula assumes that the
magnetic moment vectors when calculating the magnetic PDF
have unit length. Using this conversion factor, we display the
temperature evolution of the ordered moment in Fig. 6(b),
revealing an abrupt, first-order transition around 160 K, as ex-
pected. Previous experiments using various magnetic probes
have indicated that short-range antiferromagnetic correlations
exist in the high-temperature phase [34,38—40], which would
in principle yield a magnetic PDF signal above the transi-
tion. However, we were unable to detect a magnetic signal
above the transition, suggesting it is too weak to be seen
with the current experimental sensitivity. This is unsurprising
given how weak the mPDF signal is even in the ordered
state.

IV. DISCUSSION AND CONCLUSION

The PDF data demonstrate that the structural transition in
V;,03 occurs abruptly and uniformly on short and long length
scales, without any local monoclinic distortions persisting into
the rhombohedral phase. The lack of monoclinic fluctuations
in the rhombohedral phase is in marked contrast to the well-
documented observation of antiferromagnetic fluctuations in
the paramagnetic phase [34,38—40]. This suggests that a con-
tinuous magnetic transition is proximate in parameter space
but is preempted by the first-order structural phase transition.
Such a scenario is further supported by the magnetic PDF
result showing a reduction of the ordered moment with in-
creasing temperature in the insulating state (the expected trend
for a continuous transition) until a discontinuous reduction
of the ordered moment to zero occurs at the structural phase
transition. Thus, the spin d.o.f. is active above the transition,
in contrast to the lattice d.o.f. These observations indicate
that the spin channel is likely to be more relevant than the
lattice channel for the physics of the MIT in V,03, con-
sistent with recent theoretical and experimental work [40].
In this scenario, the structural transition would result from
the modifications of the atomic binding forces caused by
the localization of the electron wave functions in the low-
temperature insulating phase [40]. The Mott localized state
leads to an expansion of the lattice (realized by the mono-
clinic distortion), since this decreases the electronic overlap
integrals and thereby lowers the Coulomb repulsion. This
is also observed in the paramagnetic metal to paramagnetic
insulator phase transition of Cr-doped V,0s3, in which the
crystallographic symmetry remains unchanged, but the lattice
expands abruptly in a first-order transition [4].

We note that the lack of short-range monoclinic distortions
in the rhombohedral phase reported here differs from two
previous EXAFS studies of V,03 that reported monoclinic
distortions of the local structure above the MIT [41,42]. We
comment on possible explanations for this discrepancy. First,
the reported observation of short-range monoclinic distortions
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in Ref. [42] occurs inside a narrow temperature window ex-
tending ~10 K above the long-range transition. Given the
observation of phase-separated regions of rhombohedral and
monoclinic crystal structures in a finite temperature window
as established in this study and others [33,34], it seems plau-
sible that this earlier EXAFS study was simply detecting this
narrow temperature window of coexisting phases. Second,
sample-dependent variations of the stoichiometry could also
be responsible for the discrepancy. The sample of V,03 used
in Ref. [42] was known to be deficient in vanadium, resulting
in a reduction of the MIT temperature by ~15 K compared to
ideal samples, whereas the sample in the current study shows
no such reduction in transition temperature. The structural
defects introduced by vanadium vacancies could potentially
stabilize regions of local monoclinic symmetry above the tran-
sition. Further studies of this possibility would be interesting
to pursue. This may also be the case in Ref. [41], where it is
reported that attempts were made to improve the stoichiome-
try during the synthesis process, but further details were not
provided.
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