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Structural Phase Transition of Vanadium at 69 GPa
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A phase transition was observed at 63—69 GPa and room temperature in vanadium with synchrotron
x-ray diffraction. The transition is characterized as a rhombohedral lattice distortion of the body-centered-
cubic vanadium without a discontinuity in the pressure-volume data, thus representing a novel type of
transition that has never been observed in elements. Instead of driven by the conventional s-d electronic
transition mechanism, the phase transition could be associated with the softening of Cy trigonal elasticity
tensor that originates from the combination of Fermi surface nesting, band Jahn-Teller distortion, and

electronic topological transition.

DOI: 10.1103/PhysRevLett.98.085502

Elucidating the structural stability trends and the under-
lying mechanisms in elemental metals is a fundamental
topic in condensed matter physics. Of particular interest
are the transition metals that exhibit the hcp (hexagonal
close packed)-bcc (body centered cubic)-hcp-fcc (face
centered cubic) sequence of structures with increasing
either atomic number or pressure. The driving force behind
such structural variations is typically attributed to the in-
creasing d-band filling with increasing atomic numbers [1-
3] or the pressure-induced s-d electronic transitions [4,5].
According to the structural sequence, the vanadium group
metals (V, Nb, and Ta) are commonly predicted to be stable
in the bec structure up to at least a couple of hundred GPa
[1-5]. As no structural change has been reported so far [6],
they now become standard examples demonstrating the
success of applying first principles calculations for struc-
tural stability of elemental metals. However, the latest
lattice dynamics calculations, aimed at understanding the
T, anomaly in vanadium around 120 GPa [7], suggested a
possible shear instability due to phonon softening in vana-
dium [8,9]. This prediction prompted our interest to rein-
vestigate the structural transition of vanadium under high
pressure.

Using diamond-anvil cell and synchrotron x-ray diffrac-
tion techniques, we report in this Letter for the first time the
observation of a transition from bcc to a rhombohedral
phase in vanadium at 69 GPa. The vanadium sample dis-
plays the characteristics of a second-order phase transition
across which the pressure dependences of lattice parame-
ters are continuous, but their slopes are discontinuous. This
form of transition has never been reported in any transition
metal or other pure element, and represents an entirely
different trend from previous reports. Moreover, the dis-
covery reveals that electronic structure features other than
the s-d transition, such as Fermi surface nesting and elec-
tronic topological transition, could be the origin of struc-
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ture variations, and provides essential information for
proper reevaluation of the 7, anomaly at 120 GPa which
occurs in the new phase rather than the simple bcc
vanadium.

A Mao-type symmetric diamond-anvil cell with two
beveled diamond anvils (80 um central flat beveled at 8°
angle from the 400 wm culet) was used to preindent the Re
gasket from the original thickness of 250 um to 20 um
central thickness. A 50 wm diameter hole was drilled at the
center of the gasket to form the sample chamber. Powder
vanadium sample (purity 99.99% from Alfa Aesar) was
loaded in the sample chamber without a pressure medium.
A 3-5 pm platinum powder chip used as the pressure
standard was added to a quadrant of the sample area.
High-pressure angle-dispersive diffraction experiments
were performed at 16ID-B station of the HPCAT Sector,
Advanced Photon Source, Argonne National Laboratory.
The monochromatic x-ray beam, operated at 29.21 and
30.87 keV, was focused to ~20 pwm in diameter at the
sample position. The small beam was used to select spe-
cific sample areas. Areas that only contained pure vana-
dium diffraction pattern (e.g., Fig. 1) were used for clear
identification of phase transition without possible compli-
cations from the Pt and Re diffraction, and areas that
contained both vanadium and Pt were used for pressure
determination and confirmation of the vanadium diffrac-
tion. Pressure was determined from the equation of state of
platinum [10,11] based on three diffraction lines: 111, 200,
and 220. The uncertainty in d-spacing measurements was
estimated to be less than 0.007 A, which corresponded to
4-5 GPa uncertainty around 100 GPa. The diffraction
patterns were collected using a MAR345 image plate
(pixel size 100 X 100 um?), and the exposure time was
typically 30—600 s. The two-dimensional diffraction rings
on the image plate (Fig. 1) were integrated with the FIT2D
program [12] to produce diffraction patterns of intensity
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FIG. 1. (a) The diffraction pattern of vanadium recorded on an
image plate at 65 GPa under nonhydrostatic conditions. The
indexing is based on a bcc lattice. (b) The enlarged image of the
shadowed area in (a). (c) The diffraction pattern of vanadium at
155 GPa. (d) The enlarged image of the shadow area in (c).

versus 26 (Fig. 2), and the lattice parameters were obtained
from the refinement of diffraction patterns with the GSAS
program [13].

Experiments were carried out up to 155 GPa. Vanadium
remained in the bcc structure until the 110 and 220 peaks
split above 65 GPa, whereas the 200 diffraction stayed as a
single sharp line up to the maximum pressure (Fig. 1). The
changes evinced a transition from cubic to a rhombohedral
lattice due to the elongation or contraction of a unit-cell
body diagonal [111] relative to the other three body diag-
onals, similar to the B2-R phase transformation discovered
in NiTi alloys [14]. Figure 2 shows the diffraction patterns
of vanadium at 65, 90, and 155 GPa. The transformation
from the bec structure (/m3m) into a thomboheral structure
(R3m) is illustrated by the insets in Fig. 2(b). The cubic
unit cell with lattice parameter a, can also be represented
by a rhombohedral unit cell with lattice parameter ay and

«; the two unit cells are related by ap = */gac and a =
109.47°. When o« deviated from 109.47°, the symmetry
was reduced from cubic to rhombohedral. The cubic 110
diffraction peak was no longer degenerate but split into
rhombohedral 011 and 100, and the cubic 211 split into
rhombohedral 210, 211, and 110. The rhombohedral «
angle could thus be calculated from the splitting of the
cubic 110 and 211 diffraction lines as shown in the insets in
Fig. 2(c).

In order to eliminate the possibility of anisotropic broad-
ening due to strong uniaxial stress [15], we performed an
additional quasihydrostatic experiment to 76 GPa on vana-
dium powder sample using helium as pressure transmission
medium [16]. As shown in Fig. 3 in the quasihydrostatic
experiment above the transition pressure, the 110, 211, and
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FIG. 2 (color online). Nonhydrostatic x-ray diffraction pat-
terns of vanadium at (a) 65 GPa, (b) 90 GPa, and (c) 155 GPa.
The inset in (b) demonstrates the transformation of vanadium
from cubic to the rhombohedral structure. The insets in (c)
demonstrate the resolved splitting peaks according to refinement
of rhombohedral structure model. E denotes the energy of x-ray
photon used for diffraction.

220 reflections also split, whereas 200 remained as a single
sharp peak, thus unambiguously confirming the phase
transition from cubic to rhombohedral lattice.

Takermura studied x-ray diffraction of vanadium up to
154 GPa [6]. Although he did not claim any structural
transition, the diffraction pattern of vanadium in his report
at 154 GPa indeed showed a very broad 110 peak, a
shoulder on the low angle side, and a sharp 200 peak that
are consistent with the present conclusion of a bcc-
rhombohedral transition.

The phase transition displayed a lattice distortion with-
out a discontinuity in the pressure-volume plot [Fig. 4(a)],
thus characterizing a second-order displacive phase tran-
sition. For example, for the nonhydrostatic series, the
deviation of « from 109.47° (cubic) at 65 GPa to
109.65° at 90 GPa, and to 109.82° at 155 GPa provides a
direct measurement of symmetry breaking strain. The tran-
sition pressure was analyzed based on Landau theory, in
which the order parameter (Q) was defined as (a/ ) — 1,
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73 GPa

FIG. 3. The diffraction pattern of vanadium at 73 GPa under
quasihydrostatic conditions recorded on an image plate. The
diffraction rings are spotty because the sample grinding was
minimized in order to avoid the introduction of residual strain.
From inside outward, the four rings are originally 110, 200, 211,
and 220 reflections of the cubic phase. Insets are zoomed images
showing the splitting of 110, 211, and 220 rings after rhombo-
hedral transition.

where a is 109.47° for the cubic phase. (Q)? is propor-
tional to spontaneous lattice strain [17]. The transition
pressures P., obtained by fitting the equation (Q) =
C(P — P,)'/2, where C is a constant, are determined to
be 69(1) GPa for nonhydrostatic and 63(1) GPa for
quasihydrostatic experiments [Fig. 4(b)]. The bulk moduli
obtained from nonhydrostatic and quasihydrostatic experi-
ments are K, = 195(3) GPa with K|, = 3.5(2) and K, =
158(1) GPa with Kj, = 3.9(2) [Fig. 4(a)], respectively, by
fitting the 3rd order Birch-Murnaghan equation of the state
to the pressure-volume data of bcc vanadium [Fig. 4(a)].
The quasihydrostatic results in our experiments agree well
with K, = 162(5) GPa and K|, = 3.5(5) from quasihydro-
static experiments by Takermura [6]. Our nonhydrostatic
data points shift to slightly higher pressure side of the
quasihydrostatic data points; this agrees with the well
documented effect of nonhydrostaticity in high-pressure
literatures (for example, Ref. [18]).

It is known that vanadium group metals display Kohn
anomalies [19,20] in the transverse acoustic phonon branch
along the [ £00] direction, and the anomaly at & = 1/4 was
predicted to soften under high pressure and eventually
become imaginary at 130 GPa [8] (but the mechanism of
softening was not discussed by the authors). This mode is
related to the shear elasticity tensor by Cy = w?p/K?,
where w, p, and K are phonon frequency, density, and
phonon wave vector, in the long wavelength limit, and Cyy
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FIG. 4. (a) The pressure-volume data of vanadium. The lines

represent the fitted results using 3rd order Birch-Murnaghan
equation of state. (b) The plot of order parameter (Q), defined
as (a/ag) — 1 where ay = 109.47°, vs pressure. The phase
transition pressures determined from nonhydrostatic and quasi-
hydrostatic experiments are 69(1) GPa and 63(1) GPa, respec-
tively, using equation {Q) = C(P — P,)'/2.

is associated with a trigonal distortion of the cubic lattice.
Consequently, the pressure-induced rhombohedral transi-
tion in vanadium could be triggered by the C,, instability
due to the phonon softening.

The d-band filling via s-d transition is typically regarded
as a major driving force behind the pressure-induced struc-
ture transitions in transition metals. However, it is unlikely
that the Cy44 softening in vanadium is driven by s-d tran-
sition. For instance, chromium (3d°4s') with two more
electrons in the d band than vanadium (3d4s?) shows no
softening but stiffening of Cyy (C44 of vanadium is 43 GPa
[21], while that of chromium is 100 GPa [22]). Therefore,
other mechanisms must be considered.

Very recent ab initio calculations on bcc vanadium by
Landa et al., employing full-potential linear muffin-tin
orbitals (FPLMTO) [23] and exact muffin-tin orbital cal-
culations (EMTO) [9] methods, show that C,4 reaches a
maximum and softens at pressures above 60 GPa and drops
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to zero at 120 (FPLMTO) to 180 GPa(EMTO). According
to these calculations [9,23], the Kohn anomaly at £ = 1/4
along [ £00] in the transverse acoustic phonon mode was a
consequence of Fermi surface nesting in the third band.
Upon compression, the nesting vector ¢, = 0.487/a de-
creased and the effect of the Kohn anomaly on C,4 in-
creased. When ¢,, became zero, a minimum appeared in the
shear elastic constant Cyy due to an electronic topological
transition in third band. Meanwhile, the pressure-induced
s-d transition also introduced band Jahn-Teller effects on
Cy44 softening, but this effect was secondary to those of
Fermi surface nesting and electronic topological transition
[9]. The physical meaning of the predicted trigonal elas-
ticity tensor C,4 instability at 120—180 GPa is an upper
limit, above which a finite shear would lead to infinitely
large strain in the bec vanadium and cause the collapse of
the structure; a phase transition must occur before reaching
this limit. Our experimental observation of the rhombohe-
dral transition at 63—69 GPa is consistent with the pre-
dicted upper limit.

In summary, a phase transition of vanadium from bcc to
a rhombohedral structure was observed at 63—69 GPa, as
indicated by the splitting of diffraction lines 110 and 211 of
the bcec vanadium. The transition displayed second-order
characteristics, without discontinuity in the pressure-
volume curve. The transition could be associated with a
soft-mode phonon induced Cy4 instability that originates
from the Fermi surface nesting. The occurrence of the
rhombohedral structure in vanadium indicated that elec-
tronic structure features other than s-d transition, such
Fermi surface nesting, electronic transitions, and band
John-Teller effects could be also important driving forces
to induce the structure transitions and in turn result in the
deviations from the hcp-bee-hep-fee structural sequence.
In addition, the bce-rhombohedral transition in vanadium
provides essential information for proper reevaluation of
the 7. anomaly at 120 GPa.
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