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We have studied the high-pressure compression behavior of molybdenum up to 60 GPa by synchrotron radial x-ray
diffraction (RXRD) in a diamond anvil cell (DAC). It is found that all diffraction peaks of molybdenum undergo a split at
around 27 GPa, and we believe that a phase transition from a body-centered cubic structure to a rhombohedral structure at
room pressure has occurred. The slope of pressure—volume curve shows continuity before and after this phase transition,
when fitting the pressure—volume curves of the body-centered cubic structure at low pressure and the rhombohedral structure
at high pressure. A bulk modulus of 261.3 (2.7) GPa and a first-order derivative of the bulk modulus of 4.15 (0.14) are
obtained by using the nonhydrostatic compression data at the angle y = 54.7° between the diffracting plane normal and

stress axis.

Keywords: molybdenum, high pressure, phase transition, radial x-ray diffraction, diamond anvil cell

PACS: 61.05.cp, 07.35.+k, 64.30.Ef, 64.70.kd

Transition metal molybdenum is a common pressure scale
used in high-pressure physics, and its equation of state (EOS)
is widely used for pressure calibration in diamond anvil cell
(DAC) experiments. However, since the 1990s, experimental
and theoretical calculations have found that the possible phase
transition of molybdenum at high pressures has been contro-
versial. Therefore, studying the phase transition of molybde-
num at high pressures can contribute to a better understanding
of the high-pressure physical properties of d-electron transi-
tion metals.

Hixson et al.l'l experimentally measured the Hugo-
niot sound velocity of molybdenum and found an inflec-
tion near 210 GPa pressure, suggesting that the solid-solid
phase transition of molybdenum occurred before the impact
melting, but the subsequent results of static and high pres-

(231 did not support this assertion. Mean-

sure experiments
while, Moriarty!*! and Boettger et al.l>! and Belonoshko et
al.'®! computationally studied the phase stability of the body-
centered cubic (bcc), face-centered cubic (fcc), and dense-row
hexagonal (hcp) structures of molybdenum based on the first
principles, and their results did not support a phase transition
near 210 GPa. Cazorla et al.!”! performed calculations after
considering anharmonic effects and showed that the fcc and
hcp high-temperature phases of molybdenum are not more
stable than the bcc phase in the range of 0—600 GPa. Wang

et al.'® explored the high-pressure stable structure of molyb-

TCorresponding author. E-mail: 1094129778 @qq.com
#Corresponding author. E-mail: duanweihe @scu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac673a

denum based on a particle swarm optimization algorithm and
predicted the bcc—dhcp phase transition at 660 GPa at zero
temperature. Zhao et al.®! used the generalized gradient ap-
proximation (GGA) to calculate the total energy and enthalpy
of molybdenum at different volumes for body-centered cu-
bic (bcc) and double-layer dense hexagonal (dhcp) structures
within the framework of the DFT of the plane wave pseudopo-
tential, and the calculated isothermal compression lines were
in good agreement with the previous calculations. The phase
transition of the structure bcc—dhcp near 620 GPa pressure is
predicted by making a difference in the enthalpy values. Based
on the results of the phonon spectra, it can be seen that the bec
structure may change to the dhcp or 9R structure at high pres-
sure. The calculation of the mechanical stability further shows
that dhcp-Mo is a stable phase at 620 GPa.

In order to investigate the presence of phase transi-
tion metal molybdenum at high pressure, we studied it in a
DAC with synchrotron radial x-ray diffraction (RXRD) up to
60 GPa. In order to clarify the structure after the phase tran-
sition, we searched for some possible structures by theoretical
calculations using the density functional theory (DFT).

The crystal structure of molybdenum at room temperature
and room pressure is a body-centered cubic structure. The
space group is Im-3m. The molybdenum samples for high-
pressure RXRD experiments were purchased from Alfa Ae-
sar (99.9% purity) and have cell parameters of a = b =c =
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5.5942(0.0021) A and & = B = y = 90°, respectively. We per-
formed RXRD experiments using a two-fold panoramic DAC
with a culet diameter of 300 um to study the compression be-
havior of molybdenum under differential stress compression.
A beryllium (Be) gasket was firstly precompressed to approxi-
mately 20 GPa, at which pressure the thickness was ~ 25 um.
A 60 pum diameter hole was then drilled in the middle of the
indentation. A ruby chip of ~ 10 um diameter was placed at
the center above the sample chip as the pressure standard. 1]
In order to generate a large differential stress, we did not add
a pressure transmission medium. The DAC was tilted to an
angle of 28° to minimize the effect of the diffraction peaks of
the Be gasket on the diffraction signal of the sample.

The in situ high-pressure RXRD experiments were con-
ducted at the Beijing Synchrotron Radiation Facility (BSRF)
4W2 beam line. The wavelength of synchrotron radiation used
at the beam line is 0.6199 A. The spot size after focusing with
a Kirkpatrick—Baez mirror is 30 umx8 um (FWHM). The
powder diffraction signal (Fig. 1) was received by a Mar345
detector and integrated with Fit2D software!!! (Fig. 2). The
diffraction spectra for each pressure were collected for 20 min-
utes after 30 minutes stress relaxation.

18 GPa . (=
- (022)
S (112)
. /—***«m
=

60 G

(-1-11)(-111)(1-11)
(100)(-110)

Fig. 1. (a) The diffraction pattern of molybdenum recorded on an im-
age plate at 18 GPa under nonhydrostatc compression. The index based
on a bec lattice. (b) The enlarged image of the square area in (a). The
diffraction pattern of molybdenum at 60 GPa. The index based on a
rhombohedral lattice. (d) The enlarged image of the square area in (c).

Integrating the diffraction pattern, we can obtain the d-
spacings for different Akl crystal planes, and then derive the
cell parameters. The maximum pressure of the experiments
is 60 GPa, and the pressure values of the experiments are ob-
tained from the ruby pressure sensor.!'”) We found that the
diffraction peaks of the body-centered cubic structure split at
27 GPa, (011) diffraction peak split as (100) and (-110) peaks,
(002) split as (-1-11), (-111) and (1-11) peaks, (112) split as
(110), (-210) and (-211) peaks, (022) split as (200) and (-220)

peaks, and (013) splits into (1-12) and (2-21) peaks. We be-
lieve that a phase transition from a body-centered cubic struc-
ture to a rhombohedral structure has occurred. Figure 2(a) rep-
resents the diffraction spectra of 12 GPa, 56 GPa, and 5 GPa
(decompression), and Fig. 2(b) represents the RXRD patterns
at pressures near 27 GPa with phase transition of 18 GPa,
27 GPa and 31 GPa.
cubic structure (Im-3m) and the rhombohedral structure (R-

The structures of the body-centered

3m) are shown in the insets in Fig. 2. The rhombohedral
structure can be described as one-atomic cell witha=>b=c¢
and o = 3 = y. Similarly, the one-atom body-centered cu-
bic cell can be described as a special one-atom rhombohe-
dral cell where a = v/3ag, o« = 109.47°, and aq is the cell
parameter of an ordinary 2-atom body-centered cubic cell.
The volume of the rhombohedral unit cell can be expressed as
V =a*(1 —cosa)y/1+2cos aa = v/3agp/2. The phase transi-
tion from the body-centered cubic to the rhombohedral struc-
ture under high pressure corresponds to the displacement de-
formation of the body-centered cubic structure along the diag-
onal [111] on the a; x a; plane.!'? The derived cell parameters
of rhombohedral structure at 27 GPa after phase transition are
a=2.6544(61) A, ¢ = 109.47°, and V = 14.3978(131) A3.

(100) (-110) “ ‘\o‘ | ?%63GPa
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8 (221)
= (-210)  (200) (-220) (1-12)
=
12 GPa
i 4 ) Im-3m
£ 2 L & 1 1 S
15 20 25 30 35
26 (%)
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— —
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Fig. 2. (a) Nonhydrostatic RXRD patterns of molybdenum at 12 GPa,
56 GPa and 5 GPa (decompression). The insets are cubic and rhombo-

hedral structures, respectively. (b) The RXRD patterns at pressures near
27 GPa with phase transition of 18 GPa, 27 GPa and 31 GPa.
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The enlarged diffraction images of (002) and (112) at dif-
ferent pressures are shown in Fig. 3. It can be seen that at low
pressures, the diffraction peaks of molybdenum are always
single peaks and no split occurs. At high pressures, the split-
ting occurs, and the diffraction peak remains split after decom-
pression to low pressure. Conventional axial x-ray diffraction
(XRD) is on the minimum stress direction (¥ = 90°), when
the stress is less than the hydrostatic y = 54.7° direction.[!3]
The result is that the compression curve observed by conven-
tional XRD is distinguished from the compression curve at
hydrostatic pressure. We used RXRD to study the compres-
sion behavior of molybdenum at high pressure and found a
structural phase transition from body-centered cubic to rhom-
bohedral (all diffraction peaks appear splits), but no structural
phase transition was found in the previous axial XRD experi-
ments, possibly because the differential stress of axial XRD is
not sufficient or RXRD can observe diffraction spectra in the
direction of larger differential stress. In the past, although the
axial diffraction pressure was as high as one hundred of GPa,
the ratio of differential stress to confining pressure (ambient
pressure or average pressure) was low because of the pressure
transmission medium. Therefore, no such structural phase
transition was observed. There are many similar phenomena.
For example, hBN can be transformed into wBN under the
action of shear stress (rotational diamond anvil cell, RDAC)
under the confining pressure of about 6.7 GPa. However, con-
ventional DAC experiments may not be able to observe such a
structural phase transition up to 52.8 GPa.['¥l In addition to the
increase of pressure, the high deviatoric stress will also pro-
duce additional thermodynamic driving force, which makes
the possibility of lattice reconstruction to high-pressure phase

and additional atomic transformation path.['4]
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Fig. 3. Enlarged views of diffraction peaks of (002) and (112) at differ-
ent positions of diffraction images at different pressures.

The normalized compression curve for y = 54.7° are
shown in Fig. 4. We fitted the body-centered cubic struc-

ture and the rhombohedral structure before and after 27 GPa,
respectively. The derived bulk modulus is 260.6 (0.9) GPa
and 260.4 (3.8) GPa, respectively. From Fig. 4, it can be
seen that the volumes of the rhombohedral structure and the
volume of the body-centered cube are continuous at differ-
ent pressures, indicating that the phase transition may be re-
lated to the softening of the Cy4 triangular elastic tensor,
which originates from a combination of Fermi surface nesting,
band Jahn-Teller distortion and electronic topological tran-
sition combination.!!'3! Fitting both the body-centered cubic
structure data and the rhombohedral structure data, we ob-
tained a bulk modulus of 261.3 (2.7) GPa with its first-order
derivative as 4.15 (0.14).

16.0

® Present work, cubic, ¢ = 54.7°
B Present work, rhomohedral, ¢ =54.7° |
— Present work, fitting curve

15.5

15.01

14.51

14.01

Cell volume (A3)

13.51

13.01 1

0 10 20 30 40 50 60 70
Pressure (GPa)

Fig. 4. Pressure—volume compression curve for molybdenum. The line
represents the results of fitting by the third-order Birch—-Murnaghan
EOS for both body-centered cubic structure and the rhombohedral
structure.

In summary, we have studied the compression behavior
of molybdenum to 60 GPa in a nonhydrostatic environment in
a diamond anvil cell using RXRD. We found that the all of
the diffraction peaks of molybdenum split at 27 GPa, and we
believed that molybdenum undergoes a structural phase tran-
sition from a body-centered cubic structure to a rhombohe-
dral structure. DFT calculations revealed that the rhombohe-
dral structure is most stable structure at high pressures. The
transition could be associated with a soft-mode phonon in-
duced Cy4 instability that originates from the Fermi surface
nesting, band Jahn—Teller distortion and electronic topologi-
cal transition combination. We fitted the pressure-volume data
of both of the body-centered cubic structure and the rhombo-
hedral structure to obtain their bulk modulus and its first-order
derivative as 261.3 (2.7) GPa and 4.15 (0.14), respectively.
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