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High-Pressure Melting of Molybdenum
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The melting curve of the body-centered cubic (bcc) phase of Mo has been determined for a wide
pressure range using both direct ab initio molecular dynamics simulations of melting as well as a
phenomenological theory of melting. These two methods show very good agreement. The simulations
are based on density functional theory within the generalized gradient approximation. Our calculated
equation of state of bcc Mo is in excellent agreement with experimental data. However, our melting
curve is substantially higher than the one determined in diamond anvil cell experiments up to a pressure
of 100 GPa. An explanation is suggested for this discrepancy.
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melting curve, we first investigate their reliability by
calculating Mo ground-state properties.

128 atoms arranged initially in an ideal bcc lattice.
These volumes correspond to P of roughly 0, 1, 2, and
Properties of Mo have been extensively studied both
experimentally [1–10] and theoretically [11–21]. Experi-
mentally, it has been established that Mo is stable in a bcc
structure up to the pressure (P) of at least 560 GPa at room
temperature (T) [8], and that it melts at T of 2896 K at
P � 1 bar [22]. Shock-wave measurements show that the
Hugoniot first crosses a phase boundary at P � 200 GPa
at an estimated T � 4100 K, and that it crosses a second
phase boundary at P � 372 GPa at an estimated T �
10 000 K [5]. Theoretical studies have been concerned
primarily with Mo ground-state properties, apart from
a few studies of high-P melting and solid-solid phase
transitions [12,15]. Early papers [12,16] suggested that
at T � 0 Mo is stable in the bcc structure up to P �
3:1 Mbar [12], where Mo transforms to a hexagonal
close-packed (hcp) structure, and then at P � 4:5 Mbar
to a face-centered close-packed (fcc) structure. Recent
papers [18,19] suggest that at T � 0 the Mo hcp phase of
Mo is not stable, and that bcc Mo transforms directly to
the fcc phase at P * 7 Mbar. Recently, Errandonea et al.
[10] conducted the first diamond anvil cell (DAC) experi-
ments to measure melting temperatures (Tm) of Mo to
100 GPa. The measured melting curve is in disagreement
with shock-wave experiments [5,7]. While the DAC ex-
periments showed that Tm varies from 2900 to 3100 K in
the P interval 0–100 GPa, the Tm of Mo on the basis of
shock-wave experiments was estimated to be around
10 000 K at P � 372 GPa. This dramatic difference re-
quires an explanation.

Here we determine the melting curve of Mo over a wide
range of P by (i) ab initio molecular dynamics (AIMD)
simulations and (ii) a phenomenological theory of melt-
ing. Before carrying out the AIMD calculations of the
0031-9007=04=92(19)=195701(4)$22.50 
The calculations were done with the Vienna ab initio
simulation package (VASP) [23,24]. Mo in the bcc, fcc,
hcp, A15, and ! structures was studied in the frame-
work of a full-potential frozen-core all-electron pro-
jected augmented wave method, with ionic relaxations
taken into account. Semicore 3p states were treated as
valence states. The energy cutoff was set to 224.6 eV.
Exchange and correlation effects were treated in the
framework of the generalized gradient approximation
[25]. The integration over the Brillouin zone was done
on special k points [26]. All necessary convergence tests
were performed, and generally the required total energy
convergence (0:2 mRy=atom) was reached for 20 to 770 k
points in the irreducible wedge of the Brillouin zone,
depending on the structure and total number of atoms.

The calculated T � 0 K Mo equation of state [Fig. 1(a)]
is in very good agreement with experiment [6]. Mo is
stable in the bcc structure at T � 0 up to 720 GPa where it
transforms to the fcc phase [Fig. 1(b)]. This result is in
perfect agreement with recent investigations [19].

Experimental data on the melting curve of Mo are
rather scarce. There are two direct measurements of the
Mo melting curve, the first to 9 GPa [2], and another to
nearly 100 GPa (Fig. 2) [10]. The slope at the origin of
the melting curve of Ref. [2], 8 K=GPa, does not agree
with that obtained from isobaric-heating measurements
of �H (enthalpy) and �V (volume) across the melting
transition, 34� 6 K=GPa [3], though the uncertainties in
Ref. [2] are large enough to accommodate the latter value
for the slope.

We conducted our AIMD simulations in an NVE (N,
number of particles; E, energy) ensemble at four volumes
(V � 15:48, 12.19, 10.98, and 9:84 �A3=atom) and N �
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FIG. 2. Data and theory on the phases of Mo as a function of
P and T. The solid curve is our theoretical melting curve for
Mo [Eq. (4)]. Open circles indicate P and T at which Mo
remained in the bcc phase during our AIMD runs, while solid
circles indicate P and T where bcc Mo melted. Open squares
are melting data obtained by the DAC technique [10]. The
crosses are data from shock-wave experiments [5]. The cross
at P � 200 GPa indicates a solid-solid transition, and the cross
at P � 372 GPa corresponds to melting; the temperatures were
estimated on the basis of theoretical calculations. The solid
curve with diamonds is another theoretical prediction [12].
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FIG. 3. Calculated radial distribution functions (RDF) of Mo
at V � 15:48 �A3=atom (circles) and V � 10:98 �A3=atom (dia-
monds). Open symbols designate RDFs of bcc Mo and filled
symbols designate liquid RDFs.
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FIG. 1. (a) Calculated P as a function of compression of
Mo phases compared to experiment [6] (Vexp

0 � 15:576, Vbcc
0 �

16:192, Vfcc
0 �16:190, and Vhcp

0 �16:197 �A3=atom). (b) En-
thalpy differences as a function of P (negative sign means
higher stability) between fcc and other phases of Mo as
indicated in the legend.
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3 Mbar at T � 0, respectively. At these volumes, we
performed AIMD simulations at a number of T. We
used a time step (
) of 2 fs at the larger V and 1 fs at
smaller volumes. One thousand 
 was used for equilibra-
tion, during which velocities were scaled to the desired T
every 5
. Subsequently, the system evolved indepen-
dently. With increasing T, we observed a discontinuous
change of P, energy, and structure (Fig. 3). Close exami-
nation of the structural changes, as well as a dramatic
increase in atomic mobility, confirmed that this discon-
tinuous behavior is due to melting. The results of our
AIMD simulations are presented in Fig. 2.

A theoretical melting curve of Mo can be constructed
from the dislocation-mediated melting model [27–29]. In
this theory, the dimensionless ratio

��Vm� �
G�Vm; Tm�Vm��Vm

kBTm�Vm�
(1)

is a weak function of Vm, the solid V at melting. In what
follows, we use density � rather than V; for Mo, � �
1 g cm�3 corresponds to V � 159:32 �A3=atom. In Eq. (1)
G is the shear modulus, which depends on both � and T.
At fixed density, its T dependence is given in the Preston-
195701-2
Wallace model [28] as

G��; T� � G��; 0�
�
1� �

T
Tm���

�
: (2)

Here � is a constant, determined from G��m; Tm��m�� �
G��m; 0��1� ��, where �m is the melting point density at
P � 0. We use the following values for Mo:
�0���T � 0; P � 0� � 10:25 g cm�3, �m���T�Tm�
2896K;P�0��9:56 gcm�3 [22], G�T � 0; P � 0� �
128:2 GPa, and G�T � Tm; P � 0� � 76:7 GPa. The lat-
ter two values come from a very accurate fit to zero-P
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experimental data on G (to 1000 K) [1] of the form
G�T;P�0��128:2�1:86�10�2T expf�128:8=Tg. We
also use the linear form G��;0��G��0;0�
G0��0;0��
����0� with G0��0; 0� � 40:5 GPa=�g cm�3�, which very
accurately describes the results of ab initio electronic
structure calculations to a density �25 g cm�3 (compres-
sions �2:5� [18]. This form gives G�9:56 g cm�3; 0� �
100:3 GPa, and then, with G�9:56 g cm�3; 2896 K� �
76:7 GPa, we find � � 0:235, close to the ‘‘canonical’’
value of 0.23 [28].

The value of � at �m is 32.0 for Mo. With increasing
compression, � must eventually approach a value of ap-
proximately 15 [29]. This value of � is realized in the
compression range 102 to 104 [30]. Hence ���� is indeed a
very weak function of � as its value varies only by a
factor of about 2 over 2–4 decades of compression. For
Mo, we model ���� as a simple power form: ���� � 15

17 ��m=��

q; q > 0. Assuming that � varies uniformly
with density, i.e., by a factor of roughly 1.5 over 1–2
decades of compression, we obtain 0:2 & q & 0:4; i.e.,
q � 0:3� 0:1. With all the necessary ingredients in
place, we finally obtain the theoretical Mo melting curve
based on the dislocation-mediated melting model

Tm��� �
8837 
128:2
 40:5 ��� 10:25��

�
15
 17 �9:56=��q�
;

q � 0:3� 0:1:
(3)

We expect this relation to be valid up to densities of at
least 25 g cm�3 (P� 11:5 Mbar [18]), a range over which
the use of a linear form for the Mo shear modulus is
validated by [18].

The Tm as a function of P is now obtained by choos-
ing the 21 density points from 9.5 to 19.5 (in g cm�3) in
increments of 0.5, and calculating the corresponding P
based on Tm from Eq. (3) and the thermal equation of
state of Mo from Ref. [31] (the highest density chosen,
19:5 g cm�3, corresponds to P � 9:7 Mbar). The well-
known Simon functional form a �1
 bP�c is then fit
to the resulting 21 (P; Tm) points with the final result (P
in GPa)

Tm�P� � 2896

�
1


P
18:6

�
0:26

; 0 � P � 1000: (4)

For Eq. (4), the slope at the origin is 40:5 K=GPa, con-
sistent with Ref. [3]. This melting curve [Eq. (4)], along
with the AIMD melting data, is shown in Fig. 2 and
compared to previous data.

The discontinuous changes in Mo properties observed
in our simulations occur at T higher than the theoretical
Tm, a phenomenon known as overheating. The degree of
overheating is rather small, about 10% of Tm at P around
zero, and 15%–25% of Tm at higher P. This empirical
observation is based on molecular dynamic (MD) simu-
lations for a number of materials [32–35]. As a specific
example, we carried out MD calculations of the over-
heating in iron with all simulation parameters (N, 
,
195701-3
equilibration time, etc.) exactly the same as for Mo. The
volume was chosen to provide a P of about 3.7 Mbar;
P � 3 Mbar for the present study of Mo. By comparing
to the Tm at this P [34], the overheating in Fe is estimated
to be about 20%. Since overheating increases with P
[32,33,35], we conclude that the overheating in Mo at
3 Mbar does not exceed 20%. This gives us very good
agreement between our AIMD results and the theoretical
melting curve (4). Overheating also depends on N. This
dependence is rather strong at N below approximately 100,
but quickly flattens at larger N [33]. Since N � 128 in our
AIMD simulations, the size effect is small.

Normally, the difference between the heights of the
first peaks of the solid and liquid radial distribution
functions (RDFs) is nearly constant along the melting
curve [36]. But from Fig. 3 we notice that this difference
is substantially greater at higher P, because the height of
the first peak of the liquid RDF at higher P is much lower
than at lower P. This is typical for liquid RDFs calculated
at T substantially higher than Tm. This implies that the
overheating in our simulations increases with P, which is
consistent with our experience [32–34]. We conclude that
the T (7096 K) at which the high-P (�2 Mbar) liquid
RDF was calculated is higher than the Tm. This conclu-
sion is consistent with our theoretical melt curve (4)
shown in Fig. 2.

The coordination number (CN) of a Mo atom at T &

Tm is equal to 14, which implies that in our AIMD
simulations Mo melts from the bcc phase chosen initially.
This does not necessarily mean, however, that the bcc
phase of Mo is stable at high T. Our calculations indicate
that the CN of liquid Mo is close to 12, which suggests
that the liquid short-range order is similar to that of
close-packed structures. Therefore, a close-packed solid
phase might become stable at high T.

We now resolve the differences between our results on
the melting and solid phase stability of Mo and the exist-
ing experimental data [5,7,10] and earlier theory [15]. The
Tm estimated from the shock-wave experiment [5],
namely, 10 000 K at a P of 372 GPa, is likely overesti-
mated. This Tm is consistent with the theoretical melting
curve of Ref. [15] (Fig. 2), which is already about 600 K
higher than the experimental value (2896 K) at zero P.
The T of the solid-solid phase transition at 2 Mbar (Fig. 2)
is likely to be overestimated in the same proportion. This
would bring the T of the solid-solid transition down from
the 4100 K of Ref. [5] to around 3000 K. Note that this T
is consistent with the DAC melting curve of Ref. [10].

While the shock-wave data [5,7] and theory [15] can be
easily reconciled with our AIMD data (Fig. 2), the DAC
melting curve [10] is considerably different. The DAC
experiments [10] did not determine the structure of the
emerging phase, and because of the close proximity of the
T obtained by extrapolation of the DAC melting curve to
2 Mbar, namely, 3300 K, and the solid-solid transition T
at 2 Mbar, around 3000 K, deduced from shock-wave
data [5,7], we suggest that the DAC melting curve is in
195701-3



P H Y S I C A L R E V I E W L E T T E R S week ending
14 MAY 2004VOLUME 92, NUMBER 19
fact a solid-solid phase boundary. The possibility of mis-
interpreting a solid-solid phase transition as melting [37]
was recently demonstrated [38]. Our suggestion is also
consistent with the tentative Mo phase diagram of
Moriarty [12].

However, the structure of the emerging high-T
solid phase remains unknown. We performed density-
functional theory (DFT) calculations, trying to find pos-
sible solid-solid phase transitions in Mo at P and T in the
range 2–10 Mbar and 300–6000 K. The goal was to check
if the phase transition from bcc to fcc could be shifted to
lower P by increasing T. The Helmholtz free energy was
calculated from phonon frequencies. We have found that
the P of the bcc to fcc transition increases with T.
Therefore, we can exclude fcc as the high-T phase at a
P of 2 Mbar. We have also performed NVE AIMD simu-
lations of the A15 [12] phase at V � 10:98 �A3=atom and
T � 6000 K. We found that the A15 phase becomes un-
stable at this T and transforms to liquid. Since bcc Mo
does not melt at the same V and T (Fig. 2), we conclude
that the A15 phase is likely to be less stable than the bcc
phase. Therefore, the solid-solid phase transition ob-
served in shock-wave experiments [5] is not a bcc-fcc
transition, and does not seem to be a bcc-A15 transition.

To conclude, we obtained Tm of the Mo bcc phase by
DFT-based AIMD in the Born-Oppenheimer approxima-
tion. The temperatures are in good agreement with those
obtained in the dislocation-mediated melting model [27].
The difference between the DAC data [10] and the melt-
ing curve in this work is alarming. Assuming that both
the DAC technique and DFT are correctly applied, either
the DAC technique based on the visual observation of an
emerging phase leads to an erroneous conclusion or the
AIMD method that we use fails. Since we do not see any
clear reason why our method should fail, and since the
structure of the emerging phase in the DAC experiments
was not determined, we suggest that in the Mo DAC
experiments of Ref. [10] a solid-solid transition was mis-
interpreted as melting. Experiments to determine the
high-T structure must be carried out to resolve this issue.
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