
Melting of transition metals at high pressure and the influence of liquid frustration:
The early metals Ta and Mo

Marvin Ross,1 Daniel Errandonea,2 and Reinhard Boehler3

1Lawrence Livermore National Laboratory, University of California, Livermore, California 94551, USA
2Departmento de Fisica Aplicada-ICMUV, Universitat de València, Edificio de Investigación, c/Dr. Moliner 50,

46100 Burjassot (Valencia), Spain
3Max Planck Institut für Chemie, Postfach 3060, D-55020 Mainz, Germany

�Received 17 July 2007; published 27 November 2007�

In this second report, we focus attention on the role that frustration plays in the melting curves of the early
transition metals. Of particular interest are Mo and Ta. This is partly because these metals have nearly
half-filled d bands implying that a maximum Jahn-Teller distortion is responsible for a high level of liquid
frustration leading to melting slopes that are among the lowest observed for transition metals, and partly to
resolve an apparent discrepancy between diamond-anvil cell and shockwave-melting measurements. Since the
two sets of measurements are nonoverlapping, they are highly complementary, leading to a phase diagram for
the two metals that resolves these discrepancies, without challenging the credibility of either set of
measurements.
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I. INTRODUCTION

In the preceding paper,1 it was shown that the melting
temperatures of the late transition metals Ni and Fe are low-
ered significantly by the presence in the liquid of energeti-
cally preferred local structures, or geometric frustration, and
attributed to a Peierls–Jahn-Teller �PJT� distortion.2,3 In con-
trast to the late transition metals, all the d electrons of early
transition metals are bonding, allowing for a higher degree of
hybridization, stronger directional d-orbital bonding, and a
stronger PJT distortion. This leads to a higher concentration
of preferred local structures and a greater influence on the
melting. The melting measurements of the early metals4,5 are
plotted in Fig. 1. The very flat character of the melting
curves is notable, and experimentally reproducible.

The PJT distortion is optimal in the case of the metals Mo
and Ta, with nearly half-filled bands where the distortion
lowers the energy of the occupied bonding states while the
unoccupied antibonding states are raised in energy thus
forming a narrow band gap. As a result, the measured melt-
ing slopes increase sharply for metals that have more than
five d-valence electrons. This is clearly illustrated by the
early and late transition metal melting slopes plotted in Fig. 1
of the preceding paper. In the case of Ta there is ex-
perimental6 and theoretical7–10 evidence for local structures
in liquid and supercooled Ta. These structures have a com-
plex polytetrahedral nature with some icosahedral ordering.
Tight-binding band calculations have shown that transition
metals with 3–5 d electrons favor polytetrahedral structures
such as icosahedra and A15.9,10 While fcc and bcc structures
maximize the long range density of closely packed spheres,
polytetrahedral structures maximize the short range density
of the liquid that favors pressure-induced local frustration.

Mo and Ta are of particular interest here because of the
apparent disagreement of diamond-anvil cell �DAC�4,5,11 and
shockwave-melting measurements.12–14 The original intent of
this study was to resolve these discrepancies; however, in the
process of examining these measurements we have been led

to conclude that both of these sets of experiments are in fact
correct. Since the two techniques access very different non-
overlapping regions of the phase diagram, they access differ-
ent levels of frustration. This leads to phase diagrams that are
very unusual for transition metals, and in some respects simi-
lar to those of pressure-induced liquid-glass transitions.

The paper is organized as follows. In Sec. II the Mo and
Ta shock-melting measurements are examined. In Sec. III, a
phase diagram is proposed for Mo and Ta that is consistent
with the DAC and shock experiments. In Sec. IV the results
of x-ray diffraction experiments made for the detection of
melting are presented, along with observational evidence for
the presence of local liquid structures. Earlier DAC measure-
ments on Ta and Mo are now strongly supported by the x-ray
diffraction measurements. Section V considers the implica-
tions of liquid frustration for theoretical modeling, and Sec.
VI is a short summary.

2000

2500

3000

3500

4000

0 20 40 60 80 100

T
e
m
p
e
ra
tu

re
(K

)

Pressure (GPa)

W

Ta

Mo

Cr, V

Ti

FIG. 1. Melting curve measurements of several early transition
metals.
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II. Mo AND Ta MELTING

In comparison with the static DAC method, shock or dy-
namic experiments have access to significantly higher tem-
peratures and pressure. However, the longer time scale and
nondestructive nature of DAC experiments allows for accu-
rate temperature measurements and the application of diag-
nostics unavailable to shock experiments. The techniques
employed are well documented. Melting has been detected in
the laser DAC method by observing the onset of laser
speckle motion in the liquid, changes in optical reflectivity,
textural changes, and recently by x-ray diffraction.1,4,5 In
shock experiments melting is determined by detecting dis-
continuities in the longitudinal sound velocities that occur
upon the loss of shear strength in the liquid.12–14 Since tem-
perature measurements have not proven to be feasible for
metals in shock experiments, they need to be calculated.
Temperatures depend on estimates of the specific heat and
Grüneisen parameter that lead to uncertainties of order
±10%. In addition, diagnostic detection methods suffer from
the possibility that the short nanosecond time scales of the
shock transit may cause an overshoot of the equilibrium melt
pressure resulting in an overestimate of the melting pressure
and temperature. In combination, static and dynamic experi-
mental measurements are capable of providing important
new insights into the high-pressure and high-temperature
phases of frustrated viscous liquids.

A. Mo melting

Plotted in Fig. 2 are the DAC measurements for Mo4 and
Ta,4,5 their Hugoniot curves,12,14 and the P-T points indicated
at which discontinuities have been detected in the longitudi-
nal sound speed. The two sets of experimental data are not
overlapping. The DAC measurements for Mo and Ta are
roughly in the 3000–4000 K range, and below 100 GPa. The
shock measurements are at appreciably higher conditions.
For Mo, two transitions are reported at 210 GPa
��4000 K� and at 390 GPa ��9000 K�. The first has been
interpreted as a bcc-hcp transition and the second as melting
to a liquid phase resulting from the loss of shear strength in
the shocked solid. However, an extrapolation of the DAC
measurements to higher pressure suggests that the 210 GPa
shock discontinuity may be melting.

A calculation for a bcc-hcp transition in Mo was reported
by Moroni et al.15 They determined the total lattice elec-
tronic, thermal electronic, and vibrational contributions of
bcc Mo using ab initio methods within the framework of the
local density theory. They predict a bcc-hcp transition near
8700 K at P=0. This is in reasonable agreement with a pre-
diction of 10 000 K near 210 GPa that we16 obtained in un-
published calculations, employing a method similar to Mo-
roni et al. This suggests that this shock transition at 210 GPa
is likely due to the onset of melting. Since the second tran-
sition near 390 GPa was interpreted as a solid-liquid transi-
tion, this raises the question as to the nature of the Mo phase
lying between 210 and 390 GPa. We refer to this intermedi-
ate state as phase II.

B. Ta melting

In the case of Ta, DAC measurements have detected melt-
ing by the laser speckle method.4 These results have been

confirmed by measurements in which melting was also de-
tected by the disappearance of crystalline x-ray diffraction
lines.5 In contrast to Mo, only one transition has been
observed in the Ta shock experiments,14 near 300 GPa
��10 000 K�, and it has been interpreted as bcc-liquid melt-
ing. This interpretation is inconsistent with an extrapolation
of the DAC measurements. But it opens the question to
whether there exists a lower pressure shock discontinuity. An
inspection of the existing Mo and Ta shock sound speed
shock data suggests that the absence of a shock discontinuity
in Ta at a lower pressure, analogous to the 200 GPa transi-
tion in Mo, is simply due to the absence of sound speed
shock measurements.

The longitudinal sound speed shock measurements made
for Mo12 and Ta14 are plotted in Fig. 3. An inspection of the
data shows that for Mo, starting from the normal bcc solid at
P=0, there is a linear increase in the sound velocity leading
to the discontinuity at 210 GPa, and a change in state to
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FIG. 2. DAC and shock melting. DAC, Mo �open circles� and
Ta �filled circles� �Refs. 9 and 10�. Shock, Mo �open squares� �Ref.
12� and Ta �filled squares� �Ref. 14�.
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FIG. 3. Sound velocities of Mo �open circles� �Ref. 12� and Ta
�filled circles� �Ref. 14� measured along the Hugoniot.
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phase II. At 390 GPa there is a sharp discontinuity in the
sound speed due to a loss of shear strength to a state with a
sound speed equal to that of the liquid bulk sound speed.
This transition is interpreted as melting to a liquid. However,
in the case of Ta, the lowest sound velocity measurement
starts near 150 GPa and increases linearly, but shows only
the transition to the liquid near 300 GPa. Absent are any Ta
sound speed data below 150 GPa, like those of Mo. How-
ever, a dashed line drawn from the 150 GPa data point down
to P=0 follows the same linear pattern as Mo. This suggests
that a bcc to a phase II transition, like that for Mo, should
occur in Ta near or below 150–200 GPa. This would place
the shock measurements for Ta also in agreement with an
extrapolation of the DAC measurements. The situation
for shocked V17 is similar to that for Ta.18 For V, there is
only one transition identified as melting, near 225 GPa
��7800 K�, and absent are any sound speed data below
150 GPa. Since the absence of these data is not due to an
experimental error, we feel free to assume the existence of a
Ta shock discontinuity in the pressure range 150–200 GPa,
near 4000 K. This can be validated by carrying out Ta sound
speed measurements below 200 GPa.

III. PROPOSED Mo, Ta PHASE DIAGRAM

Despite the extreme physical conditions some insight into
the nature of phase II can be extracted from an analysis of
the longitudinal sound speeds �CL�. CL is related to the iso-
thermal bulk modulus �K�, and the shear modulus �G� by the
expression CL= ��K+4 /3G� /��1/2, where � is the mass den-
sity. In the absence of shear strength, as in the case of an
isotropically compressible liquid, G=0 and CL reduces to the
bulk sound speed, CB= �K /��1/2. By this method the 390 and
300 GPa discontinuities in Mo and Ta were interpreted as
transitions to a liquid phase. Using the bulk sound speed
�CB� obtained from the Hugoniot, and the measured longitu-
dinal speeds �CL� plotted in Fig. 3, it is possible to extract
values of the shear modulus and bulk modulus using the
above expressions.

Figure 4 shows a plot of the shear modulus calculated for
Mo at each of the experimental shock pressure points. Start-
ing from a value of �100 GPa there is a flat region, then a
steep rise starting at 160 GPa to a maximum at 200 GPa, the
pressure at which the sound speed discontinuity from bcc to
phase II was detected. With increasing pressure there is a
steady decrease in the shear modulus to about 380 GPa, and
a sharp drop to G=0 GPa in the liquid. The same calcula-
tions made for Ta are shown in Fig. 5. Since there were no
experimental shock speed measurements made along the Ta
Hugoniot below 150 GPa, the values of the shear modulus
for bcc Ta were taken from the 0 K calculations of Or-
likowski et al.19 The lack of experimental sound speed data
for Ta below 150 GPa, and the reliance on 0 K theoretical
calculations for the shear modulus, may account for the
qualitative difference with Mo.

The crossing of the predicted 0 K bcc shear modulus, and
the shear modulus calculated from the shock sound speeds,
may be taken as a rough estimate of a Ta bcc to a Phase II
transition at 150 GPa. We speculate that phase II has been

determined by a high concentration of geometrically frus-
trated preferred structures, and since it supports shear waves
it is viscoelastic. Viscous fluids do not support shear waves,
but viscoelastic materials do.

A generalized phase diagram in Fig. 6 is proposed for Mo
and Ta. At low pressure, the bcc solid melts to a frustrated
liquid.6–10 With increasing pressure the concentration of lo-
cally preferred structures increases. The DAC melting mea-
surements, extended linearly, connect to the 210 GPa Mo
shock transition and the Ta transition near 150–170 GPa,
thereby defining a bcc to a phase II transition boundary. At a
very high temperature, near 10 000 K, phase II melts to a
normal liquid.

The solid curve is a Ta melting curve calculated by Wang
et al.20 employing the Lindemann criterion. A similar curve
for Mo has been omitted to avoid visual confusion. Linde-
mann assumed that a solid melts when the mean-square am-
plitude of vibration of atoms about their equilibrium position
is larger than a fixed fraction of the lattice spacing. The cri-
terion is basically a solid phase scaling model that neglects
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FIG. 4. Shear Modulus �G� calculated for Mo �filled circles� as
described in text.
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any influence that changes in the liquid structure might have
on the melting. The Lindemann model works well for sys-
tems in which the effective interatomic potential remains un-
changed on going from solid to liquid.

The Lindemann line defines a hypothetical melting curve
for a metal in equilibrium with a “pure” atomic liquid. How-
ever, the liquid frustration actually present leads to a lower-
ing of the melting temperature, in which case the Lindemann
line may be considered as a rough estimate of the transition
zone from a pure liquid, to a frustrated, or supercooled melt.
A compression of the melt along a 6000 K isotherm, into
phase II, would constitute a supercooled melt to a phase II
transition. Recently, Anikeenko and Medvedev,21 using com-
puter simulations, examined the polytetrahedral nature of
dense disordered packings of hard spheres. They determined
that the fraction of spheres in polytetrahedral structures in-
creases with compression until all the spheres are in tetra-
hedra at the Bernal limiting packing fraction of 0.64. In
contrast to hard spheres, transition metal tetrahedra are com-
pressible, are stabilized by chemical bonding, and are most
likely to remain jammed into a glasslike structure. The ver-
tical dashed line near 150 GPa has been drawn to represent,
schematically, the possible existence of such a pressure-
induced liquid melt to a glasslike solid transition. This line
would constitute the low-pressure boundary of phase II. In
the present model, Ta and Mo melt from phase II to a normal
liquid, in which case the “Lindemann line” could be redrawn
to curve down. However, since the shock-melting tempera-
tures are themselves crude estimates, based on a crystalline
solid and a Grüneisen equation of state, this step has been
bypassed. Compressing the melt into phase II can be consid-
ered as analogous to the temperature lowering of a super-
cooled liquid into a glass.

IV. DIAMOND-CELL X-RAY DIFFRACTION
EXPERIMENTS AND THE DETECTION

OF Mo MELTING

While the proposed phase diagram is consistent with the
currently available set of experimental high-pressure data, its
validation requires additional experimental study. In earlier
experiments, made in a laser heated DAC for Ti, Ta, and W,
at pressures up to 100 GPa,4 melting was observed by the
appearance of fluidlike material motion in the sample hot
spot and by the observation of typical melt features on the
surface of the quenched samples. These measurements were
confirmed in a separate set of experiments where Ta melting
was also detected, but by x-ray diffraction methods using
double-sided laser heating5 and taking diffraction patterns in
steps of 50 K. Temperature was measured in situ from both
sides of the sample.

Recently we made similar x-ray diffraction experiments
for Mo at 55 GPa at the ID27 beamline of the European
Synchrotron Radiation Facility �ESRF� using the setup de-
scribed in Schultz et al.22 and combined with a fast data
collection. These measurements provided two important
facts. First, as the temperature was raised, the grain size of
the polycrystalline sample grew, and the diffraction pattern
changed from continuous �Debye-Scherer� rings to a spotty
pattern as the x-ray beam encountered fewer, but larger, crys-
tals. Second, upon further increasing the temperature to near
the melting point of 3200±100 K, rapid recrystallization
and grain growth was observed and subsequently, at
3300±100 K, the spotty pattern degenerated into a diffuse
ring of scattering, which we attributed to the fact that the
studied sample was fully melted in agreement with earlier
work.4 The difference between the patterns produced by the
solid and the liquid was clear and unmistakable.

Basically, we found that the x-ray diffraction experiments
are in good agreement with our DAC measurements. At low
pressures �P�40 GPa� the Mo melting temperature deter-
mined using x-ray diffraction agrees within the experimental
uncertainties with the melting temperature visually deter-
mined from the movement of the laser speckle on the hot
spot. At the highest pressure ��100 GPa� the maximum dif-
ference is about 150 K. This difference is likely due to the
increasing temperature gradient in the sample at higher pres-
sures and the fact that in the x-ray diffraction experiments
melting is determined from the bulk, while in the optical
experiments melting is determined from the surface. In the
x-ray diffraction experiments, as the samples cooled down
below the melting point, the diffraction spots reappeared at
the same time that the diffuse ring disappeared, indicating
that the diffraction pattern changes were not related to any
chemical decomposition of the sample.

Some observations are interesting to note since they may
provide useful insight into the nature of the melt. When the
melting temperature was reached, the laser power heating the
sample was kept constant and we kept acquiring diffraction
patterns. The sample showed permanent, rapid recrystalliza-
tion, with a dramatic change of the Bragg peak intensity,
from one solidlike diffraction pattern to the next, probably
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due to locally preferred orientation nucleation during recrys-
tallization. We attribute this to a continuous change from a
solid to a liquid, with a small, difficult to detect, melt frac-
tion. This observation is consistent with a very low melting
slope, and a �V close to zero, in accordance with the
Clapeyron equation. In terms of dynamics, this recrystalliza-
tion at the melting temperature differs entirely from that ob-
served below the melting temperature and we conclude that
it must involve the liquid state. The fact that this liquid is not
detectable by x rays is likely due to the presence of clusters.

Continuous melting and nucleation are known to cause
textural changes, or turbidity, typically evidence for the pres-
ence of inelastic light scattering by impurities in a liquid, or
in the present case by bcc or icosahedral short-range order
�ISRO� clusterlike materials. If ISROs are present in liquid
Ta and Mo, as indeed it is in two other bcc melting metals Ti
�Refs. 23 and 24� and Zr,24,25 then it is quite possible that the
phenomena we observed are due to a nucleation of ISRO
clusters in the melt at the interface of the Ta sample and the
pressure medium. At this point, however, we cannot state
with confidence that we observed ISRO clusters floating in
the melt, since such measurements are not yet feasible. Ad-
ditional research is planned. However, the conclusions
reached so far should also be applicable to neighboring early
transition metals.

V. THEORETICAL CONSIDERATIONS

For the past several years there has been a continuous
flow of new experimental and theoretical evidence arguing
for the presence of polytetrahedral structures in transition
metal liquids.6–10,22–24 As a consequence, rigorous calcula-
tions for the properties of transition metal liquids must ac-
count for their influence. At the most elementary level liquid
structures are impurities that lower the freezing point. There
have been several calculations of the Mo melting curve. The
most recent of these, by Cazorla et al.,26 is plotted in Fig. 7,
and is clearly in disagreement with the melting measure-
ments plotted in Fig. 1. The results of several other cal-
culations,31,32 not shown, are in similar disagreement with
the experimental DAC measurements.

The reason for the failure of the theoretical methods
comes down to the fact that they all neglect the presence of
local structures in the liquid. For example, Cazorla et al.
employed the same embedded atom model �EAM� potential
for the liquid and for the solid. As a consequence, since the
EAM potential function does not include the directed bond-
ing needed to simulate the polytetrahedral structures any in-
fluence of frustration is necessarily omitted from their liquid
calculations. A true ab initio or first-principles calculation
would include Jahn-Teller distortions. A phenomenological
approach, such as an EAM potential, requires modeling in
these effects. By explicitly neglecting d-band effects the
EAM potential treats Mo as a polyvalent metal. This can be
shown simply by noting the agreement, in Fig. 7, of the
calculated Mo melting curve with the DAC and shock-
melting measurements for Al and Cu.

Cazorla et al. have concluded, on the basis of their EAM
calculations, that the anomalously low dT /dP of melting is

not a consequence of pressure-induced d-electron effects, as
had been suggested by Ross et al.11 While d-electron effects
will occur in the solid and the liquid, they do not cancel
because preferred structures form in the liquid and are absent
in the crystalline solid.11 If local distortions were present in
the solid, there would occur a transformation in the crystal
structure. However, bcc is known to be the stable Mo phase
at room temperature to a pressure of at least 416 GPa.33 An-
other alternative for a solid suffering from distortion is to
melt. That appears to be the path chosen by Mo.

At the completion of this study a paper on Ta melting
appeared by the same authors34 as the Mo paper,26 employ-
ing the same method, and not surprisingly coming to the
same conclusions. Our response to their Ta melting paper is
equally redundant. Their Ta EAM calculations fail to account
for the presence in the liquid of preferred structures. In fact it
is easily shown that their Ta melting curve falls on the Ta
Lindemann melting curve plotted in Fig. 6. This is a consis-
tent result, since both models neglect local liquid structure.

Luo and Swift35,36 have recently reported an analysis of
the high-pressure melting data of Ta and Mo. They con-
cluded that the failure of theoretical methods to reproduce
the DAC melting curve undermines their predictive capabil-
ity, and that the melting points inferred from shockwave ex-
periments cannot be reconciled by superheating. We agree
with their assessment.

VI. SUMMARY

In the present and preceding papers, we have attempted to
show that frustration due to preferred structures with local
d-electron bonding can play an important role in determining
the phase diagram of transition metal liquids. The phase dia-
gram for Mo and Ta proposed here has the virtue that it
removes the apparent discrepancies existing between shock-
wave and diamond-anvil cell experiments without challeng-
ing the credibility of either set of measurements. While there
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is a considerable amount remaining to be understood, the
phase diagram is consistent with our understanding of the
physical origin and behavior of frustrated liquids. In combi-
nation, the two very different experimental techniques, static
and dynamic, exploring a wide range of different conditions,
provide valuable insights into the theory of frustrated liquids
over an unusually large range of pressure and temperature. A
complete theory of transition metal melting will need to in-
clude s-d transfer, Jahn-Teller distortions, and jamming of
local structures. Absent such a computational effort we have
chosen to critique the available experiments and calculations
in terms of well established principles of chemical physics
and electronic structure.
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