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Melting curve and phase diagram of vanadium under high-pressure and high-temperature conditions We report
a combined experimental and theoretical study of the melting curve and the structural behavior of vanadium
under extreme pressure and temperature. We performed powder x-ray-diffraction experiments up to 120 GPa
and 4000 K, determining the phase boundary of the body-centered cubic-to-rhombohedral transition and melting
temperatures at different pressures. Melting temperatures have also been established from the observation of
temperature plateaus during laser heating, and the results from the density-functional theory calculations. Results
obtained from our experiments and calculations are fully consistent and lead to an accurate determination of
the melting curve of vanadium. These results are discussed in comparison with previous studies. The melting
temperatures determined in this study are higher than those previously obtained using the speckle method,
but also considerably lower than those obtained from shockwave experiments and linear muffin-tin orbital
calculations. Finally, a high-pressure, high-temperature equation of state up to 120 GPa and 2800 K has also
been determined.

DOI: 10.1103/PhysRevB.100.094111

I. INTRODUCTION

Since the early study by the Mainz group reported nearly
two decades ago [1], the melting of transition metals at high
pressure (P) has been the focus of several research groups.
The main motivation for these studies was to resolve the
discrepancies in the values of melting temperatures (T) from
diamond-anvil cell (DAC) and shockwave (SW) experiments,
and density-functional theory (DFT) calculations. Most of the
studies have focused on iron (Fe) [2–4], tantalum (Ta) [5–7],
and molybdenum (Mo) [8–10]. Several hypotheses have been
proposed to explain the apparent disagreements [11–14]. In
the case of Mo, a recent study [9] has shown that microstruc-
ture formation could be the cause of the underestimation of
melting temperature in the early studies.

Unlike other transition metals, vanadium (V) has scarcely
been studied at high pressure (HP) and high temperature
(HT). In fact, its melting T has only been calculated at one
pressure point above ambient P [15]. This calculated melting
T is higher than those estimated from both DAC [1] and
SW [16] experiments, which are themselves separated by
more than 1000 K at a pressure of 100 GPa. Clearly, further
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efforts should be dedicated to the study of the behavior of V
under HP-HT conditions. The accurate determination of the
melting curve of V is not only important for understanding the
HP melting behavior of transition metals but also to provide
information which could be useful for testing the different
theories proposed to explain the mechanism of melting [17].

Furthermore, together with Fe [18], V is one of the few
body-centered cubic (bcc)-structured transition metals for
which a phase transition has been reported below 100 GPa
[19]. The transition from bcc to a rhombohedral phase at
69 GPa appears to be strongly affected by nonhydrostatic
conditions [19,20]. According to DFT calculations, at HT the
bcc-rhombohedral transition is predicted to be reversible [21].
However, this prediction has yet to be tested by experiments.
This, and the findings described above, indicate the appropri-
ateness of performing HP-HT studies on V.

In this work, we report synchrotron powder x-ray-
diffraction (XRD) studies on V up to 120 GPa and 4000 K.
These studies are combined with experiments where the ob-
servation of temperature plateaus is used as a melting diag-
nostic. DFT calculations are carried out to validate the exper-
imental results. These studies have allowed us to accurately
determine the melting curve and the bcc-rhombohedral phase
boundary of V, and its HP-HT equation of state (EOS). The
reported results will be discussed and compared with previous
DAC and SW experiments.
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II. METHODS

Angle-dispersive XRD measurements were performed at
beamline ID27 of the European Synchrotron Radiation Facil-
ity in five different samples to reduce the chances of chemical
reactions. Platelets of V (99.99% purity, Aldrich) of around
25 μm in diameter and 5 μm thick were loaded into DACs
with anvil culets of 200–280 μm. We used rhenium gaskets
preindented to a 30-μm thickness. NaCl was the pressure-
transmitting medium and thermal insulator, except for the
experiment carried out at 120 GPa, for which the pressure
medium was MgO. Pressure was determined from the HP-HT
EOS of NaCl [22] or MgO [22] and tungsten (W) [23], which
was loaded together with V. Notice that due to the temperature
range covered by our study (4000 K), the EOS of NaCl and
MgO (determined up to 3000 K) and W (determined up to
1670 K) have been extrapolated to temperatures higher than
those covered by Refs. [22] and [23]. The agreement be-
tween different pressure scales was better than 2 GPa and the
pressures given in the paper are the average of the pressures
obtained from different pressure standards.

Pressure was increased at room temperature (RT) up to
the target pressure, and then the samples were gradually
heated under constant load. For the experiments we used
a double-side laser heating system equipped with infrared
yttrium aluminum garnet lasers, previously described [24].
The temperature was determined from the thermal emission
of the samples [25]. The x-ray beam (λ = 0.3738 Å) was
focused on a 2 × 2-μm2 area. During each run, XRD and
thermal emission spectra were recorded simultaneously every
2 s. XRD was measured using a MAR CCD detector. The
indexing and refinement of the powder XRD patterns were
performed using POWDERCELL [26].

In addition to synchrotron experiments, a second set of
experiments was performed to determine melting based upon
the appearance of a plateau in the temperature as a function of
applied laser power [27–29]. This method has been shown to
be unreliable for metals like Ta [6] and Zr [30], but works well
for others like Ni [27], Sn [28], and Pt [29]. As we will show
in the next section, in the case of V the plateau method gives
results that are in agreement with those obtained from XRD
experiments. For this second set of experiments, a single-side
laser heating was used [31], NaCl was the pressure medium,
temperatures were measured using the same technique em-
ployed in HP-HT synchrotron experiments, and pressures
were measured using the ruby fluorescence technique at RT
[32] and corrected by taking account of the thermal pressure
[33]. The derivation of the thermal pressure requires the
knowledge of the sample volume, for which we have used
the calculated volume at room temperature using the pressure
measured using the ruby scale and the EOS determined from
our study and described in the next section.

We have also calculated the melting curve of V using
the Z method [34] implemented with quantum molecular
dynamics (QMD) simulations using VASP. These simulations
are based on DFT. They were performed using the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functionals and
considering 13 valence electrons per atom (3s, 3p, 3d , and
4s orbitals). We used a 432-atom (6 × 6 × 6) supercell with
a single � point. For such a large supercell, full energy

convergence (to �1 meV/atom) is already achieved, which
was tested by running simulations with denser k-point meshes
(2 × 2 × 2 and 3 × 3 × 3) and comparing their result with that
of the run with a single � point. We carried out the calculation
of six melting points corresponding to six different unit cells
with lattice constants of (in Å) 3.35, 3.15, 2.90, 2.75, 2.60,
and 2.45. The duration of the runs was 15 000–25 000 time
steps of 1 fs each. The calculated room-temperature EOS for
V is in good agreement with the isotherm we obtained from
our experiments. Details of it will be given in the next section
when discussing the EOS of V. This fact gives us confidence
of the fact that the PBE functionals describe properly the
HP behavior of V. The P-T coordinates of the six melting
points that these QMD simulations produced are (P in GPa,
T in K) (−14.7, 1540), (6.7, 2410), (40.1, 3060), (101, 4060),
(207, 5230), and (390, 6870). The error in T is about half
of the initial T increment for a sequence of runs at a given
fixed supercell volume. This increment was 250 K for the two
lowest-P points, and 312.5 K for the remaining four points;
hence, the corresponding errors are (approximately) ±125 and
±160 K, respectively. The error in P is negligibly small: less
than 1 GPa for the two lowest-P points, and a few GPa for the
remaining four points.

III. RESULTS AND DISCUSSION

Before presenting the results, we would like to state that in
our experiments we did not find any clear evidence of chem-
ical reactions with the pressure media [35] or with carbon
migrating from the diamond anvils [36]. Figure 1 shows a
selection of diffraction patterns measured at different P-T con-
ditions. At RT and 29 GPa the pattern can be unambiguously
identified as the bcc structure of V, with a unit-cell parameter
of 2.898(1) Å, plus the B1 structure pattern from NaCl and bcc
pattern for W. The small residuals obtained after a Rietveld
refinement (shown in the figure) support the identification
of bcc-V. Under compression, at RT the bcc phase of V is
observed up to 53 GPa. At higher pressures, the (110) and
(211) peaks of V considerably broaden, especially the (211)
peak. However, the width of the (200) is unaffected. This is
illustrated in Fig. 1 by the pattern measured at 64 GPa (notice
that in this pattern NaCl has transformed from the B1 to the
B2 phase). The broadening of the two peaks of V can be
accounted for by assuming a rhombohedral distortion of bcc
as proposed by Ding et al. [19]. As shown by the Rietveld
refinement in Fig. 1, the pattern measured at RT and 64 GPa
can be assigned to a rhombohedral structure belonging to
space group R-3m with unit-cell parameters a = 2.431(1) Å
and α = 109.47(5)◦. The rhombohedral phase is observed in
our measurements at RT up to 120 GPa. At HT, the rhombohe-
dral structure is observed up to 1560 K at 64 GPa (see Fig. 1)
and up to 1700 K at 120 GPa. At higher temperatures the bcc
phase is recovered as can be seen by the pattern measured at
64 GPa and 1840 K (notice that the three peaks of V are sharp
again). This observation is consistent with both the predictions
made by Wang et al. [21] and the calculations of Landa et al.
[15], who find that bcc-V is stable at 75 GPa and 2500 K. This
suggests that the phonon anomalies triggering the rhombohe-
dral lattice distortion in V at HP [37] can be canceled at HT
by effects from phonon-phonon scattering [38].
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FIG. 1. XRD patterns at selected pressures and temperatures
(indicated in the figure). In the two lowest traces, experiments are
shown with symbols and Rietveld refinements and residuals are
shown with solid lines. The ticks correspond to positions of V peaks.
The splitting of V peaks due to the rhombohedral distortion can be
clearly seen. All peaks are labeled (V peaks in a different color to
facilitate the identification). W identifies peaks from tungsten and B1
and B2 peaks from the different phases of NaCl. bcc and Rh are used
to identify the bcc and rhombohedral phases.

In Fig. 2 we present a selection of XRD patterns measured
in a heating run at 32 GPa. Up to 2560 K, all the peaks of
bcc V, W, and B2 NaCl are present. Beyond this tempera-
ture, but below 2930 K, we observed two phenomena: (1) a
rapid recrystallization of V, with the peaks associated with it
showing preferred orientations, which randomly change from
one temperature to the next; and (2) the melting of NaCl,
which causes the near disappearance of NaCl peaks (they
do not completely disappear because NaCl in contact with
diamonds is cooler than NaCl in contact with the sample,
thus only a fraction of it is molten). In particular, at 2790 K
NaCl is molten, which is in good agreement with the melting
curve reported by Boehler et al. [39]. At this temperature,
V is continuously recrystallizing. We also noticed that the
V peaks become broader, a phenomenon that has also been
observed in Mo below the melting temperature [9], and which
is probably related to premelting effects. At 2930 K, we
observed the complete disappearance of the peaks of V and
the increase of the background. In addition, we then observed
that beyond this point, the estimated temperature of V did
not increase with further increases in laser power of up to
20%. These observations can be interpreted as the onset of

FIG. 2. XRD patterns for a heating run at 32 GPa. The peaks
of V, W, and B2 NaCl are identified. Temperatures are given in the
figure. The pattern measured at 2790 K corresponds to a temperature
where permanent recrystallization of V is observed.

melting [27–29]. In Fig. 3, we zoom in and focus on the XRD
patterns in the 8°–12° region to ease the identification of the
background increase.

Using the method described above we have been able to
determine the melting temperature of V at 27, 32, 53, and
64 GPa. At 120 GPa, V remained solid up to the highest
temperature reached at this pressure (3750 K), but recrystal-
lization of V was observed from 3300 to 3750 K. We have
also determined the melting temperature from experiments
where melting was detected using the temperature plateau

FIG. 3. Zooming in on the region of the XRD patterns measured
at 32 GPa to illustrate the disappearance of the (110) peak of V and
the increase of the background. Temperatures are indicated in the
figure.
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FIG. 4. Corresponding temperature plateau in the temperature
vs laser power plot for the melting point at 40 GPa. The red line
represents the melting temperature.

criterion. Figure 4 shows the observed temperature plateau in
the temperature vs laser power plot for one of the experiments.
These melting temperatures were obtained at 40, 58, and
85 GPa. The results are summarized in Fig. 5 (and also
tabulated in the Supplemental Material, Table S1 [40]), where
we present a P-T phase diagram for V. We not only include the
melting curve from this study, but the present and previ-

FIG. 5. P-T phase diagram of V. White circles: bcc V. Blue trian-
gles: rhombohedral V. Upside-down pink triangle: rhombohedral V
from Ref. [17]. Blue dashed line is the tentative bcc-rhombohedral
phase boundary based upon present and previous studies [19,21].
White star represents the bcc stability point calculated by Landa
et al. [15]. Green circles are the points where rapid recrystallization
is observed. Pink circles are the melting points determined from
present synchrotron experiments. Pink squares are the melting points
determined from temperature plateaus. The pink line is the Simon-
Glatzel fit to the present melting results. Orange line and diamonds
is the calculated melting curve using the Z method. Green asterisks
belong to the Hugoniot measured by McQueen and Marsh [41] and
red crosses to the Hugoniot measured by Foster et al. [42]. Green
dotted line is our calculated Hugoniot. White diamonds are the
Hugoniot points measured by Dai et al. [16]. Black diamonds are the
melting points determined by the same authors in SW experiments,
and the black line is the melting curve proposed by them. Black
squares are the DAC melting results from Mainz group [1]. Black
star is the melting point calculated by Landa et al. [15].

ous [15,16,18–21] results on the bcc-rhombohedral phase
boundary, the results from previous DAC [1] and SW [16]
experiments, the experimental Hugoniots measured by Mc-
Queen and Marsh [41] and by Foster et al. [42], and the
theoretical Hugoniot calculated by ourselves. A tentative bcc-
rhombohedral phase boundary is drawn (dashed blue line)
which qualitatively resembles the phase boundary calculated
by Ding et al. [19] and is consistent with all the results
available in the literature [15,16,18–21]. Notice that Wang
et al. [21] predicted the reentrance of the bcc phase at RT
around 280 GPa, which is beyond the pressure limit of our
experiments. This prediction should be tested by future exper-
iments.

The first comment we would like to make, based on our
results, is that both experimental techniques give melting
points that are consistent with each other and agree within
error bars with our computational study. The simulations
determined the melting temperature at higher pressures than
those covered in our experiments, the melting T at 390 GPa
being equal to 687 ± 160 K. As in many other metals [43],
the experimental melting curve can be described by a Simon-
Glatzel equation [44]: TM (K ) = 2183 × (1 + P

32 )0.46, where
P is in GPa. For this melting curve, the initial slope, at
P = 0 GPa, 31.4 K/GPa, is consistent with 32.6 K/GPa from
isobaric-heating measurements [45]. The extrapolation of this
melting curve runs parallel to the DFT melting curve with
a maximum T difference of 200 K (comparable with error
bars of experiments and calculations). Notice that the melting
curve reported here is higher than the one determined from
DAC experiments using the laser-speckled method [1]. The
differences up to 30 GPa are below 300 K, but they increase
with increasing P, reaching 1000 K at 80 GPa. In addition,
we have noticed that the previous melting curve [1] agrees
within 200 K with the temperatures at which the onset of
recrystallization is detected in our experiments. Indeed, the
lowest temperature where recrystallization is detected (green
circles in Fig. 4) follow a P dependence which is very similar
to the melting curve previously reported in Ref. [1]. Therefore,
it is quite likely that the older DAC melting curve is the
recrystallization curve of V rather than its melting curve.
This recrystallization is probably related to the microstructure
formation reported in Mo under HP laser heating at temper-
atures below its melting curve [9]. The phenomenon is very
rapid and would produce movements that the laser-speckle
method would signify as melting [1], and consequently lead
to an underestimation of the melting T. This observation is
consistent with the spalling and fragmentation induced in
laser-shocked V, causing damage to the surface that resembled
melting [46].

Another important observation is that the melting curve
reported here is well below the melting curve reported from
SW experiments [16]. At 200 GPa, our calculated melting
temperature is 2000 K lower than that reported by Dai et al.
[16]. In addition, the Hugoniot temperatures reported by these
authors are much higher than our theoretical Hugoniot, as can
be seen in Fig. 5. Our Hugoniot, however, is in perfect agree-
ment with the experiments reported by McQueen and Marsh
[41] and Foster et al. [42] (see Fig. 5). Thus, it is reasonable
to assume that the melting temperatures inferred by Dai et al.
[16] have been overestimated. In contrast, their pressures
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seem to be correct: from the Hugoniot sound-velocity mea-
surements they determine the Hugoniot melting pressure of
225 GPa; this is exactly the pressure at which our theoretical
Hugoniot crosses our melting curve. Another observation we
can make based on our results is that the melting temperature
calculated by Landa et al. [15] at 182 GPa (8000 K) is also
a severe overestimation. In their experiments, Dai et al. [16]
have determined the temperatures from a gray-body fit to
six radiance measurements at discrete wavelengths. Such a
method for temperature determination is not as accurate as the
determination from a wavelength continuum, as performed by
us here. In addition, their measurements can be affected by
changes in the electronic properties of V under extreme com-
pression [47], by reflections at interfaces between the sample
and the interferometric window used in the experiments, and
by the fact that it is not very precisely known how the prop-
erties of the window material (e.g., reflectivity) are affected
by shockwaves. On the other hand, the overestimation of the
melting temperature in the calculations reported by Landa
et al. [15] can be related to the use of a linear muffin-tin orbital
method. Indeed, the use of the (rigid) muffin-tin approach to
the calculation of the elastic constants of transition metals [48]
leads to the overestimation of both C11 and C44 for V by a
factor of ∼2; hence the shear modulus, G, is overestimated
by a factor of ∼2 as well. Since the melting temperature is
proportional to the shear modulus [49], it is reasonable to
assume that the use of this method overestimates the melting
temperature by a similar factor, which seems to be the case
with Landa’s value (∼ 8000/5000 = 1.6).

From our experiments we have been able to determine the
pressure dependence of the unit-cell volume of V following
different isotherms. The results are shown in Fig. 6 (they
are also listed in the Supplemental Material [40], Table S2)
together with the 1000 K isotherm reported by Crichton et al.
[50]. We observed no volume discontinuity at the bcc-to-
rhombohedral transition (which is consistent with the fact that
the bcc-rhombohedral phase boundary is quasihorizontal, in
view of the Clausius-Clapeyron formula, and assuming that
the bcc-to-rhombohedral transition is of the first order), and
thus decided to include the results on both phases in the anal-
ysis of the influence of P and T on the volume. We found that
our results at RT can be properly described using a third-order
Birch-Murnaghan EOS [51]. The fit is shown in the figure.
The unit-cell volume at ambient pressure (V0), bulk modulus
(K0), and its pressure derivative (K ′

0) were determined to be

13.91(3) Å
3
, 152(4) GPa, and 5.4(4), respectively. The corre-

sponding value of the second pressure derivative of the bulk
modulus [49] is 0.0477(3) GPa−1. From our calculations we
obtained V0 = 14.1 Å

3
, K0 = 143 GPa, and K ′

0 = 4.4. Both
our experimental and theoretical values agree within error bars
with those reported by Crichton et al. [50] and with most of the
bulk moduli reported in the literature, which range from 150 to
160 GPa [50]. Only Jenei et al. [20] and Ding et al. [19] have
reported larger values for the bulk modulus (179 and 195 GPa)
in highly nonhydrostatic experiments, which suggests that
highly nonhydrostatic conditions can considerably affect the
compressibility of V, as observed in other materials [52,53].

Regarding the HT results, Crichton et al. [50] have reported
a thermal EOS that reproduces accurately their experimental

FIG. 6. Pressure evolution of the unit-cell volume per formula
unit (f.u.) for different isotherms identified by colors (temperatures
are indicated in the figure). Circles correspond to the bcc phase and
diamonds to the rhombohedral phase. The results at 1000 K were
taken from Ref. [50]. The solid lines correspond to the P-V-T EOS
reported here.

results up to 1000 K and 11.5 GPa. They have used a Berman
model [54] in which the dependence of the linear tempera-
ture on the bulk modulus and thermal expansion coefficient
are assumed, with α0 = 4.8(6) × 10−5 K−1, α1 = −2.4(9) ×
10−8 K−2, and dK/dT = −0.0446(7) GPa K−1 [50]. How-
ever, if the thermal EOS is extrapolated to the P-T range of our
study, these parameters lead to very unusual isotherms. For
instance, at pressures higher than 30 GPa the HT isotherms
intersect the RT isotherm, which is a quite exotic behavior not
expected for metals. We have therefore fitted the parameters
again, by including all the results shown in Fig. 5. We ob-
tained α0 = 4.6(6) × 10−5 K−1, α1 = −1.2(5) × 10−8 K−2,
and dK/dT = −0.011(1) GPa K−1. The constant term of the
thermal expansion (α0) agrees with the value reported by
Crichton et al. [50], but α1 is reduced to half of their value
(however, the upper limit of our error bar overlaps with the
lower limit of the error bar of the previous results). Regarding
dK/dT, our value is one-fourth of the previously reported
value, but is similar to the values reported for this parameter
in most metals [55,56].

IV. CONCLUSIONS

We have reported an accurate determination of the melting
curve and phase diagram of V up to 120 GPa and 4000 K.
From the XRD experiments carried out we obtained melting
points and the phase boundary between the bcc phase and the
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rhombohedral phase of V. These results were confirmed by the
measurement of thermal plateaus in additional experiments,
and by DFT calculations. Our melting curve is somewhat
higher than that from the previous DAC experiment, but
considerably lower than that reported in SW experiments. Ex-
planations for these discrepancies have been provided. Finally,
a PVT EOS for V is generated, which is valid for the P-T range
covered in our experiments. These results will contribute to an
improvement in the understanding of the HP-HT behavior of
transition metals.
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