
ndia

PHYSICAL REVIEW B 67, 094509 ~2003!
Electronic phase transition and superconductivity of vanadium under high pressure

C. Nirmala Louis and K. Iyakutti*
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~Received 6 July 2002; revised manuscript received 15 November 2002; published 21 March 2003!

We report a theoretical calculation of the electronic band structure, density of states, phase transitions, and
superconductivity of vanadium under pressure. The total energies of vanadium corresponding to bcc, fcc,
simple cubic~sc!, and simple hexagonal structures are computed. From the enthalpy calculation, it is found that
up toV/V050.685 vanadium has the bcc structure and a further increase of pressure induces a structural phase
transition from bcc to sc structure. Under normal conditions, the superconducting transition of vanadium
occurs at 5.97 K (Tc). When the pressure is increased it is predicted thatTc increases at a rate of 10.78 K/Mbar
for pressures up to 1.393 Mbar, whereas the experimental increase is 9.6 K/Mbar for pressures up to 1.20 Mbar.
The highestTc estimated is 20.99 K and the corressponding pressure is 1.393 Mbar. On further increase of
pressureTc begins to decrease at a rate of 1.42 K/Mbar in bcc structure and 0.2355 K/Mbar in sc structure.
Experimental evidence is available up to the 1.2 Mbar pressure region.

DOI: 10.1103/PhysRevB.67.094509 PACS number~s!: 74.62.Fj, 71.15.Ap, 61.50.Ks, 64.70.Kb
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I. INTRODUCTION

The discovery of superconductivity with a high transitio
temperature at normal pressure is of great physical inte
vanadium~V! is a transition metal. Theoretically Otani an
Suzuki1 applied a first-principles study to bcc vanadium u
der high pressure. The lattice dynamical studies of vanad
including calculations of phonon dispersion relations, den
of states, and the shape of the Fermi surface have b
reported.1 From these results, Otani and Suzuki strongly s
gest that vanadium would take another structure other t
bcc above 1.37 Mbar. So further theoretical calculations
experimental observations are needed in order to predic
electronic phase transition of vanadium under pressure.

Vanadium metal exhibits a high superconducting tran
tion temperature under normal conditions and the pres
dependence ofTc has been observed in several experimen
works.2–4TheTc of vanadium has been studied up to a ma
mum pressure of 0.010 Mbar by Gargner and Smith.2 The
rate of increase ofTc with pressure is~pressure coefficien
dT/dP) 1163 K/Mbar. Gargner and Smith offered a cle
explanation of the observed variation in the sign of the pr
sure dependence ofTc in vanadium. More recently,Tc of
vanadium has been observed as a function of pressure u
1.2 Mbar by Ishizukaet al.5 The results of the superconduc
ing quantum interference device vibrating coil magnetome
measurments performed by Ishizukaet al.5 on vanadium
give the characteristic behavior ofTc under pressure. Unde
normal conditions, the superconducting transition tempe
ture Tc is 5.3 K and at 1.2 Mbar pressure the value ofTc is
17.2 K; this value is the highest value ofTc among the el-
emental metals reported so far.5 There are no theoretical pre
dictions in corresponding to this observation. This motiva
the present investigation.

In our calculations, the effect of pressure on the ba
structure of vanadium is obtained by means of the s
consistent tight-binding linear muffin-tin orbital~TB LMTO!
method.6,7 The superconducting transition temperatureTc
is calculated using McMillan’s formula.8 We present our re-
sults on the pressure dependence ofTc of vanadium in the
0163-1829/2003/67~9!/094509~9!/$20.00 67 0945
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bcc phase as well as the simple cubic~sc! phase and the
phase transition of vanadium under pressure. In Section
the details of the calculational procedure, electronic ba
structure, and density of states corresponding to various p
sures of vanadium are discussed. Section III contains
details of the results and a discussion. The conclusion
given in Sec. IV.

II. BAND STRUCTURE AND DENSITY OF STATES

A. Calculational procedure

The TB LMTO method within the atomic sphere approx
mation ~ASA! and local density approximation~LDA ! is
used to compute the band structure and density of state
vanadium. The details of the method are found in Refs. 9–
and here we give only the computational details. All relat
istic effects except spin-orbit coupling are included. The e
change correlation scheme of Von Barth and Hedin
employed.13 The Brillouin zone~BZ! integrations are per-
formed for 145k points for both bcc and fcc structures, 16
k points for sc structure, and 270k points for simple hexago-
nal ~sh! structure of vanadium, within the irreducible wedg
of the Brillouin zone. The final convergence in our se
consistent calculation is 1025 Ry. For the sh structure calcu
lation, c/a is fixed at 1.633 and the total energy is calculat
as a function of the lattice spacinga, keeping the ratioc/a
constant.14 The electronic configuration of vanadium
@Ar#4s2 3d3. The valence states assumed in our calculati
are 4s2 and 3d3. There are five valence electrons in van
dium throughout our calculations. The total energy calcu
tion of vanadium is performed as a function of reduced v
ume for bcc, sc, fcc, and sh structures. The calculated t
energies are fitted to Murnaghan’s equation of state15 to de-
termine the phase transition pressure and other ground-
properties of vanadium.

B. Band structure under pressure

We have obtained the band structure of vanadium in
bcc phase and sc phase as a function of various redu
©2003 The American Physical Society09-1
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FIG. 1. Band structure of V in bcc structure a
V/V051.0.
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volumes. We have done the band structure calculation
different pressures ranging from normal to 23 Mbar cor
sponding to volume compressionsV/V0 from 1.0 to 0.3. The
pressure dependence of the volume is derived from M
naghan’s equation of state.15 Even though we have obtaine
the band structure forV/V0 values from 1.0 to 0.3, we hav
present here the band structures of vanadium along the s
metry directionsG-H-N-G-P-N for bcc structure~Figs. 1
and 2! and G-R-X-G-M -X for sc structure~Fig. 3!, corre-
sponding to the compressionsV/V051.0 ~Fig. 1! and 0.685
~Figs. 2 and 3! only. The charge distribution under reduce
volume for the bcc phase is given in Table I.

At normal pressure~Fig. 1!, band structure of vanadium
shows that there is a overlaping of valence band and con
tion band, confirming the metallic nature of vanadium und
normal conditions. The band structure of vanadium exhib
characteristic features similar to other transition eleme
Nb, Zr, and Ta.16–18,1 Similar to previous theoretical ban
structure calculations of vanadium,19–22 in the present inves
09450
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tigation also the conduction-band minimum is located at
G point. The single band lying well below the Fermi level
the valence band due to 4s2 electrons of vanadium. The
nearly half-filled bands with 3d character originate just be
low the Fermi level. The conduction bands above the Fe
energyEF are due to 4p0 state of vanadium. As pressur
increases, the entire band structure is slowly shifted up
energy. For comparison, we have given the electronic b
structure of bcc vanadium and sc vanadium at the same
duced volume ofV/V050.685~Figs. 2 and 3!. It is important
to note that in Figs. 2 and 3 the low-lying 4s band never rises
above the Fermi level as observed in bcc Zr under pressu17

And also the 3d bands lie just below the Fermi level for bot
structures.

From Figs. 1 and 2, it is seen that the occupiedd-band
region increases under pressure while the occupieds-band
region decreases. It is due to thes to d transition under pres-
sure. Thes,p electron transfer to thed shell under pressure i
qualitatively a common feature of many band structu
t
FIG. 2. Band structure of V in bcc structure a
V/V050.685.
9-2



t

ELECTRONIC PHASE TRANSITION AND . . . PHYSICAL REVIEW B67, 094509 ~2003!
FIG. 3. Band structure of V in sc structure a
V/V050.685.
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calculations.12,23–26 In a similar way, there iss,p electron
transfer to thed shell in vanadium up toV/V050.3 ~Table I!.
Thed-electron number of vanadium increases from 3.6345
4.4775 in the pressure range from normal to 23 Mbar. T
dip in the 4s band near theG point below the Fermi leve
~Fig. 1! decreases as the pressure increases~Figs. 2 and 3!. It
is due to the strong hybridization of the band structure a
also the electronic system is strongly coupled to the lat
under pressure.27 The band structure results are used to c
culate the value ofTc in conjunction with McMillan’s
formula.8,18

C. Density of states under pressure

The density of states~DOS! ~states/Ryd cell! histograms
corresponding to various pressures ranging from norma
23 Mbar are obtained. In Figs. 4–6, we have presented
DOS histograms pertaining to the compressionsV/V051.0
~Fig. 4! and 0.685~Figs. 5 and 6!. The calculated DOS at th
Fermi energyN(EF) corresponding to various pressures
bcc vanadium is given in Table II. For sc vanadium the DO
data are given in Table III. Under normal conditions~Fig. 4!,
the levels arising from V 3d electrons give a high spike with

TABLE I. Electrons ins, p, and d shells of bcc vanadium a
different pressures.

Lattice Pressure
V/V0 constant P 4s2 4p0 3d3

a ~a.u.! ~Mbar!

1.0 5.7278 0.0000 0.6302 0.7352 3.6345
0.9 5.5301 0.2473 0.6157 0.7081 3.6762
0.8 5.3172 0.6321 0.5965 0.6707 3.7328
0.7 5.0857 1.2649 0.5688 0.6212 3.8099
0.6 4.8310 2.3839 0.5252 0.5571 3.9176
0.5 4.5462 4.5655 0.4552 0.4864 4.0584
0.4 4.2203 9.4500 0.3259 0.3944 4.2796
0.3 3.8344 23.0000 0.1560 0.3665 4.477
09450
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narrow width nearEF . The short spike near the origin is du
to 4s electrons of vanadium. The highest spike with a bro
width aboveEF is due to the empty 4p state of vanadium.

When pressure increases, the value of Fermi energy
creases whereas the density of states atN(EF) decreases. It
is due to the broadening of the bandwidth with pressure.1 In
Fig. 5, the spikes are of almost equal height below the Fe
level. From Figs. 5 and 6, the DOS at the Fermi level of t
bcc structure~13 states/Ry! ~Fig. 5! is smaller than that of the
sc structure~19 states/Ry! ~Fig. 6!. This is because, when
vanadium is deforming from bcc to sc structure, the ene
bands per unit energy region below the Fermi level increa
~Fig. 3!. As a result, the DOS plot of sc vanadium~Fig. 6!
has a relatively large peak just below the Fermi level. T
results in a larger DOS at the Fermi level of the sc struct
than that of the bcc structure atV/V050.685. This large
peak belowEF is the reason for the stability of the sc stru
ture above this pressure region. A similar situation is o
served in selenium where the structural stability is explain
on the basis of a relatively large peak below the Fer
level.25 This view is supported by our present investigatio
The shape of the hole Fermi surface of the third band
vanadium at normal pressure and 1.37 Mbar is evaluated
Otani and Suzuki.1 They pointed out the possibility of a
structural transition from bcc to another phase above 1
Mbar pressure.

III. RESULTS AND DISCUSSION

A. Ground-state properties of vanadium

In order to study the phase stability of vanadium, we ha
calculated the total energy as a function of reduced volu
for various structures as shown in Fig. 7. The reduced v
umeV/V0 is ranges from 1.2 to 0.4 in steps of 0.05, whe
V0 is the experimental equilibrium volume under norm
pressure andV is the volume under pressure.28 The calcu-
lated total energy confirms that the ground-state structur
vanadium is bcc as observed experimentally and repo
from other theoretical calculations.1–5 The calculated total
9-3
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FIG. 4. DOS of V in bcc structure atV/V0
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energies were fitted to Murnaghan’s eqation of state15 and the
determined pressure is tabulated in Table I. The calcula
equilibrium lattice constanta0 , B0, andB0

1 in the bcc struc-
ture are given in Table IV together with experimental a
other theoretical results, whereB0 is the isothermal bulk
modulus at normal pressure which is equal
(2V0dP/dV) andB0

1 is the pressure derivative of isotherm
bulk modulus evaluated at normal pressure.9 The equilibrium
lattice constant determined from our calculation is 5.733
a.u., which differs from the experimental value by 0.105
This indicates the accuracy of our calculation. The press
dependence of the reduced volume obtained from our ca
latedB0 andB0

1 values agrees well with expeimental5 work
and exactly coincides with previous theoretical1 work ~Fig.
8!. The origin of the discrepancy between theory and exp
ment at high compression may be due to the difference in
theoretical value of the pressure derivative of the bulk mo
lus B0

1 and the experimentalB0
1 ~Table IV!. The difference

between theory and the experimental value ofB0
1 may be due
09450
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to the local density approximation and the numerical ac
racy of the total energy calculations.

B. Phase transition under pressure

At ambient conditions, vanadium has bcc structure. Ot
and Suzuki1 obtained phonon dispersion curves along t
high-symmetry directions of vanadium. They opinioned th
there could be a phase transition from bcc to another ph
other than bcc at high pressure above 1.37 Mbar and s
gested further experimental and theoretical investigation
this direction for vanadium.

In general the phase transition pressure and the co
sponding reduced volume are studied by performing to
energy calculations for various structures. Here total ene
calculations are performed for various phases of vanad
@bcc(A2 phase!, sc(Ah phase!, fcc(A1 phase!, and sh(Af
phase!# corresponding to the reduced volume ofV/V0
51.2–0.4 and the results are shown in Fig. 7. To ensure
FIG. 5. DOS of V in bcc structure atV/V0

50.685.
9-4
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FIG. 6. DOS of V in sc structure atV/V0
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high-pressure structure of vanadium, we have also calcul
the total energies corresponding to the hcp and diam
structures. From the results we observed, the total energie
vanadium in the above structures are higher than those in
sc, fcc, and sh structures. From Fig. 7, it is found that up
V/V050.685, bcc structure has the lowest energy and fur
reduction of volume, and sc structure becomes more stab
energy than the bcc structure. Further from the enthalpy
culation, similar to our earlier studies on KI and RbI,12 we
have analyzed the structural phase transition from bcc t
structure. The enthalpy versus pressure curve is given in
9. From this, we get the phase transition pressure as 1
Mbar and the corresponding reduced volumeV/V0 as 0.685.
So it leads to the conclusion that under high pressure~1.393
Mbar! vanadium undergoes a phase transition from
structure (A2 phase! to sc structure (Ah phase!. Thus our
present calculation confirms that sc structure is the promis
candidate for the new phase one can observe above
Mbar, which was hinted at in the previous study by Ota
and Suzuki.1 However, our result of the phase transition
vanadium could not be checked by the experiment29 or the-
oretical study. So far, no study on the phase transition
been performed as a function of high pressure for vanadi
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C. Superconductivity in vanadium under pressure

The continuous promotion ofs,p electrons to thed shell
in all solids under pressure is one of the factors which w
induce superconductivity18,23–27. The manner in which thed
electron number is increasing as a function of pressure
vanadium is given in Table I. At normal pressure itself t
contribution of 3d state is large whereas 4s and 4p states are
small . This will clearly show the possibility of a superco
ducting transition in solid vanadium under norm
conditions.25 Thus, in vanadium, the electronic charge dist
butions and electronic structure under normal conditions
fundamental to our understanding of their superconduc
properties.18,27

The theory of Gaspari and Gyoffy30 in conjunction with
McMillan’s formula8 is used to calculateTc . The electron-
phonon mass enhancement factorl is

l5
N~EF!^I 2&

M ^v2&
, ~1!

whereM is the atomic mass,̂v2& is an average of the pho
non frequency square, and^I 2& is the square of the electron
.

0
1
25
20
TABLE II. Variation in l, uD , andTc of bcc vanadium under pressure.

Pressure Fermi Density of Theory Expt
P energyEF statesN(EF) le-ph uD Tc Tc

~Mbar! ~Ry! ~states/Ry! ~K! ~K! ~K!

0.0000 0.2958 19.9000 0.5975 380.00 5.97 5.3
0.2473 0.3585 18.5700 0.6379 433.31 7.11 7.6
0.6321 0.4469 16.0940 0.7128 503.17 12.84 11.
1.2000 0.5593 13.2842 0.8269 587.08 18.25 17.
1.3930 0.5660 12.8985 0.8414 592.01 20.99
2.3839 0.7903 11.9328 0.6988 736.43 15.46
4.5655 0.9831 8.1270 0.5797 872.83 8.85
9.4500 1.2655 5.5327 0.4417 1066.75 5.44
9-5
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phonon matrix element averaged over the Fermi energy.^I 2&
~in rydbergs! can be written as

^I 2&52(
l

~ l 11!

~2l 11!~2l 13!
Ml ,l 11

2 Nl~EF!Nl 11~EF!

N~EF!N~EF!
,

~2!

where

Ml ,l 1152f lf l 11$@Dl~EF!21#@Dl 11~EF!1 l 12#

1@EF2V~S!#S2%.

The necessary parameters to calculateMl ,l 11 are taken
from the band structure results.23–27

The average of the phonon frequency square is

^v2&50.5uD
2 , ~3!

FIG. 7. Total energy vs reduced volume curve for vanadium
different structures.

TABLE III. Variation in l, uD , andTc of sc vanadium under
pressure.

Pressure Fermi Density of Theory
P energyEF statesN(EF) le-ph uD Tc

~Mbar! ~Ry! ~states/Ry! ~K! ~K!

2.3839 0.1134 16.6128 0.6574 119.01 1.72
4.5655 0.2615 13.3100 0.4390 192.03 0.35
9.4500 0.4627 11.5900 0.3232 275.17 0.05
09450
whereuD is the Debye temperature. The variation ofuD with
pressure can be estimated from a relation which is obtai
assuming a free electron approximation. The ratio of Deb
temperatureuD to the Fermi temperatureTF can be written
as31

uD

TF
5

2KD

KF

C

VF
, ~4!

whereKD is the Debye wave vector,KF is the Fermi wave
vector, VF is the Fermi velocity, andC is the velocity of
sound. Under the harmonic approximation, one can ob
the Debye temperature which is proportional to the squ
root of the Fermi energy divided by the cell parameter, i.

uD~P!5
AEF

AEF
0

a0

a
uD

0 , ~5!

whereuD
0 , a0, andEF

0 are normal pressure quantities.18,32

n
FIG. 8. Pressure dependence of reduced volume in vanad

TABLE IV. Comparison in equilibrium lattice constanta0, bulk
modulusB0, and its derivativeB0

1 of vanadium at ambient pressure

Ground-
state Present Experimenta Previous
properties study theoryb

a0 ~a.u.! 5.7338 5.7278 5.7586
B0 ~Mbar! 2.0020 1.8800 1.9460
B0

1 2.9500 2.4000 3.0000

aReference 5.
bReference 1.
9-6



-

ith

th

-

-
he

e
ith

e

a

nt of
ient
ue

uc

ELECTRONIC PHASE TRANSITION AND . . . PHYSICAL REVIEW B67, 094509 ~2003!
uD
0 for V is 380 K. The superconducting transition tem

perature is calculated using McMillan’s formula,8

Tc5
uD

1.45
expF 21.04~11l!

l2m* ~110.62l!
G , ~6!

wherem* is the electron-electron interaction parameter. W
the Fermi energy andN(EF) obtained from the self-
consistent calculation, we have calculated the value of
superconducting transition temperatureTc using Eq.~6!. The
calculated values ofuD(P), l, andTc under various pres
sures for bcc vanadium are given in Table II.

The Debye temperatureuD(P) is proportional to the char
acteristic phonon frequency of the lattice. The path to hig
Tc lies in the direction of higheruD(P). But under high
pressure, a higher Debye temperature can also lowerTc .
That is because the coupling constantl can decrease if the
phonon frequencies are large.25 At normal pressure, the valu
of Tc calculated is 5.975 K. This is in good agreement w
the experimental observation of Ishizukaet al.5 The mea-
sured value ofTc is 5.3 K at atmospheric pressure. Th
electron-phonon mass enhancement factorl at normal pres-
sure is 0.5975~Table II!, which is in agreement with the
value of 0.6 reported by McMillan.8

At 1.2 Mbar pressure the calculated value ofTc is 18.21
K which is very close to the experimental value of 17.2 K

FIG. 9. Enthalpy vs pressure curve for V in bcc and sc str
tures.
09450
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1.2 Mbar pressure.5 The highest value ofTc 20.99 K, is
reached at 1.393 Mbar pressure with a pressure coefficie
10.78 K/Mbar, whereas the experimental pressure coeffic
is 9.6 K/Mbar.5 On further increasing the pressure, the val

-

FIG. 10. Fermi surface cross section of V in central~100! and
~110! planes.
9-7
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C. NIRMALA LOUIS AND K. IYAKUTTI PHYSICAL REVIEW B 67, 094509 ~2003!
of Tc goes on decreasing and reaches 5.44 K at 9.45 M
pressure with the pressure coefficient of 1.42 K/Mbar. T
behavior is similar to a number of elemental transition me
Nb, Zr, and Ta under pressure.16–18 From Table II, we find
that the calculated values ofTc depend more sensitively o
the electron-phonon mass enhancement factorl.25 The high
Tc of bcc vanadium is believed to be the result of the
crease in thed-electron number andl.33–35 In general, at
greaterd-electron contribution to the band structure results
a stronger electron-lattice interaction25 (l50.84 at P
51.393 Mbar). The decrease ofTc above 1.393 Mbar may
be due to a structural phase transition in vanadium in
pressure region. This view is supported by the previous
oretical work1 and the present investigation.

From our calculation a discontinuous decrease inTc is
obtained at 2.38 Mbar corresponding to sc vanadium~Table
III !. For the sc phase, we predict a highTc of 1.72 K at 2.38
Mbar pressure. With a further increase in pressure theTc
values decrease with a pressure coefficient of 0.2
K/Mbar. Here, also, the calculated values ofTc depend more
sensitively on the electron-phonon mass enhancement fa
l ~Table III!. The decrease in the value of theTc may be due
to a stiffening of the lattice and a change in the coordinat
number.

D. Fermi suface cross section

Fermi surface cross sections of vanadium under differ
pressures along the central~100! and~110! planes are shown
in Figs. 10~a!–10~c!. The Fermi surace cross sections are d
to the III band of vanadium. In the above figure the ho
regions are shaded like in Ref. 36. In Fig. 10~a!, electron
surfaces are present alongG-N, N-H(neck),G-P, P-H, and
P-N directions.21 At normal pressure, the complex third zon
hole surface consists of a multiply connected hole tu
~jungle gym! along theG-H direction ~100! and distorted
ellipsoids centered aroundN. The ellipsoids are connected t
the jungle gym surface by necks alongG-N direction. This is
in good agreement with the experimental Fermi surfa
study of vanadium.36

The area of the cross section of the electron surface
crease with an increase of pressure@Fig. 10~b!#, which is also
predicted in the earlier theoretical calculation.1 The electron

*Corresponding author.
1M. Otani and N. Suzuki~unpublished!.
2W. E. Gardner and T. F. Smith, Phys. Rev.144, 233 ~1966!.
3T. F. Smith, J. Phys. F: Met. Phys.2, 946 ~1972!.
4N. B. Brandt and O. A. Zarubina, Sov. Phys. Solid State15, 281

~1974!.
5M. Ishizuka, M. Iketani, and S. Endo, Phys. Rev. B61, R3823

~2000!.
6O. K. Anderson, Phys. Rev. B12, 3060~1975!.
7O. K. Anderson and O. Jepson, Phys. Rev. Lett.53, 2571~1984!.
8W. L. McMillan, Phys. Rev.167, 331 ~1968!.
9R. Asokamani, G. Pari, R. Rita, and R. Mercy, Phys. Status So

B 199, 157 ~1997!.
10R. Asokamani, Ch. U. M. Trinath, G. Pari, and S. Natarajan, M

Phys. Lett. B9, 701 ~1995!.
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region along theP-H direction is modified, giving rise to a
hole region along theP-H direction. The size of the electro
packet around theP point is reduced whereas the neck alo
the G-N direction is increased atV/V050.685. On further
increasing of pressure@Fig. 10~c!#, the hole region along the
P-H direction and the tiny electron packet around theP
point are again joined with the electron region along theP-H
direction. At this pressure, the size of the necks along
G-N direction gets reduced.

As in the case of Nb and Ta, in vanadium also the no
linearities inTc(P) could be explained by the creation an
destruction of new parts of the Fermi surface at hi
pressure.17 The creation of the hole region along theP-H
direction may be the reason for the high value ofTc at 1.393
Mbar pressure. Similarly the destruction of the hole reg
and the increased area of the cross section of the elec
region led to the lowering of theTc value above 1.393 Mbar
This is an indication of a Lifshitz transition of order 2.5.37

IV. CONCLUSIONS

In the present investigation, the pressure dependenc
the superconducting transition temperature (Tc) of vanadium
is well brought out and is in good agreement with a rec
experimental observation.5 This trend is similar to otherTc
calculations.16–18 We have performedTc calculations up to
the compressionV/V050.4 which corresponds to a hig
pressure of 9.45 Mbar for both bcc and sc structures of
nadium. Experimental evidence is available up to the
Mbar pressure region.5 We have also predicted the pha
transition of vanadium from bcc to sc structure under pr
sure~1.393 Mbar!. The phase transition is one of the reaso
for the decrease in theTc above 1.393 Mbar. Experimenta
findings are needed to confirm the phase transition in va
dium under pressures above 1.2 Mbar.
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