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Electronic phase transition and superconductivity of vanadium under high pressure
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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 cubidsg), and simple hexagonal structures are computed. From the enthalpy calculation, it is found that
up toV/V,=0.685 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 KT,). When the pressure is increased it is predicted Thamcreases 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 highestT . estimated is 20.99 K and the corressponding pressure is 1.393 Mbar. On further increase of
pressurel . 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.
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[. INTRODUCTION bcc phase as well as the simple cultér) phase and the
phase transition of vanadium under pressure. In Section I,

The discovery of superconductivity with a high transition the details of the calculational procedure, electronic band
temperature at normal pressure is of great physical interesstructure, and density of states corresponding to various pres-
vanadium(V) is a transition metal. Theoretically Otani and sures of vanadium are discussed. Section Ill contains the
Suzuki applied a first-principles study to bce vanadium un-details of the results and a discussion. The conclusion is
der high pressure. The lattice dynamical studies of vanadiurgiven in Sec. IV.
including calculations of phonon dispersion relations, density
of states, and the shape of the Fermi surface have been
reported From these results, Otani and Suzuki strongly sug-
gest that vanadium would take another structure other than A. Calculational procedure
bce above 1.37 Mbar. So further theoretical calculations and The TB LMTO method within the atomic sphere approxi-

experimental observations are needed in order to predict the,5tion (ASA) and local density approximatiofLDA) is
electronic phase transition of vanadium under pressure.  sed to compute the band structure and density of states of
~ Vanadium metal exhibits a high superconducting transiyanadium. The details of the method are found in Refs. 9—12
tion temperature under normal conditions and the pressurgnq here we give only the computational details. Al relativ-
depen2de4nce of . has been observed in several experimentalsic effects except spin-orbit coupling are included. The ex-
works " TheT, of vanadium has been studied uUp to a maxi-change correlation scheme of Von Barth and Hedin is
mum pressure of 0.010 Mbar by Gargner and Sfilthe  employed!® The Brillouin zone(BZ) integrations are per-
rate of increase of ; with pressure igpressure coefficient formed for 145k points for both bee and fec structures, 165
dT/dP) 11+3 K/Mbar. Gargner and Smith offered a clear k points for sc structure, and 2Kpoints for simple hexago-
explanation of the observed variation in the sign of the prespg (sh structure of vanadium, within the irreducible wedge
sure dependence df; in vanadium. More recentlyTc of  of the Brillouin zone. The final convergence in our self-
vanadium has been observed as a function of pressure up gnsistent calculation is 16 Ry. For the sh structure calcu-
1.2 Mbar by Ishizukat al-> The results of the superconduct- |ation, c/a is fixed at 1.633 and the total energy is calculated
ing quantum interference device \(lbratlngscon magnetometegs g function of the lattice spaciray keeping the ratic/a
measurments performed by Ishizuled al” on vanadium  constan® The electronic configuration of vanadium is
give the characteristic behavior ®f under pressure. Under [Ar]4s? 3d%. The valence states assumed in our calculations
normal conditions, the superconducting transition temperas e 42 and 3. There are five valence electrons in vana-
ture T¢ is 5.3 K and at 1.2 Mbar pressure the valu€Tefis  giym throughout our calculations. The total energy calcula-
17.2 K; this value is the highest value Bf among the el-  tjon of vanadium is performed as a function of reduced vol-
emental metals reported so fafhere are no theoretical pre- yme for bce, sc, fcc, and sh structures. The calculated total
dictions in corresponding to this observation. This motivatedenergies are fitted to Murnaghan’s equation of $tate de-

the present investigation. termine the phase transition pressure and other ground-state
In our calculations, the effect of pressure on the bandyoperties of vanadium.

structure of vanadium is obtained by means of the self-
consistent tight-binding linear muffin-tin orbitdfB LMTO)
method®’ The superconducting transition temperatdre
is calculated using McMillan’s formuliWe present our re- We have obtained the band structure of vanadium in the
sults on the pressure dependenceTgfof vanadium in the bcc phase and sc phase as a function of various reduced

Il. BAND STRUCTURE AND DENSITY OF STATES

B. Band structure under pressure
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volumes. We have done the band structure calculation fotigation also the conduction-band minimum is located at the
different pressures ranging from normal to 23 Mbar corre-I" point. The single band lying well below the Fermi level is
sponding to volume compressioW$V, from 1.0 to 0.3. The the valence band due tos# electrons of vanadium. The
pressure dependence of the volume is derived from Murnearly half-filled bands with & character originate just be-
naghan’s equation of state Even though we have obtained low the Fermi level. The conduction bands above the Fermi
the band structure fov/V, values from 1.0 to 0.3, we have energyEg are due to #° state of vanadium. As pressure
present here the band structures of vanadium along the syrmcreases, the entire band structure is slowly shifted up in
metry directionsI’-H-N-I"-P-N for bcc structure(Figs. 1 energy. For comparison, we have given the electronic band
and 2 andI'-R-X-I'-M-X for sc structure(Fig. 3), corre-  structure of bcc vanadium and sc vanadium at the same re-
sponding to the compressiogV,=1.0 (Fig. 1) and 0.685 duced volume o¥/V,=0.685(Figs. 2 and R It is important
(Figs. 2 and Bonly. The charge distribution under reduced to note that in Figs. 2 and 3 the low-lying4and never rises
volume for the bcc phase is given in Table 1. above the Fermi level as observed in bce Zr under presdure.
At normal pressuréFig. 1), band structure of vanadium And also the 8 bands lie just below the Fermi level for both
shows that there is a overlaping of valence band and condustructures.
tion band, confirming the metallic nature of vanadium under From Figs. 1 and 2, it is seen that the occupikdand
normal conditions. The band structure of vanadium exhibitsegion increases under pressure while the occupibdnd
characteristic features similar to other transition elementsegion decreases. It is due to th&o d transition under pres-
Nb, zr, and Ta®~*®! Similar to previous theoretical band sure. Thes,p electron transfer to the shell under pressure is
structure calculations of vanadiutii,??in the present inves- qualitatively a common feature of many band structure
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calculations??*-%%|n a similar way, there is,p electron  narrow width neaEg . The short spike near the origin is due
transfer to thal shell in vanadium up t&%/V,=0.3(Table ).  to 4s electrons of vanadium. The highest spike with a broad
Thed-electron number of vanadium increases from 3.6345 tavidth aboveEg is due to the empty @ state of vanadium.
4.4775 in the pressure range from normal to 23 Mbar. The When pressure increases, the value of Fermi energy in-
dip in the 4 band near thd" point below the Fermi level creases whereas the density of stateNl(@g) decreases. It
(Fig. 1) decreases as the pressure increésSigs. 2 and R It is due to the broadening of the bandwidth with pressure.
is due to the strong hybridization of the band structure andrig. 5, the spikes are of almost equal height below the Fermi
also the electronic system is strongly coupled to the latticéevel. From Figs. 5 and 6, the DOS at the Fermi level of the
under pressuré. The band structure results are used to cal-bcc structuré13 states/Ry(Fig. 5 is smaller than that of the
culate the value ofT. in conjunction with McMillan's sc structure(19 states/Ry (Fig. 6). This is because, when
formula®18 vanadium is deforming from bcc to sc structure, the energy
bands per unit energy region below the Fermi level increases
C. Density of states under pressure (Fig. 3). As a result, the DOS plot of sc vanadiuffig. 6)

. . has a relatively large peak just below the Fermi level. This
The density of statetDOS) (states/Ryd cellhistograms  regyjts in a larger DOS at the Fermi level of the sc structure

corresponding to _various pressures ranging from normal t@,an that of the bce structure M/V,=0.685. This large
23 Mbar are obtained. In Figs. 4-6, we have presented thgeak pelowk, is the reason for the stability of the sc struc-
DOS histograms pertaining to the compressi¥o=1.0 e ahove this pressure region. A similar situation is ob-
(Fig. 4 and 0.685Figs. 5 and & The calculated DOS atthe geryed in selenium where the structural stability is explained
Fermi energyN(Eg) corresponding to various pressures of 5y the basis of a relatively large peak below the Fermi
bee vanadium is given in Table II. For sc vanadium the DOSjgy 125 This view is supported by our present investigation.
data are given in Table Ill. Under normal conditioi®$g. 4,  The shape of the hole Fermi surface of the third band of
the levels arising from V 8 electrons give a high spike with yanadium at normal pressure and 1.37 Mbar is evaluated by
Otani and Suzukl. They pointed out the possibility of a

. TABLE |. Electrons ins, p, andd shells of bec vanadium at gy ctyral transition from bcc to another phase above 1.37
different pressures. Mbar pressure.

Lattice Pressure
VIV, constant P 4s? 4p° 3d3 Ill. RESULTS AND DISCUSSION

a(au)  (Mbarn A. Ground-state properties of vanadium

1.0 5.7278 0.0000  0.6302  0.7352  3.6345 In order to study the phase stability of vanadium, we have
0.9 5.5301 0.2473 ~ 0.6157 0.7081  3.6762 calculated the total energy as a function of reduced volume
0.8 5.3172 0.6321 0.5965 0.6707  3.7328 for various structures as shown in Fig. 7. The reduced vol-
0.7 5.0857 1.2649 0.5688 0.6212  3.8099 umeV/Vj is ranges from 1.2 to 0.4 in steps of 0.05, where
0.6 4.8310 2.3839 0.5252 0.5571 3.9176 V, is the experimental equilibrium volume under normal
0.5 4.5462 4.5655 0.4552  0.4864 4.0584 pressure and/ is the volume under pressui&The calcu-

0.4 4.2203 9.4500 0.3259 0.3944 4.2796 lated total energy confirms that the ground-state structure of
0.3 3.8344 23.0000 0.1560 0.3665 4.4775 Vanadium is bcc as observed experimentally and reported

from other theoretical calculatioris® The calculated total
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energies were fitted to Murnaghan’s eqation of $faead the  to the local density approximation and the numerical accu-
determined pressure is tabulated in Table I. The calculatethcy of the total energy calculations.

equilibrium lattice constard,, B,, andBj in the bce struc-

ture are given in Table IV together with experimental and

other theoretical results, whe®, is the isothermal bulk B. Phase transition under pressure

modulus at normal pressure which is equal to At ambient conditions, vanadium has bcc structure. Otani
(—VodP/dV) andBg is the pressure derivative of isothermal and SuzuKi obtained phonon dispersion curves along the
bulk modulus evaluated at normal presstiidie equilibrium  high-symmetry directions of vanadium. They opinioned that
lattice constant determined from our calculation is 5.733 8%here could be a phase transition from bcc to another phase
a.u., which differs from the experimental value by 0.105%.other than bcc at high pressure above 1.37 Mbar and sug-
This indicates the accuracy of our calculation. The pressurgested further experimental and theoretical investigations in
dependence of the reduced volume obtained from our calcuhis direction for vanadium.

lated B, and Bj values agrees well with expeimerttatork In general the phase transition pressure and the corre-
and exactly coincides with previous theoretfcalork (Fig.  sponding reduced volume are studied by performing total
8). The origin of the discrepancy between theory and experienergy calculations for various structures. Here total energy
ment at high compression may be due to the difference in thealculations are performed for various phases of vanadium
theoretical value of the pressure derivative of the bulk modufbcc(A2 phasg sc(A, phase, fcc(Al phasg and shfy

lus By and the experimenta8j (Table IV). The difference phasg] corresponding to the reduced volume ¥V,
between theory and the experimental valuBpimay be due  =1.2—0.4 and the results are shown in Fig. 7. To ensure the
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high-pressure structure of vanadium, we have also calculated C. Superconductivity in vanadium under pressure

the total energies corresponding to the hcp and diamond The continuous promotion a,p electrons to thel shell

structures. From the results we observed, the total energies pf 5 goligs under pressure is one of the factors which will
vanadium in the above structures are higher than those in thg,,ce superconductivity?3-27 The manner in which the

SC, fCE’ and sh structures. From Fig. 7, it is found that up Qectron number is increasing as a function of pressure in
V/IVo=0.685, bcc structure has the lowest energy and furtheg, o 4ium is given in Table 1. At normal pressure itself the

reduction of volume, and sc structure becomes more stable Bontribution of 3 state is large whereas4nd 4p states are
energy than the bce structure. Further from the enthalpy calsa)  This will clearly show the possibility of a supercon-
culation, similar to our earlier studies on Kl and RBve ducting transiton in solid vanadium under normal

have analyzed the structural phase transition from bcc to sg,qitions?® Thus, in vanadium, the electronic charge distri-

structure. The enthalpy versus pressure curve is given in Figy tions and electronic structure under normal conditions are

9. From this, we get the phase transition pressure as 1.3%3,4amental to our understanding of their superconducting
Mbar and the corresponding reduced volui&/, as 0.685. properties:8:27

So it leads to the conclusion that under high p_ressljmgi% The theory of Gaspari and Gyoffyin conjunction with
Mbar) vanadium undergoes a phase transition from bcGycpjillan's formula® is used to calculatd, . The electron-

structure A2 phasg to sc structure 4, phasé. Thus our honon mass enhancement factois
present calculation confirms that sc structure is the promising

candidate for the new phase one can observe above 1.37 )

Mbar, which was hinted at in the previous study by Otani A= N(Eg){I) 1)
and Suzukit However, our result of the phase transition in M(w?) '

vanadium could not be checked by the experirfieot the-

oretical study. So far, no study on the phase transition haahereM is the atomic mass,w?) is an average of the pho-
been performed as a function of high pressure for vanadiurmon frequency square, aritf) is the square of the electron-

TABLE Il. Variation in A, 6y, andT. of bcc vanadium under pressure.

Pressure Fermi Density of Theory Expt.
P energyEg statesN(Eg) Neph Op Te Te
(Mbar) (Ry) (states/Ry (K) (K) (K)
0.0000 0.2958 19.9000 0.5975 380.00 5.97 5.30
0.2473 0.3585 18.5700 0.6379 433.31 7.11 7.61
0.6321 0.4469 16.0940 0.7128 503.17 12.84 11.25
1.2000 0.5593 13.2842 0.8269 587.08 18.25 17.20
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
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TABLE Ill. Variation in \, 6y, andT. of sc vanadium under
pressure.
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TABLE IV. Comparison in equilibrium lattice constaag, bulk
modulusB,, and its derivativeB} of vanadium at ambient pressure.

Pressure Fermi Density of Theory Ground-

P energyEr  statesN(Eg)  Aepn Op Te state Present Experiméht Previous
(Mbar) (Ry) (states/Ry (K) (K) properties study theoﬁ/
2.3839 0.1134 16.6128 0.6574 119.01 1.720 a, (a.u) 5.7338 5.7278 5.7586
4.5655 0.2615 13.3100 0.4390 192.03 0.355 B, (Mban 2.0020 1.8800 1.9460
9.4500 0.4627 11.5900 0.3232 27517 0.056 B} 2.9500 2.4000 3.0000

phonon matrix element averaged over the Fermi enétgdy.
(in rydberg$ can be written as

_ (1+1) > Ni(Ep)Ni;1(Ef)
<'2>_22| (2|+1)(2|+3)'V""+l N(Ef)N(Eg)
2

where

M i+1= = ¢1¢1+1{[Di(Ep) = 1][Dy 4 1(Ep) +1+2]
+[Er—V(S)]S%}.
The necessary parameters to calculstg ., are taken
from the band structure resuft.?’
The average of the phonon frequency square is

(w?)=0.503, (3)

-0.7 4

-0.9

(Etot - 1894) Ry

BCC

1.7 T T T T T T T )
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
ViVo

%Reference 5.
breference 1.

whereédp, is the Debye temperature. The variationdgf with
pressure can be estimated from a relation which is obtained
assuming a free electron approximation. The ratio of Debye
temperaturedp to the Fermi temperatur€: can be written
ast
0p 2Kp C
TR Ve @
F F VF

whereKp is the Debye wave vectoKg is the Fermi wave
vector, Vg is the Fermi velocity, andC is the velocity of
sound. Under the harmonic approximation, one can obtain
the Debye temperature which is proportional to the square
root of the Fermi energy divided by the cell parameter, i.e.,

VEr 2
VE? @

where 63, a,, andE2 are normal pressure quantiti€’s>?

Op(P)= 63, (5

10 1

—— Present work
—=— Previous Theory
—— Experiment

Pressure (Mbar)

0.3 0.5 0.7 0.9 1.1
V/Vo

FIG. 7. Total energy vs reduced volume curve for vanadium in

different structures.

FIG. 8. Pressure dependence of reduced volume in vanadium.

094509-6



ELECTRONIC PHASE TRANSITION AND.. .. PHYSICAL REVIEW B57, 094509 (2003

r 450 (@). V/Vo=1.0
N
BCC

- 400
SC

350

+ 300

Enthalpy (mRy)

/I //

(b). V/Vo=0.685

N
- 250

200 /

= T T T T 1

1.55 1.5 1.45 1.4 1.35 1.3 1.25
Pressure (Mbar)

FIG. 9. Enthalpy vs pressure curve for V in bcc and sc struc-
tures.

6% for V is 380 K. The superconducting transition tem- /////
P 77

perature is calculated using McMillan’s formdla, N

(c). V/IVo=04
N

Te

0 —1.041+\
b F{x aten) | ©

TR
1.45 —u*(1+0.620)

whereu* is the electron-electron interaction parameter. With

the Fermi energy andN(Eg) obtained from the self- 7
consistent calculation, we have calculated the value of the
superconducting transition temperatieusing Eq.(6). The /// //
calculated values ofp(P), N, and T, under various pres- r y /7
sures for bcc vanadium are given in Table 1.

The Debye temperaturé, (P) is proportional to the char-
acteristic phonon frequency of the lattice. The path to higher
T. lies in the direction of highe®y(P). But under high
pressure, a higher Debye temperature can also Idwer
That is because the coupling constantan decrease if the /
phonon frequencies are lar§@At normal pressure, the value /
of T, calculated is 5.975 K. This is in good agreement with N P N
the experimental observation of Ishizukaal® The mea-
sured value ofT, is 5.3 K at atmospheric pressure. The FIG. 10. Fermi surface cross section of V in centfH00 and
electron-phonon mass enhancement faktat normal pres- (110 planes.

sure is 0.5975Table 1), which is in agreement with the 1 5> Mpar pressurd.The highest value off, 20.99 K, is

value of 0.6 reported by McMillaf. _ reached at 1.393 Mbar pressure with a pressure coefficient of
At 1.2 Mbar pressure the calculated valueTefis 18.21  10.78 K/Mbar, whereas the experimental pressure coefficient

K which is very close to the experimental value of 17.2 K atis 9.6 K/Mbar> On further increasing the pressure, the value

094509-7



C. NIRMALA LOUIS AND K. IYAKUTTI PHYSICAL REVIEW B 67, 094509 (2003

of T, goes on decreasing and reaches 5.44 K at 9.45 Mbaegion along theP-H direction is modified, giving rise to a
pressure with the pressure coefficient of 1.42 K/Mbar. Thishole region along th@-H direction. The size of the electron
behavior is similar to a number of elemental transition metalacket around the point is reduced whereas the neck along
Nb, Zr, and Ta under pressut&:*® From Table II, we find  the I'-N direction is increased af/V,=0.685. On further
that the calculated values @f, depend more sensitively on increasing of pressuf&ig. 10(c)], the hole region along the
the electron-phonon mass enhancement facttt The high  p-H direction and the tiny electron packet around fe
T, of bce vanadium is believed to be the result of the in-point are again joined with the electron region alongRhe
crease in thed-electron number and.**~%° In general, at direction. At this pressure, the size of the necks along the
greaterd-electron contribution to the band structure results in["-N direction gets reduced.
a stronger electron-lattice interactfon(x=0.84 at P As in the case of Nb and Ta, in vanadium also the non-
=1.393 Mbar). The decrease ®f above 1.393 Mbar may linearities inT,(P) could be explained by the creation and
be due to a structural phase transition in vanadium in thiglestruction of new parts of the Fermi surface at high
pressure region. This view is supported by the previous thepressuré’ The creation of the hole region along tffeH
oretical work and the present investigation. direction may be the reason for the high valuéTpfat 1.393
From our calculation a discontinuous decreaseTjnis  Mbar pressure. Similarly the destruction of the hole region
obtained at 2.38 Mbar corresponding to sc vanadi{@able  and the increased area of the cross section of the electron
I11). For the sc phase, we predict a highof 1.72 K at 2.38  region led to the lowering of th€, value above 1.393 Mbar.

Mbar pressure. With a further increase in pressureThe This is an indication of a Lifshitz transition of order Z5.
values decrease with a pressure coefficient of 0.2355

K/Mbar. Here, also, the calculated valuesTgfdepend more IV. CONCLUSIONS
sensitively on the electron-phonon mass enhancement factor
\ (Table Ill). The decrease in the value of tig may be due In the present investigation, the pressure dependence of
to a stiffening of the lattice and a change in the coordinatiorthe superconducting transition temperatufg) (of vanadium
number. is well brought out and is in good agreement with a recent
experimental observatiohThis trend is similar to otheT
D. Fermi suface cross section calculations'®*® We have performed, calculations up to

the compressionV/Vy=0.4 which corresponds to a high

Fermi surface cross sections of vanadium under diﬁere”bressure of 9.45 Mbar for both bee and sc structures of va-
pressures along the centfabO) and (110 planes are shown paqium. Experimental evidence is available up to the 1.2

in Figs. 10a)-10(c). The Fermi surace cross sections are dunar pressure regiohWe have also predicted the phase
to the Il band of vanadium. In the above figure the holeyansition of vanadium from bcc to sc structure under pres-
regions are shaded like in Ref. 36. In Fig.(d0 electron 161 393 Mbay. The phase transition is one of the reasons

surfaces are ps)zrfsent alofigN, N-H(neck),I'-P, P-H, and ¢4 the decrease in th&, above 1.393 Mbar. Experimental
P-N directions™" At normal pressure, the complex third zone finqings are needed to confirm the phase transition in vana-
hole surface consists of a multiply connected hole tubgyi,m under pressures above 1.2 Mbar.

(jungle gym along thel’-H direction (100 and distorted
ellipsoids centered arourid The ellipsoids are connected to
the jungle gym surface by necks alohigN direction. This is
in good agreement with the experimental Fermi surface We thank the Council of Scientific and Industrial Re-
study of vanadiuni® search(CSIR) for its financial assistance through Project No.

The area of the cross section of the electron surface de€33/(900/99-EMR-II. The authors are thankful to Dr. R.
crease with an increase of pressiiigy. 10b)], which is also  Asokamani and Dr. M. Rajagopalan for their interest in this
predicted in the earlier theoretical calculatiofihe electron  investigation.
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