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(Received 26 July 2002; accepted 3 February 2003

In order to predict the stable and metastable phases of the bcc metals in the block of the Periodic
Table defined by groups 5B—6B and periods 4—6, as well as the structure dependence of their
transport properties, we have performed full-potential linearized augmented plane wave
computations of the total energies per unit cell as functions of the unit cell volume aoththatio.

In all cases, a metastable body centered tetragticsl phase was predicted from the calculations.

The energy barrier separating the calculated stable and metastable phases ranged from 0.09 eV/cell
(vanadium to 0.38 eV/cell(tungsten. The trends in resistivity as a function of structure and atomic
number are discussed in terms of a model of electron transport in metals. Theoretical calculations
of the electrical resistivity and other transport properties show that bct phases derived from the early
group 5B elements are more conductive than the corresponding bcc phases, while bct phases formed
from the early group 6B elements are less conductive than the corresponding bcc phases. Special
attention is paid to the phases of tantalum where we show that the frequently ob8gutvase does

not result from simple tetragonal distortions of bcc tantalum. 2@3 American Institute of
Physics. [DOI: 10.1063/1.1562751

I. INTRODUCTION in addition to typical experimental analytical tools. In order
o - . to predict and understand the bct structures formed by thin
Under equilibrium conditions free standing early group Sfjims of the bcc transition metals in groups 5—6 of the Peri-
and group 6 metals form body centered culiicq struc- i Table, we have carried out total energy calculations as
tures. The bee and the fetace centered cubjicrystal struc-  netions of the unit cell volume and thea ratio. We have

Lurss can be dregarded as special cases of thle moreh_gﬁneéﬂo computed the electrical resistivity and the plasma fre-
tho y Ce(;]ttir:b | tte?ragonﬂbct) tstructure n rlntetas 'rr: V\t/hlc b guency, important quantities in the areas of transport and
eaan attice parameters are equal fo each other uguperconductivity. The electrical resistivity is a readily ob-

not necessarily to the lattice parameter. The bcc and fcc ,_. - .
. . tainable characteristic property and the plasma frequency is
structures result wheno/a ratios of 1 andv2, respectively, . . -

. . . . irectly proportional to the zero temperature conductivity of
are obtained while deforming a structure having the genera(rilnetals The temperature dependence of the electrical resis-
bct symmetry &=b+#c) along the[001] direction with the ity | ' lculat zf Il th pt died metal CCr f
constraint tha=b, according to the Balntransformation. ity 1S caiculated for all the studied metals except Lr, for

reasons which are described in part A of the theoretical back-

In the course of preparing thin films of bcc metals on _ - !
various substrates, conditions such as impurity levels in th§round section of this article. The zero temperature plasma

preparation environment, substrate strain, and substrate tefffequency is calculated for all the studied bcc metals. Its
perature can result in structural phases other than bcc beirRjessure dependence is also calculated for Nb and Ta. Our
formed. Accordingly, numerous investigators have prepared€sults for the plasma frequency are compared to other cal-
main|y by vacuum evaporation and Sputter-deposition techculated Values as We” as to Values Obtained from eXperimen-
niques, thin film noncubic phases of bcc metals, which werdal measurements at low temperatures, and in the case of the
found to be metastabl@e., which reverted back to the cubic resistivity, our results are compared to experimental data.
phase upon heating or further deposijiofihese phases are Among the metals we have studied, metastable phases in
often observed to have mechanical and transport propertieemental form of vanadiufif chromium? molybdenunt,
different from those of the corresponding bce phase and thebantalum®™8 and tungsteh*®?° have been reported in the
exact structural forms are usually not immediately deduciblditerature. These metastable phases are usually formed most
from standard experimental analytical techniques alone. Arasily as thin films and have been observed to contain a
insightful analysis usually requires applying theoreticalsignificant amount of defects and noncrystallinity. They also
methods in the form o#&b initio band structure calculations exhibit a number of interesting electronic phenomena, for
example, the superconducting transition temperatures in
dAuthor to whom correspondence should be addressed; electronic maimetaStable phases of tungsten and tantalum are believed to
non6886@njit.edu differ appreciably relative to the bulk bcc valugs?A brief
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discussion of the metastable phases of the metals in thiheoretically predicted metastable tetragonal phase of vana-

study, which have been reported in the literature, follows. dium. The films had many defects and poor crystallinity and
eventually collapsed int¢l10tbcc vanadium. The high den-

A. Metastable phase of tungsten sity of disorder and defects in the thin film of tetragonal
vanadium was attributed to the small energy barrier between

Tungsten films are technologically important becausgyg sirained metastable state and the bec ground state of va-
they are used as x-ray masks, metallization layers, and intef,gium.

connects on silicon-based devices. Several auth#tg®

have reported a metastable form of tungsten with a lattice

constant of approximately 0.504 nm, which crystallizes inc. Metastable phase of tantalum
the A-15 structure and is referred to gsungsten. The A-15

B-W phase has been prepared by sputter depodfigh? The formation of tantalum metastable phases on a vari-

evaporatior?? and reduction of tungsten oxid&2 This ety of substrates has been reported in a large number of

metastable phase has been reported to transform to the stal§iRH{€1ing experiments~*° The metastable phase, referred
cubic A-2 a-W upon heating, although the reported transition{® s theg phase, is sometimes formed alongside the stable
temperature ranges vary widely. The oxygen content of thf¢C Phase, referred to as thephase. Thes phase of tanta-
A-15 8-W phase is believed to influence the transition tem-lUm occurs mostly as a thin film and is not easily formed as
perature range, with higher oxygen content films requiringbU|k material. It is _harder, more brittle, and less ductile than
longer transition times and higher heating temperatures. Th&'€ bcc phase. It is known to have a 45% smaller average
A-2 a-W structure formed from A-15-W in this manner 9rain size t.han b_cc tan_tglum, and to freq_uently.c;ontaln a hlgh
has the same oxygen content and x-ray photoelectron spegoncentration of impurities and defepts, in addition to having
troscopy (XPS) binding energy as its precursor, but much @ resistivity(170-210u0 cm) much higher than that.5-60
lower resistivity, on the order of 80% 1e&&2328The de-  #{2cm) of the stable bce phasé.*"212%3%The 5 phase of

crease in resistivity has been ascribed to the elimination of2ntalum has been regé)[tl%d to nucleate preferentially on cer-
the B-W defect structure and an increase in particle size. Th&2in kinds of substrates, ™ and may be stabilized by oxy-

H F ,12,13,16-18
A-15 p-W phase has been reporfédto systematically —9€" impurities’ , 2
evolve to the A-2a-W phase with decreasing oxygen con-  From work such as that of Tian, Jona, and Ma cland

centration and lattice parameter. The stability of the A-15Marcus and Jond, who have used total energy calculations

B-W was also determined to decrease with decreasing oxy© Show that the bulk structure of a thin Ti film on an@01}
gen concentration, implying that oxygen impurities Stab”izesubstrate is strained fcc Ti, it is evident that the nature of the

the A-15 3-W phase. substrate on which a thin film is deposited can determine the
kind of stress prevailing in the deposited film, and therefore
the final structural form of the filmB-Ta has been observed
to form preferentially on certain substrates, so the nature of
Tian and co-workers® have used the full-potential lin- the substrate upon which thin tantalum films are deposited
earized augmented plane walAPW) method in the den- appears to play an important role in the subsequent formation
sity functional theory(DFT) formalism to carry out total of the 8 phase. It is not known, however, whether metastable
energy calculations for vanadium as a function of tla  tantalum structures are formed at any stage of the creation of
andV/V, ratios, whereV,, is the equilibrium volume. They g tantalum in a substrate-strain mediated process analogous
predicted a metastable phase of vanadium withandV/V,  to what has been related above for vanadium. In this article,
ratios of 1.78 and 1.02, respectively, and then proceeded tee try to predict the metastable tantalum structure that would
prepare metastable phases of vanadium on different sulesult from such a process, calculate its transport properties
strates, which they identified as strained states of the the@nd then compare them to the observed transport properties
retically predicted metastable phase. In the first of thos®f B-Ta. The primary motivation for this work then is to
experimentg,vanadium was deposited on{l01} with ana  investigate whether tetragonal distortions of the stable bcc
lattice parameter 0.8% smaller than the theoretically prestructure of tantalum can form a metastable phase that can
dicted square sid€.51 A) of tetragonal vanadium. The va- account for the large resistivity ¢8-tantalum relative tox
nadium films could be grown only up to thicknesses of aboubcc tantalum. We do this by calculating, for tantalum as well
20 A before defects were observed. Since the lattice paramas for the rest of the bcc metals in groups 5B—6B and peri-
eter of N§{0OZ1} is smaller than that of the predicted tetragonalods 4—6 of the Periodic Table, the total energy per unit cell
phase of vanadium, the vanadium film was believed by thas functions of the unit cell volume and tbéa ratio. Meta-
authors to be compressively stressed. Making use of the Bastable bct phases corresponding to local energy minima in
path concept, the authors conjectured that using a substratbe (c/a,E,y) plane, whereE, is the minimum volume-
with a lattice parameter slightly largéby 2%) than that of dependent energy at eacha ratio, are predicted for all the
tetragonal vanadium would result in more ordered vanadiunstudied metals. The electrical resistivities are calculated for
thin films undergoing tensile stress, and chos¢000 (a  all the bcc metals and their predicted bct phases using the
=2.56 A) as a substrate. Quantitative low energy electroowest order variational approximatioft.OVA) formalism
diffraction analysis was subsequently used to determine thdbr the solution of the Bloch—Boltzmann transport equation.
very thin films of tetragonal vanadium were formed on theDifferent alloy combinations of the metals in this study have
Cu{001} substrate, with structures derived from strain on thebeen prepared as metastable phases b&fotéln addition,

B. Metastable phase of vanadium
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metastable fcc phases of ¥aCr* Mo, and WP have been with the electron-phonon interaction parametgrgiven by

observed experimentally; except for V, no metastable bct

phases of these metals which do not have the fcc or bcc -
ZJ atzr(

structure have been prepared in elemental form. Hence, we \,= w)F(w)d—w. (6)

hope that this work will stimulate experimental work on the @

metastable bct phases of the early group 5B and group 6B

metals. The mass enhancement factordetermines the strength of
In Sec. Il of this article, the theoretical background ma-the electron-phonon interaction and is related to the Eliash-

terial is reviewed. In Sec. I, the computational method weberg spectral function by a formula analogous to .3

have used is described in detail. In Sec. IV, our results ardhe enhancement factaralso determines the superconduct-

presented. In Sec. V, these results are discussed and then img transition temperaturel, according to McMillan's

conclude in Sec. VI. formula®
Il. THEORETICAL BACKGROUND T - Op ex;{ 1.041+\) @
[T~ TN o x .
We now give the theoretical background needed for the 1.45 A= p*(1+0.62)
discussion of the transport and electronic properties studied
in this work. The term\,, is closely related to the mass enhancement fac-

, o tor A by*®

A. Electrical resistivity

At temperatures abov®, the Debye temperature, the My=N(ep)
dominant contribution to the electrical resistivity of pure
metals comes from electron-phonon scattering. Other trans- S WK IMEK 12w ) Tt 8(e— g ) 8(s —&40)
port properties strongly affected by electron-phonon scatter- X s kK 5 —e0)Sle— '
ing include the thermal resistivity and superconductivity. The ki W 88 =81 6 — e )
electrical and thermal resistivities of metals are well de- (€)
scribed by LOVA, which is most accurate foe= 0, where

T is the temperature. LOVA neglects the energy dependenc\ﬁhere|Mk,k'| is the electron-phonon matrix element of scat-
and anisotropy of the electronic distribution function, andiering from statek of energye, and group velocity, to a

therefore assumes that the Fermi surface displaces rigidly igtatek’ by emission of a phonon of energyw,_ . The
response to an external fieltlin the LOVA formalism the weighting factow X’ is 1 for \ and Ory—vi0)? for Ay In
X X re

elegtr!cgl resistivity is given as an upper bound to the truean isotropic system), and A differ by the factor (1
resistivity by the expressidh

—cos#) which is of the order of unityg being the transport

67VKksgT fw a2F(w)x? dw process scattering angle. The tenysand\ usually agree to
%)
0

p(T)= ZhN(or) (v S o (1 within 10% ford band metal$®*°so we approximata,, by

\, which is obtained from electronic tunneling data and Mc-
where x=%w/2kgT, V is the volume per unit cell and Millan's formula for T..*°
atsz(a)) is the transport spectral function given by We attempt to use our calculations to reproduce the ex-
2 _ 2 2 erimental resistivities of all the studied bcc met@scept

i () = aguf (0) =~ aipF (@), @ ?:r) over a defined temperature range. We also try to Iraepro-
where acz,utF(w) and a%F(w) are, respectively, the spectral duce the observed trend in the magnitudes of the resistivities
functions for scattering out and scattering*fChe transport  at room temperature in order to have some degree of confi-
spectral function is closely related to the Eliashberg spectrajence in our ability to use the calculations to differentiate
function @?F ()3’ which occurs in superconductivity and between possible structures gfTa based on comparison of
measures the contribution of phonons having frequemty  calculated resistivity values to experimental data. The
electron scattering processes at the Fermi level. In the higlhethod we are using to calculate the resistivities does not
temperature limit, the expressidft) for the resistivity be-  permit calculations for Cr, because bcc Cr is not a supercon-

comes ductor. Accurate resistivity datafor the rest of the metals,
67VksT ﬁ2<w2)tr from which the residual res_lstlvmes have been_ subtracted,
P= 2o is Ml 1T ot (3) have been used for comparisons to our calculations.
efi(ep)(v?) 1T The room temperature resistivities @FTa thin films

The resistivity can then be rewritten as with thicknesses ranging from 100 to 20000 A have been
B 5 measuretf111721.293%y the four-point probe method and
p=(4nlw) (1), 4 the values obtained fall in the range 170-220 cm. The
where o is the plasma frequency andrlis the electron- value of the bcc Ta room temperature resistivity is 13.6

phonon scattering rate given by 1 cm™411200%-1600% less than the range of values that
2, 2 have been reported fg8-Ta. It is therefore crucial that the
—=27kgTAy| 1= =555+ (5)  errors associated with our calculated resistivities remain well
T 12T below these boundaries.
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B. Plasma frequency states at the Fermi energM(eg), was determined to de-

The plasma frequency is directly proportional to zero crease with increasing pressure, satisfying the relation

temperature metallic electrical conductivity and is defined  9InN(ep)

by'® “anv_ L2 (14
52,2— me? N(zg)(0?) (9)  While the plasma frequenay and(v?)2were determined to
(3V)4dmeg F ' increase with increasing pressure. The calculated energy

bands were observed to broaden with increased pressure, re-
sulting in reduced electron—electron interaction as measured
by the Coulomb pseudopotential. Meg) value of 10.68
2y _ 2 _ F
N(er){v >_% |Vienkl“0(enk—ep), (10 states/Ry atom spin was obtained for Nb from our calcula-
tions, which is well within the range obtained by Neve, Sun-
dqvist, and Rapf?

The quantityN(eg)(v?) can be represented as

where the sums on the indicesand k are over occupied

states.
It is illustrative to transform the sum in EGL0) into an
integral over the Fermi surface Ill. COMPUTATIONAL METHOD

S Ve 20(6m—sp) = v Voo 11 The WIEN97 code developed by Blaha, Schwarz, and
< [Vkenid“d(enc—er) =5 3 g KENK S (D Litz* implementing the FLAPW method in the DFT for-

] o ) malism was used for the calculations in this article. The
showing that the plasma frequency is directly proportional toyEN97 code solves the single particle Kohn—Sham equa-

the Fermi surface average of the velocity tions for the Kohn—Sham eigenvalues, ground state density,
- e? and total energy of a many electron system using the
heo “ 1297 jsvksnkds (120 FLAPW method without making any shape approximations

to the potential. Core states are treated in a fully relativistic
N(eg)(v?) was then subsequently calculated according tananner while the valence states are treated semirelativisti-
Eqg. (10) for all the bcc metals in this study and their corre- cally. The exchange-correlation part of the total energy is
sponding bct phases using the FLAPW method. represented by the generalized gradient approximation
(GGA) using the parametrization of Perdew—Burke—
Ernzerhof** DFT in the GGA is now supplanting DFT in the
C. Densities of states local density approximatiolLDA) for electronic structure
The density of electron states at the Fermi level per atonstudy @nd prediction of ground state properties of different
and per spin is given by materl_als a_nd systems. The GGA formahsm a_\ddress_es the
nonuniformity of the electron gas using its density gradients,
N(e ):L dS 13 while the LDA formalism assumes electron homogeneity.
g s, Vikend Lattice constants are usually overestimated by the GGA and
underestimated by the LDA, but lattice constant values tend
to be closer to experiment when calculated with the GGA
than when calculated with the LDX. The calculations in
this article consisted of calculating the total energy per unit
cell atT=0 K as a function of the unit cell volume at a series
of c/a ratios in order to determine the energy minimiy
in the (V,E) plane at eaclt/a ratio and thereby determine
Since we are attempting to predict the structure depenthe absolute energy minima in the/&,E,) plane. All cal-
dence of transport properties from band-structure calculaculations were begun by defining a unit cell, which was sub-
tions, we test the accuracy of our computational method bygequently divided into nonoverlapping atomic sphere and in-
trying to reproduce the calculated and experimentallyterstitial regions. The solutions to the Kohn—Sham equations
determinet? pressure dependence of transport propertiesvere expanded in a combined linear augmented plane wave
such as the density of electron states at the Fermi levelLAPW) basis set consisting of plane waves in the interstitial
N(eg), and the plasma frequeney for the metals Nb and region of the unit cell and a linear combination of products
Ta. The experimental method used to determine the pressuoé spherical harmonics and radial functions inside the atomic
dependence of the plasma frequency for Nb involved makingpheres. The muffin-tin radii chosen for the atomic spheres
use of the measured pressure dependence of the temperatumaged from 2.3 bohr for V and Cr, through 2.5 bohr for Nb
gradient of the electrical resistiviggp/JT, published results and Mo, to 2.7 bohr for Ta and W. The charge densities and
for the superconducting transition temperattliig and the the wave functions were expanded in partial waves up to
compressibility. The theoretical method consisted of a self=10 inside the atomic spheres and the potential was ex-
consistent linear muffin-tin orbitalLMTO) band-structure panded up td =4 inside the spheres. The RKMAX param-
calculation in the atomic sphere approximati@dxSA). The eter, which is the product of the muffin-tin radius and the
plasma frequency was found to be somewhat insensitive to cutoff for the plane-wave expansion, was chosen to be 10.
small changes in the Fermi energy levsl,. The density of The magnitude of the largest vector in the Fourier expansion

N(eg) is a Fermi surface average ofvl/wherev is the
electronic velocityN(eg) is therefore inversely proportional
to the average velocity on the Fermi surface.

D. Pressure dependence of transport properties
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of the charge density, represented by the GMAX parametegnd therefore to a metastable bct phase. The lattice param-
was chosen to be 14 boHr The structure optimization com- eters of the predicted bct phases are shown in Table I. The
putations were carried out using over 1000 irreducikle calculated bct equilibrium volume increases slighgyways
points in the first Brillouin zone for all the studied elements.by 2%) over the calculated bcc equilibrium volume for all
The k points were generated on a grid, which was used in @he metals. The total energy per unit cell as a function of the
modified tetrahedron integration metfdo calculate the minimum volume-dependent energy at eacta ratio is
Fermi energy. The total charge density per unit cell was conshown in Figs. 8)—-3(f). A saddlepoint at/a~1.4 can be
verged to within 10° electrons?ig self-consistently and then observed in Fig. 3 for all the cubic metals, corresponding to
converged with respect to the numberkopoints in the re- theoretical fcc phases of the metals. Tdia ratios at which
ciprocal lattice. Twenty-one structures, each with a differentoct phases are formed as well as the energy differences,
c/a ratio, were created for each cubic element studied. ThAES™"*, between corresponding bcc and bet phases, are
following procedure was carried out for each structure: keeplisted in Table I. Within the studied groups, the magnitude of
ing thec/a ratio constant, the unit cell volume of the struc- the c/a ratio at which a bct phase is formed is inversely
ture was optimized by calculating the total energy per unitproportional to the atomic numb@; while AES®*Cis pro-
cell as a function of the unit cell volume, which was varied portional to Z. In each studied period, bct phases formed
in various subranges of the range of volumes consisting of—rom group 5B elements had the same or higbkx ratios
20% to 25% of the initial unit cell volume, depending on thethan bct phases formed from group 6B elements. The
magnitude of the volume corresponding to the energy miniA EBCt‘bCC values calculated for the group 6B elements were
mum at thatc/a ratio. The LAPW calculated energies were all greater than those calculated for the group 5B elements.
then fitted to the Murnagh&hequation of state to determine TheAEB“‘bccvalues for all the bcc metals ranged from 0.09
the energy minimuntk, in the (V,E) plane. In this manner, eV (vanadium to 0.38 eV(tungste.
two energy minima in thed/a,E,) plane were obtained for
all the studied cubic elements. Over 33000 irreducikle
points were used in the calculation of the derivatives used to  The densities of state®©OS) as functions of energy,
determineN(eg)(v?2) and hence the plasma frequencies andN(e), were calculated for all the studied bcc metals, includ-
the electrical resistivities. The derivatives were calculatedng the calculated metastable bct phases of these metals.
without accounting for spin polarization. The calculation of From theN(e) vs ¢ figures, the total and angular momentum
the pressure dependence of the plasma frequency for Nb amtgcomposed densities of states at the Fermi ené@y;)
Ta was carried out while keeping the ratio of the muffin-tinandN,(eg), respectively, were computed for all phases. The
sphere volume to the total volume per unit cell constant foitotal DOS figures for the bcc and bct phases are shown in
each structure. Figs. 4a)—4(f) and thed DOS figures for both phases are
shown in Figs. &a)—5(f).

A. Densities of states

IV. RESULTS 1. Bec phases

Since some of the column VB and VIB metallic ele- The calculatedN(eg) for all the studied bcc metals are
ments have unpaired-shell electrons, values for the total listed in Table Il. Proceeding down the periods and also to
energy per unit cell of these elements were calculated usingtae right across the groups of the studied block of the Peri-
spin-polarized formalism, which included spin-orbit cou- odic Table,N(eg) was seen to decrease for the metals. The
pling. The total energies calculated in this manner for thehighest value ofN(eg) among the bcc elements was ob-
elements were practically the sarfless than 0.1% differ- tained for V, and the lowest value was obtained for W. @he
ence as the energy calculated without spin-orbit coupling,densities of states\4(sg), were responsible for the largest
indicating a negligible influence of spin-orbit interactions oncontribution toN(eg) for all the studied bcc elements, and
the total energy per unit cell. The volume optimization car-also followed the same trend B§er). The cubic symmetry
ried out at eacle/a ratio resulted in two energy minima, one splits thed states further into thd— ey andd—t,q irreduc-
global and one local, in thec(a,Eg) plane for all the cubic ible representations. There is a single narrow peak due to the
metals in this study, corresponding to stable bcc and metad— e, states located in the upper conduction band region of
stable bct phases. The total energy per unit cell as a functioall the DOS figuregFigs. a)—5(f)], which broadens down
of the unit cell volume at &/a ratio of 1, which corresponds the periods of the studied Periodic Table bldck., as the
to the bcc phase, is shown for each metal in Fig. 1. Theatomic numberZ and the lattice constarg increas¢ The
predicted bcc lattice parameters agree quite well withconductiond bandwidth correspondingly increases down the
experiment? differing by 0.6% on average from the data periods. A double peak feature due to thet,, states is also
(Table ). The calculated bcc theoretical volumes differ from seen near the top of the valence band. For the group 5B
experiment by+2% (2% greater than the experimental vol- elements, the double peak feature extends thrayghThe
ume for Ta, +1% (Nb), —3% (V), +2% (W), +1% (Mo), double peak feature does not extend throsglfior the group
and—4% (Cr). The total energy per unit cell as a function of 6B elements, which occurs at a minimum in the DOS for
the unit cell volume is shown in Fig. 2 for each metatéa  these elements. The height ratio of tie-ey single peak
ratios of 1.72Ta), 1.8Nb), 1.8V), 1.1W), 1.75Mo), and  feature to thed—t,4 double peak feature is highest for V and
1.8(Cr), for which the minimum in energ¥, in the (V,E) Cr, and decreases down the periods. Thet,, states are
plane corresponds to a local minimum in tlegq,E,) plane  responsible for the largest contribution g (eg) for all the
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FIG. 1. (8)—(f) The total energy per unit cel as a function of unit cell volum¥ for the bcc group 5B elements Ta, Nb, and V, and the bcc group 6B elements
W, Mo, and Cr. The total energies shown for Ta, Nb, and V are with respeeBi®52 Ry,—7640 Ry, and-1898 Ry, respectively. The total energies shown
for W, Mo, and Cr are with respect t6 32332 Ry,—8099 Ry, and—2101 Ry, respectively. The open circles in each of the figures represent the LAPW
calculated energies and the solid curve is the fit to the Murnaghan equation. The experimental W§tihase calculated according g '=a’%2 using
lattice parameters taken from WyckdRef. 48.

studied bcc metals, slightly more so for the group 5B tharthose computed for their corresponding bcc phases. The re-
the group 6B metaléTable Ill). Thesandp total densities of  verse relationship to the bcc phaliésr) values was seen
states were insignificant compared to thend have there- for the N(eg) calculated for bct phases derived from the

fore not been included in the figures. group 6B bce elements. The trend in the computde )
observed for the bcc phases was mirrored by the trend in
2. Bct phases calculatedN(eg) for the bct phases, except that the calcu-

The calculated\(eg) for the bct phases derived from latedN(eg) for bet Nb is less than that computed for bct Ta.
the group 5B bcc elements were consistently lower tharThe calculatedNy(eg) for the bet phases followed exactly
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TABLE |. The calculatedc/a ratios of the predicted metastable phases of the cubic metals studied, the
calculated equilibrium lattice parameters and the total energies per unit cell for both phases of each metal, as
well as the calculated energy differenczle58°"b°°bet\Neen the phases for each metal are tabulated. The values

in parenthesis are experimentally determined lattice constants from Ref. 48.

c/a ratio of AERebee
Metal apes (A) apet (A) bt phase E (Ry) Ee” (Ry) V)
Ta 3.3246(3.3059 2.7894 1.72 —31252.2353 —31252.2234 0.162
Nb 3.3110(3.3009 2.7402 1.80 —7640.9485 —7640.9378 0.146
\Y 2.9978(3.0240 2.4747 1.80 —1898.6478 —1898.6409 0.094
w 3.1865(3.1647 2.6895 1.70 —32332.2762 —32332.2480 0.384
Mo 3.1625(3.1473 2.6429 1.75 —8099.1806 —8099.1566 0.326
Cr 2.8475(2.8839 2.3571 1.80 —2101.7828 —2101.7629 0.271

the same trend as the calculatd(sr). £ was observed to  N(e)(v?) vse figures for the period 4 bce elements V and Cr
increase for all the predicted bct structures relative to theitook remarkably similar to each other, as is the case for the
corresponding bcc structures. period 5 elements Nb and Mo. The highest peaks in the
The total andd DOS figures for the bct phases are alsofigures occur belowsg for the period 4 and period 6 ele-
shown in Figs. 4)—4(f) and Figs. %a)—-5(f). In the DOS  ments, while they occur abovg- for the period 5 elements.
figures for the bct phases, thie-e, and d—t,y states are  These peaks occur at 0.24 and 0.34 eV betgwfor V and
split further into the twal,2 andd,2_ 2 irreducible represen-  Cr, respectively, while they occur at 0.24 and 0.12 eV above
tations, and the thred,, , d,,, andd,, irreducible represen- ¢ for Nb and Mo, respectively. The period 6 elements Ta
tations, respectively, by the tetragonal symmetry. The contriand W both exhibit their most prominent peaks in tg:)
butions to the DOS from thel—e, derived states have a x(y?) figures at 0.32 and 0.46 eV, respectively, below,
double peak structure and are flattened relative to the shafgrther below what is seen in the figures for the period 4
d—ey peak seen in the bce DOS figures. The contributions telements. ThéN(g)(v?) vs ¢ figures for the bct phases of all
the bct DOS from thel —t,y derived states are also flattened the elements show more structure than the corresponding bce
relative to the doublel—t,4 peak seen in the bcc DOS fig- figures and exhibit peaks of generally lower intensity, al-
ures and have a more complex peak structure. ¥h&;  though prominent peaks belaw at the same positions seen
derived states are responsible for the largest contribution tg, the bceN(e)(v?) figures still exist in the bet V, Cr, and Ta
Ng(eg) for the group SB bct phases, while tlle-tpq de-  figyres.
rived states are responsible for the largest contribution t0  The calculated values M(er)(v?) are shown in Table
Nq(e) for the group 6B bet phasegable Il). The complex | The highest value among the bce elements is obtained for
set ofd bands derived from thé— ey states extends from the 1, (5.565 Ry bol®), and the lowest value for NIf1.692
top of the valence band througk: to the bottom of the Ry bohf). Among the group 5B elementN(e)(v2) values
conduction band. There is a double peak feature due to thg, (e pet phases of V and Ta increased by 17% and 70%,
d—t,4 derived states extending through the conduction bandrespectively, over the bcc values, while tiés ) (v2) value
Significant contributions to the DOS from thle-t,y derived ¢\ Nb decreased by 58% from the bcc value. Among the

states can also be seen in the lower part of the valence ba@qoup 6B elements\(er)(v2) values for the bet phases of
region. The ratio of the height of thie- e, derived feature to W, Mo, and Cr decreased by 95%, 60%, and 36%, respec-

the height of thed—t?g derlvgd double peak feature in- tively, from the bcc values. We have also calculated the
creases down the periods, being lowest for bct V and bct C

Square root of the mean squared Fermi velocisf) 2, for
and highest for bct Ta and bct W. The for the bct phases . . o
derived from the group 5B elements, similar to the in all the elements in their bcc and bct phases from E4S)

their corresponding bcc phases, occur in a relatively higﬁﬁJlnd (13), assuming a spherical Fermi surface. The highest

2\1/2 i -
density ofd bands. Thesr for the bct phases derived from va]ue of (v®) (Table7 ) among the bec elements is ob
. . ) tained for W (9.34 10" cm/s), and the lowest value for Nb

the group 6B elements occur in a higher densityddfands

relative to thesr in the corresponding bcc phases (3'09X.107 cm/s). Our calculated values QﬁZ)l./Z are com-
F ' pared in Table Il to other values ¢f2)Y/? obtained by the

electron-lifetime model and the augmented plane wave

(APW) band-structure methdd,Slater—Koster interpolation
N(&)(v?) is shown plotted as a function of energy for all of APW data:’ and experimental measureméhOur calcu-

the studied metals in Figs(®—6(f). N(s¢)(v?) is obtained lated (v?)*? for the group 5B elements V and Ta and the

from the value ofN(g)(v?) ateg, which has been adjusted group 6B elements Mo and W differ by an average of 10%

to 0 Rydberg in Fig. 6. The quantity(sg)(v?) began to and 2%, respectively, from these previously reported values.

converge within 1% only when over 33 0®Opoints in the  However, our calculated value 662)*2 for Nb differed by

irreducible wedge of the Brillouin zone were used in evalu-39% from the literature reporteétivalue.

ating Eq.(10). Four peaks are noticeable from the figures for  In each studied period, the group 6B bcc metal always

all the studied elements, although the peak at highest enerdyad a higher value ofv?)*? than the group 5B bcc metal in

is barely discernible for the period 6 elements Ta and W. Théhe same period. Bct values 652)*2 increased relative to

B. Plasma frequencies and Fermi velocities
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FIG. 2. (a)—(f) The total energy per unit celt as a function of volumé/ for the predicted bct phases of the group 5B elements Ta, Nb, and V, and the
predicted bct phases of the group 6B elements W, Mo, and Cr. The total energies shown for bct Ta, Nb, and V are with re3p262t&y,— 7640 Ry, and
—1898 Ry, respectively. The total energies shown for bct W, Mo, and Cr are with respe@2882 Ry,—8099 Ry, and—2101 Ry, respectively. The open
circles in each of the figures represent the LAPW calculated energies and the solid curve is the fit to the Murnaghan equation.

the corresponding bcc phase values for the group 5B eleexperimentally?=>® and theoretically/"*° by other authors
ments, while the bct values Qf;2>1’2 decreased relative to and are mostly well within the ranges reported by these au-
the corresponding bcc phase values for the group 6B elghors.
ments.

The plasma frequencies calculated for all the studledc Electrical resistivit
metals according to Eq€9) and(10) are also shown in Table Y
[I. The highest magnitude of& is obtained for cubic Mo Experimental resistivity dataare compared to our cal-
(8.50 eV}, while the lowest is obtained for cubic N|d.63  culated resistivities over the temperature range 20—-700 K in
eV). Our values are compared in Fig. 7 to values obtainedrigs. 8a)—8(e). At room temperature, the calculated resistiv-
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FIG. 3. (8—(f) The minimum volume-dependent total energy per unitEglés a function ot/a ratio for the group 5B elements Ta, Nb, and V, and the group
6B elements W, Mo, and Cr. The total energies shown for Ta, Nb, and V are with respe8il&b2 Ry,—7640 Ry, and—1898 Ry, respectively. The total
energies shown for W, Mo, and Cr are with respectt82332 Ry,—8099 Ry, and—2101 Ry, respectively.

ities differ from the experimental data by less than 15% forD. Pressure dependence of transport properties

all the studied bce metals except for Nb, for which an The calculated pressure dependence of transport proper-
anomalously large value of the resistivi§s50% greater than p P port prop

experiment is obtained from our computations. Over the ties such adl(s¢)(v?), o, (v?)** and banpl pr_operties such
temperature range 300—700 K, the average discrepancies H=eF an(;IN(sF) are 520\3’2” for Nb and Ta in F'Qs@—g(e)-
tween experimental and calculated resistivities are(a, ~ N(2r)(v°), @, and(v")"* show a general slight decrease
360% (Nb), 13% (V), and 7% (Mo and W). The order of with pressure whilesg increases andll(eg) decreases with
resistivity magnitudes seen in the experimental data at rooraressure for both metals. This pressure dependence behavior
temperature is reproduced by our calculations if the calcuof e andN(eg) is the same as previously obtaifiétbr Nb,

lated value for Nb is not considered. while the pressure dependence behaviaké)(v?2) andw
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FIG. 4. (a)—(f) The densities of states as functions of engxfy) are shown for the cubic and the tetragonal phases of the group 5B elements Ta, Nb, and
V, and the group 6B elements W, Mo, and Cr. In each of Figa.-4(f), the Fermi energy is at 0 eV. The thickened full lines and dashed lines represent,
respectively, the total andidensities of states for the tetragonal phase. The thin full and dashed lines represent, respectively, thedtdihsities of states

for the cubic phase.

in this article is opposite to what was observed in that workby depositing vanadium on a NOO1} substrate which had a
(v?)Y2and showed a slight increase with pressure increase ifattice constant 0.8% smaller than the theoretically predicted
Ref. 42 which is contrary to what was observed in this studysquare side of tetragonal vanadium. The high density of de-
fects and disorder in the experimentally prepared sample of
V. DISCUSSION metastable vanadium was attributed to the low energy differ-
Metastable phases of vanadium have been prepared efnce per unit cel{0.14 eV} separating the calculated stable
perimentally and correlated using low energy electron dif-and metastable phases. In this work, the energy differences
fraction to a calculated metastable bct phase produced bseparating the calculated stable and metastable phases ranged
tetragonal distortiod:> The tetragonal distortion was induced from 0.09 eV (vanadium to 0.39 eV(tungsten. It may be
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FIG. 5. (a)—(f) Thed decomposed densities of states as functions of ery@y) are shown for the cubic and the tetragonal phases of the group 5B elements
Ta, Nb, and V, and the group 6B elements W, Mo, and Cr. In each of FHigs-%f), the Fermi energy is at 0 eV. The thickened full and dashed lines represent,
respectively, thel,> and thed,,, ,, densities of states. The thin full and dashed lines represent, respectivedy; theand thed —t,, densities of states.

possible that all the metastable phases predicted in this astrains would also determine the mechanical and structural
ticle by tetragonal distortion of the corresponding bcc phaseproperties of these hypothetical metastable phases. Such
can be prepared experimentally in a manner similar to thametastable film phases might also be expected to transform
related above for vanadium. Substrates which could be used the stable cubic phases upon heating, since the calculated
to stabilize the bct phases we have predicted would havenergy differences between their tetragonal and cubic phases
lattice parameters very cldsé~+2%) to the bct lattice pa- do not differ appreciably from that of vanadium, for which
rameters given in Table |. A whole range of metastable thirmetal this characteristic has been observed by Tian and
film structural phases could also exist, stabilized by suitableo-workers’ It is not known with certainty if the substrate
substrates and derived from the bct phases predicted in th&rain mediated process discussed above for forming meta-
study by substrate lattice parameter dependent strains. Tistable phases occurs at any stage ofghantalum formation
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TABLE Il. The calculated total density of states at the Fermi end¥gy,-), the totald density of states at the

Fermi energyN4(Eg), N(Eg){v?) [see Eq(10)], as well as the square root of the mean square Fermi velocity,
(v?)¥2 are shown for bct and bee phases of all the studied metals. The numbers in brackets next to the bcc
(v®)¥*2 values are values ¢ ?)Y/? obtained by other authors. The calculated plasma frequency vélugare

also shown for the bcc phase of each mésale also Fig. )7

c/a N(EF) Na(E) N(Eg)(v?) (0?12 ho

Metal ratio (States/eV atom (States/eV atomn (Ry boh#) (10" cmi/s) (eV)

Ta 1.00 1.34 0.83 5.565 6.06.702" 8.34
1.72 1.33 0.75 9.434 7.90

Nb 1.00 1.56 0.93 1.692 3.08.10"¢ 4.63
1.80 1.26 0.67 0.714 8.24

Y, 1.00 1.85 1.32 2.370 3.3@.73° 6.36
1.80 1.47 0.97 2.772 4.07

W 1.00 0.41 0.27 4.063 9.39.602" 7.60
1.70 0.74 0.48 0.212 1.59

Mo 1.00 0.59 0.38 4.974 8.6(B.60" 8.50
1.75 0.93 0.65 1.994 4.34

Cr 1.00 0.66 0.53 2.490 5.76 7.04
1.80 1.07 0.86 1.592 3.62

aReference 50.
PReference 51.
‘Reference 49.
©_experimental'—theoretical.

process. We have studied this question by comparing th&om the group 5B bcc elements were consistently lower than
resistivity calculated for our predicted bct Ta phase to valueshose calculated for their corresponding bcc phases. The re-
obtained from resistivity measurements on pgreantalum  verse relationship to the bcc phaSéeg) values was seen
films of varying thicknesses. for the N(eg) calculated for bct phases derived from the
group 6B bcc elements. The distortion of the bcc structure to
form the bct structure causes to shift upward in energy for
The bce metals in this study span periods 4, 5, and 6, ang|| the metals studied, while leaving the structure of the DOS
groups 5B—6B of the Periodic Table. The calculated totain the immediate vicinity ofer essentially unaltered:g is
densities of statesN(eg), for the bcc metals followed a |ocated to the left of the DOS minimum in the group 5B bce
decreasing trend when proceeding down the periods anghetals while it is located to the right of the DOS minimum in
moving_riglhtwards across the_ groups of t_he_ studied block ofne group 6B bce metals. The upward shiftsip due to the
the Periodic Table. The magnitudeM({z¢) is inversely pro- et transformation therefore shifts it closer to the DOS mini-
portional to thed bandwidth and directly proportional to the \,,um for the group 5B metals, causing a reductioN{z),
d band energy. It also follows a trend inversely proportionalynile for the group 6B metals; is shifted away from the
to the magnitude of the atomic numb&rThe order of the pog minimum, increasin§l(e).
bce N(eg) values down the periods is due to tdeband- Within each studied group, the magnitude of thé

width, which increases in this direction. The order of the bCCratio at which a bct phase is formed from the bcc phase is
N(eg) values across the groups is due to the decrease in tnﬁversely proportional taz, while the size OfAElSct-bcc is

d band energy caused by band filling across the groups. Thg o4y hroportional taz. Within each period, the group 6B
dominant effect of the open-shell occupancy is expected elements formed bct phases with the same or lowarra-
because from Table I, the densities of states were respon- tios than the group 5B elements, and had higher values of
sible for the largest contribution td(eg) for all the studied '

) AEReC This dependence of the/a ratio on Z and the
bce metals. The calculatdd(z) for the bet phases derived number of outer shell electrons is exactly the same noted

earlier forN(eg), while the dependence &fES""*on these
TABLE IIl. The total d densities of states at the Fermi eneryy(E¢), as  duantities is the exact opposite. We explain this by noting
well as the symmetry decomposed components4E;) are shown forthe  that the percent change in the fraction of occupiestates
bee and bet phases of all the studied metals. having bonding character for the bcc to bct phase transition
N,(E;) is appreciably greatdr7%—50% for the group 5B elements
than for the group 6B element3%—-19%. We can therefore
Metal dpe de i, di  d2  dee dy  dotd,  conclude that within each studied group and across each

A. Densities of states

Ta 083 014 069 075 020 031 0.06 0.18 Studied period, the magnitude of the bdtdandwidth is in-

Nb 093 017 075 067 015 024 008 0.9 versely proportional to the/a ratio at which a bct phase is

v 132 022 110 097 024 038 009 027 formed from the bcc phase and also inversely proportional to
W 0.27 0.05 0.22 048 0.11 0.07 0.09 0.21 AEgCt-bCC. If the magnitude ofA Egct-bccis taken as a measure

Mo 038 011 027 065 011 010 013 031 e ) .
Cr 053 012 041 086 016 015 013 043 Of the degree of difficulty in forming a bct phase from the

bce structure, this suggests that heavier elements are less
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FIG. 6. (8)—(f) N(&)(v?) as a function of energy is shown for both the lgsolid line and bct(dashed lingsphases of all the studied group 5B and group
6B metals. In each of Figs(&—6(f), the Fermi energy is at 0 Ry.

likely to form bct phases and that the bct phases derivedanges of values obtained by these other works. We have also
from the group 6B elements are less readily formed_from thealculated the plasma frequencies of Nb and Ta as a function
corresponding bcc phases than bct phases derived frogf pressure. Our results for the pressure dependence of the

group 5B elements, becausdEg”™* increases appreciably plasma frequency, similar to those of Neve and co-wofkers

across groups. show a slight dependence of the plasma frequency on the
pressure, but we do not observe the monotonic increase of

B. Plasma frequency the plasma frequency with pressure as seen in that reference,

The calculated plasma frequencies are compared tgowever. The fact that our calculated plasma frequencies do
plasma frequencies obtained experimentally and theoreticallpot increase monotonically with pressure as seen in Ref. 42
by other authors in Fig. 7. Our values are well within themight be due to our evaluation of E¢LO) without taking
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10 . . T . . group 6B metals, we predict thAl(e()(v?2) and(v?)*2 will
o . increase with an increase in pressure or reduction in unit cell
X This work volume for the group 6B bcc metals.
9t & 5 4 Ref. 50 (theo) ° . 1
y o Ref. 52 (expt)
g a 4 Ref.56(expty} X D. Electrical resistivity
Fo o Ref. 37 (theo) .
- = Ref. 53 (expt) x The electrical resistivities for all the studied metals have
> & Ref. 54 (expt) been calculated over the temperature range 20—700 K ac-
; 7r ¢ Ref.S5(expt)| @ ] cording to Eq.(4) and are shown in Figs.(8&—8(e). The
y @ calculated resistivity curves appear linear over the entire
6L | temperature range and lie above the experimental curves at
. " the lower end of the temperature scale for all the metals. The
reasons for this are discussed below. As previously men-
5F . tioned, over the temperature range 300—700 K, the average
x discrepancies between experimental and calculated resistivi-
A . . ' . ties are 5%Ta), 360%(Nb), 13%(V), and 7%(Mo and W).
23 41 42 73 74 The discrepancies between the calculated resistivities and the

resistivity data are attributed to the shortcomings of the
Atomic number Z LOVA model, the approximation which we have used to cal-
FIG. 7. Plasma frequency valuday, obtained experimentally and theoreti- culate the resistivities represented by E@’ and also to the
cally by various authors for the same metals in this study are plotted an@pproximation ofny by N\. LOVA assumes that the Fermi
compared with the plasma frequency values calculated in this work. surface displaces rigidly, and also that the electronic distri-
bution function, and hence the electronic relaxation time, is
energy independent and isotropic, the angular variation being

into account spin-polarization effects. By not including spinProportional tov,.>" Higher-order corrections to LOVAaim
polarization we have averaged over the spin-up and spint-o incorporate the angular and energy dependence of the dis-
down states. On the other hand, our results might be moriibution function, as well as the effects of allowing different

accurate than those of Ref. 42, where only 1053 irredudible sheets of the Fermi surface to displace differently, into resis-
points in the Brillouin zone were used in the LMTO-ASA tivity calculations. Resistivity curves calculated using LOVA

scheme, whereas we have used over 33000 irredu&ible usually lie above the experimental curves at temperatures
points to determine the transport properties in this articleP€low 100 K, and refinements to LOVA such as theheet
The large discrepancy between our calculated (NB)Y2 apprOX|mat|on,_Wh|ch allow cﬁ_fferent sheets of the Fermi sur-
value and the experimental Nb2)¥2 value reported in the fgge to hqve dlfferent' veloc.ltles, lower the calculated resis-
literaturé® is also attributed to the manner in which we tiVity relative to experiment in the low temperature regién.
evaluated Eq(10). The calculated resistivities appear linear because the linear
term in Eqg.(4) dominates the other terms over the entire
temperature range. The approximation\gf by A neglects
the factor [1—(vix-vix)/|vid?], Which preferentially
weights backscattering processes. The transition metals pos-
The calculated pressure dependence of transport propesess very complex, highly nested Fermi surfaces; therefore,
ties such adN(eg)(v?), o, (v?)? and band properties such backscattering contributions %, could be significant and
aser andN(&g) are shown for the group 5B metals Nb and lead to,, being significantly different from..%®

C. Pressure dependence of transport properties

Ta in Figs. 98-96). N(&p)(v?), (v2)Y? w, and N(&f) The calculated temperature dependent resistivity for Nb
show a general slight decrease with pressure increase whiled the worst agreement with experiment of all the metals
ep increases with pressure. over the entire range of temperatures. We attribute this to the

The observed decrease l(sg) with pressure increase following factors in addition to those mentioned above: 1.
mirrors the trend inN(eg) down and across the studied Our calculated value oN(eg)(v?) for Nb, being smaller
block of the Periodic Table, whelé(s¢) is seen to decrease than usuaf? causes the calculated resistivity curve to shift
down the block and across it due mostly to, respectively, asignificantly upward from the experimental curve. The large
increase irZ and a slight contraction in the lattice parameter,error in the value oN(eg){v?) calculated for Nb might be
both of which result in an increase in the electron concentradue to the fact that Eq.10) was evaluated without taking
tion per unit cellN(eg){v?) is observed to decrease slightly into account spin-polarization effects. 2. Superconductive
for bcc Nb and Ta with pressure increase or equivalentlyfunneling experiments on Nb single crystals have revealed
with a decrease in unit cell volume. This behavior ofthat the Nb Eliashberg spectral functial(w)F (w), which
N(eg)(v?) is consistent with the previously noted increaseis related to the transport spectral functiafyF(w) by Egs.
in its bct phase values over its bee phase values for the grous) and (8), is strongly anisotropic® Due to this anisotropy,
5B metals, since the transition from bcc to bct leads to ahe errors introduced into the resistivity calculation by using
volume increase for all the studied metals. Since the bct valtOVA could be more severe for Nb than for the rest of the
ues ofN(eg)(v?) decrease relative to the bcc values for thestudied metals. When the anisotropy and energy dependence
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FIG. 8. (a)—(e) Measured Ref. 4] and calculated values of the electrical resistivity over the temperature range 20—700 K are shown for the group 5B metals
Ta, Nb, and V, and the group 6B metals Mo and W.

of the distribution function are accounted for in the Nb re-for considerable negative deviations from linearity in the
sistivity calculation, the calculated resistivities below 100 K resistivity3®

are appreciably reduced relative to experiment and the LOVA  The metals with the largest values of the calculated room
results, while the calculated resistivities at higher temperatemperature resistivity are Nb and V, while the lowest values
tures are negligibly affectetf.3. The measured temperature are obtained for W and Mo. The experimental resistivity data
dependent resistivity of Nb is known to exhibit a significant mirror this trend(Fig. 8). Within each studied Periodic Table
negative deviation from linearity at high temperatui®s. group, the order of the resistivity magnitudes is as follows:
LOVA and higher-order corrections to it neglect Fermi p3y>paq™>psq. The in-group order of resistivities is due to
smearing effects, which are significant at higher temperathe magnitude of thel conduction bandwidth, which in-
tures, and which along with anharmonicity, are responsiblereases down the periods(e) is largely ofd character for

Downloaded 23 Jul 2013 to 130.199.3.165. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



Nnolim, Tyson, and Axe

4558 J. Appl. Phys., Vol. 93, No. 8, 15 April 2003
6 T T T T T 23 T T T Ll
a (d)
( ’)/o—’—// —~ 22 h
p;: 5t h £
r< 1] 21 L
_8 ——Nb :.
> 4t ——Ta 1 & 20. ——Nb J
= ] —+*—Ta
& 3 K] 19 h
< I 1 2
w"' :u. 18 "1
Z 2t 4 >
—/—‘_/—‘—_‘ 17 -
1 1 L 1 L 1 16 L L 1 ']
0.92 0.94 096 0.98 1 1.02 1.04 0.92 0.94 0.96 0.98 1 1.02 1.04
VNo VIV0
10 L) L] L) L] L] 6'5 L] L] 1 T
(b)I-——I-._./'—'-_._.——. (e)
9 i 6 | ..__'\‘_/——I—‘—!"' N
z 2 ssi -
8 5 Nb o E —o—Nb
- —*+—Ta ) 5L ——7a| 4
> ~
= 7} 4 2
8 ~ 45} 4
6| 4 A
> 4r 1
v
I o_/H—o/—-H 1 s i
4 1 [ 1 1 1 3L 1 1 ' =]
0.92 0.94 0.96 0.98 1 1.02 1.04 0.92 0.94 0.96 0.98 1 1.02 1.04
ViV VIV
0 0
0'88 (c) L] L] T L) T
0.86 | L
0.84 | Ta E
. o.82} -
>
£ o8} .
'S
4 oo7s b 4
0.76 | ©d
0.74 | L

0.72
092 094 0.96 0.98 1 1.02 1.04
V/Vo

FIG. 9. (@—(e). The pressure dependence of the quantitiésg)(v?), o, e, N(gg), and(v?)Y/ are shown for Nb and Ta/, is the calculated bcc
equilibrium volume.

all the studied metals, so an increasalibandwidth should energies neasr in the group 6B bcc elements is again con-
correspond to a greater average velocity of electrons on thirmed by our calculated values ¢b2)2, which, as was
Fermi surface. This is confirmed by our calculated values opreviously noted, are higher in each period for the group 6B
<02>1’2, which except for the Nb value, also increase in thiselements than for the group 5B elements. The room tempera-
direction. The Fermi energies of the group 5B metals V, Nbture resistivities of the group 6B metals are all less than those
and Ta occur inside a high density dfbands, unlike the of the group 5B metals, so the combined effects of dhe
Fermi energies of the group 6B metals Cr, Mo, and W, whichbandwidth and the position @f- in the band structure deter-
occur near a minimum in the DOEigs. 4. This means that mine the order of resistivities. Applying this logic, the bct
the states in the range of the Fermi energy are more diffusphases derived from the group 5B metals, including bct Ta,
in the group 6B metals and have little contribution inside theshould in general be more conductive than their correspond-
muffin-tin spheres. The greater extent of the electrons withng bcc phases, since thg positions in the bct phases are
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shifted to lower DOS, while thel bandwidths are approxi- its metastable precurstt?® which is known to be about
mately the same as the bdbandwidths. Conversely, the bct three times more resistive than bcc tungsteds.
phases derived from the group 6B metals should generally be In order to determine whether the bct phase of Ta pre-
less conductive than their corresponding bcc phases, sinaglicted in this work is produced at any stage of tadla
the e positions in these phases are shifted to higher DOSformation process, we compare the calculated resistivity of
without any appreciable changes in the lbicbandwidths the bct phase with resistivity values obtained from measure-
relative to those of the bcc phases. These general conclusion®ents on pures-Ta films of varying thicknesses. We can
can be confirmed for some of the metals by comparing thearry out the comparison in two ways. The calculated trans-
values ofN(eg)(v?) and(v2)Y? calculated for the bcc and port properties of bet Ta and the measured resistivities of
bct phases. As noted in Sec. lll, among the group 6B eleB-Ta can be used to obtain a range of empirical values for
ments,N(sF)<uz> values for the bct phases of W, Mo, and A, which should be on the order of unity. Alternatively,
Cr decreased by 95%, 60%, and 36%, respectively, from theeasonable values of; for g-Ta can be used in Eq3),
bcc values. The resistivities of the bct phases predicted foiogether with the computed transport properties of bct Ta to
the group 6B metals Cr, Mo, and W should therefore increaséirectly compute the resistivity, which can be compared to
appreciably over the respective bcc phase values not onlipe resistivity values measured fgrTa. Using the value of
according to Eq.(1), but also because the calculated bctN(eg)(v?) computed for bet Ta and the measured resistivity
value of(v2)Y2 decreases from the bcc value by 37%, 50%,0f 8-Ta at 400 K* in Eq. (3), we obtain an empiricak,
and 83% for Cr, Mo, and W, respectively. Among the groupvalue of 20 forg-Ta, which is clearly unreasonable. Con-
5B elementsN(eg)(v?) values for the bct phases of V and Versely, using a reasonable rangeigf values (0.5-1) in
Ta increased by 17% and 70%, respectively, over the bcEQ. (3) together with the value dfi(z) (v?) computed for
values, while theN(eg)(v?) value for bct Nb decreased by bct Ta results in a calculated bct Ta resistivity range of 6.68—
58% from the bce value. The calculated bet valudwh)¥?  13.38 wflcm, which is less than the experimentally
increases over the bcc value by 21%, 160%, and 31% for Uneasurett value (18.22 uQ cm) and the value calculated
Nb, and Ta, respectively. The bct phases predicted for thEFig. 8(c)] in this article (19.78 udcm) for bce Ta, and
studied group 5B metals V, Nb, and Ta should therefore péherefore certainly less than the measured resistivig-o#.
more conductive than the respective bce phases_ This does not agree with numerous eXperimental findings
The calculated resistivities at room temperature, taken tdliscussed previously. It is therefore highly probable that the
be 293 K, differ from experimental data by at most 15% bct tantalum phase predicted in this work is not the same
(except in the case of Niand follow the trend in the order of Metastablep) tantalum phase that has been observed in so
magnitudes seen in the experimental data. The measuré@@ny experiments.
B-Ta resistivity is 1000%—-2000% greater than thatefa,
therefore we believe that our calculations can determine i
the frequently observe@® phase of tantalum has the bct (/I' CONCLUSION
structure predicted in this article. The bcc metals in groups 5B and 6B, spanning periods
There is some evidence that impurities such as oxyge#—6 have been studied using the FLAPW band structure
may stabilize the beta phase of tantalith*°'8Meta-  method. Within each studied group and across each studied
stable phases of tantalum have been observed to readiperiod, the magnitude of the batbandwidth is inversely
transform to the stable cubic phase upon heating, with a sigeroportional to thec/a ratio at which a bct phase is formed
nificant decrease in resistivity and oxygen impurity from the bcc phase and inversely proportionalAtEBc"bcc,
content* It has therefore been suggestethat the rela- the energy difference between corresponding bcc and bct
tively high resistivity of beta tantalum is due to the effects of phases. Heavier elements are less likely to form bct phases
incorporated impurities and its small grain size, which wasand the bct phases derived from the group 6B elements are
determined to be about 45% less than that of bcc tantaluniess readily formed from the corresponding bcc phases than
However, studies of ion-facilitated metal film groWtthave  bct phases derived from group 5B elements. Bct phases
concluded that the decrease in grain size from bcc to bettormed from group 5B elements are more conductive than
tantalum should only account for a twofold increase in resisthe corresponding bcc phases, unlike bct phases formed from
tivity, not the nearly tenfold increase that is observed. Furgroup 6B elements.
thermore, metastable tantalum phases which have been pre- A metastable bct phase of tantalum witlcka ratio of
pared with low levels of contamination still exhibit high 1.72 has been predicted. This bct phase is not produced at
values of resistivity!*'2 therefore the experimentally mea- any stage of the3-tantalum formation process. The calcu-
sured high resistivity of beta tantalum is believed to be dudated resistivities of this bct phase and the bcc tantalum
less to impurities and grain size effects, and more to th@hase show that the observed high resistivityBetintalum
intrinsic transport properties of its crystalline structure. Un-relative to the bcc phase, which is impurity independent, is
certainty regarding impurity contributions to the resistivity of not due to simple tetragonal distortions of the bcc phase,
metastable phases is not confined to tantalum. Thermally irsuch as were used in this article to produce a metastable bct
duced structural transformation to the stable bcc phase hdantalum phase. The relatively high resistivity observed ex-
also been observed with metastable phases of tungstenperimentally for g-tantalum is likely due to the intrinsic
There have, however, been conflicting reports regarding theansport properties, which are largely determined by the
oxygen content of bcc tungsten formed by heating relative td-ermi surface, of a crystalline structure more complex than
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