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The bcc→V phase transition is diffusionless: two-thirds of the atoms in the (111) planes of the bcc phase
collapse into double layers, whereas the third remains a single layer. This transformation is observed in the
group-IV elements Ti, Zr, and Hf at high pressure, but it may be induced at zero pressure by quenching the
samples at room temperature in alloys of these elements with other transition metals~TM’s!. This paper
presents a systematic theoretical study of the bcc→V transformation in Y, Zr, Nb, and Mo using the full-
potential linearized-augmented-plane-wave method. Equilibrium volumes, total-energy differences, density of
electron states, and the band structure of Y, Zr, Nb, and Mo in the stable and metastable bcc andV structures
are presented. In addition, the bcc→V energy difference is studied as a function of the specific lattice distortion

as well as of pressure. These results are related to a picture that involves the softening of the (2
3 , 2

3 , 2
3 )

longitudinal phonon mode. Charge-density calculations are performed for both the bcc andV phases, and the
electronic contributions that stiffen the bcc lattice against theV distortion are identified. The physical picture
of the electronic and chemical bonding effects emerging from the present work should be useful in under-
standing the observed trends in the relative stability of theV phase in the TM’s and their alloys.
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I. INTRODUCTION

The theoretical prediction of phase stability trends in
periodic table has been one of the most important goal
materials science. The stability of the most common pha
observed in transition metals~TM’s! has long been of con
siderable interest.1–5 At present,ab initio calculations based
on density-functional theory~DFT! with the local-density ap-
proximation ~LDA ! or the generalized-gradien
aproximation6 ~GGA! are commonly used to study the stab
and metastable phases of elements with arbitrarily cho
structures.5,7–11

A particularly attractive case for a theoretical investig
tion occurs when the phases involved are connected b
simple structural transition, which takes place through
diffusion-less mechanism, e.g., the softening of a single p
non mode. This is the case in the transition between bcc
the (C32) AlB2-type structure, the so-called omega (V)
phase of certain transition metals~TM’s!. This V phase is
observed experimentally at high pressure in pure Zr, Ti,
Hf, and by quenching Zr-rich Zr-Nb alloys or in some Ti an
Hf alloys.12–19

The bcc→V transformation is a displacive one: two
thirds of the atoms in the@111#bcc layer collapse into double
layers, whereas the third remains a single layer.20 It has long
been suggested that the collapse is caused by the softeni

a single phonon, viz., the (2
3 , 2

3 , 2
3 ) longitudinal mode.21–28

Indeed, the phonon frequencies around (2
3 , 2

3 , 2
3 ) in bcc lat-

tices are soft. Therefore, the weakness towardsV phase for-
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mation can be considered as an intrinsic bcc property, an
particular Zr~and Nb! shows a pronounced dip in the vicin
ity of this phonon wave vector. The softening of th

L( 2
3 , 2

3 , 2
3 ) mode may be enhanced or reduced by electro

~Fermi surface! effects acting in the sameq-space
region.29–31 Previous calculations related to electronic pro
erties of TMs in bcc orV phase can be found in Refs. 29
43.

In the present work, the bcc→V structural transformation
and the electronic properties of the experimentally me
stableV phase at room temperature have been studied at
in Y, Zr, Nb, and Mo usingab initio electronic structure
calculations within the LDA or GGA aproximation to th
DFT. A high-temperature bcc phase44,45 is present in all
these elements. The bcc phase of Y and Zr, cooled dow
zero pressure, transforms into an hcp phase. In Zr a stabV
phase is obtained at high pressure.44,45 Previous calculations
by our group46 and others32 suggest that in Y theV phase is
observed if the formation of hcp is avoided. At room tem
perature and zero pressure, Y and Zr exhibit a hcp ph
Increasing the number of electrons (ne) ~i.e., moving to the
right in the periodic table! makes bcc the most stable pha
of Nb and Mo at all temperatures and zero pressure.

The general motivation of this study is to explain the d
creasing tendency to formV in the sequence Y→ Zr → Nb
→ Mo, while the bcc phase is progressively stabilized. T
present electronic structure calculations add to the un
standing of how the electron band-filling affects the so
phonon mechanism responsible for the bcc→V transforma-
12 743 ©2000 The American Physical Society
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FIG. 1. ~a! The relation be-
tween bcc andV structures. InV
phase open~filled! circles stand
for type A ~B! atoms;~b! bcc va-

lence density of Zr in the (110̄)
plane of the hexagonal cell used i
theV phase. The displacementzV

of the B chains in the bcc→V
transformation is indicated.
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tion. In the following we shall identify the electroni
contributions that stiffen the bcc lattice against the shear
placement leading to the bcc→V transformation, as de
scribed in Fig. 1~a!. In addition to the above-mentione
plane-collapse picture of the bcc→V transformation, we
shall make use of an alternative representation of this tra
tion.

In the bcc→V transformation the chains of atoms align
in the bcc @111# directions move relative to each other
indicated in Fig. 1~b!. One chain~A! remains in its position,
while the second~third! labeled B, moves up~down!, caus-
ing a collapse of the~111! planes. Both theV and bcc phases
can be described by a hexagonal lattice with three atoms
unit cell19 as shown in Fig. 1~a!. The atomic positions are

~0,0,0!, ( 1
3 , 2

3 , 1
3 1zV) and (2

3 , 1
3 , 2

3 2zV), wherezV is a param-
eter that permits a continuous description of the bcc→V
transformation.zV50 corresponds to bcc, andzV51/6 cor-
responds to the idealV phase, with the inner atoms, both
z51/2, collapsed into the same plane~described by the hex
agonalP6/mmmspace group!. For 0,zV,1/6 the symme-
try is trigonal, described asP3̄m1.19 In theV phase there are
two nonequivalent sites. The ones at the origin are deno
as A sites and the others inside the cell are labeled as B
@see Fig. 1~a!#. Using this description we shall calculate th
total energy as a function ofzV for the various elements an
focus on the band-filling effect with respect to the relati
stability betweenV and bcc, as well as the instability trend
in the 4d TM series.

This paper is organized as follows: In Sec. II we descr
the theoretical method. Then we present theab initio results
concerning the bcc toV phase transformation with respect
energetics~Sec. III!, charge analysis~Sec. IV!, band struc-
ture, and their volume dependence~Sec. V!. In Sec. VI we
summarize the work and give our conclusions.

II. THEORETICAL METHOD

Self-consistent calculations of total energies and the e
tronic structure based on the scalar relativistic full-poten
s-

i-

er

ed
tes

e

c-
l

linearized augmented plane-wave method~FP-LAPW! were
carried out using theWIEN97 code.47,48 This is one of the
most accurate schemes to solve the Kohn-Sham equatio
DFT in which exchange and correlation effects are treat
for example, by the generalized gradient approximat
~GGA!, which often leads to better energetics and equil
rium structures than LDA.6 The electron density is obtaine
by summing over all occupied Kohn-Sham orbitals and pla
the key role in this formalism. Local orbitals are added to t
standard LAPW basis in order to describe the 4s and 4p
~semicore! orbitals of Y, Zr, Nb, and Mo. The required pre
cision in total energy was achieved by using a large pla
wave cutoff of RKmax59 ~resulting in about 500 plane
waves! and ak-point sampling in the Brillouin zone~BZ! of
about 3000 points. This corresponds to 170k points in the
irreducible wedge of theV phase and to 104 in the bc
phase. The total and partial density of states49 ~DOS! was
obtained using a modified tetrahedron method of Blo¨chl
et al.50 The atomic sphere radii~in a.u.! used were 2.5 for Y,
2.3 for Zr, 2.2 for Nb, and 2.0 for Mo. For each of th
elements the full analysis was carried out at the theoret
equilibrium volume based on the LDA, but the results a
practically unchanged when the GGA equilibrium volum
would be used. The theoretical equilibrium volumes obtain
by our calculations~see Table I! are slightly smaller than the
experimental ones as commonly observed in LD
calculations.7–11

TABLE I. Ratios of V/V0, whereV is the theoretical equilib-
rium volume~within LDA ! andV0568.96 Å3 is the volume of the
V phase in pure Zr as extrapolated from experiments. ThisV0 was
used as reference forV ~3 atoms per unit cell! and 2

3 V0 was used as
reference for bcc~2 atoms per unit cell!.

Y Zr Nb Mo

bcc 1.28 0.92 0.75 0.65
V 1.28 0.94 0.76 0.66
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III. ENERGETICS AND STABILITY OF THE bcc
AND V PHASES

When going from bcc toV along the path describe
above, we have studied the total energy of Y, Zr, Nb, a
Mo using the common trigonal structure as a function ofzV

~Fig. 2!. The calculations for each element were performed
the zero-pressure equilibrium volume~within LDA ! of the
respectiveV phase. Under those conditions only Zr show
double-minimum configuration, i.e., is~meta-! stable for
both the bcc andV phase. However, the bcc phase is n
only less stable thanV, but requires only a very small act
vation energy to transform into theV phase. The energy
difference between the two phases isE(bcc)2E(V)54.5
mRy in Zr. In Y this energy difference is even more pr
nounced, i.e., bcc Y is unstable with respect to the trigo
distortion, and the energy differenceE(bcc)2E(V)56
mRy is larger. Lacking experimental information on the ph
non spectrum of bcc Y, our prediction of an instability in b
Y cannot be tested here. On the other hand, in Nb and
the relative phase stability is reversed and Fig. 2 shows
V is evidently unstable against theV→ bcc distortion. The
bcc phases of Nb and Mo are energetically favored over
V phases by226 and239 mRy, respectively.

In order to investigate the volume effect on this transiti
we performed similar calculations for Zr using different vo
umes~Fig. 3!. It is evident that lattice expansion would favo
theV phase, while increasing compression progressively
bilizes the bcc phase. This is consistent with the experim
tal phase diagram of pure Zr in which bcc is the hig
pressure phase.45

We estimated the theoretical pressure at which the
becomes more stable thanV and obtained 178 kbar from
LDA calculations and 291 kbar using GGA calculations. T
latter agrees rather well with the experimental result of 3

FIG. 2. Energy difference~mRy! for the bcc→V transformation
in Y, Zr, Nb, and Mo as a function of the internalzV parameter
~within LDA !. The energy is with respect to theV phase.
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kbar reported for Zr by Vohra and Ruoff,51 and Xiaet al.52,53

Our results for Zr are also in good agreement with the res
of Jomardet al.43 obtained with full potential linear muffin-
tin orbital calculations using LDA~112 kbar! and GGA~354
kbar!. The stabilization of the more open structure (V) in
GGA versus LDA calculations can be understood on the
sis of the analysis of Zupanet al.,54 who showed that GGA
favors charge inhomogeneity.

From the harmonic part of the energy versus thezV curve
we evaluate phonon frequencies of 3.10 THz for Nb and 4
THz for Mo using the GGA aproximation. The calculation
of the energy as a function ofzV were performed using the
theoretical lattice constants~within GGA! for the bcc struc-
tures, i.e., 2.85 Å for Nb and 2.72 Å for Mo. These valu
compare reasonably well with the experimental34 frequencies
~3.57 THz in Nb and 6.31 THz in Mo!. It should be noted
that those frequencies do not change much whether GGA
LDA is used in contrast to the transition pressure mention
above.

IV. DENSITY OF STATES AND CHARGE ANALYSIS
IN THE bcc AND V PHASES

A. Background

The experimentally observed low phonon frequency
bcc Zr was associated by Heiminget al.55 to the weak restor-
ing forces between the chains, shown in Fig. 1. In order
account for the bcc stability for elements to the right of Z
they proposed strongd-d bonds between the@111# chains,
which oppose shearing motions between neighboring cha
In the following, we shall identify the key contributions t
the lattice stiffening against the bcc→V distortion using
analysis based on partial DOS, partial charges, and cha
density distributions. With the splitting of the totald DOS
into its irreducible representations~Fig. 4! and the corre-
sponding partial charges~Table II! we can now explicitly
confirm the picture speculated by Heiminget al.55

B. Charge distribution in the bcc phase

In the bcc structure thed orbitals split into two irreducible
representations, namely,d-eg and d-t2g , where the latter

FIG. 3. Energy difference~mRy! of Zr ~as in Fig. 2! shown for
different volumes~within LDA !. Zero of energy is at the respectiv
minimum.
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FIG. 4. Partiald DOS ~density
of states! per atom of Y, Zr, Nb,
and Mo in the bcc phase. The en
ergy ~eV! is with respect toEF .
For Mo the lowering of EF is
shown according to the rigid ban
model by reducing the number o
valence electronsne from 6 to 3
~i.e., corresponding to Mo, Nb, Zr
and Y!.
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point along the nearest-neighbor@111# direction while the
former point towards the next-nearest neighbors along@100#.
We plot the partiald DOS together with their symmetr
splitting in Fig. 4. It is evident that theeg character does no
change much in the series from Y to Mo. It shows a sh
peak at higher energies, which is, however, unoccupied in
cases. At the low-energy side thed-eg DOS is always larger
than thed-t2g DOS. The latter does not show such a go

TABLE II. Partial valence charges in units ofe, in bcc Y, Zr,
Nb, and Mo.

Y Zr Nb Mo

s 0.170 0.159 0.165 0.132
p 0.111 0.126 0.158 0.168
deg/2 0.188 0.272 0.362 0.420
dt2g/3 0.124 0.303 0.486 0.615
total 1.029 1.738 2.505 2.985
p
ll

rigid band behavior and in particular the Yd-t2g DOS is
different from the other cases. At low energies the Yd-t2g

contribution starts out very flat and also the main feature
little structure. In Zr a small valley appears in the maind-t2g

structure while for Nb and Mo the valley between the tw
main peaks is enlarged corresponding to the typical DOS
a bcc structure.

The partial charges, which are the integrated partial D
inside the atomic sphere, depend of course on the sp
size. These values are different for the different atoms
therefore the partial charges can only be used to estab
trends and verify some relations but should not be over
terpreted.

Table II lists the valence partial charges 5s, 5p, and 4d,
where the latter are split according to symmetry. We find t
the 5s partial charge decreases within the series, whereas
5p charge increases. More interesting is the behavior of
partial d contributions. In Y thed-eg charge dominates ove
thed-t2g contribution, indicating that there is little directd-d
bonding along the nearest-neighbor@111# direction. This is-
the reason why Y is not stable in the bcc structure. In Zr
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FIG. 5. Valence-charge distri
bution of bcc Y, Zr, Nb, and Mo

in the (11̄0) plane. The units are
in e/Å3, illustrated by correspond-
ing gray shadings.
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situation is changed since thed-t2g representation is slightly
more occupied thand-eg . Of course this trend is even mor
pronounced in Nb and Mo and is responsible for both
strong directional bonds along the@111# chains and the sta
bility of the bcc structure. Qualitatively this picture emerg
already from a rigid-band model using any of the four b
DOS as illustrated for bcc Mo in Fig. 4.

In order to visualize the chemical bonding directly w
present the valence-charge densities~i.e., the 4d, 5s, and 5p
states! for bcc Y, Zr, Nb and Mo in the (11̄0) plane in Fig.
5. This plane includes both the nearest-neighbor direc
@111# as well as the next-nearest-neighbor direction@001# as
indicated in Fig. 1~b!. The valence charge density in Y
concentrated in the interstitial region along the@001# direc-
tion between next-nearest neighbors. In the@111# direction
the density is fairly low. This weak bonding between near
neighbors explains the instability of bcc Y. An opposite e
fect is observed in Zr, Nb, and Mo, where the density gra
ally increases in the nearest-neighbor bonding direction
to the occupation of additionald states, mainly oft2g char-
acter.

We conclude this section by stating that the increase
stability of the bcc phase for the heavier elements is rela
to the remarkable increase of thed-t2g contribution to the
bonding in the sequence Y→Zr→Nb→Mo. This behavior
has been demonstrated using symmetry-decomposed DO
well as charge-density distributions.

C. Charge distribution in the V phase

In contrast to the cubic~bcc! case, theV phase has hex
agonal symmetry and thus thed states decompose into thre
irreducible representations, namelydz2, dx22y21dxy , and
dxz1dyz . We note that thedz2 orbital corresponds to one o
the three degeneratet2g states of cubic symmetry. The parti
d DOS as well as their decompositions are shown in Fig
e

n

t
-
-
e

in
d

as

6

and 7 for the A and B sites, respectively, and differ for t
two sites. For the A site a high peak ofdx22y21dxy character
nearEF shows up, which is unoccupied in Y~at 0.9–2.2 eV!
and Zr~at 0–1.4 eV!, but starts to be filled in Nb and Mo. A
the B site more weight is shifted to lower energies. The m
peak is narrower and starts to become occupied only in M
Thedxz1dyz DOS has much more structure at the A than
the B site and a low-energy peak is already occupied in
and Zr. Thedz2 DOS is surprisingly structureless. Howeve
it is evident that more and moredz2 states become occupie
in Nb and Mo. This suggests that in addition to the con
butions in the plane, those in thez direction ~corresponding
to @111# directions in the bcc lattice! are partially responsible
for the bcc stabilization in Nb and Mo.

The various contributions at the two nonequivalent si
of Zr are presented in Table III. Our results show that for
and Zr the main contribution to A sites comes fromdxz

1dyz , while at the B sites the main contribution isdx22y2

1dxy . Furthermore, we note that in Zr thedx22y21dxy char-
acter at the B site is larger than thedxz1dyz character for the
A sites. In Y the relationship between these character
exactly the opposite. The behavior of Nb and Mo is qu
different from the previous cases, viz., both sites show
dz2 character as their main contribution, corresponding to
@111# direction of the bcc cell.

The partial charges summarized in Table III may be co
pared to those in Table IV, where the bcc structure is a
represented in the hexagonal coordinate system, i.e., with
z axis along the cubic@111# direction. In most cases, the bc
partial charges are between the corresponding A- and B
charges of theV phase.

In Y the dxz1dyz charge is larger for the A site, while th
dx22y21dxy contribution is larger for the B site. In compar
son to the bcc case, a redistribution of the bccdx22y21dxy
charge to the B site and of the bccdxz1dyz towards the A
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FIG. 6. Symmetry-
decomposed partiald DOS ~den-
sity of states! per atom of the A
site in Y, Zr, Nb, and Mo in theV
phase.
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site can be seen. In Zrdz2 orbitals start to contribute signifi
cantly to the bonding~both, for A and B sites!, a situation
also present in the bcc structure. For Nb and Mo thedxz

1dyz charge is now smaller than the other contributions; t
indicates low interaction between A and B sites, but stro
bonds between A and A sites~along z! and B and B sites
~within the hexagonal plane but also alongz). In the bcc
phase this latter effect is only visible for Mo, but not for N
We also see in Table III that in the sequence Y→Zr→Nb
→Mo the A and B sites gradually loose the features t
make them nonequivalent.

In Fig. 8 we plot the valence charge density of theV

phase for the four elements in the (121̄0) plane that contains
both the A and B sites. This plane in theV phase corre-

sponds to the (110̄) plane in bcc.
In Y charge accumulates in the center of the trian

formed between two A and one B site as well as in
middle between the four B sites. This implies strong inter
tions between A and B sites, but little interactions betwee
and A sites and B and B sites along thec direction. In Zr the
A-B bonding is even stronger, but a significant charge c
s
g

t

e
e
-

A

n

now also be found between the A and A sites and the B
B sites, while the lowest density is found in the center o
triangle formed by one A and two B sites. The situation
completely different for Nb and Mo, where the charge de
sity is concentrated between A and A sites~alongz! and B
and B sites~both in the hexagonal plane and alongz! atoms,
while between A and B sites there is little interaction.

We conclude this section by stating that the increase
stability of theV phase for the lighter elements is related
the relative increase of A-B interactions compared to
decrease of A-A and B-B interactions. In particular, stro
B-B bondings~especially in the basal hexagonal plane! do
not favor the stability of theV phase. This result is opposit
to some theoretical speculations12,41that assign the basal B-B
interactions inV Zr as being responsible for the stability o
this phase.

V. ENERGY BAND STRUCTURES

A. At equilibrium volume

The band structure calculated along various directions
the basal plane of the hexagonal cell atkz50 (G-M -K-G)
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FIG. 7. Symmetry-decomposed partiald DOS ~density of states! per atom of the B site in Y, Zr, Nb, and Mo in theV phase.
al
c

a

and
t in

ture
andkz51/2 (A-R-L-H-Q-A-C) is plotted in Fig. 9. For the
elements Y and Zr we present the bands of the hexagonV
phase, while for Nb and Mo we present those for the b
phase~but described in theP3̄m1 cell with zV50). It is
evident that in theV phase the band structure exhibits
c

characteristic gap between the low-energy bonding states
the antibonding states at higher energy that is only presen
thekz51/2 plane, but not atkz50. According to Figs. 6 and
7 the electronic states in theV phase of Zr are filled to the
deep valley in the DOS and the corresponding band struc
6
5
0
6
2
7

TABLE III. Partial valence charges in units ofe, inside the atomic spheres for sites A and B in theV
phase of Y, Zr, Nb, and Mo.

Y Zr Nb Mo
A B A B A B A B

s 0.164 0.173 0.156 0.161 0.158 0.173 0.125 0.13
p 0.116 0.106 0.158 0.129 0.165 0.146 0.149 0.14
dz2 0.117 0.117 0.273 0.317 0.479 0.513 0.585 0.63
(dx22y21dxy)/2 0.120 0.171 0.236 0.321 0.449 0.469 0.571 0.58
(dxz1dyz)/2 0.180 0.164 0.291 0.249 0.369 0.380 0.496 0.49
total 0.997 1.066 1.641 1.747 2.438 2.530 2.993 3.06
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in Fig. 9 shows that the Fermi energy falls in fact into t
gap present in thekz51/2 plane. With different band filling
however, this cannot be achieved in Y~whereEF is near the
bottom of the gap! nor in V Nb or Mo. In contrast, the bcc
structure for the two latter elements leads to a low density
states atEF . In the case of Mo the Fermi energy is placed
a pseudogap of the bcc DOS, where in the correspond
band structure only very steep bands crossEF .

Further analysis of the character of the individual bands
V Zr shows that in thekz50 region both atomic sites~A and
B! seem to have similar contributions to a particular ba
This is illustrated in Fig. 10, where thedxz1dyz character for
both sites is marked with circles proportional to the amo
of dxz1dyz charge. Forkz50 the contribution from both
sites is comparable. Atkz51/2, however, the character o
certain bands differ drastically for sites A and B.

Furthermore, it is evident that in the first region (kz50)
there is nodxz1dyz character at all in the occupied state

TABLE IV. Partial valence charges in units ofe, inside the
atomic spheres for the bcc phase of Y, Zr, Nb, and Mo, expresse
the trigonal symmetry.

Y Zr Nb Mo

s 0.170 0.159 0.165 0.132
p 0.111 0.127 0.158 0.167
dz2 0.124 0.302 0.487 0.615
(dx22y21dxy)/2 0.146 0.292 0.444 0.550
(dxz1dyz)/2 0.167 0.283 0.403 0.486
total 1.031 1.738 2.504 2.986
f

g

n

.

t

,

but all states with this character are shifted aboveEF . For
kz51/2, however, several occupied bands have this cha
ter. The downward shift in energy comes from a strong
valent interaction between A~B! dxz1dyz states with B~A!
dx22y21dxy states~the latter are not shown explicitly here!.
This interaction seems to be rather important for the bond
between the atoms A and B and thus for the stabilization
the V phase.

These band-structure results are consistent with the pa
charges listed in Table III, where for Y and Zr the A and
contributions to thedx22y21dxy and thedxz1dyz characters
are similar. The A contribution to thedxz1dyz character is
bigger than the B contribution to thedx22y21dxy character
for Y, but the opposite is true for Zr, and this tendency
enhanced for Nb and Mo, corresponding to a smaller A
interaction.

B. Volume effects on theV band-structure calculation

To complement the calculations already presented,
analyze the band structure also for compressed Zr@Fig.
10~b!# with V/V050.7, whereV0 is the experimental volume
of the V phase cell and compare it with uncompressed
We find that the gap that is present in theV phase for thek
points at kz51/2 becomes smaller when the volume d
creases and vanishes completely at a certain pressure@see
Fig. 10~b!#. The number of states near the Fermi energy
creases and this makes the compressedV phase similar to
the bcc phase, which does not show this gap. This is a
consistent with the fact that both experimentally and th
retically the bcc phase becomes the most stable phase o
at higher pressure.

in
y
FIG. 8. Valence-charge distribution in Y, Zr, Nb, and Mo (121̄0) in theV phase. The units are ine/Å3, illustrated by corresponding gra
shadings.



l.

PRB 62 12 751ELECTRONIC STRUCTURE AND CHEMICAL BONDING . . .
FIG. 9. The band structure~in
eV! of Y, Zr ~in theV phase!, and
Nb, Mo ~in the bcc phase! both in
the hexagonal reciprocal unit cel
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From Fig. 10~b! it is also evident that closing of the ga
occurs first for states with mainlydxz1dyz character at site
B, while states with this character at site A are not mu
affected. This is in contrast to states withdx22y21dxy char-
acter, since pressure affects both lattice sites~not shown ex-
plicitly !.

In transition metals compression often induces asp→d
transfer of valence electrons. This arises from the fact
the spatially extendeds andp states feel the effects of hig
pressure more strongly than the localizedd states. Thus the
correspondings andp energy bands rise faster in energy th
thed bands and the transfer of electrons froms- andp-like to
d-like states is favored. If such asp→d electron transfer
exists with compression, then applying pressure is equiva
to increasingne , i.e., moving to the right in the periodi
table.33 The changes in the band structure of Zr under co
pression are consistent with this general rule.

VI. SUMMARY AND REMARKS

The picture of the electronic effects on the bcc→V trans-
formation that emerges from the present work may be s
h

at

nt

-

-

marized as follows. The tendency towards the bcc→V trans-
formation originates from the existence of a low-frequen
2
3 (1,1,1) phonon mode, which implies weak restoring forc
for the relative movement of@111# atomic chains. In the
sequence Y→Zr→Nb→Mo the resistance against theV dis-
tortion increases by the development of strongd bonds, pre-
dominantly with t2g character, which contributes to th
bonding in the@111# directions. In Y theeg character is still
dominant~and thus the bcc→V transformation is most favor
able!. This tendency in the bcc phase is accompanied
significant differences in the charge-density distribution. T
valence electron density is concentrated in the interstitial
gion in Y ~between next-nearest neighbors! but directly be-
tween the nearest neighbors in Nb and Mo.

We have also shown that band-filling considerations c
be complemented with calculations under compression.
analyzed partial charges and trends in the different contr
tions to thed-d bonding. We also calculated the equilibriu
pressure between bcc andV phases and obtained goo
agreement with experiments.

In particular, total-energy calculations show that in Y a
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FIG. 10. Character of the en
ergy bands~in eV! of V Zr: ~a! at
equilibrium; ~b! under pressure
(V/V050.7). The radius of the
circles is proportional to the re
spective partialdxz1dyz charge at
site A ~left! or site B ~right!.
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Zr the bcc phase tends to become more stable on comp
sion, which correlates with the appearance of a valley in
DOS of thet2g complex, under these conditions. The resu
are in agreement with the ideas of Moriarty,33 who implies
that, on compression, the TM’s tend to crystallize in t
phase shown by the element placed to the right in the p
odic table. TheV→bcc phase transition occurring in Zr an
the other group-IV elements Ti and Hf is consistent w
such a generalization and the present results, which con
the compression effects on the DOS of the bcc phase.

Our work indicates that the stabilization of theV phase at
the beginning of the 4d series is related to the electron fil
ing, so that only states below the gap in thekz51/2 plane of
the Brillouin zone are occupied. As soon as higher sta
become occupied, theV phase becomes destabilized and t
could be verified by simple virtual crystal calculations. T
bonding behavior ofdxz1dyz orbitals at B sites anddx22y2

1dxy character at A sites within the same band seems to
responsible for the lowering of those eigenvalues resultin
es-
e
s

ri-

m

s
s

e
in

this pronounced band gap for Y and Zr in this phase.
This effect is indeed lost in Nb and Mo, where th

valence-charge density is concentrated ind bonds in the
@111# directions. With additional filling of higher levels th
antibonding contributions raise the energy leading to a de
bilization of the V phase. Besides, in the bcc phase, t
charge distribution stiffens the lattice against the shear
motion between neighboring@111# chains, i.e., the specific
distortion from bcc leading to the formation of theV phase.
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50P. Blöchl, O. Jepsen, and O.K. Anderson, Phys. Rev. B49,

16 223~1994!.
51Y.K. Vohra and A.L. Ruoff, Phys. Rev. B42, 8651~1990!.
52H. Xia, S.J. Duclos, A.L. Ruoff, and Y.K. Vohra, Phys. Rev. Le

64, 204 ~1990!.
53H. Xia, H. Parthasarathy, Y.K. Luo, Y.K. Vohra, and A.L. Ruof

Phys. Rev. B42, 6736~1990!.
54A. Zupan, P. Blaha, K. Schwarz, and J.P. Perdew, Phys. Re

58, 11 266~1998!.
55A. Heiming, W. Petry, J. Trampenau, M. Alba, C. Herzig, H

Schober, and G. Vogl, Phys. Rev. B43, 10 948~1991!.


