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The bcc— Q) 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 fTéiBés. This paper
presents a systematic theoretical study of the-k@ctransformation 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 Qcstanttures
are presented. In addition, the be€) 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 $f5ti@ (
longitudinal phonon mode. Charge-density calculations are performed for both the b€k @imases, and the
electronic contributions that stiffen the bcc lattice against(hdistortion 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®thphase in the TM’s and their alloys.

[. INTRODUCTION mation can be considered as an intrinsic bcc property, and in
particular Zr(and NbB shows a pronounced dip in the vicin-
The theoretical prediction of phase stability trends in theity of this phonon wave vector. The softening of the

periodic table has been one of the most important goals i (2 2 2) mode may be enhanced or reduced by electronic
materials science. The stability of the most common phase@:ermi surface effects acting in the sameg-space
observed in ”a”SigiO” metal§M's) has long been of con-  ¢4i5n29-31 previous calculations related to electronic prop-
S|derablg mtereﬁt. At present,ab initio calculations .based erties of TMs in bcc o) phase can be found in Refs. 29—
on density-functional theor§DFT) with the local-density ap-
proximation ~ (LDA) ~or the  generalized-gradient .In the present work, the bee() structural transformation
aproximatiofi (GGA) are commonly used to study the stable d th pl ) ’ . £ th . I
and metastable phases of elements with arbitrarily chose nd the electronic properties of the expenmenta_y meta-
structures:7-11 _stabIeQ phase at room ter.nperat'ur_e' have beer_1 studied at 0 K
A particularly attractive case for a theoretical investiga-" Y Zf, Nb, and Mo usingab initio electronic structure
tion occurs when the phases involved are connected by alculations within the LDA or GGA aproximation to the
simple structural transition, which takes place through &7 - A high-temperature bce phdsé® is present in all
diffusion-less mechanism, e.g., the softening of a single phot-hese elements. The bce phase of Y and Zr, cooled down at

non mode. This is the case in the transition between bcc anff!® Pressure, transforms into an hep phase. In Zr a stable
the (C32) AIB,-type structure, the so-called omeg&)( phase is obtained at high presstfté> Previous calculations

6 . .
phase of certain transition metalM's). This Q phase is 2Y OUr groufl® and others’ suggest that in Y thé) phase is
observed experimentally at high pressure in pure Zr, Ti, an@bserved if the formation of hcp is avoided. At room tem-

Hf, and by quenching Zr-rich Zr-Nb alloys or in some Ti and perature and zero pressure, Y and Zr exhibit a hcp phase.

Hf alloys 12710 Increasing the number of electrons,) (i.e., moving to the

The bcc—Q transformation is a displacive one: two- ; "
thirds of the atoms in thgl11],.. layer collapse into double of Nb and Mo at a temperatures and Z€ro pressure.
layers, whereas the third remains a single &)t has long The general motivation of this study is to explain the de-

been suggested that the collapse is caused by the softening @fasing tendency to forsl in the sequence ¥~ Zr — Nb
A — Mo, while the bcc phase is progressively stabilized. The

; ; 202 2 - 1-28
a single phonon, viz., the3(3.,3) Iong|tutz|rlal .mOdé‘ present electronic structure calculations add to the under-
Indeed, the phonon frequencies arourd3(%) in bce lat-  standing of how the electron band-filling affects the soft-
tices are soft. Therefore, the weakness towdldshase for- phonon mechanism responsible for the bde transforma-

right in the periodic tablemakes bcc the most stable phase
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FIG. 1. (@ The relation be-
tween bcc and) structures. In()
phase open(filled) circles stand
for type A (B) atoms;(b) bcc va-
lence density of Zr in the (1Q)
plane of the hexagonal cell used in
the ) phase. The displacemeny
of the B chains in the bece()
transformation is indicated.

tion. In the following we shall identify the electronic linearized augmented plane-wave methiB&-LAPW) were
contributions that stiffen the bcc lattice against the shear disearried out using thavieng? code?’#8 This is one of the
placement leading to the bee) transformation, as de- most accurate schemes to solve the Kohn-Sham equations of
scribed in Fig. 1). In addition to the above-mentioned DFT in which exchange and correlation effects are treated,
plane-collapse picture of the bed) transformation, we for example, by the generalized gradient approximation
s_hall make use of an alternative representation of this trans'(GGA), which often leads to better energetics and equilib-
tion. _ _ _ rium structures than LDA.The electron density is obtained
_Inthe bce-() transformation the chains of atoms aligned ,, 5;mming over all occupied Kohn-Sham orbitals and plays
in the bee[111] directions move relative to each other ashe ey role in this formalism. Local orbitals are added to the

ind_icated in Fig. 1b)_. One chain(A) remains in its position, standard LAPW basis in order to describe the ahd 4p
while the secondthird) labeled B, moves ugdown), caus- (semicore orbitals of Y, Zr, Nb, and Mo. The required pre-

ing a collapse of thel11) planes. Both thé) and bee phases  igjon in total energy was achieved by using a large plane-
can be dgescrlbed by a he_xagonal lattice W_|th thr_e_e atoms Pelave cutoff of RK, ..=9 (resulting in about 500 plane
unit cel'® as shown in Fig. (). The atomic positions are waves and ak-point sampling in the Brillouin zoné3Z) of
(0,00, (5.5.5+20) and ,3,5—z), wherez,, is a param-  about 3000 points. This corresponds to Kfoints in the
eter that permits a continuous description of the-b€L irreducible wedge of the) phase and to 104 in the bcc
transformationz, =0 corresponds to bcc, amgh=1/6 cor-  phase. The total and partial density of st&tg®0S) was
responds to the ided) phase, with the inner atoms, both at obtained using a modified tetrahedron method of cBlo
z=1/2, collapsed into the same pladescribed by the hex- et al®® The atomic sphere radiin a.u) used were 2.5 for Y,
agonalP6/mmmspace group For 0<z,<1/6 the symme- 2.3 for Zr, 2.2 for Nb, and 2.0 for Mo. For each of the
try is trigonal, described #B3m12IntheQ phase there are €lements the full analysis was carried out at the theoretical
two nonequivalent sites. The ones at the origin are denote@quilibrium volume based on the LDA, but the results are
as A sites and the others inside the cell are labeled as B sitéactically unchanged when the GGA equilibrium volume
[see Fig. 18)]. Using this description we shall calculate the Would be used. The theoretical equilibrium volumes obtained
total energy as a function a, for the various elements and by our calculationgsee Table)lare slightly smaller than the
focus on the band-filling effect with respect to the relativeexperimental ones as commonly observed in LDA
stability betweer() and bcc, as well as the instability trends calculations’™*!

in the 4d TM series.

This paper is organized as follows: In Sec. Il we describe TABLE I. Ratios of V/V,, whereV is the theoretical equilib-
the theoretical method. Then we presentdheinitio results  rium volume(within LDA) andV,=68.96 & is the volume of the
concerning the bcc tO phase transformation with respect to Q) phase in pure Zr as extrapolated from experiments. Vhisas
energeticgSec. Il)), charge analysi¢Sec. 1), band struc- used as reference fé (3 atoms per unit celland3V, was used as
ture, and their volume dependen(®ec. V). In Sec. VI we reference for bc¢2 atoms per unit cell
summarize the work and give our conclusions.

Y Zr Nb Mo
Il. THEORETICAL METHOD
bcc 1.28 0.92 0.75 0.65
Self-consistent calculations of total energies and the elecn 1.28 0.94 0.76 0.66

tronic structure based on the scalar relativistic full-potential
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, , kbar reported for Zr by Vohra and Ruoffand Xiaet al>*>3
~ FIG. 2. Energy differencemRy) for the bee-{) transformation oy results for Zr are also in good agreement with the results
in Y, Zr, Nb, and Mo as a function of the internal, parameter  of jomardet al*? obtained with full potential linear muffin-

(within LDA). The energy is with respect to ti& phase. tin orbital calculations using LDA112 kbay and GGA(354
kbar). The stabilization of the more open structui®)(in
Ill. ENERGETICS AND STABILITY OF THE bcc GGA versus LDA calculations can be understood on the ba-
AND Q PHASES sis of the analysis of Zupaet al.** who showed that GGA

favors charge inhomogeneity.
When going from bcc to) along the path described From the harmonic part of ;he energy versuszheurve
above, we have studied the total energy of Y, Zr, Nb, and'® evaluate phonon frequencies of 3.10 THz for Nb and 4.74
Mo using the common trigonal structure as a functiorzgf Hz for Mo using the GGA aproximation. The calculations

: . f the energy as a function a, were performed using the
(Fig. 2). The calculat|on.s_ fqr each elemgn_t were performed afheoretical lattice constantwvithin GGA) for the bcc struc-
the zero-pressure equilibrium volunteithin LDA) of the

. ” tures, i.e., 2.85 A for Nb and 2.72 A for Mo. These values
respective() phase. Under those conditions only Zr shows acompare reasonably well with the experimetftédequencies

double-minimum configuration, i.e., ifmeta) stable for (3.57 THz in Nb and 6.31 THz in Mo It should be noted
both the bce and) phase. However, the bce phase is notihat those frequencies do not change much whether GGA or

only less stable thaf2, but requires only a very small acti- | pA is used in contrast to the transition pressure mentioned
vation energy to transform into th@ phase. The energy apove.

difference between the two phasesHgbcc)—E(Q)=4.5
MRy in Zr. In Y this energy difference is even more pro- V. DENSITY OF STATES AND CHARGE ANALYSIS
nounced, i.e., bcc Y is unstable with respect to the trigonal IN THE bcc AND Q PHASES
distortion, and the energy differencE(bcc)—E(Q)=6
mRYy is larger. Lacking experimental information on the pho-
non spectrum of bce Y, our prediction of an instability in bcc ~ The experimentally observed low_phonon frequency in
Y cannot be tested here. On the other hand, in Nb and M&cc Zr was associated by Heimiegjal>° to the weak restor-
the relative phase stability is reversed and Fig. 2 shows thdfg forces between the chains, shown in Fig. 1. In order to
Q is evidently unstable against tife— bcc distortion. The —account for the bcc stability for elements to the right of Zr,
bce phases of Nb and Mo are energetically favored over théhey proposed strong-d bonds between thgl11] chains,
Q phases by-26 and— 39 mRy, respectively. which oppose shearing motions between neighboring chains.
In order to investigate the volume effect on this transitionIn the following, we shall identify the key contributions to
we performed similar calculations for Zr using different vol- the lattice stiffening against the bed) distortion using
umes(Fig. 3. It is evident that lattice expansion would favor analysis based on partial DOS, partial charges, and charge-
the Q) phase, while increasing compression progressively stdensity distributions. With the splitting of the totdlDOS
bilizes the bce phase. This is consistent with the experimeninto its irreducible representatior(&ig. 4) and the corre-
tal phase diagram of pure Zr in which bcc is the high-sponding partial charge€rable Il) we can now explicitly
pressure phadg. confirm the picture speculated by Heimirgal>®
We estimated the theoretical pressure at which the bcc
becomes more stable thdh and obtained 178 kbar from
LDA calculations and 291 kbar using GGA calculations. The  In the bcc structure the orbitals split into two irreducible
latter agrees rather well with the experimental result of 30Gepresentations, namelyl-e;, and d-t,4, where the latter

A. Background

B. Charge distribution in the bcc phase
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point along the nearest-neighbft11] direction while the  rigid band behavior and in particular the &-t,, DOS is

former point towards the next-nearest neighbors a[d@§l.  different from the other cases. At low energies thed Y,

We plot the partiald DOS together with their symmetry contribution starts out very flat and also the main feature has

splitting in Fig. 4. It is evident that they character does not |ittle structure. In Zr a small valley appears in the mel,

change much in the series from Y to Mo. It shows a shargstructure while for Nb and Mo the valley between the two

peak at higher energies, which is, however, unoccupied in alhain peaks is enlarged corresponding to the typical DOS of

cases. At the low-energy side tdeey DOS is always larger g bcc structure.

than thed-t,; DOS. The latter does not show such a good The partial charges, which are the integrated partial DOS
inside the atomic sphere, depend of course on the sphere
size. These values are different for the different atoms and
therefore the partial charges can only be used to establish

TABLE II. Partial valence charges in units ef in bec Y, Zr.  yranqgs and verify some relations but should not be over in-

Nb, and Mo. terpreted.

v 2 Table Il lists the valence partial charges, Sp, and 4,

r Nb Mo . . .
where the latter are split according to symmetry. We find that

s 0.170 0.159 0.165 0.132 the 5s partial charge decreases within the series, whereas the
p 0.111 0.126 0.158 0.168 5p charge increases. More interesting is the behavior of the
dey/2 0.188 0.272 0.362 0.420 partiald contributions. In Y thed-e4 charge dominates over
dtyy/3 0.124 0.303 0.486 0.615 thed-t,4 contribution, indicating that there is little diredtd
total 1.029 1.738 2505 2.985 bonding along the nearest-neighlj@d 1] direction. This is-

the reason why Y is not stable in the bcc structure. In Zr the
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situation is changed since tlaet,, representation is slightly and 7 for the A and B sites, respectively, and differ for the
more occupied thad-e,. Of course this trend is even more two sites. For the A site a high peakafz_ 2+ dy, character
pronounced in Nb and Mo and is responsible for both thenearEg shows up, which is unoccupied in (ét 0.9-2.2 ey
strong directional bonds along th&11] chains and the sta- and Zr(at 0—1.4 eV, but starts to be filled in Nb and Mo. At
bility of the bcc structure. Qualitatively this picture emergesthe B site more weight is shifted to lower energies. The main
already from a rigid-band model using any of the four bccpeak is narrower and starts to become occupied only in Mo.
DOS as illustrated for bcc Mo in Fig. 4. Thed,,+d,, DOS has much more structure at the A than at
In order to visualize the chemical bonding direCtly We the B site and a |0w-energy peak is a|ready Occupied inY
present the valence-charge densities, the 4, 5s, and and zr. Thed,> DOS is surprisingly structureless. However,
state$ for bce Y, Zr, Nb and Mo in the (1Q) plane in Fig. it is evident that more and mou: states become occupied
5. This plane includes both the nearest-neighbor directioin Nb and Mo. This suggests that in addition to the contri-
[111] as well as the next-nearest-neighbor direcfiddl] as  putions in the plane, those in tzedirection (corresponding
indicated in Fig. 1b). The valence charge density in Y is to[111] directions in the bcc lattigeare partially responsible
concentrated in the interstitial region along {®®1] direc-  or the bee stabilization in Nb and Mo.
tion between next-nearest neighbors. In [fi&1] direction The various contributions at the two nonequivalent sites
the density is fairly low. This weak bonding between nearespy 7 are presented in Table I1I. Our results show that for Y

neighbors explains the instability of bcc Y. An opposite ef'and Zr the main contribution to A sites comes frai,

fect is observed in Zr, Nb, and Mo, where the density gradu—+d while at the B sites the main contribution dsz_ .2
ally increases in the nearest-neighbor bonding direction dugr dyz’ Y
xy

to the occupation of additiona states, mainly ot,, char- ) F“”hem_‘or?’ we note that in Zr thigz_y2+ dy char-
acter. acter at the B site is larger than ttig,+d,, character for the

We conclude this section by stating that the increase iﬁo‘ sites. In Y the relationship between these characters is

stability of the bcc phase for the heavier elements is relate _xactly the opposite. The behavior .Of Nb anq Mo Is quite
to the remarkable increase of thlet,, contribution to the ifferent from the previous cases, viz., both sites show the

bonding in the sequence ¥>Zr—Nb—Mo. This behavior d,2 character as their main contribution, corresponding to the

has been demonstrated using symmetry-decomposed DOS[r:’I\‘s,L_I_lE1 dlreci;[;oln zf trhe bccrﬁﬁ?' ized in Table Il mav be com
well as charge-density distributions. € partial charges summarize able lll may be com-

pared to those in Table IV, where the bcc structure is also
represented in the hexagonal coordinate system, i.e., with the
z axis along the cubi€111] direction. In most cases, the bcc

In contrast to the cubi¢bco case, the) phase has hex- partial charges are between the corresponding A- and B-site
agonal symmetry and thus tldestates decompose into three charges of th&) phase.
irreducible representations, nametly2, d,2_,2+d,,, and In'Y the d,,+d,, charge is larger for the A site, while the
dy,+d,,. We note that thel > orbital corresponds to one of d,2_,2+d,, contribution is larger for the B site. In compari-
the three degeneratg, states of cubic symmetry. The partial son to the bcc case, a redistribution of the kbige 2+d,,
d DOS as well as their decompositions are shown in Figs. €harge to the B site and of the bdg,+d,, towards the A

C. Charge distribution in the € phase



12748 G. B. GRADet al. PRB 62

Y Q Zr Q
A site A site

T totald

05

06 r
04 r
02 r

g 05
L o
@£ 1
=
Cs 0.5
5 o FIG. 6. Symmetry-
p -6 2 4 6 8 0
Energy (eV) Energy (oV) dgcomposed partiad DOS (den-
n sity of statey per atom of the A
@) Nb Q Mo Q site in Y, Zr, Nb, and Mo in the&)
Q A site A site
. . ] ] ] i phase.
15 4 18}
0 total d ] N total d
05 t N { o5t
0 + + + + 0 + +
0.6 41 06 |
0.4 dz2 1 o4 dzg
02 Ml\”] 1092 M}\/\J)\P
o] o]
17 dxz_yz_,_dxy 1 ' d)<2_)(2+d)<y
1 I/\K/\W 1 J/\\'\/\)
[¢] (s}
1 1r dxz+dyz
0.5 05 W
0 v 1 0 . i L L
-6 -4 -2 o] 2 4 6 8 -6 —4 -2 o] 2 4 6 8
Energy (eV) Energy (eV)

site can be seen. In 4t,2 orbitals start to contribute signifi- now also be found between the A and A sites and the B and
cantly to the bondingboth, for A and B sites a situation B sites, while the lowest density is found in the center of a
also present in the bcc structure. For Nb and Mo dhe  triangle formed by one A and two B sites. The situation is
+d,, charge is now smaller than the other contributions; thiscompletely different for Nb and Mo, where the charge den-
indicates low interaction between A and B sites, but strongity is concentrated between A and A sitesongz) and B
bonds between A and A sitdalong 2 and B and B sites and B sitegboth in the hexagonal plane and alangtoms,
(within the hexagonal plane but also aloaly In the bcc while between A and B sites there is little interaction.

phase this latter effect is only visible for Mo, but not for Nb. W& conclude this section by stating that the increase in
We also see in Table IIl that in the sequence-¥r— Nb stability of the{) phase for the lighter elements is related to
Ithe relative increase of A-B interactions compared to the

—Mo the A and B sites gradually loose the features tha . . .
make them nonequivalent. decrease 'of A-A anq B-B interactions. In particular, strong
In Fig. 8 we plot the valence charge density of e B-B bondings(especially in the basal hexagonal plam®
' _ not favor the stability of th&€) phase. This result is opposite
phase for the four elements in the (I plane that contains to some theoretical speculatidfé*that assign the basal B-B
both the A and B sites. This plane in tif¢ phase corre- interactions inQ) Zr as being responsible for the stability of

sponds to the (1Q) plane in bcc. this phase.
In Y charge accumulates in the center of the triangle
formed between two A and one B site as well as in the V. ENERGY BAND STRUCTURES

middle between the four B sites. This implies strong interac-
tions between A and B sites, but little interactions between A
and A sites and B and B sites along thdirection. In Zr the The band structure calculated along various directions in
A-B bonding is even stronger, but a significant charge carthe basal plane of the hexagonal cellka=0 (I'-M-K-I")

A. At equilibrium volume
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FIG. 7. Symmetry-decomposed partthDOS (density of statesper atom of the B site in Y, Zr, Nb, and Mo in tH& phase.

andk,=1/2 (A-R-L-H-Q-A-C) is plotted in Fig. 9. For the characteristic gap between the low-energy bonding states and
elements Y and Zr we present the bands of the hexadonal the antibonding states at higher energy that is only present in
phase, while for Nb and Mo we present those for the bcahek,=1/2 plane, but not a,=0. According to Figs. 6 and
phase(but described in thd®3m1l cell with zo=0). It is 7 the electronic states in tHe phase of Zr are filled to the
evident that in the() phase the band structure exhibits adeep valley in the DOS and the corresponding band structure

TABLE lll. Partial valence charges in units ef inside the atomic spheres for sites A and B in fhe
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 0.136
p 0.116 0.106 0.158 0.129 0.165 0.146 0.149 0.145
de 0.117 0.117 0.273 0.317 0.479 0.513 0.585 0.630
(dy2_y2+dy,)/2 0.120 0.171 0.236 0.321 0.449 0.469 0.571 0.586
(dy,+dy)/2 0.180 0.164 0.291 0.249 0.369 0.380 0.496 0.492

total 0.997 1.066 1.641 1.747 2.438 2.530 2.993 3.067
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but all states with this character are shifted ab&ye For

atomic spheres for the bce phase of Y, Zr, Nb, and Mo, expressed iR,=1/2, however, several occupied bands have this charac-

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
d, 0.124 0.302 0.487 0.615
(dyz—y2+dy,)/2 0.146 0.292 0.444 0.550
(dy,+dy)/2 0.167 0.283 0.403 0.486
total 1.031 1.738 2.504 2.986

in Fig. 9 shows that the Fermi energy falls in fact into the
gap present in thk,= 1/2 plane. With different band filling,
however, this cannot be achieved in(WhereEg is near the
bottom of the gapnor in ) Nb or Mo. In contrast, the bcc
structure for the two latter elements leads to a low density of
states aEr . In the case of Mo the Fermi energy is placed in

ter. The downward shift in energy comes from a strong co-
valent interaction between M) d,,+d,, states with B(A)
dy2_y2+d,, states(the latter are not shown explicitly hgre
This interaction seems to be rather important for the bonding
between the atoms A and B and thus for the stabilization of
the Q) phase.

These band-structure results are consistent with the partial
charges listed in Table Ill, where for Y and Zr the A and B
contributions to thed,> ,2+d,, and thed,,+d,, characters
are similar. The A contribution to the,,+d,, character is
bigger than the B contribution to th#. 2+ d,, character
for Y, but the opposite is true for Zr, and this tendency is
enhanced for Nb and Mo, corresponding to a smaller A-B
interaction.

B. Volume effects on theQ) band-structure calculation

To complement the calculations already presented, we

a pseudogap of the bcc DOS, where in the correspondingnalyze the band structure also for compressed Hg.
band structure only very steep bands crbgs

Further analysis of the character of the individual bands irof the () phase cell and compare it with uncompressed Zr.
Q Zr shows that in thé,=0 region both atomic site#\ and
B) seem to have similar contributions to a particular bandpoints atk,=1/2 becomes smaller when the volume de-

This is illustrated in Fig. 10, where thtg,+d,, character for

10(b)] with V/V,= 0.7, whereV,, is the experimental volume
We find that the gap that is present in thephase for thek

creases and vanishes completely at a certain pregsaee

both sites is marked with circles proportional to the amountFig. 10b)]. The number of states near the Fermi energy in-
of d,,+d,, charge. Fork,=0 the contribution from both creases and this makes the compreseghase similar to
sites is comparable. Ak,=1/2, however, the character of the bcc phase, which does not show this gap. This is also
certain bands differ drastically for sites A and B.
Furthermore, it is evident that in the first regiok, € 0)
there is nod,,+d,, character at all in the occupied states, at higher pressure.

©o
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@
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©

-
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C00000000O0

00000000 0OHK

consistent with the fact that both experimentally and theo-
retically the bcc phase becomes the most stable phase of Zr

1.30
1.10
0.90
0.70
0.50
0.45
0.40
0.35
0.30
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[1010]

FIG. 8. Valence-charge distribution in Y, Zr, Nb, and Mo_(ma in theQ) phase. The units are 81A3, illustrated by corresponding gray

shadings.
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FIG. 9. The band structurgn
eV) of Y, Zr (in the ) phasg, and
Nb, Mo (in the bcc phaseboth in
the hexagonal reciprocal unit cell.
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From Fig. 1@b) it is also evident that closing of the gap marized as follows. The tendency towards the-b€t trans-
occurs first for states with mainlgt,,+d,, character at site formation originates from the existence of a low-frequency
B, while states with this character at site A are not muchZ(1,1,1) phonon mode, which implies weak restoring forces
affected. This is in contrast to states widle_2+d,, char-  for the relative movement of111] atomic chains. In the
acter, since pressure affects both lattice sitex shown ex-  sequence ¥-Zr— Nb— Mo the resistance against tfedis-
plicitly ). tortion increases by the development of strahigonds, pre-

In transition metals compression often inducesm@-d  gominantly with t,, character, which contributes to the

transfer of valence electrons. This arises from the fact th%onding in the[111] directions. In Y thee, character is still
the spatially extended andp states feel the effects of high  jominantand thus the bee ) transformation is most favor-

pressure more strongly than the Ioc_:alizzbdtate_s. Thus the able. This tendency in the bcc phase is accompanied by
corresponding andp energy bands rise faster in energy thansignificant differences in the charge-density distribution. The

thed bands and the transfer of electrons frenandp-like to P . . o
: . valence electron density is concentrated in the interstitial re-
d-like states is favored. If such sp—d electron transfer ion in Y (between next-nearest neighbobrt directly be
xists with compression, then applying pr re i ival - . i
exIsts cOmpression, then applying pressure s equivaie ween the nearest neighbors in Nb and Mo.

I nEieSG i g I he TGN It e perosie. ™\ have also shonn trat band flng consieraions can
pression are consistent with this general rule. be compleme_nted with calculations l_Jnder c_ompressmn._We

analyzed partial charges and trends in the different contribu-
tions to thed-d bonding. We also calculated the equilibrium
pressure between bcc arfd phases and obtained good
The picture of the electronic effects on the be@ trans-  agreement with experiments.

formation that emerges from the present work may be sum- In particular, total-energy calculations show that in Y and

VI. SUMMARY AND REMARKS
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B site

Energy (eV)

FIG. 10. Character of the en-
ergy bandgin eV) of Q Zr: (a) at
7.0 equilibrium; (b) under pressure
(VIVy=0.7). The radius of the
circles is proportional to the re-
spective partiatl,,+d,, charge at
site A (left) or site B(right).
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Zr the bcc phase tends to become more stable on comprethis pronounced band gap for Y and Zr in this phase.

sion, which correlates with the appearance of a valley in the This effect is indeed lost in Nb and Mo, where the
DOS of thet,y complex, under these conditions. The resultsvalence-charge density is concentrateddirbonds in the

are in agreement with the ideas of Moriafywho implies  [111] directions. With additional filling of higher levels the
that, on compression, the TM's tend to crystallize in theantibonding contributions raise the energy leading to a desta-
phase shown by the element placed to the right in the perijlization of the Q) phase. Besides, in the bcc phase, the
odic table. The)—bcc phase transition occurring in Zr and charge distribution stiffens the lattice against the shearing
the other group-IV elements Ti and Hf is consistent with 1,otion between neighboringl11] chains, i.e., the specific

such a generalization and the present results, which confir§isiortion from bec leading to the formation of tk phase.
the compression effects on the DOS of the bcc phase.

Our work indicates that the stabilization of thephase at
the beginning of the ¢ series is related to the electron fill-
ing, so that only states below the gap in te=1/2 plane of
the Brillouin zone are occupied. As soon as higher states Two of us (G.B.G. and S.J.$.would like to thank the
become occupied, th@ phase becomes destabilized and thisAbdus Salam ICTP, Trieste, Italy, for the support which al-
could be verified by simple virtual crystal calculations. Thelow them to participate in the workshop on “All-Electron
bonding behavior ofl,,+d,, orbitals at B sites and,2_,» LAPW Electronic Structure Calculations, 1998.” The
+d,, character at A sites within the same band seems to bpresent research was supported by Cooperativa de Electri-
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