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Effect of band filling on the pressure-induced structural transition in Mo-Re alloys
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We report on a detailed investigation of the combined effect of alloying and compression on the structural
stability of random bcc and hcp alloys in the Mo-Re system. We use the linear-muffin-tin-orbital Green’s-
function method within the coherent potential approximatibMTO-GF-CPA) and the full-potential linear-
muffin-tin-orbital (FP-LMTO) method. For pure Mo we find a bcc to hcp transition pressure to take place at
620 GPa(FP-LMTO) or 730 GPa MbafLMTO-GF-CPA). The calculated equation of states for j®e;,
alloy is in good agreement with the experimental data, and the calculated bcc-hcp transition pressure is above
400 GPa. This number is much higher than the one anticipated in earlier model calculations. The agreement
between the model calculationab initio calculations, and the experiment is restored when self-consistent
occupation numbers afp andd electrons are used.
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[. INTRODUCTION about 420 GPa. The theoretical results oti&dind et al®
showed that the structural phase transition in molybdenum
Studies of structural and phase stabilities of metallic sysshould take place at a pressure of 520 GPa. From the experi-
tems are of major interest both from theoretical and experimental phase diagram data it is estimated that increasing
mental points of view® It has been established that in tran- (Z4) approximately by 0.%/atom destabilizes the bcc struc-
sition metals and alloys the number @klectrons per atom ture of group-VIB metals. The value dZy) may be in-
(Z4) is responsible for the stability of a particular crystal creased by compressing an element, but also by alloying this
structure, and that the structural sequence for the nonmaglement with another transition metal, e.g., belonging to a
netic 4d and & metals is hcp-bce-hep-fce depending on theneighbor group in the Periodic Table of Elements. This cor-
d-band filling}? The variations ofZ4 with the atomic num- respondence between compression and alloying is due to a
ber or under high pressure may therefore lead to solid-solitiransfer ofsp electrons to the band as a result of compres-
structural transitions. sion that has an effect similar to an increased band filling
Experiments at extreme pressures are most valuable favhich is the result of alloying. Thus addition afelectron
the understanding of structural stabilities and phase transrich metals to Mo allows one to expect that the necessary
tions. In particular, the diamond-anvil-cell technique now al-pressure to induce the bcc-hep phase transition will decrease.
lows one to attain static pressures up to several Mbar. One of Following this idea, the transition metal alloy Mo-32 at. %
the elements that attracts a lot of attention is molybdenumRRe was studied by ultrahigh pressures up to 249 8Pa.
Mo at ultrahigh pressures has been studied experimentally d$e Mo-Re alloys were chosen because the solubility of Re
well as theoreticallj=>"®Pure molybdenum is an interest- in solid Mo at 2500 °C is as high as 42 at. %. According to
ing element for studies of structural transitions, because ithe Moriarty’s calculatioristhe critical value of 0.34/atom
has a very stable bcc structure, but still it is situated veryshould be sufficient for the bcc-hcp phase transition to occur
close to the stability limit between of the bcc and hep phaseseven at ambient pressure. Assuming that each Re atom con-
Hixson et al® carried out shock compression experimentstributes exactly one extre-electron to the commod band
and observed a discontinuity in the acoustic sound velocityvithin the rigid band model, the Mo-32 at. % Re alloy has an
data. This was interpreted as originating from a solid-solidadditional 0.32e/atom in thed band compared to the pure
transition occurring at a pressure of 210 GPa and a temperarolybdenumt! At a pressure 193 GPa the estimatedi
ture of 4100 K. The transition was theoretically determinedcharge transfer due to compression is Oe2tom forV/V,
to be a bcc-hep transition. However, in diamond-anvil-cell=0.72. Thus the total increase of thidand filling in Mo-Re
experiments on Mo the bcc-hcp phase transition has not beeadloy (compared to pure Maat 193 GPa should be as high as
observed at pressures up to 410 GPa. Very recent expeid-54 e/atom which is much higher than the theoretically ex-
ments by Errandoneet al® suggested that the shock transi- pected value 0.34/atom. Still the bcc-hep phase transition
tion at 210 GPa and 4100 K may be due to melting. was not observed in this alloy. It appears that theory and
Moriarty® theoretically studied the possibility of a bcc-hcp experiment are in disagreement with each other.
transition in pure molybdenum, and determined that a tran- Note that the situation may be quite complicated in a gen-
sition can occur when 0.34 electron/atom are added talthe eral case. It was shown earlier that even at ambient pressure
band of Mo. In this work a destabilization of the Mo-bcc simple rigid-band arguments may fail to predict electronic
phase was predicted to take place at an ultrahigh pressure ahd structural properties of random alloys, particularly with
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increasing separation between the position of alloy compo-
nents in the Periodic Tabfé-*>The high pressure adds one PV and ASAGPA
more degree of freedom to the problem. Thus, in order to 1 ©Exp., Ref. [11]
resolve the discrepancy between theoretical and experiment:
results, it is necessary to perform first-principles calculations

for the Mo-Re alloys that go beyond the rigid-band model.
Therefore, the main aim of the present work is to investigate _
the pressure induced bce-hep phase transition in this systers
theoretically, and to establish its relation to the charge trans- 4|
fer due to alloying and compression.

IIl. METHOD OF CALCULATIONS

We have carried out first-principles calculations of the
random bcc and hcp Mo-Re alloys over a whole interval of %€ 20 30 20 160 200
concentrations. In order to increase the reliability of our the- P{(GPa)
oretical study we have employed two different computational FIG. 1. Equation of states for bcc Mo-32 at. % Re alloy. Experi-

methods. First, we used the linear muffin-tin orbitals Green’qnental dataRef. 17 are shown by diamonds. Calculated results

. 23 . . . .
fu.nc,t'on methodf in the, tight-binding reprgsentatlon obtained by FP-VCA and ASA-CPA methods are undistinguishable,
within the coherent potentia[CPA) and atomic sphere ,,q4 are shown by the solid line.

(ASA) approximations. We have also included the so-called
multipole correction to the electrostatic potential in the
framework of the ASA-M technique???* The core states of
Mo and Re were recalculated at each self-consistent loo
Moreover, the 4 states of Mo and p states of Re were
treated as valence states, and the basis set inclugdedd

5s, and 5 states for Mo, and B, 5d, 6s, and & states for

orbitals. Further, we used a so-called “multiple basis” where
ifferent orbitals ofl and m; character are connected, in a
continuous and differentiable way, by Hankel and Neumann
functions with different kinetic energies. We used the gener-
alized gradient approximation given by Perdew, Burke and

129 ; i
Re. The calculation of the exchange-correlation potential an?rnzer?off ng;ﬁmeérlfgtl|onfft?]r tgi iﬁ?gngel ar;dt.correla—
energy were done within the local density approximation us~'on potential. €1 Jetalls ot the == calculations are

ing a Perdew-Zunger parametrization of the exchangePresented elsewhefé. _ o
cogrrelation energy ft?ncticl?néf g We note that FP-LMTO calculations are superior with re-

The atomic spheres of the alloy components were taken tgPect o the LMTO-ASA calcul_at|ons as regards the predic-
be equal to the average Wigner-Seitz sphere radius in th ons of the structural energy differences. On the other hand,

alloy. Integration over the Brillouin zone was performed byt € CpfteThplo\);eCil? OLt‘rr] AtSA ialcultaufonﬁ |s.supefF|orIW|:h
means of the special points technique with &0points for respect o the or the treatment of alloying efiects. In

bcec and 121% points for hep in the irreducible part of the summary,_the two methods can be regarded as complemen-
tary techniques, and this combined approach has been shown

Brillouin zone. Energy integrals were evaluated using ato give good description of high-pressure experimahts
semicircular contour with 50 energy points. The CPA calcu- :

tons were peromed for random bcc and Haptn an 105 W€ belete 1l e use o hese mthod vl st
ideal c/a ratio) Mo-Re alloys. The ground-state properties ' P

and equations of state were obtained from total-energy caEtab'my in the Mo-Re alloys.
culations for 17 different volumes at each concentration. The

results were fitted by a modified Morse functi%fh. Ill. RESULTS AND DISCUSSION
Second, we have calculated the properties of these alloys
in the framework of the full-potential linear muffin-tin or- In Fig. 1 we show the theoretical results obtained by the

bital (FP-LMTO) method?’ In contrast to the ASA, the FP ASA-CPA and FP-VCA methodésolid line), as well as the
method does not use any shape approximation for the onereasured equation of states of the bcc oM@, alloy
electron potential, and therefore it is particularly suitable forsample up to 193 GPéndicated by diamonds! One can
resolving small structural energy differences in ordered internote the good agreement between the two sets of calculated
metallic compounds. The FP-LMTO technique is widely data and the experimental results. We consider this agree-
used for studies of structural phase transitihi particu-  ment as an additional support for the reliability of our results.
lar, it was used for the study of the pressure-induced phase Figure Z2a) shows a bcc-hcp transition pressure as a func-
transition in pure Mo by Sgerlind et al® tion of concentration of Re. One can see that for Mo-rich
Within our full-potential calculations the effect of disor- alloys the results obtained by FP-VGgolid line) and ASA-
der was treated by means of the so-called virtual crystal apcPA (dashed ling methods differ slightly, but for Re-rich
proximation(VCA), where the effect of alloying is simulated alloys they are very close to each other. For pure Mo the FP
by means of an increasingonintegral atomic number of method predicts the bcc-hcp transition pressure to be 620
the one alloy component. In our case this was the Mo atomGPa, and within the ASA it is 730 GPa. These results are
and therefore the basis set consisted pf 4d, 5s, and 5 higher than the results of previous theoretical investigations
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FIG. 3. (8)Average number ofl electrons(Z,) and(b) average
number ofs and p electrons(Z. ,) inside the atomic sphere as a
function of the Re concentration. Shown are results for (sodid

FIG. 2. (a) The transition pressure arfb) the energy difference |ine, filled circle9 and hcp(dashed line, open circlpslloys at
between hcp and bce phases as a function of concentration of Reémbient pressure. Iita) (Z4) at pressures corresponding to the
obtained by the FP-VCA methaolid line) or ASA-CPA method  calculated transition pressuré®€P,) are also shown for the
(dashed ling bee (solid line, filled squarésand hcp(dashed line, open squayes

. . structures.
due to the fact that earlier FP calculations are based on local

density approximation, whereas the present FP calculations

are based on the generalized gradient approximation. The Thus the results of ouab initio calculations agree well
transition pressure for the bce-hep transformation for randonivith experiment, but disagree with the earlier model esti-
Mo-Re alloys decreases monotonically with increasing conmates. In order to understand this fact we have calculated the
centration of Re. This behavior of the transition pressure isiverage number af electrons(Zy) and the average number
easy to explain by band-filling effects due to the additiahal of s and p electrons(Zs, ) inside the atomic sphere as a
electrons which occupy the allayband as a result of alloy- function of Re concentration for the bcc and hecp alloys at
ing Mo with Re. We found that for the Mo-32 at. % Re alloy zero pressureH=0), as well as at pressures corresponding
which is the highest concentration considered experimento the calculated transition pressufe= P,,) over the whole
tally, a bcc-hep transition pressure takes place at 400 GPeoncentration interval. Note that the transition pressure itself
(FP-VCA) or 480 GPa(ASA-CPA). This is in agreement depends on the concentration, as discussed above. The re-
with the experimental results which show no transformationsults, obtained from our LMTO-ASA-CPA calculations, are
from the bcc phase for pressures up to 249 GPa. shown in Fig. 3.

The energy difference between the bcc and hcp phases for At this stage we would like to point out that in our calcu-
random Mo-Re alloys as a function of Re concentration idations one expands Bloch's wave functions using a basis set
shown on Fig. @). In our studies we found that only for of atomiclike orbitals inside the atomic sphere which can be
alloys with concentration of Re more than 66 at. % the hcprather artificia®> However, in this particular case the pre-
structure becomes more energetically favourable. Note, thatented analysis is meaningful, because the lattice parameters
this number is very close in both the FP-VCA and ASA-CPAof Mo and Re are rather close to each other, interatomic
calculations. Analyzing the experimental phase diagtam, charge transfer is small, and variation of the lattice parameter
one concludes that the transition at ambient pressure occuisa weak function of concentratidd Thus though the abso-
at a concentration which is well beyond the stability limit of lute numbergZy) and(Zs. ,) do not have a direct physical
a homogeneous solid solution. meaning, their variations as functions of concentration and
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pressure can be used for a physical interpretation of the phdscc-to-hcp structural transition will occur at about 60-at. %
nomenon under discussion. Re. This is very close to the result of the first-principles
The most important observation one can make in Hig. 3 calculations where the variation dfZy) and (Zs.,) is
is that thed-band occupatioqZy), which is sufficient to treated self-consistently in the complete interval of concen-
induce the transition from the bcc structure to the hcp structrations. Thus the agreement between model calculatains,
ture in the Mo-Re alloy, shows only a small dependence orinitio calculations, and experiments is restored.
the concentratiofilines denoted by squares in Figag. In-
deed, the variations giZ,) for bcc as well as hcp structures
at the transition pressure with increasing concentration of Re
are very small. At the same time, at ambient presgig First-principles calculations of random bcc and hcp
for both bcc and hcp alloys increases monotonically withMo-Re alloys were performed over the whole concentration
increasing concentration of Re. As we can see in Rig.f®r  interval. Our calculated equations of state agrees well with
pure molybdenum an addition of O&atom is needed to experimental data. We have shown that the bcc-hcp transition
destabilize the bcc structure. This number is close to th@ressure decreases monotonically with an increasing concen-
value of 0.34e/atom reported earlier for pure Mo in Ref. 3. tration of Re, but the rate of decrease is substantially less
As expected, the difference betwegfy) at P=0 and(Zy)  than that estimated in earlier model calculations. We also
atP=P,, becomes smaller for Mo-Re alloys. Approximately show thatd-band filling at ambient conditions depends lin-
at 66-at. % Re théZ,) at zero pressure becomes equal to theearly on atomic concentration in this alloy, while the number
(Z4) at the transition pressure and the hcp structure becomes d electrons required for the bce-to-hep transition is almost
more favourable energetically. Remember thAg) at the independent of the concentration. We have calculated that an
transition pressure does not depend on the concentratioaddition of 0.4e/atom to thed band of pure Mo leads to a
Thus, in order to add 0.4/atom to the alloyd band, one destabilization of the bcc phase at all compositions. How-
needs to supply a larger fraction of Re atoms: 0.66. Thigver, at ambient pressure this requires an alloying with at
means that each new Re ataines notcontribute exactly least 66 at. % of Re. We show that this occurs due to a
oned electron to the commod band due to the hybridiza- variation of the average number saindp electrons(Z, ,)
tion betweensp andd subsystems. As one can see in Fig.as a function of concentration. We explain the disagreement
3(b), the number of andp electrons(Z, ) also increases between earlier model predictions and experimental data.
with increasing Re concentration. As a matter of fact, a varia-
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