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Phonon Instabilities in fcc and bcc Tungsten
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The lattice dynamics of bcc and fcc W is studied as a function of pressure using the density-
functional linear-response theory. At high pressures And 0 K, bcc W has a higher enthalpy than
the fcc and hcp phases and it develops phonon softening anomalies related to this thermodynamic
instability; however, it remzfiins dynamically stable. In contrast, the widely unstable sbear modes of fcc
CcC CC

W at zero pressure (wheli® > HE*) stabilize with increasing pressure befdié® < H&°. Hence
the thermodynamic and dynamic instabilities are uncorrelated. [S0031-9007(97)04061-1]

PACS numbers: 63.20.Dj, 62.20.Dc, 71.15.Mb, 71.20.Be

Dynamical instabilities or anomalous softening in theGibbs energy) with respect to more close-packed phases
lattice vibrations of metals in the bcc and fcc structurege.g., fcc and hep).
are of considerable current interest [1-8]. They may We use density-functional theory [10] in the local den-
occur for wavevectors well into the first Brillouin zone sity approximation [11]. The calculations are performed
(BZ), as is exemplified for many metals in the bccusing a plane-wave basis set and norm-conserving pseu-
structure by the longitudinal phonon modegat= [335]  dopotentials for W5s,5p,6s,6p and5d states as valence
[1,2], transforming bcc into the phase for sufficiently states. The core radii are chosen to hé a.u. We
large amplitude. In other cases the instability is due to aise two nonlocal separable projectors foand p chan-
negative elastic constant for shear modes, often relategels, and apply the optimization technique of Ref. [12]
to the martensitic transformation between fcc and bcd¢o deal with the localizedss,5p and 54 states. It al-
structures via the tetragonal Bain’s path [3—6]. Referencéows a cutoff energyE., = 22.5 Ry, and a total en-
to dynamical instabilities recently clarified a long-standingergy convergence with respect to the basis, better than
discrepancy between the structural energy difference8.1 mRy/atom. The BZ summations are carried out on a
obtained fromab initio electron structure calculations and 16 X 16 X 16 Monkhorst-Pack [13] grid using the first-
those derived through a Calphad analysis of binary phaserder Methfessel-Paxton broadening scheme [14] with
diagrams [3,4,7]. Tungsten is then a typical exampleW = 20 mRy. The phonon frequencies are calculated
The stable phase has the bcc lattice structure while fcc Wising the density functional linear response method [15]
is dynamically unstableAb initio calculations [7] showed for metallic systems [16,17]. These calculations are per-
that the elastic constantSy, and C' = (C;; — Cy)/2  formed for phonon wave vectors on the same reciprocal
are both negative, implying that fcc W is dynamically Space mesh as used in the BZ summations.
unstable undeall elastic shear, while some BZ boundary Using the parameters above we obtain equilibrium
phonons were found to be stable. volumes V, = Vi¥ = 1552 A3/atom and Vil =

The importance of lattice instabilities in materials 15.19 A3/atom for fcc and bcc W, respectively (ex-
science, and the unusual features occuring in W, motivateggeriments [9] giveVinr = 15.78 A3/atom). From the
a detailedab initio calculation of the lattice dynamics for calculated binding energy curves for bcc, fcc, and hcp
this metal, both in the unstable fcc phase and in the stabM/, we find that the fcc phase becomes more stable than
bce phase. It has been speculated that the dynamichtc at 11 Mbar. The enthalpy of hcp W becomes lower
instability of W at7 = 0 may be stabilized at higit, than the enthalpy of bcc W at 12 Mbar, but the former
a possibility which would have profound implications for is higher than the enthalpy of fcc W at all pressures
the thermodynamic Calphad-type analysis of fcc-based V¢onsidered. Volume differences between these phases at
alloys. One then refers to, e.g., tHg353] mode in  constant pressure are smaller than 1.5%.
bce Ti and Zr [1,2,9], which is unstable at loWw but Figure 1 shows calculated phonon dispersion curves
is stabilized at highT. However, such a behavior is v(q) at the volumeV,, and experimental results [18].
unlikely if the unstable phonon modes occur in a largeThe agreement with experiment is very good (deviations
part of the BZ. Therefore we will map out that region =6%), characteristic of first-principles LDA calculations
in the BZ where the fcc-W phonons are dynamicallyof this kind. (Interestingly, the deviation is largest
unstable and study how it changes with pressure. welong the HP direction in Fig. 1, where we also note
also perform calculations for the stable W bcc phaseg significant volume dependence even neat V,, see
compare with experiments, and pay particular attention tdrigs. 2 and 3.) Our calculations reproduce an interesting
incipient instabilities under an applied pressure when bcéeature of the experimental phonon dispersion—the near
W becomeshermodynamicallyinstable (i.e., has a higher degeneracy and crossing of the transversal modes along
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r fcc and hcp phases. It is interesting to see if the phonons
and elastic constants of bcc W exhibit anomalies indicative
of its thermodynamic instability at high pressures (recall
that fcc W at zero pressure is battermodynamicallyand
dynamicallyunstable). We also investigate the gradual
dynamic stabilization of fcc W with pressure.

The calculated phonon dispersion curves of bcc W at
several pressures are shown in Fig. 2, and Table | gives
the elastic constants of fcc and bcc W. We see that
bcc W is dynamically stablerfq)?> > 0 and C;; > 0]
at all the volumes considered, even though it is thermo-
dynamically unstable a¥ = 0.442V, (at P = 12 Mbar
and T = 0 K, corresponding to bcc volum®.438V,,

! both fcc and hcp W are predicted to have a lower en-
05 [EE0] 00 [E00] 10 (888 %0 thalpy than bcc W). In order to see incipient instabilities
FIG. 1. Experimental [18] (symbols) and calculated (solid more clearly, we rescale the dispersion curves at different
lines) phonon frequencies of bcc W at the volubge atomic volumes so that the maximum frequency of each
branch (longitudinal or transversal) becomes volume in-
dependent. Figure 3 shows the result for branches and

[££0]. From a smooth polynomial fit to(q) at different directi h i b 4 S ﬂ
volumes, we calculate the Grilneisen paramejei(§) = irections where anomalies are observed. trorzlg soften-

—(9Inv(q)/dInV) for bcc W whenV = Vj, and average ing Wwith decreasing volume occurs around thgs33]
it over the BZ using the method of Mauet al. [8] to get mode. We interpret this as a manifestation of the in-
v = 1.5. The electronic contribution tg, obtained herent softness of that mode which follows from geo-
through the calculated InNN(Ef)/aInV [N(Er) is the ~metrical arguments [20] (connection between the bcc and
density of states at the Fermi level], was found to bew Structures for sufficiently large displacements), and
slightly less than 0.1. The experimental thermodynamids observed, e.g., in the bcc structurgsSc, B-Ti,
Griineisen parameter ig; = 1.6 for bcc W at 300 K and V [1,2,9]. We also note a smaller but significant soft-
[19], in excellent agreement with our calculated averag€ning in the entire transverse branch aldgg0] with
phonon part. We conclude that our pseudopotentialhe polarization vector along 10]. The long wavelength

method accurately predicts the phonon frequencies anfodes of this branch correspond to theé elastic con-

their volume dependence for bce W. stant, responsible for transition to the fcc structure through
. -y 11 .
We next study fcc and bec W at high pressures, whefBain's path.  TheT(;ig)[530] mode has previously been

bcc W has a higher Gibbs energy than the close-packegfudied in several systems [1,21,22], since it was con-
jectured that it gives a possible path for martensitic

bce — hep transformations. An interesting feature is the
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FIG. 3. Calculated phonon dispersion curves for selected
FIG. 2. Calculated phonon frequencies of bcc W at differentbranches of bcc W at several volumes, scaled to a common
volumes, corresponding to the pressures 12 Mbar, 3 Mbamaximum frequency " = 18.9 THz for longitudinal and
0.6 Mbar, and 0.3 Mbar, respectively. vt = 15.7 THz for transversal modes).
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TABLE I. Calculated elastic constants for fcc and bcc W.

Vo 0.854V, 0.656V, 0.442V,
bcc C’ (Mbar) 1.74 2.45 2.67 3.61
Cas (Mbar) 1.49 2.28 4.92 11.24
B (Mbar) 0.32 0.57 13 37
fcc C' (Mbar) —1.59 —1.34 —0.81 5.52
Cys (Mbar) -1.28 0.76 3.15 14.41
B (Mbar) 0.30 0.57 12 36
AEfe/b (mRy/atom) 37.1 42.0 40.1 —4.21

a transition path from the bcc to the hcp structure, A remarkable feature in fcc W is demonstrated by the
similar to that involving theTp;jo[330] mode. Hence, T[££¢] branch which is weakly unstable &, for all

the softening off11g)[ 3 0] and Tp11g[ 3 30] is related. wave vectorsq out to the BZ boundary. This branch

We now turn to instabilities in the fcc W; see Table | fémains soft over a large variation in volume, and its
and Fig. 4 where—|»| is plotted wheny?(q) < 0. At  maximum frequency is alvv_ays smaller by at least a
normal pressure all long wavelength transverse modes afactor of two, compared with all other branches. In
unstable and the dynamical instability extends far into thétn@logy to a qualitative reasoning of Mauwet al.[8]
BZ. A strong softening anomaly occurs in the lowerfor @ pressure-induced softening in tellurium, we write
transverse ££0] branch with polarization along110]. ~ the frequencies of this bganch as a “nor;nah) (@nd
We note that the long wavelenglhyj[££0] modes, cor-  @n “anomalous” §) part; »*(q) = »,(q) + v;(q). We
responding toC,4, are stabilized at the volume 0.884  €xpect », (due to short-range force constants) to be
while C’ is still unstable at 0.65&. Another impor- Similarin shape to the corresponding branch in fcc copper
tant feature is seen in the transversg£0] branches. [9], which S free of softening anomalies. If we now
The Tp1ig)[££0] mode has an instability at finite wave- Normalize »*(q) to take the value 1 at th& point in
lengths, although the long wavelength part, correspondhe BZ and scale it accordingly for shortgr we get the
ing to the elastic constant’, is stable (see the panel for "esult in Fig. 5. 'We see how the large dip caused by
V = 0.656Vp). This means that a’-related Bain’s path the “anomalous” contribution7(q) gradually decreases
is not necessarily responsible for a dynamical instabilityVith decreasing atomic volume. This indicates that the
of the fcc phase. A different behavior is observed in thedynamical instability of this branch is caused by a long-
Troon[££0], T[£££] and L[£00] modes where the insta- fange c_ontrlbutlo_n tor?(q), possibly from anomalous
bilities are first developed in the long wavelength limit, electronic screening effects.

being caused by negative elastic constants. Finally, we analyze the connection (if any) between
the thermodynamic and dynamic instabilities in fcc and

bcc W. Figure 6 gives the total enerdy(c/a) along

200L L the (a) tetragonal and (b) trigonal Bain’s paths at several
L volumes. As explained in Ref. [4F(c/a) as a function
100 | | of ¢/a has at least three extrema. Two of them occur at
) T the points of cubic symmetry. For the tetragonal Bain’s
00 path, the third extremum is a minimum and is located
<
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0.0 [€00] 10 [EE0] 0.0 [EEE] 0.5 FIG. 5. Square of the phonon frequencied(q) for the
transversalTy;io)[££0] branch of Cu [9] and our calculated
FIG. 4. Calculated phonon frequencies for fcc W at pressuresesults for fcc W. All curves are normalized to 1 at tie
12 Mbar, 3 Mbar, 0.6 Mbar, and 0 Mbar, respectively. point.
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50 ‘ ' phase is dynamically unstable under all shear at normal
pressure. The unstable transverse phonon modes extend
over such a large part of the BZAt= 0 K and zero pres-
sure that we do not expect fcc W to be stabilized at high
T. However, with increasing pressure the phonons in fcc
W tend to stabilize, and no instabilities remain when the
volume has been reduced to about half of the volume at
zero pressure.
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