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Phonon instabilities in bcc Sc, Ti, La, and Hf
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The lattice dynamics of the elements Sc, Ti, La, and Hf in the bcc structure is studied using the density-
functional linear-response theory. The elements exhibit similar phonon instabilities which cover large parts of

the Brillouin zone. In particular, the entifg, 7o) ££0] branch, where the zone-boundary phonon is responsible

for the bce—hcp transition, and thE[%%%] mode (bce-~omega) are unstable. However, fRegtéé] branch

is unstable for all elements except Sc, and Ti and Sc exhibit distorted bcc energy minima not seen in the other
elements.

There is a series of early transition-metal elemg®s, and norm-conserving pseudopotentidi€xtendeds and p
Ti, Y, Zr, La, Hf) exhibiting a low-temperature close-packed semicore states of Sc, Ti, La, and Hf are treated as valence
phase and a high-temperature bcc phase. Measured phonstates. Thé bands in La and Hf are not included. Previous
dispersions for these elements in the bcc phase are domgalculations of the lattice dynamics and equilibrium proper-
nated by low-energy phonon modes interpreted as structur@kes in fcc La(Ref. 19 have found that the effects due to the
phase-transition precursors. almost empty 4 bands are rather small. The core radii are

The stability of the high-temperature phase has been athosen to be between 2.4 and 2.6 a.u. This scheme allows for
tributed to the vibrational excess entropy of these low-energy total-energy convergence better than 0.2 mRy/atom for cut-
phonons. First-princi_ples total-energy stufiesa few high- off energiesE =30 Ry for La and Hf andE,= 40 Ry for
symmetry phonons in bce Zr have revealed that some phorj 4ng Sc. The Brillouin-zone summations are carried out on
non modes are not only soft but even dynammally unstable aé 16x16x 16 Monkhorst-Pac® grid and the electronic
T=0 K. It has been suggested that anharmonic effects stably;. o populated according to Fermi-Dirac statistics with
lize these modes at high temperatures. However, the exaq.%: 1272 K which is representative of the temperature where

mechanism of this high-temperature stabilization is still un—the studied elements are experimentally observed in the bec
certain. Classicdl and tight-bindin§ molecular-dynamics hase(Sc-1608 K. Ti1155 K. La:1134 K, HF-2016 17

simulations can provide some insights into the anharmoni bl h h lculated and d val ;
dynamics of these systems, although they are often hampered Ta} € I's ows the calculated an measured vajues for
by the accuracy of the underlying force-field model. For in-€quilibrium lattice parameters and bulk moduli, which can be

stance, it is important that the employed potential model4!S€d to estimate t_JOth the accuracy of our psegdopotentials
reproduce allT=0 K dynamical instabilities and structural @nd the local-density approximation for the studied systems.
energy differences. Comparison of pseudopotentialPP and full-potential

In the present work we perform systematic first-principleslinear-augmented-plane-waVe(FP-LAPW) results demon-
phonon-dispersion calculations for the bec structures of fouptrates that the inaccuracies introduced by the PP approxima-
representative elements which all exhibit a high-temperaturgon are negligible. However, both PP and FP-LAPW equi-
bce phase: Sc, Ti, and Hf which are hexagonal close-packelibrium lattice parameters are too low in comparison with the
and La which is double hexagonal close-packed at low temexperimental values, which can be attributed to the well-
perature. Our results can be used not only to assess the daown overbinding phenomena of LD& This overbind-
curacy of potential models in molecular-dynamics simula-ing leads to calculated elastic constanté Table I) and
tions, but also in the more general context of understandinghonon frequencie&f. Table Ill) that are usually higher by
lattice instabilities. In particular, dynamical phonon instabili- 10-20 % than the experimental values. Having established
ties are often discussed in terms of transformation paths tthe accuracy of the LDA and of the constructed pseudopo-
energetically more stable high-symmetry structures. Such
SftUd'eS usually concentrate on particular well-known transi- TABLE |. Equilibrium lattice parameters and bulk moduli for
tion paths and corresponding phonon modes and thus MaY. T—0 K stable phases of Sc, Ti, La, and Hf
miss unsuspected instabilities. By systematically calculating T i
the complete phonon dispersions we can probe deeper into a(a.u) B(Mbar)
the nature of dynamlc_al instabilities and reveal new unstabl lement Struc. PP LAPW Expt. PP LAPW Expt.
modes that are not directly related to any known structura

transformation paths. Sc hcp 6.01 6.05 6.25 059 061 0.44

We use density-functional thedtin the local-density ap-  Ti hcp 539 541 557 133 125 1.05
proximation(LDA ).1° The phonon frequencies are calculated| a dhcp 7.00 683 712 0.33 032 024
using the density-functional linear-response metHod® s hcp 587 588 604 119 120 1.09

The calculations are performed using a plane-wave basis set
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TABLE Il. Calculated elastic constants for bcc Sc, Ti, La and N T H P T
Hf (upper tablg¢ and linear combinations of the elastic constants to 4r e . \ ' -~ Hf ]
which the acoustic veIocities;EOCEaijCij) are related for the dif- = \ E/’ AN
ferent high-symmetry branches in a cubic structiiogver table. a 0 T W
Element  Cyy(Mbar) C;o(Mbar) C4(Mbar) % 217 s _—T\ / ~Lad
NN ghd \ ] hN
el hY v/
Sc 0.4 0.6 0.3 &0~ N
Ti 1.2 1.4 0.2 A ——
La 0.0 0.5 0.1 & | NIV
NP2 \ ! / \\
Hf 0.9 1.3 0.4 g 0 A//,. \\\,\E«/——/
Branch T T, L K6 F_ e /E Sc
\\\ _// \\\ // E \\\
[£00] Cus Cus Cu 0 = o
[££0] C11—Cypo 2Cy C11+Cypt2Cy, 0’5"' 00 :
[£&¢] C11—CpotCyy Cp—=CypptCyy Cpy+2C15+4Cy, TEE0l  [E00] [EEE]

FIG. 1. Calculated phonon frequencies of bcc Sc, Ti, La, and

tentials for Sc, Ti, La, and Hf, we proceed to study dynami-Hf- The longitudinal branch is the dashed lines and the transverse
cal properties of the bcc structures of these elements. branches are solid lines except for thiel0] polarization in the
Figure 1 presents the calculated phonon dispersion curvd$£0] direction which is dot dashed.
v(q) for bcec Sc, Ti, La, and Hf at their respective equilib-
rium volumes where—|v| is plotted when»?(q)<0. A system£>?8since it, together with an elastic strain associ-
third-order spline is used to interpolate between the directhated withC’, gives a possible path for the martensitic bce to
calculated frequencies. In Fig. 2 we show a few select phohcp transformations.
non branches scaled to thkpoint phonon frequency value,
to illustrate the most interesting similarities and difference
between the elements.
The elastic constar®’ = 3(C,;— C;,), manifested in the
long-wavelength part of the transverse branch alpfigp]

We observe that the; 7o) 7 0] phonon mode provides a
Sransition path(together withC’) from the bcc to the dhcp
structure. A pressure-induced softening for this mode in W
has been noted in an earlier first-principles wotkThe

. o — . Tri101l350] phonon transformgtogether withC’ and a tilt
[110]L3 3
with the polgrlgathn vector ananlO] (cf. Table 1), is of the bcc[110] axis) the bcce structure to theP® structure.
negative. This implies an instability towards the fcc structure.l_hiS mode has been studied primarily in Li and &
through B_aln s_path. Figure 3 presents the trigonal and te\'/vhich both show a low-temperature transformation from bcc
tragonal distortior of the bcce structure for all the elements to 9R. In Fig. 2 we see a marked difference between the
Lgr:?o'z;t?ggé Tohne;Ie sltsrljactrS re;a::gglﬁgzr%sgicgﬁi d|l_|sf_ T170)[ ££0] branch in La compared to the other elements. In
9 . I ' ' lanthanum, which is double hexagonal close packed at low
and La but not for Sc, which exhibits a shallower minimum

at c/a=0.92. A shearing of the bcc crystal intda=0.84  cmperatures, the minimum of tfg,10;[ £0] branch is po-

: sitioned well before the zone boundary. This is due to a

corresponds very well to the transformation of (1;0Q) . o
lanes into (001),, planes. Since the bcc crystal needs to besteeper phonon instability towards the dhcp arR @ruc-
P op P ' y tures than to the hcp structure. However, the path to all these
sheared tac/a=0.816 to reach the hcp phase we conclude . ;g . . .
i S : - structures include &' distortion and in the case off9a tilt
that this motion in Sc has to take place simultaneously with

) ) ) o as well asC’, which makes it difficult to draw conclusions
(or aftey the distortion corresponding to th;110)[220]  about the relative stability of the phases from small differ-
phonon mode.

: . o ences in the phonon frequency. Total-energy calculations for
The entire transvers¢££0] branch with polarization | at zero temperature reveal tha & 0.7 mRy/atom above
along[110] is unstable. The zone-boundary mode of thisthe dhcp structure.

branch, Ti1o230], has been studied in several 222

A broad instability occurs around thd £ 5 5] mode. This

TABLE lll. Experimental and calculated phonon frequencies for hcp Sc, Ti, and Hf a#ltheint.

v (THz)
Work TAH TAL TOL TO” LA LO

Sc Calc. 3.66 4.18 6.71 6.43 5.79 6.57

Expt. (Ref. 2 3.57 3.97 6.23 6.11 6.21 6.23
Ti Calc. 3.52 3.46 6.84 7.09 8.16 8.50

Expt. (Ref. 22 34 3.82 6.06 6.95 7.1 7.69
Hf Calc. 1.95 2.16 3.72 3.70 4.26 4.30

Expt. (Ref. 23 2.08 2.35 3.5 3.62 3.85 4.3
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FIG. 2. Relative phonon frequencies for selected branches of

bce Sc, Ti, La, and Hf scaled to thé-point value. TheT [ ££0]

branch has the polarization vec1[drT0].

Ti, La, and Hf which is surprising since experiments show
no anomalous damping of this branch. This is also a signifi-
cant difference between the elements in the study since this

mode has been studied extensiféR2from first principles, ~ instability is not present in Sc, cf. Fig. 2. To study the insta-
particularly in bce Zr where it was found to be unstable atbility of the T[£££] branch we performed frozen-phonon
zero temperature. Experiments at high temperatures for thglculations for two phonons in the beginning and the end of
elements in this study all show a pronounced softening at the most unstable region, i.g=[333] andq=[333]. Fig-

=[222] for the longitudinal modé=* It has been argued ure 4 shows the energy for distortions corresponding to the

that the weakness towards thestructure in these elements modesT;7g;[555] and theT;y13[ 553] in Ti which are rep-

should be seen as an intrinsic property. It is also important teesentative of the behavior of tig¢ £££] branch phonons we

point out that the minimum of the longitudinal branctnist ~ have studied. Also, for comparison, we include the results
i _2 _ 7 .

g(():smoned a€= 3 but rather a€= 1; for all elements except g, the T(170)[$30] and theL[£2] modes. The minima for

111 i
The [ £00] direction shows an anomalous crossing of thethe T[535] phonons are very shallow which suggests that

longitudinal and the transverse branch which is not observel!€S€ Phonons alone do not provide a path to a significantly
experimentally in the high-temperature bcc phases of earl ore §'gable structure. The S|mplest'explan_at|on for the broad
transition metals, suggesting that it is most likely suppresse Stat?"'ty_ of the trapsvergg b_ranch IS th_at,'t results from the
by strong anharmonic effects. In Nb, this anomaly is seen af°mpination of the instability in thg—0 limit, due to nega-
ambient conditions but vanishes at high temperatdassd is ~ 1ve€ value 0fCyy—Cyp+ Cyy (cf. Table 1), and the degen-
explained as a consequence of the highly anisotropic Fernfiracy of the transverse and longitudinal branch cat
surface®* From Fig. 2 we note that the anomalous crossing is= [333]-
remarkably similar for all elements except for La. The long-wavelengthl o[ £00] modes, corresponding

A large part of the transverg&££] branch is unstable for

"%y (mRy/atom)

0

Energy (E,-E

q=0 distortions of bcc

C'=0.5(C,,C,)

4

0.61
c/a ratio

to Cy4 (cf. Table Il and the lower panel of Fig),3are stable.
From Fig. 3 we also observe that Ti has an additional mini-
mum atc/a=0.51. We performed linear-response calcula-
tions for Ti at the trigonal distortionc/a=0.51, which
showed that thél[170;[ 0] and L[ {£€] branches still ex-
hibited deep instabilities, but thg[ £££] branch was stabi-
lized except for a sharp instability &t 3. This also suggests
that theT[ ££€] branch is strongly coupled to other distor-
tions and may be stabilized at low temperatures by the
atomic motions. This would explain why no softening of this
branch is seen in experiments.

In conclusion, we have calculated the phonon dispersions
for four representative elements in their high-temperature
bce structure. Instabilities occur in large parts of the zone
and are common to all elements except for a broad instability
of the T[ ¢££] branch, which is not seen in Sc. Thgé00]
branch exhibit phonon anomalies which are almost identical
in Ti, Sc, and Hf, but slightly different in La. These have not
been seen in experiments. It is also interesting to note the

FIG. 3. Energy for distortions of the bee structure correspondingdifferences in the energy surface around the bce structure.

to the elastic constant§€’ (upper panel and C,, (lower panel.

All elements except Sc have pronounced minimunc/a

Note that thee/a ratios refer to different axes for the two distortions =0.84, which corresponds very well to the shearing of the

(Ref. 24.

bcce planes into hexagonal ones. The distortion corresponding
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to the elastic constant,, yields in Ti a minimum, not Swedish primary national resource for high-performance

present in the other elements. computing and networking, Parallelldatorcentrum - PDC.
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