PHYSICAL REVIEW B 67, 024101 (2003

First-principles study of the structural energetics of PdTi and PtTi
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The structural energetics of PdTi and PtTi have been studied using first-principles density-functional theory
with pseudopotentials and a plane-wave basis. We predict that in both materials, the experimentally reported
orthorhombicB19 phase will undergo a low-temperature phase transition to a monoBliric ground state.

Within a soft-mode framework, we relate tH&19 structure to the cubi®2 structure, observed at high
temperature, and thR19' structure toB19 via phonon modes strongly coupled to strain. In contrast to NiTi,
the B19 structure is extremely close to hcp. We draw on the analogy to the bcc-hep transition to suggest likely
transition mechanisms in the present case.
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[. INTRODUCTION quite illuminating. The resulting information can then also be
used as inputs to atomistiand continuurh modeling of
Shape memory alloy6SMAs) have attracted a great deal shape memory behavior.
of attention due to their important technological applications, Typically, martensitic transformations are described using
including mechanical actuator devices and medical stentshe strain as an order parameter, the classic example being
The shape memory effect also gives rise to superelasticitthe Bain bcc-fcc transformation of iron. However, most
that finds applications in stents and spectacle frames. Th8MA's, including those discussed in the present work, also
shape memory effect is related to a reversible martensitiexhibit soft modes or anomalies in the phonon dispersion of
(diffusionles$ phase transformation. It has been shown thakustenite. It is therefore essential to study the strain and
the martensitic transformation can be induced by appliechtomic degrees of freedophonons, and the coupling be-
fields, temperature, or both, and the mechanical properties @fyeen them. The advantage of this approach is in that it
materials, therefore, can be controlled accordingly. “allows us to examine local as well as global stability and to
There are several complementary approaches to modelingyestigate mechanisms of the martensitic transformations.

of the shape fmﬁmor_y effect. Corllt;)nuhum_ modelin_?_ aIIITWS IN"Eollowing the soft-mode theory of structural transitidnse
vestigation of the microstructural behavior, specifically mar-giat from a high-symmetry reference structihere B2)

tensitic twins, at th? rglevant long length scales. Mat.er'al'and identify and freeze in unstable phonons of this structure,
specific behavior is incorporated through an empirical

. : . - with corresponding lattice relaxation to produce the ground-
functional for the free energy in terms of strain and a twin- tate structure. The svymmetry subaroup of the phonons de-
boundary energy to set the length scale. In atomistic model ’ y y group P

the individual atoms are considered explicitly and their inter- ermines the symmetry of the low-temperature structure. This

action given by an interatomic potential, which may be de_approach_6 has been successfully Pl%ed in the study of
mineralé~® and ferroelectric materials° and has been ex-

termined empirically, from first-principles density- ‘ !
functional-theory(DFT) calculations, or a combination of teénded to shape memory alloys in our previous study of

the two. Crystal symmetry and defect energies emerge frorﬁ“T'-n_ ) . i .
this approach that gives microstructures with both natural PdTi and PtTi are Important shape memory materials Wlth
length scalegfrom defect energigsand time scalegsince reasonablg structural simplicity and ex'_[r_aordmary me(_:hanl-
the atoms have definite Newtonian forces and mashksv- cal behavior. They underg_o a martensitic transformatl_on at
ever, in atomistic models, the electronic degrees of freedorfnable temperatures: PdTi transforms at 810 K, but this can
do not appear explicitly: in many systems, including thoseP® reduced to 410 K with 8% substitution of Cr for PdThe
discussed in the present work, alloying can dramaticallyligh-temperature “austenite” phase has a simple cugiic
change the properties and transition temperatures of the matructure(space groug®m3m), while the ambient tempera-
terials, reflecting the importance of electronic features, speture “martensite” phase has been reported as the orthorhom-
cifically Fermi-surface effects, in the structural energetics obic B19 structur®* (space grouPmmg. Previous first-
SMASs. principles studies in PdTi and PtTiRefs. 15-1Y have
First-principles DFT methods are valuable both for ob-shown that the observed electronic and elastic properties of
taining quantitative atomic-level information regarding ener-the B19 structure are well reproduced by density-functional-
gies, forces, and stresses independent of empirical input, artieory calculations assuming the experimentally determined
for understanding the relation of this behavior to the elec-structure.
tronic structure. Unfortunately, they are so computationally In this paper, we investigate the structural energetics of
intensive that direct studies of microstructural behavior ard?dTi and PtTi from first-principles calculations of phonon
impossible. Nevertheless, first-principles investigation of thefrequencies as well as total energies, drawing on the strong
energetic instability of the high-temperature structure to-analogy between th82-B19 and bcc-hcp transformations
wards the low-symmetry martensitic structure is in itselfand showing that coupling of unstable modes to the strain is
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a crucial aspect of structural energetics. In Sec. Il, we deinteratomic force constants within the corresponding Hox.
scribe the first-principles calculations. In Sec. I, we present The choice to use two different first-principles codes was
and discuss the results for the phonon dispersion of PdTi andictated by the individual strengths of eaclhsp has a
PtTi in the B2 structure and for the relaxed structures inhighly efficient scheme for calculating total energies, forces,
which unstable modes and strains are coupled, yielding and stresses, and relaxing to the minimum energy structure,
low-symmetry ground state. In addition, we present resultdbut does not have the density-functional perturbation theory
of calculations of the electronic structure, identifying and(DFPT) capabilities ofPwSCF/PHONON Even with slightly
discussing features that affect the relative stability of thedifferent pseudopotentials arddpoint sampling, the results
phases. Section IV concludes the paper. of the two codes are quite compatible. For example, the dif-
ference between the computed lattice parameters foBthe
structure of PdTi is less than 0.2%, and for PtTi the differ-
ence is less than 0.1%. Comparisons of normalized eigenvec-
First-principles total-energy calculations were carried outtor components computed WasP using the frozen phonon
within density-functional theory with a plane-wave pseudo-method and bywscF/PHONONalso show good agreement,
potential approach. The calculations were performed with thgenerally within 5%.
Vienna ab initio Simulation Packagévasp),'®° using the
Perdew-ZungéP parametrization of the local-density ap-
proximation (LDA). Vanderbilt ultrasoft pseudopotenti&ls
were used. Our pseudopotentials include nonlinear core cor- For the cubicB2 structure, our calculations yield the
rections, and for Ti, we treated the occupief Bvels as  equilibrium lattice parameters of 3.112 A and 3.125 A for
valence. The electronic wave functions were represented in agTj and PtTi, respectively. For comparison, we also per-
plane-wave basis set with a kinetic-energy cutoff of 278 eVformed full-potential linearized augmented plane-wave cal-
The Brillouin-zone(BZ) integrations were carried out by the cyjations(FLAPW) within the LDA?8 The results are in ex-
Hermite-Gaussian smearing techniffuaith the smearing  cellent agreement with FLAPW results of 3.113(RdTj
parameter of 0.1 eV. The unit cells contain two atoms in theyng 3.127 A(PtTi), and in good agreement with experimen-
cubic B2 structure and four atoms in the orthorhomBit9 5] values of 3.18 A and 3.192 ¥

formed with a 16<16X 16 Monkhorst-Pack-point mesh for  |ines, computed at the theoretical lattice parameters, are

the cubicB2 structure and a 1212x16 MP k-point mesh  shown in Fig. 1. The frequencies are obtained by taking the
for both orthorhombid319 and monoclinidB19’ structures square root of the eigenvalues of the dynamical maftrix.
(lspace grougP2, /m), corresponding to 128 points in the  |maginary frequencies, plotted as negative, are obtained from
25 irreducible BZ of the simple cubic cell, 288points inthe  negative eigenvalues of the dynamical matrix. Thus, the
§ irreducible BZ of the orthorhombic cell and 5éoints in  structure is statically unstable due to negative elastic moduli.
the ; irreducible BZ of the monoclinic cell. This choice of |t should be noted that the phonon frequengyis not the
parameters converges the total energy to within 1 meV/atonteciprocal of the period of oscillation of this modas mea-
The density of state€©OS) for theB19 andB19’ structures  sured in molecular dynamigsnor is it the energy difference
were calculated using the tetrahedron method withcBlo petween adjacent quantum levéts measured in neutron-
corrections”® The BZ's for the orthorhombi819 and mono-  scattering experimentsThese three quantities are equal only
clinic B19' structures are different. To compare the bandfor a stable harmonic crystal. In the materials studied here,
structure of the two structures, we label #&9 band struc- the unstable modes may be related to a soft m¢ds de-
ture by regarding th819 structure as a special caseBdf9'.  fined by molecular dynamics or neutron scatteyiag high

The phonon dispersion relations were obtained with theemperature, and even the stable modes are expected to be
PwsCFand PHONON codes> using the Perdew-Zung@rpa-  significantly renormalized as a function of temperature by
rametrization of the LDA, as above. Ultrasoft anharmonic effects. The dynamical matrices are related by
pseudopotentiafs for Pd, Pt, and Ti were generated accord-mass factors to the force-constant matrix: the second deriva-
ing to a modified Rappe-Rabe-Kaxiras-Joannopoulosives of the internal energy with respect to atomic displace-
(RRKJ) schemé with three Bessel functiorfS. The elec- ments. The eigenmodes of the force-constant matrix describe
tronic wave functions were represented in a plane-wave basise potential-energy landscape, and a negative eigenvalue in-
set with a kinetic-energy cutoff of 408 eV. The augmentationdicates a static instability against a distortion following the
charges were expanded up to 9000 eV. The BZ integrationsorresponding eigenvector. While the actual normalized dis-
were carried out by the Hermite-Gaussian smearinglacements of these eigenmodes are in general slightly dif-
techniqué® using a 56k-point mesh(corresponding to 12 ferent, they carry the same symmetry labels as the eigen-
X 12X 12 regular divisions along the,, k,, andk, axes in modes of the dynamical matrix. Either choice is expected to
the 75 irreducible wedge. The value of the smearing paramserve as a useful pointer to a lower-energy structure if the
eter waso=0.2 eV. These parameters yield phonon fre-distorted structure obtained by “freezing in” an unstable
quencies converged within 5 ¢chh. The dynamical matrix mode is relaxed using first-principles forces and stresses, as
was computed on aX6Xx6 g-point mesh commensurate we describe below.
with the k-point mesh. The complete phonon dispersion re- The phonon dispersion relations shown in Fig. 1 show
lation was obtained through the computation of real-spacénstability of theB2 structure similar to and even stronger

Il. CALCULATIONS

Ill. RESULTS
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FIG. 1. Phonon dispersion relations for PdUippe) and PtTi
(lower) in the B2 structure calculated at the LDA equilibrium pa-
rameters 3.112 A and 3.125 A, respectively. The negative slope

the acoustid’—M branch corresponds to a pure elastic instability . . .
[c'=%(cyy— 1) <0]. Symmetry labels are assigned according totransition to the idealv (C32) phase. The fact that in the

the conventions of Ref. 29 with Pd/Pt at the origin. The imaginaryCherniCaIIy ordered analogPd/PITi, the observed phase

frequencies of the unstable modes are plotted as negative valuestansition is toB19 rather thaiC32 illustrates the importance

of anharmonic effects and strain coupling in the energetics of
than that of NiTi*! There are large regions of reciprocal these materials.
space, where one, two, or even three modes are unstable, !N the B2 structure, a doubly degenerate unstahlg
with dominant instabilities a1 and alongl’-R. The phonon zone-boundary mode implies a doubling of the unit cell to
instability shows that the observed high-temperat&2  a=(001),.., b=(110),.., ¢=(110),... For the distortion
phases of PdTi and PtTi are dynamically stabilized by anharto be frozen in, we choose the eigenvector that gives the
monic phonons, and should be characterized by large fluctispace grouf®mmaof the B19 structure(Fig. 2). The unit
ating local distortions. The calculated phonon dispersions areell is orthorhombic, with lattice parameteash, andc, two
also reminiscent of those of unstable bcc materials such as ZiWyckoff positions occupied by Ti and Pd/Pt yielding a total
and Ti, which undergo martensitic transformations to hcp oiof two free internal parametetsyp; andv ;. The unstable
o (Ref. 3) (via the M and I'-R bcc-phonon equivalents, mode corresponds to a distortion with fixegyp/v+; ratio.
respectively phases. The analogy based on the vievB®®  In PdTi, the ratios for the phonon and unstable force-constant
phases of PdTi and PtTi as chemically ordered hcp will becigenmode as computed bwscr(vAspP) are 1.551.48 and
further strengthened below. 1.75(1.64), respectively. In PtTi, the corresponding ratios are

In the soft-mode approach, we search for local energyl.25(1.19 and 1.81(1.62), respectively.

minima by choosing an unstable mode of the high-symmetry In Table I, we provide the calculated equilibrium lattice
structure, freezing in the distortion with varying amplitude, parameters of thB19 structure, obtained by relaxing all five
and relaxing the resulting structure. In many cases, the modeee structural parameters. The results are in good agreement
with the largest negative eigenvalue will generate the lowestvith experiment, aside from the volume underestimate typi-
energy structure. However, this is by no means generallgal of LDA. The computed relaxed values of the ratio
true, as the energy gain is determined not only by the curvav pyp:/vT; are 1.29 for PdTi and 1.16 for PtTi. The latter is
ture of the energy surface but by higher-order terms as welljuite close to thevsasp phonon result, while the former is
as the strength of coupling to strain and other modes, botkignificantly lower. To understand this result more fully, we
unstable and stable, of appropriate symmetry. Indeed, in PdBeparate the coupling to strain from that to the second
this “most unstable” moddi.e., largest negative eigenvajue (stable mode of the same symmetry by relaxing the structure

lies in theI'-R branch rather than al. This mode is typi-
(%ally unstable in dynamically stabilized bcc materials such as
titanium and zirconium, where it is associated with a phase
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TABLE |. Computed structural parameters and total energies of PdTi and PtTi iBXBeandB19' structures, compared with the
computedL 1, structure, the computed body centered orthorhonfiio) structure, the experiment8l19 structure, with previous calcula-
tions (Ref. 17 and with two speciaB19 structures withb/a andc/a corresponding to ideal hcp a2 (bco structures. Volume is given
in A%/f.u. and energy in eV/atom. Wyckoff positions refer to space gi@ap/m (B19').

Structure Volume  b/a cla v(°) Wyckoff position X y z E-Eg,
PdTi B19 29.63 1.753 1.634 90 Pd ¢p 0 0.6866 0.25 —0.0917
Ti (2e) 0.5 0.2008  0.25
B1Y 29.64 1.758 1.633 93.39 Pd €p 0.0114 0.6827 0.25 —0.0924
Ti (2€) 0.4475 0.1964 0.25
L1, 29.32 1.000 1.375 90 —0.0870
bco 30.16 1.837 1.579 105.79 Pdej2 0.0882 0.6764 0.25 —0.0573
Ti (2e) 0.3491 0.1983 0.25
B19?® 31.33 1.74 1.62 90
B19° 31.74 175  1.64 920
B19°¢ 30.3 1.72 1.62 90 Pd @ 0 0.689 0.25 —0.095
Ti(2e) 0.5 0.201 0.25
SpecialB19 (hcp 1.732  1.633 90 Pd @ 0 0.6666  0.25
Ti (2€) 05 0.1666  0.25
SpecialB19 (B2) 1.414  1.414 90 Pd @ 0 05 0.25
Ti (2€) 05 0.0 0.25
PtTi B19 29.84 1.758  1.668 90 Pt € 0 0.6874 0.25 —0.1512
Ti (2e) 0.5 0.1958 0.25
B1Y 29.88 1.762  1.656 93.56 Pt ¢p 0.0154 0.6841 0.25 -0.1561
Ti (2e) 0.4455 0.1923 0.25
L1, 29.52 1.000 1.386 90 —-0.1397
bco 30.57 1.835 1.561 105.80 Ptg)2 0.0907 0.6816 0.25 -0.1231
Ti (2€) 0.3502 0.2001 0.25
B19? 30.66 1.75 1.663 90
B19P 29.75 1.75 1.666 90
B19° 30.9 1.72 1.62 90 Pt @ 0 0.688 0.25 —-0.155
Ti (2e) 0.5 0.197 0.25

aX ray, from Ref. 13.
bX ray, from Ref. 14.
®Previous calculation, from Ref. 17.

to B19 with the lattice held fixed. The resulting ratios close packed plane with two different atomic species that

vpypt/vTi are 1.51 for PdTi and 1.41 for PtTi. Thus both cannot preserve symmetry and maximize unlike near

couplings are significant in both systems, though the effectaeighbors’? This confirms that the phase transition is best

fortutiously nearly cancel in PtTi. This behavior is compat-thought of as a binary equivalent of bcc-hcp, not simply as a

ible with continuum model8. distortion of theB2 structure. There is an interesting contrast
Comparing the parameter values in Table |, we see thawith NiTi here: the experimentally reported ground state

the relaxedB19 structure is close to the ideal hcp structureNiTi B19' phase hab/a=1.603 andc/a=1.4172% far from

that would be obtained from packing monodisperse hardcp.

spheres, with parameters given in the last line of the Table I. In the soft-mode approach, there is no guarantee that the

The lower symmetry arises from the “decoration” of the energy-minimizing freezing in of one unstable mode will sta-

TABLE Il. Calculated optical-phonon frequencies and ratio of atomic displacemet$ wiode of PdTi
and PtTi at relaxe@®19 structure from force-constant matrix eigenvectaes, ignoring massesThe values
in italic are the modes leading 819" structure and are compared with values in parentheses, which are
taken from relaxe® 19’ structure. Frequencies here differ slightly from Table 11l because they are calculated
from finite displacement&Ref. 39 usingvasp rather than DFPT.

Alloy Frequencies Upgpt/UTi
PdTi 74, 103, 159 —0.280—0.217), 3.5684,~1.002
PtTi 69, 106, 161 —0.321(—0.283), 3.1159-1.05
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TABLE llI. Optical-phonon frequencies at for PdTi and PtTi in theB19 and bco structures by DFPT.
The lowest frequency mode couples to the strain inBA®-B19' transition.

Alloy Structure w(cm™1)

PdTi B19 73, 90, 101, 139, 159, 184, 199, 231, 251
bco 94, 138, 146, 148, 164, 198, 200, 230, 256

PtTi B19 68, 87, 98, 123, 165, 185, 196, 238, 260
bco 119, 171, 172, 173, 185, 210, 225, 247, 284

bilize the other unstable modes of the high-symmetry structhe correct material trend since neither system ha&sl&
ture. In the present case, the undistorted doubled unit cefihase yet been observed experimentally. The small computed
contains two sets of (110). planes, each of which is un- energy differences betwedd19 andB19', translated into
stable to strain-coupled shuffling at glpoints. The simplest temperature, are 28 K and 39 K for PdTi and PtTi, respec-
such mode in theB19 structure isI';, which lowers the tively. This suggests that the transition to tB&9 phase
symmetry to monoclinid?2,/m. The resultingB19 struc-  should occur at temperatures well below those at which the
ture has three additional free parameters: the monocliniexperiments were performed, so that our results are fully
angle y and two internal parametens;; and upy. These consistent with the available experimental work. The binary-
values are given for the relaxegil9’ structure in Table |, hcp phase interpretation also suggests that we should exam-
and compared with the normalized eigenvector displaceine the binary-fcc equivalent, which is they phasel 1, is
ments in Table Il. However, it is important to note that all theaccessible fronB2 by a simple(001) shear and has lower
computed” phonon modes in thB19 structures are, in fact, energy> however, we find that. 1, has slightly higher en-
stable (Table Ill). The lowering of energy by distortion to ergy thanB19. We consider one further structure: at the spe-
B19' cannot be obtained by a puFg phonon distortion, but cial B19' values cogy=a/2b and 41— 1=2v, orthorhombic
only if the strain is allowed to relax simulataneouglable = symmetry is restored. The side of the conventional cell of
). This may be the reason that in a previous calculation, this bco(space groufPmna structure is doubled in thb
B19 was reported to be the minimum-energy structure. direction, though the primitive cell still contains four atoms;
The relative energies of the various relaxed structures aralthough at relatively high enerdyrable ), this provides us
given in Table I. TheB19 total energy is lower thaB2. A a reference point for structures with large®” Note that a
simple estimate of the transition temperature is given byfurther shear to cog=a/b would give theB19 structure once
AE=kT,, which suggest3 . of 1050 K(PdTi) and 1755 K  more.
(PtTi). These rough values are significantly larger than the The potential energies of continuous paths between the
experimental data for the hysteretical transition reffildin®®  structures identified above are important for understanding
(approximately 800 K and 1400 K, respectivelput show the transformation mechanism. We compute the energies of
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FIG. 3. (a) Total energies as a function of uniaxial strain with the internal coordinates being fully relaxed. The lattice parameters for
Aelegg=0, 1 are taken fronB2 andB19 structures, while others were fixed by interpolation. TIB2" structure here corresponds to
freezing in theM-point phonon, and lies 10.5 meV/ataiRdTi) or 30.2 meV/aton(PtTi) below the fully symmetric f =0) structures(b)

Total energies as a function of monoclinic angle. Bd9, B19', and bco, all degrees of freedom are relaxed. For intermediate angles, the
lattice parameters, b, c were fixed by interpolation, while the internal coordinaties were fully relaxedu andv vary almost linearly with
v. Symbols indicate calculated values; the curve is a polynomial fit difhdy=0 being enforced where required by symmetry.
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FIG. 4. Band structures, densities of states, and partial densities of states of PdTi at Bl@x@eft) and equilibriumB19’ (right)
structures. Labeling of thB19 band structure is as a special cas®d®' . Arrows indicate the bands &andI’ between which electrons
are transferred during the distortion. THsl" interaction is the dominant effect, and is effected via the strain: treatments that do not properly
include strain-phonon couplinguch as isotropic deformation and most implementations of DRHITtend to miss such instabilities.

three pathsB2-B19, B19-B19', andB19'-bco. In keeping (Figs. 4 and } the band centers being offset by some 6 eV.
with the time scale separation between bulk strain andhe free-electron-likesp bands are very broad, and play
atomic motion, we define intermediate configurations by relittle role in the bonding except to donate some electrons to
laxing the atoms to their minimum-energy configuration con-the Ti-d band. The large strain involved in tf&2-B19 tran-
sistent with the applied symmetry and strain on the cell. Thesition means that the Fermi surfaces are quite diffeffBio
remaining four strain degrees of freedom are reduced to having the lowest DOS & (Ref. 17] and this transition
single parameter by taking interpolations between the straingannot be related directly to the band structure. By contrast,
of the endpoint structures. For tB2 structure, we minimize theB19-B19' transition is accompanied by the opening of a
the energy assuming thB19 space group, which gives a pseudogap in the density of states at the Fermi level, a typi-
smooth evolution of the structure along the path. From Figcal signature of increased stability. The band structures are
3, it is clear that there is no total energy barrier along thevery similar, the small difference that stabilizB49" being
B2-B19-B19 path, and thaB19 represents the total energy traceable to the shifting above the Fermi level of a pocket of
barrier betweerB19' martensitic variants. Th&19 phase electrons around, which are transferred td'. The distor-
can be viewed as the binary equivalent of hcp, and the trangion toB19' is just enough to complete the topological phase
formation path as the binary equivalent of the Nishiyama-transition that eliminates this pocket of electrons in both ma-
Wassermanr{NW) path. Using the analogy with the NW terials. There are some perturbations in the lower-lying levels
mechanism for the bcc-hep transition, we can attribute thé@tA, B, andC, which taken together have little effect on the

transition to a shuffling of (11Q).. planes band energy.
Structural instabilities in metals are typically related to
details of the Fermi surface, and we ha\_/e calcqlated the .band IV CONCLUSIONS
structures oB2, B19, andB19' to investigate this. In PdTi/
PtTi, the band structure is dominated by thieands, with the In conclusion, we have performeid initio calculations of

Pd/Pt bands lying below the Fermi level and almost fullythe structural energetics of PdTi and PtTi. In each case, we
occupied, and the Ti bands lying above the Fermi level predict that the low-temperature ground-state structure will
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FIG. 5. Band structures, densities of states, and partial densities of states of PtTi at @l&x@dft) and equilibriumB19" (right)
structures. Labeling of thB19 band structure is as a special cas®d9'.

beB19’, with the (observed B2 andB19 phases being dy- these instabilities shows that they are both related to shears
namically stabilized. There are no total-energy barriers beef alternate (11Q), phases, and hence that the transition
tween the structures, meaning that the phase-space miechanism is the binary equivalent of the Nishiyama-
crostates that belong to tiB19" structurealsobelong to the  Wassermann bcc-hcp mechanism.

B19 andB2 structures.

In contrast to NiTit! the entirel'—M phonon branch is
unstable. We showed that tB9 structure can be obtained
by “freezing in” of phonons of theB2 structure coupled to
the shear associated with tleé=(c,,—C4,)/2 elastic con- We thank R. D. James, I. I. Naumov, and K. Bhattacharya
stant, but that no single dynamical-matrix or force-constantfor valuable discussions. This work was supported by
matrix eigenvector leads to the low-symmetry phase. AFOSR/MURI Grant No. F49620-98-1-0433. The calcula-

TheB19' then corresponds to a further strain coupled to aions were performed on the SGI Origin 3000 and IBM SP3
I', phonon of theB19 phase. Tracing the atomic motions of at ARL MSRC.
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