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Structural and electronic properties of the martensitic alloys TiNi, TiPd, and TiPt
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The electronic and structural properties for TiNi, TiPd, and TiPt are studied using first-principles total
energy calculations. For each alloy, the structural parameters for a few structural phases are found from energy
and force calculations. In each case, we found that the ground state martensitic pha&19') is indeed
lower in energy than the high temperatuB® phase. In all three alloys, the lowering in energy of the
B19B19' structure is associated with the electronic properties such as lowering of the density of states at the
Fermi level at the Ti site, and the broadening of the transition-naeb&nds in theB19/B19' phase compared
with the B2 phase[S0163-18207)00331-1

I. INTRODUCTION are those that optimize the total energy, there are some in-
teresting correlations between the relative stability of the
Martensitic alloys represent an important class of ad-B2/B19B19" phases with the electronic structure.
vanced materials which exhibit unusual elastic and mechani-
cal behaviors such as pseudoelastic and shape-memory ef- Il. METHOD OF CALCULATION

fects. Some of these alloys are already used in “high-tech The calculations are done within the local density

products such as robotic arms, separation and cracking d?drmalism?’ and the Hedin-Lundqyiétform for the local

vices, dampers, fastening devices; as well as daily consumer ; . : .
éxchange-correlation functional is used. Norm conserving

appliances such as eyeglass frames, orthodontic-arch WIreR alar-relativistic pseudopotentialre used for the constitu-

and temperature sensitive actuators in air-conditioners. Thgm elements. The electronic Bloch states are expanded in a

underlylng mechanlsm .Of many eXOt'(.: behav_lorslof this Clas?‘nixed basis set,which consists of both numerical orbitals
of alloys is a martensitic transformation, which is a type of

e . : ; centered on the atomic sites, augmented by plane waves with
diffusionless structural phase transformation involving a N : .
up to a kinetic energy cutoff of 15 Ry. The numerical orbit-

change in the shape of the unit cell together with atomic- L . :
. - ] . _als are centered on the atomic sites with the radial depen-
scale displacements of positions of the atoms in the Iattlcedence given by
Among the martensitic alloys, the Ti family of binary inter-
_meta!li(_:s has attracted special atte_ntion, and_within this f_ar_n- f(r)=Cd(r){l—exgd—a(r—ro?]} for r<r., (1)
ily, NiTi is by far the best characterized experimentally. NiTi
is used extensively in industry because of its resistance teshered(r) is the radial part of thel-wave function as found
corrosion and the fact that the martensitic transformatiorfrom an atomic calculation using pseudopotentials, @nd
temperature 1) is near room temperature. There is experi-a normalization constant. We sifr) =0 forr>r, and the
mental evidence that links the electronic structure to the stavalues ofa andr . are chosen to optimize the convergence of
bility for a broad class of Ti-based shape-memory altbys. the total energy at a fixed plane wave cutoff near the equi-
In the present calculations, we use first-principles totalibrium volume. The charge density, which determines the
energy calculations to study the electronic, structural, anelectronic screening potential and the total energy, are com-
cohesive properties of TiNi and related alloys TiPd and TiPtputed from the wave functions using a dual real-space and
in a number of structural phases. Previous calculations on thieourier-space approacétror theB11, B19, andB19' struc-
band structure and the electronic properties of these alloysires, with four atoms per unit cells, optimization of the
were based on atomic positions taken from experimental pastructure is a time-consuming process involving relaxation
pers. Only the structural properties of NiTi have been meaover many degrees of freedom: the lattice parameters, tilt
sured carefully by experiments, but even for that systemangle(for theB19' structurg, as well as the atomic positions
there are some variations in the reported structurainside the unit cell. The atomic coordinate relaxations are
parameteré.To the best of our knowledge, this is the first facilitated by computing the Hellmann-Feynman fortes.
attempt to determine the structural parameters for thesBroyden algorithm for estimating and updating the force ma-
structural phases by force calculations from first principlestrix is used to predict the new atomic coordinates during the
and our results agree well with the most recent and accuratelaxation process. The convergence with respect to potential
experimental data. We will show that if the atomic positionsand forces are accelerated by a recently proposed scheme.
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1. NiTi for some of the noble metal Ti alloys such as TiCu and

. N ! TiAg.?2 We will also see that thé. 1, phase can be ver
The high-temperature phase of NiTi is a cuBi2 (CsCl) cor‘r?petitive in energy for TiPd and 'Orilgt. y

structure and the low-temperature martensitic phase is a The calculated structural and cohesive properties of or-

. . ’ . 2
monochr_u_cBlg structure(see Fig. 1 The strl_Jcture of the dered equiatomic NiTi in th82 structure are compared with
martensitic phase used to be a subject of some

10 . . . éxperimental data in Table I. These values are determined by
;ﬁgtrgi\;‘ir;gi ar’:‘lthfgg& trﬁisétlt?rglzgr?t(l)rdilr??at:rsli;f C'\Qli:?; fitting the calculated values of the total energy at various
tions, and used ir? revious theorgtical Zalculations on NiTiVOlumes to the universal binding curv&The heat of forma-

i, P . tion of the NiTi alloy is obtained by subtracting the bulk total
we will show below that the atomic parameters of Kudoh

etall? are in better agreement with the optimized atomiCenergles of the constituent eleme(its in fcc structure, Tiin

positions obtained from total energy calculations and areh.Cp structurg from the total energy of the alloy at equilib-

probably the most accurate structural parameter®hd’ fium. The reference bulk energy for fcc Ni is determined
NiTi published to date from a non-spin-polarized bulk calculation. Including the

o . : spin-polarization energy would lower the energy per bulk Ni
In addition to calculating the high-temperatuB2 and :
low-temperatureB19' phases of NiTi, we have also calcu- atom by approximately 0.006 Ry or about 0.082 €V.

: , The lattice parameters and atomic positions for the vari-
Ia;g thehgf:;r?;'; ZTS iggqcntqu;ﬁ: p;%22r:'zZQLS$YE;E§e%OEBus structural phases are found by force and total energy
nary alloys: theB19, BIL andL 1, structures. Equiatomic  L1cU1210NS. The crystal stiuctures of 2, B19, and
NiTi has the cubicB2 structure as the high-temperature P g - P
phase and transforms under cooling to the monoclBi®
structure via some intermediate rhombohedral structures. TABLE Il. Structural parameters for the NiT819 andB19
The orthorhombidd19 structure is not observed for NiTi, but Phase as determined by the calculation, compared with experimen-
is found to be stable for many other Ti alloys such as TiPd,tal data for theB19' structure. There are four atoms per unit cell.
TiPt2 The B11 structure, although not observed for the iny the coordinatgs of twq of the atoms are listed since the coor-
transition-metal column Ni, Pd, and Pt, is the stable structurdinates of other pairs are fixed by the inversion symmetry.

. , _ . B19  B1Y B19 B19
TABLE I. Structural, elastic, :_:md coheswe_ properties of NiTi in Theory Theory KTMO(Ref. 12 MS (Ref. 11
the CsCl structure, compared with the experimental data. The elas-=
tic constants are in units ¥dyn/cn?. aA) 2.859  2.892 2.898 2.885
b () 4582 4598 4.646 4.622
Present work Experiment cR) 4078  4.049 4.108 4.120
Lattice constanta.u) 5.626 5.698Ref. 28 7’.(0) 90 97.8 97.78 96.8
Bulk modulus(Mbar) 156 1.40(Ref. 29 Ti(Lx 05 0418 0.4176 0.4726
Heat of formation(eV) ~0.66 ~0.69(Ref.39 Ny 0224 0218 0.2164 0.2210
¢/ = %(011—012) 0.12 0.17(Ref. 29 TI.(l)Z 0.25 0.250 0.25 0.25
cu 1.68 1.62(Ref. 29 Ni(1)x 0.0 0.045 0.0372 0.0525
C 1.44 1.29(Ref. 29 Ni(Dy 0.683 0.674 0.6752 0.6930

Cas 0.50 0.35(Ref. 29 Ni(1)z 0.25 0.25 0.25 0.25




3680 Y. Y. YE, C. T. CHAN, AND K. M. HO 56

0.020 — - e .
—~ : S R
/ k o & M o " a,
E oots. TN /o NN e D
E . / 4, A.‘ “A“ A“AA
< i iy, M
© 0010 >
L B v, u“" “Au
> AT RN R
9 \\ L10 \.m-"‘.“ g ‘: “‘A“u
1 -6.0 e : 3
g 0.005 |\ .| 5
i /
L} B2 / s -8.0 st 5
000 Lttt d
090 1.00 110 120 130 140 > 20
cla o
G 00
0.06 —_— 20
£ TiNi e
2 /‘\\k,*ﬂ'* N
8 004 B2 ] 60
> H
o 80 —
> \\ ry €2
o 0.02 B9 , \ 1
g N ' FIG. 3. Band structure of NiTi irB2 andB19" structure. The
w . B2 band structure is folded to th&19 structure Brillouin zonésee
) B1 text). The Fermi level is at 0 eV.

0.00 : : : : *
-02 00 02 04 06 08 10 dinates were not optimized in the LMTO calculations: the
FIG. 2. Energy change as we deform Nif) from theB2  B19' coordinates were taken from experiments and are close
structure to a1, structure by varying the/a ratio; (B) continu-  t0 the minimum as determined by theory. TB& andL1,
ously from theB2 structure to th®19' structure and from th819  coordinates are fixed by symmetry. However, the coordinates
to the B19' structure, so that all the structural parametgastice ~ for the B19 structure were taken from AuCd alloys and were
parameters and atomic positigrase interpolated linearly from one not optimal for the NiTi alloy. Therefore th819 energy
structure to another. The lines serve as guides to the eye only. becomes higher than the other structure in the LMTO calcu-
lations. It is important to use fully relaxed atomic coordi-
related by martensitic phase transformations, their structuresates for reliable energy differences between different struc-
are closely related to one another. If we view 82 struc-  tures.
ture as a stacking @fLl10) planes, then th&19 structure can Since martensitic transformations occurs through a coop-
be formed by displacing the atoms in alternét&0) planes, erative motion of the atomic displacements in the lattice, it is
together with an orthorhombic distortion of the unit cell. The instructive to investigate the energetics of homogeneous de-
B19 structure is formed by an additional monoclinic distor- formation from theB2 structure to theB19' structure. To
tion. The structural parameters for NiTi in ti&ll, L1,,  that end, we examine the stability of tB2 structure under
B19, andB19' structures are determined by calculation andunit cell deformation and displacement of atomic positions
in Table Il, we compare experimental results for B&9 that can bring @82 structure to thé819' structure.
structure with our calculateB19’ and B19 structure. Our We first consider unit cell deformations. The stability
results for theB19' structure are closest to the experimentalagainst small deformations can be studied by considering the
results of Kudohet al? Calculation of aB19' structure us-  elastic constants. The calculated elastic constants of NiTi
ing the coordinates of M&Ref. 11 yielded a higher energy in the B2 structure are listed in Table |, and computa-
structure with significant forces on the atoms in the unit cell.tional details are given in the Appendix. Our results agree
These results indicate that the MS coordinates does not giweell with recent full-potential-linear-augmented plane-wave
a good description of the atomic positions in NffiThe  calculations.” Sincec,;, ¢y, C44 are all positive, the cubic
B19' structure is found to be the most stable among all theNiTi B2 structure is stable against orthorhombic distortion of
structures considered and the relative energies of the struthe unit cell toward819 type unit cell. The elastic constant
tures go in the ordeéB11>L1,>B2>B19>B19'. Ifwe use cy;—Cq,, although small, is still positive, which indicates
theB19' structure as a reference, tB&1,L1,, B2, andB19 that theB2 structure is stable against shearing along the
structures are 0.17, 0.10, 0.092, and 0.024 eV per NiTif110] direction, which means that tH&2 structure, viewed
formula unit higher than that of thB19' phase. These re- as a speciaB19 structure with higher symmetry, is stable
sults differ from the linear muffin-tin orbitaLMTO) calcu-  against a monoclinic distortion to th®19' structure. The
lations of Pastureét al,® where theB19 structure is higher cubic B2 structure is thus stable against unit cell distortions
in energy than thé32 structure and thé& 1, structure. One atT=0. To further illustrate the stability of thB2 structure
possible reason for this discrepancy is that the atomic cooragainst unit cell distortion, we deform tH&2 structure by
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FIG. 4. Density of states of NiTi in various structures, with 0.2 : . :
atomic positions and structural parameters that optimize the total
energies. The Fermi level is at 0 eV. (b) TiNi-B2 S
continuously varying the/a ratio, but keeping the volume 01
constant. In this manner, we can deform B2 structure
continuously into &1, structure. In the upper panel of Fig. 0.0
2, we show the energy change as we deformBRestructure 02
to aLl, structure by varying the/a ratio from 1 to about
V2 2 If we regard theB2 structure as a bcc structure with P
two elements, then thel, structure may be regarded as a 0.1 |
fct structure with two constituent elements. The optimal 'g
c/a ratio for the NiTiL1, structure is 1.32 and is very close 0 00
to that of AuCu. It is clear from the figure that thel, ® 3:0
structure is unfavorable in energy relative to B2 structure >
and that theB2 structure is stable against the deformation. 999 D .
Next, we consider atomic displacemefitshuffling” of the 8
atoms in the NiTi structure. We tried moving the Ni and Ti w10 1
atoms by small incremental displacements that are propor- ?
tional to the final displacements of the atoms in the NiTi ~ 0.0 ‘
B19" structure, which consists of atomic displacements in 8 3.0 ‘ f
alternate(110) layers in theB2 structure, and we found that Q5! Total |
that the displacement causes an increase in energy if the unit ' Ni-Site
cell is kept cubic. This is consistent with the tight-binding 10t |
calculation of Zhacet al® that the zone boundary phonons ' /\,\J\_‘
along theB2 [110] directions are not soft. These results in- 0.0 . : :
dicate that there is an energy barrier between the cBRBic -8.0 -4.0 0. 4.0
structure and thé319' structure under both pure homoge- Energy (eV)

neous lattice deformation or pure atomic shuffle displace-

ments without unit cell deformation. However, we can also FIG. 5. Site and angular momentum decomposed density of
investigate what happens when the different degrees of freatates for TiNi in theB2 structure for(a) Ti site; and(b) Ni site.
dom are allowed to couple in a cooperative deformation proThe scales are not the same in different panels.
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cess: rather than searching for the path with the lowest en- 02
ergy barrier, we examined one in which the structure is iTi-B1¢
deformed continuously from thB19 to theB19' structure, S (a) NiTi-B
so that all the structural parametetkattice parameters, 01+F 1
atomic positionsare interpolated linearly from one structure

to another. The lower panel of Fig. 2 shows the energy

change of the crystal as it changes from tB2 to the 0.0
B19' structure: within the noise of the calculation, there is 0.2 ‘ '
hardly any barrier. We also show for completeness the en- P

ergy change as we continuously deform tB&9 to the
B19' structure. It is quite likely that there are paths in the
configuration space that connect B8 and theB19' struc-

ture that have no barrier. This is a manifestation of the co-
operative effects of various degrees of freedom, while each
can increase the energy, they can combine to lower the en-
ergy of the system. In addition to its instability towards the
B19 phase, we note that thB2 structure is also ustable
towards distortions corresponding to a transverse phonon
along theB2 [110] direction close to the wave vect(t/3,

1/3, 0 (2m/a).'® This instability leads to the formation of
the R phase which is an intermediate phase formed for some
stoichiometric compositions when th&2 structure is Total
cooled? : Ti-Site

‘W

In this section, we examine the electronic structure asso- -8.0 ~40 0. 40
ciated with theB2 and B19' structure of NiTi, and will Energy (eV)
correlate the relative structural stability with the electronic 02
structure. The band structures of both B2 andB19' struc- ’ ' ‘
tures has been considered previod8l$* where the atomic (b) NiTi-B1Y S
positions are based on earlier published coordin&tes.

In Fig. 3, we plot the band structure of NiTi in ti82 and
B19' structures along high symmetry lines. The band struc-
tures correspond to the structural parameters that optimize
the total energy within our first-principles total energy
scheme. Since thB19' structure has four atoms per unit
cell, while B2 has two atoms per cell, the Brillouin zone P
(BZ) of B19' is about twice as big. While thB2 structure
has a simple cubic BZ, the monocling19’ structure has a
more complicated Brillouin zone, shown in Fig. 1. To com-
pare the band structure of the two phases, we foldBRe
band structure to B19 Brillouin zone; i.e., instead of choos-
ing (in units of 27r/a) a primitive cubic unit cell with recip-
rocal lattice vectors given bybl(O 0,1, bz (0,1,0,
b;=(0,0,1), we choose an orthgrhomblc uryt cell with recip-
rocal lattice vectors given by;=(0,0,), b;=(0.5,0.5,0,
b;=(0.5-0.5,0. In this case, eack point in the B19/
B19' structure will correspond to two mequalelntpomts

in the BZ of theB2_ structures. For example, K= xlb1

+x2b2+x3b3 Wherebl,bz,b3 are for theB19 structure, the
corresponding 2k points in the B2 structure are given ]

by K=0.5(x,+ x3)b1+0 5(x,— X3)b,+ X0 and K=0.5(x, 00 [ VWA
+X3— 1)b1+0 5(X,— 1)b2+x1b3 When we compare 80 40 0.0 40
the two band structures, we see that there is generally less Energy (eV)

degeneracy in th®19" band structure, due to the fact that

theB19' structure has a lower symmetry. Although the band FIG. 6. Site and angular momentum decomposed density of
dispersions are rather similar at lower energies, there argtates for TiNi in theB19' structure for(a) Ti site; and(b) Ni site.
significant differences near the Fermi lev8) which will ~ The scales are not the same in different panels.
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TABLE I1ll. Calculated structural parameters of TiPd and TiPt in 8&9 structure, compared with
experimental results. The Pd/Pt positions are given byy(0,25) whereX is either Pd or Pt, and the Ti
positions are given (0.$4;,0.25), and their inversion positions.

TiPd TiPd TiPt TiPt

Theory Expt. Theory Expt.
aA) 2.79 2.81(Ref. 31, 2.78(Ref. 25 2.81 2.76(Ref. 31, 2.73(Ref. 25
b (A) 4.81 4.89(Ref. 31), 4.86(Ref. 25 4.83 4.84(Ref. 31, 4.79(Ref. 25
c (A) 4.52 4.56(Ref. 31), 4.55(Ref. 25 4.55 4.59(Ref. 31), 4.55(Ref. 25
Yx 0.689 0.688
a 0.201 0.197

affect various physical properties such as susceptibilities anshown in Fig. 5 for theB2 structure, and Fig. 6 for the
optical conductivities in the two phases. B19' structure. For both Ni and Ti sites, the DOS is domi-
To better examine the differences in electronic structuresated by contributions from the: states. We observe that the
of the different crystal structures, we plot the various densityDOS belowEr are mostlyd states contributed by the Ni,
of states (DOS) in Fig. 4, calculated with the linear- while the DOS abové&, are mainlyd states in the Ti sites.
tetrahedron methotf. In addition to theB2 andB19' struc-  There is, however, a significant intensity for Ti site at the
ture, we also show for comparison the DOS of the othellower energies and Ni site at the higher energies indicative of
structures we have calculated. The DOS is expressed in nurhybridization and some covalent bonding between the orbit-
ber of states per atom per energy interval. The DOS of thals on the two sites. In thB2 structure, the DOS & is
B2 structure resembles that of a bcc metal in that it consistdue to the Tid states, the Nd states, the Np states and the
of two sets of peaks separated by a dip about 1.5 eV wideTi p states in order of importance. There are negligible con-
The lower energy occupied set of peaks come mainly fromributions from thes states. In going to th&19' structure,
the Nid states, and the higher energy peaks are mainly duthe most dramatic changes in the DOS occur near the Fermi
to thed states of Ti. The Fermi levéd lies in a small dipin  level, within a range of- 1.5 eV: there is an upward shift of
a rising part of the DOS below the higher energy peakshe Tid- and p-states just abovEg by about 0.5 eV and a
which are mostly unoccupied. downward shift in the Nip states by about 0.8 eV. This
Comparing with other structures, we found that while theresults in the opening up of a gap between some of the en-
DOS for theB11 andL 1, structure are quite different from ergy bands nedg leading to a depletion of the total DOS at
the B2 structure, the DOS for thB19 andB19’ structures E.. In addition, there is an increase of bandwidth of the Ni
are rather similar to that of thB2 structure. In general, the d states, signaling a stronger participation of thetates of
peaks in theB19 andB19' structures tend to be broader than Ni in the bonding in theB19' structure. We believe that both
the B2 structure, mainly because of the lowering of symme-the lowering of the DOS & and the stronger bonding of
try. There are some changes in a rangetdf.5 eV around
the Fermi level. We notice that the dividing dip of the DOS ' '
at about—1.5 eV in theB2 structure becomes less conspicu- B2 TiPd
ous in theB19B19" structures and the rising DOS from 15+ 7
—1.5to 0.5 eV is now replaced by a flatter plateau with a
smaller DOS. There is also a significant lowering of the DOS
at Ep. For B19B19', the DOS has a minimurta dip at
Er. This dip is most pronounced when the atoms have re-
laxed to their most stable positions in the unit cell. If the
atomic positions are displaced so that they are not those that
optimize the total energy of the system, we find that Ere
does not correspond to the dip. We can also see that the dip
of the B19' structure is more conspicuous than that of the
B19 structure. If we compare our calculat&l9’ DOS
(based on atomic coordinates that optimize the total energy
with previous calculations, we found that ours agrees well
with those that were computed with correctly reported ex-
perimental coordinate€:!® On the other hand, our results
have a noticeable deviation, especially at and fgarfrom
those that had possibly employed incorrect atomic 0.0 < ' ; .
coordinateg! -8.0 -4.0 0.0 4.0
A further investigation into the electronic structure Energy (eV)
changes accompanying tH&2—B19' structural transition
can be studied by decomposing the density of states into site FIG. 7. Total density of states of TiPd in tiB2 andB19 struc-
and angular momentum contributiofis. The results are tures, with structural parameters that optimize the total energies.
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FIG. 8. Total density of states of TiPt B2; andB19 structures,
with structural parameters that optimize the total energies.

the Nid state are contributing to the stability of tfB19’
structure relative to th819 structure. The difference of the
angular momentum decomposed local density of states
(LDOS) between thd319 andB19' structure is fairly small,
mainly a further depletion of the DOS Bt for thep and the

d channel at both the Ti and the Ni site for tB49" struc-
ture, which may account for its extra stability.

Ternary alloying additions affect the transformation tem-
perature of NiT* and there is no simple theory that can
explain all the observations. Within a rigid-band picture, and
assuming that the DOS &g is an important indication of
the stability of the alloy, we expect that a small amount of
impurities will destabilize thé819 structure since thEg is
at a dip and whether we increase or decrease the electrons
will increase the energy. However, the DOSHt for the
B2 structure is quite high and is located on a rising slope of
a peak in the DOS, so that impurities that reduce the total
number of electrons may stabilize tB? while those that
increase the number of electrons can destabilize it further
compared with theB19' structure. This simple picture is
consistent with the experimental observation thitis de-
creased if Ni is replaced by Co or Fe, which have less elec-
trons than Ni, andV is increased only when Ni is replaced
by Pd and Au, which have equal or more electrons than Ni.
However, the rigid-band picture cannot explain wiiy is
decreased if Ti is replaced by elements such as V, Cr, Mn.
This picture neglects changes in the electronic structure with
the substitution of new elements and relaxation of the atomic
positions with substitution caused by the martensitic trans-
formation. A more detailed model going beyond the simple
rigid-band picture is probably required for a comprehensive
description of the effects of alloy substitution.

V. TiPd AND TiPt

DOS (states/eV atom)

DOS (states/eV atom)
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In the following, we will examine the structural end elec- states for TiPd in thé82 structure for(a) Ti site; and(b) Pd site.
tronic properties of TiPd and TiPt. The lattice constants ofThe scales are not the same in different panels.
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the B2 phase of TiPd and TiPt are found to be 3.14 A andinteresting to reexamine the experimental data to see if the
3.15 A, respectively, compared with experimental values 0B19" structure actually coexists with th@19 structure for
3.18 A and 3.17 A. We note that the lattice constants ardiPt at low temperatures.
about the same for TiPd and TiPt, and bigger than that of The total density of states for TiPd and TiPt in 882 and
NiTi. This is consistent with the fact that the lattice constantsB19 structures are compared in Figs. 7 and 8, respectively.
of bulk Pd and Pt are about the same and bigger than that &or both alloys, the most obvious change in the total DOS in
Ni. going from theB2 to the B19 structure is the significant
Experimentally, both alloys are found in tB49 structure  decrease in the DOS &g, and the increase of bandwidth
at low temperatures. One way to view tB&9 structure isto  for the d bands belowEg. Similar to the case of TiNi, the
view the (110 planes of theB2 structure as th€l00) basal total DOS for theB2 structures in both systems are two
plane of theB19 structure. The unit cell has an orthorhombic groups of states separated by a wide pseudogap centered at
distortion, and atoms are displaced from their high symmetryabout 2 eV belowEg, with the lower part being mainly
positions in theB2 structures. The lattice parameters and thecontributions from the transition meté?d/P} and the upper
atomic positions as determined by force calculations ar@art mainly states from the Ti site. It is quite obvious from
listed in Table Il for TiPd and TiPt. Although the lattice the lower panel of these figures that in &9 structure, the
parameters of TiPd and TiPt in tH&19 structure has been dividing pseudogap between the transition-metal states and
reportec?® we are not aware of experimental determinationthe Ti states becomes smaller and there is an increase in the
of the atomic positions. Previous calculations on the elecbandwidth in states on either side of the dividing gap, sig-
tronic structure of thé819 phase of these alloys seemed tonaling a stronger bonding between Pd/Pt with the Ti.
have adopted the coordinates of CdAu, which need not be The site and angular momentum decomposed DOS for
appropiate for TiPd and TiPt. In the coordinate systems wéiPd and TiPt inB2 andB19 structures are shown in Figs.
have chosen, the Ti atoms should bé@®b, 0.25, 0.2band  9-12, respectively. The overall behavior of TiPd and TiPt is
the Pd(or Py atoms at(0.5, 0.75, 0.2band their inversion quite similar to that of TiNi. The transition from thg2 to
images from the origin if there are no atomic displacementshe B19 structure is accompanied by a depletion of states
from theB2 structure. We see from Table Ill that the atomic near E- caused by a downward shift of the Pd and Pt
displacements correspond to relative shifting of alternatatates, an upward shift in the unoccupieddTstates, as well
(110 planes in theB2 structure. However, the110) planes as an increase in bandwidth of tHestates of both constitu-
in the B2 structure are not rigid in the shifting process, be-ents.
cause there is a displacement of the Ti atoms relative to the
Pd (and P} atoms. The atomic displacements are thus a bif, e )+ o FEORMATION AND THE M, TEMPERATURE
more complex than those given in the description by Otsuka
et all® which only involves relative displacement of rigid From the last two columns in Table IV, we see that there
(110 planes in theB2 structure. is an obvious correlation between tihv, temperature and
When we compare the energy differences between differthe AH, defined as the heat of formation of the martensitic
ent TiPd structural phases, we found that the relative enephase B19 orB19') minus that of theB2 phase. This is not
gies go in the ordeB2>B11>1L1,>B19; and if we use the surprising: A small difference in the heat of formation be-
ground statd319 structure as a reference, thi,, B11, and tween the autensite and the martensite indicates thaB2he
B2 structures are 0.03 eV, 0.09, 0.19 eV per formula-unitstructure is not that unstable relative to the low-temperature
higher in energy. For the case of TiPt, the relative energiephase and can thus survive to a lower temperature, leading to
go in the orderB11>B2>L1,>B19, and the energies of a lower M temperature. We also note that for the three Ti
theB11,B2, andL1, structures are 0.36, 0.31, 0.03 eV per alloys we have studied, the calculatadd is more or less
formula-unit higher than thB19 structure. We note that the proportional to the calculated heat of formation of th2
ordering of energy for various structural phases is not thephase. Therefore, thd temperature is also correlated with
same as for the case of TiNi. For TiNi, structural phases suckhe heat of formation of thB2 phase such that the alloy with
asL1l, andB11 that are not found experimentally for TiNi a largerB2 phase heat of formation has a highdr. We
all have higher energies than tB& structure. However, for also see from Table IV a direct correlation between the melt-
both TiPd and TiPt, theB2 structure actually has higher ing temperature and the heat of formation of B2 phase.
energy than some of these phases that were not observethese correlations are of course observed for an isoelectronic
This is consistent with the FLAPW results of Bihlmayer series, where the number of valence electrons in the alloys
etal?® who considered TiNi and TiPd in theB2, remains the same and the electronic structure are rather simi-
B19B19', andL 1, structures. Our TiPt heat of formation in lar, so that the difference is mainly a matter of the energy
the B2 phase and the difference in heat of formation betweerscale. Such observations may not hold if we are moving
the B2 andB19 structure agree well with the full-potential- across the Periodic Table so that the total number of elec-
linearized-augmented-Slater-type orbital calculations otrons changes.
Fernando, Watson, and Weinéftinterestingly,B19' meta-
stable phases can be found for both TiPd and TiPd, with a
small tilting of theB19 unit cell. TheB19' phase of TiPd is
about 0.04 eV/formula-unit higher in energy than the ortho- We used first-principles total energy calculations to pro-
rhombicB19 structure, but for TiPt, thB19' structure with  vide an accurate description of the structural and electronic
a tilt angle of about 3.8° has almost the same energy as tharoperties of equiatomic TiNi, TiPd, and TiPt alloys. The
B19 structure. Since the energy is competitive, it would bestructural parameters of these alloys were obtained by the

VII. DISCUSSION AND SUMMARY
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TABLE IV. The B2 heat of formation per formula unit
(H(B2)), and the differences in heat of formation per formula unit
AH between theB2 and the martensitic phas®19B19') are
compared with the melting poinBQ phasg¢ and theM ¢ tempera-
ture.

Melt Temp.(K) H(B2) (eV) AH (eV) Mg (K)

TiNi 1583 —0.66 —0.09 333
TiPd 1673 —-0.92 —-0.19 783
TiPt 1830 —1.49 —-0.31 1343

optimization of energies and agree well with experimental
results for TiNi where there has been very detailed experi-
mental measurement. For all three alloys, the relative struc-
tural stability of theB2 andB19/B19" phase can be corre-
lated with the change of the electronic structure. The
electronic properties are rather similar for the three alloys,
which is not surprising since Ni, Pd, and Pt have the same
number of valence electrons. If we look at the fine details,
the properties of TiPd and TiPt are closer to each other than
to TiNi; this is also not surprising since thed4metals are
usually closer to the & metals in behavior than to thed3
metals. In these alloys, tH&2 phase density of states has a
two peak structure with the lower energy part dominated by
the transition metadl states and the higher energy part domi-
nated by the Tid states, separated by a dip. The DOS at
Er is mainly contributed by Td states. Th&19/B19' struc-

ture of all three alloys has a lower density of state€at
than theB2 structure. The pseudogap between the transition-
metal d bands and the Td bands are diminished and the
d-band width of both the constituent elements increases, sig-
naling stronger bonding between the two elements in the
martensitic phase of these alloys.

Our results also shed some light on the relative stability of
the different phases for Tt- as we move horizontally across
the Periodic Table within the rigid-band picture. Our elec-
tronic structure calculations show that if the transition metal
X has less electrons per atom than Ni, the DOEashould
decrease for th®2 phase and the relative stability of the
B2 phase should increase. We note thatBBephase of TiFe
is especially stable, it is the only structural phase of equi-
atomic TiFe that has been documentethis is consistent
with the fact that Fe has less electrons than Ni, and with an
average of six valence electrons per atom, equiatomic TiFe
has the same number of valence of atoms as typical bcc
metals like Cr, Mo, and W. For the Ti-Ni/Pd/Pt series which
we have considered in detail, the average number of elec-
trons per atom is 7, and we expect a competition between
bcce-like B2 structure and the more comp&19/B19’ struc-
tures. For the Ti-Cu/Ag/Au alloys, with more electrons per
atom, theB2 should become even more unstable. It is indeed
true that theB2 structure has not been documented for equi-
atomic Ti alloys of these noble met&&he TiCu and TiAg
alloys are found in th&19 structure; and for TiAu, there is
a competition between th&11 as the high-temperature
phase and th&19 structure’.
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0.5 X 10" dyn/cn?. The elastic constant’ corresponds to a

shear in thg 110] direction of the[110] planes. This mode

APPENDIX

The elastic constants =1/2 (c1;—C12), C11, C12, andcyy

of distortion in theB2 structure is well known to be very
soft, as is born out in the calculation, and is frequently asso-
ciated with the martensitic transformation in this class of

are found by calculating the deformation energy of the NiTi&lloys. Comparing with experimental restiftsneasured at

crystal by straining the unit cell. Fa’, the cubic crystal is
distorted by the following deformation matrix:

1+e€ 0 0

room temperature, we note that the experimental data, which
are temperature dependent, indicate thais softer than our
calculated result, while’ is stiffer than calculatedall our
theoretical results correspond T6=0 K). Besides tempera-

ture dependent effects, this may also be due to the effects of

0 1+ € 0
0 0 1-2¢

point defects such as vacancies and antisite defects which
can sometimes be present even when the crystal is nominally

at stoichiometry. The shear elastic constaritaand cy, are

Now, SE=6¢’ €. We calculatesE for eight pairs of+ e

found to decrease as the temperature is lowered in the tem-

andc’ is found to be 0.12< 102 dyn/cn?. Since the bulk  perature range 50—0 °C. Our results indicate that none of the

modulus B=(cq;+2c¢1,)/3, knowing ¢’ and B also gives

elastic constants, including/, are “soft” in the T=0 limit.
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