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Electronic structure and B2 phase stability of Ti-based shape-memory alloys
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In order to further search a correlation between electronic structure and theB2 phase stability of TiM binary
alloys with M5Fe, Co, Ni, Pd, Pt, Au, Cu, and Ag, we perform a first-principles calculation using a tight-
binding linear muffin-tin orbital method. A ‘‘correlation parameter’’ of the density of states~DOS! of electron,
which reflects the shape properties of DOS, is introduced. It is found that using the parameter coupling the
overlapping occupancies of DOS’s and lattice constants, the phase stability of theB2 structure in these alloys
can be described very well. Our conclusions are also confirmed by a comparison with the difference charge-
density map. In addition, the temperatures of Martensitic phase transformation of these alloys are calculated
and are found to be comparable with the experimental.@S0163-1829~99!07347-6#
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I. INTRODUCTION

In the last few decades, shape-memory alloys have fo
widespread applications in the fields of engineering a
medicine. The shape-memory effect of these materials is
lated to a reversible Martensitic transformation, which is
type of nondiffusive structure phase transformation invo
ing a change in the shape of the unit cell together w
atomic scale displacements of positions of the atoms in
lattice. In this effect, the study of phase stability has been
interesting subject. Though, a lot of theoretical and exp
mental works have been devoted to interpreting the phen
enon, a more detailed microscopic picture is generally la
ing and needed. This situation is true in Ti-based sha
memory alloys.

It is well known that theB2 structure of TiM with M
5Ni is maintained until near room temperature, while for t
isoelectronic analogousM5Pd or Pt, this structure exist
only at temperatures higher than 900 K. On the other ha
whenM stands for transition metals, Co or Fe, the Marte
sitic B2-B19 ~or B198) transformations temperature,Ms of
TiCo is about 40 K and TiFe is stable inB2 phase until 0 K.
Moreover, the Martensitic phase transformation even occ
at a higher temperature in TiAu than in TiPd and TiPt. D
spite the fact that Cu and Ag are isoelectronic to Au, Ti
and TiAg do not exist in theB2 structure at all. These phe
nomena have attracted much attention from both experim
tal and theoretical works.1–6

Eibler, Redinger, and Neckel carried out a calculation
PRB 600163-1829/99/60~23!/15691~8!/$15.00
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TiFe, TiCo, and TiNi. They attributed the instability of th
B2 structure to the increasing occupation of the antibond
states.1 Several electronic structure calculations have a
been carried out for TiFe,2 TiNi,3 and TiPd~Ref. 4! com-
pounds. Shabalovskayaet al. did systematically experimen
tal and theoretical works for these TiM alloys, and they em-
phasized that theB2 phase stability was strongly correlate
with the d-d and d-p bonds between Ti andM in these
Ti-based intermetallics.5 But this description was ambiguou
sometimes. Recently, Ye and co-workers tried to illustr
the phenomenon more clearly by a theoretical calculati
They calculated the overlapping occupancies~the number of
common electrons! between partial density of state
~DOS’s!, and their numerical calculations supported t
above opinion. They, however, failed to interpret that TiA
is more stable than TiCu in theB2 phase.6 In fact, theB2
TiCu was not observed experimentally whileB2 TiAu ex-
isted. Moreover, they also found that theB2 phase stability
of TiPt did not follow their interpretation. They gave a com
ment that theB2 phase stability was controlled by man
kinds of factors, and only part of these factors were cons
ered in their works. In fact, using the number of electrons
explain the phase stability is somewhat careless. As is w
known, if bondA is longer than bondB, bond A may be
weaker than bondB even if there are more electrons at bo
A than at bondB. Therefore, one should use the electr
density rather than the number of electrons to explain
phase stability. Likewise, the shape factor of DOS’s was
considered in their calculations. In the present paper, theB2
15 691 ©1999 The American Physical Society
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phase stability of TiM with M5Fe, Co, Ni, Pd, Pt, and Au
together with two other compounds TiCu and TiAg wi
hypotheticalB2 structure, is studied once again on the ba
of ab initio results. The numerical calculations are perform
using tight-bonding linear muffin-tin orbital~TB-LMTO!
method.7–9 Our purpose is to further explore the mechani
of B2 phase stability in these Ti-based shape-memory allo
We introduce a correlation parameter of DOS’s coupl
electron occupancies and lattice constant to describe theB2
phase stability of TiFe, TiCo, TiNi, TiPd, TiPt, TiAu, TiCu
and TiAg. The parameter may reflect the shape propert
DOS and the overlapping occupancies between pa
DOS’s. Using the parameter, the phase stability of theB2
structure in these alloys can be described very well. T
present paper overcomes the problem of Ye and co-wor
of explaining the phase stability ofB2 of TiPt and TiCu
alloys.

The general arrangement of the paper is as follows
Sec. II we describe the theoretical and numerical method
Sec. III in its former part we present some numerical resu
and in its latter part the shape factor~correlation parameter!
andB2 phase stability are discussed in detail. Meanwhile
physics picture behind the present method is also illustra
And, finally, in Sec. IV are the conclusions.

II. COMPUTATION METHOD

In the present paper, we perform self-consistently sc
relativistic calculations using TB-LMTO method, where th

TABLE I. The WS ratior Ti /r M from experimental values an
calculated equilibrium lattice parametersa0 of TiM alloys.

M
Fe Co Ni Pd Pt Au Cu Ag

r Ti /r M 1.14 1.16 1.17 1.06 1.05 1.01 1.14 1.0
a0(a.u.) 5.677 5.687 5.727 6.044 6.073 6.154 5.831 6.1
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atom sphere approximation~ASA! and the local spin-density
approximation10 are used. The exchange and correlation p
tential is from Ceperley and Alder;11 ‘‘combined correction’’
is taken into account, and the density of state is calcula
with tetrahedron method.12 In the calculations, the maximum
angular momental max describing the wave functions is cho
sen asl max52 for all atoms, and the corresponding atom
wave functions construct a minimal basis set. For all
other electrons, a frozen-core approximation is adopted,
their wave functions are assumed to be the atomic w
functions and are not iterated. A fully relativistic atomic pr
gram is used to generate this core density. Wigner-S
~WS! radii are determined by considering the atomic ra
ratio for all constituent atoms~see Table I! and 165k points
are used in the irreducible wedge of the cubic Brillouin zon
Nonpolarized calculations are carried out for equiatom
compounds TiM with B2 structure andM5Fe, Co, Ni, Pd,
Pt, Au, Cu, and Ag.

III. RESULTS AND DISCUSSIONS

A. Numerical results

From the experimental side, we have known that alo
the sequence of the alloys~TiFe-TiCo-TiNi-TiPd-TiPt-TiAu-
TiCu and TiAg! the stability of theB2 phase decreases.5. On
the basis of the calculations of electronic structure, o
scheme to study phase stability is to analyze the density
state curves of electronic structure. In order to obtain th
DOS curves, we first calculate the total energy ofB2 TiM
alloys for various lattice constants to determine their equi
rium lattice parameters. The minimum in the curves~not
shown here! gives the predicted equilibrium lattice constan
The results are listed in Table I. Using the equilibrium latti
parameters we calculate the electronic structure of these
loys. The corresponding total DOS’s,d, p, ands partial, are
shown in Figs. 1–4, respectively.

First, from Fig. 1 we see that for TiFe, TiCo, TiNi, TiPd
TiPt, and TiAu their Fermi levels fall on a local minimum~a

3

e

FIG. 1. The total DOS curves of TiM with

M5Fe, Co, Ni, Pd, Pt, Au, Cu, and Ag. Th
Fermi level is at the value of 0 Ry.
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FIG. 2. The d-partial DOS curves of TiM
with M5Fe, Co, Ni, Pd, Pt, Au, Cu, and Ag
where the solid line and dotted line denote t
d-partial DOS ofM site and Ti site, respectively
The Fermi level is at the value of 0 Ry.
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dip! of a DOS curve while for TiCu and TiAg such a di
does not exist at all. Note that the latter are not experim
tally observed as aB2 phase. As well known, a dip is gen
erally considered to divide a DOS into a bonding state and
antibonding state; thus, when a Fermi level falls on the d
the corresponding structure may be regarded as a s
energy system, as compared with one whose Fermi le
does not fall on the dip. Thus, this kind of structure is mo
stable; otherwise, it is unstable. From this analysis, it m
not be difficult to understand that TiAg and TiCu are u
stable and are not experimentally observed in aB2 phase.

Now, let us focus our attention on the total DOS value
Fermi level @NT(EF)# in Fig. 1. TheseNT(EF)’s are also
listed in Table II for all these alloys. From the table, we fi
that though the most stableB2 alloy TiFe, that is, the one
with the lowest Martensitic transformation temperatu
(Ms), has the lowest DOS valueNT(EF)511.73, a clear fact
is that higher stability does not correspond to lower DO
value at the Fermi level. Obviously, TiPt has lower DO
value than TiNi and TiPd have~Table II! while TiNi and
TiPd are more stable than TiPt in theB2 structure. The same
situation also occurs in TiCo, TiNi, and TiPd. TiCo is mo
stable than TiNi and TiPd in theB2 phase, but TiCo has
larger DOS value at Fermi level than TiNi and TiPd~Table
II !. A similar calculation has been given in Ref. 6. Fro
Table II of Ref. 6, it can also be seen obviously that TiCo h
a larger DOS value at Fermi level than TiNi and TiPd, a
TiPt has a lower DOS value at Fermi level than TiPd a
TiNi. This seems to be puzzling. Common knowledge is t
the lowerNT(EF) is, the more stable the phase is.13 In fact,
this is not surprising. Experimental and theoretical wo
have found that thed-d and d-p hybridization between Ti
and M atoms are the main cause ofB2 phase stability in
these Ti-based intermetallics.5,6 But a physical picture behind
this is still required.

Before we interpret this point, we look into the parti
DOS values at Fermi level at the site of the constituent e
ments. The results, along with the corresponding elec
n-

n
,
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occupancies of partial DOS, are listed in Table II. Fro
Table II we find that, except for that of TiPt and TiCu, th
d-partial DOS value at Fermi level@Nd(EF)# of Ti reduces
monotonously from 1.56 in TiFe to 50.82 in TiAg. This tren
also occurs inp-partial DOS value at Fermi level@Np(EF)#
of Ti site in TiM alloys. Furthermore, nearly the same resu
can be seen in the electron occupancies ofd-partial DOS~or
p-partial DOS! nd ~or np) for Ti site in TiM compounds.
But, in M site, these phenomena are not observed forNd(EF)
andNp(EF), andnp , except fornd .

The other interesting results can also be seen in Fig. 2
instance, except for TiCu when going from TiFe to TiAg, th
main part of the bonding state ofd electrons atM sites
gradually moves toward the bottom of the valence ba
while the antibonding state ofd electrons at Ti sites become
gradually strong. This may reflect the gradual weakening
d-d bonds between Ti andM. We return to Fig. 1 again. It is
evident that there exists a double-peak structure in all
total DOS’s of these Ti-based compounds. For TiFe,
double-peak structure is the most typical two-peak structu
in which the Fermi level falls on the pseudogap of the DO
curve. This indicates that all the bonding states are filled w
electrons, and all the antibonding states are left empty; th
fore, the strong bonding effect occurs. This follows the co
clusion of Dalton and Deegan that in a bcc metal the b
phase stability is closely related to a double-peak structur
DOS.14 In fact, in these alloys, the shapes of DOS in TiC
and TiNi are more similar to that in TiFe than those in t
other Ti-based alloys: TiPd, TiPt, TiAu, TiCu, and TiAg
Therefore, TiM , whereM is transition metal Co, Ni may be
more stable than those whereM is noble metals Au, Cu, and
Ag and transition metals Pd and Pt. All the above numeri
results are in agreement with ones from Ref. 6 or Ref. 5

By comparing Figs. 1, 2, 3, and 4, we find that the doub
peak structure mentioned above is produced byd-d hybrid,
and the dip on which Fermi level falls is formed mainly b
d-d andd-p hybrid in these alloys. In particular, the dips o
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FIG. 3. Thep-partial DOS curves of TiM with M5Fe, Co, Ni, Pd, Pt, Au, Cu, and Ag, where the solid line and dotted line denote
p-partial DOS ofM site and Ti site, respectively. The Fermi level is at the value of 0 Ry.
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TiFe, TiCo, and TiNi are mainly due to the hybrid ofd-d
bond between Ti and Co, Fe, and Ni, while the dips of TiP
TiPt, and TiAu are produced byd andp electrons between T
site and Pd, Pt, and Au site. From Figs. 2, 3, and 4, we no
that the contribution ofs-partial DOS to interbonding state i
negligible because its bond peak is further from Fermi le
than correspondingp-partial andd-partial DOS’s.

B. Shape factor andB2 phase stability

The above numerical calculations show indeed some
relation between the electron structure andB2 phase stabil-
ity. Now we explain them using a correlation parameter
DOS’s coupling their overlapping occupancies and latt
constants. The overlapping occupancies of DOS’s have b
used in Ref. 6. It denotes the number of common electron
two different partial DOS’s. Using the overlapping occupa
cies, Ye and co-workers explained theB2 phase stability of
these alloys, but they gave an errors prediction that TiCu
more stable than TiAu inB2. They also did not interpret th
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f
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s

phase stability of TiPt alloy. This may be due to the sha
characters of DOS’s not being considered in their works.
addition, they suggested using the number of electrons
explain the phase stability, which is somewhat carele
More accurately, one should use the electron density to
plain the stability.

Now we illustrate that the shape factor of DOS is al
important to determine the phase stability. In order to und
stand this point more clearly, we present a simple exampl
Fig. 5~a! and 5~b!. In Fig. 5~a!, there are two DOS curves
each of which is simply assumed as a square shape. Such
DOS curves overlap partly and have an overlapping are
Sa . In Fig. 5~b!, DOS’s are a copy from the DOS’s in Fig
5~a!, but they have higher DOS value than respective D
curves of Fig. 5~a! and have overlapping areaSb . If Sa5Sb ,
we may know that the energy of overlapping region is low
in Fig. 5~a! than in Fig. 5~b!. Therefore, if an alloy has the
DOS curves of Figs. 5~a! or 5~b! and its phase stability is
controlled by the overlapping of the DOS’s, the alloy is mo
stable with the DOS’s of Fig. 5~a! than with the DOS’s of
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FIG. 4. Thes-partial DOS curves of TiM with M5Fe, Co, Ni, Pd, Pt, Au, Cu, and Ag, where the solid line and dotted line denote
s-partial DOS ofM site and Ti site, respectively. The Fermi level is at the value of 0 Ry.
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Fig. 5~b!. But, if phase stability is determined by only ove
lapping area, a conclusion can sincerely attain that the
bility of the alloys is the same for Fig. 5~a! and Fig. 5~b!.
Thus, from such a simple example, we can conclude that
necessary to consider the effect of the shape of the D
curve on phase stability. We define such a correlation par
eter~or shape factor! of DOS curves, and it has the followin
form:

Cp5

EEF
g1~E!g2~E!dE

g1 maxg2 max
, ~1!

whereE is energy,g1(E) andg2(E) are two DOS functions
from first-principles calculations, andg1 max and g2 max are
the maximum DOS values ofg1(E) andg2(E) below Fermi
level (EF), respectively. Obviously, using Eq.~1!, we can
explain the results from Fig. 5. We now calculate the ov
lapping occupancies betweenp-d DOS’s andd-d DOS’s and
corresponding correlation parameterCp’s between Ti site
a-

is
S
-

-

andM site in TiM alloys. The results are listed in Table II
From Table III we see that, roughly, the overlapping ar
decreases gradually when going from TiFe to TiAg ford-d
hybridization and also for the hybrid of thed-partial DOS in
M site andp-partial DOS in Ti site (Md-Tip). For the hybrid
of the d-partial DOS in Ti site andp-partial DOS inM site
(Tid-M p), the trend is approximately inverse to the one
d-d ~or Md-Tip) hybridization.

As compared with the results of overlapping occupanc
from Ye and co-workers, we find that the present results
d-d and Tid-M p are in agreement with their data~see Table
V in Ref. 6!. But they did not perform a calculation fo
Md-Tip . They believed that the centers of Tid andM p were
more energetically close to each other than the centers ofp

and Md ; thus the term of Tip-Md was negligible as com-
pared with one of the Tid-M p . In fact, the term ofMd-Tip
has more contribution to overlapping occupancies than
one of Tid-M p . This can be seen in our Table III. Therefor
the difference between the centers of two bands may not
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TABLE II. The DOS value at Fermi level@NT(EF), Nd(EF), Np(EF), andNs(EF)] and occupancies of
d, p, s electrons (nd , np , andns! in TiM alloys.

M
Fe Co Ni Pd Pt Au Cu Ag

NT(EF) 11.73 34.33 28.28 30.51 28.12 43.13 70.06 64.42
Nd(EF) of Ti 1.56 9.34 17.55 19.14 16.54 32.00 51.90 50.82
nd of Ti 2.5662 2.5535 2.5285 2.4182 2.4739 2.4012 2.4898 2.31
Nd(EF) of M 9.10 19.83 8.48 5.73 6.87 3.78 8.36 3.28
nd of M 6.5575 7.5301 8.5082 8.6232 8.2844 9.1873 9.3783 9.46
Np(EF) of Ti 0.51 1.63 1.89 1.76 1.27 2.43 4.47 3.57
np of Ti 0.9085 0.9064 0.8849 0.8264 0.9057 0.7852 0.8211 0.71
Np(EF) of M 0.44 2.11 2.62 3.01 2.71 4.53 5.13 6.45
np of M 0.6541 0.6433 0.6838 0.7239 0.7893 1.0258 0.8284 0.99
Ns(EF) of Ti 0.036 0.307 0.341 0.347 0.355 0.191 0.087 0.114
ns of Ti 0.6655 0.6634 0.6612 0.6317 0.6194 0.5497 0.6229 0.55
Ns(EF) of M 0.090 1.078 0.398 0.527 0.436 0.191 0.126 0.158
ns of M 0.6387 0.6861 0.7442 0.7707 0.9272 1.0779 0.8497 0.92
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good method to determine the contribution of the bands
interbonding state. Also, the close degree of the two cen
of two bands can be reflected roughly in our correlation
rameter. In Table III, we see that the correlation parame
of Tid-Md (Cp1) are larger than those of Tip-Md (Cp3) and
smaller than those of Tid-M p (Cp2) for TiFe, TiCo, and
TiNi, while Cp3 is larger thanCp1 and smaller thanCp2 for
TiPd, TiPt, and TiAg. Our numerical results also show th
similar results can be also obtained in the difference of
two corresponding centers of these bands for these all
Furthermore, we also calculate the correlation paramete
p-s andd-s partial DOS’s between Ti andM sites and find
that they are smaller than corresponding ones ofd-d andd-p
partial DOS’s by a factor of, approximately, 2–4. This
reasonable. From Fig. 2–4, we can findd- ~or p-! and
s-partial DOS’s have less overlap thand-p DOS’s.

In order to do a more detailed comparison with Ye a
co-workers’ results, we now add the overlapping occup
cies of Tid-M p (n2) to the overlapping occupancies o
Md-Tid (n1). We see the present results are identical to

FIG. 5. A model of DOS curves~a! versus~b!. The Fermi level
is at the value of 0 Ry.
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ones of Ye and co-workers~see Table III in Ref. 6!, i.e., TiPt
has more overlapping occupancies than TiPd and TiCu d
than TiAu. However, if we add the term ofMd-Tip (n3) to
n1 and n2, we find that TiPt has even more overlappin
occupancies than TiCo though TiCu is more close to Ti
~see Table III!. Therefore, if the overlapping area is sole
one factor to determine theB2 phase stability in TiM inter-
metallics, this will lead to a poor prediction on theB2 phase
stability of TiCu and TiPt. Fortunately, this situation may b
improved by considering the shape factor of DOS and lat
constant. From Table III, we see that ford-d hybridization
the shape factor~correlation parameter! Cp1 decreases gradu
ally when going from TiFe to TiAg except for TiPt. Ford-p
hybrid, this trend is not obvious. We assume that the ph
stability is directly proportional to the shape factor mul
plied by the overlapping areas, we calculaten1* Cp1
1n2* Cp21n3* Cp3, and the results (ni* Cpi) are reported in
Table III. Note thatCp1 , Cp2 , Cp3 express the shape facto
~correlation parameter! of Tid-Md , Tid-M p , and Md-Tip ,
respectively. It is seen that when going from TiFe to TiA
theni* Cpi’s follow the trend of theB2 phase stability excep
for TiPt. But TiPt has some improvement, compared w
n11n21n3. In the present paper we also consider that
B2 phase stability is inverse to the cube of lattice consta
Because the smaller the cube of lattice constant is, the la
the electron density atd-d (d-p) overlapping region is.
Considering this factor, we find the phase stability of TiPt
almost in agreement with theB2 phase stability of TiPd~see
Table III!. This is a great improvement because when o
considers solely the factor of overlapping occupancies, T
is even more stable than TiCo in theB2 phase~see Table
III !. Likewise, TiCu follows theB2 phase stability sequenc
of these TiM compounds in the present calculations as
shape factor of DOS is considered. It should be stressed
in the present paper TiPt is predicted to be more stable t
TiPd in B2 structure; perhaps, this attributes to the theor
cal limit of TB-LMTO method. In our paper, except fora0,
almost all factors, such asCp , ni , interbonding bandwidth,
the DOS value at Fermi level, and the difference of ba
center, are more beneficial forB2 phase stability of TiPt than
for that of TiPd.
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TABLE III. The overlapping occupanciesni and correlation parameterCpi ~shape factor!, where Tid ,
Tip , Md , andM p denote thed-partial DOS andp-partial DOS of Ti site andM site in TiM compounds,
respectively.

M
Fe Co Ni Pd Pt Au Cu Ag

n1 of Tid-Md 2.5058 2.4651 2.3888 2.0488 2.2696 1.2641 1.4656 0.88
n2 of Tid-M p 0.6270 0.6213 0.6680 0.7053 0.7713 0.9947 0.8093 0.95
n3 of Tip-Md 0.8292 0.8059 0.7870 0.8112 0.8742 0.7754 0.7643 0.66
Cp1 of Tid-Md 0.0595 0.0544 0.0506 0.0397 0.0505 0.0130 0.0065 0.00
Cp2 of Tid-M p 0.0683 0.0624 0.0761 0.0653 0.0781 0.0417 0.0251 0.02
Cp3 of Tip-Md 0.0519 0.0480 0.0420 0.0614 0.0564 0.0567 0.0271 0.00
Cpi* ni 0.2350 0.2115 0.2049 0.1772 0.2102 0.1019 0.0506 0.05
Cpi* ni /a0

3(1023) 1.162 1.150 1.091 0.803 0.932 0.437 0.252 0.23
n11n21n3 3.9620 3.8923 3.8638 3.5653 3.9151 3.0342 3.0392 2.50
n11n2 3.1328 3.0864 3.0568 2.7541 3.0409 2.2588 2.2749 1.83
n11n2 ~Ref. 6! 3.203 3.194 3.110 2.771 2.991 2.333 2.372 1.93
TM 0.0 40.0 237 1197 767 2416 3033 3103
TM ~Ref. 5! 0.0 40.0 ,300.0 .900.0 .900.0 .900.0
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A difference charge-density map may also confirm o
results. The different charge density is the difference
tween the self-consistent solid-state charge density obta
at our calculation for equilibrium lattice constant and t
superposed atomic charge density at the same lattice
stant. We plotted these contours for the cases of TiAu
TiCu. The resulting Figs. 6~a! and 6~b! clearly show a stron-
ger bonding charge density between Au atom and Ti atom
TiAu than one between Ti atom and Cu in TiCu compoun
Our contour maps also suggest that the strongest interb
ing occurs between Ti atom and Fe atom in TiFe of th
TiM alloys~not shown here!. All the results are in agreemen
with ours and support our present proposal.

It should be emphasized, as pointed out by Foiles15 and
Carlssion, Fedders, and Myles,16 that the shape of DOS i
important in determining the phase stability of different cry
tal structure with partially filledd bands. It can be also ap
plied to the case of noble metals.17 On the root of the point of
view from Foiles15 and Carlssion, Fedders, and Myles,16 the
band energy can be described as the bandwidth with a c
ficient that depends on the shape character of DOS. The
efficient, which reflects the shape character of DOS, is
fined as a function of the fourth moment of DOS, and t
moment is designed from an empirical function.15,16 The
present method is equivalent to these models, but the s
factor is calculated directly from DOS curve based on
results of the first principles. The effect of shape of DOS
directional bond have also been illustrated by the fourth m
ment of DOS in Ref. 18.

Finally, it is interesting to estimate the temperature
Martensitic phase transformation of these TiM intermetal-
lics. This can be simply realized by calculating the differen
betweenCpini /a0

3’s. If we assume that this difference o
TiFe and TiCo corresponds to a value of 40 K, which is t
Ms of TiCo, we can obtain theMs of the other alloys by the
following formula:

TM540.0
~Cpini /a0

3!M2~Cpini /a0
3!Fe

~Cpini /a0
3!Co2~Cpini /a0

3!Fe

, ~2!
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e
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where subscriptM stands for Fe, Co, Ni, Pd, Pt, Au, Cu, an
Au, andTM expressesMs of TiM alloy. The present numeri
cal results are listed in Table III. From the table we see t
theTM (Ms) of these alloys are comparable with the resp
tive experimental values, but the value of TiAu is excee
ingly larger than the experimental. This is not surprising th
this model is very simplified. We also notice that theMs of
TiCu and TiAg are far larger than the ones of the oth
alloys. This is understandable that TiCu and TiAg do n
exist in aB2 structure.

IV. SUMMARY

We performed TB-LMTO calculations to study the ele
tronic structural properties andB2 phase stability of TiM ,

FIG. 6. Difference charge densities for~a! TiAu and ~b! TiCu in
~110! plane. TheM atom at the center and Ti atoms at the corne
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whereM5Fe, Co, Ni, Pd, Pt, Au, Cu, and Ag. We calcu
lated the total and partial DOS values at Fermi level, we a
calculated the electron number of partial DOS’s, and
found the results were in agreement with the previo
LMTO-ASA calculations.6 It was found that not only the
overlapping occupancies but also shape factors ofd-d and
p-d partial DOS’s governed theB2 phase stability of Ti-
based compounds. Moreover, the lattice constant was
related to theB2 phase stability. Our conclusions were fu
ther confirmed by a comparison with the difference char
density map. The present calculations resolved the prob
of Ye and co-workers for explaining theB2 phase stability
o

,

j

a

o
e
s

so

-
m

of TiPt and TiCu alloys and developed a method to descr
phase stability. Finally, the temperatures of Martens
phase transformation of these alloys were estimated, and
results were comparable with the experimental.
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