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The evolution of x-ray photoelectron and ultraviolet spectra and their modification at the phase trans-
formation B2-B19(B19) of equiatomic TiM and quasibinary Ti(Ni, M) compounds, where M stands for
Fe, Co, Ni, Pd, Pt, Au, and Cu, are presented. Investigation of x-ray photoemission spectroscopy in-

cludes valence bands, satellites, and core-level energy studies. As the atomic number of M increases
(both within the same period and along the group), its d states become more localized, the maximum and
the center of gravity of the d bands shift towards the bottom of the valence band, and the M contribution
to the density of states (DOS) at the Fermi level, N(EF), degrades. The DOS localization is accom-
panied by a spatial localization of the M d electrons resulting in weakening of the d-d covalent bonds be-
tween the alloy components and, thus, destabilizing the B2 phase. While the contribution of M d elec-
trons to the DOS at EF decreases, the Ti d electron portion increases to such an extent that, e.g., in TiPd
and TiAu, the M contribution to X(EF) is almost negligible. The increase in core-level energy of all

partners in compounds with respect to the elemental state is discussed in terms of covalency. The M d
band localization leads to an increase of many-body interactions and, as a consequence, we managed to
observe the Pd satellites without resonance enhancement. The B2-B19 phase transition is accompanied
by modification of the DOS which a6'ects the Ti d states in general. Having analyzed the electronic
structure we introduce parameters contro11ing the B2 phase stability and suggest a phenomenological
formula for the martensitic-transformation temperature which satisfactorily describes the experimental
behavior.

I. INTRODUCTION

In spite of intensive investigations of nitinol during the
last 30 years it still remains a puzzle. Nitinol is remark-
able not only for the shape memory effect, which contin-
ues to demonstrate new properties, but also for many
phase transformations. What is the nature of such great
variety? What contributions stabilize the high-
temperature phase and what are the mechanisms of phase
transformations? One may believe that the nature of the
premartensitic phenomena in TiNi-based alloys has been
understood today. It has been suggested' and later
verified ' that it is connected with charge-density waves.
The nature of other phase transformations is yet to be re-
vealed.

It is known the 82 structure is maintained by the total
substitution of the isoelectronic analogous Pd and Pt for
Ni. However, in this case this structure exists only at
temperatures higher than 900 K. It is remarkable that
the effect of Au is similar to that of Pd and Pt. On the
other hand Cu, in contrast to Au, practically does not
change the temperature of the martensitic transforma-
tion. In quasibinary Ti(Ni, Au) compounds the B2 phase
exists throughout the whole range of Au concentration
but in Ti(Ni, Cu) alloys it occurs only up to Cu concentra-

tions of 30 at. %. In spite of the fact that Ag is isoelec-
tronic to Cu and Au, it does not mix with TiNi at all.
Substitution of transition metals, Co or Fe, for Ni gradu-
ally suppresses all phase transformations. So, in TiCo the
martensitic 82-B19 transformation temperature, M, is
about 40 K; TiFe is stable in B2 structure until 0 K.
What is the nature of the B2 phase stability in TiFe and
what happens with M atomic number variation?

The x-ray emission spectra of K, L„and M series of
both partners, " X-ray photoelectron spectra' ' for
TiNi, and also the theoretical calculations of the electron-
ic density of states (DOS) for TiFe (Ref. 14) and TiNi
(Ref. 15) were known. One would think that the picture
of the valence-band structure could be reconstructed us-
ing these data. However, some results in Refs. 5 —11
differ with the experimental results described here not
only in interpretation, but in essence as well. For in-
stance, the Ni Mz 3 bands ' are quite different in shape.
As for Ti L, 3 bands, the increases of the concentration of
Ni throughout the whole concentration range of Ti-Ni al-
loys leads to an enhancement of the intensity of the long-
wave maximum and, according to another investigation,
to an enhancement of the high-energy edge. Besides, so
far, there is no satisfactory explanation for the 40—60%
increase in L,-band intensity of both partners which takes
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place passing from the metallic state to the com-
pound. ' The amount of the Ti Ka& line shift in TiNi
(Ref. 11) is comparable to that in TiN and TiO, though
the difference in electronegativity between Ti and Ni
atoms is not so large as in the latter case. There was no
opportunity to use the theoretical calculations to elimi-
nate the contradictions because some of them were based
on parameters taken from those experiments. Because of
this, it has been impossible to get reliable information
about the valence-band structure of TiM compounds
from the available experimental data and the theoretical
calculations. We have performed investigations of the
electronic structure of TiM compounds using x-ray (XPS)
and ultraviolet (UPS) photoelectron spectroscopy,
presented in this paper, as well as Auger spectroscopy'
and electron-positron annihilation. ' The combination of
the methods chosen helps us develop a complete picture
about different aspects of both the electronic structure
and the interatomic bond.

It turned out that the XPS of Ti-based compounds
with late transition metals, like locally sensitive methods,
provides preliminary information on the d density of M
states because of great differences in the photoionization
cross section of the two partners. UPS, excited by HeI
(20.21 eV) radiation in contrast to XPS, yield an imprint
of the total DOS in the case of 3d compounds. The most
important data provided by these two methods are the
general structure of the valence bands, their width and
the energy position of different sub-bands.

The core-level behavior seems to be the most dif5cult
to comprehend. This is not surprising because the final
core-level shift which we measure is a result of the com-
petition between different contributions, the values of
which are usually not known.

The investigation of satellites also revealed some unex-
pected results. We managed to observe the Pd 4d band
and 3d5&2 core-level satellites which had been observed
earlier only due to a resonance enhancement of the 4p
threshold emission. As for Ni satellites, they seem to be a
"shake up" on nature. Satellites together with Auger
spectroscopy present information about both many-body
interactions and valence-band structure.

Using the described spectroscopic methods mentioned
above we have studied the electronic structure change at
the martensitic transformation B2 B19(B19) in b-inary
and quasibinary Ti(Ni, M)-based compounds and have
come to the conclusion that the electron contribution to
the total-energy change may be the most important one.

Based on the original research we attempt to under-
stand the earlier x-ray emission spectroscopy data which
have not been satisfactorily explained and to analyze the
different electronic structure calculations. Our main pur-
pose is to acquire information concerning the interatomic
bond and the stability of the 82 structure of TiM com-
pounds.

II. EXPERIMENTAL

Binary and ternary alloys were produced by fusing
iodine titanium and electrolytic nickel, carbonic iron, and
other metals with purity 99.999 in an electrolytic-arc fur-

nace in helium atmosphere. Homogenization was en-
sured by sixfold fusion. Loss of weight was not larger
than O. l%%uo. After spark erosion cutting, the surface of
the samples was mechanically polished and then etched
chemically. The composition of the alloys has been
checked by x-ray fluorescence with accuracy 0.2%. Crys-
tal structure attestation was made using x-ray diffraction.
For all alloys the temperature dependence of the electri-
cal resistivity has been investigated and the temperatures
of phase transformations have been determined.

The nearly equiatomic TiNi alloy of composition
Ti5o 2Ni49 8 experiences direct martensitic transformation
in the interval 353—318 K (the first temperature M, and
the second Mf mean the start and the finish of the phase
transformation) by cooling and the reverse transforma-
tion by heating in the range 373—393 K (A, and Af, re-
spectively). The phase transformation interval for the
TiPd, TiAu, and Ti(Ni, Pt) alloys investigated is higher
than 830 K. The phase-transformation temperatures for
the intermediate quasibinary compounds studied increase
passing from TiNi to TiM.

The x-ray photoelectron spectra were recorded by
means of a Hewlett-Packard 5950 A spectrometer with
escape angle of 72'. Instead of ion-argon etching, which
is used for samples cleaning in the original spectrometer,
the samples have been cleaned with the help of a boron
nitride scraper in the preparation chamber in vacuum
10 Torr.

The built-in vidicon was substituted with another one
in which a Si target is used instead of a photocathode. As
a result of this reconstruction, the recording time for the
valence band was lowered from several hours to 20—40
min, but the spectrometer resolution decreased from 0.6
to 0.85 eV. The spectrometer distortion function,
remained Gaussian in shape. The interstitial admixture
level has been estimated using oxygen and carbon lines.
The accuracy of the data was ensured by repeated record-
ing of the spectra on the freshly prepared surface.

The XPS for TiFe and TiNi were recorded at room
temperature. TiNi and the ternary alloys having phase
transformations near 373 K have been investigated in
high- and low-temperature states. As for TiPd, it should
be pointed out that we failed to obtain the high-
temperature (T ) 850 K) XPS. During the exposure
time (-30 min) which is required for the valence-band
and core-level registration on the samples surface, car-
bide layers are formed which cause surface contamina-
tion and a distortion of the original spectra. Because of
this situation we have recorded the low-temperature
spectra for TiPd, TiAu, Ti(Ni, Pt) and other ternary
noble-metal alloys and discuss them together with the
high-temperature results for other compounds. Such con-
sideration is quite correct because change of XPS of the
valence band due to alloying is ten times stronger than
that achieved by passing from one structural type to
another. ""

The UPS experiment was carried out using a standard
"VG" spectrometer "CLAM-100." Data recording and
processing were performed by a standard "VGS-1000"
system. UPS spectra of the valence bands excited by He I
(21.21 eV) were recorded in pulse-counting mode with the
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resolution of AE/E =0.7%%uo and at steps of 0.05 eV. The
escape angle of the photoelectron with respect to the sur-
face was 70'.

The residual gas pressure in the vacuum chamber was
not more than 1 X 10 Torr. Sample surfaces were
cleaned in vacuum during ion-argon etching. Auger
spectra of oxygen, carbon, and sulfur were recorded be-
fore and after exposition for control of surface contam-
ination.

III. RESULTS AND INTERPRETATION

A. XPS of the valence bands
of titanium compounds with 3dmetals
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Let us consider the titanium-based compounds with
late 3d metals. Figure 1 shows the x-ray photoelectron
spectra together with DOS curves. From the variety of
existing theoretical calculations the self-consistent ones
have been selected. ' ' ' As can be seen further, these
calculations are in better agreement with various experi-
mental data. Comparison of XPS with the N(E) curves
shows the closest accordance in position, shape, and
width is achieved in the case of TiFe. This agreement be-
comes even better after the subtraction of the inelastic-
scattering background from XPS. Upon removing the
background we can also estimate correctly the width at
the base of the valence band (Fig. 2). It turned out that

the width of the occupied portion of the valence band in-
creases from 4.4 to 5.5 eV from TiNi, TiCo, to TiFe, i.e.,
as the M d band occupancy decreases. In TiNi we also
observe the valence-band satellite at 8 eV.

A cardinal difference in intensity at the Fermi level EF
is evident for TiNi. This disagreement might be due to
the choice of an incorrect theoretical calculation. How-
ever, since in all known calculations the shape of total
DOS coincides with that shown in Fig. 1, this explana-
tion is probably not the best one. One may believe that
the observed discrepancy is connected to the fact that
XPS reflects the local DOS curve of one of the partners
instead of the total one. Actually, by excitation of XPS
with Al Ka& radiation we may neglect the probability of
excitation of s and p states in comparison to that of d
states. On the other hand, we know the photoelectron
cross section of the Ti d states to be one to two orders of
magnitude less than that of the late 3d transition met-
als. ' Therefore, to a first approximation, the XPS of the
studied compounds reproduce the shape of the local den-
sity of M states (Fig. 2). If it is so, the extraordinarily low
XPS intensity at the Fermi level in TiNi indicates that
the contribution of Ni d states to N (E~) is small. In this
case the main portion of the N (E~ ) consists of the Ti d
states. However, among well-known theoretical calcula-
tions there are those which actually predict that the Ti d
state contribution' ' is dominant, as well as those
suggesting the Ni d states dominate at the EI;. In view
of the above, one ought to recognize the latter calcula-
tions as incorrect. Thus, XPS of Ti compounds with late
3d metals may be used as a probe for the M d band inves-
tigation. This circumstance allows us to study the M d-
band modification upon passing from an elemental state
to a compound.

Let us demonstrate this on Ni (Fig. 3). The average
width at half maximum of the TiNi d band is 2.8 —3.0 eV.
This practically coincides with the XPS of pure Ni. Note
that XPS of all compounds presented here are 1.5 —2
times narrower than the L and M x-ray emission spec-
tra. ' This circumstance becomes understandable con-
sidering that also s and p states contribute to the L and M
bands, while XPS are determined predominantly by d
states in the case of transition metals.

The major differences between Ni and TiNi XPS are as
follows. (i) The increase of the energy of the main max-
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FIG. 1. Comparison of the observed XPS valence-band (VB)
spectra with the calculated total DOS (Refs. 14, 15, and 18)
broadened by 0.85-eV Gaussian function.
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FIG. 2. XPS VB spectrum from Ni together with the local
Ni d DOS (Ref. 15) broadened by 0.85-eV Gaussian function.
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FIG. 3. XPS VB spectra from pure metals and their com-
pounds. The Ni d band becomes Cu-like in TiNi. AEz is the
energy shift of the maximum of the M d band in compound with
respect to that in the elemental state.

B. The Ti compounds with 4d and 5d metals

Isoelectronic Pd or Pt and also the noble metal Au be-
ing substituted for Ni destabilize the B2 structure and in-
crease the M, temperature right up to the P-a allotropic
transition temperature in pure Ti. Let us consider the
valence-band evolution as the atomic number of the
isoelectronic elements in Ti compounds increases. Note
that the interpretation of XPS in terms of the dominant

imum of the valence band relative to the Fermi level and
accordingly the increase of the energy of the valence-
band centroid by 1.3—1.5 eV, and (ii) the resulting de-
crease of intensity at the Fermi level. Comparison of TiNi
XPS with that of Cu shows that the Ni d band becomes
more symmetric and Cu like in this compound. This in-
dicates, in our opinion, enhancement of Ni d electron lo-
calization in TiNi. The arrows in Fig. 1 show the loca-
tion of the main maxima of XPS for the pure metals Ni,
Co, Fe, and TiM compounds. The corresponding energy
difference of the main XPS maxima of M in metallic state
and in compound is denoted by AE&. The Fe band peak
position does not change passing from pure Fe to TiFe.
Nevertheless, the intensity of TiFe XPS at the Fermi lev-
el decreases strongly in the compound.

Thus, it follows from the presented results that the M d
band in Ti-based equiatomic compounds shifts to the bot-
tom of the valence band in comparison with an elemental
state. This is accompanied by the reduction of the M d
states contribution to X(E) in the vicinity of the Fermi
level. If the Ti d states really dominate N (Ez) then the
observed M d-band shift indicates weakening of the d-d
hybridization between partners in the EF vicinity.

It is interesting that the Cu d band in Ti(Ni, Cu) alloys
reveals a behavior similar to the d band of late transition
metals. In alloys it shifts by —1.0 eV relative to the ele-
mental state, Fig. 3. We will discuss this result in Sec.
III B.
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FIG. 4. XPS VB spectra from Ti»(Ni, Pd)&o compounds and
Pd.

contribution of the M d band not only remains correct
but becomes more justified as the photoelectron cross-
section difference between Ti d electrons and those in 4d
and Sd metals is greater than the cross-section difference
between Ti d electron and those in the late 3d metals. '

Figure 4 shows the XPS of the valence bands of ternary
Ti(Ni, Pd) alloys. The Pd substituting for Ni leads to the
formation of a new subband with a maximum at about 4
eV whose intensity increases with the Pd content. Obvi-
ously this subband is caused by Pd d states. When the Pd
content rises the 2-eV maximum decreases gradually and
nearly disappears in binary TiPd. This confirms our in-
terpretation of XPS of TiNi, according to which this
structure is caused by the Ni d states. The clearly pro-
nounced sub-band is located near EF. One may think
that this subtle structure reAects the Pd d states. Howev-
er, the XPS investigation of Pd-Zr alloys (Zr is isoelec-
tronic with Ti) over the whole composition range 4 indi-
cate that this subband disappears as Zr concentration de-
creases. Therefore, the corresponding subband in TiPd is
intrinsically connected with the Ti d states. There is one
important point to note. The Pd d-band position does not
change under composition variation in quasibinary com-
pounds. On the other hand, passing from the elemental
state to TiPd the Pd d-band maximum shifts by 2.5 eV to
the bottom of the valence band. Under these cir-
cumstances the d-band width in the occupied part and in-
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tensity at EF considerably decrease. So the pure Pd has
4d-band width about 5 eV, while that of TiPd is 3.7 eV at
the half maximum.

Investigation of Ti-based compounds with 5d metals
showed that their d bands behave like those of Pd. Figure
5 presents the XPS of Ti(Ni, Pt) alloys together with that
of pure Pt. After subtraction of the TiNi spectrum from
the spectrum of the ternary alloy, superimposed at the
Fermi level, one gets the Pt d band in the compound. It
can be seen that the Pt d subband located near the Fermi
level (B maximum) undergoes the largest change by alloy-
ing. The A maximum shift is only 1 eV and the shift of B
is 2.6 eV. The Pt d band narrows to 3 eV at half max-
imum and acquires a Cu-like character with a low density
of states at the Fermi level.

The narrowing, symmetrization and binding energy in-
crease of Pd and Pt d bands in compounds shows a ten-
dency toward atomization. Taking into account that the
similar neighbors in the CsC1 structure are the second
ones and that their number decreases from 12 in the cu-
bic face-centered lattice to 6 in the B2 structure, the d-
band width behavior observed is not unexpected. We
could suppose a similar behavior for d bands of 3d metals
in TiM compounds. However, in this last case the effect
is rather opposite. The Ni d-band width does not change
in TiNi but the Co and Fe d-band width in TiCo and
TiFe actually increase. The lattice contraction observed
passing from M to these compounds promotes the
broadening of the Co and Fe d band, since the valence d-
band width depends on the lattice parameter as 1/a .
However, it seems the lattice contraction is not enough to
cause the positive sign of the observed effect. In the
present case, the main factor competing with the decrease
in number of neighbors and leading to the d-band
broadening is the overlap of partner d bands, i.e., the co-
valent bond.
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Thus, the increase of lattice contraction in the com-
pounds TiNi, TiCo, and TiFe is a consequence of co-
valent bond strengthening and a reason for the M d-band
width increase. The charge transfer to the M atoms,
which has to increase passing from TiFe to TiNi, causes
the Coulomb potential to extend the d bands of the corn-
ponents. A larger energy shift and narrowing of 4d and
5d bands in TiM compounds may be a consequence of the
latter.

Let us now discuss the quasibinary Ti(Ni, Au) alloys.
Unlike Pd and Pt, which are isoelectronic to Ni, gold, as
is commonly assumed by metallurgists, is a noble metal
with a completely filled d band. However, its effect on
the martensitic-transformation temperature in Ti(Ni, Au),
in contrast to Cu, is similar to that of transition metals
such as Pd or Pt. Now we try to understand the nature
of those phenomena.

Figure 6 presents the XPS valence-band spectra of
Ti(Ni, Au) alloys. By substituting Au for Ni, as in the
case of Ti(Ni, Pd) alloys, the new band caused by the Au d
states appears at -6 eV. The intensity of the d band lo-
cated in the vicinity of EF drops with the reduction of Ni
content and in TiAu only a plateau remains at that place.
Note that the location of a new band's centroid does not
change with composition variation as is the case for
Ti(Ni, Pd) alloys. It is an unusual situation. For example,
in Pd-Zr alloys the Pd d-band maximum gradually
shifts to the bottom of the valence band with the addition
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FIG. 5. XPS VB spectra from Pt, Ti{Ni»Pt32), and TiNi (1).
Curve (2) presents the Pt d band in compound; it is the result of
substraction of the TiNi spectrum from the spectrum of the
compound.
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FIG. 6. XPS VB spectra from Ti,o(Ni, Au)5O compounds and
from Au.
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of Zr until the near equiatomic composition is reached
when similar Pd-Pd neighbors no longer exist. It seems
the Pd d-band shifts with the change of the Pd nearest
environment; consequently the d-band occupancy and in-
teratomic bond change. If the Pd atoms extend into the
second coordination sphere in Pd-Zr alloys the Pd d-band
displacements become negligibly small. In the quasi-
binary compounds studied, the Pd and Au atoms substi-
tuting for Ni atoms have always been surrounded by Ti
atoms. Thereby, the type of first neighbors of Ni, Pd, and
Au atoms do not change versus composition and as a
consequence the d-band energy of the second and the
third components remains constant.

Let us return to Fig. 6. It is evident that the Au d
band, centered near 6 eV, in fact, does not contribute to
the N (EF). Note that its -2 eV narrowing is caused
mainly by the B sub-band. The d-band symmetrization
and spin-orbit splitting decrease from 2.5 eV in pure Au
to 1.6 eV in compounds are primarily the consequence of
the B subband change. Apparently, the d-band narrow-
ing and symmetrization indicate the strengthening of
atomiclike character as a result of resettling of gold
atoms into the second coordination sphere.

We can suppose, however, another mechanism which
can also cause the strengthening of the atomiclike char-
acter of the Au d band. It is the increase of Au d band
occupancy. As mentioned above, according to generally
accepted assumption, gold has a completely filled d band.
However, the wide asymmetric 5d band with large spin-
orbit splitting contradicts this point of view. As it fol-
lows from the calculations of Mattheis and Deitz, in
elemental gold a subband exists in unfilled DOS region in
the vicinity of EF which has a d character as a result of
s-d hybridization. According to this calculation, the elec-
tronic configuration of Au in the elemental state is the
5d 6s 6p . This means that the d hole in metallic
state is about 0.4 This is true for Cu as well, where the d
hole is somewhat less (0.3).

Based upon information on chemical compounds with
known bond character we will try to gain some insight
into the situation of the d-band occupancy in TiM com-
pounds. The authors in Ref. 26 present the XPS and
Messbauer e8'ect for AuZn, AuMg, AuRb, and AuCs.
Passing from elemental state to these CsC1-type com-
pounds the interatomic bond changes from metallic to
ionic. For example, the AuCs is described as an ionic
compound of Au and Cs+. The isomer shift and core-
level shifts show that the charge transfer from the second

component to the Au atom increases from 0.2-0.3 to 1

electron per atom as the second component atomic num-
ber in compounds AuZn, AuRb, and AuCs. Thus, the
last two compounds are ionic in nature. As the ionic
contribution to the bond strengthens, the Au d band
changes as it does in Ti(Ni, M) alloys. In AuMg, for in-
stance, we observe an absolutely symmetric 5d band. The
1.5-eV spin-orbit splitting in AuCs is close to that in free
Au ion and in Ti(Ni, Au) alloys. This similarity indicates
that the Au d-band behavior in the latter case may also
be due to d-band occupancy increase. Since the energy
position and the width of the Au d band in AuZn coin-
cides with that in Ti(Ni, Au) compounds, one can suppose
an equal d charge increase of about 0.2—0.4 per Au atom.
Thus, from the presented analysis, Au should be con-
sidered as a metal with unfilled d band and, as a result, its
effect on the B2 B19(B-19' ) phase transformation in
Ti(Ni, Au) is similar to that of Pd and Pt. The same is
true for Cu.

C. Core level shifts

The core-level must provide the most direct informa-
tion about the change of the character of the bonding by
alloying. However, often it is very difficult to obtain this
information. The total core-level shift includes three
parts. The first is due to electronic configuration change.
The second is the result of chemical environment varia-
tion (chemical shift) and the third is caused by relaxation
energy change. As for the last contribution, this value is
about 1 eV as one passes from a pure metal to an alloy. It
can change in the range from 0.2 to 1.5 eV depending on
the composition. The exact interpretation of core-level
shifts requires elaborate computations. But sometimes
even this level of computation does not ensure success.
The authors in Ref. 27 using linear muffin-tin
orbital —atomic-sphere approximation methods, managed
to calculate core-level shifts in Ni-based alloys. But it
turned out that the accuracy of those calculations was
numerically identical to the value of shifts experimentally
observed (-0.5 eV). Even when a charge transfer takes
place there may be a balance between intratomic
Coulomb shift caused by change in occupancy of s, p, and
d states and interatomic Madelung contribution. Some-
times when the s, p, and d charges transfer in opposite
directions the final shift may vanish.

Table I shows the energy shifts of the Ti 2p3/2 and M
core levels relative to the metallic state. The binding en-

TABLE I. Core-level shifts in binary TiM and quasibinary Tisp(N1 M)sp compounds (eV).

Compound
core-level

shifts TiFe TiCo TiNi Ti(Niz, Co&, ) Ti(Ni35Cu») TiAu(4f7/2) TiPd(3d, ~2) Ti(Ni, sP32)

Ti 2p3/2 0.2 0.4 0.5
Ni

Me 2p3/2 0.15 0 0.5 0.4
Ti Ka' —0. 190+0.007 —0. 136+0.005 —0.062+0.003
shift (eV)

'Reference 32.

0.2
Co
0

Ni
0.4

CU
0

0.7

0.8

0.9

1.3
+0.04+0.005

0.6
Ni Pt( 4f7 y2 )

0.3 0.7
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ergy of the 2p~&21evel of Ti is (454.3+0. 1) eV and that of
Ni is (853+0.1) eV. This seems to be in reasonable
agreement with data obtained for TiNi in other investiga-
tjons 28& 29

Thus, the core-level energy of both partners when mea-
sured relative to the Fermi level increases in compounds.
It is noteworthy that the Co and Cu 2p3/2 levels do not
shift by alloying in titanium-based quasibinary com-
pounds Ti(Ni, M) as is the case in Zr-based alloys. Note
that the binding energy of the valence bands also in-
creases in TiM compounds. But the valence-band peak
displacements are twice as large as the core-level shifts.
The similar sign of core-level shifts of both partners may
be interpreted as a result of screening diminution caused
by the drawing of charge from both components into in-
terstitial sites. But taking into account that all shifts
have been measured with respect to Fermi level, we have
tried to recalculate them using electron work functions
for pure metals (4.33; 5.15; 5.12 eV for Ti, Ni, and Pd, re-
spectively ') with the assumption that the EF of com-
pounds is close to that of elemental Ti. As a result, the Ti
core-level shifts keep their positive sign and value. The
Ni 2p&&z shift becomes negative ( —0.3 eV) and the Pd
3d5&2 gets smaller, but remains positive (0.5 eV). This
new situation enables us to suppose a charge transfer
from Ti atoms to Ni in TiNi. However, based on these
data we may not suggest any charge transfer from Ti to
Pd atoms in TiPd.

In this context the Ti Ka& line shifts are of great in-
terest. These shifts, corresponding to energy difference
change between 1s and 2p levels with respect to pure Ti,
are also listed in Table I. In contrast to data presented by
Kallne, " their value is very small. As the metal atomic
number increases, the initially negative Ti Ko.

&
shift de-

creases gradually in absolute value becoming positive in
TiPd. As it follows from investigations of chemical com-
pounds, the negative Kn& shifts indicate the diminu-
tion of total electron density of Ti atoms by alloying.
Thus, the observed Ka& shift behavior shows that in
TiFe, TiCo, and TiNi, the Ti atoms lose their charge.
The latter process attenuates in this sequence of com-
pounds and at last in TiPd the Ti sites become enriched
with electrons. This is consistent with the core-level shift
data according to which Ni and Pd reveal the different
sign of core-level shifts. However, the negative Ti Ke&
shift cannot be explained as charge transfer from Ti to M
because, for example, the Fe Ku& shift is negative in TiFe
as well ( —0.079+0.008 eV). Rather, negative shifts
for both components mean the drawing off of electronic
charge into interstitial sites as covalent bonding requires.
Also the largest Ti Ka, shift in TiFe indicates the highest
covalency among the investigated compounds. These re-
sults are in good agreement with maximal overlap of
partner d bands in TiFe. Thus, the interpretation of
core-level shifts in the case of intermetallic compounds
where all kinds of bonds are present is not an easy task.

In the quasibinary Ti(Ni, M) compounds the core levels
of second and third components as well as the valence
band centroid position do not vary within the limits of
experimental error. However, the Ti 2p3/2 level energy
increases gradually with the concentration of the third

336.7
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FIG. 7. Core-level shifts in quasibinary Ti,o(Ni, pd), o com-
pounds with respect to an elemental state.

D. The valence-band and core-level satellites

The strong localization character of d electrons and
thereby the correlation effects cause ferromagnetism and
satellite lines in the late 3d metals. The correlation
effects are more pronounced in Ni, where the satellite in-
tensity reaches approximately 30% of that of the main
d-band peak. The d and d' configurations of Ni atoms
are degenerate in the ground state. Upon photoioniza-
tion of the valence band, the final state is the set of d
and d configurations. The d configuration corresponds
to the state with a delocalized hole. But in the case of the
d configuration, both d holes are localized on the same
atom. If the atomic Coulomb interaction between two d
holes is of the order of several eV, then the electronic
states corresponding to the configurations with the d
holes of a different localization character will be separat-
ed. The energy separation between the main line and the
satellite is Udd —the energy of Coulomb interaction of
two holes localized at the same atom. In the case of pure
Ni it is -5.7 eV.

component, as in Fig. 7. This very unusual partner core-
level behavior can be explained taking into account that
the 82 lattice is two cubic lattices one translated from
the other. The first is occupied by Ti atoms and the
second by M ones. In quasibinary compounds the Ti lat-
tice remains unchanged and the sites of the second one
are occupied by Ni and M atoms with equal probability.
In view of this, the Ni and atoms of the third component
have only Ti atoms as nearest neighbors and the environ-
ment of the Ti atoms changes from pure Ni to pure M by
composition variation. As a result, we observe the un-
changed core-level shift for Ni or M and the gradual vari-
ation of Ti 2p level shift versus composition. Such core-
level behavior in quasibinary compounds means that the
nearest neighbors have inhuence on the core-level shift.
Also the Ti 2p level energy change indicates reorganiza-
tion of the electronic density of Ti atoms due to the near-
by environment. There is one important point to note:
The Ti 2p3/2 energy increase upon passing from TiFe to
TiNi, and to TiPd is in agreement with the increase of
heat of formation of these compounds (20, 33, and 67
kJ/mol, respectively).
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The degeneration of d and d' configurations disap-
pears when 2p core-level photoionization occurs as well.
But in this case it is a result of the interaction of the 2p
hole with the valence-band hole. A bound state of two
holes appears when their interaction energy exceeds the
d-band width. At the given d-band occupancy the appear-
ance of satellites as well as their intensity depends on
U/W value. At U/W~ 1, there is a strong tendency to-
ward satellite formation. On the other hand at given Udd
and 8' values the satellite intensity change indicates a
corresponding change in d-band occupancy.

The Ni satellites are being considered as a result of a
shake-up process (i.e., the transition of photoelectrons
into an excited state). In this case the satellite intensity is
determined not only by the weight of the unoccupied part
of the 3d band but also by the position of the latter with
respect to Ez. The Ni 3d character, which is far above
EF, inAuences the satellite intensity less than an unfilled
Ni 3d band with high density of states located immediate-
ly above the Fermi level.

Pd and Pt being the isoelectronic analogues of Ni have
-0.36 d hole in the valence band. However, under usual
conditions they do not present satellites. As for Pd, its
4d-band satellite has been observed only as a result of the
resonance enhancement caused by photoexcitation of the
threshold of 4p emission. This kind of enhancement
takes place also in Ni when the excitation energies higher
than 67 eV, i.e., when 3p emission has been initiated.

Let us now turn to our experimental results. The
valence-band satellite of Ni is also observed in TiNi, Fig.
8. In the latter case its intensity decreases to 18% of the
main d-band peak in comparison with the satellite in Ni.
However, the energy separation between the satellite and
the main d-band peak practically does not change.

In quasibinary Ti(Ni, M) alloys, where M is Pd, Pt, or
Au the Ni 3d satellite cannot be observed because it over-
laps with the heavy-metal d bands. But in these alloys, as
in TiNi, we observe the Ni 2p3/2 satellite. Its intensity
decreases to 14%%uo of the main peak in Ti(Ni, M). By vari-
ation of the third component, its intensity fluctuates in
the 10—15% interval. The energy separation between
the 2p3/2 satellite and the main line is about 7—7.5 eV,
Fig. 9. In contrast to pure Ni the latter value does not
coincide with the energy separation ef the valence-band
satellite and the main line. We have no idea about the
nature of difference between the energy position of the
valence-band and core-level Ni satellites in TiNi. The
reduction in intensity of the valence-band satellite which
takes place at a constant U/W value indicates that these
data should be considered as an argument for the shake-
up nature of the Ni satellites. In this case the decrease of
the satellite intensity is caused mainly by reconstruction
of the valence band and degradation of the Ni d charac-
ter in the vicinity of E~ in TiNi. This follows directly
from the valence-band investigations.

It is remarkable that we managed to observe the Pd sa-
tellites in TiPd without any special conditions. The 4d
satellite is located 12 eV below EF. The energy separa-
tion between the satellite and the valence band is 9.0 eV,
Fig. 8. That is 1.7 times larger than for pure Pd. The en-
ergy separation between the 3p3/2 satellite and the main
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FIG. 8. VB satellites of Ni in TiNi and of Pd in TiPd.

line is the same as that of the valence-band satellite in
contrast to the case of Ni satellite. The intensity of the
12-eV satellite is about 12% of that of the peak 4d-band
intensity. The registration of the Pd 4d satellite without
resonance enhancement indicates a change of excitation
conditions by alloying. In fact, going from pure Pd to
TiPd we observe a 1.5X narrowing of the occupied part
of valence band and a 1.7X increase of Udd. As a result
we observe a sharp increase of the U/8' value which
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FIG. 9. Core-level satellites of Ni and Pd in TiNi and TiPd,
respectively.

ately above the Fermi level should not manifest itself in
UPS. Another question we comment on below about the
surface sensitivity of UPS.

Figure 10 shows the UPS excited by HeI radiation. In
TiFe and TiCo samples whose surfaces were subjected
only to ionic etching without a preliminary chemical
etching, the 2p band of oxygen is pronounced in spectra
as its photoelectron cross section is comparable to that of
3d electrons.

Note that the UPS of TiFe is a single band with a max-
imum at about 1 eV. In the other cases UPS has a two
band shape. The band that is located close to the Fermi
level practically does not change its energy position by
variation of the M type and the other one moves to the
bottom of the valence band as the M atomic number in-
creases. As the conditions of excitation of both partners
are the same in titanium based compounds with late 3d
metals, one may believe the UPS rejects the total density
of states. Then the band which changes its energy posi-
tion as the M atomic number increases primarily rejects
the M d band. The low energy peak near EF should cor-
respond to the Ti d band which we failed to observe in
XPS.

We could think that the surface contribution can affect
the UPS shape because of the less electron escape depth
in comparison with XPS (-5.4 and 18 A, respectively).
The surface specific nature of the surface emission is indi-
cated by its extreme sensitivity to gas contaminations rel-
ative to other spectral features which are known to be a
bulk origin. Contamination as it follows from all known

controls the character of d electron localization and satel-
lite behavior. It is not out of place to note that the
enhancement of hole interaction is itself a sign of Pd d-
band localization strengthening which is in agreement
with the valence-band research results presented above.

I I I

E. Ultraviolet photoelectron
and x-ray emission spectroscopy

In the previous section the x-ray photoelectron spectra
study of binary and quasibinary Ti-based compounds was
discussed. The Ti d band does not develop in XPS be-
cause of the large difference in the d photoelectron cross
section between Ti and late transition metals. More
favorable for the study of the Ti d band is ultraviolet
spectroscopy. However, as in the previous case where
the photoelectron spectra are excited by low-energy pho-
tons, the UPS, in general, does not represent an imprint
of the density-of-state curve. In addition to the photo-
electron cross-section difference, the UPS shape is
influenced by the structure of the unoccupied part of
DOS. But the latter contribution is important only when
the excitation energy is lower than 20 eV. In our case
(He ?=21.21 eV), while the binding energy of excited
valence electrons does not exceed 4—6 eV, the photoelec-
tron will have energy of about 15 eV, which significantly
exceeds the bandwidth in the unoccupied part of the
valence band. Thereby the structure of the X(E) immedi-
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FIG. 10. UPS from TiFe, TiCo, TiNi, and TiPd. 2p band of
oxygen is pronounced in spectra when sample surfaces were
subjected only to ionic etching without a preliminary chemical
one.
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investigations, smoothes or even destroy the surface DOS
picture of metals because of saturating the "dangling
bonds. " Analyzing Fig. 10 we can see that samples of
TiPd and TiNi having clean surfaces have the same spec-
trum structure as TiCo with contaminated surface, ex-
cept for 0 2p band. This means that the observed UPS
structure rejects only the bulk DOS which is not affected
by contamination.

It is necessary to note that the energy shift (EEd ) of
the M d band, passing from an elemental state to the
compound, practically coincides with the energy
difference in the location of the M and Ti d subbands in
TiM compounds.

Let us compare the UPS and XPS with DOS curves
for quasibinary Ti(Ni, M) compounds (Fig. 11). At the
right side of the Fig. 11 the density of states are present-
ed. At the left the same curves broadened by a 0.85-eV
Gaussian spectrometer function together with experimen-
tal spectra are shown. It can be seen that at binding ener-
gies less than 3 eV the N(E) shape is better reproduced

by UPS. In contrast, at Ez &3 eV we see better agree-
ment between XPS and the DOS curve. We know that
the difference between UPS and XPS shape is caused erst
of all by the difFerence of d photoelectron cross section of
the two partners. But what is the reason of the difFerence
in shape of the Pd d band in UPS and XPS? The unpro-
nounced low-energy part of the Pd d band (4d3&2 states)
becomes an independent peak at 4 eV in XPS. As follows
from Ref. 38 the increase of excitation energy from 21.2
eV (He I) to 40.8 eV (He II) leads to significant intensity
increase in the low-energy part of the Pd ultraviolet spec-
trum because of enhancement of the 4d3/2 photoelectron
cross section. Thus, the difFerence in the Pd d-band
shape in UPS and XPS is also the result of difFerence in
cross section, in this case, between the Pd 4d spin-doublet
components.

The method used by the authors in Ref. 37 does not
provide the opportunity to calculate the local density of
states in quasibinary compounds. However, based on the
analysis of the phase shifts, one can conclude that the
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FIG. 12. Comparison of dependencies of Ti Ka& width (8')
with the local Ti d contribution to N(EF) vs average electron
number per atom (e/a). Results of theoretical calculations
have been taken from Refs. 14, 42, and 43 ( ) for TiFe; from
Refs. 18, 42 (6), and 44 (L) for TiCo; from Refs. 15 (V), 20 (A),
and 23 (A) for TiNi.

high-energy band of N(E) in the occupied part in the vi-
cinity of EF is caused by Ti d states, which is in agree-
ment with experimental data and the recent theoretical
calculations of electronic structure. The analysis of the
theoretically calculated band structure shows that the en-
ergy gap between Ti and M d bands increases passing
from TiNi to TiPd. This may be considered as a result of
enhancement of the ionic contribution to the interatomic
bond.

It follows from the results presented here, that in Ti-
based compounds with late transition metals, the band
caused primarily by the Ti d states is located in the vicin-
ity of the Fermi level. What about the actual density of
states of this subband? Because of the similarity in the d
photoelectron cross section of the two partners in TiNi,
UPS correctly reproduces the N(E) shape. Taking into
account that the Pd d-electron cross section is several
times larger than that of Ti we can suppose that N(E)
value in the EI; vicinity in TiPd is comparable to the
DOS of the Pd d subband located deep in the valence
band. This result is in agreement with some theoretical
calculations, but in contradiction to others.

There exists a rather uncornrnon method for the quali-
tative estimation of Ti d-state contribution to N(EF ) us-

ing the Ka, (2p-ls) emission line. ' The width of the line
depends on variations of the 2p3/2 level multiplet struc-
ture. This multiplet structure appears in the final state as
a result of Zp electron interaction with uncoupled 3d elec-
trons which have fallen from the conduction band and
are responsible for the 2p hole screening. The localized
3d spin density (the Friedel level), caused only by the 2p
hole potential, polarizes, in turn, the conduction elec-
trons like a magnetic field and inAuences the Ka& width.
As a consequence the temperature dependence of the Ti
Ka&) linewidth is similar to that of paramagnetic suscep-
tibility in martensitic-transformation region in TiNi.

The investigation of TiM compounds has shown that

the Ti Ka& linewidth gradually increases with the M
atomic number (Fig. 12). By complete substitution of Pd
for Ni the latter value reaches 1.73 eV. As the Ka& width
is a measure of uncoupled spin density in the conduction
band, its variation is a measure of the Ti d states at the
Fermi level. In other words, we actually observe an in-
crease of Ti contribution to the DOS at EF as the M
atomic number increases.

Figure 12 also shows the results of theoretical calcula-
tions for the Ti d density of states at the Fermi level,
Nd(EF)T;. As for TiFe, all know theoretical calculations
coincide with each other, ' ' ' therefore we can tie the
width of the Ka, line and the Nd(E)T; curve at the elec-
tronic concentration of TiFe. Any deviation of the
theoretical Nd(E~)r; calculations from the Ti Ka, width
indicates the inadequacy of the former. Evidently, the
greatest scattering of theoretical data is observed in the
case of TiNi. The calculations by Papaconstanto-
poulos, ' predicting the dominant of the Ti d contribu-
tion to the N(E~) is the closest to the experimental data
in contrast to that of Bolezkaya.

F. Electronic structure and martensitic transformation

The preceding sections were devoted to the study of
the valence-band structure in equiatomic Ti compounds.
It was established that in the sequence of isomorphic
compounds the structure of the valence-band changes
regularly with atomic number. In the next section it will
be shown that this determines the interatomic bond and
stability. If the valence-band structure is so important
for phase stability, we may suppose it will change
significantly at phase transformations. Having at our
disposal methods which allow us to perform temperature
investigations, we have studied the electronic structure in
different phase states.

A previous investigation of TiNi' ' showed that rnar-
tensitic transformation is accompanied by a small intensi-
ty redistribution and shift of subbands with respect to EF
by -0.2 eV. Since ionic etching was used in our earlier
work to clean samples, we repeated this experiment
again, using mechanical cleaning, a more foolproof
method. It turned out that the results for TiNi agree
with each other very closely. We also performed research
with different binary and ternary Ti compounds. Because
high-temperature research requires specific precautions,
most experiments have been conducted using alloys with
martensitic-transformation temperatures close to room
temperature.

Now we present some of these results. Figure 13
shows the XPS of the ternary Ti(Ni, Au) alloy in the B2
and B 19 structures. As can be seen, the main features of
the valence band remain unchanged upon martensitic
transformation. However, there occurs a redistribution
of intensity between Au spin-doublet components simul-
taneously with increase of the Ni band with respect to
that of Au. The difference curve shows the greatest
differences are observed in the middle of the main sub-
bands.

Evidently, new energy gaps appear in the low syrn-
metric orthorhombic 819' phase. These gaps weaken the
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FIG. 13. XPS VB from Ti5O(Ni4&Au9) in B2 (423 K) and B19
structure (290 K).

s-d hybridization and thereby cause strengthening of the
d character and increase of XPS intensity at correspond-
ing energy. In this case, as in all others, the 0.2 eV nar-
rowing of the XPS at the half maximum intensity, as well
as the shift of both main subbands from the Fermi level
are observed in the low-temperature phase. The observed
d-band narrowing is in agreement with the volume in-
crease in the B19martensite structure.

The energy of Ti and Ni 2p levels within the limits of
experimental accuracy (+0.1), does not change at mar-
tensitic transformation of TiNi. However, in ternary al-
loys another core-level behavior was discovered: The Ti
and Ni 2p3/2 level energy decreases by 0.1 —0.2 eV and
that of Pd 3d»2 and Au 4f7/2 increase by the same value
in the low-temperature phase.

In distinction from other alloys we have studied in
which a small decrease of XPS (-10%) at the Fermi lev-
el was detected, in the example presented here, the EF sit-
uation is practically unchanged upon the martensitic
transformation.

The considered results give us information about the
second and third components. UPS are of particular in-
terest for the study of the Ti electron-density distribution.
Figure 14 presents the UPS normalized to the intensity of
the main rnaxirnurn. The result of the phase transforma-
tion is a distinct enhancement of the Ti subband in the
EF neighborhood. The latter effect, more or less pro-
nounced, is reproducible in all experiments. The Pd max-
imum shifts toward the EF by 0.2 eV in the B19 struc-
ture. These data indicate the Ti d states experience the
largest change at the rnartensitic transformation. Based
on this we have studied the Ti CC' V Auger spectrum in
both phases. Auger spectra will be considered in detail in
another paper. ' Here we are only concerned with the
phase-transformation effect. As the CC'V transition in-
volves only one electron from the valence band (Auger
electron), its shape must reflect the structure of the local

405 Eg (eV) 430

FIG. 15. L3M~3M45 Auger spectrum from Ti in TiPd in
di6'erent structural states.

d density of states at the Ti sites.
It can be seen that the Ti 1.3M2 3M4 5 spectrum has

the structure of two bands separated by —3 eV (Fig. 15),
which is close to the energy difference between the two
bands in UPS. The larger intensity of the high-energy
rnaximurn which is closer to EF means that the intensity
of N (E) at Ez strongly exceeds that of the middle of the
valence band. In order to make a comparison, both spec-
tra should be normalized to the intensity of the main
maximum. However, it is obvious that as a result of the
phase transformation, the intensity of the main maxima
increases with respect to the low energetic maximum,
which is in agreement with the UPS data.

It is necessary to note that the electronic spectra do
not resolve the change of situation at the Fermi level at
the martensitic transformation yet. However, according
to optical and magnetic susceptibility data ' the rnar-
tensitic transformation B2-B19 in TiNi is accompanied
by significant decrease of d density of states at EF and as
a result a new pseudogap develops around Fermi level.

Let us now try to estimate the possibility of d-s transfer
at martensitic transformation. The negative sign of
volume change in the high-temperature B2 phase in TiNi
can be considered in terms of high pressure. In this case
the 0.6% decrease in the volume of the high-temperature
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B2 structure in comparison with B19 in TiNi may indi-
cate increase of the d electron number due to s-d transi-
tion. This transition arises from the fact that the spatial-
ly extended s and p states feel the effect of high-pressure
more strongly than do the localized d states. Thus, the
corresponding s and p energy bands, rise in energy faster
than do the d bands, transferring electrons from s and p
states to d-like states in the process. As the early transi-
tion metals are very sensitive to high pressure in contrast
to the late ones electron reconstruction will mainly
affect the Ti d electrons in TiNi. Since the martensitic
transformation B2-B 19 in TiNi is accompanied by
-0.2-eV shifts of core levels of components we may as-
sume the s-d charge transfer of only a few hundred elec-
trons per atom. Actually it can be the consequence of the
change of the character of sd hybridization.
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IV. INTERATOMIC BOND AND STABILITY
OF B2 STRUCTURE IN TI-BASED COMPOUNDS

Based on the results of the presented research, we now
try to draw a general picture of the electronic structure
and the interatomic bond evolution in TiM compounds
and link them with the B2 phase stability. We will start
from TiFe, which is stable in CsC1 structure until 0 K.
The Ti d band does not display itself separately from the
M d band in UPS in this case. This means that in TiFe
where the d orbitals of both components are partially oc-
cupied, the hybrid d-d bond is formed. As the d band oc-
cupancy in pure Ti and Fe is such that practically only
the bonding portion of the valence band is occupied, the
cohesive force is strongest in TiFe among the compounds
investigated, and the B2 structure is preserved down to
helium temperatures. In this case the negative sign of
Ka& shifts for both partners indicates extraction of the
charge into the interstitial sites.

Experimental data show that increase of the M atomic
number along a period and through a column leads to
separation of the maxima, as well as of the centroids, of
partner d bands in the filled part of the valence band. Ob-
viously, this causes the decrease of the d-d overlap and
accordingly the covalent bond weakening. This process
is accompanied by strengthening of the ionic contribu-
tion. As the direction of the charge transfer is concerned,
it is not possible to get such information from the core-
level shifts because the final value of core-level shift is
caused by the charge which is drawn off from the atom
sites into the interstitial ones and by the charge, which
really transfers from one component to another.

Based on the concept of d-d hybridization, the
40—60 % La

& 2 (transition 3d-2p) integrated intensity
enhancement of both components by alloying, which
cannot be connected with the corresponding occupancy
increase of the local d bands, ought to be considered as a
result of "effective" d occupancy increase caused by the
energy overlap of partner d bands. In other words it is
due to covalency. The larger Lu& z intensity increase ob-
served in TiFe compared to TiCo and TiNi indicates
larger d-d overlap.

To finish the discussion of the interatomic bond in this
section let us turn to Fig. 16, which can help us under-
stand another contribution to the covalent bond in TiM.

6.0 6.5 7.0 ( e/a )
TiFe TiCO TiNi

FIG. 16. Change of integrated intensities of La, z and KP2,
emission bands passing from an elemental state to TiM corn-
pounds for Ti and M.

This figure presents the change of integrated intensity of
La, z and KPz ~ emission bands upon passing from an
elemental state to a compound. The La& z spectrum
only reflects the 3d density. The KPz ~ spectrum, howev-
er, includes both the dipole transition 3d-1s and the qua-
druple 4p-1s. Note the correlation in behavior of the first
and third and the second and fourth curves, respectively,
shown in Fig. 16. One can surmise the observed correla-
tion indicates a change in the interaction of 3d4p Ti elec-
tronic states with 3d M (first and third curves) and 3d4p
M states with 3d Ti (second and fourth curves). Then the
reduction of the integrated intensity of the Ti KP2 ~ and
M Ln& 2 spectra in the presented compounds rejects a
weakening of 4p3d Ti-3d M covalent bond which is ac-
companied by the destabilization of B2 structure.

Thus, we have followed the evolution of the valence-
band structure in TiM compounds. We came to the con-
clusion that as the atomic number of M increases (both
within the same period and along the same column), its d
states become more localized, the maximum and the
center of gravity of the d bands shift towards the bottom
of the valence band and the M contribution to the density
of states at the Fermi level degrades. The larger the M d
subband shift towards the bottom of the valence band
(b,Ed ) is, the more the d resonances of the two partners
are energetically separated. The partner d resonance
separation practically coincides with AEd because the
main maximum of the Ti d band remains in the EF vicini-
ty (where the d-band maximum of M in the elemental
state was located) upon passing from the elemental state
to the compound in contrast to the main maximum of the
M d band. The decrease in overlap of the partner sub-
bands results in weakening of the covalent bond between
the components of the alloy and, thus, destabilization of
the B2 phase.

While the contribution of M d electrons to the DOS at
EF decreases, the Ti d portion increases to such an extent
that in TiPd and TiAu the M contribution to 1V (Ez ) is al-
most negligible.
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The strong energy localization of the M d band, which
according to positron annihilation data is accompanied
by spatial localization, ' indicates a tendency of the d
bands, at least among the last transition metals, towards
atomization. This effect is pronounced in Auger spectra
of Ni and Pd. ' Thus, due to the localization of the Ni d
band, the directed d bond is formed only by the Ti d elec-
trons. Based on the present analysis we suggest that the
nearest neighbors along the [111]chains are bound by d
Ti-p Ni hybridization, while the bonding of second and
third neighbors is due to the d Ti-d Ti hybridization,
similar to that in PTi. The d-d bond between Ni atoms
should be extremely weak. This actually means that the
Ti-Ti and Ti-Ni interaction dominates the interatomic
bonding in TiNi. This point of view is in agreement with
calculations of force constants in TiNi. '

The established regularities in the interatomic bond are
strongly supported by Fig. 17, in which the 82-
B19(B19') martensitic-transition temperature M, for
binary TiM and quasibinary Ti(Ni, M) compounds versus
the cubic lattice parameter is presented. The M, 's of all
the 82 compounds can be fitted by a single parabolic
curve. TiFe, the compound with the most pronounced
covalency, has the smallest lattice parameter. M, in-
creases from 0 K to the temperature of the allotropic P-a
transition in Ti. This rejects the fact that the cubic
phase stability in pure Ti and Ti-based 82 compounds
may have the common nature. Upon varying the lattice
parameter, we can identify distinct areas where different
sets of martensitic transition take place. So for a )3.05
A we observe the simple 82-819 transition and for
a (3.05 A we observe the sequence of transformations
82-R-8 19'.

It is characteristic that the rhombohedral R phase (Tz
temperature) occurs in the ternary TiNi-based alloys only

upon lattice compression with respect to cubic TiNi
phase. In fact, this is the same situation as with the co

phase in Ti-based bcc alloys when the co phase is initiated
either by hydrostatic pressure applied to pure Ti or by
lattice parameter decrease due to alloying with V, Cr,
Mn, or Fe. This means that the effect of impurities on
lattice parameter and phase stability is similar to the
effect of pressure in these cases.

To finish this discussion we will return to the com-
pounds with noble metals. As can be seen in Fig. 17, the
M, temperature for TiAu falls on the same line which is
characteristic for transition-metal compounds. This sup-
ports our consideration of Au as a metal with partially
unfilled d band. In contrast to TiAu, the compounds
TiCu and TiAg do not exist in the CsC1 structure. The
differences among noble metals causing this situation can
be understood as a result of different number of delocal-
ized d electrons which are responsible for the directed co-
valent bond. Increase of this number passing from Ag to
Cu and Au (Ref. 48) creates more favorable conditions
for the dd covalent bond formation and for the 82 phase
stability.

Thus, we have shown that the main factor affecting the
stability of both TiNi and other 82 Ti-based compounds
is the occupancy of the d bands and the resulting d-d hy-
bridization which governs the interatomic interaction.
Analysis of the evolution of d bands of the components
upon alloying enables one to form a sequence of com-
pounds:

TiFe-TiCo-TiNi-TiPd- TiPt-TiAu- TiCu- TiAg,

along which the stability of the 82 phase decreases,
correlated with the localization of the M d band and with
the weakening of the d-d and d-p directed bonds between
different kinds of atoms.

Based on these empirical correlations, discussed in this
paper we suggest the following phenomenological formu-
la for the temperature of the martensitic transformation
in TiM compounds:

M, =M, (Ti)(ar;~/ar; )'~ (bEd /8'M )

X [Nd(E~)r; H~/Ed(EF)r; bcc],

where M, (Ti) is the temperature of the allotropic P-a
transformation in Ti, a is the lattice parameter in the cu-
bic structure (either B2 or bcc), AEd is the shift of the
maximum of the M d band in the compound with respect
to that in the elemental state, 8'M is the M d band width
in the TiM compound, and Nz(EF) is the Ti d DOS at E~
in the 82 and bcc structure. The M, temperatures cal-
culated using this formula (the open circles) agree well
with the experimental data. The parameters in the for-
mula are the fundamental parameters of the alloy
theories and control interatomic bonding. To be more
correct, we should write the above formula for the tem-
perature of equilibrium of two phases To = ( 3, +M, ) /2
instead of M, . However, because the temperature hys-
teresis in equiatomic TiM compounds is small, not
exceeding 40, one can use M, .

The above equation enables one to perform a "smart"
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analysis of the effect of alloying on M, . The main parame-
ter that affects M, in equiatomic TiM compounds is the
factor b,Ed/WM, which controls the d d-hybridization.
Upon dilute alloying in Ti(Ni, M) alloys, when an impuri-
ty forms local resonance, the d DOS widens due to alloy-
ing disorder and M, is controlled mainly by the lattice
parameter and X~ (EF)Ti

In quasibinary compounds, the bonding is stronger due
to enhancement of hybridization, either d d(if-the alloy-
ing metal's atomic number is less than that of Ni) or sp-d
(upon substitution of sp or noble metals for Ni). In both
cases the quantum mixing of the orbitals leads to suppres-
sion of the tendency towards shear transformations. The
faster decrease of the M, temperature which is observed
by substituting Cr for Ti (Ref. 46) is understandable, now,
as a reaction to the larger increase in d-d covalency, since
Cr has the greatest possible number of delocalized d or-
bitals suited for this bond.

The effect of interstitial impurities on M, may also be
explained by the above consideration making use of
quantum-chemical calculations of electronic structure of
interstitial impurities in transition metals. The p ele-
ments (C,O), as substitutional impurities, have to stabilize
the B2 phase by forming p-d bonds. Hydrogen, an s ele-
ment, forms mostly s-p hybrids and, thus, its electron
does not mix with d orbitals. A strong d resonance at EF
in titanium hydrides may also be expected in TiNi-based
hydrides, since the Fermi level of the latter is dominated
by the Ti d states. As a result, the rise of M, and desta-
bilization of the B2 structure will be observed.

V. CONCLUSION

The main data concerning valence-band evolution in
TiM compounds are presented in this paper. Auger
spectroscopy' and positron annihilation data' provide
further information about specific details in electronic
structure. However, global regularities are already clear.
Such a detailed consideration of original materials is
presented in our hope that they may be of particular in-
terest themselves and can be used not only as criteria for
the validity of theoretical calculations but also as a basis
for the development of an exact theory of phase stability
in transition-metal compounds.

Based on the picture of the valence-band evolution, a
model of interatomic bond and a phenomenological
description of B2 phase stability of Ti-based compounds
have been presented. This model does not pretend to be
perfect. It is only an attempt to explain the B2 phase sta-

bility in shape memory alloys in the absence of developed
theoretical approaches. It is remarkable that it works
and clarifies many things which earlier were not under-
standable. For example, the reasons for B2 phase stabili-
ty variation with M atomic number, the distinction be-
tween noble and transition metals that determine the
homogeneity region of B2 compounds, and the most im-
portantly, the inhuence of alloying on the temperature of
the martensitic transformation.

Due to localization of the Ni d band, the Ti d electrons
give decisive contribution to the interatomic bond and
the domination of these electrons at the Fermi level re-
sults in additional renormalization of the elastic moduli,
the phonon frequencies, and the electron-phonon in-
teraction. This explains why the stability of the B2
titanium-based compounds, controlled by the C' modulus
and the transverse-acoustic (110) Brillouin-zone bound-
ary phonons, is governed mostly by the Ti d states. '

As expected, the same fundamental parameters control
the phase stability in both pure transition metals ' and
in their compounds. They are the d-band occupancy of
the two components which determines the energy reso-
nance differences and the d-band width, thereby the bond
character and the Fermi level density of states. The role
of the Ti d peak in the Fermi-level vicinity is dual. On
one hand, it provides the tendency toward displacive
transformations, and on the other, it stabilizes the B2
structure due to the electron entropy contribution to the
total energy with temperature increase.

The reconstruction of the DOS curve and decrease of
N(E~) in the low-temperature phase in all cases investi-
gated indicates that the guiding force of martensitic
transformation may be the gain in one-electron energy.
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