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An investigation was made of the optical constants n and k of the equiatomic alloy TiNi in the photon 
energy range 0.074.9 eV; the measurements were carried out in the B2 and B19' phases. Both phases 
were characterized by two groups of strong absorption bands in the visible and infrared parts of the 
spectrum. The martensitic transformation between these structures altered significantly only the infrared 
part of the spectrum, indicating a modification of the electron energy spectrum in the region of the 
Fermi level E,. This modification was attributed to the formation, in the B19' phase, of gaps resulting 
from the splitting of degenerate d states. A possible origin of the instability of the B2 phase of TiNi was 
considered. 

PACS numbers: 78.20.Dj, 71.25.Pi, 81.30.Kf 

The intermetallic compound TiNi, characterized by 
the CsC1-type ordering, undergoes several martensitic 
transformations of the first  and near-second 
This variety of martensitic transformations occurring 
near room temperature is evidence of extreme insta- 
bility of the CsCl structure in this system and suggests 
that the instability may be associated with the s ~ e c i a l  
features of the electron energy spectrum of TiNi near 
the Fermi level E,. A theoreitcal calculation of the 
energy band spectrum of TiNi with the CsCl structure, 
carried out by the method of augmented plane waves 
(APW); shows no singularities in the region of E,. 

Several experimental investigations of the electronic 
structure by x-ray spectroscopy have been reported.'-' 
Unfortunately, i t  is difficult to  draw definite conclu- 
sions about the electronic structure of TiNi from these 
investigations because the structural state of the sam- 
ples, which depend strongly on the composition and 
temperature, has not been monitored. This is why the 
existing data a re  frequency contradictory. For  ex- 
ample, according to  Ref. 9, the spectrum of nickel in 
TiNi has a sharp peak of the d states near E,, whereas 
there is no such structure according to Ref. 10. 

The relationship between the electronic structure of 
TiNi and the martensitic transformations is discussed 
only in Refs. 11 and 12, where an analysis of the trans- 
port phenomena suggests a considerable shift of E, 
(-1.1 eV) a s  a result of this transformation and a 
change in the nature of the binding forces from pre- 
dominantly covalent in the B2 phase to metallic in B19'. 
This analysis is made in the rigid-band model, postu- 
lating that the martensitic transformation does not al- 
ter  the density of states N ( E )  ( ~ e f .  11). The conclu- 
sions reached in Refs. 11 and 12 a re  interesting but 
there a re  as yet no experimental results which would 
confirm them o r  conflict with them. 

what is its role in the realization of these transforma- 
tions. This made i t  desirable to investigate the elec- 
tronic structure of TiNi as a function of the crystal 
structure, composition, and temperature. 

We investigated the optical properties of TiNi in two 
phases B2 and B19', in the spectral range 0.07-4.9 eV 
( A =  17-0.26~).  This was one of the first  attempts to 
detect the response of the optical characteristics to a 
martensitic transformation in an alloy. A similar in- 
vestigation had been carried out earlier on alloys of the 
Fe-Ni system.13 The present paper reports one of a 
ser ies  of experimental investigations of the electronic 
structure and i t s  relationship to the crystal-structure 
transformations occurring in the compound TiNi near 
room temperature. 

PREPARATION OF THE SAMPLES 

Equiatomic TiNi samples were produced by fusing 
electrolytic nickel and iodide titanium in an electric- 
a r c  furnace. The alloy composition was deduced from 
the weight of the ingot. Homogenization was ensured 
by sixfold fusion. Samples prepared for  optical (65 x 10 - - -  

'4 mm) and x-ray structure investigations were an- 
nealed in vacuum of at least Tor r  a t  800 "C for 1 h 
(the melting point was 1300°C) and then they were 
cooled together with the furnace; the purpose of this 
treatment was to  remove the cold-working effects. 
Samples prepared in this way contained a second phase, 
whose amount (determined by the Rosewall method) 
amounted to  3 -5% by volume. A specular optical su r  - 
face was obtained by grinding with powders with various 
grain sizes, ending with M-5, and following this with 
electropolishing in an aged chloroacetic electrolyte 
(20°/0 HC10, + 80°/0 acetic anhydride by volume). The 
current density was 1 ~ / c m ~ ,  the voltage was V =  70 
volts, and the temperature was T = 12-13 "C. This 

It follows that the currently available theoretical and electrolytic polishing removed a layer 5 0 - 3 0 ~  thick. 
experimental data on the electronic structure a re  Optical surface-quality control14 showed that this was 
clearly insufficient to establish how this structure sufficient to remove the cold-worked layer. The opti- 
changes a s  a result of martensitic transformations and cal measurements were carried out on freshly prepared 
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FIG. 1. X-ray diffractograms of equiatomic TMi alloy ob- 
tained using unfiltered iron radiation (the unindexed lines cor- 
respond to KB radiation): a) martensitic (3319' structure a t  T 
= 20°C; b) austenitic (I32 structure at T =  130°C. 

surfaces (during the first 2 -3 h after preparation). 
Before each series of measurements the samples were 
ground again with the M-7 and M-5 powders and elec- 
tropolished anew. 

The crystal structure and the characteristic transfor- 
mation temperatures were determined by the x-ray 
structure method: the temperature was varied in steps 
of 5 "C (this was reduced to 2 "C in the vicinity of the 
martensitic transformation) and the profiles of the (110) 
and (220) lines were recorded for the B2 phase. An 
analysis of changes in the half -widths of the reflections 
showed that the B2-B19' martensitic transformation 
occurred in our alloy without rhombohedral distortion 
of the original B2 structure, The transformation tem- 
peratures, deduced from the maximum intensities of 
the (110) and (220) reflections to within *2 "C, were 
M, = 80 "C and M, = 45 "C (beginning and end of the trans- 
formation during cooling); A, = 100 "C and A, = 120 "C 
(beginning and end of the transformation during heating). 
We determined the optical properties of TiNi in the 
martensitic state at T = 20 "C (B19') and in the austeni- 
tic state at T= 130°C ( ~ 2 ) ~  The x-ray diffractograms 
corresponding to these structural states are  shown in 
Figs. l a  and lb. 

EXPERIMENTAL METHOD 

The optical constants n and k (refractive index and 
extinction coefficient) were determined by two modifi- 
cations of the Beattie polarimetric method. l5 In the 
visible and ultraviolet parts of the spectrum (1-5 eV) 
use was made of a scheme with one reflection from the 
sample, which was studied with an SF-16 spectrometer 
and a GS-5 goniometer. The scheme used in the infra- 
red range involved three reflections in which standard 
mirrors were substituted but only one sample was em- 
ployed. Temperatures above the room value were ob- 
tained by pressing a heater to the rear side of a sam- 
ple. In this case a thermocouple was attached to the 
specularly reflecting side of the sample. 

The transformation to the austenitic phase by heating 
produced a fine relief on the specularly reflecting sur- 
face of a sample: the mirror-like surface finish was 
retained but i ts  quality deteriorated. The spectrum ob- 
tained for such a surface at T= 130 "C was compared 
with that obtained for a specularly reflecting surface of 

a sample of the Ti-51 at.% Ni alloy kept at room tem- 
perature in the same structural state. In this alloy the 
martensitic transformation began at T= 0 "C during 
cooling. It was found that the surface relief simply re -  
duced the optical absorption throughout the investigated 
wavelength range by four or five units of o (o is the op- 
tical frequency conductivity, Fig. 2b) and also reduced 
the real part of the permittivity cx. The observed 
change in o in the f a r  infrared (a fall of o instead of a 
peak at 0.08 eV) was due to a difference in the composi- 
tion and was not analyzed any further. 

The rms  e r ror  in the measurements of n and k was 
2-3% in the visible range and 3-4% in the far infrared. 
The signal/noise ratio for the smallest of the measured 
components of the elliptically reflected polarized light 
ranged from 100:l to  30:l in the longest-wavelength part 
of the investigated range (10-17~). Between five and 
seven independent series of measurements were carried 
out in each wavelength interval and the results were 
averaged and tabulated (Table I). The values of n and k 
obtained in this way were used to calculate the real &, 
and imaginary c, parts of the complex permittivity, 
optical-frequency conductivity o, and other quantities 
derived from n and k. 

INTERBAND ABSORPTION 

We shall first consider the interband absorption re -  
sults. Figure 2a shows the spectra of the optical-fre- 
quency conductivity o= nkv (v i s  the frequency of light) 
for the austenitic and martensitic phases. It is clear 
from this figure both spectra have two strong absorption 
bands separated by a deep minimum. The energy posi- 
tion and the structure of the band in the visible part of 
the spectrum (1.2-4.9 eV) i s  not affected by the mar - 
tensitic transformation. It is also clear from Fig. 2a 
that the edge of this absorption band i s  considerably 
steeper in the case of the austenitic phase. At the band 
edge there is a zero of c,(o) and a maximum of the 

TABLE I. Optical constants of intermetallic TMi. 
- - 
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Martemitic, 20' C Austenitic, 

m 

2.80 
2.96 
3.16 - 
- 
3.83 
3.81 
4.05 
4.36 
4.69 
4.95 
5.29 
5.46 
5.74 
6.37 
6.78 
6.98 
7.00 
7.92 
7.94 
9.38 
10.07 
10.66 
11.22 
11  -51 
11.87 

. 12.09 
13.11 
15.06 
15.21 
15.45 
15.68 

130" C 

k 

5.13 
5.74 
6,48 - 
- 
7.24 
7.16 
7.37 
7.99 
8.67 
9.08 
9.21 
9.81 
10.43 
11.27 
11.68 
12,25 
12.67 
13.01 
13,62 
14.80 
15.68 
16.52 
17.59 
17.79 
18.43 
19,59 
19.75 
20.73 
20.85 
22.29 
22.46 

0.2652 
0.3022 
0.3122 
0.3340 
0.3650 
0,370 
0,380 
0,390 
0.400 
0.425 
0.450 
0.475 
0.195 
0.530 
0.525 
0.550 
0.575 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.00 
1.10 
1.20 
1.30 
1.40 
1.60 

1.79 
2.13 
2.23 
2.37 
2.54 
2.59 
2.65 
2.74 
2.72 
2.89 
2.95 
3.02 - 
3.05 
3.20 
3.21 
3.26 
3.25 
3.24 
3.25 
3.27 
3.29 
3.37 
3.43 
3.54 
3.61 
3.85 
4.11 
4.37 
4.68 
5.18 

1.04 
1.13 
1.14 
1.18 
1.43 
1.45 
1.52 
1.56 
1.68 
1.68 
1.92 
2.02 - 
2.15 
2.20 
2.42 
2.51 
2.62 
2.81 
2.89 
2.94 
2.98 
2.97 
3.01 
3.00 
3.11 
3.29 
3.46 
3.68 
3.81 
3.94 

- 
1.24 
1.27 
- 

1.60 
1.64 
1.69 
1.72 
1.84 
1.85 
2.07 
2.06 
2.05 
2.13 
2.35 
2.51 
2.66 
2.77 
2.83 
2.80 
2.76 
2.62 
2.57 
2.53 
2.52 
2.52 
2.56 
2.66 
2.71 
2.72 

1.6 
1.8 
2.0 
2.05 
2.1 
2.3 
2.4 
2.6 
2.8 
3.1 
3.3 
3.5 
3.8 
4.1 
4.6 

5.4 
5.7 
6.1 
6.5 
7.1 
8.0 
9.0 
10.0 
10.5 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 

,,17.0 

-- 
2.06 
2.15 

1.56-251 
2.57 
2.59 
2.61 
2,s 
2.66 
2.78 
2.84 
2.88 
2.96 
3.07 
3.02 
3.01 
2.94 
2.91 
2.83 
2.77 
2.76 
2.83 
2.92 
3.05 
3.21 
3.56 
3.95 
4.25 
4.67 
4,94 

4.26 
4.57 
4.97 
4.70 
4.47 
5.45 
6.17 
6.04 
6.21 
6.22 
6.19 
6.27 
6.24 
5.98 
6.16 

5.0.6.11 
6.37 
6.32 
6.56 
6.74 
7.64 
8.07 
8.55 
8.66 - 
9.10 
9.58 
9.97 
10.35 
11.02 
10.92 
11.65 

5.13 
5.37 
5.75 
6.00 
6.26 
6.12 
6.43 
6.48 
6.62 
6.94 
7.15 
7.29 
7.80 
8.07 
8.59 
8.76 
8.78 
9.04 
9.19 
9 - 5 3  
11.26 
12.10 
13.28 
14.35 - 
15.76 
16.68 
1745 
18.68 
19.94 
20.70 
21.14 
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FIG. 2. Spectrum of optical-frequency conductivity u(w) of 
TiNi: a) austenitic phase (0) a t  130°C and martensitic phase 
(0) a t  20 OC in alloy with 50 at. % Ni; b) infrared part  of the 
spectrum of austenitic phase (0) in alloy with 50 at. % Ni at  
130°C and of austenitic phase (0) in alloy with 51 at. % Ni a t  
20°C. 

characteristic losses experienced by electrons 4/(< 
+E:) (Fig. 3), not observed for the martensitic phase. 
However, since the value of is then quite high, an in- 
terband plasma resonance is hardly likely to occur. '' 
The maximum at 3 eV transforms into an inflection in 
the case of martensite and the high-energy part of the 
band i s  narrowed by 0.2 eV. 

The infrared part of the spectrum, where the second 
band i s  located, changes drastically as a result of the 
martensitic transformation. The conductivity u(w) of 
the austenitic phase rises continuously on reduction in 
the photon energy exhibiting interband absorption peaks 
right down to the lowest energies (0.085, 0.113, 0.17, 
0.24, 0.35 e ~ ) ,  as shown in Fig. 2. In the case of the 
martensitic phase the onset of the interband absorption 

FIG. 3. Characteristic loss fundim of electrons (a) and dis- 
persion of the real part of the permittivity (b) of austenitic (0) 
and martensitic (0) phases. 

is shifted toward higher photon energies and, instead of 
all the austenite peaks, there i s  only a trace of a tran- 
sition at 0.17 eV. However, the austenitic phase ex- 
hibits a new strong and complex band at 0.2-1.2 eV 
(6-1 p )  with maxima at energies of 0.52, 0.62, and 
0.80 eV. The rise of o(w) in the range tio <0.2 eV is 
clearly due to the Drude-Zener contribution of free 1 

carriers. 

DISCUSSION OF INTERBAND ABSORPTION RESULTS 

We shall consider the results obtained using the mod- 
e l  of direct and also predominantly indirect transitions. 
The band structure of the B2 phase of TiNi was calcu- 
lated by Papaconstantopoulos et a1 .: who used the APW 
method. Unfortunately, they did not calculate the op- 
tical properties. 

A large number of dipole-allowed direct transitions 
between parallel parts of the energy bands can be de- 
duced from the absorption spectrum for several direc- 
tions in the Brillouin zone, in addition to transitions 
between high-symmetry degenerate points in the zone. 
The energies of many of these transitions correspond 
to the spectral range -1 -4 eV, where a strong inter- 
band absorption band is located. These transitions oc- 
cur between the energy bands 6 and 7-8 in the direction 
A at energies of 1.21 and 1.62 eV, respectively, be- 
tween the energy bands 8-10 along Z (1.62 eV), between 
the bands 4-8 (2.83 eV) and 6-7 (2.16 eV) in the direc- 
tion C, and also between the bands 5 -9 (2.56 eV) along 
S. One should note also a number of transitions be- 
tween the high-symmetry points: X,-X,. (2.16 eV), 
X,-X,, (2.7 eV), and so  on. 

A comparison of these transitions with peaks in the 
experimental curve representing the optical-frequency 
conductivity of austenite (Fig. 2) accounts qualitatively 
for the position of the absorption band edge with the 
first maximum at 2.16 eV and a peak at 2.65 eV. In 
the energy band spectrum E(k) given in Ref. 4 there are  
no direct transitions which might be responsible for the 
infrared interband absorption at E w  < 0.35 eV. We 
cannot exclude the possibility that such low-energy 
transitions can occur in internal parts of the Brillouin 
zone which a re  not reproduced in Ref. 4. The inter - 
band absorption in the visible part of the spectrum is 
described qualitatively by the model of direct transi- 
tions. 

This analysis of the allowed direct transitions is 
based on the energy band spectrum of TiNi calculated 
for the 4s2 configuration and with the exchange factor 
5/6 (Ref. 4). The energy band spectrum of TiNi ob- 
tained in the same investigation with the Slater ex- 
change fails to account for the interband absorption in 
the visible and infrared parts of the spectrum. 

In considering the optical-frequency conductivity on 
the basis of predominantly indirect transitions, we 
shall use the density-of-states curve N(E) (Fig. 4b) ob- 
tained in Ref. 17 by calculating the energy band spec- 
trum.' According to Ref. 17, N ( E )  consists of two 
bands separated by a deep minimum at 1.2 eV below 
E,. The calculation given there of the partial densities 
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FIG. 4. a) Optical-frequency conductivity u ( w )  of the austenite 
phase of TiKi: the stepped curve represents calculations 
based on Eq. (1) and the points are experimental. b) Density- 
of-states curve N ( E )  of the B2 structure of TiNi taken from 
Ref. 17. 

of states shows that the structure of N(E) in the filled 
part and above E, is determined by the d states. The 
contribution of the s and p states is considerably l e ss  
and i t  is negligible near E,. 

Using the complete density-of-states curve N(E), we 
can calculate the interband optical-frequency conduc- 
tivity o,,(w) by applying the Berglund-Spicer formula 
and assuming that the elements of the transitions W ( E )  
are  constant: 

The results of an experimental investigation of iso- 
chromes7 sumort  the hypothesis that the peak C of N(E) 
is indeed located closer to E, than predicted by the cal- 
culations. Lowering of the energy of the d states 
(r,, X,.) has the effect that they coincide with the Fer -  
mi level, The shift of the peaks B and c corresponding 
to such lowering not only improves the agreement be- 
tween o,,(w) and oe,,(w) in the 1-5 eV range but also 
results in retention of the second absorption band in the 
lowest-energy part  of o,,(w) because the Fermi level 
then coincides with the density -of -states peak B. 

The position of E, in the region of a narrow N ( E )  
peak [its width is equal to the step used in the calcula- 
tions of N(E) in Ref. 171 suggests an approach in the 
analysis of a possible reason for the instability of the 
B2 structure of TiNi: this approach is similar to  that 
used in the case of compounds with the A15 crystal 
structure. In the majority of the models accounting for 
martensitic transformations in these compounds the 
necessary condition for the structural instability is a 
density-of-states peak near E ,  (Ref. 18). Such a posi- 
tion of E, in the case of TiNi ensures a likelihood of a 
structural transformation when temperature is lowered. 

We shall now discuss the optical -frequency conductiv - 
ity spectrum of TiNi in the B19' state, shown in Fig. 
2a. As mentioned earlier,  the greatest changes a s  a 
result of the martensitic transformation a re  observed 
in the infrared range, indicating that the B2 -B19' phase 
transformation a l ters  considerably the energy spectrum 
in the vicinity of E,. Although this transformation 
changes the lattice structure from cubic to orthorhom- 
bic, there is little change in the deep states or  in the 
states located above E, (peak C) and responsible for 
the absorption band located at -1-5 eV in the Cs-C1-type 
structure. The absence of significant changes in the 
position of the edge and maxima of the band in the visi- 
ble part  of the spectrum suggests that if E,  does indeed 

We can see  from Fig. 4a that the spectrum o,,(w) has shift a s  a r esu l t  of the martensitic transformation, the 

two absorption bands, like oe,,(w). The infrared band shift cannot exceed 0.2 eV. This is confirmed by our 

in o,,(w) is due to  electron transitions in the region of investigation of the martensitic transformation in the 

E, and carries information mainly on the d states be- alloy by photoelectron spectroscopy. 

cause, a s  mentioned above, these a re  the states that The disappearance of the long -wavelength infrared 
determine N(E,). absorption band of martensite and the appearance of a 

The structure of the o,,(w) band is well resolved in 
the visible range and i t  repeats the features of oe,(w). 
The maximum of A'  in o,,(w) is due to transitions be- 
tween the peaks A (vicinity of the points X, and r,,. ) and 
B (X, and r,) of N(E), and also due to transitions from 
the Fermi surface to the peak C (energy band 11 in Z 
and r directions). On the whole, the calculated opti- 
cal-frequency conductivity a,,(w) is in qualitatively - 
g ~ o d  agreement with oe,,(w). However, the spectrum 
of o,,(w) does not have a peak at 2.16 eV. This may be 
due to the fact that the peak in question is entirely due 
to the direct X,-X,. transitions o r  due to the fact that 
the a,,(w) spectrum is shifted by 0.5 eV relative to 
ue,,(w). The former is not very likely because the gen- 
era l  form of u,,(w) reproduces well all the features of 
o,,,(w). A complete agreement between the positions of 
the o,,(o) and ue,,(w) bands can be obtained if the B and 
C peaks of N(E) a re  shifted by 0.5 eV closer to E,. 

strong asymmetric absorption peak at 0.52-0.80 eV 
indicate that gaps form along certain directions over a 
large part  of the Brillouin zone in the region of E,. 
These gaps a re  most likely due to lifting of the degener- 
acy of the states at the Fermi level (I?,, X,.), s o  that 
some of the states drop below E, and some remain 
above the Fermi  level. In the martensitic phase the 
density-of -states curve acquires a minimum near E,. 

The results obtained indicate that the change in the 
electronic structure a s  a result of the B2-B19' marten- 
sitic transformation cannot be considered in the rigid- 
band model, a s  suggested by Mitchell e t  al. l1 However, 
the observed change in the nature of the electron ener- 
gy spectrum in the region of E, suggests that the band 
energy changes may be an important factor in the B2- 
B19' martensitic transformation. This is in agreement 
with the hypothesis of Mitchell et al. that this transfor- 
mation in TiNi is of electronic origin. 
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INTRABAND ABSORPTION 

We shall now consider the intraband absorption re-  
sults. An analysis of the dispersion of the real el= $ 
- d and imaginary e, = 2nk parts of the complex per - 
mittivity in the wavelength range 17-7p shows that the 
situation is simplest in the martensitic phase. 

In fact, the experimental dependence of (1 -&,)/A2 on 
A2 i s  a straight line whose intercept gives the plasma 
frequency of the conduction electrons 522 = 4.4 x los0 
sed2. The experimental dependence u= gives y 
= 0.37 x loL4 sec-l. 

The absence of frequency dispersion of (1 -&,)/A' 
shows that carriers in the martensitic phase a re  practical 
tically indistinguishable in respect of their relaxation 
frequency, forming a single hybridized conduction band. 
Consequently, in the case of the martensitic phase the 
dispersion of E, and e, can be described by simple 
Drude formulas. 

The Drude- Zener formulas are  completely inappli- 
cable for the description of the dispersion of El and &, 

of the austenitic phase of TiNi. The values of E, and e, 
for the austenitic phase behave typically like the major- 
ity of pure transition metals, exhibiting particularly a 
strong quadratic frequency dependence of the effective 
plasma q,, = (ei +&:)w2/q and relaxation Y = e,w/el 
frequencies. This dependence may be due to two fac- 
tors. One of them is the presence of several groups of 
carriers belonging to different sheets of the Fermi sur- 
face and characterized by very different relaxation fre- 
quencies; the other factor is a large contribution of the 
low-energy (and possibly zero-gap) intraband transi- 
tions. In the case under discussion, both factors are  
important. 
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The optical properties of a semiconductor in which an electron temperature superlattice has been 
produced are investigated. It is shown that under these conditions a crystal having a cubic lattice 
becomes, generally spealung, a biaxial crystal. The phase change on reflection of a normally incident 
wave is calculated for various experimental geometries. The shape of the superlattice is examined in an 
appendix. It is shown that within the limitations of the assumptions made in the calculations, the 
solutions represent "billows" such as are familiar in the B'enard hydrodynamical problem. 

PACS numbers: 64.70.Kb, 61.50.Ks, 78.20.Bh 

1. INTRODUCTION of electromagnetic radiation has been developed in Refs. 
1-6. According to Refs. 2 -6, this superlattice arises 

A theory of the electron-temperature superlattice in the presence of band bending at the irradiated surface 
produced in a monopolar semiconductor when the elec- of the specimen when the intensity I,,, of the radiation at 
tron gas i s  sufficiently heated by intraband absorption that surface exceeds a certain critical value I,,. Then 
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