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"Al NMR line shape, Knight shift, relaxation rates together with low-temperature specific heat and

magnetic susceptibiltiy were measured as a function of temperature and external magnetic-field in two
Ni-rich P-phase Ni-Al alloys (62%o Ni and 63% Ni) undergoing a martensitic phase transformation
(MPT) below room temperature. For the purpose of comparison, two further alloys not undergoing the
MPT were investigated (50% Ni and 55% Ni). Regarding the electronic properties of the alloys, we find

an increase in the density of states at the Fermi level and a decrease of s-character of the conduction
electron wave function as a function of the increase of Ni content from the 1:1 Ni-Al alloy. Further-
more, the inhomogeneous broadening of the "Al linewidth indicates that the additional Ni replacing Al

at the "wrong" site introduces quasilocalized magnetic states. Regarding the MPT we find a slight de-

crease of the Knight shift and of the Korringa product ( T& T) going from the austenite to the marten-

site. In the transformation-temperature region, the Al NMR line is broadened by the effect of superpo-
sition of two signals arising from the austenite and the transforming phase. The deconvolution of the
spectrum gives information about the nucleation and growth of the martensite, which appears to be con-
tinuous and involving a succession of intermediate states, in contrast with the abrupt nucleation of fully

transformed martensite observed in Cu-Zn-Al. No anomalous enhancement of the relaxation rate is ob-
served above M, or during the MPT. Although the NMR cannot rule out the presence of static precur-
sor effects a few degrees above the transformation temperature M„no evidence was found for the forma-
tion of martensitic regions well above M, where tweed patterns are observed by electron microscopy.

I. INTRODUCTION

The martensic phase transformations (MPT's) are
displacive phase transformations whose kinetics and mor-
phology are dominated by strain energy. ' Much atten-
tion has been devoted to MPT's in metallic alloys partic-
ularly for the shape memory effects associated with the
transformation, which lead to important industrial appli-
cations. Some of the most interesting systems consist of
quenched bcc alloys which undergo on cooling a ther-
moelastic MPT. From the thermodynamical point of
view it is known that the disordered P phase is stabilized
at high temperature by vibrational entropy. At low tem-
perature the P phase becomes mechanically unstable with
respect to a (110) shear, and it transforms martensically
into a more closed-packed structure. In fact, the bcc
metastable structure has an inherent lattice instability to-
wards a transverse-acoustic phonon mode propagating
along the [110]direction of the cubic lattice. The crys-
tal structure in the low-temperature phase (martensite)
can be described as a "freezing" of the "soft" phonon ac-
companied by a macroscopic strain. Although the pho-
non instability can indicate the path that the MPT will
take, it cannot, contrary to the case of quasi-second-order
structural transitions, explain alone the MPT and details

of the transformation as the nucleation mechanism, the
precursor effects, and the role of the conduction elec-
trons.

The Ni-Al alloy forms for the 1:1 stoiochiometry a P
phase whose crystal structure is ordered bcc (CsC1 type).
The P phase has a wide stability range at high tempera-
ture, which extends both on the Ni-rich and on the Al-
rich side of the composition, but narrow down towards
1:1 with cooling. The Ni-rich P phase, with excess Ni
randomly replacing Al, can be retained by rapidly
quenching from high temperature to prevent diffusional
decomposition. The metastable P phase so obtained will
then transform displacively to a more close-packed crys-
tal structure (martensite) at lower temperatures or by ap-
plication of a stress. ' The structure of the martensite is
a monoclinic periodic stacking of three or seven planes
(3M or 7M structure), depending on the concentration
and on the driving force (temperature or strain) of the
transformation. The temperature of the beginning of the
transformation, Mz, varies very rapidly with composition
in the range 60—66% Ni (Refs. 10 and ll), tracking the
step boundary between the stable P phase and the L lz
consisting of an off-stoichiometry A1Ni3 phase (see Fig.
1). A recent electronic band calculation in the Ni-Al al-
loy has shown the importance of electron-phonon in-
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presentation of the experimental results in Secs. III and
IV. In Sec. V the experimental results are discussed on
terms of the electronic structure of the Ni-Al alloys, and
particular attention is paid to the possibility of obtaining
useful information about the nucleation and growth pro-
cess of the martensite from the NMR results. The results
of the present analysis are compared with the results ob-
tained by high-resolution electron microscopy (HREM)
on Ni-Al alloys.

II. EXPERIMENTAL DETAILS
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FIG. 1. Assessed Ni-Al phase diagram from Ref. 7. The con-
centration dependence of the transformation temperature Mz is

also reported: circles from Ref. 10 and crosses from the NMR
measurements of the present work.

teraction and of the nesting of the Fermi surface in deter-
mining the symmetry of the "soft" phonon mode. '

Recently, neutron-scattering experiments' and
theoretical and Grst-principles calculations' ' ' have
been applied to try to clarify the microscopic mechanism
underlying the transformation. Nuclear magnetic reso-
nance (NMR) and nuclear quadrupole resonance (NQR)
techniques provide local microscopic information about
structural phase transitions which are complementary to
neutron-scattering results. An extensive Al and Cu
NMR study in a bcc CuZn-Al alloy displaying a MPT
has established the potential of the technique for the mi-
croscopic investigation of this class of transformation. '

In this paper we present a microscopic investigation by
27A1 NMR of the MPT in the P-phase Ni-Al alloys. In
order to asses the relevance of the electronic properties
on the occurrence of the MPT, we compare the results of
two alloys at 63% Ni and 62% Ni, respective1y, trans-
forrning martensitically to the 7M structure, with the re-
sults of two alloys with 50% Ni and 55%%uo Ni, respective-
ly, which do not undergo the MPT but rather fall into the
stability range of the P phase. Measurements of the Al

Knight shift, linewidth and shape, and spin-lattice relaxa-
tion rate (T, '

) will be presented and discussed on terms
of changes of the microscopic electronic properties. In
order to support the above analysis we have also per-
forrned low-temperature specific-heat measurements
aimed at determining the density of electronic states at
the Fermi level, and magnetic susceptibility measure-
ments vs temperature in the alloys undergoing the MPT.
In Sec. II the experimental methods and the procedure of
data reduction and analysis are described, followed by the

A. Sample preparation

The alloys investigated were prepared by arc melting in
argon atmosphere weighted amounts of high-purity Ni
and Al metals. The alloys were homogenized at 1200'C
for 3 days and then rapidly cooled at room temperature.
The ingots were crushed in a mortar to obtain small par-
ticles suitable for the NMR study which requires a
sufficient radio-frequency penetration. Particles of
different size were used: large particles with a typical di-
mension of the order of 1 mm and small particles with a
size of the order of 100 pm and less. Measurements were
performed both in crushed powders and in powders an-
nealed at 500'C for 6 h to release stresses. No detectable
differences were found in the measurements between an-
nealed and unannealed samples, with the possible excep-
tion of the samples of Gne powders.

The determination of the transition temperatures by
diff'erential scanning calorimetry (DSC) was difficult due
to the weakness of the signal, and only for the 63% Ni al-
loy in large particles could we estimate the beginning and
the end of the austenite to martensite transformation by
cooling M& ——290 K and MF ——260 K, and for the marten-
site to austenite transformation by heating Az-—270 K
and AF ——300 K, in agreement with the data reported by
Au and %ayman. ' The above transformation tempera-
tures in 63% Ni alloys are consistent with the NMR
linewidth and Knight shift data. For the 62% Ni alloy,
in which the DSC signal was too weak to allow the deter-
mination of M& and MF, the values quoted in literature
vary from Ms-—90 K (Ref. 10) to Ms-—180 K (Ref. 11)
and even Ms -—275 K (Ref. 11) depending on sample
preparation and thermal treatment. The NMR data in
our 62% Ni alloy are consistent with Mz in the neighbor-
hood of 150 K.

The 63% Ni and 62% Ni P-phase Ni-Al alloy samples,
which undergo the MPT, were cycled 20 times across the
transformation before performing the NMR measure-
ments in order to stabilize the transformation tempera-
tures.

B. Specific heat and magnetic susceptibility

The specific-heat measurements were performed with a
standard heat-pulse adiabatic calorimeter between 4 and
40 K and using calibrated germanium resistors as tern-

perature sensors. The sample was first cooled by thermal
contact with a liquid-helium bath and the measurements
were performed on heating. The resolution of the mea-
surernents is typically of the order of 0.01 K. The heat
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capacity of the addenda is of the order of 20—50% of the
total heat capacity, depending on the temperature inter-
val. The uncertainty in the specific-heat measurements is
estimated to be of the order of 2 —3 %.

The magnetic susceptibility measurements were carried
out by Paleari (University of Milan) on a Faraday mag-
netic balance in fields up to 11 kG on powdered samples
of about 300 mg. The sensitivity of the instrument, for
constant field measurements, is limited by the minimum
detectable force (about 10 N) resulting in a minimum
detectable susceptibility of about 10 cm /g. The accu-
racy of the data is estimated within about 10% of the
final value. All samples were measured from 100 K up to
room temperature by using a variable temperature cryo-
genic apparatus with a controlled temperature stabiliza-
tion of about 0.1 K.

density of electronic states at the Fermi level. ' In the

temperature range 5 —11 K, the data can be fitted by the
expression'

C = T+ 234R T2
s

D

where R is the perfect gas constant. The fit of the experi-
mental data for the two alloys undergoing the MPT is
shown in Fig. 2. The values obtained for the parameter y
and for the Debye temperature OD are summarized in
Table I for the four alloys investigated, together with
values from the literature pertaining to the pure metals.
The value of the density of states at the Fermi level can
be estimated from the specific heat, i.e.,
D (EF ) =3y lm k~ by neglecting electron-phonon
enhancement effects.

C. NMR measurements

The NMR measurements were performed mainly with
a modified Bruker SXP pulse spectrometer in quadrature
detection and an Oxford superconducting magnet operat-
ing at 7 T. The Knight shift measurements are referred
to the Al resonance frequency in an A1C13 aqueous solu-
tion. The temperature was stabilized to better than 0.2 K
using an Oxford flow cryostat, and monitored continu-
ously by means of a thermocouple imbedded in the sam-
ple. All measurements were performed at constant equi-
librium temperaure during the cooling of the sample in
order to avoid hysteresis effects. Special care was neces-
sary to avoid radio-frequency heating of the sample dur-
ing the measurements.

The Al absorption spectra, obtained by a Fourier
transform of the free induction decay (FID) contains a
broad background (-50 kHz wide) symmetrically super-
imposed on the main signal (-5—9 kHz wide). From
measurements as a function of the radio-frequency pulse
length and as a function of the external magnetic field we
could establish that the broad line is due to a distribution
of satellite transitions, arising from a fraction of the Al
nuclei experiencing a nonuniform distribution of first-
order quadrupole effects. The linewidth data reported in
Sec. IV were obtained by fitting the main line with a
Gaussian shape function whose width 6 corresponds to
the square root of the second moment of the line, after
having subtracted off the broad background component.

The spin-lattice relaxation rate T, ' was measured by
monitoring the regrowth of the FID signal after a sa-
turating sequence of 30 pulses, and was found to be ex-
ponential. Since the quadrupole effects are weak, all lines
can be completely saturated and the experimental
recovery of the magnetization yields T

&

' =28'M, '

where WM is the magnetic relaxation transition probabil-
ity.

III. RESULTS

B. Magnetic susceptibility

The experimental room-temperature susceptibility p p
is summarized in Table II for the different alloys. In the
temperature range 100—300 K the change of y,„ is less
than 10%, and no measurable variation can be ascribed
to the presence of the MPT. The lack of effects on y in P
Ni-Al can be contrasted with that observed on Ni-Ti al-
loys at the MPT, where a decrease of g by about 30% is
observed at the MPT. '

A number of parameters, which can be useful in the
discussion of the NMR results, is estimated on the basis
of the specific heat and the susceptibility measurements
(see Table II).

The spin susceptibility y„ is obtained from the formu-
la '

3pg
+g&P 2~ 2 ~

K Kg

and the values of y in Table I (ps=Bohr magneton).
The spin susceptibility is given by the experimental data
after correcting for the ionic and conduction electron di-
amagnetisrn:

4.5
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A. Specific heat 50 100 150

The constant pressure specific heat was measured in
the temperature interval 5 —20 K to determine the
coefficient y of the linear term which is a measure of the

FIG. 2. Results of the low-temperature specific-heat mea-
surements for the 63% Ni and the 62% Ni alloys.
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TABLE I. Parameters estimated from the fit of the low-temperature specific-heat measurements with

Eq. (1) in the text.

Alloy composition

Ni metal
Al metal

0.5 Ni-0. 5 Al
0.55 Ni-0. 45 Al
0.62 Ni-0. 38 Al
0.63 Ni-0. 37 Al

y (mJ/K mol)

7.02'
1.35'

0.93+0.05
1.22+0.05
1.85+0.03
1.93+0.03

OD (K}

375'
394
570
465
485
465

D(EF ) (states/Ry cell)

10.8
14.1

21.4
22.3

'Reference 21.
Reference 18.

+exp +ion
+S

1 —1/3(m /m *) (3)
IV. Al NMR RESULTS

A. Linewidth

+SCP
+S

1 —n

The value of a obtained from the data in Table II is close
to a=0.44+0.02 for all P-phase alloys, compared with
+=0.18 for the Al metal.

(4)

where the effective mass (m /m *) is given by the ratio of
the calculated free-electron density of states at the Fermi
level D(EF)=m/(sruti) (3n. n )'~ V, =4.64Z'~ (states/Ry
cell) (Ref. 18) (where Z is the number of conduction elec-
trons per unit cell and V, is the cell volume) and the one
obtained from the specific-heat measurements (see Tables
I and II). In calculating the free-electron density n, three
Al valence electrons and one Ni valence electron were
taken into account. This is suggested by band-structure
calculations which indicate a d corelike configuration
for the Ni atom in the alloy. ' The bcc unit cell of the P-
phase alloys has a lattice parameter a=2. 81 A. The
comparison of the spin susceptibility estimated from the
specific-heat density of states g„~ [Eq. (2)] and the value

ys deduced from the experiments [Eq. (3)] allows one to
drive the Stoner exchange enhancement factor a defined
b 21

The Al linewidth 6, as defined in Sec. II C, was mea-
sured both as a function of the temperature and as a func-
tion of the external magnetic field. The magnetic field
dependence is roughly linear with a zero-field extrapolat-
ed values of the order of 2 —3 kHz which is close to the
root-mean-square second moment calculated from the
Van Vleck formula for the nuclear-dipolar interaction of

Al (the Ni nuclear moments give a negligible contribu-
tion). The field dependence of the Al linewidth at room
temperature is given in Table III for the different alloys
investigated. The temperature dependence of the Al
linewidth is shown in Fig. 3 for the two alloys undergoing
the MPT. Here one should distinguish two effects: an al-
most liner background temperature dependence, associat-
ed with the electronic properties of the alloys, and an
anomalous broadening in the region of the thermoelastic
transformation. The increase in the linewidth in the tern-

peature region of the martensitic transformation is indi-
cative of the coexistence of two signals slightly shifted;
one with respect to the other and originating from the
austenite and the martensite as will be discussed in the
next section. Linewidth measurements in the other two

TABLE II. Summary of the experimental values of the room-temperature susceptibility, together
with the values of the spin susceptibility estimated from the specific heat and from the susceptibility
measurements as explained in the text.

Alloy composition

10 Xexp

(emu/mol)

106+ion

(emu/mol)

Xscp

(emu/mol)

10'Xs

(emu/mol)

Ni metal
Al metal

0.5 Ni-0. 5 Al
0.55 Ni-0. 45 Al
0.62 Ni-0. 38 Al
0.63 Ni-0. 37 Al

16.3
12.0'
18.5
34.5
36.4

—13'
—2.8
—7.9'
—8.4'
—9.1c

—9.2'

18.5
12.7
16.7
25.3
26.7

22.6
22.8
28.8
45.0
46.6

1.47
1.6
2.24
3.63
3.84

'Reference 20.
Reference 21.

'This value has been calculated as a weighted average of yz';," pertaining to the Al and Ni ions in the cor-

responding pure metals.
Reference 28.
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TABLE III. Summary of the NMR experimental parameters.

Alloy composition

Al metal
0.5 Ni-0. 5 Al

0.55 Ni-0.45 Al
0.62 Ni-0. 38 Al

0.63 Ni-0. 37 Al

'Reference 21

K (%)

(Room temp. )

0.160'
0.060
0.0676

(A) 0.069
(M) 0.602
(A) 0.0685
(M) 0.0602

(Tl T)

(
—1 g —

1)

54X 10
3.24 X 10-'
3.71 X 10
4.0X 10
3.2X10-'
4.0X 10
3.2 X 10

d(5H)
dH

(Room temp. )

0
—10
—10-4
—10

—10

alloys show a similar temperature dependence but
without the maximum due to the MPT.

B. Knight shift

III. These values are in good agreement with previous
measurements in Ni-Al alloys as a function of composi-
tion at fixed temperature and fixed external magnetic
field

The Knight shift vs T decreases smoothly as one goes
through the MPT for both samples with 63% Ni and
62%%uo Ni. Since the linewidth (see Fig. 3) goes through a
maximum in the transformation temperature interval,
one should infer that in the region of the thermoelastic
transition two signals coexist, one from the martensite
and the other from the austenite, as will be discussed in
the next session. Thus the measured Knight shift shown
in Fig. 4 represents the values of E in the high-
temperature austenitic phase and in the low-temperature
martensitic phase, while in the transformation region the
value of K represents a weighted average for the two
phases. It is noted that by comparing the Knight shift for
particles of different size one can infer that in the small-
particle samples a fraction of austenite remains un-
transformed even at low temperature. The results for the
temperature-independent Knight shift in the P-phase al-
loys which do not undergo the MPT are given in Table

10
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FIG. 4. Al Knight shift as a function of temperature (a)
63% Ni, (b) 63% Ni. In both cases the results obtained on the
large-particle and on the small-particle samples are reported.



10 568 SII.VIA RUBINI et al.

15

l0

~ ooo ~ r 0~ ~~ ~ ~

~ ~ ~Qn

~0

I

100 200
temperature (K)

300

FIG. 5. Al spin-lattice relaxation rate T&
' as a function of

temperature for the 62% Ni alloy. In the inset is reported the
corresponding Korringa ratio (T~ T) vs temperature (in K).

V. DISCUSSION

A. Electronic structure and MPT

I Knight shif. t and spin lattice relax-ation rate

The density of states (DOS) at the Fermi level as de-
rived from the y values in Table I increases by a factor of
2 as the Ni concentration increases from the 1:1 ratio to-
wards the stability limit of the p phase in the Ni-Al alloy.
The increase should be attribted to the Ni d band cross-
ing the Fermi level as indicated by the increase in the es-
timated effective mass m" (see Table II). Corresponding-
ly, the Knight shift varies only slightly (see Table III) in-
dicating that core polarization effects and orbital contri-
butions, which are related to d-electrons, have negligible
effects on the Al Knight shift. Assuming a dominant s
contribution one can write, for the Knight shift,

1 Xs

pg Ng
(5)

and by assuming for the atomic hyperfine field H,z =190
T (Ref. 21) and the spin susceptibility ys reported in

Table II, one can estimate the following fractions of s
character of the conduction electron wave functions at
the Fermi level: 50% Ni (/=0.08}; 55% Ni ()=0.07};
62% Ni ((=0.045); 63% Ni (/=0. 043). The small value

Ni sample. Above and below the MPT, T, ' follows a
Korringa-type linear temperature dependence with a
change of slope which is consistent with the change of
Knight shift between the austenite and the martensite
(see Fig. 4). No anomalous enhancement of T, ' is obsev-
able in the transition temperature region, contrary to
what was found for both Al and Cu in Cu-Zn-Al al-
loys. ' The two alloys without the MPT also display a
T, ' which depends linearly on temperature. The values
for the product (T, T) ' are summarized in Table III for
the different alloys.

of g, when compared to /=0. 2 in pure Al metal, indi-
cates a prevalent d character of the DOS at the Fermi
surface, becoming more pronounced with increasing Ni
concentration. This is entirely consistent with recent
band-structure calculations' which found a total d-band
occupation close to nine electrons per Ni atom and a
sharp peak in the DOS just below EF in equiatomic Ni-
Al. Within this scheme, the addition of Ni produces a
lowering of the total conduction electron density, with a
consequent lowering of EF towards the sharp peak which
may broaden somewhat as a result of disorder.

Regarding the MPT in the two Ni-rich alloys, one
notes that the overall change of the Knight shift between
the austenitic and the martensitic phase is about 10%%uo,

the same as found in Cu-Zn-Al alloys' (see Fig. 4}. On
the other hand, the magnetic susceptibility changes very
little in the temperature interval 100—300 K, which in-

cludes the transformation in the case of the 63% Ni al-

loy, indicating a negligible change in the total DOS at the
Fermi level occurring at the MPT. Since, as we have
seen above, the Knight shift is not very sensitive to
changes in the total DOS, the decrease of K should be en-
tirely ascribed to a decrease of g, the fraction of the s
character of the conduction electron wave function at the
Fermi surface.

The nuclear spin-lattice relaxation rate follows a
Korringa-type linear temprature dependence: '

4mk~ y~
T, '= k(a)K T,

ye
(6)

Z. A1 %MR linemidth

The magnetic field-dependent part of the A1

linewidth can be explained by the presence of a distribu-
tion of Knight shift values at the Al nuclear site which is
of the order of 2% of the average value for the 50%%uo Al
alloy and about 20% for the other p-phase alloys (see
Table III). The anomalous broadening of the line ob-

where yN and y, are the gyromagnetic ratios of the nu-

cleus and of the electron, and k(a) is en enhancement
factor associated with the exchange and correlation
effects in the conduction electron Fermi gas and a is the
Stoner exchange factor [see Eq. (4)]. From the experi-
mental values of ( T, T )

' and K in Table III and Eq. (6),
one can estimate k(a)=0.32+0.03, the same for all p-
phase alloys both in the austenitic and in the martensitic
phases. The enhancement a of the uniform susceptibility
estimated in Sec. III, namely, a =0.44+0.02, is also prac-
tically constant in all p-phase alloys. The relation be-
tween k(a) and a departs from the Warren-Shaw re-
sult, i.e., K(a)= l —a, which is obeyed in simple free-
electron-like metals with a spherical Fermi surface. This
is consistent with exchange and correlation effects which
are strongly wave-vector dependent as expected for a
marked anisotropy of the Fermi surface. The small
change in both Knight shift and susceptibility at the
MPT together with the constant values for k (a) and a
are taken as indications that the MPT is not related to
important changes of the electronic band structure of the
alloy.
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served in the transformation temperature range is not
considered here and will be discussed in Sec. V B. Since
the percentage of paramagnetic impurities present in our
samples can be estimated to be less than 0.01% and since
the observed magnetic broadening appears to increase
significantly in the disordered Ni-rich alloys, one can
safely conclude that the inhomogenous broadening is an
intrinsic effect. The randomness in the location of the ex-
cess Ni, which replaces Al in the otherwise ordered bcc
structure, produces a distribution of local environment at
a given Al nuclear site, due to the second-nearest-
neighbor probability distribution of Ni and Al atoms. If
the magnetic broadening were to arise from the charge-
density oscillations around the Ni atoms on the "wrong
sites, " the broadening would be temperature indepen-
dent, contrary to the experimental findings (see Fig. 3).
Thus we propose, on the basis of the NMR linewidth
data, that Ni atoms which replace the Al in the Ni-Rich
p-phase alloys introduce quasilocalized d states, whereby
the spin-density oscillations around these virtual bound d
states should account for the observed temperature-
dependent inhomogeneous broadening. It is likely that
the virtual bound d states are related to the sharp peak in
the DOS just below EF found in the band-structure calcu-
lations. ' The inhomogeneous broadening is proportional
to the local spin susceptibility of the quasi-localized mo-
ments which we assume to be described by a Curie-gneiss
term. The experimental Al NMR linewidth 6 can then
be fitted by

b(H, T)=b,(0, ~)+ H,C

where 5(0, 00 ) =1.99 kHz corresponds to the calculated
Van Vleck dipolar broadening and the second term in
Eq. (7) is due to the random distribution of Ni atoms in
the "wrong" sites, which are second-nearest neighbors to
a given Al nucleus. From the fit of the data in the two al-
loys undergoing the MPT (see Fig. 3) one finds 8=1010
K and C =96.5 HzKG '. The large effective Curie-
Weiss temperature 9 is typical of strongly exchange
enhanced itinerant antiferromagnets. A confirmation
for the presence of almost localized moments can be
found in the magnetic susceptibility. In fact, a consider-
able increase in the temperature dependence of g was
indeed observed upon increasing the Ni concentration of
the Ni-Al P-phase alloys and it was attributed to the ap-
pearance of 3d holes. In our alloys the measurements
performed in the temperature range 100—300 K do not
allow an unambiguous separation of the contributon to
the temperature dependence of y due to quasi-local mo-
ments from the one due to the MPT since both effects are
too small.

B. Nucleation and growth of the martensite
and precursor efFects

From Fig. 4 one can see that the Knight shift of the
high-temperature austenitic phase exceeds the one of the
martensitic phase by about 10%, correspondng to a shift
of the line of 7 kHz at 7 T. Thus, the broadening of the

Al line observed in the transformation temperature

range is interpeted as the superposition of signals with
different shifts arising from regions of the sample in
different phases. Over the whole transformation temper-
ature range the Al line remains symmetric, whereby the
broadening and the progressive shift of the center of
gravity of the line denote the occurrance of the transfor-
mation. This represents an important difference from the
Cu-Zn-Al case were an asymmetry of the Al line was
clearly observed, ' and from the Ag-Cd case, where two
resolved lines are present between M& and M+.

An analysis of the spectra as a function of temperature
can give information about the transformation tempera-
tures and the process of nucleation and growth of the
martensite, similar to the case of Cu-Zn-Al. ' Although
the analysis is diKcult due to the lack of resolution (the
7-kHz shift is just comparble to the half-width of the
NMR line), some unambiguous semiquantitative results
can be nevertheless obtained as described below. In the
temperature region of the transformation, the NMR line
was fitted by the superposition of two Gaussians. If the
two lines are assumed to be centered at the resonance fre-
quencies of the austenite and the martensite, as expected
for the coexistence of the two well-identified phases, the
fit is poor. In order to have a good fit we had to assume
that while the austenite line remains fixed at the austenite
frequency, the second one, arising from the part of the
sample which is transforming, is centered at a frequency
which is a function of temperature. To reduce the num-
ber of parameters in the fit, we assume the center of the
second line to shift proportionally with the fraction of the
transforming phase already present. Furthermore, the
linewidth of the austenite line has been calculated at each
temperature according to the observed background be-
havior, awhile that of the second line has been left as a free
parameter in the fit.

The results so obtained for the linewidth and the
Knight shift of the transformed phase as a function of
temperature are shown in Figs. 6 and 7 for the two alloys
63% Ni and 62% Ni, respectively, together with the raw
experimental data already reported in Figs. 3 and 4; while
in Fig. 8 is reported the fraction of martensite vs T for
both alloys.

From the results of the fit, two main features become
apparent which we believe do not depdend critically on
the parametrization used in the fit. The first feature is
the gradual rather than abrupt variation of the Knight
shift of the transforming phase which is a function of the
amount of the transforming phase present in the temper-
ature region where both phases coexist. The second
feature, which is related to the first one, consists of the
broadening of the line arising from the transforming
phase, again only in the transformation temperature
range. The picture emerging from the above results is
one of a continuous formation of nuclei of martensite
with an incomplete degree of deformation. The growth
of each nucleus is accompanied by a progressive lattice
deformation, up to the fully transformed martensite
structure. At each temperature, regions of the sample at
a different degree of deformation between the austenitic
and the martensitic structure coexist in thermoelastic
equilibrium, as indicated by the distribution of the



10 570 SILVIA RUBINI et al.

Knight shift which generates the broadening of the NMR
line of the transforming phase.

No experimental method seems to be able to follow as
a function of temperature and with sufficient precision
the lattice parameters of the transforming phase during
the thermoelastic transformation. However, indirect
confirmations of the pictures of a continuous transforma-
tion with a gradual increase in the distortion of the lattice
from the austenite up to the fully transformed martensite
can be found in results obtaned by high-resolution elec-
tron microscopy (HREM) in Ni-Al alloys ' ' at a fixed
temperature. The first result concerns stress-induced
martensite around a nanocrack in a 63% Ni alloy. The
structure of the stress-induced martensite at this compo-
sotion is 3M. This structure is indeed observed near the
crack, where the stress is higher, but the distortion of the
structure decreaes with increasing distance from the
crack. Between the 3M region and the austenite region, a
long-period stacking structure, similar to the 7M struc-
ture, with a decreasing degree of deformation is also ob-
served. Similar results have been obtained at room tem-
perature on a Ni-Al sample with an Mz slightly above
room temperature. ' Again the equilibrium martensite
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structure is 3M. No sharp interfaces between austenite
and martensite have been observed. The amount of de-
formation gradually decreases toward the side of the mar-
tensite plate, and on the edege of the plate some inter-
mediate distortions are found.

VI. CONCLUSIONS

From the analysis of the Al NMR results in conjunc-
tion with those of the low-temperature specific heat and
the magnetic susceptibility, we find that the ordered P-
phase Ni-Al alloy with 1:1 composition is characterized
by an almost filled d band with a relatively low DOS at
the Fermi level, and a large mixing among d states of Ni
and sp states of Al at the Fermi level. In the Ni-rich P-
phase alloys, the total DOS at the Fermi level increases,
indicating a shift of EF towards a peak in the d-band
DOS just below the Fermi level, in good agreement with
the recent electronic band-structure calculations. ' We
also find evidence for the formation of quasilocalized d
states associated with Ni atoms replacing the Al atoms
on the "wrong" site, whereby the local spin susceptibility
of these quasilocalized magnetic moments is responsible
for the inhomogeneous broadening of the Al NMR line.
The MPT occurring in the 63% Ni and the 62% Ni al-
loys is not accompanied by relevant changes of the elec-
tronic band structure, but only by minor rearrangements
of the nearest-neighbor and second-nearest-neighbor
bonding orbitals with a consequent decrease of s charac-
ter of the wave function at the Fermi level. The nu-
cleation and growth of the martensitic phase is rather
continuous compared with Cu-Zn-Al alloys. The Knight
shift of the transforming phase appears to change
smoothly during the temperature interval of the thermoe-
lastic transformation. This result suggests that the MPT
in Ni-Al alloys takes place via a sequence of successive
distortions of the lattice from the original bcc structure
up to the final 7M phase. This situation is to be contrast-
ed with Cu-Zn-Al alloys where it was found that the nu-
cleation of the martensite is explosive and the martensitic
structure forms with its final lattice deformation already
built in. The broadening and shifting of the NMR line
start close to Ms as measured by DSC. Howeer, since
the temperature Ms at which the MPT initiates is ill
defined both in the NMR results and in DSC, it is
difficult to decide whether the initial broadening of the

NMR line is due to the formation of martensite or to pre-
cursor effects in the form of static distortions of the lat-
tice. It should be noted that static precursor effects can
be detected by NMR only if the wavelength of the modu-
lation of the strain field is comparable to the unit cell.
Regarding dynamic effects, no anomaly was detectable in
the nuclear spin-lattice relaxation rate, neither above Ms
or in the transformation temperature range between Mz
and MF. This negative result can be taken as an indica-
tion that local precursor embryonic fluctuations, if
present, are very fast (r ~ 10 ' s). Furthermore the
charge-density fluctuations occurring at the interfaces be-
tween austenite and transforming phase during the
growth of the martensite must be much sma1ler than, for
example, in Cu-Zn-A1, where an anomalous increase of
T, ' in the region Ms —MF was observed. It is noted tht
the apparent lack of critical effects on approaching the
MPT reported here is in favor of the idea that these
transformations belong to the class of the nucleation
transitions rather than instability transitions. An exam-
ple of the nucleation transition is the formation of vortex
lines at the critical field Hz, in type-II superconductors.
In this case it was argued by de Gennes that instead of
defining an order parameter in the Landau sense one
could define a pseudoorder parameter in terms of topo-
logical constraints such as the number of vortex lines
entering the sample at Hc &. By analogy, one could
define an order parameter at the MPT in terms of the
percentage of martensitic phase nucleating in the sample
at Ms. It has been documented here that an order pa-
rameter so defined can be measured by NMR and that in
terms of such an order parameter the MPT in different al-
loys can be discontinuous (Cu-Zn-Al) or continuous (Ni-
Al).
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