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Optical, magneto-optical, and magnetic properties of stoichiometric and off-stoichiometric
g8-phase Ni3Al alloys
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The optical and magneto-optical properties of twog8-phase Ni3Al alloys (Ni0.752Al0.248 and Ni0.771Al0.229)
have been investigated experimentally and theoretically. In the optical-conductivity spectra of the investigated
alloys two intense interband absorption features at;0.8 eV and;4.2 eV were experimentally observed. The
peak at;0.8 eV was theoretically predicted, but not experimentally confirmed in the previous investigations.
The low-energy peak exhibits a multiple-peak structure for Ni0.771Al0.229 alloy. It is also theoretically shown
that the fine structure of the low-energy absorption features originates from the extra spin ordering due to the
appearance of the so-called antistructure Ni atoms and their clusters in the Ni0.771Al0.229 alloy, and it is
experimentally shown that this fine structure persists up to room temperature. The temperature dependencies of
the optical and magneto-optical properties of Ni0.771Al0.229 alloy can be ascribed to the presence of magnetic
inhomogeneity in the sample. The existence of magnetic inhomogeneity in the alloy is further confirmed by the
ac magnetic-susceptibility measurements in which the susceptibility curve exhibits two magnetic transitions,
one at 87.5 K and the other at 252 K. The spin ordering~paramagnetic-to-ferromagnetic transition! and Ni
enrichment play a key role for the physical properties.

DOI: 10.1103/PhysRevB.68.045104 PACS number~s!: 78.20.Bh, 75.10.Lp, 71.15.Mb
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I. INTRODUCTION

The intermetallic compound Ni3Al has received consider
able attention over the last several decades because o
peculiar physical properties. Among its various physi
properties the optical property is controversial. The measu
results of the dielectric function of the Ni3Al alloy have been
reported only twice.1,2 van der Heideet al.1 measured the
dielectric function by spectroscopic ellipsometry in the 0.
5.3-eV region. The optical-conductivity~OC! spectrum
showed a weak shoulder at 0.86 eV and a broad but
nounced peak at 4.32 eV. Rheeet al.2 also measured the
dielectric function by spectroscopic ellipsometry in the 1.
5.3-eV region. The shape of the measured OC spectrum
the high-energy side was similar to that of Ref. 1, while t
magnitude was almost 50% larger. Rheeet al.2 attributed the
discrepancy to the different preparation method of
sample surface.

In Ref. 1 it was claimed that the experimental results w
in good agreement with the theoretical calculations using
band structure of Ref. 3. However, it should be noted tha
their calculations the dipole-transition-matrix elements w
not included. In addition, as it was shown later, the inclus
of the dipole-transition-matrix elements leads to dras
changes in the shape of the calculated OC spectra, espe
in the low-energy region. According to the results of t
latter calculations an intense interband absorption peak
1 eV should be observed in the OC spectrum for the Ni3Al
alloy.2,4 The controversy between the prediction of theo
and the existing experimental results needs to be resol
0163-1829/2003/68~4!/045104~8!/$20.00 68 0451
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Therefore, an additional experimental study of the opti
properties of two ~stoichiometric and off-stoichiometric!
g8-phase Ni3Al alloys, mainly in the near-infrared~NIR! re-
gion of the spectrum, is desirable.

We indeed observed strong interband absorption feat
in the NIR region. Additionally, in the course of investigatio
the temperature dependence of the OC spectra was m
sured. These measurements revealed that the multiple-
structure had strong temperature dependence, and, espe
that a double-peak structure centered at 0.8 eV persiste
to room temperature~RT!.

It is well known that the optical as well as the magne
optical ~MO! properties of metals and alloys are closely r
lated to their electronic band structure. According to Pe
and Shiga,5 for instance, fine structures of the main abso
tion peak in the OC spectrum of pure Ni originates from t
overlapping of two peaks contributed by the electronic ex
tations from both minority- and majority-spin subbands se
rated by the exchange splitting. This study of the tempera
dependence of the OC spectrum for Ni allowed the auth
to make a conclusion regarding the temperature behavio
the energy-band structure of pure Ni.

Based on this discussion we can argue that our obse
tions, particularly those of the temperature dependence,
quite possibly related to the peculiar magnetic properties
the alloys. Therefore, we investigated two more physi
properties: the MO and magnetic properties.

The MO tools in some sense combine the advantage
both optical and magnetic approaches. Therefore, it can
expected that the study of the MO and optical properties
©2003 The American Physical Society04-1
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theg8-phase Ni3Al alloys will also be useful for understand
ing the peculiarities of their magnetic properties. As far
we know, the MO properties of the Ni3Al alloys have not yet
been investigated.

It is generally believed that theg8-phase Ni3Al alloy has
an itinerant-type weak ferromagnetism. Several investi
tions of the magnetic properties were conducted to clarify
origin of the magnetism,6–12 however, it is still a matter of
controversy. The Curie temperature,TC, of the alloy, at
which the average magnetization vanishes, strongly depe
on the Ni concentration.6–11 In addition, even for the sam
stoichiometry, different groups reported different values
TC. For a sample with 75 at. % of Ni concentration,Tc var-
ies from 40.6 K ~Ref. 10! to 43.5 K,11 and Semwal and
Kaul12 even claimed that they obtained a much higher Cu
temperature,TC556.46 K. On the other hand, the reporte
magnetic moment for the Ni atom is about 0.075mB and it is
well confirmed.6,7,10–12There is one exception: in Ref. 9 it i
0.077mB /atom, equivalent to 0.103mB /Ni atom.

The explanation for the origin of magnetic behavior of t
alloy is even more variant. Three different scenarios w
proposed:~i! the Stoner-Edwards-Wohlfarth model,13 ~ii ! the
self-consistent renormalization of the spin-fluctuati
model,14 and ~iii ! a modified self-consisten
renormalization12 of the spin-fluctuation model utilizing the
Ginzburg-Landau formalism.15 There was evidence for well
defined spin-wave excitations, obtained by small-angle n
tron scattering16 and inelastic neutron-scattering17 experi-
ments. Dharet al.18 found an upturn by the influence o
magnetic fields in the low-temperature region of t
C/T-vs-T2 plot and attributed it to an enhancement of t
effective electronic mass due to the spin fluctuations. T
also found a crossover at a Ni concentration of 75.1 a
from a spin fluctuator to a ferromagnet as the Ni concen
tion increases. The possibility of the presence of superp
magnetic clusters19–21 or, at least, a magneti
inhomogeneity7 in the sample was suggested, while the
were also opposing opinions.22,23

Because of the aforementioned dispute, several theore
investigations using the electronic-energy-band-structure
culations were followed in order to elucidate the origin
weakly itinerant ferromagnetism of the alloy.3,24,25 Hacken-
bracht and Ku¨bler24 employed the linear-muffin-tin-orbita
~LMTO! method using the atomic-sphere approximat
~ASA! and found that the magnetic moment w
0.031mB /Ni atom which is only 40% of the experimenta
value.6,7,10–12Later Buiting et al.3 argued that Ni3Al is still
in the fluctuation regime even though it is in a ferromagne
state. The calculated magnetic moment almost vanishe
the experimental lattice constant (a53.568 Å), while it was
calculated to be 0.067mB /Ni atom, which is close to the
experimental value, at a lattice constant of 3.583 Å. M
et al.25 also investigated the electronic structures and m
netic properties of Ni3Al. The calculated magnetic momen
was 0.15mB /Ni atom and the authors argued that the sp
orbit interaction might reduce the calculated magnetic m
ment to 0.087mB /Ni atom, since the spin-orbit interactio
would reduce the exchange splitting by;40%.
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It can be assumed that the disagreement among var
experimental data as well as between the experimental
theoretical results can be ascribed to the deviation of
actual alloy composition from the nominal one and/or so
disorderedness of the experimentally investigated alloy18

Therefore, it seems desirable to carry out a theoretical st
of the influence of the atomic disorder and/or deviation fro
the stoichiometric composition on the magnetic properties
g8-phase Ni3 Al alloys.

In this paper we report the results of theoretical and
perimental studies of the optical, MO, and magnetic prop
ties of the stoichiometric and slightly off-stoichiometr
g8-phase Ni3Al alloys. The intense peak near 1 eV predict
by theory is experimentally confirmed. The peak is not on
very strong but there are actually also multiple peaks in
ferromagnetic state. The multiple-peak structure is very s
sitive to temperature and persists up to RT. The MO respo
also persists up to RT. We interpret these observations to
a result of the presence of magnetic inhomogeneities an
clusters in the investigated alloys.

II. EXPERIMENTAL PROCEDURES

For the experimental part of the study two bulk sampl
Ni0.752Al0.248 and Ni0.771Al0.229, were prepared. The alloy
composition was checked with an x-ray fluorescence te
nique. We hereafter refer to these two alloys asSTOICH

(Ni0.752Al0.248) and OFF-STOICH (Ni0.771Al0.229) alloys. The
structural homogeneity of samples was studied using x-
diffraction ~XRD!. The magnetic properties of the alloys
the 4.2–300-K temperature range were investigated by m
suring the ac magnetic susceptibility.

The descriptions of sample preparation and surface tr
ment for the optical measurements are given elsewhe26

The optical properties of theSTOICH alloy were also mea-
sured at RT, while those of theOFF-STOICHalloy were inves-
tigated at several temperatures, i.e., at 20, 90, 293, 380,
480 K. The spectral dependence of the MO equatorial K
effect ~EKE! of the OFF-STOICH alloy was measured in the
ferromagnetic state at 27 K by the dynamical method us
thep-plane-polarized light at an angle of incidence of 77°
a spectral range of 0.6–4.0 eV and in an ac magnetic fiel
3 kOe. The EKE value,dp5DI /I o , is the relative change in
the intensity of the reflected light, caused by the magnet
tion of sample in an external magnetic field directed tra
versely to the plane of incidence. The temperature dep
dence of the EKE value was measured at a fixed pho
energy (\v54.0 eV) in a temperature range of 20–320 K
an angle of incidence of 70°.

III. THEORETICAL CALCULATIONS

In order to determine the origin and, especially, the te
perature dependence of the low-energy multiple-peak
tures, we performed electronic-structure calculations for
L12 structure of the stoichiometric alloy and two differe
types of supercell calculations for slightly ‘‘disordered’’ an
Ni-rich alloys to calculate the OC spectra with the dipo
transition-matrix elements. The OC spectra were obtained
4-2
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both paramagnetic and ferromagnetic phases of the perfe
ordered, stoichiometric Ni3Al alloy and for a slightly Ni-rich
Ni25Al7 alloy which is equivalent to the Ni0.78125Al0.21875al-
loy composition. These calculational results can be used
understanding the experimentally observed13 strong concen-
tration dependence of the magnetization,M}(x2xc)

1/2,
whereM is the magnetization atT50 K andxc(50.745) is
the critical concentration above which the sample becom
ferromagnetic, and it is also the magnetic inhomogeneity.
employed the scalar-relativistic version of the tight-bindi
LMTO-ASA method27 within the local-density
approximation28 and the local-spin-density approximation29

~LSDA! for the paramagnetic and the ferromagnetic phas
respectively. The spin-orbit interactions were included in
perturbative way. The experimental lattice constant of 3.5
Å was used, and the atomic-sphere radii were 1.439 Å
1.380 Å for Al and Ni, respectively. The band structures a
the densities of states of the stoichiometric alloy in the pa
magnetic phase are in a close agreement with those obta
in previous calculations.2,3,24,25

For the first type of supercell calculations, we kept t
stoichiometry of the Ni3Al alloy and simply interchanged th
Ni and Al atoms in certain Ni-Al atom pairs to simulate som
‘‘disorder.’’ To do this we expanded the unit cell to a 232
32 supercell which contains eight simple-cubicL12 unit
cells. There are two choices of the interchange between
and Al atoms: interchange between the nearest neighb

i.e., Al~0,0,0! and Ni(1
4 , 1

4 ,0) ~disorder I!, and interchange
between the third-nearest neighbors, i.e., Al~0,0,0! and

Ni( 1
2 , 1

4 , 1
4 ) ~disorder II!. The former does not allow to form

complete nine-atom Ni clusters, while the latter does. T
calculational results show a certain reduction in the magn
moments of the slightly ‘‘disordered’’ samples compared
the perfectly ordered one.

The second type of supercell calculations used a def
specified supercell technique.30 We used the same 23232
supercell as employed for the above ‘‘disordered’’ samp
We only substituted an Al atom at the origin by a Ni ato
and, therefore, the stoichiometry of the sample used in
defect-specified supercell calculation is Ni25Al7 ~or
Ni0.78125Al0.21875).

IV. RESULTS AND DISCUSSION

The structural homogeneity of the investigated samp
seemed to be a single phase. Only diffraction lines relate
the g8 phase can be observed on the XRD spectrum for
Ni-rich Ni3Al alloy ~see Fig. 1!. The amount of second
phase, if any, should be too small to be detected by XRD
have an indistinguishable crystal structure from the domin
phase~see below!.

The measured OC spectrum at 293 K for theSTOICH alloy
together with the results of theoretical calculations are sho
in Fig. 2. Figure 3~a! presents the experimental OC spectra
several temperatures for theOFF-STOICH alloy. The overall
shape of spectra and the position of a broad high-energy p
of the experimentally obtained OC spectra at 293 K for
investigated alloys are in an excellent agreement with
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previous measurements.1,2 The magnitude of OC for theOFF-

STOICH alloy is similar to that in Ref. 1, but smaller than th
in Ref. 2, while for the stoichiometric composition the ma
nitude of OC in the ultraviolet~UV! region is nearly the
same as that in Ref. 2. The magnitude of OC is sensitive
the surface conditions and treatments,31 while the energy lo-
cations of structures in the spectrum are not. Some disc
ancy in the magnitude of these experimental OC spectra
be related to the differences in sample preparation.

The main difference between the present measurem
for both alloys and the previous ones1,2 is an intense absorp
tion peak around 0.8 eV for theSTOICH alloy. This peak was

FIG. 1. X-ray-diffraction spectrum for the off-stoichiometri
Ni0.771Al0.229 alloy taken at CoKa radiation.

FIG. 2. ~a! Experimental OC spectrum for theSTOICH

Ni0.752Al0.248 bulk alloy ~right scale! together with theoretical one
calculated for the Ni3Al alloy with ~solid line! and without~dashed
line! l fitting after broadening.~b! Calculated OC spectra for th
ferromagnetic and paramagnetic states of the stoichiometric N3Al
alloy. Inset shows the details of the same spectra in the nea
region.
4-3
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not observed earlier because of the spectral limit2 or was
observed as a very weak shoulder,1 while it was theoretically
predicted.2,4 In addition, the low-energy features of theOFF-

STOICH alloy have a multiple-peak structure. The low-ener
peaks in the OC spectrum for theOFF-STOICHalloy also have
a double-peak structure with nearly the same intensities
both subpeaks and is slightly redshifted in comparison w
the STOICH one.

The calculated OC spectrum for the paramagnetic ph
of the exactly stoichiometric alloy is very similar to those
Refs. 2 and 4. The theoretical OC spectrum for the exa
stoichiometric alloy exhibits a significant resemblance
spectral shape with the experimental one for theSTOICH al-
loy. The calculated OC spectrum also manifests a very
tense interband absorption peak in the NIR region of spe
with a pronounced shoulder on its high-energy side and s
feature on the low-energy slope, and also an intense abs
tion peak in the UV region@see Fig. 2~a!#. However, all the
theoretical peaks@dashed line in Fig. 2~a!# are shifted to the
high-energy side in comparison with the experimental on
We applied the so-calledl fitting,2 which partially takes into
account the self-energy effects on the OC spectrum, to b
the experimental and theoretical spectral peaks into coi
dence. Fig. 2~a! shows an example withl520.3 deter-
mined, however, the magnitude of the calculated OC is ab
2.5 times larger than the experiment. Since this fitting is
completely quantitative, we only showed that the fitted sp
trum exhibits a remarkable similarity in shape to the expe

FIG. 3. ~a! Experimental OC spectra for theOFF-STOICH

Ni0.771Al0.229 bulk alloy measured below and above the Curie te
perature.~b! Calculated OC spectra of the Ni25Al7 ~corresponding
to Ni0.781Al0.219) alloy for the ferromagnetic~FM! and paramagnetic
~PM! states. Insets in both panels show the low-energy part
these spectra in detail.
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ment. For theOFF-STOICHalloy l520.23 ~not shown!.
The band pairs and portion of the Brillouin zone that co

tributed intensely to the low-energy and 4.3-eV peaks
discussed in detail elsewhere.2,26 Hence, in this paper we
concentrate on the effects of spin polarization and sli
off-stoichiometry, especially for the low-energy fine-pe
structure~at ;1 eV). As can be seen in Figs. 2 and 3, t
ferromagnetic→ paramagnetic transition in the Ni3Al alloy
affects the high-energy peak of the calculated OC spe
rather insignificantly, while there is an appreciable chan
for the low-energy peaks, making the details of the multip
peak structure less pronounced and the peaks as a w
redshifted. In addition, the Ni enrichment affects the posit
of the low-energy peak slightly, shifting it to the low
energy side.

As discussed in Refs. 2 and 26, the bands involved in
dominating contribution to the high-energy peak are loca
far from the Fermi level (EF). Since the exchange splittin
of the Ni3Al alloy is small, the majority and minority band
are shifted almost rigidly relative to the paramagnetic ban
and the amount of splitting due to the magnetic ordering
small. Therefore, the energy difference between two majo
bands is nearly the same as that between two minority ba
and thus the energy locations of structures in the OC sp
trum do not change substantially upon the magnetic tra
tion, resulting in very little temperature dependence@see Fig.
3~a!#. On the contrary, the initial~k points near theM point,
from band 9! states involved in the low-energy optical tra
sitions are located very close toEF , therefore, this peak may
be sensitive to the magnetic transition and/or the tempera
change, and we observed a rather strong temperature de
dence~see Fig. 3!.

In the inset of Fig. 3~b! an expanded view of the low
energy peak is presented and we can clearly see the d
opment of a fine-peak structure of Ni25Al7 upon the ferro-
magnetic transition. A strong enhancement of the calcula
OC upon the transition is observed near 1.1 eV for the o
stoichiometric Ni25Al7 alloy. Furthermore, the calculate
peak position (;1.1 eV) is closer to the experimental on
(;0.8 eV) with respect to the case of the stoichiomet
Ni3Al alloy ~1.3–1.5 eV!.

If the double-peak structure of the 0.8-eV feature is rea
due to the band splitting upon the ferromagnetic transiti
the energy difference between the two subpeaks should
pend on temperature. Indeed, the temperature evolutio
the 0.8-eV feature can be more clearly seen in Fig. 4. We
the OC spectra to the Lorentzian-oscillator model32 by using

s~v![
v«2~v!

4p
5

ne2

m*
(
i 50

i max f iv
2G i

~v22v i
2!21v2G i

2
, ~1!

wheren is the concentration of the conduction electrons;m*
is the effective mass of conduction electrons; andv i , f i ,
and 1/G i are the frequency, the oscillator strength, and
lifetime, respectively, of thei th oscillator. We puti max56.
When i 50, Eq. ~1! represents the contribution of intraban
transitions andv050. As displayed in the inset of Fig. 4, th
energy difference between the two subpeaks of the 0.8

-

of
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feature is zero above 293 K. It starts to grow rapidly ju
below 293 K and saturates eventually as the temperature
proaches 0 K.

As shown in Fig. 5, the calculated spin-resolved OC sp
tra for the stoichiometric Ni3Al alloy have similar shapes to
each other and have a peak at;1.4 eV. Those of the off-
stoichiometric Ni25Al7 alloy, however, show a strong en
hancement of OC near 1.1 eV, which results mostly from
optical transitions between two majority bands, and thus
double-peak structure appears. It implies that the experim
tal double-peak structure centered at 0.8 eV and its temp
ture dependence shown in Fig. 3~a! are genuinely caused b
the appearance of the antistructure Ni~Al ! atoms~the Ni atoms
at the Al sites! in the OFF-STOICHalloy. In addition, the spin
polarization is also important. Thus, according to the res
of calculations one can conclude that the multiple-pe
structure of the low-energy peak should disappear in
paramagnetic state of the alloy, and the observed behavio
the OFF-STOICHalloy confirms this. From the OC spectra
the OFF-STOICHalloy presented in Fig. 3 we can clearly s
that the double-peak structure really disappears in the p
magnetic state. The complete disappearance of the dou
peak structure, however, occurs at a temperature near R

A similar behavior was observed in the EKE measu
ments. Figure 6 presents the EKE spectrum of theOFF-

FIG. 4. Temperature evolution of the 0.8-eV double-peak str
ture of the OC spectra. The inset also shows the temperature
lution of the energy difference between two subpeaks.

FIG. 5. Spin-resolved OC spectra of Ni3Al and Ni25Al7 alloys in
the ferromagnetic phase. An energy-dependent Lorentzian broa
ing is included.
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STOICH alloy measured atT527 K and an incidence angl
(w) of 77°, together with that of a Ni thin film measured
T5293 K andw575°. The shape of the EKE spectrum
the OFF-STOICHalloy shows a resemblance to that of the
thin film, although the intensity is substantially reduced a
the spectrum for the alloy is shifted by about 0.5 eV to t
high-energy side. The most striking results of the EKE is
temperature dependence. The inset of Fig. 6 exhibits the t
perature variation of the EKE measured at\v54 eV. The
EKE signal persists up to;300 K. This result is consisten
with the OC measurements in which a double-peak struc
centered at 0.8 eV does not disappear, at least, up to 29
There is a dip observed around 100 K, shown in the inse
Fig. 6.

Since the peculiar properties discussed above should
closely related to the magnetic properties of the investiga
alloys, we have also measured the ac magnetic susceptib
The Curie temperature,TC, of the STOICH alloy was deter-
mined from an extremum ofdx/dT curves;TC550.2 K ~not
shown!. Unlike the STOICH alloy, x(T) of the OFF-STOICH

alloy exhibits not only a low-temperature transition atTC1
587.5 K but a high-temperature one atTC2'250 K ~see Fig.
7!. The obtained low-temperature values for both samp
are in an excellent agreement with other measurements.11,33

There are two possible explanations for the existence
TC2 for theOFF-STOICHalloy. It is well known that the Ni3Al
alloy is a typical weakly itinerant ferromagnet in which sp
fluctuations play an important role.15 Such ferromagnets ar
characterized by the existence of the ferromagnetically
dered regions far aboveTC. Thus, the high-temperature kin
can be caused by the transition of theOFF-STOICHalloy into a
true paramagnetic state. We also measuredx(T) for a single-
crystal Ni3Al alloy ~not shown!, however, no high-
temperature transition was observed. In addition to that,
cording to Ref. 18, there is a crossover from spin fluctua
to ferromagnet at 75.1 at. % of Ni as the Ni concentrat
increases. Therefore, we can safely conclude that the

-
o-

en-

FIG. 6. EKE spectra for the bulk Ni0.771Al0.229 alloy ~measured
at T527 K and w577°) and for a thin Ni film~measured atT
5293 K and w575°: the magnitude is reduced by 0.2!. Inset
shows the temperature dependence of the EKE for the b
Ni0.771Al0.229 alloy at \v54 eV andw570°. Solid lines are only
for a guide to the eyes. Note that all three measurements h
different temperatures and angles of incidence.
4-5
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fluctuation is unlikely the explanation for the existence of t
high-temperature transition, as well as the low-tempera
one.

According to another but more probable scenario,
high-temperature peculiarity inx(T) could be associated
with the presence of another ferromagnetic phase in theOFF-

STOICH alloy. The phase diagram of the Ni-Al binary-allo
system reveals that at between 76 and 92 at. % of Ni at
the alloy consists of a mixture ofg8 and g phases. Theg
phase is a solid solution of Ni and Al whoseTC decreases
almost linearly from 631 K for pure Ni to 363 K for th
Al-rich border of theg phase.34 Therefore, the second ferro
magnetic phase should have aTC2 significantly higher than
TC1 as shown in Fig. 7. Furthermore, the concentration of
g phase in theOFF-STOICHalloy should be inversely propor
tional to the distance from the border of theg phase. In our
case the content of theg phase can be estimated for th
OFF-STOICH alloy to be 6%. Although this concentratio
could be large enough to be recognized by the XRD m
surements, it was not observed, probably because thg
phase has the same fcc-based crystal structure as thg8
phase with a slightly different lattice constant, resulting
only a slight asymmetry of the XRD peaks for theg8 phase.
This second phase can be modeled as the appearance
tistructure Ni atoms at the Al sites, which plays a role
magnetic inhomogeneity and/or the appearance of cluste

There are, at least, two references that explicitly reject
possibility of the presence of magnetic inhomogeneity in
Ni3Al sample: Refs. 22 and 23. In Ref. 22 the sample w
almost stoichiometric and a single crystal, therefore, the s
ation would be quite different from our case in which
slightly Ni-rich (;77 at. %) polycrystalline sample wa
used. In Ref. 23 the authors concluded that there was
indication of magnetic inhomogeneity in their slightly N
rich ~75.9 at. %! single-crystalline sample by analyzing th
polarized-neutron-diffraction data. Two comments can be
dressed regarding conclusion. First, in their analysis t
used a nominal concentration which would certainly be d
ferent from the real concentration because of the prefere
evaporation of Al during arc melting.18 Therefore, the de-

FIG. 7. Temperature dependence of the ac magnetic suscep
ity for the bulk off-stoichiometric Ni0.771Al0.229 alloy.
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duced moment of the antistructure Ni~Al ! atoms should be
different since they employed the nominal concentration
obtain the magnetic moment of the Ni~Al ! atoms. Second
they concluded that the deduced magnetic moment of
Ni~Al ! atoms is not significantly different from that of the N
atoms at the Ni sites@Ni~Ni!#. If this is true, then it is not
possible to explain the strong concentration dependenc
the magnetic moment of NixAl12x alloys; M}(x2xc)

1/2.
For the stoichiometric sample (x50.75) the magnetic mo-
ment of Ni atoms is known to be;0.077mB /Ni.6,7,10–12If
there is no distinction between the magnetic moments of
Ni~Ni! atoms and of the Ni~Al ! atoms, there is no reason t
believe that the magnetic moment of the Ni~Ni! atoms in a
slightly Ni-rich sample, for example,x50.7641, is different
from 0.077mB /Ni. The average magnetic moment of th
sample withx50.7641 is;0.114mB /Ni,18 and, if we as-
sume that the magnetic moment of the Ni~Ni! atom is
;0.077mB /Ni, that of the Ni~Al ! atom should be 2.08mB /Ni.
The results of our first-principles calculations show that b
the Ni~Al ! and the Ni~Ni! atoms of a slightly Ni-rich alloy have
significantly enhanced magnetic moments relative to tha
the Ni atoms of the corresponding stoichiometric alloy. T
Ni~Al ! atoms exhibit an increase of about a factor of 3. F
thermore, Takahashiet al.,11 in their investigation of the ef-
fects of Pd doping in Ni77.02x Al23.0Pdx (x50.0, 0.4, 0.8,
1.8, 2.2, and 3.0!, observed very little variation of the mag
netic moment andTC with the Ni concentration. They argue
that the doped Pd atoms have a strong tendency to occ
the Ni sites and the expelled Ni atoms occupy the Al sit
and thus the number of Ni~Al ! atoms does not change eve
though the Ni concentration changes, while that of the Ni~Ni!

atoms does. The magnetic properties of the samples w
mainly determined by the number of Ni~Al ! atoms. Therefore,
the magnetic moment of the Ni~Ni! atoms should be substan
tially smaller than that of the Ni~Al ! atoms and, at least, fo
the Ni-rich samples there should exist a certain degree
magnetic inhomogeneity.

The dip observed in the temperature dependence of
EKE ~around 100 K! reflects disappearance of the macr
scopic alignment of the magnetic moments of Ni atoms
TC1 in the g8 phase~see Fig. 6!. As discussed in the optica
measurements, the EKE signal does not vanish comple
aboveTC1, rather it survives up to RT. BetweenTC1 andTC2
the magnetization of a great part of the sample disapp
~see Fig. 7!, because the majority phase is theg8 phase,
while the remnant second phase has a much higher C
temperature, which still gives the EKE signal.

The presence of the second ferromagnetic phase can
explain the temperature dependence of a double-peak s
ture centered at 0.8 eV for theOFF-STOICHalloy in Fig. 3~a!.
The double-peak structure is due to the spin ordering of
sample and hence the exchange splitting of the bands
EF . BetweenTC1 and TC2 the second phase gives this e
change splitting, resulting in persistence of the double-p
structure. It disappears, however, as temperature is raise
near or slightly aboveTC2.

The calculated magnetic moment of the ferromagne
phase of Ni3Al was ;0.598mB /f.u., where f.u. denotes the

il-
4-6
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OPTICAL, MAGNETO-OPTICAL, AND MAGNETIC . . . PHYSICAL REVIEW B 68, 045104 ~2003!
formula unit, which is;2.5 times larger than the experime
tal value @0.24mB /f.u. ~Refs. 6,7, and 10–12!#. Unlike the
argument by Minet al.,25 the introduction of spin-orbit inter-
actions essentially does not alter the results. We also trie
include the generalized-gradient approximation, however,
calculated magnetic moment is even larger~about
0.7mB /f.u.). The aforementioned disorder-II case gives
average magnetic moment of 0.598mB /f.u., while for the
disorder-I case it is further reduced (0.580mB /f.u.). The re-
duction of the magnetic moment due to the ‘‘disorder’’ is n
large enough to resolve the discrepancy between experim
and calculation. We do not know at present whether the
crepancy can be attributed to the presence of additional
grees of disorder in the sample and/or the deficiency of
LSDA. One more point deserves a comment. The Ni ato
at different sites have different magnetic moments; the N~Al !

atom has 0.65–0.71mB and the Ni~Ni! atoms carry a smalle
value, depending on the distance to the Ni~Al ! atom. The
larger the distance to the Ni~Al ! atom, the smaller the mag
netic moment. The calculated magnetic moment for
Ni25Al7 alloy is 1.012mB /f.u.

These two types of supercell calculations can lead u
the following conclusions.~i! The calculated magnetic mo
ment of the stoichiometric Ni3Al alloy is significantly larger
than that of the experiments, and a slight disordering or
interchange between the Ni and Al atoms may reduce
average magnetic moment, but not significantly.~ii ! The an-
tistructure Ni~Al ! atoms carry a large moment and they a
magnetically different from the neighboring Ni~Ni! atoms.
There is, therefore, a possibility of the presence of magn
inhomogeneity for a slightly Ni-rich off-stoichiometri
Ni3Al alloy. Our investigations on the optical and MO pro
erties also confirm this argument.

V. SUMMARY

Optical, MO, and magnetic properties of nearly stoich
metric (Ni0.752Al0.248) and slightly off-stoichiometric
(Ni0.771Al0.229) alloys have been experimentally studied in
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wide temperature range. The OC spectra of both alloys
hibit intense multiple peaks in the NIR region of the spect
whose existence was predicted earlier by theory but not c
firmed by experiments. The multiple-peak structure in t
NIR region as well as the MO response for Ni0.771Al0.229
persist up to RT. These temperature dependencies of the
tical and MO properties of the alloy can be attributed to t
presence of a magnetic inhomogeneity and/or clusters in
sample betweenTC1587.5 K andTC2'250 K. The results
of ac susceptibility measurements support this argument

The influence of spin ordering~paramagnetic-to-
ferromagnetic transition! and Ni enrichment on the optica
properties of Ni3Al alloys have been investigated theore
cally and experimentally. It was shown that the multipl
peak structure of the low-energy peaks for both investiga
alloys originates from the appearance of the antistructure
atoms at the Al sites. It was also theoretically shown tha
slight atomic disorder leads to a decrease of the magn
moment for the stoichiometric Ni3Al alloy and that a devia-
tion from the equiatomic composition to the Ni-rich sid
causes an enhancement of the total magnetic moment.
the case of the Ni25Al7 alloy, the magnetic moment is dom
nated by the antistructure Ni atoms at the Al sites.

It is certainly very important to know more about th
relative structures of the two samples experimentally usi
for instance, x-ray-absorption fine-structure spectrosco
and especially about the spatial distribution of defects in
off-stoichiometry sample. This work will be done in the ne
future.
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