
PHYSICAL REVIEW B 66, 115114 ~2002!
Structural and temperature dependence of the optical and magneto-optical properties
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The influence of martensitic and magnetic phase transformations on the optical and magneto-optical~MO!
properties of polycrystalline Ni2MnGa alloy samples, in bulk and thin films, has been investigated. The
parameters of charge carriers~plasma and relaxation frequencies! were determined for all the aforementioned
states. By the analogy with the band structure and optical properties of the Ni2MnSn alloy the nature of
interband absorption peaks in the optical-conductivity~OC! spectrum of Ni2MnGa alloy, located at 1.78 and
3.40 eV, is discussed. It was shown that a cooling of substrate with liquid nitrogen during the film deposition
leads to the formation of an amorphous phase in the Ni2MnGa alloy, which, unlike the bulk sample, is not
ferromagnetically ordered at 293 K. An annealing of the amorphous film at 680 K for 60 min restores its
crystallinity and also the ferromagnetic order. The off-diagonal components of the dielectric function~DF! for
the cubic phase of the Ni2MnGa alloy were determined. Like in the interband OC spectrum, the absorptive part
of the off-diagonal components of the DF exhibits a two-peak structure, in which the low-energy peak is
located at the same energy as in the OC spectrum. Both optical and MO properties of the Ni2MnGa alloy show
a noticeable structural dependence; the more intense the peaks, the better the crystallinity of the sample. It was
shown that the value of the MO response for Ni2MnGa alloy was strongly influenced by the optical properties,
indicating a close connection between them.

DOI: 10.1103/PhysRevB.66.115114 PACS number~s!: 78.20.Ci, 78.20.Ls, 78.66.Bz
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I. INTRODUCTION

The experimental finding of a huge polar magneto-opti
~MO! Kerr effect in a ferromagnetic semi-Heusler PtMnS
alloy by van Engen1 has inspired a great deal of interest
the study of the electronic structure, and the MO and opt
properties of similar compounds. The semi-Heusler pha
are cubic ternary compounds, crystallized in aC1b structure,
and have a formula ofXYZ, whereX and Yare transition
metals andZ is an sp element. They are derived from th
true Heusler phases of formulaX2YZ, in anL21 crystalline
structure, by removing oneX atom leaving a vacant site. Th
huge MO effect of these alloys is usually explained by
specific electronic structure. These compounds are thoug
be metallic for one spin direction while they show semico
ducting properties for the opposite spin direction. This p
nomenon is called half-metallic ferromagnetism. That is w
the MO and optical properties as well as the electronic str
tures of semi-Heusler2–14 and true Heusler15–21 alloys have
been intensively studied experimentally and theoretica
since the early 1980s.

Among ferromagnetic true Heusler alloys the Ni2MnGa
alloy has additionally attracted a considerable interest du
the shape-memory effect, the superelasticity, and a la
magnetocaloric effect.22–24 The stoichiometric Ni2MnGa al-
loy exhibits the martensitic transformation from the tetrag
0163-1829/2002/66~11!/115114~8!/$20.00 66 1151
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nal to the cubic phase at 202 K and has a Curie tempera
of 376 K. However, in spite of the great interest in this all
its electronic structure has been insufficiently investigated
contrast to other ferromagnetic Heusler alloys, the dielec
function ~DF! of the Ni2MnGa alloy, as far as we know, wa
not studied yet experimentally or theoretically.

The electronic structures of the Ni2MnGa alloy in the cu-
bic and the tetragonal phases, and also in the cubic ferrom
netic and paramagnetic states were calculated
Pugaczowa-Michalska25 and by Velikohatnyj and Naumov.26

According to these results the Ni2MnGa alloy cannot be con
sidered a pure half-metallic compound, since the density
states~DOS! at the Fermi level (EF) is composed of both
spin components. However,EF for the ferromagnetic cubic
phase is located in a valley between two intense peaks o
minority-spin subbands, created by the occupied 3d states of
Ni and the empty 4d states of Ga. For the majority-spi
subband,EF also lies in the minimum between two intens
peaks, formed by the occupied 3d states of Mn and the
empty 4d states of Ga.26 We should be very cautious regard
ing this matter since the unoccupied Ga 4d bands are miss-
ing in Ref. 25. Because nearly all the 3d states of Ni are
occupied~in contrast to the 3d states of Mn!, the main con-
tribution to the total magnetic moment of the alloy (4.10mB)
comes from the Mn atoms (3.49mB) while the magnetic mo-
ments of the Ni and Ga atoms are rather small~i.e., 0.33 and
©2002 The American Physical Society14-1
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20.05mB , respectively!. The transition to the paramagnet
cubic state leads to drastic changes in the electronic struc
of the alloy. The splitting of Mn 3d states disappears and th
DOS at the Fermi level increases by five times.26 In contrast
to the case of ferromagnetic-paramagnetic transformat
the DOS for the tetragonal phase differs insignificantly fro
that for the cubic one.25

It is known that for Mn-containing Heusler alloys the e
change interaction is indirect, involving polarization of th
conduction electrons. Therefore, any change in the chem
or atomic order may influence directly the magnetic behav
of the alloy. On the other hand, it is also well known th
fundamentally the MO Kerr effect is caused by the simul
neous occurrence of spin polarization and spin-orbit coup
in a magnetic solid. Therefore, the dependence of the
properties of the Ni2MnGa alloy on the chemical or atomi
order can be expected. The MO properties of a medium@i.e.,
the off-diagonal components of the DF («̃); «̃xy52 «̃yx

5 i «̃8 where «̃85«1
82 i«2

8 ] cannot be determined withou
knowledge of its optical properties~i.e., the diagonal compo
nents of the DF;«̃xx5 «̃yy5 «̃zz5«5«12 i«2, where «1
5n22k2 and«252nk. n andk are the refractive index an
the extinction coefficient, respectively!. Furthermore, as wa
shown by Halilov and Kulatov,5 100% spin polarization a
EF , a large magnetic moment and a significant spin-o
interaction do not always guarantee a large MO effect. T
showed that plasma resonance or peculiarities in the op
properties may play a more decisive role for the MO eff
of Heusler alloys.

The purpose of this work is to study experimentally t
influence of the structural disordering as well as the mart
sitic and ferromagnetic-paramagnetic transitions on the o
cal and MO properties of the Ni2MnGa alloy. In order to
study the structural dependence of the aforementioned p
erties more comprehensively, several alloy-film samp
were additionally investigated. This paper is organized
follows; Sec. II contains a description of the sample pre
ration and the experimental details, the results are analy
and discussed in Sec. III which is again divided into thr
subsections, and Sec. IV summarizes and concludes
paper.

II. EXPERIMENTAL PROCEDURE

Bulk Ni2MnGa alloy was prepared by melting Ni, Mn
and Ga pieces of 99.99% purity together in an arc furn
with a water-cooled Cu hearth. In order to obtain the volu
homogeneity the ingot was remelted twice, annealed at 1
K for 6 h, and then slowly cooled. Any weight loss aft
melting and heat treatment was not observed. X-ray fluo
cence analysis revealed an alloy composition
Ni0.493Mn0.247Ga0.260.

For the optical and MO measurements a slab of ab
153832 mm3 was cut from the ingot using a spark-erosi
technique and then polished mechanically with diamo
powders. The final stage of polishing was carried out us
Cr2O3 powders. After this the sample surface was clean
with acetone and ethanol using an ultrasonic cleaner. To
11511
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move the surface contamination introduced by the mech
cal treatment, the sample was annealed in a high vacuu
760 K for 3 h. After such a treatment the surface was furt
electropolished at room temperature~RT! in a 1:2 mixture of
nitric acid and ethanol and at a current density of ab
10 mA/cm2. Then, the surface was cleaned again and
sample was put into a vacuum chamber for the optical m
surements. The optical properties of the bulk Ni2MnGa alloy
were studied for the as-polished sample, after annealing
also after electropolishing.

Ni2MnGa alloy films of 10330 mm2 were prepared by
flash evaporation of the crushed alloy powders
80–100mm in diameter simultaneously onto glass and Na
substrates in a vacuum better than 531025 Pa. The alloy
powders were prepared from the same ingot of the b
Ni2MnGa alloy. The most ordered~for our case! state of the
Ni2MnGa alloy films was achieved by the deposition on
substrates heated up to 720 K~sample 1!. In order to obtain
a substantially disordered state in the film, a vap
quenching-deposition technique was employed, where
chaos of the gas phase is condensed onto substrates c
down to 150 K by liquid nitrogen~samples 2–4!. One of the
latter films ~i.e., deposited at 150 K! was annealedin situ at
680 K for 60 min after the optical measurements and
optical and MO properties were measured again. The par
eters of the prepared Ni2MnGa alloy films are shown in
Table I.

The structural characterization of the bulk and fil
Ni2MnGa alloy samples has been performed using x-ray
fraction ~XRD! with Cu Ka radiation. A transmission-
electron microscopy~TEM! study was additionally carried
out for the films deposited onto NaCl substrates.

The optical properties of Ni2MnGa samples were mea
sured using a rotating-analyzer spectroscopic ellipsom
below and above the martensitic transformation tempera
and also below and above the Curie temperature, i.e., at
293, 408, and 460 K in a spectral range of 310–2500
~4.0–0.5 eV! at a fixed incidence angle of 73°. The MO
properties~equatorial Kerr effect: EKE,dp) were investi-
gated at RT by the dynamical method usingp-plane polar-
ized light at two angles of incidence (66° and 75°) in
spectral range of 310–1100 nm~4.0–1.05 eV!. The other
details of the optical and MO measurements can be fo
elsewhere.27

The resistivity measurements were carried out using
four-probe technique in a temperature range 5–395 K for
bulk sample of about 153230.5 mm3, which was cut from
the same ingot by spark erosion, and also in the 5–30

TABLE I. Parameters of the investigated Ni2MnGa alloy films.
T and t are substrate temperature during the deposition and
thickness, respectively.

Film sample number T ~K! Heat treatment t ~nm!

1 720 118
2 150 79
3 150 186
4 150 680 K/60 min 256
4-2
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STRUCTURAL AND TEMPERATURE DEPENDENCE OF . . . PHYSICAL REVIEW B 66, 115114 ~2002!
region for the crystalline Ni2MnGa alloy film ~sample No.
1!. Temperature dependence of the magnetic properties o
bulk Ni2MnGa alloy was investigated by measuring the ma
netic susceptibilityx(T) using a superconducting quantu
interference device in an external field of 100 G and in
5–395 K temperature range. The magnetic properties
Ni2MnGa alloy films were studied at RT with a vibratin
sample magnetometer~VSM! for the in-plane geometry.

III. RESULTS AND DISCUSSION

A. Structural, magnetic, and transport properties

The structural homogeneity of the investigated bulk a
film samples was proven to be single phase, and only diffr
tion relevant to theL21 phase is observed on the XRD spe
tra for the bulk and film Ni2MnGa alloy ~see Fig. 1!.

The lattice parameters for the cubic phase were de
mined to be 0.5852 and 0.5836 nm for bulk and crystall
films ~sample No. 1!, respectively. Additionally, the TEM
patterns~not shown! for the film deposited onto a substrate
720 K exhibit only spots typical for the single-crystallin
L21 structure~for the microdiffraction! and show a mean
grain size of about 40–50 nm. A decrease in the subst
temperature down to 150 K leads to formation of a cons
erably disordered polycrystalline-~or more probably amor-
phous! alloy film with a few smeared halos on the diffractio
pattern and a mean grain size, if any, less than the resolu
limit of TEM. An annealing of such an amorphous film
680 K for 60 min causes recovery of the crystalline struct
and appearance of the diffraction rings typical for theL21
phase. However, this film has a slightly smaller mean gr
size (;30 nm) than that for the films deposited onto su
strates at 720 K.

The magnetic and transport properties of Ni2MnGa alloys
near the stoichiometric composition have been widely inv
tigated, and such properties of our samples can give us us
information concerning their homogeneity, composition, a
crystalline quality. Figure 2 presents the results of the te
perature dependencies of magnetic susceptibility and re
tivity for the bulk and crystalline-film~obtained at 720 K!
Ni2 MnGa alloy samples. It is seen that near 224 K thex(T)
increases abruptly and also that the temperature depend
of resistivity for the bulk alloy exhibits a noticeable slop
change at the same temperature.

FIG. 1. X-ray-diffraction pattern for the bulk Ni2MnGa alloy.
11511
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The origin of the observed phenomena can be confide
related to the martensitic transformation, which takes pl
at 224 K in our bulk alloy. A further increase in temperatu
leads to an abrupt fall ofx down to nearly zero at 379 K
which indicates a transition of the alloy into the parama
netic state. This transition is also accompanied by noticea
anomalies in theR(T) and ]R/]T plots @see Figs. 2~b! and
2~c!#. The R(T) dependence for the crystalline Ni2MnGa
alloy film ~sample 1! also shows the peculiarity exactly at th
same temperature as for the bulk sample, however,
R(300 K)/R(5 K) ratio for the film is somewhat smalle
than that for the bulk sample. Both facts may support
exact reproduction of bulk alloy composition in the film
however, the crystallinity of film sample No. 1, our be
crystalline-alloy film, is worse than that of the bulk alloy.

The temperature of martensitic transformation,Tm
5224 K, and the Curie temperature,TC5379 K, observed
experimentally for our samples, are rather close to the kno
literature results for Ni2MnGa alloys near the stoichiometri
composition. Indeed,TC for the exactly stoichiometric
Ni2MnGa alloy is reported to be 376 K~Refs. 28 and 29! or
382 K.30 Tm measured on cooling for the exactly stoichi
metric Ni2MnGa alloy is known to be 202 K.28,29 Some dis-
agreement inTm between our samples and the literature
sults can be explained by a thermal hysteresis of
martensitic transformation and/or a slight deviation in t
alloy composition from the exact stoichiometry, as shown
x-ray fluorescence.

B. Optical properties of the alloy

The results of optical study at 293 K for the bu
Ni2MnGa alloy sample are shown in Fig. 3. It is seen that
measured optical properties of the Ni2MnGa alloy are rather
sensitive to the quality of the sample surface. The optic

FIG. 2. Temperature dependence of the~a! magnetic suscepti-
bility x, and~b! resistivity ~normalized with respect to that at 30
K! of the bulk ~open circles! and crystalline-film~line, sample No.
1! Ni2MnGa alloy.~c! Derivative of the temperature dependence
resistivity.
4-3
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conductivity ~OC, s) spectrum for the as-polished bu
sample is nearly structureless; weak and broad features a
and 3.9 eV are observed, and the absolute value of«1 in the
near-infrared~NIR! region is relatively small. A heat treat
ment of the as-polished sample leads to a noticeable
provement of the crystalline structure in the surface la
destroyed by mechanical polishing and spark-erosion tr
ment. Indeed, after such a treatment the pronounced in
band absorption peaks near 1.7 and 3.2 eV are seen in
OC spectrum of the alloy, and the absolute value of«1 in the
NIR region is significantly increased, indicating an enhan
ment of the free-electron-like absorption. A certain decre
of OC as a whole is also observed. A possible reason for
shift in s(v) will be discussed further. However, it is see
that the annealing only is not enough for the complete eli
nation of structural defects introduced by spark erosion
mechanical polishing of the sample. Electropolishing ma
the surface more perfect since the procedure enhance
magnitude of OC and increases the absolute value of«1 in
the NIR region. Nearly the same regularity in the structu
dependence of optical properties is also obtained for the
vestigated Ni2MnGa alloy films. The OC spectrum at 293
for the amorphous Ni2MnGa alloy film exhibits weak fea-
tures on a flat plateau~see Fig. 4!.

An annealing of the amorphous film, which restores
crystalline structure, makes the interband absorption peak
; 1.7 and 3.2 eV in the OC spectrum more pronounc
decreases the OC value as a whole, and increases the
lute value of«1 in the NIR region. However, the intensitie
of interband absorption peaks in the OC spectrum and
absolute value of«1 in the NIR region for sample 1, which
according to the results of the TEM study, has a better c
tallinity than film sample 4, turn out to be even larger th
those for the annealed sample 4. Thus, we can conclude
both bulk and film Ni2MnGa alloy samples follow a commo
regularity in the dependence of optical properties on
sample crystallinity.

The influence of the martensitic and magnetic transitio
on the optical properties of Ni2MnGa alloy was studied for
the bulk sample whose surface was prepared by electro
ishing ~see Fig. 5!. It is seen that for all the temperatures a

FIG. 3. ~a! Optical conductivity and~b! «1 spectra at 293 K for
the as-polished, annealed, and electropolished bulk Ni2MnGa alloy.
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hence for all the states the OC spectra exhibit two absorp
peaks at;1.7 and 3.2 eV, and the«1 spectra present anoma
lous dispersion nearly at the same energies@see the inset of
Fig. 5~a!#. At the same time, below\v,1 eV the«1 ands
spectra at all the investigated temperatures look Drude-l
A more definite conclusion on the character of optical a
sorption in the NIR region can be made by observing
v«2 vs «1 plot, the so-called Argand diagram, whose line
part is interpreted as the free-electron absorption. An enti

FIG. 4. ~a! Optical conductivity and~b! «1 spectra at 293 K for
the Ni2MnGa alloy film deposited onto a substrate cooled by liqu
nitrogen, for the same film but after an annealing at 680 K/60 m
and for the film deposited at 720 K.

FIG. 5. ~a! «1 , ~b! total OC, and~c! interband OC spectra fo
the electropolished bulk Ni2MnGa alloy, measured at 78 K, 293 K
and 409 K. Inset in~a! presents an expanded view of the«1 spectra
in a high-energy region. Dashed and dotted lines in~c! show inter-
band contributions to the fitted interband OC spectrum~solid line!
obtained forT578 K by using the multiple-peak analysis.
4-4
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TABLE II. Plasma,VP, and relaxation,g, frequencies as well as the parameters of low-energy~A! and
high-energy~B! interband absorption peaks in the OC spectra for the electropolished bulk Ni2MnGa alloy,
obtained at different temperatures.\v0 ,D\v, and I are the location, full width at half maximum, an
intensity, respectively, for the interband absorption peaks.

Temperature VP
2 g \v0

A \v0
B D\vA D\vB I A I B

~K! (1030 s22) (1014 s21) ~eV! ~eV! ~eV! ~eV!

78 5.83 2.32 1.78 3.19 0.83 1.70 10.1 43.6
293 8.69 3.14 1.78 3.40 0.77 2.06 10.0 85.6
409 12.33 3.97 1.78 3.45 0.79 2.06 11.4 79.9
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linear region in the diagram was found for all the tempe
tures~not shown here!, indicating the predominance of free
electron absorption below a photon energy of 1 eV. With t
evidence that the free-electron or Drude absorption is do
nant in the NIR region of spectra, the plasma frequency,VP,
and the effective relaxation frequency of free charge carri
g, were determined using a linear-regression analysis on
diagram. After this, the interband contributions to the expe
mental OC, s inter, were calculated ass inter5sexp2sD ,
where sexp is the experimentally determined OC andsD

5VP
2g/4p(v21g2) is the Drude term. Then, a multiple

peak analysis using the symmetrical Gaussians was ap
to the obtaineds inter spectra. The decomposition results f
s inter, together with the results ofVP andg calculations, are
presented in Table II and Fig. 5~c! ~for T578 K, as an
example.!

It is seen that the interband OC spectrum for the fer
magnetic cubic Ni2MnGa alloy (Tmeas5293 K) has two in-
terband absorption peaks at 1.78~peak A! and 3.40 eV~peak
B! ~see Table II!. Since no result of the first-principles ca
culation for the DF of the Ni2MnGa alloy is available, for the
further discussion we refer to the theoretical15 and
experimental19 results obtained for the isostructur
Ni2MnSn alloy.

The optical properties of several ferromagnetic Heus
alloys containing Mn at theY sites were theoretically exam
ined by Kuboet al.15–17It was shown that the OC spectra fo
Cu2MnAl,Pd2MnSn, and Ni2MnSn alloys are rather simila
to each other and reveal a group of interband absorp
peaks in the 1–4-eV energy range, which have the sa
nature. Furthermore, the experimental OC spectrum
Ni2MnSn alloy in the 0.5–4.0 eV energy range19 is in a fairly
good agreement with theory and also looks very similar
our experimental OC spectra. Therefore, we can presum
apply the theoretical results obtained for the Ni2MnSn alloy
to the Ni2MnGa alloy. According to Kuboet al.17 a strong
interband absorption occurs at;0.3 eV, and sharp peak
appear at 2.0 and 3.4 eV. Broad peaks located at; 5.0 and
7.2 eV were also mentioned. It was shown that the struc
at 2 eV in the«2 spectrum is formed by the electronic exc
tations from the 13th and 14th bands to the 15th band~fur-
ther designation is 13,14→15) in the minority-spin band
while the peak near 3.4 eV is formed by the (13,14→19) and
(18,19→20) transitions in the minority- and majority-spi
bands, respectively. Transitions (13→15) and (14→15) take
place from regions aroundG, L, andK points nearEF in the
Brillouin zone while, in formation of the other transition
11511
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quite a large volume of Brillouin zone has to be taken in
account. Here we must note that Kirillovaet al.did not men-
tion the low-energy peak at 0.3 eV, predicted by theory.19

The main cause for the temperature dependence of
electronic structure and hence the optical properties of n
magnetic metals is a change of the lattice with temperat
In order to minimize the influence and obtain the resu
comprising the entire ferromagnetic→paramagnetic transi
tion, we also studied the optical properties of the param
netic Ni2MnGa alloy just above the Curie temperature, i.
at T/TC51.08 ~409 K!. Disappearance of the ferromagnet
order turns out not to change significantly the interband
spectrum of the Ni2MnGa alloy ~see Fig. 5 and Table II!.
This means, at least, that the initial and final states in
E(k) spectra involved in formation of the interband pea
are not altered, or shifted in a parallel way. Nearly the sa
result was obtained for the bulk annealed sample measure
T/TC51.21 ~not shown!. The invariance of interband OC
spectra for both ferromagnetic and paramagnetic phase
the Ni2MnGa alloy looks unexpected in a view of Velikoha
nyj and Naumov.26 The calculated DOS for the ferromag
netic and paramagnetic states are significantly different.17,26

Therefore, a certain difference in the joint density of sta
between paramagnetic and ferromagnetic phases is expe
At the same time, changes in the values ofVP andg, caused
by the ferromagnetic→paramagnetic transformation, tak
place~see Table II!. The enhancement ofg for the paramag-
netic phase can be easily explained by an increase in
electron-phonon contribution to the effective relaxation f
quency with increasing temperature. Similar fitting resu
were demonstrated upon the martensitic transformation.
values of plasma and relaxation frequencies for the tetra
nal phase are smaller than those for the cubic one~see Table
II !. The reduction ing for the tetragonal phase is readi
understood for the same reason as for the case of
ferromagnetic→paramagnetic transition, i.e., a decrease
the electron-phonon contribution to the effective relaxat
frequency with decreasing temperature.

A caution is advised here. The numerical values ofVP
and g bear no significant physical meaning. The trend
change ing has a certain physical meaning so that it follow
a reasonable dependence on temperature. ForVP, however,
at least three factors are involved; free-carrier density, eff
tive mass, and screening or effects of interband absorpt
Since clear information on each of these is not known, i
quite dangerous to give too much physical significance to
numerical values ofVP. In addition, one cannot absolutel
4-5
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disregard the possibility of very low-energy interband a
sorption. Therefore, to be more safe, these numbers sh
be merely taken as fitting parameters for the analysis of
spectra.

The nearly perfect resemblance observed in the interb
OC spectra for the ferromagnetic and paramagnetic st
can be understood in terms of the fluctuation theory for f
romagnets. According to such an approach, the disapp
ance of ferromagnetism is explained, for example, by bre
ing the magnet atTC into randomly oriented dynamic region
or clusters, each of which maintains nearly the same m
netic order as in the ferromagnetic state. Because of the
sence of ferromagnetic coupling between these clusters
resultant~macroscopic! magnetization vanishes atTC. Ac-
cording to Ref. 31 these dynamic regions, or spin corre
tions, exist fortsc;\/TC;10213 s. Because of the relativel
large number of electrons involved in this process,tsc is sig-
nificantly longer than the time for formation of the electron
structure;\/Wd;10215s for a magnetic material, wher
Wd is the width of thed band. Therefore, the one-partic
states within a dynamic magnetic cluster have enough t
to be reconstructed according to the potential fields crea
by the ‘‘slow’’ spin-density fluctuations, and the local ban
structure in the region of the spin fluctuation is the same
that atT50, while the magnetization directions of cluste
are distributed randomly in space. Thus, photons cannot
tect the difference between ferromagnetic and nonmagn
states of alloy.

The structural transformation from cubic to tetragonal l
tice leads to more noticeable changes in the interband
sorption spectrum of the Ni2MnGa alloy than for the case o
the ferromagnetic→paramagnetic transition. Both interban
absorption peaks are reduced in magnitude: peak A does
change its position in the OC spectrum, while peak B exh
its a redshift by about 0.2 eV~see Table II!.

Comparing the DOS curves for the cubic and tetrago
phases, one can conclude that the difference between the
less noticeable than between cubic ferromagnetic and p
magnetic phases. However, experimentally the differenc
the interband OC spectrum is reversed. Thus, it is clear
the first-principles calculations on the optical properties
the cubic and tetragonal phases of the Ni2MnGa alloy should
be employed for a better elucidation of the experimenta
observed structural and temperature dependencies of the
tical properties.

C. Magneto-optical properties of the alloy

Before carrying out the spectral EKE measurements
magnetic-field dependence of the MO responsedp(H)
should be known. Figure 6 shows the results of such a st
at 293 K for a crystalline Ni2MnGa alloy film ~sample No.
4!, together with the magnetization hysteresis loopsM (H)
~in-plane geometry!, measured at 293 K, for the bulk an
film ~sample No. 4! samples.

It is seen in Fig. 6 that the MO response nearly reac
the saturation at an ac magnetic field of 950 Oe, which is
maximum ac magnetic field available for our MO measu
ments, while the full saturation for the bulk and film samp
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is achieved at a field of;1500 Oe according to the VSM
measurements. A significant difference in coercivity for t
bulk and the crystalline film is probably caused by differe
crystallite dimensions. Unlike the bulk and the crystalli
film all the investigated amorphous alloy films~sample Nos.
2, 3, and sample No. 4 before annealing! are not ferromag-
netically ordered at RT. However, annealing of such
amorphous film, which restores its crystalline structure, le
back to the ferromagnetic properties. A significant structu
dependence of the magnetic properties of Heusler alloys
well-known phenomenon. Ikeda and Takahashi32 explained
theoretically decreases in magnetization and Curie temp
ture for the cold-worked Mn-based Heusler alloys, induc
by significantly different magnetic properties of the Mn a
oms near the antiphase boundaries produced by a plastic
formation. Krusin-Elbaumet al.33 reported that amorphou
Cu2MnSn exhibits a spin-glass behavior. On the other ha
Orgassaet al.34 have shown that occupation by the atoms
the improper sites in the lattice, or atomic disordering for t
semi-Heusler NiMnSb alloy, leads to a decrease in spin
larization, which explains the structural dependence of m
netic properties. Thus, the experimentally observed nonm
netic properties of amorphous Ni2MnGa are general for
Heusler and semi-Heusler alloys, however, the detailed
vestigation of the magnetic properties is out of the scope
the present paper.

The EKE spectra for bulk and crystalline Ni2MnGa alloy
samples are shown in Fig. 7. All the experimentally observ
EKE values were artificially saturated by using a scaling f
tor determined from the comparison of theM (H) and the
dp(H) dependencies. All these spectra look very similar
each other, exhibiting a strong negative peak at\v'3 eV
and a noticeable positive peak at 1.25 eV. On the other ha
the amplitudes of EKE spectra are significantly different. F
example, the EKE spectrum for alloy film No. 4, which has
worse crystallinity than film No. 1, exhibits the largest neg
tive peak at about 3 eV among the investigated samp
Similar to the results of magnetic measurements by VSM,
MO response was detected at RT for all the investiga
amorphous Ni2MnGa alloy films.

In order to understand the reason for the noticeable
ference in magnitude of the EKE spectra, the off-diago
components of the DF were calculated using the correspo

FIG. 6. Magnetization hysteresis loops for the bulk~solid line!
and crystalline-film~sample No. 4! ~dash-dotted line! Ni2MnGa al-
loy samples. Open circles present the ac magnetic-field depend
of EKE responses for sample No. 4. All the measurements w
carried out at 293 K.
4-6
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ing optical data and the results of EKE measurements at
angles of incidence. The results are shown in Fig. 8. I
seen that all these spectra show a resemblance in the sp
shape and the peak position; the absorptive part of the
diagonal components of the DF shows two pronounced ne
tive peaks at 1.75 and 2.8 eV. The intensities of peaks in
«2

83(\v)2 spectra are different for the samples, howev
the same regularity in the dependence on crystallinity as
the optical properties is observed, i.e., the better the crys
linity of the sample, the larger the value of«283(\v)2. The
correctness of the determined off-diagonal components
the DF was checked by restoring the EKE spectra via a si
lation procedure which uses«1 , «2 , «18 , and «28 as input
parameters. The results are shown by lines in Fig. 7. I
seen that there is no doubt regarding the correctness in
termining the off-diagonal components.

Thus, we can conclude that the values of the diagonal
off-diagonal components of the DF in the interband abso
tion region are dependent strongly upon the crystallinity
alloy, showing a regularity; the better the crystallinity, t
larger the values of the DF~at least, in the regions of inter

FIG. 7. Experimental EKE spectra for the bulk and crystallin
film ~sample Nos. 1 and 4! Ni2MnGa samples. Lines present EK
spectra for the corresponding samples, simulated with use of
experimentally determined diagonal and off-diagonal compone
of the DF.

FIG. 8. «1
83(\v)2 ~open symbols! and«2

83(\v)2 ~solid sym-
bols! spectra for the electropolished bulk~circles! and crystalline-
film @sample Nos. 1~squares! and 4 ~down-triangles!# Ni2 MnGa
alloy, measured at 293 K. The spectra for the bulk sample are p
ted with a scaling factor of 0.45.
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band absorption!. The second conclusion is that the MO r
sponse depends significantly not only on their magne
properties and spin-orbit interaction but also on their opti
parameters. If the off-diagonal components of the DF
large, the MO response is, in general, also enhanced. H
ever, the MO response is determined by not only the o
diagonal components but the diagonal ones. If the diago
components are large, the MO response is reduced bec
the diagonal components enter into the denominator of
equation for the MO response. This is the reason why sam
4, which has the worst crystallinity, exhibits the largest EK
response~see Fig. 7!. All the investigated samples have a
most the same small magnitudes of«1 and thus the denomi
nator is mainly determined by the magnitude of«2 or OC.
Sample 4 has the smallest OC value in the interband abs
tion region~see Fig. 4!, resulting in the largest MO respons

The nature of the peaks in the absorptive part of the o
diagonal components of the DF, Im@sxy(\v)#, is best
understood, if, in accordance with the results by Uspen
and Halilov,35Im@sxy(\v)# is represented as a differenc
between the optical conductivities with opposite spin
i.e., Im@sxy(\v)#'a8$Re@sxx

↑ (\v)#2Re@sxx
↓ (\v)#%. The

condition for this approximation is fulfilled when 2j!\v
,Wd , where j is the spin-orbit interaction strength@j
[(1/2m2c2)(1/r (dV/dr)# andWd is thed-band width. The
spin-orbit interation strength is usually an order of 10 m
and thed-band width for Mn and Ni is about 5–6 eV. There
fore, we can apply the above approximation for our me
sured energy range. As aforementioned, the low-energy
terband absorption peak~peak A! in the OC spectrum of the
alloy is formed mainly by the electron transitions in th
minority-spin subbands. Thus, because thesxx

↑ (\v) contri-
butions to peak A is negligible, the spectrum of the abso
tive part of the off-diagonal components of the DF shou
contain a peak at the same energy as in the OC spectru
is seen that the low-energy peak in the«283(\v)2 spectra is
located exactly at the same energy as that in the OC spe
~see Figs. 5 and 8, and also Table II!. This fact can be con-
sidered as other evidence that the presumed nature o
low-energy peak in the OC spectrum of the alloy is corre
At the same time, the electron transitions in both spin s
bands contribute nearly equally to the formation of peak B
the OC spectrum. Therefore, their difference may produc
peak of complicated shape in the«283(\v)2 spectra and
hence the high-energy peak in the«283(\v)2 spectra is ob-
served at a different energy from that in the OC spectra.

IV. SUMMARY

~i! The optical and MO properties of the Ni2MnGa alloy
were investigated for the martensitic and austenitic phase
well as for the ferromagnetic and paramagnetic states of
austenitic phase. The parameters of charge carriers, suc
plasma and relaxation frequencies, were determined for
the mentioned states.

~ii ! The interband OC spectrum in the 0–4-eV ener
range for the ferromagnetic cubic phase of the Ni2MnGa
alloy exhibits two intense peaks at 1.78 and 3.40 eV. By
analogy with the Ni2MnSn alloy the nature of these peaks

-
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discussed in terms of the band structure.
~iii ! It was shown that the ferromagnetic-paramagne

phase transformation in the Ni2MnGa alloy changes the in
terband OC spectrum very insignificantly. This experimen
result does not support the theoretical predictions. An ex
nation of the disagreement between theory and experime
suggested, based on the fluctuation theory of ferromagn

~iv! In contrast to the ferromagnetic-paramagnetic ph
transformation, the transition to the martensitic phase cau
more significant changes in the interband OC spectrum:
intensities of peaks become smaller, and the low-energy p
retains its location while the high-energy peak exhibits a r
shift by about 0.2 eV.

~v! The film deposition onto substrates cooled by liqu
nitrogen leads to the formation of a substantially disorde
or amorphous phase in the Ni2MnGa alloy, which is not fer-
romagnetically ordered at RT. Annealing of the amorpho
films at 680 K for 60 min restores their crystallinity and al
the ferromagnetic order.

~vi! The off-diagonal components of the DF for the cub
a
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phase of the Ni2MnGa alloy was determined. As in the in
terband OC spectrum, the absorptive part of the off-diago
components of the DF exhibits a two-peak structure,
which the low-energy peak is located at the same energ
that in the OC spectrum. Both optical and MO properties
the Ni2MnGa alloy show a noticeable structural dependen
the better the crystallinity of the sample, the larger the int
sities of peaks in the interband absorption region.

~vii ! It was shown that the MO response for the Ni2MnGa
alloy is strongly influenced by the optical properties a
should be considered to have a close connection with th
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