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Dependence of the optical and magneto-optical properties and electronic structures
on the atomic order in Ni2MnIn Heusler alloys
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The magnetic, the magneto-optical, and the optical properties of Ni2MnIn alloy films with significantly
different atomic orders~from nearly single crystalline to highly disordered or almost amorphous! were inves-
tigated. The crystalline Ni2MnIn alloy films were ferromagnetic with a Curie temperature of 325–330 K, while
the amorphous phase was not ferromagnetically ordered down to 5 K. The diagonal and off-diagonal compo-
nents of the optical-conductivity tensor for the crystalline alloy were experimentally determined. They were
also calculated by using an all-electron full-potential linearized-augmented-plane-wave method and the agree-
ment between the experiment and calculation was reasonable after the so-calledl fitting. The most intense
optical transitions occur between the minority-spin bands with mostly Ni and/or Mn 3d characters. The
joint-density-of-states effects are responsible for these transitions. The analysis of changes in the electron-
energy structure of Ni2MnIn alloy, caused by the structural disordering, were performed by using the results of
optical study. An annealing at 750 K for 2 h of the amorphous film restores its crystallinity (B2 or A2 phases!
and also the ferromagnetic order.

DOI: 10.1103/PhysRevB.69.195104 PACS number~s!: 78.20.Ci, 78.20.Ls, 71.20.Be
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I. INTRODUCTION

The rapidly evolving field of magnetoelectronics stim
lates deep interests in ferromagnetic metals with full s
polarization at the Fermi levelEF . This phenomenon may b
observed in compounds which are thought to be metallic
one-spin direction, while at the same time they show se
conducting properties for the opposite spin direction. Th
so-called half-metallic ferromagnets are favorable candid
as electrodes for spin-polarized-current injection into se
conductors. A significant number of intermetallic sem
Heusler and true Heusler alloys~HA! have been predicted
theoretically to be half metals1 and their films may be used a
spin injectors in such devices. True HA have a formula
X2YZ, whereX andY are transition metals andZ is ans-p
element and they are in a crystalline structure ofL21. Recent
experiments, however, indicate that when using HA as e
trodes on semiconductor material, the spin polarization of
injected carriers is far from complete.2 This is thought to be
related to poor interface properties~both electrical and mag
netic! due to site disorder, resulting in an insufficient sp
polarization of the ferromagnet atEF . Indeed, the full spin
polarization atEF was theoretically predicted only when a
suming a perfectly orderedX2YZ structure with a pureL21
type of symmetry.3 It was also theoretically shown for sev
eral HA@such as Rh2MnZ (Z5Ge, Sn, Pb! or Cu2NiZn] that
a pseudogap in the density of states~DOS! for minority-spin
subbands disappeared in the disordered state.4,5

For example, the magnetic measurements of Co2MnZ
(Z5Sn, Si, Ge! alloy films6,7 reveal that, depending on th
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specific combination of substrate materials and the fi
thickness, the saturation magnetization is strongly redu
compared to the bulk value. Evidently, for a thickness bel
approximately 15 Åsuch HA films are no longer ferroma
netic. This result indicates that typically several monolay
of the HA at an interface are not ferromagnetic, proba
owing to alloying or strong site disorder.

However, the origin of ferromagnetism, and the effect
atomic disorder on the electronic structure and the phys
properties of HA is still not well understood and constitute
challenging problem. It is well known that the cold workin
as well as an atomic disordering or a compositional deviat
from the stoichiometry, changes the magnetic properties
HA ~see, for example, Refs. 8 and 9!. The magnetic momen
in Mn-containing HA is predominantly located at the M
sites. Because the Mn atoms in the ordered HA are wid
separated by the nonmagneticZ atoms, the Mn atoms hav
been considered to be coupled via the conduction elect
by a Ruderman-Kittel-Kasuya-Yosidas-d interaction. There-
fore, any change in the chemical or the atomic order m
directly influence the magnetic behavior of the alloy. Ike
and Takahashi8 considered the effect of formation of an
tiphase boundaries produced by a plastic deformation
showed that the saturation magnetization as well as the C
temperatureTC could be reduced by about 30% if the disl
cation density reached a value of about 1013 cm22.
Pugacheva and Jezierski4 have shown theoretically that th
structural disordering in Rh2MnZ (Z5Ge, Sn, Pb! HA re-
duces the magnetic moment by about 11%. At the same t
Taylor and Tsuei10 as well as Krusin-Elbaumet al.11 have
shown that a significant structural disordering obtained
©2004 The American Physical Society04-1
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TABLE I. The parameters of the investigated Ni2MnIn alloy bulk and film samples.Ts andt are substrate
temperatures during the deposition and film thickness, respectively. 4pMeff were measured at 293 K.

Sample Ts Heat t Mean-grain Lattice constant FWHM of 4pMeff TC

no. ~K! treatment ~nm! size ~nm! ~Å! ~220! peak~deg! ~G! ~K!

Bulk 6.076 0.30 317
1 730 135 80–90 a56.185,c56.076 0.76 1790 330
2 680 130 a56.189,c56.060 0.80 773
3 545 105 20–30 a56.159,c56.118 0.86 247
4 150 75 ,2;3 3.40 0
5 150 750 K/2 hr 243 a56.188,c56.095 0.73 743 325
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amorphous Cu2MnZ (Z5Al, In, Sn! HA films will lead to
the formation of a spin-glass state. On the other hand, am
phous Ni2MnGa alloy films exhibit a feature of Pauli para
magnet down to the liquid-He temperature.12 Unlike the pre-
ceding cases, S´ lebarskiet al.13 have shown that the atomi
disordering in Fe2TiSn HA causes the appearance of a we
ferromagnetism in the nonmagnetic ordered state.

The spin-injector layer has to satisfy several demands
excellent lattice matching to the semiconductor layer as w
as a good matching between their band structures. The
dered stoichiometric bulk Ni2MnIn alloy has a cubicL21
crystal structure with a lattice constanta of 6.069 Å ~or
6.073 Å! ~Ref. 14! and aTC of 314 K ~Refs. 15,16! @or 320
K ~Ref. 14!#. The lattice constant is very close to that
semiconducting InAs~i.e., a56.058 Å). This fact makes
them a promising couple for the spintronic devices. Kili
and Victora17 have shown that Ni2MnIn also has a good ban
matching with InAs in three high-symmetry direction
among which the@111# direction is the best.

The magneto-optical~MO! spectroscopies are rather se
sitive and convenient tools in studying the electronic str
ture and the magnetic properties of magnetically ordered
ids at the same time. The MO and optical properties as w
as the electronic structures of semi-Heusler18–27 and true
Heusler alloys28–33 were intensively studied experimental
and theoretically. However, the dielectric function~DF! of
Ni2MnIn alloy ~as far as we know! has not been investigate
yet either experimentally or theoretically. It is very attracti
to apply the thin-film technology to obtain the Ni2MnIn alloy
in structurally different states~from rather ordered to essen
tially disordered one! in order to elucidate the overall struc
tural dependence of the electronic structure and the magn
properties. Thus, this work aims at the fabrication
Ni2MnIn alloy films in structurally different states, and th
investigation on the influence of atomic ordering in Ni2MnIn
alloy on the magnetic, the MO and the optical properties
well as the electronic structure. The MO and optical prop
ties were also calculated by using first-principles electron
structure calculations and the agreement with experim
was reasonable.

II. EXPERIMENTAL PROCEDURE

Bulk Ni2MnIn alloy was prepared by melting Ni, Mn, an
In pieces of 99.99 purity together in an arc furnace with
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water-cooled Cu hearth in an Ar atmosphere at the pres
of 1.3 atm. Before preparation of the Ni2MnIn ingot, the Ar
gas in the furnace was additionally purified by multiple r
melting of Ti0.50Zr0.50 alloy getter. To promote volume ho
mogeneity the ingot was remelted times times. Any weig
loss after melting was not observed. The x-ray fluoresce
analysis revealed an alloy composition
Ni0.502Mn0.248In0.250 with error margins of about 0.3 wt %
~hereafter we refer to this as Ni2MnIn). For the optical and
MO measurements a slab of about 153832 mm3 in dimen-
sions was cut from the ingot using spark-erosion techni
and then polished mechanically with diamond powders. T
final stage of the mechanical polishing was carried out w
the use of the water suspension of Cr2O3. Then, the sample
surface was cleaned with acetone and ethanol using an u
sonic cleaner and put into a vacuum chamber for the opt
measurements. To remove the surface contamination in
duced by the mechanical treatment, the sample was anne
in a high-vacuum condition at 720 K for 3 h.

Ni2MnIn alloy films of 10330 mm2 in dimensions with
different degrees of structural order were prepared by fl
evaporation of the crushed alloy powders of 80–100mm in
diameter simultaneously onto glass and NaCl substrates
vacuum better than 231025 Pa. The alloy powder was pre
pared from the same ingot of bulk Ni2MnIn alloy. To obtain
highly ordered films, the deposition was performed onto s
strates heated up to 730 K, while the utmost disordered~for
our case! alloy films were prepared by vapor-quenchin
deposition onto substrates cooled by liquid nitrogen. The
tual substrate temperature during quenching deposition
estimated to be 150 K. Additionally, some latter films we
annealedin situ at 750 K for 2 h. The deposition onto sub
strates kept at the temperatures in between 150 and 73
allowed us to fabricate the alloy films with intermediate d
grees of structural order. The parameters of the prepa
Ni2MnIn alloy films are summarized in Table I.

The structural characterization of the bulk and fil
Ni2MnIn alloy samples was carried out by usingQ22Q and
grazing-angle x-ray diffraction~XRD! study with Cu and Fe
Ka radiation, and by using the selective-area microdiffra
tion of transmission electron microscopy~TEM! for the films
on NaCl substrates. The optical properties of Ni2MnIn
samples were measured by using a rotating-analyzer spe
scopic ellipsometer at room temperature~RT! in a spectral
range 265–2500 nm~4.7–0.5 eV! at a fixed incidence angle
4-2
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of 73°. The MO properties~equatorial Kerr effect: EKE,dp)
of the Ni2MnIn HA were investigated at RT by the dynam
cal method usingp-plane polarized light at two angles o
incidence (66° and 75°) in a spectral range 290–1100
~4.20–1.05 eV!. The temperature dependence of the m
netic properties was investigated by measuring the
magnetic susceptibilityx(T) under an external field of 100
G in the 77–395 K temperature range. The magnetic pro
ties of Ni2MnIn alloy films @in plane, zero-field-cooled
~ZFC! and field-cooled ~FC!, H5100 G, magnetization
curves as well as magnetization hysteresis loops# were stud-
ied by using a Quantum Design superconducting quan
interference device~SQUID! magnetometer in the 5–395 K
temperature range. Additionally, the magnetic state of
film samples at RT was evaluated by measuring the fe
magnetic resonance~FMR! for the in-plane and out-of-plan
geometries.

III. THEORETICAL CALCULATIONS

The electronic structures were calculated by using
WIEN2K code34 utilizing an all-electron full-potential
linearized-augmented-plane-wave method.35 For the
exchange-correlation functional, the generalized-gradie
approximation version of Perdew, Burke, and Ernzerho36

was used. Since the spin-orbit coupling is crucial for the M
effects, it is included in a second-variational procedure,
the eigenvalues and eigenvectors are computed using sc
relativistic wave functions. The muffin-tin radii were dete
mined in such a way that all atomic spheres were almos
contact and were the same for all atoms. We usedRKmax
58.0, resulting in 330 plane waves for the basis functio
To generate the self-consistent potential and charge, we
vided the whole reciprocal unit cell into 10310310 paral-
lelepipeds, resulting in 102 independentk points in an irre-
ducible wedge. It should be noted here that the inclusion
the spin-orbit interaction reduced the symmetry of the cry
from cubic to tetragonal in the spin-polarized calculatio
After self-consistency was achieved, the whole recipro
unit cell was further divided into 40340340 parallelepi-
peds, resulting in 4531 independentk points in an irreducible
wedge, and the energy eigenvalues and eigenfunctions
obtained to calculate the DOS curves and the optic
conductivity~OC! spectra. A detailed explanation for the O
calculation can be found elsewhere.37

The calculated OC spectra were broadened usin
Lorentzian function with a lifetime of 0.3 eV. The broade
ing simulates the effects of the imaginary part of t
quasiparticle self-energy and the instrumental resolut
Since the calculated spectra after broadening have sim
shapes to the measured ones but the energy position
the strong features are different, we applied the real par
the self-energy correction~so-calledl fitting38! to match the
energy positions of the strong features of the experime
and theoretical spectra. The detailed explanation of thl
fitting and fitting procedures can be found elsewhere.38,39All
the calculations were done for the perfectly orderedL21
structure.
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IV. RESULTS AND DISCUSSION

A. Structural and magnetic properties

Different kinds of atomic orders in true HA may be ob
served. The completely ordered state is theL21 structure, in
which a linear chain of Ni-Mn-Ni-In lies along the~111!
direction of bcc-based structure, forming afcc Bravais lat-
tice. TheB2 structure occurs when Ni atoms occupy th
proper sites, while Mn and In atoms randomly occupy th
sites ~centers of cubic cages of Ni atoms!. And finally ran-
dom occupation of the sites ofbcc lattice by Ni, Mn, and In
atoms produces theA2 structure. The structural homogenei
of the investigated bulk sample was proven to be practic
a single phase: all the observed diffraction lines belong to
L21 phase, except the~210! one whose presence can be
consequence of a certain disorder of theB2 structure~see
Fig. 1!. From thed spacings, the lattice parameter of bu
Ni2MnIn alloy turns out to be 6.07660.021 Å which is in
close agreement with the literature value.15

The Ni2MnIn alloy films deposited onto substrate at 73
K show a well ordered single phaseL21 structure with a
small tetragonal distortion,a56.185 Å andc56.076 Å, and
a rather large mean-grain size of 80–90 nm~see Figs. 1 and
2, and Table I!. It should be noted that the~111! superstruc-
tural diffraction line ofL21 phase was observed only in th
XRD spectra of bulk sample and the film deposited at 730

A decrease in the substrate temperature from 730 to 66
and then down to 545 K still preserves the crystalline str
ture ~see Figs. 1 and 2!. However, main diffraction lines
become wider~see Table I!, and a few additional~in com-
parison with theL21 phase! diffraction lines marked byci
anddi have appeared~see Fig. 1!. The newc1 andd1 peaks
can be attributed to the~101! peak of Ni2In or the~310! peak
of Mn3In, while other peaks may be related to the formati
of B2 structure@c2 and d2 to the ~321!, c3 and d3 to the
~410! or ~223!, and c4 to the ~141! or ~303! diffraction
peaks#. The peaksc2 andd2 may also be originated from th
~112! peak of Ni2In. This is also accompanied by a notic
able reduction in mean-grain size of the films~see Table I

FIG. 1. XRD patterns for~a! bulk and thin-film Ni2MnIn alloy
samples deposited at~b! 730, ~c! 660, ~d! 545, ~e! 150 K. XRD
spectrum for the film deposited at 150 K and annealed at 750 K
2 h is shown as curve~f!.
4-3
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and Fig. 2!. Finally, the quenching deposition onto substra
cooled by liquid nitrogen leads to the formation of high
disordered alloy films with only a smeared halo in the TE
diffraction patterns and the mean-grain size, if any, less t
resolution threshold of the used TEM technique~see Fig. 2!.
The XRD spectrum of the highly disordered alloy films e
hibits only a wide and weak peak around the~220!-peak
position @see the spectrum~e! of Fig. 1#. An annealing of
such films with a rate of 3 K/min causes a rapid decreas
their resistance near 620 K~not shown!. Such a behavior is
more typical for the crystallization of an amorphous fil
than for the recrystallization of a fine-grained polycrystalli
film. Thus, one can conclude that vapor-quenching dep
tion onto substrates cooled by liquid nitrogen leads to
formation of an amorphous structure in the Ni2MnIn alloy
films. In situ annealing of the amorphous films at 750 K f
2 h recovers the crystalline structure with aB2 type of order
@see Fig. 1~f!#. However, in addition to the lines ofB2 phase
@i.e., to f 4—~410 or 223! and f 5—~124 or 142!# new diffrac-
tion lines of f 1–f 3 are clearly seen. They may be attribut
to Mn oxides: f 1—~111! MnO, f 2—~222! MnO2, and
f 3—~003! MnO2.

Magnetic measurements revealed aTC of 317 K for the
bulk alloy. This is very close to the literature data~see Fig.
3!. Near 200 K a weak peculiarity in thex(T) curve is ob-
viously observed@see the inset of Fig. 3~a!#. It is well known
that the stoichiometric Ni2MnGa exhibits a martensitic trans
formation atT'202 K from tetragonal to cubic phase upo
warming.40 This transformation is also accompanied by t
changes in the saturation magnetization of the alloy.41 There-
fore, it may be assumed that in our case the observed p
liarity at 200 K has the same origin. However, no eviden
for the phase transformation near this temperature region

FIG. 2. TEM results for the Ni2MnIn alloy films deposited onto
NaCl substrates at~a! 150 K, ~b! 545 K, and~c! 730 K.
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be found in theDL/L dependence, while the magnetic tran
formation nearTC is clearly seen@see Fig. 3~b!#.

The most ordered Ni2MnIn alloy film definitely exhibits
the ferromagnetic behavior withTC5330 K ~see Fig. 4! and
exhibits the largest~among the prepared films! effective
magnetization @4pMeff (293 K)51790 G# ~see Table I!.
Unlike the results of Xieet al.42 and Donget al.,43 TC for the
L21 ordered films is even slightly higher than that for th
bulk alloy ~see Table I!. The effective magnetization of th
Ni2MnIn alloy films is reduced noticeably uponL21→B2
structural disordering~773 and 247 G for films deposite
onto substrates at 660 and 545 K, respectively! and falls
down to zero for amorphous films. However, an annealing
the amorphous Ni2MnIn alloy films at 750 K for 2 h leads to
their crystallization with the formation ofB2 type of order
and restores the ferromagnetic behavior withTC5325 K and
4pMeff (293 K)5743 G ~see Figs. 4 and 5!. FC curves for
both crystalline samples show nearly the same behavior

FIG. 3. Temperature dependence of~a! magnetic susceptibility
x(T) and ~b! of the coefficient of expansion for bulk Ni2MnIn
alloy. Inset in panel~a! shows an extended view ofx(T).

FIG. 4. Normalized with respect of film thickness ZFC~open
symbols! and FC~solid symbols! in-plane magnetization curves fo
the Ni2MnIn alloy films.
4-4
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indicate larger magnetization forL21-type ordered films,
while ZFC curves look noticeably different: the steeper d
crease in magnetization for the sample 5 below 300 K
probably related to a less homogeneous crystalline struc
of this film. It is seen that the in-plane saturatio
magnetization field for the crystalline films is above 4000
~see Fig. 5!, while FC M (T) curves were taken by SQUID
only at field of 100 Oe. This might be responsible for diffe
ent ratios of magnetization for theL21-andB2-type ordered
Ni2MnIn crystalline films obtained from FMR and SQUID
measurements. The amorphous films show a very small m
netization nearly independent ofT for both ZFC and FC
measurements. Such a behavior may be attributed to P
paramagnetism. A similar behavior was also observed
amorphous Ni2MnGa films.12

The first-principles calculation of the magnetic mome
for the Ni2MnIn alloy made for experimentally determine
values of lattice parameters of our bulk andL21-type ordered
film samples revealed 4.294 and 4.369mB (;3.67mB /Mn
and;0.34mB /Ni), respectively. Since the measurement w
done at RT and the applied field was not strong enough
saturate the sample, these values are significantly larger
the magnetic moment (3.57mB) converted from 4pMeff in
Table I. However, these values are very close to the o
experimental magnetic moment (4.34mB) for bulk Ni2MnIn
alloy with a lattice constant of 6.075 Åtaken at 4.2 K a
magnetic field of 18 kOe.44 The calculated magnetic mome
in the film appeared to be larger than the moment in bulk
about 1.0%. Probably, the same~i.e., exchange splitting re
lated! mechanism is also responsible~at least partially or
indirectly! for the increase by about 3–4 % of the experime
tally determined values ofTC for the ordered films in com-
parison with that of ordered bulk sample.

B. Optical and magneto-optical properties of alloy

The results of the optical study for bulk Ni2MnIn alloy are
displayed in Fig. 6. It is seen that the measured optical pr
erties of bulk alloy are rather sensitive to the quality of t
sample surface. The OC@s(v)5v«2(v)/4p, where«2 is
the imaginary part of the diagonal components of DF# spec-
trum for the annealed bulk sample exhibits two interba
absorption peaks located at 1.7 and 3.0 eV. The 3.0 eV p
has also peculiarities~shoulders! on its high-energy slope

FIG. 5. In-plane magnetization hysteresis loops taken be
(T5150 K) and above (T5350 K) TC for the sample 5. Inse
shows the low-field part ofM (H) curves.
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which are located at 3.5 and 4.0 eV. For\v,1 eV energy
range a rapid growth ofs as well as an increase in absolu
value of the real part of the diagonal components of DF,«1,
~being negative! with decrease in photon energy is observe
Such a behavior is a typical manifestation of the predo
nance of the intraband absorption in this energy range.
OC spectrum of the as-polished bulk sample looks simila
that of the annealed one, but the interband-absorption pe
are somewhat broadened and the magnitude of the OC
whole in the\v,2.5 eV energy region is enhanced, pro
ably owing to the enhanced scattering rate in the dama
layer of mechanically polished surface. The«1 of the as-
polished sample in the near-infrared~NIR! region, still being
negative, is significantly decreased in the absolute value

The calculated OC spectra with and without thel fitting38

are also shown in Fig. 6. The electronic-structure calculat
was done for the theoretical lattice constant, which is 6.0
Å and very close to the experimental value~about 0.26%
larger than the experimental one!, determined by minimizing
the total energy with respect to the lattice constant. In
calculated spectra the Drude contribution was not includ
The broadened spectrum has a shoulder at;1.7 eV, a peak
at ;2.6 eV and another shoulder at;3.5 eV. The shoulder
at ;1.7 eV corresponds to the peak at;1.7 eV in the ex-
perimental spectrum, the peak at;2.6 eV to the experimen-
tal 3 eV peak and the shoulder at;3.5 eV to the experimen-
tal 3.5 and 4.0 eV shoulders. Although the lowest-ene
feature is well reproduced in the calculation, the calcula
spectrum has the interband-absorption features at slig
lower-energy positions than the experiment. Therefore,
applied thel fitting38 with l50.1, the agreement betwee
the experiment and calculation was much improved, es
cially in the high-energy region.

We further analyzed the characteristics of bands involv
in each strong interband absorption. The most intense co

w

FIG. 6. ~a! Experimental~left scale, triangles, and squares! and
calculated~right scale, solid, and dashed curves! optical conductiv-
ity and ~b! experimental«1 spectra of as-polished and annealed
720 K for 3 h bulk Ni2MnIn alloy.
4-5
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butions to the 1.7 eV shoulder are the optical transitions fr
the 10th minority band to the 14th minority band in the m
way of theG-X line and the 14th minority band to the 18
minority band near theX-W-K plane. These optical trans
tions are indicated in Fig. 7 by arrows. The 10th and 1
bands have mostly the Ni 3d character with a small amoun
of sp characters intermixed and the 18th band has mainly
Mn 3d with a considerable amount of the Ni 3d character.
The most intense contributions to the 3.0 eV peak are
optical transitions from the 10th minority band to the 18
minority band near theX-W-K plane andL point. The most
intense contributions to the 3.5 eV shoulder are the opt
transitions from the 7th minority band to the 18th minor
band near theX-W-K plane. The 7th band has mostly the N
3d and Mn 3d characters with a small amount ofp charac-
ters intermixed and the 20th band has mainly the Mnd
character. Since all the bands involved in the aforementio
transitions are mostlyd character, the dipole transitions a
not so strong. However, both the initial and final bands
very flat. Therefore, we can conclude that the joint-DOS
fects are responsible for these transitions. Since the majo
spin DOS is very small in the 0–4 eV range aboveEF , the
majority-spin bands contribute little to the optical transitio
in the measured energy range.

Similar results of the agreement between experiments
calculations were observed for other HA. The optical pro
erties of several true ferromagnetic HA containing Mn onY
sites were theoretically examined by Kuboet al.28,29 and
studied experimentally by Kirillovaet al.31 It was shown that
the OC spectra for Cu2MnAl, Pd2MnSn, and Ni2MnSn al-

FIG. 7. Energy-band~minority! structure of the Ni2MnIn alloy
along the high-symmetry lines. Intense optical transitions are in
cated by arrows.
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loys were rather similar to each other and showed sev
interband-absorption peaks in the 0–7 eV energy range.
experimental OC spectrum for bulk Ni2MnSn alloy in the
0.5–4.0 eV energy range31 is in a reasonable agreement wi
theory and also looks rather similar to the OC spectrum
annealed bulk Ni2MnIn sample, exhibiting two interband
absorption peaks at 1.7 and 3.3 eV.

Figure 8 shows thes(v) and «1(v) spectra for the
Ni2MnIn films with different degrees of structural order. It
seen that theL21-type ordered alloy film has the OC spe
trum rather similar to that of annealed bulk alloy~see Figs. 6
and 8!. However, the locations of both the interban
absorption peaks are blue shifted by about 0.2 eV~i.e., to 1.9
and 3.2 eV, see also Table II! and the low-energy peak is les
manifested than that in the OC spectrum of annealed b
alloy. This blue shift cannot be explained by the increase
lattice constant of the ordered film in comparison with that
bulk sample, since a lattice expansion or tetragonal distor
pushes~at least in certain directions of the reciprocal spa!
the energy bands above~below! EF toward the lower-
~higher-! energy region.45 As a consequence, the enlarge
lattice constant should lead to the red shift, rather than b
shift, of features in the OC spectrum. Furthermore, all
investigated crystalline Ni2MnIn alloy films have practically
the same lattice parameter~see Table I!. Therefore, the pos-
sible reason of peak shift, which is related to the differen
in lattice parameter, can safely be excluded from the con
eration for the film samples.

The structural disordering~or, in other words, the de
crease in the substrate temperature 730–545 K! causes a red
shift of both interband-absorption peaks in the OC spec
and reduces the intensity of the low-energy one. A furth
increase in the structural disordering~i.e., to the amorphous
sample! results in a further red shift of the high-energy pe
by 0.6 eV~in comparison with the peak position in the O
spectrum of the most-ordered film sample! and disappear-
ance of the low-energy absorption peak~see Fig. 8 and Table
II !. At the same time, the overall magnitude of OC in t
NIR region becomes even greater than those of the ord

i-

FIG. 8. Experimental~a! OC and~b! «1 spectra of the Ni2MnIn
alloy films deposited at 150, 545, 660, and 730 K. Inset in panel~b!
shows an extended view of the«1 spectra for the samples 1 and
together with fitting results.
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TABLE II. Position of the low- ~LEP! and high-energy peaks~HEP! in the OC, EKE, and«28(\v)2

spectra; plasma and effective relaxation frequencies for the Ni2MnIn films deposited onto substrates
different temperatures.

OC EKE «28(\v)2

Ts LEP HEP LEP HEP LEP HEP VP
2 g

~K! ~eV! ~eV! ~eV! ~eV! ~eV! ~eV! (1032 s22) (1014 s21)

150 2.60 0.23 10.6
545 1.60 2.80
660 1.86 3.18 1.63 2.92 1.47 2.79
730 1.90 3.20 1.63 2.98 1.48 2.76 0.22 2.2
Bulk 1.62 3.02 1.58 2.83 1.42 2.56
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states probably because of the enhanced scattering ra
charge carriers. It is clear that the observed HEP shift is
related with the changes in lattice constants.

It is well known that the main source of the magne
moment in the ordered ferromagnetic Mn-containing HA
from the Mn atoms, and that the contribution fro
X-transition metal is relatively small. Our calculated ma
netic moments are 3.67mB /Mn and 0.34mB /Fe. Negligibly
small amounts of magnetization were found in the intersti
region and Ga atom. The lack of ferromagnetic order in
amorphous state of Ni2MnIn alloy indicates the lack of ex
change interaction among the Mn atoms and hence a re
tribution in the DOS of the Mn atoms, in comparison wi
that of the ferromagnetic state, has taken place.12 In Fig. 7,
the Mn 3d minority bands located at;1.4 eV aboveEF are
the final states for the low-energy and high-energy interba
absorption peaks. Thus, from this point of view, a noticea
change in both peaks due to structural disordering~or more
definitely due to lack of exchange splitting! might also be
expected. Furthermore, it is clear thatEF will also be some-
how shifted in order to maintain the electron concentrat
invariant. The initial states for the low-energy peak are
cated at either;0.2 eV~near theX-W-K plane! or ;1.2 eV
~near theL point! below EF . Thus, the experimentally ob
served weakening of the low-energy peak and the red shi
the high-energy peak in the OC spectrum of the disorde
~nonmagnetic! Ni2MnIn alloy can be explained by emptyin
the Ni 3d minority bands near theX-W-K plane and by
changes in Mn 3d minority bands, which are located a
;1.4 eV aboveEF for the ordered case.

It is seen that below 1 eV the«1(v) ands(v) spectra for
all the investigated samples look Drude-like. Frequency
pendence of«1 in the region of intraband absorption may b
expressed as

«1512
VP

2

~v21g2!
,

whereVP andg are plasma and effective relaxation freque
cies of free charge carriers. After a simple transformation
dependence might be presented as

1

~12«1!
5

g2

VP
2

1
1

VP
2

3v2.
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The linear part of the experimental 1/(12«1) vs v2 plots is
interpreted as the region of free-electron absorption. TheVP

andg were determined for the most ordered and disorde
states by least-square fitting of the 1/(12«1) vs v2 plots. It
was found thatVP

2 (VP
254pNe2/m* , whereN andm* are

the charge-carrier concentration and the effective mass
spectively! is practically unchanged upon the structural d
ordering, whileg increases nearly five times~see Table II!.
This means that the DOS atEF andm* are insensitive to the
structural disordering, but the scattering processes are
hanced. The validity of obtained results was proven by
simulation of the«1(v) spectra with the determinedVP and
g as input parameters~see inset in Fig. 8!.

Comparing the OC spectra of the as-polished and
nealed bulk samples as well as the disordered and ord
film samples, a question may occur:Why the OC as a whole
in the NIR region for as-polished bulk or amorphous film
larger than those for annealed bulk and crystalline fil
samples?Two factors may be responsible for the OC spec
enhancement in the NIR region. First, the broadening
interband-absorption peaks for the as-polished or amorph
phases is responsible for the weakened peaks and enha
background or plateau for the rest part of the spectrum. S
ond, the increase in scattering processes on the defects o
surface layers leads to the enhanced OC in the NIR reg
This process finds its manifestation in an increase of
effective relaxation frequencyg and, hence, in a larger con
tribution to the resultant OC in the visible region from th
tail of the Drude term.

The EKE spectra for the most ordered Ni2MnIn alloy film
(Ts5730 K) and the bulk sample manifest two negati
peaks and a narrow intense positive peak in the NIR reg
~see Fig. 9!. These peaks in the EKE spectra are located
somewhat smaller energies than interband-absorption p
in the corresponding OC spectra~see Table II!. A similar
regularity in the OC spectra is also observed in the rela
positions of peaks in the EKE spectra for the bulk sam
and the most ordered film. The origin of this shift is probab
the same as the shift in the OC spectra, and relevant to
deviation from stoichiometry in the film samples. The stru
tural disordering to theB2 type leads to a very rapid de
crease in the magnitude of the MO effect, and the EKE
amorphous Ni2MnIn alloy films was not detected at all. Th
EKE spectrum of the crystalline Ni2MnIn alloy films with
4-7
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B2-type order~which were formed by an annealing of th
amorphous films! also exhibits a negative double-peak stru
ture, although its intensity is rather small. Figure 10 sho
the substrate-temperature dependence of the 4pMeff , 2dp ,
ands for Ni2MnIn alloy films. 2dp ands are the values a
the energies corresponding to the high-energy maximum
EKE spectra. It can be concluded that the magnitude
MO response of the films is determined mainly by th
magnetization, and for the determination of the EK
value the optical constants may play some role, but
significant. These arguments are based on the fact tha
optical constants are rather insensitive to the substrate
perature and the substrate-temperature dependence o
EKE value at the high-energy maximum exactly follows t
corresponding dependence of the effective magnetiza
~see Fig. 10!.

The off-diagonal components of DF for the bulk and t
most crystalline film were calculated by using the results
EKE measurements at two angles of incidence and exp
mentally determined optical constants of the correspond
bulk and film samples. The spectra of absorptive part of
off-diagonal components also show a negative double-p
structure~see Fig. 11!. The locations of these peaks are r
shifted by about 0.4 eV in comparison with those in the O
spectra of the corresponding crystalline samples. The ca

FIG. 9. Experimental EKE spectra for the Ni2MnIn alloy bulk
and film samples deposited at 150, 545, 660, and 730 K take
w575° andT5293 K.

FIG. 10. The substrate-temperature dependence of the effe
magnetization, the EKE and OC values at the energies corresp
ing to the high-energy maximum in EKE spectra.
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lated spectrum after broadening andl fitting with l50.10 is
also included in Fig. 11. As can be seen in Fig. 11, the c
culated spectrum could excellently reproduce the experim
tal spectrum, except for the magnitude. Similar argume
given in the discussion of the calculated OC spectrum can
applied to the case of the calculated off-diagonal compon
of OC tensor.

V. SUMMARY

The ordered Ni2MnIn films with a TC close to the litera-
ture data for the ordered stoichiometric bulk alloy were fa
ricated. The diagonal and off-diagonal components of DF
the crystalline Ni2MnIn alloy were experimentally deter
mined. Both diagonal and off-diagonal spectra of the optic
conductivity tensor were also calculated by usingWIEN2K

code and the agreement between experiments and cal
tions was reasonable after the so-calledl fitting. The most
intense optical transitions occur between the minority-s
bands with mostly Ni and/or Mn 3d characters and the joint
density-of-states effects are responsible for these transiti
The changes in the electronic structure in Ni2MnIn alloy
caused by the structural disordering were elucidated on
basis of the results of the experimental and theoretical opt
and MO studies. It was shown that the structural transform
tions, L21→B2 and thenB2→ amorphous state, lead, a
first, to a decrease and then to disappearance of the fe
magnetic order. The changes in the electron-energy struc
of alloy near the Fermi level caused by atomic disorder
also destroy~or make worse! the band matching of the
Ni2MnIn alloy to, for example, InAs layer. Both these facto
make worse the figure of merit of Ni2MnIn alloy layers as
spin injector. An annealing at 750 K for 2 h of theamorphous
films restores theB2-type crystalline structure and recove
the ferromagnetic order.

at

ive
d-

FIG. 11. ~a! Absorptive @«283(\v)2# and ~b! dispersive@«18
3(\v)2# parts of the off-diagonal components of the DF for bu
andL21- andB2-type ordered films of Ni2MnIn alloy. Broadened
and l-fitted spectrum~calculated! is also shown~scaling factor
51/20).
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