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The influence of martensitic and magnetic phase transformations on the optical and magnetdf@jcal
properties of polycrystalline NMnGa alloy samples, in bulk and thin films, has been investigated. The
parameters of charge carriggdasma and relaxation frequendgiegere determined for all the aforementioned
states. By the analogy with the band structure and optical properties of #n8ih alloy the nature of
interband absorption peaks in the optical-conducti®C) spectrum of NjMnGa 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 thdMNGa 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 fufifipfor
the cubic phase of the BWinGa 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 giMim&Siialloy 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 fosMinGa alloy was strongly influenced by the optical properties,
indicating a close connection between them.
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[. INTRODUCTION nal to the cubic phase at 202 K and has a Curie temperature
of 376 K. However, in spite of the great interest in this alloy
The experimental finding of a huge polar magneto-opticaits electronic structure has been insufficiently investigated. In
(MO) Kerr effect in a ferromagnetic semi-Heusler PtMnSb contrast to other ferromagnetic Heusler alloys, the dielectric
alloy by van Engehhas inspired a great deal of interest in function (DF) of the Ni,MnGa alloy, as far as we know, was
the study of the electronic structure, and the MO and opticahot studied yet experimentally or theoretically.
properties of similar compounds. The semi-Heusler phases The electronic structures of the NMinGa alloy in the cu-
are cubic ternary compounds, crystallized i@ &, structure,  bic and the tetragonal phases, and also in the cubic ferromag-
and have a formula oKY Z whereX and Yare transition netic and paramagnetic states were calculated by
metals andZ is ansp element. They are derived from the Pugaczowa-Michalskaand by Velikohatnyj and Naumd¥.
true Heusler phases of formu},Y Z, in anL2; crystalline  According to these results the MnGa alloy cannot be con-
structure, by removing on¥ atom leaving a vacant site. The sidered a pure half-metallic compound, since the density of
huge MO effect of these alloys is usually explained by thestates(DOS) at the Fermi level Eg) is composed of both
specific electronic structure. These compounds are thought &pin components. Howevek for the ferromagnetic cubic
be metallic for one spin direction while they show semicon-phase is located in a valley between two intense peaks of the
ducting properties for the opposite spin direction. This phe-minority-spin subbands, created by the occupiddsgates of
nomenon is called half-metallic ferromagnetism. That is whyNi and the empty ¢ states of Ga. For the majority-spin
the MO and optical properties as well as the electronic strucsubband E also lies in the minimum between two intense
tures of semi-Heuslér'* and true HeusléP~*' alloys have peaks, formed by the occupied] States of Mn and the
been intensively studied experimentally and theoreticallyempty 4d states of G&® We should be very cautious regard-
since the early 1980s. ing this matter since the unoccupied Gd Bands are miss-
Among ferromagnetic true Heusler alloys the,MhGa ing in Ref. 25. Because nearly all thed 3tates of Ni are
alloy has additionally attracted a considerable interest due toccupied(in contrast to the 8 states of M, the main con-
the shape-memory effect, the superelasticity, and a larggibution to the total magnetic moment of the alloy (4uH)
magnetocaloric effeé?-2* The stoichiometric NiMnGa al-  comes from the Mn atoms (3.49) while the magnetic mo-
loy exhibits the martensitic transformation from the tetrago-ments of the Ni and Ga atoms are rather srfiadl, 0.33 and
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_0.0E)U,B, respective'Y The transition to the paramagnetic TABLE |. Parameters of the investigatedlenGa aIon films.
cubic state leads to drastic changes in the electronic structufg@ndt are substrate temperature during the deposition and film
of the alloy. The splitting of Mn @ states disappears and the thickness, respectively.

DOS at the Fermi level increases by five tini$n contrast
to the case of ferromagnetic-paramagnetic transformation,

Film sample number T (K) Heat treatment  t (nm)

the DOS for the tetragonal phase differs insignificantly from 1 720 118
that for the cubic on& 2 150 79

It is known that for Mn-containing Heusler alloys the ex- 3 150 186
change interaction is indirect, involving polarization of the 4 150 680 K/60 min 256

conduction electrons. Therefore, any change in the chemical
or atomic order may influence directly the magnetic behavior
of the alloy. On the other hand, it is also well known that move the surface contamination introduced by the mechani-
fundamentally the MO Kerr effect is caused by the simulta-cal treatment, the sample was annealed in a high vacuum at
neous occurrence of spin polarization and spin-orbit coupling60 K for 3 h. After such a treatment the surface was further
in a magnetic solid. Therefore, the dependence of the M@lectropolished at room temperatyRT) in a 1:2 mixture of
properties of the NMnGa alloy on the chemical or atomic nitric acid and ethanol and at a current density of about
order can be expected. The MO properties of a mediieny, 10 mA/cn?. Then, the surface was cleaned again and the
the off-diagonal components of the DF)¢ ;Xy: _;yx sample was put into a vacuum chamber for the optical mea-
surements. The optical properties of the bulkNMinGa alloy
were studied for the as-polished sample, after annealing and
also after electropolishing.

Ni,MnGa alloy films of 10<30 mn? were prepared by
flash evaporation of the crushed alloy powders of
80-10Qum in diameter simultaneously onto glass and NaCl

=iz wherez =¢;—ie,] cannot be determined without
knowledge of its optical propertigse., the diagonal compo-
nents of the DF;en=¢yy=¢,,=e=6,—i8, Where g;

=n2—k? ande,=2nk. n andk are the refractive index and
the extinction coefficient, respectivelyFurthermore, as was

shown by Halilov and Kulatov,100% spin polarization at substrates in a vacuum better tham 505 Pa. The alloy

Er, a large magnetic moment and a significant spin-orbit, . qers were prepared from the same ingot of the bulk

interaction do not always guarantee a Iar_ge_ !\/IO_effect. Th_eWiZMnGa alloy. The most orderefdor our caseg state of the
showed that plasma resonance or peculiarities in the Opt'cz?\lizMnGa alloy films was achieved by the deposition onto

g;oﬁglrjt;?:r r;]|?gyglay a more decisive role for the MO ef-feCtsubstramtes heated up to 720(%ample 1. In order to obtain

. : . a substantially disordered state in the film, a vapor-
. The purpose of this work Is to _study experimentally thequenching—deposition technique was employed, where a
influence of the structural disordering as well as the marten i

. . : - chaos of the gas phase is condensed onto substrates cooled
sitic and ferromagnetic-paramagnetic transitions on the oPtigown to 150 K by liquid nitrogettsamples 2—% One of the

cal and MO properties of the h¥nGa alloy. In o_rder 00 |atter films(i.e., deposited at 150 Kwas anneale¢h situ at
study the structural dependence of the aforementioned ProRsy K for 60 min after the optical measurements and its

erties more compreher)sively, se_veral allqy-film S.ample%ptical and MO properties were measured again. The param-
were additionally mvgsngated. 'I_'h|_s paper is organized a%ers of the prepared MInGa alloy films are shown in
follows; Sec. Il contains a description of the sample prepa- ble |

: . ' T,
ration and the experimental details, the results are analyzeda
and discussed in Sec. Ill which is again divided into threeN
subsections, and Sec. IV summarizes and concludes tr}
paper.

The structural characterization of the bulk and film
i,MnGa alloy samples has been performed using x-ray dif-
Faction (XRD) with Cu K, radiation. A transmission-
electron microscopyTEM) study was additionally carried
out for the films deposited onto NaCl substrates.
Il. EXPERIMENTAL PROCEDURE The optical propgrties of NMnGa samples_ were mea-
sured using a rotating-analyzer spectroscopic ellipsometer
Bulk Ni,MnGa alloy was prepared by melting Ni, Mn, below and above the martensitic transformation temperature
and Ga pieces of 99.99% purity together in an arc furnaceand also below and above the Curie temperature, i.e., at 78,
with a water-cooled Cu hearth. In order to obtain the volume293, 408, and 460 K in a spectral range of 310-2500 nm
homogeneity the ingot was remelted twice, annealed at 130%.0-0.5 eV at a fixed incidence angle of 73°. The MO
K for 6 h, and then slowly cooled. Any weight loss after properties(equatorial Kerr effect: EKEg,) were investi-
melting and heat treatment was not observed. X-ray fluoresgated at RT by the dynamical method usipglane polar-
cence analysis revealed an alloy composition ofized light at two angles of incidence (66° and 75°) in a
Nig 40MNg 247G 260- spectral range of 310-1100 n(.0—-1.05 eV. The other
For the optical and MO measurements a slab of abougletails of the optical and MO measurements can be found
15X 8X 2 mnT was cut from the ingot using a spark-erosion elsewheré’
technique and then polished mechanically with diamond The resistivity measurements were carried out using the
powders. The final stage of polishing was carried out usindour-probe technique in a temperature range 5—395 K for the
Cr,0O3 powders. After this the sample surface was cleanedulk sample of about 82 0.5 mn?, which was cut from
with acetone and ethanol using an ultrasonic cleaner. To rehe same ingot by spark erosion, and also in the 5-300 K
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FIG. 1. X-ray-diffraction pattern for the bulk pivinGa alloy.

<]

region for the crystalline NMnGa alloy film (sample No. . 8 . .
1). Temperature dependence of the magnetic properties of the 100 200 300 400
bulk Ni,MnGa alloy was investigated by measuring the mag- Temperature (K)
netic susceptibili_tyX(T) using a superconducting quantum FIG. 2. Temperature dependence of fae magnetic suscepti-
glizr;%re}gc'?eri%\g?aetll?ea?aﬁgfm‘?rieﬁerlgagfnégg (srsggrtlig;[hek?ility x, and(b) resistivity (normalized with respect to that at 300

. . - . X ) 0K) of the bulk(open circley and crystalline-film(line, sample No.
Ni;MnGa alloy films were studied .at RT with a vibrating 1) Ni,MnGa alloy.(c) Derivative of the temperature dependence of
sample magnetometéVSM) for the in-plane geometry.

resistivity.
IIl. RESULTS AND DISCUSSION The origin of the observed phenomena can be confidently
_ _ related to the martensitic transformation, which takes place
A. Structural, magnetic, and transport properties at 224 K in our bulk alloy. A further increase in temperature

The structural homogeneity of the investigated bulk andeads to an abrupt fall of down to nearly zero at 379 K,
film samples was proven to be single phase, and only diffracwhich indicates a transition of the alloy into the paramag-
tion relevant to thé_2, phase is observed on the XRD spec- netic state. This transition is also accompanied by noticeable
tra for the bulk and film NiMnGa alloy (see Fig. 1 anomalies in theR(T) and dR/JT plots[see Figs. &) and

The lattice parameters for the cubic phase were dete”(C)]. The R(T) dependence for the crystalline ;MnGa
mined to be 0.5852 and 0.5836 nm for bulk and crystallinealloy film (sample 1 also shows the peculiarity exactly at the
films (sample No. 1 respectively. Additionally, the TEM same temperature as for the bulk sample, however, the
patterngnot shown for the film deposited onto a substrate at R(300 K)/R(5 K) ratio for the film is somewhat smaller
720 K exhibit only spots typical for the single-crystalline than that for the bulk sample. Both facts may support the
L2, structure(for the microdiffraction and show a mean exact reproduction of bulk alloy composition in the film,
grain size of about 40-50 nm. A decrease in the substrat@owever, the crystallinity of film sample No. 1, our best
temperature down to 150 K leads to formation of a considCrystalline-alloy film, is worse than that of the bulk alloy.
erably disordered polycrystallingéer more probably amor- The temperature of martensitic transformatioff,,
phous alloy film with a few smeared halos on the diffraction =224 K, and the Curie temperaturé¢=379 K, observed
pattern and a mean grain size, if any, less than the resolutiggXperimentally for our samples, are rather close to the known
limit of TEM. An annealing of such an amorphous film at literature results for NMnGa alloys near the stoichiometric
680 K for 60 min causes recovery of the crystalline structurecomposition. Indeed,T¢ for the exactly stoichiometric
and appearance of the diffraction rings typical for th2;  Ni;MnGa alloy is reported to be 376 KRefs. 28 and 2Bor
phase. However, this film has a slightly smaller mean grair882 K T, measured on cooling for the exactly stoichio-
size (~30 nm) than that for the films deposited onto sub-metric Np,MnGa alloy is known to be 202 R®** Some dis-
strates at 720 K. agreement il ,, between our samples and the literature re-

The magnetic and transport properties ofMinGa alloys  sults can be explained by a thermal hysteresis of the
near the stoichiometric composition have been widely invesmartensitic transformation and/or a slight deviation in the
tigated, and such properties of our samples can give us usefalloy composition from the exact stoichiometry, as shown by
information concerning their homogeneity, composition, andx-ray fluorescence.
crystalline quality. Figure 2 presents the results of the tem-
perature dependencies of magnetic susceptibility and resis-
tivity for the bulk and crystalline-film(obtained at 720 K
Ni, MnGa alloy samples. It is seen that near 224 K #i&) The results of optical study at 293 K for the bulk
increases abruptly and also that the temperature dependendeMnGa alloy sample are shown in Fig. 3. It is seen that the
of resistivity for the bulk alloy exhibits a noticeable slope measured optical properties of the,MinGa alloy are rather
change at the same temperature. sensitive to the quality of the sample surface. The optical-

B. Optical properties of the alloy
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—O— after annealing
-30 —a— after annealing and
electropolishing
-40 (b) ¢ ——sample 1

1.0 1.5 2.0 25 3.0 35 4.0 —— sample 4 (as-deposited)

Photon energy (eV) -20 -V —— sample 4 (after annealing)
FIG. 3. (a) Optical conductivity andb) ¢, spectra at 293 K for 1 2 3 4
the as-polished, annealed, and electropolished bulkiNGa alloy. Photon energy (eV)

. Al FIG. 4. (a) Optical conductivity andb) ¢, spectra at 293 K for
conductivity (OC, o) spectrum for the as-polished bulk the NLbMnGa alloy film deposited onto a substrate cooled by liquid

sample is nearly structureless; weak and broad features at 1. : : )
. nitrogen, for the same film but after an annealing at 680 K/60 min,
and 3.9 eV are observed, and the absolute valug af the ' .
. . - and for the film deposited at 720 K.
near-infrared(NIR) region is relatively small. A heat treat-

ment of the as-polished sample leads to a noticeable iMyence for all the states the OC spectra exhibit two absorption
provement of the crystalline structure in the surface layeroaks at~1.7 and 3.2 eV. and the, spectra present anoma-
destroyed by mechanical polishing and spark-erosion treajg s dispersion nearly at the same energge the inset of
ment. Indeed, after such a treatment the pronounced |nte|5ig_ 5a)]. At the same time, belokw<1 eV thes, anda
band absorption peaks near 1.7 and 3.2 eV are seen in R@eacira at all the investigated temperatures look Drude-like.
OC spectrum of the alloy, and the absolute value pin the A" more definite conclusion on the character of optical ab-
NIR region is significantly !ncreased, |_nd|cat|ng an e”hance'sorption in the NIR region can be made by observing the
ment of the free-electron-like absorption. A certain decreasg)g2 vs &, plot, the so-called Argand diagram, whose linear

of OC as a whole is also observed. A possible reason for thigart js interpreted as the free-electron absorption. An entirely
shift in o(w) will be discussed further. However, it is seen

that the annealing only is not enough for the complete elimi-

nation of structural defects introduced by spark erosion and % (@) 0 __
mechanical polishing of the sample. Electropolishing makes -10t 1

the surface more perfect since the procedure enhances the W Yo
magnitude of OC and increases the absolute value; dh 201 3

the NIR region. Nearly the same regularity in the structural 30

Pho?op ene‘?gy (eV)

dependence of optical properties is also obtained for the in-
vestigated NiMnGa alloy films. The OC spectrum at 293 K

for the amorphous NMnGa alloy film exhibits weak fea- <7
tures on a flat platea(see Fig. 4. =

An annealing of the amorphous film, which restores the e

K X . & T= 78K (T=0.20T,

crystalline structure, makes the interband absorption peaks at ol ——T=293K (T=077T)
~ 1.7 and 3.2 eV in the OC spectrum more pronounced, =T A00K 0T =1,07T)
decreases the OC value as a whole, and increases the abso- 30 (¢)
lute value ofe; in the NIR region. However, the intensities ‘@ .
of interband absorption peaks in the OC spectrum and the A N
absolute value of; in the NIR region for sample 1, which, 5510
according to the results of the TEM study, has a better crys- &

tallinity than film sample 4, turn out to be even larger than 0 bt >
those for the annealed sample 4. Thus, we can conclude that 1.0 1#’?10?6?1 ezr']Zr 3'0(63')5 4.0
both bulk and film NjMnGa alloy samples follow a common 9y

regularity in the dependence of optical properties on the giG. 5. (a) e, (b) total OC, and(c) interband OC spectra for
sample crystallinity. the electropolished bulk MnGa alloy, measured at 78 K, 293 K,

The influence of the martensitic and magnetic transitionsaind 409 K. Inset i) presents an expanded view of thespectra
on the optical properties of BinGa alloy was studied for in a high-energy region. Dashed and dotted line&jrshow inter-
the bulk sample whose surface was prepared by electropoband contributions to the fitted interband OC spect(goiid ling)
ishing (see Fig. 5. It is seen that for all the temperatures andobtained forT=78 K by using the multiple-peak analysis.
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TABLE Il. Plasma,()p, and relaxationy, frequencies as well as the parameters of low-enéigyand
high-energy(B) interband absorption peaks in the OC spectra for the electropolished hNinSa alloy,
obtained at different temperatureswy,Afw, and| are the location, full width at half maximum, and
intensity, respectively, for the interband absorption peaks.

Temperature Q2 y hoy  hoS  Ahe® Ahe® Ia lg
(K) (10°s7%)  (10%sh) (V) (V) (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

linear region in the diagram was found for all the tempera-quite a large volume of Brillouin zone has to be taken into
tures(not shown herg indicating the predominance of free- account. Here we must note that Kirillogaal. did not men-
electron absorption below a photon energy of 1 eV. With thistion the low-energy peak at 0.3 eV, predicted by thedry.
evidence that the free-electron or Drude absorption is domi- The main cause for the temperature dependence of the
nant in the NIR region of spectra, the plasma frequefigy,  electronic structure and hence the optical properties of non-
and the effective relaxation frequency of free charge carriersmagnetic metals is a change of the lattice with temperature.
¥, were determined using a linear-regression analysis on the order to minimize the influence and obtain the results
diagram. After this, the interband contributions to the expericomprising the entire ferromagnetigparamagnetic transi-
mental OC, oy, Were calculated asriye=0ep—0p,  tion, we also studied the optical properties of the paramag-
where o, is the experimentally determined OC amg,  netic NLMnGa alloy just above the Curie temperature, i.e.,
=QO2yl4m(w?+ y?) is the Drude term. Then, a multiple- at T/T-=1.08(409 K). Disappearance of the ferromagnetic
peak analysis using the symmetrical Gaussians was appliegfder turns out not to change significantly the interband OC
to the obtainedre, Spectra. The decomposition results for spectrum of the NMnGa alloy (see Fig. 5 and Table)ll
Tinter, together with the results @, andy calculations, are  This means, at least, that the initial and final states in the
presented in Table Il and Fig.(§ (for T=78 K, as an E(k) spectra involved in formation of the interband peaks
example). are not altered, or shifted in a parallel way. Nearly the same
It is seen that the interband OC spectrum for the ferroresult was obtained for the bulk annealed sample measured at
magnetic cubic NiMnGa alloy (Tjeas=293 K) has two in-  T/Tc=1.21 (not shown. The invariance of interband OC
terband absorption peaks at 1(pak A and 3.40 eMpeak spectra for both ferromagnetic and paramagnetic phases of
B) (see Table . Since no result of the first-principles cal- the N,L,MnGa alloy looks unexpected in a view of Velikohat-
culation for the DF of the NiMnGa alloy is available, for the nyj and Naumow® The calculated DOS for the ferromag-
further discussion we refer to the theoretialand netic and paramagnetic states are significantly diffetefft.
experimentd® results obtained for the isostructural Therefore, a certain difference in the joint density of states
Ni,MnSn alloy. between paramagnetic and ferromagnetic phases is expected.
The optical properties of several ferromagnetic HeusleAt the same time, changes in the value€)gfandy, caused
alloys containing Mn at th& sites were theoretically exam- by the ferromagnetie:paramagnetic transformation, take
ined by Kuboet al*>~*It was shown that the OC spectra for place(see Table ). The enhancement of for the paramag-
Cw,,MnAl,Pd,MnSn, and NjMnSn alloys are rather similar netic phase can be easily explained by an increase in the
to each other and reveal a group of interband absorptioelectron-phonon contribution to the effective relaxation fre-
peaks in the 1-4-eV energy range, which have the samguency with increasing temperature. Similar fitting results
nature. Furthermore, the experimental OC spectrum ofvere demonstrated upon the martensitic transformation. The
Ni,MnSn alloy in the 0.5-4.0 eV energy rartdis in afairly ~ values of plasma and relaxation frequencies for the tetrago-
good agreement with theory and also looks very similar tonal phase are smaller than those for the cubic(see Table
our experimental OC spectra. Therefore, we can presumably). The reduction iny for the tetragonal phase is readily
apply the theoretical results obtained for theMinSn alloy  understood for the same reason as for the case of the
to the N,MnGa alloy. According to Kubcet al}” a strong ~ ferromagnetie-paramagnetic transition, i.e., a decrease in
interband absorption occurs at0.3 eV, and sharp peaks the electron-phonon contribution to the effective relaxation
appear at 2.0 and 3.4 eV. Broad peaks located &.0 and frequency with decreasing temperature.
7.2 eV were also mentioned. It was shown that the structure A caution is advised here. The numerical values(f
at 2 eV in thee, spectrum is formed by the electronic exci- and y bear no significant physical meaning. The trend of
tations from the 13th and 14th bands to the 15th bdad  change iny has a certain physical meaning so that it follows
ther designation is 13,£415) in the minority-spin band, a reasonable dependence on temperature Oforhowever,
while the peak near 3.4 eV is formed by the (134%9) and  at least three factors are involved; free-carrier density, effec-
(18,19-20) transitions in the minority- and majority-spin tive mass, and screening or effects of interband absorption.
bands, respectively. Transitions (35) and (14~ 15) take  Since clear information on each of these is not known, it is
place from regions around, L, andK points neaEg in the  quite dangerous to give too much physical significance to the
Brillouin zone while, in formation of the other transitions, numerical values of),. In addition, one cannot absolutely
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disregard the possibility of very low-energy interband ab- s 10l
sorption. Therefore, to be more safe, these numbers should § '
be merely taken as fitting parameters for the analysis of OC T 0.5} Al
spectra. 2 0.0

The nearly perfect resemblance observed in the interband 3
OC spectra for the ferromagnetic and paramagnetic states %-0-5- )T e
can be understood in terms of the fluctuation theory for fer- I il B S A
romagnets. According to such an approach, the disappear- ——VSM (oulky

. . . -1600 -500 0 500 1000
ance of ferromagnetism is explained, for example, by break- Magnetic field (Oe)

ing the magnet af ¢ into randomly oriented dynamic regions
or clusters, each of which maintains nearly the same mag- FIG. 6. Magnetization hysteresis loops for the b(gklid line)
netic order as in the ferromagnetic state. Because of the agnd crystalline-filmsample No. #(dash-dotted lineNi,MnGa al-
sence of ferromagnetic coupling between these clusters, tHey samples. Open circles present the ac magnetic-field dependence
resultant(macroscopit magnetization vanishes .. Ac- of EKE responses for sample No. 4. All the measurements were
cording to Ref. 31 these dynamic regions, or spin correlaS2med out at 293 K.
tions, exist fort,~7/Tc~10 2 s. Because of the relatively
large number of electrons involved in this processis sig- is achieved at a field of-1500 Oe according to the VSM
nificantly longer than the time for formation of the electronic measurements. A significant difference in coercivity for the
structure ~7/Wy~10"*>s for a magnetic material, where pulk and the crystalline film is probably caused by different
Wy is the width of thed band. Therefore, the one-particle crystallite dimensions. Unlike the bulk and the crystalline
states within a dynamic magnetic cluster have enough timéim all the investigated amorphous alloy filnisample Nos.
to be reconstructed according to the potential fields created, 3, and sample No. 4 before annealiage not ferromag-
by the “slow” spin-density fluctuations, and the local band netically ordered at RT. However, annealing of such an
structure in the region of the spin fluctuation is the same agmorphous film, which restores its crystalline structure, leads
that atT=0, while the magnetization directions of clusters back to the ferromagnetic properties. A significant structural
are distributed randomly in space. Thus, photons cannot detependence of the magnetic properties of Heusler alloys is a
tect the difference between ferromagnetic and nonmagnetigell-known phenomenon. Ikeda and Takah¥skxplained
states of alloy. theoretically decreases in magnetization and Curie tempera-
The structural transformation from cubic to tetragonal lat-ture for the cold-worked Mn-based Heusler alloys, induced
tice leads to more noticeable changes in the interband alpy significantly different magnetic properties of the Mn at-
sorption spectrum of the BinGa alloy than for the case of oms near the antiphase boundaries produced by a plastic de-
the ferromagnetie- paramagnetic transition. Both interband formation. Krusin-Elbaurret al3® reported that amorphous
absorption peaks are reduced in magnitude: peak A does nglu,MnSn exhibits a spin-glass behavior. On the other hand,
change its position in the OC spectrum, while peak B exhib-Orgassaet al3* have shown that occupation by the atoms at
its a redshift by about 0.2 e\see Table ). the improper sites in the lattice, or atomic disordering for the
Comparing the DOS curves for the cubic and tetragonasemi-Heusler NiMnSb alloy, leads to a decrease in spin po-
phases, one can conclude that the difference between themiigization, which explains the structural dependence of mag-
less noticeable than between cubic ferromagnetic and paraetic properties. Thus, the experimentally observed nonmag-
magnetic phases. However, experimentally the difference ipetic properties of amorphous JMnGa are general for
the interband OC spectrum is reversed. Thus, it is clear thafeusler and semi-Heusler alloys, however, the detailed in-
the first-principles calculations on the optical properties ofyestigation of the magnetic properties is out of the scope of
the cubic and tetragonal phases of theN#iGa alloy should  the present paper.
be employed for a better elucidation of the experimentally The EKE spectra for bulk and crystalline JMinGa alloy
observed structural and temperature dependencies of the ogamples are shown in Fig. 7. All the experimentally observed
tical properties. EKE values were artificially saturated by using a scaling fac-
tor determined from the comparison of thd(H) and the
op(H) dependencies. All these spectra look very similar to
each other, exhibiting a strong negative peali at~3 eV
Before carrying out the spectral EKE measurements thand a noticeable positive peak at 1.25 eV. On the other hand,
magnetic-field dependence of the MO responggH) the amplitudes of EKE spectra are significantly different. For
should be known. Figure 6 shows the results of such a studgxample, the EKE spectrum for alloy film No. 4, which has a
at 293 K for a crystalline NMnGa alloy film (sample No. worse crystallinity than film No. 1, exhibits the largest nega-
4), together with the magnetization hysteresis lodpEH) tive peak at about 3 eV among the investigated samples.
(in-plane geometny measured at 293 K, for the bulk and Similar to the results of magnetic measurements by VSM, no
film (sample No. #samples. MO response was detected at RT for all the investigated
It is seen in Fig. 6 that the MO response nearly reacheamorphous NiMnGa alloy films.
the saturation at an ac magnetic field of 950 Oe, which is the In order to understand the reason for the noticeable dif-
maximum ac magnetic field available for our MO measureference in magnitude of the EKE spectra, the off-diagonal
ments, while the full saturation for the bulk and film samplescomponents of the DF were calculated using the correspond-

C. Magneto-optical properties of the alloy

115114-6



STRUCTURAL AND TEMPERATURE DEPENDENCE P. .. PHYSICAL REVIEW B 66, 115114 (2002

v Film (sample 1) band absorption Thg sgpond conclusion is that t_he MO re-

o Film (sample 4) sponse depends significantly not only on their magnetic

o Buk properties and spin-orbit interaction but also on their optical

0.0 parameters. If the off-diagonal components of the DF are
large, the MO response is, in general, also enhanced. How-

ever, the MO response is determined by not only the off-

diagonal components but the diagonal ones. If the diagonal

0.5

o

o

L i

T 05;
=3

[Ze]

T Aoy, £ components are large, the MO response is reduced because
1.5 [~ Film (sample 4) the diagonal components enter into the denominator of the

equation for the MO response. This is the reason why sample
4, which has the worst crystallinity, exhibits the largest EKE
responsgsee Fig. 7. All the investigated samples have al-
FIG. 7. Experimental EKE spectra for the bulk and crystalline-most the same small magnitudeseafand thus the denomi-
film (sample Nos. 1 and)Ni,MnGa samples. Lines present EKE nator is mainly determined by the magnitudesgf or OC.
spectra for the corresponding samples, simulated with use of th&ample 4 has the smallest OC value in the interband absorp-
experimentally determined diagonal and off-diagonal componentsion region(see Fig. 4, resulting in the largest MO response.
of the DF. The nature of the peaks in the absorptive part of the off-
diagonal components of the DF, [m(%w)], is best
ing optical data and the results of EKE measurements at twgnderstood, if, in accordance with the results by Uspenski
angles of incidence. The results are shown in Fig. 8. It isand Ha|i|0V,35|m[ny(ﬁw)] is represented as a difference
seen that all these spectra show a resemblance in the spectpgiween the optical conductivities with opposite spins,
shape and the peak position; the absorptive part of the off-e., In[axy(hw)]~a’{Re[aiX(hw)]—Re{aix(hw)]}. The
diagonal components of the DF shows two pronounced negaondition for this approximation is fulfilled whené# w
tive peaks at 1.75 and 2.8 eV. The intensities of peaks in thecW,, where £ is the spin-orbit interaction strengthé
e,X (hw)? spectra are different for the samples, however=(1/2m?c?)(1/r(dV/dr)] andWj is thed-band width. The
the same regularity in the dependence on crystallinity as fopin-orbit interation strength is usually an order of 10 meV
the optical properties is observed, i.e., the better the crystarnd thed-band width for Mn and Ni is about 5-6 eV. There-
linity of the sample, the larger the value &§x (fw)?. The fore, we can apply the above approximation for our mea-
correctness of the determined off-diagonal components ofured energy range. As aforementioned, the low-energy in-
the DF was checked by restoring the EKE spectra via a simi€rband absorption pedkeak A in the OC spectrum of the
lation procedure which uses,, &,, &}, ande} as input aII_oy is for.med mainly by the electron transitions in the
parameters. The results are shown by lines in Fig. 7. It igninority-spin subbands. Thus, because #tjg(fiw) contri-
seen that there is no doubt regarding the correctness in deutions to peak A is negligible, the spectrum of the absorp-
termining the off-diagonal components. tive part of the off-diagonal components of the DF should
Thus, we can conclude that the values of the diagonal anfontain a peak at the same energy as in the OC spectrum. It
off-diagonal components of the DF in the interband absorpiS seen that the low-energy peak in thigx (7 w)? spectra is
tion region are dependent strongly upon the crystallinity oflocated exactly at the same energy as that in the OC spectra

alloy, showing a regularity; the better the crystallinity, the (See Figs. 5 and 8, and also Table This fact can be con-
larger the values of the DFat least, in the regions of inter- sidered as other evidence that the presumed nature of the

low-energy peak in the OC spectrum of the alloy is correct.
At the same time, the electron transitions in both spin sub-
bands contribute nearly equally to the formation of peak B in
the OC spectrum. Therefore, their difference may produce a
peak of complicated shape in thg X (% »)? spectra and
hence the high-energy peak in théx (% w)? spectra is ob-
served at a different energy from that in the OC spectra.

10 15 20 25 3.0 35 40
Photon energy (eV)

IV. SUMMARY

(i) The optical and MO properties of the NMInGa alloy

] were investigated for the martensitic and austenitic phases as
well as for the ferromagnetic and paramagnetic states of the

austenitic phase. The parameters of charge carriers, such as

plasma and relaxation frequencies, were determined for all

FIG. 8. £, X (hw)? (open symbolsande,X (fiw)? (solid sym-  the mentioned states.
bols) spectra for the electropolished bulkircles and crystalline- (i) The interband OC spectrum in the 0—4-eV energy
film [sample Nos. Isquares and 4 (down-triangle§] Ni, MnGa ~ range for the ferromagnetic cubic phase of thgNNiGa
alloy, measured at 293 K. The spectra for the bulk sample are plo@lloy exhibits two intense peaks at 1.78 and 3.40 eV. By the
ted with a scaling factor of 0.45. analogy with the NiMnSn alloy the nature of these peaks is

15 20 25 30 35
Photon energy (eV)
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discussed in terms of the band structure. phase of the NMnGa alloy was determined. As in the in-
(iii) 1t was shown that the ferromagnetic-paramagnetiaerband OC spectrum, the absorptive part of the off-diagonal
phase transformation in the MinGa alloy changes the in- components of the DF exhibits a two-peak structure, in
terband OC spectrum very insignificantly. This experimentalwhich the low-energy peak is located at the same energy as
result does not support the theoretical predictions. An explathat in the OC spectrum. Both optical and MO properties of
nation of the disagreement between theory and experiment ife Ni,MnGa alloy show a noticeable structural dependence;
suggested, based on the fluctuation theory of ferromagnetsthe better the crystallinity of the sample, the larger the inten-
(iv) In contrast to the ferromagnetic-paramagnetic phaseities of peaks in the interband absorption region.
transformation, the transition to the martensitic phase causes (vii) It was shown that the MO response for theMhGa
more significant changes in the interband OC spectrum: thgjloy is strongly influenced by the optical properties and

intensities of peaks become smaller, and the low-energy peahould be considered to have a close connection with them.
retains its location while the high-energy peak exhibits a red-

shift by about 0.2 eV.

(v) The film deposition onto substrates cooled by liquid
nitrogen leads to the formation of a substantially disordered This work was supported by the KOSEF through the
or amorphous phase in theMnGa alloy, which is not fer- Quantum Photonic Science Research Center, and by Korea
romagnetically ordered at RT. Annealing of the amorphousResearch Foundation Gran(slo. KRF-2001-015-DS0015
films at 680 K for 60 min restores their crystallinity and also and KRF-01-DP0193 We are also grateful to J. Dubowik
the ferromagnetic order. for the help with the magnetic measurements and to Y. N.

(vi) The off-diagonal components of the DF for the cubic Petrov for the TEM study of film samples.
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