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The evolution of 3d electronic structure associated with the martensitic transformation
and ferromagnetic transition in non-stoichiometric Ni,MnGa alloy possessing the shape
magnetic memory were studied by electron-energy loss spectroscopy (EELS) and with
theoretical modeling methods. The EELS spectra of Ni-Mn-Ga crystals have been obtained
under in-situ heating to study the electron structure of ferromagnetic (FM) martensite,
FM austenite and paramagnetic austenite. When considering the EELS spectra, the total
white lines intensity L,3 = Ly + Lg as well as as well as the Lg/L, ratio and conclusions
have been drawn on the occupancy of the 3d state fromAs L,y reflects the unoccupied
density of states in 3d bands, these results indicate that no charge transfer has taken place
during martensitic transformation and changes in the magnetic dipole moments at phase
transitions. The experimental results have shown that the magnetic dipole moment on Ni
atoms decreases at the reverse martensitic transformationwhile it increases on Mn, and
the charge is observed to be redistributed between Mn u Ni  in agreement with ab-initio
numerical calculations.

Uccnegosana sBoaonusa 3d 2JIeKTPOHHOM CTPYKTYPHI HECTEXHOMETPUUYECKOrO CILIAaBa
Ni-Mn-Ga, o6aagaromero s@@eKToM MArHUTHOM NmaMAaTA (POPMBI, METOLOM 3JJIEKTPOHHON
crieKTpockonuu sHepreruueckux mnoreps (EELS) m TeopeTmuecKoro MoaeanpOBAHUS. EELS
creKkTpel MOHOKpuCTaLioB Ni-Mn—Ga moaydeHnsl mpu Harpese in-situ A A3ydYEHUS DJIEK-
TPOHHOM CTPYKTYPbl (hepPOMArHMTHON MAPTEHCHUTHOH, (epPOMArHMTHOM ayCTEHUTHOU u
napamMarauTHoil aycreHutHoil as. IIpu amammse EELS crexkTpos ompeaesieHbl COOTHOIIEHUS
Genpix quHul Lg/Ly W MONHAS MHTEHCUBHOCTb Lgg = L, + Lg, CHeJaH BBIBOJ OTHOCHTEJILHO
sarnosHeHns 3d COCTOSHHS M W3MEHEHUS MAarHUTHBIX JIUIIOJbHBIX MOMEHTOB IpPH (Das30BBIX
nepexosax. OKCIEePUMEHTAJbHLIE PE3yJIbTATHl IIOKA3BIBAIOT, YTO IPH OOPATHOM MAaPTEHCHT-
HOM IMIpPEeBpallleHur MAarHUTHBIN JUIIOJLHLIN MoMeHT Ha aTromax Ni ymMeHbInaercs, B TO BpeMs
Kak masa atomMoB Mn — yBenuuumBaeTcss M HalOJ0faeTcs IepepaclipefesieHue 3apaga MeKIy
aromamu Mn u Ni, uTo corsiacyercsa ¢ mpoBefeHHBIMHU B pabore ab-initio BHIYMCIEHUAMU.
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Ferromagnetic shape memory alloys have
attracted increased attention because of
large magnetically induced strain. Ni—Mn—
Ga Heusler alloys undergo reversible ferro-
magnetic and martensitic transformations,
on cooling from paramagnetic (PM)
austenite to ferromagnetic (FM) austenite
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and thereafter to FM martensite. Very few
works on the electronic characteristics of
these phase transitions have been reported
in the literature, although we could expect
electronic phenomena should play an impor-
tant role given the magnetic properties in-
volved. In this work we study changes in
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electronic structure of a non-stoichiometric
Ni;,MnGa alloy by using electron energy loss
spectroscopy (EELS) and electronic struec-
ture calculations with the spin-polarized
variant of LAPW calculations method per-
formed using Wien2k package.

Electron energy-loss spectroscopy is a
powerful analytical technique that can be
utilized to obtain information on the struc-
ture, bonding and electronic properties of a
material [1-7]. The interactions of fast elec-
trons with the specimen result in excita-
tions of electrons into unoccupied energy
levels in the conduction band as well as col-
lective excitations of wvalence electrons.
When a spectrum is obtained by analyzing
the energy lost by the incident electrons,
the region up to an energy loss of ~50 eV is
dominated by collective excitations of va-
lence electrons (plasmon) and by interband
transitions. At higher energy losses ioniza-
tion edges occur due to excitation of core
electrons of the constituent atoms into the
conduction band.

The excitation of atomic inner shells by
high-energy electrons provides a method for
studying the unoccupied conduction states
in a solid. These core-level processes are
mostly sensitive to final states since the
initial states have narrow energy widths.
Besides the well defined ionization edges
there is a fine structure superposed on the
edge and extending up to about 50 eV from
the edge onset, which is associated with the
density of unoccupied states in the conduc-
tion band, known as the energy loss near
edge structure (ELNES).

In case of the 3d transition metals and
their alloys, Lyg edges of EELS are charac-
terized by two sharp peaks, known as
"white lines”. Because the predominance of
dipole transitions, these white lines origi-
nate from excitations of 2p1/2 and 2p3/2
core electrons to unoccupied d-like states
near the Fermi level. The white-lines inten-
sities reflect the unoccupied 3d density of
states (DOS). The data on the occupancies of
the 3d and 4d states [8-16] may clarify
many issues fundamental to the electronic
theories of transition metal alloys, includ-
ing phase transformations. Pearson et al.
[8] have attempted to relate the sum of the
Lg and L, white-lines intensities to the oc-
cupancies of the corresponding outer d
states. The experimental studies on the
white lines from L,3 EELS spectra for ele-
mental metals of the 3d transition series
show that the normalized intensities of
these white lines decreased nearly linearly
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with increasing d-state occupancy across the
series. The normalized white-line intensity
was defined as the integrated intensity of
the L, and Ls white lines divided by the
integrated intensity in a normalization win-
dow 50 eV in width beginning 50 eV past
the Lg edge onset. When the normalized
white-line intensities for the 3d metals were
divided by appropriate matrix-element cor-
rection factors, which were calculated for
each atomic species, a linear correlation
with 3d occupancy was obtained with a fit
given by

I3;=10.8 (1 - 0.1ng,), (1)

where I’g; is the normalized white-line in-
tensity divided by the appropriate matrix-
element correction factor and ng; is the 3d
occupancy in electron/atom. The above cor-
relation between the normalized white-line
intensity and 3d occupancy (electrons/atom)
is useful for determining changes in outer d
state occupancy upon alloying and solid-
state phase transformations if the corre-
sponding changes in the normalized white-
line intensity are observed.

On the other hand the ratio Lg/L, that
would be expected to be 2.0 because the
occupation number of the state is 2j + 1,
where j is the total angular momentum
quantum number and for p states j=1/2,
3/2, deviates from the statistical ratio be-
cause the ejected electron creates a core-
hole which splits the final states into two
groups with a large energy separation due
to the spin-orbit interaction. Experimental
measurements have shown a wide range of
variation in Lg/Ls and it is not linearly
related to the density of unoccupied 3d
states. In order to explain the deviations
from the statistical ratio, a full atomic ap-
proach, including crystal and spin-orbit cou-
pling will be necessary. Nevertheless since
the L, and Lg edges are related to the spin-
orbit coupling of 3d electrons, the intensity
ratio of the white lines is related not only
to the distribution of the d electrons buy
also to the magnetic moment of the atoms
(e.g. their spin states) [21, 22]. Higher
Lg/L, is believed to indicate a higher local
magnetic moment of the atom as this ratio
is approximately the ratio of holes in the j
=5/2 to j = 3/2 in the final 3d states.

Electronic structure calculation is car-
ried out with the modeling method using
the program WIEN2k [7] in LAPW ap-
proach with local spin density approximation
(LSDA). All modeling calculations were made
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Fig. 1. Micrograph and diffraction pattern
from martensite at room temperature.

ignoring non-stoichiometric deviations of
the real studied composition using Ni;,MnGa
approximation. The electronic structure of
valence and condiction band, distribution
of total and partial atomic densities, energy
band structure E(k), charge and spin states
of atoms, total and partial electron densi-
ties on Fermi level are investigated. As the
modern computing program WIEN 2k used
for calculation and modeling of an elec-
tronic structure can not calculate real 5M
structure, we use the approximation of real
5M modulated structure by BCT unit cell as
it is conventional for that type of calcula-
tions in the literature.

The non-stoichiometric N|4854Mn2712Gaz434
(in at.%) single crystal was grown from sin-
gle crystalline ingot using Bridgman
method, with following homogenization
(72 h at 1278 K) and annealing for order-
ing (48 h at 1070 K) sealed in quartz am-
poules in protective Ar atmosphere. The sin-
gle crystal 10x10x7 mm3 was cut to have
faces parallel to {100} of FCC austenite,
then grounded and electro-polished. The
martensitic transition and Curie point tem-
peratures (Mg = 311 K and T, = 378 K, re-
spectively) were determined by low-field
magnetic susceptibility method. The crystal
structure and lattice parameters of the
austenite and martensite phases were stud-
ied using 3-circle X-ray diffractometer with
CuK,, radiation.

The martensite lattice was determined as
BCT with 5-layered packing modulation. Ig-
noring, for simplicity, the 5M superstruc-
ture of the martensite, we use BCT approxi-
mation with lattice parameters at 290 K:
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Fig. 2. Micrograph and diffraction pattern
from ferromagnetic austenite at 60°C.

a=4.22A, ¢=5.57A; and for the FCC
austenite (T = 333 K): a = 5.84 A.

Electron energy loss spectra were ob-
tained during in-situ heating at 293, 333
and 393 K in order to acquire spectra from
FM martensite, FM austenite and PM
austenite, using Gatan parallel electron en-
ergy loss spectrometer (PEELS model 766)
attached to a Philips CM-200 transmission
electron microscope (TEM). Spectra were
taken in diffraction mode with 0.3 eV/ch
dispersion, an aperture of 8 mm and a col-
lection semi-angle of 2.7 mrad. The resolu-
tion of the spectra was determined by meas-
uring the full width at half-maximum
(FWHM) of the zero-loss peak and this was
typically close to 1.8 eV, when the TEM was
operated at 200 kV. The EELS spectra were
corrected for dark current and readout
noise. The channel to channel gain variation
was minimized by normalizing the experi-
mental spectrum with independently ob-
tained gain spectrum of the spectrometer.
All spectra were examined for oxygen edges
to prevent any surface oxides.

Spectra in the high-energy region were
background-subtracted by fitting the pre-
edge backgrounds with a power-law funec-
tion and then Fourier-Ratio deconvoluted to
remove multiple scattering components
from the spectra.

Figs. 1,2 show micrographs and diffrac-
tion patterns of the alloy at 293 K (FM
martensite) and 333 K (FM austenite). It is
clearly observed, from twin boundaries in
the bright field micrograph and streaks in
the diffraction pattern, that a martensitic
transformation has taken place.
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Fig. 8. Superposition of Mn L,; edges from
paramagnetic austenite (293 K), ferromag-
netic austenite (333 K) and ferromagnetic
martensite at room temperature.

Energy-loss spectra for Mn and Ni Log
ionization edges are shown in Fig. 8 and
Fig. 4, respectively, for FM martensite
(293 K), FM austenite (333 K) and PM
austenite (393 K), where spectra were
shifted up for clarity.

At the first sight, no changes are ob-
served in fine structure (ELNES), which re-
flects the density of states (DOS) at Mn and
Ni sites. Furthermore, as EELS probes the
symmetry-projected DOS, the ELNES in this
case must be directly compared to d-symme-
try DOS, because of the predominance of
transitions from 2p to 3d states. Electronic
structure calculations performed with the
LAPW method (Wien2k code) shows a strong
hybridization between Mn and Ni d-orbitals. How-
ever, the fine structure obtained from numerical
calculations is smoothed in EELS spectra due to
our experimental resolution ~ 1.8 eV.

On the other hand, the occupancy and
distribution of 3d electrons are obtained
from the total intensity Lsg and the ratio
Lg/Ly of the white lines. To extract the
white-lines we closely follow the empirical
method developed by Pearson et al. [10], by
modeling the background with a double step
function, with steps at L, and Lg peaks. A
step line was fit to the background immedi-
ately following the L, white line. This line
was then modified into a double step of the
same slope with onsets occurring at the
white lines maxima. The ratio of the step
heights was chosen as 2:1 which is the mul-
tiplicity of the initial steps (four 2p3/2 elec-
trons and two 2p;,y electrons). The white
lines areas was then divided by the area in
a normalization window 50 eV in width, be-
ginning 50 eV past the onset of the Lgj
white line, which yields a normalized white-
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Fig. 4. Superposition of Ni L,; edges from
paramagnetic austenite (120°C), ferromag-
netic austenite (60°C) and ferromagnetic
martensite at room temperature.

line intensity for the alloy. Dividing by the
matrix-element factor, 0.129 for Mn and
0.169 for Ni, and using Eq.(1) allows us to
obtain Ang; in electron/atom for the transi-
tions. Table 1 shows the results obtained for
PM austenite, FM austenite and FM marten-
site phases after isolation of the white
lines, with values for the white lines ratio
Lg/Ly, normalized white lines intensities
Lys and occupation number (ng; — elec-
trons/atom in 3d states) for Mn and Ni.
From these results we conclude that no
charge transfer seems to take place during
martensitic transformation nor in the ferro-
magnetic transition as these values should
imply maximum transfers of ~0.05 elec-
trons/atom, which is within the experimen-
tal accuracy (0.06 electrons/atom). On the
other hand, the ratio Lg/L,, which is re-
lated to the magnetic dipole moment per
atom, shows a clear tendency, during the
reverse martensitic transformation, from
martensite to austenite, the white lines
ratio increases for Mn and decreases for Ni,
implying the magnetic dipole moment in-
creases for Mn and decreases for Ni, which
is in qualitative agreement with numerical

Table 1. Results of the experimental EELS
studies of the Ni-Mn—Ga single crystal

T(K) L3/Ly Lyg N34
Mn Ni Mn Ni Mn | Ni

393 (PM 3.02(3.260.50|0.19|6.41 |8.96
austenite)

333 (FM 2.91(3.29/0.53|0.19|6.20|8.96
austenite)

293 (FM 2.7913.37]0.52]0.18(6.27|9.01
martensite)
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Table 2. Magnetic moments of individual atoms and unit cell in FCC and BCT modifications

FCC austenite

BCT martensite

Atom Magnetic moment, pg Atom Magnetic moment, pg
Mn 3.46 Mn 3.43
Ni 0.35 Ni 0.39
Ga -0.05 Ga -0.05
Unit cell 4.14 Unit cell 4.19

calculations as shown in Table 2. The same
trend is observed during ferromagnetic
transition even though we could not find a
reference to compare with. In a near future
we will carry out experiments for measur-
ing the magnetic dipole moment at the
three phases in order to correlate it with
values of white lines ratios and will pub-
lished elsewhere.

Changes in the electronic structure dur-
ing the martensitic transformation and fer-
romagnetic transition in a Ni-Mn-Ga alloy
were studied by electron energy loss spec-
troscopy and numerical calculations. From
EELS, we analyzed the changes in Ni and
Mn L,3 white-lines intensity before and
after the transformation, as well as the
ratio Lg/L,. It was found that no charge
transfer occurred during the martensitic
transformation or ferromagnetic transition,
but a redistribution of electrons in 3d
bands, changing the magnetic dipole mo-
ment per atom, as predicted by numerical
calculations.

Valence band of the studied Ni—Mn-Ga
alloy martensite phase consists of two sub-
bands. The first, pre-Fermi, is situated till
~10 eV deeply from Fermi level for FCC-
and ~7 eV for BCT-modification. The sec-
ond, narrow band of deep states has binding
energy near —14...-16 eV and formed by
gallium 3d-electrons. Pre-Fermi band is
mainly formed by hybridized states of
nickel and manganese atoms. Ni3d-electrons
dominate on Fermi level.

Large splitting of Ni and Mn states testi-
fies to their significant interactions, while
those of Ga atoms with other alloy compo-
nents are weakened. Dispersion laws are
quite different for electrons with different
spin directions.

As a result of transition from austenite
to martensite the magnetic moment of

nickel atoms increases by 0.04up and the mag-
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netic moment of manganese atoms decreases
by 0.038pg. As a consequence, the magnetic
moment of whole cell rises by 0.05up.
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EELS nmociaigkeHHS eJIeKTPOHHOI CTPYKTYPHM CILIABY
Ni—-Mn-Ga 3 edexkTom marmiTHoi mam’ari dopmu

P.Ouwoa-Tamb6oa, I'Dnopec-3ynuza, ®.dcnunosza-Mazana,
A .Puoc-Apa, I.I'nasayvruii, H.'naéayvra

IOocaimxeno eBoamooiio 3d eneKTpoHHOI GymoBu Hecrexiomerpuunoro cmiasy Ni-Mn—Ga,
AKUN BUABJAE eeKT Mar"giTHol mam’ATi GopMM, METOLOM eJIeKTPOHHOI CIIEKTPOCKOIii eHep-
retuunux Brpar (EELS) Ta TeopeTMYyHOro MOIeIIOBaHHS. EELS cnexTpu MOHOKpHCTAIIB
Ni-Mn—Ga orpumano mpu HrapiBaHHi in-situ [AJjs BUBUEHHS eJeKTPOHHOI GymoBu (epo-
Mar"iTHol MapTeHCUTHOI, (pepomaruiTHOi aycreHiTHOI Ta mapamar"iTHoi aycteHiTHOI (has.
IIpu anmamiser EELS cmexTpis Bu3HaUeHO cHiBBigHomeHHA 6inux Jjinift Lg/L, Ta iHTerpa-
JbHA iHTeHcuBHicTb Lyg = L,y + Lg, 3po6/eHO BUCHOBKH IIOZIO 3allOBHEHHA 3d CTaHY Ta 3MiH
MAarHiTHUX AWUIOJBHUX MOMEHTIB NpU (PasoBUX MepeTBOPeHHAX. EKcIepuMeHTaIbHI pesyiib-
TaTH CBiguaTh, M0 IPU 3BOPOTHOMY MAaPTEHCUTHOMY IIE€PETBOPEHHI MAarHiTHUN IUIOJLHUMI
momeHT Ha aromax Ni smenmyerses, a Ha atomax Mn 86inbmryeTsesi, TaKoK crmocTepiraerses
nepeposmnogin sapany mix aromamMu Mn m Ni, mo ysromg:Kyerbcs i3 mpoBemeHMMHU y POOOTL
ab-initio po3spaxyHKaMH.
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