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Compton scattering studies of Mn-rich Ni-Mn-Ga ferromagnetic shape memory alloys
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We report the spin-dependent electron momentum distribution in Mn excess Ni-Mn-Ga ferromagnetic shape
memory alloys including Mn,NiGa using 176.8 keV circularly polarized synchrotron radiation at SPring8,
Japan. The magnetic Compton profiles (MCP) were measured at various temperatures and magnetic fields. The
data have been analyzed in terms of Mn 3d, Ni 3d and delocalized spin moments. The magnetic-moment
values obtained from the MCP and the behavior of the magnetic effect R with temperature and field for the
different specimens are in good agreement with our magnetization measurements.
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I. INTRODUCTION

During last decade increased interest in the field of spin
electronics has intensified the research work on ferromag-
netic shape memory alloys (FSMA). A lot of emphasis was
given on the investigation of electronic properties and local-
ized magnetic behavior of Ni,MnGa and also Ni-rich Ni-
Mn-Ga system.'~!> Ni-Mn-Ga alloys with high contents of
Mn and low contents of Ni have been rarely studied. Among
the Mn-rich Ni-Mn-Ga systems, the recently discovered
Mn,NiGa is ferrimagnetic at room temperature and exhibits
large magneto-elastic coupling with field controllable shape
memory effect. It also shows a large thermal hysteresis up to
50 K. It is an attractive material for different technological
applications because its martensitic start temperature (270 K)
is close to room temperature while the Curie temperature is
about 590 K. A large change in magnetic behavior is ob-
served for Mn,NiGa as compared to Ni,MnGa due to the
excess Mn content.!> A change in the composition of Ni-
Mn-Ga or a partial substitution of the constituent atoms af-
fects several properties such as martensitic transformation
temperatures, saturation magnetization, and magnetic aniso-
tropy. Liu et al.'*!> have reported the experimental and the-
oretical studies related to structural, electronic, and magnetic
properties of Mn,NiGa alloy. Using ab initio spin-polarized
density-functional theory, Barman and Chakrabarti'® have
rectified the results of Liu et al.'> Barman et al.'” have dis-
cussed the electronic and magnetic properties of Mn,NiGa
using full-potential linearized augmented plane-wave method
(FP-LAPW) method. The authors have observed Fermi-
surface (FS) nesting in the martensitic phase along the [110]
direction in the majority-spin FS. They have also shown that
the Mn,NiGa is an itinerant ferrimagnet in both the marten-
sitic and austenitic phases.

The charge Compton profile, J(p.) is the one-dimensional
projection of the electron momentum distribution n(p) along
the scattering vector,'®!°

J(pz)=ffn(p)dpxdpy, (1)

where p, denotes the electron momentum along the scatter-
ing vector of the photon. The n(p) is the sum of the majority-
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spin n;(p) and minority-spin n (p) components. The J(p,)
can be obtained experimentally from the energy distribution
of the inelastically scattered photons. If the photon imping-
ing on a sample has a component of circular polarization
then a spin-dependent term appears in the scattering cross
section.!”2! The Compton profile from unpaired electrons is
called magnetic Compton profile (MCP) J,.(p,). The
Jmag(P) is defined as

Jmag(pz) :f f [”T(P) _ni(p)]dpxdpy' (2)

Therefore, the MCP reflects the wave functions of the elec-
trons associated with a magnetic ordering. The area under the
Jmag(pz) is equal to the number of unpaired electrons, i.e., the
total spin moment per formula unit in Bohr magnetons.
Mathematically,

+00
f ‘]mag(pz)dpz = /‘Lspin' (3)

—o0

In such measurements, p, is expressed in atomic units (a.u.),
where 1 a.u.=1.99 X 1072* kg m s~'. The magnetic Comp-
ton scattering (MCS) is a uniquely sensitive probe to find out
the magnetic properties in ferrimagnetic and ferromagnetic
compounds. In the MCS experiments one also obtains infor-
mation about the magnetic effect (R), which is proportional
to the magnitude of total spin moment in magnetic-ordered
states. The R is written as

I'—r
R= '+ 1 & Iu“spin’ (4)

where I and I~ are the intensities of scattered photons for the
magnetization being parallel and antiparallel to scattering
vector, respectively. The sign of the magnetic effect shows
the direction of the total spin moment.

To shed more light on temperature and field-dependent
magnetism of Mn-rich Ni-Mn-Ga ferromagnetic shape
memory alloys, in this paper, we report a systematic study of
spin-momentum density using Compton scattering tech-
nique. We have undertaken the first-ever magnetic Compton
measurements at SPring8, Japan with a view to study the
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magnetic Compton profiles at various temperatures (ranging
between 50 K and room temperature) and external magnetic
fields (0.1-2.5 T) and compare with magnetization measure-
ments and available FP-LAPW calculations.

II. EXPERIMENT

The MCP measurements were performed using a mag-
netic Compton spectrometer available at BLO8W beamline in
SPring8.?! The incident x rays (elliptically polarized) of en-
ergy 176.8 keV were selected using a Johann-type Si (620)
monochromator. The beam size at the sample position was
limited by slits and was 0.5 mm (k) X0.5 mm (w). The
overall momentum resolution [Gaussian, full width at half
maximum (FWHM)] of spectrometer, which was mainly re-
stricted by an energy resolution of the Ge detectors, was 0.40
a.u. The detection system, which was used to analyze the
energy spectra of Compton-scattered synchrotron radiations,
consisted of ten Ge elements with individual spectroscopy
amplifiers, analog-to-digital converters, and multichannel
analyzers. The multiarray Ge crystals (100 mm? cross sec-
tion) were circularly arranged around a hole (11 mm diam-
eter) to collect the scattered photons. The distance between
the detector and sample was 1 m. The usual data-reduction
procedures for the energy dependence of the detector effi-
ciency, absorption, and the relativistic scattering cross-
section corrections were applied. The correction for the mul-
tiple scattering was neglected, as the spin-dependent multiple
scattering is always very small.”>?* The data were then con-
verted from energy to momentum scale. Since Jy,,,(p.) were
symmetric about the p,=0, the profiles were folded leading
to a reduction in error bars by a factor of v2. The tempera-
ture of the sample was changed using a two-stage Gifford-
McMohan-type refrigerator operating with He gas circula-
tion. It was attached to a superconducting magnet, which was
used to vary the magnetic field up to £2.5 T during the
present measurements. The magnetic field in the sample was
flipped parallel (A) and antiparallel (B) to the scattering vec-
tor in the sequence of ABBAABBA...... The counting time
in each position was 60 s with a 6 s interval to ramp the field.
Finally, the magnetic profiles were normalized to a spin mo-
ment per formula unit with reference to the calibration mea-
surements on Fe as discussed in our earlier work on
Ni,MnGa.?

The samples were prepared by melting the constituent
metals in correct proportion in arc furnace and subsequent
annealing. The details are provided in Refs. 17 and 24. The
composition was determined by energy dispersive analysis of
x rays (EDAX). The magnetization measurements were car-
ried out using an indigenous vibrating sample magnetometer
(VSM) Ref. 25 and a PPMS-VSM (14 T physical property
measurement system-vibrating sample magnetometer, M/s
Quantum Design, USA) in the temperature range 10-300 K.

III. RESULTS AND DISCUSSION

The martensitic transition temperatures of the different
Mn excess Ni-Mn-Ga specimens studied here have been de-
termined by magnetization measurement at low fields and
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FIG. 1. Magnetization as a function of temperature at low and
high fields and differential scanning calorimetry for different Mn
excess Ni-Mn-Ga specimens.

differential scanning calorimetry (DSC) (Fig. 1). A decrease
in magnetization in presence of small magnetic field is ob-
served due to the large magnetocrystalline anisotropy in the
martensitic phase.’® From Fig. 1, the martensitic start tem-
perature (M) for NiMn,Ga (or Mn,NiGa, as we will hence-
forth call it to be consistent with previous literature),
Ni; 75Mn; ,sGa, and Ni; g4Mn;;Ga are determined to be
272, 67, and 137 K, respectively, from the cooling-cycle data
of magnetization and DSC and are indicated by the ticks in
Fig. 1. These values are in agreement with literature.'* The
hysteresis shown by the heating and cooling cycles in Fig. 1
is the characteristic of the first-order nature of the martensitic
transition. It may be noted that the M(T) behavior in high
field is different from the low field, as shown in Fig. 1 for
Ni, 7sMn; ,sGa. Here, the magnetization (which is close to
saturation and hence the magnetocrystalline anisotropy effect
observed in low field is not visible) increases in the marten-
sitic phase. This increase is intrinsic and is due to higher
saturation magnetization in the martensitic phase, which re-
sults from the alterations in interatomic bonding related to
the change in structure.’*

The variation in R with temperature and magnetic field for
Mn,NiGa, Ni; 75 Mn, ,5Ga, and Ni; g4Mn; 1;Ga are shown in
Fig. 2. In Fig. 2(a), in presence of high magnetic field (2.5
T), R exhibits an increase toward lower temperature in
Ni; g4Mn; 17Ga, which is the expected behavior of magneti-
zation for a ferromagnet. Our data for Mn,NiGa (also shown
in an expanded scale in the inset of [Fig. 2(a)], depicts an
increase in magnetization across the martensitic transition
around 270 K. Figure 2 further shows that both
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FIG. 2. (a) Variation in magnetic effect (r) in NiMn,Ga (or
Mn,NiGa) and Ni; g4Mn; ;7Ga with temperature at a fixed field 2.5
T (b) Variation in magnetic effect (R) in Mn,NiGa, Ni, 7sMn; ,5Ga
and Ni, g4Mn; 1;Ga with magnetic field at room temperature (300
K).

Ni, ¢4Mn; ;;Ga and Ni; 7sMn, ,5sGa have higher R (and hence
higher magnetic moment) in comparison to Mn,NiGa. This
is in agreement with magnetization measurements for Mn
excess Ni-Mn-Ga.'# This is explained by theoretical calcula-
tions in terms of an antiparallel configuration of the excess
Mn atoms that decreases the total saturation moment for
specimens with higher Mn doping.'”?” Thus, for higher Mn-
doped samples, a decrease in the magnetic effect is expected.
Another point to be noted is that at 300 K, Ni; 7sMn,; ,5sGa
and Ni; g4 Mn; 1;Ga are in the austenitic phase and hence R
tends to saturate at a lower magnetic field (0.5 T) [Fig. 2(b)].
On the other hand, Mn,NiGa has a sizable fraction of mar-
tensitic phase at room temperature this is evident from the
DSC data in Fig. 1. As mentioned earlier, this shows that the
martensitic phase has high magnetocrystalline anisotropy
and hence the saturation field is expected to be higher. The R
variation in Mn,NiGa can be related to this: it tends to satu-
rate at a higher field of about 1.5 T compared to that of the
other specimens that are in the austenitic phase at room tem-
perature.

The experimental J,,,(p,) for Mn-rich alloys at different
temperatures and fields (normalized to total spin moments)
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FIG. 3. (Color online) Spin-polarized momentum distribution of
(a) Mn,NiGa at fixed 2.5 T field and different temperatures (b)
Ni; 75Mn; ,5Ga at room temperature and different fields decom-
posed into the Mn 3d, Ni (magnetic, fixed), and diffuse compo-
nents. The total best-fit curve is shown as a solid line through the
data points. Statistical error in MCP data is within the size of sym-
bols used.
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FIG. 4. Temperature and field-dependent magnetic moments determined by the line-shape analysis of the magnetic Compton profiles of
(a) Mn,NiGa at 2.5 T, (b) Ni; g4Mn; ;Ga at 2.5 T, (¢) Ni; g4Mn, ;7Ga at 300 K, and (d) Ni; 7sMn; ,5Ga at 300 K. The error at Mn site is
within the size of symbols used. The spin moment per formula unit (ug) is equal to the area under the component curves as shown in Fig.
3. The inset shows the isothermal magnetization as a function of field at 2 and 300 K

are shown in Fig. 3. These profiles can be split into relative
contribution from the different atomic sites using the Comp-
ton profiles calculated using the free-atom basis functions.?®
This approach has been found to be successful in a number
of rare-earth compounds'®?? and our recent data on
Ni,MnGa.?

In case of Ni-Mn-Ga, the free-atom Compton profiles of
Ni (3d) and Mn (3d) are almost similar at the present experi-
mental resolution. Therefore, it is difficult to split the total
Jimag(p,) in Ni 3d and Mn 3d components. To overcome this
situation, we have taken the fixed contribution of Ni, as in
our earlier work.?? To a good approximation, for the highest
field and the lowest temperature, the Ni spin moment was
assumed to be 0.27up as obtained from FP-LAPW
calculations.'” As functions of field and temperature, the Ni
contribution was varied in proportion to the experimentally
determined total magnetic moment. To incorporate the mag-
netic contribution of Ni, we have taken the spherical average

of the local spin-density-based magnetic Compton profile of
Ni.? For the diffuse components; the free-electron Compton
profile was taken as

J(p,)

3n
4—3(p]2: - pf) for p.<pg (pgp=Fermi momentum)
PF

0 for p, = pg.
(5)

Therefore, an inverted parabola like free-electron Compton
profile is built up by slices through the Fermi sphere of ra-
dius pg in the momentum space.'® To model the contribution
of the diffuse components (Mn 4s and Ga 4s, 4p and 3d), we
have used the FWHM of the free-electron profile and derived
an equivalent Gaussian profile. Before fitting the theoretical
profiles corresponding to Mn 3d, Ni 3d and diffuse contribu-
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tions to the experimental data, all the theoretical line shapes
have been convoluted by a Gaussian FWHM of 0.40 a.u. It
may be noted that the convolution incorporates the effect of
instrumental broadening in the theoretical data and plays a
significant role in the fitting process. The decomposition of
the magnetic profiles at different temperatures and magnetic
fields for Mn,NiGa and Ni; 7sMn, ,5Ga, respectively, are
shown in Figs. 3(a) and 3(b).

In Figs. 4(a)-4(d), the total spin moments along with site-
dependent moments are plotted. In case of Mn,NiGa, the
contribution of the total and decomposed magnetic moment
decreases slowly with the temperature. The total spin mo-
ment mainly arises from Ni and Mn 3d. From our MCP data
[Fig. 4(a)], the spin magnetic moment at 155 K (lowest tem-
perature taken) and 2.5 T is about 1.46ug. It is in good
agreement with the M-H data shown in the inset of Fig. 4(a),
at 2 and 300 K, the magnetic moment in presence of 2.5 T
field is about 1.5 and 1.1up, respectively. For Ni; gy
Mn, 1;Ga, the diffuse and Ni contributions almost cancel
each other and the total spin moment is dominated by the
Mn 3d contribution. A dominant character of Mn 3d spin
moment is also seen at 300 K in both the fractional compo-
sitions of Mn-rich Ni-Mn-Ga system. The MCP data for
Ni; 75Mn, ,5Ga shows the saturation of the total spin mag-
netic moment at about 1 T. From the direct MCP data, it is
found to be about 2.6ug. It is in good agreement with our
recently published M-H data (2.62ug at 283 K).?* The good
agreement between the MCP data that measures only the spin
moment and the magnetization indicates that the contribution
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from orbital moment is small in Mn excess Ni-Mn-Ga, and
similar result has been obtained earlier for Ni excess
Ni-Mn-Ga.? Tt is worthwhile to mention here that the total
spin moment does not depend on the single or polycrystalline
nature of the magnetic material.

IV. CONCLUSIONS

The magnetic Compton profiles of Mn-rich Ni-Mn-Ga
systems at different temperatures have been analyzed to
study the magnetic transitions in terms of spin-moment con-
tribution of Mn 3d. The total spin moments are in agreement
with the magnetization measurements. The behavior of mag-
netic effect R with field and temperature has been explained
by the magnetization studies. The present work also demon-
strates that there is a small contribution of the orbital mag-
netic moment in Mn-rich Ni-Mn-Ga system.
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