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Influence of Ni doping on the electronic structure of Ni,MnGa
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Abstract
The modifications in the electronic structure of Nigy,Mn;_,Ga by Ni doping have been stud-
ied using full potential linearized augmented plane wave method and ultra-violet photoemission
spectroscopy. Ni 3d related electron states appear due to formation of Ni clusters. We show the
possibility of changing the minority-spin DOS with Ni doping, while the majority-spin DOS re-
mains almost unchanged. The total magnetic moment decreases with excess Ni. The total energy
calculations corroborate the experimentally reported changes in the Curie temperature and the

martensitic transition temperature with .
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NioMnGa is an unique material because it exhibits both ferromagnetism and shape
memory effect and is an ideal candidate for magnetically controlled shape memory
applications|l, 2]. Highest known magnetic field induced strain, giant magnetocaloric ef-
fect and large negative magnetoresistance have been reported in Ni-Mn-Gall, 2, 3, 4, .
Physical properties of NisMnGa are highly composition dependent. It is reported that re-
placing Mn by Ni in Niy;,Mn;_,Ga for z= 0 to 0.2 causes the Curie temperature (T¢) to
decrease from 376 to 325 K and the martensitic transition temperature (73/) to increase
from 210 to 325 K[A, [7]. These interesting properties make Niy,,Mn;_,Ga a very important
system for both fundamental physics and technological applications.

The explanation of the above mentioned characteristics of Ni doped Ni;MnGa is re-
lated to its electronic structure. So, in this letter, we investigate the electronic struc-
ture of Nig,,Mn;_,Ga using ultra-violet photoemission spectroscopy (UPS) and full po-
tential linearized augmented plane wave (FPLAPW) calculations. Different band structure
studies on NisMnGa and related Heusler alloys in literature deal with the stoichiometric
composition|§, (9, 110, [11, [12, 13, [14]; but very few study the effect of Ni doping|l5, [16].
Recently, Enkovaara et al. showed that in Mn rich Ni;MnGa, the doped Mn atoms are
antiferromagnetically aligned[11]. MacLaren calculated the density of states (DOS) for 20%
Ni rich Ni;MnGa using layer KKR method and correlated the structural properties with
DOS[16].

The ab-initio relativistic spin-polarized FPLAPW calculations were performed using
WIEN97 code[l7] with generalized gradient approximation[l18] for exchange correlation.
An energy cut-off for the plane wave expansion of 16 Ry and [,,,,= 10 were used. The
muffin-tin radii were taken to be : Ni 1.19 A, Mn 1.27 A, Ga 1.19 A. The number of k
points in the irreducible Brillouin zone (BZ) for self-consistent field cycles and DOS calcu-
lation varied between 147-168 for different structures. For the z= 0 tetragonal martensitic
phase, the calculations were performed with the experimentally determined lattice constants:
a= b= 5.92 A, ¢= 556 A, space group Fmmm (Z= 4) with atomic positions 8f (Ni), 4b
(Mn) and 4a (Ga) without considering modulation[19, 20]. FPLAPW calculation has also
been performed with the real structure with seven layer modulation[21] in P,,,, space group
(Z= 14) with a= 4.215, b= 29.302 and c¢= 5.557TA with 80 k points in the irreducible
BZ, and is indicated in text as x= 0M. For Nigo5Mng75Ga, our x-ray diffraction (XRD)

studies do not show any modulation[22] and this is in agreement with literature23]. So,



for Ni excess Nij95Mng 75Ga, calculations were performed by replacing a Mn by Ni in the
non-modulated Fmmm structure and with the same lattice constants as x= 0 (henceforth
designated as z= 0.25). Calculation was also performed in same structure but with the
actual lattice constants of NijosMng75Ga (a= b= 5.439A, ¢= 6.563A, and c/a= 1.2)[22].
This is henceforth referred to as x= 0.25(1.2). The number 1.2 in bracket is the ¢/a value.
All the DOS calculations shown here are done in the ferromagnetic ground state.[, I, [, 24]

Polycrystalline ingots of Niyy,Mn;_ ,Ga were prepared by standard procedurelf]. Our
XRD, differential scanning calorimetry (DSC), resistivity results agree with literature[d, [19,
20, 23]. Energy dispersive analysis of x-rays shows that the samples are homogeneous. The
intended and actual compositions agree well, e.g. NiggoMngg7Gay 9o and Nis o Mng7sGaq gr
for x= 0 and 0.2, respectively. He I UPS (hv= 21.2 eV) was performed at a base pressure
of 6 x 107! mbar using an electron energy analyzer from Specs GmbH, Germany. The
samples were mechanically scraped to expose fresh surfaces devoid of oxygen and carbon
contamination.

The atomic photoemission cross-sections of Ni 3d and Mn 3d at hv= 21.2 eV are 4.0 and
5.3 mega barn, respectively[27]. These values are an order of magnitude higher than that
of Ni 4s, Mn 4s, and Ga 4s, p states|25]. So, the UPS valence band (VB) spectra are calcu-
lated by adding the partial DOS (PDOS) of Ni and Mn 3d , multiplied by their respective
photoemission cross-sections[2€]. This added DOS is multiplied with the Fermi function at
the measurement temperature and convoluted with a Voigt function. The FWHM of the
Gaussian component (=100 meV) of the Voigt function represents the instrumental resolu-
tion. The energy dependent Lorentzian FWHM that represents the life-time broadening is
0.3E, where E is the energy w.r.t. Ep[21].

We compare the experimental UPS spectrum of Ni;MnGa in the martensitic phase with
the calculated VB of both non-modulated (z= 0) and modulated (z= 0M) structures in
Fig. 1. The UPS spectrum exhibits a broad main peak centered at -1.4 eV (B) and a
weak feature at -3.5 eV (C'). The cut-off at 0 eV is the Fermi level (Er). The shape of B
(corresponding DOS feature is B’ in Fig. 2b) of x= 0 is in good agreement with the UPS
spectrum. The VB is largely dominated by Ni 3d states with peak at -1.75 eV. Mn 3d states
exhibit two features at -1.3 and -3.1 eV. Feature C arises due to Ni 3d- Mn 3d bonding and
is related to feature C” in the DOS (Fig. 2b). Features A, B, and C appear at similar energies
in x= 0 and 0M. This is expected because, although OM has large orthorhombic unit cell,
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FIG. 1: (Color online) Valence band (VB) spectra of NipMnGa (z= 0) in the martensitic phase
from He I ultra-violet photoemission (black dots) and FPLAPW calculation (black solid line). Ni
3d (red solid line with open circles) and Mn 3d (green dashed line) contributions to the calculated

VB are shown. The spectra are staggered.

modulation involves a small (0 to 5%) periodic shuffle of the (110) atomic planes of the non-
modulated structure along the [110] direction|28]. However, in 0M VB, a feature F appears
prominently, which has hardly any signature in the experimental spectrum. This feature is
related to Mn 3d- Ni 3d hybrid states that are more intense and appear at -0.9 ¢V, in contrast
to x= 0 VB. It is evident from Fig. 1 that z= 0 VB is in better agreement with experiment
than 0M VB. The possible reasons could be : (i) mean free path of photoelectrons in UPS is
10-15 A, hence UPS probes the 0M structure (br 29 A) only partially; (ii) due to possible
surface relaxation or reconstruction effects, the modulated structure is modified or absent
at the surface. The Ni 3d related feature A at -0.4 eV (feature A’ in Fig. 2b) is absent in
the experiment. Similar discrepancy between UPS and calculated VB has been reported for
other Mn based Heusler alloys|26] and the possible reasons are discussed later.

To investigate the effect of Ni doping only, we compare the x= 0 and 0.25 DOS in Fig. 2(b,
c), both with lattice constants of x= 0. In both cases, the DOS is dominated by Ni and
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FIG. 2: (Color online) Total DOS (black solid line) and Ni 3d (red solid line with open circles
for (a) and (b); red dot-dashed line and blue thick solid line for (¢) and (d), see text) and Mn 3d

(green dashed line) partial DOS of ferromagnetic Nigy,Mn;_,Ga in the martensitic phase.

Mn 3d bonding states (B’ and C’), as in other related Heusler alloys|], [10]. The occupied
Mn 3d PDOS is split into clearly separated e, and ty, states, appearing at -1.3 and -3 eV,
respectively. Feature D’ in the anti-bonding region above Er is largely dominated by Mn 3d
PDOS. Interesting difference between x= 0 and 0.25 is observed around -0.8 eV, where new
electron states appear in the latter (dashed arrow) that fill up the valley between A" and B’
in z =0. The PDOS of Ni2, i.e. the doped Ni atom in Mn position, has its maximum at



-0.8 eV. 3d PDOS of Nil (Ni atoms in Ni position) also appear at this energy with similar
intensity. This shows that these states arise from the bonding between doped and existing
Ni atoms. In fact, since the nearest neighbor (n.n.) of a Mn atom are 8 Ni atoms, when
Mn is replaced by Ni, a 9 atom body centered tetragonal Ni cluster is formed with n.n.
distance 2.53A. Hence, Ni-Ni bonding occurs at the expense of Ni-Mn bonding. To test
this explanation, we have calculated the DOS of NisMng 75Ga; 95 where, instead of Ni, Ga
replaces Mn. As expected, the DOS does not show the Ni related extra states because in
this case Ni clustering does not occur[29].

The change in electronic structure in the Ni doped case between the real structure
[z= 0.25(1.2), ¢/a= 1.2] and non-equilibrium z= 0.25 structure (¢/a= 0.94) is shown in
Fig. 2(c,d). The total energy (FEi.) calculated using FPLAPW confirm that 0.25(1.2) is
more stable than 0.25 by 12.2 meV/atom. In 0.25(1.2), the Ni 3d related new states appear
as a clear peak at -0.8 eV. The Nil 3d states are more intense than the Ni2 3d states. The Mn
3d related feature D’ is broadened. Comparison of Fig. 2(a,d) shows the difference between
the DOS of undoped (0M) and Ni doped NipMnGa [0.25(1.2)], both with actual experimen-
tally determined structures. In OM, Ni 3d-Mn 3d hybrid states are observed around 0.9 eV
that gives rise to feature E in Fig. 1. In contrast, in 0.25(1.2), Nil 3d- Ni2 3d hybrid states
dominate this region.

A dip is observed in the z= 0.25 DOS in the near Er region between A’ and Er (black
arrow, Fig. 2). To understand its origin, the spin projected DOS in the near EF region is
shown in Fig. 3a. We find that the dip is due to a decrease in the minority-spin DOS near
Er by 31% in = 0.25 w.r.t. x= 0 (from 1.6 to 1.1 states/eV f.u. at -0.15 eV). If compared
to OM, the decrease even larger (41%). Because of Ni doping, there is a redistribution of
the partially filled minority-spin DOS. Both Ni and Mn 3d PDOS decrease in the near Ep
region resulting in the dip, while new Nil- Ni2 hybrid states appear around -0.8 eV. The
minority-spin DOS is further reduced by 43% in 0.25(1.2) compared to x= 0, and w.r.t.
OM the decrease is 55% (Fig. 3a). In 0.25(1.2), feature A’ is absent and the dip is more
pronounced and broadened (-0.55 eV to Er). In contrast, the majority-spin DOS near Ep
remains essentially unchanged in all cases (arrow, Fig. 3a), because they are almost fully
filled[16]. Thus, Niy;,Mn;_,Ga presents an exciting possiblity of tuning the minority-spin
DOS near Er with Ni doping, which might have interesting implications in spin polarized

transport. Comparing Figs. 2 and 3b, we find that D’ originates predominantly from Mn 3d
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FIG. 3: (Color online) Spin-projected DOS of Nig;,Mn;_,Ga (a) in near Er (b) extended region
for =0 (black solid line), 0.25 (red dashed line), 0.25(1.2) (blue dot-dashed line) and OM (green
thick solid line).

minority-spin states, while Mn 3d majority-spin states are almost fully occupied. This is the
reason why Mn has large magnetic moment. Features B’ and A’ are dominated by minority-
spin states in all cases, except for 0M where A’ is broader and has similar contributions
from both spin states. Feature C’ is dominated by majority-spin states.

UPS VB spectra in Fig. 4 show that the main peak of Nis;Mng¢Ga (= 0.1) is centered
at -1.1 eV with a shoulder at -1.65 eV, in contrast to NisMnGa. For Nig sMngsGa (z= 0.2),
the -1.1 eV peak becomes relatively more intense and shifts to -0.9 eV. The experimental
difference spectrum between x= 0.2 and 0 shows extra states in the former around -0.65 eV.
The difference spectrum from theory between x= 0.25(1.2) and 0 exhibits a peak at -0.75 eV
in agreement with experiment and these extra states are the new Nil- Ni2 3d bonding states,
as discussed earlier (Fig. 2). The agreement is not good if the 0M VB is used to calculate
the theoretical difference spectrum (not shown in Fig. 4) and this supports our contention
that the surface electronic structure is hardly influenced by modulation. The dip in the

DOS between -0.4 eV and Er is observed in the theoretical difference spectrum (arrow,
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FIG. 4: UPS spectra of Nis;,Mnj_,Ga in the martensitic phase. The spectra have been normalized
to the same height and staggered along the vertical axis. The experimental (between x= 0.2 and

0) and calculated (between x= 0.25(1.2) and x= 0) difference spectra are shown.

Fig. 4), but is not clearly observed from experiment. Possible reasons for this disagreement
could be surface relaxation or presence of anti-site defects[3(], etc. To find the effect of
surface relaxation, we have calculated the x= 0.25 DOS with 10% lattice expansion. We
find that the dip region shifts to Er[29], which would imply absence of the dip below Ep
in UPS. Also, absence of feature A (Fig. 1) in UPS is explained by the shift in the DOS.
We have calculated the DOS of z= 0.25 with a simple anti-site defect (Ni and Mn positions
interchanged). The DOS does not show the dip and feature A’ is absent. Thus, surface
relaxation and/or anti-site defects are likely to be responsible for the present and similar
earlier|26] discrepancies between experiment and theory.

Now we turn to the discussion of the bulk magnetic moments calculated using FPLAPW
for the real structures. The total magnetic moment for NioMnGa (0M) is 3.81 up, and the
local moments per site for Mn, Ni, and Ga are 3.06, 0.21, and -0.03 up, respectively. These
magnetic moments are in better agreement with experiment|31] compared to = 0 (to-
tal: 4.13, Mn: 3.44, and Ni: 0.36 pB). Thus, magnetic moment, which is a bulk property,
is better described by the OM structure. For x= 0.25(1.2), the total magnetic moment is



3.31 up, and the local moments per site for Nil, Ni2, Mn and Ga are 0.37, 0.23, 3.41, and
-0.03 pp, respectively. The doped Ni2 is in ferromagnetic configuration, and its moment
is smaller than Nil. Although the Mn moment increases with Ni doping, the total mo-
ment decreases because the Ni2 moment is less than that of Mn it replaces. Magnetization
measurements also show a decrease in total saturation moment with excess Ni24].

For NisMnGa, the ferromagnetic (FM) transition occurs in the austenitic phase since
Te>T)y. So, to find the stability of the FM state, difference in Fy,; between the paramagnetic
(PM) and the FM state (AE;,) has been calculated in the austenitic phase. We find AE,,,
to be 322 meV /atom for Ni;MnGa. In contrast, our recent DSC studies on Nij o5Mng 75Ga
show that T, >T¢ and the magnetic transition occurs in the martensitic phase,[22] and AE;;
turns out to be 219 meV /atom. Since Ni,MnGa satisfies Stoner condition of ferromagnetism,
it is possible to approximately relate To to AE;, by: kpTo~AE;,[9, [11]. Although this
expression gives a much higher value of T¢[11l], it could be used to find the relative variation.
Thus, w.r.t. T¢ (= 376 K) of 2= 0; for 0.25(1.2) T should be 256 K. So, from theory we
find that T decreases with Ni doping, which explains the experimental data|f, (1, 24].

In order to relate Ty, to x, we note that E,, for the martensitic phase should be lower
than the austenitic phase, since the former is the lower temperature phase. Higher total
energy difference between the two phases (§ Fy,) would imply greater stability of the latter
and hence enhanced T),. For NiTi and PdTi this is indeed found to be so[32]. For Ni;MnGa
in FM state, d Ey; is 3 meV /atom. For z= 0.25(1.2) in PM state, 0 E,; is 39 meV /atom. Thus,
the martensitic phase is more stable compared to the austenitic phase in 0.25(1.2) i.e. the
Ni doped case. This is consistent with the experimentally observed higher T), with Ni
dopingl6, [, 22].

In conclusion, based on FPLAPW calculations and photoemission spectroscopy, we show
that with Ni doping new Ni related electron states appear due to formation of Ni clusters in
Nig,,Mn;_,Ga. The reported trends in the variation of T(», T, and magnetic moments with
x are explained. For NisMnGa, the effect of modulation in the structure is not evident at the
surface, while bulk property like magnetic moment is better described by the modulated 0M
structure. Although not clearly observed in the spin integrated UPS spectra possibly due to
surface relaxation or anti-site defects, we find that with Ni doping a dip appears below Er
in the minority-spin DOS calculated using FPLAPW. In contrast, the majority-spin DOS

remains unchanged. This indicates a probable future application of Niy,,Mn;_,Ga in spin



polarized transport with tunable efficiency through controlled doping.
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Figure Captions

Figure 1: (Color online) Valence band (VB) spectra of NixMnGa (z= 0) in the martensitic
phase from He T ultra-violet photoemission (black dots) and FPLAPW calculation (black
solid line). Ni 3d (red solid line with open circles) and Mn 3d (green dashed line)

contributions to the calculated VB are shown. The spectra are staggered.

Figure 2: (Color online) Total DOS (black solid line) and Ni 3d (red solid line with open
circles for (a) and (b); red dot-dashed line and blue thick solid line for (c) and (d), see
text) and Mn 3d (green dashed line) partial DOS of ferromagnetic Nigy,Mn;_,Ga in the

martensitic phase.

Figure 3: (Color online) Spin-projected DOS of Niyi,Mn;_,Ga (a) in near Er (b) extended
region for z=0 (black solid line), 0.25 (red dashed line), 0.25(1.2) (blue dot-dashed line)
and OM (green thick solid line).

Figure 4: UPS spectra of Niy,,Mn; ,Ga in the martensitic phase. The spectra have been
normalized to the same height and staggered along the vertical axis. The experimental
(between z= 0.2 and 0) and calculated (between x= 0.25(1.2) and z= 0) difference spectra

are shown.
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