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Bulk electronic structure of Ni,MnGa studied by density functional theory
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A combined study employing density functional theory (DFT) using the experimentally determined modulated
structures in the martensite phase and bulk-sensitive hard x-ray photoelectron spectroscopy of stoichiometric
single-crystalline Ni,MnGa is presented in this paper. The experimental valence band (VB) features closely
match the theoretical VB calculated by DFT using generalized gradient approximation for both the martensite
and austenite phases. We establish the existence of a charge density wave (CDW) state in the martensite phase
from the shape of the VB near the Fermi level (Er). This shows (i) a transfer of spectral weight from the near
Er region to the higher binding energy side resulting in a dip-peak structure in the difference spectrum that is
in excellent agreement with DFT and (ii) presence of a pseudogap at Ey that is portrayed by fitting the near
Ep region with a power-law function. The present paper emphasizes the electronic origin and the role of the
atomic modulation in hosting the CDW state in the martensite phase of stoichiometric Ni,MnGa.
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In recent years, considerable research has focused on un-
derstanding the intriguing physical phenomena connected to
the charge density wave (CDW) state [1-5]. CDW is a collec-
tive excitation with periodic lattice distortion or modulation
that often results in a pseudogap at Er [6—8] and has been ob-
served in various chalcogenide systems [9—11]. Ni,MnGa is
an intriguing Heusler alloy having topologically protected
nontrivial spin structures, such as skyrmions [12], where the
nature of atomic rearrangements related to the existence of a
bulk CDW state in the martensite phase has been a topic of
intense study over the past three decades, but remains unre-
solved to date [13-30]. In addition, Ni,MnGa is of practical
importance due to its large magnetocaloric effect [31,32] and
magnetic field induced strain of approximately 10% [33,34],
the latter of which has been correlated with its large magne-
tocrystalline anisotropy [35] and low twinning stress in the
low-temperature martensite phase.

It was observed quite early on that the martensite phase
is not a simple tetragonal distortion of the high-temperature
cubic (austenite) phase; rather, the structure has a periodic
modulation. Using powder neutron diffraction, Brown et al.
could account for all the reflections using a sevenfold super-
cell (7M) with a commensurate wave vector [q,,, ] of %c*,
i.e., 0.4286c¢* [14]. The modulation results from a periodic
shuffling of (110) planes of the cubic phase along the [110]
direction. Later, structural studies using high resolution x-ray
diffraction (XRD) [15,16] showed that the martensite phase
has a sinusoidal modulation in the positions of all the three el-
emental constituents indicating formation of CDW with ¢,
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of 0.425¢*. Significantly, from inelastic neutron diffraction
study [21], the martensite phase was reported to be distorted
by transverse modulation with incommensurate wave vector
close to that reported from XRD [15,16] that was attributed
to electron-phonon interactions and anharmonic effects. A
phason excitation was observed in the martensite phase of
Ni,MnGa from a neutron scattering experiment that was re-
lated to a CDW state [20]. Evidence of modulation in the
martensite phase of Ni;MnGa was also observed in elec-
tron and x-ray diffraction studies from the appearance of the
satellite spots [17,25,26], as is well-known for chalcogenide
materials that exhibit CDW [36,37]. From an ultraviolet pho-
toemission spectroscopy (UPS) study [13], the existence of
CDW in the premartensite phase [38] was shown on the
surface of Ni;MnGa(100) that continued to exist also in the
martensite phase. However, UPS being a highly surface sensi-
tive technique with inelastic mean free path (IMFP) of 5 A,
the presence of CDW could not be inferred for the bulk
martensite phase and the role of modulation was not probed.
A time-resolved experiment identified a coherent phonon that
was related to the amplitude of the modulated structure [23].
From an ab initio theoretical study, Bungaro et al. revealed
that the dynamical instability in the TA, phonon mode is
connected with the nesting of the Fermi surface [18], which
is regarded as the distinguishing feature of the CDW state.
Another first-principles study by Zayak et al. reported that the
martensite phase is stabilized by modulation that showed a
tendency to exhibit a pseudogap [19]; the modulated structure
was close to that reported in Ref. [17].

Structural studies show that antisite defects and disorder
are not present in NipMnGa [14-16]. The different nuclear
scattering amplitudes of Ni, Mn, and Ga in neutron diffraction
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gave occupancies of 1 for all three atoms at their respective
sites [14]. However, non-stoichiometry that can be induced in
Ni-Mn-Ga by preparing specimens deviating from the 2:1:1
atomic ratio of stoichiometric Ni,MnGa influences its mag-
netic and structural properties as well as the transition temper-
atures [39—45]. For example, while the martensite start tem-
perature (7,) is around 206 K for stoichiometric Ni,MnGa,
it increases for Ni excess compositions to as large as 537 K
for x = 0.35 in Nip4,Mn;_,Ga [40,41]. In contrast, the Curie
temperature (376 K for x = 0) decreases with increasing Ni
content and for x ~ 0.2 becomes equal to Ty, [40,41].

Turning to the structural properties, in contrast to stoi-
chiometric Ni,MnGa , where modulated structure is observed
[14—16], for non-stoichiometric Ni; 19Mng gsGagos, i.€., x =
0.19, the structure is tetragonal and modulation is not ob-
served [28,41]. For this composition, a 14M nanotwin model
of the adaptive martensite phase was suggested by Kauf-
mann et al. [28]. Similarly, the signature of nanotwins from
transmission electron microscopy was obtained for non-
stoichiometric compositions that exhibit martensite phase
at room temperature [27], whereas Ni;MnGa exhibits the
martensite phase below Ty, (= 206 K) [46]. Our survey of
literature indicates that in compositions where the martensite
phase has a nonmodulated tetragonally distorted Bain transi-
tion, the adaptive phase model [28] is applicable. However, a
relatively recent density functional theory (DFT) calculation
shows that even for stoichiometric Ni,MnGa , the modulation
originates from the nanotwin ordering [29]. The authors es-
tablish that the phonon softening in the cubic austenite phase
initializes the movement of the lattice planes, which seam-
lessly results in a nanotwinned adaptive martensite phase.
However, this proposition is not supported by the conclusions
of a large number of theoretical and experimental studies
discussed above [13-26]. In particular, the nanotwin struc-
ture [28] was ruled out for stoichiometric Ni,MnGa from
a high-resolution XRD study based on inhomogeneous dis-
placements of the different atomic sites and the presence
of phason broadening [16]. In spite of the above-mentioned
studies indicating formation of a CDW in bulk Ni;MnGa
[13-26], a very recent theoretical study on Ni;MnGa using
a quasiparticle self-consistent GW (QSGW) method supports
the formation of the 14M nanotwinned phase and thus raises
doubts about the existence of the periodic modulation and the
CDW state in this system [30].

In this paper, using a combination of DFT and hard
x-ray photoelectron spectroscopy (HAXPES), we investi-
gate the bulk electronic structure of Ni;MnGa to settle the
aforementioned disagreement in the literature. We perform
DFT calculations utilizing the actual experimental structures
[14-16], unlike previous theoretical investigations that used
only nonmodulated and model structures [19,29,30,47,48].
We also conducted DFT calculations utilizing the model
nanotwin structure [28] to compare with the modulated struc-
tures. Due to the development of high-brilliance synchrotron
sources working in the stable top-up mode [49], HAXPES
has turned out to be a useful technique to probe the bulk
electronic structure [S0-55]. Although there are a few HAX-
PES studies on other Heusler alloys [56—58], the only work on
Ni-Mn-Ga system is a comparison of two non-stoichiometric
compositions [59]. Thus, this paper is not related to our cur-
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FIG. 1. (a) The experimental HAXPES VB spectra of Ni,MnGa
in the austenite phase taken with 6 keV photon energy at 300 K
compared with the theoretical VB spectrum calculated from the
partial DOS. Features A-E are marked by blue dashed arrows. The
zero in the energy scale corresponds to the Fermi level (Er). (b) The
partial atom and orbital projected components of the theoretical VB.

rent investigation on stoichiometric Ni;MnGa in the austenite
(300 K) and martensite phase (50 K) employing HAXPES
and also DFT. In fact, the HAXPES study of the valence
band (VB), in particular, near the Fermi level (Ef), would not
only throw light on the CDW state but also act as the gold
standard for the DFT results to ascertain which structure best
characterizes the martensite phase of Ni;MnGa.

HAXPES and DFT VB spectra in the austenite phase.
In Fig. 1(a), we compare the theoretical and experimental
VBs for the austenite phase of Ni;MnGa with L2, structure
[60] (see Table S1 for its structural parameters, also Fig. S1
of the Supplemental Material (SM) [61] for the structure).
The HAXPES VB spectrum exhibits five distinct features at
about —0.25 (A), —1.6 (B), —3.2 (C), —5.35 (D), and —8 eV
(E). These features are the signatures of the bulk electronic
structure since HAXPES is a bulk-sensitive technique with an
IMFP of 66 A (84 A) at 6 (8) keV [62].

To compare with the experiment, we have calculated the
VB spectrum considering the s, p, and d orbital projected
components of the partial density of states (PDOS) of Ni,
Mn, and Ga considering their respective photoemission cross
sections [63] (see the Methods section in the SM [61] and see
also Refs. [14—17] therein). In Fig. 1(b), some of the dominant
partial contributions to the calculated total VB spectrum [blue
curve in Fig. 1(a)] are shown. As shown by the blue dashed
arrows in Fig. 1(a), the energy positions of the features in the
experimental spectra are in good agreement with the calcu-
lated VB spectra.

The sharp peak shown by A corresponds to the feature
ay, observed in the theoretical density of states (DOS), see
Note A and Fig. S2 in the SM [61]. This arises due to the Ni
3d minority states, with some admixture of the Ni 4s states,
with minor contribution from Mn and Ga states. The intense
peak B is dominated by Ni 3d majority and minority spin
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states, which corresponds to feature ¢; at —1.7 eV. A hump
is observed at the lower binding energy side of B [feature b, ]
at about —1.1 eV. This has major contributions from Mn 3d
majority spin states and also from the Ni 3d states in both spin
channels. Feature C is primarily due to the Ni 34 states, with
significant contributions from the Mn 3d up states; addition-
ally, Ga 4p and Ni as well as Mn 4s states also contribute.
While E has a dominant contribution from Ga 4s, with some
admixture of Ni 4s states, D mainly arises from Ni 4s states
hybridized with Ga 4s, Mn 4s, and Ga 4p states. Additionally,
a peak observed in the unoccupied states around 1.45 eV
(Fig. S2 of the SM [61]) arises primarily from the minority
spin Mn 34 states, whose position is in good agreement with
the inverse photoemission spectra [64].

A comparison of the HAXPES spectra taken with 8 and
6 keV shows that all features A—E occur at similar energies
(Fig. S3 of the SM [61]). Note that the larger photoemission
cross-section of the s states in HAXPES leads to the appear-
ance of features C—E in contrast to low-energy phototemission
such as x-ray photoelectron spectroscopy (XPS), where C and
D are not visible and E is weak [46]. In Fig. S3 of the SM
[61], feature B appears at almost the same energy in XPS
and HAXPES. This indicates that the recoil effect [65]—a
phenomenon observed in HAXPES of light materials [66] as a
shift of the photoemission peaks to higher binding energy—is
not significant. In addition, as is the case for Ni,MnGa, the
recoil effect has been reported to be insignificant for heavier
3d transition metal systems [52-54,58].

It is noteworthy that, according to a recent QSGW calcula-
tion [30], the austenite phase exhibits a peak right at £ in the
minority spin DOS. This is in disagreement with our present
(feature a; in Fig. S2(a) of the SM [61]) as well as previous
DFT results [19,47,48,67]. These DFT studies using the gen-
eralized gradient approximation (GGA) exchange-correlation
functional (XC) observed that this peak appears between
—0.19 to —0.22 eV, which agrees nicely with feature A of
the HAXPES VB. In light of the good agreement between
the results of DFT calculation performed with GGA XC
and the HAXPES data (Fig. 1), it can be argued that the
GGA XC quite accurately describes the electronic structure
of Ni;MnGa. This justifies its use for the in-depth investiga-
tion of the martensite phase that has complicated modulated
structures with a large unit cell [14-16].

VB spectra in the Martensite phase. In the literature, the
first structural refinement of Ni;MnGa was carried out by
Brown et al. [14] who reported g, = %c* with sinusoidal
modulations for both Ni and Mn atoms, while Ga shows a
nonsinusoidal modulation (see Table S2 of the SM [61] and
Fig. 8(b) of Ref. [14]). The structure is shown in Fig. S1(b)
of Supplemental Material [61] and henceforth referred to as
modulated-Brown (in short, MDL-B). Righi et al. reported
an incommensurate g = 0.4248(2)c* (Table I, Ref. [15]) that
can be approximated to a sevenfold supercell structure (see
Fig. S1(c) and Table S3 of the SM [61] for structural pa-
rameters). However, the authors estimated that their g,
is closer to 0.4c* [= %c*] and called it a 5SM structure.
In this paper, the name MDL-R has been attributed to this
(modulated-Righi) structure. In contrast to MDL-B, in the
MDL-R structure the amplitude and phase of modulation of all
the atoms were similar (Fig. S4 of SM [61]). Moreover, it was

TABLEI. Formation energy (in eV /atom) and magnetic moment
values (in up per f.u.) obtained from DFT calculations for different
structures of Ni;MnGa in the martensite phase.

Structure Formation energy Magnetic moment
MDL-B —4.0325 3.94
MDL-R —4.1783 4.21
MDL-S —4.1927 4.20
NTN-K —4.1837 4.20

pointed out that the MDL-B structure contains some Ni-Mn
and Ni-Ga distances—2.09 and 2.06 A, respectively—that
are unexpectedly short [15]. Singh et al. found higher-order
satellite reflections up to the third order and phason broad-
ening of the satellite peaks in their XRD pattern and their
refinement with the same superspace group as Righi ef al. gave
Gepw = 0.4316(3)c*, which was approximated to a sevenfold
supercell structure with similar atomic modulations like the
MDL-R structure and with a g, value of %c* (see Table IV,
Ref. [16]). This structure was referred to as 7M and is re-
ferred to henceforth as a modulated-Singh (MDL-S) structure
(see Fig. S1(d) and Table S4 of SM [61]). Here, we have
performed DFT calculations for all three above-discussed
structures (MDL-B, MDL-R, and MDL-S). We have also
considered the nanotwin structure which comprises a periodic
twinning, i.e., (52),, of the tetragonal nonmodulated building
blocks. Since this is a model structure, we have performed
a full relaxation in our DFT calculation and this is referred
to as nanotwin-Kaufmann (NTN-K) structure as shown in
Fig. S1(e) and Table S5 of the SM [61].

Table I shows that for all structures, although both the total
energy and magnetic moment are rather close to each other,
the MDL-S structure has the lowest energy showing that it
is the most stable one. The spin-integrated total DOS (TDOS)
and the PDOS for all the above-mentioned structures—as well
as the calculated VB along with some partial components—
are shown in Figs. S5-S8 and discussed in Note B of the
SM [61]. In Fig. 2, we compare the calculated VB spectra
for the above structures with the experiment. The suppression
and shift of feature A to —0.6 eV in the martensite phase
compared to —0.25 eV in the austenite phase (Fig. 1) in
the HAXPES VB is nicely reproduced by the MDL-R and
MDL-S (MDL-R/S) structures (Fig. 2), feature A is over
suppressed in MDL-B and is nearly absent in NTN-K. Further,
we observe that the features close to Er are dominated by
the down-spin states in the case of the MDL-R/S structures,
but for the MDL-B and NTN-K cases, these have significant
contributions from both spin channels (Fig. S2 [61]). Feature
B is observed at the same energy position (~—1.5eV as
shown by the blue dashed arrow) in all structures except for
MDL-B, where it is shifted considerably to about —2 eV.
Thus, the MDL-B structure does not show good agreement
with experiments, and this could be related to unphysically
short Ni-Mn and Ni-Ga distances [15]. While features C-E
are well reproduced in all the modulated structures, NTN-K
shows an extra feature at —2.6 eV (red arrow), related to Ni
3d minority spin states, that is absent in the experiment. Thus,
overall the NTN-K structure does not show good agreement
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FIG. 2. Theoretical VB spectra of Ni,MnGa calculated for the
different sevenfold modulated structures (MDL-R, MDL-S, and
MDL-B) and the nanotwin structure (NTN-K). These are staggered
along the vertical axis and compared with the experimental VB
spectrum in the martensite phase at 50 K.

indicating that the adaptive martensite model is not valid for
stoichiometric Ni,MnGa.

From the above discussions, it is evident that the theoretical
VB spectra based on the MDL-R/S structures are in very good
agreement with the experimental results, and hence only these
will be considered moving forward. In fact, the VB spectra
and the DOS of these two structures are quite similar (com-
pare Figs. S6 and S7 [61]), which is related to the closeness of
their crystal structure (compare Tables S3 and S4 of the SM
[61]).

We investigated the effect of electron-electron Coulomb
interaction [68] in Ni,MnGa using GGA+U calculations with
the MDL-S structure considering U at both Mn (Upy,) and Ni
(Uni) sites. With a small Uy, value of 0.5 eV and Uy; = 0, we
find that the agreement with feature B of the VB spectrum im-
proves (Fig. S9 of the SM [61]). However, larger Uy, and Uy
values of 1.8 to ~4 eV reported in literature [69—71] disagree
with the experimental VB spectrum as well as the reported
saturation magnetization values (4.04 — 4.27 ug) [60,72-74]
(see Note C and Figs. S9 and S10 of the SM [61]).

In addition, although antisite disorder is not reported in
stoichiometric Ni,MnGa from diffraction studies [14—16], we
investigate the effect of 7% antisite disorder by exchanging a
Mn atom with a Ni or Ga atom in the MDL-S structure having
14 Mn atoms in its 56-atom unit cell. The DOS in Fig. S11 of
the SM [61] demonstrates that antisite disorder does not alter
the position of the features, although it does slightly broaden
them, as was previously observed in other ternary materials
[58,75] (see also Refs. [30-32] of the SM [61]).

CDW state in the martensite phase. The top panel of
Fig. 3(a) compares the experimental VB spectrum of the
martensite and austenite phases. An interesting difference is
observed between Er and —1 eV: In the martensite phase,
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FIG. 3. (a) HAXPES VB of the martensite (50 K) and austenite
(300 K) phases of Ni,MnGa in the near Er region (top panel) taken
with small data steps. The cyan curve represents the martensite
spectrum thermally broadened to 300 K. The bottom panel shows
the theoretical VB spectra of the austenite, MDL-R/S martensite
structures. Comparison of the dip and peak positions of the difference
spectra (DS) between experiment (pink curve) and theory (dashed
curves) shown by the dot-dashed vertical lines. (b) The VB spectrum
of the martensite phase around Er(blue filled circles) fitted (black
curve) with a power law spectral function [82] (green). The residual
is shown in the top panel. The band structure (red: minority; blue:
majority spin) along the q,, for the (c) MDL-S and the (d) non-
modulated NMDL-S structures.

feature A is clearly suppressed, while an increased intensity
around —0.55 eV is observed in comparison to the austenite
phase. However, feature B, as well as features C-E from
Figs. 1 and 2 do not exhibit any noticeable difference. This
indicates that the states close to Er are influenced by the phase
transition.

As the thermal broadening of the Fermi function increases
with temperature, we convoluted the low-temperature (50 K)
martensite spectrum with a Gaussian function of full width
at half maximum of 4kgAT [76] to obtain the difference
spectra [DS = (martensite — austenite), top panel in Fig. 3(a)]
unaffected by this effect. Here AT= vT? — T2, T; = 300 K,
T, = 50 K, and kg is the Boltzmann constant. The DS spec-
trum exhibits a dip centered around —0.1 eV and a peak at
about —0.55 eV. This characteristic dip-peak shape points to
a transfer of spectral weight from —0.1 eV to —0.55 eV, which
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is known to be a manifestation of the CDW state that has
been observed in other systems [77-80]. In addition, the sup-
pression of states at Er in the martensite phase is more than
30%, indicating the creation of a pseudogap, which in turn
also suggests a CDW state [6,8]. To confirm this, the shape
of the spectrum near Er needs to be determined because,
according to the theoretical formulation of CDW [6,81], it
should follow a power-law function [82] where « is the ex-
ponent. This function was used to fit the near Er spectrum of
the martensite phase using a least-squares error minimization
approach, where multiple starting values were applied and all
parameters were adjusted, with the exception of the instru-
mental resolution. A random variation of the residual in the
top panel of Fig. 3(b) shows that the fitting is satisfactory.

Interestingly, the power-law function portrays the pseudo-
gap at Er, and its width is estimated to be 80 meV from the
separation between the inflection points shown by the black
ticks. o determines the shape of the spectral function, its value
turns out to be 0.18 £ 0.02, which is close to that reported
(0.16) for the surface CDW of Ni,MnGa in the martensite
phase probed using surface-sensitive (< 5 A) UPS [13]. This
shows that the CDW has a similar nature in the bulk and
the surface. This is also supported by the similarity of g,
value obtained from the surface sensitive low energy electron
diffraction study [25] and the bulk value from XRD.

Having shown in Fig. 2 that the MDL-R/S structures best
describe the position of all features A—E of the experimental
VB spectrum in the martensite phase, we examine whether
the transfer of spectral weight is observed from DFT. In the
lower panel of Fig. 3(a), the theoretical DS for both MDL-
S and MDL-R show excellent agreement—as highlighted by
the dot-dashed vertical lines—in both position and shape of
the dip and the peak compared to the experiment in the upper
panel. Thus, the transfer of spectral weight is nicely depicted
by the DOS from DFT.

In Figs. 3(c) and 3(d), the band dispersion calculated along
Qepy» 1-€., I'Y for the MDL-S structure is compared to the
nonmodulated structure (NMDL-S). The amplitude of modu-
lation set to zero in NMDL-S, as shown in Fig. S12 of the SM
[61]. Red arrows show an energy gap of 0.07-0.09 eV in the
minority spin band of MDL-S. In contrast, NMDL-S does not
exhibit any gap. This difference is thus directly related to the
modulated CDW state. The minority spin band that exhibits
the gap becomes relatively flat around —0.05 eV [Fig. 3(c)].
This would result in an increase in the DOS around this energy
and a decrease closer to the Er that can explain the transfer
of spectral weight [Fig. 3(a)]. On the other hand, the bands
are nearly similar between MDL-S and NMDL-S along other
directions, e.g., along I'X and I'Z and both spin bands cross
Er (Fig. S13 of the SM [61]). This results in a finite DOS
at Ep, (Fig. S2 of the SM [61]), indicating presence of a
Fermi edge in the photoemission spectrum. On the other hand,
the pseudogap observed in the photoemission spectrum is

attributed to a many-body effect, which includes the electron-
phonon coupling [8] that is not taken into consideration in our
calculation.

Conclusion. A combined experimental and theoretical in-
vestigation of the bulk electronic structure of stoichiometric
Ni;MnGa has been performed using HAXPES and DFT. The
DFT calculations have been conducted for the modulated
structures of the martensite phase as reported by previous
diffraction studies, e.g., MDL-R/S [15,16] as well as the
austenite phase with the L2; structure. Furthermore, the
nanotwin model structure (NTN-K) [28] was considered. A
comparison of the theoretical VB spectra for the different
martensite phase structures with HAXPES VB spectrum re-
veals a very good feature to feature agreement in peak position
and relative intensity for the MDL-R/S structures. In contrast,
the NTN-K structure exhibits unsatisfactory agreement. This
shows that the modulation determined from diffraction stud-
ies [15,16] correctly describes the electronic structure of the
martensite phase of Ni;MnGa. A power-law function fits the
HAXPES VB close to Er, revealing an 80 meV pseudogap.
Additionally, a transfer of spectral weight occurs from the
near Er region to the higher binding energy side, resulting in a
dip-peak structure in the difference spectrum (DS). A minority
spin band exhibits a gap at Er in the CDW state along the
4y direction that can explain the transfer of spectral weight
observed. The pseudogap and the transfer of spectral weight
establish the existence of CDW in the martensite phase of
Nip,MnGa. The excellent agreement in the DS between experi-
ment and the theory for the MDL-R/S structures show the role
of the periodic atomic modulation in achieving the CDW state.
Our calculations indicate that GGA is adequate for describing
the electronic structure of Ni,MnGa if the correct structure is
considered and large values of U (1.8 to ~4 eV) suggested
recently [69-71] contradict the experimental results. Our pa-
per establishes the electronic origin and the role of the atomic
modulation in hosting the CDW state in the martensite phase
of stoichiometric Ni,MnGa and resolves a recently generated
controversy [29,30,69].
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