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Role of Electronic Structure in the Martensitic Phase Transition of Ni,Mn;, ,Sn;_, Studied
by Hard-X-Ray Photoelectron Spectroscopy and Ab Initio Calculation
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We have revealed the underlying mechanism of the martensitic phase transition (MPT) in a new class of
ferromagnetic shape memory alloys, Ni;Mn;,,Sn;_,, by the combination of bulk-sensitive hard-x-ray
photoelectron spectroscopy and a first-principles density-functional calculation. The Ni 3d e, state in the

cubic phase systematically shifts towards the Fermi energy with an increase in the number of Mn atoms
substituted in the Sn sites. An abrupt decrease of the intensity of the Ni 3d e, states upon MPT for
x = 0.36-0.42 has been observed in the vicinity of the Fermi level. The energy shift of the Ni 3d minority-
spin e, state in the cubic phase originates from hybridization with the antiferromagnetically coupled Mn
in the Sn site. Below the MPT temperature, the Ni 34 state splits into two levels located below and above
the Fermi energy in order to achieve an energetically stable state.
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Since ferromagnetic Ni-Mn-Ga [1] was proposed as a
new type of shape memory alloy (SMA) showing a large
magnetic field-induced strain (MFIS) in 1996 [2], this kind
of SMA has attracted considerable attention as a magnetic
actuator material [3,4]. This MFIS is due to a rearrange-
ment of martensite variants by an external magnetic field
induced by a strong coupling between magnetic and me-
chanical variables. Recent reports have shown that Ni-Mn-
In, Ni-Mn-Sn, and Ni-Mn-Sb alloy systems are different
types of magnetic SMAs, undergoing a martensitic phase
transition (MPT) from the cubic Heusler L2, structure to
the layered structure where, noticeably, the magnetization
in the martensite phase of this system is significantly
smaller than that in the austenite one [5]. Furthermore, in
Co-doped Ni-Mn-In alloys a magnetic-field-induced phase
transition (MFIT) from a weak-magnetic martensite to a
ferromagnetic austenite phase at 298 K has been reported
and a shape recovery of about 3% due to the MFIT has
been confirmed for a predeformed single crystal [6]. This
attractive property could enable one to obtain an extremely
large stress of over 100 MPa that is several decades larger
than that generated in the conventional ferromagnetic
SMAs [6,7]. In addition, this group of alloys shows many
other interesting properties, such as an inverse magneto-
caloric effect [8], a giant magnetoresistance effect [9],
giant magnetothermal conductivity [10], and an exchange
bias effect [11].

Macroscopic measurements have been carried out
mainly for Ni-Mn-Sn alloys with 50% Ni. It has been
reported that the MPT from the ferromagnetic austenite
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phase is observed in the temperature range of 100-230 K
for NioMn;;,Sn;_, (0.36 = x = 0.46) [5,8] and that the
crystal structures of austenite and martensite phases for
Ni,Mn; 44Sng 56 are a Heusler-type cubic structure and an
orthorhombic four-layered (40) structure, respectively
[5,12]. The magnetic properties of the austenite phase for
the Ni-Mn-Sn alloy have been reported by Brown et al.
[12]. Very recently, the magnetic behavior of the martens-
ite phase in the Ni,Mn, 4Snys,(°’Fe,) alloy has been
determined by Mossbauer spectroscopy as being
paramagnetic [13]. According to a recent neutron diffrac-
tion experiment, the magnetic correlations are antiferro-
magnetic in the martensite phase, whereas they are
ferromagnetic in the austenite phase even in the tempera-
ture range well above the Curie temperature [14]. It is
important to note that the electrical resistivity in the mar-
tensite phase of the Ni-Mn-Sn alloys is around 2 times
larger than that in the austenite phase [15] and that its
thermoelectric properties are affected by the MPT [16].
This behavior suggests that the density of states in the
vicinity of the Fermi energy drastically changes upon the
MPT. Thus, although the Ni-Mn-Sn alloys show very
interesting physical behaviors, the origin of them is still
under discussion.

Most of the theoretical explanations concerning the
underlying mechanism of MPT have been phenomenologi-
cal studies based on the free energy expansion [4]. Some
first-principles calculations, especially on Ni-Mn-Ga sys-
tems, have provided different interpretations on the origin
of MPT, such as a Jahn-Teller distortion [17] and Fermi
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surface nesting [18]. Furthermore, no decisive explanation
has been provided for the question of why MPT occurs
only in the off-stoichiometric condition for Ni-Mn-Z
alloys.

Here we have clarified the origin of MPT from the
electronic structure point of view for Ni,Mn;, ,Sn;_, in
the off-stoichiometric condition by hard-x-ray photoelec-
tron spectroscopy and a state-of-the-art first-principles
calculation.

Experimentally, the polycrystalline Ni,Mn;,,Sn;_,
(0 = x = 0.42) were prepared by the procedure described
elsewhere [19]. The structural refinement of
Ni,Mn;, ,Sn;_, (0 = x = 0.42) was carried out by the
x-ray powder diffraction data using the standard Rietvelt
technique. All the samples were shown to crystallize in the
L2, structure at room temperature. Furthermore, it was
confirmed that the excess Mn atoms on Ni,Mn;; Sn;_,
(0 = x = 0.42) occupy the vacant Sn sites. This is consis-
tent with the results reported earlier [12,20]. We used
photoelectron spectroscopy to thoroughly probe the
change of valence electronic structures of the x = 0.42,
0.40, and 0.36 compounds, whose starting temperatures of
MPT (M) range from 230 to 80 K. By using photon energy
of 6 keV, mean free path of photoelectrons excited from the
valence band reaches as deep as ~5 nm, where the surface
contribution is well suppressed [21]. The total energy
resolution of the spectra was set to 240 meV. All of the
measurements were performed in ultrahigh vacuum (better
than 5 X 1077 Pa). Contaminant-free sample surfaces
were obtained by in situ fracturing.

Figures 1(a) and 1(b) illustrate the valence band photo-
electron spectra for x = 0.42 and 0.36 at several different
temperatures, in which the samples experienced the MPT
by cooling down. A peak located around a binding energy
(Ep) of 1.5 eV was observed that did not obviously change
in all of the samples over the whole measured temperature
range. Moreover, in the vicinity of the Fermi energy (Ef), a
sharp peak was observed at Ez = 0.3-0.4 eV at 300 K
(T = M) in the austenite phase with the cubic Heusler L2,
lattice structure. A sharp peak at a similar binding energy
near E has also been reported for Ni,MnGa [18], which is
attributed to the Ni 3d e, minority-spin states. In Fig. 1(a),
the photoelectron spectra of Ni,Mn; 4,Sng 53 (x = 0.42)
are exhibited for temperatures from 300 to 160 K. The
sharp peak (Ep = 0.3 eV) near Ef, as well as the promi-
nent peak at 1.5 eV, remains unchanged till 240 K, a
temperature at which the material is still in its austenite
phase. A sudden reduction of the peak near Ef is clearly
observed when the temperature is decreased from 240 to
220 K across the MPT temperature (230 K), while the peak
at 1.5 eV remains unchanged. When the sample tempera-
ture is further decreased down to 160 K, no change in either
structure has been observed, indicating that the electronic
and lattice structures have been stabilized in the martensite
phase.
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FIG. 1 (color online). (a)-(d) Valence-band spectra of
NipMn;,Sn;_, with x = 0.42, 0.36, 0.12, and 0.00, acquired
by hard-x-ray photoelectron spectroscopy (hv = 5956.5 eV) at
several temperatures. The Fermi energy is taken as the origin of
binding energy.

As for the samples with x = 0.40 (not shown) and 0.36,
with M = 190 and 80 K, respectively, similar changes in
the valence electronic structure were observed, as shown in
Fig. 1(b) for x = 0.36. An abrupt intensity drop of the peak
near E was also found in these samples. In order to further
confirm the relationship between the change of valence
electronic structure and MPT, two additional samples with
lower concentrations (x = 0.12 and 0.00) that do not show
a MPT were measured with a similar procedure. As illus-
trated in Figs. 1(c) and 1(d), no noticeable change near Ep
is observed between 300 and 20 K for both samples, except
for a slight change due to thermal broadening, which can
be regarded as evidence for the direct relationship between
the intensity drop in the valence density of states (DOS)
and the MPT process.

The temperature-dependent spectra of the samples
shown in Figs. 1(a) and 1(b) suggest that there is a close
relationship between the density of states near Er and the
occurrence of MPT in the ferromagnetic states and illus-
trate the important role of electronic structure in producing
lattice deformations.

To gain further insight into the origin of the MPT
observed in the ferromagnetic state of Ni,Mn; . Sn;_,,
we have investigated the energy position of the peak near
Er, which is apparently responsible for the MPT, over a
range of stoichiometry. Figure 2(a) shows the valence-band
spectra in the austenite phase (300 K) for x = 0.00-0.42.
Here, the systematic energy shift of the peak towards Ep
can be observed with increasing x. It is noticeable that for
x = 0.00 and 0.12 the positions of this peak are located far
away from the E compared to those accompanying MPT.
Thus, it should be reasonable to attribute the approaching
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FIG. 2 (color online). (a) Valence-band spectra of
Ni,Mn;,,Sn,_, with various x’s in cubic Heusler L2, phase
(300 K). (b) The simulated spin-integrated x-ray photoelectron
spectra.

of this peak towards E as an important factor that triggers
the occurrence of MPT in the ferromagnetic states.

Nevertheless, this experimental fact seems to disagree
with the prediction of a pure rigid band model; by simply
considering the number of valence electrons (NVE), we
would expect the larger NVE of Mn than Sn to result in a
rise of E if the Sn site is substituted by a Mn atom. The
abnormal shift of the peak in the vicinity of E, which
plays an important role in the MPT, suggests that the
mechanism of the Mn-substitution effect should be further
investigated.

In order to elucidate the role of excess Mn atoms in the
MPT of the Ni-Mn-Sn alloys, we have carried out first-
principles density-functional calculations. The VIENNA
ab initio simulation package [22,23] was used for the
first-principles calculations. The spin-polarized general-
ized gradient approximation [24] is adopted for the ex-
change and correlation energies. The atomic core potential
is described by the projector augmented wave method
[25,26]. The lattice constant «a in the cubic phase is relaxed
so as to minimize the total energy for each composition.
The lattice constant thus obtained decreases from 6.060 A
(x=0)t05944 A (x = Q.S), in good agreement Woith the
experimental data, 6.046 A (x = 0) [20] and 5.973 A (x =
0.44) [8]. The simulated spin-integrated photoelectron
spectra shown in Fig. 2(b), which are obtained by broad-
ening the calculated DOS data using a Gaussian function
with a FWHM of 240 meV, reproduce the experimental
results reasonably well.

Figure 3(a) shows the valence-band DOS calculated for
the cubic phase of Ni,Mn;;,Sn;_, (x = 0, 0.25, and 0.5).
A peak structure is found at about 0.51 eV below E in the
minority-spin band of Ni;,MnSn. The peak in the DOS is
predominantly composed of Ni 3d e, (x> — y? and 3z* —
r?) orbitals, as pointed out for Ni,MnGa by several authors
[18,27-29]. With an increase in the Mn composition, the
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FIG. 3 (color online). (a) The total density of states (DOS)
near Ep, in the cubic (austenite) phase of Ni,Mn;,, Sn;_, for
x =0, 0.25, and 0.5, respectively. The DOS in the tetragonal
phase (c/a = 1.31) for x = 0.5 is also shown for comparison.
(b) The total energy difference (per formula unit) relative to the
cubic phase as a function of the axial ratio, c¢/a, in the tetragonal
structure calculated for Ni,Mn;, ,Sn;_, with x = 0, 0.25, and
0.5, respectively.

peak structure is broadened and shifts towards Er. The
peak shift found in the DOS is consistent with the observed
spectra in Fig. 2(a). The peak shift can be attributed to the
hybridization between the Ni 3d orbitals and the 3d orbi-
tals of excess Mn atoms at Sn sites. It should be noted that
the magnetic moment of excess Mn at the Sn sites (denoted
by “Mng,”” hereafter) is antiparallel to that of Mn at the
ordinary sites. Thus, the occupied Mng, 3d states are
located on the lower energy (or higher binding energy)
side of the Ni 3d states in the minority-spin band. Then, the
hybridization between the Mng, 3d and the Ni 3d orbitals
causes the energy shift of the Ni 3d bands towards Er. The
antiferromagnetic coupling between the excess Mn and the
ordinary Mn magnetic moments has also been predicted
theoretically for Ni-Mn-Ga alloys [30]. The antiparallel
arrangement of the Mn magnetic moment causes the de-
crease of the net magnetization from 4.09up per formula
(x =0) to 1.92up per formula (x = 0.5), which agrees
with a previous magnetization measurement [19].

We have also calculated the total-energy variation
caused by a tetragonal distortion from the cubic phase,
while fixing the cell volume at that of the cubic phase for
each Mn composition. The results are shown in Fig. 3(b).
The cubic phase is energetically favorable for stoichiomet-
ric Ni,MnSn, as reported previously [28]. Interestingly, the
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cubic phase tends to be unstable against the tetragonal
distortion with increasing Mn composition. For
Ni,Mn; 5Sny 5 (x = 0.5), two minima in the total energy
are located at ¢/a = 0.94 and 1.31, respectively, and the
latter is energetically favorable. The theoretical results are
consistent with the experimental observation that the MPT
takes place for x = 0.36 in Ni;Mn,; ,,Sn,_, with ¢/a > 1
[5,31]. The instability of the cubic phase for higher Mn
compositions is closely related to the electronic structure
variation with increasing excess Mn composition. In the
tetragonal structure, the degenerate Ni 3d e, level splits
into two levels; one, on the higher energy side, is composed
of the x*> — y? orbital, and the other, on the lower energy
side, the 3z> — r? orbital, for ¢/a > 1. This band split-
ting decreases the total energy, thereby stabilizing the
lattice distortion due to the so-called Jahn-Teller effect.
A noticeable energy stabilization is expected when Ef is
located in between the two split-off levels, as in the case of
Ni,Mn; 5sSng 5 (x = 0.5). The simulated spectra in Fig. 2(b)
for the tetragonal phase (x = 0.5) reproduced well the
disappearance of the peak structure below the MPT tem-
perature seen in Figs. 1(a) and 1(b). On the other hand, only
a subtle energy stabilization is expected when both the
split-off levels are completely occupied by electrons, as
in the case of Ni,MnSn (x = 0). This is the reason why the
martensite phase is stabilized only for Ni-Mn-Sn alloys
having larger amounts of excess Mn atoms.

In summary, we have investigated the temperature de-
pendence of the electronic structures of Ni,Mn;, . Sn;_, by
means of bulk sensitive hard-x-ray photoelectron spectros-
copy and ab initio calculation. The peak structure com-
posed of the minority-spin 3d e, states in the high
temperature cubic phase shows a systematic energy shift
towards Er with increasing x. According to the first-
principles calculation, the peak shift is attributable to the
hybridization between the Ni 3d e, states and the 3d states
of excess Mn atoms at Sn sites, which are antiferromag-
netically coupled. For x = 0.36, we have probed the
change of electronic structure due to the MPT. The Jahn-
Teller splitting of the Ni 3d e, states plays an important
role in driving the instability of the cubic phase for x =
0.36. These findings gain deeper insight into the micro-
scopic driving force of MPTs in Ni-Mn-Sn and the related
ferromagnetic shape memory alloys.
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