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Ultraviolet-photoemission (UPS) measurements and supporting specific-heat, thermal-expansion, re-
sistivity, and magnetic-moment measurements are reported for the magnetic shape-memory alloy
Ni,MnGa over the temperature range 100 <7 <250 K. All measurements detect clear signatures of
the premartensitic transition (Tpy; ~ 247 K) and the martensitic transition (7, ~ 196 K). Temperature-
dependent UPS shows a dramatic depletion of states (pseudogap) at Tpy; located 0.3 eV below the Fermi
energy. First-principles electronic structure calculations show that the peak observed at 0.3 eV in the UPS
spectra for T > Tpy, is due to the Ni d minority-spin electrons. Below T, this peak disappears, resulting in
an enhanced density of states at energies around 0.8 eV. This enhancement reflects Ni d and Mn d
electronic contributions to the majority-spin density of states.
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Ni-Mn-Ga alloys with near-stoichiometric compositions
are important functional materials [1] owing to their mag-
netic shape-memory [2], magnetocaloric [3], and magneto-
resistive [4] properties. This ferromagnetic fcc L2, Heusler
(ag. = 5.81 A) was first identified by Webster et al. [5] as
a system undergoing a martensitic transition (MT) in its
ferromagnetic phase (7 ~ 380 K) with little magnetic
hysteresis. In the past decade research on these alloys has
focused on the structural and magnetic characterization
and on their shape-memory applications [6]. First-
principles calculations [7,8] and measurements on shape-
memory alloys [9-12] indicate the driving role of the
electronic structure and its relation to the lattice dynamics.

The lattice dynamics of Ni,MnGa have been investi-
gated from ultrasonic measurements [13] and neutron dif-
fraction experiments [14-16]. It was found that the
transverse TA, phonon branch exhibits pronounced soft-
ening at 1/3 of the zone boundary on decreasing the
temperature, and this softening was described as a Bain
distortion in the context of the Wechsler, Lieberman, and
Read theory of martensite formation [17]. In similar struc-
tural shape-memory alloys InTl [9], AuZn [10], and NiAl
[11], this softening is associated with nesting features of
the Fermi surface [8]. Below a certain temperature, there is
a freezing of the displacements associated with this soft
phonon so that a micromodulated phase forms, which is
described as a periodic distortion of the parent cubic phase
[14]. In Ni,MnGa, the premartensitic phase develops with
little or no thermal hysteresis and is driven by a magne-
toelastic coupling [18]. On further cooling, Ni,MnGa
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transforms to an approximately five-layered quasitetrago-
nal martensitic structure. The low-temperature phase is
incommensurate [14] with a period (0.43, 0.43, 0) and ex-
hibits well-defined phasons best characterized as charge-
density wave (CDW) excitations [16].

In this Letter we study the role of conduction electrons
in the two-step MT in Ni,MnGa using photoemission
spectroscopy and thermodynamic measurements. LEED
and x-ray diffraction Laue measurements show the quality
of our sample is appropriate for high-resolution photoemis-
sion spectroscopy. Ultraviolet-photoemission (UPS) mea-
surements show the opening of a pseudogap at 0.3 eV
below the Fermi energy at the Tpy. This observation
provides further evidence that the Fermi surface is strongly
nested at the MT while it is partially nested at the premar-
tensitic transition (PMT).

Single crystals were grown by a Bridgman technique.
All samples were spark cut from a large Ni,MnGa single
crystal and used for thermal-expansion, specific-heat, re-
sistivity, magnetic-moment, x-ray diffraction, and UPS
experiments. We note that in the low-temperature phase,
the crystal structure of our sample is found to be a five-
layered martensite (termed SR or 10M): the unit cell is
monoclinic with the parameters a = 4.2 A, b=2>55 A,
c=21A, a=vy=90° and B =91° [15]. The linear
coefficient of thermal expansion was measured in a three-
terminal capacitive dilatometer [19] over the range of
100 < T <250 K. The specific heat was measured using
a thermal-relaxation method [20]. The magnetic moment
was measured using a vibrating-sample magnetometer on a
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FIG. 1 (color). Temperature dependence of the specific
heat (a), thermal expansion (b), temperature derivative of the
resistivity (c), and magnetic moment (d) in the region of the
PMT in Ni,MnGa.

Quantum Design physical properties measurement system
(PPMS). Resistivity measurements were made on the
PPMS using an ac technique.

Figure 1 shows clear signatures of a PMT and a MT in
the specific heat, thermal expansion, temperature deriva-
tive of the resistivity and the magnetic moment. The
specific-heat data show a broad peak centered at 7 =
225 K in agreement with previous measurements in a
sample of the same composition [21]. This feature does
not have any measurable thermal hysteresis associated
with it. Conversely, the MT at T); = 196 K is a sharp,
first-order transition associated with 8 K of thermal hys-
teresis. Low-temperature specific-heat measurements (not
shown) give an electronic specific-heat coefficient, y =
10.6 mJK 2mol™!, and Debye temperature, O, =
205.6 K. The high-temperature effects are mirrored in
the thermal expansion where the sharp, discontinuous
MT is preceded by a broad feature with an onset tempera-
ture of Tpy = 247 K. The temperature-derivative of the
resistivity shows a break in the resistivity slope at T =
214 K followed by a discontinuity at T, = 196 K, as does
the magnetic moment. Taken with neutron diffraction
measurements [16], the lack of thermal hysteresis at the
PMT and the behavior of the thermal expansion, specific
heat, and electrical resistivity is consistent with CDW
formation: a continuous transition associated with CDW
onset (PMT), and discontinuous behavior at lock-in (MT)
[22].

Further insight into the nature of the PMT can be ob-
tained using temperature-dependent photoemission spec-

ture intervals.

troscopy [23]. Figure 2 illustrates the normal-emission
UPS spectra (He I, hv = 21.2 eV) for temperatures span-
ning the MT and PMT. In addition, the inset in Fig. 2 shows
the UPS spectra in the temperature range of the PMT at 1 K
temperature intervals. Here, two sudden redistributions of
the UPS intensity are observed corresponding to the onset
of the PMT and the MT, respectively. Above Tpy and
below T, the UPS spectra remain unchanged and are not
shown. For T > Tpy, the UPS spectrum exhibits a promi-
nent peak located at a binding energy of 1.3 eV, together
with two smaller features at 0.8 and 0.3 eV. As the tem-
perature is lowered below Tpy;, we note a rapid drop in the
intensity of the 0.3 eV peak, followed by a slow, but
continuous, decrease in the intensity of this peak with
decreasing temperature. A second sudden drop in the in-
tensity of this peak occurs just above T,. Throughout the
process of depletion of the allowed electronic states close
to the Fermi energy, we notice an enhancement in the
number of available states above 0.8 eV. The temperature
dependence of the UPS spectra reported here indicates the
formation of a shallow pseudogap in the allowed density of
states, in the PMT region, for energies between 0.3 eV and
the Fermi energy. Similar effects have been reported in the
past for high-T- cuprates [24] and purple bronze [25].

We note that the UPS spectra depicted in the inset of
Fig. 2 show a much sharper transition at 7), than Tpy,
consistent with the data illustrated in Fig. 1. The thermal-
expansion, resistivity, and magnetic-moment data support
the notion of a first-order transition at the MT, T),. The
smooth nature of the PMT makes difficult the identification
of the onset temperature for the PMT, Tpy,. This is perhaps
best illustrated by the thermal-expansion data.
Nevertheless, from the UPS and thermal-expansion data,
we estimate T, — Tp = 50 K.

Our UPS data were compared with results of first-
principles band-structure calculations using the general-
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ized gradient approximation approach [26] in the full-
potential linearized-augmented-plane-wave method [27].
We use the experimental lattice constants, and calculations
are performed on grids of 286 and 726 k points in the
irreducible Brillouin zone for the austenitic and martensitic
phases, respectively. Figure 3 depicts the majority-spin
(spin-up) and minority-spin (spin-down) densities of states
(DOS) for the spin-polarized martensitic phase (T < Tj,)
and the spin-polarized fcc phase (Tpy < 7T < T¢) of bulk
Ni,MnGa. The main contributions to the total density of
states in either phase or spin state are due to the Ni d and
Mn d electrons. We note that our electronic structure
results also show a redistribution of the density of states
away from the Fermi surface in the martensitic phase as
compared to the fcc phase. Our calculations indicate that
the missing spectral weight, observed experimentally near
the Fermi energy in the martensitic phase, is due to the
disappearance of the Ni d peak located at 0.3 eV in the
spin-down DOS corresponding to the fcc phase. In the
martensitic phase, the spectral weight shifts to slightly
lower binding energies and results in the enhancement of
the peak observed at 0.8 eV in the spin-up DOS. The latter
peak has a combined Ni d and Mn d character, as reflected
by the peaks highlighted in the plots of the Ni d and Mn d
spin-up partial DOS. Although we predict that near the

...... martensitic

fcc L21ferromagnetic

L ] total

DOS

1.0

Density of state [arbitrary units]

E [eV]

FIG. 3 (color). The majority- and minority-spin DOS for the
spin-polarized martensitic phase (7 <Tj) and the spin-
polarized fcc (Tpyy <T <T¢) of Ni,MnGa. The top panel
depicts the total DOS, whereas the middle and bottom panels
depict the contributions due to the d electrons of the Ni and Mn
atoms, respectively. The contributions due to the Ga electronic
degrees of freedom are smaller by an order of magnitude and
have been disregarded for the purpose of this comparison.

Fermi surface there is a spectral-weight transfer from spin-
down to spin-up electrons (which could potentially be
resolved by spin-polarized photoemission), the net magne-
tization shown in Fig. 1(d) in fact drops at the transition.
The calculated net magnetization change (integrated over
all energies) is found to be close to zero, since the low
energy redistribution of spin density is approximately can-
celed by higher energy states. The disagreement with
experiment indicates that correlation effects may be im-
portant for the deeper Mn d levels—note that the magne-
tization is mostly dominated by Mn whereas the Fermi
surface is preponderantly from Ni states.

The Fermi surfaces (FS) in the Brillouin zones corre-
sponding to the various phases of Ni,MnGa are displayed
in Fig. 4. Two electronic bands contribute to the FS in the
nonmagnetic phase (T > T.), whereas three and two elec-
tronic bands contribute to the spin-up and spin-down FS
below T-. The character of the spin-down Fermi surfaces
for Tpyy <T < T is dominated by the Ni d electrons,
whereas the character of the spin-up Fermi surfaces is
shared by both Ni d and Mn d electrons. Below T, the
spin-up contribution to the FS looks similar to the spin-up
contribution above T}, but the FS is nested along the &,
direction in the martensitic phase. The change in the FS of
the spin-down electrons above Tpy; and below T, is more
dramatic and reflects the changes noted in the calculated
DOS and the measured UPS spectra. We note that the PMT
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FIG. 4 (color). Fermi surfaces in the Brillouin zones corre-
sponding to (a) the nonmagnetic fcc phase (T > T¢), (b) the
spin-polarized fcc phase (Tpy < T < T¢), and (c) the martensitic
(T < Tpy) of NiMnGa. Both the merged and the individual
band contributions to the Fermi surface are depicted. Plots
performed with XCRYSDEN [28] using the structural data from
Ref. [29].
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is not accompanied by a change in the magnetic moment,
whereas T, marks a substantial rearrangement of the spin
density between bands, as seen in both experiment and
theory. Thus we speculate that the transition at Tpy; corre-
sponds to a nesting feature of a single band. As the ampli-
tude of this instability grows on lowering the temperature,
mixing with other bands becomes inevitable—which ap-
parently triggers a second and stronger instability in the
martensitic phase involving a redistribution between the
spin directions and the development of quasi-1D-like re-
constructed Fermi surface for the two spin-down bands.

To summarize, in this Letter we report the presence of a
pseudogap in photoemission spectra, 0.3 eV below the
Fermi energy, at Tpy;. Based on first-principles electronic
structure calculations, we conclude that the changes in the
experimental photoemission spectra are due to a redistrib-
ution of the electronic density of states associated with the
Mn d and Ni d electronic degrees of freedom. We show that
the peak observed at 0.3 eV in the UPS spectra above Tpy
is due to the Ni d spin-down electrons. Below T, this peak
disappears, resulting in an enhanced DOS at energies
around 0.8 eV. This enhancement reflects Ni d and Mn d
electronic contributions to the spin-up DOS. The calcu-
lated innermost Fermi surface of spin-up electronic states
exhibits weak momentum dispersion, which, together with
the changes in the material properties observed experimen-
tally in the premartensitic temperature region (see Fig. 1),
suggests a CDW mechanism from Fermi surface nesting in
Ni,MnGa.
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