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Phonon anomaly, central peak, and microstructures in Ni&MnGa
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Inelastic neutron scattering and transmission electron microscopy have been used to study a
single crystal of the Ni&MnGa shape-memory ferromagnetic Heusler alloy in a wide temperature
range above the martensitic phase transformation at TM ——220 K. Signi6cant, though incomplete,
softening in the [('(0] TAs phonon branch has been observed at a wave vector (0 —0.33. The
anomaly in the dispersion curve is shown to persist at high temperature, even above the Curie
point. A temperature-dependent peak in the elastic di8'use scattering is also present at the same
wave vector (s, which develops into a Bragg peak representative of an intermediate phase between
the high-temperature Heusler and the low-temperature martensitic structures.

I. INTRODUCTION

Many metallic alloys are known to undergo a
martensitic phase transition, a displacive, diffusion-
less, first-order transformation from the symmetric high-
temperature parent phase to a low-symmetry martensite
structure at low temperature. These phase transitions
are, as a rule, associated with phonon anomalies in the
parent phase. Particularly, in bcc materials the [((0]TAq
mode with displacement along [110] softens at a certain
wave vector (o which is close to a reciprocal-lattice vec-
tor of the low-temperature structure. Extensive studies
of Ni-Ti-Fe (Ref. 2) and Ni-Al (Ref. 3) alloys provided
new insight on the relation of these phonon anomalies to
the martensitic transformation and precursor phenom-
ena. Experimental results were found to be in excellent
agreement with theoretical calculations which attribute
the phonon softening to electron-phonon coupling and
specific nesting properties of the Fermi surface. ' Never-
theless, the rich phenomenon of martensitic transforma-
tions is still not completely understood and investigation
of other model systems is required to move further.

One interesting candidate for study is the Ni~MnGa
intermetallic shape-memory alloy, which, among the
large variety of ferromagnetic Heusler alloys, is the only
one known to undergo a martensitic phase transition
(TM 200 K). Thermally and stress-induced marten-
site structures have been investigated in this system by
x-ray diffraction, ultrasound measurements, and elec-
tron microscopy. The thermal martensite structure
was found to be roughly tetragonal, c/a = 0.94, with
long-period modulations parallel to the basal plane (001)
with a 5-plane periodicity. Recently, thermal diffuse x-
ray scattering experiments have indicated the presence
of soft acoustic modes in the high-temperature phase.
One immediate question is whether the phase transition
and the phonon anomalies are in any way related to the
ferromagnetic long-range order, as is the case in several

other magnetically ordered alloys.
Herein we report an inelastic neutron scattering study

of the fcc parent phase of Ni@MnGa in a wide tempera-
ture range. Significant [((0] TAq phonon softening was
observed at a wave vector (o —0.33. The softening is
not complete, i.e., the phonon frequency remains finite
even as the transition temperature is approached. The
anomaly was found to persist above the Curie point. This
rules out its magnetoelastic origin. Strong temperature-
d.ependent elastic scattering was observed at wave vectors
close to (o, which develops into a Bragg peak of an inter-
mediate phase as the martensitic transition temperature
is approached.

II. EXPERIMENT

At room temperature NiqMnGa has a fcc L2i Heusler
structure (space group I"m3m, No. 225), the cell con-
stant being 5.822 A. . Due to the closeness of atomic x-ray
scattering factors of the constituent elements, an alter-
native description of the structure, namely bcc A2 with
ab„——zap„, may be found in literature. Throughout
this paper the (correct) fcc notation will be used. A sin-
gle crystal was grown by the Brigdman method at Ames
Laboratory particularly for this experiment. The 7 cm
long sample had the shape of a half cylinder, 1.5 cm in
diameter. The longer dimension was identified as [111].

The sample was mounted on the H7 triple axis spec-
trometer at the high Aux beam reactor at Brookhaven
National Laboratory in a high-temperature Displex re-
&igerator. It was aligned to have the (100) plane co-
incide with the scattering plane of the spectrometer.
The measurements were performed in the temperature
range 230—400 K. The sample turned out to be corn-
posed of two crystallites, the mosaic spread was found
to be of the order of 1 . The neutron scattering exper-
iments were performed with a fixed Anal energy Ef
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13.5 meV. Pyrolitic graphite PG(002) reflections were
used for monochromator and analyzer. 20' —20' —20' —80'
and 10' —10' —10' —80' collimations were used yielding an
energy resolution of bE = 0.62 meV and bE = 0.48 meV
full width at half maximum at LE = 0, respectively. A
pyrolitic graphite filter was positioned in front of the de-
tector. Both constant-Q and constant-E scans were used
to measure the phonon cross section.

Conventional electron microimages (amplitude con-
trast) and selected-area electron diffraction patterns were
obtained with the standard JEOL 200 CX instrument
equipped with double-tilt heating and cooling stages
at Lawrence Liver more National Laboratory. High-
resolution imaging (phase contrast), which is limited to
room temperature, was carried out on the JEOL top-
entry 200 CX and ARM instruments at the National
Center for Electron Microscopy at the Lawrence Berkeley
Laboratory.

some representative spectra measured at different tem-
peratures and already reveals the decrease of the phonon
energy as the temperature approaches TM.

Phonon dispersion curves measured at 370 and 270 K
are shown in Fig. 2(a). The most prominent feature is
the wiggle in the [g'0] TA2 branch, which deepens with
decreasing temperature, resulting in a distinct minimum
at go = 0.33 below 300 K. The way the dip evolves is
shown in Fig. 2(b). Several points should be emphasized
here. (i) The wiggle is still present at T = 400 K, i.e. ,
above the Curie temperature. (ii) Even though the soft
mode frequency decreases by a factor of 3 as T ~ TM,
it never softens completely, i.e., its energy remains finite.
(iii) It was observed that below Tq = 260 K, the soft mode
frequency starts to increase on cooling. Note that Tz is
nearly 40 K higher than the actual (i.e. , bulk) martensitic

III. RESULTS AND DISCUSSION 14
(a) Ni MnGa

The martensitic phase transition temperature TM
220 K of the sample was estimated from the splitting
of the [220] Bragg peak which occurs at 212 K on cool-
ing and 228 K on warming up, thus showing a signifi-
cant temperature hysteresis. The phase transition seems
to be completely reversible. The Curie temperature
T~ = 380 K was determined from the increase of the
[200] Bragg intensity on passing from the paramagnetic
to the ordered state.

We concentrated our studies on the temperature de-
pendence of the inelastic scattering of the [((0] TA2
phonon branch. This mode, for ( —+ 0, corresponds to the
elastic constant c' =

2 (cqq —cq2), which is known to be
anomalously low in bcc metals. Limited data were col-
lected for LA phonons propagating in the same direction
and for the [(00] TA modes. In the entire temperature
and q range the phonons are well defined. Figure 1 shows
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FIG. l. Inelastic neutron scattering spectra for the [($0]
TA2, ( = 0.3 phonon measured at several temperatures above
TM ~

FIG. 2. (a) Partial acoustic phonon dispersion curves mea-
sured for Ni2MnGa at 270 and 370 K. (b) Temperature de-
pendence of the anomaly in the [((0] TA2 branch.
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ulation in the (220j system appears. This modulation
corresponds to wave vector (o ——0.33 of the soft phonon
and is completely different from the G.ve-layer modulation
in the close-packed martensitic phase ((M = 0.4).

IV. CONCLUSION

It would be interesting to see if first-principle calcula-
tions similar to those described in Refs. 4 and 5 could
predict the observed phenomena. Further neutron scat-
tering and electron microscopy experiments could clarify
the structure of the intermediate phase and the effect of
mechanical stress on the phase transformations.

Another system undergoing a martensitic phase trans-
formation was studied by inelastic neutron scattering.
Strong, nearly complete, phonon softening in the parent
phase was shown to result in an additional phase transi-
tion to a transversely modulated structure with a peri-
odicity corresponding to the soft mode wave vector. The
phonon anomaly is not related to the magnetic order-
ing, and is probably due to electron-phonon interactions.
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