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Premartensitic phenomena in the ferro- and paramagnetic phases of Ni2MnGa
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Low-energy phonons were studied in the ferromagnetic and paramagnetic phases of the Heusler alloy
Ni2MnGa. The investigated sample shows a martensitic phase transformation with a transition temperature
TM'284 K, only about 80 K below the Curie temperature. Therefore, premartensitic phenomena could be
studied in the ferromagnetic as well as in the paramagnetic state. The~j j 0! TA2-phonon branch shows a
strong but incomplete softening atj'1/3 in the premartensitic phase when the temperature approachesTM .
The temperature dependence of this softening changes at the Curie temperature which can be explained by an
additional contribution of the magnetization to the Landau free energy. At the wave vector of the strongest
phonon softening a central peak occurs. A second elastic peak, with the same temperature behavior, appears at
j'0.17. The relation of these elastic precursors to the low-temperature structure is discussed.
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I. INTRODUCTION

Metallic systems which undergo martensitic transform
tions on cooling exhibit diverse phenomena as they appro
their transformation temperature. In spite of their frequ
occurrence, the understanding of these phenomena and o
transformation process itself is quite incomplete.1 Martensi-
tic transformations, characterized as shear dominant, lat
distortive, diffusionless transformations occurring by nuc
ation and growth,2 are necessarily of first order. Based on t
strength of the discontinuous character of the transition,
ferent groups of metallic systems have been classified, ra
ing from strongly first-order, through moderately or weak
first-order, to nearly second-order transforming materia3

Whereas the first group does not show any~significant! evi-
dence of instabilities of the parent phase, the last two gro
reveal a variety ofprecursor~or pretransitional! phenomena
when the martensitic transition temperature is approach
As a martensitic transformation may occur without a
lattice-dynamical signature, precursor effects are there
not a universal feature, but illuminate the underlying phys
of the transformation.4

Precursor phenomena can be observed as anomalie
phonon dispersion curves: anomalously low-energy p
non branches with correspondingly small elastic stiffn
constants and, if shuffles are involved, the occurrence
strong phonon anomalies~soft phonons! for wave vectors
qÞ0 and elastic intensity~central peaks! at the same wave
vectors. The terms in brackets, usually known in cont
with second-order transitions, have been reinterpre
in a phenomenological Landau theory for first-ord
transitions.5,6
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Experimentally, inelastic and elastic neutron scatter
has been applied to study dynamical and static phenomen
the parent phase near the transformation. A very rec
study7 of Co, an example for a strong first-order transform
tion, showed neither dynamical nor static anomalies, with
conclusion that the martensitic phase transformation is
affected by phonon anomalies and that excess entr
caused by low-energy modes in the parent phase is less
portant. The extensively studied shape-memory al
NixAl12x ~Refs. 8 and 9! is a prototypical example for a
moderate first-order transition which, forx50.625, is from a
bcc (B2) structure to a modulated 7R product phase. Pro
nounced phonon anomalies~an unusually low-energy TA2
phonon branch and an anomalous temperature-dependen
complete phonon softening at a particular wave vectorqÞ0
of this branch! and diffuse elastic scattering~central peak!
occurring at the same wave vectorq have been observed
These anomalies are directly related to the evolution of p
martensitic structural configurations, which are viewed
embryos of the product martensite.10

The model system Ni2MnGa investigated in this paper i
the only ferromagnetic Heusler alloy known to undergo
martensitic transformation upon cooling. The martens
transformations is from a cubic (L21) high-temperature
phase to a modulated tetragonal martensitic phase.11 Further
intermartensitic transformations can be induced by stres12

Depending on the atomic ordering, the Curie temperatureTC
ranges from 360 to 395 K, whereas the martensitic trans
mation start temperatureTM is extremely sensitive to com
position. Values between 175 and 450 K are reported in
literature. The transformation is thermoelastic, and the sh
memory behavior of Ni2MnGa has been confirmed.13 Within
14 360 © 1997 The American Physical Society
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56 14 361PREMARTENSITIC PHENOMENA IN THE FERRO- AND . . .
the classification cited above,3 the system should be memb
of the group with a moderate or weak first-order transitio

A recent neutron-scattering investigation of Ni2MnGa on
a single crystal withTM'220 K ~Ref. 14! showed indeed a
strong, though incomplete, softening in the@j j 0#
TA2-phonon branch at a wave vectorj0'0.33 and, for the
same wave vector, elastic diffuse scattering. This wave v
tor is completely different from that expected for a five-lay
(jM50.4) modulation of the martensitic phase.12

We present inelastic and elastic neutron-scattering d
taken on a sample withTM'284 K. This temperature is
about 65 K higher and closer toTC ~'364 K for our sample!
than the value ofTM used in the previous study.14 This al-
lows us to investigate precursor phenomena not only in
ferromagnetic, but also in the paramagnetic state. It is
aim of this paper to discuss a significant effect on the pho
softening, observed when passing the magnetic transitio
TC , and to relate further observed precursor effects to
underlying transformation process.

II. SAMPLE AND EXPERIMENT

The Ni2MnGa single crystal ~size about 20310
310 mm3! was grown without a seed crystal in a hig
frequency induction furnace under an argon atmosphere
the Brigdman method. The actual chemical composition w
51.5 at. % Ni, 23.6 at. % Mn, and 24.9 at. % Ga. Susce
bility measurements, performed with a superconduct
quantum interference device~SQUID! magnetometer,
yielded a Curie temperature of (36461) K.

The martensitic phase transition temperatureTM could be
determined from the temperature dependence of the~2 2 0!
reflection of the cubic lattice, which disappears in the lo
temperature phase, as well as with susceptibility meas
ments to (28461) K. The transition temperature of the re
verse process was about 6 K higher. The single-crystal high
temperature phase could be recovered, with only a sl
increase in mosaic spread, in this reverse process.

The neutron-scattering experiments were performed at
HMI reactor at the triple-axis spectrometer for cold neutro
V2 ~FLEX!. The sample was mounted in a cryofurnace~tem-
perature accuracy;1 K! with the @001# crystal axis perpen-

FIG. 1. Low-energy part of the~j j 0! and ~j 0 0! phonon
branches. The open symbols represent the longitudinal phonons
solid ones transverse phonons. The dashed lines are extrapola
of sound velocity results from Refs. 16 and 17, the dotted line
from Ref. 18 for the TA2 mode.
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dicular to the scattering plane. The neutron spectra w
taken with fixed final neutron wave vectorskf @preferentially
1.2 and 1.8 Å21 in the ~2 0 0! and the~2 2 0! Brillouin zone,
respectively#. To avoid contamination of higher-order neu
trons, a cooled Be filter was inserted in the primary be
when a final wave vectorkf51.2 Å21 was used. No filter
was necessary forkf51.8 Å21, since the higher-order neu
trons are suppressed by the curved neutron guide. Neve
less, for some of the elastic measurements a check wi
tunable PG filter15 was made in order to prove that the sm
amount of second-order neutrons has no influence on
spectra. The elastic energy resolutions@full width at half
maximum~FWHM!# were 35 and 150meV for kf51.2 and
1.8 Å21, respectively.

III. RESULTS AND DISCUSSION

A. Phonon dispersion

In Fig. 1 the low-energy part of the@j 0 0# and @j j 0#
phonon branches are shown. All phonons with~j 0 0! propa-
gation and the (j j 0)-TA2 phonons withj<0.04 have been
measured in the~2 0 0! Brillouin zone, the others in the
~2 2 0! zone. The dashed lines indicate extrapolations of
sound velocity results of Refs. 16 and 17. The initial slop
of the phonon dispersion curves at small reduced wave v
tors j are, with the exception of the transverse TA2 phonons
~@j j 0# propagation direction and@1 21 0# polarization!, in
good agreement with these ultrasonic measurements.
slope of the TA2-phonon dispersion curve has, even for t
lowest investigatedj values (j50.02), only about one-third
of the value than expected from these sound velocity resu
Very recent published data of ultrasonic experiments,18 how-
ever, are in good agreement with the presented results. T
are indicated in Fig. 1 as a dotted line.

B. Soft phonon

The most characteristic feature of the phonon dispers
curves of Ni2MnGa is the softening of the TA2 mode when
the temperature approaches the martensitic phase trans
temperature. The strongest softening occurs forj values of
about 0.33. This result is in accordance with previous res
of x-ray- and neutron-scattering measurements.14,19 Some
phonon spectra of this mode at various temperatures
shown in Fig. 2. The excitation energy decreases on cool
while the phonon intensity increases, as expected for a s
mode behavior. However, the phonon energy does not
proach zero at the phase transition temperature. Even
spectrum measured at 284.6 K less than 1 K above the phase
transition temperature, shows a pronounced phonon p
with a maximum at approximately 0.9 meV. Although th
peak width has increased compared to those measure
higher temperatures, which might be caused by inter
stresses, the phonon is not overdamped. The other spec
Fig. 2 show only a small temperature dependence of
linewidth, but all widths are much larger than the instrume
tal resolution of 0.15 meV, indicating a strong phonon dam
ing. The lower intensity of the phonon at 284.6 K compar
to the spectra measured at higher temperatures can be
plained by a partial transformation of the sample into t
tetragonal low-temperature phase. This was proved by

the
ons
t



te

ou
pl
ha
e

n
o
e

m
s

ev
h

is
in

re

ure
ase

e of
oft-
ie
is a

-

his
etic

x-

re-
or

en-

ys-
wo

cribe
c
er
e

er
-
e-
r-
n

di-
-
de-

of
a-

urs

te.
of

ase

e-
non
ch a

e
is

e.

th
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comparison of the intensities of the~2 2 0! Bragg peak of the
cubic phase which showed a comparable decrease in in
sity. The incomplete softening TA2 mode for j50.33 was
also observed for the sample investigated in a previ
study,14 but in contrast to the present study, that sam
showed an increase of the phonon energy close to the p
transition temperature. Such an increase of the phonon
ergy is an indication for an intermediate phase. We could
find any indication of such a phase, neither in the phon
behavior nor in elastic measurements. Therefore, we can
clude an intermediate phase at least at temperatures
than 2 K aboveTM . There are further distinctive difference
compared to the previous results.14 The width in j where
softening occurs is much broader than reported in the pr
ous study, indicating a shorter coherency length of the p
non~we remark that the resolution inj is comparable in both
measurements!. One consequence from this is that the d
persion curve of our sample shows only a very weak m
mum.

In Fig. 3 the square of the soft phonon energy, measu

FIG. 2. Spectra of the TA2 soft phonon atj50.33 for different
temperatures. Note that the intensity of the phonon at the low
temperature (T5284.6 K) is lower because a part of the sample
already in the tetragonal phase. The lines are guides to the ey

FIG. 3. Plot of the squared energy of the soft phonon vs
temperature. The lines are guides to the eye.
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at j50.33, is plotted versus the temperature. The fig
shows again that there is a finite phonon energy at the ph
transition temperature. Starting from this value, the squar
the phonon energy increases linearly, as expected from s
mode theory,20 up to the Curie temperature. Above the Cur
temperature there is also a linear dependence, but there
distinct change of the slopea from 0.039~meV!2/K below
TC to 0.019~meV!2/K aboveTC . The extrapolated tempera
tures for the dynamical lattice instabilityTl are 264 and 175
K for the ferro- and paramagnetic states, respectively. T
indicates that the phonon softening depends on the magn
ordering in the sample. The slopea in the ferromagnetic
phase is slightly lower than of thea sample with TM
'220 K.14

The incomplete softening of the phonon could be e
pected, since the martensitic phase transition in Ni2MnGa is
a first-order transition. The conventional Landau theory, p
dicting a complete phonon softening, applies only f
second-order transitions. In this theory the free energyF of
the system is given by

F5Ah21Ch41••• , ~1!

whereC is approximately constant. The temperature dep
dence of the system is mainly through the parameterA which
can be expanded nearTM asA8 (T2TM) with constantA8.
h is the order parameter, which, in case of soft mode s
tems, is the lattice distortion caused by the soft phonon. T
extensions of this ansatz have been proposed to des
first-order phase transitions:~i! the use of an asymmetri
potential by introducing a cubic term of the ord
parameter,21,6 which, however, is not applicable for th
present system because of symmetry reasons~see Sec. III C!,
and~ii ! to introduce a term with the sixth power of the ord
parameter and a negativeC.21,22 A negative temperature
dependentC can be understood in terms of a coupling b
tween a uniform andqÞ0 modulation, needed for the ma
tensitic transformation.5 The free energy can thus be writte
as

F5Ah21Ch41Dh6. ~2!

In this case a first-order phase transition occurs if the con
tion AD/C251/4 is fulfilled. Again, we will use the assump
tion that in a certain temperature range the temperature
pendence ofA can be well approximated byA5A8(T
2Tl). A consequence of this description is that the energy
the soft phonon,\vp , above the phase transition temper
ture is

~\vp!25a~T2T1!, ~3!

wherea is a constant. AtT5T1 the lattice would become
dynamically unstable; however, the phase transition occ
already at a higher temperatureTM5T11C2/(4A8D). Con-
clusively, the softening of the phonon cannot be comple
Since the assumption of the temperature dependenceA
~and the negligible temperature dependence ofC and D! is
only justified in a limited temperature range near the ph
transition temperature~or more precisely nearT1!, Eq. ~3!
might only hold in a limited temperature range. Neverth
less, the kink in the temperature dependence of the pho
energy must be related to the magnetic ordering, since su
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56 14 363PREMARTENSITIC PHENOMENA IN THE FERRO- AND . . .
deviation from Eq.~3! has neither been found for the samp
with TM5220 K, measured only within the ferromagnet
phase,14 nor, to our knowledge, in any other system. If th
validity range of Eq.~3! is extended, we would expect
smooth deviation from a linear deviation and finally a
proaching a nearly-temperature-independent phonon ene
whereas we observe an approximately constant slope in
paramagnetic state.

The coincidence of the Curie temperature and the te
perature where the kink occurs suggests that the magne
tion of the sample influences the phonon energy. This can
described in Eq.~2! by introducing an additional term to th
to the free energy of the system which contains a function
the magnetization. The occurrence of such a term can
expected if magnetoelastic effects are considered.

However, the kink in Fig. 3 can be principally explaine
by two different effects of the magnetization, either by inte
action with the macroscopic magnetization—this wou
mainly influence the phonon in the ferromagnetic phase—
at least in principle, by an interaction with the short-ran
magnetic fluctuations. The first interaction has its major te
perature dependence in the ferromagnetic phase, the l
one in the paramagnetic phase. In the first case the inte
tion between the magnetization and the soft phonon pote
would be indirect, since the magnetization would influen
the elastic moduli which than causes a change in the
phonon behavior. An indication for this interpretation mig
be the strong temperature dependence of the sound vel
betweenTM andTC .16,17 Unfortunately, there are no exper
mental data for temperatures aboveTC , which could prove
this interpretation. Furthermore, since we can expect an
teraction potential proportional to the square of the magn
zation M with M;(12T/Tc)

1/2, such an interaction would
change the slopea, but not the linear behavior, in agreeme
with our observation. This interaction between the magn
zation and phonons has been observed for the Invar al
Fe3Pt and Fe12xPdx , which show a soft mode at theG
point.23,24

The second case would be a direct interaction between
magnetic fluctuations and the soft phonon potential. In a p
vious study25 magnons were observed up to 520 K, showi
that magnetic fluctuations on the length scale probed by n
tron scattering still exist at these temperatures.

FIG. 4. Elastic scattering atq5(21j 22j 0) at various tem-
peratures.
gy,
he

-
a-

be

f
be

-

r,
e
-
ter
c-

ial
e
ft

t
ity

n-
i-

i-
ys

he
e-

u-

C. Elastic scattering

The elastic scattering in the~2 2 0! Brillouin zone in the
transverse@j 2j 0# direction is shown in Fig. 4 for differen
temperatures. With decreasing temperature a strong ce
peak appears atj50.33. Since the softening of the phono
occurs in a quite broadj region, the central peak shows mo
clearly that the origin of the phonon instability is atj
>0.33. This value is surprising since, for the structure of
low-temperature phase, a five-~or seven-! layer modulation
was reported.12,26 Such a modulation period in the cub
phase would cause a central peak atj50.4 ~or j50.28!. A
second elastic peak occurs atj50.17 with about the same
temperature dependence as the central peak atj'0.33. This
peak was also observed in an x-ray study19 and was attrib-
uted to a splitting of the~2 2 0! Bragg peak. Both peaks
show no quasielastic broadening, and their widths in lon
tudinal direction are only resolution limited (Dj'0.01).

In Fig. 5 the central peak intensityI CP is plotted versus
the forth power of the reciprocal value of the soft-mode e
ergy. The straight line demonstrates that the data can be
scribed byI CP;(\v)24. This is the expected relation be
tween a soft mode and its induced central peak.27,28Figure 6
shows a spectrum taken atj50.33 in an energy range whic
includes the central peak and the soft phonon in up and d

FIG. 5. Plot of the central peak intensity vs the fourth power
the reciprocal value of the soft phonon energy. The values of
phonon energy were taken from the interpolation line in Fig. 3, w
error bars corresponding to those of the experimental values.

FIG. 6. Example spectrum of the soft phonons and the cen
peak atq5(2.33 1.67 0) andT5289.4 K. The peak height of the
incoherent elastic contribution is about 3.
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14 364 56STUHR, VORDERWISCH, KOKORIN, AND LINGÅRD
scattering. The spectrum shows the broadened peaks o
damped phonon in comparison with the resolution-limit
linewidth of the central peak.

For a better understanding of the elastic peaks, a comp
son with the structure of the low-temperature phase is h
ful. In an ideal case, the (2 2 0)cubic reflection would split in
the low-temperature phase into one (2 2 0)tetr and one
(2 0 2)tetr reflection. However, since the single crystal of t
high-temperature phase decomposes in the low-tempera
phase into several variants with somewhat different orien
tions, we can expect several Bragg reflections. Fortunate
turned out that there were only two (2 2 0)tetr and one
(2 0 2)tetr strong Bragg reflections and a few reflections w
much lower intensities. The tetragonal distortion describ
by the ratio of the lattice constants calculated from the t
reflections is c/a50.94, in agreement with previou
results.11,12The orientations of the two crystallites with~220!
reflections in the scattering plane differ by about 2.1°, wh
allows an unambiguous assignment of elastic peaks in tr
verse scans to one of the crystallites at least forj t>0.2. j t
and j t2 indicate the reduced wave vectors of the tetrago
phase in@1 0 0# and @0 0 1# directions, respectively.

FIG. 7. ~a! and~b! show elastic scans in the martensitic phase
T5281 K at differentj ranges. The solid squares represent
intensities of scans along (21j t 22j t 0), the open symbols scan
along (21j t 0 22j t2). The errors in~a! are smaller than the dat
points.
the

ri-
p-

re
-
it

d
o

h
s-

l

Figures 7~a! and 7~b! show such elastic transverse sca
in the tetragonal phase. The origins of the scales are
positions of the strongest reflection of each kind. The tra
verse scan from the~2 0 2! reflection shows a broad regio
with a very high intensity up toj t'0.2, a consequence of th
high mosaicity in the low-temperature phase and no sign
cant structure at higher wave vectors. On the other hand,
spectrum with origin in the~2 2 0! reflection shows reason
able small Bragg reflections and an additional peak atj t
50.38. This second peak can be attributed to the five-la
modulation found in previous studies.12,26This interpretation
is supported by the appearance of a harmonic of the mo
lation which is shown in an extension of the spectrum
higherj t values in Fig. 7~b!. The harmonic peak has approx
mately 5% of the intensity of the peak atj t50.38. Thus the
modulation occurs only in the@j t j t 0# direction of the te-
tragonal phase, perpendicular to the tetragonal distortion,
the symmetry of the soft phonon potential will not be d
turbed by tetragonal precursors which justify the rejection
a cubic term in the free energy in Sec. III B. Both spec
were taken with a tunable PG filter in order to reduce
second-order neutrons as well as possible~but no significant
differences have been found to spectra taken without
filter!.

Since the origin of the (2 2 0)tetr reflection is shifted by
Dj;0.046, the position of the superstructure peak is in
coordinate system of the cubic phase at the position of
central peak atj50.33. Consequently, the central peak is
precursor of the five-layer modulation of the tetragon
phase. There are also precursors of the tetragonal B
peaks in the cubic phase. The temperature dependence o
intensities of the tetragonal Bragg peaks, the central pea
j50.33, and the peak atj50.17 are compiled in Fig. 8. The
similarities of the temperature dependences indicate that
origin of all these peaks is the same. In contrast to the lo
temperature phase where the mosaic spread of the crys
large, the width of the tetragonal peaks and that of the p
at j50.17 are comparable to that of the Bragg peaks of
cubic phase. This demonstrates that all these peaks

t
e

FIG. 8. Temperature dependence of the integral intensities
the precursors in the cubic phase, normalized to their intensit
288 K. The open data points are the precursors of the tetrag
~2 2 0! Bragg peak, the solid data points the precursors at (21j 2
2j 0) with j50.17 ~triangles! andj50.33 ~circles!.
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56 14 365PREMARTENSITIC PHENOMENA IN THE FERRO- AND . . .
caused by dynamic precursor effects, rather than~static! con-
tributions of the low-temperature phase. A further indicati
for this is that the integral intensity of the central peak aj
50.33 is quite low and does not exceed that of the s
phonon. In the previous study14 this holds only for tempera
tures above 270 K~50 K higher thanTM!, whereas at lower
temperatures, where an intermediate phase is supposed
intensity of the central peak exceeds that of the soft pho
by about a factor of 100.

IV. CONCLUSION

The phonons of Ni2MnGa were investigated in the ferro
and paramagnetic states. The temperature dependence
itic
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phonon anomaly of the TA2 mode atj'0.33 strongly de-
pends on the magnetic state of the sample, which gives
dence for a magnetic contribution to the Landau free ene
The elastic precursor at the same reduced wave vector c
dinate can be assigned to the five-layer modulation of
low-temperature phase. No indication for an intermedi
phase, preceding the martensitic transformation, was fou
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