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Premartensitic phenomena in the ferro- and paramagnetic phases of pMnGa
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Low-energy phonons were studied in the ferromagnetic and paramagnetic phases of the Heusler alloy
Ni,MnGa. The investigated sample shows a martensitic phase transformation with a transition temperature
Tyu~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(¢£1§@ TA,-phonon branch shows a
strong but incomplete softening &t=1/3 in the premartensitic phase when the temperature approaghes
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
£~0.17. The relation of these elastic precursors to the low-temperature structure is discussed.
[S0163-182697)02846-4

[. INTRODUCTION Experimentally, inelastic and elastic neutron scattering
has been applied to study dynamical and static phenomena in
Metallic systems which undergo martensitic transformathe parent phase near the transformation. A very recent
tions on cooling exhibit diverse phenomena as they approacsiudy of Co, an example for a strong first-order transforma-
their transformation temperature. In spite of their frequention, showed neither dynamical nor static anomalies, with the
occurrence, the understanding of these phenomena and of thenclusion that the martensitic phase transformation is less
transformation process itself is quite incompléfdartensi-  affected by phonon anomalies and that excess entropy
tic transformations, characterized as shear dominant, latticeaused by low-energy modes in the parent phase is less im-
distortive, diffusionless transformations occurring by nucle-portant. The extensively studied shape-memory alloy
ation and growttf,are necessarily of first order. Based on theNi,Al; _, (Refs. 8 and Dis a prototypical example for a
strength of the discontinuous character of the transition, difmoderate first-order transition which, fer=0.625, is from a
ferent groups of metallic systems have been classified, randgpcc (B2) structure to a modulatedR7 product phase. Pro-
ing from strongly first-order, through moderately or weakly nounced phonon anomali¢an unusually low-energy TA
first-order, to nearly second-order transforming matefials.phonon branch and an anomalous temperature-dependent, in-
Whereas the first group does not show &significan} evi-  complete phonon softening at a particular wave veqtef
dence of instabilities of the parent phase, the last two groupsf this branch and diffuse elastic scatteringentral peak
reveal a variety oprecursor(or pretransitiona) phenomena occurring at the same wave vectgrhave been observed.
when the martensitic transition temperature is approached.hese anomalies are directly related to the evolution of pre-
As a martensitic transformation may occur without anymartensitic structural configurations, which are viewed as
lattice-dynamical signature, precursor effects are thereforembryos of the product martenstfe.
not a universal feature, but illuminate the underlying physics The model system NMMnGa investigated in this paper is
of the transformatiofi. the only ferromagnetic Heusler alloy known to undergo a
Precursor phenomena can be observed as anomalies rimartensitic transformation upon cooling. The martensitic
phonon dispersion curves: anomalously low-energy photransformations is from a cubicL@;) high-temperature
non branches with correspondingly small elastic stiffnesphase to a modulated tetragonal martensitic phaBerther
constants and, if shuffles are involved, the occurrence ointermartensitic transformations can be induced by stress.
strong phonon anomaliesoft phononk for wave vectors Depending on the atomic ordering, the Curie temperafigre
g#0 and elastic intensitycentral peaks at the same wave ranges from 360 to 395 K, whereas the martensitic transfor-
vectors. The terms in brackets, usually known in conteximation start temperatur€,, is extremely sensitive to com-
with second-order transitions, have been reinterprete@osition. Values between 175 and 450 K are reported in the
in a phenomenological Landau theory for first-orderliterature. The transformation is thermoelastic, and the shape
transitions>® memory behavior of NMnGa has been confirméd Within
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the classification cited abovehe system should be member dicular to the scattering plane. The neutron spectra were
of the group with a moderate or weak first-order transition. taken with fixed final neutron wave vectdeg[preferentially
A recent neutron-scattering investigation o,MhGa on 1.2 and 1.8 A in the (2 0 0 and the(2 2 0) Brillouin zone,
a single crystal withT,~220 K (Ref. 14 showed indeed a respectively. To avoid contamination of higher-order neu-
strong, though incomplete, softening in thE££0]  trons, a cooled Be filter was inserted in the primary beam
TA,-phonon branch at a wave vectég~0.33 and, for the when a final wave vectok;=1.2 A~! was used. No filter
same wave vector, elastic diffuse scattering. This wave veovas necessary fdt;=1.8 A~1, since the higher-order neu-
tor is completely different from that expected for a five-layertrons are suppressed by the curved neutron guide. Neverthe-
(£ =0.4) modulation of the martensitic pha<e. less, for some of the elastic measurements a check with a
We present inelastic and elastic neutron-scattering dataunable PG filtel® was made in order to prove that the small
taken on a sample witfT,~284 K. This temperature is amount of second-order neutrons has no influence on the
about 65 K higher and closer #q- (=364 K for our samplg  spectra. The elastic energy resolutidifisll width at half
than the value offy, used in the previous stud{.This al- maximum(FWHM)] were 35 and 15QeV for k;=1.2 and
lows us to investigate precursor phenomena not only in thd.8 A™1, respectively.
ferromagnetic, but also in the paramagnetic state. It is the
aim of this paper to discuss a significant effect on the phonon

. - . " IIl. RESULTS AND DISCUSSION
softening, observed when passing the magnetic transition at

Tc, and to relate further observed precursor effects to the A. Phonon dispersion
underlying transformation process. In Fig. 1 the low-energy part of thg 0 0] and [£ £0]
phonon branches are shown. All phonons wWil® 0) propa-
Il. SAMPLE AND EXPERIMENT gation and the § ¢ 0)-TA, phonons with=<0.04 have been

measured in thg€2 00 Brillouin zone, the others in the
%10 mn?) was grown without a seed crystal in a high- (220 zone. The dashed lines indicate extrapolations of the

. ° sound velocity results of Refs. 16 and 17. The initial slopes
frequency induction furnace under an argon atmosphere bgf the phonon dispersion curves at small reduced wave vec-

the Brigdman method. The actual chemical composition wa - -
515 at % Ni, 23.6 at. % Mn. and 24.9 at. % Ga. Suscepti?orsgare’ with the exception of the transverse,lghonons

o . U (£ £0] propagation direction andL — 1 0] polarization), in
bility meas_urements, perforlmed with a superconductlngbood agreement with these ultrasonic measurements. The
q_uantum mtgrference devicSQUID) - magnetometer, slope of the TA-phonon dispersion curve has, even for the
yielded a Curle.t.emperature Of. (3ﬁ4) K. lowest investigated values €=0.02), only about one-third
The 'martensmc phase transition temperaffyecould be of the value than expected from these sound velocity results.
determined from the temperature dependence of(2H20

reflection of the cubic lattice, which disappears in the Iow-Very recent published data of ultrasonic experimefitsow-

. ver, are in reement with the presented results. Th
temperature phase, as well as with susceptibility measuree— er, are in good agreement the presented results. They

ments to (284 1) K. The transition temperature of the re- are indicated in Fig. 1 as a dotted line.

verse process was aliduK higher. The single-crystal high-

temperature phase could be recovered, with only a slight B. Soft phonon

increase in mosaic spread, in this reverse process. The most characteristic feature of the phonon dispersion
The neutron-scattering experiments were performed at the,ryes of NijMnGa is the softening of the TAmode when

HMI reactor at the triple-axis spectrometer for cold neutronshe temperature approaches the martensitic phase transition

V2 (FLEX). The sample was mounted in a cryofurn@®en-  temperature. The strongest softening occurséferlues of

perature accuracy- 1 K) with the[001] crystal axis perpen-  apoyt 0.33. This result is in accordance with previous results

of x-ray- and neutron-scattering measureméhts. Some

phonon spectra of this mode at various temperatures are

The NpMnGa single crystal (size about 2810

A

8 [e00] [¢£0] shown in Fig. 2. The excitation energy decreases on cooling,

[ . 525 K 1 while the phonon intensity increases, as expected for a soft-

o 6r 4 \ I3 aa3S K 7 mode behavior. However, the phpnon energy does not ap-

2 b Ly 1 proach zero at the phase transition temperature. Even the
— 4L A N . ] spectrum measured at 284.6 K lesstfiaK above the phase

E a0 {1 transition temperature, shows a pronounced phonon peak

T ;S : ] with a maximum at approximately 0.9 meV. Although the

| \ / [ ] | - . .

21 \h\ f// 1.l peak width has increased compared to those measured at
I \ " i higher temperatures, which might be caused by internal
0 : ; -t stresses, the phonon is not overdamped. The other spectra of

~0.2 0.0 0.2 0.4 0.6

Fig. 2 show only a small temperature dependence of the
linewidth, but all widths are much larger than the instrumen-

FIG. 1. Low-energy part of th€££0) and (£00) phonon  tal resolution of 0.15 meV, indicating a strong phonon damp-
branches. The open symbols represent the longitudinal phonons, tiieg. The lower intensity of the phonon at 284.6 K compared
solid ones transverse phonons. The dashed lines are extrapolatioi§s the spectra measured at higher temperatures can be ex-
of sound velocity results from Refs. 16 and 17, the dotted line thaplained by a partial transformation of the sample into the
from Ref. 18 for the TA mode. tetragonal low-temperature phase. This was proved by the
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T ' ' T ] at £=0.33, is plotted versus the temperature. The figure
14 ;ggg.g ﬁ shows again that there is a finite phonon energy at the phase
157 » 3110 K T transition temperature. Starting from this value, the square of
) i 3923 K1 the phonon energy increases linearly, as expected from soft-
S i 2 286.5 K | mode theony?° up to the Curie temperature. Above the Curie
* 784.6 K . i ;
4 - temperature there is also a linear dependence, but there is a
5 1Oor ] distinct change of the slope from 0.039(meV)?K below
- Tc to 0.019(meV)¥K aboveT.. The extrapolated tempera-
= tures for the dynamical lattice instabilifly are 264 and 175
Z 05L ] K for the ferro- and paramagnetic states, respectively. This
e oo. . . :
z indicates that the phonon softening depends on the magnetic
ordering in the sample. The sloge in the ferromagnetic
] phase is slightly lower than of tha sample with T,
(V] I S . - ~220 KM
0 05 10 1.5 2.0 25 The incomplete softening of the phonon could be ex-

ENERGY TRANSFER (meV) pected, since the martensitic phase transition VNiGa is

FIG. 2. Spectra of the TAsoft phonon at=0.33 for different a.fir'st-order transition. The conventiorjal Landay theory, pre-
temperatures. Note that the intensity of the phonon at the lowed{iCting @ complete phonon  softening, applies only for
temperature T=284.6 K) is lower because a part of the sample isSeécond-order transitions. In this theory the free endrgyf
already in the tetragonal phase. The lines are guides to the eye. the system is given by

; ; " F=A7’+Cnp*+- -, (D
comparison of the intensities of tli2 2 0) Bragg peak of the
cubic phase which showed a comparable decrease in intethereC is approximately constant. The temperature depen-
sity. The incomplete softening T,Amode for ¢=0.33 was dence of the system is mainly through the param&tethich
also observed for the sample investigated in a previou§an be expanded ne@y, asA’ (T—Ty) with constantA’.
study** but in contrast to the present study, that sample is the order parameter, which, in case of soft mode sys-
showed an increase of the phonon energy close to the phat@ms, is the lattice distortion caused by the soft phonon. Two
transition temperature. Such an increase of the phonon e@xtensions of this ansatz have been proposed to describe
ergy is an indication for an intermediate phase. We could nofirst-order phase transitions{(i) the use of an asymmetric
find any indication of such a phase, neither in the phonorpotential by introducing a cubic term of the order
behavior nor in elastic measurements. Therefore, we can egarametef® which, however, is not applicable for the
clude an intermediate phase at least at temperatures mop&esent system because of symmetry reasemes Sec. Il ¢,
than 2 K aboveT\, . There are further distinctive differences and(ii) to introduce a term with the sixth power of the order
compared to the previous resulfsThe width in ¢ where — parameter and a negative.”** A negative temperature-
softening occurs is much broader than reported in the previdependenC can be understood in terms of a coupling be-
ous study, indicating a shorter coherency length of the photween a uniform andj# 0 modulation, needed for the mar-
non(we remark that the resolution s comparable in both tensitic transformation.The free energy can thus be written
measurements One consequence from this is that the dis-as
persion curve of our sample shows only a very weak mini- ) 4 6
mum. F=An“+Cgn*+Dn". 2

In Fig. 3 the square of the soft phonon energy, measureh this case a first-order phase transition occurs if the condi-

tion AD/C2=1/4 is fulfilled. Again, we will use the assump-

T T T T T tion that in a certain temperature range the temperature de-
8t i pendence ofA can be well approximated byA=A'(T
Ni ,MnGa —T,). A consequence of this description is that the energy of
] the soft phononfiw,, above the phase transition tempera-
~ sk (2.33 1.67 0) 1 ture is
> ]
E (hwp)?=a(T—Ty), )
ol 4T 7 wherea is a constant. AT=T, the lattice would become
2] ] dynamically unstable; however, the phase transition occurs
D! already at a higher temperatufg =T+ C?/(4A’D). Con-
2r T clusively, the softening of the phonon cannot be complete.
I Since the assumption of the temperature dependende of
ol . (and the negligible temperature dependenc€ @ndD) is

250 300 350 400 450 500 550 only qutified in a limited temperature range near the phase
TEMPERATURE (K) transition temper'atur(a'or more precisely neaf,), Eq. (3)
might only hold in a limited temperature range. Neverthe-
FIG. 3. Plot of the squared energy of the soft phonon vs thdess, the kink in the temperature dependence of the phonon
temperature. The lines are guides to the eye. energy must be related to the magnetic ordering, since such a
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Ni,MnGa ——

. (2.33 1.67 0) B

n
o

deviation from Eq(3) has neither been found for the sample
with T,,=220 K, measured only within the ferromagnetic
phasée’ nor, to our knowledge, in any other system. If the
validity range of Eq.(3) is extended, we would expect a
smooth deviation from a linear deviation and finally ap-
proaching a nearly-temperature-independent phonon energy,
whereas we observe an approximately constant slope in the
paramagnetic state.

The coincidence of the Curie temperature and the tem-
perature where the kink occurs suggests that the magnetiza- 0.0 . .
tion of the sample influences the phonon energy. This can be . 0.0 0.5 1.0 15
described in Eq(2) by introducing an additional term to the (1/hw)* (mev™*)
to the free energy of the system which contains a function of
the magnetization. The occurrence of such a term can be FIG. 5. Plot of the central peak intensity vs the fourth power of
expected if magnetoelastic effects are considered. the reciprocal value of the soft phor_10n energy. T_he _valges of s_oft

However, the kink in Fig. 3 can be principally explained phonon energy were tz_iken from the |nterpolat|o_n line in Fig. 3, with
by two different effects of the magnetization, either by inter-&"mor bars corresponding to those of the experimental values.
action with the macroscopic magnetization—this would
mainly influence the phonon in the ferromagnetic phase—or, C. Elastic scattering
at least in principle, by an interaction with the short-range Tne elastic scattering in th@ 2 0 Brillouin zone in the
magnetic fluctuations. The first interaction has its major temyransversg¢ — ¢ 0] direction is shown in Fig. 4 for different
perature dependence in the ferromagnetic phase, the lattRfmperatures. With decreasing temperature a strong central
one in the paramagnetic phase. In the first case the interagaak appears at=0.33. Since the softening of the phonon
tion between the magnetization and the soft phonon potentigjccyrs in a quite broadregion, the central peak shows more
would be indirect, since the magnetization would influencegjearly that the origin of the phonon instability is &t
the elastic moduli which than causes a change in the sofL g 33 This value is surprising since, for the structure of the
phonon behavior. An indication for this interpretation might low-temperature phase, a fivésr seven) layer modulation
be the strong temperature dependence of the sound velocify, o reported?2 Such a modulation period in the cubic
betweenT, andT¢.**!" Unfortunately, there are no experi- phase would cause a central peakéat0.4 (or £=0.29. A
mental data for temperatures abolg, which could prove  second elastic peak occurs &t0.17 with about the same
this interpretation. Furthermore, since we can expect an i“temperature dependence as the central pegk-&t33. This
teraction potential proportional to the square of the magnetipeak was also observed in an x-ray sﬁ?ckynd was attrib-
zationM with M~ (1—T/T.)*? such an interaction would uted to a splitting of the(2 2 0 Bragg peak. Both peaks
change the slopa, but not the linear behavior, in agreement show no quasielastic broadening, and their widths in longi-
with our observation. This interaction between the magnetitudinal direction are only resolution limited\¢~0.01).
zation and phonons has been observed for the Invar alloys In Fig. 5 the central peak intensity is plotted versus
FePt and Fe_,Pd,, which show a soft mode at thE  the forth power of the reciprocal value of the soft-mode en-
point?324 ergy. The straight line demonstrates that the data can be de-

The second case would be a direct interaction between thecribed byl o~ (A w) ~*. This is the expected relation be-
magnetic fluctuations and the soft phonon potential. In a pretween a soft mode and its induced central p&eR Figure 6
vious study® magnons were observed up to 520 K, showingshows a spectrum taken &t 0.33 in an energy range which
that magnetic fluctuations on the length scale probed by neuncludes the central peak and the soft phonon in up and down
tron scattering still exist at these temperatures.
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REDUCED WAVE VECTOR COORDINATE ¢
FIG. 6. Example spectrum of the soft phonons and the central
FIG. 4. Elastic scattering aj=(2+ £ 2— £ 0) at various tem- peak atq=(2.33 1.67 0) and'=289.4 K. The peak height of the
peratures. incoherent elastic contribution is about 3.
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REDUCED WAVE VECTOR COORDINATE ¢ TEMPERATURE (K)
20 'b' o ] FIG. 8. Temperature dependence of the integral intensities of
(b) [2+¢, 2-¢ 0] T=281 K the precursors in the cubic phase, normalized to their intensity at
—_ 288 K. The open data points are the precursors of the tetragonal
2 15F , 1 (2 2 0 Bragg peak, the solid data points the precursors at{2
S 1 ,+ }\ — & 0) with £=0.17 (triangles and £=0.33 (circles.
‘g : . Figures Ta) and 7b) show such elastic transverse scans
‘; 1or f | 1 in the tetragonal phase. The origins of the scales are the
= ; \ : positions of the strongest reflection of each kind. The trans-
% } ] verse scan from thé 0 2 reflection shows a broad region
= 5r 1 | . with a very high intensity up tg;~ 0.2, a consequence of the
- ) j / high mosaicity in the low-temperature phase and no signifi-
LI - cant structure at higher wave vectors. On the other hand, the
ol .. . L spectrum with origin in th&2 2 0 reflection shows reason-
0.70 0.75 0.80 0.85 0.90 able small Bragg reflections and an additional peak,at
REDUCED WAVE VECTOR COORDINATE ¢ =0.38. This second peak can be attributed to the five-layer

modulation found in previous studiés?® This interpretation
. . iy i r h rance of a harmonic of the modu-
FIG. 7. (a) and(b) show elastic scans in the martensitic phase atl:lti)unpr\j\?hitsg it;ysfhgv?r?ri)r?aaﬁ g)?tension of the spectrum to

T=281K at different¢ ranges. The solid squares represent the “ > . )
intensities of scans along 2¢, 2— £ 0), the open symbols scans Migheré; values in Fig. f). The harmonic peak has approxi-

along (2+ £ 02— &,). The errors in(@) are smaller than the data Mately 5% of the intensity of the peak t=0.38. Thus the
points. modulation occurs only in thgé; & 0] direction of the te-

tragonal phase, perpendicular to the tetragonal distortion, and

scattering. The spectrum shows the broadened peaks of thiee symmetry of the soft phonon potential will not be dis-
damped phonon in comparison with the resolution-limitedturbed by tetragonal precursors which justify the rejection of
linewidth of the central peak. a cubic term in the free energy in Sec. Ill B. Both spectra

For a better understanding of the elastic peaks, a companwere taken with a tunable PG filter in order to reduce the
son with the structure of the low-temperature phase is helpsecond-order neutrons as well as possiblét no significant
ful. In an ideal case, the (2 2 Q). reflection would splitin  differences have been found to spectra taken without this
the low-temperature phase into one (2 %@)and one filter).
(2 0 2) reflection. However, since the single crystal of the  Since the origin of the (2 2 @), reflection is shifted by
high-temperature phase decomposes in the low-temperatuteé~0.046, the position of the superstructure peak is in the
phase into several variants with somewhat different orientacoordinate system of the cubic phase at the position of the
tions, we can expect several Bragg reflections. Fortunately, #entral peak at=0.33. Consequently, the central peak is a
turned out that there were only two (224)and one precursor of the five-layer modulation of the tetragonal
(2 0 2) strong Bragg reflections and a few reflections withphase. There are also precursors of the tetragonal Bragg
much lower intensities. The tetragonal distortion describegeaks in the cubic phase. The temperature dependence of the
by the ratio of the lattice constants calculated from the twadntensities of the tetragonal Bragg peaks, the central peak at
reflections is c/a=0.94, in agreement with previous £=0.33, and the peak &t=0.17 are compiled in Fig. 8. The
results'™'?The orientations of the two crystallites witA20)  similarities of the temperature dependences indicate that the
reflections in the scattering plane differ by about 2.1°, whichorigin of all these peaks is the same. In contrast to the low-
allows an unambiguous assignment of elastic peaks in trangemperature phase where the mosaic spread of the crystal is
verse scans to one of the crystallites at least&ger0.2. &, large, the width of the tetragonal peaks and that of the peak
and &, indicate the reduced wave vectors of the tetragonaht £=0.17 are comparable to that of the Bragg peaks of the
phase i1 0 0] and[0 O 1] directions, respectively. cubic phase. This demonstrates that all these peaks are
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caused by dynamic precursor effects, rather fs&atio con-  phonon anomaly of the TAmode até~0.33 strongly de-
tributions of the Iow-temperature phase. A further indicationpends on the magnetic state of the Samp|e' which gives evi-
for this is that the integral intensity of the central peak'at dence for a magnetic contribution to the Landau free energy.
=0.33 is quite low and does not exceed that of the softrhe elastic precursor at the same reduced wave vector coor-
phonon. In the previous S_tUWh'S holds only for tempera-  ginate can be assigned to the five-layer modulation of the
tures above 270 K50 K higher tharTy), whereas at lower |5,y temperature phase. No indication for an intermediate

temperatures, where an intermediate phase is supposed, té‘l’?as:e, preceding the martensitic transformation, was found.
intensity of the central peak exceeds that of the soft phono

by about a factor of 100.
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