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Precursor effects and premartensitic transformation in Ni,MnGa
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Inelastic neutron scattering and neutron diffraction were used to study a single crystal ofkedd shape
memory Heusler alloy in a wide temperature range covering the parent phasg, € 260 K), a premarten-
sitic phase T;>T>T)), and a martensiticT{<Ty, =220 K) phase region. Several anomalies in the phonon
dispersion curves in the parent phase were observed. The premartensitic phase involves a transverse modula-
tion of the parent cubic structure with a simple periodicity é,f%(O). The approximately tetragonal lattice of
the low-temperature martensite is distorted by transverse modulations with incommensurate wave vectors
(Zm+¢m,0), {u=0.43. The observed phenomena are attributed to electron-phonon interactions and anharmonic
effects.[S0163-18206)07345-9

[. INTRODUCTION tron diffraction and inelastic scattering experiments. Our
goals were to search for additional phonon anomalies in the

Martensitic phase transformatio§iT’'s) are defined as high-temperature phase, investigate the structure and lattice
displacive, diffusionless first-order transitions from a sym-dynamics in the PM phase, and study the low-temperature
metric high-temperature phase to a |ow-5ymmetry producmartenSite. The data obtained allow us to discuss the dynam-
martensitic structure at low temperatdréIT’s have been ics of the two-step phase transformation in,MnGa. Pre-
extensively studied for over a century because of the imporliminary results of this work were reported elsewhtte.
tance of the product phase in metallurgy and the key role
played by MT in the shape memory phenomenon. In recent Il. EXPERIMENT
years much attention has been given to precursor effects

where acoustic anomalies, phonon dispersion curves, ansdtrﬁcttl:(r)ggp;ecn;p;r?:l;emgynﬁg 2;55 atr:(édz:illl Soer?sstgt
iff lasti ring in th rent ph ive an indicaz", ' . ’ .
diffuse elastic scattering in the parent phase give an indic eing 5.822 A(Ref. 11). If the Mn and Ga sites are not

tion of the eventual martensitic structure. For example, in &, .= ) .
number of bce materials ther (,0) TA, mode with dis- dlstlngwshgd, the structure can be V|ewed_ as _belng com-
e 2 posed of eight CsCl-type unit@fsci= 3aw.c), with Ni at the

placement along (110) softens at a certain wave VECWY  ¢ype center and Mn and Ga at the comners. Three types of
which is close to a reciprocal-lattice vector of the low- gragg reflections exist: the order-independent principal bcc
temperature structure. This has been demonstrated in extefsflections with h+k+1=4n (structure factorF=4(2by
sive studies of Ni-Ti(Refs. 2-53, Ni-Al (Refs. 6-9 and ref- 4 p.)~9.66x10 12 cm), reflections of typeh+
erences therejn Au-Cd (Ref. 10, and other bcc-based k+|=4n+2 [F=4(2bni—byn—bg)~6.82x10 2 cm]
alloys. corresponding to 82 (CsCI- type structure, and the fcc

One interesting model system for studying MT is thesuperlattice reflections with, k, | all odd [F=4(by,
Ni,MnGa Heusler alloy, a material which combines bulk —p)~ —4.41x 10”2 cm]. The use oB2 indexing may be
ferromagnetism Tc~380 K) with shape-memory behavior sometimes found in the literature, but for the sake of clarity
and a MT atTy~220 K (Ref. 11. A number of thermal- the correct fcc notation will be used throughout this paper.
and stress-induced martensitic structures have been observedwe have made use of the same single-crystal sample as in
in this compounij2 and were investigated by x-ray our previous studie¥. It was grown by the Brigdman
diffraction,"** electron diffraction and microscopy;>ul-  method at Ames Laboratory particularly for these experi-
trasound experiment$;'*'*> and magnetoelastic measure- ments. The 7-cm-long sample had the shape of a half cylin-
ments:**® Recently we have carried out an inelastic neutronder, 1.5 cm in diameter. The longer dimension was identified
scattering investigation of the martensitic precursor phenomas (111). Themartensitic phase transition temperature
ena in N, MnGal’ A significant, nearly complete, softening Tw=~220 K was estimated from the splitting of tl{g20)
of the (£o,£0,0), {o=3 transverse acoustic phonon with po- Bragg peak which occurs at 212 K on cooling and 228 K on
larization along (10), suggested by Fritsclet al,'® has  warming up[Fig. 1(a)], thus showing a significant tempera-
been observed in the parent phaseTasT,,. A new pre- ture hysteresis. The MT was found to be completely revers-
martensitic(PM) phase transition was observedTat~=260 ible. As will be discussed in detail below, the low-
K, although its relation to the low-temperature martensitictemperature martensitic structure is roughly tetragonal with a
transition was not fully understood. complex incommensurafgl 10)-transverse modulation.

In the present paper we report the results of further neu- Neutron scattering experiments were carried out on the
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neutron energies=14.7 meV ande=30.5 meV. Pyrolitic

2 : =
3 (@  NiMnGa  Q<(2.2.0] graphite PGD02) reflections were used for monochromator
2 and analyzer. 2020'-20'-40" and 40-20'-20'-40' collima-
2 tions were used, yielding a typical energy resolution of
51 0E=0.4 meV anddE=0.7 meV full width at half maximum
= at AE=0, E;=14.7 meV, and 30.5 meV, respectively. A
g pyrolitic graphite filter was positioned in front of the detector
= or in front of the sample folE;-constant ancE;-constant
s measurements, respectively. Both constargnd constant-
10T q=(1/3, 153, 0] E scans were utilized to determine the phonon cross section.
£
£10*] Ill. RESULTS
g
2z ¢ A. Precursor phenomena in the parent phase
210°]
E Mi Tt X 1. Phonon dispersion
16% 60‘2i0+ 30 26: %0 300 Phonon dispersion curvEswvere determined from inelas-
130 2 T® tic neutron scattering along the high-symmetry directions

(£,0,0), ,2,0), (.£,0), and (Z,,0). The results are

FIG. 1. (a) Elastic intensity measured in t{f&20) Bragg posi- shc_>wn in Fig. 2. The curves are plotted in an exFengied Bril-
tion as a function of temperature. The disappearance of the Brag@Uin Zone scheme of the fdc2, structure, that is, in the
peak at low temperature indicates the martensitic transformatio€duced zone scheme for tB& structure.
Tw; and Ty, indicate the temperatures at which the martensitic ~Most modes demonstrate only slight temperature depen-
phase disappears on warming up and first appears on codting. dence eaSIIy eXpIalned by the overall Stlffenlng of the lattice
Temperature dependence of the intensity in tHel,0) elastic ~ at low temperatures. The most striking feature, however, is
satellite in cubic NjMnGa. The peak is characteristic of the pre- the strong temperature dependence of tife,0) TA,
martensitic phase. branch with polarization along (10), discussed in detail in

our previous papel. As shown in the blowup in Fig. (8)

H4M and H8 triple-axis spectrometers at the HFBR at(dashed lines the dispersion curve has a wiggleZat=3 at
Brookhaven National Laboratory. The use of standard andoom temperature, which develops into a distinct minimum
high-temperature Displex refrigerators enabled us to perfornas the temperature is decreased. In the lif#t0 the
the measurements over a wide temperature range 12—400 K;,Z,0) TA, mode corresponds to the elastic constant
Two sample settings were used. The crystal was aligned t&(c,;—C;,), which is known to be reduced in bcc
have either th€100) or the (10) planes coincide with the materials’® and shows an anomalous decreasd@-asT,, in
scattering plane of the spectrometer. The sample mosaic r&i ,MnGa (Refs. 14 and 13 For the (110)direction, the
veals two monocrystalline grains, misaligned by 0.5°, givingslopes in the longitudinalv ~5.4x 10° cm/9 and (001)
a full width at half maximum(FWHM) of 1°. Neutron scat- transverse ;~3.5X 10° cm/9 dispersion curves aj—0
tering experiments were performed with fixed final or initial are in good agreement with experimental ultrasound
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FIG. 2. Measured acoustic-phonon dispersion curves for the pa&nphase of NjMnGa; the dash-dotted lines show the fcc zone
boundaries. Solid lines are guides to the eye and arrows indicate the observed phonon anomalies.
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FIG. 3. (a) Temperature dependence of the phonon anomaly in 1004 ]
the (¢,£,0) TA, branch in the parentdashed linesand the PM T=240 K
(solid lines phases of NiMnGa. (b) (hw)? vs T/T, for the Ottt Nttt |
(£,£,0) TA, mode for NbMnGa and N, Al 57 5in the point where 0.06 004 -002 000 002 004 006
the dispersion curve is a minimum. The Ni-Al data are taken from ¢ (rlu)

S. M. Shapircet al. [Phys. Rev. B26, 9301(1991)].

FIG. 4. (a Phonon energies measured along=
velocities!*1315 In contrast, a significant discrepancy is (5+30)+(¢,—£,0) in the parent phaseb) Elastic scans in the
found for the (iO)—transverse sound velocity which is esti- same direction: Diffuse scattering in th'.a parent prmm.ed .“ne

is replaced by a sharp Bragg-like peak in the PM pHaséd line).

mated to bey1,~1.0x10° cm/s from our neutron data and
v7,~4.1X 10° cm/s from ultrasound experiments performed gnq To=—35 K<Ty~80 K in Ni,MnGa and
by_ VasH’eg et all* More recent uItraso_und data obtalne_d Nig Al 375, respectively. As will be discussed below, the
Triosonnd® on a samples cut from the single crystal used inypiyrm at low temperatures indicates the formation of a new
our neutron experiments are in perfect agreement with NeYhase belowl,~260 K in Ni,MnGa and the martensitic
tron scattering results. hase belowT, in the Ni-Al alloy.

Figure 4a) shows a plot of the phonon energy measureap As indicated by solid arrows in Fig. 2, the,¢,¢) and
in a perpendicular (10) direction from theq=(5,5.0) re-  possibly the (2,£,0) TA branches show slight “wiggles” at
ciprocal space point, where the phonon energy is a minifinite wave vectors. Similar features were predicted and later
mum. The solid line in Fig. @) represents a least-squares fit gpserved experimentally in Ni-Al alloysThese anomalies,
with the empirical “gap” relation { w)®=A+c?g? where  together with the dip in theg(£,0) TA, mode, are probably
A is the temperature-dependent gapgat(3,3,0), ¢ is the  due toe-ph coupling and nesting features of the Fermi sur-
appropriate sound velocity, arg is the wave vector along face.
(110), relative toq=(3,3,0). (hw) increases dramatically, Another prominent featur@dotted arrows in Fig. Ris the
as the wave vector deviates from t{ie10) direction. Thus  dip in the (£,,¢) LA branch atq=(%,,%). It corresponds to
the anomaly in the dispersion manifold is restricted to a nara broad plateau in the ¢27,7) dispersion curve at the
row valley along(110). This behavior is similar to that of equivalent wave vectay=(3%,%,%). Present in all bcc metals,
the corresponding mode in Ni-Al alloysthough phonon  this anomaly is the signature of the Coulomb contribution of
softening is much more pronounced in JMnGa. Figure positive ions in a bcc arrangement to the dynamical matrix. It
3(b) compares the temperature dependence of the 3&t-  may in some cases be enhancedebyh interactio'?? and
mode frequencies in NMnGa and Ni, Al 375 (Ref. 6. s relevant to the formation of the so-called phas€®2°
(h w)? decreases linearly with temperature in both materialsApparently, it is not related to the MT in NMnGa, since no
Note that it extrapolates to zero =250 K>T~220 K  temperature dependence was observed.
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FIG. 5. Elastic scattering in the (£,0) direction measured at different temperatures. The diffuse central peak in the parernephase
transforms into a Bragg-like satellite characteristic of the PM phase at lower temperaiui@sd (e). Transverse elastic scans along
(£,Z,0) in the martensitic phase reveal a different incommensurate superstr(f¢t(ie

2. Quasielastic scattering for $T, broad and relatively wealFigs. 5a)—5(c)]. As the tempera-

As has been previously report&tithere is diffuse quasi- (Ure decreases beloi, it becomes narrow and Bragglike
elastic scattering associated with the overall low energy ofF19- (d)—S(@)]. Its intensity increases dramatically and its
the (£,£,0) TA, phonon dispersiofiFigs. §a)-5(c)]. This width becomes defined by the_expenmental re;soluthn,
elastic intensity is a combination of two effects: The first is'ather than the shape of the dip in the phonon dispersion
diffuse scattering which diverges gs-0 [viz., Huang dif- curve. The same may be seen from elastic scans along the
fuse scatteringHDS)]; the second is a satellite peak g, ~ (110) direction from the ,—3,0) point. Again, the peak
the “central peak,’ associated with the dip in the TA @ppears much narrower than the phonon anomaly, and is
dispersion manifold. The shape of the satellitegirspace ~ resolution limited in this direction.

[Fig. 4(b), dashed ling roughly coincides with the inverse It could be expected that the formation of the PM phase,
the dip in the dispersion manifold and dswidth is T inde- ~ Which is characterized by a new,§,0) transverse modula-
pendent Agq~0.15 A~1) at T>T,. The energy width of the tion of the parent cubic structure, should be accompanied by
peak is resolution limited. Figure() shows that, just as the @ uniform distortion of the latter. Experimentally, this has not
phonon anomaly, it is localized in a narrow valley along been observed: Neither splitting nor shifting of the original
(110). Asargued in Ref. 17 the diffuse peak is defect, in-fcC Bragg peaks was detected beldw Only their intensity
duced and is directly related to the reduction of vibrationaldecreases slightly below,, as could have been expected,

frequencies as explained by the model proposed by Ax&onsidering the formation of new superlattice Bragg peaks.
et al2® and Halperin and Varm&. A characteristic of the PM phase is tls&ffeningof the
(£0,£0,0) TA, phonon with decreasing temperature. This is
borne out in Fig. 3. The fact that the phonon softening is
incomplete suggests that the phase transformation in
The progressive softening of TAphonons propagating in  Ni,MnGa atT; is of the first order and is not a Cochran-
the (110) direction leads to a PM phase transition atAnderson complete soft-mode transition of the type seen in
T,~260 K. The first indication to the existence of this phasematerials like SrTiQ.?
was obtained in magnetoelastic measurem¥rithiough the
PM transition, unlike the MT at a lower temperature, does
not manifest itself in the magnetic susceptibility curves,
magnetostriction shows a distinct kink . Cooling the PM phase through,, produces a conven-
The best evidence for the existence of the PM phase is thgonal martensitic transformation, which, like the Ni-Al sys-
behavior of the {,,,0).{o=3 elastic satellite[displace- tem, involvesbotha periodic modulation and a strong tetrag-

ments along (10)]. At higher temperatures the peak is onal distortion of the lattice. Relying on the results of x-ray

B. “Premartensitic” transition

C. Low-temperature martensite
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diffraction experiments, Martynov and Kokotfnsuggested to uniform strains. Showing that the “wiggle” in the
that the martensitic phase is approximately tetragonal witt{Z,Z,0) TA, phonon dispersion curve in BlMnGa persists
a=b=5.90 A,c=5.54 A, andc/a=0.94, modulated along above the ferromagnetic transition temperatl(@ -~ 380
(Zm+¢m:0), {m=0.4 with displacements along {D) [five-  K), we have ruled out the possibility of relating the disper-
layer (220) plane martensife This implies that in a trans- sion anomalies to phonon-magnon interactions, a mechanism
verse elastic scan from (22@Q) to (400), four equally  which is active in several magnetically ordered systafiié.
spaced superstructure Bragg peaks should appear. Our eXevertheless, the phonon anomalies and phase transforma-
periments[Figs. §f)—5(i)] show that the actual situation is tjon in Ni,MnGa may be expected to be dependent on ex-
different. Indeed, four peaks are observed, but theynate ternal magnetic fields, since both the MT and PM transition
equally spaced. Their positions*¢y,*{v.0)er a@Nd  gre accompanied by kinks in magnetostrictibit is gener-
(=28, =2¢m,0)er» {M~0.43, found to be the same in g1y agreed that the true origin of the phonon anomalies lies
several Brillouin zones, correspond to an incommensuratg, electron-phonon(e-ph) coupling and specific nesting
modulation of the average tetragonal structure along thf)roperties of the multiply connected Fermi surfa®ehe
(110)ey direction with displacements along 10y SUCh  gffect is similar to that produced by Kohn anomaft®sut

a periodicity issubstantially different fro_m the one in the PM stems from the divergence in tieeph matrix element, rather
phase where the modulatlon oceurs W'%O'Q’?" It is also than in the dielectric susceptibility itself. First-principles
important to emphasize thab phonon anomalies were ob- local-density-functional calculatiod;*’based on these con-

served above ) at {~0.43= {y. cepts, were remarkably successful in reproducing the anoma-
lies in the (,¢,0) TA, branches in Ni-Al and Ni-Ti alloys,
IV. DISCUSSION and also predicted the weaker “wiggle” in the&,¢,?) TA

The diffusionless phase transitions in MnGa may be mode, which was later observed experimentalBoth fea-

adequately described by a Landau-type phenomenologic4fr€S are present in the phonon dispersion curves of
free energy functionaF (Ref. 29. The theory should be able Ni2MnGa, suggesting that these systems have similar Fermi
to account for(1) a first-order phase transition @t with ~ Surfaces. It would be very interesting to s# initio calcu-
incomplete phonon softening, resulting in a periodic distor-lat'gnS for leMnGa. F_or the v_enﬂcatlon of the phgnomenp-
tion of the cubic phase with the wave vector of the softlogical and microscopic theories, much valuable information
mode, (2) the MT atT,, which involves both a tetragonal M2y be drawn from the study of the stress dependéhok
distortion and a new superstructure, &8iithe fact that the the phonon dispersion curves. We have recently performed

superstructure in the MT phase has a different periodicitPUch measurements on JMinGa and observed some very
from that of the “softest” (y,¢0,0) phonon and is incom- interesting uniaxial stress-dependent behatidn. the future

mensurate with the tetragonal lattice. For this, the theor€ investigation of the composition dependénumy also

should make use of a suitable set of order parameters, inclu®OVe extremely fruitful.

ing the tensor of uniform strains,, and the amplitudes of

periodic (¢,£,0) distortions of the parent structurg(()

(Refs. 30—33 Requirementl) may be met by appropriately V. CONCLUSION

choosin_g the signs o_f higher-order Landau coefficients when system undergoing a two-step martensitic phase trans-
expandingZ to a series iny(¢o) (Ref. 30. As the tempera- ¢, mation was studied by inelastic neutron scattering and
ture is decreased, a global minimum ¥ may appear at  peyron diffraction. Several anomalies in the phonon disper-
(L) #0, before then(Zy) =0 ppmt (the parent phagéoe-  gjon curves were observed in the parent cubic phase. The
comes dynamically unstable, i.e., before the phonon fréqeqry complete softening in the £,0) TA, branch results
quency reaches zero. This results in a “premature” first, 5 remartensitic first-order phase transition which involves
order phase transition at,>To. To meet requirement?) 5 commensurate periodic distortion of the parent structure
one has to consider anharmonic terms, coupling the ordgf;, the periodicity equal to that of the soft mode. A strong
parametersy ande,,, (Refs. 31-3R These are expected t0 \yaye vector dependence of the coupling of periodic distor-
be strong, since the ap_phcat|0?2 of uniaxial strain leads to §gns to homogeneous strains leads to a further transforma-
whole series of MT in N;MnGa:” Requirement3) requires  tjon 1o an incommensurate martensitic phase at lower tem-
strong wave vector dependence of the Landau coefficientgeratures. The modulation of the martensite structure is

The free energy should be minimized with respect/ld)  jstinct from that in the premartensitic phase.
for all plausible wave numberg and not only for{,. As a

result, as in the case for Ni-Al alloys, the modulation of the
MT phase may correspond to wave vectors, different from
that of the soft modé&"®3*The actual phase diagram is the
result of a delicate competition between different anhar- The authors would like to thank J. Trivisonno for inter-
monic terms. The above description covers the cases of conesting discussions and for sharing unpublished results. Work
plete phonon softeningTo=Ty), as in SrTi0; (Ref. 28; at Brookhaven National Laboratory was supported by the
one-step transitions with little phonon softeninB,&T)y,), Division of Material Sciences, U.S. Department of Energy,
as in AuCuZn, for example®® and the two-step transitions under Contract No. DE-AC02-76CH00016. The work at
(To>Twm) as in Ni,MnGa and Ni-Ti(Refs. 3-5,38 Lawrence Livermore National Laboratory was performed un-

Naturally, phenomenological theories are able to explairder U.S. Department of Energy Contract No. W-7405-ENG-
neither the origin of the phonon anomalies nor their couplingd8.
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