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We present an experimental study of the premartensitic and martensitic phase transitions,Mn&aNi
single crystal by using ultrasonic techniques. The effect of applied magnetic field and uniaxial compressive
stress has been investigated. It has been found that they substantially modify the elastic and magnetic behavior
of the alloy. These experimental findings are a consequence of magnetoelastic effects. The measured magnetic
and vibrational behavior agrees with the predictions of a recently proposed Landau-type[foB&nes
et al, Phys. Rev. Lett79, 3926 (1997)] that incorporates a magnetoelastic coupling as a key ingredient.
[S0163-182699)01834-3

. INTRODUCTION we study the Ni-Mn-Ga alloy close to the HeuslepMhGa
stoichiometric composition, which undergoes a martensitic
An interesting feature of martensitic transitions in shapetransition in the ferromagnetic state. Recently, large
memory alloys is the existence of precursor phenomenanagnetic-field-induced strains have been obtained in this
They are a consequence of weak restoring forces in specifgystem’:
crystallographic directions that announce the possibility of a From a fundamental point of view, peculiar pretransi-
dynamical instability. Commonly, these systems have a lowtional phenomena have been reported in Ni-Mn-Ga. Remark-
lying transverse TA phonon branch together with a low ably interesting is the fact that, in a certain composition
value of the corresponding elastic constadt; both the range, this alloy exhibits a pronounced temperature softening
whole branch and the elastic constant soften with decreasingf the (5330) phonon on the transverse JAranch, which

temperature. Other pretransitional effects are diffuse elastisgndensates at a temperatite leading to the appearance
scattering and phonon anomalies on the low-lying branch a§f a micromodulated structure preceding the martensitic
certain wave vectors that are close to the reciprocal latticgansition? Such a microstructure has been studied by high-
vector corresponding to the modulation of the low-resolution transmission electron microscopy and has been
temperature martensitic phase. The prototypical examplghown to be the reason of the extra spots observed on the
where these anomalies have been eXtenS|Ve|y studied is t%rresponding e|ectron-diffraction pattéﬂ']The wave vec-
Ni-Al alloy. _ tor associated with this modulation is different from that cor-
Precursor phenomena are expected in second-order phag&ponding to the five- or seven-layer modulation, character-
transitions and are not observed in strongly first-order tranistic of the martensitic phases in this alloy system. The
sitions. The martensitic transition is a first-order transmonpremartensitic(or intermediate phase transition has been
taking place before the complete softening of a responsghown to be a first-order transition originated by the magne-
function; that is, before the system becomes harmonicallyoelastic coupling between the magnetization and the anoma-
unstable. It has been propo%édhat this is possible due to lous TA, phonontt*?
the anharmonic coupling between a phonon on the transverse | this paper, we present a detailed ultrasonic investiga-
TA, branch and the long-wavelength shear mode related tgon of a Ni-Mn-Ga single crystal with composition very

C’. This picture has been shown to be suitable for qualitagjose to the stoichiometric one. We focus on the magneto-
tively describing the martensitic transition in Cu-basede|astic properties of this alloy system.

alloys?

Among the systems undergoing martensitic transitions, Il. EXPERIMENTAL RESULTS
shape-memory alloys are highly attractive. Recently, there
has been increased interest in the study of magnetic alloys The sample investigated was a single crystal with compo-
exhibiting shape-memory propertie&. The coupling be- sition Nis Mn,s Gays 1 grown by the Bridgman technique.
tween structural and magnetic degrees of freedom opens tiighe single crystal was obtained by melting appropriate
possibility of a magnetic control of the shape-memory effectamounts of single crystals labeled 3 and 6 in Ref. 13; the
associated with the martensitic structure, which confers t@stimated error in the composition 0.5 at. %. From the
these alloys a potential technological interest. In this papeoriginal rod, a parallepipedical specimen (6<51.45
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. 04f ] contrary to the one exhibited by other shape-memory

S | alloys*’

£ .’\ With the purpose of investigating the interdependence be-

g 03r ) T tween elastic and magnetic properties, we have measured the

- " . magnetic-field dependence of the elastic constants. For these

S 02f : 1 measurements, the sample was placed between the poles of

&h R .

= . ] an electromagnet, and magnetic fields up to 10 kOe were

S o1k . i applied along thg110] and [001] directions. Prior to each

2 | : ] magnetic-field scan, the sample was annealed for 45 min at

= 1 520 K (well above the Curie temperatur&uch a heat treat-

v 0.0 \ 1 ment ensured that the measured dependence of each elastic
[ . . — ] constant corresponded to the first magnetization process. The

200 225 250 275

results obtained are shown in Fig. 2, where solid and open
symbols stand for increasing and decreasing magnetic fields,
FIG. 1. Relative change of the elastic anisotropy=C44/C’) respecti_\/ely. Al el_astic CO”St"’_‘”t? inc/rgase up to a saturation
as a function of temperature. valu_e_wnh increasing magnetlc fiel@' is the conste_mt that
exhibits the largest relative change. The saturation values
found for fields applied alongD01] and[110] are, within the
X 4.8 mn?) with faces parallel to thg001), (110, and experimental error, coincident. Notice that the value
(110) planes was cut. In addition, two platelike small achieved by the elastic constants when the field is removed is
samples (3.21.4x1.0 mn?) and (2.8<1.6xX0.7 mn?) slightly larger than the initial one. This irreversible effect is a
were cut, with the longer direction along tf@01] and[110]  consequence of the magnetic remanence.
crystallographic axis, respectively, which were used for mag- It is also instructive to look at the magnetic-field depen-
netization measurements. dence of the ultrasonic attenuation. It is clear from Fig. 2
The crystal exhibits an ordered2; Heusler structure that, for all acoustic modes, the ultrasonic attenuation de-
(space groug-m3m) at room temperature. For the investi- creases with increasing magnetic fiéfdThe attenuation of
gated composition, the Curie point is Bt=381 K; the in-  ultrasonic waves in ferromagnetic materials is mostly due to
termediate transition takes placeTat=230 K, and the mar- the scattering produced by magnetic domains. Present results
tensitic start temperature &, =175 K. show that scattering of ultrasonic waves is smaller when
The velocity of ultrasonic waves was determined by themagnetic domains are aligned along the same direction. For
pulse-echo method, using the phase-sensitive techniqughe modes corresponding ©, and C,,, the relative de-
X-cut andY-cut quartz transducers with resonant frequenciegrease is similar for magnetic fields alof@01] and [110]
of 10 MHz were acoustically coupled to the surface of thegjrections. ForC’, the relative decrease for the magnetic
sample by means of Dow resin 276-V9 in the temperaturgie|q in [110] direction is larger than for the other modes.

range 270-320 K, and by Nonagq stopcock grease in the tem- iy \we have also investigated the dependence of elas-
perature range 200-270 K. The room temperature valueﬁC

constants upon uniaxial compressive stress. For these
found forC, (=229 GPaandC,, (=102 GPa are close to L .
those reporLte(d for a Ni-aMn-Ga“ér(ystal it o slightly differ- Measurements, the sample was placed inside a universal ten-
ent compositiort* The value found forC’ (=22 GPa is sile macr_une equ_lpped with compression grips. The machine
larger in our sample. It is important to point out that ultra- was equipped with a cryofurnace, which enabled us to con-
sonic waves propagating along th&10] direction with duct measurements at different temperatures. As an example,

in Fig. 3 we present the room-temperature dependence found

[110] polanz_atlon are affected_ by strong attenuation ansiN%,; the three independent elastic constants for uniaxial com-
from magnetic domain scattering of ultrasonic waves. As a

consequence, determination of the actual velocity for thesgressive st'resses applieq along[tﬂel] direct@on: AII.eIastic
waves is rather difficult. Such a difficulty is reflected by the cons'tants. increase with Increasing stresg, indicating an over-
difference in the values found from neutron date=(1000 all stiffening of the crystal. Th_e increase is clearl_y nonllnear_
m/9 (Ref. 15 and ultrasonic measurements= 740 m/3 and seems to reach a sa_turatlon value. The relative change in
(Ref. 14 performed on exactly the same sample by differenthe elastllc constants is similar for all of them. The amount of
authors. The value found for our crystat< 1600 m/3 is change inC’ is of the order of that measured in other bcc
slightly larger, and the difference is likely to be due to thealloys; however, the change @, andC,, is about one or

T (K)

different composition between the two samples. two orders of magnitude larger than the typical changes re-
The two shear elastic constar@g, andC’ show signifi-  Ported for other bce alloys’
cant softening at the intermediate phase transftidfi1°The The combined temperature and stress dependence of ul-

softening ofC’ is more pronounced than that 6%, thus {rasonic waves provides a convenient way of investigating
resulting in a relative increase of the elastic anisotropy at théh€ stress dependence of the premartensitic transition. With
intermediate phase transition, as illustrated in Fig. 1. Belownis &im, we have measured the temperature dependence of
the intermediate phase transiti@ increases on cooling. the shear elastic consta@t, at different levels of applied
This relative increase i€’ is larger than that o€,, and the  uniaxial stress along thg001] and [110] directions. We
elastic anisotropy decreases as the sample approaches thve used this shear elastic constant instedd’ diecause of
martensitic transformatiosee Fig. 1L Such a behavior is the poor quality of the ultrasonic echoes for the waves asso-
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ciated with this elastic constant, which in some cases made it lll. DISCUSSION

difficult to clearly define the position of the minimum in the
C’ vs T curve. In Fig. 4 we show an example of the resultsbe

found during heating runs at gtresses of O.Ml?iacles), 1 memory alloy. In both alloys pronounced temperature soft-
MPa (squareg and 4.5 MPa(triangles, applied along the

— T o ening of TA, phonongclose to &30) for Ni,MnGa and to
[110] direction. The temperaturg, of the minimum of the

11 i i “
Canvs T cunesfor difre: e el dorg osand _ £10) 1 M (8, 20k seconpnied by o oo
[110] directions is plotted in Fig. 5. It is clear that the ap- P P i '

T . remartensitic behavior of BMnGa turns out to be quite
plication of a compressive stress decreases the temperat Rferent. The important differences af@ the phonon soft-

of the forward transition and increases that of the reVers@ning in NiMnGa is more pronounced: afd) for Ni-Al, all
one. Therefore, the premartensitic transition under applie@|astic constants stiffen with reducing temperature, with the
stress occurs with thermal hysteresis. The change in the fogyception ofC’, which decreases monotonously down to the
ward and reverse intermediate transition temperatures seemartensitic transition temperatufeAs a result, in Ni-Al the

to reach a saturation value for stresses above 3—-4 MPa elastic anisotropy increases monotonously with reducing
the case of a stress along {l@#91] direction the saturation is temperature(approaching the martensitic transitjorThis

not observed for the forward transition because at highejong-wavelength acoustic-mode behavior is completely dif-
stress levels there was a significant distortion of ultrasoniderent from that exhibited by NMVinGa (see Fig. 1 The
echoes origin of this unique vibrational behavior of MnGa lies on

It has been customary to compare the lattice dynamical
havior of NjMnGa to that exhibited by the Ni-Al shape-
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Stress (MPa) (=0.019 meVWK) is similar to that of Ni-Al
(=0.016 meV/K).! This result shows that when the sample
FIG. 3. Relative change in the natural velocity of ultrasonic becomes magnetically ordered, the softening is enhanced as
waves associated with the elastic consta@is (triangles, C,, @ consequence of the interaction between the magnetization
(squares andC’ (circleg, for uniaxial stresses applied along the and the phonon energy.
[001] direction. For Ni-Mn-Ga alloys close to the stoichiometric compo-
sition, the soft phonon can freeze at a given temperature
the ferromagnetic order exhibited by this allBySuch a pos- (T)). This freezing gives rise to the development through a
sibility was first ruled out by Zheludeet al®!® These au- first-order phase transition of a micromodulated structure
thors based their assertion on the fact that they observedthat can easily be detected by the narrowing in the peak
wiggle on the TA phonon branch at=% at a temperature Width and a remarkable increase in the integrated intensity of
slightly above the Curie point. However, very recently, Stuhrthe diffraction peaks at3;0). BelowT,, the energy of the
et al?* have performed neutron scattering experiments ove 110) TA, phonon increases with further decreasing

a broad temperature range co_vering the ferromagne_tic ary mperaturé. A recent Landau-type model has shdwthat
paramagnetic phases of ashiMn,s Saeg crystal (this 407600 rence of this first-order phase transition must be

cLyst;I _Ifjr:d nr(])t exfhlbltdamytttrhanfltlon tot thedlnterrr;ledlate cribed to the existence of a magnetoelastic coupling. Not-
phase. They nave found that the lemperature dependence ithstanding, the transition from thie2, structure towards

the energy of the soft phonon changes significantly at th he micromodulated structure has not been observed in all

Qurie point. Such a change i.ndicate.s th"?“ the phonon SOﬂe'Ni—Mn-Ga samples investigated by different authors. In or-
mg'depends on the magneu.c or.dermg in the samp'le. Interder to clarify this point it is interesting to collect data for the
estingly, the phonon softening in the paramagnetic phasSifferent transition temperatures from the literature for dif-
ferent samples with compositions around the stoichiometric
one. We have observed that in the range of compositions
close to the stoichiometrithatched region in the inset of Fig.
6), these data can be compiled in a compact representation
. by plotting the different transition temperatures as functions
of a parameter ¢) obtained as a weighted compositioa (
=X at. % Gaty at. % Mn composition, witbk+y=1; it can
easily be related to the electron per atom rajioWe have
found (Fig. 6) that thex,y values that give the best represen-
tation arex=0.6 andy=0.4. The diagram shown in Fig. 6
delimits the four principal phase&:2, paramagnetic, para-
magnetic martensitd,2, ferromagnetic, and ferromagnetic

0.00 |-

-0.04 -

-0.08

AC,/Cy,

-0.12 +

-0.16

T

210

1
220

230

240
T (K)

250

260

martensite. The intermediate phase has only been observed
in alloy systems in the ferromagneti?, phase, for which
the martensitic transformation temperature is far enough

from the Curie poin{dashed line in the diagramThis find-

ing is probably an indication that the magnetoelastic interac-
tion is sufficiently strong to drive the system through the
transition towards the intermediate phase. Actually, this
would be in agreement with the model presented in Ref. 12,

FIG. 4. Relative change of the shear elastic cons@ytwith
temperature (heating rum, for applied uniaxial stresses of 0
(circles, 1 MPa(squares and 4.5 MPatriangles, applied along

the [1?0] direction.
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my 1 T experimental techniqués.Present results confirm the fact
600 - T the application of mechanical stresses results in a modifica-
5001 PARAMAGNETIC L2, i tion of the kinetic characteristics of the phase transition.
PARAMAGNETIC ] Moreover, it has theoretically been shalthat the effect of
400 L MARTENSITE R i applying a mechanical stress is an enhancement of the first-
__________ 8 A AR order character of the intermediate transition.
Q 3008 < o GPRROMAGNETICL2, 4 All elastic constants exhibit an anomalous stress depen-
~ ¥ 1 dence(Fig. 3): the measured increase is not linear, and the
B 200t i . relative change is larger than that expected from purely vi-
FERROMAGNETIC brational anharmonic contributions. We argue that such an
100 - MARTENSITE .
T - anomalous behavior could also be related to the magneto-
ol a2 m elastic interaction. That is, the application of a uniaxial stress
,  akMn e may induce rotation of magnetic domains, resulting in a
20 21 22 23 24 25 2 27 change in the magnetization. This effect would lead to a

a modification of the values of elastic constants. This argument
S . . . is consistent with the experimental finding that the relative
FIG. 6. Martensitigsolid circleg, Curie(solid up triangles and  change of elastic constants with hydrostatic pressure has
intermediate(open down triangléstransition temperatures as a been found to be in the usual range for cubic alloys. Mea-
function of a weighted composition parameter. Most data have beesurements of magnetization on samples subjected to con-
collected from Refs. 8 and 13. The open diamond corresponds tgolled uniaxial stresses could provide experimental justifica-
the temperature of the change in the modulation of the martensitiion for this hypothesis.
phase(Ref. 24. The hatched region in the inset shows the compo- The magnetic-field dependence of the structural transi-
sition range from which data have been taken for this compactions has been investigated by several authd?$’
representation. For polycrystalline samplégé no magnetic-field dependence
has been found for the martensitic transition temperature,

which shows the necessity of a large enough interaction iﬁﬂd the pri_mf‘”elnsmc htfanSitiorll temperature ¥vas not
order to drive the system through the intermediate first-ordef anged by fields less than 0.8 kOe but it was found to

phase transition. The temperatures of the premartensitic arffcrease for higher fields. We recently investigated more ac-

martensitic transition become closer each to other with deSUrately the premartensitic transition at very low magnetic

. : : . fields by means of an ac susceptometer for fields applied
creasinga. As a consequence, In a certain co_mp_o_smonalong tge[001] direction® These ?neasurements have pn%w
range, the martensitic transition can mdsk even inhibig rended t : tic fields al 1&0| directi
the existence of the intermediate phase. It is also interestingegr;hex en eb ﬁ magne Igt o 3 along Et ) m(ejc lon f
to notice, that changes in the modulation of the martensiti nd the same benavior IS oblaineéd. a monotonous decrease o
structure have been reported with decreasing tempe?éturethe.'mermed'.ate transition temperature W'th. Increasing mag-
in systems that do not exhibit a premartensitic transitio etic field. Since we have not fpunq any significant eren—
(open diamond in Fig. )6 They could be a reminiscence of denpg upon the 'dlre.ct|on of application of the magneUc field,
the intermediate transition in tHe2, phase a similar behavior is expected for polycrystalline samples.

The set of experimental evidenlces undoubtfully state th&" the other hand, for the martensitic transition temperature,
llakko et al.’ reported a decrease of2 K from strain vs

existence of a magnetoelastic coupling inMnGa alloys. . .
All elastic constants increase with magnetic field. The rela{emperature curves recorded at 0 and 10 kOe, 12'7h|s result is
t consistent with the measurements by A&i@l=" With

tive change in the elastic constants correlates with the squa ) ; A
the aim of making an estimation of the temperature change

f the magnetizatioR> This is consistent with the bilinear " e : .
of the magnetizatio S is consistent with the bilinea ith magnetic field based upon thermodynamic data using

coupling between the magnetization and the homogeneo Clausius-Cl i h d tval
shear proposed in Ref. 12 and 26. It is worth remarking tha%je ausius-tlapeyron equation, we nave used recent vaiues

such anM?2 dependence of the magnetoelastic energy ha or the entropy change at this transititand have measu'red'
also been proposed by other autfias order to account for e temperature dependence of the saturated magnetization,
their experimental observations shown in Fig. 7. An increase iM (AM =130 emu/mol and

It is acknowledged that the application of a uniaxial stresf_'\/I =70 emu/_mol _for fields along thé01] and[_l_lO] dire(_:-_
ons, respectivelyis observed at the martensitic transition.

increases the martensitic transition temperature. Fo, h dat d i h i th rensitic t
Ni,MnGa, a dependence of-2.5 MPa/K for uniaxial ese data render a maximum change in the martensitic tran-

. N 72 . .
stresses along th@01] crystallographic direction has been SI'[IOI’! temperaturedT/dH 2X10"" KikQe. Th|sz7valug IS
consistent with the results reported by Zabal:“" an in-

reportec?® In our investigations, we have restricted our stress . e !
P g ease of~1 K will fall within the experimental errors. Al-

range in order to ensure that the temperature increase of tﬁé h th its by Ullakket al? - th
martensitic transition does not interfere with the intermediatéough the results by Ullakket al.” are not consistent wit

transition. We have found that the application of uniaxialthe CIausius-CIap_eyron predictions, it must be taken in_to ac-
stresses modifies the characteristics of the intermediate phaggun_t _that nucleation effects_ may play a relevant role n de-
transition: when the sample is subjected to a mechanicdf'MNING the actual transition temperature of a given
stress, the transition occurs with a certain thermal hysteresi's:’.""mple'

Dynamic mechanical tesfsand neutron-scattering experi- V. SUMMARY AND CONCLUDING REMARKS

ments under uniaxial stréSseported the existence of ther- ’
mal hysteresis at the intermediate phase transition, although We have performed an experimental investigation of the
no detectable thermal hysteresis was observed by using othpremartensitic and martensitic transition in a Ni-Mn-Ga
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upon the applied stress which cannot be accounted for by
purely anharmonic vibrational theories.

(3) The application of uniaxial stress results in a modifi-
cation of the premartensitic transition: the transition takes
place with thermal hysteresis.

(4) By making use of the measured valuesfl and
AS, it has been proven that the Clausius-Clapeyron equation
predicts a change in the martensitic transition temperature
with magnetic field around 2 10”2 K/kOe.

(5) The premartensitic transition temperature decreases
with application of magnetic fielé&venat low (0—-20 Oeg
magnetic fields. This behavior does not depend upon the di-
rection of the applied field.

Present results undoubtfully state the existence of a mag-
netoelastic coupling in this alloy. Such a magnetoelastic cou-

directions. Thin lines are guides to the eye to show the jump at th@INJ IS responsible for the first-order phase transition from
martensitic transition, and the horizontal behavior at low temperall®L21 towards a micromodulate@ntermediatg phase.

tures for the[001] direction.
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