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Elastic constants of Ni-Mn-Ga magnetic shape memory alloys
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We have measured the adiabatic second order elastic constants of two Ni-Mn-Ga magnetic shape memory
crystals with different martensitic transition temperatures, using ultrasonic methods. The temperature depen-
dence of the elastic constants has been followed across the ferromagnetic transition and down to the martensitic
transition temperature. Within experimental errors no noticeable change in any of the elastic constants has been
observed at the Curie point. The temperature dependence of the shear elastic niséanbeen found to be
very different for the two alloys. Such a different behavior is in agreement with recent theoretical predictions
for systems undergoing multi-stage structural transitions.
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I. INTRODUCTION certain temperaturg, (above the martensitic transition tem-

The martensitic transition is a diffusionless solid-solid Perature below which it increases agaif.Such a change in
phase transition with a predominant shear distortion of thd&ehavior atT, is due to the development of a micromodu-
lattice. In spite of the transition being first order, many of thelated phasé,which occurs via a weakly first order phase
solids undergoing martensitic transitions exhibit anomalougransition:® The micromodulatedor intermediatgphase has
behavior(termed precursor phenomena in the literatiae  a cubic symmetry with a three-fold modulation of tl0)
temperatures well above the transition. These precursor phglanes!! It is also worth mentioning that neutron powder
nomena are a consequence of weak restoring forces alomtiffraction experiment$ have suggested that an orthorhom-
specific directions, evidenced by low values of the corre-bic supercell could be more appropriate to describe the inter-
sponding elastic constants and phonon enefgidence, a mediate phase. It has been shown that magnetoelastic cou-
good knowledge of the vibrational behavior close to the tranpling is responsible for the occurrence of such a phase
sition temperature is of crucial importance for the under-transition'®'3Recent calculations of the Fermi surface in the
standing of the martentisic transition. ferromagnetic phase suggest that Fermi Surface Nesting is a

In this paper we present the results of the measurement afominant driving force for the phonon softening in the fer-
the elastic behavior of Ni-Mn-Ga. This alloy is ferromag- romagnetic phas¥. Ultrasonic measurements of the elastic
netic, with a Curie temperature slightly dependent on com<onstants for compositions close to the stoichiometric one
position, and undergoes a transition from an orddgiéelu- have revealed pronounced softening of the shear constants at
slen cubic structure towards a martensitic phase at dhe premartensitic transitdf-’
temperature which is strongly dependent upon composition. The phase transition to this micromodulated phase has
It has been shown that the stability of the magnetic and strudseen investigated by using different experimental techniques.
tural phases in these Heusler compounds is mainly controlleResults show that this transition only occurs at low values of
by the average valence electrons per atefa).2* For low  the electron concentratiofe/a<7.7).*® In this range of
e/a values, the martensitic phase is tetragoféth a very ~ compositions, the martensitic transition is well below the Cu-
small monoclinic distortiopwith a five-layer modulation; at rie point. Recently, inelastic neutron scattering experiments
high e/a, the structure is tetragonal nonmodulated, and arave been carried out in off-stoichiometric samples with the
orthorhombic structure with a seven-layer modulation hasnartensitic and ferromagnetic transitions very close each
also been reported at intermediate.> other®1® Results have evidenced a phonon behavior different

In recent years this alloy system has received extensivéom that of the samples exhibiting a premartensitic transi-
investigation due to the fact that the shape-memory effection. For highe/a, there is a dip on th&A, branch centered
associated with the martensitic transition can be influencedt q=1/4. There is pronounced temperature softening of
by applied magnetic fields.The pretransitional effects of these anomalous phonons, which is enhanced below the Cu-
this alloy system have also been found to be very peculiarie point. The distinct feature is that this softening continues
For the stoichiometric compound MinGa, the transverse down to the martensitic transition temperature, without any
TA, branch has a pronounced dipgat 1/3. Oncooling, the  upturn associated with an intermediate phase, as occurs for
frequency of this anomalous phonon decreases down to law e/a samples. It is our purpose in this paper to extend the
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study of the elastic constants in Ni-Mn-Ga, to those alloys 002k j ' j ]
with high e/a. _ ] ]
o < 0.00f .
Il. EXPERIMENTAL DETAILS 31: 002k i
The single crystals used in the present study were cut -0.04L J
from the larger single crystals used in previous neutron- 0.04 - 1
diffraction experimenfsat the High Flux Isotope Reactor 002k ]
(HFIR) at Oak-Ridge National LaboratorgORNL). The % '. ]
compositions of the crystals aredgMn,; Gas o (sample 2, 3 000 M .

e/a=7.56, and NiggMn,gGaygo (Sample 3,e/a=7.71).

From our earlier study, the transition temperatures of the 0'02.

crystals arel.=359 K andM =227 K for sample 2 and . 0.02 - -
=365 K and M =345 K for sample 3. From the original -

rods, parallepipedical specimens with dimensions 8.30 °§ 0.00  Sitame o S
%x10.35x10.55 mni (sample 2 and 9.30<9.80 ¥ -002f 4
% 11.30 mni (sample 3 with faces parallel to thé110), < :

(1?0) and(001) planes, respectively, of the high temperature
cubic phase were cut. X-cut and Y-cut quartz ultrasonic
transducers were used to generate and detect the ultrasonic
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waves, and the velocities of the these waves were determined

by the pulse-echo technique. The transducers were acousti- FIG. 1. Temperature dependence of the relative change in the
cally coupled to the sample by means of Dow Corning Resirvelocity of ultrasonic waves for sample 2 during cooliggplid
276-V9, in the temperature range 210—330 K and by Cryssymbol$ and heatingopen symbolsruns.

talbond509Aremco Products, Ingin the temperature range
320-390 K. The temperature was measured by a Pt-100 r
sistor mounted in close proximity to the sample.

&nd premartensitic transition temperatures are sensitive to the
actual composition of the sample, it is desirable to perform a
proper characterization of these phase transitions on exactly
the same specimens used for elastic constants measurements.
We have performed differential scanning calorimetric mea-
We have measured the velocity of the longitudinal andsurements on the same samples used for ultrasonic studies
shear ultrasonic waves propagating along[0®@1] direction ~ over the temperature range covering the structural transi-
at room temperature for sample 2 and at 350 K for sample 3ions. The transition temperatures for the martensitic, ferro-

Along the[lTO] direction, we have also measured the veloc-magnetic and intermediate phasesly observed in sample
ity of longitudinal and[001] polarized shear waves at the

Ill. EXPERIMENTAL RESULTS

; L 0.04 - ]
same temperatures. It was not possible to obtain direct mea-
surements of the velocity of tHa10] polarized shear waves o
. y H: ] p 2— 0.00 L M com i
because no reliable echoes were detected for these waves. =
From the measured velocities we have obtained the follow- Z
ing values of the adiabatic second-order elastic constants: -0.04 |- 1
C,,=157+1 GPaC, =252+1 GPa an€,,=107+2 GPa for 0.04 - _

sample 2 andC;;=149+1GPa;C, =241+1 GPa andCy,
=110+1 GPa for sample 3. These values correspond to an
average over four independent runs, and the estimated error
is the maximum deviation from the mean value.

The temperature dependence of the relative change in
three independent ultrasonic velocities are shown in Fig. 1
for sample 2 and in Fig. 2 for sample 3. Data correspond to
cooling and heating runs and are obtained as an average over
four independent runs. The hysteretic behavior observed for
sample 3 is due to the martensitic transition undergone by
this sample. For sample 2, the surface relief associated with W/
the appearance of the martensitic domains breaks the acous- : ReaidlF
tic coupling (which is brittle at low temperaturgdetween 320
the sample and transducer, causing the ultrasonic echoes to
disapear below-225 K.

It is well known that large crystal@s those under inves-  FIG. 2. Temperature dependence of the relative change in the
tigation herg grown by the Bridgman method are likely to velocity of ultrasonic waves for sample 3 during coolitgplid
be inhomogeneous in compositiéhSince the martensitic symbolg and heatingopen symbolsruns.
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FIG. 3. Elastic moduli as a function of the martensitic transition
temperature for different Ni-Mn-Ga alloys: data are from ultrasonic ~ FIG. 4. Temperature dependence of the relative change in the
measurementé®), inelastic neutron diffractiofA) and ab-initio ~ elastic moduli for sample 2 during coolingolid symbol$ and
calculations(M). For the theoretical calculations on the stoichio- heating(open symbolsruns. T, indicates the Curie point.
metric composition we have assumgg =210 K. Data are taken
from Refs. 7, 9, 15-17, 19, and 21-23. the stoichiometric composition, we have assumed a transi-

tion temperaturel,, =210 K. The value of the elastic con-

2) are in good agreement with the values reported edrlier.stantC’, associated with a shear of th&10 planes along
The temperature spread of the calorimetric peak associatefe (110) direction, is much lower than the remaining elastic
with the martensitic transition in sample 3 matches the rang@,oquli. This is a common feature of cubic crystals undergo-
where hysteresis has been observed in ultrasonic measuligy martensitic transformatiordt is worth stressing that the
ments thus confirming the fact that the change in the ultragyong attenuation of the shear waves associated with this
sonic velocities below~350 K is due to the occurrence of moge makes it difficult to perform a very accurate measure-
the martensitic transition. For sample 2, the decrease in thgent of this elastic constant, and the values are affected from
ultrasonic velocities below 250 K is associated with the pre+ ¢onsiderable error. Also the values from neutron diffraction
martensitic transition. data are affected from error due to the lack of data points at
very low wavenumbers. These effects are evidenced by the
scatter of theC’ values observed in Fig. 3. The elastic con-
stant associated with the fast shear mé@g,) slightly in-

From the measured velocities we have computed the inereases witfTy, (or e/a), while the bulk modulugB) seems
dependent elastic constants of the cubic phase. In Fig. 3 W present a maximum value at the stoichiometric composi-
present the computed values at 300 KB (Cy,+2C15)/3,  tion.
C’'=(Cy;—-C;9)/2 andCyy, which are the elastic moduli as-  The relative change with temperature of the elastic moduli
sociated with the symmetry adapted strain tensor compaare shown in Figs. 4 and 5. In order to better compare the
nents. Present data are compared to ultrasonic valudsehavior of the two crystals, results are plotted as a function
(circleg for other samples, and to the values obtained fronof the reduced temperatufe-T,,. For sample 3 we have
the slope of the phonon dispersion curyggangleg and to  restricted the plot to the region where the sample is in the
the values predicted fromb initio calculations(squares cubic phase since the multidomain structure of the martensi-
Data are represented as a function of the martensitic transiic phase does not allow one to associate the velocity of the
tion temperaturel,. It is worth noticing thatT,, increases ultrasonic waves with any specific elastic constant. The onset
linearly with e/a* and thereforeT), results to be a good of the hysteresis is due to the fact that the reverse transition
parameter to characterize the composition of the differenfinishes at a temperature higher thigp.
samples. We have selected this parameter insteadaolbe- The salient feature of Figs. 4 and 5 is the different elastic
cause in some cases the exact composition of the sampe bghavior of the two samples. For sample 2, the behavior
not reported. For those samples which are martensitic &gbund for C’' and C,, conforms to that already observed in
300 K, the values are obtained from a linear extrapolation oamples of close composition which transformed to a pre-
high temperature data, using the corresponding measuredartensitic structure prior to the martensitic transitiort’
temperature dependences. For the theoretical calculations dimere is a marked decrease of the shear elastic constants

IV. DISCUSSION
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0.02 — — T in the spin-phonon coupling. The different behavior found
I ] for the phonon frequencies and the elastic constants is likely
% 0.00 P — due to the different length scales associated with these two
g -0.02F T 1 quantities. While the phonon frequencies provide the re-
o I sponse of the system at a microscopic scale, the elastic con-
< 004l T, J stants provide a macroscopic description. Therefore, in the
1 l I absence of a magnetic field, the magnetic domain structure
0.10 L e below the Curie point results in an almost vanishing magne-
Q I W . tization and therefore no significant change in the elastic
Q 000F, s 1 constants is expected to occur. Actually, ultrasonic experi-
2 010 [ o i ments under a magnetic field on a sample with composition
L close to stoichiometA? have evidenced an increase in the
. elastic constants with the square of the magnetization.
0.04 | T, i Very recently, a unified study of the modulated phases in
%n l | multi-stage structural transformations has been prop&sed.
o Z°°oo.2 The behavior found for the elastic constants in the present
< 000F Geostogeens ] study fits nicely within this general framework. In that work,
. . . . % a classification of martensitic materials based on the com-
0o 10 20 30 40 50 plexity of their premartensitic behavior is proposed. Accord-
ing to this viewpoint, the two Ni-Mn-Ga crystals studied
(T-T,) (K

here belong to different categories. The essential difference
arises from the existence of an intermediate modulated phase
Sssociated with the condensation of th&, phonon withq
=1/3, inthose systems with composition close to stoichiom-
etry. The upturn ofC’ found for sample 2, and in the fre-
(more pronounced fo€’) at the premartensitic transition. quency of the anomalous phorfois characteristic of those
Interestingly, we have found here that the bulk modulus in-materials for which phonon instability occurs prior to the
creases at the premartensitic transition thus indicating a stiffstructural transition. Such an upturn reflects the highest sta-
ening of the crystal as the volume changes. This is consistefility of the modulated phase with respect to the parent
with the fact that cubic symmetry is preserved. The behaviophase. Because magnetism is responsible for the enhance-
found for sample 3 is very different. Bod andC,, mono-  ment of the softening of the anomalous phonon at the Curie
tonically increase as the temperature is decreaSeexhib-  point, its role is essential in order to understand the behavior
its a monotonic temperature softening down to the martensief the two different pretransitional behavior in the Ni-Mn
tic transition temperature. In this sense, the behavior foundGa alloy family. To this respect, even if the degree of cou-
for sample 3 is very similar to that reported for Ni-®land  pling between magnetic and vibrational degrees of freedom
indeed it conforms to the general behavior of shape-memoris stronger in nonstoichiometric systettiggh e/a), the de-
alloys for which C’ linearly decreases with temperature viation from stoichiometry stabilizes the martensitic phase
down to the martensitic transition temperatlindotice that and the martensitic transition occurs before the necessary
Ni-Mn-Ga close to stoichiometry which undergo a transitiondegree of softening which enables the phonon instability to
to an intermediate phase at a temperature above the martdme reachedpremartensitic phage
sitic transition are exceptions to such a general behavior. For
those aIons: 'the eIas}jc conste@ftincreases on approaching ACKNOWLEDGMENTS
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FIG. 5. Temperature dependence of the relative change in th
elastic moduli for sample 3 during coolingolid symbol$ and
heating(open symbolsruns. T, indicates the Curie point.
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