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Phonon softening in Ni-Mn-Ga alloys
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The TA, phonon dispersion curves of Ni-Mn-Ga alloys with different compositions which transform to
different martensitic structures have been measured over a broad temperature range covering both paramag-
netic and ferromagnetic phases. The branches show an anédi@lyt a wave number that depends on the
particular martensitic structure, and there is softening of these anomalous phonons with decreasing tempera-
ture. This softening is enhanced below the Curie point, as a consequence of spin-phonon coupling. This effect
is stronger for systems with higher electronic concentration.
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I. INTRODUCTION loys with differente/a. The study is complemented with
calorimetric, magnetic susceptibility, and x-ray diffraction
Ni-Mn-Ga alloys close to the stoichiometric composition measurements. In one of the alloys, the martensitic transition

have drawn the attention of many scientists in recent yearéemperature is close to the Curie pofhtgh e/a) and in the
The combination of ferromagnetic and martensitic transition®ther one(low e/a) it is far from the Curie point. Results are
confers on this alloy unique magnetomechanical propettiescompared with data from the literature.
The large recoverable deformationgnagnetic shape-
memory effect induced by the application of a magnetic Il. EXPERIMENTAL DETAILS
field>® open up the possibility of building magnetic actuators

much more powerful than those based on the standard mag- TWO Single crystals were grown at the Ames Laboratory.
netostrictive effect. ppropriate quantities of nicke(99.99% purg electronic

n- grade gallium (99.999%, and electrolytic manganese
](99.90/@ were cleaned and arc melted several times under an
11 argon atmosphere. The buttons were then remelted and the
the TA, branch phonons aroung=(3,3,0) has been re- 4oy drop cast into a copper chill cast mold to ensure com-
ported on coolind:®> The shear elastic constants also de-positional homogeneity throughout the ingot. The as-cast in-
crease on coolin’ Although elastic constant and phonon gots were placed in alumina cruciblegpproximately 15 mm
softening is a common feature of martensitic allByke de- in diametey and crystal growth was done in a Bridgman-
gree of softening in Ni-Mn-Ga is much larger than expectedstyle refractory metal resistance furnace. The ingots were
In addition, the pressure dependence of the elastic constarfigated to 1350°C fol h to allow homogenization before
cannot be accounted for by conventional anharmoniavithdrawing the sample from the heat zone at a rate of 2.0
theories’ This peculiar behavior is associated with the cou-mm/h. To minimize vaporization of the manganese during
pling between magnetic and vibrational degrees ofcrystal growth, the furnace was backfilled to a positive pres-
freedom>%° An interesting result is that for certain compo- sure of 6.&10° Pa with purified argon after the chamber
sitions there is an increase in phonon frequency and in thand sample had been outgassed at 1350°C under vacuum.
elastic constants below a given temperatdiig slightty = Due to the directional nature of the crystal growth and
above the martensitic transition temperatile.*’ Such a  convective mixing forces present in the liquid prior to
stiffening is related to the development of an intermediatesolidification, significant concentration gradients exist
phasé!! (micromodulated cubic structurevhich occurs via along the length of the ingots. Samples sectioned from the
a first order phase transition with a very small latent Hat. bottom and top of the single crystals provided specimens
It has been establish&d that the relative stability of the of different composition. The actual composition of
different magnetic and structural phagexluding the inter-  the investigated samples was determined by chemical analy-
mediate micromodulated phasdepends upon the electron sis to be Ni, Mn,; (Gas o (Sample 2,e/a=7.56), and
concentration €/a). Different martensitic structures occur Nisqg sMn,g sGayg o (Sample 3g/a=7.71). The composition
on increasinge/a. For low e/a the martensite has been ac- gradient for sample 2 was significantly stronger than for
knowledged to be tetragonal with five-layer modulation andsample 3. The rocking curves of these samples show struc-
for higher e/a different modulated structures have beenture representative of slightly misaligned grains which pro-
reported'? The intermediate phase is observed onlydtm  duce a full width at half maximum of-1°.
values<7.71In this paper we present the results of a lattice- Neutron scattering experiments were carried out on the
dynamical study by neutron scattering on two Ni-Mn-Ga al-HB1, HB3, and HB1A(Ames Laboratory PRJTspectrom-

From a fundamental point of view, this alloy exhibits si
gular lattice-dynamical behavior. Pronounced softening o
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FIG. 1. Specific heat as a function of temperat@aesample 2; 200 210 220 230 240 250 260 270

(b) sample 3. T(K)

eters at the High Flux Isotope React$tFIR) of the Oak AL B B B B B R B
Ridge National Laboratory. Pyrolitic graphite reflecting from 800 - 1
the (002 planes was used as an analyzer. The data wert [ T
collected either in the consta@mode(where@ is the scat-
tering vectoy or at fixed scattered neutron energies of 13.6
and 14.7 meV and at fixed incident neutron energy of 14.7__
meV. Typical collimations of 5040-40'-70' and
50'-40'-40'-120 were used. A pyrolitic graphite filter was £

A)
also used for all measurements. The energy resolution waig 100 | ]
approximately 0.8 meV. g

For measurements below room temperature a standar®

100 |

J/IK

Q

Displex helium refrigerator was used and for the field mea- 20r

surements an Oxford Instruments cryomagnet was utilized
For the measurements above room temperature a vacuul
furnace was used.

From the large crystals, samples for calorimetric and ac ~ “®beg 260 270 280 290 300 310 320 350 340 as0 360
susceptibility measurements were cut using a low speed dia T(K)
mond saw. Specific heat measurements were performed in
the range 300-500 K using a modulated differential scan- FIG. 2. Thermograms recorded during cooling and heating calo-
ning calorimeteTA Instrument$, and differential scanning rimetric runs:(a) sample 2(b) sample 3. The inset ife) shows an
calorimetry measurements were carried out in the range 80enlarged view in a restricted temperature range.
350 K using a high sensitivity calorimeter specifically de-
signed for the study of solid-solid phase transitiéhMag- ~ t0 sample Isee the enlarged scale shown in the inset of Fig.
netic susceptibility was measured in the range 80-300 K(@], indicated by an arrow is likely to be ascribed to the
using a commercial ac susceptometeakeshor@ Powdered intermediate phase transition. The estimated transition tem-
specimens were obtained using a diamond file. The powdePeratures from calorimetric data ale=359.5 K andMg
partially amorphized as a result of the filing, was annealed=227 K for sample 2 and .= 365.5 K andM =345 K for
for 7 h at 673 Kunder an argon atmosphebéray experi- sample 3. The uncertainty in determiniig, for sample 3 is
ments on these powdered Samp|es were performed in Igrge (around 5 |§ since the martensitic transition is very
Bragg-Brentano diffractometer eduipped with a temperatur@'OSG to the Curie point and the calorimetric baseline is not

-300 |- b

attachment and a position sensitive detector. well defined[see Fig. 2v)]. Comparison between Figs(a?
and 2Zb) reveals a markedly different thermal spectrum: the
IIl. EXPERIMENTAL RESULTS AND DISCUSSION transformation in sample 3 is smoother than that of sample 2.

This different kinetic behavior has already been reported in
The structural and ferromagnetic transitions were detectedther shape-memory alloys, and has been shown to arise
by calorimetry on the two crystals investigated. In Fig. 1 wefrom the different growth mechanisms of the different mar-
present the temperature dependence of the specific hensitic structures? Results shown in Fig. 2 suggest that the
showing the\ peak at the Curie point. For sample[Big.  martensitic structures for the two samples investigated are
1(b)] the upward bending below 340 K is caused by the onsetlifferent. To confirm this suggestion, we have performed
of the martensitic transition. Heat flow is shown in Fig. 2. x-ray diffraction measurements at low temperature aimed at
The small peak observed in the thermogram correspondindetermining the actual martensitic structure of the studied
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FIG. 4. ac magnetic susceptibility as a function of temperature,

sequencéZhdanov notation Even so, the degree of mono-
clinicity is so small that the use of a modulated tetragonal
ol cell also provides a good description of this structure.

In order to confirm the existence of an intermediate tran-
sition toward a micromodulated phase in sample 2, we have

2¢ performed susceptibility measurements. ac susceptibility is

FIG. 3. X-ray diffraction patterns recorded at 193 K on pow-
dered specimens of samplg@ and sample 3b).

samples. The diffractograms shown in Figsa)3and 3b)
confirm the different martensitic structures of the two
samples. For sample 3, the martensite is tetragonal no
modulated(termed in the literature B, 2M, or L1y); the
lattice parameters ara=4.2 A, b=5.6 A, andc=4.2 A;
a=B=7y=90°. A five-layered martensitgermed in the lit-
erature R or 10M) is obtained for sample 2. The unit cell is
monoclinic with the following parametersa=4.2 A, b
=5.5A, andc=21 A; «=90°, B=91°, y=90°.

The structure of the martensite in Ni-based alloys has tr
ditionally been described in terms of a tetragonal unit cell
with a shuffling (modulated approaghof the close-packed
planes with 5 (R martensit¢ or 7 (7R martensitg period-
icity. In a different approach, a monoclinic unit cell is used
with different long period stacking of close-packed planes
(period stacking approag® A critical comparative analysis
of these two approaches for Ni-Mn-Ga has recently been
undertaken by Ponet al'® To distinguish between the two
approaches, the angkebetween the andc axes needs to be
well determined. From their transmission electron micros
copy results, Ponst al'® established that the seven-layered
martensite is monoclinic, but they were not able to distin-
guish aB angle different from 90° for the five-layered speci-
men. The results presented here demonstrate that the unit ¢
for the five-layered martensite is indeed monoclini (

=91°) as evidenced by the splitting of thb2§ and (12_5
peaks, and thus it is better described by a)@3&tacking
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very sentitive to the intermediate phase transifidResults
for an ac field of 10 Oe and a frequency of 66 Hz are shown
in Fig. 4. A marked dip is seen at 245 K. This temperature
coincides with that of the calorimetric peak and is a clear
evidence of the intermediate phase transition. At the marten-
r§_itic transition there is a sharp decreasg jrassociated with
the higher magnetic anisotropy of the martensitic phase.

In Fig. 5(a@) we present the temperature dependence of the
integrated intensity of th€220) Bragg peak for sample 2. A
significant decrease in the intensity occurs at the onset of the
martensitic transition. A good correlation exists with macro-
scopic measuremenigalorimetry and susceptibility The
fact that in Fig. %a) the transition spreads over a broader

at'emperature range is caused by the composition gradients
present in the large crystal of sample 2. As previously men-
tionned, the composition gradient in sample 3 was much
smaller. This is illustrated by Fig.(B), which shows the

' hysteresis loops obtained from the integration of the thermo-
grams recorded on samples cut from the topntinuous

line) and bottom(discontinuous lingof the large crystal.

Figure 6 shows the measured JAranch for the two
samples, at selected temperatures above the martensitic tran-
sition. Overall, the energies are comparable to those reported
in other alloys with compositions close to those of the crys-
tals investigated her®® Significant phonon softening for
those phonons aroung= 0.3 is observed on cooling, result-

ing in a marked dip in the branch which becomes more pro-
fidunced as the temperature decreases. For sample 3, such a
softening is clearly visible for temperatures below the Curie
point. It is interesting to note that the position of the dip is
slightly different for the two samples. For sample 2 it is
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FIG. 5. (a) Integrated intensity of th€220) Bragg peak as a o g
function of temperature, for sample &) Transformed fraction w 2r 5 ? 7
obtained by integration of the thermograms recorded from samples I 4}
cut from the top(continuous ling and bottom(discontinuous ling L %
of the large crystal 3. S L i f 1
located até=0.33 while for sample 3 it is af=0.25. The [ .|
behavior of sample 2 is similar to that reported by Zheludev -
et al* This is consistent with the fact that the transition tem- I
. 0 N 1 L 1 N 1 L 1
peratures for sample 2 and that of Ref. 4 are close, which 0 0.1 0.2 0.3 0.4
indicates that the compositions of the two samples are not £
significantly different’ Moreover, the two samples trans-
form to the same martenstitic structufféve-layer modula- FIG. 6. TA, phonon dispersion curves ¢ sample 2 andb)

tion). For sample 3, the dip is less markgtlis broader and sample 3 at selected temperatures above the martensitic transition.
not very deepand ressembles that reported very recently for
a sample transforming above room temperatolese to the is at the origin of the anomalous phonon behavior of Ni-Al
Curie poin).’® While at low temperature the dip is located alloys, and a composition dependency of the anomaly in the
around £=0.25, the maximum softening occurs for those TA, branch has been obtained from detailed first principles
phonons at=0.33. calculations® For Ni-Mn-Ga, it has been argu€dthat the

The composition dependence of the location of the dip irorigin of phonon anomalies could be the same. The compo-
the TA, branch parallels the behavior reported for Ni-Al sition dependence reported in the present paper supports this
alloys™ In that system, for the alloy transforming to thR3 idea. Ab initio calculations for off-stoichiometric alloys
structure, the dip was broad and centered-ab.14, which  would provide valuable information to elucidate the physical
is close to the wave number obtained for Ni-Mn-Gample  origin of phonon anomalies in this alloy system. However, in
3) whenL2,; atomic order is considered. As argued for Ni- Ni-Mn-Ga, the contribution from magnetisiispin-phonon
Al, the phonon dip for samples transforming t&® Jiever  coupling plays a relevant role, as will be shown in the fol-
gets deep enough and the strain energy associated with tHmwing. This should be taken into account in any calculation
wave vector is not sufficiently large to induce a modulationof the phonon branches in these alloys.
in the low temperature martensite. Electron-phonon coupling The degree of softening is quantified by the temperature
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FIG. 7. Energy of the phonon at the dip of the JBranch, as a
function of the reduced temperaturg, is the Curie temperature.
Diamonds correspond to sample 2 and triangles to sample 3. Circl
are from Ref. 4 and squares from Ref. 5.

dependence of the energy of the phonon at the dip of thﬁansition at high temperatures prevents the frequency of the

branch. This dependence is plotted in Fig. 7 as a function o f oh f hi | I ht bl
the reduced temperature. For comparison we have also ploto't Phonon irom reaching a vaiué small enough fo enable

ted data for other Ni-Mn-Ga crystals. Linear behavior is ob-d€Velopment of the intermediate phase. The same reasoning

i H Vi 5
served for all samples but with a different slope of tevs ~ &/S0 holds for the sample investigated by [8tet al.” for

T curves in paramagnetic and ferromagnetic phases. As a/nich Tc—Ms is relatively small . By contrast, the sample

. 4 .
ready mentioned, sample 2 behaves similarly to that investinvestigated by Zheludest al” has a lower martensitic tran-
gated by Zheludewet al.” In particular, notice that, using the sition, and this enables the ph(_)non frequency to reach very
reduced temperature, data points of the two samples coIIapé%"IV valges(sleeZFl%. tﬁ and the t'me”;ed'atﬁ p?ase can ?:e-
(within experimental errojsonto a single curve. Stiffening V€'OP- SaMmpl€ 2 Of the present work Is a limiting case. ~or
of the anomalous phonon is observed at temperatures slight is sample the intermediate and martensitic transition tem-
above the martensitic transitidnFigure 7 shows that the eratures are expected to be extremely cisse the phase

degree of phonon softening is enhanced at the Curie poingiagram in Ref. 1 Within the errors, according to Fig. 7 the -

Such enhancement is different for the different samples. ~Martensitic transition takes place when the phonon energy is
The intermediate phase has not been observed for all NArOUnd 1 meV for all samples. For those alloys with a pre-

Mn-Ga alloys. It has been suggest# that the occurrence martensitic transition, the value of ) at T, is well below

of the intermediate transition is associated with a relativelyt M€V and upon further cooling it rises to reach the value at

strong coupling between magnetic and vibrational degrees hic_h the martensitic transition occurs.
freedom. This is experimentally supported by the fact that (Ij:malrlly, we lhavg measured the '{Aora_nch I?jf samlplq 2
the intermediate phase has been observed only in sampld§der the application of a 6.5 T magnetic field. Preliminary

with a martensitic transition temperature well below the Cu—;ﬁg:fs(c'r:‘;r']gﬂse ighi)th:)hneor?fgfecct]ucgng?gsﬁgrlg,sn;nzlr;)e/,r lc?la:/nert){\e
rie point: !n Fig. 8 we have pI(_)tted the slope of tw.w) vs experimental errojs However, a small but systematic in-

T curves in both paramagnetic and ferromagnetic phases, a$ . .

- Crease of the energies of the soft phonons seems to occur in

a function of the temperature gap between the ferromagneti¢ ; S S .

. . ; dll cases. That is, application of a magnetic field slightly

and martensitic transitions. The values in the paramagnetic

- ! reduces the depth of the dip in the phonon branch. This be-

phase are similar and close to that measured in NZAd- havi llels that of elast hich also i
dicated in the figure by a dotted line. For all samples the avior paraliels that of elastic constants, which aiso increase
i With increasing magnetic fieRiThe relative increase in the

slope in the ferromagnetic is larger than in the paramagnetlglastic constants+{1%) up to saturating magnetic field is of

phase. This difference is aimost one order of magnl'[Ud?he same order of magnitude as the relative increase in the

Isailtri%i;for the sample with a small gap between the two tranfrequencies of the anomalous phonafaf/w—1% for &

Recent Monte Carlo simulations by Caset al.*! suggest =0.33). Should an increase in the frequencies of the soft
that two conditions have to be fullfilled for a given alloy to phonons exist, it would be consistent with macroscopic mea-

exhibit an intermediate phase transition: on the one hand urements that report a decrease of the intermediate transi-
large spin-phonon coupling is necessary, but also the energ%’n temperature with increasing magnetic fiEld:

pf the. ;0ft phonon has to b_e small enough_ to Qnab_le the IV. SUMMARY AND CONCLUSIONS
instability to develop. Analysis of the data given in Fig. 7
within this theory indicates that althougti(%w)?/dT is We have measured the FA4honon dispersion curves for

larger for sample Jthis could be indicative of a stronger two Ni-Mn-Ga alloys with different electron to atom ratios.
spin-phonon coupling the occurrence of the martensitic For low e/a the martensitic structure is monoclinic with a
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