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Magnetic field induced entropy change and magnetoelasticity in Ni-Mn-Ga alloys
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The magnetocaloric effect that originates from the martensitic transition in the ferromagnetic Ni-Mn-Ga
shape-memory alloy is studied. We show that this effect is controlled by the magnetostructural coupling at both
the martensitic variant and magnetic domain length scales. A large entropy change induced by moderate
magnetic fields is obtained for alloys in which the magnetic moment of the two structural phases is not very
different. We also show that this entropy change is not associated with the entropy difference between the
martensitic and the parent phase—arising from the change in the crystallographic structure—which has been
found to be independent of the magnetic field within this range of fields.
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I. INTRODUCTION applied magnetic fiel®® In contrast, at a mesoscale
(~10 um) corresponding to the martensitic variaritain
The physics of the magnetocaloric effect is an old subjectelated and magnetic domains length scales, the coupling
that has been studied intensively in recent yédtss asso- is very strong, and large strains>6%) can be induced by
ciated with the isothermal entropy change arising from thethe application of moderate field$These strains are a con-
application of a magnetic field. The renewed interest in thissequence of the rearrangement of the twin related variants
subject arose after the discovery of materials which display ander the driving force originating from the difference in the
giant magnetocaloric effect as occurs, for instance, in sysZeeman energy of the different variants. The conditions for
tems simultaneously undergoing magnetic and structuraduch a rearrangement to occur are a str@mgaxial) anisot-
phase transitiongnagnetostructural phase transitién®Be-  ropy of the tetragonal phase compared to that of the cubic
sides its evident technological importance for magnetic rephase, and a high mobility of the martensitic variants. Such a
frigeration applications, a proper understanding of the maggiant magnetostrictive behavior has attracted a great deal of
netocaloric effect is of great relevance in basic researchinterest since these materials are potential candidates for use
Among the systems that show a large magnetocaloric effechs sensors and actuatdrs.
an attractive candidate for study is the Ni-Mn-Ga Heusler On the other hand, the magnetocaloric effect in the stud-
alloy.® This material has a twofold interest, as it displays bothied alloy arises from the magnetization jump accompanying
magnetocaloric and magnetic shape memory effects. Thne structural change. It has been ardfiebat this behavior
present paper deals with the physical origin of the magneticis similar to that observed in the gdGeSi;_,), (Ref. 2
field-induced entropy change related to the magnetocaloriand MnAs-basetf' compounds, which also show a large
effect, and also with the relationship between the magnetisnagnetocaloric effect in the vicinity of a first-order magne-
shape-memory and magnetocaloric effects in this alloy.  tostructural transition. However, in those materials magnetic
The magnetic shape-memory property is a consequence ofdering from a paramagnetic to ferromagnetic phase occurs
the coupling between structural and magnetic degrees cit the same time as the structural change. This is in contrast
freedom in a ferromagnetic alloy undergoing a martensitiado Ni-Mn-Ga, which(in the composition range of interess
transition®’ The prototypical ferromagnetic shape-memoryferromagnetic in both the parent and martensitic phases, and
material is the Ni-Mn-Ga alloy, close to the stoichiometric the magnetization jump is mainly controlled by the magne-
Heusler compositioft? which transforms from anL2,;  tostructural coupling at the mesoscopic scale. It is hence ex-
(Fm3m) structure to a tetragonal martensitic phase. Thepected that both the magnetocaloric and shape-memory ef-
coupling between magnetism and structure is assumed to ofects have the same physical origin. The present paper, based
cur at two well-separated length scales. At the microscopion experimental results, is aimed at providing evidence in
scale spin-phonon coupling is considered to be weak asupport of this idea. Results also show that for moderated
proven by the fact that very high fields are required to induceapplied magnetic fields, the field-induced entropy is not re-
the transition even at temperatures very close to the transiated to the entropy change of the structural transition. The
tion temperature. Such weak coupling is also evidenced biatter has been found to show a negligibly small dependence
the weak dependence of the phonon dispersion curves on @am the magnetic field.
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II. RESULTS

The studied sample was a single crystal, grown by the
Bridgman technique, with a composition JlgMn,s Gaps 1.
Platelike specimens for calorimetry and magnetization mea-
surements were prepared with the longer direction along the
[100] and[110Q] crystallographic axes. The system exhibits
an L2, structure at room temperature, orders ferromagneti-
cally at T.=381 K, and undergoes a martensitic transition
on cooling atM ;=177 K to a modulated tetragonal structure
(5R). On heating, the reverse transition takes place with a
hysteresis of~10 K.

Magnetization measurements were performed by the ex- ] \ ] \ ]
traction technique in the range from 150 to 200 K, under
magnetic fields of up to 40 kOe. Calorimetric measurements 70 175 180 185
under a magnetic fiel0—50 kOe were carried out using a T K)
high-sensitivity differential scanning calorimeter with a
built-in magnetic field, especially designed for the study of
magnetostructural transitions.

Figure Xa) shows the magnetizatiol, versus tempera-
ture curves measured for the reverse transition on heating,
for selected values of the applied fidld The magnetization
displays a significantly abrupt changeM, at the martensi-
tic transition. InterestinglyAM shows a strong dependence
on H, which is illustrated in Fig. (). AM=0 for H=0, it
reaches a minimum(negative at a field H* (=2 ~_15
+0.2 kOe), it vanishes &l =H, (=13+0.1 kOe), and for E
higher fields it saturates at a positive value. From the tem- < A T TN )
perature dependence of the magnetization, the field-inducec 10 20 30 40
entropy changdas the field is increased from 0 td) is
obtained as H (kOe)
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FIG. 1. (a) Magnetization vs temperature at selected values of
H(ﬂ) dH 1) the magnetic field applied along th&00] direction of the cubic
oT ) phase. Measurements were performed during heating. The different
H symbols correspond to the following fieldst=0 (M), 100 Oe
(@), 200 Oe @A), 300 Oe ¥), 400 Oe 4 ), 500 Oe (), 700 Oe
The computed values of this entropy change are plotted igp-), 1 kOe (), 2 kOe ©), 4 kOe (A), 6 kOe (V), 10 kOe
Fig. 2 as a function off for selected values of the magnetic (¢ ), 20 kOe K) and 40 kOe I¢). (b) Magnetization change at
field. It is worth noting that the obtained temperature depenthe phase transition, as a function of the magnetic field.
dence ofAS(0—H) displays two peaks. This is a conse-
quence of the fact that the martensitic transition takes placgon) such as the Gfe,Si, (~14J/K kg atH=20 kOe)
in two steps in the studied specimrom Fig. Xa) itcanbe  and the MnFeR,Asyss compounds 15 J/Kkg at H
seen that each step extends over a range of the order df 1 K= 2 kOe)#
Discontinuous kinetics of this type is a typical characteristic |n order to compare the entropy change induced by the
of systems that undergo martensitic transitions caused bypplication of a magnetic field with the entropy change as-
(unavoidablé small composition inhomogeneities, impuri- sociated with the crystallographic chan@ensition entropy
ties, etc., which are known to slightly affect the actual tran-changg, we have carried out calorimetric measurements un-
sition path:® Although the actual maximum value of the der a magnetic field. Examples of the recorded thermograms
field-induced entropy chang&,S,,,(H), is sensitive to the at selected values dfi are shown in Fig. 3. From the re-
transition path in each specific sample, the field dependencgorded heat fluxdg/dt and temperatur@(t),'” and after a
of ASa(H) (shown in the inset of Fig.)3s not expected to  proper correction of the base line, the entropy change asso-
depend on these features, since it is an intrinsic characteristifated with the phase transition is obtained as
of the magnetostructural phase transition. Results show that
this entropy change first increases with the field, reaches a Tl dg
maximum at~13 kOe, and decreases linearly with for S= L_ TdT
higher fields. The maximum value of-0.65 J/Kmol '
(~11 J/Kkg) is comparabléexcept for the signto the ab- where T; and T; are temperatures located, respectively,
solute value reported for systems exhibiting a large magneabove(below) and below(aboveg the starting and finishing
tocaloric effect(resulting from a magnetostructural transi- temperatures on coolingeating. For fields ranging from 0

AS(O—>H)=J’

0

dT, 2
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. FIG. 4. Transformed fractiong=AS/AS;,,, as a function of
) temperature for forward and reverse transiti@mgstheresis loops
< computed from calorimetric data, at different values of the magnetic

field.
0-0 :%E/
N 1 YV
170 175 180 185 :1—AS(T)T/AS for the reverse transitior_l on heating, with
T (K) AS(T)=fTi(dq/dT)dT/T (T<T,; on cooling andT>T; on

heating. The obtained hysteresis loops are shown in Fig. 4,

FIG. 2. Field-induced entropy change as a function of temperafOr the different applied fields. On increasing the magnetic
ture for selected values of the maximum applied field. The correfield, the loop becomes sharper and broader.
spondence between symbols and measured fields is the following:
H=100 Oe @), 500 Oe @), 1 kOe (A), 2 kOe (¥), 4 kOe
(#), 10kOe (0), 20 kOe ), 30 kOe (1) and 40 kOe /). The 1. DISCUSSION

inset shOV\(s the maximum vglug of the field-induced entropy change In order to account for the field dependenced&,,.(H)
as a function of the magnetic field. we propose a description of the transition mechanism under
an applied magnetic field based upon the experimental ob-
ervations of the magnetic and structural domain patterns
ormed at different applied field®;?* which is aimed at de-
scribing the nature of magnetostructural coupling at the me-
soscale level. When the transition takes place at zero field,
the nucleation gives rise to plates formed by parallel strips of
win-related variants. The appropriate amount of each variant
v=1 and 2 ensures that parent-martensite interfaces satisfy
e invariant plane strain condititf It is worth noting that
the nucleation of plates with such a mesostructure is very
. . : . : . . advantageous since it minimizes the elagsitrain energy
100 H=0 arising from the crystal lattice misfit along the interfacial
i heating | boundarie$*%* Magnetic domains are formed within each
— 1 variant in such a way that the magnetization alternates be-
tween two values- M,y along the corresponding easy axis
(c axis of the tetragonal structyrewhere the subscript
refers to martensite. This configuration ensures the absence
of “magnetic charges.” In contrast, if the sample is cooled
: + } t } ! 3 through the transition under a magnetic field larger than the
| H=50 kOe heating ] saturating field of the high temperature phaseH*), the
twin related variants are magnetized. As the field is in-
I creased, due to the strong uniaxial anisotropy of the tetrago-
0 w nal phase, the Zeeman energy diﬁgrenw,g(l)—MM(z)]
| | -H) between neighboring variants is minimized by increas-
100+ _ ] ing the_ fraction_ of t_hose variants with _ their easy-
cooling magnetization axis forming a smaller angle with the applied
1 t L . . field. Finally, transformation under high enough fields
160 170 180 190 (>H,) results in a magnetically saturated single variant
T (K) crystal?* As described above and assuming that the magnetic
anisotropy of the high-temperature phase is weak, the mag-
FIG. 3. Thermal curves corresponding to the forwérdoling netization difference between the two phases, Hor H*,

and reverseheating martensitic transitions at selected values of Can be expressed @8Vl ={[fMy )+ (1= )My )] - Mp}
the applied magnetic field. -h, wheref=f(H) is the fraction of variants favored by

to 50 kOe, the transition entropy change has been found t
remain constant within the experimental errors. An averag
value AS=—0.55+0.03 J/Kmol has been obtained, which
agrees well with the reported values fot.d, to 5R transi-
tion in Ni-Mn-Gal®1®

It is also possible to obtain the transition hysteresis loop
(martesitic transformed fractiom, versusT) from calorimet-
ric data. The martensitic transformed fraction is obtained a
y=AS(T)/AS for the forward transition on cooling, and
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application of the magnetic field, which is a functiontof h
is a unit vector along the direction of the field, a¥ig is the 0
magnetization of the parent phase. The magnetization

along the direction of the applied magnetic field is thus sup- <1
posed to be of the formM(T,H)=Mp(H)+AMF(T - -5
—T(H)]/AT). In the preceding expression the magnetiza- —

tion of the parent phasd/(H), is assumed to be tempera- g

ture independent, arfé([ T— T,(H)]/AT) is a monotonically § -10
decreasing function of widtAT (independent o) which -
accounts for the change in magnetization within the transi-

tion region, such thaF—0 for T>T(H) andF—1 for T -15
<T(H) (for AT—0, F is the Heaviside function AT is a
measure of the temperature range over which the transition
spreads. By using Eql), the maximum value of field-
induced entropy change can be calculated as

myV (H mpV
AS (H)=— AT fo f(H)dH+FH, (3

where it has been assumed that for moderated fields, the
transition is very little shifted under the applicationtdfand
that 9F/dT=—1/AT is constant. In Eq(3), mp is the mag-
netic moment of the parent phagsaturation value and
My = (My 1)+ My(2)) is approximately the magnetic mo-
ment in the martensitic phase, ;) andmy,,, are respec-
tively the projections of the magnetic moments of the
martensitic variant§(1) and (2)] along the direction of the H/ H
field (notice thatM ;) andM,, form an angle very close c
to 77/2)'. This reSUIt.ShOWS. that, for small fields, the magne- FIG. 5. () Normalized change in the magnetization as function
tocaloric effect mainly arises from the mesoscale magneto-. . .

. . of x(=H/H,) for different values oAm/m,, . (b) Maximum value
structural couplingaccounted for by the functiofi{(H)]. In

d d further. it | f fof the field-induced entropy for different values &m/m,, . Lines
order to proceed further, it Is necessary to assume a form cl,rorrespond to calculated values, and symbols to experimental data

the functionf(H). Micromag;‘em models may provide Spe- for the present sample®(, H,=4250 Oe), and for sample in Ref.
cific forms for this functior.” Here, based on experimental 14 (O, H,=2300 Oe). Calorimetric data for the transition entropy

results, we assume that the rate of changé with H is (4 are also showrin this case the line is just a guide to the eyes
proportional to—f. Therefore, the following phenomeno-
logical expression is proposed for fields larger thdfi:  studied in the present work Adn/my,=0.064 and for a Ni-
f(x)=1—3e7%, wherex=H/H; [f(x)—3 for x—0, and Mn-Ga single crystal sample with 23.1% Mn and 24.3%
f(x)—1 for x—=]. H. is the characteristic field of the Gal*2Am/m,,=0.57. The agreement between experimental
exponential function, which is close tB*. This simple data and the calculated curves is remarkable. In order to
function is suitable for describing the field dependence of theompare the field-induced entropy change with the transition
fraction of favored variants in a mean-field sense. The correentropy change, we have also included the values measured
sponding expressions fa&tM andAS;,,, read calorimetrically (conveniently renormalizédn the figure as
a function ofx (=H/H;). The evident independence of these
values on the magnetic field shows that the field-induced
4) - . ,
entropy and the transition entropy changes are indeed inde-
pendent quantities. Actually, this finding is in agreement with
recent first-principle calculations which indicate that the
My transition from cubic to tetragonal structures is driven by the
X+ oim (e *— 1)} (5)  vibrational free energ$’

Let us now discuss the effect of the magnetic field on the
whereAm=my,—mp is the change in magnetic moment be- hysteresis loopssee Fig. 4. As already mentioned, two in-
tween the martensitic and parent phases. In Fig. 5 the scaladresting features show up as the field is increasgdhe
quantitiesAM/VAm, andAS,,.{H)AT/VH.Am, given by transition becomes sharper, afid) the area of the loops
Egs. (4) and (5) are plotted(lines) as a function ofx for increases. Both effects are a direct consequence of the mag-
different values of the ratidm/my,. The behavior can be netostructural coupling. Actually, the ardgH)=¢ydT of
compared to the experimental data. In this case, the value t¢fie loops yields the dissipated energy per cyd®gss
Am/m,, can be obtained from the magnetization curves and=A(H)AS,?® which is related to the nucleation barriers. It is
therefore, it is no longer a free fitting parameter. For the alloyfound that such dissipated energy is a function of the mag-

2Am

my
AM(X)=VAm(1l— —e*
and

He

VAm
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M is the martensite starting temperature @adhe finishing
{_ temperature of the reverse transition. By using the calorimet-
ric data to computd at different values of the magnetic
{ fields we obtaindT,/dH= —30+=8 mK/kOe. The apparent

inconsistency between this value and the value obtained
05k { i from Clausius-Clapeyron equation originates from the fact
that the estimation of the equilibrium temperature is strongly

influenced by nucleation effects which do not act symmetri-
cally on forward and reverse transitions. Actually, this may
0.0k i explain why some authors have reported a magnetic-field

. . - - decrease of the transition temperattirehile others have
0 10 20 30 40 30 mentioned an increagéand others no magnetic-field depen-

(J/mol)

diss

SE

H (kOe) dence at alf®
FIG. 6. Difference in the dissipated energ§E iss= Eqis{(H)
—Eqis(0)] as a function of the applied magnetic field. IV. SUMMARY AND CONCLUSIONS
netic field. The difference in dissipated energiEiss The magnetocaloric effect in Ni-Mn-Ga alloys has been

=Egis(H) —Egis«0), as aunction ofH, is shown in Fig. 6. studied by magnetization megsu_rements and calorimetric
The results shown correspond to the magnetic field applief’€asurements under a magnetic field. A model has also been
along the[110] axis. Results are similar when the field is Proposed to account for this effect. Although simple, this
applied along th¢100] axis. Nevertheless, it has been found Model contains the essential physical ingredients to charac-
that the dissipated energy is sensitive to the previous magnéerize the magnetocaloric effect in the vicinity of a first-order
tothermal history of the material. The procedure we havdransition. In particular, it reproduces fairly well the experi-
followed is: (i) annealing above the Curie poirti) zero- mental results presented here as well as those reported in
field cooling, andiii) temperature cycling across the marten- Ref. 14. . o
sitic transition. Each transformation cycle was performed ata It has been shown that the magnetocaloric effect in Ni-
constant magnetic field larger than that of the previous cycléVin-Ga alloys is directly related to the magnetostructural
The observed increase 6E ;s with the magnetic field can  coupling taking place at the length scale of the magnetic and
be explained by taking into account the tendency of the syshartensitic domains. The fractidi{H) of martensitic vari-
tem to nucleate a single variant martensite as the magnet@Nts with the easy magnetic axis best suited for the applied
field is increased. This is a consequence of the fact that th@agnetic field is the relevant quantity to be considered. A
application of a magnetic field breaks the structural and magPhenomenological functiohhas been proposed which is ad-
netic symmetry. The breakdown of this symmetry also ex-equate to reproduce the experimental observations. It is ar-
plains the fact that the transition becomes sharper: the fodued that this function is also relevant in describing the mag-
mation of a single variant martensite enhances, as explaind¥£tic shape-memory effect since it has the same physical
above, the elastic strain energy associated with the paren@/igin as the magnetocaloric effect in the Ni-Mn-Ga alloy:
martensite interface matching. This increase of elastic energ§Vin related variants rearrangement in the martensitic phase
may be compensated for by the corresponding decrease Hj)der the application of a magnetic field. Actually, the cou-
the Zeeman energy. This suggests that in the range Fidm Pling between magnetism and strain is commonly expressed
to ~Hg, SEgiss IS proportional to the magnetic energyy N terms of a piezomagnetic coefficiept,,=de/dH. W|th|n_
-AM. Our experimental resultsee Fig. fare in agreement the framework used here_to anal_yze the magnetocaloric _ef-
with such an interpretation. fect, forH>H?, the effective strain generated by the appli-
The measured values of the transition entropy change arfétion of a magnetic field is given by*''=f(H)e;+[1
magnetization changéat saturation enable us to estimate —f(H)]e2, wheree; ande;, are the components of the strain
the shift in the equilibrium transition temperaturd,jy  t€nsor giving rise to the deformatiofwith respect to the
caused by the magnetic field, by using the Clausiusfubic phasgof variants(1) and(2), respectively. The result-

Clapeyron equation: ing piezomagnetic coefficient reagg,= Aedf/dH.
The specific features of the magnetocaloric effect in this
dTy AMgat system have been found to be controlled by the difference in
dH T AS ©)  the magnetic moment between the martensite and the high-

temperature phaseAfn/m,;). When this quantity is small,

Taking AMg,=120+10 emu/mol and AS=-0.55 the field-induced entropy change is first positive, reaches a
+0.03 J/K mol,dTy/dH=22+3 mK/kOe. Notice that this maximum for a field close to the field necessary to induce a
finding is in contrast to what occurs in §&eSi;_,), and  single variant martensite, and decreases linearly Witfor
MnAs;, _,Sh,, >3 for which there is a significant shift of the higher fields. For high values &fm/m,,, only the linearly
transition temperature with the applied fieldT;/dH decreasing region is observed. The physical mechanism gov-
~400 mK/kOe). erning the magnetocaloric effect in the Ni-Mn-Ga alloy has

For thermoelastic martensitic transitions, the transitionbeen found to be very different from that in the
temperature is usually estimated Bs=(Ms+A¢)/2, where  Gd;(GeSi; _,)4 or MnAs-based compounds, for which this
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effect also originates from a magnetostructural transition. Al- ACKNOWLEDGMENTS
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