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A systematic study of magnetic properties obNlMn;_,Ga (0<x=<0.19 Heusler alloys undergoing struc-
tural martensite-austenite transformations while in the ferromagnetic state has been performed. From measure-
ments of spontaneous magnetizatibhfT), jumpsAM at structural phase transitions were determined. Virtual
Curie temperatures of martensite were estimated from the comparison of magnetization in martensitic and
austenitic phases. Both saturation magnetic moments in the ferromagnetic state and effective magnetic mo-
ments in paramagnetic state of Mn and Ni atoms were estimated and the influence of delocalization effects on
magnetism in these alloys was discussed. The experimental results obtained show that the shift of martensitic
transition temperature depends weakly on composition. The values of this shift are in good correspondence
with the Clapeyron-Clausius formalism taking into account the experimental data on latent heat at martensite-
austenite transformations.
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I. INTRODUCTION Il. CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES
OF THE Niy,Mn,_,Ga SYSTEM

In the NbMnGa Heusler alloy, a structural transformation , n )
from cubic austenitic to tetragonal martensitic phase is ob- 1ne high-temperature austenitic phase of.n,,Ga
served upon cooling. The interest in the study ofHeusler alloys has a cubic structureFoh3m space group. A
Ni,MnGa-based alloys has mainly been conditioned by thestructural transition to a modulated tetragor@/a<1)
fact that the martensitic phase in these alloys is ferromagphase is observed in these alloys on cooling. It is worth
netic. The combination of ferromagnetic ordering and mar-oting that the crystal structure and space group of the low-
tensitic transformation allows the realization of the magnetitemperature phase is still a subject of controveisse, for
cally driven shape memory effect, which expands the area ofxample, Refs. 1)2which is aggravated by a compositional
technical applications of this effect considerably. dependence of the crystal structure of martensite. Thus, for

Despite a large number of experimental and theoreticabxample, recent results of high-resolution neutron
studies, many fundamental aspects ofN\iGa-based alloys diffraction® give grounds for concluding that for the stoichio-
are not yet clearly understood. For instance, magnetic propnetric NbMnGa composition the martensitic phase, which
erties of the thoroughly studied NiMn;_,Ga system were was considered for a long time as tetragonal, has indeed an
not sufficiently clarified. For these alloys, the compositionalorthorhombic symmetry dPnnmspace group. The structural
dependencies of the Curie temperatdie and martensite- martensitic transformation in BVinGa-based Heusler alloys
austenite transformation temperatufg were determined, was described as driven by a band Jahn-Teller effect.
but the temperature and compositional dependencies of mag- The martensitic transformation temperatdig which is
netization have not been investigated in detail. In particularabout 200 K in stoichiometric NMnGa, linearly increases
no systematic study was performed on the jump of magnetiwith x in Ni,,,Mn;_Ga alloys and reaches about 330 K at
zation at the martensitic transition, which determines thex=0.18-0.19(Ref. 6. The alloys with a higher Ni content
shift of T, under external magnetic field. In addition, the were not studied so far. Note that different valuesTgfare
exchange interaction parameters have not been estimated fgiven in the literature, indicating probably the sensitivity of
these alloys. All these factors are important for obtaining aphysical properties of these alloys to structural disoréler
better insight into physical mechanisms, underlying the magand/or deviations from the nominal composition.
netically driven shape memory effect. This paper deals with The Ni,,Mn;_Ga alloys are ferromagnetic at low tem-
a systematic study of the magnetic properties ofperatures. The Curie temperaturg is about 370 K in sto-
Ni,,Mn,;_,Ga(0=x=<0.19 alloys. ichiometric composition(x=0). T approximately linearly
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decreases with increasing Ni content, so that Xe10.18 L .
—0.19 Curie temperature merges with the martensitic trans- \\
formation temperaturd,,,. Hence, the alloys wittx=0.18 4

—-0.19 experience a structur@hartensiti¢ transition from _3‘“""‘%‘ e
paramagnetic austenite to ferromagnetic martensite. At the 4r 3 'H.‘
same time, the magnetic state of the alloys with a lower Ni 3 % ".\
content does not change during martensitic transformation i ‘*2&& 1
and both austenitic and martensitic phases are ferromagnetic. 3t
The martensitic transformation, however, influences the .
magnetic parameters of these alloys and reveals itself in a [ sl T
sharp change of magnetic anisotropy and magnetization
saturatior?.

The neutron diffraction measurements of stoichiometric
compositiort1° show that the magnetic moment is localized
mainly on Mn atoms. The reported values of the Mn mag-
netic moment range from 3. to 4.2ug. The magnetic mo-
ment of Ni atoms is considerably smaller, about
(0.2-0.4ug. The concentration dependence of the magnetic
moment in Nj,,Mn,_,Ga alloys has not been reported. It is
known only that magnetization saturation decreases with in-
creasingx.112

N

x=0.1
lIl. SAMPLE PREPARATION AND MEASUREMENTS 0 100 200 300 400 X=0.19
X Temperature (K)

Polycrystalline samples of pi,Mn;_,Ga alloys were pre-
pared by a conventional arc-melting method in an atmo- FIG. 1. Temperature dependencies of spontaneous magnetiza-
sphere of spectroscopically pure argon gas. The sample®n of the Ni,Mn;_Ga alloys.M, was determined from field
were homogenized at 1050 K for 9 days with subsequentiependencies of magnetization measured up to 10 T.
quenching in ice water. For the measurements of physical
properties those samples were used whose weight loss duriggnd exhibits a pronounced changeneared jumpwhen ap-
arc-melting was less than 0.2%. The measurements of magroaching a certain temperatufg. This jump in magnetiza-
netic properties were performed on samples witt0, 0.04, tion is caused, as has been shown in numerous sttffiés?
0.08, 0.12, 0.16, and 0.19; some measurements were al§y a structural phase transition from martensite to austenite.
done on the sample witk=0.02. As is evident from these measurements, the austenitic phase

The magnetization up to 5 T was measured in the temis ferromagnetic abovel,, for x<0.19, while in thex
perature range 5-700 K by a Quantum Design SQUID mag=0.19 alloy the transformation from martensite to austenite
netometer; it was also measured by a vibrating sample mags accompanied by a transition from ferromagnetic to para-
netometer (VSM) in magnetic fields up to 1.8 T. magnetic state.

Additionally, measurements in pulsed magnetic fields up to The compositional dependence of the martensitic transfor-
10 T were performed. Spontaneous magnetizatiQrat low  mation temperaturd,, is shown in Fig. 2. This figure also
temperatures was determined by linear extrapolation o$hows the dependence of ferromagnetic ordering temperature
M(H) dependencies from high fielddl in the vicinity of  Te on Ni contentx. It is seen that both these dependencies
the Curie temperature, whek(H) dependencies are nonlin- are practically linear withT,,, increasing andl- decreasing
ear, was estimated by the Belov-Arrott method for secondwith Ni content. These temperatures merge in a range of
order magnetic phase transitions. Using this method, the Ci=0.18-0.19. The phase diagram of the,\Vn,_,Ga sys-

rie temperatures were determined for every alloy except théem obtained in the present study is in good agreement with
x=0.19 sample, where the ferromagnetic-paramagnetic trarthe previously found diagraf®

sition is a first-order phase transition. The paramagnetic sus- The magnetic moment of these alloydg(0), was ob-
ceptibility of the alloys was defined froi(T) dependencies tained by extrapolation oM(T) to 0 K. It was found that
measured abovE: up to 700 K in a magnetic field of 0.2 T. M4(0) approximately linearly decreases at substitution of Mn
The latent heat of the martensitic transition was determinedy Ni, as is shown in Fig. 3. The value of magnetic moment
from differential scanning calorimetry, performed by Pyris-1in the stoichiometric NMnGa appears to be close to those

DSC equipment. reported in other studi¢s'%1*
The M(T) dependencies in Mi,Mn;_Ga alloys, shown
IV. EXPERIMENTAL RESULTS in Fig. 1, show that the change of spontaneous magnetization

at the martensite-austenite transformation increases with Ni

Temperature dependencies of the spontaneous magnetizsentent. A jump of magnetization at this transition is also
tion Mg of the Nb,,Mn;_,Ga alloys are shown in Fig. 1. Itis observed in magnetic fields larger than the saturation field, as
seen thaM, gradually decreases with increasing temperaturés shown in Fig. 4. The compositional dependencies of the
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netic fields of 3 T(dashed lingand 5 T(solid line). For composi-
FIG. 2. Compositional dependencies of the martensitic transfortions 0<x<0.16 M(T) dependencies were measured upon heating.
mation temperaturd,, Curie temperaturdc, and paramagnetic For the compositiorx=0.19 a temperature hysteresis loop of the
Curie temperatur®. magnetization observed at martensitic transition is shown. The inset
shows temperature derivatives of magnetization fogMiiGa mea-

magnitudes of magnetization jumM measured in various Sured in magnetic fields 3 and 5 T.

magnetic fields are show_n in F'g' 5.‘ . ... transformation is a first-order structural phase transition and
As can be seen from Fig. 4, with increasing magnetic fielg characterized by a temperature hysteresis. Therefore, the
the magnetization jumps shift to higher temperatures. This i temperature can differ from the temperature at which the
due to the influence of magnetic field on martensitic trans]-ump of magnetization occurs. The most correct method for
formation temperature. It follows from these measurementgeterminingT,, is to determine this temperature as the aver-
that the shiftAT of T, under magnetic field increases weakly age of the temperatures at which the magnetization jump is
with Ni content(see Table)l observed on cooling and heating, respectively. In the present
The influence of a magnetic field on the martensite-study, T,, was determined as a temperature of the magneti-
austenite transition temperature was studied onlyx®0  zation jump while heating the sample. The temperature hys-
(Ref. 14 andx=0.18-0.19Refs. 15-1yY compositions. For teresis loop was measured for the0.19 sample. It was
the stoichiometric composition the shift df, under mag- found(see Fig. 4 thatT,,, determined at increasing tempera-
netic field was estimated akl,,/dH~0.2 K/T1* For thex  ture differs fromT,, estimated from averaging of measure-
=0.18 andx=0.19 compositionsgT,/dH=1 K/T was re- ments in hysteretic regime by 2—-3 K. The width of the tem-
ported in Refs. 15,17, whereas in Ref. 16 this quantity wagerature hysteresis loop is approximately the same in
estimated as 3.5 K/T. It is worth noting that the shifflgfis  different magnetic fields, so the additional error in the deter-
determined with a significant error. This is caused mainly bymination of the shift ofT;,, caused by a magnetic field does
the fact that the jump of magnetization at the martensitionot exceed 0.3 K.
transformation is broad, which makes the correct determina- Temperature dependencies of reciprocal paramagnetic
tion of T, temperature difficult. Besides, the martensitic susceptibility of the Ni,,Mn;_,Ga system are shown in Fig.
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FIG. 3. Compositional dependencies of saturation magnetic mo- FIG. 5. The magnetization jump at the martensitic transition in
ment M (0) and effective magnetic momenju.; of the  various magnetic fields as a function of Ni concentration in the
Nis+Mny_Ga alloys. NiyMn;_Ga alloys.
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TABLE I. Theoretical and experimental values of the shift of the martensitic transition temperaturg
in a magnetic fieldAH=2 T for Ni,,,Mn;_,Ga.

AT(K) (AH=2T) AT(K) (AH=2T)
X Q(J/mol) T(K) AM(ug) Theory Experiment
0 270 201 0.1 0.82+0.2 0.8+£0.5
0.04 600 237 0.17 0.75+0.2 0.95+0.5
0.08 910 265 0.28 0.92+0.2 0.95+0.5
0.12 1250 294 0.41 1.07+0.2 1.10+£0.5
0.16 1710 315 0.62 1.28+0.2 1.30+£0.5
0.19 2260 342 0.96 1.62+0.2 1.60+0.5
6. In the temperature range studied, the susceptibility follows Lot = \/(1 —X) 2 + (2 X0 12 i 2

Curie-Weiss law. The compositional dependencies of para-

magnetic Curie temperatu® and effective magnetic mo- e regyits of these calculations are presented in Table II.
ment uer are shown in Figs. 2 and 3, respectively. Clearly, the gptained values of the magnetic moments of the consti-
both these parameters decrease monotonically with incréagsing atoms are in good accordance with the results of neu-
ing x. The paramagnetic susceptibility was measured earligf o gfraction and nuclear magnetic resonance studies for
in stoichiometric NjMnGa alloy only:***The values 0f® o stoichiometric composition. It was shoWr?* that in

and ues Obtained are somewhat larger than those reporte i,MnGa the Mn magnetic moment is abou®.84
previously. This difference can be due to the fact that the 5 4)us and the Ni magnetic moment is abo(.3
present measurements were performed in a wider temperg—o'4DMz '

ture interval. Note that these calculations are based on assumptions that

The compositional dependence of the latent iigaf the the magnetic moments of constituent atoms does not change
martensite-austenite phase transition is shown in Fig. 7. Evi- g Y

dently, Q strongly increases with increasimxg These results with deV|a.t|o.ns from st0|ch|ometry and that the Ni atoms
are in good agreement with recently published resits. possess similar moments in different crystallographic sites.

In general this is not the case, because magnetism of Heusler
alloys is described in a band model. It means that the values

V. DISCUSSION of magnetic moments depend on the density of states at the

Fermi level and on the exchange splitting parameter, there-

Based on the compositional dependencies of the saturdore being the concentration and structure dependent values.

tion magnetic moment and effective magnetic moment ofAs has been noted in Ref. 22, in MnX Heusler alloys the

Ni,,Mn;_,Ga alloys (Fig. 3), the magnetic moments and distance between the atoms is sufficiently large so that direct
effective magnetic moments of Mn and Ni atoms were cal-overlap of electron orbitals is negligible and the delocaliza-
culated from the equatioffs tion effects are of secondary importance. Therefore, in the
first approximation a localized moments model is applicable

Ms(0) = (1 =X) amn + (2 +X) unis (1)
25 1
140 & i
[Ni, Mn,_Ga 6 i =
— 120 }|1-x=0.00 a 20 g /
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FIG. 7. Compositional dependence of the latent heat of the mar-
FIG. 6. Temperature dependencies of paramagnetitensitic transition. The inset shows an example of the differential
susceptibility. scanning calorimetry measurements.
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TABLE Il. Magnetic momentsy and effective magnetic mo-
mentsuer Of Mn and Ni atoms. 1.0
loc Ioc/ ~—~ 08}
ulpg) Meft( up) et (1p) Met! Mreft =)
0 [ Y
Mn  299+0.32  4.43%0.13 3.86%0.14  0.87+0.11 = osf )
Ni  043+0.14 1.35%0.18 1.05+0.21  0.77+0.10 = 3o
w04}
T
for the description of magnetic properties of these alloys. £ o2f %
However, from the results of magnetic and nuclear magnetic -
resonance measurements of,MnGa?? it was concluded 0.0} %
that in this alloy the Mn magnetic moments are mainly lo- T T
calized, while Ni magnetic moments are essentially delocal- 00 02 04 06 08 10 12
ized. The character of magnetism can be judged from the t=T/T
comparison of the magnetic moments of the constituting at- ¢
oms and their effective magnetic momegse Table ). FIG. 8. Reduced magnetization=MT)/M(0) as a function

In the model of localized magnetic moments for the spin-of reduced temperature=T/T¢. for the Ni,Mn;_Ga alloys. The
only state(orbital moment is quenchgdhe interrelation be-  solid line is the reduced magnetization of virtual martensitic phase.
tween effective magnetic moment and the moment in the

magnetically ordered state is given by Wohlfarth-Rhodeglumber of atoms with smaller magnetic moments. Similar
equation, tendency takes place presumably for a virtual Curie tempera-

ture of the martensitic phase. This follows from the observa-
WS =N+ 2). (3)  tion that in the low-temperature martensitic phase magneti-
zation of the Nj,,Mn;_,Ga alloys with a highek decreases

In the band model the value <pt'§f‘f calculated from EQq(3) more rapidly with increasing temperature.
should be smaller than the experimental value of the effec- The magnetization data shown in Fig. 1 allow estimation
tive moment due to the influence of delocalization effectsof virtual Curie temperature of the martensitic phase. Figure
The values oh';’f? for the Mn and Ni subsystems are given in 8 shows temperature dependencies of reduced spontaneous
Table Il. As evident from these data, for both Mn and Ni magnetizatiom=M(T)/Mg(0) of the alloys as a function of
subsystemg. and ,u'e?f? are close to each other, although in reduced temperature=T/T¢. It is seen that the magnetiza-
both casesu/S is slightly smaller thanug. Within the ex-  tion of the austenitic phase and the magnetization of the
perimental error of the measurements yla'gﬁl et Tatio is  martensitic phase change with temperature in a different
the same for both Mn and Ni subsystems. Thus, the presemtay, whereas the reduced magnetizations of these phases are
experimental data do not suggest that the Ni subsystem gimilar for different compositions. Since in Ni-Mn-Ga the
more delocalized that the Mn one. orbital moment is quenched, these dependencies can be ex-

It should be understood, however, that the magnetic mopressed by a Brillouin function with a quantum spin number
ments in the magnetically ordered state were determined i Assuming thatm(t) for austenite and martensite is ex-
the martensitic phase, whereas the effective magnetic mgressed by the same Brillouin function, it can be suggested
ments were calculated from the paramagnetic susceptibilitthat the difference im(t) of martensite and austenite is due
measured in the austenitic state. It makes no difference ifo the difference in their Curie temperatures. Companiy
magnetism is described in the localized model, because idependencies of martensitic and austenitic phases, it is pos-
this case the magnitude of the magnetic moment dependsble to reconstruct the virtual Curie temperature of the mar-
weakly on the crystallographic environment. In the bandtensitic phase, which is shown by the solid line in Fig. 8. It
model, magnetic moments depend on the degree of overlagppears to be 17% higher than the Curie temperature of the
of electron orbitals, which changes at structural transformaaustenitic state. This value is twice as large as that obtained
tion. Because of this, the possibility that the magnetic mofrom phenomenological Landau thed#y.
ments will change at structural transition must not be ruled The larger value of the Curie temperature of martensite as
out. The qualitative arguments given above are supported byompared to the Curie temperature of corresponding austen-
the experimental data reported in Ref. 21, which indicate thaite is due to changes in interatomic distances and in the over-
the magnetic moment of Mn is the same in austenitic andap of electronic orbitals. As is evident from the analysis of
martensitic phases, whereas the magnetic moment of Ni iBxperimental data, this effect cannot be attributed solely to a
the austenitic phase is larger than that in the martensitichange in the unit cell volume at the martensitic transforma-
phase. The latter observation is conditioned by a higher dertion. Indeed, a study of the influence of hydrostatic pressure
sity of states of Ni at the Fermi level in austenitic state tharon the Curie temperaturé: and martensitic transformation
that in the martensitic state, as electronic structure calculatemperatureT,, of stoichiometric NjMnGa (Ref. 18 has
tions have revealet. shown that the exchange interaction of the austenite in-

As evident from Fig. 2, Curie temperature of the austencreases with decreasing unit cell volume. At the same time, it
itic phase decreases at substitution of Mn for Ni. This is duds knowr?* that the unit cell volume of martensite is larger
to the fact that this substitution leads to an increase in theéhan that of austenite. Therefore, it seems likely that the
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primary role in martensitic transformation in JMinGa  influence of Zeeman energy, which stabilizes the martensitic
Heusler alloys belongs to the crystal lattice distortions.phase with a larger magnetization. Experimental data on the
Such a mechanism of the influence of a structural transitioshift of T, are presented in Table I. These results indicate
on exchange interaction in intermetallic compoundsthat for the alloys studied the shift is rather sm@h-2 K as
Gds(Si,Gey )4 Was discussed recently in Ref. 25. the magnetic field changes for 2 &nd slightly enhances
As is evident from Fig. 5, the magnitude of the magneti-with increasing Ni content. The table also contains theoreti-
zation jJumpAM at the structural transition strongly increasescg| estimation of the shift of,, in magnetic field, derived

of x leads to the increase @f, Under these circumstances, first-order phase transitions:

the difference between magnetizations of martensite and aus-

tenite atT,, increases as well. It is also seen from Fig. 5 that -

the magnetization jumpAM at T,, diminishes at increasing AT=AMHT,/Q.

magnetic field, which is most pronounced at highThe 1o 45reement between experimental and theoretical values

behavior ofAM in the alloys with a smalk results from the can be considered as satisfactory

fact that the martensitic transformation in these alloys occurs '

at temperatures far below the Curie temperatlige and
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