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Quaternary Heusler alloy B(iMn,Fe)Ga has been studied systematically for the structure,
martensitic transformation, and magnetic properties in two systemsggfNiti,5_,Fe,Ga, 5 and

Nigg Mnog FeGayq 6. Substituting Fe for Mn up to about 70%, the purg,; phase and the
thermoelastic martensitic transformation still can be observed in these quaternary systems. Iron
doping dropped the martensitic transformation temperature from 220 to 140 K, increased the Curie
temperature from 351 to 429 K, and broadened the thermal hysteresis from about 7 to 18 K.
Magnetic analysis revealed that Fe atoms contribute to the net magnetization of the material with a
moment lower than that of Mn. The temperature dependence of magnetic-field-induced strains has
been improved by this doping method. @02 American Institute of Physics.
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I. INTRODUCTION method from metal elements Ni, Mn, and Ga with purity of
. - 99.95%. As-cast ingots were subsequent annealed at 800 °C
NisMnaeGays exhibits a shape-memory effect upon thefor four days for high chemical ordering. Single crystal

martensitic transformation and magnetic-filed-induced, . :
straind~> at martensite state. It has been attracting stron@rzii\éﬁﬁfnegt?%&‘ ag;dr':;éﬁgﬁ‘%%b‘?éﬂg;ggﬁrbil(_trha?%TE i

interest _ for potentlaI. appl!cat!ons as magnetlc_ﬁ?ld_fraction (XRD) was performed by Philip-Pert MPD diffrac-
controlled actuator$.This application requires the material : .
tometer. The Curie temperature and martensitic

having a martensitic transformation property and also beinq . :
: . ) ._fransformation temperature were determined by an ac sus-
ferromagnetic. For this purpose, some candidate materials

such as NiMnAl, 7 Co,NiGa, & and NiCoAI® have been de- ceptibility measurement with an ac field of 796 A/m and a

veloped recently. As a better candidate, the material shoull;{]zq%eer:fz};g;z?ajz; V\;;: tﬁ?ﬁgﬂgri raggseuzr'cgggch't;he
be with a higherT. than that of NjMnGa, a higheM at 9 y b 9

working temperature, and a similar thermoelastic martensitiguantum interference devi¢@uantum Design MPME
transformation property enabling the shape memory effect.

In this article, we report a pseudoquaternary Heusler al-
loy of NiMnFeGa. The material is also with culi®, struc- IIl. RESULTS AND DISCUSSIONS
ture and ferromagnetic, possessing a thermoelastic marteng- Structure
tic phase transition. We focused on the influences of the Fe
content on the martensitic phase transformations and mag\l—.
netic  properties in  two series samples  of 50

Ni nys_FeG and Ngg Mnyg FeG . It was )
's0.sMas—xF&Gaas bo.4VIN2g-x"Go%1e. 1 W samples has a pure culi®, structure[space group Fm3m

found that, the existence of Fe in this intermetallic com- h i Fi howing th XRD ch teristi
pound caused a stronger magnetic exchange interaction lea@® Shown In Fig. ®)], showing the same charactenstic

ing to higher Curie temperature. The temperature deperpeaks with th"."t of undoped samrﬂEig.. Ua)]. This result .
dence of magnetic-field-induced straifBFIS) in single ~ 29€€S well with the results reported in Ref. 10 The substi-

. . . .. tution of Fe for some of the Mn makes the lattice shrunk
crystal Ni-Mn,sFe;Ga,, was discussed by comparing with . .
Ni):-,zMn24é§924.16 &% y paring because of the smaller ion diameter of Fe than that of Mn.

For example, the lattice parameters ofs]NMngFe;Gap, 5

are a=b=c=5.792A, which is about 0.55% less than

Il. EXPERIMENTAL PROCEDURE 5.824 A of NigMn,<Gays. When x is 17, some trace second
phase can be observed from XRD patterns, which has been
identified as they phase similar to that in NiFe alloys, as
shown in Fig. 1c). In the sample witrk=19, they phase
becomes more apparent and some characteristic peaks can be
¥Electronic mail: userm201@aphy:phy.ac.cn identified as shown in Fig.(d).

Figure 1 shows the XRD patterns for samples of
Mnys FeGa, 5 with x=0,15,17, and 19respec-
tively. Whenx=15 or less, the parent phase of the Fe doped

Two series samples of BjgMn,s ,FeGa,s and
Nigg.Mn,g FeGay, g Were prepared by the arc-melting
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FIG. 2. Optical microscope photograph @ Nisy Mn,oFe;sGa, s and (b)
Niso sMNngFe 6Gapy s-
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the intermartensitic transformation that is usually observed in
29(degree) NiMnGa'! could not be found in this NiMnFeGa alloy.
Table | lists the martensitic transformation temperature,
FIG. 1. XRD patterns of N Mnys FeGa, s alloy with (@ x=0, ()  Tm. thermal hysteresis between transformation and reversed
x=15, (c) x=17, and(d) x=19 taken at 300 K. transformation, 5T, and Curie temperaturel. measured
from two systems of Fe doped compounds:
Niso Mnys FeGa, 5 and Nig Mn,g FE,Gayq g, In detall.
Figure 2 shows the results from the metallographic ob+igure 4 illustrates these parameters vs iron doping bevrel
servation in the present work. No second phase can be fourtle system of Nj sMn,5_FeGapy s.
in the sample withx=15. But in the sample witk=19, the From Table | and Fig. 4, one can find that the martensitic
v phase is formed. The energy dispersion spectrum examindransformation temperaturel,,, monotonously decreases
tion revealed that the composition of thephase is about with the increase of Fe content in the samples. It implies that
NisoFe,Ga g and independent of the annealing temperaturethe iron enhances the stability of the cubic parent phase, and
Those examinations indicate that the maximum substitution
of iron for manganese for keeping a pur@, structure is

about 70% in this pseudoquaternary intermetallic compound 5
of NiMnFeGa. s
& 41
=
B. Martensitic transformation g’ 31
Figure 3 shows the ac susceptibility as a function of EE_ 2]
temperature measured from HiMn,s_FeGass (X 2
=2,6,13,17)system. The martensitic transformation tem- 2 1
perature and the Curie temperature of the samples have been -
precisely measured by this method. Clearly, the samples 0

doped up tax=17 still exhibit a martensitic transformation 100 200 300 400 500
similar to the undoped sample. Our low temperature XRD
has confirmed that, during cooling, a structural transition

from CybiC to tetragonal occurred in this quaternary SYSteME|G. 3. Temperature dependence of low-field ac magnetic susceptibility for
which is the same as the ternary alloy,MnGa. However, samples NipMnys_ FeGapys (x=2,6,13,17).

Temperature (K)
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TABLE |. Electron concentration, e/a, Martensitic transformation temperafyrethermal hysteresis tempera-
ture, &T, Curie temperature,To , and saturation magnetizatiofMgs , of Fe doped compounds:
Niso sMNas-xFEGas s and Nig Mnyg FEGa1 6

Compositiong(in at. % ela T (K) ST (K) Te (K) Mg (emu/g
Niso sMN;s—xFeGavss

x=0 7.535 233.6 6.6 350.9 62.75
X=2 7.555 230.6 6.8 377.6 63.75
x=4 7.575 228.4 7.6 391.5 64.10
x=6 7.595 215.6 8.9 403.5 64.99
x=8 7.615 207.5 9.8 415.3 66.88
x=10 7.635 194.2 12.8 420.1 66.72
x=12 7.655 181.9 14.0 424.3 64.88
x=13 7.665 169.6 15.4 427.1 63.65
x=15 7.685 153.9 16.7 428.0 62.33
x=17 7.705 143.7 17.7 429.2 60.51
Niso.Mnag-xFECab16

x=0 7.648 355.1 4.0 363.8 57.74
x=10 7.748 296.4 7.5 406.8 66.13
x=14 7.788 257.9 19.3 421.5 63.30
x=18 7.828 197.4 26.2 433.1 61.60

lowering the transformation temperature. Chernenko investiagrees with those of the earlier samples. Comparing Figs. 3
gated systemically the dopant dependence of Heusler allognd 5, one can see that the change$,pfand T are larger
Ni,MnGa based on the Hume-Rothery mechantérihey  in Nisy Mnog F&Ga s (x=0,10,14,18)than those in
found that theT,, shows a proportional relation with e/a in Nisg Mn,5_FeGa, 5 when the variation ok is equal.
the range of 7.3-7.5, but having a complex dependence inthe The data of thermal hysteresi$l, shown in Table | and
range of ela= 7.5-7.7. The e/a values of Fe doped sampleg=ig. 4 exhibit the influence of the dopant of iron. Th&
in this work are about 7.65-7.84, and crossing through thesdramatically increases with the increase of the doped level in
two ranges. Therefore, the dopant makes a diffefggt the system of Njy Mn,s ,FeGa, 5. Our recent investiga-
variation, monotonous decrease with the increase of e/a. Fution has indicated that the thermal hysteresis in the NiMnGa
thermore, the variation of e/a for both systems is almost theystem originates from the friction of phase boundary mo-
same with 7.68-7.84 for Nj Mn,s ,FeGa,s and 7.65- tion, and being only a small part of the latent heat of mar-
7.83 for Nigg Mn,s FeGay, . But the T, variations are tensitic transformatioh® Obviously, the existence of Fe at-
very different from 143 to 233 K and from 197 to 355 K, oms in the NiMnGa systems increases the energy consumed
respectively. It seems that the e/a dependence could not sirfer phase boundary motion. It may result in a decrease of the
ply explain theT ,, variation in our doping system. The other thermal elasticity in martensitic transformation. Comparing
factor for the stability of parent phase, such as magnetithe results measured from the different Mn content systems
contribution, should be considered. of NigggVn,s FeGaas and Nig Mnog FeGaqg, ONE
Figure 5 shows the temperature dependence of the aman see that théT also increased with the increase of the Fe
susceptibility for Nig Mnyg FeGayg (Xx=0,10,14,18) content, but not so much like what happened in the related
samples. Apparently, the change tendencyTgf and T¢ low Mn content system.

118 ,
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FIG. 4. Martensitic transformation temperatufig,j and thermal hysteresis
between transformation and reversed transformatiih for the different FIG. 5. Temperature dependence of low-field ac magnetic susceptibility for
Niso Mn,s_Fe,Gay, s samples as a function of Fe doping level. samples Njp Mn,g_FeGay, 6 (x=0,10,14,18).
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FIG. 6. Curie temperatureT) for the different samples as a function of Fe |G 8. The magnetic-field-induced strain[B01] direction of single crystal
doping level. Nis,Mn,Fe;Gay, and Ni,Mn,,Gay, as a function of temperature.

C. Magnetic properties appeared in samples as the content of iron being larger than

Figure 6 shows th@ as a function of the doping level In ternary alloy NjMnGa, it has been confirmed by neu-
listed in Table I.T¢ increases with the increase of the contenty,, scattering that the ferromagnetism mainly originates
of Fe. In the Nip Mnys «FEGay s system, thelc increases oy the localized moment of Mn atormisl,,,, about 4.Qug
rather quickly at low doping level, and then becomes slow aber Mn ion and the moment of NM,, is neglectablé?
high doping level. But in the Nb MnzsxF&Ga 6 System,  pecently, Brownet al’s study shows that the magnetization
the variation ofT¢ shows a near linear increase. These re¢ Nj and Mn will be redistributed with the variation of
sults clearly indicate that the exchange interaction of the SYSemperature. At martensite state, the Ni moment is
tems is enhanced by doping iron. Enhanced exchange i”teﬁZZMB.ls Buschow reported an lower value dffy;
action results in an improvement of the magnetization at 30QL 0.065u5 in the Heusler alloy of NICrAl 6 The linear

K,. as shown in Table 1. One_can see that, in two systfems ng)art of the moment curve in the rangexcf 0— 15, as shown
Niso Mnas- xF&Gauss and Nbo Mg F&G&e the in- iy Fig 7, clearly indicates a substitution relation for Fe
volvgment of iron increases the magnetlzatlon in the almoséradually replacing Mn in the compound. Fitting the experi-
all single phase' ranges, and'showmg peak valugs-& and' ‘mental data linearly, the dot line A in Fig. 7 stands the sub-
x=10, respectl\_/_ely. The eX|stence_3 of the peak values 'nd"stituting effect based on a fixed y,= 4.13u5 (the value in
cates_a competition between the increasiirgand the de- Ni,MnGa) and a zerd; (based on the results from Ref.
creasing content of Mn that has a larger moment than that of ) Analyzing the slope of line A in Fig. 7, one can confirm
Fe. The magnetization measurement also indicates that th&ay. (1) the iron atoms contribute a ferromagnetism to the
technical saturation is independent to the content of Fe, angaterial but(2) the moment of Fe is less than that of Mn.
showing the same achievement of about 2 kOe at 300 K. gyiranolating the linear part of the measured dataxto
Figure 7 shows the magnetic moment as a function of_ 55 owever the obtained Fe momemt ro=3.55u
the doping composition in the BigMnzs - «F8GaasSystem.  seems to be too big to be comparable to the value measured
The moments for formula unit are calculated from the M-Hjpn other Heusler alloys with iron. Usually, iron has a quite
curves measured & K in thefield up to 5 T, then extrapo- .gnsistent value aboutM c=25ug in CoFeAl and
lating to O K. The result shoyvs that_ the momentgugf/f.u. Fe,CoAl. 15 Although a clear magnetic structure cannot be
decreases monotonously with the increases of the content @ yhjeted confirmed only based on the experimental results
iron. The kink of the curve reveals that the second phasg; present time, earlier analysis indicates an interesting point:
how to magnetically couple each other for three kinds of
ferromagnetic atoms in this quaternary alloy. It has never

45 45 been investigated in detail for ternary Heusler alloys. Further
work will focus on the specific ferromagnetic structure re-
®-u. Pure phase | With second lated to three magnetic atoms including their atomic sites by
401 "'*-.\,_ | phase 140 means of neutron scattering and/or Mossbauer spectrum ex-

.,

aminations.

M (u,/f.u.)

3.5 Aq35 D. Temperature dependence of MFIS
Ni, Mn, Fe Ga,, Figure 8 shows the MFIS if001] direction of single
30— 20 25 30 crystal Nk,Mn,gFe;Gay, and Ni,Mn,,Gay, as a function of
temperature. The MFIS was detected by applying a magnetic
Fe content (x) field of up to 1.5 T along th¢001] direction then back to
FIG. 7. Magnetic moment as a function of Fe doped leweln  Z€ro and the value was measured at a temperature interval of
Niso Mnys_ Fe,Gav, 5 System measured 4 K in the field up to 5 T. 10 K after the sample was cooled down to the martensite
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