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Two series of novel ferromagnetic shape memory alloys, Nigy,,Mns, Sn,; and
N|50+ Mnso_Sn;, were characterized by differential scanning calorimetry and magnetiza-
tion measurements The results obtained showed that the substitution of Mn for Ni results
in an increase of martensitic transformation temperature T,,. The trend to T, increase is
not observed in the alloys with x, y > 2 at.%. The results of magnetization measurements
evidence complex magnetic properties of these compounds.

e cepuu HOBEIX (peppomMarHUTHEIX ciraBoB Nigy, Mns, Sn s u Ni50+yMn39_ySn11 ¢ ma-
MATbI0 (OPMBI OXAPAKTEPHM30BAHBI KAJOPMMETPUUYECKHMMU ¥ MATHUTHBIMYA WN3MEPEeHUSAMU.
ITonyuennnle pesyiabTaThl HOKas3aiau, 4ro 3amemienue Mn mHa Ni mIpuBOAUT K IIOBBLIIIEHUIO
TeMIepaTypsl MapTeHcuTHOro npespamenusa T, . Tenmenuus K moseimeHuto T, He Habxrona-
ercsi B CILIaBax C X, y > 2 ar.% . Pesyabrarsl MArHUTHBIX U3MEPEHUU YKAa3bIBAIOT HA KOM-
IJIEKCHbIe MAarHUTHBIE CBOMCTBA 9TUX COEJUHEHUMN.

Recently, it was found that for ferro-
magnetic Heusler alloys Ni,MnSn, Ni,Mnin,
and Ni,MnSb, a deviation from stoichiometry
results in martensitic transformation [1].
For these systems, the martensitic transfor-
mation temperature decreases upon substi-
tution of Mn for Sn, In or Sb; an especially
drastic decrease was observed in the NiMnln
system. As in the case of a "classical” fer-
romagnetic shape memory system, Ni-Mn-Ga
(see for review [2] and references therein),
the crystal structure of the Ni-Mn-Sn
martensitic phase was found to depend on
composition [3]. It is worth noting that in-
terpretation of the martensite crystal-
lographic structure seems to be a subject of
controversy. For instance, basing on X-ray
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diffraction results for the NI499|V|n371Sn13
alloy, Krenke et al. [3] reported a five-lay-
ered modulated (10M) martensitic structure
at room temperature, whereas for the alloy
of a slightly different composition,
NiggMn37 s8n45 5, Sutou et al. [1] found from
the results of X-ray diffraction and trans-
mission electron microscopy that the
martensite has a four-layered (40) struc-
ture. This contradiction can point, in prin-
ciple, to a strong compositional dependence
of the martensitic crystal structure. Note
also that a multi-step martensitic transfor-
mation has been observed in
NiggMn37 sSn45 5 while a single-step one has
been reported for the Niyg gMns; 1Sny; com-
position.
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Fig. 1. DSC heating scans for Nig,,, Mns,_Sn,,
alloys (1 — x=1 2 — x=2; 3 — x=3).

The stoichiometriec Ni;MnSn has the Curie
temperature T, about 350 K and the satu-
ration magnetic moment about 4.3 pg. The
previous studies of Niz_,Mn,Sn (0.6<x<2.2)
have revealed interesting magnetic proper-
ties of this system [4]. It was found that
the saturation magnetic moment first in-
creases in alloys with x<1 and then de-
creases at the further increase in x. In con-
trast, the Curie temperature T was found
to increase over the whole x range being
studied. The compositional dependence of
the magnetic moment can be reasonably ex-
plained assuming ferromagnetic coupling
between Mn atoms located at 4b (in
Wyckhoff notation) positions (i.e. between
Mn atoms occupying the Mn-sublattice) and
antiferromagnetic coupling between Mn
atoms occupying 4b and 4a (or 4c) positions
(i.e. between Mn atoms occupying Mn- and
Ni-sublattices). Substitution of Mn for Sn in
NiggMns,_Sn, causes a structural instability
that has a considerable impact on magnetic
properties of these compounds. The compo-
sitional dependence of the Curie tempera-
ture T of the austenitic phase was found to
be weak, while T» of the martensitic phase
depends strongly on the composition and de-
creases drastically with decreasing Sn con-
tent. Moreover, different strength of ex-
change interactions in martensitic and
austenitic phases may result in an unusual
sequence of magnetic transitions, namely,
the material being in ferromagnetic state at
low temperatures transforms to a paramag-
netic state at intermediate temperatures
and then again to ferromagnetic state upon
further heating. Due to the unusual se-
quence of magnetic phase transitions (from
paramagnetic martensite to ferromagnetic
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Fig. 2. DSC heating scans for Ni5o+{Mn39_ySn11
alloys (I — y=1, 2 — y=2, 3 — y=3).

austenite) observed upon heating, a large
inverse magnetocaloric effect has recently
been observed in NiggMng, ,Sn, (x =18, 15)
alloys [5]. In order to study further magnetic
and structural properties of Ni—Mn-Sn, we
have prepared two series of novel ferromag-
netic shape memory alloys, Nigy,,Mns7 ,Sny;
and Ni50+y|\/|n39_ySn11 (JC, y= 1, 2, 3).

The polycrystalline ingots of nominal
compositions within the above-mentioned x
and y ranges were prepared by a conven-
tional are-melting method. Since the weight
loss during arc-melting was small (<0.2 %),
we assume the real compositions to corre-
spond to the nominal ones. The ingots were
annealed at 1273 K for 26 h and quenched
in ice water. Samples for calorimetric and
magnetic measurements were cut from the
middle part of the ingots. Characteristic
temperatures of the direct and reverse
martensitic transformations were deter-
mined by differential scanning calorimetry
(DSC) measurements performed at the heat-
ing/cooling rate 5 K/min. Magnetic proper-
ties were studied by a Quantum Design
SQUID magnetometer.

The DSC measurements provide a simple
and effective tool to detect martensitic
transformations. Well-defined peaks seen on
cooling and heating DSC curves correspond
to direct and reverse martensitic transfor-
mation, respectively. The direct martensitic
transformation is characterized by the
martensite start temperature, M , and the
martensite finish one, M;. Accordingly, the
reverse martensitic transformation can be
characterized by the austenite start tem-
perature, A, and the austenite finish one,
Ap. As an example of these measurements,
DSC heating scans for the alloys from the
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studied compositional interval are shown in
Figs. 1 and 2. Our DSC measurements have
revealed that the martensitic transforma-
tion temperature in the alloys studied
shows a non-monotonic dependence on the
Ni excess x and y. Whereas an increase of
martensitic transformation temperature is
observed in both the systems as Ni excess
increases from 1 at.% to 2 at.%, a further
substitution of Mn for Ni does not affect
martensitic transformation temperature. In
the Ni50+yMn39_ySn11 system, the martensitic
transformation takes place at higher tempera-
tures than in the Ni50+X|V|n37_XSn13 alloys,
which is in accordance with the results of
previous studies [1, 3].

The results obtained from the magnetiza-
tion measurements point to the complex
magnetic properties of these materials. For
instance, some of the alloys exhibit several
anomalies in the temperature dependence of
susceptibility which allows to conclude that,
in contrast to NiMnGa alloys [6], the Curie
temperature of martensite in the studied
Ni-Mn—Sn compositions is lower than that
of austenite. An example of these measure-
ments is shown in Fig. 8 for the case of
NisoMnz5Sn 5 alloy. It is evident that the
magnetization of this alloy measured upon
cooling in a low magnetic field H = 100 Oe
exhibits a jump-like increase at ~ 306 K
and ~217 K. Since both these anomalies are
observed in the martensitic state, the high-
temperature anomaly can be attributed to
the Curie temperature of martensite. The
origin of the low-temperature anomaly re-
mains unclear at present. Most likely, the
anomaly at T ~ 217 K corresponds to an in-
termartensitic transformation between dif-
ferent crystallographic modifications of the
low-temperature phase, a phenomenon
which has often been observed in the Ni—
Mn-Ga system and presumably in the Ni—
Mn—-Sn alloys [1] as well. The results for the
magnetization temperature dependence
measured in 3 T field (inset in Fig. 8) sug-
gest that the magnetization saturation of
these two martensitic phases is nearly iden-
tical. However, a possibility that this anom-
aly is an evidence that the two martensitic
phases have well separated Curie tempera-
tures cannot be excluded, since phase tran-
sition temperatures in NigoMn355n,3 alloy do
not differ significantly from those in
Ni50Mn378n13 [1, 3, 5], and for the latter
composition the Curie temperature of marten-
site T¢M = 230 K has been reported [3, 5].

A peculiarity of the studied NigoMnzgSny;
alloy is the existence of an unusual se-
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Fig. 3. Temperature dependence of magneti-
zation M(T) for Nig,Mn;;Sn,; measured upon
cooling in a magnetic field H = 100 Oe. The
inset shows M(T) of this alloy measured upon
heating in H = 3 T. The anomaly of M seen
at ~335 K corresponds to the transition from
paramagnetic martensite to ferromagnetic
austenite.

quence of magnetic transitions. In this com-
position, a paramagnetic martensitic phase
is sandwiched between ferromagnetic
martensitic phases (at low temperatures)
and ferromagnetic austenitic phase (at high
temperatures). This specific property is es-
sentially due to the difference in the
strength of the exchange interactions in
martensite and austenite. It is worth noting
that the ferromagnetic austenite exists in a
narrow temperature interval with Curie
temperature of austenite T¢4 roughly coin-
ciding with the austenite finish tempera-
ture. For that reason, the magnetization
anomaly corresponding to the transition
paramagnetic martensite < ferromagnetic
austenite is virtually not observed in low
magnetic fields and becomes more pro-
nounced in high magnetic fields (Fig. 4).
Since such a behaviour of magnetization
causes a large inverse magnetocaloric effect
[5], our observation implies that a similar
phenomenon can be observed in

Thus, our DSC measurements revealed
that the martensitic transformation tem-
perature in the alloys studied shows a non-
monotonic dependence on the Ni excess x
and y. Whereas the martensitic transforma-
tion temperature increases in both the sys-
tems as Ni excess increases from 1 at.% to
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Fig. 4. Features of a transition from ferro-
magnetic austenite to paramagnetic marten-
site in Nig,Mnz55n,; measured upon cooling
in various magnetic fields.

2 at.%, a further substitution of Mn for Ni
does not affect the martensitic transforma-
tion temperature. The results of magnetiza-
tion measurements point to complex mag-
netic properties of these compounds. The
Curie temperature of austenite is higher

than that of martensite which results in
that the paramagnetic martensitic phase is
sandwiched between ferromagnetic marten-
sitic and ferromagnetic austenitic phases.
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Ni—Mn-Sn: noBi (pepomMaruiTHi cniaasu
3 maMm’aTTIo (hopMu

B.Xoeaiino, B.Konedoés, B.lllaépoé, B.Hoeocad, A.Koponvos,
M.Oyyxra, O.Casenveea, T.Taxazi

IIBi cepii HOBMX (pepOMATrHITHUX CILIABiB N150+XMn37 XSn13 i N|50+yMn39 ySn11 3 mam’saTTIo
dbopMyu 0XapaKTEepHM30BAHO KAJIOPMMETPHYHHMH 1 MATHITHMMHU mociimxeHHamu. Omzepxkani
pesyJbTaTh MoKasajau, o samimeHasa Mn ma Ni mpuBoguTh 40 MigBUINEHHA TeMIEpPaTypu

MapTeHCUTHOTO mepeTBOpeHHA T,.
ctaBax 3 x, Yy > 2 ar.%.
Mar”iTHi BJIaCTHMBOCTI IIUX CIIJIaBiB.
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Tennennia go migsuimenus T,
PesynbraT;t Mar"HiTHuUX [gOCIHiAiKE€Hb BKas3yIOTh Ha KOMILJIEKCHI

He CIIOCTEPIraeThea y
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