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Abstract. Magnetic properties of a Nis;Mnss sIny, s Heusler ribbon were studied by ferromagnetic resonance (FMR)
in the temperature range of 335-100 K. In the temperature region of 265-170 K, the FMR signal disappeared,
in spite of the fact that this region comprised the main crystal transformation temperatures: M;, M, A, Ay. In
the austenite crystal state, a weak antiferromagnetic interaction was observed, whereas ferromagnetism was
detected in the low temperature martensitic state.
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Introduction

Nonstoichiometric Heusler alloys Ni-Mn-Z (Z =
In, Sn, Sb, Ga) show a unique structural austenitic-
-martensitic phase transition (MPT) driven by the
magnetic degrees of freedom [1-3]. The martensitic-
-austenitic and austenitic-martensitic phase transi-
tions start at temperatures M; and A, respectively,
and they are finished at temperatures M; and A;,
respectively. For Nig;Mnj;s4In;55, these tempera-
tures are M, = 250 K, M; = 219 K, A, = 220 K, A; =
260 K. The Curie temperatures of these two phases are
T4 =310K, T¥ = 205 K for austenite and martensite,
respectively [4].

The magnetocaloric effect [5, 6] is related to
MPT. It has been suggested that this should be ap-
plied in ecological magnetic refrigeration. Ni-Mn-In
and Ni-Co-Mn-In alloys seem to offer a new per-
spective for the optimization of the magnetocaloric
effect within the Heusler group of materials [7-9].
However, the MPT is observed at great nonstoichi-
ometry x > 0.32, at Ni, Mn,,,In,, [2].

As in all ferromagnetic Ni-Mn Heusler alloys,
a sudden drop in the temperature dependence of
magnetization is observed as the temperature de-
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magnetic correlations below T' < M; [4]. Above M,
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Fig. 1. SEM micrographs of NisyMnss sIn,4 s ribbon: morphology of the W side (wheel side) (a), morphology of the F

side (free side) (b).

ferromagnetic states. The ferromagnetic resonance
technique (FMR) has been applied by us to study
such magnetic correlations in a NisoMnsssIn;, 5 rib-
bon. The same methodology was previously used for
a Nigo ;Mnss 4In,5 5 alloy sample [4].

Experimental

The NisoMnsssIng, s alloy was prepared by induc-
tion melting under argon atmosphere using pure
elements of 99.9% purity. The melt-spun ribbon of
this alloy was formed according to the procedure
described in [10, 11]. The structure of the ribbon
flakes was the single phase of a 14M modulated
monoclinic martensite [10]. The morphology and
composition was controlled by scanning electron
microscopy (SEM) using a Vega Tescan electron
microscopy equipped with the energy-dispersive
X-ray (EDX) system.

The magnetic properties of the samples were ob-
tained from the FMR data measured on an X-band
Bruker spectrometer (9.43 GHz) in the temperature
range of 100-335 K. The magnetic field was per-
pendicular to the surface of the sample. Resonance
spectra were recorded as a function of temperature on
decreasing temperature (with a 5 K step) up to 100 K.

Results

In Fig. 1, we present the SEM morphology of two
surfaces W and F of the Nis,Mns; 5 In,4 5 sample having
a shape of ribbon. The surface W had a contact with
wheel of equipment for ribbon fabrication. The surface
F shows upper (‘free’) side. The morphology of these
two surfaces differs considerably. The first surface
consists of columns of diameter of 10-20 um disposed
parallel to the surface. The F surface is composed of
grains. The microstructure of grains is of two types:
a plate-like phase associated with martensitic phase,
and a high dispersive granular phase with grains of
diameter of 1 um.

The temperature dependence of the ferromag-
netic resonance (FMR) spectra is collected in Fig. 2.

The shape of the electron paramagnetic reso-
nance (ESR) spectra is of a Dyson type, with a

great asymmetry parameter of the resonance line
A/B = 2.48 at room temperature, where A and B
are amplitudes of the low field and high field halves
of the spectrum, respectively. The temperature de-
pendence of the resonance lines indicates that in the
temperature range of 270-150 K the resonance lines
are very wide or disappear altogether. Therefore, we
study the resonance signal separately, in two tem-
perature regions: 335-265 K and 175-100 K. The
temperature dependence of the resonance field B,
and the linewidht AB for these two groups of lines
are presented in Fig. 3.

Discussion

The characteristic magnetic and structural transi-
tion temperatures obtained for an alloy whose
composition was very close to our Nisg;Mnss 4In;s s
sample [4] are collected in Fig. 4. The range of the
temperatures in which the resonance signal is not
observed is marked in Fig. 4 as well. This range con-
tains all the structural transition temperatures M,
M;, A,, A;. The magnetic transition temperatures lie
outside of this range of temperature (T is close to
the border, i.e., to the M;). Therefore, we conclude
that the high temperature magnetic resonance (MR)
signal origins from a pure austenitic phase, whereas
the low temperature MR signal belongs to the pure
martensitic phase. This is an extraordinary result in
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Fig. 2. Temperature dependence of ESR spectra of
NisoMnjsssIny, 5. The first line is recorded at temperature
335 K, the consecutive lines are recorded with gradually
decreasing temperature with step of 5 K. The last line
(upper) relates to 100 K .
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Fig. 3. Temperature dependence of the resonance field B,, and linewidth AB,,, of NissMnsssIn;s in two regimes of

temperatures.

that the mixed phases do not exhibit any magnetic
interactions in the MR measurements.

The isotropic resonance field B; = o/y (o is
the microwave frequency, ® = 2nv, v = 9.43 GHz,
y is the gyromagnetic ratio) is equal to 334 mT. The
resonance fields B, of the resonance signal in the
low temperature region (Fig. 3b) have lower val-
ues throughout the whole temperature range. This
means that for this phase the ferromagnetic coupling
is observed according to the relation:

(1)

where B, is the internal anisotropy field.

The paramagnetic state in which B; = w/y was
not detected throughout the whole temperature
range (see Fig. 3).

In paper [4], the antiferromagnetic state was
observed at temperature 180 K for Niso1:Mnss 4In;ss.
Such a state results in splitting the resonance signal
into two components, according to:

()

where Bz is the exchange field, which couples anti-
ferromagnetic sublattices.

The positive (+) component of the antifer-
romagnetic resonance signal is observed at tem-
peratures 335-280 K. Below 280 K, the line goes
toward the low magnetic field, due to ferromagnetic
interaction.

Bres = 0)/'Y -

Bres = CO/’Y * [BA (ZBE + BA)]1/2
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Fig. 4. Characteristic structural and magnetic transition
temperatures of Nig;Mnjss,4In;ss and the range of tem-
peratures in which resonance signal disappear. The data
showed in upper part of figure (above the T axes) are
taken from Ref. [4].

In the mixed state (ferromagnetic and antifer-
romagnetic), three components of the signal should
be observed. However, in our measurements, we did
not observe such a case. The FMR 1nten31ty of the
signals was calculated as:

(3) IFMR = I(AB)Z
The temperature dependence of Iryr is shown
in Fig. 5.

Austenitic region (335-260 K)

In this range of temperatures, the resonance field is
constant in the temperature period of 335 K, up to
the temperature 280 K (see Fig. 3). Then, the reso-
nance field decreases linearly with temperature, as for
ferromagnetic state. The behavior of the resonance
linewidth AB vs. temperature is opposite: first, the
width decreases linearly from 335 K up to 300 K, and
then increases exponentially, up to 265 K.

The FMR intensity Irug increases almost linearly,
starting from the high temperature 335 K, up to
T& = 310 K. Then, it suddenly drops. In the tem-
perature range 300-305 K, it takes a minimal value.
At 295 K, a sudden increase in Iryg is observed, up
to the maximum value at 285 K. Then, it decreases
with decreasing temperature. Such behavior is still
above M, = 250 K.

Martensitic region (175-100 K)

The temperature dependence of the linewidth AB
in this region of temperatures is similar to the
high temperature region. There is a minimum of
the dependence AB(T), which is between 145 and
155 K (Fig. 3b). This is far below the characteristic
temperatures M,, My, A, Ay depicted in Fig. 4. The
intensity I = A + B is almost constant in this region.
The integrated intensity Iryg increases slowly from
175 K up to 150 K (Fig. 5b). Any further decrease
in the temperature results in a quick linear increase
of Iryr. The dependence of the resonance field on
the temperature shows a maximal value at 155 K.
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Fig. 5. Temperature dependence of Iryz and asymmetry parameter C = 1 — B/A for two regions of temperature.

Conclusion

The ferromagnetic and antiferromagnetic resonance
in a NisoMnsssIng, s ribbon is observed for the mar-
tensitic and austenitic phases separately. In the
mixed crystal state (martensite + austenite), the
FMR signal disappears.

Below the Curie temperature, in the martensitic
state, the essential interaction is ferromagnetic. The
temperature dependence of the Iryr differs consider-
ably for the austenitic and martensitic states due to
different ferromagnetic ordering.
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