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Abstract

We report the simultaneously obtained large magnetoresitance and large magnetic
entropy change in a NisCogMngSny magnetic shape memory alloy. A large
magnetoresitance of 53.8% (under 5T) and a large magnetic entropy change of 31.9
J/(kg K) (under 5T) were achieved. Both of these values are among the highest values
reported so far in Ni-Mn-Sn-based Heusler alloys. The large magnetic entropy change,
closely related to the structural entropy change, is attributed to the large unit cell
volume change across martensitic transformation as revealed by our in-situ
high-energy X-ray diffraction experiment. Furthermore, this NisCogMngeSny, alloy
exhibits good mechanical properties. The combination of large magnetoresitance,
large magnetic entropy change, and good mechanical properties, as well as low cost
and non-toxicity, makes this alloy a promising candidate for multifunctional

applications.
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I. INTRODUCTION

In the last decade, NiMn-based Ni—(Co)-Mn-X (X = In, Sn, Sb) Heusler alloys
have gained much attention due to their multifunctionalities, such as magnetic shape
memory effect,"? magnetocaloric effect,®** magnetoresistance,>®, magnetothermal
conductivity’ and elastocaloric effect.® Such properties originate from the first order
magnetostructural transformation from high-temperature austenite phase to
low-temperature martensite phase. It is believed that these above mentioned
multifunctional properties can lead to potential applications in novel actuators,
high-efficiency sensors and environment-friendly magnetic refrigerators.

During martensitic transformation the ferromagnetic austenite transforms into
weak magnetic martensite, and thus a large magnetization difference (AM) can be
obtained. Applying a magnetic field at a temperature close to the reverse
transformation temperature could induce the transformation from weak magnetic
martensite to ferromagnetic austenite and therefore the magnetocaloric effect could be
observed. According to the Clausius-Clapeyron relation,' a large AM is beneficial to
the achievement of large magnetic entropy change. In Co-doped Ni-Mn-X (X = In,
Sn and Sb) alloys where large magnetic entropy change is usually obtained, the large
AM s attributed to the Co substitution for Ni turning the magnetic moments of Mn
atoms into a ferromagnetic ordering instead of antiferromagnetic one.® Since the
electrical resistivity of austenite and martensite is significantly different, during
magnetic-field-induced transformation the electrical resistivity changes, leading to the
large magnetoresistance. The large electrical resistivity difference (Ap) is related with
the variation of the density of the electronic state in the vicinity of the Fermi surface
during phase transition.* *°

For potential applications of Ni—(Co)-Mn—X (X = In, Sn, Sb) as multifunctional
alloys, it is strongly desirable to simultaneously obtain large magnetocaloric effect
and large magnetoresistance in a single alloy. However, in most studies only one
remarkable property, either large magnetocaloric effect or large magnetoresistance,
could be achieved in a certain alloy.>® Reports on both large magnetocaloric effect

and large magnetoresistance are very scarce. On the other hand, in addition to good



functional properties, the machinability of the alloys should be taken into account for
practical applications.> However, little and scattered information concerning the
mechanical properties'? of the Ni—(Co)-Mn—X (X = In, Sn, Sb) multifunctional alloys
could be found in the literature.

In this work, we report both large magnetic entropy change, 31.9 J/(kg K) under
5T, and large magnetoresistance, 53.8% under 5T, in a Nis;CogsMn4oSn;o Heusler alloy.
Each of these values is among the highest values reported in literature in which,
however, only one of these two exceptional properties was obtained. Moreover, good
mechanical properties are achieved in the studied alloy. The origin of the large
magnetic entropy change is interpreted in terms of unit cell volume change across

martensitic transformation.

Il. EXPERIMENTAL

The polycrystalline ingot with composition of NisCogMngSnyy (at.%) was
prepared by repeated melting in an arc furnace under argon atmosphere. Subsequently
it was sealed in an evacuated quartz tube and annealed at 1223 K for 9 h followed by
water quenching to ensure homogeneity. The phase transformation temperatures were
measured by differential scanning calorimetry (DSC) in the temperature range of
223-473 K with cooling and heating rates of 10 K/min; the martensitic and austenitic
transformation start and finish temperatures, Ms, My, As and Ay, are determined to be
353 K, 334 K, 354 K, and 371 K, respectively. The entropy change (AS) across the
transformation is determined from the DSC data to be 32.1 J/(kg K). Magnetic
measurements and electrical resistivity measurements were performed in a physical
property measurement system (PPMS, Quantum Design) with a magnetic field up to
14 T. Temperature-dependent in-situ synchrotron high-energy X-ray diffraction
(HEXRD) experiments were carried out at the 11-ID-C beamline at the Advanced
Photon Source, Argonne National Laboratory, USA. A monochromatic X-ray beam
with a wavelength of 0.10804 A was used. The diffraction Debye rings were collected
by a two-dimensional (2D) image plate detector. Conventional transmission electron

microscopy (TEM) experiment was performed to study the crystal structure of



martensite at room temperature. Thin foil samples for TEM observation were first
mechanically ground to ~80 um in thickness, followed by dimpling and ion-milling at

3

5 kV. Compressive test of a specimen of ®3x6 mm” was conducted using a

mechanical testing machine (Instron 5966) at room temperature.

I1l. RESULTS AND DISCUSSION

Fig.1 shows the temperature dependence of magnetization [M(T) curve] measured
under 0.0T and 4T for the Nis;CogMn4oSnyg alloy. From the M(T) curve under 0.01 T,
Ms, My, As and Ay, are determined to be 351 K, 339 K, 357 K, and 368 K, respectively,
which is consistent with the DSC results. As seen from Fig. 1 and taking into account
the characteristics of the isothermal magnetization curves [M(H) curves] at different
temperatures (see Fig. 3(a)), the high-temperature austenite shows ferromagnetic
feature while the low-temperature martensite is in a weak magnetic state.
Consequently, there is a large magnetization difference (AM = 90 emu/g) between the
two phases across martensitic transformation. Under the high magnetic field of 4 T, all
of the characteristic transformation temperatures are shifted to lower temperatures.

The As temperature is decreased by 11 K, with the rate of AAJ/HoAH = 2.75 KI/T.

According to the Clausius-Clapeyron relation," AT/ U,AH = (AM/AS), where AT is

the decrease of transformation temperature induced by the magnetic field change AH.

With the AM and AS (as determined from DSC measurement) values mentioned above,

AM/AS (and hence AT/u,AH) is calculated to be ~2.80 K/T, which is in good

agreement with the experimental AAs/oAH value (~2.75 K/T).

To evaluate the magnetoresistance of the alloy, the temperature dependence of the
electrical resistivity was measured under OT and 5T during heating, as shown in the
inset of Fig. 2. The magnetoresistance, MR, is calculated as (p(H)—p(0)) /p(0), where
p(H) is the resistivity under magnetic field and p(0) is the resistivity at zero magnetic
field."*** The temperature dependence of MR under 5 T is plotted in Fig. 2. It can be
seen that the negative peak value of MR is about 53.8% at 355 K under 5T, which is

significantly larger than that of other Ni-(Co)-Mn-Sn materials under the same



field,”>*" and it is comparable to that of the giant magnetoresistance materials such as
NisoMnaalnig (MR=64%, 5T)° and Nis;CosMnseShy (MR=60%, 5T).'® The large MR
value for the presently studied NisCogMnseSnyo alloy stems from the tremendous
difference between austenite and martensite in resistivity and the great sensitivity of
transformation ~ temperatures  to magnetic  field (almost ~ complete
magnetic-field-induced transformation from martensite to austenite occurs at 355 K
under 5T).

In order to assess the magnetocaloric effect, the M(H) curves at different
temperatures close to austenitic transformation temperatures were measured, which
are shown in Fig. 3(a). Before each measurement, the sample was first cooled to 250
K (< M) to ensure the same initial state of a fully transformed martensite and then
heated to the measurement temperature. This is to avoid the effect of possible residual
field-induced austenite owing to the incomplete transformation from austenite to
martensite during decreasing magnetic field in the previous measurement which could
lead to an artificial magnetic entropy change value.'** The curves were recorded
during both increasing and decreasing magnetic fields, but for clarity only those
recorded during increasing fields are shown in Fig. 3a. The magnetic entropy change

AS, was calculated using the Maxwell relation from the M(H) curves,®

wH OM
A8, =8, (T, H)=S,(T.0) = [ " (1H). @

The temperature dependence of the calculated ASy, at different magnetic fields is
demonstrated in Fig. 3(b). It can be seen that the maximum value of AS;,, under 5 T is
~31.9 J/(kg K), which is obtained around 358 K. It should be pointed out that at
temperatures around 358 K, applying a magnetic field of 5T is sufficient to induce the
complete transformation from martensite to austenite, as confirmed by the M(H)
curves shown in Fig. 3(a). In this case, the maximum achievable AS,, should be close
to the entropy change determined from the DSC measurement. Indeed, a good
agreement between these two values (~31.9 and 32.1 J/(kg K)) is obtained. On the

other hand, the AS,, values were also estimated with the Clausius-Clapeyron relation

for first order phase transformation, AS,, ~AM (1,AH/AT) in which z,AH/AT can



be obtained from the temperature dependence of the critical field for
magnetic-field-induced transformation,?> which can be determined from the M(H)
curves in Fig. 3(a). The maximum value estimated with this relation is ~31.6 J/(kg K),
which is consistent with the values calculated using the Maxwell relation and
experimentally obtained from the DSC measurement. This confirms that our
maximum ASp, value is reliable. The AS, value of ~31.9 J/(kg K) (under 5 T) is among
the largest values reported heretofore for Ni-Mn-Sn-based alloys. It should be noted
that nearby or even higher AS,, values were also reported in literature.**?**® However,

23,25,26

in many of those studies the M(H) curves were recorded during continuous

heating which may lead to spurious spikes on the ASy, ~ T curve;'?"2

indeed, sharp
peaks were present on the AS,, ~ T curve in some studies.?%* What is more, the AS,
values reported'®?® were only obtained with the Maxwell equation and they were
not compared with the results determined from DSC measurement or calculated from
the Clausius-Clapeyron relation or from the temperature dependence of specific heat
capacity under different magnetic fields. Therefore, the AS,, values reported therein
may be questionable.

It is known that when magnetic-field-induced transformation is completely
driven, the magnitude of the magnetic entropy change ASy, is closely related to that of
the structural entropy change during phase transformation. The large AS, obtained in
our alloy is due to its large structural entropy change. To elucidate the origin of the
large structural entropy change, in-situ HEXRD experiments were performed in the
temperature range of 400-100 K which covers the martensitic transformation region.
Fig.4 (a) and 4(b) show the HEXRD patterns collected at 400 K and 100 K,
respectively. Careful analysis shows that at 400 K the sample is in the austenitic state
and all the diffraction peaks can be well indexed according to the L2; cubic Heusler
structure; at 100 K the sample shows a martensitic structure and the diffraction pattern
can be well indexed according to the six-layered modulated (6M) monoclinic
structure.> To confirm the crystal structure of martensite, TEM experiment was
performed. Fig. 4(c) shows the selected area electron diffraction pattern (SAEDP) for

martensite at room temperature, from which one can see that there are five extra



satellite spots (marked by the white arrows) between the main reflections,
characteristic for the 6M martensitic structure.?® This is consistent with the HEXRD
result.

The temperature dependence of the lattice parameters and the unit cell volume of
austenite and martensite are shown in Fig. 5(a) and 5(b). Considering the orientation

relationship between austenite and martensite,® to examine the change of the lattice

and unit cell volume during martensitic transformation the variation of \/Ea,\,,,

\/ECM /6 and by (instead of ay, cv and by) [Fig. 5(a)] and the variation of Vy/3

(instead of V) [Fig. 5(b)] are displayed in the figure for easy comparison with
austenite. It can be seen that the lattice parameters of austenite (aa) display a slight
change with the variation of temperature. In contrast, the lattice parameters ay and S
angle [inset of Fig. 5(b)] of the 6M martensite increase obviously while by and cy
decrease with temperature decreasing in the range of 340-100 K. Strikingly, across
martensitic transformation the lattice shrinks by 6.9% along the by, axis and expands
by 4.0% and 2.1% along aym and cy, respectively. Such lattice parameter changes lead
to a significant unit cell volume contraction by 1.31% when austenite transforms to
martensite. Recently, it was reported that for first order magnetostructural
transformation the structural entropy change is proportional to the unit cell volume
change across phase transformation;®! the larger the unit cell volume change, the
larger the structural entropy change. Therefore, the significant unit cell volume
change (-1.31%) lies at the origin of the large structural entropy change and
consequently large magnetic entropy change observed in the presently studied alloy.
In fact, in the Fe-Rh,*? Gd-Si-Ge* and La-Fe-Si* materials with large unit cell
volume change (0.9%, 0.4%, 1.3%, respectively) during phase transformation, large
magnetic entropy change was observed. Most remarkably, in the Mn-Co-Ge-B alloy

with the large unit cell volume change of 4.0%,3%

giant magnetic entropy change of
-47.3 J/kg K (under 5T) was recently discovered by Trung et al.*® The correlation
between the unit cell volume change and magnetic entropy change is instructive for

predicting high-performance magnetocaloric materials from the crystallographic data.



It should be stressed that, for practical applications, the machinability of the
multifunctional alloys is of equal importance to their functional properties.* Fig. 6
shows the compressive stress-strain curve of the studied Niz;CogMnySnyo alloy at
room temperature. One can see that following the elastic deformation there is an
obvious work hardening stage. The compressive strength is 845 MPa and the
compressive strain reaches 4.5%. This compressive strain is significantly higher than
that of other Ni-Mn-based Heusler alloys** with good functional properties. It should
be noted that the high-performance Gd-Si-Ge and La-Fe-Si magnetocaloric materials
are quite brittle,"* even lack of any processing ability. The good mechanical properties
of our alloy ensure good machinability so that it could be processed into the required

shapes for potential applications.

IV. CONCLUSIONS

A large magnetic entropy change of 31.9 J/(kg K) under 5T and a large
magnetoresitance of 53.8% under 5T were simultaneously obtained in a
Nis1CogMngoShy alloy. Each of these values is among the highest values reported to
date for Ni-Mn-Sn-based alloys. The large magnetic entropy change is attributed to
the large unit cell volume change across phase transformation as revealed by in-situ
HEXRD experiments. Noteworthily, good mechanical properties were also achieved
in this Nis;CogMn4oSnyo alloy. With no expensive or toxic elements, this alloy has low
cost and it is environmentally friendly. All these merits make this alloy attractive for

potential multifunctional applications.
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Figure Captions

FIG. 1. M(T) curves measured under magnetic fields of 0.01 and 4T, respectively.

FIG. 2. Magnetoresistance as a function of temperature under 5 T. The inset shows the
temperature dependence of resistivity during heating under magnetic fields of 0 and

5T, respectively.

FIG. 3. (a) M(H) curves measured at different temperatures close to the austenitic
transformation temperatures. (b) The magnetic entropy change (ASy,) as a function of

temperature at different magnetic fields.

FIG. 4. (a, b) High-energy X-ray diffraction patterns experimentally collected at 400
K (a) and 100K (b) corresponding to austenite (A) and martensite (M) phase,
respectively. (c) Selected area electron diffraction pattern (SAEDP) for martensite at

room temperature.

FIG. 5. Temperature dependence of the lattice parameters (a) and the unit cell volume
(b) of austenite and martensite. The inset of (b) shows the £ angle of the six-layered

modulated monoclinic structure of martensite as a function of temperature.

FIG. 6. Compressive stress—strain curve measured at room temperature.
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FIG. 1. M(T) curves measured under magnetic fields of 0.01 and 4T, respectively.
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FIG. 2. Magnetoresistance as a function of temperature under 5 T. The inset shows the

temperature dependence of resistivity during heating under magnetic fields of 0 and

5T, respectively.
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FIG. 3. (a) M(H) curves measured at different temperatures close to the austenitic
transformation temperatures. (b) The magnetic entropy change (ASy,) as a function of

temperature at different magnetic fields.
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FIG. 6. Compressive stress—strain curve measured at room temperature.



