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Highly textured Heusler alloy MnygNigpSng;Sby ribbons were prepared by melt spinning. The annealed high Mn con-
tent MinggNigoSny;Sb; ribbon cross-section microstructure, crystal structure, martensitic transformation (MT), and magne-
toresistance (MR) properties were investigated. The MR in the annealed ribbon was assessed by the magnetic field direction
perpendicular to the ribbon surface with the magnetic field up to 30 kOe. The large negative value of 25% for MR was
obtained at 244 K. The exchange bias (EB) effects of the as-spun and annealed ribbons were investigated. After anneal-
ing, the EB effects have been improved by about 25 Oe at the temperature of 50 K. The magnetizations have increased

approximately by 10% more than the as-spun ribbon.
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1. Introduction

The fact that the off-stoichiometric NipMny,X;_, (X =
In, Sb, or Sn) ferromagnetic shape memory alloys (FSMAs)
undergo martensite transformation (MT) was reported by
Sutou ef al. for the first time.!'! Later, there were several re-
search groups which studied the magnetic properties and mag-
netoresistance (MR) in both NiMnSn and NiMnlIn alloys. (2-19]
In 2006, giant MR (50%) was obtained in NisoMn34Ing al-
loys in a magnetic field of 1 T,/ while the NisoMn3¢Sny4 got
the same level (50%) in magnetic fields up to 17 T.13 Even
though a larger MR can be obtained in the NiMnlIn than that
in NiMnSn alloys, the necessity to the success of commercial
use lies in the low-cost materials being available. By compar-
ing the price of nickel and manganese, a high manganese con-
tent of alloy composition can effectively reduce the production
cost.

Up to now, most of the research works have mainly fo-
cused on the NipMn;,Sn;_, alloys in which the content value
of Mn is less than that of Ni,[*®! and only a few reports
are about high-Mn content Mn—Ni-Sn FSMAs. >4 Exces-
sive Mn atoms occupy the vacant Sn sites, and their moments
are coupled antiferromagnetically to those of the surrounding

(9111 Tt was pointed out that

Mn atoms on the regular Mn sites.
the MT temperatures in FSMAs were relative to the valence

electron concentration e/at (electrons per atom).*!!] The va-
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lence electron is determined as the number of 3d and 4s elec-
trons of transition metals (Ni, Mn, Co, Fe, Cu, etc.) and the
number of 5s and 5p electrons of In, Sn, or Sb. It is common
knowledge that the coexistence of ferromagnetic (FM) and an-
tiferromagnetic (AFM) phases in martensitic and the coupling
at the AFM/FM interface would result in an exchange bias
(EB) behavior in Ni-Mn based on FSMAs.[29211 Researchers
have reported the MCE changes in NigzMnyeSn;;—,Sb, and
Niy3Mnys_,Cu,Sny; alloys at a low field.[?>?*! As to the MR,
exchange bias (EB) in these alloy ribbons are not well re-
ported. Recently, some new research works suggest that the
Mn-rich Heusler alloys such as Co,MnAl, Mn,CoAl, etc.
have been found to present the possibility of high MR.[?4-27]

Compared with the bulk material alloys, rapid quenching
by melt spinning will provide a possibility to prepare a ribbon
with a specific texture which could be favorable to MR and EB
at a suitable magnetic field. In the present work, highly tex-
tured Heusler alloy MnygNispSn;1Sb; ribbons were prepared
by melt spinning. The MR on textured MnyeNigpSniiSby
ribbons during the martensitic phase transitions were inves-
tigated. For a better understanding of the relationship among
the magnetic field, magnetic resistance, and temperature, the
isothermal MR-H was tested at the respective MT tempera-
tures. EB behavior between as-spun and annealed ribbon is
also studied.
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2. Experimental

The ingot was induction melted in a quartz tube and melt-
spun at a typical wheel surface speed of 10.0 m/s. The re-
sulting ribbon was annealed at 1073 K for 1 h and cooled in
the vacuum furnace. The average compositions of the ribbons
were considered by the x-ray energy dispersive spectroscopy
(EDS) analysis. The crystal structure of the sample was ana-
lyzed with a Panalytical X’Pert pro type x-ray diffractometer
(XRD) with Cu Ko radiation. The lattice parameters were
calculated through using Jade 5.0 XRD analytical software.
The magnetic properties were measured using a multi-use vi-
brating sample magnetometer VersaLab system (Quantum De-
sign), in a magnetic field up to 30 kOe. The temperature de-
pendence of magnetization M—T curves was performed at a
cooling/heating rate of 2 K/min. The electrical resistance was
carried out by using a press contact assembly four-probe tech-
nique. The magnetic field direction was perpendicular to the
free surface of the ribbon (H; the current). Resistance and
MR were set as functions of the field (0 and 30 kOe) at differ-
ent temperatures (150-300 K). Acquisition and control of the
measurements were performed by using electrical transport
option software (ETO, Quantum Design). Before the isother-
mal magnetic field MR curves were recorded, the sample was
cooled down to the Curie temperature of the martensitic phase
(TCM), and then heated to the measuring temperature in zero
field. For the EB behavior test, the magnetic hysteresis loops
(M—-H) were used for as-spun and annealed ribbons at 50 K
after cooling from 300 K in the present field of 5 kOe. The
actual measurements were conducted from —4 kOe to 4 kOe.

3. Results and discussion

Typical SEM image of the fracture cross-section of the
melt spun ribbon was presented in Fig. 1(a), showing a crys-
talline and columnar type microstructure. The average com-
position of the ribbons was by using the x-ray energy disper-
sive spectroscopy (EDS) analysis. The compositions were ob-
tained based on five randomly made different points for the
cross-section ribbon. The composition of the ribbon was con-
sidered to be MnygNisSn;;Sb; on average. The longer axis
of the columnar grains has a tendency to align perpendicularly
to the free surface of the ribbon, indicating that the rapid solid-
ification process induces directional growth of textured poly-
crystalline ribbons. The ribbon thickness is about 40 pm. The
fracture cross-section surfaces can be observed as well. Some
tearing edges instead of typical brittle characteristics can be
observed on the fracture surfaces. Lots of tearing edges pro-
vide the evidence that many courses were completed and a lot
of energy was consumed before fracture. 6]

The XRD patterns of annealed ribbons measured at room
temperature are presented in Fig. 1(b). It is clear that the sam-
ple crystal structure is in the cubic L2, as for the intensity

ratio of /(400)/1(220) is about 69.39%. From the XRD patterns,
it is also established that ribbons exhibit crystallographic tex-
ture, which is in agreement with their grain-oriented columnar

28.291 The crystal directions [400] are preferen-

microstructure. !
tially oriented perpendicular to the ribbon plane.*%! The lattice
constant calculated from the XRD patterns is 5.984 A for the

annealed ribbon.
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Fig. 1. (color online) The MnygNigpSn;;Sb; alloy ribbons annealed at
1073 K for 1 h. (a) SEM micrograph of ribbon fractured cross section, and
(b) the room-temperature XRD pattern.

The temperature dependence of the magnetization (M-T')
curves and the temperature dependence of electrical resistance
(R-T) for the MnyggNis»Sn;;Sby alloy ribbons were measured.
Figure 2(a) shows the M—T curves for MnygNigpSn;1Sb; on
heating and cooling on a magnetic field of 100 Oe, respec-
tively. As the M-T curves show, the thermal hysteresis is
about 11 K around the MT temperature, which is attributed to
the first-order structural transition. The first-order martensitic
and austenitic start and finish at transition temperatures (M,
M and As, Ar), respectively. The values of the MM, MM, AM,
and A?/[ estimated from the M—T curves, are determined to be
238, 229, 241, and 250 K, respectively. Figure 2(b) shows the
R-T curves for the MnygNisgSn;;Sb; alloy ribbons on heat-
ing and cooling without a magnetic field applied. The val-
ues of the M?, MF, A?, and AfR, estimated from R-T curves,
are determined to be 219, 236, 238, and 247 K, respectively.
By comparing Fig. 2(a) with Fig. 2(b) of the first-order struc-
tural transformation procedure, the MT temperature estimated
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from R-T on heating is about 3 K higher than that from M-
T curves. The difference in MT temperature is caused by the
texture ribbon with different dynamical driving factors, such
as the testing theory, magnetic field directions, and magneti-
zation experiments.
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Fig. 2. (color online) The M-T curves for MnsgNisgSn1Sb; alloy rib-
bons on heating and cooling under a magnetic field of 100 Oe (a), the R—-T'
curves measured on heating and cooling without magnetic field (b).

The R-T curves for the MnygNigpSn;1Sb; ribbons at 0
and 30 kOe on heating are plotted in Fig. 3(a). It is obvi-
ous that the MT temperature can be modified from chang-
ing the applied magnetic field. Under the magnetic field of
30 kOe, the MT temperature decreases by about 4 K for the
ribbon, which results from the magnetic field shaping the tran-
sition temperature. Because the magnetic field can induce
the MT in ferromagnetic shape memory alloys, this first-order
transformation is often associated with a drastic change in re-
sistance. Figure 3(b) displays the temperature dependence
of MR for the ribbon. The MR is calculated using the for-
mula MR(%) = (R(H,T) —R(0,T))/R(0,T) x 100%, where
R(H,T) and R(0,T) are the resistance in the applied magnetic
field and zero with the temperature, respectively. The large
MR is only observed around the MT region, with a magnetic
field of 30 kOe and a larger negative value of 25% for MR ob-
tained. By comparing the result of Nigs 1 Mny42Sny; 7 U7 with
the magnetic fields at 30 kOe, their result only gets 10% MR at

268 K. While the NisoMn36Snj4 gets 50% MR in a magnetic
field up to 17 T.3]

70
—=—30 kOe FH
——0 Oe FH
60 F
S
8
& 50F
40+
(a)
160 200 240 280
T/K
oF —=— 30 kOe FH
—

—10f !

|
L (b) 5

160 180 200 220 240 260 280 300
T/K

MR/%
—

Fig. 3. (color online) (a) R-T curve at 0 and 30 kOe magnetic fields on
heating. (b) MR as a function of temperature for MnygNisrSny;Sb; alloy
ribbons on heating at 30 kOe.

As we already know, the large MR in these ribbons is
likely to be caused by the field-induced change in electronic
structure, which modifies the density of the states near the
Fermi surface and leads to an abrupt change in resistance near
the MT temperatures. 1014

In order to get a better understanding of the relationship
among the magnetic field, magnetic resistance, and temper-
ature, especially the relationship of the martensitic transfor-
mation processes, we tested the isothermal MR—H near the
respective MT temperatures. In order to prevent austenite
and martensitic phases in the sample from coexisting with
each other, before the isothermal magnetic field MR—-H curves
were recorded, the sample was cooled down to T(I:VI, and then
warmed up after a 5-min waiting for consistency, monoton-
ically without overshooting up to the target temperature in
zero field at each step. Even though the isothermal MR-H
near the MT temperatures has been well studied, each step
increase 1 K is scarce.!'?! Figure 4 shows the MR as a func-
tion of magnetic field at different constant temperatures for
MnygNisrSny Sb alloy ribbons while MT was tested. In such
case, with the applied magnetic field increasing, the magne-
tization changes could be essentially routed to domain walls
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displacement or twin variants reorientation. However, we still
get coexisting martensitic and austenite phases in the ribbon
before 244 K, as shown in Fig. 4(a). Before the applied mag-
netic field increases, there is still a part of martensitic fraction
(see Fig. 2(b)). From Fig. 4(a), we can see that at a 3-K tem-
perature span (244-246 K), the highest MR at about 25% is
obtained, and the MR remains almost constant. The fact that
the MR increases with temperature before A? means that the
austenite phase has a larger MR than that of the martensitic
phase. This can also be explained by the crystal structure lat-
tice instability before the transformation was accomplished.
Therefore, large MR can be ascribed to the field-induced MT
temperatures decrease and the density of the states near the
Fermi surface was modified. Resulting from the field-induced
transition, the giant negative MR remains unchanged while the
magnetic field decreases. On achieving the target tempera-
tures before MT (see Fig. 4(a)), we get a coexisting martensite
and austenite phases in the ribbon, in which there is a lot of
fraction of martensite. At 245 K, the MR is about 11.5% of
10 kOe with the magnetic field increased, which was the same
as 244 K. With the magnetic field increasing, a field-induced
MT happens, the MR decreases with increasing magnetic field
at magnetic fields from 10 to 17 kOe. In this case, with in-
creasing the applied magnetic field, the magnetization changes
could be essentially routed to domain walls displacement or
twin variants reorientation. While the temperature increases to
246 K, the MR is only about 7.5% with the field up to 30 kOe,
which means that the MT has been finished.

The isothermal M—H curves for the MnggNigoSn;;Sb; al-
loy ribbon were measured at 241 K at a magnetic field up
to 30 kOe. In Fig. 4(b), the typical magnetization curve at
241 K demonstrates the field-induced MT of the sample. Be-
fore the isothermal magnetic field MR curves were recorded,
the sample was cooled down to the Curie temperature of the
martensitic phase, and then heated to the measuring tempera-
ture in zero fields. As has been mentioned earlier, during the
first-order structural transformation procedure, the MT tem-
perature estimated from R-T is about 3 K higher than that at
M-T curves at a magnetic field of 100 Oe. The magnetization
jump in FSMAs would be attributed to two different interac-
tion mechanisms. One mechanism may be the strong spin-
phonon coupling. The other mechanism is due to the magnetic
structure coupling on a microscopic scale between the mag-
netism and the martensitic variants, which leads to the mag-
netization jump near the MT. The metamagnetic characteris-
tic in the M—H isotherms is associated with a field-induced
reverse MT from a low magnetization martensitic state to a
higher magnetization austenite state. On achieving the target
temperatures before MT, we gain coexisting martensite and
austenite phases in the ribbon, in which there is a high fraction
of martensite. At 241 K, with the magnetic field increasing,

a field-induced MT happens, and the magnetization increases
with increasing magnetic field at a magnetic field from 10 to
17 kOe. In this case, with the applied magnetic field increas-
ing, the magnetization changes could be essentially routed to
domain walls displacement or twin variants reorientation. This
phenomenon has been reported in magnetic field-induced MT
in the other Ni-Mn based FSMAs.[13!
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Fig. 4. (color online) The MR-H curves at different constant tempera-
tures for MnggNigoSny;Sby alloy ribbons (a). The typical isothermal M—H
curves at constant temperatures (b). The sample was first cooled to 150 K
and then heated back to the respective constant temperatures for MR mea-
surement.

Figure 5 shows the M—H loops of the as-spun and an-
nealed MnygNigrSnjSb; ribbons measured at 50 K. The small
variation of the Mn—Mn distance and the degree of atomic or-
der can be affirmed in EB. A small but finite shift in the hys-
teresis loops was observed, which demonstrates the existence
of EB in these ribbons. The values of EB field (Hg) and coer-
cive field (Hc) were calculated by using Hg = —(Hy + HR) /2
and Hc = |HL — Hr|/2 (Hy and Hy are the left and right coer-
cive fields, respectively). The Hg increases, while the Hc de-
creases for the annealed ribbon. The values of Hg are 90 and
115 Oe and Hc are 170 and 615 Oe, for the as-spun ribbon
and annealed ribbons, respectively. Through comparing the
EB result of high Mn content MnsgNigg—Snjgx (x =0, 0.5,
and 1) alloys with the same temperature,”!! Hg and Hc are
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determined to be 105 and 630, respectively. The ribbons have
to undergo the structural relaxation and the growths of grain
size in the annealing process, which will modify the degree of
atomic order and form the ordered AFM/FM interface.!3!-32]
Therefore, the strengthening of the exchange coupling at the
AFM/FM interface after the annealing would assume the re-
sponsibility of the increased Hg and the decreased Hc. While
the heat treatment was performed, the magnetizations have in-
creased by approximately 10% compared with the as-spun rib-
bon under the same applied magnetic field.

—8— as-spun
2 —e— annealed

=90 Oe melt-spun

Hp =115 Oe annealed

Hce =710 Oe melt-spun

H:=0615 Oe annealed
1

—2000 0
H/Oe
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Fig. 5. (color online) The M—H loops of melt-spun and annealed
MnygNigpSnySby ribbons measured at 50 K.

4. Conclusion

Highly textured Heusler alloy MnggNigpSn;iSb; rib-
bons were prepared by melt spinning. The annealed high
Mn content MnyeNigpSniSby ribbon prepared by melt-spun
and cross-section microstructure, martensitic transformation
(MT), and magnetoresistance (MR) properties were investi-
gated. From the XRD patterns, it is clear that the sample
crystal structure is in the cubic L2, and the intensity ratio of
1400)/I(220) 1s about 69.39%. The ribbons exhibit that crys-
tallographic texture is in agreement with their grain-oriented
columnar microstructure. The crystal directions [400] are
preferentially oriented perpendicular to the ribbon plane. The
large negative value of 25% for MR is obtained at 244 K. At
245 K, a field-induced MT happens; we use the isothermal M-
H curve to explain the reasons. The exchange bias (EB) effects
of the as-spun and annealed ribbons were investigated. After
annealing, the EB effects have been improved at the tempera-
ture of 50 K.
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