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ABSTRACT

The exchange bias effect is the physical cornerstone of applications, such as spin valves, ultra-high-density data storage, and magnetic tunnel
junctions. This work studied the room temperature exchange bias effect by constructing a NisoMn;5Sb;, Gay alloy system with coexisting
martensitic phase structures. The study found that the exchange bias effect shows a non-monotonic change with the variation of Ga composi-
tion at 300K, and an obvious room temperature exchange bias effect appears in the alloys with coexisting phase structures of 40 and L1,
which is due to the strong exchange coupling between ferromagnetic and antiferromagnetic. Further research on the exchange bias effect and
temperature shows that the blocking temperature is 420 K, and the exchange bias can stably exist in a temperature range of ~200 K around

room temperature. This work provides a method to engineer exchange bias effects at room temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0178839

A new exchange anisotropy was first discovered in Co/CoO by
Meiklejohn and Bean in 1956, resulting from the exchange interaction
between the ferromagnetic (FM) and antiferromagnetic (AFM).!
Accompanied by anisotropy, the hysteresis loop of a magnetic sample
shifts along the magnetic field axis after it cools by an external mag-
netic field which is known as the exchange bias (EB) effect.” ™ It has
been extensively studied for its potential role in spin valves, ultra-high-
density data storage, magnetic tunnel junctions, and spintronic devi-
ces.” © So far, this effect has been found in different materials systems,
such as FM/AFM core/shell nanoparticles,”” FM/AFM films,”'” and
materials with phase separation (Heusler alloys and perovskite oxides,
etc.),'""” in which the FM domains are coupled to AFM domains by
exchange interaction.

For Ni,Mn;,Z; _ (In, Ga, Sb, etc.) Heusler alloy, the magnetic
moments for Ni atoms are much smaller than the Mn atoms, so the
contribution of the Ni magnetic moments in the total magnetic
moments is usually ignored and only the contribution of Mn atoms is
considered.'™"* The relation between exchange interaction and
Mn-Mn distance (dyp_mn) is conformed to the Bethe-Slater curve
that describes the relation between the exchange coupling and

interatomic distance.”'® When dy, vn < 2.83 A, the interaction is

AFM due to the lower energy state of AFM order, and for dy,_mn
>283A4, it is FM, that is, in martensite, when dyg, p, smaller than
2.83 A dominates, it exhibits AFM. When dyi, larger than 283A
dominates, it shows FM.'”"'” The diverse structure of Heusler alloy
martensite (tetragonal, monoclinic, orthorhombic, etc.) produces
diverse magnetic states, among which the tetragonal phase will
enhance AFM.”"** In studying the EB effect of Heusler alloys, cooling
field and blocking temperature are important research focuses. On the
one hand, zero-field cooling (ZFC) can reduce energy consumption.
On the other hand, a higher blocking temperature is more conducive
to the practical application of the EB effect. In 2007, Khan et al. used
the method of composition control in NispMn,s ,Sb,s5_ and observed
that NisoMnsg5Sby, 5 had an EB effect of 284 Oe when it was cooled
under 50kOe at 5K;*’ at the same time, Jing et al. also found that an
EB effect of 175 Oe at 2K can be obtained in NisoMnseSn,4 after field
cooling under 10kOe.”* Subsequently, in 2011, Wang et al. observed
the EB effect after zero-field cooling in the antiferromagnetic spin glass
(SG) NiseMn;;In;; (10 K), which is due to the long-range disordered
and short-range ordered ferromagnetism at low temperature.” After
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this, the EB effect [1.7kOe at 1.9 K,%° 2.3kOe at 50K,*” 0.25kOe at
5K,”® and 1.28 kOe at 10K (Ref. 29)] after zero-field cooling was also
discovered in many other systems, but the blocking temperature still
only increased to about 150 K.

In this work, the NisoMn;sSb;, Gay (0 < x < 12) polycrystalline
alloy system was constructed. When 5 < x < 8, the alloys are coexist-
ing martensitic structures with different magnetic phases (FM and
AFM), thus arising the EB effect at room temperature (300K). The
variation of the EB effect with Ga composition (x) was investigated.
Experimental results show that with the increasing x, the room tem-
perature EB effect shows a non-monotonic trend of first increasing
and then decreasing. In alloys (for example, NispMn33SbsGay, etc.)
with coexisting martensitic phase structures, an optimal EB effect of
1750e was obtained at room temperature. At the same time, the
changing trend of the EB effect with temperature was studied, and the
EB effect can exist in a wide temperature range of about 200K near
room temperature. This result provides a method for designing and
preparing materials with an EB effect at room temperature.

The NisoMn;gSby,Gay (0 < x < 12) alloy system was prepared
according to the stoichiometric ratio by arc melting, the ingots were
smelted five times, and the purity of all raw materials was 99.9%. To
achieve high composition homogeneity, the samples were wrapped in
silica tubes and vacuum annealed at 1173 K for 24 h. The differential
scanning calorimetry (DSC) was used to determine the martensitic
transition temperature. X-ray diffraction (XRD, Bruker D8 Advance
x-ray diffractometer, Germany, Cu Ko, 4 =0.154 18 nm) was used to
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investigate the crystalline nature of alloys. The sample was also sealed
in Kapton capillaries for in situ HR-XRD measurements with
1 =0.4142 A at beamline 11-BM-B at the Advanced Photon Source,
Argonne National Laboratory. The magnetic properties, including
magnetic hysteresis (MH) loops, magnetization temperature (MT)
curves, and AC susceptibility, were measured using a superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design, MPMS-XL-5).

The composition-temperature phase diagram of NisyMnsgSby,Gay
(0 < x<12) is shown in Fig. 1(a). DSC [Fig. 1(b)] and XRD
[Fig. 1(c)] data determine the entire phase diagram and coexisting
phase structure boundary. Strong endothermic and exothermic
effects often accompany the first-order phase transformation in
alloys, which can be characterized through DSC. The temperatures
at which martensite transformation begins, the temperature at which
martensite transformation ends, the temperature at which austenite
transformation begins, and the temperature at which austenite
transformation ends are usually marked as Mg, Mg, As, and Ap,
respectively. As shown in Fig. 1(b), a set of obvious endothermic and
exothermic peaks appear in the DSC analysis spectrum when x =0,
corresponding to martensite phase transformation and inverse mar-
tensitic phase transformation. They are starting and ending temper-
atures. Mg, Mg, As, and Ap are 383, 345, 399, and 354 K, respectively,
and the thermal hysteresis is about 15 K. Thermal hysteresis is an
inherent feature of first-order phase transitions.”” As the x increases,
when x=7, the martensitic transformation temperature of
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FIG. 1. (a) Phase diagram of NisoMn3gSb1,_xGa, (0 < x <12). (b) DSC curves of for NisgMn3gSb1,_,Ga, alloys (x =0, 7, and 12). (c) Room temperature XRD patterns for
NisoMn3gSb1o_,Gay alloys (x =0, 5, 7, 8, 10, and 12). (d) The lattice parameters and phase proportion dependence on x of NispMn3gSh1, 4Gay (0 < x < 12) alloys, the blue
column represents the proportion of 40, and the red column represents the proportion of L1,.
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NisoMn;gSbsGa; alloy moves to high temperature. With the further
rise of x, the Mg of NisuMn33Ga,, has been increased to 641 K. It can
also be observed from the DSC that as the proportion of Sb and Ga
change, the intensity and shape of the endothermic and exothermic
peaks also change. The endothermic peak intensity of NisoMn;5SbsGa;
is the lowest, and the shape is not as sharp as the endothermic peaks of
NisoMn;3Ga;, and NisgMnsgSby,, there is also a small step around the
endothermic and exothermic peaks. This phenomenon is because the
structure of NisoMnssGaj, and NisoMnsgSby, is a single martensite
phase, and strong adsorption occurs during the martensitic phase trans-
formation process. However, the martensitic phase of NisoMn;gSbsGa;
is a two-phase coexisting martensitic phase with a broad phase transfor-
mation temperature range and relatively small heat absorption and gen-
eration. As shown in Fig. 1(c), It can be seen from the Rietveld
refinement results of the XRD pattern that when x <4, The XRD dif-
fraction peak shows the obvious characteristic peaks (200), (102), and
(221) of four-layer orthorhombic martensite (40).”"** The martensitic
structure is a pure 40 phase. In contrast to this, when x > 8, the charac-
teristic peaks of the XRD diffraction peaks are (112), (200), (202), and
(440), which belong to the standard non-modulated tetragonal martens-
ite (L1p). The structure becomes pure L1, phase.”””* When 5 < x < 8, it
is the coexistence martensitic phase of 40 and L1, in the middle compo-
sitions. As shown in Fig. 1(d), the proportion of the 40 phase decreases
from 80% to 23%, and L1, increases from 20% to 77% correspondingly.
The change in proportion changes the exchange interaction between
systems and, thus, causes the variation of EB. Meanwhile, the lattice
parameters of 40 and L1, are obtained from the refinement results. The
lattice parameters both decrease with increased x. As shown in Fig. S1,
for NisoMnsgSb,xGa, (0 < x < 12) alloy, the grain size increases with

ARTICLE pubs.aip.org/aip/apl

increased x. When x=0 and x= 12, the grain sizes of ferromagnetic
NisoMn3gSby, alloy and antiferromagnetic NisoMn;sGa,, alloy are 80
and 300 pm, respectively.

Figure 2 shows MH loops at 300K of the NisoMnsgSb, Gay
(0 < x<12) after zero-field cooling from 400K, and the inset is the
enlarged central region of the loops. The exchange field (Hgp) is
defined as Hgp = (Hy, + Hg)/2, where H; and Hy, are the left and right
coercive fields, respectively. When x =0, the MH loop shows FM, as x
increased to 12, the MH loop shows AFM. As shown in the inset of
Figs. 2(a) and 2(e), the enlarged MH loops for x =0 and x =12 do not
shift with the magnetic field axis, and no EB effect exists. However, for
the coexisting phase structure alloys, the MH loops move right along
the x axis, showing an obvious EB effect. Similar behaviors were
observed for FeF,/Fe and LagsSrosMngsCoy,O5 ceramics systems
exhibiting a positive EB effect.””’* The positive EB effect is due to the
AEM exchange interaction at the AFM/FM interface’”® The
exchange interaction at the interface causes the AFM interfacial spin
coupling to the FM interfacial spin. A microscopic torque exerted by
the AFM pinning force on the FM layer leads to the unidirectional
anisotropy, which causes the MH loops to shift. Thus, when the
exchange interaction is AFM, an extra positive measuring field is
required to overcome the interface AFM unidirectional anisotropy,
thus causing the positive EB effect. Figure 2(f) shows the relationship
between the Hgg and x, the Hyp first increases, and then decreases as
the increasing x. The optimal EB effect Hgg=1750e appears in
NisoMn;gSbsGas alloys. Hence, Hgp, is sensitive to the structure. Since
the atomic radius of Sb is larger than Ga, when the ratio of Sb and Ga
changes, the structure changes from 40 to Ll and 40 and then
all change to L1, resulting in a difference in the Mn-Mn distance.
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FIG. 2. Magnetization hysteresis loops of NisoMn3gSb,_,Gay alloys (0 < x < 12): (a) x=0, (b) x=6, (c) x=7, (d) x=28, and (e) x=12. Inset: enlarged view of the central
region of the loops. (f) Heg dependent on the x of NisoMn3sSb+,_Gay, measured at 20 kOe after ZFC.
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The magnetism of the alloy changes from FM to the coexistence of FM AFM with low anisotropy, which can be dragged by the FM part, and
and AFM which has a strong exchange interaction and finally turns to the EB is attributed to the part of AFM with high anisotropy which

main AFM. cannot be dragged by the FM part.”” *' The AFM anisotropy is high at
As shown in Fig. 3(a), the changing trend of the EB effect with the temperature where the AFM cannot be dragged easier by the FM,
temperature was further studied by the MH loops at different tempera- which causes a minimum of Hc and a maximum of Hgg. This phe-

tures (240-480 K) after zero-field cooling, the MH loops at 240-360 K nomenon is identical to some previous research on Heusler alloys."*"

are tested after zero-field cooling from 400K and at 320-480K are With a further temperature increase, the He peaks at Tp and then
tested after zero-field cooling from 500 K. All M-H loops are almost begins to decrease. That is because the AFM anisotropy decreases as
identical in shape. From the enlarged MH curves in the inset Fig. 3(a), temperature approaches T. Above Tp, AFM can no longer hinder the
there is a noticeable shift in the magnetic field axis below 420 K. Figure ~ FM rotation.”” ** As a result, the Hc reaches its maximum value, and

4(b) shows the relationship between Hgp and temperature, Hgp first Hgp reduces to zero at higher temperatures. At the same time, it can
increases and gets a peak at 320K with increasing temperature. As also be observed that the saturation magnetization (Ms) gradually
temperatures further rise, the Hgp begins to decrease and be zero above increases as the temperature decreases, from 5.2emu g ' at 480K to

420K, which is defined as the blocking temperature (Tg). This is 86emu g ' at 240K [Fig. 3(d)]. The above-mentioned results show
mainly affected by the temperature dependence of AFM anisotropy this EB effect caused by the coexisting phase structure can exist in a
and thermal disturbances. Figure 3(c) shows the changes in coercive wide temperature range (240-420 K). The EB effect after different field
force with temperature. The Hc¢ is defined as Hc = (Hg — Hy)/2. It cooling at 300K has been tested and shown in Fig. S2. With the
can be found that H first decreases and then increases as the tempera- increasing cooling field, the value of Hgp decreases and finally trans-
ture increases, exhibiting a valley around 320 K. From the previous forms to a negative value. This is owing to the increased FM cluster at
research, the H¢ in the FM/AFM system is attributed to the part of  the interface with the increasing cooling field and exchange
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interaction, thus turning from AFM to FM.?” Then, the MH loops shift
to the left along the magnetic field axis offsetting the origin center.

Figure 4 shows the MT curves of NisoMn;sSbsGa; under zero-
field cooling (ZFC) and field cooling (FC) conditions. If ZFC curve is
cooling the sample from 400K to 10 K without an external field, then
the temperature is raised to 400 K under an external magnetic field
(200 Oe), the change in the magnetization of the sample during the
heating process is recorded, FC refers to the process of cooling and
testing with an external magnetic field. It can be seen that the ZFC and
FC curves do not overlap, and the magnetization of ZFC is signifi-
cantly lower than the FC. The splitting between the ZFC and FC curves
increases with decreasing temperature, indicating irreversible magneti-
zation behavior in the alloy, ie, FM and AFM interactions. This
caused the EB effect near room temperature. With a further decrease
in temperature, the splitting becomes more pronounced. It is worth
noting that in the ZFC curve there is a peak at temperature 125K (T},),
which is usually considered to indicate the critical temperature of spin
glass (SG) or superparamagnetic state (SPM). In general, the MT
behaviors of the SG and the SPM systems at lower temperatures are
similar under ZFC. However, for the FC curves, the magnetization
increases monotonically in SPM systems as the temperature decreases.
Rather, the magnetization of SG systems tends to saturate with the
decreasing temperature.” To confirm the existence of SG, we also per-
formed AC susceptibility measurements. Figure S3 shows the tempera-
ture dependence of the real part of the AC susceptibility (y') at different
frequency values. It can be seen that each curve has a distinct peak. This
peak shifts toward higher temperatures with increasing frequency, which
is a typical feature of the spin glass state."' The high-resolution XRD pat-
terns of NisoMnzgSbsGa; in the temperatures of 400, 300, and 200K,
shown in Fig. 4(b), can be observed that all the XRD at different tempera-
tures have characteristic peaks of 40 and L1,. Among them, characteris-
tic peaks, such as (200), (221), (311), and (440) belong to 40, and
characteristic peaks, such as (112), (200), (220), (222), and (224), belong
to L1,. At the same time, the increasing shift in the position of the Bragg
peak toward the higher 20 side with decreasing temperature, as shown in
the inset in Fig. 4(b), is apparently due to the usual thermal expansion
behavior, and the unit cell parameters become smaller.

In summary, we construct a NispMn3gSb;,_Ga, (0 < x<12)
alloy phase diagram through NisoMn;4Sb;, with an FM orthorhombic
martensitic structure and NisoMn;3Ga;, with an AFM tetragonal mar-
tensitic structure. The NisoMn3gSb;,Ga, (5 < x < 8) with 40 and
L1, coexisting martensitic phase structures have FM and AFM mag-
netic phases. The AFM exchange coupling between the FM and AFM
phases induces an EB effect at room temperature. For example, the
NisoMn;gSbsGa; alloy has a Hgp of 175 Oe. Further research found
that this EB effect can be observed in a wide temperature range from
240 to 420 K. This work indicates that we can obtain the EB effect at
room temperature by constructing alloys with coexisting martensitic
phase structures, which not only enriches the theoretical research on
EB effect but will also benefit practical applications of this material.

See the supplementary material for the additional tests for the grain
size of alloys (Fig. S1), MH loops after cooling under different fields (Fig.
§2), and AC susceptibility for NisoMn;5SbsGa; alloy (Fig. S3).
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