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Abstract: Exchange bias effect observed in the Nij 6sCo¢3.Mny 20Gag g0 alloy confirms the
coexistence of antiferromagnetic and ferromagnetic phases in the martensite phase. A large
inverse magnetocaloric effect has been observed within the martensitic transformation
temperature range, which is originated from modified magnetic order through
magnetic-field-induced phase transformation from partially antiferromagnetic martensite to
ferromagnetic austenite. The magnetic entropy change is 16.2 J kg™' K" at 232 K under
AH = 60 kOe, with the net refrigerant capacity of 68 J kg '. These properties indicate Co
and Mn co-doped Ni;MnGa alloy is a multifunctional material potentially suitable for
magnetic refrigeration and spintronics applications.

Keywords. shape memory alloy; exchange bias; inverse magnetocaloric effect; Ni-Mn-Ga,;
martensitic transformation

1. Introduction

Stoichiometric Ni;MnGa is a full Heusler alloy that undergoes two separate transitions on cooling:
(1) a magnetic transition (paramagnetic-ferromagnetic (FM) transition in the austenite) at T, = 376 K,
and (ii) a structural transition (martensitic transformation (MT) from austenite to martensite) at
Tym = 202 K [1]. In both austenitic (below Curie temperature T.) and martensitic states, the magnetic
couplings are FM, giving rise to a small magnetization difference (AM) between austenite and
martensite. A large magnetocaloric effect (MCE) has been observed when applying a magnetic field at



Metals 2013, 3 70

temperatures close to the MT [2—6]. By varying the composition, the transition temperature can be
altered within a broad temperature range. The maximum MCE was obtained when structural and
magnetic transition temperatures overlap each other (Ty = T¢) [3]. Furthermore, an extrinsic inverse
MCE (IMCE, namely, positive ASy) phenomenon has also been reported in several Ni-Mn-Ga alloys
under application of low magnetic field, arising from the coupling between the martensitic and
magnetic domains at the mesoscale [4], i.e., magnetization change due to martensite reorientation
associated with the high magnetic anisotropy. However, this process cannot result in a true ASy since
it is originated from the field dependent change of magnetic order parameter [7]. On the other hand,
the intrinsic IMCE has been observed in several other systems around the first order magnetic
transition with reduction of magnetization during cooling [8—12]. In this paper, we report the IMCE in
Nij 68C0032Mn;20Gaggo alloy, in which structural transformation is accompanied with a large
metamagnetic transition below T, (Ty < T.). The observation of exchange bias (EB) effect confirms the
coexistence of AFM and FM phases in the martensitic state.

2. Results and Discussion

Figure 1a shows the temperature dependence of magnetization M(T) measured at H = 100 Oe under
zero-field-cooled (ZFC), field-cooled cooling (FCC) and field-cooled heating (FCH) modes,
respectively. At high temperatures, in the austenitic state, the sample is paramagnetic and orders
ferromagnetically below T, = 429 K (inset of Figure la). However, as the temperature further
decreases, a sudden drop in magnetization takes place at about 228 K as a result of the MT and entered
a steady state with a lower magnetization. The thermal hysteresis observed between the FCC and FCH
processes across the MT confirms the first order nature of this transition. The behavior of the
magnetization of martensitic state depends strongly on the thermomagnetic history of the sample. The
M(T) curves measured under 20 and 60 kOe fields are similar to that of 100 Oe, showing a large AM
between austenite and martensite. MT temperatures decrease with increasing magnetic field, e.g., the
Twu is decreased by about 23 K with the application of 60 kOe field (inset of Figure 1b). This shows
that the magnetic field can induce reverse MT from martensite to austenite in the Co and Mn co-doped
Ni;MnGa alloy which is further confirmed by the resistivity measurement and shows a giant
magnetoresistance effect [13].

As we know, the AM of Ni;MnGa across the MT is very small due to the fact that both martensitic
and austenitic states are FM. However, in the Mn-doped Ni,MnGa alloy, the extra Mn atoms which
occupy the Ga sites reduce the distance between Mn atoms, leading to the magnetic moments partially
align antiferromagnetically in both martensite and austenite [14]. On the other hand, the partial
substitution of Ni by Co in Mn-doped Ni,MnGa can further change the magnetic ordering in the
austenitic state from antiferromagnetic (AFM) to FM [15]. As a result, the Co and Mn co-doping
produces a competition between AFM and FM, which is similar to the state in the Co and Fe co-doped
Ni;MnGa alloys [12]. Extended X-ray Absorption Fine Structure (EXAFS) results show that the
distance of Mn atoms decreases across MT from austenite to martensite [16]. The decrease of the
Mn-Mn distance between 4(a) and 4(b) sites (4(a) and 4(b) sites are the Mn and Ga sites in the
stoichiometric compound, respectively) may introduce AFM exchange, forming partial AFM in the
FM matrix, i.e., coexistence of FM and AFM in martensite in the present alloy. One way to clarify this
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point is to study the EB effect of the sample, which has been used successfully in NiMn-based
alloys [17-21].

Figure 1. (a) zero-field-cooled (ZFC), field-cooled cooling (FCC), and field-cooled
heating (FCH) M(T) of the sample measured under H = 100 Oe. The inset shows the
temperature dependence of the ac susceptibility (x(T)) at higher temperatures intended to
obtain the T.. (b) M(T) of the sample under high magnetic fields in FCC and FCH
conditions respectively. The inset shows the field dependence of MT starting
temperature (Ty(H)). The Ty temperatures under different fields are indicated

by arrows.
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It is well known that when a sample with FM/AFM interfaces is cooled under magnetic field, the
hysteresis loop is shifted along the field axis (called EB) below blocking temperature (Tg) [19,22]. In
order to confirm the coexistence of AFM and FM, we measured the hysteresis loops of magnetizations
from —20 kOe to 20 kOe at 10 K after ZFC and FCC (H = 10 kOe) from 300 K, respectively. For clear
visualization of the loops shift, only the loops form —1 to 1 kOe are shown in Figure 2a. The ZFC loop
is symmetrical around zero point, whereas the shift of the FCC loops towards negative field provides
evidence on the existence of EB. Moreover, the coercivity (H.) of FCC loop (99.5 Oe) is higher than
that of ZFC loop (61.5 Oe), which is ascribed to the development of the exchange anisotropy after
FCC [22]. Figure 2b shows the EB field (Hgg) and H, as a function of temperature. The Hgg and H, are
defined as Hgg = —(H; + Hy)/2 and H, = —(H, — H,)/2, respectively. Here, H; and H, are the left and
right coercive fields, respectively. The Hgp approximately linearly decreases with increasing
temperature in the low temperature regions and gradually disappears around Tg. The Ty can also be
identified from ZFC M(T) curve (Figure 1a). The magnetization increases at T indicating the AFM
can no longer pin the FM domain. With the anisotropy of AFM deceasing with increasing temperature,
the FM rotation can drag more AFM spins, giving rise to the increase in H.; whereas the AFM no
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longer hinders the FM rotation above Tg. As a result, the H, reaches its maximum value and Hgp
reduces to zero at higher temperatures. This further confirms that some AFM exchange occurs inside

the FM matrix in the martensite.

Figure 2. (a) Hysteresis loops of magnetization at 10 K after ZFC and FCC (H = 10 kOe)
from 300 K. (b) EB field (Hgg) and coercivity (H.) as a function of temperature.
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The IMCE can be expected within the MT temperature range in Co and Mn co-doped Ni,MnGa
alloy due to the reduction of magnetization during the MT resulting from the formation of partially
AFM phase. In order to determine the magnetic entropy change (ASy) across the MT, we measured the
isothermal magnetization M(H) curves of Ni; 63C0¢32Mn; 20Gaggo. Magnetic field up to 60 kOe was
applied isothermally between 210 and 252 K. In Figure 3, only a portion of the curves within the
transformation temperature range is shown for clarity. The typical metamagnetic behavior due to the
field-induced reverse MT is observed between 222 and 238 K. Above 240 K, the magnetization curves
exhibit characteristics of a ferromagnet. Similarly, the metamagnetic behavior disappears below 220 K,
giving rise to a FM behavior with lower saturation magnetization than that of high-temperature phase.

The ASy can be calculated from magnetization isotherms using the Maxwell relation:
H( OM
s, =[Gt o (1)

For magnetization measurements made at discrete temperatures and field intervals, the ASy can be
approximated by:
1 [¢H H
AS, "EUO M (T + AT )dH —jo M (T)dH} @)
For a truly discontinuous first order phase transition, since the [OM/0T]n does not exist theoretically,
Equations 1 and 2 cannot be used to calculate the ASy. But in reality, the first order phase transition is
not ideal and the change of magnetization occurs over a few Kelvin temperature range, as a result, the
[OM/OT]H can be measured experimentally [23].
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Figure 3. Isothermal M(H) of Nij ¢sC0¢3.Mn; 20Gaggo around the MT temperature range.
The arrows indicate the direction of change of the applied field, and the shaded area
represents the hysteretic loss for T = 228 K isotherm. The inset shows the hysteretic loss as
a function of temperature.
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The temperature dependencies of the ASy under different magnetic fields are shown in Figure 4.
The most striking features of the ASy are the large and positive entropy change within the MT
temperature range. The positive sign of ASy exists even under high magnetic field, showing the
mechanism involved is different from that of Co-free Ni-Mn-Ga alloys which is related to the coupling
between the martensitic and magnetic domains [4]. The modification of magnetic order through
magnetic-field-induced reverse MT from partially AFM martensite to FM austenite is responsible for
the IMCE in the present alloy. The AS™" increases with AH and shows saturation for lager AH (inset
of Figure 4). The saturation of the AS,™" as a function of the field and the broadening of ASy (T) with
increasing field are characteristic features of first order magnetic transition [7]. The ASy is
162 J Kg' K for AH = 60 kOe field. Compared with other IMCE materials, the ASy for
AH = 60 kOe in the present alloy is comparable to the value observed in Ni-Mn-Sn alloys [10], and is
two times larger than the value observed in Mn; 9sCrg ¢sSb [8]. One important parameter to evaluate the
magnetocaloric properties of a given material is the refrigeration capacity (RC), giving the amount of
heat that can be transferred in one thermodynamic cycle. The RC is usually calculated by integrating
the ASy (T) curve over the full width at half maximum (the shaded area in Figure 4), which yields a
value of about 125 J kg™’ for AH = 60 kOe. For a first order magnetic phase transition, the hysteretic
loss is another key parameter for evaluating the MCE around transition, which is equal to the area
between the increasing and decreasing magnetic field segments of the magnetization curves (the
shaded area in Figure 3). The hysteretic loss as a function of the temperature is shown in the inset of
Figure 2, giving a maximum at almost the same temperature as the maximum of the ASy (T) curve.
The average hysteretic loss over the same temperature range as that of RC is about 57 J kg'. Thus, the
net RC is 68 J kg ' obtained by subtracting the average hysteretic loss from the RC. This value is
comparable to the maximum value obtained by Cu doping in Ni,MnGa alloys, but with opposite sign
in ASy [6]. Note that the high value of the ASy alone is not enough to evaluate the MCE of a material.
Another important parameter for MCE is adiabatic temperature change (AT,q), which can be measured
directly in adiabatic system with application of a magnetic field [7,11,24] or be estimated from the
magnetization and specific heat measurements [25]. Thus, some further studies, such as the
measurement of AT,q, are needed to further evaluate the IMCE in the present alloy.
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Figure 4. Temperature dependence of the ASy under different magnetic field variations
(AH). The shaded area indicates the RC at AH = 60 kOe. The inset shows the field
dependence of maximum ASy within the MT temperature range at T = 232 K.
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3. Experimental Section

A polycrystalline Ni; ¢sCog32Mn; 20Gag g0 alloy was prepared with an arc-melting technique under
argon atmosphere using Ni, Co, Mn, and Ga of 99.9% purity. The sample was remelted several times
and subsequently annealed at 1000 °C for 24 h before being slowly cooled to room temperature to
ensure homogeneity. The composition was determined by energy dispersive X-ray analysis (EDX)
(Figure 5). The ac susceptibility measurement was performed to determine the T.. The magnetization
measurements were performed on a physical properties measurement system (Quantum Design)
platform with a vibrating sample magnetometer module.

Figure 5. EDX spectrum of Ni; 6sCoo3:Mn; 20Gag go. The inset shows the scanning electron
microscopic image. The little rectangle marks the position at which the EDX spectrum
was taken.
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4. Conclusions

In conclusion, a large positive ASy has been found in Mn and Co co-doped Ni,MnGa alloy within
the MT temperature range. The partial substitution of Ni by Co in Mn-doped Ni;MnGa, a typical
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partially AFM material, modifies the exchange interaction among Mn atoms and results in a change
from AFM to FM in the austenite. The modification of magnetic order from partially AFM martensite
to FM austenite through magnetic-field-induced reverse MT is responsible for the IMCE in the present
alloy. The observation of EB effect confirms that some AFM exchange exists inside the FM matrix of
martensite. The IMCE with a high net RC indicates that the present alloy may be a promising
candidate for magnetic refrigeration.
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