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Magnetic-field-induced martensitic transformation in MnNiAl:Co alloys
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A series of Heusler-type MnNiCoAl alloys have been prepared, and the composition dependence
of the martensitic transformation has been investigated. Due to the formation of a local Mn-Co-Mn
ferromagnetic structure in the antiferromagnetic matrix, a large magnetization difference of 48
Am2/kg and a driving efficiency of 2.14 K/T can be observed in MnsoNi3»CogAl;, sample in which
a field-induced transformation can be realized. X-ray diffraction results further indicate that the
high temperature phase has a high level of atomic disorder which causes an increase of the thermal
hysteresis of the transformation when increasing Co content. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3701136]

Since ferromagnetic shape memory alloys (FSMAs)
have become attractive candidates for high-performance
magnetic-actuator materials, many new Heusler-type FSMAs
with the important property of a field-induced martensitic
transformation, such as NiMnX (X =In, Sn, Sb),H1 NiCoM-
nIn,5 NiCoMnSn,6 NiCoMnSb,7 NiCoMnGa,8 have been
discovered. Their magnetic properties exhibit a great per-
spective for multifunctional applications. Mn,YX-type
FSMAs with the Hg,CuTi structure possess the highest Curie
temperatures (Tc),” but their low magnetization, due to the
antiferromagnetic structure formed in a Mn-rich environ-
ment, obstructs the application of these materials. A mag-
netic-field-induced martensitic transformation in these
compounds has only been observed in MnCoNiGa.'”

In this work, we report a magnetic-field-induced marten-
sitic transformation realized in off-stoichiometric Mn,NiAl.
By substituting a small amount of Co for Ni, a local ferro-
magnetic structure is achieved in the antiferromagnetic
matrix and the magnetization of the high temperature phase
is effectively enhanced. Based on this, a large magnetization
difference (AM) is obtained, which endows the system with
a metamagnetization behavior.

All alloys have been prepared by arc-melting high-pu-
rity (3N) elements under argon atmosphere. Because for
some samples with high Ni content (=38%) or high Co con-
tent (=5%) single-phase materials cannot be obtained by
arc-melting, the melt-spinning method was utilized in these
composition ranges to prevent presence of the y phase. All
as-prepared materials were annealed at 1273 K for 72h and
subsequently quenched in ice water. Structural examination
was performed by x-ray diffraction (XRD) with Cu-K, radia-
tion. A superconducting quantum interference device
(SQUID) was used to determine the magnetic properties
in the magnetic-field range of 0-13T. The transformation
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temperature was measured by differential scanning calorime-
try (DSC) or by the magnetic method.

A series of MnsgNiCoyAl, samples with x +y +z =50
and z=7~ 13 was prepared to investigate the structural-
transformation behavior. Figure 1 shows the phase diagram
of the alloys on the Mn50 section. One can see that the
FSMAs are localized in a narrow composition range where
the Al content is relatively constant, while the contents of Co
and Ni can vary in a relatively large range. In this area, when
the composition changes, the change of valence-electron-to-
atom ratio (e/a) resulting from the variation of the Co and Ni
contents is much smaller than that resulting from Al. This
implies a dependence of the martensitic transformation on
the e/a ratio which dominates the structural transition by
affecting the stability of the phonon mode.'"'* On the other
hand, the Al content mainly dominates the strength of the
covalence bond in this kind of intermetallic compounds.'?
Therefore, these two factors make the FSMASs localized in a
stripe-like area in the pseudo-ternary phase diagram.

Figure 2 shows the XRD patterns at room temperature
for the alloys MnsoNi3sCo,Al;, and MnsoNizgCogAlj,with
martensitic transformation temperatures above and below
the room temperature, respectively. For MnsoNizoCogAlj,,
all diffraction peaks can be indexed well to a body centered
cubic (BCC) structure with a lattice parameter a =5.8787 A.
No superlattice reflections are found, which indicates a high
level of atomic disorder. With a relatively low Co content,
Mn;soNizCo,Al;, has the body-centered tetragonal structure
with lattice parameters a =b=75.4053 A and ¢ =6.8088 A.
This is the same structure type as observed for Mn,NiGa.’

Figure 3 shows the Co-content dependence of the mar-
tensitic phase transformation temperature (7,,), the reverse
transformation temperature (7,) and the thermal hysteresis
(0T) for MnsgNizg_,Co,Aly; alloys. Similar to the MnNi-
CoGa alloys,'® T, in the MnNiCoAl system also decreases
with increasing Co content. On average, T,, decreases about
30K when 1 at. % Co is added. In view of the influence of
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FIG. 1. Pseudo-ternary phase diagram of Mn50 cross-section of Mns,
(NiCoAl)s alloys. The square and dot symbols represent the samples with
and without martensitic transformation property, respectively.

the e/a ratio on Ty, this is consistent with the observation
reported in previous work. ' However, we have found that,
with increasing Co content, 7 increases instead of decreas-
ing. This is quite different from other Heusler-type FSMAs
in which Ty, and T, usually change consistently.'>'® As the
Co content increases to 9%, this opposite dependence of T,
and T4 on the Co content results in a significant increase of
0T (=T4—Ty) up to 183K, which implies the absence of
thermoelastic behavior at the transformation.

The DSC measurement indicates that the martensitic
transformation and reverse transformation of the mother alloy
MnsoNizgAly, occur at 369 K and 383 K, respectively, where
the alloy is paramagnetic. Substitution of Co for Ni in the
mother parent alloy increases T¢ and decreases T, so that the
martensitic transformation can be modified to occur in the fer-
romagnetic region of the high temperature phase. As shown in
the inset of Figure 3, T¢ of the high temperature phase of
MnsoNizCoyAl;, can just be observed, but it tangles with 7,
at about 341K. In MnsgNi3»,CogAlyn, Ty, and T, become
318K and 378 K, respectively. In the present paper, the em-
phasis will be on the investigation of MnsoNiz»CogAlj».

Figure 4 shows M-T curves of MnsoNiz;CogAl;, meas-
ured in various magnetic fields. In the magnetic field of 7T, A
high magnetization of 63.1 Am?/kg can be obtained in the
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FIG. 2. XRD patterns at room temperature of arc-melted MnsoNizcCo,Al
sample and MnsoNi3oCogAl;, ribbon sample.
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FIG. 3. Co-content dependence of Ty, T4, and 6T of MnsoNize xCo,Aly,
alloys. The inset shows the temperature dependence of the ac susceptibility
of Ml’l5()Ni34C04Al|2 and Mn50Ni32C06A1125.

high temperature phase. With respect to the low magnetization
of the martensite, a large AM of 47.6 Am?/kg is achieved in
this alloy. Meanwhile, compared with the M-T curves meas-
ured at a low field of 0.1 T, T), has obviously shifted to lower
temperature by about 15K with a driving efficiency of about
2.14K/T. This value is comparable to that in the materials
Ni43CO7Mn395n1] (36 K/T, Ref. 6) and Ni41C09MH3QSb||
(3.5K/T).” This implies that a field-induced martensitic trans-
formation can be expected in MnsoNiz»CogAly,.

Figure 5 shows the magnetization behavior (M-B) of
MnsNizCogAlyj, measured at different temperatures. At
10K, the martensite is antiferromagnetic with a low magnet-
ization, while the high temperature phase is ferrimagnetic at
350K with a high magnetization. In between, the M-B curve
at 310K exhibits an apparent loop behavior, suggesting a
metamagnetic process. This is a typical field-induced transfor-
mation from low magnetization martensite to the high mag-
netization high temperature phase. Looking again at the M-T
curves in Figure 4, one may see that, in the demagnetized
state, the parent and martensitic phase coexist. This means
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FIG. 4. M-T of MnsoNi3;CogAl;, measured in magnetic fields of 0.1 and 7 T.
The vertical lines indicate the change of 7, upon application of a magnetic field.
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FIG. 5. Magnetization of MnsoNi;»CogAl;, measured in heating run.

that the martensitic phase cannot completely be transformed
to the high temperature phase by the applied magnetic field of
13T and also that the high temperature phase induced by the
field does not completely transform to the martensitic phase
when the magnetic field is decreased to zero. Obviously, this
is due to the large hysteresis of the system.

Figure 6 shows the magnetization of a series of
MnsoNisg_CosAly, alloys. The saturation magnetization of
the mother alloy MnsoNizgAl;, and of the material with
2-6at. % added Co is less than 6.0 Am?/kg at 5T, indicating
that the martensite is antiferromagnetic. At x =8, where the
alloy has lost the martensitic-transformation property, the high
temperature phase shows a saturation magnetization of at 5K
up to 85.8 Am?/kg. Our systematic investigation'’ indicates
that, when Co atoms are substituted, a special atomic configu-
ration, a local Mn-Co-Mn ferromagnetic structure, is achieved
in the antiferromagnetic matrix of the high temperature phase.
However, the deformed lattice in the martensite makes the dis-
tance of Mn-Mn too short to form the ferromagnetic structure,
as happens in the high temperature phase. This physical mech-
anism gives rise to the large AM upon Co doping. The inset of
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FIG. 6. M-H curves for MnsoNizg_,CoxAl;, alloys measured at 5K. The
inset presents the dependence of e T of the high temperature phase on the
Co content.
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Figure 6 shows the dependence of T¢ of the high temperature
phase on the Co content. The rapid increase of T indicates
that the localized ferromagnetic structure enhances the
exchange interaction. A similar property has also been
observed in the samples shown in Fig. 3.

In summary, a series of Heusler-type MnNiCoAl alloys
has been prepared and the composition dependence of the
martensitic transformation has been investigated. Two factors,
the e/a ratio and the covalent bond, affect the phase stability
of the high temperature phase and, thus, dominate the marten-
sitic transformation. The martensitic phase in this system has
the body-centered tetragonal structure which is the same as in
Mn,NiGa. Different from other FSMA systems is that, when
the Co content in the alloy increases, T, and T4 vary in oppo-
site direction, which results in a significant increase of the 6T
(= Ty — T4). This may be due to the high level atomic disor-
der in the alloys. By substituting 6 at. % Co, a large AM up to
about 48 Am2/kg is found in MnsNiz»CogAl;,, which effec-
tively gives rise to a field-induced martensitic transformation
in this alloy. The present study indicates that the large AM
obtained upon addition of Co arises from substantial enhance-
ment of the magnetization of the high temperature phase due
to a local Mn-Co-Mn ferromagnetic structure which is formed
in the antiferromagnetic matrix.
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