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The effect of Co content on magnetic property and phase stability of Nisg_;MngsGaosCo, ferromagnetic shape

memory alloys has been investigated using first-principles calculations. The total energy difference between paramagnetic

and ferromagnetic state of austenite plays an important role in the magnetic transition. The high Curie temperature

can be attributed to the stronger Co—Mn exchange interaction as compared to the Ni-Mn one. The phase stability

of Nisp—zMnasGagsCo, austenite increases with increasing Co content, which is discussed based on the electronic

structure.
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1. Introduction

Ni-Mn—-Ga alloy has attracted considerable at-
tention in recent years because it exhibits both
ferromagnetism and shape memory effect.!=4 The
large magnetic-field-induced strain, giant magne-
tocrystalline anisotropy, large saturation magnetiza-
tion, and giant magnetic memory effect have been re-
ported for Ni-Mn-Ga alloy.’~1% These make it an
ideal candidate in magnetically controlled shape mem-
ory applications. From the application point of view,
high Curie temperature (T¢.) is required for devel-
oping ferromagnetic shape memory alloys (FSMAs)
with large magnetocrystalline anisotropy at high tem-
peratures. However, the highest 7. is only about
380 K observed in the stoichiometric NisMnGa, which
is a too low temperature for some applications.'!
Moreover, it is reported that the T. of these alloys
is less composition-dependent.l! Therefore, great ef-
forts have been devoted to alloying this system with
a fourth element to increase the T.. Recent investiga-
tions show that substitution of Co for Ni is an effective

[12—16]

way to increase T¢. Replacing Ni by Co in Ni—

Mn-Ga alloy with Co content up to 14 at% causes the
T to increase from 377 K to 519 K and the marten-
sitic transformation temperature to decrease. In ad-
dition, the addition of Co increases the compressive
strength and decreases the yield stress. These inter-
esting properties make Ni-Mn—Ga—Co alloys promis-
ing high-temperature FSMAs. However, there has not
been any indication as to why Co should display these
effects. It is our goal that first-principles calculations
could provide some insights on the role of Co in Ni-
Mn—-Ga alloys. This paper reports the results on the
effect of Co on the magnetic property and phase stabil-
ity of Nisg_,MnasGagsCo, (z = 0, 6.25, 12.5, 18.75)
FSMAs.

2. Calculation method

The calculations presented in this study are per-
formed with the CASTEP code,'” based on den-

sity functional theory, using Vanderbilt-type ultra-

(18]

soft pseudopotentials and a plane-wave expan-

sion of the wave functions. We use the general-

ized gradient approximation (GGA) to describe the
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exchange and correlation potential. The structure
is optimized with the Broyden-Fletcher—Goldfarb—
Shanno (BFGS) method, and convergence is assumed
when the forces on atoms are less than 0.03 eV/A
(1 A=0.1 nm).
350 eV is employed. The calculations are done us-

The plane-wave cutoff energy of

ing a 8x8x8 Monkhorst—Pack grid; the calculations
have been performed for Nisg_,MnasGagsCo,, (z =0,
6.25, 12.5, 18.75) paramagnetic and ferromagnetic
For the NisMnGa austenite, the Fm3m
space group is used with atomic positions 8¢ (Ni),
4b (Mn) and 4a (Ga).[''9 The crystal structure of
Nisg_.MnosGagsCo, austenite is taken as the L2

austenite.

structure of NigsMnGa, in which appropriate Ni is re-
placed by Co. In every case, the geometrical opti-
mization is always made, based upon which the to-
tal energy, heat of formation, magnetic moments and
electronic structure are then calculated. The total en-
ergy is defined as the sum of kinetic energy, electron—
electron interaction energy and exchange—correlation
energy. The heat of formation is defined as AE =
15 [Etot —mEN; = nEco — 4Eun — 4EGa), where By is
the total energy of the cell; Eni, Fcoo, Evn and Ega,
are the single-atom energies of Ni, Co, Mn and Ga
atoms in their elemental crystals; and m and n are
the atomic numbers of Ni and Co in the cell, respec-

tively.

3. Results and discussion

Figure 1 shows the lattice constant as a function
of Co content in Nisg_,MnosGagsCo, austenite. It
can be seen that the lattice constant decreases slightly
with increasing Co content, which agrees well with
the experimental results.??l However, the atomic size
of Co is bigger than that of Ni. This abnormal de-
crease of lattice constant is related to the change of
phase stability of Nisg_,MngsGagsCo, austenite. In
addition, we find that the error in the calculated lat-
tice constant compared with the experimental data for
NisMnGa austenite is less than 1%, demonstrat-
ing that the pseudopotentials used here and geometry
are reliable.

For Nisg_,MngsGagsCo,, the experimental re-
sults show that the martensitic transformation tem-
perature is lower than T.. Therefore, the mag-
netic transition of Nigg_,MnasGagsCo, occurs in the
Since Ni-Mn—-Ga and Ni-Mn-Ga—Co al-

loys satisfy the Stone condition of ferromagnetism,?"

austenite.

the T, can be taken to be proportional to the total

energy difference between the paramagnetic and the
ferromagnetic states.?223/ Although this approxima-
tion gives a much higher value of T¢, it still could be
used to find the relative variation.?* Figure 2 shows
the effect of Co content on the total energy differ-
ence between paramagnetic and ferromagnetic states
of Ni5g_,MnosGagsCo, austenite. It is noted that the
total energy difference increases with increasing Co
content. This indicates that the T increases with the
increase of Co substitution for Ni, which explains the

experimental data.[12:16]
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Fig. 1. The lattice constant dependence of Co content for
Niso—zMngsGagsCos austenite.
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Fig. 2. Effect of Co content on total energy difference
(AFE) between paramagnetic and ferromagnetic states of
Niso—zMnosGaos Co, austenite.

In order to further investigate the effect of Co
on the magnetic property and the T, the total and
local magnetic moments of Nigg_,MnosGagsCo, fer-
romagnetic austenite are calculated and shown in
Fig. 3. It is found that the total magnetic moment
of Nisg_,MnosGasgsCo, austenite is due to the Mn,
Co and Ni magnetic moments in order of importance.
The total magnetic moment increases with increasing
Co content. This can account for the larger magnetic
moment of Co than that of Ni. Although the magnetic
ordering of Nisg_,Mnos5GagsCo, is mainly attributed
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to the Mn—Mn exchange interaction, the Ni-Mn and
Co—Mn exchange interactions also play an important
role in establishing magnetic properties. In particu-
lar, the magnetic moment of Co is larger than that
of Ni, leading to the stronger Co-Mn direct exchange
interaction as compared to the Ni-Mn one. Thus, the
addition of Co increases the magnetic exchange inter-
action in Nisg_,Mngos5GagsCo,. Therefore, the origi-
nation that the T, increases with the increase of Co
content can be attributed to the stronger Co-Mn ex-
change interaction as compared to the Ni-Mn one.
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Fig. 3. The total and local magnetic moments of

Niso—zMnosGagsCog ferromagnetic austenite as a func-
tion of Co content.

In order to study the effect of Co content
on the phase stability, the heats of formation of
Nisg_,MnosGagsCo,, ferromagnetic austenite are cal-
culated as a function of Co content, as shown in Fig. 4.
It can be seen that the heat of formation decreases
This suggests that the
phase stability of Nisg_,MnosGagsCo, austenite in-

with increasing Co content.

creases with the increase of Co content.
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Fig. 4. Heat of formation of Nisg_,MnosGagsCog ferro-
magnetic austenite as a function of Co content.

The effect of Co content on the phase stability
can be understood thoroughly on the basis of den-
sity of states (DOS). Figure 5 shows the total DOS of

Nigo_,MngsGags Co, ferromagnetic austenite. It can
be seen that Co content has little effect on majority-
spin DOS at the Fermi level. All the minority-
spin DOS has a sharp peak close to the Fermi level.
The most interesting feature is that the peak of the
minority-spin DOS at the Fermi level decreases with
increasing Co content. For Nigzj o5MngsGagsCos 75,
the Fermi level lies exactly at the minimum, giving the
largest magnitude of heat of formation, and therefore
the largest stabilizing effect for the austenite. This is
actually a typical pseudogap effect?5] and the stability
effect of the pseudogap can be explained in more de-
tails in partial DOS. As an example, partial DOS for
Ni, Co and Mn 3d in Nig7 5 MnosGagsCoqo 5 austenite
are shown in Fig. 6. It is noted that the minority-spin
DOS below the Fermi level is mostly 3d states con-
tributed by the Ni and Co, while the minority-spin
DOS above the Fermi level is mainly 3d states in the
Mn site. There are significant intensities for Ni and
Co sites at the low energy side, and Mn site at the
high energy side, demonstrating 3d-3d hybridization
between Ni (Co) and Mn. Furthermore, we observe
that the minority-spin Ni 3d partial DOS has a peak
at the Fermi level. In contrast, the minority-spin Co
3d partial DOS does not exhibit any peak. These in-
dicate that the hybridization between Co 3d and Mn
3d states is stronger than that between Ni 3d and Mn
3d states, resulting in the above-mentioned austenite-
stabilizing effect of Co.
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Fig. 5. Total DOS of Nisg—zMnasGagsCo, austenite.
The Fermi level is shown by the vertical dashed line. The
arrow denotes the peak of the minority-spin DOS near the
Fermi level.
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Fig. 6.
Nisz7.5MnaosGagsCo12.5 austenite.

The Ni, Co and Mn 3d partial DOS of
The Fermi level is
shown by the vertical dashed line. The arrow denotes the
peak of Ni 3d partial DOS at the Fermi level.

Furthermore, the comparison of Ni-Mn and Co—
Mn hybridization can be revealed in a more direct
manner by charge density. In general, high charge
accumulation between neighbouring atoms indicates
a strong hybridization between the orbitals of the
atoms and thus a strong bonding interaction. As
an example, figure 7 shows the charge density of
Niy3.75MnosGags Cog o5 ferromagnetic austenite in the
(110) plane. It is clearly seen that the charge accu-
mulation between Ni and Mn is much less than that
between Co and Mn, indicating a weaker Ni-Mn bond-
ing interaction as compared to the Co—Mn one. This
is consistent with the above analysis of the phase sta-

bility.
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Fig. 7. The charge density of Nisz 75 MnasGazsCog.25
austenite in the (110) plane.

4. Conclusions

We have used the first-principles calculations to
study the effect of Co on magnetic property and phase
stability of Nisg_,MnosGagsCo, FSMAs. It is found
that the total energy difference between paramag-
netic and ferromagnetic states of Nisg_,MngsGagsCo,
austenite increases with increasing Co content, which
brings about the enhancement of the T,. A higher
T, can be attributed to the stronger Co-Mn exchange
interaction as compared to the Ni-Mn one. The cal-
culated heat of formation and DOS show that the
phase stability of Nisg_,MnssGagsCo, austenite in-
creases with increasing Co content. The mechanism
of austenite-stabilizing effect of Co is due to a stronger
hybridization between Co 3d and Mn 3d states than
that between Ni 3d and Mn 3d states.
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