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The composition-dependent crystal structure, elastic modulus, phase stability, and magnetic property of
Nip_,Co,Mn 6oSng4 (0 < x < 0.50) are studied by using first-principles calculations in combination with
atomistic spin dynamics method. It is shown that the present lattice parameters and Curie temperature (7¢)
are in agreement with the available experimental data. The martensitic phase transformation (MPT) occurs for
x < 0.43, where the austenite is in the ferromagnetic (FM) state whereas the martensite is in the antiferromagnetic
(AFM) one at 0 K. The x dependence of the lattice parameter, elastic modulus, and energy difference between
the FM austenite and the AFM martensite well accounts for the decrease of the MPT temperature (73,) with the
Co addition. With increasing x, the increase of the magnetic excitation energy between the paramagnetic and
FM austenite of these alloys is in line with the 7 ~ x. The Ni 3d as well as the Co 3d electronic states near the
Fermi level are confirmed mainly dominating the phase stability of the studied alloys.
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I. INTRODUCTION

A new class of metamagnetic shape-memory alloys [1]
(e.g., Ni-Co-Mn-In and Ni-Co-Mn-Sn) has attracted much
attention in recent years. Due to the magnetic-field-induced
martensitic phase transformation (MPT) [1-3], they display
high output stress level and relatively large magnetic shape-
memory effect (MSME) in comparison with the traditional
Ni-Mn-Ga-based alloys [4—6]. Experimentally, a 1.0% one-
way and a 0.3% two-way MSME have been observed in
Ni; 72C00.28Mnj 55800 44 [7]. The Ni-Co-Mn-Sn group [7-9],
containing no expensive element and with considerable
MSME, is even more promising for magnetic actuation
applications, such as magnetic refrigeration and as a magnetic
sensor [10,11].

The magnetic and martensitic transitions of Ni-Co-Mn-
Sn are highly composition dependent [12-20]. Different
compositions may result in different combination of the Curie
temperature (7¢) and the MPT temperature (7),). Lowering the
Sn content relative to that of Mn increases the T); but decreases
the T¢ [17,19]. On the other hand, adding more Co content
relative to that of Ni increases the magnetization but suppresses
the MPT [12,15]. For example, in Ni; 7Cog2sMn;_,Sn, [17],
with x decreasing from 0.40 to 0.28, T, goes up from
423 to 561 K whereas T¢ goes down from 593 to 393 K.
In Ni;_,Co,Mn; 56Sng 44, with x rising up to 0.40, the T¢
increases to 450 K [12], while the MPT cannot occur there even
in very low temperature because of the decrease of the 7, with
increasing x. The different combinations of Tj; and T resultin
different properties and also various technological significance
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of the alloys. In Niy_,Co,Mnj ¢,Sng49 with x & 0.20 [20],
the Ty and T¢ are close to each other and consequently
the structural and magnetic transitions may couple to each
other. This coupling induces some attractive properties such
as giant magnetocaloric effect, magnetostriction, and mag-
netoresistance, which are important for the applications of
the magnetic shape memory, energy conversion, or solid-state
refrigeration [5,10,21]. To build the connection between the
composition and T); as well as T¢, and to understand their
origin and the underlying physics, are critical for designing
new Ni-Co-Mn-Sn with desirable properties.

From the atomic scale of investigations, in the present paper
we will explore systematically the composition-dependent
magnetic and structural transitions of Niy_,Co,Mn; g0Sng 49
(0 < x < 0.50). It is known that these studied X,MnZ types
of shape-memory alloys generally possess cubic L2; structure
in the austenite but a tetragonal one in the martensite [22].
Based on first-principles calculations, we first study in detail
the composition dependence of the crystal structure, lattice pa-
rameters, elastic constants, and free-energy difference between
the two phases, and examine their connection with the Ty, ~ x.
Furthermore, in combination with atomistic spin dynamics
calculations, the T ~ x is estimated, and its correlation with
the x dependence of the magnetic excitation energy between
the paramagnetic (PM) and ferromagnetic (FM) states of these
alloys is investigated. Finally, the electronic origin of the
phase stability is presented in combination with the Jahn-Teller
theory.

The rest of the paper is arranged as follows: in Sec. II, we
describe the first-principles and the atomistic spin dynamics
methods we used and the calculation details; in Sec. III, the
composition-dependent crystal structure, lattice parameters,
elastic constants, phase stability, magnetic property, and
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electronic origin are presented. Finally, we summarize the
main results of this work in Sec. I'V.

II. METHODS AND CALCULATION DETAILS
A. Calculation of the total energy

To carry out the electronic structure and total-energy
calculations, the first-principles exact muffin-tin orbitals
(EMTO) method [23-27] is used in the present work. Within
this program, the Kohn-Sham potential is represented by
large overlapping potential spheres, which are optimized by
minimizing the deviation between the exact and overlapping
potentials. Thus, one describes more accurately the exact
crystal potential compared to the conventional muffin-tin or
nonoverlapping methods. Another important trait is that the
EMTO tool can conveniently incorporate coherent potential
approximation (CPA) method [24,27], which is one of the few
possible approaches to deal with both the compositional and
magnetic disorder at the first-principles level. In a number of
previous works, the EMTO-CPA method has been shown to
be suitable and accurate enough to compute the anisotropic
lattice distortions, and thus the elastic constants of random
alloys [23,25,27,28].

For the present application, the exchange-correlation po-
tential is described within the Perdew-Burke-Ernzerhof gener-
alized gradient approximation. The EMTO basis sets include
s, p,d,and f components, and the scalar-relativistic and soft-
core approximation are employed. The overlapping potential
sphere radius (R,Iji) and the atomic radius (R{}?S) on the
Ni sublattice are optimized by RYi = 0.95Rws and Ry =
1.10Rws, respectively, where Rys is the average Wigner-Seitz
radius. For the other two sublattices (X=Mn and Sn), the usual
setups R,)n‘, = Rws and Ré{,s = Rys are adopted. The Brillouin
zone is sampled by a 13 x 13 x 13 uniform k-point mesh
without any smearing technique.

The equilibrium lattice parameters, bulk modulus, and
magnetic moments are determined by fitting the total energies
versus volume (nine data points) to a Morse function [29]. The
elastic constants are calculated with the mathematical formula
described in our previous paper [30]. The Debye temperature is
obtained by means of the Hill average [31] with Eqgs. (6.27) in
Ref. [24]. The magnetic ordering is described by three kinds
of configurations: (a) the FM state with parallel alignment
between Mn on the Mn sublattice (Mn;) and Mn on the Sn
sublattice (Mny); (b) the antiferromagnetic (AFM) state with
antiparallel alignment between Mn; and Mn;; and (c) the PM
state described by the disordered local magnetic model [32].
The number of valence electrons per atom (e/a) is calculated
with Ni 3d%4s2, Co 3d"4s%, Mn 3d°4s2, and Sn 4d'°552 p?.

B. Calculation of the magnetism

The temperature dependence of the magnetic property
is evaluated with the Uppsala Atomistic Spin Dynamics
(UppASD) program [33-36]. Within this method, the itinerant
electron system is mapped to an effective classical Heisenberg
model:

1
H:—E;J,-jm,--mj, (1)
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where J;; are the interatomic exchange interactions; the
indices i and j are 1, 2, and 3, representing the Mn, Ni,
and Co atoms. The m; is the magnetic moment of atom i,
the motion of which is described using the Landau-Lifshitz-
Gilbert equation [33,34]:

8111,'
—— = —ym; x [B; +b;(?)]
ot
o
- ngi{mi x [B; +b; ()]} ()
In this expression, B; = —g%, is the so-called effective field

experienced by each atom i. y is the gyromagnetic ratio. b; ()
is a stochastic magnetic field with a Gaussian distribution with
respect to temperature (7'), and its magnitude is related to the
damping parameter o, which eventually brings the system into
thermal equilibrium. With the solved m; in the given T, the
magnetization (M) and magnetic susceptibility () are then
calculated from

() () +5) o

and

o
T kgT?

respectively, where N(=3) means the three types of magnetic
atoms (Mn, Ni, and Co) and kp is the Boltzmann constant.

In our calculations, the cubic periodic box size is kept
to 15 x 15 x 15 unit cells. The time step for solving the
above differential equations (2) is 107!¢s. The number of
the time steps used is 10 000. The « is set at 0.01. Including
the interactions between the atoms within the tenth-nearest
neighbors, the 0-K J;; are calculated using the magnetic force
theorem [37] implemented in the EMTO-CPA program [24].

[(M?) — (M)?], )

X

III. RESULTS AND DISCUSSION

A. Crystal structure

Figure 1 shows the total electronic energies for the FM,
AFM, and PM states of Ni;_,Co,Mn; 69oSng 49 with x = 0.10,
as functions of the tetragonal lattice ratio (c/a) and the
Wigner-Seitz radius (rws). For the FM state [Fig. 1(a)], we
get only one energy minimum around Rws = 2.757 bohrs
and c/a = 1, corresponding to the L2; phase. Nevertheless,
for both the AFM and PM states [Figs. 1(b) and 1(c),
respectively], the energy shows two minima: oneisatc/a = 1,
meaning the cubic austenite, and another one is around
c¢/a = 1.20-1.30, corresponding to the tetragonal martensite.
In comparison, in Figs. 1(a)-1(c), the austenite with the
lowest energy is in the FM state, whereas the martensite
with relative lower energy tends to be in the AFM one.
For Ni; 99Cog.10Mnj 60Sng 40, the electronic energy prefers the
austenite in the FM state and the martensite in the AFM one.

The x dependence of the relative electronic en-
ergy of the AFM and PM austenite [AEQEISVI()C) and
AEl’}l\‘jf(x)] and martensite [AE%@&(}C) and AEQ"I\?I’(x)] of
Ni,_,Co,Mn; 60Sng49 (0 < x < 0.50) are listed in Table I.
The reference in each x is the electronic energy of the
FM austenite [Elél\‘jf(x)]. For the austenite, the AEQ;ISVI()C) is

024105-2



THEORETICAL INVESTIGATION OF THE MAGNETIC AND ...

2.800, 02147
2.775 -0.2158
2.750 -0.2170
2725 02181

-0.2193
2.800-

-0.2204
2.7751

-0.2216

2.750-

_(bohrs)

r
ws

2.725

2.800

2.7751

2.750-

2.725

2.700 ; : : .
0.9 1.0 1.1 1.2 13 1.4

c/la

FIG. 1. (Color online) Total electronic energy contours (in Ry)
for the (a) FM, (b) AFM, and (c) PM Ni, 99Cog 10Mn; ¢0Sng 49 alloys
as a function of the tetragonal lattice ratio (c¢/a) and the Wigner-Seitz
radius (rws).

smallest for x = 0 whereas for 0.10 < x < 0.50 the FM state
tends to be lowest in the energy because of the positive values
of both AERS (x) and AEAY(x). For the martensite, since
AEX%{,[(X) is always much smaller than AEP,/[l\j‘f(x) in each x,
the AFM state is energetically stabilized for all of these alloys
at0 K.

In Fig. 2, the equilibrium lattice parameters [a(x)] of the

L2, phase with FM, AFM, and PM states, respectively, are

TABLE 1. Relative electronic energy (in mRy) of the AFM
[AERS,(x)] and PM [A E5%(x)] austenite and the AFM [A EME (x)]
and PM [AEM¥(x)] martensite to that of the FM austenite of
Ni,_,Co,Mn; 6ySng 40 (0 < x < 0.50) alloys.

X AENN()  AEMMG)  AERN() AEME(x) AEMI(x)
0.00  0.00 —0.28 1.57 -2.16 1.49
0.10  0.00 0.10 1.99 ~1.69 1.80
020  0.00 0.46 2.40 ~1.21 2.08
030 0.00 0.82 2.82 ~0.71 2.39
040 0.00 120 3.4 —0.18 2.73
050  0.00 1.58 3.65 0.36 3.09
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FIG. 2. (Color online) Composition (x) dependence of the equi-
librium lattice parameter a(x) of the L2,-Ni,_,Co,Mn;¢Sng40
(0 < x £ 0.50) with FM, AFM, and PM states, respectively. The solid
points denote our present a(x) values. The open squares mean the
experimental a(x) for x = 0.20 and 0.24, which are from Refs. [20]
and [15], respectively.

shown against x. In any of the three magnetic states, the a(x)
decreases linearly with increasing x. In each composition,
the a(x) is always biggest in the FM state but smallest in
the AFM one. The open squares in the figure denote the
experimental data for x = 0.20 and 0.24, respectively [15,20].
It is clear that our present a(x) in the FM sate is in much
better agreement with them than those in the AFM and PM
states. Since these experimental a(x) are measured above room
temperature [15,20], they are shown a little larger than our
values in the FM state due to the thermal expansion.

The x dependences of the lattice parameters [a(x) and
c/a(x)] of the tetragonal martensite are depicted in Fig. 3. With
increasing x, the a(x) in both the AFM and PM states decrease
linearly as well. Nevertheless, the ¢ /a(x) decreases in the AFM
state but keeps almost constant around 1.20 in the PM state.
It is noted that in the AFM state the c/a(x) values are around
1.25-1.31, which are comparable to the data (1.31) calculated
in Ni;Mn; 50Sng 50 [38]. In addition, following the relationship
of Ty (x) ~ c/a(x) found in the NiMn-based alloys [39,40],
a larger c/a(x) corresponds to a higher T)/(x); the present
decrease of c¢/a(x) in the AFM state happens to correspond
to the decrease of the experimental 7),(x) with Co addition in
Nig_xCOanl'éosn()A() [15,20,41]

B. Elastic property

In Table II, the calculated bulk modulus B(x), elastic
constants C;;(x), and Debye temperature ©(x) of the FM,
AFM, and PM LZ]-Niz_xCOxMH],G()SHOAO (0 <x < 050)
alloys are listed. According to the dynamical or mechanical
stability condition of a lattice, the stability criteria for
cubic crystals requires that Cy; > |Cyz|, C11 + 2C12 > 0, and
Cy4 > 0. From our calculations, these C;;(x) of the FM and
PM states satisfy all of the above conditions. However, in
the AFM state, the C;;(x) is smaller than |Ci(x)| when
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FIG. 3. (Color online) Composition (x) dependence of the equi-
librium lattice parameters [a(x) in (a) and c/a(x) in (b)] of the
tetragonal Niy_, Co,Mn; 60Sng 49 (0 < x < 0.50) with AFM and PM
states, respectively.

0 < x < 0.40, and for x = 0.50 they are almost comparable
because C’(x){:%[Cll(x) — Ci2(x)]} is merely about 0.9 GPa
in this composition. It is supposed that the C;;(x) in the AFM
state do not follow the requirement of Cjj(x) > |Cia(x)]|.
Neglecting the temperature effect on the C;;(x), the AFM

TABLE II. Composition (x) dependence of the theoretical bulk
modulus [B(x), in GPa], elastic constants [C;;(x), in GPa], and
Debye temperature [®(x), in K] of the FM, AFM, and PM L2,-
Ni;_,Co,Mn; 6Sng4 (0 < x < 0.50). The tetragonal shear elastic
constant C'(x) = 3[C1(x) — Cpp(x)].

States X B(x) Cj(x) Cpkx) Cukx) Ckx) Ok)
FM 0.00 1446 160.6 136.6 114.8 120 3322
0.10 145.8 163.5 136.9 116.2 13.3 3409
020 1470 167.1 136.9 117.7 15.1 350.8
030 148.2 171.0 136.8 119.2 17.1  361.7
0.40 1494 1755 136.3 120.4 19.6 3735
0.50 150.8 1804  136.0 122.2 222 385.1
AFM  0.00 1432 1415 144.1 1227 —-1.3
0.10 1439 141.6 145.0 1242 —1.7
0.20 1447 1424 145.8 1257 —1.7
030 1455 1439 146.3 1273 —1.2
0.40 146.3 1459 146.5 128.7 —-0.3
0.50 1472 1484 146.6 130.3 0.9
PM 0.00 1424 1524 137.4 119.3 7.5 300.9
0.10 1434 1514 1394 120.6 6.0 2864
0.20 1443 1510 141.0 121.9 5.0 2743
0.30 1453 151.0 142.4 123.1 43 2652
0.40 1464 151.6 143.8 124.5 3.9 2598
0.50 1475 1524 145.0 125.8 3.7 2571
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L2,-Ni;_,Co,Mnj 60Sng 4o therefore is mechanically unsta-
ble in low temperature. This may be the reason why
Ni,Mn; 60Sng 49 is measured with the FM state but not the
AFM one at 4.2 K [41,42], in spite of the latter one being
confirmed energetically favorable from above calculations. In
the present work, all these studied austenitic alloys are con-
firmed both thermodynamically and mechanically stabilized
by the FM state at O K, which is in good agreement with the
experimental measurements in low temperatures [7,43].

In Table III, the calculated B(x), C;;j(x), and ®(x) in the
AFM and PM martensite are listed. The dynamical or mechan-
ical stability criteria for tetragonal crystals requires that C;; >
[C12l, C33 >0, C4g >0, Ce6 > 0, (C11 + C33 —2C13) > 0,
and (2Cy; + C33 + 2C2 +4Cy3) > 0. Our present C;;(x) in
both the AFM and PM states follow these conditions. Since the
AFM martensite is relatively lower in energy than the PM one,
the martensite of all these alloys is both thermodynamically
and mechanically stabilized by the AFM ordering between
Mn; and Mn; at 0 K. The antiparallel alignment between Mn;
and Mn; has been confirmed in the tetragonal structure of
NiyMn;,,Sn;_, ternary alloys by means of both first-principle
calculations [38,44] and neutron-diffraction experiment [45].
Although around room temperature, several different magnetic
states have been reported in the martensitic NiCoMnSn qua-
ternary alloys [7,12,14,20,43], such as antiferromagneticlike,
ferrimagnetic, paramagnetic, superparamagnetic, and super-
spin-glass states. Almost all of these nonferromagnetic states
indicate the existence of the AFM coupling between Mn; and
Mn; in the phase. Therefore, in the present work it is seen
as reasonable that with less than 25% Ni replaced with Co in
Ni,_,Co,Mn; ¢oSng.40 the martensite still remains in the AFM
state at 0 K.

In Tables II and III, the tetragonal shear elastic mod-
ulus of the austenite, C’'(x), and that of the martensite
{Cs(0)[= Cri(x) + Cra(x) + 2C33(x) — 4Cy3(x)]} are espe-
cially shown for comparison. It is found that in the same
composition x the C’(x) is very small whereas the C(x) is
relatively quite large. The particularly low value of C’(x)
indicates a strong negative contribution of the entropy (—7'S)
to the free energy (F) of the austenite, which ultimately
stabilizes the phase against the martensite with increasing
T. The FM and AFM couplings between the Mn; and
Mn; in Nip_,Co,Mn; 60Sng 40 correspond to the ground-state
magnetic ordering of the austenite and martensite, respectively.
With increasing x (or decreasing e/a), the C’(x) in the FM state
increases whereas the Cy(x) in the AFM state decreases. The
Co doping tends to mechanically stabilize the cubic relative
to the tetragonal structure in low temperature, which results in
lower experimental Tj;(x) of this type of alloys [15,20,41].

In the PM state, the C’(x) decreases but the C,(x) increases
with increasing x (or decreasing e/a), preferring the stability
of the martensite relative to the austenite. Then, the opposite
trend of experimental Ty, (x) ~ x is estimated. It means that
the 0-K C’(x) ~ x and C,(x) ~ x in the PM state fail to
account for the experimental trend of Ty;(x) ~ x. This failure
could be ascribed to the fact that, in the high-temperature PM
state, the temperature effects on the elastic constants, such as
electronic entropy, phonon smearing, thermal expansion, and
magnetism [46], might be significant and thus could not be
ignored.
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TABLE III. Composition (x) dependence of the theoretical bulk modulus [B(x), in GPa], elastic constants [C;;(x), in GPa], and Debye
temperature [®(x), in K] of the AFM and PM tetragonal Ni,_,Co,Mn; ¢Sng 49 (0 < x < 0.50). The tetragonal shear elastic constant Cs(x) =
C11(x) + Cia(x) + 2C33(x) — 4C13(x).

States X B(x) Cri(x) Cra(x) Ci3(x) Cs3(x) Cua(x) Cis(x) Ci(x) O(x)
AFM 0.00 145.8 177.5 118.3 128.8 188.2 99.9 88.1 157.0 377.7
0.10 146.4 182.3 114.7 129.6 188.4 104.4 89.4 1554 385.7
0.20 147.0 184.5 113.7 130.2 189.1 108.8 90.9 155.7 389.9
0.30 147.8 189.5 109.7 1334 183.8 110.8 92.5 133.0 388.7
0.40 148.5 195.0 105.6 134.0 184.8 116.0 93.1 134.2 396.4
0.50 149.3 199.1 102.9 135.7 183.3 119.9 94.0 125.6 398.1
PM 0.00 141.4 198.6 86.0 134.1 159.6 117.9 58.9 67.3 356.0
0.10 142.6 197.9 89.5 134.0 164.1 117.6 65.1 794 365.7
0.20 144.0 199.8 90.6 134.2 168.4 122.1 69.3 90.3 377.0
0.30 145.3 201.0 92.2 134.8 171.4 119.9 73.9 96.7 388.1
0.40 146.6 202.6 93.2 135.9 173.4 121.0 77.4 99.2 383.7
0.50 147.9 205.3 93.3 137.0 175.2 122.8 79.7 101.1 388.0

C. Phase stability

In NiMn-based shape-memory alloys [47,48], the large
free-energy difference between the austenite and martensite
(AFAM) generally means the big driving force of the MPT,
and then the high critical temperature Tj,. Here, we cal-
culate the AFAM(x) with the approximation, AFAM(x) ~
AE"M(x) 4+ AF@M(x), where the A EAM(x) is the electronic
energy difference between the austenite and martensite and
the AFL;?IM(X) is that of the phonon vibrational free-energy
difference. The AF, ‘;M(x) may be calculated with Eq. (5) in a
previous paper [49], which is nevertheless very time consum-
ing because of the temperature-dependent Debye temperature
term [46]. For the sake of simplicity, the present 0-K AFF‘)?,M (x)
is evaluated from its zero-point expression, AF@M(x) A
%kB[(SA(x) — ®M(x)], with the ®*(x) and ®(x) being the
Debye temperature in the austenite and martensite, respec-

energetically comparable at 0 K. For alloys with x < 0.43, the
AFM martensite is relative more stable in low temperature be-
cause A FAM(x) tends to be positive, whereas above x = 0.43
due to AFAM(x) < 0 the FM austenite is always stabilized
at ambient temperature. It suggests that even in very low
temperature the alloys with x > 0.43 would not undergo MPT
and instead they are stabilized with the FM cubic structure. The
predicted critical composition (x = 0.43) of whether the MPT
can occur or not in Nip_, Co,Mn ¢0Sng 49 is comparable to that
(around 0.32-0.36) measured in Ni,_,Co,Mnj 56Sng 44 [12].

D. Magnetic property

In Table I'V, the 0-K local magnetic moments of Ni, Co, two
types of Mn, and Sn atoms, together with the total magnetic
moments of Ni_,Co,Mnj¢ySng4 alloys are summarized.

tively [30]. In finite temperature, the AFSIM(x) is simply 5 8.2|00 . 8.1|75 . 841|50 . 8.1|25 . 8.1|00 . 8‘0.75 S0
estimated from its high-temperature expansion, AFSIM()C) ~ ' I I I I+T:0 |

3k T €070 [50]. Listed in Tables I and 111, in addition to RLM e 110K

the fact that the C’(x) is much smaller than the C,(x), the ®4(x) 27 - e T 400
is always smaller than ©®"(x) in each x. This means that the —&—T=400K
AFF’%M(x) provides a negative contribution to the A FAM(x). 14 $ ;:(5)30 K 1300

With the obtained ground-state magnetic ordering
of the two phases, we calculate the AF“M(x) of
Nip_,Co,Mnj 6oSng 49 (0 < x < 0.50) in different tempera-
tures from O to 500 K with intervals of 100 K. In Fig. 4,
the estimated AFAM(x) ~ x is shown in each temperature,
in comparison with the available experimental Ty, (x) ~ x.
It is clear that in each x the AF*M(x) indeed decreases
with increasing T because of the negative contribution of the
AFp‘;M(x), which prefers the relative stability of the parent

phase. With increasing x (or decreasing e/a), the A FAM(x)
decreases in each temperature, corresponding to the Ty, (x)
decreasing with the Co doping [15,20,41].

Positive A FAM(x) means that the AFM martensite is lower
in energy and then more stable than the FM austenite, whereas
negative A FAM(x) means that the latter one is more stable.
In Fig. 4, the 0-K A FAM(x) is close to zero around x = 0.43,
reflecting that the austenite and martensite of the alloy are

SN

200

AF™(x) (mRy)

0 AFW\

-1 - 100

_2 T T T T T T 0
0.0 0.1 0.2 0.3 0.4 0.5

X

FIG. 4. (Color online) Free-energy difference between the FM
austenite and the AFM martensite [AFAM(x)], together with the
available experimental Tj(x) of Ni,_,Co,Mn;eSngs (0 < x <
0.50) with respect to x and the number of valence electrons per
atom (e/a). The AF*M(x) is calculated in different temperatures
from O to 500 K with intervals of 100 K. The Tj,(x) are cited from
Refs. [15,20,41].
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TABLE IV. Local magnetic moments (in ug) of Ni, Co, and Mn
on Mn(Mn;) and Sn sites (Mn;), and Sn atoms, together with the
total magnetic moments (in wg) of the FM, AFM, and PM states of
Niy_Co,Mn; ¢oSng 40 (0 < x < 0.50).

States Ni  Co Mn, Mn, Sn Tot
M 0.55 1.34 3.48 3.49 —0.05 6.70-6.98
AFM 0.13 0.65 3.40 —3.45 —0.05 1.55-1.77
PM 0 0 3.44(—3.44) 3.45(-3.45) 0 0

The concentration of Co as well as the crystal structure do
not influence these local magnetic moments significantly, and
therefore, in the table we show them only as a function of
the magnetic ordering for the alloy with x = 0.1. It is found
that, in all the FM, AFM, and PM states, the Mn; and Mn,
atoms are spin polarized, and in absolute value their magnetic
moments (around 3.45 wg) are almost the same. The Ni and
Co atoms are spin polarized only in the FM and AFM states.
Their magnetic moments are always parallel to those of the
Mn atoms on the Mn sublattice, and the values in the AFM
state (0.13 g for Ni, 0.65 g for Co) turn out to be lower than
their correspondents in the FM one (0.55 ug for Ni, 1.34 ug
for Co). The Sn atoms are almost non-spin-polarized in all
the three magnetic states. In a result, the 0-K total magnetic
moment is around 6.70 ug ~ 6.98 ug in the FM state, and
1.55 up ~ 1.77 up in the AFM state. It reveals that with x

PHYSICAL REVIEW B 92, 024105 (2015)

increasing from O to 0.50 the total magnetic moments show an
increase of less than 0.30 wp in both the FM and AFM states
of alloys.

In order to explore the magnetic transition from the FM state
to the PM one of the austenitic alloys in finite temperature,
we calculate both the M and x of these alloys at different
temperatures from 0 to 700 K with intervals of 25 K, by
means of EMTO-CPA in combination with UppASD method.
In Fig. 5, the obtained temperature dependence of the x as
well as the normalized magnetization (M /M,, with M and
M, being the magnetization at 7" and 0 K, respectively) are
shown for each x, together with the 7¢(x) estimated from the
temperature corresponding to the maximum of y. It is found
that with increasing x from O to 0.50 our theoretical T¢(x)
monotonically goes up from 317 to 424 K, which is in line with
the available experimental data [Té5 *P(x)][15,20,41] shown in
Fig. 6. Similar to Fe-doped NiMn-based alloys [51], the Co
addition increases the T¢(x) and then enhances the saturated
magnetization under the magnetic field, which is consequently
hoped to improve the output stress of these alloys during the
MPT.

Seen from the energy calculations in Fig. 6, it is shown
that the electronic energy difference between the PM and the
FM austenite [A Epp(x)] linearly increases with x, which is
consistent with the trend of T¢(x) ~ x. It indicates that the
relationship of T¢(x) ~ x should be originated from the trend
of AEpp(x) ~ x, i.e., the Co addition increases the magnetic

0.08 0.08 1.0 0.08
0.8
10.06 -0.06 10.06
0.61
- L0.04 L0.04 = L0.04
S S
N =S 04 =
L0.02 -0.02 L0.02
0.21
0.0 : : 0,00 0.00 0.0 : : .00
0 200 400 600 0 200 400 600
T(K) T(K)
1.0 0.08 0.08 0.08
0.81
10.06 10.06 10.06
0.61
< L0.04 L0.04 H0.04
S 044
L0.02 10.02 L0.02
0.21
0.0 : — I 0,00 0.0 . : 0,00 0.0 : : .00
0 200 400 600 0 200 400 600 0 200 400 600
T (K) T (K) T (K)

FIG. 5. (Color online) Normalized magnetic moment (M /M,, with M and M, being the magnetization at 7 and 0 K, respectively) as well
as susceptibility () with respect to temperature (T"), together with the estimated 7¢(x) of Ni_,Co,Mn; 6Sng 4 (0 < x < 0.50).
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ela
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oD (0

FIG. 6. (Color online) Total electronic energy difference be-
tween the PM and FM austenite [A Epr(x)] as well as the T¢(x)
of L24-Niy_,Co,Mn; ¢Snp40 (0 < x < 0.50) with respect to x
and the number of valence electrons per atom (e/a). The Téhe(x)
denotes the present theoretical values whereas the TCeXp‘ (x) means the
experimental data from Refs. [15,20,41].

excitation energy and therefore enhances the driving force of
the magnetic transition from the FM state to the PM one in
Ni,_,Co,Mnj 0Sng.40.

E. Electronic structure

The stability of the parent phase in NiMn-based alloys has
been demonstrated to be closely related to the minority (spin-
down) density of states (DOS) around Fermi level [52-54].
In order to explore the electronic origin of the composition-
dependent MPT, we calculate and compare the DOS of FM
L21-Nip_,Co,Mnj 60Sng 49 (x = 0, 0.20, and 0.40) alloys with
0 and 5% tetragonal distortion used to calculate C’(x), as
shown in Fig. 7. For Ni;Mn; oSng 49, there exits a pseudogap
in the total DOS both with and without lattice distortion
at about —0.05 Ry, which was shown to be the covalent
bonding characters between Sn p and Ni 3d as well as Co
3d electrons [55]. However, for the total DOS without lattice
distortion [in Fig. 7(a)], a small peak appears at about —0.02 Ry
below the Fermi level, resulting in the Jahn-Teller instability
of the cubic phase [52,54,56-58] of Ni,Mn; ¢oSng.49. Upon
tetragonal distortion [in Fig. 7(b)], this peak splits and then
the DOS near the Fermi level reduces, leading to a more stable
tetragonal phase of the alloy.

Shown in Fig. 7, with increasing x the pseudogap is
gradually filled and then becomes more and more shallow. It
deserves to be noted that with Co doping [in Fig. 7(a)] the small
peak gradually disappears. Upon 5% tetragonal distortion [in
Fig. 7(b)], its splitting is thus less and less significant with
increasing x. This means that the Co doping reduces the
Jahn-Teller instability and then depresses the tetragonal lattice
distortion, which corresponds to the increase of C’(x) but the
decrease of the T);(x) with the Co addition.

In comparison to the DOS of Ni as well as Co atoms shown
in Fig. 8, it is found that the pseudogap is formed by the Ni
3d and Co 3d states. Both of them include triple-degenerated

PHYSICAL REVIEW B 92, 024105 (2015)

O T T T
No distortion x=0.0
N N N
S
s
<
% 5048
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A
=
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FIG. 7. (Color online) Total minority (spin-down) density of
states (DOS) of FM L2;-Ni,_,Co,Mn; 6oSng4¢ (x = 0, 0.20, and
0.40) with no lattice distortion (a) and 5% tetragonal distortion used
to calculate C’(x) (b). The vertical lines indicate the Fermi level.

T, and double-degenerated E bands. In Figs. 8(a) and 8(c),
the pseudogap formed by Ni 3d T, and Ni 3d E, is around
—0.05 Ry. In Figs. 8(b) and 8(d), the pseudogap formed by Co
3d Trs and Co 3d E, is in a relative higher energy level,
which is almost right on the Fermi level. Therefore, with
Ni replacing with Co, the hybridization between Ni 3d and
Co 3d electrons around —0.05 Ry becomes more and more
strong, and the pseudogap in the place is gradually filled for
Ni,_,Co,Mn; 0Sng.40.

In Figs. 8(a) and 8(b), the small peak in the total DOS
of Ni;Mn; ¢pSng 49 is shown to be mainly contributed by Ni
3d E,, whereas the Ni 3d T», as well as the whole Co 3d
states seem to have no connection with the peak. In Fig. 8(c),
upon 5% tetragonal distortion, the Ni 3d E, of the alloy splits
into two levels: one is on a little higher energy side with
the x> — y? orbital, whereas the other one is on the relative
lower energy side with the 3z — r? orbital. With increasing
x, the Ni 3d E, states reduce and the peak is weakened [in
Fig. 8(a)]. Upon tetragonal distortion [in Fig. 8(c)], its splitting
is therefore less and less with the Co addition, meaning that
the Jahn-Teller instability in the total DOS reduces and the
FM cubic structure gets relatively more and more stable with
increasing x in Nip_,Co,Mnj 60Sng 4.

IV. CONCLUSION

Using first-principles EMTO-CPA in combination with
UppASD method, we have systematically investigated the
composition-dependent crystal structure, lattice parameters,
elastic property, phase stability, Curie temperature, and
electronic structure of Nip_,Co,Mnj 6Sng 40 (0 < x < 0.50)
quaternary shape-memory alloys. The main results are sum-
marized as follows.

(1) The present lattice parameters a(x) and c/a(x) of the
FM austenite and the AFM martensite decrease with increasing
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FIG. 8. (Color online) Minority (spin-down) density of states (DOS) of Ni 3d, Ni 3d E,, and Ni 3d T, as well as Co 3d, Co 3d E,, and
Co 3d Tg in FM L2;-Ni,_,Co,Mn, 6Sng 49 (x = 0, 0.20, and 0.40) with no lattice distortion (upper panel) and 5% tetragonal distortion used
to calculate C'(x) (lower panel). The figure illustrates how 7>, and E, bands of Ni 3d as well as Co 3d are split by the lattice distortion. The

vertical lines indicate the Fermi level.

x, which are in good agreement with the available theoretical
and experimental data.

(2) The MPT is found occurring below x = 0.43. Above
the composition, the alloys are stabilized by the FM cubic
L2, phase even in very low temperature. For x < 0.43, the
austenite is stabilized by the FM coupling between Mn; and
Mn;, whereas the martensite is with the AFM ordering at 0 K.

(3) With increasing x (or decreasing e/a), the c/a(x) of
the AFM martensite decreases, the shear elastic modulus of
the FM austenite C’(x) increases whereas that of the AFM
martensite Cs(x) decreases, and the free-energy difference
between the two phases A FAM(x) decreases, which all well
account for the decrease of the experimental T)/(x) with
increasing x.

(4) The estimated T¢(x) ~ x is in line with the available
experimental data. With the Co addition, the magnetic excita-
tion energy A Epp(x) increases, which therefore enhances the

driving force of the magnetic transition from the FM state to
the PM one.

(5) The calculated electronic structure indicates that the Ni
3d as well as the Co 3d states near the Fermi level mainly
dominate the phase stability of these studied alloys.
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