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Fig. 1. (a) Geometric structure of cubic L2; Nip X1In,
X denotes Mn, Fe, Co and (b) the rectangular centered
cell in the (110) plane used to analyze the magnetic

properties.

Kl 1(a) ANipXIn(X = Mn, Fe, Co) L2; 4
FISE T BERH I JUAT A &L 23 (A3 F'm3m, No. 225.
Ni Ji 7 (54 (8c) FL E: (0.25, 0.25, 0.25) F1(0.75,
0.75, 0.75); X JEF ¥ (4a) fE: (0, 0, 0); InJi&
T 54 (4b) f2E: (0.5, 0.5, 0.5). AT WFFH A B
Fea B B b i VR E, AN SCHESL T 4544 (110) T H R
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Table 1. The optimized lattice parameter and the rela-

tive difference between the computational data with the

experimental value [13] of four different schemes in cubic

austenitic NigMnln.

WHITE g H A IR /%
USPP-GGA 6.503 0.30
USPP-LDA 5.870 3.31
PAW-GGA 6.036 0.58
PAW-LDA 5.375 11.5

SO AH 6.071 [13]
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# 2 1ENigXIn (X = Mn, Fe, Co) A& & TR st BT EE AEy (B0 eV)
Table 2. Formation energies AF¢ (in V) of point defects in Nio XIn (X = Mn, Fe, Co).

#Hefr LRI Zfi
X-In  Ni-X Ni-In  Nix Xni Nipp Inng X Inx Wi Vx Vin
NigMnIn  0.36 0.90 1.29 0.40 1.07 0.64 153 0.07 041 0.59 1.51 1.77
NigFeln  0.39 0.10 1.14 -0.13 0.15 039 146 049 —-0.26 0.53 095 1.19
NioColn  0.21  —0.26 0.74 —-0.51 0.18 0.32 1.05 0.58 —0.54 0.29 0.55 0.73

TEAR ST SR 2 B L, & R4 51
HERTESERAZHSNME, KPR NIE
R T AL (H R AN BE HERR LAt 1) AT e E
FER 2, RIVE R Inng ROLHRFETE BCRE AR =, 1
Iny AT EFE N RE & 0. AR A B R
WA 77 AT PLE In & AR Ni 28 Z (1) Ni-X-In &4
HE G In 5 Ni A7 Bk fE. BRI 2 & In
JEF B o5 U5 Ni R RO S SR, Tnng s BREG
M R RE A H (W3R 2). e 5 s A In
JEF 4 X BIRE S (R 2 10 Iny), X R FR3h 3
Ni 207 E (X i), ST R T (Inx + X i)
MBE B A JE 2 e, JE 2 BB e R
M. FRATIE R 25— FR B IOAE T RATIE A, 7E
NipMnln &4 H, 1R A BRI T8 A B AEH,
LA N R G REE N —5.88 eV /atom, M
(Innvin+Mnng ) B SOALBREE N ] & —5.90 eV /atom.
R, 75 In & & Ni T Z 64, T4 A7 U8

—0.07 —0.09

S|
0.19 3.68

(b) Nimm

ovqo o y

T -
3.67 q
(a) Ideal NisMnIn
3.84

3
(e) Mny,

2
.63

3.2 HAMERE

I 8 43 5 B A3 A A RS A 5 ) R J
FREFEARAE, Ni-Mn-In & 49 (110) $ 1 _EASFE &
N S5 P R P R ] 2 BT

B2 (a) AT 7R N A 42 71 & B NigMnIn )1 52,
Ni £ Mn () #5553 5152 0.33 pp F13.67 pp 9. 4
Ni JiF b7 98 Tn (A% s i, BIFZ A% T — N Ni 7 In fiz
() S AL B B N, WE 2 (c) s, N T 5K 2 (a)
1 Nip MnIn 3 A 25 8 v 1E 8 (5 47 /10 Ni X 51 JF, 48
ST B R 22 A B Ni AR oM IS B Ni. & — A Nig,
EEREE I A4 b, AN IEH Ni &1 IR 9 A 7
0.38 up—0.41 pup Z[H]. &+ NI
g FEAH B, Ni T R 24 %N +15%—+-24%.
o NiJE 5 R /DN, N 0.28 ug, KR
WEFE AL 23 —15%.

—0.08 0.28 —0.08 —0.09
~_ 1 T~
q 0.98

3.74 3.64 3.58 3.60
(c) Nipy, (d) Mny;

—0.08 —0.07 —0.07 —0.08

A TN
O

3.69 3.66 —0.01 3.70

(f) Inn (g) Innm

2 Ni-Mn-In &4 (110) S EAFE KA B RIREERFEAETE  (a) NioMnln; (b) Niyy; (¢) Nim; (d) Mnxi;

(e) Mnry; (f) Inng; (g) Inyvm

Fig. 2. The magnetic characteristic rectangle in the (110) plane of various antisite defects in Ni-Mn-In alloy:
(a) Ideal NigMnln; (b) Nin; (¢) Nipg; (d) Mni; (e) Mnpy; (f) Inng; (g) Inym-
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iR S5, WA — A Nig, ROAL R RE 1 5
MR 211.90 A3) 5 NipMnIn(219.85 A3) ff1{£
U EL kN 1 3.62%. 5 () - B kAR
T \AS IEF NiJE 7 AL B A s e (G
&2 Ni A &) %30, 45 RN, Wt E s
FRE, {—AIn i 74 Ni g FERE, IE% AL
B RN 55 A8 Mn (1825 2.55 A, A2
NipMnIn H2.61 A. P45 /M58 T Ni 5 Mn 3d
MIE R B A AR, PR, TR 5 A7 Ni R
TR, A, o8 Ni 5 T 5 &A% H) Mn [
A 2.98 A, it KT 2.61 A, #1535 & NiJfi 1
5 Mn JF¥ 3d HUiE B2 (A1 A PR F IS5, X
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XFF Iy X ARG &L, 0 2 (F) s, — N In
J& ¥ A E N B s b, N TR 7 Fd 58 1 YU R 2
0.26 up—0.33 up, /N T 55T NigMnlIn [ 1% &2 (0.33
us), MM KA RN —21—0 %. HERANiA LT,
Ni J5 T 5 5 AR Mn J& -7 19 18] 25 i 2.61 A 48 0
F2.63 A, SENi 575 Mn Jil 7 3d HLiE HL T 2 1]
(AR LA FH B85, DR 3 P 1 T 1) Ni 5
/.

X F B 20t & B9 Ni-Fe-In £ Ni-Co-In £
SR UL, TN AT Bl B 0 FRL L e 2 Ik R SRR 1
JRFREFE R 3R 5 Ni-Mn-In &4 — 8. X
B G SR B AN LR LR T R AR Ak,
FAADLF (110) T b (0 R 1 4 A A R s, WPl 3

—0.06 —0.05
'v'
. . O 0.07 2.93
—0.06 (b) Nie
O O
—0.07 3.00
T -
3'00 M
(a) Ideal NisFeln
2.98 2.96
(e) Fer,

Kl 4 Firs.

7E Ni-Fe-In &4, Fepe, Fen; M Fer, 1 Fe []
JE P HERE 33N 3.00 pg, 2.97 pp F13.00 pg; X Ni-
Co-Ga 4, Coco, Coni Fl Cory, H Co I 5 TR 55
SN .67 pp, 1.57 pup F11.83 up, 435U 3 (a),
(d), (e) FIE 4 (a), (d), (e) Fia~. &AR, X FHrE R
1L, 4RI Fe 5% Co I Ji TG HE 5 7] ~FAT T 1%
I, AR AR R X s —FF.

A, 2 X (X = Mn, Fe, Co) Jii ¥ i In i
T 10 b A% B U, TR X, AL SRR, ILIEL 3 (e)
A 4 (e). SERX JEF R FRAERT X R
A7 b A B X SR RO, X AT R R D Bk
WA X SR B AC T AR RAYE B In B 57, AATTT 18 5
TR X R 75 8 AN Ni 57 3d HlE B 1
Z 6] (P AH ELAE TR

2 Ni 4 ) &7 85 Ni, X R0 In [ 0 &5 4% 467 B i,
X} Ni-Fe-Ga, Ni i 1) & 5 #EH 73 0 8 0.29 ug,
0.07 up F10.27 pp; X+ Ni-Co-Ga K Ui, Nili ¥
B RERE 53 8 0.15 pg, 0.08 up A10.44 pp, U
K3 (a)—(c) M4 (a)—(c) Fin. HNiJE T 55
X(X = Fe, Co) WA B, i & Ni Jf 7 1 i 7 1
MR T .

76 In 1 AL 6 B A, Inng M Iny, @1 B2,
EI3FIEI4 1 (f), (g) Fras, o & 0 In J5 ML
P4 0, T FLAX Bl i 2 A0 ] Rl A Ni A X J
FILTF B,

—0.07 027  —0.07 —0.07
aa .v.
2.99 2.96  2.96 2.37
(c) Nip, (d) Feni
~0.05 —0.04 —0.05 ~0.05
.v. .v.
O
2.96 2.93  0.01 3.02
(f) Inn; (g) Inpe

B3 1E (110) M bR B AESE B H 2R Ni-Fe-In & & H & MU AL G I #EPE AL (a) 348 NigFeln; (b) Nipe;

(¢) Nipy; (d) Feni; (e) Fery; (f) Inng; (g) Inpe

Fig. 3. The magnetic characteristic rectangle in the (110) plane of various antisite defects in Ni-Fe-In alloy:
(a) Ideal NigFeln; (b) Nipe; (c) Nipy; (d) Feni; (e) Fern; (f) Inni; (g) Inpe.
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Fig. 4. The magnetic characteristic rectangular cell in the (110) plane of various antisite defects in Ni-Co-In

alloy: (a) Ideal NizColn; (b) Nigo; (¢) Niry; (d) Coni; (e) Com; (f) Inni; (g) Ingo-

N T BT AR S T B BN X -In & & I f SEAT N BLAE N f Mn JR 7~ 2 [6); e 4, fr 5

T4 0.035 e/ A% B 3% A W& 24 B, W6 (c)

HL 14540, FRATT B SE W 9T 1 A6 i & NigMnln (1 %5 H Bl o 45 {8 T A00OE 1) 7 s s b, RS E
& 41 0.025, 0.030, 0.035 e/A3 5 1 &b (1)
i, B 5 s, WE S AT BLE Y, 32 EE L FoR.

—0.05

K5  (MFEM) NigMnln & &8 F AR A KBTS E  (a) 0.025 electron/A3; (b) 0.030 electron/A3;

() 0.035 electron/A3 (&t REH/AIT, WETKLET)

Fig. 5. (color online) Isosurface plots of the charge density at (a) 0.025 electron/A2, (b) 0.030 electron/A3,

(c) 0.035 electron/A3 in NigMnlIn (gold color means electron gain, and blue electron loss).
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Fig. 6. (color online) Isosurface plots of the charge density at 0.035 electron/A3 in Xyj antisite defect in
the Ni-X-In alloys: (a) X = Mn; (b) X = Fe; (¢c) X = Co.
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Fig. 7. (color online) Isosurface plots of the charge density at 0.035 electron/A3 in X7, antisite defect in the
Ni-X-In alloys: (a) X = Mn; (b) X = Fe; (c) X = Co.
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Abstract

Ferromagnetic shape memory alloys (FSMAs) have received much attention as high performance sensor and actuator
materials, since a large magnetic-field-induced strain by the rearrangement of twin variants in the martensitic phase was
reported. Up to now, several FSMAs including Ni-Mn-Ga, Ni-Fe-Ga, Co-Ni-Ga, Ni-Mn-Al systems have been studied.
Vast amount of knowledge accumulated at the properties of Ni-Mn-Ga Heusler alloys in the past decade can foresee the
possibility of employing these alloys in device applications. However, the actuation output stress level of the Ni-Mn-Ga
alloy is only less than 5 MPa, which represents a shortcoming of this alloy system. Recently, an unusual type of FSMAs
Ni-Co-Mn-In Heusler alloy has been experimentally investigated. It shows magnetic-field-induced reverse martensitic
transition (MFIRT), making it more attractive for practical application as magnetically driven actuator because it
possesses a magnetostress level on the order of tens of MPa. An almost perfect shape memory effect associated with this
phase transition is induced by a magnetic field and is called the metamagnetic shape memory effect. NiMnlIn is the basic
ternary alloy system of the NiMnInCo alloy, and possesses the same metamagnetic shape memory effect. Moreover, large
magnetoresistance, large entropy change that generates giant reverse magnetocaloric effects (MCEs), giant Hall effect
have been discovered in Ni-Mn-In alloys.

Composition adjustment must be carried out around stoichiometric NioMnlIn in order to obtain the appropriate

martensitic transformation temperature and Curie temperature. Therefore, a variety of point defects would be generated
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in this process. In this paper, the defect formation energy and magnetic properties of the off-stoichiometric Ni-X-In
(X = Mn, Fe and Co) alloys are systematically investigated by the first—principle calculations within the framework of
the density functional theory through using the Vienna ab initio software package. The In and Ni antisites at the site
of the X sublattice (Inx and Nix) have the relatively low formation energies. For most cases of the site occupation, the
excess atoms of the rich component directly occupy the site (s) of the deficient one (s), except for In-rich Ni-deficient
composition. In the latter case, the defect pair (Inx+Xni) is energetically more favorable. The formation energy of
Ni vacancy is the lowest and that of In vacancy is the highest in the vacancy-type defects. It is confirmed that the In
constituent is dominant for the stability of the parent phase.

The value of the Ni magnetic moment sensitively depends on the distance between Ni and X atoms. The smaller the
distance, the larger the Ni magnetic moment will be. For the anti-site type point defect, when the extra X atom occupies
a Ni site, most of the free electrons gather around the extra X atom; while the extra X occupies an In position, the
charges are regularly distributed between Ni and extra-X atoms. Moreover, with the increase of the X atomic number,
the number of the valence electrons increases, and the bonding strength between the extra X and its neighboring Ni is
also enhanced. The results are particularly useful in guiding composition design and developing new type of magnetic

shape memory alloy.

Keywords: magnetic shape memory alloys, first-principles calculations, defect formation energy, mag-

netic properties
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