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Fig. 1. Four candidate crystal structures of SmCo;y, red represents Sm atom, blue represents Co atom: (a) P4mm (No.99);
(b) P4/mmm (No.123); (¢) ThMn ,-type I4/mmm (No.139); (d) P31m (No.162).
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Table 1.  The candidate SmCo;, structures including their space groups, enthalpy values, unit cell parameters, and crystal

systems.

Space Group Enthalpy/(eV-atom 1)

Lattice parameters/A

Wyckoff position Crystal system

a=b=4.00, c = 10.65 Sm: la

P4mm (No.99) —6.52 o= f == 00° Co: Tai: 1bis 2¢; (i=1,2,3) Tetragonal
P31m (No.162) ~6.76 Z::”;:‘*é%‘l: ;:: 11%'35’ CO:Sng §b6k2 Hexagonal
P4 /mmimn (No.123) 6.7 a:ab:: x? 'i4§i:93‘? - Co: 2h; (i :ST 21)a di; 2h; 2e  Letragonal

P4/mmm (No.123) Fl P31m (No.162) Pi45H1
B K 43 38 ThMn,, B 45 BRI 0.12 eV Al
0.09 eV, eI AR A RE L.

RHAE 4 T e S5 A6 T A Ak AR, AR
THE T ARG MR RS 1Y SRR (R IR 0 — 1k 3
AR, SlRe - ARREL A (K 2). [FliARE
SRR I Birch-Murnaghan R (EOS)PY:

()
Al o

Hrr Vo BV, By 2P ASRER, By &k
i, B 2K 1R & F Birch-Murnaghan
RSB - & b T i N IR E, 153
LRV A HR (3 1) L S AR AR £
(3 2). 4 MRS 3 7E 110—150 GPa
DX 0], ZBUEE AT A SRR + A RER R 244
. ThMn,, %! SmCo,, FIARFUE I 145.5 GPa,
553k [35] H A4 SR (140.5 GPa) A4, U5 A

E(V) =E,

—6.21 —— P4i/mmm
—— I4/mmm
_ —63¢ P31m
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E —64f
2
©
@/ —6.5}
<
>
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5}
4
6.7} /
_6.8 i 1 1 1 1
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2 Bk SmCoyy 2514 Rl 1t B VR BUZE AL i 22
Fig. 2. Energy-volume curve of candidate SmCo,, struc-

tures.

(P4/mmm) M7 T A (P31m ) BB & 53 5l
% 131.99 GPa fil 154.33 GPa, T FiJl NdFeB
TKBER IR BUS i (110 GPa)lo), JE I H L5 1 3
PET 12 PERE.

# 2 EIE SmCoy, LMY S IRE P HRRA T A

TE AR S R RS

Table 2. The candidate SmCoy, structures include their

space groups, equilibrium volumes, formation energies, and

bulk modulus.

Formation energy Bulk

Space Volume (meV /atom) dul
aroup /A3 ! ‘ module

B g™ gt [GP

P4mm(No.99) 17322 0 63 67 111.00
I4/mmm(No.139) 323.12 47 16 21 145.50
P31m(No.162) 172.16  -137 74 69 131.99
P4/mmm(No.123) 161.37 -167 104 99 154.33

e R T A 7S S A% BB ARE b, AR SO E T
4 Tl 30 235 K BT BB — 2B PPAl LI ) 2R e e
Y. IA— AU EAE Erom B9E XUNF:
Esm,,co,) =M E(sm) — 1 - Eica)

) (3)

Hrr m 1 n 43 51 R b ML H Sm AT Co Jit 4K,
E(sm,,con) N A MEAE S, Esm M E(co) 735X
N HL T o — Sm Al o — Co P A T L S fE &
SmCoy, K R IE WAE AR 2 FIr 91, & S5t HE 7 -
Pamm (0 meV)>TI4/mmm (—47 meV)>P31m
(-137 meV) > P4/mmm (-167 meV). WUJ5HH ( P4/
mmm ) F7STAH (P31m) BB BAEES ThMn,, Y
25 4 43 i B#EIK 120 meV /atom Fl 90 meV /atom,
JoR A A S R e
RS2 e Hl &) SmCo &4, 15153
K 3 R (convex hull) K. —5€ Sm,,Co,, &
SRR PIE RERAR N ThyZn,; £ SmyCo,; Z514,

Eform = m+n
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Fig. 3. Formation energy and convex hull of binary Sm,,Co,,
alloys, candidate structures from structural search are
marked as circles, stable structures as stars, and meta-

stable structures as triangles.
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EEmaCorr — (QE(SmCom) _E(Sm2C017) —7E(C0))/26’ (5)

form

H Esmcos) T Esmycorq) 23 1 i 45 48 e B 7E 1Y
CaCu; 1 SmCo; fll ThyZn,;  Sm,Co,, HJEE43F
XA R, ITESRWE 20K, P4/mmm Fl
P31m AR EynCos b pemeCor St LT A 5
fi#t 4 SmCos 5 SmyCo; MY 2 #e. T 2]
)2, W IREI R R I Rl s e 2 1k, 256 %
SN 177 R 3R DL R REE 258, T8 2 RS ARATS AT
SEER £, Bl P B ThyNiy; #E SmyCoyy.

AT 4 FpE5H 075 3% LA B gl )
FhETEES, HESRNE 4 s, WWITAH ( Pdmm
5 P4/mmm) & ThMn,, BIZEH7EFE A4 BLIH X
PR R AR S, R 3 R A5 M 3l Iy 2 R
ANTHE (P31m ) By 3% (18] 4(d)) 7ERA A0 BLIH
DTG A, R T HAE B ) 2 )2 TR AR E . T
I S HEAAAE DV IR 5N, AT g HUR A
(R B MR 22 A AR B0
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Frequency/THz

o
=

R NS
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3

Frequency/THz
©
o

(a) P4mm (No.99); (b) P4/mmm (No.123); (c) ThMny, B I4/mmm (No.139); (d) P31m (No.162)

Fig. 4. The phonon dispersion of candidate SmCoy, structures: (a) P4mm (No.99); (b) P4/mmm (No.123); (¢) ThMn,,-type

I4/mmm (No.139); (d) P31m (No.162).
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o — 1k SR I o 3l ) S B R, AN 7 AH
(P31m) 7E 1200 K HIR & F T & 13 ps i B 5
P PRFE 76 5 AR AESL (1] 5(a)), A B F 91
FRAE. 78 3 ps F-F 4 5 g i A2 Ak W &l 5(b) Fiiw,
PRE W Bl bR v 220 5.7 meV /atom, I S5 i% A0 7E
i R AR 2 SIS R k. IS R
FRAE A 75 77 A B SmCoyg 7K 1R B2 27 1 1)
P e AH.

(2)

—627.00
>
o
~
% —630.251
X
o
=}
]
& —633.50
=}
3
o}
o
—~ —636.75 |
]
5
E

—640.00 : : :
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Time/fs

Bl 5 £ 1200 K T, S #H ( P31m ) SmCoy, 4 3l /12
UG (a) RIS SRS H; (b) 5 3 RE BE A 100 18] B9
Ak

Fig. 5. At 1200 K, for the hexagonal phase (P31m)
SmCo;y after molecular dynamics simulation: (a) Relaxed
crystal structure; (b) total potential energy as a function of

simulation time.

3.2 HFEHSHE

BT X RESE 7N A SmCoyy, A8 SCHH T [ ek
AR5 BEZ pR RIS R G050 B H L S5 R RRAIE 5 M
IR, % 3 R K Sm T 4f LIS F T,
VASP(PAWPBE-GGA) 50penMX (LCPAOOC)
THE NI A SmCoyy 2 151 R T 11 B JE L LA I
JEFREHE. X e PIRPEE R, Horh LOPAO J=GtH5
giRrh 53 SmCo Ha&MEHM)IAHLF P, Co i
¥ (1.66up—1.76up) M= T SmCo; ' Co(1.39up),
Sm R 1.25up BEART SmCos ' Sm(1.32up—
L.74u) ), J5 S0k LUH AL 7450 S .

%3  VASP Y5 OpenMX i8N H M (P31m
(No0.162) ) SmCoyy HL T #fi HH RN R 25 TR 45 ) S0
AEXSLE

Table 3. A comparison of the electronic magnetic
moments and single ion magnetic anisotropy ener-
gies of hexagonal ( P31m (No.162)) SmCo,, calcu-
lated by using VASP and OpenMX.

Method  Atom S p d  ™i/up k;/meV
Co6k; —0.01 -0.08 1.74 1.66 0.19
OpenMX Co6ke; 0.0 -0.06 1.84 1.76 0.46

Sm1lb -0.01 -0.04 1.29 1.25 -11.97

Co6ky —-0.02 -0.05 1.67 1.60 0.57
VASP Co6ky -0.01 -0.04 1.57 1.52 0.4
Sm1lbs -0.01 -0.01 -0.21 -0.23 893

6 k1 17 51 Co R FHEHT (1.66u) FH/NT 6 ko
B Co B FREFE (1.76up), Hoh FE k 3d L7
TRk, 110 4s L5 3p L FREFE SRR/, H S
3d LT ATEREHE ms I AR, 30T Co JRF &
G A A, DR BB RS A E R X
#* 4 PR, BT 3d HUBETEK (orbital quenching) -2
Co JRFHLBRERLT-HA, Co JRFREM H H e
FEDTHR & L 95% DAL, BB REE DTS /2 5%. Sm
JRFRERE 2 5d LT BTk (1.29up), KON 6s
HF (-0.01up) 5 5p FF (-0.04ug), HY5 5d ¥
H e e AR B, TR)RE 530 Sm R 8 e 1 4 [
%, SIEAIRER A 21.81ug/f.u..

F 4 O (P31m )SmCoyy, G54 [ HEREFE B REHE

Table 4. Spin magnetic moments and orbital magnetic

moments of the hexagonal phase ( P31m ) SmCojy struc-

ture.
Atoms Occ. mg /B m(i"bil/NB m;/uB
Co 6 k1 1.66 0.07 1.73
Co 6 ko 1.76 0.08 1.84
Sm 10 1.25 0.02 1.27

Kl 6 B AR S EEFE (partial density
of states, PDOS). #EKAEH ( Er) ALIELLAEF NS
W RE o UL R 4 e LR, R
TRBEREH L AT —3. fE-6—3 eV RERIL
WIS % B E 2 Co-3d il : 7, fAAE B
H et A, RUMAE R B F 2R IR T Co-3d il
B A 2. HK R Sm-5d BB TRk E, T
5d BUE b 5 B 72 Sm-Co B TE 9K i |
HBLE S, FA7ERUE 2 R0 801 B39, 5d B
5 3d T, AL TANZE, BATRSRAY T, S35
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BBl 3d-3d 2 #AEHIY 5d-3d ST, Hift
JiFHUE (Co-s, Sm-s, Sm-p) 7E 3% K e F T 19
PO SR/, DL ESS R U], 757740 SmCoypy
i Co JiF 3d T 5 Sm 5 ¥ 3d BT ik H i€
WEXE, P RN

3.3 WilkeE

Sm-Co 54, Co Ji+14 Sm i+ d HLi A
FETESR H BERERR SR LA B it 1) . AR5
%18 A BEE R A NI T S M SmCoy,
R RS RG2S I SR B, R 3 BT R
£ T ek 1O s AR

k?m(co) _ Es[ggrd axis] __ Es[gisy axis]7 (6)

Hor gloard o) i gl o8 23 g 3R AE A BLE S
A N MERE S B T ok 0 RE L AR A4S
R, Sm B FHIRESS r SR EL (B3 = -11.97 meV)
J& Co B FHIMEAS 18] SV B0 20 %, XFRE 4%
] SR AR X AL ot Lk it R
V4RGSR A £ oC R E SR m SR
TEOLIEAL. T Sm® S Y Ha faf 43 A 2 B il 7
(YTHEIE )W g Sy iy [001] J7 1. B AMA R 1 544

—— Total DOS

Density of states/(states-eV~1)

—— Sm DOS
~20T__ @0 DOS
—6 —4 -2 0 2
Energy/eV
3
— Co(6k;) Tot DOS (c)

9 l— Co-s Co-p

Density of states/(states-eV—1)

Energy/eV

6 NHAH (P31m) SmCop, % E  (a) BAS

SRR, = 11.10 MJ/m3, 55 T2t CaCus
I SmCoy(17.2 MJ/m?) 8, {HEE = TIMUE Co 1Y
AR (Sm,Co,, y/z > 7), BN ThyZn,; % Sm,
Co7(3.3 MJ/m?) Sz ThMn;, 1 Sm(FejCops)ia
(4.4 MJ/m?). X UBEIA7S 74 SmCo, o 7 RIZERE A
LA B AR A5 ) S

J T VAL 7S A (P31m )SmCoy, HIRE T fE,
A SCHRYE FR AT (Vo ) BERE (m©t) FE 4% ) S5
PEREL (KG) S5 T HAR IR AR EE (M ). #ERE
H(BH),,. , AKX H,, W35 5 FiR.

M SE KM B — A B RS, HLAT
Wl v B

M = %M& (7)

Hrprmet @2 -850 7 AR, Vo & PERIRE
TR, g = 9.274 x 102 Am?, N 245
Harh o320 8. ST (P31m) SmCoyy 11
fG A8 BE R /N 117 MA /m, KT5 3CHR [38,42]
HER ThMn, % SmCo o FY 1 FIRE AL 38 BE .
F Co JF W R e Fe L7 #EH /1N, SmCoy,y 1)
P00 FIRE A 38 /N T SmFe;5(1.30 MA /m) 8% Sm
(FegsCog.a)1z 142 (1.35 MA /m) 4594243,

— Sm(1b) Tot DOS 4 (b)

Density of states/(states-eV~1)

Energy/eV

—~ 3
T — Co(6k2) Tot DOS (d)
?9 ol — go—s
g o
<
& o
3
@
w
o« -1t
o
2
2 o—2f
=}
)
A _3 \

—6 —4 —2 0 2

Energy/eV

WS £ IUE BTk (b) Sm RTS8 B DL RS BUIE BTER; () 6 k1 dni Co BT

S B A LB BT (d) 6 ko AL Co J5 12558 BE Ko 2% HUIE TTRK, ZERREZBE N 0 eV
Fig. 6. The DOS of hexagonal phase ( P31m ) SmCos: (a) The total DOS and the contribution of each element; (b) the Sm atomic

DOS and the contribution of each orbital; (c) the Co atomic DOS at 6 k1 crystal site and the contribution of each orbital; (d) the
Co atomic DOS at the 6 ko crystal site and the contribution of each orbital. The Fermi level is set to 0 eV.
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#5 AN (P31m (No.162)) SmCoys ARAEREMES ThMn,, BIXTHE

Table 5. Comparison of intrinsic magnetism between hexagonal( P31m (No.162)) SmCo;, and ThMn,,-type structure.
Space Group m©t/( ug fu. ) M/ (MA-m™) (BH), ./ MGOe H,/(MA-m") Te/K
P31m (No.162) SmCoy, 21.81 1.17 54.56 15.01 1180
ThMn;o-type SmCoyy * 21.90 1.26 62.38 8.70 1150
ThMn;y-type SmCoy, [15:38:4041] 17.4 1.0 39.60 3.91 1300
ThMn;,-type SmFe,, 334144 25.7 1.30 76.0 9.55 554
ThMn;,-type Sm(FeygCoq.) o 1543 24.5 1.35 80 9.55 1100

7E: *present work.

e KRB FR R 7 B AR BR B RE AR A6 S 7 v
RE A5 A7 0 1) e R G R ek, 2 o 7 2 [R) A5 8 32
Yt MARMABI S8 AR SGE A (BH) max =
(oM 59 (FAELRRRAERL )74 SmCoy, Y
HORRERERR DA 54.56 MGOe, BE R TG40
4 1:5 #9(24 MGOe*Y) 52:17 #(35 MGOe*Y) [y
KHERERR. FLHLSTHE ThMn,-type SmCoyy 1Y
(39.60 MGOe) K, 1HZAK T 524548 24 1l % 1 Th
Mn»-typeSm(Fej sCog 2)12(80 MGOel'*)) 5NdFeB
PSR ARRERER (64 MGOelY). IS ( P31m)
SmCoy, MEHEA WAE R I N A.

W] (He ) 20 i ACHE M RN AR B2 72 rh
PREETR A AL SR B RE ) I OGS 8, H ER it H,
PEE . ARSCHE Brown’s paradox 49 53506 7, =
2K/ (1o Ms) AR E 75 F5 4 SmCoyy 1 H, %5 T
15.01 MA/m. S5&G 25 0KuEARM L, LT 1:5
(35 MA/m®), (HEEET2: 175 (5.4 MA/mB32)
5 Sm(Fe sCop)12(9.55 MA /mi). X FHH ST
SmCoy, HA FHH 1 1. Feilde i, A3 DFT
TR AR KP, M, Ko S B B, ¥R
T=0K FHBEIRTRINE, A% &R ARG R
FF iR B ] SR

7N HAH SmCoyy 5[0 2 A 5L (Jij) an
Bl 7(a) Fi7s, ASCESAHESBIETXT (ry < 4 A)
[ AE 4 E FHAFAE. Co JEFRIZSHH L (Joo.co) 345
T 11.0—22.7 meV [, Y5 00 0 BRBERA S ek
(J > 0), SREES MAEZEHAZRANY, A14E SmFe,,Co,
(J = 20 meV¥)) | 1:5 % SmCoys(16—21 meVH¥)
DI a-Co(24 meVEY), EIIE T 3d-3d HL T2 #efE
FAAEZAN P B 3 A7, e 48 Sm-ColiU X 1)
HHEE (Jopco) N 12 meV, HEEFEMRT Jooco
ZIGVET Sm 1Y Af BTS2 A% RSN 5, Sm
Y5 Co-3d B FAX i@ it 5d-3d s 2 b S 1013
&4 (Campbell #5178 B9) | ARG 2048 B 42 3d-

3d YEHFEALZY 80%. Xk SmFe;(Cos(Jym.co = 1—
5 meV®)) LI K& SmCos(Jgp.co = 6 meVE), A f&
Z# Sm-Co #ATREERTZ 2 45 % LA L. Sm J5iF[H]
ZWAEH (Jomsm < 1 meV) JLFA] DL Z0S . 132
BAEHZIREEH (Jooco > Jsmco > Jsmesm) T/
T 75T SmCoyy LA Co MV S R X 265 A i 14 3%
&, Sm B i 5 Co JE+ 1yHUIE Z b4 Ak ] 52
VAR IR AL B

(a) ! ® Co-Co
20 | @ Sm-Co
0 Sm-Sm
15
. 8
: 8°
2 10p
vs
5F
[
@
of o W
1.5 3.0 4.5 6.0 7.5 9.0
Interatomic distance rij/[\
0.8
= 1180 K 10.08 ~
= (b) >
= >
? 0.6 0.06 =
g 04f 004 §
g Q
X e
T 021 0.02 ©
5 )
N i : . e (U
600 800 1000 1200
Temperature/K

Bl 7 INJ7AH SmCoyy  (a) BEA BT 18] SC 4 5 4B 1)
AR 2 5 (b) Bl B2 728 1k i 7 Ak il 28

Fig. 7. Hexagonal SmCoy: (a) Exchange coupling con-
stants between each atom as a function of interatomic dis-
tance; (b) magnetization curve as a function of tempera-

ture.

R E 7SI SmCo,y BIERREAR AR IRIE, AT
J&TF Heisenberg £ A Ff 8 Monte Carlo #4, 3k
1875750 SmCoy, MG IR BE-TREE th 2. W&l 7(b)
Jr7R, 1180 K Ak i S g Ak 280 E, X AR R 1 Js
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HYREE Te . Xt R, i Tc B35 T CaCu;
A SmCos(1003 KB, {H # ThyZn,; B Sm,Co,;
(1190 K1) B 0.8%; 45 ThMny, % SmCoyy HIE
e BAE (1300 KU AH ELREAIR 9.2%, %2
SR T 3730 AR T AR i 45 1) S PR A Tk
VR . B SC B R IE 9 ThMn,, BB 241k
Z (Tc = 859 K) #£7F 37.4%, 1 @75 740 SmCo,
%) e Tl R R A PR 3.

Zi I, 75 SmCoyy H ThMny, 8 SmCoy,
TOMASE, BRI A Tb 8 RN R REAUR a5 24
SmCoy, B4, (AFERFM ) LA K S BLIR B 5 T 2
Toik AR PR i B RS P e #
RETS1E R R IAEE N IR T i A 45, 7507
HH SmCoy, B 5 2k A e e P A 75 H Hb ThMny,
% SmCoyy F#BZ% SmCoyy B A1

4 % i

AR SR R R T RER AL IR S G5 — MR
FEHE T EERR T SmCop, KR IHIHIEM, +
BEERT.

1) 7€ PSO REH R Y 124 F&5 g, 5
I T — Ff 7S 5 A 45 ) SmCoyy, 25 8] B
P31m, T W B8 % 4% 45 ThMn,, % SmCoy, B K
90 eV /atom, FRIEH 132 GPa, i FHEICHEM,
AEFE 1200 K T Nos¢ AR R E5 e .

2) HFL5F RN T SmCoyy, HA 4R F
PE, M ERERE A 21.81 (up/fu.), BETH4S 10 S0k
A 11,10 MJ/m?, B3 & TRLIE &4 (Sm,Co,,
y/x>7) IR,

3) BT — PRI RERE | Wk 1] S
HROMBE SR AL, B AiTH7S A SmCoyy R
HERERR . &5 10 Sk 5 R BLIR B AT 3K 54.56 MGOe,
15.01 MA/m 11180 K.

AR SCEAS T T —Fp BT B ARG RE YRR E
SmCoys 454, Ffipk ThMn,, 5925 ¥ A K2 5
AL T M7 ).
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Prediction and magnetic study of a new stable SmCo,, structure’
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Abstract

SmCoys, with its large magnetic energy product, is a highly promising high-temperature permanent magnet
that has attracted significant attention. However, the widely existing ThMno-type crystal structure in this
system faces serious stability problem, which significantly hinders its practical engineering applications.
Exploring a novel SmCo;y structure that combines stability and excellent magnetic properties is crucial for
breaking through this bottleneck. In this study, the metastable phases of the SmCo;, system are systematically
investigated by using a local particle swarm optimization algorithm combined with first-principles calculations.
The theoretical calculations reveal a hexagonal phase structure (space group P31m ) with a formation energy
90 meV/atom lower than that of the conventional ThMn;,-type SmCopy. Its phonon spectrum shows no
imaginary frequencies and its structure remains stable during Nosé-Hoover thermostat simulations at 1200 K,
confirming its dynamic stability and thermodynamic stability. The electronic structure reveals that this
structure exhibits metallic characteristics, with a total magnetic moment of as high as 21.81 up/f.u. and a
magnetocrystalline anisotropy constant of up to 11.10 MJ/m?, significantly exceeding similar high-cobalt-
content Sm-Co systems. Furthermore, theoretical predictions indicate that the hexagonal phase SmCo,
structure exhibits exceptionally outstanding magnetic properties, with maximum energy product, anisotropy

field, and Curie temperature reaching 54.56 MGOe, 15.01 MA/m, and 1180 K, respectively. The newly

discovered hexagonal SmCo;y phase provides a novel direction for solving the stability problem of the ThMn;o-
type structure.
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