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Abstract

In this paper, the system energy of praseodymium (Pr) elemental substitution doped SmCos system
(PrxSmi-xCos) based on first-principles and virtual-crystal approximation method was studied. The
energy, fractional density and Bohr magnetic moment of PrxSmi—xCos (x = 0 — 0.2) system under
different doping parameters were studied by using CASTEP software package, based on LDA + U and
spin polarization calculation, and the results show that the total density of states of the PrxSmi-xCos
system is mainly contributed by the s orbital around -40 eV, the total density of states near -20 eV
is mainly contributed by the p orbital, the d orbital is mainly contributed by Co and Pr/Sm atoms,
and the f orbital is contributed by Pr/Sm atoms and its spin down density is much higher than its
spin up density. At the same time, the total energy of the system is gradually decreasing, indicating
that the system is more stable, and with the continuous change of the doping ratio, the Bohr mag-
netic moment results of the system show the characteristics of fluctuating changes, and the research
in this paper is helpful to optimize the design of samarium cobalt permanent magnets.
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1. 5|8

TEPERA LR T8 REXT RESA VRt BM 7 2R S A RL, 3% MR B3 By RE S, AT 43 9 7 WA R R A
Blo KB EHOFRERERIA R, 2 BRE T H R =, Wi, BB AME% 5 U e A i TR AR
fitE, fERLEMIR . Tokilig . ZEF TS AT Z R H[1]-[3]. £24h(Samarium-Cobalt) 7k i 14 32 2
L0 R E(Sm). &h(Co) LA u KL 5%, Sm-Co 1A R 245 #)HE SmCos (1:3 #4*5). SmCos (1:5
). SmaCour (2:17)5%, SZEKHIR IR R Wi ERe =, B miRe il AR A0IRE R4, TARIREE ik
500°C LA b, AR Bl Bk 0 7 B VA TR v i e B 4 o R 1 S SmCos T L v it % o) Sk 1T V2 A5 B 72 [4] [5]

RGPS (Sm)E LR &R, Fove A M MEI R, BT DEM LK, MR, H
BB RS, RAKEE, MRS PN AW AR R . FREE v A E R 1 5w I E X
(6], PECEEWM TGRS 4.4 T, HAERREEN 36.7%, FFEA[7]. Kbk, ZXmMEm
TR FESAPENZE N AR A6]. WA, R KBE(SmCos)H I EE T3 (Pr) Ja 7T ek
BEHAERE, R, 8% L2 A% SEAIS, DRI SmCos H 48 2% Pr [ 1 B0 WA 1L RE A8 BE FEAIRREAS o 41K SmCos
o1 20%1) Sm BB 2% Pr, ME SmosPro2Cos J&, FIfE SmCos (15 KL REFA(BH) max A 256 JK/m? #2528
272 JK/m?, [RIN H B A SN (8], AT G198t S8 T BRI Pr #2% SmCos 1 LS 3
PN B2 14 (intrinsic magnetic properties), fATM M AIALEL - ATE % .

HHT, % SmCos B4 SPEMZE — M JFHHE R 2 b TR INYS Co [ & BRI I % 0 2% W'k (Fe)
[10]s H(Cu)CREE[11], BCE FETERBIR], O FERNHRTN TR MNP EZ BB RN, JEA
VEYNHAIF 78 AN 5] BI85 45 24 K 7% SmCos 7 RBEVERE 45 KRR 2 1 7 T FAD 52 1 F) RV 9 7 e R BBl

BT BRI, AHE TR ST 5 — YRR % B R BRI, 456 CASTEP J57%, 37 SmCos & &
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o Pr TR AR E B 244K R PreSmiCos (x=0 — 0.2). BiEX SmCos B A AIAEMMLE K. B4 %R
HAEER . BT AR IR S5 T SEAE 7S, 48R Pr e 4524 %) SmCos 14 2 &5 4 e s P ARG 1 6 7 T
RO L], e PERE 2 70 Sm-Co 7K W& &M BHI L BT SR AL BRI AR . A 78R F I 2 & AL
BAR, HEN R EEmE 1 PR, @ wE la ALEA Sm JEFS Pr R TFRIRFEILGE], B
PrSmy—Cos (x = 0 — 0.2)5 2% i Mo 1 R 1V I

‘ Sm,9.95;Pr,0.05
7

Sm,0.95:Pr.0.05

T,

5m,0.95:Pr.0.05

™
‘ Sm,?.QS;Pr,0.0S

Figure 1. Diagram of PrxSmi—xCos (x = 0.05) virtual crystals
1. PrySmi—~Cos (x = 0.05) EFI SRR~ EE

2. ARF=E
2.1. E—MFEIEHH (First-Principles Calculation) A X ERIE{E(VCA)

PLH-K [12]&HA K-S [13]77 R M He 15 DA S 7% 72 B #18 (Density Functional Theory, DFT)
g T 2 T IR R AL T ) EER EA,  A 20 tHhed 90 SEAREENIIT A, Bt — BV EL R
FAFEITZ RN, BRI A S A e T A —, R H RTFE TS TR E A )
LTS5 0 S AR MR oA 1 TR TR LKA R RECo £41(41 PrCos, SmCos 55 ) [ EH i f S it
F—E LSRG R 7 RERRE[14]-[16], K1, HHATHETH PRI RS0 ST Pr &5 SmCos 247K
WEM RVB 2 0 7D B R IE

T &S, ST RIS % JE AL A T DL IRy B AR ECE 2 Rl R RUNIR A R T A
PR R DU RO BB E R 7, HAIREARRET 100%. 7R — MR, Rl A
(Virtural Crystal Approximation, VCA) [17] [18]14&Ht T —FE Rk @5 440 Bt & ik, nvrbl56
PS5 R EAR F A T IR S TR T RGN . VCA ZBATT A BEREREE FE, IR AR REANEE )
T E FAFAE— DR T, Bellaiche 1 Vanderbilt (2000) [17]32H! T %8 — i JF B+ H Al 47 1) VCA
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SEILRIFEA B, R 3 T 3 (pseudopotential ) I A o Fl F#E 4K H 34 (ultrasoft potentials) SZH VCA K]
I/ext(r’r,)zzzwcil/pas (r_Rla’r'_Rla) (1)
I «a

22, itESH

ARSI S — P JE B v bR B 1T 5 & 25 T CASTEP (Cambridge Sequential Total Energy Package) [19]
HIFImB BEE %, 4K BFGS (Broyden-Fletcher-Goldfarb-Shanno) [20]7/57%, A2#k - Bz 86K H
PBE iZ pfi(Perdew Burke Ernzerhof), “FIHIJ%/E#H Ecut K/NAEE N 420 eV, SCF AU K E N 1000,
SCF 15 (g &/ )5 ISR 9 0.5E~06 eV, AL T7 2Rl BFGS, e RE S IS B {E : 0.5E~05 eV/atom.
WIREASSH: a=497 A, b=497A, ¢=397A, a=4=90", y=120"

FATHITH B k R E NG x 3 x 4)0 X TFHEA#EUERE ECut BIBE JATWBET TSN, %5
SRR 420 eV KT BE ECut A DUCRUFAR & B THEERS B EE, 9 17 J8E S m] RE HH AR R R e S0k A
SETTURE I, EE T E(SCF) USSR B B N 1000 K. BERREB, ST RECo Z A5 HIH L8k ikt
RHREE — PR R i, SRS BRI R GGA (Generalized-Gradient Approximation, [~ S i
BNt LDA (Local Density Approximation, J&)3as# f i L) Ag HUAS B8 4F (1 v SRORE 0 B2 (2117 [22],  [RIR 7R A1
THHEH, X LDA 2 GGA 7E4 IR &y ) (B G E KD d f HE 70 RIS 1545 FORS FEAUAIC, A
RIKAA R ARE S I U7 AT AR B (A, X AME LN F Z M — MEAL EG e LUB IE B T
AT EREE . OSSR OCIAR R, HLTF Rl it . WS i A —AN S Tk B 55— AR 7 75 B v AR
CHEFLLRET R B, WA REH B S, R R MR H 45 S It (Mot 482%44) . T8 (15T 4 STk
2 BRARAL d LRI, XA BAAS 3] Hubbard FE74Y .

H=-t) (ciacm + H.c.) + Uinmni’l )
(i), i=1
A=A on-site FEEHEFBURIEIE, AR Q0N 2 IR,
E =E,; +E

DFT+U DFT U (3)

RItE, NAERTHE ProSmyCos MEdntE e, FATRHA 1 DFT + U J7iEJF 456 B ik B gt 4k (spin polar-
ization) %} Pr #37% SmCos 14 R I LT G FIBEAE HEAT 1 tFE 0, A4S T RONHERIRTHEZ R Hrb
Sm JiE ¥ BB MPILEE R 5, UEEREN (818 4.7 eV, Co Ji+ H M HIIWIWGE S 3, UAKEN
fHUIE 4.7 ¢V, Sm J&T K Co JETHIIE HHETT 17 ¥ B I L.

IR R AP IR 15 RH B dd iR g Ak, ARG s BVA THE I R B0 gy 5
BAdEHE T HARRBEE, A% (density of states, DOS), fif%F (magnetic moment)&5E{4: )i .

2.3. SmCos SRR S ¥

AR AHOC SR 23], B2 (Sm) I JEF P80y 62, HJEF2EA2(1H5R) J9: 238 pm; Hi(Co) M1 7%k 27,
HIEFRRATE) AN 152 pm: 8PrHIR TFFEEON 59, HIREFFERGHE) N 247 pm. Sm JE T M Co JET
AR R/NEEHIREA 1.5:1, Pr 57 12 Co JE-FA2 KN LB M 1.5:1, BRI, FRATAIAE AR 2R Sm
JAT K Co J& TR HEI RN 1.5:1, Pr 575 Co JA TR MK/ LG 1.5:1.

PrCos LA 2 SmCos 1 f 45 #4935 J& T CaCus B4 /N 77 i 5, SmCos (a) I PrCos (b)dm i s S W1 2 Firow,
PN A 1 23 (B[R P6/mmm. SmCos & PrCos [l & 6 NMETF, Hd 14 Sm/Pr &7 1a
iz, 2 N Co JEF 54 2¢ fifz, 3 /4 Co JEF (54 3 g fbfir. 78 =HhAkbr R, 3 NN KA FR
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SN Sm (1a)/Pr (1a) 5 F-AL45 M(0, 0, 0); Co (2c)ALJRFALFRA(1/3, 2/3, 0)F1(2/3, 1/3, 0); Co (3g)hLJE
TABKRN(1/2, 172, 1/2), (1/2, 0, 1/2)F1(0, 1/2, 1/2), PrCos & Ml R ~F b SmCos fK, PrCos 7£F1 9 86.70
A®, BE KT SmCos 17 84.70 A% . A & M i 48 2 1 25— 38

(b)

Figure 2. Crystal images of SmCos and PrCos: (a) SmCos Crystal; (b) PrCos Crystal
2. SmCos & PrCos faff/REE: (a) SmCos mAfl; (b) PrCos Al
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Figure 3. Orbital Diagram of Pr, Sm and Co atoms: (a) Pr; (b) Sm; (c) Co
3. . EZREHNBTFHETEE: (2 £ETF; b) 2RTF; (o #HETF
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EIRT R T HAT RN 15225%2p3523p03d!04s24pt4d 04f05s25p6s s i JiL T [ HEL T HE AT XA
15225%2p®3s23p°3d7ds?, B JE T [ L FHEA 0N 1522872p°3s23p°4s23d104p©5s24d!05p06s?4f® . H L T HILIE /R &
Bl 3 fise

T & AR TR N R — i R E T R AR, B TR TR — X R e AR
SefA, PG, THER SR TR TRE A )RR TAS SR, A0tEY, 25 RNEE TR
HLFHIUIE Ry 41°5825p6s?, &l [ LT HUTE Sy 3d74s?, % 51 I HLFHIE R 4£35525p°6s?,

3. BR 51118
3.1. JL{AiEdL

AL NG SmCos d AT I ILAL, VIESHIE N a=b=4970A, c=3.970 A, fhib)5HIE
R SE AR BN, R B JE R RSB B S Aa s RPIRAS, S DGR (1 S50 25 S DA S BRe T B 45 AR
o, ASCHAGE R ECSLIRAER /N, ST LUR Fu s R, v RESE BT SaR sk iy o i ROST Bl T B 4 IR
BRI DA BC BRRAE A R, B S Ransk 1| fos, B 4s ST DASR B ST R F I S S 500 IE A I A e 52k

Table 1. Geometry optimization results of SmCos

= 1. SmCos LA RLALBIEER

ZH a/A b/A c/A RFVA
LN 4.970 4.970 3.970 84.70
SHE[24] 4.987 4.987 3.981 85.74
SFHAE 1 (1] 4.867 4.867 3.944 80.92
i A 2 [25] 4.977 4.977 3.967 —
KA 4.968 4.968 3.963 84.70

3.2. SEHE

Nt B A [F 8% T R B A L% SmCos 7R R IEFTIRZ I, FAT173 3% 5 FhAS 45 2% Ll
Pr.Sm;xCos (x =0, 0.05, 0.1, 0.15, 0.2) [} A [RIELIE (1) 53 75 %5 B (Partial Density of States, PDOS)#AT 1 % b
Hr, Bl 4 NAFRBIEHIN s, p PLIE S H LR, Hd K 4(a)h s PUBEA RS LG T 3 &%,
Kl 4(b)A p FUBTEAR RIS A LB T 0 5 B, SR8 % Lo N 0E 1 40 &% FE I Dy i 7 B Tien) B
ME R FM&khg, LA EREGEE R, iTRUEH, X T s JUilE, BESRIEINEA, Bign L
FE—40 eV PHIUTBOR Bl /2 7 (E #2040 eV), H EHIER F1E 10 eV METiE{EZ @ FA8: T p $liE, b
FHBAR BRI, BIER EAE-20 eV Ttk o8 (E 4520 eV), HEBER FE 10 eV MR
EIZHBEAG; PTRERIJE IR 2 15 2= Ll (A8 L S 80 Pr/Sm JELF 1) s OB p Hud B Atk, BT
HLFREZL L E e 1) b HFRERA T A28 B 5 NARBRLLHIR d, fHPIESSERE, HhE 5)
N d UBEARBAR L o SHEE, K 50)8 f PUBEARBRIE TR SELZR, S5
FO A B 1 23 A5 5 R B LA BT e ) B AN E e T AR 2R, DARAR AR S s . rTRAE H,
X d PUE, BEEBARIEINERET, BiEr EAEE R T IREAAK: T £ PUE, BEEB
MR T, BEER LAE 0eV MOk M AR CERIL 0eV), HEE LE 0eV ML IEELZH A5, Higm
T RE R B ) R B ARAS, HEMS 2% L9 i A8 K 5 3 Pr/Sm JE T fHLIE S Co JRT I d PUEEIME
R E e - UiE#5 5 (spin-orbit coupling) .

GAEK 4 RE S IELEH, BAEEE-40eV HHEEZH s PUBTTHR, SEHEE20eV LT
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Fh p PUETTER, d PUEEERAT Co J Pr/Sm Ji1, T fHLIE

8 Lz e T A B e i B
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Figure 4. PDOS of s and p orbital for different doping rate: (a) s orbital; (b) p orbital
4. TEHEZELLHIEY s, p HUBNTSEEE: (a) s HuB; (b) p Hul
12 d orbital : (b) . f orbital
a j L SmCo, f Spmn up 10f SmCo, spin up
N 5 L
0 e F
4F i oF R
-12 spin down 12 ' spin down
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Figure 5. PDOS of s and p orbital for different doping rate: (a) d orbital; (b) f orbital
B 5. FEHSRELHIN d, fHEDSEEE: () dHi8; (b) fHB
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3.3. BUREARE

Ba)a, MERITRMIB A BLRE TS, 1T LUE AR R 19 R W4 {H(2* Integrated Spin Density) A
7.81195 uB UG 2 IFE 4L, TERS TR LB 0.15 BY ProisSmossCos R R T, IR IR 2 AR
(0.259523 uB), [EIN, BEFEBZRLLEIRZE T 5, KR SREELIMEZ L TR, BEREIMEATER
KA BARG Rk 2 frox.

Table 2. Bohr magnetic moment and energy of PrxSmi-xCos (x =0 — 0.2)
F 2. Pr.Smi~Cos (x = 0 — 0.2)RIBAE R ik Rt 2

HFR kAR RV W /R BEAE /uB KA1 /uB

SmCos —7409.115303871 7.81195 7.8 [26]
Pr0.0sSmo.95Cos —7344.760125860 —7.53243 —
Pro.1Smo.9Cos —7304.709494693 —2.07782 —
Pro.15Smo.85Cos —7241.017662106 0.259523 —
Pro.2Smo.sCos —7200.512909918 —6.20131 —

PrCos —6505.11910875 8.99031 7.07

4. i

KA E T PreSmi«Cos (x BUA 0~0.2) BB 4=k R JHNEDTFT, XF ProSm«Cos A R EH T
CASTEP ¥4, 455 LAD +U 37 B e it 5, i Sm &+ B e HIPIa6E 8 5, UEREN
BB 4.7 eV, Co JiT BIEMEHIMYILEME N 3, UHKEN fHIE 4.7 eV, Sm &1 K& Co JETHIVIIG B e
T E AN b, S TR RIS, SEREW, BEE PrE TSI, EREEE. BORTE
2 B AR

WK, BEE ProcRB RIS, ARREAZ DTS, R, BEE BRI A A
b, R R B R A 45 R I S AR s . B2, ARSCRA T LDA + U 5%} ProSmy«Cos 1L
TEEFREAEEAT 7 iF 50T, THECR A CASTEP (1 H ietkth, RJ@EE— RN HE SR, &R&
$RAG T HEIB AR ELBIAE 0 31 0.2 22 18] () SmCos WA AL L .

E&WH
VU 1148 ok 7 2 78 o K % T (o P R s - Bl A A ) %SGR R K 7 Mk Ak
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