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Wi, AHFFCLL NdsFesoB, I A Ay LRI, SRATER — PR B TS i AN R 32
R FR B IR T RB RGN T 1B 8 G50 SRR T8 2 G5 R ) SR TR A

Kl 1 NdsFeseBi FAA R IR T AR 2 K. () RIBAHI NdFeseB 8 (b) FJR FHB 8451
Nd:Mg:FessBi, HAPIM Mg J5 7 HUUN J5i 7 (c) XUR 575458 NdsCuMgFesBi, Hrt Cu 5
Mg 73l BAREAS Nd Ji 7o g, 20t SES5EORRDER By Nd. Fe 58251 (g
g Cu)
Fig.1 Atomic structure diagrams of the NdsFesBibased system. (a) Undoping NdsFessB.
model; (b) single—atom doping structure NdiMg:FesBi, where two Mg atoms replace Nd
atoms; (c) diatomic doping structure NdsCuMgFesBi, where Cu and Mg replace two Nd
atoms, respectively. Green, red, gold, and blue spheres represent B, Nd, Fe, and

dopant atoms (Mg or Cu), respectively
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H (Wyckoff), Wi 2 s, Hrr, Nd 57040t 20 60f 4g fn, 73 mlAk T8
HAFERIM L)Z; Fe J7 5l 16k, 16k2, 8j1, 872, e, dc FE/NRAEMAL
B BIRTALT 4. Hrr, M 27 fif Nd 7 FM 2 X, R
XTI, 3 4F 75 Fe B 3d M7 Z [AMFERGRIN AT HM &, R R
R A% ) PR R EZORYR; 10 4g AL Nd R4 Fe JRTREWHL HnZR
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Fig. 2 Schematic illustration of the symmetry position distribution of all atoms in
the NdeMg:FesBs crystal structure. Purple spheres represent different types of Nd
atoms (at 2fand 4gpositions) obtained through space group symmetry analysis, dopant
atom M (at 27), Fe atoms (distributed at various symmetry positions including 76k,

16k2, 8jl, 8j2, 4e, 4c, etc.), and B atoms (at 4g)
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Ef = Edoped — Epost — ED_atom + EM_atom

RIEMBERT T RS H . BRI REET

Hrp, E NBIRIUINRE: Epost /9 NdiFesBi B HE, Ep_arom NBIRIA T HER,

Ey_atom N BT BERE o Ep_grom MEwm_atom P IENT N LG At L 1) /2 HEFR LA

JE T HRAT

NREIR TR T B TA Nd H Fe ) Wyckof f N HE:

® 1 ANFJCERLE NdsFesBq ) Wyckoff FE (eV)

Tab.1 Ef(eV) of Wyckoff for different elements in NdsFesB.

B4tE Nd 4F Nd 4g  Fe 16kl Fe 16k2 Fe 8j1 Fe 872 Fe 4e Fe 4c
-10.49 -10.59  -8.00 -7.41  -10.13 -8.38 -7.56 -8.32

Cu
(0.09)  (0.00)  (2.59) (3.18) (0.46)  (2.21) (3.03) (2.27)
-12.59 -10.90  -7.81 -9. 84 -9.66  -9.82 -12.09 -8.70

Dy
(0.00) (1.69)  (2.78) (2. 75) (2.94)  (2.771)  (0.50) (3.89)
-15.42 -12.56 -14.99  -13.60 -14.05 -13.43 =13.33  -12.53

Mg
(0.00) (2.86)  (0.43) (1.82) (1.38)  (1.99)  (2.09) (2.89)
-7.21  -7.01 -5.29 -4, 34 -5.59  =3.80 -3.36 -6.26

Ni
0.00)  (0.19)  (1.92) (2.87) (1.62) ~ (3.41) (3.85)  (0.95)
-17.19 -14.65 -13.29  -13.43 -12.52 -15.75 ~-13.05 ~-13.36

7n
(0.00) (2.54)  (3.90) (3. 76) (4.68)  (1.44) (4.14) (3.83)

% 1 g{ZI—\ICHT Cu.Dy.Mg.Ni %u Zn ﬂﬂjj—ﬁ%%?f ngFe%Bzx/\/l\Z:%'ﬁ[\ Wyckoff

P B KIS IRIVAEE,, KT EHAENB R R LIV EE, 75 A EBE %M

v

RUAX T [F oo R e e &

ANLBEEZE . P s R S L 1R B RE X N e,



F X TLRR T AE NdsFessB I Wyckoff 1) B4 )y 47 . AR 2 o5 fr
M) KE, Dy Mg Ni Al Zn WEAREB RO Nd 41 A XS ReR 2 0. 00
eV); 1M Cu WILBIRAIN Nd 4g 7, H 4g 5 47 AilReRZ1N 0.092 eV,
P Cu WAl S BN Nd 47 7. MLLZ T, FraaRE Fe SLIARY g
T Nd A7, RYLFHBRTTREMA T G Nd S AmaE Fe Az, X
2k BRI B2 45 2 TG 3 AT NdsFesB, B PR RE RO TREEHLHISR AL T OCER IR 5 ALK,
Al SRR T AR SCATIE B A S i G B, BD B 2 P T A 4 A A2 (Nd £

N WAFE TR B AN NdFesB, A REAMEIIRZ M, T8 T RIBRIER K Mg,
Ni. Cu. Zn. Dy BRJGRRM BRI (R 2) « RBIERT, Nd WRFEL A
-3.3 uy (55 Fe RVAT) , Fe MIBEAEAE 1.96-2. 70 w2 [0, o g7 () S 2%
ME R, KRN 104,234 1y

2 AFRMRETHB IR (NdMgaFesB:) H#XFRME R 114 H BeREAE A S RiE

Tab. 2 In different single—atom doping systems (NdsMg:FesBs), the spin magnetic moments

and total magnetic moments of symmetry atoms

Nd;Dy: NdiMg: NdoNi, NdsCu NdsZns
ATA NdlesB L, FesB, FesB, FesB, FessB,
Nd 2F  -3.391  -3.387  -3.399  -3.381 ~3. 394 3.4
M 2f 3.391  —0.471 ~0. 036 0. 833 0. 06 0. 06
Nd 4g -3.335  -3.387  -3.337 2. 767 3.339  -0.265
Fe 16k 2359 2. 352 2. 369 2. 3663 2.394 2.36
Fe 16k2  2.246 2. 280 2. 249 2. 273 2. 259 2. 252
Fe 8j1 2. 348 2,275 2.35 2. 36 2. 403 2. 344
Fe 8)2 2. 695 2. 636 2. 712 2. 732 2.731 2.721
Fe e 1. 959 2,028 2. 036 2. 095 2. 081 2. 054
Fe 4c 2. 48 2. 447 2. 462 2. 431 9. 45 2. 428
B 4 -0.166  -0.176  -0.172  -0.184  -0.171 ~0.177

Total (u
S 104.234  109.714  111.477  138.301  113.083  123.537

AT EIEWTHL TR F RIS AKX NdsFessB: B IIREM, FATH S BAE R

B EIAT TVEGIRF . B 3(a) JEx T NdsFesB: [ MRS (TDOS) K& TCEMIFE
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AEE (PDOS) , BT EIA EAbRE 7N, B R RIR PR BER (0 eV) .
TEFORRE VLT, Nd JCER I E R N A% (Nd down) B KT H ié R EA% % (Nd up),
il Fe JCE M AJiEm FA%E (Fe up) R3Em T HIEM FAZE (Fe down) , RWINd 5
Fe 171F MM . B E bRt T Nd down R Fe down fX BIUEA, 992 A B A [FI(H i
JiFAA R, BB RAE T Nd 5 Fe (ETESRCTFATR R B 3(b- ) 25 2R T H% Dy, Mg,
Ni. Cu 1 Zn J& NdeMeFessBi [ DOS. [ Ni 82851, HAhB %4k R rp 9K AEZ LA T Nd down )
PDOS (5 EEATS KT Nd up, H Nd [ PDOS FHX T SR BERHIAL B A R, 15 B IX L4 A0}
NdsFesBi (RETESE A K, HEATTH M F RS — 20 ML R, Ni 544530 PDOS #4
B Nd up MIAEHE THERKEELLLT, Nd down EFEEFKAEH UL, F£WINd WJFSEH
MR G AN Fe IMBRBIANG . 1X— mAE Nd 4g AW EFREEAR P A RAIL, K
WiFE T -3.335 wy ARy +2.767 iy AN, MK 3(d) AT, Nioup fE -1 eV KfiZth

LR UM, BEEPOKAE, RHINI 3d 5 Nd 4F FUIEAEAE—E 884, {8 NdeNiFessB: [ 5
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K 3. KBA AR F IR T84 NdMoFesB: (M =Dy, Mg, Ni. Cu. Zn) #RRM HHEREEE
JEEl. (a) KRB NdsFesBi HIZEAE DOS, EL3E Nd. Fe M B ML &% MIHESERE; (b-
£) AREBRERT Nd. BRET M L Fe MBEEEE.

Fig. 3 Spin—projected density of states (DOS) for NdeM:FessBs systems with and without
single—atom doping (M =Dy, Mg, Ni, Cu, Zn). (a) DOS of the undoped NdsFesBi, showing
the total and element—projected DOS for Nd, Fe, and B. (b= f) DOS of the doped systems,

showing the contributions from Nd, the dopant M, and Fe.

FERR T AR IR b, At — IR F) o2 8 (K b [ 4E F B %t NdFeB
TR R BEMERI SR AR . 3B A NdMNFeyB, (M, N=Cu, Ni, Mg, Zn) XUE T35 24 AL,
FFESR T S PRIE ST 0 E R, 45 RN 3 Fs. ATRAE H, XUB R AT
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SR B R (NdiFexB) AHEL,  FTA XS Z 06 BRI SRR 3 B 51T, RW
AFEIBRICER Z HAFAE— T MY R SRB0US . o, NdiCuNiFesB, 14 R IF) S B
B, IKF] 119,620 uy, BT RB IR NdFesB, 2T14) 15%. HARKE, Cu
NI BJE T BIFRIEL) 0. 058 1,5 0.698  u, [RIERRBEHE, H Nd 4g {7 S
R FIREAE I RIS, A5 RRM, BRI 5d ot UL T BT B e

A, IS 1 Nd JRIEAE S Fe HAE-TATHSIRIEH
R 3 AFEXURT B 2K 28 (NAMNFeseB.) 18X BRI B 1 (1) B e S A ke

Tab. 3 Self—spin magnetic moments and total magnetic moments of each symmetry atom

in different diatomic doping systems (NdeMiN.FesB,)

NdsCuM NdsCuN1i NdsCu?Z NdeMg?Z NdeNiM NdeNi7Z
AFR NdFexB, o E ’ duen Mesn N1Ve eN1Zn

FessBs FessBs FessBs FessBs FessBs FesBs
Nd 2f -3. 391 -3.394 -3. 396 -3.416 -3. 398 -3. 389 -3. 389
M1 IF -3. 391 0. 058 0. 058 0. 056 -0. 061 -0. 035 -0. 035
N1 If -3. 391 -0. 036 0. 698 -0. 059 -0. 037 0.718 0.718
Nd 4g -3. 335 -1. 814 -1. 814 -3.33 -3. 338 -3. 342 -3. 342
Fe 16kl 2. 359 2. 369 2. 386 2. 385 . 372 2. 387 2. 387

2
Fe 16k2  2.246 2. 248 2.26 2. 255 2. 252 2. 259 2. 259
Fe 81 2. 348 2. 365 2. 401 2. 385 2. 359 2. 385 2. 385
Fe 872 2.695 2.718 2.728 2.724 2.713 2.723 2.723

2

2

0

Fe 4e 1. 959 2.06 2. 086 2. 059 . 032 2. 062 2. 062
Fe 4c 2. 48 2. 455 2.473 2. 48 . 465 2. 48 2.48

B 4g 0. 166 0.174 0.172 0.173 . 173 0.17 0.17

Total

o) 104.234  117.884 119. 62 112.411  111.616 113.219 113.316

N BESM IR TB 45 NdsFesoB, BETERIFEM,  FRATH SR 45 2444 R 1
DOS AT T W4T & B 4(a-d) IR T AITA XURFH 444K &R NdM.FesB, ] DOS,
AT EA T fbaiE 7 X M 22

£ NdsCuMgFesB, A1 NdsCuNiFesB, ) DOS H (B 4(a-b)) , AJLAWEZRILE
FORBEH LA, Nd up Al Nd down ISEESE —& 5%, HAd Ni down ) 595
W& RKT Ni up. HAKRIBJE NdiFesB, 41 Nd up HIEAZEALL, XPAFUR 1152

R A Nd up ()G HEAT BN, 2B Nd down B BEIBEAE A BT a5, M 380 Nd
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down MITEAERE A FEAK. HEGERER, Nd 4 MW - 3.335 1, (B8 -

1.814 1y, 5F 2 HRETFHAENITTHELSE R —8 X—2H 2 NdCuMgFesB, Fl

NdeCuNiFeseB, i BEAENE T NdsFeseB, ) 122 J5 K o 34 AL R0, 22500 Cu M

Mg B¢ Cu A1 Ni 7E %% K Re & bt

AR TE R A T AR . AR TE

Nd¢CuNiFe;B, #, Cu Al Ni HJHEm EA%E S KT EHign FT&%E, il

HEFETTIES Fe OR¥F 20 BEMTHESE 7R R B X EZHET Cu M Ni {1 3d

PUUEYS Fe W) 3d VLM Nd W) 47 SUEGFERE, SENd W) CPATREFE B BT

59, [EIRF Cu A1 Ni HIEEHTT S Fe AHE], MIMTHET: 1 8EAARBEVE . X T HoAh

T3tk zR (B 4(c-e)) , B

M, HXT BRI EER BB

RORAHR 55 o

TCEARBEHEHIT Nd 5 Fe IRTATH IR
R = B 0 N N U = g R 2 EX B
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4 AFIRE T 444K F NdeMNFessB: H IERFE ST L. (a) NdCuMgFesB,,  (b)
NdsCuNiFesBs, (c) NdeCuZnFesBi, (d) NdMgZnFessBi, (e) NdeNiMgFesBi, (f)«NdeNiZnFesB
Fig.4 Spin-resolved density of states for different binary doping systems
NdeMNFessBs.  (a) NdsCuMgFessBis (b) NdsCuNiFesBi, (c) NdsCuZnFessBis (d) NdeMgZnFeseBa,
(e) NdeNiMgFessBis (f) NdeNiZnFeseBs

SiE iR Y], XURTB ATl BUR AL e ik Rk (1)
4xJE 6% (Cus Mg AT Cus Ni) JE I 1155 Nd 1) E e S [mlRERE , 32T+ R B s (2D
Sk Ee R T TR S R, S Fe STRIACTATRE, M
111 TR o AL SR o DRI L, XU 52 SEBL 1 L S5 /IR 5 B e & 9 fl
B RN, JEHSE: Cu-Ni IR AR R AR D foe A T AL 4 5 8CR

M 2 538 3 AR AT L, WU T B2k R e i Bk & T R B ME
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R, (B HIGSRIG R ARG i B i A, RV R RO AR SN, T
B ICR TS ICE VI M5 BIan, NdNiFesB, 7 2 1 e B A 5 5
(138.301 uy), MXUR T 444K 5 NdCuNiFesB, (SR A 119. 620 u,, W&
IR Ni B4k 5, Ui Cu MISIAEISS T Ni X Nd B B AL BIFAE . Cu
(¥ 3d 587 BRI U, TR, S8 Cu-Nd Z IR 3d—41 J-ALI853

MM T Ni $B4%) Nd 4g FEREFE TSN . BRRE, Ni BBk Rl
SR H R, Cu-Ni XU IR RERILIR L, KRR TR RS A A R RS 5800R .

3. 2 NdsFeseB. %VQWB%EX Wﬁ%

Kl 5 NdeCuMgFesB: iR 7E =FiAL T 17 T 9L 7 TR B o (a—c) 231249 [100]. [001]
A7 B IEAL L  (d-1) ARSI . LLEHT Sk FoRmiifTrm, 2607 5 “o”
RF5 79 27 T FELA ) 2K T AP A4 T Y
Fig.5 Illustration of magnetic crystal -directions for NdsCuMgFesB: crystal under
three magnetization orientations. Figures (a—c) represent the front views for the
[100], [001], and [111] directions: respectively, while figures (d-f) depict the
corresponding top views. Red arrows indicate the direction of magnetization, with
the red "®” and “®” symbols representing the magnetic moment pointing out of and

into the plane of the paper, respectively
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PANdsCuMgFesB oy, IS REZR 1 dbARAEAS [RI R A B S Rk 7 Tl s = I
JFH AT B 25 1 e %k g (MAE) S50 Hh i 2% B8 ) = Ah i Ae 511 15 (a—c) 20 34
[100]. [OOLIAA[111] 7 M FIIERLIE, BE5(d - ) NAERIR AL E] . 2L Fi kKR
M DT I E], Hh 4Lt “O7 FFSRONMAEIR M AR Ah, At Yo SR
N FETR R ARTHT P o = b B e 0 8 it A AN ) 3 7 e R A A 0. Fe e [100] 75
[y dradl, [001] 77 [mvfreih, 1 (111177 o) VRO M 27 1) ol ad o) EE AN AT Ak

Ji RN AA R I e R, AT DR e L 5 BEAL T TR AR 5 TR R PR RE A RN o

R 4 AR T2 NdMFesB (8 R AE =R 75 F1 11001+ [001]AMLLT1] N FRIAH X R fih %
[ APERE (BAAL: meV/cell) o R 0 RoRiZIT WA R S TT 17, HAEUE AT
S5 [ RE 22
Tab. 4 Relative crystal anisotropy energy (in meV/cell) with various single—atom
doping NdeM:FessBs systems under three magnetization directions [100], [001], and [111].
In the table, 0 indicates that the direction is the easy magnetization direction
of the system, while other values represent the energy difference relative to the

easy axis direction

MR TR (1001 AH X i it 1k (00T 1A i it 7k E (1T TR B ot e

(meV/cell) (meV/cell) (meV/cell)
NdsFesB, 18. 27470707 18. 39644414 0
NdeDy:Fes:Bs 0 5. 57727659 5. 45747529
NdeMg:F es:Bs 4. 54940274 4. 11138429 0
NdeNiFessBs 56. 12029488 56. 0879099 0
NdeCusFessBs 50. 81817841 51. 7530616 0
NdeZn.FessB: 7.74682339 7.18533748 0

gha 8 5 s mid 7 MR BB SR 4 MRS R, W UL BE AN RS A
TCENT NdsFesB, 748 R MM % 10 - VERE - (MAE) (RS2 . RIBAAK RN 5 1EAL
Jitay T, RWIHHEA PR AR A e, (111 75 1806 . RE B i A
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NERGETT ) o AE AN DA STk vh S2 B4 1w 2 il 1) — 5, He R 53
BRFROE AR AR, RIS 5 A 41 € Sk BT (AT 9 it M A of £ 282 P B
FIAHFF&ro $B4% Cu NI J5, FRRKIMAE 2558, [100]1F1[001] J7 [ FIAR T g
B4 AL F] 50.82 meV/cell. 51.75 meV/cell F1 56.12 meV/cell. 56.09
meV/cell, FUVERXHEMNIT I AMAME. M, Mg Fl Dy B44J5, MAE &ERE
fiX, B4 Dy $Boxfd 5 9 (1001, FBIHMELS m) e PE R & M55, XU Dy [
4f FIRGH T RIS, SEHRAR AL o Zn AR BB DU SR 1 %
[ S, [100]. [001AHXFBERA 7. 75 meV/cell  7.19 meV/cell, Gk
[111], JeBH: Zn B 3d ¥ 7¢fE W78 s eSS 52 Fe A1 Nd HIBAALAT
HNo LELFTR, Ni Fl Cu 572 B HE5R T NdFesB, FIREL & %5 71 5 HEBE, Dy AT Mg
B 55 % 0 e R B R SRR, T Zn BT HREKT, RWBRIUER

LTS5 AN Fe/Nd R 2% P 5 B 2 R 5 Tl it % 1) 2 PR RE R DR B R 3K

5 WUF T 52 NdMNFesBs =FhiALEUR [100]. [001] [111] R fHE o R it &% vl S PE BB (R
Bz meV/cell) o FH 0 FoRANTT 0N G i TT 18], L ARBUE AN T S il i) a2

Fig.5 Relative crystal anisotropy energy (in meV/cell) for binary doping systems

NdeMNFesBs systems under three magnetization directions [100], [001]; and [111]. In

the table, 0 indicates that the direction is the easy magnetization direction of

the system, while other values represent the energy difference relative to the easy

axis direction.

(100 AH X i & 7 M (001 TAHX il i - Y E LTI AR Bt e g

BIR TSR TR

(meV/cell) (meV/cell) (meV/cell)
NdsCuMgFessB4 6. 5369877 2,:98120059 0
NdsCuNiFesBs 10. 97066559 0 9.55116231
NdsCuZnFessB4 4. 06862961 5. 35533903 0
NdeMgZnFessBs 19. 86481935 18. 58626817 0
NdeNiMgFesB, 12. 78011339 6. 88610434 0
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NdeNiZnFes:B, 15. 54177501 14. 20992329 0

5 BRI TR T A% NdMNFesB, 7E[100]+ [001] [111]7F FIAHR s 5
I SEPERE . BARE, GREGTTIR (0 fE) ZHURFFELLLL], (A5 Cu-Ni MBI
L5 Ehie s 2 1001 1 B E A, XRHTF Cu-Ni 828, FHNd 4¢ 5 Fe KI5 1]
BEFEHISS, HIS9T Nd-Fe ZIAIIK) H Bl & A0 B e sl &, AT 553505 fd At
5 1) B A A R 1 % 1) S P 9 85 . NdoCuMgFesB, 5 NdyCuZnFesB, [ MAE %255
([1001/000114X meV/cell, SZiAl1111) , £ Cu s s—p 525 AW 5 4
77165 T NdeNiMgFesB, A1 NdeNiZnFeseB, ORA5F [ 111] 53 b HAHXF (00111 [100] Fl 7
i T fE B0 Al 6. 89meV/cell. 12. 78meV/cell A1 14.21meV/cell. 15.54
meV/cell; {H3VER M2 NdMgZnFesB, ([100] A1[0017 FZ & LAYERE N 19. 86
meV/cell F118.59 meV/cell, S [11171) ik AL 538 MAE, 5IEuHElR RAHY,
Ut B e R 1) FLTE IR AU X Nd TE R AN Fe SR TR A WA WIS1EM, S50l
SCRVEAE — B 5 L ATIR , AN 45 2% 70 3 W) A6 RO NdsFesB, IR i 2% 1h) 57 Mg

W A HIEESIITR, WSRBUN AR R EEVE A RO .

4 4 ®

ACHET R MEHE R, RGRD T NdFeB 148 RARE A %A T 1R
PN, QIS SR BT SRR B B A 1) e R (MAED AL R4,
B EARBRE . WEFBRERER, BR TBRCRERTESNE HE
A P PE LS. RB4% NdsFesB ATAKBELE M), Fe 3d &5 F S, Nd 41 &
Wi 46 -3d [WERHYE Fe [ROPATIEG . BIETHBAH, Ni B Nd 4¢
DrfigsE . 3458 Fe 3d PUEME K ATENA, ZERI AR, HioRBRk
XFEBFER A R . XUR T B8 0855 Nd 47-Fe 3d ROFATR G B R

16



TS Fe [AMHRSISEF SRR, Hod Ni AHOCH G388 U i 3% o MAE 1HE
EW, KBRAERSHMN11], RpEgn . REFB&S, Cu. Ni H®
MAE, Mg. Dy %5 MAE H Dy {5 %415 [100], Zn 544 5 REE(111]; WET
Ba 255 A [111], Cu-Ni L4548 5 Sl % 1 [001] Lok 55 %% 1) 53 1,
NdMgZnFesB, i) MAE fiz 5 H 52 EAA R AR, BAOuR T4 5 Nd 41 - Fe
3d W2 PE AT A RO R & MAE, & BRE RIS 4% 0 2% AT S0 R R 1 R A &L
. PHAAE AR, WA RIS ITRH S, WS NdFeB /K AR R
ST % 1) SV RS B R, A e M R A R R L T S R AR AL SR AR R R
WA
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Study on the control effect of magnetocrystalline

orientation of NdFeB metal doping’
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Abstract
With the expanding applications -of NdFeB magnets, increasingly stringent
requirements have been placed on their operational performance. Elemental doping is
an effective approach to enhance these properties; however, the intrinsic microscopic
mechanisms by which doping influences the magnetic moment and magnetocrystalline
anisotropy remain unclear, limiting the development of high-performance,
low-heavy-rare-earth NdFeB materials. In this work, first-principles calculations based
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on density functional theory (DFT) were systematically performed using the VASP
software package. A NdgFesBs4 supercell was adopted as the model system, and
single-atom doping at the Nd sites (A sites, Nd¢M,FesBs, M = Mg, Ni, Cu, Zn, Dy) as
well as dual-atom co-doping systems (NdsMNFesBy4, M, N = Mg, Ni, Cu, Zn, Dy)
were constructed. For all configurations, total magnetic moments, spin-projected
density of states, magnetocrystalline anisotropy energies, and easy magnetization axes
were quantitatively calculated and analyzed in depth. The results show that Ni single
doping can reverse the magnetic moment of Nd at the 4g site, leading to a substantial
increase in the total magnetic moment of Nd¢Ni FescB4 to 138.301 uB, whereas other
single-element dopants have negligible impact on the total magnetic moment. The
total magnetic moment is effectively enhanced in Nd¢CuMgFessBs and
NdsCuNiFessB4 due to the weakening of the Nd 4g magnetic moment and its coupling
with Fe 3d orbitals induced by the dopants. Regarding magnetocrystalline anisotropy,
Dy single doping reorients the easy axis from [111] to [100], while Cu-Ni co-doping
induces a transition of the easy axis from [100] to [001] through synergistic elemental
effects. Spin-projected density of states analyses confirm that the dopants modulate the
hybridization between Fe 3d and Nd 4f orbitals, the local electronic states, and spin
polarization near the Fermi level, thereby precisely controlling the evolution of
magnetic moments and magnetocrystalline anisotropy. This study elucidates the
intrinsic electronic mechanisms underlying doping-induced magnetic property
modulation in NdFeB magnets, providing a reliable theoretical pathway and scientific
guidance for the targeted design of high-performance NdFeB magnets with reduced
reliance on heavy rare-earth elements..

Keywords: Neodymium-iron-boron magnets, First-principles calculations, dopant elements,

magnetic regulation
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