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Fig. 1. Atomic structure diagrams of the NdgFe;sB, based system: (a) Undoping NdgFessB, model; (b) single-atom doping structure

NdgMg,FessB,, where two Mg atoms replace Nd atoms; (c) diatomic doping structure NdgCuMgFes;B,, 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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Fig. 2. Schematic illustration of the symmetry position distribution of all atoms in the NdgMg,Fes;sB, crystal structure. Purple

spheres represent different types of Nd atoms (at 2f and 4g positions) obtained through space group symmetry analysis, dopant

atom M (at 2f), Fe atoms (distributed at various symmetry positions including 16k1, 16k2, 8j1, 8j2, 4e, 4c, etc.), and B atoms (at 4g).
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F# 1 AFIEETE NdgFessB, 1 Wyckoff [ E; (eV)
Table 1. E; (eV) of Wyckoff for different elements in NdgFessB,.

Btk Nd 4f Nd 4g Fe 16kl Fe 16k2 Fe 8j1 Fe 82 Fe 4e Fe 4c
Cu -10.49 (0.09) -10.59 (0.00) -8.00 (2.59) -7.41 (3.18) -10.13 (0.46) -8.38 (2.21) -7.56 (3.03) —8.32 (2.27)
Dy -12.59 (0.00) -10.90 (1.69) -7.81 (2.78) —9.84 (2.75) -9.66 (2.94) -9.82 (2.77) -12.09 (0.50) -8.70 (3.89)
Mg -15.42 (0.00) -12.56 (2.86) —14.99 (0.43) -13.60 (1.82) -14.05 (1.38) -13.43 (1.99) -13.33 (2.09) -12.53 (2.89)
Ni —7.21 (0.00) -7.01 (0.19) -5.29 (1.92) -4.34 (2.87) -5.59 (1.62) -3.80 (3.41) -3.36 (3.85) —6.26 (0.95)
Zn  -17.19 (0.00) -14.65 (2.54) -13.29 (3.90) -13.43 (3.76) -12.52 (4.68) -15.75 (1.44) -13.05 (4.14) -13.36 (3.83)

F 2 AEPFEFBRER (NdMgyFessBy) HEFTFRMEIR T B R K SR
Table 2. In different single-atom doping systems (NdgMgyFessB,), the spin magnetic moments and total magnetic mo-
ments of symmetry atoms.
Vi NdgFe;sB, NdgDyoFe;B, NdgMgyFe;B, NdgNiyFessB, NdgCuyFe;B, NdgZnyFe;B,
Nd 2f -3.391 —-3.387 -3.399 -3.381 -3.394 -34
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 16k1 2.359 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 8j2 2.695 2.686 2.712 2.732 2.731 2.721
Fe 4e 1.959 2.028 2.036 2.095 2.081 2.054
Fe 4c 2.48 2.447 2.462 2.431 2.45 2.428
B 4g 0.166 0.176 0.172 0.184 0.171 0.177
Total/ug 104.234 109.714 111.477 138.301 113.083 123.537
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Fig. 3. Spin-projected DOS for NdgM,FessB, (M = Dy, Mg, Ni, Cu, Zn) systems with and without single-atom doping: (a) DOS of
the undoped NdgFe;sB,, showing the total and element-projected DOS for Nd, Fe, and B; (b)—(f) DOS of the doped systems, show-

ing the contributions from Nd, the dopant M, and Fe.
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Table 3. Self-spin magnetic moments and total magnetic moments of each symmetry atom in different diatomic doping sys-

tems (NdgM;N,FessB,).

7 NdgFeyB, NdgCuMgFesB, NdgCuNiFe;B, NdgCuZnFe;sB, NdgMgZnFe;sB, NdgNiMgFessB, NdgNiZnFe;sB,

Nd 2f -3.391 -3.394 ~3.396
M1 1f -3.391 0.058 0.058
N1 1f -3.391 -0.036 0.698
Nd 4g ~3.335 ~1.814 ~1.814
Fe 16k1 2.359 2.369 2.386
Fe 16k2 2.246 2.248 2.26
Fe 8j1 2.348 2.365 2.401
Fe 8j2 2.695 2.718 2.728
Fe 4e 1.959 2.06 2.086
Fe 4c 2.48 2.455 2.473
B 4g 0.166 0.174 0.172
Total/ug  104.234 117.884 119.62

-3.416 -3.398 -3.389 -3.389
0.056 -0.061 -0.035 -0.035
-0.059 -0.037 0.718 0.718
-3.33 -3.338 -3.342 -3.342
2.385 2.372 2.387 2.387
2.255 2.252 2.259 2.259
2.385 2.359 2.385 2.385
2.724 2.713 2.723 2.723
2.059 2.032 2.062 2.062
2.48 2.465 2.48 2.48
0.173 0.173 0.17 0.17
112.411 111.616 113.219 113.316

7E NdgCuMgFesB, FINdgCuNiFe;;B, FIDOS
(Bl 4(a), (b)), FTLUUERBIZETOKRAEH LT, Nd
up F1 Nd down A% B4 — 2 G ¥, Horf Ni
down Y HHEME KT Ni up. 5AKBZ4 NdgFe;,B, H
Nd up A% AR L, XA RUR F B2k R b
Nd up B di 56 Frighn, 29 Nd down H i€ %
FEAT AT, AT 20 Nd down FRREHEIE A F#AK.
A ZE R BR, Nd 4g 7 B BEFE H-3.335up [ 2
~1.814ug, 5 2 P& IR T RAE TR 25 R — 3.
X —ARkJE NdgCuMgFesB, Fll Nd;CuNiFe;;B, il
REFEE 25 T NdgFessBy A9 FEE . 434 HALHI v]
N, B4 Cu F1 Mg o% Cu Fl Ni 78 2% K BE ST
FEE—E BB 8. FRAETE NdgCuNiFessB,
Hr, Cu M NI B [ ) B AR S KT A g
AR, HE TS Fe M4y —2, #Fmivy
5 TR RS, X R T Cu FINi Y 3d BB
5 Fef) 3d A K Nd B af LB E1E R &, S5
Nd 9 SOPATRER AT s 55, [T Cu Al Ni i REAE
Ji W5 Fe AHIR], MIEEFE T B AR ME. 6T HAth
MR FHBIEZ (E 4(c)—(e)), BAICE RAEW]
W HIF Nd 5 Fe W AT ATER A, X SR
MERT Bk B AT A SRR R8N, PR A
TR ) 1 R SR A R 555

LEA R, BUR 824 @t LT BRL
TR IR R 1) LR ITE (Cu, Mg 1 Cu,
Ni) 3 155 Nd /9 H BER MG, 3R THA R S
i 2) BAE R TR R TR S R,

/0 5 Fe JUR M BCFATRE G, DT ] HE G 5 S
R . L, SR FBA8 T iP5 IET 5
H HERE A s Ak B P IR0, o HOE Cu-Ni Bk
RBIM ARG LRGSR

FE 2 Fige 3 AYLE SN AT WL, SR T3 241k
R R R T ARB AR R, (AR R iR
T i L BB 4R, R ROV IR S
i, 548 4% 0 R 1)) B 2548 DT e 35 DA G Bl
n, NdgNiyFesB, 14 3 [0 S0 #E e = (138.301ug),
M W F- 18 22 R & NdgCuNiFessB, 1Y & 5 5 K
119.620up, B RALT Ni SUBIA R, B Cu 5IA
Hil55 T Ni X Nd (9 H e A #EAEH]. Cu iy 3d
FEZE R HUEZ, BT REEE R, S5 Cu-Nd
Z[E]() 3d-Af 24k 55, TR 4480 T Ni 524
XF Nd 4g A BEREA AR, SAOKE, Ni sk R
REAL R o, Cu-Ni BUBTR R RBIKZ , HAHR
TR MR IA R S AR ACR.

3.2 NdgFe;sB, ZE#a%4 B EEE

Ph NdgCuMgFessB, A, & 5 R T fikE
ARl RGN B R b 7 s 2, DA &
2 S PERE (MAE) TH8 e % 180 3 Fpig ik 7
], &l 5(a)—(c) 435124 [100], [001] A1 [111] J7 7]
PIIERLE, & 5(d)—(f) AR IR £0 s
FORWEALTT 10 BYELn], AL« o " fF 5 FoR i
f AR Ah, 216 @ " 455 RN B R M 4RI .
3 ) % I A AN [ 2l 1 (R AR B
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Fig. 4. Spin-resolved density of states for different binary doping systems NdgMNFes;sBy: (a) NdgCuMgFescB,; (b) NdgCuNiFessBy;
(¢) NdgCuZnFessBy; (d) NdgMgZnFessBy; (e) NdgNiMgFescB,; (f) NdgNiZnFesB,.

[100] 77 [0 ¥ o 1, [001] J5 W75 ¢ il T [111] J5 )
MV RRT 25 1), 3@ % U ARG AL ) T iR &R
() ENRE S, AT A H D WA 5 ol R b 45 1) S e
BRI

55K 5 s Mg s BIE S 3% 4 093t
BLER, v LI A R 24T R X NdgFessB,
1 2 4% 1) SPERE (MAE) FO MM, KB4
R G REALTT [0 [111], F2 I HB AT h 4R ai i
(AR 1) Sk, (111 J7 1% R RE s de AR, A iRy
], REE A S LIAESCHE [39) HrSE g6 IS 1)/ 2
e — 2, AR 5 SCHR [39) HiaE 5 2

£, RIS 5518 5 A 2r 7 Sk BT s R RERE T f AT
FALIMEUARRT A, $82% Cu FINi 5, KR 1) MAE
T E R, [100] A1 [001] J7 1) A AH X RE 40 1A 3
50.82 meV /cell,51.75 meV /cell #156.12 meV /cell,
56.09 meV /cell, &R 2 X 4k 75 1) B8 Ay IR
HHIZ, Mg Ml Dy $87%)5, MAE W #F&K, BLAk Dy
B 2= 48 5 ek [100], 2 B R 45 1) 5 1
Hil 55, X BLEH Dy B9 Af B9k 55 TR AR, T3
Gy R KA. Zn B2 R I v AR B 1Y)
#1521, [100], [001] FHXFREEEN 7.75 meV /cell,
7.19 meV /cell, SN [111], S H Zn 59 3d %
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5  NdeCuMgFesB, fhATE 3 Rk b 77 1 T (¥ 8 & 77 17 7w 2

(a)—(c) 4514 [100], [001] 1 [111] J i (9 TE AR PEL; (d)—(£) AH

I8 O PRERLIE, 20 @R Sk RoR AL Iy i, 2164 © 7 5 ¢ @ 748 5 43 i R B R A 1) 4K 0 A1 AN 4R T

Fig. 5. Illustration of magnetic crystal directions for NdgCuMgFessB, crystal under three magnetization orientations: (a)—(c) The

front views for the [100], [001], and [111] directions, respectively; (d)—(f) the corresponding top views, red arrows indicate the direc-

tion of magnetization, with the red “®” and “® ” symbols representing the magnetic moment pointing out of and into the plane of

the paper, respectively.

K4 AFRIETBIE NdgM,FeseBy P8 R 7E 3 Rl AL 77 7] [100], [001] A1 [111] & B9 A il & 45 160 57 E BE (5007 -
meV /cell), & 0 FoRIZIT 10 N1 Z 19 5 BEATT 18], HAEAE D ARRS T 55 il 7 1) i e 22

Table 4. Relative crystal anisotropy energy (in meV/cell) with various single-atom doping NdgM,FessB, 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.

HFFB (100X il it S [00 1] AR it - [LLL]AR R it S
¥ /(meV-cell 1) /(meV-cell 1) /(meV-cell 1)

NdgFessB, 18.27470707 18.39644414 0
NdgDysFessBy 0 5.57727659 5.45747529
NdgMg,FesB, 4.54940274 4.11138429 0
NdgNiyFessBy 56.12029488 56.0879099 0
NdgCuyFesB, 50.81817841 51.7530616 0
NdgZnyFes6B, 7.74682339 7.18533748 0

Fo AW A GHE i BT RS TS 520 Fe 1 Nd I #E
fRA5 R, Z5 EFTR, Ni fil Cu 844 W50 T Ndg
FessB, MR 45 1l 5 BE, Dy Hl Mg #8441 5545
[ S 28 AR S R ), T Zn B2 A0F AR OK
F, RNBITR W TFEHY Fe/Nd 121k
4R JBE I TR O 25 1) SR BE A DG HE DR 2R

# 5 JBR T AR T84 NdgMNFe;B, 7¢ [100],
[001], [111] T AARXSRE S 4 ) PR RE. BIKH, &)
WAL T (0 1H) 28R FF7E [111], (HE Cu-Ni 3k
Bt BLY e sE 2 [001) 1Y B3R, X T
Cu-Ni#8Z%, T3 Nd 4g 55 Fe [ J7 ] 4 J Hl 55 ,
55 1 Nd-Fe Z [B]#Y F e HAs & 1 E e 8 #5

G, I35 WAk J5 1) A A8 A R 4% ) S PR 1Y
1855. NdgCuMgFesB, 5 NdgCuZnFe;B, 1 MAE
255 ([100]/[001] 1X meV /cell, S4hh [111]), M
Cu 5 s-p B4 BUERE S DT 1); T NdgNiMgFesq
B, Al NdgNiZnFeyqB, 45 [111] S5l HAHX} [001],
[100] 1) i i 45 1] S PR RE R 20113 6.89 meV /cell,
12.78 meV /cell Fil 14.21, 15.54 meV /cell; {15 {F
I NdgMgZnFes B, ([100] 1 [001] @ & LAMERE
}919.86 meV /cell Fil 18.59 meV /cell, 5% [111))
IRBIAR A Feik MAE, 550K R A0, 36 /g
B4R A E A X Nd JGE I Fe 6K A RER S
AV WHEAER], 510 SRR — 2 28 B TR,
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F 5 SUFTIBI NdgMNFes B, =FRELEUH [100], [001], [111] F BYARXRE 4 10 SERE (BAA7: meV /cell), 0 Fmtf

7 1) R By e AT 1), FLAREUE AR T Sl e &=
Table 5.

Relative crystal anisotropy energy (in meV/cell) for binary doping systems NdgMNFe;sB, systems under three

magnetization directions [100], [001], and [111]. In the table, 0 indicates that the direction is the easy magnetization direc-

tion of the system, while other values represent the energy difference relative to the easy axis direction.

LS 28 [LOOJAFXT s S P RE (001 AT d 7 P RE (111X b e P
Wi /(meV-cell ) /(meV-cell ) /(meV-cell 1)
NdgCuMgFessB, 6.5369877 2.98120059 0
NdgCuNiFe;:B, 10.97066559 0 9.55116231
Nd,CuZnFesB, 4.06862961 5.35533903 0
NdgMgZnFey;B, 19.86481935 18.58626817 0
NdgNiMgFe;,B, 12.78011339 6.88610434 0
NdgNiZnFe;sB, 15.54177501 14.20992329 0
ARHB A ICE A A RO NdsFesoBy 115 4% 1] S22 3Lk

SerEe, A PRI OU R, B R
PR R .

4 % ®

ASCEEF MR, REHITT NdFeB
TRZAN B T RGP, 48 SE
WAL LTSS RRAE SR A5 ) SRR (MAE) 48
PERLAE, Sl ORI 5 WU Bk R4S
W, R T 2n RAER T4 S ATE G h e
FABLE. K#BA4 NdgFeyBy W R 451, Fe 3d
DE PR, Nd 4f 05T 4f-3d [W4258H 5 Fe Jx
EATHE S, R824, Ni 8400 iU Nd 4g 7
T RS Fe 3d PLAHIE I ATEW AL, B
Fh R HAb T R B2 B AT R XS
T2 5 Nd 4f-Fe 3d FOFEATRES | 4B 2%
JRFREFS Fe R ] HEFHE T SR, b NiAH
KA BRSO i B . MAE HE LW, KB
R RGN [111], B4 S0k, R 7525
1, Cu, Ni#¥9) MAE, Mg, Dy 455 MAE H Dy
fifi 5 i 1) [100], Zn B4 5 AREE [111); SURET
B2 2805 AN [111], Cu-Ni 34848 5 il 5 7]
[001]) ELUs 55 4% 17] 5, NdgMgZnFe;sB, i MAE
ek H 53R R Y, BT EE ALY
Nd 4f-Fe 3d B 441k 58 B 7l A7 800 45 /& &2 MAE,
A BB I 0 A S PA ZR WA AT SO 4.
WFoE L5 SRR, i AR R G, s
BXF NAFeB 7 A 1 5 1 it 45 ) S A S
PEEE, R HERERE LK RER B FL T 25 A AL B L
PSR Y.
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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 on density functional theory (DFT) were
systematically performed using the VASP software package. A NdgFe;;B, supercell was adopted as the model
system, and single-atom doping at the Nd sites (A sites, NdgMyFessBy, M = Mg, Ni, Cu, Zn, Dy) as well as
dual-atom co-doping systems (NdgMNFesB,, 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 NdgNiyFes;sB, to 138.301up, whereas other single-element dopants have negligible
impact on the total magnetic moment. The total magnetic moment is effectively enhanced in NdgCuMgFes;sB,
and NdgCuNiFe;sB, 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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