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Fig. 1. (a) The 3D structural model of M-type strontium ferrite; (b) spin orientation of Fe ions depicted in M-type SrFe;501q.
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Table 1.

ferrite, single doping with Co or Zn, and co-doping

with Ca-Co(Zn).

3.1

Lattice parameters and c¢/a values for Sr
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Table 2.  Elastic constants and mechanical parameters for Sr ferrite, single doping with Co or Zn, and co-doping with
Ca-Co(Zn).
Mi,% Cll 012 013 633 044 B/GPa G/GPa B/G 14 E/GP(I
Srifk &4 311 158 116 280 70 186 77 2.43 0.32 202
Co-Srik A 287 163 110 259 36 167 66 2.51 0.32 176
Zn-SrkEAR 363 168 133 280 73 205 82 2.50 0.32 217
Ca-Co-SrikE ik 456 103 179 159 107 188 80 2.37 0.32 208
Ca-Zn-SriJ & & 347 163 128 258 76 199 83 2.40 0.32 218
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Fig. 2. TDOS and PDOS of Fe-3d and O-2p for Sr ferrite and Ca-Co(Zn) co-doped structures: (a) Sr ferrite; (b) Ca-Co-Sr ferrite;

(¢) Ca-Zn-Sr ferrite.
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Fig. 3. PDOS of Ca-Co-Sr ferrite: (a) Fe-3d at different sites; (b) Co-3d.
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Fig. 4. DOS of Fe ions at different sites and the PDOS of 3d electrons of Zn ion in Ca-Zn-Sr ferrites: (a) Fe ions; (b) Zn ion.
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PEREE A B VI LR, Sr 8RR I ALY Fe
BT ol (WLIEL 1) 7 1) i GE RE R T A SR a0
4 P8 (QESEom Ty m, IEERR B BER ).
M 4 ATH, XF Fe 857Kt s, p PUAHR TE TN
JEHLF, BT LR A A 1) SR B A AR 22 3d
HUEHRF AW, ) Fe B0 HA AT 20
FDLAL Y Fe B FRUIE R e R, W 20 74k
f) Fe-3d MBI REFENT St Bk B AR i 4% 1) Sk
FEEH.

HTHESE Ca-Co B AR R b & 8 T HE
i 0T B 45 Tl S PR RE RO R, AR ST Ca-
Co-Sr ZEAMNT ¢ 7 18] Y45 3 X BE v e
S BOB REAE, &5 003 5 Fra). 3 5 nl %0,
T A BEH ) A S Af, fihi b Co-3d LI 6 4F
K, BT LIAH He g Sr gk AR 1 SV BLIE RE AR, Ca-Co
B IR R 0BT R RS, teoh, Sl —2
S3HTEE 5 AL Ca-Co BAEZR T 2b fifikh Fe-3d
1) T X520 T R R R A 45 1) SR RO, R BT
KW, 75 Af, I ALB AR Co B F 1 2b fh {7 Fe
BT 3d 1B R G A 2R 1) SR 45 1) Sk B
EE T R E .

F 3 SrREURTAB IR RS BT TR A 10 S PERE (007 meV)

Table 3.  Magnetocrystalline anisotropy energies (unit: meV) of ionsand the total for Sr ferrite and doped systems.

LA Co(4f,) Zn(4f,) Fe(2a) Fe(20) Fe(4f,) Fe(4f,) Fe(12k) Total
EMAC — — 0.007 0.872 ~0.086 -0.042 0.466 0.830
B -2.377 — 0.010 0.406 ~0.069 ~0.084 0.067 0.257
EYS — 0.000 0.189 0.381 ~1.031 -0.035 0.058 0.308

EMAS & -2.329 — 0.001 0.397 ~0.046 -0.081 0.058 0.370
EMAS & — -0.015 0.040 0.225 -0.280 -0.017 0.037 0.490
F4 SrEIRTPE N Fe B ¢ MO I BUBEREMEE (B0 up)
Table 4.  Orbital magnetic moment (unit: ug) of Fe ions at different sites in Sr ferrite along the c-axis.

LA Fe(2a) Fe(20) Fe(4f,) Fe(4f,) Fe(12k) Total
phLiE 0.000 0.001 0.002 0.001 0.000 0.021
dgunE 0.001 0.015 -0.012 -0.010 0.011 0.113
SRS 0.001 0.016 -0.014 -0.011 0.011 0.135

# 5 Ca-Co-Sr YA & BT ¢ W 10 PP BIBE R (H (BRAL: up)
Table 5. Average orbital magnetic moment (unit: ug) of each ion in Ca-Co-Sr ferrite along the c-axis.

LEA Co(4f,) Fe(2a) Fe(20) Fe(4f,) Fe(4f,) Fe(12k) Total
pHlE -0.001 0.000 0.001 -0.002 -0.001 0.000 0.015
dLE -0.033 0.012 0.015 -0.012 -0.010 0.011 0.096
SRR -0.033 0.012 0.016 -0.014 -0.011 0.011 0.111
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Fig. 5. Orbital density of states of Co ion in Ca-Co-Sr ferrite magnetized along the [001] and[100] axes: (a) d,; (b) d2; (c) d,;

(d) drz; (e) dz2—y2 .
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Fig. 6. Orbital density of states for Fe ions at the 2b site in Ca-Co-Sr ferrite magnetized along the [001] and [100] axes, respectively:

(a) dgy; (b) d2; (c) dys (d) dyy; (e) dx27y2 .
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SRV HIL, 20 AL Fe B 7HY d,, Fl g2y
BUTE LU 5 i S PR RE R IR

h T AT Ca-Zn HBIE R T KB T
AR LT R REL X T 2% 1) SR BE AU SE IR, Ca-Zin $B2%
PR R Zn Fl Fe 31 DAL S BB REHE 1)
TEERINE 6 frdl. 3% 6 nlH, Zn B 5 RBLE
BEREILF-2 0, XA SR B i 5 1) S RESE IR /).
FLE Sr BREARATES Y, A 20 AALAL Fe BT

3 G WA B e, H e B A R 4, R
4f, SR Fe B T-HUIERERE WA rsm, ik
FEIB AR R BHUERE N HLAN, BT 48 A
20 F A Fe-3d HAT 3K I I e RN AR )
A I R PERE, RO A 2R B G 45 1) S e s
M K.

Ca-Zn-St #KEK 20 1 4f, fOAL Fe B35
TIF [001] A1 [100] 1)l 1) Ak Y o0 e A5 3 BE AN 1] 7

F# 6 CaZn-Sr ZAUAE B TUT ¢ 1 i TAYBUERERE (SAAL: 1p)

Table 6.  Average orbital magnetic moment (unit: ug) of each ion in Ca-Zn-Sr ferrite along the c-axis.

LA Zn(4f,) Fe(2a) Fe(2b) Fe(4f)) Fe(4f,) Fe(12Fk) Total
pHUHE 0.000 0.000 0.000 0.000 0.000 0.000 0.020
d#iE 0.000 0.011 0.015 —-0.017 -0.012 0.011 0.099
AR -0.001 0.011 0.015 -0.017 -0.012 0.011 0.119
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Fig. 7. PDOS for Fe ions at the 20 site and 4f; site in Ca-Zn-Sr ferrite magnetized along the [001] and [100] axes: (a) 2b; (b) 4f;.
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Fig. 8. Orbital density of states for Fe ions at the 2b site in Ca-Zn-Sr ferrite magnetized along the [001] and [100] axes: (a) d,;

(b) Ay (C) dyz§ (d) dz > (e) dz27y2 .
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Abstract

M-type strontium ferrite has attracted widespread attention in the field of permanent magnet materials due
to its unique magnetic properties, dielectric performance, and thermal stability. However, compared with rare-
earth permanent magnets such as Ndy,Fe 4B, strontium ferrite (SrFe;,0,9) permanent magnets possess relatively
low comprehensive magnetic properties, which limits their application range. The effects of Ca-Co (Zn) doping
on the electronic structure, mechanical properties, and magnetic properties of M-type strontium ferrite are
systematically investigated by first-principles plane-wave pseudopotential method based on density functional
theory (DFT), combined with the generalized gradient approximation (GGA + U) in this work. The calculation
results indicate that the Ca-Co (Zn) co-doped M-type strontium ferrite systems exhibit good structural stability
and mechanical properties. In the Ca-Zn co-doped structures, the conductivity of the system is enhanced
because of the substitution of divalent Zn ionsfortrivalent Fe ions at the 4f; site. The Ca-Co (Zn) co-doping
increases the total magnetic moment of the system, while the magnetocrystalline anisotropy energy decreases.
However, compared with the single Co doped system and single Zn doped system, the Co-Zn co-doped system
has the magnetocrystalline anisotropy energy improved, indicating that Ca-Co (Zn) co-doping can effectively
enhance the magnetic properties of strontium ferrite. In this work, the mechanisms of the effects of Ca-Co and
Ca-Zn co-doping on the magnetocrystalline anisotropy energy of strontium ferrite are also analyzed. The results
indicate that the decrease of magnetocrystalline anisotropy energy in the Ca-Co co-doped system is mainly due
to the effects of d,, and d,» —y
the 2b site. In the Ca-Zn co-doped system, the reduction is mainly influenced by Fe-3d orbitals at the 4f; site,
while the d,, and d,»

system. These results provide theoretical guidance for modifying M-type strontium ferritein future.

2 orbital electrons of Co*! ion and d,, and d,2_,2 orbital electrons of Fe ions at

-y

_,2 orbital electrons of the 2b site enhance the magnetocrystalline anisotropy energy of the

Keywords: M-type strontium ferrite, first-principles calculation, doping, magnetic properties
PACS: 75.50.—y, 71.15.—m, 31.15.—p, 75.50.Pp DOI: 10.7498/aps.74.20241626
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