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7% Fes0, M BEE (B RIFET CRYSTALLT HZ%4biz i)

Table 1.  Energy difference AE = Er — E for transition metal doped Fe;Oy4, where Er and Eq represent the total energy of
doped Fe;0, with the dopant replacing tetrahedral Fe and octahedral Fe, respectively (data is from HSE calculation with
CRYSTAL17).

A= Sc Ti v Cr Mn Co Ni Cu Zn
AE [eV 0.70 0.10 0.37 1.48 0.10 0.13 0.95 0.19 -0.14
=I5 Y Zr Nb Mo Tc Ru Rh Pd Ag cd
AE [eV 4.23 0.13 0.01 0.72 2.14 2.27 1.31 0.96 -0.29 -0.32
(a) Fe30, (b) Zng.125Fe2.87504

g o FeT

'N.N. ©

K1 (a FER Fey0y, (b) Zng 195Fes 57504, (€) Vi125FCa 57504 Fl (d) Y 105Fes 57504 i It A 5

ZHRITH)

& (CBUHE ok U5 T CRYSTALLT 1y 21k

Fig. 1. Optimized structures of (a) perfect FesOy, (b) Zng95Fes57504, (¢) Voio5Fers7504, and (d) Yo 105Feq 5750, (data is from HSE

calculation with CRYSTAL1T).

2 HESIEBE Fe;0, WILEE B (BURRIRT VASP 19 PBE + Uit5)
Table 2.  Formation energy FE; of transition metal doped Fe;O, (data is from PBE + U calculation with VASP).

FeJi Sc Ti A Cr Mn Co Ni Cu Zn
E; JeV —6.45 -5.75 ~4.94 -4.97 -3.72 -2.09 ~1.69 0.21 -1.93

A= Y Zr Nb Mo Tc Ru Rh Pd Ag cd
E; JeV ~5.42 -6.09 -5.23 ~2.60 -2.18 ~1.00 -0.62 0.54 1.12 -0.61
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M Pd, AL S Vi 195F e 87504 MIEL BR Y 5%
% 7% 5 AR WS 3 W G 1 AR A AR R PR Ry

BAAER RN EFEE.
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myoy VE U TTHR. W], BTN EXT my, A

S, (HEREE 3 AL BR T Pd Z 4, HiAthis 245
BEAHA TR (ARS Feo KFAT), BAKA

Wi . P MIEREE R 1.30 pg, /N T Felt 1Rk
JE (29 4.3 ug) M Fedt (£ 3.8 pg). Ik, Pd B4%
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Fig. 2. Total magnetic moment of Fe;O, doped with differ-
ent transition metal elements (data is from HSE calcula-
tion with CRYSTALL17).

BRT Mg ZHh, W5 10 X TRERT T Fes Oy
B SAR 2 SCHEZE. Ik, 5T T Zng 195Fes 8750,
FI Cdy 195F € 57504 BIREAS 7 524, Zng 195F €9 57504,
Cdy 195F ey 5750, FIARAE Fes0, AUREAS 18] SR 3
Fi7R. XEFAAE FesOy, #4517 5% G it (XU B
FiZ) 0.2 meV. SyRiALHFE [111] A [110] JrTa1 =2
). XF T Zng 95F ey 87504, A it I 0BG 25 1) S e
REEZIN 0.25 meV, 541 Fe;O, 1L, Z gtk
S [111) . A2, Cd B4 i K s e
FeyO, WMEAS ] S, Bt 25 1o S PERE b K3 4

# 3 FeyO, B4t 3d Ml 4d i394 @ IR TR R FREFE (m) (BEEKRIET CRYSTALLT MIZfkiz st )

Table 3.  Atomic magnetic moment (m) of 3d and 4d transition metal atoms when doped in Fe;0, (data is from HSE calcu-

lation with CRYSTAL17).

J% 5 Sc Ti \% Cr Co Ni Cu Zn
m/ug -0.06 -0.12 -2.02 -3.05 ~4.76 -2.76 ~1.78 0.01 0.07
¥ Y Zr Nb Mo Ru Rh Pd Ag cd
m/ug -0.09 -0.22 -0.52 -2.66 ~1.91 0.11 -0.09 1.30 0.12 0.07
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Fig. 3. Magnetic anisotropy of Fe;O, with and without dop-
ing. The abscissas in the figure represent different magnetiz-
ation directions. The magnetization axis starts from the
[001] direction and rotates along the (1, -1, 0) plane to the
[111] direction. Seven data points are evenly taken in the
middle, and then the magnetization axis rotates from the
[111] direction along the (1, 1, 0) plane to the [110] direc-
tion, and 7data points are evenly taken in the middle (data
is from PBE + U calculation with VASP).
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Fig. 4. Projected density of states of (a) perfect FesO,
without doping, (b) ZngssFey 57504 () CdoiasFes 7504
The legend of colors is on the top, the Fermi level is scaled

to zero as indicated by the dashed black lines (data is from
HSE calculation with CRYSTALLT).
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Regulation of magnetic moment and magnetic anisotropy of
magnetite by doping transition metal elements”
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Abstract

Magnetic FesO, nanoparticles show promising applications in nanomedicine. The saturation magnetization
(Mg) and magnetic anisotropy are critical for the applications of Fe3O, nanoparticles in drug delivery and
magnetic hyperthermia. Here, by density functional computation, the doping effects of 3d and 4d transition
metal elements (including Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag and Cd)
on the magnetic properties of FesO, are investigated in-depth. A conventional cell of Fe3O,, containing 24 Fe
atoms and 32 O atoms, has been used to investigate the doping of group III elements. One 3d or 4d atom is
doped in one conventional cell of FesO,, resulting in the formation of X 95Fes 7504 where X represents the
dopant. The results show that the doping of most 3d and 4d transition metal elements will reduce the total
magnetic moment, while the doping of Ag, Zn and Cd in Fe;O, will increase the total magnetic moment by
19%—22%. However, it is hard to dope Ag into Fe;O, according to the positive formation energy. Therefore, Zn
and Cd are good candidates to improve the Mg of FesO,. The doping of Zn and Cd has also an influence on the
magnetic anisotropy of FesO,. For Zng 95Feq g750,, the magnetic anisotropy energy is about 0.25 meV per cell,
which is slightly larger than that of intrinsic Fe3O, (0.2 meV per cell). Interestingly, the doping of Cd
(Cdy195Fes57504) will greatly increase the magnetic anisotropy energy to 0.8 meV per cell, which is significant
for the specific absorption rate in the magnetic hyperthermia application. In addition, the doping of Zn and Cd
will not induce any defect states in the band gap according to the density of states. Zngs5Fes 750, and
Cdy 195F ey 8750, are both semiconducting and both the top of valence band and the bottom of conduction band
originate from octahedral Fe. This is because the impurity states are very deep in energy. Our research results
show that doping Cd is a feasible way to improve the performance of Fe;O, as a material for drug delivery and

magnetic hyperthermia.

Keywords: saturation magnetization, magnetic anisotropy, density functional theory, Fe;Oy

PACS: 61.72.—y, 61.50.Ah DOI: 10.7498 /aps.73.20231744
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