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Stability study on Si doped magnetite based on the first principles
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Abstract: The impurity elements and their occurrence forms in magnetite have good environmental indication signif-
icance. Si is one of the common impurities in magnetite. Although there are great differences between Si and Fe in
ionic radius, valency, energy effect of replacement and other aspects, both the in-situ composition data of magnetite
and the wet chemical analysis data show that, magnetite contains a certain amount of Si (the mass fraction of Si0O,
of magnetite crystals generated in hydrothermal environment can reach 6.19%). In order to explore whether Si can
statically exist in magnetite and its specific form, the first principles of density functional theory was used to calcu-
late the formation energy of Si in different positions of magnetite crystal, and the stability of Si in magnetite crystal
was studied. The results show that the doping formation energy of replacing octahedral Fe with Si in magnetite is

—4.13 eV, and the doping formation energy of replacing Fe in the tetrahedron center is —=3. 85 eV. It is noteworthy
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that the formation energy of both the two Fe’* (tetrahedron center) in a magnetite cell are replaced is —8. 87 eV.

From the perspective of doping formation energy, Si can exist in the center of tetrahedron and octahedron of magne-

tite, but the structure obtained by replacing all Fe* in the center of tetrahedron with Si is the most stable.
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Fig. 1

Schematic diagram of spinel crystal structure (a) and the connection mode of polyhedron in the structure (b)
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Fig. 2 Magnetite unite cell model (red one is oxygen atom,

blue one is iron ion, and yellow one is ferrous ion)
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Fig. 3 Four doping positions of Si in magnetite (the blue one is silicon atom, red one is oxygen atom, and the yellow

one is iron atom)



676 = oAb Ok & a2 %
T o=90° BYREERE ., BNLE 1,
1.2 BHEER 1F=-105.575 95
FIH QVASP XGRS B 17 0 AL Fgr IE , 15 Egig.0,=—105.575 95
Fl—A™ Fb BORS 00 10 R 2R S AR S5 R B QVASP dE=0. 000 000
AT LLA B AR B VASP S AR, BE 9% 5 5 b diz BR mag=22.001 3
il FH 2 A8 A 2 B A A SC A R Ak B A s S AR 2.

REREA RIS R AR . I AURTDLAR 2 LI B oy
BLnilt, FH Si AR RERR A b AR 245 F A5 A D i 44\ T
PR Fe™ SRR 0 iR AT Dbt . DAL s mlid ik
WLEE SR S5 A AT SR 2900 WURE , FIWT B A4
P RE T RSUE A7 A, R A AL 19 INCAR 3C
Ry ISIF =3, fifi i IARIE SR AT 04, s
AT, 7 A HLUK D P P T A e
480 eV , % Monkhorst-Pack J7 2B K M5 5x5%5,

2 BEZRSTHE

Si B AR Fe R R AR SIE
AEA FLHC AR (Zurek, 2016) , fi] BRIt AT A
RERT AR A W BOE L T B T, i B 15
FHMPCE T BYRHESAZ VI NE TR, 2
RIRERAE T BYIL BT BY LSRR
FAR TG T, JR RS AR BE & LOBRER)
Ay HE A= m R, Wk A YRR B YA,
B Y iRes /N T A YRR, RIJE BUGE A 7 %k, ) B
YEEe FA DIRRE AR TE , RZ WA R (S8 45
2019) . PRI R B TE B BE 2 I Wi A7 7 S5 iR R AR
ESENEEKIEZ —, TR R R &
b, T8 BURBBRARR , 1A ZR RS |, T ek & , 5 24 B
ANE G AT (Zurek, 2016) , Hit 5 2300

AE=E -E,+n, * mu,—n, * mu, (1)

Hrh B, 2GRS (eV) , E, 25K
YRR LBV RE (e V), A JC 2% o i, i T B i) R/ 22
—E,mu, AT ER ST FRE(eV) , mu,
R AL F AR FRE(eV) , n, BBEA
LAY TC R 1Y BB, n, S DB R R &2 i OT
RETF M, MREEA B n =1, n,=1, £
AME R E 1 AR R T RE A 1A
B i 7 R ERIBB 2. n =1, n,=0, WFER
A T A B R L, B s i1
2.1 N\EEHBERAEE L2

XFF AR B 1 F 2, VASP i i DR

45

1F=-105.576 10
Ex.1.0,=105.576 10
dE=0. 000 000
mag=22.001 2
1P MERTT, Epe o, POBTA LY Si-Fe, 0,
MR R RERE  dE NfERE IR 22, mag N EWEHE (A .
L8 1 F 2 BB Si ARG/ TR AL & 1Y
Fe' J& TR B R, 1T K% BB Ik &
(6.25%) ¥R ITR K 14 Si Bk 14> Fe™ BT
PR H =1, ny=1, A1) N AE ;. o,
:ESi-r'es()4_Er‘e304 Cmu e, BAIY i BE Y
R/NREAE S W T LB 2= O ME 2 B2 B2 L S4B 20 In
AR BRENE L A e R R T 68, T 2B
REAI (1) T RAZEN ;
AESi-Feg()A = Egire0, " Erejo, s thty (2)
Hob, AR, #0% SiMBIR 0 Fe,0, 2451
A E BRI N R SRR (BRI EE) (eV),
B, 25 SRR R MRIRIAE Fe,0, itk
JEREE R (eV) | Ey, o, 2275 ) 16 5L B S BE B
(eV), pg e/~ Si L FIRERE (eV) Mre“%%’%%ﬁ%
Bl Fe™ B (eV) . BARTFHEAGKSIEE,
TR A AR, ARSI B HES AL i
8 R b A Sy S i 2 T JR 70 Mg 72 4 DR/ S e T
BRMMES R, il A A S 1 Si B ARG
WA NTHRRY Fe™ S0z, VASP 7145 2] a2k 55

H
b
|

+1 - mug -1

ad m
el

1F=-3.2532350

EO = -3.143 676 7

dE= -0.219 117

mag= 4.000 0

My =—3.143 676 7
BT RE A

1F= -0.316 937 05

EO0 = -0.162 675 41

dE= -0.308 523

me = —0.162 675 41



555 M

RPLHEE . BT — MR Si Bk fa g TS 677

RIBIRHT IR S RE i
1F= -104. 424 87
dE=0.000 000
mag= 24.001 2
Ey. o, =—104.424 87
MRARK(2), MEAAE | B AEg,.,, =
~4.13 eV, B RUOLE 2 19 AE o =—4. 13 eV,
BALE 1 194308 Fe Sio, B UALE 2 1
22N FesSiOg, MIGIBIIE MAEME X, 4558
oo | ARG 2 1 AR, , T 0 HIZ5E, M
B R A X PP B n] BEAT ARG, BRIV E SRR
BT SiBZREEYH A \HHRALE /Y Fe™ 2R RE
i
2.2 MEEFHEREE3IMN4
X P AR R 67 3 L 4, VASP Fii i L
TR
B 3,
1F=-105.285 54
Eg e, =—105.285 54
dE=0.000 000
mag= 17.077 4
AL 4.
1F= -107.332 78
ke, = —107.33278
dE=0. 000 000
mag=15.999 9
L R B AR Y B, (R ES
5B, , = ~104.424 87), BHRAE 3 REET
1A S LA Fe™ Ilhn, =1,n,=1,23(1)
ALV ABq,,
1emu, oo MEFUOZE 4 45 2 4> Sio B 2 4> Fe™,
BREL n, =2,m, =2, AT BTG A AB, . o = Eor,
_Er‘e304_2 s mug+ 2 - mug s+ o BN E 3 B AE
JHCHE AESi-Fc304 :ESi-Fc304 _Er'c304 g Mg 3+ 5 BAUIE 4
45 2% 2 WL RE AESi-Fe304 = ESi-Fe304 - EFe304 +2 pg
=2 puy e TR B URI T 3 19 AR, , =
-3.85 eV, BRI 4 1 AE,, o, =~8. 87 eV X JiL
AIRALE 3 AN Fe SiO,, BAUNLE 4 HY1L
22 Fe,Si0, .
AU 3 AR UALE 4 IBAYEREE N T 0,
878 AR EREE v Si AT U ARG Bk A K D T A

= ESi-Fe3O4 - EFe304 -1+ mug +

Fe™* ,ﬁﬁ%%ﬁ?’fo
2.3 it

ARAUBIIE T Si B2 Fe,0, M EN:, R T
2 H (4 MBIALE ) Si-Fe, 0, 1K R B I AE, 43
W E-4.13 eV .—4.13 eV ,—-3.85 eV F1-8.87 eV,

FEAZ AL Z 52 T |, BRI Si BBA4H R
AEBREA S MRS SRR E  Be E AR A 4 Fil
GERER T IAETE . 738 IR AN RN R 7R
RAZE 3 A4 Sioml DL DY A rp o 1) Fe'™ &
B Sit B 2B/, S T 8 L A, 7 s
1) Fe™ nl fE 2 Fe™ BT RRAR, HLEAR R A =000 F

[Fe3+]N[Fe2+, Fe3+]“04#[8i4+]NEFe2+, Fe2+]V]O4
Hi 2 Fe’'==Si*" + Fe?'

Yagi 55 (1974) Bt (AR 5625 1) 1 BEXT A ) H
mn X ST BT 40T, IR St RS fh A AR
JUT-58 45 W6 DU TR 9 BT A7 7 1, 5 AR R 56
SR EY G

3 it

Si FEREERA rha] B LR RG2S A
i Fe, TERIEB AR LML T, R0 E
1 HE 2 AL 3 TR R, Fe-O DY i A 0>
1) Fe #% Si BB AL BUAE N -3. 85 eV, Fe-0 /M
LG Fe 8 St IBAOE LRE N -4. 13 eV, H5/R
PIFB 2245 H 1] LIRS E A2 7E , /NI AR G Fe B4R
BARWRE, B E 4 AR RN Fe,Si0,
FITEOLT B 1 ARG TR P 2 S PO AR e 9 2
A Fe™ (U AR oty ) 4 e R AR TR i BE A
-8.87 eV  {UNBZIL HLRE R M FE R | X Fh 48544 L
A = PR ELRRE

Bist o BRI R S I HARIRAE T A 38
§, R TR S o B

References

Akimoto S. 1954. Thermo-magnetic study of ferromagnetic minerals con-
tained in igneous rocks[ J]. Journal of Geomagnetism and Geoelec-
tricity, 6(1): 1~14.

Chen Huayong and Han Jinsheng. 2015. Study of magnetite: Problems
and future[ J].

Bulletin of Mineralogy, Petrology and Geochemistry,

34(4): 724~730(in Chinese with English abstract) .



678 F=

PR N 7/ B /S

o 42

Dong Binbin, Li Guangrong, Guo Fusheng, et al. 2017a. Recent pro-

gress on occurrence of silicon in magnetite: Crystal characteristics of

magnetite from Yanmansu skarn-type iron deposit in Xinjiang Prov-
ince[ J]. Geological Journal of China Universities, 23(2): 213 ~
226(in Chinese with English abstract) .

Dong Binbin, Weng Qiang and Wang Hao. 2017b. Research status of iso-
morphism of impurities ( Co, Si, Ga, Cu, Ni) in magnetite [ J].

West-China Exploration Engineering, 29(6) : 121~123(in Chinese
with English abstract).

Dupuis C and Beaudoin G. 2011. Discriminant diagrams for iron oxide

trace element finger printing of mineral deposit types[ J]. Minerali-
um Deposita, 46(4) : 319~335.

Hu Hao, Duan Zhuang, Luo Yan, et al. 2014. Trace element systematics
of magnetite from the Chengchao iron deposit in the Daye district; A
laser ablation ICP-MS study and insights into ore genesis[ J]. Acta
Petrologica Sinica, 30(5): 1 292~1 306 (in Chinese with English
abstract) .

Jin Shufang. 2018. Geochemical Characteristics and Genesis of Pyrrhotite
and Magnetite of the Jinchuan Cu-Ni Sulfide Deposit in Gansu Prov-
ince[ D]. Xi’an: Chang’an University (in Chinese with English ah-
stract ) .

Kresse G and Furthmiiller J. 1996. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis set
[J]. Computational Materials Science, 6: 15~50.

Li Guangrong and Wu Changzhi. 2013. Recent advances in skarn forming
models and the Yamansu skarn related deposits[ J]. Geological Jour-
nal of China Universities, 19(3) : 425~436(in Chinese with Eng-
lish abstract) .

Lin Shizheng.

1982. A contribution to the chemistry, origin and evolution

of magnetitie[ J]. Acta Mineralogica Sinica, 2(3): 166~ 174 (in
Chinese with English abstract) .

Meng Weiyi. 2020. Characteristics and Genesis of Magnetite in Fushan

Iron Deposit, Shexian country, Hebei Province[ D]. Beijing: China
University of Geosciences(in Chinese with English abstract).

Mo Man, Zeng Jishu, He Hao, et al. 2019. The first-principle study on
the formation energies of Be, Mg and Mn doped CulnO,[J]. Acta
Physica Sinica, 68 (10): 211 ~ 216 (in Chinese with English
abstract) .

Shiga Y. 1989. Further study on silician magnetite[ J]. Mining Geolog,
39: 305~309.

Shimazaki H. 2008. On the occurrence of silician magnetites [ J ].
Resource Geology, 48(1): 23~29.

Wang Xiaoming and Zhou Yunlian. 1987. Mossbauer studiers of isomor-

phous substitution in natural magnetite[ J]. Journal of East China U-

niversity of Technology ( Natural Science), (3): 41~45(in Chinese
with English abstract) .

Xu Guofeng and Shao Jielian. 1979. Typomorphic characteristics of mag-
netite and its practical significance[ J]. Geology and Exploration, 23
(3): 30~37(in Chinese with English abstract).

Yagi T, Marumo F and Akimoto S. 1974. Crystal structures of spinel pol-
ymorphs of Fe,SiO, and Ni,SiO, [ J]. American Mineralogist, 59:
486 ~490.

Zhao Zhenhua and Yan Shuang. 2019. Minerals and relevant metallogeny
and exploration[ J|. Acta Petrologica Sinica, 35(1): 31~68(in
Chinese with English abstract).

Zurek E.

2016. Discovering new materials via a priori crystal structure

prediction[ J]. Reviews in Computational Chemistry, 29 274 ~326.

Mt Fr 325 %5 SOk

PRAEES , w4k, 2015, WESLW SR WS R A7 AE )
mLJ]. W PE AR, 34(4) : 724~730.

ok, RO, ERREA:, . 2017a. BERRET R AR IR A
TR+ FEVE BT S5 R R T R A RRE D] R A b
JR2EAR, 23(2) : 213~226.

ok, H W, E
TR I A T AR ],
123.

BuE, BE oAb, Luo Yan, %5, 2014, SPARTR BN PRILER D BO SR
TR HG KR H B L[], HA¥M%, 30(5):
1 306.

BIRITS. 2018, H &)1 HR SRR AL 2 T PR B B4 5 B 4k 3t B3R 1k
SARHIE RORIABETE [ D] P4 KR

BroR, RBGE. 2013, R BB B Sk R —— e BT SR
TR [T]. SR, 19(3) : 425~436.

MU, 1982, BESKT T Ak LR B AL R [T ]
2(3):

i ft—. 2020. VAL ELAF LD IR T RE R RRAE SBR[ D] b

. PEHL TR

, R, T W, 45 2019. Be, Mg, Mn #4% CulnO, BN,
REMVSE—PEIERAF ST 0], W34, 68(10): 211~216.

FAEW, Bz 1987, RIRREBRA 28 BT IR S8 AR B 2 R 1 A
F[I]. EARMTFBEFR, (3): 41~45.

TRER, ABIHE. 1979. RERKD MO4RRUREAE K 5t
R, 23(3): 30~37.

BIRAE, & FE 2019, BTH—RE S5k [T].
(1): 31~68.

WUFIIEFE T

. 2017b. Z&Jfi( Co, Si, Ca, Cu, Ni) 7EREEL

PG ERERT T L, 29(6) . 121 ~

1292~

UR/E=S
166~ 174.

P

K

5L

FREEX[T]. M

HAER, 35



