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1 24 B FH&REHE  (a) LiZnP; (b) LiZng.s75 Ago.125P; (¢) LiZng.s75Cro.125P; (d) LiZno.75(Ago.125Cro.125)P
Fig. 1. The supercell structures of the 24 atoms: (a) LiZnP; (b) LiZng.g75Ago0.125P; (¢) LiZng g75Cro.125P;

(d) LiZng.75(Ago.125Cro.125)P.

KR B 3 5 2% A4, FIIF LSDA &b 21 H8 - 2 (7]
()22 e Gk e A T b P T ik Ok 4H R I A4
W H - 5 B  Sc 2 Ta) @) A B AR SR ST T O
T Bk LSRR, B b I BULL, Zn, P,
Ag, Cr M TAHE AN Li 15228, Zn 3d104s2,
P 3s23p3, Ag 4d'05s!, Cr 3d%4st. N 71534
IR AE R, AR TH R A A [F) 1 T O AR
Wr B8 (Eows) SR 1T 540 LiZnP 1 & 4% 5 20 5 B fE,
KILHY Ecyy = 480 eV IR R % TS 4 T € H 1
IESL. BRI, EMR 5 1) K 23 (8], SO B A
FEIEH By, = 480 eV AP AR RE. M5
JERAR 2 5 BEAE AT B A X (Brillouin) B AR 43 11 5
Kl Monkhorst-Park 20 J5 22 8 & i fA & v K 9
MU 4 x 4 x 2, DA ORI 53 e & A0 &5 f 78 1
T £ T B L ZKF BRI ss, B W I 0E P sk
FEEE N2 x 1076 eV /atom. % H Broyden-Fletcher-
Goldfarb-Shanno !9 By x} 45 #4704k, H T
Z 8 AH EAF 3 SR 29 0.5 eV /nm, JR A BE
EISOEE N 2.0 x 107° eV /atom, AR il
SAFRUEN 0.1 GPa, JF 1 1 55 KA W SRS B2 A
2.0 x 1074 nm. MRS R IR, tHE P

Xt b LS REAT LA, ARYE TS Ak M 2 B X
ARFREEAT UL, WSS Z A A IS H
TSR

3 B

NT 5B RER N LT EREHT AT I, B
S H LSDA X 46 LiZnP #8 5 f 347 7 LA 45 #
WAk, BTTS a2 s BRI BE a0k 1 B, mT LA
FHH, LS LiZnP @it SE ML g 7 2 m 4
BT, c/a = 0.9989, 5L 1.0 AR &, it
B SR F B TE S VR AR V) SERTAT . AH TR B A B
B 81.027 eV M LL 52 E 2.040 eV 7 545 220 3=
BUR RN THE R B 0% 2 R N A R
M AE B8 TR A, BE 5 H R 7 BRE R I (1.
FEZR SCH LiZnP 78 S0 545 21 1 5 B8 f 1K 3 22
SN A T Zn 3d A TR, &K
Zn 3dEBHETHP 3Sp S FIMEERER, T
M 83K, A BB R AR, (H X FEAS I X A AE
LiZnP F35 2 R 2 1) HLF 2540 B AH S R 1A 40 AT

187101-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 18 (2018) 187101

#1 LSDA LG ALE LiZnP i 5 5 A B 5 fg
Table 1. The lattice constant, band gap, and total energy of LiZnP optimized with LSDA.

LiZnP a=b/nm ¢/nm c/a LYY H HBE/eV
A4 (LSDA) 0.5579 0.5574 0.9989 1.027 —16663.2061
S8 1) 0.5765 0.5765 1.0 2.04 —
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R, 5 ¢ J7 1) () AR A RO K, EERE N
BN, =5+ Ag M Cr 2 [81F A BAE
H, X — i E S8 RS SCHR [22] 1 2R A S 56 25
—.

%2 Ag, Cr 351 Ag-Cr JE45 LiZnP I 5 3 HOR s g

Table 2. The calculated lattice constants and total ener-
gies of Ag doped, Cr doped and Ag-Cr co-doped LiZnP.

EEA% 2 /nm
gl ——————— HHE/ eV

a=5b c

LiZng.g75Ago.125P 0.5594 0.5593 —15979.3194

LiZng.875Cro.125P 0.5546 0.5554 —17414.4109

LiZng.75(Ago.125Cro.125)P  0.5577 0.5598 —16731.3287
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Fig. 2. (a) The band structure, (b)—(d) partial density of states, and (e) total density of states of pure LiZnP supercell.
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Fig. 3. (a) The band structure, (b)—(e) partial density of states, and (f) total density of states of Ag doped LiZnP.
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Fig. 4. (a), (b) The spin polarized energy band, (c)—(f) partial density of states, and (g) total density of

states of Cr doped LiZnP.
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Fig. 5. (a), (b) The spin polarized energy band, (c)—(g) partial density of states, and (h) total density of states of
Ag-Cr co-doped LiZnP.
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Table 3. Charge population and bond length of the
doped systems.

Ry gt EHBAME KA
Li—P —0.15 2.417

LiZnP
Zn—P 0.77 2.419
Li—P —0.15 2.450
LiZno.g75Ago.125P Zn—P 0.77 2.408
Ag—P 0.70 2.491
Li—P —0.16 2.407
LiZng.875Cro.125P Zn—P 0.75 2.427
Cr—P 0.84 2.388
Li—P —0.17 2.422
LiZno.75(Ago.125Cro.125)P Ag—P 0.67 2.511
Cr—P 0.94 2.330

PR 7 2 ARG L i, Li I 75 Hilm i i P st
T Z AR WS LN B 2 T 8. LiZnP &
JEAE AR R S R AR A R AR 25 AL, SR T A AL
Bz LT A A S B B 6 (b) RT A,
A5 Aghtt, FEIL Ag L B AT = LEE L Zn 1 B
MR TS, REZRR T Ag i itbss T
Zn; HIE 6 (c) ATLVEH, #.45 Cr I, BEGIAAY
ANEE, Y Cr AP JR 7 22 [ SO s N 5, Sk
CriffBEMPIRTH T EHE TEECEP

IR A b HLIE T 7 17 P A B, e
P 4 73 A5 8 RE AT, AR L O B 2R i Cr 19
3dEEPHIB3p K. B 6(d) &M, 2 Ag-Cr 3L
BRREHLN, P75 Cr [ P AL E R BT
&, HILA R TR &b, Bl Cr 5P K2k
Ve e, Ag—P 2 [a] 9L Sk o5, 1M Cr—P 3%
e PTG ss, H AgJf 15 HimiEH Cr Jf 12 1)
Ser s nem, JR e AR 0 HEOK, SR TR RN
Fase k.

B AR R IR PE TR AR IR R TR e By )
S

Ef =F[Li(Zn, , ,Ag,Cry)P] — E[LiZnP]

— Nagltag — NCrCr + Nznfizn, (1)

Horh B R INE R ERE, n R SRR A
B, p R ARSI U 52 SR A 1R 1 5
M, fHX B S 7E U & 15 Ak R B3 I A 0 A e
P, FTLL Ag, Cr, Zn 4k 30k BUNTE B A PG 10
THREBERCSEHR MR ACTHHET %3
TR RIITE K RE, 45 RuFR4FT5). ATLLEH, $
% Ag J5 LiZnP & R Fa € 1 5 45 LiZnP 8Oy i,
TE5 Ak R P B IS, 10545 Cr I 44 2R IR T BRRE B
&, Ag-Cr LB 5, W RREA FTFR(R, 7k R e A
N AT EE S, UL Ag BT LR A R 1R
JETE.

0.2

—0.1

—0.2

E6 BRAERMAEI(110) FMES B ZEEE  (a) LiZoP; (b) Li(Zno.s75Ag0.125)P; (c) Li(Zno.s75Cro.125)P;

(d) Li(Zno.75Ago.125 Cro.125)P

Fig. 6. Difference charge density of the typical crystal surface (110) of the doped system: (a) LiZnP;
(b) LiZng.s75Ag0.125P; (c) LiZng.875Cro.125P; (d) LiZno.75(Ago.125 Cro.125)P.

187101-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 18 (2018) 187101

R4 BAIRRNH I A B 0L A G RE R AR T A e

Table 4. Band gap, impurity band width, half metal energy gap, magnetic moment and formation energy

of the doped systems.

Lyl Wi /eV AT TR JeV FaRRER eV T /up TEHLRE eV
Li(Zn,Ag)P 1.068 — — 0 0.7055
Li(Zn,Cr)P — — — 4.0 1.6778

Li(Zn,Ag,Cr) P 2.024 0.609 0.493 3.06 1.5788

6 HFMHR

S BT A ) S 25 M 53 AT DUAE BT 7 F T 5 44
S RPN A BN . AR T Bk
LiZnP /4 F I 2 37 5 28 08 25 A FopR BB RE B
PR TSRS s, AR Y SR, R B
FERIE € XA Krames-Kronig th i ¢ & 1 LL15 3
B IR R A L RR BRSO TRl R AL BT
SRS SR P 7E 2R i S LA R A E R T
DAFH SR A IR 1 AR DR 2 W 2 1 I -

e(w) = e (w) + ig; (w), (2)

H, g (w) = n?(w) + k*(w), &(w) = 2n(w)k(w).
2 LiZnP A1 5 2% 16 & 1 2 3t 4 3 p5 £
B 7(a) TR, giLiZnPEE < 1 eV K RE X fI
E > 15 eV IR BEX MEH n(e:) 0, M5 n(e,) &
THA, LW LiZnP 7K 2005 i ARSURT i v 55t ) F 1
PRI B 55, IR BRI E — e Va3
Ag J5 BT A R B R e X RSO K 2E T R
M, FEARRE X SEER At/ N AR, 10 R & A I 122
e, BBLT — AR BT, X BT sp-d BUIE A
AL REH A 3G A, B8O 14 30 (R F R

5 . 5
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no = 3.22
=]
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"
(]
el
8 0
g 5 -
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g
&
Q
~ ~ \
/ \ ,
/ N _ N -
- ~
0 0
0 10 20 O 10 20
Energy/eV Energy/eV

. #1458 Cr Ja, HOs AR SR AR X AR L T
JAIZ, 1t B Cr §45 3 — 3P 38 0K 1 RIS A9 i R 1)
WSS AN . Ag-Cr 3448 5, 7EARAE X 5250
I #0705 5 _E 35 B BB A B B K RSB 1K
ESCR STV LI TV E ST TS

K7 (b) A R R 5, 1 R 4 LiZnP 1A
HL BRI B RE  E E A X N TREE N E = 4.8 eV I
I L, 2l LiZnP & B B SR, GG A
SRR T BE R IR] BIRAT, oA FRUGE IR SR R AT 1 BhAs 2
JE R AE A 45 K Sl 43 #1220 56 Eb 4 LiZnP (1) 765 55 i
A, X RS R R ) EEE KT, RN P 3p A
TS L 2s M Zn 4s SERITZE R, 95 Ag
J&, 7E0—3 eV Z [HB Bl T — MR/ A H g,
S AE RN 1.2 eV. Cr BB Ml Ag-Cr 3£45 LiZnP
&, 8B AgH L, fEARRE X AR BT B i
U, 43 ) XoF I U6 1T U 2. A R UG T ARG 6 7 RIS
A T Cr 4B N L2 BRI R, Ml 1, 2
() U {2 P S 8 i, L UG 2 MR A vy, X T Cr &
FHI3dSHT 5P 3p A, Li 25 & HL 7R AR Z1H
sp-d ZRHLAE T, HL A H R B8 50 Y B 45 4 LiZnP
Al Ag H45 LiZnP R R B AR 58, 5 Rgar B Cr 4
B Ag-Cr 45 J5 717 B W 528 i A — .

20
(b) —=— LiZnP

—4—Li(Zn,Ag)P
—e— Li(Zn,Cr)P

: 15 1 —%— Li(Zn,Ag,Cr)P

2

©
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< 10 2
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A 54
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Energy/eV
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Fig. 7. (a) The complex refractive index functions and (b) imaginary parts of dielectric functions before and

after Ag and Cr doped LiZnP.
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Fig. 8. (a) The energy loss spectra and (b) absorption spectra before and after Ag and Cr doped LiZnP.
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Abstract

Spintronic devices utilize the electron charge and spin degree of freedom to achieve novel quantum functionalities.
Diluted magnetic semiconductors (DMS) constitute an important category of spintronic materials that have the potential
to be successfully incorporated into the existing semiconductor industry. The prototypical DMS (Ga,Mn)As, discovered
in the 1990s, accomplishes spin and charge doping simultaneously through the heterovalent substitution of the magnetic
ion Mn?* for Ga®>". Two challenges have presented themselves in this material. First, the heterovalent nature of
this “integrated spin/charge” doping results in severely limited chemical solubility in (Ga,Mn)As, restricting specimen
fabrication to metastable thin films by molecular beam epitaxy; second, the simultaneous spin and charge doping
precludes the possibility of individually tuning the spin and charge degree of freedom. A new type of ferromagnetic DMS
based on I-1I-V group can overcome both of these challenges. Li(Zn,Mn)As utilizes excess Li concentration to introduce
hole carriers, while independently making the isovalent substitution of Mn?* for Zn?* in order to achieve local spin
doping. With no heterovalent substitution to restrict chemical solubility, bulk samples of Li(Zn,Mn)As are successfully
fabricated. However, one drawback of Li(Zn,Mn)As is its use of the toxic element As. The isostructural direct-gap
semiconductor LiZnP also undergoes a ferromagnetic transition upon Mn doping, and its bulk magnetic properties are
very similar to those of LiZnAs.

In this paper, the geometric structure of pure LiZnP, Ag doped, Cr doped, and Ag-Cr co-doped LiZnP new diluted
magnetic semiconductor are optimized by using the first-principles plane wave ultra-soft pseudo-potential technology
based on the density function theory. Then we calculate the electronic structure, magnetism, formation energy, differential
charge density, and optical properties of the doped systems. The results show that the material is a paramagnetic metal
after single doping of the nonmagnetic element Ag. When magnetic element Cr is doped with LiZnP, sp-d orbital
hybridization makes the peak of density of state nearly Er-split, leading the system to become metallic ferromagnetism.
However, Ag-Cr co-doped LiZnP changes into half-metallic ferromagnetism, which is completely different from the single
doping system. The band gap decreases slightly, and the electrical conductivity is enhanced. Meanwhile, the formation
energy of the system becomes lower, the bond between atoms strengthens, and the stability of the unit cell becomes
stronger. A comparison of the optical properties indicate that the imaginary part of dielectric function and the optical
absorption spectrum both present new peaks in low energy region in the doped systems. Ag-Cr co-doped LiZnP has
the highest dielectric peak. Meanwhile, the complex refractive index function changes obviously in a low energy region,
and the absorption edge extends to the low energy direction. The system enhances the absorption of low-frequency

electromagnetic waves.

Keywords: AgCr co-doped LiZnP, electronic structures, magnetism, optical properties

PACS: 71.15.Mb, 71.20.-b, 75.30.Hx, 78.20.—e DOI: 10.7498/aps.67.20180450

* Project supported by the Project for Basic Science and Advanced Research of Chongqing, China (Grant
No. cstc2014jcyjA50005), the Training Program for Education Teacher of Chongqing Normal University, China (Grant
No. 02030307-00031), the Foundation for the Creative Research Groups of Higher Education of Chongging, China (Grant
No. CXTDX201601016), and the Research and Innovation Project of Graduate Student of Chongqing, China (Grant No.
CYS17179).

t Corresponding author. E-mail: zmwu@cqnu.edu.cn

187101-11


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180450

	1引    言
	2模型结构与计算方法
	2.1 模型构建
	2.2 计算方法
	Fig 1


	3晶格结构
	Table 1
	Table 2


	4磁电性质
	4.1 Ag单掺LiZnP的能带结构和态密度
	Fig 2
	Fig 3

	4.2 Cr单掺LiZnP的能带结构和态密度
	Fig 4

	4.3 Ag-Cr共掺LiZnP的能带结构和态 密度
	Fig 5


	5差分电荷密度及形成能
	Table 3
	Fig 6
	Table 4


	6光学性质
	Fig 7
	Fig 8


	7结    论
	References
	Abstract

