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Fig. 1. (color online) Crystal cell structure of ZnaGeOy.

AR SC B 5 — e DR ST T O SR A Uk,
Bl G5 K1) Zng GeOy 7F 5 FE R [ HLT- 45 R4 Ry B
AL AT VRS 7T, A -SRI RE FH T SO FE I AU
(GGA) Fl k% FE i Aol (LDA) X FESR #iR. A
TF 3k 2 A 1 ST T O IR BE B (cutoff-energy) HX
360 eV. JLf 45t Ak S FE o, k M% (k-mesh) (1)
KR4 x4 x 2, fRIE T 1k R BE B A 3L
THE 52 % T T 9 B TR KT B S WO SRORS B R
JR T FHIRER N 5.0 x 1076 eV; J5 T alf KA HAE
F71750.02 eV /nm; F KRN 7724 0.05 GPa; J5 i
KA N5 x 1074 nm. 15 H CASTEP &1 /)%
BHLTE R, 25T RPN A7/ Zn 3d4sdp, Ge
4s4p, O 2s2p.

3 HELE Rtk

F 19 BRI 2 K F GGA F1LDA 52 i 5% Bk
BRI BON R B A 45K Zng GeO 4 #EAT JURTAR Ak f 25
MARAR S5 BT 50, PIRREE S 7 VA5 B R S S5
ERAGIRR 5, H R BRI B 5 RN S IR 2
ZE S AR G SR ER AT S, % EEFILDA it

HLHY S S BOR AR AR 5 5206 45 AR B2, 19685 LDA
THEMEE R AL 5. ZEHIE, it EH R
LDA AbFEAZ # B4

1 ZnaGeOy FHRGHIZHL PRI BLEE 1L RIS 00 E

Table 1. Zn2GeOy4 lattice parameters, experimental

and theoretical of bulk modulus and band gaps.

a/nm  b/nm  ¢/nm  V/nm? Eg/eV

Experiment 0.8836 0.8836 0.8836 0.614 4.68
GGA 0.9519 0.9519 0.9519 0.756 2.246

LDA 0.8734 0.8734 0.8734 0.592 2.347

5.0

ik eV

AOT e B SRAAS x
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Fig. 2. The band-gap cure of ZnoGeO4 under different

pressures.
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Fig. 3. The lattice parameters of ZnaGeO4 under dif-

ferent pressures.
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Fig. 4. The state densities of ZnaGeOy4 under different pressures: (a) the densities of total state and partial states

Zn2GeOy4 under 0 GPa; (b) the state densities of Zn atom under different pressures.
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Fig. 5. (a) The state densities of O atom under different pressures; (b) the states densities of Ge atom under

different pressures.
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R, B He R R, A A S B R AN kS, AT
FEUFE TR EE B AE AW, B M E S
FEAR K, W T i T 2 18] (1) AF T H AR A I 38 i,
R IR R e A B & 2 s N TR 2 i 4
BRAR K it — D HLE JE Ge J5 T 2S5 B 20 A o 1,
FL A 0 0 WA I s e G KT A T G i, B Ge
JRFAEAN R PERT, HRESFEEAEAR R, A
K Ge [ I B T HEAE R ES, SFEC A RRIE— P
K.

MCL - 25 G i A G5 1) 0 BRI 34 5 P AR A A
ALAN, £E0—9.7 GPa i [l N ZnaGeOy dibfialy B2
BT DA X FE ARk 5, A2 R 9 DL E iR PR AR 5 4
&5 5, T 51 1] EE B8 X980/ )N B AN P 1 5
Nl Ge J5 7 B R 538 K R IRPEE K E SRR, K
WS T TE0—9.7 GPa i P ZnaGeOy A7 B
B s R DT AR K

PR X (P > 9.7 GPa), BE%& & #1 K Zn

JE T A5 RV EAE NP, 110 Ge JR T A% BETE BT
Wk R Zn SR TR SRR FE BRI, 1T Ge JR TR
R BT, X AR AN BE MR R A4 A i X
ZnyGeOy S BRI/, 2 2 45 T ZER A R o
YEFRIF Zn, Ge A1 O 857 1 B fuf A EL ORI HL A7 {E
TEREA TR 5RO N, OB+ L faf /0 A7 5 B
B, 1 Zn, Ge BT [ HLTH 40 A5 75 K 58 K T
9.7 GPa AR, Hos Al p BB AT W 5 1 LR 75,

#2  ZnaGeOy HF TAEAIR L5 T HL A A BB
T
Table 2. The Mulliken charge populations and the net

charges value of ZnaGeOy4 under different pressures.

i

/GPa =3 s p d pevil| WA /e

O 1.83 5.04 0.00 6.87 —0.87
0 Zn 0.42 0.72 9.97 11.11 0.89
Ge 0.80 1.51 0.00 2.31 1.69

O 1.83 5.05 0.00 6.87 —0.87
5 Zn 0.41 0.74 9.97 11.11 0.89
Ge 0.77 1.52 0.00 2.29 1.71

O 1.82 5.05 0.00 6.88 —0.88
10 Zn 0.40 0.74 9.96 11.11 0.89
Ge 0.74 1.53 0.00 2.27 1.73

O 1.82 5.03 0.00 6.85 —0.85
15 Zn 0.35 0.66 9.96 10.98 1.02
Ge 1.06 1.55 0.00 2.61 1.39

O 1.83 5.02 0.00 6.85 —0.85
20 Zn 0.34 0.67 9.96 10.97 1.03
Ge 1.07 1.57 0.00 2.64 1.41
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El6 (MTIEMR) ZnoGeOy shANT (210) J7 [ BT 25 50 5 BE 40 Al

Fig. 6. (color online) The electron density difference of ZnaGeOy in (210) plane under different pressures.
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Abstract

In this paper, the properties of electronic structure and band-gap change of ZnaGeO4 under high pressures are
investigated using the first principles method based on the density functional theory (DFT). We demonstrate that the
density functional theory calculations performed with the local density approximation (LDA) allows for a significantly
better reproduction of lattice constants, the unit cell volume and the band gap of ZnyGeO4 than those performed with
the generalized gradient approximation (GGA), so the electronic structure and the band-gap changes of Zn,GeO4 under
high pressures can be systematically investigated by LDA. Result of the state density without application of pressures
shows that Zn2GeQy, is a wide direct-band-gap semiconductor, and the top of the valence band is mainly composed of
Zn 3d and O 2p states, while the conduction band is dominated by the Zn 4 s and Ge 4p. Calculated results about the
energy band structure of ZnaGeO,4 show that the band gaps of ZnaGeQy first increase and have a peak at around 9.7
GPa, and then gradually decrease with increasing pressure. The Mulliken charge populations and the value of net charges
of ZnaGeOy at different pressures reveal that the charge distribution of O atoms does not change obviously, while the s
and p orbital charges of Zn and Ge atom distributions have obviously charge transfer above 9.7 GPa, and result in an
increase of Zn and Ge atom net charges. Analysis of the state density, the Mulliken charge populations, and the electronic
density difference of Zn,GeOy4 in (210) plane at different pressures indicate: in the low-pressure region (0 < P < 9.7
GPa), the increase in band gap is mainly due to the covalent enhancement between atomic distances and the Ge atoms
larger localization; and in the high-pressure region (P > 9.7 GPa), the delocalization phenomenon becomes dominant
due to the fact that the delocalization action exceeds the force between the bonding state and anti-bonding state, which
induces the decrease of the band gap. These results will not only help to understand the germanate crystal structures in
Zn2GeO4 materials under high pressures and the unique characteristics and laws, and may provide a reference for the

design of electronic devices of ZnaGeOy crystals.
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