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PBE a=14.668 A, b=3.858 A, c=3.965 A a=3783 A, b=3739 A, ¢=28067 A, § =100.979°

PBE + DFT-D/TS

=}
EEI*%
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a=13.012 A, b =3812 A, c= 3876 A a=3882A,b=3812A c=7544 A, § =104.879°

a=13213 A, b=3856 A, c=3.990 A a=3809A, b=3743 A c=7863 4, B =101.098°

PWO1 + DFT-D/OBS o= 13484 A, b=3.866 A, c = 3.964 A a=3909 A, b=3820 A4, c=7293 4, 8 =104.263°
a=13350 A, b=3703 A, c=3.918 A a=3954A b=3687A, c=70954, B =103745°
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Fig. 1. The crystal structures of (a) @-MoOj; and (b) MoOs-Il. The apical, corner-sharing and edge-sharing oxygen atoms are

denoted by O, O and Oy respectively.
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Table 2.

MoO3 and MoOs - I in comparison with reported ex-

The calculated optical band-gaps of -

perimental data.
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Fig. 5. Partial orbital components of atomic projected density of states for (a) a-MoOj and (b) MoOs -II: Mo-4d orbital (above

panels) and O-2p orbital (below panels) of three equivalent oxygens O, Oy and Oy.
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Table 3.  The calculated electron affinity (EA) and
ionization potential (IP) of two laminated molyb-
denum oxides employing PW91 and HSE06 function-
als respectively. The experimental results of «-

MoOj from Ref. [29] are also listed for comparison.

a-MoOj MoO; - 1I
EA/eV  IP/eV EA/eV IP/eV
PW9l  6.555 7.94 6.11 812
HSE06  6.615 8.76 6.17  8.29
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Fig. 6. (a) The spin distribution representing as spin densityisosurface contoured at 0.05 electrons/A3 and (b) the spin-resolved

partial DOS of Mo-4d and O-2p with Fermi energy being referenced as energy zero indicated by vertical dashed line, for ®-MoOj;

(left panels) and MoOs-1I (right panels).
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Fig. 7. The spin-resolved partial DOS of Mo-4d and O-2p for (a) ct-MoOj and (b) MoOs - Il crystals with 6% Mo, O, Oy and Oy

vacancies respectively. The Fermi energy is referenced as energy zero indicated by vertical dashed line.
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A2 A Jﬂﬁ&l‘, K AR B A He Al 6z Fig. 8. The isosurface of spin density of @-MoO;s (left
@ifﬁéﬁ%%ﬁ%@%, Mo 25 (i {1725 o AT 4Rt ) 26 images) and MoOs-II (right images) with 6% O (above

images) and Oy (below images) vacancies respectively. The

L o5 A 2 B D T S ARG AR IK%’TEE, H isosurfaces are contoured at 0.05 electrons/A3.
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T4 AFFANAZEE MoO, MR S HBEE (B4~ H0E), sz fik R 6%
Table 4. The total spin values (per unit cell) of MoOj3 configurations with different vacancies of 6% concentration.
& ElEh-bar/2/#Ui SERE A Vo Vo.1 Vo.n Vo
a-MoOjy 8.206 7.7855 8.235 8.244 8.214
MoOs; - 1I 4.395 3.995 4.770 4.800 4.378
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Fig. 9. The calculateddielectric functions of (a) ®-MoO3 and (b) MoOs- Il with the light incident along the directions perpendicular

(above panels) and parallel (below panels) to atomic-layer plane respectively.

O 23 ML IAFAEXT MoOy HHRERE R A K. ¥ F a-
MoO; BRFASHA, O F1 O g 23 IAFAE F B K fiE
I A Mo-4d Bl L7 [ e 2488 K, fiff [ i
WAk = A v A ETH i, LR Mo Al Oz (i I
W s S G TS A ERE R Rk A
k., fH Mo 25 i i Mo-4d L8 B4 1Y HL F 25 25 i
B, S208 A BERS R /N . 3T MoOg - 11 &k,
O 1 F1 Oy 2 (R REZL ) O-2p Al Mo-4d Bt
B A EST 2, eSS RERPRAL T B oK AR
BRHITHR T e AR iYL RS B, AT 53
FRE RGN, T Mo Fl O g2 f5r % i, H BER AR
B E a-MoO3 25l MoOs H M £ E R IR
T Mo-4d BB B 1 HLF F BER AL

JEIR AR IS — Bl A RO R T HDLHE b

Bl A AT a6 X AR AL S B AR A B a-MoOy
i MoOy - T AT PR AL PEREDTFE. th TR

3.5

PWO17Z bR, 7B 2.0 eV I fik, Wil (#k 250
) [ H HSE06 17 s THE I 25 AR 2, HIkH
HSE 06 7 PR35 a-MoO5 F1 MoO; - I By )21k
JoT, ALK F BRSSP A8 1 L B e
Tk, ZERANE 9 MK 10 FiR. FEAR#FTEH R % &
T ARG R T R A R A R T R
AT BRCR AR LE N, I HAGHER AN bR
AL AR IR IE 7 Hs # MoOg /\ i 14 )2 HE S
(1) 21 T ELREAT 7 T AST. 2R MoOs /i HL bR
BOBLETE 012 eV BB BNk, 1521 3
W 88 B AR P B Tz e/, eI 12 eV LUG
T FRCEE. AERIREH A 7 Xt a-MoO4 A
HL PR B S /N, B MoOy - IT (/645 18 SR
B A R EURFE IE(E R A T R Y
HL I, AR M BB A HL 3 04 T A3 A% 1 1) e
BRAF. PR MoOs & A F BRESRE 0 Ay 15 e = 225
M O B 2p A1)l Mo & 4d &SR HL ¥
BRIT. T a-MoOjy it rh g th bz MoOg /\ T

057101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 5 (2019) 057101

14
12
10

Visible region
—2e

\/

Oe

== e
O N = WO N RO N O O®

Absorption coefficient/10* cm~!

+2e

6
4
2
0

=
W O N

Frequency/eV

Visible region
—2e

: D

6
4 ﬁ
2
0

+2e

Absorption coefficient/10* cm—1!
o

N

2 NV ANPENNE
0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
Frequency/eV

10
H (ZR) #1147 (GE) e AGF

Fig. 10. The calculatedabsorption spectra of (a)

0 05 1.0 1.5 20 25 3.0 3.5 40 45 5.0

-1

(2)

(b)

Absorption coefficient/10% cm
o

Absorption coefficient/10* cm~t

14
12 Visible region
10 —2e
8
6
4
2
0
14
12
10 Oe

6
4
2
0

+2e

8
6
4
2
0

0 05 1.0 1.5 20 25 3.0 3.5 40 45 5.0

FIRYAN

Frequency/eV
8
Visible region
6 —2e
4
2
0 \
10
8 Oe
6
4
2 /\/
0
8
6 +2e
4
? N N
0
0 05 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0
Frequency/eV

(a) -MoOj3 F1 (b) MoOy- Il 7EA [A] 417 i (—2e—+2e/HA) RZS T HOGIE , A S EE R = 06 43 0 5 55 Jit 2 °F- 1 i) 32

a-MoO; and (b) MoOs-II with the light incident along the directions

perpendicular (left panels) and parallel (right panels) to atomic-layer plane respectively, under different charge loading (—2e—+2e

per unit cell).
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Abstract

According to the pseudopotential plane-wave method of first-principles calculation based on the spin
density functional theory, the electronic structure, magnetic and optical properties of laminated molybdenum
oxides (orthonormal and monoclinic MoQOs) are studied theoretically. The interlaminar dissociation energy,
band-structure, spin polarization, dielectric function, and the optical absorption/reflectivity in a charged state
are systematically calculated to explore the potential technology applications of laminated MoOs; as
electrochromic or electromagnetic materials in optoelectronic devices. The semilocal GGA-PW91 and nonlocal
HSEO06 exchange-correlation functional are employed to obtain the more accurate crystal structure and band
gap respectively. The cleavage energy results indicate that the single layers can easily flake off from the bulk
material of these molybdenum oxides. The band structure and atomic-projected density of states prove that the
conduction band minimum and valence band maximum are mainly derived from the atom-orbitals bonding
oriented in layer-plane, representing characteristic two-dimensional electronic structure. The spin polarized
calculations imply that the evident magnetic-moment will engender in MoOg octahedron layers of the perfect
MoOj; due to the substantial spin polarization of Mo and vertex O atoms which are ferromagnetic-coupling to
produce significant net magnetic moments, essentially accounting for the magnetic source of bulk MoO;. The
Mo vacancy reduces the electronic density of states derived from the spin polarized d-orbitals, leading the net
magnetic moment to decrease, while the O; vacancy can reduce the density of spin-down states in the MoOs;,
resulting in the significant improvement of net magnetic moment. The existence of Oy vacancy leads to the
energetic spin-splitting of O-2p and Mo-4d orbital states, and thus increasing net magnetic moment by raising
the electronic density of polarized spin-up states. The electron spin polarization of Mo-4d orbital component
dominantly contributes to the bulk magnetism. The laminated MoO5 presents a significant optical response in
the visible region with obvious anisotropy of optical absorption spectra, which will represent a considerable blue
shift or new low-frequency absorption peaks for visible light when loading charges. The calculation results
demonstrate that the laminated molybdenum oxides have evident electrochromic property with controllable
magnetic moment, which provides theoretical basis and technical data for developing novel functional materials
with high performance to be used in electromagnetic or optoelectronic devices.

Keywords: laminated molybdenum oxide, first-principles calculation, electronic structure, electrochromic

material
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