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æ^Äu�Ý�¼nØ�1�5�n²¡Å�^�³�{ébv¶� TiO2 �¬N(�!U�(�!��Ý
�>f(�?1
nØ©Û, 3dÄ:þé0>¼ê!Uþ��¼ê!1>�Ç�1Æ5�?1XÚ�nØO�,

©Û
 TiO2 Vò�y�!��É5�>f(��m�'é, Ù(J�©z����'¢�(J�ÎÜ, lnØþ
&?
 TiO2 >f(�ÚÙVò�y�!��É5�A�.

'�c: >f(�, ��É5, Vò�

PACS: 78.20.Fm

1 Ú ó

CA�c5, du�¸À/ÚU
�ÅFªî
­, <��&¢#.¢^���?nEâÚÏ¦
#�U
?1
�þ�ïÄ. TiO2 ���«°B
���N, du5�­½!ÃÓ!±9p��1x
z¹5, 31xz [1,2]!?n�«À/Ô [3−5]!
à ÿ [6,7]! � � U > ³ [8−10]! � Æ [11]! D a
ì [12]!1Æ [13]!�Yá� [14]!g�'á��
�� [15] �+�k2��A^. ,
, XÛ)ûdu
1)16f�EÜ¤E¤�1xz�Ç$±91
�A��Ä�¯K3�81xz+�E,¡�ã
�]Ô. �,�þ��,U5ïÄ®²¢y
 TiO2

1xz¹5�Jp�áÂ1���1ÿÐ [16,17],

�du"yé1Æ5�9Ù�>f(��m'X
��\ïÄ, 
K� TiO2 1xz¹5�Ï�É~
�E,, ��é�,U5�Ån`{Ø�.

�©éXbv¶� TiO2 U�(�!��Ý�
>f(�ÚVò�y�!��É5?1XÚ�n
ØïÄ�O�, ©Û
�ö�m�'é, ¿�©z
���(J?1é', lnØþ�¡&?
 TiO2

�Vò�y�!��É5±9�Ù>f(��
m�'é, l
é�,U5�ïÄäk�½�í
Ä�^.

2 nØ�{

bv¶� TiO2 áuo�¬X, �m+� C19
4h =

C4/amc, ��¥¬N(�Ú��O��.Xã 1

¤«, Ù¥���.´dü���¥¬�÷ a ¶
ü�
¤. bv¶� TiO2 �����¥¹kü
� Ti �fÚo� O �f, Ù�I©O� Ti(0, 0, 0)

Ú O(0, 0, u), Ù¥ O � �����S�I u k
'. bv¶¥�3 deq Ú dap ü«ØÓ� Ti—O �,

deq Ú dap �m�Y�Xã 1(b) ¤«. �©¤k�
O�ó�þæ^Äu�Ý�¼nØ�²¡Å�^
�³�{?1, /Ïu Accelrys úimu� Materi-

als Studio 4.4 ^�¥� CASTEP �¬?1O�. �
¼�­½�¬N(�, O�c?1
(�`z, =
ÏLN��f�IÚ¬�ëê¦(��oUþ�
�z. (�`z�, �� - 'éUæ^Û��ÝCq
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¥� CA-PZ �Y, U�(�Ú1Æ5��O�¥æ
^2ÂFÝCq¥� RPBE �Y, é1Æ5��O
�^}
�Î?1
?�, ±BuÚ¢�êâ?1

'�. ²¡Å�äU�� 340 eV, k :�� 3×7×3,

gU|�ÂñIO�� 5 × 10−6 eV/atom, ¤kO
�þ3�´�m?1.

ã 1 ��¥¬N(�Ú�¬�O��.«¿ã (a) TiO2 ��¥¬�; (b)TiO2 ��O��.

3 O�(J9?Ø

3.1 ¬¬¬NNN999>>>fff(((���

(�`z���¬�ëê9©z���¢�� [18] XL 1 ¤«.

L 1 Xbv¶¬�ëê�®����é' (Ø��éu¢�(J [18] 
ó)

ëþ
¬�~ê /Å Ti-O �� /Å

V/(Å3/TiO2) 2θ/(◦)
a c deq dap

O�(J 3.776 9.486 1.930 1.973 33.81 156.17

¢�(J [18] 3.782 9.502 1.932 1.979 33.98 156.30

Ø�/% 0.158 0.168 0.104 0.303 0.50 0.08

L¥(Jy²�©¤æ^��{´�(�. O
���� deq Ú dap ü«��Ñ$u¢��, ù´
Û��ÝCq�{��3O����¡�"� [19].

L¥�«ëþ�m�AÛ'X�

u =
dap

c
, dap = cu, (1)

deq =
[a2

4
+ c2

(
a − 1

4
)]1/2

,

2θ = 2arcsin
( a

2deq

)
. (2)

Xbv¶� TiO2 ÷Ùp�«pé¡���U
�(�Xã 2 ¤«, ¤�U?À3Uþ":. bv
¶� TiO2 ����Y�ld�º� X :���

.� G : (= Γ :), áum��Y��N. O�
(JL², d�º X :� (−0.114 eV) =' G :
� (−0.043 eV) $ 0.071 eV, ¤±�k©zòbv
¶� TiO2 À����Y��N. O������
�Y� 2.25 eV, ��u¢�� 3.23 eV, �¿ØK�
éU�Ú>f(���(©Û, ùÌ�´Ï�¦
) Kohn-Sham �§vk�ÄNX�-u�, ��d
�9Ù±þ�U? � $, 
d�±e� ��
¢���, Stampfl � [19] �ïÄy¢
ù�*:.

�?�Ú
) TiO2 ¬N(�¥�fá§�p
�^å±9�fm�¤�A�, O�
�U�(�
�éA���ÝÚ©Å��Ý, Xã 3 ¤«, ã¥
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�J��L¤�U?. TiO2 ´d TiO6 l¡NÄ�
ü��¤� (�� Ti4+ �8� O2− ��), �â¬
N|nØ, Ti �f 3d ;�©�� t2g (dxy, dxz , dyz)

�Ú eg(dz2 , dx2−y2) �üÜ©, ¦�¤�U?NC
����©¤þeüÜ©, Uþ�$�Ü©d O2p

;�Ú Ti t2g ;��¤, Uþ�p�Ü©d O2p ;
�Ú Ti eg ;��¤. lã¥�±wÑ, ¤�U?
NC���Ì�d Ti �f 3d ;��¤, Ù°Ý
´ 5.15 eV, �©��üÜ©, Ù¥Uþ�p�Ü©
°Ý� 2.63 eV, Uþ�$�Ü©°Ý� 2.52 eV; d
�Ì�d O �f 2 p ;��¤, Ù°Ý� 4.76 eV,

� Asahi � [20] �â©f;�nØJÑ� TiO2 >
f�¤�ã�ÎÜ.

ã 2 O����bv¶� TiO2 U�(�
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ã 3 Xbv¶� TiO2 o��ÝÚ©Å��Ý

3.2 TiO2 ���111ÆÆÆ555���

bv¶� TiO2 áuo�¬X, ¬N(�û½
Ù�Uäk��É5�1Æ5�, Ïd�©3O
�1Æ5���Ä
ØÓ�4z��. ,	, �¦
O�(J�ÎÜ¢�ÿþ�, O��¦^
}

�Î?1?�. }
�Î���� 0.98 eV, ²?
�� TiO2 ��Y� 3.23 eV, �ú@�¢�ÿþ
��Ó.

3.2.1 0>¼ê
�Ná��1Æ5�Ï~�±ÏLE0>¼

ê ε(ω) 5£ã, l0>¼ê�JÜÑu�±í�
ÑáÂÇ!��Ç!Eò�Ç�1Æ~ê, ù
'
X´©Û¬NU�(�Ú1Æ5��nØ�â, �
N
U?m>f�[¤�)1Ì�Ån, Ïd0>
¼ê´�Ï�m�[�*ÔnL§Ú�N>f(
��xù.

ã 4 bv¶� TiO2 0>¼ê¢Ü ε1 ­� (a) E//C 4
z��; (b) E⊥C 4z��

nØO��¢�ÿþ [21] bv¶� TiO2 �
0>¢Ü ε1 �JÜ ε2 ­�Xã 4 Úã 5 ¤«.

ã 4 ¥ E//C Ú E⊥C ü � 4 z � � þ n Ø ã
ÌÚ¢�ãÌÄ��Î. ω →0 �, 0>~ê©
O� ε1z(0) = 5.54, ε1xy(0) = 5.70, �¢�ÿþ
ê� ε(0) = 5.62 �ÎÜ [22], L²·��O��
{´Ün�. lã¥��±wÑ, $U«¤k¸
�   � Ú r ÝÑ � ¢ � � � Ó; � 1 f U þ  
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u 8.1—8.8 eV �, ε1z �1fUþO�:ì~�,

3�$Uþ«� (< 8.6 eV)ε1z ´�u"�, pu
ù�Uþ ε1z K�u". nØO��¸�'¢�
ÿþ�p 0.8–1.0 eV. 3$U«, 0>¼ê¢Ü�
1fUþ�O\
O\, 3ü�4z��þO�
���0>¼ê¢Ü�©O´ ε1z(4.27) = 13.40,

ε1xy(4.16) = 14.20.

ã 5 ¥ ε2 3áÂ>NCLyÑr����É
5, �'�e, ¢�ÿþ0>¼ê3áÂ>NC�
��É5Ly�¿Ø²w. E⊥C 4z��þ�[
��rÝ' E//C ����, nØO��A�Ì�
¸ �3ã¥�kI5. (ÜU�(�Ú��Ý�
� ε2 3�$Ú�pUþ«��¸©O�Aud�
���¥ t2g Ú eg ;��áÂ�[, E⊥C Ú E//C

4z���áÂ�>©OéA��Úm��[. d
u��0>¼ê�JÜãÌ´U�NX����
Ly/ª, ãÌ¥���¸8áuØÓ��m��
�[, Ïd, �±�âþãU�(����Ý�n
ØO�(J, énØO��Ì�0>¸?1�@,

�[�¹�(J�uL 2 ¥. lL¥�±wÑ, é
u E//C 4z��, Pπ → dxy �[´ó4B��,


éu E⊥C 4z��%´#N�.

ã 5 bv¶� TiO2 0>¼êJÜ ε2 ­� (a) E//C 4z
��; (b) E⊥C 4z��

L 2 0>ºêJÜ ε2 ¸�©Ù9�[�¹

ε2z 0>¸  �/eV �[�¹ ε2xy 0>¸ ¸ �/eV �[�¹

Z1 4.56 Pπ →dxy xy1 4.48

Z2 5.34 Pπ →dxy xy2 5.32

Z3 8.65 Pπ → σ* xy3 7.72

Z4 10.06 π → π∗ xy4 8.61 σ → π∗

xy5 10.01 σ → σ∗

3.2.2 Eò�Ç
3áÂ0�¥ò�Ç n A�Eê n + ik ¤�

O, ^ N L«. 0>¼ê�Eò�Ç�m�'X�

[n(ω) + ik(ω)]2 = ε1(ω) + iε2(ω), (3)

0>¼ê�d (3) ªíÑ:

ε1(ω) = n(ω)2 − k(ω)2,

ε2(ω) = 2n(ω)k(ω), (4)

÷ E//C � E⊥C ü�4z���O�(J
Xã 6 ¤«, ã¥ n �ò�Ç, k ��1Ç. ò�Ç
�¢�ÿþ�� n(0) = 2.40[22], 
�©O�(J
� nz(0) = 2.28, nxy(0) = 2.32, �¢�(J�¬Ü.

ü�ØÓ�4z��þO����ò�Ç��¸
�©O� nz(4.31) = 3.74, nxy(4.25) = 3.62, ��
©z�(J�Î [23]. ã 6 L², bv¶� TiO2 �

ò�Ç3��Uþ��ÑLyÑ²w�Vò�5,

Ó�, �1Xê3áÂ>NCw«Ñr����É
5, ù´dbv¶� TiO2 ��¬N(�A:¤û
½�.

3.2.3 áÂ1Ì

α(ω) =
2ωk(ω)

c
=

ε2(ω)ω
n(ω)c

. (5)

|^áÂXê α(ω) ��1Xê k(ω) �m�
'Xª (5) �±��áÂ1Ì, Ù¥ c �ý�¥�
1�. ã 7 ´ E//C Ú E⊥C ü�ØÓ4z��þ
�áÂXê�1fUþ�ãÌ (¢��nØO�
�áÂ1Ìã, J��¢�ÿþ���áÂ1Ì
ã [23]). lã¥�±wÑnØ­�¸� �9C
zª³�¢�­��ÎÜ, �¸�rÝd�½��
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O, E¤ù�y��U��Ïk: 1) nØO�¥�
�Ä
��áÂ�K�, 
�Ñ
m��[!(f
áÂ!-fáÂ!gd16fáÂ9,�!"�
�!¬�áÂ�é1Æ5��K�; 2) O�Å�[
O�¤^�á�´n�¬N, 
¢�ÿþ¥¬Ø�
;�/Ú\,�, ,��áÂK�
áÂ¸�rÝ;

3) ¢�ÿþ¥�¬�¬¡(�éÿþ(Jk�½
�K�, X�¬L¡�zÔ¬K���1Ì�rÝ,

L¡o÷Ø²¬¦\�1u)Ñ�. þãÏ�nÜ
�(J��
$Uþ«¢�ÿþ¸�rÝ�un
ØO��.

ã 6 Xbv¶� TiO2 Eò�Ç�nØO�� (Ù¥ n

� k ©O�ò�ÇÚ�1Ç) (a) E//C ��; (b) E⊥C

��

ã 7 Xbv¶� TiO2 �áÂ1Ì­� (a) E//C 4z�
�; (b) E⊥C 4z��

���*��Ñ��áÂ�Å�, ã 8 �Ñ

 E⊥C Ú E//C ü�4z��þáÂXê�Å
��'X. ã¥ E⊥C Ú E//C ü�4z����
�áÂ�©O� 413.78 nm Ú 346.24 nm, `²b
v¶� TiO2 3áÂ>NCäk²w�1Æ��É
5. eæ^õ¬�4z�.O� (=��4z��
�²þ�), K��áÂ�� 380.01 nm, �¢�(
J�ÎÜ.

ã 8 nØO�bv¶� TiO2 1áÂXê�Å��'Xã

ã 9 bv¶� TiO2 ��1Ì�nØO��¢�ÿþ(
J [23] (a)E//C 4z��; (b) E⊥C 4z��

3.2.4 ��1Ì

R =
∣∣Eo

Ei

∣∣2 = |r|2 =
(n − 1)2 + k2

(n + 1)2 + k2
,

tan θ =
2k

n2 + k2 − 1
, (6)

R L«��Xê, Ei Ú Eo ©O�\�Ú��U
þ§θ ���L§�� Cz, �Iÿ� R Ú θ, Ò
U½Ñ1Æ~ê. �¢Sþÿþ θ ´é(J�, Ï
~´|^ θ Ú R �maq� Kramers-Kroning '
X, l¢�ÿÑ R(ω), |^

θ(ω) − ω

π
p

∫ ∞

0

lnR(ω)
s2 − ω2

ds (7)
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�Ñ θ(ω), Ò�±íÑ n(ω) Ú k(ω), =�� ε1(ω)

Ú ε2(ω), l
�±ÚnØ?1é'.

bv¶� TiO2 ���1ÌXã 9 ¤«, ã¥
�J�´^ÓÚ\�;�Ë�ÿþ�ü¬��1
Ì [23]. ÏLã�é'��, �©�O�(J�¢�
ÿþ­��¸ �9Czª³´�Ó�, ���¸
� ��0>¼êãÌ¥�Ñ�0>¸�éA. ù
´Ï�0>¼ê���1ÌÑ´�N>f31>
^Å|�6�^e�m�[�÷*Ly, Ïd, �
�¸�[Ån�0>¼êÌáÂ¸�[Ån��.

3.2.5 Uþ��¼ê
Uþ��¼ê£ã
��>fBLþ!0�

á��Uþ��, ÙL�ª�

− Im
1

ε(ω)
=

ε2(ω)
ε2
1(ω) + ε2

2(ω)
. (8)

Uþ��Ì�$U«Ì�´d\�>f��
N¥�f�d>f��5Ñ��^�)��lf

¸ÚeZ��m�[�¸�¤, U�¥G��Ý�
Cz3>fUþ��Ì$U��²wÑy°[(
�!Ñy�¸, ùlã 10 �±wÑ. ã¥ E//C �
�þUþ��¼êÌ�¸�©� 3 |, 1�|¸©
Ù3 5—13 eV «�, ¸�õ, �Ù¸���, 1�
|©Ù3 20—24 eV «�, ¸��ê'1�|��
õ, �k��kb�¸, Ù���u1�|�¸�;

1n|¸Ñy3 37—41.5 eV «�, Ì�kü�k
b�¸, Ù�'cü|Ñ��. E⊥C ��Uþ��
¼ê¸� �� E//C ���Ó, �¸�/Gk²
w��O, LyÑ²w�1Æ��É5, �áÂ1
Ì!Eò�Ç�1Æ5����É5���', Ù
�)�Ì��Ï´á��¬N(�¤û½�. d	,

Uþ��¼êãÌ¥Ñy�Ì�¸ ��áÂ¼
êãÌÚ�1Çã¥�¸ ��C, ¿�3pUþ
«�¸/�é�q, `² TiO2 1Æ5��m�3
XS3�éX, �>f��m�[�'.

ã 10 (a) Uþ��Ì; (b) áÂ¼êÌ; (c) ò�ÇÌ; (d) �1ÇÌ (¢�� E//C, J�� E⊥C)

3.2.6 1>�Ç

�,1áÂXêU
éÐ�L�Ù�>�A
5, �1>�Ç�·Ü�¢�(J'�5ýÿU
�nØ. 1Æ>�ÇÏ~^u£ã7á�5�, �
´ CASTEP ¥�õ�´£ãý�NÚ��N�1
Æ5�, �ö�Ì��O´, 7á¥�ù	1Ì¥
å­��^��m�[3 CASTEP ¥��vk�
Ä. TiO2 �1>�Ç�

σ = σ1 + iσ2 = −i
ω

4π
(ε − 1). (9)

d ε1(ω) Ú ε2(ω) �±O�Ñ1>�Ç�¢

Ü σ1(ω) , Xeª¤«:

σ1(ω) =
ωε2(ω)

4π
=

e2

8π2m2ω

∑
C,V

∫
ECV(k)

= ~ω
∣∣e · MCV(k)|2 dS

|∇k|ECV(k)
. (10)

Ù¥ MCV(k) =
〈
ΨCK

∣∣p∣∣ΨVK

〉
�ó4�[Ý


�, p �Äþ�Î, c Ú v ©OL«��Úd�,

ECV(k) = EC(k) − EV(k) ��[Uþ, dS ��U
¡þ�¡È�. ¦Úé¤k���Úd�?1, È
©31�Ùp�«?1.

¯¢ þ 1 >� Ç � ¢ Ü � � ± d σ1(ω) ∝
2nkω �Ñ, Ù¥ n Ú k ©O´Eò�Ç�¢ÜÚ
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JÜ, ω ´ªÇ. l (10) ª�±wÑ, 1Æ>�Ç
�¢Ü σ1(ω) �¹U�>f�[�&E, Ì¸��
Ãõ>fld�����[��z�Ú. ã 11 �
Ñ
ØÓ4z��þ1>�Ç¢Ü σ1(ω) �ªÇ

ã 11 bv¶� TiO2 1>�ÇãÌ (a) E//C 4z�
�; (b) E⊥C 4z��

�'X, lù	���1ªÇ�� (0—3.1 eV)σ1

Ä � � ± � ", � � ± � Ñ � � 6 > �
Ç (σdc 0.1Ω−1 · cm−1) ��. Uþ�u 3.1 eV �,

σ1 ×�O\, �áÂ1Ì���, L² TiO2 1Æ5
��m���´�Ó�, éA
>f��m�[.

d	, 1>�Ç�¥yÑ²w���É5. ¢Ã�
´'u1>�ÇéA��[�¹8c�vkk'
©z?1��, �´�YïÄ�±ÏLO�>f3
d�Ú���U��m��[é ε2 ��z, éÑ

1>�Ç¢Ü�z�¸éA�U�m�[ (��Ä
R��[)!u)�[� K : (1�Ùp�«S) Ú
éAuT:�Å¼ê, dd(½>�Ç¢Ü��¸
�8á, =�[�9�U�ÚÅ¼ê.

4 ( Ø

1. ^Äu�Ý�¼nØ�1�5�n�{ï
Ä
Xbv¶� TiO2 �>f(�!±9�Vò�
5!��É5�'é, �(Ün�)º
 TiO2 �
Vò�y�!��É5y���)!CzÅn.

2. O���
Xbv¶� TiO2 �¬�~ê,

���Y� 2.25 eV, ¤�U?NC���Ì�d Ti

�f 3 d ;��¤, Ù°Ý´ 5.15 eV, �©��ü
Ü©, Ù¥Uþ�p�Ü©°Ý� 2.63 eV, Uþ�
$�Ü©°Ý� 2.52 eV; d�Ì�d O �f 2 p ;
��¤, Ù°Ý� 4.76 eV, ù
Ñ��
¢��y
¢.

3. 0>¼ê!��1Ì9áÂ1Ì�¸� 
����3$Uþ���¢��ÎÜ�éÐ, 3p
Uþ��¸�� ��¢���ÎÜ. ÏL1Æ5
��é'©Û)º
>f(��Vò�5!��
É5�mS3�éX, =Vò�5!��É5�>
f��Ý�©Ù���', ��>fld����
��[���'.

4. �(©Û
��¼êÚ1>�Ç9Ù�á
Â1Ì�1Æ5��m�'X, �vk²(�Ñ¸
��>f�[�m���'X, �Ün�ïá
�
(�nØÄ:ÚïÄ�{, ²(
ïÄ��, é�
�8��ïÄó�k­���Æ¿Â.
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Theoretical research of correlation of electronic
structure with birefringence and

anisotropy of TiO∗
2
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Abstract

The crystal structure, the band structure, and the density of states of anatase TiO2 are analysed by using the plane-wave ultrasoft

pseudopotential method of the first principles based on the density functional theory. Then we calculate optical properties such as

dielectric function, energy loss function, photoconductivity systematically based on the results of electronic structure, and analyse the

correlation of electronic structure with birefringence and anisotropy. The obtained results are consistent well with the reported results

in the literature, revealing the natures of electronic structure of TiO2 and its birefringence as well as anisotropy theoretically.
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