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1 Ú ó

gl 1972 c Fujishima � [1] y¢ TiO2 äk1
xz¹5±5, TiO2 ��#.���N1xzJ
�É'5 [2−4]. du TiO2 g�äkíd!ÃÓ!
½5!1xz¹5�`:�2�A^u��
U>³!ÀY?n�+� [5,6]. TiO2 3~§e�
3n«¬�=bv¶�!�v¶�Ú7ù�� [7].
8cú@�w{´bv¶� TiO2 ��11xz
¹53n«¬�¥�J�Ð. Ó�, bv¶� TiO2

�B�°Ý�� 3.23 eV, áÂÅ��� 384 nm �
u 400 nm, Ì�áÂb	1. b	1�Uþ=Ó
��1oUþ� 4%, ��U|^Çé$, ùî�
�
 TiO2 �¦^��. 8c, é TiO2 ?1�,U5
´JpÙ��1�A�k��{��. duDè�
�äkAÏ�>f�(� 4fN 6s2 ½ 4fN−15d16s2

Ú´L�U?�É'5. Xu � [8] |^M� -
v�{��
Dèlf (RE = La3+, Ce3+, Er3+,
Pr3+, Gd3+, Nd3+, Sm3+) �,B� TiO2 ��, u
y�,�1xz¹5k¤Jp, �)ù£y�.
Wang � [9] ïÄ Nd �, TiO2 �1xz¹5, u

y Nd �, TiO2 ¬JpÙ1xz¹5, Ó�áÂ1
��Å��1��£Ä, �)ù£y�.

8c, 'u TiO2 �nØO��k�þ��.
X Yang � [10] ^4zg^�Ý�¼nØÜn�)
º
¢�¥ B �, TiO2 áÂ1Ì�ù£Ú7£y
�, �Ñ� B O �,�áÂ>ù£; � B �mY
�,�, du Moss-Burstein �A, áÂ>7£. Brik
� [11] æ^1��nO�
 Sm3+ �, TiO2 �>
f(�Ú1Æ5�, (JL², Sm3+ �,bv¶
� TiO2 Ú Sm3+ �,7ù�� TiO2 ��YCÄ,
áÂ1ÌþÑyù£y�. �t� [12] æ^�Ý
�¼nØ (density functional theory, DFT) O�
 C
ÒlfÚ C �lf�, TiO2 �>f(�ÚáÂ
1Ì, O�(JL², C �lf�,bv¶�Ú7
ù�� TiO2 �1Æ�Y���,��'©O~�

 0.18 Ú 0.30 eV, `² C Òlf�, TiO2 äkØ
Ó�1ÌáÂz�, ¿� C �lf�,�¬äk�
$�1ÌáÂUå. �´8c^ Nd �f�� Ti �
fp�,bv¶� TiO2 áÂ1Ì�¢�ïÄE�
3©Ü. ©z [13] ¢��Ñ, � Nd �, TiO2 �f
©ê� 1.5—2.5 at%�, áÂ1Ìu)7£, dïÄ
(Ø�¢�ïÄ©z [14] ��. du¬Nk±Ï
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5, �©æ^�©z [13, 14] �C� Nd3+ �,þ,
^1��nO� Nd p�,^�e, bv¶� TiO2

�>f(�ÚáÂ1Ì?1ïÄ. �©O��áÂ
1Ì�©z [14] �¢�(JCzª³�ÎÜ, �©
z [13] �¢�(J��.

2 O��.Ú�{

2.1 OOO������...

b v ¶ � TiO2 á u o � ¬ X, Ù � m +
� I41/amd, bv¶� TiO2 ü��k 12 ��f,
�) 4 � Ti �fÚ 8 � O �f. �ï��,ü
�, Ó��
O�/¤U�ï����,bv¶
� TiO2 ��; ïán«ØÓßÝ Ti1−xNdxO2 �
��., = 1 � Nd �f�� 1 � Ti �f TiO2

(1 × 2 × 1) ���., 1 � Nd �f�� 1 � Ti �
f TiO2 (2 × 2 × 1) ���., 1 � Nd �f�� 1
� Ti �f TiO2 (1×5×1) ���., Xã 1 ¤«. �
ØÓ���.éA� Nd3+ �,þ� x = 0, 0.125,
0.0625, 0.05; éA�f©ê©O� 0, 4.17 at%, 2.08

at%Ú 1.67 at%; éA�þ©ê©O� 0, 14.52 wt%,
10.47 wt%Ú 8.49 wt%.

2.2 OOO������{{{

� © æ ^ Ä u DFT � ² ¡ Å � ^ �
³ � { (ultrasoft pseudopotentials, USP)[15], A
^ CASTEP[16] ^��éïá��.?1AÛ`
zÚUþO�. ^2ÂFÝCq (generalized gradi-
ent approximation, GGA) � PBE[17] �¼£ã>f
Ú>fm�p�^����'U. ^ USP �{ [18]

5£ã>f�m��p�^³, À� Ti, O, Nd ��
f�d>f|�©O� Ti-3s23p63d24s2, O-2s22p4,
Nd-4f45s25p66s2. 3��¥�m¥, � Ti1−xNdxO2

�� (x = 0, 0.125, 0.0625, 0.05) ©OéA�1�Ù
p�« k :� 1×4×2, 4×2×2, 2×2×2, 1×4×2.
²¡Å�äU�»��� Ecut = 400 eV, Uþ!g
U|�Âñ°ÝÑ���z��f 2 × 10−5 eV, ¬
NSAåÂñIO��� 0.05 GPa, z��fÉå
Ø�L 0.5 eV/nm, ú� £� 5.0 × 10−5 nm.

ã 1 ØÓßÝ Ti1−xNdxO2 ���. (a) Ti0.875Nd0.125O2; (b) Ti0.9375Nd0.0625O2; (c)Ti0.95Nd0.05O2
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3 (JÚ?Ø

3.1 (((������½½½555©©©ÛÛÛ

é��, TiO2 ü�?1AÛ`z, Ù(JX
L 1 ¤«. `z��¬�ëê� a = b = 3.776 Å,
c = 9.486 Å, c/a = 2.512, V0 = 135.253 Å3, �©
z [19] �¢�(J a = b = 3.785 Å, c = 9.514 Å,
c/a = 2.513, V0 = 136.299 Å3 �ÎÜ, ¬�NÈ V0

��éØ�� 0.7%, c/a ��éØ�� 0.039%, L
²O��¬N(�ëêÜn. ¿�lL 1 éN´
wÑ, ��,c�', �,�¬�~êÚNÈÑO
�, ù´du Nd ��f�» (0.185 nm) ' Ti �
f�» (0.145 nm) �, ��f�»�� Nd ���
f�»�� Ti �, �âþfzÆnØ, �X Nd �
Ú\¬NNÈATO�. ,	lL 1 ¥��, �,
Dè Nd ���õ, XÚUþ�p, ¬NNÈ��.

ù´du� 3 d�Dè Nd ���, TiO2 ��¬
N¥� Ti4+, ¬N¥"� 1 �>f, ¦�õ{�>
Ö�m�pü½�^O�, XÚUþ,p, NÈO
� [20].

^,�/¤U5©Û�,é(�½5�K
�, é��,Ú Nd �,Ñæ^�ÓNX����
., ,�/¤U Ef

[21] �L�ª�

Ef = ETiO2:Nd − ETiO2 −
m

4
ENd4 +

n

2
ETi2 , (1)

ª¥ ETiO2:Nd �O �, Nd �NX�oUþ,
ETiO2 ���, TiO2 ��NX�oUþ, ENd4

Ú ETi2 ©O� 4 � Nd �f!2 � Ti �fUþ, m

Ú n ©O��\ Nd �f�êÚ�� Ti �f�ê.
Ti1−xNdxO2 (x = 0.05, 0.0625, 0.125) ���/¤
U©O� 1.603 eV, 1.722 eV Ú 1.999 eV. O�(J
L², �,ßÝ��, /¤U�~�, /¤�(��
½.

L 1 AÛ`z� Ti1−xNdxO2 (x = 0, 0.05, 0.0625, 0.125) òÜ�¬�ëê

a/Å b/Å c/Å V0/Å3 �,/¤U/eV

��, TiO2 3.776 3.776 9.486 135.253 —

Ti0.95Nd0.05O2 3.819 3.815 9.865 143.812 1.603

Ti0.9375Nd0.0625O2 3.831 3.831 9.865 144.793 1.722

Ti0.875Nd0.125O2 3.884 3.843 9.944 148.431 1.999

3.2 ���©©©>>>ÖÖÖ���ÝÝÝ©©©ÛÛÛ

�
�*'��,c�bv¶� TiO2 �.C
z�ª³, éÙ?1�©>Ö�Ý©Û. ��,b
v¶� TiO2 ��©>Ö�ÝXã 2 ¤«, �,�
bv¶� TiO2 ��©>Ö�ÝXã 3 ¤«. lã 2
�±wÑ, ��,bv¶� TiO2 Ì�±lf��
Ì, ù3�¡ïÄ��,bv¶� TiO2 ���Ý
©Ù (��Ì�d Ti-3d �û½, d�Ì�d O-2p
�û½) ���?�Ú�y. lã 3 ��, �,�b
v¶� TiO2 �>f�U~f. O�(JL², �
,�bv¶� TiO2 lf�?�ÚOr.

3.3 ppp���,,,©©©ÛÛÛ

O� Ti1−xNdxO2 (x = 0.05, 0.0625, 0.125) �
��NßÝ©O� 1.5 × 1021, 1.8 × 1021 Ú 3.7 ×
1021 cm−3. ©z [22] �Ñ, ,�NßÝ�êþ?
3 1016—1018 cm−3 ��S�@�´$�,��
N, �,�NßÝ�êþ?�u½�u 1018 cm−3

��@�´p�,��N. ¤±�©æ^��.þ
�pßÝ�,. nØ�¢�L² [23], ��,ßÝ�
u 3 × 1018 cm−3 �, 16fÈÛ�AØ2²w, ,
��>lU�", >lÇ×�þ,� 1. ù´Ï�
,�U�?\
��, ¿����ë, /¤
#�
{¿U�, ¦U��G��Ýu)
Cz, {¿U
���Ü�\�B�¥, ¡���, =B�CÄ�
A [22]. ù3�¡B�CÄ©Û�¼��y.

3.4 UUU���(((���©©©ÛÛÛ

ã 4 ���,bv¶� (1 × 1 × 1) ��U�
©Ùã. lã 4 �±wÑ, ��,¬� TiO2 �¤
�U3d�ºNC, U���½Â, ¤�U?3B
��¥ÜNC, T^�½Â�¤�U?3d�
ºÜ, =ã 4 ¥":�¤�U? [24], ±eaÓ. �
�,bv¶� TiO2 ü��Y°Ý� 2.190 eV, �
Ü]� [25] �O�(J�ÎÜ. B�°Ý$u¢�
� 3.230 eV, ù´du DFT ^1�5�nO�¥
vk�Ä�� - 'é³�ØëY5, ¤±�Y°Ý
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���'¢�ÿþ� $ [26], �´ù« �ØK
��©O�(J�é��?Ø. lã 4 ��, ��
��Y�ld�º� F :���. Q :, ám�
��N, �du ud�º� Q : (−0.102 eV) =
' F : (−0.044 eV) $ 0.058 eV, ¤±, �k©zò
bv¶� TiO2 CqÀ����Y��N [25].

ã 2 ��, TiO2(100) ¡��©>Ö�Ýã

ã 3 Ti0.95Nd0.05O2 (100) ¡��©>Ö�Ýã

ã 4 ��,bv¶� TiO2 (1 × 1 × 1) ��U�©Ùã

�©�?Ø�,� Ti1−xNdxO2 (x = 0.05) �
��U�(�©Ù, Xã 5 ¤«. dã 4 Úã 5 '
���, B�°Ýd 2.190 eV C� 1.727 eV, ��Ú
d�Ñ²we£. ��e£�'d�e£�õ, O
�(J¦Ù�Y°ÝCÄ. duc¡�p�,©Û

��, �,�/¤,�U�, Nd-4f ��Ñy3��
., �)���A. ù�p�,©Û���.

ã 5 Ti0.95Nd0.05O2 �¬��U�©Ùã

3.5 ���,,,��� Ti1−xNdxO2 (x = 0.05) ������
���������ÝÝÝ©©©ÛÛÛ

Xã 6 ¤«, ��,bv¶� TiO2 ���Ú
d�Ì�d Ti �f� 3d ;�Ú O �f� 2p ;�
�Ó|¤, Ù¥��Ì�´ Ti �f� 3d ;��z,
d�Ì�´ O �f� 2p ;��z. ã 7 � Nd �,
�bv¶� TiO2 ©Å��Ý©Ùã. lã 7 ¥u
y, Ti0.95Nd0.05O2 �����Ì�´ Ti �f 3d ;
�Ú Nd �f 4f ;���Ó�z, d�Ì�´ O �
f 2p ;�!Ti �f 3d ;�Ú Nd �f;� 4f ;
���Ó�z, Ù¥d�ºE,d O �f 2p ;�
û½.

ã 6 ��,�bv¶� TiO2 (1 × 5 × 1) o��ÝÚ©
Å��Ý©Ùã

� Nd �,þ�~�, Ti1−xNdxO2 ���Úd
�Ñu)e£. �
©Û��e£��Ï, �©�
Ñ
ØÓ Nd �,ßÝ�bv¶� TiO2 �©Å�
�Ý, Xã 8 ¤«. lã 8 �±wÑ, �X Nd �,
þ�Cz, Ti-3d Ú Nd-4f ;�>f�Ó�$U?
��£Ä. ��e£´du�, Nd ±� Nd-4f ;
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�>f����, ù�c¡�p�,©Û�� [23].
3��, TiO2 ¥, Ti-3d ;�>f� O-2p ;�>
f�p�^/¤a d ���Úa p �¤�, /¤�
Y. �\ Nd ±�, Nd-4f ;�>fäk' Ti-3d ;
�>f�$�Uþ. Nd-4f ;�>f� O-2p ;�>
f/¤�a d ���, äk'��, TiO2 ¥�a d
����$�Uþ, �¤����,þ�~�, Nd-
4f ;���$U��£Ä, l��
��eü
�wÍ.

ã 7 Ti0.95Nd0.05O2 �¬��o��ÝÚ©Å��Ýã

ã 8 Ti1−xNdxO2 (x = 0.05, 0.0625, 0.125) �¬��©
Å��Ýã

�X�,ßÝ�~�, d�eü, ù´ TiO2

¥ p-d ü½�AOr�(J. �,�, 3bv¶
� TiO2 ¥�3 p-f �p�^Ú p-d ü½�A, Ù
¥ p-f �p�^¦d��$U��£Ä, p-d ü½
�A¦d��pU��£Ä, p-d ü½�A� Ti-3d
;�>fOõ, p-d ü½�AOr, ùÒ��
 p-f
�p�^fu p-d �p�^, d��$U��£
Ä~f.

nþ¤ã, � Nd � TiO2 ¥, ��Úd�Ó�
eü, B�°ÝCÄ´du��'d�eü�õ¤
�. ¿��,�, ��,ßÝ��, ��'d�e£

�õ.

3.6 ���,,,��� Ti1−xNdxO2 (x = 0.05) ������
������������YYY©©©ÛÛÛ

dubv¶� TiO2 �±Cq����Y, ¤
±���Y�°Ý´l���$: G (CBM) �
d��p: G (VBM) �m�°Ý. lØÓ�,
þ Ti1−xNdxO2 (x = 0, 0.05, 0.0625, 0.125) ��
O�ÑU�©Ù���Y�©O� 2.190, 1.727,
1.884 Ú 1.953 eV. ���YÚ�,þ�Cz'XX
ã 9 ¤«. lã 9 �±wÑ, 3�©�½�p�,
ßÝ��S, ��,þ~�, bv¶� TiO2 ���
�YCÄ. ù´dud��YdüÜ©û½ [27]: >
fí{¿Úå� Burstein-Moss (B-M) ¤£¦�Y
\°; õN�AÚå¿�nâ (Urbach) ��, ¦�
YÂ . du Nd �,ßÝ��, õN�AÚå Ur-
bach ���^ru>fí{¿Úå� B-M ¤£�
�^, ¤±�,ßÝ���Y�Ä. O�(J�©
z�¢�(JCzª³��, �c¡���Ý©Û
���

ã 9 Ti1−xNdxO2 (x = 0, 0.05, 0.0625, 0.125) ���Y
©Ùã

3.7 ���,,,��� Ti1−xNdxO2 (x = 0.05) ������
���áááÂÂÂ111ÌÌÌ©©©ÛÛÛ

�©æ^�g^4z�., ^}�Îé�
,� Ti1−xNdxO2 (x = 0.05) ��áÂ1Ì�O�
(J?1?�, }�Î��� 1.040 eV[28]. O
� Ti1−xNdxO2 (x = 0, 0.05, 0.0625, 0.125) �áÂ
1ÌXã 10 ¤«. Nd p�,�f©ê3�©�
½�ßÝ��S, ��,ßÝ��, bv¶� TiO2

áÂ1Ìù£�wÍ. �©O�(J�©z [14] ¥
� (TiNd 2) 8.72 wt%, (TiNd 3) 14.98 wt%ßÝ��
SáÂ1Ìù£�Czª³���. du¬Nk±
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ã 10 Ti1−xNdxO2 (x = 0, 0.05, 0.0625, 0.125) áÂ1Ìã

Ï5, ¤±Ã{�Ñ�¢�©z [14] ¥�ÜßÝ
��SáÂ1Ìù£�Cz5Æ. �©Ì��é©

z [13] ���áÂ1Ì¢�(J�Øv?1
?
�, Ó�é Nd p�,�bv¶� TiO2 1xzJ�
��k�½�nØ���^.

4 ( Ø

�©^1�5�nO�
 Ti1−xNdxO2 (x = 0,
0.05, 0.0625, 0.125) �>f(�ÚáÂ1Ì. O�(
JL², �,�, Nd �f 4f ;�Ú Ti �f 3d ;
�3��.u),zÍÜ�^, ¦��e£; O �
f 2p ;�!Nd �f 4f ;�Ú Ti �f 3d ;�3
d�¥�p,zÍÜ, ¦Ùd�e£. 3�©�½
�ßÝ��S, �d��', �,ßÝ��, ��e
£��õ, B�°Ý�Ä, áÂ1Ìù£�wÍ. �
©O�(J�©z [14] ¢��Czª³�ÎÜ.
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First-principles study of the electronic structure and
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Abstract
According to the plane wave ultra-soft pseudo potential technique of density function theory, we perform the first-principles

study of the electronic structure and absorption spectrum of heavily Nd-doped anatase TiO2 with different Nd concentrations, along

with those of pure anatase TiO2. The calculation results show that, within the concentration range of Nd set by this article, with the

doping concentration decreasing, the band gap becomes narrow, and the absorption spectrum is red shifted more considerably. The

experimental results are in accordance with the calculation results.
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