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�bv¶ TiO2 ���., éÙ��Ý!U�(�ÚáÂ1Ì?1
O�. (JL²: N ü�,�bv¶ TiO2 �ù
£�J�r, � Sm-N ��,bv¶ TiO2 �16fÆ·��, ���,/¤�NX�\½.
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1 Ú ó

1972 c Fujishima Ú Honda[1] uyÉ1Ë�
� TiO2 L¡Uu)Y�±Y�z��, ¦� TiO2

�ÉÊ8. TiO2 äkÃÓ!íd!½�A5,
Ù1xzA5�®�NõïÄ<
3¢�þy
¢ [2−5]. Cc5<��uyDè��äk`É
�1!>!^Úxz5U, Ù3 TiO2 U5�ï
Äó�¥�5�É�Æö�À. Dè��ü�
, TiO2 ���®kéõ, Setiawati Ú Kawano[6]

é Eu Ú Sm ©Oü��B� TiO2 �½5?1

ïÄ, uyDè�,�� TiO2 ¬��.�, NÈ
C�. Prociow � [7] é Eu �, TiO2 ���1-u
?1
&Ä, uy�,��NXé��1�áÂÇ
O\. Bian � [8] ��
Dè�,7ù� TiO2 ��
YÚ1xz¹5�nØO�, (JL²Dè�±²
wUõ7ù� TiO2 �1xz¹5.

7á��7á��, TiO2 3½5!16f
Æ·��¡`uü�, TiO2, Ïdé7á��7á
��, TiO2 �ïÄ�5�É�Æö�'5. 3¢
��¡, Xu � [9] é Eu-N ��,B� TiO2 Or�

�1�A?1
ïÄ, Ma � [10] ��
 Sm-N ��
, TiO2 ¦á����1�A�r. nØO��¡,
Ù�#� [11] ��
��,7ù� TiO2 �>f(
�Úù	1ÌïÄ, uy��,��NXéù	1
�k�½�áÂrÝ. Gao � [12] ��
 Pr-N ��
,bv¶ TiO2 �1�5�nïÄ, ���� TiO2

NX>fÚ�ÇEÜÇü$, l¦�1xz¹5
�p.

©z [13] �Ñ, LÞ7á��7á��,�,
ü«�,Ô©O��Ì,��ÉÌ,�, �öm�
3áÚå, ù���ÌU?���!ÉÌU?�d
�m�ü½å~�, ¦��ÌU?�ÉÌU?�f
U?£Ä, Jp
16fÆ·, ù«�Ó�AOr

á��1xz5U. �,©z [13] ´± ZnO �
��Ná�?1ïÄ, ,�Ó�AnØ3��b
v¶ TiO2 �ïÄ¥®�2�@� [12,14−16]. �´,
·�uy3�Ó�,ßÝ^�e, æ^1�5�n
ïÄ�©z [12] ¥Dè7á Pr � N ��,bv
¶ TiO2 ��ÌU?f£zª³, �©z [16] ¥L
Þ7á Fe � N ��,bv¶ TiO2 ��ÌU?f
£zª³�3²wØÓ: DèlfÚ�7á��,
��)��ÌU?f£z¿Ø²w. 8cÿÃ©z
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éT¯K�Ñ²()º. �©ïÄ Sm-N ��,b
v¶ TiO2 �>f(��, �Ó�uy�ÌU?f
£zª³Ø²w, E,�©z [16] ØÓ. ·�ßÿ
ù�U�Dè7áAÏ�>f(�k'. �
)û
ù�¯K, ·�ïá
�©z [12,16] �Ó���
�., Ó��
�¢�þ�áÂ1Ì�a', 3�
¢�ïÄ [10] �C��,ßÝ��S?1
 Sm-N
��,bv¶ TiO2 �1�5�nïÄ. Ï�¬N
äk±Ï5, ¤±O�ßÝØUÚ¢�þ���Ó.
�©^1�5�nO�ïÄ
 Sm-N ��,bv
¶ TiO2 �>f(�ÚáÂ1Ì, ��
k¿Â�
(J, ¿�)º
þã¯K.

2 nØ�.�O��{

2.1 nnnØØØ���...

bv¶ TiO2 d TiO6 l¡N�>|¤, é¡5
ép (I41/amd). O�æ^��.�X (1 × 1 × 1)
ü�; (2 × 2 × 1) TiO1.9375N0.0625 ��, N �,�
f©ê� 2.08 at%; (2 × 2 × 1) Ti0.9375Sm0.0625O2

�� Sm �,�f©ê� 2.08 at%; (2 × 2 × 1)
Ti0.9375Sm0.0625O1.9375N0.0625 �� N �,�f©
ê� 2.08 at%, Sm �,�f©ê� 2.08 at%(X
ã 1).

Sm

O

Ti

N

ã 1 2 × 2 × 1 Sm-N ��, TiO2 ���.

2.2 OOO������{{{

�©¦^ CASTEP(MS 5.5) ^�¥��Ý�
¼nØ (density functional theory, DFT) 2ÂFÝ
Cq (generalized gradient approximation, GGA) e
�²¡Å�^�³�{ (ultrasoft pseudopotentials,
USP)[17−20]. >fæ^�g^4z?n, Uþ�ä
�»�� 430 eV. ��3Ùp�«À�� k :©O
´ 7× 7× 3 (1× 1× 1 ü�), 2× 2× 2 (2× 2× 1 �
�). ú� £þ� 0.0001 nm, SAå�u 0.5 GPa,
²¡ÅUþÂñu 1 × 10−5 eV/atom, �fÉå
�u 0.3 eV/nm. Ti, O, N, Sm �f�d>f|�
©O�: Ti-3s23p63d24s2, O-2s22p4, N-2s22p3, Sm-
4f65s25p66s2. AÛ`z�, é���.?1U�©
Ù!o��Ý!©��Ý±9áÂ1ÌO�.

3 O�(J©Û

3.1 AAAÛÛÛ(((���`̀̀zzz

X TiO2 ü � A Û ` z � � � � ¬ � ~ ê
� a = 0.37542 nm, b = 0.37542 nm, c = 0.97304
nm. ù�©z [21] ¢�þ���êâ�~�C,
c/a '�Ø��u 2%, `²·��O�°Ý´��
�.

/¤U~�^5©Û,��,�J´§Ý, �
©¥ÙO�úªXe [22]:

Ef =ETiO2:D − ETiO2 − m(ESm − ETi)

− 1
2
n(EN2 − EO2), (1)

Ù¥ ETiO2:D ��,�NX�oUþ, ETiO2 L«
��,��A TiO2 ��NXoUþ, ESm, ETi,
EN2 , EO2 ©OL« Sm, Ti, N, O o«���©fU
þ, m Ú n ©OL« Sm � N O� Ti � O �,�
�f�ê.

L 1 X�!N �,!Sm �,� Sm-N ��,AÛ`z�bv¶ TiO2 �Ônëê

/¤U �� /Å À>Ö /e TiO6 l¡Nó4 NXo

Ef/eV Ti—O N—O Ti—N Ti O N Sm Ý /10−30 C·m Uþ /eV

X TiO2 — 1.930 — — 1.280 −0.640 — — 0 −42704

N �, 1.975 1.949 2.705 1.941 1.263 −0.662 −0.610 — 0.0929 −39534

Sm �, 1.684 2.206 — — 1.282 −0.661 — 1.560 0.3190 −40304

Sm-N ��, 2.326 2.340 2.609 1.939 1.253 −0.663 −0.510 1.490 0.5571 −40512
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dL 1 �Ñ�O�(J��, �éu Sm ½ N
ü�,��¹, Sm-N ��,�I����Uþ, �
Ù/¤�NXoUþ$uü�,NXoUþ, ¤±
��,(��½. L 1 ¥��Ñ
AÛ`z�
���m���Ú Mulliken >Ö©Û�����
��²þ>Öþ. d��Cz�±wÑ, N, Sm �
, TiO2 ¦� Ti—O m��O�, Ti—N �!Sm—O
�����Ñ�uX TiO2 � Ti—O ��. lþf
zÆnØ��, ù´Ï� N, Sm �lf�»©O
�u O, Ti �lf�», ¤± Sm ½ N �\bv
¶ TiO2 ¬.� TiO2 ¬�,  Sm-N ��,¬¦¬
�NÈ?�Ú)ä. du�,��NXu)¬�Æ
C, �f�>Öþ��fm��þu)Cz, ù¦
� TiO6 l¡N��K>Ö¥%Ø2Ü�)

SÜó4Ý [23]. �â Sato � [24] ���, ù«SÜ
ó4Ý�)�SÜÛ�>|k|u1)�Ç - >f
é�©l, =k|uJp�ÇÚ>f�Æ·, ù�
e¡U�(�©Û(J���. ¿�Jp
1xz

J�1xz¹5.

l N ü�,Ú Sm-N ��,�ü� N—O �
��±wÑ, ��,� N—O ���uü�, N—
O ��, ùL²� N ü�,�¹�', ��,� N
� 2p >f���C O � 2p >f�, ù��e¡U
�(�©Û(J���.

3.2 UUU���(((���©©©ÛÛÛ

ã 2(a)—(d) �Ñ
���.O�����
U�©Ù. ã 2 (a) ¥Xbv¶ TiO2 �B�°Ý
� 2.28 eV, �u¢�� 3.2 eV, ù´ GGA Cq�
5�K� [25]. du�©´é�é��'�, Ï
d GGA Cq�5�Ø�ØK�O�(J�?Ø.
dã 2(b), (c) ��, N �,bv¶ TiO2 �d���
�þe£, ��e£õud�, �)�,�U?
 ud�ºNC��d�ºu){¿, �)���
A, �ªB�°ÝCÄ�1.725 eV. ùò¦TiO2�)
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G Z T Y S X U R

Eg=2.28 eV

(a)

Eg=1.725 eV

G Z T Y S X U R

(b)

(c)

0.493eV
Eg=2.250 eV

/
e
V

/
e
V

/
e
V

/
e
V

G Z T Y S X U R

Eg=2.161 eV

(d)

G Z T Y S X U R

0.432eV

ã 2 �,c�bv¶ TiO2 U�(�©Ù (a) X TiO2; (b) N �,; (c) Sm �,; (d) Sm-N ��,
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ù£�A, ù�©z [26] �¢�(J�Czª³�
��.  Sm �,bv¶ TiO2 �)�,�U??
uB�¥m �, ,�U?ºå��. 0.493 eV, d
� TiO2 �B�°Ý� 2.250 eV, �Xbv¶ TiO2

�B�°Ý�'Ã²wCz. ã 2(d) L² Sm-N �
�,��B�°Ý� 2.161 eV, NX¥�)üÜ©
,�U?, �ã 2(b) é'��, ��,� N �,�
)�,�U?�d�º{¿§Ý�p, ù�L 1 ¥
��,�¹e N—O ��á�Czª³��.,�
�¡, ��,�¹e Sm �,�)�,�U?å�
�.�ål� 0.432 eV,Ñ�u 0.493 eV. ±þ(J
L², Sm-N ��,é'u Sm ½ N ü�,, �ÌU
?�ÉÌU?þ�fU?Ñ�£Ä. �,·�uy
��,e Sm �)��ÌU?f£zª³Ø²w,
�´ØK�>fÚ�Ç�©l. �â©z [27] ��
�, ��,e/¤��ÌU?�±Ð¼>f, ¦>

fÚ�ÇØ´EÜ, k|u16f�Æ·.

3.3 ������ÝÝÝ©©©ÛÛÛ

�
?�ÚïÄ Sm-N ��,ébv¶ TiO2

>f(��K�, ·��ÑO�����NXo
��Ýã�©��Ýã (Xã 3(a)—(d)), ¤�U?
þ�Uþ":. lã 3 w�, z�NX¥��Ì�
d Ti � 3d ��z, d�Ì�d O � 2p ��z. N
ü�,� (Xã 3(b)), N � 2p �3¤�U?NC/
¤��>f�, � O � 2p ��ë, �¤d�º, Ó
� N � 2p �� Ti � 3d �,z, �)'é�^ [28],
¦���e£, ü«�A�Ó�^~�
B�°Ý.
Sm ü�,� (Xã 3(c)), Sm � 4f �3B�«�/
¤,�U?. �, Sm �,¦����d�Ó�e
£, �B�°ÝA�vkCz.��� � � � ���� �� �	 
� � �	 
�

� �	 
� � �	 
�
�  � ���� � � �  � �� � � � � �

� � � � � �

�� � � � ��� � �  � ��� � �  � ��� ��� � � � ��� � � �  � ��� � �  � �� � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � �

�� � � �  � � � �  � �
� �  � ��� � � � ��� � �  � ��� � �  � �� �  � ��� ��� �

ã 3 �NX�o��ÝÚ©��Ý (a) X� TiO2; (b) N � TiO2; (c) Sm � TiO2; (d) Sm-N �� TiO2

lã 3(d) �±wÑ, Sm-N ��,�, d�Ì�
d O � 2p ��z, Ti � 3d �� Sm � 4f �éd�

�k�f�z, §�� O � 2p �,zÍÜ, ¦d�
e£,  N � 2p �3d�ºÜ� O � 2p �,z,
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�)���A, /¤#�d�º. Ó� N �f 2p
;��>f� Ti � 3d �>fu)'é�^, ¦�
��e£. ,��¡, Sm ���Ìlf, �ÉÌl
f N �páÚ, /¤ “ÉÌ - �Ì - ÉÌ” �EÜN,
¦��ÌU?�ÉÌU?þf£z [13]. Ïd, ��
,� N �,�)�ÉÌU?� O �¤�d�º{
¿z' N ü�,��²w,  Sm �,�)��Ì
U?Ñ�����C. �Ï� Sm �,�)��Ì
U?Ñ��C
 Ti �¤���, ¦� Sm-Ti mü½
åO\, ¦� Ti � 3d ��¤���Ñ�þ£. d
ã 3(a)—3(d) ��, Sm-N ��,����� Sm ü
�,�����'Ñ�þ£, ù«��þ£�A~
f
Ï N ��,�����eü, Ïd Sm-N ��
,�bv¶ TiO2 �B�°Ý (2.161 eV) �u N ü
�,�bv¶ TiO2 �B�°Ý (1.725 eV).

3.4 ���333¯̄̄KKK���©©©ÛÛÛ

©z [16] ¥±LÞ7á Fe � N ��,bv
¶ TiO2 ?1ïÄ, Fe 3�,¥åÌ��^� 3d �
>f	��k 4s2 �>f, Dè�� Sm 3�,
¥åÌ��^� 4f �>f	�K�3 5s25p66s2

>f�, ��õuLÞ7á Fe, ÏdDè7á Sm
� 4f �É�
ér�¶-�^. ·�@�, �´
ù«Dè7áAÏ�>f(�Úå�¶-�^,
�� Sm-N ��,bv¶ TiO2 ��ÌU?� Fe-
N ��,bv¶ TiO2 ��ÌU?�', f£zª
³Ø²w. ·�Ó�@�©z [12] Pr-N ��bv
¶ TiO2 �)��ÌU?f£zª³Ø²w½�D
è�� Pr AÏ� 4f �>f	��3 5s25p66s2 >
f�Úå�¶-�^k'.

3.5 áááÂÂÂ111ÌÌÌ©©©ÛÛÛ

O����áÂ1ÌXã 4. lã 4 ¥�±w
Ñ, Sm ü�,�, �,B�°ÝCzØ²w, ��
��áÂ1ÌEu)�½ù£, ù´Ï� Sm �,
�)�,�U?¦�d�¥�>f�±?1©?
�[, =káÂ��Uþ�1fld��[�,�
U?, 2l,�U?�[���, l¦ TiO2 é�
�1�áÂrÝO\, ù�©z [29] �¢�(J�
��.

N ü�,¦ TiO2 �B�CÄ, u)ù£y�,
ù�©z [26] �¢�(JCzª³���. �Ù¦
ü��,NX�' N ü�,NX�B��Ä, Ï
d N ü�,�áÂ1Ìù£�²w.

Sm-N ��,�, N ��\¦ TiO2 �B�CÄ,
� Sm ��\¦B�Ñ�C°, ÏdáÂ1Ìù£
�JØX N ü�,��¹. O����áÂ1Ì�
©z [10] ���¢�(J���.

�, Sm-N ��,bv¶ TiO2 �áÂ1Ìù
£§ÝØX N ü�,��¹, �lL 1 ���(
J��, Sm-N ��,/¤�NX' Sm ½ N ü�
,/¤�NX½. � Sm-N ��,bv¶ TiO2

16f�Æ·Ðu Sm ½ N ü�,��¹. ùéD
è��7á��bv¶ TiO2 1xzJ���äk
�½�ë�d�.

ã 4 X�!N �,!Sm �,!Sm-N ��,bv¶ TiO2

�áÂ1Ì©Ù

4 ( Ø

�©æ^1�5�nO�
X�!Sm Ú N ©
Oü�,±9 Sm-N ��,bv¶ TiO2 �¬N(
�!>f(�Ú1Æ5��K�, ïÄ
 Sm-N �
�,bv¶ TiO2 éÙ1xz��1�A±9lf
m��Ó�^Ån. O�(JL²: �,��NX
u)¬�ÆC, �f�>Öþ��fm��þu)
Cz, ù¦� TiO6 l¡N��K>Ö¥%Ø2
Ü�)
SÜó4Ý. ù«SÜó4Ý�)�S
ÜÛ�>|k|u1)�Ç - >fé�©l, =k
|uJp�ÇÚ>f�Æ·. >f(�©ÛL²,
Sm-N ��,bv¶ TiO2 ��ÌU?ÚÉÌU?
f£zª³Ø²w, �´�Ó�^²w. Sm, N ©
Oü�,±9 Sm-N ��,bv¶ TiO2 þ¦ÙB
�°ÝCÄ, áÂ1Ìu)ù£y�, Ù¥ N ü�
,e�áÂ1Ìù£�Ð, � Sm-N ��,�bv
¶ TiO2 �16fÆ·��, ���,/¤�NX
�\½. nÜ©Û'�O�(J, Sm-N ��,é
bv¶ TiO2 1xzJ���' Sm ½ N ü�,é
bv¶ TiO2 1xzJ����Ð.
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1994 J. Appl. Phys. 75 2945

[3] Tang H, Prassd K, Sanjinès R, Schmid P E, Levy F 1994 J. Appl.
Phys. 75 2042

[4] Forro L, Chauvet O, Emin D, Zuppiroli L 1994 J. Appl. Phys. 75
633

[5] Keith M G, James R C 1992 Phys. Rev. B 46 1284

[6] Setiawati E, Kawano K 2008 J. Alloy. Compd. 451 293

[7] Prociow E L, Domaradzki J, Podhorodecki A, Borkowska A,
Kaczmarek D, Misiewicz J 2007 Thin Solid Films 515 6344

[8] Bian L, Song M X, Zhou T L, Zhao X Y, Dai Q Q 2009 J. Rare
Earths 27 461

[9] Xu J J, Ao Y H, Fu D G, Yuan C W 2008 J. Colloid Interf. Sci.
328 447

[10] Ma Y F, Zhang J L, Tian B Z, Chen F, Wang L Z 2010 J. Hazard.
Mater. 182 386

[11] Zhang Z J, Meng D W, Wu X L 2011 Acta Phys. Sin. 60 037802
(in Chinese) [Ù�#, ���, ÇD 2011 ÔnÆ� 60 037802]

[12] Gao P, Wu J, Liu Q J, Zhou W F 2011 Chin. Phys. B 19 087103

[13] Yamamoto T, Katayama H 1999 Jpn. J. Appl. Phys. 38 166

[14] Gao P, Zhang X J, Zhou W F, Wu J, Liu Q J 2010 J. Semiconduct.
31 3

[15] Huang D G, Liao S J, Zhou W B, Quan S Q, Liu L, He Z J, Wan J
B 2009 J. Phys. Chem. Solids 70 853

[16] Zhang X J, Gao P, Liu Q J 2010 Acta Phys. Sin. 59 4930 (in
Chinese) [ÜÆ�, p�,7�Ú 2010 ÔnÆ� 59 4930]

[17] Ska K Z 2001 Thin Solid Films 391 229
[18] Segall M D, Lindan P J D, Probert M J 2002 J. Phys. Cond. Matt.

14 2717
[19] Marlo M 2000 J. Phys. Rev. B 62 2899
[20] Yanfa Y, AL-Jassim M M 2004 Phys. Rev. B 69 085204:1
[21] Burdett J K, Hughbanks T 1987 J. Am. Chem. Soc. 109 3639
[22] Cui X Y, Medvedeva J E, Delley B, Freeman A J, Newman N,

Stampfl C 2005 Phys. Rev. Lett. 95 256404
[23] Zhao Z Y, Liu Q J, Zhu Z Q, Zhang J 2008 Acta Phys. Sin. 57

3760 (in Chinese) [ëm�, 7�Ú, Á§Ù, ÜÛ 2008 ÔnÆ
� 57 3760]

[24] Sato J, Kobayashi H, Inoue Y 2003 J. Phys. Chem. B 107 7970
[25] Perdew J P, Mel L 1983 Phys. Rev. Lett. 51 1884
[26] Wu P G, Ma C H, Shang J K 2005 Appl. Phys. A 81 1411
[27] Wei H Y, Wu Y S, Lun N 2004 Mater. Lett. 39 1305
[28] Xu L, Tang C Q, Dai L, Tang D H, Ma X G 2007 Acta Phys. Sin.

56 1048 (in Chinese) [M', /�+, �[, /�°,ê#I 2007
ÔnÆ� 56 1048]

[29] Liang C H, Li F B, Liu C S, Lv J L, Wang X G 2009 Dyes Pig-
ments 76 477

167103-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 167103

First-principles study on the electronic structures and
absorption spectra of Sm-N codoped anatase TiO2
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Abstract

Based on first principles within density-functional theory, we establish three models of N doped anatase TiO2, Sm doped anatase

TiO2 and Sm-N codoped anatase TiO2 by using the plane-wave ultrasoft pseudopotential method. We calculate their densities of states,

band structures and absorption spectra. Their results show that although the N doped anatase TiO2 takes the best redshift, the Sm-N

codoped anatase TiO2 makes better lifespan of electron and the Sm-N codoped anatase TiO2 is more stable.
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