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æ^Äu�Ý�¼nØ�1�5�n����{ÚJ¬Cq�{, 3Û��ÝCqÚ2ÂFÝCqeXÚï

Ä
n��Úo�� PbZr0.5Ti0.5O3 �Uþ­½5!�f(�±9>f(�. O�(JL²n���Uþ'o��

$, `²n��(��\­½, ¿�uy|^2ÂFÝCqO��(�ëê�¢��ÎÜ��Ð. >f(�L², ü

«�� Ti/Zr � 3d >fÚ O � 2p >fm�3²w�;�,z, ¿� Ti-O �m��^' Zr-O �^�r¶Pb� 6s

Ú 5d >f� O � 2sÚ 2p >f�©O�3;�,z. 
n��¥ Pb� 5d >f� O � 2s>f,z'o���r,

?�Ú`²n��'o��(��\­½.

'�c: �v�Y, n��, o��, �Ý�¼nØ

PACS: 71.20.−b

1 Ú ó

� v � Y (PbZrxTi1−xO3, 0 < x < 1, {

¡ PZT) ´u 20 ­V 50 c�u²!î8��E3

ïÄÚ¦^�õ�Ø>c>á�. �v�Y>bd

uäkÅ�ÍÜXêp!9º>�JÐ!�p�

Øp§Ý (� 380◦C ÚØ>Xê (� 600 pm/V)�

`:, �2�/A^�S�!�Uì!ÈÅì!�

(ê�!DaìÚ°Äì¥ [1,2]. PbZrxTi1−xO3 ´

d PbTiO3 Ú PbZrO3 |¤�ëY�MN, äkWv

¶.(�, �X x �O\ PZT ¬u)o���n�

��=C. k��´, 3 x = 0.5 NC PbZrxTi1−xO3

�Ø>~ê, >NÇÚ�5R^~êþ¥4��,

Ï
äk�©­��A^d� [3−6]. <�uy3¿

§e, x = 0.5 NC´ PZT �n�� - o��., n

��Úo��Ñ´dá�Wv¶(�²���Æ

C
5�, §��(�'��C, �¡d�.�O

Ó.�. (MPB)[7]. �v�YÏÙ3OÓ.�.N

C�AÏ5
É�¢�ó�ö�2�'5 [8−15].

�
�Ð/|^ PZT, ÒI�
)ÙOÓ.

�. (x = 0.5) NC�¬N(�Ú>f(�A�,

ù�âU�Ð/ÝºÙ5U. 3OÓ.�.NC,

PZT �MNkn��Úo��ü«�(�. â

·�¤�, ØÓ(� PbZr0.5Ti0.5O3 �­½5±9

>f(�5��vkXÚ/ïÄ. �©æ^1�

5�n����{ÚJ¬Cq�{, 3Û��Ý

CqÚ2ÂFÝCqeXÚ/ïÄ
n��Ú

o���MN PbZr0.5Ti0.5O3 �(�­½5±9

>f(�A�.

2 O��{��.

� © � O � æ ^ 
 Ä u � Ý � ¼ n Ø e

�1�5�n����{ÚJ¬Cq�{, $

^ Material Studio 4.4¥� CASTEP[16,17] ^��

5�¤�, §Ý� 0 K. ��'é³æ^
Û�

� Ý C q (LDA) � CA-PZ � ¼ [18,19] Ú 2 Â

F Ý C q (GGA) � PBE � ¼ [20] ü « C q �

{ 5 ? n. > f � l f ¢ � m � � p � ^ ³

æ^�^�³ (ultrasoft pseudopotential)[21] £ã,
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©Oò Pb � 5d106s26p2, Zr � 4s24p64d25s2, Ti

� 3s23p63d24s2 Ú O � 2s22p4 ;���d�;

�?n. ²LÂñÿÁ, 3�´�m¥, ²¡Å

��UþÀ�� 400 eV.éuJ¬Cq�{ [22],

n��Úo�� PbZr0.5Ti0.5O3 ·�æ^
Ð?

���., Ti Ú Zr �fÓâÓ�� �, �f·

Ü'~� 1 : 1. n��Úo�� PbZr0.5Ti0.5O3

� é ¡ ö � � m + © O � R3C Ú P4mm. 


éu����{, Ti Ú Zr �fÓâØÓ� �.

(a) (b)

ã 1 n�� (a) Úo�� (b)PbZr0.5Ti0.5O3 �¬N(�ã

ã 1 � Ñ 
 n � � Ú o � � PbZr0.5Ti0.5O3 �

���(��.. n�� PbZr0.5Ti0.5O3 ���

� ¥ k 10 � � f, � � ¥ � f Ó   � Pb(0, 0,

0), Zr(0.221, 0.221, 0.221), Ti(0.721, 0.721, 0.721),

O(0.538, 0.993, 0.395).o�� PbZr0.5Ti0.5O3 ��

��´ò�� PbTiO3 ����� PbZrO3 ��

÷ [001] ��U\�ï�. ��¥k 10 ��f,

��¥�fÓ � Pb(0, 0, 0), Zr(0.5, 0.5, 0.287),

Ti(0.5, 0.5, 0.792), O1(0.5, 0.5, 0.067)Ú O2(0.5,

0.5, 0.593). n � � Ú o � � PbZr0.5Ti0.5O3 �

Ù p � « (BZ) S � È © þ æ ^ 
 8 × 8 × 8

Ú 8 × 8 × 4 � Monkhorst-Pack/ª�AÏ K :

�{. 3S�L§¥, gUO��UþÂñ°Ý

� 5.0 × 10
−6 eV/atom,��fm�p�^å$

u 0.01 eV/̊A, SAåØ�u 0.02 GPa.

3 (J�?Ø

3.1 PbZr0.5Ti0.5O3 ���(((���ÚÚÚ­­­½½½555

·�æ^1�5�n����{ÚJ¬C

q�{, 3Û��ÝCq (LDA) Ú2ÂFÝC

q (GGA) eén���o��� PbZr0.5Ti0.5O3

? 1 A Û ` z, ± � � ¬ N � ­ ½ ( �, ± 9

¬ � ë ê Ú � �. L 1 Ú L 2 © O � Ñ 
 O

����(�ëê�. �
�yO��{�Ü

n5, 3L��e¡·���Ñ
�A�¢�

� [23,24] ± � B ' �. l L 1 Ú L 2 � ± w

Ñ, ����{ÚJ¬Cq�{�O�(J´

Ä����, 
�����{�U�Ñ Ti �f

Ú Zr �f�m��O. ·�©Or LDA Ú GGA

ü«�{O��n���o�� PbZr0.5Ti0.5O3

� ¬ � ë ê, � � � ¢ � � ' � [23,24],

uy^ GGA �{O�n���o���Ñ�(

J' LDA ��{oNþ��C¢��. Ïd, |

^ GGA O��(�ëê�¢��ÎÜ��Ð.

L 1 n�� PbZr0.5Ti0.5O3 (�ëê�nØO��Ú¢�� [23]

����{ J¬Cq�{
¢��

LDA GGA LDA GGA

a/Å 5.668 5.828 5.643 5.784 5.824

α/(◦) 59.895 59.406 59.991 59.627 59.600

Pb-O/Å 2.527 2.515 2.595 2.585 2.487

Ti/Zr-O1/Å 1.893/2.018 1.902/2.026 1.971 1.986 2.024

Ti/Zr-O2/Å 2.025/2.144 2.113/2.223 2.047 2.111 2.109

L 2 o�� PbZr0.5Ti0.5O3 (�ëê�nØO��Ú¢�� [24]

����{ J¬Cq�{
¢��

LDA GGA LDA GGA

a/Å 3.970 4.011 3.985 4.060 4.030

c/Å 4.133 4.431 4.030 4.130 4.145

c/a 1.041 1.105 1.012 1.017 1.028

Pb-O/Å 2.500 2.525 2.578 2.617 2.508

Ti/Zr-O1/Å 1.778/1.973 1.761/1.949 1.920 2.890 1.960

Ti/Zr-O2/Å 1.997/2.032 2.029/2.075 2.001 2.041 2.024
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·��ïÄ
n�Úo�� PbZr0.5Ti0.5O3 �

­½5�¹. L 3 �Ñ
O��ü�Uþ�. dL 3

�±wÑ, ����{ÚJ¬Cq�{�O�(J

´Ä����, �J¬Cq�{O��ü�Uþ�

��
. ·�^ LDA Ú GGA O��n���Uþ

'o���Uþ$. ù`²n��(�'o��(

��\­½. ?�Ú/, '�L 1 ÚL 2 (�ëê

�±wÑ, n�� Ti/Zr-O ���'o����, 


n�� Pb-O���'o��á. 
lL 3 ü�U

þ�þw, n��'o��­½, `² Pb-O��p

�^éü��­½5å'��^. ùò�e¡�>

f(�©Û(J¤?�Úy¢. du^����.

Ú GGA ��{O�(�ëê'�O(, e¡·�

Ò^ GGA ?�ÚO�§��>f(�, �)��

Ý, U�Ú>Ö�Ý, �©>Ö�Ý.

3.2 PbZr0.5Ti0.5O3 ���>>>fff������ÝÝÝ

ã 2 ´n�� PbZr0.5Ti0.5O3 �>f��Ýã.

do��Ý (TDOS)9Ù©Å��Ý (PDOS)ã�

±wÑ, 3¤�U?±e>f�Ì�8¥3n�

«�, −5 eV � 0 eV,−7 eV NC, −15 eV NC, §

�©Oäk pd ,z, sp ,z, sd,zA�. ©Û

z��f���Ý, /d·��±©ÛÑz��f

3 PbZr0.5Ti0.5O3 ¥��^. d� −5 eV � 0 eV,Ì

�d O � 2p �Ú Ti/Zr � d >f��¤, �3²

w� pd ;�,z��d�^. Zr Ú Ti ���Ý

	/þ�q, � Zr ���Ý��é���
, ù¿

�X Zr � 4d >fÚ O � 2p >fm��3;�

,z, �' Ti Ú O m�,zf. 3 −7 eV NC, Ì

�d Pb� 6s>fÚ O � 2p >f�¤, �3X sp

,zA�. 3 −15 eV NCÌ�©ÙX Pb� 5d >

fÚ O � 2s >f, üö��Ý©Ù�q, �3X

²w�,zA�. ù
L²Ø
Ì�� O � 2p �

Ú Ti/Zr � d ��;�,z	, Pb–O�äk�½�

;�,z.

L 3 n���o�� PbZr0.5Ti0.5O3 �Uþ�

����{ J¬Cq�{

LDA GGA LDA GGA

ER3C − EP4mm/eV −0.116 −0.028 −0.018 −0.004
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ã 2 n�� PbZr0.5Ti0.5O3 �o��ÝÚ©��Ýã±9 Pb, Ti, O, Zr�;���Ýã (a) o��Ý; (b) ©��Ý; (c)Pb;

(d)O; (e)Ti; (f) Zr

ã 3 ´o�� PbZr0.5Ti0.5O3 �>f��Ýã.

do�����Ýã�wÑ, Ù>f��ÝÚn�

��3X�
�q�?. = Ti � 3d>fÚ O � 2p

>fm�3²w�;�,z, Ti Ú O �m�3X

�d�^. Zr � 4d >fÚ O � 2p >fm��3

;�,z, �' Ti Ú O m�,zf. Pb� 5d >f

� O � 2s>f, Pb� 6s>f� O � 2p >fm�

3X;�,z. l��Ýã 3 Úã 2 �'���w

Ñ�
­���O, Äk5¿�$Uþ�� O � 2s

��>f��Ý3n���o��¥��O, lü

ã�é'¥, ²w�±w�3¤�U?±en��

¥ O � 2s�¸�'o�� O � 2s�¸��p. ù
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`², 3n��¥k�õ� O � 2s��>fë\


� Pb� 5d >f�;�,z. Ïd, n��¥ sd

,z'o���r, ù`²n��'o��(��

\­½, �c¡Uþ�©Û(J��.

3.3 PbZr0.5Ti0.5O3 ���UUU���(((���

ã 4(a) Ú (b) © O � Ñ 
 n � � Ú o �

� PbZr0.5Ti0.5O3 �U�(�. lã 4(a) �wÑ,

n�� PbZr0.5Ti0.5O3 ��Y´���Y, �Y°

Ý� 2.635 eV.3¤�¡±e�d�, U�dnÜ©

�¤. 3 −15 eV NCd Pb � 5d >fÚ O � 2s

>f�z, � 5d >fÓÌ�. 3 −7 eV NCkü^

U�, �ã 2 ÓUþ��S���Ý'���, ù

Ì�d Pb � 6s>fÚ�þ O � 2p >f�z, ü

^U��ª³��, U���Ñ5��. l −5 eV

� 0 eV ¥k 18 ^U�, Ì�´� O � 2p >f�

Ú�é�þ� Ti/Zr � d >f�Óâ.
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ã 3 o�� PbZr0.5Ti0.5O3 �o��ÝÚ©��Ýã±9 Pb, Ti, O, Zr�;���Ýã (a) o��Ý; (b) ©��Ý; (c)Pb;

(d)O; (e)Ti; (f) Zr
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ã 4 n�� (a) Úo�� (b)PbZr0.5Ti0.5O3 �U�(�ã

ã 4(b) ´o�� PbZr0.5Ti0.5O3 �U�(�

ã. lã 4(b) ¥�±wÑ, o�� PbZr0.5Ti0.5O3

��Y´m��Y, �Y°Ý� 1.870 eV.�n�

��', o���UY�Ä�
. lã 4 �±w

Ñ, o���U��©ÙÚn��k�
�q�

?. 3 −15 eV NCU�Ì�d Pb� 5d >fÚ O

� 2s >f�z, �ù
U�äk�~²w��Ñ

5, w«
ù
?u$Uþ��S>f��gd

A�. 3 −7 eV NC�ü^U�, d Pb� 6s>f

Ú O � 2p >f�z. ù
U���Ñ5½�r. '

�ã 4(a)Ú (b) �±wÑ, o��U���Ñ5'

n����Ñ5�r, `²o���>f�äk�
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gd�A�. Ïd, �n���', o���$Uþ

?�>f�Ø­½, =n��'o��(��­½.

ù
(J���Ý�(J´���.

3.4 PbZr0.5Ti0.5O3 ���>>>ÖÖÖ���ÝÝÝ

ã 5 ©O�Ñ
n��Úo��>Ö�Ý9

Ù�©>Ö�Ýã. lã 5(a)Ú (b) �>Ö�Ýã

�±wÑ, n��Úo�� PbZr0.5Ti0.5O3 � Zr/Ti

� O �mÑÑy
é��>f�­U, `²´�

d��^, ù�o�� PbTiO3 �¤�A�´��

� [25]. d	, ��±wÑ Ti � O �m��^' Zr

� O �m��^��r�:, �c¡��Ý�©Û

(J��. lã 5(c) Ú (d) �©>Ö�Ýã�±w

Ñ, 3 O �f±�/¤
>Öà8«, 
37á�

f (Pb/Zr/Ti) ±�/¤
>Ö��«, `²>Öl

7á�f=£���f, §��m/¤
lf�.

lã 5(c)Ú (d) ��±wÑ, ü�� Pb� O �mÑ

�3X�r�lf���^. é'ü�� Pb� O

��^, ·��±uyn��¥ Pb-O�m�lf

��^'o�� Pb-O�lf��^�âÑ. ù`

²n��'o��(��\­½, ù�c¡��Ý

�©Û(J�´���.

(a) (b) (c) (d)(a)(a) (b) (c) (d)

ã 5 n�� PbZr0.5Ti0.5O3 3 (111)¡þ� (a) >Ö�ÝÚ (c) �©>Ö�Ýã±9o�� PbZr0.5Ti0.5O3 3 (110)¡þ� (b) >Ö

�ÝÚ (d) �©>Ö�Ýã

4 ( Ø

æ^Äu�Ý�¼nØµee�1�5�n

²¡Å�^�³�{, |^����.ÚJ¬C

q�., 3Û��ÝCqÚ2ÂFÝCqeO�


n���o�� PbZr0.5Ti0.5O3 �MN�Uþ!

�f(�Ú>f(�. ����.ÚJ¬Cq�

.���(�ëêÄ���, ¿��¢��ÎÜ

/�~Ð. ÏLü�Uþ�é'©Û, uyn��

'o���­½. ·��O�
ü«��>f(

�, �)��Ý, U�Ú>Ö�Ý, �©>Ö�Ý.

>f(�L², ü«�¥ Ti/Zr � d >fÚ O � 2p

>fm�3²w�;�,z, = Ti/Zr Ú O m�3

X�d�^, � Ti-O �m��^' Zr-O �^�

r. Ó� Pb� 5d >f� O � 2s>f, Pb� 6s>

f� O � 2p >fm��3X;�,z. ü«�

�>f(���O´n��¥ Pb � 5d >f� O

� 2s >f�,z'o���r
, ù
(JÑ`

²
 PbZr0.5Ti0.5O3 �n��'o��(��\­

½, �¢�Jø
nØ�â.
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First-principles study of structural stability and
electronic properties of rhombohedral and tetragonal
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Abstract

The energetic stability, the structural and the electronicproperties of rhombohedral and tetragonal PbZr0.5Ti0.5O3 are systemati-

cally investigated by the first-principles plane-wave pseudopotential and the virtual crystal approximation (VCA) based on the density

functional theory, within the frameworks of local density approximation (LDA) and generalized gradient approximation (GGA). Our

calculation results show that the total energy of the rhombohedral phase is lower than that of the tetragonal phase, which suggests that

the rhombohedral structure is more energetically stable than the tetragonal one. Furthermore, the structural parameters calculated in

the GGA are well consistent with experimental values. From the analysis of electronic structure, we can find the strong hybridization

between Ti/Zr d and O 2p both in two phases. Furthermore the hybridization between Ti-O is stronger than that between Zr-O; there

also exists the hybridization between Pb s, d and O 2s, 2p. Moreover, the hybridization between Pb 5d and O 2s in the rhombohedral

phase is stronger than that in the tetragonal phase, which indicates that the rhombohedral phase is more stable than the tetragonal phase.
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