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æ^¬N�|�.ïÄ
É�	òL§¥��AC�Aåµþé	ò�.¡/�üz�K�, ¿éd�.�
�Úå�	ò�¬��ý?1
©Û. ïÄ(JL²: 3k�½����.¬Nþ?1	ò)��, e�.Ú	ò
��m��Ý�� (ε > 0.08), 	ò�¥�5ÆCU¬±�� ��/ªº�, �ª��±­½�6Ä��/ª)
��	ò��¬�����.��¥Cq�5'X. 
��.Ú	ò��m��Ý�� (ε < 0.04) Øv±/¤��
 ��, 	ò�¥�5ÆCU¬±L¡U�/ªº�, �ª¦��±�G/�)�. 3pLeÝ^�e, �.��Ú
��Ý���, �.Ú	ò��m¬/¤d�þ �5Kü�
¤���Ý¬.l
wÍUC	ò��)� �.
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1 Ú ó

É�	ò´�3�.á�þ�È)�,�«
��á��L§, §´ó�þ)�1>f��N
����«��ÊH��{, ¿�2�A^u�
�N!c>á�Ú1Æá��)� [1]. 3É�	
òL§¥, ��Ú�.á�äkØÓ�¬�:
~
ê, düö:
~êm���¤�)��5AC�
U��	ò�¥/¤�� �¿¦	ò���.
u)��Ý�ý [2]. ùòÚå��L�/��Ø
­½¿-	ò�¥yÑØÓ�)��ª, l
é	
ò¬N5�E¤K�. 	ò��.¡/�üz´u
)3�fºÝþ�Ä�L§, yk¢���J±é
Ù?1k��*	Ú©Û, 
/Ï�[Ãã��Ö
ù�Øv. ÄåÆ Monte Carlo �{Ú©fÄåÆ
�{´?1�f��)�Ä��[�­�ïÄÃ
ã. Much � [3,4] Ú Walther � [5] ¦^ÄåÆ Monte
Carlo �{ïÄ
É�	òL§¥�� ��/Ø
Å�, ±9dd���	ò¬Nî�ÚR���:

måUCé��.¡/��K�. Ü�� [6] Ä
u©fÄåÆ�{ïÄ
 Cu-Au NXÉ�	ò�

�üz1�; ±F�Ú±L [7,8] æ^©fÄåÆ�
{ïÄ
�� ��(��/¤L§±9B�¬
Î
��.é�� ��³��^�.

CÏ, Elder � [9,10] JÑ
Äu�Ý�¼nØ
�¬N�|�. (phase field crystal model), T�.
U
3�fºÝ (Å) Ú*Ñ�mºÝþ�[á�
��*|�üzL§, â»
DÚ�|�{ØU�
N�fºÝ&Eù�Û�. du¬N�|�.U

gU/ÍÜd¬N:
±Ï5(�Úå�õ­¬
â �Ú��5/C�y� [11], ùéul�fº
ÝïÄ��L¡��²¡¬N)�Å�9ÙÄå
ÆkX­�����^ [12]. �©æ^¬N�|�
.5ïÄ��	ò)�L§¥¬����Aåµ
þé	ò�)��ª�K�, ¿éd�.��Úå
�	ò�¬��ý?1©Û, ?Ø
�.��!�
�Ý�Ï��K�.

2 	³|�^e�¬N�|�.

�©¦^d Elder ��ï�¬N�|�., ¿
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\\±Ï5	³|�[É�	ò¥��.(�, d
d3�/�XÚ¥ÃþjXÔ��gdU F ��E
�

F [φ(r)] =
∫

dr

{
φ(r)

2

[
r +

(
q2
0 + ∇2

)2
]
φ(r)

+
1
4
φ4(r) + V φ(r)

}
, (1)

Ù¥, φ(r) ´�Å|SëþL«Û��f�Ý,
q0 = 2π/a0, a0 �L¬N:
~ê, ∇2 L«.Ê.
d�f, r ´�XÚ§Ýk'�ëþ, r ��, §Ý�
p, V ´^5½ÂÄN�±Ï5	³|. du φ(r)
´�Å|Sëþ, �â Chan-Hilliard �§�ÑÙÄ
åÆ�§�

∂φ

∂t
= ∇2 (δF/δφ)

= ∇2
{[

r +
(
q2
0 + ∇2

)2
]
φ + φ3 + V

}
. (2)

3¬N�|�.¥, XÚgdU�¼�Ä�é
Auäk,«¬Né¡5�±Ï5(�=n«
²ï� —— �� (liquid)!^G� (strip) Ú8�
� (hexagonal). 3��XÚ¥, �¦^ü�ê (one-
mode) Cq{¼�²ï����gdU�Ý (ü
 NÈ�gdU) ,��âú��{K5(½�
ã [13], Xã 1 ¤«. 3�©��[¥, æ^8��
L���.

ã 1 dü�êCq������ã

3 O��{

�©æ^�Ûª Fourier Ì�{éÄåÆ�§
?1¦), ÙlÑ�ª�

φk,t+∆t − φk,t

∆t
= −k2{[r + (q2

0 − k2)2]φk,t+∆t

+(φ3)k,t + Vk}, (3)

Ù¥ φk,t, (φ3)k,t, Vk ©OL« φ, φ3, V � Fourier

C �, k � Fourier � m e � Å ¥. 3 � © �
� [ ¥, � m Ú � � � ∆t = 0.3, O � «
� © 512∆x × 512∆x (64a∗ × 64a∗) Ú 512∆x ×
2048∆x (64a∗ × 256a∗) ü«, Ù¥ a∗ L«ü��
f�þÝ, 3O�«�>.?æ^±Ï5>.^�.

� © ¦ ^ ± Ï 5 	 ³ | V =
V1[cos(qtx) cos(qty/

√
3) − cos(2qty/

√
3)/2] + φ0

5�[�.(�, Ù¥ qt = 2π/at, at L«�.(
��¬N:
~ê, φ0 ´¬N��²ï�f�Ý,
V1 L«	³|rÝ, � V1 = 0.1 =�¼��{�
¬N(�. �ÏL^=�I x, y 5¦�.¬N�=
�½�Ý θ. �.á��	ò�m�¬���Ý ε

�±ÏLN��.�:
~ê at Ú	ò�m�:

~ê a0 5N!. 5¿�
�yÄN���5Ú
ëY5, �mÚ�7L�â ε ���·��N�.

4 �[(J�©Û

4.1 			òòò)))���LLL§§§¥¥¥���...¡¡¡///���üüüzzz

Äkæ^ 512∆x × 512∆x (64a∗ × 64a∗) �O
�«�, 3��ü�«À�§Ý r = −0.687, ²þ
�Ý φ0 = −0.49, �½�.þÝ� 7 ��f�. ã 2
��.�=� θ = 3.1◦, ε = 0.08 ��É�	ò)
�L§. Xã¤«, 	ò��.¡üz� �/Ø
L§�©�n��ã. 1��ã (a), (b) � �/
Ø±c�)��ã, ��Äk3ÄN����¡þ
±���/ª)�, ,
du	ò���.m�:

��¦	ò��u)�5AC, ùò����L
¡/¤½º (corrugation) ¿3���?�)Aå8
¥, Ï
��?¤�
 �/Ø�`k �. 31
��ã (c), (d), 	ò��ÆCU�XþÝ�O\

ììO�, ù¦Ù.¡�Ø­½5O�. ã 3(a)
¥w«
	ò�²þ.¡þÝ��m�üz­�,
²þ.¡þÝ���L¡½º�/¤
ÅìO�,
���þÝ���.þÝ�Ù��¸�¿�)�
� �. 31n��ã (e), (f),  �/¤�, 	ò�
¥�ÆCU��º�, ��L¡�½ºìì��,
²þ.¡þÝúú~�, L¡/�ªu­½, ��
±­½�6Ä��/ª (step-flow) )�. ,
,  
�/Ø�	ò�¥�Aå©ÙEØþ!, �.Ú
��.¡?�5ACU��, �� �¬3AC
��^e��.����.¡?w£, qÏ� 
�m��p�^, 3 ���.$Ä�L§¥�
��X ��î�w£. Xã 2 ¥� � A, d
u æ ^ ± Ï 5 > . ^ �, Ù � ª w Ä � � . �
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,�ý, �ª/¤���.¡l
¦NX�oU
þü$. 
� ε > 0.08 �,  �/Ø��.þÝ
Åìü$, �ª �¬��3�.�	ò��.
¡?�)l
/¤���.¡. ã 3(b) ±Ñ
	

ò�²þ.¡ ���m�üz­�. dã��
3)�ÐÏ��±ð½�Ç)�, �X��¥�
M��ÅÚ�Ñ, )��Çeü, �ª��¬Ê�
)�.

ã 2 �.�=� θ = 3.1◦, ε = 0.08 ��É�	ò)�L§, Ù¥�.^çÚ�µIÑ,  �^xÚ�µxÑ (a) t = 0;
(b) t = 12000; (c) t = 13000; (d) t = 14000; (e) t = 16000; (f) t = 32000

ã 3 (a) �.�=� θ = 3.1◦ �	ò�.¡þÝ��m�üz­�; (b) 	ò�²þ.¡ ���m�üz­�

ã 4 w«
��Ý� ε = 0.04 ��	ò��
)��¹. *	ã 4 �±uydu��Ý~�¤�
��ü?²wCz: �´��Ý�~���XÚ�
�5ACUü$, Øv±/¤�� �, 	ò��

�.�m©ª�±��; �´	ò��l6Ä��
/ª)�=C��G)��ª. 3Ã�� �/¤
�^�e, ���L¡/�Cz´XÚ��5AC
UÚ��É5L¡U�p�^�(J. )�ÐÏ,
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	ò�¥�5ÆCU�XÙþÝ�O\
ììO
�, ,
ÙØv±)¤�� �, ù¦��5AC
U�U±L¡U�/ªº�, =ÏL/¤	ò�O
\���L¡È, ¦�5U=z�L¡U. �d	

ò�þÝO\¤È\��5U�	ò�L¡ÈO
�¤O\�L¡U���, ��¬±­½��G/
�)�. � ε < 0.04 �, du��AC~���L
¡��G(�¬Åì��.

ã 4 �.�=� θ = 3.1◦, ε = 0.04 ��É�	ò)�L§ (a) t = 1000; (b) t = 2500; (c) t = 10000; (d) t = 25000

4.2 ÉÉÉ���			òòòLLL§§§¥¥¥������)))������������CCCzzz

�¦^äk�½����.¬N?1	ò)
��, Ï~�±*ÿ�	ò���.¬Nu)�
ý [14]. 	ò��ù«)����UC
u¬��
�¤�)��5ACU�º�, =	ò�ÏLù«
 �Cz��.�m/¤�Ð�.¡��, l
;
��� ��/¤½ü$�� ���Ý, �ªü
$��NX�oUþ. ã 5 w«
��Ý ε = 0.08
�, ØÓ�.��e	ò���.�¬���C
z, �[(Jw«üö�m¤�5'X. Ferenc ¦
^ Dodson-Tsao �{ïÄÉ�	òL§¥�¬�
�ý��Ñ
aq(Ø [15].

�
ïÄ3��LeÝe	ò���.¡/
�CzÚ �1�, À�ëê r = −0.702, φ0 =
−0.47, ¿ÀJ 512∆x × 2048∆x (64a∗ × 256a∗) �

ã 5 ��Ý ε = 0.08 �, ØÓ�.��e	ò���.�¬
���Cz

O�«�. ã 6 w«
�.�� θ = 10.7◦, ��
Ý ε = 0.08 �É�	ò)��Ü©�[(J. �
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��ß/L���L¡?Û��5ACU�Cz,
ã 6(a)—(c) �Ñ
XÚ�Û�gdU�Ý, Ù�Ý
�'uÛ�gdU�Ý, xÚ�:gdU�Ý�p,
�L �, ã 6(d) ^�f�Ýã�Ñ
����ª
)�G¹. ã 6 �ß/�N
.¡­Ç�Cz�
 ��/ØL§. �±wÑ, �XLeÝ�O\, �
�.¡)��ÝwÍ\¯�L¡��²¡¬N)
�Å�É�³�, ù¦	ò�¥�5ACU×�O
\; ,	du�.��O�, ��L¡����Ý
�C�, ��	ò�L¡UO\, ùÑO�
	ò
�L¡�Ø­½5. �	ò��þÝ���.þÝ

�, �.Ú	ò��m/¤
d�þ�� �5K
ü�
¤���Ý¬., �ªUC
	ò��)�
 �. 3B�¬N��¥ù«¬. �´3pÝ�
²ï^�e�)� [16]. 3î�	òEâ¥, î�)
��	ò�²~¬u)¬¡��¿�3(Ü«�
N´/¤ �½��Ý¬., ù��©��[(J
�Î. ���	ò�� ��� ∆θ = 9.2◦, �±�
âúª ∆θ ≈ b/d 5O�	ò��ù« �Cz,
Ù¥ b �y¼¥þ���, d ��� �m�ål.
� b =

√
2/2a∗, d = 4.5a∗. ∆θ ≈ b/d ≈ 8.9◦ �ã

¥ �� 9.2◦ Ä���.

ã 6 3pLeÝ^�e, �.�=� θ = 10.7◦, ε = 0.08 ��É�	ò)�L§ (a) t = 150; (b) t = 500; (c) t = 600;
(d) t = 1000

5 ( Ø

�©æ^�¹±Ï5	³|�¬N�|�.
ïÄ
É�	òL§¥��AC�Aåµþé	
ò�)��ª�K�, ¿éd�.��Úå�	ò
�¬��ý?1©Û. ��±e(Ø:

1) 3äk�½����.¬Nþ?1	ò)
��, :
��Ý���¬é	ò��)��ªE
¤wÍK�. ��.Ú	ò��m��Ý���,
	ò�¥�5ÆCU¬±�� ��/ªº�, �

ª��¬±­½�6Ä��/ª)��	ò��
¬�����.��¥Cq�5'X. 
��.Ú
	ò��m��Ý��Øv±/¤�� ��, 	
ò�¥�5ÆCU¬±L¡U�/ªº�, �ª¦
��±�G/�)�.

2) 3pLeÝ^�e, ��)��ÇO�, Ù
L¡��²¡¬N)�Å�É�³�. ����.
��Ú��Ý¬���.Ú	ò��m�)d�
þ �5Kü�
¤���Ý¬.l
wÍUC
	ò��)� �.
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Simulation of morphological evolution and
crystallographic tilt in heteroepitaxial growth

using phase-field crystal method∗
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Abstract
The phase-field crystal (PFC) model is employed to study the morphological evolution and the crystallographic tilt of heteroepi-

taxial growth on vicinal substrates. The results are as follows: for heterostructures with large misfit (ε > 0.08) the crystallographic
tilt of epitaxial layer is approximately proportional to the substrate miscut angle, while the elastic strain energy of the film will lead to
the nucleation of dislocation, which contributes to step-flow growth mode. As for the heterostructures with small misfit (ε < 0.04) the
elastic strain energy will be released in the form of surface energy, and the surface profile of epitaxial film is dislocation-free island.
When exposed to high undercooling, the substrate with large misfit and miscut angle will result in small-angle grain boundary between
the substrate and the epitaxial layer. The small-angle grain boundary is composed of arranged dislocations, and it significantly changes
the growth orientation of epitaxial layer.

Keywords: heteroepitaxial, morphological evolution, phase field crystal model, crystallographic tilt

PACS: 81.15.Lm, 81.15.Aa, 68.55.J–

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51075335, 10902086, 50875217) and the NPU Foundation
for Fundamental Research (Grant No. NPU-FFR-JC201005).

† E-mail: cc19870220@163.com

108103-6


