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1 Ú ó

/Ø´�?�C�å©, é�Y��CL§±
9�*|��üzäk­�K�. õc5<�é/
ØL§?1
2�ïÄ. ²;/ØnØg Volmer
Ú Weber[1] 3 20 ­V 20 c�JÑ±5, ��2�
�A^!J�9*Ð [2−4]. ,
, du/Øu)3
�fºÝ, �l�f*Ñ�¬Ø)�ª�é���
mºÝ, ��@£/ØL§8cE¡�­�]Ô.
Ø¢�ïÄ9nØïÄ	, Cc5�XO�Eâ�
��uÐ, �5�õ�ê��.��A^u/ØL
§�ïÄ, X©fÄåÆ [5−9]!�AkÛ [10−12]!
�|�. (PFM)[13,14]!�Ý�¼nØ (DFT)[6,15]

�. �DÚ�ù
ïÄ�{éJo�/ØL§�
�mºÝÚ�mºÝ. #CJÑ�¬N�| (phase
field crystal, PFC) �. [16−18] ´�«{z�²;�
Ý�¼nØ, U
Ó��N�f�mºÝÚ*Ñ�
mºÝþ�y�, ®¤õ�[
¬.[£ [19]!N
Ì©) [20]!¬N)� [21] �y�. Ø=Xd, ¬N
�|�.3ºÝþ�`³�¦§¤�ïÄ/Ø¯
K�#óä [22−25].

þ�/Ø�>u^�´æ­��¥�3�
�«åÏ, ùéAuÔn�.¥�D(, D(é

/ØL§�K�©ªáÚX�Æ[�5¿. Valls
Ú Mazenko[26] ^¹D(� Ginzburg-Landau �.
ïÄ
±^zÇ�Sëþ�/ØL§, uy/Ø-
¹U�D(rÝf�', �¦�é/ØÐÏ�)�
L§���'5. Castro[13] Äu�|�[uy�X
	\D(�'�Ý�O�, /ØÅ�¬lþ�/Ø
=z��þ�/Ø, �TïÄ�U�N�f�¡�
&E. Emmerich � [22] Äu3 PFC �.¥�\x
D(��ª, ïÄuy��XÚ¥D(rÝ�O\
¬UC¬â©Ù!O\/ØÇ, �du¤�\�x
D(¥¹kÅ��u�fmå�Ü©, ù�¢SÔ
nL§Ø�Î. Gránásy � [23−25] 3ÈKxD(¥
ªÇLp�Ü©�, ���m�'�kÚD(, Ä
u PFC �.ïÄ
��¬N�/Ø´», uy3v

��°Äåe¬k/¤�¬?
u)¬z, �¦
��éüz/�?1
ïÄ, ¿�é/ØL§¥�
)��m�?1'5.
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åÆ�¡�K�, )��mKÌ�Ny/ØÄåÆ
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�'D(�¬N�|�., 3��XÚ¥ïÄD(
éXÚ²ï9åÆÚþ�/ØÐÏ�)��m�
)�K�, ?
�\n)D(´XÛ>u/Ø�.

2 ¬N�|�.

�©æ^ Elder Ú Grant[17] JÑ�XÔ�¬N
�|�., �Ý�¼� Swift-Hohenberg . [27]:

F =
∫

dx

{
ψ

2
[−r + (∇2 + q2

0)
2]ψ + ψ4

}
, (1)

Ù¥ x �Ãþj��m ��þ, ψ �L�fê�
Ý��éCz, r L��§Ý�'�Ônþ, q0 ��
:
~ê a ¥�'�Åê, q0 = 2π/a. XÚüzL
§�d ψ ��müz�§ [22] ¤£ã:

∂ψ

∂t
= ∇2((−r + 1)ψ + (2∇2 + ∇4)ψ + ψ3)

+
( α

∆xd∆t

)1/2

η(x, t), (2)

Ù¥ d ��m�ê, ∆x, ∆t ©O��mÚ�Ú�m
Ú�. η �lÑz��ÅkÚD( [28], Ù���÷
v [29]:

〈η(x, t)η(x′, t′)〉

= −α∇2g(|x − x′|, λ)δ(t − t′), (3)

Ù¥ α �D(rÝ,

g(|x − x′|, λ)

= (λ
√

2π)−d exp
(
−|x − x′|2/(2λ2)

)
(4)

´pd©Ù��m�'¼ê, λ ��'¼ê�°Ý,
�À�A��'�Ý. �ü:ål�u λ �, ü:
A�Ø�', �©¥� λ = a. ù��ED(�ÈK
xD(¥Å��u�fmå��ÔnÅ, ¦D(�
Ú\��Ün [25].

�©æ^�f©l�ÛÌ�{ [23] ¦)¬N
�|���§, äN�[ëê�: q0 = 1, r = 0.3,
∆x = π/4, ∆t = 0.5, O�«�� 512∆x × 512∆x,
� � � ² ï � Ý © O �: peq

L = 0.3759, peq
S =

0.3118. ©¥ØAO`²	, Ð©���Ýþ�
� p0 = 0.315. �Ä�D(��Å5, XÚò3�
Ó^�eüz 10—20 g±~�Ø�, ¿¼��A
�Ø��.

3 (J�?Ø

3.1 DDD(((éééXXXÚÚÚ999åååÆÆÆëëëêêê���KKK���

D(3/ØL§¥��^Ì�´JøåÏ, �
�uÐ©��¥�S3Þá, Ïd, D(�Ú\Ø
ATUCXÚ�9åÆG�. �©Äku�XÚ
�²ï9åÆëê�Ú\D(�m�'X, ±(½
�[(J�Ün5. ��[ü�Ø%/Ø, �3�
[«�¥%é����«�S�\D(, Ð©²þ
�Ý p0 = 0.34. �L�XÚ²ï�¿J��'ë
ê, Ð©^���Xe: 3O�«�¥%é¡��
��, Ù{���, �N¥n²£G. 4XÚµþv

��m (d?µþ�m t = 1 × 106∆t) ¦�XÚ
UþÄ�ØC, ²LéÛÜ²þz?n��, ��
�²w���/��gdUã�. �~�����Å
5, �Å��� 20 �:, ��²þ�ÚCqØ��,
?
¦��éuÃD(��ê���éØ�, Ù¥,
�/�gdU�Ý�lgdUã�¥���:��,

�gdU�Ý�d©z [30] ¥�úª (50) O�
��. L 1 �Ñ
ØÓD(rÝeXÚ�/����
²ïG�ëê, �)�/�gdU�Ý geq

S/L, �gd
U�Ý γeq

S/L Ú�/�gdU�Ý�, ±9§�3k
D(��éuÃD(��Ø�.

dL 1 �±wÑ, 3�½�D(rÝ��S,
D(�Ú\éXÚ9åÆëþK�é�. =¦3D
(rÝ� 1 × 10−3 �, �/�gdU�Ý��éu
ÃD(�¹e��éØ��=� 1.3%, �gdU�
Ý��éØ�� 4.8%. ùL²3D(rÝ���
�¹e, D(éXÚ�9åÆ�K�é�, ù��
YïÄ¥D(rÝ�Ün��C½
Ä:.

3.2 DDD(((ééé///ØØØLLL§§§���KKK���

�,rÝ3�½��S�D(é/ØNX�
9åÆA�ÃwÍK�, �´D(3�C�å© -
/ØL§¥%�üX­��^. ã 1 �Ñ
ØÓ
D(rÝ^�e/ØL§¥NXgdU��m�
Cz�¹. ã¥�gdU­�´ÏLØÓüz�m
eéO�«�Sz�:�gdU?1¦Ú��. d
ã 1 ��, 3Ð©�ã�����ã�mS, ��
gdUÄ��±ØC, L²d�NX¥���)k
�æ­Ø%. ²{�����ãüz�m�, gd
U­��úþ,, ���p:�×�ü$. ã 1 ¥
gdUl A :NCm©,p, L²æ­Ø%m©/
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¤, ù´±YD(3NX¥���fà8�(J,
ÏLã 2(a) ��Ý�Ìã��±uyù�:: 3
gdU,p�å©: A ½ a NC, p�Ì��Ý
Å8¥Ñy, �Å¸må��fmå��, ù�
À��f�à8L§. �fà8¤�æ­Ø%,
ù��5�.¬Ø�/¤Jø
(�Ä:. gd
U�eüK¿�X)�L§�m©, gdU��

p �éAu�.¬Ø�/¤. ã 1 ¥üÌ�ã
� Ñ 
 Ø Ó D ( r Ý e � ü « � . ¬ Ø / �,
ã 2(b) K�Ñ
�.¬Ø��Ý�Ì. N´uy,
ü ö � / � � C, Ø 
 3 . ¡ ? � � f � k Ø
Ó	, º�Cz��, ùl�½§Ýþ`²
D
(rÝ3�½��Sé�.¬Ø/�Ú��K�
é�.

L 1 ØÓD(rÝeXÚ²ïG��Cz�¹

D(rÝ
��²ïg ��²ïg ��²ïg �gd ��gd �gdU

dU�Ý dU�Ý dU�Ý� U�Ý U�ÝØ�/% �ÝØ�/%

α geq
S geq

L geq
L − geq

S γeq

0
0.03624± 0.05505± 0.01881±

8.85×10−3

0.0000084 0.000038 0.000041

1 × 10−5 0.03623± 0.05506± 0.01883± 0.008820±
0.55 –0.62

0.000016 0.000029 0.000042 0.000022

1 × 10−4 0.03627± 0.05504± 0.01877± 0.008735±
0.19 –1.7

0.000016 0.000028 0.000034 0.000035

1 × 10−3 0.03619± 0.05501± 0.01882± 0.008686±
1.3 –4.8

0.00014 0.00018 0.00019 0.00026

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

 � � 



 � � �� �� � � � � � � �� � � � � � � �
ã 1 ØÓD(rÝeXÚgdU�üz­�

3¬N�|�.¥, ��Ú��Ñ´d�X�
äk�½�ÌÚ±Ï��ÝÅ5L� [24]. 3ÃD
(^�e, �!���«O3u, ���²ï�Ì
´��k��"�, 
���²ï�ÌK�". Ï
d, D(��Ì�éu���ÝÅ��Ì5`´�
é��þ, D(�Ú\é��K�Ø²w; 
é�
Ì�"�Ð©��5`K´�é��þ, D(�Ú
\´�Ð©���½Þá, D(rÝ��, Þá�
²w. /ØÐ©�ãXÚS�ÝåÏ�Å�Ä�¥
Ã5K©Ù, ��X�m�í£, �ÝÅ�Ì�5
��. ã 2(a) w«�´/¤æ­Ø%c��Ý�Ì
ã�, �±wÑ, d�NXS�ÝÅÅ�®ªu�

�, �Å��C­½¬N(���fmå.
���Ý�Ìl�C�, �ÝÅ�C��fm

å��, ù���L§�@�´�fæ­Ø%Åì
/¤¿à8�L§, �´�Ý�Ì����­��
Ì��, ¤±d���fæ­Ø%�´æ­��.
3,�«�S8¥Ñyþãæ­��f - p�Ì�
ÝÅ, �=��¥Ñy
á§kS, �´ù«á§
kS¤�/Ø�(�Ä: - (�åÏ; Ó�, (�å
Ï¬��XÚgdUÑyUþåÏ. Ïd, D(�
þ�/ØL§Jø(�åÏÚUþåÏ, D(��
3´þ�/Ø�cJ.

�X��¥kS(��à8, æ­Ø%Ò¬
Ñy, Xã 2(a) ¤«, d�æ­Ø%�kS(�®
²é²w, �®���½º�. ��Xæ­Ø%�
Ñy, ¬âÚ���.¡m©/¤. �±Ï��/
¤¬ü$XÚgdU, �.¡��)¬Jpgd
U, �d�æ­Ø%é�, .¡U�é�p, ±Ï�
/¤¤���gdUü$Øv±�Ö.¡U,p
�Ü©, �d�XÚgdU¬,p, Xã 1 ¥� A

:Ú a :, ù�:�²;/ØnØ���. æ­
Ø%�±Yà8Ú�Ì�±YO��ª���.
¬Ø�/¤, Xã 2(b) ¤«, �.¬Ø��/¤,
��=C¤���gdUü$ò��u.¡U�
O\, Ïd�.¬Ø�?�Ú��¬¦gdU:ì
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eü.
þã©ÛL², D(3/Ø¥å���^Ì�

Ny3/Ø)�ÏS, �k­½���3�, D(
�)�K�Ø²w. D(rÝ��, Ð©����
Ý�ÌÒ��, /¤æ­Ø%¤I�Ì��mÒ�
á, ù�Ò� á/¤�.¬Ø��m, =/Ø)
��m. ã 3(a) �Ñ
)��m�D(�Cz­
�, �±wÑ, �XD(rÝ�~�, )��mCq
¥�êO\. �D(rÝv
��, )��mÃ�
�, /ØL§Ø�Uu).

�.¬Ø´/ØL§¥�,��­�A�. ²
;/ØnØ¥, �.¬Ø¥�fê8 n∗ ´.¡U

Ú�/�gdU�Ý��¼ê [31]. duD(éXÚ
�9åÆ5�K��~�, D(é�.¬Øº��
K��A�©k�. ã 1 ¥��ã�ÑØÓD(r
Ýe�.¬Ø��Ý|, �±uy§��º���
Ø�, ùÒ`²D(rÝé�.¬Ø=k�fK�,
ù�²;/ØnØ�Î. ã 3(b) �Ñ/Ø³^�D
(rÝ�Cz (/Ø³^½Â�ü��f/ØL§
¥gdU�����/Ø��Ð©��m���).
lã¥��, /Ø³^�D(rÝ�O\=k�f
�Cz, Ïd�éuD(rÝé)��m�K�,
D(rÝé�.¬Øº�9/Ø³^ [19] �K�þ
��.

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

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

ã 2 ØÓD(rÝeXÚÛÜ��Ý�ÌCz­� (a) ã 1 ¥æ­Ø%m©/¤� A :Ú a :?��Ý�Ì; (b) �.¬
Ø/¤� B Ú b :?��Ý�Ì

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

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


 � �
ã 3 (a) )��m�XD(rÝ�Cz9[Ü(J; (b) /Ø³^�D(rÝ�'X

3.3 DDD(((rrrÝÝÝ���///ØØØÄÄÄåååÆÆÆ���'''ééé

D(é/ØL§�K�L², D(�/Ø�9
åÆG�'X��, �D(²wUC/Ø)��m,
�ö�/ØÄåÆ'X;�. e¡ò?�Ú�	D
(�/ØÄåÆ�'X. 3²;¹�/ØnØ¥,
�f3æ­Ø%þ�áN�øá´/ØÄåÆL

§�8¥Ny, ù�L§�^XeúªL« [31]:

En−1 + E1
k+(n − 1)−−−−−−−−→←−−−−−

k−(n)
En,

En + E1
k+(n)−−−−−→←−−−−−−−−

k−(n − 1)
En+1,

(5)

Ù¥ En L«�fê8� n �æ­Ø%, E1 L«ü
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��f; k+/−(n) ´æ­Ø% En þáN/øá�f
��Ç. úª (5) �m�ÞL«æ­Ø% En−1 ±
�Ç k+(n−1) áNü��fC� En �L§; ��
ÞK��, L« En ±�Ç k−(n−1) øáü��f
�L§. �fà8Ò´áN�Ç�uøá�Ç�u
)�y�. �/ØõØC±9øá�Ç���, á
N�Ç�p, )��m�á. ù�:ÚD(å��
�^�Ó, ¤±e¡ò?ØD(�áN�Ç k+(n)
�'X.

k+(n) ´ü �mSgd�fÚæ­Ø%�m
�-Egê��fNX�æ­Ø%þ�VÇ (NX
Xê) �¦È, ¡��f$Ä�ÄåÆXê. �â²
;¹�/ØnØ, /Ø)��m�ÄåÆXê�3
Xe'X [32]:

t = − 24kBTn∗

π2k+(n∗)∆µ
, (6)

Ù¥ t �)��m, ∆µ ´°Äå, T �ýé§Ý, kB

�À�[ù~ê. c©¤ã, þª¥�.¬Ø�f
ê8 n∗ Cz��, T Ú kB Ñ�~ê, ��Cq@
�)��m t �°Äå ∆µ ÚÄåÆXê k+(n∗)
�¦È¥�''X.

Äk�	)��m�°Äå�m�'X. 3
¬N�|�.¥, �C°ÄådL�ÚÝ s L�,
s = (peq

L −p0)/(peq
L −peq

S ), � p0 �O�éAX°Ä
å�~�. �nÜ�ÄD(rÝÚ°Äåé)��
m�K�, ã 4 �Ñ
ØÓD(rÝe)��m�
Ð©���Ý p0 �Cz­�. ÏLÿÁ�«¼ê
uy¼ê t = 1/(B∗(A−p0)) (A, B �[Üëê) �
¼��Z[Ü�J. [Ü(Jw«, ØÓD(rÝ
e�ëê A �´ð½�, A = 0.3163 ± 0.00006.
( Ü (6) ª 9 ã 4, k (A − p0) ∝ s ∝ ∆µ, ¤
± A − p0 �L
°Äå�Cz. Ïd, A �¿Ø
�D(rÝ�Cz
Cz, ´Ï�D(�\\¿
ØUC°Äå���, ù�c©�Î, =D(rÝ
�Cz=UC
Xê B ���, 
ØUCXê A

���. ã 5 �Ñ
Xê B �D(rÝ�Cz­
�, �±wÑD(�Or¬O�Xê B, [Ü(J
� B ∝ α0.05139±0.00265. �âIÝÆ, �ég,/
�� t ∝ 1/B. òù�(J� (6) ª�'�, ¿r (6)
ª¥�Ù¦� (T Ú n∗) CqÀ�~ê, ØJuy,
A− p0 éAu°Äå ∆µ �Cz, 
 B KéA
Ä
åÆXê k+(n∗) �K�. �é{`, D(�¤±U
C)��m´Ï�K�
�f�ÄåÆXê.

ÄåÆXê�.¡NXÇ�', Ïd, D(
�Ú\�UUC
.¡NX^�. �y¢ù�í

ä, ã 6(a) �Ñ
².¡c÷�í?ål3Ø
ÓD(rÝe�üz­�. dud�°Äå�,
.¡�)�´*Ñ��� [33], Ïd.¡í?å
l y ��m t �'X�^ y = C∗t1/2 5L�, Ù
¥ C ´�ÝXê [33], Ù�.¡NXÇ�' [34].
ã 6(a) �Ñ
 α = 1 × 10−3 �.¡[£�¹
9 α = 0, 1 × 10−4, 1 × 10−3 ��[Ü­�, �
±wÑ[Ü(JÎÜûÐ, �ØÓD(rÝe�.
¡í?L§«O��. ã 6(b) �Ñ
Xê C �D
(rÝ�Cz­�, �±wÑ, D(rÝ3�½�
�S�, Xê C �D(rÝ�O�
O�, ù`²
D(rÝ�O�UC
.¡�NX^�. ���Ñ
�´, ¦+D(¬é)�L§�)�½�K�, �
dã 6(a) �±wÑØÓD(rÝe�.¡[£L
§����, ù`²D(3)��ã�)�K�Ø
²w. l,���Ý©Û, 3/Ø�ã, /Ø³^é
p, �fØ´�L³^, ²L��m�üz, D(�
�^�±\\, �D(3/ØÐÏ�K�wÍ; 

3¬Ø­½)��, )�³^é�, �féN´�
L³^, D(3)��ã�)�K��éu/ØÏ
'�Ø²w.

ã 4 ØÓD(rÝe)��m�Ð©���Ý p0 �Cz

� � � � � � � � � � � � �� � � � �� � � � �� � � � �� � � � �� � 	 � �
 �� 
 � � � � � � �
ã 5 ØÓD(rÝeXê B �Cz
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� � � � � � � � � � � � � ��� � �� � ���� � 	 
 � 	
� 
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[23] Tegze G, Bansel G, Tóth G I, Pusztai T, Fan Z Y, Gránásy L 2009
J. Comput. Phys. 228 1612
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Abstract

Homogenerous nucleation process induced by the colored noise is simulated by the phase field crystal method. The results

indicate that the noise strenghth within a certain range almost has no influence on the parameters of equilibrium thermodynamics of the

nucleation system, such as nucleation engergy barrier and size of crtical nucleus; however, it will strongly affect the dynamics of the

system. The incubation time of nucleation decreases exponenially with the increase of the noise strength. Further analysis shows that

this is attributed to the fact that the colored noise can affect the atom mobility in the nucleation process.
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