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º���é�Y�K�. �Ã^|�äk�½�Y (�Y�����»¤�') �þf:�', 3	\k�^|e,
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1 Ú ó

g 2004 c, Geim � [1] � � Ñ � $ L
(graphene) ±5, �$LÉ�
�.�Æ[�
2�'5ÚïÄ. �$L´äk��8�·�¬�
:
(��ü�%�f¬N, §LyÑ�
´L
ÛÉ�>f5�, X16f�±w�´Ã�þ�
).�¤�f [2], ±9��êþf¿��A [3,4],
Ú Klein �B�A [5] �. Äu�$L�AÏ¬�
(�, <��±òÙ\ó¤�«/G [6], �~�
�´äkB�Ð°�B�^� (nanoribbons), X
ÉÃ. (armchair) Úç¸. (zigzag) �$LB�
�. éuÉÃ.�$LB�� [7], �ó�^ê÷
v n = 3m+2 �, Ù¥ m ��ê, LyÑ7á1�,
d	LyÑý�N1�. ,éuç¸.�$LB
��, ©ª�3"�>����7á1�. Ïd, Ô
nÆ[��&, éuØÓ����Ý, B��ò¬
¥yÑ��ØÓ�>!^Ú1�A5 [8,9], ù��
5��ØÓ��$LB�ì�Jø
�U [10,11].
�C{I�ïÄ�| [12] ^zÆ�{¤õ��Ñä
k²w>.��$LB��, ¿éÉ�u>.�>
f©Ù?1
°(ÿþ, ¦�Ägl¢���Ý�
y
>fÉ�uB�>.¿äkUY. Äud, �

©ïÄ�$Lá��,�«�., =äk:"��
�$Lþf:, Ù3nØÚ¢�þ���
2�ï
Ä. 8c®kõ��|ÏLØÓ�¢��{�EÑ

�$Lþf:, ïÄ
Ù3^|e�UÌ(�,
¿3r^|e*ÿ�
K�U? [13]. du�$L
¥�16f�ÌÃ�þ��5 Dirac �§, ÙUÌ
(��DÚ���>fíkX²w�ØÓ. ~X,
�$L¥��$K�U?Uþ�" [3,14,15].

du Klein �B�A, þf:¥� Dirac ¤�
fØUÏL·>|5åP, ��ÏLÃ¡�þ�
>.½�þ!^|òÙåP3k�«�. �©òÏ
Lê�¦) Dirac �§, ïÄäk:"����/
Ã¡�þ>.�þf:3R�^|e�UÌ(�,
©Ûþf:�»�UY�'X, ¿'5�$K�U
?�{¿Ý�^|±9þf:�»�'X, O�(
Jé��/�$Lþf:�¢SA^äk�½�
��¿Â.

2 O��.ÚO��{

2.1 nnnØØØ���...

�Ä�»� R ���/�$Lþf:, ^|R
�u�$L²¡, dXÚ�M�îþ�L«� [16]
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H = vF(p + eA) · σ, (1)

Ù¥ vF ≈ 1.0 × 106 m/s �¤��Ý, p = −i∂/∂r,
e �>f>þ, σ = (σx, σy) ��|Ý
. 34
�Ie, ¥³�� A = Aϕeϕ, |^pd½n�
� 2πrAϕ = πr2B, Ù¥ B �^|rÝ. ©z [16]
�Ä
>f���3�$Lþf:S$Ä�Ã¡
�þ>.^��¯K, =M�îþ¥��¹,�
� κV (r)σz , Ù¥ κ = ±1 ©OéAÙp�«pé
¡: K :Ú K ′ : (��Úd��8�lÑ��
>:¥Ø�d�ü�:), V (r) ���þ�'�	
³ V (r), 3þf:S��", = V (r) = 0(r < R),
3þf:	��Ã¡, = V (r) = ∞(r > R). d�
�±^)Û�{5¦), (Jw«, K :Ú K ′

:¤éA�UÌØ�Ó. �©�ÄÉÃ.>.^
�, UÌéAu K :Ú K ′ :´{¿�, Ïd��
Ä κ = 1 (K :) ��¹¿�Ñ>fg^.

XÚ����§� Hϕ(r, θ) = Eϕ(r, θ), Ù
¥ E ���Uþ, Å¼ê��©þ^þ

ϕ(r, θ) =
[
ϕA(r, θ), ϕB(r, θ)

]T
.

duo��Äþ�Î Jz = lz +
~
2
σz �M�îþé

´, = [H,Jz] = 0, Ù¥ ~ = h/2π, h �ÊK�~þ.
�±34�IerXÚ������ [17]

ϕ(r, θ) =

 ϕA(r, θ)

ϕB(r, θ)


=

1√
r

−iζA(r) e imθ

ζB(r) e i(m+1)θ

 , (2)

Ù¥ m ��Äþþfê (m = 0, ±1, ±2, · · · ), �\
���§���ü�ÍÜ����§|

∂

∂r
ζB(r) +

(
m + 1/2

r
+
πBr

Φ0

)
ζB(r)

=EζA(r),

− ∂

∂r
ζA(r) +

(
m + 1/2

r
+
πBr

Φ0

)
ζA(r)

=EζB(r), (3)

Ù¥ Φ0 = h/e �ü ^Ïþf.

2.2 OOO������{{{

ïÄ3¥%?k:"����.�$Lþf
:, >.^��ÉÃ. [18]. �±æ^k��©��
{¦)�§| (3):

ζA(r = 0) =ζB(r = 0) = ζA(r = R)

=ζB(r = R) = 0, (4)

K�§| (3) �±lÑz�

ζB(ri+1) − ζB(ri−1)
2dr

+
(

m + 1/2
ri

+
πBri

Φ0

)
ζB(ri) = εζA(ri),

− ζA(ri+1) − ζA(ri−1)
2dr

+
(

m + 1/2
ri

+
πBri

Φ0

)
ζA(ri) = εζB(ri).

(5)

�§| (4) �±�¤é¡Ý
�/ª, éuz�
� m �é�zÝ
Ò�±���A����, l
��NX�UÌ(�. �©¥�
�B, r�$
L¥% - %�fmål (a = 0.142 nm) ���Ýü
 , ~vF ��Uþü  [17].

3 O�(J�?Ø

3.1 þþþfff:::���»»»������ééé���YYY���KKK���

du�§ (1) ´16f3�$LNá�� K

:½ K ′ :NC�$UCq, Ïd, �
¦�.�
Ün/£ã�ïÄ�XÚ, ÄkïÄþf:�º
��UY�'X. ùp©OO�
ØÓ�»�þ
f:��Y, Xã 1 ¤«. dã 1 �±wÑ, �X
�»�O�, �YÅì~�, ��»ªuÃ¡��,
�YKªCu". d��$LNX¥y�7á5.
d	, ÏL[Ü�±��, �Y����þf:�
�»¤�''X [18], = ∆En ∝ 1/R. ù«�''
X�ÿÀý�N�þf:y��aq[19]. ,ù
«�Y�º��'X�DÚ���Nþf:k²
w«O, ��Nþf:��Y�'u�»�²�,
=∆En ∝ 1/R2. Ó�, �ÉÃ.�$LB����� � � �� � � �� � � �� � � �� �� �	 
 � �  �� � � �� � � �� � � � � � � � � � � � � � � � � � � �� ��� � �� � �� � � � � � � � �� � � �  !

ã 1 �$Lþf:�Y�þf:�»�'X, S�ã�
�Y��»�ê�'X
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ã 2 �$Lþf: (R = 100a) 3ØÓ^|e�UÌ(�!DOS ©ÙÚ m = −10 ¤éA�>f�Ý©Ù (a) U
Ì(�, B = 0; (b) UÌ(�, B = 2; (c) UÌ(�, B = 5; (d) DOS ©Ù, B = 0; (e) DOS ©Ù, B = 2; (f) DOS ©Ù,
B = 5; (g) >f�Ý©Ù, B = 0; (h) >f�Ý©Ù, B = 2; (i) >f�Ý©Ù, B = 5
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Y�°ÝCz'X
(
∆En ∝

∣∣∣2 cos
(2m + 3

3m + i
π

)
+1

∣∣∣,
m �óê, i = 1, 2, 3

)
[7] �', 3°ÝªuÃ¡�

4�e, UYÑ´± 1/R ��ªªu". ùL²ù

A5´ Dirac âf��ká5. �
�Ün£ã
¤ïÄ�¯K, æ^UY�������þf:º
� R = 100a. d�XÚ¥�3�ù���UYØ
K�¤?Ø�Ônþ�5�, Ïdº��A�±�
ÑØO.

3.2 ^̂̂|||rrrÝÝÝéééUUUÌÌÌ(((������KKK���

�â±þ��.±9O��{, O�
ØÓ
^|eþf:�UÌ(�, Xã 2 ¤«. vk^
| (B = 0) �UÌ©��KUþü|¿¥�5UÌ
(�, ù�äkÃ¡�þ>.^���)Û(J�
ÎÜ [20]. �UþL«>f�UÌ, K�UþL«�
Ç�UÌ. �KUþé¡, ù´�$L¥>f - �Ç
é¡5��N. Ó�, �±wÑvk	\^|�, d
u�m�üé¡5��3, UÌéu m ��{
¿. ��3	\^|�, �m�üé¡5�»�, U
Ì(�u)
Cz, Ïd, éu m ��{¿��,
Xã 2 (b), (c) ¤«.

�k�½�	\^|�, UÌ(�l�5�Ú
Ñ'XÅìüz¤K�U?(�, K�U?3��
Ý (DOS) ã¥éAu�X��k¸ (Xã 2 (e), (f)
¤«), ��$�K�U?Uþ�" [16,20−22]. "U
K�U?É�$L�Vf�é¡5¤�o. XJ»
�
�$L�Vf�é¡5, "UK�U?�ò�
���. �X^|�O\, �p?�K�U?²w
Ñy, Ó�¦�K�U?�{¿Ý���O\. ã 2
¥K�U?m�m�¿Øþ!, �DÚ��>fí
XÚ��m�U?ØÓ. ù«y��¢�¤*ÿ�
��$LNá��þf¿��A���, ù´Ï�
þf¿��AÉá��ÿÀ5�¤�o, �äN
�AÛ(�Ã'. lã 2 ��±uy, du^|�
�3, >f÷^����$ÄäkÚÑ1�. Ó�,
·�O�
ØÓ^|e¤éA�>f�VÇ�Ý
©Ùã, Xã 2(g)—(i) ¤«. lã¥��, >f±�
Äþ m ^=Óâ3K�U?þ, Û�3XÚ¥, �
k�þ�>fÓâ3K�U?�m (Ì�©Ù3>
�þ) ��, ¿�÷>.^����Ã5^=äk
ÚÑ, ¡�>�� (edge state), �=�þf¿��A
�>��.

�
?�ÚïÄK�U?Ú^|��6'X,
�©O�
ØÓ^|e�UÌ, �ã 3. À�
�U

þ�$ÚKUþ�p�A� m: m = −5, · · · , 4. l
ã 3 �±wÑ, 3^|eÑy
 5 �K�U?, n =
0,±1,±2(©OéAuã 3 ¥� 0LL,±1LL,±2LL

� �). �$K�U? (n = 0) Uþ�"¿�^
|��Ã', Ù{�K�U?�UþK�X^
|�O�O\. ÏL[Üuy, K�U?�^
|�²��¤�5'X, = En ∝

√
B, ù�Ã¡

��$L�)Û(J��, �ØÓu��gd>
fí En ∝ B. �X^|�O\, ©á�U?(
�Ü©��. ê�O�L², K�U?ÚU?þf
ê n �'X� En ∝

√
n, ù��Ã¡��$L�

)Û(J��. éu�$K�U?, �KU?�X
^|�O\3Uþ�"?�U, L²
>f�Ç�
Þ� (crossover), ù3¢�þ®²��
�y [23].
� B = 0 �, ��±wÑU?¿Ø�må, ¿��
Uþ�$��k��, Ïd�)
�Y.

3.3 ^̂̂|||���þþþfff:::������ééé���$$$KKK���UUU???{{{
¿¿¿ÝÝÝ���KKK���

dã 2 Úã 3 �±wÑ, K�U?�{¿Ý�
X^|O�O\, �
ïÄ�$K�U?{¿
Ý�^|�'X, �©±�$K�U?�~`²
Uþ�"���{¿Ý. ½Â"Uþ���ê8
� N0, dã 4 �±wÑ, �	.^|(½�, N0

� R ²�¤�', = N0 ∝ R2. ù���gd>
fí��$K�U?{¿Ý�Î (3�»� R �
��NX¥, gd>f��$K�U?�{¿Ý

� N0 =
πR2B

Φ0
). �NX��(½�, �$K�U

?�{¿Ý�^| B ¤�', = N0 ∝ B.
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ã 4 �$K�U?{¿Ý�þf:�»Ú^|�'X (a) þf:�», S�ã� N0 ��»²��'X; (b) ^|

4 ( Ø

ÏLê�¦) Dirac �§, O�
^|¥ÉÃ
.>.^�e��/�$Lþf:�UÌ(�±
9º���éþf:�Y�K�. uy�Y���
�þf:�»¤�'. 3r^|eþf:¬ÑyK
�U?, �$K�U?Uþ�", �K�U?må
Øþ!. �$K�U?��{¿Ý�^|��¤�
5'X, �þf:�»�²�¤�5'X.

Ó��©�éäkç¸/>.^����.
�$Lþf: [ζA(r = 0) = ζB(r = R) = 0] ?1

ê�ïÄ. vk	\^|�, äkç¸/>.^

����.�$Lþf:�UÌéu m Ú −m v
ké¡5, XÚ�3Uþ�"�>.�, ¤±d�
�XÚvkUY. 	\^|é K Ú K ′ :UÌ�K
�ØÓ: 3k�^|e, K :¥Ø¬k#�"U�
Ñy, �5�>.�¬�^|�OrÅìC��
$K�U?¥��;  K ′ :KØÓ, 	.^|¬¦
#�"U�Ñy, Ó�>.�Uþ±9�Ý©Ù¿
Ø�^|O\Cz, �,´>.�, ù���m
{¿�)Ø. ±þ(J�ïÄ��/�$Lþf:
�UÌ(�±9UYÚ>.�'Xk�Ï, ¿éÄ
u��/�$Lþf:�ì��Oäk�½��
�¿Â.
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Electronic properties on the point vacancy of
armchair edged graphene quantum dots∗
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Abstract
Based on the numerically solved Dirac equations, we study the electronic properties of the point vacancy of the graphene quantum

dots with armchair boundary conditions under magnetic field. The size effect on the gap is analyzed. Without magnetic fields, quantum
dot has finite energy gap which is proportional to the inverse of the radius of the dot. In the presence of the magnetic field, there appear
Landau levels. The lowest Landau level has zero energy and is irrelevant to the magnetic field. With the increase of the magnetic field,
the degeneracy of the Landau levels will increase. We further analyze the relationship between the lowest Landau level in the presence
of magnetic field and the size of the quantum dot. The result shows that the degeneracy is linearly dependent on the magnetic field and
the square of the radius. Our calculation will be possibly helpful in designing the device based on the graphene quantum dots.

Keywords: graphene, quantum dot, Landau level, energy gap
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