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�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨ ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ´¨° ³ ¸¸¨¢  ¨§ É·¥Ì ±¢ ´-
Éμ¢ÒÌ ÉμÎ¥± ´  μ¸´μ¢¥ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö Ëμ´ �¥°³ ´  ıρ̇ = [H,ρ] c Ê¸·¥¤´¥´¨¥³
¶μ ¸μ¸ÉμÖ´¨Ö³ É¥·³μ¸É É  ³¥Éμ¤μ³ Ë¥°´³ ´μ¢¸±μ£μ ¨´É¥£· ²  ¶μ É· ¥±Éμ·¨Ö³. �μ± § ´μ, ÎÉμ ¢
¶·μ¸É¥°Ï¥° ¸¨¸É¥³¥ ¨§ É·¥Ì ±¢ ´Éμ¢ÒÌ ÉμÎ¥± ¸ μ¡Ð¨³ Ëμ´μ´´Ò³ É¥·³μ¸É Éμ³ ³μ¦¥É ¡ÒÉÓ ·¥-
 ²¨§μ¢ ´  μ¶¥· Í¨Ö ¬XOR. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¶·¨ · §· ¡μÉ±¥
· §²¨Î´ÒÌ ±¢ ´Éμ¢ÒÌ ¸¨³Ê²ÖÉμ·μ¢, ±¢ ´Éμ¢ÒÌ £¥°Éμ¢ ¨ ±¢ ´Éμ¢ÒÌ ´¥°·μ´´ÒÌ ¸¥É¥° ´  μ¸´μ¢¥
³ ¸¸¨¢μ¢ ±¢ ´Éμ¢ÒÌ ÉμÎ¥±.

We present the results of simulation of the dynamics of a 3 quantum dot array by means of
numerical solution of the von Neumann equation ıρ̇ = [H, ρ]. The trace over the states of phonon
bath was taken by Feynman path integral numerical calculation. It is shown that simplistic system of
3 quantum dots with common phonon bath can implement ¬XOR logic operation. The results of our
model can be applied to the development of different quantum simulators, quantum gates, and quantum
neural networks implemented in arrays of quantum dots.

PACS: 73.21.La
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ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸¨¸É¥³ μ¤¨´ ±μ¢ÒÌ ±¢ ´Éμ¢ÒÌ Ô²¥³¥´Éμ¢ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¤¨´ ³¨±¨
¤·Ê£¨Ì ¸¨¸É¥³ ¢Ò§Ò¢ ¥É ¨´É¥·¥¸, ´ Î¨´ Ö ¸ ¶¨μ´¥·¸±μ° · ¡μÉÒ �.”¥°´³ ´  [1]. �ÉμÉ ¨´-
É¥·¥¸ ¶¥·¥Ï¥² ¢ ¶· ±É¨Î¥¸±ÊÕ ¶²μ¸±μ¸ÉÓ, ±μ£¤  ±μ³¶ ´¨Ö Google ¨ ‹ ¡μ· Éμ·¨Ö ±¢ ´Éμ-
¢μ£μ ¨¸±Ê¸¸É¢¥´´μ£μ ¨´É¥²²¥±É  NASA μ¡ÑÖ¢¨²¨ μ¡ ¨¸¶μ²Ó§μ¢ ´¨¨  ¤¨ ¡ É¨Î¥¸±¨Ì ±¢ ´-
Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨°, ·¥ ²¨§μ¢ ´´ÒÌ ¢ ¶·μÍ¥¸¸μ· Ì D-Wave Systems Ltd. ´  μ¸´μ¢¥ SQUID,
¤²Ö § ¤ Î ³ Ï¨´´μ£μ μ¡ÊÎ¥´¨Ö ¨ ±² ¸¸¨Ë¨± Í¨¨ ¡μ²ÓÏ¨Ì ¤ ´´ÒÌ [2Ä4]. �¸´μ¢´Ò³ ´¥-
¤μ¸É É±μ³ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì  ¤¨ ¡ É¨Î¥¸±¨Ì ±¢ ´Éμ¢ÒÌ ¶·μÍ¥¸¸μ·μ¢ ´  μ¸´μ¢¥ ¸¢¥·Ì¶·μ-
¢μ¤ÖÐ¨Ì ±¢ ´Éμ¢ÒÌ ¨´É¥·Ë¥·¥´Í¨μ´´ÒÌ Ê¸É·μ°¸É¢ (SQUID), · ¡μÉ ÕÐ¨Ì ¸ ±¢ ´É ³¨
³ £´¨É´μ£μ ¶μÉμ± , Ö¢²Ö¥É¸Ö ´¨§± Ö · ¡μÎ Ö É¥³¶¥· ÉÊ·  T � 0,1 Š, É·¥¡ÊÕÐ Ö £·μ³μ§¤-
±μ° ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö ¨ ¶·¥¶ÖÉ¸É¢ÊÕÐ Ö ³¨´¨ ÉÕ·¨§ Í¨¨ Ê¸É·μ°¸É¢ [5,6].
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‚μ§³μ¦´μ°  ²ÓÉ¥·´ É¨¢μ°  ¤¨ ¡ É¨Î¥¸±¨³ ±¢ ´Éμ¢Ò³ ±μ³¶ÓÕÉ¥· ³ (±¢ ´Éμ¢Ò³ ´¥°-
·μ´´Ò³ ¸¥ÉÖ³) ´  μ¸´μ¢¥ SQUID Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¤²Ö É¥Ì ¦¥ Í¥²¥° ³ ¸¸¨¢μ¢
±¢ ´Éμ¢ÒÌ ÉμÎ¥± [7]. Š¢ ´Éμ¢Ò¥ ÉμÎ±¨ Å £¨£ ´É¸±¨¥ ¨¸±Ê¸¸É¢¥´´Ò¥  Éμ³Ò, ¶ · ³¥É-
·Ò ±μÉμ·ÒÌ § ¤ ÕÉ¸Ö ¶·¨ ¸μ§¤ ´¨¨ ´ ´μ¸É·Ê±ÉÊ·Ò, ´μ ³μ£ÊÉ ³¥´ÖÉÓ¸Ö ¶·¨ ¶·¨²μ¦¥´¨¨
¢´¥Ï´¥£μ Ô²¥±É·¨Î¥¸±μ£μ ¨ ³ £´¨É´μ£μ ¶μ²¥° [8Ä10].

ˆ¤¥Ö ±¢ ´Éμ¢μ° ´¥°·μ´´μ° ¸¥É¨ ´  μ¸´μ¢¥ ³ ¸¸¨¢  ±¢ ´Éμ¢ÒÌ ÉμÎ¥± ¡Ò²  ¢¶¥·¢Ò¥ ¢Ò-
¤¢¨´ÊÉ  ¢ · ¡μÉ¥ [11]. ‚ · ¡μÉ Ì [12,13] ¶μ± § ´μ, ÎÉμ É ±¨¥ ¸¥É¨ ³μ£ÊÉ, ¢ μ¶·¥¤¥²¥´´ÒÌ
Ê¸²μ¢¨ÖÌ, ¸μÌ· ´ÖÉÓ ¸¢μ°¸É¢  ±¢ ´Éμ¢μ° ±μ£¥·¥´É´μ¸É¨ ¢¶²μÉÓ ¤μ É¥³¶¥· ÉÊ· ∼ 102 Š.
ˆ¸¶μ²Ó§μ¢ ´¨¥ ±Ê²μ´μ¢¸±¨Ì ¸¨² ¤²Ö Ê¶· ¢²¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨¥³ ±Ê¡¨Éμ¢ ¢ ³ ¸¸¨¢¥ ÌμÉÖ
¨ Ê¸²μ¦´Ö¥É § ¤ ÎÊ Ê¶· ¢²¥´¨Ö ¢ ¸· ¢´¥´¨¨ ¸ ¨´¤Ê±É¨¢´Ò³¨ ¸¢Ö§Ö³¨ ¢ ³ ¸¸¨¢¥ SQUID,
´μ ¶μ¢ÒÏ ¥É Ï ´¸Ò ´  ³¨´¨ ÉÕ·¨§ Í¨Õ É ±¨Ì Ê¸É·μ°¸É¢.

�¨¦¥ ³Ò · ¸¸³μÉ·¨³ ³μ¤¥²Ó´ÊÕ ¸¨¸É¥³Ê ¨§ É·¥Ì InGaAs/GaAs ±¢ ´Éμ¢ÒÌ ÉμÎ¥±,
¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ μ¡Ð¨³ Ëμ´μ´´Ò³ É¥·³μ¸É Éμ³ ¶μ¤²μ¦±¨ GaAs. Œμ¤¥²Ó ¨§ É·¥Ì
±Ê¡¨Éμ¢ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ³¨´¨³ ²Ó´ÊÕ ·¥ ²¨§ Í¨Õ ±¢ ´Éμ¢μ° ´¥°·μ´´μ° ¸¥É¨.

1. ’…��…’ˆ—…‘Š�Ÿ Œ�„…‹œ

‘¨¸É¥³  ¨§ É·¥Ì ±Ê¡¨Éμ¢, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¢´¥Ï´¨³ Ê¶· ¢²ÖÕÐ¨³ Ô²¥±É·μ³ £-
´¨É´Ò³ ¶μ²¥³ ¨ ¤¨¶μ²Ó-¤¨¶μ²Ó´μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤·Ê£ ¸ ¤·Ê£μ³, Ö¢²Ö¥É¸Ö ´ ¨³¥´Ó-
Ï¥° ±¢ ´Éμ¢μ° ¸¨¸É¥³μ°, Ô¢μ²ÕÍ¨Ö ±μÉμ·μ° ¨§ § ¤ ´´μ£μ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ³μ¦¥É
¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¤·Ê£¨Ì ¸¨¸É¥³. …¸²¨ ±Ê¡¨ÉÒ ¨³¥ÕÉ Ô´¥·£¨Õ ¢μ§-
¡Ê¦¤¥´¨Ö ΔEi = EX

i − E0
i , £ ³¨²ÓÉμ´¨ ´ É ±μ° ¸¨¸É¥³Ò, ¢ ¶·¨¡²¨¦¥´¨¨ ¢· Ð ÕÐ¥°¸Ö

¢μ²´Ò [14], ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¢¨¤¥ [13]

H0 =
N−1∑
i=0

δi

2
(σi
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2
σi

x +
∑
i�=j

Jijσ
i
+σj

−, (1)

 ´ ²μ£¨Î´μ³ ³μ¤¥²¨ „¦¥°´¸ ÄŠ ³³¨´£¸  [15]. ‡¤¥¸Ó N = 3 Å Î¨¸²μ ±Ê¡¨Éμ¢ ¢ ¸¨-
¸É¥³¥; δi = ΔEi/�− ω Å μÉ¸É·μ°±  ¢¥¤ÊÐ¥£μ ¶μ²Ö μÉ ·¥§μ´ ´¸´μ° Î ¸ÉμÉÒ i-£μ ±Ê¡¨É ;
Ki Å ´ ¶·Ö¦¥´´μ¸ÉÓ Ê¶· ¢²ÖÕÐ¥£μ ¶μ²Ö, ¤¥°¸É¢ÊÕÐ¥£μ ´  i-° ±Ê¡¨É; σi

(x,y,z) Å ³ É·¨ÍÒ

� Ê²¨, ¤¥°¸É¢ÊÕÐ¨¥ ´  ¶¥·¥³¥´´Ò¥ i-£μ ±Ê¡¨É , σi
± = σi

x ± ıσi
y. ‘¨¸É¥³  ¸ £ ³¨²ÓÉμ-

´¨ ´μ³ (1) ³μ¦¥É, ´ ¶·¨³¥·, ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ¤²Ö ±² ¸¸¨Ë¨± Í¨¨ ¢Ìμ¤´ÒÌ ¸μ¸ÉμÖ´¨°
|i2〉|i1〉|i0〉 ∈ S3

in ¢ § ¢¨¸¨³μ¸É¨ μÉ ´ ¡μ·  Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·μ¢

J12 = J21 ≡ J0, J02 = J20 ≡ J1, J01 = J10 ≡ J2,

  ³μ¦¥É ¡ÒÉÓ ±¢ ´Éμ¢Ò³ ¸¨³Ê²ÖÉμ·μ³ ¤¨´ ³¨±¨ ³ ²μÎ ¸É¨Î´μ° ¸¨¸É¥³Ò.
‚ ¸²ÊÎ ¥ ·¥ ²Ó´ÒÌ Ë¨§¨Î¥¸±¨Ì ¸¨¸É¥³, ´ ·Ö¤Ê ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ ±Ê¡¨Éμ¢ ³¥¦¤Ê

¸μ¡μ°, ¤μ²¦´μ ¡ÒÉÓ ÊÎÉ¥´μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ Ë²Ê±ÉÊ¨·ÊÕÐ¨³ μ±·Ê¦¥´¨¥³. �Éμ μ¡ÒÎ´μ
¤¥² ÕÉ ¢ ²¨´¥°´μ³ ¶·¨¡²¨¦¥´¨¨ [16Ä18]:

Hint =
∑
α,β

γαβŜαR̂β ,

£¤¥ Ŝα Å μ¶¥· Éμ·Ò, ²¨´¥°´Ò¥ ¶μ ±μμ·¤¨´ É ³ ¸¨¸É¥³Ò,   R̂β Å μ¶¥· Éμ·Ò, ²¨´¥°´Ò¥
¶μ ±μμ·¤¨´ É ³ É¥·³μ¸É É ; γαβ Å ±μ´¸É ´ÉÒ ¸¢Ö§¨. ‚ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö



„¨´ ³¨±  ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ´¨° ¸¨¸É¥³Ò É·¥Ì ±¢ ´Éμ¢ÒÌ ÉμÎ¥± 703

¸ μ±·Ê¦¥´¨¥³ § ¤ Î  μ¡ Ô¢μ²ÕÍ¨¨ ´ Î ²Ó´μ£μ ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö ¸¢μ¤¨É¸Ö ± ·¥Ï¥´¨Õ
Ê· ¢´¥´¨Ö Ëμ´ �¥°³ ´ 

ıρ̇ = [H, ρ], (2)

£¤¥ H = H0. ‚ μ¡Ð¥³ ¦¥ ¸²ÊÎ ¥ ¶·¨Ìμ¤¨É¸Ö ·¥Ï ÉÓ ¡μ²¥¥ ¸²μ¦´ÊÕ § ¤ ÎÊ ¸ £ ³¨²ÓÉμ-
´¨ ´μ³ H = H0 + Hint + Hphonon, ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¸Ê³³¨·μ¢ ´¨¥³ ¶μ ¸É¥¶¥´Ö³ ¸¢μ¡μ¤Ò
Ëμ´μ´´μ£μ É¥·³μ¸É É  [17,19].

Š¢ ´Éμ¢Ò¥ ¸¨¸É¥³Ò ¸ £ ³¨²ÓÉμ´¨ ´μ³ ¢¨¤  (1) ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ¢ ± Î¥¸É¢¥  ²Ó-
É¥·´ É¨¢Ò  ¤¨ ¡ É¨Î¥¸±μ³Ê ±¢ ´Éμ¢μ³Ê ±μ³¶ÓÕÉ¥·Ê, ¢Ò¶μ²´¥´´μ³Ê ¢ ¢¨¤¥ ±¢ ´Éμ¢μ°

�¨¸. 1. ‘Ì¥³  Ê¶· ¢²¥´¨Ö ³ ¸-

¸¨¢μ³ ¨§ É·¥Ì ±¢ ´Éμ¢ÒÌ ÉμÎ¥±

¸ ¤¨¶μ²Ó-¤¨¶μ²Ó´Ò³ ¢§ ¨³μ¤¥°-
¸É¢¨¥³

¸¥É¨ •μ¶Ë¨²¤  ¨§ Ô²¥³¥´Éμ¢ SQUID [5, 6]. ‚³¥¸Éμ ±Ê-
¡¨Éμ¢ ´  μ¸´μ¢¥ SQUID ³μ¦´μ ¡Ò²μ ¡Ò ¨¸¶μ²Ó§μ¢ ÉÓ
μ¸´μ¢´μ¥ ¨ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨Ö InGaAs ±¢ ´Éμ¢ÒÌ
ÉμÎ¥±, ¢Ò¶μ²´¥´´ÒÌ ´  ¶μ¤²μ¦±¥ GaAs. ‚ μÉ²¨Î¨¥
μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Ô²¥³¥´É ³¨ SQUID, ·¥ ²¨§Ê-
¥³μ£μ ¸ ¶μ³μÐÓÕ ¨´¤Ê±É¨¢´ÒÌ ¸¢Ö§¥° ¢ ¸¥É¨ •μ¶Ë¨²¤ ,
¤¨¶μ²Ó-¤¨¶μ²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¢ ¸¨¸É¥³¥ ±¢ ´Éμ-
¢ÒÌ ÉμÎ¥± ³μ¦´μ Ê¶· ¢²ÖÉÓ Ô²¥±É·μ¸É É¨Î¥¸±¨, ¶μ¤ -
¢ Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¶μÉ¥´Í¨ ² ´  Ê¶· ¢²ÖÕÐ¨¥ ¥³±μ-
¸É¨ (·¨¸. 1).

„¨´ ³¨±  ¸¨¸É¥³Ò ¨§ É·¥Ì ±Ê¡¨Éμ¢ ³μ¦¥É · ¸¸³ -
É·¨¢ ÉÓ¸Ö ± ± μÉμ¡· ¦¥´¨¥ ¶·Ö³μ£μ ¶·μ¨§¢¥¤¥´¨Ö ´ -
Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ±¢ ´Éμ¢μ£μ ·¥£¨¸É·  ´  ³´μ¦¥¸É¢μ
§´ Î¥´¨° Ê¶· ¢²ÖÕÐ¨Ì ¶ · ³¥É·μ¢ ¢ ¶·μ¸É· ´¸É¢μ ±μ-
´¥Î´ÒÌ ¸μ¸ÉμÖ´¨° ±¢ ´Éμ¢μ£μ ·¥£¨¸É· :

S
3
in ⊗ J

3 → S
3
out. (3)

‘¨¸É¥³  ±Ê¡¨Éμ¢ ¶·¨ ÔÉμ³ ¢§ ¨³μ¤¥°¸É¢Ê¥É ¸ Ëμ´μ´ ³¨ ¶μ¤²μ¦±¨, É ± ÎÉμ ¸μ¸ÉμÖ´¨Ö
·¥£¨¸É·  μ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¶μ³μÐÓÕ ³ É·¨Í ¶²μÉ´μ¸É¨ · §³¥·μ³ 23 × 23.

�·¨ ¨¸¸²¥¤μ¢ ´¨¨ μÉμ¡· ¦¥´¨Ö (3) ³Ò ¶·¥¤¶μ² £ ¥³, ÎÉμ Ê¶· ¢²¥´¨¥ ±μ´¸É ´É ³¨
¤¨¶μ²Ó-¤¨¶μ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¨¸Ìμ¤¨É ¤¨¸±·¥É´μ, É. ¥. ± ¦¤ Ö ¨§ ±μ´¸É ´É J0,
J1, J2 ³μ¦¥É ¶·¨´¨³ ÉÓ Éμ²Ó±μ ¤¢  §´ Î¥´¨Ö J = {0, J}3. ‚ ¸¨²Ê ¸¨³³¥É·¨¨ ¸¨¸É¥³Ò
μÉ´μ¸¨É¥²Ó´μ ¶¥·¥¸É ´μ¢±¨ ±Ê¡¨Éμ¢ ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ ¤¢¥ ´¥É·¨¢¨ ²Ó´Ò¥ ±μ´Ë¨-
£Ê· Í¨¨: a) �-±μ´Ë¨£Ê· Í¨Õ Å ¢¸¥ É·¨ ±Ê¡¨É  ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¶μ¶ ·´μ; ¡) Λ-±μ´Ë¨-
£Ê· Í¨Õ Å ¤¢  ±Ê¡¨É  ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¸ μ¡Ð¨³ Í¥´É·μ³.

‚ ¡ §¨¸¥ ¸μ¸ÉμÖ´¨° (|000〉, . . . , |111〉) ³ É·¨Í  £ ³¨²ÓÉμ´¨ ´  (1), ¶·¨ ´Ê²¥¢μ° μÉ-
¸É·μ°±¥ δi = 0, ¨³¥¥É ¢¨¤

H0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 K0/2 K1/2 0 K2/2 0 0 0
K0/2 0 J2 K1/2 J1 K2/2 0 0
K1/2 J2 0 K0/2 J0 0 K2/2 0

0 K1/2 K0/2 0 0 J0 J1 K2/2
K2/2 J1 J0 0 0 K0/2 K1/2 0

0 K2/2 0 J0 K0/2 0 J2 K1/2
0 0 K2/2 J1 K1/2 J2 0 K0/2
0 0 0 K2/2 0 K1/2 K0/2 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (4)
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‚ ¸²ÊÎ ¥ ´¨§±¨Ì É¥³¶¥· ÉÊ·, ΔEi 	 kT , ±μ£¤  ¢²¨Ö´¨¥³ Ëμ´μ´μ¢ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ,
Ê· ¢´¥´¨¥ (2) ¸ H = H0 ²¥£±μ ·¥Ï ¥É¸Ö ¶ÊÉ¥³ ¶¥·¥Ìμ¤  ± ¡ §¨¸Ê ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢
£ ³¨²ÓÉμ´¨ ´  H0. ‚ μ¸É ²Ó´ÒÌ ¸²ÊÎ ÖÌ ¶·¨³¥´ÖÕÉ¸Ö Î¨¸²¥´´Ò¥ ³¥Éμ¤Ò [17,20Ä22].

�·¨ Î¨¸²¥´´μ³ ³μ¤¥²¨·μ¢ ´¨¨ · ¸¸³ É·¨¢ ¥³μ° ¸¥É¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ¶ -
· ³¥É·Ò ±¢ ´Éμ¢ÒÌ ÉμÎ¥±: ¤¨ ³¥É· Š’ d = 30 ´³, ÔËË¥±É¨¢´μ¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Š’ Å
50 ´³, ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö K = 190 ‚/¸³ = 0,433 ¶¸−1, Î ¸ÉμÉ  ¤¨¶μ²Ó-
¤¨¶μ²Ó´μ£μ ¶¥·¥Ìμ¤  J = 0,394 ¶¸−1 ¶·¨ É¥³¶¥· ÉÊ·¥ T = 77 Š. ˆ¸¶μ²Ó§μ¢ ² ¸Ó
¸Ê¶¥·μ³³¨Î¥¸± Ö ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ Ëμ´μ´μ¢

J(ω) = αω3 exp
(
−ω2

ω2
c

)
(5)

¸ ÊÎ¥Éμ³ ¤ ´´ÒÌ, ¶·¨¢¥¤¥´´ÒÌ ¢ · ¡μÉ¥ [23]. ‘¶¥±É· ²Ó´ Ö ±μ´¸É ´É  α = 0,027 ¶¸2

¡· ² ¸Ó ¨§ · ¡μÉ [20, 21], Î ¸ÉμÉ  μ¡·¥§ ´¨Ö ωc =
√

2(vc/d), £¤¥ vc = 5,11 · 105 ¸³/c Å
¸±μ·μ¸ÉÓ §¢Ê±  ¢ GaAs. �·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·¨¡²¨¦¥´¨Ö ¢· Ð ÕÐ¥°¸Ö ¢μ²´Ò, ± ± ¨
¢ ¶·¥¤Ò¤ÊÐ¥° · ¡μÉ¥ [13], ³Ò ¶·¥¤¶μ² £ ²¨, ÎÉμ £ ·³μ´¨Î¥¸±μ¥ ¢μ§¤¥°¸É¢¨¥ ¢´¥Ï´¥£μ
Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ´  ±¢ ´Éμ¢Ò¥ ÉμÎ±¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ·¥§μ´ ´¸´Ò³ μ¡· §μ³. �¥-
´Ê²¥¢ Ö μÉ¸É·μ°±  Î ¸ÉμÉÒ δi �= 0 ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± ÔËË¥±É ³ Ì μÉ¨§ Í¨¨ ±μ²¥¡ ´¨°.

2. �…‡“‹œ’�’›

Š ± ¨ μ¡ÒÎ´ Ö ´¥°·μ´´ Ö ¸¥ÉÓ, ±¢ ´Éμ¢ Ö ´¥°·μ´´ Ö ¸¥ÉÓ, ¸μ¸ÉμÖÐ Ö ¨§ É·¥Ì ±Ê¡¨Éμ¢,
¨³¥¥É ¤¢¥ ËÊ´±Í¨¨: μ¡ÊÎ¥´¨¥ ¢¥¸μ¢ ¸¥É¨ ¨ ±² ¸¸¨Ë¨± Í¨Õ ¢Ìμ¤´ÒÌ ¢¥±Éμ·μ¢. ‡¤¥¸Ó ³Ò
¨¸¸²¥¤Ê¥³ ²¨ÏÓ ¢Éμ·ÊÕ ËÊ´±Í¨Õ Å ±² ¸¸¨Ë¨± Í¨Õ ¢Ìμ¤´ÒÌ ¸μ¸ÉμÖ´¨° ¶·¨ § ¤ ´´ÒÌ
¢¥¸ Ì {J0, J1, J2}. �¥·¥¤ É¥³, ± ± ¶¥·¥°É¨ ± ±² ¸¸¨Ë¨± Í¨¨ (3) ¢¸¥Ì ¸μ¸ÉμÖ´¨° É·¥Ì±Ê-

¬XOR

‚Ìμ¤ ‚ÒÌμ¤

0 0 1
0 1 0
1 0 0
1 1 1

¡¨É´μ£μ ±¢ ´Éμ¢μ£μ ·¥£¨¸É· , · ¸¸³μÉ·¨³ ¡μ²¥¥ ¶·μ¸ÉÊÕ § ¤ ÎÊ.
	Ê¤¥³ ¸Î¨É ÉÓ ±Ê¡¨É i0 ¢ÒÌμ¤μ³ ¸¥É¨,   ±Ê¡¨ÉÒ i1 ¨ i2 Å ¥¥ ¢Ìμ-
¤ ³¨.

„²Ö ·¥ ²¨§ Í¨¨ μ¡· É´μ° μ¶¥· Í¨¨ ± ¨¸±²ÕÎ ÕÐ¥³Ê ˆ‹ˆ
(¬XOR) ´¥μ¡Ìμ¤¨³μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥ μÉμ¡· ¦¥´¨¥, ¶·¨¢¥¤¥´´μ¥
¢ É ¡²¨Í¥.

„²Ö ¶μ²ÊÎ¥´¨Ö ¦¥² ¥³μ£μ μÉμ¡· ¦¥´¨Ö μ·£ ´¨§Ê¥³ ¸· ¢´¥´¨¥ ·¥-
£¨¸É·μ¢ i1 ¨ i2 É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¶·¨ ¨Ì · §²¨Î¨¨ ±Ê¡¨É i0,

¨§´ Î ²Ó´μ ¶·¨£μÉμ¢²¥´´Ò° ¢ ¢μ§¡Ê¦¤¥´´μ³ ¸μ¸ÉμÖ´¨¨ (1), ¢ ·¥§Ê²ÓÉ É¥ Ô¢μ²ÕÍ¨¨ ¶¥·¥-
Ìμ¤¨² ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ (0). �Éμ ³μ¦´μ ¸¤¥² ÉÓ, ¸¨³³¥É·¨Î´μ ¸μ¥¤¨´¨¢ ¢ÒÌμ¤´μ°
±Ê¡¨É i0 ¸μ ¢Ìμ¤ ³¨ i1 ¨ i2 ¢ Λ-±μ´Ë¨£Ê· Í¨Õ, ·¨¸. 2, ¡.

�  ·¨¸. 3, 4, 5, 6 ¶·¨¢¥¤¥´Ò £· Ë¨±¨ Ô¢μ²ÕÍ¨¨ ¤¨ £μ´ ²Ó´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢
³ É·¨ÍÒ ¶²μÉ´μ¸É¨ (§ ¸¥²¥´´μ¸É¥°) ¨§ ´ Î ²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ρi(0) = |ψi〉〈ψi| ¤²Ö ψi =
001, 010, 100 ¨ 111 ¸μμÉ¢¥É¸É¢¥´´μ.

Š ± ¢¨¤´μ ¨§ ·¨¸. 4, 5, ¶·¨ ´¥¸μ¢¶ ¤ ÕÐ¨Ì ¢Ìμ¤´ÒÌ ±Ê¡¨É Ì i1 �= i2, ¢ ¤¨ ¶ §μ´¥
t ∈ [5, 10] ¶¸, ¤μ³¨´¨·ÊÕÉ ¸μ¸ÉμÖ´¨Ö |??0〉, ¢ ±μÉμ·ÒÌ ¢ÒÌμ¤´μ°, ´Ê²¥¢μ°, ±Ê¡¨É ´ Ìμ-
¤¨É¸Ö ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨. �·¨ ¸μ¢¶ ¤ ÕÐ¨Ì ¸μ¸ÉμÖ´¨ÖÌ ¢Ìμ¤´ÒÌ ±Ê¡¨Éμ¢ (i1 = i2 = 1)
¨§´ Î ²Ó´μ ¶·¨£μÉμ¢²¥´´μ¥ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ i0 = 1 ¢Ò¦¨¢ ¥É ¤μ ¡μ²ÓÏ¨Ì ¢·¥-
³¥´ (·¨¸. 6), ¨ ¢¥·μÖÉ´μ¸ÉÓ ¶¥·¥Ìμ¤  ¢ÒÌμ¤´μ£μ ±Ê¡¨É  ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ i0 = 0
¸ÊÐ¥¸É¢¥´´μ ´¨¦¥. �¥¸±μ²Ó±μ ¸²μ¦´¥¥ μ¡¸ÉμÖ²μ ¤¥²μ ¢ ¸²ÊÎ ¥, ±μ£¤  ¤¢  ¸· ¢´¨¢ ¥³ÒÌ
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�¨¸. 2. � Î ²Ó´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ³ ¸¸¨¢  É·¥Ì ±Ê¡¨-

Éμ¢ ¶·¨ �-¸¨³³¥É·¨Î´μ³ (a) ¨ Λ-¸¨³³¥É·¨Î´μ³ (¡) ¢§ -

¨³μ¤¥°¸É¢¨¨. ’¥³´Ò³ ±·Ê¦± ³ μÉ¢¥Î ÕÉ ¢μ§¡Ê¦¤¥´´Ò¥
(1) ¸μ¸ÉμÖ´¨Ö ±Ê¡¨Éμ¢, ¸¢¥É²Ò³ Å μ¸´μ¢´Ò¥ ¸μ¸ÉμÖ-

´¨Ö (0). Šμ´Ë¨£Ê· Í¨¨, μÉ²¨Î ÕÐ¨¥¸Ö § ³¥´μ° ¢μ§¡Ê-

¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö ´  μ¸´μ¢´μ¥, ´  ·¨¸Ê´±¥ ´¥ ¶μ± § ´Ò

�¨¸. 3 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¢μ²ÕÍ¨Ö § ¸¥²¥´´μ¸É¥° ¤²Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö 001
¶·¨ É¥³¶¥· ÉÊ·¥ T = 10 Š

�¨¸. 4 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¢μ²ÕÍ¨Ö § ¸¥²¥´´μ¸É¥° ¤²Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö 011
¶·¨ É¥³¶¥· ÉÊ·¥ T = 10 Š
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�¨¸. 5 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¢μ²ÕÍ¨Ö § ¸¥²¥´´μ¸É¥° ¤²Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö 101

¶·¨ É¥³¶¥· ÉÊ·¥ T = 10 Š

�¨¸. 6 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¢μ²ÕÍ¨Ö § ¸¥²¥´´μ¸É¥° ¤²Ö ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö 111

¶·¨ É¥³¶¥· ÉÊ·¥ T = 10 Š

±Ê¡¨É  ´ Ìμ¤¨²¨¸Ó ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ i1 = i2 = 0 (¸³. ·¨¸. 3). ‡¤¥¸Ó, ¢ ¤¨ ¶ §μ´¥
t ∈ [5, 10] ¶¸, ¸ÊÐ¥¸É¢¥´´Ò³ μ± §Ò¢ ¥É¸Ö ¢±² ¤ μÉ ¶μ²´μ£μ ¨´¢¥·É¨·μ¢ ´¨Ö ¢¸¥£μ ·¥-
£¨¸É·  (001 → 110), ÎÉμ ³μ¦¥É ¶·¨¢¥¸É¨ ± ´¥¦¥² É¥²Ó´μ³Ê ·¥§Ê²ÓÉ ÉÊ. ‚μ§³μ¦´μ, ¸
ÔÉ¨³ Ê¤ ¸É¸Ö ¸¶· ¢¨ÉÓ¸Ö, ¢Ò¡· ¢ ¡μ²¥¥ Ê§±¨° ¢·¥³¥´´μ° ¨´É¥·¢ ² Ë¨±¸ Í¨¨ ·¥§Ê²ÓÉ Éμ¢
¨ ¶μ¤μ¡· ¢ ¶ · ³¥É·Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¡· §μ³.

‡�Š‹�—…�ˆ…

‚ ¸¨²Ê ¸²μ¦´μ¸É¨ ÊÎ¥É  ¢¸¥Ì ÔËË¥±Éμ¢, ¸¢Ö§ ´´ÒÌ ¸ ¢μ§¡Ê¦¤¥´¨¥³ Ô±¸¨Éμ´μ¢ ¶·¨
¢§ ¨³μ¤¥°¸É¢¨¨ ±¢ ´Éμ¢ÒÌ ÉμÎ¥± ¢ ¶·¨¸ÊÉ¸É¢¨¨ μ¡Ð¥£μ Ëμ´μ´´μ£μ É¥·³μ¸É É , §¤¥¸Ó ³Ò
´¥ ¶ÒÉ ¥³¸Ö ¶μ²ÊÎ¨ÉÓ É¥Ì´μ²μ£¨Î¥¸±¨ ¶·¨¥³²¥³μ¥ ·¥Ï¥´¨¥ ¤²Ö ±¢ ´Éμ¢μ° ´¥°·μ´´μ°
¸¥É¨ ´  μ¸´μ¢¥ ³ ¸¸¨¢  ±¢ ´Éμ¢ÒÌ ÉμÎ¥±, · ¡μÉ ÕÐ¨Ì ¶·¨ ¢Ò¸μ±¨Ì (101−102 Š) É¥³-
¶¥· ÉÊ· Ì. � Ï · ¸Î¥É, ¶·μ¢¥¤¥´´Ò° ´  μ¸´μ¢¥ Ê¶·μÐ¥´´μ° ³μ¤¥²¨, ²¨ÏÓ Ê± §Ò¢ ¥É
´  ¡μ£ Éμ¥ ¤¨´ ³¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥ É ±¨Ì ¸¨¸É¥³, É·¥¡ÊÕÐ¥¥ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨¸-
¸²¥¤μ¢ ´¨Ö. �±¸¶¥·¨³¥´É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¤¨¶μ²Ó-¤¨¶μ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¢ÊÌ
±¢ ´Éμ¢ÒÌ ÉμÎ¥±, ´ Ìμ¤ÖÐ¨Ì¸Ö ¢ μ¡Ð¥° ¶μ²Ê¶·μ¢μ¤´¨±μ¢μ° £¥É¥·μ¸É·Ê±ÉÊ·¥, ¶·¥¤¸É -
¢²¥´μ, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [24].
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Š ± ³Ò ¢¨¤¥²¨ ¢ÒÏ¥, ¶·μ¸É Ö ±¢ ´Éμ¢ Ö ±μ´¸É·Ê±Í¨Ö, Éμ¶μ²μ£¨Î¥¸±¨ Ô±¢¨¢ ²¥´É´ Ö
μ¤´μ¸²μ°´μ³Ê ¶¥·Í¥¶É·μ´Ê ¸ ¤¢Ê³Ö ¢Ìμ¤ ³¨, ¢ ¶·¨´Í¨¶¥, ¶μ§¢μ²Ö¥É ·¥ ²¨§μ¢ ÉÓ ¶·μÍ¥-
¤Ê·Ê ¨¸±²ÕÎ ÕÐ¥£μ ˆ‹ˆ, ÎÉμ ´¥ ¶μ¤ ¸¨²Ê ±² ¸¸¨Î¥¸±μ³Ê μ¤´μ¸²μ°´μ³Ê ¶¥·Í¥¶É·μ´Ê.

ˆ¸¶μ²Ó§ÊÖ · §²¨Î´Ò¥ ±μ´Ë¨£Ê· Í¨¨ ¸¢Ö§¥°, É. ¥. �- ¨ Λ-±μ´Ë¨£Ê· Í¨¨, ³μ¦´μ ¶μ²Ê-
Î¨ÉÓ · §²¨Î´Ò¥ ±² ¸¸¨Ë¨± Í¨¨ ¶·μ¸É· ´¸É¢  ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ´¨° É·¥Ì±Ê¡¨Éμ¢μ£μ ·¥-
£¨¸É· , É. ¥. ·¥ ²¨§μ¢ ÉÓ ±² ¸¸¨Ë¨± Í¨μ´´ÊÕ ËÊ´±Í¨Õ ±¢ ´Éμ¢μ° ´¥°·μ´´μ° ¸¥É¨. „ ²Ó-
´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ Î¨¸²  ±Ê¡¨Éμ¢ ¢ ±¢ ´Éμ¢μ³ ·¥£¨¸É·¥ (N > 3) ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ
±² ¸¸¨Ë¨± Í¨μ´´ÒÌ ¢μ§³μ¦´μ¸É¥° É ±μ° ¸¥É¨ ¨, ¶μ-¢¨¤¨³μ³Ê, ± ¶μÖ¢²¥´¨Õ · §²¨Î´ÒÌ
Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¨ ·¥¦¨³μ¢ ±·μ¸¸μ¢¥·  ¢ É ±μ° ¸¨¸É¥³¥ [25].
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