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�àññìîòðèì äâèæåíèå àíñàìáëÿ íåâçàèìîäåéñòâóþùèõ õîëîäíûõ àòîìîâ

i~
∂Ψ

∂t
= − ~2

2M

∂2Ψ

∂x2
+ [U(x) + εV(x, t)]Ψ, ε≪ 1. (1)

•
U(x) � ñëó÷àéíûé ñòàòè÷åñêèé ïîòåíöèàë,

• εV(x, t) � ìàëîå îñöèëëèðóþùåå âî âðåìåíè âîçìóùåíèå.

Íàøà èçíà÷àëüíàÿ öåëü: íàéòè óñëîâèÿ äëÿ âîçíèêíîâåíèÿ áàëëèñòè÷åñêîãî

àòîìíîãî òðàíñïîðòà â çàäàííîì íàïðàâëåíèè � ñîçäàíèå êâàíòîâîãî ðýò÷åòà

â íåóïîðÿäî÷åííîì ïîòåíöèàëå.

• ε = 0 ⇒ ëîêàëèçàöèÿ Àíäåðñîíà: âñå ñîáñòâåííûå ñîñòîÿíèÿ

ëîêàëèçîâàíû â ïðîñòðàíñòâå, ò.å. òðàíñïîðò îòñóòñòâóåò.

•
Ñëó÷àé ìàëûõ çíà÷åíèé ε ⇒ ñóáäè��óçèîííûé èëè äè��óçèîííûé

òðàíñïîðò (ðàáîòû H. Yamada è K.S. Ikeda).

Áàëëèñòè÷åñêèé òðàíñïîðò âîçìîæåí òîëüêî â ïðèñóòñòâèå äîñòàòî÷íî

äàëüíèõ ïðîñòðàíñòâåííûõ êîððåëÿöèé ñëó÷àéíîãî ïîòåíöèàëà (Izrailev,

Krokhin, PRL, 1999).



Ñëó÷àéíûé ïîòåíöèàë â âèäå ñóïåðïîçèöèè ïëîñêèõ âîëí

U = AŨ, Ũ =
∑

j


os(k
0

x 
os θ
j

+ χ
j

). (2)

Çäåñü θ
j

è χ
j

� ñëó÷àéíûå �àçû. Àâòîêîððåëÿöèîííàÿ �óíêöèÿ:

〈U(x)U(x + d)〉 ∝ J

0

(d), (3)

ãäå J

0

(d) � �óíêöèÿ Áåññåëÿ íóëåâîãî ïîðÿäêà. Ñòåïåííîå ñïàäàíèå �óíêöèè

Áåññåëÿ ïðè d → ∞ ïðåäïîëàãàåò ñóùåñòâåííûé âêëàä äàëüíèõ êîððåëÿöèé.
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Figure : Òèïè÷íàÿ ðåàëèçàöèÿ ïîòåíöèàëà U(x), λ = 2π/k
0

.



Ñïåêòðàëüíûå ñâîéñòâà ñëó÷àéíîãî ïîòåíöèàëà

Ìåæóðîâíåâîå ðàññòîÿíèå:

s = ǫ
n+1 − ǫ

n

, (4)

ãäå ǫ
n

è ǫ
n+1 � äâà ñîñåäíèõ çíà÷åíèÿ ñîáñòâåííîé ýíåðãèè.

ǫ
i

= N̄(E
i

), N̄(E) =

E

∫

−∞

ρ̄(E′)dE′, ρ̄(E
i

) =
2ν

E

i+5 − E

i−5

. (5)

�åæèì èçîëÿòîðà ïðåäïîëàãàåò ïóàññîíîâñêîå ðàñïðåäåëåíèå ìåæóðîâíåâûõ

ðàññòîíèé

P(s) =
1

〈s〉
exp

(

− s

〈s〉

)

, (6)

ãäå 〈s〉 � ñðåäíåå ìåæóðîâíåâîå ðàññòîÿíèå.
Íåíóëåâàÿ ïðîâîäèìîñòü ïðåäïîëàãàåò êîððåëÿöèþ ìåæäó ðàçëè÷íûìè

ñîñòîÿíèÿìè è, êàê ñëåäñòâèå, ðàñòàëêèâàíèå ñîñåäíèõ óðîâíåé ⇒
ðàñïðåäåëåíèå Âèãíåðà

P(s) =
π

2

s

〈s〉2
exp

(

− πs2

4〈s〉2
)

. (7)

Íàêîíåö, â ðåæèìå ñâîáîäíîãî äâèæåíèÿ �ëóêòóàöèè ñïåêòðàëüíîé

ïëîòíîñòè îòñóòñòâóþò, è ìû èìååì:

ρ(s) = δ(s = 〈s〉). (8)
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Figure : �àñïðåäåëåíèÿ ìåæóðîâíåâûõ ðàññòîíèé äëÿ ðàçëè÷íûõ

ýíåðãåòè÷åñêèõ ïîëîñ: (a) E ≤ 1 (ïðåðûâèñòàÿ ëèíèÿ) è 1 < E ≤ 4 (òîëñòàÿ

ñïëîøíàÿ ëèíèÿ), (b) 4 < E ≤ 12.



Íåñòàöèîíàðíàÿ ÷àñòü ïîòåíöèàëà

�àññìîòðèì �óíêöèþ V(x, t) ñëåäóþùåãî âèäà

V(x, t) = ε(f(t) sin x+ f(t + τ) 
os x), (9)

ãäå f(t) � íåêîòîðûé øèðîêîïîëîñíûé ñèãíàë. Â êà÷åñòâå ìîäåëè ñèãíàëà

èñïîëüçóåì äâóìåðíûé ñòîõàñòè÷åñêèé ïðîöåññ Îðíøòåéíà-Óëåíáåêà, òàêæå

èçâåñòíûé êàê ãàðìîíè÷åñêèé øóì

ḟ = y, ẏ = −Γy − ω2
0

f +
√

2βΓξ(t), (10)

ãäå Γ � ïîëîæèòåëüíàÿ êîíñòàíòà, ξ(t) � ãàóññîâ áåëûé øóì.

〈f〉 = 0,
〈

f

2

〉

=
β

ω2
0

. (11)

Ñïåêòð ìîùíîñòè ãàðìîíè÷åñêîãî øóìà èìååò åäèíñòâåííûé ïèê íà ÷àñòîòå

ω
p

=

√

ω2
0

− Γ2

2

, (12)

∆ω =
√

ω
p

+ Γω′ −
√

ω
p

− Γω′, ω′ =
√

ω2
0

− Γ2/4. (13)
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Figure : �åàëèçàöèè ãàðìîíè÷åñêîãî øóìà ïðè Γ = 0.1 (ïðåðûâèñòàÿ ëèíèÿ)

è Γ = 0.5 (ñïëîøíàÿ ëèíèÿ).

Â ïðåäåëå Γ → 0

f(t) → sin(ω
0

t+ φ
0

).

Âûáèðàÿ f(0) = 1, y(0) = 0 è

τ =
π

2ω
0

, (14)

íàõîäèì âèä �óíêöèè V(x, t) ïðè Γ = 0

V(x, t) = ε sin(x− ω
0

t) (15)

Ïðè Γ > 0 V(x, t) âåäåò ñåáÿ êàê �ëóêòóèðóþùàÿ ïëîñêàÿ âîëíà.



×èñëåííîå ìîäåëèðîâàíèå

Íà÷àëüíîå óñëîâèå

Ψ(x, t = 0) =

(

1

2πσ2
x

(0)

)

1/4

exp

[

− (x− x

0

)2

4σ2
x

(0)

]

, (16)

ãäå σ
x

(0) = 10π, x
0

= 0.

σ
x

=
1√
J

√

√

√

√

J

∑

j=1

(Q
j

− r

2

j

), (17)

ãäå J = 1000, r

j

ñìåùåíèå àòîìíîãî âîëíîâîãî ïàêåòà äëÿ j-îé ðåàëèçàöèè

ïîòåíöèàëà,

r

j

=

∫

x|Ψ(j)(x)|2 dx. (18)

Q

j

� êâàíòîâîìåõàíè÷åñêîå ñðåäíåå îò êâàäðàòà êîîðäèíàòû,

Q

j

=

∫

x

2|Ψ(j)(x)|2 dx. (19)
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Figure : (a) ε = 0.05, (b) ε = 0.25.



〈x〉 = 1

J

J

∑

j

r

j

. (20)
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Figure : Ñðåäíÿÿ êîîðäèíàòà êàê �óíêöèÿ âðåìåíè. (a) ε = 0.05, (b) ε = 0.25.
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Figure : Êóìóëÿòèâíàÿ �óíêöèÿ ðàñïðåäåëåíèÿ ñìåùåíèé àòîìíîãî

âîëíîâîãî ïàêåòà ïðè t = 500π. (a) ε = 0.05, (b) ε = 0.25.



Êèíåòè÷åñêîå óðàâíåíèå â èìïóëüñíîì ïðîñòðàíñòâå

|m >= ψ
m

=
1√
L

e

ip

m

x/~, (21)

where

p

m

=
2πm~

L

, E

m

=
p

2

m

2M

,

m = −m
0

,−m
0

+ 1, ...,m
0

− 1,m
0

.

(22)

Ñèñòåìà êèíåòè÷åñêèõ óðàâíåíèé äëÿ àìïëèòóä âåðîÿòíîñòè

dρ
l

dt

=
∑

m

G

lm

(ρ
m

− ρ
l

), ρ
l

=

∣

∣

∣

∣

∫

ψ∗
l

Ψ dx

∣

∣

∣

∣

2

. (23)

ãäå G

lm

= |H
lm

|2, H
lm

ìàòðè÷íûé ýëåìåíò ãàìèëüòîíèàíà, îòâå÷àþùèé çà

ïåðåõîä ìåæäó ñîñòîÿíèìè |l > è |m >.



Àìïëèòóäû ïåðåõîäîâ ìîãóò áûòü íàéäåíû àíàëèòè÷åñêè ñ ïîìîùüþ çîëîòîãî

ïðàâèëà Ôåðìè:

G

lm

= ε2S(ω = ω
lm

)

[


os

2 ω
lm

τ +

(

sinω
lm

τ +
sgn(∆p

lm

)

2

)

2

]

δ
p

l

,p
m

±1

, (24)

ãäå S(ω) � ñïåêòð ìîùíîñòè ãàðìîíè÷åñêîãî øóìà

S(ω) =
βΓ

π[ω2Γ2 + (ω2 − ω2
0

)2]
, (25)

∆p
lm

= p

l

− p

m

, ω
lm

= (E
l

− E

m

)/~. (26)
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Figure : Àìïëèòóäû ïåðåõîäà ìåæäó èìïóëüñíûìè ñîñòîÿíèÿìè m−∆m è

m, ãäå ∆m = L/(2π).
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Figure : Ñðåäíèé èìïóëüñ, ïîëó÷åííûé ïóòåì ðåøåíèÿ êèíåòè÷åñêèõ

óðàâíåíèé, êàê �óíêöèÿ âðåìåíè. (a) ε = 0.05, (b) ε = 0.25.

Òàêèì îáðàçîì, îáðàùåíèå àòîìíîãî ïîòîêà ñâÿçàíî ñ àêêóìóëÿöèåé

íàñåëåííîñòè ñîñòîÿíèé ñ îòðèöàòåëüíûìè çíà÷åíèÿìè èìïóëüñà.



Åñëè óáðàòü ñëó÷àéíûé ñòàòè÷åñêèé ïîòåíöèàë?

i

∂Ψ

∂t
= −~

2

2

∂2Ψ

∂x2
+ V(x, t)Ψ, (27)

V(x, t) = ε[f(t) 
os x+ f(t + τ) sin x]. (28)
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Figure : Ñëåâà: çàâèñèìîñòü ñðåäíåãî èìïóëüñà îò âðåìåíè äëÿ äâèæóùåéñÿ

îïòè÷åñêîé ðåøåòêè ñ àìïëèòóäîé ε = 0.25. Ñïðàâà: çàâèñèìîñòü
< p(t = 100π) > îò ε ïðè Γ = 0.5. Êðàñíàÿ ñïëîøíàÿ ëèíèÿ � ðåçóëüòàò

ïðÿìîãî ðåøåíèÿ óðàâíåíèÿ Øðåäèíãåðà, ñèíÿÿ ïðåðûâèñòàÿ ëèíèÿ �

ðåçóëüòàò ðåøåíèÿ ñèñòåìû êèíåòè÷åñêèõ óðàâíåíèé.



D.V. Makarov, L.E. Kon'kov. Quantum transport in a driven disordered potential:

onset of dire
ted 
urrent and noise-indu
ed 
urrent reversal // European Physi
al

Journal B, V. 87. P. 281 (2014).

ÑÏÀÑÈÁÎ ÇÀ

ÂÍÈÌÀÍÈÅ!


