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Âçëîìàííûé êëþ÷ ìîæíî äîñòðîèòü,

ñîõðàíèâ âûñîêóþ ñòåïåíü ñåêðåòíîñòè
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1 Èñòîðèÿ 2 ÝÏ� è äð. 3 Áåëë 4 Èí�îðìàöèÿ 5 Entangled 6 Ñïèí-îðá. ñèñòåìû 7 Êóãåëü-Õîìñêèé

Ñîñòîÿíèå ÝÏ�

Äâå ÷àñòèöû ñî ñïèíîì 1/2 â ñèíãëåòíîì ñîñòîÿíèè

ΨEPR =
1√
2
(↑1↓2− ↓1↑2)
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Ýòî ñîñòîÿíèå Ýéíøòåéíà-Ïîäîëüñêîãî-�îçåíà

∗

〈σ̂z
1σ̂

z
2〉ΨEPR

=
1

2
〈(↑1↓2− ↓1↑2) |σ̂z

1σ̂
z
2 | (↑1↓2− ↓1↑2)〉 =

=
1

2
〈↑1↓2|σ̂z

1 σ̂
z
2 |↑1↓2〉+

1

2
〈↓1↑2|σ̂z

1σ̂
z
2 |↓1↑2〉 = −1
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∗
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1σ̂

z
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=
1

2
〈(↑1↓2− ↓1↑2) |σ̂z

1σ̂
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1

2
〈↓1↑2|σ̂z

1σ̂
z
2 |↓1↑2〉 = −1

Ïðîåêöèè ñïèíîâ íà äðóãèå îñè òîæå àíòèêîððåëèðîâàíû

〈σ̂x
1 σ̂

x
2 〉ΨEPR

= 〈σ̂y
1 σ̂

y
2〉ΨEPR

= −1

∗
Einstein A., Podolsky B., Rosen, N. Can Quantum-Mehanial Desription

of Physial Reality Be Considered Complete? Phys. Rev. 47, 777, 1935
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1 Èñòîðèÿ 2 ÝÏ� è äð. 3 Áåëë 4 Èí�îðìàöèÿ 5 Entangled 6 Ñïèí-îðá. ñèñòåìû 7 Êóãåëü-Õîìñêèé

Ñîñòîÿíèå ÝÏ�

Êâàíòîâûå è êëàññè÷åñêèå êîððåëÿöèè

Ó ñîñòîÿíèÿ ÝÏ� íåò êëàññè÷åñêîãî àíàëîãà.
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Ñîñòîÿíèå ÝÏ�

Êâàíòîâûå è êëàññè÷åñêèå êîððåëÿöèè

Ó ñîñòîÿíèÿ ÝÏ� íåò êëàññè÷åñêîãî àíàëîãà.

Ïóñòü åñòü êëàññè÷åñêàÿ ñìåñü äâóõ ñîñòîÿíèé ñ ïðîòèâîïîëîæíûìè

ñïèíàìè. Òîãäà ìàòðèöà ïëîòíîñòè â áàçèñå {|↑↑〉,|↑↓〉,|↓↑〉,|↓↓〉}:

ρ̂cl =
1

2
(|↑↓〉〈↑↓ |+|↓↑〉〈↓↑|) =





0 0 0 0
0 1/2 0 0
0 0 1/2 0
0 0 0 0





Äëÿ ρ̂cl êîððåëÿòîðû

〈σ̂x
1 σ̂

x
2 〉ρ̂cl = 〈σ̂

y
1 σ̂

y
2〉ρ̂cl = 0
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Äëÿ ρ̂cl êîððåëÿòîðû

〈σ̂x
1 σ̂

x
2 〉ρ̂cl = 〈σ̂

y
1 σ̂

y
2〉ρ̂cl = 0

À äëÿ ÷èñòîãî ñîñòîÿíèÿ ΨEPR ìàòðèöà ïëîòíîñòè:

ρ̂EPR = |ΨEPR〉〈ΨEPR| =





0 0 0 0
0 1/2 −1/2 0
0 −1/2 1/2 0
0 0 0 0
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〈σ̂x
1 σ̂
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2 〉ρ̂cl = 〈σ̂

y
1 σ̂

y
2〉ρ̂cl = 0
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ρ̂EPR = |ΨEPR〉〈ΨEPR| =
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0 1/2 −1/2 0
0 −1/2 1/2 0
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Èìåííî íåäèàãîíàëüíûå ìàòðè÷íûå ýëåìåíòûòâå÷àþò

çà àíòèêîððåëèðîâàííîñòü ÝÏ�-ñîñòîÿíèÿ "âî âñå ñòîðîíû"
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Ñîñòîÿíèå ÝÏ�

Ìåðû ïåðåïóòàííîñòè (÷èñòûå ñîñòîÿíèÿ äâóõ ÷àñòèö)

Ñîñòîÿíèå ÝÏ� � ìàêñèìàëüíî ïåðåïóòàííîå. ×àñòè÷íûé ñëåä

Sp2 ρ̂EPR = Sp1 ρ̂EPR =
1

2
Î
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Â îáùåì ñëó÷àå äâóõ ÷àñòèö A+B ÷àñòè÷íûå ìàòðèöû ïëîòíîñòè

ρ̂A = SpB |Ψ〉〈Ψ|, ρ̂B = SpA|Ψ〉〈Ψ|

îáëàäàþò íåíóëåâîé êâàíòîâîé ýíòðîïèåé

S(ρ̂) = −Sp ρ̂ log ρ̂

(ýíòðîïèÿ ÷èñòîãî ñîñòîÿíèÿ A+B ðàâíà íóëþ)
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Î

Â îáùåì ñëó÷àå äâóõ ÷àñòèö A+B ÷àñòè÷íûå ìàòðèöû ïëîòíîñòè

ρ̂A = SpB |Ψ〉〈Ψ|, ρ̂B = SpA|Ψ〉〈Ψ|

îáëàäàþò íåíóëåâîé êâàíòîâîé ýíòðîïèåé

S(ρ̂) = −Sp ρ̂ log ρ̂

(ýíòðîïèÿ ÷èñòîãî ñîñòîÿíèÿ A+B ðàâíà íóëþ)

S(ρ̂A) = S(ρ̂B) � ìåðà ïåðåïóòàííîñòè.

Åå ìîæíî ðàçáàâëÿòü èëè êîíöåíòðèðîâàòü (àñèìïòîòè÷åñêàÿ îáðàòèìîñòü).

N ïàð, LQCC → M < N ïàð, ó êàæäîé Ψ → Ψ′
, òîãäà

lim
N→∞

MS(Ψ′)

NS(Ψ)
= 1
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Åñòü ìíîæåñòâî äðóãèõ ìåð.
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Ñïèí-îðáèòàëüíûå çàäà÷è

d-óðîâåíü â îêòàýäðè÷åñêîì è òåòðàýäðè÷åñêîì îêðóæåíèè

eg

t2g
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Ñïèí-îðáèòàëüíûå çàäà÷è

Îðáèòàëüíîå âûðîæäåíèå ñíèìàåòñÿ íå ïîëíîñòüþ

LaMnO3 Ìîäåëüíûé ðàñ÷åò

* Ñóùåñòâóåò íåñêîëüêî ìåõàíèçìîâ âçàèìîäåéñòâèÿ îðáèòàëåé.

⇒ Âîçìîæíî îðáèòàëüíîå óïîðÿäî÷åíèå (åñëè ìàëà ðàçìåðíîñòü èëè

âåëèêà �ðóñòðàöèÿ, âîçìîæíà îðáèòàëüíàÿ æèäêîñòü).

⇒ Âîçìîæíû îðáèòàëüíûå âîëíû.

* Âàæíåéøèå ìåõàíèçìû âçàèìîäåéñòâèÿ:

1 Ý��åêò ßíà-Òåëëåðà (êîîïåðàòèâíûé)

2 Ñóïåðîáìåí (ñâåðõîáìåí, êîñâåííûé îáìåí))
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Ñïèí-îðáèòàëüíûå çàäà÷è

ßçûê äëÿ äóáëåòíûõ òåîðèé � ïñåâäîñïèí

−→
T i =

1
2

∑
γγ′s c

+
γs(i)
−→σ γγ′cγ′s(i)

c+γs(i) � îïåðàòîð ðîæäåíèÿ íà i ýëåêòðîíà ñî ñïèíîì s = (↑, ↓)

è îðáèòàëüþ γ = |3z2 − r2〉, |x2 − y2〉, −→σ � ìàòðèöû Ïàóëè

T z = 1
2 ↔ |3z2 − r2〉; T z = −1

2 ↔ |x2 − y2〉
|Ψθ〉 = cos θ

2 |12〉+ sin θ
2 | − 1

2〉
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Ìîäåëè ñïèí�ïñåâäîñïèí

Ïðîñòåéøàÿ ìîäåëü � âñåì ïðåíåáðåãëè è âñå ïðèðàâíÿëè.

H =
∑

〈i,j〉(J1 SiSj + J2 τiτj + 4J3 SiSj τiτj)

Ýòî äâîéíàÿ ìîäåëü �åéçåíáåðãà, ìîäåëü Êóãåëÿ-Õîìñêîãî.

Åå èçèíãîâñêèé ïðåäåë � ìîäåëü Àøêèíà-Òåëëåðà

(J.Askin, E.Teller, Phys.Rev. 64, 178, 1943)

Â êîíêðåòíûõ ñåäèíåíèÿõ âñå ãîðàçäî õóæå.

Ïðèìåð: ãàìèëüòîíèàí äëÿ ïåðîâñêèòîâ � eg-èîíû â óçëàõ

ïðîñòîé êóáè÷åñêîé ðåøåòêè.

Ĥ = t2

U

∑
〈i,j〉z
{8SiSj[Jτ

z
i τ

z
j + τ zi + K

4 ] + 2[Jτ zi τ
z
j − τ zi ]}+

+ t2

U

∑
〈i,j〉xy
{2SiSj[Jτ

z
i τ

z
j −2τ zj +K ±2

√
3Jτ zi τ

x
j ∓ 2

√
3τxj + 3Jτxi τ

x
j ]+

+1
2 [Jτ

z
i τ

z
j − 2τ zj ± 2

√
3Jτ zi τ

x
j ± τxj + 3Jτxi τ

x
j ]}

ãäå

J
K = 1± JH

U
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Ñïèí-îðáèòàëüíûå çàäà÷è

Äâîéíàÿ ìîäåëü �åéçåíáåðãà

H =
∑

〈i,j〉(J SiSj + I τiτj +K SiSj τiτj)
Ìîäåëü íå òîëüêî â îðáèòàëüíûõ çàäà÷àõ; 3-é âèä �ðóñòðàöèè.

Êëàññè÷åñêàÿ �àçîâàÿ äèàãðàììà:

si = ex · sin(qri) + ey · cos(qri); τi = ex · sin(kri) + ey · cos(kri);

K=+1 K=-1
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2D

2D, I = J = 1,K < 0. Ñïèí-ïñåâäîñïèíîâûé êîððåëÿòîð îò K

−3 −2.5 −2 −1.5 −1 −0.5 0
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0
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K

C
or

re
la

to
rs 8 7 6 5 4 3 2 1

↑  T=0.1
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"Íîñ óòêîíîñà" îáðàçîâàí m0(K) < 0 è mg(K) > 0.
Öè�ðû îò 1 äî 8 íóìåðóþò T = 0.1÷ 0.8.
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2D, I = J = 1,K < 0. Ñïèí-ïñåâäîñïèíîâûé êîððåëÿòîð îò T
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T -çàâèñèìîñòè ñïèí-ïñåâäîñïèíîâûõ êîððåëÿòîðîâ m0 è mg ïðè ðàçíûõ K.

Â êàæäîé ïàðå êðèâûõ âåðõíÿÿ � |m0|, íèæíÿÿ �mg. Äëÿ âñåõ ëèíèé

m ∼ (Tc − T )α ñî ñëàáî çàâèñÿùèì îò K ïîêàçàòåëåì α ∼ 0.3÷ 0.5.
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2D. Ôàçîâàÿ äèàãðàììà
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Îáëàñòè ñ íóëåâûìè è íåíóëåâûìè S − T êîððåëÿöèÿìè.

Ôàçîâàÿ ãðàíèöà Tc ∼ 0.55|K|0.55

Âèøíåâêà-2016 25/28



1 Èñòîðèÿ 2 ÝÏ� è äð. 3 Áåëë 4 Èí�îðìàöèÿ 5 Entangled 6 Ñïèí-îðá. ñèñòåìû 7 Êóãåëü-Õîìñêèé

2D

2D. Ôàçîâàÿ äèàãðàììà

−4 −3.5 −3 −2.5 −2 −1.5 −1 −0.5 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

<S
i
|T

j
>

2D
≠0

<S
i
|T

j
>

2D
=0

K

T
c

Îáëàñòè ñ íóëåâûìè è íåíóëåâûìè S − T êîððåëÿöèÿìè.

Ôàçîâàÿ ãðàíèöà Tc ∼ 0.55|K|0.55
Êàãàí Ì.Þ., Êóãåëü Ê.È., Ìèõååíêîâ À.Â., Áàðàáàíîâ À.Ô. Ïèñüìà â ÆÝÒÔ 100, 207, 2014
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Îäíîìåðíàÿ ìîäåëü Êóãåëÿ-Õîìñêîãî
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1D+2D

1D è 2D. Ôàçîâàÿ äèàãðàììà
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Îáëàñòè ñ íóëåâûìè è íåíóëåâûìè ñïèí-ïñåâäîñïèíîâûìè êîððåëÿöèÿìè.

Ôàçîâàÿ ãðàíèöà íè÷åì õîðîøî íå îïèñûâàåòñÿ.
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XV Øêîëà-êîí�åðåíöèÿ Ïðîáëåìû �èçèêè òâåðäîãî òåëà è âûñîêèõ äàâëåíèé

Ñïàñèáî çà âíèìàíèå!
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