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BKLU — 2 ctatbn 1957 rogoa

Phys. Rev. 106, 162-164

Microscopic Theory of Superconductivity*

J. BarpEEN, L, N, CooPER, AND J. R. SCHRIEFFER
Department of Physics, University of Illinois, Urbana, Illinois
(Received February 18, 1957)

INCE the discovery of the isotope effect, it has been

known that superconductivity arises from the
interaction between electrons and lattice vibrations,
but it has proved difficult to construct an adequate
theory based on this concept. As has been shown by
Frohlich,! and in a more complete analysis by Bardeen
and Pines® in which Coulomb effects were included,
interactions between electrons and the phonon field
lead to an interaction between electrons which may be

2 CTpaHubl!

29 cTpaHuy!

Phys. Rev. 108, 1175-1204
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Theory of Superconductivity*

J. BarpeeN, L. N. Cooper,f anDp J. R. SCHRIEFFER]
Department of Physics, University of Illinois, Urbana, Ilinois
(Received July 8, 1957)

A theory of superconductivity is presented, based on the fact
that the interaction between electrons resulting from virtual
exchange of phonons is attractive when the energy difference
between the electrons states involved is less than the phonon
energy, fus. It is favorable to form a superconducting phase when
this attractive interaction dominates the repulsive screened
Coulomb interaction. The normal phase is described by the Bloch
individual-particle model. The ground state of a superconductor,
formed from a linear combination of normal state configurations
in which electrons are virtually excited in pairs of opposite spin
and momentum, is lower in energy than the normal state by
amount proportional to an average (fw)%, consistent with the
isotope effect. A mutually orthogonal set of excited states in

one-to-one correspondence with those of the normal phase is
obtained by specifying occupation of certain Bloch states and by
using the rest to form a linear combination of virtual pair con-
figurations. The theory yields a second-order phase transition and
a Meissner effect in the form suggested by Pippard. Calculated
values of specific heats and penetration depths and their temper-
ature variation are in good agreement with experiment. There is
an energy gap for individual-particle excitations which decreases
from about 3.5kT, at T=0°K to zero at T, Tables of matrix
elements of single-particle operators between the excited-state
superconducting wave functions, useful for perturbation expan-
sions and calculations of transition probabilities, are given.

CocunTaHbl CTaTUYECKMe XxapakTepucTukn!

*OCHOBHOE COCTOSAHME

*KBasnyactuubl

Kputnyeckaa temnepartypa

*TennoemMkoCTb
O ekt MenccHepa
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VicTopua ceepxnposoanmoctu oo bKLL

(=

o DKCNEPUMEHT
— OTKpbITHE 1911 1. KameprnunHr-OHHec
— O dpekT MenccHepa. 1934
— M3oTonnuecknin adodoekt 1951
* Teopuq:
— bpatb4a JlIoHaoHbI 1935
— ['opTep-Kasmnmmp 1934
— 'vn3bypr-JlaHgay 1950
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Pa3Butne MMKpoTeopun ;

YKasaHuna Ha pornb OOHOHOB:
-XapaktepHas Temnepatypa [, [ 10K [ 10°K [J 1eV
nepexoa

‘130TON-adpbdoeKT

1
T —
NY
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[ aMUbTOHMAaH

H = H0+H§_E+He_ph

Ho =Y e(k)-u & (K)a, (k)

k,s
Ho on = D My i@ (k+0a)a, (K)AQ) +M, _, a; (K)a, (k +q)A"(q)
k,g,s
H, .= Z Vk?’kz’q a;; (kl + q)a; (kz _q)a32 (kz)asl (kl)
K,d,s;,S;
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[TpuTSaXeHmne anekTpoHoB n3-3a POHOHOB

(=

H. Frolich, 1950
J. Bardeen, D. Pines, 1952

He o = 2, Miqids (K+a)a (K)A®@) +M,, @, (K)a, (K +a)A"(q)

k,q,s
a‘: (k +q) as (k) //// A+ (q)
M K+g.k M ;+q,k
) a,(k+q)
a, (k)
[MornouwieHne poHoHa N3ny4yeHne ooHoHa
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B3anmogencrteme mexay arnekrpoHamum

(=

Ho = >V ar(k +a)a (k, —a)a, (k,)a, (k,)
K,d,8;,S;

2

ga 20 LY | 4e
kg k2.d 5(k1 + q) — g(kl) ‘L hZQZ (q) q2 + qIZD

a:(kz —CI)
a; (k, +q)
q —(
T~ + --" +
k
2 k)

B3anmopgencTeume n3-3a obMeHa (POHOHOM OKpaHNPOBaHHbIN «KyroH»

k,+9,k,
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[TpuTtaKeHne anekTpoHOB — BO3MOXHO!

(=

Heo = 2V & (Rt a)a k, —a)a (ky)a (i) - ioieenenose

kik2.d CMUHBbI
k.,q,s
eff [MputaxeHne!
Ve <0 P
kpkz.q
BoamyuieHne noHos ONEeKTPOoH

I F

< @
Ve ™~ L[pyron anekTpoH
OnuHa Tpy6Ku [mybuHa noteHumana
Vv e’
ID==0pd =M /m0300; VUi
D
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Pewatowmn war- 3agada Kynepa 1956
S=

Keasnyactuuybl Pepmu rasa

OcHOBHOe cocTosiHMe - Depmu Oucnepcus kKBanyacTumL
. hz 2 2
| Fermi) = kl;[ a, ,a',  |vac) E(K)=E(N)-E.,.(N)= %‘k _ kp‘

KBasnyacTtunyHble
onepaTopsl

a, |Fermi)=0

+
B AN - B
'S
a, . K<k

g, k >k
“is = {a*k' o k<ke

v
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[Be nputarneatomecs ksasmdactuLbl Pepmm

(=

YpaBHeHune LWpegnHrepa

A+ &) +V(n-n) |Wr,n) =E¥(,r,)

K-nmnynbc ueHTpa macc OTHOCUTENBHOE ABUXEHNE
. K .
Y(r,r,)=w(r,-r,) exp{l P (r,+ rz)} p(r,—1,) =3 ek
E=-2A

Bceroa ectb cBsa3aHHoOe cocTosdHuell!
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KynepoBckada napa

=

Annpokcumaums noteHumnana

v -9 kkcD
Kk = 0, k,k'z D

2 E(K)+A ¢+ D> V€ =0
=

2 £E(K)+A c =0 ¢

k'cD

QHeprua cBsisn kak B 2D!

A =nQ, exp {— }
gv(x)

5(k),g(K') <€y,
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BonHoBaga pyHKLNA

AD 7O, 0 &,

-

A
>
I

=

w

v

KynepoBckue napbl CUIbHO NepekpbIThi!
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Teopua bKLL

Hacs = ﬁ—ﬂﬁZZ e(k)—u aj(k)a, (k) - Nmnynbc LM
-9 Y, a@+k)a -k, [@-k)a,(q+k,) 2q=K

[MpobHas pyHkuma ans q=0 (LWpnddep?)

‘ BCS> = H Uy +Vid 2 \Vac> u+v; =1 k

k<kg

F =(BCS|H[BCS)= > 2(s(K) ~ )V, ~ 9D U WU Vi,
Kk k

MapameTp nopsiaka - aHomanbHoe cpeaHee

A=9> uyv, =(BCS|&|BCS)
k

OnepaTop wenu

A= Z & pd, |
k

NHCTUTYT cbunankm MmukpocTpykTyp PAH 18 nekabpsa 2008 .



OyHKkuum U,V-peixiiasa pepmu-chepa

2 2 1EX X = e(k)—u
.
2 J(E(K) = 1)? + A’ Eues <E

Fermi

O-A O O+A

YpaBHeHne camocornacoBaHug
1
9
; J(EK) - p2)? + A

1=

T=0

A =2hQ, exp {— }
gv(u)
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KBasnyactuubl

=

_ + + + o
‘k'T> =a;; | | ue+veag,al,, |vac) OnOVH HecnapeHHbIN 3MEeKTPOH
k'=k
k<kge

3Heprvm KBa3n4yacrtuLpbl

E(k) = (k, M| K|k, T)—(BCS|H|BCS) = &(k)—u (1-2v})+2Au,Y,

(kT K, T = ((K) = 1) + D" 2((K) = 1V, =9 D Uy Vig Uy Vi,
k, =k k, =k A E(k)

SN/

E(K) = /((K) — p2)? + A? X/ \/

v
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CBepXnpoBOAHUK C TOKOM

=

‘\Pq> — ‘ BCSq> — H u, +Vka1_:+ Te1+_k . ‘Vac> OBWXYLLMINCA KOHAOeHcaT-
K<ke a AT npeobpasoBaHune Nanunes

E() = /(e()— 22 + A% +kv, V= %q

\Pq (Xi) =exp iqZXi \"quo(xi) \ A E(k)
=exp iy 9(x) ¥, (x)
N\

. en I R -
J_mZ[q+k+q k Wi =eNv —NV6

CywecTtByeT (pasal
CBEPXNPOBOASILLEE COCTOSIHUE - KOrepeHTHoe!
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QKCcnepuMeHTanbHbIe CrieCcTBUS i

LLlenb nornoweHus
[loBegeHne TennoemMKocTu
TyHHEenupoBaHue KBasnyacTuy
Adbdekt MenccHepa

S-1-S KOHTaKT

v
v

[
»

2A eV

2A ® T.
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Ponb borontobooBa. OH Obin 071M3KO.

(=

OH 3Han Bce BaxHble crosal
AHOManbHblE cpegHne
*HapyLieHne cnmmetpummn
*[1lpeobpa3oBaHne borontoboBa

[Mpeobpa3oBaHne

a, (k) = U, (K) + V! (K)
a, (k) = U, (K) -V, (k)

NuaroHanusyet BKLLU

BorontoboB 1958, ana bose 1948
BanaTtnH 1958

borontobos, Tonmayes, LLnpkoB 1958
HOanbwe 6binu 'opbkoB, ABPUKOCOB U .....
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CBepxnpoBOANMOCTb — CMOHTaHHOE HapyLUeHue
CUMMETPUM | SZ—
F

[NloaBneHne aHoMarnbLHOro cpegHero

A=9> uyv, =(BCS|&|BCS)
k

A= Z & rdl,
k

CamocornacoBsaHHoe none

9.0 Y ai(a+k,)a; (a-k,)a (@-k,)a.(q+k,)

k;.k,,qcD

~ Y al(q+k,)(a(a-k,)a, (a-k,))a (a+k,)+(a; (a+k,)a; (a-k,))a, (@ -k,)a,(q+k,) +..

\

HopmanbeHoe cpefHee AHOMarnbHoe cpeaHee
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[Tpobnema kannbpoBKku

KannbpoBo4yHoe npeobpasoBaHue

W (X) = p(X) exp{i hic F(x) !,
A(X) = A(X)+ VT (x),

P(X) > p(x) - 82 éf)

AHOMarnbHOe cpeHee ABHO HapyLuaeT
dpa3oBy0 MHBApPMAHTHOCTb, U HAJ0
nonpasnATb BOSTHOBYH OYHKLMIO

o, (w,K) - Mattis Bardeen, 1958

o.(w,K) - Nambu, 1960

— =
OneKTPOMarHUTHLIN OTKITUK
i =Q (KA
CoxpaHeHue 3apsiga
k'Q ;(k)=0
KannbpoBoyHasi MHBApMaHTHOCTb
Q (k)k! =0

BCEro 6 He3aBMCUMbIX KOMMOHEHT,
Kak B sym 3D TeH30pe

j=0o(w,K)E

B nsorponHoun cpege
. k ®k k ®k
6(w,k) =0, (o,K)(1- % )+ 0. (0,K) "
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for the discovery of the mechanism of spontaneous broken symmetry
in subatomic physics

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

Spontaneous symmetry breaking in particle
physics: a case of cross fertilization
Yoichiro Nambu
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Qb dekT [Iko3edcoHa n nHTepdepeHUmns

(=

Avckyccua bapguH-[xo3edcoH

P - j = j,sin(@, -4)

Ho cyuwectsoBaHne dasbl B
KBAHTOBOW MeXaHuKe HeTpuBmanbHo!
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da3a B kBaHTOBOU MexaHuke n bKLL

(=

BCS,)=]] uc+e"vaa’, , [vac)

\ p k<kg

/ A=9g> uyve’ =|Ale"
k
; T do
&/ d B0, )= [e™1BCS,) 5,

Ny, @y I Ny, @,

Mpobrnemal

Ho ApAq=7/

N Ap=1,

J =7AN CocTosiHME BCEero Kycka KorepeHTHO!

Y(N,+N,,8—-6,) [lpaBuncHas¥
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HobeneBckue npemumn, cBA3aHHbIE CO CBEPXMPOBOANMOCTbIO

« KamepnuHr-OHHec, 1913

* bapaunH-Kynep-lWpuddep, 1972
e J[I>ko3edocoH, 1973

 begHopu, Mwonnep, 1987

o [e->KeH, 1991

« Abpukocos, ['MH30ypr 2003

« Hamby, 2008
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