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LY THUYET HE NHIEU HAT
Chuong 1: Tinh chat chung ctia hé nhi€u hat
0- Khai niém vé hé nhiéu hat
0.1- Nhiéu : N >2 : Van d¢ k¥ thuat : s6 bién ; tuong téc ; thay doi vé chét
0.2- Nhiéu (N >>1) : khong lam thay doi chat
0.3- Nhiéu (N >> 1) : 1am thay doi chat
0.4- H¢ nhiéu hat ¢ T=0K.
0.5- H¢ kin.
0.6- H¢ 6 T= 0K.
Quan hé giiva Co hoc va Vit 1y thong ké (bao gom cd c¢é dién va lwong tir)
I- H¢ hat dong nhit:
1.1- Nguyén ly khong phan biét cic hat dong nhat trong co hoc lwong tir
1.2- Ham séng ciia hé cac hat ddng nhat
1.2.1- Tinh déi xitng ciia ham séng

By w(qises Qis s Qs oo ) = W (15 -5 s o5 Gis -0 GN) (1.1)
Wi (ioees Qis oos s -0 AN) = W4 (1o o5 s oo Gis or Q) (1.2)
W (Q1sees Qis oos Qs o AN) = = W (15 oos Gjs o5 i > -5 ON) (1.3)

1.2.2- Ddc diém cua tinh doi ximg ciia ham séng
1.2.2.1- Tinh do6i xting 1a nhu nhau doi véi tat ca cac cap bién :
1.2.2.2- Tinh d6i xting ctia ham s6ng phu thudc vao spin :
Spinnguyén (0;1; 2;.....)
Spin ban nguyeén (1/2 ; 3/2 ; 5/2;.....)
1.2.2.3- Tinh do6i xting cua ham séng 1a vinh cuu :
1.2.3- Dang ciia ham séng cua hé hat dong nhdt khong tuong tdc

?,(4) =0, x.(s) ;s ¢=0,s); p=mia) (1.4)
[0, @), (a)da, = [di Y6, 2 (508, () 15(5)=8,1400 =0, (1.5)
’ di. =dx.dy.dz, .
Vi (q1,92ndN) = C(Z;,(ppl (@)9,,(42)-9, (@n) (1.6a)
q
?, (@) ¢,(q) e ?, (@y)
1 2,.@) ¢,(q,) . ?,.(qy)

N (1.7)

?,. (@) 0, (q,) .. ?,, (qy)
Dinh thic Slater chita dung Nguyén Iy loai triv Pauli .

2- Cac dai luong bao toan cua hé nhiéu hat.
2.1-Hamiltonian ctia hé nhiéu hat.

N
H ==(0%/2) 3 (A m)+V (7 Py Fiy) (2.1a)

i=1
H==(1"/2)} ——| 7 — |+ 2 lsing -2 |+ (8, 2.1b
> farl(r’ 813} rfsmgl.agi(sm lagij Fen g ot S0 (21D)

(r=(t, 1,0 ry); 3=(3, 4, 8y) 5 6=(0, @y s By) )
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2.2- Bdo toan dong luong cua hé nhiéu hat.

Do doé:

N N
S PH=HP) =PV =V ==Y (¥, - ==LV = N =Pt
Fy =3 F, =L 3 F, =0, Nini: iy =0
2.3- Bao toan moé men dong luong cual hé nh;'é‘u] hat.

iz%%k ; —thEkZ . thay 7, =—ihd/dp,, L, =—ih§:i

k=1 pas patel
21 - Loy &
L, =i—h(LZH—HLZ)=—kZ=:,a¢k =kZ=:,Mkz
ﬁ:Mkz Mz,int +Mz,ext :Mz
. CM: M_. =0

Vé6i ...

A

P=

3- Biéu dién tuong tac

Biéu dién Shrodinger :

Biéu dién Heisenberg :

Biéu dién tuong tac :

Cot :

L.va L? bdo toan.

= HO(t
o s (@

O (1) =[exp(~iHt /)] D ,
ﬁvH (t):e[Hl/h ﬁvS e*[Ht/h
@, =[exp(iHt/ )] D, ()
H=H,+V
ﬁv(t)_ eiHot/hﬁv e—iHol‘/h

i - N
@, (1) = [exp(iH ¢/ )] D, (£)

ih

Vit)=e

oD,(1)

= V,()®, ()

iHot/hyy _—iHyt/h
0 VS e 0

D, ()=, (t,) - (z/h)jV(z)cp(t)dz

@, (1)= CD(O)(t)+(I)(1)(t)+CD(2)(t)+
D, ()=5(t,1,)P,(t,)

§(r,t0)=1—(i/h)j1%(tl)dzl—(1/h)2j1%(t1)dzlj1%(t2)dz2+ ...... +

§(t, ty) =T exp{(

S(t,,1)S(t,,1)=5(t5,,)

V(t,)=0

)

+ (—i/h)"jr%(tl)dzljrﬁ(tz)dzz....

ty

Ky hiéu :

to

) )

to

—i/h)jr%(f)dz}

t, >t >t
S(t)=S(t,t,)

[V, +

ty

(3.20)

(2.2)

(2.5a)

(2.5b)

(3.1)

(3.2)
(3.3)
(3.4)
(3.5)

(3.6)
(3.7)

(3.8)
(3.9)
(3.10)

(3.11)
(3.16)

(3.17)

(3.18)

(3.19)

(2.3)
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Tir (3.2): @ (t)=[exp(=iHt/h)]®, . Trong do :®,(1)=S(1) ®,(t,) (3.22)
@, (t)=[exp(iH t/ h)]. [exp(—iHt / h)]®,, ; thay t=¢1, ==> D .(1,)=D,

=®0,()=501D, (3.23)
E0=S0F, S () (3.24)
M:<cp?jf[2,,(r)1§,, (t')é,,(t")....]cb?,> (3.25)

Gia thiét t>t >t >.....
M=(05 $7 () TL4,OB () C,(")...S ()P}, ) (3.26)
S(a0) DY, = D, (3.27)

o <c1>3;" T[4,0B,(t)C (t")....ﬁ(oo)]cb?,>
Cuoi cung : M = - (3.28)
(@} S@o)0s,)
Chuong 2 : Mét s6 phwong phap gidi bai toan hé nhiéu hat

4- Phuong phap tach chuyén dong khoi tam cua hé :
4.1- Pdc diém ciia thé tuong tdc:
N
H==(1*12) (A m)+V (R Py ey Ty ) (4.1a)
i-1
VF Ty yoisFy ) = V(E =BT = FoersFoy — 7)) (4.1b)
Su phu thuéc nay dan dén két qud la ...
Décartes 7(x,y,z) = Jacobi p(&,n,¢) :

E=(mx, :m)-x, ; &, =[(m1x1 +m,x,):(m, + mz)] —Xy 5 e

k k I
gyk{(zlmfxf}(zlmfﬂ x, s v k=12 e, NI (4.22)
j= j=
§N :(i mixij:(i mij (42b)
i=1 i=1
Tuong tu cho cac toa don; va ¢;.
2R . . . N N
C6 the ching minh dugc : E(A” /m,)= ;(Am / 1) (4.3a)
trong do : A”:az+az+az ; A_izaeraz +62 (4.3b)
Coox i o7 Thoegl on? o ogt
s . k S T —
va . (:uk)_l :(Zlmj)_1+(mk+1)_l khi k=1 , 2, ........ , N-1 (43C)
=
N
Uy =>.m, (4.3d)
i=1
N
Khi d6 H(7,Fy s Py) =—(h2/Z)Z(A;’i/mi)+V(z71,172,....,17N)
i=1
-~ = - 2 N . -
= H"(y, P35 PN) == (171 2) D (A5 1) +V (P2 Poseeees P) (4.4)
i=1
F==>r+ad ; HF)=H(F +a),==> V(F)=V(F+a):

VR, 5=V +a,y +a,z +a,,x, +a,,y, +a,,z, +a, ,..xy +a,,y, +a,,z, +a.)
= V'(‘flanlvglvé:Z»nZ»gZ 9"9‘§N+ax977N+ay9§N+az)
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L s N
Két qua la H Py P ) == (21 2)Y (A5 1) + V' (s Pyseecs Py—1) (4.5)
i=1

4.2- Phuong trinh Shrodinger cho hé da tach chuyén dong khoi tam:
W(P1: P2 ses PNI=P (D15 P25 PN-1) G(PN) (4.6)
N
[ 12)D A/ 1)+ V(B BBy YW By BrseeerP YD) = EHB, s B v YG(B,)
i=1
1 2 M Lo . hz
g[—(h 12) 2 (Apil 1) + V(D1 e oy-1)]0 —E[Aﬁ,N//JN]G =E 4.7
i=1
, M o ) o ) o )
[0 /2) 2 (Dp i) 1) + V' (Brs PoseePN-DIBB1s P2 e sPN-1) = E1(B1 P25 ON-1) (4.82)
i=1
52
—7[A[),N//JN]G(/5N) =E, G(py) (4.8b)

Vidu : Xét hé gom 2 hat (N =2): = Baitap
5- Phuong phap truong trung binh
5.1- Y tudng ciia phuong phdp truong trung binh

HY = EY (5.1)
y B} n* 3}
H=YH/F)+(1/2) LV, (7.F) Hi(ri)=—2—mAf +u; (7;) (5.2)
N 2

:>H=;H'i(7i) v6i  H' (ﬁ)z—;—%Ai +ul-(Fl~)+Vef(z7i) (5.3)
v =y (s ) =110, () (5.4)

hz i=1 v
[~y —A, + u,(F) + V, (B, (F) =0, (F) 2.5 =E -3

m,; ' i=
Oly1=[v"[H ~Elydg (5.6)
dqudqi,cbn q=(7,s); j ..... dg = jl‘[daz ........ (5.7)
30ly1=6 [y [H - Ely dg=0 (5.8)

5.2- Thé hiéu dung V ; doi voi hé cdc hat boson
N
[T1 ¢, @), (a0 H,(F) +(1/2) YV, (7 ,7) - Ely dg
=1 i,

ik i

+fl//*[Z H,(7) + (1/2)2 v, G.7)-Ell] e, (@), (a)dg =0, (5.9)

i#k

Jda;d0, @[T 0, @)X H,G) + (/DX Y, G 7))~ Ely [ da,

N
+[dq.50, (4] [1e, @02 H @)+ (1/2);@7‘(:2,:?,) ~Ely[lda =0 .10

N

3{H¢;(%)[2Hi(ﬁ) + (I/Z)ZK,(EJ})—E]V/Hd% =0 (5.11)

i#k i ik
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Kj(n,rj)—zz Vit 200 (5.12)
2 J !

i=k

1

o
=] |§ CACAIIAG ) CACAI N ET (5.13a)
¢, = Iij ?, (qi)l[¢(1/2)§ 'l;;/l-j (E,Fj)]ljl:! ?, (q,-)g dq, (5.13b)
Vi (7) = j[k[(p;,. (q,«)[iz Va7 1o, (a)[1da, (5.14)
[T1e @) How] Jda e+ i@l (@) (5.150
fi;[co}i, (g; )[(1/2); | V, ()] z//]_k[ dq, =[c, +V,,(F)le, (4,) (5.15b)
[T1#, @Ev]Tdg, =Eg, (@) (5.150)
", vy GOle, (4.) =2, 0, (4,) (5.17a)
g=FE—-c;—c; (5.17b)

5.3- Thé hiéu dung doi voi hé cdc hat fermion

1
v(4q,,9,) = E[(p‘ (9)9,(q,) -9 (9,)9,(q,)] (1.7b)

[160 (). (@) -00(@,)¢. (a))H, + H, +V, - B)lp, (@), (@,)-9,(2,)¢, (¢)dgdg,
+[[0/@)0.(@) -6 @) (@) H, + Hy +V,~ E)50(@)0, () —-50(6)p,(4)1dgdg =0 (5.18)
[ 60/ (a)0! (@) (H, +H, +V,,~E)p, (¢:)p, () dg,dg, =
=[50 ()9 (¢,) (H, +H, +V,, ~E)p, (4)), (¢;) dgd,
[0, @) (@) H, +H, +V,,~E)p (4,0, (a,)dgde, = [ (a6 (@) (H,+H, +V,,~E) 54 (4,)4 (¢,)dgdg,
[60/(9)0.@:)V,20,(42)0, (4 dayda, = [ 59 (a,)0. (4,20, (@), (a,) daydg,
[0:(4)0. ()20 (40, (9))da,dg, = [ 9" (a,)0 (@) VS0, (a0, () da,dq,

[607 (a9 (9:)(H, +H, —E)p (4,)p,(q,)dg,dq, = 0

[607(a:)0 (a) (H, +H,—E)p (4)9,(q,)dq,dg,=0

[0/ (a0 (a,)(H, +H, ~E)5 ¢ (4,)¢,(q,)dq,dg, =0

[0 (a)0!(q)) (H, +H, ~E)5 ¢ (4,)¢,(4:)dq,dg, =0
[ 30 @) (@) (H, +H, +V,, ~E)p (4,)0, (4,) da,dg, — | 08 (0)6(4:) Vo (4:)6, (4, dgidlg, +
+[0/(9)0. (@) (H, +H, +V,,—E)p (4,)¢, (4:) daidg, — [ 9" (a,)0. () V1200, ()9, (4,)ldg,dg, =0
va [ dgq,0p" ()| @) (q,) (H, +H, +V,, ~E)o (q:)dg; 10, (4))— [#:(0:)Vn$,(4:)8,(9))dgs} +
+[ g (@ )] ¢, (@) (H +H; +V,~E)p () dgs Yo (@)~ [ 0,(0:) Vo0, (0,00, (4, dg,} = O

= [H, +V,,,(P)Ip (4))= &6, (q)) (5.192)

trong d6 ¢, =E~¢&y,, H,0 (q,) =€, (q,)
@ (4,)
? (4,

VoG =[ 0. (@) VG20, (9,)dg, ————[ 0/ (0,)V,, (7. 72)e0, (9, g, (5.20a)
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&, =E-¢g, . Hip(q) =€00,(q))
V@)= @)V (q)dg — Eq; [0/ @)V 7 )0, (9)dg, (5.20b)
WA AL f 319, @)V, Gr)e, (0))dg, (5.200)
6- Ph,wo’ng phap luong tit hod lan thir hai. o
6.1- Y tuong ciia phuong phdp
W(q159250N) = €20, (@)@, (42)-0)y (qy) (6.1)
6.2- Todn ti sinh hat, todn tit huy hat(;]c)i todn tu s6 hat cho hé hat boson:
ay... N ™ \/Vi'// ...... N —I..... (6.2)
Gy N =AN Y N (6.3)
afaiw n  =NiGw w1 =N Niw_y =Ny oy (6.4)
Ky hiéu N, &j&i (6.5)
chiing ta duoc : Ny n..=Nw v (6.6)
Do d6 : a;af — 4 a; =y (6.7)
aa,—aa;=0 va afaf - afai =0 (6.8)
6.3- Todn ti sinh hat, todn ti huy hat va todn tit s6 hat cho hé hat fermion:

N;=0 hoac1 :
a4y . n-=0,.=0 3 &Gy N-1..=V. N-0,.

Ry _
a v . N,=1,...=0 s 4 W N =0,..=V. . N-=I.

a, '//N:\/Nz W N » a ‘/’...1\4+1,...:V1_M V. .. (6.9)
GV =NV s @V =AIN V. (6.10)
Ny n..=@ay N  =AN:@Gv y g =Ny y.. (6.11a)
N, = a; a; (6.11b)
&kd:— + d:_&k = 5ik (612)
6.4- Hamilton trong phuong phdp luong ti hod lan th hat
H= ZH +ZV b+ 2V (6.14)
a,b,c

h2
H,=——A,+u(7,) (6.15)

2m,

a I

& =<ilH,li >=[¢; (9,) H,;(q4)dq, (6.17)

> H, ng zgw (6.18)

Vi =[o; (qa>V(qa,qb>¢k (4,)da,dq, (6.19)
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Vik => Vika => VikaNi => 5 I/ikNiNk

ik

<an>——2 W NiN zzy@=§2n&M:§zn@@wn (621)
a,b ik ik
H = Zgl&j&l +— Z V,Qra.ata, + ... (6.22)
ik
H=Y(H,),4/a, +5 > Voumdid,ala, (6.23a)
ik ik,l,m
Trong dé: (H,)is =54 =] 0 (a,) H,0,(q,)da, (6.23b)
View =|[ 2/ @) 0@,V (4,.9,)0,(4.)9,(4,)dq,dq, (6.23¢)
l/;(qa): z¢1 (qa )&1 (6'24a)
ZACREDNACHLA (6.24b)
w(g ) (q,)Fy (q,)W(q,)=0(q,—4,")0, (6.25a)
g (g, )Fy(q," W(q,)=0 (6.25b)
V(g% (g, ) F¥ (g, W (g,) =0 (6.25¢)
FO =% f(q,) (6.26)
= F = [y(q,) f(g.)9(q,)da, (6.27)

H=[y"(q,)H /(q,)dq, +% [[v @ (@, (,.9,% (4, )(q,)dq,dg,  (6.28)

Chuong 3: Hamiltonian va phwong trinh Shrodinger cho mot s0 hé nhiéu hat
7- Phuong trinh Shrodinger cho h¢ cic electron va cic ion trong tinh thé
7.1- Phwong trinh Shrodinger tong qudt cho hé cdac electron va cdc ion

H ®(#,R) = E®D(F,R) (7.1)
n’ n’ -

:—Z%AE_ _; 2MJARJ + V(7,R) (7.4)

V(F,R)=V,(F,R)+V,(R) (7.5)

V,(F,R)=V, (F)+V,_, (F,R) (7.6)

‘ V,(R)=V, ,(R)
7.2- Gdn dung doan nhiét va cac phwong trinh Shrodinger cho hé cdc electron va cho hé cdc ion

O, R) =, (7, R)D,(R) (7.7)

Ay —V (R0, (. RYD, (R)=ED, (F, R)®,(R)

2

[Zf A. + V(7. R]®, (7, R)D,(R) [Z2M

i J

h? _ _
X, [cD (7,R )] 0, Ve R)[ Z—A +V,(F,R)]|®,(F,R) +®2®[—; o Ay +V, (RO, (R) =E
[- z—mA ;;V(r)]q)  (F) =D, (r) V.(F) = V.(¥,R)
(25, A, +V2(R+V, (RN (R) =W @, (R)
Véi: W=E-E, (7.13)

8- Trang thai va ning lwong ciia electron trong mang tinh thé
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Z{—z—A +V1L,»(r>} ©,(7) = ®, (7) (8.12)
1 hz
(=5 - As + Vig ()19, ()=, 4,4(7) (8.1b)
(g:Zgi) le/(r) V- LB+ V(7 R DV (7, J) (8.2)
l ) z,e’ = z,e’
Vi (FuR)= ————— vV, R)==Y —
47[80‘13 - R, J#l 47280‘1; - R,

8.1- Phuwong trinh Shrodinger cho electron trong truong hop lién két manh

Nguyén tur co ldap Tinh the
=3 ! N
d
(=2 5N
4s
3p
(=1 p 3N
=) — > ~ E==—== N
a) b)
Hinh 8.1 : Cac muc nang luong cua electron ‘ .
a) trong nguyén tu co ldp Hinh 8.2 : Hién twong chong mién

b) trong tinh thé
8.2- Phwong trinh Shrodinger cho electron trong truong hop lién két yéu

¢n,( %)

VB =20 [ 4, GV, 7)), —5 DD [,V G.7)g, @), (8.5)
@ (F) = v (F) exp (ikF) . (86) v.(F+d)=v,(F) (8.7)
LA, 4V, 14, ()=, ) (8.1b)
2m
M0 hinh Kronig-Penney : vV
V, (X, +a)=V,(X,) (8.8) ’
q/'fe(XJ):izé‘(Xj —na) b C
A=1m (cV,) =const X M X
5:_?00 0] a

o Hinh 8.3
So do thé nang cua mo hinh Kronig-Penney
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9.1- Phwong trinh Shrodinger cho cdc dao dong mang tinh thé trong biéu dién toa dj
V, (R)=V,(R)+ ¥, (R) 9.1)
Uy, =, u,,,u,,)= dd léch cua nguyén tir khoi vi tri can b?mg O nat mang thor n
V,(R) =V,@i@)=V, 0)+> 0V, /ou, ) u,, +

+(1/2) Z(anJ /ou,,0u, 5)ou, U, +  +(1/6) Z(a3VJ /ou, 0, z00,. YoU, U, gU, + ...
nn'\a,f n.n'\n"a, B,y
(ov,/ou,,),=0
9.2- Phwong trinh Shrodinger cho cdic phonon trong biéu dién lwong tir hod lin thir hai

v, (R) = z A4, x,X,

9.4)
V,(R)=2 A, %, ©.5)
H, =Y |p2/eM,) +M,0? 52/2|=3 H, (9.6)
trong do "H,=p2 /M) +M 0 % /2 9.7)
A" =AIMw/2% - i(1/N2Mo)p (9.8a)
A=TMw/2 % + i(l/N2Mw)p (9.8b)
AA* —A*A=n (9.9)
H=H, 6 =(ho/2)+w A" A (9.10)
=> HA¢, =(E—hw)A¢, ; HA ¢.=(E+hw)A*g, (9.13)
Ag, =0 ==> E,=hw/2 (9.16)
Tw(9.13) == E =(%+n)ha) C n=0,1,2,3 9.21)
C,4,=(4")"¢, (9.22)
—=> C[ =<(A7) $,[(A")" ¢y >=< ¢, 4" (A" )|y, > (9.23)
An(zaJr)n :Ian—lnh(zaJr)n—l+1an—1(1a+)n1a
C,|" =nh < g4 (A7) @, >=nn|C,_ |  =nin"|C,|
Co=1;dodo |C | =nn" va |C,|=nin"
Cubi cing : jo L[4 ,,¢ (9.24)
’ " nt VR ) '
Ag, =0 => [NMw/2 x + h(1/N2Mo )6/ x) ¢, (x)=0 (9.25)
¢, (x)=C .exp[-max” /(2h)] (9.26)
) 1/4
[l ax=1 == ¢ =[’"—“)J , do d6 ¢0(x)=(m—wj.”4 exp[-max> /(20)]  (9.27)
. h h
10- Hamiltonian cho hé cic spin
10.1- Trwong hop hé cdac electron linh dong
N.-N
M=—gu, TV : (10.1)

N.+N, =N (10.2)
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H=H, +H,
le_;;l_mAr H,= Zl/lef(l_i)

¢,,,( 3

2——%5“__1 LAl
E:<1//|H|1//>
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dr, =dx,dy,dz,
Ytk B2k?
E,=<ylHly>=3 — =23 —
Jj=1 k<kp
S :gV3 [ak .. dl€=dkxdkydkz
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2 kg 275
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NT=ZI= L Ly - I
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N=N,+N, = L _——F
! ¢ 6rx®> 6r° 3rx’
E, =<W|H2|l//>
=—— Z [expl=ik, —&)F =)V, .7, dr,
ii,l
2
V., r.r)=
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:——Zj.exﬂ—l(k k)r V(r)f———zV(k k)

lj =1 1] =1
i*j i*j
Vik, —k)=—7"—"
Eolk; =k,
T !
' 2 Vgo Ko<k E_Ez
2 2
e dkdk e V¢ kK -
E =— v ( j ——2(—3j k. F(—)dk
&y 87’ Ky Kk, [k — k' 4rg, \ 87 <k ki
2
Flo =142 X
2x -X
E =—N 3 k.a R
t T Z o y
a =47Z'80h2 (10 25) . R :m—e4
" me? ' ’ Y 2h%(4re, )’
3 3

E, =—NT2 kypanR, N¢2 kipa,R,
Ed = NT g(kTFao)zRy +N¢ g(kiFao)zRy
3 2 3 3 2 3
E=E,+E = NT[g(kTFaO) —E(kTFaO)]RYwLNi[g(kiFaO) —Z(k“ao)]RY
3 3
N,=N,=N/2, k., =k =k, E,=E, +E, =N[§(kFa0)2 —Z(kFaO)]RY
N.=Nva N, =0, k,, =2"k,;k,,=0.

3 3
E,=E, +E, :N[§.22/3(kFa0)2 —Z.zl”(kFao)]Ry

1

E,<E, <=> kFa0<i—=0,352125 (10.32) <=> |[E|>E,

) . 27 2'3 41
Y nghia cua di€u kién (10.32)
hk* o, e’ 1

Yoo ™
ok, 2m 07 07 e o o, k—k'

+ +
‘2 a/?,a lz,aalz',cralz',cr

H =

10.2- M6 himh Heisenberg
H§(r,1)=E ¢(1,1,)
H=H +H,+V(#,r,)

H —EV[Z— e’ la_e2 1# L i=1.2
2m 4re, ‘;3 - R, 4rs, ‘EA—R2
- e’ 1
V(’”la’”z)zmm
w(r,7,,8,,8,)=¢(r,75,) x(5,,5,)
a= SI,T>®(S2,T>,b Sy, >®‘s2, >, =5, >®‘s2, >, sl,¢>®‘s2,¢>

S=5+5,, s =5,=(1/2)h

(10.19)

(10.20)

(10.21)

(10.22)

(10.23)
(10.24)
(10.26)

(10.27)
(10.28)
(10.29)

(10.30)

(10.31)

(10.33)

(10.34)

(10.35)
(10.36a)

(10.36b)

(10.36¢)

(10.37)
(10.38)

(10.39)
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Sy, +8,.=S,

5188

(Voi C, .. s 1acac hé sé Clebsch-Gordan, va S8, =x(1/2)h).
1z 92z

2000)=1/2| (1720, T) @ |1/ 2)nd) | 17200, 4) ® | (1/2)0, )] (10.40b)
7(1,0) = (1/2)[\ 1/2n1)® \ (1/2)n, )+ \ 1/2n,4)® \ (1/2)n, )] (10.40c)
2D =|1/2n1)® Ny (10.40d)
7(,-1) = \ (1/2)h, ¢> ® \ (1/2)h, ¢> (10.40¢)
E, =($,(7.7)|H|¢, (.7)) (10.41a)
= (¢, (%.7)|H|g, (7., %)) (10.41b)
S?=(5,+5,)" =52 +52 +25/5, (10.42)
H, . =l(E, +3E,)/4]1-J,, 55, (10.43)
J,=E. —E, (10.44)
He Ypm=_‘]12§§2 (10.45)
H,,= ZJ,, 55, (10.46)
10.3- Mo hinh Hubbard
H=H,+H, (10.47)
H,= Z t,, a4, (10.48)
H, =ZUX]§7X,T]§7X,¢ (10.49)
]\A]X,G _aX GaAX (e
a =¢é ¢ =Z¢), ,(x)a, a . :zgo’;,a(x)ai,a
H,= Z xyZ@a(y)c,a@,a(X)c,a Zs ¢ oo
€ :Z L@ o (y)(oj,a(x) P, o (V=0 ,(x) ~ exp (ikx)

=3 1,06 (N @) H(X)~ Zexp[zk(x+1)] exp(—ik'x)~ Fexplitk—k)x ~(k—k)=0,

X,y
H, Zg ¢, Ciy & =6, (10.52)
H, =Z/“ Aipm ChENECn (10.53)
,/m,—ZU P10, ()P, (X) @, (x) (10.54)
H= Zg CloCio + 2 Ay, ChEl e E (10.47b)

i,j,0,m
11- Phwong trinh Shrodinger cho cap Cooper
11.1- Trang thdi lién két hai electron trong ly thuyét BCS
Cap Cooper Hy - Ev $,+8,=0  pr+p,=0
H=H,+V
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_):h]; HOQIE :glzwlz

(Hy+V —E) 3 appp=0 w=2am
k'>kp
(& —E)ag+ ) a;
/Ec:F B I(ka(pk dr
{ Vo <0 khi &, <& ; &, <5F+ha)D

E?a-khlf/ éZa ji__‘d1g0al khoa?ﬁé tre” 2

_i k'>kp 1 ( E)k>kF
Vo k>kF(E_5;§)
g AU
Vo i (E—é&; : | :
ariry ©Ew | : :
lgF E : 8F+7l(DQ
e>e , E>0 | ! E
Trang thai lién két l : E
& :gF_gC \~“\\~\~\\‘~\ E i E
ﬁ:gc <é&p -1/V, e R Fooeee
(11.12) 5 5
1 1 | : !
Vo "2 (e Eo) i i E
1 9 o(g)ds 1 e g ey —Eq. +hao,
&) =g\¢& — = o —=g(¢ —————=9g(&x)ln
g(&) ~g(er) 7 j o E) yo=2r) I P RN Li—" s
1 &, +hw
= In=% & A=g(e.)V, e
g(er)Vy En ger)Vs Cuic=¢r~ ¢c g, =hawp, exp(—1/ 1)

kT, =g T ~(hw, k)exp(-1/ 1)

11.2- Todn tiv hai hat va trang thdi chin khong ciia hé siéu din

¢r=atat. ; 6 =a_.a
ko -k k -k "k

k k
H= Z(g /2)(apa; +a’a )+ (1U2)Y Vyaiata a,
k.k'
ng, =0; ﬁ;;(onk:l =@y = Mgy =0 =0 gy
CrCr=0;0.a 14; =A;a,a"La  =Reh =i =R
H=Y¢¢:6,+1/2)) Viéiéy,
k kk

(D,;(O):U,;¢’,;(O)+V,; - (0)=(u; +V,;CA,;)¢’,;(O)
”12 +v1; =1
®(0) =] J(u; +v;¢)9;(0)

va: ¢.(0)=0
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k
~ At At oAt
—kl_k[ (o4 +V pdiad k¢]¢n o+ p dy[ug +veala ,;¢](/)n~—o[” p TV A 4010,
£
K=k g
R AU P oV A Gy P o = U A AP, o[0T 0, 0] =

= UV A (A a9, 0100 = 8 5 A Ad T 0, 00,

U iV g 99 g, Pr=0Pu=0

&712& 1; | RAOIE i H(o (0) ~v; a (0;; (O)&EV,,;&,,;&L;&L;Q,; 0)=0
Chuong 4: Phuong phap ham Green luong tir

Y tudng ciia phuwong phdp
12- Phuong phap ham Green luong tir ¢ nhiét do T=0K
12.1- Pinh nghia ham Green luong tit ¢ nhiét do T= 0K

G, 06 ) == 1T, (N7, () (12.12)
G, (o) =— <H%a(:);i()x;)S(oo)]> (12.1b)
;li_?oG (x,x")dF -+Z<‘“>
Vi: N:jn(f)df => n(x)==i lim G, (x.x) (12.2)
FO () = +lz j[rh:; L5 ()G (x,x")]dF (12.3)

12.2- Ham Green cho hé hat fermzon
iG(x,x") =<T[eIHt/h ~ (q)eﬂHt/h PHth vig' )eﬂm/h]>

=<T[e"E° e (D) e Fd e ]>
i k
iG(x,x') =<T[e"E° e (a0 Gy ]>

B, )P gty = dpda (12.4)

(2 )
tpr/h tHOt/hA e—iHOt/h

Wy (7, t)—\/—Z a;

~i ) & (P"agapit/h —MZ%(Z)")&;--&F- ]+go(i7) t/h
ase ' =e -7 a,
=iy £g(P")apudizit/h —iMZ%(ﬁ")&;--&ﬁ-- ]—80(17) t/h
At 5" p" A+
ae ’ =e -7 a,

pr-go(P)11/h A
[pr-gy(p)it] a.-

vy, (F.1)= \/—Z

<wH @ (x)) > 1"

GO (x,x")=—i <T[l//H(x)l/}:1(x )]> <w (X)W (x)> t'>t
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—i .
G(O)(x,x'):7Ze[ P(F=r)=&o(p)(1=t")]/ R {
p

Nﬁ,t'>t
19 ]3‘<p0
N.=(a:a.)=
e N,
_q o I-N_,t>0
G(O)(x):—lZe’“”50(’7)’]”{ P
V5 -N;,t>0

) - _ T (0) —i[(pF/h)-wt] J= _ T i[w—¢,(P)/h]t I_Nﬁ
GV (p,w)=| |G (x)e drdt =—i| dte
e b _Nﬁ

==if(p - p,)|dte" "M +if(p, - p)|dte P (v 9(z)={1
0 0

, >0
, 1t <0

J.e"‘” dt = lim | e dt=i lim ! :IF( ) _J'F(S)d —in F(0)
0 5—>+00 5>+0 §+710 s+io
GO (B, ) = O(p—p,) + 0(p, — p) _ 1

Cho-g,(p)+id how—g,(p)—i8  hwo—sg,(p)+idsign(p—p,)

12.3- Ham Green phonon
D(x,x")=—i <T[¢, (x)$, (x")] >

(7 kle o pplron Ay N ik -y (K
u(r’t):Z;{M];(rat)e [k WO(k)t]'i‘u;(r,t)e [k g)o(k)t]}

k

pli,(F,0),0, (7 )] = =ihd(F —F")5,

=—j[u(r t)] d7

% kk' + _i[kr— t] 71 t
E=<H>=2<K>= = < o a)o(k)a)o(k {bb [k~ (k)] a (k1]

ALA
+b:b.e

E = (h/z)Zmo(k) b.b: +b7b, Zha)o(k) N +(1/2)]

Z w,(k)[ N +(1/2)]

¢?H (x)= %z /0)0 (k)/2{blzei[k7—wo(k)t] +b’\1;refi[1;7—w0(l;)t]}
k

DW@:%Z“@O(E) {e(t)e"[ @®0 4 g (—f)e ™

[0, ()]t

- = . k
D (k@)= [ [D (e dF dt = ’”0( )| j {

:—ia)o(k) {J‘dtei[wwo(E)]t+J'dtei[w+wo(/?)]t}
2 0 0

(k)t]}

,t>0
k)]t
ilw+ay (k)] 1 <0

h_ttW;W\’N)Néo%ltsoftware.com For evaluation only.

, z>0
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, (k) { 1 9 } _ @, (6?/)

DO (k,w) = - .
(k@) 2 o’ -] (k)+id

w—wO(E)+i5 a)+a)0(1€)—15
12.4- Dinh ly Wick
(@014 1)B(031) Ca351) X (15T (G, 1,)]
V(4,1 W (q,.t,)==> <T[y(q,.t, 9" (q,.t,)]>
<T[A(q,.t)B(q,.t,) C(q5.1,)D(q,,t,)- X (q,,,1,.)Y (q,,.1,)] >=
=< T[A(q,,t,)B(q,,1,)] >< T[C(q5, ,)D(q,, t,)] > . < T[X(q, 1, 1., )Y (q,,1,)] > %
+ < TTA(q,,1,)C(q5, 1)1 >< T[B(q,,6,)D(q4,t,)] > oo <T[X(q, 11, )Y (G, 1, )] >F .

Gty i T[w(i)tg(* g iS(OO)] >

)

§(oo):l—(i/h):fl}(tl)dtl —(1/h)? jlf(tl)dtl jﬁ(tz)dtz Fot

T (=ilh)" jV(r)dz jV(r Y, . J;]I}(tn)dtn+ .........

V(D)=g[y (X (x)g(x)dF
gz _ 27° ¢
pom

66 (r) =—ED [, < Tl (7 (5 /(31>

< S(oo
< Ty (D] >< T0* (e W (x,)] >< [9(x,)] > £ <[B(x,)] >=0
<[é(x,)]>=0 5G (x,x") = 0.

Dé dang ching t0 rang tat ca cdc bac 1€ clia gia s6 ham Green 5G“"*" (x,x") cling bing khong.
OG? (x,x") :M
< §(0) >
< (" (x)S()]> = < Tl ()" (¢)S(0)] >, < S(0) >
Glx,x) == i< T (" ()S()] >, (12.1¢)
=> Ham Green G(x,x') c6 thé biéu thi qua cdc ham Green cua hé céc hat khong tuong tdc G (x,x') .
13- Phuong phap ham Green luong tir 6 nhiét do T # 0K. Khong hoc vi trong mon Phuong phap ham
Green co m‘(f)t chuong vé ham Green nhi¢t @ T # 0K
14- Gidn do Feynman.
14.1- Gian dé Feynman trong truong hop T=0K
14.1.1- Nhitng quy tdac chu yéu cua ky thuadt gian do
Glxx') = ;= Ty (o (x)S(0)] >
< S(oo) >

[ [ i, < T Cow* G G W e )P0 7 (e, (6, )o(e, )] >

S(o0) =8(c0,~00) =1=(i/ 1) [V (1)), —# [P@yan [Vieyde, +....+

D" %
L D)
'}’l

= G(x,x") = <S(;)> ;’;j jdt dt, < Ty (x)y (x')l}(tl) ..... ()] >
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5 1 At N A+ - NS (Z N\ (o =
Vs = 02 GO Us G = R)w s (), () i,

Ky hiéu: 3(x, —x,)=U(r —1,)6(t —t,)
; Loee . - ~ . .
[V dn =[] () S04 =x)w7 ()7, () d x, d
Khi : n=1.
-1 ~ At N A+ ~+ ~ ~ ~
G" = —Jd4x1 d4x2 < T[l//a (x) Vg (x )l//}/ (xl)l//§ (xz)l//a‘ (xz )l//;/ (xl )] > ‘S(xl _xz)

2 < S(o) >
T W5 (W (X)W 5 (2 W7 5 (2 W7, (X)) >= < T, (W7, ()] > < T (e W5 (3,)] > < T, ()W (x )] > =
= <TTW, W ()] ><TTw 5 (x W7, ()] >< T 5 (e, 7 ()] > +
+ <TTy, () 3 () >< TTY S (), (5,)] > < T 5 (x, W7 (x)] > —
= <TTW, W 5 ()] >< TT97 (x)W 5 ()] >< T, ()W ()] > +
+< T, W7 5 D] >< T ()W, (51> < T s (e, W 5 ()] > —
+< T, oW 5 (3] >< T ()W 5 ()] > < T (e, (x)] >

Thay G
G(O)(x xl)Gf;g)(xz,xz)G(O)(xl,x') —iG(O)(x xl)Gg) (xl,xz)G(O) (x,,x") + zG(ff;)(x xz)G(O)(xl,xl)G(O)(xz,x )—

Gég)(x xz)G(O)(xz,xl)G(O)(xl, ") — zG(O)(x x)G(O)(xl,xl)Ggg)(xz,xz)Jr
+ZG(O) (x,x )G(O) (xzaxl)G;(/s) (x;,x,)

Gidn d6 Feynman: G phi hop véi 6 gian dd trén hinh 14.1

Xz X;
a) b) a’) b’)
X X; X X X; X, X X X, X
X1 ox, X, X
0 OO ) ED
X x’ X x’
Hinh 14.1

Gian do lién két:

<TIY ()" (x") S(0)]> Z ) j j dt,...dt, < Ty ()" (W (t,)...V ()] >=

=0 N —o

iz{ TE A(”m)J jdz Lt <TIy )y V(). V (t,)]> .

—00 —00
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m!(n—m)!'

dt, <TIg )Y V(). V()] >

m

—00 —00

< T ()W (x')S(e0)]>= ZZZ{

(n—m)!h"™"

—00 —00

=D j....jdz et <TLV (). V (2,)] >}

—Z,(n.l; oo [y, < TUH 7 VP 1) W0, 5

—00 —00

()"
Zk'hj ...... jdzm+1 dt,  <TV(t, ).V, )]>  (14.7)

i(_i)k]o ...... Tdt pedt,  <TIV(t, ). V(2,0 )] >=< 8(0) > (14.8a)

=kwnt Y
( i)" ]9 Tdt At <Tlw(x) " (x)V(t) V(t N>, = <Ty(x)y* (x)S(oo) >, (14.8b)
m'h’" ool

<TL (" () S(0)]>=< Tl () (') S(0)]>, < S(e0) > (14.9)

G(x,x) =i < TP (0" () S(0)]>,, (14.10)
14.1.2- Ky thudt gian do trong khong gian toa do.
Xét Tuong tdac hai hat:

D Yo YT

Cl

ggﬂ”ﬂwfq

h)

6’) g)
Hinhl4.3

o ~| dxd o d xd ' G (=% )G, (4~ )G 5 —x)G, (G, OV =%V, —x,)

) — [ dxd vd e d %, Gy (=)L, (5 =, )G, (5, —6,)GL0, (0, =3, )Gl (g, =)V =3,V =)
c) Id4x1d4x2d4x3d4x46§2 (x— xI)GO) (o, xz)G() (%, x3)GO) (o, =X’ )6;3;4 OV (x, —x, )V (x, —x3)
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d) Id4xld “x,dxd 4x4G(O) (x—x, )G( ) (- xz)G(O) T)tc%”— x3 8 GO P)@%%ﬁﬁluaﬂon Oﬂ)l( —X,)
d)Id4xld4x2d4x3d4x4G(O) (x— xl)G( (x, — ')G(O) (x, —x3)G(O) (x3 x4)G(O) (2, =2, )V (x, =, )V (x; —x,)
e)—jd4xld4x2d4x3d4x4G(O) (x—xl)G(O) (x, — x)G(O) (x, — x3)G(O) (o, — xz)G(O) OV (x; =x,) )V (x; —x,)
g)J.d4x1d4x2d4x3d4x4G(0) (x— xl)G(O) (x, — xZ)G(O) (x, — x3)G(O) (x;, — x)G(O) OV (x, —x;,)V(x, —x,)
h) — I d*x,d*x,d"x,d*x,G,) (x—x))G\) (x, =x,)G) (%, =x,)G) (%3 =x,)Gy (0, =X W (x, —x, W(x, —X3)
i) —[d'xd v d ed G ()G, (5 ~1,)GE, (5 =31, 0 =X, )G 05, =X W, = W0, =)

o [dsd xd d % G (=3 )G (4 —5)G5 (5, ~X)G, 05 ~x )G (3~ )V~ P, —)
[P0, = [ 0075(62) S5 =307, (), (5 s =

= j S G () S0 —2,) 85 —x,)80r, =38, 8, 1, ()W, () d vy, =
=== j I ()W, (%)) Ax, —x,)0(x; —x,)0(x, —=x,)6,, S, W, (X)W, (x;)dxdx,dx,dx, =

= ZJ‘J‘W; (xl)iﬁ;; (x,) Fy(loy)2 pos (X1 X5, 05 X, )9974 (x4)§973 (x3) dx,dx,dx;dx,

F;O% - (0, X553 X)) =Jx, —x,)[O(x, —x;)O(x, —x,)0. m 5()51 —Xx,)0(x, —X;)0. » %]

"= j e d T 0%, 3,) <TT, (0 (0, m)@; () 0, ()10, () >=
=ij...j d*x,...d*x, Fy(loyl o (X0 5,20 %, )GO (x =X, )GO (o, —2x,) GO (x, —x')

(x, X,,%, x,) =mdt hinh vudng (14.13) = gian do 14.4.
cac giando 14.3a,b,c,d =>145a;
cac gian ddb1434d,e, g,h =>145b;
cac gian d6 14.31,k ==> 14.5¢c.

Q QG e

Hinh 14.4

(0)
nrs 727a

Hinhl4.5

4 45 TO© (0)
j jd X dX U0 (6025, X000 (X5 X, X, X5).

GO (x—x)GO(x; —x5 )G (x; —x' )G (x, —x,)GO (x5 —x,)
- II déx,..d*x, T (x,2,,%, 6, (x5 %, %5 Xg).

Y2 V3¥a VsVe V178

GO (x=x)GO(x; =x)GO (xy = 25)GO(x; = x,)GO (x5 —xg)
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1
_ 4 4 (0) (0)
¢) 5 II déxp..dixg U0 (X xy,x3x, )00 (X5 X6, X5 Xg).

GO (x=x)GO (xy —x5)GO (x; —x,)GO (x, = x5 )GO (o —x')

Quy tic tinh phan bd sung bac n ctia ham Green :
1) V@ tat ca cac gian do lién két c6 c6 cau truc to6 poé khong twong duong nhau;
2) Mbi dudng cho twong tng v6i mot ham Green G (x, — x,);

3) Moi tir gic cho twong tng v6i mot ham T | (x, x,,X,x,);

4) Léy tich phan theo céc toa do cua tét ca cac dinh va ly tong theo cac bién spin;

5) Biéu thtrc nhan dugc nhan véi hé s (1) (1/2)" 2 trong 46 m 1 s6 gian d6 trong biéu
dién khong dbi xung tuong Gng véi gian dd d6i ximg dang xét. Dau [ ]
cua gian d6 ciing twong ung v6i ddu trong trudng hop khong dbi xung. T T

Gian dd bac ba vé trén hinh 14.6 Hinh 14.6

(1) 4 4y TO RG) (0)
j j d x1 d x12 NY2 V34 (xl xz’x3 x4) VsVe V178 (x5 x6’x7 xg )F79710 12 (x9 xlo’xll xlz)'

G (x—x)G?” (x, —x,)G?” (x, —x,)G” (x, —x,)) G (x,, —x, )G (x, — x, )GV (x,, — )
14.1.3- K3 thudt gian do trong khéng gian xung lirong
Xét Tuong tac hai hat
G(”’)(x x') = _HG“”(x X )G(O)(x1 - X )G(O)(x2 —x")3(x, —x,)d *x,d"x,

d ip(x X
Gy (= x) = [ S5 G (p) e

4

o~ d o~ ig(x,—x
3(x, _xz):_..(z hq)4 J(Q)eq(l )t

G(O)(p) .[G(O)(x)e eI gt
p=(p,ha), q=(q,ha), p(x, —x,)=p(r —5) - ho(t, = 1,).
G(”’)(x XY =i (27h) 16J‘ jd4p1d4p2d4p3d4qd4xld4x2 il py (v -y (350 4y (=) (=3 )/

GCO(p )G (p)GY (p)I(q) =
=—ia)*[..[d' pd’p.d' pd'qe” """ 8(p,— p, ~0(p, — Py + ).
G, (p) G (p,) Gy (p,)3g)
=iy *[..[d* pd’ p,d* p,d* g™ V" S(p, — p, — ) (p, s +4).
Gy (p) G5 ()G (p3)3(g)
Gy (pp)=i..[d" p,d*qe™ " "S(p - p, - )5(p, - p'+9).
G, ()G (p,) Gy (p')3(q)
G(”’)(pp) G (p)S(p-pH(2m)*s,,
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6" (p)=iG" (p)] 5 LG (p - 30)G" (p)

G (p) =26 (PO 2 o ”; G (p)lime“ G (p) )9 D) o

Hinh14.10

p:i+qi+q ,1q 3

Pl"‘q, 1] 3

q:+q,1q 3

Pzq4

P Pq
P-q:-9 2‘/61 4

\ P‘ql‘q\i‘q 3794
Hinh 14.11

. 5aﬂ
—1
(27h)*°

G”(p-4)G”"(p-4,-4,)G"(p—9, -9, —4.)G" (p—q, -9, —4; —4.)G”(p—q.)-

[d*p, G ()G (p, +4:)G" (1, +4, +4)G (P, +4, + 0, + )
14.1.4- Phuong trinh Dyson

QB e

Hinhl4.5

(GO [-[d*q,-d"4,3(4))3(9:)3(45)3(4:)3(9, + 42 + ).

G=G"+G"Y +G¥ +.....

. 9.9¢
.000 Q¢
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+ [ .................... ] +

G=G"+G"QG
Q-©+@+8

+é+@© + ] 4
N N B

Q=Q +Q, +Q, +.....

Q(l) (p) J pl F(O)sﬁ(p plaplap)Gsy(pl)

Qn)t "
==> Q @ : I:l —> O
Hinh 14.16 Hinh 14.17
8
= = G
6 1T 11
Hinh 7.5 ¢ Hinh 7.6
8 7 8 8
6
Hinh 7.17 23
. Hinh 7.6
Q) (p)=Q,= gian do v& trén hinh 14.18
(2)(17) ___.[ ég)na(p,Pl;Pz,pWLpl — D)
Loysp (P2 P+ Py = P23 P P)- QE§§E§ ==>
~G;7ﬂ (P, )Gvg (p1)G5y (p+p - )dpl—d4p2
Q27)* Hinh 14.18
Thay gz:gr”+41@>vaophuongtﬁnh(1449)(chayfGw>:-——;L—j-):
ho-E(p)

[ho— Ey(P)G,,(p) —i J Gy Lo (PP P DG ()G (P) +

Ifmw09ppppp+pl P, (P2 P+ Dy = Dy P1s P)-

d*p.d*
G,,(p3)G,:(p)Gs, (p+ P\ = P >%Gw (p) =6,




