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1. HAM SONG (Wave fuction)
1. Biéu thirc song phang don sic tai diém M cach
ngudén O mot doan: T=OM

w(F,t) =Asint —@) = Asingt—kF)

V écto songk xac dinh theo vecto dan VI cua phuong
truyénsong:  p _ 2n EEEE .
A

Ham song ¢ dang phuc
Vi

Ae'® = A{coso+isin e}
w(F,t) = A{ cos(ot — kT) +isin(ot — kF)}
w(F,t) = A exp[—i(ot — kT)]




1.Y nghia thong ké ctia ham song

Theo thuyét song anh sang: | oc A% = Ae "A? =yt = MZ
Thuyét hat anh sang: hat photon taora | ty [é s photon qua 1m?
trong 1 sgoi la mat do hat: IZ(F’[)—-\ﬂIZ YN
Vi Ham song phirc mod ta trang thai vi mo clia hat chuyén dong

nhanh co binh phuong cua bién do: o(F, 1) = yy* = A2

2. biéu kién chuan hoa: Xac suat tim thay hat trong thé tich V bat
Ky ma hat cw tra la 1.0. jw(T,t).w*(T,t)dV _1
V

3. Biéu kién ctia ham sdng:
1- Gidi noi.

2- bontri.

3- Liéntuc.

4- Pao ham béac nhat cla
ham song phai lién tuc.




4. Quan hé gilra song Broglie va vi hat chuyén
dong tw do co ndng lvong E=hv=h<

vaxung luvong P=mv A

Tinh tan s8 goC: _ gy 2% _2n hc _E
A h A &
, -

Con vécto song: k= %~n

2nh
A h A

Ham song viét dugi dang:
w(F,t) = A exp[—i(ot — k.F)]
—A exp(—l%)[Et P

vy
B
Yuiw ¥



Van toc Pha - Van téc nhom
Van toc Pha:
Van toc truyén song sao cho phala khong doi:
@ = Et — Px = E(t + dt) — P(Xx + dx) = const
suyra: Edt = Pdx
hay: u_dx_E_m.(:Z_c

2

“dt P mv v
Van téc u Ion hon van téc anh sang 2>
Van tdc pha khéng phéi la van téc truyén nang luwgng.

Van téc nhém la van téc chuyén dong
cuia toan bd b6 song. e,
Van toc nhém cua bo sdng bang

van toc clia hat chuyén dong. .m

__OE _ c’P czmv_\l
w(F,t) = A exp[—i(ot — kT)]




1. Toan tlr: Anh xa tac dung 1én mot ham bién ham d6
thanh mot ham khac:  Af(x,y,z,t) = g(X, Y, 2, 1)
Vidu: f(x,y,z)=2x+y?z  A(2X+Yy?2) = 4xt

2. M6t sO toan tir thong dung
A-Toan tir daoham: » d

A= A _d _
Vi du: dx A(2x +y°2) _d—x(2x+yzz) =2
Z ? . Gr&_]—V—i_’ +i_é +£é3
B-Toan tw grad: x € v 2t

Vidu: grad(2x +y?z) = V(2x + y°z) = 28 + 2yzé, + y?&,

s > i _ 2 2 2
C-Toanttr Laplace: A _,_9 L9 O

+
Vi d ox> oy’ oz°
| AU . A 2 2 2 2 2 2
A(2x+y22):a (2X—|;y z)+8 (2xj;y z)+8 (2xj;y Z)
OX oy 0z

A(2X +Y?2) = 27



1. PHEP CONG: ALB=C A=Y By
Vidu: f(x,y,z)=2x+Yy°z dx
f:(2x+yzz):(di+x)f(x,y,z):2+2x2+xy22
X
2.PHEPTRU A-B-=-D B-A=E=-D
Vi du: D(2X + y?z) = 2— 2x% - Xy?z
3. PHEPNHAN  (AB)f =A(Bf)
;o A A d
Vidu: (AB)f = d—{x(2x +Y%2)} = 4X + y*z
X

(BA)f = B(Af)

(BA)f = x{dix(Zx +y?7)} =2x (BA)f =(AB)f



1. Pinhnghtaa A B=BA A=
Z

Vidu: f(x,y,z):2x+y2

A.B(2X +y?7) = i{i (2X +Yy°2)} = d (2yz) =0
dx dy dx
BARx+y22) = L1 L oxsyzn =L (20
dy dx dy

2. Cactoan tr giao hoan dugc
93 d.d.d @ & & & &

X, Y, Z — ,
dx dy dz dx? dy® dz® Oxoy oyox

3. Cactoan tir khéng giao hoan duoc
2 2
X, ¢ = Z;i g ; 0
dx °~ dy dz OXoy 0Yyoz




2. T6 hop toan t&r giao hoan duoc (A + |§)(63+ |5)
Khima  AC=CA®AD = DA
BC=CB®BD = DB

Bai tap : Xem cac TT sau c6 thé giao hoan dugc véi nhau ?

%:xél+yé2+zé3
Grad+A+Tr




C.TOAN TU TUYEN TINH (LINEAR OPERATOR)
1. Binh nghia: cho cac ham f, f,...f. va cac hang sd ¢,

C,...C, A1aTT tuyén tinh A{ZC__f_} :ZC[A_f.]
Cac TT tuyén tinh
d d L d . d2 | d2 | d2

X1_1 1 1Z1 ) y y
ax '’ dy dz dx® dy® dz’

Bai tap : Xem cac TT sau co tuyén tinh khéng ?

~ 0. 0. 0.
Graj—V—a—Xel+5e2+§e3 oyl e
R 2 2 2
A:A:az+82+a2

oX® oy° oz
I =X +Ye, +ze,

Grad + A + % L agrange



1. Dinh nghia: Af (x) = Af (x)
Vidu: Tacdo 3=—— timhamriéngtririéng

dx
2.Dungdinh nghta  af (X) =— Sy

= Af (X)

3. Chuyén vé: df (x) _ _adx
f(x)

4. Lay tich phan j aiiey j—hdx — Inf(x)+c(Inc,) = —A.x
F(x)
S.Biénddi  _;Incf(x)=—Ax o> cf(x)=e™
f(x)=c,e™

6. Két luan: Co6nhiéu tririéng A khac nhau->
cd nhiéu ham riéng khac nhau



E.TOANTU TU LIEN HOP TUYEN TINH HERMITTE

1. Binh nghia:Ta c6 f1(x).f,(x) la cac ham bat ky
A1ATT Hermitte: | f2 (X)AF, (x)dx = [f,(x)[A” 147 ()

d
2. Vidu Xét toan tw A=—i— o

Xét vé tréi : Dung tich phan tirng phén:
—|jf (x) f(x)dx_ —i[ff, — (jf fdx)]

Veé phai: [,000 d—x].f; (x)dx =i fz(x)d—xfl* (x)dx

So sanh:

Pé A la Hermittethi ta co: f(X)1,(x)=0

K&t luan: cac ham f.(x) khi nhan lan nhau bang khéng
Goi latruc giao



Tinh chat TT hermitte

1. N6 cotririéngla cac giatri thuc.|
2. Cachamriénglatruc giao:
(1khi L =K
\Okhi L = Kj
3. Cac ham riéng tao thanh mot hé du: moét ham bat

ky duoc khai trién thanh to hop TT cac ham truc
giao

Ux) =Y C,f, (%)

f, (), (X)=8(L —K) =




IV PHUONG TRINH SCHRODINGER
Cactién dé trong Co lvong twr
1. Moi dai lwvgng a trong CH c6 dién twong ttng mot TT
Hermitteatrong CH Luongtlr sao chotririéngcliaala sb
thwe bang chinh giatri cta dai lvong a.
Vidu H latoan tlr nang lwongcotririénglaE

2. Hé thirc clla cac TT cd hinh thirc gidng hét nhu cac
dai lvong cd dién tuvong trng
Vidu: TT toa dd 1a phép nhan X,Y,Z, T
TT mémen xung lugng L =[Fx.P]

Hai TT giao hoan thi ching cé cung ham riéng va khong
tuan theo nguyén ly bat dinh.



1. TT toadd= Twong irng phép nhan .
X

2. Cac toan tir xung luong

A .0 A~ .0 g ., O
- _ih— P =-ih— P, =-1h—
P, Ihaz gy I@y P

3. toan tr xung lwgng toan phan
0o . O

A L= ... 0 _
P=—-14#V =-llle,.—+e,.—+e,.—
[16X 2 Saz]

4. toan tir nang luong: P2

A E=—+U(X,Y,2)
P2 12 92 8> & 2m
— =— + +

2m  2m ox° oy°® oz°

toan tlr thé nang U(X,y,z) = U(X,Y,X)



PHUONG TRINH SCHRODINGER

Y nghia

1. Hamriéngvatri riéng cuatoan tu nang Iu’o’ng
Ho(X,Y,z,t) = Eo(X,Y,z,1)
Néu nang lvgng la khéng doi

WP, = Aexp(-—)o(F) = Aexp(--)o(x.,2)

2. PT Schodinger khong phu thudc t

Ho(T) = Ho(x,y,2) = Eo(X,Y,2)

[—h—mA+U(x v,2)]0(X,Y,2) = E(X,Y,2)

Giai duwoc:- Tririéngla mirc nang lwvgng
- Ham riéng mo ta trang thai



GIAlI PHUONG TRINH SCHRODINGER

MUC BiCH KHI GIAI
1. TIM TRI RIENG: Ttc la xéac dinh cac mérc nang luong
va xem no cb bi gian doan khong (lwong tlr héa)
2. TIM HAM RIENG: Dung tinh xac suét nhirng noi tim
thay hat (dam may dién tr). Xac dinh ham mat dé xac suat

CAC LUU Y KHI GIAI
1. BIET DANG TOAN TU THE NANG: Thuong do 1a

mot phép nhan. Néu don gian thi U=0
2. CHIEU CUA KHONG GIAN: 1D/ 2D/ 3D. Don gian la
mot chiéu khi do 2 72 g2

2m  2m dx?
3. C6 khi phai tach khéong gian lam nhiéu vung khéac
nhau dé tim ham séng cho tirng vung.




V HAT TRONG HO THE VUONG

Béntronghd O>x>a thiu=0 [ U
Bén ngdai hd 0>xva x>a thi U> vd han

Bén ngoai U Ién nén hat khong thé nhay ra

- hat chi ton tai bén trong > Phuwong trinh S © A
he  0° 08¢  0°
— + + X,V,zZ)+0=Eop(X,V,Zz
om ox? oy 822)<P( Y,2) ¢(X,Y,2)

- Xé chuyén dong theo 1 phuong x nén:
82(p(x) 2m _
ox? = Ep(x) = —k“p(X) k=
- Nghiém l& o(x) = Asinkx

Luwru y tai x=a thi ham séng bang khéng Asirka=0=sinmn




At 112 n® 2E.m
Kétqua: | ka=nm k=% _yk2=l T _ 5
a a h

h2k2 nZTCZhZ
T om 2md

E n=123..

n

Két luan vé mirc nang luvong:
1- Nang luvgng bi lwvong tir hda
2- Nang lvgng ti 1€ voi binh
phuong cac sb nguyén

3- E; la mirc thdp nhat (Ground state)
4- T E,lén trén la mire kich thich

(excited state)
5- Khéang cach cac mirc khéng déu

AE: En+1_En =



(X)) =Asinkx > A="7
Theo si¥ chuan héa ham song :

,‘“A‘Zgnz(kx)dx=‘A‘21a:1—>A=\E "i
0 2 a

K ét luan vé cac ham song bac n:

9, (X) =F sin(k,X) =\Esm<”ix)
a a a

1- Ta chirng minh cac ham sdng la truwc giao.

Két qua:

&

<@Ll @, >= 2 j sin(k,.x)sin(k x)dx = 0(m = n)
0

2- Xac suat tim thay hat ti 1&é véi mirc nang lvong thir n

A
4 U(x A U(x U(x)

) n=1 ) n=2 n=3

i o N

T /Y



Két qua: nghiém tong quat 1atd hop tuyén tinh cac nghiém

NmtX
F(X) = 2000 == 2.C0 SINC)
Két qua: nghiém cé yéu td thoi gian g o

> ™ e i -
WX, t) = p(x) expHE) =S acns:m%)expa E.t)

\EZ ¢, SIN(C2) exp(—i -
a a 2

Két qua: cho trwong hop 3D hat trong hop vudng

2_2

h
2 1)

nxznzh2 nyznzh2 nxzfczh2
> T > T 2
ma 2mb

NX71TX Ny NZ Z
ooy e (K, Y, X) = \f sin( )f / y)\f T

E=E,+E, +E; =




V DAO PONG TU PIEU HOA

Trong 1D : Hé chiu tac déng lwc tuan
hoan f=-kx, nén dong nang U=kx?/2
kX*>  mo’%® mo’x’

2 2 2
Phuwong trinh Schrodinger mot chiéu:

A% d® me?

U(x) =

—i + XU (X)=E. u._(x
( o a2 > u, (x) =E,u,(x)
> Xé hai toan tir ting va giam: @, a
. 1 h d .
a, = . T IMmoX
T A/2m [I dx |

- Lay phép nhan 2 toan tr do = viét lal PT Schrodinger
Au, (x) ={(a+a_)+%hw}un(x) —E,u, ()



V DAO PONG TU PIEU HOA

Ta chirng minh dwoc luan diém sau:

Néu U(x) la nghiém riéng théa PT Schrodinger

voi tri riéng E thi ham a*(x) cling la nghiém riéng

cua PT Schrodinger véi nang lvong riéng la B+

Ham &(x) cling la nghiém riéng cua PT

Schrodinger v&i nang lugng riéng la B

K&t qua vé mirc nang luvgng AE = hm

1- Cac nang lvgng cach déu nhau mot doan

2- Mtrc nang lvong thap nhat coé giatri dwong E, = Ehoo
valanang lvong ¢ nhiét do OK. ?? _

3- Mrc tht J bat ky co giatri Ej =(]+ 05w



NGHIEM CUA DAO BONG TU BIEU HOA

Nghiém ¢ trang thai co ban u,: khi dé % _
: u,(x)=0
Néu tac dung ha bac 8 khéng con song (%)
Phuwong trinh xac dinh: 37U () = 1
’ A 2m
Mo

Giai dwgc nghiém: u,(X) = A, eXp(—EXZ)

- Dung diéu kién chuan héa - Bién d0 song la T
- Vaviét lai ham co ban: Ay = (%j

1/4
Mo m
Uy(X) = (ﬁj exp(—z—;;)xz)

Ham & trang thai m

U (X) = (8,)"Ug(X) = (i)m(r;—;fj exp(———x?)

29 imex]u, (x) =0
| dx



Két qua: nghiém co yéu t6 thoi gian W) =Un(X) XpHED)

Két qué: cho trwong hop 3D hat trong hdop vudng

U(x,y,z)=U (x)+U,(y)+ U3(z):%mw2x2 +%m0)2y2 +%mw222

Két qua: Vé nang lvong

E, =(nx+ny+ nz+g)hco(N = NX + Ny + Nz)

Két qua: Vé ham song

(an,ny,nz (X’ y,X) = an (X)'Yny (y)z nz (Z)

L Gc nay c6 s suy bién: Cung mét muirc nang luong € ¢o
nhiéu trang thai khac nhau do cac giatri nx, ny vanztaora.



Trang thai

Trang thai

Trang thai

Trang thai

Trang thai

Viduvéi mic E, - (z+g)m:%m

nx ny nz
2 0 0
0 2 0
0 0 2
1 1 0
0 1 1
1 0) 1

Trang thai




VIl Hiéu rng duwong ham Tuner effect
Giai bai toan hat chuyén dong vuét qua rao thé c6 U
cao hon nang lvgng cua no.

Khi 0=2x =>U=0:miénl |
Khi a>x>0>U=U,mign2 Meénl Mién 2 Mign 3

Uo

Khi x>a =>U=0:mién3 Y

2mE
hz

TrongMiénl valll d%y,
dx?

+kf\|}1:0 kf:

Nghiem: : :
JUEM = A exp(ik,x) + B, exp(—ik,x)
d2 2m(U, - E)

Trong Mien [ d)\(uzz _K2y, =0 K2 = hg

v, = A, exp(-k,x)+ B, exp(k,Xx)



Pé tim nghiém, dung diéu kién bién, vi c6 6 bién dd (rng cac
mién nhuwng chi cd 4 DK bién - phéi bé mot hé sb B, voi gia
thuyét song khéng phan xa & vo cung.

Van dé ta quan tam la sdng c6 qua rao khéng?
Hé sO truyén qua D: laty sb gilra binh phwong bién dd song
truyén qua hang rao thé va binh phuong bién dd song téi tai
hang rao thé.

2
D = % £0 777 .
. D= n2 _exp(—2k,a) = 0
Két glia thu duoc (1+n%)
r]:k _ E kg:Zm(UO—E)

1
k, \U,-E h*




Vi du: Néu hiéu nang lvgng cho la E-U,=1,28.103! J, khi
do ta co thé dung ly thuyét dé tinh sy phu thudc clia hé s6
truyén qua D vao db rong ho thé a.

am) 10  1510- 2101 510

10 10

D 0,1 0,03 0,008 5.107

Hé sb truyén qua D chi dang ké khi do rong ho thé ala
rat nho, khi dé hat thé hién tinh chat sbng ctia vi hat va
diéu d6 khong thé c6 véi cac hat vi mo.

Ung dung:

1- Giai thich phat xa lanh éectron trong kim loai

2-Phan ra hat anphatw nhan co 2 proton va 2 Notron.



On tap
1- Phuong trinh truyén song vat chat: w(7,t) = A exp[—i(ot — KT)]
2- Ynghia vatinh chat ham song c?
3-Van téc pha va nhém oS
4- Toan tlr va cac phép toan cua Toan tir. Toan Twr Hermitte
5- Giao hoan tir va cac tinh chat. Ham riéng tri riéng.

6- PT Schrodinger 7,2
[—%M U(x,y,2)]o(x,y,z) = Eo(X,y,2)

Uy =V

7- Hat trong ho thé K 2 .
¢, (X) = \fsm(k X) = \/7 nTCX n 2m 2ma2 n=123...
E, =(j+05no

8- Dao dong ttr diéu hoa. 14 -
o \ ) Uy(X) = (h—) eXp(—EX )
O- Hiéu rng duong ngam

T
2m(U, — E)
16”2 k1 E k2 . 0
= — n:—: =
(Lt )’ exp(—2k,a) # 0 K, 1/ U, —E 2 72



