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3.2 Cac m mva O m a ng

Cho ham lién tuc y = f(x) v&i x bién thién lién tuc
(f cd hru han cac bién xddc lap)

Ham F = Fly] = F[f(x)] : 1a phiém ham (functional) ca f(x)
(F c6 vo han cac bién dbc lap !)

Vidu phiém ham: Fly]= fy y(z) dz

Fly =sinmz] = ¢
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Pao ham phiém ham
Thay dbi ham f(x) mot lwgng nhd  £(x) — f(x) + £g(x)
£ :ratnhd g(x):hamtuyy

Phiém ham thay d6i mOt lwong: AF = F[f + &g) - F[f].

ROirac héa f(x): f; = f(x;) i=1,2,..n

- 0 ) (=]

. e [ OF . AF L {dF
Mzg(ﬁﬂ) "Cz(m) g-’ T (Eﬁ)g'zw'g‘

AF o [ SF
lit ——:f o7 dox.
(=0 € -co( x )g(” *

6F

: dao ham phiém ham
0f(x).
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] 1
Vi du tinh dao ham phiém ham: F[y] = f y(z)tdr .
{d

Fly +8y] = [ [y(x)+ by (=)' do
= [ 5@ + 20(2) by()+ by(e)de
= [1y(2)* + 29(=) y (=) o

= F'ly] + j: 2y(z)dy(zr)de.

dF:F[y—I—dy]—F[y]:j: 2y(z)dy(z)dr. » 6321):23;@).

) F[f]:fL r,f(r),Yf(r) dr
Cong thirc Euler
quan trong: °F  _ L _ v

oL
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Nguyén ly tac dung toi thiéu
(nguyén ly bién phan)

Lagrangian cUa chuyén déng

L:T—V:%mﬁ:z—V(jﬁ)

1z
Tich phan téc dung S[z(¢)] :f L(t,z, %) dt
]

Cong thirc
Nguyén ly tac ) o Euler aF, d af,
dung tOi thiéu: 5I|it) = U E — E% = [
Euler—Lagrange
- ﬁ B imﬁ:— . equation
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3.3 nhly Hohenberg-Kohn
Nguyén Iy bién phan ; {{eﬁ|H|@}- - B@|)} =0,

-~

i 3 qJD>

LPu-ial> = Egia 2 Eo = <'P0

E, : nang lweng trang thai co ban

<lP trial

Yo: ham song trang thai co ban
¥)

(N,Z,. Ry} = H = ¥, = E, (and all other properties).

T + VN& + Vﬂ:‘.

E, = min E|¥|= 11'1in<‘{J
07 ywN [ ] ¥ N

Trang thai co’ ban 1a phiém ham cla sb electron N va
thé twong tac hat cla hat nhan V, (thé ngoai V,,,)

Eﬂ' =E [N" 1qurIﬂ:-;t]‘
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Chirng minh nguyén ly bién phén
Hv = E. ¢6 nghiém chinh xac :

1o : ham séng trang thai co’ ban
Eo: ndng lwong trang thai co ban

{11,102, -} : ham séng cac trang thai kich thich
{E1, E>,- -} :nang lwong cac trang thai kich thich

Cac dieu kién: {'L"ﬂ|'1f’m} = 0nm Eo < Ei <E;<
Ham séng xap xi (ham th):0 ~ 1.

Néu chon dang xap xi: |¢) = E Cn|Un)

thi nang lwvong | — <O‘H‘O> _ D nm (“nf“m(?ffl’n: H,.wm>
<O‘O> an (]npm <'7-f"-'f’n ‘Qf‘f;m>
_ X m nCmEn(¥nltm) _ 2, lenl*En

Snm Chlm(nltm) T, lenl
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-y

H lPmal> = Eyia 2 Eo = <LP0 H

Hay: <LPtr'ml LP"J>

Nguyén ly bién phan phat biéu:

Any approximation to the ground state wavefunction will yield an
expectation value of the Hamiltonian that is greater than or equal to the
ground state energy. Equality is satisfied only in the case that the
approximate wavefunction is also a ground state wavefunction.

Trong thuwc té, ham séng xap xi phu thudc nhiéu tham so:

GD — Cﬁﬁ(plafJQa' o :-pf\"*)-
Cac tham s duwoc xac dinh thda diéu kién:

aE@l:pQ:'“ :pf\r) aE(plth:'“ :pN) .. — aE(pl:pz‘*“* ‘pr)

Op1 i Op2 OpN
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Nguyén ly bién phdn cé rang budc (nhén tl Lagrange )
N
Ham séng xap xi: ¢ () = Z c;x: (%) chiu rang budc trwe-chuan(o|o) = 1
=1

bat dai lvong: k' = {;;j;|f—if|;;j;} — }u[{m|m} . 1] A : nhan t&r Lagrange

5 5 i - i -
A V4 . X n _ K — K . ~ ()Ii. ()_}—i
Nguyén ly bién phan:9k =0 = = =0 hoac _ — 0

Oc, 04 dc; O

k

Bai todn ham riéng tri riéng:

()f': {Z Cixﬂéq Zcﬁif} — A ’:Z CiXi| chxj} —1
| - J 1 j

d y B |
= 5 Znicj[{xﬂﬂlw — Mxilx;)]
.7

H — .': ; ﬂ_ PR
:Z XHHbUH — A{ 7‘(_31|?{_3,.f] 0 nm }J?‘ |7‘me‘
‘Sﬂﬂ? - i)i_n‘:'[mf

J
= ZMIH|X;;;P;—}~ZM|X;;P; B H-C=)-S-C
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Cac phan tlr matrix:
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Tém tat cdc bwdc tim ndng ltrong co’ bdn bang bién phén:

1. Tim dang ham sdéng xap xi ban dau tot nhat

GD — @(pl_ﬁp?& e af}_-\'r)-

2. Tinh nang lwong E — (oI H

¥

3. Cac tham sO dworc xac dinh thoa diéu kién cuwu tiéu:

o)

(0|0)

s

aE@l:p?: e :p;\") _ OE(PlPE e :PN) L dﬁ(plpz e -,PN) _ U
dp1 3 Ops dpN
4. Tim dang ham séng xap xi cho bwdc tiép sau

GD — Cﬁf)(plaan' o :-pf\"*)-

¥

5. Kiém tra sy hdi tu vé ning lvong:AB = E .., " E.q © 0 2
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Mat do electron

Cho mOt hé co N electron thi

p() = N[ [[W (K, %y, XN) |2clsld>&2...dpéN_

a3 xac suat tim thay bat ky mot trong N electron trong
phan t thé tich dr, v&i spin s bat ky.

p(r) :Méat do electron .
Chuyéen dai lwgng ham song

cla N hat phu thudc vao 3N

p(r = =) =0, bién sb6 thanh dai lwong
mat dd electron chi phu
J.p(f) dg = N. thudc vao 3 bién toa do.

» Gitip gian lworc rat manh so phép tinh
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Mo hinh Thomas - Fermi

Quay lai md hinh cla Hartree, v&i mat do electron ” (x) ~ Vi*(X)(’ji(X)‘

S

=-L[pvep g+ |
2 ' ' r.,

A
Z
—5 |¢idx
()

)" J¢|— Ve

Z,"(x)

X =T[?1Tv, P

12

3, <<”,(x1)¢,(x2) &

()
¢I(X1)¢J(X2)> - J"’.¢i*¢i LLJ¢;¢jdX1dX2
I

= ”_p(x)p ((x,)dx dx, = J, P

1

- _1li4ve _ : DOng nang cé thé |a phiém
T[91= -~ = [9Veb gy =1 oy PONENANECOL
- 1 ham coa mat do khoéng ???
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Nhac lai vé khi dién tlr d6ng nhét trong giéng thé 3D cao vé han

_ h _ n _ b
E(k) = — k, Tk, Tk, T—k T —
2m 2m 2m

Phan bd Fermi-Dirac

47 47 p’ ; . 2
E " E_ 7 k. “k.mpVv, -~ —k,  —— :Thétich qua cau Fermi
3 3 n°
. ) R T T 7 73
MOi trang thai chiém mot thé tich :v, = Ak Ak 2k, = — — —= —
a b c vV,
£ . . 2V_/8 1 p°
SO electron trong 1/8 qua cau Fermi: N = F/ - 2 Pe V
72'2 3 L
Vv, 37 °n
3
a ~ _ N _ 1 p 1/3
Mat db electron: ¥ = —~ ——— 7 p, 37 2%p |
V., 37%°n ”
p2 |:37Z' 2h3,0:|
POng nang cla electron nhanhnhat: T =~ —~ L

2m 2m
Pong ning I3 mot phieém ham clia mat do electron
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nh ly Hohenberg-Kohn thir |

Thé ngodi V.. (7)la mdt phiém ham duy nhat (sai khac hang s6 cong)
cla mat do ¢ trang thai co ban cta cac hat p, (7).

T+V,+V, ¢c6hamsoéng ¥ va nang lwong co bank)

H.A.

H =T+ \Z_,e + {/;Kt cé ham séng ¥ 'va ndng lwong co bank,
E, # Ej
V.=2H=¥= pi ¥ eHeV, 222

ext ext

Piéu nay cé nghia la khéng thé ton tai hai thé ngoai khac
nhau cho cuing mot trang thai co ban.
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Chirng minh:

P’13 ham thir ctia H

H-H

¥)

Nguyén ly bién phan:E, < <‘P" H’

H| 9= (¥

W)+ (9

)

ext

E, < Ej + <‘P"T + '{fee + ‘{;e:{t ~T- ’{FE,_E,_ —V

By < Eg + [p{V

ext

V. Hdr .

e

Twong tw
¥ lahamthtr cla ' Ej < E, - [p(){V

ext

-V

ext

}- dr .
=) E,+Ej <Ej+E;or0<0. !
Ning lwong co banE, 13 mot phiém ham clia mat do dién tich co’ bapy

Eolpol = Tlpgl + Ecelpol + Enelpo -
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nh ly Hohenberg-Kohn thur I

V&i bat ky mot ham thr p(r) nao thoa diéu kién p(r) = 0 va
[ p(r)dr = N tuwong ¢ng véi mot thé ngoai Ve ndo dé, thi niang
lwgng nhan duoc cling khdng thé nhd hon nang luwong & trang thai
co ban E,. Dau bang chi nhan duoc néu va chi néu méat do trong
cong thirc dung la mat do trang thai co ban py(r).

Chirng minh (Nguyén Iy bién phan):

<qrr

8 8

) = T+ VeelP1+ [ BEVeudF = EI2 Eqlpy ] = (¥

%)
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Nang lvong téng theo Hohenberg-Kohn

E,[p] =T[p] + V..[p] + V.lp]

Vo (r) = Y (r)
= [ pxyu) dr + Ficlp]

Eulp]=Tlp] + Ve[l

V..lp] =J[p] + nonclassical term

variational principle

8| Elo)- | [ (o) ar—n|]

I

0

Euler—-Lagrange equation

~_OE,[p]

5FHK[P]
4 ()

chemical potential
op(r)

=v(f)+
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3.4 cphwong nhKohn-Sham

Y twdng: thay hé n hat twong tac (hé that) thanh hé cta n
hat khong twong tac (hé gia tao). Hé that va hé gia cé cung
mOt phan bd mat do elect

pOng ndngcliahégia: 1s=—-— Z P 1”'72“—'F-"1>

POng nang cua hé that: Tp(r)| [ Ts[p(r)]

Mat do dién tich: psl(r ZZ*PI r, 5\ =po(r).

(p; : cac orbital khong twong tac (orbital Kohn-Sham)
Phiém ham Hohenberg-Kohn:
Flp(r)] = Tslp(r)] + Jlp()] + Exclp(r)]

EXC [p] = (T[p] - TS[p])+ (Eee [p] - J[p]) = TC [p] + Encl [p] '
: nang lwong trao doi - twong quan
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E[p(r)] = Ts[p] + J[p] + Exclp] + Enelp]

1 re0(T T . -
_ TS[P]"'E‘JP(H)I,[)(D) d7.d, +EXC[P]+JVNeP(r)dr
12
| O > I o % -2l 1P dr
__EZ<(DiV (pi>+EZZJJ‘(Di(r1)| ¥|(Pj(r2)‘ drd
1 1]

- N L 5 - 2 4=
+EXC[P(1')]—Z_[2— | ;(1) | dny
i A TlA

‘ (0 \cpj> = 0;

[ _V2 Up(rz)dfz*‘vxc(fl) Z ” i
f1A

5P

Thé trao doi - vy aEXC
twrong quan ¢

| -
= {_ 5 V? 4+ Vel“l“(rl)J 0, =&,0;.

Phwrong nh Kohn-Sham
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35 ¢ m mtrao i-twong quan

Xap xi mat do dja phwong (local-density approximation —LDA)

LDA dwQc xay dung trén md hinh Thomas-Fermi-Dirac ma co tinh
dén nang lwong trao dOi nhw trong phwong phap Hartree-Fock

Exc[p] = _[P(F)Exc(P(F)) dr

:Nang lvong trao doi -
twong quan trén mot hat.

exc(P(T)) = ex(p(T)) + e (p(T))

trao doi twong quan

3 (3 p(?) €. : Nang lwgng twong quan cla Ceperly va
E:{ - — 3

4 T Alder (tinh béng Monte Carlo lwong ttr)
VWN : Vosko, Wilk, and Nusair

Tén cac phiém ham LDA: PZ: Perdew and Alex Zunger

PW: Perdew and Wang
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Xap xi gradient t5ng quat (Generalized Gradient Approximation —GGA)

EZE%pl = /p(r)e%-% (,(.:r(r). Vp(r)|, Vzp(r)) dr

Tén cac phiém ham GGA: PW91, PBE, BLYP ...

Cac phiém ham hybrid : DFT + Hartree -Fock

Trao d0i Hartree-Fock: EHF — lz //ﬂr:(rl)w;(rl)iﬁ'ﬁ(rz)ﬂf’jifg)drldrg
2 ij 12
Cac phiém ham hybrid:
B3LYP: EIECBLYF _ EILDA +ao EEF_ EELDA) ta ESGA ~ E;DA) i Egm fa EEGA ~ ECLD‘*),

HSE: E;;FEEh — E-EEP’SR(W) + (1 . ﬂ-)EEBE’SH(M) + EEEE,LH(M) + EEHE!
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