Phudng phap tich phan phiém ham trong ly thuyét
lugng ti vé plasmon

Nguyén Van Hiéu', Nguyén Bich Ha', Nguyén Van Hgp?

Wién Khoa hoc vat lidu, Vien Han 1am KH&CN Vigt Nam
“Khoa Vat ly, Truong Pai hoc Su pham Ha Noi

Trong bai bao nay ly thuyét lugng ti vé plasmon da dugc xay dung trén cd sé nhiing nguyén ly va
dinh luat co ban cua vat ly hoc lugng ti dugc ap dung vao truéng hgp khi dién td linh hoat trong
kim loai va bang phuong phap tich phan phiém ham. Nh& st dung bién d6i Hubbard-Stratonovich
ndi ti€ng, ti phi€ém ham sinh cta hé khi dién t{ suy ra phiém ham sinh cia mét trudng vd huéng ma
cac toan td hly hat va sinh hat cda truéng nay chinh la toan ti hdy va sinh plasmon. Trong trudng
hop khi dién ti linh hoat trong kim loai déng chét cé kich thuéc khéng gii han va d nhiétdé T =0
Lagrangian cUa trudng Iuong ti vé hudng dién ta cac plasmon cé dang giéng nhu Lagrangian cla
trudng lugng ti vé hudng tuong doéi tinh théa man phuong trinh Klein-Gordon. Phuong phap lap
luan va tinh toan cé thé dudc mé rong ra cho cac hé dién tl linh hoat trong céac cau truc kim loai

kich thudc nano.

Tu khda: khi dién td, kich thich tap thé, phiém ham sinh, phiém ham tac dung, plasmon.

Chi sé phéan loai 1.3

FUNCTIONAL INTEGRAL METHOD IN QUANTUM
THEORY OF PLASMON

Summary

In the present work the quantum theory of
plasmon was established on the basis of the
fundamental principles of quantum physics
applied to the electron gas in metal and with
the use of the functional integral method. By
means of the celebrated Hubbard-Stratonovich
transformation, from the generating functional
of the electron gas it follows that of a scalar field
whose destruction and creation operators are
those of plasmons. In the case of the electron
gas in a homogeneous unbounded metal at zero
absolute temperature T = 0, the Lagrangian of
the scalar field describing the plasmon has the
same form as that of the relativistic Klein-Gordon
scalar field. The presented reasonnings and
calculations can be extended to study electron
gas in nanostructures.

Keywords:actionfunctional, collective excitations,
electron gas, generating functional, plasmon.
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Md dau

Hién tugng cdng hudng trong su kich thich tap
thé cla khi dién tl (cong hudng plasma) da dugc
xem nhu c6 ngudn goc la sy ton tai cia mot loai
chuén hat goi la plasmon. Nhiéu loai qua trinh
tudng tac cla plasmon da dugc nghién ctiu trong
nhiing nam gan day: tudng tac cta plasmon vdi
exciton [1-13], cla chdm lugng ti vGi plasmon
[14-16], huynh quang tang trudng nhd plasmon
[17-23]... Tuy nhién, cho dén nay ly thuyét vé
plasmon van mang tinh chat hién tugng luan:
thira nhan sy ton tai cla cac toan ti sinh va hiy
plasmon ciing nhu biéu thic cla Hamiltonian
tuong tac gitia plasmon vdéi cac chuén hat khac.

Trong bai bao nay, ching toi dé xuét thiét
lap ly thuyét lugng ti vé plasmon trén cd sG cac
nguyén ly, dinh luat cé ban nhat vé hé dién ti
linh déng trong chat rdn, ngoai thé nang cla
dién tl trong mang tinh thé con ké dén tuang tac
Coulomb giiia cac dién tii. D& dat muc tiéu do,
chiing téi ap dung phuadng phéap tich phan phiém
ham [24-26].

o A’ b} . b} b} 2 oA 2.
Phiém ham sinh va ham Green cua dién tu

Khong lam mat tinh chat téng quat cla céc



lap luan trong bai nay, dé cho cac ky hiéu dugc don gian ta hay bd qua chi s6 spin trong ham séng cla
dién t va coi dién ti la cac fermion khéng c6 spin. Ham song cla dién tl va dai lugng lién hgp véi ham
séng d6 dugc ky hiéu 1a w(x,t) va ¥(x,r). Céc dai lugng nay phan giao hoan véi nhau (dai lugng bién
thién Grassmann). Dé viét gon céc cong thic, thay cho cép toa do khéng gian x va thdi gian t ta st dung
toa do khong thoi gian x = (x,x, )= (x,7) va viét:

()= wxx,) = wxe), B(x)=F(x.x,)=T(xr).

fobews [l [y = ftfie

Trong trudng thé nang U(x) clGa mang tinh thé Hamiltonian cla dién ti c6 dang

0 Y_1(_.aY
H[_lax’xj_zm( l@xj +U), )

trong d6 m 1a khéi lugng hiéu dung clia dién tl (ta dung hé don vi véi i =c =1). Ky hiéu thé& néng tuong
tac Coulomb gitia hai dién ti la V(x—y) va dat

Flx—y)=V(x—y)d(x,—3,) - 2)

T4t ca cac phuong trinh dong luc cla hé dién ti déu dugc suy ra ti nguyén ly tac dung cuc tri véi phi€m
ham c6 biéu thiic sau day:

)=, L] ey G () (= 2)T () (), ®
trong do
! [||r,~_|J] =%I:ﬁrﬁ{x}|}£— H [—ri,xﬂ yw{x) (4)

la phi€ém ham tac dung cla hé cac dién ti khi bé qua tuong tac Coulomb gilia cac dién ti. Trong phuang
phap tich phan hi€ém ham tudng ting véi ham séng w(x) va ham séng lién hgp (x) clia dién tl ta dua
thém hai dai lugng bién thién Grassmann niia n(x) va n(x) via phan giao hoan véi nhau, viia phan giao
hoan véi w(x) va y(x), va sif dung céng cu toan hoc méi 1a cac phiém ham sinh c6 cac biéu thic sau
day:

z*[n]=[[Dy][Dylexp{i] dx[ W (x)n(x)+0(x)w(x) Jfexp{iZ [y, v ]}, (5)

zy [n]=[[Dw][D¥]exp{if x| g (x)n(x)+n(x)y(x) |fexp{i L, [w.v]}, (6)
trong do

[[Dv][[DY]

ky hiéu phép lay tich phan phiém ham, va dat
Z"=2"[0,0], z; =Z;[0,0]. 7)
SU dung tich phan phiém ham, ta cé thé tinh gia tri trung binh cla tich cdc ham séng va ham séng lién

hop tai cac diém khac nhau |8y theo t4t c& cac trang thai kha di cGa hé hat. Vi du nhu gia tri trung binh
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clia tichy (x)¥ () dugc tinh theo biéu thic sau day trong trudng hgp bd qua tuong tac Coulomb gilia cac
dien tir:

G(x.y)=(w(x)§(»))= 7

exp{ijldzw(z){iai—H(—iaaz,zﬂw(z)}.

G(x y) dudc goi la ham Green cua khi dién t khi bé qua tuong tdc Coulomb gitia cac dién td, déi khi con
dugc goi la ham Green cla dién ti ty do trong mang tinh thé.

[DV][DY]v (x) ¥ ()

Hay ky hiéu {u, (x)}1a hé di cac ham riéng truc giao chuén héa clia Hamiltonian (1) tuong Ging véi cac
tri riéng £ :

Hu, (x)=Eu,(x), 9)

va S(x,»)=S(x,y;x, -y, ) 1a1i gidi clia phucng trinh

|: cj —H(—.‘é 11i|3~.'|[.r,_r}=E{x—_].-'}I=ﬁ{_\'—y}|3{.\’_,—_1'l}. . (10)

S(x, y) c6 dang t6ng quat sau day:

1 —io(xg—y, u X
S(x,y;xo—yo)zgj.dcoe (”")Z oo( £ +i0 +zZCe Eolt=30)y, u, (x)u, ()

— i _iw("o‘yo) - 1 — Con C(x

2njd°°e Za:”“(x)”“(y) Lo—EaHOjLo)—Ea—iO}'

Xét giGi han € — +0 cla gia tri trung binh ctia tich ¥ (x,7+€)y (x,7). D6 1a mat do s6 hat n(x):
n(x):girg<w(x,t+s)w(x,t)>:—zS(x,x;—g). (12)

Tu biéu thiic (11) ctia S (x, y;—€) suy ra rng:

X[ (13)

5

vay C, chinh la sé dién t&f 1, trong trang thai c6 ham séng u, (x): C, =n,.

Phiém ham tac dung va phuong trinh déng luc ciia plasmon

T biéu thiic clia phiém ham sinh Z" cla hé dién ti ¢é tuong tac Coulomb vdi nhau, chiing ta sé thiét
lap phi€m ham tac dung cula trudng plasmon v hudng, tt dé suy ra cac phuong trinh déng luc clta trudng
vd hudng nay. Theo cac cong thuc (5) va (7) ta co

2 ZI[DW][D\p]exp{iJ.dx\y(x){iaio—H(—iaax,xﬂ\y(x)} 1
exp {4 A w (v (Y (- )OI 0)].

Trong vé phai cong thiic (14) c6 chiia mot biéu thiic cap hai d6i véi toan ti mat dd xac suat \T!(x)\ll(x) clia
dién t. D& tuyén tinh hoa vé& phai cong thic (14) theo \v(x)\y (x) ta dua ra thém mot trudng vo hudng o(x)
doéng vai trd tham sé trat tu clia cac dao dong tap thé va st dung tich phan phiém ham theo q)(x) sau day:
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A :I[D(p]exp{%fdxj.dy(p(X)V(X—y)(P(J/)}- (15)

Thuc hién phép xé dich
o(x) > o(x) -y (x)y(x)

ta co thé viét lai Z; dudi dang
2 = [[Doko {1 [ir] o) (5= )o()
exp{—ij'dxj'dy\T/(x)w(x)V(x—y)(p(y)} (16)

exp {2 [ v () ()Y (+-3)w (3w

TU d6 suy ra phép bién ddi Hubbard-Stratonovich ndi tiéng [27, 28]:
exp - [ty (1) (0 (v )9 ()| -
=Zlg,f [Dcp]exp{éf dx] dy(P(X)V(x—y)cp(y)} (17)
exp{—ijdxjdyw(x)w(x)V(x—y)cp(y)}.
Ph6i hop hai cong thic (14) va (17), ta bién d6i phiém ham sinh Z" vé dang
A :FI D(p]exp{ J.dx_fdy(p W(x— y)(p(y)}

“D\p] Dy| exp{ zfdxjdyw )\V(x)V(x—y)(p(y)} (18)
exp{iIdX\T/(x){i aio —H(—i%,xﬂw(x)}

Thyc hién phép ldy tich phan phiém ham theo y(x) va W (x) trong v& phai cong thic (18), ta thu
dudgc:

Z = %I[D(p]exp{%jdxjdy(p(x)V(x—y)(p(y)}exp{igw(“) [(p]}, (19)
trong do

W(l) z—jdxfdyn(x)V(x—y)(p(y) (20)

WO o] & [asfav b S ()5 () (5 ~¥)V (3 - Yol Yol e
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W e]= éj'dxj'dx'jdyj'dy’fdzj.dz'S(x,y)S(y,z)S(z,x)

V(x=x ) (v =y (z=2)e(x)e(y)o(),

.. Ta viét lai phiém ham sinh Z" duéi dang

Z

ZZZ I[D(p]exp{il((p)},

va thu dugc biéu thiic sau day cla phiém ham tac dung cla trudng plasmon (p(x):

1[o] = Jas o (x)V (x =)o () ds]dyn(x)V (x~»)o(»)

VAR

+%Idx.fdyj'dx’.[dy'S(x',y')S(y’,x')V(x'—X)V(y'—J’)(P(x)(P(J’)

+éj.dx.|. dyj dzj. dx'J. dy'j dz'S(x',y")S(y',2")S(z',x")

V(xX'=x)V (' =)V (Z-2)o(x)o(y)o(z)+ ...

Trong phép gan dung cdp hai doi vsi trudng vo hudng (p(x) phiém ham tac dung c6 dang:

1,[o)=~Jdvu(x)o(x)+ [de]dv o(x) A(x.y)o(»)
trong do
u(x) =_[dy V(x—y)n(y)

A(x,y)=V(x—y) +ijdx'jdy' S(xLV)SOL. XYW (X =x)WV (V' =)

TU nguyén ly tac dung cuc tri
81, [e] _
dop(x)

ta suy ra phuong trinh déng luc ctia trudng v6 huéng @, (x) tuong Ung véi tac dung cuc tri
[y A(x.)0,(y)=u(x).

Phuong trinh tich phan nay c6 IGi giai sau day:

¢, (v)=J v A" (y,xu(x),

0

trong d6 A~ (y,x) la nhan cla toan ti tich phan nghich d&o ddi véi toan td tich phan cé nhan la A(x, y):

Idz A(x,z)A™ (z,y) = Idz A (x,z)A(z,y) =8(x —y)
Tai trudng cuc tri @, (x) phiém ham tac dung béng
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1o)== [ax]dv ,(x) A(x.7)e, (), 32)

Thang giang cua trudng (p(x) quanh trudng cuc tri @, (x) dudc dién dat bdi ham

(x) = 0(x) -, (x). @

Phi€m ham tac dung dugc biéu dién theo C(x) nhu sau:

1[0+ €] =1,[0]+ 5 [ax dv &(x) A(x.2)5 (),
Phuong trinh dong luc cla trudng C(x) la
Idy A(x,y)C(y)=O. (34)

Trong céc bai [29, 30], cac tac gia da chiing minh réng trong trudng hgp khi dién ti linh hoat trong kim
loai déng chat kich thudc khdng giGi han theo ca ba chiéu ti phuong trinh déng luc (34) suy ra céng thuc
tan sac cla tan sé co(k) cla plasmon véi vecto séng c6 gia tri bang k& nhietdo 7' =0:

(o(k)2 =, i ey /e (35)

trong d6 k,. la gia tri cla vects séng clia dién t& trén mat Fermi, néu k* <<m® va k* << k;. Cac s6 hang
cép cao hon 2 trong biéu thiic (24) cla tich phan tac dung dién ta tuang tac plasmon-plasmon.

Truong plasmon luong ti

Xudt phat tu truéng vo hudng C(x) bay gid ching ta sé& tim ra mét trudng vé huéng méi o (x)= o (x,z
ma cac toan tl sinh hat va hiy hat cla trudng mdi nay la cac toan ti sinh va hly plasmon véi tan so (o(k
xac dinh bdi céng thic (35) dugc viét lai nhu sau:

co(k)2 =, +7°k, (36)
trong do
3k (37)
Sm

Ky hiéu i(k ®) 1a bién déi Fourier ctia § (),

G(x) == ( I (k). (38)
va dat
Gl k,m)= (39)

ta viét lai phi€m ham tac dung (25) duéi dang:
10[([)]:]0[([)0]+Igff[6]’ (40)
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trong do

1" [a] =2L ‘[.u"f.-:- -,]
T 2

| . 5 iy -
v [ cik E:’:(-k.m}[m' —ol, —yk |G ko). (41)
Hay xem G(k,co) la bi&n déi Fourier cia mét trudng vé hudng

G(x) G(x t)—— d

e G (k). (42)

1
3

(2n
Phi€m ham tac dung cla trudng vé hudng G(x) c6 biéu thuc:

o= 3 farfac)| S0 | [Vo(en] -viotes | @

do dé trudng G(x) co Lagrangian sau day:
éc(x t) 5 2 ) 2
——j —y [Vc(x,t)] —w’o(x,t) (44)

Cac cong thiic (43) va (44) hoan toan tudng tu nhu cac cong thiic xac dinh phiém ham tac dung va
Lagrangian cua trudng lugng ti vo6 hudng tuong dai tinh Klein - Gordon [31, 32].

P& minh hoa phuang phép chuing ta da xét ky tridng hop don gidn nhét: khi dién t trong kim loai déng
chét kich thuéc vé han. Phuong phdp tinh toédn trinh bay & trén c6 thé ap dung cho cac hé dién tl trong
cac céu truc kim loai kich thudc nano.

RA’t l 2
.

Xudt phat tu biéu thic da biét clia phi€m ham tac dung cla khi dién tl linh hoat trong kim loai & nhiét
doé T=0, bang phuong phap tich phan phi€m ham ching ta da thiét lap dugc mot cach chinh xac phiém
ham tac dung clia mét trudng lugng tl vo hudng ma céc toan ti sinh hat va hiy hat cla trudng nay chinh
la cac toan t sinh va hly plasmon. Trong trudng hgp khi dién t0 trong kim loai dong chat co kich thudc
khéng bi gidi han da thiét lap céng thiic tan sac cla tan s6 plasmon a)(k) va thu dugc cong thuc ta biét

trong ly thuyét hién hanh. Phuong phap lap luan va tinh toan dudc dé xuat trong bai nay c6 thé &p dung
dé nghién ctiu cac van dé khé hon nhiéu theo hai huéng sau day:

- Mét 1a, ap dung vao trudng hgp khi dién tl trong cac cau tric kim loai kich thudc nano.

- Hai 13, nghién cuu tuong tac cla plasmon véi cac chuén hat khéac, thiét 1ap ra cac Hamiltonian tuong
tac hiéu dung ma trong loat bai [1-25] cac tac gia gia thiét la c6 mot dang don gian nao do.
Loi cam on

Céc tdc gid xin chadn thanh cam on Vién Han Iam Khoa hoc va Céng nghé Viét Nam da tao diéu kién
thuan lgi cho viéc hoan thanh bai bdo nay.
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