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Trong bai bao nay, ching tdi khao sat anh hudng caa phonon 1én sy hinh thanh trang thai ngung tu exciton
trong md hinh hai chiéu hai dai ning luong co twong tac dién tir - phonon. Bang ap dung ly thuyét truong
trung binh, ching t6i rdt ra h¢ phuong trinh tu hop cho phép xac dinh tham s6 trat tu trang thai ngung tu
exciton. Giai h¢ phuong trinh ty hop bang phuong phap tinh s6, chung t6i thu dugc sy phy thuge cua tham
s trat tw vao cac thong sé ctia md hinh. Trén co s két qua tinh so, ching toi thiét lap cac gian d6 pha md
ta trang thai ngung tu exciton trong hé. Két qua khing dinh mdi lién hé mat thiét cua tan sé phonon va hing
s6 twong tac dién tir - phonon trong viéc thiét 1ap trang thai ngung tu exciton & nhiét d6 thap.

Tir khoa: ngung tu exciton; ly thuyét truong trung binh; mé hinh hai dai ning lwong; tin s6 phonon; tuong
tac dién tu - phonon.

1. D3t van dé

Exciton la gia hat boson dugc tao bai luc hut tinh dién giita dién tir va 16 tréng. Trang thai ngung tu cia
exciton trong vat liéu ban kim loai, ban dan da dugc tién doan vé mat ly thuyét tir nhitng ndm 60 cua thé
ky trude (Mott, 1961). Tuy nhién cho dén nay, trang thai nay van thu hat sy tap trung nghién ctu khong
chi cta c&c nha vat ly ma cua ca nhitng nha nghién ctiru cdng nghé (Apinyan va Kopeé, 2019; Cam, 2019;
Efimkin va nnk, 2020; Hamada va nnk, 2017; Lee va nnk, 2019). Véi khéi lugng hiéu dung rat nho (c&
1/10 khéi luong cua dién tir tu do) nén exciton c6 thé ngung tu & nhiét & cao hon rat nhiéu so véi nhiét do
tai han trang thai ngung tu Bose-Einstein cua cac nguyén tir (Moskalenko va Snoke, 2000). Vi vay, nhiing
hé vai trang thai ngung tu exciton c6 kha niang mé ra tiém ning wng dung rat 16n trong céng nghé hién dai
nhu cong nghé laser, cdng nghé ban dan,... (Littlewood va nnk, 2004).

Vé mat ly thuyét, trang thai ngung tu ciia exciton di dwoc nghién ciru mot cach ky ludng nhung chu yéu
dua trén nhirng dac tinh hoan toan dién tir nhu dwa trén mé hinh Falicov-Kimball mo rong (EFKM), 1a md
hinh Falicov — Kimball c6 tinh t&i nhay nut caa cac dién tir trén muc f. Tuy nhién, chi véi mé hinh EFKM,
ngudi ta da khong tinh téi nhitng anh huéng caa phonon 18n trang thai ngung tu exciton trong hé. Trong
khi d6, mot s6 thi nghiém gan day trén vat liéu kim loai chuyén tiép 1T-TiSe2, da cho thay su bién dang
mang tinh thé 1a dang ké va 1a co s¢ dé hinh thanh trang thai ngung tu cia exciton (Di Salvo va nnk, 1976;
Monney va nnk, 2010). Bén canh d6, trong vat liéu TmSe0,45Te0,.55, tai &p suat thich hop, mot trang thai
lien két cua 16 tréng 4f & diém [ va dién tir 5d tai diém X c6 thé duoc tao thanh nho hd trg cua phonon
dang [1-X (Wachter va nnk, 2004; Wachter, 2018). Hon nira, khi nghién ctru trang thai ngung tu cua exciton
trong kim loai chuyén tiép Ta2NiSe5 bang tinh toan ciu truc ving va phan tich trueong trung binh cho md
hinh Hubbard ba dai véi bac ty do phonon, Kaneko va cong su di khéng dinh cau tric mang tinh thé thay
dbi tir dang thoi sang dang don ta (Kaneko va nnk, 2013). R3 rang, su léch mang hay anh huéng cua phonon
1 rat quan trong trong cac loai vat lidu nay, dic biét 1a trong viéc hinh thanh trang thai ngung tu exciton.

Trong bai b4o nay, ching t6i nghién ciru ly thuyét vé sy hinh thanh trang thai ngung tu exciton trong mo
hinh hai chiéu hai dai ning lugng c6 tuong tac dién o - phonon bang ly thuyét trudng trung binh. Trong
do, chung t6i tap trung khao sat anh huong cua tan s phonon va hang so tuong tac dién tir - phonon trong
viéc thiét lap trang thai ngung tu exciton trong mé hinh & trang thai co ban, tirc & nhiét do khéng.

Bai bao dugc chia thanh 4 phan. Trong d6, phan 2 ching tdi gigi thigu mé hinh hai chiéu hai dai ning
lugng c6 twong tac dién tir - phonon. Trong phan nay, ching t6i 4p dung Iy thuyét truong trung binh cho
mb hinh dé rt ra hé phuong trinh tw hgp cho phép xéac dinh tham so trat tu trang thai ngung tu exciton. Két
qua tinh s va thao luan duoc thé hién & phan 3. Cudi cuing, phan 4 trinh bay két luan cua bai béo.

*Téac gia lién he
Email: dothihonghai@humg.edu.vn

69



2. M6 hinh va phuwong phap tinh

Trong biéu dién xung luong, mé hinh hai dai ning lugng co tuong tac dién tir - phonon dugc mo ta
béi Hamiltonian sau:

. H = Hy + Hine 5 1)
trong d6: Ho mé ta phan nang lugng khéng tuong tac cua hé dién ta trén dai dan, dai hoa tri va hé phonon
c6 dang:

H, = Yyefcion + Zelfi fi + o Libiby (2
Véi: ck T, fk (fi) lan luot 12 cac toan tir sinh (hay) ciia cac dién tir ¢ trén dai dan, dién tu f trén dai hoa tri
va bk (by) la toan tir sinh (huy) phonon mang xung luong k. O day, chung toi chi xét cac phonon quang mo
ta boi md hinh Einstein vai w, 1a hang s6. Diéu nay hoan toan phi hgp véi viéc mé ta hé phonon trong cac
hop chét dichalcogenide kim loai chuyen tiép o ving nhiét do thap (Wachter va Bucher, 2013; Wachter,
2018; Weber va nnk, 2011). Trong gan ding lién két chat, cac hé thirc tan sic cho dién tir ¢ va dién tir f
duoc cho boi:
e =& = tpe—u (3)
Vi gf{’f la nang lugng tai nUt cua dién tir ¢ va dién tir f. Sy khac nhau cua hai gié tri nang lugng nay cho
mirc d6 xen phu cua hai dai nang lugng. ¢/ 14 tich phén nhay nut twong tng cua dién tir ¢ va dién ta f.
Théng thuong ¢/ dugc chon nho hon t¢ thé hién dién tir trén dai hoa tri kém linh dong hon dién tir trén dai
dan. Trong mang hai chiéu hinh vudng véi hang sé mang a = 1, ta ¢6 y; = 2(cosk, + cosk,) chi busc
nhay trong mang tinh thé va u 12 thé héa hoc. o
Hint M0 ta phan nang lugng tuong tac cua hé dién t véi phonon vai hang so tuong tac g:

Hine = \/%qu[clquk (bIq+bg )+ kaer+q(b—q +b)] 4

trong d(’):’ N 1a s6 nGt mang tiph thé. Ghép cap dién tir ¢ — f twong dwong véi mot trang théi exciton. Tai nhié:[
d6 du thap, trong hé hai chiéu, cac exciton vai xung lugng hitu han @ = (r, ) ¢6 thé ngung tu, duoc thé
hién bai gia tri trung binh dy = (c]‘:wfk) tai xung luong k khac khong. Pai lwong nay biéu thi su lai héa
gitra cac diéntr c va dién tir f nén duoc goi 1a tham sé trat tu trang thai ngung tu exciton. Trong bai toén
nay, dé khao sat sy ton tai cua trang thai ngung tu exciton, chung to6i cling xem dai lugng:

d = =3 ((cf o fid + (fil cir)) ©)
nhu tham s6 trat ty trang thai ngung tu exciton. Tham sé trat tu khac khong thé hién hé ton tai trong trang
thai ngung tu.

Trong gan diing truong trung binh, Hamiltonian trong phuong trinh (1) dwoc tach thanh hai phan, phan
dién tir va phan phonon. Trong d6, thanh phan phonon dugc chéo hda bang viéc dinh nghia toan tir phonon
méi B, con phan dién tir ¢ thé chéo hda bang cach sir dung phép bién di Bogoliubov (Bogoliubov va
nnk, 1959) véi cac toan tur gia hat fermion Cyy Va Cyy. Két qua ta thu dwoc Hamiltonian trong gan dung
truong trung binh chéo hoa hoan toan, dugc viét dudi dang toan phuong cua c&c toan tir sinh va huay:

Hur = Lk EiChiCuic + Tk EECHCaxc + wo X1 By By, (6)
trong do: cac nang lugng gia hat dién tir dugc cho boi

E]i,z — E£+:ﬁ+Q T 5gn(£]€‘£lﬁ+Q) I @)
Vai:
2 1/2
Iy = [(e]’: — &) + 4|A|2] 8)
b= (bl +b_g) ©
Str dung Hamiltonian nay, ching ta thu duoc gia tri ky vong:
di = (chyofi) = ~Inp(EQ) — np(ED]sen(ef — efing) 7 (10)

trong d6: ng(Ey'?) 12 ham phan bé Fermi-Dirac.
3. Két qua va thao luan

Trong phan nay, ching tdi trinh bay két qua tinh s dé thao luan anh huong cua tan sé phonon va hang
s6 tuong tac dién tir - phonon [én sy ngung tu cua exciton trong mo hinh dugc mo ta & phan truge. Két qua
dugc tim ra tir viéc giai s6 cac phuong trinh tu hop (7) — (10) véi sai s twrong ddi 1a 106, Hé & trang thai
ngung tu exciton khi tham s trat tw khéc khong. Trong bai toan nay, ching tdi chon hé hai chidu véi N =
150 x 150 ndt mang. D& thuan tién, ching tdi chon |t€| = 1 coi 1a don vi cta nang lwong va tinh toan véi

70



cac gia tri cé dinh: t/ = 0,3, — ¢/ = 1 trong viing I4p ddy mot nira voi tdng mat do hat dién tir: n¢ +
nf = 1. Khi @0, thé hda u dugc thay doi dé thoa man diéu kién nay. O day, chung t6i sir dung hé don vi
ning lugng tong quat voi h = ¢ = kz = 1.
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Hinh 1. Gian do pha trang thdi co ban ciia mo hinh trong mét phang (wo, g)
Pha ngung tu exciton duoc biéu thi bai ving ké ca-rd

Trudc tién, ching toi biéu thi trén Hinh 1 gian d6 pha trang thai ngung tu exciton cia md hinh trong mat
phing (w,, g) tai nhiét a6 khong. Gia tri nhiét do khong ¢ ddy dugc ching toi lay trong tinh toan s§ 12 T =
103, Gian d6 pha duoc xay dung nhd khao sat sy phu thuc cua tham sé trat tu d xac dinh boi cong thirc
(5) vao hing sé tuong tac dién tir - phonon g tng véi mdi gié tri xac dinh cua tan sb phonon w,. Trén c&
so dit liéu tinh s, chung t6i xac dinh gi tri twong tng cia g véi mdi w, khi gi tri ciia tham sb trat ty d ~
103, Hinh 1 cho thay, tng véi mdi gia tri xac dinh cua tan s6 phonon, ta luén tim thay ving ngung tu
exciton (ving ké ca-rd) khi hang s twong tac dién tir — phonon 16n hon mot gia tri téi han ge. Tan s6 phonon
cang lon thi gia tri t6i han g cang 16n. Pic tinh nay da duge dé cap trong trudng hop mot chiéu, trong d6
méi quan hé tuyén tinh gitra binh phuong hang sb tuong tac téi han ge va tan s6 phonon da dugc xac nhan
ca trong tinh toan s va giai tich (Phan va nnk, 2013). Trong tinh toan caa chdng toi, mdi lién hé c6 dang
ham béc hai cua hang sb tuong tac dién tir — phonon va tan s6 phonon ciing da duoc xac nhan bang viéc
khép ham s6 trén phan mém Origin (duong dit nét). Két qua tinh toan cho hé hai chiéu cua ching toi vé
mébi lién hé cua hang sb tuong tac dién tir — phonon va tan sé phonon hoan toan phi hop véi trudng hop
mot chiéu. D6 1a do tinh toan cua ching tdi va tinh toan trong tai liéu (Phan va nnk, 2013) déu dua trén co
so cua ly thuyét trudng trung binh. Két qua vi vay khong phu thude dang ké vao sé chiéu caa hé, ngoai trir
truong hop mat Fermi ¢ trang thai két t6 hoan hao, khi d6 véi hé hai chidu, mat d6 trang thai cua hé dién
tir khong tuong tac phan ky tai muc Fermi. Vi g < gc, twong tac dién tir — phonon chwa du I6n dé thiét lap
trang thai lién két dién tir ¢ — f hinh thanh exciton nén khéng thé hinh thanh trang thai ngung tu. Khe ning
luong khong ton tai va hé & trong trang thai ban kim loai (viing gach chéo). Két qua ciing cho thay ving
ngung tu exciton bi thu hep lai néu tan s phonon cang Ién. Khi tan sb phonon cang 16n, twong tac dién tir
— phonon phai du I6n mai c6 thé thiét 1ap duoc trang thai lién két dién tir ¢ — f hinh thanh exciton va trang
thai ngung tu.

Gian d6 pha & Hinh 1 ciing thé hién, &ng véi mai gia tri xac dinh cua hang sb twong tac dién tir - phonon,
trang thai ngung tu exciton chi duoc thiét 1ap néu tin sb phonon nhé hon mét gia tri téi han. Dé thiy rd hon
vai trd cua tan sb phonon trong viéc hinh thanh trang thai ngung tu exciton, ching tdi biéu thi du6i day sy
phu thudc vao xung lwong cua tham sb trat ty trang thai ngung tu exciton dk & trang thai co ban khi thay
dbi tan sb phonon. Pai lugng nay biéu thi ving khong gian xung lwong trong d6 cac dién tu ¢ va dién tu f
¢6 lién quan dén sy hinh thanh va ngung tu cua exciton. Hinh 2 cho ta buc tranh cua |dk| khi ¢ dinh hang
sd tuong tac dién tir — phonon g = 0,5 tai nhiét do khdng, tng véi mot vai gié tri cua w,. Trong nghién ctu
nay, ching tdi chon &€ — e’ =1 tuc 1a cac dai nang lugng cua dién tir ¢ va dién tir f xen pha manh va ca
hai loai dién tir ¢éu tham gia hinh thanh bé mat Fermi. Hinh 2 cho thiy, vai hing s6 twong tac dién tir -
phonon g = 0,5, tham s6 trat ty |di| ludn cé gié tri cuc dai tai cac xung lugng gan xung lugng Fermi (dwoc
biéu thi bang duong dut nét mau tring). Biéu nay khang dinh chi nhitng dién tir nam xung quanh muc Fermi
méi tham gia vao qua trinh ghép cap hinh thanh exciton, mirc Fermi dong vai trd quan trong quyét dinh
trang thai ngung tu cua exciton. Kich ban nay hoan toan twong tw V4i su ngung tu cua cac cap Cooper trong
ly thuyét BCS cua siéu dan (Bardeen va nnk, 1957). Theo ly thuyét BCS, do su ghép cap cua cap dién tir —
dién tir vai spin trai chiéu ma khe ning lugng hinh thanh xung quanh muc Fermi véi bé rong khe ti 16 voi
tan sé Debye. O nhiét d6 thip, cac cap Cooper nay s& ngung tu va hinh thanh trang thai siéu dan. Trang théi
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ngung tu néy s& bi pha v& néu c6 ning lugng du 16n pha huy trang théi két cap, khi d6 khe niang lwong ciing
khéng con va hé chuyén sang trang thai kim loai hay chét long Fermi thong thuong. Trong bai toan cua
chung tdi, trang thai ngung tu exciton ciing khong con néu trang théi lién két cap dién tir ¢ — f bi pha v khi
nang luong du Ién. Khi d6, hé chuyén sang trang thai ban kim loai hay trang thai plasma cua dién tir. Két
qua nay gop phan lam sang to nhitng quan sat thuc nghiém trong vat liéu TmSeo s Teo 55 & &p suat In. Trong
truong hop nay, hai dai 4f va 5d xen phii nhau, do sy tan xa phonon ma dién tir 4 két cap véi dién tir 5d dé
tao thanh exciton. Cac exciton nay ngung tu khi nhiét do du thap (Wachter, 2001; Wachter, 2018). Khi ting
w,, gid tri ciia tham sé trat ty giam va khi w, = 1,5, do hang sé tuong tac dién tir - phonon chua di 16n nén
|di| tror nén rat nho, trang thai ngung tu bi pha v va hé xem nhu dong nhat. Két qua nay ciing hoan toan
phU hop Véi gian d6 pha dugc biéu thi trén Hinh 1.
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Hinh 2: Gid trj cia tham sé trdt tu dk phu thude xung heong k trong vang Brillouin th nhdt
vgi mét vai gid tri khac nhau cia w, khig =05 tai T = 0. Xung lwong Fermi
duoc xdc dinh boi dwong dirt nét mau trang

4. Két luan

Nhu vay, trong bai bao nay, chiing t6i da ap dung thanh cong ly thuyét truong trung binh cho mé hinh
hai dai ning lugng c6 tuong tac dién tir — phonon dé dé cap dén anh huong cua phonon Ién trang thai ngung
tu exciton trong hé ban kim loai hai chidu. Két qua tinh toan giai tich dwoc thé hién qua hé phuong trinh tu
hop cho phép xac dinh tham sb trat ty trang thai ngung ty exciton. Giai hé phuong trinh ty hop bang
phuong phéap tinh so két qua tinh sé cho thay, véi tin sb phonon xéc dinh, hé én dinh trong trang thai
ngung tu exciton néu cuong do tuong tac dién tu — phonon 16n hon mot gia tri téi han. Gian d pha trang
thai co ban cua ching t6i cling cho thiy mdi quan hé c6 dang ham bac hai cua hang s6 twong tac dién tir —
phonon va tan sé phonon. Tan sé phonon cang 16n thi gia tri téi han cua hang sb twong tac dién tir — phonon
cho chuyén pha trang thai ngung tu exciton cang Ién. Mac du tinh toan cho hé hai chiéu, nhung két qua
nhan duoc cua ching t6i vé mdi lién hé cia hang sb twong tac dién tir — phonon va tan sé phonon hoan toan
pht hop vai truong hop mét chiéu. Bang cach khao sét chi tiét hon su phu thude xung luong cua tham sb
trat ty trang thai ngung tu exciton, chiing t6i khing dinh trang thai ngung tu dang BCS cua cac exciton
trong hé twong tu V6i trang théi siéu dan hinh thanh tir cac cap Cooper trong ly thuyét BCS & nhiét do thép.
Nhitng nghién ciru k§ ludng hon vé anh huéng caa phonon am 1én trang thai nay sé duoc ching toi
thuc hién trong tuong lai.
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ABSTRACT

Effects of phonon on the excitonic condensation state
in the two-band model involving electron — phonon interaction

Do Thi Hong Hai®*, Ho Quynh Anht!
! Hanoi University of Mining and Geology

In this paper, influence of phonons on the excitonic condensation state in the two-band model involving
electron — phonon interaction is investigated. Applying mean-field theory, we have derived a set of self-
consistent equations determining the excitonic condensation order parameters which depend on the
parameters of the model. Phase diagrams of the excitonic condensation state in the system is then
established. Our results affirm the close relationship of the phonon frequency and the electron-phonon
interaction constant in the formation of the excitonic condensation state at low temperature.

Keywords: excitonic condensation; mean-field theory; the two-band model; phonon frequency; electron-
phonon interaction.
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