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Toém tat

Bai bdo ndy trinh bay két qua khao sat dién tro Coulomb drag trong [6p doi graphene
lop kép dudi anh hwong cua hang s6 dién moi nén khong dong nhdt. Bang cdch sir dung
phirong phdp gan diing pha ngau nhién (RPA), ching t6i xdac dinh ham phan cuc cia h¢ va
ham dién méi déng theo tan o, tir dé tinh todn dién tré Coulomb drag. Két qua cho thdy dién
tro Coulomb drag trong hé tang theo nhiét do nhung giam nhanh khi khoang cach giita hai
l6p graphene kép tang lén. Dang chu y, khi xét dén hang soé dién moi nén khong ddng nhat,
dién tro Coulomb drag cao hon dang ké so véi truong hop hang sé dién méi nén dong nhat.
Piéu nay xudt phdt ti sy thay doi cwong do cua the tuong tac Coulomb gma cac dién tur trong
hai 16p dudi tac déng ciia sw khéng dong nhdt vé hang sé dién méi nén. Ngodi ra, cdc tinh
todn con cho thdy, & cdac nhiét dp khdac nhau, dién tré- Coulomb drag cé xu hudng giam khi
mdt do hat tai tang. Tuy nhién, su khdc biét ro rét xudt hién khi xét dén hai truong hop: khodng
cdach l6p nho va khoang cach l6p lon. Khi khoang cdch giita hai [6p kép nho, dién tro Coulomb
drag bi anh hwéng manh hon béi mdt @ hat tai va nhiét do. Nhing két qua nay gitip lam sdang
16 hon vai tro ciia hdang sé dién méi nén khong dong nhat trong hé graphene hai l6p kép, dong
thoi goi mé huéng vmg dung cho cdc linh kién dién tir thé hé méi dwa trén graphene.

Tir khoa: Coulomb drag, hing soé dién méi nén khéng dong nhat, graphene 16p kép,
nhiét do.

Trich dan: Truong, V. O., & Nguyén, V. M. (20%6). bién tré coulomb drag trong 16p doi
graphene 16p kép voi dién moi nén khong dong nhat. Tap chi Khoa hoc Pai hoc Dong Thap,
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Abstract

This paper presents the results of studying Coulomb drag resistivity in double bilayer
graphene under the influence of an inhomogeneous substrate dielectric. Using the random
phase approximation (RPA), this study determines the system's polarization function and the
frequency-dependent dielectric function, thereby calculating the Coulomb drag resistivity. The
results indicate that the Coulomb drag resistivity increases with increasing temperature but
decreases rapidly as the interlayer distance between the bilayer graphene sheets increases.
Notably, with an inhomogeneous background dielectric, the Coulomb drag resistivity is
significantly higher than that in the case of a homogeneous dielectric. This phenomenon arises
from the modification of the Coulomb interaction potential between electrons in the two layers
due to the inhomogeneity of the background dielectric. Furthermore, calculations reveal that
at different temperatures, the Coulomb drag resistivity tends to decrease with increasing
carrier density. However, a distinct difference emerges between two cases: small and large
interlayer separations. Under a small interlayer separation, the Coulomb drag resistivity is
more strongly influenced by carrier density and temperature. These findings provide further
insights into the role of the inhomogeneous background dielectric in double bilayer graphene
systems and suggest potential applications for next-generation graphene-based electronic
devices.

Keywords: Bilayer graphene, Coulomb drag, inhomogenous background dielectric,
temperature.
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1. Gidi thiéu

Trong nhitng nim gan day, cic nha khoa hoc quan tim nhiéu dén cac cau trac 16p doi
do boi ching dong vai tro quan trong trong khoa hoc va cong ngh¢. Céac cau trac 16p doi biéu
hi¢n nhimg tinh chat dién va tinh chat quang hoan toan khac biét so vdi cdu tric khéi ciing
nhu céc cu trac 16p don. Céc cdu triic chira khi dién tir hai chidu dd duoc nghién ctru va tng
dung rong rai trong cac thiét bi dién tir. K& tir khi graphene duoc kham phé bing thuc nghiém
lan dau tién vao nam 2004, cac tinh chat dién, quang co ban cua vt lidu nay di duoc nghién
ctru ky ludng va cong bd nhiéu cong trinh (Hwang & Das Sarma, 2009; Nguyen & cs., 2019;
Principi & cs., 2011; Ryzhii & cs., 2013; Stauber & Gomez-Santos, 2012). Graphene don 16p
(MLG) duoc cu tao tir mot 16p nguyén tir carbon duy nhét, sip xep theo mang td ong. Viéc
ap dung mo hinh Dirac vao graphene cho thiy ring graphene bao gom céc hat fermion khong
khéi lwong véi hé thie tan sic tuyén tinh theo vector song & ving ning luong thip, so véi cac
fermion c6 khéi luong voi quan hé tan sdc bac hai cua khi dién t hai chiéu truyén théng.
Nhiing tinh chat dic biét nay dan dén su khac biét cho graphene va cac cAu trac dya trén
graphene so v6i cac cdu tric hai chiéu di biét trudc day (DasSarma & cs., 2010; Geim &
Novoselov, 2007; Hwang & DasSarma, 2007; Politano & cs., 2017, 2018).

Graphene 16p kép (bilayer graphene — BLG) 1a mét cau triic 16p duogc ciu tao tir hai 16p
MLG xép chong 1én nhau. Su tuong tac giita cac dién tir giita hai 16p MLG di tao nén cac
chudn hat c6 khéi luong v6i hé thirc ning lwong béc hai theo vector song trong MLG, tuong
tu nhu khi dién tir hai chiéu. Tuy nhién, dic tinh chirality ciia graphene van khong bi thay doi
do bdi sy tuong tac nay (SenSarma & cs., 2011; Zhu & cs., 2013). Do do, nhimng chu tric co
chira BLG dugc chimg minh 1a c6 nhiéu tlnh chat moéi la so véi cac cu tric c6 chira khi dién
tir hai chidu truyén théng va MLG (Nguyen & cs., 2019).

Tinh chét van chuyén da dugc chirmg minh 1a déc tinh quan trong ctia vat liéu, nd anh
hudng truc tiép dén tng dung cua vat liéu trong viéc tao ra linh kién dién tr. M6t trong nhirng
hién tuong thu vi tao nén tinh chit véan chuyén cho véat liéu 1a hién tugng dién ma sat
(frictional drag). Trong hién twong dién ma sat, khi hai 16p vat liéu dat gﬁn nhau, sy xuét hién
cua dong dién j, trong 16p nay (16p chu dong — active layer) s€ lam phat sinh cuong do dién
truong £ trong 16p kia (16p thu dong — pasive layer) do su twong tac, trao d6i xung luong
gitra cac dién tich ¢ hai lop. bé danh gia luc ma sat dién gitra hai 16p, cac nha khoa hoc thuong
tinh toan dién tré Coulomb drag. Pién tro Coulomb drag dugc xac dinh bang ty s giira dién
truong trong 16p thu dong va dong dién trong 16p chu dong (p, = E, / j,). Viéc xac danh gia
dién tré Coulomb drag trong mdt cau trac 16p doi sé co ich cho viéc ing dung ching vao cac
linh kién dién tir (Asgari & cs., 2008; Principi & cs., 2012; Narozhny & Levchenko, 2016;
Upadhyay & Saini, 2020). Bai béo nay trinh bay cac két qua tinh toan dién tro& Coulomb drag
trong mdt cau tric 16p d6i, duoc tao thanh tir hai 16p BLG song song va cach nhau mot khoang
bang d trén hang s6 dién méi nén khong dong nhat. Anh huéng ctia mot sé yéu t dic trung
quan trong nhu nhiét d9, khoang cach 16p, héng s6 dién méi nén, mat d0 hat tai 1én dién tro
Coulomb drag s& dugc khao sat chi tiét.

2. Co sé' ly thuyét

Mo hinh céu tric 16p d6i dugc nghién ctru trong bai l?éo né}y gdém hai tim BLG song
song, cach di¢n nhau boi mét 16p dién mdi ¢6 do day d , c6 hang so dién moi k, ; xung quanh
dugc bao boc boi cac 16p dién modi co hang sb dién moi k, va K, (Hinh 1). Trong cac tinh
toan, moi 16p BLG duoc xem nhu pha tap déng nhat v6i mat do hat tai n, va n, . Khido, cac

dai lugng vector séng Fermi va nang lugng Fermi ctia mdi 16p BLG c¢6 thé duoc coi 1a hang
s0 trén toan by mat phang graphene.
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BLG 2

BLG 1

Hinh 1. Céu tric 16p ddi graphene 16p kép trong mdi truong dién méi khong dong nhat.

Theo cac nghién ciru dd dugc cong bd (Amorim & Peres, 2012; Arora & cs., 2018;
Asgari & cs., 2008; Badalyan & Peeters, 2012b; Flensberg & cs., 1995; Ho & cs., 2018; Hwang
& cs., 2011; Narozhny & Levchenko, 2016; Upadhyay & Saini, 2020, 2021), dién tré Coulomb
drag, tuong tng véi hién tuong dién ma sat, co thé duoc xéc dinh tir phuong trinh van chuyén
Boltzmann theo phwong trinh. Cac tinh toan di dén két qua 1a:

2
op h

= 2 2
o0, 8memnk,T

Pp =~ —

2
o0 o U w | ImII, g,w ImII w
3 | 2 4 | s 2 95

x [ dag’ [ dw — (1)

sinh” | ——

2k, T
Trong do, 0, < 0o,, 1an luot 12 d6 dan dién noi 16p va xuyén 16p cua hé. n, va n, 1a
mat d6 pha tap trong cic tim BLG tht nhét va thi hai. ImTI,, ¢,w lan lugt biéu dién phan
40 ctia ham phan cuc ciia BLG tng voi gia tri dong luong ¢ va tan sé w . Cac ham nay da
duoc dan ra mot cach chi tiét boi SenSarma va cac cong su (2011). Mau sb sinh? [h;w ! 2k, T ]
thé hién sy phu thudce cta dién tré Coulomb drag ¢ nhiét d6 thép (trong do T la nhiét d9), va
U, qw la thé tuong tac hiéu dung giita cic 16p, duge cho boi phuong trinh (2) dudi day
(Amorim & Peres, 2012; Badalyan & Peeters, 2012b; Carrega & cs., 2012; Ho & cs., 2018;

Upadhyay & Saini, 2020, 2021).

v
U, q,w :i ()

€ q,w
O day, € ¢,w 1a ham dién moi dong phu thudc tan sb trong gan dung pha ngau nhién

cta h¢. Ham dién moi dong cua 16p doi (Badalyan & Peeters, 2012a; Hwang & Das Sarma,
2009; Nguyen & cs., 2020; Nguyen & Dong, 2020; Vazifehshenas & cs., 2010):

€ qw =¢ qw e, qw —v, q 1, qw I, qw (3)

trongdo ¢, gq,w vae, g,w lacacham dién moi dong cua timg 16p BLG, v, g 1a thé tuong

tac Coulomb gifra hai 16p, va 1I, g,w , II, g,w 1a cidc ham phéan cyc cua timg 16p BLG.
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Ham dién moi dong cua BLG trong RPA da dugc rut ra trong cac nghién ciru trudce day
(Badalyan & Peeters, 2012a; Nguyen & cs., 2020; Nguyen & Dong, 2020):

&, ¢w =l+v,, g1, quw 4)

Vé6i v; g Dbi€u dien the tuong tac Coulomb ndi 16p va xuyén 16p gilra cac dién tur trong

hai 16p, dugc xac dinh theo phuong trinh (Badalyan & Peeters, 2012a; Nguyen & cs., 2019;
Nguyen & Dong, 2021):

2met
Vi 4 = p “ijl q (5)

Trong do, k; ' ¢ 1a nghich d4o hing sb dién méi hiéu dung phu thudc vector sdng va
khoang cach gitra hai 16p, dugc xac dinh theo cac phuong trinh:
2 k,cosh gd +k,sinh gd

Ry g = T (6)
Ky, K, + K, cosh gd + Kk, +rK; sinh qd

- 2 K,cosh gd +k sinh gd
Kyp 4 = 7 (7)
Ky, K, + K, cosh gd + Kk, +rK; sinh qd

_ 2K
'%121 q = . 7 8)
Ky, K, + Ky cosh gd + Kk, +rK; sinh qd

Céc hang s6 , (a=1-3)1a hang s6 dién moi cua dé, 16p cach dién va 16p trén cling,
twong tmg (Hinh 1). Khoang cach ¢ biéu thi d6 tach giita hai 16p graphene. Trong trudng hop
mdi truong hang s6 dién moi nén khong dong nhét, «_ duoc thiét 1ap voi cac gia tri khac nhau
cho timng 16p. Trong trudng hop hé dong nhat (k, =, = k), cac biéu thirc (6) va (8) s& di dén
két qua hang s6, khong phu thudc khoang cach 16p d va vector song ¢ trong khi biéu thirc

(7) cho thay ham Ky,' van phu thudc vao hai dai luong nay.

Trong md hinh nay, chung t6i khao sat dién tré Coulomb drag & mién nhiét do thap véi
T <0.4T,. ~540K (trong d6 T,. =E,. / k, la nhi¢t d¢ Fermi cia BLG). Trong gidi han nay,
dong gop ciia nhiét d6 vao ham phan cuc va ham dién moi dong 1a khong dang ké va co thé
bo qua (Badalyan & Peeters, 2012a; Carrega & cs., 2012; Hwang & Das Sarma, 2009;
Vazifehshenas & cs., 2010). Diéu niy cho phép dit nhiét do bang khong khi tinh toan cac ham
phan cuc va ham dién moi dong cua hé, gitip don gian hoa cac phép tinh.

Dé tinh toan dién Coulomb drag tir phwong trinh (1), trudc tién ching t6i xac dinh ham
dién moi phu thude tan so tur cac phuong trinh (2) dén (8). Cac tinh toan dugc thuc hién bang
s0 trong chuong trinh C++ va két qua dugc nhap vao phan meém Origin dé bicu dién d6 hoa.

3. Két qua va thio luin

Trong phan niy, ching toi nghién ctru dién tr6 Coulomb drag trong 16p doi graphene
16p kép (DBLG) trong mai trudng cd hang so dién mdi khong dong nhat (Hinh 1). Trong cac
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tinh toan, chiing t6i thiét 1ap cac hang sb dién moi nhu sau: «, = Ko, = 3,8, Ky = h 0 =0,1,

K, =k, =1,0 (Badalyan & Peeters, 2012a; Carrega & cs., 2012). Déi v6i h¢ c6 hang s6 dién
moi nén dong nhat, chung ti sir dung hing sé dién maéi trung binh 7 = K +r, 12=2,4
(Badalyan & Peeters, 2012a)
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0.5 : : —— 05 05 T ; - T T 0.5
- . o G - ‘—1
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Hinh 2. Sy phu thudc ciia cic thanh phan nghich ddo ciia hing s6 dién méi nén n;.l d
cho h¢ dong nhit (Homo-) va hé khong dong nhit (Inhomo-) vao khoang cich d giira hai 16p
trong h¢ 16p déi graphene 16p kép, véi mat do hat mang n, =n, =10 cm >
(a) Trwong hop g =0.1%, ; (b) Truwong hop g = 0.5k, .
Cdc dwong biéu dién gom: K, (Inhomo - duong lién mau xanh), Ky, (Inhomo - dwong dirt mau do),
/4;2_21 (Inhomo - cham cham xanh), va /il_; (Homo - cham gach do).

Dé cho thay anh huong ctia su khong dong nhat cﬁaﬂh?mgNS(‘) dién méi“nén 1én thé tuong
tac Coulomb gitra cac dién tu trong hai 16p, ching t6i biéu dién sy thay doi cia nghich déao
hang s6 dién moi hidu dung Ky ' 'd theo khoang cich d giita hai 16p BLG trong hé c6 hang
s6 dién moi nén khong ddng nhat (Inhomo-) va hé c¢6 hang s6 dién méi nén dong nhat (Homo-
) nhu Hinh 2,véi mat do hat tai n, =n, =10 cm > va hai vector séng khac nhau ¢ = 0,1k,
(Hinh 2a) va ¢ =0,5k, (Hinh 2b). O ca hai truong hop, tat ca cac gid tri x, d déu gidm
khi khoang cach d tang, phan anh sy suy giam cua tuong tac Coulomb giira hai 16p BLG.
Trong truong hop g =0,1k, (Hinh 2a), sy suy gidm cua &, ' d dién ra cham hon so voi
truong hop g =0,5k,. (Hinh 2b). Diéu nay cho thay khi vector song ¢ 16n hon, sy tic dong
clia hang s6 dién moi nén dén tuong tac giita hai 16p BLG manh hon trong pham vi khoang
cach ngin. Pic biét, duong Ky, (d6i v6i hé khong dong nhét) trong Hinh 2b giam nhanh hon
so voi Hinh 2a, ching to rang sy khong dong nhat ctia nén c6 anh huong dang ké dén twong
tac gitra hai 16p khi ¢ tang. Trong cé hai trudng hop cua vector song, hang s6 dién moi hiéu
dung x,, d6i v6i hé dong nhat va hé khong dong nhét co gia tri khac nhau nhiéu. So sanh hai
d6 thi cho thay rang khi ¢ 16n hon, tic dong cua hang s dién moi nén khong dong nhat 1én
h¢ graphene hai 16p tr6 nén manh hon trong pham vi khoang cach nho, nhung cling suy giam
nhanh hon khi khoang cach tang. Diéu nay c6 y nghia quan trong trong viéc thiét ké cac thiét
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bi dién tir dya trén graphene, sy diéu chinh hang so6 dién moi nén c6 thé dugc st dung deé kieém
soat tinh chat dién tir va quang hoc cua hé.
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Hinh 3. Sy phu thudc ciia cac thanh phin nghich dio ciia hing s di¢n mdi nén n;l d
cho hé dong nhit (Homo-) va h¢ khong dong nhit (Inhomo-) vao mét dd hat tai n =n,

trong h¢ 16p ddi graphene, véi khoang cach giira hai 16p ¢6 dinh d = 2nm.
(a) Trwong hop g =0.1%, ; (b) Truwong hop g = 0.5k, .

Cdc dwong biéu dién gom: K, (Inhomo - duong lién mau xanh), Ky, (Inhomo - duong dirt mau do),

Ky (Inhomo - cham cham xanh), va Ky, (Homo - chdam gach néu do).

Su phu thudc cua nghich dao hﬁng sb dién méi“hiéuNdung vao mat do hat tai trong hai
16p BLG vo6i khoang cach xac dinh d =2 nm dugc biéu dien trén Hinh 3 cho hai truong hop
vector séng g = 0,1k, (Hinh 3a) va ¢=0,5k, (Hinh 3b). O cé hai d6 thi, tat ci cac gia tri
k' déu giam khi mat do hat tai ting. Diéu ny cho thy rang khi mat do hat tai 16n hon, sy
anh huong ciia hang s6 dién moi nén suy giam, 1am yéu di twong tac Coulomb gitra hai 16p
graphene. Nghich dao hang s6 dién moi hiéu dung Ky, biéu dién su twong tac Coulomb giita
hai 16p trong hé dong nhat va hé khong ddng nhat ngay cang khac nhau nhiéu khi mat d6 hat

tai tang 1én. Do d0, c6 thé du doan rang, sy khac biét vé gia tri cua dién tro Coulomb drag dbi
v6i hé ddng nhat va khong ddng nhat s& cang 16n khi mat do hat tai cang ting. So sanh hai do
thi cho thdy rang khi ¢ 16n hon, toc d suy giam cta ;' theo mét d¢ hat tai nhanh hon. Diéu
nay goi y rang véi gia tri ¢ 10n, hang sé dién moi nén khong dong nhat c6 anh huéng manh
hon & mat do hat tai thap, nhung anh hudng nay giam nhanh hon khi mat do tang.

Tiép theo, ta nghién ﬂcfru su phu thudc cta dién tré Coulomb drag trong
DBLG vao nhiét d6. Hinh 4 biéu dién dién tr¢ Coulomb drag p, nhu mdt ham theo nhiét 4o
v6i mat do hat tai n, =n, =10 cm > véi cac khodng cach 16p khéc nhau: d =1nm, 2nm,
(Hinh 3a) va d = 5nm, 10nm (Hinh 4b). O ca hai d6 thi, dién tré Coulomb drag p, ting khi
nhiét d6 ting. Ddi véi cac khoang cach nho hon (Hinh 4a), pp €0 gid tri cao hon va ting manh

khi 7> 0,27,..
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Hinh 4. Di¢n tré Coulomb drag phu thudc vao nhiét d) & mat d§ hat tai n, =n, =10"cm’

v6éi mot vai khoang cach 16p d = 1lnm, 2nm,5nm va 10nm

Dic biét, khi d =1nm, p, ting nhanh hon so v6i d =2nm, chimg té rﬁng tuong tac
Coulomb gitta hai 16p BLG manh hon ¢ khoang cach nho. Diéu nay hoan toan phu hop véi
két qua khao sat hang s6 dién moi hiu dung & trén. O khoang cach 16n hon (Hinh 3b), p,, c6
gia tri nho hon dang ké. Khi d = 5nm , dién tr& Coulomb drag van c6 sy ting tuyén tinh khi
nhiét d0 tang, nhung véi tdc d6 cham hon so vdi cac khoang cach nho hon. Khi d =10nm
pp cO gia tri rat thép va su tang theo nhiét do dién ra yéu hon nhiéu, d6 déc cua duong biéu
din giam di rd rét. Didu nay cho théy rﬁr}g khi khoang cach gitra hai 16p graphene tang, anh
hudng cia luc Coulomb giam dan, dan dén dién tré drag thap hon. Co thé thay rang dién trd
Coulomb drag phu thuéc manh vao khodng cach 16p, véi su suy giam nhanh cua p, khi d
tang. Tai d <2nm, hi€u ung drag van duy tri dang ké, trong khi tai d =10nm , gia tri dién trd
Coulomb drag rat nho, hiéu tmg nay gan nhu bj triét tiéu.
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Hinh 5. Di¢n tré Coulomb drag phu thugc vao nhié¢t d & mat o hat tii n, =n, =10"cm >
v6i hing sé dién méi nén dong nhit va khong dong nhit
& hai khoang cach 16p d =1nm va d =5nm

b
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Pé xem xét anh hudng cua sy khong ddng nhit ciia hang s dién moi nén 1én dién tro
Coulomb drag, Hinh 5 biéu dién p, vao nhiét d6 voi mat do hat tai n, =n, =10cm 2, xét
trong hai trudng hop hang sd dién moi nén dong nhat va khong ddng nhét voi hai khoang cach
16p d =1nm (Hinh 5a) va d =5nm (Hinh 5b). Trong c4 hai truong hop, p,, tdng khi nhiét do
tang, cho thy cac dién tir co ning lugng 16n (& nhiét do cao hon) tham gia trao d6i xung lwong
manh hon. O khoang cach nhé hon, d =1nm, p, co6 gia tri 16n nhiéu so véi truong hop
d =5nm va & ca hai gia tri ciia khoang cach 16p, sy khong dong nhat ctia hing sé dién moi
nén lam gia ting dang ké gia tri dién trd Coulomb drag trong hé. Piéu nay 1a do, dbi vdi hé c6
dién moi khong dong nhat, hiang sb dién méi hiéu dung ¢ gia tri nho hon nhiéu so v6i hé dong
nhit. Do d6, su twong tac giita cac dién tir ¢ hai 16p BLG trong hé xdy ra voi cuong do 16n
hon. Két qua 1a dién tré Coulomb drag nhan gia tri 16n hon. Thém vao d6, khi nhiét do ting,
khoéang cach 16p tré thanh yéu t6 chi yéu quyét dinh sy suy giam cia Coulomb drag hon 1a
ban chét ddng nhit hay khong dong nhat cua hiang sb dién méi nén.

Dé hiéu rd hon anh hudng cua khoang cach 16p 1én dién trg Coulomb drag, Hinh 6 biéu
dién sy phuy thugc ctia dién tré Coulomb drag p,, vao khodng cach 16p d trong hé véi mat do

-2

hat tai n, =n, =10cm ™ tai cc nhiét d khac nhau. Két qua cho thdy, p, giam khi khoang
cach gitra hai lé’P BLG tang, phé’n anh sy suy gidm manh cia tuong tac Coulomb khi hai 16p
¢ xa nhau hon. O khoang cach rat nho (d <2 nm), p, c6 gia tri 16n va su suy giam theo d

dién ra nhanh. Khi ¢ >5 nm, sy suy giam ctia p, trd nén cham hon, cho thdy rang & khoang
cach 16n, tuong tac Coulomb trd nén yéu hon déng Kké. Su khac biét giira cac murc nhiét do thé
hién 16 khi so sanh cac duong cong trong ting do thi. O cung mét khoang cach d , p, ludn
co gia tri 1én hon ¢ nhiét d6 cao hon. Khi nhiét d¢ tdng, marc do suy gidm cua p,, theo khodng
cach 16p van duy tri nhung gia tri tong thé cua pp cao hon. Diéu nay cho thiy rang ¢ nhiét do
cao, du khoang cach 16p co tang, hiéu img Coulomb drag van duy tri manh hon so vé&i nhiét
do thap. Piéu nay cho thay, trong mién nhiét 6 khao sat, anh hudng cta nhiét d6 Ién dién tro
Coulomb drag y€u hon so véi anh huong cta khodng cach 16p 1én dai lugng nay.

0 2 4 6 8 10 0 2 4 6 8 10
25 : . : ; 25 8 ; ; 8
> n.=n_=10"%cm? n.=n_=10"’cm
;
204 ', J20
6 {s
%
. 15 {15
€ £
o o e o=
O o
o 1.0 410 2
(=% . c
0.5 4 - T=0'1TF— 0.5
- - - T=0.2T,
0.0 ‘ : - - - 0.0
2 4 6 8 10
d(nm)
a) b)

Hinh 6. Pién tré Coulomb drag nhu mét ham theo khoang cach 16p & mat do hat tai
n =n, =107 cm?, tai cac nhi¢t dp khac nhau 7 = 0,17,;0,27,; 0,37, va 0,47,
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Hinh 7 biéu dién su phu thudc cua dién trg Coulomb drag pp vao khodng cach 16p d
trong hé voi mat do hat tai n, =n, =10 cm >, xét trong hai truong hop hé'mg s6 dién méi nén
dong nhét va khong dong nhét tai hai nhiét d6 khac nhau: 7'=0,27,. (Hinh 7a) va T = 0,47,

(Hinh 7b).
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Hinh 7. Dién tré& Coulomb drag nhu mgt ham theo khoang cach 16p ¢ mat d¢ hat tai
n =n, =107 cm?, tai cac nhiét d) khac nhau 7 =0,27, va 0,47,

véi hang so dién moi nen dong nhat va khong dong nhat

O ca hai nhiét d6 khao sét, p, giam khi khoang cach 16p tang. Diéu nay cho thiy rang
khi hai 16p graphene ¢ xa nhau hon, tuong tac Coulomb suy yéU} nhanh chéng, xay ra hoan
toan tuong tu cho ca truong hop hang s6 dién moi nén dong nhat va khoéng dong nhat. Tuy
nhién, van ton tai sy khac biét dang ke gitra gia tri dién tr6 Coulomb drag trong hai truong hop
ﬁ:ng voi cung mot gié tri nhiét do va khoéng“ cach 16p. Su khac biét c6 thé nhén thay rd rang
nhat trong khoang gia tri d =2nm-4nm. O khoang cach du nho hoac 16n (d > 6nm ) hoac
da nho (d <lnm), gia trj p, trong ca hai trudng hop gan nhu hoi tu vé cing mét gi tri. Khi
d6, su khac biét vé hang s6 dién moi nén khong con c6 anh hudng dang ké dén Coulomb drag.

Hinh 8 biéu dién su phu thudc cta dién tré Coulomb drag p,, vao matdo hattai n, =n,
trong hé khdo sat tai hai nhi¢t do khac nhau: 7"=0,17,. (Hinh 8a) va 7'=0,37,. (Hinh 8b),
v6i hai khoang cach 16p d =2nm va d =5nm . O ca hai nhiét do, pp gidm khi mat do hat tai
tang, cho thay riang }(hi mat do hat tai cao hon, sy tan xa Coulomb giira hai 16p graphene giam
do hiéu tng che chan dién mo6i manh hon. Khi khoéng cach 16p nho6 (d =2nm), p,, lubn co
gia tri 16n hon déng ké so véi truong hop d = 5nm, phan anh tac dong manh mé cia tuong
tac Coulomb khi hai 16p graphene & gan nhau. O nhiét d6 thap (7 = 0,17, -, Hinh 8a), gid tri
pp tuong d6i nho va c¢6 xu hudng giam dan khi mat do hat tai ting, nhung toc do giam cham
hon so véi truong hop nhiét 4o cao. Khi nhiét do ting 1én 7'= 0,37, (Hinh 8b), gi tri p,
tang manh, dac biét & khoang cach 16p nhd, cho théy r?mg 0 nhiét do cao hon, hi€u Gng
Coulomb drag tré nén manh hon do su gia tang ctia cac dao dong nhiét va tan xa gitra cac lop.
Khi mat do hat tai tang tir 10" cm 2 1én 2,5x10%cm ™, dién tré Coloumb drag trong hé giam
khoang 15% tng vdi cac khoang cach va nhiét 6 duogc chon.
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Hinh 8. Dién tré& Coulomb drag nhu mgt ham theo mat d§ hat tai tai cac nhiét d¢ khac nhau
T =0,17,. va 0,37, véi hai khodng cach 16p khac nhau d =2nm va d =5nm

Cubi ciing, dé xem xét su anh huong két hop gitra mat do hat tai va sy khéng dong nhét
cua hr:ing s6 dién moi nén 1én dién tré Coulomb drag, Hinh 9 biéu dién dién trd Coulomb drag
pp, nhu mot ham s6 ctia mat do hat tai n, = n, trong hé tai hai nhi¢t d khac nhau: 7'= 0,17
(Hinh 9a) va T'=0,37,. (Hinh 9b), v6i khoang céch giira hai 16p xac dinh d = 2nm , xét trong
hai truong hop hing s dién méi nén dong nhit va khong dong nhat . D4 thi cho thy, su khong
ddng nhét cua hiang sd dién moi nén khong 1am thay déi dang diéu phu thudc cua dién tréa
Coulomb drag vao mat d6 hat tai. O c4 hai nhiét 46 duge chon, mic du dién tré Coulomb drag
gidm khi mat d6 tang do hi¢u ung chin nhung v6i mirc 46 khac nhau. Khi mat d6 hat tai giam,
do thi p, trong truong hop hang sb dién moi nén khong dong nhat nhéan gi tri 16n hon nhung
lai giam nhanh hon, d thi c¢6 do dbc 16n hon. C6 thé néi rang, sy khong dong nhat ciia hing sb
dién moi nén lam gia tang anh hudng ctia mat do hat tai 1én dién tré Coulomb drag gitra hai 16p.
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Hinh 9. Di¢n tré Coulomb drag nhu mét ham theo mét do hat tai tai cic nhiét do khac nhau 7= 0,17,

va 0,37, véi khodng cachlép d =2nm, hiing s6 dién méi nén dong nhit va khong dong nhét
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5. Két luan

Céc két qua nghién ciru cho thay dién tré Coulomb drag trong 16p dbi graphene 16p kép
phu thugc manh vao khoang cach gitra hai 16p, nhiét o, mat d hat tai va hang s0 dién moi nén.
Khi khoang cach 16p ting, twong tic Coulomb suy yéu nhanh chéng, dan dén sy giam manh cia
Pp - O nhiét d6 cao, Coulomb drag tang do sy gia tang cua cia cac dién tr c6 nang lugng cao,
tuong tdc manh, déac biét khi khoang cach 16p nho. Mat do hat tai cao 1am giam p, do hi¢u ing
che chin dién moi manh hon, trong khi & mat d6 thap, hiéu tmg Coulomb drag rd rét hon. Hang
s6 dién méi nén khong dong nhat ludn 1am ting pp S0 voi dién moi ddng nhat, dic biét & nhiét
do cao va khoang cach 16p nho. Sy chénh Iéch gitra hai truong hop dién moéi thu hep khi khoang
cach 16p hodc mat d6 hat tai ting. Nhin chung, viéc kiém soat cac yéu t6 nay co thé giup diéu
chinh hi¢u rng Coulomb drag trong cac ung dung dua trén graphene hai 16p.
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