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Abstract. We calculate the dynamical dielectric function of doped double-layer graphene (DLG),
made of two parallel graphene monolayers with carrier densities ni, ne, respectively, and a sepa-
ration interlayer of d at finite temperature. The results are used to find the dispersion of plasmon
modes. We study the temperature effects on the DLG plasmon modes in the case of symmetric
system (n1 = ng), asymmetric system (ny # na) and no free carriers in the second layer (na =0).
We show that the effect of temperature on the plasmon dispersion is significant and can not be
ignored in investigating graphene properties.

I. INTRODUCTION

Graphene is a two-dimensional electron system that has attracted a great deal of
attention because of its unique electron properties [1] and its potential as a new material
for electronic technology [2, 3]. The main difference of 2D graphene compared with 2D
semiconductor system is the electronic energy dispersion. In 2D semiconductor systems,
the electron energy depends quadratically on the momentum, but in graphene, the dis-
persions of electron are linear near K, K’ points of the Brillouin zone [4]. Because of
the difference of electronic band structure, there are many graphene properties which are
significantly different from the behavior of electrons in the ordinary 2D systems [5].

In this paper, we consider the temperature effects on the plasmon mode of a DLG
system formed by two parallel single-layer graphene (SLG) separated by a distance d. The
DLG is fundamentally different from the well-studied bilayer graphene [6] because there
is no inter-layer tunneling, only inter-layer Coulomb interaction. Spatially separated two-
component DLG can be fabricated by folding an SLG over a high-insulating substrate [7].

Recently, Hwang and Das Sarma [8] have investigated the plasmon dispersion in
doped DLG at zero temperature and found the surprising results. They have shown that
the plasmon modes of an interacting DLG system are completely different from the double-
layer semiconductor quantum well plasmons. In the long-wavelength limit the density
dependence of plasmon frequency is given by (wg)? o /n1 + /nz for optical plasmon
and (wy)? oc /n1y/n2/(y/n1 + /nz) for acoustic plasmon compared to (wy)? o< N and

(wg)? < nyn2/N in ordinary 2D systems, where N = nj + no



46 DINH VAN TUAN, NGUYEN QUOC KHANH

II. THEORY

In graphene, the energy dispersion near the K, K’ points of the Brillouin zone is
given by [9]:
ex,s = svplk|, (1)

where s = +1 indicate the conduction (+1) and valance (-1) bands, respectively, and vg
is the Fermi velocity of graphene and & = 1 throughout this paper. The Fermi momentum
(kp) and the Fermi energy (EF) of 2D graphene are given by kr = /4nn/g and Er =
vrkp where n is the 2D carrier density and g = ¢gs9, = 4 accounts for the spin (g5 = 2)
and valley (g, = 2) degeneracy.

In RPA, the dynamical dielectric function of SLG becomes

5(%“}7 T) =1- UC(Q)H(Qv w, T)v (2)

where v.(q) = 2me? /kq is the 2D Fourier transform of the Coulomb potential and I1(g, w, T),
the 2D polarizability at finite temperature, is given by the bare bubble diagram [10]

) = . Z / d’k 1+ ss' COS(0k7k+q) np(qgs) — nF(ek_s_q,s/) (3)
(27r)2 2 W €k — Ekiqs T “77

Here np(e) = {exp[B(e — uo)] + 1} ! is the Fermi-Dirac distribution function, pg = po(7T)
being the noninteracting chemical potential determined by the conservation of the total
electron density as

2
;(J;) = F1(Buo) + Fr(=Buo), (4)
where § = 1/kgT and F,(x) is given by
o t"dt
B = [ ey )

The limiting forms of the chemical potential in low and high temperature are given
by [11]

w2/ T\? T
T~ Ep|1— (= 2«1 6
wi® ~Ee|1- T (1) ] o< (©
Ep Tp T
T) ~ — — 1.
mol(M) = q 57 T (7)

Recently, MacDonald and coworkers [12] have presented the following semi-analytical
expressions for the imaginary [Imll(q,w,T)] and the real [Rell(q,w,T)] parts of the dy-
namical polarizability:

Imll(q,w,T) = % {G(VFQ — W) f(rrg, ) [G (g, w0, T) — G (q,w,T)] +
ot

+®(w - VFQ)q2f(W> VFQ) - géa,— + H-(i—a)(Q7 W, T)] }7 (8)
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Fig. 1. Plasmon dispersions of DLG for several layer separations at 7' = 0 (bold
dotted lines),T" = 0.5T7F (bold dashed lines) and T' = Tr(bold solid lines). The
thin lines indicate the plasmon dispersion of SLG with the same density and

temperature.
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V1—u?

lvrqutw|—2apo '
(FSp ) +1

1
1 . 1) = [ du (12)
-1 exp
The DLG dielectric function is obtained from the determinant of the generalized dielectric
tensor and has the following form

epra(q,w,T) =e1(q,w, T)ea(q,w, T) — v12(q)v21(¢) 1 (¢, w, T)a(q, w, T). (13)

Here €1(q,w,T) and e3(q,w,T) are the dynamical dielectric functions of individual layers
given by the Eq.(2), vi2(q) = v21(q) = 2me? exp(—qd)/(xkq), with x is the background
lattice dielectric constant, are the interlayer Coulomb interaction matrix elements.

The spectrum of the collective excitations is obtained from the zeros of the real part
and the imaginary part of the double-layer dielectric function describes the damping of
collective modes.

III. NUMERICAL RESULTS
II1.1. Symmetric System

As shown in Fig. 1, the frequency of the acoustic mode w_ decreases compared with
the SLG plasmon mode at the same temperature, while the optical mode w shifts to higher
energy. For low temperatures, the acoustic mode w_ approaches the w = vpq line (dot-
dashed line) in the high-energy region. More interestingly, when 7' < Tex (Te = 0.61F),
the acoustic mode w_ is below that at zero temperature, while for T' > T, both acoustic
and optical modes are above those at zero temperature. Furthermore, as T increases
(T > T¢) both acoustic and optical modes shift to higher energy. As d increases both the
acoustic mode w_ and the optical mode wy in the low-frequency region approach the SLG
plasmon at the same temperature. For large momentum (g > kr), we find that the mode
dispersion is unchanged when d > 100A.
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Fig. 2. The plasmon modes of DLG at several momentum values and fixed layer
separation d = 100A
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In Fig. 2, we show the temperature effect on the plasmon mode dispersion at several
momentum values and fixed layer separation d = 100A. When T' < Ty (T > Tp) (To ~
0.4TF) the acoustic mode w_ decreases (increases) when the temperature 7" increases.

The Fig. 2 shows that in the case of low momentum, the optical mode wy decreases
and then increases while it only increases in the cases of large momentum. The Fig. 2
also shows that the high temperature plasmon modes are dramatically different from the
zero temperature ones especially in the case of large momentum.
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Fig. 3. Plasmon dispersions of DLG for different temperatures and layer densities.
Here we use n; = 102cm=2 and d = 100A

II1.2. Asymmetric System

In Fig. 3 we observe that the plasmon dispersion is almost unchanged at high
temperature (T" ~ TF). As ng/ni decreases, the zero temperature acoustic mode w_
approaches the boundary of the intraband single-particle excitation (SPEjur,) but it
shifts, however, to higher energy when the temperature increases. In Fig. 3(d) we show the
DLG plasmon modes at zero temperature for several separations in the case of na/n; = 0,
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i.e., the second layer is undoped and the first layer has a finite density n; = 102cm™2.

It is seen from the figure that the acoustic mode w_ is degenerate with the boundary of
SPPFEinirq (i.e. w = vpq), while the optical mode w; is degenerate with the SLG optical
mode below the SPEl-lﬁm. As d — 0 the dispersion of w; becomes exactly that of SLG
plasmon with the same density.
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Fig. 4. The DLG plasmon modes for unequal densities at several momentum
values and fixed layer separation d = 100A

As shown in Fig. 4, the acoustic mode w_ ships to low energy at low temperature
when ng/n; decreases. The DLG plasmon modes are unchanged at high temperature. In
the low temperature and large momentum region, the acoustic mode w_ approaches the
w = vpq line. The Fig. 4(b) also show that the optical plasmon mode w_ for ns = 0 and
q = 2kp suddenly drops and then increases at low temperature (7' ~ 0.057F)

IV. CONCLUSIONS

In this paper, we have investigated the temperature effect on the plasmon dispersion
mode of doped DLG, made of two parallel graphene monolayers with carrier densities
ni,n, and a separation interlayer of d. Our results show that the effect of temperature
on the plasmon dispersion is significant and can not be ignored in investigating many
graphene properties.
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