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We develop a microscopic theory of a strong electromagnetic radiation interaction with
bilayer graphene where an energy gap can be opened by using external gates that create a static
electric field perpendicular to graphene planes. We show that an adiabatic change on time of
the gate potentials (that leads to the resonance of the energy gap with an electromagnetic field)
may produce full inversion of the electron population between valence and conduction bands.
Quantum kinetic equations for density matrix are obtained by the use of a tight-binding
approach within the second quantized Hamiltonian in an intense laser field.
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Introduction. Since the experimental discovery of graphene [1], that is a two-
dimensional (2D) crystal of carbon atoms packed in hexagonal lattice [1, 2], it has
become an important research area in material science and condensed-matter physics.
This activity is stimulated by the successful fabrication of stable ultrathin graphite
films with excellent mechanical quality, exotic energetic spectrum which are very
promissing for e.g. nanoelectronics [3] and as transparent conducting layers [4].
Graphene has been extensively considered as a promising material for nonlinear
optical applications [5, 6]. A theoretical investigation of nonlinear electromagnetic
properties of monolayer graphene, for the case when multiphoton interband excitation
is induced by a laser radiation is studied in Ref. [6].

Theoretical and experimental investigations on the nonlinear effects induced in
graphene system so far have been mainly focused in monolayer graphene. Meanwhile,
in the physics of graphene there is growing interest in bilayer and trilayer graphene
systems, where the electronic band structures are richer than in monolayer graphene
[7, 8]. It is interesting to investigate these effects in multilayer graphene systems.

A desirable band structure for multilayer graphene systems that can be useful for
different purposes of nano- and optoelectronics, can be theoretically found (and
proposed for an experimental realization) e.g. by the corresponding choice of the layer
number in a graphene system.

Alternatively, the band structure can be tuned by the application of external fields.
Theoretical and experimental investigations have shown that a perpendicular electric
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field applied to bilayer of graphene modifies its band structure near the K point and
may open an energy gap in the electronic spectrum, which is tunable by the gate
voltage [9]. Magnetotransport [10] showed that the induced gap between the
conduction and valence bands could be tuned between zero and midinfrared energies.

In [11, 12] we studied theoretically electric field induced band gaps of graphene
multilayers with different ways of stacking between consecutive graphene planes.
Using a positively charged top and a negatively charged back gate, it is possible to
control independently the density of electrons on the graphene layers (correspondingly
the band gap) and the Fermi energy of multilayer graphene systems.

Optical measurement techniques are widely adopted to experimentally investigate
electronic properties of multilayers of graphene. To determine the number of layers as
well as the stacking structure Raman spectroscopy was used in Refs [13, 14]. Infrared
spectroscopy is also applied to probe the low-energy band structure. The dependence
of the infrared optical absorption on the stacking sequence has been observed in recent
experiments [15].

In the present paper, the microscopic theory of a strong electromagnetic radiation
interaction with bilayer graphene with opened band gap is developed. We consider
one-resonant interactions of a laser field with bilayer graphene, with coherent
superposition states induced by the laser radiation. Our analysis is based on a tight-
binding approach of the second quantized Hamiltonian in an intense laser field.

Theory. Here, we consider the interaction of a strong electromagnetic wave with
bilayer graphene. A perpendicular electric field created by top and back gates [11, 12]
opens an energy gap in multilayer graphene. We assume that the laser pulse
propagates in the perpendicular direction to graphene plane (XY) and the electric field
E(t) of pulse lies in the graphene plane, which allows to exclude the effect of the wave
magnetic field.

The Hamiltonian in the second quantization formalism has the form:

H =[WH,wdr. 1)

The Hamiltonian H for bilayer in the vicinity of the K point can be written as
(here we omit the real spin and valley quantum numbers):

H,=H,+H,, 2
) -ur2 v, (p,-ip, ) +(L/2m)(p, +ip,
* = v, (py-ip,)-(12m)(p, +ip, )2 u/2 '
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The first term in Eqg. (2) corresponds to bilayer graphene in the field of
perpendicular electric field, and the second term is the interaction Hamiltonian
between a laser field and bilayer graphene, with v, = v./8 is the effective velocity (

v is the Fermi velocity in monolayer graphene), U is the gap introduced by the
perpendicular electrical field, p={p,.,p,} is the electron momentum operator. We
expand the fermionic field operator over the free wave function w, . (r,t) of bilayer
graphene:

PO =>4, O, 01 3
po

A

where the annihilation operator &, ,(t) is associated with positive and negative
energy solutions o =+1. Introducing &(p) =arctan(p, / py), py +ip, = pexp(id) the
expression for energy spectrum of bilayer graphene can be presented in the form:

2 3 2
£p o :a\/UT+(v3 p)? —%cos39+ (zp_m)2 . (4)

The free solutions in bilayer graphene y(r,t) have the following form:

R o 2
v Ve Pz, — 59 e
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where

2

p

y(p,0) = “om exp(i26) + vy pexp(-io).

Laser interaction with bilayer graphene system in an external electric field.
Taking into account Egs. (1)-(3) the second quantized Hamiltonian for the single-
particle part can be expressed in the form:

H=3" 2, (P)ay, o8 o +eEM Y, Y. Dow (P.P)85 oy o - (6)
P, o

p,op, o

For the dipole matrix element
dyor (P.P) =1€D,0 (P, D) ()
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where
, a1 ~(p'-p)

Do'o"(pip)zl//+a(p)l/la(p)gjreh dr! (8)
we obtained an expression, which we do not bring here due to its long form. In
contrast to the non-relativistic case, we have found that the dipole matrix element for
the light interaction with the bilayer depends on electron momentum.
We use the Heisenberg representation, where the operator evolution is given by the
following equation
ol _
ot
The single-particle density matrix in the momentum space is defined as:

in [L,H]. (9)

po'o" (p’ p,) =< é';)r, o aA'p', o' >. (10)

Using Egs. (6)-9) one can obtain the evolution equation for the single-particle
density matrix for different p values, and in the presence of an external laser field:

opy_y (p,p,t)/ ot = (P.p.t) = o1 4 (P, P, V)],

(11)

25 (p)
TPH(IO, p,t)+

d
Eoty,

opu(pp 0/t =00 5 (0,000 (P)+dPIp1s (PP,

where the index o =1 is connected with the conduction band and the index o =-1 is
related to the valence band..

Discussion. In the present paper, the microscopic theory of a strong
electromagnetic radiation interaction with multilayer graphene systems is developed.
We consider one-resonant interaction of a laser field with bilayer graphene when an
energy gap U is opened due to external gates. It has been found that by changing the
energy gap linearly on time, the electron population is transferred from the top of

valence band to the bottom of conduction one after the time t., when the gap comes

into resonance with the electromagnetic field. This is an alternative and a more
suitable way to bring the system into the resonance in comparison with the method of
frequency chirped pulse. The obtained 2D plot for the evolution of particle

distribution function p. (p,p)=< égqa a, - >=N, (in the conduction band) as a
function of time is shown in Fig. 1 for the pulse having 7w, =32E, with @, its

frequency (in units of the Lifshitz energy E, =mv?/2=1meV and the momentum
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p_ =mv, ). For this case, during the interaction time t. =100T, the energy gap of
bilayer graphene reaches its maximal final value Uy, =28E, . For this case, i.e. for
hay >U g, , the electrons transfer to the conduction band in the region which is higher

than the conduction band bottom (see the band structure for multilayers of graphene in
Ref. [12]) where we found that the bottom of the bands as well as the higher
isoenergetic levels have trigonal shape) into the isoenergetic line. As shows Fig., at the
beginning of the interaction, the population of electrons in the conduction band is
negligible (that corresponds to light contour in Fig.) while at the end of the interaction
we observe full inversion of the population of electrons between the valence and the
conduction bands. (that corresponds to dark contour in Fig.) .
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Fig. The evolution of the particle distribution function Nc(p) (in arbitrary units) during
the interaction with the pulse with z@, =32E, , and the energy gap of bilayer graphene

reaches its maximal final value U ,, = 28E, (dark color corresponds to the maximum
of the population, i.e. Nc(p)=1)

Jfin

Conclusion. Since the values of the induced gap in graphene systems are in THz
region, and producing of a frequency chirp for far infrared laser (terahertz laser) is
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difficult at present and highly inefficient, here we consider an alternative way to
produce the inverse population.

The essence of the proposed method is to use the graphene system where the
energy gap is a linearly increasing function of time. This can be achieved by
adiabatically changing the potential on the gates.

Such a scheme can be more convenient from experimental point of view and
useful for “on demand” creation of coherent superposition of quantum states, and for
creating new optoelectronic devices.
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hLSELUPY LURGMU3PL HUTSh BU 6PUTENS
APUSELP PNURDIESNRG3NRLL

U.U. Uybinpujuts

Rwpguwgyby £ dhypnuynwhly wnbunyeynit’ hunbuupy jwgbipwiht nwowh b Gpyobipn
gpwdbuh hwdwywngh thnfuwgnbignieiniup Uwpwagpbint hwdwn, Gpp hwdwlwpgnu wnyw
b bubpghwlwu 6bnp' unbndjwsd hwuinwwnnit fllwnpwlwu  nwownnyg:  Lwgbipwhtu
Swpwquwjpdwu b hwdwlwpgh dhol dGY $nunnuwjht nbgnuwtuwihtu hnfuwgnbigniejwu
opowuwlubpnd nwnwuwuppyb) Gu nwownny unbndjwsd Ynhbiptun yhtwlubpp bplobpn
gpwdbunwd: 8nyg E wpdb, np dwdwuwyph pupwgpnd EGYwpwlwt nwown  untindnn
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thwwuh wnwbughwih wnhwpwwhly thnihnfuneniup (npp hwugbigund £ ntignuwuup
LiEyupwdwqupuwlwu nuwownh L Eubpghwlwu 6bnph dhol)  Ywpnn b wnwowgub
Elywpnuwiht puwytigwsdnigywu phy hudbpupwih wpdbpwywu b hwnnpnuwywunygjwu
gnuhutiph  Jdholi: huwnieywu dwwnphgh hwdwp, Gpypnpruwywiu pjwunwgdwu  dbpnnh
hpdwu Ypw uwnwgyb) Gu pwunwihu Yhubnhy hwdwuwpniubp' Gpyobipnn gpwdbiup
hwdwlwpghtu Yhpwndws hunbuuhy jwgbpwiht nwownh wwjdwuubpnu:

Unwugpuypti  pwnbp. btpYyobtpin  gpwdbu, punbupd  jwabpwht  nwaw,
puwlybgywédnipjwu hudbpupw:

B3AUMOJIENCTBUE HHTEHCHUBHOTI'O JIASEPHOI'O U3JIYYEHMS C
JIBYXCJIOMHBIM T'PA®EHOM

A.A. ABeTHCAH

PasBura MHKpockomuueckas TeOpHsl MU ONKMCAaHUS B3aMMOJACHCTBHS HHTEHCHBHOIO
JIa3epHOr0 M3JIyYeHUs] C JOBYXCIOMHBIM Tpad)eHOM IpH HAIMYUM DHEPreTUUECKOM IIeNH,
CO3JJAaHHOM JJISKTPHUYECKHM I0JIeM, NEpIeHAUKYJSIPHBIM K ciosiM rpadena. PaccmorpeHo
OTHO(OTOHHOE PE30HAHCHOE B3aUMO/ICHCTBHE MEKAY JTa3ePHBIM H3JIydCHHUEM U IBYXCIONHBIM
rpa)eHOM U HCCIIEAOBaHbI CO3/IaHHBIE JTa3epHBIM I10JIEM KOTEpeHTHBIE cocTostHus. [lokasaHo,
YTO ajuabaTHYeCKoe W3MEHEHHE BO BPEMEHM IIOTEHIMaJa Ha 3aTBOpPE, CO3JAIOLIETO
JJIEKTpUUYECKOe Toje (B YCIOBHSAX pE30HAHCAa MEXAY JJIEKTPOMAarHUTHBIM IIOJIEM H
9HEPreTHYECKON IIEIbI0), MOXKET NMPHUBECTH K TOJHOH MHBEPCHH JIEKTPOHHOM 3aCEeJICHHOCTH
MEX/ly BAJIEHTHOM 30HOM M 30HOH NpOBOAUMOCTU. IloayuyeHbI KBAHTOBbIE KMHETUYECKUE
YPaBHEHHUs JUIsl MATPULIbI IVIOTHOCTH HA OCHOBE METOJa BTOPUYHOI'O KBAHTOBAHUS I Ciydasi,
KOT/1a IByXCJIOHHas rpad)eHOBast CHCTEMA HAXOIUTCSl B TI0JIE CHIIBHOTO JIA3€PHOTO U3ITyYCHHSI.

Kniouegvie cnosa: nByxcnoiHblii rpadeH, HHTCHCUBHOE JIa3ePHOE M3ITyYEHHUE, HHBEPCHUS
3aCEJIEHHOCTH.
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