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Theory of resonant photon drag in monolayer graphene
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Photon drag current in monolayer graphene with degenerate electron gas is studied under interband excita-
tion near the threshold of fundamental transitions. Two main mechanisms generate an emergence of electron
current. Nonresonant drag effect results from direct transfer of in-plane photon momentum q to electron and
dependence of matrix elements of transitions on . Resonant drag effect (RDE) originates from q-dependent
selection of transitions due to a sharp form of the Fermi distribution in energy. The drag current essentially
depends on the polarization of radiation and, in general, is not parallel to q. The perpendicular current
component appears if the in-plain electric field is tilted toward q. The RDE has no smallness connected with

q and exists in a narrow region of photon frequency w,
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I. INTRODUCTION

Though the theoretical study of two-dimensional carbon
has a long history!~* only after experimental evidence of
existence of graphene as a stable two-dimensional crystal>3
this material became very popular. The presence of zero gap
and zero electron mass, combined with a rather high mobility
at room temperature, makes graphene an unique material for
various fundamental and applied problems. At present
graphene is intensively studied both theoretically and experi-
mentally (see e.g., reviews Refs. 9 and 10).

The study of graphene optics (see Refs. 11 and 12) is
stimulated by the prediction that the absorption in monolayer
graphene should be determined by the fundamental constant
a=e?/fc (Refs. 13 and 14) and its experimental evidence.'?
The investigation of coupling between photons and electrons
in graphene attracts now an active interest of the community
(see, e.g., Refs. 16 and 17). An observation of amplified
stimulated terahertz emission from optically pumped epitax-
ial graphene heterostructures has been reported recently.'8

However, the photoinduced currents in graphene were be-
yond of interest of the researchers. The purpose of the
present paper is the theoretical analysis of photon drag effect
in graphene. In classical language, the drag current is caused
by the light pressure, in quantum language it results from the
momentum transfer between photons and electrons. This is a
simplest variant of photon drag effect called nonresonant
photon drag effect (NDE). NDE is permitted for interband
transitions or in the presence of the “third body,” for ex-
ample, phonons, other electrons, impurities. For a free par-
ticle this process is forbidden by conservation laws. Small
value of the photon momentum makes NDE extremely weak.

At the same time there exists a less known variant of this
effect, namely resonant photon drag effect (RDE) which has
no weakness of usual NDE.'°! Resonance drag occurs
when some partial kinetic property of electron gas sharply
depends on electron energy. A small photon momentum
gives an increase in the electron energy that can drastically
change the relaxation time. This leads to a significantly dif-
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ferent contributions to the electron current for electrons ex-
ited along or oppositely to the photon direction. In?! the situ-
ation was studied for interband transitions in weakly doped
GaAs when the electron energy approaches the energy of
longitudinal optical phonon. In this case electrons exited
along the direction of photon have larger energy than elec-
trons in opposite direction. Hence, their energy can exceed
the threshold for emission of optical phonon: they quickly
emit phonons and stop, while the opposite electrons will
move freely till they collide with impurity. This gives rise to
the appearance of charge flow in the direction opposite to the
light ray.

Here we develop another idea for RDE based on a sharp
Fermi distribution which forbids the transitions below the
Fermi energy €. This idea is illustrated in Fig. 1. Electrons
are excited from the hole cone to the electron cone by pho-
tons with frequency w and wave vector Q. The conditions for
resonant transitions are sk+s|k—q|= o, #is|k| > €5, where k is
the electron momentum counted from the cone point, s
~10% cm/s is the electron velocity, and q is a projection of
the wave vector Q of radiation to the plane of graphene. The
first condition determines ellipse in k plane, the second lim-
its a part of this ellipse accessible for transitions. The wave
vector tilts the transitions toward its direction. Figure 1
shows the case when the frequency is close to 2€. The elec-
trons in the figure are excited from the right segment of the
Fermi surface contour. This results in electron flow right-
wards. Since ¢ <<ky the RDE appears when the frequency is
close to 2€g, namely if |w—2€z| <sq. Inside this window the
current of RDE has no smallness connected with ¢ and can
be estimated as j~esT maP/(hw), where e and s are the
electron charge and the velocity, 7a is the opacity of
graphene, 7is the transport relaxation time and P is the light
intensity. Physical meaning of this estimation is evident:
rmaP/(hw) is the instantaneous density of exited electrons,
which conserve their momentum. Being multiplied by the
current of individual electrons es, this quantity gives the
current density.
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FIG. 1. (Color online) Interband phototransitions in n-type
graphene. Left panel: diagram of transitions in the momentum-
energy space. The hole cone is shifted in k space by the photon
wave vector q. The transitions are permitted only above the Fermi
level. Right panel: projection to the momentum plane. Filled circle
represents the Fermi sea, the elliptic curve corresponds to the en-
ergy conservation equation s|k—gq|+sk=w; only momenta outside
the Fermi circle are permitted corresponding to the right segment of
the elliptic curve.

Below we determine both NDE and RDE for interband
transitions in monolayer graphene with degenerate electron
gas. Due to graphene electron-hole symmetry results are ap-
plicable to n- and p-type graphene. In general the relaxation
process for electrons and holes are different that breaks
electron-hole symmetry. For concreteness, we consider the
n-type graphene. In this case the mean free time of excited
electrons is much longer than that of holes since due to dif-
ferent distance from the Fermi level holes can easier emit
phonons. Thus, the contribution of holes will be neglected.

Note, that the photon drag effect has some relation to the
Coulomb drag between two parallel layers>>?3 if to treat it as
an exchange of electrons by virtual longitudinal photons.
However, while the Coulomb drag effect in graphene is con-
ditioned by the trigonal warping, the warping does not affect
NDE and smears RDE.

II. BASIC EQUATIONS

Figure 2 illustrates a possible experiment on excitation of
the drag current in a suspended graphene sheet placed in
(x,y) plane. Light with frequency w, wave vector Q (Q
=w/c) and amplitude of electric field & illuminates graphene
plane. We consider transitions near the cone singularity. In
this case the current is determined by the projections of the
electric field and the wave vector onto the graphene layer.?*
These quantities are E=eE=(£,cos 8,£) and q
=(1,0)Q sin B, where g is the angle of incidence, & and &,
are amplitude components of the electric field & perpendicu-
lar and parallel to the incident plane. We ignore small modi-
fication of field caused by the layer.

The current of photon drag effect can be expressed via the
probability of transition g(k) from the hole state with a mo-
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FIG. 2. (Color online) Sketch of proposed experiment (see text
for details).

mentum K—q to the electron state with momentum k and the
electron velocity v(k)=sk/k as

j=de f Vw0, (1)

where the coefficient 4 accounts for the valley and spin de-
generacies. The dependence on the photon momentum re-
sults from the momentum and energy conservation laws and
the matrix elements for transition. For simplicity we put be-
low Ai=1.

The two-band Hamiltonian near the Dirac point is

0 ke—ik,

ke+ik, 0

H(k) = s( ) =sko. )
Here o is the vector of the Pauli matrices. The eigenvalues
and eigenvectors of the Hamiltonian (2) are e.(K)= * sk and
V. (k)=(1, *e'*)/\2, where ¢ is the polar angle of the
vector k. The different signs correspond to electrons and
holes.

The presence of electromagnetic field with the vector
potential A(r,7)=Re[A exp(iqr—iwt)], A=-icE/w trans-
forms the Hamiltonian (2) to H[k—eA(r,7)/c], that gives the
Hamiltonian of interaction H,,=—evA(r,)/c, where the ve-

locity operator is v=V,H(k)=so. The transition amplitude
between the hole and electron states with the momenta k
—q and k is determined by the matrix elements of the veloc-
ity vt =[V_(k—q)"soV_ (k)]

The transition probability g(k) reads

2
e
g(k) = ﬁ|Ev+‘|25(sk +skk-q|-w)0(e—€), (3)

where 6(r) is the Heaviside function. The expression for cur-
rent Eq. (1) can be rewritten as

. EE% k
I=5_ 7 dkmajkejekb‘(sk+s|k—q| - w) sk - €)
(4)

where

-

ajk=s—2ijr vt (5)

We utilized the symmetry of the tensor a;; resulting to inclu-
. . . . Y . . * *

sion of the field polarization in the combinations e;e;+e;e;

only and independence on the degree of circular polarization.
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Hence, without loss of generality one can consider the field
as linear polarized and e as real.

Due to the smallness of the wave vector ¢, as compared to
the electron momentum, one can expand all quantities in
powers of g. Expanding by ¢ we can write the argument of
the delta function as sk+s|k—q|— o= 2sk—w-sq cos ¢y (we
choose the direction of axis x along q). At the same time, g
is comparable with 2sk—w and we keep ourselves from sub-
sequent expansion of the delta function.

Expanding the tensor a;;, we have

a,, = sin’ qbk(l + %cos d)k),

q .
ay, = cos’ ¢y — Zs.m2 ¢y cos ¢y,

2 Re(a,y) == 2 sin ¢ cos ¢y - %sin Py cos2y). (6)

From Eq. (4) we obtain for components of the current

min(1,a) dx T
jx=—2J0f f—x{ef[—x(l—xz)(1+bx)
-1 VI-x*T

+2b(1 = x)(1 = 2x3) ]+ e)[- (1 + bx) + 4bx*(1 = 1) ]};

(7)

min(1,a) r
Jy= 2]OexeyJ dx—1 - x*

-1 70

X {=2x(1 = x*)(1 + bx) + 2b(3x*> - 1)}. (8)

Here we have introduced the following notations:
] e? cE? ] | w-2ep b sq
=—"—_"|€e S, = —k = N = .
07 fic 8mhw 0% 0= Tlhekee 4 sq 1)

If 71is independent on the energy of electrons then the inte-
gration in Eq. (7) can be done directly. The current has dif-
ferent values inside and outside the region |w—2€z| <sq. If
|w—2€r| <sq then we have

. 2 —
Je=— gJo\r’l —af[(1-ad®e’+(2+ az)ei], 9)

Jy=- §J0(1 -a’)Pe.e,. (10)
These values represent resonant photon drag RDE. It remains
constant if ¢g— 0. The value of resonant current is deter-
mined by J,. For the photon flow cE?*/87hw
=10" em?s7!, 7=1071? s, and Jy=1.16-10"% A/cm. This
approximately corresponds to a power of 0.1 W/cm? for
photons with energy 0.1 eV.

If |w—2€F>sq, then there is only NDE current. It is
proportional to g:

. msq
Ji= Jom(%f -e),

(11)
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FIG. 3. (Color online) Resonant photon drag current in units of
Jo versus normalized frequency (w—-2e€r)/sq. The solid curve
shows the longitudinal component of current j,, the field is polar-
ized along the projection of the wave vector on the plane (6=0) and
Jy at O=m/4. The dashed curve shows j, at 6=/2.

3 ms
Jy= EJ()quxey. (12)
The value of NDE is significantly smaller then the RDE
value.

In agreement with the simple estimates the RDE has al-
ways the direction opposite to the direction of light wave
vector. Its polarization dependence is explained by the de-
pendence of the directional diagram of excitation; most of
carriers are excited perpendicular to the polarization. At the
same time the Fermi sea limits the transitions by the direc-
tion of the photon wave vector. This circumstances together
determine lower x-component of current if ellq in compari-
son with the case elq and also the appearance of
y-component of the RDE current.

In agreement with the system symmetry, j, exists only if
the polarization has both e, and e, components. The RDE
current exists in a narrow window |w-2e;|<sq, which
shrinks if ¢ — 0. But inside this window RDE is much stron-
ger than NDE so the later can be neglected in this window.

The sign of x component of NDE depends on polariza-
tion. This contradicts to a simple assumption according to
which the current is mainly determined by kicks, which pho-
tons give to electrons. The origin of this difference is the
dependence of the directional diagram on the small wave
vector ¢ via the parameter a;: at some polarizations elec-
trons prefer to be excited in opposite direction to q. This
explains the change of sign.

Figure 3 demonstrates the dependence of RDE current
components on the frequency in the window |w—2¢z <sq
where RDE exists. The current vanishes at the edges of the
window. The component j, is larger for the polarization
along the y axis. The component j, appears only for tilted
polarization of the light. Figure 4 shows the dependence of
and j, on the angle ¢ between the vector of polarization e
and the wave vector (.

III. DISCUSSION

We have studied the electron contribution to the photon
drag current. In fact, in the considered system the hole con-
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FIG. 4. (Color online) Polarization dependence of the RDE cur-
rent at w=2¢€p; j, is shown by dash curve, j, is shown by solid
curve.

tribution also presents. The symmetry between holes and
electrons in a neutral system means that these contributions
double. However, the result will be changed if to take into
account the difference between electrons and holes caused by
their different excitation energy: while electrons are gener-
ated near the Fermi energy the holes appear well below the
Fermi energy. This leads to a strong difference between the
relaxation times. In high-mobility samples at low tempera-
ture the momentum relaxation time near the Fermi energy is
much greater than far from the Fermi energy. At the same
time, quick relaxation of excited electrons (holes) to the
Fermi energy due to electron-electron interaction (described
by e-e relaxation time 7,,) conserves their momenta up to the
moment when excitations reaches the temperature layer. This
results in equality of holes and electrons contributions to the
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current. And vice versa, electron-phonon relaxation can can-
cel the hole contribution if 7,_,, <,,, where 7,_,, is the time
of energy relaxation due to electron-phonon collisions. Thus,
the obtained current should be multiplied by a factor 2 in the
case of quick e-e relaxation and be kept unchanged in the
opposite case. We note, that when the Fermi energy tends to
zero the system becomes symmetric.

In the present paper, we neglected the warping of the
energy spectrum. The typical corresponding width of the
resonance window is 2Kp§,-, where the warping constant «
=sd/4y3 in the tight-binding approximation can be ex-
pressed via the distance between carbon atoms d
=0.142 nm. This width should be compared with RDE
width with no warping taken into account Ae=2pps sin B/c.
The comparison of this width with RDE width in the absence
of warping, 2pps sin /¢, shows that the warping-induced
width becomes larger at the electron density n
>3.4 sin?> B-10'? cm2. Another limitation follows from the
demand of low temperature 7<<Ae. This means that the RDE
is visible for photons with Aw=0.1 eV at T<4K (for B
=1/4).

The observation of the resonant photon drag in monolayer
graphene is accessible to the modern experimental technique
that allows to investigate interesting aspects of coupling be-
tween photons and electrons in this material.
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76, 081401(R) (2007). bonds of neighboring atoms. In fact, this component results in

24Note that the vertical component of the electric field also inter- the dynamical splitting of these states and can be included in the
acts with electrons, however, its action is weaker by the param- Hamiltonian as o,eE.d/2. Comparison of this term with consid-
eter kpd, where d is the vertical distance between dangling ered one gives foregoing estimate.
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