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We theoretically study the Faraday and Kerr rotation of a probe field due to the orbital magnetization of a
two-dimensional electron gas induced by a circularly polarized pump. We develop a microscopic theory of these
effects in the intraband spectral range based on the analytical solution of the kinetic equation for linear and
parabolic energy dispersion of electrons and arbitrary scattering potential. We show that the spectral dependence
of rotation angles and accompanying ellipticities experiences a sharp resonance when the probe and pump
frequencies are close to each other. At the resonance, the Faraday and Kerr rotation angles are of the order
of 0.1° per 1 kW/cm? of the pump intensity in monolayer and bilayer graphene samples, corresponding to a
pump-induced synthetic magnetic field of about 0.1 T. We also analyze the influence of the dielectric contrast
between dielectric media surrounding the two-dimensional electron gas on the rotation angles.
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I. INTRODUCTION

Optically induced magnetization and its manipulation
in solids have recently attracted significant attention in
solid-state physics [1-4]. Absorption of circularly polarized
photons results in efficient magnetization of electron and hole
systems in the process of optical spin orientation through
both the interband and intraband optical transitions [5—10].
Besides the spin orientation, the circularly polarized light
induces orbital currents of charge carriers and, hence, the
orbital magnetic moment, known as the inverse Faraday ef-
fect (IFE) [11,12]. The orbital magnetization due to the
IFE is being actively studied in different systems, including
metals and semiconductors [13-16], ferromagnets [17], su-
perconductors [18], metallic nanoparticles [19], and graphene
[20].

To probe the light-induced orbital magnetic moment, one
can use the pump-probe Faraday and Kerr spectroscopy—the
method, which is widely employed to study the magnitude
and dynamics of magnetization related to both spin and or-
bital magnetic moments [4,7,21-27]. In this method, one
measures the rotation of the polarization plane of a linearly
polarized probe beam, which is reflected from or transmit-
ted through the medium with pump-induced magnetization.
While the theory of the pump-probe Faraday and Kerr ef-
fects due to spin magnetization has been developed for
bulk and low-dimensional semiconductor systems [7,28-30],
consistent microscopic theory of these effects due to or-
bital magnetization is still missing. The naive mechanism
of such a Faraday rotation could involve magnetic field in-
duced by the orbital currents, however, this magnetic field
is extremely small and, hence, cannot be the major source
of rotation. The third-order contribution to ac current in-
duced by an elliptically polarized electric field in graphene
and responsible for the Faraday rotation, has been calcu-
lated in Ref. [31]. However, the calculations were based
on a simplified relaxation model, which does not fully
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capture the specifics of electron scattering in two-dimensional
systems.

Here, we study the Faraday and Kerr rotation due to the
orbital magnetization induced by a circularly polarized pump
in a two-dimensional electron gas (2DEG). We show that the
circularly polarized electric field of the pump modifies the
high-frequency conductivity of 2DEG, resulting in the circular
birefringence and dichroism. This, in turn, leads to rotation
of the transmitted and reflected probe field. Moreover, the
initially linearly polarized probe becomes elliptically polar-
ized (acquires ellipticity), Fig. 1. We develop a microscopic
theory of the pump-induced high-frequency conductivity of
2DEG due to intraband optical transitions and calculate the
Faraday and Kerr angles as well as the corresponding elliptic-
ities. The theory accounts for electron scattering by impurities
and describes both nonabsorbing and absorbing regimes of
the pump and probe fields. We derive analytical expressions
for the Faraday and Kerr angles and ellipticities valid for
parabolic and linear energy dispersion of 2D electrons and
arbitrary scattering potential. We also analyze the influence of
the dielectric contrast between dielectric media surrounding
2DEG on the rotation angles.

We show that the spectral dependence of rotation angles
and ellipticities experiences a sharp resonance when probe
and pump frequencies are close to each other. The width
and magnitude of resonance are determined by a long en-
ergy relaxation time, rather than a short momentum relaxation
time. At the resonance, and at Qt; ~ 1, where Q2 is the pump
frequency and t; is the momentum relaxation time, the Fara-
day and Kerr rotation angles are of the order of 0.1° per
1 kW/cm? of the pump intensity in doped monolayer and
bilayer graphene samples. We also calculate a synthetic mag-
netic field, an effective magnetic field, which leads to the same
rotation angles as the circularly polarized pump. In monolayer
and bilayer graphene samples, this synthetic magnetic field
amounts to ~0.1 T per 1 kW/cm? of the pump intensity at
Q‘El ~ 1.

©2023 American Physical Society


https://orcid.org/0000-0002-6507-2449
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.125418&domain=pdf&date_stamp=2023-09-14
https://doi.org/10.1103/PhysRevB.108.125418

M. V. DURNEV

PHYSICAL REVIEW B 108, 125418 (2023)

pump Eq(t) probe E,,(t)
1} 05

=5

1>

f;y/—é%
\

F
A

FIG. 1. Schematic picture of the pump-induced Faraday and Kerr
rotation in the two-dimensional electron gas. Electric field of the
circularly polarized pump acts as a synthetic magnetic field resulting
in the rotation of the linearly polarized probe field. 6y and 0 are the
Faraday and Kerr rotation angles, respectively.

II. FARADAY AND KERR ROTATION
BY A 2D CONDUCTING MEDIUM

We consider 2DEG occupying the plane z = 0 and sur-
rounded by dielectrics with refractive indices n; at z <0
and ny at z > 0. The 2DEG is irradiated by normally in-
cident pump and probe beams with electric fields Eq(7) =
Eqe ™ 4 c.c.and E,(t) = E, e ™ 4+ c.c., respectively, see
Fig. 1. In the absence of pump field, Eg = 0, the probe field
induces electric current in 2DEG j(t) = j, e ™' + c.c., which
oscillates at the probe frequency and is parallel to the probe
electric field E,. The current is related to the probe field
as j, =0E,, where o0 = en, 1 /m(l —iwty) is the high-
frequency 2DEG conductivity, e and m are the electron charge
and effective mass, respectively, 7, is the 2D electron concen-
tration and 7, is the momentum relaxation time.

In the presence of the pump field, the third-order contri-
butions to the current j, appear. These contributions in the
isotropic 2DEG are described by three complex parameters y;
yielding the total current oscillating at w [32]:

Jo=0E,+V|EQl’E, + nES(Eq -E,) + Eq(Eg - E,)]
+ipslE, x [Eq x E5]]. (1)

Here, y; describes the change of isotropic conductivity due to
the pump radiation, whereas y, and y;3 give rise to the trans-
verse current in the direction perpendicular to E, induced
by the linearly and circularly polarized pump, respectively.
In this paper, we consider the circularly polarized pump, and
therefore, the y; contribution [33]. For the circularly polarized
pump, Eq. (1) yields the transverse current described by the
off-diagonal conductivity oy, = —0y, = B3|E o|*Peire, Where
Peire = %1 for right-hand and left-hand circular polarization,
respectively. Note that, when the probe field is static, i.e.,
at w = 0, the y3 contribution describes the appearance of a
transverse direct current in the presence of a circularly polar-
ized pump—the so-called photovoltaic or circular Hall effect
[32,34,35].

Pump-induced transverse conductivity oy, = —oy, leads to
circular birefringence and circular dichroism, i.e., different

transmission and absorption of the right-hand and left-hand
circularly polarized components of the probe field. The in-
cident linearly polarized probe field is a superposition of
circularly polarized fields EY, = E{o., where o4 are cir-
cularly polarized unit vectors related to the unit vectors e, || x
and e, || y as 04 = (e £ iey)/«/z. The amplitude transmis-

sion and reflection coefficients of E g)i are given by [36]

I T o
1+O(i’ 1+Oli,

where rip = (n; —ny)/(n; +ny) and t, =r;p + 1 are the
amplitude reflection and transmission coefficients for the light
incident on the boundary between two dielectrics in the ab-
sence of the 2DEG layer, a4 = 2m04./(ch), 04 = 0y, L i0yy,
n = (n; + ny)/2, and c is the speed of light in vacuum.
Pump-induced anisotropy of the transmission and reflec-
tion coefficients leads to the rotation of the linear polarization
of the transmitted and reflected probe fields. We will further
consider the low-intensity regime, when the pump-induced
off-diagonal conductivity is much smaller then the diago-
nal one, i.e., |0y | < |ox| and oy ~ o. In that case, the
differences ¢t —¢_ and ry — ry are much smaller than the
corresponding sums, and the Faraday rotation angle 6 and
the ellipticity €y of the transmitted probe field are [7,37,38]

t,—t_
fh 41

Analogously, the Kerr rotation angle 0x and the accompany-
ing ellipticity ek of the reflected probe field are given by

(@)

It

3

€p — 10 ~

ry —r—

€x — 0 ~ e @)
By substituting Egs. (2) to Eqgs. (3) and (4), we obtain
O + iep = % (5)
and
O + icx ~ — 21120 6)

ci(l +a)(rpp —a)’

where o = 2o /(cit). Note that Eq. (6) is not valid when
the difference r; — « is close to zero, since in this case
the condition |ry — r_| <« |ry + r—| does not hold. When, in
addition to a small ratio |o,, /o |, the parameter « is also small,
ie., o] <1 and |¢| < |rp2], it follows from Egs. (5) and
(6) that the ratio of the Faraday and Kerr angles is constant,
Ok /0r = t12/r12. On the other hand, in the absence of di-
electric contrast, when ny = n, = 1, and ri, = 0, t1, = 1, the
frequency dependencies of the Faraday and Kerr angles differ,
i.e., O ~ 2mRe{o,,}/(ci1), while Ox ~ —2mRe{o,,/a}/(cit).

In a typical pump-probe experiment, see, e.g., Ref. [39],
one measures the Faraday and Kerr rotation signals equal to
the difference between the intensities of the transmitted and
reflected beams, such as Iu(fl — 131 and I,ff)a L= I,fqujf. Here,
(x',y') are the axes rotated by 7 /4 with respect to the initial
(x,y) frame, and oy denotes right- and left-hand circular
polarization. These signals are related to the rotation angles
and ellipticities as

1, -1, =20pT1,, 13, — 1)

w,x’

=2¢TI, (7)

w,0+ w,0—

125418-2



FARADAY AND KERR ROTATION DUE TO PHOTOINDUCED ...

PHYSICAL REVIEW B 108, 125418 (2023)

and
L, =10, =20kRIL,, 1)), —1I) =2exRIL, (8
where
ny|7)?
r="1 " r ©)

ny

f=(ty+1t)/2, F=(ry +r_)/2, and I, is the intensity of
the incident probe field. Note that the dielectric contrast
ny # ny is crucial for the experimental observation of the
Kerr rotation signal, since the reflection coefficient R for the
freestanding 2D layer is proportional to the parameter |a|?,
see Egs. (2), which might be small [39].

III. PUMP-INDUCED TRANSVERSE CONDUCTIVITY

Now we develop a microscopic theory of the transverse
conductivity o, (w, £2) induced by the circularly polarized
pump field. The kinetics of 2D electrons driven by the pump
and probe electric fields is described by the Boltzmann equa-
tion for the electron distribution function f(p, t):

3 +elEq(t) +E,1)]- 8 _ Stf.

10
at ap (10)

Here, p is the electron momentum, e is the electron charge,
and Stf is the collision integral. For the collision integral,
we use the relaxation time approximation with different re-
laxation rates of angular harmonics [40]. The relaxation of
the first and second angular harmonics of f(p, t) is described
by the energy-dependent times t; and 7, given by 7 I =
—(vStf)/(vf) and r{l = —(vevyStf) /(vyvy f), respectively.
Here, v = d¢/dp and ¢ are the electron velocity and energy,
respectively, and the angular brackets denote averaging over
p directions. The fields Eq(¢) and E,(¢) in Eq. (10) are
electric fields experienced by the 2DEG, i.e., the sum of the
incident and reflected fields at z = 0. Equation (10) is valid
in the classical regime, when % and /€2 are much less than
the mean electron energy. We also consider only intraband
optical transitions assuming 7w, 2 K "2 /maz, where a is
the thickness of the electron gas and /”/ma® is the typical
energy of electron confinement in the z direction.

We solve Eq. (10) by expanding the distribution function
f(p, t) in the series in the electric field amplitude as follows:

. 1) = fo + [fio@e ™ + fia(ple™™ +c.c.]+ fr(p)
+ [Lwra@e T + f o a(@)e O™ 4 cc]
+ [fo@)e ™ +cc.l. (11)

Here, fy is the equilibrium distribution function, whereas
the first-order corrections fi, «x E, and fio « Eq determine
Drude conductivity, responsible for ac electric currents oscil-
lating at frequencies w and €2, respectively. The second-order
corrections are f, o< EqES, fo o0 X Ey,Eq and f ,—q
E,ES. The desired transverse current oscillating at w is de-
termined by the third-order correction f3 , < E,EqQES,.
Considering the term e[Eq(t)+E,()]-0f/0p in
Eq. (10) as a perturbation, we obtain the following

equations for the corrections to the distribution function:

) dfo
—iwfio +eE, - — =St fiu, (12a)
ap
3fx 9
o(Bq- 22 gy 2012) _ g gy (12b)
op ap
0 0 flw
i@+ Do +e( By 22 g, O
op op
= Sthrura. (12¢)
) fr 3fr.0-0 3 f2.0+0
_lwa,w"‘eEw%“‘eEQ—a +€E>§k2 ap
=Stfs,. (12d)

The equation for fq is obtained from Eq. (12a) by replacing
with €, and the equation for f; ,_g is obtained from Eq. (12¢)
by replacing 2 with —Q and making use of the relations
E o =Ey, fi—e=fig

To derive the oy, component of the conductivity tensor, we
calculate the transverse electric current j,, , = o0y, E, , driven
by the x component of the probe field. The current reads

Joy =€) W f30 (13)
p

where v is the factor of spin and valley degeneracy. Multiply-
ing Eq. (12d) by v, and averaging the result over the directions

of p, we obtain
0/2 0f2,0-0
(vyf3,w> = - etlw<vy<Ea) . % +EQ . ap >>

/2,010
op [
where (...) denotes averaging over the directions of p, and
T1o» = T1/(1 — iwt;). Summation of Eq. (14) over p and inte-
gration by parts yield

— etlw<vyE*Q . (14)

8(Uy‘51w)
ip
(15)

ja),y = 62‘} Z (f2Ea) + f2,a)—QEQ + f2,w+QE§2) .
p

We start with calculating j,, , for parabolic energy disper-
sion of electrons &(p) = |p|?>/2m. This dispersion is typical
for low-energy electrons in III-V quantum wells, bilayer
graphene, monolayers of transition metal dichalcogenides,
etc. Calculating the derivative on the right-hand side of
Eq. (15), one obtains

. 2 /
Joy =€ VE, « E VeV Ty, /2
P

ezl) / *
+— > (€110) (fro-eEay + froraEd,)
»

2y
+ % Xp: Uo[ fro-a(2vivyEq — (vF — v%)EQy)

+f2,w+§2(2vxv}’E5,x - (U)% - U)Z)Esy)] :

Here, (...) denotes the derivative over energy, and we took
into account that E,, || x. The nature of the contributions to

(16)
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the ac current given by Eq. (16) is similar to the one dis-
cussed in Ref. [32] for a static current. The first and the
third contributions, proportional to v,vyf5, UV f2 w+q. and
(v} — v2)fr.010, are related to the optical alignment of elec-
tron momenta by means of the oscillating electric field. The
second term, proportional to (e7y,,)’, is related to the dynamic
heating and cooling of 2DEG by the oscillating fields.

The first-order corrections to the distribution function are
found from Eq. (12a) and read

fio=—etin(Ey - v)fy,  fia=—etioEq-v)fy, (17)

where 11q = 11/(1 — iQ277). Calculation shows that the first
term in Eq. (16) proportional to the time-independent correc-
tion f, vanishes for circularly polarized pump. Therefore, we
do not consider this term in the following. Other second-order
corrections are found by solving Eq. (12¢) with fj, and fiq
given by Eq. (17), which yields

Srore ={rote) + %ezEw.xtlw-ﬁ-Q[(TlQ + tiu)fyl

X [(Uf - v)z,)EQ,x + 2UnyEQ’y]. (18)

Here, (f2.»+q) is the zeroth angular harmonic of f, ,+q, and
Dwra = /[l — il + Q)]

We describe the relaxation of the zeroth angular harmonic
of the distribution function (f(p, t)) by the collision integral
St{f) = —((f) — fo)/70, Where 1 is the energy-independent
relaxation time determined by the electron-electron scattering
and energy-relaxation processes (e.g., caused by phonons).
Equation (12c¢) yields

2
e TO,a)+Q

<f2,w+Q) = [8(7:19 + Tla))f(;]/Ea).xEQ,xv (19)

where 79,10 = To/[1 — i(w + Q)70]. The f ,_q function is
found from f, ,+qo by replacing 2 with —2 and using the
relations 1) _qg = g and E_q = E§,.

Finally, substituting Eqgs. (18) and (19) into Eq. (16) for
the current and calculating the sums, we obtain the transverse
conductivity of the degenerate electron gas induced by the
circularly polarized pump

oxy(w, Q) = F(w, Q) — F(o, —Q), (20)
where for the parabolic spectrum

F(par)(w’ Q)
. ice?|Eq|*Puir[2 — i(w + Q)11]
2m(l —iQty)
X [(erT),+271,)T0,0+2 — EF @, T2.0+0) — 2T(, T2.0t+0]-
2D

Here, the relaxation times and its energy derivatives are taken
at the Fermi energy er, o = €’n,T1y,,/m is the high-frequency
conductivity, and n, = vmep /(2 i?) is the electron density.
Similar calculations can be applied to 2DEG with lin-
ear energy dispersion, e.g., in monolayer graphene or
HgTe/CdHgTe quantum wells of the critical thickness. Us-
ing e(p) = vo|p| and performing the calculations shown in

Appendix A, one obtains o,, given by Eq. (20) with
Fi(w, Q)

_ _io’ezvglEﬁlzpcirc[2 —i(w+ Q)71q]
48]:(1 — iQT])

2!
" / w / /
x |:<8F‘L'1w + 1y, — P )To.w+s2 — er(T1,T2,0+0)

T2,0+Q

i 7 3

— T, Dot + Tio <172’w+9 + A . 22
F

Here, the high-frequency conductivity and the electron density
are given by o = €*v2n.t1,,/er and n, = ver /(4xh*v}).

Note that at = 0, Egs. (20)—(22) describe the static trans-
verse photoconductivity of 2DEG and agree with the second
line of Eq. (16) in Ref. [32]. Conductivity given by Egs. (21)
and (22) is proportional to |Eg|?, which is the square of the
pump fieldatz = 0. |E Q_|2 is related to the intensity of the inci-
dent pump Ig = cni [EQ1? /27 as |[Eq|? = 2x T (Q2)la/(cny),
where T is given by Eq. (9).

IV. DISCUSSION

Equations (5), (6), and (20)—(22) can be applied to calcu-
late the photoinduced Faraday and Kerr rotation and ellipticity
in different 2D systems, such as quantum wells, monolayer
and bilayer graphene, transition-metal dichalcogenide mono-
layers, and other doped 2D materials. In this section, we
present results for two illustrative examples with linear and
parabolic energy dispersion, monolayer, and bilayer graphene,
respectively. We also analyze the role of the dielectric contrast
(np —np)/n between the two dielectric media surrounding
2DEG on the rotation angles and ellipticities.

A. 2D layer on a substrate

First, we consider the case of the 2D layer lying on a
substrate by setting the refractive indices n; = 1 and n, = 3.
In the discussion below Eq. (6), we showed that in the case
of a large dielectric contrast, the Kerr angle and ellipticity are
related to the corresponding Faraday quantities as 6k /0p ~
t12/r12, and €g /€p = t12/r12. Hence, for the chosen n; and n,,
we have 0y &~ —6r and €x ~ —¢p, and in this subsection we
discuss the Faraday angle and ellipticity only [41].

1. Parabolic spectrum: Bilayer graphene

Figure 2 shows the dependence of the calculated Faraday
angle and the accompanying ellipticity for parabolic energy
dispersion and a set of parameters relevant to a doped bilayer
graphene [42]. It follows from Eq. (21) that in case of the
energy-independent relaxation times t; and 1, relevant for
short-range scatterers, the transverse conductivity o,, van-
ishes. Hence, the curves in Fig. 2 are plotted for unscreened
Coulomb scatterers corresponding to t; = 21, & €. We use
the electron density n, = 10'> cm™ and momentum relax-
ation time t;(er) = 0.1 ps, which results in er &~ 39 meV
and 2mwoy/(cii) ~ 0.088, where oy = €’n.1;/m is the static
2DEG conductivity. In the studied frequency range, the trans-
mission and reflection coefficients Eq. (9) lie in the range
T =0.63—0.7 and R = 0.27—0.29, respectively.
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FIG. 2. (a) Photoinduced Faraday rotation angle 65 and (b) the
accompanying ellipticity €z of the two-dimensional electron gas
with parabolic spectrum for a large dielectric contrast between the
surrounding media. Three curves correspond to three values of the
pump frequency: Qt; = 0.1, 0.5, 1. Sharp resonances at w =~ Q2
occur. The curves are calculated after Egs. (5), (20), and (21) for the
following parameters: 7;(er) = 0.1 ps, n, = 10'> cm™2, 7y = 5 ps,
m = 0.03my, 7, =21, x ¢ (Coulomb scatterers), Io = 1 kW/cm?,
n =1,n, =3, and P, = 1.

The dependence of rotation angles and ellipticities on the
probe frequency experiences sharp resonances in the region,
where the probe frequency w is close to the pump frequency
Q. At Q7; < 1 and pump intensity g = 1 kW /cm?, the Fara-
day angle at the resonance is O ~ 0.1°, and the corresponding
ellipticity ez ~ 0.1 %, see Fig. 2. Note that for such intensity,
the inequality |oy,| < |0y still holds, so we are still in the
perturbative regime. To study the shape of the resonances
in more detail, we analyze the pump-induced conductivity,
Egs. (20) and (21), at o > 11, relevant for 2DEG at low
temperature, and 2ty > 1. In this case, we have a sharp reso-
nance in the conductivity, whose shape for Coulomb scatterers
is given by

2iooe* 11 0|E o |* Peire
mep[l —i(o — Q)7) (1 + Q272) (1 — iQ7;)3
(23)
Equation (23) allows one to calculate the frequency depen-

dence of the Faraday angle near the resonance. Substituting
Eq. (23) to Eq. (5), one obtains

Oxy(w) ~

_ 4mop 11 1|E ol Peire
O (w) ~ —

mer
QT (%1 —3) + (0 — D1 (32%*1 — 1)
X .
(1+ 2222)"[1 + (0 — )27

It follows from Eq. (24) that, depending on 27y, the resonance
shape varies between the Lorentzian and the Lorentzian mul-
tiplied by (w — €2), see Fig. 2(a). For example, at Q7 = 0.1,
the term o« (w — €2) in the numerator of Eq. (24) prevails,
and hence the corresponding curve in Fig. 2(a) behaves ap-
proximately like (0 — 2)79/[1 + (@ — Q)*7¢]. Interestingly,
the resonance width is given by the relaxation rate of the
zeroth angular harmonic 7, ! rather than the momentum re-
laxation rate. The magnitude of the resonance is determined
by the product of 47 0 /(c1) and the dimensionless parameter

(24)

@ 0.05 (b)
QTl =0.1 9F (S
= z
) 3
E! 0 20051
< =
> (]
< Qn=1 Z-010f
g
—0.05F Qr = 0.5 o
! ’ ~0.15
| | | |
0 05 1.0 0 0.5 1.0

Probe frequency (wt;) Probe frequency (wt;)

FIG. 3. (a) Photoinduced Faraday rotation angle 6y and (b) ac-
companying ellipticity € of the two-dimensional electron gas with
linear spectrum for a large dielectric contrast (n, — n;)/ii between
the surrounding media. Three curves correspond to three values of
the pump frequency: Q27; = 0.1, 0.5, 1. Sharp resonances at w ~
Q occur. The curves are calculated after Egs. (5), (20), and (22)
for the following parameters: 7;(gr) = 0.1 ps, n, = 3x10'" cm™2,
To =5 ps, v = 10% cm/s, 7; = 21, o ¢! (short-range scatterers),
I = lkW/cmz, ny=1,n, =3, and P, = 1.

e?|E q|*1110/(mer) proportional to the intensity of the pump
radiation.

We note that, strictly at resonance, when w = €2, the de-
veloped theory is not applicable. In this case, one should
consider a third-order response to the monochromatic elec-
tric field, since the pump and probe fields cannot longer be
distinguished as in Eq. (1). This situation corresponds to the
self-induced rotation of electric field, when the field modifies
dielectric properties of the 2D layer and, at the same time, ex-
perience rotation due to this modification. Such a self-induced
rotation has been considered for graphene within a simplified
relaxation model in Ref. [31]. In Appendix B, we calculate the
third-order photocurrent induced by a monochromatic electric
field being a sum of large circularly polarized and small lin-
early polarized contributions, see Eq. (B8).

2. Linear spectrum: Single-layer graphene

Figure 3 shows the dependence of the calculated Fara-
day angle and the accompanying ellipticity for linear energy
dispersion and a set of parameters relevant to a doped
monolayer graphene [43]. For linear energy dispersion, the
relaxation times are 7; = 21, o &1 for short-range scatterers
and 71 = 31, o € for Coulomb scatterers [31]. It follows from
Eq. (22) that both types of scatterers contribute to the trans-
verse conductivity. For the calculations, we use n, = 3x 10!
cm? and 7,(sp) = 0.1 ps, which results in e ~ 64 meV
and 2moy/(cin) &~ 0.071. In that case, the transmission and
reflection coefficients of the probe beam lie in the range
T =0.65—0.71 and R = 0.26—0.28, respectively.

As in the case of bilayer graphene, the rotation angles and
ellipticities in single-layer graphene experience sharp reso-
nances at w A~ 2. The photoconductivity o,, in the vicinity
of resonance has the form

_ 006?05 (3 — iQT)QTIT0|E o|* Peirc
262[1 —i(w — D)1l (1 + Q272)(1 — iQTy )3
(25)

Oxy(w) ~
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FIG. 4. [(a),(b)] Photoinduced Faraday and Kerr rotation angles
Or and 6¢ and [(c),(d)] the accompanying ellipticities € and eg
of the two-dimensional electron gas in a freestanding graphene.
Three curves correspond to three values of the pump frequency:
Qr; =0.1, 0.5, 1. Sharp resonances at w =~ Q occur. The curves
are calculated after Egs. (5), (6), and (22) for the following pa-
rameters: 7,(er) =0.1 ps, n, =3x10'"" cm™2, 15 =5 ps, vo =
108 cm/s, 7] = 21, X ! (short-range scatterers), Io = 1 kW/sz,
n=n = 1, andPCim =1.

Interestingly, Eq. (25) holds both for short-range and
Coulomb scatterers. Substituting Eq. (25) to Eq. (5), we obtain
for the Faraday angle near the resonance:

oo 20371 70|E o) Peirc

O () ~ 20 .
cn 8F

5 Qr Q7 + 6Q% 1] — 3 4+ 8Q1 (0 — Q)70
(1+ 2222)*[1 + (0 — 2)27]

(26)

Similarly to the parabolic spectrum, the magnitude of
the resonance is determined by the product of mwoy/(cii)
and the dimensionless parameter e*|Eq|*t,7o/(m*er) with
the effective electron mass m* = ep/ vé (m* ~ 0.01 mg in our
calculations).

B. Freestanding monolayer graphene

In this section, we consider a freestanding 2D layer by set-
ting the refractive indices n; = n, = 1. In this case, r; =0,
t1» = 1, and as shown below Eq. (6), the Faraday and Kerr an-
gles have different spectral dependencies. Figure 4 shows the
results of calculations for a freestanding monolayer graphene.
The values of the rotation angles and ellipticities are larger for
the freestanding layer than for the layer on a substrate, Figs. 2
and 3, for two reasons. First, the rotation angles and elliptici-
ties are proportional to 1/, see Egs. (5) and (6). Second, the

pump field at z = 0, |Eq|* = 27T (RQ)Io/(cny), is larger at a
given pump intensity. Moreover, the values of the Kerr angle
and ellipticity are significantly larger than the corresponding
Faraday values, since 6r o Re{oy,}, while 0 o Re{oy,/a}
at |o| < 1. Note that, however, the experimentally measured
Kerr rotation signals, see Eq. (8), are still small due to the
small reflection from the freestanding layer.

The calculated Faraday rotation angles for single-layer
and bilayer graphene samples are ~0.1°—1° per 1 kW /cm?
of the pump intensity, see Figs. 2—4. Similar values of the
Faraday angles were measured in monolayer and multilayer
graphene in the terahertz and far-infrared frequency range at
external magnetic field B, ~ 1 T in Refs. [43,44]. The rotation
angles can be further increased in high-mobility 2DEG in
GaAs/AlGaAs quantum wells with larger values of tj, see,
e.g., Ref. [45]. Another way to increase the rotation angles is
to place the 2DEG in a microcavity [46—48]. It provides both
the enhancement of the 2DEG transverse conductivity oy,
(due to enhancement of the pump field |Eq|? at the location
of 2DEGQG), and the interaction of the probe field with the 2D
layer due to multiple round-trips of the probe field between
the mirrors [49,50].

C. Synthetic magnetic field induced by pump

The action of the circularly polarized pump on 2DEG
can be described in terms of a synthetic magnetic field Bgyy.
This field equals to an external magnetic field, which rotates
the polarization plane by the same angle as the pump. The
Faraday angle in the presence of external magnetic field is
given by Eq. (5) with the Hall conductivity oy, (B;), which
results in O ~ (w.11)2mw0o0/(ci), where w. = eB,/mc is the
cyclotron frequency. By comparison with Egs. (24) and (26)
at Qt; ~ 1, one can estimate the synthetic magnetic field from
w.T1 ~ €2|Eq|*t179/(mep), which yields

ec|Eql*1o

Bsyn ~ 27

EF

Note that the value of By, is quite universal, since it does not
depend on either the electron mobility or energy dispersion.
It depends, however, on the energy relaxation time 7y and,
hence, should increase with decreasing temperature.

Synthetic magnetic field induced by the pump with in-
tensity Io = 1 kW/cm? at & = 50 meV and 75 = 10 ps is
Bgyn ~ 0.1 T. This value increases with the growth of radiation
intensity and may reach 1 T for several kW/cm? terahertz
and far-infrared radiation, which is used for spectroscopy of
electron gas in graphene [34,35]. Note that By, is significantly
(several orders of magnitude) larger than the actual magnetic
field induced by the orbital currents being the source of the
inverse-Faraday magnetization [13,42].

V. SUMMARY

To summarize, we have studied theoretically the pump-
probe Faraday and Kerr rotation due to the orbital magnetiza-
tion in the 2DEG. We have shown that the circularly polarized
electric field of the terahertz-range pump results in the trans-
verse conductivity o,y (w, 2) of 2DEG, which is proportional
to the pump intensity and depends on both the probe and
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pump frequencies w and €2, respectively. This pump-induced
anisotropy of conductivity results in the circular birefringence
and dichroism for a probe field. We have derived analytical
expressions for oy, (w, ©2) and the corresponding Faraday and
Kerr rotation angles for parabolic and linear energy dispersion
of 2D electrons and arbitrary scattering potential. We have
shown that at w &~ €2, rotation angles are resonantly enhanced,
reaching 0.1°—1° for 1 kW/cm? of the pump intensity in
single-layer and bilayer graphene samples at Q27; ~ 1, where
71 i1s the momentum relaxation time. Similar values of the
Faraday angles were measured in monolayer and multilayer
graphene in the terahertz and far-infrared frequency range in
an external magnetic field B, ~ 1 T [43,44]. The calculated
Faraday and Kerr angles are governed by the momentum
and energy relaxation of 2D electrons, and hence can eluci-
date mechanisms and rates of electron relaxation processes in
pump-probe experiments.
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APPENDIX A: TRANSVERSE PHOTOCONDUCTIVITY
OF 2DEG WITH LINEAR ENERGY SPECTRUM

Here, we calculate pump-induced transverse conductivity
for electrons with linear energy dispersion &€ = vop. We start
with the general equation for the current Eq. (15). Calculating
the derivative on the right-hand side of Eq. (15), one obtains

T !

2 lw

Joy =€ VE, ¢ E vxvyés(—s )fz
p

2.2 /
+ # ; @(fZ,wfﬂEQ,y + f2,w+QE;2,y)
2 /
+ % 8(‘2‘_(1)) [fZ,wfﬂ(vavyEQ,x_(U)%_v)%)EQ'Y)
p
+ /2,010 (zvxv_vEs*z,x - (vf - v\z’)Ef*Zy)] (Al)

The first contribution in Eq. (A1) proportional to f, vanishes
for the circularly polarized pump. The first-order corrections
to the distribution function coincide with the ones given by
Eq. (17), whereas the second-order correction f; ,,+q has the
form

ezEa) X (T +7 w)f/ !
frore ={frore) + ’ Tz,w+98|:Mi|
2 €
x [(v7 = v})Ea + 2vcv,Eq, . (A2)
where
V210,010 .
(frowia) = ———[e(T1p + 1) o] EwxEq.. (A3)

2¢e

The f>.,—q function is obtained from Eqgs. (A2) and (A3) by
replacing 2 with —€2 and using the relations 7, _q = 7} and
E_g = EY,. Finally, substituting f» ,+q given by Egs. (A2)
and (A3) into Eq. (Al) for the current and calculating the
sums, we obtain Egs. (20) and (22) of the main text.

APPENDIX B: TRANSVERSE PHOTOCONDUCTIVITY
AT COINCIDING PUMP AND PROBE FREQUENCIES

In this Appendix, we calculate a third-order response sim-
ilar to Eq. (1) but at coinciding pump and probe frequencies,
® = Q. The electric field at the 2DEG plane E(t) = Ee~™" +
c.c. is a sum of large circularly polarized (pump) and small
linearly polarized (probe) contributions:

E, = iPircE1 /N2, (B1)

where P, = =1 and E>, < E].
We search the electron distribution function f(p, t) in the
form

f@) =fo+ i)™ +ccl+ fr(p)

+ 1@ +ecl+[fsi(ple ™ +ccl, (B2)
where corrections to the distribution function satisfy the fol-
lowing equations:

E =L 4k
x—ﬁ 27

9
—iwf) + eE - ﬁ = St f1, (B3a)
op
afr 9
op op
_ P _
—2iwf, + eE - W _ St f5, (B3c¢)
op
.
—iwfs + eE - af2 +eE* - a—fz = St f3. (B3d)
p

The transverse electric current is determined by the third-
order correction f3 and reads

—eZvyfa—eszszE*) a(vv,?w)~ (B4)

Taking the derivative on the right-hand side for the case of
linear dispersion and simplifying, we obtain

o= 52 Jos

+ = Z ( >f2 20,0yE, — (V2 — v2)E, ]

Tio T\ | 7 o
ey [ei() [

+ 5 Z ( )fz 2v0,Ef — (v; — v))ES]. (BS)

By solving Eqs. (B3b) and (B3c) with the use of Eq. (17),
we obtain

N :ez-,;zRe{s(Tl%fo) }[(vﬁ - vi)Sl + 2vxvySz]

+ v oSoRe {(”‘:fo) } (B6)

and

- 0o (Tfi\ 2 2
h=—=e(—— [(v7 — v})s1 + 2v.vy8]

2,2
e UO ‘L’O’QwSo

+ 2¢e

(eTiwfy) - (B7)
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Here, So = |E|*, Si = |E,|* — |E,|*, S2 = ExE + EE, are
the Stokes parameters and sy = Ex2 + Ef, = EX2 — Ev2 Sy =
2E.E,. By substituting Egs. (B6), (B7), and (B1) in Eq. (B5)
for the current, performing summation over p and simplifying,
we finally obtain

. ioezv(%PcircEleg 2‘[0 o A
1 —+ ia)‘rl 0.2
A+ erTyB

3
_RATERY L (A LB, (B8
¥ ion + 2(rzfz + &rT) 9, )} (B8)

ja), =
y er

where

11 T1

" / [ ’ w

A—eFT1w+le__, —
EF EF

(B9)

Here, we only left contributions to the current proportional to
EZE,.

Note that, for a simplified relaxation model with relaxation
times 79 = 7; = 7, and independent of energy, the current
given by Eq. (B8) coincides with Eq. (69) of Ref. [31].
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