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Transient response of intrinsic graphene under ultrafast interband excitation
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The transient evolution of carriers in an intrinsic graphene under ultrafast excitation, which is caused by the
collisionless interband transitions, is studied theoretically. The energy relaxation due to the quasielastic
acoustic-phonon scattering and the interband generation-recombination transitions due to thermal radiation are
analyzed. The distributions of carriers are obtained for the limiting cases when carrier-carrier scattering is
negligible and when the intercarrier scattering imposes the quasiequilibrium distribution. The transient optical
response (differential reflectivity and transmissivity) on a probe radiation and transient photoconductivity
(response on a weak dc field) appears to be strongly dependent on the relaxation and recombination dynamics

of carriers.
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I. INTRODUCTION

The transient response of photoexcited carriers under ul-
trafast interband pumping has been studied during the past
decades in bulk semiconductors and heterostructures (see
Ref. 1 for review). The unusual transport of carriers in
graphene is caused by a neutrinolike energy spectrum in
gapless semiconductor, which is described by the Weyl-
Wallace model® and a substantial modification of scattering
processes. Recently, the properties of graphene after ultrafast
interband excitation attract special attention. The experimen-
tal results of relaxation dynamics of photoexcited electrons
and holes were published in Refs. 3-6 for epitaxial and
exfoliated graphenes, respectively. The relaxation of non-
equilibrium optical phonons, which are emitted by carriers
after photoexcitation, is studied in Ref. 7. The theoretical
consideration of the carrier relaxation and generation-
recombination processes caused by optical phonons is per-
formed in Refs. 8 and 9. The quasielastic energy relaxation
of carriers due to acoustic phonons was considered in Refs.
10 and 11 for low-energy carriers [at low temperatures or
under midinfrared (IR) excitation]. In particular, an interplay
between energy relaxation and generation-recombination
processes determines the relaxation dynamics of photoex-
cited carrier distribution.!® To the best of our knowledge,
both this interplay and the relaxation dynamics at low tem-
peratures are not considered so far. Thus, the investigation of
the transient response of carriers under these conditions is
timely now.

In this paper, we consider the transient response of an
intrinsic graphene in the case of ultrafast interband excitation
in passive region, where the carrier energies are smaller than
the optical-phonon energy. Such a regime can be realized
under the pumping in the mid-IR spectral region or at low
temperatures, when the peak of photoexcited carriers formed
immediately after the process of optical-phonon emission,
remains a narrow one. Describing the photoexcitation pro-
cess, we restrict ourselves by the collisionless regime, when
a pulse duration 7, is shorter than the momentum relaxation
time. Considering the low-temperature transient dynamics of
photoexcited carriers, one takes into account the intraband
quasielastic energy relaxation due to acoustic phonons and
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generation-recombination interband transitions due to ther-
mal radiation. The carrier-carrier scattering is described
within the two limiting regimes: (i) when the Coulomb inter-
action is unessential and (ii) when intercarrier scattering im-
poses the quasiequilibrium distribution of carriers. With the
obtained transient distribution of carriers, we analyze a time-
dependent response on probe field, i.e., we consider the tran-
sient reflection and transmission in the tetrahertz and mid-IR
spectral regions. The transient photoconductivity is also ana-
lyzed below because the energy relaxation corresponds to a
nanosecond scale (the radiative recombination remains es-
sential up to microsecond).

Since the electron-hole energy spectrum and scattering
processes are symmetric in an intrinsic graphene, the phe-
nomena under consideration are described by the same dis-
tribution function for electrons and holes f,,. Such distribu-
tion is governed by the general kinetic equation!>!3

Lot S, 1451} + G170 m
k

where the collision integrals J,{f,|p} describe the relaxation
of carriers caused by the carrier-carrier scattering (k=cc), the
acoustic phonons (k=ac), and the thermal radiation (k=r),
respectively. The photogeneration rate G{fp|t} describes the
interband excitation of electron-hole pairs by the ultrafast
pulse. Below Eq. (1) is solved with the initial condition
Spto—oo= fﬁf"), where f(p“’) is the equilibrium distribution. The
transient response on a probe radiation is described by the
dynamic conductivity due to interband transitions. The tran-
sient response on a weak dc field (photoconductivity) is con-
sidered with the use of the phenomenological model of mo-
mentum scattering suggested in Ref. 14.

The analysis carried out below is organized as follows.
The photoexcitation process under the interband pumping is
described in Sec. II. The transient evolution distributions are
discussed in Sec. IIT for the cases (i) and (ii). Section TV
presents a set of results of transient reflectivity and transmis-
sivity and also the transient photoconductivity. The list of
assumptions used and concluding remarks are given in the
last section. In Appendixes A and B, we evaluate the inter-
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FIG. 1. (Color online) Temporal evolution of photoexcited dis-
tribution fix) normalized to /,, versus dimensionless momentum
and time op/Ap and t/7,.

band photogeneration rate under ultrafast interband excita-
tion and consider the dynamic conductivity.

II. ULTRAFAST EXCITATION

In the framework of the Weyl-Wallace model (spin- and
valley-degenerate linear energy spectrum of carriers, which
is determined by the characteristic velocity vy), the inter-
band photoexcitation is caused by the in-plane electric field,
wE exp(-iQr)+c.c., where E is the field strength, () is the
frequency, and w, is the envelope form factor. Equation (1) is
transformed to the collisionless form on the initial intervals,
when the scattering mechanisms are not essential: df,,/ ot
=G{f|pt}. Using the boundary condition of Eq. (1), one can
rewrite this equation in the integral form f,= f“‘”
+J".dt' G{f| pt'}. The photogeneration rate here is evaluated
in Appendixes A and B as follows:

- Q) 7']

eEvy \? 0 20wp
G{fp|} <ﬁﬂw> tf dTw,, ; cos ﬁW

X (1 - 2fpt+7') ’ (2)

where the Pauli blocking factor (1-2f,,,,) is responsible for
the coherent Rabi oscillations of the excited carriers.

Introducing the dimensionless intensity 1,
=(eET,vy/1Q)*, we consider below the linear regime of ex-
citation, which takes place if /,,<<1 and f,, <1, so that the
Pauli factor can be neglected [if #{) is comparable to the
equilibrium temperature 7, one has to use the equilibrium
Pauli factor (1- 2)‘(6’1)) in Eq. (2)]. Using the Gaussian form
factor w,= \ﬂ exp[ (t/7,)*] with the pulse duration 7,,'
one obtains the photoexcned distribution in the form

e Lex 0 20w 0p
f;t) 72 _wdt w,,f dfw,,”cos( Z T>. (3)

—o0

Here dp=p—pq is centered in the characteristic momentum
pa=hQ/2vy. The evolution of photoexcited distribution
f“"" /1, is shown in Fig. 1. The distribution is dependent on
t/ 7, and dp/Ap, where Ap=H/2vyT, determlnes the width
of dlstrlbutlon which is proportlonal to Tp For 1> 17, the
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integrations in Eq. (3) can be exactly performed and we ob-
tain the steady-state distribution after photoexcitation pulse,
ﬁ[fx)z [ftﬂx, as the Gaussian peak of width «<Ap

a 13

Thus, at =27, (see Fig. 1), one can omit the photogenera-
tion rate in Eq. (1) using instead the initial condition

Foeo =150+ £, (5)

which is given as a sum of the equilibrium and photoexcited
contributions. The condition (5) can be used directly in case
of weak intercarrier scattering. In case of optical excitation,
with a subsequent emission of cascade of 2A optical
phonons of energy 7w, the photoexcited distribution can be
written in the form (5), where &p is centered in pgz=(h{)
-2Nhwy)/2vyy=ho/2vy, and Ap involves an additional
broadening during the cascade emission.

Under an effective intercarrier scattering, one needs to
calculate the initial temperature and concentration of carriers.
The photoexcited concentration and energy of carriers, which
are described by the peak of distribution (4), are given by

An,. | 4 1 1

_ f<ex) - Iex((r)/UW)Z
AE, | L? p |Uwp ho/2

p

(6)

207,

where L? is the normalization area. Here one obtains
AE,./n,,~=hw/2, for the Gaussian shape of pulse, i.e., the
averaged energy per generated particle is equal to the exci-
tation energy. In case of mid-IR excitation, we use A'=0, so
that @— Q in Eq. (6).

If 7,<7.,.<7,,, where 7., 7, and 7, correspond to the
intercarrier scattering, the energy relaxation, and the
generation-recombination  processes, respectively  [the
Coulomb-controlled case (ii)], the dominating carrier-carrier
scattering imposes the quasiequilibrium distribution,

-1
foi= [m(@) + 1] , (7)

t

with the effective temperature 7, and the quasichemical po-
tential w,. If 7.,.<t<<7,.,, the initial temperature 7, =7,
and maximal dlstrlbutlon Sex=fp=0i~0 are determined from
the concentration and energy conservation requirements

2 ( T, )2 f " 1

m\hvy/ J, kb T,x
where ny and E7 are the equilibrium concentration and en-
ergy, and the function f, is introduced according to f,
=f,/[e(1-f,)+f..]. Using An,, and AE,, given by Eq. (6)
and solving the transcendental system (8), one obtains the
initial values f,, and T,,. The calculations here and below are
performed for the nitrogen temperature 7=77 K, the excita-
tion energies 2vypz=120 meV (CO, laser) and 60 meV (as
an example of interband excitation with subsequent optical
phonon emission), and the broadening energy #/7,
=6.6 meV, which corresponds to the pulse duration
=(0.1 ps. In Fig. 2, we plot f,, and T,, versus the pumping
level, which is proportional to An,,/n. Fast increase of T,,

np+ An,,

8
Er+ AE,, ®

085421-2



TRANSIENT RESPONSE OF INTRINSIC GRAPHENE...

0.8
0.6—/
g
= 041 @
0] e
~ o
I )
~"2
R’

Anex / n,

FIG. 2. (Color online) Initial maximum distribution (a) and ef-
fective temperature (b), f,, and T, versus pumping (An,./nr
«l,,) for Aw=60 meV and 120 meV (solid and dashed curves,
respectively).

and fast decrease of f,, take place for An, /np<1, while a
linear increase in these values are realized if An, /ny>1.

III. ENERGY RELAXATION AND RECOMBINATION

In this section, we analyze the transient evolution of f,,
caused by the energy relaxation and recombination pro-
cesses. We consider the cases (i) and (ii), when the initial
condition is given by Eq. (5) and written through f,, and T,,
plotted in Fig. 2.

A. Weak intercarrier scattering

If the carrier-carrier scattering is ineffective [case (i)], the
distribution f,,, is governed by the kinetic equation (1) with-
out the cc contribution

o _ vé"”i{p{a_fﬁ =0 ” oo
a  p*dp ap pr ?

X [NZp/pT(l - zfpt) _fzzn] (9)

and with the initial condition (5) used instead of generation
rate. Here we substituted the explicit expressions of the col-
lision integrals for the quasielastic acoustic scattering ap-
proximation (written in the Fokker-Planck form) and for the
generation-recombination processes (see discussion in Ref.
10). The Planck distribution Nopyp,. is written through pr
=T/vy, while the energy relaxation rate v;‘”)—vqep/ f and
the rate of radiative transitions V;, =v,plh are written
through the characteristic velocities v, T and v,.1

The boundary conditions are imposed by both the condi-
tion f,_...,=0, which is transformed into the requirement

J
p4<lp—t +Iﬂ> < const, (10)
W Pr/pe

and Eq. (9) at ;J 0 Wthh is transformed into the condition
fp=0,=1/2+ﬂ o expl=(v,/vy)Tt/h]. According to Eq. (4),
one obtains fexg—\' /21, exp[-(Q7,)*/2]<1 and one can
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FIG. 3. (Color online) Distribution f,,, versus carrier energy pvy
for different delay times (marked) and excitation conditions: (a)
ho=120 meV and 1,,=0.26, (b) Aw=120 meV and /,,=0.05, and
(c) =60 meV and 7,,=0.21.

neglect the second contribution in this condition, so that
Sp=0:=1/2. Numerical solution of the Cauchy problem given
by Egs. (5), (9), and (10) is obtained below by the use of the
iteration procedure.!”

In Fig. 3, we demonstrate the evolution of the distribution
Sy at 77 K for the cases when carriers are excited around the
energies 60 meV and 30 meV. The delay times are marked in
panels (a)-(c) and the pumping levels are determined
through the initial peak value given by vr/21,, [see Eq. (4)].
Under the mid-IR pumping with pulse duration 7,=0.1 ps
and the spot sizes ~0.5 mm, the pumping levels in Figs.
3(a) and 3(b) correspond to the pulse energies ~85 pJ and
~17 pJ, respectively (see Ref. 18 for experimental details).
Under optical pumping (A1~ 1.6 eV) and subsequent emis-
sion of phonon cascade, the pumping level in Fig. 3(c) cor-
responds to the pulse energy ~12 nJ (duration and size are
the same as above). One can see that the transient evolution
of distribution occurs in two stages: energy relaxation and
recombination. During the first stage [¢=<50 ns which is
dependent on position and maximum value f< , see Figs.
3(a)-3(c)], the initial peak is transformed into the quasiequi-
librium high-energy tail (with the equilibrium temperature
caused by the energy relaxation), which is connected to the
low-energy equilibrium distribution. During the next stage
(up to 1 us), the high-energy tail shifts to the lower energies
and transforms into the equilibrium distribution due to effec-
tive radiative recombination in the low-energy region.

B. Coulomb-controlled case

In the carrier-carrier scattering case (ii), one has to de-
scribe the transient evolution of the effective temperature 7,
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and the maximum distribution f,=f,_o, which replaces the
chemical potential. Since the intercarrier scattering changes
neither the concentration n,=(4/ Lz)Epfpt nor the energy of
carriers E,=(4/ Lz)Evapfp,, the balance equations for n, and
E, take forms,"”

i n; =i2 Jr{ft|p} ) (11)

2 _ ~
dt Et L P v Wp[Ja({ft|p} + Jr{ft|p}]

Further, we transform the balance equations, expressing the
left-hand side of Eq. (11) through T, and f,, as follows:

d
A =R,

d
Z(TfAﬁz)) =R?+0,. (12)

Here the coefficients A'"? are written as A'?=[Fdxxif,,

where the quasiequilibrium distribution is given by fx,
=f,/[e*(1=f,)+f,], so that A@/Ti are only dependent on f,.
After substitution of the collision integral J, (Refs. 10 and
19) and integration, the generation-recombination contribu-
tions to Egs. (12) are obtained in the form

20, T4 (7 (1 - f)?

R = 2T g | STy
vyl Jo (e* - Df;

Similarly, the energy relaxation contribution is written by the

use of J,. as follows:

fz
0,= vwﬁf dxx* e 7 (14)

The initial conditions for the system [Egs. (12)] are written
as Tt:0= Tex and ft:() =feX'

Numerical solution of the nonlinear system [Eqgs. (12)] is
performed using the iteration procedure. In Fig. 4, we plot
T,/T and f, versus time. Temperature relaxes to the equilib-
rium one during the energy relaxation times (<100 ns)
while f,, which is determined by the chemical potential w,,
relaxes to 1/2 over 1 us (the recombination time scale), in
analogy with the case (i). Notice that after the fast energy
relaxation, one obtains f,>1/2 [dotted line in Fig. 4(b)], i.e.,
the low-energy electron-hole pairs appear to be unstable.?

Figure 5 shows the plot of temporal evolutions of the
energy per particle and concentration E,/n, and n, [see the
definitions before Eq. (11)], for the cases (i) and (ii). The
relaxation processes to the equilibrium (at nitrogen tempera-
ture, E,_./n,_..=145 meV and n,.=53%X10° cm™)
occur during the same scales as in Figs. 3 and 4. The tem-
poral dependencies of n, obtained for both cases are in good
agreement (the carrier-carrier scattering does not change
concentration), while E, demonstrates a different evolution
for cases (i) and (ii) at #<<50 ns. This is because of the drift
and decrease in photoexcited peak during the energy relax-
ation time (see Fig. 3).
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FIG. 4. (Color online) Temporal evolution of effective tempera-
ture 7, (a), and maximum distribution f, (b), for different excitation
conditions: (1) Z@=60 meV and 7,,=0.21, (2) A©=60 meV and
1,,=0.1, (3) Aw=120 meV and 1,,=0.052, and (4) Aw=120 meV
and /,,=0.026.

IV. TRANSIENT RESPONSE

Here we turn to consideration of the response of photoex-
cited carriers on a probe radiation of frequency w (reflection
and transmission in the tetrahertz and mid-IR spectral re-
gions) and on a weak dc electric field (photoconductivity).
The transient electrodynamics of graphene is described using
the time-dependent dynamic conductivity o,, which is
caused by the collisionless interband transitions (see Appen-
dix B). The transient photoconductivity is calculated by the
use of the phenomenological model of momentum relaxation
suggested in Ref. 14.

A. Reflection and transmission

To calculate the transient reflectance and transmittance of
the graphene sheet placed at z=0 on the in-plane electric

w
o

(meV)

t

t

E /n
N

0 50 100 150

0.0 0.2 0.4 0.6 0.8
£ (us)

FIG. 5. (Color online) Energy per carrier (a) and concentration
(b) versus time. Solid and dotted curves correspond to the cases (i)
and (ii), respectively; excitation conditions (1)—(4) are the same as
in Fig. 4.
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field OE,, exp(—iwt) propagated along 0Z, we apply the wave
equation (see Ref. 21 and references therein). The induced
current density o,,0F  is located around z=0 and the di-
rection of in-plane field JE,, is not essential due to the in-
plane isotropy of the problem. Separating the incident radia-
tion E;e™«, with the wave vector k,=w/c, we write the
field distribution outside of the graphene sheet in the form as

E, ekt 4 EEr) ekt <0
OF = (1) ik, >4+0° (15)
El erwt, Z +

where k,,= Vew/ ¢ is the wave vector in the substrate with the
dielectric permittivity €. The transmitted and reflected elec-
tric fields £\ and E!” are determined from the boundary
conditions at z— 0 as follows:

EY 2 E"Y 1-4, 16)
Ein 1 +Awt’ Ein 1 +Awt.

Here we introduce the dimensionless factor A,,=\e
+(4m/c)o,,. The reflection and transmission coefficients
Ru,=|EVP/E? and T,=\elEV|/E2 are written through
A, according to

-
2 4\e

1-4A,
T I+ AR

R, = 17

Using o, determined by Egs. (B3), we consider below the
differential changes in reflectivity and transmissivity
(AR/R) ,,=(R“?-R,,)/ RV and (AT/T) = (TP
—Tw,)/T(Lf"), which are written through the equilibrium re-
flection and transmission coefficients R? and 77,

The evolution of the differential reflectivity for the cases
(i) and (ii) is shown in Figs. 6(a)-6(c), respectively. If the
Coulomb scattering is not effective [case (i)], the distribution
of photoexcited carriers relaxes during the energy relaxation
time scale (around 10 ns, cf. with Fig. 3), when a quenching
of peak takes place (if w is comparable with the peak en-
ergy). In case (ii), any peculiarities of the spectral dependen-
cies at short times are absent because the initial distribution
is transformed into the quasiequilibrium one during times
~1..— 0. The further evolution of (AR/R),,, is limited by the
generation-recombination process and extended up to micro-
seconds. In the tetrahertz spectral region (Aw=10 meV is
considered here because we neglect the intraband relaxation),
the differential reflectivity increases and changes a sign. In
the high-energy region, (AR/R),, decreases monotonically
with w and ¢ and does not exceed ~107* for the near-IR
spectral region. Besides, the response is approximately pro-
portional to the pumping intensity /,,, and (AR/R),, in-
creases with increasing of the photoexcitation energy A@ [cf.
Figs. 6(b) and 6(c)].

In Fig. 7, we plot the differential transmissivity for the
cases (i) and (ii) under the same excitation conditions. Once
again, in the high-frequency region, the differential transmis-
sivity decreases slowly (during a microsecond time scale)
and (AT/T),, does not exceed ~ 107 for the near-IR spectral
region. In the tetrahertz spectral region, (AT/T),, increases
and changes the sign in the same manner as (AR/R),, (cf.
Figs. 6 and 7). The dependencies on the excitation param-
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FIG. 6. (Color online) (a) Spectral dependencies of differential
reflectivity (AR/R),,;, for different delays (marked) at the excitation
conditions: (a) Aw=120 meV and 1,,=0.052 in the case (i), (b)
fiw=120 meV and 1,,=0.052 in the case (ii), and (¢) f@
=60 meV and 1,,=0.21 in the case (ii).

eters (/,, and @) are also similar to the reflectivity. Addi-
tionally, in case (i), a fast (at 7<<10 ns) quenching of the
photoexcited peak contribution in the spectral region ~#Q)
takes place.

B. Photoconductivity

Finally, we consider the transient photoconductivity, i.e.,
the response of photoexcited carriers to a weak dc electric
field. Since the momentum relaxation is governed by a fast
elastic scattering,'* one can use the dc conductivity ,, which
depends on time through f,

0.0011

lus  0.5us (a)
0.000+

-0.001+

AN 7n§ 1.4ns
-0.0024 35ns n
3 \0.15us 0.4ns “t=0
2 ‘ ‘
=
S 0.000
-0.0011
-0.002]
40 80 120
e (meV)

FIG. 7. (Color online) (a) Differential transmissivity (AT/T),,
versus fiw and ¢ for cases (i) and (ii) [panels (a) and (b), respec-
tively] at the same excitation conditions: A@=120 meV, I,,
=0.052.
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FIG. 8. (Color online) Temporal evolution of conductivity for
excitation conditions (1)—(4), which are the same as in Fig. 4 for the
correlation length /,=30 and 10 nm. Solid and dashed curves are
correspondent to the cases (ii) and (i).

V' (pl/h
0'0|:2fp =0t — f fpt (p : )] (18)

W (pl./h)?

Here /. is the correlation length, characterizing the disorder
scattering, and the function \I’(z)=e‘zzll (z%)/7% is written
through the first-order Bessel function of imaginary argu-
ment /,(z). The normalized conductivity oy is introduced for
the case of short-range scattering, when [.=0. The distribu-
tion f,_o, is shown in Fig. 4(b) for the case (ii) while 2f,_,
=1 for the case (i). If 1,=0, one obtains o,/ oy=1, i.c., there
is no transient photoconductivity for the case (i); for the case
(i), one obtains o,/ oy=2f; and the transient photoconductiv-
ity is clear from Fig. 4(b).

For the finite-range momentum scattering case, if [.# 0,
the transient evolution of conductivity is shown in Fig. 8. For
the definiteness, it was assumed that /.=10 and 30 nm and
variations of o, are increased with /. essentially due to con-
tribution of high-energy carriers. Similar to Sec. IV A, one
can separate two stages of evolution: the fast decrease of o,
due to energy relaxation (up to ~30-50 ns for the condi-
tions considered) and the slow quenching of o, due to carrier
recombination. If #>1 us, the conductivity approaches to
the equilibrium values: o,_../0y=1.445 if [,.=30 nm and
O/ 09=1.035 if [,.=10 nm. Since the transient conductiv-
ity can be measured for the subnanosecond time scale,?? such
a scheme can be used for verification of both energy relax-
ation and recombination mechanisms.

V. CONCLUDING REMARKS

To summarize, we have considered both the interband ul-
trafast photoexcitation and the relaxation dynamics of the
carriers in an intrinsic graphene. In contrast to the
measurements®® and calculations®® performed, where the
evolution corresponds to the subpicosecond time scales due
to the optical-phonon contribution, here we consider the slow
relaxation of the low-energy carriers. The distribution of car-
riers at 7=77 K is obtained for the limiting cases with neg-
ligible or dominating intercarrier scattering when the energy
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relaxation and generation-recombination processes are
caused by the quasielastic acoustic-phonon scattering and
thermal radiation, respectively. The initial distribution is ob-
tained in the framework of the linear, with respect to pump-
ing, approximation for the collisionless regime of the inter-
band transitions. The transient optical response on the probe
radiation (transmission and reflection) as well as on the weak
dc field (transient photoconductivity) appears to be strongly
dependent on the relaxation and recombination dynamics of
carriers.

Next, we discuss the assumptions made. The main restric-
tions of the results presented are the consideration of the
low-energy carriers, when the interaction with optical
phonons is unessential, and the single generation-
recombination mechanism (due to thermal radiation) is taken
into account. These conditions are realized at low tempera-
tures under the mid-IR ultrafast excitation'® of the clean
sample (e.g., suspended graphene?®). Such an approach can
be used for the case of optical interband excitation, when the
low-energy initial distribution, with a phenomenological
broadening, is formed after the cascade process of optical-
phonon emission. The consideration is restricted by the ra-
diative recombination case (the Auger processes are forbid-
den due to the symmetry of electron-hole states>*), with the
characteristic time scales up to microseconds. Any visible
contribution of other generation-recombination mechanism
(e.g., because of disorder-induced interband transitions with
acoustic phonons, or under intercarrier scattering) leads to a
fast decrease in photoresponse. Such a regime requires an
additional investigation, but the quasielastic energy relax-
ation stage (time scales up to 50 ns at T=77 K) is described
by the presented results.

The rest of assumptions are rather standard. The consid-
eration in Sec. III is limited by the simple cases (i) and (ii),
with and without the intercarrier scattering. The main pecu-
liarities of the response under consideration are similar for
both cases, but the complete description of the nonequilib-
rium carriers had been performed neither under optical exci-
tation nor under high dc field (see Refs. 19 and 25 and ref-
erences therein). The description of the momentum
relaxation in Sec. IV is based on the phenomenological
model of Ref. 13. The utilization of the quasielastic energy
scattering and the collisionless interband photoexcitation ap-
pear to be rather natural. The listed assumptions do not
change either the character of the response or the numerical
estimates.

In closing, the peculiarities of the transient optical re-
sponse (transmission and reflection) as well as of the tran-
sient photoconductivity appear to be useful tools in order to
verify the relaxation and generation-recombination mecha-
nisms of carriers. Thus, in addition to the recently obtained
experimental results,>”’ measurements under mid-IR excita-
tion and at low temperature will be useful for characteriza-
tion of graphene.

APPENDIX A: GENERATION RATE

Below we describe the interband carrier excitation under
ultrafast mid-IR pumping E, exp(—i{)s)+c.c. for the colli-
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sionless case, when T, is shorter than relaxation times. The
photogeneration rate into the « state is determined by the
general expression (see Ref. 1 and Sec. 54 in Ref. 12)

e \2(° ;
Gyu=2 Re(ﬁ_ﬂ> fwdTeM_’QT

X<a|[eih7/h[(Et+r V). Prir e_ihT/ﬁ’ (E, - ‘A’)+]|a’>s
(A1)

where p, is the density matrix, V is the velocity operator, and
A —+0. Since the collisionless regime of photoexcitation, we
calculate Eq. (A1) with the use of the free states |/p) and the
energy g;,, where /= * 1 stands for ¢ or v bands and p is the
two-dimensional momentum. Neglecting the nondiagonal
components of the density matrix p, and using the distribu-
tion functions fi,,, one obtains the generation rate

2 0
e . .
G{fp|1t}: (E) J dTe)\T—tQTez(alp—a_lp)T/h

X(1p|(E,,,- V)|~ 1pX~ 1p|(E, - ¥)*|1p)
X(f—lpt+T_f1p[+T) +c.c.,

moreover, G{f,|-11}=—G{f,|1}, according to the particle
conservation law. Next, we separate the envelope form factor
w, using E,=Ew, and take into account the in-plane isotropy
of the problem, when one arrives to the averaged matrix
element [(+1p|(E-¥)|-1p)|>*=(Evy)*/2. As a result, we ob-
tain the in-plane isotropic ~generation rate G{f,|t}
=+ G{f,| % 11} in the following form:

eEvy \ 2w, [° o
G{fp|t} - ( W) _lf dTWt+7e)\T—lQTel(2va)T/ﬁ

(A2)

) ) 2
><(f—lpt+r_flpt+7' +cC.C. (A3)
Finally, using the electron-hole representation'® and replac-

ing the filling factor here by (1-2f,,), we arrive at Eq. (2).

APPENDIX B: DYNAMIC CONDUCTIVITY

The response of graphene on the in-plane probe field
SE exp(—iwt) is described by the dynamic conductivity?!?°

PHYSICAL REVIEW B 81, 085421 (2010)

G = i Z(evw SOV S (1-2f,)
p

1 1
X( - ; ) (B1)
hw=2vpp +iN Ao+ 2vyp +IN

with A — +0. The parametric time dependency of o, is valid
because the time scales under consideration exceed w™'. It is
convenient to separate the time-independent contribution &,
described the undoped graphene in the absence of photoex-
citation, when f,, vanishes. Using the energy conservation
law, one obtains Re &,=¢*/4#%. In the framework of the
Weyl-Wallace model, the imaginary contribution into &, ap-
pears to be divergent at p — 2" It is convenient to approxi-
mate Im o, as a sum of @' and «w terms, which corre-
spond to the contributions of the virtual interband transitions
and the ion background, correspondingly. As a result, we
obtain

Im & ~e—2<8—’” h—‘”) (B2)
9 i\ho &)’

i

where the characteristic energies ¢g,=0.1 eV, and &;
=6.8 eV are correspondent to the recent measurements of
the graphene optical spectrum.?!-?8

Next, substituting the time-dependent distribution f,, ob-
tained in Sec. III into the dynamic conductivity (B1), one
transforms the real and imaginary parts of o, as follows:

2

e
Re o,,=—[1

a4k 2Fp,4),

dyy

Im o, =Im 7, ——77 (B3)

pa,)t

Here P means the principal value of integral. We also intro-

duced the function F, ,=f,, for the case (i) and F, W:j‘vp, for
the case (ii), when o, is determined both the effective tem-
perature and the carrier concentration 7, and f,.
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