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Terahertz-Induced Oscillations in Encapsulated Graphene

Jests liiarrea* and Gloria Platero

A theoretical study on the rise of photo-oscillations in the magnetoresistance of
hexagonal boron nitride (hBN)-encapsulated graphene is presented. The previous
radiation-driven electron orbit model devised to study the same oscillations, well-
known as MIRO, in 2D semiconductor systems (GaAs/AlGaAS heterostructure) is
used. It is obtained that these graphene platforms under radiation and a static
magnetic field are sensitive to terahertz and far-infrared radiation. The power,
temperature, and frequency dependences of the photo-oscillations are studied. For
power dependence, it is predicted that for cleaner graphene and high enough
power it is possible to observe zero-resistance states and a resonance peak.

1. Introduction

Microwave-induced magnetoresistance (R,,) oscillation (MIRO)!*?
is a remarkable effect that along with zero-resistance states (ZRS)
surprised the condensed matter community when they were
discovered.’! ZRS are obtained from MIRO when radiation
power is sufficiently increased.

Many experiments'®*? and theoretical works have been
carried out so far, but the physical origin is still under question.
Yet, we can claim that MIRO represents a universal effect that
shows up in different 2D platforms and a novel demonstration
of radiation—matter interaction. Thus, we can consider that under
which conditions graphene!*® could be a feasible candidate to sup-
port radiation-induced resistance oscillations. A pioneering theo-
retical work has been recently published predicting the rise of
radiation-induced resistance oscillations in monolayer and bilayer
graphene.*!] Tikewise, a remarkable experimental work*?! using
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hBN-encapsulated graphene has been pub-
lished showing similar oscillations to
MIRO but in the terahertz band. Another
theoretical work has been published** try-
ing to explain the experiment*? with an
extension of the radiation-driven electron
orbit model previously used for MIRO in
2D GaAs systems.[?**4

In this article, we theoretically study
the rise of MIRO in hBN-encapsulated
monolayer graphene systems presenting
an extension of the irradiated graphene
model and further results not shown in
the previous work."*! Monolayer graphene
over a substrate or encapsulated is considered as a gapped
system and the Dirac fermions formerly masless become
massive.**™**) This condition is more pronounced when a verti-
cal electric field is applied to the system (gated graphene). hBN-
encapsulated graphene presents one of the highest mobilities
(#=3x10°cm?Vs ') in graphene systems. High mobility
which implies a cleaner system is key to observe MIRO. In
our approach we use the theoretical model of radiation-driven
electron orbits!**** and apply it to massive Dirac fermions to
study the appearance of photo-oscillations in the magnetoresis-
tance of hBN-sandwiched graphene.

In our calculations we first obtain that the oscillations are
mainly sensitive to terahertz radiation and thus, we are dealing
with terahertz-induced resistance oscillations (TIRO); far-
infrared frequencies can be reached too. In regard to the previous
work, we present novel results in terms of the tunable bandgap
(new effective masses) introducing the equivalence to the 2D
electron density for a better comparison with experiment.*
In the same way, we further study the dependence of TIRO
on radiation power (P) presenting the results in terms of R, ver-
sus B for a different effective mass and all the curves for different
Pin the same figure. The results show a clear oscillation quench-
ing for a decreasing P; meanwhile, the Shubnikov de Haas oscil-
lations are hardly affected. We predict that with better graphene
samples (higher mobility) and with high enough power it would
be possible to obtain simultaneously two important effects,
zero-resistance states in graphene and a resonance peak very close
to the resonance condition w= w,, where w is the radiation fre-
quency and w. the cyclotron frequency. According to our simula-
tions, for such higher P, the ZRS region will increasingly broaden
and the resonance peak will get very acute. The important point is
that this resonance peak will never be centered on the exact reso-
nance point of w=w,. In the case of temperature (T), we present
results for a lower effective mass (not shown before) and similarly
to P we show them with R, versus B. In this way, we are able to
observe simultaneously the variation with T of both TIRO and
Shubnikov de Haas oscillations. Thus, we observe a clear decreas-
ing of TIRO oscillations with increasing T but much slower when
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compared with MIRO in GaAs platforms. The latter disappear in a
few degrees. In the case of Shubnikov de Haas oscillations, they
disappear in a similar rate as in the case of GaAs platforms, that
is, much faster than TIRO oscillations. The most important and
surprising result is that TIRO persist at much higher T reaching
around 200 K. In our simulations (not shown) we reach room tem-
perature when using cleaner samples and higher radiation frequen-
cies. Finally we study the dependence on frequency showing new
results with higher frequencies in regard to the previous work.[*’!
These novel results are presented as in the cases of P and T as R,
versus B. Thus, we observe in a more direct way how the oscilla-
tions get lower as the frequency increases, specially at higher fre-
quencies (1.5 and 2.0 THz). Nevertheless, the Shubnikov de Haas
oscillations remain hardly unaffected by the frequency change.

2. Theoretical Model

The theoretical model to study irradiated resistance oscillations
in monolayer graphene is based in two main parts. The first part
considers gapped monolayer graphene. It is well known that
graphene on top of the substrate becomes gapped because the
carbon sublattice symmetry is broken.*®*! Thus, monolayer gra-
phene becomes a semiconductor and, what is more important for
our model, the carriers (Dirac fermions) become massive. The
theory of gapped monolayer graphene is already developed.®**?!
Thus, the Hamiltonian of gapped graphene with a perpendicular

magnetic field B= (0,0, B), at the K point, is given by
o A Vg _
me= (5, %) )

VETT
1

vp~1x10°ms™! is the Fermi velocity, 7, =7, +ix,,

7, = Py, and 7, = P, +¢Bx, where we have used the Landau

gauge, A = (0, Bx,0). A is a massive term. The eigenenergies
and eigenfunctions,%** for the K valley

E,x = £/ (Awg)?|n| + A%, (n=+£1, £2,....) (2)

Fox = —A G)

for the energies and

hk,
D1 | *+ B

D, x x hk (4)
d’\n\ <x + —Y)

eB

for the eigenstates, where ¢, is the standard Landau level wave-
function and wy = vpv/2/lg, Iy being the magnetic length.
Following the theory by Koshino,’*** we can expand the
Hamiltonian near the conduction band bottom and obtain an
effective expression for the Hamiltonian at the K valley.*?

mr hw,

a2 ©)

The cyclotron frequency w, is given by w. = eB/m*, m* being
the effective mass of the massive Dirac fermions
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Thus, m* turns out to be gap dependent and can be tuned, for
instance, by an external bias. We can write a more developed
expression for the effective Hamiltonian Hyx

P2 (P2+eBx) 1
. Y—*izhwc D, x/x = Enx/xPni/x (7)

2m* 2m

which is the Schrédinger equation in the presence of a static B
and the corresponding eigenfunctions in a stationary scenario
are Landau states. ‘—’ sign would correspond to K and ‘+’ to K.

Now the second part of the theoretical model comes into play
and we apply the radiation-driven electron orbit model that was
previously developed®**¢>*7] to deal with MIRO, to the above
effective Hamiltonian adding a time dependent term (radiation)
and a DC electric field in the x-direction

P2 1
H() = =+ Zmwl(x — X)? — eEq X
2m* 2
y ®)
ol Ba g t
—m* —£ — eEgx cosw
2 g
Eq. is the driving DC electric field responsible for current,
X is the center of the Landau state orbit: X = —he—];y + ;Eﬁjz and

E, the intensity of the radiation field. H(t) can be exactly solved
allowing a solution for the massive Dirac fermion wave function
(for the K valley)

hk
D,y D] (x + TBY —xa(t), t)) 9)
~0

The time-dependent guiding center shift x(t) is given by

e "/2¢E ,
xq(t) = o 20)2 —sinwt (10)
m*\/ (Wg —w?*)* +y
= A(t) sinwt

One important result of the radiation-driven electron orbit
model is that the Landau states perform a classical harmonic
motion driven by radiation and according to x(t).

In this swinging motion, electrons interact with different sour-
ces of disorder, such as lattice ions, defects in general (graphene
wrinkles and corrugations), and the sample edges giving rise to a
process of oscillations quenching or damping. The damping is
phenomenologically introduced through the y-dependent damp-
ing term in the previous x4(t) equation. The phenomenological
equation to express yI***® is given by, y = a + b(T), a being an
average frequency term representing the driven Landau states
oscillations and accordingly proportional to the radiation
frequency. Thus, if we are dealing with THz radiation,
a =10"2s71. b(T) is the electron scattering rate with acoustic
phonons and it depends linearly with TP according to
b(T) = 1/1,c =~ (1011 — 10'2) x Ts™! for monolayer graphene.

To calculate magnetoresistance (R,,) we consider the long-
range Coulomb disorder (charged impurities) as the main source
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of scattering.”® Based on a semiclassic Boltzmann transport
theory, we calculate first the average distance advance by the car-
riers in a scattering jump, AX.?3?*¢27%1 AX is at the heart of the
irradiated magnetoresistance oscillations. The final expression
for the irradiated AX is given by***%

AX = AX(0) — Asin (27z1> (11)

WC

where AX(0) is the distance between the guiding centers of the
final and initial Landau states in the dark. Next we calculate
the longitudinal conductivity, 6,,>*>*¢>¢¥]

0 = 262 A " dEpy(E) (AX)2W, (7 %f))

F being the energy, p;(E) the density of initial Landau states, and
f(E) the Fermi distribution function. W} is the scattering rate of
electrons with charged impurities.

To obtain R,, we use the standard tensorial relation
where Oy %, n; is the electron density, and e

(12)

R

f— Oxx
XX 2 2
Oyx 0%y

the electron charge.

3. Results

In Figure 1 we exhibit calculated magnetoresistance under
radiation versus B. The radiation frequency is 700 GHz and

(a) hBN-monolayer-hBN =700 GHz
B‘ /.
hBN Jf
hBN\/ graphene
(b) J . J ! 12 2
4.0 4 m*=0.029me(n, =4.9 10 “cm")
35 0,027me(n, =4.340%ch™) \_/
g 3.0 4 0.023me(n, =3.210"%cm™)
I
. /
2.5 4 0.020me(n, =2.5 10" “cm® i
2.0 4 i
151 0.018me(n, =2.110"cm) 1
10 T T T T T T T
0.0 0.5 1.0 1.5 2.0

B(T)

Figure 1. a) Schematic diagram of the basic experimental set up: irradi-
ated hBN-sandwiched monolayer graphene under B. b) Calculated mag-
netoresistance under radiation versus B. The radiation frequency is
700 GHz. We present five curves that correspond to five different external
electric fields that in turn correspond to five effective masses from
m* =0.018m, to 0.029m,. T=1K and P =2 mW.
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Figure 2. a) Calculated magnetoresistance under radiation versus the
inverse of B. The radiation frequency is 700 GHz. We exhibit the case
of m* =0.029m,. We present one of the main characteristics of

MIRO: oscillations are periodic in the inverse of B. In this case the period
is5=136T".T=1Kand P=2mW.

T'= 1.0 K. The upper panel (Figure 2a) shows the basic experimen-
tal setting: hBN-sandwiched monolayer graphene under light and
B. We present five curves corresponding to five effective masses
(external bias) in increasing order beginning from 0.018 me up to
0.029 me. Certainly every effective mass corresponds in time to a
different bandgap. Two main system parameters can be tuned
simultaneously by the external bias. One is the bandgap®! and
the other is the position of the Fermi energy, that is, the 2D mas-
sive Dirac Fermions density n,p. For this reason and to contrast
with experiment, every curve label presents two numerical values:
the effective mass and the carrier density. Based on a previous
work,!®! the external bias we have used in the simulations ranges
from 0.30 to 0.90 V A~ that corresponds to bandgaps from 210 to
320meV. Thus, the effective masses range from 0.018 to
0.029 me. In the same way, we can obtain approximate values
for n,p, from the vertical electric field between the two outer layers
of hBN (E}). Our calculations, based on basic electrostatics, yields
a charge density n,p, = <4, that goes from 0.5 x 10'? to 5 x 102
cm 2. These calculated n,p, are in qualitatively agreement with the
ones used in the experiment.'*?

In Figure 2, we present calculated magnetoresistance under
radiation versus the inverse of B. The frequency is 700 GHz
and T=1K. In this figure, we can check one of the main features
of MIRO, in this case, with graphene, the 1/B periodicity of
photo-oscillations. The red vertical lines mark the peaks of the
oscillations and the distance between them is constant (period).
Thus, TIRO are periodic with 1/B. This is expected from the
theoretical model and agrees with the experimental results!*?
and with the previous results obtained with MIRO in semicon-
ductor platforms.™

In Figure 3 we present calculated magnetoresistance under
radiation versus B for different radiation powers. The radiation
frequency is 700 GHz. We present the irradiated magnetoresis-
tance versus B for a decreasing radiation intensity from the
highest power to the dark. Seven irradiated curves are exhibited,
showing that the oscillations dim as the radiation power lowers.
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Power dependence

r T r r
hBN-monolayer-hBN f=700 GHz

| m*=0.029m,,

R, (k)

0.0 0.5 1.0 1.5 2.0

Figure 3. Calculated magnetoresistance versus B for different radiation
powers, a radiation frequency of 700 GHz and an effective mass of
m* = 0.029 m,. Seven curves of irradiated magnetoresistance and the
dark case versus B is exhibited. The oscillations clearly dim from the high-
est power to the dark. The simulations indicate an attenuation rate accord-
ing to a sublinear relation (square root). T = TK.

The power values are: 25, 18, 12, 8, 4.5, 2, and 0.5 mW. Our sim-
ulations show that the variation of R, with P suggests a sublinear
relation such as: AR, o« P%. As expected, this result is in agree-
ment with our model and resembles the experimental one.*
In Figure 4 we present the variation with temperature of TIRO
in hBN-sandwiched graphene. We exhibit 12 irradiated magne-
toresistance curves versus B for 12 different T. It can be observed
again that the oscillations progressively dim as T increases from
1K up to 200 K. The Shubnikov de Haas oscillations are wiped
out in just a few degrees and at 10 K they can hardly be seen.
However TIRO persists at much higher T and can still be
observed at temperatures close to 200 K. Thus one interesting
point rises in the sense that with cleaner and more perfect gra-
phene samples it would be possible in experiments to observe
TIRO at room T. We have run simulations at higher frequencies

29 Temperature dependence

hBN-monolayer-hBN 1.5 THz
m*=0.018m,
2.0 ©
g 184
%
a4
1.6-
1.4+
12 T(K) =1,10,20,30,40,50,60,70, 80,100,150,200
s T T T T g T T
0.0 0.5 1.0 1.5 2.0

B(T)

Figure 4. Temperature dependence of TIRO. 12 irradiated magnetoresis-
tance curves versus B are exhibited for twelve different T. It can be
observed that the photo-oscillations progressively disappear as T
increases from 1K up to 200K. The Shubnikov de Haas oscillations
disappear at low T and at 10K they can hardly be seen; however, TIRO
remains much longer. P =2 mW.
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Figure 5. Calculated magnetoresistance versus B for four different fre-
quencies: 700 GHz, 1.0 THz, 1.5 THz, and 2.0 THz. It can be observed that
as frequency rises the number of magnetoresistance oscillations increases
too but the amplitude dims. T=1K and P =8 mW.

and lower damping factor and the results (not shown in this
article) indicate that TIRO at room T is a feasible scenario.
The calculated results are qualitatively similar to experiment.*?

In Figure 5 we present the calculated results on the variation
of irradiated magnetoresistance versus B of the sandwiched
graphene with radiation frequency. We present four curves of
different frequencies. The frequencies are 700 GHz, 1.0 THz,
1.5 THz, and 2.0 THz. The latter can be considered as far infra-
red. We obtain more oscillations but smaller amplitudes for
higher frequencies. More simulations with larger frequencies
(not shown) have been run confirming this trend. As in the pre-
vious figures, the results are similar to the ones obtained in
experiments.*?! However, in the frequency case, the attenuation
rate for the oscillations is slower in the calculated cases than in
experiments.*?!

In Figure 6, we study the variation of the ZRS region and res-
onance peak with frequency and effective mass. Thus, we exhibit
the calculated magnetoresistance under radiation versus B for
frequencies of 700 GHz and 1THz and effective masses of
0.029 and 0.018 me. For all cases we obtain ZRS and resonance
peaks for high radiation power. The interesting point is that all
resonance peaks turn out to be asymmetric and never reach the
resonance value of w = w. The reason is the existence of the sine
term in the expression of the irradiated magnetoresistance that
equals zero when w = w,. At the same time the denominator of
the amplitude, A, approaches 0 too and the amplitude increases
abruptly. Both situations coincide when w = w,. Interestingly
enough, this situation contrasts with other resonance situations,
where the corresponding resonance peak shows up as well cen-
tered and symmetric.

4, Conclusion

Summarizing, we have presented a theoretical study on the rise
of radiation-induced oscillations in hBN-encapsulated graphene.
The study is motivated by recent experimental results!*? on the
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Figure 6. Variation of the ZRS region and resonance peak with frequency and effective mass. We exhibit the calculated magnetoresistance under radiation
versus B for frequencies of 700 GHz and 1 THz and effective masses of 0.029 and 0.018 m.. In all cases the asymmetric resonance peaks never reach the

resonance value of w =w.. T=1K.

appearance of photo-oscillations in this graphene platform. We
have studied the dependence with the external bias in a gated
scenario. The bias tunes the Fermi-level position and the
Dirac fermion effective mass. First, we have obtained that the
oscillations mainly show up or are sensitive to terahertz radia-
tion. We have studied the oscillation dependence with radiation
power, temperatures, and frequency. Interestingly enough, we
have predicted that for cleaner graphene samples it would be pos-
sible to observe radiation-induced oscillations at room tempera-
ture. In the same way for very high radiation power, it would be
possible to reach ZRS and something similar to a resonance peak
close to w = w, but not in the right resonance position.
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