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This paper studies phonon anharmonicities related to the phonon combination LOZO’ and phonon overtone
270 in a AB-stacked bilayer graphene (2LG). The results explain in detail the rule of the ZO' layer breathing
mode in the 2LG electron and phonon relaxations, especially at temperatures above 543 K, where anomalous
behaviors are observed for the LOZO' frequencies, linewidths (and therefore, lifetimes), and integrated areas.
Surprisingly, the 2Z0O frequencies and linewidths do not show any dependence with temperature (ZO is the
out-of-phase vibration of the layers). This result is explained via nonsymmetric lattice distortions and via the
almost null Griineisen parameter associated to the ZO mode. Recently, the correct assignments for the phonon
combination and overtone modes studied here have been put in debate once again in a theoretical work by Popov
[Carbon 91, 436 (2015)]. This work shows how temperature-dependent Raman spectroscopy is used to propose a
solution for these recent assignment problems. Finally, although 2LG is the system used here, the measurements
and discussions to approach electron and phonon relaxations have the potential to be extended to any other
multilayered structure that presents ZO'- and ZO-like phonon modes.
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I. INTRODUCTION AND MOTIVATION

Phonons and phonon combinations play marginal roles in
the description of electronic and thermal transport properties
of materials [1-22], which are intimately connected to the
equilibrium between the carriers loss (gain) of energy due to
phonon emissions (absorptions) [1,9,16,23-26]. The efficiency
of emission or absorption of phonons by a carrier will be
directly connected with the time taken by an excited phonon to
decay to its fundamental state (in other words, phonon lifetime)
[1]. This decay process is often accomplished via three-phonon
processes (called the Klemens’channel) and via four-phonon
processes [1,2,5,6,11,12,15,23]. In these processes, excited
phonons decay into combinations of acoustic phonons or
acoustic and optical phonons, provided that conservation of
energy and momentum exists. Temperature-dependent phe-
nomena are ruled by anharmonic phonon-phonon (ph-ph)
couplings, also driven by three- and four-phonon processes,
and by electron-phonon (e-ph) couplings, in which electrons
will either absorb or emit a phonon [1,2,27,28]. In this context,
itis paramount to assign phonons in materials, understand their
symmetry, their coupling to electronic states, how they couple
to each other and, finally, how these couplings depend on the
temperature (7') and Fermi level energy (Er). The lifetime of
electrons and phonons in carbon materials has been probed
by a plethora of techniques such as transient absorption spec-
troscopy [16,26], optical pump-probe [11,29,30], and terahertz
techniques [31-34]. It is true, however, that understanding
of decay pathways in carbon materials [especially their two-
dimensional (2D) versions] is not complete.
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The layers in multilayer 2D-materials (ML-2D) are con-
nected to each other via interlayer (IEL) interactions mediated
by van der Waals (vdW) forces, which are weak forces when
compared with the intralayer (IAL) interactions mediated by
covalent forces [3,4,35-38]. We may categorize phonons in
ML systems in two groups: low-energy interlayer phonons
(phig) and intralayer phonons (phy,y ). Usually, phys; have
energies ranging from 0.6 to 12 meV, which are in the infrared
(IR) range of energies [25,39-45]. Therefore, understanding
phyg; becomes naturally important for developing 2D mate-
rials for IR optics and telecommunications. These phg are
also important for relaxation mechanisms as they offer dif-
ferent relaxation pathways for excited phonons and electrons
[7,9,11,25,46-49]. Due to its versatility, which includes possi-
bilities for tunable band-gap and IEL interactions [39,49-51],
bilayer graphene (2LG) is a model for van der Waals structures.
Phonon combinations and overtones involving ph; , which
appears between 1600 and 1800 cm ™! in the Raman spectrum
[see Fig. 1(a)] [39,42,43,50,52], are spectroscopic signatures
for 2L.G and their contributions to the 2LG properties must be
properly addressed.

The Raman peaks in this spectral range have been assigned
to the phonon combination LOZO' and to the phonon overtone
270, both occurring at the I' point, in which LO is the
longitudinal optical mode (with frequency w; o = 1575 cm™!
predicted at the T point), ZO' is the 2LG interlayer breathing
mode (with frequency wzo =90 cm™! predicted at the I’
point), and ZO is the out-of-plane tangential optical mode
(with frequency wzo = 885 cm™! predicted at the T' point)
[39,42,43,52]. Figure 1(b) shows the phonon dispersion for
a 2LG in which the phonons mentioned above are labeled.
Although these combination and overtone modes are reported
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FIG. 1. (a) An example of Raman spectrum exhibiting the G-,
G*-, and G’ (or 2D) bands. The inset shows the spectrum zoomed in
the spectral region referent to the phonon combination LOZO" and
270 phonon overtone. (b) Phonon dispersion for bilayer graphene
(2LG) showing the LO phonon mode (1575 cm™" at the I" point), the
Z0 phonon mode (885 cm™! at the I" point), the ZO' phonon mode
(90 cm~! at the T point), and the ZA phonon mode (0 cm™! at the I"
point) [39,40].

in the literature [39,42,43,52], many aspects of their e-ph
and ph-ph interactions have yet to be understood. The as-
signments given to these Raman spectral features need further
confirmation as well: (1) Due to the IEL the LO mode in 2LG
presents an antisymmetric component (LO‘™)) and a symmetric
component (LO") [13,52-55], which means that the LO mode
in the combination LOZO' needs to be assigned to either LO™)
orLO™ . (2) Popov [55], in disagreement with Lui ef al. [42,43]
and Sato er al. [52], has theoretically reassigned the 2Z0
overtone to the phonon combination TOPZQ' at the K point,
in which TO" stands for symmetric transverse-optical mode.
Recently, Araujo et al. [39], explored the phonon self-energy
renormalizations for the LOZO’ and 2ZO peaks using gate-
modulated Raman spectroscopy but, to the best of the author’s
knowledge, a detailed temperature-dependent study for such
spectral features is still elusive. Exploration of temperature-
dependent phenomena is fundamental to understand phonon
anharmonicities involving phyg; and phy,; ina2LG as well as
in other layered systems [7,9,11,25,27,29,30,46-49,56]. Note
that features such as the G band and the G’ band (or 2D band)
have already been explored for temperatures raging from 4.2
to 475 K [8,17,18,27,28,57-62].

Any layered material with layers connected by vdW forces
will present ZO'-like phonons (breathing modes) [25,39-45].
Such breathing modes are low-energy optical phonons with
features that resemble flexural acoustic phonons [25]. There-
fore, they will offer additional relaxation pathways for excited
phonons [7,9,11,25,27,29,30,46—49,56]. In fact, these phonons
are expected to play important roles at high temperatures, and
they are also expected to strongly couple to ph,; modes
[7,25,30,46,48,56]. In graphite, it is known that the ZO'
phonon strongly couples to the infrared active mode LO™)
with frequency around 1590 cm~! at the I" point [60]. It has
also been suggested that, at high temperatures, the ZO’ mode
strongly influences the spectral line shape of the G’ band
(also known as the 2D band) in a 2L.G [40]. In this paper,
2LG is used as a template to explore the contributions of
phyg, in relaxation processes involving electrons and phonons
in a 2D system. Temperature-dependent Raman-scattering
measurements in a broad range of temperatures (from 300
to 810 K) are performed to study phonon frequencies (wph),

linewidths (I'pp), and integrated areas (IAp,) of the Raman
features LOZO’ and 2Z0. The results are interesting and show
a unexpected behavior associated to the combination mode
LOZO' for temperatures above 543 K. At lower temperatures
(T < 543 K) the three-phonon relaxation processes involving
the LO and the ZO’ modes dominate but, at high temperatures
(T > 543 K), the four-phonon relaxation process and the
Z0O' mode itself become fundamental to explain the anhar-
monicities and relaxation dynamics observed. Additionally, the
temperature-dependent results for the 220 phonon do not show
such unexpected behavior and do not clearly present three- and
four-phonon processes either.

II. EXPERIMENTAL DETAILS
A. Experimental measurements

Raman measurements were taken in the back scattering
configuration using a Nd:YAG laser with excitation energy
(Er)2.33 eV (532 nm). The temperature was varied using two
different approaches: (1) by changing the laser power density
in the range from 0.5 to 12 mW/um?; and (2) by keeping
the laser power density low enough to avoid laser-related
heat effects and changing the temperatures in a microscope
cryostat where the temperatures could be controlled. The
temperature was also checked against a simple blackbody
model by following the method by Balkanski et al. [5]. The
sample was exposed to the laser beam, whose spot size was
~1 um with a 100 x objective. In this range of power densities
(0.5-12 mW /um?) and temperatures (300-810 K), no D band
was observed in the Raman spectra, indicating that no disorder
or defects were introduced by the laser light exposure. The
measurements were done on exfoliated 2LG samples produced
by the micromechanical cleavage of graphite on a Si substrate
covered with 300 nm of SiO, [63]. The 2LG flakes were
identified by the color contrast in an optical microscope,
followed by Raman spectroscopy characterization [35]. All the
Raman features presented in the measured spectra were fitted
with Lorentzian curves.

B. Experimental data description

Figure 2(a) shows the phonon combination LOZO’
and the overtone 2ZO in greater detail including the
Lorentzian curves associated to each Raman peak. The
LOZO' arises from a non-null momentum (g # 0) intraval-
ley (AV) double-resonance process at the I' point and it
splits in two peaks, the LOZO"™ (from now on M;;) and
the LOZO'™) (from now on, My;), whose frequency dis-
persions are dwy,, /0E; = 55.1 cm™!/eV and dwy,, /OEL =
34.2 cm™! /eV [39,42,43,52]. The splitting observed for the
LOZO' combination mode does not come from the phonon
dispersion [see Fig. 1(b)], but instead, it comes from different
resonant regimes involving the electronic valence (;r; and ;)
and conduction (;r{ and 75) bands of the 2LG [39,42,43,52].
As shown in Fig. 2(b), the M;; peak arises from a double-
resonance process involving the m(r{) bands and the My,
peak arises from a double-resonance process involving the
m,(7r5) bands. These resonance conditions require the phonon
momentum ¢ for the Mj; mode to be larger than that for the
M;, mode (gm,, > gm,,) [39,42,43,52]. As a consequence the
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FIG. 2. (a) Raman peaks showing the LOZO’ phonon combination and 2ZO phonon overtone features. The peaks are fitted using Lorentzian
curves as shown in the figure. (b) The LOZO" mode is resonant with both electronic bands; the 7, (), giving rise to the M;; peak and the
7, (1) giving rise to the M, peak. Note that gy, > gwm,, implying that wy,, > wwm,,. () Backward (¢ = 2k) and forward (¢ = 0) scattering
processes giving rise to the peaks 2Z0,—» and 2Z0,—¢ as shown in (a). (d) Density of electronic states of 2LG for the valence bands 7 and

1, (black curves) and for the conduction bands ] (red curve) and 7} (blue curve) [39,40].

phonon energies are such that fiwy,, > fiwm,,. The overtone
270 also splits into two features [see Fig. 2(c)]: one is
related to a zero momentum (¢ = 0) AV forward scattering
process (2Z0,4—o) at the I" point and the other is related to
a g #0 AV backward scattering process (2Z0,_y;) also at
the I' point [39,52]. The peak 2Z0,—_,; presents negative
energy dispersion w270, 5, /0EL = —48.1 cm~!/eV but the
peak 270, presents no dispersion [39,52].

Figures 3(a)-3(c) show, respectively, integrated areas (1A,
for i = 1,2), linewidths (I'y, for i =1,2), and frequency
variations (Awy, for i = 1,2) for the combination LOZO'
(Mj; and My, peaks) with increasing temperature (7). It is
clear that tworegimes, T < 543 Kand T > 543 K exist. In the
regime T < 543 K, the results follow trends that have already
been discussed in the literature for other modes such as the
G and G’ phonon modes [8,17,18,27,28,57-62]. In the regime
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FIG. 3. (a) Raman integrated areas IAy;,, and IAy,, as a function of both laser power density (P.) and temperature (7). The inset
corresponds to the total integrated area. (b) The evolution of the M;; and My, linewidths (I'y;,, and I'y,,) with increasing T (P.). The

inset shows the phonon’s lifetime (yv;, = i/ 'y, for i =1,2). (c) M;; and M,, frequency variations Awyy,
with increasing T (PL), where wy.
integrated areas 1Aszo,_, and IAazo,_,

0

= Wwm;

— w&ﬁ (for i =1,2)
is the frequency at room temperature. The inset is a zoom at higher temperatures. (d) Raman
as a function of both P and T. Once again the inset corresponds to the total integrated area.

(e) The evolution of the 2Z0,_y and 2Z0,—, linewidths (I" 2704-0k and F2zoq:0) with increasing 7' (PL). The inset shows the phonon’s lifetime
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(PL), where w(z)zoq:Zk(q:()) is the frequency at room temperature. The navy dashed lines are guides to the eyes.
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T > 543 K, unexpected trends manifest as the temperature
further increases. Regarding the 2Z0 overtone, Figs. 3(d)-3(f)
show, respectively, integrated areas (IAzzoq:U and IAzzoqzzk),
linewidths (T2z0,, and 220,05 and frequency variations
(Awrzo,., and Awyzo,_,) With increasing the temperature.
Contrarily to what is seen for the LOZO' peaks, no significative
variations for linewidths and frequencies are observed and
relatively small variations for IAs are measured.

III. THEORETICAL BACKGROUND

The temperature dependence of a phonon frequency is well
described as aresult of two additive phenomena: lattice thermal
expansion and phonon anharmonicities (ph-ph couplings). By
taking both effects into account, the temperature-dependent
frequency shift for a particular phonon mode will be written
as [1,2,5,6,8,12,15,17,23,27,28,58,60]

A(I()mode = A(I()LE(T) + Aw?/?ieph(T)a (1)

where the shift due to thermal expansion is given by

Awpp(T) = a)0|:exp< SO / Qout(T)dT’

— 28 / ain(T’)dT’) - 1}, )

and the shift due to anharmonic effects is given by

A (T)

2
3 ph
mode Z ’Cj _ 1)

4 ph !
mode 1+ Z ((e"/ —1) (eyf - 1)2) -

In Eq. (2), 81‘;}0(16 (82%,.) is the phonon-dependent 2LG in-
plane (out-of-plane) Griineisen parameter and i, (T') [tou(T)]
is the 2LG in-plane (out-of-plane) coefficient of thermal expan-
sion, which are well documented in the literature [6,8,9,17,22].
The in-plane temperature parameters are considered isotropic
[1,6,8,9,17,22]. The first term in Eq. (3) refers to an anhar-
monic process (also known as a three-phonon process) that
couples an optical phonon to two other phonons, and the
second term refers to an anharmonic process (also known
as a four-phonon process) that couples an optical phonon to
three other phonons [1,2,5,6,8,12,15,17,23,27,28,58,60]. The
three-phonon process usually follows the Klemens’ decay
channel in which one optical phonon decays emitting two

acoustic phonons [1,2]. The constants C. and C7! are
fitting parameters which give the weight of each contribution
in the anharmonic processes. Since momentum and energy
are expected to conserve, in Eq. (3) x| + xy = hiwy/ kT
and y; + y» + y3 = hwo/kpT. The ph-ph couplings ruling
the three-phonon and four-phonon processes depend on the
Griineisen parameter (Spyode) as well: the probability for these
couplings to happen is proportional to 82 ,.. The frequency
shift Awmede described in Eq. (1) must still take into account
frequency shifts related to the strain effect caused by the

mismatch between the thermal expansion for SiO, and for the
2L.G, which is described by

Aw5(T) = Brode f [osi0,(T") — aa(TH]dT',  (4)

where Bnode 1S the biaxial coefficient related to a given
phonon mode in 2LG, and asio, and oG = oin + Qour are,
respectively, the thermal coefficient expansion for SiO, and
2LG graphene. The contributions coming from Eq. (4) are
considered in the analysis presented here but they are very
small for 2LG in the range of temperatures used in the
experiments. When compared with 1LG, 2LG is much more
robust and less susceptible to changes due to lattice mismatch
[9,11,17,56,59].

The phonon linewidth (I") also depends on the e-ph and
ph-ph interactions. The dependence of I" with the temperature,
AT mode, Will be given by [1,2,5,6,8,12,15,17,23,27,28,58,60]:

AT ode = Al—‘Ie—ph(T) + Arr;hoﬂeph(T), ()

where the e-ph contribution is given by

ha)() ha)o
2ka) - f(Zka)}’ ©

and the ph-ph contribution is written as

Arm"d;h(T)

Al pi(T) = l"(0)[f(—

2
1
3—ph

3
1 1
4—ph
D 1 . 7

Once again, the first term in Eq. (7) refers to an anharmonic
process that couples an optical phonon to two phonons (three-
phonon process) and the second term refers to an anharmonic
process that couples an optical phonon to three phonons
(four-phonon process). Equation (6) describes the change in
the phonon lifetime related to the creation (annihilation) of
e-ph pairs due to phonon absorption (emission). Note that, in
Eq. (6), f(x) = 1/[exp(x) + 1] is the Fermi-Dirac distribution
[10,27,28].

As a first approximation, the integrated area (IA) in a
Raman-scattering event is ruled by its Raman cross section
0%, which is proportional to the product Hj x Q'™ (for
i = 1,2and j = 1,2). H; gives the electron-photon (e- p) cou-
pling and Q% gives the e- ph coupling between electrons and
phonons [39,40,52]. Due to symmetry requirements H;j; comes
from 7; to 7;* (for i = 1,2) vertical transitions between elec-
tronic states [39,40,54,55]. For the LOZO’ peaks, Qﬂd“ (Qﬂ/hz)
describes the scattering of an electron by a phonon from 7;*
to r;* (for i = 1,2); on the other hand, for the 2ZO peaks,

Q2ZOq = (QZZO‘1 *) describes the scattering of an electron by a
phonon from m to* (fori, j = 1,2). Theoretical calculations

by Popov [55] and Sato et al. [52] suggest that (1) o} M~ 021\322,

270, 2zo 2zo 2zo )
and (2) that o}, (o5 )~ (05, ). For the

overtone 2Z0, the calculatlons d1d not exphcltly consider
differences between a phonon scattering from ;" to 7z} or from
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FIG. 4. (a) Possible intravalley (AV) or intervalley (EV) electron relaxation processes by the emission of a phonon (the same processes can
also occur by the absorption of a phonon). Panels (b) and (c) show, respectively, the possible 7 to 75 net electron relaxation channels (red
solid arrows) associated to the Raman-scattering processes generating the peaks M;; and My,. The navy solid arrows represent the original
electron scattering events for My; (b) and My, (c). The dashed lines represent the new possible scattering processes for the electron after the
relaxation. In this sense, from the most to the least favored process by electron relaxation we have M,; > M. (d) G-band frequency variation
Awg = wg — »Y with increasing temperature, where w is the frequency at room temperature. The black solid line is the fitting result using the
relation Awg = xgT, where xg = 1.56 x 1072 cm~! /K. The inset in the upper-right corner shows the evolution of the G-band linewidth (I'g)
with increasing temperature [the black solid line is the fitting result using Eq. (7)], while the inset in the lower-left corner shows the phonon’s

lifetime (yg = 7/ ') evolution with increasing temperature.

m to ;. However, by taking into account symmetry consid-
erations [39,40,54,55] and by considering similar scattering
processes that are extensively studied in the literature, such as
those ruling the G’ (or 2D) band [with the exception that the G’
is anintervalley (EV) process] [35,40,50,64], it is hypothesized
that the scattering events from n{ to 75 or from 7} to 7}
will have approximately the same contribution for the 2Z0
peaks and that g, ~ ¢ for g;; =2k (i = 1,2 and j = 1,2).

It is known from the literature that H;; > Hj,, which implies
that QIIV{“ 270420 ; (~2Z0q=2x 2704=0 ; (3 2Z0q=2x

< Qy? and Q; Q) TH A QY Q)
[39,40,52,55]. The temperature dependence of the [As is ruled
by the Bose-Einstein distribution for phonons and by the
Fermi-Dirac distribution for electrons [1,65,66].

IV. RESULTS AND DISCUSSION
A. LOZO' integrated areas (IAy,, and IAyy,,)

Figure 3(a) shows the temperature dependence of the My,
and My, integrated areas (IAy,, and TAyy,,, respectively) with
increasing the temperature 7 (or laser power density Pp). It
is seen that both Ay, and IAy,, increase monotonically at
similar rates in the range of temperatures from 300 to 543 K.
However, for temperatures above 543 K (T > 543 K) IAy,,
and TAy,, split and while 1Ay, continues to increase with
increasing T, [Ay,, seems to present a stationary behavior.
As mentioned above, IAy,, and Ay, arise from AV double-
resonance scattering [39,42,43,52]: an electron is photoexcited
from the valence band to the conduction band and then it
is scattered by a LO (or ZO’) phonon to another electronic
state in the opposite side of the electronic dispersion [see
Fig. 2(b)] and then it is scattered back by a ZO’ (or LO) phonon.
Before the scattering by a phonon occurs, the photoexcited
electron can relax from n{ to 75 (or from 7} to 7)) by
either emitting or absorbing a low-energy phonon (usually an
acoustic phonon) [40,47,67]. Such relaxations will also involve

intraband (7" <> 7;*) and interband processes (7" <> yrj*), as
shown in Fig. 4(a). It is known that in the range of laser
excitation energies (£) from 2.00to 3.00 eV (E;, = 2.33 eV
in this work) the electron relaxation time is about one order
of magnitude faster via the emission of a phonon than via
the absorption of phonon [47,67]. This is reasonable since
emission does not require a phonon to be available in the
material but absorption does [40,47,67]. The relaxation rates
are proportional to density of states (DOS) [40,47,67], and
for the range of energies aforementioned, the DOS for the
7y [red curve in Fig. 2(d)] is always larger than the DOS
for the 5 [blue curve in Fig. 2(d)]. This means that a lower
relaxation rate from 7z} to 7| is expected in comparison with
the relaxation rate from 7| to v}, which leads to a net electron
relaxation from 7| to ;. Similar relaxation processes have
been comprehensively addressed for the G’ band [40].

Figure 4(a) illustrates the possible electron relaxation pro-
cesses affecting the scattering events that generate M;; and
Mpy;. The navy solid arrow and the red solid arrows in Fig. 4(b)
illustrate, respectively, the original scattering events and the
net relaxation from | to 7r}. The dashed double-sided arrow
illustrates the new scattering process which originates from
such net relaxations. These net relaxations from n{ to 73
make the rate of the electronic scattering which generates M,
decrease (causing a decrease of its IA) and contribute to an
increase in the rate of electronic scattering which generates
M3, (causing an increase of its [A). As illustrated in Fig. 4(c),
scattering events that generate M, do not contribute to My;
because the net relaxation is from 7§ to }. For T < 543 K,
it is seen that the IAs for both peaks increase smoothly, which
points towards a prevalence of a good balance between the
net 7r;" to 75 electron relaxations and the electronic scattering
that generates the LOZO' peaks. As shown in Fig. 3(a),
for T > 543 K the rate with which IAy;,, increases with
increasing T becomes slightly different from the rate observed
for IAp,,. Note that the higher the temperature, the larger
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the differences between 1Ay, and IAy,. Specifically, while
IAp,, continues to increase smoothly, IAy,, stops increasing
and becomes nearly constant, which suggests that a stationary
regime is taking place. This is understood as follows: (1) by
increasing the temperature, the 7 — 7 net relaxation rate of
photoexcited electrons via acoustic-phonon emission increases
and the relaxation rate of optical phonons generated in the
electronic scattering from n{ — 7 (M;; peak) and from
5 — w5y (Mp, peak) into acoustic phonons via three-phonon
and four-phonon processes also increases; (2) as previously
suggested by Mafra et al. [40] and corroborated here, the com-
bination of higher temperatures with the specific E; = 2.33
eV leads to an extra interband relaxation mechanism mediated
by ZO' phonons [40,47,67]. With a more efficient 7{ — 75
electron relaxation (and an inefficient w3 — 7 relaxation) the
generation of excited electrons in the ;7 band is higher than the
scattering and relaxation rates of such electrons by emission
of optical (via m) — 7 scattering) and acoustic phonons
(via three- and four-phonon processes). IAy,, does not reach
such a stationary regime because the generation of excited
electrons in 7| is lower than the respective electronic scattering
and relaxation rates. As shown in the inset of Fig. 3(a), the
total IA (IAy, + IAwm,,) increases monotonically as the
temperature increases, which means that the processes ruling
the changes in the [As are continuous and come from electron
and phonon relaxations involving M;; and Mj, combination
modes.

It is important to note that for 7 > 719 K the rate with
which TAy;,, increases with increasing the temperature is
smaller when compared to the same rate at 7 < 719 K. It
is also seen that IAy;,, seems to start increasing again for
T > 719 K and it is no longer in a stationary regime. These
new changes in behavior observed for both [Ay;,, and Ay,
are expected and understood as follows: for 7' < 719 K, as
discussed above, there is a net relaxation from 7| — m}
via phonon emissions. However, in order for an efficient net
m{ — w5 relaxation to exist, the phonon relaxation rates must
be higher than the phonon generation rates [1,7,9,11,16,23—
27,29,30,46-49,56,67]. If the generation of phonons is as
efficient as the relaxation of phonons, an electron relaxing
from 7} — 5 via phonon emission could reabsorb the same
type phonon before it decays. In this case, phonons and elec-
trons would become long-lived as they would reach thermal
equilibrium. Since the stationary regime observed for Ay,
is caused by an extra channel created via ZO’ relaxations
[40,47,67], it is likely that the generation of ZO' becomes
more efficient as the temperature increases as well, which
is in accordance with the literature [11,16,25,26]. In this
scenario, the relaxation rates for the ZO" phonons would be
balanced by the generation rates of such a phonon, which
would lead to a loss of efficiency in the net relaxation of
electrons from 7{ — 7. With less relaxation pathways, the
Raman scattering processes involving the ZO’ phonon (such
as the LOZO’ combination) would lose efficiency. Moreover,
it is known that scattering events involving absorption of
phonons such as the Raman anti-Stokes scattering [5,65,66,69]
become more effective with increasing temperature. There-
fore, the results indicate that for 7 > 719 K 7" — n;* (for
i = 1,2) electron scattering via phonon absorption becomes
efficient, which means that electronic scattering events in-

volving phonons absorption and emission tend to become
balanced.

B. LOZO' linewidths (I'y,, and T'yy,,)

Figure 3(b) shows the evolution of the LOZO’ linewidths
(I'm,, and I'yy,,) with increasing temperature. Once again, it
is seen that for T < 543 K the two curves seem to overlap
each other but for 7 > 543 K, I'y,, continues to increase
until it reaches 7 = 719 K when the curve seems to become
stationary. On the other hand, I'y;,, starts decreasing until it
reaches T = 719 K when the curve seems to become stationary
as well. Not surprisingly, the physics ruling the temperature
evolution of I'y,, and I'y,, is intimately connected to the
physics we discussed explaining the IAs in Fig. 3(a). As
explained above, the temperature dependence of the linewidths
are well described in terms of e-ph couplings [Eq. (6)]
and ph-ph couplings [Eq. (7)]. The contributions coming
from e-ph couplings are found negligible. From Eq. (6) it is
understood that the dependence of AT,.,; with temperature
is not as strong as the dependence of AT,.,; with the Fermi
Level energy [10,14,27,28]. Therefore, AT .. .5 [EQ. (7)] must
be able to explain the I'y;,, and I'v,, results. In fact, when T <
543 K it is expected that the three-phonon process dominates
[2,5,12,23,58,61] and this is exactly what is observed. As
mentioned earlier in the text, LOZQ’ is a combination of two
phonons, and therefore, Eq. (7) must take into account three-
and four-phonon processes for the LO phonon and three- and
four-phonon processes for the ZO' phonon as well, which

- . 3—ph 3—ph 4—ph
gives us a total of four parameters: D; ", D, , D[, and

Dé&p " All possible combinations of parameters in Eq. (7) have
been attempted to fit the data range when T < 543 K; success
was found when four-phonon processes were disregarded [see
Fig. S1(a) in the Supplemental Material (SM) [68]]. Both I'y,,
and I'y,, increase monotonically with increasing temperature,
which means that the lifetimes of the phonons involved (LO
and ZQ') are decreasing. This result is consistent with the
literature [11,16,26,30], which reports that phonon lifetimes
in carbon materials such as 1LG, 2LG, and graphite decrease
with increasing temperature. Moreover, it supports the claim
that the three-phonon relation process is efficient in this range
of temperature. The linewidth is inversely proportional to the
phonon lifetime and their connection is made by the Plank
constant: 'y, = i/ym, (i = 1,2), in which py, is the phonon
lifetime [see the inset in Fig. 3(b)] [1,65,66].

For T > 543 K, I'y,, continues to monotonically increase
but I'yy,, starts decreasing as the temperature increases, which
means that yy,, is still decreasing while y,, is now increasing.
The results seen for I'y;, (i = 1,2) corroborate those results
observed for the IAs. Since pyv,, is decreasing with increasing
T, two conclusions can be reached: (1) the generation rates
of phonons associated to the M;; peak are smaller than their
relaxation rates (the relaxation of phonons is efficient), and
(2) photoexcited electrons do not reach thermal equilibrium
with phonons. On the other hand, I'y,, is decreasing, which
means that the phonon lifetime is increasing for those phonons
participating on the processes involving the 7} band. Such an
increase in the phonons’ lifetimes is in good agreement with
the stationary regime reached by the IAy,, and supports the
explanations given above: it is well known that high-energy
carriers (such as photoexcited electrons) decay first (and
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faster) via creation of optical phonons and that optical phonons
decay into acoustic phonons [1,2,5,9,11,16,23-26,30]. For
T > 543 K, with the increase in the net relaxation of electrons
from 7} to 75 via ZO’ phonon emissions, many more electrons
will be scattered to form the M», peak and, therefore, more LO
and ZO' phonons will be generated. If the rate of generation
of LO and ZO’ phonons becomes higher than the respective
relaxation times, electrons and phonons will remain in
thermal equilibrium and their lifetimes increase considerably,
which agrees with the I'y,, behavior. For T > 543 K, the
four-phonon process become paramount to fit and explains
both M;; and M;, as seen in Fig. 3(b) (gray and black solid
lines). Interestingly, for 7 > 719 K the LOZO' T'y;,, seems
to be reaching a limit from which it does not considerably
vary anymore. In other words, the rate 9I'y,, /0T seems to be
decreasing with increasing 7', and consequently yy;,, seems to
no longer decrease. On the other hand, I'v,, stops decreasing
with increasing 7', which means that yy;,, stops increasing.
This scenario is again fully consistent with the results discussed
for the TIAs. Indeed, with increasing 7 the relaxation and gen-
eration rates of phonons, in particular ZO’ phonons, become
more balanced and this would decrease the efficiency of the
net 7" — 75 relaxations, which consequently diminishes any

change in yy;,, and y,,. The values of D", D", Di ",
and D%,” " associated with the combination LOZO', for T <
543 K and for T > 543 K, are shown in Table I in the SM [68].

C. LOZO' frequency variations (Awy,, and Awy,,)

Figure 3(c) shows the frequency variations Awy,, and
Awp,, With increasing the temperature. For temperatures be-
low 543 K (T < 543 K) the three-phonon process is dominant
and the data can only be fit via Eq. (3) if the four-phonon
processes are disregarded [see Fig. S1(b) in the SM [68]]. This
is in full agreement with the findings for I'yy,. Interestingly,
the slope dwy,, /0T observed for Awy,, is different from
the slope dww,, /0T observed for the Awy,,. The phonon
anharmonicities are characterized by the deformation potential
and phonon-dependent Griineisen parameter in materials [1]
which are essentially the same for both M, and M;; combina-
tion modes because they originate from the same phonons, and
the only difference between them is the phonon momentum,
for which gm,, < g, as previously discussed. Therefore, one
would expect the same behavior for both M;; and Mj;. In order
to understand why Awy,, and Aww,, have different slopes and
behaviors, we must recall the physics governing the generation
of the M| and My, peaks: (1) One electron is excited to the con-
duction band (either to the 7 or to the ;). Next, the electron
is scattered from 7;* to ;" (i = 1,2) in a AV process and then
scattered back by generating two phonons in the system (one
LO and one ZO'). These Raman-scattering events are related
to the e-ph couplings that intermediate the scattering events.
The ph-ph couplings are not important in determining the
scattering magnitudes but the phonon population is [1,65,66].
Therefore, a simple conclusion is that the smaller the number
of scattering events the smaller the phonon generation. (2) the
lifetimes of the generated LO and ZO' phonons, which depend
on their decay rate into lower energy phonons, determine pr,
(i = 1,2). As described above, the temperature dependence
of both lifetimes and frequencies will be ruled by three- and
four-phonon processes [see Eq. (3) and Eq. (7)]. (3) Similar to

the 'y, (i = 1,2) case, e-ph couplings are not as important
as ph-ph couplings to understand the anharmonic effects in
the frequency [5,6,10,14,23,27,28,58,60]. With the statements
(1), (2) and (3) in mind, the increasing difference between
the Awwm,, and Awy,, slopes with increasing temperature is
understood as follows: the net electron relaxation in 2LG is
from 7{ to m;. This means that more electronic m; — )
inelastic scattering events will take place, which increases the
average phonon population participating in such scattering
events. This increase in phonon population enhances Aww,,
with increasing the temperature.

Another important observation: in the range of temperatures
T < 543 K the total shift of —19.2 cm~! and —17.2 cm™!
is observed for Awy,, and Awy,,, respectively. These shifts
extend to —28.2 cm™! and —23.2 cm™! for Awy,, and
Awyy,, at temperatures 7 > 543 K. Recently, Popov et al. [55]
proposed that the combination mode LOZQ' is specifically the
LO mode with symmetry E, (baptized LO™) combined with
the ZO' mode. Note that due to interlayer interactions between
the top and bottom layers in a 2LG, the LO mode splits into
E1, (out-of-phase vibrations of the layers) and E», (in-phase
vibrations of the layers baptized LO™). Around the T" point
[60], the frequency shift for the LO™ with increasing T is
about —11.0 cm™!, while the frequency shift for the LO™ is
about —19.0 cm~!. In addition, studies by Giura et al. [60]
and Kong et al. [9] point that the ZO' and ZA phonons, which
are out-of phase and in-phase vibrations of the layers in a
2LG, become increasingly important to ph-ph couplings as the
temperature increases and such phonons get away from the I
point. Moreover, the four-phonon coupling between LO™ and
the ZO' modes is much stronger than the four-phonon coupling
between LO™ and the ZO’ modes, meaning the four-phonon
coupling becomes increasingly more important with increasing
the temperature [60]. The magnitudes of both Awy, and
Awy,, with increasing T supports the assignment by Popov
[55] and the combination LOZO’ should read LO®Z0O'™
(or Mj;) and LOZO"™) (or My,). To further support this
assignment, temperature-dependent Raman-scattering mea-
surements of the ZO' by Lui ef al. [69] and Cong et al. [70]
in the range of temperatures from 300 to 850 K show that
the decrease in the ZO' frequency with increasing 7 is less
than 5 cm™'. This means that most of Awy, comes from the
LO mode. Additionally, these results suggest that temperature-
dependent Raman spectroscopy could be used as a technique to
help assign phonon combinations and overtones in materials.

Note that the scattering process ruling the Mj; and My,
peaks will generate both LO™) and ZO' phonons. Therefore,
the relaxation processes associated to the M; and My, combi-
nations will involve the ZO’ phonon, which decays fast mostly
via three-phonon processes [11,16,25,26,69], and the LO®
phonon, which decays via three- and four-phonon processes,
where the four-phonon process would mostly involve one ZO'
phonon and two other acoustic phonons (likely ZA phonons
[11,16,25,26]). For T > 543 K both Awy,, and Awyy,, present
an unexpected evolution with increasing the temperature.
Contrarily to the Awy,, and Awy,, cases for T < 543 K, it
is now paramount to consider the four-phonon process that
has been discussed so that Eq. (3) is able to fit the data. The
need for this inclusion is expected for higher temperatures, in
agreement to the discussion for the linewidths 'y, (i = 1,2)
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[9,11,16,23-26,30,60]. It is noticeable that for T > 719 K both
Awy,, and Awy,, no longer change. As discussed earlier in
the text, electron and phonon relaxations are more efficient
for processes that involve phonon emissions in comparison
with processes that involve phonon absorptions. These phonon
relaxations must be understood as net relaxations and are
already taking into account the rates with which electrons and
phonons are emitted and absorbed. When the absorption and
emission rates become similar, equilibrium may occur and the
relaxation processes become inefficient, as explained before
for I'y; (i = 1,2). In fact, as the temperature increases, phonon
absorption will become more efficient since now thermal
excitation will increase the phonon population. Therefore,
the higher the temperature, the higher the probability for
happening not only relaxations but also generations of LO
and ZO' phonons due to absorption of acoustic phonons, or
due to absorption of one ZO' phonon and two other acoustic
phonons (in the case of the four-phonon process). Also, at such
temperatures, the electronic transitions 7y — 7 and 7| —
75 due to ZO' phonon reabsorption will become important
as well. Therefore, with all these processes coming closer
to equilibrium, changes in both Awy,, and Awy,, must no
longer be observed. The extra resonance with the ZO' in the
interband and intraband transitions certainly plays an important
role in these second-order processes since such stationary
tendencies are also suggested for the G’ band [40] but it is
not seen for first-order processes such as the G band as show
in Fig. 4(d). Figure 4(d) shows the temperature evolution for
the G-band Raman frequency shift Awg, while the insets
in Fig. 4(d) show the temperature evolution for the G-band
linewidth I'g and lifetime yg. The results for Awg, I'g, and yg
are in good agreement with the literature [18,40,62]: the black
solid line in Fig. 4(d) is the fitting result using the relation
Awg = xgT, where xg = 1.5 x 1072 cm~! /K is the G-band
first-order temperature coefficient. The linewidth was fitted
using Eq. (7), with Dg; ”" = 14.6 cm™" and D& " = 0. The
values of Cz(;ph, C;&ph, Cﬁaph, and C%,ph associated to the
combination LOZO', for T < 543 K and for T > 543 K, are
shown in Table II in the SM [68].

D. 2Z.0 overtone case

By turning the attention to Figs. 3(e) and 3(f), it is seen that
the temperature-related changes in phonon linewidths (I'xzo,_,,
and I'zo,_,) and frequencies (Awyzo,_, and Awizo,_,) for
the overtone 2Z0 are very weak; almost negligible within
the experiment’s precision. These observations are very dis-
tinct from those discussed above for the combination LOZO'
and corroborates the 2Z0 assignment given to this Raman
feature [14]. As extensively discussed throughout the pa-
per, the temperature-dependent phenomenon is mainly ruled
by phonon anharmonicities (anharmonic ph-ph couplings),
which are characterized by the deformation potential and by the
mode’s Griineisen parameter (Smoge) [9,71,72]. The Griineisen
parameter has a strong influence on the probability of a phonon
of frequency wp to be scattered by other phonons (in other
words, a phonon of frequency wy;, to couple to other phonons).
Indeed, such probability is proportional to 82, ., which makes
Omode @ good measure of phonon anharmonicity [9,71,72].
While the Griineisen parameters around the I' point for the

LO phonon mode [9] (8.0) and for the ZO’ mode [9] (§z¢)
are, respectively, 1.87 and between 2.5 and 3.8, the Griineisen
parameter around the I point for the ZO phonon mode [9] (6z0)
is between —0.1 and —0.15. This means that §zp is more than
90% smaller than §; o and §z¢ around the I' point. Physically
speaking, a positive dmode implies a decrease in wpy, (the lattice
constant increases), while a negative ;04 implies an increase
in wpy, (the lattice constant decreases) [9,71,72]. Therefore, the
phonon anharmonicities for the ZO mode must be very small,
which agrees with the experiment reported here. In fact, the
probability that a ZO phonon participates in a three-phonon or
four-phonon scattering is proportional to 8%0 = 0.02, which
is very small and dramatically reduces the efficiency of the
mode’s response to changes in the temperature. It is interesting
to recall that even though the ph-ph couplings for the ZO
mode are inefficient, the frequencies and linewidths could
still change with changing temperature via e-ph couplings.
However, as explained by Araujo et al. [39], due to a lack
of phonon and electron momenta conservation requirements,
resonant e- ph couplings that lead to changes in both frequency
and linewidths with increasing temperature are unlikely to
happen. This can be understood via symmetry arguments since
the deformation potential mediating the e- ph coupling related
to the ZO mode, which is an antisymmetric interlayer vibration,
is not expected to allow coupling of orthogonal electronic states
since its vibration breaks the lattice symmetry. The lack of
efficient scattering mechanisms (ph-ph and e-ph couplings)
also explains why the integrated areas in Figs. 3(d) increase
smoothly and with similar rates and overall behaviors. Finally,
if this Raman feature was indeed the phonon combination mode
TO™ZO' at the K point instead of the 2ZO overtone at the
I' point, as suggested by Popov [55], one should be able to
observe significant changes in frequencies and linewidths with
increasing temperature since both TO and ZO’ modes present
significant Griineisen parameters at the K point (around 2.55
and —1.30, respectively) [9]. The experiments reveal, however,
that such temperature-dependent changes do not take place.

V. CONCLUSIONS

In summary, this paper addressed anharmonicities
associated to the phonon combination mode LOZO', involving
the longitudinal-optical mode LO and the layer breathing mode
Z0O', and the phonon overtone 2ZO (out-of-phase vibration
of the layers) in A B-stacked bilayer graphene (2LG). Using
temperature-dependent Raman-scattering measurements in a
broad range of temperatures, the results show that the ZO’
mode carries a fundamental role in the electron and phonon
relaxations in this layered material, especially at temperatures
above 543 K. Although the LOZO' feature presents an
anomalous behavior with increasing temperature, the 220
overtone does not show any clear dependence of its frequency
and linewidth (and therefore, lifetime) with temperature, which
is expected since the Griineisen parameter for the ZO phonon
is close to zero and the probability that a ph-ph coupling
happens is small. The measurement technique and discussions
presented in the paper, with regard to electron and phonon
relaxations, have the potential to be extended to any other
multilayered structure that presents ZO'- and ZO-like phonon
modes. It is important to notice that, because the LOZO’
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peaks directly involve the ZO' phonon, they become a primary
choice to understand the importance of the ZO" phonon in the
relaxations of electrons and phonons in 2LG in contrast with
previous understanding suggested elsewhere [40]. Finally, the
results show how temperature-dependent Raman spectroscopy
was used as an efficient technique to make phonon assignments
in two-dimensional structures. Here it is shown that the LOZO'
combination mode is in fact LO™ZO’ and that the 2ZO is a
good assignment for the overtone observed.
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