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Electron-phonon coupling in monolayer graphene breaks the adiabatic Born-Oppenheimer approximation

and could lead to exotic logarithmic Kohn anomaly, manifested as logarithmic singularity in optical-phonon
energy. However, unraveling unambiguously the fascinating logarithmic Kohn anomaly in monolayer graphene
remains challenging due to the large carrier inhomogeneity originating from the unique massless Dirac-like
band dispersion and the underneath substrate doping effect. Here we demonstrate a clear signature of intriguing

logarithmic Kohn anomaly in monolayer graphene with ultralow carrier inhomogeneity via 2-BN encapsulation.
Significantly, the magnitude of anomalous phonon softening at 25 K shows an enhancement factor of 2 as
compared to that previously observed in bilayer graphene at 12 K, even though bilayer graphene with nearly
parabolic band dispersion is more immune to charged impurities. The uncovered unusual logarithmic Kohn
anomaly in monolayer graphene can provide a firm basis for the understanding of various peculiar physics and
may shed light on the nature of superconductivity in magic-angle graphene superlattices.

DOI: 10.1103/PhysRevB.102.165415

I. INTRODUCTION

Electron-phonon interactions (EPIs), also referred to as
electron-phonon coupling, are the cornerstone of many-
particle physics and underpin a rich variety of fascinating
physical phenomena [1-5], including but not limited to su-
perconductivity [6,7], charge-density wave [8,9], intervalley
scattering [10,11], linear-in-temperature resistivity [12—14],
and ultrafast carrier dynamics [15-17]. Usually, EPIs are
described within the scope of adiabatic Born-Oppenheimer
(ABO) approximation. In contrast, when the phonon fre-
quency or electron-phonon coupling strength is comparable to
the electron Fermi energy, unconventional EPIs beyond ABO
approximation can occur [18,19]. The breakdown of ABO
approximation may enable a wide variety of exciting physi-
cal behaviors, such as nonadiabatic superconducting pairing
with high 7 [20,21], electronic correlation effects [7,22], and
the giant renormalization of phonon dispersion relations and
electronic properties [23-29].

Monolayer graphene with unique massless Dirac-like band
dispersion and strong electron-phonon coupling strength pro-
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vides an unprecedented arena to realize tunable EPIs beyond
ABO approximation under the two-dimensional limit [30,31].
Recent studies based on second-order time-dependent pertur-
bation theory point out that the EPIs in monolayer graphene
are nonadiabatic and beyond ABO approximation, result-
ing in the giant energy renormalization for long-wavelength
E>; phonon at the Brillouin zone center (Raman G peak)
and fascinating logarithmic Kohn anomaly (LKA) [32-35].
Specifically, the self-energy (IT) of the G band Green’s func-
tion under Fermi energy (EF) is [32,33]

hawo + |2Ep| + i :|
- - i,

1
M = a|Er| — ~a(fioy +it)|1
1] = e wo+l§)[n‘hw0—|2EF|+i§

ey

where « is the electron-phonon coupling parameter with di-
mensions of energy (4.43 x 107%), liw, denotes the energy of
the G band (~196 meV), and ¢ is the level broadening effect
originating from carrier inhomogeneity or temperature effect.
Figure 1(a) presents the evolution of phonon frequency shift
(real part of IT), defined as hw(Efp) — hwy, as a function of
Fermi energy at different ¢. Please refer to the Supplemental
Material [36] for the Ep-dependent phonon lifetime (imagi-
nary part of IT). For { = 0, the phonon energy of monolayer
graphene diverges logarithmically to —co when |Eg| = hzﬂ,

©2020 American Physical Society
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FIG. 1. Logarithmic Kohn anomaly in monolayer graphene. (a) G band frequency shift as a function of Fermi energy at different ¢,
calculated by the real part of self-energy IT. (b) Fermi energy versus the carrier density. Blue star (yellow circle) represents the carrier
inhomogeneity (6n) in our device (monolayer graphene on SiO,/Si substrate), and the green square represents the allowed maximum d&n
for observation of LKA in theory. (¢) Schematic structure (left) and white-light microscope image (right) of the #-BN encapsulated monolayer
graphene FET with one-dimensional electrical contact. The locations of monolayer graphene, top #-BN, and back 4#-BN are outlined with the
black, blue, and green dashed line, respectively. In order to achieve a good optical transparency, the thickness of top #-BN is less than 4 nm.

Scale bar, 10 um.

known as the exotic LKA [32,33]. However, ¢ cannot be zero
in real situations and LKA would be gradually washed out by
increasing ¢. In order to see LKA clearly, ¢ should be ideally
less than 20 meV [Fig. 1(a)]. In the light of the peculiar Dirac
linear energy-momentum dispersion of monolayer graphene
[EF = —sgn(n)B/m|n|, where n indicates carrier density, E
denotes the Fermi energy, sgn(x) is the sign of x, and 8 =
5.52eV A is the slope of electron bands], the allowed max-
imum charge inhomogeneity én for the observation of LKA
cannot exceed ~ 4.15 x 10'° cm ™2 [Fig. 1(b)]. For monolayer
graphene on SiO, substrate previously studied [37-44], the
typical carrier density fluctuation is usually up to the order
of 10" cm~2 [45-47]. As a result, the intriguing LKA still
remains elusive in monolayer graphene even more than 10
years after the theoretical prediction [32,33].

Here we fabricate the high-quality monolayer graphene
field effect transistor (FET) with ultralow carrier inhomo-
geneity (e.g., ~3.3 x 10°cm™?) by encapsulating with thin
layers of hexagonal boron nitride (h-BN). Through measur-
ing the evolution of Raman spectra as a function of Ep, we
uncover the significant phonon softening at |Ep| = % and
demonstrate the clear evidence of exotic LKA in monolayer
graphene. The observation of LKA in monolayer graphene
would provide a firm basis for various unique phenomena.
In addition, considering that the nonadiabatic EPIs may play
a vital role in the superconducting pairing of twisted bilayer
graphene [13,14,48-55], our work might spark significant at-
tention and may offer insight into the underlying physics of
superconductivity in magic-angle graphene superlattices.

II. RESULTS

As shown in previous studies, charge inhomogeneity in
monolayer graphene can be significantly reduced by applying
h-BN encapsulation [56]. To realize ultralow carrier inhomo-
geneity, we prepare A-BN encapsulated monolayer graphene
by a van der Waals mediated dry transfer approach employ-
ing the propylene carbonate (PC) stamp, as outlined in Figs.
S2(a)-S2(d) in the Supplemental Material [36,57-59]. The
atomically smooth surfaces of A-BN are free of dangling
bonds and can strongly reduce the formation of electron-hole
puddles [56,60]. Briefly, monolayer graphene and thin #-BN
flakes are first exfoliated onto silicon substrates with a 280-
nm-thick oxide layer. PC stamps are used to pick up a thin
h-BN flake, monolayer graphene and another 4-BN flake in
sequence with accurate alignment based on an optical mi-
croscope. The sandwiched A-BN/monolayer graphene/h-BN
heterostructures are then transferred onto a SiO,/Si substrate
with a prepatterned Ti/Au electrode as the back gate. Com-
pared to normal devices with degenerately doped silicon as
the back gate, the local Ti/Au back gate used here can ef-
fectively screen the charged impurities on SiO, substrates
and thus reduce the carrier inhomogeneity. Finally, electron-
beam lithography, reactive ion etching, and electron-beam
evaporation are used to obtain the one-dimensional electrical
contact with monolayer graphene [57]. Figure 1(c) shows
the schematic diagram of the #-BN encapsulated monolayer
graphene device, and the corresponding optical microscope
image reveals the ultraclean interfaces. Note that, to rule out
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FIG. 2. Fermi energy dependent Raman G mode at 25 K. (a)
Raman spectra measured under different back-gate voltages. (b) G
band energy (upper panel) and linewidth (lower panel) as a function
of Fermi energy. Inset: Landau damping of G phonon into electron-
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theoretical calculation from Eq. (1) with ¢ = 7.9 meV.

the effect of moiré superlattices [61-65], the interlayer twist
angle between monolayer graphene and 4-BN flake is pur-
posely controlled to deviate from 0° or 60°.

Based on the as-fabricated 4-BN encapsulated monolayer
graphene devices, we then measure the evolution of unpo-
larized Raman spectra against Er (back-gate voltage Vi) to
demystify the exotic LKA under the monolayer limit with
confocal backscattering configuration in vacuum, excited by
532 nm (2.33 eV) laser radiation. The scattered signal is
collected by an Olympus 50x long working distance objective
and dispersed by a 1800 gmm™' grating to achieve Raman
spectral resolution better than 1 cm~'. To avoid laser-induced
heating and photoinduced doping from defect transitions of
h-BN flake [66], a relatively small incident power of ~100
uUW is used (see details in Supplemental Material [36]). Figure
2(a) displays the evolution of the Raman G peak as a func-
tion of V4, at 25 K. Remarkably, both the phonon frequency
and lifetime are strongly dependent on the V;,. Through
Lorentzian fitting, we determine the phonon energy and full
width at half maximum (FWHM) at different Vy,. For a better
comparison with the theoretical results of Eq. (1), we convert
the Vi, to E using Er = —sgn(n)B+/m |n|, where carrier den-
sity n is defined as n = M, with e the elementary
charge, Gy, back-gate capacitance, and Vp;, the gate voltage
corresponding to the charge-neutral Dirac point. The upper
panel of Fig. 2(b) presents the extracted G band energy (blue
dots) as a function of Er. With increasing |Eg|, the Raman G
mode first softens and then stiffens. In marked contrast to prior
studies that phonon frequency monotonically stiffens with
|Eg| [37—-41], here we uncover the phonon softening. More-

over, two anomalous minima are clearly observed at Er =
i%, revealing unambiguously the long-sought LKA in
monolayer graphene. Significantly, the magnitude of anoma-
lous phonon softening AE4 = fiwg(Er = 0) — hw(Ep = h%)
is about 2.1 cm~! at 25 K. This shows an enhancement factor
of 2 as compared to the AE4 previously measured in bilayer
graphene at a lower temperature of 12 K, even considering that
bilayer graphene is a more robust case with nearly parabolic
band dispersion and large density of states near the charge-
neutral Dirac point [27,31].

Furthermore, our Eg-dependent G band energy can be
well fitted by the real part of Eq. (1) with £ =7.9meV
[red line in upper panel of Fig. 2(b)], confirming that the
two anomalous minima at Er = j:h—‘z"“ are indeed the man-
ifestation of LKA. Considering that the Raman spectra are
measured at 25 K, rather than absolute zero temperature,
the thermal energy can definitely lead to the level broad-
ening effect (kg7') and thus contribute to ¢. Deducting the
temperature effect, { induced by carrier density fluctuations
is about 5.7 meV, corresponding to the charge inhomogene-
ity 6n = 3.3 x 10° cm~2 [Fig. 1(b)]. This is more than 100
times smaller than that for monolayer graphene on a SiO,/Si
substrate and 10 times smaller than the maximum dn for
the observation of LKA [45,47]. Benefiting from the ul-
tralow carrier inhomogeneity, we can observe clearly the
LKA and a large anomalous phonon softening in monolayer
graphene. Note that the ultralow charge fluctuations obtained
here are in good harmony with previous measurements by
scanning tunneling spectroscopy (8n = 2.5 x 10° cm~2) [60],
also suggesting that Raman scattering can act as an ef-
fective and simple optical method to determine the charge
inhomogeneity.

The ultralow carrier inhomogeneity in our ~2-BN encapsu-
lated monolayer graphene is further analyzed by the lifetime
of the G peak [lower panel of Fig. 2(b)]. The Eg-driven
evolution of FWHM at 25 K (blue dots) shows an almost
sudden change near Ep = ih—;’“ and can be well described
by the imaginary part of IT with ¢ =7.9meV (red line),
which is the same as that used to fit the G band energy with
the real part of I1. Usually, the FWHM of a phonon can
be written as y = yPhPh 4 y¢Ph \where yPh—Ph and pe—ph
are originated from the anharmonic phonon-phonon coupling
and EPIs, respectively. When |Ex| < @, the G phonon can
decay into vertical electron-hole pairs [inset of lower panel
in Fig. 2(b)], giving rise to the contribution y¢~7". In stark
contrast, the Landau damping of the G phonon is halted by the
Pauli exclusion principle when |Ep| > ﬁzﬂ [3,27,31,37,38]. As
a consequence, the contribution of y¢~7" disappears, leading
to the long-lived G phonon and sudden reduction of FWHM.
The total change in FWHM [y (Egr = 0) — y(Eg = 00)] is
the magnitude of y°~P". Importantly, calculations based on
Fermi’s “golden rule” show that the electron-phonon cou-
pling strength (D%)? can be directly obtained from y =" :
yler = fMLg’ZZ (D%)?, where ag and M are the lattice spacing
and the carbon atomic mass, respectively [3]. The mea-
sured y¢~P" in our A-BN encapsulated monolayer graphene is
10.3cm™! [y(Er = 0) — y(Er = 200meV)], corresponding
to (Dlzﬂ)2 =42.1 (eV/A)z. This is in good agreement with
the first-principles calculations (D)% = 45.6 (eV/A)? [3,30].
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We would like to mention that the electron-phonon coupling
strength in monolayer graphene is very large and can be
comparable to that in well-known nonadiabatic high-T; su-
perconductor MgB, [20,30,67]. Such giant electron-phonon
coupling may also play a nontrivial role in the formation
of nonadiabatic superconducting pairing in twisted bilayer
graphene [21,49,53].

Finally, we measure the Raman spectra of A-BN encap-
sulated monolayer graphene at relatively high temperatures.
Figures 3(a) and 3(b) show the Eg-dependent G band en-
ergy (upper panel) and FWHM (lower panel) extracted via
Lorentzian fit at 150 and 220 K, respectively. The experi-
mental data (blue dots in Fig. 3) at 150 K (220 K) can be
well fitted by Eq. (1) (red lines in Fig. 3) with ¢ = 19.3 meV
(24.9 meV). Interestingly, two anomalous minima can still
be distinguished at Ep = :I:hzﬂ, clearly demonstrating the
LKA. On the other hand, due to the temperature-induced level
broadening effect, the magnitude of anomalous phonon soft-
ening AE, at 150 K (220 K), as compared with that at 25 K, is
largely reduced to only ~0.6cm™! (~ 0.3 cm™"). In addition,
the obtained ¢ at 150 K (19.3 meV) and 220 K (24.9 meV)
indicating that ¢ originated from carrier density fluctuation is
about 6.3 and 5.9 meV, respectively, being consistent with the
value extracted at 25 K.

III. CONCLUSION

We fabricate the high-quality A-BN encapsulated mono-
layer graphene device through a van der Waals mediated
pickup, dry transfer method. Benefiting from the ultralow
carrier inhomogeneity (~ 3.3 x 10°cm~2), we uncover the
significant anomalous phonon softening at Er = :I:@ and

thus demystify the fascinating LKA in monolayer graphene.
The observation of LKA beyond ABO approximation, to-
gether with the giant electron-phonon coupling, would set
a firm basis for various intriguing phenomena in monolayer
graphene and may provide insight into the nature of the nona-
diabatic superconducting pairing in twisted bilayer graphene.
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