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Abstract

Graphene is an ideal platform to study the coherence of quantum interference path-
ways by tuning doping or laser excitation energy. The latter produces a Raman exci-
tation profile that provides direct insight into the lifetimes of intermediate electronic
excitations and, therefore, on quantum interference, which has so far remained elusive.
Here, we control the Raman scattering pathways by tuning the laser excitation en-

ergy in graphene doped up to 1.05eV, above what achievable with electrostatic doping.
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The Raman excitation profile of the G mode indicates its position and full width at
half maximum are linearly dependent on doping. Doping-enhanced electron-electron
interactions dominate the lifetime of Raman scattering pathways, and reduce Raman
interference. This paves the way for engineering quantum pathways in doped graphene,

nanotubes and topological insulators.
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Introduction

Interference between quantum pathways can occur in all physical systems,! as demon-

2

strated by electron collisions,? conductance jumps,® transmission dips,*® exciton trans-

ports,” magnetoconductance,® chemical reaction dynamics® and inelastic light scattering. 1912

1

In the quantum picture of the Raman scattering process,'® incident photons (energy FEr)

induce electronic excitations, which then generate phonons, followed by the radiation of
scattered photons. The intermediate electronic excitations act as quantum pathways, thus
they can interfere with each other. As Ep, is tuned to approach the electronic transition
of interest, resonant Raman scattering (RRS) occurs,® greatly enhancing some quantum

pathways, !4 therefore the Raman intensity.!%!® The ability to control quantum pathways

£, 10 11,16 12,17

provides a unique opportunity to detec understan and exploi inelastic light

scattering, and to design quantum interference-based devices.?6



The effect of quantum interference on the intensity of Raman modes was reported in
silicon,'® CdS,'® carbon nanotubes, "' graphene, 9147162023 NoTe, 2425 and ReS,.!" The
unique band structure of single layer graphene (SLG) makes it ideal to study quantum inter-

10,14-16,20,22,23

ference, as it enables continuous control of the Raman scattering pathways, by

10,15,16,21,22 o1 conversely, tuning

tuning the electrostatic doping, EF, relative to a fixed Ef,
Er, under a fixed Fp.?% Such Fy or Er, handle, paves the way to optical control of interme-
diate electronic excitations.!® Raman experiments in SLG showed enhanced G and D peak
intensities for By approaching 0.5F;,.'%!6 The enhancement was limited to 7 in Refs., 162!
due to defects and inhomogeneous dopants introduced by ionic gel dielectrics. We previously
showed that FeCls-intercalation into graphite can produce SLG flakes without defects with
Ep up to ~-1eV,?" achieving a high carrier concentration ~ 7.56 x 10'* cm~2. Here, we use
this to control the intermediate electronic excitations by tuning FEp, for heavily-doped SLG
with fixed EF.

Performing Raman measurements by tuning Er, produces the so-called Raman excitation
profile (REP), i.e. a plot of intensity of Raman modes as a function of Eyp.'* This allows
one to directly monitor the lifetimes of intermediate electronic excitations, because the REP
width is a signature of electronic energy broadening, i.e. it is proportional to the inverse
lifetime of Raman scattering pathways.?® These can be modified by electron-electron (e-e)

2930 and electron-phonon (e-ph) coupling.?! Their effect on Raman scattering

interactions
pathways and overall quantum interference have not been investigated thus far, to the best
of our knowledge.

Here, we control quantum interference of Raman scattering pathways in SLG by tuning
FEy, in hole (h)-doped SLG produced by intercalating FeCls into graphite.?” The G peak REP
features a single resonant peak, whose position depends linearly on Er. The full width at
half maximum, FWHM, of the G peak REP also depends linearly on Er. We show that such
doping-induced REP broadening is determined by the Raman scattering pathways lifetime,

and is dominated by e-e interactions, enhanced by carrier concentration. This shows that



Ey, can be used to control the allowed Raman scattering pathways in SLG. In principle,
quantum interference is always present in Raman scattering from any materials, with the
exact form of e-e and e-ph interactions depending on their electronic structure. Thus, besides
SLG and topological insulators with Dirac-like band structure, one can expect to control Ra-
man scattering pathways in intercalated or substitution-doped few-layer graphene, metallic

nanotubes, and anisotropic layered materials.

Results and discussion

Raman spectroscopy of doped graphene

We prepare 4 heavily-doped SLG samples (denoted S1-S4) by intercalating FeCls into
bulk graphite, as for Ref.?” FeCl; powder (Sinopharm Chemical Reagent Co., Ltd) and
micromechanically exfoliated graphite flakes (Kish graphite from Graphene Supermarket)
are deposited on Si covered with 90nm SiOs and positioned in the different zones of a glass
tube. This is then pumped to ~1.5x107* Torr and heated at 393K for 30mins to keep the
FeCl; anhydrous. Next, the glass tube is sealed and placed in the furnace with a reaction
temperature of 613K for 30h. The samples are then immediately exposed to air. Fig.la
is a representative optical image of one sample (S4). Fig.1b shows a schematic of FeCls-
intercalated trilayer graphene, resulting in 3 individual heavily-doped SLG sandwiched by
FeClj layers.

Raman spectra are measured using a Jobin-Yvon HR800 micro-Raman system equipped
with 1200 and 1800 grooves/mm gratings, coupled with a liquid-nitrogen-cooled charge cou-
pled device (CCD) or an InGaAs array detector and a x50 objective lens with a numeri-
cal aperture of 0.55. We use E;,=1.16, 1.88, 2.33eV from diode-pumped solid-state lasers,
1.24~1.58 €V from a tunable continuous-wave Ti:Saphire laser, 1.96, 2.03, 2.09, 2.28eV from
He-Ne lasers, 1.83, 1.92, 2.18¢eV from a Krypton ion laser, 2.41, 2.54, 2.62, 2.71eV from an Ar

ion laser. The laser power is kept <2mW to avoid sample heating. During measurements at
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Figure 1: (a) Optical image of sample S4, with the area of interest indicated by the white
box. (b) Schematic illustration of intercalation process.?” (¢) Raman spectra of samples
S1-S4, with different Er, SLG (Ep ~-0.08 ¢V) and graphite, for £y, =2.41eV. (d) FWHM(G)
and (e) I(2D)/I1(G) as a function of Pos(G) for SLG in samples S1-S4.

each Ey,, the G peak of a graphite flake with thickness ~100nm is measured under the same
experimental conditions to normalize the S1-S4 G peak intensity, I(G), for the calibrated
REPs.32:33

Fig.1c plots the 2.41eV Raman spectra of S1-S4, not intentionally doped SLG, and
graphite. In the not intentionally doped SLG, the 2D to G intensity and areas ratios
are I(2D)/I(G)~4.2 and A(2D)/A(G)~8.4, respectively, indicating h doping with Eg ~-
0.08¢V.393% We take this non-intentionally doped SLG as representing intrinsic SLG. For
S1-S4, the Pos(G) and Pos(2D) blueshift is a signature of doping.?*3*% Ep can be esti-
mated by combining Pos(G), Pos(2D), FWHM(G), 1(2D)/I(G) and A(2D)/A(G)?230:34:35
as giving Fp~-0.55, -0.69, -0.88, -1.05eV, respectively.
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Figure 2: (a) Contour plots of I(G) of S4 as a function of Pos(G) and Ey,. (b) Experimental
G REP and fit based on Eq.1. Calculated (c) phase of Ry and (d) magnitude |Rg| for each
pathway at Ep=2.6eV and 7=0.225¢V for SLG with 2|Er|=2.1eV. (e) Calculated |Ry| for
FE1,=1.8¢eV. The diagonal and shaded areas indicate the blocking region imposed by the Pauli
exclusion principle and the pathways contributing to I(G).

Quantum interference and Raman excitation profile

As Ey, ranges from 1.5 to 2.7eV, the experimental /(G) in graphite and intrinsic SLG is

almost constant when normalized to the Raman signals of calcium fluoride or cyclohexane3?33

due to the perfect cancellation of the destructive interference among different pathways. %15
For a fixed Ey, a strong increase of I(G) occurs as |Ep| is tuned close to Fp,/2,' due to
Pauli blocking of destructive quantum interference. %

Fig.2a plots Raman measurements of S4 (Ep=-1.05 ¢V) from 1.26 to 2.71eV over 26
steps: 1.26, 1.31, 1.37, 1.42, 1.44, 1.49, 1.53, 1.58, 1.65, 1.62, 1.65, 1.71, 1.76, 1.85, 1.88,
1.92, 1.96, 2.03, 2.09, 2.18, 2.28, 2.33, 2.41, 2.54, 2.62, 2.716V. I(G) is normalized to that of

bulk graphite. All the spectra in Fig.2a have FWHM(G) as narrow as 5.8cm™!, because e-ph
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Figure 3: (a) Experimental REPs for S1-S4 along with the fitted curves based on Eq.1. (b)
Correlation between |EREP| and |ES|. The solid line corresponds to |[EREP| = |ES|. (c) v as
a function of |[EREY|. The solid line is a linear fit.

scattering is forbidden by Pauli blocking once |Eg| is larger than half the G peak energy,
Eq/2,22%3435 therefore, we consider I(G) to determine the G REP in Fig.2b. In contrast
to the Fp-insensitive I(G) in intrinsic SLG,3%3 Fig.2b indicates that I(G) depends on Ei,,
reaching a maximum for Ep, ~2eV, close to 2|Ep|.

To explain the G REP in doped SLG, we calculate I(G) as a first-order Raman scattering

process with e interacting only through mean-field potentials: 3
[(G) =) MyRy| (1)
k

where Ry, = 1/[(Ey, — Ex + i7)(EL — Ec — Eg +i7)] is the resonance factor, Ej, the vertical

electronic transition energy at wavevector k, 7 is the energy broadening of the excited state,



comprising contributions from e-e interactions (v%¢) and e-ph coupling (y),?®3% and M},
is a third-order transition matrix element (see Methods). Ry refers to one of the Raman
scattering pathways. ! When summing over k, the pathways interfere with each other, which
leads to a constructive or destructive effect on I(G), depending on the phase of allowed
pathways. 101

We first consider a simplified model (SM) with M}, in Eq.1 constant for all k. In this
case, I1(G)x | >, Ril|?. Fig.2c,d plots the calculated phase and magnitude of Ry under
Ep=2.6eV and 7=0.225¢eV, fitted as discussed below. An abrupt phase transition (from 7 to
-7) is seen at Ey, = Ej, — Eg/2, which makes the other non-resonant scattering pathways
antisymmetric in phase, as referred to Ey,. For intrinsic SLG, all quantum pathways interfere
destructively, leading to a weak I(G), as shown in Fig.lc. However, in doped SLG, those
pathways with Ej, < 2|Fp| are Pauli blocked,'®?" as for the diagonal pattern in Figs.2c,d
with 2| Er|=2.1eV. Thus, the corresponding antisymmetric pathways with Ey, > 2Ey, —2|Ep|
(shaded region in Fig.2c) will contribute to the I(G) enhancement. The G REP peak occurs
at By, = 2|Ep| + Eg/2, denoted as EREP. In this case, all allowed scattering pathways are
in-phase. As Ej, lies in the blocking region of 2|Er|, Fig.2e, the number of allowed in-phase
pathways becomes smaller when Ey, is farther from 2| Er|, and the corresponding overall I(G)
signal is weaker. Therefore, by changing Ep,, one can control the allowed Raman scattering
pathways, creating a REP peak, Fig.2b.

Based on SM, the REP peak occurs at Ef*Y = 2|Eg| + Eg/2. This allow us to define
Er according to the observed EFFF | ie., 2ERFY = EREP — B /2. As illustrated by the
vertical lines in Fig.2b, |[ERFP| is ~0.95¢V for S4, consistent with that extracted from the
Pos(G) shift. |EREP| determines the lower bound in the k summation of Eq.1 to reproduce
the experimental REP. The solid line in Fig.2b is the fitted curve to the experimental REP
with v=0.22540.04 eV, and it is larger than v ~0.13eV for SLG with Fr ~0.5¢V on 300nm-
Si0,/Si.%0
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Figure 4: Absolute value (logarithmic scale) and phase (color-encoded) of My, (My, = My Ry)
in the high-symmetry line I' = K — M — I'' at F;,=2¢V by including My, (a) (Full cal.), and
setting the dipole and EPMEs to a constant (b) (Constant numerator), both for a constant
broadening of v = 0.225eV. The shaded area represents the value of the joint density of
states (JDOS) at Ej. (c) Experimental REP (open circles) and theoretical REPs calculated
ab initio (Full cal., dashed line) and SM (solid line). (d) Rescaled experimental REPs for
S2-S4 as a function of (Ey, — Eg/2)/2| EREP].

Effects of electron-electron interaction

Fig.3a depicts the experimental REPs of S1-S4 measured by varying Ep, from 1.26 to
2.71eV. Due to the increasing Ep from S1,-0.55¢V, to S4,-1.05¢V, the corresponding FEREP
blue-shifts. Based on the experimental ERFF - EREP of §2.54 can be determined as ~-
0.63, -0.84, -0.95eV, respectively, consistent with |Eg| from Pos(G), Pos(2D), 1(2D)/I1(G),
A(2D)/A(G), Fig.3b.

The fitted v from REPs of S2-S4 with Eq.1 increase monotonically with |EEEP| ie., v =
0.234| ERFP|) Fig.3c. v is related to the broadening of excited states, due to the interactions

with elementary excitations, such as doping-induced e/h, ph, and defects.?® Since S2-S4



are defect-free, as shown from the absence of the D peaks in Fig.lc, we can write v =
¢ + P30 ~e¢ denotes the e-e scattering rate, which increases as more e/h are added to
SLG. v = 2|Ep|f(e?/2eochvr), with &g, €, h, vp vacuum permittivity, dielectric constant,
Planck constant, and Fermi velocity, respectively.?® From Ref.,?* we get f ~0.09,%" i.e.,
~v°¢ = 0.18| Ex|, smaller than the fitted slope~0.234 in Fig.3c. On the other hand, v does
not depend explicitly on Er. From Ref.,?® 4P is dispersive with Ej, as v = 0.021E),—0.0034.
This must be considered when summing k in Eq.1. However, since the slope of the dispersion,
~0.021, is <<1, ¥°? can be approximated to v ~ 0.042| Ex| (see Methods). So, the overall
slope of v is ~0.22, in agreement with the fit in Fig.3c. Thus, the REP energy broadening
in doped SLG comes mainly from enhanced e-e interactions.

We now use ab initio density functional and many-body perturbation theory to calculate
the full Raman scattering matrix-element My, (My = MR)) on the independent-particle
level (see Methods). Fig.4a plots the dispersion of the full scattering matrix element and
compares it with SM (Fig.4b) for Ep=2eV. The constant dipole and e-ph matrix elements
(EPMEs) are individually set to the square root of their average modulus, which is squared
taken over bands, polarizations and the resonant k-point surface. The full matrix element
is much more dispersive than in SM, which only shows the two peaks at the surface of
resonant k-points. We attribute the more pronounced resonance peaks in the full calcu-
lation to two effects: (i) the underestimation of the decay of the dipole and EPMEs far
away from the BZ edge at the K-point in SM, and (ii) the finite scattering matrix element
at the K-point in SM vanishes in the full calculations, because the phase of the numera-
tor in Eq.1 is constant, rather than rotating around K, in line with approximate angular
momentum conservation. !> Thus, SM captures the largest part of the physics through its
almost double-resonant structure, but leads to a quantitative underestimation of resonance
effects. The full calculated REP for S4 is normalized to the experimental data, Fig.4c. This
is slightly broadened as compared to SM, improving the agreement on the red-side of the

resonance peak in the experimental REP.

10



The fitted v from REPs is linear with |ERFY|) as indicated in Fig.3c. The quantum
interference amongst Raman scattering pathways mainly depends on Ej away from 2F;, —
2|Ep| — E¢ (EL > 2|Ep|) or 2|Er| (EL < 2|EF%|) (Fig.2c, d), which can be finely tuned by
Ey, or Ep. The established relations of 2| EREY| = EREP — F /2 can now be used to rescale
Ey, of the REPs in Fig.3a. The corresponding rescaled REPs, i.e., I(G) as a function of
(Ey, — Eg/2)/2|EEEP|, are in Fig.4d for S2-S4. The 3 rescaled REPs show a similar profile,
although their ERFY is different, confirming the linear dependence of v on Ef, as for the
Raman measurements in Fig.3a.

In summary, we carried out a systematic experimental study of the quantum interference
effects on the Raman scattering pathways of the G mode in doped SLG. By adjusting Fp,
over 26 individual energies between 1.2 and 2.7¢V, we controlled the number of Raman
scattering pathways, in order to enhance or attenuate I(G), reaching a maximum for Ej, =
2|Er| + Eg/2. The dispersive 7 can be fitted from the experimental REPs, and is linearly
related to Ep, with the main contribution dominated by e-e interactions. REPs can be
rescaled by ERFY = 2|ERFP| + Fo /2. Thus REP is a powerful tool for probing electronic

interactions.

Methods

ab initio calculations of the Raman matrix elements are done as for Refs.'*3% The SLG
band structure, e-light, and the screened e-ph matrix elements are obtained from density
functional (perturbation) theory, with the PWscf code from Quantum ESPRESSO3"38 using
a plane-wave basis set with an energy cutoff of 80Ry. An ultrasoft pseudopotential is used
to describe the e-ion interaction, while the mean-field exchange-correlation potential is ap-
proximated on the level of the generalized gradient approximation in the parametrization by
Perdew, Burke, and Ernzerh of.3 A vacuum spacing of 14A separates periodic SLG copies,

with the relaxed value of 2.46A for the lattice constant.'® A uniform 60x60x1 k-point mesh

11



is used to sample the first BZ in a self-consistent calculation for the ground state density
and potential, and for the calculation of the change of the self-consistently screened lat-
tice potential with the ph displacement. Due to the SLG semi-metallic nature, the latter
requires a thermal smearing, for which the electronic states are populated according to a
Fermi-Dirac distribution with temperature corresponding to 0.002Ry. To obtain converged
results for the Raman intensity, the electronic 7 and 7* and the optical and e-ph matrix
elements are interpolated to a dense 480x480x1 k-point mesh using maximally localized
Wannier functions from a coarse 12x12x1 k-point grid, as implemented in the Wannier904°
and EPW codes.*#2 The full ab initio calculation goes beyond the approximation of retain-
ing the almost double-resonant term in Eq.1, for which My, = dj .. (92 wore — Ttr) (o e )7
with dj, .. denoting the i-th component of the dipole matrix element and g3, ,,, the diagonal
screened e-ph matrix element for band n = 7w, 7* for ph polarization A\ = z,y. Instead, it
includes all possible time orderings of the independent-particle three-particle correlation. 3¢

For simplicity, Eq is ignored in Eq.1. Then, A = Ey, — Ef, = Ey — E),, where Ey, = Ej,
applies since Eq is not included. Thus, the dispersive v = SFEj can be arranged as v =

BA + v, with vy = S Ek,. Thus, the sum over k is equivalent to integrating over A, giving:

2

1(G) =

> n
k

2

dA (2)

- '/ A +i(61A+70)]2
1 1

(B2 +1)2(A+ 6521)1)2 + (5311)2

The maximum I(G) [I(G)™**] is 1/~¢ and the FWHM of the profile is 270/(3? + 1). Since
B = 0.021<<1,% the FWHM is approximated by 27y, = 28Fy,, only related to v at FE,.
Eq.2 then simplifies to I(G) = 1/(A% +42), which is exactly the same as setting v = as

constant:
2 1
T AT (P ®)

10)= || g epe

12



with C replaced by 7y. This suggests that the constant v widely used in the literature!%:

comes from v, defined at Ej,. The area of the profile can be further obtained by multiplying
I(G)™** by the FWHM, which is 2/~.

In doped SLG, Ey, = 2|Er|. Thus, v = 0.021E — 0.0034 gives v = 0.042|Eg| —
0.0034 ~ 0.042| Eg|.
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