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Magnetotransport behavior of epitaxial graphene inhomogeneously doped by Bi(110) islands
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The concept of proximity coupling is a promising approach to specifically modify the properties of epitaxial
graphene layers. In order to introduce spin-orbit coupling into graphene, we have deposited Bi with an average
thickness of up to 3.6 bilayers (BL) on epitaxial monolayer graphene (MLG) on SiC(0001) and perform
magnetotransport measurements in magnetic fields up to 4 T. Upon adsorption, epitaxial Bi(110) islands are
formed, which change the initial n-type doping of MLG locally. The formation of inhomogeneous carrier
concentration profiles on MLG results in a positive and linear magnetoresistivity effect with increasing Bi
coverage. Along with this, the slope of the Hall resistivity decreases, suggesting a rise of the carrier concentration.
However, by extracting the carrier concentration from the Shubnikov–de Haas oscillations, we confirm that the
carrier concentration in the uncovered regions remains constant and that the change of the Hall slope is solely an
effect of the inhomogeneity. Also, the conductivity of MLG has not changed drastically and even at coverages
as high as 2.4 BL the mobility in the noncovered region is reduced by only about 15% of its original value.
Moreover, the signatures of weak localization in the magnetoresistivity vanish with increasing Bi coverage, while
no signs of weak antilocalization were found at all. Apparently, the proximitized Bi islands induce a well-defined
lateral doping profile so that the electrons are not penetrating into the areas of the Bi islands, thus mimicking
antidots, but are reflected at their edges. This scattering process seems to be phase breaking, thus suppressing
the weak localization effect. Our results show clearly that both the coupling but also the homogeneity at the
interface is crucial for proximity coupling.
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I. INTRODUCTION

Graphene is an almost ideal material for use in electronics,
due to its unique properties, especially the high charge carrier
mobility and the long mean free path of linear dispersed elec-
trons [1]. In order to further tune its transport characteristics
and induce properties that are not inherent to it, proximity
coupling is a promising approach. One of the desired modi-
fications is a strengthening of graphene’s negligible intrinsic
spin-orbit coupling (SOC) to improve the control of spin cur-
rents and promote the emergence of magnetic quantum states.
To date, a number of studies in this direction have already
been carried out, in which graphene is brought into contact
with suitable materials. Some of these materials are topolog-
ical insulators [2–4], which produce spin-orbit splitting of up
to 80 meV [5]; others are dichalcogenides of transition metals
[6]. Adsorption of heavy metal clusters have also proved to be
effective. In particular, the adsorption of copper/gold clusters
increases the spin-orbit splitting up to 20 meV [7]. Another
method is the hydrogenation and fluorination of graphene
[8,9] resulting in spin-orbit splitting of 2.5 meV [10].

Bi, adsorbed on graphene, is a promising material for in-
ducing or strengthening SOC. The use of Bi avoids dealing
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with multielement materials, in particular, complications with
achieving a uniform stoichiometry during the growth process.
Bi is a heavy semimetal with surface electronic states that are
spin-split due to the Rashba effect [11,12]. In addition, there is
evidence that Bi is a higher order topological insulator (HOTI)
with protected edge states [13]. Thus it is not surprising that
the electronic and structural properties of Bi adsorbed on
graphene have already attracted the attention of researchers.
Ultrathin Bi nanofilms adsorbed on graphene with an average
thickness of up to 7 bilayers (BL) were shown to possess a
Bi(110) surface termination and corresponding low energy
electron diffraction (LEED) patterns reveal three equivalent
main Bi(110) domains, characterized by the coincidence of
the zigzag direction of Bi(110) with the armchair direction of
graphene [14,15]. In addition, each domain has two subdo-
mains rotated by ±2◦ [15,16]. At Bi coverages greater than
7 BL a Bi(111) structure is formed [14]. In addition, scanning
tunneling microscopy (STM) studies demonstrate the forma-
tion of Bi(110) islands of different heights, which are strongly
elongated in the armchair direction of graphene, as well as the
formation of triangular Bi(111) islands [14,16,17]. Moreover,
the local density of states of Bi(110) islands was found to be
layer dependent. In particular, 2 BL thick Bi(110) islands are
semiconducting and possess edge states, while thicker films
exhibit metallic characteristics [18].

At low magnetic fields the magnetotransport behavior of
graphene is governed by weak (anti)localization (WL/WAL).
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While the SOC in graphene is negligible, it hosts two other
types of “spins”—the A/B sublattice related isospin and
the K/K′ related valley pseudospin [19,20]. The complex
interplay of these two spins results in either WL or WAL
depending on the strength of the corresponding scattering
mechanisms. However, under most experimental conditions
WL is observed [21]. WAL is only observed under the ab-
sence of intervalley scattering or in the case of low carrier
concentration (n < 1012 cm−2) and sufficiently high temper-
ature [21]. Furthermore, in order to take SOC into account,
two mechanisms are considered, namely Kane-Mele and
Bychkov-Rashba, which are associated with the Elliott-Yafet
and the D’yakonov-Perel mechanisms of spin relaxation,
respectively [20,22].

We will show that the doping of the graphene due to the Bi
islands is highly local resulting in a strongly inhomogeneous
distribution of the carrier concentrations across the graphene
substrate. In general, an inhomogeneous carrier concentration
or mobility leads to a positive contribution to the magnetore-
sistivity, that is parabolic at low fields (μB � 1) and linear at
high fields (μB � 1), as well as a change of the Hall slope,
due to the Hall field and the Lorentz force no longer compen-
sating each other locally [23]. The positive contribution to the
magnetoresistivity is a result of the interplay of the scattering
of the charge carriers in the vicinity of the low conducting
regions and diffusive dynamics [24,25].

We focus on magnetotransport experiments in order to
quantify the transport characteristics of monolayer graphene
covered by Bi(110) islands. From these measurements, we
have determined the characteristic scattering times corre-
sponding to different electron scattering mechanisms, as well
as the mobility and the concentration of charge carriers. The
transport data is correlated with structural data obtained by
spot profile analysis LEED (SPA-LEED) and STM.

II. EXPERIMENTAL METHODS

The magnetotransport measurements were performed in
ultrahigh vacuum (UHV) at a base pressure of 7 × 10−11 mbar
and at a sample temperature of 12 K. A magnetic field up to
±4 T was applied using a superconducting split coil magnet.
Two substrates were used in this study, referred to as sample 1
and sample 2 in the following. Both of them were an epitaxial
monolayer of graphene (MLG) on a 10 × 10 × 0.5 mm3 4H-
SiC(0001) crystal [nitrogen doped, n-type, ρ = 0.099 � cm
(sample 1) and ρ = 2.6 × 1011 � cm (sample 2)], prepared
ex situ by heating the SiC crystal in an Ar atmosphere. They
were degassed inside the UHV chamber at 500 ◦C in order to
remove contaminants such as oxygen. Bi islands were grown
in situ at a sample temperature of 300 K by evaporation of
Bi from a Knudsen cell. The amount was controlled by a
quartz crystal microbalance. The deposition rate was 0.23 bi-
layers [BL, with respect to Bi(110)] per minute. The thickness
calibration was done by observing the conductance oscilla-
tions during the deposition of Bi on an epitaxially grown
Bi(111) film on Si(111) at a substrate temperature of 12 K
and then converting the result from Bi(111) bilayers (1 BL =
1.14 × 1015 atoms/cm2) to Bi(110) bilayers (1 BL = 1.85 ×
1015 atoms/cm2 [15]). All coverages mentioned in the

FIG. 1. Schematic of the transport measurement setup with eight
contacts (A–H). See text for details.

following refer to bilayers of Bi(110) and are average cov-
erages, unless otherwise specified.

The transport measurements were performed using a
symmetrized eight-point measurement setup as shown in
Fig. 1. The contacts were made directly between molybdenum
clamps and the graphene layer. The slits were used to pre-
vent crosstalk between the contacts and realized by carefully
scratching the graphene layer. In order to minimize the com-
ponents of the current perpendicular to the desired direction, a
variable current Ivar was applied in addition to a fixed current
Ifix and adjusted before the measurements (at zero magnetic
field) so that the voltages Uy,1 and Uy,2 were minimized. This
current was then kept constant throughout the measurement.
The magnetoresistivity ρxx and the Hall resistivity ρxy were
determined via

ρxx = γ
Ux

I
, ρxy = Uy

I
,

with Ux = (Ux,1 + Ux,2)/2, Uy = (Uy,1 + Uy,2)/2, I = Ifix +
Ivar, and γ being a correction factor. For a standard Hall
bar, this correction factor is equal to the ratio of the contact
distance for the measurement of Uy to the contact distance
for the measurement of Ux. For our setup, we determined the
correction factor with the help of the van der Pauw method via
γ = ρvdp · I (B = 0)/Ux(B = 0), where ρvdp is the resistivity
determined using the general van der Pauw formula requiring
the measurement of two resistances (our sample geometry did
not fulfill the symmetry condition for the simplified formula;
we used the contacts A, C, E, and G) [26]. The magneto-
and Hall conductivities were then determined using the tensor
relations:

σxx = ρxx

ρ2
xx + ρ2

xy

, σxy = −ρxy

ρ2
xx + ρ2

xy

.

By switching the voltage and current contacts two measure-
ment directions can be realized as shown in Figs. 1(a) and
1(b). The resistivities and conductivities presented in this pa-
per are averages of these two directions.

The LEED measurements were performed at a sample
temperature of 77 K in the same UHV chamber using a SPA-
LEED.

The STM measurements were performed at room tempera-
ture (RT) in a variable temperature STM (VT-STM) operating
at a base pressure of 1 × 10−10 mbar. The samples for the
STM measurements were prepared in the same way as for
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FIG. 2. (a) LEED image of MLG/SiC(0001) with a Bi coverage
of 1.2 BL recorded at 200 eV. Three domains of Bi(110) are visi-
ble (red, green, and blue rectangles), each having two subdomains
rotated by ±1.8◦ (solid and dotted lines). (b), (c) STM images for
Bi coverages of 0.6 and 2 BL, respectively, showing needlelike
islands. The crystallographic directions were determined from the
6 × 6 corrugation of the buffer layer shown in the inset. (d) High
resolution STM scan taken on one of the needlelike islands, showing
a Bi(110) surface termination. Tunneling parameters: (b) 100 mV,
200 pA; inset: 100 mV, 500 pA; (c) 100 mV, 600 pA; (d) −100 mV,
1.9 nA. Further details about the growth are reported in Ref. [16].

the magnetotransport measurements, except that 5 × 10 mm2

wafer pieces were used.

III. RESULTS AND DISCUSSION

A. Structure of Bi(110) on MLG

Figure 2(a) shows the LEED image of MLG on SiC(0001)
with a Bi coverage of 1.2 BL deposited at 300 K. From the
LEED image it is clear that Bi(110) is the dominant phase of
the adsorbate. Due to the symmetries involved, i.e., graphene
and SiC(0001) having a hexagonal symmetry while the unit
cell of the Bi(001) surface is rectangular, there are three
Bi(110) domains rotated by 60◦ with respect to each other
(red, green, and blue). Additionally, each of these domains
has two subdomains rotated by approximately ±1.8◦ marked
by solid and dotted lines, respectively, which were already
observed in Ref. [15].

The STM images in Figs. 2(b) and 2(c) for coverages of
0.6 BL and 2 BL, respectively, show that the adsorbed Bi pre-
dominantly grows as needlelike islands aligned along the SiC
〈1 1 2̄ 0〉 directions, in line with previous STM measurements
[14,17]. These islands are (110) terminated as confirmed by
the STM image in Fig. 2(d). In addition, a minority of trian-
gular Bi(111) islands are visible, e.g., in Fig. 2(c). For a more
detailed analysis, see Ref. [16].

The growth mode and the epitaxial orientation as well
as the azimuthal relaxation of the islands show that the Bi
interacts only weakly with the substrate. This is supported by
STM findings according to which, for example, Bi islands can
be easily displaced laterally at high scanning speeds. Most im-
portant for the transport experiments, the STM images show
that there is no percolation of the adsorbed Bi at a coverage of
0.6 BL and it only starts to develop at 2 BL.

B. Magnetotransport

The results of the magnetotransport measurements for sam-
ple 1 with Bi coverages from 0 to 3.6 BL are shown in Fig. 3.
With increasing Bi coverage, a quasiparabolic contribution
to the longitudinal magnetoresistivity ρxx arises, while the
slope of the Hall resistivity is reduced. Without considering
any quantum corrections, a homogeneous 2D free-electron
gas with only one carrier type shows no magnetoresistivity,
i.e., ρxx(B) = ρ0 = σ−1

0 , where σ0 is the conductivity at zero
magnetic field [27]. In contrast, in the magnetoconductivity
a classical contribution resulting from the elongation of the
electron paths by the Lorentz force exists due to the tensor re-
lations. The Hall resistivity measurements, shown in Fig. 3(b),
remain perfectly linear at all coverages, demonstrating that
only one carrier type contributes to the magnetotransport for
all Bi coverages. From photoemission experiments it is known
that Bi acts as an electron acceptor and dopes holes into
graphene [28]. Apparently, the charge carriers in MLG are
not able to penetrate into the areas below the Bi islands (see
discussion below), so that even if the islands induce other
carrier types, they do not affect the transport measurements. In
a two-band model, a linear Hall resistivity only occurs if either
one of the mobilities is very small, in which case the effect of
this carrier type on the transport results is negligible or the two
carrier concentrations are equal [27]. However, it is reasonable
to expect that the concentration of a second carrier type in-
duced by the islands would be much smaller than the graphene
carrier concentration, especially at low Bi coverages. There-
fore, the emergence of the second carrier type should result
in S-shaped Hall curves. The second carrier type concentra-
tion should then also change as a function of the coverage,
resulting in a different curve shape. These effects, however,
are not observed. Thus the quasiparabolic contribution to the
magnetoresistivity in Fig. 3(a) is not due to the emergence of a
second carrier type, but instead indicates disorder or inhomo-
geneity in the sample. This will be discussed in Sec. III B 1.
Furthermore, WL results in a sharp peak in ρxx and a dip in σxx

at low fields B < Btr = h̄/(4eDτtr ) ≈ 50 mT, where D is the
diffusion coefficient and τtr = hσ0/(2e2vF

√
πn) is the trans-

port time. For monolayer graphene D = v2
F τtr/2 [20]. The WL

contribution is highlighted in the inset of Fig. 3(c). The fact
that it is limited to very low magnetic fields allows for it to be
treated separately from other contributions, thus simplifying
the analysis. The WL contribution will be discussed in detail
in Sec. III B 2.

1. Effects of disorder and inhomogeneity

It was shown that additional quantum effects due to disor-
der induced electron-electron interaction (EEI) are important
for MLG [29–31]. The EEI results in a correction δσee to
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FIG. 3. Evolution of (a) the magnetoresistivity, (b) the Hall resis-
tivity, (c) the magnetoconductivity, and (d) the Hall conductivity with
increasing Bi coverage at 12 K. The insets show (b) the conductivity
at zero magnetic field, (c) additional high resolution measurements
of the magnetoconductivity at low fields, where the WL peak is
visible, as well as (d) fits of the magnetoconductivity and the Hall
conductivity for pristine graphene. The measurements were taken on
sample 1.

σxx, while it does not affect σxy [32–35]. This correction is
independent of the magnetic field, except for a transition at
BZ = kBT/(gLμB), with gL being the Landé factor, due to
the Zeeman splitting becoming important [36,37]. Assuming
gL � 4 [38], the minimal transition field is BZ ≈ 4.5 T, which
is outside our range of measurement. Furthermore, due to
the tensor relations, the EEI correction affects both ρxx and
ρxy. It results in a correction 	ρxx ∝ −(1 − μ2B2)δσee/σ

2
0 for

δσee � σxx to the magnetoresistivity, as well as a change in
the slope of ρxy [30]. By fitting the magnetoconductivity and
Hall conductivity curves of the pristine graphene using the
functions

σxx = enμ

1 + μ2B2
+ δσee, σxy = enμ2B

1 + μ2B2
,

respectively [see insets of Fig. 3(d)], where n is the
electron concentration, μ is the mobility, and e is the
elementary charge, we obtain n = 1.39 × 1013 cm−2, μ =
2110 cm2V−1s−1, and δσee = −36.9 µS. The B-dependent
terms in the fitting functions are due to the classical contri-
bution. The EEI correction δσee is related to the temperature
independent Fermi liquid constant F σ [29,32,36,39]. Our
value of δσee = −36.9 µS at a temperature of 12 K corre-
sponds to F σ = −0.097 (see the Supplemental Material for
details [40]), which is in line with theoretical expectations
and previous measurements [29,31]. Indeed, an increase of the
EEI would result in an increase of the quasiparabolic contribu-
tion of ρxx and a decrease of the absolute value of the slope of
ρxy as observed in Figs. 3(a) and 3(b), respectively. However,
a classical geometric contribution due to inhomogeneous car-
rier concentration or mobility induced by the Bi islands also
reduces the absolute Hall slope and gives rise to a parabolic
contribution to ρxx at low fields B � μ−1, which transitions
into a linear contribution at high fields B � μ−1 [23]. In our
case μ−1 � 4.74 T, so that a quasiparabolic contribution for
B � 4 T would be in line with theory.

In order to clarify the origin of the quasiparabolic
contribution to ρxx we performed temperature dependent mag-
netotransport measurements. Figure 4(a) shows ρxx(B) curves
at a Bi coverage of 1.2 BL and temperatures from 12 to
110 K. These measurements were performed on sample 2
(n = 1.09 × 1013 cm−2; μ = 2064 cm2V−1s−1). While ρ0 in-
creases almost linearly with increasing temperature, the shape
of the curves, in particular for magnetic fields over 1 T,
remains essentially unchanged, which proves that the con-
tribution is classical and due to a nonuniform sample. The
Hall coefficient slightly increases with increasing tempera-
ture as seen in Fig. 4(b). In contrast to the results obtained
for sample 1, the magnetoresistivity of sample 2 is already
quasilinear at coverages of 1.2 and 2.4 BL and B > 1 T. A
reasonable model to explain a linear magnetoresistivity at
fields lower than the above mentioned condition of B � μ−1

is the Parish-Littlewood model [41,42]. This model predicts a
linear dependence of the slope of the linear part of the magne-
toresistance MR = [ρxx(B) − ρxx(0)]/ρxx(0) on the average
mobility [25,43]. We plotted the slope of the MR between 3
and 4 T against the mobility for the temperature dependent
measurements performed on sample 2 at a Bi coverage of
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FIG. 4. (a) Magnetoresistivity and (b) Hall resistivity at different
temperatures from 12 to 110 K and at a Bi coverage of 1.2 BL.
Inset: corresponding Hall coefficients. (c) Slope of MR = [ρxx (B) −
ρxx (0)]/ρxx (0) between B = 3 and 4 T in dependence of the Hall
mobility. The measurements were taken on sample 2.

1.2 BL in Fig. 4(c). Between 110 and 30 K the dependence
is linear as expected. However, below 30 K the slope saturates
indicating also a small deviation from the Parish-Littlewood
model.

As stated above, nonuniformities in samples decrease the
absolute value of the slope of the Hall resistivity, which leads
to an overestimation of the carrier concentrations when deter-
mining it solely from the Hall resistivities [23]. In order to
circumvent this problem, we determined the carrier concen-
tration also from the Shubnikov–de Haas (SdH) oscillations,
which were present in sample 2 in our range of measurement
as shown in Fig. 5(a). The SdH oscillations are plotted against
the inverse magnetic field in Figs. 5(c)–5(f). In order to make
them clearly visible a third-order polynomial background was
subtracted. The period 	 of the oscillations in these plots is
directly related to the carrier concentration via

nSdH = 4e

h

1

	(1/B)
,

where the factor 4 is due to two spin and two valley de-
grees of freedom in monolayer graphene [44]. The carrier
concentrations determined using different methods are com-
pared in Fig. 5(g). The coverage independence of nSdH shows
that the increase of the carrier concentration determined from
the Hall resistivity and therefore the change of the slope of
the Hall resistivity, with increasing coverage is solely due to
the increasing inhomogeneity. On the other hand, the carrier
concentration determined from the Hall conductivity is closer
to nSdH, so that in the absence of SdH oscillations it gives a
better estimation of the real carrier concentration. In contrast
to our magnetotransport results, angle-resolved photoemis-
sion spectroscopy measurements by Gierz et al. showed a
comparatively strong decrease of the carrier concentration
with increasing Bi coverage [28]. We compare these results
to ours in Fig. 5(g). In order to understand this apparent

FIG. 5. (a) Magnetoresistivity and (b) Hall resistivity at different
coverages at 12 K. (c)–(f) Shubnikov–de Haas (SdH) oscillations
(black) with a sine fit (red) after subtraction of a third-degree polyno-
mial background. (g) Comparison of the coverage dependence of the
carrier concentration determined from the Hall resistivity, the SdH
oscillations, and the Hall conductivity, as well as ARUPS measure-
ments by Gierz et al. [28]. (h) Mobilities determined using the SdH
and Hall carrier concentrations, respectively. Inset: amplitudes of the
sine fits of the SdH oscillations. The measurements were taken on
sample 2.

contradiction, one has to keep in mind that magnetotransport
is only sensitive to the percolated phase, i.e., the uncovered
regions [23]. Viewed as a whole, the magnetotransport and
photoemission spectroscopy measurements indicate that, al-
though Bi heavily dopes the graphene with holes, this doping
is limited to the areas covered by Bi, i.e., the carrier concentra-
tion in the uncovered regions remains essentially unchanged,
resulting in a highly inhomogeneous carrier concentration.
This inhomogeneous charge carrier concentration is most
likely indicated by the increased linewidth in the photoemis-
sion measurements. The mobilities determined using the SdH
and Hall carrier concentrations, respectively, are summarized
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in Fig. 5(h). These mobilities correspond to the mobilities in
the uncovered region, since the potential barriers created by
the Bi islands obviously do not allow the transport electrons
to penetrate into the areas below the islands. The mobility
as determined from the SdH oscillations decreases by less
than 15% from 2240 to 1915 cm2V−1s−1. The Hall mobility
underestimates the actual carrier mobility, resulting in a larger
apparent decrease [23]. The inhomogeneity increases the scat-
tering of the electrons, which is evident from the reduction
of the SdH amplitude shown in the inset of Fig. 5(h). Our
findings are in agreement with models describing the islands
as nonconducting zones. One such theoretical model, describ-
ing a two-dimensional electron gas with randomly distributed
antidot structures, was developed by Polyakov et al. [24].
They describe several cases resulting in different behaviors
of the magnetoresistance. In particular, our case of a positive
magnetoresistance was found to be due to the presence of
short-range inhomogeneities in addition to smooth disorder.
It is a result of the interplay of the influence of the low con-
ducting regions on the drift lines of the electrons and diffusive
transport. A similar model that was specifically developed to
explain the microscopic origin of linear magnetoresistance,
which we observed in sample 2, was developed by Kozlova
et al. [25]. Scattering events in the vicinity of low conducting
islands, either due to low mobility or low carrier concentra-
tion, influence the electron trajectories in such a way that they
result in a positive linear magnetoresistance above a character-
istic magnetic field, that is, the inverse of the spatial average
of the mobility.

2. Weak localization

The correction to the magnetoconductivity due to WL for
MLG without SOC is given by [19,20]

	σ (B) = e2

πh

[
F

(
B

Bϕ

)
−2F

(
B

Bϕ + B∗

)
−F

(
B

Bϕ + 2Bi

)]
,

with

F (z) = ln(z) + �

(
1

2
+ 1

z

)
,

Bx = h̄c

4De
τ−1

x , x = ϕ, i, ∗,

where � is the digamma function, D is the diffusion coeffi-
cient, τ−1

∗ = τ−1
w + τ−1

v + τ−1
i , τϕ is the coherence time, i.e.,

the time until the phase is randomized, τi is the intervalley
scattering time, τv is the intravalley scattering time, and τw is
the trigonal warping relaxation time. Since τv is the dominant
contribution to τ∗, the latter one is often also referred to as the
intravalley scattering time.

To account for SOC, two mechanisms are generally con-
sidered: the Kane-Mele mechanism, which is intrinsic to the
graphene, and the Bychkov-Rashba mechanism, which re-
quires the z → −z symmetry to be broken due to, e.g., the
substrate or adsorbates [20,22]. Both mechanisms are asso-
ciated with their own characteristic scattering times. Out of
these two mechanisms only the Bychkov-Rashba mechanism
can induce a sharp negative peak in the resistivity (which
corresponds to a positive peak in the conductivity) associated

FIG. 6. (a) WL contribution to the magnetoconductivity. The
classical contribution was subtracted. Cyan: 1.2 BL; magenta:
1.8 BL; olive: 2.4 BL. (b) Scattering times τ�, τi, and τ∗ determined
from a fit to the data in (a) and the elastic scattering time τ0 = τtr/2
determined from the classical contribution. τ−1

� = τ−1
ϕ + τ−1

KM. The
measurements were taken on sample 1.

with the predominance of WAL, while the Kane-Mele mech-
anism merely suppresses the WL [22].

Figure 6(a) shows the WL contribution to the magnetocon-
ductivity at low fields. This is the same data set shown in the
inset of Fig. 3(b) after subtraction of the classical contribution.
With increasing Bi coverage the WL dip is more and more
suppressed until it completely vanishes at 1.2 BL. The fact
that there is no sign of a sharp WAL peak, even when the
coverage is increased further, rules out the Bychkov-Rashba
mechanism. In order to then account for the Kane-Mele mech-
anism, it suffices to replace τ−1

ϕ in the above equation with a
new scattering rate τ−1

� = τ−1
ϕ + τ−1

KM, where τKM is the Kane-
Mele scattering time [20] (see the Supplemental Material for
a detailed explanation [40]). This means, however, that τϕ

and τKM are not independent fitting parameters. The scattering
times obtained under these considerations from fits to the data
are shown in Fig. 6(b).

The most striking feature is that τ� strongly decreases with
increasing Bi coverage. The question is whether this is due
to a decrease of τϕ or τKM. The Kane-Mele SOC opens a
band gap 2	KM at the K point, which is related to τKM via
τ−1

KM = τ−1
0 (	KM/εF )2, where εF is the Fermi energy with

respect to the Dirac point [20,45]. Explaining the decrease
of τ� with a decrease of τKM would require a band gap
of 2	KM ≈ 280 meV at 0.15 BL and 2	KM ≈ 880 meV at
1.2 BL to open at the K point. This would have a significant ef-
fect on the transport characteristics. In particular, the effective
mass should strongly increase, for which there is no evidence
in our data. Moreover, a band gap of this magnitude should
have easily been observed in angle resolved photoemission
[28]. Therefore, the decrease of τ� has to be caused predomi-
nantly by a decrease of τϕ , i.e., the Bi islands introduce phase
breaking scattering. The error made when equating τϕ and τ�

is less than 1%, even when assuming 2	KM = 20 meV, which
is already at the upper end of expectations (cf. [46]).

At coverages below 1 BL, where the coherence time has
not yet reached saturation, the inter- and intravalley scattering
times remain constant. These measurements are, however, not
sensitive to scattering events at the Bi islands for the following
reasons. The coherence length lϕ = √

Dτϕ of the noncov-
ered graphene of approximately 250 nm corresponds to the
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maximum circumference of the closed loops contributing to
the WL effect. The noncovered areas in Figs. 2(b) and 2(c)
are large enough, so that closed scattering loops of this size,
that do not contain any scattering events at the Bi islands, still
exist. Only these scattering loops contribute to the WL effect,
since the scattering at the Bi islands is phase breaking, which
suppresses the required quantum interference. Therefore, the
effect of the islands on the inter- and intravalley scattering is
not reflected in the WL effect.

IV. SUMMARY AND CONCLUSION

In summary, the epitaxial Bi islands dope the graphene
only locally creating a highly inhomogeneous carrier concen-
tration, which leads to a quasiparabolic/quasilinear contribu-
tion (depending on the details of the substrate preparation) to
the magnetoresistivity. In addition, it decreases the absolute
slope of the Hall resistivity, resulting in an overestimation of
the carrier concentration. This effect is not to be confused
with the doping due to the Bi islands, which could not be
measured since the Bi islands induce potential barriers in
the graphene that prevent the transport electrons from pen-
etrating into the areas directly below the islands. Moreover,
the scattering events at the islands are phase breaking, which
suppresses the WL effect. Obviously, the interaction causes

on the one hand a change of the charge concentration in the
graphene while on the other hand the coupling is sufficiently
small so that the graphene honeycomb structure is preserved,
as suggested by the detailed analysis of the structure of the
Bi islands [16]. The doping transition at the edge of the Bi
islands appears to be perfect in the sense that the impedance
mismatch of the wave function between the regions is mani-
fested by a reflection of the propagating charge carriers, fully
consistent with the above observations. While such concepts
might be elaborated further to realize defined doping profiles
by appropriately designed Bi nanostructures, it also shows
that proximity coupling is closely related to homogeneous
interfaces.
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