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Scattering at magnetic and nonmagnetic impurities on surfaces with strong spin-orbit coupling
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Adsorption-induced reduction of surface-state conductivity in epitaxial Bi(111) films, a prototype system
with large Rashba-induced surface-state splitting, by adsorbed atoms of Bi, Fe, and Co has been investigated
by macroscopic surface magnetotransport measurements at a temperature of 10 K. A detailed analysis of
magnetotransport, dc transport, and Hall data reveals that the scattering efficiencies for Co and Fe are larger
by a factor of 2 than that for Bi. While for the latter charge transfer and change of band filling near the Fermi
level are negligible, we find an increase of hole concentration upon Co and Fe adsorption. These atoms act as
acceptors and immobilize on average about 0.5 electrons per adsorbed atom. Besides the dominant classical
magnetoconductance signal the films show signatures of weak antilocalization, reflecting the strong spin-orbit
coupling in Bi(111) surface states. This behavior can be changed to weak localization by the adsorption of high
concentrations (0.1 monolayers) of magnetic impurities (Fe,Co), similarly to results found on the topological
insulator Bi2Se3. Our results demonstrate that details of chemical bond formation for impurities are crucial for
local spin moments and electronic scattering properties.
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I. INTRODUCTION

Magnetoelectrical effects like the giant magnetoresistance,1

the spin Hall effect,2 or the Datta-Das transistor3 rely on the
control and manipulation of spin-polarized currents. In order to
study fundamental aspects in the field of spintronics, surfaces
with strong spin-orbit coupling (SOC) came lately into the
focus of research, since the loss of space-inversion symmetry
at surfaces favors formation of spin-polarized surface band
structures.4–6 Recently, this material class has been expanded
to metal/semiconductor systems with giant Rashba effects
[e.g., Pb/Ge(111)].7 Topological insulators,8,9 on the other
hand, reveal nontrivial, robust, and linearly dispersing surface
states [e.g., Bi2Se3,Bi2Te3 (Refs. 9 and 10)]. All these
systems have in common that elastic and spin-conserving
backscattering from +k to −k states of propagating electrons
near the Fermi level EF is strongly suppressed and in the case
of topological insulators even forbidden, as a consequence
of the chirality of the spin states and time-reversal (TR)
symmetry.11

Many of these aspects can be studied using clean Bi
surfaces5,12,13 and, in particular, epitaxially grown Bi films
on Si substrates.14–19 Not only are the latter interesting
because of the fabrication of high-quality films, but there
are also indications that ultrathin Bi films (1–4 bilayers)
reveal a nontrivial Z2 topology.20 The comparatively high
Rashba parameter found21 for Bi(111) (α = 0.55) results in
the formation of an anisotropic Fermi surface with electron
pockets around the � point and of elongated hole lobes along
the �M directions.19 While most of the work has been done
using spin- and angle-resolved photoemission spectroscopy,
only little is known about the interplay between spin-orbit
coupling and transport. Fortunately, the bands of inner layers
in epitaxially grown ultrathin Bi(111) films contribute very
little to electronic transport.22 Therefore, mainly the surface
states are responsible for the total conductance, at least for
a film thickness of several nanometers, as deduced from the

first surface-sensitive transport measurements using epitax-
ial Bi(111) films.15–18,23 Indeed, as expected for the given
spin texture of the surface band structure, the analysis of
charge-density interference patterns by scanning tunneling mi-
croscopy (STM) and scanning tunneling spectroscopy (STS)
(Ref. 14) has confirmed that backscattering, as defined above,
is strongly suppressed in Bi systems, i.e., only spin-conserving
scattering processes with asymmetric momentum transfer are
visible. This is a result of the anisotropic Fermi surface of the
Bi(111) system in conjunction with the spin-polarized surface
bands. Because of this anisotropy, also the weak antilocaliza-
tion (WAL) signal, expected for systems with strong spin-orbit
coupling24,25 and found for monolayer structures of Ag and Pb
on Si substrates,26,27 is small, as we will show below.

The basic idea of adsorption of atoms with magnetic
moments is that locally the time-reversal symmetry is broken;
hence the direct (spin-conserving) backscattering channel for
electrons and holes is activated. Magnetotransport measure-
ments on the topological insulator Bi2Se3 have shown that the
incorporation of magnetic impurities can change the behavior
of a system with strong spin-orbit coupling and suppressed
backscattering from WAL to weak localization (WL) for quite
large amounts of impurity atoms.28 Furthermore, by adsorption
of magnetic Fe impurities on Bi2Se3, a remarkable insensitivity
for backscattering of the topological state is reported in the
low-impurity-concentration regime.29 Additional scattering
channels are opened for magnetically doped topological
insulators [(Bi1−xFex)2Te3, x ≈ 0.0025].30 All these studies
show that incorporation of magnetic impurities is an important
issue in this context. The concentration needed in order to see
such effects is comparatively high: The bulk Fe concentration
reported in Ref. 30 would correspond to a coverage of
approximately 0.02 monolayers (ML) in two dimensions.
However, the idea of breaking locally the TR symmetry
contrasts with recent STM experiments. The analysis of
STS maps of interference patterns around single manganese

195432-11098-0121/2012/86(19)/195432(7) ©2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.86.195432
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phthalocyanine (MnPc) molecules with a large magnetic
moment, physisorbed on a Bi(110) single-crystal surface,
revealed only spin-conserving scattering events.13

In this study we report on changes of the effective
carrier concentrations and of the corresponding mobilities
for electrons and holes as well as of weak localization
on the Bi(111) surface, induced by adsorption of magnetic
and nonmagnetic impurities at low temperatures. Recently,
we have shown that the study of magnetotransport allows
a quantitative determination of all parameters relevant for
transport of both electrons and holes in surface states.15

The magnetoconductance (MC) curves are dominated by the
classical magneto effect, i.e., by incoherent scattering, whereas
coherent scattering is reflected in the small contribution by
weak antilocalization. The classical MC behavior is still dom-
inant after adsorption of either Fe, Co, or Bi atoms. While for
Bi adatoms the concentrations of holes and electrons remain
almost constant, the hole concentration is increased in case of
Fe and Co adsorption, pointing towards strong hybridization
with the substrate. Additionally the WAL behavior, found after
subtraction of the classical curve for clean films, changes to-
wards WL for large amounts of magnetic impurity Fe, whereas
it stays unaltered in the case of Bi adsorption on the Bi film.

II. EXPERIMENTAL SETUP

For the conductivity measurements, low-doped Si(111)
samples (ρ > 1000 � cm) have been used as substrates for
film growth. Details about the fabrication of contacts as well
as the in situ cleaning procedures are described elsewhere.15,31

Bi was evaporated using a ceramic crucible, while Fe and
Co were evaporated by electron beam bombardment out of
a tantalum crucible. The amounts were controlled by quartz
microbalances. Bi films as templates for further adsorption
experiments were grown at 200 K followed by annealing to 450
K for several minutes. The morphologies of the Si substrate and
the Bi(111) films have been checked by low-energy electron
diffraction (LEED) (the rhombohedral notation was used for
indexing the Bi planes,32 i.e., the surface normal coincides
with the 〈111〉 direction). The layer thickness of the Bi films
is given in bilayers (BL = 1.14 × 1015 atoms/cm2). The Bi
coverage has been calibrated with the help of the

√
3 × √

3 β

(1/3 ML) and α phases (1 ML) on Si(111),33 and by recording
bilayer oscillations in conductance during evaporation of Bi
at 10 K on annealed Bi films. Please note that the Bi excess
coverage is assumed to adsorb as monomers and is given in
monolayers (1 ML = 5.57 × 1014 atoms

cm2 ). In the cases of Co
and Fe, the conductance curves reveal a minimum after 0.5
ML (again based on the Bi ML density) has been deposited at
10 K. This minimum is used as calibration for the deposited
amount. For magnetotransport measurements the prepared Bi
films are transferred in situ into the magnetic field (±4 T). The
adsorption experiments as well as the magnetoconductance
measurements were performed at 10 K, i.e., contributions from
phonon scattering are not crucial.

III. RESULTS AND DISCUSSION

A representative LEED pattern obtained after preparation
of a 20-BL-thick Bi film is shown in Fig. 1(a). The diffuse

FIG. 1. (Color online) (a) LEED pattern of a 20 BL Bi(111) film
grown on Si(111), which is the template for further adsorption studies.
The electron energy of 96 eV is close to an out-of-phase scattering
(step height 3.9 Å). (b) Change of conductance upon adsorption
of various metals at 10 K on these films. The conductance of the
clean surface G0 was around 2 mS. The black solid lines are fits
to the experimental data using Eq. (1). �0 = 15 nm for all fits,
corresponding to the mean grain size of the Bi films, deduced from
a LEED investigation of the (00) spot. (c) Schematic drawing of
the Bi(111) domain structure with some adsorbate atoms (circles) in
order to illustrate the two characteristic length scales for the mean
free path, �0 and � ∝ 1/

√
δ	, respectively. For details see the text.

circular diffraction intensity around the first-order diffraction
spots is due to the presence of rotationally disordered Bi
domains. Further details are described elsewhere.15,32,34 The
conductance of these films is typically 2.0 ± 0.3 mS. However,
the absolute values depend on domain sizes on the surface,
which vary to some extent from sample to sample. As judged
from the analysis of the full width at half maximum of the
(00) diffraction spot, measured at different electron energies
[so-called H(S) analysis], the average domain size of the films
studied here is typically around 15 nm. Thus, already for
an excess coverage of δ	 � 0.001 ML the mean free path
is strongly influenced by scattering at the adatoms if one
assumes randomly distributed monomers after adsorption at
10 K, separated by a mean adsorbate distance 1/

√
δ	.

A. Adsorbate-induced changes in dc conductance

The relative change in conductance 
G/G0 = G(δ	)/
G0 − 1 upon adsorption of different adsorbates in the coverage
regime up to 0.1 ML is shown in Fig. 1(b). G0 denotes the
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conductance of the clean Bi(111) film. As clearly visible,
the conductance decreases significantly when adatoms are
adsorbed onto the freshly prepared Bi(111) surfaces. This
supports the recent finding that indeed the surface states
contribute to a large extent to the total conductance of the
Bi(111) films.15 Moreover, the scattering cross section depends
on the deposited material. For instance, at 0.1 ML the relative
change in conductance is as large as 32% for Co, while it is
lower for Bi (30%) and Fe (27%). A minimum in conductance
appears near a coverage of additional atoms of 0.5 ML, as
expected for random two-dimensional (2D) growth.

The change in conductance can be accurately modeled by
assuming elastic scattering processes of the surface carriers,
and taking into account two characteristic length scales
to be identified with the average domain size �0 and the
average adatom separation 1/

√
δ	 [in Fig. 1(c)]. The domain

boundaries of the pristine Bi films determine a scattering
time τ0 = �0/vF , where vF is the (average) Fermi velocity,
which results in the conductance G0 of the clean film. After
deposition of adatoms the scattering rate 1/τ ′ increases to
1/τ ′ = 1/τ0 + 1/τ . The scattering time τ = �/vF is defined
by the mean free path due to adsorbates, � = a/

√
δθ . Thereby,

the parameter a is given by the scattering probability at an
impurity, P = 1/a.

The relative change of the conductance then reads


G/G0 = − �0

√
δ	

a + �0

√
δ	

(1)

[compare with the thin solid lines in Fig. 1(b)]. The ex-
perimental data can be fitted well with this simple model
in the low-coverage regime up to 0.1 ML. A more detailed
description considering effects of nucleation can be found in
Refs. 16 and 17, where the adsorption of Bi adatoms at 80
K on Bi(111) films has been studied. Assuming the mean
free path �0 to be the same for all three deposition runs,
we find the values for the probability of charge carriers to
be scattered at an impurity atom to vary little (PFe = 1/29,

PBi = 1/26, and PCo = 1/23).
However, the estimate of PCo and PFe solely from the

G(	) curves shown in Fig. 1(c) is misleading, because charge
transfer plays a major role. As a result we will show that
the scattering probability for Fe and Co is twice as large as
for Bi (PCo ≈ PFe ≈ 2PBi). In order to shine light on these
parameters and take into account the Rashba-split surface
band structure, giving rise to electron and hole carriers,
magnetotransport and Hall measurements will be presented
in the following.

B. Adsorbate-induced changes in the classical
magnetoconductance and Hall resistivity

As we will see in the following, the dominant contribution
to magnetoconductance is given by incoherently scattered
electrons, giving rise to the classical magneto effect. In ad-
dition, a small fraction of coherently backscattered electrons,
giving rise to weak (anti)localization, is present, and will be in
discussed separately in Sec. III C.

Common to all films investigated so far is the observation
that the magnitude of the WAL contribution anticorrelates
strongly with the quality of the films. The higher the (surface)

mobility of the charge carriers, the smaller the signal of
WAL. Particularly for epitaxially grown Bi(111) films, residual
imperfections at the surface and in deeper layers are strongly
interrelated and determine the quality of the film. Taking into
account the large Fermi wavelengths involved here and the fact
that quantum size effects turn deeper layers into insulators,35

scattering of conduction electrons in surface states can happen
both at surface defects and at defects in deeper layers. In this
sense, there are “bulk”36,37 and surface contributions to the
resistivity. As a consequence, the bulk contribution to WAL
does not depend on surface modifications, as recently shown
by us.15

1. Bi adsorption

In this section, we concentrate on the classical magne-
toresistance effect, which simply reflects the decrease of
conductance due to the increase of the electron path at the
surface in presence of a magnetic field applied perpendicular
to the surface. Due to better film quality than in Ref. 15 the
classical contribution dominates the B-field dependence of
conductance even more strongly [for the separation of WAL,
see the inset of Fig. 2(a)]. Measurements of magnetoconduc-
tance and Hall resistivities allow the separation of mobilities
and charge carrier concentrations and their adsorption-induced
changes, which is not possible from dc conductance alone.
For the adsorption of Bi adatoms on Bi(111) films, charge
transfer processes are expected to be small, and reduced carrier
mobilities should be mainly responsible for the decrease in
conductance discussed above. Figure 2(a) shows the change
of the magnetoconductance G(B) − G0 measured for different
Bi adatom densities up to 0.12 ML. As the excess coverage
increases the curvature of the magnetoconductance curves is
gradually reduced. As shown recently, the curvature of the MC
data is determined by the mobilities and carrier concentrations
for electrons and holes in surface states, respectively.15,23

Qualitatively, the decrease of the curvatures just indicates
a reduced mobility, in accordance with our expectations. The
magnetoconductance curves can be accurately modeled using
the two-carrier model for the surface-state-related transport.38

For given electron and hole mobilities (μn and μp) and the
ratio c = p/n, where p and n denote the hole and electron
concentrations, respectively, the surface magnetoconductance
G(B) can be expressed by

G(B) = G0

1 + (1 − c)2 μ2
nμ

2
p

(μn+cμp)2 B
2

1 + μnμp
μp+cμn

μn+cμp
B2

. (2)

Furthermore, the corresponding Hall resistivities ρH =
π

ln(2)
UH

I
(with the Hall voltage UH and measurement current I)

as a function of the magnetic field B for different Bi adatom
densities are plotted in Fig. 2(b). Upon adsorption the slopes
of the Hall resistivity reverse their sign. For a semimetallic
system, where both electrons and holes contribute to the
conductance, the Hall resistivity is given by

ρH (B) = − B

|e|
nμ2

n − pμ2
p + (n − p)μ2

nμ
2
pB2

(nμn + pμp)2 + (n − p)2μ2
nμ

2
pB2

, (3)
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FIG. 2. (Color online) (a) Magnetoconductance (MC) curves for
Bi on Bi(111) films for various concentrations of excess Bi adatoms.
Inset: Magnified section at small B fields and zero excess coverage,
demonstrating the contribution of WAL to the total magnetoconduc-
tance curves. (b) Corresponding Hall resistivity measurements. (c)
Mobilities for electrons (μn, �) and holes (μp , ◦) (left scale) and the
calculated surface conductance G = σπ/ ln 2 (right scale, 	) obtained
from the simultaneous fit of the MC and Hall data. The inset shows
the μn/μp ratio in order to illustrate the origin of the different slopes
of ρH . For details see the text.

i.e., not only the type of carrier concentration (n,p) but also
their mobilities (μn,μp) need to be considered in order to
describe the slopes correctly.

In order to derive reasonable values for the carrier mobilities
and concentrations the MC and Hall data have been fitted
simultaneously, taking the effective masses from photoemis-
sion data.18 Indeed, the carrier concentrations can be kept

constant in the fit for all excess coverages at the values
n = 3 × 1012 cm−2 and p = 4 × 1012 cm−2 for electrons
and holes, respectively. These are the same as those found
previously by us.15 The mobilities obtained from the best fits
for both carrier types are shown in Fig. 2(c). As expected,
the mobilities of both charge carriers decrease with increasing
density of the adatoms, but for holes more quickly than for
electrons. The sign of the Hall resistivity depends crucially
on the ratio of the mobilities. From Eq. (3) it is evident that
for small magnetic fields the Hall resistivity depends linearly
on the magnetic field; however, the slope of ρH is posi-
tive (negative) if μn/μp < (>)

√
p/n = 1.09. From the ratio

of the mobilities plotted in the inset of Fig. 2(c) it is obvious
why the Hall resistivity changes its sign upon adsorption
although the carrier densities stay unaltered.

The surface-state conductance can now easily be calculated
via G(θ ) = π

ln 2e[nμn(θ ) + pμp(θ )] and is plotted in Fig. 2(c)
as well. The qualitative agreement between the calculated
[Fig. 2(c), 
G/G0|0.04 ML = 0.37] and measured [Fig. 1(b),

G/G0|0.04 ML = 0.22] values supports the previous finding
that the electron transport in thin Bi(111) films is carried to
a large extent by the surface states whereas the bulk does not
contribute. It should be noted that the conductance shown in
Fig. 2(c) has been calculated from MC data, which are defined
in the high-magnetic-field regime solely by surface-state
properties, thus neglecting any bulk contributions. Besides
bulk imperfections (see below), small charge transfer upon
adsorption, which has been completely neglected in the
analysis, might be responsible for the small discrepancy
between measured and calculated values.

2. Fe and Co adsorption

In the context of Fig. 1 we have seen that the conductance
of the Bi(111) surface state decreases as the monomer density
of Bi, Fe, and Co increases. While the changes for Co
were found in the dc transport measurements to be slightly
larger than those for Bi, the change is marginally less in
the case of Fe adsorption. However, the MC data shown for
Fe and Co in Fig. 3 reveal a different picture. Concerning
the magnetoconductance curves the changes after Fe and Co
adsorption are even larger than those found for Bi adatoms. All
curves are again dominated by classical magnetoconductance
behavior. The classical behavior is exemplarily shown by
dashed lines in Figs. 3(a) (0.028 ML Fe) and 3(c) (0 and
0.025 ML Co). The deviation of the data from these lines
is again caused by WAL effects. WAL, and in particular its
adsorbate-induced modification, will be discussed in the next
section in more detail.

Regarding the Hall resistivity, we have seen in the case of Bi
that the smallest amounts of excess coverage already lead to a
change of slope, which is the result of an increased scattering
probability for holes. According to the band structure, the
Fermi wavelength for holes is shorter than for electrons.
Therefore, holes scatter more efficiently at a given density
of scatterers. Qualitatively, this phenomenon is reflected by
the increase of the ratio between the two carrier mobilities
as a function of excess coverage [cf. the inset of Fig. 2(c)].
The ρH behavior found in the cases of Fe and Co adsorption
is different from that in Bi adsorption. Up to 0.025 ML and
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FIG. 3. (Color online) Magnetoconductance and Hall resistivity
curves obtained after adsorption of Fe (a), (b) and Co (c), (d) on a
20-BL-thick Bi(111) film at 10 K. The best fits to the classical
quadratic behavior of G(B) are exemplarily shown by dashed lines
in (a) and (c). The inset in (a) is an enlarged representation for
δ	 = 0.112 ML Fe, which shows drastic deviation from the classical
trend, in qualitative agreement with the weak-localization theory of
Hikami (dashed green). In (d), δ	 = 0.2 ML, the data have been
measured only up to 2 T. The corresponding G(B) data are not shown
in (c).

0.028 ML, respectively, the Hall resistivity is positive for all
magnetic fields above 0.5 T. Only for high excess coverages
(>0.1 ML) does the slope of the Hall resistivity as a function
of the magnetic field change sign (in the case of Co) or become
almost 0 (in the case of Fe). Taking into account the finding
for Bi/Bi(111), discussed above in the context of Fig. 2(c),
the behavior found for Fe/Bi(111) and Co/Bi(111) can be
explained only if the hole concentration is changed drastically.
This is indeed the result of the detailed analysis of the MC and
Hall data, which will be presented in the following.

The MC data and the Hall measurements shown in Fig. 3
have been evaluated in a similar manner as the Bi data
presented in the previous section. The mobilities for electrons
and holes as well as the carrier concentrations deduced from
the analysis are shown in Fig. 4 for both adsorbates. As
expected, the mobilities decrease with increasing coverage.
Again, the electron mobility μn is larger than the hole mobility
μp. However, the reduction of mobilities induced by Fe and Co
is nearly twice as large as for Bi [cf. Fig. 2(c)] after adsorption
of 0.01 ML, although the initial reduction of conductance in
the G(θ ) measurements is almost identical [cf. Fig. 1(b)]. As
we will show in the following, this effect is compensated by a
modified carrier concentration upon adsorption.

While upon Bi adsorption the carrier concentrations within
the Bi film remain constant over the entire adsorption range,
this is different for Fe and Co adsorption as shown in
Figs. 4(b) and 4(d). Again the p/n ratio for the clean surface
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FIG. 4. (Color online) Electron (μn, �) and hole (μp , ◦) mobil-
ities for Bi(111) films with Fe (a) and Co (c) adatoms and their
corresponding carrier concentrations (n, 
) and (p, �) (b), (d)
deduced from the Hall and MC data shown in Fig. 3.

is close to that found in the former case. However, the carrier
concentrations change dramatically upon adsorption of Fe
or Co. While the electron concentration is slightly reduced,
the hole carrier density increases by a factor of 3–4 for both
metals at a coverage of only 3% of a monolayer. ParticularlyIn
particular, the strong increase seen in the low-coverage regime
leads to the compensation of the strong decrease of the
mobilities mentioned above. For the low-coverage regime (up
to 0.03 ML) we conclude that each Fe atom localizes 0.5 ± 0.1
and every Co atom 0.6 ± 0.1 electrons from the bismuth
surface states. Although photoemission data are missing for
these adsorbates on Bi films so far, the observed behavior
of carrier concentrations can be explained qualitatively only
by adsorbate-induced modifications of the electronic band
structure of the Bi surface states, as also found for topological
insulators in the presence of magnetic impurities.28 Further-
more, the fact that the curvature of the MC data changes
dramatically compared to that for Bi and deviates from the
classical shape for large Co and Fe concentration supports
the model that for a critical Fe or Co coverage the spin-orbit
coupling of the carriers in the surface states is modified more
strongly than for Bi and TR symmetry is broken. The effects
of weak localization and spin-orbit scattering are discussed in
the following.

C. Weak localization and influence of magnetic atoms

As already shown above, the contributions of weak lo-
calization to magnetoconductance become visible only after
subtraction of the classical contribution. The results are shown
exemplarily for Fe and Bi adatoms in Figs. 5(a) and 5(c),
respectively. For all measurements the clean Bi films prior to
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FIG. 5. (Color online) Residual conductance 
G of data shown
in Figs. 3(a) and 2(a) after subtraction of classical contribution for
various Fe (a) and Bi (c) coverages. The experimental data can be
reliably described by the Hikami theory of weak localization (Ref. 24)
(dashed lines). (c) and (d) show the evaluated scattering times deduced
from the fits in (a) and (b). There is a change from WAL to WL for
Fe on Bi, whereas WAL survives for all Bi excess coverages.

metal adsorption show weak antilocalization, i.e., a decrease
of conductance with increasing magnetic field. As is obvious
from Figs. 5(a) and 5(c) the WAL signature changes upon
adsorption. In the case of Fe adsorption, even the sign of
the conductance curve is reversed, i.e., for coverages higher
than 0.03 ML the system moves into the weak-localization
regime. While this transition is found during adsorption of Co
adatoms as well (not shown), for Bi/Bi(111) [Fig. 5(c)] the
WAL signature remains present for all excess coverages up to
0.18 ML. Since all adsorbates strongly reduce the mean free
paths of the electrons (see above), the WAL-WL transition is
clearly related to the magnetic moment of the adsorbates.

In order to quantify the different regimes, characteristic
scattering times, i.e., the elastic τ0, inelastic τi , and spin-orbit
τso scattering times, have been deduced from a Hikami
analysis24 (for details the reader is referred to Refs. 15 and 27).
The dashed curves in Figs. 5(a) and 5(c) represent best fits. In
these fits, τi has been kept constant in order to reduce the
number of free parameters. The results for Fe and Bi are
depicted in Figs. 5(b) and 5(d). As seen there, the elastic
scattering time τ0 decreases gradually as a function of excess
coverage, as expected from the data analyzed in the context
of Fig. 4. The most remarkable change is seen for τso, which
increases by a factor of 4 for Fe (and also Co) adsorption, while
it stays constant for Bi. Obviously, Fe leads to a reduction
of spin-orbit scattering, in analogy with recent findings in
the topological insulator Bi2−xCrxSe3 alloyed with magnetic
Cr atoms, where a crossover between WAL and WL was
found for increasing x.28 In that work a dramatic change of

the band structure and the disappearance of the surface state
was observed by angle-resolved photoemission spectroscopy,
resulting in WL-like behavior. It is interesting to note that
the Fe coverage in our experiment at which signatures of
weak localization become obvious in transport is close to
the Fe doping concentration in Bi2Te3,30 as discussed in the
Introduction.

For Bi/Bi(111) [Fig. 5(d)] only small changes in the
scattering times are found. Only τ0 decreases due to
the increasing number of scatterers. Consequently, WAL and
the strong spin-orbit coupling characteristic of the Rashba-split
surface states are conserved for all excess Bi coverages.

IV. SUMMARY AND CONCLUSION

The change of surface conductivity upon adsorption of
Bi, Fe, and Co has been studied by means of macroscopic
surface transport measurements. The analysis of Hall and
magnetoconductance data has shown that not only does the
scattering rate increase (Bi), but also the carrier concentrations
are modified in an asymmetric manner, as seen clearly in the
cases of Fe and Co adsorption. This can only be explained by
modifications of the Fermi surface induced by these adsorbates
due to chemical bond formation and by the associated
charge transfer. For the clean Bi(111) surface backscattering
channels are disabled due to strong spin-orbit coupling and a
strongly anisotropic Fermi surface in this system.14,15,26 As a
consequence, the remaining signature of WAL is evident, but
small. After adsorption of small amounts of adatoms, acting
as impurities, a transition from WAL to WL was found for
magnetic atoms [Fe/Bi(111)]. The latter dominates close to 0.1
ML coverage and above. In contrast, the MC curves keep their
WAL-like character in the nonmagnetic case [Bi/Bi(111)].

As it turns out, the concept of breaking time-reversal
symmetry in the presence of magnetic impurities is too simple.
Not only is a critical coverage needed, our data clearly show
that the band structure of the Bi(111) surface states must
be modified upon adsorption. On the one hand, this requires
chemical bond formation, which involves also the d electrons
of Fe and Co. As a consequence, the original magnetic
moment of the Fe and Co atoms is most likely altered upon
adsorption on Bi surfaces, and the remaining magnetic moment
will depend on details of bond formation, local geometric
configuration, etc. These details can be determined only by
angle- and spin-resolved photoemission in comparison with
quantitative calculations. Such data are still missing for these
systems. However, ab initio calculations and STM and STS
measurements are in agreement with the interpretation given
here.39 On the other hand, the doping levels considered here
are already quite high, introducing a considerable amount
of disorder into the surfaces, and causing weakening of
all surface-symmetry-related selection rules. Which of these
effects is dominant and is directly related to the effective
magnetic moments of the adsorbates still remainsl to be
clarified.
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