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Magnetotransport constitutes a useful probe to understand the interplay between electronic band
topology and magnetism in spintronics devices based on topological materials. A recent theory of
Lu and Shen [Phys. Rev. Lett. 112, 146601 (2014)] in magnetically doped topological insulators
has predicted that the quantum correction to the temperature-dependence of the conductivity, ∆κ,
can change sign below the Curie transition. This phenomenon has been attributed to a suppression
of the Berry phase of the topological surface states at the Fermi level, caused by a magnetic energy
gap. Here, we demonstrate experimentally that ∆κ can reverse its sign even when the Berry phase
at the Fermi level remains unchanged, provided that the inelastic scattering length decreases with
temperature below the Curie transition.

The material class of topological insulators (TIs) com-
prises fascinating fundamental physics and offers poten-
tial for spintronic applications [1–3]. In three dimen-
sions, prototype TI materials are bismuth chalcogenides,
characterized by a single gapless topological surface state
(TSS). This TSS, protected by time-reversal symmetry
(TRS), has a Dirac-like linear energy dispersion and spin-
momentum locking [4]. Consequently, an electron travel-
ling around the Fermi circle of a TSS accrues [5] a quan-
tum (Berry) phase of π. In presence of disorder, this
Berry phase leads to an enhancement of the conductiv-
ity via quantum interference (QI). This effect manifests
itself most clearly through a negative magnetoconduc-
tance, i.e. weak antilocalization (WAL). In spintronics
applications, it is desirable to open an energy gap ∆ in
the TSS while minimising dopant-induced Coulomb dis-
order effects [6]. This can in principle be achieved by dop-
ing the TI with magnetic impurities, provided that the
latter order ferromagnetically in the direction perpendic-
ular to the surface. In such scenario, the Berry phase is
suppressed and the magnetoconductance can change sign
if the Fermi energy lies close to the gap edge, giving rise
to weak localization (WL).

The WAL-to-WL crossover [7] has been experimentally
observed in the magnetic field (B) dependence of the lon-
gitudinal conductivity σxx, for Mn-doped [8] Bi2Se3 and

other magnetically doped TI thin films [9–11] in the fer-
romagnetic regime. However, a dilemma has emerged
concerning the quantum correction to the zero-field con-
ductivity, ∆σxx(T,B = 0) = κ lnT . While it is expected
that WAL-to-WL crossover should be accompanied by a
change from κ < 0 to κ > 0, experiments show κ > 0 re-
gardless of the concentration of magnetic impurities (pos-
itive κ is expected for an ordinary dirty metal under WL
conditions). The LS theory [12] suggests to resolve this
dilemma by taking into account 2D electron-electron in-
teraction (EEI) contributions σee

xx with κee > 0, which
in κ = κee + κqi prevail over the QI contribution κqi,
but do not override the weak localisation signatures in
σxx(B) (here, the effect of B on κee can be neglected as
Fig. 4(d) in Ref. [12] implies). This theory not only closes
the fundamental gap of understanding experimental data
of σxx(B) and σxx(T ) but offers a general procedure to
identify the origin of gap ∆ in TSSs. It relies on field
dependent changes ∆κ(B) = [κ(B) − κ(0)] ∝ κqi with
opposite sign κqi for the WAL and WL phases.

In this work, we test the LS theory in the case of a
magnetically doped TI (Mn-doped Bi2Se3), demonstrate
that it fails to correctly identify the reason for gap open-
ing in this particular system and show what assumption
of the LS theory needs to be modified in order to ar-
rive at the right interpretation. We present field- and
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temperature-dependent data of longitudinal (σxx) and
transverse (σxy) conductances in Mn-doped MBE-grown
Bi2Se3 thin films (xMn = 0− 8%). The data both above
and below the ferromagnetic ordering temperature TC is
analysed in terms of QI and EEI effects [12, 13] and we
observe a clear transition from ∆κ(B = 5T ) = +0.5e2/~
at high temperatures to ∆κ(B = 5T ) = −0.5e2/~ be-
low TC in apparent agreement with predictions of the
LS theory concerning the TRS breaking effect induced
by ferromagnetic exchange field 〈HEx

z 〉. This is, how-
ever, not what really happens in Mn-doped Bi2Se3 as
we explain below. The LS theory as published [12] re-
lies on the coherence length following lΦ ∝ T−p/2 with
certain temperature-independent exponent p. While this
assumption is fulfilled in many systems (in clean Bi2Se3,
we observe Nyquist-type scaling with p = 1 for exam-
ple), our Mn-doped samples show an anomalous temper-
ature dependence of lΦ. There’s a clear maximum close
to T = TC which is clearly inconsistent with lΦ ∝ T−p/2

unless different exponents (of opposite sign) are taken in
the paramagnetic (T > TC) and ferromagnetic (T < TC)
phases. When this fact is taken into account, the sign
change in ∆κ may be explained without invoking a
change in the Berry phase of the TSS (i.e. with zero or
negligible 〈HEx

z 〉), in agreement with other experimental
evidence such as ARPES (also explained below).

Mn-doped Bi2Se3(0001) thin films were grown on BaF2

(111) substrates using MBE with varying Mn concentra-
tions up to the solubility limit of about 8 at. % [8, 14]
as described in our previous works [15]. Film thick-
nesses t were chosen in the range t = (20 - 40) nm, just
above the thickness limit where top and bottom TSSs of
Bi2Se3 slabs start to directly hybridize and develop a gap
∆hyb [16–18].
For magnetotransport measurements we fabricated stan-
dard Hall-bars as sketched in Fig. 1(a) (see also Support-
ing Information) with longitudinal and transverse voltage
probes to determine σxx and σxy. In Fig. 1(b) we show
the temperature dependence of the electrical resistivity
ρxx = σ−1

xx in zero magnetic field for t = 40 nm films
with Mn concentrations xMn = 0%, 4%, and 8%. Re-
sistivities are of the order of 1 mΩcm, similar to those
reported in the quantum transport literature [4]. Start-
ing at high temperatures we generally observe a resistiv-
ity drop with decreasing temperature indicating metallic
behavior, while below 30 K all samples exhibit a char-
acteristic increase in resistivity, an effect which we will
discuss in the framework of QI and EEIs.

Charge carrier densities n, mobilities µ as well as
magnetic ordering temperatures Tc are derived from
Hall measurements in the temperature range between
1.8 K and 40 K. The Hall resistance Rxy is given by
Rxy(B, T ) = RNB + RA(T,B), where the linear contri-
bution RN corresponds to the normal Hall effect and RA

to the magnetization dependent anomalous Hall effect
(AHE). The results are given in Tab. I. All samples are
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FIG. 1. (color line) (a) Schematic diagram of Hall bar ge-
ometries of Mn-Bi2Se3 films. (b) Temperature dependence of
the electrical resistivity ρxx in zero magnetic field for (40 ±
5) nm films with 0 %, 4 %, and 8 % Mn. (c)-(e) Magnetic
field dependence of the anomalous Hall effect RA.

TABLE I. Resistivities, charge carrier densities, and carrier
mobilities from Hall resistance measurements for different Mn
concentrations at T = 1.8 K. The fitting parameter β is ob-
tained from σxx(B) data using Eq. 1 at 1.8 K.

0 % Mn 4 % Mn 8 % Mn

ρmin
xx [mΩcm] 0.72 22.58 4.06

n [cm−3] 42.7×1018 1.8×1018 6.2×1018

µ [cm2/(Vs)] 202.1 141.5 240.9

β [µS/T 2] -0.46 -0.54 -0.21

n-type with carrier concentrations n = 1018 - 1019 cm−3

typical for heavily doped Bi2Se3 samples with dominat-
ing donor-like Se vacancy defects [19–22].
AHE contributions RA in Fig. 1(c-e)] are shown normal-
ized to t/ρmin

xx with ρmin
xx listed in Tab. I. From the onset

of the AHE we determine TC = (5±1) K and (6±1) K
for 4% and 8%, respectively, values close to those found
by SQUID for films with t = 500nm [15]. Fig. 2 sum-
marizes the temperature dependence of the magnetocon-
ductance ∆σxx(B) = (σxx(B) − σxx(0)) between 1.8 K
and 40 K. Independently of Mn concentration, transport
properties at low fields B ≤ 1T are dominated by WAL
effects σqi

xx leading to cusp-shaped field dependence ∆σxx

with convex curvature. Above 1 T, however, a transi-
tion to a concave behavior is observed, typical for Bi2Se3

samples beyond a critical thickness of ≈ 20 nm [23–25].
For all our samples the cusp-shaped magnetoconductiv-
ity peak at low fields is broadened with increasing tem-
perature and finally disappears, which is a consequence
of a reduced coherence length lΦ, when approaching the
regime of classical conductivity and reduced phase coher-
ence length (classical diffusive regime).
For a quantitative estimation of QI effects we rely on an
approximation of the full form Hikamai-Larkin-Nagaoka
(HLN) theory [7], where additional spin-orbit and elastic
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scattering as well as classical cyclotronic magnetotresis-
tance contributions are included as a βB2 parabola [26]:

∆σxx(B) =
αe2

2π2~

[
ψ

(
1

2
+
BΦ

B

)
− ln

(
BΦ

B

)]
+ βB2,(1)

where α ≡ α0 + α1 generally covers both WL (α0 > 0)
and WAL (α1 < 0) 2D channel contributions. BΦ is the
characteristic dephasing field, ψ the digamma function,
and B ‖ (0001) the external perpendicular magnetic field
as shown in Fig. 1(a). The dephasing field is defined as
BΦ = ~/(4el2Φ) and lΦ by lΦ =

√
DτΦ, where D is the

diffusion constant and τΦ the phase coherence time. It
should be noted here that by using α as a sole fitting pa-
rameter, we assume BΦ of WL and WAL contributions
(α0 and α1) to be the same which is a common assump-
tion in the literature [27].

At low fields up to 1 T the simplified form of the HLN
theory (case β = 0) proposed originally by Hikami et
al. [7] is sufficient to fit the data [see Fig. 2(a), (c), and
(e)]. In the full field range (B ≤ 5T), however, finite
values β < 0 are necessary to account for the concave
shape at high fields. Fits in Fig. 2(b), (d), and (f) for
Mn concentrations xMn = 0%, 4% and 8%, respectively,
are generated with values β listed in Tab. I. Negative
values β are expected, e.g. for bulk-like cyclotronic mag-
netotresistance contribitions.

We start our discussion with pure Bi2Se3, where at
T = 1.8 K and B ≤ 1T (β = 0) we derive a phase co-
herence length of lΦ = 175 nm and α = (−0.32 ± 0.03),
values comparable to those found in most previous re-
ports [28, 29]. The fact that α < 0 but significantly
above − 1

2 may be indicative of the presence of WL contri-
bution from bulk channels [30]. Fits up to highest fields
B ≤ 5T with β = −0.46 confirm these values within
the error margins (see comparison in supplementary Ta-
ble I) and temperature dependences (see supplementary
Fig. S3) show good coincidence. This confirms that the
additional fitting parameter β is reasonably independent
of low-field QI contributions σqi

xx. When increasing the
temperature, lΦ monotonously decreases ∝ T−p/2 with
p = +(1.0±0.1) (see Fig. 3(a)), as expected for a Nyquist
electron-electron scattering mechanism in 2D.

Modest magnetic doping by Mn at concentrations xMn

= 4% and 8% alters QI properties (α, lφ) drastically as
shown in Fig. 3. We stress here that for magnetic mate-
rials with small internal fields H int, W(A)L effects sur-
vive as long as the magnetic length lm =

√
~/(eH int)

remains larger than the quasiparticle mean free path,
which is the case for diluted magnetic materials such as
(Ga,Mn)As [31].

At finite xMn, α in Fig. 3(b) is generally shifted to more
negative values compared to pure Bi2Se3, while tempera-
ture dependences remain weak. The corresponding tem-
perature evolution of lΦ in Fig. 3(a) shows a less steep
increase during cooling, which can be described well by

-5.0 -2.5 0.0 2.5 5.0-3.2

-2.4

-1.6

-0.8

0.0

-5.0 -2.5 0.0 2.5 5.0-3.2

-2.4

-1.6

-0.8

0.0

-5.0 -2.5 0.0 2.5 5.0

-1.6

-0.8

0.0

-1.0 -0.5 0.0 0.5 1.0

-0.5

-0.3

-0.2

0.0

-1.0 -0.5 0.0 0.5 1.0-1.2

-0.8

-0.4

0.0

-1.0 -0.5 0.0 0.5 1.0-1.0

-0.6

-0.3

0.0

 1.9 K
 5 K
 10 K
 20 K
 40 K

 

B (T)

(40 5) nm (0% Mn)

 

B (T)

(40 5) nm (8% Mn)

(40 5) nm (4% Mn)

 

B (T)

 1.9 K
 5 K
 10 K
 20 K
 30 K

B ll 0001

B ll 0001

 

 

xx
(e

2 (
h)

-1
)

B (T)

 

 

xx
(e

2 (
h)

-1
)

B (T)

f)e)

d)c)

b)a)

 1.8 K
 5 K
 8 K
 12 K
 16 K

B ll 0001

 

 

xx
(e

2 (
h)

-1
)

B (T)

FIG. 2. (color line) Magnetic field dependence σxx(B) for
different temperatures and manganese concentrations, (a,b) 0
%, (c,d) 4 %, and (e,f) 8 % of Mn. The solid lines in (a), (c),
and (e) represent fits using Eq. 1 with β = 0 (B ≤ 1T), while
(b), (d), and (f) leave β finite (B ≤ 5T). Contributions from
βB2 are plotted separately for T = 2K (orange dashed lines).
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(B ≤ 1 T) with β = 0. lΦ is fitted assuming lΦ ∝ T−p/2 for
T > TC (p > 0, solid lines) and T < TC (p < 0, dashed lines).

lower exponents p = +(0.8±0.2) and p = +(0.6±0.2) for
xMn = 4% and 8%, respectively. It suggests a more effi-
cient spin-dependend dephasing mechanism in the para-
magnetic phase compared to a pure Nyquist mechanism
for Mn-doped samples as we discuss below in detail. Most
interestingly, lΦ exhibits a characteristic drop when en-
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FIG. 4. (color line) (a-c) Temperature dependence of the elec-
trical conductance in various magnetic fields on a logarithmic
temperature scale for 0%, 4% and 8% Mn, respectively. Solid
lines are linear fits at T < TE. For 4% and 8% Mn samples TC

is indicated by a vertical line. Dashed vertical lines indicate
Tc. In (d)-(f) the magnetic field dependence of the slopes κ
obtained from the linear fits in (a-c) are summarized.

tering the ferromagnetic phase at TC and settles at val-
ues 30 − 70% of those of pure Bi2Se3. It is important
to mention here that we checked possible influences of
the build-up and saturation of the average perpendicular
magnetization < Mz > between 0 T and 0.5 T [see AHE
signals in Fig. 1(d,e)] on our fitting results. Fits using
HLN theory in the range between 0.5 T and 5 T lead
to the same results for α and lΦ within the error mar-
gins, which excludes significant influences e.g. of AMR
or magnetic domain wall effects on our results.

In order to test the theory by Lu et al., QI prop-
erties described by (α, lΦ) have to be correlated to
the low temperature dependence of electrical conductiv-
ities σxx(T,B = const) for different constant magnetic
fields. Fig. 4 shows the presence of a logarithmic decrease
σxx(T ) ∝ lnT at lowest temperatures for all samples,
reminiscent of a dirty metal regime in 2D. Such a behav-
ior was previously observed in 3D TIs in the absence of
the magnetic impurities e.g. for Bi2Te3 [32], Bi2Se3 [23]
and Sb2Te3 [13]. The logarithmic temperature depen-
dence of the 2D conductivity with EEI corrections can
be expressed by [33, 34]

∆σEEIxx (T ) =
e2

2π2~
∑
i=0,1

(
1− ηiHFi

)
ln

(
T

TE

)
, (2)

where i runs over the number of independent WL and

WAL 2D transport channels. Fi is the Coulomb screen-
ing factor (0 < Fi < 1) [16, 29, 33], scaled by ηiH from re-
spective 2D dressed Hikami boxes. TE is the characteris-
tic temperature below which logarithmic EEI corrections
dominate σxx(T ) [35],which is typically in the range of
6 - 10 K [35, 36] for Bi2Se3, in line with our findings.
The temperature dependence of ∆σEEIxx in Eq. 2 can be
quantified by the parameter κ ≡

(
πh/e2

)
∂σxx/∂lnT , and

according to Lu et al., κ for each single channel is related
to its QI properties α and p via

κ = (α · p+ 1− ηHF ) (3)

in the limit of weak magnetic fields. It is important to
note that contributions ηHF in Eq. 3 can be considered
small: for gaps ∆ with ∆/2EF ≤ 0.5 (see discussion of
ARPES data below) and permittivities εr ≈ 100 one ex-
pects F ≤ 0.1, while ηH remains between 3/4 and 1 for
∆/2EF = 0 and 1, respectively. EEIs and QIs contribute
via κ = (κee + κqi), where only the second term signifi-
cantly depends on the ratios ∆/2EF. For one intact TSS
channel with α = −0.5 and small screening F one ex-
pects κ(B = 0) ≈ 0.5 and κ(B = ∞) ≈ 1. For Berry
phases φBe = π, κ thus changes by ∆κ = +0.5, when κqi

contributions are suppressed by the field.
Indeed, for pure Bi2Se3 we see a perfect match of κ

with theory predictions for a gapless TSS. As shown in
Fig. 4(a) linear fits are obtained from the logarithmic
σxx(T,B = const) data at T < TE, and the respective
parameters κ(B) are plotted as a function of magnetic
field [Fig. 4(d)]. The value in zero magnetic field amounts
to κ(B = 0) ≈ 0.5, and we see a rise of κ with increas-
ing magnetic field according to a suppression of WAL in
κqi, leading to ∆κ = +0.5 and a saturation at about 2-
3 T. The result is thus fully in line with Eq. 3 for the
experimentally derived 2D Nyquist exponent p = +1 for
pure Bi2Se3. Saturation fields of B = 3T in κ(B) agree
well with our estimation of lΦ and resulting dephasing
fields BΦ. Our data thus confirms the analysis of magne-
toconductance σxx(B), that is the presence of only one
single conductive gapless TSS channel [12] or - alterna-
tively - two directly or indirectly coupled top and bottom
TSSs [17, 37].

Fig. 4(b) and (c) show the respective data at xMn =
4% and 8% for a few fields with according fits for κ(B) in
the range T < TE (The full data for all fields are in the
supplementary S6). For xMn = 8% again a logarithmic
temperature dependence ∆κ ∼ lnT in Fig. 4(b) is visible
in the range T < TE < TC . However, with respect to
pure Bi2Se3 the field dependence of κ is inverted with
∆κ = -0.5 [see Fig. 4(e)] as predicted by Lu et al. for
a gapped TSS channel. This result at first glance points
towards a spectacular evidence for TRS breaking due to
ferromagnetic ordering with finite < Mz >. Our data for
xMn = 4% with lower TC but higher TE would support
this interpretation; above TC we find ∆κ ≈ +0.5, while
below TC, κ turns into a decreasing behavior ∆κ ≈ -0.5.
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In the following, we will show that interpreting our
data as a consequence of TRS breaking is tempting but
incorrect. Instead, we attribute the observed sign inver-
sion of ∆κ to a large change of exponent p around TC (re-
call that p describes the scaling of the dephasing time lφ).
In order to observe a sign inversion in ∆κ, TSSs would
have to develop a sizeable gap ∆ with ∆/2EF ≈ 1. We
keep in mind, however, that the predicted size of a purely
magnetically induced gap is few meV [38, 39]. From our
surface sensitive ARPES at T > TC in Fig. 5 we see
strong n-doping with Fermi level shifts EF in the range
0.3 − 0.4 eV. It suggests ∆/2EF << 1 unless ∆ would
increase to unrealistical values. Thus, from Fig. 5(b) we
expect Berry phases[4] φBe = π[1− (∆/2EF)] to remain
close to π independent of Mn concentration and magnetic
ordering processes. This is in line with our observed pre-
vailing WAL properties with rather constant negative val-
ues α above and below TC [Fig. 3(b)]. On the other hand,
a change of sign in the temperature scaling of the dephas-
ing time lφ as observed in the vicinity of TC in Fig. 3(a)
should indeed lead to an inversion in ∆κ according to
Eq. 3. Assuming for simplicity a power law lφ ∝ T−p/2

also below TC, the data can be well described according
to a transition p = +0.8 → −0.7 (p = +0.6 → −1.0) for
xMn = 4% (xMn = 8%) [see dashed lines in Fig. 3(a)],
which corresponds closely to the measured inversions
∆κ = p · α = ±0.5. This interpretation confirms the
validity of the LS theory but shifts the interpretation of
the observed inversion ∆κ from a TRS breaking mech-
anism to a temperature-induced change (around TC) in
phase decoherent scattering behavior. Additional proof
for the direct correlation between ferromagnetic ordering
and transitions p > 0 → p < 0 appears when reducing
the sample thickness. At t = 20 nm thickness, ferromag-
netism in 4% Mn samples is suppressed and consequently
the paramagnetic QI and EEI behavior with p = +0.8
and ∆κ = +0.5 is extended to lowest temperatures [see
supplementary S3(a)]. We attribute the suppression of
ferromagnetism to a weakened bulk-related RKKY cou-
pling in the reduced thickness regime, where β values col-
lapse to 0 (Supplementary Table II) and instead SdH os-
cillations appear as a fingerprint for 2D-dominated trans-
port.

Finally, we comment on microscopic mechanisms that
determine the temperature dependence of the coherence
length. In the paramagnetic regime T > TC we find
a remarkably good fit to data in Fig. 3(a) using lΦ =
a/
√
T + bx where bx is proportional to xMn. Contrary to

lΦ ∝ T−p/2 with p as a free fitting parameter, the former
temperature dependence has a clear physical interpreta-
tion based on two uncorrelated mechanisms of inelastic
scattering as explained in the Supplementary informa-
tion. It suggests that Kondo-type scattering could be at
works, apart from the Nyquist mechanism responsible for
lΦ ∝ T−1/2 observed in pure Bi2Se3 samples. Such addi-
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tional scattering mechanism, however, cannot explain the
maximum in lΦ(T ) around TC . It seems counterintuitive
that perfect ferromagnetic order (or less disorder) should
lead to stronger decoherence and several scenarios such
as magnetic field enhanced by magnetisation or RKKY-
type interactions between magnetic impurities [40] can be
ruled out. We explain these in some detail in the Sup-
plementary information along with a scattering mecha-
nism related to spatially inhomogeneous magnetisation
within the sample that gives a larger spin-flip probabil-
ity at lower temperatures. Such mechanism would have
the potential to explain the non-monotonous lΦ(T ) in
Fig. 3(a) if it can be confirmed. Nevertheless we note
that the interpretation of weak (anti)localisation mea-
surements in the presence of spin-orbit interaction and
magnetic impurities is complicated, in particular when
ferromagnetism is mediated by free carriers [31] and a
more detailed study of transport at low temperatures in
Mn-doped Bi2Se3 is likely to reveal interesting physics.
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