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The massless Dirac fermions residing on the surface of three-dimensional topological insulators are
protected from backscattering and cannot be localized by disorder, but such protection can be lifted in
ultrathin films when the three-dimensionality is lost. By measuring the Shubnikov—de Haas oscillations in
a series of high-quality Bi,Se; thin films, we revealed a systematic evolution of the surface conductance as

a function of thickness and found a striking manifestation of the topological protection: The metallic
surface transport abruptly diminishes below the critical thickness of ~6 nm, at which an energy gap opens
in the surface state and the Dirac fermions become massive. At the same time, the weak antilocalization
behavior is found to weaken in the gapped phase due to the loss of 7 Berry phase.
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In topological insulators (TIs) the energy states are
fundamentally modified from ordinary insulators by strong
spin-orbit interactions, giving rise to a topologically dis-
tinct state of matter with a gapped insulating bulk and a
gapless metallic surface [1]. Various interesting phe-
nomena, including surface transport of spin-filtered Dirac
fermions that are immune to localization, have been pre-
dicted and raised expectations for novel applications [2—4].
However, the progress in real applications of TIs crucially
relies on the ability to manipulate the surface current in
transport experiments. At present, such basic characteriza-
tion as the surface conductance measurement has been
possible only in a few cases in single crystals [5-12]
because of the dominance of bulk transport caused by
unintentional doping due to defects. Molecular beam epi-
taxy (MBE) is a promising technique for the synthesis of
TIs [13-18] owing, in part, to the relatively low deposition
temperature at which defect concentrations can be reduced
from those in bulk crystals grown in thermal equilibrium.
So far, using MBE-grown films, angle-resolved photoemis-
sion spectroscopy (ARPES) [19] and scanning tunneling
spectroscopy (STS) [20] have provided useful information
about the topological surface state (SS), and in transport
experiments, such phenomena as weak antilocalization
(WAL) and gate-controlled ambipolar transport have
been reported [21,22]. Also, since the MBE technique
gives a precise control over film thickness, transport mea-
surements for widely varying surface-to-bulk conductivity
ratio have been performed [23-25], although a reliable
separation of surface Dirac electrons from bulk carriers
has been hindered by a relatively low mobility of carriers in
available thin films. Recently, we have succeeded in grow-
ing high-quality epitaxial films of Bi,Se; that have a
sufficiently high surface electron mobility to present pro-
nounced Shubnikov—-de Haas (SdH) oscillations. This
made it possible to directly probe the surface conductance
and the topological protection of the SS.
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The immunity of the surface Dirac fermions to localiza-
tion has a twofold origin [1-3]. One is the 7 Berry phase
associated with massless Dirac fermions [26], which pro-
tects them from weak localization through destructive
interference of time-reversed paths. The other is the pecu-
liar spin-momentum locking which nulls the backscatter-
ing probability [1-3]. Those mechanisms are collectively
called topological protection. Recently, it was found
[19,27-31] that when TIs are thinned to the extent that
the top and bottom surface states feel each other, their
hybridization leads to an opening of the gap at the Dirac
point and results in a degenerate, massive Dirac dispersion.
This gapped state obviously violates the topological pro-
tection, but its consequence in the surface transport prop-
erties has not been duly addressed. In fact, this question is
important because recently a lot of attention has been paid
to the way to open a gap at the Dirac point [32] to realize
topological magnetoelectric effects [33]. One may expect
that unless the chemical potential is located exactly within
the gap, the metallic surface transport is largely unaffected
by the gap opening because states are kept being available
for transport at the Fermi level. However, in the present
work it turned out that the change in the Dirac spectrum
deep in the occupied state has a profound effect on the
physics at the Fermi level.

The growth of Bi,Se; films occurs in a layer-by-layer
manner, in which the 0.95-nm thick Se-Bi-Se-Bi-Se quin-
tuple layer (QL) constitutes the basic unit [19]. Our sys-
tematic magnetotransport measurements for varying
thickness reveal a sudden diminishment of the surface
transport below the critical thickness of ~6 QL, below
which the energy gap opens in the Dirac spectrum [19].
We also observed that the weak antilocalization behavior
[21,22] quickly weakens below the critical thickness. We
discuss that those striking effects are due to acquired
degeneracy of the surface states [29] and loss of their 7
Berry phase [34,35] in the gapped phase.
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Our MBE films were grown under Se-rich conditions on
insulating sapphire (0001) substrates whose size was ap-
proximately 15 X 4 mm?. To obtain films of high enough
quality to present SdH oscillations, we employed a two-
step deposition procedure [36,37]. Both Bi (99.9999%)
and Se (99.999%) were evaporated from standard
Knudsen cells. The Se,(Se,)/Bi flux ratio was kept be-
tween 15-20. The growth rate, which is determined by the
Bi flux, was kept at 0.2-0.3 QL/ min. The resistance R,
and the Hall resistance R,, were measured in the Hall bar
geometry by a standard six-probe method on rectangular
samples on which the contacts were made with silver paste
at the perimeter and cured at room temperature under
pressure of ~1 Pa. The magnetic field was swept between
*14 T at fixed temperatures and was always applied per-
pendicular to the films, except for the angular-dependence
measurements of the Shubnikov—de Haas oscillations.

An atomic force microscopy (AFM) image of our
relatively thick (50 QL) film is shown in Fig. 1(a), where
a large, atomically flat area of ~1 um? and several
sharp terraces with the height of exactly 1 QL can be clearly
seen. The reflection high-energy electron diffraction
(RHEED) pattern with sharp 1 X 1 streaks [Fig. 1(a) inset]
and sharp x-ray diffraction peaks [Fig. 1(b)] are also in-
dications of the high crystal quality of our films.

Temperature dependencies of the sheet resistance, Rg(7T),
measured in films with systematically changed thickness ¢
down to 2 QL are shown in Fig. 1(c). The R(T) behavior is
metallic in thick films, but below t = 5 QL, it starts to show
an upturn at low temperatures. In particular, the sharp
divergence in Rg for T — 0 in the 2-QL film is indicative
of strong Anderson localization and an insulating ground
state (see Supplemental Material [37]).

The breakthrough in the present work is that our films
exhibit pronounced two-dimensional (2D) SdH oscillations
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FIG. 1 (color online). (a) AFM image of a 50-nm thick Bi,Se;
film showing atomically flat terraces with 1-QL steps. Inset:
typical RHEED pattern. (b) X-ray diffraction pattern of a
200-QL film. (c) Temperature dependences of R, for different
thickness.

to provide a direct way to probe the surface charge trans-
port. As an example, the analysis of the SdH oscillations in
the 10-QL film is shown in Fig. 2. The 2D character of the
oscillations is evident in Fig. 2(a), where the positions of the
maxima and minima depend only on the perpendicular
component of the magnetic field, B, . The oscillation fre-
quency F = 106.8 T is obtained from the Fourier transform
[lower inset of Fig. 2(c)], and this is a direct measure of the
Fermi wave number kr = 5.7 X 10° cm™!. As we discuss
in detail in the Supplemental Material [37], if the SdH
oscillations are due to the trivial 2D electron gas which
may form due to a band bending near the surface [38], this
kr is so small that it imposes too strong a constraint on the
possible bulk Fermi level, which makes it impossible to
consistently explain the transport data. Hence, we identify
the oscillations to be due to surface Dirac fermions, and the
obtained kg gives their density n, = 2.6 X 10'> cm ™2,
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FIG. 2 (color online). Surface SdH oscillations in the 10-QL
film. (a) dR,,/dB in tilted magnetic fields, plotted as a function
of 1/B; (= 1/Bcos®); curves are shifted vertically for clarity.
Dashed lines mark the positions of maxima. Inset shows the
geometry of the experiment. (b) Dingle plot of the oscillations in
AR, at 1.6 K, obtained after subtracting a smooth background
from R,.(B), giving the Dingle temperature of 16 K. Inset:
T-dependence of the SdH amplitude for # = 0°. (c) Landau-
level fan diagram for oscillations in G, measured at T = 1.6 K
and § = 0°; following Ref. [43], integers n (half-integers n + %)
are assigned to the minima (maxima) in AG,,. The solid line is a
linear fitting to the data with the slope fixed at F = 106.8 T; the
dashed line has the same slope and extrapolates to zero. Upper
inset shows AG,, vs 1/B after subtracting a smooth background,
lower inset shows its Fourier transform giving F = 106.8 T.
(d) Fitting of the two-band model to the R, (B) data at 1.6 K.
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In this 10-QL film, we observed only a single frequency,
but we usually see two frequencies in other films (see
Fig. S3 of the Supplemental Material [37]), suggesting
that the top and bottom surfaces have somewhat different
n,. The temperature dependence of the oscillation ampli-
tude [Fig. 2(b) inset] gives the cyclotron mass m, = 0.2m,
(my is the free electron mass) [39] which in turn gives the
Fermi velocity vy = 3.3 X 107 cms™!. This vy is consis-
tent with the ARPES data [40] as well as the STS data
[20,41] for the Dirac cone. The obtained ky value corre-
sponds to the Fermi level of ~0.16 eV above the Dirac
point for the topological surface state, which points to a
slight upward band bending [42]. The Dingle analysis
[Fig. 2(b); see the Supplemental Material [37] for details]
yields the mobility wu, = 1330 cm?>V~!s~!. Finally,
Fig. 2(c) shows the Landau-level fan diagram for the
oscillations in conductance G,,, where the positions of
the minima in AG,, (shown in the upper inset) are plotted
as a function of n [43]. Here, to minimize the error occur-
ring from extrapolation [12], we fix the slope of the linear
fitting by using F = 106.8 T obtained from the Fourier
analysis and determine the intercept n = 0.40 = 0.04
(solid line); this is very close to the ideal value of 0.5 for
Dirac electrons bearing the 7 Berry phase [44], giving
further confidence in the origin of the SdH oscillations.
For comparison, a straight line with the same slope to give
zero Berry phase is shown in Fig. 2(c) with a dashed line,
which is obviously inconsistent with the experimental data.

To estimate the contribution of the SS in the overall
transport in this 10-QL film, we use the magnetic-field
dependence of the Hall resistivity, R, (B) [Fig. 2(d)],
which is not linear in B and thus signifies the presence of
at least two types of carriers. The fitting of a standard two-
band model [6,8,45] to the data, in which n; is fixed by the
SdH frequency, gives the surface contribution to the total
conductance, G, /G, of 28%. The ., value obtained from
this fitting is close to the SdH result, assuring the consis-
tency of our analysis.

The same analysis can be applied to all measured films
with ¢t = 8 QL, in which we consistently observed SdH
oscillations [37]. Evolutions of the transport parameters
with changing ¢ are summarized in Figs. 3(a)-3(c). We
note that by tracing the evolution of the SdH oscillations
starting from thick films, we can distinguish the topologi-
cal SS from the 2D quantum-well state of the bulk origin
[37] as the source of the SAH oscillations.

Our main finding is that the surface transport abruptly
diminishes below a critical thickness ¢, which is located
between 5 and 8 QL. This change is most convincingly
manifested in the behavior of R, (B), which suddenly
becomes B-linear in films with ¢+ = 5 QL [Fig. 3(d)]; this
indicates that the transport becomes suddenly dominated
by only one type of carriers. Correspondingly, the SdH
oscillations disappear for ¢ < t.. More quantitatively, as-
suming that n; is essentially unchanged through ¢, [dashed
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FIG. 3 (color online). (a) Squares are the n, obtained from
SdH oscillations (open and filled squares represent two different
surfaces of the same film) and the dashed squares are an
extrapolation of the trend above ¢.; circles are the sheet density
of bulk carriers obtained from two-band analyses. (b) Mobilities
of surface (squares) and bulk (circles) carriers obtained from
two-band analyses. (c) G,/G, obtained from the data in (a) and
(b). Insets are schematic pictures of the energy bands for the two
regimes. (d) R,,(B) at 1.6 K for various thickness shown in QL
unit; inset shows the derivative dR,, /dB for the 5 and 8 QL films
(5-QL data are shifted for clarity). (¢) R,.(B)/R,.(0) of the
same films.

squares in Fig. 3(a)], one can estimate that u, must be
suddenly degraded by more than an order of magnitude in
samples with # < ¢, [dashed squares in Fig. 3(b)] for R, (B)
to become linear and be governed by bulk carriers [37].
The magnetoresistance behavior shown in Fig. 3(e) also
presents a qualitative change below ¢., showing a negative
slope at high fields. This evolution is best represented in
the ¢ dependence of G,/G,, [Fig. 3(c)], which shows a
steady increase with decreasing ¢ to reflect the change in
the surface-to-bulk ratio, but it drops sharply below ¢, to
signify that the surface transport is abruptly diminished.

This observation naturally calls for the question whether
the observed diminishment of the surface transport in
ultrathin films might be related to a lowering of the quality
in thinner films. In this respect, our ultrathin films remain
essentially flat and smooth across f., with the surface
bumpiness of only ~1 QL (see Fig. S10 in the
Supplemental Material [37]). This observation, combined
with the fact that G;/G,, increases steadily with decreas-
ing ¢ until it reaches ¢, testifies against the above concern.

In addition to the above results, we found a striking
change in the WAL behavior [21,22] below 7 =5 QL.
Figure 4(a) shows the magnetoconductance of our films
measured in perpendicular magnetic fields at 1.6 K.
Dashed lines are the fitting with the Hikami-Larkin-
Nagaoka formula [46],
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FIG. 4 (color online). (a) WAL behavior in sheet conductance
at 1.6 K for various thicknesses shown in QL units; dashed lines
are the fittings using Eq. (1). (b) Thickness dependence of «.
Inset shows schematic energy bands above and below the critical
thickness.
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where W is the digamma function and L, is the phase
coherence length. The prefactor « should be — % for each
transport channel that either carries a 77 Berry phase [26] or
bears a strong spin-orbit interaction [46]. In our analysis, o
and L, are the only fitting parameters and Fig. 4(b) shows
the ¢t dependence of obtained a (see the Supplemental
Material [37] for details). For t =5 QL, we observed
a = —% similar to that reported for metallic Bi,Se; thin
films, where top and bottom surfaces are connected though
bulk electrons [21,22]. The change to a = 0 observed for
t = 3 QL is in accord with the diminishment of the surface
transport channel and the eventual localization of the bulk
state. A similar tendency was also observed in previous
studies [23-25], although the decrease in @ was less pro-
nounced, probably due to a larger metallicity of the mea-
sured samples.

Now we discuss the origin of our observations. As was
already found in Bi,Se; ultrathin films by ARPES [19],
an energy gap in the SS opens at the Dirac point below
t. = 6 QL. Obviously, our transport measurements reflect
this change in the Dirac dispersion. The gap is due to
hybridization between top and bottom surfaces [schemati-
cally shown in the Fig. 4(b) inset], and such a hybridization
gap A changes the massless Dirac dispersion E = *hvgk
into a massive one E = *+/(hvzk)? + (A/2)? [29,34]. For
Bi,Se;, A is about 0.25 eV at t = 2 QL [19]. In our films,
the Fermi level is estimated to be ~0.16 eV above the
Dirac point, so even in our thinnest film the Fermi level is
not in the gap but crosses the SS as schematically shown in
the inset of Fig. 4(b). Hence, the observed drastic suppres-
sion of the surface transport is not due to the disappearance
of surface carriers but is likely due to an enhanced scatter-
ing of the carriers [47].

The gap opening also has a profound effect on the Berry
phase ¢ of the surface band i ,(r). In the simplest case,

¢p is given by [34]
bo =i [Tae(wo [N~ a(1-2) o

and hence the Berry phase is reduced from 7 when a gap
opens. This lifts the immunity of the SS from weak local-
ization. Also, this change in ¢ weakens the WAL in the
SS [35]. It is useful to note that in Fig. 4(a) the WAL was
still observed for t = 5 QL which is below ¢., but this is
natural because the small A at this ¢ [19] makes the
deviation of ¢y from 7 to be small.

More importantly, in the gapped phase, the SS becomes
degenerate [29], which means that now for each momen-
tum both up and down spin states are available. This opens
the backscattering channel and significantly reduces the
surface mobility. Actually, the hybridization of top and
bottom surfaces means that the system is no longer truly
three-dimensional (3D), so it is natural that the topological
properties of 3D TIs are lost in the gapped phase, in full
agreement with recent ab initio density functional studies
of TT thin films [30,31]. In this respect, the present obser-
vation is a spectacular manifestation of the topological
protection of the SS in 3D TIs.
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