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Topological insulator nanoribbons (TI NRs) provide a useful platform to explore the phase-
coherent quantum electronic transport of topological surface states, which is crucial for the devel-
opment of topological quantum devices. When applied with an axial magnetic field, the TT NR
exhibits magnetoconductance (MC) oscillations with a flux period of h/e, i.e., Aharonov-Bohm
(AB) oscillations, and h/2e, i.e., Altshuler-Aronov-Spivak (AAS) oscillations. Herein, we present
an extensive study of the AB and AAS oscillations in Sb-doped Bi2Ses TI NR as a function of
the gate voltage, revealing phase-alternating topological AB oscillations. Moreover, the ensemble-
averaged fast Fourier transform analysis on the Vy-dependent MC curves indicates the suppression
of the quantum interference oscillation amplitudes near the Dirac point, which is attributed to the
suppression of the phase coherence length within the low carrier density region. The weak antilo-
calization analysis on the perpendicular MC curves confirms the idea of the suppressed coherence

length near the Dirac point in the TI NR.
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I. INTRODUCTION

Topological insulators (T1Is) are bulk insulators includ-
ing spin-resolved gapless surface states, which are topo-
logically protected through time-reversal symmetry [1,
2]. Because the spin orientation of the surface electrons
is locked perpendicular to their translational momentum
owing to a strong spin-orbit interaction in the TTs, the
topological surface state has a spin-helical nature. In
the form of a nanoribbon (NR) or nanowire structure,
the quantum confinement effect along the circumference
of the TI NR modifies the topological surface band to
discrete one-dimensional (1D) subbands with a 1D band
gap, Aip = hvp /Ly, where h is the Planck constant, vp
is the Fermi velocity, and Ly, is the perimeter length of
the TTI NR [3,4]. As a combination of a nontrivial topo-
logical order and coherent electronic transport, the TI
NR provides a useful platform for exploring topological
quantum computing [5-7] and spintronics [8,9].

When we apply an external magnetic field parallel to
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the NR axis, the dispersion relation for the 1D subbands
in the TI NR is as follows [4,10]:

k 2 n4+x— @\ 2
_ o 2 Po
E(n,k,®) = thvg <27r) + (L ) , (D)

where k is the wave number along the axial direction, n
is an integer, ® is the magnetic flux threading the cross-
sectional area of the NR, &g = h/e is the flux quantum,
and e is the elementary charge. Here, the half-integer
term of 1/2 is due to the spin Berry phase of m owing
to the spin-momentum locking in the topological surface
states, and ®/®q is due to the Aharonov-Bohm (AB)
phase [11] added to the electronic wave function along
the circumference of the TTI NR. It is expected from
the flux-dependent dispersion relation that the density
of states of the 1D subbands will be modulated periodi-
cally with the axial magnetic flux, resulting in magneto-
conductance (MC) oscillations with a period of ®o= h/e
[4], which are known as AB oscillations [12]. Tt is also
expected that the conductance maxima owing to the AB
oscillations in the TT NR can occur at integer (0-AB)
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or half-integer flux quanta (7-AB oscillations), depend-
ing on the location of the Fermi level, which becomes a
characteristic feature of topological AB oscillations [3].

Topological AB oscillations have been observed exper-
imentally in various TI NRs of BisSes [4,7,12,13], BisTes
[10,14,15], SnTe [16], SbeTes [17], and Dirac semimetal
NRs [18,19]. There have been many reports [4,12,14,15,
18,20] on the observations of h/e-periodic AB oscillations
concurrently with the h/2e-periodic oscillations, which
are attributed to the weak antilocalization (WAL) effect
along the circumference of TT NR in the diffusive regime
[12], which is also called Altshuler-Aronov-Spivak (AAS)
oscillations [21]. The observations of quantum oscilla-
tions in the TT NR suggest that TT NRs are promising
mesoscopic systems for studying quantum interference
effects combined with topological surface states. Few
studies [10,20], however, have provided systematic evi-
dence of the 0 and 7 phase-alternating behaviors of AB
oscillations in the TT NR as a function of the gate volt-
age Vy. Moreover, although the AB oscillation ampli-
tudes were theoretically expected to be enhanced near
the Dirac point [3,22], the suppression of both AB and
AAS oscillations was observed at near the Dirac point
without a clear explanation [14].

In this report, we present an extensive experimental
study of AB and AAS oscillations obtained from Sb-
doped BisSes TI NRs by varying the gate voltages. Un-
der the application of an axial magnetic field, we clearly
observed a V,-dependent phase alternation of the h/e-
periodic AB oscillations, superimposed with additional
h/2e-periodic AAS oscillations. The V,-sensitive axial
MC curves were analyzed using the ensemble-averaged
fast Fourier transform (FFT) method to avoid any con-
fusion from sample-specific features, resulting in the sup-
pression of the AB and AAS oscillation amplitudes at
near the Dirac point. We suggest that these suppressions
of quantum interference oscillations are due to a suppres-
sion of the phase coherence length, Ly, in the low carrier
density region, thereby increasing the effective number
of AB loops in the TT NR. An additional WAL analysis
of the perpendicular MC data confirms the suppression
of Ly near the Dirac point. Our observations provide
direct evidence of the topological AB oscillations in the
TI NR and emphasize the importance of the phase co-
herence length in understanding the quantum electronic
transport in the TT NR.

II. EXPERIMENT

Sb-doped BisSez NRs were synthesized using a chem-
ical vapor deposition method using Au nanoparticles
as a catalyst in a horizontal tube furnace. More de-
tailed information regarding NR growth can be found
elsewhere [23]. Energy-dispersive X-ray spectroscopy of
TT NRs revealed atomic percentages of approximately
36.0%, 5.5%, and 58.5% for Bi, Sb, and Se, respec-
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Fig. 1. (a) Scanning electron microscopy image of Sb-
doped BizSes NR devices. Each electrode is labeled with a
number. The axial field, Baxial, was applied parallel to the
NR axis. (b) Square resistance versus Vg curves of D1 and
D2 at T' = 2.6 K. (c) MC curves obtained from D1 (red curve
at left axis) and D2 (blue at right axis). (d) The conductance
difference AG(Baxial) curves obtained from D1 and D2, af-
ter subtracting the smooth background. (e) Normalized FFT
spectra of D1 and D2. The two arrows indicate the peaks
corresponding to the h/e- and h/2e-periodic oscillations, re-
spectively.
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tively [20]. After the growth of TI NRs, individual NRs
were transferred onto a highly electron-doped silicon sub-
strate covered with a 300-nm thick SiO; layer. The sil-
icon substrate was used as the back gate. Source and
drain electrodes were formed using electron-beam lithog-
raphy with a field-emission scanning electron microscope
(Tescan Mira-3), followed by the deposition of a Ti(10
nm)/Au(200 nm) film using an electron-beam evapora-
tor. Prior to the metal deposition, the surface of the TI
NR was treated with oxygen plasma to remove the resid-
ual electron-beam resist, and then cleaned with a 6:1
buffered oxide etch solution for 7 s to remove the native
oxide layer [7]. All electrical transport measurements of
the TI NR devices were conducted using a conventional
lock-in technique and a four-probe method applied in a
closed-cycle *He cryostat (Seongwoo Instruments Inc.),
which has a base temperature of 2.4 K. Low-pass RC and
« filters were connected in-series with the measurements,
thereby reducing environmental noise.

III. RESULTS AND DISCUSSION

A scanning electron microscopy image of the Sb-doped
BizSes NR devices is shown in Fig. 1(a). The width and
thickness of the TI NR were w = 325 nm and ¢ = 90 nm,
respectively, whereas the total length was approximately
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Fig. 2. (a) Color plots of AG(Baxial, V) data of D1 for different < V; > at T'= 2.6 K. (b) Ensemble-averaged FFT spectra
for different < Vi > of D1 (see text). (c) V, dependence of the FFT peak heights corresponding to the h/e- (circles) and
h/2e-periodic oscillations (square symbols) of D1. (d) Color plots of AG(Baxial, Vz) data of D2 for different < V; >. (e)
Ensemble-averaged FFT spectra for different < Vy; > of D2. (f) V dependence of the FFT peak heights corresponding to the
h/e-(circles) and h/2e-periodic oscillations (square symbols) of D2.

Lot = 150pum. Device 1 (D1) and Device 2 (D2) indicate
two different NR segments between electrode pairs of 2-
3 and 3-4, respectively. The channel lengths were L.y
=5 and 70 um for D1 and D2, respectively. The axial
magnetic field B,yia was applied along the NR axis, as
shown in the figure. The square resistance, Rg, of D1
and D2 is depicted as a function of gate voltage Vg at T
= 2.6 K, as shown in Fig. 1(b). It has been inferred that
the Dirac point, which is the gate voltage corresponding
to the maximum Ry, is located at Vpp = —39 (—25) V
for D1 (D2). The difference in Vpp of the two devices
is attributed to an inhomogeneous doping profile or an
impurity distribution in the TT NR.

Figure 1(c) shows representative MC curves of the
TI NR under the application of an axial magnetic field
at low temperatures. It is clearly shown that regular
periodic MC oscillations are superposed on a negative
parabolic background owing to a classical origin [24].
This feature was commonly observed for both D1 and
D2 devices except their oscillation periods. After sub-
tracting the smooth background, the conductance differ-
ence, AG, was obtained as a function of Bayia for both
devices, as shown in Fig. 1(d). Oscillation periods of
AB,yial = 0.17 T and 0.08 T were obtained for D1 and
D2 from the figure, respectively. Using the geometrical
parameters of the TT NR, the corresponding magnetic
flux through a cross-sectional area of the TT NR turned
out to be A® = wtABuyia = 1.04®q for D1 and 0.49®
for D2, considering a 5-nm thick native oxide layer re-
siding on the surface of the TI NR [15,25].

The FFT analysis of the AG curve reveals the coexis-

tence of two oscillations for both devices D1 and D2 (see
Fig. 1(e)). The first FFT peak at the axial field frequency
of fg = 6.0 T~ corresponds to the h/e-periodic oscilla-
tions, whereas the second peak at fg = 12.0 T~ corre-
sponds to the h/2e-periodic oscillations. From the FFT
amplitudes, we noted that the MC oscillations in D1 are
dominated by h/e-periodic AB oscillations, whereas the
MC oscillations in D2 are dominated by h/2e-periodic os-
cillations. The difference in the dominant quantum inter-
ference oscillations of the two devices formed on the same
TI NR indicates that the quantum transport governing
each device strongly depends on the channel length of
the TI NR device [20]. More conclusive results, however,
require information regarding the V, dependence of the
AG curve because the MC curves are extremely sensitive
to V.

Figure 2(a) shows color plots of AG obtained from D1
as a function of V; and Bayial. The h/e-periodic oscil-
lations of AG are clearly observed at near V, = —16
V, and AG(ABaxia = 0) values alternate between the
maxima and minima depending on V,, exhibiting an
elongated checkerboard pattern. When the MC max-
ima occur at integer (half-integer) multiples of @, they
are called O-phase (m-phase) AB oscillations [10]. The
Ve-dependent phase alternating behavior of AB oscilla-
tions is attributed to the formation of 1D sub-bands of
the topological surface states in the TT NR [3,4], which
becomes a characteristic feature of the topological AB
oscillations. We note that h/2e-periodic oscillations oc-
cur within the V; region, where two AB oscillations with
different phases overlap. When the Fermi energy ap-
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proaches the Dirac point, AG decreases and the checker-
board pattern diminishes.

Because the phase and amplitude of the individual MC
curves are sensitive to Vg, we conducted an ensemble-
averaged FFT analysis on the AG(B,xial) curves to ex-
amine the gate voltage dependence of the quantum in-
terference oscillation amplitudes. Each FFT spectrum in
Fig. 2(b) represents the ensemble average of the total 41
FFT spectra obtained at different V,, spanning < V, > +
1V with an increment of AV, = 50 mV, in which < V, >
means the average of the V, values. The peak heights for
both h/e- and h/2e-periodic oscillations are displayed as
a function of < V; > in Fig. 2(c). It should be noted that
the FFT amplitudes of both quantum interference oscil-
lations are comparable in our experimental range of V,
indicating that D1 is within the crossover regime between
the ballistic and diffusive quantum transport in the TI
NR [20]. Moreover, the FFT amplitudes are maximized
at Vz = —16 V, while decreasing at near the Dirac point
and at V; = 0 V. The physical mechanism underlying the
Ve-dependent FFT amplitudes will be discussed later.

The color plots of AG(Baxial, Vg) obtained from D2
are shown in Fig. 2(d). At near V; = —16 V, h/2e-
periodic oscillations dominate the MC curves, especially
within the low B,xia regime, whereas h/e-periodic os-
cillations recover at higher fields of |Baxia| > 0.5 T.
A similar behavior has been observed in other TT NRs
[4] and core/shell semiconductor nanowires [26], which
has been attributed to a suppression of coherent AAS
oscillations owing to the broken time-reversal symme-
try induced by the higher B,y field. The h/e-periodic
AB oscillations, however, are due to a coherent forward
scattering and thus persist at up to higher By, fields.
At near the Dirac point, AG decreases, although the
h/2e-periodic oscillations are still visible. After con-
ducting an ensemble-averaged FF'T analysis, we obtained
Vg-dependent FFT amplitudes and the peak heights of
the h/e- and h/2e-periodic oscillations are shown in
Figs. 2(e) and (f), respectively. It should also be noted
that the peak height was maximized at near V, = —6
and —11 V for h/e- and h/2e-periodic oscillations, re-
spectively, while decreasing at near the Dirac point and
at above V; = 0 V. In contrast to D1, the maximum
peak height of the h/2e-periodic oscillations in D2 was
almost three-times larger than that of the h/e-periodic
oscillations, indicating that D2 was within the diffusive
quantum transport regime.

TI NR, analogous to a hollow metallic cylinder, can
be considered as a series array of AB loops [27] and
the number of AB loops is given by Nap = Len/Ly,
where Ly is the phase coherence length [28]. It is well
known that L, can be obtained from the perpendicular
MC data of the TT NR [15,19]. When a magnetic field
B is applied perpendicular to the top surface of the TI
NR, negative MC behavior is expected from the WAL
effect owing to a destructive quantum interference be-
tween a pair of time-reversed electron paths formed on
the top and bottom surfaces of the TI NR. Figure 3(a)
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Fig. 3. (a) Square resistance versus V; curve of D3 at T' =
3.3 K. Inset: Optical microscopy image of D3 and a schematic
of four-point measurement method. A magnetic B field was
applied perpendicular to the substrate. Scale bar indicates 5
pum. (b) Color plot of 6o (B, V) data. (c) Ensemble-averaged
00(B) data (symbols) and HLN fitting lines with different
< Vi > (see text). (d) V dependence of the HLN fitting
parameters of the phase coherence length (Ly at left axis)
and a prefactor a (right axis).

shows the measurement configuration for the perpendic-
ular MC data (see the inset) and Ry versus Vg curve of
device D3 with Lg, = 5 um formed on a TI NR with
w = 607 nm and ¢ = 90 nm. Under application of a
perpendicular B field, D3 exhibited a negative magneto-
conductivity, o(B) = 1/Rs(B), and its differences from
the zero-field value, do(B) = o(B) — ¢(0), are shown
in Fig. 3(b) as a color plot depending on the V, and B
fields.

To reduce the universal conductance fluctuations [29,
30] in the TI NR, do(B) was averaged over 11 traces
obtained at different values of Vy with a constant in-
crement of AV, = 1 V, as shown in Fig. 3(c) (sym-
bols). The resulting do(B) curves were fitted to the two-
dimensional WAL theory [31], i.e., the so-called Hikami-
Larkin-Nagaoka (HLN) model, which is

In f - L + _h
4eBL(2b 2 463[%
(2)

where « is a prefactor, h is the reduced Planck’s con-
stant, and ¥ is the digamma function. The fitting re-
sults, shown by the lines in Fig. 3(c), agree well with the
experimental data, and the fitting parameters, o and L,
are depicted as a function of V, in Fig. 3(d). Note that
the coherence length is maximized as Ly = 560 nm at
Ve = 10 V and then decreases at near the Dirac point
and at above V; = 10 V. The suppression of Ly within
the low carrier density regime in TT has been observed
in previous reports [32,33], which is attributed to an
enhanced electron-electron interaction owing to the re-
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duced screening effect [32]. In addition, the prefactor is
relatively insensitive to V, and is averaged as approxi-
mately o = —1.1, implying that two topological surface
states exist in the top and bottom surfaces of the TI NR
[34].

We now return to our observations of Vg-dependent
quantum interference oscillations and discuss their un-
derlying physics. It is well known that a series array of
metallic AB loops suppresses the AB oscillation ampli-
tude, which is proportional to NA_Bg/2 = (Len/Lg)~%/2,
owing to the random phase shift of the AB oscillations in
each loop [28]. Here, the effect of the connecting leads be-
tween the AB loops, N Agl, was considered along with the

stochastic effect of the loops, NV A};/ 2 As Ly decreases
near the Dirac point in the TT NR, as already shown in
Fig. 3(d), it is expected that the AB amplitude will be
suppressed in the low-density regime and/or for an NR
segment with a longer L, which is consistent with our
observations in Figs. 2(c) and (f). When we compare
the maximum and minimum values of L in Fig. 3(d) it
is estimated that Nap at near the Dirac point increases
by ~1.9 times, as compared with the Nap value at the
maximum Lg. As a result, the h/e-periodic oscillation
amplitude at near the Dirac point will be suppressed to
approximately 39% of its maximum value, which is close
to our experimental values of 43% and 45% obtained
from D1 and D2, respectively. Thus our experimental
results indicate that the TI NR with small aspect ra-
tio L,/Len < 1 resembles a metallic multiloop system,
exhibiting ensemble averaging of the AB oscillations.

The h/2e-periodic AAS oscillations, however, yield a
zero phase shift owing to the phase coherence between a
pair of time-reversed paths formed by sequential disor-
der scattering. Instead, the AAS oscillation amplitude is
proportional to exp(—2L,/Ly), where L, is the perime-
ter length of the TT NR [25,28]. Because L, at the
Dirac point becomes almost half of the maximum value,
the suppression of the AAS oscillation amplitudes is ex-
pected at near the Dirac point. Additional decreasing
behaviors of the h/e- and h/2e-periodic oscillation am-
plitudes at above the V, values corresponding to their
amplitude peaks are attributed to the contribution of
the bulk conduction band, which enhances the inelastic
electron-electron scattering, resulting in a reduction of
L. This inclusion of the bulk property will be plausible
when the Fermi level is located inside the bulk conduc-
tion band within the high V; region.

IV. CONCLUSION

In summary, we extensively studied the V,; dependence
of the h/e- and h/2e-periodic MC oscillations in Sbh-
doped BisSes TI NRs. Alternating behaviors of the 0-
and m-phase AB oscillations were observed as a func-
tion of Vg, as expected from the theory of topological
AB oscillations in the TI NR. The ensemble-averaged
FFT analysis of the MC curves revealed that an ampli-

tude suppression at near the Dirac point was commonly
observed for both the AB and AAS oscillations, which
was attributed to the suppression of the phase coherence
length within the low carrier concentration region. The
WAL analysis of the perpendicular MC data confirmed
the V, dependence of the phase coherence length in the
TT NR.
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