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Topological crystalline insulators (TCIs) have attracted worldwide interest since their theoretical predication and
have created exciting opportunities for studying topological quantum physics and for exploring spintronic appli-
cations. In this work, we successfully synthesize PbTe nanowires via the chemical vapor deposition method and
demonstrate the existence of topological surface states by their 2D weak anti-localization effect and Shubnikov—de
Haas oscillations. More importantly, the surface state contributes ~61% of the total conduction, suggesting domi-
nant surface transport in PbTe nanowires at low temperatures. Qur work provides an experimental groundwork
for researching TCIs and is a step forward for the applications of PbTe nanowires in spintronic devices.

PACS: 62.23.Hj, 81.07.Gf, 61.46.Km, 05.60.Gg

Topological crystalline insulators (TCIs) are a re-
cently discovered topological phase with robust sur-
face states residing on high-symmetry crystal sur-
faces. Different from conventional topological in-
sulators (TIs), protection of the surface states co-
mes from point-group symmetry instead of time-
reversal symmetry in TIs.' %] The distinct proper-
ties of TCIs make them promising candidates for
spintronics, quantum computation, tunable pressure
sensors, mid-infrared detectors and thermoelectric
conversion.[" =7 The exciting discovery and novel pro-
perties of TCIs motivate scientists to search the quan-
tum transport phenomenon from the surface states.
Theoretical calculations predict that SnTe, PbTe and
their related alloy Pb;_,Sn,Te (Se), possessing high-
symmetry rock-salt structure (Fig.1(a)) with orde-
red or partially disordered atomic stacking, are sta-
ble TCIs. SnTe’s surface states with linear Dirac dis-
persion on mirror-symmetry surfaces have been ex-
perimentally detected by angle-resolved photoemis-
sion spectroscopy (ARPES),[*"] and also confirmed
through transport measurements.!'”~ "% In contrast,
PbTe’s surface states have rarely been observed, mos-
tly due to the shadowing effect from the bulk carrier
overwhelming the surface.['”] Thus we have fabricated
PbTe nanowires, which possess much higher surface-
to-bulk ratio, to probe the topological surface states
by transport measurements.

In this work, we report the weak anti-localization
(WAL) effect and Shubnikov—de Haas (SdH) oscilla-
tions originated from the surface states of PbTe na-
nowires. We have found that the WAL effect can be
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well described by the Hikami-Larkin—Nagaoka (HLN)
model where the temperature-dependent phase cohe-
rent length exhibits a power-law behavior of Iy ~
T-0-47 I Also, the SAH oscillations reveal a defi-
ned 2D surface state in the PbTe nanowire. More
importantly, the surface contribution to the total con-
duction has been estimated as ~61% at low tempe-
ratures, which suggests dominant surface transport in
PbTe nanowires.

Following the procedure reported by Tanaka et
al.,l'"! crystal boules of PbTe were produced using
a modified Bridgman method. High purity Pb
(99.999%) and Te (99.999%) were mixed with an ato-
mic ratio of 1 and were sealed in an evacuated quartz
tube. The quartz tube was placed horizontally into a
box furnace and heated to 950°C for two days. After
that, the tube was slowly cooled to 770°C at a rate of
2°C/h and then rapidly cooled down to room tempe-
rature. The as-grown PbTe bulk crystal is shown in
Fig. 1(b). To check the phase purity, powder x-ray dif-
fraction patterns were obtained, as shown in Fig. 1(c),
demonstrating the standard PbTe Bragg peaks. The
PbTe nanowires then were synthesized by means of
PbTe powder deposited on Si substrates via the che-
mical vapor deposition (CVD) method with gold ca-
talysts by the vapor-liquid—solid (VLS) mechanism
in quartz tube furnace.l'”) PbTe powder was loaded
in the center of the quartz tube and Au-coated Si
substrates were placed at 10-15 cm downstream away
from PbTe. The quartz tube was sealed and evacu-
ated. Then high-purity Ar gas was used to flush the
quartz tube three times to provide an oxygen-free en-
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vironment. After that Ar gas was fed at a constant
flow rate of 30 sccm and the tube pressure was main-
tained at 80 Pa by oil-free scroll pump. In 60 min the
furnace and Si substrate temperatures raised up to
880°C and 560°C, respectively. The growth time was
20 min and then the furnace was cooled down to room
temperature.
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Fig. 1. (a) Schematic view of the cubic structure of PbTe.
(b) The image of PbTe bulk material. (c¢) X-ray diffraction
pattern of a crushed PbTe bulk sample. All peaks can be
indexed as PbTe’s standard Bragg peaks. (d) Schematic
drawing of the vapor deposition growth process for PbTe
nanowires.

The composition of PbTe nanowires was analyzed
by energy-dispersive x-ray spectroscopy (SEM-EDX),
as shown in Fig.2(a), and the estimated atomic ra-
tio of Pb:Te is ~0.92. Figure 2(b) represents an SEM
image of a PbTe nanowire with Au catalysts on the
tip. Figures 2(c)-2(e) exhibit the elemental mappings
of the tip section, indicated by the white square in
Fig.2(b). It is clearly demonstrated that Pb and Te
are uniformly distributed in the nanowire, and Au is
only clustered at the tip.
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Fig. 2. (a) The SEM-EDX spectrum of a PbTe nanowire
exhibiting peaks from Pb and Te only. (b) The SEM image
of a PbTe nanowire with a small gold catalyst on the tip.
(c)—(e) The elemental mappings of the tip section, indi-
cated by the white square in (b). Pb and Te are evenly
distributed in the nanowire, and the Au signal can only
be seen on the tip of the nanowire.

To investigate the surface states’ transport of PbTe
nanowires, four-terminal devices of PbTe nanowires
are fabricated, as shown in the inset of Fig.3(a). As
plotted in Fig.3(a) the temperature-dependent longi-
tudinal resistance exhibits a peak at 80 K. The R-T
curves show both semiconductive and metallic featu-

res at high temperatures, similar to those reported for
3D topological insulator BisTes nanowires.l'”) In the
low-temperature region, however, the resistance satu-
rates to a constant value. This is not consistent with
any bulk conduction, and has often been observed
in surface-state-dominated topological insulators.['®]
Thus we believe that this gives us the first hint of
the PbTe nanowires’ surface states.
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Fig.3. Magnetotransport of the PbTe nanowire. (a)

Temperature-dependent longitudinal resistance Rg;. In-
set: the microscope image representing the length of the
nanowire with gold contact pads. (b) Magnetoconduc-
tance in perpendicular magnetic field at 3, 4, 5, 7 and
15K, indicating the WAL effect. (c) The temperature-
dependent «. All of them except T"= 15K are near —0.5,
indicating that there is only one conducting channel at low
temperatures. (d) Temperature dependence of the phase
coherent length. The solid (blue) line exhibits the power
law dependence as ¢ ~ T~947 suggesting that the WAL
effect is originated from the 2D surface states for low tem-
peratures (<7K).

As a quantum correction to classical magnetore-
sistance, the WAL effect is a signature of topologi-
cal surface states originating from Berry’s phase. As
shown in Fig.3(b), at low temperatures, the magne-
toconductance AG = G(B) — G(0) displays a sharp
downward cusp near zero magnetic field, a signature
of WAL effect, which is also often observed in the to-
pological insulators.l'”~?*] With the increase of tem-
peratures, the cusp in the low magnetic field range
disappears. This could be attributed to the dramatic
decrease of the phase coherence length [, at high tem-
perature due to the strong thermal scattering.[*] The
WAL effect of PbTe nanowire can be described by the
HLN model.[”>?*] Tn a strong spin-orbit coupling in-
teraction, i.e., 74 < 790 and 74 < T, the conduction
correction is given by

AGwaL(B) =G(B) — G(0)
= [~ (ac?®/2mh)][In(Bo/B)
— ¥(1/2+(Bo/B))], (1)
where By = h(4xl3) with I as the phase coherence

length, « is the WAL coefficient, e is the electronic
charge, h is the reduced Plank’s constant, and V¥ is
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the di-gamma function, describing the quantum cor-
rection to the conductivity in 2D systems. The |2q]
is an estimation of the number of independent chan-
nels contributing to the interference.l'®2":2*] As shown
in Fig.3(c), the HLN fittings of the low-temperature
data (<7K) yield a = —1/2, suggesting the existence
of a single channel, the surface state, consistent with
our previous R-T results.'®?1 At 15K, o deviates
from —1/2, indicating more conducting channels, pos-
sibly from the bulk states. The obtained coherence
length decreases from 186 to 62nm as the tempera-
ture increases from 3 to 15 K, as exhibited in Fig. 3(d).
Such a dramatic decrease of the coherence length was
also observed in other TI systems.!'®*"] Theoretically,
for a 2D system the temperature-dependent coherence
length is described as l¢ ~ T79%, while for 3D sys-
tems it is [y ~ T7975.[15:22] For temperatures below
7K, our data yields lg ~ T~%47 (solid blue line in
Fig.3(d)), indicating that the WAL effect does indeed
originate from the 2D surface states at low tempera-
tures. On the contrary, at higher temperatures, the
surface state is not the dominant conducting chan-
nel anymore, thus « and [, drift away from the low-
temperature data.

T12 ' 13 ' 14 ' 15 ' 16 | 0~2b(b)
~ 0or 3K 1
Z 4K TOA15-
< 1t 17
o
B 5K 0 10k
S 4 I
3 TK =
§ —
& 0.05} ® Peak 1
& —3f ) . B Valley
(a),
0.00 . . .
0.11 0.12 0.13 0.14 0.15 0.16 0 5 10 15
1/B (T 1) ~3.5 : n, .
[(c) 10— —— ] = @
- 1.0 T < a0 a 35 i
3 A4
08 g 1/cos £ 250 o 5K 1
S 2 6r 3 v TK
] A g0t ]
< 06 4 1=
~ N N 1
& ou 0 20 40 60 80 g 19
o Angle 0 (deg) | 4q 1.0f |
g gof m=13 1=, .0 ]
4 o boo's
0.0 . . 1.2 0.0 " . .
2 3 4 5 6 7 0.11 012 0.13 0.14

1/B (T~

Fig. 4. Shubnikov—de Haas oscillations of the surface sta-
tes of the PbTe nanowire. (a) The value of d?Rg,/dB?
versus 1/B at various temperatures. Oscillations can be
clearly observed. (b) The Landau level fan diagram. Li-
near fitting gives a nonzero intercept of 0.70+0.07, sug-
gesting that the Berry Phase is near. (c) Tempera-
ture dependence of the normalized conductivity ampli-
tude Aoczz(T)/Aoczz(0). The solid blue line is fitted by
X(T)/sinh(A(T')). The extracted cyclotron mass mcyc is
0.351 me. Inset: the magnetic field of landau level n = 12
versus the out-of-plane rotation angle. It shows 1/cosé,
suggesting the 2D nature of the Fermi surface. (d) Dingle
plot of log[(AR/R) B sinh(\)] versus 1/B at different tem-
peratures. Transport lifetime 7 can be extracted from the
fitting of log[(AR/R)B sinh(\)].

As a powerful tool, the SAH oscillations have been
widely used to explore the surface states in high qua-
lity topological insulators.”® 'l In Fig.4(a), the os-
cillatory part of d?R,,/dB? displays periodic peaks
(minima) and valleys (maxima) with 1/B, indicating

the existence of a well-defined Fermi surface up to
7K.l For a 2D Fermi surface, the peak positions
depend only on the perpendicular field B, = Bcosf
along the axis z, and 6 is the tilt angle between z
and B. As shown in the inset of Fig.4(c), the de-
pendence of Landau level n = 12 on rotation angle
matches perfectly with 1/ cos 6, indicating the 2D na-
ture of the SAH oscillations. Moreover, the SAH os-
cillation frequency has a direct relationship with the
Fermi surface Sg via the Onsager relation: fspy =
(h/4m?e)Sp. Thus we can deduce the Fermi vector
krp = \/(Sr/7) = 5.5 x 10cm~! and the 2D carrier
density nop = k3 /47 = 2.4 x 10'? em 2.

We have also plotted the Landau level fan di-
agram in Fig.4(b). The maxima and the minima
in Fig.4(a) are represented by red circles and blue
squares, respectively. Very good linear fitting gives
the horizontal axis intercept of 0.70 £ 0.07. The
value is close to 1/2, indicating the existence of
the Berry phase m, highlighting that the SdH os-
cillations originate from the 2D topological surface
states.[”>~%Y To obtain the cyclotron mass (Mmcye1),
we have fitted the temperature-dependent ampli-
tude of Aoy (T)/ A0y (0) = MN(T)/sinh(N\(T)), where
MNT) = 2n2KgTmeya/heB. As shown in Fig. 3(c),
the best fitting gives mcya = 0.351me at B =
7.8 T. The cyclotron mass and Fermi velocity satisfy
Meyave = hkp,I’”l thus vp can be estimated to be
1.82 x 10°ms~!, which in turn gives the Fermi le-
vel Ep = meyavd = 66meV.["") The transport life-
time 7 can be deduced from the slope of Dingle plot
by log[(AR/R)Bsinh(\(T))],**°] where AR/R ~
[A(T)/sinh \(T)]e=? and D = 2n?Ep/TeBra. As
shown in Fig. 4(d), the fitting gives 7 = 1.05 x 10725
and the corresponding mean free path | = vpr =
194 nm, similar to the previous calculated phase co-
herent length [, (~186nm). The surface electrons’
mobility ps = er/meya = el/hkp=5335 cm?V-ls—1
Such high mobility confirms that the conducting car-
riers come from the surface states. According to the
calculated results, the surface contribution to the to-
tal conduction can be estimated as ~61%,°? further
demonstrating that the low-temperature conductance
is mainly from the surface states, as the SdH oscilla-
tions.

In summary, we have synthesized high-quality sin-
gle crystalline PbTe nanowires via CVD using Au ca-
talysts, from which quantum oscillations and the WAL
effect from the topological surface states have been
observed. More importantly, the surface state con-
tributes up to ~61% of the total conduction at low
temperatures. The discovery of surface Dirac elec-
trons in PbTe nanowires is one step forward to their
applications in spintronic and nanoelectronics.
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