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ABSTRACT: A recent theoretical study suggested that Ag2Te
is a topological insulator with a highly anisotropic Dirac cone.
Novel physics in the topological insulators with an anisotropic
Dirac cone is anticipated due to the violation of rotational invariance. From magnetoresistance (MR) measurements of Ag2Te
nanowires (NWs), we have observed Aharanov−Bohm (AB)
oscillation, which is attributed to the quantum interference of
electron phase around the perimeter of the NW. Angle and
temperature dependences of the AB oscillation indicate the
existence of conducting surface states in the NWs, conﬁrming that Ag2Te is a topological insulator. For Ag2Te nanoplates
(NPLs), we have observed high carrier mobility exceeding 22 000 cm2/(V s) and pronounced Shubnikov−de Haas (SdH)
oscillation. From the SdH oscillation, we have obtained Fermi state parameters of the Ag2Te NPLs, which can provide valuable
information on Ag2Te. Understanding the basic physics of the topological insulator with an anisotropic Dirac cone could lead to
new applications in nanoelectronics and spintronics.
KEYWORDS: Anisotropic topological insulator, Ag2Te, nanowire, nanoplate, Aharanov−Bohm oscillation,
Shubnikov−de Haas oscillation

T

crystalline and perfect stoichiometric Ag2Te nanowires (NWs)
were synthesized by the vapor transport method.16 In addition,
we have synthesized single crystalline Ag2Te nanoplates (NPLs) in
this work.
Here, we report the topological insulating nature observed
from single crystalline Ag2Te NWs with a triple layered structure. The high surface-to-volume ratio and superb crystallinity
of as-grown Ag2Te NWs allow us to observe the electron transport on the surface states. Although Ag2Te is known as a semiconductor with a narrow bandgap of 30 meV,17 the Aharanov−
Bohm (AB) oscillation in Ag2Te NWs observed in this study
suggests that the phase coherence of electrons is mostly
retained around the perimeter of the NW, indicating the
existence of topological surface states. In addition, we have
observed high carrier mobility and pronounced Shubnikov−
de Haas (SdH) oscillation in Ag2Te NPLs. From this oscillation, we have obtained the Fermi state parameters of Ag2Te,
which provides valuable information on the Fermi surfaces of
this material.

opological insulators, which have an energy gap in bulk
while permitting electron transport, locked with spin
polarization, on their metallic surface, open new physical states
of materials. Unique quantum mechanical phenomenon such as
the quantum spin Hall eﬀect or realization of exotic fermions
are anticipated in the topological insulators.1−4
Studies on the three-dimensional topological insulators have
been mostly focused on Bi2Se3, Bi2Te3, Sb2Te3, and their
compounds so far, exclusively showing an isotropic single Dirac
cone.5−11 For the topological insulator having an anisotropic
Dirac cone, on the other hand, the Fermi velocity varies on the
Fermi surface around the Dirac cone.12 The violation of rotational invariance can induce highly one-directional spin and
electron transport properties, from which novel physics is
anticipated.13−15
A band calculation paper recently reported that Ag2Te could
be a topological insulator with an anisotropic single Dirac cone
due to a distorted antiﬂuorite structure.12 However, experimental evidence demonstrating the topological insulating nature of
Ag2Te have not been reported yet. To observe the existence of
topological surface states via transport measurements, nanostructures having a high surface-to-volume ratio and single crystallinity
are required. We have recently reported that highly single
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Figure 1. (a) SEM image of as-synthesized Ag2Te NWs and NPLs on a sapphire substrate. (b, c) TEM images of the Ag2Te NW and NPL,
respectively. Both are grown along the [010] direction. (d, e) High-resolution TEM images of the Ag2Te NW and NPL, respectively. The lattice
spacing between the (010) atomic planes is 0.457 nm (marked by two pairs of parallel lines in d, e; insets in d, e: SAED patterns). (f) HAADF image
of the Ag2Te NW in STEM mode along the [001] zone axis. (g) Schematic of the layered crystal structure of Ag2Te with triple layers ordered in the
Ag−Ag−Te or Te−Ag−Ag sequence along the [100] axis.

annular dark ﬁeld (HAADF) image of the Ag2Te NW in a STEM
mode taken at a [001] zone axis. Figure 1g displays the schematic
of a layered crystal structure of Ag2Te, resulting from the adjustment through a simulation of the HAADF image (Figure 1f)
obtained experimentally. Interestingly, the HAADF image clearly
exhibits that the crystalline Ag2Te NW consists of an alternating
combination of a triple layer and an unoccupied layer. The triple
layer is composed of a Ag layer in the middle and the top and
bottom layer occupied by alternating pairs of Ag and Te atoms.
Along the [100] axis the triple layers are ordered in a Ag−Ag−Te
or Te−Ag−Ag sequence. This layered structure can be compared
with the well-known Bi2Se3 and Bi2Te3 topological insulators that
have quintuple layers ordered in a Se(Te)−Bi−Se(Te)−Bi−
Se(Te) sequence.5−11,18,19 A theoretical study indicates that the
surface states of topological insulators with a layered structure can
realize a quantum spin Hall system due to topologically nontrivial
edge states.20
AB Oscillations Observed in a Ag2Te NW. Elecrical
transport measurments were carried out with a conventional
alternating current four-probe technique. We measured three
representative Ag2Te NW samples A, B, and C, all exhibiting
similar behavior. Figure 2a shows a SEM image of the measured
device. Figure 2b shows a magnetoresistance (MR) curve of
sample A measured at 2 K by a physical property measurement
system (PPMS, Quantum Design). The magnetic ﬁeld direction was parallel to the NW axis of [010] direction. The prominently sharp cusp near zero ﬁeld can be explained by the weak
antilocalization eﬀect incurred by spin−orbit interaction.8,9

Ag2Te NWs and NPLs are grown using Ag2Te powder
source on a sapphire substrate without any catalyst in a horizontal
one-zone furnace (Figure S1, Supporting Information). Single
crystalline Ag2Te NPLs are synthesized by the simple modiﬁcation
of the single crystalline Ag2Te NWs synthesis method reported
before.16 At a reaction temperature of 980 °C, Ag2Te NWs are
synthesized, while both Ag2Te NPLs and NWs are simultaneously
formed by increasing the reaction temperature to 1050 °C.
Figure 1a shows a typical scanning electron microscopy
(SEM) image of as-synthesized Ag2Te NWs and NPLs. Ag2Te
NWs have diameters of 70−150 nm and lengths in tens of
micrometers. Simultaneously grown Ag2Te NPLs have widths
of 3−10 μm and lengths of 5−20 μm. Figures 1b and c show
representative transmission electron microscopy (TEM) images
of an as-synthesized Ag2Te NW and NPL, respectively. Highresolution TEM images (Figures 1d and e) and selective area
electron diﬀraction (SAED) patterns (insets of Figures 1d and e)
reveal the [010] growth direction and the single crystalline
nature of the NW and NPL, respectively. The lattice spacing
between the (010) atomic planes was determined to be
0.457 nm, indexed to the monoclinic Ag2Te phase. The Ag2Te
NWs and NPLs have a monoclinic crystal phase with a Ag/Te
atomic ratio of 2:1 according to X-ray diﬀraction (XRD)
pattern and energy dispersive X-ray spectroscopy (EDS)
(Figure S2 of the Supporting Information).
To identify the ﬁne crystal structure of Ag2Te in detail, spherical
aberration corrected scanning transmission electron microscopy
(STEM) measurements were performed. Figure 1f is a high-angle
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Figure 2. Aharanov−Bohm oscillation in the Ag2Te NW. (a) SEM image of the Ag2Te NW device with a NW width of 118 nm. The thickness of the
NW is 120 nm as determined by AFM (a line cut in the right). (b) MR curve in the range of ±6 T at 2 K. The magnetic ﬁeld direction is parallel to
the NW axis. The vertical blue dotted lines indicate that the period of the oscillation is 0.29 T. (c) Magnetic ﬁeld position of resistance minima in the
oscillation versus index. (d) FFT of the dR/dB in the entire magnetic ﬁeld range. The location of the h/e ﬂux quantum is labeled.

Figure 3. Angle and temperature dependences of the AB oscillation. (a) MR after subtraction of the smooth background (ΔR) versus B(T) curves at
ﬁve diﬀerent angles (θ) between the direction of the magnetic ﬁeld and the NW axis at 2 K. Each colored arrow indicates two periods of oscillation.
(b) The ﬁrst oscillation period (ΔB) versus θ curve. ΔB ﬁts well to a 1/cos(θ) function. (c) ΔR versus B(T) at six diﬀerent temperatures. (d) FFT
amplitude of AB oscillation versus T. The data ﬁt nicely to T−1/2 between 2 and 30 K.

where Φ0 = h/e is the ﬂux quantum, S is the cross-sectional area
of the NW, h is Planck’s contant, and e is the electron charge.
The AB oscillation is clearly seen up to ±6 T in Figure 2b, and
the magnetic ﬁeld position of resistance minima versus
oscillation index is plotted in Figure 2c. The plot shows fair
linearity with a period of 0.29 T, indicating that AB oscillation
remains intact up to ±6 T. The cross-sectional area deduced
from the AB oscillation period (14.18 × 10−15 m2) agrees well
with the estimated cross-sectional area (14.16 × 10−15 m2) of
the sample A, which has a retangular cross-section with a width

Along with this, many short periodic oscillations are clearly seen,
as indicated by the vertical blue dotted lines. Such oscillations are
attributed to the AB oscillation arising from quantum interference
of charged particles encircling a closed trajectory.
To observe the AB oscillation in the NW, the conduction
electrons must retain phase coherence around the NW perimeter.
Additionally, conduction must occur dominantly through the NW
surface. Otherwise, the aperiodic contribution from the bulk state
would make the AB oscillation diﬃcult to see, especially at a high
magnetic ﬁeld. The period of AB oscillation is given by ΔB = Φ0/S,
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Figure 4. SdH oscillation in the Ag2Te NPL. (a) Schematic of the device for four-probe resistance Rxx (navy color) and Hall resistance Rxy (green
color) measurements. Right images show the optical image and AFM line cut of the NPL device. (b) Rxy versus B(T) curves at 2 and 300 K.
(c) Carrier concentration (blue) and mobility (red) versus temperature curve. (d) Rxx versus B(T) curve at 2 K. The magnetic ﬁeld is perpendicular
to the NPL. (e) MR after subtraction of the smooth background versus 1/B(T−1) at 2 and 25 K. The period of the oscillation is 0.03 T−1.
(f) Logarithmic amplitude of ΔRxx versus T. A magnetic ﬁeld of 7.4 T is applied. The eﬀective mass can be extracted by measuring the amplitude of
the SdH oscillations as a function of temperature (Supporting Information).

axis varies. Here, ΔR is the MR after subtraction of the smooth
background. In this case the oscillation period ΔB(θ) is expected to increase in a relation of ΔB(θ) = ΔB(0)/cos θ, since
the magnetic ﬂux penetrating the NW is reduced by a factor of
cos θ. Figure 3a shows that the oscillation period increases with
θ. Figure 3b plots the ﬁrst oscillation period as a function of θ,
which ﬁts well to a form of 1/cos θ as expected. Such angle
dependence of AB oscillation has also been reported for multiwall
carbon nanotubes and heterostructure NWs, each possessing a
conducting surface channel.21,22 Since our sample is neither a nanotube nor a heterostructure, the observed angle dependence from the
NW supports the existence of the conducting surface state with a
well-deﬁned encircling area.
Figure 3c shows the temperature dependent MR curves from
2 to 30 K. A smooth background is subtracted from MR. The

of 118 nm and a height of 120 nm determined by SEM and
atomic force microscopy (AFM), respectively (Figure 2a). The
dimensionality of samples B and C also matches well with the crosssectional area deduced from the observed AB oscillation period for
each sample (Figure S4, Supporting Information). A fast Fourier
transform (FFT) of the MR derivative (dR/dB) (Figure 2d) shows
a prominent peak at h/e, agreeing with the results for Bi2Se3 and
Bi2Te3 nanoribbons.8,9
In addition to the observation of pronounced AB oscillations,
further experimental evidence of the topological insulating
nature of Ag2Te comes from the angle and temperature dependences of the MR. The angle and temperature dependences were
measured for NW sample B and C, respectively. Figure 3a displays
how the oscillation period of ΔR versus B(T) curve changes when
the angle (θ) between the magnetic ﬁeld direction and the NW
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dx.doi.org/10.1021/nl301763r | Nano Lett. 2012, 12, 4194−4199

Nano Letters

Letter

can help exploring the anisotropic Dirac cone of Ag2Te using
angle-resolved photoemission spectroscopy or scanning tunnelling spectroscopy.
In summary, we have demonstrated the topological insulating
nature of the Ag2Te NW through the observation of AB oscillation by MR measurements. In contrast to other isotropic topological insualtors, Ag2Te has been expected to be a topological insulator with a highly anisotropic single Dirac cone. To
observe the unique electronic transport properties arising from
the anisotropic Dirac cone, further experimental and theoretical
studies are needed. A discovery of a new material candidate for
topological insulators would allow more degrees of freedom in
our quest for the search of exotic fermions as well as the realization of new kinds of nanospintronic applications. Valuable information on the Fermi states were also obtained in the Ag2Te NPLs,
which could help with exploration of the anisotropic Dirac cone
of Ag2Te.

period of the MR oscillation remains rather constant as 0.49 T
at all measured temperatures. In Figure 3d, the FFT amplitude
of the dR/dB at the value of ΔB·S = h/e is plotted as a function
of temperature, ﬁtting well to a T−1/2 dependence. Such T−1/2
dependence can be explained by ensemble averaging eﬀect in
the absence of inelastic phonon scattering.23 Similar T−1/2 temperature dependence was also observed in other topological
insulators.8,9 All of these observations demonstrate a Ag2Te
NW to be a topological insulator.
Electronic Transport Properties in a Ag2Te Nanoplate.
We fabricated a 3 μm wide and 150 nm thick Ag2Te NPL
device; its geometry is illustrated in Figure 4a. Four-probe
resistance (Rxx) and Hall resistance (Rxy) of the NPL were
measured at various temperatures and magnetic ﬁelds. For the
Ag2Te NPL, the AB oscillation was not observed due to its
large cross-sectional area. Its larger width, however, made Hall
resistance measurement possible, enabling estimation of the carrier
concentration and carrier mobility. Furthermore, we obtained the
Fermi energy and Fermi velocity of the Ag2Te NPL from the observed SdH oscillation, providing valuable information on Ag2Te.
Figure 4b shows Rxy as a function of B measured at 2 and
300 K, respectively. Carrier concentration n is given by n =
(B·I)/(e·d·VH), where I is the current, d is the thickness of the
Ag2Te NPL, e is the electron charge, and VH is the Hall voltage.
From I/VH = 1/Rxy, n becomes B/(e·d·Rxy); thus we can
estimate n = 6.2 × 1016 cm−3 from the inverse slope of the plot
at 2 K (d ∼ 1.5 × 10−5 cm). The carrier mobility μ is determined to be 2.1 × 104 cm2/(V s) at 2 K as deﬁned by μ =
l/(e·n·R·S), where S is the cross-sectional area and l is the
distance between the electrodes (Figure S5 of the Supporting
Information). Figure 4c shows the temperature dependence of
the calculated n and μ. Maximum carrier mobility is obtained at
10 K as μ ∼ 2.2 × 104 cm2/(V s), which is greater than the
highest value of 4 × 103 cm2/(V s) reported so far.24,25 In
general, materials with high mobility would lead to excellent
thermoelectric power and shows quantum mechanical eﬀect
such as the SdH oscillation.26,27
Figure 4d shows the MR curve of the Ag2Te NPL device at
2 K with a magnetic ﬁeld aligned perpendicular to both the
current direction and the (001) surface of the NPL, in which
the MR oscillation is pronounced. Both the oscillation amplitude and the period increase with the magnetic ﬁeld, suggesting
the SdH oscillation. The NPL also shows a steep cusp of MR
near zero ﬁeld due to weak antilocalization eﬀect, similar to the
Ag2Te NWs displayed in Figure 2b.
The period and amplitude of the SdH oscillation reveal
characteristics of the Fermi surface of the Ag2Te NPL.28 Figure 4e
shows plots of ΔRxx versus 1/B at 2 and 25 K, with ΔRxx is
given as Rxx subtracted by the smooth background in Figure 4d.
The oscillation period of the inverse magnetic ﬁeld, Δ(1/B), is
given by the equations: Δ(1/B) = e/(h·n) and Δ(1/B) = 4πe/
(kF2·h), where kF is the Fermi wavevector.9 From the oscillation
period in Figure 4e, n and kF are estimated to be 5.9 × 1016
cm−3 and 0.34 nm−1, respectively. The calculated n value is
close to that from the Hall resistance measurement, 6.2 × 1016
cm−3. Figure 4f depicts the temperature dependence of the SdH
oscillation amplitude, from which we can estimate eﬀective
mass m*, the Fermi energy EF, and the Fermi velocity VF as
0.082 m0, 175.6 meV, and 4.81 × 105 m/s, respectively (Supporting
Information). This value of VF for the Ag2Te NPL is close to those
of well-known topological insulators like Bi2Se3, Bi2Te3, and
Sb2Te3.5 These physical parameters estimated from the SdH
oscillation provide valuable information on the Fermi states and
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