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6 ABSTRACT: Bi4I4 belongs to a novel family of quasi-one-dimen-
7 sional (1D) topological insulators (TIs). While its β phase was
8 demonstrated to be a prototypical weak TI, the α phase, long thought
9 to be a trivial insulator, was recently predicted to be a rare higher order
10 TI. Here, we report the first gate tunable transport together with
11 evidence for unconventional band topology in exfoliated α-Bi4I4 field
12 effect transistors. We observe a Dirac-like longitudinal resistance peak
13 and a sign change in the Hall resistance; their temperature
14 dependences suggest competing transport mechanisms: a hole-doped
15 insulating bulk and one or more gate-tunable ambipolar boundary
16 channels. Our combined transport, photoemission, and theoretical
17 results indicate that the gate-tunable channels likely arise from novel gapped side surface states, two-dimensional (2D) TI in the
18 bottommost layer, and/or helical hinge states of the upper layers. Markedly, a gate-tunable supercurrent is observed in an α-Bi4I4
19 Josephson junction, underscoring the potential of these boundary channels to mediate topological superconductivity.
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21 Topological insulators (TIs) are insulating in the bulk yet
22 conducting on the boundary, protected by symmetry and
23 immune to disorder.1,2 They enable near-perfect devices using
24 imperfect interfaces for breakthrough technologies. Their
25 discovery has led to an ongoing revolution, deepening our
26 fundamental understanding in condensed matter and materials
27 physics. Over the past decade, there has been rapidly growing
28 interest in the search for TI materials.3−11 Thus far, most of
29 them are either three-dimensional (3D) strongly bonded bulk
30 materials in the first generation, e.g., Bi1−xSbx alloys with rather
31 complicated surfaces states,12,13 or quasi-two-dimensional
32 (2D)-layered van der Waals materials in the second generation,
33 e.g., the Bi2Se3 family compounds with only one surface Dirac
34 cone.14−16 Recently, for the search of the rare weak TIs, first-
35 principles calculations predicted a new generation of TI
36 materials Bi4I4 and Bi4Br4 in a quasi-one-dimensional (1D)
37 geometry, which uniquely harbor two natural cleavage surfaces
38 and feature two Dirac cones at only one of the cleavage
39 surfaces.3 They promise several advantages, such as multiple
40 cleavage planes, strain-induced phase transitions between weak
41 TI, strong TI, and trivial insulator states, and hosting of
42 prototypical higher order TIs with helical hinge modes.3−8 As

f1 43 shown in Figure 1a, Bi4I4 is composed of a periodic stack of
44 atomic chains aligned in the b direction,17−19 with very weak
45 interlayer binding energies for the (100) and (001) planes.3,17

46 In each unit cell, the two internal Bi atoms form zigzag chains,

47while the two external Bi atoms are each bonded to four I
48atoms and one internal Bi atom. The crystals have two
49independent symmetries: spatial inversion and (010) mirror
50reflection.
51Bi4I4 has two structural phases, α and β, which crystallize in
52the same space group C2/m yet mainly6 differ in the way their
53(001) monolayers are stacked.17−19 In Bi4I4, an important
54structural phase transition at ∼300 K between the two phases
55has been observed.5,7,20 More notably, the weakly coupled
56Bi4I4 (001) monolayers are 2D TIs6 (Figure 1d), although
57each monolayer may relax into a trivial insulator when
58freestanding.21 Recently, the high-temperature phase, β-Bi4I4,
59has been confirmed by angle-resolved photoemission spectros-
60copy (ARPES)4,5,7 to be a weak TI, whereas the low-
61temperature phase α-Bi4I4 has long been thought to be a
62trivial insulator, even using the state-of-the-art classification
63tools.3,21−24 However, a more recent theoretical investigation
64predicts that α-Bi4I4 is a rare higher order TI6 that hosts an
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65 insulating bulk state and gapped surface states (panels b, c, e,
66 and f of Figure 1) yet gapless hinge states (panels b and g of
67 Figure 1), which may be viewed as the time-reversal-invariant
68 counterpart of the long-desired 3D quantum Hall effect25,26 or

69the 3D counterpart of the celebrated Su−Schrieffer−Heeger
70model.27

71Despite the rising interest in quasi-1D TIs in the community
72and the alluring prospects of Bi4I4, all experiments to date have

Figure 1. Band structure and characterization of bulk Bi4I4 crystals. (a) Crystal structure of α-Bi4I4. The gray box and green star are the
conventional unit cell and inversion center, respectively. (b) Schematic of the higher order TI state of α-Bi4I4 with a particular surface termination.
The bulk and surface bands are all gapped, and a helical hinge state around the top/bottom surface exists in the surface-state gap. (c) Zoom-in
(100) side surface state in panel b featuring double Dirac cones with a small gap in the chain direction and a nearly vanishing dispersion in the
stacking direction. (d) Edge-projected band structure of monolayer α-Bi4I4. The green lines are the helical edge states at two parallel edges. (e)
(001) surface-projected band structure of bulk α-Bi4I4. No surface states exist in the bulk gap. (f) (100) surface-projected band structure of bulk α-
Bi4I4. The green lines are the (100) side surface state in panel c. (g) Hinge-projected band structure of bulk α-Bi4I4. The green lines are the hinge
states along the chain direction in panel b, and the black lines are the (100) and (1̅00) side surface states. Note that Ga and Gb are the reciprocal
lattice vectors using the conventional unit cell notation and that the Miller indices are named using the a−b−c′ notation. See the Supporting
Information for computational details.

Figure 2.Magneto-transport data from device D1. (a) Rxx(Vg, B) at T = 1.8 K. (b) Rxx(Vbg) at B = 0 and Rxy(Vbg) at B = 1 T. (Inset) Optical image
of a device. Scale bar = 5 μm. (c) Rxy(Vg, B) at T = 2 K. (d) Rxy(B) at T = 1.7 K for Vg = 20, −20, −25, −30, −35, −40, and −60 V, respectively.(
Inset) Schematic of the side view of device contacts (orange).
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73 been performed on bulk materials.4,5,7,18,28−31 However, to
74 ultimately demonstrate the presence of non-trivial surface and
75 hinge states and to leverage the room-temperature topological
76 phase transition in Bi4I4 as the topological switch between 2D
77 surface and 1D hinge conductions, a demonstration of gate-
78 tunable transport is of paramount importance. Here, we seek
79 to explore the electronic properties of Bi4I4 thin-film
80 transistors. Bulk crystals are grown by the chemical vapor
81 transport method. Although the β phase may be obtained at a
82 low temperature via rapid quenching at high temperatures,5

83 crystals that are cooled slowly from room temperature are
84 observed to be in the α phase.7

85 We fabricate thin-film Bi4I4 field effect transistors, which are
86 encapsulated by hexagonal BN (hBN) (see the Supporting
87 Information for details of crystal growth and characterization,
88 device fabrication, and computation techniques). An optical

f2 89 image of a Bi4I4 device D1 is illustrated in the inset of Figure
f2 90 2b, and the schematic of the device side view is shown in the

91 inset of Figure 2d. The surface of the exfoliated sheet is the a−
92 b plane, and the c axis is the out-of-plane direction. Panels a−c
93 of Figure 2 display the longitudinal resistivity Rxx and Hall
94 resistivity Rxy of device D1, which is ∼25 nm thick, as a
95 function of the gate voltage Vg and magnetic field B at
96 temperature T = 1.8 K. The Rxy data are antisymmetrized with
97 respect to B to remove artifacts induced by, e.g., slight
98 misalignment between the Hall voltage probes. Transport is
99 performed along the b axis, i.e., the atomic chain direction.
100 Interestingly, both resistances are strongly gate-dependent. For
101 instance, at B = 0, as the gate voltage increases from Vg = −60
102 V, Rxx increases until it reaches a peak of ∼2 kΩ at Vg,max =
103 −36.5 V; for Vg > Vg,max, Rxx continuously decreases and lowers
104 to ∼0.8 kΩ at Vg = 60 V (red curve and left axis of Figure 2b).
105 This prominent Rxx peak in gate modulation is similar to those
106 observed in Dirac materials, such as graphene,32 2D TIs, such
107 as HgTe and InAs/GaSb quantum wells,33,34 and the surface
108 states of 3D TIs, such as Bi2Se3,

35,36 and suggests the presence
109 of a Dirac point or a very small band gap (kBT ∼ 0.15 meV,
110 where kB is Boltzmann’s constant); hence, we refer to the peak
111 as “Dirac-like”. Similarly, Rxy is strongly gate-tunable, becoming
112 negative for Vg ≫ Vg,max and positive for Vg ≪ Vg,max, indicating
113 hole- and electron-dominated transport, respectively (blue
114 curve and right axis of Figure 2b). For the entire range of gate
115 voltage studied, Rxy is linear in B, as expected from the Drude
116 model (Figure 2d). Thus, the strong gate dependence of Rxx
117 and Rxy, together with the sign change in the latter,
118 unambiguously establishes the presence of a gate-tunable
119 channel in α-Bi4I4 transistors.
120 On the other hand, if the gate-tunable channel is the only
121 conduction channel, we would expect that Rxy scales as 1/(ne),
122 where n is the charge carrier density and e is the electron
123 charge. Thus, Rxy should rapidly decrease once Vg is tuned past
124 the Dirac-like peak in Rxx. However, in Figure 2b, for an
125 extended range Vg > Vg,max, Rxy remains almost constant, while
126 Rxx steadily decreases; these behaviors are inconsistent with a
127 single-carrier Drude model. To gain further insight into the
128 transport properties of Bi4I4, we investigate the evolution of
129 ρxx(Vg) at B = 0 with the temperature for device D2, which is

f3 130 ∼45 nm thick (Figure 3a). Here, transport is performed along
131 the a axis. Similar to device D1, Rxx is gate-tunable, with a
132 resistivity peak at Vg,max ∼ −48 V. The collection of Rxx(Vg)
133 curves taken at different temperatures, shown in the inset of
134 Figure 3b, appears to cross at a single point, Vg = −6 V and Rxx
135 = 2 kΩ; for Vg < −6 V (Vg > −6 V), R decreases (increases)

136with increasing temperature, indicating insulating (metallic)
137transport. This metal−insulator transition-like behavior, driven
138by the gate voltage, is more clearly seen in Figure 3c, where
139Rxx(T) is plotted at different gate voltages. When the device is
140highly doped (Vg > 0), dRxx/dT > 0 for most of the
141temperature range, except for a small resistivity uptick at T <
14230 K, suggesting a largely metallic regime. In contrast, when
143the device is close to the resistivity peak, dRxx/dT < 0 for the
144entire temperature range; the slope of the curve is steep near T
145∼ 200 K, becoming almost flat between 135 and 75 K, and
146picks up again at low temperatures, T < 50 K. Such variations
147in the slopes of the Rxx(T) curves suggest the presence of more
148than one transport mechanism. Another clue is given by the
149Rxy(T) curves at B = 1 T for different gate voltages (Figure
1503d), which are positive for Vg ∼ Vg,max, indicating hole-
151dominated transport, and negative for Vg ≫ Vg,max. Taken
152together, we conclude that there are two competing transport
153mechanisms: an insulator-like bulk state that is hole-doped and
154an ambipolar metallic boundary state that can be tuned by Vg.
155We note that the co-existence of bulk and boundary states
156can successfully account for the puzzlingly large variations in
157the temperature dependence of the resistance in bulk Bi4I4
158devices reported to date;5,29,30 because the boundary state is
159sensitive to charge transfer, the variations in temperature
160dependence can be attributed to different doping levels of the
161boundary charges induced by, e.g., contaminants. Moreover,
162our data are also consistent with the observed multiple sign

Figure 3. Temperature-dependent data from device D2. (a) Rxx(Vg,
T) in kΩ taken at B = 0. (b) Mobility of the gate-tunable state,
calculated using eq 1. The data sets are taken at (Vg1, Vg2) = (0, −5
V), (−5, −10 V), (−10, −15), and (−15, −20 V), respectively. The
solid line is a fit to μ0/(1 + (T/A)α), yielding α = 1.5 and μ0 ∼ 730
cm2 V−1 s−1. (Inset) Rxx(Vg) at T = 2, 5, 10, 20, 40, 80, 120, 150, 180,
and 200 K, respectively (from top to bottom). (c) Rxx(T) at Vg =
−60, −40, −30, −20, −10, 0, 20, and 40 V, respectively (from top to
bottom). (d) Rxy(T) at B = 1 T and Vg = −60, −40, −30, −20, −15,
−10, 0, 20, and 40 V (from top to bottom). (Inset) Rxy(T) at Vg =
−14 V, showing multiple sign changes as T decreases. Rxx and Rxy data
are symmetrized and antisymmetrized with respect to B, respectively.
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163 changes in the Rxy(T) curve in one report;29 if the device is
164 nearly compensated, the competition between the hole-doped
165 insulator-like bulk state and the electron-doped metallic
166 boundary state results in sign changes as T is lowered. Indeed,
167 this is observed in device D2 at Vg = −14 V (inset of Figure
168 3d), where ρxy is negative at high and low temperatures yet
169 positive at intermediate temperatures.
170 To delineate further bulk and boundary transport, we model
171 the device conductivity by σ(Vg, T) = σg(Vg, T) + σb(T), where
172 σb and σg are conductivities of the bulk and gate-tunable
173 channels, respectively. Because σb(T) is a constant at a given
174 temperature, mobility of the gate-tunable channel can be
175 extracted from the difference in total conductivity at different
176 gate voltages

T
V T V T

C V V
( )

( ) ( )

( )g
g1, g2,

g g1 g2
μ

σ σ
=

−
−

177 (1)

178 where Cg is the capacitance between the gate and the boundary
179 state. Using an estimated Cg ∼ 11.8 nF/cm2 for parallel plate
180 capacitance between the flake and the Si back gate, we
181 calculate μg(T) from three different pairs of (Vg1, Vg2) traces
182 (Figure 3b). These curves collapse into a single trace,
183 indicating that μg is approximately independent of charge

184density. Because μg has a power law scaling with the
185temperature for phonon-dominated scattering at a high
186temperature and is nearly a constant for disorder-dominated
187scattering at a low temperature, we fit the curves to μg = μ0/(1
188+ (T/A)α), where μ0 and A are fitting parameters. With α = 1.5
189and μ0 ∼ 730 cm2 V−1 s−1, the fits are in excellent agreement
190with data and consistent with phonon-dominated scattering for
191T > ∼150 K.
192To summarize our observations thus far: (i) There is one or
193more gate-tunable transport channels in α-Bi4I4. (ii) Transport
194through these channel(s) contribute to both longitudinal and
195Hall conductances. (iii) This channel is metallic and
196ambipolar, thus hosting either a Dirac point or a very small
197band gap. What is the origin of this gate-tunable state? A trivial
198mechanism is that it arises from a bulk band, which is lightly
199doped, so that charge density in the few bottommost layers is
200tuned by the back gate, while that deep in the bulk remains
201undisturbed as a result of screening. Alternatively, it originates
202from the top/bottom surface states on the a−b plane. To
203examine these possibilities, we note that these scenarios
204necessitate a top layer (or a few top layers) that conducts
205current uniformly. Thus, we fabricate a device with pre-
206patterned holes on the top hBN layer, so that contacts are only
207made to the interior (as opposed to the edge) of the top

Figure 4. Transport and ARPES data excluding surface states on the a−b plane. (a) Schematic of a bulk-contacted device with top gate dielectric
Al2O3 and top gate (not shown). (b) Two-terminal conductance of a bulk-contacted device versus top gate voltage (bottom axis) and B (top axis).
(Inset) Schematic of the side view of the device contacts. (c) Fermi surface mapping of α-Bi4I4 on the (001) top surface measured at 10 K with 85
eV photon energy. The gray frame represents the surface Brillouin zone. (d) Band image of cut 1 indicated in panel c. The white arrows mark the
related bulk state (BS) and bulk band gap. The solid yellow line represents the energy distribution curve at k = 0. Related bulk valence band top
(BVT) and bulk conduction band bottom (BCB) are marked by the yellow arrows. (e and f) Same as panels c and d but measured on the (100)′
side surface. The photon energy was set to 30 eV to better resolve the surface states (SS). The yellow arrows point to the surface valence band top
(SVT) and surface conduction band bottom (SCB). (g) Zoom-in image of the boxed area in panel f. The yellow arrows point to the surface valence
band top (SVT) and surface conduction band bottom (SCB), identifying a gap in the surface state.
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208 surface of a Bi4I4 flake that is ∼25 nm in thickness. The device
209 is completed by depositing Al2O3 and a metal top gate. A

f4 210 schematic of this device is shown in Figure 4a. Resistance of
211 such a device is ∼2 kΩ, indicating a conductive bulk and/or a
212 conductive top surface. Here, the resistance is completely
213 independent of the back gate voltage, top gate voltage, and
214 magnetic field (Figure 4b), in sharp contrast to the data in
215 Figures 2 and 3. This difference arises from regions at which
216 the contacts are made: here, the contacts are made on the
217 interior of the top surface (see the inset of Figure 4b), whereas
218 contacts in the “standard” devices in Figures 2 and 3 cover
219 both the interior and the edges (see the inset of Figure 2d).
220 The gate independence of the interior-contacted device
221 therefore excludes the bulk band and the top surface state as
222 the origin of the gate-tunable channel; given the similarity of
223 the top and bottom surface states, we also exclude the bottom
224 surface state. The absence of surface states on the a−b plane is
225 in fact consistent with first-principles calculations3 (Figure 1e)
226 and further verified by ARPES measurements on bulk crystals,
227 as shown in panels c and d of Figure 4. There is no discernible
228 surface state on the (001) a−b plane of α-Bi4I4, where only a
229 gapped bulk state is observed by ARPES at the surface
230 Brillouin zone edge7 (Figure 4c). Here, we can distinguish the
231 (100) and (001) surfaces in the ARPES measurement by the
232 distinct periodicity of the dispersions in momentum space,
233 which is inversely proportional to the lattice constants a and c
234 for the (001) and (100) surfaces, respectively.
235 Having eliminated the bulk band and the top/bottom
236 surface states, we now discuss some non-trivial mechanisms for
237 the gate-tunable transport in α-Bi4I4. One such channel is the
238 helical hinge states of α-Bi4I4 as a higher order TI3 (panels b
239 and g of Figure 1). A second possibility is the gapped surface
240 states on the b−c plane, i.e., on the sides of the device. The
241 (100) surface state on the b−c plane is seen in our calculated
242 band structure3 (panels b, c, and f of Figure 1) and in our
243 ARPES data (panels e−g of Figure 4). Clearly, this (100) side
244 surface state is a novel 2D electron system with a highly
245 unusual structure;7 while almost dispersionless in the c
246 direction, it forms a massive Dirac band in the b direction.
247 As a result of the large spin−orbit coupling and the local
248 inversion symmetry breaking, the conduction and valence
249 bands display quasi-1D Rashba-like spin splitting (Figure 1c).

250Both the side surface states and the helical hinge states can
251contribute to the longitudinal signal and be tunable by Vg;
252however, they should not contribute to the Hall resistance in
253our edge-contacted devices.
254The gate tunable Rxy signals therefore suggest the presence
255of an additional channel. Here, we consider the last possibility,
256which is the 2D TI state that is expected to emerge in
257monolayer Bi4I4

6 (Figure 1d). On first glance, this possibility is
258rather surprising, because our devices are relatively thick.
259However, because the interlayer coupling in Bi4I4 is extremely
260weak (∼10 meV),6 gate-induced charges accumulate primarily
261on the bottommost monolayer (or at most 2−3 layers as a
262result of screening), similar to that observed in gated bilayer
263WSe2 and MoS2.

37−40 Albeit with a dissimilar dielectric
264environment and unrelaxed lattice constants compared to a
265freestanding monolayer,21 this 2D TI state6 hosts a gapped
266Dirac cone and, thus, contributes to both Rxx and Rxy
267signals.33,34 The absence of conductance quantization is likely
268due to the presence of the conductive bulk or the surface/
269hinge states.
270We therefore tentatively attribute the gate-tunable ambipolar
271channels to the bottommost 2D TI layer that is effectively
272decoupled from the upper layers, the gapped side surface
273states, and/or gapless hinge states around the upper layers. All
274of these channels are valuable platforms that afford rich
275physics, such as mediation of topological superconductivity. As
276a demonstration of this possibility, we couple a Bi4I4 flake to
277 f5Ti/Nb contacts that are separated by ∼500 nm. Figure 5a
278illustrates differential resistance dV/dI versus bias current I and
279Vg. Zero resistance states are observed; as I increases at 0.3 K,
280at least two pairs of sharp peaks are observed at ∼±15 and
281∼±40 μA (blue curve of Figure 5b), respectively, correspond-
282ing to the critical current Ic values of induced super-
283conductivity with 2Δ1 ∼ 1.2 meV and 2Δ2 ∼ 3 meV, which
284are comparable to or less than the superconducting gap of Nb
285(2Δbulk ∼ 3 meV). We note that these critical currents are
286considerably larger than those observed in graphene Josephson
287junctions with higher mobilities and similar device parame-
288ters.41−44 Because Ic values are tunable by Vg, the supercurrent
289must be carried by the gate-tunable channels, consistent with
290our proposed mechanism. Moreover, the supercurrent is
291completely suppressed at 4.4 K (red curve of Figure 5b) or

Figure 5. Supercurrent in a Bi4I4 Josephson junction. (a) Differential resistance dV/dI in unit of Ω versus bias current I and Vg. The dark blue
region signifies the supercurrent. (b). dV/dI at Vg = 0 and T = 0.3 and 4.4 K, respectively. (Inset) Normal state resistance RN(Vg). (c) dV/dI in unit
of Ω versus I and B at Vg = 0, where B is perpendicular to the a−b plane.
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292 at a critical magnetic field of Hc ∼ 2 T perpendicular to the a−
293 b plane (Figure 5c). We note that the Fraunhofer pattern is not
294 observed, because it is likely obscured by the supercurrent
295 carried by the conductive bulk and possibly the side surface
296 states. Additional experimental and theoretical investigation
297 will be needed to fully elucidate the magnitude, nature, and
298 mechanism of this exciting gate-tunable proximity-induced
299 superconductivity.
300 In conclusion, we demonstrate gate-tunable transport in α-
301 Bi4I4, which is most consistent with the presence of gapped
302 surface states on the b−c plane, gapless edge states, and/or
303 hinge states around the a−b plane. Emergence of the gate-
304 tunable supercurrent mediated by these states provides a new
305 avenue for creating and manipulating topological super-
306 conductivity and underscores the potential of quasi-1D TIs
307 for realizing the promises of topological materials.
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