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A sudden collapse in the transport lifetime across
the topological phase transition in (Bi1−xInx)2Se3
LiangWu1, M. Brahlek2, R. Valdés Aguilar1, A. V. Stier1, C. M. Morris1, Y. Lubashevsky1, L. S. Bilbro1,
N. Bansal2, S. Oh2 and N. P. Armitage1*
Topological insulators are newly discovered states of matter1

with robustmetallic surface states protected by the topological2

properties of the bulk wavefunctions1–6. A quantum phase3

transition (QPT) from a topological insulator to a conventional4

insulator and a change in topological class can occur only5

when the bulk bandgap closes3. In this work, we have6

used time-domain terahertz spectroscopy to investigate the7

low-frequency conductance in (Bi1−xInx)2Se3 as we tune8

through this transition by In substitution. Above certain9

substitution levels we observe a collapse in the transport10

lifetime that indicates the destruction of the topological phase.11

We associate this effect with the threshold where states12

from opposite surfaces hybridize. The substitution level of13

the threshold is thickness dependent and only asymptotically14

approaches the bulk limit x ≈ 0.06 where a maximum in15

the mid-infrared absorption is exhibited. This absorption can16

be identified with the bulk bandgap closing and change in17

topological class. The correlation length associated with the18

QPT appears as the evanescent length of the surface states.19

The observation of the thickness-dependent collapse of the20

transport lifetime shows the unusual role that finite-size21

effects play in this topological QPT.22

The topological character of topological insulators is determined23

by the nature of their valence-band wavefunctions, which can be24

quantified by 4 Z2 invariants. It has been shown that for inversion25

symmetric crystals it is possible to evaluate these invariants26

directly with knowledge of the parity of Bloch wavefunctions27

for the occupied electronic states at high symmetry points in28

the Brillouin zone7. Although this argument is formulated for29

inversion symmetric systems, a material’s topological classificationQ1 30

does not require inversion or translation symmetry. Therefore, the31

expectation is that the alloying of known topological insulators32

with lighter elements by tuning spin–orbit coupling or lattice33

constant can cause the bulk bandgap � to close and invert at34

a quantum critical point where the topological class changes35

(see Fig. 1a). This has been investigated in the thallium-based36

ternary chalcogenide alloy TlBi(S1−xSex)2 (refs 8–10), but thus far37

only with photoemission (Supplementary Section SB). Although38

signatures of topological surface state (TSS) conduction have been39

found in Bi2Se3 (refs 11–14), a demonstration that the surface40

transport changes markedly when the bandgap closes and the41

bulk changes topological class15 would be strong evidence for the42

topological nature of these materials and is still lacking. In this43

regard, it was pointed out recently that indium (In) substitutes44

for bismuth to form a solid solution in Bi2Se3 and that the non-45

topological endmember In2Se3 of the (Bi1−xInx)2Se3 series shares46

the common rhombohedral D5
3d structure with Bi2Se3 (ref. 16). In47
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ref. 16, a topological to trivial transition was observed in a range 48

x ∼0.03–0.07. In this work, we systematically investigate the details 49

of this topological phase transition. 50

Samples investigated in this work were films grown bymolecular 51

beam epitaxy. Bi2Se3 films grow in quintuple layer (QL) Se–Bi–Se– 52

Bi–Se blocks. In addition to time-domain terahertz spectroscopy 53

(TDTS), we performed optical absorption measurements in the 54

mid-infrared range, which are sensitive to the energy scale of the 55

bulk bandgap (∼350meV for Bi2Se3). In Fig. 1b we show that 56

the mid-infrared (MIR) absorption coefficient at 0.31 eV has a 57

distinct peak near x = 0.06 for all of the 32, 64 and 128 QL 58

thicknesses. Despite the fact that even the x = 0 compound has its 59

chemical potential in the bottom of the conduction band, a closing 60

of the bandgap should increase the absorption as the low-energy 61

joint density of states increases. As we will show below, the peak 62

in the MIR absorption with In substitution is consistent with a 63

topological phase transition occurring by closing and reopening of 64

the bandgap at x ≈ 0.06. 65

In Fig. 1c,d we show the real and imaginary terahertz-range 66

(1 THz= 4.1meV) conductance of a series of 64 QL (Bi1−xInx)2Se3 67

films substituted from x = 0 to x = 0.25 at 5 K in the terahertz 68

frequency range. For x = 0 we have previously shown (and will 69

demonstrate again below) that the spectra are characterized by a 70

prominent low-frequency Drude component, which has an almost 71

entirely surface character, and a low-frequency phonon at∼1.9 THz 72

(ref. 14). With increasing In concentration, the phonon mode 73

broadens and its frequency shifts almost linearly (Supplementary 74

Fig. S4e) to higher frequency owing to the lighter In mass. The 75

Drude peak broadens only slightly up to x = 0.04 in a fashion 76

expected due to the increased disorder. However, for substitutions 77

larger than x = 0.05 the Drude peak broadens markedly and 78

the real part of the conductance becomes flat, indicating that 79

the TSSs have undergone a significant change16. Qualitatively 80

similar results at different doping levels are seen for 16QL, 32QL 81

and 128QL films (Supplementary Section SC). For x ≥ 0.10, the 82

conductance becomes a slowly increasing function of frequency 83

ω consistent with a tendency towards charge localization. The 84

finite conductance of x = 0.10 at low frequency indicates still 85

some metallic behaviour, possibly contributed from the electron 86

pocket seen by photoemission at these substitutions16. The nearly 87

zero conductance of x = 0.17 and x = 0.25 at low frequency and 88

correspondingly the negative slope of the imaginary conductance at 89

low ω indicates insulating behaviour for these concentration levels, 90

which is consistent with the d.c. study16. 91

To investigate the details of the evolution through the 92

topological QPT, we fit the data to a three-component 93

Drude–Lorentz model as shown in Fig. 1e (see Methods and 94
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