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Introduction

A novel class of topological insulators (Tl), called topological crystalline insulators (TCl), has been
recently predicted[l’zl and experimentally demonstrated for snTe*® Pb,,Sn,Te™ and Pb,,Sn,Se'® .

In these IV-VI materials, an inversion of the L, and L. valence and conduction bands occurs above a

) [7-9]

certain critical Sn content (see Figure 1a . This induces a trivial to non-trivial topological phase

transition which, due to the bulk-surface connectivity, gives rise to the formation of a two-

dimensional (2D) topological surface state (TSS) with linear dispersion of a Dirac cone and helical spin

[1,2,6],[10-12]

texture due to spin-momentum locking . In TClIs these topological surface states are pro-

(1,2]

tected by crystal mirror symmetries™* rather than by time reversal symmetry as in conventional Z,

topological insulators™™™. Thus, these surface states are formed on particular surfaces such as (001),

d[1,2],[12]

(121) and (110) where the crystalline mirror symmetries are preserve . Moreover, the band

inversion is highly sensitive to external perturbations™®**" Therefore, the topological trivial to

non-trivial transition of TCls can be controlled by many different means, such as by varying tempera-

[17-19]

ture™® pressure[z], hybridization in ultrathin film geometries , magnetic interactions™™ or by

[16,21-23] [18]

breaking of mirror symmetries by strain , electrostatic fields"™ or ferroelectric lattice distor-

tions®***.. This provides ample degrees of freedom for topology control not available in conventional

Z, Tls. For this reason, TCls offer an ideal template for observation of exotic phenomena such as par-

[16]

tially flat band helical snake states and interfacial superconductivity, large-Chern-number quan-

tum anomalous Hall effect®, as well as for realization of novel topology-based devices such as topo-

[23] [18] [27]

logical photodetectors'™™, spin transistors'™"' and spin torque devices

For most of such applications, thin film structures with precisely controlled composition and Fermi
level are required. Up to now, most work has been performed on highly p-type bulk crystals exploit-

[3'4'6], whereas for other surface orienta-

ing the natural (001) cleavage plane of the IV-VI compounds
tions and actual devices epitaxial TCI film structures are required™®?*3?, The (111) orientation is par-
ticularly interesting due to the polar nature of its surface!*” as well as the ease of lifting the four-fold
valley degeneracy at the L-points of the Brillouin zone (BZ) 1331 by opening a gap at particular Dirac
points by strain™™® and quantum confinement'’"** to induce a transition from a TCl to a normal Z,-T!
material™. Epitaxial growth strongly relies on lattice- and thermal expansion matching between
films and substrate material. Good results have been obtained, e.g., for PbSnTe on Bi,Te; buffer lay-
ers,*3% put corresponding transport and angle resolved photoemission (ARPES) investigations are

[31,35]

offset by the intrinsic topological character of Bi,Te; as well as by PbSnTe/Bi,Te; interdiffusion
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and intermixing. Most challenging, however, is the intrinsic p-type character of PbSnTe caused by the
natural tendency of cation vacancy formation, creating resonant acceptor levels in the valence
band™. This tendency strongly increases with increasing Sn content and thus, SnTe always exhibits
very high bulk hole concentrations above 10%° cm™. This not only masks the topological surface state

in transport and optical investigations but also impedes observing the Dirac point by ARPES.

In the present work, we employ molecular beam epitaxy to grow high quality Pb,,Sn,Te films in
which extrinsic n-type doping is employed for compensation and control of carrier concentration. We
show that Bi doping allows to tune the Fermi level over a wide range from the valence to the conduc-
tion band and thus to observe the trivial to nontrivial topological transition under temperature and
composition variation. By careful tuning of the doping level and growth conditions, low free carrier
concentrations of 10'® cm™ and carrier mobilities as high as 10* cm?/Vs are achieved, providing excel-
lent conditions for quantum transport and optical studies of non-trivial topology effects®?. Most
strikingly, we find that Bi-doping induces a very large Rashba splitting of the valence band that is
absent for undoped material and reaches values as high as 0.022 A™. This yields a giant Rashba cou-
pling constant of 3.8 eVA that is comparable to the record values recently reported for the BiTe-
halide compounds[36]'[37]'[38]. Our tight binding calculations reveal that this Rashba splitting is caused
by pinning of the Fermi level due to acceptor like surface states. The important outcome is that the
Rasbha effect can be tailored and tuned by bulk Bi-doping. The coexistence and hybridization of TSS
and Rashba-split surface states is unexpected due to the inversion symmetry of the rock salt struc-

ture and paves the way for novel topological spin-orbitronic devices™.

Results

Epitaxial growth of Pb,,Sn,Te was performed by molecular beam epitaxy on BaF, (111) substrates
using stoichiometric PbTe and SnTe beam flux sources“™ The chemical composition of the layers
was varied over a wide range from xs, = 0 to 1 by control of the SnTe/PbTe beam flux ratio, which
was measured precisely using the quartz crystal microbalance method™’. N-type doping was real-
ized using a Bi,Te; compound source to promote substitutional incorporation of bismuth into cation

lattice sites!*?

where Bi acts as donor because of its additional valence electron compared to Pb or
sn*** The solubility of Bi,Te; in SnTe and PbTe amounts to several percent according to the quasi

binary phase diagramsm]. For compensation of the native p-type carrier concentration, however,
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only small Bi concentrations and Bi flux rates in the 10 — 10 monolayer (ML)/s range are required,

compared to overall film growth rates of 1 ML/s (=3.7A/s) used in our case.

2D growth of Pby,Sn,Te (111) films is observed for all compositions beyond a thickness of 100 nm as
demonstrated by the reflection high-energy electron diffraction (RHEED) patterns and atomic force
microscopy (AFM) image depicted in Figures 1b,c for xs, = 0.4. The high film quality is evidenced by
sharp diffraction spots arranged on the Laue circle and the intense Kikuchi lines arising from scatter-
ing at subsurface lattice planes. No surface reconstruction is observed. The surface is atomically flat
exhibiting about 200 nm wide terraces separated by single monolayer steps of 3.7A height (cf. Figure
1d). At the given substrate temperature of 350°C, growth proceeds in a step-flow mode with the

(4511461 Stryctural charac-

surface steps pinned by threading dislocations as described in detail in Refs.
terization by high resolution x-ray reciprocal space mapping (see Figures 1e-g) demonstrates that the
layers with 1 — 2 um thickness are fully relaxed. Accordingly, their Bragg peaks lie exactly along the
line connecting the bulk PbTe (apye=6.462A) and SnTe (as.1.=6.323A) reciprocal lattice points, as indi-
cated by the dashed and solid lines, respectively. Thus, the epilayers are undistorted with equal in-
and out-of-plane lattice constants. Systematic evaluation of the lattice parameters as a function of
composition shows that it precisely follows Vegard’s law™*”). In particular, for all samples the Sn con-

tent derived by x-ray diffraction perfectly agrees with the nominal growth values. Moreover, no trac-

es of any secondary phases were detected.

The Bi doping action and transport properties were evaluated by Hall effect measurements as sum-
marized in Figure 2. Undoped PbTe layers are n-type in the low 10" cm™ range under stoichiometric
MBE growth conditions***?. On the contrary, the carrier type of Pb,,Sn,Te switches from n to p-type
at x;, > 15% and thereafter the hole concentration rises exponentially with increasing Sn content,
reaching hole densities as high as 2x10*° cm™ for pure SnTe (see Figure 2a). This demonstrates an
exceedingly low cation vacancy formation energy Ey of SnTe compared to PbTe.® For undoped Pb,.
xSn,Te TCl films requiring xs, larger than 40%, the Fermi level is therefore always deep in the valence
band®®" ¥} We model the dependence of the cation vacancy formation energy on composition us-
ing Ey(Xsy) = Eysnte +AEy (1 — Xs,), where AEy is the vacancy energy difference between PbTe and SnTe.
Assuming an Arrhenius-like behavior for the equilibrium vacancy concentration, the native free carri-

er concentration in Pb,.,Sn,Te is predicted as:

= —AEy(1— kT
Npp(Xsn) = —Tnpore + Np snre€ v(A=xsn)/ (1)
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where n, pp1e and nysnre are the intrinsic carrier concentrations of the parent binary materials for the
given growth conditions. As demonstrated by the solid line in Figure 2(a), this model perfectly de-
scribes our experimental findings and from the fit of our data, a difference in the cation vacancy for-

mation energy between PbTe and SnTe of AE, =360 meV is derived.

Effective control of the carrier type and tuning of the carrier concentration by Bi doping is demon-
strated by Figure 2b, where the Hall concentrations of Bi-doped PbTe (®) and PbgsiSngscTe (M, ®)
epilayers are plotted versus Bi concentration. For PbTe, the electron concentration rises perfectly
linearly with Bi dopant concentration (solid line), evidencing a single ionized donor state and a unity
doping efficiency y = (n — no) / ng; for Bi concentrations as high as 10% cm™. This provides a precise
calibration of the Bi flux for growth. For Pbgs4Sng4cTe, Bi doping partially compensates the native
hole concentration until for ng > 2x10™ cm™ the material switches from p to n-type with electron
concentrations up to the mid-10"° cm™ range (cf. Fig. 2b). Thus, the carrier density can be tuned over
a wide range. By precise control of the Bi flux, low carrier densities within the 10’ cm™ range can be
obtained, resulting in Hall mobilities as high as 4, = 13000 cm?/Vs at 77 K, comparable or even ex-
ceeding the highest values reported for long term annealed bulk single crystals[49]. Inspection of Fig-
ure 2b reveals, however, that for high-doped Pbgs,Sng4sTe films the actual electron concentration is
significantly below the expected values for y = 1 (dashed line) and that the maximum electron con-
centration saturates in the mid 10" cm™ range even at high Bi concentrations. This means that the
doping efficiency decreases with increasing Sn content to y < 0.4 for xs, = 46% (Figure 2c), whereas
for pure PbTe it is unity for all investigated Bi concentrations. This suggests that Bi develops an am-
photeric character in the ternary materials and starts to occupy Te lattice sites as well, on which it
acts like an acceptor. Thus, compensation of the native hole concentration becomes increasingly

difficult at higher Sn contents.

The effect of Bi-doping on the topological surface state and population of the electronic bands is
studied in detail by angle resolved photoemission spectroscopy as a function of temperature and
composition in the 17 — 90 eV photon energy range. As shown by Figure 3, for n-doped
Pby54SngasTe:Bi films both conduction and valence bands are clearly visible in ARPES, whereas for
undoped films only the lower branch of the valence band is seen because the Fermi level is well be-
low the valence band (VB) edge (see Figure 4a). For a Bi doping of ng = 4 x 10* cm™ (=0.3% Bi), the

Fermi level E; at room temperature is already by +100 meV above the conduction band (CB) edge and
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lowering the temperature induces a further upward shift to +160 meV at 110 K (cf. Fig. 3a-c). At this
temperature a pronounced 2D topological surface state with linear dispersion appears, indicating the
transition from the trivial to the non-trivial TCl state. Also, an increase in the Fermi velocity, i.e.,
slope of the E(k) dispersion occurs due to the decrease of the effective masses accompanying the
closing of the gap™®?. This in turn leads to a decrease in the electronic density of states, which means
that the Fermi energy must shift upwards at lower temperatures to accommodate the temperature

independent, i.e., constant carrier concentration as observed by the Hall effect measurements.

The 2D nature of the observed surface state was verified by photon energy dependent ARPES inves-
tigations shown in Figure 3e-h. In spite of different admixtures of dispersive bulk and non-dispersive
surface signals at different photon energies, the absence of any photon energy dispersion corrobo-
rates that the observed bands are indeed surface states with 2D character. For the n-doped
Pby54SngasTe films, linear extrapolation of the TSS from the conduction band yields a Dirac point po-
sition at 10 - 20 meV below the VB maximum at 110K. This is revealed clearly by Figure 3j,k where
the ARPES intensity is depicted on a logarithmic scale. Also shown for comparison is the ARPES data
of a film with xs, = 26%, in which the gap remains fully open with E; ~120 meV even at low tempera-
tures, i.e., for low Sn contents Pb,,Sn,Te remains topologically trivial. Thus, the trivial to non-trivial
topological phase transition is demonstrated for (111) epitaxial films both as a function of tempera-
ture and Sn content. It is noted that the topological phase transition was previously suggested to
occur already at x,, = 0.25 for cleaved (001) bulk Pb,.,Sn,Te crystals.[s] However, this conclusion was
based only on extrapolation of the dispersion of the valence band of highly p-type material without

directly observing the Dirac point and conduction band.

Remarkably, all n-doped films show a very large Rashba splitting of the valence band in the k;, direc-
tion. To map out the correlation with the doping level, ARPES was performed for a series of
Pby54SngasTe layers with systematically increasing doping level. The results are presented in Figure 4
for Bi concentrations varying from 0 to 1%. Whereas for the undoped film the Fermi level is deep
inside the VB it strongly moves upward with increasing Bi content such that for ng; > 0.2%, the full VB
dispersion and CB appears. In fact, a total shift of E; by as much +280 meV is achieved by 1% Bi dop-
ing, evidencing the effective control of the Fermi level. Most importantly, we find that the Rashba
splitting systematically increases with the Bi concentration. Thus, the Rashba effect is induced by the

bulk doping of the material, which is in complete contrast to the Rashba effect in Z,-topological insu-
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BOLBI or transition metal deposition % or

lators such as Bi,Ses, which is usually induced by alkaline
adsorption of water on the surface®®™"* but not upon bulk doping®2P3EEBTLEELES \greover, it is
to be noted that in these Z,-Tls the Rashba bands are completely separated in energy from the topo-

logical surface state, whereas in our TCl case the Dirac and Kramers point overlap (see Figure 3j). This

suggests that a strong a hybridization between the TSS and the Rashba bands may occur.

For quantitative evaluation, the Rashba bands were modeled using the effective mass approximation

where the energy-momentum dispersions is given by
E(ky) = b2k2?/2m" + ag(d x k)2 =h?k?/2m" + agk (2)

where m* is the effective carrier mass in the k, direction, o the Pauli spin matrix and o, the Rashba
constant due to spin-orbit coupling and structural asymmetry at the surface. The Rashba effect caus-
es the formation of two separate spin polarized bands k, and k_ that are splitted by 2Ak; in the k;
direction, as indicated schematically by the dashed lines in Figure 4d. This leads to a nested band
structure with helical spin texture, forming concentric rings in the k,, plane as corroborated by the
constant energy ARPES maps depicted in Figure 4e-h. This is a key hallmark of the Rashba effect.
From the data, we derive the momentum splitting Akz and Rashba energy E; (= energy difference
between the band maxima and the Kramers point) for each sample, which yields the Rashba coupling
constant az = 2Ex/Akg as a function of the doping level. The results are summarized in Table 1,
demonstrating a clear correlation between the Rashba parameters and Bi concentration. In particular,
the Rashba constant assumes exceedingly large values of oz = 3.8 eVA for 1% Bi-doping, which is
comparable to the recently reported record values of the giant Rashba systems such as BiTeX (X=I, Br,

and Cl) and o-GeTe where oy is of the order of 2 —4 eVA [36-38,160-63]

The giant Rashba splitting is quite unexpected for materials possessing inversion symmetry as applies
for the IV-VI compounds with cubic rock salt crystal structure. As recently suggested, ferroelectric
(FE) lattice distortions can lead to a giant bulk Rashba spIitting[GO] in a-GeTe®*®** and snTe®.. In our
Pb.,Sn,Te films, however, we do not observe such distortions by x-ray diffraction down to 80K, and
even pure SnTe becomes ferroelectric only at low temperatures. Moreover, for films we don’t ob-
serve any abrupt change of the Rashba effect with temperature (cf. Figure 3) as would be expected at
such a FE phase transition. Thus, we rule out bulk inversion symmetry breaking and the Dresselhaus

mechanism as an origin for our Rashba effect. Instead, we invoke a symmetry breaking at the surface.
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In fact, the mere existence of the surface can produce spin polarized surface states, as has been
shown in the case of Pbg 73Sng.5;Se in the normal insulator phase[‘m. A surface band bending can tune
these states to the band gap region, and/or produce new states localized at the surface and enhance
the spin splitting. The pertaining Rashba effect will be thus confined to the surface, in agreement
with the observed 2D nature of the Rashba bands revealed by the photon energy dependence (Figure
3). We suggest that the surface band bending for PbSnTe (111) is caused by a pinning of the Fermi
level by localized trap states at the surface due to dangling bonds. This results in the presence of a
fixed surface charge o5 that induces a depletion layer below the surface. For degenerately doped
semiconductors this is described by the Thomas Fermi screening model with a screening potential of

V(z) = Vo exp(-z/1) (3)

where V, is the potential at the surface at z = 0 and 1 = w2/3hy/gye;/e2m*(3n)1/3 is the Thomas
Fermi screening Iength[64], which is of the order of a few nanometers for highly doped semiconduc-
tors. The surface potential V, is related to the surface charge by V, = - g5 A/&é, through the Poisson’s
equation and the overall charge neutrality condition. For acceptor-like trap states, the trapped sur-
face charge o5 is negative so that the bands bend upwards at the surface and V, assumes a positive
value. Likewise, for donor-like surface states o5 is positive, inducing a downward band bending corre-

sponding to negative V, values.

The effect on the surface spectral density of states was evaluated by tight binding calculations in
which on the atomic potentials of PbgssSngssTe obtained in Refs. 6] and ™ different surface band
bending potentials according to Eq. 3 were superimposed. We assume an anion (Te) termination of

the (111) surface as DFT calculations™®

suggest that this surface exhibits a lower surface energy than
the cation termination. The results are presented in Figure 4 for A = 2.5 and V, varying from -0.5, +0.3
and +0.1 eV from (j) to (l), respectively, where the solid lines correspond to the 2D surface states and
the shaded regions to the bulk bands. Evidently, surface band bending induces a strong Rashba split-
ting in either the CB or VB depending on the sign of V. Positive V, (i.e., upward band bending) leads
to a Rashba splitting in the VB due to the confinement of the hole wave functions near the surface.
Conversely, for negative V, the Rashba splitted states appear in the CB. Comparison with our experi-

ments reveals that only the upward band bending, i.e., V, > 0 is consistent with the ARPES data,

which demonstrates the presence of a negative surface charge os on the anion terminated surface.
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From our TB calculations, we derive the dependence of Rashba parameters as a function of surface
potential as presented in Figure 4m. Evidently, the momentum splitting Akz and Rashba constant
scale linearly, and Ez quadratically with the surface potential V,, i.e., with increasing electric field
strength E ~ dV/dz at the surface. Comparison with the experimentally values indicates a surface po-
tential V, of around +0.1 to +0.3 eV for our samples, which for the given screening length and dielec-
tric constant yields a surface charge of the order of 1/10 electron per surface atom. However, the
observed increase of the Rashba splitting with increasing Bi-doping dictates that this surface charge
is not constant but varies with the bulk Fermi level. Thus, it cannot be simply due to the polar nature
of the (111) surface as previously suggested[ss], but rather by localized surface trap states that are
successively filled by electrons as the bulk Fermi level increases. For p-doped samples these trap
states are unoccupied, corresponding to a flat band condition (cf. insert of Fig. 4i) without a Rashba
effect - as seen in our experiments. Comparing calculated and measured Rashba parameters, we find
a good agreement for Vo= +0.2 eV where o is of the order of 3 eVA in both theory and experiment.
The upward surface band bending also nicely explains the weak intensity of the CB band states in the
ARPES measurements because accordingly the CV wave functions are pushed into the bulk away
from the surface and thus, their spectral weight at the surface is strongly reduced. Also note that for
a given oi value, Akg and E; of the TB calculations are somewhat smaller than the experimental val-
ues. Since both are proportional to the in-plane effective mass m*, this is attributed to fact that m* is
underestimated by a factor of 1.8 in the TB binding calculations as compared to the experiments. The

effect of temperature and screening length variation is discussed in the supplemental information.

It is well known that Bi on metal surfaces can induce a large Rashba splitting due to its large spin-
orbit coupling, as e.g., for Bi/Ag(111) surface aIons.[66'67]To rule out such an effect, we have deposit-
ed 0.5 - 1 monolayer of Bi on top of undoped Pbys,Sng4sTe (111) at a temperature of 200K. The re-

1"® reveals that this does not cause any Rashba

sulting ARPES data, shown in supplemental Figure S
splitting of the PbSnTe bands. This corroborates that simple Bi accumulation on the PbSnTe surface,
e.g. by surface segregation would not explain our Rashba effect. This is further underlined by the
core level spectra of our bulk-doped films in Figure 4i, which show that the surface concentration of
Bi remains very small in all samples and that no notable Bi accumulation occurs. To further demon-
strate that the Rashba effect also does not rely on any specific property of the Bi dopant, we have
prepared PbgssSngasTe films where Bi was replaced by Sb as group V n-type dopant. As shown by the

supplemental Figure S1 & for such films a similar giant Rashba effect is observed. In fact, for a nom-

9
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inal Sb concentration of 3% we obtain an even larger Rashba splitting of Akz = 0.036 A™ and E¢ = 56
meV as compared to the 1% Bi doped sample. This clearly corroborates that the Rashba effect is sole-

ly controlled by the bulk Fermi level and thus will occur for any other n-type dopant of the system.

Summary

In summary, we have shown that Bi- and Sb-doped topological crystalline insulator Pb,,Sn,Te (111)
films represent a giant Rashba system that features Rashba coupling constant as high as the record
values reported in literature. Contrary to most other systems, the strength of the Rashba effect is
effectively controlled by the bulk doping. Our detailed analysis using tight binding calculations re-
veals that it originates from a large upward band bending at the surface due to electron surface traps,
whose occupancy is controlled by the bulk Fermi level. Since the Fermi level can be also tuned by
electrostatic gates, this opens up a pathway for spintronic field effect device applications. Doping
also allows compensating the intrinsic p-type character of TCI materials, resulting in high carrier mo-
bilities that enables optical and topological quantum transport investigations otherwise screened by
the bulk contribution. The magnitude of spin-splitting seems certainly sufficient for room tempera-
ture operation of spintronic devices based on spin-galvanic effects 2%**7Y put beyond that our ob-
served trends imply that the spin-splitting can be even further enhanced by increased Bi or Sb doping
levels. Thus, our findings open up new avenues for exploring exotic electrical and optical phenomena

in topological systems as well as novel spintronic devices driven by the Rashba effect.

10
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Method Section

Sample Preparation: Bi-doped Pb,,Sn,Te thin films were grown in a Varian Gen Il MBE system on
cleaved (111) BaF, substrates at 350 C at a pressure below 10~ mbar. The film growth was in-situ
monitored by RHEED. PbTe, SnTe and Bi,Te; were evaporated from compound effusion cells. In some
cases, a PbgSngssTe stoichiometric source was used. The PbTe/SnTe/Bi ratio was controlled and
calibrated by a quartz crystal microbalance moved into the substrate position. The thickness of the

films was in the range of 1 -2 um.

Sample Characterization: The surface of grown films was examined by AFM in contact mode. X-ray
diffraction measurements and reciprocal space maps were performed using a double crystal Seifert
3003 diffractometer equipped with a channel cut Ge (200) monochromator. The composition was
determined using the Vegards law as well as energy dispersive x-ray microanalysis and photoelectron

spectroscopy.

Transport Characterization: Hall measurements were carried out in Van der Pauw geometry with
external magnetic fields up to 0.9 Tesla. Measurements were performed and room temperature and
liquid nitrogen. Selected samples were also measured in high magnetic fields up to 7 T at 1.7K. The

obtained high field and low field carrier concentrations are consistent with each other within 20%.

ARPES Measurements: Angle-resolved photoemission was measured at UE112_PGM-2a-1"2 beam-
line at the Bessy Il synchrotron (Berlin, Germany) with photon energies ranging from 15-90 eV and
horizontally polarized light using a six-axes automated cryo-manipulator and Scienta R8000 detector
with typical energy resolution better than 5 meV. For these investigations, the as grown samples
were transferred from the MBE to the synchrotron using a battery operated ion getter pumped UHV
suitcase (Ferrovac VSN40S) sustaining a base pressure better than 2 x 10™° mbar. The ARPES experi-

ments were carried out at pressures below 2 x 10™° mbar.

Theoretical Calculations: The surface spectral density of states in the studied Pbgs,Sng4sTe films was
obtained using the tight-binding approach within the virtual crystal approximation. The parameters
for the constituent compounds, PbTe and SnTe were taken from Ref. 72 where they were obtained
within a nearest neighbor 18-orbital sp°d®> model with spin-orbit interactions included. To obtain a
correct dependence of the band gap with temperature we had, however, to find an appropriate scal-
ing of the hopping integrals with temperature. The Bi incorporation was simulated by applying a sur-

11
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face potential described by equation (3) within the Thomas Fermi screening model. The surface spec-

tral functions have been calculated using recursive Green’s function method described in Ref. 3.
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Tables:

Table 1. Rashba parameters of Phg5,Sng 4cTe (111) as a function of Bi-concentration ng measured by

ARPES at 110K (Figure 4), including Fermi energy E¢ (relative to the top of the valence band), Rashba

energy Er, momentum splitting kg, Rashba coupling constant a = 2Ez/ky of the Rashba bands.

Ng; E; Er kg R
[%] [meV] [meV] [A™] [eVA]
0% -80 - - -
0.3% +140 13 0.011 2.4
0.7 % +170 30 0.017 3.5
0.9% +190 38 0.022 3.8
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Figures and figure captions:
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Figure 1: Basic properties of Pb,.,Sn,Te (111) films. (a) Band gap in dependence of Sn content xs, at T
= 300, 150 and 4K (solid/dashed lines) according to Refs. [ 18], Symbols: Our ARPES data for room
temperature (®), 200K (®), 150K (®) and 100K (4). The band inversion and trivial to non-trivial
topological transition occurs at xs, = 0.36 and = 0.6 for 4K and 300K, respectively. (b,c) RHEED

patterns and AFM image of a Pbg4,Sng¢Te film grown by MBE on BaF, (111) substates. The extracted

surface profile (d) shows only single monolayer steps with a height of 3.7 A. (e-g) X-ray diffraction

reciprocal space maps around the (513) Bragg reflection for three epilayers with xs,= 0, 0.46 and 1. As

indicated, the layer peaks lie exactly on the line connecting the peak positions of bulk PbTe (<) and

SnTe (O), evidencing that all films are fully relaxed without residual lattice distortion. The expected

peak positions of fully strained epilayers are indicated by (A,0).
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Figure 2: Effect of Bi-doping of TCI films. (a) Intrinsic carrier concentration of undoped Pb,,Sn,Te
epilayers as a function of Sn content, revealing the high p-type character with increasing Sn content
due to Sn vacancy formation. The solid line represents the fit of the experimental data assuming that
the formation energy of vacancies decrease linearly with xs,. (b) Hall concentrations ny,, obtained for
PbTe:Bi (®) and Pbgs.SnisTe:Bi (M: p-type, ® n-type) as a function of Bi-dopand concentration. Solid
lines: Expected nyg, for different doping efficencies y = 1 for PbTe (black line) and y = 1, 0.5 and 0.3
for PbSnTe as indicated, based on the background carrier concentration measured for the undoped
reference layers. (c) Bi-doping efficiency derived for PbTe (®) and Pbys.SnscTe (M: p-type, ® n-type)
versus Bi concentration.
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Figure 3: Topological phase transition characterized by ARPES. (a-d) Temperature dependent E(k)
maps of a PbgssSngssTe (111) epilayer with 0.25% Bi measured around T of the surface BZ using a
photon energy of 18 eV. The topological transition occurs at about 110 K. Below 80K photoemission
becomes unstable due photon induced adsorption of residual gases and charging of the surface [I*")].
(e-g) Photon energy dependence measured at 110K. (i-k) ARPES spectra of Pb,.,Sn,Te epilayers with
low (xs, = 26%), respectively, high (46%) Sn content, demonstrating the trivial to non-trivial transition
as a function of composition with an open gap for the former and closed gap for the latter at 110K.
The intensity is shown on a logarithmic scale to reveal the TSS in the CB.
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Figure 4: Effect of bulk Bi-doping on the Rashba effect. (a-d) ARPES spectra of Pbgs,Sng4sTe (111)
with bulk Bi concentrations varying ng; = 0 to 1%, respectively, demonstrating effective tuning of the
Fermi level and the strong increase of the Rashba splitting with Bi concentration. The ARPES maps
were recorded around the T-point at 100 K with a photon energy of 18 eV. The derivation of the
Rashba constants az from the measured Ak and Eg is shown schematically in (d) and the results are
listed in Table 1. (e-h) Constant energy contours at different binding energies for the sample with ng;
= 0.7% showing the concentric rings of the Rashba bands and increasing hexagonal warping at lower
energy. (i) Core level spectra excited with hv =90 eV showing the Bi 4ds/, peak for increasing doping
level. The upper insert illustrates the surface band bending induced by localized electron traps Ny at
the surface that become populated with increasing bulk doping, whereas without Bi doping (lower
insert) the traps are not occupied and no band bending occurs. (j-1) Tight binding supercell calculation
of the Rasbha effect in Pbgs4Sng4sTe (111) induced by an upward (j) or downward (k,I) band bending
towards the surface due to a negative, respectively, positive surface potential V,. The screening
length was set to A = 25A and T=200K. The Rashba constants derived from the calculations kg (M), Ex
(®) and ag = 2Ex/kr (®) are plotted in (m) as a function of surface potential.
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