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P H Y S I C S

Influence of atomic-scale defects on coherent phonon 
excitations by THz near fields in an STM
Vibhuti N. Rai1*, Junyoung Sim1, Florian Faaber1, Nils Bogdanoff1, Sergey Trishin1, Paul Wiechers1, 
Tom S. Seifert1, Tobias Kampfrath2, Christian Lotze1, Katharina J. Franke2

Coherent phonons describe the collective, ultrafast motion of atoms and play a central role in light-induced struc-
tural dynamics. Here, we use terahertz (THz) scanning tunneling microscopy to excite and detect coherent pho-
nons in semiconducting 2H-MoTe2 and resolve how their excitation is influenced by atomic-scale defects. In a THz 
pump-probe scheme, we observe long-lived oscillatory signals that we assign to out-of-plane breathing and in-
plane shear modes, which are both dipole forbidden in the bulk. The relative excitation strength of these modes 
varies near defects, indicating that tip-induced local band bending modulates the coupling to the THz field. This 
defect-tunable coupling offers previously unidentified opportunities to control selective excitation of vibrational 
modes at the nanoscale.

INTRODUCTION
The ultrafast motion of atoms governs many fundamental proper-
ties of materials, such as heat, charge, and spin transport, owing to 
the coupling between the different degrees of freedom. Coherent 
phonons are particularly interesting as they are phase-locked lattice 
vibrations that can provide direct insight into light-induced struc-
tural changes, electron/exciton-phonon interaction, and nonlinear 
lattice dynamics, while also offering a way to actively modify elec-
tronic properties (1–7). The role of coherent lattice dynamics be-
comes especially important for engineering nanoscale devices based 
on (quasi) two-dimensional systems such as transition-metal di-
chalcogenides. Their pronounced light-matter interactions enhance 
coherent phonon generation and enable ultrafast structural phase 
transitions by optical and terahertz (THz) pulses.

A major advantage of the THz regime is that lattice dynamics can 
be driven resonantly and efficiently without substantial heating (8–
13), enabling access to nonthermal pathways for controlling struc-
tural and electronic properties. Driving by THz pulses is intriguingly 
versatile because it allows for the excitation of different phonon 
modes via various direct and indirect mechanisms (14–17). Ideally, 
one would like to selectively address certain modes by the THz puls-
es, potentially allowing for tuning material properties and enhancing 
the efficiency of driving phase transitions. However, unavoidable in-
trinsic defects may interact with the phonon modes and modify their 
properties (18). Understanding the interaction of phonons with sin-
gle defects requires a technique with both atomic-scale spatial and 
ultrafast temporal resolution. Furthermore, understanding the role 
of defects on phonon dynamics at the atomic scale highlights a path-
way to engineer phonon excitations by selectively introducing de-
fects into nanoscale materials.

A breakthrough toward the resolution of atomic-scale dynamics 
has been achieved by the development of THz scanning tunneling 
microscopy (THz-STM), often referred as lightwave-driven STM 
(see  Fig.  1A) (19, 20). Here, a THz pulse is coupled into an STM 
junction, enabling field-enhanced time-resolved spectroscopy with 

atomic-scale spatial resolution in a pump-probe scheme (11, 19–28). 
In essence, a phase-stable, single-cycle THz pulse adds an ultrafast 
oscillating bias voltage to the static dc bias voltage applied between 
the tip and the sample. This pulse leads to a transient change in the 
conductance, with its temporal evolution being probed by a second 
time-delayed pulse. By measuring the dc response, this THz pump-
probe scheme enables spatially resolved investigations of dynamical 
processes. Recently, this method has been used to address key 
questions in condensed matter physics, including charge carrier 
dynamics (19, 22, 24, 29), charge-density-wave dynamics (27), and 
even phase transitions (11). The THz field in the STM junction has 
also been used to excite and probe single-molecule properties 
(20, 28, 30) and localized vibrational modes at atomic-scale defects 
(13, 31) and to launch and detect acoustic phonons via their reflec-
tions at material interfaces (32).

Despite these advances, the excitation and detection of intrinsic, 
long-range coherent optical phonons using THz-STM has remained 
elusive. Efficient coupling of a THz pulse requires a polarization that 
can oscillate at THz frequencies. In semiconductors, surface band 
bending and inefficient screening of external fields lead to charge 
separation that can be dynamically modulated by the THz field, re-
sulting in a transient dipole moment that couples to the driving field.

Here, we use the near-field THz enhancement in the nanocavity 
of an STM tip and a semiconducting 2H-MoTe2 surface to locally 
excite and detect coherent phonon modes. Surface symmetry break-
ing and tip- and field-induced band bending allow us to address pho-
non modes that are forbidden in the bulk. Even more interestingly, 
we observe that atomic defects modify the intensity of the excited 
modes in the phonon spectral density. We attribute the selective en-
hancement to different transient dipoles in the presence of the de-
fects due to transient charging in response to the local band bending.

RESULTS
2H-MoTe2 has a trigonal prismatic structure, where each molybde-
num (Mo) atom is sandwiched between two tellurium (Te) atoms, 
forming a MoTe2 layer (see Fig. 1B). These layers are stacked along 
the c axis by van der Waals interactions leading to inversion sym-
metry in the bulk crystal structure. Figure 1C shows a typical STM 
topography of 2H-MoTe2 surface. The terraces are atomically flat 
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but with occasional protrusions that can be attributed to intrinsic 
defects such as substitutional sites or vacancies (see note S1 for sam-
ple preparation) (33). The differential conductance measurement 
( dI ∕dVb ) on the pristine area shows a gap of around 1.2 eV (black 
curve in Fig. 1D), consistent with the semiconducting nature and 
previous measurements (34–36). The defect sites exhibit several in-
gap states (Fig. 1D). Depending on the specific type of defects, there 
are one or two states close to the conduction band (CB), i.e., at 
Vb ≈ 0.60 V ( d1 in the blue curve) and Vb ≈ 0.32 V and Vb ≈ 0.44 V 
( d2 and d3 in the green curve), respectively. In addition, both sites 
show a broad defect state at Vb ≈ − 0.60 V ( d4/d5 ) near the valence 
band. As we will show later, charging the defect states will have a 
crucial impact on the phonon excitation probability.

THz-STM
To investigate the phonon dynamics, the STM junction is irradiated 
with THz pulses (Fig. 1A). Two phase-stable, single-cycle THz puls-
es are generated by irradiating a LiNbO3 crystal with a pair of infra-
red (IR) pulses of 1030 nm wavelength and 300 fs duration (see note 
S2 for more details) (37–39). It is essential to accurately characterize 
the near-field THz waveform in the STM junction, as reflections and 
low-pass filtering can distort the pulse and obscure the true dynam-
ics of the system (40, 41). We first verify the generation of a single-
cycle THz pulse and determine its free-space field strength using 
electro-optic sampling (EOS) outside the junction (for the EOS de-
tails, see notes S2 and S3). This pulse Einc

THz
 is subsequently coupled 

into a junction consisting of a silver (Ag)–covered tungsten tip in 
front of a 2H-MoTe2 sample for in-junction characterization. The 
generated and coupled THz pulses are linearly polarized along the 
tip axis. To probe the pulse shape within the junction, we use a 
second-harmonic pulse (515 nm) of the IR laser to induce photo-
emission, which is subsequently modulated by the time-delayed 
THz field Einc

THz
 . For these measurements, the tip is held several mi-

crometers away from the surface (for details, see note S3). The signal 
confirms the single-cycle nature of the THz pulse as shown in Fig. 2A 

and fig. S3 (24, 40, 42–44). The Fourier transform of the signal shows 
the bandwidth of the pulse with a central frequency of ≈ 0.5 THz 
and a strong spectral-weight cutoff above ≈ 1.0 THz (Fig. 2B).

With the THz pulse shape and free-space strength Einc
THz

 charac-
terized, we now use it as a transient bias voltage ( VTHz ) for ultrafast 
measurements in the tunneling regime. Owing to the field enhance-
ment in the Ag–MoTe2 junction, the amplitude of VTHz must first be 
calibrated. In the presence of the THz pulse, the transient bias volt-
age VTHz(t) adds to the applied dc bias voltage Vb , such that the total 
voltage at the junction is V (t) = Vb + VTHz(t) . The resulting THz-
induced current ITHz = Rrate × ∫ iTHz(t)dt is measured as a modula-
tion of the dc tunneling current with a lock-in amplifier (because 
the transimpedance amplifier cannot follow the sub-picosecond 
transient current iTHz(t) ; for details, see note S5). The amplitude of 
the transient voltage VTHz(t) is tuned by changing Einc

THz
 , using a pair 

of wire grid polarizers (for details, see note S2). In the absence of 
THz excitation ( Einc

THz
= 0 ), no additional current ITHz is detected, 

and only the static I
(

Vb

)

 is measured (black trace in Fig. 2C). At 
Einc
THz

= 0.2 kV/m, a small induced current appears (red trace), with 
an onset close to that of the static I

(

Vb

)

 . Increasing the far-field Einc
THz

to 2.1 kV/m shifts the onset of ITHz below the static CB minimum, 
corresponding to a transient bias voltage VTHz ≈ 260 mV (Fig. 2C). 
In the following, we use this amplitude for the probe pulse, while the 
pump pulse is of 325 mV. These moderate field strengths are chosen 
to avoid strong modification of the poorly screened electronic band 
structure of the semiconducting MoTe2 (31, 45, 46), while still yield-
ing sufficiently strong signals and efficient phonon coupling.

THz response of MoTe2
The two THz pulses described above are time-delayed with respect 
to each other to excite and probe the phonons in 2H-MoTe2. The 
pump pulse excites the sample by locally perturbing the substrate 
via its electric field, inducing an a priori unknown dynamics, which 
is subsequently measured by the probe pulse as a function of the 
time delay ( τ ) between the two THz pulses. Figure 3A shows four 
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Fig. 1. STM characterization of 2H-MoTe2. (A) Sketch illustrating the coupling of THz pulses into the STM junction (not to scale). (B) Side view and top view of MoTe2 in 
the 2H-phase (not to scale). In-plane ( E2

2g
 ) and out-of-plane ( B2

2g
 ) vibrational motions are shown with red and blue arrows, respectively. (C) STM topography of the in-situ 

cleaved 2H-MoTe2. Tunneling parameters for recording the topography are Vb = 1.3 V, and I = 20 pA. Scale bar, 5 nm. (D) dI ∕dVb spectra recorded on the pristine surface 
(in black) and on two defects (in blue and green) (feedback opened at Vb = 0.9 V, I = 20 pA, and Vmod = 13 mV). The tip positions are marked with colored crosses (black, 
blue, and green) in (C). Positions of the defect states ( d1 to d5 ) for the two defects are indicated by the vertical dashed lines. The inset shows a close-up view on the negative 
part of the gap, bringing out the deep in-gap defect state, marked with a black arrow. All defect states are labeled di.
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time traces taken at different dc bias voltages on the pristine surface, 
exhibiting a voltage-dependent oscillatory signal that lasts up to 
50 ps. The signal is strongly modulated over the measured time win-
dow, suggesting the presence of more than one frequency compo-
nent. In contrast to the strong oscillatory signal at Vb = 0.6 V, the 
equivalent measurements acquired with a dc bias inside the semi-
conducting bandgap show no signal (traces at Vb = −0.2 V and −0.6 V 
in Fig. 3A). To understand the origin of the signal, we consider the 
effect of the two time-delayed pulses, both delivering an electric 
field to the junction, which is amplified at the tip apex by several 
orders of magnitude as has been calibrated above (20, 22, 47). The 
first THz pulse (pump) initiates a coherent process, the dynamics of 
which are probed by the second pulse (probe). This leads to ITHz , 
which is only measurable if the material is sufficiently conductive at 
the transient bias voltage, i.e., when VTHz,probe is sufficiently strong to 
reach the edge of the bandgap of 2H-MoTe2. As a result, no signal is 
observed at Vb deep within the bandgap, consistent with our esti-
mated amplitude VTHz above. Consequently, the traces at Vb = −0.2 V 
and −0.6 V show no induced current.

We now aim to understand the origin of the long-lasting oscilla-
tions of ITHz upon reaching the CB. We first note that the oscillatory 
signal cannot originate solely from the convolution of the two THz 
pulses with the nonlinear static I

(

Vb

)

 , i.e., without involving any 
substrate dynamics. This is confirmed by calculating the induced 
current ITHz for two time-delayed pulses (see note S5), which differs 
clearly from the experimental traces. Consequently, the traces must 

include a dynamical process within the sample. To resolve the fre-
quencies of the induced excitations, we perform the fast Fourier 
transform (FFT) (Fig.  3B) and look at the power spectral density 
(PSD). For the FFT, we excluded the overlap region of the two pulses, 
where ultrafast processes, typically related to hot electron dynamics 
or other processes, such as Zener tunneling and impact ionization 
(48, 49), are beyond our time resolution. Instead, we are interested in 
long-lasting dynamics (for analysis details, see note S4). The FFT re-
veals two prominent peaks with high spectral weights at 0.48 THz 
(labeled α) and 0.6 THz (labeled β). The low-intensity side peaks ex-
hibit no notable variation with applied bias voltage or local defects 
(discussed later). The clear observation of sharp peaks signifies co-
herent excitations that we attribute to phonons due to their energy 
range being compatible with phonon modes of bulk 2H-MoTe2 (50–
53). Group theory predicts three acoustic ( E1

1u
 and A1

2u
 ) and 15 opti-

cal phonon modes for bulk 2H-MoTe2. Among the optical modes, 
five are doubly degenerate in-plane and another five are nondegener-
ate out-of-plane modes at the Г point, but disperse and split away 
from it, as reported in previous studies (50, 53). With the THz pulse 
being confined below the tip, coupling of the transient electric field 
to modes close but not restricted to zero momentum, i.e., to the Г 
point, is possible. On the basis of their frequencies, we tentatively 
assign our observed α and β modes to the in-plane shear E2

2g
 mode 

and the out-of-plane breathing B2
2g

 mode, respectively, though we 
note that prior experimental and theoretical values depend on the 
precise conditions prohibiting the assignment based on the precise 
phonon frequencies (50, 51, 53, 54). These modes are Raman active; 
however, contrary to the bulk 2H-MoTe2, inversion symmetry is bro-
ken at the surface, potentially rendering these also IR active.
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Fig. 2. THz pulse shape in the STM junction. (A) Near-field pulse shape measured 
by photoemission sampling by a Ag tip in front of a 2H-MoTe2 surface. Parameters 
for acquiring the pulse shape, Vb = −5.0 V, laser repetition rate Rrate = 1.25 MHz. 
(B) Power spectral density (PSD) from Fast Fourier transform of the THz pulse
shown in (A). (C) THz-induced tunneling current ( ITHz ) as a function of Vb at two dif-
ferent E inc

THz
 (feedback opened at Vb = 0.9 V and I = 20 pA). The signal is integrated 

for 0.5 s at each data point at a pulse repetition rate Rrate = 10 MHz. For comparison, 
the dc current is shown (in black) without any THz field.
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DISCUSSION
To understand the excitation, we note that coherent phonons can be 
generated through three primary mechanisms: (i) impulsive stimu-
lated Raman scattering (55, 56), which is a nonresonant process in-
volving excitation of higher energy states and Stokes scattering; (ii) 
displacive excitation of coherent phonons (57), which relies on reso-
nant electronic excitations; or (iii) direct coupling of the THz elec-
tric pump field to the dipole moment of vibrational modes (58, 59). 
The first two mechanisms require substantially larger-energy pump 
pulses [or unlikely multiple photon absorption (17)] for any inter-
band transitions than provided by our THz pulses, and can therefore 
be excluded. This indicates that a direct coupling of the electric field 
to a dynamic charge distribution at the surface resonantly excites the 
phonons, which are well within the bandwidth of our THz pulse. 
Regardless of the excitation mechanism, the detection of the pho-
non modes relies on conductance changes, which can be induced by 
both the in-plane E2

2g
 mode and the out-of-plane breathing B2

2g
 mode, 

as both influence the local density of states below the STM tip.
To gain further insight into the excitation mechanism and cou-

pling efficiencies, we compare the time traces at Vb = 0.6 V and 
Vb = 0.4 V in more detail (see Fig. 3B). Though both traces show the 
oscillations, their intensity is reduced at 0.4 V compared to the larger 
dc voltage. The overall decrease can be attributed to the highly nonlin-
ear I

(

Vb

)

 curve, especially at the CB band onset, which effectively 

modifies ITHz of the probe pulse (also see fig. S4). In contrast, the 
change in relative intensity of the α and β mode with the β mode 
showing a stronger intensity reduction than the α mode cannot be 
accounted for by the nonlinearity in the I

(

Vb

)

 characteristics (see 
the calculated spectral response in note S5).

To understand the energy-dependent excitation strength of the two 
modes and identify opportunities for its control, we investigate the THz 
pump-probe response at the previously identified defect sites. To this 
end, we measured time traces on the defect shown above (blue curve 
in Fig. 1D) in different bias regimes. Figure 4 (A and B) displays four 
time traces and their corresponding FFT spectra acquired at different 
Vb . To ensure a meaningful comparison, the tip-sample distance was 
maintained similar to that used in the measurements on the pristine 
surface (Fig. 3A). At positive bias voltages, the FFT spectra match those 
observed in pristine regions (Fig. 3A), showing the two phonon modes, 
α and β. The similarities in both the energy and relative intensities of the 
two modes suggest that the changes in the nonlinearity of the I

(

Vb

)

 
curve due to the defect states at positive Vb (green curve in Fig. 1D) have 
no major effect. However, the time trace measured at negative bias volt-
age displays a very different behavior. This becomes evident in the FFT 
signal (Fig. 4, B to D) as the relative intensity of the two modes is in-
verted with the β mode being more intense than the α mode.

The inversion of the intensity of α and β with different dc bias 
voltage and compared to the pristine surface cannot be explained by 
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a simple spectral response of the two THz pulses interacting with 
the nonlinear static I

(

Vb

)

 curve, even in the presence of the in-gap 
state at Vb = −0.6 V (for calculated spectra, see note S5). Instead, to 
explain this behavior, we consider the transient charge distribution 
at the surface and how this may influence the excitation efficiency. 
The total electric field in the junction consists of the tip-induced 
band bending EBB due to the difference in the work functions of the 
tip and the sample, the applied dc electric field EDC , and the THz 
field ETHz(t): Etot = ETHz(t) + E

DC + EBB . We note that it is nontrivi-
al to determine EBB in an STM junction. Because the work functions 
of Ag (4.2 to 4.7 eV, depending on crystallographic termination of 
the tip) and 2H-MoTe2 (4.1 to 4.4 eV) are nearly the same (60, 61), 
EBB is expected to be small.

To illustrate the tip- and field-induced dipole, we present energy 
diagrams for two regimes at either side of the flat band ( VFB ) condi-
tion (Fig. 4, E and F). In both cases, the applied bias voltage shifts 
the band relative to the flat-band condition, where the work func-
tion difference between tip and the sample is compensated by the 
applied Vb.

For Vb > VFB (Fig. 4E), the bands bend upward, creating a charge 
depletion region at the MoTe2 surface and a surface dipole. The THz 
electric field couples to the Mo and Te ions via Coulomb interaction, 
accelerates them, and thus triggers coherent ionic vibrations (pho-
nons). Because of the dc bias voltage variation, the static charge dis-
tribution is modified, which also modifies the effective charge of the 
ions and, thus, the phonon excitation efficiency. While we cannot 
make any quantitative statements on the charge distributions, this 
model captures the changes on the (relative) intensities of the pho-
non modes on the pristine surface.

In this band alignment, the defect states at positive bias voltage 
( d1 ) have only a slight effect on the charge distribution and, con-
sequently, on the excitation of the in-plane shear and out-of-plane 
breathing modes. Likewise, occupied defect states at negative bias 
do not alter the local charge distribution substantially as long as 
they remain below the chemical potential. As a result, the phonon 
spectra of defect and pristine areas are similar at positive bias 
voltage (Fig. 3).

In contrast, for Vb < VFB , the MoTe2 band bends downward at the 
interface (Fig. 4F), again inducing a surface charge accumulation. At 
sufficiently strong band bending, the occupied defect state at negative 
bias ( d1 ) crosses the chemical potential, altering the charge state and, 
thereby, also the transient charges that determine the phonon excita-
tion efficiency. This model explains that the β mode becomes more 
intense than the α mode at Vb = −0.6 V, indicating that the THz field 
excites the β mode more efficiently at the defect site than on the pris-
tine surface. [We note that the strong unoccupied defect states (d1 to 
d3) are responsible for the different phonon excitation at negative bias 
voltage, rather than the defect states at negative bias voltage ( d4/d5 ). 
For comparison of a different defect, see note S7].

The inverse intensity ratio of the two phonon modes at the defect 
site compared to the pristine surface indicates that the in-plane 
shear and out-of-plane breathing mode respond differently to the 
local band bending at the defect site. The sketch of the profile of the 
band bending near the defect in Fig. 4F illustrates that there is a field 
component parallel to the surface, enhancing the inhomogeneity of 
the electric field in the STM junction (62). We ascribe the qualita-
tively different response of the two modes to this field profile.

Different defects introduce distinct in-gap states, which modify 
the in-plane field component. Accordingly, measurements on various 

defects reveal different α-to-β ratios (see note S7). The balance be-
tween the out-of-plane and in-plane components depends on factors 
such as the defect type, tip-sample distance, and tip geometry. Al-
though these complexities hinder a fully quantitative description, our 
findings indicate that the coupling to out-of-plane breathing and in-
plane shear modes by an inhomogeneous electric field (31) can be 
locally tuned by defect-induced charge distributions.

Because the dc field scales with the tip-sample distance, the degree 
of band bending and, thus, the out-of-plane charge distribution 
varies accordingly. As shown in Fig. 4 (C and D), reducing the 
tip-sample distance alters the intensity ratio of the two phonon 
modes albeit not as pronounced as the presence of a defect com-
pared to the pristine surface, where there are strong changes of the 
transient charging.

We used THz STM to study coherent phonon excitations in 2H-
MoTe2 with atomic-scale resolution. Time-resolved measurements 
revealed two distinct phonon modes whose relative excitation strength 
varies with bias voltage, but most notably locally in the presence of 
defects. This variation is attributed to tip-induced band bending and 
transient charging of defect states, which modulate the efficiency for 
coupling to in-plane and out-of-plane vibrational modes while leaving 
their frequency unchanged within our resolution.

Our results demonstrate that the local atomic structure influ-
ences coherent lattice dynamics and suggest that selective phonon 
excitation via local field engineering could offer a route to control 
material properties at the nanoscale.

MATERIALS AND METHODS
Bulk 2H-MoTe2 crystals (bought from HQ Graphene) are cleaved in 
an ultrahigh vacuum chamber at room temperature. After cleaving, 
the sample was cooled with liquid helium before being inserted into 
the STM operated at ≈ 6 K.

The STM tip was prepared by electrochemical etching of a 
tungsten wire. To achieve efficient coupling of optical light, the tip 
apex was sufficiently covered with silver by dipping the tip into a 
Ag(111) surface.

The optical setup is placed on a vibration-isolated optical table 
located next to the STM chamber. A sketch of the optical setup is 
shown in fig. S2. We use an IR laser (1030 nm, 350 fs, 50 W, Satsuma 
HP3 from Amplitude). The output laser power is divided into two 
parts: A small fraction of the laser power (0.5 to 8 W) is used for an 
optical pump pulse. This allows for characterization of the THz 
pulses through EOS and photoemission sampling (PES). The major 
power of the laser is further split into two parts by using a polarizing 
beam splitter. One beam is then delayed with respect to the other 
one. Both beams are focused on a LiNbO3 crystal in tilted pulse-
front geometry for the generation of two THz pulses (37, 38). The 
path length of the THz beams—from generation to coupling into 
the STM chamber—is kept as short as possible to minimize the ef-
fect of water absorption. The EOS setup is used for the calibration of 
the far-field THz strength ( Einc

THz
 ) (more details in note S3). For PES 

in the STM junction, the second harmonic is generated (515 nm) by 
a BBO (BaB2O4) crystal placed in the optical path.

For the THz pump–THz probe measurements, one of the beams 
(probe) is modulated by an optical chopper synchronized with a lock-
in amplifier measuring the THz-induced tunneling current. Through-
out this work, the chopper is operated at a frequency of 817 Hz unless 
mentioned otherwise. The second beam is delayed with respect to 
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the probe by a delay stage to achieve the pump-probe measurement 
scheme. Furthermore, the THz field strength is controlled by a pair 
of wire-grid polarizers. The first polarizer was rotated relative to the 
polarization of the generated THz beam to control the amplitude of 
the THz field, while the second polarizer defined the polarization of 
the THz radiation impinging on the STM junction.

To couple the THz pulses into an STM junction, a Besocke Beetle-
style STM (CreaTec Fischer and Co.) was modified. In particular, 
this included modification of the radiation shields.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Notes S1 to S7 
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