Raman Spectroscopy of Optical Transitions and
Vibrational Energies of ~1 nm HgTe Extreme

Nanowires within Single Walled Carbon Nanotubes

Joseph H. Spencer,1 John M. Nesbitt,' Harrison Trewhitt,” Reza J. Kashtiban,” Gavin Bell,

Victor G. Ivanov,”” Eric Faulques,® Jeremy Sloan®* and David C. Smith'*

!School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom.
*Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom.
®Sofia University, Faculty of Physics, 5 J. Bouchier Blvd., BG 1164 Sofia, Bulgaria

*Institut des Matériaux Jean Rouxel, University of Nantes CNRS, UMR6502, F-44322 Nantes, France.

KEYWORDS : Resonant Raman Spectroscopy, HgTe@SWCNT, Nanowires, Carbon

Nanotubes, DFT, HRTEM
Abstract

This paper presents a Resonance Raman spectroscopy study of ~1 nm diameter HgTe nanowires
formed inside single walled carbon nanotubes by melt infiltration. Raman spectra have been
measured for ensembles of bundled filled tubes, produced using tubes from two separate sources,
for excitation photon energies in the ranges 3.39 to 2.61eV and 1.82 to 1.26eV for Raman shifts
down to ~25 cm™. We also present HRTEM characterization of the tubes and the results of DFT
calculations of the phonon and electronic dispersion relations, and the optical absorption

spectrum based upon the observed structure of the HgTe nanowires. All of the evidence supports



the hypothesis that the observed Raman features that are not attributable to single walled carbon
nanotubes, i.e. peaks due to radial breathing mode phonons, but are due to the HgTe nanowires.
The observed additional features are due to four distinct phonons, with energies 47, 51, 94 and
115 em™ respectively, plus their overtones and combinations. All of these modes have strong
photon energy resonances which maximize at around 1.76eV energy with respect to incident

laser.

Infiltration of inorganic materials into the central pores of single walled carbon nanotubes
(SWCNTs) allows the encapsulation of extreme nanowires with diameters comparable to a single
unit cell of the parent material.” > For SWCNTs with diameters in the range 0.8-1.6 nm,
embedded nanocrystals with sterically and systematically reduced coordination are observed
resulting, in some instances, in metastable crystalline forms not encountered in the bulk forms of
the same material. * Whilst comparable diameter nanowires can be produced using a range of
templates including zeolites,” mesoporous phases,®” and Metal Organic Framework (MOF)-type
materials,” SWCNTSs have a number of advantages as templates; they are atomically smooth,
electron transparent, are readily available, and can be filled easily using melt infiltration in order
to create mg quantities of encapsulated nanowires on at least a laboratory scale. Thus
encapsulated SWCNT nanowires are not only scientifically interesting in their own right but also

as a pathfinder for a wide range of other extreme nanowire materials.

So far much of the work on filled carbon nanotubes has focused on establishing the range of
materials that can be infiltrated and then observing the effect of confinement on the
crystallography of the encapsulated materials. Less attention has been given over to their
fundamental physical and functional properties. For example, while there have been a number of
theoretical predictions® that the electronic energies of the encapsulated nanowires will be very
significantly modified with respect to the bulk phases, there are few experimental studies
demonstrating this to date. Another interesting area of study are phase transitions of fillings,

including pressure driven phase transitions in polyiodide filled tubes’ and bending driven



transitions in Agl® and recently it was observed that GeTe inside a nanotube exhibits solid-

amorphous phase change behaviour.'

The interactions between host tube and filling are also interesting. In this respect, the majority of
recent studies have focused on charge transfer with both hole doping, from fillings such as

' 12 and more recently graphene nanoribbons,'® and electron doping, from fillings such as

iodine
zinc,* copper™ and cadmium halides'® being demonstrated. Another hypothesised interaction
that has received some experimental verification'” is that electrostatic interactions between ionic
fillings and electrons in the nanotube could alter the local electronic bandstructure of the tubes,
There is a significant body of work on magnetic nanowires including Fe'® and Co'" and Eul;.*°
Only limited research has been done on the applications of filled tubes but this includes
investigations into their applications as photothermal nanomaterials®' and Magnetic Resonance
Imaging (MRI) contrast agents.”” The large number of papers on the unfilled carbon nanotube
composites and applications and the growing practicality of separation of nanotube typeszS’ 24
strongly suggest that further applications will emerge as we better understand both the

production and properties of the wide range of possible filled tubes.

A technique that has made a huge contribution to the study of SWCNTSs is Raman scattering.”
For filled SWCNTs this technique could potentially provide a rapid, non-destructive method of
characterising both type and quality of fillings as well as providing analytical information about
the host tubes. In addition it would allow both phonon and optical transitions energies to be
determined®® Tt can, when supported by theory, allow electron-phonon coupling to be
quantified”’” and time-resolved Raman can be used to probe phonon-phonon coupling.”® Despite
this, the application of Raman scattering to filled tubes has been relatively limited. The majority
of work done so far has focused on the effect of filling on the Raman spectra of the host tubes.*”
3% An extensive search has led to only two papers in which some of the Raman features observed
can be attributed to extended crystalline fillings (Te filling®' and PbO filling®?). In neither case
was the resonance behavior of the filling features observed. This paper focuses on Raman
spectroscopy of HgTe fillings within SWCNTs. We previously showed, using a combination of
HRTEM and Density Functional Theory (DFT), that a new low dimensional form of this
material consisting of ~1 nm tubular nanowires transforms from a semimetal (i.e. bulk) to a

semiconductor.* While there has been one previous report of Raman spectra from HgTe filled



carbon nanotubes; in this case filled double walled tubes,33 these results focused on the effects of
filling on the temperature dependent frequency of the G and D band phonons of the host double
walled tubes but did not present any features associated with the vibrations of the filling. We
present here, for the first time Raman spectra from filled tube samples that present features
clearly attributable to phonons of the HgTe filling and the dependence of these on the laser

excitation energy and temperature.

Results and Discussion

Filled tube samples were prepared by melt infiltration (see Supporting Information for synthetic
details) using single walled tubes from two sources, arc-grown SWCNTs produced and purified
by the protocols described by Krestinin et al. (Supporting Information, ref. S1), and NI96
‘PureTubes’ purified and supplied by NanolIntegris. The unfilled tubes were characterized using
HRTEM which indicated that the vast majority of SWCNTs (>90%) in both samples had a
median diameter in the range 1.2-1.6 nm with the majority of the remainder deviating typically
only by a maximum of 0.5 nm from this range. A few significantly larger diameter SWCNTs
were observed in both samples with diameters up to ~5 nm, however these were rare and no

reliable distribution of sizes could be determined.

After encapsulation and purification the filled tube samples were surveyed using HRTEM and
their composition determined using energy dispersive X-ray (EDX) analysis (see Supporting
Information for experimental details and EDX results). The EDX analysis gave a one to one ratio
for the content of Hg to Te throughout all the samples. Our previous work found that the
dominant form of HgTe filling found in filled tube samples was the low-dimensional tubular
form of HgTe as depicted in Fig la.* For purposes of confirming the microstructure of the
embedded HgTe nanocrystals, it is necessary to simulate the appearance of the tubular form of
this material at different rotation angles and also at small tilt angles due to the low symmetry of
the structure and also due to the sample sometimes being non-orthogonal with respect to the
electron beam.® In Fig. 1(b) (LH panel) we show a series of multislice image simulations
performed for optimum defocus conditions for our instrument (i.e. Cy = 0.00lmm, 80 kV
accelerating voltage, defocus ~ 7 nm) for a ~3.1 nm long fragment of tubular HgTe as a function
of axial rotation performed at 10° intervals up to a total rotation of 80° relative to an arbitrary

starting orientation as defined by the structure model in Fig. 1(a). The effect of tilting the sample



is also simulated by applying a small 10° tilt as indicated in Fig. 1(b), RH panel. Tilting the
model in the opposite sense results in simulations with image contrast in a mirror image

relationship to those reproduced in Fig. 1(b).

The HRTEM survey showed a high fraction of the nanotubes were filled with HgTe nanocrystals
whose predominant microstructure corresponds to the tubular form depicted in Fig. 1(a). In Fig.
2(a) we see a fragment of tubular HgTe imaged in a discrete SWCNT overlying a second unfilled
SWCNT. The obtained microstructure (enlarged in Fig. 2(b)) provides an excellent match with
an image simulation (bottom, Fig. 2(b)) that conforms to a 70° orientation of the tubular form as
defined in Fig. 1(a). A ball-and-stick model corresponding to this orientation (HgTe fragment
only) is reproduced in Fig. 2(c). In Fig. 3(a) to (d) we give several further examples of HgTe
filling microstructures observed in the sample. Often, in the case of high filling fraction
SWCNTs (e.g. Fig. 3(a)), the microstructure of the filling is obscured by other embedded crystals
above or below the imaged crystal. Some bundles were observed with only partial filling in
which case structural identification was more straightforward. In Fig. 3(b), we see a large bundle
of SWCNTs with three regions with identifiable microstructure (i.e. I, 11 and I1l). Details
extracted from these fragments can all be correlated with microstructures reproduced in Fig.
1(b). Fragments I’ and 111’ can both be correlated with the 10° rotation depicted in Fig. 1(b).
Fragment 11’ is similar but is possibly slightly tilted within the bundle. A further example is
given in Fig. 3(c) of a discrete SWCNT containing a tubular HgTe fragment but which has a
significant tilt (ca. 10°) with respect to the electron beam as can be seen from the corresponding
detail and matching simulation (Fig. 3(a) bottom, cf. 40" rotation, 10° tilt simulation RH panel,
Fig. 1(a)). In those rare instances when we observed wider filled SWCNTSs, microstructures
corresponding to bulk-like HgTe phases were observed. In Fig. 3(d) we see a fragment of
rocksalt-like HgTe can be observed. This microstructure was identified from the corresponding
FFT (inset) with (020) and (200) lattice spacing corresponding to the low temperature

modification of this phase.”®
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Figure 1. (a) (Top) Composite side- and end-on structure models of the semiconducting tubular
form of HgTe encapsulated within a ~1.35nm diameter (10,10) SWCNT. The end-on model on
the right indicates the typical dimensions of a tubular HgTe nanowire. The diameter is
constrained to ~1 nm in diameter by the van der Waals surface of the SWCNT (in blue)."*
(Bottom) Ball-and-stick representation of the tubular HgTe structure without the SWCNT in the
starting orientation (i.e. 0°) as employed in the HRTEM multi-slice simulations in (b). Arrows
indicate the rotational sense employed in the simulations. (b) Two series of multi-slice
simulations obtained using aberration parameters representative for the ARM200F HRTEM (i.e.
Cs; = 0.001 mm, accelerating voltage = 80 kV). The left hand series shows the effect on the
obtained image contrast of rotating the tubular crystal about its growth axis. The right hand series
is identical except that the crystal is tilted 10° as indicated by the +/- signs.




Figure 2. (a) HRTEM image of a discrete arc-grown SWCNT overlying a second empty SWCNT
with an embedded HgTe tubular crystal fragment. (b) Enlarged Wien noise-filtered HRTEM
image (top) obtained from the indicated region in (a) with a contiguous image simulation
(bottom) obtained for a fragment with a 70° tilt as defined in (a) (left simulations). (c) Ball-and-
stick representation of the HgTe microstructure corresponding to the images in (a) and (b). Note
that the distinct black spots running along the centre of the image and the simulations in (a)
correspond to two slight staggered Hg atoms viewed in projection.

Figure 3 (a) Plan view image of a representative bundle of arc-grown SWCNTs filled in high
yield (white arrows indicate filled SWCNTSs) with HgTe. (b) Second plan-view image showing a
SWCNT bundle with lower filling fraction than (a) but in which microstructures of the obtained
filling are more clearly visible (i.e. I, II and III). Apart from a small amorphous region (A) most
of the observable crystals in this sample have tubular microstructures similar to Figs. 1 and 2.
Three details from the main image are presented at the bottom of (b), i.e. I’, II’ and IIT’.
Fragments I’ and III’ can be correlated with the 10° rotation simulation in Fig. 1(b). Fragment II’
is similar but is possibly slightly tilted within the bundle (cf. tilted SWCNT ‘T’ in (a)). (c¢) Tilted
HgTe fragment in a partially filled SWCNT (empty region indicated by E). The observed filling
microstructure corresponds to a 10° tilted fragment rotated by 40° (cf. RH Panel, Fig. 2(b)). (d)
Rare (< 2%) 5 nm wide SWCNT containing a fragment of rocksalt-like HgTe (as indicated by
the inset FFT).
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Figure 4: Representative Raman spectra of a HgTe@SWCNT sample for various laser excitation
energies. The spectra have been split into three Raman shift ranges and their magnitude scaled by
1, 3.8 and 8 times as indicate on the figure. The inset shows a zoomed in section of the spectra in
the range 105 to 136cm™ with magnitude scaled by 3.8. The labels for the Raman features are
discussed in the main text.

Raman spectroscopy was performed with laser energies in two ranges, a blue range 2.61-3.31eV
and a red/IR range 1.26-1.82¢V, with spectral resolution of 1cm™ in the blue range and 0.5cm™
in the red range. The spectra presented in this paper were measured with the sample in a cold
finger in a vacuum (~10° mbar) at 4K. The 4K spectra are presented as these have the clearest
features, however spectra measured over the range 4-300K show no new features and no sudden
or unusual changes in central frequency or width of the features and no significant change in the
laser energy dependence of the spectra. A full analysis of the temperature dependence will be
presented in a future publication. No sample degradation was observed during the experiments
(see Supporting Information for further experimental details). The Raman spectra acquired on
the two HgTe@SWCNT samples were remarkably similar and all of the data supports the
conclusions of this paper and therefore for simplicity we will present data from the sample
prepared using tubes produced and purified by the method set out in Krestinin et al.®' For

excitation laser energies in the high (blue) energy range and for laser energies lower than 1.64eV



in the low (red/IR) range the only Raman features observed were all present in spectra from the
parent unfilled tubes. However in the excitation energy range 1.64-1.84eV a number of
additional Raman features were observed with Raman shifts in the 40-300cm™ range which are
presented in Fig. 4. The only feature present in these spectra which is also present in the parent
unfilled tube spectra is at 170cm™. This mode has a Stokes resonance (Fig 5) at 1.676eV and we
attribute it as a Radial Breathing Mode (RBM) of a 1.43+0.03nm diameter metallic nanotube.**
The other Raman features were observed in all of the filled tube samples. These features are very
similar to the multi-phonon spectra often seen with inorganic semiconductors such as HgTe
and ZnO’® which have been shown to be enhanced in nanowire structures.’’ In particular the two
lowest energy peaks; at 47cm™ (peak A) and 51cm™ (peak B), are associated with two higher
energy peaks at precisely twice the energy to within experimental error (labeled 2A and 2B on
fig 4). The next group of Raman features, in the range 130-160cm™, has clear peaks at energies
3B and 2A+B. In addition there is a feature seen in the 1.703eV excited spectra which is at an
energy of 3A. However in the higher excitation energy spectra it is very clear that there is an
additional peak at 144.5cm™ that cannot be a combination of the A and B modes. Careful
consideration of the second band of Raman features shows that there is a third peak close to the
2A feature which dominates over the 2A peak at higher excitation energies. This peak is at 94cm’
"and is labeled C and the combination of this mode with a single B mode can explain the peak at
144.5 cm™. There are least two more higher frequency bands of Raman features in which all the
major features can be explained as combinations of the excitations responsible for the A, B and
C Raman features. The only non-RBM mode that cannot easily be explained using these three
excitations is a very small feature centered at 115¢cm™ labeled D. It is not possible to observe any
features that are a harmonic of the excitation responsible for this mode or a combination of this
excitation with any of the other excitations however this may be due to it not being strongly

Raman active.

We investigated the polarization dependence of the Raman scattering and how this depended on
the polarization of the incoming light. We found that all of the Raman features had the same
polarization dependence with Raman scattering occurring preferentially in the direction of the
incoming polarization with a contrast ratio of between 2:1 and 4:1 in the manner expected for

nanowire like objects (See Supplementary Material).
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Figure 5: Excitation energy dependence of the spectral weight of various Raman features. The
spectral weight was determined by fitting Lorentzian line shapes to the Raman features and
determining the integrated intensity associated with each feature.

In order to understand the Raman spectra better the excitation energy dependence of the Raman
spectra were measured with ~5meV resolution over the range 1.64-1.818eV. The spectra
obtained were fitted using Lorentzian lineshapes for each of the modes already discussed. The
central frequency or linewidth have no significant variation with excitation energy. The
excitation energy dependences of the spectral weight (area of peak) of various significant peaks
are presented in fig 5. The resonance profiles shown on Fig 5 can be separated into 4 main
groups. The RBM mode has a relatively symmetric resonance centred at 1.676eV with width
(FWHM) 70meV. The A mode resonance is also relatively symmetric, is centred at 1.722eV
with a width (FWHM) of 120meV. The B, 2A, 2B modes have resonances which consist of a
main peak centred at 1.759eV with a width (FWHM) of 80meV plus a low energy tail which
extends to ~1.664eV. As the C mode feature is very close to the 2A feature it is difficult to
separate its resonance profile and the fitting was not stable. However this Raman feature is
clearly resonant in the same basic energy range as the A and B features. It is also clear that the C
mode resonance is shifted to slightly higher energy than the 2A resonance by consideration of
the relative strength of the 2A and C modes in the spectra presented in Fig 4. The D mode is
only clearly observable in the energy range 1.82 to 1.766 eV however it was too weak to extract

a clear resonance profile.

The most important question to be considered concerning the data is what component of the

samples is responsible for the Raman features observed. The non-RBM features are only seen in
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HgTe@SWCNT samples. As these modes are only seen in HgTe filled tube samples it is likely
that they are associated with HgTe filling or any extraneous HgTe material. We have observed
no elemental Hg or Te bulk or nanostructures in the material by TEM. The Raman spectrum of
bulk zinc blende HgTe38 consists of three basic peaks; two at 117cm-1 and 137cm™, which are
attributed”” to the zone center TO and LO phonon modes respectively, and a third mode that has
a strongly temperature dependent magnitude and energy (110cm™ at 293 and 97cm™ at 4K)
which is attributed to a combination mode. Therefore we can be confident that the
HgTe@SWCNT Raman spectra are not due to bulk-like HgTe residue in the sample. Thus we
can conclude that the Raman features are due to HgTe nanostructures and in particular nanowires
or quantum dots. There have been a number of studies of the Raman spectra of HgTe quantum
dots’ and related colloidal semiconductor particles.! These studies have found that for
nanoparticles with diameters less than =~ 6nm new Raman modes attributed to confined acoustic
modes, zone edge phonons and surface optical phonons do occur. However, even for the smallest
nanoparticles studied, 2nm diameter, the Raman spectra are dominated by the LO phonon whose
frequency is slightly shifted from the bulk. Thus we can conclude that the modes observed in the
filled tube samples are due to nanostructures with at least one dimension smaller than 2nm. The
TEM investigations of the samples clearly demonstrate that the most likely candidate are the in-
tube nanowires. This hypothesis is further supported by the polarisation dependence of the
Raman features. In particular it is possible to show that for a sample of randomly oriented,
straight, non-interacting nanowires which, as expected due to depolaristion effects, interact with
and emit light only parallel to the nanowires one that the Raman scattered light should be
preferentially polarized parallel to the excitation light with a contrast ratio of 3:1. Whilst the
observed contrast ratios are not precisely 3:1 this can easily be understood by bundling, leading
to non-random orientation and interaction of the local fields of nanowires or bundles in close

proximity.

In order to investigate if the Raman results were consistent with the observed HgTe nanowire
structure we undertook ab-initio calculations of the vibrational modes and optical absorption
spectrum expected for this structure (See Methods***'**?). Based on the HRTEM observations,
DFT calculations were performed by taking a HgsTe4 unit cell belonging to the rod group #29,
p4,/m, with point group symmetry Cg4, and a translation vector length along the chain axis of

0.446 nm (see Supplementary Material for further details). The bond lengths and bond angles
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calculated are in good agreement with the structure experimentally found by HRTEM (see

Supplementary Information).

E(cmY) | Sym |E(cm")| Sym
5.1 A, | 107.2 E,
15 By 110.4 A,

21.2 E, 112.7 B,
27.5 = 121.3 E,
36.7 B, 130.5 B,
5368 | A, | 1327 | A,
53.74 = 148.4 B,
1065 | A, | 1491 E,

Table 1: DFT p‘redicted I" point phonon mode energies and symmetry.

The predicted I' phonon mode energies are given in Table 1 along with their symmetries.
Representations of the atomic motions for each of the predicted modes, along with predicted
dispersion relations are given in the supplementary material. As expected by symmetry there are
15 vibrational modes including 2 doubly degenerate E, and 3 doubly degenerate E, symmetry
modes. The first Raman allowed mode of A, symmetry should have zero frequency for a free
standing rod as it represents rotation about the rod axis. However, the calculation is performed
for a 3-D supercell giving a weak frequency for this mode. The non-resonant Raman selection
rules predict that all but the E, and B, modes should be Raman active however as the spectra are
taken under strongly resonant conditions these rules probably don’t apply. Currently prediction
of resonant Raman spectra for non-molecular systems is not feasible using standard computing
resources. The three lowest frequency predicted modes could not be observed in our experiments
as they are too close to the laser line. The modes with energies greater than ~130cm™ could be
present but covered by the third order harmonic and combinations peaks. This leaves eight DFT
predicted phonons which may be responsible for the four observed Raman peaks. It is quite
likely that only some of the predicted modes are strongly resonantly enhanced. Most of the
observed Raman peaks can be attributed to separate predicted modes with errors of less than
10%. More concretely, the calculated modes at ~37cm™ (Bg) and ~54cm™! (Ag), comprising of
Hg atomic motion against each other in the xy-plane and the low frequency modes which lead to
the largest changes in interatomic spacing, are plausible candidates for the generic A and B

features in the resonant Raman spectra. The more significant wavenumber difference between
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the lower frequency mode and the A peak could be ascribed to the interaction between the HgTe
nanorod and the surrounding nanotube, which is not accounted for in our calculations. The
calculated B, mode at ~113cm ' fits precisely the weak D feature, which cannot otherwise be

explained as a combination or overtone. However, as with the A and B modes, this assignment

isn’t unambiguous.
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Figure 6: DFT predictions of the (a) optical absorbance spectra for light parallel and
perpendicular to the filled tube and (b) electronic dispersion relations for the single electron
bands nearest the Fermi energy.

On Figure 6 we present our predictions of the electron band dispersion and the optical absorption
constant associated with the predicted bands. It should be noted that the prediction is based on
the Kohn-Sham orbitals and do not include electron-hole correlation effects, i.e. excitonic
binding energies. These results indicate that there are three conduction bands, which are close in
energy, into which electrons can be excited from the valence band by dipole allowed transitions.
Due to computational constraints the calculation cannot reproduce the singularities which should
be associated with these transitions however from the band dispersions we can predict that there
are three possible Raman resonances at 1.35, 1.5 and 1.75eV and others at energies in excess of
2.5eV. The calculations predict that the three lower energy transitions are strongly polarized,

parallel to the filled tube.

Experimentally all of the filling Raman features show strong resonances and cannot be detected
apart from with excitation laser energies within a relatively narrow band around 1.76eV. It is
presumably for this reason that the other Raman studies on HgTe filled tubes have not observed
Raman scattering from the HgTe filling.> Clearly the DFT calculations provide a number of

candidates for what the resonant transitions is. It is possible, within the accuracy of the
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calculations, that we are resonant with the fundamental bandgap in the filling which would
explain why we only observe a single resonance in the red range however we cannot be sure of
this. It should be noted that the DFT predictions suggest there should be a resonance in the blue

laser energy range which we do not observe.

In principle the width and shape of the resonances contains additional important information. In
the case of bulk inorganic semiconductors resonance profiles of one phonon Raman peaks have
been used to determine the importance and strength of different electron-phonon coupling
mechanisms and how these vary between different high symmetry points in the bandstructure.*
Two phonon resonance profiles give additional information about the interference of scattering
pathways involving different electronic states,™ e.g. free carrier and excitonic. When considering
the resonance behavior reported here it is important to keep in mind that the width of the
resonance is much greater than the energies of the fundamental Raman features, i.e. A, B, C and
D, and even broader than the Raman shifts of the combination peaks. Thus the resonance
observed is an overlap of incoming, outgoing and intermediate state resonances. As already
described the resonance profiles of the A and B modes are not the same shape. This may be
attributable to sub-structure within the electronic states responsible for the resonance. It might be
tempting to suggest that the low energy tail of the B mode resonance and the A mode resonance
are both related to electronic states which generate a broader resonance at 1.71+0.03eV and that
the excitation responsible for the B feature is also able to couple to another electronic state which

generate a narrower, slightly higher energy resonance at 1.76 +£0.01eV. However we cannot be

sure of this interpretation without further theoretical work.
Conclusion

In conclusion in this paper we present a Resonance Raman study of single walled carbon
nanotubes filled with HgTe. The measured Raman spectra contain a large number of features
which are not observed in spectra of unfilled carbon nanotubes. These can be separated into four
fundamental modes at 47, 51, 94 and 115 cm’! plus the overtones and combinations of the first
three fundamental modes. These features are not consistent with the Raman spectra of bulk HgTe
or HgTe nanoparticles with diameters greater than 2nm. The polarisation dependencies of the 47
and 51 cm-1 Raman features are consistent with these modes being due to nanowires; the other

two fundamental modes polarisation dependencies are not measurable. All of the modes exhibit
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photon energy resonances at around 1.76eV. For the stronger, lowest frequency two modes and
their 2" harmonics we have measured clear resonance profiles. Future theoretical interpretation
of these resonances may allow us to better understand the electronic states involved in the
resonances and/or further details of the electron-phonon interaction. We have performed DFT
calculations, which do not include excitonic effects, based upon the structure of the HgTe
nanowires observed by TEM. These are consistent with both the measured shifts of the Raman
features and the Resonance energy to within reasonable errors. These calculations predict a
bandgap for the HgTe wires of 1.35e¢V however they also predict other optical transitions at
energies of 1.5 and 1.75 eV which are candidates for the resonant optical transition. We believe
these measurements are the first time anyone has published the Raman spectra of HgTe
nanowires formed inside carbon nanotubes. We believe these results demonstrate clearly the
need for the initial Raman studies on filled tubes to be performed using a tuneable laser based
Resonance Raman system. For preference this should be based upon a triple grating spectrometer
to allow the detection of low frequency Raman peaks which are more common in filled tubes due
to their reduced co-ordination and the reduction of translational symmetry in 1D systems leading
to more Raman accessible vibrational modes. Now that we have determined the resonance
energy for HgTe fillings it would be possible to set-up a cheaper, higher throughput Raman
system to enable routine characterization of filled HgTe tubes which will make exploiting them

in applications such as photovoltaics and saturable absorbers for ultrafast lasers easier.
Methods

Synthesis of HgTe filled SWNTSs The filling protocol involved mixing 20 mg of dry SWNTs
(i.e. either supplied SWNTs from Krestinin et al.>' or Nanointegris NI96 SWNTs) together with
half of the same volume of HgTe (VMR 99.999%, metals basis) in a pestle and mortar under an
argon atmosphere in a glove box with grinding for ca. 20 minutes. The mix of guest material and
SWNT was then inserted into a silica quartz ampoules that were sealed under vacuum and then
heated in a Carbolite muffle furnace to ca. 770°C with thermal cycling +/- 100°C (12 hr
intervals) relative to the melting temperature of HgTe (i.e. 670°C) for a total heating time of 48
hr. The as-prepared composites were dispersed ultrasonically in ethanol for HRTEM imaging

and Raman investigations.
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HRTEM Investigations and Simulations A JEM-ARM 200F microscope operating at 80 kV
equipped with a CEOS aberration corrector and a Gatan SC1000 ORIUS camera with a 4008
2672 pixel charge-coupled device (CCD) was used for TEM investigations. Dispersions of
HgTe/SWNT nanocomposites were drop cast onto 3.05 mm Cu specimen support grids (Agar
Scientific) prior to HRTEM investigations. Energy dispersive X-ray studies were performed in
the ARM 200F HRTEM using a ~1 nm diameter probe focused onto filled bundles of SWNTs.
Spectra were recorded using an Oxford Instruments SDD X-ray microanalysis detector. Structure
models were assembled using CrystalMaker (Version 8) software and standard Shannon anion
and cation radii. Nanotube models for the composite models and HRTEM simulations were
produced using Nanotube Modeler from JCrystalSoft (©2005-2013). Image simulations were
performed from density functional theory (DFT) refined structural data for the HgTe
nanocrystal® using the multislice package SimulaTEM.

Density Functional Theory Calculations: The calculations were performed with the CASTEP*
code, using density functional perturbation theory (DFPT)*' within the generalized gradient
approximation scheme (GGA) with the Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional”. Based on the HRTEM observations, DFT calculations were performed by taking a
HgsTe4 unit cell belonging to the rod group #29, p4>/m, with point group symmetry Cy4, and a
translation vector length along the chain axis of 0.446 nm (see Supplementary Material for
further details).

Raman Spectroscopy: The Raman experiments were performed using a Coherent MIRA
Ti:Sapphire laser operated in continuous wave mode in the spectral range 680-980nm and using
frequency doubles 2-3ps pulses in the range 375-475nm. In the long wavelength region the laser
light was filtered by either a Photonetc TLS 850 filter (between 700-980nm) or an Opti-Grate
volume Bragg grating (680-710nm). Samples were drop cast onto 200nm thick oxide coated
silicon chips and held in an Oxford Instruments Microstat He flow cryostat at a vacuum of 6x10°
mbar. Raman spectra were taken using a back scattering setup through an Olympus LMPan IR
50x microscope objective. The backscattered light was coupled into a Princeton Instruments
TriVista triple 600nm spectrometer equipped with a Princeton Instruments deep depleted, UV
enhanced, liquid N, cooled silicon CCD. Please see Supplementary information for further

details.
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