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1 Introduction Despite their extraordinary strength,
single-walled carbon nanotubes (SWCNTSs) are prone to
structural phase transitions when subjected to external
pressure. This has been demonstrated by numerous Raman
scattering and X-ray diffraction investigations under high
pressure [1-3]. Recently, it was shown that also infrared
spectroscopy is a very useful experimental technique to
observe the signatures of the pressure-induced deformation
of SWCNTs [4-8]: The optical transitions between the Van
Hove singularities in the density of states exhibit an anomaly
in the pressure-induced shift at around 2 GPa, where the
nanotubes change their shape from circular to oval or ellipse-
like. Pressure-dependent infrared transmission studies for
various pressure transmitting media [5] could also clarify
that the pressure-induced anomaly is qualitatively indepen-
dent of the pressure transmitting medium used.

In this paper, we present a more detailed analysis of the
pressure-dependent optical data, with the focus on the high-
pressure range. Furthermore, the influence of the pressure
transmitting medium on the results is discussed in detail.

2 Experiment The SWCNTs were made by laser
ablation technique using a 1:1 Ni/Co catalyst, and thin films
of the SWCNTs (thickness ~200nm) were prepared by

vacuum filtration [9, 10]. The average diameter of the
nanotubes is 1.2—1.4 nm. For the purification the nanotubes
were treated for 48 h in HNOj acid reflux; they were then
suspended in dimethylformamide (DMF) and sonicated
before vacuum filtration [9]. Finally, they were annealed to
remove effects of the acid treatment.

The pressure-dependent transmittance was measured at
room temperature in the energy range (2500-20,000 cm ")
using a Bruker IFS 66v/S Fourier transform infrared
spectrometer in combination with a Bruker IR Scope II
infrared microscope with a 15 x magnification objective. For
the generation of pressures p up to 10 GPa, two types of
diamond anvil cells (DACs) —a Syassen—Holzapfel type [11]
and a Cryo DAC Mega from Diacell — equipped with type
ITA diamonds were used. Helium, argon, Csl, and a 4:1
methanol-ethanol alcohol mixture served as pressure
transmitting media. Figure la shows a typical view of the
pressure cell loaded with a piece of carbon nanotube film
marked as sample (S) together with several ruby balls (R) for
pressure determination via the ruby luminescence method.
The intensity Igmpie(w) of the radiation transmitted through
the sample placed in the DAC and the intensity /;eference(®) of
the radiation transmitted through the pressure transmitting
medium in the DAC were measured. From /gmpie(@) and
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Figure 1 (online color at: www.pss-b.com) (a) Typical view of the
pressure cell loaded with a piece of carbon nanotube film marked as
sample (S) together with the ruby ball (R) for pressure determination.
(b) Anillustration of a transmission measurement configuration in a
DAC.

Lieference(®@) the transmittance and absorbance spectra were
calculated according to T(w) = Isampie(®@)/Lreference(®w) and
A(w) = —logyo T(w), respectively. The measurement geo-
metry is illustrated in Fig. 1b.

3 Results and discussion The background-sub-
tracted absorbance spectra as a function of pressure are
presented in Fig. 2 for different pressure transmitting media
[5]. The absorption bands labeled S;;, S,,, and M,
correspond to interband transitions between the Van Hove
singularities in the density of states. While the Sy, and S,
bands correspond to interband transitions in semiconducting
nanotubes, the M;; band corresponds to those in metallic
nanotubes. The subscripts denote the sequence of the
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Figure 2 (online color at: www.pss-b.com) Background-sub-
tracted absorbance spectra of purified unoriented SWCNT films
as a function of pressure for various pressure transmitting media: (a)
helium, (b) alcohol mixture, (c) argon, and (d) Csl. The labels S;; and
M;; denote the optical transitions between pairs of Van Hove
singularities in semiconducting and metallic SWCNTSs, respec-
tively, where the indices ii indicate the energy sequence of the
involved Van Hove singularities.

involved Van Hove singularities with increasing energy.
Qualitatively, all data sets exhibit the same trend: A redshift
of the interband transitions, which can be explained by
deformation-induced o*~n* hybridization effects and sym-
metry breaking [12, 13], and a band broadening with
increasing pressure. The pressure-induced broadening of
the absorption bands is smallest in case of helium and alcohol
mixture as pressure transmitting medium because of the
better hydrostaticity.

Quantitative information on the pressure-induced shift
of the optical transitions was obtained by fitting the
background-subtracted spectra with Lorentzian functions
(not shown). Due to the nanotube diameter distribution in the
sample, one observes a spread in the excitation energies of
the different optical transitions [14]. We can clearly resolve
two Lorentzian contributions for the S,, transitions [labeled
S22(1) and S,,(2)] for all pressure media. For the lower-lying
S, transitions the spread in energy is smaller [14] and thus
not resolvable in our spectra. In case of argon and CsI as
pressure transmitting medium the My, band is quite broad
already at lowest pressure, which excludes an unambiguous
fit with more than one Lorentzian function. In contrast, for
helium and alcohol mixture the broadening of the M;; band
is considerably smaller due to better hydrostaticity, and thus
two Lorentzian contributions [labeled M;;(1) and M;;(2)]
could be resolved.

The so-obtained energies of the Lorentzian functions
describing the absorption features of the SWCNT film are
plotted in Fig. 3 as a function of pressure. The initial values of
the optical transition energies and their rates of shift under
pressure for p < p. show a spread for the various pressure
transmitting media [most obvious for the S,,(2) transition],
which we attribute to differences in the degree of
hydrostaticity already present at low pressures. The most
important result is an anomaly in the pressure-induced shift
of the absorption bands: With application of pressure the
optical transitions show a redshift up to the pressure p. =
2-3 GPa. Above p. the energies of the optical transitions S,,
and M, decrease more drastically with increasing pressure,
resulting in an anomaly in the pressure-induced shift at p..
The anomaly is most obvious for helium as pressure
transmitting medium, since in this case the absorption bands
are narrower due to the better hydrostatic conditions, and the
contributions can be better resolved. The observation of an
anomaly in our data at p.=2-3 GPa for SWCNTs with
diameter 1.2-1.4nm is consistent with theoretical predic-
tions of a structural phase transition, where the cross-section
of the nanotubes changes from circular to oval or ellipse-like
[15—18]. The value of p. depends on the pressure transmit-
ting medium used: For helium and alcohol mixture, p. is
slighly higher (p.~3 GPa) compared to argon and Csl
(pc =2 GPa), which we attribute to the better hydrostaticity
in case of the former two. Under better hydrostatic conditions
a higher critical pressure is expected, as observed in other
cases [19].

In order to clarify the role of the pressure transmitting
medium for the anomaly, we present in Fig. 4 the relative
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Figure 3 (online color at: www.pss-b.com) Pressure dependence
of the optical transition energies obtained from the absorbance
spectra, for helium (black squares), alcohol mixture (orange trian-
gles), argon (red circles), and Csl (blue triangles) as pressure trans-
mitting medium.
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shifts of the absorption bands Sy, S»,, and M as a function
of pressure for the various pressure transmitting media used.
For all media we find a strong increase of the relative shifts in
the pressure range 1-3 GPa. There are two important points
to note: First, except for helium as pressure transmitting
medium there is a spread in the critical pressure for the
various optical transitions; we attribute this spread to
nonhydrostatic loading conditions during the pressure runs,
similar as observed in Ref. [20]. Second, the S;; transition
does not show an anomaly and is thus not a good indicator for
the pressure-induced structural phase transition, independent
of the pressure transmitting medium used.

Next, we focus on the pressure-induced effects in the
high-pressure range, i.e., above 4 GPa. According to Fig. 4
the shifts of the optical transitions exhibit a second anomaly
at p=>5GPa for Csl as pressure transmitting medium and
p =6 GPain case of helium, argon, and alcohol mixture. The
smaller value of the critical pressure in case of Csl is due to
the less hydrostatic conditions, as described above. The
finding of two anomalies is consistent with recent pressure-
dependent Raman scattering results [20, 21]: Here, an
anomaly in the intensity and the full-width-at-half-maxi-
mum of the radial breathing mode as well as in the shift of the
tangential modes (G band) was found at ~2.5 GPa. This
anomaly was interpreted as the signature for the start of a
structural transition in the nanotubes, where the nanotubes’
shape changes from circular to oval or ellipse-like.
Furthermore, a plateau in the pressure-induced shift of the
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G band was observed, with an onset at ~9 GPa, which was
attributed to a more drastic change in cross-section from an
ellipse-like to race-track or peanut-type shape [20, 21]. We
interpret our observation of two anomalies in the pressure-
induced shifts of the optical transitions in an analogous way,
namely in terms of the start of the structural phase transition
at p.=2-3GPa and a more drastic deformation of the
nanotubes’ cross-section above 5-6 GPa.

4 Conclusions In conclusion, the pressure-induced
shifts of the optical transitions in SWCNTs exhibit two
anomalies, irrespective of the pressure transmitting medium
used: The first anomaly occurs at a pressure p. =2-3 GPa
and can be attributed to a structural phase transition, where
the cross-section of the nanotubes changes from circular to
oval or ellipse-like. We interpret the second anomaly at
pressures 5—6 GPa in terms of a more drastic change in the
nanotubes’ cross-section from an ellipse-like to race-track or
peanut-type shape, in agreement with recent reports on
pressure-dependent Raman data [20, 21].
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