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Electronic properties of carbon nanotubes by transmission electron energy-loss spectroscopy
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We present electron energy-loss spectroscopy measurements on isolated single-walled carbon nanotubes and
their bundles performed in a scanning transmission-electron microscope. Spectra are obtained over a range of
impact parameters, from the centers of the samples to several nanometers outside the material. Curve-fitting
techniques reveal five peaks in the rang2—30 eV. These include surface and bulk plasmons and diréat
7* interband transitions. The energies, heights, and widths of these peaks are tracked throughout the data sets
in order to determine their dependence on bundle diameter and impact parameter. The heights of the externally
excited surface mode peaks are compared to a model that varies exponentially with impact parameter and by
a power law with bundle diameter. The power-law exponent varies fr@ for thew to #* mode to~1.3
for the 7+ o bulk plasmon, with the surface plasmons close to 1. The peak height data suggest a sensitivity to
density inhomogeneities in one of the bundles and possibly to random variations in the chiral vectors among
the single tubes and small bundles. These patterns are further elucidated in the peak energy and width data.
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[. INTRODUCTION tion between a material and a passing electron is relatively
easy to model, yet is sensitive to interesting effects such as
Carbon nanotubes have been the subject of an enormogsiantum confinemerf "2 The EELS energy range comple-
number of studies concerning optimal fabrication, physicaiments that of STM, starting at a few electron volts and ex-
structure, and electronic and other physical properties. Nofending to the keV range. This gives us access to the variety
only do nanotubes exhibit remarkable traits that are stronglyf plasmon excitations that occur in nanotubes, as well as the
suggestive for future nanotechnological applicatibiishut  inner-shell edges and direct transitions among the bonding
they are also interesting physical systems in their own rightand antibonding bands. TEM also benefits from phase-
The theory of the relationship between structural and e|eCContrast |mag|ng and nanodiffraction, which are very power-
tronic properties of nanotubes predicts that a tube may bg| for analyzing atomic structure and are not limited to the
metallic or semiconducting depending on the precise way th@rst few atomic layers. Near-future STEM/EELS systems
carbon hexagons match up around its circumferéricBhe  with enhanced spatial and energy resol#idh should ex-
effects of interactions within multiwalled nanotubes and partend the measurable energy range and resolution down to
allel bundles of single-walled tubes have also been theoretsmall fractions of an electron vdlallowing detailed maps of
cally investigated:” Some experimental tests of these theo-the substructure of the interband transitions, as is already
ries have been performed, notably in the scanning tunnelingossible with bulk EELSRef. 23] while providing unprec-
microscope (STM) (Refs. 8-10 and the (scanning  edented high-resolution images. This will enable determina-
transmission-electron microscope with electron energy-losgons of structure-property correlations in a manner not pre-
spectroscopy(S) TEM/EELS],**~2 but more work needs to viously possible.
be done. There still exist theoretical predictions that have not In anticipation of the upcoming improvements in TEM
been fully tested, as well as experimental results that haveechnology, we have undertaken a program to develop tech-
not been completely explained by theory. The theory ofiques for EELS of isolated nanometer-scale structures at
nanotube EELS in particular needs further development, agery low energiegas low as 2 eV with current systein3he
there are many inconsistent predictions and a lack of conseintent is to develop a systematic database of structure/
sus as to what effects should and should not be included iproperty correlations in order to test theoretical predictions
the analysis. This is partially due to a relative lack of experi-and characterize the results of various fabrication techniques.
mental results, which could constrain the theory, althoughlhe current work represents a part of this effort. We report
this has improved in the last few years. STEM/EELS measurements of single-walled carbon nano-
The STM results have been striking, but carry some limi-tubes, both singly and in bundles ranging from a few tubes to
tations. The nanotube must lie on a conducting substratever 100 tubegdiameters from 2.5 to 14 nm, with a single-
which will affect its properties. Quantitative data analysiswalled tube being-1.2 nm across Multiple measurements
requires a detailed understanding of tip/nanotube couplingare made of each sample, at a variety of impact parameters.
still an active area of research. Spectroscopy at energies dost of the spectra were taken in the aloof mode, i.e., with
more than a few electron volts from the Fermi level is quitethe probe not intersecting the solid material, and thus char-
difficult, and only the outermost atomic layer is directly mea-acterize the surface charge-density excitations. This tech-
surable. TEM/EELS differs from this technique in severalnique has a number of advantages, perhaps most important
ways. The substrate and tip can be eliminated, thus removinigeing the dramatic reduction in radiation damage to the
all solid material that can mechanically or electronically sample. Penetrating spectra are also included, which show
couple to the section of nanotube under study. The interaghe bulk excitations. We performed detailed statistical analy-
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ses of our data sets, carefully removing the background sigsurface-plasmon intensity. The surface plasmon was sepa-
nal (the tails of the zero-loss peplind expressing the result- rately identified in 19948

ing loss spectra as combinations of individual excitations. In 1993, Cullen and coworkefsreported on the posi-
We identify five such excitations in the 2—30-eV range, andiional dependence of both the low-loss and carbsedge
track their energies, widths, and amplitudes as a function OEELS, noting an apparent shift in plasmon energy aiid
sample diameter and impact parameter. The range of sampigak strength between the edge and the center of a MWNT.
diameters enables one to track the effects of surface curvaese effects are investigated systematically in the more re-
ture, intertube interactions, and tube-to-tube variations thagent efforts of Kociaket al,*® who explain the effects in
will tend to average out as more tubes are included in thgerms of the anisotropic behavior of the graphene sheets,
sample. We compare the amplitudes of the various excitaconsidering the different local orientation at the edges and
tions with the results of an elementary quasiclassical theoryenters of the MWNT's. This work identifies two majar

and find that the dependence on impact parameter is well ; surface plasmons at different energies, with different
modeled by the theory while the dependence on material S|Z§o|arizati0ns_ S'man et a|_716 by Comparing results from

is not. This suggests that at these size scales some aspect\fyNT's and isolated SWNT's, contributed evidence that
the electronic behavior of the material may be well modeledrvature and intershell interactions affect thé much
pects may require explicit consideration of the quantum namterpretations. MWNT'’s, SWNT's, and multiwalled carbon
ture of the material. We present evidence that our measur@rnospheres have been measured at high spatial resdfution,
ments are sensitive to density inhomogeneities and the Ch"@howing apparent shifts in plasmon energies that may be

vectors of individual tubes. explained using straightforward dielectric models. Differ-
ences have been noted in the carlboedge fine structures
Il ELECTRON ENERGY-LOSS SPECTROSCOPY OF for bent and straight nanotub%_]sThere have also been bulk
CARBON NANOTUBES EELS measurements at high energy and momentum

resolution?? showing dispersion relations for the bulk plas-

The electron energy-loss spectra of carbon nanotubesions seen by other groups, plus a series of shatp 7*
have been experimentally investigated in a number of differtransition peaks in the rangel-3 eV.
ent ways 2% Instrumentation has included bulk spectros- The theory of EELS in nanotubes and other nanometer-
copy systems, TEM, and STEM. Some investigations carescale structures also forms quite an extensive amount of
fully control for local geometry, while others generate anliterature?®?~*8particularly fruitful has been the quasiclas-
average behavior of a relatively large region of material.sical dielectric approach, which has the twin virtues of being
Both the low-loss(plasmon spectra and the carbd-shell —easy to understand and apply, yet sufficiently accurate to
near-edge fine structure have been studied. The samples amapture much of the interesting real-world phenomena. The
lyzed include multiwall nanotube@MWNT's), single-wall  effects of local geometry, material anisotropy, spatial disper-
nanotubesSWNT's), and SWNT bundles, as well as similar sion, and relativistic retardation may all be incorporated into
systems such as multishelled nanospheres and boron-nitridlee theory as required. Of these, all but the last will likely be
nanostructures. Some of the results have been contradictoigf importance for the kind of measurement we are present-
as have some of the interpretations of the results, partialjng. The theory assumes that the material properties may be
because there is a lack of consensus as to the appropriaepresented by a classical dielectric function, with a clear
theoretical approach. To establish context for the presemistinction between surface and bulk charge densities, and
work, we shall briefly summarize some of the work pub-that quantum mechanics need only come into play in identi-
lished to date. fying a frequencyw with an energyiw. Once these assump-

Kuzuo, Terauchi, and TanaKaperformed some of the tions are made, one must simply compute the field due to the
earliest measurements on MWNT¢ollowing up with  passing charge, determine in a self-consistent way the charge
SWNT bundle®), reporting aw+ o bulk plasmon at 22— density within the sample, and calculate the work done on
24.5 eV (significantly lower than the values for graphite or the electron as it passes by.
amorphous carbgnwith a weak shoulder at 13 eV andma It is not obvious that this formalism should apply without
plasmon at either-5.2 or~6.4 eV, in a bimodal distribution. modification to a single-walled carbon nanotube, which is
Most of these resultsexcepting the bimodal distributipn only one atomic layer thick. Also, in order to apply the for-
have been reproduced numerous times, although the interpresalism, one requires a reliable dielectric function, and this is
tation of the 13-eV peak has been ambiguous. The carboproblematic in the case of nanotubes. There have been a
K-edge spectra show a broadening at smaller diameters, amgimber of theoretical calculations of band structures and di-
this too has been reproduced, but not universaf® Inter-  electric functions, including local anisotropy and spatial dis-
pretations range from curvature effects to intershell interacpersion in some casés®3°~!put they each use different
tions to the presence of amorphous carbon. Similar rédultsmethods and arrive at very different results. Experimental
show thew+ o plasmon peak lowering in energy as the di- confirmation of these dielectric functions is incomplete. Re-
ameter of the MWNT is reduced. They interpret this as diable dielectric functions for nanotube bundles are similarly
curvature effect, altering the delocalization of theelec-  difficult to obtain. The bundles are locally anisotropic in a
trons, although similar effects have been interpreted elsecomplicated way, including highly curved sections of
where as a gradual replacement of bulk-plasmon intensity fographene sheets with a variety of orientations in close prox-
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imity to one another. It may be that a formalism that works
for a large bundle by dealing with anisotropy by producing a
“macroscopic” average will fail for a small bundle or a
single tube. Further, if a sample contains a random mix of
nanotubes with different chiral vectors, one might find that
the sensitive dependence of theand #* bands on chiral
vectof*® may average out in the larger bundles, while pro-
ducing idiosyncratic behavior in small bundles or single
tubes. As we shall demonstrate, our data sets do suggest such
an interpretation. We also find that the dependence of exci-
tation amplitudes on material diameter contradict an elemen- _ L :
tary quasiclassical model, suggesting that the material prop- bEISGé nld ﬁ’;:o'\t/'ugzg&tj}igi'mages of single-walled carbon nano-
erties may have to be treated in an explicitly quantum- :
mechanical framework.

sistent performance from measurement to measurement that
would not be compromised by analog drift in the detectors. A
ll. EXPERIMENTAL METHODS failure to achieve any of these would have hopelessly ob-
scured the weak signal at very low-energy loss. For this par-
The single-walled carbon nanotube material was producejcular instrument, this implied that the EELS should be done
by pulsed dual-laser vaporization, and purified with nitricin a serial pulse-counting mode. The parallel mode did not
acid reflux, followed by Washinglcentrifugation Cycles, andoﬁer the required dynamic range, energy resolution, or con-
cross-flow filtratior®>*® The nanotubes were formed into sistent zero level, and the serial analog mode became non-
~1-um-thick paperlike sheets by vacuum filtration of nano-linear at low intensities. The pulse-counting spectra were sta-
tube suspension through a p(btrafluoroethylenkfilter, us- tistically very well behaved, the uncertainties being precisely
ing a process similar to those found in the literattr& The  quantifiable, as we shall discuss in the next section. This, and
sheets were heat treated in argon at 1100 °C for one houthe very high sensitivity and linearity at low signal levels are
The material was stored under vacuum. The resulting matexhat allowed us to extract the energy-loss functions down to
rial is almost entirely composed of bundles of single-walled~2 eV with high confidence and analyze them reliably as
nanotubes(with some isolated single tubes as welind  sums of discrete excitations, even for samples as small as an
seems to be of high quality with regard to bonding and crysisolated single-walled tube. The energy resolufifl width
tallinity, although the chiral angles appear to be somewhaat half maximum(FWHM) of the zero-loss pedkvas ~0.6
random?® Metallic inclusions, “bucky ball” impurities, and eV. The spacing between measurements was 0.2 eV.
other contaminants were sufficiently rare as to be easily Most of the measurements were performed in the aloof
avoided in the selection of regions for analysis, and amormode (with the electron beam not penetrating the matgrial
phous surface contamination was minimal. This has several advantages. Sample damage and contamina-
The sheets were prepared for TEM by shredding withtion (due to pinning of impurities in the vacugrare greatly
sharp tweezers and enclosing the pieces within folding cageéduced. The material is not heated to as high a temperature,
copper grids. Our experience is that this technique is muckvhich reduces the tendency of the sample to move during a
faster, easier, and less prone to contamination than the moreeasurementwhich can be very significant for the long,
common method of placing drops of suspension on holeyhin nanotubes and bund)eOnly surface modes are ex-
carbon grids. The material is free-standing and does not reeited, and typically only at relatively small wave vectors,
quire a substrate, and displays no tendency to charge up duthich simplifies both the data interpretation and the theoret-
ing irradiation. Suitable subjects for analysis are easily foundcal analysis. Previous results have shown that, in many
at the edge of each piece of nanotube paper. The sampleases, the aloof spectrum is well modeled by the simple qua-
were shredded freshly, less than ten minutes before beingjclassical approach mentioned in the preceding section, and
placed in the ultrahigh vacuurtUHV) load-lock chamber. yet the technique is still sensitive to interesting effects such
Once under vacuum, the samples were baked at 120 °C fars quantum confinement, surface effects, and relativistic
roughly one hour, then left overnight at UHV. Typical images retardatior?*~26-30-374445we also took spectra with the
are shown in Fig. 1. beam penetrating the material, in order to obtain information
The measurements were performed on an instrument atbout the bulk excitations. These spectra were typically less
Cornell University(VG HB501 UHV STEM equipped with repeatable and harder to interpret than were the aloof spectra.
serial and parallel EELSwith an incident energy of 100 keV. Every spectrum was taken with before-and-after images
We used an objective aperture of 2.5 mrad and a collectqiSTEM annular dark fieldADF)], with the center of the
aperture of 1.8 mradwhich is much larger than a typical probe placed at a specific pixel in these images for the EELS
scattering angle for low-loss EEI.SThe electron probe was acquisition. This provides a record of drift, sample damage,
0.2 nm in diameter. For our measurements, we required and contamination accumulation for each measurement.
very sharp cutoff of the energy tails of the zero-loss peakMost of the time, the position drift was a small fraction of a
very large dynamic rangéo allow simultaneous measure- nanometer for an acquisition lasting roughly two minutes,
ment of the zero-loss peak and the much weaker loss eleand in such cases we took the impact parameter to be the
trong, a linear response at very low counting rates, and conaverage for the before-and-after images. For much larger
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amounts of drift, we discarded the spectra, as there was nwith quasiperiodic peaks superimposed on a more ordinary
way to determine an effective average impact parameter. Wepectrum. This effect abated some ten minutes after direct
also discarded spectra if noticeable amounts of contaminarradiation.
tion appeared in the after imagié it appeared in the before ~ In any case, the spectra that were clearly contaminated in
image, the spectra were simply aborted, and a new sampgome way or another were discarded. An additional consis-
position was chos@nAfter the sample had spent some 24 htency check was made in one case by performing two com-
in the UHV chamber, mobile contaminants that could bePlete series on th(_a same single nanotube. The two series
pinned by the electron beam were almost nonexistent. pr.oducedl substantially the_same results, within our uncer-
The beam current was kept fairly low to avoid damagingta'nty estimates. These series are plotted together on one of

the sample. We observed damage thresholds in both beafie 9raphs for the 1.2-nm-diameter nanotube, presented be-

current and direct irradiation time, and the most commor®%: Where the inter- and intraseries variations may be di-
form of damage we noticed was a simple vanishing of malectly compared. Thus the sources of uncertainty that we

terial. With the beam current well below threshold. we 0b_calculated appear to account for much of the random error in

served no apparent damage even after many minutes of di?€ data.
rect irradiation. These results suggest that the material has to
reach a certain temperature bgfore the carbon atoms start to IV. DATA ANALYSIS
leave the sample; whether this is a result of sublimation,
some sort of thermally enhanced knock-on damage, or some In order to accurately measure the transitions associated
other mechanism, is unclear. It is harder to determinevith the 7 electrons at very low energ2—6 e\), it was
whether the atomic structure was being changed over time byecessary to subtract the zero-loss background from the low-
the irradiation. However, such damage could, to some extenlpss spectra. Standard deconvolution metAbdeere found
be detected by changes in before-and-after phase-contrdst be inadequate in that they either generated artifacts and
images and by watching for shifts in plasmon energies ovenoise or failed to completely remove the background in the
time as, e.qg., graphitelike amorphous carbon has significantlgnergy range of interests tested by removing the back-
different plasmon energies than do single-walled carborground from a pure-background spectjurinstead, we re-
nanotubes. We saw no such effects even after long exposuresrted to a curve-fit procedure similar to one reported in the
(tens of minutel leading us to think that radiation damage past®® and which will be discussed in detail in a separate
was kept to a minimum. The threshold voltage for knock-onpaper in the near future. The procedure consists of fitting a
damage in graphite has been reported to be as low aeparately measured background spectfimterpolated with
~50-60 kV* It is therefore preferable to operate in the a spline to allow continuous shifting in the energy atis
aloof mode, so far as sample damage is concerned. the elastic peak in a low-loss spectrum, and subtracting.
Each nanotube or bundle was selected carefully for uniMeaningful values can be extracted to an energy loss as low
formity and cleanliness of appearance, isolation, straightnesas ~2 eV in the FEG system we used, although the uncer-
and being rigidly supported at both en@éehich dramatically  tainties in the 2—2.5-eV energy range tend to be quite large.
reduces the motion of the sampl&Vhere practicable, the The uncertainty in each data point was found to be ad-
motorized stagé€a prime source of driftwas allowed to sit equately modeled by a combination of counting statistics
for some hours or even overnight before the actual EELSeasily quantified since we operated in a pulse-counting
measurements were taken. Each measurement series conede and a random energy drift from data point to data
sisted of a set of zero-loss background spectra taken tens pbint with a standard deviation 8#0.07 eV. The dwell time
nanometers from any solid material, followed by a scanat each data point was 0.5 s and an energy jitter of this
across the sample with spectra taken roughly once per naragnitude at this time scale is not too surprising. The nor-
nometer starting three or four data points off the right edgemalized residuals, defined as the difference in the fit and
of the material, passing through it, and ending three or foumeasured curves divided by the uncertainty function, showed
data points off the left edge, and a concluding set of zero-losessentially random noise when fitting two background spec-
measurements. Provided there were no tip flashes, spectroiia to each other. The quantig?/v (with x? defined as the
eter refocuses, etc., between measurements, all of the zersum of the squares of the normalized residuals @ the
loss background spectra were equivalent, to within randonmumber of data points minus the number of fit parameters
error consisting of Poisson statistics and small point-to-pointvas consistently near unity in such cases, as it shouftf be.
energy drifts(as we discuss below The beam could be The accuracy of counting statistics and the stability of the
reaimed by many tens of nanometers without producingletector gain were tested with long-time series measure-
enough aberration to distort the measurements. ments of the detector dark counts. No significant variation
A consistency check was performed by a symmetry refrom Poisson statistics with a constant mean was discerned
quirement: The spectra from the second half of the seriesver any time scale relevant to our measurements.
should be identicalwithin erron to those from the first half. Once the elastic background was removed and the uncer-
In a few cases they were decidedly not. These cases tendginties were established, the data were normalized by divid-
to show either unusual levels of contamination pinning oring by the integral of the complete spectrum, and then ana-
excessive driffpresumably due to heatipgvhen the beam lyzed by curve fitting to a sum-of-Lorentzian peakan
penetrated the material. In extreme cases, the apparentippropriate functional form for exciting a discrete set of
overheated material produced an excessively noisy spectrurdamped quantum harmonic oscillatprs
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FIG. 2. (a) Typical normalized low-loss spectrum, as measutbiAfter background subtraction, with Lorentzian peaks and sum-of-
Lorentzian fit curve superpose() Normalized residuals, showing a near-random scatter and an rms value close tgdyditgpectrum
generated by penetrating over 10 nm of mategar the middle of a bundle of diameter 14 )nmwith the best-fit Lorentzian model not
capturing all of the detail. Regions with consistent patterns exceeding roughly two standard deviations in each data point are shown with
arrows.(e) Raw residuals from the curve fits {b) (solid line) and(d) (dashed ling See Table | for peak identification codes in this figure
and all the figures that follow.

AW, /27 cal spectra. Some spectra could not be fit adequately even
f(E)=2, (E*E-J)2J+(W-/2)2’ with five Lorentzians—the fit functiori(E) is not entirely
. ) ) appropriate for these cases. Figufd)Zhows a typical case,
whereE; andW; are the energy and full width at half maxi- N which the electron beam is penetratind0 nm of mate-
mum, andA, the total area under the curve, for excitation ial (néar the middle of a large bundlléThe plasmon peaks
Since the spectra are normalizedl, is equal to the total ~are quite asymmetric and irregular, showing a complex struc-
probab|||ty of exciting mod@ (under the Lorentzian approxi_ ture. The sum-of-Lorentzian function captures the basic
mation. Due to a nonlinearity at high counting rates, theshapes of the peaks but misses the substructure. The arrows
resulting A; values are slightly overestimated. The peakin Fig. 2d) indicate places where the curve fit fails to capture
heightB;=2A;/7W, is a more relevant parameter thAn the detailed shape of the spectrum by about two or more
for some theoretical comparisons. We found that most specstandard deviations over several consecutive data points. The
tra could be fit quite well with as few as three and no moresubstructures at roughly 4, 6, and 13 eV are repeatable from
than five excitations, with the residuals in many cases beingne spectrum to another, appearing in essentially every spec-
reduced to little more than random noiges determined by trum measured with a sufficient signal-to-noise ratio. The
calculating x? using our previously determined uncertainty 13-eV peak may be the same as the weak shoulder observed
estimates Figures 2a)—2(c) demonstrate this for some typi- at this energy by other research&rs? y2/v for the spectrum
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in Fig. 2(d) was 2.66; this is a typical value for the deep these decisions more objectively. In cases where even five
penetrating spectra, which showed strong signals and quiteleorentzians could not model the spectrum adequately, we
lot of substructure in the peaks. For the cleaner curve fitslecided that the sum-of-Lorentzians fit function is no longer
generally penetrating little or no materigl?/v was usually ~appropriate, as the parameters in six or more overlapping
in the range 0.9-1.5. This is only very slightly more thanpeaks can no longer be taken to have any individual validity
would be expected for the 140 degrees of freedom in each for data such as ours. This typically happened for the deep
fit, thus the fit is capturing the great majority of the informa- Pe€netrating spectra, which can be expected to include many
tion in the spectrum. The error bars for most data points ar€Xcitations, both surface and bulk, with significant spatial
dominated by counting statistics. We also include non-dispersion effects. Still, even in these cases, the curve fit
normalized residuals for both of these curve fits in Fig)2 Captures most of the variation, as Fig. 2 shows.
Deconvolution with the zero-loss peak was not per- This brlngs us to an additional advantage of aloof over
formed, for two reasong:1) The results would not be reli- Penetrating EEL3besides the reduction in sample damage
able, as the detector became highly nonlinear at high Cou@fnd hea‘ung The_ aloof signal does not contain bqu_ excita-
rates, so that the shape of the zero-loss peak was not acdiPns, and is entirely due to surface modes associated with
rately measured, an@) it would have little effect, since all plasmons _an(_JI mte_rband transitions. Thus t_here are inherently
of the reliably measuredV;’s were much larger than the fewer excitations in the aloof case, allowing much cleaner
zero-loss FWHM of ~0.6 eV, and these widths add in and more reliable curve fits and simpler theoretical analysis.
quadrature during the convolution. Deconvolution as alhe effect of spatial dispersion, which can create asymme-
means of removing the quasielastic background was found i€ in the peaks, is also reduced when the beam does not
be less effective and more error-prone than the spline curv2€netrate the material. The aloof spectra were generally
fit technique. much better_modeled with asum of Lorentzians than were
Interpretation of the curve-fit parameters is complicated{N® pPenetrating spectra. This means we can analyze the sur-
and to avoid misunderstanding we must explain some oface modes, cleanly separating them one from another, using
these complications before proceeding to the actual resultée aloof technique. Then, if we want to know more about
The uncertainties in the curve-fit parameters were calculatetf® bulk modes or the surface modes at high-momentum
via the diagonal elements of the inverse of the second défansfer, we can use this understanding of the surface modes
rivative matrix of y2, according to the procedure given by to assist in |nt_erpretat|0n of the penet_ratlng EELS. Advanced
Bevington® In many cases the off-diagonal elements Werespectrqlqmagmg data analy_S|s .technlques should be he_lpful
significant, so that the diagonal components were not a comVith this as well. The comb|nat|0n_of aloof and penetrating
plete representation of the uncertainty of the parameters. IRELS provides a more complete picture of the material than
other words, the fit parameters mutually interact, especiallyvould either technique by itself.
for peaks that largely overlap with one another, and the un-
certainties we report may be regarded as lower limits in such V. RESULTS

cases. The bulk of the data could be reduced to Lorentzian

The choice of the number of Lorentzian peaks to use in it ¢ 2/ | hich i h
the fits was sometimes clear-cut and sometimes rather arf- VeIt parameters ang v values (whic spemfy ow
ell the Lorentzians describe the datas a function of

trary. An isolated symmetric peak requires at least on . : : .
4 y P d undle(or tube diameter and impact parameter. We identify

Lorentzian, an asymmetric peak at least two, and this gives o fi ks i h ¢ d classify th d
lower limit to the number of Lorentzians required to model aUP 10 TIVE Peaks in €ach spectrum, and c assify them accora-

given spectrum. In some cases this minimal number gave ing to the scheme in Table |, illustrated by a typical spectrum

x?/v value close to 1, which was not improved significantly'n Fig. 2b). Other minor features occasionally appear, as

by adding more Lorentzians, and which gave no clear patterﬁ?en n F|g§. @) z_and 2e), but gene_rally with madequgte
in the normalized residuals. These were the easy cases. Mo ignal-to-noise ratio to warrant detailed analysis. The inter-
commonly, adding one or two Lorentzians into the mix Sig_band(IB) peak is rarely cleanly separated from both the in-

nificantly reduced botty*/v and the patterns in the normal- g:)asg't(.:n biﬁ;%g%gdaﬁgda;hﬁ]ﬂ:t?mpnn f{;g gi;il%nduiatl?
ized residuals, causing a formerly single peak to be reinter_—l_ Lé t:argm “IBI claak" refersyto a co):nl onenFt) incl deéo'n t‘he
preted as two or three separated peaks, one or more of whic P P incu !

may have a height differing from zero by less than two stancurve fit, which roughly accounts for the intensity in the
dard deviations. When faced with a choice of two curve fits,
which seemed to account for the data roughly equally well,

we tended to choose the one which gave the most continuity

TABLE |. Peaks used in the sum-of-Lorentzians curve fit.

. . . . Typical
when compared with neighboring spectra. For example, if;qifier energy(eV) Description
two spectra show that a peak at 14 eV can be resolved into
two Lorentzians at 12 and 15 eV, and a spectrum taken itB 2-3 7 to 7* interband transition
between these two positions shows an asymmetric peak at 45-55 7 plasmon
eV that, according to the statistics, can be modeled almost &P1 13-15 =+ o surface plasmon, low-energy mode
well by one Lorentzian as by two, we chose to model it withsp2 17-19 7+ o surface plasmon, high-energy mode
two. In the future, we would like to use the mathematicalgp 23-27 7+ o bulk plasmon

techniques associated with spectral imaging to help us make
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1.5—-4-eV range that is not accounted for by the backgrountéand transition, which had previously been almost smothered
and the PI peak. The fit parameters for this peak must bby the tails of the zero-loss angt plasmon peaks, finally
taken with some skepticism. The extracted value for the eneomes into its own as a clearly identifiable separate excita-
ergy, for example, is usually higher than it probably shouldtion at the large impact parameter. Thus by choosing where
be, and is definitely not independent of the Pl energy. How+o place the electron beam, we choose which excitations will
ever, they?/v values suffer noticeably when this peak is notbe most strongly represented in the spectrum.
included in the fit, and the peak amplitude tends to differ At the other extreme, an isolated single-walled tube of
from zero by at least three standard deviations. Moreover, thdiameter~1.2 nm shows only a very weak BP, which is
peak does not appear when fitting background spectra tdifficult to measure precisely. The SP scattering probabilities
each other, leading us to conclude that this is no mere artifacre very weak(especially at large impact paramejerand
of the background subtraction technique. In accord with prethe Pl moderately weak, while the IB peak is still quite
vious theoretic&®® and experiment& results(such peaks strong. These spectra are shown with the background re-
have been observed in bulk EEL Sve identify this peak as moved, and are left un-normalized to allow the viewer to
arising primarily from to =* direct interband transitions. estimate the effect of counting statistics. We should reiterate
The relative visibility of such peaks should be strongest forthat the intensity in the 2—4-eV range does not appear when
aloof measurements of subjects with very small diaméfers, subtracting the background from a pure-background
which agrees with our observations. spectrum—the intensity we have identified with the IB peak
The PI peak is a combination of the surface and bulkdoes come from the sample. These plots should make it clear
collective modes of ther electrons. The energy difference why the parameters for the IB peak cannot be known pre-
between the surface and bulk modes is too small to permit aisely from our measurements. For all of the peaks, the low
clear separation of the two. The bulk mode should be at gignal-to-noise ratio makes it difficult to extract clear trends
slightly higher energy, which may explain an apparent upfrom the data. SP1 and SP2 are often difficult to distinguish
ward shift in energy for penetrating as opposed to aloof specat large impact parameters.
tra at large bundle diametefglescribed beloyv The com- The trends that appear in Fig. 3 are representative of the
plete set of all of ther and o valence electrons will also behavior of our entire data set. We shall spend the rest of this
show collective excitations, which we can separate into twasection describing these trends in detail.
surface plasmons(SP) and (SP2, and a bulk plasmon In the quasiclassical image-charge formalism with a cy-
(BP). It is not always possible to separate these three excitdindrical geometry, the exp{2bw/v) functional form tends to
tions in a clean and unambiguous way. Kocithkal1° have  hold rather well for the peak heights unless b, and the
performed similar measurements on multiwalled nanotubessylinder radiusR are all quite smalf® The theoretical dis-
identifying plasmons at roughly the same energies that werepancy is generally smaller than our experimental uncer-
observed. Their-14-eV peak is identified as a surface plas-tainties. Figure 4 illustrates this with the experimental peak
mon associated withr-o* ando-7* excitations normal to  heightsB; for the bundle of diameter 14 nm, as a function of
the plane of the graphene layers, and theil8-eV peak is impact parameter relative to the edge of the matdath
taken to be ar-o™* in-plane surface mode. They also report negative values intersecting the materidhe BP unsurpris-
a shift of the bulk mode from 23 to 27 eV between the edgangly, is strongest in the middle of the bundle and drops to
and the center of the material. These effects are due to amear invisibility as the center of the probe is moved just
isotropy within each graphene plane. We see remarkablputside the edge of the material. The two SP modes are
similar behavior in the bundles of single-walled tubes, whichstrong within the material, with SP2 stronger near the center
is interesting since the anisotropy of the bundles and of theand SP1 apparently strongest near the edge. Both drop off
multiwalled tubes should be of rather different natures. rapidly in the aloof region. The two low-energy peaks are
Figure 3 shows how the spectra tend to vary with thefairly uniform within the material and drop off more slowly
probe position and sample size. For the large bundle of diin the aloof region. We defin€;=B; exp(dw/v) and plot
ameter~14 nm, the BP shows up strongly when the probe isthe C; in Fig. 5, showing that much of the variation of in-
placed in the middle of the material, and the other excitatensity with position is accounted for by the predicted expo-
tions, while present, are difficult to separate from each othemential law. We therefore take th@ to be measures of the
When the probe was placed at the edge of the material, thi@trinsic excitability of each of the surface modes. For each
energies of all the excitations have decreased, and the buample diameter, we take the avera@g for each mode
BP mode has lost much of its intensity, making the SP modegéwveighted according to the uncertainties as discussed by
much more visible. For the large aloof impact parameteBevingtorf®), and plot the results versus material diameter in
(which should excite only surface modethe bulk-plasmon  Fig. 6. We also plot the bulk-plasmdsy values as measured
peak has vanished entirely, the higher-energy peaks have derthe centers of the subjects. The parameters for the power-
cayed considerably, and the lower-energy peaks are stilaw trend lines are given in Table Il. Much the same trends
coming through strongly. This agrees qualitativéynd, as  appear if we use the areAs rather than the peak heigts.
we shall see below, quantitativglyvith the prediction that These plots show some very suggestive trends. All of the
the intensity of a peak in the aloof case for a cylindricalmodes show roughly a power-law dependence of intensity on
geometry will vary with impact parametds roughly as diameter, with two very noticeable outliers, one for SP1 at 14
exp(—2bw/v), with v the speed of the passing electron and nm and the other for SP2 at 11 nm. The two regression lines
the angular frequency of the excitatitit®>44'The inter-  on these plots show power-law curve fitwith uncertainties
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FIG. 3. STEM annular dark-field images showing measurement locations and the associated spectra, with background subtracted and
Lorentzian decompositions. Dashed lines are the sum of all Lorentzian curves. Insets are close-ups of the same data. Identifiers are as in
Table I. We include two subject$a) An inhomogeneous 14-nm-diameter bundle @mda single 1.2-nm-diameter tube.

in each data point accounted fawrith and without the out- gaps among the tubes in the bundle. The appearance is uni-
liers. A potential explanation for the discrepancy presentsorm along the length of the bundle. It may be that this
itself for the 14-nm-diameter bundle, shown in STEM ADF inhomogeneity affected the+ o surface plasmon in one of

in Fig. 3(@). This particular subject consists of a dense corehe two polarizations. The energies and widths of theo

and a much less dense outer sheath, which presumably hasmdes also show anomalies for this bundle, as shown below.
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FIG. 5. Peak heights for aloof measurements of the 14-nm-
diameter bundle, multiplied by exg{@/v). Comparison with Fig. 4
shows that this accounts for most of the positional variation.

peaks(the IB and P) to show more scatter at smaller diam-
eters, to a maximum in the limit of a single tube, while there
is no such trend in the threg+ o excitations. This may be
FIG. 4. Peak heights versus impact parameter relative to theaused by the sensitivity of the bands to the chiral vector.
We already know that the chiral angles in this particular
sample vary randomly from one tube to another in this
Theoretical work is in progress to determine the plausibilitysample?® and we may simply be seeing an effect of particu-
of this explanation. The other outlying data point is one forlar chiral vectors that tends to average out as more tubes are
which we have no explanation; we merely present curve fitsncluded. It is reportedly possible to produce samples, which
with and without this point, letting the reader be the judge. are primarily composed of nanotubes with a single chiral
The exponents in the power laws are close to one for theector?® If the 7 excitations hold more strongly to the trend
ordinary surface plasmons, but closer to one-half for the inline for such a sample, this would lend credence to our pro-
terband transition, and 1.3 for the bulk plasmon. One simplg@osed explanation, which so far is merely hinted at by the
theory predicts approximate exponents closer to 1.5-2.0 fadata but not firmly established.
all of the surface modes, assuming a classical dielectric func- The energies of the five excitations listed in Table | vary

tion essentially like that of graphif®. Further theoretical with the impact parameter and sample diameter. In Fig. 7, we
work may be needed to explain this discrepancy. In any casepmpare the behavior in the extreme cases of a large bundle
the power-law fits do not account for all of the variation in and a single isolated tube. The energy variation of the IB
the data except perhaps in the SP2 casih the unex- peak was not meaningfully measured, due to the influence of
plained outlier removexlas is clear from thg?/v values in  the Pl peak on the curve fits. For the large inhomogeneous
Table Il and the size of the error bars in Fig(Which are  bundle(the one that produced the SP1 outlier in Fig.the
smaller than the symbols in many cases plasmons all show a higher energy in the penetrating than in
There is a moderately strong tendency for theelated the aloof case. The plasmon increases from4.9 to 5.4 eV
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FIG. 6. Averaged exp@v/v)-multiplied aloof-measured peak heiglis as a function of material diameter for the five Lorentzians. The
1.2- and 1.3-nm materials are single tubes, the 14-nm material is a bundle of nonuniform density, and the remaining materials are
homogeneous-looking bundles of roughly 3 to 100 tubes. Solid trend lines include all data points; dashed trend lines discount the most

prominent outlying point. The BP peak height measured in the center of the bundle is also in@uded(b) PI, (c) SP1,(d) SP2, ande)
BP.

(possibly due to increased intermixing of the bulk mpde energy modes that are combinations of the modes at the two
SP1 from 12.6 to 17 eV, SP2 from 16.2 to 21.5 eV, and thenterfaces.

BP from 23 eV at the edge t626 eV in the centetwhich is The single tube shows quite a different result. Fhplas-
similar to the anisotropy effect noted by Kociekal,'® but ~ mon occurs at-4.2—4.5 eV for aloof measurements, climb-
probably has a different caus& his was the only bundle that ing to ~5.2 eV as we penetrate the material. The two SP
showed large shifts in energy between the exterior and intemodes are difficult to separate from each other, especially at
rior, as shown in Fig. 8. This was also the only bundle withlarge impact parameters. The lack of total independence of
an apparent density inhomogeneity in the STEM imagesthe fit parameters for the two SP peaks is evident in the
This suggests that the additional interface between the lowfigure—this is a case in which the off-diagonal components
and high-density materials in this bundle has altered the nasf the error matrix are significant. The SP energies are 14—-15
ture of the surface plasmons, probably by introducing higherand 18-19 eV, with any positional variation hidden by the
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TABLE II. Parameters for the trend lines in Fig. 6. Rows “outside” and “inside” on the graphy not including data
marked with an asterisk show the curve fits with the most promi-points at the edge where the energies and widths are in tran-

nent outlying point removed.

C; at 1-nm
Peak diameter (10%eV™Y) Exponent Xl
1B 6.8+1.8 0.39-0.13 7.6
Pl 2.9t1.3 0.78:0.20 88.3
SP1 2.200.9 0.58-0.21 34.9
SP1* 1.8+0.3 1.06:0.11 7.1
SP2 1.3x04 0.98-0.15 19.2
SP2 1.2+0.1 1.18:0.04 1.04
BP 1.9t0.6 1.26-0.14 19.3

limited reproducibility of the measurement. A few weakly
measured BP data points-aR4 eV appear at impact param-
eters less than 0.8 nm. Since nonpenetrating electrons sho
not excite the bulk plasmon, this suggests that our O'Z'nn?or

FWHM probe had a significant halo.

Figure 8 summarizes the energies and widths of the fiv
peaks for the various tubes and bundles. We present the ay
erage values for aloof and penetrating electrdiabeled
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sition. Error bars are sample standard deviations of the
means and are unrealistically small in a few cases due to
relative scarcity of measurements. The parameters for the IB
peak were not measured accurately but are included for com-
pleteness. For the externally measured Pl peak energy, the
single tubeq1.2- and 1.3-nm diameterseach the extreme
ends of the range, while the bundles all produce values of
roughly 4.9 eV. The inside and outside Pl energies are typi-
cally the same except for the largest bundles and the smaller
single tube, where the interior Pl energy increases signifi-
cantly. The Pl widths, al~1.8—-2.8 eV, do not show any
strong trends.

The SP1 peaks show roughly constant energies of 15 eV
for all but the small single tubéwhich has a significantly
lower energy and the large inhomogeneous tutie which

L}Ff inside and outside modes have very different energies
e

inside width tends to be lower, although this is reversed
the 14-nm bundle, yet another case where this sample
behaved unusually. The SP2 peaks show much the same

frends as the SP1, albeit with more variation from bundle to

undle. Finally, ther+ o bulk plasmonsBP peaks, which
were not accurately measured in the aloof matew ener-

gies of 24-26 eV, widths of 10—-13 eV, and only very weak
trends as a function of diameter. For all of the excitations
with accurate energy measurements, the smaller isolated tube
produced the lowest energies, while the 1.3-nm-diameter
tube tended to produce higher-than-average energies. Again
we find that the single tubes tend to behave more idiosyn-
cratically than do the bundles, although again the trend is not
very strong. More measurements may be needed to deter-
mine whether this is a real phenomenon or an accident of our
particular data sets, and to determine exactly what structural
parameters are responsible for the variation that exists.

VI. CONCLUSION

We have presented systematic EELS measurements of
nanotube bundles of various diameters and free-standing
single nanotubes, for both penetrating and aloof impact pa-
rameters, and analyzed the resulting spectra into five distinct
excitations ranging from 2 to 30 eV, using a sum-of-
Lorentzians model. The resulting data sets constitute a li-
brary of the energies, amplitudes, and widths of the various
excitations. This library may be tested quantitatively against
theoretical predictions, as we have done to a limited extent.
Some of the patterns in the data are easily explained with
current theory, while others await a detailed theoretical treat-
ment that may require consideration of anisotropy, inhomo-
geneity, spatial dispersion, intertube interactions, or the ef-
fect of the chiral vector on the band. Inhomogeneity in the
bundle density appears to have dramatic effects onsthe
+ o plasmons. There is some evidence that the single tubes
show more individuality than do the bundles, particularly in

FIG. 7. Energies of the five peaks as a function of impact pathe 7-band-related excitations, which may be due to varia-

rameter for(a) the inhomogeneous 14-nm-diameter bundle, éd
the 1.2-nm-diameter single tube. (b), two data series from re-

peated experiments are represented with different symbols.

tions in the chiral vector.
It is essential in a study like this to systematically control
the geometrical parameters—in this case the bundle diam-
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eter, the impact parameter, and the proximity of materiation, and that these are particularly strong for penetrating
other than the chosen nanotube. It is essential to keep othepectra of large bundles. We may be able to quantify these
nanotubes at least several tens of nanometers from the mdgatures by using a more general data analysis technique. The
surement site, particularly for the low-energy excitations.sum-of-Lorentzians function works remarkably well in most
The relative mix of surface and bulk signals depends greatlgases, however.

on the geometry, and this must be controlled in order to The techniques we discuss are generally applicable to
intelligently interpret the results. Different excitations appearanoscale systems. So far we have characterized a number of
most strongly under different geometrical conditions, andow-energy surface and bulk excitations in single-walled car-
this will affect the design of an experiment that is particu- 20N nanotubes and bundles thereof. We already know from
larly interested in only one or a few excitations. The prob_the literature that the results are significantly different for

lems of radiation damage, sample heatiagd consequent bent, multiwalled, and boron-nitride tubes, in ways that re-

. g A flect the anisotropy and chemical bonding that appear in
moving), and contamination pinning are greatly reduced Ifthese systems. Nanotubes that are filled or coated with other

one can acquire spectra without the beam penetrating ﬂWﬁaterial, which includé junctions or accessible hemispheri-
mate_rlal. . ) ._cal caps, or that are predominantly of one chiral vector,

It is also essential to be very careful with data analysisgpq, 14 also provide interesting results. Nanowires of various
Improper subtraction of background, estimates of uncertaingaterials will also be of interest, as will quantum dots.
ties, .and curve—fit.r'nodels'can produce me{;\ningless trends, @juantum confinement may play a role in determining the
restrict one’s ability to judge the meaningfulness of thewidths, energies, and excitation amplitudes of the plasmons
trends that appear. In the future, we should like to improveand interband transitions in these systéfiighis interesting
upon the techniques we have employed, incorporating thghysics is within the reach of current STEM/EELS technol-
results of current efforts in spectral imaging analysis. Weogy, and with upcoming improvements in both energy and
should emphasize that there are some features in the specsjatial resolution, the phenomena may be studied in ever
that are not well modeled by the sum-of-Lorentzians func-greater detail.
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