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We estimate the stiffness of single-walled carbon nanotubes by observing their freestanding room-
temperature vibrations in a transmission electron microscope. The nanotube dimensions and vibration ampli-
tude are measured from electron micrographs, and it is assumed that the vibration modes are driven stochas-
tically and are those of a clamped cantilever. Micrographs of 27 nanotubes in the diameter range 1.0-1.5 nm
were measured to yield an average Young's moduly®'pf= 1.25 TPa. This value is consistent with previous
measurements for multiwalled nanotubes, and is higher than the currently accepted value of the in-plane
modulus of graphite S0163-18208)00144-1

I. INTRODUCTION Il. STOCHASTICALLY DRIVEN OSCILLATOR

The relationship between Young's modul¥slengthlL,

Carbon fibers are widely used to reinforce other materialghner and outer tube radiianda, and the standard deviation
because of their mechanical properties and their lowo of the vibration amplitude at the tip of a nanotube at tem-
density? It is known that the strength of the fibers increasesperatureT was presented without derivation in a previous
with graphitization along the fiber axis. Therefore, carbonf€port’ For completeness we present the derivation here.
nanotubes, which are formed of seamless cylindrical [N the limit of small amplitudes, it is well known that the
graphene layers, represent the ideal carbon fiber and shouiaotion of a vibrating rod is governed by the fourth-order
presumably exhibit the best mechanical properties. This fea/ave equation
ture is probably the most promising for applications of nano- 5 .
tubes given the importance of extremely strong light-weight &_y+ﬁ ‘9_3’: 1)
composites. Theoretical calculations have predicted a wide ot pA oxt
range of Young’s modull for very small single shell nano-
tubes[0.5-5.5 TPa(Refs. 2—4].*° The reference point in Which has solutions of the type
these studies is th¥ of graphite for which the best experi- 5 )
mental estimate is 1.02 TPa he earliest experimental mea- y=cogca“t)[B cosax+Csinax
surement of Young's mod_ulus of multishgll nanotubes gave +D coshax+ E sinhax] )
a value 1.8 0.9 TPa obtained by measuring thermal vibra-
tions using transmission electron microscd¥EM).® Later,  with
a slightly smaller value of 1.3 TPa was obtained by atomic
force microscopy. The measurement of single-shell nano-
tubes is even more difficult due to their small diameters
(~1.4 nm and because they tend to form bundles.

Here we have applied the technique of Treatyal® to  «a is the wave numbel is Young's modulus] is the second
measure Young's modulus of many isolated single-shelmoment of the cross-sectional aaandp is the density of
tubes. We also describe a least-squares optimization proc#€ rod material. For a clamped cantilever of lengththe
dure for extracting accurately the nanotube dimensions anfoundary conditions are
vibration amplitude directly from digital images. This proce-

Yl
= A"

C2

)

dure assumes only that the vibration profile is that of a . r9_y —0 (92_y —0 (73_y —0
clamped cantilever. We find an average valug6f=1.25 Yx=0=5 Gk NP N R
—0.3540.45 TPa, which is consistent with the results for =t =t 4)

multishell tubes. We discuss the implications of this result in
terms of earlier work and the accept¥dialue of graphite.  yielding the solution for theath harmonic
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Un ) For the next step, we need to calculate the form of the
Yn(X,1)= 5-COS Cant)| COSapX— COShaX vibration profile of the tip. For a classical simple harmonic
oscillator of amplitudeu,,, the oscillator positiory at timet
sine,L—sinha,L . inh is given by
COSanL—I—COShanL(SmanX sinhanX) |

y=Uu,Sin( wt), (12

5
) ) ) ) © where, as befora), is the amplitude which depends on the
Un is the amplitude of thath harmonic at the tipx=L. The  energy of the oscillator, and=2/f, with f being the fre-
constraints on possible values @f are quency. In the intervay to y+dy, the oscillator spends a
time dt, which is found by taking the derivative of E(1L2),

cosy,Lcoshw,L=—1. (6)
The total energ¥,, contained in the vibration modecan dy=Upe cog wt)dt (13
be found either by calculating the kinetic energy at the in-or
stant that cos(aﬁt)zo, when the deflection is everywhere
zero, or by calculating the elastic energy at the instant of dy
maximum deflection when the cantilever is momentarily sta- dt= \/?2: —UpsSysuy. (14
LA

tionary, cos¢a?t)=1,
The probabilityP(u,,y)dy of finding the oscillator between

2

Ekinetic_ ﬂJL(%) dx y andy+dy when the amplitude is, is proportional to the

: 2 Jo\ dt t=w/m2' time spent in this intervaldt. After normalization, we find

n
7
2 2 @ Um\UZ=y?,  lyl=u,
elastic YL Yn P(u,,y)= (15
En - 7 2 d ’ 01 |y|>un .
0\ dX

=0 P(u,,y) is peaked at the extremgs= = u,,, and has a mini-

which, after substitution foy,(x,t) from Eq. (5) and inte-  mum aty=0. However, the energy of the system, and hence
gration, both give the amplitudeu,,, is changing in a stochastic manner with
time. Therefore, we need also to average over all the possible
values ofu, that the system can adopt. Further, we must also
average over all of the activated modes.

o ) _ Nanotube vibrations are essentially elastically relaxed
The kinetic energy integral ignores the small angular mo‘Ehonons which are in equilibrium with the ambient at tem-

mentum component that comes from the slight rotationaheratyrer. The probability that the system is in the statef
motion of the rod about the fixed end, and the elastic energ¥nergyE, =mhw, is given by the Boltzmann factor

integral assumes that the local radius of curvatig given

YiLuZa?
Eﬁ%. (8)

by 1R=3%y/9x2. Both of these assumptions are valid in the exp — mh w, /KT)
limit of small deflections. W(m)=—

For a cylindrical rod of lengtt. and outer and inner radii S exp(— phaw, /KT)
a and b, respectively, the second moment of arealis p=0 "
= mr(a*—b*)/4. For convenience, we substitute

— exp(—Mhiw, /KT)[1—exp(—hw,/KT)]. (16)

Bn=anl ©  The frequencyw,, of moden of a vibrating nanotube of
to get densityp is given by
4 4 4 2 2 2
=B Y@ -bh] , B [Y@+D?)
n= 3 T uy. (10 wn_277fn_2L2 T (17)
For simplicity, we rewrite Eq(10) in the form The energy in moda is therefore quantized in units éiw,, .
For typical nanotubes, we estimate thagtis typically in the
1, 1 MHz-10 GHz range, thus typicallf w,/kT<1 for the
En §Cnun* (12) first 2000 or so modes. Thus, to a very good approximation
where the effective spring constant for modeis c, Lo,
=1TﬁﬁY(a4—b4)/16L3 W(m)~ﬁexq—mhwn/kT) (18)

The values of B, are the solutions to the equation
cosBcosB,=—1. By=~1.87510407 for the fundamental If we setE,=mAiw, anddE,=% w,, then in the continuum
mode, and B,~4.69409113, B,~7.85475744, B3 limit we get the probabilityW(E,)dE,, that at any instant
~10.99554073, ang3,~14.137 168 39 for the first four there is betweek, andE, + dE, of energy in the moda, to
overtones. As increasesp,~ (n+1/2). be
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1
W(Ey)dE,~ | —exp(—E,/KT)dE,. (19)
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This result is equivalent to that stated in E82) for a
single mode oscillation, except that we have replagedith
the rms amplituder and setE=kT/2 for the average elastic

This result is expected when the thermal average number @fnergy in each mode.

phonons,kT/fw,, is high. The average energy {€,)

Remarkably, the resultant rms vibration profile along the

=kT, half of which comes from the kinetic energy degree oflength of the nanotube is found to be closely similar to that
freedom, and the other half from the elastic energy degree dbr a cantilever that is displaced by a lateral forée

freedom.

=kT/o applied at the tip. The rms displacemant as a

The stochastically averaged probability amplitude isfunction of positionx is given accurately by the simple form

therefore

(P(y))= f;P(un,y>W<En>dEn, (20)

which from Eqgs.(15) and(19) is

1 (=exp—E,/KkT)
<P(y)>=7Tka0 \/uz—nyz dE,; y?=<u?. (2D
n
From Eq.(8),
2 L3
un=2En/Cn=7T—ﬁ4wEn, (22
n
therefore

(P(y))= 1 f“’ exp(— E,/KT)
y KT J e, y2r2 V2E,/c,—y?

The substitution

dE,. (23

E,=cy2(1+x?)/2; dE,=c,y’xdx (24)

ensures that the conditids,>c,y?/2 is met. Thus,

C oo
(P(y))= —=exp( —C,y2/2kT) f X exp( — Cpy2x?/2k T)dx.
’7T|(T 0
(29

3o/Lx® X3
, (29

TR 6

whereo is the rms displacement at the tip.

In the case of a single-walled nanotube, because there is
only one graphene layer, experimentally we measure only
the nanotube widthW. This raises the issue of how to select
suitable values fol and b. Plausibly, we could assiga
—b=G, whereG is the graphite interlayer spacing of 0.34
nm, anda=W/2+ yG andb=W/2— yG. y allows for the
asymmetry in the electron density of the graphenbonds
on either side of the curved tube, but is expected to be close
to y=1/28

Assumingy=0.5, Eq.(28) can be rewritten in terms of
the single-walled tube diamet®Y as

L3kT

0%=0.8486—————.
Y WG W?+G?)

(30

lll. EXPERIMENT

Nanotubes prepared by the laser evaporation méthbd
were dispersed in 99.9% purity ethanol using a probe ultra-
sonicator. A 300 mesh holey carbon grid was dipped into the
suspension and allowed to dry in air. By this method, we
were usually able to find isolated single-walled nanotubes
which had one free end extended over a hole in the carbon
support.

The integral is easily worked out to give the Gaussian form The samples were observed in a Hitachi H9000 NAR

(26)

Cn Cny2
(PY))=\ 2wkTeXp( - 2kT)'

Using Eq.(22), the standard deviation is

kT 16 L3kT
Ch  wBrY(a*—b%’

2__
on=

(27)

TEM operated at 100 kV. The lower accelerating voltage
was used to increase contrast and reduce beam damage.
Bright field images were collected using a Gatan model 690
slow-scan CCD camera and Digital Micrograph
v2.5 software. Samples were surveyed at a magnifica-
tion of X180000 using an electron dose 6f800 elec-
trons sec* nm-2. All measurements were done at room tem-
perature. The microscope magnification was calibrated by
imaging graphite lattice fringes at the eucentric specimen
position, and assuming that the spacing was 0.340 nm. The

Since all the modes are independent, their contributiongctyal magnification is found to be sensitive to the objective
add incoherently. To average incoherently over all the modegns current. Consequently, during experiments, coarse im-

n, we simply add the variances;, to get another Gaussian age focusing was accomplished by raising and lowering the

distribution with a resultant standard deviation given by

©

L3kT 16

=3 o= -

4 L3kT
By =0.4243——.
n=0 Y(a4—b4) Tn=0

Y(a*—b%)
(28

The constant is dominated by tme=0 fundamental mode,
which contributes 97% of its value.

specimen, and fine focusing by adjusting the objective lens
current. Efforts were made to maintain the objective lens
current within one part in T0of the calibration current in
order to minimize errors in the calibration. We estimate that
the absolute image magnification is accurate to better than
+1%.

We selected nanotubes that were free of large pieces of
debris. It is rare to find isolated single nanotubes without at
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least some trace of amorphous carbonaceous material on thi&e image expansion step helps minimize information loss

exterior surface, so we tolerated some contamination proncurred in the rotation step.

vided at least 90% of the tube length is clean. Long nano- The nanotube images have now been aligned so that the

tubes (=100 nm tended to have excessive motion at thelength is parallel toc. The image can now be considered to

tips, and would frequently develop kinks. Such nanotubegomprise a series of intensity line tradggy) alongy, per-

were avoided in this study. pendicular tox. In the absence of vibration and shot noise,
Once a satisfactorily clean nanotube was located, it wafor @ perfectly horizontal nanotube, the line traces would be

then “stress-tested” by increasing the beam current intensitgonstant, regardless of In practice, the traces will differ
by a factor of about 10 for a fraction of a second. Insecurely?€cause of shot noise which depends on the statistics of the

anchored nanotubes would twitch. shift. or even disappealilluminating electron beam. Further, since the nanotubes are
: ! iibrating, we would expect the line trace near the tip to be a

These were rejected. Bright-field images of nanotubes th i . . X
did not visibly flinch under these conditions were recordec{;bIurred version of the trace near the anchoring point. Given

on the slow-scan camera. Typically, nanotubes with freethe tip vibration amplituder and the nanotube length the

) . hange in vibration amplitude as a function of positiois
ends in the length range _7_50 nm passed this stress test. Eﬂown from the equations given in Sec. Il. To a very good
this length range, the entire nanotube free end could be ca

) . (pproximation, the vibration amplitude(x) varies accord-
tured on one image frame. Note that in every case the fulng to the form given in Eq(29). Thus, if we know the

length of the nanotube is much longer than the projectingntion I,(y), the profilel (y) of the whole nanotube can

end segment that we measure. It is assumed that the epgd computed by convolutint,(y) with a Gaussian
projecting over the hole is anchored by some observable

specimen feature. 1

The exposure time on the CCD was selected so as to Ix(y):—f lo(y’ —y)exp(—y'%2uf)dy’. (31
acquire at least 500 counts per pixel in the hole area. Fre- \/Zux
quently, a second or third image of the same nanotube woultthe nanotube length and tip vibration amplituder are
be recorded to check for any undesirable variations in thereated as unknown. In each image, we select a section of
image with time, such as drift or a tilting of the nanotube.lengthLin.qc that is clean of any debris or support material.
We did not observe any degradation of the nanotubes und&ve assume that there is a missing lengthto the anchor
the beam for the total doses used to record data, which wegoint. Furthermore, since the nanotube tip usually has a dif-
typically <20000 electron nm? at 100 kV. ferent structure to the shaft, we exclude a lerigthfrom the

In almost all instances, the base of the nanotube undeinalysis. Thus, the true lengthis
observation, near the presumed anchoring point, could be
brought into reasonably sharp focus. The tip, however, was L=Lo* Limage™ Ltip. (32
always slightly blurred and could not be brought into sharpwherel, is unknown.
focus. Occasionally, the nanotube base would also be A least-squares fit to the image data was then carried out
blurred, indicating that the nanotube is not securely anchoretbr the regionL g<Xx=<Lg+ Linage; by making initial guesses
near this point. Such images were rejected. for Ly, o, and the form ol o(y). A good starting guess for

Once all the image data had been collected, nanotubg(y) is found by taking the average of the tradg$y).
lengths and vibration amplitudes were estimated by twaUsing Powell's quadratically convergent minimization
methods. In method 1, images were blurred by applying groceduré? the optimum form ofly(y) is found by first
Gaussian convolution perpendicular to the nanotube axis ugenerating the image corresponding to the parametgrs,
ing Digital Micrograph macros. The blurred image of the and1,(y) using Eqs(31) and(32). The computed image is
base was compared visually with the unblurred image of thgubtracted from the data image that we are trying to match,
tip. The Gaussian standard deviation that produced the beghd the sum of the squares of the result is computed. Pow-
visual match gives an estimate of the tip vibration amplitudee||'s algorithm computes an optimized profilg(y) that
o. Nanotube dimensions were estimated by direct measureninimizes this squared residual for a givep and . This
ment of the digital images. The nanotube length is estimategrocess is then repeated for a grid bf, (o) values. The pair
by measuring the distance from the tip to the presumed arpf values (,,0) that yields the smallest residual is used to
choring point, a step that requires some subjective judgmenéompute Young's modulus.

To help avert any systematic subconscious bias, the mea- An attraction of this least-squares method is that no de-
surements were made “blind,” in the sense that the corretajled knowledge of the nanotube structure, microscope de-
sponding values for Young's modulus were computr  focus, spherical aberration, astigmatism, or linear specimen
all the measurements were committed. Furthermore, esthift is required, since these factors affect all image points
mates were made independently by two of @sK. and  equally. The only important assumption is that the nanotube

M.M.J.T) to help reduce systematic biases. is uniform along its length. Thus, this method works best on
In method 2, Independent estimates of the nanotubg‘]e Straightest, cleanest nanotube imagesl

length and tip vibration amplitude were obtained from im-

ages of the clean_est nano_tu_bes b_y a least-squares minimiza- IV. RESULTS AND DISCUSSION

tion procedure. First the digital micrographs were expanded

by a factor of 4 and rotated by bilinear interpolation, so that Figure 1 shows three TEM bright field images of single-
the nanotube images were precisely horizontal. The rewalled nanotubes protruding over the edge of a hole in a
aligned images were then reduced back to their original sizeéholey carbon support film. The images have been rotated so
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FIG. 2. Histogram of Young's modulus valu¥sobtained from
27 nanotubes. The nanotube lengthand tip vibration amplitudes

FIG. 1. TEM bright field micrographs of vibrating single-walled ¢ Were estimated directly from the digital micrographs using
nanotubes. Inserted with each micrograph is the simulated imag@eth7d 1, as described in the text. The mean valugYjs=1.3
corresponding to the best least-squares fit after adjusting for nano- 0-4/0.6 TPa.

tube free length. and tip vibration amplitude using measurement b3 .
method 2. The tick marks on each micrograph indicate the sectioffiéasurements @ o /L*, which therefore depends on mag-

g . _3 B - -
of the nanotube shank that was fitted. The nanotube parametefdificationM asM ~*. Systematic errors iM introduce rela-
including nanotube diametew, with corresponding estimate of tive errors inY as AY/Y=3AM/M. We estimate that our

Young's modulusy, are(a) L=36.8 nm,o=0.33 nmW=1.50 nm, magnification calibration is accurate to within 1%, which

Y=1.33:0.2 TPa;(b) L=24.3 nm,¢=0.18 nm,W=1.52 nm,Y  contributes a 3% error ik.

=1.20+0.2 TPa; andc) L=23.4 nm,c=0.30 nm,W=1.12 nm, The length of each tube,, was estimated by measuring

Y=1.02+0.3 TPa. the projected length from the tip to the perceived anchor
point, the latter usually being the entry point into a thick

that the nanotubes are anchored at the left, and the free Vilump of carbonaceous material near the edge of the hole.
brating tips are to the right. The simulated full-length images\Not all nanotubes are expected to be perfectly horizontal,
corresponding to the best fit according to our least-squaré§us our length measurements, will tend to be underesti-

optimization(method 2 are shown inset in each image. The Mated according th’=Lcos for a nanotube at an angte
best fits correspond to Young’s moduli of 1:88.2, 1.20 !0 the horizontal. It is quite plausible that the nanotubes we

+0.2, and 1.020.3 TPa, respectively. When we indepen- Measured had an angular spread of up to abdd®® to the
dently estimated the length and vibration amplitude by eyehorizontal, giving rise to a spread In 3of (0.65—1.0)X L.
using method 1, the values 1.22, 1.3, and 0.69 TPa weré&hus, from projection errors alone, we may be systematically
obtained for these three nanotubes. This is in good agreenderestimatind.® by an average of about 20%. A further
ment with the values obtained by the least-squares optimizssource of error inL arises when the true anchor point lies
tion. deeper within the carbonaceous clump than the perceived
The length and vibration amplitudes of a further 24 nano-point of entry. By comparing the three values that were
tubes were estimated by method 1. The nanotube diameteabtained by both methods 1 and 2, we estimate the error in
were in the range 1.0—1.5 nm. These nanotubes were insudcating the anchor point to be aroudd /L ~10%.
ficiently pristine to be reliably optimized by method 2. Most  The depth of focusAF was estimated by simulating a
of these latter sets of nanotubes had slight visible contamifocal series for a typical 1.4-nm-diam nanotube using the
nation. Such contaminating particles will affect the vibrationMACTEMPAS multislice programt? and was found to be ap-
frequency by raising the moment of inertia, but will have anproximately AF==+10 nm. This is larger than the uncer-
insignificant affect on the vibration amplitude since they dotainty in the tip elevation relative to the base, whichi§
not form an extended coating. Figure 2 is a histogram showam for anL =50 nm tilted at 30°. It is therefore reasonable
ing the spread in the estimat¥d/alues for the 27 nanotubes. to ignore the contribution to the tip blurring of focal gradi-
The mean value i§Y)=1.3-0.4/+ 0.6 TPa, and the median ents along a tilted nanotube.
value is a little lower, 1.1 TPa. This mean value is consistent The standard deviation of the tip motiam, was typically
with the three values obtained by method 2. The distributiorin the range 1-3 nm. However, the typical image contrast
is not symmetrical about the mean, displaying a tail extendacross a single-walled carbon nanotube of diameter 1.41 nm
ing to the higher values. To understand the significance ois about 3%. In a typical image with around 1000 counts per
this spread, and the reliability of the mean val(¥), it is  pixel, the shot noise is also at the 3% level. Because of the
important to discuss the experimental errors in more detail.low signal-to-noise, and the subjective nature of measure-
An important experimental parameter is the image magments made by method 1, two of @&.K. and M.M.J.T)
nification. The equation fo¥ [Eq. (28)] depends on length independently assessed the standard deviation, and the re-
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sults were found to be consistent with each other to withinjrradiation (flux: 4x 10'° neutrons/crf), it is believed that
+20%. Because of the” dependence, this contributes an the modulus is dominated b§(=1/S;;, Young's modulus
error of approximately+40% in. parallel to the basal plangsand the value is quoted as 360
The nanotube widthW was estimated by taking the aver- =60 GPa. However, measurements on samples with a length
age of several measurements near the base. Nanotubes wtdhickness rati¢/t>50 yielded higher values fdE and the
consistently uniform along their length. The image featuredrue value is given as 660200 GPa. Other workers report
to measure, in order to obtain accurate physical diameter€Sonant bar tests that yield an average value of 895 GPa for
were determined by simulating images of nanotubes by usin IS bef(_)re neutron irradiation and 940 GPa after irradia-
the MACTEMPASL® multislice program. The measured accu- on. Static tests give 878 GPa and 912 GPa before and after

racy of Wfor each nanptube is conservatively estimated to b%:)?]d:‘?l;grrs] Losrinlgst%al .vibl!\:rﬁr?;?rfergetgtcshgir:q J’:%%r\;grg‘r’]\";\f;;ge
?bgﬁjtiS%’ contributing an error of- 15% in Y [see Eq. value of 695 GPa with a maximum value of 1017 GPH.is
30)]. .

Nanotubes were assumed to be at room temperaturworth noting that the oft-quoted 1.02 TPa value for the

" odulus of graphite is actually obtained from measurements
14-16 °C, as measured by a thermocouple near the samp compression-annealed pyrolytic graphi@APG).5 In

From previous experimentsit is known that the electron  {hese samples, theaxes are all parallel to each other but the
beam contributes a small amount of heating which is depen; axes are arbitrarily rotated with respect to each other and
dent on the beam intensity. This is estimated to be arounghe sample is not a true single crystal of graphite. Resonant
20-40 °C. This correction will tend to increase the averageyar tests on CAPG yielded an averag&,1/of 943 GPa.
value of Y. No adjustment was made for this temperatureStatic tests gave a similar value of 32020 GPa. The maxi-
correction in the data of Fig. 2. mum value of the in-plane ${; is 1.02+0.03 TPa and the

It is assumed in this analysis that the extraneous carborin-plane shear modulus (34, ranged from 0.18 to 0.31
aceous material that frequently litters the nanotubes has @Pa. Clearly, the true value of the in-plane modulus of
negligible impact on the stiffness. It is expected that the adgraphite is not known with certainty. The values of the other
ditional mass will decrease the resonant vibration frequencglastic constants for graphite are summarized elsewhere,
of the nanotubes, but not the vibration amplitude. Howeverand they also show a significant spread in values. Theoretical
we need to be mindful that extraneous particles may tend tealculations give a value for the in-plane modulus of a 1-nm-
deform nanotube walls locally, which may in turn lower the diam tube ranging from 0.5 TP&Ref. 17 to about 5.5
stiffness because of an enhanced tendency to buckle. For thi®a’? Also, different trends have been predicted for the

reason, bent and heavily contaminated nanotubes Wel‘iep%gq%‘ce of Young's modulus on the radius of the
avoided. tube:®*"* However, significant changes are only predicted

It is clear from the above discussion that the expecte(jor tubes much smaller than those in our samples. Together

accuracy ofY for any individual nanotube, as estimated by With the narrow range of diameters in our sample and uncer-
method 1. will be no better than abott60%. However. tainty in the individual measurements, it is not surprising that
when averaged over a large number of nanotubes, the avef® cannot confirm any of these trends. Measurements on
age value will be less susceptible to random measuremefultivalled nanotubésusing a technique similar to that de-
errors. We have identified two systematic errors, namely th&€Cribed here yielded an average value for Young's modulus
length estimate and the temperature estimate. We have &f 1.8 TPa, with an order of magnitude spread between in-
gued that the length is systematically underestimated sucfividual nanotubes. This spread is probably due in part to the
that, on average, the measured quarititys only 80% of the ~ Presence of structural imperfections in the nanotubes, such as
true value. Furthermore, the actual temperature is about 10§5€ nesting of cylinders which can create a joint or
(~30 K) higher than the nominal value of 300 K. Thus the Knuckle” thereby weakening the tube, and in part to ex-
ratio L3T may be systematically underestimated by a factofP€rimental uncertainties, such as the estimation of the free-

of about 25%. The data of Fig. 2 have not been corrected t§t@nding length and the tip vibration amplitude. Given the
compensate for this factor. experimental uncertainties in this work, and in the previous

From methods 1 and 2, we get a weighted average valu\élork on multiwalled nanotubdsno firm conclusions can be
; made about the relative average stiffness of single-walled

of (Y)=1.25 TPa. It is clear that we are inferring values for X
the bending modulus that appear to be systematically highé}anotubes versus multiwalled nanotubes. However, there are

than the in-plane elastic modulusSy reported for graphite. persistent indic_ations that both have a higher Young’'s modu-
However, we should bear in mind that we are comparing théus than graphlt(_a. . . ,
strongly curved, seamless, graphene sheet of the nanotube 1€ Observation of consistently h|ghe_r values for Young's
with bulk planar graphite. Furthermore, we are assuming thaf?°dulus of r}anotubﬁls as co'mhparid with .bUIlk gra;l)'hne' C?n
we can assign an inner and outer radius to a single-wallef/€@n one of two things. Either the particular cylindrica
nanotube based on the graphite interlayer spacing. Given gharucture of the graphene sheet r_esu!ts in mcrea_sed strength,
strong @*—b?) dependence of on the inner and outer radii or the accepted value for graphite is underestimated. The

b anda, respectively, small adjustmentsticanda can have latter is a seripus possibility considering the nature of the

a potentially large affect on the derived valueYof samples used in t.he. measurement. Further studies are neces-
The accepted values for graphite have a large spread, d8&' 10 resolve this issue.

pending on the sample and the measurement process. Vibra-

tion studies done on as-is and neutron-irradiated single-

crystal graphit¥ yielded a mean value fd® (=1/S,,, shear The authors wish to thank M. E. Bisher for valuable as-

modulus parallel to the basal planed 0.1 GPa. On neutron sistance.
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