
R E P O R T S  

Finally, the Yarkovsky semimajor axis 
drift may be important in transporting to the 
main resonances a large number of bodies 
around 10 m in radius for which ha values of 
-0.1 AU are expected (Fig. 1C), similar to 
the distances between the main Kirkwood 
gaps. These fragments may be removed from 
the main belt population faster than bodies of 
other sizes, and in turn this may result into 
longer collisional lifetimes T,,, for the 100-in 
objects, which would also become more mo- 
bile (29). Although a realistic model of the 
feedback effects between Yarkovsky orbital 
drift and collisional processing of the asteroid 
size distribution would be required to assess 
these effects. we suggest that the Yarkoksky 
mobility mechanism may provide a plausible 
explanation for the observed overabundance 
of bodies 10 to 100 m in diameter in the 
near-Earth population (18). 
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Quartzlike Carbon Dioxide: An 
Optically Nonlinear Extended 
Solid at  High Pressures and 

Temperatures 
V. Iota, C. S. Yoo," H. Cynn 

An extended-solid phase, carbon dioxide phase V (C02-V), was synthesized in 
a diamond anvil cell by Laser heating the molecular orthorhombic phase, carbon 
dioxide phase Ill, above 40 gigapascals and 1800 kelvin. This new material can 
be quenched to  ambient temperature above 1 gigapascal. The vibration spec- 
trum of C02-V is similar to  that of the quartz polymorph of silicon dioxide, 
indicating that it is an extended covalent solid with carbon-oxygen single bonds. 
This material is also optically nonlinear, generating the second harmonic of a 
neodymium-yttrium-lithium-fluoride laser at a wavelength of 527 nanometers 
with a conversion efficiency that is near 0.1 percent. 

High pressure alters the nature of chemical 
bonds, electronic and ciystal struchlres, and 
thermal and mechanical properties of solids. It 
has been suggested that simple molecular solids 
may transform into a polymeric phase before 
they become metals at high pressure (I). The- 
oretical models and experimental data support 
this hypothesis, including polymeric forms of 
N2 (I). CO (2), diamond (3),  0-C,N, (4), and 
symmetric H 2 0  (5) .  Furtheirnore. these pres- 
sure-induced changes often occur in systematic 
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ways, providing new routes for designing and 
synthesizing novel materials with advanced op- 
tical and mechanical properties. The stmct~lres 
of the N, polymer, diamond. and P-C,N, at 
high pressures, for example, can be viewed as 
being similar to the assemblages of heavier 
elements in each periodic group (P, Si. and 
0-Si,N,, respectively) at low pressures. 

Carbon dioxide is one of the most abun- 
dant volatile materials on Earth. Also; CO, 
crystals (dry ice) are widely used for cooling, 
and CO, is found as clathrates on Mars and 
other planets (6). However, the properties of 
CO, at high pressures are not well under- 
stood. Four polymorphs have been suggested 
for CO,. but the stn~ctures and stability of 
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these polymorphs have been incompletely 
characterized (7). The strength of CO, (the 
orthorhombic phase 111 in particular) increas- 
es substantially with increasing pressure (8), 
which is unusual for a van der Waals molec- 
ular solid. Here, we report the discovery of a 
new transition from the molecular solid, CO, 
phase I11 (C0,-111), to a polymeric form, 
C0,-V, whose structure and optical proper- 
ties are analogous to the quartz polymorph of 
SiO,. We suggest that the strength increase in 
C0,-111 is a precursor to this transition. 

Liquid CO, was loaded in a diamond anvil 
cell (DAC), which was contained in a high- 
pressure vessel by condensing CO, gas at 
-40°C and 10 atm. A few micrometer-sized 
ruby chips were scattered inside the cell, pro- 
viding an in situ determination of pressures at 
several locations of the sample. Samples of 
CO, were indirectly heated by irradiating the 
ruby chips, a small Pt foil, or a Re gasket with 
a neodymium-yttnum-lithium-fluoride (Nd: 
YLF) laser operating in TEM,, (transverse 
electromagnetic) mode at 1054 nm. Approxi- 
mately 20 experiments were carried out to syn- 
thesize C0,-V, and the results were indepen- 
dent of the materials used for heating. Direct 
laser heating of the CO, was not feasible be- 
cause of its low absorption at this wavelength. 
The temperature of the sample was determined 
by fitting the thermal emission from the heated 
area to a gray-body radiation formula. Details 
of the laser-heating experiments were previous- 
ly described elsewhere (9). 

Microphotographs (Fig. 1) of the CO, Sam- 

ples that were heated through ruby chips and a 
Pt foil show that C0,-111 transforms into a new 
translucent C0,-V within the laser-heated area. 
The gray-body fit of thermal emission during 
heating indicates that the initial transformation 
occurs above 1800 K and is often associated 
with a high translucent excursion of the inten- 
sity of the light (Fig. ID). The highest temper- 
ature attained during the transition was 3400 K. 
Figures 1E and 2 show strong emission at 527 
nrn, which corresponds to the second harmonic 
(SH) of the Nd:YLF laser. The intensity of this 
sharp SH band at 527 nm depends on how the 
Nd:YLF output was partitioned between heat- 
ing and SH generation. The gray-body fit of the 
broad thermal emission in Fig. 2 indicates that 
the temperature of the laser-heated area was 
1670 K. We estimate the SH conversion effi- 
ciency of this new phase to be -0.1 % (1 0). The 
SH radiation was observed in all 20 samples 
that underwent the transition, indicating that the 
frequency-doubling process is inherent to the 
new phase and does not rely on trace impurities 
that may be incorporated in the CO, lattice 
during heating. A relatively large pressure drop 
(up to 5 to 10% of the initial pressure) was also 
observed after forming C0,-V by several cy- 
cles of laser heating. This suggests that a large 
volume collapse is associated with the transi- 
tion. This new phase is metastable over a large 

of CO, samples through 
@ through C) ruby chips 
bnd (D and E) a Pt foil at 
& GPa before (A), during 
#B and D), and after sev- 
dral heatings (C and 0). 
after heating (C), the mo- 
lecular phase, C0,-Ill, 
transformed into a new extended d i d  of 
to,-V. C0,-V is an op t idy  nonlinear 
irystal generating the SH of the primary 
PlkYLF laser at 527 nm (E). This SH emis- 
sion is most easily seen h the sample 
with a shiny reflecting Pt surface (E), aC 
though it is observed in all samples with 
C0,-V, regardless of the heating materials. 

, . .  i ~ r ~ ~ . s ~  :&. 

Wavelength (nm) 

Fig. 2. A typical emission spectrum obtained dur- 
ing the heating of CO, at 45 GPa, which shows a 
broad thermal emission and a sharp emission at 
527 nm. The sharp emission is clearly the SH of 
our Nd:YLF laser (also shown in the inset). The 
conversion efficiency of this nonlinear process is 
estimated to be -0.1%. The gray-body fit of the 
broad emission (dashed line) gives the sample 
temperature as 1670 K. 

pressure range above 1 GPa, at which pressure 
it transforms back to liquid CO, when the DAC 
is unloaded. 

Rarnan spectra that were obtained before 
and after the heating of a sample at 40 GPa 
(Fig. 3) indicate that the orthorhombic mo- 
lecular C0,-I11 transforms to a new extend- 
ed-solid C0,-V, whose structure is similar to 
the quartz or coesite polymorphs of SiO,. For 
example, the broad features between 200 and 
400 cm-' before heating are characteristic to 
the orthorhombic C02-I11 (1 1). However, the 
spectrum (after heating) is different from the 
vibration characteristics of any known molec- 
ular polyrnorph of CO,, suggesting that it has 
a different structure. w e  assigned the most 
dominant vibration feature at 790 cm-I to the 
symmetric stretch of the C-0 -C  bonds, 
v,(C-&C). On the basis of the pressure de- 
pendence shown in Fig. 4, this mode should 
be located at 660 cm-I at ambient conditions 
of pressure and temperature. This frequency 

1 40 GPa 

Raman shifts (cm-') 

Fig. 3. Raman spectra of CO, at 40 CPa (mea- 
sured before and after heating) show a trans- 
formation from a molecular phase of C02-Ill to 
an extended-solid phase of C0,-V. The strong 
band at 790 cm-' after heating is the symmet- 
ric stretching mode A,, v,(C-O-C), suggesting 
that C0,-V contains C-O single bonds. The 
spectrum of C02-Ill is broad because of a large 
pressure gradient in the sample, which indi- 
cates an unusually high strength of this phase 
for a molecular crystal. 

of ~ ~ ( C - 0 4 )  was then translated to 398 to 
491 cm-' from the v,(Si-&Si) mode in SiO, 
polymorphs, depending on the approximation 
used in the reduced-mass calculation (12). 

\ ,  

This mass-weighted vibron frequency agrees 
reasonably well with v,(Si-O-Si) frequencies 
in quartz at 464 cm-I and in coesite at 5 10 
cm-' (12, 13). In contrast, the analogous 
mode of stishovite, a high-pressure poly- 
morph of SiO,, occurs at 750 cm-' at ambient 
conditions (13), which is a higher frequency 
than v,(C-&C) at 660 cm-' for C0,-V. The 
large pressure-dependent shift of ~ ~ ( C - 0 4 )  
(Fig. 4) is also analogous to that of v,(Si-& 
Si) in the coesite or quartz polymorphs of 
SiO,. As previously explained for SiO, (13- 
IS), the strong shift of ~ ~ ( C - 0 4 )  implies a 
high compressibility of C02-V as a result of 
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a large change of C-0-C angles in this open 
structure. 

Symmetry considerations for SH generation 
processes provide further evidence that the 
crystal structure of C02-V is quartzlike. Strong 
SH generation of light has been obsewed in 
solid forms of SiO, (including crystalline, 
amorphous, and semiconductor-doped glass) 
with a conversion efficiency of up to 20% (1 6. 
17). The relatively sharp phonons and v'b '1 rons 
of C0,-V (Fig. 3) imply that C0,-V is not 
viheous; SiO, glass is well known as having 
exhemely broad vibration bands (13). On the 
other hand, the SH process 1s symmetly forbid- 
den in a y s t a l  structure with a center of Inver- 
sion (18). This further excludes the possibility 
of C0,-V being a centrosqmmetric clystal like 

P (GPa) 
Fig. 4. Pressure (P) dependence of various vibra- 
tions of a new extended-solid phase of C0,-V. 
This new phase is metastable above 1 CPa and 
ambient temperature. The Raman spectra were 
obtained during the unloading of quenched sam- 
ples after laser heating at pressures between 40 
and 60 CPa and at temperatures above 1800 K. 
The symmetry assignment was based on that of 
the quartz polymorph of SiO, in (73-75). Two 
phonon bands below 240 cm-' are probably from 
those of untransformed C02-Ill. There is a strong 
pressure-induced shift of the symmetric (A,) 
C-0-C stretching mode at 660 cm-' at ambient 
conditions. A similarly strong pressure depen- 
dence was previously observed in the A, mode of 
SiO, in quartz and coesite polymorphs and is 
explained in terms of a large-angle change of the 
Si-0-Si ring in those open structures of SiO, 
(73-75). Curves are labeled as E, doubly degen- 
erated vibrational modes; A,, symmetric stretch- 
ing mode; and C0,-Ill, untransformed C0,-Ill. 

coesite or stishovite of SiO, (19, 20). Therefore, 
it is possible that the structure of C0,-V is 
noncenhosynlmetric and quartzlike (19). 

The pressure and tenlperature domains of 
stability and metastability of C0,-V are shown 
in Fig. 5, together with those of other CO, 
polymorphs, which were previously suggested 
(7). The melting line of CO, has only been 
measured at low pressures below 1 GPa (21). 
The relation of the melting line with the pres- 
sure and temperature conditions of the synthesis 
of C0,-V is not known. C02-V forms only 
from the osthorhombic C0,-I11 above 40 GPa 
and 1800 K. Laser heating of the cubic CO, 
phase I (C0,-I) or C0,-I11 at lower pressures 
(even to 2800 K) does not yield C0,-V, indi- 
cating that there is a sharp phase boundary 
between C0,-I11 and C0,-V above 40 GPa. 
However, this transition appears to be less sen- 
sitive to tenlperature at pressures of up to 60 
GPa, which is the maximum pressure that was 
studied for heating. These observations may 
imply that the temperature boluldaq~ at 1800 K 
represents a kinetic ban-ier rather than the ther- 
modynamic phase boundaq~. The fact that this 
hansition does not occur to 70 GPa at ambient 
temperature suggests the existence of a large 
activation barrier in this transition. The meta- 
stability of C0,-V in a large pressuse region is 
also consistent with this conjecture. 

Above 40 GPa, C02-I11 suppolts an ex- 
tremely large pressure gradient of more than 
100 to 200 GPa mm-' (8) .  This pressure 
gradient is extremely large for a van der 
Waals solid, indicating that C02-I11 may not 
be purely molecular but may have strong 
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Fig. 5. Pressure and temperature conditions re- 
quired for the synthesis of C02-V, superimposed 
on the phase diagram of CO, that was repro- 
duced from Raman and x-ray measurements in 
(7). The melting line (dashed curve) is the extrap- 
olation of low-pressure values in (27). C0,-V was 
synthesized by laser heating of C0,-Ill above 40 
CPa and 1800 K and can be quenched at ambient 
temperatures above 1 CPa. The vertical dashed 
lines at 10, 20, and 40 CPa indicate the phase 
boundaries of CO,. The horizontal dashed line at 
1800 K illustrates the kinetic line for the trans- 
formation from C02-Ill to C0,-V. 

Liquid i hea!ing 

I p. 
quenching 

I I I 
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intermolecular interactions or even relatively 
weak intelmolecular bonding at these pres- 
sures. Such weak intermolecular bonding 
would have two counteracting consequences: 
(i) Delocalization of electrons in CO, mole- 
cules would soften the steep repulsive poten- 
tial and prolong the stability of C02-111 to 
pressures well above 40 GPa at ambient tem- 
perature; (ii) on the other hand, such an in- 
termolecular coupling in C0,-I11 would low- 
er the activat~on barrier f i r  breaking the 
strong C - 0  double bonds, thereby lowering 
the transition pressure at high tenlperature. 
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also be odd, and the coefficients of all even powers in 
the expansion of the polarization P = E,x,E sin(wt) 
+ &,x2E2 sin2 ( ~ t )  + E ~ x ~ E ~  sin3(ut ) + , . . must be 
0: E ~ ,  dielectric constant at ambient conditions; X, 
polarizability tensor for medium; w, frequency of 
incident light; and t, time. In such crystals, only odd 
multiples of the incident frequency can be generated. 

Electrostatic Deflections and 
Electromechanical Resonances 

of Carbon Nanotubes 
Philippe Poncharal,' Z. 1. Wang,' Daniel Uga~- te ,~  

Walt A. de ~ e e r ' "  

Static and dynamic mechanical deflections were electrically induced in canti- 
levered, multiwalled carbon nanotubes in a transmission electron microscope. 
The nanotubes were resonantly excited at the fundamental frequency and 
higher harmonics as revealed by their deflected contours, which correspond 
closely to those determined for cantilevered elastic beams. The elastic bending 
modulus as a function of diameter was found to decrease sharply (from about 
1 to 0.1 terapascals) with increasing diameter (from 8 to 40 nanometers), which 
indicates a crossover from a uniform elastic mode to an elastic mode that 
involves wavelike distortions in the nanotube. The quality factors of the res- 
onances are on the order of 500. The methods developed here have been applied 
to a nanobalance for nanoscopic particles and also to a Kelvin probe based on 
nanotubes. 

Ever since their discovery ( I ) ,  carbon nano- 
tubes have been recognized as particularly 
important nanoscopic systems (2-9). The me- 
chanical properties o f  carboil nanotubes have 
been the subject o f  numerous studies (10- 
21). In several experimental studies, the 
Young's modulus E was found to be extreme- 
ly high, on the order o f  1 TPa (12, 14, 16,21). 
Theory appears to confiim this value (1  0, 11, 
22, 23), which is on the same order as the 
elastic modulus along the basal plane o f  high- 
ly oriented pyrolythic graphite: Ea = 1.06 
TPa (24). Recent detem~inations o f  the 
Young's modulus rely primarily on rigidity 
measurements (25) and assume that the nano- 
tubes bend by uniform compression o f  the 
inner arc o f  the bent tube and uniform elon- 
gation o f  the outer arc, as for an isotropic rod 
(10). Those measurements either involved 

electron microscopy-based measurements o f  
thermal vibration amplitudes (12) or atomic 
force microscope (AFM) measurements o f  
cantilevered (16)  or otherwise suspended 
(21) nanotubes. The arc-produced carbon 
nanotubes with diameters up to D = 76 nm 
were all found to be rigid, with Young's 
moduli in the terapascal range. The measure- 
ments made to date suffer somewhat from 
experimental uncertainties such as precise 
measurements o f  the thermal vibrational am- 
plitudes, the effect o f  the AFM tip on the 
nanotubes, and calibration o f  the AFM can- 
tilever. Furthemlore, they do not give infor- 
mation on the damping o f  vibrations nor on 
the shapes o f  stressed nanotubes. 

Here we introduce methods for investigat- 
ing properties o f  carbon nanotubes that may be 
extended into the mesoscopic size range. W e  
used those methods on arc-produced, multi- 
walled carbon nanotubes (h4WNTs) (26) .  The ~, 
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(7) .  The wire was mounted on a small electri- 
cally insulated support so that a potential could 
be applied to it. This assembly was inserted in 
a custom-built specimen holder o f  the TEM in 
such a way that the fiber was about 5 to 20 pm 
away from a grounded counterelectrode. The 
specimen holder was provided with a piezo- 
driven translation stage and a micrometer-driv- 
en translation stage to accurately position the 
fiber relative to the counterelectrode. To accu- 
rately measure the length L and diameter D o f  
the investigated nanokibe, the sample holder 
could be rotated about its axis so that the nano- 
kibe under investigation could be aligned per- 
pendicular to the electron beam. 

When a static potential V, was applied to the 
wire, the carbon nanotubes that protruded from 
the fiber became electrically charged and were 
attracted to the counterelectrode. The nanokibes 
that were not perpendicular to the counterelec- 
trode bent toward it (Fig. 1 ) .  W e  compared the 
shape o f  the bent nanokibe to that of  a cantile- 
vered elastic beam when a force was applied to 
its tip and also to that o f  a beam with a uni- 
fonnly distributed force. This analysis demon- 
strated that the force exerted on the nanotube is 
essentially entirely at the tip, hence the charge 
should be located there. [This result is expected 
from classical electrostatics applied to conduct- 
ing needle-shaped conductors (28).] Further- 
more, the measured deflection is proportional to 
V: [after taking into accoullt a slight voltage 
offset (Fig. 1C)I. This is to be expected for a 
nanotube that follows Hook's la~il, because the 
force equals the product o f  the induced electric 
charge (proportioilal to l f 5 )  and the electric field 
(also proportional to 1fJ. Hence, i f  the charge 
on the tip equals aV,, where ci is a nanokibe- 
dependent constant that depends on the geom- 
etry, and i f  the electric field is PVS, then the 
static force at the tip is Fs = ciPV:. Small 
deflections are proportional to F,. In the course 
o f  these measurements, we found that a nano- 
hlbe with D = 20 nm can be bent to a radius o f  
curvature at least as small as 80 nm, after ~ilhich 
it returns to its original straight configuration, 
which indicates that such extreme bending does 
not exceed the elastic limit (14, 19). 

Application o f  a time (t)-dependent volt- 
age to the nanotubes [V(t) = l fd cos(ot)] 
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