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recently reported by Gurnbsch and Gao (26). 
However; such processes, although similar to 
shear crack grolv-th in the sense that they are 
driven by shear stresses; are also clearly differ- 
ent in the sense that they do not involve the 
breaking of material bonds and the subsequent 
creation of new surfaces. Moreover, no exper- 
imental confirmation of such intersonic pro- 
cesses is cul-rently available. To date, our ex- 
perimental observatio~ls of intersonic processes 
have been limited to cracks along bimaterial 
interfaces (27) and along the fibers in unidirec- 
tional composites (28). However, in both situ- 
ations the crack speed was subsonic with re- 
spect to one of the two constituents, the material 
with higher wave speed in the case of birnate- 
rials and the fibers in the case of unidirectional 
composites. The experiments presented here 
provide unambiguous evidence that shearing 
mode conditio~ls near a propagating crack tip 
can drive the crack to intersonic speeds, which 
are found to be possible even in purely homo- 
geneous systems with only one distinct set of 
wave speeds. 
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Carbon Nanotube Actuators 
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Electromechanical actuators based on sheets of single-walled carbon nanotubes 
were shown to generate higher stresses than natural muscle and higher strains 
than high-modulus ferroelectrics. Like natural muscles, the macroscopic ac- 
tuators are assemblies of billions of individual nanoscale actuators. The actu- 
ation mechanism (quantum chemical-based expansion due to electrochemical 
double-layer charging) does not require ion intercalation, which limits the life 
and rate of faradaic conducting polymer actuators. Unlike conventional ferro- 
electric actuators, low operating voltages of a few volts generate large actuator 
strains. Predictions based on measurements suggest that actuators using op- 
timized nanotube sheets may eventually provide substantially higher work 
densities per cycle than any previously known technology. 

The direct couversion of electrical energy to 
mechanical energy through a material re- 
sponse is critically important for such diverse 
ueeds as robotics, optical fiber switches, op- 
tical displays, prosthetic devices, sonar pro- 
jectors; and rnicroscopic pun~ps.  Fel-roelectric 
and electrostrictive materials are especially 
useful for direct energy conversion. Howev- 
er, applications are restricted by the maxi- 
mum allowable operation temperature, the 
need for high voltages; and limitatious on the 
work density per cycle. 

Conducting polymer actuators based on 
electroche~nical dopant intercalation were 
proposed a decade ago (1)  and have been 
pioneered in many different laboratories (2, 
3). Faradaic processes for these batterylike 
devices involve solid-state dopant diffusion 
and structural changes that limit rate, cycle 
life, and energy conversion efficiencies. 

The uew ach~ators we describe here use 
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carbon single-walled nanotube (SLVNT) sheets 
(4) as electrolyte-filled electrodes of a super- 
capacitor. No dopant intercalation is required 
for device operation. Changing the applied 
voltage injects electronic charge into a 
SLWT electrode, \vhich is compensated at 
the nanotube-electrolyte interface by electro- 
lyte ions (fornling the so-called double layer). 
The new actuators use dinlensional changes 
in covalently bonded directions caused by 
this charge injection, which originate from 
quantulll chemical and double-layer electro- 
static effects. For low charge densities, cal- 
culations ( 5 )  and experilnental results (6) for 
charge transfer complexes of graphite and 
conducting polymers (Fig. 1) show that the 
strain due to quantum mechanical effects 
(changes in orbital occupation and band 
structure) changes sign fro111 an expansion for 
electron injection to a contraction for hole 
injection. However; expansion results from 
both quantum chemical effects and electro- 
static double-layer charging for high-density 
charge injection of either sigu (5, 6). 

Like natural muscle (7), the ~ l a ~ l o h ~ b e  sheet 
actuators are arrays of nailofiber actuators. A 
novel tvne of actuation results because the - 1 
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ment and van der Waals forces along incidental 
points (and lines) of contact. These observa- 
tions enable prediction of the actuator proper- 
ties that are ultimately obtainable for non- 
bundled nanotubes, which have extraordinarily 
high surface area and mechanical properties (8). 
The concept of using either nanotube sheets or 
single nanotubes as actuators, and the effect of 
nanotube bundling, are schematically illustrated 
in Fig. 2. 

The commercially obtained nanotubes were 
made by the dual pulsed-laser vaporization 
method and purified by a published method that 
involves nitric acid reflux, cycles of washing 
and centrifugation, and cross-flow filtration (4, 
9). Materials made by this method consist of 
hexagonally packed bundles of carbon nano- 
tubes that have diameters of 12 to 14 A, an 
intertube separation within a bundle of - 17 A, 
an average bundle diameter of -100 A, and 
lengths of many micrometers (4,lO). The nano- 
tube sheets were formed by vacuum filtration of 
a nanotube suspension on a poly(tetrafluoreth- 
ylene) filter, and the dried nanotube sheets were 
peeled from the filter (4, 9). These freestanding 
sheets (composed of highly entangled nano- 
tube bundles) were used as they were ob- 
tained, without any effort to optimize the 
mechanical properties, surface area, or elec- 
trical conductivity that are important for the 
actuator application. 

The electrochemical charge injection pro- 
cess was characterized by measurement of the 
gravimetric capacitance (C,) of the nanotube 
paper in various electrolytes [all potentials are 
versus a saturated calomel electrode (SCE)]. C, 
was derived from the slope of specific current 
versus voltage scan rate in a cell containing 
nanotube paper for both a working electrode 
and a counterelectrode. After a few cycles to 
ensure the maximum degree of electrode wet- 
ting, the measured C, increased up to about 15 
F/g for aqueous solutions of both 1 M NaCl and 
38% by weight H2S0,. Similar C,s were ob- 
served for 1 M LiClO, in acetonitrile (12 to 17 

Nomlnal change per carbon 

Fig. 1. Experimentally derived changes in basal 
plane strain as a function of nominal charge 
derived from data (6) for graphite intercalation 
compounds. 

Flg) or in propylene carbonate (13 to 14 Fig), 
and a higher C, was observed for a 5 M 
aqueous KOH solution (30 Flg), which readily 
wet the nanotube paper. 

These measurements and estimates of the 
available surface area suggest that double-layer 
charge injection for the nanotube bundles is 
similar to that for the basal plane of graphite. 
The gravimetric surface area of the nanotube 
paper (A,) measured by the Brunauer-Emmett- 
Teller (BET) method is about 285 m2/g (11); 
this value is near the 300 m2/g surface area of 
100 A diameter cylinders having the crystallo- 
graphically derived bundle density of 1.33 
g/cm3 (lo), which suggests that the N2 in the 

BET measurement does not access significant 
surface area in the space between nanotubes in 
a bundle. An areal capacitance (C,) of 4 to 10 
pF/cm2 results for the above range of ob- 
served gravimetric capacitances and an A, 
of 300 m2/g. This value is in the approxi- 
mate range of measured CAs for the basal 
plane of graphite (12), which has a mini- 
mum at -3 pF/cm2 (for either 0.9 M aque- 
ous NaF or 0.2 M tetrapropylammonium 
tetrafluoride solution in acetonitrile). 

Our first demonstration of a carbon nano- 
tube actuator was surprisingly simple to pro- 
duce. Similar to a design for a polyaniline con- 
ducting polymer actuator (3) (Fig. 3), this ac- 

Fig. t Schematic iitustration of charge injec- 
tion in a nanotube-based electromechanical ac- 
tuator and the effect of nanotube bundling. (A) 
An applied potential injects charge of opposite 
sign in  the two pictured nanotube electrodes, which are in  a liquid or solid electdyte (blue 
background). These indicated charges i n  each electrode are completely balanced by ions from the 
electrolyte (denoted by the charged spheres on each nanotube cylinder). The pictured single 
nanotube electrodes represent an arbitrary number of nanotubes in each electrode that medran- 
ically and electrically act in  paralteL Depending on the potential and the relative number of 
nanotubes in each electrode, the opposite electrodes can provide either In-phase or out-of-phase 
mechanical deformations. (8) Chwge injection at  the surface of a nanotube bundle is illustrated, 
which is balanced by the pictured surface tayer of electrolyte cations. Although penetration of 
electrolyte and gases into interstitial sites and nanotube cores might oaw for the investigated 
bundled nanotubes, this has no noticeable effect on the observed BET surface area (I I) or the 
measured electrode capaciince. 

Fig. 3. Schematic edge- 
view of a cantilever-based 
actuator operated in aque- 
ous NaCl which consists of 
two strips of SWNTs (shad- 
ed) that are laminated to- 
gether with an intermedi- 
ate layer of double-sided 
Scotch tape (white). The 
Na+ and Cl- ions in the 
nanotube sheets represent 
ions in the double layer 
at the nanotube bundle 
surfaces, which are com- 
pensated by the indicated 
charges that are injected 
into the nanotube bundles. 
The equality between the 
lengths of the two nano- 
tube sheets (center) is dis- 
rupted when a voltage is 
applied, causing the indi- 
&ted actuatoi displace- 
ments to  the left or right. The possible existence of a small amount of double-layer charge before 
the application of a voltage is ignored. 
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tuator consisted of cut strips of nanotube paper 
(3 mm by 20 mm and 25 to 50 pm thick) that 
were adhesively applied to opposite sides of a 
10% larger piece of Scotch Double Stick Tape. 
An insulating plastic clamp at the upper end of 
the three-layer strip supported the device verti- 
cally in 1 M NaCl electrolyte and held two 
platinum foil electrical leads in contact with the 
nanotube paper sheets. When a dc potential of a 
few volts or less was applied to these leads, a 
deflection of up to about a centimeter was 
observed for the cantilever tip, which reversed 
on reversal of the potential (Fig. 3). When a 
square wave potential was applied, oscillation 
was visually observed up to at least 15 Hz as the 
actuator pushed the electrolyte back and forth. 
Similar operation was observed for this type of 
actuator made from nanotube paper that had 
been annealed at 1 100°C for 1 hour in flowing 
argon. 

The above actuator is called a bimorph can- 
tilever actuator because the device response 
depends on the difference in the electrically 
induced expansion of opposite actuator elec- 
trodes. In order to obtain more quantitative 
results, we made a bimorph cantilever actuator 
in which two nanotube sheets having the above 
strip dimensions worked to bend a strip of 
poly(viny1chloride) (PVC) film that was an or- 
der of magnitude thicker (215 pm thick) (Fig. 
4A). This thick film (10% wider and 20% 
longer than the nanotube paper strips) was lam- 
inated on both sides with nanotube paper strips 
by means of an intermediary layer of Scotch 
Double Stick Tape. The lower end of the ac- 
tuator (containing the nanotube paper strips) 
was mounted in the bottom of the electrolyte 
bath (1 M NaCl) with a clamp that provided 
electrical contacts. The PVC strip from the 
actuator core extended above the electrolyte 
and supported a sputtered gold mirror on one 
strip face. The movement of this mirror as a 
result of actuator tip displacement was mea- 
sured as a function of electrode potential with a 

Fotonic sensor from MTI Instruments. The ac- 
tuator response was approximately linear, with 
applied voltage between -0.4 and 0.1 V (with 
negligible hysteresis) (Fig. 5), but both a non- 
linear voltage dependence of displacement on 
potential and hysteretic behavior occurred at 
higher potentials. This actuator has a resonance 
peak at -25 Hz when driven in the liquid 
electrolyte with an ac voltage (-2 V from peak 
to peak between the working electrode and the 
counterelectrode). 

Because the response of the above b iorph  
cantilever actuators depends on the difference 
in the electrically induced expansion of oppo- 
site actuator electrodes, characterization of 
these devices does not directly provide the elec- 
tromechanical response of the nanotube paper. 
Thus, we directly measured the change in 
length of the nanotube paper v a u s  the poten- 
tial in 1 M NaCl. One end of a vertical nanotube 
paper strip was anchored to the bottom of the 
electrolyte bath, and the other end was attached 
to a horizontal cantilever (Fig. 4B). Changes in 
the length of the nanotube paper strip deflected 
the cantilever, whose movement was measured 
with an attached mirror and the above optical 
sensor. Like the field dependence for ferroelec- 
trics, plots of deformation versus potential (Fig. 
6A) show increasing hysteresis with increasing 
potential range during cyclic voltametry. The 
direction of strain change reverses at 0.56 V 
when potential is increased and at 0.27 V when 
potential is decreased for the highest voltage 
scan. Figure 6, B and C, show that the actuator 
devices can be effectively switched in 1 s. 
Figure 6C shows that an actuator response, 
albeit small, can be observed to > 1 kHz. Cy- 
cling a strip of nanotube paper at a constant 
scan rate for 140,000 cycles (between k0.5 V 
at 1 Hz) resulted in a -33% decrease in actua- 
tor stroke. A stress (0.75 MPa) significantly 
higher than the peak capacity of human skeletal 
muscle (0.3 MPa) was generated during the 
isometric contraction of a nanotube sheet [using 

Rg. 4. t-41 appa- A 
ratus used for char- 
acterizing an actuator, 
consisting of strips of 
SWNT paper that are 

ed (with an interme 
diate layer of double- 
sided Scotch tape) on 
opposite sides of a 
strip of PVC Differen- 
tial changes in the 
lengths of the nano- 
tube strips bend the 
-,thereby== P V ~  

3 
ing a displacement of 
the mirror (which is 
measured with the optical sensor). Potentials were measured 

.vest& a reference Y E ,  which is not pictured. (6) l%e appara- 
tus used for the measurement of the dependence of SWNT 
sheet length on applied potential (versus a SCE). Changes in 
the length of the nanotube strip bend the PVC cantilever that 
carries % amched~micror, y&w d@kmm*+is mea#lwQ vvitb I $he sensor. 

a 0.1-Hz square well potential between -0.5 
and 1.5 V and the measurement apparatus de- 
scribed by Della Santa et al. (2)]. 

The dependence of strain on potential for 
the nanotube sheets (Fig. 6A) is quasi-parabol- 
ic, like that observed in electrocapillary mea- 
surements on electrodes of activated carbon and 
exfoliated graphite (12). This response is ex- 
pected if surface energy changes due to double- 
layer charging provide the mechanical stresses 
that elongate the material. If electrostatic effects 
dominate, the electrode dimension would be a 
minimum at the potential of zero charge (pzc), 
and either positive or negative charge injection 
would result in approximately equivalent ex- 
pansion. In contrast, the minimum length oc- 
curs for the nanotube paper at a much higher 
potential (0.27 V for reduction and 0.56 V for 
oxidation) than the expected pzc for the 1 M 
NaCl solution [about -0.2 V versus a SCE, 
corresponding to the pzc for the basal plane of 
graphite (12)l. The implication is that quantum 
chemical effects are greater than classical cou- 
lombic effects for the carbon nanotube sheets. 
This result is consistent with the observation 
that the high-frequency tangential vibration 
mode of SWNTs increases frequency upon 
acceptor doping and decreases frequency 
upon donor doping (13), corresponding to 
bond shrinkage and expansion, respectively. 
Theory also predicts that quantum chemical 
effects dominate over electrostatic effects for 
charge transfer complexes of conducting 
polymers and graphite (5). This quantum 
chemical effect is large for metals having 
conjugated a bonded backbones and is neg- 
ligible for elemental metals. 

Although nanotube bundling reduces strain, 
the miximum observed actuator strains are still 
large: >0.2%. The dimensional changes of 
the covalent bond network along the nano- 
tube direction are the likely origin of these 
strains. Evidence that these observed changes 
in the sheet dimension are proportional to 

" 

Applied potential (V vs. SCE) 

Fig. 5. Measured cantilever displacement (arbi- 
trary origin) versus electrode potential (in 1 M 
NaCI) for a cantilever bimorph (Fig. 4A) in 
which two 15-km-thick nanotube paper films 
bend a 215-pm-thick film of PVC. The poten- 
tial range was symmetric about 0 V (versus a 
SCE), and the scan rate was 50 mV1s. The labels 
on the curves indicate the maximum applied 
potential. 

21 MAY 1999 VOL 284 SCIENCE www.sciencemag.org 



R E P O R T S  

changes in the nanofiber length is provided 
by the observation of an in-plane thermal 
expansion coefficient that is an order of mag- 
nitude sinaller than expected for a van der 
waals bonded direction (14). 

The actuator response can be described by a 
strain-voltage coefficient S,., which is the ratio 
of change in actuator strain to the change in 
applied electrode potential. The data in Fig. 6A 
yield an S,, of 0.032%N in the potential range 
f r o m 0 . 2  to 0.2 V, which increases to 0.11%/\? 
in the nearly linear region between 0 . 8  and 
0 . 2  V. Ignoring the dependence of obseived 
specific capacitance on potential (which ap- 
pears to be small). these S, values can be used 
to deiive the strain-charge coeffic~ent ( U  
LA%). where U I L  IS the fractional change 111 

length caused by a I v  change in the concentla- 
t~on  of qected chalge pel inononlei LIIII~ (1) 
The relation used IS S,, = C,Adkf(u/LI\  ) ,\. 
where M is the inonoiner inolecular weight and 
A' is the iluinber of couloinbs of charge in a 
mole of electrons. Using the observed gsavi- 
metric capacitance for a 1 M NaCl solution (C, 
= CAAG = 15 Flg) and the above strain coef- 
ficients, the calculated U/LAj, increases from 
0.17 (for 0 . 2  to 0.2 V) to 0.59 (for -0.8 to 
0 . 2  V). Even the forrner coefficient is greater 
than that derived for the basal plane of graphite 
froin diffraction measurements on donor coin- 
plexes (0.066) (5, 6). The existence of a larger 
strain-charge coefficient for SMWTs than for 
graphite is supposted by the observation of 
greater stiffelling of the tangential mode for 
SU'NTs (relative to that for the gsaphite intra- 
layer mode) upoil acceptor doping (13). 

We believe that only the llanotubes close to 
the bundle surface undergo substailtial charg- 
ing, so it is conceivable that these nanotubes 
elongate whereas the nanotubes in the bundle 
interior undergo little dimensional change. If 
different expailsion of surface and interior 
nanotubes occurs. the above derived strain- 
charge coeffic~ents would be upper bounds on 
the correct values However. considering the 
veiy high aspect ratio of the nanoh~bes, it seeins 
inore likely that interfiber contact over long 
fiber distances will ensure that surface nano- 
tubes and interior nanotubes undergo compara- 
ble elongations. In such a case. nonuniform 
charge dishibution will affect the strain-voltage 
coefficient only to the extent that the strain- 
charge coefficient varies between d~fferently 
charged regions of a llanotube bundle. 

These results enable prediction of the actua- 
tor perfoinlance that may ultiinately be ob- 
tained for separate (nonbundled) SIVNTs. Iso- 
lated nanoh~bes having the obseived van der 
waals diameter of 17 A would have a surface 
area of - 1600 in2ig, which is about five times 
greater than for the investigated sheets consist- 
ing of nanoh~be bundles. If we use this surface 
area, the largest observed specific interfacial 
capacity (10 pF/cm2 for 5 M KOH). and the 
strain-charge coefficient ( U / L I j >  = 0.59 for 

-0.8 to -0.2 V) derived with the 1 M NaCl 
electrolyte, we obtain C, = 160 Fig11 and S = 

1.2%1V for llanotube sheets composed of non- 
bundled nanoh~bes. The predicted inaximum 
seain (e,,,) of - 1% for operation in aqueous 
electrolytes (with a 1-V operation range) and 
the substantially higher strain predicted for or- 
ganic electrolytes are consistent with the 2% 
maximuln variation in basal plane dimension 
that is obseived for graphite intercalation coin- 
pounds (Fig. 1). For comparison, presently used 
high-modulus fei-roelectric ceramics provide a 
inaxiinuin strain of -0.1%. 

In addition to having a large displacement, a 
high-perfom~ance actuator material should 
have both high strength and high modulus. 
Based on theoretical and experilneiltal results 
(15). a close-packed SW'NT bundle colnposed 
of the investigated llanotubes should have a 
Young's modulus (Y) of -0.64 TPa (6.1 X 10" 
kgflcin'). which is inore than two orders of 
inagnitude greater than measured for our piiin- 
itively constructed nanotube sheets (- 1.2 GPa). 
The volumehic and gsaviinehic work densities 
per cycle for a matched mechanical load are 
proportional to %Yen,' and %Ye,,,'lp, respec- 
tively, where p is the density (1.33 g/cin3) of the 
nanoh~be bundles (1 6). The above extraordinar- 
ily high ~nodulus inherent for the single nano- 
tubes, combined with the above predicted ac- 
tuator strain of -1 %, yield a predicted volu- 
metric work capacity that is -29 tiines higher 
than has been tabulated (1 6) for the best known 
feluoelechic, electroshictive. and magnetostric- 
tive materials. This predicted advantage of an 
ideal nanoh~be actuator increases to a factor of 
-150 for gsa\liinetsic work capacity, which 
might be approached for nanoscale actuators 
based on separated nanotubes. 

The origin of such spectacular predicted 
work capacities requires further explanation. 
As for fei-roelectrics (1 7). the inaxilnuln work 
capacity per cycle is the product of the illput 
electrical energy and a factor that increases 
froin kq4  to k2i2 with an illcreasing electro- 
inechanical coupling factor (k2). Because k2 
is the gravimetric ratio of stored lnechanical 
energy to input electrical energy, the upper 
liinit is approximately k2 = (E S2V'Ylp)i 
(1/zCGV2) = S2YPCG, which is linearly pro- 
portioilal to A,. If we use the above S = 

1.2%:V and C, = 160 Figin for separated 
llanotubes and the same Ylp as for bundled 
nanotubes, k2 = 0.43; which is comparable to 
that of high-performance fel~oelectrics (1 7). 
The giant predicted work capacities per cycle 
are alinost entirely a consequence of the 
greater electrical energy storage densities as 
compared with those of fell-oelectrics. 

Even if the mechanical property optimiza- 
tion for sheets of nonbundled nanotubes results 
in a Yp value that is hvo orders of magnitude 
lower than expeiiinentally derived (15) for in- 
dividual nanotube bundles, the predicted gravi- 
inehic work capacity still exceeds that of any 

alternative actuator material. However, it must 
be emphasized that the present nanotube sheets 
are piimitively consti-t~cted initial inate~ials that 
are far fro111 providing the surface areas and 
inecl~anical propelties required for such predict- 
ed perfoimance. Also. high power densities are 
required for inally applications, and the present- 
ly achieved response rates of nanoh~be sheets 
are probleinatic for high-frequency applica- 
tions Additionally, although the observed 0.01- 

-0.04' I 
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0 . 0 3  % strain 
- 

0.01 0.1 1 10 100 1000 10000 
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Fig. 6. Actuator characteristics measured by 
using the length changes of a nanotube sheet 
electrode t o  bend a cantilevered beam (Fig. 4B). 
Electrode potentials are versus a SCE for a 1 M 
aqueous NaCl electrolyte. (A) The strain (arbi- 
trary origin) o f  a nanotube sheet versus applied 
potential. The potential range was symmetric 
about 0 V (versus a SCE), and the scan rate was 
100 mV/s. The labels on  the curves indicate the 
maximum applied potential. (0) The t ime de- 
pendence o f  the strain in a nanotube sheet for 
an applied square wave potential of 20.5 V 
having the indicated frequencies. (C) The fre- 
quency dependence of strain in a nanotube 
sheet electrode for an applied square wave 
potential o f  20.5 V. The frequency dependence 
o f  strain at higher frequencies (where the strain 
scale is amplified 10-fold) show resonances 
arising f rom the cantilever beam. 
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ms time constant of a micrometer-sized elec- 
trode ( I S )  (having a large counterelectrode) 
suggests that very high-frequency operation 
may be achievable for single nanotube actua- 
tors, this remains to be experime~ltally demon- 
strated. Our llanotube actuators are first proto- 
types, and lnuch more work is required before 
the potential advantages of this teclulology can 
be experimentally assessed i11 practical devices. 

Nevertheless, relatively modest improve- 
ments in the presently delno~lstrated actuator 
properties may enable such applications as elec- 
trically activated microcantilevers for medical 
catheter applications, where a low operation 
voltage is a inajor advantage. Using high-tem- 
perature electrolytes (moltell or solid state); it 
may be possible to make nanotube actuators 
that fiulction at temperatures far above those 
usable for fe~~oelectrics. which might be i~npor- 
tant for such applications as airflow control in 
jet engines. ,41so; den~onstrations of nanotube 
actuator operation in seawater and in saline 
solutions; which are electrochelnically like 
blood, suggest various possible marine and bio- 
medical applications. Finally, ~la~lotube ach~a- 
tors could be nm i11 reverse to convert ~nechan- 
ical energy to electrical energy for mechanical 
sensor and energy-conversion devices. Ferro- 
elechics generate low curre~lts at high voltages. 
but the llanotubes would provide high currents 
at low voltages. This effect is desirable for 
minimizing the effect of lead capacita~ices for 
remotely located sensors; for example. so that 
sensor-response amplifiers need not be located 
down-hole when doing seismology for oil ex- 
ploration. If nanotubelike mechanical proper- 
ties can be exploited to provide large inputs 
of mechanical energy, the output volumetric 
(or gravimetric) electrical energy per cycle 
would be much higher than that produced by 
alternative technologies. This feature, as well 
as the feasibility of operation at low frequen- 
cies, may eve~itually enable such applications 
as the conversion of the mechanical energy of 
ocean waves to electrical energy. 
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The Magnetic Excitation 
Spectrum and Thermodynamics 

of High-T, Superconductors 
Pengcheng Dai,'" H. A. Mook,' S. M. Hayden,' C. A e ~ p l i , ~  

T. C. ~err ing ,~  R. D. Hunt,' F. ~ o g a n ~  

Inelastic neutron scattering was used to study the wave vector- and frequency- 
dependent magnetic fluctuations in single crystals of superconducting 
YBa,Cu,O,,,. The spectra contain several important features, including a gap 
in the superconducting state, a pseudogap in the normal state, and the much- 
discussed resonance peak. The appearance of the pseudogap determined from 
transport and nuclear resonance coincides with formation of the resonance in 
the magnetic excitations. The exchange energy associated with the resonance 
has the temperature and doping dependences as well as the magnitude to 
describe approximately the electronic specific heat near the superconducting 
transition temperature (T,). 

The parent conipounds of the high transition 
temperature (high-T:,) cuprate superconductors 
are a~tife~~omagnetic (AX) illsulators character- 
 zed by a simple doubling of the cqlstallograph- 
ic unit cells in the CuO, planes. \.\.%en holes are 
doped into these planes, the long-range AF- 
ordered phase disappears and the lamellar cop- 
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per oxide materials beco~iie metallic and super- 
conducting with persistent short-range AF spin 
col~elations (fl~~ch~ations). Although spill fluc- 
tuations in cuprate superconductors are ob- 
served for materials such as YB~,CU,O,,~ [de- 
noted as (123)0,.,,] at all hole-doping levels, x 
(1-6), the role of such fluctuatio~is in tlie pair- 
ing mechanism and superconductivity is still a 
subject of controversy (7). The most prominent 
feature in the fluctuatiolls for (123)0,_, is a 
sharp resonance, which for highly doped com- 
positions appears below the supercollducting 
transition temperature Tc at an energy of 41 
meV (1-3). We show that the teniperahlre- 
dependent resonance intensity is correlated with 
the electronic part of the speciiic heat of 
(123)0,_,, C"(x,T) (8, 91, including the ex- 
tended fluctuation regime ("pseudogap phase"), 
and that tlie pseudogap temperature T* deter- 
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