
(Fig. 3) are referred to as whistler wings. 
The name describes both the structure and 
the fact that the perturbations are carried 
in the whistler mode (14) [analogous 
structures in which the perturbations are 
carried along the magnetic field by Alfvin 
waves while being swept downstream by a 
flowing plasma were originally described 
for the MHD limit (15) and were called 
Alfvin wings]. The perturbation in the 
whistler mode has to our knowledge been 
reported only in laboratory experiments. 
The exneriments (16) were carried out in 
a reg& for which the spatial scale of the 
obstacle was small com~ared with the ion 
gyro radii and large compared with the 
electron gyro radii, which corresponds to 
the circumstances of our measurements 
[this unusual regime has also been studied 
in a spacecraft barium release (17) but 
never before in a natural context]. 

Several other instruments (8, 9, 18) on 
the Galileo spacecraft made in situ measure- 
ments that will be useful for imnrovement of 
the analysis presented here. Small changes 
in flow direction linked to the diversion of 
the flow around the obstacle could possibly 
be observed by the electron sensors of the 
Plasma Instrumentation (PLS) (8) and the 
Energetic Particle Detector (EPD) (18), al- 
though the angular changes are probably too 
small to be reliably identified. Both instru- 
ments mav be able to search for a local 
population' of heavy ions to check whether 
we have been premature in ruling out a 
comet-like interaction. 

It will also be of interest to see if the 
magnetosonic-whistler waves that carry the 
pressure perturbations can be detected. The 
power in these waves is expected to peak at 
-3 Hz in the plasma rest frame, but they 
will be Doppler-shifted by the flow to much 
lower frequencies in the spacecraft frame. 
Further work will be needed to extract 
evidence of these Doppler-shifted waves 
from the magnetometer data. 

If electrons can be trapped in the mag- 
netospheric cavity surrounding Gaspra, they 
may radiate electromagnetic power near the 
electron cyclotron frequency, much as elec- 
trons at low-altitudes in the Jovian magneto- 
sphere produce - 10-MHz (decametric) 
emissions (1 9). The inferred magnetic mo- 
ment of Gaspra constrains the frequencies of 
such an emission to the band below 100 kHz 
for the lower estimated magnetic moment 
and below 4 MHz for the higher estimate. 
Enhanced power within this range of fre- 
quencies in the spectra of the Plasma Wave 
System (PWS) (9) would support the inter- 
pretation that we have provided, but initial 
results do not show any signals. 

These observations nrovide a rationale 
for outfitting asteroid-bound spacecraft with 
magnetometers. They also suggest further 
investigation of the relevant parameter re- 

gime in laboratory experiments and com- S. Matthews, Eds. (Univ, of Arizona Press, Tuc- 

puter simulations. son, 1988), pp. 595-615. 
11. C. P. Sonett, Geoohvs. Res. Lett. 5 ,  151 11978). 
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Experimental Realization of the Covalent 
Solid Carbon Nitride 

Chunrning Niu, Yuan Z. Lu, Charles M. Lieber* 
Pulsed laser ablation of graphite targets combined with an intense, atomic nitrogen source 
has been used to prepare C-N thin film materials. The average nitrogen content in the films 
was systematically varied by controlling atomic nitrogen flux. Rutherford backscattering 
measurements show that up to 40 percent nitrogen can be incorporated on average into 
these solids under the present reaction conditions. Photoelectron spectroscopy further 
indicates that carbon and nitrogen form an unpolarized covalent bond in these C-N 
materials. Qualitative tests indicate that the C-N solids are thermally robust and hard. In 
addition, strong electron diffraction is observed from crystallites within the films. Notably, 
analysis of these diffraction data show that the only viabie structure for the C-N crystallites 
is that of P-C,N,, a material predicted theoretically to exhibit superhardness. The exper- 
imental synthesis of this new C-N material offers exciting prospects for both basic research 
and engineering applications. 

T h e  development of new materials exhib- and thus it represents an ideal one in which 
iting useful mechanical, electronic, or mag- to test our ability to design materials with 
netic properties represents a central chal- predictable properties. Because hardness is 
lenge of materials research (1 ) .  Among the also one material property that is essential 
wide array of important properties, hardness to many high-performance engineering ap- 
is a material characteristic that may be plications, this endeavor is of great techno- 
possible to understand with current theory, logical importance as well (2). Hardness 

can be well represented by the bulk modu- 
C, Niu, Department of Chemistry, Harvard University, an ideal and 
Cambridge, MA 02138. initio calculations have shown that a large 
Y. Z. LU, Materials Research Laboratory, Harvard bulk modulus (and corresponding hardness) 
University, Cambridge, MA 02138. 
C, M, Lieber, Department of Chemistry and Division of require within a 
Auulied Sciences. Harvard Universitv. Cambridae. ( 3 ,  4). Notably, it was predicted on the 
MA 021 38 

- 
basis of these theoretical ideas that the 
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would have a bulk modulus comvarable to 
or greater than the hardest known material, 
diamond (4). In this work it was assumed 
that P-C3N4 would adopt the known struc- 
ture of Si3N4 (3, thus consisting of a 
network of CN, tetrahedra linked at the 
comers by threefold coordinate N atoms 
(Fig. 1). Interestingly, these calculations 
further showed that the cohesive energy of 
P-C3N4 should be sufficiently large to yield 
a metastable solid. Experimental efforts to 
date, however, have failed to yield this 
hypothesized, superhard material. 

Herein, we report the synthesis of car- 
bon-nitrogen (C-N) materials and structur- 
al evidence for the formation of p-C3N4. 
Pulsed laser ablation of graphite targets 
combined with a high-flux, atomic nitrogen 
source has been used to prepare C-N thin 
films in which the nitrogen content was 
controlled systematically by means of this 
unique nitrogen source. Compositional and 
spectroscopic analyses show that the films 
contain only C and N, and that the bond- 
ing in the solids is covalent. Qualitative 
tests also indicate that these C-N films are 
thermally robust and hard. In addition, 
strong electron diffraction is observed from 
crvstallites within the films. and notablv. 
these diffraction data indicate that the 
viable structure for the C-N crystallites is 
that of p-C3N4. Our studies thus provide 
strong support for the theoretical approach 
used to predict the stability of this solid, but 
more importantly, these data demonstrate 
the synthesis of a new material with poten- 
tially wide-ranging applications. 

Several approaches have been used pre- 
viously in attempts to prepare p-C3N4 (6- 
9). Plasma decomposition of CH, and N, 
(6) and pyrolytic decomposition of C-N-H 
organics (7) led to the formation of amor- 
phous C-N-H solids and no evidence for 
P-C3N4. It is likely that the stability of C-H 
and N-H vroducts under the reaction con- 
ditions used in these studies preclude the 
formation of P-C3N4. Shockwave compres- 
sion of organic C-N-H precursors was also 
used in attempts to prepare p-C3N4 (8). 
The p-C3N4 target was not detected among 
the products detected in this work, al- 
though well-ordered diamond was ob- - 
served. It is possible that the poor control of 
reaction energetics, in the starting materi- 
als, or both contributed to the failure of 
these latter investigations. 

To overcome potential thermodynamic 
and kinetic limitations to the formation of 
p-C3N4 we have devised a synthetic ap- 
proach that involves the combination of 
energetic carbon species with atomic nitro- 
gen, and subsequent trapping of the result- 
ing C-N products during low-temperature 
thin film growth (Fig. 2). A pulsed 
Nd:YAG laser (10) was used to ablate a 
high-purity graphite target within a stain- 

less steel vacuum chamber. The ablation 
plume, which contains a variety of carbon 
fragments (I I), was directed at a diametri- 
cally opposed substrate [Si(100) or polycrys- 
talline Nil located 4 cm from the target. A 
unique feature of our synthetic apparatus is 
the atomic beam source used to incorporate 
reactive atomic svecies into the ablation 
products. Herein, atomic nitrogen is con- 
trollably incorporated into the carbon frag- 
ments by means of a continuous flow, high- 
flux source that intersects the ablation plume 
at the substrate surface (Fig. 2). This atomic 
nitrogen beam is created by a radio frequen- 
cy (RF) discharge within an Al,03 nozzle 
through which a relatively high pressure 
(= 100 tom) N,-seeded He flow passes. This 
source can produce a very high flux of atomic 
nitrogen (> 1018 atom sr-' s-') with kinetic 
energies exceeding 1 eV (1 2). In addition, 
the flux can be systematically changed 
through variations in the N, to He ratio. 

This apparatus was used to prepare a 
series of carbon nitroeen thin films where - 
the relative flux of atomic nitrogen and 
substrate temperature have been systemati- 
cally varied during growth. In all cases the 
chemical composition of the films was de- 
termined with Rutherford backscattering 
spectroscopy (RBS) . Representative RBS 
data obtained on a series of C-N films 
grown on Si(100) substrates with a 150-W 
RF discharge and 1, 4, and 12% N, in He 
are shown in Fig. 3. It is immediately 

evident upon examination of the RBS data 
that the fraction of nitrogen in the C-N 
films increases systematically as the per- 
centage N, in beam source is increased from 
1 to 12%. Quantitative analysis of the RBS 
data shows that the use of beams with 1,4, 
and 12% N2 yields C-N films with average 
nitrogen contents of 15, 28, and 41%, 
respectively. Although the largest average 
percentage nitrogen obtained reproducibly 
in these films (45%) is less than that ex- 
pected for the ideal P-C3N4 solid (57%), 
the concentration of nitrogen in local re- 
gions of the films may be both higher and 
lower than the average values determined 
by RBS. Hence, some regions of the C-N 
solid could very well have the correct C3N4 
stoichiometry. Nevertheless, it is important 
to note that our thin films contain the 
highest fractions of nitrogen yet observed in 
pure binary C-N solids. 

In addition, several experiments have 
also been carried out to determine the 
influence of the source of nitroeen and - 
substrate growth temperature. Importantly, 
essentially no nitrogen (C 1%) is incorpo- 
rated into films prepared by laser ablation of 
graphite with the RF discharge off or in a 
background of 200 mtorr of N,; that is, 
these films consist only of amorphous car- 
bon. Hence, the generation and reaction of 
atomic nitrogen with the carbon fragments 
produced by laser ablation is essential to the 
formation of the C-N films. Secondly, film 

Fig. 1. Computer model of p-C,N4 ,@ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
displaying a single unit cell. The _ , I  I f ' a  

structure is based on the known ' I 
' , I , I 

structure of p-Si,N4 and theoreti- , 1 r ! 
cally calculated bond lengths (4). ,,., ' &----- ---- 
Each sd-hybridized carbon atom 
(black) is bonded to four nitrogen ,' w 
atoms (arav) in a distorted tetra- - .- .. 
hedral geometry. Each s@-hy- 
bridized nitrogen atom is bonded , . . ,v . ---... 4 7' 
to three carbon atoms in a tri~onal , . 
planar geometry. This aiomic : t' a , , 
configuration produces an infinite ' ' 4 I , / , 

8 I three-dimensional covalent net- &..- ..... ........................ 
work with strong bonding in all 
directions. 

Fig. 2. Schematic diagram of the 1 
thin film growth apparatus. The 
graphite target (I), is continuous- 
ly rotated while irradiated by the 
output from a frequency-doubled 
Nd:YAG laser (2). The resulting 
carbon ablation plume (3) is di- 
rected toward a substrate (4). The 
substrate is fixed to a heater that 
is capable of controlling the tem- 
perature between 25" and 900°C. 
An atomic nitrogen beam (5), 
which is produced using an RF 
discharge (6), intersects the abla- 4 

tion plume at the substrate. The components are housed within a stainless steel chamber evacuated 
using liquid nitrogen-trapped diffusion pumps having a total capacity of 10,000 liter s-'. 
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growth between 165' and 600°C has little 
effect on the C:N ratio in the films. These 
data indicate that within this temperature 
range the reaction between laser-generated 
carbon and atomic nitrogen dominates the 
formation of the C-N materials. 

We have also obtained data addressing 
the chemical nature of these C-N materi- 
als. X-ray photoelectron spectroscopy 
measurements (XPS) (Surface Science, 
Model 206) show that the C-1s and N-1s 
binding energies in the C-N films are 
284.6 and 399.1 eV, respectively. The 
observed C-1s binding energy is compara- 
ble to that observed (284.3 eV) in dia- 
mond thin films (1 3). More importantly, 
the observed N-1s binding energy is com- 
parable to that found in molecules with 
covalent C-N bonds. In contrast, the N-1s 
binding in boron nitride (a solid in which 
there is significant charge transfer from 
boron to nitrogen) is about 1 eV smaller 

than we observe (1 4). The XPS data thus 
indicate that carbon and nitrogen form an 
unpolarized covalent bond in these new 
C-N materials, and thus our experimental 
results agree with earlier theoretical sug- 
gestions (4) that there is almost no charge 
transfer between C and N. The C-N films 
prepared with the atomic nitrogen source 
also exhibit excellent adhesion to both Si 
and Ni substrates, and, furthermore, 
scratch tests indicate that these films are 
qualitatively hard (1 5). In contrast, the C 
films obtained from deposition in 200 
mtorr of N, without atomic nitrogen ex- 
hibit poor substrate adhesion and are very 
soft. Finally, the C-N films also exhibit 
good thermal stability. RBS analysis of 
the films after thermal treatments in flow- 
ing Nz up to 800°C showed no observable 
loss of nitrogen. These characteristics (ad- 
hesion, hardness, and thermal stability) 
are all suggestive of extended C-N cova- 
lent bonding in the films and, further- 
more, are promising when considering fu- 
ture applications. 

The structure of these new C-N materi- 
als has been investigated with electron dif- 
fraction. Transmission electron microscopy 
(TEM) studies show that the films exhibit 
poor crystallinity; however, small crystal- 
lites with grain sizes < 10 nm are observed 
in all of the C-N materials prepared with 
the atomic nitrogen source. Significantly, 
relatively sharp electron diffraction ring 
patterns are observed from the C-N samples 
(Fig. 4). Control experiments verify that 
the diffraction peaks are due only to the 
new C-N materials. First, x-ray fluores- 
cence analyses canied out simultaneously 
with the electron diffraction measurements 

1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 0  
ch.nnl 

Fig. 3. RBS spectra recorded on 3-~m-thick C-N 
films produced using 1 % (A), 4% (B), and 12% 
(C) N, in He. The smooth solid lines through 
each spectra correspond to the best fit simula- 
tion from which the C-N film stoichiometries 
reported in the text were determined. The spec- 
tra were recorded using 2-MeV helium ions with 
a General lonics Model 41 17 instrument. 

Fig. 4. Electron diffraction pattern recorded on 
material from a C-N film that contained 60% C 
and 40% N using a beam energy of 120 keV 
(Philips Em420T TEM). The samples were pre- 
pared for analysis by either directly scraping 
material onto Cu grids or grinding the C-N film, 
suspending the resulting particles in MeOH 
and then depositing the suspension onto the 
grid. Similar diffraction patterns were obtained 
using both preparative methods. 

demonstrate that there is no substrate (Si or 
Ni) contamination in material used in the 
dihction studies. Secondly, it is not pos- 
sible to index the experimental diffraction 
data to diamond or graphite structures (that 
is, possible impurities) or to Cu or CuO 
(that is, the TEM support). Lastly, we were 
unable to observe diffraction rings from the 
C films produced in 200 mtorr of N,. 

Notably, the diffraction patterns ob- 
tained from our new C-N materials can be 
indexed to the reflections expected for the 
@-C3N4 structure shown in Fig. 1. Six 
diffraction rings were reproducibly observed 
in these materials with d-spacings of 2.17, 
2.10, 1.24, 1.18, 1.07, and 0.81 A. The 
peaks can be consistently indexed as the 
(101), (210), (320), (002), (411), and 
(611) reflections, respectively, for the 
@-C3N4 structure. Furthermore, these ex- 
perimental d-spacings are in excellent 
agreement with the values calculated using 
the theoretical lattice constants for the 
@-C3N4 structure: 2.20, 2.11, 1.27, 1.20, 
1.09, and 0.80, respectively. Although ad- 
ditional diffraction studies will be needed to 
refine the atomic coordinates of this solid, 
our data nevertheless provide unambiguous 
evidence for the presence of the @-C3N4 
structure in these C-N materials (16). It is 
also important to note that this is the only 
crystalline material we identify in the films 
regardless of their nitrogen content. This 
observation suggests that @-C3N4 may be 
the most stable extended C-N solid, and 
indicates that optimization of our synthetic - 

conditions could lead to pure @-C3N4 ma- 
terials (1 7). We believe that the present 
results offer exciting prospects for future 
studies of this material. 
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Interlayer Tunneling and Gap Anisotropy in 
High-Temperature Superconductors 

Sudip Chakravarty, Asle Sudb~, Philip W. Anderson, 
Steven Strong 

A quantitative analysis of a recent model of high-temperature superconductors based 
on an interlayer tunneling mechanism is presented. This model can account well for the 
observed magnitudes of the high transition temperatures in these materials and implies 
a gap that does not change sign, can be substantially anisotropic, and has the same 
symmetry as the crystal. The experimental consequences explored so far are consistent 
with the observations. 

T h e  gap in the electronic spectrum at the 
Fermi energy is a distinguishing feature of a 
superconductor; it is also the order param- 
eter that describes the broken symmetry of 
the superconducting phase. The macro- 
scopic properties of a superconductor follow 
once the gap is known. Here we explore a 
gap equation that was recently proposed by 
one of us ( I )  to explain the properties of the 
high-temperature cuprate superconductors. 
The underlying mechanism that leads to 
this gap equation is an interlayer tunneling 
phenomenon. We show (i) that the high 
transition temperatures of these materials 
can be natural consequences of this mech- 
anism, (ii) that the superconducting gap 
can exhibit substantial anisotropy similar to 
that observed in recent photoemission mea- 
surements (2) but does not change sign (it 
is not possible to detect the sign of the gap 
in photoemission experiments), and (iii) 
that the superconducting state does not 

S. Chakravaw and A S u d b ~ ,  Department of Physics, 
University of dalifornla-LOS ~ n ~ e i e s ,  Los ~ n ~ e l e s ,  CA 
90024. 
P. W Anderson and S. Strong, Department of Physics, 
Princeton University, Pr~nceton, NJ 08544 

exhibit a Hebel-Slichter peak in the nu- 
clear magnetic relaxation rate. Because 
the gap does not change sign and has the 
same symmetry as the crystal, even a 
moderate amount of nonmagnetic impuri- 
ty scattering is likely to have little effect 
on the superconducting transition temper- 
ature T,. We refer to this gap as an aniso- 
tropic s-wave gap. 

The interlayer tunneling mechanism (I )  
is based on the presence of well-defined 
CuO layers in these materials. The idea is 
to amplify the pairing mechanism within a 
given layer by allowing the Cooper pairs to 
tunnel to an adjacent layer by the Joseph- 
son mechanism. This delocalization process 
of the pairs gives rise to a substantial en- 
hancement of pairing only if the coherent 
single particle tunneling between the layers 
is blocked, which we argue to be the case 
on phenomenological as well as theoretical 
grounds. In this sense the presence of bilay- 
ers or triple layers in these materials is 
important. The principle of amplification, 
however, is indifferent to the specific mech- 
anism within a given CuO layer; the pairing 
can be due to electron-phonon interaction 

or spin fluctuations (3). We shall assume 
that the electron-phonon interaction is the 
dominant mechanism. As shown below, 
this leads to a natural ex~lanation of the 
anomalous isotope effect seen in these ma- 
terials. It is known that the isotope effect is 
negligibly small for materials with the high- 
est TC1s and reverts to near normal for very 
low ones. 

The normal state of these materials ex- 
hibits properties that require us to go be- 
yond the conventional Fermi liquid theory 
(4). Here we assume that, owing to strong 
electronic correlation effects, coherent sin- 
gle particle tunneling is not possible be- 
tween the adjacent layers of a given bilayer 
even though the bare hopping rate, as 
obtained from electronic structure calcula- 
tions, is substantial, of the order of 0.1 
eV-a phenomenon that has been termed 
confinement (I) .  To justify this assump- 
tion, we briefly recall the phenomenology 
of the normal state of the high-temperature 
superconductors; for a more complete dis- 
cussion, see (4). . , 

Suppose for the moment that the normal 
state is described by a Fermi liquid. Then, 
the two CuO layers hybridized by the single 
particle tunneling matrix element, t, (k) , 
would lead to a svmmetric and an antisvm- 
metric combination of the quasiparticle 
states for each value of the wave vector k in 
the plane. (Throughout this report, k will 
refer to a two-dimensional wave vector.) 
Because these states are dipole-active, the 
transition between them should lead to a 
prominent signature in the frequency-de- 
pendent c-axis conductivity, which, to 
date, has not been observed. [Because of 
the k dependence of t, (k), the signature is 
likely to be broad, but should still be ob- 
servable in the range 500 to 1000 cm-'.I In 
contrast, if the one-oarticle Green's func- 
tion does not exhibit a quasiparticle pole 
but a power-law relaxation for asymptoti- 
cally long times, the coherent quasiparticle 
tunneling can be blocked as a result of the 
orthogonality catastrophe (5). The obser- 
vation of a rapidly growing c-axis resistivity 
with decreasing temperature in these mate- 
rials (6) is also consistent with the confine- 
ment idea. Note that the observed Fermi 
surface in photoemission experiments does 
not establish the Fermi liquid behavior of 
the normal state; as a counter example, it is 
only necessary to recall the well-established 
Luttinger liquid behavior of one-dimen- 
sional interacting Fermi systems (7). Thus, 
the Fermi surface defined as the surface of 
low-energy excitations in k-space that en- 
closes a volume appropriate to the density 
of electrons can exist in a non-Fermi liauid: 

1 ,  

in this case, the singularity in the derivative 
of the electronic occuoation number at the 
Fermi surface will be a power-law instead of 
a 6 function. 
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