
mation of multiply charged ions (up to +4) of 
many elements, such as carbon, nitrogen, oxy- 
gen, neon, and argon by strong H I, He I, and 
He U lines in optically thick nebulae. Moreover, 
for some ions, the detuning Av of frequency v, 
from the corresponding allowed quantum tran- 
sition frequency v,, is rather low (<100 cm-I), 
and the rate of RETPI in the case of such an 
exact resonance is much hgher than for the 
above considered case of subsequent RETPI 
in silicon: Si 11 + Si 111 + Si Iv. We think 
that the suggested photonic RETPI mecha- 
nism is important for understanding the ori- 
gin of multiply charged ions of many ele- 

ments inside nebular clouds in the vicinity of 
bright stars without the requirement of an 
extremely high (>50,000 K) temperature of 
the central star's photosphere (1, 2). 
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Cherenkov Radiation at Speeds 

Below the Light Threshold: 


Phonon-Assisted Phase Matching 


Charged particles traveling through matter at speeds larger than the phase 
velocity of light in the medium emit Cherenkov radiation. Calculations reveal 
that a given angle of the radiation conical wavefront is associated with two 
velocities, one above and one below a certain speed threshold. Emission at 
subluminal but not superluminal speeds is predicted and verified experimentally 
for relativistic dipoles generated with an optical method based on subpico- 
second pulses moving in a nonlinear medium. The dipolar Cherenkov field, in 
the range of infrared-active phonons, is identical to  that of phonon polaritons 
produced by impulsive laser excitation. 

Cherenkov radiation (CR) is extensively used 
in experiments for counting and identifying 
relativistic particles (1, 2). The effect derives 
its name from Pave1 Cherenkov (3) , who, 
following a suggestion by Vavilov (4) ,  dis-
covered in 1934 that substances exposed to 
fast electrons emit coherent light (5). The 
theory of CR was developed by Frank and 
Tamm in 1937 (6). They showed that charges 
traveling faster than the speed of light in a 
substance with a frequency-independent re-
fractive index n emit radiation displaying a 
shock-wave singularity at the surface of a 
cone defined by cos0, = clnv, where 0, is 
the angle between the direction of motion and 
that of the electromagnetic wavefront (the 
angle subtended by the cone is a,  = vI2 -
0,), c is the speed of light in vacuum, and v 
is-the speed of the particle. 

We concern ourselves with CR in an iso- 
tropic material whose frequency (0)-depen- 
dent dielectric constant E = n2 in the vicinity 
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of a resonance at frequency 0, can be ap- 
proximated by the nondissipative Lorentz 
form 

E, is the dielectric constant at 0 = 0, and 
E, accounts for the contribution of higher 
lying excitations. Although analytical ex-
pressions for the Cherenkov field of a ge- 
neric dielectric have been available for a 
long time (7), its properties in the case of a 
strongly dispersive substance have not been 
studied in any detail until very recently (8) .  
Here, we report on both experimental and 
theoretical work revealing important qual- 
itative differences for speeds below and 
above the speed of light at 0 = 0, c, = 
cln(0) (v > c, and v < c, are referred to in 
the following as the superluminal and sub- 
luminal regimes) (9). We use subpicosec- 
ond optical pulses to generate an optical 
analog of a relativistic dipole (10, 11). 
Measurements of the Cherenkov electric 
field E for a planar distribution of such 
dipoles show that the field is nonzero for v 
< c, but vanishes for v > c,. We also 
revisit the standard problem of CR emitted 
by a point charge and find that, regardless 
of v, the field pattern is always outlined by 
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a cone. However, the v dependence of 0, 
exhibits a minimum 0, = 0 at v = c,, 
contradicting the widely held belief that 
there is a one-to-one correspondence be- 
tween v and the Cherenkov angle (1, 2). 
Finally, we reinterpret experiments on the 
ultrafast generation of polaritons (12-1 7) 
in terms of CR. 

A representative set of our calculations 
is reproduced in Fig. 1. ~ ( 0 )  is given by Eq. 
1 and the radiation source is moving along 
the z axis. The magnitude of the field E for 
a point particle is shown in Fig. 1A (18). 
Because of the symmetry of the problem, 
the electromagnetic field depends on z - vt 
(t is the time) and p = (x2 + y2)li2, but not 
on the azimuth The diagrams in Fig 1B 
depict E for a collection of electric dipoles 
uniformly distributed in a plane. Both the 
dipole moment and the lane are perpendic- 
ular to the velocity. The latter case is di- 
rectly relevant to our experiment. 

Consider first the point source. The fea- 
tures of interest are (i) the observation that 
0, is well defined at all speeds (19), (ii) the 
fast oscillations at v > c, with a frequency 
that increases with decreasing a = tan-lpI 
(vt - z), and (iii) the subluminal beats. 
More importantly, our results indicate that 
a given Cherenkov angle is connected not 
with one, but with two particle speeds (one 
below and one above the light threshold). 

For a point charge, the electromagnetic 
potentials can be expressed in terms of inte- 
grals of the form ( 7 )  

is a Hankel function, 0 is a slowly 
varying function of 0 ,  and sZ(0)  = R 2 ( ~ v Z /  
c 2  - 1)/v2~At large distances, we can restrict 
the integration to the radiative range 0, 5 

0 5 0, where sZ 2 0; 0, is either the 
frequency at which v2 = c21e (v < c,) or 
0, = 0 (v > c,). Using the asymptotic 
expression of Pi), 
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z = (lTspI2)-'"@, f = -R(t - zlv) + sp - 
~ 1 4 ,  and f "  denotes the second derivative. 
The sum is over frequencies Ri(vt - z,p) for 
which dfldR = 0, i.e., the solutions to 

that lie within the range of integration. 
Equation 4 associates a particular frequen- 

cy with a conical wavefront moving with the 
group velocity (7). Accordingly, 0, is de- 

fined by the cone that subtends the largest 
angle or, alternatively, the frequency coke- 
sponding to s" = 0. As Eq. 4 has no solutions 
outside the so-defined cone, the field is ex- 
pected to vanish (or be negligibly small) out- 
side its boundaries. For v > c,, R = 0 is 
always a solution and, thus, 0, 5 cos-'c,/v. 
The corresponding expression for subluminal 
speeds is 

where y = (1 - ~ , v ~ l c ~ ) - " ~ ,  5 = 2 - (4 - 
3q)lJ2, and q = 1 - (RJRo)2 (8, 20). In 
agreement with the numerical work, an anal- 
ysis of the zeros of s" shows that d0,ldv > 0 
for v > c, (same as for nondispersive media), 
whereas d0,ldv < 0 for v < c,. Moreover, 
the fact that cln is largest and the phase and 
group velocities coincide at R = 0 accounts 

Fig. 1. Calculations for c,/c = 0.34. Left, middle, and right columns correspond to v/c = 0.88, 
V/C, = 1, and v/c, = 1.47, respectively. (A) Color-scale plot of E for a point particle. (BPE versus 
(zlv - t)R, for electric dipoles oriented and distributed uniformly in a plane I e,. The field is 
polarized in the direction of the dipoles. 

Fig. 2. Optical param- 
eters of ZnSe in the 
far infrared (units of 
THz) and visible range 
(units of eV) at 10 K 
(22). (A) Refractive in- 
dex. (B) Phase (solid 
line) and group 
(dashed line) veloc~ty 
relative to c, = cln(0) 
and (C) polariton dis- 
persion. For dipoles 
created by a pulse of 
central frequency w,, 
the range of Cheren- 
kov emission is R, 5 
R 5 R,,. Shaded ar- 
eas denote the region 
between the TO and 
LO frequencies in 
which electromagnet- 
ic radiation cannot 
propagate in the ab- 
sence of damping. THz eV 

Photon energy 

for the shock-wave singularity at the cone 
boundaries in the superluminal case. The rea- 
son why the field is nonzero outside (albeit 
much smaller than inside) the cone in the 
subluminal regime is that there are frequency 
components that travel at speeds arbitrarily 
close to v (19). Further reflection shows that 
Eq. 4 has two roots for v < c, that come 
together at the cone boundary, but only one 
for v > c,. Therefore, the subluminal beats 
and the superluminal oscillations shown in 
Fig. 1 simply reflect the fact that Eq. 3 con- 
tains two terms for the former but only one 
for the latter regime. Consistent with the cal- 
culations, Eq. 4 also predicts that the super- 
luminal frequency should increase with de- 
creasing a because s" > 0 for R # 0 and that 
the beat frequency should also increase as the 
two roots move farther apart. 

In our experiments, the radiation source 
was not a point particle but a spatially ex- 
tended collection of electric dipoles created 
by a femtosecond optical pulse (10, 11), re- 
ferred to hereafter as the pump pulse. This 
pulse, of central frequency o,, moves 
through the medium with velocity v = c,(o,) 
and interacts with itself to generate a low- 
frequency polarization through frequency- 
difference generation, a nonlinear effect as- 
sociated with the susceptibility tensor x ( ~ )  

(21); c, = dw,ldq is the light group velocity 
and q is the wave vector. The generation of 
CR by such methods was pioneered by Aus- 
ton and co-workers (10, l l ) ,  who applied the 
technique to LiTaO, in a range for which v 
>> c,. Close to the pump, and when the pulse 
lateral spread is much larger than its spatial 
width, the polarization source can be approx- 
imated by an infinitely extended planar ob- 
ject; i.e., the field depends only on t - zlv. 
The Hertz potential for this problem is 

41T5e-iIl(~-rlv) 
n ( n )  = - 

V E ( ~ ) S ~ ( ~ )  ed ( 6 )  

where e, is the unit vector in the direction of 
the dipoles and 5 is the areal polarization. 
Using E(R) = V(V.II) - ( ~ I c ~ ) d ~ n l d t ~ ,  and - q o  integrating over R, we obtain E 5 0 for v > 
c,. For v 5 c,, we also have E 5 0 when the 
dipoles are oriented along z. But, if e, I e,, E 

- q o  R;'sin [Rc(t - zlv)] and the field is 
polarized along e, (this, for z < vt, otherwise 

5 E a). These results, central to the interpre- 
tation of our experiments, are displayed in - Fig. 1B. The behavior of E stems from the 
fact that, at subluminal speeds, s2(R,) = 0 
whereas SIR Z 0 if v > c,. 

Our measurements were performed at 10 
K on a single crystal of ZnSe. The relevant 
optical parameters, gained primarily from 
(22), are shown in Fig. 2, A and B (23, 24). 
ZnSe crystallizes in the noncentrosymmetric 
(x(') # 0) zincblende structure showing a 
triply degenerate optical phonon that is both 
Raman and infrared active. The coupling be- 
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tween infrared-active phonons and the elec- 
tromagnetic field leads to polaritons (25) 
whose dispersion is shown in Fig. 2C. At 
large q, the mode splits into transverse (TO) 
and longitudinal (LO) components of fre- 
quencies R,, - 6.3 THz and R,, = 7.7 
THz. The phonon linewidth at low tempera- 
tures is -0.05 THz << R,, (23). Hence, far 
from the anomalous dispersion range, the 
optical constants of ZnSe are well described 
by Eq. 1 with R,, z R,, and (RLo/R,,)2 = 
E,,/E,. In the visible range (Fig. 2B), 11 de- 
pends strongly on frequency reflecting the 
band gap at -2.82 eV (23). The dispersion is 
sufficiently large that c, < c,, above -2 eV 
(24). This, together with optical isotropy and 
lack of inversion symmetry (to ensure that 
x(') # O), makes ZnSe a good choice for 
subluminal CR experiments. 

Our laser system produces 90-fs pulses in 
the range 1.8 to 2.3 eV by pumping an optical 
parametric amplifier with a Ti:sapphire regen- 
erative amplifier at a repetition rate of 200 kHz. 
We used a standard pump-probe setup. The 
pump generates the Cherenkov field, which we 

Fig. 3. (A) Normalized differential transmission 
as a function of the pump-probe delay. Values 
of 9 were obtained from the data in Fig. 2. A set 
of points in the vicinity of zero delay were 
replaced by a baseline to eliminate the so- 
called coherent artifact peak, which is a few 
orders of magnitude larger than the oscillation 
amplitude. The top and bottom traces were 
shifted vertically by 2.5 X and -4.7 X 

(B) Comparison between theory and ex- 
periment. The circles give the frequency deter- 
mined from ATIT and the associated q gained 
from o, through the data of Fig. 2B. The verti- 
cal bars represent the inverse of the measured 
decay time T. The solid curve was obtained 
from a fit to the experimental results. 

monitor by measuring the transmission of the 
probe pulse that follows behind (26). The dif- 
ference between the transmission in the pres- 
ence and the absence of the pump, AT, gives a 
measure of the field strength because it is sen- 
sitive to changes in the refractive index due to 
the same nonlinear interactions that create the 
field (24). The ZnSe sample is a cube with -5 
mm by 5 mm faces perpendicular to the [110], 
[110], and [OOl] directions. Light penetrated the 
crystal along the [I101 z axis to create dipoles 
with e, I e, (this gives E # 0) and, concom- 
itantly, to avoid coupling with the LO phonon. 
The pump field was oriented at 45" with respect 
to both the [OOl] and [ l i ~ ]  axes. This choice 
gives the largest E and a nonlinear polarization 
at -18.4' with respect to the pump field. The 
average pump and probe powers were 2 and 0.8 
mW. The two beams were polarized perpendic- 
ular to each other to reduce noise and focused 
onto a common spot - 100 pm in diameter, a 
value that is -10 times larger than the spatial 
width of the pulses. It is therefore justifiable to 
apply Eq. 6 to describe the Cherenkov field in 
the vicinity (although away from the edges) of 
the pump. 

Time-domain results are shown in Fig. 
3A. AT oscillates at a frequency that increas- 
es with increasing w,. We emphasize that the 
oscillations disappear if c, > C, (fiw, < 1.97 
eV). From the discussion following Eq. 6, it 
is clear that such a behavior is consistent with 
a Cherenkov field created by a quasi-planar 
distribution of dipoles (Fig. lB, left). The 
measured values (Fig. 3B) exhibit very good 
agreement with the prediction that the oscil- 
lation frequency is given by R,, as defined in 
Fig. 2B. This, and the fact that the selection 
rules are consistent with the symmetry prop- 
erties of x ( ~ )  (24), confirm our assignment. 

Another feature of interest in Fig. 3 is that 
the apparent decay time of the oscillations T 

increases with o,. A straightforward calcula- 
tion indicates that the trivial dephasing due to 
the pulse bandwidth is too small to account for 

T-I  at small frequencies. For various reasons, 
we believe that this effect is a manifestation of 
the crossover between one- and three-dimen- 
sional behavior, as opposed to the homoge- 
neous broadening of the oscillation. As the 
probe moves farther away from the pump, we 
expect that the field will resemble that of a point 
dipole. This interpretation is supported by the 
realization that the corresponding decay length 
of the oscillations, i.e., m/n(o,), is on the order 
of the diameter of the focal spot. Also note that, 
contrary to the behavior of the bars in Fig. 3B, 
polariton lifetimes are generally determined by 
the lifetime of its phonon component, which 
becomes less important at lower frequencies 
where the polariton is essentially an infrared 
photon. 

We now address the issues of phase match- 
ing, CR, and polariton generation. Three meth- 
ods to generate a polarization through xC2) pro- 
cesses are shown in Fig. 4. The scheme in Fig. 
4A relies on a tightly focused laser beam to 
produce infrared radiation (10,l I), whereas the 
(two-beam) traveling-grating method, shown in 
Fig. 4B, is the approach most commonly used 
to generate coherent polaritons (12-1 7). What 
these methods and ours (Fig. 4C) have in Com- 
mon is that the radiation source is a function of 
t - Z/V. Given this dependence and the fact that 
the nonlinear polarization involves terms of the 
form exp[i(k, - k,).r-i(w2 - o,)t] (k and o 
denote the wave vector and the frequency in the 
Fourier decomposition of the pump pulse), it is 
a simple exercise to show that a necessary 
condition for phase matching is Ak, = Rlv. 
Using q = IAkl and R = clAklln(R), we find 

q,/q, = (n2v21c2 - 1)'12 (7) 

Here, as before, q and R are the polariton wave 
vector and frequency, Ak = k, - k,,  and q, 
denotes the component of q perpendicular to e,. 
This condition establishes the link between CR 
and polariton generation in that, by way of 
tan0, = q,lq,, Eq. 7 becomes identical to the 
expression for the Cherenkov angle. The vari- 

Fig. 4. Schematic dia- 
grams of three meth- 
ods used for generating 
Cherenkov' fields. (A) 
and (B) represent Aus- 
ton and co-workers' 
(70, 7 7) and the travel- 
ing-grating method, 
which is the only one 
that relies on two 
pump beams. Our ap- 
proach is illustrated in 
(C). The rectangular 
patterns are grayscale 
plots of the field in the 
vicinity of the pump 
pulse when the polar- 
ization source can be 
approximated by an in- 
finitely extended plane. 
(A) and (B) require v > c, for phase matching. 
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ous approaches can now be described as fol- 
lows. In Fig. 4, A and C, the angle between the 
polariton wave vector and the z axis is fixed, but 
not its magnitude. In the absence of dispersion, 
this leads to a shock-wave singularity because 
of the constructive interference of waves of 
arbitrary q. In Fig. 4B, both the angle and q are 
predetermined because the components of q 
orthogonal to ez are set by the grating. These 
considerations apply to the imaging experi- 
ments of (1 7) and to early work on polariton 
propagation (27) where the direction of motion 
can be identified with that of the Cherenkov 
expression. Finally, consider single-pump exci- 
tation when the source lateral dimensions are 
sufficiently large that the wave vectors of the 
pump pulse and the polariton are nearly col- 
linear. In this case, the phase-matching condi- 
tion is q = CL[n(o,) + o,ri(o,)]/c - fileg (o,). 
Because q = !2/c0 at low frequencies, it is clear 
that phase matching can only be attained at 
sublurninal speeds, in agreement with Eq. 6; see 
Fig. 2C. Under the same (quasi-planar) condi- 
tions, and not too far from the pump pulse, the 
field for the grating method results from the 
interference between two polaritons at, say, q, 
= ?2n/ t  and q,, = 0, where t is the grating 
spacing (12-17). This and Eq. 7 give qzt = 
2 ~ r ( n ~ v ~ / c ~I)-"', leading to E - sin(2.rrxIe)-
sin[qz(z - vt)]. This field is represented in Fig. 
4B by the rectangle with the checkerboard pat- 
tern (28). 
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Directed Assembly of 
One-Dimensional Nanostructures 

into Functional Networks 
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Charles M. ~ i e b e r l - ~ t  

One-dimensional nanostructures, such as nanowires and nanotubes, represent 
the smallest dimension for efficient transport of electrons and excitons and thus 
are ideal building blocks for hierarchical assembly of functional nanoscale 
electronic and photonic structures. We report an approach for the hierarchical 
assembly of one-dimensional nanostructures into well-defined functional net- 
works. We show that nanowires can be assembled into parallel arrays with 
control of the average separation and, by combining fluidic alignment with 
surface-patterning techniques, that it is also possible t o  control periodicity. In 
addition, complex crossed nanowire arrays can be prepared with layer-by-layer 
assembly with different flow directions for sequential steps. Transport studies 
show that the crossed nanowire arrays form electrically conducting networks, 
with individually addressable device function at each cross point. 

Nanoscale materials, for example, nanoclus- rication (1-4). Research focused on zero-
ters and nanowires (NWs), represent attrac- dimensional nanoclusters has led to substan- 
tive building blocks for hierarchical assembly tial advances, including the assembly of ar- 
of functional nanoscale devices that could rays with order extending from nanometer to 
overcome fundamental and economic limita- micrometer length scales (4-9). In contrast, 
tions of conventional lithography-based fab- the assembly of one-dimensional ( ID)  nano-
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