This simple heuristic model describes the basic observed scale
sizes of the dust emission in NGC 1068. But how does it relate to the
true physical distribution of dust in active nuclei? The generic
properties of dusty tori in AGNs have been discussed’. Because
previously no observational means were available to resolve the dust
distribution, early models for their dust emission'*'® aimed mainly
to reproduce the overall spectral energy distribution of Seyfert
galaxies and quasars. These were calculated by two-dimensional
radiative transfer through a smooth dust distribution. They can be
divided in two classes: compact tori', where the dust fills a thick
cylinder (with an axial hole) of a few parsecs in diameter, and
extended fat disk models'>'®, with diameters of tens to hundreds of
parsecs. Common to both classes was a very high absorption optical
depth (Ay > 100, that is, 7,5, > 4) in the equatorial plane. In
preparation for our observations, we investigated the expected dust
emission maps from those models by using three-dimensional
radiative transfer'”. They show that hot dust can only be observed
from those surfaces that are both freely exposed to the radiation
from the accretion disk and unobscured along the line of sight from
the observer. In consequence, the observable structures at 8 and
12 pm are almost identical, and suffer very similar dust absorption.
Obviously, this is not what we observe in NGC 1068.

The unification between Seyfert 1 and 2 galaxies' already seems to
demand a geometrically thick dust distribution, the vertical height
(above the midplane) of which should be similar to its radius r, that
is h/r = 1. By resolving the heated dust structure in NGC 1068 with
MIDI/VLTI, we have demonstrated now that indeed h/r = 0.6, even
when allowing for projection effects. (Such effects seem to be small,
because the axis of NGC 1068 as given by the outflow cone of
ionized gas is inclined by only ~5° out of the plane of sky'®, thus
excluding that an inclined thin disk could explain the apparent h/r).

Moreover, this thick structure is located at r = 2pc. Thus,
irradiation by the nuclear source will produce a hot inner wall—a
‘funnel, which we identify as our hot component. As the average
cloud temperatures are low, T < 1,000 K, it is not possible for gas
pressure to support this structure vertically against gravity in the
nuclear potential of NGC 1068.

In reality, it is very unlikely that gas and dust are distributed
homogeneously in the torus: they will rather be confined to
individual clouds®. A recent model for the overall spectral energy
distributions'® argues for a volume filling factor of <10%, and
typically 5-10 clouds along an equatorial line of sight towards the
centre. Much better resolution (<1 mas) would be required to
distinguish such a torus from a homogeneous one. Turbulent
motions of these clouds with average velocities (v1) ~100kms™'
(that is, similar to the random velocities that support the nuclear
star cluster) could prevent the cloud system from collapsing.
However, given these velocities and the large number of clouds
along any line of sight, collisions between those clouds would be
frequent, supersonic and highly inelastic. The turbulent motion
would be damped within about one orbital period, t,.(at
r=2pc) = 10°yr. Thus, a continuous injection of kinetic energy
into the cloud system seems to be required. To our knowledge, none
of the current models of AGNs provide a convincing solution to this
problem, although a very young nuclear star cluster might be able to
provide the energy (but see ref. 3). This explanation requires AGN
activity and nuclear starbursts to be intimately connected. So the
present high-resolution observations of the nucleus of an active
galaxy by infrared interferometry demand a better understanding of
the physics of these spectacular objects. O
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Dislocations' are line defects that bound plastically deformed
regions in crystalline solids. Dislocations terminating on the
surface of materials can strongly influence nanostructural and
interfacial stability, mechanical properties, chemical reactions,
transport phenomena, and other surface processes. While most
theoretical and experimental studies have focused on dislocation
motion in bulk solids under applied stress>* and step formation
due to dislocations at surfaces during crystal growth*”, very little
is known about the effects of dislocations on surface dynamics
and morphological evolution. Here we investigate the near-
equilibrium dynamics of surface-terminated dislocations using
low-energy electron microscopy®. We observe, in real time, the
thermally driven nucleation and shape-preserving growth of
spiral steps rotating at constant temperature-dependent angular
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velocities around cores of dislocations terminating on the (111)
surface of TiN in the absence of applied external stress or net
mass change. We attribute this phenomenon to point-defect
migration from the bulk to the surface along dislocation lines.
Our results demonstrate that dislocation-mediated surface
roughening can occur even in the absence of deposition or
evaporation, and provide fundamental insights into mechanisms
controlling nanostructural stability.

Figure 1A and B illustrates the nucleation and growth of
TiN(111) spiral steps and loops at the cores of dislocations termi-
nating on TiN(111) surfaces, as observed in situ by low-energy
electron microscopy (LEEM)® during annealing in N,. (We define a
loop as a two-dimensional (2D) island formed around a surface step
segment pinned at both ends by dislocations.) Fig. 1A shows the
formation of a concentric spiral step structure around a dislocation
core, while the images in Fig. 1B capture the nucleation and growth
of a closed loop. The spiral and loop steps both exhibit three-fold
symmetry with a truncated-hexagonal shape, the near-equilibrium
shape of 2D TiN(111) islands'®, indicative of fast step-edge
diffusion. Note that these spirals and loops are observed during
annealing with no net mass gain or loss and, as we will show,
are quantitatively and qualitatively different from the growth
structures predicted by Burton, Cabrera and Frank’ (‘BCF’), and
step curvature-driven surface dynamics''.

A remarkable feature is revealed in Fig. 1A, a—d: the spiral steps
rotate around the dislocation core, resulting in an increase in the
total step length with time ¢ as the spirals undergo a shape-
preserving anticlockwise motion with a constant angular velocity
w. That is, the shape and size of the spiral are periodic with time
7 = 2m/w. For the spiral shown in Fig. 1A, a—d, 7 = 47 s corresponds
to one complete rotation at the annealing temperature T = 1,688 K;
the spiral shown in Fig. 1A, a, is geometrically identical to the one in
Fig. 1A, d. During the period 7, the layer labelled 3 disappears from
the field of view in Fig. 1A, ¢, and a new layer, labelled 0, is formed
(Fig. 1A, d) as the dislocation core climbs by a unit step height,
a, = 2.4 A, normal to the surface.

Nucleation and growth of a loop originating at a defect is shown
in Fig. 1B, a—c. Upon detaching from the defect, the expanding loop

G0

Figure 1 Nucleation and growth of spiral steps on TiN(111). Low-energy electron
microscopy (LEEM) images showing nucleation and growth of bilayer-height surface steps
at the cores of dislocations terminating on TiN(111) terraces during annealing in N, at
temperatures 7. The images were acquired as a function of time ¢ The dark lines in the
LEEM images are {110)-oriented bilayer-height steps (the [111] direction in B1-NaCl
structure TiN is polar, consisting of alternating layers of Ti and N atoms). A, Field of view
~2.53um; T=1,688K. Spiral steps form owing to the pinning of a step edge at a
dislocation core. B, Field of view ~0.93 um; T= 1,653K. Loops nucleate and grow
centred around a step edge pinned at both ends by dislocations of opposite sign.

G, Schematic diagram of the loop generation process observed in B.
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(Fig. 1B, d) regains the equilibrium shape of 2D TiN(111) islands".
This process, like the nucleation and growth of spiral steps, is also
periodic. For the loops shown in Fig. 1B, a-d, 7=85* 55
corresponds to the loop nucleation period at T = 1,653 K.

Analogous to the growth spirals and loops observed in bulk solids
owing to the operation of Frank—Read'? and/or Bardeen—Herring"
sources under applied stress'!, and on surfaces during crystal growth
as predicted by the BCF theory’, the features observed in Fig. 1A and
B are due to surface steps pinned by a single dislocation (in the case
of a spiral) and a pair of oppositely signed dislocations (for a loop),
respectively. For a single dislocation, the steps emanating from the
cores wind into expanding spirals. With a pair of oppositely signed
dislocations, as illustrated in the schematic diagram of Fig. 1C, the
expanding spirals originating from the cores rotate in opposing
directions, eventually coming into contact to form a loop that
increases in size.

Figure 2a is a representative plot of the areas A of a TiN(111)
spiral and an adjacent surface loop (both are shown in the
corresponding LEEM image, right) as a function of time ¢ at
1,653 K. The two sets of data correspond to successive spirals and
loops originating periodically from their respective sources. We
observe that at constant temperature, spirals and loops have the
same generation times (7 = 85 = 55 for the examples shown in the
LEEM image in Fig. 2a, T = 1,653 K) and that their areas increase
linearly with time. The similarity in dA/dt and w for the two types of
structures suggests that the same mechanism controls their growth.
The observed step growth is a localized process that occurs only at
the dislocation cores. This is in contrast to the BCF model, where the

T T
0.6 : @ Loop
O Spiral

OSpiral

v

t(10s)

Figure 2 Area versus annealing time for 2D TiN loops, spirals and islands on TiN(111).
a, Time-dependent areas A of 2D TiN loops and spirals on a TiN(111) surface (shown in
the image to the right) during annealing at 7= 1,653 K. (We only measure areas of loops
that formed upon detaching from the central core and have attained near-equilibrium
truncated-hexagonal shapes as in Fig. 1B, d.) Spiral areas are calculated as

Alt)y= % Zf [r(8, t)]d6. The spiral shape function r(6,1) is defined for @ in the range 0 to
o0, and § 1 = 6 = 6, corresponds to an outwardly moving spiral step segment far from
the core. Because loop areas increase linearly with time, while the growth rates of spirals
with high curvatures (>2 X 10‘4/3“) near the core are nonlinear, we only measure
areas of spirals corresponding to linear growth rates with 1 = « and 6 , = 3w. 7isthe
average time required to generate successive spirals and loops that have the same area.
b, The time-dependent areas A of spirals and 2D TiN islands on TiN(111) terraces (shown
in the image to the right) during annealing at 7= 1,694 K. Note that the left and bottom
axes of the plot correspond to that of the spiral, while the right and top axes correspond to
the island. The spiral area increases linearly with time while the island area decreases.
The fields of view in both images are ~2.75 pm.
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growth flux is non-localized, resulting in a curvature-dependent
step velocity of spirals and loops whose areas increase nonlinearly
with time’.

Figure 2b contains A versus ¢ plots for a 2D TiN(111) adatom
island and an adjacent spiral (shown in the associated LEEM image,
right) during annealing at 1,694 K. Note that the island area
decreases linearly with t while the spiral area increases. Previous
studies' have shown that step-edge attachment/detachment is the
rate-limiting mechanism for the curvature-driven decay of 2D TiN
adatom and vacancy islands on TiN(111) terraces. The above
results, typical of data from over 50 adatom islands and 9 spirals
acquired at temperatures 1,500-1,700 K, demonstrate that the
mechanism of surface spiral and loop growth is quite distinct
from that of 2D TiN(111) island decay (Ostwald ripening)''. We
suggest, and provide experimental evidence below, that the
observed nucleation and growth of spiral steps during annealing
is due to dislocation-assisted bulk diffusion.

Our model for this phenomenon is based upon two assumptions.
(1) A non-equilibrium concentration of point defects exists in the
bulk. This is reasonable based upon the fact that TiN is known to
have a very wide single-phase region and can sustain both high
anion (N) and cation (Ti) vacancy concentrations'. Given that we
observe steps emanating from the grooves (the thick dark lines
visible in the LEEM images in Figs 1, 2 and 3) annihilating the spiral
steps, we conclude that spirals grow inward, normal to the surface.

B T (K)
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T0k i
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Figure 3 Temperature dependence of angular velocities of spirals on TiN(111). A, LEEM
images (fields of view ~3.79 wm) of TiN spiral steps on a TiN(111) terrace. The images
were acquired as a function of temperature 7. B, Angular velocity w of the spirals, plotted
as a function of 1/T. w is determined by fitting a function of the form

r(,t) = a)[0 + wt], where a(9) is a time-independent shape function, to the time-
dependent spiral step boundary coordinates obtained from the LEEM images. The solid
line is fitted to the w(T) data with a function of the form w(T) = weexp(—£E4/KT) using
least-squares analyses. We obtain w, = 10"2*%°s™" with £; = 4.5 + 0.2eV.
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Note, however, that there is no net mass gain or loss. The surface
point-defect concentration C9, however, is at thermal equilibrium,
because a N-terminated surface is energetically favourable for
TiN(111) (ref. 17). (2) Dislocation cores emit/absorb point defects
at a thermally activated time-independent rate R; a plausible
assumption given that dislocation cores act as sources/sinks for
point defects'®™.

Consider for simplicity a circular loop of radius ry,,p centred
around a core region of finite radius r ... The surface point-defect
concentration C(r) at any position 7, with rgre < 1 < r1o,p, i8 given
by the diffusion equation dC(r)/dt = D V?C(r), where Dy is the
surface diffusivity. Within the quasistatic approximation in which
surface diffusion of adatoms is much faster than the step-edge
velocity, dC(r)/dt = 0. The general solution of the resulting Laplace
equation V2C(r) = 0 is C(r) = C,In(r) + C,, where the constants
C, and C, are determined by the boundary conditions at the core
and the loop. From assumption (2) above, the flux —DVC(r) of
point defects at the core is

R
_DSVC(r)lr:rCore = (1a)
2T T core
while at the loop:
_DSVC(T)lr:rloop = ks[c(rloop) - Cle;lop (1b)

In equation (1b), kg is the rate of attachment/detachment at
the step and Cffop = C%xp(pioop/ ks T), from the Gibbs-Thomson
relation', is the equilibrium point-defect concentration due to the
curvature-dependent chemical potential pj,,p, associated with the
loop. Solving for C, and C, yields the normal component of the
loop velocity drjgop/dt as

Q

drloop _ _
2T Toop

dt - 'ka [C(rloop) -C

< @
where 2 is the unit TiN molecular area. In deriving the above
formalism, we have neglected the curvature-driven flux from the
loop to the local environment. In the detachment-limited regime,
the contribution to dry,.p/dt due to this flux, which is proportional
to — 1/7150p, is small and hence will have little effect on the growth
velocity dry,ep/dt in equation (2). The important point is that the
form of equation (2) is qualitatively different from the parallel
equation describing the 2D island decay (Ostwald ripening) pro-
cess'”. We note that equation (2) is also valid, without loss of
generality, for non-circular loops and spiral steps far from the
core. Clearly, from equation (2), the loop (and spiral) growth rate
dA/dt = QR is time-invariant, consistent with the constant slopes
obtained in our measurements of A versus t in Fig. 2.

For the steady-state growth of a spiral rotating around a dislo-
cation core, we obtain from mass conservation the relation
w = 2w R/A,, indicating that the frequency w is thermally acti-
vated. A, in the above relation is the area encompassing the spiral
structure over which R is non-negligible. Substituting the experi-
mental data for dA/dt and w into our model, we obtain A, values
between 0.25 and 0.32 pm?, which are less than the areas encom-
passed by spiral boundaries. Our measurements of (dA/dt)/w
(which is proportional to A,) versus T suggest that A, is indepen-
dent of temperature. However, understanding the physical signifi-
cance of A, requires further investigation.

Typical w values, determined from separate sets of LEEM images
acquired at four different temperatures T (see Fig. 3A) are plotted as
a function of 1/T in Fig. 3B. From the w(T) data, we find an
activation energy E4=4.5 * 0.2eV, with a prefactor of
102792571 compared to 2.3 + 0.6eV for the decay of 2D TiN
islands on TiN(111) (ref. 15). A constant w for a given T implies that
the dislocation climb velocity normal to the surface is also time-
invariant. Hence, E4 corresponds to the activation barrier for
dislocation motion, which is generally associated with point-defect
formation and migration along the dislocation (also referred to as
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pipe “diffusion”)**. The fact that we measure a higher activation
barrier E4 for spiral growth than for island decay (and E4 is
significantly lower than the desorption energies for TiN and Ti
adspecies'”’) provides strong evidence that the dominant mass
transport is along dislocation lines rather than surface diffusion
or evaporation. This is physically reasonable because bulk point-
defect migration, expected to influence surface dynamics at suffi-
ciently high temperatures®, has a smaller activation barrier along
dislocation lines*” than in dislocation-free areas.

In formulating equation (2), we assume an equilibrium defect
concentration Cfoqop associated with the loop. This is justified for the
first loop, as steps near the core and far from the boundary maintain
a truncated-hexagonal shape with three-fold symmetry, the equili-
brium shape of TiN(111) steps. (This observation also suggests that
localized growth flux at the cores may have negligible effect on step
shapes.) However, far from the cores we find, first, steps with non-
equilibrium shapes that vary with the spiral geometry and, second,
step bunching. We attribute these observations to the presence of
grooves bounding the spirals. Hence, modelling growth kinetics of
multiple loop/spiral steps requires a better understanding of the
effects of the geometric constraints imposed by physical boundaries
on step chemical potentials.

Finally, our model assumes a constant rate R, which depends on
two driving forces: first, equilibration of bulk point-defects, and
second, minimization of dislocation line energy. In the first case, R is
a function of the concentration gradient between the surface and the
bulk, which decreases with time (K. McCarty and N. C. Bartelt,
personal communication). Hence, this driving force terminates
upon equilibration of the bulk point-defect concentration. In the
second case, however, spiral and loop growth will continue to occur
until the disappearance of the dislocation core. Our preliminary A
versus t data for loops and spirals indicate that dA/dt systematically
decreases by =4% for successive generation of new spirals and
loops. This, however, is within experimental uncertainties of ~10%.
Thus, additional experiments for extended annealing times are
necessary to quantitatively determine the time-dependence, if any,
in dA/dt and hence the dominant driving force.

We expect the near-equilibrium spiral step growth process
described above to be general, and that it will be observed for
other materials. In contrast to recent work showing surface'>** and
bulk® transport dominated 2D island dynamics, the present study
demonstrates that facile bulk diffusion along the dislocations can
lead to both qualitatively and quantitatively different surface evolu-
tion kinetics. ]
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Enzymes efficiently synthesize biopolymers by organizing mono-
mer units within regularly structured molecular-scale spaces and
exploiting weak non-covalent interactions, such as hydrogen
bonds, to control the polymerization' process. This ‘template’
approach is both attractive and challenging for synthetic polymer
synthesis, where structurally regulated molecular-scale spaces
could in principle provide solid-phase reaction sites for precision
polymerization. Previously, free-radical polymerization of
methyl methacrylate in solutions containing stereoregular iso-
tactic (it) or syndiotactic (st) poly(methyl methacrylate) (PMMA)
has been shown to result in template synthesis>* of the opposite
PMMA based on stereocomplex formation®> with van der Waals
interactions. However, using the structure of a solid to determine
the stereochemical structure of a polymer has not been satisfac-
torily achieved®. Here we show that macromolecularly porous
ultrathin films, fabricated by a single assembly step, can be used
for the highly efficient stereoregular template polymerization of
methacrylates through stereocomplex formation. This reaction
mould accurately transfers its structural properties of stereo-
regularity, molecular weight and organization within the tem-
plate to the new polymer.

Structurally regulated molecular-scale spaces (nanospaces) in
ultrathin polymer films are potentially valuable as solid-phase
reaction sites for precision polymerization. As the macromolecular
mobility is restricted in the solid state, the template effect of a
constituent polymer is potentially accelerated. It is, however, difficult
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