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redshift of z=0.6799 = 0.0001. We also obtained spectra of two
faint galaxies immediately to the southwest of component G (Fig. 2)
using the Faint Object Camera and Spectrograph® of the Subaru
telescope. The redshifts of these two faint galaxies are
z=10.6751 = 0.0001, strongly suggesting a cluster of galaxies at
z = 0.68 centred on component G. Clusters are dominated by
elliptical galaxies, which all have very similar spectral energy
distributions.

Many of the faint galaxies in Fig. 2 (~40 galaxies around
component G) have colours that are similar to that of component
G. The colours are consistent with the expected colours of elliptical
galaxies at z~ 0.68 (g — r~ 1.8 and r — i = 1.1). In addition,
there is an X-ray source in this direction detected by the ROSAT
All-Sky Survey*” (0.236 counts per second in a 473-s exposure). The
emission, however, comes most probably from the quasar, because
the detected X-ray flux is too strong for typical clusters of galaxies at
z=0.68. Finally, we note two possible arclets (highly distorted
images of background galaxies due to gravitational lensing) in Fig. 2
(marked as ‘arc?’) close to component D. If future observations
confirm that the arclets are indeed lensed background galaxies,
they will provide strong additional constraints on the total mass
distribution of the lensing cluster.

The lensing interpretation is further supported by a theoretical
model of SDSS J1004+4112. We fitted the positions of the four
quasar components with a singular isothermal ellipsoid (SIE) plus
external shear model using lens modelling software®®. The best-fit
model is illustrated in Fig. 3. The positions and relative brightnesses
of all components agree well with the lens model predictions. The
centre of the lensing mass is offset from the centre of component G
by about 10 kpc at the cluster redshift, but the brightest galaxy of a
cluster is not always found exactly at the centre of the potential well
of that cluster.

The identical redshifts (z= 1.734) and the spectral energy
distributions of the four lensed components, the existence of a
lensing cluster of galaxies (z = 0.68), and the presence of possible
arclets confirm the hypothesis that the quasar is lensed by this
cluster. Furthermore, a theoretical lensing model involving the cluster
and external shear simultaneously accounts for the observed geome-
try of the system and the relative brightness of the images. The present
work represents the discovery of a long-predicted but previously
undetected population of large-separation lensed quasars. |
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The discrete nature of crystal lattices plays a role in virtually
every material property. But it is only when the size of entities
hosted by a crystal becomes comparable to the lattice period—as
occurs for dislocations', vortices in superconductors*® and
domain walls"°—that this discreteness is manifest explicitly.
The associated phenomena are usually described in terms of a
background Peierls ‘atomic washboard’ energy potential, which
was first introduced for the case of dislocation motion"” in the
1940s. This concept has subsequently been invoked in many
situations to describe certain features in the bulk behaviour of
materials, but has to date eluded direct detection and experimen-
tal scrutiny at a microscopic level. Here we report observations of
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the motion of a single magnetic domain wall at the scale of the
individual peaks and troughs of the atomic energy landscape.
Our experiments reveal that domain walls can become trapped
between crystalline planes, and that they propagate by distinct
jumps that match the lattice periodicity. The jumps between
valleys are found to involve unusual dynamics that shed light on
the microscopic processes underlying domain-wall propagation.
Such observations offer a means for probing experimentally the
physics of topological defects in discrete lattices—a field rich in
phenomena that have been subject to extensive theoretical
study'®"2,

In magnetic materials, a domain wall (DW) has to pass through
different spin configurations as it moves from one atomic plane to
another”". Figure 1a shows two principal spin configurations of a
DW in a simple lattice—these configurations exhibit the maximum
and minimum energy, and correspond to the centre of the wall lying
respectively at and between atomic planes. This spatial variation of
the wall’s energy is generally referred to as the Peierls potential. Its
amplitude depends critically on the ratio between the DW’s width 6
and the lattice periodicity d and, realistically, the Peierls potential is
only observable for 6/d < 10. For larger 6/d, the potential becomes
so small (<1 G) that pinning on defects should conceal it com-
pletely. The vast theoretical and experimental evidence gathered
over several decades and based on studies of bulk properties of
magnetic alloys has confirmed the existence of the magnetic Peierls
potential, with probably the most definite conclusions drawn from

Figure 1 Experimental structures and devices. a, Principal spin configurations for a
narrow Bloch wall: its centre either coincides with one of the atomic planes (right) or lies
between them (left). The fan diagrams show the orientation of individual spins, looking in
the direction perpendicular to the DW. b, The micrographs show a set of micrometre-sized
Hall probes placed on top of a ferromagnetic garnet. Edges of the 2DEG mesa are seen as
green lines on the micrograph. The image overlays a photograph of the domain structure
taken in transmitted polarized light at room temperature. The inset magnifies the central
part of the experimental structure. The scale is given by the domains’ width of ~14 um
and the size of Hall probes (1.5 wm). By measuring simultaneously the response at
different Hall crosses, we ensured that at low temperatures the studied DWs were parallel
to the set of sensors as the photograph shows and moved as rigid planes (Methods).
¢, The drawing illustrates that a shift in the average position of a wall Axinduces a change
in flux A inside the sensitive area marked by the dotted lines'”?2, This leads to a linear
change in Hall resistance, which was recorded in the experiments.
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measurements of magnetic viscosity (for example, see refs 14-16).
However, no experiment has yet been capable of directly detecting
propagation through the magnetic (or any other) Peierls potential.
In the present work, we revisit the Peierls potential by using a state-
of-the-art technique of ballistic Hall micromagnetometry, pre-
viously used in studies of superconducting vortices'”'* and now
adapted to the detection of DW movements. The approach allows us
to resolve subatomic changes in the position of individual micro-
metre-sized segments of DWs and study their inter- and intra-
Peierls valley movements.

For our studies, we have chosen thin films of yttrium-iron garnet,
(YBi)3(FeGa)sO,, (YIG), which combine relatively narrow walls
(6 = 11 nm at liquid-helium temperatures) with a large unit cell of
size a =~ 1.24 nm, and provide 6/d =~ 6 (Methods). Equally import-
ant is the high crystal quality of our samples'®', manifested in a
coercivity of <0.1 G at room temperature and <10G at liquid-
helium temperatures, such that obscuring effects due to pinning on
defects are relatively small. The YIG films have perpendicular
magnetization and a domain structure shown in Fig. 1b for the
case of room temperature. At low temperatures, the domain
structure becomes pronouncedly triangular with long straight
DWs. A submillimetre piece of the film was placed in immediate
contact with the surface of a device consisting of micrometre-sized
Hall sensors made from a two-dimensional electron gas (2DEG)
following the microfabrication procedure described in refs 17 and
18 (Fig. 1b). Hall sensors in our experiments play the role of highly
sensitive position detectors, which provide a spatial resolution of
<1 Awith respect to DW movements. Their operation (explained in
Methods) relies on the high sensitivity of such probes to changes in
magnetic flux @ induced by DW movements inside the central area
of a Hall cross''®**7¢. For brevity, we discuss only experiments
where the studied DWs were aligned parallel with the Hall device
and moved in {110} directions. In this well defined geometry,
changes in the wall position Ax can be calculated directly from
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Figure 2 Nanometre movements of domain walls over submicrometre distances. Main
panel, a typical Hall response measured by a 1.5-wm Hall cross as a domain wall slowly
creeps from one of its sides to the other (T= 0.5K). For convenience, the Hall
response is given in terms of the average local field B inside the cross, which is
calculated by using the measured Hall coefficient. The insets show examples of local
hysteresis loops; abscissa, AH (Oe); left-hand ordinate, AB (G), right-hand ordinate
(lower inset only), Ax (nm). The red lines are guides to the eyes, indicating constant
positions of the DW.
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the measured Hall signal, without using any unknown parameters
(Methods).

To move a DW, we slowly varied the external field H applied
perpendicular to the garnet film. Figure 2 shows a typical example of
changes in local field B detected by a Hall sensor as a DW crosses it
from one side to the other. We see that B changes its sign, which
reflects the change in polarity of the domain above the sensor, and
B = 0 corresponds to the state where the wall lies exactly in the
middle. The overall shape of the transition curve is in good
agreement with a simple theory®. Overlaid on this universal
behaviour, we see a number of small sample- and sweep-dependent
steps, indicating that a DW does not move smoothly but covers
micrometre-long distances in a series of small jumps. Such jumps
have previously been studied by several techniques (for example,
refs 27-29), and are usually referred to as Barkhausen noise. A
typical step in Fig. 2 corresponds to a wall moving by 10-50 nm.
While a DW was located within the Hall cross, we could reverse a
field sweep to investigate the local coercivity of the wall (left inset in
Fig. 2). Such hysteresis loops are usually reproducible for many field
cycles, and we attribute them to pinning on individual defects®?*.

In addition to the above behaviour, the high resolution of the
2DEG micromagnetometry allowed us to discern very small DW
jumps (right inset in Fig. 2), which stood out from the ‘ordinary’
jumps for two reasons. First, they matched closely the lattice
periodicity in the direction of DW travel (110) (d = 2"?a
1.75 nm) and, second, they were practically the only jumps observed
in the range below ~10 nm. The use of statistical analysis techniques
(which is standard practice in, for example, particle physics) shows
that—with a confidence level of 94%—the data shown in the right
inset of Fig. 2 correspond to an event comprising several steps of
equal length (four single and three double steps), where the length of
a single step is d. To obtain further proof that such steps indeed reveal
jumps between equivalent crystal lattice positions, we carried out the
complementary experiments described below.

As a DW moves through a crystal, it interacts with a large number
of pinning sites and becomes bent and strained in the process. We
can generally expect that a strained wall would jump between strong
pinning sites without being affected by the weaker ones. This is
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Figure 3 Jumps of a domain wall between equivalent lattice sites. The data were taken
during a very slow sweep (~1 h), which was required to achieve the subatomic resolution.
For such time intervals, relaxation processes lead to irreproducible changes in the domain
structure, usually far away from the detection site (this can be seen as occasional DW
jumps ata constant H). On the graph, this results in the same position of a DW for different
values of H. For clarity, we subtracted a small smooth background in B associated with
changes in the local stray field induced by other domains.
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clearly seen by magnetic force microscopy (at room temperature).
To release the strain, we demagnetized the sample by applying an
a.c. magnetic field with an amplitude h gradually decreasing from
~5G to zero, while a constant field H kept the wall close to the
centre of the probe. This proved to be a critical improvement: in the
demagnetized state, DWs started to propagate via clear quantized
jumps matching the lattice periodicity. The distance between the
equivalent sites was measured to be 1.6 * 0.2nm, in agreement
with the Peierls potential periodicity d = 1.75 nm. Figure 3 shows
an example of such behaviour, which leaves no doubt of the
presence of a periodic atomic landscape impeding DW movements.

From Fig. 3, we can also estimate that it requires a field of ~1 G to
move a DW out of a well created by adjacent crystal planes (that is,
intrinsic pinning is several times weaker than pinning on a typical
defect in our garnets; see Fig. 2). Further experiments yielded a
value of the intrinsic coercive field H- = 0.7G at T < 10K. The
theory of the magnetic Peierls potential predicts H¢ to be of the
order of *7"®

Hc = C(A/d*Ms) exp(—wd/d)

where C =~ 10° (ref. 13) and My is the saturation magnetization.
Taking into account the exponential dependence of Hc on A and K
(Methods), which are known to ~10% accuracy, the formula yields
H in the range from 0.1 to 5 G, in agreement with the experiment.

In addition to the detection of the Peierls potential, we have
studied its shape, which is predicted to be sinusoidal”". This
prediction implies that a DW should remain somewhat mobile
within Peierls valleys—that is, not pinned completely. Such intra-
valley movements are expected to be ~1 A and, therefore, could not
be resolved in our d.c. magnetization data (compare Fig. 3). To gain
information about the finest DW movements, we measured local
a.c. susceptibility x (a.c. measurements provide a higher flux
sensitivity, and hence a higher spatial resolution). To this end, in
addition to the d.c. field H that controls DW’s position, we applied
an oscillating field & and measured an a.c. signal generated by
oscillatory movements of a DW. Changes in x show how the
mobility of a DW varies with its position inside a Peierls valley.
Using this approach, we confirmed that a domain wall could indeed
move near the bottom of a valley, and the detected a.c. signal
corresponded to an average shift of a DW by up to ~0.5A. In
addition to this, however, a.c. measurements revealed strikingly
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Figure 4 Domain wall on the Peierls ridge. Main panel, changes in local a.c. susceptibility
x While d.c. field H moves the wall from one Peierls valley to the next (a.c. field has
amplitude 0.5 G and frequency 8 Hz). We subtracted a constant background due to the
Hall response induced directly by the a.c. field. The slight variation of x seen on the curve
away from the transient state is not reproducible for different walls and after thermal
cycling. The insets show the dependence of the width AH of the transient state on h, and
the dependence of its amplitude Ax on temperature.
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unusual DW dynamics, in qualitative disagreement with the beha-
viour expected for an object moving in a tilted sinusoidal potential.

One of the most notable features that we observed is a large, well-
reproduced peak in DW mobility (Fig. 4). Here, zero H corresponds
to a DW position in the middle between two adjacent Peierls valleys,
as simultaneously detected in the d.c. magnetization signal (the
latter shows a smeared transition between two DW positions
separated by d). The peak has abrupt edges (shown by dashed
lines in Fig. 4); that is, above a certain value of H the oscillating wall
suddenly falls into a neighbouring Peierls valley and becomes locked
there. When h was switched off for a few seconds at a constant H
close to one of the peak’s edges, the transient mobile state did not
recover on switching the modulation back. This indicates that it
requires a time of ~1s for the wall to become locked in a Peierls
valley. With decreasing h from 0.5 to 0.1 G, both the width and the
amplitude of the peak shrink linearly (inset in Fig. 4). The observed
behaviour suggests that an a.c. field stabilizes a DW in what should
be an intrinsically unstable state between two Peierls valleys.

We can interpret the transient state as the centre of a DW sitting
effectively on a Peierls ridge, kept there by an oscillating magnetic
force. This situation closely resembles the so-called reversed pendu-
lum, which can be stabilized in the unstable upside-down position
by an oscillating force®®*'. This analogy allows us to describe the
observed resonance semiquantitatively but does not provide a
microscopic picture. To this end, we invoke the well-known ‘kink’
model>", where a DW moves between Peierls valleys via a process
where at first only a submicrometre segment of a DW (a jog) moves
to the next valley. Spreading the boundary of such a jog along the
wall eventually leads to the relocation of the whole DW. It is
plausible that a.c. modulation could stabilize the jog so that its
boundaries move back and forth inside the sensitive area of a Hall
cross without collapsing, until changes in H extend the jog outside
this area, where it eventually becomes pinned. Indeed, the maxi-
mum value of Ax (observed at 30K and 0.5G) corresponds to
movements of a DW by Ax ~1 nm; that is, as if nearly the whole
segment of the wall inside the Hall cross swings between adjacent
valleys.

The single-jog model provides a sensible description for the
behaviour shown in Fig. 4, as well as for the majority of other a.c.
susceptibility results (to be reported elsewhere). However, the origin
of the long characteristic times remains puzzling. Moreover, we
believe that the kink/jog picture may no longer be justifiable for the
case of Ax << § as, on this scale, the spin configuration of a DW
changes (the DW can ‘breathe’) and we cannot simply refer to an
average shift of a DW as a whole. We believe that the detected
transient state indicates some internal modes being excited inside a
DW when it is ‘softened” and ready to move from one valley to
another.

Further experimental and theoretical work is required to under-
stand atomic-scale DW dynamics. This physics has been extensively
discussed in theory (for example, solitons on discrete lattices'*'?),
but has not until now been accessible in a direct experiment to allow
the testing of a variety of theoretical models. The present results
demonstrate the possibility of studying the physics of domain walls
at a new level of experimental resolution, and in a controlled and
reproducible manner. This development is likely to lead not only to
refinements of the existing models, but also to a greater depth of
understanding of fundamental and technologically important
phenomena governed by movements of domain walls. O

Methods

Samples
We studied a 10-pm-thick (YBi);(FeGa)sO,, film grown in the [111] direction. The
material has a saturation magnetization 4w M, = 200 G, an exchange energy
A =~1.8x10""ergcm ™' and, below 10K, its crystal anisotropy K =~ 1.4 X 10° ergcm >
yields a wall thickness 6 = w(A/K)"? = 11 nm. The above values were found with
accuracy ~10%.

Owing to in-plane crystal anisotropy, DWs tend to lie in three equivalent planes, {110}.
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This crystallographic alignment is already seen at 300 K (Fig. 1b), and becomes stronger at
lower temperatures as the anisotropy increases. There, domain walls become straight over
distances of ~1 mm. Using alignment marks, we placed our 2DEG sensors inside a chosen
area of a YIG film with many parallel domains and aligned the sensors parallel to them,
that is, perpendicular to one of (110) axes. The spacing between the garnet and 2DEG was
measured to be less than 100 nm (ref. 21). We restricted the reported experiments to
temperatures below 30 K, mainly because of thermally activated relaxation processes,
which led to irreproducible changes in the domain structure and did not allow accurate
measurements that require slow sweeps of magnetic field.

There are two periodic sets of equivalent crystallographic positions for a {110} DW,
which are separated by b and 2b (where b = a/4/2 is the distance between the nearest basal
planes). They require the translation of wall’s spin configuration in directions (001) and
(110), respectively, and involve different exchange interactions". Both periods should
contribute to the Peierls potential, but because of the exponential dependence on 6/d only
the longest periodicity d = 2a/,/2 = 1.75 nm can be expected to remain observable. Our
measurements did find this periodicity, but it remains unclear why a DW could not avoid
the observed Peierls barriers by exploiting ‘the third dimension’ (that is, moving by two
smaller oblique jumps in (001) rather than by the straight jumps perpendicular to the
DW’s plane). We finally note that our analysis ignores the complex unit cell structure of
garnets, which may also play some role.

Micromagnetometers

Submicrometre Hall probes made from a 2DEG were used as position detectors of a
domain wall. When a DW enters the sensitive area of a probe, its response Ry starts
changing. A shift Ax in the DW’s position leads to a change in magnetic field B and flux &
through the Hall cross (Fig. 1c), which in turn induces a Hall response such that

ARy = aAP = BAx (refs 17, 22). The second part of the equation assumes that a DW is
straight within the sensitive area of the Hall cross. This is justified for the reported
experiments because we could simultaneously measure Ry at different crosses and, at low
T, found a nearly perfect correlation between movements of DWs detected by
neighbouring Hall crosses®. This indicates that DWs move as fairly rigid objects, so that
their large segments (up to 10 pm in size for T < 10K) shift as a whole (that is, without
bending). o and 3 are found experimentally'”*"** and, therefore, changes in Ry can be
translated in DW movements without any fitting parameters.

We used Hall sensors made from a high-mobility 2DEG because of their exceptional
sensitivity to flux variations A® on a submicrometre scale'’. At temperatures T < 80K,
such sensors effectively work as fluxmeters and are capable of resolving A® ~ 10™* ¢,
where ¢ is a flux quantum. This technique has previously been used and fully described in
studies of submicrometre superconducting'”'® and ferromagnetic**~° particles. In the
context of the present work, we have exploited this unique flux sensitivity of 2DEG sensors
to achieve a subatomic resolution in the average position of individual DWs. Indeed, if a
DW passes the whole width w of a cross, ¢ changes by several ¢, (for the given value of M
in our garnets). On the other hand, as we can resolve A$ =~ 10 %¢, this corresponds to a
shift of a DW by Ax = w(AP/¢,) = 1 A. Note that many magnetic materials have larger
values of M and, hence, the magnetometers should provide even higher spatial resolution
(<0.1 A) We mainly used 2DEG crosses with w = 1-2 pm because, in our experience,
they exhibit low noise and allow the maximum spatial resolution.
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Silica waveguides with diameters larger than the wavelength of
transmitted light are widely used in optical communications,
sensors and other applications'. Minimizing the width of the
waveguides is desirable for photonic device applications, but the
fabrication of low-loss optical waveguides with subwavelength
diameters remains challenging because of strict requirements on
surface roughness and diameter uniformity*”. Here we report
the fabrication of subwavelength-diameter silica ‘wires’ for use as
low-loss optical waveguides within the visible to near-infrared
spectral range. We use a two-step drawing process to fabricate
long free-standing silica wires with diameters down to 50 nm that
show surface smoothness at the atomic level together with
uniformity of diameter. Light can be launched into these wires
by optical evanescent coupling. The wires allow single-mode
operation, and have an optical loss of less than 0.1 dBmm™".
We believe that these wires provide promising building blocks for
future microphotonic devices with subwavelength-width
structures.

The fabrication of thin silica wires was first investigated in the
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nineteenth century, when the mechanical properties of the wires
were studied, but their optical properties and applications remained
uninvestigated®®. It was not until a century later that researchers
began to investigate the optical applications of silica wires made by
drawing high-purity glass fibres from a laser-heated melt'*'*. With
a diameter of more than one micrometre, these silica wires allow
multimode waveguiding of visible and infrared light. Submicro-
metre wires allow single-mode operation, but both theoretical and
experimental results show that the laser power required for drawing
silica submicrometre- or nanometre-diameter wires (SMNWs) with
a uniform diameter is impractically large'*'>. When drawing wires
from a flame-heated melt, turbulence and convection make it
difficult to control the temperature gradient in the drawing region,
and consequently size uniformity is difficult to maintain when the
wire diameter is reduced to less than one micrometre. Silica
nanowires with diameters ranging from ten to several hundred
nanometres have recently been obtained with other methods'*%,
but the diameter fluctuation and sidewall roughness of those wires
makes them unsuitable for low-loss optical wave guiding.

Here we introduce a two-step drawing process for fabricating
long uniform silica SMNWs by a flame-heated fibre drawing
method. First, we use a flame to draw a silica fibre to a micro-
metre-diameter wire. Second, to obtain a steady temperature
distribution in the drawing region while further reducing the wire
diameter, we use a tapered sapphire fibre with a tip diameter of
about 80 pm to absorb the thermal energy from the flame (Fig. 1).
The sapphire fibre taper, which is fabricated using laser-heating
growth method"’, confines the heating to a small volume and helps
maintain a steady temperature distribution during the drawing.
One end of a micrometre-diameter silica wire is placed horizontally
on the sapphire tip, and the flame is adjusted until the temperature
of the tip is just above the drawing temperature (about 2,000 K). We
then rotate the sapphire tip around its axis of symmetry to wind the
silica wire around the tip. The wire coil is moved about 0.5 mm out
of the flame to prevent melting and the wire is then drawn
perpendicular to the axis of the sapphire tip in the horizontal
plane at a speed of 1-10mm s~ ' to form a SMNW.

Using this technique, we obtained silica SMNWs with diameters
down to 50 nm and lengths up to tens of millimetres. Figure 2a
shows a scanning electron microscope (SEM) image of a 4-mm-long
wire with a diameter of 260 nm; the wire is roughly coiled up to
show its length. The maximum diameter variation AD is about 8 nm
over the 4-mm length L of the wire, giving AD/L = 2 X 10 °. The
excellent uniformity of wires with diameters ranging from 50 to
1,100 nm can also be seen in Fig. 2b—d. Higher-magnification
transmission electron microscope (TEM) images of a 240-nm-
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Figure 1 The second step in the fabrication process of silica submicrometre- and
nanometre wires (SMNWs). a, Schematic diagram of the drawing of the wire from a coil of
micrometre-diameter silica wire wound around the tip of a sapphire taper. The sapphire
taper is heated with a CH3OH torch with a nozzle diameter of about 6 mm. The wire is
drawn in a direction perpendicular to the sapphire taper. b, Magnified view of the drawing
process. The sapphire taper ensures that the temperature distribution in the drawing
region remains steady.
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