quantum teleportation were used as a quantum relay (see Fig. 5) in
quantum cryptography, then the probabilistic nature of our tele-
portation scheme would only affect the count rate, not the quality
of the quantum relay. Our scheme would be useful for this
application. 0
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A colloidal model system with
an interaction tunable from
hard sphere to soft and dipolar
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Monodisperse colloidal suspensions of micrometre-sized spheres
are playing an increasingly important role as model systems to
study, in real space, a variety of phenomena in condensed matter
physics—such as glass transitions and crystal nucleation'™. But
to date, no quantitative real-space studies have been performed
on crystal melting, or have investigated systems with long-range
repulsive potentials. Here we demonstrate a charge- and steri-
cally stabilized colloidal suspension—poly(methyl methacrylate)
spheres in a mixture of cycloheptyl (or cyclohexyl) bromide and
decalin—where both the repulsive range and the anisotropy of
the interparticle interaction potential can be controlled. This
combination of two independent tuning parameters gives rise to
a rich phase behaviour, with several unusual colloidal (liquid)
crystalline phases, which we explore in real space by confocal
microscopy. The softness of the interaction is tuned in this
colloidal suspension by varying the solvent salt concentration;
the anisotropic (dipolar) contribution to the interaction poten-
tial can be independently controlled with an external electric
field ranging from a small perturbation to the point where it
completely determines the phase behaviour. We also demonstrate
that the electric field can be used as a pseudo-thermodynamic
temperature switch to enable real-space studies of melting
transitions. We expect studies of this colloidal model system to
contribute to our understanding of, for example, electro- and
magneto-rheological fluids.

Recent advances in quantitative three-dimensional (3D) real-
space analysis of the structure and dynamics of colloids have been
accompanied by progress in the synthesis of model spheres with a
controllable size and surface chemistry enabling the manipulation
of the interaction potentials between the spheres™®. Together with
the well developed scattering techniques for studying colloidal
systems’™'?, this has led to new insights into the glass transition of
simple glass formers>»'>'?, crystal nucleation and growth*’ %',
and the role of the attractive part of interaction potentials on phase
behaviour'.

The simplest colloidal model system with short-ranged repulsive
interactions is either a sterically stabilized particle suspension®'*"?,
or an aqueous suspension of micrometre-sized latex spheres with
salt added to ensure that the inverse Debye screening length, 1/k, a
measure for the range of the repulsion, is short; kR = 33 for spheres
of radius R = 1 pm in water at a monovalent salt concentration of
¢ = 0.1 mM. To realize almost hard-sphere behaviour, the always-
present van der Waals attractions have to be reduced by matching
the index of refraction in the visible. This allows the interactions to
be tuned to almost hard-sphere-like even for micrometre-sized
colloids that can be quantitatively imaged in 3D by confocal
microscopy. The role of gravity (far more important in colloids
than in the crystallization of atomic and molecular fluids) is
minimized by matching the density of the spheres and solvent. A
step-up in complexity could involve either introducing a dipolar
interaction, thus making the interaction anisotropic, or extending

+ Present address: Department of Chemistry, 2036 Main Mall, Vancouver, British Columbia,
Canada V6T 1Z1.
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the range of the repulsion (for example, increasing the screening
length 1/k such that kR = 1). The latter can be achieved in
aqueous suspensions by removing ions by using ion-exchange
resin, but it is difficult to reduce concentrations below 1pM
(that is, 1/k = 300nm). We will show that in less polar organic
solvents, screening lengths of 1/k = 12pm can be achieved.
Dipolar interactions are induced, and finely controlled via an
external electric field (the ‘electrorheological effect’®). Studies of
structure evolution in brownian hard-sphere fluids with an added
dipolar interaction' " show the formation of strings, then sheets
and finally 3D crystallites. As far as we know, long-range repulsive
colloidal spheres with anisotropic interactions have not yet been
studied.

Here we present confocal microscopy studies of charged and
sterically stabilized polymethyl methacrylate (PMMA) spheres
(radius R = 1.0 and 2.0pum) in a density- and refractive-index-
matched organic solvent mixture; this mixture polar enough
(dielectric constant, & = 5-6) to have electric-field-induced dipolar
interactions. Two solvent mixtures were used: cycloheptyl bromide/
cis-decalin and cyclohexyl bromide/cis-decalin. The PMMA spheres
were monodisperse, fluorescently labelled and sterically stabi-
lized>*'. Three-dimensional particle coordinates of the colloids
were obtained as described before**. Charge on PMMA spheres in
similar solvent mixtures to those used here was previously reported
to result from the presence of water or from the dye incorporated in
the particles**”. However, we found that neither drying and distil-
ling the cycloheptyl bromide, nor the use of undyed particles, had an
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Figure 1 Tunability of interactions. Spheres, radius R = 2.0 um; suspension medium,
cyclohexyl bromide-cis-decalin. a, Fluid at volume fraction ¢ = 0.02, salt concentration
¢ = 40 uM, maximum of first peak in 2D pair correlation function g(r), 8.0 pm.

b, Crystalline (f.c.c.) at ¢ = 0.02 and no salt, interparticle spacing, 11.7 um.

a, b, Confocal micrographs of 2D snapshots 50 wm into the sample bulk. €, ¢ = 0.002
(no salt). A plane 33 pm above the bottom surface is shown: the interparticle spacing
o = 26.7 wm. d, The string interparticle spacing o ¢nain decreases with increasing field,
owing to a balance between anisotropic attraction and charge repulsion. Inset, a 1-MHz
a.c. external field E s = 0.09, 0.14 and O.25thm’1 respectively; field direction, zas
shown) induces the formation of strings. At fields above £ms = 0.35Vum ™", the strings
span the sample so there is 1D periodicity. e, In the x-y plane, however, the suspension
remains fluid-like. Shown is 2D g(r) at zero-field (black circles) and Eypns = 0.35V pm ="
(grey squares). The structure in both cases is liquid-like: however the peaks in the ‘string
fluid” are shifted farther out, and higher due to the in-plane registry caused by the 1D
periodicity.
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effect on the softness of the potential. We found that we could
control the range of the repulsive interactions by adding the salt
tetrabutylammonium chloride.

Hard-sphere suspensions are fluid at low particle volume frac-
tions ¢ but crystallize into a close-packed crystal structure for
¢ > 0.545. A random hexagonal close packing (r.h.c.p.) is observed
experimentally, as opposed to the theoretically predicted face-
centred cubic (f.c.c.) crystal”. When the potential is made soft
(kR smaller), crystallization occurs for smaller ¢. The crystal
structure is then f.c.c. although for a range of kR values, there can
be an intervening body-centred cubic (b.c.c.) phase. The phase
behaviour has been extensively studied”**°, and modelled (and
reproduced, with a renormalized surface charge density*®) by a pure
Yukawa®* or a hard-sphere-plus-Yukawa®” potential. In Fig. la—c, we
demonstrate the fine control of the softness of the interparticle
interaction. Samples in Fig. la and b were prepared at identical
volume fraction ¢ = 0.02. The sample in Fig. la (¢ = 40 pM) was
fluid, while that in Fig. 1b, in a pure suspension without added salt
(corresponding to 1/k =~ 12 pm) was crystalline. The system shown
in Fig. 1¢, also in the pure suspension, was crystalline at ¢ = 0.002.
At ¢ = 260 uM the inter-particle spacing was 6/2R=1.16 = 0.01,

.e
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Figure 2 Influence of softness on the phase behaviour. a, Phase diagram as function of
softness, kR (1/k is the inverse Debye screening length). The grey triangle (b.c.c.) and
squares (f.c.c.) are data for 1-pm spheres in cycloheptyl bromide-cis-decalin; (pure and
at ¢ = 260 wM); the circles are for 2-um spheres in cyclohexyl bromide-cis-decalin,
pure and ¢ = 10-260 wM. Open circles are fluid and closed circles are solid close to
fluid—solid coexistence. Thick grey line is our best estimate of the phase boundary.
b—d, x-y confocal images of: b, hexagonal plane in r.h.c.p crystal; ¢, (100) face of f.c.c.
(Ieft) crystal coexisting with a (111) oriented f.c.c. (right); drawn in white is a grain
boundary. d, (110) face (not a hexagonal plane) of b.c.c. crystal. e, Crystal structures are
quantified by the in-plane pair correlation function g(r) (plotted against r/o where o # 2R
is the mean interparticle spacing) and direct measurement of interplane stacking and
separations. 2D g(r) of b.c.c. (110) face (solid black line is experiment, grey vertical lines
are calculated). Inset, a model of the b.c.c. (110) face. Grey and black circles denote
different planes.
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corresponding to ¢ = 0.42-0.45 at crystallization, which is hard-
sphere-like (Fig. 2b) and close to the system reported in previous
studies*'*. The Debye lengths were estimated from conductivity
measurements, implying a degree of salt dissociation of <1%;
electrophoresis measurements gave an estimate of { = +100mV =
4kg T /e for the surface potential (here kj is Boltzmann’s constant,
T is temperature and e is the charge on the electron). We independ-
ently quantified the softness by the position of the first peak of the
two-dimensional (2D) pair correlation function g(r) as function of
added salt at different values of ¢, close to the fluid—solid phase
boundary (see Methods for details).

The disorder—order phase diagram (Fig. 2a) as a function of kR
and ¢ is illustrated by 2D planes from an r.h.c.p., f.c.c. and b.c.c.
crystal (Fig. 2b, ¢ and d, respectively). Samples with a linear
concentration gradient (see Methods section for details) were
used to map out phase boundaries. We then prepared homogeneous
samples at volume fractions close to the phase boundary for a more
quantitative analysis. A transition from a soft to a hard-sphere
regime was observed (and quantified—see, for example, the analysis
for the b.c.c. crystal in Fig. 2e). At kR = 0.3, we obtained a ‘solid’
with a lattice spacing of =27 pm (Fig. 1c). At kR = 2 we observed a
fluid-to b.c.c.-to-f.c.c. phase sequence with increasing volume
fraction, while at kR = 13 and 26 a hard-sphere-like fluid-to-
r.h.c.p. phase sequence was observed. Figure 1d shows the effect
of the second deviation from hard-sphere-like, namely anisotropy.
The electric field (along z in Fig. 1d, inset) caused the spheres to
chain into strings along z. The average sphere—sphere spacing,
0 chain» 10 the string (obtained from a 2D autocorrelation of each
xz snapshot) decreased (Fig. 1d) with increasing field, saturating
when (0cpain — 2R)/2 =100nm, a distance which is close to our
estimate of the inverse-Debye length in the hard-sphere-like sus-
pensions (1/k = 76 nm). Fig. 1e shows g(r) for a 2D snapshot in a
3D fluid and in a string fluid. Whereas the strings (such as shown in
Fig. 1d inset) had one-dimensional order along z, the 2D plane
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Figure 3 Volume fraction—electric field phase diagram. Data are for 1-p.m spheres in
cycloheptyl bromide-cis-decalin, no salt added. a—e, x-y confocal images of a, body-
centred orthorhombic (b.c.0.) (¢ = 2.187 pm; b = 1.244¢; a = 1.97¢, model in inset),
b, body-centred tetragonal (b.c.t.) (a= b= 2.44pm; ¢ = 2.0 um, a/c = 1.22; ratio
alcfor b.c.t. is theoretically \/3/_2: 1.2247), and ¢, space-filling tetragonal (s.f.t.)
crystal (¢ = 2.0um; a= b; a/c = 1.846, model in inset). d, The phase diagram. Grey
lines indicate approximate phase boundaries, open stars two-phase coexistence, and
open triangles are in the string fluid with a distribution of lengths of string that do not
span the electrodes. The solid squares are all points where xyt or xyz data stacks

were taken. e, Trajectory (time step, 30 s) of strings (ordered along z) diffusing in the x-y
plane.
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perpendicular to z was fluid-like, although with a stronger repulsion
than in a normal fluid: the peak was higher and further from the
origin.

We explored (Fig. 3) the phase diagram of the dipolar soft
(kR = 2) spheres (DP-SS) in the volume fraction—electric field
plane. At low and zero electric fields, we observed a fluid-b.c.c.-
f.c.c. phase sequence (with the b.c.c. phase existing for
0.08 < ¢ < 0.15). The existence of the b.c.c. phase at volume
fractions as high as ¢ = 0.15, although also observed in an X-ray
scattering study of the phase diagram in an aqueous system*” (also at
comparable kR), and even feasible theoretically”’, is not expected
for {/(kgT/e) =4. For 0.08 Vum ™! < E;pg < 0.35Vpum™!, where
E . ms 1s the root-mean-square electric field, strings were observed
with a distribution of string lengths and monotonic-decreasing
sphere separation (Fig. 1d and inset). At E;p = 0.35V pum ™!, with
strings spanning the electrodes (and ochain — 2R)/2 = 100nm), the
‘string-fluid’ was the stable phase for ¢ < 0.15. The long-range
repulsion stabilized individual strings. It appears over the duration
of our experiment (up to several hours) to be an equilibrium phase,
with, as expected, the dynamics of the strings (Fig. 3e) being
significantly slower (diffusion coefficient D =~ 0.45(pm)* min~')
than that of the individual spheres in the corresponding zero-field
fluid phase. This is in sharp contrast with the dipolar hard-sphere
(DP-HS) case, where strings form owing to the dipolar interaction
but zip up’ into sheets within a few milliseconds®. The sheets
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Figure 4 Melting of a b.c.t. crystal into a string fluid is not the reverse of crystallization of
the string fluid. This quasi-2D transition is shown qualitatively in images taken at times
t=10 (@), 10s (b), 50s (¢) and 600 (d). The polycrystalline b.c.t. phase melts into a
tetragonal crystal with larger in-plane lattice spacings: this crystal is metastable for
several seconds. e, The g(r) of two projected planes (which contain all the information in a
unit cell) shows peaks characteristic of the initial four-fold symmetric lattice (grey vertical
lines are calculated positions for a square lattice). Pair correlations at later times fall within
the envelope of that at = 0's provided that the distances are rescaled by a numerical
factor that increases in time until it reaches the value for the peak position in the string
fluid (inset). f, The scaled root-mean-square deviation (RMSD/a) versus time; RMSD/a is
scaled with respect to the in-plane lattice constant (a = b) because the out-of-plane
fluctuations are negligible. Within = 10's (see inset), RMSD/a increases from 0.06 to
0.12, and at long times saturates at 0.14.
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too are short-lived dynamical structures that coarsen into three-
dimensional b.c.t. (a = b= c4/3/2) crystallites. We reproduced this
DP-HS limit in a test sample of 1-pm spheres in cycloheptyl
bromide/cis-decalin at ¢ = 260 uM, where we indeed observed a
direct transition from fluid to (non-space-filling, a = b= cy/3/2)
b.c.t. crystallites with no intervening phase at intermediate fields.

Peculiar to DP-SS is an intermediate field regime with qualitat-
ively different physics, and new crystal structures that arise purely
from the competition of the soft repulsion and the anisotropic
dipolar interaction. At ¢ =~ 0.25 the string fluid crystallized to form
a space-filling tetragonal (s.f.t.) solid phase (Fig. 3c), where (unlike
theb.c.t. phase) the a = blattice vectors are such as to fill space, with
¢ = 2R. Hence we observed, not several crystallites with the solvent
continuum between them, but a single polycrystalline tetragonal
solid. In order to distinguish the two, we use the terms s.f.t. and b.c.t.
although in principle both structures are body-centred tetragonal.
At ¢ > 0.30, we observed (Fig. 3a) a body-centred orthogonal
(b.c.0.) crystal structure ¢ = 2R 7 a # b. Indeed there was a revers-
ible transition from b.c.o. to s.f.t. as the field was increased at
(¢ = 0.21, Epps=0.32Vpm™!). At high electric fields (Eyms =
0.7Vum™"), we observed (Fig. 3b) b.c.t. crystallites with a = b=
c\/3/2, with ¢ = 2R as in the DP-HS case®.

We can understand the physical processes at intermediate fields as
follows. At low fields, charge repulsion dominates, whereas at high
field, the anisotropic dipolar interaction (which is attractive along
the field direction) predominates. At intermediate fields, attractions
dominate along the field direction, while repulsion dominates in the
plane perpendicular to this direction. Even in the DP-HS case, the
attraction of two strings is only favoured when thermal fluctuations
allow string undulations: in the absence of thermal fluctuations, the
string—string interaction would decay exponentially*®. In the DP-SS
case at intermediate fields, charge repulsion in the lateral plane
dominates the weaker fluctuation effects.

Finally, we used the electric field as a surrogate temperature field
to follow the dynamics of melting of a b.c.t. crystal into a string-
fluid phase close to the string-fluid—s.f.t. phase boundary (¢ = 0.1).
On increasing the field, the string fluid crystallized into b.c.t. (a =
b=2R,/3/2). On lowering the field, we saw the sequence shown in
Fig. 4. Figure 4a shows the b.c.t. when the field was reduced from
Erms = 0.53Vpm ™! t0 0.35Vpm ™' At £ = 10s and 25, there was
still crystallinity with four-fold symmetry (as shown in Fig. 4e where
the g(r) is plotted for all the times shown in the images, and
compared with the peaks expected for a perfect square lattice),
which decreased in time. Finally at = 600s, the structure was
almost liquid-like. Note that in Fig. 4e, the distance is rescaled such
that the first peak is unity. This rescaling factor (see inset) was d =
dper = (/3 /2)(2R) for a projection of two consecutive (001) b.c.t.
planes, but increased with time until it saturates at the string-fluid
value. The four-fold symmetric g(r) persisted with this larger
transverse length scale for more than 25s. We also computed a
dynamical order parameter, the average root-mean-square devi-
ation (RMSD/a, scaled with respect to the in-plane lattice constant;
Fig. 4f) of particle positions between two successive images in the
time series. Here, within + = 10s, RMSD/a increased from 0.06 to
0.12, and at long times saturated at 0.14. Thus the b.c.t. phase
melted quickly (+ < 10s), but the equilibrium string-fluid phase
was preceded by a transient s.f.t. structure that persisted for
minutes.

The present system significantly extends the use of colloids as
condensed matter model systems. The system is refractive-index
and density matched, so that bulk measurements in real-space are
possible. In the intermediate-field regime of the phase diagram
where both softness and anisotropy are important, we observed
three colloidal phases composed of repelling strings. Long-ranged
repulsive spheres are being used in new photonic applications®, and
dipolar interactions in electro-rheological fluids. We expect that the
phases we report here, together with the increased control over
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interparticle interactions, that is now possible, will lead to import-
ant extensions of these and other advanced materials. O

Methods

Sample preparation

Special precautions need to be taken when using low-ionic-strength non-aqueous
suspensions. The cyclohexyl bromide (‘CH6B’), cycloheptyl bromide (‘CH7B’) and
cis-decalin (‘CD’) were obtained from Sigma-Aldrich. The cycloheptyl and hexyl bromides
had a yellowish colour (as bought), and were dried first and then vacuum-distilled,
resulting in a colourless liquid. The cis-decalin was used as bought. The solutions of
tetrabutylammonium chloride (‘TBAC’; Sigma-Aldrich) in CH6B or CH7B were prepared
by dilution from a stock solution which was close to the saturation concentration at room
temperature (293 K) and pressure.

Transient charging effects caused by tribo-electricity can have relaxation times of the
order of minutes, so particle suspensions were allowed to stand for hours to be sure they
were in equilibrium. Moreover, we could eliminate static charging effects by using indium
tin oxide/(ITO)-coated electrodes, and shorting and grounding both electrodes to be sure
that the electric field was truly zero. In the experiments reported here, we imaged primarily
at low intensities (the 488 nm line of the Ar/Kr mixed gas laser at <200 uW) to make sure
the self-dissociation of the liquid was not influenced by the light. We used both rectangular
glass capillaries and sandwich ITO glass cells.

Electrical conductivity measurements

We measured the electric conductivity (WTW InoLab Level 1, with LR325/01 conductivity
cell; cell constant 0.100 cm ™) of pure CH6B-CD (and CH7B-CD) and for salt
concentrations ¢ = 10-260 pM. Although the conductivity in the pure solvent mixture at
all particle concentrations was too low (<0.02 pn.S cm ') to measure, we could measure
conductivities with salt added. For these values we may then estimate the ionic strength ¢;
using Walden’s rule (Ay*“'ny"" = Aynq, where A, 79, and Aj*", 73" are the limiting
molar conductivity and solvent viscosity in the solvent of interest and in water,
respectively), ¢; = K /(10° Ay), K being the electrical conductivity, and thereby the Debye
length k™! = 0.0341/&/c;. For example, at salt concentration ¢ = 260 uM (by weighing)
we obtained an ionic strength ¢; = 1.2 pM giving an inverse Debye length of 76 nm. The
degree of salt dissociation is thus ¢;/c = 0.5%.

Electrophoretic mobility measurements

To further quantify the softness, we measured the electrophoretic mobility via
electrophoretic light scattering (Coulter Delsa 440SX) in a density-matched but highly
scattering solvent mixture (CH6B-n-hexane), which exhibits similar charged behaviour:
owing to the low electrical conductivity in the zero-salt solvent mixture, this was done only
at¢; = 0.2 M. In this case we obtained a mobility of 0.37 um cm V™' s ™! which yields (via
the O’Brien and White numerical scheme™) { = 4k T /e, a rather large and positive
surface potential. Given that the inverse Debye length obtained is a lower bound, the ¢
value is a lower bound as well.

Phase boundary determination

Phase boundaries were first mapped out using concentration gradient samples. Such
samples were made by filling half of a 100-um-thick capillary with suspension at large ¢,
then the other half at low ¢, sealing, allowing to equilibrate for several days, and looking
closely at the interfacial region. Another way of accessing concentration gradients very
quickly was to look at the sedimentation profile in imperfectly density-matched
suspensions. The interparticle spacing at the fluid—solid interface gave us a rough but
dependable estimate of ¢. Via confocal microscopy we obtained 2D slices in the sample
bulk, which we used to calculate the 2D pair correlation function g(r) (for example, Figs le
and 2e). The position of the first peak of the pair-correlation function was an independent
determinant of the crystallization volume fraction at the fluid—solid phase boundary, and
therefore an independent quantifier of the interaction softness.
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High-temperature superconductor
bulk magnets that can trap magnetic
fields of over 17 tesla at 29K
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Large-grain high-temperature superconductors of the form
RE-Ba-Cu-O (where RE is a rare-earth element) can trap mag-
netic fields of several tesla at low temperatures, and so can be
used for permanent magnet applications"*. The magnitude of the
trapped field is proportional to the critical current density and
the volume of the superconductor™*. Various potential engineer-
ing applications for such magnets have emerged>"*, and some
have already been commercialized’™'°. However, the range of
applications is limited by poor mechanical stability and low
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thermal conductivity of the bulk superconductors"’; RE-Ba-
Cu-O magnets have been found to fracture during high-field
activation, owing to magnetic pressure'*'®. Here we present a
post-fabrication treatment that improves the mechanical proper-
ties as well as thermal conductivity of a bulk Y-Ba-Cu-O magnet,
thereby increasing its field-trapping capacity. First, resin impreg-
nation and wrapping the materials in carbon fibre improves the
mechanical properties. Second, a small hole drilled into the
centre of the magnet allows impregnation of Bi-Pb-Sn-Cd alloy
into the superconductor and inclusion of an aluminium wire
support, which results in a significant enhancement of thermal
stability and internal mechanical strength. As a result, 17.24 T
could be trapped, without fracturing, in a bulk Y-Ba-Cu-O
sample of 2.65 cm diameter at 29 K.

Bulk RE-Ba-Cu-O superconductors have a complex structure,
consisting of an REBa,Cu;0, matrix in which are distributed small
particles of RE,BaCuOs. REBa,Cu;0, materials undergo the tetra-
gonal to orthorhombic transformation, which causes crystal defor-
mation. During this transformation the crystal takes up oxygen, and
as a result the ¢ axis shrinks, leading to the formation of microcracks
perpendicular to this axis'®. In addition, when the RE-Ba-Cu-O
precursors melt, oxygen gas is released from the crystal; some of this
gas remains in the sample (because of high viscosity), resulting in
the formation of microvoids". These defects are difficult to elim-

Figure 1 Resin-impregnated Y-Ba-Cu-0 with carbon fibre wrapping. a, Cross-sectional
view of a resin-impregnated Y-Ba-Cu-0 (YBCO) disk. Note that resin penetrates
through the surface cracks, and fills cracks and voids inside the sample. b, A photograph
of a YBCO disk wrapped with carbon fibre fabric and resin-impregnated. The stripes of
carbon fibres are clearly visible. The carbon fibre reduced the thermal expansion
coefficient, and further enhanced the mechanical strength of the resin.
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