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Figure 4 The ‘phase diagram’ for the peak effect. Phase coexistence occurs in a large
temperature range below the superconducting transition, as sketched in the plot. The data
points were measured on a different 2H-NbSe, sample (5 x 2 x 0.12 mm), with a static
Hall sensor (see text) positioned ~10 wm above the sample surface. The peak effect is
observed down to B = 20 G; for lower fields, a disordered phase persists presumably in
the entire temperature range below 7.

In a range of a.c. fields of 10—30 mG, the position and width of the
peak do not depend on the a.c. field amplitude. However, the fine
details of the local phase transformation do. Also, on several
occasions, for a small a.c. field amplitude of ~5mG, no peak
effect was observed, suggesting that a supercooled disordered
phase can be stabilized by the local disorder. In the opposite case
of a large a.c. field amplitude of 40 mG, the magnitude of the peak
effect decreases, suggesting that a superheated ordered phase can be
stabilized by the drive.

Additionally, we speculate that the interface is driven by the
change in the circulating shielding current that flows when the field
or temperature is changed. The origin of the shielding current is in
the equilibrium diamagnetism of the superconductor, including a
possible step change in it due to a first-order phase transition'®'’. A
jump in local induction' associated with the first-order phase
transition could potentially create a current density at least an
order of magnitude larger than the shielding a.c. current. The flow
of current is then self-balanced between the two phases, and its
confinement within the sample geometry determines the overall
spatial phase distribution. In a similar fashion to the first-order
melting transition in high-temperature superconductors®, small
variations in the pinning strength across the sample may lead to the
observed complex shape of the phase boundary.

An important implication of our work is that the two-phase
nature of the peak-effect region should be taken into account when
producing a coherent explanation of the numerous experimental
results. In fact, a consideration of redistribution of current in a two-
phase system leads naturally to a simple quantitative model (M.M.
et al., manuscript in preparation) of numerous experimentally
observed transport anomalies. The two-phase nature of the transition
region, as opposed to the commonly considered spatially homo-
geneous character, is crucial for a proper analysis of the structural
data”. Also, our result may be relevant to the explanation of the
“second peak” phenomenon' observed in the high-temperature
superconductors.

The peak effect thus appears to be a rare experimental realization of
a disorder-driven non-thermal phase transformation in a randomly
disordered system. This class of phase transitions is of considerable
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present interest, and we hope our results will lead to further
theoretical and experimental explorations of the subject. Ol
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The slow sedimentation of suspensions of solid particles in a fluid
results in complex phenomena that are poorly understood. For a
low volume fraction (¢) of particles, long-range hydrodynamic
interactions result in surprising spatial correlations' in the velo-
city fluctuations; these are reminiscent of turbulence, even though
the Reynolds number is very low’™. At higher values of ¢, the
behaviour of sedimentation remains unclear; the upward back-
flow of fluid becomes increasingly important, while collisions and
crowding further complicate inter-particle interactions®*. Con-
cepts from equilibrium statistical mechanics could in principle be
used to describe the fluctuations and thereby provide a unified
picture of sedimentation, but one essential ingredient—an effec-
tive temperature that provides a mechanism for thermalization—
is missing. Here we show that the gravitational energy of fluctua-
tions in particle number can act as an effective temperature.
Moreover, we demonstrate that the high-¢& behaviour is in fact
identical to that at low ¢, provided that the suspension viscosity
and sedimentation velocity are scaled appropriately, and that the
effects of particle packing are included.
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We studied the sedimentation of relatively high concentrations
(0.05 = ¢ = 0.50) of nearly monodisperse spherical glass beads of
mean radii a = 50 £ 5 pum dispersed in solutions of water and
glycerol (viscosity, 7 = 20-70 cP) that nearly match the refractive
index of the particles. Thermally induced brownian motion is
negligible compared to gravitational settling, with the Peclet
number being Pe = 107; particle inertia is also negligible, with the
particle Reynolds number being Re = 10~ *. The sample cells were
typically 6 cm wide, 0.3 cm deep and 30 cm high, and were placed in
a stirred water bath at temperature T = 23 £ 1°C. The cell was
illuminated from behind, and images were collected from the
median plane with a CCD (charge-coupled device) camera, using
a depth of field of ~0.5—-1 mm. These images were digitized, and
velocity profiles were calculated using standard particle-image-
velocimetry (PIV) techniques’. This yielded two-dimensional velo-
city maps of 29 X 39 vectors, each of which is the local average of the
velocities of two to four spheres. Initially random dispersions were
prepared by vigorously shaking the cell, and measurements were
started after the sedimentation front had settled about one-fifth of
the cell height, allowing any initial transients to decay. Images were
collected from regions of the cell that were far from both the
sedimentation front at the top, and the concentrated sediment at
the bottom of the cell.

We subtract the mean velocity to focus on velocity fluctuations
6V =V — V(¢)z, where V(¢)z is the average settling velocity due to
gravity; in Fig. 1 we show typical spatial maps of 6V for a sample
with ¢ = 0.30. The magnitudes of the fluctuations are very large, of
the order of the average velocity. Moreover, similar to the behaviour
at much lower @', the velocity fluctuations are clearly strongly
correlated spatially over length scales that are much greater than a.
These spatially correlated patterns evolve over time, as illustrated by
the sequence of 6V maps shown in Fig. 1; it is this complex spatial
and temporal pattern which is reminiscent of turbulence (P. M.
Chaikin, personal communication and ref 3). Several prominent
correlated regions seen in Fig. 1a remain clearly identifiable in Fig.
1b, which is after At = 185, corresponding to an average settling of
~10a; however, after At = 365, corresponding to an average set-
tling of ~20a, the patterns are nearly completely decorrelated, as
shown in Fig. 1¢. By examining many such images, we determine the
root mean square (r.m.s.) magnitude of the velocity fluctuations,
both parallel, AV} and perpendicular, AV, to gravity, and plot
these as a function of ¢ in Fig. 2. The magnitudes of the r.m.s.
fluctuations are comparable to the mean sedimentation velocities,
AV/V(¢) = 1; thus mixing is substantial during settling. More-
over, AV/V(¢) is approximately constant for the volume fractions
used in this work, 0.05 = ¢ = 0.50; by contrast, earlier results' in
very dilute suspensions found a rapid increase for 10 ™* =< ¢ = 0.03.
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The spatial extent of the velocity correlations is quantified by
calculating C,(z) = (6V,(0)6V,(2))/AV}, where z is parallel to
gravity. These correlation functions decay exponentially, as shown
in Fig. 3 inset, providing a measure of the characteristic length scale
of the correlations of the velocity fluctuations, &. We similarly
determine the transverse correlation length in the direction per-
pendicular to gravity, £ | , for motion parallel to gravity (found from
C,(x), where x is perpendicular to gravity). We plot the ¢-depen-
dence of both correlation lengths in Fig. 3; both agree well with
extrapolations of the behaviour measured for very dilute suspen-
sions, (¢ = 0.03)", £, =7a¢ ' and & = 11a¢ ~'?, as shown by
the dashed and dotted lines, respectively. This agreement is surpris-
ing because of the significantly different mechanisms influencing
particle interactions as ¢ increases; whereas hydrodynamic interac-
tions play a crucial role at all ¢, short-range lubrication forces,
solvent back-flow and excluded-volume effects become increasingly
important with increasing ¢.

We also determine the characteristic timescale over which
the velocity fluctuations remain correlated by measuring
their temporal correlation at a fixed spatial location that is sta-
tionary in the frame of the mean sedimentation velocity,
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Figure 2 Normalized velocity fluctuations AV/U ) as a function of ¢. These fluctuations
are in the directions parallel (I; filled squares, this work; triangles, ref. 12; open squares,
ref. 1) and perpendicular (_L; multiplied by 2, crosses, this work) to gravity. The solid and
dashed lines are from equation (2), with C, = 2.6, with and without (S(¢,0) = 1)
excluded volume corrections. Inset: ¢-dependencies of sedimentation velocity, viscosity,
and structure factors used in equation (2).
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Figure 1 PIV velocity fluctuation (8V = V — V/(¢)2) vector maps of a typical sample at
¢ = 0.30. Data are shown at relative times t = 0 (a), At = 18 s (b) and Af = 36 (c).
Blue and red colouring is used to distinguish the up and down directions, respectively. The
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mean sedimentation velocity, V(¢) = 0.028 mms ™", is represented to scale by the
single arrows next to each frame. Each vector represents the local instantaneous velocity
of 2—4 particles.
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C(1) = {8V ,(0)8V (7)YAV?. These correlation functions decay
exponentially, with a characteristic decay time, 74, as shown in
Fig. 4 inset. This decay time increases with increasing ¢, and is
comparable to the transit time for a velocity fluctuation, 7, = £/AV.
Thus, the regions of correlated velocity fluctuations persist long
enough that particles within these regions can traverse the correla-
tion length; similar behaviour was observed using ultrasonic scat-
tering from fluidized beds at high ¢ (ref. 10). This suggests a simple
physical picture: particles are advected within a correlated velocity
fluctuation, travelling a distance of ~£ until the correlations decay
in a time, 74, whereupon the particle becomes entrained in a new
region of correlated fluctuating velocity. This behaviour is analo-
gous to a diffusion process, with the mean free path of the diffusion
determined by £ and the mean free time by 74. To test this analogy,
we compare the diffusion coefficients determined by D(¢) = AV?7,
with the self-diffusion coefficients Dy(¢) measured by tracking
tagged particles'™'’; as shown in Fig. 4, they are in very good
agreement. This establishes a direct relationship between the col-
lective correlations in the velocity fluctuations and the self-diffusion
of individual particles.

A simple energy-balance model can be used to relate the magni-
tude of the velocity fluctuations AV to the correlation lengths &
(refs 1, 6). We assume that the correlations in the velocity fluctua-
tions result from a fluctuation in particle density, of spatial extent £,
corresponding to a fluctuation in particle mass of Am;. We
determine the magnitude of this fluctuation by balancing the
gravitational potential energy gained as this fluctuation moves up
or down relative to the background suspension with the energy lost
to viscous dissipation due to shear. Thus, for a system in steady state
we equate the rate of energy gain, dE,/dt = Am,gAV, with the rate
of energy dissipation, dE,/dt = (67(¢)§AV)AV, where () is the
¢-dependent viscosity of the suspension. This leads to:
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We assume that mass fluctuations arise from random fluctuations
in particle number in a volume of 53, Am; = AN,m,, where
m, = (4n/3)a’Ap is the buoyant mass of a single particle of
volume v, whose density differs from that of the fluid by Ap. The
average number of particles in this volume is (N,) = (£/a)*$, which
is independent of ¢, given the measured scaling of £&. We expect AN
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Figure 3 Correlation lengths, &, as a function of ¢. Filled squares, longitudinal correlation
lengths, &;; open squares, transverse correlation lengths, £ ;. The dashed lines are
extrapolations of the scaling results found at very low ¢ (ref. 1). Inset: longitudinal velocity
correlation functions C42) as a function of z the distance in the direction of gravity. The
dashed line is the theoretical result for an isolated sphere of size a, with no cooperative
effects',
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to scale as (Ng)”z; however, we must also incorporate the effects of
excluded volume as ¢ increases, and thus obtain AN, =
[(N:)S(¢,0)]"*, where S(¢,0) is the static structure factor in the
small wavevector limit". Thus, for the parallel velocity fluctuations,
we obtain

AV Vo 7
= ¢, /3 0 o /3 0 P
V(¢) ¢ V() n(e) (0 @

where C, = |11 = 3.3 and V,, = (2/9)Apga’/n, is the Stokes settling
velocity at infinite dilution in a fluid of viscosity 7.

To compare this prediction with our data, we use the measured"
functional form for the sedimentation velocity, V(¢)/V, =
(1 —¢)°, which is in good agreement with our data. For the
viscosity and structure factor, we use expressions for suspensions
of brownian hard spheres in thermal equilibrium. We obtain the
static structure factor from the isothermal compressibility,
S(¢,0) = (kg T)/vy = [0I1/d¢p] ', where we use the Carnahan—
Starling equation of state for the osmotic pressure”,
I(¢) = (ks T/vp)[(¢ + ¢* + > — ¢*)/(1 — ¢)’]. Since the shear
rates generated by the fluctuations, v = AV/£, are much larger
than the rate of thermal brownian diffusion, Dg/a?
(Pe = y/(Dy/a*) = 10*), we obtain the viscosity from the func-
tional form measured in the high-shear-rate, or high-Peclet-
number, limit, where brownian effects are negligible and config-
urational effects dominate'', n(¢)/n, = (1 — #/0.71) 2. Using
the functional forms in equation (2), an excellent agreement is
obtained with the measured value of the velocity fluctuations as a
function of ¢, as shown by the solid line in Fig. 2. This agreement
is notable especially given the strong ¢-dependencies of V(¢),
n(¢) and S(¢,0), shown in Fig. 2 inset; we note in particular that
the effects of volume exclusion are critically important. We
emphasize that we use the functional forms for a thermal
system to describe an athermal system. However, the main effect
of thermalization is to ensure that the system explores phase
space; although the thermalization mechanism is different for a
sedimenting system as compared to a brownian system, sediment-
ing particles are still thermalized in that they can explore acces-
sible phase space. Thus the effects of volume exclusion at high ¢
are similar in both cases, allowing us to use these expressions.

As a further test of the consequences of the thermalization, we
also calculate the behaviour of the self-diffusion coefficient using
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Figure 4 Normalized diffusion coefficients D(¢) = A V27, from this work and Dy(¢) from
ref. 12. Solid line: D(¢p) = 11.4aV,{ny/[n(¢)1}[S(¢, 0)]"2. Inset: time correlation
functions, C(7), of the velocity vector maps plotted as a function of 7 normalized by the
»-dependent transit time for a velocity fluctuation £/AV. The decorrelation time 74 is
found from fits to C(7) = exp( — 7/7,), shown as solid lines, yielding on average

74 =~ EI2.5AV.
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D(¢) = AV’7,. We approximate the behaviour of the decay time
with 74 = £/2.5AV, and use the measured functional form for £,
and the expression for AV in equation (2), thereby obtaining a
new analytic expression for the diffusion coefficient, D(¢) =
11.4aV {n,/[n()1}[S(¢, 0)]">. We again obtain very good agree-
ment with the data, as shown by the solid line in Fig. 4. This
agreement further validates our use of thermal equilibrium quan-
tities to describe this highly athermal system.

We can obtain insight into the origin of the thermalization of
the sedimenting particles by considering the diffusion coefficient.
We take the approximate relation based on our data, D(¢)=
AVE/2.5, and use equation (1) for the velocity fluctuations, to
obtain

B C,Am gk
-~ 6mn($)é

where C, = 0.4. This expression has the same functional form as the
Stokes—Finstein equation for the diffusion coefficient of therma-
lized particles. This allows us to identify the effective temperature,
kyT = C,Am,g¢, which provides the equivalent of thermal energy
to the system allowing it to explore phase space, and resulting in the
diffusive motion of the particles. But, here it is clearly the gravita-
tional energy of the fluctuation in particle density which drives the
thermalization. We note that it is only the fluctuating part of the
energy, that arising from Am;, which drives the system and causes
the diffusive motion. By contrast, the full buoyant mass of the
particles is much larger, but contributes only to the average settling,
and not to the fluctuations which are the origin of the thermaliza-
tion. The conversion of potential energy into viscous shear energy,
rather than translational kinetic energy, is a consequence of the
vanishingly small Reynolds number; Re is related to the ratio of
kinetic to shear energy.

Finally, we note that the effective temperature can only be defined
for the parallel component of the motion; in the perpendicular
direction, there is no gravitational potential energy. The difference
in the parallel and perpendicular components of the diffusion
coefficients suggest that the effective temperature also exhibits an
asymmetry'’; for the perpendicular temperature it must be the
coupling of the two components of the velocity fluctuations that
causes the thermalization and leads to the diffusive motion. Never-
theless, these results provide a clear measure of the effective
temperature for sedimenting particles, and offer new insight into
the relationship between the diffusive motion of individual particles
and collective correlations of the velocity fluctuations. O
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Pumping of nutrients to ocean surface
waters by the action of propagating
planetary waves
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Primary productivity in the oceans is limited by the lack of
nutrients in surface waters. These nutrients are mostly supplied
from nutrient-rich subsurface waters through upwelling and
vertical mixing', but in the ocean gyres these mechanisms do
not fully account for the observed productivity’. Recently, the
upward pumping of nutrients, through the action of eddies, has
been shown to account for the remainder of the primary produc-
tivity; however, these were regional studies which focused on
mesoscale (100-km-scale) eddies’®. Here we analyse remotely
sensed chlorophyll and sea-surface-height data collected over
two years and show that 1,000-km-scale planetary waves, which
propagate in a westward direction in the oceans, are associated
with about 5 to 20% of the observed variability in chlorophyll
concentration (after low-frequency and large-scale variations are
removed from the data). Enhanced primary production is the
likely explanation for this observation, and if that is the case,
propagating disturbances introduce nutrients to surface waters
on a global scale—similar to the nutrient pumping that occurs
within distinct eddies.

Much of the motion in the open ocean is baroclinic: at the surface,
geostrophic flow balances the pressure gradient caused by a sloping
sea surface. The geostrophic current is typically strongest near the
surface, and decreases with depth. Because the horizontal pressure
gradient must similarly decrease with depth in order to maintain
geostrophic balance, constant-density surfaces must slope in the
opposite direction to the sea surface. As a result, a baroclinic
disturbance that displaces the constant-density surfaces upwards
has a negative sea surface height (SSH) anomaly, which can be
measured by altimeters. These disturbances propagate westward—
as planetary waves or eddies—mostly due to the variation of the
Coriolis parameter with latitude. Westward-propagating first-mode
baroclinic features dominate the propagating components of the
SSH satellite-sensed record from the TOPEX/POSEIDON mis-
sion””. They have also been observed in images of sea surface
temperature from the satellite-borne Advanced Very High Resolu-
tion Radiometer'®"2.

If the displacement of constant-density surfaces by baroclinic
disturbances brought new nutrients into the euphotic zone, the
concentration of phytoplankton chlorophyll would be expected to

597




