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High-temperature superconductors

Universal nodal

Fermi velocity

he mechanism that causes high-temp-
Terature superconductivity in copper

oxide materials (cuprates) is still
unknown, more than 15 years after it was
discovered". As the charge carriers (electrons
or holes) are introduced into the parent
antiferromagnetic insulator, a process called
doping, the material evolves from an
insulator to a superconductor, and eventu-
ally to a normal metal. This marked change
of physical properties with doping®” indicates
that doping dependence (non-universality)
might be a general feature of these mat-
erials, but we find that, on the contrary, the
low-energy Fermi velocity of electrons is in
fact universal, even among different super-
conductor families.

We used high-resolution angle-resolved
photoemission, which can directly probe
how electrons move in materials®, to inves-
tigate hole-doped materials at various dop-
ings in five different families of cuprates.
These included (La,_,Sr,)CuO, (LSCO)
and (La,_,_,Nd,Sr,)CuO, (Nd-LSCO),
Bi,Sr,CaCu,0;  (Bi2212),  Bi,Sr,CuQ;
(Bi2201), (Ca,_,Na)CuO,Cl, (Na-CCOC)
and Tl,Ba,CuQq (T12201). The LSCO sys-
tem in particular covers the entire doping
range (0<x<0.3) over which the physical
properties vary from insulator (0<x <0.03)
to superconductors (0.05<x<0.25) to
overdoped non-superconducting metal
(x>0.25). Apart from the Na-CCOC data
taken at the Stanford Synchrotron Radia-
tion Laboratory, all samples were measured

at the Advanced Light Source at Lawrence
Berkeley National Laboratory (experimen-
tal details are presented elsewhere®™?).

Figure 1a shows the energy—-momentum
(dispersion) curves of the LSCO system
with various dopings (0<x<0.3), mea-
sured along the (0,0)—(mr,) direction in
the Brillouin zone in reciprocal space. This
diagonal direction is special in these
superconductors because the anisotropic
superconducting gap™, as well as the
normal-state pseudogap™*®, is zero along
this so-called nodal direction. Figure la
shows that, for all dopings, there is a kink at
an energy of about 70 meV that separates
the dispersion into a high-energy part (that
is, further from the Fermi energy) and a
low- energy part (that is, closer to the Fermi
energy) with different slopes. Whereas the
high-energy dispersion varies with doping,
the dispersion converges within about
50 meV of the Fermi energy, revealing a
behaviour that is independent of doping.
Correspondingly, a decrease is seen in the
electron-scattering rate at an energy of
about 70 meV, as indicated in Fig. 1b for the
LSCO (x=0.063) sample.

The electron velocity can be extracted
quantitatively from the slope in dispersion,
as v=ade/ok. We have obtained the low-
energy velocity (the Fermi velocity) and the
high-energy velocity as a function of doping
for all five families of materials (see sup-
plementary information). The Fermi velocity
is nearly constant for all materials and
dopings within an experimental error of
about 20%. In contrast, the high-energy
velocity varies strongly with doping.

This invariance of nodal Fermi velocity
in cuprates is surprising, given the range
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Figure 1 Electron dynamics in the (La,_,Sr,)Cu0, (LSCO) system. a, Dispersion energy, £, as a function of momentum, , of LSCO with
various dopings (where x is between 0.03 (black circles, right curve) and about 0.30 (red circles, left) measured at a temperature of 20 K
along the (0,0)—(r,) nodal direction. The dispersion is obtained by fitting momentum-distribution curves (MDCs), which represent
the photoelectron intensity as a function of momentum, for a given energy. The arrow indicates the position of the kink that separates the
dispersion into high-energy and low-energy parts with different slopes. £ and kg, Fermi energy and Fermi momentum, respectively.
b, Scattering rate as measured by MDC width (full width at half-maximum) of the LSCO (x= 0.063) sample measured at 20 K. The MDC
width is proportionally related to the scattering rate of electrons. The arrow indicates a decrease at an energy of about 70 meV.
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of variation in many other physical
properties®”. This universal behaviour,
together with the ubiquitous existence of a
kink in the dispersion and a decrease in the
scattering rate, are puzzles that require
answers before the mystery of high-temper-
ature superconductivity can be solved.
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Marine ecology
Spring algal bloom
and larval fish survival

he different factors that influence the
Tprevalent decline in fish stocks are

currently subject to urgent and intense
scrutiny. Here we combine the use of
remote-sensing satellite data with a long-
term data set of haddock recruitment off
the eastern continental shelf of Nova Scotia,
Canada, to show that the survival of the
larval fish depends on the timing of the
local spring bloom of phytoplankton. This
link has been suspected for more than 100
years, but its verification has had to wait
for technology with sufficient spatial and
temporal resolution.

A long-standing hypothesis' contends
that the abundance of fish year-classes is
determined by food availability during
the critical period of larval development.
Variations in food supply between different
years, probably determined by differences
between the timing of the spring bloom
of phytoplankton and the timing of fish
spawning®™, were thought to account for
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later variations in the abundance of adults
(the Hjort—Cushing hypothesis).

It has not been feasible to test this possi-
bility at the appropriate scales of time and
space by using oceanographic research ves-
sels. Nor was it previously possible to define
objective criteria by which an ocean’s pelagic
ecosystem could be characterized on these
scales® before the advent of remote-sensing
by satellite of ocean colour, which reveals
synoptic fields of phytoplankton biomass
at a resolution of about 1 km. Seasonal
evolution of phytoplankton fields can be
followed with a temporal resolution of
7 days by the construction of composite
images. The spring bloom can therefore be
characterized with respect to its peak ampli-
tude, timing of peak, timing of initiation
and duration.

We focus here on the timing of the
bloom peak. A time series showing how
this varies between years provides one
element for testing the Hjort—Cushing
hypothesis. For the other, we need to know
how fish stocks varied in the same locality
in the same years. From 1970 to the present,
haddock (Melanogrammus aeglefinus) off
the eastern Nova Scotian shelf have been
surveyed annually after metamorphosis of
the larvae; juveniles (0-2 years old) and
adults were captured routinely in the survey.
Juvenile abundance, normalized to spawn-
ing biomass or total egg production,
provides an index of survival and can
ultimately reveal the size of the incoming
year-class.

For each of the 5,604 pixels (1.5x1.5
km each) in the area where eggs and larvae
are distributed (Fig. 1a), we determined the
timing of the bloom peak in each year.
The ocean-colour data cover the periods
1979-81 (CZCS sensor) and 1997-2001
(POLDER sensor for 1997 and SeaWiFsS for
1998-2001). Before pooling the two data
sets, we expressed each set as a vector of
differences from the mean of the set, as a
precaution against secular changes between
the two data sets. We then tested the null
hypothesis that variations in larval survival
between years were independent of fluctua-
tions in the timing of the spring phyto-
plankton bloom. We could account for
89% of the variance in larval survival by
variation in the timing of the spring bloom
(Fig. 1b). Our analysis is not compromised
by differences between sensors or by
any systematic error in the chlorophyll-
retrieval algorithms for any particular
sensor, as we quantified only the timing
of events.

Although our ocean-colour time series
is short, the data indicate a link between
bloom progression and larval survival.
The data include two exceptional haddock
year-classes (1981 and 1999; Fig. 1b) in the
32-year series covered by the groundfish
survey; in both of these years, the spring
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Figure 1 Interannual variations in ecosystem properties on the
continental shelf to the east of southern Nova Scotia, Canada.
a, Maps showing deviations in the timing of the spring phyto-
plankton bloom peak for two representative years; area containing
haddock eggs and larvae is outlined in white. Colour-scale bar
shows difference in bloom timing (in weeks) from the mean timing
for the series (local anomalies): red, early; blue, late. In the central
white region there is no deviation from the long-term average.
b, Relationship between survival index (normalized for recruitment)
and local anomalies in bloom timing averaged over the white-
boxed area for the indicated years for the pooled data. Survival
index is given by year-class size at age 1 year (R) divided by the
spawning-stock biomass (SSB); data from ref. 7. ¢, Time course of
larval production and development of the spring algal bloom. Blue,
number of haddock larvae; yellow, biomass of phytoplankton. At
times when these overlap (green), larvae have enough food and
more will survive; however, larvae in the blue zone risk starvation.
An early bloom increases the green area and hence the number of
well-fed larvae. These larvae also suffer less predation because of
their faster growth and by being hidden in water made turbid by the
bloom. SeaWiFs data for research provided by courtesy of NASA.

blooms occurred unusually early. Some of
the haddock population may therefore have
begun to spawn early in the year, even
though spawning peaked later. The advan-
tage of an early bloom for a fish species with
an extended spawning period might be that
fewer of the total larvae produced perish
from lack of food (Fig. 1c).

The mean and variance in spawning
time presumably respond to environmental
pressures in the broadest sense (including
predation by humans). Although zoo-
plankton dominate the diet of larval
haddock, there is evidence that phyto-
plankton are also included®. Moreover, the
Hjort—Cushing hypothesis refers explicitly
to phytoplankton, rather than to zooplank-
ton. Although an early spring phyto-
plankton bloom may not be sufficient to
ensure high survival in the same year, it
could be a necessary condition.

Our application of remotely sensed
ocean-colour data has produced direct
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evidence for a putative trophic link that will
be an important factor in future analyses
of dwindling fish stocks, underlining the
need to maintain a continuous, internally
consistent stream of such data.
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