LETTERS TO NATURE

FIG. 3 Carbonate compositions in ALH84001. Left, 6,736
semi-quantitative analyses form two individual carbonate
regions in ALH84001. Note that pixel size and carbonate
grain size are nearly identical, so that many individual
analyses represent compositions on the border of two
grains. Right, 700 °C ternary phase diagram**. Quantitative
analyses are shown as white circles, dark-shaded area
shows compositions seen on the left.
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hydrous phases, suggest that impact-driven metasomatism may be
an important source of carbonate mineral production on Mars.
Martian carbonates, rather than being deposited by an actively
circulating, long-lived water-rich system, may instead have been
produced during isolated, short-term cycling of CO, within the
ancient, impact-fractured crust. Over time this process may have
globally redistributed carbonates throughout the shallow crust of
Mars, possibly disguising carbonate deposits produced during
collapse of an early CO,-rich atmosphere. O
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It is well known that BCS mean-field theory is remarkably
successful in describing conventional superconductors. A central
concept of BCS theory is the energy gap in the electronic excita-
tion spectrum below the superconducting transition temperature,
T.. The gap also serves as the order parameter: quite generally,
long-range phase coherence and a non-zero gap go hand-in-
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hand'. But in underdoped high-T, superconductors there is
considerable evidence that a pseudogap (a suppression of spec-
tral weight) is already formed in the normal state above T,.—first,
from studies of the spin excitation spectrum>**, which measure a
‘spin gap’, and later from a variety of other probes®’. Here we
present a study of underdoped Bi,Sr,CaCu,Oy_ ; (Bi2212) using
angle-resolved photoemission spectroscopy (ARPES), which
directly measures the momentum-resolved electron excitation
spectrum of the CuQ, planes. We find that a pseudogap with
d-wave symmetry opens up in the normal state below a tempera-
ture T° > T, and develops into the d-wave superconducting gap
once phase coherence is established below T.

In ARPES, photons incident upon a sample cause electrons to
be ejected, whose energies and momenta are measured. From this
one obtains the electronic excitation spectrum of the sample. Our
experiments were carried out at the Synchrotron Radiation
Center, Wisconsin, following procedures described previously'',
with 19- or 22-eV photons at an energy resolution of 22-27 meV
(full-width at half-maximum, FWHM) and an angular window of
+1°. Sample underdoping was achieved by adjusting the oxygen
partial pressure during annealing of the float-zone grown crystals.
These crystals have sharp X-ray diffraction rocking curves with
structural coherence lengths of 1,250 A, similar to the near
optimally doped samples studied earlier. This high degree of
order apparently also helps in maintaining the structural stability
of the sample in an ultra-high vacuum of < 4 x 107" torr under
constant-temperature cycling, even up to 300 K, without measur-
able sample degradation. All samples show a very flat surface after
cleaving, which is essential for determining the intrinsic momen-
tum (k) dependence of the gap.
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We have studied several samples ranging from overdoped to
underdoped, where optimal doping corresponds toa 7, 0f 92 K. In
this Letter we will focus on a moderately underdoped sample with
a T, of 83K (transition width 2K), and a heavily underdoped
sample with a T, of 10K (width >5K), and contrast these results
with a near-optimal (slightly overdoped) 87 K sample (width 1 K).
We will simply label the samples by their onset Ts.

It is important to separate the effects of changes in carrier
concentration from those due to disorder. Because the super-
conducting gap for near-optimal Bi2212 is consistent with a d-
wave order parameter'>, for which disorder leads to T, reduc-
tion, we must ensure that the samples we call underdoped have
reduced T, due to lower doping, and not due to increased disorder.
In Fig. 1 we compare the spectra for the near-optimal (87 K) and
underdoped samples with an irradiated sample, whose T, has been
brought down to 79 K by intentionally disordering an 87 K mate-
rial by high-energy electron irradiation. We see that the 83K
underdoped sample has a much broader normal-state spectrum
that the irradiated sample with a similar 7, (Fig. 1a), and the 10K
sample has an even broader spectrum. Given the considerable
evidence linking ARPES linewidths with electron—electron inter-
actions™'®, this suggests that underdoped systems are more
strongly correlated.

In fact, the spectra of the underdoped sample are so broad that
it is difficult to define a spectral peak above T.. It is therefore
significant to note in Fig. 1b that for T <« T, the line shape
sharpens up and a well defined peak is seen for the 83K sample
(at those k-points at which there is a sizeable superconducting
gap). From Fig. 1b it is clear that all samples in the superconduct-
ing state have very similar low-temperature lineshapes, even
though their lineshapes differ significantly in the normal state.
We note that the 10K sample is still in the normal state at
T = 14K, and therefore the linewidth sharpening' is associated
with superconductivity, rather than with the temperature. Because
underdoped samples have broad line shapes which are difficult to
fit by any simple spectral function', we use the shift of the
midpoint of the leading edge of a spectrum from the zero of the
binding energy (that is, the Fermi energy) as an estimate of the
gap. We expect, based on our earlier studies™, that this estimate is
qualitatively correct for both the magnitude and the k-depen-
dence of the gap.

0.1 0 0.1 0
Binding energy (eV)

FIG. 1 ARPES spectra at the (r,0)—(r,n) Fermi surface crossing point for
four samples (labelled by T.): near-optimal (87 K, red trace), underdoped
(83K and 10K, blue trace and black trace, respectively), and irradiated
(79K, green trace), at T =90K (a), and T = 14K (b). Note that all
superconducting-state spectra are similar, while the normal-state spectra
differ significantly. A comparison of linewidths between the underdoped
83K and irradiated 79 K samples suggests that disorder is not the main
cause of linewidth broadening.
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FIG. 2 Spectra (solid lines) for underdoped samples at the (r,0)—(r,n)
Fermi surface crossing, along with reference Pt spectra (broken lines) at
different temperatures. a, Spectra (22-eV photons) of the 83 K sample. At
14K there is a gap in the superconducting state, which persists into the
normal state in the 90 K spectrum, eventually closing at T* = 170K. b,
Spectra (19-eV photons) of the 10 K sample. Note a pseudogap at the
(n,0)—(n,%) Fermi surface crossing exists in the normal state from 14 to
301 K. For both a and b we also plot the spectrum at the (r,0)—(=,7) Fermi
surface crossing at 14 K, showing a vanishing gap.

Spectra for the 83 K sample at three different temperatures are
shown in Fig. 2a together with spectra (broken lines) from a
polycrystalline Pt foil in electrical contact with the sample. The Pt
leading-edge midpoint determines the Fermi energy. At the
M = (n,0) to Y = (=, n) Fermi surface crossing, we find that the
leading edge of Bi2212 is pushed to positive binding energies
relative to Pt at 14 K indicating a large superconducting gap. This
gap does not fully close above T, as seen in the 90 K data, and we
will call this a ‘pseudogap’. We use this term because the line-
widths above T are so broad that there is non-zero spectral weight
at the Fermi energy, so that a true gap does not exist. Similar
results have also been recently reported in refs 17 and 18. The
pseudogap persists up to 170 K, which we identify as 7*, where no
visible shift is seen between the Bi2212 and Pt leading edges and
the pseudogap vanishes. We contrast this behaviour to that along
the (n, 7) direction, where no gap is seen even well below T..

Above T* = 170K, the Fermi surface of the 83K sample is
recovered, by which we mean that we can experimentally map out
a closed contour of gapless excitations in k-space. Below T* if one
makes a sequence of cuts in k-space normal to the Fermi surface,
then those points where the gap is smallest along a cut define the
minimum gap locus. For the 83K sample, this locus is found to
coincide with the Fermi surface measured above T*, and is a large
hole-like barrel enclosing the (m,n) point. Preliminary results
indicate a slight reduction in the enclosed area relative to optimal
doping; details will be presented in a future publication.

In Fig. 2b we show similar results for the 10K sample. Again, a
large pseudogap in the normal state is seen along MY and no gap
along I'Y (r = (0, 0)). For this sample, though, the large pseudo-
gap does not close even at 301 K, the highest temperature at which
we did measurements. Thus 7* > 301 K at this doping level. As a
gapless Fermi surface is not recovered even at 301 K, we use the
minimum gap locus (defined above) to infer the shape and size of
the Fermi surface which would presumably be recovered above
T*. The minimum gap locus for the 10K sample is a large barrel,
as in the optimal and lightly-underdoped cases. Preliminary
results indicate that its volume is smaller for the 10K sample
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FIG. 3 Momentum- and temperature-dependence of the gap estimated
from leading-edge shift (see text). a, k-dependence of the gap in the 87 K
T, 83K T, and 10K T, samples, measured at 14 K. The inset shows the
Brillouin zone with a large Fermi surface (FS) closing the (r,7) point, with the
occupied region shaded. Note the striking similarity in both the magnitude
and the k-dependence of the gap in the three samples with widely differing
T.s. b, Temperature dependence of the maximum gap in a near-optimal
87 K sample (circles), underdoped 83K (squares) and 10K (triangles)
samples. Note smooth evolution of the ‘gap’ from superconducting to
normal state for the 83 K sample.

than the 83 K sample, as expected. Note that the existence of a
large Fermi surface closed about (7, 7) would contradict several
theories of lightly doped Mott insulators which predict small hole
pockets centred above (n/2,7/2).

In Fig. 3a we plot the angular variation of the leading-edge
shifts measured from the Fermi energy at 7 = 14K along the
Fermi surface (FS). For the sake of comparison between samples,
we vertically offset the shifts in Fig. 3a so that the shift at 45° is
zero. (The offset is —3 meV for the 83 K sample and +2meV for
the 10K sample.) We have seen similar sample-to-sample varia-
tions of the offsets for optimal-doped samples with the same T, so
we do not regard these offsets as significant. Note the large error
bars on the results for 10K sample, as this has a rather broad
spectrum at 14 K which makes it difficult to accurately determine
the midpoint of its leading edge. To address the pseudogap
anisotropy for the 10K sample, we have measured its angular
dependence on the locus of minimum gap just as we did for the
83 K sample.

Remarkably, both the magnitude and the k-dependence of the
gap are similar for the three samples, and independent of carrier
concentration, as seen from Fig. 3a, even though T, and 7™ change
appreciably. The doping-independence of the pseudogap mag-
nitude has also been suggested in ref. 19. We note that the
observed shift in the 87 K sample corresponds to a superconduct-
ing gap with a maximum value of 33meV as determined by a
spectral function analysis of the data'"'*, The k-dependence of the
gap in all the samples is very similar to that of the near-optimal
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87K material, which has been studied in detail by our group'*"
and found to be consistent with a d-wave |cosk, — cosk,| gap, as
suggested in earlier ARPES studies'”.

We emphasize that, as far as ARPES is concerned, there is no
difference between the gap seen above and below T, except in one
respect which we discuss below. This is clearly seen for the 83K
sample in Fig. 3b, where we plot the temperature dependence of
the leading-edge shifts, without any offsets, at the M = (=, 0) to
Y = (n, n) Fermisurface crossing for various samples. (Fig. 3a and
Fig. 3b were obtained from different data sets, and therefore show
slightly different values of the maximum gap). For the 83 K sample
there is no signature of the phase transition at 7, in the magnitude
of the gap, which eventually vanishes at 7* = 170 K. In contrast,
in the near-optimal 87K sample 7* (at which the gap closes) is
close to T.. As for the 10 K sample, a pseudogap regime exists over
the entire range of temperatures studied. The one difference
between the spectra in the superconducting and the pseudogap
states is in their linewidths. Above T, the linewidth is very broad,
and spectral weight is present at the Fermi energy even though the
leading edge is shifted due to the pseudogap. In contrast, well
below T, the linewidth is resolution-limited, and a clear gap is
observed, with very small spectral weight at the Fermi energy due
to thermally excited quasi-particles.

These observations are remarkable and, to our knowledge, such
effects have not been seen before in ordinary bulk superconduc-
tors. Part of our initial motivation was the prediction®* in related
model systems that the pseudogap is a normal-state precursor of
the superconducting gap above T, where there is a pairing
amplitude without phase coherence”. At present, however,
there is no quantitative theory to explain our observations of the
evolution of the planar Fermi surface, T*, T, and the gap as
functions of the carrier concentration.

We summarize our results in the form of a phase diagram for
Bi2212 in Fig. 4. At present, this is schematic, as we do not know
the precise carrier concentrations for our samples, except for
optimal doping, which corresponds approximately to 0.17 holes
per Cu (ref. 16). (For hole concentrations in polycrystalline
samples, see ref. 23.) The filled symbols denote the superconduct-
ing T, determined by our susceptibility measurements. The full
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FIG. 4 Schematic phase diagram of Bi2212 as a function of doping. The
filled symbols are the measured T_s for the superconducting phase transi-
tion from magnetic susceptibiity. The open symbols are the T* at which the
pseudogap closes; forthe T, = 10 K sample, the symbol at 301 Kis a lower
bound on T* (thus the hatching). The region between T* and T, is an unusual
‘normal’ state with a pseudogap in the electronic excitation spectrum.
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line (which is a guide to the eye) through these points represents a
phase boundary between the superconducting (SC) and ‘normal’
phases. The latter exhibits a pseudogap in its electronic excitation
spectrum, which closes only at 7*. The experimental points for 7*
are denoted by open symbols, and the dashed line through these
points denotes a crossover line above which a Fermi surface of
gapless excitations is recovered. We find that 7* increases with
underdoping, consistent with earlier results®', and 301 K repre-
sents only a lower bound on the T* for our T, = 10K sample, in
which T, is lower by a factor of at least 30 relative to 7*. Given
their same k-dependence above and below T, and smooth evolu-
tion through T, our results suggest that the normal-state pseudo-
gap is closely related to the superconducting gap below 7. [
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THE interest in carbon nanotubes has been greatly stimulated by
theoretical predictions that their electronic properties are
strongly modulated by small structural variations'®. In par-
ticular, the diameter and the helicity of carbon atoms in the
nanotube shell are believed to determine whether the nanotube is
metallic or a semiconductor. Because of the enormous technical
challenge of making measurements on individual nanotubes,
however, experimental studies have been limited mainly to bulk
measurements’, which indicate only that a fraction of the nano-
tubes are metallic or narrow-band semiconductors'’. Recently,
measurements of the magneto-conductance of a single multi-shell

54

FIG. 1 A single nanotube connected to four 80-nm wide tungsten wires and
imaged by FIB.

nanotube in a two-probe configuration showed that the transport
is characterized by disorder and localization phenomena''. To
avoid possible ambiguities due to poor sample contacts, four-
probe measurements are needed. Here we report four-probe
measurements on single nanotubes made by lithographic
deposition of tungsten leads across the tubes. We find that each
multi-shell nanotube has unique conductivity properties. Both
metallic and non-metallic behaviour are observed, as well as
abrupt jumps in conductivity as the temperature is varied. The
differences between the electrical properties of different nano-
tubes are far greater than expected. Our results suggest that
differences in geometry play a profound part in determining the
electronic behaviour.

The carbon nanotubes were prepared by the carbon-arc
method'? which yields nanotubes with the highest degree of
structural integrity and then further annealed at 3,120K for
15 min under argon. This high-temperature treatment eliminates
many defects as seen by electron spin resonance spectroscopy'’.
The nanotubes were spread on an oxidized silicon surface between
gold pads. Using a Micrion focused-ion-beam (FIB) System 9100
(30keV Ga ions, 10 nm nominal spot diameter), the surface was
visualized using a low beam current (4 pA) in search of a nanotube
with the right length (~2-4um). The total dose during this
imaging was 2 x 10' ions per cm* (that is, two ions per 100 A?).
Once found, four 80-nm-wide tungsten leads were patterned on
the nanotube by ion-induced deposition of tungsten from a
W(CO)j carrier gas. The patterning is performed under computer
control without further visualizing the sample. All the samples
were prepared with exactly the same procedure and doses. An
example of the resulting connections is shown in Fig. 1. These
small leads were then connected to four surrounding gold pads.
The distance between the contacts on the nanotube is in all cases
between 0.3 and 1.0 um. It was verified that with such spacings the
resistance between the leads (without the nanotube) was larger
than the limit of our measurement, 10 GQ2. The diameter of each
nanotube was measured with a Nanoscope III atomic force
microscope. The four-probe resistances were measured in d.c.
using a Keithley 220 current supply and either a Keithley 196
multimeter or a Keithley 617 electrometer, depending on the
sample resistances. The applied voltage was held below 1V at all
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