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primary particle spectrum averaged over a typical 
solar cycle. The production rate of 59Ni was calculat- 
ed by integration over the energy of the product of 
neutron fluxes, computed by LCS, and neutron-cap- 
ture cross sections weighted by target nuclei concen- 
tration. Statistical uncertainties of 2 t o  3% are asso- 
ciated wi th the numbers of particles simulated; over- 
all uncertainties of -15% allow for the uncertainties 
of the cross sections and primary GCR flux. The 
calculations depend weakly on radius in this size 
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Atomic-Scale Quasi-Particle 
Scattering Resonances in 

E. W. Hudson,' S. H. Pan,'* A. K. Cupta,' K.-W. Ng,' J. C. Davis'? 

Low-temperature scanning tunneling spectroscopy of the high transition tem- 
perature (high-T,) cuprate Bi2Sr2CaCu208+, reveals the existence of large 
numbers of identical regions with diameters of about 3 nanometers that have 
a relatively high density of low-energy quasi-particle states. Their spatial and 
spectroscopic characteristics are consistent with theories of strong quasi-par- 
ticle scattering from atomic-scale impurities in a d-wave superconductor. These 
characteristics include breaking of local particle-hole symmetry, a diameter 
near twice the superconducting coherence length, and an inverse square de- 
pendence of their local density-of-states on distance from the scattering center. 
In addition to the validation of d-wave quasi-particle scattering theories, these 
observations identify a source for the anomalously high levels of low-energy 
quasi-particles in Bi2Sr2CaCu208+, at low temperatures. 

Impurity atoms and atomic-scale defects, even 
in very small concentrations, can strongly influ- 
ence the properties o f  materials. This is o f  great 
practical significance in semiconductor technol- 
ogy, for example, where the conductivity of  
pme semiconductors can be increased many 
orders o f  magnitude by doping with a few parts 
per million o f  specific imp~uities. Another ex- 
ample is the doping o f  small numbers o f  Ti 
atoms into sapphire to create the optical condi- 
tions necessary for high-power, tunable lasers. 

Impurities also play a critical role in su- 
perconductivity. Conventional superconduc- 
tors, such as Nb and Pb, are highly sensitive 
to the presence o f  magnetic impurity atoms 
( I ) ,  which suppress the critical temperature 
by breaking Cooper pairs through spin-flip 
scattering (2).  Nonmagnetic impurities, on 
the other hand: have little effect on conven- 
tional superconductors. In the high-Tc super- 
conductors, however, doping even with non- 
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magnetic impurities can cause dramatic e f -  
fects. In fact, it is hole doping in the form o f  
additional oxygen atoms that tuins the cu- 
prate oxides from antifel~omagnetic insula- 
tors into high-Tc superconductors. However, 
impurity doping with Zn or Ni is knolrril to 
reduce the critical temperature, modify the 
energy gap, increase the residual resistivity, 
and alter the vortex phase diagram (3-5). 

Despite many important effects o f  impu- 
rity atoms on the macroscopic properties o f  
high-Tc superconductors ( 6 )  and despite nu- 
merous proposals for scaniling h~nileling mi- 
croscopy (STIVI) study o f  impurity quasi-par- 
ticle scattering in these systems (7 - l l ) ,  no 
direct observation and systematic study o f  the 
effects o f  quasi-particle scattering at the atomic 
scale have been reported. Theory indicates that 
quasi-particle scattering at impurities can re- 
veal information about the symmetry o f  the 
order parameter, the momentum dependence 
o f  the energy gap, and the microscopic mech- 
anism o f  suverconductivitv 18. 12). Several , ~ 

studies predict that impurity atoms create 
quasi-particle scattering resonances that have 
characteristic signatures both in the spatial 
shape o f  the quasi-particle cloud near the 
scattering center and in their tunneling spec- 

mail: jcdavis@socrates.berkeley.edu trum (7-12). Furthermore, it has also been 
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predicted that the low-energy quasi-particle 
states generated by quasi-particle scattering 
may be crucial to understanding well-known 
but unexplained low-temperature anomalies 
in the transport properties (13-1 7). 

Impurity scattering in a conventional super- 
conductor has been investigated by Yazdani et 
al. (18). These workers used STM to study 
quasi-particle scattering from both magnetic 
and nonmagnetic adatoms that were deposited 
on the surface of a Nb crystal. For nonmagnetic 
atoms, no effect was observed in the local 
density of states near the impurity, whereas for 
magnetic impurities (Mn and Gd), a character- 
istic quasi-particle scattering spectrum was ob- 
served. Tunneling spectroscopy over a single 
oxygen vacancy site in the CuO-chain plane of 
YB%Cu,O, has also been reported by de 
Lozanne and co-workers (19). 

We report direct observation and systematic 
study of atomic-scale quasi-particle scattering 
in single-crystal Bi2Sr2CaC~0,+, (BSCCO). 
For these studies, we used a high-resolution 
STM (20) operated at 4.2 K. The utility of the 
STh4 lies in its ability to simultaneously mea- 
sure, with atomic resolution, both the surface 
topography and the local density of states 
(LDOS) of a material. This ability is derived 
from the exponential dependence of the tunnel- 
ing current I on the tiplsample separation, and 
the proportionality of the differential wnduc- 
tance G = dYdV (where V is the sample bias 
voltage) to the LDOS of the sample at the tip 
location (21). Because the wheren~e length of 
the high-T, superconductors is only a few nano- 
meters, a high spatial resolution STh4 is a ne- 
cessity when attempting to identify the location 
and geometry of scattering sites and study their 
atomic-scale effects on the quasi-particle den- 
sity of states. 

The STM tips used in these studies, either 
PtIr or W, were cleaned and sharpened in cryo- 
genic ultrahigh vacuum at 4.2 K by field emis- 
sion against an Au target (22). The samples, 

BSCCO single crystals grown by the direction- 
al solidification method (23) and measured to 
have a Tc of 87 K with a transition width of 5 K, 
were cleaved at 4.2 K and immediately inserted 
into the STM head. A high-resolution topo- 
graphic scan was taken to determine the wndi- 
tion of the crystal surface (Fig. 1). Although we 
occasionally observed terraces of different 
atomic layers (24), BSCCO most often cleaves 
to reveal a single BiO layer with only the Bi 
atoms apparent in STM topography (25). The 
atoms are observed to be displaced from their 
ideal orthorhombic lattice sites, forming a well- 
known supermodulation with wave vector 
along the b-axis (26). A sinusoidal pattern, 
which appears to be due to missing atoms in the 
surface (25), was observed at each crest of the 
modulation. 

Following atomic resolution imaging of a 
larger area, we mapped the differential conduc- 
tance at zero bias on the same area. Such a map 
is a measure of the LDOS of low-energy quasi- 
particles and, in a superconductor at tempera- 
tures far below Tc, is expected to show a uni- 
form very low differential conductance. In the 
color scale used here, this would appear uni- 
formly dark. In contrast to this expectation, a 
typical zero-bias conductance map in BSCCO 
(Fig. 2) revealed a large number of localized 
bright features which have a relatively high 
LDOS near the Fermi energy E,. These features 
are of similar size and shape, with a diameter 
d = 3.1 ? 0.2 nm, and appear to be randomly 
distributed (although they are clustered at some 
locations). Approximately 150 of these features 
are observed in this 130-nm field of view. The 
same average density of these features was 
observed in multiple samples. For reasons to be 
outlined below, we attribute these LDOS fea- 
tures to quasi-particle scattering from atomic- 
scale defects or impurities, resulting in a reso- 
nance of the virtual impurity-bound states (8). 
We refer to these features as quasi-particle scat- 
tering resonances (QPSRs). 

Fig. 2. A 130-nm square zero- 
bias conductance map. The 
QPSRs appear as bright regions 
-3 nm in diameter, owing to 
their higher zero-bias conduc- 
tance. The color scale, in terms of 
percentage of normal state con- 
ductance, is shown at left. This 
entire area is resolved with atomic 
resolution in topography. Because 
reproduction techniques do not 
have enough dynami; range to si- 
multaneously show atomic resolu- 
tion and -100-nm-scale field of 
view, we only show as an example 
(Fig. 1) the area marked by a white 
frame. For the differential conduc- 
tance map, we set a 1-gigohm 
iunction resistance (100 DA. -100 

Fig. 1. Typical constant current topograph (15- ; n ~ )  and measured the' conduc- 
nm square), showing both atomic resolution tance with a lock-in technique 
and the supermodulation. Imaged at T = 4.2 K, (Amodubtion = 500 kVr,, f = 
I = 100 PA, V ,,,,, = -100 mV. 447.3 Hz). 

Because of its fundamental importance as 
an atomic-scale probe of the superconducting 
order parameter, many workers have studied 
theoretically the effects of quasi-particle scat- 
tering from atomic-scale impurities or defects 
in a d-wave superconductor. Predictions for 
the characteristics of a QPSR at an atomic- 
scale scatterer in a d-wave superconductor 
include the LDOS spectrum as a function of 
impurity scattering strength (8, lo), the de- 
pendence of the LDOS on distance from the 
scattering center (6, 8-10), the size of a 
QPSR in terms of the superconducting coher- 
ence length, and the spatial shape of the 
LDOS near a QPSR (6-8, 12, 15). 

For comparison with these predictions, we 
carried out a series of spectroscopic measure- 
ments on a number of QPSRs. We note that 
when QPSRs are close together, the tunneling 
spectra are observed to be quite complicated, 
as has been predicted (6). In an attempt to 
identify their representative properties, we 
selected for further study several QPSRs that 
have no others within at least 8 nm. A typical 
tunneling spectrum measured at the center of 
such a QPSR (Fig. 3A, solid line) is com- 
pared with that taken on a "good" (exhibiting 
no impurity scattering) superconducting area 
of the crystal (dashed line). Aside from the 
slight suppression of the coherent quasi-par- 
ticle peaks at the edge of the superconducting 
gap, the most significant difference between 
these two curves is a peak in the tunneling 
conductance spectrum at energies near the 
Fermi level. Investigation of large numbers 
of QPSRs show that this peak occurs at vary- 
ing energies a,, but always just below E, 
and its magnitude increases with increasing 
I no 1, as has been predicted (8). On average, 
the spectrum of a QPSR in the crystals stud- 
ied has R, = - 1.3 + 0.4 meV, with a width 
(full width at half maximum) of 4 meV and 
an amplitude of 20 to 30% of the normal state 
conductance. 
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A number of theoretical studies have pre- 
dicted the breaking of pai-ticle-hole symmetly 
as a property of quasi-paiticle scattering from 
a strong scattering center in a (J-wave super- 
conductor (8-12). For example, Salltola, Bal- 
atsky, and Scalapino (8) (SBS) recently pro- 
posed a model of quasi-particle scattering 
from a center described by a 8-function po- 
tential: C'(i-) = C'S(i.). With a T-matrix for- 
mulation. they find that the virtual bound- 
state resonance will occur at an energy given 
by 

n,, = A , ( ~ C ~ ~ ~ I ~ C ~ I  - (1 

where 1, is the superconducting energy gap 
magnitude. and C i s  the scattering strength in 
units of the inverse of the density of states at 
the Felmi energy I V ~ .  

Analysis of our obsen.ations in telms of this 
model indicates that the scattering potential is 

-200 -100 0 100 200 

Sample bias (mV) 

-1 0 5 0 5 '0 

Sample bias (mV) 

Fig. 3. (A) Tunneling conductance versus sam- 
ple bias taken at two different locations on the 
BSCCO crystal. The dashed line is taken on a 
"good" superconducting region, where QPSRs 
are absent. The solid line is a typical spectrum 
taken at the center of a QPSR, exhibiting a 
low-energy resonance peak (indicated by the 
arrow). (0) The average of high-resolution spec- 
tra taken at the centers of six different QPSRs 
(solid circles). A typical "good" region spectrum 
has been subtracted to  clarify the scattering 
contribution. The solid line is a guide to  the eye. 
The theoretically predicted spectrum calculated 
using the SBS model, including the effects of 
thermal broadening in the tip spectrum at 4.2 K 
and the finite zero-bias density of states back- 
ground, is shown as a dashed line. 

attractive (U < 0), as the resonances are ob- 
s e i ~ e d  below the Fenni level. The high-resolu- 
tion tunneling cond~lctance spectrum of a 
QPSR (Fig. 3B) is obtained by averaging the 
spectra of six well-isolated QPSRs and sub- 
tracting a typical conductance spectmm of a 
"good" area in order to extract only the contii- 
bution from the scattering resonance. 

Using the value no = - 1.3 meV (from 
our data, solid circles in Fig. 3B) and 1, = 32 
~ n e V  (271, we can invert Eq. 1 to give C' = 
-3.6 AT'. By substituting these values into 
the SBS model. the predicted LDOS of a 
QPSR can be obtained. From this LDOS and 
the thermally broadened LDOS of the nor- 
mal-state tip. we then derive an expected 
tunnelnlg conducance spectrum of the QPSR 
(Fig. 3B, dashed llne) and find ~t to be in 
reasonable agreement with the measured 
QPSR conductance spectmm. 

The QPSRs also have a veiy similar physical 
extent to that predicted (7, a), with observed 
diameters near 3 nm. Theoly indicates a diam- 
eter of about hvo coherence lengths 5,. and in 
BSCCO, 5, is measured to be 1.5 nln (28). 
Furthermore, the dependence of the LDOS of a 
QPSR on distance r from its center can be 
analyzed by plotting the tunneling conductance 
G as a function of I. on a log-log scale (Fig. 4). 
To extract thls data. we first averaged the LDOS 
maps of five different. well-isolated. QPSRs 
which were scanned xvit11 high spatial resolu- 
tion, and then averaged the result over azimuthal 
angles. A linear fit to the data (shown as a solid 
line); beginning at a distance of 5, from the 
QPSR center, gives a slope of - 1.97 2 0.07. 
This result is in excellent agreement with pre- 
dictions (6> 8) that G(r) J 1.1r2 for I. > 5,. 

I 
Distance from scattering center (nm) 

Fig. 4. Differential conductance G at V = -1 
mV versus distance r from the center of a 
QPSR. The data (circles) are extracted from the 
average of normalized high-resolution conduc- 
tance maps of five different isolated QPSRs. To 
calculate G(r), an average is then taken over 
azimuthal angles. The solid line is a linear fit, 
starting at to = 1.5 nm from the QPSR center, 
and gives a slope of -1.97 f 0.07, which is in 
excellent agreement with the predicted power 
law of l l r  2.  The f i t  is extended as a dashed line 
t o  r values below 5, as a guide to  the eye. 

In addition to theoretical predictions of 
the tunneling spectrum. physical extent, and 
G(r) of the QPSRs, which are all in good 
agreement with our observations, a fourfold 
cross shape for the QPSR has also been pre- 
dicted by several authors (6-8). This shape is 
expected because quasi-particles can escape 
from the scattering site along the directions of 
the four nodes in a dX:+ gap. However, it has 
not been evident in our measurements. There 
are several possible explanations for its ab- 
sence. First. the cross shape may not. in fact. 
exist in BSCCO because of strong coupling 
(1.7). Secondly, the QPSRs may not be sepa- 
rated by a large enough distance for this xvealt 
phenomenon to be obvious (6).  Finally, the 
signal-to-noise ratio of our measurement may 
be insufficient in the regions distant from the 
center of a QPSR where the star shape might 
be observed. 

Identification of the scattering centers caus- 
ing the QPSRs will require further study. Pos- 
sible candidates include: ciystal defects, ele- 
mental impurities, and oxygen iilhomogeneities. 
When the position of the QPSRs is analyzed for 
a coi~elation with the siin~~ltaneously acquired 
high-resolution topographic data. no strong cor- 
relation is found. Elemental impurities might be 
present in these crystals, but microprobe analy- 
sis of these samples sho\vs that the concentra- 
tion of impurities is below 0.05% by weight 
(which is the sensitivity limit of this technique) 
for I\/Ig, Xi, Fe, Al. and Co. However. this does 
not mle out the possibility of elemental impuri- 
ties, as the observed QPSR concentration is 
below this limit. We note that the absence of any 
effects on the QPSRs from magnetic fields up to 
7.25 T supports the view that their source is 
nonmagnetic. Since oxygen inhomogeneity is 
universal in high-Tc materials. the third possibil- 
ity is intriguing. At present, we are unable to 
differentiate between these situations, but future 
expeliments, with systematic oxygen concentra- 
tion studies or deliberate doping of known im- 
purities, should allo\v relation of the spectra to 
the identity of the scatterers. 

Independent of the identification of the scat- 
tering centers. the observation of these QPSRs 
is significant in itself. because it validates sev- 
eral theories of the effects of scattering at the 
atomic scale in d-\\rave supercond~~ctors. In ad- 
dition. it also yields a new understanding of 
other propelties of BSCCO. Theories have long 
been proposed that inlpulity scattering-induced 
states might lead to a number of different trans- 
port properties (6, 13-1 6). Experimentally. 
both thernlal conductivity (29) and high-fre- 
quency electrical conductivity (30, 31) mea- 
surements at lo\\, temperatures have provided 
evidence of excess low-energy quasi-particle 
states. This excess can be understood by con- 
sidering the observed spatial extension of the 
QPSRs. At an arbinaly point in the clystal. the 
sum of the 1.11.' tails from all nearby QPSRs 
contributes to a finite low-energy density of 
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states. This can be seen, for exainple, as a fin~te 
zero-b~as cond~lctance 111 tunneling spectrosco- 
py, and may be responsible for the excess qua- 
si-particles identified in bulk measurements. 

The above data give direct evidence of a 
strong source of loxv-energy quasi-particle ex- 
citations in BSCCO even at low temperahllres. 
The obsel~ed QPSR characteristics, including 
breaking of particle-hole symmetry. diameter of 
25,, and LDOS decay as 111.'. are all consistent 
\vith strong quasi-particle scattering from atom- 
ic-scale scatterers in a d-wave (but not s-wave) 
s~~perconductor. Finally, this experiment dem- 
onstrates the possibility of using a single atom- 
ic-scale scatterer as a probe of high-Tc super- 
conductivity. This technique might eventually 
be used, with specific elemental inlpurities de- 
liberately doped illto different atomic planes, to 
help unlock the secrets of the mechanism of 
high-Tc superconductivity. 

Xote otlded in pi-oo$ Since the subn~ission 
of this manuscript, the authors have become 
aware of a recent study on atomic-scale im- 
purities (32) .  
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High H, Uptake by Alkali-Doped 
Carbon Nanotubes Under 

Ambient Pressure and Moderate 
Temperatures 

P. Chen, X. Wu, J. Lin,* K. L. Tan 

Lithium- or potassium-doped carbon nanotubes can absorb -20 or -14 weight 
percent of hydrogen at moderate (200" to  400°C) or room temperatures, 
respectively, under ambient pressure. These values are greater than those of 
metal hydride and cryoadsorption systems. The hydrogen stored in the lithium- 
or potassium-doped carbon nanotubes can be released at higher temperatures, 
and the sorption-desorption cycle can be repeated with little decrease in the 
sorption capacity. The high hydrogen-uptake capacity of these systems may be 
derived from the special open-edged, layered structure of the carbon nanotubes 
made from methane, as well as the catalytic effect of alkali metals. 

Hydrogen lias been recognized as an ideal en- 
ergy calrier, but to make it truly useful. end- 
user H, storage must be improved. In particular. 
high storage capacity is desirable when H, is 
used as the energy carrier in high-energy den- 
sity rechargeable batteries and in H,iO, fuel 
cells. For these applications, metal hydridation 
is the existing method above room telnperahlres 
and below 20 to 40 atm of pressure, but these 
materials are heavy and expensive (1, 2).  
Cryoadsolption, in which activated carbon is 
often used as a sorbent, shows its advantages in 
the nloderate size and weight of carbon, but 
suffers fi-om the severe conditions (liquid nitro- 
gen tenlperatures and 20 atill of pressure) re- 
quired to hold the physically adsorbed H2 (3 ,  
4) .  In any case, the H, uptake by these systems 
is less than 6 weight % (Table l), far lower than 
that of gasoline or diesel ( 17.3 weight %). More 
recently, carbon. nanoh~bes were reported to be 
a more effective Inaterial for H, uptake. Dollin 
et (11. found that single wall carbon nanoh~be 
(SiINT) soots could absorb about 5 to 10 
weight % of H, at 133 K and 300 t o l ~  ( 5 ) .  
Chambers et 01. observed that at 120 atrn and 
room temperature, graphite llallofibers with 
heningbone structure could store 67 a-eight % 
of H, (6). Ye et nl. used high-purity SNWT and 
obtained 8.25 weight % of H, adsorption at 80 
K and 100 atnl (7).  All the above H,-uptake 
systems require high pressure or subambient 
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temperatures, or both. Here we introduce a H, 
storage system that uses alkali metal-doped 
carbon nanoh~bes (CNTs) as sorbents and op- 
erates at ambient pressure and moderate tem- 
peratures. The H, uptake can achieve 20 weight 
% for Li-doped CNT at 653 K, or 14 weight % 
for K-doped CNT at room temnperahlre. These 
values correspond to - 160 (for Li-doped CNT) 
or 112 kg of H,!m3 (for K-doped CNT). respec- 
tively, and are comparable to those of gasoline 
and diesel. 

The CNTs used in this study were made 
from catalytic decon~position of CH, (8). Af- 
ter purification, almost all of the catalyst 
particles were removed. More than 90% of 
the product was in the folnl of nlultiwalled 
CNTs, and 70% was ia the diameter range of 
25 to 35 nm. The structure of a CNT is 
for~lled by the piling up of graphene sheets in 
the shape of circular cones with a hollow 
center. The doping of Li and K to the CNT 
was carried out by solid-state reactions be- 
tn7een CNT and Li- or K-containing com- 
pounds, such as carbonates or nitrates. For 
comparisoa, Li- and K-doped graphite were 
prepared by the same procedures. The graph- 
ite sanlple was obtained fro111 Merck with an 
average diameter of 50 y n ~ .  The specific 
surface area of CNT and graphite is 130 and 
8.6 m2/g. respectively. The Li!C and KlC 
ratio of these alkali-doped carbon nlaterials 
was about 1/15 as nleasured by x-ray photo- 
electron spectroscopy. The density of Li- 
doped carbon materials was -0.9 g/cm3 for 
CNT and -2.0 g/cm3 for graphite. Hydrogen 
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