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are predicted to carry a substantial chirp and, hence,
to be broadened in the "plateau” region.

27. G. G. Paulus et al., Nature 414, 182 (2001).

28. Note that tiny variations in the peak laser intensity
can make the harmonic structure more or less pro-
nounced as revealed by spectra ¢ and d in Fig. 3.
However, the modulation depth was kept below 25%
in all measurements shown in Fig. 5, resulting in
negligible fractional satellite energy content.

29. It is important to emphasize that this timing stability
may not be valid for arbitrary values of the absolute
phase ¢ of the driver pulse because laser shots char-
acterized by a ¢ considerably deviating from O or w
are expected to deliver only a small contribution to
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energy-shifted spectral features. As a consequence,
the evaluated upper limit on the timing jitter applies
to laser pulses with ¢ ~ 0 or 7 only.

30. This finding is in accordance with our recent mea-
surement (9) resulting in almost zero phase distor-
tion over the 5-eV bandwidth (FWHM) of the sub-
femtosecond harmonic pulse generated under similar
experimental conditions in the same spectral range.

31. The theory used extensively in this work (77) was
developed under the guidance of T. Brabec. The trans-
mission-grating x-ray spectrograph was provided by
T. Wilhein and by G. Schmahl. The computer-con-
trolled data acquisition system was significantly im-
proved by M. Hornung. We had illuminating discus-
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Imaging Quasiparticle
Interference in Bi,Sr,CaCu,Og4_ ;

J. E. Hoffman," K. McElroy," D.-H. Lee,"® K. M Lang,"?
H. Eisaki,>** S. Uchida,® ). C. Davis'®*

Scanning tunneling spectroscopy of the high-T_ superconductor Bi,Sr,CaCu,O, 5
reveals weak, incommensurate, spatial modulations in the tunneling conductance.
Images of these energy-dependent modulations are Fourier analyzed to yield the
dispersion of their wavevectors. Comparison of the dispersions with photoemis-
sion spectroscopy data indicates that quasiparticle interference, due to elastic
scattering between characteristic regions of momentum-space, provides a con-
sistent explanation for the conductance modulations, without appeal to an-
other order parameter. These results refocus attention on quasiparticle scat-
tering processes as potential explanations for other incommensurate phenom-
ena in the cuprates. The momentum-resolved tunneling spectroscopy demon-
strated here also provides a new technique with which to study quasiparticles

in correlated materials.

In an ideal metal, the Landau-quasiparticle
eigenstates are Bloch wavefunctions charac-
terized by wavevector k and energy €. Their
dispersion relation, 8(%), can be measured
with momentum-resolved techniques such as
angle-resolved photoemission spectroscopy
(ARPES). By contrast, real space imaging
techniques, such as scanning tunneling mi-
croscopy (STM), cannot be used to measure
e(7c). This is because the local-density-of-
states LDOS(E) spectrum at a single location
7 is related to the k-space eigenstates s, (f) by

LDOS(E,7) = 2| W) [28(E — ek)) (1)
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and substitution of a Bloch wavefunction into
Eq. 1 shows LDOS(E) to be spatially
uniform.

When sources of disorder such as impuri-
ties or crystal defects are present, elastic scat-
tering mixes eigenstates that have different k
but are located on the same quasiparticle
contour of constant energy (CCE) in i -space.
When scattering mixes states 7(1 and 7(2, an
interference pattern with wavevector g = 7{2
- 7(1 appears in the norm of the quasiparticle
wavefunction and LDOS modulations with
wavelength A = 27/Il appear. These phe-
nomena can be observed by STM as modu-
lations of the differential tunneling conduc-
tance, which are often (imprecisely) referred
to as “Friedel oscillations.” STM studies of
such conductance modulations have allowed
the first direct probes of the quantum inter-
ference of electronic eigenstates in metals
and semiconductors (/-5).

The Bogoliubov-quasiparticles in a Bard-
een-Cooper-Schrieffer superconductor are
also Bloch states but with dispersion

E. (B)== e(k? + A(k)? (2)

where M(})l is the I;-dependent magnitude
of the energy gap at the Fermi surface (CCE
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for e(l‘c) = 0 in the normal state). Elastic
scattering of Bogoliubov-quasiparticles can
also result in conductance modulations. Qua-
siparticle standing waves have been imaged
by STM in the conventional superconductor
Nb (6) and in the CuO chains of YBCO (7).
For the cuprates in general, it has long been
proposed that conductance modulations due
to quasiparticle scattering should occur, and
that both the homogeneous electronic struc-
ture and superconducting gap anisotropy
could be extracted from measurement of their
properties (8).

When LDOS modulations are detected
by STM in a given sample, certain CCE in
l‘c-space can be reconstructed by analyzing
the Fourier transform of the real-space
LDOS(F) image (3, 9, 10). This is poten-
tially a powerful technique because, for any

(m,0)

Fig. 1. (A) A perspective view of the supercon-
ducting energy gap A (green) as a function of
the location along the Fermi surface (black). (B)
Schematic Fermi surface of Bi-2212. Vectors
connecting the eight areas of the Fermi surface
with identical 1Al are shown and labeled by
blue and red arrows depending on the type of
elastic scattering process at £ = |Al that con-
nects them.
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E, it simultaneously yields real-space and
momentum-space information on the wave-
functions, scattering processes, and disper-
sion of the quasiparticles. Application of
this technique to the cuprate high-tempera-
ture superconductors, as proposed in (8),
would allow us to explore important issues

Fig. 2. Four unproc-
essed images of a sin-
gle 650 A field of view
with 1.3 A resolution.
(A) Topography (inset
magnification: X2), (B}
12 meV LDOS, (C) 16
meV LDOS, and (D) 22
meV LDOS. All mea-
surements reported in
this paper were ob-
tained at a junction re-
sistance of 1 gigohm
set at a bias voltage of
—100 mV, so the total
junction conductance is
10 picoSiemens (pS).
All LDOS images were
acquired with a bias
modulation amplitude
of 2 mV root mean
square. From the atom-
ic resolution in {A) one
can see the direction of
the Cu-O bonds and
the incommensurate
supermodulation  of
wavelength ~26 A at
45° to the bonds. The

REPORTS

including (i) the physical processes domi-
nating quasiparticle scattering, (ii) the de-
gree to which the quasiparticles are well
defined and coherent, (iii) quasiparticle
momentum-space structure and dispersion,
and (iv) the relation between the commen-
surate and incommensurate magnetic signa-

LDOS images show checkerboard-like modulations of the LDOS: (B) 45° to the Cu-O bonds at §, ~
0.21(*2mw/a,, £2m/a,); (C) both 45° to and along the Cu-O bonds at g, ~ 0.25(*+2m/a,, *+2w/a,) but
also at g, ~ 0.22(0, =2m/a,) and g, ~ 0.22(*2m/a,, 0); (D) along the Cu-O bonds at §, ~ 0.20(0,

*+2m/a,) and §, ~ 0.20(*2m/a,, 0).

Fig. 3. A series of 12 Fourier transforms of LDOS images measured on a 600 A square FOV at the
energies shown in each panel. The origin and points (1/4, 0) 2m/a, and (0, 1/4) 2m/a, are labeled.
The local maxima in these images represent the dominant g associated with quasiparticle
scattering at each energy E. The scattering wavevectors oriented parallel to (+r, 0) and (0, =)
become shorter as energy rises. In contrast, those oriented parallel to (*r, =) become longer as
energy rises. The harmonics of the supermodulation are sharp features observed at the same
location in all FT(E, §) images. The simultaneously acquired topographic image plus the orientation

of the Fermi surface and A(k) are shown.

www.sciencemag.org SCIENCE VOL 297

16 AUGUST 2002

tures of the cuprates and quasiparticle scat-
tering processes (11-14).

At low temperatures in Bi,Sr,CaCu,0,, ,
(Bi-2212), a k-dependent energy gap
A(%) opens on the Fermi surface and new
quasiparticles appear. Both the Fermi sur-
face location in momentum-space, I;FS, and
its energy gap at these locations, IA(I}FS)I,
have been comprehensively studied by
ARPES (15-21). Figure 1, A and B, shows
representations of I}FS (black) and \A(}FS)I
(green). At the four gap-nodes, quasiparticle
states _exist down to zero energy while, at
other k., a quasiparticle energy £ = A(I}FS)
is required to create the first excitation.

There is much evidence that quasiparticle
scattering is important in Bi-2212. THz spec-
troscopy shows that low-temperature quasi-
particle mean free paths in optimal Bi-2212
are about two orders of magnitude below that
of optimal YBCO (22), indicating that appre-
ciable quasiparticle scattering exists in Bi-
2212. Furthermore, the strong nanoscale
LDOS disorder observed between 25 and 65
meV by STM (23-26) is a potential source of
this scattering.

We apply techniques of high-resolution
LDOS imaging at 4.2 K on crystals grown by
the floating zone method with superconduct-
ing transition temperature (7.) ranging be-
tween underdoped (7, = 78 K) and slightly
overdoped (7, = 85 K). The samples are
cleaved at the BiO plane in cryogenic ultra-
high vacuum and immediately inserted into
the STM head. Atomic resolution is achieved
throughout the studies reported here. On
these surfaces, we acquire maps of the differ-
ential tunneling conductance (G = dI/dV)
measured at all locations (x, y) in the field of
view (FOV). Because LDOS (E = eV) «
G(¥), where V is the sample bias voltage, this
results in a two-dimensional map of the
LDOS at each energy E.

We show in Fig. 2 a topographic image
and three LDOS maps for quasiparticle ener-
gies centered at 12, 16, and 22 meV, all
acquired in the same 650 A FOV with 1.3 A
spatial resolution. Periodic LDOS modula-
tions are evident in all images (although one
also sees remnants of impurity scattering at
low energies and of gap disorder at high
energies). Notably, different spatial patterns
and wavelengths are observed at each energy.

To explore the evolution of these LDOS
modulations with energy, we take the amplitude
of the Fourier transform, FT(E, g), of LDOS
maps measured in a 600 A FOV (Fig. 3). We
also show the simultaneously acquired topo-
graphic image and the relative orientation of the
CuO, reciprocal unit cell and Ak). Although
the regions of g -space displaying LDOS mod-
ulation intensity are changing rapidly and intri-
cately with energy, two important effects can be
discerned. First, local peaks in FT(E, g), whose
g-vectors are oriented toward the (£, 0) and
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(0, *r) directions, appear at finite gl at very
low energy and then move steadily inwards
toward (0, 0) (i.e., Ig| decreases as E increases).
Second, peaks in the FT(E,g), with g-vectors
along the (*ar, *) directions, appear and
move steadily to larger Il with increasing en-
ergy. The same set of phenomena have been
observed for all six samples we have studied in
this manner, but the exact dispersion of these
peaks varies systematically with doping.

In Fig. 4, A and B, we plot the measured
value of FT(E, §) from Fig. 3 versus /g| along
the (w, 0) and (w, ) directions, at several
energies. The locations of the FT(E,§) peaks
are measured by fitting an exponential decay
plus a Lorentzian. The dispersion in this un-
processed data is obvious. In Fig. 4, C and D,
we show the energy dependence of the peaks
in FT(E, ¢) for g-vectors oriented toward the
(m, 0) direction [§,(E)], and toward the (m,
7) direction [gy (E)]. The dispersions of
these two types of conductance modulations
were analyzed in detail for data for three of
the samples. One is underdoped with mean
energy gap value A = 502 meV (red
squares), the second is near optimal with A =
43.7 meV (green circles), and the third is
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slightly overdoped with A = 36.7 meV (blue
triangles). In general, one can see that at fixed
E, the §,(E) become shorter, whereas the
Gg(E) become longer, as the doping is
increased.

Which scattering processes could be respon-
sible for the phenomena in Figs. 2 to 4? In
general, a particular wavevector g can dominate
the quasiparticle interference at energy E, if the
k-pairs on the CCE connected by g have a large
joint density of states (DOS). A full theoretical
treatment of this issue is beyond the scope of
this paper. Instead we introduce a simplified
picture that captures many of the key ele-
ments. Equation 2 shows how, due to the k
dependence of the gap magnitude IA(K), dif-
ferent k. values have a different minimum £
at which quasiparticles may appear. From the
fourfold symmetry, this means that at any
nonzero energy E there are only eight possi-
ble kg values at which |A(kpg)l = E in the
first Brillouin zone. The highest joint-DOS
for quasiparticle scattering at this energy oc-
curs at g-vectors connecting these eight
points (Fig. 1B) (27). One might expect the
interference-induced conductance modula-
tions to occur at some of these g-vectors.
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Fig. 4. The amplitude of FT(E, §) versus |gl along (A) the (m, 0) direction and (B) the (m, 7) direction
are shown for six quasiparticle energies. The data are shifted vertically relative to each other by 0.4
pS for clarity. Each solid black line is a fit to an exponential decay from § = O plus a Lorentzian peak.
An arrow points to the local maximum in 1§ for each energy. The measured g, (£) for (C) the (m,
0) direction and (D) the (, w) direction are plotted for samples of three different dopings. The error
bars shown at the end of the data ranges are representative of the uncertainty in identifying the
location due to the peak width. The shaded gray bands represent the expected dependence g(£)
derived from ARPES using the model described in the text. Note that ARPES measures only the
electron-like portion of the spectrum. The width of the band represents uncertainties in the
published ARPES data. These ARPES data from a T_ = 87 K Bi-2212 sample (77) should be compared
with data from our similarly doped sample (green circles), which are in excellent agreement with

the simplified model.

In this context we consider data from the
(m, 0) direction. We denote the vector that
connects points with the same A but on op-
posite almost parallel Fermi surface segments
as g , (blue arrows in Fig. 1). These wavevec-
tors are parallel to (0, =) or (=, 0) but
have different Ig, | depending on the A at the
points being connected. We estimate the ex-
pected in g, (A) in our model using ARPES
measurements of IA(k)l and locations of %,
(17). The result is shown as gray bands in
Fig. 4C. The ARPES-derived results and our
measured g, (E) are in excellent quantitative
agreement. With increasing doping, the mea-
sured range of g, becomes systematically
shorter (Fig. 4C). This would be expected if
increased hole density expands the hole pock-
et and moves the almost-parallel sections of
the Fermi surface closer together (Fig. 1B).

The (1, 7)-oriented peaks in the FT(E, §)
evolve very differently with energy than
those oriented toward (m, 0). Their dispersion
has opposite sign and is substantially slower.
We consider scattering that connects the
same range of k-states on the Fermi surface as
for the (, 0)-oriented process, but now di-
agonally across the inside of the hole pocket
by the vector §g parallel to (, 7) (Fig. 1, red
arrows). We can again estimate the expected
Igg(A)l using ARPES data (/7). The result is
shown as a gray band in Fig. 4D. The
ARPES-derived results and our measured gy
(E) are in excellent quantitative agreement.
Furthermore, with increasing doping, the
range of §4(A) moves to higher values, again
as expected if increased hole density increas-
es the area of the hole pocket and the distance
between relevant sections of the Fermi sur-
face (Fig. 1B).

These results are relevant to several issues.
First, reported 4a,, periodic LDOS modulations
at £ = 25 meV in Bi-2212 (28) have been
interpreted as stemming from the simultaneous
existence of another electronic ordered-state.
However, one of us (D.-H.L) proposed that
instead, such conductance modulations are qua-
siparticle interference effects (27). The data in
Fig. 2, Bto D, appear to be due primarily to this
latter effect because (i) all modulations have
appreciable dispersion, (ii) the dispersions are
consistent with scattering between the identi-
fied fc—space regions of high joint-DOS, and (iii)
the evolution of the dispersions with doping is
consistent with expected changes in the Fermi
surface. Thus, it appears that quasiparticle
band-structure effects play the primary role and
must be understood before departures from
them can be ascribed to other order parameters.

A second issue is the unknown relation
between the relatively strong “checker-
board” modulations around the vortex core
(29) and the weak modulations in zero-field
discussed here and in (28). The field-in-
duced LDOS “checkerboard” is localized in
a small region around the core, centered on
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E = 7 meV; has a spatial wavelength of
~4.2 * 0.4a,; and is between 10 and 100
times as intense as the modulations near E
= 7 meV (with a different wavevector)
discussed in this study. There is a possibil-
ity that the field-induced “checkerboard”
could be produced by quasiparticle scatter-
ing off the vortex core, or it could be an
indirect signature of a second-order param-
eter stabilized near the core, or it could
‘even be some combination of the two. New
experiments will be required to distinguish
between these cases.

A third issue is the range of coherent qua-
siparticle interference patterns and the impre-
cise location of their scattering centers. The
smallest g-space extent of an FT(E,9) peak in
Fig. 3 is Aq ~ 0.1m/a,. This indicates that the
longest coherence length for any modulation
is £ ~ 80 A. Several phenomena such as gap
disorder [with patch size ~30 A (23-26)], im-
purity resonances (with spacing of ~100 A
visible in Fig. 2B), or oxygen atoms (with
spacing of ~13 A at this nominal doping) may
influence this coherence length. We cannot at
present identify which factors are key.

The fourth, and possibly most important,
point is that quasiparticle scattering between
high joint-DOS regions of k-space has now
received direct experimental support as a
mechanism for incommensurate, dispersive,
spatial modulations of the superconducting
electronic structure. A related process, in
which a quasiparticle is scattered across the
Fermi energy into a quasi-hole and vice ver-
sa, has been theoretically discussed as a po-
tential explanation (//-14) for the incom-
mensurate, dispersive, magnetic phenomena
detected by neutron scattering in the cuprates
(30). Renewed exploration of such a scatter-
ing-related explanation for these phenomena
may therefore be appropriate.
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Direct Evidence for a Marine
Source of C, and C, Alkyl
Nitrates

Adele L. Chuck,* Suzanne M. Turner, Peter S. Liss

Alkyl nitrates are a significant component of the “odd nitrogen” reservoir and
play an important role in regulating tropospheric ozone levels in remote marine
regions. Measurements of methyl and ethyl nitrate in seawater and air samples
along two Atlantic Ocean transects provide the first direct evidence for an
oceanic source of these compounds. Equatorial surface waters were highly
supersaturated (up to 800%) in both species, with the waters in the temperate
regions generally being closer to equilibrium. A simple box model calculation
suggests that the equatorial source could be a major component of the local

atmospheric alkyl nitrate budget.

The oxidizing capacity of the troposphere
reflects the ability of the atmosphere to
cleanse itself of anthropogenic and natural
compounds. It is primarily determined by the
concentration of hydroxyl radicals (OH),
which are formed mainly from the photodis-
sociation of ozone by ultraviolet radiation.
Photolysis of oxidized nitrogen species
(NO, = NO, + NO) is the only known way
of producing ozone in the troposphere (/);
therefore, the photochemical processes oc-
curring in the lower atmosphere are critically
dependent on the level of NO,. NO, is short-
lived and is converted into a range of organic
and inorganic species, such as peroxyacetyl
nitrate (PAN, CH,C(O)OONO,), peroxyni-
tric acid (HOONO,), dinitrogen pentoxide
(N,0,), alkyl nitrate (RONO, ), chlorine ni-
trate (CIONO,), nitric acid (HNO,), nitrous
acid (HNO,), and aerosol nitrate (NO,"). The
collective name for these compounds is “odd
nitrogen” (NO,). The alkyl nitrates (RONO,)
are a significant component of the odd nitro-
gen reservoir (NO,) (2-5) and, along with the
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other chemically labile components of NOy,
play an important role in regulating the levels
of tropospheric ozone in remote marine re-
gions, where the typically low levels of NO,
lead to a close balance between the formation
and destruction of tropospheric ozone.

After the discovery of the light alkyl nitrates
in the atmosphere (6), the source of these com-
pounds was assumed to be exclusively anthro-
pogenic, via primary emissions from combus-
tion and chemical processes and secondary
formation from atmospheric photooxidation of
organic compounds in the presence of NO, (7).
In the remote atmosphere, the concentration of
methyl nitrate (MeONO, ) is expected to be low
because of low concentrations of NO, and a
branching ratio of less than 1% for the forma-
tion of MeONO, from the reaction of alkylper-
oxy radicals with NO (8). However, unexpect-
edly high levels of RONO, in marine air and
observations of a strong positive correlation
between ethyl and propyl nitrate and the marine
biogenically produced halocarbon, bromoform,
in the marine boundary layer over the equatorial
Pacific Ocean led Atlas ef al. to propose an
oceanic source for alkyl nitrates in the atmo-
sphere (9). Subsequent atmospheric sampling
campaigns, mostly conducted over the remote
Pacific Ocean, have provided yet more evi-
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