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185 cm ™!, and its presence in the molecular beam
could also explain the pronounced intensity of the
central peak in the experimental spectrum. Ion
mobility measurements, however, excluded the
presence of major amounts of additional isomers
for cationic and anionic Au;. For experimental
modes that were not present in the calculated spec-
trum of hexagonal Iso2—for example, at 165 cm ™'
and 201 cm'—the mass-spectrometric intensity
of Au;Kr went down to below 30% of its original
value when irradiated by FELIX, which set the
upper limit for the abundance of other isomers.
Therefore, although a minor contribution of Iso2
could not be ruled out, the capped triangle could be
assigned as the dominant structural isomer of neu-
tral Auy present in our experiment.

On comparison with the experimentally de-
termined structures of the corresponding ionic spe-
cies, we found that Au; is a cluster size, which
changes its geometries for each charge state. Al-
though the cation is highly symmetric and corre-
sponds to the Dy, structure Iso2 (/2), the anion
forms a threefold edge-capped square (/7). We
found this structure to be a saddle point in our
calculations for neutral Auy that relaxes into Isol.
The geometrical change as a function of cluster
charge corresponds to a lessening of the average
coordination as the electron density increases. Al-
though the gold atoms in the cation have on aver-
age 3.43 nearest neighbors, this value decreases to
3.14 and 2.85 for the neutral and the anion, respec-
tively. With additional electrons, the clusters favor
more open structures.

Having shown that the experimental spectrum, in
combination with theory, can be used to identify the
geometry of the Auy cluster, we moved on to bigger
sizes. Photoelectron spectroscopy and quantum-
mechanical calculations have shown that anionic
Auyg is a pyramid and has 7; symmetry (/4). This
structure has also been suggested to be the global
minimum for neutral Auy, (/4). The FIR-MPD
spectrum we measured of the AuygKr complex
(Fig. 2A) was very simple, with a dominant absorp-
tion at 148 cm ™", which already pointed to a highly
symmetric structure. The calculated spectrum of
tetrahedral Auyy was in agreement with the ex-
periment (Fig. 2C, and see fig. S4 for the IR spectra
of less stable isomers). In the FIR-MPD spectrum
of Au,oKr,, weaker features occurred at low fre-
quencies and were well reproduced by theory
when the Kr ligands are included in the calcu-
lations (fig. S1). The strong absorption at 148 cm '
corresponds to a triply degenerate vibration (z,) in
bare Auy, with 7, symmetry.

Theory predicts a truncated trigonal pyramid to
be the minimum energy structure for neutral Au,o
(27), for which the removal of a corner atom of the
Auy tetrahedron reduces the symmetry from 7, to
C;,. As adirect consequence, the degeneracy of the
1, vibration of Auyy is lifted, and this mode splits
into a doubly degenerate vibration (e) and a non-
degenerate vibration (a;) in Auyo. This splitting was
observed in the vibrational spectrum of neutral
Auyg (Fig. 2). The e vibration lies at 149 cm ™' and
is hardly shifted as compared with the #, mode of
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Auy. The a; vibration is blue-shifted by 18 cm ™'
relative to the #, vibration in Au,,. The truncated
pyramidal structure of Au;o can thus be inferred
directly from the IR spectrum. We also found the
C, structure of Au;g to be a minimum in our calcu-
lations, and the calculated vibrational spectrum fits
the experimental one in terms of peak positions and
relative intensities (Fig. 2D, and see fig. S5 for IR
spectra of less-stable isomers). Again, the modifi-
cations in peak intensities induced by the Kr ligands
agree well between theory and experiment (fig. S2).

We have shown that detailed structural infor-
mation on small neutral gold nanoparticles can be
obtained by means of vibrational spectroscopy.
FIR-MPD is the only size-selective experimental
technique available to date that allows for the
structure determination of neutral metal clusters in
the gas phase. It can be used to study the transition
of 2D structures to 3D structures for neutral gold
clusters as well as to study, for instance, ligand-
induced geometrical modifications that are highly
relevant in catalysis. With improved sensitivity for
heavier masses, it will be possible to extend these
measurements to larger clusters. Although spectral
congestion may prohibit detailed analysis of non-
symmetric structures, we can expect symmetric and
near-symmetric structures to remain identifiable, as
they do for Au,g and Auy. For instance, it should be
possible to answer questions such as, is neutral Auss
icosahedral, or does it have a low-symmetry struc-
ture such as has been indicated for the anion (28)?
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Colossal lonic Conductivity at Interfaces of
Epitaxial Zr0,Y,03/SrTi0; Heterostructures

]. Garcia-Barriocanal,® A. Rivera-Calzada,* M. Varela,? Z. Sefrioui,* E. Iborra,® C. Leon,*

S. J. Pennycook,? ]. Santamaria’*

The search for electrolyte materials with high oxygen conductivities is a key step toward reducing the
operation temperature of fuel cells, which is currently above 700°C. We report a high lateral ionic
conductivity, showing up to eight orders of magnitude enhancement near room temperature, in
yttria-stabilized zirconia (YSZ)/strontium titanate epitaxial heterostructures. The enhancement of the
conductivity is observed, along with a YSZ layer thickness—independent conductance, showing that it is an
interface process. We propose that the atomic reconstruction at the interface between highly dissimilar
structures (such as fluorite and perovskite) provides both a large number of carriers and a high-mobility
plane, yielding colossal values of the ionic conductivity.

as a promising nonpolluting technology

S olid oxide fuel cells (SOFCs) have emerged
for the short-to-medium—term substitution

of fossil fuels (/—4). The conversion efficiency
of chemical into electrical energy is limited by
the transport of oxygen anions through an elec-
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trolyte material. So far, yttria-stabilized zirconia
(Y203)(Z105);_ (YSZ) is the material mostly
used in SOFCs because of its mechanical sta-
bility, chemical compatibility with electrodes, and
high oxygen ionic conductivity. It is well known
that doping ZrO, with Y,0O; stabilizes the cubic
fluorite structure of ZrO, at room temperature and
supplies the oxygen vacancies responsible for
the ionic conduction, resulting in high values
of the oxygen conductivity at high temperatures
(5-7). A maximum value of 0.1 S/cm (where 1 S=
1 A/V) at 1000°C is observed for the 8 to 9 mole
percent (mol %) yttria content (2—4). A severe
drawback toward the final implementation of
SOFCs is the relatively low room temperature
ionic conductivity of this material, which imposes
rather high operational temperatures around 800°C
(1—4). The search for alternative electrolytes has
not yet been successful in reaching the conduc-
tivity value of 0.01 S/cm desired for room tem-
perature operation (/—4).

Only modest reductions in the operation
temperature of SOFCs (500° to 700°C) can be
anticipated with the recently proposed optimized
electrolytes such as gadolinia-doped ceria and
lanthanum gallates (§—17). On the other hand, the
one to two orders of magnitude increase of the
electrical conductivity reported (/2—/4) in nano-
crystalline samples as compared with single crys-
tals outlines the importance of processing as an
alternative route to increasing conductivity values
toward the desired levels. Because modern thin
film growth techniques allow a precise control of
layer thickness and morphology, they provide a
pathway for the production of solid electrolytes
with optimized properties. Maier et al. found a
substantial increase of the dc ionic conductivity
of superlattices of CaF, and BaF, when the
thickness of the individual layers was decreased
down to 16 nm, assigned to a size effect due to
the space charge regions being smaller than the
layer thickness (75, 16). Kosacki et al. have
reported enhanced conductivity in highly tex-
tured thin films of YSZ with thicknesses between
60 and 15 nm, reaching 0.6 S/cm at 800°C (17).
Because reducing film thickness (and therefore
increasing the fraction of material near the in-
terface) produces such a noticeable conductivity
enhancement, the interfaces themselves would
seem to play a determining role in the outstand-
ing conductivity properties observed.

To search for interface effects, we fabricated
heterostructures where YSZ layers (with 8 mol %
nominal yttria content) in the thickness range from
62 nm down to 1 nm were sandwiched between
two 10-nm-thick layers of insulating SrTiO5 (STO).
Also, superlattices were grown, alternating 10-nm-

1Grupo de Fisica de Materiales Complejos, Universidad
Complutense de Madrid, Madrid 28040, Spain. Materials
Science and Technology Division, Oak Ridge National
Laboratory, Oak Ridge, TN 37831, USA. >Escuela Técnica
Superior de Ingenieros de Telecomunicaciones, Universi-
dad Politécnica de Madrid, Madrid 28040, Spain.

*To whom correspondence should be addressed. E-mail:
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thick STO films with YSZ layers with thickness
between 62 and 1 nm (/8). Figure 1A displays a
low-magnification (inset) and a high-resolution
annular dark field (or Z-contrast) image of a
[YSZ1n/STO10nmlo superlattice (with nine
repeats), showing the excellent crystalline quality
of the sample. The layers appear continuous and
flat over long lateral distances (a few microns).
The interfaces between the STO and the YSZ
are seen to be atomically flat. From the high-
magnification image it is possible to count the
number of unit cells of STO and YSZ, nomi-
nally 25 of STO and 2 of YSZ. Most impor-
tantly, the YSZ is perfectly coherent with the
STO, in agreement with x-ray diffraction (XRD)
results (fig. S1), meaning that the ultrathin layer
of YSZ grows rotated by 45° around the ¢ axis
and strains to match the STO lattice. Because the
bulk lattice constants of STO and YSZ are

100 nm

Intensity (arbitrary units)

REPORTS

0.3905 (79) and 0.514 nm (20), respectively, the
epitaxial growth of the YSZ on top of the STO
ensures a large, expansive strain in the thin YSZ
layers of 7% in the ab plane. Increasing the thick-
ness of YSZ (for constant STO thickness) results
in a loss of structural coherence, as reflected by a
reduction of superlattice satellites in XRD. Elec-
tron microscopy observations confirm that the
release of strain results in a granular morphology,
although the growth remains textured.

We plotted the lateral electrical conductivity
(real part ¢”) of the thinnest YSZ trilayer versus
frequency in a double logarithmic plot (Fig. 2).
The characteristic electrical response of ionic con-
ductors (27-23) is observed in the figure. The long
range or G4 ionic conductivity of the material is
obtained from the plateau found in ¢’ versus
frequency plots. In the presence of blocking effects
due to grain boundaries or electrodes, a further
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Fig. 1. (A) Z-contrast scanning transmission electron microscopy (STEM) image of the STO/YSZ interface of
the [YSZ1,m/STO10nmls Superlattice (with nine repeats), obtained in the VG Microscopes HB603U
microscope. A yellow arrow marks the position of the YSZ layer. (Inset) Low-magnification image obtained
in the VG Microscopes HB501UX column. In both cases a white arrow indicates the growth direction. (B) EEL
spectra showing the O K edge obtained from the STO unit cell at the interface plane (red circles) and 4.5 nm
into the STO layer (black squares). (Inset) Ti L, 3 edges for the same positions, same color code. All spectra
are the result of averaging four individual spectra at these positions, with an acquisition time of 3 s each.
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492, 511, and 531 K. Whereas the

high-frequency contribution is a Debye-like process characterized by a conductivity exponent n = 0, the
“grain boundary” term observed in the Nyquist plots shows a clear deviation from a Debye behavior, as

reflected by the distorted impedance arcs.
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decrease of o’ (below bulk 64, values) may occur
toward lower frequencies. For clarity, the value of
G4 has been identified by using stars. The o4
value is found to be thermally activated, so when
the temperature is reduced the conductivity curves
shift downwards in Fig. 2. The inset in Fig. 2
displays Nyquist plots for the same sample. To
determine the nature of the charge carriers, we
measured the conductance of the samples by
means of dc measurements. As can be observed in
fig. S2, the dc conductance (open circles) is three
to four orders of magnitude lower than the values
obtained from ac measurements (solid squares) in
the entire temperature measurement range. This
result indicates that the electronic contribution to
the ac measurements can be considered negligi-
ble, and thus, the measured ac transport is
attributable to an ionic diffusion process.

In Fig. 3, the temperature dependence of the
Ogc of [STOIOnm/YSZan/STOIOnm] trilayers is
shown together with data corresponding to a single
crystal and the 700-nm thin film from (7). Whereas
the “bulklike” samples (the thin film and the single
crystal) show the well-known Arrhenius behavior
with an activation energy of ~1.1 eV, the trilayers
show much larger conductivity values and smaller
values of the activation energy. The thickest trilayer
(62-nm YSZ) already shows an increase of about
two orders of magnitude in the high-temperature dc
conductivity, and the dc activation energy decreases
to 0.72 eV. When decreasing the thickness of the
YSZ layer to 30 nm, the dc conductivity increases
another three orders of magnitude, and the activa-
tion energy decreases to 0.6 eV. The high values of
the pre-exponential factor of ~10” (ohm-cm) ' are
comparable to those found in other ion conductors
(24) [see supporting online material (SOM) text]. If
the thickness is further reduced all the way down
to 1 nm (two unit cells of YSZ), the conductivity
is observed to increase as the inverse of the YSZ
layer thickness, but the conductance is essentially
thickness-independent (bottom inset in Fig. 3).
We can think of three parallel conduction paths
due to the interfaces and the bulk YSZ and STO
layers. The bulk conductivity of YSZ is 1077 S/cm
at 500 K, which would yield a conductance value
of ~10" 'S for 1-nm-thick layers. This value is
much lower than the 107 S value measured with
the ac technique. If we instead assume that the high
conductance (G = 10°° S) is due to electronic
conduction in the STO, both ac and dc techniques
would provide this same value, contrary to what is
observed (fig. S2). Moreover, reported conductivity
values in STO thin films (25) are also much lower
than those necessary to explain the high conduct-
ance observed. Because bulk YSZ or STO contri-
butions can be ruled out, an interface conduction
mechanism is inferred.

To further test this scenario, we grew super-
lattices repeating the [YSZ,,/STO10nm] growth
unit. We found (top inset in Fig. 3) that con-
ductance scales now with the number of interfaces
up to a number of eight (four bilayer repetitions).
There is a scaling breakdown in the figure, ob-
served for a larger number of bilayer repetitions,
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most likely resulting from disorder building up in
this highly strained structure. The experimental
data indicates that the first STO/YSZ interface
does not contribute to the large ionic conductivity
observed in the samples, probably because the first
STO layer is somehow different from the others as
it is grown directly on the substrate. This scaling,
together with the invariance of the conductance
with the thickness of the YSZ, shows that the large
conductivity values in these heterostructures orig-

Fig. 3. Dependence of the logarithm of the
long-range ionic conductivity of the trilayers
STO/YSZ/STO versus inverse temperature. The
thickness range of the YSZ layer is 1 to 62 nm.
Also included are the data of a single crystal
(sc) of YSZ and a thin film (tf) 700 nm thick
[taken from (7)] with the same nominal
composition. (Top inset) 400 K conductance
of [YSZ1,m/STO10nmlnirz) superlattices as a
function of the number of interfaces, n;.
(Bottom inset) Dependence of the conduct-
ance of [STO10nm/YSZxnm/STO10nm] trilayers at
500 K on YSZ layer thickness. Error bars are
according to a 1 nS uncertainty of the con-
ductance measurement.
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inate truly at the interfaces between YSZ and STO.
Our results indicate a superposition of two parallel
contributions—one due to the bulk and one at-
tributable to the interface—and the colossal ionic
conductivity is observed as long as the interface
conductance is larger than that of the bulk. The
abrupt conductivity decrease when the thickness
changes from 30 to 62 nm is most likely due to a
degraded interface structure when the YSZ layers
exceed the critical thickness.
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Fig. 4. (A) EELS chemical maps. The ADF image in the upper panel shows the area used for EELS mapping
(spectrum image, marked with a green rectangle) in the [YSZ1,/STO10nmlo Superlattice. The middle panel
shows the averaged ADF signal acquired simultaneously with the EEL spectrum image, showing the STO
(low-intensity regions) and YSZ (higher-intensity) layers. The lower panel shows the Ti (red) and Sr (dark
yellow) EELS line traces across several consecutive interfaces. These line traces are averaged from the
elemental 2D images shown in the insets, each framed with the same color code (red for Ti, dark yellow for
Sr). Data was obtained in the VG Microscopes HB501UX. Because the STEM specimen was relatively thick
(several tens of nanometers), the wide chemical interface profiles are most likely attributable to beam
broadening. (B) Solid spheres model of the YSZ/STO interface showing: (1) The compatibility of the
perovskite and fluorite (rotated) structures. (2) A side view of the interface between STO (at the bottom)
and YSZ (on top) with realistic ionic radius. The shaded oxygen positions in the interface plane are
presumed absent or displaced because of volume constraints, enabling the high ionic conductivity. (3) A
3D view of the interface, with the ionic radius reduced by half to better visualize the plane of oxygen
vacancies introduced in the interface. The square symbol in the legend indicates the empty positions

available for oxygen ions at the interface.
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The dc conductivity of the 1-nm YSZ layer
shows a record value of 0.014 S/cm at 357 K, with
an activation energy of 0.64 eV and an extrapo-
lated value of 0.003 S/cm at 300 K. Thus, the
threshold for the conductivity value that defines
the feasibility for practical applications, 0.01 S/cm,
is reached in these ultrathin films just slightly
above room temperature. Previous enhancements
of the conductivity in nanoscopic systems have
been explained in terms of size effects (/3—76) and
overlapping of space charge regions. However, the
screening or Debye length in ionic conductors
with high carrier concentrations, such as YSZ, is
on the order of 0.1 nm (26). The conductivity val-
ues found here are in good agreement with a recent
prediction of Kosacki et al. (17), who analyzed
thicker YSZ thin films (15 nm) grown on MgO
substrates, discussing the possible existence of an
interface diffusion mechanism that would yield a
dc conductivity ~0.001 S/cm at room temperature,
with an activation energy of 0.45 eV for a film
thickness ~1.6 nm. Consequently, and considering
the good epitaxial quality of the heterostructures,
we believe that strain and especially interfacial ef-
fects are at the origin of the enhanced conductivity.

To further investigate the role of the interfaces
in the observed increase of ~eight orders of mag-
nitude in the ionic conductivity with respect to
bulk YSZ values, we next present a detailed anal-
ysis of the YSZ/STO interfaces using atomic col-
umn resolution electron energy-loss spectroscopy
(EELS). Figure 4A shows line traces correspond-
ing to elemental concentrations of Ti and Sr
obtained from EELS spectrum images of the
[YSZ11/STOq0nmlo superlattice across several
bilayers. The YSZ layers are the bright bands
observed in the annular dark field (ADF) picture in
the upper inset, which also shows in a green rect-
angle the area used for EELS analysis. The lower
panel shows the normalized integrated intensity
under the Sr M; (dark yellow) and the Ti L, 5 (red)
absorption lines. The resulting two-dimensional
(2D) images are shown in the inset. It can be
observed that the Ti intensity is clearly higher than
that of Srin all of the interfaces, indicating that the
STO termination layer is always a (TiO,) plane.
YSZ grows epitaxially, rotating its cell 45° to ac-
commodate half of the diagonal of the YSZ con-
ventional unit cell [aysz/v/2 = 0.361 nm (aysy =
0.514 nm), where « is the lattice parameter] to the
STO perovskite unit cell (¢sto = 0.390 nm) with a
7% in plane tensile strain on the YSZ. In this con-
figuration, both structures are compatible because
the FCC fluorite structure of YSZ keeps the posi-
tions of the atoms in the ab plane, the only differ-
ence being that the oxygen atoms of the fluorite
are not in the z = 0 plane but are displaced to z =
1/4 along the c direction (Fig. 4B). The first YSZ
plane in the (001) stacking sequence should be an
O plane at cysz/4, but these O sites are directly
above the O atoms of the last TiO, plane. Pre-
sumably, these sites are either vacant or the O
atoms are displaced from their normal positions
(as suggested by the shaded sites in Fig. 4B).
Therefore, this interfacial O plane is likely to be
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highly disordered, even though the cation lattice
remains coherent, which would thereby enable
the enhancement in ionic conductivity.

Further evidence for this interface structure
comes from a close inspection of the fine structure
of the O K edge (oxygen/potassium absorption
edge) at the STO interface plane (Fig. 1B), which
shows noticeable changes when compared to the
O K edge from the middle of the STO layer. These
changes are consistent with an enhanced density
of O vacancies in this plane (27). However, we
could not detect any change in the oxidation state
of Ti at the interface (it is +4), which is in good
agreement with the lack of electronic conduction
observed (inset in Fig. 1B). Additionally, the fine
structure of the O K edge within the YSZ ultrathin
layers is completely different from that of bulk
YSZ, as a consequence of the severe structural
distortions in the oxygen octahedra attributable to
the large strain accumulated (fig. S3 and SOM
text). Thus, these results point to partial occupan-
cy and high disorder in the interface oxygen
plane, resulting in the introduction of a large
number of interfacial oxygen vacancies and a
substantial decrease in the activation energy for
O migration. The STO side of the YSZ/STO in-
terface may play a role in stabilizing disorder in
the anionic sublattice, as has been recently re-
ported for the LaAlO3/SrTiO5 interface (28, 29).

The analysis of the high-frequency dispersive
ac conductivity above the dc plateau of Fig. 2 may
provide some further insight into the colossal ionic
conductivity. In ionic conductors, the dc plateau
crosses over into a dispersive conductivity regime
depending on frequency as a power law with a
fractional exponent 7 (n < 1). This contribution is
usually known as Jonscher’s response and reflects
the influence of ion-ion correlations on ion motion
(21-23, 30, 31). At even higher frequencies and
lower temperatures, the power law dependence of
the conductivity universally merges into an almost
linear frequency-dependent term with 7 = 1, result-
ing in a regime with a nearly constant (dielectric)
loss (NCL) (32, 33). NCL is weakly temperature
dependent and has been ascribed to caged dy-
namics of mobile ions at short times (high fre-
quencies) (34). Both power law regimes are usually
distinct, and they are observed in particular in bulk
or “thick” thin films of YSZ, where the n exponent
has a value of ~0.5 to 0.6 before merging into the
NCL behavior (6, 7). In the case of our ultrathin
YSZ heterostructures, either the Jonscher’s re-
sponse is absent (7 = 0) or # is a very small value
(Fig. 2), as shown by the dc plateau directly merg-
ing into a NCL (n = 1) term, which is plotted in the
figure as a solid line to guide the eye. This is a very
anomalous result indicating an uncorrelated ion
diffusion process. The absence of the fractional
power law regime has only been observed in sys-
tems with a carrier concentration low enough so
that the carriers do not interact with each other.
Such an explanation can be ruled out in our sam-
ples where the large conductivity values do not, by
any means, indicate a reduced carrier density. We
believe that the uncorrelated ion diffusion at the in-
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terface is another manifestation of conduction along
the oxygen depleted/disordered interface plane. In
fact, the absence of ion-ion correlations may
produce a decrease in the activation energy of the
conductivity (30, 31). The large in-plane expansive
strain on the YSZ interface plane, together with the
high concentration of vacant oxygen positions and
probable positional disorder, surely contributes to
the reduction in the activation energy and the re-
sulting huge enhancement in ionic conductivity.

We have shown eight orders of magnitude
enhancement of the ionic conductivity of YSZ in
ultrathin films reaching values that enable practical
application of the material in SOFCs slightly
above room temperature. This result may have a
special impact on single-chamber fuel cells where
both electrodes are located on the same side of a
thin electrolyte film deposited onto a substrate,
and thus the ionic current flows in a lateral direc-
tion parallel to the substrate (35). The coherent
interface between very dissimilar structures (in this
case, fluorite and perovskite in YSZ/STO hetero-
structures) provides both a high carrier concentra-
tion and, simultaneously, a decreased activation
energy, achieving a greatly enhanced mobility
that accounts for the many orders of magnitude
increase of the conductivity. The combination of
epitaxial strain and suitable heterogeneous inter-
faces appears to be a key step in the design of
artificial nanostructures with high ionic conduc-
tivity. This result is of major technological impor-
tance to achieve fast oxygen conduction at room
temperature, and the outstanding electrical prop-
erties of the ultrathin YSZ/STO heterostructures
may open the way to new and improved devices
far beyond fuel cells.
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High-Resolution Greenland Ice Core
Data Show Abrupt Climate Change
Happens in Few Years

Jorgen Peder Steffensen,™* Katrine K. Andersen,® Matthias Bigler,> Henrik B. Clausen,®
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The last two abrupt warmings at the onset of our present warm interglacial period, interrupted by
the Younger Dryas cooling event, were investigated at high temporal resolution from the North
Greenland Ice Core Project ice core. The deuterium excess, a proxy of Greenland precipitation
moisture source, switched mode within 1 to 3 years over these transitions and initiated a more
gradual change (over 50 years) of the Greenland air temperature, as recorded by stable water
isotopes. The onsets of both abrupt Greenland warmings were slightly preceded by decreasing
Greenland dust deposition, reflecting the wetting of Asian deserts. A northern shift of the
Intertropical Convergence Zone could be the trigger of these abrupt shifts of Northern Hemisphere
atmospheric circulation, resulting in changes of 2 to 4 kelvin in Greenland moisture source

temperature from one year to the next.

strumental in investigating past abrupt climate

change. As compared with other sedimentary
records, the ice core records have unparalleled
temporal resolution and continuity (/-3). The
newest Greenland ice core, from the North Green-
land Ice Core Project (NGRIP), has been mea-
sured at very high resolution for water isotope

Ice core records from Greenland have been in-
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ratios, dust, and impurity concentrations. This
allows researchers for the first time to follow the
ice core proxies of Greenland temperature, accu-
mulation, moisture origin, and aerosol deposition
at subannual resolution over the very abrupt cli-
mate changes in the period from 15.5 to 11.0
thousand years ago (ka) (measured from 2000 AD
throughout this study).

In the Northern Hemisphere, the last glacial
period ended in a climatic oscillation composed
of two abrupt warmings interrupted by one cool-
ing event (3—6). The temperature changed rapidly
from glacial to mild conditions in the Belling and
Allered periods and then returned to glacial val-
ues in the Younger Dryas period before the onset
of the present warm interglacial, the Holocene
(Fig. 1, and see table S1 for classification of cli-
mate periods). The shape and duration of the
abrupt climate change at the termination of the
last glacial have previously been constrained by
Greenland ice core records from DYE-3 (4, 7),
Greenland Ice Core Project (GRIP) (8) and
Greenland Ice Sheet Project 2 (GISP2) (3, 6, 9),
but sampling of these cores did not typically
achieve a resolution sufficient to resolve annual
layers. Because of new continuous flow analysis

(CFA) systems (/0-12), impurity and chemical
records of the recent NGRIP ice core (/) have
been obtained at subannual resolution, which
allows for the multiple-proxy identification of
annual-layer thickness and the construction of a
new Greenland time scale, the Greenland Ice
Core Chronology 2005 (GICCO05) (2). Comple-
mentary highly detailed stable water isotope pro-
files (8'%0 and 8D) have been measured on the
NGRIP ice core covering the period from 15.5 to
11.0 ka at 2.5-to-5.0-cm resolution, correspond-
ing to one to three samples per year. They were
compared with the concentrations of insoluble
dust, soluble sodium (Na"), and calcium (Ca"),
each measured with CFA at subannual resolution
(10, 12, 13) (Fig. 2) and, when available, with the
highest-resolution data from GRIP, GISP2, and
DYE-3 ice cores on the GICCO05 time scale.

Across the warming transitions, the records
exhibit clear shifts between two climate states. We
characterize a shift to be significant if the mean
values of the climate states on each side of the shift
differ by more than the statistical standard error of
the noise of a 150-year period of these climate
states. A simple but objective approach to finding
the best timing of the transition is to character-
ize the shift observed in each proxy as a “ramp’
a linear change from one stable state to another.
We applied a ramp-fitting method (/4) to deter-
mine the timing of the transitions. The method en-
tails using weighted least-squares regression to
determine the ramp location and a bootstrap
simulation to estimate the uncertainty of the re-
sults [transition times are listed in Table 1; see
supporting online material (SOM) methods and
table S2 for more detailed information on the
method and the ramp fit values and uncertainties
(15)]. Data and fitted ramps are shown in Figs. 2
and 3. For annual layer thickness (1), concen-
trations of dust, Ca®>", and Na", logarithmic scales
were used because these proxies are approxi-
mately log-normally distributed.

The 8'80 record is a proxy for past air tem-
perature at the ice core site (/6, /7). Although the
magnitude of Greenland §'%0 changes can be
influenced by changing site and source temper-
atures and by snowfall seasonality (16, 18, 19), the
timing of 8'%0 changes is dominated by the
changing site temperature (/8). The §'*0 warm-
ing transition at 14.7 ka was the most rapid and
occurred within a remarkable 3 years, whereas the
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