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the concentration of carriers distributed throughout
the generating range of the electron beam [Dn(z)].

ICL º ∫
V

DnðzÞ
tr

dz ð1Þ

In this formula, tr is the life of the carriers that
contribute to radiative recombination, V is the
generation volume, and z is a depth. On the basis
of this assumption, the CL intensity (ICL) is simply
proportional to the film thickness. The expected
CL intensity ratios of 13C to 12C, calculated from
the thicknesses of the multilayer structures, are
shown in Fig. 4B. All of the experimental data
show dramatic decreases, accompanied by a
decrease of emission from 13C layers and the
related increase from 12C layers. Even for the
structures in Fig. 2, C and D, which consist of
a 12C single layer in 13C, the intensity (I) ratio
I[13C]/I[12C] decreases from 1/2 to 1/3, with re-
spect to the expected ratio. These phenomena
indicate that a large diffusion length of the ex-
cited carriers plays an important role. Several
studies have reported diffusion lengths in natural
isotopicmixtures of diamond that range from 500
nm to 250 mm (29–31). Our results indicate that
almost all carriers generated in our samples

diffuse at least 175 nm and may diffuse up to
several hundred nanometers.
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Measuring the Charge State
of an Adatom with Noncontact
Atomic Force Microscopy
Leo Gross,1* Fabian Mohn,1 Peter Liljeroth,1,2 Jascha Repp,1,3 Franz J. Giessibl,3 Gerhard Meyer1

Charge states of atoms can be investigated with scanning tunneling microscopy, but this
method requires a conducting substrate. We investigated the charge-switching of individual
adsorbed gold and silver atoms (adatoms) on ultrathin NaCl films on Cu(111) using a qPlus tuning
fork atomic force microscope (AFM) operated at 5 kelvin with oscillation amplitudes in the
subangstrom regime. Charging of a gold atom by one electron charge increases the force on
the AFM tip by a few piconewtons. Moreover, the local contact potential difference is shifted
depending on the sign of the charge and allows the discrimination of positively charged, neutral,
and negatively charged atoms. The combination of single-electron charge sensitivity and atomic
lateral resolution should foster investigations of molecular electronics, photonics, catalysis,
and solar photoconversion.

Recently, tremendous progress has been
made in atomic forcemicroscopy (AFM).
For example, chemical sensitivity on the

atomic scale (1), manipulation of atoms laterally
(2) and vertically (3), and the measurement of
lateral forces during atomic manipulation (4) have
been demonstrated. The resolution of local contact

potential difference (LCPD) maps acquired with
kelvin probe force microscopy (KPFM) (5) has
also been pushed to the atomic scale (6–10).

In this paper, we present the measurement of
single-electron charges with atomic resolution by
use of AFM. The charge state and charge dis-
tribution of adsorbates are an important property
that governs many physical and chemical pro-
cesses and moreover can be exploited in single-
electron devices (11, 12). Single-electron devices
have attracted considerable attention because
they exhibit interesting physical properties and
functionalities, such as Coulomb blockade and the
Kondo effect. To investigate such devices and the

underlying physics at the ultimate spatial limit, it
is essential that single-electron charges can be
probed directly and with atomic resolution. For
example, the ability to map the charge distribu-
tion of a single molecular charge-transfer com-
plex will deepen the basic understanding of and
advance the search for materials for molecular
electronics and organic photovoltaic cells. Further-
more, important insight into catalytic processes
will be gained because the charge state also governs
the catalytic reactivity of adsorbates (13).Most of
the systems of relevance in this area involve
insulators as a prerequisite to separate charges.

Probing the charge state of single adatoms has
recently been demonstrated with scanning tun-
neling microscopy (STM) (14–16). However,
this indirect measurement requires a conducting
tunneling junction, which is incompatible with
insulators. In contrast, electrostatic force measure-
ments performedwith noncontactAFM(NC-AFM)
can achieve single-electron sensitivity (17–23).
In most of these studies, the micromechanical
cantilevers have oscillation amplitudes in the 10 to
50 Å regime. Such large amplitudes increase the
sensitivity to long-range electrostatic forces but
limit the resolution of short-range chemical forces
and therefore the spatial resolution. For atomic
resolution, oscillation amplitudes on the order of
1 Å are desirable (24). In this work, we dem-
onstrate the switching and direct measurement of
the charge state of a single atom with AFM. Our
approach combines electrostatic force microscopy
of single-electron sensitivity with lateral atomic
resolution.We image and identify differently charged
individual atoms, and measure the difference in
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vertical force and LCPD caused by single-electron
charging.

The low-temperature STM/AFM is based on
a qPlus sensor design (25) operated in ultra-high
vacuum at a temperature of ~5 K. A metal tip (26)
is mounted on the free prong of the tuning fork,
and a separate tip wire (that is insulated from the
electrodes of the tuning fork) is installed tomeasure
the tunneling current. The bias voltage V is applied
to the sample. The high stiffness of the tuning fork
[spring constant (k) = 1.8 × 103 N/m, resonance
frequency ( f0) = 23 kHz, and mechanical quality
factor (Q) = 5 × 104] allows stable operation at
subangstrom oscillation amplitudesA (down toA=
0.2 Å) in the frequency modulation mode (27). As
a model system, we used single Au and Ag
adatoms on 2-monolayer (ML)–thick NaCl films

on Cu(111) (Fig. 1A). Previous studies (14, 15)
have shown that the adatoms can be switched
reversibly between different charge states by ap-
plying suitable bias pulses with the STM tip. The
NaCl layers are thin enough to permit the tunneling
of electrons but can stabilize a single charge on the
metal adatom through ionic relaxation in the NaCl
film. The differently charged atoms have been
identified by means of STM, scanning tunnel-
ing spectroscopy (STS), as well as comparison
with density functional theory (DFT) (14, 15).
Below, we describe how we can resolve the
charge state of individual atoms directly from
AFM measurements.

In a constant-current STMmeasurement (Fig.
1B), a negatively charged gold adatom (Au−) is
identified by its surrounding depression (sombrero-

shaped) and its smaller apparent height (h) [h(Au−) ≈
1.5 Å] with respect to a neutral Au adatom Au0

[h(Au0) ≈ 2.0Å] (14). The same atoms were then
imaged in constant-height mode, and the tunnel-
ing current (Fig. 1C) as well as the frequency-shift
(Df ) signal (Fig. 1D) were recorded simultaneous-
ly. The larger absolute value of the tunneling
current above Au0 than above Au− is in agree-
ment with its larger apparent height in constant-
current STM images. In the Df image (Fig. 1D,
inset), taken with NC-AFM, the adatoms are re-
solved as circular depressions with a diameter
(full width at half maximum) of 6.5 and 5.5 Å for
Au0 and Au−, respectively. The peak frequency
shift measured above the negatively charged
Au− [Df(Au−) = –1.86 Hz] is, in absolute values,
greater than above Au0 [Df(Au0) = –1.39 Hz].
Figure 2A shows constant-height line scans above
these two adatoms recorded at decreasing tip-to-
sample distances Dz.

We used the method described by Sader and
Jarvis (28) to deconvolve the oscillation ampli-
tude from Df and extract the vertical force from
the constant-height line scans (26). In Fig. 2B, we
plot the vertical force component; the background
of the force from the substrate has been subtracted.
The line scan at closest tip approach, correspond-
ing to a tip height of 4.8 Å, shows an attractive
force that is 11 pN greater above the negatively
charged Au atom than it is above the neutral
atom. The resolution in the force was better than
1 pN, and the charged atom could already be
detected at a tip height of 6 Å, revealing a force
that is about 2 pN greater than that above Au0. A
very high stability of the experimental systemwas
needed for measuring forces in the piconewton
regime. Charge screening by the insulating film
[that is, ionic relaxations in the topmost NaCl
layer as inferred from DFT calculations (14, 15)]
and image charges at the Cu interface make the
forces so small. Approaching the tip further in
order to increase the forces resulted in unintended
charge switching and lateral manipulation of the
adatoms.

It is known from DFT calculations that a Au
adatom relaxes by about 0.4 Å toward the sub-
strate when it becomes negatively charged (14).
Just from this topographic difference, we would
expect an effect in the direction opposite (a de-
crease of |Df |) to that of the observed shift. We
assigned the observed shift above the negatively
charged Au− to electrostatic interactions that over-
compensate the topographic effect.

We investigated the switching event itself and
its effect on the frequency shift and on the LCPD
by measuring Df with respect to the sample bias
V. We specify the LCPD from measurements of
VCPD = (1/e) × LCPD (where e is the electron
charge) by determining the peak position of the
parabola obtained in a Df (V ) measurement at a
given tip position. The corresponding maximum
in Df (V ) is Df *, that is, Df at compensated VCPD.
Without changing the tip height and position, we
first (i) measured Df (V ) above Au−, then (ii)
applied a bias voltage pulse of about –1 V so as to

Fig. 1. (A) Model of the
tip-sample geometry, show-
ing the definition of the
oscillation amplitude A and
the tip height Dz (26). (B)
Constant-current STM mea-
surement [V = –50 mV and
current (I) = 2 pA] of Au0

(left) andAu− (right) adsorbed
on NaCl(2 ML)/Cu(111). The
line scan is through the center
of both atoms shown in the
inset (image size of insets is
55Åby17Å). (C)Currentand
(D) frequency shift recorded
simultaneously in a constant-
height measurement (Dz =
5.0 Å, V = –5 mV, and A =
0.3 Å) of the same area as shown in (B). Low-pass filtering
(adjacent averaging) has been applied. The color scale in
(B) to (D) corresponds to the height, current, and Df values,
respectively, in a three-dimensional representation of the
images, cut along the line profile.
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Fig. 2. (A) Frequency shift Df recorded at a constant height (A = 0.22 Å and V = –2 mV) above Au0 and
Au−. Different line scans correspond to different tip heights Dz as indicated. For some curves, every eighth
point of the raw data are shown as an open circle in Fig. 2A; the solid lines correspond to the averaged
data. (B) Vertical force FZ* extracted from the averaged data in (A) with the oscillation amplitude
deconvolved and the constant background force subtracted from each curve (26).
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switch the charge state (14), and finally (iii)
measured Df (V ) once more, as shown in Fig. 3A
(26). To confirm that the switching event occurred
and to verify that the switched atom did not
change its lateral position, STM images were
taken before and after this routine (Fig. 3, B and
C). Performing the measurement under these
conditions, and without moving the tip, ensured
that the observed effects did not arise from tip
changes, different tip heights, or spatial variations
of the LCPD of the substrate. For typical
experimental parameters, such as A = 0.6 Å and
Dz = 5.8 Å, which result in a total frequency shift
of about Df = –3 Hz, we observed that the VCPD of
Au− shifted by (+27 T 8) mV with respect to Au0.
The corresponding Df * shifted by (–0.11 T 0.03)
Hz on Au− as compared with Au0.

Quantitatively, these values crucially depend
on the exact tip shape (9, 29), but we always
observe a larger attractive force (a larger |Df *|)
and a larger LCPD for Au− than for Au0. We
attribute the shift in |Df *| primarily to the
interaction of the charged atom and its image
charge induced in the AFM tip that was neg-
ligible in previous experiments (19, 23, 26).
However, this is the main contribution to the
observed contrast in Fig. 1D and Fig. 2. The
shift in the LCPD can be explained by a dipole
moment directed from the vacuum to the sur-
face and induced by the negative Au− (and its
screening charge in the underlying substrate).
Hence, the work function at the adatom position
increases locally (8); the sample has to be biased
more positively to compensate for the negative
charge on the adatom.

To prove that positive, neutral, and nega-
tive charge states can be distinguished and
determined with AFM, we included measure-
ments of silver adatoms. For Ag, both the
neutral Ag0 and the positively charged Ag+

adatoms are stable on NaCl(2 ML)/Cu(111)
(15). Figure 4A shows a STM measurement of
Au and Ag adatoms in their different possible
charge states. Several Df (V ) measurements were
performed above these atoms at different tip-
sample separations Dz, without a tip change
between measurements and without switching
the charge states. For each Df (V ) measure-
ment, we determined the peak position of the
parabola, meaning the LCPD and the correspond-
ing Df *. Figure 4B shows the LCPD plotted
versus the tip height Dz. First, we compared
the LCPD of NaCl(2 ML)/Cu(111) with that of
the bare Cu(111) surface. The NaCl layer lowers
the work function of the Cu surface, so we ex-
pected a decrease of the LCPD of NaCl(2 ML)/
Cu(111) with respect to that of Cu(111). This is
exactly what we observed, but in addition this
effect increases with decreasing Dz. The latter
observation is explained by an averaging effect,
in which the sample area that contributes to the
LCPD becomes larger with increasing Dz. The
closer we approach the tip toward the NaCl island,
the smaller the effect of the surrounding Cu(111)
surface becomes, which explains the shift to

smaller LCPD as the tip approaches the NaCl
island (26).

For tip heights larger than 18 Å, the LCPD
above the adatoms on the NaCl island are of
similar value (within 100 mV). At smaller Dz, the
effects arising from the adatom predominate, and
the differently charged atoms can be distinguished
by their LCPD for Dz < 10 Å. We observed that
the LCPD of Ag+ is smaller and that the LCPD of
Au− is larger than that of the corresponding neu-
tral adatoms. The absolute values of these dif-
ferences depend on the tip shape, but the direction
of the LCPD shift is always determined by the
direction of the dipole induced by the charged
adatom.

In Fig. 4C, we plot the LCPD as a function of
Df * for the same data as shown in Fig. 4B. This
representation corresponds to a KPFM measure-
ment and shows the LCPD at a given frequency
shift with the contact potential compensated.Mea-
suring these values at constant height without a
feedback loop for either Dz or V (which is in
contrast to usual KPFMmeasurements) increases
the stability and sensitivity and allows the use of
small oscillation amplitudes. In Fig. 4C, the con-
trast between the different species increases with
more negative values of Df *.With decreasing Dz
(and hence increasing |Df *|), the effect of the
single atom becomes more pronounced as com-
pared with the background forces from the sub-
strate, and we observe that the LCPD shifts into

different directions for the differently charged
atoms. These measurements demonstrate that the
charge state of neutral, positively, and negatively
charged adatoms can be determined by measur-
ing their LCPD at a certain tip height Dz or
frequency shift Df.

It should be possible to measure the trans-
port of single-electron charges on insulating
surfaces. For example, single atoms or small
clusters acting as redox sites could be connected
with molecules to form metal-molecular net-
works. By using the tip for charging the redox

-0.8 -0.6 -0.4 -0.2 0.0

-300

-200

-100

0

100

200

300

∆z (Å)

∆f* (Hz)

0 5 10 15 20 25

-300

-200

-100

0

100

200

300

LC
P

D
 (

m
eV

)
LC

P
D

 (
m

eV
)

B

C

Ag+

Ag0

NaCl

Cu(111)

Au0

Au–

Ag+

Ag0

NaCl

Cu(111)

Au0

Au–

A

Fig. 4. (A) Constant-current STM image (I = 3 pA,
V = 200 mV, and size = 130 Å by 60 Å) of Ag+,
Ag0, Au0, and Au− on NaCl(2 ML)/Cu(111). The
inset shows the Ag+ adatom with fivefold increased
z-contrast. (B) LCPD above atoms with different
charge states and on NaCl(2 ML)/Cu(111) at the
positions indicated in (A) and on Cu(111). At each
site, Df(V) is measured for different tip heights Dz
with respect to the NaCl surface [on Cu(111) with
respect to point of contact with the metal]. Each
Df(V) measurement is fitted with a parabola, yield-
ing the LCPD and the corresponding frequency shift
Df *. LCPD is shown as a function of Dz. (C) LCPD
shown as a function of Df *; that is, corresponding to
a KPFM measurement. The complete set of mea-
surements has been performed without a tip change
between measurements (29). Lines serve as a guide
to the eye. The errors in Dz, LCPD, and Df * esti-
mated from repeated measurements are T0.2 Å,
T15 meV, and T30 mHz, respectively.
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Fig. 3. (A) Frequency shift measured as a function
of the voltage above Au− and Au0. Both measure-
ments are performed without moving the tip (A =
0.6 Å and Dz = 5.8 Å; raw data). After measuring
Df(V) above Au−, the charge state is switched to
Au0 by applying a bias pulse of V = –1 V for a few
seconds (26). Parabolic fits and corresponding pa-
rabola peaks are indicated. STM images (I = 7.4 pA,
V = –50 mV, and size = 29 Å by 27 Å) before (B)
and after (C) the Df(V) measurements confirm the
charge-switching event and show that the switched
Au atom has maintained its lateral position.
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sites, electrons can be injected into this network,
and their propagation in the network could be
observed with NC-AFM as described above.
While STM is not ideally suited for this purpose
because it relies on the tunneling of electrons (the
unintended charging caused by the measurement
and discharging of the structures via the substrate
constitute a problem in STM experiments), we
have shown that electrostatic AFM can enable the
investigation of the charge landscape and of
charge transport in metal-molecular nanostruc-
tures with atomic resolution.
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Oxygen-18 of O2 Records the Impact
of Abrupt Climate Change on
the Terrestrial Biosphere
Jeffrey P. Severinghaus,1* Ross Beaudette,1 Melissa A. Headly,1†
Kendrick Taylor,2 Edward J. Brook3

Photosynthesis and respiration occur widely on Earth’s surface, and the 18O/16O ratio of the
oxygen produced and consumed varies with climatic conditions. As a consequence, the history of
climate is reflected in the deviation of the 18O/16O of air (d18Oatm) from seawater d18O (known as
the Dole effect). We report variations in d18Oatm over the past 60,000 years related to Heinrich
and Dansgaard-Oeschger events, two modes of abrupt climate change observed during the last ice
age. Correlations with cave records support the hypothesis that the Dole effect is primarily
governed by the strength of the Asian and North African monsoons and confirm that widespread
changes in low-latitude terrestrial rainfall accompanied abrupt climate change. The rapid d18Oatm

changes can also be used to synchronize ice records by providing global time markers.

The mechanism of abrupt climate change,
in particular the Heinrich and Dansgaard-
Oeschger (D/O) events of the last ice age,

remains poorly understood (1). One barrier is
the dearth of information about the spatial extent
of the events, due in part to the paucity of low-
latitude paleoclimate records with sufficient dating

precision to establish whether events are synchro-
nous, time-transgressive, or unrelated (2). Cave
stalagmite d18O records with radiometric U/Th
dating are a notable exception (3–6), but these
are still spot records with generally unknown
spatial importance. Atmospheric gas records from
ice cores can help address the spatial issue be-
cause the atmosphere acts as an integrator of
innumerable gas fluxes over broad spatial scales.
Methane has been used in this capacity (7), but
methane production is dominated by rather spe-
cial settings (e.g., high-productivity anoxic wetland
soils). Oxygen (O2), in contrast, is produced widely
in the low latitudes by photosynthesis, making it
a more ideal tracer of the spatial extent and
global importance of climate change. In partic-

ular, the isotopic composition of oxygen produced
on land varies strongly with environmental con-
ditions, making it a unique tracer of the impact of
climate on the terrestrial biosphere (8–11).

The 18O/16O ratio of atmosphericmolecular oxy-
gen (d18Oatm) is known to vary on orbital time scales
in response to the growth of ice sheets and changes
in biogeochemical fractionation (8–11), with a typ-
ical glacial-interglacial range of ~1.5 per mil (‰).
The substrate for all photosynthetic oxygen pro-
duction is water, and the isotopic composition of
the water (H2

18O/H2
16O) in which photosynthesis

occurs is transferred toO2 (12). Thus, variations in
water d18O at the site of photosynthesis (i.e., the
chloroplast) are a primary cause of variation in
d18Oatm (13). Ice sheet growth and decay, with
attendant change in seawater d18O (and thus all
meteoric water), causes roughly half of the var-
iation. The balance is due to changes in hydro-
logical cycle fractionation during condensation
and evaporation that affect chloroplast water
d18O, and fractionation by the respiratory sink of
O2 (10, 11). These fractionation processes collect-
ively create a steady-state offset between seawater
d18O and the d18O of O2, known as the Dole ef-
fect, which today amounts to +23.88‰ (14).

Past variations in the Dole effect are known to
occur on orbital time scales, chiefly the 23,000-year
(23 ky) precession period (10, 11). These var-
iations are likely due to the Asian and African
monsoon variations that occur on this time scale
because of the impact of precession on summer
insolation (15, 16), although other factors may
also contribute, and the subject is currently not
well understood. Faster variations have generally
not been expected because of the ~1000-year
turnover time of atmospheric O2.
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