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Element-Selective 
Single Atom Imaging 

K. ~uenaga,'.~* M. ~enc6,' C. Mory,' C. Colliex,'~" H. Kato," 
T. Okazaki," H. ~hinohara," K. Hirahara? S. Bandow? S. lijima3a5 

Electron energy-loss spectroscopy (EELS) is widely used to identify elemental 
compositions of materials studied by microscopy. We demonstrate that the 
sensitivity and spatial resolution of EELS can be extended to the single-atom 
limit. A chemical map for gadolinium (Gd) clearly reveals the distribution of Gd 
atoms inside a single chain of metallofullerene molecules (Gd@C,,) generated 
within a single-wall carbon nanotube. This characterization technique thus 
provides the "eyes" to see and identify individual atoms in nanostructures. I t  
is likely to find broad application in nanoscale science and technology research. 

Advances in nanotechnology increasingly 
rely on characterization tools with atomic 
resolution. Chemical information on hetero- 
geneous nanostructures in particular is more 
and more crucial for diagnosing and predict- 
ing properties of nanodevices. Electron mi- 
croscopies have long been able to image in- 
dividual atoms (1, 2) but cannot be used to 
identify elements, because all scattered elec- 
trons are collected for imaging. For elemental 
identification of individual atoms in an elec- 
tron microscope, only the inelastically scat- 
tered electrons that suffer element-specific 
energy loss must be counted. It has been 
predicted that the detection limit of EELS 
should be a single atom (3). However, con- 
vincing experimental evidence has been lack- 
ing because of the absence of fully adapted 
test objects (4). 

Here, we demonstrate single-atom spec- 
troscopy by means of EELS. For this pur- 
pose, a perfectly suited specimen exhibiting a 
sequence of individual atoms positioned at 
regular intervals has been selected. It is found 
in a recently synthesized hybrid nanomate- 
rial, a single-walled carbon nanotube 
(SWNT) encapsulating a chain of metal- 
lofullerenes (5). A scanning transmission 

flux (-650 pA in a probe 0.5 to 0.6 nm in 
diameter) and a high-efficiency charge-cou- 
pled device-based detector after an electron 
spectrometer (modified Gatan PEELS 666) 
were used for the experiment. The focused 
incident probe can scan the object under in- 
vestigation with accurate step increments on 
the order of angstroms, allowing a whole 
EELS spectrum to be recorded within a few 
milliseconds at each probe position. Hence, 
the intensity of characteristic energy-loss 
edges can be derived with highly accurate 
spatial information, and consequently the 
mapping of the searched element is feasible 
(6).  

A chain of endohedral Gd-metallofullerenes 
was recently generated inside a SWNT by 
this research group (5). Such a material is 
ideal for demonstrating single-atom spectros- 
copy, because this structure involves isolated 
Gd atoms separated by 1 to 2 nm (Fig. 1). The 
metallofullerene molecules (Gd@C,,) are 
aligned within a SWNT. The dark spots seen 
on each fullerene structure in the high-reso- 
lution image are suspected to be the encap- 
sulated Gd atoms (7). The interval between 
the adjacent Gd atoms is large enough with 

strate a confinement shift (observed EL energy, 154 
meV; calculated HH2 + HH1 transition, 149 meV). 
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respect to the smallest probe size (-0.5 nm) 
accessible with our current electron optics. 
Element-selective imaging has been per- 
formed on a structure similar to that in Fig. 1. 
A set of 128 X 32 spectra was recorded with 
a 3 A step (consequently, the scanned area 
corresponds to -40 X 10 nm). Each spec- 
trum was acauired in as little as 35 ms with 
enough counting statistics. Intensities of the 
Gd N,, edge and carbon K edge were extract- 
ed pixel per pixel from all the individual 
spectra (8), and chemical maps for both ele- 
ments were constructed (Fig. 2). 

The bright spots in Fig. 2A are aligned 
along the nanotube direction, which indicates 
that they correspond to the Gd atoms. Com- 
parison with the simultaneously obtained car- 
bon map (Fig. 2B) shows that the Gd atoms 
are located inside the carbon nanotube. This 
is further confirmed in Fig. 2C, which dis- 
plays the Gd map (smoothed by convolution 
with a 3 X 3 pixel matrix) superposed on the 
carbon map. Therefore, we can confirm that 
doping the carbon nanotubes with metal- 
lofillerenes has been successfbl and that the 
dark spots seen in the high-resolution image 
(Fig. 1) explicitly correspond to the Gd atoms. 

The arrows in Fig. 2B indicate the approx- 
imate positions of the individual Gd atoms. 
The interval between them is about 1 to 3 nrn, 
and some of the Gd atoms are missing. This 
is probably because the Gd atoms tend to 
move around from the original positions and, 
under the intense electron beam, make an 
aggregate of one to three (or four) atoms 
associated with a fusion of the adjacent met- 
allofullerenes. Such coalescence processes 
between the metallofullerenes under the elec- 
tron beam have also been observed in situ 
during high-resolution electron microscopy 
observations. Note that our present spatial 
resolution (-0.5 nm) is not sufficient to re- 
solve the carbon layer spacing (-0.34 nm) 
between the adjacent fullerenes and nano- 

electron micr&cope (VG ~ ~ 5 0 1 )  that pro- 
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tube, but can resolve the adjacent Gd atoms in edge and the total counts for the whole spec- 
this specific experiment. 

A typical single EELS spectrum (Fig. 3) 
located at the apex of a Gd atom image shows 
the energy windows used for calculating the 
respective intensities in the elemental maps. 
The spectrum ensures that the weight of the 
Gd N edge (- 140 eV ) is notably higher than 
the noise level. To quantify the number of Gd 
atoms, we scaled the background-stripped 
weight of the Gd N edge (140 to 155 eV) at 
a given pixel to the total number of counts in 

trum, respectively, u is the cross section for 
the edge, and A is the probed area (9). 

Table 1 summarizes the consequent 
quantification result for the number of in- 
volved Gd atoms at each of the points 
indicated by arrows in Fig. 2A. The num- 
bers of identified atoms are not exact inte- 
gers and have some ambiguity because, 
during the recording of one spectrum, the 
individual atoms may move within their 
fullerene cages and spend only a fraction of 

the ~ o r r & ~ o n d i n ~  spectrum (estimated from the measurement time within the incident 
the probe current and the detector efficiency) electron beam section. Also, there is uncer- 
using the suitable cross section calculated tainty in the cross section used for the 
with the Hartree-Slater model and conver- normalization and the estimated probed 
gence angle corrections. Because the exam- 
ined specimen is extremely thin with respect 
to the inelastic mean free path for electron 
transmission, no multiple scattering effect 
(thickness effect) needs to be considered for 
the quantification. The number of atoms in- 
volved in a single EELS spectrum should 
therefore be 

N,,,, = (NI,) . ( l lu)  A (1) 

where I and I, are the measured counts for the 

area (10). This result clearly shows that 
some of the Gd atoms have migrated from 
their original positions to travel along the 
nanotube and form the three- or four-atom 
clusters under investigation, and it there- 
fore reflects the inherent experimental dif- 
ficulties: The intense electron beam neces- 
sary to extract a single-atom spectrum dis- 
rupts this type of specimen structure (11). 
Despite these difficulties, this study unam- 
biguously demonstrates that element-spe- 

Fig. 2. Element-selec- 
tive images for gado- 
linium (A) and carbon 
(B) and a constructed 
color imaee IGd. red: 
carbon, b6e) '(cj.  hi 
Gd atoms are clearly ---- 
identified within the a b r d O  f a h i 

- " 
carbon nanotube and 
distributed along the 
nanotube axis. Scale 
bar, 3 nm. I 

Fig. 3. A typical EELS spectrum 2000 
acquired within 35 ms, showing 
the Gd N edge and carbon K 
edge (chosen at the central pixel 1500 
of a Gd atom). The background 
stripped Gd N edge is crucial = 
with respect to the noise level 8 1000 
and implies that one (or two) Gd 0 
atom(s) are involved. From the O 

corresponding values for the sig- 
nal (-4000 counts) and for the 
background (-30,000 counts), - - - - - - _ _ _ _ _ _  _ _ _  
one can estimate that the SNR O I b * u l l - d  , I I , . I  
for single-atom identification in 100 150 200 250 300 350 400 

this experiment is higher than 3, Energy loss (eV) 
which corresponds to  a 98% 
confidence level for detection. 

cific single-atom detection is possible by 
EELS (at positions a, b, g, h, and i in Fig. 
2A). This has been made possible by the 
use of the image-spectrum mode for acquir- 
ing large numbers of spectra (4096 spectra 
in the present case) over an extended area 
including the objects of interest. Processing 
all these spectra individually gives access 
to statistical distributions of counts as a 
function of pixel position, and constitutes a 
hint for evaluating the signal-to-noise ratio 
(SNR) in the measurements and the ulti- 
mate sensitivity of the technique. 

This technique is able to distinguish atoms 
even with only one atomic number differ- 
ence. However, its applicability is not univer- 
sal, because for some elements the character- 
istic core edges are of poor contrast andlor 
low intensities (i.e., for noble metals). It is 
mostly suited for the identification of low- 
atomic number elements, transition metals, 
lanthanides, and uranides. Possible applica- 
tions of this technique include selective label- 
ing of active sites on biomolecules. 

Moreover, the Gd M,, edge (- 1217 eV) 
can yield more information than the N edge 
about the valence state and the spin state of 
the encapsulated Gd atom (12). The M edge 
analysis would therefore enable us to obtain 
the electronic and magnetic information from 

Table 1. Quantification results for the number of 
Cd atoms involved at each spectrum point indi- 
cated by arrows in Fig. 2A. The values for I corre- 
spond to characteristic Cd signal (after back- 
ground subtraction) measured at the pixel position 
with highest count rate. The numbers involved in 
the corresponding estimation of NatOm are de- 
duced from Eq. 1 incorporating the numerical val- 
ues summarized in (10). The practical error level in 
this experiment, estimated from the sources of 
inaccuracy on the different parameters involved in 
Eq. 1, is typically one atom (73). This analysis 
demonstrates that some of the Cd atoms have 
migrated within a SWNT to produce three- or 
four-atom clusters as a result of the beam-induced 
specimen modifications. The number of Gd atoms 
that have migrated from their original positions 
(marked "0") to form clusters of a few atoms 
corresponds to the number of absent metal- 
lofullerenes estimated from the distance between 
the arrows. 

Point I Natom 
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the single atom. In the current experimental 
condition, however, the single-atom counting 
statistics for the M edge are barely sufficient 
for recording, because its cross section is a 
fraction of that of the N edge. More sophis- 
ticated electron optics for the microscope and 
more efficient detectors with lower noise are 
required for a practical use of this approach. 
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A Quantum Dot Single-Photon 

Turnstile Device 
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Quantum communication relies on the availability of light pulses with strong 
quantum correlations among photons. An example of such an optical source is 
a single-photon pulse with a vanishing probability for detecting two  or more 
photons. Using pulsed laser excitation of a single quantum dot, a single-photon 
turnstile device that generates a train of single-photon pulses was demon- 
strated. For a spectrally isolated quantum dot, nearly 100% of the excitation 
pulses lead t o  emission of a single photon, yielding an ideal single-photon 
source. 

Conventional sources of light, such as light- 
emitting diodes and lasers, generate radiation 
that can be successfully described with clas- 
sical Maxwell's equations. On the other hand, 
several applications in the emerging field of 
quantum information science require weak 
optical sources with strong quantum correla- 
tions between single photons (I). This is 
particularly true for quantum cryptography, 
which exploits the fundamental principles of 
quantum mechanics to provide unconditional 
security for communication. An essential el- 
ement of secure key distribution in quantum 
cryptography is an optical source emitting a 
train of pulses that contain one and only one 
photon (2). Because measurements unavoid- 
ably modify the state of a single quantum 
system, an eavesdropper cannot gather infor- 
mation about the secret key without being 
noticed, provided that the pulses used in 
transmission do not contain two or more pho- 
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tons. More recently, it has also been shown 
that the availability of a single-photon source 
enables implemention of quantum computa- 
tion using only linear optical elements and 
photodetectors (3).Here we report the exper- 
imental demonstration of an ideal single-pho- 
ton source, which uses the anharmonicity of 
single quantum dot (QD) multiexciton tran- 
sitions to regulate the photon generation pro- 
cess. Realization of such a source, termed a 
single-photon turnstile device (4), has been 
one of the holy grails of quantum electronics 
research, because it represents the ultimate 
limit in the quantum control of the photon 
generation process. 

It is known that a driven single anhar- 
monic quantum system, such as an atom or 
a molecule, exhibits photon antibunching; 
that is, a dead time between successive 
photon emission events (5). With the use of 
Hanbury-Brown and Twiss (HBT)-type 
photon correlation measurements (6), pho-
ton antibunching has been observed in a 
variety of single quantum emitters, for ex- 
ample, an atom ( 7 ) ,  a stored ion ( 8 ) ,  a 
molecule (9).a sem~conductorOD (10.11). and 

~ 	 ,, . \ , ,' 

a single nitrogen-vacancy center in diamond 
(12, 13). photon antibunching is a necessarybut 
not sufficient condition for a single-photon 
turnstile device; an additional mechanism for 
regulating the excitation process is required 

number of atoms detected is apparently less than the 
number expected. 
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to realize single-photon pulses. 
A single-photon turnstile device based on 

a mesoscopic double-barrier p-n heterojunc- 
tion was proposed in 1994 (4). An extension 
of this proposal was recently demonstrated 
(14), in which single as well as multiple 
photon emission events with a repetition rate 
of 10 MHz at 50 mK were reported. This 
device uses Coulomb blockade of tunneling 
for electrons and holes in a mesoscopic p-n 
diode structure to regulate the photon gener- 
ation process. In this scheme, single-electron 
and hole-charging energies must be large 
compared to the thermal background energy 
to ensure single-photon emission. Therefore. 
this device can only be operated at ultra-low 
temperatures (T 5 1 K). A triggered single- 
photon source based on a single molecule has 
been demonstrated (15) whereby regulation 
of the photon emission process is achieved by 
combining adiabatic passage techniques with 
pulsed optical excitation. With the use of 
photon correlation measurements, it was con- 
cluded that approximately 74% of the pulses 
give rise to single-photon emission at 1.8 K, 
with a repetition rate of a few megahertz. 

The single-photon source that we report is 
based on a single QD embedded in a high- 
quality factor (Q) microcavity structure (16).  
The distinguishing feature of our QD single-
photon source is the absence of pulses that 
contain more than one photon. To ensure 
single-photon generation at the fundamental 
QD exciton transition (lX), we adjust the 
pump power so that two or more electron- 
hole pairs are captured by the QD during each 
excitation pulse. The energy of the photons 
emitted during relaxation depends signifi- 
cantly on the number of multiexcitons that 
exist in the QD, due to Coulomb interactions 
enhanced by strong carrier confinement (16).  
If the total recombination time of the mul- 
tiexciton QD state is longer than the recom- 
bination time of the free electron-hole pairs, 
each excitation pulse can lead to at most one 
photon emission event at the 1X transition. 
Therefore, regulation of the photon emission 
process can be achieved because of a combi- 
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