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Imaging the atomic orbitals of carbon atomic chains with field-emission electron microscopy
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A recently developed high-field technique of atomic chains preparation has made it possible to attain the
ultrahigh resolution of field-emission electron microscopy 共FEEM兲, which can be used to direct imaging the
intra-atomic electronic structure. By applying cryogenic FEEM, we are able to resolve the spatial configuration
of atomic orbitals, which correspond to quantized states of the end atom in free-standing carbon atomic chains.
Knowledge of the intra-atomic structure will make it possible to visualize generic aspects of quantum mechanics and also lead to approaches for a wide range of nanotechnological applications.
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I. INTRODUCTION

Carbon atomic chains have remarkably high stability and
failure-current density, and are therefore especially promising in all-carbon molecular electronics. In all reported approaches to realize free-standing carbon atomic chains, highresolution microscopy has been exploited in process controls
and structural analysis.1–4 Field-emission electron
microscopy5 and scanning tunneling microscopy 共STM兲,6,7 in
particular, have been used to direct probe the local density of
states 共LDOS兲 of single atoms, but the symmetry of the electronic states could be inferred only indirectly and the intraatomic electronic structure or the shapes of atomic orbitals
are only known from theoretical investigations. At present,
there are several kinds of microscopes that are characterized
by atomic resolution in routine operating regimes. They are
the field-ion microscope 共FIM兲, the scanning tunneling microscope in its various instrumental forms, and the highresolution electron microscopy. Scanning tunneling spectroscopy and field-emission electron microscopy provides a
direct method to probe the discrete electronic structure of
nanoobjects.7–10 Low-temperature ultrahigh-vacuum STM
共Ref. 6兲 and FEEM 共Ref. 5兲 can be used to perform atomically localized spectroscopic measurements of a single atom.
FEEM enables the observation single quantum dots 共molecules and atomic clusters兲. The organic molecules are represented on the phosphor screen by bright multiplets or some
irregularly shaped FEEM images, known as molecular
patterns.11–13 The visibility of atoms in the FEEM was
strongly evidenced in the few special cases.5,14 However,
FIM, STM, and FEEM images of the single atoms look like
relatively wide structureless spots. These images of single
atoms can be approximated by a simple Gaussian distribution, and hence it is more argued to consider such a situation
in recent atomic-resolution microscopy as detecting a single
atom rather than obtaining its real image. To date, there have
been no reported experimental observations of the spatial
form of the atomic orbitals.
Each of these atomic-resolution microscopes requires
specimens with different configurations. The resolution of an
FEEM decisively depends on the geometry of sample, which
determines the field-enhancement factor above its tip. There
is general trend toward enhancement of the FEEM resolution
1098-0121/2009/80共16兲/165404共7兲

with the miniaturization of pointed specimens.14,15 The recent progress in the carbon atomic chain preparation,2 has
made it possible to attain the extremely large fieldenhancement factors corresponding to subangstrom resolution of a field-ion microscope.16,17 The finite onedimensional atomic chains, nanotubes, and graphene
nanoribbons exhibit peculiar electronic end states localized
at their termini,10,18 which hold significant promise for future
nanoelectronic device applications. Scanning tunneling spectroscopy measurements revealed the formation of quantized
electronic end states, which transform the energy levels and
the LDOS within the surface-supported finite atomic
chains.10 However the space configuration of wave functions
of end states has not been characterized experimentally.

II. METHODS

Experiments were performed with the FEEM operating at
4.2 K in ultrahigh vacuum. An individual image spot on the
microscope screen is formed by beam of electrons originating at the end atom of the chain 关Fig. 1共a兲兴. Experimental
procedures included in situ fabrication of atomic chains supported by the parabolic carbon tip of less than 1 m radius
are described before in details.16,17 The controlled formation
of carbon atomic chains on the apex of mesoscopic tips has
been obtained by the high-field unraveling mechanism.19 The
atomic chains were fabricated at low temperatures under
high-vacuum conditions by the application of positive electric field in a voltage range 1–15 kV. During this treatment
the electric field was maintained constant at a level of
1011 V / m. All FEM experiments were performed in
ultrahigh-vacuum chamber with a 1 ⫻ 10−7 Pa base pressure.
The ultrahigh-vacuum conditions prevented the residual gas
atoms from striking the surface under study. The migration
of residual gases adsorbed on the surface of the chain and
supporting carbon tip was strongly suppressed by deep freezing. A microchannel plate with a phosphor screen was used
as an anode. The effective diameter of the screen was 60
mm. Local current characteristics of the field-electron emission were determined through digital microphotometry in order to avoid the uncertainties connected with secondary
emission at high voltages in the complex conditions of a
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field-emission microscope. Image-intensity variations on the
screen reflect the transverse field-emission density variations
at the chain terminus. To get statistically relevant information
on peculiarities of FEEM images of the atoms of atomic
chains and to prove reliability of the method, we investigated
41 different carbon atomic chains produced during high-field
treatment. The distribution of the atomic chain length directly calculated from the compression factor has a mean
value of 5.9 nm, with a variance of 2.5 nm.
To examine the atomic chain formation in high electric
fields, we carried out calculations of the graphene unraveling. The numerical simulations were carried out using the
classical molecular-dynamics 共MD兲 method, employing the
short-range Tersoff-Brenner bond order potential.20 The electric force producing an axial tension is localized at the top of
the chain. In our molecular dynamics modeling the electric
force was 0.2–6.0 nN. The time unit is 3.526⫻ 10−14 s and
the time step is 7.052⫻ 10−16 s. The nonbonded interactions
between the graphite monolayers 共graphenes兲 determined by
weak van der Waals forces were neglected in our simulation.
The graphene sheet model used in the computations contains
33 interacting and 30 boundary atoms arranged in the same
manner as in the “zigzag” nanotube. Computer modeling employed rigid boundary conditions on the lateral graphene
edges. Boundary atoms were kept on lattice sites. The model
is stable with respect to both homogeneous strain and phase
transformation.

strength and may provide the ultimately dense atomic-scale
field-electron emission. The subangstrom FIM image resolution of anchored carbon atomic chains made it possible to
demonstrate the feasibility of quantum motion imaging of
atomic chains and to visualize in real space their atomic
wave functions near the ground quantum states.17 The fieldemission current can be calculated by multiplying the impingement rate of free electrons at the surface by appropriate
penetration coefficient. As only the states lying near the
Fermi level of chains contribute to the field-emission process, the supply of tunneling electrons in a FEEM is to a
good approximation proportional to the density of electronic
states,15,21 and a two-dimensional imaging of the LDOS corresponds to a spatial mapping of wave function probability
densities 兩兩2
The FEEM pattern on the screen is not exactly sharp,
because electrons emitted from any point at the specimen
have a transverse velocity, which results in a scattering disk
on the phosphor screen. The resolution of the FEEM can be
expressed in terms of a parameter ␦, which is defined as the
minimal diameter of the image disk, divided by the magnification of the image M. There are at least three factors,
which limit the resolution of the FEEM, namely, the velocity
of an electron near the Fermi level, the momentum uncertainty, and the geometric magnification factor depending on
the specimen end form. The resolution of FEEM images of
nanoobjects characterized by M ⬎ 106 is dominated by the
momentum uncertainty term.14 In this approximation, the
resolution is given by ␦ = 共2ប / meM兲1/2, where me is the
mass of the electron and  is the time of flight from tip to
screen. The time  is almost exactly equal to the flight time
of electrons at full energy eV, were e is the charge of the
electron and V is the applied potential. A carbon atomic chain
can perfectly screen the applied electric field, resulting in
sharp enhancement of the electric field at the end atom. To
calculate the resolution of FEEM images of the carbon
atomic chain on the needle-shaped electrode we used the
“post on a paraboloid” model17 关Fig. 1共a兲兴, in which the
chain stands normally on the parabolic electrode with the
radius of curvature r0, having a cylindrical shape of height l
and closed with a hemispherical cap with radius 0
= 0.12 nm.21 Since the carbon atomic chain is conducting
and hence an equipotential surface, line of force, and an initial part of trajectory are orthogonal to the effective electronic surface 关Fig. 1共a兲兴. The lines of the force emerging
from a chain are compressed after traveling normal to its
surface for a short distance. The parabolic compression of
the force line reduces the actual magnification. The image
magnification of FEEM is proportional to the ratio of the
specimen-to-screen distance R to the apex radius of the
specimen 0, that is: M = R / ␤0, where ␤ is the image compression factor. In conventional FEEM of specimens described by a paraboloid, ␤ is about 1.5, however, for onedimensional chains on the tips this value is considerably
understated.
Within the framework of this approximation, the compression factor is given by

III. RESULTS AND DISCUSSIONS

␤ = 共r0/L兲1/2 ,

Free-standing carbon atomic chains attached to the sharpened carbon fibers are characterized by a high mechanical

where L is the total distance of the apex of the hemisphere
from the paraboloid surface 共L = l + 0兲 and  is a numerical

FIG. 1. 共Color online兲 Characterization of high-resolution fieldemission electron microscopy. 共a兲 A schematic drawing of electron
emission from a self-standing atomic chain anchored at the graphite
parabolic tip, mounted opposite a luminescent screen. 共b兲 The dependence of theoretical resolution of FEEM on the radius of the
supporting parabolic electrode for carbon atomic chains, closed carbon nanotubes with fullerene end caps and conventional parabolic
emitters. 共c兲 The calculated resolution of FEEM as a function of the
length of carbon atomic chains and nanotubes.
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constant which is almost independent of configurations of
chains and supporting tips and has an approximate value of
1.145.17 The apex field-enhancement factor for the chain on a
paraboloid model is given by ␥ = 1.05共2 + L / 0兲0.99. The field
F at the end of the chain anchored at the apex of a paraboloidal tip can be shown to be F = 2␥V / r0 ln共2R / r0兲. Using
these expressions, the calculation yielded the following expression for the minimal diameter of resolved emission spots
in FEEM images of free-standing linear nanoobjects:

␦ = 共2ប0兲1/2

冋

eme
LF ln共2R/r0兲
␥

册

−1/4

.

共2兲

The field strength F in FEEM examinations of carbon atomic
chains is usually varied in a narrow range about 109 V / m.2
The resolution is determined by the uncertainty principle and
the image magnification factor mostly depending on the radius 0 and length L of the chain 共nanotube兲. In spite of a
partial image overlap, the two emission spots of diameter ␦
will just be resolved at positive values of the resolution ratio
 = 共j0 − jm兲 / j0, where j0 and jm are the electron current densities at the emission centers and the middle point between
the two spots, correspondingly.22 Field-emission single atom
tips can be modeled by a cylindrical tube of radius ␦ / 2 with
impenetrable walls,23 and the emission probability density
can be presented by the Bessel function of zero order. Within
this approximation, the lateral resolution ⌬ is determined by
the minimal distance between two emission spots corresponding to positive values of . For such a probability density ⌬ is equal to 0.46␦.
Figure 1共b兲 shows the change in the resolution given as a
function of the radius of the supporting electrode for atomic
chains, nanotubes, and parabolic specimens. The resolution
of FEEM is determined largely by the radius of the tip 0 and
is affected only to a second order by the radius of the supporting electrode r0. The dependence of resolution on the
length 关Fig. 1共c兲兴 of a carbon atomic chain 共0 = 1.2 Å兲 and a
closed carbon nanotube with a fullerene end cap 共0
= 5.1 Å兲 was calculated for typical conditions: r0 = 1
⫻ 10−6 m, R = 5 ⫻ 10−2 m, and F = 5 ⫻ 109 V / m. At these
conditions, the resolution for atomic chains and carbon nanotubes exceed those of conventional field-emission electron
microscopy by an order of magnitude. The field strength,
magnification, and resolution should all increase as the radius of the protrusion decreases. The application of columnar
nanospecimens in FEEM drastically improved the resolution
of the image to the subangstrom level, thus not only detecting a single atom would be expected, but also obtaining its
spatial image or intra-atomic structure.
We use low-temperature FEEM to perform a systematic
investigation of the shape of the wave function 兩共 , z , 兲兩2.
The overwhelming majority of FEEM images of the end atoms of carbon chains has symmetries presented in Fig. 2,
which correspond to singlets and doublets of bright spots or
occasionally to some odd-shaped patterns. The photographs
in Figs. 2共a兲 and 2共b兲 were taken with an applied voltage 425
V and currents of 550 and 150 pA, respectively. The first
field-emission electron image of the end atom has circular
symmetric intensity distribution with maximum intensity at
the center as expected for s-like states, while the second one

(a)

(b)

(c)

(d)

FIG. 2. 共Color online兲 FEEM images of the end atoms of carbon
chains. 共a兲 Singlet and 共b兲, doublet of bright spots were acquired
with a voltage 425 V. The singlet patterns represent the most stable
configuration. 共c兲 s-like images of two atoms at the end of chains.
共d兲 Spontaneous s → p transformation of the FEEM pattern at constant voltage of one of atoms shown in c.

has a pronounced node in the center as expected for p-like
states. The extension angle of the FEEM image of the s-like
patterns is equal to 0.12⫾ 0.02 rad. This value is correspondent to the compression factor ␤ = 17.4 and the atomic chain
length calculated from the Eq. 共1兲 is equal to 4.33 nm.
Deletion or movement of only a portion of a FEEM pattern was never registered: singlet and doublet patterns always
behaved as single units. Some of the singlet and doublet
patterns disappeared within about ten second after they appeared. The rest of the localized FEEM patterns remained
stable. At the electron current greater then 100 pA singlets
occasionally change to doublets and vice versa. Figures 2共c兲
and 2共d兲 show representative patterns of two atoms, one of
which spontaneously changes the FEEM image at constant
voltage 共440 V兲. This change corresponds to s → p transformation of the electronic orbital of the end atom. The configuration of the FEEM pattern of the second atom is invariable.
The state without any node gives the largest current, i.e., the
s-like state, gives a far larger current than p-like state with a
node under the same voltage. Similarly, the pronounced
field-emission current for the s-like states was recently obtained for an ultrathin metal nanowire.24
Another example of the mutual transformation of atomic
FEEM images is shown in Fig. 3. The FEEM image in Fig.
3共a兲 has a truncated top with a small dent in its central region. Such a mixed FEEM pattern transforms successively to
p-like and s-like states 关共b兲 and 共c兲 images兴. The fieldemission current from the end atom increases by two orders
of magnitude at the p → s transformation. The twodimensional spatial map of lines of equal brightness corresponding to the mixed FEEM pattern 关Fig. 3共a兲兴 is acquired
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on a basis of a complete and orthogonal set of cylindrical
wave functions27 in the form

 j共r兲 = 兺 兺 C j共G,Gz兲⌽GGz共r兲,

共3兲

G Gz

where G and Gz are wave vectors and the ⌽GGz共r兲 are
solutions of the Schrödinger equation
(a)

(c)

−

(b)

ប2 2
ⵜ ⌽GGz共,z, 兲 = GGz⌽GGz共,z, 兲.
2m

共4兲

Here 共 , z , 兲 are cylindrical coordinates for free electrons
confined inside a long cylindrical box of radius 0 and 0
ⱕ  ⱕ 2 and 0 ⱕ  ⱕ 0. The boundary conditions require
that the total hence radial wave function vanish on the inner
surface of the cylinder:⌽GGz共0 , z , 兲 = 0. The motion of
electrons along z direction is separable from the crosssectional in-plane motion. The solution of the Schrödinger
equation with these boundary conditions is given by the
Bessel functions of the first kind of order n times a plane
wave in z and an azimuthal phase factor:

(d)

FIG. 3. 共Color online兲 Transformation of atomic FEEM patterns.
共a兲 A mixed FEEM state transforms successively to 共b兲 p-like and
共c兲 s-like states. The field-emission current from the end atom increases was increased by about 85 times at the p → s transformation.
A considerable elliptical distortion of the FEEM patterns could be
connected with the asymmetry of the supporting graphite tip. 共d兲 A
spatial map of lines of equal brightness corresponding to the mixed
FEEM pattern 共a兲.

using a high-resolution digital camera and digital frame
grabbers with further computer processing. The brightness is
proportional to electron current density j and normalized to
their maximum value jm. Lines 1–4 correspond to j / jm equal
to 0.20, 0.30, 0.45, and 0.50, respectively.
Bright singlet, doublet, and odd-shaped images of organic
molecules were revealed before by the field-emission
microscope.11–13 So far, most of image mechanisms proposed
to explain the molecular patterns fall into at least one of two
categories, monomolecular,11 and waveguide13,25 models. In
the waveguide models, which appear to explain most of the
experimental results, the nature of molecular images is elucidated taking into account propagation of electronic waves
along a cylindrical waveguide formed by the molecular complex. These models appear to explain some experimental results, but the mechanism of the spontaneous transformation
of atomic FEEM patterns is unascertained. The observed in
resent paper patterns are similar to field-emission images of
single-walled carbon nanotubes26 obtained in the investigation of emission states attributed to a chemisorbed molecule.
However, the ultrahigh-vacuum conditions in our experiments, preliminarily cleaning the surface of the tips by field
evaporation, and the suppression of the surface migration of
impurities by cooling down to 4 K prevented the residual
atoms from adsorption at the end of atomic chains.
To compare the observed squared wave functions to the
ones that are obtained by calculations, we used the representation of the ground states of the linear carbon chains displaying axial symmetry by expanding the wave function 

冉冑 冊

⌽GrGz共,z, 兲 = eiGzzJn 

2meE ⫾in
e
,
ប2

共5兲

where E is the radial component of kinetic energy of electron. The radial electron confinement leads to the quantization of the electron motion perpendicular to the chain with
the radial quantization energies. The spectrum is determined
by the discrete energies given by the eigenvalues En,i
2
= ប2Xn,i
/ 2me20, where Xn,i denotes the i-th zero of Bessel
function of order n.
Our results suggest that the field-emission electron patterns correspond to the shape of the squared wave functions
of individual states with a circular intensity distribution as
expected for an s state and with a pronounced node line in
the center as expected for a p state. Calculations showed that
E0,1 ⬍ E1,1 Ⰶ E0,2 ⬍ E1,2, and hence the higher angular momentum eigenstates can be ignored. Thus we can qualitatively explain the frequent occurrence of the FEEM patterns
corresponding to s and p states. The distribution of local
tunneling current above the nanoobjects generally represents
the LDOS as plots of the probability density 兩⌽兩2 in real
space. It should be noted that in some special cases the local
current depends on the spatial structure of the surface electronic tunneling barrier above molecules, which could be
substantially anisotropic.12 A comparison of experimental
FEEM patterns 共Figs. 2 and 3兲 with the theoretical calculations of the electron wave-function amplitude in carbon
atomic chains 共Fig. 4兲 shows a good agreement. We observe
that the ground state and the first-excited state localized at
the end atom have the expected s-like and p-like symmetries,
respectively. Equations 共3兲 and 共5兲 successfully describe the
wave function images we observe for s-like and p-like states
关Figs. 4共a兲 and 4共b兲兴. The square of the s and p wave functions normalized to their maximum values. The predicted
symmetry of the ground and first excited states corresponds
to those observed by the low-temperature FEEM method.
Similarly, an equal superposition of s and p eigenstates 关Fig.
4共e兲兴 appears consistent with the FEEM images of mixed
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(a)

(a)

(b)

(c)

(b)

(d)
(c)

FIG. 5. 共Color online兲 FEEM images of the end atoms of carbon
chain at 300 K acquired with voltages 共a兲 330, 共b兲 340, and 共c兲 360
V. Thermal vibrations of the end atom of chain at this temperature
shown in panel 共d兲.

(d)

(e)

FIG. 4. 共Color online兲 Spatial variations of squared wave functions of the end atom of the carbon chain. 共a兲 and 共b兲, FEEM image
is formed by the calculated s and p orbitals, respectively. 共c–e兲
Calculated maps of 兩⌽兩2 based on Eqs. 共3兲 and 共5兲. The dashed and
solid traces in 共c兲, 共d兲 indicate experimental data and calculation
probability amplitudes of the eigenfunctions, respectively. The vertical axis is approximately proportional to the LDOS. 共e兲 The calculated two-dimensional contour plot of the wave function density
corresponding to an equal superposition of the s and p orbitals.

FEEM patterns 关Figs. 3共a兲 and 3共d兲兴. The squared wave function 兩兩2 in this state is thus a linear combination of the first
two terms in the series Eq. 共3兲.
An increase in field strength can cause a slight increase in
the size and brightness of the doublets but a separation between any pairs of maximums is nearly constant and the ratio
of this separation to the maximal diameter of the image spot
equals to 2.11⫾ 0.10. This ratio calculated from Eq. 共5兲 is
equal to 2.081 关Figs. 4共c兲 and 4共d兲兴. Coincidence of the experimental and calculated peaks and the close matching of a
variety of calculated spatial patterns and FEEM images illustrate that some features of the orbitals of the end atom can be
reproduced by Eq. 共5兲. The increase in the spread of the
intensity at the experimental peaks 关Figs. 4共c兲 and 4共d兲兴 can
be attributed to a residual image smearing. The slight blurring of FEEM images can be due to the transverse momentum distribution of the field emitted electrons. It can be concluded that the FEEM patterns reflect the spatial distribution
of the end electron states of a nanowire of an atomic-scale
diameter. But the mechanism of the spontaneous s → p transformation at constant voltage remains unexplained.
To estimate a possible contribution of thermal vibrations
to the blurring of FEEM images, the numerical simulations
of mechanical oscillations of the carbon monoatomic chain

anchored to the graphene edge were performed using the
molecular-dynamics method, employing the Tersoff-Brenner
potential.20 The chain was assumed to be in thermal contact
with a macroobject at temperature T. The anchored atom of
the chain every 8.85⫻ 10−15 s was reset to a new velocity
adjusted to the Maxwell velocity distribution at T.28 Typical
thermal transverse oscillations of the carbon chain with L
= 1.12 nm at 300 K are shown in Fig. 5. The main natural
frequency for characteristic of the FEEM mode field strength
of 5.0⫻ 109 V / m is 0.19 THz. The amplitudes of thermal
vibrations of the free-standing carbon atomic chains are comparatively large 共about 2 Å兲 and make a certain contribution
共0.19 rad兲 to an enhancement of the electron emission angle
at the tip. However, this value is substantially less then a
typical field-emission angle 共2 / 3兲 共Ref. 15兲 and exerts a
small if any influence upon the blurring of FEEM images,
even at a comparatively high temperature 共300 K兲. Figures
5共a兲–5共c兲 shows FEEM patterns of the end atoms of carbon
chains at 300 K at field-electron currents 共a兲 7, 共b兲 20, and 共c兲
37 pA acquired with voltages 330, 340, and 360 V, respectively. A comparison of these images with those obtained at 4
K 关Figs. 3共a兲 and 3共b兲兴 shows the absence of substantial differences. At the same time the end atom of a chain is coupled

a

b

c

FIG. 6. Forming of the branched carbon nanowire during the
unraveling of a graphene sheet. Labels 共a兲–共c兲 denote the various
unraveling stages.
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lengths of 9–12 atoms after relaxation after unraveling during 4.2⫻ 10−13 s. Relaxation of such nonlinear atomic
chains led to significant violation of azimuthal symmetry of
chain. This gives rise to the angular asymmetry in the FEEM
images.
a

b

c

IV. CONCLUSIONS

FIG. 7. Relaxed configuration of branched atomic chains with
the numbers of carbon atoms equal to: 12 共a兲, 10 共b兲, and 9 共c兲.

with a graphene layer at low temperatures through quantized
vibration of the supporting linear atomic chain,17,29 and
hence the detailed interpretation of the FEEM images requires careful theoretical consideration of the quantum linear
support.
The angular symmetry of the s orbitals is transferred to
the angular symmetry of the FEEM images 关Figs. 2共a兲, 4共a兲,
and 5共a兲–5共c兲兴. A significant quasielliptical distortion of the
FEEM images 共Fig. 3兲 indicates that the violation of axial
symmetry takes place. Taking into account that the radius of
atomic chain 0 is scores of orders of magnitude less than
that of the supporting electrode r0, a considerable elliptical
distortion of the FEEM images could not be caused by the
asymmetry of the supporting tip. We note that under the
ultrahigh-field conditions the unraveling of graphene layers
is quasiadiabatic and does not occur at constant temperature.
The consequent contraction of the atomic bonds during unraveling causes an abrupt decrease of potential energy and
atomic oscillations. The average amplitude of oscillations
corresponds to temperature of about 104 K.2,28
Therefore, the unraveling proceeds in an ultrahightemperature surface region of carbon fibers. Due to explosive
local overheating, atomic chains proved to be very nonequilibrium objects. In Fig. 6 snapshots of the unraveling dynamics of a single C-chain extending out from the graphene
sheet: 共a兲 at the beginning; 共b兲 after 7.0⫻ 10−14 s, 共c兲 after
1.41⫻ 10−13 s, and 共d兲 2.10⫻ 10−13 s are shown. The unraveling of graphene in high electric fields is accompanied by
extraction of additional atoms—branching of atomic chains
关Fig. 6共c兲兴.
Figure 7 shows the branched atomic chains with the
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