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The single-electron tunneling behavior of crystalline palladium nanoparticles with narrowly distributed core
sizes ranging from 1.6 to 4 nm is studied by scanning tunneling microscopy/spectroscopy. The current-voltage
sI-Vd characteristics of Pd nanoparticles exhibit size-dependent fine features, which are assigned to the dis-
creteness of energy states of the ultrasmall Pd particles. It is found that the peak widths, as well as the intrapeak
spacings in differential conductancedI /dV spectra increase with the decrease of the size of Pd nanoparticles.
Our analysis shows that the dwell time of the weak tunnel junction may not be a major contribution to the peak
widths due to the large resistance of the tunnel junction of about 107V. The possible effect of residual charge
is also excluded. An explanation of the size-dependent behaviors of the peak width and the intrapeak spacing
is attributed to the clustered electronic structures around the Fermi level due to certain size-dependent dynamic
effects.

DOI: 10.1103/PhysRevB.70.205411 PACS number(s): 73.22.2f, 68.37.Ef, 73.23.Hk

I. INTRODUCTION

In ultrasmall metallic grains, dynamic effects play impor-
tant roles to their electronic structures, and thus affect the
electron transoport.1–4 Single-electron tunneling spectros-
copy has been used to probe the dynamic effects of metallic
nanoparticles in the characteristics of the discrete states in
conductance spectra.1,2,5 It provides a direct method to study
the individual energy levels of semiconductor quantum dots
(QDs) in the case that the single-electron charging energy,
Ec, is on the order of or smaller than the typical discrete
energy-level spacings,dE, due to their relatively low densi-
ties of states.6–14 Using the method, the atomiclike shell
structures of QDs were revealed.8,10–12In the tunneling con-
ductance spectra,dI /dV-V, the peaks exhibited a systematic
broadening with the reduction of dot diameter, which was
assigned to a decreased electron dwell time on the dot due to
the size dependent barrier height.12 However, unlike the
semiconductor QDs, the charging energy of a metal particle
in nanometer scale is typically much larger than the discrete
energy level spacings. In this case, the measured discrete
states contain contributions from many-electron exci-
tations,4,15,16and therefore, it may not be simply understood
as the independent-electron picture as in semiconductor
QDs. Moreover, the behaviors of the peak widths and the
intrapeak spacings in the tunneling conductance spectra for
metal particles are not adequately studied and less under-
stood.

The observation of discrete energy levels of metal nano-
particles were reported mostly at dilution refrigerator tem-
peratures using fabricated devices in which a metal particle
coupled two electrodes to form a double barrier tunneling
junction.15–23 Very recently, discrete energy levels of ultra-
small metal nanoparticles have also been observed by scan-
ning tunneling microscopy/spectroscopy(STM/STS) at tem-
perature of 5 K.5,24–27This profits from the synthesis of ul-
trasmall ligand-stabilized, narrow size distributed metal
nanoparticles via the wet-chemical method.28–32 The core
sizes of the metal particles are identified by high resolution
electron microscopy(HREM). Hence, it is possible to sys-

tematically investigate the size-dependent properties of the
metal particles with well-defined sizes. BothEc and dE are
particle size dependent, which can be reflected in the current-
voltagesI-Vd curves of single-electron tunneling. Moreover,
due to the size-dependent dynamic effects,33,34 the electron-
electron scattering lifetime will be size dependent, and hence
reflected in theI-V characteristics. Thus, it is interesting to
study the size-dependent tunneling behaviors of metal nano-
particles.

In this paper, we present a systematic analysis of the tun-
neling spectra of crystalline palladium nanoparticles with
size ranging from 1.6 nm to 4 nm in diameter. The peak
width and the effect of discrete energy levels have been com-
pared with the simulated results based on orthodox theory for
single-electron tunneling.35,36

II. EXPERIMENT

The crystalline Pd particles used in our experiment were
synthesized using chemical method which produced nearly
monodispersed ultrasmall crystalline Pd nanopartciles.29 Pd
particles were refined by fractionation, and particles with
narrow distributed sizes of 1.6 nm, 2 nm, 2.2 nm, 2.5 nm, 3
nm, and 4 nm in diameter were measured with STM/STS.
The samples were prepared by spreading drops of the toluene
solutions containing the Pd crystalline nanoparticles on sev-
eral pieces of freshly grown Au(111) films (160 nm thick)
on mica. The samples on Au/mica substrates were introduced
into the cryostat of Omicron’s ultrahigh vacuum low tem-
perature scanning tunneling microscope, which was pre-
cooled down to 5 K. Before measuring, we waited about 2 h
for stabilization of the tip of the microscope and the sample.
The drift between the tip and the sample could be as small as
0.1 nm/h. A typical voltage sweeping period for a single
I-V curve with about 2000 points was about 3 s.

The I-V curves of individual Pd particles with determined
sizes were measured by positioning the tip of the microscope
over a selected Pd nanoparticle while turning off the feed-
back of the microscope. Here, the tip of the microscope, the
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thiol-capped Pd nanoparticle, and the Au substrate formed a
double barrier tunneling junction(DBTJ),5,25 as depicted in
the upper inset in Fig. 1. An STM image of Pd nanoparticles
with average core size of 2 nm in diameter(characterized by
HREM) is shown in the lower inset in Fig. 1, where the
particle sizes in the STM image are larger than the averaged
core size due to the effect of the tip convolution and the
capped thiols. The electrochemically etched Pt/Ir tip was
carefully treated and cleaned in vacuum before it was used.

III. RESULTS AND DISCUSSION

RepresentativeI-V curves and one of the numerical dif-
ferentialdI /dV for a crystalline Pd particle of 2 nm in diam-
eter are shown in Fig. 1. TheI-V curves(in lower panel),
which are taken at the same set-point of 1.8 V and 1.0 nA in
successive four repeats, nearly thoroughly overlap, indicat-
ing the high reproducibility of theI-V curves. There are fine
features in addition to the main steps. The main current steps
are due to the single-electron charging effect, while the fine
features are attributed to the effect of the discreteness of
energy states of ultrasmall crystalline Pd nanoparticles due to
the multichannels of discrete states.1,5,24,37The fine features
can be seen much clearly as the multipeaks in thedI /dV
curve (in upper panel). There was a quite asymmetric junc-
tion configuration in our experiment, hence, the multipeaks
in a dI /dV curve may reflect the structure of the particle
energy spectrum.10,12 Here, the behavior of the fine peaks is
different from the case of semiconductor QDs.10,12 In the
case of the semiconductor QDs, since the level spacings are
much larger than the charging energy,dE.Ec, the single-
electron tunneling happens via degenerated discrete levels,
thus two and up to sixfold charging multiplets in tunneling
spectra reflect the spherical atomiclike QD states withs and

p symmetries. The separation within the multiplets is deter-
mined by the single-electron charging energy, and the sepa-
ration between two groups of peaks is a sum of the level
spacingdE and the charging energyEc. Whereas,dE!Ec in
Pd nanoparticles of around 2 nm in diameter, typically, the
magnitude fordE is in range of about 20–60 meV, and
Ec.100 meV.5,24,25 Though the measured intrapeak spac-
ings of the multipeaks are qualitatively in agreement with the
expected spacings of the energy levels, the further analysis
shows that each of the peaks, unlike the case of the semicon-
ductor QDs, may not directly reflect the single states, but, as
we will show below, the clumping of states caused by com-
plicated dynamic effects.

In the case of the metal nanoparticles, much higher volt-
age(or energy) resolutions of conductance spectra have been
obtained under dilution refrigerator temperatures using tun-
neling devices by several groups.15–23 Ralphet al.15,18,21ob-
served the discrete electronic states in the conductance spec-
tra for aluminum nanoparticles. Their results show that for
larger particles the fine substructures in the conductance
spectra exhibit single peaks, which reflect the discrete energy
levels.21 The peak spacings are in agreement with the esti-
mated mean level spacing. However, for smaller particles,
the energy resonances at low energies are grouped in clusters
spaced in the order of the mean level spacing, and the first
cluster contains only one peak, but the resonances at higher
energies consist of much closer spaced clusters than the
mean level spacing. To understand the clustered structure,
Agam et al. presented a picture that each cluster of reso-
nances is identified nonequilibrium occupancy configurations
of the other single-electron states.19 This analysis is based on
the condition that the rateGinel of inelastic relaxation pro-
cesses is smaller than the tunneling rate of an electron into
and out of the dot,Gtun. WhenGinel.Gtun, the system relaxes
to equilibrium between tunneling events, then each reso-
nance cluster collapses to a single peak, as the case for the
larger Al particles in the observations by Ralphet al.. A
similar behavior has been observed in Au nanoparticles by
Davidović and Tinkham.16 These measurements were mainly
concentrated around the first Coulomb blockade step, i.e.,
there was only one extra electron tunneling into or out of the
dots sn0±1d, while our measurements extended to higher
progressions of steps, which have more than one electron
into or out of the dots. The fine features around the main
steps(Fig. 1) resemble the previous observations of discrete
energy states in metal particles, but may not give the detailed
information for each state as those due to a lower voltage
resolution.

It is noted that there is an increasing peak width, as well
as the increasing separation between multipeaks in the con-
ductance spectra as the particle size reduces, as shown in Fig.
2. For a larger crystalline particle(say, the curve for Pd of 3
nm and 4 nm in diameter), the peak splits can be just recog-
nized around the main peaks. When the particle size is
smaller than 2.5 nm, the multipeaks are well separated,
though the widths of multipeaks broaden with the decrease
of the particle size. Here, we need to exclude any possible
effects from the tunneling barriers and the residual charging.
In our measurements, the weak tunnel junction is generally
the substrate-particle junction, while the tip-particle junction

FIG. 1. Four representativeI-V curves taken at a set point of 1.8
V and 1.0 nA in successive four repeats and one of the numerical
dI /dV spectra for a Pd nanoparticle of 2 nm in diameter. The four
I-V curves nearly thoroughly overlap. The upper inset is a sche-
matic of the STM double barrier tunnel junction, and the lower inset
shows an STM image of the particles with average core size of 2
nm in diameter.

WANG et al. PHYSICAL REVIEW B 70, 205411(2004)

205411-2



has much larger resistance than the substrate-particle junc-
tion due to the existing vacuum gap between the tip and the
particle. By synthesis of Pd particles of 2 nm in diameter
coated using different alkanethiols of decanethiolsC10d,
dodecanethiolsC12d, and hexadecanethiolsC16d, we changed
the resistance of the substrate-particle junction, but we did
not observe obvious change in the peak widths and the intra-
peak spacings, as shown in Fig. 3(a). Though the gaps of the
substrate-particle junctions may not linearly correspond to
the chain lengths of the ligands due to the deformation of the
alkyl chain, it at least shows that the peak widths and the
intrapeak spacings are not sensitive to the resistance of the
weak junction in our case. As a further test, we changed the
gap of the tip-particle junction by adjusting the set-point cur-
rent of the microscope. A series ofdI /dV curves with differ-

ent gaps of the tip-particle junction is plotted in Fig. 3(b).
The peak widths and the intrapeak spacings of the fine peaks
are observed without obvious change, though the positions of
the peaks shift due to a possible change in the residual
charge,Q0.

35,36 It was observed that evenQ0 varied in a
relatively wide range, both the peak widths and the intrapeak
spacings change little. Moreover, as shown in Fig. 3(c1)–
(c3), when Q0 varies from 0.08e to 0.48e, wheree is the
electron charge, one can see that while the fine features in
I-V curves (or the peaks indI /dV curves) shift with the
change ofQ0 and the zero conductance region changes from
about 210 meV to nearly total suppression, the peak widths
and the intrapeak spacings indI /dV curves nearly remain
unchanged. As shown in Fig. 1, all of theI-V curves are
highly reproducible for the same particle with the same set-
point conditions. Here, we further show that the reproduc-
ibility is independent on the voltage sweeping speed. Several
sets of twoI-V curves measured with voltage sweeping pe-
riods of 1.5 s and 3 s are plotted in Fig. 3(c). The two I-V
curves for each set give nearly the same features even with
different voltage sweeping speeds. However, there are some
differences in conductance spectra for different particles with
a similar size. As shown in Fig. 2 for the two curves labeled
1.6 nm, they were obtained from different particles with a
similar size of 1.6 nm. Though the main features of multi-
peaks are similar, the detailed structures are different, which
may reflect the differences in the electronic structures result-
ing from the possible variations in the atomic structures for
different particles. We believe that, unlike the case of semi-
conductor QDs, the major contribution to the peak width in
the case of the Pd particles may not be assigned to the dwell
time of the junction, and the possible contribution from re-
sidual charge can be excluded, other than, the size-dependent
peak widths and the intrapeak spacings may reflect the elec-
tronic structures of Pd particles, and possibly the electron-
electron interaction of the nanoparticle.5

In our observations, the peak widths are much large, even
up to 40 meV, which may not directly reflect the homog-
enous linewidth of energy levels. It is also necessary to fur-
ther analyze the size-dependent behaviors of the peak widths
and the intrapeak spacings. To show the size-dependent be-
haviors clearly, we plot the full width at half-maximum
(FWHM), D, and the intrapeak spacings of the multipeaks,d,
against the charging energyEc in Fig. 4(a). We estimated the
charging energy byEc=e2/2sC1+C2d, whereC1 andC2 were
obtained from the fit of theI-V curves using orthodox
theory35,36by just considering the position of the main steps.5

The peak widths were obtained by a fit using Lorentzian line
shape. The error bars show the fluctuation in the charging
energy, the peak spacings, and the peak widths correspond-
ingly. The particle sizes in top axis in Fig. 4(a) are estimated
from the HREM images. Such a behavior of the size-
dependent peak widths is similar to that for the semiconduc-
tor QDs.12 Millo et al. attributed the size dependent broad-
ening to the dwell time via the weak tunnel junction resulting
from the confinement effect. In their case, a quite small re-
sistance of,105V was derived for the weak tunnel junction.
However, a much larger resistance of,107V was obtained
in our STM configuration5,24,25 using a least square fit by
orthodox theory.35,36Such a resistance corresponds to a quite

FIG. 2. Conductance spectra features of crystalline Pd particles
with diameter in ranging of 1.6–4 nm. For clarity, curves shift
vertically.

FIG. 3. (a) Conductance spectra for the Pd particles capped with
alkanethiols of C10,C12, and C16. (b) Conductance spectra for a Pd
particle of about 2 nm in diameter with different set-point currents.
(c) Sets of twoI-V curves measured with voltage sweeping periods
of 1.5 and 3 s, for different residual charging conditions,(c1) 0.08e,
(c2) 0.42e, and(c3) 0.48e. Numerically differentiateddI /dV spectra
corresponding to theI-V curves measured with a sweeping period
of 3 s are plotted. For clarity, curves are shifted vertically.
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small contribution of less than 1 meV to the peak widths
estimated from the uncertainty relation. Even considering the
thermal broadening of about 1 meV(3.5kBT, where kB is
Boltzmann’s constant, andT is temperature) and the experi-
mental resolution of about 2 mV, we still have quite a large
difference between the estimated values of the peak widths
and the experimental ones.

One may note that in Fig. 4(a), both the peak width and
the intrapeak spacing of the fine peaks nearly linearly in-
crease with the increasing of the separation of the Coulomb
charging peaks. The linear fit givesD=s0.08±0.01dEc and
d=s0.14±0.03dEc [as the solid lines shown in Fig. 4(a)] us-
ing the formDi =b0+b1Ec (Di denotesD andd, respectively),
whereb0.0 are obtained for both of the fits. The distribu-
tion of the intrapeak spacings is plotted as histogram in Fig.
4(b), which is normalized followed by a similar procedure as
in Refs. 12, 38, and 39. The distribution is found to be
Gaussian other than the description of random matrix theory,
different from the calculation by Narvaez and Kirczenow.40

Such a “universal behavior of Gaussian” reflects a strong
Coulomb interaction rather than single particle level fluctua-
tions. Here, the fluctuation in intrapeak spacings increases
with the decreasing of the particle sizes, which may reflect a
much wider variation in differences of eigenenergies of
eigenstates around the Fermi level in smaller particles than in
larger ones in the electronic structures. This is coincident to
our results for crystalline Pd using the tight-binding
method,5,24 and to the calculation for Al nanoparticles coated

with Al oxide,40 where for small particles the large surface to
volume ratios should have a significant effect on the level
spacings.

To understand the experimental results shown above, one
may need to consider the electronic structures of crystalline
Pd nanoparticles. Metals have very high densities of states,
hence, a metal particle has relatively small discrete energy
level spacings, e.g.,dE!Ec. In most of the discussions, the
level spacings were treated as the independent-electron
particle-in-a-box spacings. The single-particle discrete states
are expected to be resolvable when several conditions are
met:1 (1) kBT!dE; (2) "Gtun!dE, whereGtun is the tunnel-
ing rate out of a discrete state on the metal particle into a
coupled lead(here is the tip or the substrate); (3) "Ginel,dE,
whereGinel is the inelastic relaxation rate of the excited state
on the nanoparticle with an energye above the ground state,
which can be met whene,ETh, where the Thouless energy
ETh is the inverse time for an electron near the Fermi level to
travel across the nanoparticle.4 As discussed above, the first
two conditions are met in our measurement. Here, we need
to consider the third condition, which depends on the dimen-
sionless conductanceg=ETh/dE, where dE is the average
independent-electron particle-in-a-box spacings estimated by
dE,2p2"2/mkFV. Here,V is the volume of the particle,m
is the electron mass, andkF is the Fermi wave vector, about
12.6 nm−1 for Pd. One conduction electron for a Pd atom is
assumed. For a ballistic limit, where the Thouless energyETh
is estimated byETh,"vF /aD (Fermi wave velocityvF
,1.53108 cm/s for Pd, anda=3), we obtain g,5 and
ETh,140 meV for Pd nanoparticle with the diameter ofD
=2 nm. The criterione* =dEÎg,66 meV. When e.e* ,
golden rule is applicable, and hence, the orthodox theory can
be used to describe the tunneling behavior via discrete
states.4

In previous investigations on metal nanoparticles, the con-
centration is almost focused on the fine features of the volt-
age range just beyond the Coulomb-blockade threshold at
very low temperature of sub-Kelvin, due to the relatively
large particles involved. In these cases, even the many-
electron states may be coupled in, the quasiparticle states can
still be resolved at energy range ofe* ,e,ETh. Whereas, for
much smaller metal particles, due to the complexity of
the processes involved, such as enhanced electron-electron
and electron-phonon interactions,5,33,34 and many-body
interactions,4 the complete understanding is not currently
available. Though we attribute the observed fine features in
I-V curves ordI /dV spectra to the discreteness of the elec-
tronic structures for such ultrasmall nanoparticles at elevated
temperature of 5 K, we still lack the detailed knowledge
about them. The highest energy at which the quasiparticle
can be resolved is predicted to be the Thouless energy.3

However, as pointed out by Ralphet al.15 and Altschuleret
al.,4 the many-electron interaction should be taken into ac-
count. In such a case, the single-electron particle-in-a-box
eigenstates associated with many-electron states lead to
clumping of states, and the density of accessible many-
electron eigenstates should be expected to grow with increas-
ing electron energy, quickly becoming greater than the
single-electron estimate whene.e* . Our measurements for
the Pd particle size ranging from 1.6–4 nm fall in the regime.

FIG. 4. (a) Statistics of the peak widths and the intrapeak spac-
ing in conductance spectra against charging energyEc. (b) Histo-
gram of the normalized fluctuation in the intrapeak spacings, along
with a fit to a Gaussian distribution(solid line).
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Moreover, the relaxation process may be important in deter-
mination of the fine features in the conductance spectra. Ac-
cording to the model by Agamet al.,19 we may identify that
the system is in the equilibrium regime or in the nonequilib-
rium regime. In our STM configuration, the junction resis-
tance is in the order of 107V, corresponding to a tunneling
rateGtun of about 1011 s−1 considering a voltage drop of 0.2
V in the junction. The rateGinel of inelastic relaxation pro-
cesses is estimated by taking the electron-electron scattering
and electron-phonon scattering into account,5 and obtained in
the order of 631012 s−1. SinceGinel.Gtun, the system is far
from nonequilibrium but in the equilibrium regime. Hence,
the fine features of the multipeaks in conductance spectra
behave like the observations by Ralphet al. for the larger Al
particles of 130 nm3 in volume.15,21 However, due to lower
voltage resolution than the observations by Ralphet al., the
single states are not resolved in our results, instead, each
peak in conductance spectra may contain the contribution of
level clusters. We noted that in the results by Ralphet al.,21

though the spacings between the single peaks in principle are
in agreement with the mean level spacing, the single peaks
are not equally spaced. Such a nonequidistant behavior in
electronic structure may become significant in a much
smaller particle, say, 2 nm in diameter or 4.2 nm3 in volume
of a Pd sphere. And more important the many-body effects
may be enhanced in such an ultrasmall particle. Thus, the
clustered electronic states form, and may be reflected with a
few peaks in conductance spectra by smearing small spaced
states due to certain convolution effects.

Based on the observations and the discussions above, it is
possible to simulate the experimental results phenomenologi-
cally. From our calculation of Pd nanoparticles based on the
tight-binding method, the energy levels are clustered in
groups,5,24 which is in agreement to the calculation for Al
nanoparticles coated with Al oxide with a similar method.40

But, such a calculation is insufficient to understand the size-
dependent behaviors shown above. Considering that for the
Pd nanoparticles in the range of 1.6–4 nm,Ec~D−1 from
Fig. 4(a), then, we haveD~D−1, andd~D−1. As indicated by
Sivan et al., only in the range of Thouless energy around
Fermi level the energy levels are discrete, while they become
continuous in energy farther than the Thouless energy from
the Fermi level due to the interaction beyond the average
level spacing.3 For simplicity, we assume several discrete
states, which contain size-dependent clustered groups,
around the Fermi level similar to the case in Ref. 3, as shown
in Fig. 5(a), then, we may qualitatively simulate the experi-
mental results using orthodox theory,35,36 as shown in Fig.
5(b). In Fig. 5(b), we observed that the peak widths and the
intrapeak spacings of the multipeaks in the conductance
spectra nearly directly correspond to the widths and the spac-
ings of the assumed electronic structures, respectively. One
may note that the simulation gives nearly the same structure
around the different main peaks, which is different from the
experimental observations. This is because the model for
simulation did not consider the effects of different numbers
of extra electrons on the particles and the energy dependent
effects. The electron interactions, maybe important for the
ultrasmall particles, may be different when the number of the
extra electrons into or out of the particle is more than one,

which results in the different behaviors around the main
steps. Though the model for the simulation is simple, the
results show that the size-dependent clustered electronic
structures may be the possible reason that causes the size-
dependent peak widths and the size-dependent peak spacings
in single-electron tunneling spectra.

IV. CONCLUSIONS

We have studied the size-dependent behavior of the peak
widths of dI /dV in single-electron tunneling spectra by
STM/STS at 5 K. Crystalline Pd nanoparticles with narrow
size distribution ranging 1.6 to 4 nm were synthesized. Fine
peaks were observed indI /dV spectra in addition to the Cou-
lomb blockade and Coulomb staircases, which are attributed
to the discreteness of energy levels. The peak widths and the
intrapeak spacings were size dependent. Our analysis shows
that the possible effects of tunnel junction and residual
charge on the peak widths and the intrapeak spacings can be
excluded. The fine peaks may not directly reflect the single
discrete states, but clustered groups of levels caused by cer-
tain dynamic effects. The phenomenological simulation by
assuming size-dependent clustered electronic structures
around the Fermi level qualitatively accords with the experi-
mental observation, and thus, we attribute the size-dependent
behaviors of the peak widths and the intrapeak spacings to
the clustered electronic structures of ultrasmall Pd nanopar-
ticles due to size-dependent dynamic effects.
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FIG. 5. (a) Assumed electronic structures with discrete clustered
energy states:(1) spacing 20 meV, width 10 meV,(2) spacing 30
meV, width 20 meV, and(3) spacing 50 meV, width 30 meV.(b)
Corresponding simulateddI /dV spectra using the assumed elec-
tronic structures in(a) by the orthodox theory with parameters of
(1) C1=0.30 aF,C2=0.80 aF, (2) C1=0.30 aF,C2=0.54 aF, (3)
C1=0.30 aF,C2=0.34 aF, respectively, while keepingR2/R1

=5, R1=80 MV, residual chargeQ0=0, andT=4.2 K.
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