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Tunneling spectroscopy of isolated g, molecules in the presence of charging effects
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The discrete molecular-level spectrum of an isolatggir@olecule is resolved and its interplay with single-
electron charging effects is studied using room-temperature and cryogenic scanning tunneling spectroscopy.
The tunneling current-voltage spectra of these molecules exhibit rich structures resulting from both resonant
tunneling through the discrete levels and charging effects. In particular, we observe degeneracy lifting within
the molecular orbitals, probably due to the Jahn-Teller effect and local electric fields. Theoretical fits account
well for our experimental datdS0163-182807)09939-9

Ceo Molecules were the focus of an intensive study over@nd describe SET effects in terms of this capacitance? Our
the last decade and are considered to have many promisiritpta suggest a positive answer.
future applications. Special effort is directed to electronic =~ We have thermally evaporated gold films on glass and
molecular level spectroscopy of,§ and in particular to ef- annealed them in order to obtain smooth surfaddgg, pow-
fects that result in shifting and splitting the electronic levelsder (Aldrich Chem. Co. was first dissolved in toluene and
of excited and ionized molecules, such as the Jahn-Telldhen transferred to a tungsten boat in a thermal evaporator
(JT distortion}? At the same time, the interplay between used only for G, The solution was allowed to dry and the
single-electron tunnelin¢SET) effects and quantum size ef- molecules were deposited onto the substrate. In some
fects in isolated nano-particles, referred to as “quantursamples the evaporation was done directly onto the bare gold
dots” (QD), has also gained considerable intereétSuch  film, while in others the gold film was covered by a thin
an interplay can be experimentally observed most clearlynsulating polymethyl-methacrylate MMA) layer (less than
when the charging energy of the dot by a single electian, 40 A thick, determined by x-ray measuremertigfore the
is comparable to the electronic level separatioB, , and  Ceo €vaporation. The evaporation parameters were adjusted
both energy scales are larger tHeyT. Both effects are rel- to obtain submonolayer coverage, and, more importantly,
evant to the development of nanoscale electronic devicedsolated molecules, as can be seen in our cryogenic scanning
such as single-electrofand single-moleculetransistor$ ~ tunneling microscop€STM) images(Fig. 1). In this way we
and have been studied for various mesoscopic tunnel jundave realized a DBTJ configuration in which g,@olecule
tion configurations. One example is the double barrier tunneis coupled via two tunnel junctions to the gold substrate and
junction (DBTJ) geometry, where a QD is coupled via two the tip of the STM[Fig. 1(@]. The G, molecules were stud-
tunnel junctions to two macroscopic electrodesin this  ied spectroscopically by taking tunnelihgV characteristics,
system, SET effects, such as the Coulomb blockdZ®) both at room temperature and at 4.2'KThe |-V traces
and the Coulomb staircase, can be observed in the currergxhibit rich structures due to resonant tunneling through the
voltage (-V) characteristics. The former manifests itself by discrete levels of a g molecule and charging effects. In
a suppression of the current around zero bias voltage, whiladdition, they exhibit splitting of degenerate orbitals of the
the latter exhibits a sequence of equidistantly spaced steps imperturbed molecule due to symmetry breaking that may be
thel-V curve! caused by charging, external fields, or the JT effect. We note

Our present work combines the two experimental effortshere that in samples where the PMMA layer was not added,
discussed above, namely, we exploj,@olecules as QD’s most of the molecules exhibited SET and quantum size ef-
in mesoscopic tunnel junctions and study the interplay befects, indicating a large tunneling resistaticempared to the
tween charging effects and resonant tunneling through disguantum resistancéy/e’*~26 kQ) for both junctions. The
crete electronic levels. An isolatedgInolecule provides an tunnel barrier between the molecule and the gold substrate
ideal model system for this research: it is unique due to itoriginates probably from a layer of amorphous carbon and
size(~8 A in diametey, much smaller than the nanoparticles hydrocarbons adsorbed on the gold surface while overheat-
investigated so far, its spherical shape, and its rich electroniing the boat during evaporatidfi.
spectrum, which is affected by charging. Moreover, this sys- The measurement procedure was to first acquire a topo-
tem enables a simultaneous study of the interplay in twa@raphic image and then locate the tip above an isolaigd C
regimes, one where the level spacif§, is larger thanE, ~ molecule for the tunneling spectroscopy measurements. For
(due to molecular orbital spacipngand the other where each molecule we have takénV curves for different set-
AE, <E. (due to level splittingg Previous works, done on tings of the STM bias voltag¥s and tunneling currenkg
metallic nanopatrticles, have treated the case wheeg  and thus for various tip-§ separations. In this way we could
<E_..*"Due to the above-mentioned properties, an interestehange the capacitan, associated with the tip-g junc-
ing question arises: can one attribute a meaningful effectivéion [J-1 in Fig. 1(a@] and consequently the “fractional
“classical” (geometrical capacitance to the & molecule, charge” Q, on the dot and thus the width of the CB!?
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I
R;.C, —l
ST™
C tip / J-1
@ QD Insulatingo\ X7 FIG. 1. Schematic and equiva-
Tyes lent circuit of the experimental
setup: a G molecule (QD)
Ry.C, / coupled via two tunnel junctions
gold to the STM tip and gold substrate
(a). Three topographic images
(a) showing a monolayer of & (b), a

small group of molecule&), and

a single moleculéd), adsorbed on
a gold film covered by an insulat-
ing layer. The topographic images
are of side 70, 100, and 60 A, re-
spectively. The quality of the
background is degraded in com-
parison to images of bare gold
films (Ref. 9, due to the insulat-
ing layer.

Each curve was acquired while momentarily disconnectinglot three corresponding theoretical fidiscussed beloy It

the feedback circuit, and therefore with constant tjg40n-  is evident that these curves contain additional steps, beyond

nel junction parameters. ThieV measurements were fre- those related to SET effects, which reflect the discrete elec-
quently interrupted in order to acquire topographic imagesronic structure of the g molecule. This structure is exhib-
and ensure that the tip and the molecule did not drift apart.ited in a more pronounced way in thlé/dV traces, shown in

In Fig. 2 we plot fourl -V characteristicgshifted for clar-
ity) taken for a single molecule at 4.2 KElectrons flow

from the tip to the substrate for positive bia$hese curves s

are part of a large set of characteristics acquired with signifi-

cantly different STM settings. The main features in the 0

[-Vcurves, observed also for many other molecules and 85y T
samples, are the following: first, there isxanvanishinggap 204 00 04

in the curves around zero bias thagcillates periodically
between minimum and maximum widths as we monotoni-
cally changd  for fixed V¢ (and vice versp This oscillation
is due to the periodic variation @,(mod e),consistent with
the “orthodox” theory and an effective “classical” capaci-
tance of the QD. The fact that the minimum gam@nzero
indicates that we have an additional contribution, on top of
the “classical” CB, related to the molecular level spacing.
Moreover, in contrast to pure SET characteristics, the curves
may gethighly asymmetriand exhibit steps witlvariable
widths and heightsThe nearly Ohmic trace shown in the
inset was taken in the vicinity of aggmolecule and is typi-
cal of the curves obtained everywhere exceyérthe mol- 8r . , \ . . . . ]
ecules. This confirms that the rich structures observed in our 20 -15 -10 -05 00 05 10 15 20
data are indeed related exclusively to thg @olecules and Bias [V]
not to the PMMA, the carbon layer, or any contaminants on
the substrate. FIG. 2. Tunnelingl-V characteristics at 4.2 K taken for a{C
In Fig. 3(@) we plot three experiment&tV characteristics molecule in a DBTJ configuration, with different STM settings.
(upper curvesthat are part of a set of curves taken with Inset: anl-V trace taken near aggmolecule showing Ohmic be-
different values ofZ; ,where in this cas€,<C,. Below we  havior.
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= FIG. 3. Tunneling -V and theirdl/dV traces
at 4.2 K[(a) and (b), upper curvesand corre-
sponding theoretical fitf(a) and (b), lower
curvey for Cg in an asymmetric DBTJ @,
<C,). Inset:dI/dV curve and fit showing addi-
. tional group of spectral lines at positive bias.
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the inset and in Fig. ®), where each peak corresponds to N

resonant tunneling through a discrete level. Figurds and T (”):Zﬂlﬁf | Ti(E)|?Di(E—E;)f(E—Ej)Dg(E—Eq)
5 are similar to Fig. 3, but taken on other samples and dif-

ferent DBTJ configurations, whef@,>C, andC,~C,, re- xX[1-f(E-Eq)]dE,

spectively. The effect of the capacitance ratio on the shape Qferen is the number of excess electrons on the dot. Similar

the -V traces can be clearly seen. o _ expressions are used for tunneling off the dgt(n). T (E)
The fits were calculated using the formalism introduced in. !

Ref. 12, which we modified to include the electronic spec—Is the tunneling matrix element across junctio; andDq

trum of G, The tunneling rate onto the molecyt#ot) from are the density of states in electrqdand thg dot, respec-
; S tively, E; (Eq) are the corresponding Fermi levels, whose
electrodel =1,2 is given by

relative positionsfter tunneling[ E4(n+1)—E;(n)] depend
onn, C;, C,, and the level spectrum, ari¢E) is the Fermi
function. The tunneling matrix elements and the density of

' ' ' ' ' ' ' states are gathered in the phenomenological “tunneling re-
< 2f C<G ] sistance” parameter. However, T,(E) accounts for the
£ I;=16nA barrier-height dependence on the bias voltage Brdis
E ol Vs=075V 1 taken to be proportional to a set of broadened discrete levels,
g corresponding to the positions of the electronic energy lev-
a3 els. Following Ref. 12, we first determine the probability
D 2r M ] distribution ofn, p(n), and the tunneling current is calcu-
3 lated self-consistently from
f oy
C
4 a) 1 I(V)=eXP(n)[T3 (n)=T5(n)]

- =eXP(n)[I';(n)~T7(n].

8 L 4

g From the fits we obtain information on both the junction
= 4l _ parameters and the electronic molecular spectrum. For fitting
@ the energy levels, we have started with theoretical informa-
5 ol i tion available for theneutral Cgo molecule, although our data
% resolve the molecular level structure égatively and posi-
£ 4l i tively ionizedCg, the possible states of the molecule in the
o intermediate stage of tunneling through the DBTJ. The mo-
S 8l ] lecular level spectrum of the unperturbed, neutral molecule is
= (b) . . well understood. The sphericalL=5 levels are split into

15 10 05 00 05 10 15 three groups: fivefold degeneraig, levels, constituting the
; highest occupied molecular orbitdHOMO), threefold de-
Bias (V) ) .
generatet,,, the lowest unoccupied molecular orbital
FIG. 4. Tunnelingl-V curves obtained for the same molecule, (LUMO), and threefold degenerate, (LUMO+2). The
for two different settings, as indicated. (@) C;<C, and in()) ~LUMO+1 (t;4, threefold degenerateoriginates from the
C,>C,. Insets: the correspondirdj/dV traces. L =6. These degeneracies can be lifted by several means that
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3 ,L 1> Fits at 4.2 K[(a) and (b), upper curvek and corre-
= ) Rr 7 sponding theoretical fit§(a) and (b), lower
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break the icosahedral symmetry. Among these are the foHOMO for negative bias[The group at negative bias may
lowing: (1) The electric field between the tip and the sub-also have a small contribution from electrons tunneling onto
strate and?2) the JT effect, which is prominent in the ionized the LUMO from junction 2] This is a major source for the
and excited states of the molecule. Accordingly, we haveronounced asymmetry observed in the curves. Support for
fitted all our curves using three groups of levels, related tghe interpretation above serves the fact that in the opposite
the HOMO, LUMO, and the LUMG1 orbitals. (The  case, wherC,>C,, we obtained -V curves that are nearly
LUMO+2 is too far energetically to be observed in our g, inversion(with respect t&/=0) of those in Fig. 3. This is
dc_':lta. The fits to all our curvese.g., _the sets represented N exhibited in Fig. 4, where we plot twbV curves and their
Figs. 3 and bwere performed by taking the HOMO levels in yoiyatives (insets, obtained for the same molecule. The

the range—0.8 and—0.6 eV, the LUMO in the range 0 to oo, Fig. 4a) were taken witiC,;<C,, and those in Fig.
0.15 eV, and the LUM@ 1 onset at-0.6 eV. We note here . . : .

. 0 4(b) after reducing the tip-molecule distance to achi€se
that the HOMO-LUMO level spacing that we observe).7 FC Indeed, in the latter the LUMO levels appear at nega
eV, is much smaller than the level spacing in the free neutrall ~2". ' " . i

P g dive bias and the HOMO at positive bias. One should also

molecule. It should be pointed out, however, that we ar 2 c t th | L
actually measuring the gap between the LUIG) and keep in mind that, as a consequence of the voltage division

the HOMO(Cgo"), since the threshold for tunneling in our between the junctions, the real zero bias gaps ano! molecular
DBTJ is determined by the energy of the finahized state level spacings are smaller than those apparent inlthe

of the molecule. The typical level splitting that we obtain, CUrves.

~0.05 eV, is somewhat smaller than the predictions for the In the inset of Fig. 3 we presentdi/dV curve (and fif

JT effect? measured for another sample. HeEg~0.13 aF andC,

The electronic wave functions are not isotropic and de-~0.25 aF, resulting in a smallé&,, ~0.2 eV. One can now
pend on the spatial location within the molecule. Thus, theobserve, in addition to a doubly split LUMO, another group
tunneling probability to different levels and consequently theof three levels, about 0.5 eV to the right of the LUMO. This
I-V characteristics, are sensitive to tieactlateral tip posi-  group can be associated either with the fully split LUMO
tion over the molecule, which probably changes slightlylevels or with a replica of the LUMO group at the onset of
from one trace to another within a set. Additional variationsthe second step of the staircase, i.e., the LUIIQ 2) lev-
amongl -V traces may result from different molecular orien- els. It can of course be a combination of the two. The fits to
tations with respect to the substrate. Consequently, the chapur data suggest that both channels contribute to this group
acteristics within a set may show different degrees of levebf spectral lines. The onset of this group of levels can also be
splitting and peak amplitudgsr step heights In Fig. 3 one  seen at the right end of other curves.
can observe a full splitting of the five HOMO levels and the  The traces plotted in Fig.(& are by far more symmetric
three LUMO levels as well as partially lifted degeneracy ofas compared to those in Figs. 3 and 4. Best fits to these
these levels. curves (lower two lineg were achieved folC;~C,~0.15

We shall now discuss the effect of the junction capaci-aF. In this case tunneling is onset in junction 1 for positive
tances on the shapes of theV curves. The fits in Fig. 3, bias and junction 2 for negative bias, through the LUMO
excluding the inset, were calculated wi@y~0.07 aF and levels that are closer to the Fermi energy, according to our
C,~0.15 aF, thu€.~0.35 eV.(Both the charging energy fits. Indeed, thedl/dVtraces[Fig. 5b)] contain groups of
and the level separation exceed the thermal enkgdyeven three peaks nearly symmetrically positioned around zero
at room temperature, so SET effects and the interplay witlbias. At larger voltages the symmetry of the traces should be
the molecular levels can be clearly observed even ten. lost, as the HOMO and the LUM®1 orbitals will start to
SinceC;<C,, tunneling through the DBTJ is onset at junc- contribute.
tion 1, for the level configuration at hand, where electrons In summary, we have measured, using STM, diserete
tunnel into the LUMO for positive bias polarity, and off the tunneling spectra of isolatedsgfullerenes in the DBTJ con-
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figuration. The spectra manifest the interplay between charghe good fits indicate that, in spite of the small size of the
ing and quantum size effectgmultaneously in two regimes molecule, one can associate with it an effective capacitance
AE, >E. and AE <E.. The degenerate HOMO, LUMO, similar to metallic particles of comparable size, and not in
and possibly the LUM@ 1 levels of the unperturbed mol- the way suggested in Ref. 13 for atomic size structures. A

ecule were split and fully resolved spectroscopically. Theguantum-mechanical approach is probably more adequate to
degree of splitting is somewhat smaller than predictions fotreat the capacitance in this molecular size regime.
the JT effect. Local fields may contribute to this degeneracy

lifting as well. Theoretical curves, calculated using the “or-
thodox” model for SET modified to account for the discrete  This work was supported by the Israel Academy of Sci-
level spectrum of g, agree well with our data. The data and ences, Grant No. 032-7625.
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