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The discrete excitation spectrum of an individual metallic nanoparticle can be measured by the
technique of single-electron tunneling spectroscopy. In this report, recent experimental work on
ultrasmall metallic grains are reviewed focusing on the influence of the spin-orbit scattering on the
discrete spectrum in nonmagnetic Al and ferromagnetic Co nanoparticles.

I. INTRODUCTION

One of the fundamental features of quantum mechan-
ics is that the energy spectrum of particles confined to
a small system is discrete or quantized and the typi-
cal energy level spacing increases as the system size de-
creases. The discrete spectra in these condensed matter
systems can provide a tool for understanding the inter-
actions which influence electronic structure, uncovering
effects that are not clearly visible if the individual quan-
tum levels in the system cannot be resolved. However, in
condensed matter system, it is not easy to see the discrete
energy spectrum of an individual sample because system
sizes are typically so large that discrete energies could not
be resolved on the energy scale set by the temperature.

In 1990s [1, 2], the development of single-electron tun-
neling spectroscopy made it possible to resolve discrete
energy levels even for small metallic grains which usually
have much higher density of states than semiconductors,
thus requiring much smaller sample size. It relies on the
Coulomb blockade effect of a nanoparticle connected to a
circuit by tunneling barriers. The tunneling conductance
shows a number of peaks as a function of bias voltage,
interpreted as transitions between quantum levels of the
particle.

In this report, the basic idea of the single-electron tun-
neling spectroscopy will be summarized and then recent
experiments on nonmagnetic and ferromagnetic nanopar-
ticles will be discussed. Finally, remaining problems will
be discussed.

II. SINGLE-ELECTRON TUNNELING
SPECTROSCOPY

A. Experimental Setup

A schematic cross section of the device geometry is
shown in this figure. The devices are fabricated as fol-
lows. Using electron-beam lithography and etching tech-
nique, silicon nitride membrane containing a bowl-shaped
hole is fabricated. Then the gate electrode is formed by
evaporating Al onto the flat side of the membrane. Next,

*Electronic address: hongki@physics.utexas.edu

an aluminum electrode is formed which fills the bowl-
shaped side of the membrane. Then a layer of nanoparti-
cles is created by depositing Al onto the lower side of the
device. Due to surface tension, Al nanoparticles gather
to form small particles less than 10 nm in diameter. De-
vices in which tunneling occurs via a single nanoparticle
joining the two leads are selected based on the measure-
ment of a Coulomb staircase.

In the single electron tunneling spectroscopy, apply-
ing a bias voltage between the two leads causes a tun-
nel current to flow between the leads through the grain.
In addition, the grain is also coupled to a gate so that
the tunneling current can be influenced by changing the
gate voltage, which tunes the electostatic potential on
the grain and thereby also its average number of elec-
trons. Therefore, the resulting device shown in Fig.1 has
a structure of single electron transistor.
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FIG. 1: Schematic cross section of the single-electron transis-
tor [2].

B. I-V Measurements

In an experiment the measured quantity is the current
I through the device as a function of the voltage differ-
ence V. When V is varied on a large scale of tens of mV,
the I-V curve shows a steplike behavior. The flatness
around zero voltage occurs because no current can flow
through the grain until it overcomes the charging energy.
This phenomenon is called the Coulomb blockade effect.

When V is varied on the much smaller scale of a
few mV around the threshold of the Coulomb blockade
regime and the temperature is sufficiently low, the I-V
curves have a step-like substructure (Fig.3). As V is
increased above the threshold charging energy, an addi-
tional resonant tunneling occurs whenever the Fermi level
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FIG. 2: I-V curve of the single-electron transistor at 4.2 K
showing the Coulomb blockade region with I=0 near V'=0 [3].

in one of the two leads match the discrete energy states
of the particle. This means that the individual quantum
states in the grain become accessible to tunneling.

Note that the energy scales of the charging energy
and the mean level spacing are quite different. Typi-
cal charging energy is roughly raning from 5 ~ 50 meV,
whereas mean level spacing typically 0.02 < d < 0.3
meV which is much smaller than the charging energy but
much larger than the thermal energy set by temperature
(around T' ~ 30 mK). Since the two scales differ by at
least an order of magnitude, it is easy to separate their
contributions in the low-temperature I-V curves of the
devices.
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FIG. 3: I-V curve of the single-electron transistor at 320 mK
showing onset of current steps at voltages above the Coulomb
blockade where individual quantum states in the grain become
accessible to tunneling [3].

III. NONMAGNETIC NANOPARTICLES
A. Experimental Results

The nanoparticles in the tunneling experiment is nor-
mally pure Al and the effective g factor is the same with
2 which is the free electron g factor. The energy spectra
shows linear dependence on the applied magnetic field.
However, for several of the normal-state grains in the
experiments, the magnetic-field dependence of the exci-
tation spectra showed marked deviations from the sim-
ple behavior: ¢ factors differing from 2 were measured
and deviations from linear H-dependence in the form of
avoided level crossings were observed.

The nanoparticles in the tunneling experiment is nor-
mally pure Al. In some of the devices however, the Al
evaporation for the particles was interrupted and a thin
layer of gold was deposited corresponding roughly to a 4
% of doping inside the nanoparticle. These unintended
defect or impurity can be identified as the source of the
spin-orbit scattering.

Tunneling spectra of the discrete energy levels are
shown in Fig.(4) at different values of the applied mag-
netic field for an Al particle which presumably contain-
ing doped Au. The peaks in Fig.(4) have many features
qualitatively similar to those in pure Al. As the applied
magnetic field parallel to the silicon nitride membrane is
increased, each peak splits linearly into two at low mag-
netic field.
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FIG. 4: Tunneling spectrum of discrete state resonances in
the sample, for a range of applied magnetic fields at T=>55
mK. [4].

However, there are several features different from pure
Al particles. First, lets define an effective g factor such
that the energy splitting between Zeeman-split states is
AFE = gegpupH to linear order of in H. In normally pure
Al samples, gegr = 2+ 0.05, which is as expected, because
spin-orbit scattering is negligible in pure Al, and the free-
electron g factor should apply. In the sample in question,
get 18 significantly less, and it varies from peak to peak,
gest = 1.841+0.03, 1.68+0.08 and 1.76 £0.05 for the three
resonances in Fig.(5).

Secondly, avoided level crossings were observed. In
pure Al particles with g factors approximately 2, any de-
partures from linear Zeeman splittings were not observed.
For a sample without spin-orbit scattering, this must be
the case, because there is no coupling between spin-up
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FIG. 5: Energies of the discrete electronic states within the
nanoparticle of Fig.(4). [4].

and spin-down sates in the Hamiltonian. In contrast, the
Zeeman splittings of levels 14 and 2, in Fig.(5) show a
clear departure from the linear behavior and the upward-
trending 14 level undergoes an avoided crossing with the
down-trending 2.

B. Simple Model

As mentioned in the previous section, the presence of
spin-orbit scattering within an Al nanoparticle affects
measurements of the discrete energy levels by reducing
the effective g factor below the free-electron value 2 and
causing avoided crossings as a function of magnetic field
between predominantly spin-up and predominantly spin-
down levels.

These features can be understood by considering
Hamiltonian in the presence of spin-orbit scattering.
Let’s write the Hamiltonian in zero magnetic field as

H =Hy+ Hso (1)

where H describes all the spin-independent interactions
and Hgo contains the terms that couple spin-up sates
to spin-down states. Then, performing perturbation the-
ory to the lowest order in Hgp, the eigenstate n with
predominantly spin up is given by
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and the effective g factor for the eigenstate n can be
written as
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Therefore, ges is reduced below the free-electron value
go = 2 by an amount determined by the spin-orbit ma-
trix elements which couple the state n to other states
with opposite spin. Because the energy eigenstates are

no longer purely spin up or spin down in the presence of
spin-orbit interactions, they respond more weakly to an
applied magnetic field than pure-spin states, resulting in
the reduced g factor.

Note that for very small systems, the mean level spac-
ing become larger than the typical spin-orbit matrix ele-
ment so it is legitimate to treat the spin-orbit interaction
as a weak perturbation. With larger systems, the energy
denominators decrease and eventually lead to the break-
down of perturabation theory. However in the bulk limit,
it can be shown that the relevant energy denominators
are of the order of the bandwidth thus the effect of spin-
orbit interactions will be small though the mean level
spacing becomes extremely small. Indeed bulk g-factprs,
in general deviate very little from the free electron g fac-
tor. Therefore, the spin-orbit effect is expected to have
its strongest impact in the mesoscopic regime with mean
level spacing comparable to or smaller than typical spin-
orbit matrix elements.

In order to analyze the avoided level crossing in Fig.(5),
let’s consider only the lowest four levels and construct the
effective truncated Hamiltonian. To this end, the eigen-
states n = 1,2 in eq.(2) can be used as a basis which are
defined in the H = 0 limit with spin-orbit correction in-
cluded. It is now straightforward to solve this truncated
problem explicitly and to find the energies as a function
of the applied magnetic field.

IV. FERROMAGNETIC NANOPARTICLES
A. Experimental Setup

The fabrication for ferromagnetic Co particles is sim-
ilar to that of nonmagnetic Al particles and schematic
cross section is shown in Fig.6. The top Al electrode is
deposited first so as to fill a bowl etched through a SigNiy
membrane with hole radius < 5 nm, and then a tunnel
barrier is formed by oxidizing Al. The Co nanoparticles
are obtained by evaporation at room temperature of a Co
layer. Surface tension causes the Co to form electrically
separate particles in the range of 1-4 nm diameter.

B. Experimental Results

Fig.7 shows the tunneling spectra at the onset of con-
duction for the first Coulomb threshold for three samples.
Similarly as nonmagnetic case shown in Fig.3, the tunnel-
ing spectra for Co nanoparticles show well-resolved peaks
due to tunneling via discrete electron levels within each
particle.

However, the tunneling spectra for ferromagnetic
nanoparticles are different in several interesting ways
from nonmagnetic nanoparticles. First, energy levels are
coupled to the direction of the particle’s total magnetic
moment, such that the levels shift as the moment is re-
oriented. Second, the magnetic dependence of the ener-
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FIG. 6: Schematic cross section of the single-electron transis-
tor [5].

gies show the same sign of the slope. Third, the energy
spacing of the resonances is smaller than expected in an
independent-electron model, suggesting the importance
of low-energy many-body spin excitation. Let’s consider
each point in detail.
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FIG. 7: Tunneling spectra of three different samples at 7' = 20
mK and H=1 T. H is parallel to SizNis membrane [5].

Unlike nonmagnetic particles where the energy levels
have a simple linear dependence on H due to the Zeeman
energy, the levels in Co have a strong nonlinear depen-
dence on H for small H. Fig.8 shows the energy of the
first three tunneling resonances of sample 1 as an exter-
nal magnetic field H is swept from negative to positive
values and back again along the direction oriented 45
from the easy axis. Starting from —0.45 T, the tunneling
energies shift in a continuous manner and the magnetic
moment of the particle relaxes toward its easy axis. Note
that at H = 0.23 T, all the levels show sudden jumps.
We can interpret this jump due to the reversal of the
magnetization in a single domain Co nanoparticle.
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FIG. 8: Magnetic-field dependence of the tunneling spectra
of several Co grains. Hysteresis shows the dependence of tun-
neling energies on H at T = 20mK for sample 1 [5].

The energy shifts with H are hysteretic with respect
to the direction of the field sweep. These curves in-
dicate a significant coupling between the level energies
and the orientation of the magnetic moment of the
nanoparticle. Therefore, the quantum states in a fer-
romagnetic nanoparticle are not all described by the
same anisotropy-energy function that governs the ground
state, but anisotropy varies from state to state.

At larger values of H, all the energy levels increase as
a function of H with slopes that correspond to effective
get factors. Fig.9 shows that geg factors vary between
0.8 to 1.9 and fluctuate quite strongly from level to level.
Similarly as the nonmagnetic particles, level dependent
reduced g factors can be understood due to the effect of
the spin-orbit scattering.
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FIG. 9: Tunneling spectra of three different samples at T = 20
mK and H=1 T. H is parallel to SizNis membrane [5].



Also we can observe that all measurable transition en-
ergies within a given sample have the same sign of the
slope as a function of H. This is different from results in
Al for which Zeeman spin splitting of each orbital state
gives rise to lines with upward and downward slopes with
comparable conductance amplitudes and with a degener-
acy at H=0. Note that Co is not fully spin polarized
(P =~ 30%) so both slopes would be expected to occur
even if in unequal numbers and with different amplitudes.

Finally, let’s consider the measured density of tunnel-
ing resonances shown in Fig.7. The energy spacing be-
tween tunneling peaks is somewhat less than 0.2 meV,
much smaller than the value expected from the mean
level spacing d for noninteracting electrons, between 0.75
and 40 meV. One possible explanation is that electron
excitations within a Co particle may include low-energy
spin waves in addition to the electron-hole excitations
due to the spin-orbit coupling.

C. Simple Model

The hysteretic behavior can be understood qualita-
tively in terms of a simple model Hamiltonian.

H=guppH -5~ KnupS?/\/S(S+1) (4)

where K, is an anisotropy energy per unit magnetic mo-
ment.

It includes Zeeman energy with the total electronic
spin S and an easy-axis anisotropy energy in the z di-
rection. We assume that the Zeeman and anisotropy en-
ergies are sufficiently weak relative to the exchange split-
ting between different spin multiplets that the magnitude
S in the ground state remains constant as H is varied.
Then by diagonalizing the model Hamiltonian for a grain
with N or N £ 1 electrons (and spin S or S £+ 1/2), the
tunneling spectrum can be calculated for spin increasing
and decreasing transitions, giving the qualitative agree-
ment with Fig.8.

However, this model fails to capture an important de-
tail. The observed transitions shift as a function of mag-
netic field with the same sign of the slope is still a mys-
tery. In addition, the systematic explanation for the
smaller level spacing is still missing. A possible candidate
is the contributions of low-energy collective spin-wave ex-
citations, which can be estimated as ~ 0.1 meV and is
comparable to the observed energy level spacing.
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