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The effects of spin-orbit scattering on discrete electronic energy levels are studied in copper, silver,
and gold nanoparticles. Level-to-level fluctuations of the effective g-factor for Zeeman splitting are
characterized, and the statistics are found to be well described by random matrix theory predictions.
The strength of spin-orbit scattering increases with atomic number and also varies between nanoparticles made of the same metal. We compare the spin-orbit scattering rates in the nanoparticles to weaklocalization measurements on larger samples.
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Spin-orbit (SO) interactions are central to determining
the energy-level structure of atomic nuclei, large-atomicnumber atoms, and solid-state systems. They affect electronic band structures [1], they influence the symmetry
class of random-matrix theories applied to quantum systems [2], and they are put to use in proposals for manipulation of electron spins [3]. A particularly fundamental
method for probing SO interactions in solid-state systems
is to examine individual quantum energy levels in nanoparticles, both because SO matrix elements can be measured
directly and because SO interactions produce strong modifications of the effective g-factors for spin-Zeeman splitting. Previously, measurements of three individual energy
levels in gold nanoparticles showed that SO effects reduce
the g-factor to g ⬃ 0.28 0.45 [4], in contrast with Al particles, which ordinarily give g 艐 2 [5]. Adding 4% gold to
an aluminum nanoparticle also increased the SO scattering
[6]. In this paper we report systematic studies of SO effects
in noble-metal nanoparticles covering a range of atomic
number 共Z兲— copper, silver, and gold. We characterize the
mesoscopic fluctuations, present within single particles, of
the g-factors and SO matrix elements 具Hso 典, and find that
the statistics for the g-factors are well described by recent
predictions of random-matrix theory (RMT) [7,8]. From
the values of the g-factors and the mean energy-level spacing d [9], we extract SO scattering rates for each material, assuming that effects of spin magnetic moments are
dominant, and we find order of magnitude agreement with
expectations based on weak-localization measurements.
SO interactions cause the electronic energy levels in
a metal grain to be not purely spin-up or spin-down,
and as a consequence they reduce the g-factor for spinZeeman splitting below the free-electron value of 2. In
low-Z nanoparticles for which SO scattering is sufficiently
weak (with 具Hso 典 ø d) perturbation theory can be used
to calculate the g-factor for a given electronic state n [10]:
µ
X j具Cm# jHso jCn" 典j2 ∂
.
(1)
gn 苷 2 1 2 2
共En 2 Em 兲2
mﬁn
Here the Cm denote the unperturbed (pure-spin)
single-electron eigenstates with energy Em . It is expected

that the SO matrix elements will vary between different
pairs of unperturbed energy levels because they depend on
the precise nature of the wave functions, which are chaotic
and fluctuating [11]. The local energy-level spacing will
also vary. As a result, gn should exhibit mesoscopic
fluctuations for different levels, n. For heavier elements,
perturbation theory ceases to be valid. However, for large
SO-interaction strengths, Brouwer et al. and Matveev
et al. have recently employed RMT to predict the statistical distribution P共g兲 of g-factors in a nanoparticle
[7,8,12]. In [7], the strength of SO interactions is tuned
continuously, allowing numerical studies of the full
crossover from the Gaussian orthogonal ensemble to
the Gaussian symplectic ensemble for the energy-level
statistics. In this crossover, it is found that the mean value
of P共g兲 shifts to smaller g-factors and the variance of the
distribution exhibits a maximum for 具g典 ⬃ 1.2.
Our tunneling samples are fabricated in a vertical
geometry through a 3–10 nm bowl-shaped hole etched in
a Si3 N4 membrane [5,13] (see inset, Fig. 1). One electrode
is made by evaporating 1750 Å of Al on top of the membrane to fill the bowl. Following oxidation in 50 mTorr
of O2 for 3 min to form a tunnel barrier, 5– 20 Å of Cu,
Ag, or Au is evaporated on the lower side of the device to
form approximately hemispherical particles with radii of
3–5 nm. A second tunnel barrier is then formed by the
evaporation of 11 Å of Al2 O3 . This is followed by 1750 Å
of Al to make the lower tunneling electrode. The samples
are screened at 4.2 K to select those whose currentvoltage 共I-V 兲 curves exhibit Coulomb-staircase steps,
indicating tunneling through a single nanoparticle. Then
more detailed I-V curves are measured in a dilution refrigerator, with all electrical leads passing through copperpowder filters to minimize the effects of rf radiation.
Figure 1 shows I-V and dI兾dV -V curves for a Cu device (Cu #1). As V is increased, I increases in discrete
steps due to tunneling through well-resolved energy levels
within the nanoparticle [5]. The resonances in the differential conductance correspond to the energy-level spectrum of the nanoparticle. In an applied magnetic field 共H兲
most resonances in dI兾dV divide into two peaks, allowing
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FIG. 1. (a) I-V and (b) dI兾dV -V curves for Cu #1. (c) Magnetic field dependence of peaks in dI兾dV for energy levels
exhibiting avoided level crossings. The V scale has been converted to energy, using the procedure discussed in the text. Inset: Cross-sectional device schematic. Throughout the paper,
the magnetic field is in the plane of the Si3 N4 film.

measurements of the energy difference for spin-Zeeman
splitting between Kramers-pair eigenstates, DE 苷 gmB H.
In order to determine the effective g-factors, we must convert the magnitude of the splitting from the measured value
in voltage to energy, correcting for capacitive division of
the voltage across the two tunnel junctions according to
DE 苷 DV 兾共1 1 C1 兾C2 兲 where C1 兾C2 is the capacitance
ratio for the two tunnel junctions. This ratio can be determined by measuring the shift in V for the resonances as the
aluminum leads are changed from superconducting to normal in small magnetic fields, or by comparing the voltage
for tunneling through the same quantum state for positive
and negative V [5]. The low-field g-factors for sample Cu
#1 fall in the range from 1.30 6 0.04 to 1.82 6 0.05.
In the weak SO-scattering limit where perturbation theory is valid, the effects of SO interactions on the magnetic
field evolution of neighboring energy levels [shown in
detail in Fig. 1(c) and in broader view in Fig. 2(a)] can
be modeled by diagonalizing a simple 2 3 2 Hamiltonian
matrix with off-diagonal matrix elements 具Hso 典 coupling
the eigenstates [6]. The minimum energy difference at
the avoided level crossing gives 2具Hso 典 between those two
states. The solid lines in Fig. 1(c) correspond to solutions
of 2 3 2 Hamiltonians with 具Hso 典 苷 76 meV for the
avoided crossing near 4.9 meV, and 具Hso 典 苷 134 meV for
the avoided crossing near 5.4 meV. These matrix elements
are in the size range expected based on the measured gfactors and the mean level spacing d 苷 0.70 meV. If the
level spacing were uniform and equal to this value, and all
the matrix elements 具Hso 典 were ⬃130 meV, then Eq. (1)
would predict a typical value g 苷 2 2 6.6共具Hso 典兾d兲2 ⬃
1.77. If level-spacing fluctuations are included, the
266801-2
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FIG. 2 (color). Color scale plots of dI兾dV in (a) and (b) Cu,
(c) Ag, and (d) Au samples as a function of energy and magnetic
field. The arrows denote the avoided crossings of Fig. 1.

estimate for the average value of 2 2 g is modified by a
few percent [8].
For the heavier elements Ag and Au, the g-factors become smaller with increasing atomic number. Figure 2
shows color scale plots of dI兾dV for increasing magnetic
field in Cu, Ag, and Au samples. We find g-factors in the
range 1.3 to 1.9 for Cu, 0.25 to 1.1 for Ag, and 0.05 to 0.19
in Au for the samples shown. Table I lists the measured
mean values of the g-factors and their standard deviations
for all the samples we have measured with more than three
resolvable resonances.
The most direct way to compare the statistics of the measured g-factors with theoretical predictions is by plotting
the integrated probability distribution of the g-factors for
each sample. In Fig. 3 the points correspond to the gfactors from several Au, Ag, and Cu samples, while the
solid lines are the theoretical predictions from Brouwer
et al. [7] with the SO-scattering strength parameter l adjusted to minimize the least squares error between the theoretical and experimental distributions. Our results are in
TABLE I. Sample parameters. N is the number of resonances
resolved, 具g典 is the mean g-factor, se 共g兲 is the experimental
standard deviation, st 共g兲 is the standard deviation of the theory
curve with the best-fit value of the SO parameter l as defined
in [7], d is the mean level spacing, and 1兾tso is the spin-orbit
scattering rate calculated as discussed in the text.

Cu
Cu
Cu
Ag
Ag
Au
Au
Au

#1
#2
#3
#1
#2
#1
#2
#3

N

具g典

se 共g兲 st 共g兲

9
5
5
5
5
7
7
5

1.58
1.22
0.79
0.69
1.54
0.12
0.17
0.45

0.20
0.30
0.29
0.34
0.07
0.06
0.07
0.27

0.17
0.31
0.29
0.27
0.17
0.05
0.07
0.18

l
0.7
1.2
2.1
2.4
0.7
12.7
9.5
3.9

d(meV) 1兾tso 共s21 兲
0.70
0.71
0.36
0.85
1.13
0.10
0.12
0.27

2
5
8
2
3
8
5
2

3
3
3
3
3
3
3
3

1011
1011
1011
1012
1011
1012
1012
1012
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FIG. 3. Integrated probability distributions of the g-factors for
several samples (points), compared to the predictions of randommatrix theory with the SO-interaction strength adjusted for the
best fit (lines). See Table I for the sample parameters.

good qualitative agreement with the RMT predictions. In
particular, for a single value of the adjustable parameter
l, the theoretical distributions account reasonably for both
the mean value of g and the standard deviation for each
sample.
We do observe significant differences in the average
value of the g-factor for different nanoparticles composed
of the same material, e.g., for the two Cu samples depicted in Fig. 3 and for the Ag samples #1 and #2. This is
true even though the mean level spacings for the two Cu
samples are nearly identical. Because of these differences,
we cannot meaningfully consolidate the data from many
samples to improve the quality of our statistics in making
comparisons to the RMT predictions. The physical origin
of SO interactions at low temperatures within noble metal
nanoparticles is expected to be scattering from defects or
the nanoparticle surface [14–16]. Sample-to-sample variations in the strength of SO interactions are therefore reasonable in nanoparticles, if the defect concentration or the
surface-to-volume ratio may vary, for instance, due to size
and shape differences between particles.
A few of the energy levels shown in Fig. 2 do not exhibit
Zeeman splitting. We observe this only in samples where
we can identify the tunneling transitions as corresponding
to changes from an odd to an even number of conduction
electrons within the particle. We make this identification
by observing the lowest energy tunneling resonance. If the
nanoparticle initially has an odd number of electrons, then
the first energy level accessible for tunneling will have only
one spin state available, and therefore the lowest energy
transition does not undergo Zeeman splitting [Figs. 2(a),
2(c), and 2(d)] [5]. In other words, the tunneling transition
occurs via a spin-singlet state. Similarly, we can explain
the lack of observed splitting in some higher energy resonances as due to tunneling via excited spin-singlet states.
[See the states near 7 meV in Fig. 2(c) and 0.3 meV in
266801-3
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Fig. 2(d).] It is also possible that the Zeeman splitting may
sometimes be sufficiently small for a level in Ag or Au that
we cannot resolve it. Our resolution limit is approximately
g $ 0.03. From the theoretical probability distributions of
Fig. 3, about 0.02% of the states in Ag and 1.4% of the
states in Au can be expected to have g , 0.03.
In some samples, background-charge noise and nonequilibrium effects can interfere with accurate determinations
of the statistics of the g-factors. For instance, as a function
of the voltage across the device or as a function of time, the
background charge affecting the nanoparticle can sometimes take on an ensemble of different values, shifting the
energy levels that one is trying to measure. When this happens, current steps due to background-charge changes may
be misinterpreted as due to quantum states, or the same
quantum state may be measured several times at different
values of voltage. In one Cu sample not shown in this paper, we measured six apparently different resonances all
with an identical g-factor of 1.50, which we ascribe to this
effect. This behavior was not seen in any other samples
measured in this study. If several closely spaced levels are
observed in a sample, ways to diagnose the cause as background noise include the presence of negative differential
conductance even with normal-state electrodes, the presence of apparent level crossings rather than avoided crossings, and identical g-factors for several resonance peaks.
An important question for understanding the properties
of nm-scale devices is whether the strength of SO scattering is consistent with expectations based on measurements
made by other techniques on larger samples, or whether
there is new physics at small scales. Because effective
g-factors measured by different experimental techniques
can probe physically distinct quantities [8], we will make
the comparison based on estimates for SO scattering times
共tso 兲 that we can extract from our data. In the limit of
strong SO scattering in a nanoparticle, the g-factor is predicted to have contributions from both spin and orbital
magnetic moments, so that it depends separately on tso
and the mean free path l [8,9]:
具g2 典 苷

3
l
tso d 1 a ,
p h̄
L

(2)

with a 艐 1 for a spherical particle and L the particle
size. Studies of lattice fringes in TEM for Au test samples
indicate that our nanoparticles are not disordered — a majority are single crystals, while 20%–30% possess a grain
boundary. We therefore do not expect l to be much smaller
than L. As a result, Eq. (2) predicts that 具g2 典 for Au
nanoparticles should never be much less than 1. This is
in conflict with our measurement of 具g2 典 as small as 0.019
for Au #1. In the following, we will consequently put aside
the orbital-moment term al兾L in Eq. (2), and explore what
values of tso result by assuming that only the first term
due to the spin magnetic moment is significant. For the
Au samples, using the values of d listed in Table I, we
find 1兾tso 苷 共2 8兲 3 1012 s21 . The Ag and Cu samples
266801-3
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fall outside the strong-scattering regime for which Eq. (2)
applies. However, by fitting the measured g-factors to the
numerical distributions calculated by Brouwer et al., we
can still determine tso for each sample from the single fitting parameter l defined in [7]: 1兾tso 苷 l2 d兾共p h̄兲. This
formula also ignores the contribution of any orbital magnetic moment to g. By this method, the SO scattering
rates determined for the two Ag samples are quite different, 1兾tso 苷 3 3 1011 s21 and 2 3 1012 s21 , while for
Cu 1兾tso 苷 共2 8兲 3 1011 s21 .
For Cu, we can also use perturbation theory to check
the rate determined from the RMT approach. The value of
tso within perturbation theory is [17]
1兾tso 苷

2pj具Hso 典j2
.
h̄d

of strong SO scattering. However, if we assume that the
physics governing the g-factors is dominated by spinmagnetic-moment physics, the SO scattering rates that
we extract for the nanometer-scale particles are in
order-of-magnitude agreement with weak localization
measurements.
We thank P. Brouwer, K. Matveev, C. B. Murray, and
X. Waintal for discussions and assistance. This work was
supported by the Packard Foundation and the NSF (DMR0071631 and a Graduate Research Fellowship). Sample
fabrication was performed at the Cornell node of the National Nanofabrication Users Network.

(3)

For 具Hso 典 ⬃ 130 meV and d 苷 0.7 meV appropriate for
Cu #1, we find 1兾tso ⬃ 2 3 1011 s21 , in agreement with
the rate for Cu #1 listed in Table I.
These values for tso can be compared to the SO
scattering rates determined by weak localization measurements on quench-condensed noble-metal films [18]. We
compare to these data because the mean free paths of the
quench-condensed films are comparable to the size of our
nanoparticles, so that the scattering contribution to SOinduced spin relaxation [14,16] should be similar.
Bergmann [18] found 1兾tso 苷 5.4 3 1012 s21 for Au,
共2.6 3.1兲 3 1011 s21 for Ag (depending on the disorder),
and 3.2 3 1011 s21 for Cu. The values for Au and Cu
agree to within a factor of 3 with all the rates we extract,
while the weak-localization rate for Ag coincides with
sample Ag #2 but not Ag #1.
In conclusion, we have measured the g-factor distributions in Cu, Ag, and Au nanoparticles using tunneling
spectroscopy. The g-factors within a given sample exhibit
mesoscopic fluctuations, with distributions in good accord
with random-matrix-theory predictions. We have observed
significant differences in both the g-factor distributions and
tso between different nanoparticles composed of the same
metal, illustrating the importance of the specific sample
structure in the origin of SO scattering. The small gfactors we measure for Au particles do not indicate a large
contribution from orbital magnetic moments in the regime
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