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Spectroscopy of the Superconducting Gap in Individual Nanometer-Scale Aluminum Particles

C. T. Black, D. C. Ralph, and M. Tinkham
Department of Physics and Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

(Received 31 August 1995)

We use electron tunneling to measure electronic energy levels in individual nm-scale Al particles.
For sufficiently large particles (*5 nm in radius), the eigenstate energies reveal the existence of a
superconducting excitation gapV which is driven continuously to zero by an applied magnetic field.
The presence ofV increases the voltage threshold for tunneling in a particle with an even number of
electrons in its ground state, but decreases the tunneling threshold for an odd-electron particle. We
discuss the roles of spin and orbital pair breaking in the magnetic-field transition.

PACS numbers: 74.50.+r, 73.20.Dx, 74.80.Bj
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In nanometer-scale metal particles, the discrete elec
energy-level spectrum has been predicted to change
superconducting properties of the metal relative to the b
[1], even to the point of extinguishing superconductiv
altogether [2]. Initial attempts to investigate these iss
experimentally were made in the 1960s when Giaever
Zeller made tunneling studies of largeensemblesof nm-
scale superconducting particles [3]. We have develo
a technique which allows us to measure tunneling
individual particles [4], giving us the ability to study th
impact of superconductivity in a single nm-scale parti
by direct examination of its electron energy levels. In t
Letter we present data taken on Al particles of radius,
5 13 nm. Experimentally, we identify superconductivi
in a particle by the presence of an energy gapV for
tunneling excitations that is significantly larger than t
typical energy spacing between electronic eigenstates,
that can be driven to zero by applying a sufficiently lar
magnetic field.

Each of our samples consists of a single Al parti
connected to two external leads via high-resistance
nel junctions (see schematic in the inset to Fig. 1). W
have previously described the procedure by which we f
ricate our samples [4]. The devices we discuss here d
from those studied previously only in that the Al particle
slightly larger in size (previous particles ranged from 2
to 4.5 nm nominal radius [4,5]). We can roughly estima
the size of the particle by determining the capacitance
the two tunnel junctions composing the device; we do t
by measuring the voltage thresholds for steps in the la
scale Coulomb staircase curve, as described in [4].
have measured the capacitance per unit area of larger
nel junctions fabricated using the same oxidation para
ters (70–80 fFymm2), so that if we assume a particle is
hemisphere, we can estimate its radius from the meas
larger capacitance value. We use this estimate only
way to parametrize our samples, since the assumption
hemispherical shape is not strictly accurate. Atomic fo
microscopy studies show particles with radius,5 10 nm
to be somewhat more pancake shaped.

We use electron tunneling at low temperatu
s# 50 mKd to measure the eigenstate spectrum of
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metal particle. As was predicted theoretically [6] and o
served in our previous experiment [4], the current-volta
sI-V d curve consists of a sequence of small steps (pe
in dIydV ); each step corresponds to tunneling via
electronic level on the particle. To obtain the eigensta
spectrum of the particle as a function of energy, we m
correct for the capacitive division of voltage across t
two tunnel junctions in our devices. We can measu
the capacitance ratio most accurately by comparingI-V
curves for the same device with alternatively superco
ducting sSd and normal sNd leads [4]. [We suppress
superconductivity in the Al leads through application
a weak (0.03 T) magnetic field.] As detailed in ou
previous publication, for different features in theI-V
curves we observe two different voltage shifts betwe
S andN leads, corresponding, respectively, to thresho
for tunneling across the two tunnel barriers of the devic
The values of these two shifts allow a determination
the magnitude of the superconducting gap in the Al lea
and the capacitance ratio in the device. The fact that
observe only two values ofV shift is important, in that it
shows that thedIydV peaks are due to electronic state
on asingleAl particle [4].

Figure 1 shows thedIydV vs V for sample 1 at
selected values of magnetic fieldsHd applied parallel to

FIG. 1. Differential conductance vs voltage for sample 1, f
a range of applied magnetic fields. Curves are offset. Ins
cross-sectional schematic of device.
© 1996 The American Physical Society
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the plane of the films in our device. In this samp
the electronic states are sufficiently dense that sign
from neighboring states overlap atT  50 mK, but many
individual peaks indIydV are resolvable. All of the
peaks (for a given sign ofV ) exhibit the sameV shift
between signals forS and N leads (S-lead data not
shown), and all are located in the first Coulomb stairca
step. These two observations indicate that the states
all part of the same (electron addition or subtractio
spectrum, and that they all correspond to the same num
of electrons on the particle. Figure 2(a) plots the ene
of each state that we resolve in Fig. 1, after correcting
capacitive division ofV .

If we define n0 as the number of electrons in th
V  0 ground state of the particle, we can interpret o
data as follows. For an electron to tunnel via the me
particle, the applied voltage must supply the tunneli
electron with energy equal to the difference between
n0-electron ground state and one of thesn0 6 1d-electron
states. This energy difference includes the electrost
energy needed to charge the particle [7]. An exter
field H changes the energy difference between then0

ground state and then0 6 1 state. One contribution
comes from the effect ofH on the electron spins. Fo
instance, we can tell that the particle of Figs. 1 and 2
corresponds to anevenvalue of n0, because its lowest
voltage tunneling state displays Zeeman spin splitti
with the energy difference between split peaks growi
proportional toH [4]. Other states exhibit Zeeman sp
splitting as well. At the same time, there is a much stron
effect evident in Fig. 2(a), which causes a decrease inall of
the resolved transition energies with increasingH. Based
on the similarity of this behavior to predictions of pai
breaking theories in superconducting particles (discus
below), we attribute this strong dependence to the eff
of H on the orbital energies of the electrons. The fa
that H appears to have a similar effect on all the sta
may be a consequence of energy-level repulsion betw

FIG. 2. Magnetic field dependence of resolvable transit
energies at 50 mK for (a) sample 1, an even-n0 particle and
(b) sample 4, an odd-n0 particle. Dotted lines are guides to th
eye. Spacings in voltage have been converted to energy u
the capacitance ratioeC1ysC1 1 C2d  0.73 meVy mV for (a)
and 0.66 meVymV for (b).
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states. We note that the energy threshold for tunneling
greatest atH  0, and drops untilH ø 3.25 T. Beyond
this field, the initial threshold moves up and down slightl
due to the level crossings which change the lowest-ene
tunneling transition. However, the threshold energy
always considerably less than theH  0 value by an
amount much larger than the average energy-level spac
We interpret the increased threshold for tunneling at lo
H to be due to the presence of a superconducting ene
gapV on the particle, which must be overcome in ord
for a quasiparticle to tunnel on or off the even-n0 particle.
As the energies of the excited states are driven lower
the appliedH, the excitation gap is reduced until, atH ø
3.25 T, the particle becomes gapless [7]. To allow fo
the likelihood of gapless superconductivity on the partic
at largeH, we label the field whereV ! 0 as HV, as
distinct from the critical field where the order parameterD

goes to zero. We estimate the low-H value ofV on the
particle as the difference between the tunneling thresh
at H  0.03 T and the average threshold at highH. For
the sample of Figs. 1 and 2(a),V  0.29 6 0.02 meV.

The effects of superconducting correlations are ev
more striking for a particle which contains anodd num-
ber of electrons in its ground state. Figure 2(b) shows t
transition energies vsH for sample 4 which we identify as
havingn0 odd, because the lowest-voltage tunneling sta
does not exhibit Zeeman spin splitting [4]. For small va
ues ofH, the lowest-energy transition in the spectrum
separated from all others by a large gap. AsH is increased,
the energy of the lowest level increases, and the size
the separation between the first two levels shrinks until,
H ø 3.75 T, the two lowest levels cross. Our interpreta
tion of these data is that, for an odd-n0 superconducting
particle, the transition energies correspond to the diffe
ences in energy between an odd-n0 state containing one
unpaired quasiparticle and evensn0 6 1d-electron states.
At H  0, the lowest-energyn0 6 1 state is one in which
all electrons are paired. Higher-lyingn0 6 1 states must
contain at least two unpaired quasiparticles, and so th
are separated from the lowest-energy state by a large
ergy gapø2V on the metal particle. AsH is increased,
the energies of the high-lying unpaired states decreas
a way similar to the excited states in the even-n0 particle
[Fig. 2(a)] until V is driven to zero, and the energy sepa
ration between the fully paired and excited states is elim
nated. As with the even-n0 particles, we estimateV as the
difference in energy between the threshold for tunneling
H  0.03 T and the average position of the threshold
high H. In Fig. 2(b) we findV  0.31 6 0.04 meV.

The properties of four samples in which we can unam
biguously identify a superconducting gap are summariz
in Table I. Uncertainty in our determination ofV stems
from the ambiguity inherent in distinguishing difference
between eigenstate energies caused by superconduct
from those due to discreteness of the level spectrum. T
measured values ofV do not display a strong dependenc
on particle size. We emphasize thatV is clearly dis-
689
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tinguishableonly because it is much larger in magnitud
than the mean spacing between adjacent eigenstates.
have also performed measurements on nine smaller p
cles [4,5], with nominal radii ranging from 2.5 to 4.5 nm
Because the electronic level spacing grows as the pa
cle size is reduced, we cannot track the evolution ofV

in these smaller particles. We emphasize that the effe
of superconducting interactions are not necessarily zer
these samples; however, we doubt that it is possiblein
principle to separate the possible presence ofV from sim-
ple independent-electron level discreteness in particles
small, except perhaps by employing statistical tests on
sembles of different eigenstate spectra.

It is well known that thin films composed of sma
Al grains exhibit enhanced values ofV and Tc (e.g.,
[8]). Several different theoretical models have predict
a dependence ofV on particle size [1,2,9–11]. We find
values ofV ranging between 1.6 and 2.2 times the bu
gap of Al (0.175 meV). (In every sample we measu
a gapø0.18 meV in the Al leads.) While it may be
tempting to attribute the increase inV to discreteness of
the electronic spectrum in the particle [9], we cannot ru
out other mechanisms [1,10,11].

The form of theH dependence ofV in superconducting
particles much smaller than both the coherence length
the penetration depth has been the subject of a great
of theoretical analysis [12–15], and is similar in many r
spects to the problem of a thin superconducting film in
parallel magnetic field [16]. All of these studies assum
a continuous, rather than discrete, electron spectrum
their applicability to nm-scale particles may be questio
able. Nevertheless, we will use them qualitatively to co
sider the mechanisms behind the superconducting tra
tion that we observe. The form of the evolution of th
lowest-energy eigenstates (e.g., Fig. 3) withH is similar to
predictions for the dependence of the spectroscopic su
conducting gapVg under the influence of a pair-breakin
field [12,17]. For a first analysis, we fit theH dependence
of the lowest eigenstate energies as the sum ofVg and
the measured Zeeman energy of the spin system. W
clearly oversimplified, this analysis allows an examinati
of the effectiveness ofH as a pair breaker in our parti
cles. The solid lines in Fig. 3 correspond to fits [17] f
samples 1 [Fig. 3(a)] and 2 [Fig. 3(b)], with pair-breakin
690
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parameters (defined below) given by2ayH2  0.011 and
0.013 meVyT2, respectively.

The strength of pair breaking is in reasonable acco
with predictions for the effect ofH on the electronic
orbital energies. For a spherical particle with diffus
surface scattering, the calculated orbital pair-breaki
parameters2ad is [1,12]

2a  spy45dhyFr3H2yF2
0 , (1)

whereyF is the Fermi velocity,r is the particle radius,
andF0 is the flux quantum. The pair-breaking paramete
for our particles correspond to effective radii rangin
from 3.5 to 4.6 nm. These values lie between the rad
estimates determined from our capacitance measurem
(see Table I) and the thickness of Al we deposit
make our granular particles (2.5 nm). SinceH is applied
parallel to the plane of the films in our devices, th
effective pair-breaking radiirpb are consistent with the
fact that the particles are not approximately spherical, b
are more pancake shaped [18]. The reasonable agreem
of the measured field dependence with both the fo
and the expected strength of orbital pair breaking giv
us some confidence that this mechanism is primar
responsible for the destruction ofV in our particles.

We have also considered the effect ofH on the elec-
tron spins, as we clearly observe the contributions of Ze
man spin energies in the energy levels. For very sm
particles with little spin-orbit scattering, it is predicte
that the influence ofH on the spins can lead to a first
order transition fromS to N, when the paramagnetic en
ergy of electron spins in the particle becomes equal
the superconducting condensation energy [15,19]. Us
the bulk value forV in Al, one might expect this tran-
sition to occur atH ø 2.2 T, which would mean [setting
Eq. (1) equal toV] that for particles with effective radius
, 6.3 nm a discontinuous collapse ofV should occur at
a field lower than that of the continuous transition we o
serve. We propose that two factors contribute to reduc
the importance of this spin effect, so that it is not the dom
inant mechanism in eliminatingV. As we have shown,
V in our particles is significantly larger than that of bul
Al, indicating an increased superconducting condensat
energy density relative to bulk Al. Second, in several sa
ples, the size of the Zeeman spin splittings we measu
:
ergy-

gap.
ter.
TABLE I. Csmaller and Clarger : capacitances determined from large-scale Coulomb staircase curve.EC : e2y2Ctotal. Radius
estimated fromClarger assuming a hemispherical particle.dcalc: independent-electron particle-in-a-box estimate of mean en
level spacing based on radius.Rsum: sum of tunnel junction resistances. Parity ofn0. V: measured superconducting excitation
HV : field whereV ! 0. g factor: determined from magnitude of Zeeman splittings.2ayH2: measured pair-breaking parame
rpb : effective particle radius determined from pair-breaking parameter as discussed in text.

Csmaller Clarger EC Radius dcalc 2ayH2 rpb

Sample (aF) (aF) (meV) (nm) (meV) Rsum Parity V (meV) HV (T) g factor smeVyT 2d (nm)

1 29 80 0.73 13 0.02 350 kV Even 0.29 6 0.02 3.25 0.27 0.011 4.3
2 14 30 1.8 8 0.08 600 kV Even 0.38 6 0.04 3.5 1.0 0.013 4.6
3 13 16 2.8 5.7 0.22 670 kV Even 0.29 6 0.03 3.5 0.4 0.009 4.0
4 6.2 12 4.4 5.1 0.32 1.2 MV Odd 0.31 6 0.04 3.75 1.9 0.006 3.5
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FIG. 3. Comparison of the predictions of orbital pair breaki
plus Zeeman spin splitting (lines) to the measured fi
dependence of the lowest-energy tunneling transitions (dots
(a) sample 1 and (b) sample 2.

indicates ag value much less than two for the electron
states, demonstrating the presence of significant s
orbit scattering within some particles. This reduces
paramagnetic energy of the electron spins in an app
H. At present we do not fully understand the orig
of the spin-orbit scattering. We note that in similar
fabricated smaller particles with radi,5 nm we have
always observedg factors between 1.85 and 2.0 [4].

In each of our even-n0 samples we observe a larg
peak indIydV just beyond the threshold for current flo
at smallH, followed by a sequence of smaller peaks
higher voltages (Figs. 1 and 4). AsH is increased, the
height of the first peak drops gradually, and it becom
comparable in amplitude to the rest of the spectrum w
H is sufficiently large thatV is driven to zero. We
interpret this large first peak indIydV as the counterpart
for a nm-scale metal particle, of the singularity in the BC
density of states in a bulk superconductor. The integra
areas under the high and low field conductance curve
Fig. 4 are equal to within 1%.

In summary, we report the first study of the electron
eigenstates of single nm-scale superconducting partic
Due to the difficulty inherent in distinguishing a superco

FIG. 4. Comparison of differential conductance at low ma
netic field with the conductance at sufficiently high field th
V  0 for (a) sample 1 and (b) sample 3. Note the stro
peaks at the threshold voltage for lowH.
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ducting gapV from simple level discreteness, the presen
of V can be unambiguously identified only in particles su
ficiently large that the mean spacing between eigensta
is significantly smaller thanV. The presence ofV affects
the spectra of even- and odd-electron particles different
We observeV on the particle to be reduced continuousl
to zero by an applied magnetic field. The behavior of th
S to N transition is well described in terms of the effect o
H on the orbital state of the electrons plus a smaller Ze
man contribution from the electron spins.
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