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Gate-Voltage Studies of Discrete Electronic States in Aluminum Nanoparticles
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We have investigated the spectrum of discrete electronic states in single, nm-scale Al particles
incorporated into new tunnelingansistors complete with a gate electrode. The addition of the gate
has allowed (a) measurements of the electronic spectra for different numbers of electronsaméhe
particle, (b) greatly improved resolution and qualitatively new results for spectra within superconducting
particles, and (c) detailed studies of the gate-voltage dependence of the resonance level widths, which
have directly demonstrated the effects of nonequilibrium excitations. [S0031-9007(97)03240-7]

PACS numbers: 73.20.Dx, 73.23.Hk, 74.80.Bj

Recently it has become possible to measure the digposed surface of the particle, a lower electrode is formed
crete spectrum of quantum energy levels for the interactby evaporating 100 nm of Al to cover the particle. We
ing electrons within single semiconductor quantum dotsneasure electron tunneling between the top and bottom
[1] and nm-scale metal particles [2—4], and thereby to inelectrodes, through a single nanoparticle, as a function of
vestigate the forces governing electronic structure. Ougate voltageV,.
earlier experiments on Al particles were performed with The devices can be characterized by measuring large-
simple tunneling devices, lacking a gate with which thescale current vs source-drain voltageW) curves for
electric potential of the particle could be adjusted. Ina series ofV, [Figs. 1(b)—1(d)]. The form of these
this Letter, we describe studies of nanoparttcéasistors
complete with a gate electrode. We have used the gate

to tune the number of electrons in the particle, so as to a Al electrode V72

measure excitation spectra for different numbers of elec- SisNa\\ x&

trons in the same grain and to confirm even-odd effects. T Agate 1> v,

The gate has also allowed significantly improved spec- N— o N
Al electrode Al particle +

troscopic resolution, providing new understanding about

the destruction of superconductivity in a nm-scale metal

particle by an applied magnetic field. Studies of the gate-

voltage dependence of tunneling resonance widths have
shown that nonequilibrium excitations in the nanoparticle

are a primary source of resonance broadening.

A schematic cross section of our device geometry is
shown in Fig. 1(a). The devices are fabricated by first us-
ing electron-beam lithography and reactive-ion etching to
make a bowl-shaped hole in a suspended silicon nitride
membrane, with an orifice between 5 and 10 nm in di-
ameter [5]. The gate electrode is formed by evaporating
12 nm of Al onto the flat [bottom in Fig. 1(a)] side of the
membrane. Plasma anodization and deposition of insulat-
ing SiO are then used to provide electrical isolation for 40 20 0 20 40
the gate. We next form an aluminum electrode which fills 1.0 @ T T T
the bowl-shaped side [top in Fig. 1(a)] of the nitride mem- 0.5 Vg=0.75V
brane by evaporation of 100 nm of Al, followed by oxida-
tion in 50 mTorrO, for 45 s to form a tunnel barrier near
the lower opening of the bowl-shaped hole. We create a 05
layer of nanoparticles by depositing 2.5 nm of Al onto the | | Vo= '|1 Va2
lower side of the device; due to surface tension the metal '1:%00 200 0 200 200
beads up into separate grains less than 10 nm in diameter V (mv)

[6]. In approximately 25% of the samples (determined as . ) .
those showing “Coulomb-staircase” structure as describefflC- 1. (@) Schematic cross section of device geometry.

bel inal ticle f der th le t )—(d) Current-voltage curves displaying Coulomb-staircase
elow), a single particle forms under the nm-scale tunne tructure for three different samples, at equally spaced values

junction to contact the top Al electrode. Finally, after aof gate voltage. Data for differeit, are artificially offset on
second oxidation step to form a tunnel junction on the exihe current axis.

¥ 10 nm size scale
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curves, with zero current at lowWV| (the “Coulomb
blockade”), sloping steps equally spacedVin and step
thresholds sensitive t¥,, is indicative of single-electron
tunneling via one nanoparticle [7]. From the positions
of the voltage thresholds for steps in theV curve,

c A s AN M Ao

we can determine the capacitances within the device = i

. . . > OF — S
[8]. For Fig. 1(b), the lead-to-particle capacitances 3 W
are C; = 3.5aF and C, = 9.4 aF, and the gate-to- © Y
particle capacitance i€, = 0.09 aF; for Fig. 1(c) the -5
capacitances are 3.4, 8.5, and 0.23 aF, and for Fig. 1(d) e N
they are 0.6, 1.0, and 0.13 aF. The charging energy, ok A
E. = ¢*/(2Ci1), for these devices is relatively large— T -2 -1 0 1 2 3
for the device of Fig. 1(d)E. = 46 meV (corresponding v (mV)
to T ~ 500 K), comparable to the large€t. measured (b) 'Vg=166 MV, gl - g
for any single-electron transistor [9]. ar

The nanoparticle size can be estimated using a value
for the capacitance per unit areé@)75 aF/nm?, deter-
mined from larger tunnel junctions made using our oxi- .
dation process. If we make the crude assumption of a D el N IR Y
hemispherical particle shape, and base the estimate on r Vg=-1220mV, ngl oy |
the larger lead-to-particle capacitance, we estimate radii / d
of 4.5, 4.3, and 1.5 nm, respectively, for Figs. 1(b)—1(d). 0.5 1.0

To measure the discrete electronic states within the Energy (meV)
nanoparticle., we cool the deViC?S to mK temperature$|G__2_ (a) dl/dv vs source-drain voltage, plotted for,
and determine [10ldI/dV vs V in the range of the ranging from 75 mV (bottom) to 205 mV (top), for the device
first Coulomb-staircase step [Fig. 2(a)] [1,2]. Peaks inof Fig. 1(b). Curves are offset on thél/dV axis. (b)
14V are expected whenever the Fermi evel in oneTTNEng, Soecta ff 1 samne, iabele B, e fueer o
of the two leads becomes_ eque_ll to the threshold energgre forT =50 mK, H = 0.05 T, to drive(%he Al leads normal.
for an electron to tunnel either into or out of one of the
discrete states within the particle, through one of the twgunction [12], so that tunneling across this junction is
tunnel junctions [11]. The interpretation that the dataalways the rate-limiting step for current flow. All the
in Fig. 2(a) are due to tunneling via states insiagle peaks in dI/dV correspond to states which provide
nanoparticle is confirmed by the uniform shifting of the alternative tunneling channels across this one junction. In
peaks withV,. All the dI/dV peaks shift linearly iV as  the other two quadrants, thresholds for tunneling across
a function ofV,, with tunneling thresholds across junction both tunnel junctions, i.e., for bothy — (no + 1) and
1 all moving with a single slopeAV = [2C,/(2C, +  (ng + 1) — ng processes, are visible.

C,)]JAV,, and thresholds across junction 2 moving as In Fig. 2(b), we display several tunneling spectra for
AV = —[2C,/(2C, + C,)]AV,. Because of the large different numbers of electrons in the same particle. Fig-
charging energy in this device, electrons must tunnel onere 3 shows the magnetic-figlH) dependence of the reso-
at a time through the particle in theé range displayed nances which can be resolved in the upper two curves of
in Fig. 2(a). This means that at fixed, all the peaks Fig. 2(b). In both Figs. 2(b) and 3, we have converted
associated with the same junction are due to states withiom source-drain bias to electron energy, multiplying by
the samenumber of electrons. eC,/(Cy + C,) = 0.73¢ to account for the capacitive di-

As V, is increased in Fig. 2(a), the extent of thevision of V across the two tunnel junctions. The values
Coulomb blockade region at loWV| decreases, goes of V, were chosen so that the spectra were measurable
to 0, and then increases. This zero crossing indicateat low values ofl V|, where they are best resolved. As a
that an electron is added to the particle. nif is the function of H, the energy levels are shifted approximately
number of electrons in the ground state Vgt =V = linearly, with Zeeman splittings corresponding goval-

0, then the tunneling processes which overcome theies between 1.95 and 2. Energy levels which move to
Coulomb blockade correspond in the bottom half ofhigher energies with increasing produce broader, less
Fig. 2(a) to ng — (ny + 1)-electron transitions, and in distinctdl/dV peaks than downward-moving levels (for
the top half of the figure tdng + 1) — no transitions. reasons poorly understood), and can be followed for only
The ny — (ng + 1) and (ny + 1) — ng-electron spectra a limited range oftf before they are lost in background.
can be determined most easily from the lower leftin our previous superconducting particles, without gates,
and upper right quadrants of Fig. 2(a), respectively. Immost upward-moving levels could not be resolved at all.
these quadrants, the tunneling step which overcomes thkhis caused us to incorrectly assign anomalously low
Coulomb blockade occurs across the higher resistandactors to some states [3].

4088

Vg =125mV, ng-— nyt+l

Vga=-1180mV, ng— ng-1 o

dizdv (Ma)”!
N
T

oo
o



VOLUME 78, NUMBER 21 PHYSICAL REVIEW LETTERS 26 My 1997

(a) Fig. 3(a), which begins near 0.8 meV. This state shifts
down as a function of, due to its spin-12 Zeeman
energy, up to~4 T. There it disappears in favor of
a new upward-moving (opposite spiri2) level. This
means that the originally empty downward-trending level

drops below the energy of an originally filled upward-
oddno = norl trending level, and an electron is transferred between

P ' (b) the states. The odd-electron ground state changes its

spin from1/2 to 3/2k. As this process is repeated, the

tunneling threshold moves in a continuous zigzag pattern,
and the ground state successively increases its spin in
units of . A similar argument for Fig. 3(b) shows that
the even-electron ground state also evolves by individual
spin flips. Superconductivity is destroyed as electrons
flip one at a time. In contrast, the classic theories of

H (Tesla) Clogston and Chandrasekhar [14], for a superconducting

o _transition driven by spin pair breaking, predict a large
FIG. 3. Magnetic field dependence of the resolved electronigyisontinuous jump in the tunneling threshold, at a field
transitions for the device of Fig. 2 at (&), =~ 110 mV and (b) - S o
V, ~ 180 mV. The dashed lines show the average energy ofVhere many spins flip simultaneously. - Investigations are
the tunneling threshold at largéf, corresponding to thev-  underway as to whether these theories do not properly
dependent) Coulomb barrierA = 0.3 meV. take into account the effect of discrete electronic energy
levels in the particle [15], or whether the transitions are
As described previously [2], the electron-number paritymade continuous by some orbital pair breaking [16].
in the ground state of a particle can be determined We have shown that changes i) act to shift the
by whether the lowest-energy tunneling level exhibitselectrostatic energy of the eigenstates on the nanoparti-
Zeeman splitting (even parity) or not (odd). In this waycle, and thereby shift the value &f at which a given
we can tell thais, is odd in Figs. 2 and 3. While tuning state produces a peakdti/dV [see Fig. 2(a)]. In Fig. 4,
V., we have observed parity changes only when electronwe examine more closely how trehapesof resonances
are added to the particle at the zero crossings of thehange as they are moved to larger valuegWdf We
Coulomb blockade. The parity simply switches from evenshow data for superconducting electrodés = 0) be-
to odd to even, etc., at consecutive blockade minima. Theause the Bardeen-Cooper-Schrieffer (BCS) singularity in
nanoparticle therefore exchanges electrons only with théhe density of states in the electrodes improves spectro-
electrodes, and not with any nearby defects. scopic resolution [2]. The top spectrum in each set of
The ability to tune the number of electrons in a particletraces corresponds to a valueaf which places the first
using V, allows us, for the first time, to study the tunneling peak at the smallest possifi| [17]. The
dramatic differences between tunneling spectra for evetower curves show the results of tunneling via the same
and odd numbers of electrons in themesuperconducting quantum states, after theif /dV peaks have been shifted
particle [3,13]. The large gap between the lowest-energyo successively large/|. To aid comparison, we have
level and all the others in they — (ngp + 1) andny — aligned the spectra, so that the shifts|¥i are not dis-
(no — 1) spectra [Figs. 3(a) and 2(b)] can be explained byplayed explicitly. Focus first on the lowest-energy level
superconducting pairing. The states via which electronfor ny — (no + 1) (odd-to-even) electron tunneling. In
are tunneling in these spectra have an even numbequilibrium, this is necessarily a single, nondegenerate
of electrons, so that the lowest resonance level is fostate—the fully paired superconducting state. Indeed, for
tunneling via the fully paired superconducting state.the lowest}V| trace (top curve), this level produces a
Tunneling via any other state involves the presence of aingle sharp signal (the dip to the right of the first peak
least two quasiparticles, with a large extra energy cosis due just to the derivative of the BCS density of states
approximately twice the superconducting gap, The in the Al electrode [2]). However, ag, is used to shift
(no + 1) — ng and(ng — 1) — ng tunneling states have this first state to largejV|, the resonance quickly broad-
an odd number of electrons, and they all must contairens and develops a substructure. The substructure cannot
at least one quasiparticle. Hence there is no large gape explained by heating in the electrodes. Instead, it is
within these spectra. However, the contributionfoto  evidence for the importance of nonequilibrium excitations
the quasiparticle energy causes the low-lying tunnelingvithin the particle [4]. When electrons are tunneling via
levels at smallH to have energies greater iy than at  even the lowest level in they — (ng + 1) spectrum, the
large H, where superconductivity is suppressed. current flow will naturally generate nonequilibrium exci-
The levels in Figs. 3(a) and 3(b) provide new insightstations within the particle when the excess source-drain
as to how a magnetic field destroys superconductivity irenergy,e(8|V]), is greater than the difference between the
a nanopatrticle. Consider the second level at siHalh first two levels in the measurd@, + 1) — ng spectrum

Energy (meV)

Energy (meV)
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I I . fect of superconducting pairing interactions. The applica-
tion of a magnetic field destroys superconductivity in the
odd ng = ngp+1 . R o
nanoparticle by a sequence of individual spin flips. The
,/\—_”__'/\/V tunneling resonances broaden and develop substructure
when the source-drain voltage becomes large enough to
allow the production of nonequilibrium excitations within

—/\/\m\/\’—/\/ the particle.
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FIG. 4. Tunneling resonances broaden and develop substrugmtion, and the Cornell Nanofabrication Facility (funded

ture asV, is used to shift them to larger values Bfl. The 1, NSE Grant No. ECS-9319005, Cornell University, and
top scan in both sets corresponds to a valu¥oivhich allows ’ !

the spectrum to be measured with minim{itj. Going down, industrial affiliates).
other scans are fo¥, requiring extra source-drain voltages

S|Vl =02, 04, 0.6, and 1.2 mV. The scans are atrtificially

shifted in energy to align peaks due to the same eigenstates.

T =50 mK and H = 0 for all scans, and the sample is the

same as in Figs. 2 and 3.

di/dV (arb.)

energy (meV)
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