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Equilibrium and nonequilibrium electron tunneling via discrete quantum states
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We analyze quantitatively the resonance energies, widths, and amplitudes for electron tunneling via the
quantum levels of a metal nanoparticle. We consider both the regime where only one quantum state is acces-
sible for tunneling and the nonequilibrium regime where additional states are made accessible one by one. For
tunneling through one state, our results agree with expectations for sequential tunneling, but in the nonequi-
librium regime the resonances are broadened and shift with temperature in ways that require taking into
account electron interactions and relaxation.
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In nanometer-scale devices, electron tunneling can bg@mate a nanoparticle diameter10 nm.
used to probe the spectrum of discrete quantum states. By |n Fig. 1(b), we plot the differential conductanad/dV
varying gate and source-drain voltag®s,(V) in a transistor  as a function oV, andV, when the sample is cooled in a
geometry, energy levels have been measured inside semicoditution refrigerator with copper-powder filters on the elec-
ductor quantum dotSmetal nanoparticle$and molecules.  trical leads. The lines in the figure are due to tunneling reso-
Despite the popularity of this technique, little attention hasnances through discrete quantum states in the nanoparticle.
been paid to the detailed quantitative form of the tunneling_ines having a positive slope correspond to tunneling thresh-
resonances, particularly, when measured as a function of irslds across the lower-resistance junctibn and negative
creasing source-drain bias. Here, we analyze the energiesiopes are thresholds across juncti®fRef. 2. The discon-
current amplitudes, and widths of individual tunneling reso-tinuity evident in the figure is due to ¥,-driven change in
nances. By varying/y andV, we can manipulate electron the charge on another nanoparticle adjacent to the one
flow controllably through one state, or through many, and wehrough which tunneling occurs. This merely shifts the elec-
can extract tunneling rates for each level. When only onerostatic potential of the current-carrying particle. The intrin-
state participates in tunneling, the resonance properties are §ic energies, current levels, and widths of the resonances are
accord with expectations for simple sequential tunnelingnot otherwise altered, so that the fdll/dV spectrum can be
However, for larger voltages, the resonance energies, widthgonstructed. From the absence of spin-Zeeman splitting in a
and currents can all be modified by the population of excitednagnetic field(not shown for resonance lines | and I, we
quantum states. For an understanding of the Mgfegime,  can identify these transitions with tunneling from an odd
nonequilibrium transitions beyond those considered previnumber of electrons, on the particle to an even number.
ously must be taken into account. Since these resonances require incredgéas a function of

A cross-sectional device schematic is shown in Fig).1 Vg, they areny—ng—1 transitions.(See Fig. 2. Reso-
The use of an aluminum particle with aluminum oxide tunnelnances Il and 1V Correspond to eveno(_ 1)_>0dd No tran-
barriers provides mechanical and charge stability, and allowsjtions. The large gaps M between each of resonances | and
V andVy to be varied without significantly altering barrier || and the next parallel lines are due to the energy difference
resistances. Fabricatibis done using electron-beam lithog- —2A petween a fully paired superconducting state in the Al
raphy and reactive-ion etching to create a bowl-shaped holgarticle and the next lowest-energy tunneling state with two
in a silicon-nitride membrane, with a minimum diame'[erquasiparticleﬁ.
~10 nm. A gate electrode is formed by depositing 18.5-nm  Equilibrium regime We first consider the region of,
Al, followed by anodization to 3.5 V in an oxygen plasma, near—650 mV, whereV,, andV can be adjusted so that a
and then depOSition of 8.5 nm of SJOThe rest of the device Single Spin_degenera‘[e quantum Stmte O is accessible
is made by depositing a thick Al electrode onto the boWl'for tunne”ng [I—V curves are shown in F|g(¢)] For the
shaped side of the membrane, oxidizing for 3 min in 50case under consideration, in which the quantum level is ei-

mTorr of G,, depositing 1.5-nm Al onto the other side of the ther empty or singly occupied, the current predicted for se-
device to make a layer of Al nanoparticles, oxidizing, andquential tunneling & **

then depositing the lower Al electrode. Device parameters

are determined from the largé-structure of the 4.2-K Cou- 2voLYor(fL—TR)

lomb staircase curveThe capacitance of nanoparticle to the I=e : (1)
T (1+f0) yo+(1+fR) yor

top electrode isC, =7.9 aF, to the bottom electrodég

=2.7 aF, and the gate capacitanc€js=0.06 aF. The sum where yo_ (yog) is the bare rate for an electron to tunnel

of the resistances of the two tunnel junctions R from the quantum state 0 to an unoccupied density of states

~3 MQ, with individual resistances sufficiently large that in electrodeL (R) and f; is the occupation probability for

the intrinsic widths of the quantum states are smaller tharstates in electrodewith energy equal to the resonance state

kgT. Assuming a roughly hemispherical particle shaped  (for a thermal distributiorf;={1+ exf (e;— w)/KT]} 2, with

a capacitance per unit area of 0.05 aF/riRef. 6, we es- ¢, the energy to occupy the quantum state, andthe
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previously*'? and is a consequence of spin degeneracy. For
V>0, electrons tunnel across the high-resistance rate-
limiting tunnel barrier into an empty state, so that either
spin-up or spin-down electrons can tunnel. R6<0, the
rate-limiting step is for an electron of a given spin on the
particle to tunnel through the high-resistance barrier, and the
current level is approximately cut in half. By equating the
measured currents to Edl), we determine yor=(5.3
+0.1)x 10" s7! for the high-resistance junction ang,
~7x10° s In addition, for resonance®.g., lll, IV) in
which the spin degeneracy of the state is split by a magnetic
field, the currents through the two Zeeman states for a given
bias direction are not equéal?in agreement with the simple
tunneling theory. The maximum current through the lower-
energy Zeeman state &y vor/( 7YoLt Yor) for either bias
direction, and the second state then adds current to produce
o 0 2 the maximum allowed by Ed1).
Bias Voltage (mV) ; : An interesting feature of Eq(1) when the tunneling
; 8 threshold is across the lower-resistance bafpeaks Il and
] IV) is that the maximum ofll/dV does not occur exactly
when u; = €,. Instead, the resonance is shifted to loWéy,
by an amountxT, so that it shifts withT. This is due to
charge accumulation on the particle as the Fermi function
sweeps by the energy of the quantum state, which limits the
. current at largetV| on account of Coulomb blockade. Our
: i observations of this effe¢not shown are equivalent to re-
04 03 D02 041 00 041 02 03 sults of Deshpandet al*? although the data in Ref. 12 were
Voltage (mV) compared to an approximation that differed from Ei)
(Ref. 10.

FIG. 1. (Color) (a) Cross-sectional device schematis) Color- Nonequilibrium regimeWe can controllably tune the de-
scale differential conductance as a functiongfandV. A00O6T vice so that more than one quantum state can participate in
field is applied to drive the Al leads normal. The conductance ScalQunneling. This is illustrated by following line Il in Fig.(tb).
maximum is 3<10°7 Q" (c) I vs V for differentVy in the equi-  Thjs |ine corresponds to processes that are initiated by an
librium regime. The steps correspond to resonances Il and IV. '“'electron, tunneling off the nanoparticle from the quantum
sets show the corresponding tunneling transitions. state 0 to electrodé. However, as one follows line Il to

higherV, past negative-sloping resonance lines that intersect
chemical potential in electrodg. Our observations are in line II, these lines indicate that the subsequent tunneling of
excellent accord with this model. For instance, the tunnelingan electron from electrod® back onto the nanoparticle can
current through the quantum state is not the same for botproceed via many different energy levels other than state 0.
bias directions, beind ,=16.6-0.1 pA for V>0 (i.e.,  The total current under these conditions can be modeled by a
crossing lines Il or I} and | _=—8.4+0.1 pA for V<O  master equation, which takes into account all allowed transi-
(crossing lines 1 or 1V. This has been observed tions between the energetically accessibjeand (p—1)
electron stateS.In Fig. 2, we show tunneling diagrams de-
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—il 1 11— picting representative accessible states for resonances |-IV
.4 0 _t t—‘ 40 in a nonequilibrium regime.
41 -1 In Fig. 3(@), we plot the step height in current associated
v with resonance lines I-IV, ag4 andV are tuned to follow
LINEI LINE T the lines in theV|-V, plane. Peaks | and Il have approxi-
t—.- 0 4 g _—t mately constant amplitude, while the currents for peaks Il
ru -1 \ .1| and IV grow quickly as|V| enters the nonequilibrium re-
-2 T ] & gime. This can be understood trivially. For peaks | and III,
LINE‘ " LINE‘ IIII the tunneling threshold is across the higher-resistance tunnel

junction R. This junction is always rate limiting and it mat-
FIG. 2. Tunneling diagrams depicting tunneling transitions ac-l€rs |_'tt|e how many transport channels are available across
tive for resonance lines I-IV in a nonequilibrium regime. Black junction L. For peaks Il and IV, the tunneling threshold is
spins represent the ground-state electron configuration. Black aRCross the low-resistance barrlgrbut the rate-limiting pro-
rows indicate the threshold tunneling transition, and gray arrows€ss is how quickly electrons can tunnel across the other
denote other transitions that contribute to the current for the valu®arrier. As|V| is increased, more quantum levels contribute
of V depicted. to this process, and the current grows. By measuring the
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250 T the electronic temperature in the electrodes. Our measure-
(a) —LINEII ments agree with this model within the equilibrium regime,
200+ —-—LINEIl -] with a constant electron temperatire-90 mK. This is sig-
< __E:EE :I\I/ /,'_".'}""F nificantly higher than thd achieved in nongated tunneling
:,150- ———T T i devices using our apparaty45 mK), and we ascribe the
3 ,._./ el difference to heating by leakage current from the gate to
3100' / 1 electrodeR. Line Il is broader than the others at low
504 - | because the magnetic field of 60 mT applied to drive the Al
/ electrodes normal produces an unresolved Zeeman splitting
0 - = - (AE/kBZZMBH/kBZSO mK)
) As |V| is increased into the nonequilibrium regime, peaks
06d (©) I and 11l undergo large increases in width and peak IV broad-

ens slightly, while peak Il shows no measurable change. The
differences are not merely an effect of heating, because
peaks Il and IV have the largest magnitudes of current and
power. We suggest that these measurements can be explained

©
>
L

Effective Temperature (K)

0.24 . as a consequence of electronic interactions in the nonequilib-
_____ ommesmmIyesemorsesniyzinen I I rium regime, by a mechanism due to Aganal }* Consider
0.0 - ) . resonance line Ill, for which the tunneling threshold corre-
0 1 2 sponds to an electron entering quantum state 0. Vor
PO _ VI (mV) _ _ >0.50 mV the next tunneling event, which discharges the
©) particle, may occur out of different, lower energy staiese
0 1 Fig. 2), leaving an electron-hole excitation on the nanopar-
-20- ticle. Agamet al. suggested that if this nonequilibrium state

does not relax before the next electron tunnels onto the par-
-404 . ticle, it can shift the energy of the tunneling resonances on
account of an alteration of the electron-electron interaction

Deviation from Linearity (uV)

60 energy® In past work on smaller aluminum particles, shifted
-804 T transitions were resolved individuall}; however, the rela-
. ] i i . . tive shift is expected to decrease with increasing nanoparticle
-650  -700 _-750 =~ -800 ~ -850  -900 sizel® so it is reasonable that the shifts would produce only

Gate Voltage (mV) broadened resonances for the 10 nm particle under investi-

FIG. 3. Properties of the resonance lines\4sis varied to gation here. Because a growing ensemble of different non-

change the value of th¥ at which the resonances appear. The €quilibrium states can be excited with increasivj, this
second tunneling states become energetically accessiblévfor Mechanism can explain the increase in width of line Ill as a
>0.18 mV for resonance line 1, 0.19 for line II, 0.50 mV for line function of |V|. The same nonequilibrium mechanisms
11, and 0.64 mV for line IV.(a) Magnitude of tunneling currentb) ~ should also come into play for line IV, fo¥<<—0.64 mV,
Width of thedl/dV peak as a function 0¥, expressed as an effec- but the broadening here is reduced because the threshold
tive temperature(c) Deviation from linearity for theV position of ~ tunneling event is across the lower-resistance junction
peak Ill as a function oV, . A line was fit to the peak position in  Barrier R quickly becomes rate limiting as line 1V is crossed,
the equilibrium regime betweew,=—650 mV and—701 mV,  so that higher-energy nonequilibrium resonances do not add
and this was subtracted from the measured positions. significant additional current. In order for the nonequilibrium
mechanism to apply for line lll, the relaxation rate of some
current along peaks Il and IV as levels are added one by on@onequilibrium excitations to the ground state must be com-
and t_he_n_ fitting to master-equation resdltse can measure parable to or slower tham,z=5.3x10" s 1. The rate pre-
rate-limiting tunneling rates for each quantum state:i¢  dicted by Agamet al. for spin-preservingenergy relaxation
for i=0 to 5, are (5.3,15.7, 8.0, 16,15,910" s %, v  in Al particles is~1C® s 1.4
~3x10° s %, and (assuming relaxation effects are negli- Resonances | and Il are a different case, because the tun-
gible) y_1g~=17x10" s71. neling threshold corresponds to an electron leaving quantum
Figure 3b) shows the widths of the tunneling resonancestate 0. The subsequent tunneling event adding an electron
lines I-IV. These were determined by fitting tvedepen-  back to the nanoparticle may, for lar§& occur in higher
dence of each conductance peak to the derivative of a Ferneinergy stategsee Fig. 2a,b)], but nevertheless this excita-
function, and then converting the voltage width to effectivetion alone cannot produce a nonequilibrium shift in the en-
temperature by multiplying by the capacitance ratioergy of subsequent discharging transitions. The reason is that
(e/kg)C_/(C_+Cpg) for peaks | and Ill or é&/kg)Cr/(C_  only this electron is free to tunnel off the nanoparticle; there
+Cg) for peaks Il and IV(Ref. 7). In either the equilibrium is no electron in quantum state O whose transition energy
or nonequilibrium regimes, the prediction of the simplestmight be shifted. Therefore, within the picture of Agam
master equatictis that the peak shape should be a derivativeet al.** no nonequilibrium broadening should be expected
of the Fermi function with a width approximately equal to for levels | and Il, in conflict with the data for level I.
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This discrepancy can be explained if nonequilibrium excita-15 ,V—much smaller than we measure. We can more natu-
tions on the nanoparticle can be generated not only by theally explain the full value of the shift by again taking into
tunneling transitions on or off the particle that have beeraccount that the presence of a nonequilibrium excitation can
considered previoush/, but also by transitions in which a change the energy of a tunneling transition. In the equilib-
high-energy electron relaxes within the nanoparticle and prorium regime, the occupation of quantum state O corresponds
duces an electron-hole excitation. Broadening would then bto a transition from a fully paired superconducting state on
generated by the Agam mechanism. Within this scenario, théhe aluminum particle to a state with one high-energy quasi-
difference between the broadening visible for resonance lingarticle; in the nonequilibrium case, the transition can be
| and the lack of broadening of line Il would follow from the from a state with two quasiparticles to one, with a transition
fact that for peak Il a high-energy electron on the particle carenergy lowered by-2A~0.35 meV:° This is much bigger
quickly exit through the low-resistance tunnel junctian thankgT~10 wreV, and in this case the observed resonance

while for peak I the high-energy particle must exit through S shifted to lowerV| by an amount:T because electrons in
the high-resistance junctioR, giving a much longer resi- the tail of the Fermi distribution can excite the nonequilib-
dence time during which relaxation transitions can occur. [/ state and open the lower-energy current chahielr

order for line | to be broadened, the fastest relaxation rate¥=1 andT~90 mK the master-equation reé'U!; that the
must become comparable tgz=5.3x10’ s * as|V| in- measured shift can be produced by a nonequilibrium lower-

creases. ing of the transition energy by any amount greater than

By tuning V4 andV into the nonequilibrium regime, the 20 pev~2kgT.

apparenenergiesof the dI/dV peaks can also be changed. !N summary, we have made a systematic study of the fun-
This is clearest for line II[Fig. 3(c)], which undergoes a damental processes at work when electrons undergo tunnel-

shift of 33 .V to lower voltage when the threshold for non- "9 through a discrete-state system, by analyzing the reso-
equilibrium tunneling via state-1 [line V in Fig. 1(b)] is nance energies, widths, and current levels. When transport

crossed. Because we have measured rate-limiting tunnelifgfcurs through a single level, our results are in agreement
rates for the energetically accessible states from the curre ith the expectations of sequential tunneling. At large values

amplitudes, we can test whether this shift can be explaine@ |V, the nonequilibrium population of excited electronic
by the simplest master equatidrwhich assumes that the states, together with electron-electron interactions, modifies

underlying energies of the quantum states are not changed E)Qe widths of the tunneling resonances and causes their ap-

nonequilibrium interactions. Only one relevant parameter i@/€Nt energies to shift as a function of temperature. Our
not determined previouslyx= 1y, /y_y . The solution of results should apply to any nanometer-scale system in which
the master equation does predict a voltage sHiffY for the electrons tunnel sequentially through well-resolved states.
conductance peak compared to the equilibrium case, and for
X<0.15 it can explain the full value of the experimental
shift. However, we judge this to be improbable, because the Support from NSF DMR-0071631, the Packard Founda-
measured values of;g fall within a more narrow distribu- tion, and the Cornell Nanofabrication Facility are acknowl-
tion. For x~1 in Eg. (2), the predicted shift is edged.
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