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Leakage and counting errors in a seven-junction electron pump
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Leakage and counting errors are explored experimentally in a well-characterized seven-junction electron
pump and compared with predictions of the orthodox theory, including cotunneling. Theory and experiment are
in good agreement at intermediate temperatures, where errors are dominated by thermally activated, single-
junction processes. At low temperatures, however, the observed errors far exceed predictions, indicating that
the orthodox theory omits an important error process.
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I. INTRODUCTION Indeed, the bias voltage across the pump can be adjusted to
produce a cancellation between positive and negative errors
In 1991 Pothieret al? first demonstrated a circuit, based that yields€,=0, but the shuttle error is never zero. In this
on the Coulomb blockade in nanoscale tunnel junctions, thapaper, we focus on the shuttle error to facilitate comparison
transfers a single electron between input and output in rewith experimental shuttle-error measurements.
sponse to each cycle of an applied bias sequence. Called an The second type of error to be considered is the leakage
electron pump, the device has potential applications in funfate of the pump when biased in its hold mode. Such errors
damental metrology as a standard of either cufremt are relevant to the capacitance standard, in which a pump is
capacitancé,provided that it can count electrons with high used to charge a capacitor and then put in the hold mode
accuracy. Initial tests established a counting accuracy ofhile the capacitor's voltage is measured. In a capacitance
0.1% for a three-junction pumpand later tests of five- and standard, the leakage rate must be small to insure that the
seven-junction pumps demonstrated accuracies of 500 par¢arge on the capacitor remains constant during the voltage
per 10 and 15 parts per £0 respectively* While the  measurement. Because the hold mode requires fixed biases,
seven-junction pump is accurate enough for many metrologileakage in the pump is simply leakage in the Coulomb block-
cal applications, the observed error rate is many orders gide of a series array of junctions, and this leakage has been
magnitude higher than that predicted for the nominal operatmeasured experimentally both for its intrinsic intetgst
ing temperature. Early tests led to the conclusion that eitheand in the context of the pumig:*® Strategies for calculating
the temperature of the pump is significantly higher than thathe net leakage curreit , including cotunneling, have been
of the dilution refrigerator used to cool it or an important developed by several authd$>-®However, as with pump-
error mechanism has been omitted from the theoreticahg errors, the most sensitive measurements of leakage ob-
analysis. Further experiments, outlined recentipeasured serve the tunneling of single electrons and record the mean
the pump temperature directly and showed that the observdine between tunneling events, whether in the forward or
error rates are clearly inconsistent with the predictions of theeverse direction. If we definke, =0 andl _=0 as the aver-
“orthodox” theory® with cotunneling added. Here, we age currents associated with tunneling in the forward and
present a more detailed comparison of theory and experimengverse directions, it is useful to examine the absolute leak-
for two types of errors, associated with counting and leakageage current ,=1,+1_, as well as the net leakage current
in a well-characterized seven-junction electron pump. I.=1,—1_. The absolute leakage current is more relevant
With regard to errors in counting, we consider two differ- than|, in single-electron experiments becaugeis related
ent measures. The simplest measure is the net charge errtw,the mean time between leakage eventsbye/l 5. Thus,
£o=1|Q|/e—1], or the absolute difference between the av-I, determines the time allowed for measuring the capacitor’s
erage charg® and expected chargetransferred during a voltage when a pump is used in a capacitance calibration.
pump cycle.&, is a direct measure of the accuracy of an In this paper, we consider three circuit models for the
electron pump used as a current standard and has been celectron pump. As shown in Fig.(d), a pump consists of
culated by several authors for a variety of situati6ié. N=3 tunnel junctions connected in series. Here, the junc-
However, the most stringent experimental tests of pump acions are assumed to be identical and are characterized by the
curacy have recorded the infrequent error events, whethesame capacitanc€; and tunnel resistancR;. The N—1
positive or negative, occurring while the pump is used toislands between the junctions are biased by voltage sources
shuttle one or two electrons repeatedly back and fotthhe V; through identical gate capacitofg, . The voltage sources
shuttle test records an error either if extra electrons are trangan be independently controlled to sequence a single electron
ferred or if there is an electron deficit during a pump cycle.through the array to charge or discharge an external capacitor
The shuttle error can be expressed &s (Q.+Q_)/e, Cg. BecauseCg is generally much larger than eith€y or
where Q, =0 is the average extra charge transferred ancC,, we can replac€g by a voltage sourc¥ in calculating
Q_=0 is the average deficit. In these terms, the net chargerror rates. If we also replace the series combinations of
error is€o=|Q, —Q_|/e, so&s is an upper bound ofy,. voltage source and gate capacitor by their Norton equivalents
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Lo . FIG. 2. Experimental record of charge on the external capacitor

FIG. 1. Circuit diagrams of the electron pump representing the . . . ; .
hysical pump(a) and an equivalent circuit). Nanoscale tunnel as a function of time for.a seven-junction pump in the hqld mode.
P ) The pump temperature is 120 mK, and the central junction of the

junctions are indicated by boxes. Stray capacitances are not show&.Jmp is biased with a charge Gf,=0.45¢.

of a charge sourc®;=CgyV; with a shunt capacitoC, N electrometer, we typically obtain a record of a discrete ran-
then we arrive at the equivalent circuit shown in Figh)l 4 walk, like that shown in Fig. 2. In this instance, the
This equivalent circuit defines the “ground capacitance” Orcharge jumps suddenly by e at intervals on the order of 1
Cq model of the electron pump, given the understanding thal i, 5y ‘apparently random fashion. As noted above, the av-
C, andC, are parameters that can be adjusted to include thg,p 46 timer, between such jumps determines the absolute

effects of stray capacitanpe. While ty model is the pr?- leakage current,=e/r_, a useful measure of the leakage
mary model considered in this paper, we also examine ..

simplified “bare” model, in whichC4=0, and a more com-
plete “full” model, which includes stray capacitances be-
tween all possible pairs of thd+ 1 nodes in Fig. (b). For
the seven-junction pump discussed here, the bare model is In order to compare experiment and theory, which is es-
inadequate to explain some qualitative features of the pumgsential to this study, we calculate the leakage rate using a
while theCy model produces results nearly identical to thoseprocedure developed by Jensen and Marfiris modified by
of the full model. Fonsecaet all’ This procedure is based on the orthodox
The calculations in this paper use orthodox théowith  theory of single-electron tunnelif@nd incorporates multi-
cotunneling added, to determine error rates for a severjunction cotunneling processes using an approximation to the
junction pump that was carefully characterized experimentransition-rate formula developed by Averin and Odint$ov.
tally. As noted previously, our primary result is that the While not entirely rigorous, various tests indicate that the
predicted and observed error rates are in rough agreement@tocedure is usually reliable for order-of-magnitude
high temperatures, where thermal activation is the dominangstimate$.
error mechanism, but may differ by almost nineteen orders Calculation of the leakage curreht is formulated in
of magnitude at low temperatures, where cotunneling iserms of the probabilitie®,, that the pump is in a charge
dominant. Because the temperature and circuit parameters efaten and the rate$',,. , of transitions between statesand
the pump are well known, an additional error mechanismn’. Here, the index specifies the charge on each of tKe
such as cosmic ray excitatioor photon-assisted tunneling —1 islands of the pump. Thus, if the charge on each island is
produced by environmental noiSeor the cyclic biag’ is  assumed to be betweenMe andMe, the indexn must take
required to explain the errors observed in the low-on a total of (M +1)N"! values to specify all possible
temperature regime. This is an important conclusion botltharge states. The probabilities of the various charge states
because the pump is most accurate and of greatest utility @kolve according to
low temperatures and because it indicates that the physics of

A. Theory

the pump is not entirely understood. We now present de- dp,
tailed evidence supporting our conclusion, considering first T 2 (TonPar =T winPn), (N
leakage and then counting errors. n’#n

where the first term accounts for the increaseP’ipdue to
Il. LEAKAGE transitions froorm’ to n and the second term accounts for the
decrease due to transitions framto n’. In this transition-

When biased in the hold mode, the junctions of a pUMPsiate picture, the ensemble average of the current through
present a static energy barrier that can be traversed by EIeﬁInction Jat any instant is

trons only through thermal activation or multijunction tun-

neling. These processes allow an occasional electron to leak

through the pump, changing the charge on the external ca- IJ=e2 pn[r:,n(‘])_r;,n(J)], 2)
pacitor bye. When the charge o@¢ is monitored using an n,n’
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where theF:,n(J) are the rates of transitions in which a —AE,,/(2m—1)!
charge moves in the positive direction through junctiand Fm(AEm,T)= 1—expAE,/kgT)
m/ "B
the I',, (J) are the rates of transitions in which a charge S
moves in the negative direction through junctién . 2 2
The net leakage current is particularly simple to calculate X Iﬂl [(2mikgT)™+(AEW7). (7)
because the biases are fixed in the hold mode, and the pump
quickly approaches a steady state. Thus, the relevant prob- _
abilities are defined by the steady-state conditions In the original derivation of Eq6), the energyAE; is simply
AE;, but in this case5 is dominated by an unphysical sin-
dpP, —0 3 gularity whenever an intermediateE; falls on or near the
dat 3) interval between 0 andE,,. Jensen and Martinis handled

) ) ) such singularities by omitting processes that includeE
andl, can be evaluated by applying E@) to any junction |55 than max(@E,). In order to eliminate the resulting

of the pump. On the other hand, there is no simple formulgyiscontinuities inl',,,, Fonsecaet al. later suggested that

for the absolute leakage current, and, as discussed beIO\X,~ i o .
: o e - - E; be held fixed within a buffer zone of widtkT around
care must be exercised in identifying which terms in &). the singular interval’ Here, we adopt a similar strategy by

contribute tol 5 . assuming that
Equations(1)—(3) allow us to solve for the steady-state ssuming

probabilities and currents provided the ralgs, can be cal-
culated. In generall’,,,,, includes contributions from an in-
finite number of processes that take the system from charge
staten to n’. All multijunction cotunneling processes can be
broken into a sequence of single-junction tunneling eventswhich produces rates essentially identical to those of Fon-
and, following Jensen and Martifisye specify a process by secaet al.

a list of integers [1,j2, - . .,jm). Here, eaclj; is a number Equationg5)—(8) completely specify an approximate rate
in the range+1,+2, ... ,=N, which specifies the junction for all mth-order processes involving the $¢f, . .. ,j,} of

and the direction of tunneling for each event in the sequencesingle-junction events, regardless of order. If we define the
The processj(,jz, - - ..jm is said to be amth-order pro- unordered sefj, ... ,jn as a configuration, then the only
cess becausen single-junction events are included. Sche-additional approximation to be made is that of selecting a
matically, a third-order process for a transition from chargefinite number of configurations that includes all processes

AE;=max AE; kgT,AE,,+kgT), (8)

staten to n’ can be diagrammed as follows. contributing significantly to the dynamics of the pump. In
. . _ this selection, we follow Jensen and Martinis by eliminating

event. J1 I2 I3 configurations of ordem>N, configurations in which tun-

state: n — s — s — n neling occurs more than once in a given junction, and con-

figurations that involve tunneling in both the forward and

&4 = oE3 reverse directions. With these restrictions, the total number
energy: O AE; AE, AE; (4) of configurations to be considered is
In this representation, we associate a change in Coulomb
energydE; with theith tunneling event and a net change in N NI
Coulomb energyAE;=3;_,6E; with the partially com- Ne=2> —————=2N*1_2 9

=~ m!I(N—=m)!
pleted process. These Coulomb energies determine the en- =1 M (N=m)!

ergy barrier for multijunction cotunneling and are the pri-

mary factors fixing the associated transition rate. B8  or 254 configurations for a seven-junction pump. The rate

can be computed from the electrostatics of the pump’s camatrix I',,, is computed by summing the contributions due

pacitance network, given the initial and final charge states.to each process within each tunneling configuration acting on
Because the order of the single-junction tunneling eventgach initial staten. Since we also restrict the charge on a

(j1, - - -.Jm) does not affect the final state, afl permuta-  given island to the range betweenMe andMe, processes

tions of the se{j,, ... ,jn} contribute to the rate of transi- that lead at any point to a junction charge outside of this

tion from n to n’. In the approximation of Jensen and range are omitted from the sum.

Martinis the contribution to the transition rate from this set  Oncel’,,, has been evaluated, Eq%)—(3) can be solved

of mth-order processes is for the steady-state probabiliti®, and the net leakage cur-
rentl_ . While it might be assumed that the absolute leakage
pm 27 Rk mst (AE..T) (59 current |, can be calculated simply by replacing,,,
MR [@mTR) T —To with T, T, inEq.(2), thi |
n'n anT o g.(2), this strategy fails because
whereR¢ =h/e? is the resistance quantum, it includes many processes that do not involve the transfer of

a charge through the entire pump. Instelgdmust be evalu-
i -1 ated by explicitly adding contributions from combinations of
iﬂl (AEi_ EAEm) ' (6 cotunneling processes that produce a through transfer.

Within the approximation used here, a through transfer re-
and quiresN single-junction tunneling events, one for each junc-

S:
pem{jl ----- ]m}
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tion, but these can be distributed arbitrarily among severa
cotunneling processes. Suppose that a through transfer in tt
forward direction consists oK cotunneling processes that
take the pump from an initial statg, through the successive
statesn,, ... ,ng, where the final statax necessarily coin-
cides with the initial state. To calculate the rate for this trans-
fer, we note first that the rate of transitions frarpto n, is

Pnol“:lno, Wherel“;,n is the rate for forward tunneling pro-

10—15

10—20

cesses onIyEn,r,:F;,nJrF;,n). Next, we argue that, under
steady-state conditions and given that the pump is already i
stateny, the probability of a transition from, to n, is the
ratel“rf2nl divided by the total rat&'r(n;) ==/ 4y I'nin, for B
leaving staten,. Thus, the rate of transitions from, to n, to 7w —-50 0 50 100
n, is PnOF,fanFrTan/FT(nl). Multiplying this result by the BIAS VOLTAGE Vg (uV)
probabilities for the remaining transitions leads to the rate
+ K + ;
Pnornlnonj:Z[Fnjnj,ler(nJ—1)] for the entire through FIG. 3. Net leakage currert and absolute leakage current
transfer. Based on these arguments, the leakage currentsds a function of the pump bias voltagk for a seven-junction
the forward and reverse directions can be written as pump at 25 mK, computed within ti&, model. The circuit param-
eters areR;=470 K1, C,=220 aF, andCy=50 aF. All gate

LEAKAGE CURRENT (e/s)

E 1'_<[ F;fjnj L charge biases are zero.
l.=e Pl _—, 10
- through Mo nansz I‘T(nj—l) (19
transfers B. Asymptotic formulas
with While leakage rates can be determined for the general
case only numerically, the bare model possesses sufficient
I+(n)= 2 | P (11) symmetry that asymptotic formulas can be derived in two
n’#n low-temperature limits. Both formulas require that the ther-

where the product is understood to be 1 whenl. In Eq. Mal energy be much less than the basic Coulomb energy,
(10), the specified sum over through transfers includes value$s T<Ec=€%/2C;, and their regions of validity are sepa-
of K from 1 to N, allowing transfers ranging from a single rated by a crossover temperattie<Ec/kg. In the extreme
N-junction cotunneling process té separate single-junction low-temperature limit,T<T., thermal processes play no
processes. Also, for a givel, the single-junction events significant role, and leakage occurs onlyMth-order cotun-
must be distributed in all possible ways among kheotun-  neling, in which allN junctions are traversed in one tunnel-
neling processes. Finally, the sum includes all initial statesng event. In the intermediate temperature ran@g<T
no, but, to avoid double counting, terms are only included if <Ec/kg, thermal processes are dominant, and leakage oc-
the probabilities of all intermediate states,, ... ,ng_;, are  curs primarily through a sequence Kfsingle-junction tun-
less tharP,, . This restriction is necessary because the stategeling processes. _ _
of a through transfer form a cycleg—n; - - - —ny_;1—No, A simple analysis of the barg model is possible because
and only one state can be chosen as the initial/final statd1® €nergy changesk; and AE; in a through transfer are
Thus, while evaluation of the absolute leakage curignt lndep'ende'nt of thg prder in which the junctions tunnel when
=1, +1_ is somewhat complicated, the only data requiredeach J“”‘?“_OQ part|C|pates_exactIy once. As shown by Jensen
are the steady-state probabiliti®, and the rate matrices and Martinis, these energies are given by
Frf,n andI’,, for forward and reverse tunneling.

To illustrate the distinction between the net and absolute
leakage currents, we plot, |=[1, —1_| andl,=1,+1_ as
a function of the bias voltag® in Fig. 3 for a seven-
junction pump at 25 mK. For bias voltages greater than abouf, the absence of initial island charges and voltage or charge
5 uV in magnitude, the current is dominated by leakage inpjases. The absolute leakage currentTet T, then follows
either one direction or the other, afig[~1. At Ve=0,0n directly from Eqs.(5)—(8), since we expect leakage to occur
the other hand, leakage is equally likely in both directions, sqnly by Nth-order cotunneling in this limit. That is, if we
l,=1_,1,=0, andl,=2l, . Thus, in contrast td, , the  consider Eq(10) and assume that the initial statg is al-
minimum value ofl 5 is nonzero and provides a useful mea- ways the zero-charge statE’r(O: 1) and that through trans-

sure of thg minimum error rate of apump in its hold mOde'fers occur only byNth-order cotunneling processes, then the
The quantityl ,(Vg=0) is also easily measured experimen- (N)+

tally because the voltage dbg automatically settles to the absolute leakage current is given ly= 2eI‘n0n0 ' Wherg we
value for whichl . =1_, as illustrated in Fig. 2, and the have used the fact that forward and reverse tunneling rates
resultingVe is presumably near zero. In the remainder of thisar(e)+equal by symmetry. Without further approximation,
section, we thus focus on the absolute leakage current at zefa,n, ¢an be evaluated from Eqe5)—(8) using the above
voltage bias. SE; andAE; to yield

SE;=Ec(N—2i+1)/IN, AE;=Eci(N—i)/N, (12
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Because electron pumps are typically operated in this low
temperature limit, the above equation specifies the minimun
leakage rate that can be expected under ideal conditions.

A formula for |, at intermediate temperature$.<T
<Ec/kg, is obtained by detailed analysis of EJ.0), as-
suming that leakage is dominated by through transfers in
volving N single-junction or first-order tunneling processes.
Thus, we consider only the cake=N in Eq. (10) and again
assume that the initial state is the zero-charge state. Becau
the energiesSE; and AE; are the same, regardless of the
order in which the junctions tunnel, the sum over through
transfers in Eq(10) is N! times the rate for a given process.
Finally, adding the equal contributions from forward and re-
verse tunneling, we obtain

ABmax

ENERGY AE;/E¢
I
I

0

STATE INDEX 4

—_
o
~—
4
Il
w

AEmax

ENERGY AE;/Ec
I
I

N @+
-1
la=2eNTH! ] ———, (14) STATE INDEX

FIG. 4. Energy of intermediate states of a through tunneling
where the intermediate states correspond to any one of thftocess within the bare model of a four-junctié® and a five-

N! equivalent through transfers. junction (b) electron pump. Energies are normalized to the basic

In order to explicitly evaluate Eq14), we note that, ac- Coulomb energyE.=e?/2C;.
cording to Eqs(5)—(8), the rate for a first-order process is
rate of reverse tunneling from stamg, but in this case we
W~ SE/€?R,; (15 must include two equal terms because eitheor j, can be
1—exp(SE/kgT)’ reversed. Based on such considerations, we arrive at the fol-

. . ) ) ) lowing approximate formula for the absolute leakage current.
which can be usefully approximated in various regimes by

N! E
( c
oE ———— —eXP —AEa/KsgT N eve
|| (SE<O, | SE|>kgT) 2[(N/2)11? eR . malkaT) ( n
2
e RJ IA:
keT 2N! keT o —AE,../kgT) (N odd
—— —exp — )
rO={ > (5E=0) . (19 {[(N—1)/2]!}2 eRy maxTe
e°R; 17
E Here the energAE,, ., is the barrier energy of the Coulomb
= exp(— SE/kgT)  (9E>kgT) blockade(cf. Fig. 4, which is given by
The task that remains is to combine these approximate rates NEc/4 (N even
to evaluate all of the factors appearing in Et4). This task AE (18

max— 2 ’
is facilitated by Fig. 4, which plots the energiag; of in- (N*=DEc/4N (N odd)
termediate states for pumps with evel=£4) and odd N within the bare model. Equatiofl7) is valid for Vg=Q;
=5) numbers of junctions. For a four-junction pungE is =0 in the temperature range.<T<E/kg and provides a
positive for the first two tunneling eventgy(andj,) and  useful check on numerical evaluationsl gf As expectedi 5
negative for the final two jG and j,), so the rated"™* s thermally activated in this regime, with an activation en-
appearing in the numerator of E@4) can be approximated ergy equal to the pump’s Coulomb barrier.
by the expressions for eitheiE<0 or SE>0 in Eq. (16). The crossover temperatufe, defining the transition be-
For a pump with an odd number of junctions, on the otherween the dominance dfith-order cotunneling and that of
hand, the middle tunneling evenitz(for N=5) requires the  single-junction processes, can be calculated by equating the

rate for6SE=0. In both even and odd cases, the sums appeaexpressions fot 4 given in Egs.(13) and (17). For an even
ing in the denominator of Eq14) are dominated by terms number of junctions, we find

with SE< 0, since the primary way of leaving a given state is

always “downhill.” Thus, the first denominator in Eq14) NEc

can be approximated by the rate of transitions from state Te=3 ks’ (N even (19
to staten,, the reverse of the initigl; tunneling event. Simi-

larly, the second denominator can be approximated by theshere« is defined by
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4AN—4 _ N—1 TABLE 1. Circuit parameters for the bare and ground capaci-
2 NI (2N—-1)! [ R, ) R :
expla)= — N=1" (N even tance models of the seven-junction electron pump. For comparison,
NNTI(N/2)1]? \ Rk average values a2, andC, are listed for the full model, with stray
(20 capacitances included.
while for N odd, Model R, kQ) C,@@  Cy(aPp
2_
_(N-DEc Bare 470 325 0
Te , (N odd (21 )
4Nakg Ground capacitance 470 220 50
with Full 470 215 48
I —1)! 2N-2 . . . .
expla)= Ni(Z2N—1)! ( 24 ) Because a single value @, describes the transition width
{N[(N=1)/2]1}2\N“—1 over the full range of mixing-chamber temperatufes, the

N_1 electron-temperatur€ of the pump is assumed to equgl..
x(&) o®N=2 (N odd). (22) The transition widths of individual junctions also indicate
Rk that the junction capacitances are nearly uniform, differing
Although Egs(20) and(22) must be solved iteratively fax, by no more than about 10%. Based on these measurements,
these expressions allow a direct evaluation of the crossoveﬂrwe parameters mf_erred for the bare and ground-capacitance
temperature. models are listed in Table I. .

The values ofZ; andC derived for the bare and ground-
capacitance models are generally larger than the physical ca-
pacitances of the junctions and gates because they are chosen

Under the assumption th&; andC; are the same for all as optimum fitting parameters and tend to compensate for the
junctions andCy is the same for all islands, the bare andstray capacitances explicitly omitted from these models. A
ground-capacitance models of the pump are described by jugtore accurate physical picture of the pump is provided by
these three parameters. The particular seven-junction puntpe full model, which includes stray capacitances. To deter-
considered here has been the subject of several previomgine parameters for the full model, we first estimate the
studies*®>?! and its performance has been characterized irstray capacitances based on the geometry of the fuhhe.
detail. We takeR; to be $ of the total pump resistance mea- validity of such estimates is confirmed by the fact that the
sured at low temperature and high voltage. For the grounavalues of gate capacitance obtained from the geometry
capacitance model, the ratio f; to C, is determined by the proved to be in good agreement with values derived from the
relative changes i/ observed when a single charge is periodicity of the pump’s response to gate voltages. Thus,
transferred through each of the seven junctidiisinneling ~ geometric calculations provide all of the required capaci-
in junctions farther fronCg produces a smaller change\fia ~ tances except the capacitanCg of the bare junctions. As
due to voltage division by the intervening capacitance ladwith the other model<C} is chosen to fit the measured width
der) Given this ratio,C; is then chosen for both models to of single-charge transitions. On this basis, the capacitance
match the thermal broadening of single-electron transitionsmatrix C for the full model i$*

C. Model parameters

0.0 2188 5.8 2.7 1.7 1.2 1.0 0.
2188 0.0 2137 33 1.1 0.6 0.4 467
58 2137 00 2136 3.3 1.0 0.6  46)8
2.7 33 2136 0.0 2136 3.3 11 472
c= 1.7 11 33 2136 0.0 2136 3.3 48[1 aF, 23
1.2 0.6 1.0 33 2136 00 213.7 51)3
1.0 0.4 0.6 11 3.3 2137 00 2644

0.0 46.7 46.8 472 48.1 513 2644 00

whereC;; is the capacitance between nodeandj in Fig.  parameters of all three models, we now explore their predic-
1(b). Thus,C,,=218.8 aF is the total capacitance of the firsttions for the leakage current without further adjustments.
junction, including a bare capacitance ©@f=200 aF and a .

stray capacitance of 18.8 aF. Similarlgys=46.7 aF is the D. Experiment

capacitance of the first gate plus the stray capacitance be- Because stray charge in the dielectric materials of the
tween the first island and ground. Having determined thepump usually creates an unknown offset that adds to the
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10°

— plot. Experimental values df, are derived from records of
the charge o€k, like that shown in Fig. 2, simply by count-
ing the number of single-charge jumps observed over an in-
terval of time. As Fig. 5 shows, the experimenitglis ther-
mally activated at temperatures above about 140 mK and
approaches a plateau at lower temperatures.

Figure 5 also shows values of leakage current computed
for the bare, ground-capacitance, and full models of the elec-
tron pump. The utility of theCy model is apparent here in
that the predicted, is virtually indistinguishable from that
of the full model. While the bare model is in rough agree-
ment with the full model, there are significant quantitative
differences. This discrepancy is to be expected, however,
given that the bare model does not explicitly account for the
gate capacitance. On the other hand, the asymptotic formulas
for 15, Egs.(14) and (17), are in excellent agreement with
the bare model from which they derive. This agreement con-
firms that leakage is dominated kyth-order cotunneling
e below the crossover temperature and by first-or@angle-

~~~~~ junction) processes abovE.. Contributions by processes of

3 7 intermediate order are apparently not important at any tem-
10—250 1|0 ll/Tc . 2|0 3|0 40 perature' ) ) )

INVERSE TEMPERATURE 1/T (K-1) In the thermally act!vated region above 140 mK, experi-

ment and theory are in good agreement. Here, the experi-

mental leakage is about two orders of magnitude larger than

FIG. 5. Absolute leakage current as a function of inverse temthe theoreticall 5, but the activation energyslope of the
perature for a seven-junction electron pump in the absence of voltArrhenius ploj agrees within the accuracy of the experiment.
age or charge biase¥=Q;=0. Circles show experimental re- Given that this comparison involves no adjustment of param-
sults, whilel 4 is plotted for the full, ground-capacitance, and bare eters, we take the agreement as confirmation of the theory in
models with a solid line, long dashes, and short dashes, respeghe high-temperature regime. As the temperature of the mix-
tively. Dotted lines plot asymptotic formulas, Eqd4) and (17),  ing chamber is lowered below 140 mK, however, direct mea-
appligaple to the bare model. The inverse crossover temperature i§,rements confirm that the electron temperature of the pump
also indicated for the bare model. continues to equal,.,> but the leakage current fails to fol-

low the theoretical prediction. At 35 mK the experimental
applied gate voltages, leakage currents have often been mdaakage is almost nineteen orders of magnitude greater than
sured for pumps or junction arrays in which the bias state isheory. As noted previously, this discrepancy clearly indi-
uncontrolled. In the experiments reported here, care wasates that the theory presented here omits an important
taken to determine offsets and accurately control the biasource of leakage that dominates at low temperatures. While
state of the pump. The problem of accurate control is comthe excess leakage might be due to environmental noise, as
plicated by the existence of stray capacitances, which couplsuggested by Martinis and Nahuththe case for this mecha-
some fraction of the voltage applied to a given gate lead taism is not proven, and the cause remains open to specula-
all islands of the pump. As detailed elsewh&fesuch cross tion.
coupling can be electronically cancelled using a matrix of Although the leakage rate observed at low temperatures is
amplifiers adjusted to apply suitable correction voltages ta@rders of magnitude higher than predicted by theory, the rate
the cross-coupled gates. When cross coupling is cancelled at 35 mK corresponds to leakage of just one charge in 10
this way, a charge bias can be applied to one and only onmin on average. Fortunately, this rate is low enough to allow
island, as idealized in the ground-capacitance model. T@apacitance calibrations of high accuracy. Thus, while our
compensate for gate bias offsets due to stray charge, thenderstanding of leakage mechanisms is incomplete, leakage
zero-bias setpoints are adjusted to minimize the error rate idoes not present a practical barrier to metrological applica-
the pumping mode. Spot checks, based on the observdmn of the pump.
thresholds for single-charge transitiohseveal that adjust- To further explore leakage in the electron pump, we have
ment for minimum pumping error yields zero-bias setpointsmeasured 5 as a function of a charge big¥;, applied to the
within 0.1 e of the actual zero charge bias. Finally, becausecentral junction. By definition, a charge bi@s; is obtained
the charge orCg adjusts itself until the rates of forward and on junctioni by applying a gate bia®;_ ;= Qj; to the island
reverse leakage are equal, leakage experiments are naturadly the junction’s left and a gate bigs= —Q;; to the island
performed near zero voltage. Thus, the bias state of the pumn its right. WhenQ;;=0, the Coulomb blockade is maxi-
during our leakage measurements is well described/py mally effective in preventing tunneling through junction
=Q;=0. and we expect to observe a minimum in the leakage rate.

Experimental and theoretical results for the absolute leakHowever, wherQ;;= +e/2, the Coulomb blockade is effec-
age current of a seven-junction pump are plotted as a fundively eliminated, and the leakage rate is expected to be
tion of inverse temperature in Fig. 5 to create an Arrheniusnaximum.
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FIG. 7. Minimum activation energi min for leakage processes
in the intermediate temperature reginie. &€ T<E;/kg) as a func-
tion of charge bia®);, on the central junction of a seven-junction
electron pump. Calculated results are shown for the full, gate-
capacitance, and bare models using solid lines, long dashes, and
short dashes, respectively. The applied biases\gre Q;=Q,
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FIG. 6. Absolute leakage curreht as a function of a charge EA=2 SE;6( SE;). (24
biasQ;, applied to the central junction of a seven-junction electron =1
pump. In this case the applied biases ®e=Q1=Q,=Qs5=Q¢
=0, Q3=Qy4, andQ,= —Qy,. Circles show experimental results Here, 6 is the unit step function, and only tunneling steps
for T=120 mK, while solid lines, long dashes, and short dashesyith positive SE add toE, . BecauseE, is generally much
plot I, for the full, ground-capacitance, and bare models, respecarger thankgT, the leakage rate is very sensitive to the
tively, at a variety of temperatures. The two experimental points agctivation energy, making the dominant processes those with
QM_:O were taken at the beginning and en_d of dgta gcquisition Qhe smallestE,. Thus, we expect, to scale roughly as
verify that charge offsets had not changed in the interim. exXp(—Enmin/ksT), WhereEx min is the minimum activation

These expectations are met in part by the data shown ignergy over all processes. This minimum energy is plotted as
Fig. 6. Here, we plot 5 as a function ofQ;, for an experi- @ function ofQ;, in Fig. 7 for all three models of the pump.
ment performed at 120 mK and for the three theoretical modAs expectedE min Shows a single maximum &;,=0 for
els evaluated at a variety of temperatures. As anticipajed, the bare model but symmetric maxima@j,~ =0.13e for
is always greater & ,,= *e/2 than atQ,,=0. Indeed, the the full andCy models. Thus, the minima ik, directly re-
experimental points can be connected by a smooth curvéect maxima in the minimum Coulomb barrier energy for
with a minimum atQ;,=0 and maxima atQj,=+e/2.  €ach model.

Thus, we were surprised to discover that the full abgl To understand the differences between these models more
models predict minima ne&®;,= =0.13e. While our lim- ~ completely, we examine the dominant leakage processes in
ited experimental data are consistent with this predictiongreater detail. For the bare model@j,=0, the 5E; are the
confirmation would require additional experiments. How-same for all N!=10 080 processes, so that each process has
ever, overall agreement between theory and experiment e sameE, and contributes identically thy . This symme-
good, given that the experiment was performed at a temperdty is broken for|Q,,4|>0, and a{Q,,/=0.1 e the minimum

ture somewhat below that for which the theory is thought toEa is attained by only 4 320 processes, while |&;,]
apply. =0.5e the processes with minimunk, are reduced to

Why do the full andC, models predict minima in the 1440. As might be anticipated, the dominant processes at
leakage current nea®;,=+0.13e? To answer this ques- |Qj4/=0.5e are those in which tunneling first occurs in the
tion, we look more closely at leakage processes in the releentral junction, creating a dipole that offsets the applied
evant temperature rangd,.<T<Ec/kg, where through charge bias. In the bare model, such dipole processes are
transfers are dominated by thermally activated, singleenergetically favorable at all charge biases. In the full@gd
junction (first-orde) tunneling. Since tunneling can occur in models, on the other hand, the minimun at Q;,=0 is
either direction and in any order among thejunctions, represented by only 16 processes, and these do not include
there are a total of 9! through processes involving only dipole processes. In these models, the activation energies for
first-order tunneling. According to Eqél4) and (16), each  the processes dominant @;,=0 increase with increasing
such process contributes kg in proportion to an Arrhenius |Qj4| while those for dipole processes decrease, such that
factor exp-Ea/kgT), whereE , is an activation energy given some dipole processes become dominant@j,|>0.13e.
by Thus, the minima in leakage &t;,~ *=0.13e result from a
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time for a seven-junction pump being used to shuttle a single charge
back and forth once every 350 ns. The ramp timef the applied
charge bias is 25 ns and the temperature is 33 mK.
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instance about once every 3 seconds on average. While this

FIG. 8. Charge biases applied to té—1 gates of an error rate may seem high, it corresponds to a shuttle error of

N-junction pump to transfer a chargethrough the pump. aboutEs=5x% 102 or 50 errors in 18 pump cycles. Thus,

the shuttle test provides a sensitive measure of infrequent
competition between different processes that is absent frorarrors.
the bare model due to its greater symmetry.

Having explored the bare, ground-capacitance, and full
models in some detail, we conclude that the bare model is ) )
useful as a basis for asymptotic formulas and rough estimates Calculation of the charge errdi,= ||Ql/e—1] is based
of basic pump operation. However, the bare model fails t®n accurate evaluation of the char@etransferred by the
account even qualitatively for some effects predicted by théump during a single bias cycle. In the procedure adopted
more complete models. Also, at least for the case presentdtere, Eq(l) is integrated using a fourth-order Runge—Kutta
here, the ground-capacitance model is in excellent quantita2lgorithm to determine the probabiliti€, for occupation of

tive agreement with the full model, in spite of its simplified the charge statasas a function of time, an@ is evaluated
capacitance matrix. by integrating the current given by E@2). Although the

charge on each island is restricted to the values of O-aed
this yields a total of 8=729 possible charge states for a
Ill. COUNTING ERRORS seven-junction pump. To reduce the calculation to a manage-

Although leakage in the hold mode is an important con-able siz_e, charge states are include_d only (_Jluring the portion
sideration for capacitance standards, the fundamental utilit9f the bias cycle when they are active. During integration, a
of an electron pump is determined by counting errors. |ncharge state is ad_ded when the rate of transition to the state
principle, a pump transfers a single charge between input ar@kceeds a specified bound and a charge state is removed
output in response to a sequence of gate charge biases ligen its probability drops below another bound. Both
those shown in Fig. 8. Here, each gate in succession receiv@@unds are chosen to be small enough that they do not affect
a triangular pulse of duration2and amplitude—e, which the r(_asults. In'_[egrat|on is continued fqr a brief period after
usually moves one charge from the input through the succedP® bias cycle is complete to assure s fully converged.
sive islands to the output. However, this process occasionallfinally, becaus&, is determined by a small difference be-
fails to transfer a charge or transfers an extra charge, resulfvéen two numbers close to 1, calculations are performed
ing in a counting error. using 33 digit gnthmetlc. This extended precision allows ac-

To measure counting errors experimentally, the pump i€urate evaluation ofq for errors as small as about 1.
used to shuttle a single charge back and forth between input Because the errors in a shuttle experiment are of both
and output while the charg@g on the external capacit@g ~ SI9ns, we might anticipate that eva!gatlon of the shuttle error
is monitored using an electrometer. In this experiment, gatés= (Q++Q-)/e requires that positive and negative errors
pulses are applied alternately as shown in FigtoSmove a be tabulated separately, as for the absolute leakage current
charge from input to outpuand in reverse orddto move a  !a- However, & can usually be computed from the net
charge from output to input Because charge shuttling is charge errors computed for forward and reverse pumping,
typically driven at a few megahertz, much faster than theo and £q. The reason can be understood from Fig. 10,
response time of the electrometer, the meas@edppears  Which plots€ and€, as a function of bias voltage. As Fig.
to be constant except when the pump makes an error. Thu$0 shows,Sg goes to zero at a voltage ne"g=46 uV,
experimental traces @¢, like that shown in Fig. 9, do not where positive and negative errors exactly cancel. For volt-
record the rapid changes in charge associated with shuttlingges somewhat less than 4& virtually all of the errors in
but do reveal when the pump fails to transfer a charge, in thisorward pumping result from a failure to transfer a charge,

A. Simulation



8208 R. L. KAUTZ, MARK W. KELLER, AND JOHN M. MARTINIS PRB 60

10-15 | 4 1 T I ] T ] T
2 t=0 ]
L ] ) . ,_I___I——\__\_’
s N — I e s S S
(04 0 L e |
8 F2- 27 Fememm—n-- - n
2 IR b L.
w 0 [
w 10-2° i T
O o B Lo n
x oy F2 37 Femeemeae- LI
< ~ VR B T----
T ] 0 [ 1
o o ] —
E g F2 47 i femmemaaan ———. -
2 W I-----J' "------|
Z 0
w 1 J
. e 4
r----J’"" R IPRS
| | | 0 1 ]
—25
107100 -50 0 50 100 | e i
F2 67 g ————— .
BIAS VOLTAGE Vg (uV) ,—J’—\_| "-----1
0 e |
2 -
FIG. 10. Net charge error for forward and reverse pumpihyg, ¥ 'L_r'—“'—‘—l__'
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parameters ar®;=470 K2, C;=220 aF,Cy=50 aF, 7=40 ns, 0 1 2 3 4 5 6 0
andT=25 mK. ISLAND NUMBER

. FIG. 11. Electrostati function of the location of
while for voltages somewhat greater than 49 the errors G ectrostatic enerdy as a function of the loc

. n extra charge on the six islands of a seven-junction p(sold
result from transfer of an extra charge. That is, except aLﬁlnes), calculated within the bare model fof==0. Plots are shown

voltage_s within a few mlcrovol_ts_ OVe=46 pV, 55 r_epre- for the beginning and end of the pump cycte=0 and 7r) and at
sents either almost purely positive or purely negative ermorsimest=jr (j=1, .. .,6) when thgate charge bias on islajd at
Given that€s is an average over forward and reverse pumpits peak. Dashed lines show the energy when a second extra charge
ing cycles, we can writ€s~ (55 +E&9)/2, sincecfg and&q is introduced on successive islands of the pump, with the first extra
each contribute significantly to this sum only at voltagescharge held on the island of minimum energy, as indicated by a
where they represent errors of predominantly one sign. Thifllled circle. As the figure illustrates, the pump allows a charge to
approximation is valid as long as the voltages at Whi’@h move from island to island as successive gate charge pulses are
=0 and56=0 are not too close tWg=0. applied, but a second charge is prevented from entering the pump

In experimental measurements of the shuttle error th&Y the Coulomb blockade. Island number 0 refers to the input and

chargeQg on the external capacitor adjusts itself until the OUtPUt electrodes.
rates of positive and negative errors are equal. This balance
is illustrated by the data presented in Fig. 9 and results in &nd bias states. In Fig. 11, solid lines plot the energy when a
bias voltage nea¥z=0 (cf. Fig. 10. Thus, our shuttle error single extra charge is introduced on each island of the pump
data was taken near zero voltage bias using applied gatg succession. Plots are shown for the bare model at the
charge biases like those plotted in Fig. 8, and we focus ofeginning and end of the pump cycle<(0 and 7r) and at
this case in the remainder of the paper. timest=j7 (j=1,...,6),when the gate charge bias on is-
landj is at its peak. At=0, when there is no applied bias,
introducing a charge on any island raises the pump’s energy,
and charge transfer is blocked. &t 7, when the charge bias
As with leakage errors, asymptotic formulas can be deeon island 1 is—e, the pump’s energy is lowered if an extra
rived for counting errors within the bare model of the elec-charge tunnels onto this island. As time advancest to
tron pump. We consider three types of error investigated=27, ... ,7r, a charge bias is applied to each island in suc-
previously by Jensen and Martifiserrors due to failure to cession, the energy minimum moves from island to island,
tunnel in the limit of short pulse widths, errors due to ther-and the extra charge is expected to tunnel through successive
mally activated, single-junction tunneling at intermediatejunctions until it reaches the output electrode. Dashed lines
temperatures, and errors due to cotunneling in the limit ofn Fig. 11 show the energy when a second extra charge is
low temperature. The resulting asymptotic formulas providentroduced on successive islands of the pump, with the first
a useful check on our simulations and help identify the erroextra charge held on the island of minimum energy, as indi-
mechanisms active in each regime. cated by the filled circle. In each case, the second extra
Insight into the operation of the pump is provided by ex-charge encounters an energy barrier that blocks it from tun-
amining the pump’s electrostatic energy for various chargeeling onto an island. Thus, the pump is expected to transfer

B. Asymptotic formulas
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one and only one electron during each bias cycle. However,
while this expectation is nearly always met, occasional errors
do occur.

4 T 1 T3
(a) t=457
— --_-J------"'--- —

]
0
In examining counting errors, we consider first the case in IAEmin e f
which the charge bias pulses are so short that tunneling fails -2 | l ' I I . '
to occur while it is energetically favorable. This case was
considered by Jensen and Martifiimho derive an approxi-
mate error probability under the assumption that an error will P T _
result if tunneling onto an island does not happen before the "
charge bias on the island reaches its maximum. They note, 0 — 1 .
however, that this assumption is unnecessarily restrictive,
since tunneling remains energetically favorable long after the L ! | | . . | l
charge bias peaks. For example, tunneling between islands 1 0 1 2 8 4 5 6 0
and 2 is energetically favorableSE<0) over the interval ISLAND NUMBER
1.5<t/7<5, as shown in Fig. 11, rather than just for 1.5
<t/7<2. Thus, we can extend the arguments of Jensen and FIG. 12. Electrostatic energy as a function of the location of
Martinis to derive a more accurate estimate of failure-to-an extra charge on the six islands of a seven-junction p(sulid
tunnel errors by considering the entire window of opportu-lines), calculated within the bare model fofz=0. Plots are shown
nity for tunneling. for the bias conditions dg) t=4.57, when thermal errors are maxi-
We restrict our attention to the seven-junction pump inmMum, and at(b) t=6.57, when cotunneling errors of order—1
the limit of zero temperature. In this limit, failure to tunnel is first become possible dt=0. Dashed lines show the energy when
most probable in junctions 2, 3, and 4, and the probabiftity a seconql extra _charge is introduced on successive |s_Iands of the
of failure is the same for each of these junctions. Since th@UMP. With the first extra charge held on the indicated island.
probability of tunneling through all three junctions is (1
—P)3, the shuttle error is given by

1. Failure-to-tunnel errors

ENERGY E/E¢

T i 1 1 | ]
(b) t=657

ENERGY E/E¢

energy barrier for returning to the input electrode is mini-

mum. In the seven-junction pump, this minimum occurs at

E=1—(1-P)3, (r<7., Vg=0, T=0, N=7) t=4.5r, as shown in Fig. 12). The minimum energy barrier
(25) is identified here ad E,,,. A detailed analysis of this case

. . . by Jensen and Martinis yields for the shuttle efror,
which is expected to be valid forr less than some y y

temperature-dependent crossover halfwidth, beyond N! kT
which other error processes dominate. The probaliliban Es= — , |
be evaluated without further approximation using the expres- BLIN=D/2ILIN+1)/2] RyCyEe

sions for SE given by Jensen and Martinis. Taking into ac- Xexp(—AEnin/kgT),

count the fact that the charge can tunnel backward as well as

forward during the last of its window of opportunity(for (Cq=0, ™1, V=0, T(<T<Ec/kg, N odd),
example, a charge on island 1 can tunnel back to the input (27

electrode as well as ahead to island 2 during the interval 4
<t/7<5, as shown in Fig. 11 we obtain where

_ 2
P=(7R,C,/7)[1—exp( — 7/7R,C,)Jexp — 197/28R,C,). AEn=Ec(N—1)%4N, (N odd. (29)
IS result Is expecte to be valid at intermediate tempera—
200 Thi It i d to be valid at i di

In this expression, the final exponential factor accounts foturesT,<T<Ec/kg, whereT_ is a crossover temperature,
failure to tunnel during the first 2750f the window of op-  below which cotunneling processes dominate. As &7)
portunity and the two prefactors account for the finaNot-  indicates, errors at intermediate temperatures are governed
ing thatEs~3P for P<1, we find that failure-to-tunnel er- by an Arrhenius factor with an activation energy ®E ;.

rors decrease exponentially with increasing pulse width, as

expected from previous wofk. 3. Cotunneling errors

In the limit of low temperatureT<T/, thermal processes
are frozen out, and cotunneling errors dominate. Although

The dominant thermal errors occur late in the bias cycle|eakage involvingNth-order cotunneling can occur through-
after the possibility of forward tunneling through junction 1 out the bias cycle, there is a brief interval during which co-
has been blocked. In particular, for the situatioriabr in  tunneling of ordeN—1 is possible, and these lower-order
Fig. 11, an error can result if thermal energy is available tgprocesses yield more counting errors. If we considerTthe
move the charge from island 5 back to the input electrode=0 limit, then cotunneling can occur only when the net
Although this is an improbable process, it is likely to pro- change in electrostatic energy is negative. Because the extra
duce an error if it happens, because forward tunnelingharge proceeding through the pump is usually on an island
through junction 1 is also improbable. As might be expectedat lower energy than the input or output electrddé Fig.
the pump is most susceptible to thermal errors when thdl), it generally cannot escape by cotunneling. However,

2. Thermal errors
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near the end of the bias cycle, tat 6.57, the energy of the
extra charge on island 6 is equal to the energy it would have
on either the input or output electrode. This equal-energy
condition is illustrated in Fig. 1®). As t increases beyond
6.57, the energy of island 6 rises above that of the input and
output electrodes, and the charge can leave the pump either
by first-order tunneling to the output electrode or by cotun-
neling of orderN—1 to the input electrode. Although the
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latter process is unlikely compared to the former, it is the

dominant error process at low temperatures.

Jensen and Martinis have analyzed cotunneling errors for

the general case of finite voltag&slowever, by considering

the special case 0fc=0, we obtain a simplified derivation
requiring fewer approximations. To sketch this calculation,

lett'=t—(N—1/2)7, let P(t') be the probability that the
extra charge is on island—1, and letl",(t") andT';(t") be
the rates of tunneling from island—1 to the output and

input electrodes. In the limit of zero temperature, the cotun-

neling error is then given by

5S=f P(t")T;(t")dt’, (29

0

whereP satisfies the approximate equation
dP/dt'=-T,P, P(0)=1, (30

in the limit ' ;>T";. From Jensen and Martinis we have

FOZM, (0<t'<17/2) (31
NRJCJT
K R N-1/¢r\2N-3
Fi:RKCJ(R_J) (;) , (0st'=s7/2) (32
where

(N_l)ZN—l

K= . (33
aw?NTAN(2N—-3)I[(N—2)!1]?
For these rates we find
p= (N- 1)t o<t'<7/2 34
=exX WJCJT’ (0st'=1/2) (39
and
o NMTAN-N (RKCJ)N_Z
ST N-4N—2)1(2N=3)1 | T ’
(Cg=0, ™71., V=0, T=0) (35

where the integrand in Eq29) was evaluated using Egs.

(32) and (34) even fort’> /2, since the contribution from
large times is insignificant. The functional dependencéLf

onRk, C;, andr given by Eq.(35) agrees with the result of

10710 |-

©  EXPERIMENT |
C, MODEL _
- BARE MODEL

10738 A

SHUTTLE ERROR &g

10720 -

10-5 x S |
0

INVERSE TEMPERATURE 1/T (K-1)

FIG. 13. Shuttle errofs as a function of inverse temperature for
a seven-junction electron pump with the halfwidth of the gate bias
pulse fixed atr=40 ns. Circles show experimental results, while
calculations for the ground-capacitance and bare models are plotted
as solid and dashed lines. Parameters for @igemodel areVe
=0, R;=470 K2, C,=220 aF, andC4,="50 aF, while for the bare
model C;=325 aF andCy=0. Dotted lines show asymptotic for-
mulas for the bare model.

C. Experiment

Having developed simulations and asymptotic formulas
for the shuttle error, we are ready to compare these predic-
tions with experimental measurements. In this section, we
examine shuttle error as a function of both temperature and
the width of the gate bias pulse.

Figure 13 displays results f&fs as a function of inverse
temperature for the seven-junction pump driven with bias
pulses of 40 ns halfwidth. This figure compares experimental
results with simulations for th€, and bare models and with
two asymptotic formulas. The parameters used in the simu-
lations and formulas are identical to those discussed previ-
ously, and no adjustments were made to improve the fit with
experiment. At temperatures above about 100 mK, the ex-
perimental data reveal an exponential behavior characteristic
of thermal activation, and there is good agreement with
simulations for theCy model. In particular, the activation
energy(slope of the Arrhenius plptagrees with that of the
C4 model within experimental error, and the magnitude€ gf
exceeds the predictions of the model by only about an order
of magnitude.

Jensen and Martinis, but the prefactor differs by a factor of At temperatures less than 100 mK, however, there are
about 60 forN=7. In any case, cotunneling errors fall off substantial differences between experiment and simulation.

with increasing pulse width as 4Y~ 2, reflecting the fact

Below 100 mK, the experiment shows a plateal€§near

I', /T, is larger for smallet’ and tunneling to the output is 10 8, while theCy model predicts thaf's will plateau only
more nearly certain if the pump passes slowly through thevhen the temperature drops below 45 mK, where it reaches

equal-energy condition illustrated in Fig. (b2

10 2%, Because independent experiments confirm that the
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electron temperature of the pump follows the temperature of
the mixing chamber, we conclude that the shuttle errors at
low temperatures, like leakage errors, are dominated by a .
mechanism not included in the orthodox theory of the pump.
All the same, the experimentally observed shuttle error of
1.5x10 8 is small enough to allow construction of a capaci-
tance standard with an accuracy competitive with the best
available standards.

As might be expected, calculations & based on simu-
lation of the bare model agree less well with experiment than
those for theCy model. Results for the bare model are in-
cluded here primarily to validate the analytic formulas de-
rived from it. While agreement is not perfect, Fig. 13 shows
that Eqgs.(27) and(35) give good estimates of the simulated
Es for temperatures in the rangés> T, andT<T,, respec-
tively, where the crossover temperature is rougfly =
=60 mK. We conclude that, within the bare model, shuttle L
errors at intermediate temperatures occur primarily by ther- 1020 |-
mally activated tunneling back to the input electrode and at »
low temperatures by cotunneling of orddr—1. Since the : T
experimentalég is thermally activated above 100 mK, the | —Ee@5) B (37 e
error mechanism is probably the same as that identified for 10-25 C | ! !
the bare model, and the slope of the experimental Arrhenius 0 » 40 60 80 100
plot, about 0.2 meV, can be interpreted as the minimum en- PULSE HALFWIDTH 7 (ns)
ergy AE.,, required for the charge to return to the input
electrode. Thus, shuttle errors at intermediate temperatures FIG. 14. Shuttle errofs at 33 mK as a function of the halfwidth
appear to be well understood. of the gate bias pulse used to drive a seven-junction electron pump.

Figure 14 shows the shuttle error at 33 mK as a functiorCircles show experimental results, while calculations for the
of bias-pulse halfwidth for the seven-junction pump. Again,ground-capacitance and bare models are plotted by solid and dashed
we compare experiment with simulations for tgand bare ~ lines. Parameters for the, model areVe=0, Ry;=470 K1, C,
models and with two asymptotic formulas. Because the datg 220 aF, andC,=50 aF, while for the bare modd,=325 aF
are for a relatively low temperature, we do not expect theand Cy=0. Dotted lines show asymptotic formulas for the bare
experimental shuttle error to be governed by mechanism&°de!
described by the orthodox theory, and the data shown in Fig.

14 confirm this expectation. Thus, the experimerfiglex-  the possibility that cosmic rays contribute significantly to the
ceeds the prediction of the ground-capacitance model by 18Tor rate\® the explanation may involve photon-assisted
orders of magnitude in the limit of long pulses. According to tunneling produced both by environmental noise and the cy-
experiment, the shuttle error decreases exponentially witGlic bias. In particular, the exponential decreasefnob-
increasing pu|se width for values of up to about 30 ns, served for 6<7<30 ns is consistent with the Strong fre-
above which&s plateaus at an error of about k3078, ~ duency dependence expected for errors due to photon-
While this behavior is superficially similar to theoretical pre- @ssisted tunneling driven by the cyclic bfdswhile the
dictions, the quantitative discrepancies are so large that tHelateau in & observed for7>30 ns is consistent with
experimentally observed errors almost certainly involve arPhoton-assisted tunneling driven by environmental néise.
effect not included in the theory. Clearly, both of these mechanisms warrant further investiga-

Comparing the bare-model simulation with the associatedion.
asymptotic formulas plotted in Fig. 14, we conclude that
Egs. (25 and (35) reproduce ther dependence of the bare
model with reasonable accuracy. Thus, the exponential form
observed forr less than about 10 ns can be associated with By comparing experimentally measured leakage and
failure-to-tunnel errors. In this regime, we can define a chareounting errors with the results of orthodox theory, including
acteristic timet; such thatsxexp(— 7/t;). According to Egs.  cotunneling, for three different models of the electron pump,
(25 and (26), this time ist;=4R;C;/3=0.20 ns, while the we have established the accuracy of the theory at intermedi-
slope of the ground-capacitance curve in Fig. 14 yiglds ate temperatures and shown that the orthodox theory is inad-
=0.37 ns. By comparison, the slope of the experimentakquate to explain errors observed at low temperatures. In the
curve for 6<7<30 ns corresponds tq=4.3 ns. Again, the intermediate temperature regime, both leakage and counting
discrepancy between theory and experiment suggests that teerors are due to thermally activated, single-junction pro-
actual error mechanism differs substantially from that of thecesses that move the pump over an energy barrier. Counting
orthodox theory. errors in this regime result during the latter part of the bias

What mechanisms beyond the orthodox theory might exeycle, when tunneling from the input electrode to the first
plain the experimentally observed shuttle errors? While preisland is nominally blocked and the extra electron is occa-
vious experiments on this particular device have ruled ousionally returned to the input by thermal activation.
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Comparison of leakage errors predicted by the baretance. If counting errors were as infrequent as predicted, the
ground-capacitance, and full models, indicates that the fulaccuracy of the seven-junction pump would far exceed that
and ground-capacitance models are virtually indistinguishrequired for fundamental metrology. The excess errors ob-
able for the cases considered, while the bare model generalgerved experimentally, while low enough to allow fabrica-
gives good approximate results. However, the bare modelon of a useful capacitance standard, require an explanation
fails to predict a double minimum in the leakage as a funcHf further improvements are to be made. Indeed, full exploi-
tion of charge bias on the central junction. tation of the electron pump presently awaits verification that

The failure of the orthodox theory to explain the errorsthe limiting errors are due to photon-assisted tunnéfifitpr
observed at low temperatures is a result of primary imporsome other cause.
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