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Single-electron transistor backaction on the single-electron box
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We report an experimental observation of the backaction of a single-electron trafSETomeasuring the
Coulomb staircase of a single-electron box. As current flows through the SET, the charge state of the SET
island fluctuates. These fluctuations capacitively couple to the box and cause changes in the position, width,
and asymmetry of the Coulomb staircase. A sequential tunneling model accurately recreates these effects,
confirming this mechanism of the backaction of a SET. This is a first step toward understanding the effects of
guantum measurement on solid-state qubits.
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In the recent work toward the goal of quantum computing, The possibility of SET backaction on a single-electron
and in the study of single quantum systems in general, thbox was proposed with experiments in the fifldyut has
single-electron transistqiSET) is often used as a measure- proven difficult to quantify. The signature of SET electrical
ment device. It has been proposed as a readout device feackaction is difficult to separate from simple heating of the
mechanical, spin? and chargé quantum systems, and has sample!314 The backaction has been measured with very
been successfully used to measure superconducting charggong coupling between the SET and the Boxut few
qubits’* As with any amplifier, the SET must produce elec- measurements exist in systems that are as weakly coupled as
trlcal_n0|se on its input, perturbmg the measured system ang, o proposed Cooper pair box-SET experiments. In this Brief
causing the unavoidable backaction of a quantum MeasUrgzenort, we present an experimental analysis of a SET weakly
ment. oupled to a single-electron box. We vary the operating point

SET backaction on a two-level system has been studiegs v gET measure the Coulomb staircase of the box, and
extensively in the theoretical literature. It has been deterz

mined that the SET should be able to approach the quantu ' d the variations_in the shit, Widt.h’ and asymmetry of the
limit of backaction, where it dephases a qubit as rapidly as i aircases to be in agreement with a model_ that includes
is reads the qubit stafeSpectral components of the SET ackaction causeq by thg charge-state fluctugtlons of the SET
backaction at the two-level system transition frequency carsland. These variations in the measured_ staircases allow us
also contribute to transitions between two qubit stifed, (0 measure average properties of the noise of the SET.
qubit could thus form a spectrum analyzer capable of prob- The SET[Fig. 1(a)] consists of a aluminum island con-
ing previously inaccessible frequencieThese theoretical Nected through tunnel junctions to two leadise drain and
analyses presume SET backaction results from fluctuatiori§e sourcgéand capacitively coupled to a thifthe gatg. A
in the charge state of the SET island caused by the drairfSET is described by its charging enerf,=e*/2Cs, the
source current, but no experimental measurements exist cognergy to add an additional electron to the isharisy the
firming that this is the dominant or the sole mechanism of thgunneling resistance of the junctions on the drain and the
SET’s backaction. Indeed, it often appears that the SET casource lead$R;), and by the size of the capacitors coupling
poison the Cooper-pair box, inducing nonequilibrium quasi-it to the external control voltagéCye) and to the measured
particles through other mechanisfs.

As a first quantitative test of SET backaction, we consider (@ Yepr T
the SET and box operated in the nornflabnsuperconduct- - --------- i
ing) state, created with the application of a 1-T magnetic
field. Analysis of the normal box is simpler than in the su-
perconducting state because the box is no longer sensitive to
parity and quasiparticle generation. The normal SET can also
be simply described by a sequential tunneling model, which

avoids the complication of the many possible quasiparticle- A
pair tunneling cycle’ in the superconducting SET. Never- ® 16 | | - i --- |H - | ------ |_| ------- “” ------ [7
theless, the primary mechanism of SET backaction is still the

capacitive electromagnetic coupling between the box and
SET, and the box remains a mesoscopic device that is sensi- F|G. 1. (a) Circuit diagram of the single-electron bdgashed
tive to this backaction. Just as with the SSET-Cooper-paihoy) capacitively coupled to the SH#lotted boy. The normal-state
box system, sensitive measurements of the Coulomb staitunnel junctions are represented by boxes with a single line through
case of the normal box can reveal the dynamics of thehem.(b) Plot of the charge state on the SET island vs time. The
coupled system, and probe the nature of SET backaction. dotted line shows the mean value of the charge on the SET island.
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system (C;). A high tunneling resistancéRj>h/ez) and 05
large charging energyE.>kgT) suppress the addition of

charge to the island by quantum or thermal fluctuations, so <
the island may be considered confined to a discrete set of E o0

charge states. A bias voltag¥,) provides the energy nec- >

essary for the system to switch between charge states, allow-

ing current to flow from the drain to the source. The amount -0.5

of current is controlled by the rate of transition between ac- 05 1.0 1.5 2.0 25
cessible charge states, which is a function of the potential of Nge

the island. Thus the SET forms a very sensitive electrometer,
where changes in the total charge capacitively coupled to the
island modulate the current flowing through the transistor.
The SET is operated by fixing the values of the externally
appliedVys and Vg, and observing variations in the conduc-
tance as the charge coupled to the SET from the measured
system changes. The point at whigl and V. are fixed is

termed the operating point; the same measurement can be gg’ 20F
performed by observing conductance variations about many 2 10
different operating points. Y

The box[Fig. 1(a)] consists of another island capacitively
gated by an external leadVy,) and connected through a
tunnel junction to ground. As with the SET, the gate lead
controls the potential of the box and changes the relative
electrostatic energies of the available charge states. We ex:
press the gate voltages for both the box and the electrometgg1

In terms Of. the nu_mber c;f elegtron_s on the Correspondmg)f the box gate voltagay, The time-averaged number of electrons
gate Capac'tormgb‘cgbvgb € andnge= Cgevge/e' When Ngp on the box is measured with a precision of>¢107% and an accu-

is raised by one electron, the island charge state of minimumycy of +2x 1073, (¢) Derivatives of these Coulomb staircases and

energy changes, and a single electron tunnels on to the islaRg the corresponding Coulomb staircases generated with a sequen-
to keep it in its ground state. Plotting the time-averaged nuMtja| tunneling model withEc__/kg=2.3 K, Ec_ /kg=1.6 K R;
S ' b ’ ' E

ber of additional electrons on the island as a functiom@f =47 k0, R, =15.4 k2, and C./Cs =0.048"The derivative of
. - « . o 12 box . . SET

gives the familiar “Coulomb staircasgFig. 2b)].** The  the Coulomb staircase is reported with an accuracy of +0.4.
width of this staircase is normally a function only of the
temperature of the sample. In this Brief Report we quantifyisland cause both the charge state and the potential of the
SET backaction by observing additional variations in thesgT island to fluctuate between two valy&sg. 1(b)]. The
Coulomb staircase that are systematic with the SET operaftuctuating potential on the SET island coupled thro@fis
Ing point. found to be the source of the SET’s backaction. Three aver-

The coupling capacitdrC in Fig. 1(a)] couples together aged properties of the fluctuating potential have effects vis-
the potential on the two islands, allowing the SET to measurgple on the Coulomb staircase and can be varied with the
the box and also allowing the potential on the SET island taperating point of the SET. The mean charge on the SET
affect the box. The strength of this coupling is expressegsland varies by as much as one electron, and leads to shifts
either as the fraction of the electrometer charge coupled tfh the position of the Coulomb staircase by as much@s
the box (k=C./Cs ) or as the temperature necessary toThe rms magnitude of the charge fluctuations on the SET
cause changes in a Coulomb staircase comparable to thoggand broaden the measured Coulomb staircase by an
caused by backactio(\TK=f<Ecb0x/kB). As the polarization amount that varies witlmge Finally, the telegraph-noise na-
charge onC, changes, the total charge coupled to the SETture of the charge-state fluctuations on the SET island causes
changes, changing the tunneling rates in the SET and modtie staircases to be asymmetric; the magnitude and direction
lating the current that flows from the drain to the source. Theof that asymmetry varies with the SET’s operating point.
charge on the box is then inferred from the change in current A sequential tunneling model for the full SET-box system
through the SETC, also couples the charge on the SET accurately recreates both the measurement and the backac-
island to the box, and in doing so creates the effects that wdon. The tunneling rates between any two box and SET
see as the SET'’s backaction. charge states are calculated as a functionggfng, andVys

The discrete nature of charge causes two kinds of noise iffor details, see Ref. 16 The time-averaged charge state of
the SET. The drain-source current flows not as a continuouthe SET-box system corresponds to the steady state of these
fluid, but as individual charges, causing an uncertainty in theoupled rates. The current through the transistor is calculated
SET’s measurement due to shot noise. In addition to shais the product of the time-averaged charge on the SET island
noise on the outpufthe drain-source currentthere is also and the rate at which charge tunnels off the island. This
charge noise on the SET inp(the gate capacitprthat af- model allows us to replicate the Coulomb staircases taken at
fects the measured system. Electrons tunneling on and off thearious operating points with only the electron temperature

FIG. 2. (a) Plot of the reflected power from the SET as a func-
n of gate(nye) and drain-sourc€Vyy voltage.(b) Coulomb stair-
ses measured at the operating points marked) ins a function
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as a free parameter. The elevated temperature of the best-fit 0.53 T y T T
model step§T=27+1 mK in a fridge aff=13 mK) reflected 5 T A—e—0
the broadening of the measured steps due to quantum fluc- g
tuations of chargé’ and is well understood. Theoretical “'0_49%
curves also correctly account for higher-order effects in the
box-SET system. At certain operating poinesg., nge=%,
Vis=0, Ngp= %), the SET's backaction is a sensitive function
of the state of the box. Changes in the Coulomb staircase
measured at such operating points can only be understood by ) . . )
a sequential tunneling model for the full coupled box-SET 0.45 0.50 0.55 0.60
system. Nge

Coulomb staircases were measured in a dilution refrigera-
tor at 13 mK, where the available thermal energy was far less FIG. 3. (a) The horizontal position of the center of the Coulomb
than the charging energy of either the SET or the box islandstaircase for various operating points of the SET. The model is a
The SET was operated as a rf-SETwith a LC resonant solid line, and circles are experimental measurements. No measure-
circuit reflecting an amount of microwave power that variedments exist neange=3 where the electrometer had no gain. Repre-
as the oscillator was damped by the varying conductance gfentative error bars are shown in the bottom right-hand side of the
the SET. Staircases were measured by sweepjp@ver a plot. Horizontal uncertainty reflects the measured instability of the
range corresponding to 1é4While the box gate was swept, SET operating point due to charge noi#®.The maximum slope of
the SET gate was swept in the opposite direction to cancdhe staircases measured with the SET at the same series of operating
the parasitic capacitance of the box lead to the electrometerfpints. Confidence bands show the model curve for 27+1 mK.
island. Before each Coulomb staircase was measungd,
was swept to find the reflected microwave power as a func- The measured Coulomb staircases also exhibit variations
tion of charge coupled to the SET island. Variations in re-in width that change with operating poiffig. 3b)]. Three
flected power witg, were then convertetvia this lookup  different mechanisms broaden the Coulomb staircase: quan-
table to charge onC, (for a more detailed description, see tum fluctuations, thermal excitation, and SET backaction.
Ref. 17. The measured charge on the box is thus reporte@Quantum fluctuations of charge on the box cause broadening,
from the amount of charge 0@y necessary to cause an but only away from the center of the st€pOur measure-
equivalent electrometer response. ment, which quantifies broadening as the maximum slope at

Backaction effects were found to be very sensitive tothe center of each Coulomb step, is therefore insensitive to
variations inng, and ny and our experiment therefore re- quantum broadening. Thermal excitations of the box also
quired that these voltages be set with high precision. Driftdroaden the Coulomb staircase. SET heating varies with op-
were removed by referencing the steps to a fiducial step ewrating point, and, for large values ¥&fs can produce a
ery 20 min. First,ng was swept aV/4=0 and the value of trend in staircase width similar to the effects of backaction.
nge that maximized SET conductance was determined a#ll of our data were taken, however, ¥§s=0, where heating
nge:% [see Fig. 23)] Next, a Coulomb staircase was mea- from the SET was negligible. Finally, SET backaction broad-
sured with the SET operated @§.=0.44,Vy4=0. The value ens the Coulomb staircase when the charge-state fluctuations
of ngp at the center of this step was determined. Charge offseaf the SET island cause the box to switch between charge
noise and 1f noise drifts add constant offsets to eitimggor  states. SET backaction broadens staircases by as mueh as
Ny, Measuring the fiducial step as described here allows ugnd broadens staircases most at operating points where the
to quantify the change in these offsets on both the box and
the SET. Measurements found to contain large charge jumps
in nge Or ng, were discarded. This procedure allowed mea-
surement of Coulomb staircases with an uncertainty of 1
X 1073e in the charge and an uncertainty of X320 % in the
horizontal position of the steps. The uncertainty in the ap- 0
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plied ny was found to be & 10 %. g b°-46 0.48 0.50 0.52 0.54
The differences in Coulomb staircases measured at differ- S | (b) 100 mK o |
ent operating points allow us to measure average properties o (™>T)
of the fluctuating potential of the SET island. Staircases mea- &
sured at different operating points are shiftednig, [Fig. ]
035 040 045 050 055 060 065

2(b)]. The shift of each staircase is proportional to the mean
charge on the SET island. The mean charge on the SET
island varies by as much as one electron with SET operating G 4. (a) Derivatives of steps measured at the operating points
point, and the corresponding charge that couples to the bax Fig. 2(a), offset inny, to eliminate the shift in position of the
and adds tay, varies by as much age. We measure stair-  steps. Note that the tails of the two steps are asymméhiSteps
case shift by reporting the value afy, at each step’s mid- measured at the same operating points with the sample at 100 mK.
point, measured relative to the center of a fiducial $f6p.  The asymmetry is no longer visible. The inset demonstrates the
3(a)]. The sequential tunneling model accurately recreateshermal broadening by showing a 1/4 scale curve from the top
these variations in the step position. graph plotted on the axis for the bottom graph.

ngb
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rms magnitude of the SET charge-state fluctuations is largesaction change predictably. At higher temperatures, the mean
The observed variations in staircase broadening with operapotential of the SET island still changes witlye, and thus
ing point[Fig. 3(b)] are fully accounted for with our sequen- step shifts are still visible. FoF>T,, however, the rangén

tial tunneling model. ng, Of thermal broadening is greater than the range of the

The staircases are also asymmetric in a manner that Vari%%ckaction broadening or the asymmetry, and neither of

predictably with operating point. Each staircase was found Ohese effects are therefore visitileig. 4(b)]

have a longer tail in the direction away from which the stair- In these experiments we confirm that charge-state fluctua-
case was shifted. The asymmetry of the Coulomb staircase is P 9

best viewed in the derivative of the steffgg. 2(b), or with t|ons of the SET island are_the primar_y source of SET_ back-
the curves shifted to overlay in Fig(a], where it clearly action. We observe the differences in Coulomb staircases
follows the same trend as the model produces. Unfortunatelyneasured with the SET biased at a variety of different oper-
differentiating our data increased the noise and made it difating points, and note changes in the shift, width, and asym-
ficult to quantify the asymmetry; qualitatively, however, the metry of the steps that are accurately recreated by a sequen-
model reproduces the experimentally observed trends. Thigal tunneling model. This confirms that electromagnetic
staircase asymmetry is caused by the nature of the chargeeupling to the fluctuating SET island potential can provide
state fluctuations on the SET island. The potential of the SEThe ultimate lower bound on SET backaction.
island lies preferentially to one side of the mean potential,
with infrequent fluctuations far to the other siffeig. 1(b)]. This work was supported by the National Security Agency
The staircases are thus broadened asymmetrically inrifye + (NSA) and Advanced Research and Development Activity
and gy, directions. The preferred charge state, and thus théARDA) under Army Research OfficARO) Contracts No.
asymmetry of the measured staircase, is found to switch & AAD-19-02-1-0045 and DAAD-19-01-1-0611, the NSF
nge:%. ITR program under Grant No. DMR-0325580, the NSF un-
The model also shows good agreement with our data aler Grant No. DMR-0342157, the W. M. Keck Foundation,
higher temperatures, where the various effects of the backand the David and Lucile Packard Foundation.
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