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Efficiency of Underdamped dc SQUIDs as Readout
Devices for Flux Qubits

Shao-Xiong Li, Yang Yu, Wei Qiu, Siyuan Han, and Zhen Wang

Abstract—The flux state quantum bit (qubit) is promising for
a solid state implementation of scalable quantum computing. The
simplest flux state qubit consists of an rf SQUID with two fluxoid

states, which can be readout with a dc SQUID—the most sensitive ~ M ~
magnetic flux detector. Efficient readout with less back-action is

desirable for quantum computing. In this work, we report mea- ' >64§<
surements of the switching flux and switching current distribu-

tions of under damped dc SQUIDs. The data show that single shot
readout of flux qubit with very high efficiency (>99%) can be re-
alized using underdamped hysteretic dc SQUIDs.

Index Terms—dc SQUID, qubit, readout.

UANTUM computing has drawn significant interest
Q because of its massive intrinsic parallelism. In principle -, HfSQUID ” L
any system that is able to store and coherently proce - l L
information in a Hilbert space can be used to implemer 4—dc SQUID
guantum computing. Recently, quantum logic operations ha
been demonstrated in several physical systems such as trap _JI':
ions [1], NMR [2], quantum electrodynamics cavities [3], anc de SQUID
; : -«
Josephson devices [4]. Because the solid state Josephson de =t |—m T
is scalable and its parameters are readily adjustable, Joseph 1 =
qubits are recognized as a very promising approach to quantt

computing.
Based on the two quantum conjugate variables—charge and
phase (flux)—Josephson qubits can be divided into two may. 1. Top: the equivalent circuit of a flux qubit coupled to a dc SQUID
types: the charge qubit and the flux qubit. Comparing with th'éadput device throu_gh‘ mutu_al inductandé. Bottom: the layout of a
. . . . radiometer flux qubit inductively coupled to two unshunted dc SQUID
charge qubit, the flux qubit has the advantage of being inseN$izeciors.

tive to background charge fluctuation which is a major source of
decoherence. From a practical poin'[ofview,astrongsingle-shotl_he best device to measure the fluxoid state of an rf

readout measurement of qubit is needed for not only getting tg UID-flux qubit is probably the dc SQUID, which is well
final result of the quantum computation but also the purpose gl o as the most sensitive magnetometér A dc SQUID

error correction in the course of the computation. Therefore . . . .
: L - tBnsists of a superconducting loop of inductarigg, inter-
detailed study on the sensitivity and efficiency of dc SQUIDs a}ﬁpted by two Josephson junctions with a total critical current

the Le?r?o# dewcgslo:the f]!ux qtuE!ts 1S mstrutcttl;]/e [5]..tlnhj[h| .. Because underdamped dc SQUIDs introduce much less
work, the Titix moduliation o SWITChing current, tne SWItChing, ;o) dissipation and noise to the flux qubit it is more

Eﬁé;gg;\gggrgZ%Sﬁ:ggtads'?rgf:ﬂmss’t:g dr;g?joetilglg\:gso (rasirable to use them as readout devices than the conventional
presented and discussed. In addition, back-action introduce v%rgiamped dc SQUID magnetometers. A simple readom_Jt
the readout devices is also consideréd cruit that uses unsh_untgd dc SQUID dete_ctors for a flux qubit
' (rf SQUID) is shown in Fig. 1. In the following, we will focus
our discussions on two readout methods: the sweeping-current
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E(F;nigZSO(-gg-glo-gf)OF;)h dAEgEI?DﬁAngg/é\7Re%A74()F4%20_o1_1_0439)' the State of For the sweeping-current mode, one ramps the bias current
S. Li, Y. Yu, W. Qiu, and S. Han are with the Department of Physich the dC_ SQUID up \_Nh"e keeping the fl_UX bias constant
and Astronomy, University of Kansas, Lawrence, KS 66044 USA (e-maiintil it switches to the finite voltage state. Since the detector’s

han@ku.edu). _ .. _switching current is sensitive to the amount of externally
Z. Wang is with Kansai Advanced Research Center, Communication Fi%) lied fl

search laboratory, Ministry of Posts and Telecommunications, 588-2 lwaokd; plied Tiux

Iwaoka-cho, Nishi-ku, Kobe 651-24, Japan.
Digital Object Identifier 10.1109/TASC.2003.814119 Drige = Puaes + M I (f) (1)

1051-8223/03$17.00 © 2003 IEEE


https://core.ac.uk/display/213385144?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

LI etal: EFFICIENCY OF UNDERDAMPED dc SQUIDS AS READOUT DEVICES FOR FLUX QUBITS 983

40 . T T 25

24
ES El
N N
5 5

= ) 23
=] =
Q Q
= =

P~ S 22
& 3

0 21

0.0 1.0 2.0 0 1 2 3 4 5
(Dxdc (q)ﬂ) (Dxrf (CDO)

Fig. 2. The flux modulation of the switching current of the dc SQUID at

155 K Fig. 3. The rf SQUID’s hysteretic loop detected by the dc SQUID switch at

4.2 K. The higher (lower) branch of the loop corresponds tqhg1)) qubit
state.

in the dc SQUID loop, wheré.;.(f) is the circulation current
of the qubit which depends on the fluxoid stafe£ 0, 1) of measurement, the qubit state was kept constant. The flux de-
the qubit, the flux state of the qubit can be inferred from thgendence of s is obtained by repeatedly ramping up and down
measured value of switching currefat Here,®,.4.5 is the qua- the bias current of the dc SQUID while slowly (quasistatically)
sistatic flux bias of the dc SQUID detector and is the mu- increasing the magnetic flug., at the same time. It is well
tual inductance between the qubit and the detector. For instarlagown that switching from the zero voltage state to the finite
for ®,.4.s/Po ~ 0.25 the detector’s switching current is highewoltage state is a random process and that the switching cur-
when the qubit is in thé0)(f = 0) state, i.e.Is(f = 0) > rents at a constant flux bias obey certain statistical distribution
Is(f = 1), assuming that the detector is flux biased on one 8]. It is obvious that distributions with narrower width ) are
the positive-slope sides of tHg(®..) transfer function and that desirable for high efficiency readout. From Fig. 2 one can see
the qubit and detector are weakly coup(@d|I.;.|/®o < 1).  that the distribution is slightly wider for larger switching cur-
Similarly, for the sweeping-flux mode of readout, one rampents and narrower for smaller switching currents, as expected
up the flux bias of the dc SQUID, while keeping the bias curreftom theory. The double peak distribution in the vicinity of the
constant, until the detector switches to fiie£ 0 state. The minimum switching current is resulted from the emergence of
value of the flux bias at which the detector switches depends @rsecond set of metastable potential wells in the two-dimen-
the qubit state. sional potential landscape of the dc SQUIDs that do not satisfy
These readout procedures can be improved by implementifig = 21 LacLo/®o < 1.
simple changes. For example, when operating in the sweepingTo quantitatively study performance of dc SQUIDs as readout
current readout mode, back-action can be significantly reducgevices for flux qubits we measured the rf SQUID qubit’s circu-
by setting the bias current to a level that is about halfway bkation current/s as a function of flux,,. ; applied to the qubit.
tweenl/s(f = 1) and/s(f = 0) so that the detector will switch For the qubit used in this worl{,;, (2. ) is hysteretic because
only if the qubit was in thé1) state. the qubit’s potential shape parametyr = 27 L, ¢1..s/®Pg is
The circuit studied here was a variable barrier rf SQUID flugiuch greater than unity. The result obtained at 4.2 K is shown
qubit inductively coupled to an unshunted dc SQUID detectdn Fig. 3, where the horizontal axis is the flux applied to the rf
The qubit has d.,.; ~ 200 pH superconducting loop that is in-SQUID and the vertical axis is the average switching curfent
terrupted by a small dc SQUID consisting of two %3.5um?  of the dc SQUID detector. The sudden jumpsgreorrespond to
NbN/AIN/NbN Josephson tunnel junctions. Two dc SQUID dethe qubit changing state frof) to |1) and vice versa. Note that
tectors are coupled to the qubit. Each detector has two nominafiythis work the fluxoid state with a clockwise (counterclock-
identical 2x 2 um? NbN/AIN/NbN Josephson tunnel junctions.wise) circulation current is denoted as the qubit s{atéf1)).
The maximum critical current of each dc SQUIDIjs= 2], ~ One can see that a transition between these two fluxoid states
33 uA, the capacitance i€ ~ 0.45 pF, and the loop inductanceinduces a signal oA /s ~ 0.3 pA.
is Lqc ~ 30 pH. The mutual inductance between the qubit and It is clear that the ratio between the switching current jump
the dc SQUIDs isV/ ~ 2.9 pH, which is determined from the and the widths of the corresponding switching current distri-
measured flux dependence of switching current and the sizepafions,Als /oy determines the single-shot readout efficiency
the flux jump produced by the qubit switching from one to theSSRE) of the sweeping-current readout mode. Here, SSRE is
other fluxoid state. defined as the probability of correctly discriminating the qubit
Fig. 2 shows the periodic modulation of the dc SQUID’state|0) from |1) via a single measurement. It is obvious that
switching currentls(®.4.) taken atT" = 1.55 K. During the smallers; and largerATs resultin higher SSRE. In fact, it can
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Fig. 4. Switching current distribution of a dc SQUID detector measured i
T = 10 mK (solid dots). The solid lines are calculated from MQT theory. The
distribution on the left is separated by Q:3 from the one on the right. The 0 ‘ ‘ ‘
overlapping part of the two distributions, when normalized, is less thar.10 0.24 0.25 0.26 0.27 0.28 0.29
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be shown that in the sweeping-current detection mode, the M@y 5. The flux distributions of the dc SQUID detectorat= 1.4 K. Since

imum SSRE is given by the detector was flux biased on the negative-slope side; 6P ....) the left
(right) one corresponds to the qubit in stfi®(|1)). These distributions result

oo in a single-shot readout efficiency of about 98.8%.

SSREmay = 1 — / Po(Is)Py(Is)dIs, @)

the parameters of the qubit (detector), stronger coupling be-

where, Py(Is) and P, (Is) are the switching current distribu-tween the qubit and detector leads to larger signal, and thus
tion of the detector for the qubit in state) and |1), respec- higher readout efficiency. Unfortunately, increasing coupling
tively. Similarly, in the sweeping-flux detection mode the maxWill also result in stronger back-action that causes gate errors
imum SSRE is obtained by rep|acing Switching Curré@tin and decoherence in the qublt Therefore, SSRE should be im-
(2) with switching flux®..4., [5]. Recently, it has been shownpProved withoutincreasing the coupling between the detector and
that in both the classical (thermal) and quantum regimes tfgbit. Since the width of switching current distributionZat<
switching current distributions of dc SQUIDs agree very well., scales approximately with =131/ and 915 /0P 4. ~
with the theoretical predictions of thermal activation and macrg{./®o for detectors with3; < 1 we have
scopic quantum tunneling (MQT) [7]. For the detector used in
this experiment the minimum width d?(Is), wheref = 0,
1, is expected to be about 40 nA in the quantum regime. The
calculated overlap integral in (2) for two such switching cur-
rent distributions, with their mean separated by about@®3s Hence, SSRE can be raised by increasing the critical current
less than 0.01% which corresponds t8SRE ... > 99.99% and/or shunt capacitance of the Josephson junctions. However,
at temperatures below the classical-quantum crossover tempecreasing/.. results in other problems such as heating, larger
ature of1,, = 0.26 K (see Fig. 4). Br (thus smalle®vIs/0®.4.), or smallerM (in order to keep

Fig. 5 shows the two switching flux distributions of the dgi;r < 1). Therefore, the simplest way of improve SSRE is to
SQUID detector ai’ = 1.14 K. The left distribution was taken use junctions with large capacitive shunt.
with the qubit in thd0) state while the right one was taken with A problem that has not been studied very much before is
the qubit in the|1) state. The data (solid circles) agree wittback-action from dc SQUID detectors onto the flux qubits. From
the theory (solid lines) quite well. The width of the left disthe point of view of reducing back-action from the detector to
tribution in Fig. 5 isoy;y ~ 7.2 m®, and the right isrjpy ~ the qubit one must keep the coupling as weak as possible. In the
6.9 md,, respectively. The separation between the peaks foflowing discussions we estimate the amount of back-action
the two switching flux distributions is about 14.4dm. The generated from ramping the dc SQUID’s bias current. For the
single-shot readout efficiency of sweeping-flux readout modgibit-detector circuit tested in this experiment the back-action
was then evaluated by integrating the overlapping part of the tffox is M ;. ~ 1.4x 1072 &, wherel,. ~ 10 A is the typical
distributions. The value of the overlap obtained was about 1.2%lue of a dc SQUID’s bias current. Since a change of less than
corresponding to a single-shot readout efficiency of 98.8%. Nd-m®, in flux bias is large enough to significantly alter the en-
tice that for the sweeping-flux mode, SSRE can also be irargy level spectrum of a typical rf SQUID flux qubit this amount
proved by cooling the detector 1o < T..,. Therefore, although of back-action must be reduced by at least a factor 8f This
using an unshunted dc SQUID to detect the state of a flux qubén be achieved by the use of detectors with much smaller crit-
is intrinsically a statistical measurement, our data show that fieal current and clever qubit-detector coupling schemes. One of
flux qubit high efficiency single-shot readout can be realized the methods is to decouple the external (symmetric) mode of
the parameters of the dc SQUID are properly chosen. the dc SQUID'’s bias current from the qubit while maintaining

Because\ls = M[I.,(f = 1) — Ii.(f = 0)](0Is/0P.4.) sufficient coupling between the internal mode (i.e., circulating
and the terms in the square (curved) brackets depend onlycomrent) of the detector and the qubit. Another way of having

Al MI,

SSRE - “13/30—1/3

= MIM3CY3, (3)
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sufficient readout efficiency while keeping back-action to minhaving higher SSRE and that the right approach is to increasing

imum is to use the variable flux transformers so that couplirghunt capacitance rather than decreasing critical current of the

between the qubit and detector can be switched oio$itu  junctions. In addition, our analysis shows that care must be

[8]. taken to reduce back-action. Finally, it is also shown that the
Finally, let's examine the amount of additional dampingmount of additional damping onto the flux qubits from the dc

introduced onto a flux qubit from a dc SQUID detector. FOBQUID detectors is negligible.

this purpose the detector can be modeled as a resigior

in parallel with an inductorL,. that is coupled to the qubit

through a mutual inductancl. It is straightforward to show REFERENCES
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