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Abstract Measurements of thermal activation are made in a superconducting, niobium
Persistent-Current (PC) qubit structure, which has two stable clasaies ef equal and
opposite circulating current. The magnetization signal is read out by rargirigas
current of a DC SQUID. This ramping causes time-ordered measurements of the two
states, where measurement of one state occurs before the other. This ¢nmerord
results in an effective measurement time, which can be used to probe the thermal
activation rate between the two states. Fitting the magnetization signal as anfuarcti
temperature and ramp time allows one to estimate a quality factof fridur devices,

a value favorable for the observation of long quantum coherence times at lower

temperatures.



The concept of thermal activation of a particle over an energgrbplays a
critical role understanding many problems in condensed matiesicp. Starting with
Kramers! expressions for the thermal activation rate have been derived in both the low
and high damping regimés. These expressions are often applied to analyses of
Josephson junction circuits, where the particle coordinate represents the pbasecdiff
of the superconducting order paraméte®ne such example is the RF-SQUID, which is
a loop of superconductor with a single Josephson junction. Thecthalt@an of the
phase causes hopping between two classically stable states of equal and opposite
circulating current in the loop. Thermal activation rates have been measured iR an RF
SQUID by coupling it to a damped DC-SQUID magnetometer, which measures its
magnetization signdl. In fitting the temperature dependence of the thermal activation
rate one can extract important parameters of the RF-SQUID, such as its inductance and
Josephson energy. These measurements can be valuable as a complement to lower
temperature experiments, where the RF-SQUID has shown a macroscopic quantum
superposition of statés.

A system similar to the RF-SQUID is the Persistent-Curre@) (fibit, a loop of
superconductor with three junctiohs. It has also demonstrated a macroscopic
superposition of stat€s.The RF-SQUID qubit must have a large loop (~ fif0radius)
to have enough inductance to have two stable states. The PC qubit does not depend on
the loop inductance to define its two stable states; thus it can be made much(smaller
10 um radius), and therefore more isolated from the environment. The trade-affiis th
signal is two or three orders of magnitude smaller than in the RARESQUypically the
PC qubit is read out with an underdamped, hysteretic DC-SQUID magnetometer, in order
to couple it more strongly to the qubit without introducing extra dissipatiy reading
out the qubit in this fashion, the SQUID performs time-ordered measurerénéstao
states, where one state is measured before the other.

In this report we present measurements of thermal activation in a Nb PC qubit
coupled to an underdamped DC-SQUID and investigate the impact of the time-ordered
measurements of the two states. The two-magnetization states of the qubit cause two
distinctly different switching points in the SQUID I-V curve, allogia near single-shot

readout. The time to ramp the current between these two switching paimis do



intrinsic timescale for the measurement. We show that thermal activhtiorg this

period can be seen in the magnetization signal, and derive a model to accourg for thi
effect. By varying both the temperature and the SQUID ramp rate we can fit the
measured data to the standard thermal activation rates and extract the system parameters.
We present the results of this fitting, and find the amount sfpdison to be favorable

for the observation of quantum effects at lower temperatures.

The devices tested were made at MIT Lincoln Laboratory, with a planarized
niobium trilayer proces$;a circuit schematic is shown in Fig. 1a. Two such devices
were tested, with both showing identical behavior. For siityphge will discuss the
data from only one of theh. The PC qubit is a loop of niobium, 16n x 16 pm,
interrupted by three Josephson junctions. The junctions are NeNKQOoxidized to
yield a critical current density of 730 A/ém The ratio of the Josephson energy to the
charging energyky/E., is about 600. The self-inductance of the loop is about 40 pH.
The PC qubit is surrounded by a two-junction DC-SQUID magnetometer, which reads
out the state of the PC qubit. The SQUID loop is180x 20pum. The SQUID junctions
are about 1.25m x 1.25um, with a critical current of about JA. The self-inductance
of the SQUID loop is about 50 pH, with a mutual inductance to the qubit of about 35 pH.
Both junctions of the SQUID are shunted with 1 pF capacitors to lower the resonance
frequency of the SQUID.

The SQUID is highly underdamped, so the method of readout is to measure its
switching current, which is sensitive to the total flux in its loop. A biaseatl, was
ramped from zero to above the critical current of the SQUID, and the value eiftcatr
which the junction switched to the gap voltage was recorded for each measurement (see
Fig. 1b-c). The repeat frequency of the bias current ramp was varied between 10 and 150
Hz. Typically several hundred measurements were recorded, since the switching is a
stochastic process. The experiments were performed in a pudpecbfrigerator, at
temperatures of 330 mK to 1.2 K. A magnetic field was applied perpendicular to the
sample in order to flux bias the qubit near to one half a flux quantum inits loo

With the parameters listed above, the PC qubit biased near half a flux quantum
can be approximated as a two-state system, where the states have equal and opposite
circulating current. These two states will be labéleahd1. The circulating current in



the qubit induces a magnetization into the SQUID loop equIity whereM is the
mutual inductance between the qubit and the SQUIDIgim&lthe current that circulates
in the qubit. The two different circulating current states of the qubit causdiffer@nt
switching currents in the SQUID. Without loss of generality we @@hO the state
corresponding to the smaller switching current arbde state corresponding to the larger
switching current. A central aspect of the measurement is that it takes a finite tene t
completed. The curremi(t) passes the smaller switching current at tigrend the larger
switching current at a later timg (Fig. 1c); measurement of stabeoccurs before
measurement of state We refer tor = (t1 — ) as the measurement time. Thermal
activation of the systemuring time 7 causes a distinct signature in the data and allows us
to measure the thermal activation rate.

The average switching current as a function of magnetic field is shown i@.Fig.
The transfer function of the SQUID has been subtracted off, leaving only the
magnetization signal due to the qubit. At low magnetic fields (to the lefgir2}; the
system is found only in th@ state, corresponding to the smaller switching current. As
the magnetic field is increased, the system probability is gradually meduledtil is
found completely in thé& state, corresponding to the larger switching current. Focusing
on the point in flux where the two states are equally likely, one can see that it is formed
from a bimodal switching distribution, with the two peaks corredpgnto the two
different qubit states. The fitting from the model developed below is alssmshow

The qubit is found in stat® with a probability ofP, and a qubit circulating
current oflg= (-lp); it is found in statd with a probability ofP, and a circulating current
lo = (+lp). Since there are only two stat€s,+ P, = 1. The average circulating current
in the qubit is:

[Q =(=1p )Py +(+lp)P =21 ,(1-Ry)-Ip. (1)
In steady-state the probabilityy = y;0/ (Vlo + y01), wherey;o andyp; are the transition

rates fromD to 1 and froml to O, respectively. For thermal activation in an underdamped

system, the transition rayg is given by:

1280100 ~AU10/KT
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where uy is the attempt frequency is the quality factor, equal to the inverse of the
damping coefficientk is Boltzman’s constant, is the operating temperature, akid is
the size of the energy barrier to go frdnto 0. A similar expression exists fog,;, with
AU replaced byAUo,, the energy barrier to go frotto 1. The energy barriehU:o
depends almost linearly on the flux in the qubiit)( and for the parameters listed above
is given approximately b¥:

AU g = 35 (fq - 05)+au®. 3)
Here the qubit frustrationfy, is equal to®y/d,, and AU® is the energy barrier at a
frustration of 0.5. The energy barriat)® depends om, the ratio of the area of each of
the two larger junctions to that of the smaller junction in the 3-junction fd8pln our
devicesa is about 0.6. The same expression hold\fdg;, except with a minus sign in
front of the first term.

P, is the instantaneous probability that the system [k irHowever, to observe
the larger switching current correspondingltoequires the following: (i) that the qubit is
in 1 at timetp in the ramp (see Fig. 1c); and (ii) that it remaing imtil timet;, at which
point the SQUID switches. If (i) is satisfied but (ii) is not, ngrtiee qubit is inl at time
to but flips from1 to O at timet (to <t <t;), then the SQUID will switch at this tinteat a
current value in between the two switching currents. Note that the saotdrige forO:
if the system is irD at timety, the SQUID will switch immediately and the state will be
measured.

We derive a form for the average circulating current with these conditions of a
finite measurement time. To avoid confusion we distinguish between the “flip"eof th
qubit state and the “switching” of the SQUID from zero voltage to finitéaget in the
time interval betweemy andt; in the current ramp, a qubit flip frothto O causes the
SQUID to switch to finite voltage because it becomes unstable. The f{itphbaat a1
to O flip in the qubit occurs in an intervdt about timet is given by:

p(t)dt = Prexd-y10(t ~to y1odt . (4)
Here yiodt is the instantaneous probability oflao O transition duringdt, and the first

two factors on the right hand side are the probability that thé guim 1 at to and

survives inl until timet. The average circulating current can be calculated from three



possibilities: (1) the SQUID switches gt with a probability ofP; and a qubit circulating
current of €ly); (2) it switches at a time betweenty andt; due to a qubit flip, with a
probability p(t)dt and a qubit circulating current &d(t); and (3) it switches at timg,

with a probability ofP:€*, wherex=ysqt, and a circulating current ofKp). Thus,
g = (" p)PO +Ittg|Q(t)p(t)dt+(+ Ip)Re™™ . (5)

Switching events from the time intervalto t; correspond to apparent values of the qubit
circulating current betweenlf) and ¢1g). In the calculation offig(t) in (5) we assume a
linear relationshig?

|Q(t):|p§@—1ﬁ, (6)

and thus (5) becomes:

— X
FQ:2|p(1—%)§l%E—lp. 7)
Note that this expression reduces to (1) in the limit tigages to zero.
In Fig. 3 we plotPy and the average circulating current versus flux in the qubit for
the two expressions (1) and (7), forkyof 4000peV, a temperature of 0.6 K;taof 100
us, aQ of 1¢f anda of 0.58. The effects of the finite measurement time (equation 7) are
that the zero crossing of the curve is shifted in flux and its shape is slightly changed. The
amount of displacement in flux depends on the amount of thermal activation during the
measurement; the more thermal activation, the more the cuirveowve. We define the
flux where the average circulating current equals zefg dsfined by:
lo(f2)=0. ®)
One can increase the amount of thermal activation during measurement by either raising
the temperature or increasing the measurement time. Thus the vélsbaild depend
on both temperaturel) and measurement time&)( In Fig. 3 we can see that if the
amount of thermal activation is significant, thBnoccurs significantly displaced from
0.5. In this region of flux, the value Bf is close to zero. Settirgy = 0 in equation (7)

results in a solution whenget ~ 1. Essentially this is saying that the average current is



zero when the times for thermal activation and measurement are equal. Solving for

equation (8) usingo = 0 results in:

b
f, =05+ K |nEAU10‘*’0T%AU . )
aE, "B 144QkT 0 4E,

Equation (9) is transcendental, since the energy bakties depends linearly ofy, but
this dependence is weak since it is in the logarithm. Ignoring this weak dependence
equation (9) predicts a movement of théhat is linear in temperature and logarithmic in
the measurement time.

In Fig. 2 we show the transition curves for two different base temperatures, 0.33
K and 0.62 K. A best fit for each curve from equation (7) is also shown. The same
fitting parameters (see below) are used in both cases, with only the tengpaitwed
to vary. The 0.62 K curve has moved in flux relative to the 0.33 K curve, as ekpect
The theory predicts both the cutseshape and its relative position in flux. Fig. 4 shows
how the center point of the transitiop) (varies with the natural log of the ramp rate and
the temperature. The data are fit using equations (7) and (8). At values of larger
temperature or slower ramp rate (slower ramp rate is equivalent ¢ 1aré, varies in a
linear fashion as predicted by equation (9). In this regigm~1. As either the
temperature is lowered or the rate is increased, there is a crossover tom aviegis, no
longer varies. This is théfast’ measurement region, where on average no thermal
activation of the qubit occurs during measurement.

There are four fitting parameters for the model to fit the dat&Ec, a andQ. E;
and Ec are the Josephson and charging energy, respectively, for each of the two larger
junctions in the three-junction qubit. For a given currentiterts; is proportional to
the junction area. The parametelis the ratio of the smaller junction area to the two
larger ones, as previously mentioned. The damping f&gtisrassociated with thermal
activation from thel to theO state as in equation (3). To choose the values of these
parametersk; andQ are varied to fit the slope of the rate and temperature curves in the
linear regime (Fig. 4). In this region the slopes are independent of tier baightAU®,
as seen in equation (10). Once the slopes are fixedyaried to fit the crossover point.
The value ofEc is estimated from the junction size (which can be calculated EBnlas
been chosen) and the specific capacitance, which is measured on other structures on the



chip. This forms the largest uncertainty in the fitting. Thus all parameters are
constrained by essentially independent measurements.

The value ofE; which best fits the data is 40p@V. This corresponds to a size
of about 0.52um x 0.52um for each of the two larger junctions. The values afas
found to be 0.58, corresponding to a smaller junction size of 39 The larger
junctions are lithographically 1um in length while the smaller junctions are
lithographically 0.9um; however, the fabrication process results in a sizing offset of
between 0.4 and 0.5%m, measured on similar structures. Thus, these valués famd
0 seem quite reasonable given the fabrication parameters. The v&lue fifund to be
1.2x10, with an uncertainty of about a factor of 3, given the sources of error in the
measurement and the fittifg. This value corresponds to a relaxation time of roughly
Quy ~ 1 ps. Similar relaxation times have been measdreid aluminum
superconducting qubits, and indicate possible long coherence times in the quantum
regime. The value of £Gs consistent with a subgap resistance of 1-ID easured in
similar junctions as those in the quifit. The inferred relaxation time is also consistent
with our calculations of the circuit impedance versus frequéncy.

In short, we have measured the effects of time-ordered measurements and thermal
activation in two Nb PC qubit/DC SQUID systems. A model that includesmid
activation during measurement describes the temperature and rate dependence of the
signal. Using the model to fit the system parameters we find junsizes consistent
with our fabrication and favorable dissipation values for obserlimgy quantum
coherence times in these qubits.

We thank B. Singh, J. Lee, J. Sage and T. Weir for experimental help and L. Tian
for useful discussions. This work is supported in part by the AFOSR grant F49620-01-1-
0457 under the DoD University Research Initiative on Nanotechnology (DURINT) and
by ARDA. The work at Lincoln Laboratory was sponsored by the Depeat of
Defense under the Department of the Air Force contract number F19628-00-C-0002.
Opinions, interpretations, conclusions and recommendations are thdse afthor and
not necessarily endorsed by the Department of Defense.

1 H.A. KramersPhysica?7, 284 (1940).



2 M. Buttiker, E.P. Harris and R. LandauBhysical Revie828, 1268 (1983); A. Garg?hysical Review
B51, 15592 (1995).

® M. Tinkham,_Introduction to Superconductivi®’® ed. (McGraw-Hill, New York, 1996).

4 S. Han, J. Lapointe, and J. Lukens, in Activated Barrier Crosstdged by G. Fleming and P. Hanggi
(World Scientific, Singapore, 1993);'&d. Chap. 9, pp. 241-267.

®> J.R. Friedman, V. Patel, W. Chen, S.K. Tolpygo and J.E. Lukdataye406, 43 (2000).

® J.E. Mooij, T.P. Orlando, L. Levitov, L. Tian, C. H. van der Wal, and&d, Science285, 1036 (1999);
T.P. Orlando, J.E. Mooij, L. Tian, C.H. van der Wal, L.S. Levitov,I|8yd.and J.J. Maz&hysical Review
B60, 15398 (1999).

" C.H. van der Wal, A.C.J. ter Haar, F.K. Wilhelm, R.N. Schouten, C.J.P.Nhates, T.P. Orlando, S.
Lloyd and J.E. MooijScience290, 773 (2000).

8 K.K. Berggren, E.M. Macedo, D.A. Feld, J.P. S4§&E Trans. Appl. Supercond, 3271 (1999).

° The second device has the same geometry but a current density abaort @f faci lower. The fitted
parameter values werg £ 2400peV, o = 0.589 and Q = 1.0x£0

19To be rigorously correct, one should subtract the zero point emeraytie energy barrier; however, that
has only a slight impact on the fitting of our parameters and we have left it out for gynplic

1 with no self-inductance in the SQUID, this is exactly true. Our SQUID has stfaredsetance, but
because we operate the SQUID near its true critical current these effextsadireThe clear separation of
peaks in Fig. 2 is an indication that the linear approximation is appropriate. The mututdnoduo the
qubit also has an effect, as this shifts the flux in the qubit. We have included tredonntifor the
circulating current and found that it does not significantly affect the extraatadpters.

2 The largest fitting error comes from the choice of the junction capacitance, eemobt be measured
independently but is estimated from the junction size and the specific capacitaasured on nearby
structures on the chip. This estimation is probably accurate to within a factortoicB results in the
uncertainty in the value of Q.

13D. Vion et al, Science296, 886 (2002).

1 K.K. Berggren and T. Weir, private communication; at low voltages (&qul’) the subgap resistance
was measured to be of order D\vhile at higher voltages (2Q9/) it was 10 M.

15L. Tian, S. Lloyd and T.P. OrlandBhysical Review65, 144516 (2002); we use this formalism with
numbers from our fitting of the data.

Fig. 1: (a) Schematic of the PC qubit surrounded by a DC SQUID. XI'teepresent
junctions. (b) Schematic curve of the bias currg)tus. the SQUID voltagew) for the
SQUID. At the switching point the SQUID voltage switches to the gap volfagéhe0
and 1 qubit states cause two different switching currents. {ong of the current and
voltage in the SQUID as the measurement proceeds. If the qubit is i0,sfasvitches
to vy at timety, if the qubit is in statd, Vg switches at timé¢;. The time differencé-t,
forms a timescale for the measurement.

Fig. 2: Switching current versus magnetic field for bath temperatur&€s=03.33 K andr’

= 0.62 K. The 0.33 K curve is intentionally displaced by 0A3in the vertical direction
for clarity. The model (equation (7)), with fitted temperature values of 0.381K) &6
K, fits the data well, describing accurately the dependence of both the lochtio® o
midpoint of the transition and the shape of the transition on the device &tunperinset
shows a histogram for a flux bias where the system is found egitial probability in
either state. The distribution is bimodal, showing the two states clearly.



Fig. 3: Normalized average circulating current versus frustration, with finfigquation

7) and with=0 (equation 1). P, is also indicated. The expression that includes finite
measurement time is displaced in flux relative to the curve with a fast measurement. Th
parameters used afg = 400QueV, 7 = 100us,Q = 1@, anda = 0.58.

Fig. 4: Temperature (a) and log rate (b) dependende dfitting with equations (7) and
(8) are shown. The linear region is describeg;pyapproximately equal to 1, as in
equation (9).
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