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Measurements of thermal activation are made in a superconducting, niobium persistent-current qubit struc-
ture, which has two stable classical states of equal and opposite circulating current. The magnetization signal
is read out by ramping the bias current of a dc superconducting quantum interference device. This ramping
causes time-ordered measurements of the two states, where measurement of one state occurs before the other.
This time ordering results in effective measurement time, which can be used to probe the thermal activation
rate between the two states. Fitting the magnetization signal as a function of temperature and ramp time allows
one to estimate a quality factor ofx3L0° for our devices, a value favorable for the observation of long
guantum coherence times at lower temperatures.
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The concept of thermal activation of a particle over anSQUID performs time-ordered measurements of the two
energy barrier plays a critical role in understanding manystates, where one state is measured before the other.
problems in condensed-matter physics. Starting with In this report we present measurements of thermal activa-
Kramers! expressions for the thermal activation rate havetion in a Nb PC qubit coupled to an underdamped dc SQUID
been derived in both the low and high damping regifes.and investigate the impact of the time-ordered measurements
These expressions are often applied to analyses daff the two states. The two magnetization states of the qubit
Josephson-junction circuits, where the particle coordinateause two distinctly different switching points in the SQUID
represents the phase difference of the superconducting ordefV curve, allowing a near single-shot readout. The time to
parametef. One such example is the rf superconductingramp the current between these two switching points forms
guantum interference devid&QUID), which is a loop of an intrinsic time scale for the measurement. We show that
superconductor with a single Josephson junction. Thermahermal activatiorduring this period can be seen in the mag-
activation of the phase causes flipping between two classietization signal, and derive a model to account for this ef-
cally stable states of equal and opposite circulating current ifect. By varying both the temperature and the SQUID ramp
the loop. Thermal activation rates have been measured in aate we can fit the measured data to the standard thermal
rf SQUID by coupling it to a damped dc-SQUID magneto- activation rates and extract the system parameters. We
meter, which measures its magnetization signk.fitting  present the results of this fitting and find the amount of dis-
the temperature dependence of the thermal activation ratgpation to be favorable for the observation of quantum ef-
one can extract important parameters of the rf SQUID, suclfects at lower temperatures.
as its inductance and Josephson energy. These measurementd he devices tested were made at MIT Lincoln Laboratory,
can be valuable as a complement to lower-temperature exvith a planarized niobium trilayer proce¥s circuit sche-
periments, where the rf SQUID has shown a macroscopimatic is shown in Fig. ). Two such devices were tested,
quantum superposition of states. with both showing very similar behavior. For simplicity we

A system similar to the rf SQUID is the persistent-currentdiscuss the data from only one of théifthe PC qubit is a
(PO qubit, a loop of superconductor with three junctidris.  loop of niobium, 16<16 um, interrupted by three Josephson
has also demonstrated a macroscopic superposition g@finctions. The junctions are Nb-AlENb, oxidized to yield
states. The rf-SQUID qubit must have a large loop a critical current density of 730 A/cnThe ratio of the Jo-
(~100-um radiug to have enough inductance to have two sephson energy to the charging energy/E., is about
stable states. The PC qubit does not depend on the loap000. The self-inductance of the loop is about 30 pH. The PC
inductance to define its two stable states; thus it can be madgubit is surrounded by a two-junction dc-SQUID magneto-
much smaller(~1-10-um radiug and therefore more iso- meter, which reads out the state of the PC qubit. The SQUID
lated from the environment. The trade off is that its signal isloop is 20<20 um. The SQUID junctions are about 1.25
two or three orders-of-magnitude smaller than that in the rfx1.25 um, with a critical current of about 14A. The self-
SQUID. Typically the PC qubit is read out with an under- inductance of the SQUID loop is about 60 pH, with a mutual
damped, hysteretic dc-SQUID magnetometer, in order tanductance to the qubit of about 25 pH. Both junctions of the
couple it more strongly to the qubit without introducing extra SQUID are shunted with 1-pF capacitors to lower the reso-
dissipation. By reading out the qubit in this fashion, thenance frequency of the SQUID.
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FIG. 1. (8 Schematic of the PC qubit surrounded by a dc Magnet Current [1:4]

SQUID. The X'’s represent junctiongb) Schematic curve of the
biag Cl_mem _(b) vs the SQUID voltage\_(s) for the SQUID. At the peratures off =0.33 and 0.62 K. The 0.33-K curve is intentionally
switching point the SQUID voltage switches to the gap voltage  jishiaced by 0.3.A in the vertical direction for clarity. The model
The 0 and 1 qubit states cause two different switching curréaits. |4 (7)], with fitted temperature values of 0.38 and 0.66 K, fits the
Timing of the current and_v_oltgge in the SQUID as the measuréyata well, describing accurately the dependence of both the location
men_t proceed_s. _lf t_he qubit is in sta_lte\Ds SW'tC,hes tovg at tl_me of the midpoint of the transition and the shape of the transition on
to; if the qubit is in state 1V switches at timet;. The time 0 gevice temperature. Inset shows a histogram for a flux bias
differencet;-to forms a time scale for the measurement. where the system is found with equal probability in either state. The

The SQUID is highly underdamped, so the method c)fdistribution is bimodal, showing the two states clearly.

readout is to measure its switching current, which is sensitivgie|d is increased, the system probability is gradually modu-
to the total flux in its loop. A bias current, was ramped |ated until the qubit is found completely in tHestate, cor-
from zero to above the critical current of the SQUID, and theresponding to the larger switching current. Focusing on the
value of current at which the junction switched to the gappoint in flux where the two states are equally likely, one can
voltage was recorded for each measurenfeaé Figs. @)  see that it is formed from a bimodal switching distribution,
and Xc)]. The repeat frequency of the bias current ramp wasyith the two peaks corresponding to the two different qubit
varied between 10 and 150 Hz. Typically several hundregtates. The fitting from the model developed below is also
measurements were recorded, since the switching is a stghown.
chastic process. The experiments were performed in a The qubit is found in stat® with a probability ofP, and
pumped°He refrigerator, at temperatures ranging from 330a qubit circulating current df,=(—1,); itis found in statel
mK to 1.2 K. A magnetic field was applied perpendicular towith a probability of P; and a circulating current,=
the sample mlor(Ijer to flux p|as the qubit near to one—.half g+1,). Since there are only two state®y+P,=1. The av-
flux quantum in its loop. This value of applied field biaseserage circulating current in the qubit is
the dc SQUID at about three-fourths of a flux quantum due _
to its larger area. lq=(=1p)Pot (+1p)P1=21,(1=Pg)—1,. (N
With the parameters listed above, the PC qubit biased nedn the steady state, the probabilityy= y10/(y10t Y01,
half a flux quantum can be approximated as a two-state sysvhere vy, and y,; are the transition rates frof to 1 and
tem, where the states have equal and opposite circulatingom 1 to 0, respectively. For thermal activation in an under-
currents. These two states are labeleand 1. The circulat-  damped system, the transition ratg, is given by
ing current in the qubit induces a magnetization into the 7 AU e
SQUID loop equal toM1,, whereM is the mutual induc- ,yloz.—looe*AulolkT, )
tance between the qubit and the SQUID apds the current 2mQKT
that circulates in the qubit. The two different circulating cur- wherew, is the attempt frequencyw,= V8EE /%, Qs the
rent states of the qubit cause two different switching currentgjuality factor (equal to the inverse of the damping coeffi-
in the SQUID. Without loss of generality we can calthe  cient, kis Boltzmann's constan; is the operating tempera-
state corresponding to the smaller switching current &nd ture, andA U, is the size of the energy barrier to go frdm
the state corresponding to the larger switching current. Ao 0. A similar expression exists foy,;, with AU ;, replaced
central aspect of the measurement is that it takes a finite timgy AU, the size of the energy barrier to go fradnto 1.
to be completed. The currehj(t) passes the smaller switch- The energy barrieA U, depends almost linearly on the flux
ing current at timet, and the larger switching current at a in the qubit @) and for the parameters listed above is given
later timet, [Fig. 1(c)]; measurement of staoccurs be- approximately b§
fore measurement of stafe We refer tor=(t;—ty) as the _ b
measurement time. Thermal activation of the systkimring AU10=3.55(fq=0.5+AU" ©)
time 7 causes a distinct signature in the data and allows us tblere the qubit frustratiof is equal to®,/®, andAUP is
measure the thermal activation rate. the energy barrier at a frustration of 0.5. The energy barrier
The average switching current as a function of magneticAU® depends om, the ratio of the area of the smaller junc-
field is shown in Fig. 2. The transfer function of the SQUID tion to that of the two larger junctions in the three-junction
has been subtracted off, leaving only the magnetization sigoop.G*lo In our devicesw is about 0.6. The same expression
nal due to the qubit. At low magnetic fieldsee the left side holds forAUg;, except with a minus sign in front of the first
of Fig. 2), the system is found only in th@ state, corre- term. The value oE; is constant over the temperature range
sponding to the smaller switching current. As the magnetichat was studied.

FIG. 2. Switching current versus magnetic field for bath tem-
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IMPACT OF TIME-ORDERED MEASUREMENTS OF TH. ..

P, is the instantaneous probability that the system i%.in
However, to observe the larger switching current correspond-
ing to 1 requires the following(i) the qubit must be il at
time tg in the ramp[see Fig. 1c)] and (i) it must remain in
1 until time t;, at which point the SQUID switches. (f) is
satisfied butii) is not, namely, the qubit is it at timet, but
flips from 1 to O at timet (t,<t<t,), then the SQUID will
switch at this timet, at a current value between the two
switching currents. Note that the samen@t true forO: if the
system is in0 at timety, the SQUID will switch immedi-
ately and the state will be measured.

We derive a form for the average circulating current with
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FIG. 3. Normalized average circulating current versus frustra-

these conditions of a finite measurement time. To avoid contion, with finite 7 [Eq. (7)] and with 7=0 [Eq. (1)]. P, is also
fusion we distinguish between the “flip” of the qubit state indicated. The expression that includes finite measurement time is
and the “switching” of the SQUID from zero voltage to displaced in flux relative to the curve with a fast measurement. The
finite voltage; in the time interval betwedg andt, in the  Parameters used af;=4000ueV, r=100us, Q=10°, and «
current ramp, a qubit flip from to 0 causes the SQUID to =0.58.

switch to finite voltage because it becomes unstable. The

probability that al to O flip in the qubit occurs in an interval Tq(f,)=0. (8)
dt about timet is given by One can increase the amount of thermal activation during
p(t)dt= P, exgd — y1o(t—to) ] y1cdt. (4) ~ measurement by either raising the temperature or increasing

the measurement time. Thus the valuefpfshould depend

Here y,dt is the instantaneous probability oflato O tran-
sition duringdt, and the first two factors on the right-hand
side are the probability that the qubit is Inat t, and sur-
vives in1 until timet. The average circulating current can be
calculated from three possibilitie§) the SQUID switches at
to, with a probability ofP, and a qubit circulating current of
(—1p); (i) it switches at a timé betweert, andt; due to a
qubit flip, with a probabilityp(t)dt and a qubit circulating

on both temperatur€l) and measurement tine). In Fig. 3

we can see that if the amount of thermal activation is signifi-
cant, thenf, occurs significantly displaced from 0.5. In this
region of flux, the value oPg is close to zero. Setting

=0 in Eq.(7) results in a solution wherg,,7~ 1, essentially
indicating that the average current is zero when the times for
thermal activation and measurement are equal. Solvin,for

current ofl 4(t); and(iii) it switches at timet; , with a prob- N Ed. (8) usingPo=0 results in

ability of P;e™*, wherex= y,47, and a circulating current of
(+1,). Thus,

ty
t

kT
f,=0.5+ —In

4E,

( AUlOwOT) AUb (9)

1.44QkT| 4E;"

lg=(—1 p)P0+f l((Opdt+(+1,)Pe7™ (5  Equation(9) is transcendental, since the energy barkiek;,
0 depends linearly offi,, but this dependence is weak since it
Switching events from the time intervgd to t; correspond s in the logarithm. Ignoring this weak dependence, &X.
to apparent values of the qubit circulating current betweerpredicts a movement df, that is linear in temperature and
(—1p) and (+1,). In the calculation of 4(t) in Eq. (5) we  logarithmic in measurement time. The circulating current in

assume a linear relationship: the arms of the SQUID couples a flux into the qubit that is
2(t—to) not accounted for here, but this flux simply adds a constant
lq(=1, - 1}, (6) offset to f, and does not significantly affect its temperature

and thus Eq(5) becomes

Tq:2|p(1—P0)( ~

and rate dependence.

In Fig. 2 we show the transition curves for two different

(7) from Eqg.(7) is also shown. The same fitting parametese

1_e—x) base temperatures, 0.33 and 0.62 K. A best fit for each curve
—ly.
P
below) are used in both cases, with only the temperature

Note that this expression reduces to Eq.in the limit that7  allowed to vary. The 0.62-K curve has moved in flux relative
goes to zero. to the 0.33-K curve, as expected. The theory predicts both
In Fig. 3 we plotP, and the average circulating current the curve’s shape and its relative position in flux. Figure 4
versus flux in the qubit for the two expressiofis and(7),  shows how the center point of the transitidiy)(varies with
for E;=4000 andEc=2 ueV, T=0.6 K, 7=100us, Q the natural log of the ramp rate and the temperature. The data
=10P, and «=0.58. The effects of the finite measurementare fit using Eqs(7) and(8). At values of larger temperature
time [Eq. (7)] are that the zero crossing of the curve isor slower ramp ratéslower ramp rate is equivalent to larger
shifted in flux and its shape is slightly changed. The amount), f, varies in a linear fashion as predicted by E%). In this
of displacement in flux depends on the amount of thermategion y,q7~1. As either the temperature is lowered or the
activation during the measurement; the more thermal activarate is increased, there is a crossover to a region at which
tion, the more the curve will move. We define the flux to beno longer varies. This is the “fast” measurement region,
where the average circulating current equals zerb,asle- where on average no thermal activation of the qubit occurs
fined by during measurement.

220506-3



RAPID COMMUNICATIONS

K. SEGALL et al. PHYSICAL REVIEW B 67, 220506R) (2003

0520 . 0510 The value ofQ is found to be 3 10° to within a factor of

0575 0508 + 3, independent of temperature. The large error results from
. DI 0500 / the uncertainty irEc combined with the weaklogarithmig
b - " 054 dependence df, on Q. TheQ factor appears to be limited by

» 0502 M v the coaxial-like impedance of the SQUID current and volt-

f M T age leads at the plasma frequency, whose current fluctuations

@ Mo o 5 e 2 couple flux into the qubit. The temperature—delgendent sub-

gap current would imply a much larg€ factor!? Other
single junction measurements, also limited by the high-
frequency impedance of the leads, typically yi€dfactors
of order 30. The flux biasing of our devices effectively trans-
forms the impedance seen by the qubit by a factor of
(3L;/M)?, whereL;=®,/(2m7l,) is the Josephson induc-
There are four fitting parameters for the model to fit thetance of each of the three junctions in the qubit. Using our
data:E;, Ec, a, andQ. For a given current densit§; is  values this would then imply & of 5x 10%; our measured
proportional to the junction area. To fit the values of thesevalue is somewhat larger because current fluctuations in the
parametersE; and Q are varied to match the slope of the leads of the dc SQUID divide evenly between the two arms
rate and temperature curves in the linear regifig. 4. In  and do not couple flux very efficiently to the qubit. This
this region the slopes are independent of the barrier heigif@/ué of Q corresponds to a relaxation time of roughly
AUP, as seen in Eq(9). Once the slopes are fixed, (and /@01 us. Similar relaxation times have been meastired
henceAUP) is varied to fit the crossover point. The value of in aluminum superconducting qubits, and indicate possible

. . . ) o long coherence times in the quantum regime.
Ec is estimated from the junction sizevhich is known once In short, we have measured the effects of time-ordered

E, has been chosgmnd the specific capacitance, which is measurements and thermal activation in two Nb PC qubit/dc
measured on other structures on the chip. This estimation iSQUID systems. A model that includes thermal activation
accurate to within a factor of 3, and forms the largest uncereuring measurement describes the temperature and rate de-
tainty in the fitting. pendence of the signal. Using the model to fit the system

The value ofE; that best fits the data is 40Q@eV. This  parameters we find junction sizes consistent with our fabri-
corresponds to a size of about 0:5@.52,um for each of the ~ cation and favorable dissipation values for observing long
two larger junctions. The value af was found to be 0.58, duantum coherence times in these qubits.

corresponding to a smaller junction size of 0,88. Using We thank B. Singh, J. Lee, J. Sage, and T. Weir for ex-
these junction sizes we then estimateEgnvalue of about 2  perimental help and L. Tian for useful discussions. This work
neV. These values for sizes are reasonable, given the fabnivas supported in part by the AFOSR Grant No. F49620-01-
cation parameters. The larger junctions are lithographically 1-0457 under the Department of Defense University Re-
pm in length while the smaller junctions are lithographically search Initiative on Nanotechnolog¢§DURINT) and by

0.9 um, however, the junction etching process results in amARDA. The work at Lincoln Laboratory was sponsored by

undercut of between 0.4 and 0.5 per side. This undercut the Department of Defense under the Department of the Air
has been quantified with measurements on similar structureEorce, Contract No. F19628-00-C-0002.

FIG. 4. Temperaturda) and log rate(b) dependence of,.
Fittings with Eqgs.(7) and (8) are shown. The linear region is de-
scribed byy,qr approximately equal to 1, as in E(Q).
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