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Low-frequency measurement of the tunneling amplitude in a flux qubit
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We have observed signatures of resonant tunneling in an Al three-junction qubit, inductively coupled to a Nb
LC tank circuit. The resonant properties of the tank oscillator are sensitive to the effective suscejbibility
inductancg of the qubit, which changes drastically as its flux states pass through degeneracy. The tunneling
amplitude is estimated from the data. We find good agreement with the theoretical predictions in the regime of
their validity.
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Several groups, using different devices, have by now esshift y (with respect to the bias currehy) of the tank volt-
tablished that superconductors can behave as macroscopgge will strongly depend oKA) the shift in resonant fre-
quantum object-® These are natural candidates for a qubit, quency due to the change of the effective qubit inductance by
the building block of a quantum computer. ~ the tank flux, andB) losses caused by field-induced transi-

Qubits are effectively two-level systems with time- tions petween the two qubit states. Thus, the tank both ap-
dependent parameters. One of them is a superconductifgies the probing field to the qubit, and detects its response.
loop with low inductancé., including three Josephson junc- = The output signal depends on the tank’s quality faqor
tions (a 33 qubit® Its potential energy)==° ,E;(#;),  Using superconducting coil, values as high@s 10° can
depends on the Josephson phase differeqgeacross the pe obtained, leading to high readout sensitivity, e.g., in
junctions. Due to flux quantizatio®}_,¢;=2md,/P;  -SQUID magnetometers.Such a tank can therefore be
(with @, the external magnetic flux andly=h/2e the flux  used to probe phase qubitszor smallL, the results are

quantum, only two ¢;’s are independent. summarized by
For suitable parameterkl( ¢4, ¢,) has two minima cor-
responding to qubit statek' and W', carrying opposite su- v=IowrL1Q/V1+(2Q¢)?, 2)

percurrents around the loop. These become degenerate for
®,=3d,. The Coulomb energf. (=e%2C, with C the
capacitance of junction)lintroduces quantum uncertainty in
the ¢;. Hence, near degeneracy the system can tunnel be-
tween the two potential minimgSince Ec<E =E;;, we
deal with aflux qubit; Ec>E; yields achargequbit. Coher-
ent tunneling was demonstrated in both.

In the basig W', ¥" and neab,= 3 ®,, the qubit can be
described by the Hamiltonian

E A E+

H(t)=—e(t)o,—Aoy; (1)

A is the tunneling amplitude. At bias=0 the two lowest
energy levels of the qubit anticrogsig. 1(a)], with a gap of
2A. Increasinge slowly enough, the qubit can adiabatically
transform from¥' to W', staying in the ground state_ .
SincedE_ /d®, is the persistent loop current, the curvature
dZE_ld<I>§ is related to the qubit's susceptibility. Hence,
near degeneracy the latter will have a peak, with a width
given by|e|<A.° We present data demonstrating such be-
havior in an Al 3JJ qubit.

Our technique is similar to rf-SQUIDsuperconducting
quantum interference deviceeadouf’ The qubit loop
is inductively coupled to a parallel resonant tank circuit FIG. 1. (a) Quantum energy levels of the qubit vs external flux.
[Fig. 1(b)]. The tank is fed a monochromatic rf signal at its The dashed lines represent the classical potential miriph&®hase
resonant frequencwy. Then both amplitude and phase qubit coupled to a tank circuit.
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FIG. 2. Tank phase shift vs flux bias near degeneracy. From the |
lower to the upper curvéat f,=0) the driving-voltage amplitude o6
Vg=low7L1Q takes values 0.5, 1.0, 1.5, 1.9, 2.9, 3.5, and/3\9 8
Inset: theoretical curves foh/h=650 MHz, andl,=0.07, 0.13, 04
0.20, 0.26, 0.39, 0.47, and 0.53 nA. 02l
0.0 . . . . . .
tanX: ZQg’ (3) 0 50 100 150 200 10 100
T (mK) T (mK)
2 2
Ev,f)= kL f2wd_¢ C052¢ d°E_(f) (4) FIG. 3. (a) Tank phase shift vs flux bias near degeneracy and for
T 2(1)(2) T dfz ’ V4=0.5uV. From the lower to the upper curv@t f,=0) the
temperature is 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 350,
Mu and 400 mK.(b) Normalized amplitude of tagp (circles and
f=f+ msin ®, (5)  tanh@/kgT) (line), for the A following from Fig. 2; the overall
TLT®0

scalex is a fitting parameter. The data indicate a saturation of the
wheref,=®,/d,— % I, is the bias-current amplitude, and effective qubit temperature at 30 mkc) Full dip width at half the
k=M/4/LL7 is the tank-qubit coupling coefficient, with maximum amplitude vs temperature. The horizontal line fits the

(L;) the mutual(tank inductance. The ground-state curva- low-T (<200 mK) part to a constant; the sloped line represents the
ture i<° T2 behavior observed empirically for high&r

d’E_ _ EﬁAz)\z 6 junctions was estimated using electron microscopy as 190
df2 (E2\2f2+A2)32° ® X650 nnt while one is smaller, so thatr=E;3/E;;,
~0.8. The critical current was determined by measuring an
whereX(a,g) (with g=E,/E¢) is the conversion factor in  (f-SQUID prepared on the same chims | .=2eE;/%
e=ENf.MIf 1o vanishesé=3k?Ld’E_ /d®f becomes an  ~380 nA. With Ec/h~3 GHz, one findsg~60 and
external parameter accounting for the qubit susceptibilityn ~—4.4. The loop area was 99m?, with L=38 pH. We
coupled to the tank. For finitéy, this has to be averaged measureds by a three-stage cryogenic amplifier, placed at
over a bias cycle € ¢<2. The resulting integrald) turns ~ ~2 K and based on commercial pseudomorphic high elec-
out to involve a weight cds, since the effective time- tron mobility transistors. It was slightly modified from the
dependent coupling if)? [cf. the ¢-derivative of Eq(5)],  Version in Ref. 12 to decrease its back-action on the qubit.
proportional to the square of the voltage the tank induces iffhe input-voltage noise was:0.6 nV/\VHz in the range
the qubit. The resulting equations are coupled and nonlineal,—35 MHz. The noise temperature was300 mK at
but readily solved numerically. 32 MHz. The effective qubit temperature due to the amplifi-
For the tank, we prepared a square-shape Nb pancake ceit’s back-action should be considerably lower because of the
on an oxidized Si substrate. The line width of the 20 wind-smallk~2x 102,
ings was 2um, with a 2.um spacing. Predefined alignment ~ The x(f,) curves measured at variolig and a mixing-
marks allow one to place a qubit in the center. For flexibility,chamber temperaturd =10 mK are shown in Fig. 2.
only the coil was made lithographically; an external capaci-The narrow dip atf,=0 directly corresponds to the one
tanceCy is used to changer in the range 5-35 MHz. For in Eg. (6), in line with the qualitative picture below
the selected tankLG~50 nH, Cy~470 pF), we obtained Eq. (1). With device parameters as above, all quantities in
wt/2m=32.675 MHz and Q~725 from the voltage- Egs.(2)—(6)are known, but\ only in principle: its exponen-
frequency characteristic. tial sensitivity to @ and especiallyg makes it notoriously
The 3JJ qubit structure was manufactured out of Al byhard to calculatea priori. Hence, it is treated as a free pa-
conventional shadow evaporation. The area of two of theameter; calculated curves for the best\fih=650 MHz are
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shown in the inset. For the largelst the experimental and wash out; we observe a widthT® above a crossover tem-
theoretical curves disagree, for the rapid changégethen  perature~225 mK. ForT of this order, deviations from the
leads to Landau-Zener transitidfs® suppressing the dip.  two-state model can be expected, especiallyffet 0. This

The T-dependence of is shown in Fig. 3. For increasing behavior outside the qubit regime has not been pursued.
T the dip’s amplitude decreases while, strikingly, its width  |n conclusion, we have observed resonant tunneling in a
is unchangedFig. 3(c)]. Both are simple manifestations of macroscopic superconducting system, containing an Al flux
the Hamiltonian (1) yielding (o,)=(e/Q)tanh@/kgT),"®  qubit and a Nb tank circuit. The latter played dual control
Q=2+ A2 This result of equilibrium statistics of course and readout roles. The impedance readout technique allows
assumes that thiedependence oé(t) is adiabatic. However, girect characterization of some of the qubit’s quantum prop-
it doesremain valid if the full(Liouville) evolution operator erties,withoutusing spectroscogh? In a range 56-200 mK,

of the qubiti would coqtain standard Bloch-type relaxgtionthe effectivequbit temperature has been verifiielg. 3b)]
and dephasing termhich indeed are not probg&dn addi- to be the same as the mixing chambegsdter A has been

tion to the Hamiltonian dynamictl), since the fluctuation- yetermined at lowT), which is often difficult to confirm
dissipation theorem guarantees that such terms do not aﬁeﬂdependently.

equilibrium properties. Normalized dip amplitudes are

shown vs T in Fig. 3b) together with tanh{/kgT), M.H.S.A. and A.M.v.d.B. are grateful to A.Yu. Smirnov
for A/h=650 MHz independentlyobtained above from the and A.M. Zagoskin for fruitful discussions, and to P.C.E.
low-T width. The good agreement strongly supports our in-Stamp for the remark on effective thermometry. M.G. wants
terpretation, and is consistent withbeing T-independent in  to acknowledge partial support by the Slovak Grant Agency
the relevant rang®. Of course, for highefT the dip will ~VEGA (Grant No. 1/9177/0R
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