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A flux qubit is designed and fabricated that capitalizes on intrinsic properties of submicron YBCOsyttrium-
barium-copper oxide high-Tc superconductord grain boundary junctions. The operating point is protected from
the fluctuations of the external fields, already on the classical level. The effects of external perturbations only
appear in the third or fourth order, depending on the character of the coupling. The estimates of the decoher-
ence due to fluctuations of the external flux show that an experimental observation of coherent quantum
tunneling and Rabi oscillations in the system is feasible.
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I. INTRODUCTION

Over the last few years a series of experiments1–3 pro-
vided conclusive evidence of quantum superposition in me-
soscopic and macroscopic superconductors. The task at hand
is scaling up of the system, with two goals in mind: to probe
how far quantum superposition can be pushed into the mac-
roscopic world and to develop an element base for quantum
computing, which only becomes viable on the scale 10–100
qubits.

It was suggested that use of high-Tc cuprates in qubits
would dispose of the need to apply fine-tuned external fields
to keep it in the operating point, due to the time-reversal
symmetry breaking in systems with DD junctions.4,5 On the
level of a few qubits this is not a major advantage, compared
to the relative difficulty of fabrication and threat of extra
decoherence from nodal quasiparticles and zero-energy states
sZESsd in cuprates. Therefore the research was concentrated
on conventional superconductors, where all of the aforemen-
tioned successes were achieved.

Nevertheless, the logical progression of research from
single qubit to qubit-qubit coupling and further to qubit reg-
isters is bringing us to the point where intrinsic bistability of
high-Tc qubits will become a major advantage. In the last
few years, we saw the development of reliable fabrication
of bistable submicron high-Tc structures.6–8 Theoretical esti-
mates9,10 showing that the decoherence from ZES and nodal
quasiparticles may be significantly overestimated, and recent
experimental demonstration of macroscopic quantum tunnel-
ing in biepitaxial YBCOsyttrium-barium-copper oxide high-
Tc superconductord junctions11 make further effort in this di-
rection relevant.

In this paper we report on the design and fabrication of a
type of flux qubit that capitalizes on intrinsic properties of
submicron YBCO grain boundary junctions. The advantage
of the design is that the operating point is protected from the
fluctuations of the external fields, already on the classical

level. Our estimates of the decoherence due to fluctuations of
the external flux show the feasibility of an experimental ob-
servation of coherent quantum tunneling and Rabi oscilla-
tions in the system.

II. QUBIT DESIGN

The “silent qubit” sfor the etimology, see belowd can be
viewed as a dc superconducting quantum interference device
sSQUIDd formed out of high-Tc film, with two DD-grain
boundary junctions defining a mesoscopic islandfFigs. 1sad
and 1scdg. The crystal lattice andd-wave order parameter
orientations on the two sides of the grain boundary are cho-
sen in such a way that each junction has a doubly degenerate
ground state.6,12

To simplify the analysis, we keep only two harmonics in
the current-phase relations of the DD junctions

I i = Ici sinfi − Ici8 sin 2fi , s1d

whereIci is the critical current andfi is the phase difference
across theith junctionsi =1,2d. This approximation success-
fully reproduces the observed behavior of similar devices in
the classical regime.6,8 The flux quantization condition re-
lates the phasesf1 andf2 to the total flux through the loop
F via

f ; f1 + f2 = 2p
F

F0
,

whereF0=h/2e is the flux quantum. Introducing the super-
conducting phase of the island

u ;
f1 − f2

2
,

the free energy of the qubit, threaded by an external mag-
netic flux Fx, in units of the Josephson energyEJ s;E1,
whereEi = IciF0/2pd, is given by
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Usu,fd =
sf − fxd2

2bL
− EfFcosu −

ãf

4
coss2udG + Ũsu,fd.

s2d

Here

ai = 2Ici8 /Ici, Ef = s1 + hdcossf/2d,

ãf =
sa1 + ha2dcosf

s1 + hdcossf/2d
, h = E2/E1,

andfx=2pFx/F0. The dimensionless self-inductance of the
loop

bL ; 2p
LIc1

F0

is considered negligiblesbL→0d; then f→fx and the first
term in Eq.s2d can be dropped.

The last term in Eq.s2d

Ũsu,fd = − Fh − 1 + sa1 − ha2dcos
f

2
cosuG 3 sin

f

2
sinu

s3d

is zero when the two junctions are identicalsi.e., h=1 and
a1=a2d. In this case the potential energy minima are at

u = ± arccosS 1

ãf
D .

whenãf.1 and zero otherwise. The6 signs correspond to
the states on the right and left sides of the potential wellsi.e.,
u6ld, respectively. Forãf.1 the potential has two minima,
which are degenerate atany external fluxfx. The current
induced in the loop by the external flux doesnot depend on
the state of the qubit, which justifies the moniker “silent.”
The potential profiles2d is similar to the one of a persistent
current qubit,2 but here we have only one independent phase
sasbL→0d, and the problem becomes one-dimensional. The
barrier between the potential minima is flux dependent:

W= cossfx/2dsãf + ãf
−1 − 2d.

In the general casesa1Þa2,hÞ1d the two minima are
only degenerate whenfx=0. Now astate-dependentpersis-
tent current flows in the loop even in zero external field; in
units of Ic1,

I 0
± = ± fhÎã0

2 − 1/s1 + hdã0
2gsa2 − a1d,

whereã0; ãf=0.
The intermediate regimesa1=a2,hÞ1d is most interest-

ing. It takes place when junctions have similar current-phase
dependencies, but different critical currentssi.e., widthsd, and
should be expected if the junctions are close enough to each
other sFig. 1d. At fx=0, the equilibrium value ofu is the
same for both junctions, and there is no spontaneous current
I 0

±=0. At finite fx, the induced currents differ for the two
states of the qubit, but the difference is of higher order infx,
keeping the qubit silent.

Expanding the free energy to the third order infx, we find
for the minima

U min
± = A0 + A2fx

2 ± A3fx
3, s4d

whereAi are explicit functions ofã0 andh ssee the Appen-
dixd. As expected, there is no first order dependence onfx
sA1=0d. The second order term in Eq.s4d does not depend on
the state of the qubit. The first state-dependent term in the
minimum energy of the system isOsfx

3d sFig. 2d. Therefore
small fluctuations offx do not affect the degeneracy of the
states. The difference between the energy minima grows as
the external flux is increased until the point at which the
potential barrier vanishes altogether and the minimum with
higher energy disappearssthe jumps in Fig. 2d.

The current in the loop is found from

I f
± = ]fx

U min
± = 2A2fx ± 3A3fx

2.

This current generates a state-dependent magnetic flux

FIG. 1. sad sColor onlined “Silent” qubit. The dashed line shows
the location of the grain boundary junction.sbd For the decoherence
measurements and readout the qubit can be coupled to the tank
inductively through a pickup coilsRef. 17d or a dc SQUIDsRef.
19d. Using the approach ofsRef. 17d, the Rabi decay time can be
determined from the spectral density of voltage fluctuations in the
low-frequency resonant tank in the presence of weak driving rf
signal applied to the qubit.scd AFM picture demonstrating the pos-
sibility of fabrication of the proposed qubit and readout dc-SQUID
out of YBCO on an SrTiO3 bicrystal substrate.
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df ; f − fx = bLI f
± .

Note, that the state-dependent contribution to the induced
flux is Osfx

2d. For a finite self-inductancebL, df has to be
calculated self-consistently. Figure 3 shows the result of such
a calculation. With the parameters chosen, an external flux
close to 0.2F0 generates an additional fluxs,0.005F0d
through the loop, which is of the same order as the estimate
based on the above expansion.

Tunneling between the potential minima occurs due to the
uncertainty relation between the chargeQ of the island and
its superconducting phaseu. The tunneling matrix element is
approximately given bys"=kB=1d

D < vpsfxde−ÎzWsfxdEJ/EC, s5d

where z is a constant of the order of 1,EC=e2/2C is the
charging energy, andC is the effective capacitance of the
junctions. The coefficientvpsfxd;Îvp

+vp
− is determined by

the frequenciesvp
± of small oscillations in the right and left

potential minima, respectively. This dependence follows
from the expression ofD as the matrix element between the
lowest energy states in the two wells. It is only valid quali-
tatively in the case ofã0,1 ssee Ref. 13d. Due to the sym-

metry of the potential profile whena1=a2, the terms of the
first order infx cancel, and we are left with

vpsfxd = ÎEJECsa0 − a0
−1ds1 − kfx

2d,

wherek is a dimensionless coefficient ofOs1d. Fluctuations
of fx influenceW and thereforeD. Expanding the Josephson
potential near the origin, we obtain the tunneling barrier

W= Umax− U min
± = sB0 − A0d + sB2 − A2dfx

2 + Osfx
3d s6d

ssee the Appendixd. Again there is no dependence onfx in
the first order.

The numerical diagonalisation of the Hamiltonian, for
fx=0 and for arbitraryã0 using Eq.s2d, demonstrates the
increased anharmonicity of the system13 sFig. 4d. As ã0 ap-
proaches 1, the two lowestsworkingd levels in the double
well converge almost exponentially, while the energy gap
separating them from the next excited level remains nearly
constant. The spacingD between the working levels can
therefore be tuned usingã0 while keeping them effectively
decoupled from the other levels of the well.

This justifies truncating the Hilbert space of the qubit to
the two lowest energy states, which yields the effective
Hamiltonian

H = 1
2Dsfxdsx + 1

2esfxdsz, s7d

whereesfxd<EJA3fx
3. All single qubit operations can be re-

alized by applying controlled fluxfx. Note that the qubit
only leaves the operating point when a finite external flux is
applied. Unlike the earlier qubit designs2,3 this point is pro-
tected from external flux fluctuations already on the classical
level, due to the qubicesfxd fsee Eq.s4dg.

III. IMPLEMENTATION

The implementation of the novel qubit design requires the
second harmonic of the critical currentfEq. s1dg to be com-
parable to the first. Such a situation is expected in 0/45° tilt
grain boundary junctions betweend-wave superconductors,

FIG. 2. sColor onlined The minimum of the free energysad and
the corresponding values ofu at the minimum pointssbd as a func-
tion of fx, for h=2 anda1=a2=3. The solidsblued and dashed
sredd lines correspond to theu2l and u1l states, respectively.

FIG. 3. sColor onlined Self-consistent calculation of the self-
generated flux for the system of Fig. 2, withbL=0.01. The solid
sblued and dashedsredd lines correspond to theu2l and u1l states,
respectively.

FIG. 4. Evolution of D01 and D12 sthe gap between the two
lowest excited levelsd with respect to the parametera=a1=a2 snu-
merical resultsd. Numerical results are compared with the approxi-
mation s5d.
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where the first harmonic is suppressed by symmetry.14 Re-
cent work on 0/45° grain boundary YBCO junctions re-
ported current-phase relations with second harmonic
components.6,13 The techniques used in Refs. 8 and 15 allow
a measurement ofã0 above 0.1. The experiments have re-
vealed values ofã0 of the order 1 consistent with the require-
ments of the current design.

Other parameters such as the critical current magnitude,
the junction capacitance and, the SQUID loop inductance are
also relevant for the qubit operation. We have shown in Ref.
13 that it is possible to fabricate 300-nm-wide grain bound-
ary junctions with critical currents,0.5 mA and capacitance
of 10 fF. SQUID loops with inductance of order 10 pHs10
310 mm2d were fabricated of YBCO on SrTiO3. To achieve
such results, the thin YBCO film grown by pulsed laser
deposition is patterned by ion milling through an amorphous
carbon mask. The etching mask with submicron structures is
obtained by a standard electron beam lithography technique.

The readout of a flux qubit is based on detection of the
magnetic flux produced by a quantum state-dependent per-
sistent current flowing in the loop. One way to do it is to
couple the qubit to a current-biased dc SQUID and use the
switching of the latter to the resistive regime to distinguish
between the states of the qubit. Recently, such an approach
was employed to observe coherent oscillations in an alumi-
num persistent-current qubit.2 Its drawback is the extension
of its advantages, a rather strong coupling of the qubit to the
readout circuit, which may be responsible for comparatively
short decoherence time in Ref. 2. Our design seems well
suited for this technique, due to a better intrinsic protection
from the external noise sources.

Another way of observing the quantum dynamics of a flux
qubit is to couple it to a high-qualityLC circuit and monitor
the magnetic susceptibility of the latter, which depends on
the state of the qubit.16 This method was used to demonstrate
Rabi oscillations17 and two-qubit entanglement.18 It allows
long decoherence times, but time-domain operations on a
qubit are impeded. Recently, a hybrid approach was
realized,19,20 where the pickup coil of theLC circuit was
replaced with a dc SQUID.

For the sample of Fig. 1scd we fabricated the readout
SQUID in the same high-Tc film as the qubit itself; alterna-
tively it could be made of a low-Tc superconductor. If imple-
mented with on-chip grain boundary junctions, one must take
into account the presence of a second harmonic in the
current-phase relation of the readout SQUID.8

IV. DISCUSSION

In order to show the feasibility of observation of coherent
quantum tunneling and Rabi oscillations in our silent qubit,
we will consider the best-case scenario, that is, assume the
setup16,17,21 fsee Fig. 1sbdg, where the qubit is coupled to a
high-qualityLC circuit.

The tank circuit has a resonance frequencyvT and a
damping rategT. The mutual inductance isM =kÎLTL, k
ø1 being the coupling coefficient, andL and LT are the
inductance of the qubit and tank, respectively.

Without limiting the generality of our approach, we can
ascribe all the dephasing and dissipation in the qubit to its

interaction with the fluctuating fluxfxstd, created by the tank
currentITstd. These fluctuations are characterized by the cor-
relator

Kst,t8d = kITstd,ITst8dl,

the spectral density

Ksvd = vsgTvT
2/LTd

cothsv/2Td + 1

sv2 − vT
2d2 + gT

2v2

and the dispersion

kIT
2l = Kst,td =

vT

2LT
coth

vT

2T
.

At fx=0, the qubit Hamiltonian becomes

H = sD/2dsx − l2IT
2sx − l3IT

3sz, s8d

wherel2,3 are coupling coefficients depending on the qubit
parameters. In the Bloch-Redfield approximation,22,23 we
calculate the energy relaxation rate

G = 30l3
2kIT

2l2gT

D3

vT
2

LT
coth

D

2T
s9d

together with the dephasing time of the qubitg−1, whereg
=G /2+g0,

g0 =
16p

3
l2

2 gT
2T3

LT
2vT

4

if T!vT, and

g0 = l2
2QT

vT

LT
2Fcoth2 vT

2T
− 1G

if TùvT.
Using the experimental data of Ref. 13sIc=0.5 mA, Ic8

=0.6 mA,C<10 fFd, we find EC<2 GHz, vp/2p
<40 GHz, andD /2p<1.6 GHz. ForbL,0.01, which is the
value used in Fig. 3, the inductance of the loop is of the order
of 10 pH. To estimate the contributions of the cubic and
quadratic terms to qubit dephasing and dissipation, we chose
the following parameters:h=2, a1=a2=2.4, andEJ=1.66
310−22J. If the tank frequency isvT/2p=10 MHz, its qual-
ity factor QT=2000, and the coupling coefficientk,1/33,
then contribution ofquadraticflux fluctuations to dephasing
rate is small, so that the dephasing time due to qubit coupling
to the tank isg0

−1.20 ms at temperatures of order 10 mK,
while the contribution of thecubicfluctuations to the dephas-
ing and relaxation rates is totally negligible. It means that at
the operating point the silent qubit is practically decoupled
from the fluctuations caused by the controlling circuits. The
dominant source of decoherence is from the nodal quasipar-
ticles at the junction, considered in Ref. 9, which may reduce
the decoherence time to about 1–100 ns. This is not in itself
an unsurmountable obstacle, since very fasts2–5 nsd mea-
surements of flux qubits were achieved.20,24

V. CONCLUSION

In conclusion, a flux qubit, using specific properties of
submicron YBCO grain boundary junctions, was proposed
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and fabricated. The symmetry of the device provides an op-
erating point, which is intrinsically stable and protected
against the external field fluctuations. Estimates show that
observation of coherent quantum dynamics in the system is
feasible using existing experimental techniques.
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APPENDIX

The coefficients in Eqs.s4d, s6d, ands8d are as follows:

A0 = −
1

4
s1 + hdsã0 + 2ã0

−1d,

A2 =
h

h + 1

ã0
2 − 1

2ã0

,

A3 =
hsh − 1d
sh + 1d3

Îã0
2 − 1

2ã0

,

B0 = − sh + 1ds1 − ã0/4d,

B2 = −
sã0 − 1d

4

h

sh + 1d
,

l2 = −
D

4
n0S2pM

F0
D2

,

l3 = − EJA3S2pM

F0
D3

,

n0 =
2ã0 + ã0

−1

ã0 − ã0
−1 +ÎzWEJ

EC

B2 − A2

B0 − A0
.
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