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We examine the macroscopic quantum tunne(M@T) in high-T, superconductor Josephson junctions with
a d-wave order parameter. Using a microscopic Hamiltonian and the functional integral method, we analyti-
cally obtain the MQT raté¢the inverse lifetime of the metastable sjdte the c-axis twist Josephson junctions.
In the case of the zero twist angle, the system shows the super-Ohmic dissipation due to the presence of the
nodal quasiparticle tunneling. Therefore, the MQT rate is strongly suppressed in comparison with the finite
twist angle cases.
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In the current biased Josephson junctions, the states tfie quasiparticle decoherence was recently discussed by Fo-
nonzero supercurrent are metastable owing to transitions tminov et al3 and Aminet al14 in the context of thel-wave
lower-lying minima of the potential. At sufficiently low tem- qubit.
peratures, such transitions can be caused by macroscopic To derive an expression for the effective action, we will
quantum tunnelingMQT) (Refs. 1 and 2through the po- use a microscopic model of thé-wave/insulator/d-wave
tential barrier. The possibility of observing the MQT in Jo- Josephson junction, described by the grand canonical Hamil-
sephson junctions was first pointed out by Ivanchenko an@onian,H=Hl+H2+HT+HQ, where’H; andH, are Hamil-
Zi'lberman? The first clear experimental observations of thetonians describing thd-wave superconductors:

MQT were made in 1981 on smadlwave Josephson junc-

tions by Voss and Web{\b) (Ref. 4 and Jackeet al. (Pb).? A2v2
Since macroscopic systems are inherently dissipative, Hi=2 J d“ﬂq(r)(— om M) P16(r)
there arises a fundamental question of what is the effect of 7
dissipation on the MQT. This issue was first solved by Cal- 1 4 v
deira and Leggett in 1981 by using the path-integral method - EE f drdr’ (1) i,,(r")
and they showed that the MQT is depressed by dissip&tion. o0’
This effect has been verified in experiments swave Jo- Xy (1 = 1) s (1) (1), (1)

sephson junctions shunted by an Ohmic normal resistRgce
(<Ry: the tunnel resistance of the junctidi? As was men- where u is the chemical potential angl (¢ is the fermion

tioned by Eckernet al, the influence of the quasiparticle geiy gnerator. In order to obtain the anisotropic pair poten-
d!ss!pat!on IS quant|tat|vel)_/ weak_er_than that of the Ohm'ctial, the anisotropic attractive interactigr—r’) have to be
dissipation in the shunt resistt¥This is due to the existence taken into account unlike conventionalwave cased15
of an energy gap for the quasiparticle excitation in super- Hy=3, [drdr[t(r r’)t,//I ('), (r') +h.c] describes the tun-

(o8 il g o A

conductors. Therefore, in an idealave Josephson junction eling of Cooper pairs and quasiparticles between the two

: ; ; n
without the shunt resistance, the suppression of the MQT rate ; . N2 . .
due to the quasiparticle dissipation is very weak at low tem-1des of the junctions, artdq=(Q,~Q,)*/8C s the charging
perature regime. Hamiltonian whereC is the capacitance of the junction and

In this paper, we will consider the MQT in highs cu-

b-axis

prate superconductor Josephson junctions. From many ex- ¢
perimental studies, it is confirmed that the symmetry of the
pair potential(the superconducting gas d,z_,2 (Refs. 11 k . ”% "
and 13 (see Fig. 1 In such anisotropic superconductors, the o
¢ l?é 78
Lt

gap vanishes in certain directiorithe nodal directions
hence quasiparticles can be excited even at sufficiently low
temperature regime. Therefore, we will investigate the effect
of the nodal quasiparticle dissipation on the MQT. In the
following, we will show an analytical calculation of the FIG. 1. Schematic drawing of the:axis twist Josephson junc-
MQT rate for thed-wave c-axis twist Josephson junction tion. y is the twist angle about the- axis. Inset shows the pair
(see Fig. }1from a microscopic model. Note that the effect of potential for thed,z_2- wave superconductors.

a
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Qq2) is the operator for the charge on the superconductor 1 2 2 o

(2), which can be written a@;=eX,, [dry] (r)yu,(r). Blr)=- %2 [tk k) Fa(k, D Fo(k" = 7). (@)
By using the functional integral methd#}’ the ground hok!

partition function for the system can be written as follows: The Green functions are given by

— — 1 (" h(ifiwn + &)
= - — k, = - y 8
z f Dy Dy DDy exp{ - JO drﬁ(r)], 2 G(k, wp) (han)?+ 2 + A(K)2 (8
where 8=1/kgT, z//(Z) is the Grassmann field which corre- AA(K)
sponds to the fermionic field operatgi(y"), and the La- Fik, o) = (haog)?+ &+ A(K)?’ (©)

grangianf is given by
where & =#%k?/2m-u and Aw,=(2n+1)7/ B is the fermi-
- - . onic Matsubara frequencyn is an integer. Information
L=2 2 | driolr, Daholr,n) + H(o). &) about the anisotropy of the pair potential is includeaitk).
In the case of the cuprate high-superconductoréhed,z 2
We will use the Hubbard-Stratonovich transformation symmetry, A(k)=A, cos X (see Fig. 1
We now turn to the calculation of the effective action and
the MQT rate(the inverse of the lifetime of the metastable

o i=1,2

o (URVAE drfardr (" )0 (r A glr= ) (1, ()

_ 1 (8 statg for the c-axis twist Josephson junction. In Fig. 1, we
:fDA(r,r’;r)DA(r,r’;r)exp[—f drf drdr’ show schematic of this junction. In this figurgjs the twist
hlo angle about thec-axis (0< y<a/4). Such a junction was

IA(r,r ;)2 recently fabricated by using the single crystal whisker of
ﬁ +A(r,r’ D (g (r', 1) Bi2212 (Bi,Sr,CaCy0s,,).2° Takano et al. measured the

twist angle dependence of tlweaxis Josephson critical cur-
— — , rent and showed a clear evidence of the,» symmetry of
(DY (7, DA D) (4) the pair potentia?®2!
In the following, we assume that the tunneling between
in order to remove the term* in the Hamiltoniar?(7). This  the two superconductors is described in terms of the coherent

introduces a complex pair potential field\(r,r’;7)  tunneling (t(k,k")[*=t*d . wherek; is the momentum
=|A(r,r"; D]exdio(r,r’;7)]. The resulting action is only parallel to theab-plane). For simplicity, we also assume that
quadratic in the Grassmann field, so that the functional inteeach superconductor consists of single guayer, A;(k)

gral over this number can readily be performed explicitly.=Aq cos 29, andA,(k)=A, cos 26+ ). Moreover, we con-
The functional integral over the modulus of the pair potentialsider the low temperature limiksT <A,). In the case where
field is taken by the saddle-point method. Then the partitiorthe Josephson junction is biased by an externally applied
function is reduced to a single functional integral over thecurrentl,,, we have to add an additional potential contribu-
phase differenceb= ¢, — ¢,. To second order in the tunneling tion linear in ¢.> At this level of approximation, the effec-
matrix element, one findsZ=Dda¢(r)exd-Seil@d]/f],  tive action of the current biasedaxis twist Josephson junc-

where the effective action is given by tion is
#B ip
Sul 612 f (fadﬂ mW]f {(@&Q+w@}&qw
e Jdr
hp 7) = (7 (10
- f drd7’ [a(r— T’)Cosw
0

B _
S[“][¢]=—f drdr’ a7~ r)cosw (11)

0

- B(r—17")co (5

aﬂ;afq_

whereM=C(#/2e)? is the mass antl(¢) is the tilted wash-
This expression coincides with the previous restit€ The  board potential

second term in Eq(5) describes dissipation due to the qua-

siparticle tunneling. The third term describes the tunneling of U(¢) =- EJ(y)<cos¢+ lext ¢>>- (12)
Cooper pairgthe Josephson tunnelindg’he kernelsy(7) and lc(y)

Alr) are givenf inh terms ofbthe diagonafl an(_j Off_—diagonilm this equationE;=(%/2¢)l¢ is the Josephson coupling en-
components of the Matsubara Green function in Nam Lérgy andIC:—(Ze/ﬁ)fgﬁ drB(7) is the Josephson critical

space, usually denoted Igyand 7 current. From Eqgs(7) and(9), we can obtain

2 ’ !
am:—%gﬁmkW@wﬁ%w;wm (6) ldm=§mm@m (13)
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lo(/8) =~ 0.6A(0), (14)  still so high that the instanton approximation is vallds
iven b
where Ny is the density of states at the Fermi energy. Theg y
result ofI(0) agrees with that of Tanaka and Kashiw&ya. Sg
In the following, we will consider the effect of the nodal I'~Aexp - = ) (20)

quasiparticles on the MQT. For this purpose, we first calcu-
late the dissipation kernel(7) for two types of thec-axis = whereSg=Sq ¢s] is the bounce exponent, that is the value
junction, i.e.,(1) y=0 and(2) y# 0 (here we will show the of the the actionS.; evaluated along the bounce trajectory
result for y=7/8 case only. Note that the behavior af(7) ¢g(7). Using above and Leggett al’s method?* we obtain
have been already predicted in Ref. 18. Below we will derivethe main results of this paper, namely, analytic expressions
the analytic expression fax(7) and calculate the renormal- for the MQT rate [Note that we have sét,,~ . so that we
ization mass. can approximate the washboard potentid(¢) as a

In the case of the-axis junction withy=0, the nodes of quadratic-plus-cubic onk.
the pair potential in the two superconductors are in the same

direction. Therefore, the node-to-node quasiparticle tunnel- o) filc(0) | A 1c(0)
ing is possible even at very low temperatures. In this case, To(0) exp -B(0)-0.14 A2 2% C
the asymptotic form of the dissipation kernel at the zero tem-
perature is given by x{l _<M)2}5/4] o
3R9t°NG 1 'c(0) |
al~—"—"—13 (15)
for Ao|7|/>1. This gives the super-Ohmic dissipation Ty(w/8) ~ exp[~B(/8)], (22)
which agrees with Refs. 18 and 19. Note that the dissipation
kernel for the normal Ohmic shunt resistance iswhere
a(r)~1/721510
On the other hand, in the case of the finite twist angle B(y) = 1_2\/ﬁ| ('y)C( \/1+ M(y) 1)
(y=m18), the asymptotic behavior of the dissipation kernel 5e V2e © M
is given by an exponential function due to the suppression of | 2) 54
the node-to-node quasiparticle tunneling, i.e., {1 - (%) } , (23
c\Y.
1 A7
a(r) ~ exp(— NG ;J |) (16)  andIy(y) is the decay rate without the quasiparticle dissipa-
V2 tion. In Eq.(23), SM(7/8) is given by Eq.(18) and
for Ag|7|/A>1. This result coincides with the previous 2112 Pl 5
predictiont® Equation(16) is very similar to that of the con- SM(0) = AZNalt] f dx X fAO/hwpdng (s02
ventionals-wave Josephson junctions with the constant pair Ay o \1-x2J, ! ’

potential A: a(7) ~exp(—2A| 7| /4).20 If the phaseg(7) var- (24)
ies slowly with time on the time scale given By A, we
may expandp(7)—¢(7') in Eq. (11) about7—7". This gives  where w,, is the plasma frequency ari, is the modified
M(wl8) (8 2(n)\? Bessel function. As an example, fd,=42.0 meV2® | (y
St ] = Tf dT(T) ' (17) =0)=1.45x% 104 A, C=10 fF, andlg/1(y)=0.9, we obtain
0 T

T'(y) ~{90% for y=0

25
where To(y) |96% for y=mi8. 25
A2|t[?N3 o o
SM(m/8) =~ 0.25————. (18) Therefore, the node-to-node quasiparticle tunneling in the
Ao case of they=0 junction gives rise to large reduction of the

MQT rate in compared with the=7/8 case.
_ To summarize, we have presented the analytical calcula-
tion of the MQT rate for the-axis twist Josephson junction

Hence under above condition, the dissipation acftthacts
as a kinetic term so that in the end the effect of the quasi

particle dissipation results in an increase of the mass, i.e|, . ; :
M — M+ &M (the mass renormalizatipn By making use of the functional integral method and the

The MQT rate at the zero temperature is given by themstanton.theory. Within the .cohlertlant Funr)eling approxima-
formula-23 tion, we find the super-Ohmic dissipation in the case of the
zero twist angle junction. This dissipation is caused by the
o2 node-to-node quasiparticle tunneling between the two super-

r :p!meZ?lm In Z. (19 conductors. In the case of the finite twist angle, on the other
hand, the suppression of the MQT rate is weak in compared

In order to determind” we employ the instanton theofy.  with the y=0 case due to the inhibition of the node-to-node

When the barrier is low enough for the MQT to occur butquasiparticle tunneling.
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In this paper, we have considered tb@xis Josephson
junctions. Ind-wave Josephson junctions along tieplane
(e.g., YBCO/PBCO/YBCO ramp-edge junctidhs and
YBCO grain boundary junctior$), the zero energy bound
states(ZES) (Ref. 28-30 give a crucial contribution to the

PHYSICAL REVIEW B0, 132505(2004)

qubit3%32the MQT is used in final measurement process. We
expect that our result will help in understanding the decoher-
ence in the measurement processes for dheave phase
qubits

Josephson and the quasiparticle current. Therefore, it is very We would like to thank S. Abe, P. Delsing, N. Hatak-
interesting to investigate the effect of ZES on the MQT fromenaka, T. Kato, Y. Takano, A. Tanaka, and A. M. Zagoskin

a microscopic Hamiltonian.

for useful discussions. This work was partly supported by
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