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Josephson-phase qubit without tunneling
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We show that a complete set of one-bit gates can be realized by coupling the two logical states of a phase
qubit to a third level(at higher energyusing microwave pulses. Thus, one can achieve coherent control
without invoking any tunneling between the qubit levels. We propose two implementations, using rf-SQUIDs
andd-wave Josephson junctions.
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In the field of Josephson qubitghase qubits enjoy con- We induce transitions to a higher std® by applying
tinued attention. This is partly due to their tolerance to decomicrowaves with frequencies near the energy differences
hering background-charge noise compared to charge qubitE,—E; (Fig. 1). The system then undergoes Rabi oscilla-
Most phase-based designs rely on the tunnel splitintp  tions, starting from the logical space. After half a Rabi period
flip the state, i.e., to perform @, operation. This has several (t.=n/Qg), the probability of finding the system {2) will
disadvantages. Firsty is exponentially sensitive to the de- be zero again. The qubit wave function, however, will in
vice parameters. This makes manufacturing spread especialfjeneral have changed: if, e.g., the system starts f@mit
severe, hampering scalability. Second, it is hard to stop theill end up in a superposition. Thus, a matrix element has
evolution, so one may need to, e.g., refotu@ne can in  been created betwe¢d) and|1), equivalent to ar, term in
principle switch offA using a compoundBloch-transistor  the reduced Hamiltonian.
junction, but this considerably increases the parameter sensi- More quantitatively, let us write the Hamiltonian as
tivity even further Also, for many systemA is too small to

be useful or even observable. Conversely, current-biased H=Ho+V(1), 1)
“large-junction” qubits"® avoid the reliance on tunneling at
the price of a large spacing between the logical levels, lead- Ho=Eo|0){0|+E4|1)(1], 2

ing to a strong always-omr, evolution. _ where H, accounts for the uncoupled Josephson junction
Recently, in Ref. 6 it has been proposed to flip the state ofith £,=0 for convenienceand V(t) for the microwaves.
a qubit by two consecutive microwave pulses. The first pulserp;g simple model captures the physics outlined above in

excites the qubit from, sayD) to a highef auxiliary state  yq regimes. Regime (a)corresponds to near-degenerate
|2) through a Rabi oscillation. The next takes the qubit baC'ﬁogical levels and one external frequency,

to the logical space, but now td), addressing the first
disadvantage above. However, this pulse sequence would V(t)=Ve '“'+H.c. (33
carry |1) to |2) instead of the desirefD); a fortiori, it thus _ _ .
does not map a gener@uperpositionqubit state to another, 2Nd |3|=|VI, with the detuningssj=w+E; (j=0,1) and
hence is not a valid gate operation. Even if this would belV| the size of a typical matrix element f[Fig. 1(a)]. On
remedied[by, e.g., precedingfollowing up) the sequence the other hand, imegime (b)the I_oglcal levels are V\_/eII sepa-
with an extral 1) |2) (|0)|2)) pulsd, the method's state rated,|E;— Ey|>|V|, and each is coupled {@) by its own
selectivity relies on a bias betwe¢®) and|1), so the sec- [reduency:
ond disadvantage is overcome at best parti bias can “iw e
be removed du?ing idle periods, but notpdurirgegate agtion V(t)=Voe o'+ VieT 4 Hee. (3b)
also, the inflexible restriction to bit-flip gates only remains. Again | §;|<|V|, with now ;= w; +E; [Fig. 1(b)].
Simultaneously, Ref. 8 has given a Iargfel;prrect pro- We expand the wave function 4,@:2]_2:00]“) and in-

posgl of using an auxiliafy state to imp[ement some.gates fofroduce T =ce ot (j=0,1). In the rotating-wave
a different class of qubits. The coupling to the third state - ﬁé ~ 2L T o~~~
does not involve microwaves, and the resulting lack of tun-2PProximation (RWA), #=(Co,C1,C;) " obeysidy=Hy
ability seems to limit the proposal to a discrete set of gates\{\”th the time-independetit
In this paper, we resolve the abovementioned problems by
showing that a general quantum gaian be realized with 5
Rabi pulses alone, without using tunneling. H=| 0 &, uj
Consider a general system with a bistable potential
(Fig. 1). The lowest levels in the left and right wells are
taken as the logical stat¢8), |1). Unlike most other phase- in terms of the only relevant matrix elements=(2|V/j).
qubit designs, we choose our parameters so as to make In particular, setting wg=w;=w and Vo=V;=V in
smaller than all relevant energy scales, in particular the deregime(a), Eq. (4) holds in both regimes.
coherence rateA<1/r, (h=1). Then, one can consider A watershed now occurs between the case of equal

|0), |1) as energy eigenstates. detuning$? 8,=8;, which will shortly be reduced to the
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FIG. 1. (Color onling Gate operation by coupling the two logi-
cal states to a third level with microwave® (Nearjdegenerate
states and one pulse frequengy) Biased states and two frequen-
cies.

standard Rabi problem, and the more complicatgé o, ,

which however does not correspond to a useful gate opera

tion. Note that in regimda), the former case is the simple
one of degenerate qubit levels; this may be the preferre
mode of operation in practice.

First taking 5,= 6, = 8, we define the Rabi frequency

Q=614+ |ud|+|ud], (5)

and a mixing angle & 5 < by tany=2[u+|u?/s.
One readily finds the inert eigenfunction
~ _(uly_UOyO)T
7 Qgsiny

(6)

obeying H /o= 101, With 7o= 45, which is decoupled from
|2) by destructive interference of the microwavédn the
complementary X2 space, simple algebra yields the rest of

the spectrum as.. = Qg(coszn*1),

I o Ui iny/2 ' 7
U+ =\ 20 sin g2’ 20sin iz S 72 @
~ ug uf T

'/I:(ZQRcosnIZ’ZQRcosn/Z’_Cosn/Z) ' ®

In terms of Eqs(6)—(8), it is trivial to compute the evo-
lution over half a Rabi periodl(t.) =exp{—iHt.}, decom-

posing into a reduced gate actibh in the logical space and
a trivial phase fof2) [cf. above Eq(1) and Figs. 2a), 2(b)].
Only the former concerns us here,

dugl+Fufl ugui(E— %)

(uOuI(z—ﬁ 2ud|+ ¢ u?]

a central result, witli=—e~ ™ 7 running through the unit
circle with detuning. CIearIyLNJr is unitary, overcoming the
problen? mentioned in the introduction. The repeated evolu-
tion U(nt),=U" follows by simply putting £—¢" in

Eqg. (9); hence, the only advantage of taking-1 seems to
lie in accessing~ 1 without large detuning.
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FIG. 2. Evolution of c,(t)=(2|U(t)|0)

for (a) 50:51:0,
U0=67 y u1=1.2, 0$t$577, (b) 50=51=0.25, UO=U1=1,
0<t<5m; (c) &;=0.25, 6,;=0, upg=u;=1, 0<t<10m;
(d) 750:5120.25, UO:1, U]_:eila, O§t$577
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One can also drive at resonanée=0, but with arbitrary
|ug/uy| [in regime (b)]. Setting (uj|—|ul)/(|uj|+|ui))
=cos¢, one has B3 u,/(|u3|+|u3|)=e€'7siné and

U ] re; g) — iei(w/4+ 'y/2)(rzei f(rxei (mwl4— '}'/2)"2. (11)

Of course, one always has the phase skifté: available, by
applying a small bias but no microwaves. Thus, the equiva-
lence above EqJ) is quantitative: adding either E¢LO) or

Eqg. (11) suffices to generate all one-bit gates. kEg=uy,

5=0, both of the above reduce to a quantyor U,x o, ; in

general[U,,o,]#0 unlessugu;=0.

In the “laboratory frame” ,=(cq,c;)", U,x
g/ (@0~ 0Dt = el (B1~EB)ler2[J [=U, in regime(a)]. For
this specific form, it is assumed that the gate operation starts
att=0; this fixes the phases &f, ; in Eq. (3b).

The effective operation rat€g in Eq. (5) depends on
intrawell matrix elementsy;, between wave functions hav-
ing an overlap ofO(1). Forreasonable microwave powers,
one thus expects a speedup compared to conventional de-
signs relying on a smalA. Indeed, the analysis of Ref. 6
applies, showing that the number of operations achievable in
7, IS increased by an order of magnitude. If anything, the

Let us demonstrate that already in its two simplest limits,present situation is slightly more favorable still, since our
Eqg. (9) is flexible enough to lead to universal computing; gate operation is anestep process.
contrast Refs. 6 and 8. For unbiased systems with symmetric Generalizing the above t6,# §; would lead to tedious
potential[cf. Egs.(12) and(13) below] anduy=uy, cubic equations. Fortunately however, this is unnecessary
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since the crucial decomposition f(t) then does not gen-
erally occur for any finite.!* To see this, start, e.g., froff)
and plotc,(t) by diagonalizing a few instances of E@l)
numerically. The locus o€, will evolve in a daisylike pat-
tern [Fig. 2(c)], without returning to the origin like it does
periodically for equal detunings-igs. 2a) and 2b)]. These
numerics can be supplemented with an expansion in
80— 61, the casedy=45,=0 being a particularly simple
zeroth-order problem. FIG. 3. (Color onling Qubit readout using microwave-assisted
Some idealizations have been made in the abblvas in tunneling to the resistive state. Only the left state will tunnel out.
Egs.(1) and(2) is a low-dimensional approximation and the

effective Eq.(4) follows only in the RWA. The pertinent ror 4>1 7/ thus is doubly degenerate, with barrier height
errors typically are~|V|/|AE[, whereAE can be the dis-  g,— Efa+a 1—2)/2 between the minima.

tanceE,—E’ (positive or negativeto an ignored leveE’ or A finite 1, removes the degeneracy; this can be used for

E;1—Eo tI)n r§g|lme (b), etc. These bcatn b? red(;Jce(tjh using df.ithe o, operation. The gate EQ) can be performed using ac
narrow-band, 10w-power source, but only under thé condiy,;., o, ents with appropriate frequencies, as discussed be-
tion Qr7,>1 of fast gate operation. The issue is well under-

stood, and techniques such as pulse-shaping exist to counté?—re' For readout, we apply dg such that one of the excited

act off-resonant(including counter-rotating errors® in States has a high probability of tunneling to the continuum

addition to general quantum error-correction methods. ThéF'g_' 3. By selectively couplmg one qulcal state to th'.s
same holds for timing errors. excited level, we can determine the qubit state by measuring
We now propose two exemplary implementations. the junction VO'taQé- o _ _
(a) SQUIDs. One can use any SQUID qubit, such as the Decoherence im-wave qubits is a controversial subject
three-junctioh® or the usual rf-SQUID. The latter consists of but not central here, so we merely mention a few sources
a superconducting ring interrupted by a junction with Jo-besides external noisée.g., in lp). The contribution of

sephson energk;. The free energy is ungapped nodal quasiparticles is often overestimated: for

a misoriented grain boundary, a node on one side always

(Dpl2m— D)2 faces a gapped direction on the other, suppressing tunneling
LI(¢)=T—EJCOS¢, (12 exponentially’® More problematic are midgagpAndreey

states. Still, since these are split at the qubit's working
with ¢ the phase difference across the junction andpoint, the decoherence due to them can be shown to be
®,=mle the flux quantum. When the external flux tolerable?
O .=Dy/2 and the ring inductance><I>§/47r2EJ, U will As a sideline, a classic double-well system with a tunnel
have the bistable shape of Figal The stateg0O) and|1) splitting is the NH molecule. Taking a heavier central
correspond to opposite directions of persistent current. nucleus, one arrives at BRHand AsH as instances of

A deviation of &, from ®/2 tilts ¢/ [Fig. 1(b)], gener-  Fig. 1(a) on a much larger energy scéfe.

ating ao, operation; applying an rf flux performs @,-like In conclusion, it has been shown that microwave coupling
gate, Eq.(9). To read out the qubit one should measure thejia an auxiliary level suffices for coherent control of a
SQUID-generated flux ab.=®/2; its two directions cor-  josephson-phase qubit. The advantages include comparative
respond to the logical states. tolerance to device-parameter spread, ability to operate with-

(b) Current-biasedd-wave junctions. Ind-wave grain oyt refocusing, and speed. Charge-noise tolerdotethe
boundaries, the order parameter is oriented differently on the paragraph should be excellent: without a need for
two sides of the junction. The resulting Josephson pOtemiaglé-tunneling, the ratio oF, to the charging energgc can

. . . . . '17_19 .. .
is intrinsically bistable; realizing I_:|g. L gand should be comparatively large. A finit€. is needed
In general, the current-phase relation can have many hai- . . ;
. . T . only to ensure appreciable level spacings, as determined by
monics. Here, we approximaté(¢)=1,Sin¢—1,Sin 24, he ol f EE~ suitable devi
wherel is the current through ang the phase difference the plasma frequency- yE,Ec; suitable device parameters
across the junction. The free energy thus is can be readily chosen. For full-fledged quantum computing,
one should additionally describe the coupling of these
N | qubits into a quantum register. While, e.g., tunable-bus
cosp— —cod2¢)|— _b¢7 (13) proposal$® have the promise of being able to couple any
4 2e type of Josephson qubit, the detailed investigation is still in
where E;=1,/2e is the Josephson energy corresponding taPrOgress.
the first harmonic,a=21,/1,, andl, is the bias current.
Whenlp,=0, the minima of Eq(13) are located at

U(p)=—E;
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