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We describe an electrodynamic mechanism for coherent, quantum-mechanical coupling between spatially
separated quantum dots on a microchip. The technique is based on capacitive interactions between the electron
charge and a superconducting transmission line resonator, and is closely related to atomic cavity quantum
electrodynamics. We investigate several potential applications of this technique which have varying degrees of
complexity. In particular, we demonstrate that this mechanism allows design and investigation of an on-chip
double-dot microscopic maser. Moreover, the interaction may be extended to couple spatially separated
electron-spin states while only virtually populating fast-decaying superpositions of charge states. This repre-
sents an effective, controllable long-range interaction, which may facilitate implementation of quantum infor-
mation processing with electron-spin qubits and potentially allow coupling to other quantum systems such as
atomic or superconducting qubits.
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I. INTRODUCTION ence properties of high quality factor superconducting mi-
Recent progress in quantum control of atoms, ions angrostrip resonators originally developed for photon detection

photons has spurred interest in developing architectures ff - With observedQ factors exceeding £0at 10 GHz, such
quantum information processirig]. An intriguing question resonators could permit on-chip storage of a microwave pho-

is whether similar techniques can be extended to contrdi®n for more than %jQLS Moreover, in contrast tohthe micro-
quantum properties of “artificial atoms” in a condensed-Wave cavities used in atomic cavity QHB,9], these one-
matter environment. These tiny solid-state devices, e.g., ﬂuglmenswnal transmission line resonators have mode volumes

lines threading a superconducting loop, charges in coopdf’ Smaller than a cubic wavelength, allowing a significantly
pair boxes, and single-electron spins, exhibit quamum_stronger coupling to resonator modes. This combination of
; ; dpng coherence time and strong coupling makes microstrip

currents and voltage§2,3. To realize their potential as '€SOnators a promising technology for quantum manipula-

highly tunable qubits, they must interact at a rate faster tha#®": . .

the decoherence caused by the complex and noisy environ- In th'_s paper we outline sever'al intriguing avenues for
ment they inhabit. Strong coupling between qubits is there@PPplications of these resonators in the context of quantum
fore essential to achieve a high degree of control over quarflot research. We first discuss a mechanism for strong
tum dynamics. For most systems a mechanism achieving tHePUP!ing between spatially separated charge states in a me-
required coupling strength has only been proposed fop@SCOPIC system. We show, in _partlcular, that the use of quan-
nearby qubitg4], thus limiting the spatfial extent of control- tUm dots may allow construction of novel quantum devices
lable interactions. such as an _on—chlp (_jouble-qm microscopic m@[&ﬂ(].

We describe a technique for coupling mesoscopic systemSYr discussion pertains to lithographically defined Ia.teral
that can be millimeters apart. In our proposal, a strong interdouble guantum dotgl1], although the resonator coupling
action is obtained by linking charge qubits to quantized volt-Mechanism would apply equally to other mesoscopic sys-
age oscillations in a transmission line resonator. We sho#gms. Indeed, similar ideas for resonator mediated interac-
that the capacitive coupling between charge degrees of fredlons have been developed in the context of superconducting
dom of the mesoscopic system and the superconducting res@ubits [12]. Specifically, the strong-coupling mechanism
nator is formally analogous to cavity quantum electrodynamanalogous to that presented here has been proposed indepen-
ics (cavity QED) in atomic physicg5]. Such an interaction dently in Ref.[13].
may be used for controllable coupling of distant mesoscopic Although coherence properties of charge states in quan-
qubits, thereby facilitating scalable quantum computing artum dots are likely worse than those of superconducting sys-
chitectures. Furthermore, we have recently shgjrthat by  tems, quantum dots have two potential advantages: they are
combining the present approach with atom trapping abovéighly tunable and the electrons they confine are not paired,
the resonator, these techniques may allow coupling betweeallowing access to the electron spin. We show that the more
solid state and atomic qubits, thus opening a new avenue fatable spin degree of freedom may be accessed using tech-
quantum information research. niques for quantum coherent manipulation initially devel-

These new opportunities for qubit manipulation using mi-oped in atomic physic$14,15. In analogy to the use of
crowave photons are made possible by the excellent coheRaman transitions in cavity quantum electrodynamics, the
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lowering operatorsS,=3"=|+)-|, so that3,=3,+3_,

IL) [R)
T and so on.
Next, we express the voltage as an operator. A transmis-
Electrostatic Conductor or sion line segment of length capacitance per unit leng@®y,

Transmission Line Resonator and characteristic impedan&g has allowed wave vectors
‘:C.c\> W : - k,=[(n+1)7r]/l and frequenciesw,=k,/CyZ,. Canonical
Dot capacitance  capacitance to ground quantization of the transmission line Hamiltonian allows the
fo ground Gg Q! voltage to be written in terms of creation and annihilation

operators{él,én} for the modesk,, of the resonator. These

FIG. 1. Two double dots coupled by a conductor with capact e, citations may be interpreted as microwave photons. With

tances as described in the text. Note that a transmission line reso- bstituti f 1h tized volt t th d of th
nator requires a nearby ground plafeot shown to shield the substitution ot the quantized voltage at the end ot the reso-

system from radiative losses. nator,

electron-spin states can be coupled via a virtual charge state V=2 4/ Tgn(én +ah), 3
transition. Since the spin decoherence rate is far slower than n 0

the charge decoherence rate, the losses can thereby be gre@ﬂg full Hamiltonian becomes

reduced. Finally, we explicitly address the effect of the reso-

nator on radiative contributions to qubit decoherence, and . #() tn ™ (< vrat L 2
demonstrate that the latter can be greatly suppressed. H= ?Ez+ 2 fiwodra, +hi(g)S, + oS, (A + ).
Before proceeding, we also note important earlier work n

on cavity quantum electrodynamics with quantum dots in the (4)

optical regime[16], which differs qualitatively from the ) - RN

ideas discussed here. The coupling constants, g, =go(T/Q)Vwn/w, and
g(zn):go(AIZQ)\e’wn/wo scale as an overall coupling
strength

II. CAVITY QED WITH CHARGE STATES

A. The resonator-double-dot interaction _ 27,
Jo=wev\/ 5> %)
We consider a single electron shared between two adja- Ro

cent quantum dots whose energy eigenstates are tuned C'%ﬁereRQ:h/eZ~26 kQ is the resistance quantum.

to resonance with the fundamental mode of a nearby super- For go< w, (which is guaranteed for low-impedance reso-
conducting transmission line segment. The electron can O‘HatorsZO<RQ) the Hamiltonian of Eq(4) may be further
cupy the left and right dot statdk) and[R), respectively,  gimpjified by neglecting all terms which do not conserve
and it tunnels between the dots at rate(see Fig. 1 A gnergy: If the dot is near resonance with the fundamental
capacitive couplingC; between the right dot and the resona- frequency, wo=/1Z,Co=~(, we may neglect all other

tor causes the electron charge state to interact with excitay,nqes. and in the rotating wave approximation the Hamil-
tions in the transmission line. We assume that the dot iggnian ’reduces to

much smaller than the wavelength of the resonator excita-
tion, so the interaction strength may be derived from the ~ oA

hQ T
» ° = = — ata __(at A
electrostatic potential energy of the systdt),=eWw|RXR|, H=Hic 2 2zt hwpdat ﬁgOQ(a 2-+ak,). (6

wheree is the elt_ectron chargéd/ is the voltage on the reso- The Jaynes-Cummings interaction described by @j.
natqr near the right dot;:C9/(Cc+Cd), andCy is the ca- furnishes a direct analogy to a two-level atom coupled to a
pacitance to ground of the right dot. __ single-mode field. A different feature of the double-dot sys-
A more useful form of the interaction Hamiltonian is o is that the parametef¥(t) and T(t) can be adjusted on

found by rewriting th'.s energy in a d|fferen_t basis. First, we ¢4 ime scales by varying the voltage applied to the metallic
express the left and right dot stafes and|R) in terms of the ates defining the quantum dots. Consequently, the detuning
double-dot eigenstates. If the two dots are tunnel couple (t)-w, and the effective coupling constan@sT'(t)/Q(t)

with matrix element and have a potential-energy difference may be0 controlled independently for double dots on either

of 4, then the double-dot eigenstates are given by end of the resonator, each of which interacts with the reso-
nator via the coupling described by E®).
To illustrate the strength of the resonator mediated inter-
action rateTgy/{), we compare it with a static interaction
|- ) =cosp|L) - sing|R), (2)  achieved by capacitively coupling spatially separated double
dots through a conductor. By calculating the change in elec-
where tanp=-2T/(Q+A) andQ=\4T?+A? is the splitting  trostatic energy of an electron in one double dot due to shift-
in frequency between the eigenstate$ and|-). For no-  ing the electron between dots in the second double dot, we
tational simplicity, we represent the electron charge statéind that the electrostatic interaction energy BE
in terms of Pauli spin matrices by defining raising and=uv2e?/(Cl). If the nonresonant conductor and the transmis-

| +) =sing|L) + cosp|R), (1)
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sion line have the same lengthand capacitance to ground
C,, the two interaction rates may be compared directly:

_LiedRe
figy = UAE 27, (7

Typically, Zy=500 <R, and careful fabrication permits a
strong coupling capacitance, with=0.28 [17], so that
hgo=57AE. Hence a much stronger coupling can be
achieved using the resonant interaction. For example, a
wavelengthh =2 mm in GaAs corresponds to a frequency
of wg/27m=50 GHz,yielding an extremely large coupling
constantgy/ 27~ 870 MHz. FIG. 2. The double-dot configuration is illustrated in the charge
In atomic systems, the photon decay rat@ften limits  ejgenbasis|+),|-). Electrons tunnel from the source into the left
coherent control. In the solid state, superconducting transdot at ratel’, and from the right dot to the drain at ralfg. For a
mission line resonators developed for high-speed circuitryinite detuningA, this pumping can lead to a population inversion.
and photon detection have been produced Wtfactors up  Decay from the excite¢+) state to the groun{t) state occurs via
to 1P [7]; the photon decay ratew,/Q can thus be very photon emission into the resonator and also via phonon-mediated
small. The limiting factor is the charge state dephasing ratéelastic decay processes.
7v.- Inelastic transition ratefl 8] set a lower bound of a few

hundred MHz, and initial observations of coherent chargehe generated field are disregarded. Such analysis does, how-
oscillations reveal a dephasing time near 1 ns, limited byever, provide a reasonable estimate for the threshold condi-
relatively hot(100 mK) electron temperaturgd9]. For our  tion and general power.
calculations, we make the conservative estimatg. #/1 ns, The double-dot system under consideration has left and
noting that the zero-temperature value could be an order afght barriers which allow tunneling from the source and to
magnitude slower. Regardless of the precise dephasing ratée drain with strengti’, andI'g, respectively, and one of
quantum-dot charge states would make rather poor qubitshe dots is capacitively coupled to a resonator as in Fig. 1.
Consequently, for application to quantum information weBy maintaining a potential energy difference between the
must extend the strong charge state coupling to the spin déwo leads, a current is driven through the double dot, and
gree of freedom, which decoheres on much longer timeach electron passing through the dot can stimulate emission
scales. of a photon into the resonator. To operate as a maser, how-
Nevertheless, initial demonstrations of cavity quantumever, the double dot must exhibit population inversion, which
electrodynamics may be possible using only the chargean only be achieved if electrons preferentially flow in
states. Stimulated emission of photons by a double quantufihirough the excited state and leave via the ground state.
dot has previously been observed using external microwavsince finite tunnel couplind> 0 is required in order to emit
radiation to enhance tunneling ratgsl]. If the external photons into the resonator, both the excited and ground states
source is replaced by the intracavity field of a microwave|+) must be partially delocalized. This allows electrons to
resonator, stimulated emission can exponentially amplify théunnel directly from the source to the ground state and vice
field. For large enough coupling, the double dot can po- versa. Moreover, inelastic decay processes limit how effec-

tentially act as an on-chip maser. tively the double dot can convert population inversion into
photons. A careful treatment of pumping and decay rates is
B. The double-dot microscopic maser therefore needed to demonstrate maser action.

Our semiclassical analysis treats the double-dot quantum

A double dot operated in the high-bias regitsee Fig. 2 . o
can convert electronic potential energy to microwave pho_mechanlcally, but assumes that the resonator excitations can

tons. By pumping electrons through the double dot On%be described by a coherent state. We use the density-matrix

g hope 0 nduce a popaton nversion to amplfy TS 1 e g e approaton to derve
applied microwave excitation. Note that such a device is d g 9 _ b
coherent state of the resonafje)=ala). From Eq.(6),

based on a single emitter, and thus may have properties that .
differ significantly from those of conventional masers. In ON€ can shqu _that the_ slowlylvarylng components of the
fact, the double-dot device corresponds to a direct analog Oqensny matrixp in the eigenbasig|+),[-)} evolve as
the microscopic masefmicromaser that has been exten-
sively studied in atomic physid40]. The micromaser can be . . Qo
used for unique studies of quantum phenomena including p++=la6(p+_—p_+),
generation of nonclassical radiation fields and their nontrivial
dynamics[8,9]. 9T

In this paper we will be interested only in the general i)+_=—i6wp+_+iaL(p++—p__),
feasibility of the on-chip micromaser, and thus we analyze it Q
semiclassically within a rate equation approximation. In this
approximation, effects associated with quantum statistics ofvhere dw=Q-wg, p-_=—p.., andp_,=(p,-)".

®
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In addition to this coherent evolution, the density-matrix ) _goT O-A
components are affected by dephasing, decay, and coupling P+ = IaE(m-— p-+) = (% + FRT>p++
to the leads. In particular, the excited-state populapon
increases at a ratB [(+|L)|*(1-p,,—p__) due to pumping
from the source, while it decays at rage+I'g/(+|R)|? due to
relaxation to the ground-state at rgteand loss to the drain.
Similarly, the ground-state populatign_ increases at a rate
[ (=IL)2(L=pss—p__)+ ¥ip+s, While losing population at
rate I'g/(—|R)|?p__. Note that our density matrix no longer _
satisfiesTr(p)=1 (since the electron can leave the double +F"W(l —Psr—p—), 9
dot), and we have accounted for the large charging energy by
allowing at most one electron to inhabit the double [&1.

The pumping and decay rates also contribute to reduction pre= = (Yot + 1 0w) ps_ + ia@( -p__)

P+ Viot P+ P++ = P--)s
of the off-diagonal termg, _, p_,. Inelastic decay contributes Q
/2 to the charge dephasing rage. The coupling to the \herep_,=(p,.)". In the steady state, the time derivatives
leads, however, enters in an asymmetric fashion becBgse yanish, and one may easily obtain the polarizatioriplm)
causes direct lifetime broadening, wherdgsonly affects gpq population inversiop,.,—p__.
dephasing through virtual processes which allow the con- Sjmulated emission processes increase the intracavity
fined electron to scatter off electrons in the source. We confield. The amplitude of the coherent state, grows as
sider the regimd’z~1I",, where these higher-order processes(g,T/Q)Im(p,_) while decaying at ratea due to the finite
can be neglected in comparison to lifetime broadening, anfinewidth of the resonator. Expressed in terms of the effec-
thereby find that the off-diagonal terms decay at a nale  tive emission rate,G=(goT/Q)?yol (Vo + dw?), the field

Q+A
+ TLW(l —prs—P-),

. . 0ol Q+A
p--= |6¥%(P—+ —ps) =T R g P T YiPss

=(y+IR/2+7y.. growth rate is a=a[G(p,,—p-_)—«]. Substituting the
Taking all terms into account, the density-matrix equa-steady-state population inversion, we find the evolution
tions of motion are equation for the microwave field:
|
. ZGQFL(AFR_ ’yrQ)
= 2 2 2 a -~ Ka. (10
(Tr+ 2U')[Q%(4Ga? + ) + 2T°T'g] + ATR(2AL + Q)

This expression allows derivation of the threshold condition= 1000 photons. A weak coupling to a nearby transmission
for maser operation, which corresponds to the requiremeriine can leak these excitations at a ratec3/1us without
that the initial growth rate be greater than zéid «)| -, > 0. significantly affecting the& of the resonator, allowing emis-
Due to saturation effects from? in the denominator of Eq. sion of around 19photons per second. The resulting power
(10), the field @ grows untila=0. This steady-state solution at 30 GHz is around 20 fW. Although these fields are small,
ass determines the number of generated photads,which  they could be detected by photon-assisted tunneling in an-
we identify as the double-dot maser figure of merit because ipther mesoscopic two-level system. For example, recent ex-
quantifies the amplitude of the microwave field attained inperiments on a superconductor-insulator-superconductor
the resonator. junction have shown a sub-femto-watt sensitivity to micro-
The double-dot maser cannot be made arbitrarily powerwayve excitations at 25 GHR21]. In conjunction with such
ful by increasing the pumping power. Although increasingsensitive microwave detectors, this on-chip coherent micro-
'L r pumps more electrons through the double dot, openingvave source could provide a useful tool for high-frequency

up conduction to the leads speeds up the dephasing ratgpectroscopy of mesoscopic systems.
which decreases the effective emission @te€Consequently,

there is an .optimal_ pumping rate which maximizes the IIl. CAVITY QED WITH SPIN STATES
steady-state intracavity field.

To demonstrate the feasibility of building a double-dot The spin state of an electron in a quantum dot has been
maser, we calculate the threshold current and maximum fielduggested as a potential solid-state qubit because it possesses
agsfor a realistic set of parametesee Fig. 3. The threshold good coherence propertig4]. While a quantitative value for
conditiona> 0 can be satisfied even for a dot-resonator couthe spin dephasing ratg, is unknown, a number of experi-
pling rate of only go/27=30 MHz. For the calculations ments indicate that it is significantly smaller than the charge
shown in Fig. 3, we tak&| =I'r=T", and moderate values of dephasing rate. Experiments in bulk two-dimensional elec-

I' and g, yield typical resonator excitations ofagd?>  tron gas find 145=100 ns[3], though the situation will be
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a) Threshold Current a) b)
40 Photon Lifetime (1K),
1‘l oton Lifetime (1K), |R¢> |+¢> A
\ 10 ns |+ T)
' /
35 “‘ 100 ns T/ |RT>
Fe | / / B =] [|©
(PA) ILy) /) A
L )
25
go/2T
c) +1)0
200 400 600 g0 (MH2) +HI0)
B A R T
b) Maximum lntracavity Photon Number e
2
Oss . |_¢>|0>
Coupling Strength n, v [-)1)
1000 (o/2)- S i
—— 10 GHz
or S ____. 100 MHz FIG. 4. (a) An isolated double quantum dot has charge states
_______ 50 MHz detuned byA and tunnel coupled by; the spin states are split by
600 30 MH. (b) In the double-dot eigenbasis, an ESR pyssapplied locally to
________________________________ z the left dot couples+1) and|-|), while the resonator allows tran-
400 T T sitions between charge states accompanied by emission or absorp-
tion of a photon(c) The three-level system has effective coupling
200 strengthsB(T/Q)) and go(T/Q) and lossesy,,ys, and x due to
Ie charge, spin, and photon decoherence, respectively. ESR and reso-
2 (nA) nator frequencies=0-5-¢€ and wyg={)-¢, respectively, allow a

resonant two-photon transition between the spin levels.
FIG. 3. (a) The threshold pumping curreal required for maser

operation is shown as a function of dot-resonator coupling strengtind spin state$t)® |”> which we abbreviate tdiTU-

for three values of«, the rate at which photons leak out of the Since an electron in the orbital ground state maintains its
resonator(b) The maximum number of photons produced in the gpin coherence over long timesl/ys, we choosd-|) and
resonator as a function of the pumping currehitshows saturation |—T> as the two metastable states. The resonator couples
due to F_—induced dephasing. Note that the required coupling|_T> to [+1); to complete the Raman transition, we need a
strength is low:go/27~100 MHz The relevant parameters for mechanism which simultaneously flips the charge and spin
these calculations arel’, =I'e=I', A/T=2, 0=0, 1/y%=11S,  giate hetweepr1) and|-]). This can be accomplished with
1/»=10ns, and in parth) 1/x=1ps. a local ESRelectron-spin resonangpulse 23(t)cog rt) act-

. ] ) o ing only on electrons in the left dot. By tuning the ESR
different for confined electrons. Spln relaxation times of OVercarrier frequency,/ close to the appropriate transitio|ﬁ.,l>

50 s [18,22 indicate that the spin of an electron in a quan-_, |+1), we need only consider the near-resonant terms of the
tum dot can be well protected from its environment. local ESR Hamiltonian:

The spin does not couple directly to electromagnetic ex-
citations in a resonator, but an indirect interaction is possible ~ T it it
by entangling spin with charge. This technique is similar to Hesr= ﬂ(t)§(|+ DG Le™ + = I+ 1le™). (1)
Raman transitions in atomic systems, where long-lived hy-
perfine states interact via an intermediate short-lived excite€Choosing the ESR detunirf@— 6— v=¢ to match the resona-
state. In particular, by employing the analog of a Ramartor detuning()—w,=¢€, we implement a far-off-resonant Ra-
transition, which only virtually populates charge state superiman transition.
positions, we show below that quantum information can be Several conditions must be met, however, in order to ne-
transferred between the stable spin and photon states. glect the energy-nonconserving processes as we did in Eq.
(12). In particular, the ESR field must be sufficiently weak
and sufficiently far detuned from resonance to satisfy the
following three inequalities: B<|v—-4¢|, B<|Q+5-1,
A technique based on Raman transitions requires a closed/)?goB/ e< 8. Physically, this means that the transition
three-level system incorporating both the charge and spinates for undesired spin flige.g.,|+7) and|+])) and the rate
degrees of freedorsee Fig. 4. We define the spin statés)  for Raman transitions between the wrong levels must both be
and ||) by applying a static in-plane magnetic fie®, small compared to the energy detuning associated with each
which splits them in energy by=gugB, (6.2 GHz/T for  process. By going far-off-resonance, we also prevent the
GaAs. The electron state is then represented by its charggansition |-|)— |+]). Consequently, the system described

A. Three-level systems in double dots
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by Egs. (1) and (6) is truncated to three states: C. Experimental considerations
{I=1,2.]=1,0,]+1,0)}, where the final symbol indicates  tha proposed system fits into ongoing experimental ef-

the number of excitations in the resonator. We have thugorts toward single spin initialization and read@g]. Local
constructed a solid-state analog of the three-level atom QSR however, has not yet been experimentally demon-

cavity quantum electrodynamics. strated, and will likely represent the most challenging ele-
ment in our proposal. Nevertheless, a variety of tools are
B. State transfer using a far-off-resonant Raman transition now being developed which may permit local spin manipu-

lation. Consequently, we now consider several strategies for

: The primary goal of the. coupling mechani;m is to allqw achieving the simultaneous charge transition and spin flip
interactions between spatially separated spin qubits. S'ncfequired for our scheme

auxiliary adjacent spin qubits can accomplish conditional dy- One promising route to spin resonancegiactor engi-

namics[4], long-distance state transfer is sufficient to attain, oo ringr23]. In our proposal, even a static ESR interaction
this objective. In this section we present an analysis of th%?

i i dthel f coh iated with st v=0) could be used to flip spins, provided that-pg.
coupling rates and the [oss of conerence associated with S{fg, ,jation of one component of thg-factor tensor, e.g.,
transfer using a far-off-resonant Raman transition.

The two states—1,1) and || ,0) play the role of meta- O Could thus turn on and off the effect of a static applied

. . . field B, by modulating the Zeeman tergy,ugByoy in the
stable atomic states. They are coupled|¥i@, 0), which acts X : ;
as an intermediate excited state. For constarand 8 and Hamiltonian. By making the electrodes small enough, this

large detuninge, the metastable states are coupled at an efg—factor shift could be applied to a single dot. Although
fective transition ratey=(T/Q)2g,B/ ¢, and state transfer is working nearv=0 will vastly reduce the heat load associated

: . ; with ESR, the system will be more sensitive to low-
achieved by pulsing/{) f_or atimer= 77/(2_)()' ) frequency fluctuations in the electromagnetic environment.
Lpss of co_herence arises both from V|_rtual populatl_on of Alternately, high-frequency anisotropigfactor modula-
the intermediate state and from dephasing of the spin angl, can induce spin flips using a static magnetic field and
photon states. Virtual population of charge superp025|t|ons INmicrowave electric fieldg24]. As in the case of static
duces decoherence at a ragg~(T/Q)%(P,5>+Pig5)/ €,  gfactor engineering, the electric field could be applied lo-
whereP; denotes the probability that the system is in theca|ly. The resulting ESR coupling strength depends on the
corresponding spin state. F@rand g, of similar magnitude voltage-induced change in anisotroggefactor Ag,, multi-
we approximate this decoherence rate by atime-independeaﬁed by the applied static field. If one can engineeg,,
value(T/Q)%3?+g3)/ 2€%. The metastable states decohere atq o3 (static g-factor engineering can inducag,,=0.16
rate yp, which is always less than the greaterpfand x  [23)), a static magnetic field of 16 T would produce the de-
(strictly speaking,yp also depends o, |, but the depen- sjred local ESR strength. Operation at such large fields, how-
dence is weak sinces=«). During the time required for ever, would necessitate using a type-Il superconductor to
state transfer, 7=w/2y, the error probability is construct the resonator. Since the flux-pinning mechanisms

Perror™= T(Yeft+ ¥p)- At optimal detuning which allow high-field superconductivity also contribute to
s residual surface impedance, resonators constructed of type-ll
€ =TI y(B"+ 9o) 27, (12)  materials would likely have lower quality factors.
the probability of error becomes Other strategies combine a global ESR pulse with some
other mechanism that couples spin and charge, for example,
— 7} ,82+g§ a spin-dependent tunneling rate. In this case, the charge
Perror = Ve ﬁ 282 (13 eigenstates can be made different for the two spins, so that

o _ _ (=[+)=n#0 (here|+,) is the charge eigenbasis for an
As a quantitative example of this technique, SUPPOSlectron with spino). If the global ESR strength iSgiopas
O/27=2T/27w=50 GI_-|z,gO/27r:_870 _MHz, and 175’0_ is set  the coupling betweeh+1) and |-|) is 7Bqioba Whereas the
by the expected spin dephasing timel us (requiring a  additional decoherence due to the slightly different charge
resonator quality factoQ>5x10%). Using an ESR field gistributions of~1) and|-|) is only 727.. Sufficiently large

pBl2m of 1 GHz, the far-off-resonant Raman transition ac-g . . and smally permit state transfer with negligible con-
complishes state transfer in around 100 ns witho~0.2  tripution to dephasing.

for a detuning ofe/27=15 GHz. These numbers easily sat-

isfy the conditions on8 which allow neglect of energy- ,, coNTROL OF LOW-FREQUENCY DEPHASING WITH
nonconserving processes. A high in-plane magnetic fld A RESONATOR

is not needed, since,e> B, and y/27=15 MHz, so we

merely requireB,>15 mT (a low magnetic field is desirable Thus far we have assumed a single-mode resonator and
because it presents fewer complications for the supercorincluded only energy-conserving processes. A more careful
ducting resonator desiggnWe note that this example pro- analysis incorporates the energy-nonconserving terms of Eq.
vides only a very rough estimate of expected error rates sinc@l), which lead to corrections scaling g%z/wﬁ. If the reso-
they depends sensitively on the quantity of interest, the pulsaator has a minimum frequency,>g,, these terms are
ing mechanism, and the valuespfandy.. Optimization of  small and can be neglected. However, as the minimum fre-
these variables could likely lead to significant improvementgjuency decreases, energy-nonconserving terms may become
in fidelity. important.
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) AN\AN)—————————— tonian of Eq.(4) in two situations:(a) the double dot is
resonator transmission line environment coupled directly to the environment, s& annihilates a
b mode of a semi-infinite transmission line, afixl the double
2 - dot is coupled to a resonator which is in turn coupled to a
VI Quasimode . . . . .
800 spectrum transmission line environment, #q annihilates a quasimode
e I S T Lorentzian _ of the resonator+transmission line system. To calculate
approximation dephasing, we start in the vacuum state for electromagnetic
4% degrees of freedom and require that the couplfgﬁlﬁ; is
200 y gradually turned on and off with time dependenti)
w/w, ©  wiE . L
0.9995 1 1.0005 1001 0 =[”, €“f(w)dw. After tracing over the transmission line de-
e grees of freedom, the componept)(-| of the reduced
10 charge state density matrix has decreased B in case(a)
ande 2 in case(b) where
0.1
*LZoCo, ~
Ka:f ——|9of(@)[*do, (15
0.001 o T

0 0.5 1 1.5 2

_ f LZsCo Qudldof(w)[?
Kb -

dw. 16
o 7 Qo-wolral (10

FIG. 5. (a) Losses in the resonator may be modeled by a weak
coupling to a semi-infinite transmission ling) For a highQ reso-
nator, the quasimode voltage spectrunxat (solid) is well ap- . . . . .
proximated near the fundamental mode by a Lorentzdashedl Assuming a slowly VaerG(t_) and a_hlghQ cavity, exami-
with half width o/Q. (c) A logarithmic plot of the same fit shows Nation of Eqs(15) and(16) directly yields
that the Lorentzian approximation provides an upper bound on the

effects of dephasing due to low-frequency modes. kp 1 (17)

Ka Q’
In an experimental implementation a major concern could ) o
be that coupling a double dot to a macroscopic resonatdr€:» the low-frequency dephasing of the qubit is greatly sup-

(which is in turn coupled to the environm@mhight drasti- pressed. This resglt ir]dicate§ that in situatiqns where the
cally increase the charge decoherence rate. Consequently, Wauble-dot dephasing is dominated by coupling to electro-
examine the resonator modes more rigorously. Followingh@gnetic modes of the transmission line, a resonator pro-
Ref. [25], we model the environment as a transmission lingVides good protection from low-frequency dephasing.

of length L —oo capacitively coupled to the resonator, and

diagonalize the resonatetransmission line systeifsee Fig. V. CONCLUSION

5(a)]. The discrete mode operatds, &, are replaced by the

creation and annihilation operat ,A for the eigenmodes . ' . :
P CA% K 9 atomic cavity quantum electrodynamics may be observed in

of the total infinite system, which have a continuous spech. hiv tunabl lid-state devi tum-dot ch tat
trum of modes. Since arbitrarily low frequencies are repre- Igh’y tunable solid-staté devices. Quantum-do [charge states
. (K 5 . are limited by a fast decoherence rate, but a solid-state maser
sented, the correctiorns(g, ./ w,)“ may no longer be negli- : .
iol Xz may nonetheless demonstrate coherent interactions between
9 If6ih double dot wer upled directly to a transmissi na double dot and a resonator. For quantum information sys-
€ double dot were couple cly SsIo tems, lower decoherence rates are required, and we have il-

line, the low-frequency dephasing would indeed pose a prOIC’l'us:trated how a long-range interaction between long-lived

lem. However, the effect is mitigated because the resonator @pin states may be implemented with only virtual population

(r)nlynsenr:s;?ve tc;] envllzrornrkr:ie?]tal nmsef W'tth:DO/ t% O: then t of intermediate charge states. This system represents an op-
esona equency. For igh quailty tactors, the resonato ortunity to manipulate electron spins and charges with a

voltage spectrum at quasimode frequencies hear _and belol vel of control usually associated with atomic physics, and
the fundamental mode approaches a Lorentgae Fig. 3, illustrates how techniques pioneered quantum optics can find
b Qu? application in a solid-state context.

k 0 , (14) On a broader level, our work also demonstrates how a
2CoL Q*(wy — wg)* + w high quality resonator can serve as a quantum coherent data
. . ] ® bus between qubits. Such a data bus could provide an inter-
which vanishes aso,—0. The coupling strengtly, , be-  action between different types of quantum systems. Cooper
tween the quantum dot and the_ quasimode is proportional tgajr hoxes[12] or even Rydberg atomgs] could thereby
this voltage, so the problematic coupling to low-frequencyinteract with electron spins. If sufficiently strong coupling

In this paper we describe how effects familiar from

V2=

modes is strongly suppressed. . mechanisms can be found, these artificial atoms and micro-
To illustrate the suppression of decoherence, consider thgaye resonators could have an important role to play as tun-
dephasing effect of the termkgg‘)(AﬁAfZ)EZ in the Hamil-  able, integrable, and scalable coherent quantum systems.
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