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 2012 December 25Simply quantum information processing with rf superconducting qubitF.-Y. Zhang1), Z.-H.Chen, C. Li, H.-S. SongSchool of Physics and Optoelectronic Technology, Dalian University of Technology, 116024 Dalian, ChinaSubmitted 1 November 2012Utilizing rf superconducting quantum interference devices (SQUIDs) coupled with transmission line res-onator (TLR), we propose a scheme to implementing quantum information processing. In this system, the high�delity two-qubit maximally entangled states and quantum logic gate are realized. Under the large detuningcondition, the excited state of rf SQUID is adiabatically eliminated. So the excited state spontaneous emissionof the superconducting qubit can be e�ectively avoided in this paper. At last, the experimental feasibility andthe challenge of our schemes have been discussed.I. Introduction. Entangled states and quantumlogic gate are the main backbone in quantum infor-mation processing (QIP). The entangled states are notonly helpful in QIP (quantum teleportation [1], quan-tum dense coding [2], quantum cryptography [3]), butalso useful in quantum mechanics to prevail over localhidden theory [4]. On the other hand, quantum logicgates are the important information process unit in QIP.Until now, many theoretical and experimental schemeshave been proposed to prepare entangled states, whichinclude two-qubit entangled states [5, 6], Greenberger{Horne{Zeilinger (GHZ) states [7],W -type states [8], andcluster states [9], and to implement quantum logic gates,such as, Hadamard gate [10], pSWAP gate [11], and Tof-foli gate [12]. Hence, how to generate entangled statesand implement quantum logic gates with the gracefulway is still a hot topic.Recently, the solid superconducting devices (Cooperpair boxes, Josephson junctions, and SQUID) were pro-posed as candidates to serve as the qubits for a super-conducting quantum computer [13], due to its advantagein design 
exibility, large-scale integration, and compat-ibility to conventional electronics. Therefore, there havebeen broad investigated in quantum informaton �eld.For instance, the coherent control of macroscopic quan-tum states in a single-Cooper-pair box has been realized[14]. The detection of geometric phases in superconduct-ing qubit has been reported [15]. In particular, the cur-rent experiment has shown two nearby superconductingcharge qubits can be readily coupled with a single high-Q TLR [16]. Then logical gates are realized by drivingthe resonator with microwave �elds in this system [17].However, one of the 
ux qubit, rf-SQUID has long co-herence time than the charge qubit [18]. Yang et al. pre-sented a scheme to achieve maximally entangled statesand SWAP gate for two rf-SQUID qubits, which were1)e-mail: zhangfy@mail.dlut.edu.cn; zhangfy1986@gmail.com

placed in a microwave cavity [19]. In this scheme, thereare some disadvantages. For instance, (i) the redun-dant operation: generating maximally entangled statesrequires three-step operations and achieving SWAP gateneeds �ve-step operations, respectively. (ii) The short-lived excited state is acted as auxiliary level, which is therequisite in the all process. (iii) The in
uence of dephas-ing rate and relaxation rate of superconducting qubits onthe results do not consider in the Yang's scheme.In this paper, we propose a simply alternative schemeto generate entangled states and implement logic gatesby using single-mode TLR which induces the interactionof two rf SQUIDs. Under the large detuning condition,the excited state of rf SQUID is adiabatically eliminated.The information is encoded in two ground states of su-perconducting qubit. Our schemes have the followingadvantages: (i) The excited level of rf SQUID, which isvery robust to decoherence due to spontaneous emission,is only virtually coupling. (ii) The rf SQUIDs couplingwith TLR has experimental feasibility with currentlyavailable technology. (iii) Comparing with Ref. [19],our scheme only needs one-step evolution for generatingmaximally entangled states and two-step operations toimplementing SWAP gate, respectively.The rf SQUID consisting of one Josephson junctionenclosed by a superconducting loop. The Hamiltonianof rf SQUID can be written as [20, 21]Hq = Q22C + (�� �x)22L �EJ cos�2� ��0� ; (1)where C expresses junction capacitance, L is loop in-ductance, Q describes the total charge on the capacitor,� depicts the magnetic 
ux threading the ring (� andQ are the conjugate variables of the system), �x is thequasistatic external magnetic 
ux through the ring, andEJ = Ic�0=2� de�nes the Josephson coupling energy,where Ic and �0 = h=2e are the critical current of thejunction and the 
ux quantum, respectively.�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012 875



876 F.-Y. Zhang, Z.-H.Chen, C. Li, H.-S. SongII. Generation of entangled states and realiz-ing logic gate. In general, the rf SQUID is de�ned a�-type three energy levels structure (the two lower 
uxstates j0i and j1i; and the excited state j2i) [19]. Theenergy level con�guration of the rf SQUID is shown inFig. 1. We take the energy of level j0i to be zero as the
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Fig. 1. (Color online) The energy level con�guration of therf-SQUID. The TLR mode interact with the transitionj0i $ j2i. The transition j1i $ j2i is driven by classi-cal �eldreference point. The lower lying level j1i and the upperlevel j2i have the energy !1 and !2 (~ = 1), respectively.A rf SQUID was trapped in an antinode of theTLR, and driven by a classical microwave pulse. Theresonator mode with frequency !r is coupled to thej0i $ j2i transition with coupling constant g, but far-o�resonant with the j0i $ j1i and j1i $ j2i transitions.The microwave pulse with the frequency ! and Rabi fre-quency 
 is coupled to the j1i $ j2i transition while far-o� resonant with the j0i $ j2i and j0i $ j1i transitions(see the Fig. 1). In the interaction picture, under therotating-wave approximation (RWA), the Hamiltonianof the system can be written asH = gayj0ih2je�i�t +
j1ih2je�i�t + h.c.; (2)where the detuning � = !2 � !r and � = !2 � !1 � !.If the detuning �(�) is su�ciently large, i.e. j�j(j�j) �� g;
, the upper state j2i is only virtually exciting andcan be adiabatically eliminated, and the correspondingto e�ective Hamiltonian is [22]He� = �0ayaj0ih0j+ �1j1ih1j++ (�2aj1ih0jei(���)t + h.c.); (3)where the parameters �0 = jgj2=�, �1 = j
j2=�, �2 == g�
=�0; and 1=�0 = (1=� + 1=�)=2. The �rsttwo terms in He� represent photon-induced and laser-induced dynamic energy shifts, respectively. The photoninduced level shifts can be eliminated when the TLR isinitially prepared in the vacuum state. The laser inducedlevel shifts can be compensated straightforwardly using

additional lasers with appropriate frequencies. There-fore, the e�ective Hamiltonian can be further reducedto H 0I = �2aj1ih0jei�t + h.c.; (4)with � = �� �.Next, we discuss how to generate two-qubit entan-gled states and achieve logic gate by our scheme. Weconsider two rf SQUIDs were trapped in an adjacentantinode of the single-mode TLR (see Fig. 2). In the
Fig. 2. Two superconducting qubits (crossed box) weretrapped the antinodes of a quantum electromagnetic �eldin a TLRinteraction picture, the Hamiltonian can be written asHI = Xj=1;2(�j2aj1ijjh0jei�j t + h.c.): (5)If the detuning �j is much larger than the coe�cient�j2 (�j � �j2), there is no energy exchange between therf SQUIDs and the TLR. We assume two identical rfSQUIDs simultaneously interacting with the TLR, i.e.�12 = �22. Also, we assume the coupling strength g andRabi frequency 
 are real numbers. And the TLR isinitial assumed in the vacuum state. Then the e�ectiveHamiltonian is given by [5]He = �3(j1i11h1j+ j1i22h1j+ �+1 ��2 + ��1 �+2 ); (6)where �3 = �22=� and �+j = (��j )y = j1ijjh0j (j = 1; 2).The �rst and second terms correspond to the dynami-cal energy shift regarding the level j1ij . The third andfourth terms describe the dipole coupling between thetwo rf SQUIDs induced by the TLR. Then the evolutionoperator of Eq. (6) isU(t) = 0BBBB@ e�2i�3t 0 0 00 1+e�2i�3t2 �1+e�2i�3t2 00 �1+e�2i�3t2 1+e�2i�3t2 00 0 0 1 1CCCCA : (7)The two-qubit maximal entangled statej	i = 1p2(j0i1j1i2 � ij1i1j0i2); (8)can be obtained, when we choose the initial supercon-ducting qubit in state j0i1j1i2 and evolution time t == �=4�3 + 2k� with the integer k, here the common�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012



Simply quantum information processing with rf superconducting qubit 877phase factor �=4 has been omitted. Obviously, the timeof generating two-qubit maximal entangled state is a pe-riodic function. This is to say that the maximal en-tanglement of two rf SQUID can be deterministicallygenerated at proper time. This result has been studiedin the quantum dot system. The main advantages ofour scheme are: (1) the superconducting qubit can becontrolled by external 
ux and voltage; (2) the couplingbetween superconducting qubit and TLR has favourablyexperimental feasibility.In order to realize quantum logic gate, we choosethe basis fj0i1j0i2; j0i1j1i2; j1i1j0i2; j1i1j1i2g. When theevolution time t = �=2�3, a particular logic gate can berealized and written asj0i1j0i2 ! j0i1j0i2;j0i1j1i2 ! j1i1j0i2;j1i1j0i2 ! j0i1j1i2;j1i1j1i2 ! �j1i1j1i2; (9)where an overall phase factor exp(�i�) is omitted. TheEq. (9) is a swap and � phase gate. To achieve aSWAP gate, a additional single-qubit operation is ap-plied: j1i ! �j1i. Then the Eq. (9) becomes a normalSWAP gate.For a real physical system, we should take accountof decoherence e�ects. Following the standard quantumtheory of damping, the master equation of two-qubit sys-tem is_� = �i[He; �] + Xj=1;2 �
�j2 ��jz��jz � ��++ 
j4 ���j ��+j � 12�+j ��j �� 12��+j ��j ��; (10)where 
�j and 
j are the pure dephasing rate and relax-ation rate, respectively, of individual qubits, and Paulimatrix �jz = j1ijjh1j�j0ijjh0j. For simply, we choose theparameters 
�1 = 
�2 = 
� and 
1 = 
2 = 
. The Fig. 3plots the relation of �delity F of generating two-qubitsmaximally entangled states with the dephasing rate andrelaxation rate. The high �delity entangled states aregenerated at low dephasing rate and low relaxation rate.Also, the quantum logic gate's �delity was plotted in theFig. 4.III. Discussion and conclusion. We brie
y ad-dress the experimental feasibility of the proposed schemewith the parameters already available in current exper-imental setups. The coupling technology between theTLR and superconducting qubit is rather mature in cur-rent experiment [23]. The Ref. [24] has reported the pa-rameters of the TLR: eigenfrequency !r=2� = 10GHz,
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Fig. 3. The relationship of �delity of generation two-qubitentangled state with dephasing rate 
�=g and relaxationrate 
=g of qubit
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Fig. 4. The �delity of quantum logic gate Eq. (9) was plot-ted with dephasing rate 
�=g and relaxation rate 
=g ofqubitquality factor Q = 1 � 105, and decay rate � = 0:1MHz.The TLR is always empty and only virtually excited.The in
uence of the cavity loss is negligible. The lengthof the resonator's central conductor is 23mm [25], thesize of superconducting qubit is �m order [26]. The cou-pling of two superconducting qubits via data bus hasbeen reported [16, 27]. For the superconducting qubit:the energy level frequencies are GHz order [28, 29]. Thecoupling strength g=2� � 19MHz between supercon-ducting qubit and TLR has been reported [23]. And theenergy relaxation time T1 = 70�s and quantum coher-ence time T2 = 95�s have been observed [30]. Based�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 11 { 12 2012



878 F.-Y. Zhang, Z.-H.Chen, C. Li, H.-S. Songon above experimental parameters, we get the follow-ing conclusions: if we choose the classical �eld's Rabifrequency 
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