Pis’ma v ZhETF, vol. 76, iss. 1, pp. 14 { 19 © 2002 July 10

Magnetic field rectifiers using semicircular Josephson junctions

P. D. Shaju^{1)}, V. C. Kuriakose^{1)}

Department of Physics, Cochin University of Science and Technology, Cochin 682 022, India

Submitted 15 April 2002

A novel method for rectifying alternating magnetic ˛elds is demonstrated using ‚uxons in semicircular Josephson junctions. An external magnetic ˛eld applied parallel to the dielectric barrier of the semicircular junction has opposite polarities at the ends of the junction and supports penetration of opposite polarity ‚uxons into the junction in the presence of a constant dc bias. When the direction of the ˛eld is reversed, ‚ux penetration is not possible and ‚ux-free state exists in the junction. Thus e¸ective recti˛cation of an alternating magnetic ˛eld can be achieved in semicircular Josephson junctions. This unique phenomenon is speci˛c to this geometry and can be employed in rf SQUID magnetometers.

PACS: 05.45.Yv, 74.50.+r, 85.25.Cp

Two superconductors separated by a thin oxide layer is called a Josephson junction (JJ) which allows the superconducting Cooper pairs to tunnel through the barrier [1]. Long JJ’s offer the possibility of studying solitons that account for the magnetic flux-quanta (fluxon) moving along the tunnel barrier [2]. A fluxon is basically a quantum of magnetic field which can be used for transmission of information or can be an object based on which certain Josephson devices such as flux-flow oscillators [3], voltage rectifiers [4], logic gates [5], etc. can be implemented. Fluxons can be trapped in the junction either during the normal-superconducting transition or by applying an external magnetic field into the junction. In the superconducting state only fluxons or antifluxons can exist in the junction [6] and they are driven by the Lorentz force associated with a dc current. Different geometries are proposed for JJ to study the fluxon dynamics and among them, annular geometries offer the advantage of reflectionless motion of fluxons and is extensively studied both theoretically and experimentally [7]. In the absence of an external magnetic field, trapped fluxons cannot escape from a linear junction and they make successive reflections at the edges of the junction [8]. Progressive fluxon motion in JJ is associated with a dc voltage which can be detected across the junction.

Josephson junctions are best transducers which can convert magnetic energy into electrical energy. They are widely used in SQUID magnetometers [9], SIS mixers [10] and in voltage standard applications [11]. Recently, fluxon based voltage rectifiers [4, 12] have attracted much attention due to the fact that they can find important applications in Josephson digital devices [13]. Various geometries and external conditions are in-

1)e-mail: pds@cusat.ac.in; vck@cusat.ac.in

vestigated towards this end [14]. The influence of an artificially created ratchet potential on fluxon dynamics in nonuniform JJ have been studied and voltage rectification properties of these JJs are demonstrated in recent papers [15]. The net unidirectional motion exhibited by a particle in a ratchet potential is the key factor which is employed in rectifying bias currents. However, the working of all these voltage rectifiers critically depend on the ratchet potential and we cannot expect stable performance from these devices as ratchet potentials are highly sensitive to external perturbations. Amplitude ranges of rectification is limited in these devices and the rectified output in these devices does not have a linear relationship with the input. In all these works, rectification properties are studied using alternating bias currents and effective means of rectification of alternating magnetic fields are not discussed.

In this letter, we demonstrate a novel method to construct fluxon based diodes for rectifying harmonically oscillating magnetic fields. Investigations on a dc biased semicircular JJ placed in an alternating magnetic field applied parallel to the plane of the dielectric barrier shows that the junction supports flux flow only in alternate half cycles of the field. The flux linked with the edges of the junction has opposite polarities and support penetration of fluxons and antifluxons simultaneously from opposite ends of the junction under a constant dc bias. When the direction of the field is reversed, flux penetration is not possible and flux-free state exists in the junction. Thus, with this geometry, effective rectification of oscillating fields can be achieved. This is a unique phenomenon associated with the semicircular junctions. In this letter, we first formulate the model equations corresponding to the proposed junction with an applied alternating magnetic field and study the be-

14 Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 1 { 2 2002 haviour of the junction in static fields and then in time varying fields to demonstrate rectification properties.

Theoretical model. A JJ with a semicircular geometry is considered with an external harmonically varying magnetic field applied parallel to the dielectric barrier of uniform thickness (see Fig.1). The external field is applied in such a way that it is directed radially at the

Fig.1. A sketch of the semicircular JJ with the applied ˛eld b sin(ωt) parallel to the plane of the dielectric barrier of uniform thickness (not drawn to scales)

left-end (x = 0) of the junction. The field interacts with the interior as well as through the boundaries of the junction and the flux linked with the junction can be expressed as dφ(x) = ε (H̄(t) · n̄) = ε H sin(ωt) cos(kx)dx [16]. Where H is the strength of the applied magnetic field, n̄ is the unit vector normal to the plane of the junction, ε is the coupling factor which links the external field with the junction, k = π/l is the geometrical constant which defines the magnetic field inside the semicircular junction, the spatial coordinate x is normalized to λ_J (Josephson penetration depth) and l (≫ λ_J ) is the normalized length of the junction. The time t is normalized to the inverse plasma frequency, ω_0 = c̃/λ_J , c̃ is the maximum velocity of the electromagnetic waves in the junction and ω is normalized frequency of the oscillating field. Therefore the induced current in the junction due to the applied field is dφ(x)/dx = εH sin(ωt) cos(kx). This current term gives a net zero value over the length of the junction and therefore circulate in closed form across the junction. Thus the effect of an external field in the junction is to induce spatially varying currents. Thus a semicircular JJ under a time varying magnetic field with a dc bias is modelled with the general perturbed sine-Gordon (SG) partial differential equation [16, 17]

φ_{tt} − φ_{xx} + sin φ = −αφ_t + b sin(ωt) sin(kx) − γ (1)

where φ(x, t) is the superconducting phase difference between the electrodes of the junction, α is the dissipation parameter due to quasiparticle current, b = ε H k and γ is the normalized amplitude of the dc bias. The boundary conditions of the junction can be obtained from the induced current term dφ(x)/dx = εH sin(ωt) cos(kx) as

φ_x(0, t) = b k sin(ωt); φ_x(l, t) = − b k sin(ωt). (2)

These boundary conditions are consistent with the fact that the effective field linked with the junction has opposite polarities at the ends. For sufficiently higher positive values of γ in Eq. (1), fluxons can enter the junction from x = 0 and antifluxons can enter the junction from x = l (right-end) and they can move in opposite directions. The propagation of the fluxons in one direction and antifluxons in opposite direction produce a nonzero voltage across the junction. As the boundary conditions are not reflective, after a transitory motion, fluxons and antifluxons are exited from the junction. When the direction of the field is reversed, fluxon (or antifluxon) penetration become impossible and flux-free state exists in the junction.

Eq. (1) with boundary conditions (Eq. (2)) represents a semicircular JJ in an alternating magnetic field. In the absence of perturbations (α = b = γ = 0), Eq. (1) becomes the SG equation which is a conservative, nonlinear dispersive wave equation that supports special solutions called solitons. A SG soliton is a localized wave with particle-like properties and is analytically described by the formula [17]

φ(x, t) = 4 tan�^1 [ exp { σ(x − x_0) √ 1 − u^2 }] (3) where x_0 = ut + x^0 is the location of the soliton with u as the velocity of the soliton and x^0 as the initial location center. σ = ±1, is the polarity of the soliton. A long JJ could support the resonant propagation of fluxons trapped in the junction, the fluxon being a 2π jump in the phase difference φ across the insulating barrier which separates the two superconductors. There are two possible orientations for the flux. A quantum of flux with σ = +1 is called a fluxon and that with σ = −1 is called as an antifluxon. A moving fluxon is accompanied by a voltage pulse φ_t which can be detected across the junction.

To get some information on the fluxon dynamics, we first determine the potential induced by the external field inside the junction and then find energy change associated with a moving fluxon in the junction. Lagrangian density of Eq. (1) with α = γ = 0 is

L=^{{φ2t}_2 −^1_2^(φx −^b_k sin(ωt) cos(kx)^{)2} −(1−cos φ)^} . (4) Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 1 { 2 2002

Therefore the corresponding potential energy density is (second term of the above equation)

U(x, t) =^1_2^{φ^2_x −^{2b}_k sin(ωt) cos(kx)φx+ + ( b k sin(ωt) cos(kx)

)_2} . (5)

The first term is independent of the applied field and the third term is independent of the flux motion in the junction. Therefore the change in the potential due to the combined effect of the applied field and the flux motion in the junction can be determined from the second term as : U(x, t) = − b k +1_∫

�1^{φx sin(ωt) cos(kx) dx. (6)}

Substituting Eq.(3) in (6) and integrating, we get

U(x_0, t) = −2bl sec h ( π^2 2l √ 1 − u^2 ) sin(ωt) cos(kx_0). (7) For long junctions and at relativistic velocities, u ∼ 1, Eq. (7) becomes

U(x_0, t) = −C sin(ωt) cos(kx_0) (8)

where C = 2bl is a constant. Eq. (8) shows that the potential is oscillating at the frequency of the applied field. This oscillating potential controls the flux flow inside the junction and helps in the rectification of the field.

Energy of the unperturbed SG system is

H^{SG} = ∫_l 0 [ 1 2 (φ^2_t + φ^2_x) + 1 − cos φ ] dx. (9) Perturbational parameters modulate the velocity of the solitons and may cause to dissipate energy. The rate of dissipation is calculated by computing d dt (H^P ) = [φ_xφ_t]^l_0 +

+ l∫ 0 [−αφ^2_t + (b sin(ωt) sin(kx) − γ)φ_t] dx (10)

where the first term on the right side account for the boundary conditions. From Eq. (3), we get φ_t = −uφ_x and from Eq. (2), we get φ^2_x(0, t) = φ^2_x(l, t) (symmetric boundary conditions). Substituting these expressions, we find that the first term in the right hand side of the above equation vanishes – a symmetric boundary condition does not change average energy value of a fluxon. Inserting Eq. (3) in Eqs. (9) and (10) and following perturbative analysis [17], we get

( 1 − u^2 )�3/2 du_{dt = −α} u_{√1 − u2 −} − π 4 {b sec h[ π^2 √ 1 − u^2 2l ] sin(ωt) sin(kx_0) − γ}. (11)

This expression describes the effect of perturbations on the fluxon velocity. In the above equation, the first term in the right-hand side represents the energy dissipation due to internal damping, second term account for the energy change associated with the external field and the third term represents the input power from the bias current.

The effects of a dc current on the fluxon dynamics in the presence of the external field is studied using Eq. (11). Zero-voltage state exists in the junction (fluxfree state) when the dc bias is below a threshold value. By variation of the soliton position x_0, from Eq. (11), we find the largest possible bias current of zero-voltage state (u = 0) to be [18]

γ_1 = b sec h(π^2/2l) (12)

This is the threshold value of the applied bias, below which flux propagation is not possible in the junction. This threshold value depends on the magnetic field and is directly proportional to the field.

Numerical methods. To solve Eq. (1) with boundary conditions given by Eq. (2), we use an explicit method treating φ_{xx} with a five point, φ_{tt} with a three point and φ_t with a two point finite-difference method. A time step of 0.0125 and a space step of 0.025 is used for the discretization. Details of the simulation can be found in Ref. [18]. After the simulation of the phase dynamics for a transient time, we calculate the average voltage V at the load over a period of the field T as ⟨V ⟩ = 1 T ∫_T 0 φ_t(l) dt = φ (T ) − φ (0) T . The average velocity attained by the fluxons during the transit can be calculated from the average voltage using the relation ⟨u⟩ = (l/2π)⟨V ⟩ = (l/2π)⟨φ_t⟩. Thus the mean voltage in the junction is proportional to the average velocity of the fluxons. Voltage rectification can be clearly demonstrated using the time domain snapshots of the instantaneous voltages, v(t) = φ_t(l, t), in the junction. These voltage pulses are measured at intervals of t = 4 time units and to get smooth curves we additionally averaged the pulses in that intervals. Time period of the ac signals are taken much larger than the typical response time of the system. In the following simulations we assumed the dissipation parameter α = 0.1.

Properties of the junction under a static field. It is important in practical applications to know the behaviour of the junction under a static magnetic field es-

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 1 { 2 2002 pecially the dependance of critical current (I_c) on the applied field (H) [19]. In weak static magnetic fields, long JJs behave like weak superconductors and show the Meissner effect. In this regime the critical current decreases linearly with the external field. This behaviour exists up to a critical field H_c. At this critical field, magnetic flux in the form of fluxons can overcome the edge barrier effects and can penetrate the junction [20]. For long JJs the first critical field is H_c = Φ_0/πΛλ_J , where Λ is the effective magnetic thickness of the junction and Φ_0 = h/2e = 2.064 · 10�^{15} Wb is the flux quantum. The dependance of I_c (normalized to maximum Josephson current I_0) on a static magnetic field (H/H_c) applied to a semicircular JJ of l = 10is shown in Fig.2 (solid circles). For comparison, critical current versus magnetic

Fi.2. Normalized critical current (Ic/I0) versus static magnetic ˛eld (H/Hc) of a semicircular JJ (•) and that of a rectangular JJ (∘)

field pattern of a standard rectangular JJ is presented (open circles). In positive magnetic fields, I_c(H) pattern in semicircular JJ shows that static fluxons can exists in the junction and a minimum critical current is required to induce flux motion in the junction. In negative fields, the junction behave differently and the critical current pattern is displaced and indicates that higher critical currents are required to induce flux motion in the junction.

In the absence of an external field (b = 0), fluxon dynamics in semicircular JJ is same as that in any ordinary rectangular junction. When an external static magnetic field is applied, due to the opposite polarities of the flux linked with the ends of the junction, opposite polarity fluxons can enter the junction from the ends in a properly biased state. In the junction, fluxons and antifluxons move in opposite directions under the influence of the dc bias. When they reach the ends of the junction after a transit, they are exited from the junction due to the non-reflecting boundary conditions. When the direction of the external field is reversed, fluxon penetration is not possible due to the repulsive Lorentz force of the dc bias and zero voltage corresponding to the flux-free state exists in the junction. This typical characteristics demonstrates that semicircular junctions offer the advantage of rectifying alternating magnetic fields. The rectification property of the junction can be observed from Fig.3, where we plot the IVC of a semicircular

Fig.3. Applied dc bias γ versus the average normalized velocity ⟨u⟩ = −(l/2π)⟨φt⟩ of a semicircular junction of l = 20 with a static ˛eld b = +0.15 (�) and with b = −0.15 (△)

junction of length l = 20 with a static magnetic field of strength b = +0.15 (squares) and with b = −0.15 (triangles). To get these plots, we calculate average voltage for a current γ, then the current γ is increased in steps of δγ = 0.01 to calculate the voltage at the next point of the IVC. We use a distribution of the phases and their derivatives achieved in the previous point of the IVC as the initial distribution for the following point. For positive values of b, flux propagation is possible and we get finite average voltage across the junction. In this regime the junction behaves as a forward biased diode. At small positive bias values, a fluxon-antifluxon pair is found to be taking part in dynamics and the dynamics of this pair gives an average velocity of ⟨u⟩ ≃ 2. The pair executes stable dynamics in a range of bias values. At higher values of the bias, large number of fluxons enter the junction resulting in a switch to high voltage states. For negative values of b, flux penetration and propagation is not possible and zero voltage state exists in the junction which is equivalent to the reverse biased state of a diode.

IVC in rf fields. An oscillating magnetic field is applied parallel to the dielectric barrier of the junction with a constant dc bias. In the positive half cycles of the applied field, flux penetration and propagation is possible and finite voltages are observed across the junction. In

2 Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 1 { 2 2002 the negative half cycles of the field, fluxons (or antifluxons) cannot enter the junction due to the repulsive Lorentz force, and zero voltage exists in the junction. Simulations are started with φ = 0 on a junction of l = 10. Fig.4 shows the IVC of the junction for different values of the oscillating field amplitudes and at a

Fig.4. Applied dc bias γ versus the average normalized velocity < u > for di¸erent values of the applied rf ˛eld. The parameters are l = 10 and ω = 0.1. The applied ˛eld strength increases from the top to the bottom curve from 0.50 to 1.50 in steps of 0.1

constant frequency (ω = 0.1). In the figure, applied magnetic field is increasing from the top to the bottom curve in the range 0.50 to 1.50 in steps of 0.1. At lower magnetic fields, critical currents for fluxon penetration is large and the critical current gradually decreases on increasing the field strength.

Rectification of alternating fields. To demonstrate the rectification properties of the junction, we show a series of plots showing the time domain snapshots of voltage pulse forms v(t) as a function of time t. The magnitude of the field should be sufficiently large to introduce fluxons into the junction. At small magnetic fields, fluxons cannot enter the junction and zero voltage exists. For sufficiently higher amplitudes (e.g. b = 1.0), fluxon penetration is possible in the positive half cycles and we get finite voltage in the junction (see Fig.5). Rectification takes place in the following way. In the first half (positive part) of the alternating field, fluxons enter from the left-end and antifluxons enter from the right-end and they move in opposite directions under the influence of the dc bias. The motion of fluxons in opposite directions produces a finite voltage across the junction. During the second half (negative part) of the magnetic field, antifluxon (or fluxon) penetration is not possible due to the repulsive Lorentz force and zero voltage (flux-free state) exists in the junction. Thus effective rectification of the field can be achieved in semicircular Josephson junctions. The number of fluxons taking part

Fig.5. Recti˛cation of a rf ˛eld with γ = 0.5 on a junction of l = 10. (a) Applied ˛eld of amplitude b = 1.0 and frequency ω = 0.05 (b) Output pulse form v(t) as a function of time t

in the dynamics (and therefore the output voltage) can be controlled by controlling the strength of the magnetic field.

In Fig.6 we plot the average velocity (averaged over a period of the field) as a function of the magnitude of

Fig.6. Magnetic ˛eld amplitude b versus average velocity ⟨u⟩ for di¸erent junctions. The parameters are ω = 0.05, γ = 0.5, l = 10 (�), l = 15 (◯) and l = 20 (△)

the field for different length of the junctions. A constant dc bias is applied to the junction in order to maintain flux motion in alternate half cycles. In the figure average voltage increases from zero and then increases linearly at higher values of the external field. Thus this device gives output which is linearly proportional to the input.

By reversing the dc bias (i.e., γ to −γ), positive part of the alternating field can be suppressed. In this case, fluxons cannot enter the junction during positive half cycles of the field due to the repulsive Lorentz force while flux penetration and propagation is possible in the negative half cycles. In Fig.7 we show rectification in a

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 1 { 2 2002

Fig.7. Recti˛cation on a junction of l = 10 with γ = −0.5. (a) Applied ˛eld of amplitude b = 1.0 and frequency ω = 0.05 (b) Output pulse form showing negative pulses

junction of l = 20 with γ = −0.5. Thus by choosing appropriate dc bias, either positive part or negative part of the alternating field can be rectified.

In conclusion, this letter contains theoretical predictions of rectification of harmonically oscillating rf fields using fluxons in semicircular JJs. This device may find important applications in sub-millimeter radio wave astronomy, SQUID magnetometers, SIS mixers, etc. The main advantages of the proposed diode are (i) very simple to fabricate, (ii) output of the device is linearly proportional to the applied field, (iii) flux motion takes place only in alternate half cycles so that heating and energy losses associated with flux motion can be reduced and (iv) independent of external perturbations. In the proposed JJ diode, velocity of a fluxon is proportional to the voltage and a nonzero average velocity over a period of the rf field means rectification of the field. By properly selecting junction parameters and the dc bias, it is possible to rectify fields in different amplitude and frequency ranges. This geometry can also be used for rectification of ac currents with the help of a static magnetic field.

The authors thank A. V. Ustinov, G. Carapella and E. Goldobin for helpful discussions. One of the authors (PDS) wishes to thank UGC, New Delhi, for financial support in the form of a Teacher Fellowship and VCK wishes to acknowledge Associateship of IUCAA, Pune.

1. B. D. Josephson, Rev. Mod. Phys. 36, 216 (1964). 2. A. V. Ustinov, Physica D123, 315 (1998). 3. Nonlinear Superconducting Devices and High-Tc Materials, Eds. R. D. Parmentier and N. F. Pedersen, World Scienti˛c, Singapore, 1995; A. V. Ustinov, H. Kohlstedt, and P. Henne, Phys. Rev. Lett. 77, 3617 (1996).

4. G. Carapella and G. Costabile, Phys. Rev. Lett. 87, 077002 (2001); G. Carapella, Phys. Rev. B63, 054515 (2001).

5. P. D. Shaju and V. C. Kuriakose, Physica C322, 163 (1999); P. D. Shaju and V. C. Kuriakose, Phys. Lett. A267, 420 (2000).

6. A. Davidson, B. Dueholm, B. Kryger, and N. F. Pedersen, Phys. Rev. Lett. 55, 2059 (1985).

7. A. Davidson, B. Dueholm, B. Kryger, and N. F. Pedersen, Phys. Rev. Lett. 55, 2059 (1985); A. V. Ustinov, T. Doderer, R. P. Huebener et al., Phys. Rev. Lett. 69, 1815 (1992).

8. T. A. Fulton and R. C. Dynes, Solid State Commun. 12, 57 (1973); K. Nakajima, T. Yamashita, and Y. Onodera, J. Appl. Phys. 45, 3141 (1974); Yu. S. Kivshar and B. A. Malomed, Rev. Mod. Phys. 61, 763 (1989).

9. J. Clarke, The New Superconducting Electronics, Eds.

H. Weinstock and R. W. Ralston, Kluwer, Dordrecht, 1993, p. 123.

10. J. R. Tucker and M. J. Feldman, Rev. Mod. Phys. 57, 1055 (1985).

11. M. T. Levinsen, R. Y. Chiao, M. J. Feldman, and B. A. Tucker, Appli. Phys. Lett. 31, 776 (1977); R. J. Kautz, C. A. Hamilton, and F. J. Lloyed, IEEE Trans. Magnetics 23, 883 (1987).

12. I. Zapata, R. Bartussek, F. Sols, and P. H-anggi, Phys.

Rev. Lett. 77, 2292 (1996); S. Weiss, D. Koelle, J. Muller et al., Europhys. Lett. 51, 499 (2000); E. Trias, J. J. Mazo, F. Falo, and T. P. Orlando, Phys. Rev. E61, 2257 (2000).

13. K. K. Likharev and V. K. Semenov, IEEE Trans. Appl.

Supercond. 1, 3 (1991); A. V. Rylyakov, IEEE Trans. Appl. Supercond. 7, 2709 (1997).

14. J. F. Wambaugh, C. Reichhardt, C. J. Olson et al., Phys.

Rev. Lett. 83, 5106 (1999).

15. E. Goldobin, A. Sterck, and D. Koelle, Phys. Rev. E63, 031111 (2001); F. Falo, P. J. Martinez, J. J. Mazo, and S. Cilla, Europhys. Lett. 45, 700 (1999).

16. N. Grfinbech-Jensen, P. S. Lomdahl, and M. R. Samuelsen, Phys. Lett. A154, 14 (1991); M. Salerno, M. R. Samuelsen, G. Filatrella et al., Phys. Lett. A137, 75 (1989); M. Salerno, M. R. Samuelsen, G. Filatrella et al., Phys. Rev. B41, 6641 (1990); N. F. Pedersen and A. Davidson, Phys. Rev. B41, 178 (1990); J. C. Fernandez, R. Grauer, K. Pinnow, and G. Reinisch, Phys. Lett. A145, 333 (1990).

17. D. W. McLaughlin and A. C. Scott, Phys. Rev. A18, 1652 (1978).

18. P. D. Shaju and V. C. Kuriakose, Mod. Phys. Lett. B12, 1217 (1998).

19. A. Barone and G. Patern«o, Physics and applications of the Josephson effect, Wiley, New York, 1982.

20. C. S. Owen and D. J. Scalapino, Phys. Rev. 164, 538 (1967).

Ŕĺśĳňă ć ĘİŠŤ šőň 76 ćżŕ. 1 { 2 2002 2^�