
Pis'ma v ZhETF, vol. 94, iss. 12, pp. 926 { 929 c 2011 December 25On �eld induced diaelastic e�ect in a small Josephson contactS. Sergeenkov, F.M.Araujo-MoreiraGrupo de Materiais e Dispositivos, Departamento de F�isica, Universidade Federal de S~ao Carlos, 13565-905 S~ao Carlos, SP, BrazilSubmitted 4 October 2011An analog of the diaelastic e�ect is predicted to occur in a small Josephson contact with Josephson vorticesmanifesting itself as magnetic �eld induced softening of the contact shear modulus C(T;H). In addition toFraunhofer type �eld oscillations, C(T;H) is found to exhibit pronounced ux driven temperature oscillationsnear TC .1. Introduction. Inspired by new possibilities of-fered by the cutting-edge nanotechnologies, the exper-imental and theoretical physics of increasingly sophis-ticated mesoscopic quantum devices heavily based onJosephson junctions (JJ) and their arrays (JJA) is be-coming one of the most exciting and rapidly growing ar-eas of modern science (for the recent reviews, see, e.g.,[1{4] and further references therein). In particular, aremarkable increase of the measurements technique res-olution made it possible to experimentally detect suchinteresting phenomena as ux avalanches [5], geomet-ric quantization [6], ux driven oscillations of heat ca-pacity [7], reentrant-like behavior [8], manifestation of�-contacts [9], R{C-crossover [10], unusually strongcoherent response [11], Josephson analog of the �sh-tail e�ect [12], geometric resonance and �eld inducedKosterlitz{Thouless transition [13]. Among the nu-merous theoretical predictions (still awaiting their ex-perimental veri�cation) one could mention electro- andmagnetostriction [14], �eld induced polarization e�ects[15], analog of magnetoelectric e�ect [16], nonlinear See-beck e�ect and thermal conductivity [17], stress inducede�ects [18], chemomagnetism [19], magnetoinductancee�ects [20], implications of dipolar interactions for wire-less connection between Josephson qubits [21] and forweakening of the Coulomb blockade [22], proximity-induced superconductivity in graphene [23] and anom-alous Josephson current in topological insulators [24].Turning to the subject of this Letter, let us recall thatwhen an elastic solid contains a region with compress-ibility di�erent from the bulk one, the applied stress �induces a spatially inhomogeneous strain �eld � aroundthis region, which results in the softening of its shearmodulus C. This phenomenon, known as diaelastic ef-fect (DE), usually occurs in materials with pronounceddefect structure [25]. By association, Josephson vorticescan be considered as defects related inclusions withintunneling contacts. Therefore, one could expect an ap-pearance of magnetic �eld induced analog of DE inJosephson structures as well. By introducing an elas-

tic response of JJ to an e�ective stress �eld, in whatfollows we shall discuss a possible manifestation of thisnovel interesting e�ect in a small contact under an ap-plied magnetic �eld.2. Model. The temperature and �eld dependenceof the elastic shear modulus C(T;H) of the Josephsonstructure can be de�ned as follows (Cf. [18]):1C(T;H) = �d�(T;H; �)d� ��=0 ; (1)where � is an applied stress and strain �eld � in thecontact area is related to the stress dependent Joseph-son critical current IC as follows (V is the volume of thesample) [18]:�(T;H; �) = � �02�V � dIC(T;H; �)d� : (2)For simplicity and to avoid self-�eld e�ects, in what fol-lows we consider a small Josephson contact of lengthw < �J (�J = p�0=�0djc is the Josephson penetra-tion depth) placed in a strong enough magnetic �eld(which is applied normally to the contact area) such thatH > �0=2��Jd, where d = 2�L + t, �L is the Londonpenetration depth, and t is an insulator thickness.Recall that the critical current of such a contact inapplied magnetic �eld is governed by a Fraunhofer-likedependence [26]:IC(T;H; �) = IC(T; 0; �) ���� sin'(T;H; �)'(T;H; �) ���� ; (3)where '(T;H; �) = ��(T;H; �)=�0 with �(T;H; �) == Hwd(T; �) being the temperature and stress depen-dent ux through the contact area, and IC(T; 0; �) // e�t=� is the stress dependent zero-�eld Josephsoncritical current with � being a characteristic (decaying)length and t(�) the stress dependent thickness of theinsulating layer (see below).Notice that in non-zero applied magnetic �eld H ,there are two stress-induced contributions to the critical926 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011



On �eld induced diaelastic e�ect in a small Josephson contact 927current IC , both related to decreasing of the insulatorthickness under pressure. First of all, it was experimen-tally observed [27] that the tunneling dominated crit-ical current of granular superconductors exponentiallyincreases under compressive stress �, viz. IC / e�� .More speci�cally, the critical current at � = 9kbar wasfound to be three times higher its value at � = 1:5 kbar,clearly indicating a weak-links-mediated origin of thephenomenon. Hence, for small enough � we can safelyassume that [18] t(�) ' t(0)(1 � ��). As a result, wehave two stress-induced e�ects in Josephson contacts:(a) amplitude modulation leading to the explicit stressdependence of the zero-�eld currentIC(T; 0; �) = IC(T; 0; 0)e� (4)with  = �t(0)=�, and (b) phase modulation leading tothe explicit stress dependence of the ux�(T;H; �) = Hwd(T; �) (5)with d(T; �) = 2�L(T ) + t(0)(1� ��): (6)Finally, in view of Eqs.(1){(6), the temperature and �elddependence of the small single junction shear modulusC(T;H) reads:1C(T;H) = 1C(T; 0) �F (T;H)� �d(T; 0) dF (T;H)d logH � ;(7)whereF (T;H) = �sin'' + �d(T; 0) � sin'' � cos'�� (8)with '(T;H) = ��(T;H; 0)�0 = HH0(T ) (9)and 1C(T; 0) = ��022�V � IC(T ): (10)Here, H0(T ) = �0=�wd(T; 0) with d(T; 0) = 2�L(T ) ++ t(0), and for convenience we used a simpli�ed de�n-ition IC(T; 0; 0) � IC(T ) for zero-�eld and zero-stresscritical current.For the explicit temperature dependence of IC(T )we use the analytical approximation of the BCS gapparameter (valid for all temperatures) [17], �(T ) == �(0) tanh�2:2qTC�TT � with �(0) = 1:76kBTC

which governs the temperature dependence of theJosephson critical currentIC(T ) = IC(0) ��(T )�(0) � tanh ��(T )2kBT � (11)while the temperature dependence of the London pene-tration depth is governed by the two-uid model [28]:�L(T ) = �L(0)p1� (T=TC)2 : (12)3. Results and Discussion. Fig. 1 presents thetemperature behavior of the contact area shear mod-
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Fig. 1. Temperature dependence of the normalized inverseshear modulus C(0; 0)=C(T; 0) of a single short contact inzero magnetic �eld according to Eqs.(1){(12)ulus C(T; 0) (with t(0)=� = 1, �=�L(0) = 0:02 and� = 0:1) in zero applied magnetic �eld. Notice thatC(T; 0) is positive for all temperatures. The consideredhere �eld induced analog of the diaelastic e�ect meanssoftening of the contact area shear modulus under theinuence of the applied magnetic �eld with �C(T;H) == C(T;H)� C(T; 0) < 0. Fig. 2 demonstrates this pre-dicted behavior showing the �eld dependence of the DE�C(T;H) for di�erent temperatures. As it would be ex-pected from the very structure of Eqs. (1){(9), the DEof a single contact exhibits �eld oscillations imposed bythe Fraunhofer dependence of the critical current IC .Even more interesting is its temperature dependence.Indeed, according to Fig. 3, depicting the temperature�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011
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Fig. 2. The �eld dependence of the diaelastic e�ect�C(T;H) for di�erent temperatures: T = 0 (solid line),T = 0:5TC (dotted line), and T = 0:9TC (dashed line)
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Fig. 3. Temperature dependence of the diaelastic e�ect�C(T;H) for di�erent values of the frustration parame-ter f : f = 1 (a), f = 3 (b), and f = 5 (c)dependence of the DE for di�erent values of the frustra-tion parameter f = H=H0(0), we see characteristic ux

driven temperature oscillations of �C(T;H) near TC . Amore spectacular view of the temperature-ux pro�le ofthe DE, given by its 3D image, is shown in Fig. 4. The
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T T/ CFig. 4. 3D ux-temperature pro�le of the diaelastic e�ect�C(T;H)predicted here e�ect should manifest itself not only insingle JJs and highly ordered JJAs but also in granularsuperconductors (described as disordered JJAs) includ-ing the so-called nanogranular (or intrinsically granular)superconductors [2, 4]. In the latter case, however, theinuence of Abrikosov vortices on weak-link mediatedDE should be taken into account due to high values ofthe characteristic �eld H0 = �0=2��Lw reaching a fewTeslas for contact size w of a few nanometers.In summary, by considering an elastic response ofa small Josephson contact to an e�ective applied stress�eld, an analog of the so-called diaelastic e�ect was pre-dicted to occur in such a contact manifesting itself asa magnetic �eld induced softening of its shear moduluswith pronounced �eld and temperature oscillations.This work has been �nancially supported by theBrazilian agencies CAPES, CNPq, and FAPESP.1. New Directions in Mesoscopic Physics: TowardsNanoscience (eds. R. Fazio, V. F. Gantmakher, andY. Imry), Kluwer Academic Publishers, Dordrecht,2003.2. I. S. Beloborodov, A.V. Lopatin, V.M. Vinokur et al.,Rev. Mod. Phys. 79, 469 (2007).3. New Developments in Josephson Junctions Research(ed. S. Sergeenkov), Transworld Research Network Pub-lisher, Kerala, 2010.4. S. Sergeenkov, in Oxford Handbook of Nanoscience andTechnology: Frontiers and Advances (eds. A. Narlikarand Y.Y. Fu), Oxford University Press, N.Y., 2010, v. I,p. 703. �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 11 { 12 2011
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