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POLARON-LIKE VORTICES, DISSOCIATION TRANSITION, ANDSELF-INDUCED PINNING IN MAGNETIC SUPERCONDUCTORSL. N. Bulaevskii *, S.-Z. LinTheoretial Division, Los Alamos National Laboratory87545, Los Alamos, New Mexio, USAReeived Marh 14, 2013Dediated to the memory of Professor Anatoly LarkinVorties in magneti superondutors polarize spins nonuniformly and repolarize them when moving. At a lowspin relaxation rate and at low bias urrents vorties arrying magneti polarization louds beome polaron-likeand their veloities are determined by the e�etive drag oe�ient that is signi�antly bigger than the Bardeen�Stephen (BS) one. As the urrent inreases, vorties release polarization louds and the veloity as well asthe voltage in the I�V harateristis jump to values orresponding to the BS drag oe�ient at a ritialurrent J. The nonuniform omponents of the magneti �eld and magnetization drop as the veloity inreases,resulting in weaker polarization and a disontinuous dynami dissoiation depinning transition. Experimentally,the jump shows up as a depinning transition and the orresponding urrent at the jump is the depinning ur-rent. As the urrent dereases, on the way bak, vorties are retrapped by polarization louds at the urrentJr < J. As a result, the polaroni e�et suppresses dissipation and enhanes the ritial urrent. Boroarbides(RE)Ni2B2C with a short penetration length and highly polarizable rare earth spins seem to be optimal systemsfor a detailed study of vortex polaron formation by measuring I�V harateristis. We also propose to use asuperondutor�magnet multilayer struture to study polaroni mehanism of pinning with the goal to ahievehigh ritial urrents. The magneti layers should have large magneti suseptibility to enhane the ouplingbetween vorties and magnetization in magneti layers while the relaxation of the magnetization should be slow.For Nb and a proper magnet multilayer struture, we estimate the ritial urrent density J � 109 A=m2 atthe magneti �eld B � 1 T.DOI: 10.7868/S00444510130900461. INTRODUCTIONThe oneption of vortex as a polaron [1℄ was initi-ated by experimental data on the ritial urrent in Erboroarbide, and we �rst disuss these data. The fam-ily of quaternary nikel boroarbides (RE)Ni2B2C (REis a rare earth magneti ion) is an interesting lass ofrystals that exhibit both singlet superondutivity andmagneti order at low temperatures [2�4℄. A numberof rystals in that family develop antiferromagneti or-der below the Néel temperature TN , whih is below thesuperonduting ritial temperature T. Beause thespatial periodiity of magneti moments is well belowthe superonduting orrelation length, superondu-tivity oexists quite peaefully with the antiferromag-neti order. By ontrast, the ferromagneti order, an-*E-mail: lnb�lanl.gov, lnb�viking.lanl.gov

tagonisti to Cooper pairing, leads to dramati hangesin both magneti and superonduting orders in the o-existene phase of singlet superondutors (see Ref. [5℄for a review).The ompound ErNi2B2C with T = 11 K andTN = 6 K attrated muh attention when it was real-ized that below the phase transition from an inommen-surate spin density wave (SDW) to a ommensurateSDW at T � = 2:3 K, the phase with a weak ferromag-neti ordering an emerge [6; 7℄. It was onluded thatthe inommensurate SDW develops in ErNi2B2C belowTN with e�etive Ising spins oriented along the a axisand with the wave vetor Q = 0:5526 b� from neutronsattering measurements [8; 9℄. Here, b� = 2�=b and bis the lattie period along the b axis. At T �, the transi-tion to the ommensurate phase with Q = 0:55b� leavesone out of 20 spins free of the SDW moleular �eld.These Er spins with the magneti moment � = 7:8�Bare easily polarizable by the magneti �eld along the a475



L. N. Bulaevskii, S.-Z. Lin ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013diretion. The spin magnetization in the magneti �eldH = 2000G in the temperature range 2�4 K follows thelaw Msp=H � �Ms=kBT , where Ms � 56 G (see Fig. 4in Ref. [7℄). The value Ms = �n orresponds to themagnetization at whih all �free� spins with the on-entration n order ferromagnetially. The same valueMs was obtained by extrapolation of the magnetizationat the temperature 2 K in �elds H > 1500 G to H ! 0[10℄. Nevertheless, the Hall probe measurements with-out an applied �eld below T � found an internal mag-neti �eld muh lower than Ms and no spontaneousvortex lattie was seen [11℄. High polarizability of thespin system in ErNi2B2C is a key point of our disus-sion in what follows.As the hope to observe remarkable onsequenes ofa weak ferromagneti phase oexisting with superon-dutivity waned, the puzzle of the ErNi2B2C ritialurrent behavior at low temperatures remained. It wasdisovered by measuring the hysteresis in M�H loopsand transport measurements that new pinning meh-anism develops below 3 K for whih the ritial ur-rent inreases as the temperature dereases to � 1:5 Kfollowing approximately the enhanement of magnetisuseptibility [10; 12℄.To explain these data, the oneption of a vortexas a polaron was proposed, i. e., formation of polaron-like vorties dressed by the polarization loud of mag-neti moments [1℄. Generally, the polaroni mehanismis inherent to all magneti superondutors, but it ismost pronouned when the magneti system is highlypolarizable, as in the ase of ErNi2B2C below 2.3 K.To larify this mehanism, we reall that the mag-neti �eld is nonuniform within the vortex lattie and isthe strongest near the vortex ores. Consequently, thepolarization of the magneti moments is also nonuni-form. When vorties move, they should repolarize themagneti system, otherwise they would lose the energygained by polarization (the Zeeman energy). The pro-ess of repolarization depends on the dynamis of themagneti system. In what follows, we onsider the re-laxation dynamis of free spins in ErNi2B2C. The repo-larization proess is ontrolled by the relaxation time �that should be ompared with the harateristi timea=v needed to shift the vortex lattie moving with theveloity v by the vortex lattie period a = (�0=B)1=2.Here, �0 is the �ux quantum, B is the magneti in-dution, and we assume a square vortex lattie. For� � a=v, the magneti moments strongly slow downthe vortex motion.At some ritial veloity and ritial urrent J, thevorties are stripped o� the polarization louds. Theorresponding jump in veloity is more evident for large

� . As the urrent dereases, the vorties beome re-trapped again at a urrent Jr < J. Beause the volt-age V / v, the I�V harateristis show hysteresis.The physis here is similar to that of a polaron, withvorties playing the role of eletrons and the magnetipolarization the role of phonons [13℄.2. GENERAL EQUATIONSThe ErNi2B2C rystals have an orthorhombi stru-ture below TN with domains where a and b axes hangeby 90Æ in neighboring domains. We onsider a leansingle-domain rystal. In multi-domain rystals, thedomain walls also provide the pinning of vorties, whihis sharply peaked when vortex lines are aligned withthe domain walls [14℄. We onsider the vortex lattieindued by the applied magneti �eld H tilted by anangle � with respet to the rystal  axis. As revealedby neutron sattering, vorties form a square lattie inErNi2B2C [15℄.We hoose the z axis along the diretion of vortexlines at rest and the x axis in the a plane (see Fig. 1).A vortex line deviates from the applied �eld H due tothe magneti moments [15℄. The system is assumedto be uniform along the diretion of vortex lines. In a
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Fig. 1. Shemati view of the vortex lattie in the pres-ene of free Ising magneti moments along the a axis.The vortex lattie is tilted with respet to the appliedmagneti �elds in the a plane due to the polarizationof the magneti moments. The vertial olumns showthe vortex ores. The polarized magneti moments arenonuniform in spae due to the spatial modulation ofthe vortex lattie magneti �eld. Due to the Lorentzfore FL, vorties move along the x axis. In the mov-ing lattie, there is a phase shift between the magnetiindution Bz (dashed line) assoiated with the vortexlattie and the magnetizationMz (solid line) aused bythe retardation in the response of magneti momentsto the vortex magneti �eld476



ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013 Polaron-like vorties, dissoiation transition : : :stati situation, the diretion of vortex lines is deter-mined by the e�etive �eld H+ 4�M, where M is thespatial average of the magnetization. We let � denotethe angle between vortex lines and the  axis.The Lagrangian LfRi(t);Mz(r; t)g for the wholesystem is given byLfRi(t);M(r; t)g = LMfMz(r; t)g+LvfRi(t)g++ LintfMz(r; t);Ri(t)g+ LvvfRig+ LF fJg; (1)where LMfMz(r; t)g = � Z drM2z (r; t)2�zz (2)is the Lagrangian for the magneti subsystem andLvfRi(t); rjg = �Xi;j U(Ri � rj) (3)is the Lagrangian for the interation between vortiesand the pinning potential due to quenhed disorder.Here, U(Ri � rj) is the pinning potential at rj . Fur-ther, LvvfRig is the vortex�vortex interation,LF fJg =Xi J �Ri�0is the Lagrangian due to the Lorentz fore in the pres-ene of a bias urrent density J, and �zz is the magnetisuseptibility at the working external magneti �eld. Itdesribes response of magneti moments to the nonuni-form omponent of the �eld indued by vorties.In the London approximation, the magneti �eld ofthe vortex lattie inside the rystal is (r = x; y)Bz(r) = �BzXG os(G � r)�2G2 + 1 ; (4)where �Bz is the averaged magneti indution, G arereiproal vetors of the square lattie, and � is thesuperonduting penetration length renormalized bythe magneti moments. It is given by the expres-sion �2 = �2L(1 � 4��zz), where �L desribes mag-neti �eld penetration in the absene of the mag-neti moments [5; 16�19℄. We note that the mag-neti suseptibility �zz = Mz=Bz is smaller than1=4�, i. e., �zz < 1=4�. The magneti �utuationshMzMzi � �zz=(1 � 4��zz) diverge as �zz ! 1=4�,whih indiates instability of the magneti system [20℄.We here also ignore anisotropy of the penetrationlength.In the Lagrangian, the interation between a vor-tex line at Ri = (xi; yi) and the magneti moments isdetermined by the termLintfRi;Mzg = Z dt Z drBz(Ri � r; t)Mz(r; t); (5)

where we desribe the magneti moments in the ontin-uous approximation via the magnetizationMz(r; t), be-ause the distane between free spins, equal to 35 nm [9℄is muh smaller than the London penetration length �,about 500 nm [15℄. We ignore the pair breaking e�et ofthe magneti moments beause they suppress Cooperpairing uniformly as the distane between free spins ismuh smaller than the oherene length, and hene thepair breaking e�et by the moments does not introduepinning.Both the magnetization and vorties are governedby a relaxation dynamis haraterized by the dissipa-tion funtionRfRi(t);Mz(r; t)g = RMz +Rv ;where RMzf _Mz(r)g = 12� Z dr _M2z (r);Rvf _Rig = �Xi 12 _R2i : (6)Here, � is the relaxation time for a single spin and� = �20=2��22�n is the Bardeen�Stephen drag oe�-ient per unit vortex length with �n being the normalresistivity slightly above T. The equation of motionfor vorties is the Euler-Lagrange equation of motionddt ÆLÆ _Ri � ÆLÆRi + ÆRÆ _Ri = 0; (7)whih gives� �Ri�t = �LvvfRi;Rjg�Ri + �LintfRi;Mg�Ri ++Xj �U(Ri � rj)�Ri + FL; (8)with FL = �0J= being the Lorentz fore.We here neglet the e�et of quenhed disorder be-ause the vortex motion quikly averages out the disor-der and the lattie ordering is improved [21; 22℄. In thelattie phase, Lvv = 0 due to symmetry. The equationof motion for vortex lines is then� �Ri�t = �LintfRi;Mzg�Ri + FL: (9)The magnetization dynamis is governed by� �Mz(r; t)�t = � �Mz(r; t)�zz �Bz(r)� : (10)It follows from Eq. (10) that the relaxation time of themagnetization measured experimentally in the rystal477



L. N. Bulaevskii, S.-Z. Lin ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013is �zz� . The fore due to magneti moments is thesame for all lines and the vortex lattie moves as awhole. The motion of the vortex lattie enter of mass,u(t), along the x axis is desribed by the equation� �u�t = ��u �Z drBz(x+ u; y; t)Mz(r; t)�+ FL: (11)Using the linear response approah to relate mag-netization to the magneti �eld, we obtain� �u�t = ��u Z drdr0Bz(x+ u; y; t)�� tZ0 dt0�zz(r� r0; t� t0)Bz(r0; t0) + FL: (12)The vortex lattie moves with the onstant veloityu = vt in the steady state t � � . Integrating overoordinates and time, we obtain�v =XG �zz(G;v �G)(�2G2 + 1)2 + FL; (13)where �zz(k; !) is the dynami magneti suseptibil-ity in the Fourier representation. We see that themagneti moments a�et the vortex motion stronglyif either a) the resonane Cherenkov radiation ondi-tion v � G = 
(G) is ful�lled, where 
(k) is the fre-queny of magneti exitations with the momentum kand 
(k)� �(k), where �(k) is the relaxation rate ofthe exitation, or b) dynamis of the magneti systemis dominated by relaxation, 
(k) . �(k). In the formerase, disussed in Refs. [23�25℄, the magneti momentsrenormalize the vortex visosity at high veloities whenthe alternating magneti �eld of vorties is able to ex-ite magnons. Here, we onsider the latter ase of freemoments desribed by the relaxation dynamis aord-ing to Eq. (10) with �zz(k; !) given by�zz(k; !) = � sin2 � 11� i!��; � = �MskBT ; (14)at temperatures T below 3 K for ErNi2B2C.Renormalizing time in units of ��, length in unit of1=G1, fore per unit vortex length in unit of �=�G1�we obtain the equation for veloityv + Fp vv2 + 1 = FL; (15)where we take only the dominant lattie wave vetorG1 = (2�=a; 0; 0) into aount and introdue the mag-neti pinning fore per unit vortex lengthFp = �20��2 sin2 �4�2�4� :
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ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013 Polaron-like vorties, dissoiation transition : : :The jump at J, identi�ed experimentally as thedepinning transition, is aused by the dissoiation ofthe vortex�magnon polaron. It is very similar to thedissoiation of the usual eletron�phonon polaron inhigh eletri �elds, as is desribed theoretially in [26℄and on�rmed experimentally in metal oxides in [27℄.Upon dereasing the urrent, the vorties are retrappedby the polarization louds at a threshold urrent Jrand the vortex lattie moves with a signi�antly en-haned visosity at lower urrents. The alulated Jand Jr and the orresponding eletri �elds are shownin Fig. 3. At large Fp, the ritial urrent is indepen-dent of � , J � 0:03��0 sin2 �G1�4 ; (16)J dereases with the temperature as J � 1=T , anddereases with the magneti �eld as J � 1=pB.We explain the origin of the jumps at J and Jr.The dependene of the magnetization on the veloityof moving vorties isMz(r; v; t) = � �B sin2 ���XG os[G � r� �(v)℄(�2G2 + 1)[1 + (G1v��)2℄3=2 (17)with tg � = G1v��. The nonuniform omponent ofthe magnetization and hene the polarization e�et de-rease with veloity. On the other hand, the retarda-tion between the magneti �eld and the magnetization,desribed by the phase shift �(v), inreases with the ve-loity. This positive feedbak and the inrease in retar-dation with veloity ensure disontinuous transitions atJ and Jr.3. DISCUSSION OF EXPERIMENTAL DATAFOR ERBIUM BOROCARBIDEA large parameter Fp is required to have a strongpinning due to the polaron mehanism. It is expressedin terms of � as Fp � 1011�� sin2 � s�1, where we usethe oherene length � � 13 nm [15℄ and the normalresistivity �n = 5 �
�m at T [28℄. The relaxationrate �� in ErNi2B2C is long beause the dynamis ofmajority of spins is strongly suppressed by the for-mation of the SDW moleular �eld, as was found bythe Mössbauer measurements in [29℄. The relaxationrate drops very fast below 10 K and reahes the value�� � 5 �10�10 s at T = 5 K. The data at lower temper-atures were not measured, however. Hene, the onlyinformation we have so far is Fp > 50 sin2 �.

The ritial urrent for ErNi2B2C reported inRef. [10℄ is about 250 A/m2 for B = 0:1 T and T == 2 K, whih orresponds to � = 2:5Æ aording toEq. (16). The applied magneti �eld was lose to the axis in experiment, but the preise angle � was notreported [10℄. The estimate of the order of 1Æ is reason-able, but the quantitative omparison is not onviningbeause we do not know � and therefore Fp below 2.3 K.We predit hystereti behavior in ErNi2B2C, a strongdependene of the voltage and of the ritial urrenton the angle �, at least for � � 0:15Æ. Hene, the realhek of the polaroni mehanism should be by mea-suring the I�V harateristis. We estimate that theritial urrent reahes values as high as 106 A/m2 atlarge angles at T = 1 K and B = 0:1 T.The e�et of ordered spins on the vortex motion issimilar to that desribed in Refs. [23�25℄ for an anti-ferromagnet. When the Cherenkov radiation onditionv �G = 
(G) is satis�ed, exitation of magnons resultsin an enhaned drag oe�ient by transferring energyfrom vortex motion to the magneti subsystem. Thisours at high veloities (high urrents) of vorties, dueto a gap in the magnon spetrum and a large veloityof a magnon, leading to a voltage drop in omparisonwith the bare Bardeen�Stephen (BS) result.In the inommensurate SDW with T > T �, somespins experiene a quite weak SDW moleular �eld.Hene, they are polarized by vorties and exhibit thepolaroni e�et and pinning. This aounts for the in-rease in pinning in ErNi2B2C as T dereases belowTN (see Ref. [10℄), and also the pinning in the holmiumboroarbide below TN [30℄.We next disuss the e�et of quenhed disorder. Inthe presene of quenhed disorder, the vortex lines ad-just themselves to take the advantage of the pinningpotential, whih destroys the long-range lattie order.Below a threshold urrent, vorties remain pinned (theyatually reep between pinning enters due to �utu-ations) and the polaroni mehanism does not play arole in that region. When the urrent is high enoughto depin the vorties from quenhed disorder, vortiesstart to move and the lattie ordering is improved. Thevortex visosity is enhaned by formation of a polaronwith a nonuniformly indued magnetization. The po-laron dissoiates and the system jumps to the onven-tional BS branh at a ritial veloity (urrent). Pin-ning due to quenhed disorder works in the stati regionand the polaroni pinning works in the dynami region.The ritial urrent of the whole system is thereforethe sum of these two threshold urrents. We note thatmagnetostrition in ombination with quenhed disor-der enhane the polaroni pinning mehanism.479
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with the strength Fp. In this ase, the vortex lattiefollows the driving fore muh faster than the magne-tization does, whih remains almost time independent.The polarization of the magnetization results in a pe-riodi pinning potential with the vortex lattie peri-odiity beause it was indued by the same lattie atprevious positions and previous instants of time. For alow frequeny ! � 1, the e�et of magnetization is torenormalize the drag oe�ient from � to �eff = 1+Fp.In this polaron region, the magnetization follows vortexmotion by formation of a vortex polaron, as in the dase ! = 0, resulting in the enhanement of visosityand suppression of a dissipation.The dissipation power of the whole system, aver-aged over time, D(!) = hFL(t)v(t)it, is redued due tothe presene of magneti moments. In the linear regionwith a vortex polaron, we obtainD(!) = Fa2 !2�eff�2p + �2eff!2 : (23)This dissipation power should be ompared with thatthe ase without magneti moments (at Fp = 0), D0 == F 2a=2. For ! � 1, we haveD=D0 � 1 and for ! � 1,we have D=D0 = (1 + FP )�1. The frequeny depen-dene of the normalized dissipation power D(!)=D0,the e�etive visosity �eff , and the pinning strength�p is shown in Fig. 4. The dissipation of the systemin the presene of the magneti subsystem is stronglyredued in the linear regime Fa < FL, whih mightbe useful for appliations.480



ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013 Polaron-like vorties, dissoiation transition : : :We next onsider larger driving fore amplitudes.In this hystereti regime, we desribe the system an-alytially in the adiabati limit, ! � 1. At the timeinstant t, when FL(t) = FL � 0:5Fp, polaron disso-iation leaves the magnetization and the vortex lattieweakly oupled beause the lattie now moves with ahigh veloity. The magnetization omponentm(t) afterthat instant relaxes asm(t) = exp(�t+t), and motionof the vortex lattie is determined by the equationdudt = FL + Fp sinu exp(�t+ t): (24)When t � t < 1, the vortex lattie veloity osillateswith the frequeny 
 = FL,v = FL + Fp sin(FLt) exp(�t+ t); (25)but the osillations relax on the time sale of unity.These post-dissoiation osillations are aused by themotion of the vortex lattie in the periodi potentialindued by the remnant retarded magnetization.To take both the retardation and nonlinearity intoaount for an arbitrary !, we solve Eqs. (18) and (19)numerially. We onsider the interesting region Fp > 8,where the dissoiation of a vortex polaron is possibledue to nonlinear e�ets at u � 1. We set Fp = 20 inthe disussion in what follows. The hystereti behaviorof the vortex lattie veloity vs. the driving fore isshown in Fig. 5. At frequenies ! . 1, whih are simi-lar to the d ase ! = 0, we see the following sequeneof events during the period of FL(t): polaron formationnear low jFLj (the interval of low vortex veloity); po-laron dissoiation (a sharp inrease in veloity) followedby the region of vortex osillations on the bakgroundof the average high veloity; a derease in veloity asthe Lorentz fore drops and vortex retrapping (a sharpdrop in the vortex veloity); and, again, dissoiation ata negative �FL (a sharp drop in veloity). The resultsfor the behavior of the vortex veloity in time, v(t), areshown in Fig. 6 at Fa = 20 > FL and di�erent !.At all frequenies ! . 1, we see post-dissoiationosillations aused by the motion of deoupled vortieswith respet to the periodi potential reated by thenonuniform magnetization indued by the same lattiejust before deoupling (when the veloity was still low)and frozen for some period of time after deoupling dueto the retardation e�et. This self-indued pinning dueto the retardation, and the amplitude of orrespondingvortex osillations reah a maximum at ! � 1. In arough approximation, we desribe them by the equa-tion dudt � FL + Fpmd sin(u� ud); (26)
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struture shown in Fig. 7 for optimizing suh a pinningmehanism [32℄. To ahieve a high ritial urrent, themagneti layers must have a slow relaxation of the mag-netization. The magneti layers must also have a highmagneti suseptibility at the working magneti �eldto ensure a strong oupling between magneti momentsand vorties. In addition, the penetration depth of thesuperonduting layers must be small, suh that themagnetization polarization varies rapidly in spae.The vortex lattie is indued inside the S layers un-der external magneti �elds. The vortex lattie movesin response to the Lorentz fore when a transport ur-rent is present. In the quasistati approximation, themotion of the vortex lattie is given by�2r�r�B+B = �0Xi Æ [r� ri(t)℄ ẑ; (28)where ẑ is the unit vetor along the z axis andri(t) = r0�vt is the vortex i oordinate. The magneti�eld inside the M layers is governed by the Maxwellequations r� (B� 4�M) = 0; r �B = 0: (29)The dependene of the magnetization M on B isdetermined by the material properties. With a strong�eld and in stati ase,M is a nonlinear funtion of Band generally an be expressed asM(r) = Z dr3f [r� r0;B(r0)℄:The harateristi length of the magneti subsystem ismuh smaller than � and we use the loal approxima-tion f [r� r0;B(r0)℄ = Æ(r� r0)f(B(r0):The indution B(r) has a omponent uniform in spae,B0, and the nonuniform omponent ~B(r) � B0.Hene, the spatially nonuniform magnetization is~M(r) � �f(B0)�B0 ~B(r) � �0(B0) ~B(r):In what follows, we onsider an isotropi magneti sub-system haraterized by a suseptibility �0(B0) at B0in the stati ase. The magneti �eld inside the Mlayer is determined by the equation r2 ~B = 0. Sineonly the spatially nonuniform omponents ~M and ~Bare responsible for pinning, we fous on the nonuniformomponents in the alulations and omit the tilde. Atthe interfae between the M and S layers, we use thestandard boundary ondition for the �eld Bz parallelto the z axis and the �eld Bk parallel to the interfae:BzjS = BzjM ; BkjS = (1� 4��0)BkjM : (30)482



ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013 Polaron-like vorties, dissoiation transition : : :Then we obtain the magneti �eld inside the M layers:Bzm(G > 0; z) = � [exp(Gz0)+ exp(�G(z0+dm))℄�� �0 exp (�iGxvxt)1 + �2G2 ; (31)Bkm(G > 0; z) = i� [exp(Gz0)� exp(�G(z0+dm))℄�� �0 exp (�iGxvxt)1 + �2G2 ; (32)� = � exp(dmG) (�1 + exp(dsks))�0 �� f(1� �0) (exp(dsks)� exp(Gdm)) ++ (1 + �0) (1� exp(dmG+ dsks))g�1 ;with z0 = z � n(ds + dm); ks =p��2 +G2;�0 = (1� 4��0)�1ks=G:Here, n is the layer index and the vortex motion is as-sumed to be along the x diretion. We onsider a squarelattie G = (mx2�=a;my2�=a) with a = p�0=B0 be-ing the lattie onstant and mx and my integers.We assume a relaxational dynamis for the M layers,M(!) = �(!)Bm(!), with the dynami suseptibilitygoverned by a single relaxation time �0� as in Eq. (10).In the steady state, we haveM (G; z; t) = ��1 tZ0 exp t0 � t�0� Bm(G; z; t0) dt0: (33)For a slow relaxation of magnetization, M depends onthe history of vortex motion and there is retardationbetween the time variation of the indued nonuniformmagnetization and vortex motion. As a result, the mag-netization exerts a drag fore to the vortex, whih isopposite to the driving fore. The pinning fore atingon a single vortex due to the indued magnetization inone M layer is given byFM = �r0 Z dx dy 0Z�dm dzM �Bm;whih yieldsFM =XG [1� exp (�2Gdm)℄�� 2�2�0(1 + �2G2)2 a2 Gv�0��201 + (Gv�0�)2 : (34)

The I�V urve is determined by the equation of motionfor the vortex ds�v = dsFL�FM with the eletri �eldE = Bv= and the Lorentz fore FL = J�0=. We on-sider a realisti ase where a=2� � dm; ds. Taking onlythe dominant ontribution Gx = 2�=a and Gy = 0 intoaount in the summation, we obtain the same equa-tion as Eq. (15), but with a di�erent parameterFp = �2�ds � 11� 2��0�2 �20a�20�4(2�)3 ; (35)after introduing the same dimensionless units as be-fore.Hysteresis is developed when Fp � 8. For typialparameters for an Nb superondutor, � � � � 40 nm,�n � 10�6 
 �m and a = 40 nm at B � 1 T, and�0 = 0:05, Fp > 8 requires �0� > 1 ps. For the re-laxation time of the order of �0� � 1 �s, the e�etivevisosity is enhaned by a fator of 106 ompared tothe bare BS one at v < a=�0� . The e�etive ritialurrent density for the whole system is given byJ � � 12� 4��0�2 �0(2�)4�4 �0a2ds + dm : (36)For ds = dm = 100 nm, we obtain J � 109 A=m2. Theretrapping urrent Jr isJr � 11� 2��0r�ads�� a�24�2 1ds + dm : (37)For the parameters used above and �0� = 1 �s, weestimate Jr � 2 � 106 A=m2.We disuss the optimal materials for the S and Mlayers. Superondutors with a smaller � are preferredbeause the ritial urrent dereases as ��4. Thesmaller �, the more nonuniform is the magneti �elddistribution inside the M layers, and hene the strongerthe pinning. The visosity in the branh with a vortexpolaron is proportional to � while the ritial urrent isindependent of � for su�iently large � . The slow mag-neti dynamis an be realized in ertain spin glasses,where the magnetization relaxation is governed by abroad spetrum of time sales, with the average timeof the order of 0:1 �s [33; 34℄. For CuMn0:08, �0 � 0:002at B = 1 T [35℄. We an enhane �0 by tuning the on-entration of magneti metal in alloys [36℄. We an alsouse superparamagnets with � as large as 1 s and with ahuge �0 due to large magneti moments in superpara-magnets [37�39℄ and the reently synthesized obalt-based and rare-earth-based single-hain magnets with�0 � 0:05 at B = 1 T and 10�6 s < �0� < 10�4 s[40�43℄.483 3*



L. N. Bulaevskii, S.-Z. Lin ÆÝÒÔ, òîì 144, âûï. 3 (9), 2013We now disuss the optimal thikness of M and Slayers. For dm � a, we haveBm(G > 0) � exp(�2�dm=a)if �dm � z0 � 0 aording to Eqs. (31) and (32). Themagneti indution and the magnetization are almostuniform in the lateral diretion in the middle of the Mlayer. As a result, the pinning fore beomes prati-ally independent of dm in this ase. In other words,the pinning is e�etive only near the boundaries be-tween S and M layers in the area of thikness of theorder a. On the other hand, the Lorentz fore is pro-portional ds. Therefore, the e�etive ritial urrent ofthe whole system J is proportional to 1=(ds + dm) asdesribed by Eq. (36). Hene, the thinner both M andS layers, the higher is the ritial urrent of the system.The M/S multilayer struture is naturally real-ized in ertain superonduting single rystals, suhas (RE)Ba2Cu3O7 [44; 45℄ and RuSr2GdCu2O8 [46℄.For (RE)Ba2Cu3O7, magneti RE ions interat weaklywith superonduting eletrons beause they are po-sitioned between the superonduting layers. Theyorder at very low Néel temperatures of the order ofTN � 1 K. The polaroni mehanism is important atT > TN , where spins are free. The London penetrationdepth of uprate superondutors is large, � � 200 nm,and hene the ritial urrent is redued signi�antlyompared to that for the Nb multilayer struture, be-ause J dereases as 1=�4. Another natural realiza-tion is the reently disovered iron-based superondu-tors, suh as (RE)FeAsO1�xFx, where RE ions areordered antiferromagnetially below TN � 1 K [47℄.In RuSr2GdCu2O8, the magneti moments order fer-romagnetially above T, and therefore the dominantenhanement of vortex visosity is due to the radiationof magnons [23�25℄.6. CONCLUSIONSVorties in magneti superondutors polarize mag-neti moments and beome dressed and polaron-like.At low urrents and a long spin relaxation time, thenonuniform polarization indued by vorties slows theirmotion at urrents for whih pinning by rystal lattiedisorder beomes ine�etive. As the urrent inreasesabove the ritial one, vorties release the nonuniformpart of the polarization, and the veloity as well as thevoltage in the I�V harateristis jump to muh highervalues. At a dereasing urrent, vorties are retrappedby polarized magneti moments at the retrapping ur-rent whih is smaller than the ritial one. The results

of suh a polaroni mehanism are in qualitative agree-ment with the experimental data [10; 15℄, but measure-ments of the I�V harateristis are needed to estab-lish the quantitative agreement and on�rm the valid-ity of suh a model for Er boroarbide. The polaronimehanism should also operate in Gd and Tb boro-arbides superondutors in the ommensurate SDWphase and a strong e�et an be present in Tm boro-arbide above TN .We derive the response of the magneti superon-dutors in the vortex state to the a Lorentz foreFL(t) = Fa sin(!t), taking the polaroni e�et into a-ount. At low amplitudes of the driving fore Fa, thedissipation in the system is suppressed due to the en-hanement of the e�etive visosity at low frequeniesand due to formation of the magneti pinning at highfrequenies !. In the adiabati limit with low frequen-ies ! and a high amplitude of the driving fore Fa,the vortex and magneti polarization form a vortex po-laron when FL(t) is small. As FL inreases, the vortexpolaron aelerates and at a threshold driving fore itdissoiates, i. e., the vortex motion and the magnetiza-tion relaxation deouple. As FL dereases, the vortexis retrapped by the bakground of remnant magneti-zation and they again form a vortex polaron. Thisproess repeats when FL(t) inreases in the oppositediretion. Remarkably, after dissoiation, deoupledvorties move in the periodi potential indued by mag-netization, whih remains for some periods of time dueto retardation of magnetization after the deoupling.At this stage, vorties osillate with high frequeniesdetermined by the amplitude of the Lorentz fore atthe instant of dissoiation.We propose fabriating multilayer system M/Swhere superonduting and magneti layers an beoptimized to ahieve high ritial urrent.The authors thank P. Can�eld, C. D. Batista,V. Kogan, V. Vinokur, D. Smith, A. Saxena, L. Civale,and B. Maiorov for the helpful disussions. This pub-liation was made possible by funding from the LosAlamos Laboratory Direted Researh and Develop-ment Program, projet number 20110138ER.REFERENCES1. L. N. Bulaevskii and S.-Z. Lin, Phys. Rev. Lett. 109,027001 (2012).2. P. C. Can�eld, P. L. Gammel, and D. J. Bishop, Phys.Today 51, 40 (1998).484
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