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Possibility of a = Josephson junction and switch in superconductors with spiral magnetic order
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It is shown in tunneling junctions made of two magnetic superconductors with spiral magnetic order that the
Josephson current depends on the magnetic plfasé, — 0z, as well as the spiral helicityy= x xr. The
former describes the relative orientation of magnetizations on théllgfind right(R) banks of the contact,
while the latter characterizes the Idftight)-handed spiral with respect to the surface unit vector. The
Josephson curredt=(J.—J_, cosd)sin ¢ is calculated as a function of the superconducting order parameters,
A (r), the exchange energiels, g, and the spiral wave vectorg, (g . It turns out that ther Josephson
junction can be realized in some range of microscopic parameters. A possibility of making switches, which are
based on this new phase relation, is also analyzed.
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[. INTRODUCTION Recently, it was reported that antiferromagnetic order
(which is probably accompanied by a weak ferromagnetism

The physics of magnetic superconductors is interestingoexists with superconductivity in the layered perovskite su-
due to the competition of magnetic order and singlet superperconductor Ru$6dCw,0g.° The magnetic order appears
conductivity in bulk materials. The problem of their coexist- at the temperaturel =137 K with magnetic moments
ence was first set up theoretically in the pioneering work byplaced in Ru-O planes. The superconductivity sets i at
V. L. Ginzburd in 1956. The experimental progress in the <45 K and it occurs in Cu-O planes. We point out that in
field begun after the discovery of the ternary rare ealRB)(  all of the above cited magnetic superconductors the effect of
compounds RE)Rh,B, and RE)MogXg (X=S,Se (Ref. 2  the exchange interactiotbetween localized magnetic mo-
with a regular distribution of localizedRE magnetic mo- ments and conduction electronen superconductivity is
ments. It turned out that in many of these systems supercomauch larger than the electromagnetic interaction. Note that
ductivity (with the critical temperaturd ) coexists rather the electromagnetic interaction between localized magnetic
easily with antiferromagnetic orddgwith the critical tem- moments and superconductivity is due to the dipolar mag-
peratureT,). Usually the situation witi<T, is realize®  netic fieldB,, . The latter is caused by the localized magnetic
Due to their antagonistic characters singlet superconductivitynoments and it affects the orbital motion of superconducting
and ferromagnetic order cannot coexist in bulk samples witlelectrons.
realistic physical parameters. However, under certain condi- Due to these facts, in the following we study the Joseph-
tions the ferromagnetic order is transformed, in the presencgon effect in magnetic superconductors with spiral magnetic
of superconductivity, into a spiral or domainlike structure—order in the framework of the direct exchan@X) model in
depending on the type and strength of magnetic anisotropy iwhich the exchange interaction dominates. It will be shown
the systent:* As a result of this competition, these two types below that the Josephson current depends on a new
of order coexist in a limited temperature intervBl,<T  quantity—the relative phase of the magnetic order parameter
<T,, (the reentrant behavibin ErRh,B, and HoOM@Sg, or  at the contact surfaces.
even down tolf=0 K in HoOMogSeg;. In ErRh,B, the coex-
istence region is narrow T¢=8.7 K, T,,=0.8 K, T, Il. THE MODEL
~0.7 K), while in HOMgS; it is even narrower withT
=1.8 K, T,=0.74 K, T;,~0.7 K—see Refs. 2, 3, and 4. The microscopic theory of magnetic superconductors,
In most of the new quaternary rare-earth CompoundgNhiCh is described in detail in Ref. 3, takes into account the
(RE)Ni,B,C antiferromagnetic order and superconductivity interaction betweerocalized magnetic momentnd con-
coexist up toT=0 K (Ref. 5, while in HONi,B,C an addi-  duction electronshat goes(a) via the direct exchangéeEX)
tional oscillatory magnetic structure is realized in a limitedinteraction andb) via the electromagneti€M) interaction.
temperature interval. The latter magnetic structure competes The Hamiltonian of the system has the form
strongly with superconductivity causing a reentrant behavior
in this compound.

A new and very interesting field of research was opened
recently by Pobell’s group,which discovered the coexist-
ence of superconductivity and nuclear magnetic order in _R(r. 0 (3
Auln, with T,=0, 207 K andT,,=35 uK. This result was +Ei [=B(r)gugdi+Her(J)]- @
interpreted in Ref. 8 to be due to the appearance of a spiral or o
domainlike nuclear magnetic order in the superconducting’he operatoiH,=H,(p—(e/c)A) describes the quasiparti-
state. cle motion in the magnetic fielB(r)=curl A(r), where the

S o IA(r)]?
H=Ho+HBCs+fdsr{‘pT(r)Vex(r)‘p(r)—'—[CmB#
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hL h depends on the anomalous Green’s functi5|§§,,2(x1,x2)
R o -
=(T<p£1(xl) zpzz(xz», as well as on their conjugates, where

x=(r,7) ando=1,]. In the case of magnetic superconduct-
.. ors with spiral magnetic order these functions were calcu-
SL I SR / lated in Ref. 4 as a function of Matsubara frequencies,
=7T(2n+1), and are given by

W v |
0%@@@2 FIT(k’k'iwn)Iﬁ(k—k’)A nt Tleptp”
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FIG. 1. The Josephson contdcbetween two magnetic super-
conductorsS; and Sg with spiral magnetic order. The correspond-

ing exchange fieIdELYR at the surface make anglés g with they
axis. The wave vector®), g, of the spirals are along theaxis. E1 x= 8k+pk+ h2+ |A|212\/8ﬁ(pﬁ+ h2)+ |A|2h2, (5)

The quasiparticle excitation spectrum in the coexistence
phaseE; x, is given by

latter is created by the localized magnetic moments and by*here
tpe mduAced Meissner current. The BCS pal'n!’]g H.am|ltor.1|an er=[E(k+QI2)+ £(k—Q12)]/2
Hgcs=HgcA(r)) describes superconductivity with a sin-

glet order parameteh(r), while Vg, (r)=h(r)eo is the ex- pr=[&(k+QI2)— &(k—Ql2)]/2. (6)

change energy —operator, wher@(r)=2iJedr =ri)(d  For calculational simplicity we consider in the following a
—1)J;. Here,Je\(r) is the exchange integral between the parabolic quasiparticle spectruné(k)=k%2m—Eg, in

conduction electron Spiﬂ'=(0'130'2,0'3) and_ the localized  which cases, = £(k) andpy=Vg-Q, whereve is the Fermi
magnetic moment. The latter is characterized by the totalelocity.

angular momentum operatdy at theith site. If the magnetic The pair functionFL is obtained frorrF}rT by replacing
anisotropy in the system is pronounced then the crystal-fielth —h,, i.e., #—— 6 andQ— — Q. It is worth mentioning
term HCF(j) has to be added thl. here, that in the magnetic superconductor with singlet pairing

In the following we assume that both banks of the junc-(A; =A) and with splral magnetic order triplet pairs with
tion are made of cleas-wave magnetic superconductors amplitudes, FM and Fu, have a finite lifetime although
with spiral magnetic order. The extension of the theory tothere is no triplet pairing in the system (;=0). The finite
other than spiral oscillating magnetic order is discussed irifetime of the triplet pairs, which is of the ordérA, leads
Sec. IV. The spiral is characterized by the wave veor to nontrivial effects in the Josephson current studied below.
along thez axis, Q:QZQZ iQQ, and by the helicityy The above theory predicts that if in a magnetic super-
=Q,/Q==1. In what follows we consider magnetic super- conductor the exchange interaction dominates then supercon-
conductors with an easy-plane magnetic anisotropy in whiclluctivity modifies the ferromagnetic order into a spiral, or
case the localized magnetic moments lie inxlyeplane(see  domainlike, one. In that case the spiral wave vec@xrful-

Fig. 1) and the spiral structure is favorable in the superconfills the condition gg <Q<kg. The latter means, that the
ducting state. The exchange effects are considered in thexchange field(h), which is averaged over the supercon-

mean-field approximation in which case the exchange pOte’Huctmg coherence length,, is practically zero, thus reduc-

tial V(r)=(Vey(r)) reads ing the depairing effect of the exchange interaction. As al-
ready mentioned the two types of order coexist in a narrow
. 0 he 1(xQz+0) temperature interval in ErgB,, HoMogSg, or down toT
VN =| | d(x@z+0) 0 : (20 =0 K in HoMogSe;, while in Auln, superconductivity co-
exists \;Véth the nucleaftspira) magnetic order down td@
=0 K.

Here, h[ =n(g—1)Je(0)(]J|)] is the exchange energy
andJ.,(0) is theq=0 Fourier component af.,(r—r;), n,
is the concentration of regularly distributed localized mag-
netic moments—see Ref. 3. For further purposes we define We consider the tunneling Josephson junction between
h,=he'?, where the magnetic phagecharacterizes the ori- two magnetic superconductors, where in both of them the
entation of the exchange fieldhagnetizatiohat the surface spiral magnetic order is realized—see Fig. 1. The latter is
z=0 of the junction. As is well known the Josephson currentcharacterized by the wave vect@; g and exchange fields

1. JOSEPHSON CURRENT
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h(,L(R)zhL(R)ei %.®), respectively, while the superconductiv-  The second term in E@7), which is proportional td_,,

ity in the banks is described by the order parametery is gbsent in standard Josephson junctions based on nonmag-
=|A_ gl€'*LRr. To simplify the calculation we assume that: Netic superconductors. This term depends on the relative
(i) |A|=|Arl=A, h,=hg=h, while p=¢, —@g#0 and Magnetic phase of the exchange fields at the barrier surfaces

0=0,— 0r0: (i) |Q.|=|Qx|=Q where Q_r=x 02 as well as on the helicity= y, xr. It is due to the tunneling
— YL R ’ L= RI— L,R™ AL,R

are orthogonal to the tunneling barrier. The spiral helicityf)f Cooper pairs that are for a short time in the triplet state;

XL(r) takes valuest1 for Q_ g along or opposite to the 1.€.,
axis. In that case one ha$kL(R)=VF-QL(R)=XL(R)P
= XL(r)Po COSB, Wherepo=Qur and is the angle between  J—,~—T, ; T AT (kL o) [FT (kg = wp) T*
the Fermi velocityg and thez axis. LR
The tunngling process of a.left-s?de electron with momen- + FL(kL awn)[FL(kR ,— o) ]*}.
tum and spin Kk, ,0) into a right-side electronkiz,o) is _ _ _
described by the standard tunneling Hamiltorfiafor the — SinceJ_,~h hg it follows thatJ_, =0 in the absence of
calculational simplicity the standard assumption is m&de magnetic order in at least one bank of the junction, i.e.,
that the tunneling amplitud®, . is weakly dependent on J-,=0 forh =0 orhg=0.

energy and momentum, i.eTy  ~To®(k_Kg,). The After the & integrationJ ., reads

Heaviside function® (k,_ kg ,) takes into account that be- J_ =16em2N2(0)|T|2A2h2T
fore tunneling the left electron moves toward the barrier, X

while after tunneling it moves as a right electron away from ~ 1 2

the barrier, and vice versa. We point out that the assumed > [(wnf K(wn ,y)dy)

form for Tk, ke is more suitable for a diffusive tunneling n=0 0

barrier, i.e., for an incoherent tunneling process. 1 2
The standard theory of the first-order Josephson éffect _X(Pofo yK(wn,y)dy> ]

(in which the current is proportional ﬂd’kL Ylez) applied to o
the above system gives the Josephson cud@pté) and the  WhereK(w,,y) is given by

junction energyE;(¢, #) in the following form: y )
_ Wn,Y
J(¢,0)=(I.—J_, cosh)sine, (7) K(wn,y)= an+\/aﬁ—4A2h2—2h2'

(11)

DyJ

Ey(¢,0)=— chc(l—R_Xcose)003¢+const. ) In order to calculate]. andJ_, we have to know the

equilibrium values ofA, h, and Q, which minimize the
free energyF(A,h,Q) of the system. This problem has
been discussed extensively in the past—see Ref. 3, and
X i . references therein, where it was shown that the equilibrium
which is proportional tal, is the standard Josephson term,,es ofA, h, and Q depend on microscopic parameters
due to the tunzneJIrlng of singlet pairs, i.€.Jc g, n 3. A, This problem is not the subject here but
~ T2k kool Ty kel “Fri(kL @n)Fp(Kr, = @n). N what e siress, that in systems that would be ferromagnetic in the
follows a finite temperature is assumed. In the calculation ohbsence of superconductivity the equilibrium valueQofs
J(¢,0) the summation ovek is replaced by the integration strongly affected by superconductivity. It turns out tigat

Here,o= ¢ — ¢r, 0= 06, — Og, Py is the flux quantum and
R_,=J_,/Jc. The first term in the bracket of Ed27),

over ¢ andp(=pocosp), i.e., ~ &1 for the spiral structure, while in systems with an
easy-axis magnetic anisotropy, the domain structure @ith
S ()= @fﬂodpfw dE(-- ), ) ~ £, M2 is realized® We point out that a situation is possible
K 2pg Jo —w when the oscillating magnetic order is due to Fermi surface

) ) ) properties in the normal state in which c&3és independent
whereN(0) is the density of states on the Fermi level, o, superconductivity. As a typical example for such a behav-
=Qug. By integrating over a straightforward calculation o, serves TmNB,C with T,=11 K, where afl,,=1.5 K

leads to the expression fdg : an oscillating magnetic order appears with the wave vector
.0 ) Q=0.24 A%, ie, Q '<£=~250 A>M This discussion
J.=4em®N2(0)| TI2A2T j | yydy| | d_empnstrates th_at in singlet magnetic sgpercolnductors an os-
o= 4em"N%(0)[To| ngl 0 (@n,y)dy cillating magnetic structure can be realized with the equlib-

rium wave vectorQ laying in the range§51<Q< Ke .
a,+ /aﬁ—4A2h2—2h2 The current ratioR_,(m,p)=J_,/J. is calculated nu-

H(w,,y)= , merically, for the temperaturfE=0.1 K, as a function of the
[a2_ gA2R12 _9.2y2_opn2 2_ gA2n2 parameteran=A/h and p=(pqo/h)(=Qug/h), which are
a;—4A“h“Va,—2 2h“++a;—4A“h 0 F

" \/ n~“PoY " (10) supposed to be equilibrium values. The obtained results are
shown in Fig. 2, wher&® _, (m,p=const) is plotted, and in
wherey=cosp, a,= w2+ p3y?+h?+A? and py=Que . Fig. 3, where the casR_ (m=constp) is presented.
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(a) 0 0.5 1 1.5 2 25 3 35 4 4.5 5 X
FIG. 2. The ratio R_,(m=constp)

=J_, /3. form=1;0.1;0.02.(a) xy=—1 and(b)
x=1. For|R_,|>1 the 7 contact is realized.
Here,m=A/h andp=Qug/h.

IV. DISCUSSION AND CONCLUSION the 7 contact is favorable if the magnetic phagetakes

The 0 dependence of the Josephson current gives rise t alues co§<—1/|R_|,'Wh|Ie.|n the case whey= B 1 and
interesting physical effects in this junction—we call it the | +>,1’ thew contact is reallged f9r C(_]%>1/R+' Itis seen
MSJ junction. In the following we discuss some of them,I" Figs. 2 and 3 that ther junction is preferable in the
like, for instance, the tuning from O- ter junctions, i.e,, Parameter regiom<1, p<2, where|R_,|>1. We point
switching ability of the MSJ junction. The extension of the Out that the parameten(=A/h,,) is a measure of the rela-
theory to other than spiral magnetic order is discussed at théve strength of the superconducting order parameter with
end of this section. respect to the exchange energy, whif®(=Qug/hgy

(i) The = Josephson junction =Ley/Lspira) Measures the relative ratio between the “ex-

The theory for the MSJ junction predicts that both casesgchange” length,Lq,=2mve/hey, and the spiral period,
|R,X|<1 and|R,X|>1, can be realized in some region of Lg,;o=27/Q. Hence the conditiop<2 means that ther
parametersm(=A/h) andp(=Qug/h)—see Figs. 2 and 3. contact is favorable in magnetic superconductors with a
Equation(8) tells us, that iflR,X|>1 the 7 junction is re-  longer period of the spiral structure. However, théaiyows
alized, in which case the MSJ-junction enefgyven by Eq.  that the latter property is less favorable for the coexistence of
(8)] has a minimum forp= . For y=1 and forR_<—1,  superconductivity and spiral magnetic order. In existing
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FIG. 3. The ratio R_,(m,p=const)
=J_, /3 for p=2;1;0.2. (@ x=—1 and(b) x
. =1. For |[R_,|>1 the 7 contact is realized.

Here,m=A/h andp=Qug/h.

0 0.5 1 15

(ferromagnetic  superconductors Erfy, HoMogS;,  fields. For instance, in the case of magnetic superconductors
HoMogSeg;, and Auln, the parametem decreases froom  with an easy-plane magnetic anisotrgiye x-y plane in the
>1 to m<1 by lowering T from T,,, while the valuep  geometry of Fig. 1 # can be tuned in the range (£, by
>10 is realized. The latter fact means that the current rati@pplying a magnetic field on lateral surfageghich are far
IR_,| is small in these systerhand ther junction is unfa- away from the contact plahef the left and/or right super-
vorable in MSJ junctions based on these compounds. conducting bank. By applying magnetic field directly to the

(i) Tuning of the magnetic phaggin the MSJ-junction  contact one can change bathand ¢ along the contact.

If 6(x,y,t) can be tuned in space and time in a control-  (ii) Switching of MSJ junctions
lable way it offers possibilities for applications of the MSJ  The controllable change af in a MSJ junction might be
junctions. The elaboration of coupled equationsggx,y,t) useful in switching and similar operations. For instance, if
and 6(x,y,t) is a matter for future investigation and at the system is characterized B ,[>1 one can tune the
present this problem can only be analyzed qualitatively. INMSJ junction continuously from the O- tar junction by
the MSJ junction the Josephson phasecan be tuned by rotating the magnetic fiel@which is applied far away from
external currents, like in standard junctions, while the magthe contact If such as junction is part of a superconducting
netic phase& can in principle be tuned by external magnetic ring circuit with large inductancé then a spontaneous cur-
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rent flows'? Moreover, it is imaginable that one can realize s-wave pairing is realized in it. However, a number of ex-
different logic circuits by combining more such junctions. periments in URt are better described by assuming uncon-

Note that the tuning property of the MSJ junction, from aventional superconductivity with a still unknown structure
0- to 7 state in the same setup, is unique. Such tuning in thef the superconducting order parameter.
same setup is hard to realize in junctions with highsuper- We would like to point out that the above theory holds
conductors, where due tbwave pairing one can have either qualitatively for magnetic superconductors with an easy-axis
a 0- orar junction. It should also be stressed that even thosenagnetic anisotropy. In that case the orientation of the oscil-
MSJ junctions with|R_,|<1 (when only O junctions are lating (sinusoidal or domainlikemagnetic order is fixed and
possible might be useful in applications because spatial andhe tuning of corresponding MSJ junctions by a magnetic
time variations of would modulate the Josephson current. field is more difficult. This possibility depends strongly on

(iv) Other types of magnetic order the strength of the magnetic anisotropy.

The proposed theory holds qualitatively for superconduct- In conclusion, it is shown that in Josephson junctions
ors with antiferromagnetic magnetic order that has an easynade of magnetic superconductors with a spiral magnetic
plane magnetic anisotropy. Note that the antiferromagnetiorder the Josephson current depends on a new degree of
order can be considered as a limiting case of the spiral ordefreedom—the relative magnetic phase of the magnetizations
For instance, in some antiferromagnetic heavy-fermion suat the barrier. In some ranges of the parametersh and
perconductors, like URMSI, with Ty=~17 K and T, Qug the 7 junction can be realized by tuning in a mag-
~1.5 K, one hap~1—2, m=~0.01-0.03, where the small netic field. Even in the case when only the O junction is
value ofp is due to the small Fermi velocity. If one as-  realizable the physics of such a junction is interesting due to
sumes thatanisotropi¢ swave pairing takes place in this the sensitivity of the Josephson current to small spatial and
system in the absence of antiferromagnetic order, then théme variations ofd. Such systems could be of potential
magnetic order affects superconductivity in the way de-nterest for small-scale applications, of course, if the MSJ
scribed abové? Since in URySi, one hasp~1—2, m junction is realizable.
~(0.01-0.03) and|R,|~1 this means that this system
might be favorable for makingr junctions. Other heavy fer-
mions, like UPGAl; (Ty~14 K, T,~2 K) and UNjAl, ACKNOWLEDGMENTS
(Ty=4.6 K, T.~1 K), might also belong to the class de- We are thankful to Martin Endres for reading the manu-
scribed by the theory abové.The antiferromagnetic super- script. M.L.K. acknowledges the support of the Deutsche
conductor URY§, with Ty=5 K, T.~0.5 K, p~1-2, m Forschungsgemeinschaft through the Forschergruppe
~(0.01-0.03) is also a candidate for such a system if“Transportphmomene in Supraleitern und Suprafluiden.”
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