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Decoupling of superconducting layers in the magnetic superconductor Rug&dCu,Og

Manuel Houzet, Alexandre Buzdirt,and Miodrag L. Kulié
ICentre de Physique Matelaire Optique et Hertzienne, UniversiBordeaux 1-UMR 5798, CNRS, F-33405 Talence Cedex, France
2Physikalisches Institut, Theorie I, UniversitBayreuth, D-95440 Bayreuth, Germany
(Received 21 March 2001; published 5 October 2001

We propose the model for magnetic properties of the magnetic superconductgGRGEOg, that incor-
porates the theory of the superconducting/ferromagnetic multilayers. The transitiofy(img on which the
Josephson coupled superconducting planes are decoupledl(iTg) =0, is calculated as a function of the
exchange energl. As the result of this decoupling a nonmonotonic behavior of magnetic properties, such as
the lower critical fieldH.;, Josephson plasma frequency, etc., is realized (@edy crossingthe T4(h) line.

The obtained results are used in analyzing the newly discovered antiferromagnetic ruthenocuprate
RuSKLGdCuy,0Og with possible weak ferromagnetic order in the Ru@lanes.
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I. INTRODUCTION nuclear magnetic ordering only, depending on the strength of
magnetic anisotropy in this cubic system. Important contri-
The physics of magnetic superconductors is interestindpution to the physics of magnetic superconductors has been
due to competition of magnetic order and singlet superconmade in Ref. 8, where for the first time the coexistence of
ductivity in bulk materials. The problem of their coexistenceweak ferromagnetism and superconductivity was proposed.
was first set up theoretically in the pioneering work byIn such a case the spontaneous vortex state due to weak
Ginzburd in 1956, while the experimental progress in the ferromagnetism is also possible. _
field began after the discovery of ternary rare-ed(RE) We point out that in the above-cited magnetic supercon-

compounds (RE)RIB, and (RE)MgXg (X=S, Se)(Ref. 2 ductors the exchange interactighetween localized mag-
with a regular distribution of localized RE magnetic mo- N€tic moments and conduction electrpmsfluences super-

ments. It turned out that in many of these systems, supercor‘f—onducnvIty much stronger than the electromagnetic

ductivity (with the critical temperaturd) coexists rather interaction. The Iatte_r is due to th? challzed magnetic mo-

easily with antiferromagneti¢AF) order (with the critical ments that_ create dipolar mag_netlc field, thus affecting the
. o . orbital motion of superconducting electrons.

Neel temperaturel’y), where usually the situation witfy

. lized? hei istic ch inal Recently, a new class of magnetic superconductors based
<Tsis realized. Due to their antagonistic characters, singlet layered  perovskite  ruthenocuprate  compound

superconductivity and f.err'omagn(.atic order cannot coexist irRUSFngCLQOg comprising Cu@ bilayers and Ru@mono-

bulk samples with realistic physical parameters. Howeverjayers has been synthesize@ihis compound belongs also to
under certain conditions the ferromagn_et_lc (_)rder IS tranSthe class of highF, superconductor§HTS). A subsequent
formed, in the presence of superconductivity, into a spiral Oktydy of transport and magnetic properties has revealed that
domainlike structure—depending on the type and strength gt exhibits some kind of ferromagnetic order at the critical
magnetic anisotropy in the systems the result of this com-  temperaturd=133-137 K. The polarized neutron scatter-
petition, these two orderings coexist in a limited temperaturéng measurement$show that the magnetic structufehich
interval T, <T<T,, (the reentrant behavipin ErRhyB, and  appears aly) is predominantly antiferromagnetic with a Ru
HoMogSg, or even down tolf=0 K in HOMosSg;, where  magnetic momentg,~ 1.18ug along thec axis at low tem-

T is the critical temperature for the existence of the inho-perature. The same measurements put an upper limit
mogeneous magnetic order. The coexistence region iR-0.1ug to any net ferromagnetic zero-field Ru moment.
ErRhB, is narrow whereT;=8.7 K, T,,~0.8 K, andTg, Concerning the last point, the important results came from
~0.7 K, while for HOMg;Sg it is even narrower withTg  magnetization measurements first reported in Ref. 9, which
=18 K, T,=0.74 K, andT4,~0.7 K—see Refs. 2 and 3. show a hysteresis loop and remanent magnetization. The lat-
In most of the new quaternary rare-earth compoundser hints to existence of a ferromagnetic component in the
(RE)NIi,B,C the antiferromagnetic order and superconducsystem. Recent magnetization  measurements  on
tivity coexist up toT=0 K,* while in HoNi,B,C an addi- RuSKEUCWOg (Ref. 11) give evidence for a small ferro-
tional oscillatory magnetic structure is realized in a limited magnetic component, which lies probably parallel to the
temperature interval. This oscillatory magnetic structureRuO, plane, with the magnetic momefper R) ~0.05ug
competes strongly with superconductivity giving rise to re-at 5 K consistent with the neutron scattering ddtslote that
entrant behavior in this compoundRecently Pobell’s group the smaller value of magnetic moment (Qu@g in this com-

in Bayreutl! made a remarkable discovery of the coexistencepound tells us that in the Gd compound some admixture of
of superconductivity and nuclear magnetic order in Auln the large Gd moment might take place. This conclusion is
with T4=0,207 K andT,=35 K. This exciting phenom- also confirmed by the zero-field muon spin rotation
enon was explained in Ref. 7 where it is argued that supef-ZF-uSR) measurementé, which provide important evi-
conductivity can coexist either with spiral or domainlike dence that the magnetic order is homogeneous on a micro-
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scopic scale and accounts for most of the sample volume. Atons with the dispersiodg(p) moving in the normal con-
lower temperatures the superconductivity sets inTat ducting RuQ planes.(The a-b plane is sometimes labeled
=35-45 K without affecting the AF ordéf;**notably. This by the x-y plane) The parameteh can be related to an
fact means that superconductivity that is realized predomieffective spontaneous spSy (magnetization normalized to
nantly in the Cu@ planes, and magnetic order that is presentsaturation magnetization in the a-b plane, i.e.,
only in the RuQ planes, interact rather weakly, i.e., theseh:Jabseﬂ_see also Sec. IV.
two orders are separated spatially. Recently, it was repdrted  The electronic part of the SWF model is similar to the
that in Ry ,Sr,GdCuw, ,Og_ the highest superconducting model in Ref. 17 and in what follows the same notation is
critical temperature reaches 72 K far=0.3-0.4, while used. According to this model the elementary cell of the
there is no sign of the weak ferromagnetWF) component  superlattice consists of one superconducting and one ferro-
in the RuQ planes. magnetic layer that are both metallic. For simplicity it is
It seems that Ru§6dCu,0Og has very interesting mag- supposed here that both layers have similar quasiparticle en-
netic properties, which might result in the absence of Meissergy spectra, i.e £(p)=[és(p)~&x(p)]. It is also assumed
ner phase in some sampl¥s,’ while in some others it is that the superconductivity is realized @ planes (Cu@
realized™® (This problem will be briefly discussed in Sec. plane$ with pairing couplingg(p) (having in mind applica-
IV.) tion to the HTS compound RugedCy,Og the clean limit,

In this paper we propose a model of layered magneti,<|, is supposed The Hamiltonian of the system is given
superconductor with weak-ferromagnetism, which might bepy

relevant for the RuSGdCy0g compound—the SWHsu-
perconducting W) model. This model, studied in Sec. I, . N
assumes the existence®F multilayers with small hopping ~ H= 2 &(P)a}; ,(P)ani «(P)+t[a}1,(P)an - 14(p)

parametert betweenS (superconductingand F (ferromag- puLe
netic planes along the axis , i.e.,t<Tg. As a result the +ax+1_1a(p)anlg(p)+ H.c.]+Hini1+ Hintz,
smallt gives rise to an effective Josephson coupling current C o
jc between superconducting planes. It turns out fhats 1
suppressed by the exchange field present irFtp&ane only, Hmu:E > g(pl—pz)a;lﬂ(pl)ag,lv,g
which causes drastic changes in magnetic properties. The P1.p2.Ma
Gibbs free energy of such a magnetic superconductor with X(—pya (—P2)an14(Pa)
both AF and WF orderings in external magnetic fi¢ldis Ve Lot B2 Lot
formulated in Sec. Ill. Based on it the lower critical figtgd,
is also studied there. The estimation of theoretical parameters Hinp=— > hga;_llg( P)ay _1,(p),
of the SWF model from the experimental results in p.n.o
RuSpGdCuwOq is done in Sec. IV, where the obtained re- + ) ) ]
sults are discussed too. wherea, ; ,(p) is the creation operator of an electron with
spin o (the quantization axis is parallel to tlaeb plane in
Il. MODEL EOR S/F ATOMIC MULTILAYER AND the nth elementary cell and momentumin the layeri is
JOSEPHSON CURRENT parallel to thea-b plane, wherd =1 for the S layer, andi

=—1 for the F layer. Since the obtained results below are
As was mentioned above we consider the magnetic supegualitatively similar fors- and d-wave pairing, the calcula-
conductor RuSIGdCwOg as a prototype forlS/F atomic  tions were done fos-wave pairing wherey(p) =g, is con-

multilayers by assuming good conduction in Gu@anes—  stant, while quantitative changes duedavave pairing are
with the quasiparticle spectrugy(p), and a small hopping discussed below and in Sec. IV.
parametet<T between theSandF planes(i.e., along the By assuming that the order parameter changes from cell

axi9). The second assumption is related to the existence db cell in the manneA,=|A|e'¢n (with ¢,=kn in absence
WF order (with the magnetizatiorM lying in the RuQ of orbital effects the quasiparticle Green'’s functions are ob-
planes, which gives rise to an effective exchange field pa-tained in the standard way.The self-consistency equation
rameteth=he,,,. The latter affects spins of conduction elec- for the order parametén | reads’

1 oc m W, 0
13 ) r M

0o 2m |A|22)+w_—(w_2)_—|7a+k|2)(w+5)+—|7q|2) ,

where A =gop(0), p(0)=my/27 is the electron density of direction perpendicular to the layers, and7,
states at the Fermi level in the normal state, and=iw =2t cos@/2)e'%’? and 7, =2t cog(q+k)/2]e' @l

+¢(p), w.=w.+h, w=(2n+1)7T are Matsubara fre- The free energyF in the superconducting state is obtained
guencies at temperatufie The quasimomentum lies in the by using the following relation:
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dF |A] Tp(0) o 27 : The supercurrent across the planes is obtained by the stan-
aA 90 2m > J, dfffo dgFy;, (2 dard procedure

where the expression fd¥!, is obtained in Ref. 17.

In order to study transport and magnetic properties in
magnetic field we need to know the supercurrgnfiowing
across the layergalong thec axis in RuS;GdCuy,0g). In
this case, the vector potentidl,=A,e, enters the Hamil- Note that the Josephson supercurrent in$He superlattice
tonian through the substitutidn-te™'®9%/c, wheredis S-F s carried by Andreev bound states, similarly to 8i&l case.
interlayer distance, and the part of the Hamiltonian dependin Slayer the supercurrent is carried by Cooper pairs, but in

. C SHa 4
JZ_E (SAZ ()

ing on A, is given by N layer it flows via quasiparticles, which recondense in the
next S layer; bound states represent this procéss.
_ t iedA, ic In the case of small hopping parametes T the Joseph-
Ha p,;,g tan10(P)an-1,(P)E son current along the axis is obtained in leading order
+ edA./c (proportional tat*) by standard perturbation theory. After the
tan.1-1,(Pan1,(PE%+Hc].  (3) integration over the energy it reads

5h*+6h? A2+ |A|*—4h2w?  |A]2+h2  (|A|2+h?)2—4h2w?
R%(w)(w?+h?) R(w)Q%(w) R%(w)Q(w)

ji,=4en|AlA*p(0)TY | 2w sin(k)
0>0

=]j.sink, 5)

where  R(w)=(|A|2+h?)?+4h%0? and  Q(w) tum, is shown in Fig. 2 for varioue#0. Here A is the

= \/m As in the standard Josephson effect, the superperiod of the multilayer. One should note its nonmonotonic

currentj, is proportional to sitk, k being the phase differ- behavior ifh+0, particularly wherh~Ts. Based on these

ence betweenth and (+1)-th Slayers. results one can analyze some magnetic properties, like the
In what follows we calculate numerically the critical cur- lower critical fieldH¢, in the a-b plane.

rentj. [in Eq. (5)] at any point of the phase diagrar,t)

by replacing A|— Ao(T), whereA(T) is given by the BCS lIl. GIBBS ENERGY AND IN-PLANE CRITICAL

theory. The latter is correct due to the smallnesst,ain FIELD He,

which case€Tl ¢ is practically unaffected by the exchange field, _

i.e., Te=Tg up to the second order termstifT,. Here, T, A. Gibbs energy

is the critical temperature of baf&layers. In order to calculate the lower critical field.; (and the

From Eq.(5) it comes out in particular, that ned, and  possible absence of Meissner ph4<8 we need the Gibbs
for h=0 one hag.>0, while j.<0 for h>T,. The change energy functionaly. Having in mind the application to the
of sign of j. (nearT), which corresponds to the transition RuS,GdCu,Og we assume, according to the neutron scatter-
from k=0 to k== in the ground state, occurs dt, ing datal? that in the magnetic subsysterf (ayers coincid-
=3.7TT,, in accordance with the calculation in Ref. 17. At ing with RuG; planeg AF order with spins along theaxis is
low temperaturesT—0, j. goes to zero ah/Ay(0)=1/2, realized affy>Ts. The AF order parameter Is=L,e,. The
which just corresponds th;,,=0.87T¢, at T=0, again in

accordance with Ref. 17. Note that the same approach if N

applied tod-wave pairing® givesh(®)=0.6T,, at T=0. The 1

sign change of . is related to the transition from the “0” 0.8

phase to “r” phase. This transition goes smoothly if we take £

i ; 8 ; 0.6

into account thg higher-order term~( cos X) in the 'free - 0-phase n-phase
energy, in fact it means that the width of the regiai B o4

where the transition from “0” phase to#” phase occurs is -

of the order ofAh~t4/T§0. In the case of weak hopping )

<Tso_this -regi.on is very narrow and we may define the de- T 5 3 3 5
coupling line j¢(T4,h)=0, which results in the T4,h) h/Teo

phase diagram shown in Fig. 1.
The temperature dependence of the Josephson penetrationFiG. 1. The {T,h)-phase diagram for the cas&T,. j(T,h)
depth ;= Jcdo/877j < (2d),%° where ¢, is the flux quan- =0 on the black line.
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‘ @, B %0
3 s fM[L,M]ZEL +ZL +§M —yL,M+F4(L,M)
3 +Fg(VL, M)+ - -. @
5 25 Although this expression is quantitatively correct near the
~ 2 AF transition atTy it is also suitable for semiquantitative
< 1.5 analysis even below superconducting transition temperature
T, due to the smallness &l and y. The first two terms
1 describe the AF ordefa= ' (T—Ty)<0,8>0], whereas
0.5 the third (6>0) and fourth ¢- y) terms describe the induced
, , , , WF by the AF order. The parametessand § are due to the
0.2 0.4 0.6 0.8 1 exchange interactiofbetween Ru spins in RugedCuy,Og),
T/Tso where one hasa’'~1/6,, and 6~Ty/60s, With 6.,

_ 2 . .
FIG. 2. TheT dependence of the Josephson penetration depth- 2748~ 1 K. The unknown anisotropy teri, fixes the
A(T,h) for various h. We defined A,=1.76T¢, j,  direction ofL andM, ie,L;, M.

—ep(0)t*/A2, and\ ;o= \Cho/1672d ] oo. Since in the following we analyze the lower critical field
along thea-b plane, with characteristic length scaleg,,

L , ) N3 €ap,drury, Whereé,, is the coherence length @&lay-
magnetization mgasureme?ﬁ% imply WF order with the  grq anej. - is the Ru-Ru distance, it is justified to omit the
magnetization Iymg(most propabl)/ parallel to thea-b gradient termZ,(VL,VM). By minimizing Fy[L,M] with
planes and with the effective momentl\/l|/n'Ru=,u?ﬁ respect toL, and M, one gets(at temperaturesT<T
<0.1ug, Whereng, is the density of the magnetic Ru ions. <Ty)

In order to construct the magnetic free energy it is necessary

to know the symmetry of the system as well as orientations o

of the easy axes in different sublattices. So, for instance, if MXZE
the magnetic anisotropy energy on different sublattices are ) L .
unequal, then one expects the WF order to be realized. Hovs?_:h? neutron scattering and magnetization measurg:ments give
ever, at present there are no sufficient experimental data diMtS  for — (Lz/Nr)~(1-2)ug, and ~ M,/ngy)

the local lattice distortion that might favor WF order and ~(0:05-0.1ug, which implies an upper limit fory, i.e.,

accordingly the preferred direction oM. The above- (7/5)5(0205_0'1)' . .
discusse%yexperirr?eﬁ? 29115 ,ggest only thaM is in the According to experiment&!?the AF (and WP ordering

) ; _ o ] is practically unaffected by the appearance of superconduc-
?hg fgll?;vii’nlée\;\}'\él de':‘/ilnnee ?haw ;Xeigebe;elszlz thi:taeplrigiitlgf tivity, then it is reasonable to neglect the effect of the ex-
-

this analysis the SWF model contains the following orderChange (Ruderman-Kittel-Kasuya-Yosida interaction in

parameterst, for the AF order,M, for the WF order, and 7o An,A]. Therefore we keep itFg[ A, ,A] the electromag-
A (x.y) for trzleSorder T ' netic interaction between superconducting electrons and
n ’ .

In the applied magnetic fieltl the Gibbs energy of the magnetic order only

L,. )

layered magnetic superconductor regske also Refs. 3 and 2\2
b.
?. FL B AT=F|80] 01+ —0,
A, ,L,M,B;H]= | dV| Fy[L,M (B-47M)"_BH +—j°¢° (1-coSxpn+1), 9
glA,,L,M,B;H]= mLL, ]+T—E 2mc(2d) '
where Fg|A,|,0] is the condensation energy anil,
+> (zd)j dxdyFJ A, Al (6) =|A,|exple,). The current in thea-b planej,;, reads
n
. c ®o
. Jab:_—z( ab_2_vab€0n)r (10
where A,=A,(x,y), andL, M, B are also coordinate de- ATy m

pendent. The magnetic fielB=rotA is due to the dipolar where\,, is the bulk London penetration depth in theb
field created by the magnetic moments, the external magnetﬁlperco?\ducting layefsve assumed , =\, =\ ). The last
a —rap/-

field, and the superconducting screening current. The vect% . :
. ) rm depends on the gauge invariant ph ,
potential A=A+ A= A,e.o+ A, contains the compo- P gaug PIRRS+ 1

nentA,, in the a-b plane, andA, along thec axis. 47Ad

The magnetic free-energy density functior@),[L,M], Xnnt1= Pnr1— @n— T (11
which mimics the experimental results in ReSdCyOq 0
with L=L,e, andM =M,g,, is given by the following phe- which characterizes the effective Josephson coupling be-
nomenological expression: tween two neighboring planes with the distanced? It is
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due to the hopping betweedand F planes. The exchange of

interaction between conduction electrons and localized Ry o

moments affects superconductivity by renormalizipg, ~

which is a function ofh and is determined by Ed5). ™ 1.5¢
‘M

B. Lower critical field H; o1l

(=)
Let us calculate the lower critical field2> for the case o
when the magnetic fieltH and the single vortex are along Z
the magnetizatiorM =M,¢e, i.e., H=H,e, and B=B,e,. o
By the standard minimization procedure of the Gibbs free =
energyg[ A, ,L,M,B;H] with respect ta\ ,,L,M,B, and by
assuming the continuum limif,one gets the complete set of
equations for these quantities as well as the Gibbs free en-
ergy of the vortexg,—see also Refs. 3 and 8. FIG. 3. TheT dependence of the lower critical fietk,(T,h) in

the a-b plane for various h. We defined Hp
= (Bo/4\ 10\ ap) N(Nap/P/d).

(8+4m)M,— yL,—B,=0. (12)

The Maxwell equation for the magnetic fieRlreads o ) ] .
solution into Eq.(17) a straightforward calculation gives the

47 lower critical fieldH.; from the conditiong,=0,
ro(B—47M)= ?]s, (13
~ ¢O )\ab\/B
0_ ~
where Hexit 4mpMy=H¢~ 477)\J>\ab|n d (19
is=Japtiz- (14 whereM%=(y/6)L,. We stress that the logarithmic factor in

. L L Eq. (19 is due to the nonlinear core effects of the Josephson
The in-plane current,y, is given by Eq.(10) while j, is the | 1320 Note that in systems WithTy> 6., like in
Josephson current between planes RUSKLGACWLO,, one hagp~ 1 em

From Eq.(19) it is seen that for

1271 c&SINXnn+1- (15
The phasey,, n+1 is given by Eq.(11). In the following we 0 P¢o Nap VP
assume that the vortex axi and the external fieldd are MX>167T2)\ A "4 20
. JNab
along thex axis. By the standard procedure we get the equa-
tion for the single vortexcentered on the origjn spontaneous vortices appear in the system. This condition is
more easily realized near the O-totransition(decoupling
) 9B, 2323)( B, line Ty(h), i.e., when\j is significantly increased. This
Aab P 1A oy? - FZO' (16) means that in systems where the exchange parameter fulfils

the condition 0.8T,<h<3.77T, for s wave pairing, while

The parametep= 8/(5+4) takes into account the addi- for d-wave pairing 0.8T, is replaced by 0.8y, then by
tional screening due to the appearance of the WF order. Aftdowering the temperature thd.;(T,h) shows pronounced
straightforward transformations the Gibbs energy of the vornonmonotonic behavior reaching minimum at thew0-

tex per unit lengthg, , has the form boundary line as it is seen in Fig. 3.
p? B ,(dBy\2 ,[3B,\?| oHe IV. COMPARISON WITH THE EXPERIMENT
gvzgf dxdy) 5+ Xap E) + J(W) Iy AND DISCUSSION
17) Let us discuss some relevant points related to the inter-
where pretation of the obtained results on R§SACy0s.
(i) In order to analyze the magnetic properties the value of
Hcl:Hext+47Tng- the exchange field parametbr=J2"S. is needed. If one
. _ _ takes the experimental valug.z~0.1 one getsy/5~0.1
My is approximately given by Ed8). since S~ y/ 5. However, at present we do not know the
The solution of Eq(16) is relation betweed®® and Ty. As d2° ;. <dS, r,ONe expects

that the coupling of spins along thedirection, J¢, is much
B.(y.2) = bo K R 18) smaller than along tha-b plane,J2®. In such a situation one
AP 2apNaphy 0\ p) hasTy~ J2%/In(J?%3°. Then,J3"> T, andh~10-20 K. We
pay attention to the fact that there are evidences that in the
whereR= \/y2/>\§+ 22/7\&2b andK is the Bessel function of underdoped HTS materiats wave pairing is realized: In
the zero order of an imaginary argument. Inserting such #hat case the point on the phase diagijafT=0,h,) =0 is
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realized for h{9=0.6Ty,. According to the specific-heat  (vi) Concerning the exchange interaction between con-
measurements$ in RuSpGdCuOg with T4=30-40 K this  duction electrons in RuOplanes and Ru spins, it is unim-
compound behaves like an underdoped HTS material. If it igortant in which direction the total spiithat is the magne-
so it givesh{9'~20 K, i.e.,his nearh., and a nonmonotonic tizationM) points. In particular, the location of O-te-phase
behavior ofH <1 is expected as shown in Fig. 3. transition only depends on the intensity of the exchange field

(i) If M2 fulfils Eq. (20) then there is a spontaneous vor- D Also, the possibility for- layers to be polarized ferromag-
tex state and the Meissner effect is absent. In opposite ca$gtically in each layer but antiferromagnetically from one
the Meissner state is realized. layer to the next one was considered in Ref. 22, where the

(i) It may happen thaM%<H, in some temperature phase diagram was proved to be sligthly modifiatleading

~ 4114 . .
intervals andV?>H; in the interval between, which case order t*/T) compared to the case we consider in the

corresponds to a reentrant behavior. present paper. However, th_e ma_gnetic_ properties hke _
(iv) At present the origin and the magnitude of the param_s_trongly depend on the precise or|entat_|0n pf the magnet_lza-
etery in Egs.(7, 8 is unknown. However, it may also hap- tion since the superconducting screening |s_§trongly aniso-
pen that in polycrystalline samples strains induce additional"oPic. Thus, the results we obtain are specific to the mag-
changes of this quantity. A drastic case might be realized ifetic model described above.
the symmetry of the crystal implies that=0. Even in that In conclusion, we have shown that inSAF superlattice
case strains in samples, for instance the compomgptcan ~ With the exchange fielch~Ts acting in F planes only a
induce a magnetic moment in piezomagnetic systems, i.enjontrivial and nonmonotonic behavior of magnetic proper-
MQNnyLz thus producing weak ferromagnetism. If strainsties, like the lower critical fieldH ., is realized. This prop-
in a sample are such th&t?>H,, then the Meissner phase € IS due to the decrea_se of the effective Josephson cou-
is not realized as reported in Refs. 14 and 15. In such a waRling betweers planes by increasing. In the present paper
one could reconcile the opposite claims on existéfhitand ~ We only discuss the case wh@3<Ty and the intensity of
nonexistencé®!® of the Meissner phase in differently pre- the exchange fielth can be considered constant. A very in-
pared samples of RugBdCuOs. teresting situation arises whén=T, and the temperature
(v) Based on the above analysis one expects that dynamflependence ofi should now be taken into account. In par-
cal properties of such a system are very exotic. For systenfécular, it would become possible to drive the O#ophase
near the decoupling ling,(T4,h)=0 there is a significant transition more easily by varying the temperature. Indeed it
reduction of the Josephson plasma frequemgyse~j. would take place as soon as the saturated value for the ex-
<woy, (Ref. 23 (compared to standard Josephson junctiorehange field is higher thahe,. Such a situation should be
with wg ;) for the waves propagating along tkey planes in ~ €xplored in more details in the future.
the S/F superlattice
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