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Superconducting and normal-state interlayer exchange coupling
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The issue of interlayer exchange coupling in magnetic multilayers with a superconducting spacer is ad-
dressed in L§g/Sry3Mn0O3 (LSMO)-YBa,CuzO; (YBCO)-Lag 6751 3dMNn0O; (LSMO) epitaxial trilayers
through resistivity, ac susceptibility, and magnetization measurements. The ferromagnetic LSMO layers pos-
sessing in-plane magnetization suppress the critical temper@iyref the c-axis oriented YBCO thin film
spacer. The superconducting order, however, survives even in very thin [Hyiekness ¢~50 A, ~ four
unit celly at T<25 K. A predominantly antiferromagnetic exchange coupling between the moments of the
LSMO layers at fields<200 Oe is seen in the normal as well as the superconducting states of the YBCO
spacer. The exchange energy (3-0.08 erg/cr at 150 K for d,=75 A) grows on cooling down tdT,
followed by truncation of this growth on entering the superconducting state. The coupling epetgy fixed
temperature drops exponentially with the thickness of the YBCO layer. The temperature depethdencies
of this primarily nonoscillatory Jare consistent with the coupling theories for systems in which transport is
controlled by tunneling. The truncation of the monotomidependence of;below T, suggests inhibition of
single-electron tunneling across the Gu@anes as the in-plane gap parameter acquires a nonzero value.
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I. INTRODUCTION strong pair-breaking effects of the ferromagnetic boundaries.
. . Naturally, short coherence lengtly and high critical tem-
The oscillatory nature of exchange coupling between tWayeratyreT, of the superconductor and small exchange energy
ferromagnetiaFM) layers separated by a metallic but non- of the ferromagnet are the desirable features to see the effect.
magnetic(NM) spacer as a function of the spacer thicknesgn addition, one must also ensure that the interfaces between
d, is now well established in a variety of system&lit is  the ferromagnetic and superconducting layers are atomically
generally agreed that the coupling is driven by thesmooth.
Rudderman-Kittel-Kasuya-YoshiddRKKY) type exchange The doped Mott insulators of the perovskite oxide family
through the conduction electrons of the spacehe period meet some of these material specifications. For example,
of oscillations predicted by the theories of exchange couyBa,Cu;,0, (YBCO) superconductor and kg-Sro 3gMnO;
pling is directly related to the extremal wave vectors con-(LSMO) ferromagnets can be grown epitaxially on top of
necting opposite sides of the Fermi surf&eg) of the spacer  each other. The cuprate has anisotropic but short coherence
material in the direction of the layer growth. Clearly, the |ength and a highT,, whereas the manganite with a Curie
nature of the Fermi surface of the spacer plays a key role ifemperature 0£360 K has relatively small exchange energy
interlayer exchange. Sipr and Gyorfijrst suggested that an  j (~1 meV) as compared to the J of 3d transition-metal fer-
experiment in which the Fermi surface could be changedomagnets such as Fe and Co which are strong pair
while keeping all other material parameters the same woulgyreakerd! However, the cuprates also pose interesting chal-
allow a direct test of the exchange coupling theories basegmges’ such as the nodal gap paramefeend anomalous
on extremal wave vectors of the FS. They proposed the usgaxis transport, not present in elemental superconductors.
of a superconductingSC) spacer in which an isotropic gap Reported measurements on highsuperconductotHTSC)
opens up at the FS on cooling below the critical temperaturgnanganite heterostructures have primarily focused on the
Tc. The zero-temperature numerical calculations of Sipr angyppression of, 1224 spin injectiont>-17 and the effects of
Gyorffy® show that the oscillatory coupling is strongly magnetoresistanc&?Recently, the aspect of exchange cou-
damped in the presence of a superconducting gap. Similarlyjing across HTSC layers has been addressed by Przyslupski
the analytical results of de Mélé®show that af\/T>1, the gt 520 using (Lag 6:5% sMn03),/ (YBa,CusO,),,, multilay-
coupling decays exponentially as &xfr dAEr), where  ers wheren=16 unit cells, andm varies from 1 to 8 unit
ke, ds, A, and E are the Fermi wave vector, spacer thick- cells. Measurements of field-coole@C) and zero-field-
ness, gap parameter, and Fermi energy, respectively. Near cooled (ZFC) magnetization loops in these samples reveal
the large thermally excited quasiparticle density compensatesxchange biasing effects, which have been argued to be an
for the loss of coupling seen at low temperatures. indicator of interlayer exchange coupling. However, this
Experimental verification of these predictions is, howeverwork also attributes the shift of the FC and ZFC loops to
constrained by several material related factors. First of allantiferromagnetism in LSMO. Here it needs to be pointed
since the oscillatory coupling is seen only when the spaceput that these multilayers have been deposited on LgAIO
thickness is small<130 A), one must ensure that supercon- substrates, which introduce large compressive stress in
ductivity survives in such thin spacers in the presence of the SMO and YBCO epitaxial films due to its smaller lattice
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parameter(~3.79 A). In addition, LaAIQ, is a heavily 2959
twinned material. Since both these factors are known to af- ’
fect magnetic anisotropy of LSMQRef. 21 and supercon-
ducting properties of YBC®? intrinsic behavior of FM-
SC-FM structure is likely to get masked by such stress- and
interface-related effects. Further, the interface-related nonin-
trinsic behavior is likely to get accentuated in superlattices
due to the presence of a large number of interfaces in such
structures. | )
Here we report the magnetic behavior of LSMO-YBCO- r rmmg;&f H{ oo 2
LSMO trilayers, synthesized d801] SrTiO; substrates. The —
lattice parameter of SrTiD(~3.91 A) compares well with
the lattice parameter of ¢Sty 3MnO; (~3.89 A) and the
average ab-plane lattice spacing of %Ba,0, (~3.85 A).
The scope for a stress-free layer-by-layer growth has been FIG. 1. Zero-field-cooled/) and field-cooled ©) magnetiza-
improved further through special chemical treatment of theion of a 600-A-thick film of Lg :Sr 3gMnO; measured with a
substraté® We first describe the magnetic behavior of plane500 Oe in-plane field directed along tf00] axis. The solid line is
LSMO films of various thickness. High-quality epitaxial lay- a fit to the field-cooled curve using the Bloch lf&q. (1)] for the
ers of LSMO showing a soft magnetic character and in-planelecay of magnetization @t<T,. Inset: Zero-field-cooled hysteresis
anisotropy were integrated with YBCO in a trilayer form and loop of the same film measured at 40 K in the same configuration as
the superconducting critical temperature of such structurethe measurement d¥l(T).
was measured. The suppressionTinhas been attributed to
the pair-breaking effects at the FM-SC interface. Finally, thequantum interference devid®QUID) based magnetometer
issue of interlayer exchange coupling has been address¢MPMS-XL5) operated in the RSO mode for higher sensitiv-
through measurements of ZFC in-plane magnetization loopy was used for detailed measurements of zero-field-cooled
over a broad range of temperatures. These measurements gd field-cooled magnetization and M-H loops. The mag-
veal a long-range antiferromagnetic coupling betweemetic field in these measurements was in the plane of the
LSMO layers decaying exponentially with the thickness offilm, aligned along one of the principal ax¢400] or [010]).
the YBCO spacer. Measurements were also performed with the field in the
[110] direction to check for the in-plane anisotropy of mag-
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Thin films of LSMO, and trilayers of LSMO-YBCO-
LSMO and PrBaCu;0;-YBa,Cu;0,-PrBa,Cu;0; (PBCO- ll. RESULTS
YBCO-PBCQ were deposited on chemically polishgiD1]
oriented SrTiQ substrates. A multitarget pulsed laser depo-
sition technique based on KrF excimer lagar=248 nm) Figure 1 shows the ZFC and FC magnetization of a
was used to deposit the films and trilayers at 800 °C an@00-A-thick LSMO film measured at 500 Oe. The onset of
200 mTorr Q partial pressuré? Since the growth conditions SPontaneous magnetization-a850 K on cooling marks the
for all three oxides were identical, the trilayers were deposCurie temperature of the sample. The ZFC and FC branches
ited sequentially without changing the process parameters. Af magnetization in granular and multidomain magnetic films
slow deposition raté~1 A/s) established through several Of large coercivity show a pronounced bifurcation at lower
calibration runs was used to realize a layer-by-layer growtfémperatures. In the present case, however, the two branches
of LSMO, PBCO, and YBCO. While for the plane LSMO nearly superimpose down to the lowest temperatl_Jre_. This
films we have studied the changes in transport and magnetfgature indicates the growth of a defect-free magnetic film of
properties as a function of thickness from 50 A to 1100 A,low coercivity. We analyze the temperature dependence of
the thickness of each LSMO layer in LSMO-YBCO-LSMO the FC magnet|zat|qn in the framewo'rk Qf the Blpch theory
trilayers was fixed at 300 A, and the thickness of the cupratdor decay of magnetization due to excitation of spin waifes.
was varied from 50 A to 300 A. For the PBCO-YBCO- The drop in saturation magnetization is predicted to be of the
PBCO trilayers, a constant PBCO layer thickness of 100 Aform
was used. The crystallographic structure of the films was —1 _ T3
characterized with9-26 x-ray diffraction. The SC and FM M(TIMS(0) =1 ~AT= @)
critical temperatures of the films were established throughiere M¢(0) is the saturation magnetization &0, and the
resistivity p(T), ac susceptibilityx(T), and magnetization coefficient A is expressed agC/S)(kg2J9%? where C
M(T) measurements. We have used a home-built micro-Hall=0.059 for a simple cubic magnetic lattice, S the total spin,
probe based ac susceptométéor detailed measurements of and J the exchange integral which is given by the formula
vortex dynamics in these filn¥é. The measurements of resis- kgT./J=(5/96)(Z-1)[113(S+1)-1] of Rushbrooke and
tivity in the temperature range of 2 K—370 K were carried Wood?” An excellent fit to the magnetization &< Tc e IS
out in the standard four-probe geometry. A superconductingeen with a dependence of the typeAlF’2, when the aver-

A. Magnetic ordering in thin La g :Srp 3gMnO 3 films
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the temperature range of 2 K—370 K. Thickness of the films varies
FIG. 2. Zero-field-cooled magnetization loops at 100 K mea-from 100 Ato 350 A flnsethhows a mr?gmflgd V'EW ofbthe low-
sured with in-plane applied field along t00] [panel ()] and  €MPerature section o th&T) curves. These data have been nor-

[110] [panel(b)] directions. In both cases, the data are corrected formhallzed W't.h rispect_to_tk_le I’E;SI;UVII?I at10 E in order to emphasize
a small diamagnetic contribution from the STO substrate. the upturn in the resistivity of the thinnest films.

age spin S=1.833 per Mn site is used. The exchange en-electron-electron interaction effects in 2D, is observed only
ergy ded]lgtt:ﬁd fiom tf}e fits is2 n:e\ll_i(wf;"e_éhg excmnge for the thinnest filmg=<200 A). These features indicate the
energy of the strong ferromagnets like Fets.o MeV de-  growth of a high-quality thin film of LSMO. The magnetic

6 Joq3/22 :
duced from a Bloch constant 63.6x 10 ® deg %2 and electrical characteristics of LSMO dominate the behav-

_In order to check for a preferred in-plane axis of magne+,. ot 1) and M(T) in LSMO-YBCO-LSMO trilayers at
tization, we have measured the hysteresis loops with the ®%F - 100 K as described in the following section

ternal field aligned along thELOO] and [110] directions of
the [001] oriented films. Results of this measurement are L )
shown in Figs. 23) and 2b). A perfect hysteresis loop with B. Superconductivity in LSMO-YBCO-LSMO trilayers
the remanant magnetizatiqiM,) equal toM; is seen when In the inset of Fig. 4a), we plot the magnetization and
the field is alond110], whereas in the case oflHLOQ] [Fig.  resistivity of an LSMO-YBCO-LSMO trilayer with YBCO
2(a)], M,=MJ/2. This observation clearly indicates that layer thicknesgdy) of 100 A. At T< 360 K, a metallic be-
[110] is the easy axis of magnetization arid0] is the hard  havior is evident in the resistivity plot. This becomes pro-
axis. However, the small value of the switching field sug-nounced afl <T¢ At lower temperatures, however, the
gests that the energy barrier for rotation of magnetization isesistance of the sample drops to zero as the current path is
not large. This result is consistent with the earlier measureshorted by the superconducting YBCO layer. Correspond-
ments of magnetization loops in films of LSMO deposited oningly, there is a nonzero diamagnetic contribution to magne-
STO substrate®¥?° The square hysteresis loops seen in thetization due to the Meissner effect. In trilayers with thicker
figure further suggest that these films are magnetically quitey BCO film, the magnetization actually crosses the zero line
soft. The behavior of magnetization in LSMO films depos-and becomes negative. This is seen in Figp)4where we
ited on LAO is quite different. The preferred direction of have plotted the ZFC magnetization of some trilayers with
magnetization is perpendicular to the film plane in thisdifferent YBCO thickness. The superconducting transition
case?130:31 temperaturéT,) in these heterostructures is a strong function
Unlike the other double exchange manganites such asf YBCO layer thickness. In Fig.(4), we show the variation
Lag g.Ca 3gMINO5, the resistivity of LSMO with 30-40% Sr  of T as a function of din LSMO-YBCO-LSMO trilayers.
is metallic in the paramagnetic staeThis metallic conduc- In order to estimate the effects of magnetic boundarie$.on
tion is seen in our films as well. The resistivity of these filmswe have also measured the superconducting transition tem-
at room temperature is low~2 m(Q cm), and remains me- perature of PBCO-YBCO-PBCO trilayers. Results of these
tallic down to 2 K. Figure 3 displays the zero-field resistivity measurements are also shown in Fig)4For this nonmag-
of LSMO films spanning over a thickness range ofnetic system, thel, drops as the thickness of the YBCO
100 A-350 A in the temperature window of 2 K—370 K. layer (dy) is reduced. The variation df, with dy in PBCO-
The paramagnetic metallic phase abdyg,e, Which transits YBCO-PBCO multilayers has been studied extensively by
to a ferromagnetic metallic phase &< T, IS Clearly  several groups, and various reasons have been given for the
identifiable for all films. T acquires the near bulk value drop33-3° These include interfacial stress, a dropdiaxis
(~350 K) for films thicker than 200 A, while thinner films coupling of the condensate as the number of Cpl@nes is
show a slight drop in the Curie temperature. The resistivity ateduced, etc. However, the effect of uniaxial stress applied
the lowest temperature normalized with respect to its value along thea axis andb axis of the YBCO crystal on itS_ is
10 K is shown in the inset of Fig. 3. A small upturn in resis- nearly equal and opposit€.This result rules out any direct
tivity, which can be attributed to weak localization and effect of the lattice mismatch induced stressTgnHowever,
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LSMO-YBCO-LSMO trilayer with a 100 A YBCO interlayer, mea-
sured at 20, 40, 60, 80, 100, and 120 K. All measurements were
performed on zero-field-cooled samples and with in-plane applied
field along thg100Q] direction. The switching field has been marked
as H, (see text for details

FIG. 4. Panela): T, (open symbolsplotted as a function ofd
in LSMO-YBCO-LSMO and PBCO-YBCO-PBCO trilayers. Inset
shows R(T) and zero-field-cooledMi(T) of an LSMO-YBCO-
LSMO sample with ¢=100 A. An enlarged view oM(T) nearT,
is also shown. Panéb) Temperature dependence of the zero-field-Critical field |H
cooled magnetization of LSMO-YBCO-LSMO trilayers with 100-,
200-, 300-, and 500-A-thick SC layers. The measurement field o
500 Oe was applied along tH&00] direction in the plane of the
films.

J up to which the magnetic moment of the
Lrilayer remains close to zero, and then quickly achieves the
aturation value once the fie[ti] exceeds|HJ. The mag-

netization of the sample below the superconducting transi-
tion drops rapidly at low fields because of the diamagnetic
signal from the YBCO layer. The reverse branch of the hys-
Varelaet al** have shown that the overall stress pattern alsGeresis loops shows a large irreversibility due to pinning of
gives rise to very significant and nonuniform changes withinghe magnetic flux. However, the ferromagnetic component of
a YBCO unit cell, which may reduce the hole concentrationshe magnetization is also found to persist in the supercon-
in the CuQ planes located close to the interfaces. We maygcting state. A careful look at the magnetizing branches of
write this |nterf§ce-dr|ven reduction i as AT (dy)interface panels(c), (d), and(e) clearly reveals the characteristic field

Since the lattice parameters of J@Si3MnO; and  H_ pelow which the magnetization remains nearly constant.
PrBa,Cu;0- are identical within 0.5%, we assume the effect A similar behavior of the hysteresis, both above and below

of the interface onT to be similar for YBCO films sand- T_ is seen in trilayers with a different YBCO layer thickness.

ever, also affect th& through pair breaking. We can there- gig 6.

fore argue that the larger drop Ty of LSMO-YBCO-LSMO A straightforward explanation for the existence of ¢4n
trilayers of a given d as compared to th&; of PBCO-  pe given by invoking antiferromagnetic exchange coupling
YBCO-PBCO of the same\dis due to the magnetic pair- petween the LSMO layers separated by normal and super-
breaking effects. A rigorous treatment of pair-breaking ef-conducting YBCO. Earlier measurements of magnetization
fects of a ferromagnetic film deposited on top of aijn syperlattices of ferromagnetic manganites and nonmag-
superconductor requires solution of the Usadel equation for getic put metallic LaNiQ have revealed indirect coupling
different degree of interface transparency for Cooper paimediated by the conduction electrons of the sp&édrhis
tunneling®’3# coupling is oscillatory with the thickness of the spacer. How-
ever, before proposing such a fundamental mechanism, we
. o . must rule out some rather mundane processes, which could

C. Magnetic coupling in LSMO-YBCO-LSMO trilayers lead to a similar effect. First of all, the interfaces of perov-

Having established the existence of ferromagnetic and suwskite oxides based multilayers have an inherent stereochemi-
perconducting orders in these trilayers, we now discuss theal disorder even when they are atomically sh&rphis dis-
behavior of interlayer magnetic coupling between the LSMOorder is caused by a change in the nearest-neighbor
layers separated by YBCO below and aboveTherigure 5 environment of the magnetically active ions, and can lead to
shows a series of M-H loops of an LSMO-YBCO-LSMO random pinning of their moment. While a gradual depinning
trilayer with d,=100 A taken at various temperatures with of these moments with the increasing field would lead to
the external magnetic field aligned along fi€Q] direction.  deviations from a square hysteresis loop typical of a soft
In the loops measured @t>100 K, one can easily identify a magnet such as LSMO, it is not likely to result in the M-H
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Field (Oe) YBCO-LSMO trilayer measured with H110] for compari-
-200 0 200 -200 0 200 son. It is evident from these data that the hysteresis with the
2 d=75A |2 1d,=100 A ﬂﬁ@?ﬁﬁ; characteristic magnetizing fieldgks seen only in the case of
/ ! /‘ / LSMO-YBCO-LSMO trilayers. This observation rules out
0 ol & ) ,&9 0 the role of uncompensated copper spins, as these factors are
= f‘y / /f’ﬁ ( present in LSMO-PBCO-LSMO as well. Some signatures of
g P ya ! ’g‘ the type of M-H curve seen in Figs. 5 and 6 have also been
S e (@) | " b}, B observed by Przyslupskiet al?® in LaggSty3dMNO;-
=2 — 5 = YBa,Cu;0; superlattices with thir(~60 A) LSMO layers.
= S T = I . . .
S Td,=200AL f dy 300‘8‘@&?@* s They have presented a scenario where migration of holes
gy | g from the YBCO into the LSMO converts a few unit cells of
0 S 55"‘9 0 the latter into an antiferromagnet. This AF ordered layer pins
/ » £ the magnetic moment of the remaining ferromagnetic por-
L 5 d tion. Since the LSMO layer is on both sides of the YBCO,
b © | == @], this effect should lead to two pinned tizat t
T 0 260 200 0 200 is effect should lead to two pinned magnetization vectors
Field (Oe) whose relative orientation can be anywhere from 0° to 180°.

However, the observation of a net zero magnetization at H
FIG. 6. Panel¢a), (b), (c), and(d) display the results of isother- < |Hs| demands that this angle is 180°. This is possible only
mal magnetization measurements at 100 K for trilayers with 75-When there is an exchange coupling across the YBCO. The
100-, 200-, and 300-A-thick YBCO interlayers, respectively. Themagnetic behavior of ferromagnetic and antiferromagnetic
measurement field was directed along fA€0] direction in the ~LSMO couples has been studied in detail by Izuehial *
plane of the trilayers. The low-field region is magnified in order tofor the case of LggSry MnOs/Lag 4515 59VINO3 superlat-
emphasize the antiferromagnetic coupling between the LSMO laytices, where the latter compound is a metallic A-type antifer-
ers below 200 Oe. romagnet. The Mn spins in alternate layers of this compound
are coupled antiferromagnetically with their orientation in
loops seen in Figs. 5 and 6. One may also argue that thghe[001] plane. Izumiet al*° note that the magnetization of
uncompensated copper spins at the interface help stabilize ferromagnetic layers is perpendicular to the magnetic
this random state. In order to rule out these possibilities, weasy axis of the antiferromagnetic layer, thus ruling out ex-
have measured the M-H loops of LSMO-PBCO-LSMO change biasing. While the measurement of far-infrared con-
trilayers. In Figs. 7a)-7(c), we compare the magnetization ductivity o;(w) of YBCO-LSMO multilayers by Holderet
curves of a 600-A-thick single-layer LSMO film, a LSMO- a].4% does show a strong suppression of the free-carrier con-
PBCO-LSMO trilayer, and a LSMO-YBCO-LSMO trilayer. tribution to o;(w), migration of holes is only one of the
In all three cases, the measuring field was along[##]  possible mechanisms proposed by them for the suppression.
direction. Figure 7) shows the M-H loop of the LSMO-  Fyrther, keeping in view the result of Izuret al,*° a pos-
sible hole transfer does natpriori imply exchange biasing.

150 0 1‘;‘5‘” (?563 0 150 In order to check if there is any exchange biasing effect of
[ TSMO &ﬁ}wﬁ FM-NMFM 507 15 the interfacial LSMO in our trilayers, we h_ave plotted a mi-
H|[100] [+ H| [100] [+ nor loop for a sample with\g=100 A. Starting from satura-
T @) I (b) tion magnetization in the forward direction, the field was
0 " 0.0 decreased to a valyel| <|H4 in the negative direction and
= = then increased again. In the presence of exchange biasing,
£ ool 100 K | cqrmemsz® 150K £ the minor loop obtained in this way should be shifted along
° 2FN'I Y e : FI\I/I Y, : '21'5 © the field axi§ by an amount equal to the bigsing figld. How-
s (g0 Q/ch H [100](,701,«)1 1 5 ever, the minor loop in Fig. 8 shows no shift within an ac-
J 1 curacy of 5 Oe.
0 ] e (©) e @] Noting that the hysteresis seen in Figs. 6 and 7 is a sig-
fc’ / docff‘{f /’ nature of antiferromagnetic coupling between the LSMO
4 } M,oo/ et layer magnetizations, we now proceed to estimate the ex-
e 100 Kf o 10K |, change energy and its temperature dependence. The free-
-0 0 E‘;ld (‘012‘)’ 0 150 energy expression for two magnetic layers of equal thickness

coupled by bilinear coupling can be writterfas

FIG. 7. A comparative view of the magnetization behavior of a - - -
600 A LSMO film [panel(a)], LSMO-PBCO-LSMO trilayer with F=F.+F,—H-(M1+ My, 2
300 A PBCO[panel(b)], and LSMO-YBCO-LSMO trilayer with - - o
300 A YBCO [panel (¢)]. The external magnetic field was in the Where M; and M, are the magnetizations of the top and
plane of the film and directed along tfE00] axis. Paneld) shows  bottom LSMO layersF. is the coupling energy per unit area,
the magnetization while the field was applied along[thk0] direc- ~ andt is the thickness of one LSMO layer. The anisotropy
tion for the LSMO-YBCO-LSMO trilayer. All the curves were cor- energyF, derives contributions from the magnetocrystalline
rected for a small diamagnetic response of the substrate. anisotropy as well as in-plane uniaxial anisotropy of the film.
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FIG. 8. The minor hysteresis loqgee the text for detailof a Temperature (K)

trilayer with a 100 A YBCO layer sandwiched between 550 A ) . ‘ _
LSMO layers on both sides is shown superposed on the main mag- F!G. 9. (Color onling The antiferromagnetic coupling energy

netization curve. The measurement was performed at 100 K aftde2) calculated using the relatiddy|=HsMt [Eq. (4)] is shown as a
cooling the sample in zero field. function of temperature for three sandwich structures with YBCO

thickness of 75 A(O), 100 A (), and 300 A(A) and a constant
. - . . LSMO thickness of 300 A. The solid lines are fits to the equation
Under the assumption of a bilinear couplirig,can be writ- J1~ (TITg)/sinh(T/Ty) (Ref. 44. The dashed line is a theoretically
ten as generated curve showing how should grow with respect to the
~ ~ value at 120 K if l_ is taken to bew/2c, wherec is the c-axis
Fe==J1(M1-M;). 3) lattice parametefseé text for detais Inset: the dependence of J

9 o . - <0 on the thickness of the YBCO spacer is plotted at 20 K and 100 K.
Here M, and M are unit magnetization vectors, an A characteristic decay length 6£150 A was obtained by fitting

corresponds to_éntllferromagne_‘tlc cgupllngﬁb(.etvveen the I:I\{Jhese data to a first-order exponentially decaying functgirown
layers. The equilibrium orientation &, andM, is found by  as the solid lines
minimization of the free energy with respect to variations in

the orientations of these two vectors. In a special case, Whepy, o .4 iculations of Edwardat al#® also yield a similar tem-
the interlayer exchangé(M;-M,) is <F,, the magnetiza- perature dependence of Bince the transport in the present
tion increases slowly in small field and then at a criticalcase is along the axis of the YBCO, the relevant Fermi
v_alue of the_ field jumps to the_saturatims. The switching wave vector iskg_=/2c, wherec is the c-axis lattice pa-
field H in this case for magnetic layers of equal thickné$s  rameter(~12 A).1 we have fitted the temperature depen-
and magnetization densitiy) is written as dence of J shown in Fig. 9 to Eq(5). However, the average

Ho= - (J/MJ). (4) value okoZ obtained from these fits is Iargéar by_ a factor of
_ o o ~4 compared to thkFZ expected for YBCG? In Fig. 9, we
The behavior of magnetization seen in Figs. 5-7 correspondshow a theoretical curve for(¥) generated using Eq5)
to this situation. We have made an estimate ofrdm the ity ke_=/2c, dy=100 A, and JT) such that the experi-

. . . . Z L L

m_easured kland magnetization densityl using Eq.(4). mental and calculated values of dt 120 K are the same.
Figure 9 s_hows the variation o{ &s a functlo_n of tempera- The calculated JT) shows a steep increase at the lower
;ure for trllay?rsﬂ?f tdtlrf]ferent YI.BCO Iayer_lfar;gll_m'ess. In”the temperatures where the experimental data reach saturation.
\gure, we note that Iné coupiing energy c ISSMall,  This truncation of the theoretically expected growth of J

nonoscillatory, and decreases exponentially with the thiCkbelowT is suggestive of a superconducting gap
ness of the superconductor. In all cases, howevglin< ¢ '

creases monotonically as the temperature is loweret..to
Below this temperature, a truncation of the monotonic
growth of } is evident in all samples. Although the physics of magnetic coupling across a su-
The temperature dependence of the interlayer exchangg,conducting spacer of anisotropic order parameter is an
coupling in metallic multilayers has been worked outenormously complicated problem to analyze, the following
theoretically>** Following Bruno; the amplitude of the  4rquments can be made on the basis of the data shown in Fig.
linear exchange coupling coefficien{ ihcreases with the 5 through Fig. 9. We first consider the case when YBCO is in

IV. DISCUSSION

decreasing temperature in the following manner: the normal state. The coupling in this situation is mediated
TIT, by the transport of carriers perpendicular to Guslanes in
J1(T) =31(0) SnhT/T.) (5  thesec-axis-oriented films. While the resistivity of YBCO
0

along thec-axis shows a variety of behaviors depending on
where the characteristic temperatufg depends on Fermi doping concentration and defect structure, for optimally
wave vector k and spacer thickness, through the relation doped YBCO it is metallic, but larger by a factor ef50
To=tike/ 27kgd,m, wherem is the free-electron mass ad ~compared to the in-plane resistivityThe c-axis transport in
and k; are Planck and Boltzmann constants, respectivelyoptimally doped and overdoped YBCO involves blocking of
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coherent interplanar tunneling by the in-plane scatteringEg is the Fermi energy. This expression shows that the su-
This leads top. p,p,.*®#7 In underdoped systems, diffusive perconducting order does not actually contribute to the oscil-
tunneling dominates the transport, leading to a semicondugating part of the interaction, it only induces a relative de-

torlike resistivity’® The nonoscillatory and predominantly crease in the strength of interaction as compared to the

antiferromagnetic IEC seen here is analogous to the behavigtia o tion for a normal metallic spacer. However, the low-

of exchange coupling in Fe-FeSi-FRef. 49 and Fe-Si-Fe : : -
(Ref. 50 heterostructures. The IEC in this case is Stronglytemperature calculations in Refs. 8 and 9 are valid on!y for
antiferromagneticJ, ~ 2 erg/cnd) for a thin spacer, and de- an isotropic gap parameter. de Melo has recently considered

cays exponentially with the increasing spacer thickness. Fwt-he case of IEC_ thrpugh a d-wave supercqnductor th_>se or-
thermore, the exchange energyshows a monotonic drop der p_arameter lies m_the_plan_e of the multila3The main

with the increasing temperature, a behavior similar to thecontribution to coupling in this case comes from the wave
data shown in Fig. 9. A bias towards antiferromagnetic IECvectors connecting points at the Fermi surface along the
has been predicted theoretically as well. Shi, Levy, and'Fry [001] direction and fork, lying along the direction of nodes.
have shown that this bias for AF-coupling arises from a com= distinct suppression, although not as much as in the case of

petition between the RKKY-like exchange and superex-a fully gapped system, has been seen in the superconducting
change, and a noncancellation of the nonoscillatory parts afi5e

these two contributions. An AF coupling, which decays ex-

ponentially with the spacer thickness, has been predicted by

Slonczewski? and Brund* using an electron tunneling pic-

ture. The theord# predicts a ¢ dependence of the typd V. CONCLUSIONS

~ (1/d?)exp(-d,/\). The calculated value of the coupling

energy J for our trilayers is plotted in the inset of Fig. 9 as . )

a function of the spacer layer thickness. We have fitted these [N summary, we have studied the magnetic and supercon-

data to a first-order exponentia| decay of the type given b)ducting states of epitaxial thin film heterostructures consist-

Bruno et al#* Results of this fitting are shown as solid lines ing of two La, 651, 3dMnO; layers separated by a layer of

in the inset. The characteristic decay lengtinferred from  YBa,CuwO;, whosec axis is perpendicular to the plane of

the fit is ~150 A. Since thec-axis transport in YBCO is the heterostructure. We see a distinct influence of the ferro-

controlled by a delicate balance between single electron turmagnetic boundaries on thi, of the YBCO layer. This is

neling and intralayer electron-electron  scatteringattributed to the pair-breaking phenomena near the F-S inter-

processe$i*8a tunneling picture for IEC is applicable, al- face. The hysteresis loops for in-plane magnetization of the

beit with the caveat that it is unlike the tunneling through aheterostructures show signatures of an antiferromagnetic

semiconducting barrier where thermally induced carriers cagoupling between the moments of the two LSMO layers in

enhance |IEC at higher temperatufé3he IEC in this case is  the superconducting as well as the normal state of the spacer.

expected to decay with temperature as ¢kexis resistivity  The temperature dependence of the exchange coupling en-

shows a linear temperature dependence. ergy shows a monotonic growth followed by saturation on
The truncation of the monotonic growth of the eXChangekjwering the temperature_ The |0ng-range Coup“ng was

coupling energy when the YBCO layer becomes superconfound to decrease exponentially with the increasing thickness

ducting (as seen in Fig. Pis in agreement with the predic- of the spacer layer. The suppression pafiT< T, suggests

tions of Sipr and Gyorffy and of de Meld. However, the inhibition of single-electron tunneling along the axis of

extent of the drop in the coupling energy in the0 limit ~ YBCO as the in-plane superconducting order parameter be-
depends on the strength of the superconducting gap parariomes nonzero.

eter. For a weak ferromagnet and an isotropic supercon-
ductor, de Mel8 has derived an analytic expression for the
effective coupling Hamiltonian,

cog 2kgdy) kedsA
eff ™~ 2 -
(2kedy) Er This research has been supported by a grant from the

where k and d are the Fermi momentum and thickness of Defense Research and Development Organization, Govern-
the S-layer, respectivelyA is the superconducting gap and ment of India, and the internal funding of I.I.T. Kanpur.
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