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Magnetic properties of Lag 5:Srg 3dVInO 3/ YBa,Cu;0- superlattices
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Oxide multilayers composed of ferromagnetic metallic layers qf gty 3MnO; (LSMO) and supercon-
ducting cuprate YBgCu;0; (YBCO) were grown or(1 0 0) LaAlO substrates by high-pressure dc sputtering.
We have investigated structural, transport, and magnetic properties of a series of samples in which the layer
thickness of LSMO is fixed at 16 unit cells and that of YBCO varied from 1 to 8 unit cells. Exchange-induced
unidirectional anisotropy in LSMO/YBCO superlattices has been demonstrated. Observation of an exchange
biasing effect in LSMO/YBCO superlattices supports an existence of interlayer exchange coupling between
LSMO layers through YBCO superconducting spacer layers.
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I. INTRODUCTION hysteresis loop along its field axis. Observation of the ex-
change biasing with superconducting spacer layers can indi-
SuperconductingS) and ferromagnetiqdF) multilayers cate a presence of interlayer exchange coupling between
are interesting from fundamental point of view, since theyLSMO layers through superconducting YBCO spacer layers.
offer the appropriate scenario to study competing effects of
superconductivity and ferromagnetism on the scale of their
characteristics lengths. The proximity effect in S/F multilay- Il. EXPERIMENT
ers is related to new physical phenomena arising from the
interaction between two order parameters. For example, it LSMO and YBCO thin films and LSMO/YBCO superlat-
was theoretically predictéd that a magnetic interlayer ex- tices were deposited ofl00) LaAlO; single-crystal sub-
change coupling between ferromagnetic layers separated Isyrates by multitarget high pressure sputtefifguring the
d-wave superconductor is possible. The model suggests thgtowth, the temperature of the substrate was set at 770°C
the ground state of the S/F heterostructures changes froend the oxygen pressure was kept at 3 mbar. Two targets
aligned magnetization to antiparallel magnetization with thewith nominal composition of LggSrih3MnO; and
period of two unit cells of thec-axis parameter of YBa,Cu0; were used for deposition. The thickness of dif-
YBa,Cu;0; (YBCO) system. The interplay between super-ferent layers was controlled by the deposition times of re-
conductivity and spin-polarized systems has also potentiadpective targets. The calibrated deposition rates were 1.6 nm
applications in the emerging field of spin electroriicBhe  and 2.6 nm per minute for LSMO and YBCO, respectively.
half metals are suitable materials in this respect. Half metalThe off-axis x-ray diffraction measuremer{Gu K« radia-
lic behavior has been found experimentally in the manganesgon) were used for structure characterization. The dc mag-
perovskite LggSlzMnO; (LSMO).* The perovskites are netization were measured with superconducting quantum in-
particularly interesting because of their ability to form high- terference devicéSQUID) magnetometer in the temperature
quality multilayerS=°with high-T. superconductorHTSC).  range 5 K—300 K in magnetic field up to 0.1 T. Microstruc-
Understanding the interface properties of colossal magneure properties of samples were examined by transmission
toresistance materiallCMR) and HTSC heterostructures is electron microscopéTEM) JEOL 2000 EX. Samples used
required for spin-based devices. The key factor in such studor SQUID measurements were 3 8 mm in size. Re-
ies is electronic and magnetic quality of the interface regionsistance versus temperature measurements were performed
Recent elipsometric measureméftss far infrared dielectric  with four-probe method.
measurements provide an evidence of hole charge transfer
from YBCO Iayers_ to LCMO layers n YBCO/.LCMO super TABLE I. Nominal modulation length, zero resistance tempera-
lattices. Due to this effect a dramatic depletion of holes fortUIreT and the temperature of the onset of diamagnetic moment
about 1 nm thick YBCO layer was observed. On the othe co P g

4o of the L It nO3;/YBCO multilayers.
hand an increase of holes in LCMO system in spite of nomi-_* %615003dMN0s Y

nal compogition L_§167Cst,_33|\ﬂn03 can drive the LCMO Sample No. Modulation length FIK] Teo K]
manganite into antiferromagnetidF) state. In this work we
report and analyze some observations of structural and magaY110 [LSMOX16 u.c./YBCOX1 u.c]g

netic properties of LSMO/YBCO superlattices. If an effect of LaY105 [LSMOX 16 u.c./YBCOX2 u.cl; <4.2

hole charge transfer takes place also in LSMO/YBCO supertaY107 [LSMOX 16 u.c./YBCO<3 u.c]; 28 13
lattices it could transform some of the LSMO layers into LaY109 [LSMOX 16 u.c/YBCO<4 u.cl;g 41 41
F/IAF system. It is known that when F/AF interfaces arelLaY106 [LSMOX 16 u.c./YBCOX5 u.cl;g 57 57
cooled through the Neel temperatufg an unidirectional Lay108 [LSMOX 16 u.c./YBCO<6 u.cl;s 63 63
anisotropy" (exchange biasingnay develop in LSMO lay- [ay111  [LSMOX 16 u.c/YBCO<8 u.cl;s 71 71

ers. Exchange biasing is manifested as a displacement of the
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FIG. 1. High-angle x-ray diffraction pattern of LSMO/YBCO FIG. 3. (@ Resistance vs temperature of LSMO/YBCO super-

superlattices(Table ). Arrows represent the position of satellite

peaks.

IIl. RESULTS AND DISCUSSION

We have deposited LSMOX16 u.c./YBCO<m u.cg
multilayers(Table )) in which the LSMO layer thickness was
fixed atn=16 unit cells(u.c) while the YBCO layer thick-

lattices (b) ZFC magnetic moment vs temperature for LSMO/
YBCO superlattices.

bulk polycrystalline Lg g:Srp3aMNO5; samplea is 0.387 nm.
The spectra obtained from high-resolution x-ray diffraction
studies of samples listed in Table | are plotted in the high-
angle region(Fig. 1). In the high-angle spectrum a well-
defined(0 0 11 YBCO Bragg peak of increasing intensity

ness was varied from 1 unit cell to 8 unit cells. Toexis and superlattice peak S04 [(0 0 12 YBCO plus (0 0 4

lattice parameter for relaxed YBCO film s=1.168 nm @
=0.382 nm andb=0.388 nm). The LSMO 100 nm thick
film deposited on LaAl@ substrate haa, lattice parameter

LSMOQ] together with well resolved satellites of up to third
order are found.
The estimatedt-axis lattice parameter from the position

in a pseudocubic setting of about 0.396 nm, whereas for the
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FIG. 4. ZFC and FC magnetic moment vs temperature in mag-
netic field of 500 Oe, for magnetic field parallel to the samples,

FIG. 2. TEM cross-section image of thE.SMOX8 u.c/  H|ab, superlattices with 2, 4, 5, and 8 unit cells YBCO layer thick-

YBCOX3 u.cl; superlattice.

ness.
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FIG. 5. Magnetization loops of theELSMOX 16 u.c./YBCOXn u.c],¢ for n=1,2,3 unit cells YBCO layer thickness superlattices
measured at 5 K to 100 K temperature interval for magnetic field perpendidtli@) @nd parallel H|ab) to the substrates.

of (0 0 11 Bragg peak for multilayer with 2 unit cells YBCO clearly distinguished because of high atomic-number con-

layer thickness is depressec~ 1.160 nm). trast between the layers. It is clear that the two oxides grow
The estimateda-axis lattice parameter for multilayer with heteroepitaxially parallel to each other.
8 unit cells YBCO layer thickness is~1.168 nm, i.e., the Figure 3a) shows resistance versus temperature depen-

same as for the relaxed YBCO film. This behavior demon-dance of studied superlatticgable ). This curve for
strates uniaxial compressive strain of YBCO layers along th¢LSMOX 16 u.c./YBCOX 1 u.c]ig, LaY110, multi-
[0 O 1] direction. layer demonstrates a similar behavior as observed for
From the position of satellite peaks the modulation wavesingle LSMO film? An onset of the superconducting transi-
length of the superlattices was estimated. Experimentdion is seen starting from the sample LaY105 with 2 unit
modulation wavelengths are in agreement within 7% withcells YBCO layer thickness. Beginning from the sample
the nominal modulation wavelengths. [LSMOX 16 u.c./YBCOX3 u.c]ig, LaY107, a full transi-
This result was also confirmed by TEM cross sectiontion to superconducting state is observed. One of the main
studies. An example of TEM micrograph shown in reasons responsible for the suppression of superconducting
Fig. 2 demonstrates a cross section [@SMOX8 u.c./  state in the superlattice with 1 unit cells YBCO layers thick-
YBCOX3 u.cl;g superlattice in which different layers can be ness and depression of superconducting transition tempera-
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FIG. 6. Magnetization loops of thELSMOX 16 u.c./YBCOXn u.c].s for n=4,5,6 unit cells YBCO layer thicknesses superlattices
measured at 5 K to 100 K temperature range for magnetic field perpendiéijla)y and parallel H|ab) to the substrates.

ture in consecutive superlattices is a massive hole charge Figure 3b) shows a zero-field coolingZFC) magnetic
transfer from YBCO layers to LSMO layers. Recent elipso-moment versus temperature of the measured multilayers
metric measuremeritsof far-infrared dielectric properties of (Table |). The superconducting transition temperatiigg of
LCMO/YBCO superlattices provide the evidence of a dra-the [LSMOX 16 u.c./YBCOXn u.c.]; multilayers with n
matic depletion of holes observed for about 1 nm thick=3, 4, 5, 6, and 8 unit cells thicknesses are found to sys-
YBCO layers which is due to the effect of hole charge transtematically increase with increasing YBCO layer thick-
fer. For LSMO/YBCO multilayers an increase of hole con- nesses. Only for thg LSMOX16 u.c./YBCOX3 u.c]yg,
centration in LSMO layers can drive some of the layers intoLaY107, superlattice a difference betwe&g, and Ty is

an antiferromagnetic state in spite of thegk#®r:dMnO;  observed. Such a difference was also observed for
nominal composition of LSMO films. For example in [LSMOX8 u.c./YBCOXn u.c];gsuperlattices witm=3, 4
YBa,Cu;0,/PrBaCu;0; (YBCO/PBCO superlatticeS  and 5 unit cells. The difference between the resistance tran-
even a sample with 1 unit cell YBCO layer thickness sepasition temperature and the onset of the diamagnetic transition
rated by 5 unit cells PBCO layer thickness is superconductis a result of presence of the spontaneous vortex phase in this
ing with T, higher than 50 K, indicating a limited hole temperature interval as it was presented elsewltere.
transfer from YBCO layers to PBCO layers. In Fig. 4 the ZFC and field coolin¢FC) measurements of
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the magnetic moment for samples LaY105, LaY109,(H|c) to substrate as shown in Figs. 5, 6, and 7. It is evident
LaY106, and LaY111 are shown. Both measurements werthat the magnetic moment always lies in the plane due to
performed by warming up in 500 Oe after cooling in zerolarge shape anisotropy of measured multilayers. The in-plane
field and in 500 Oe, respectively. The ZFC and FC curve$100] direction is the easy axis. For magnetic field perpen-
coincide at temperature higher than 120 K. The Curie temdicular to the multilayers, i.e[001] direction the hysteresis
perature of a single LSMO layer is 360R!° For studied loops have a shape characteristic of the hard axes. This ob-
multilayers the Curie temperature is higher than 300 K. Theservation indicates that any interlayer exchange coupling in
ZFC curves exhibit a broad peak in the temperature rangepitaxial[LSMOX 16 u.c./YBCOXn u.c.; superlattices is
from 50 K to 60 K, whereas the FC curves exhibit a steeprelated to the in-plane rotation of magnetic moments in con-
change close to their superconducting transitions. secutive LSMO layers, i.e., the ground state oscillates from
Magnetic hysteresis loops were measured i 5hK to  antiparallel(AF) to parallel(F) moments of LSMO layers. In
100 K temperature range, with magnetic field along the twaa recent papét we reported the measurements of magnetic
crystal orientations, i.e., paralleH(ab) and perpendicular moment of [LSMOX8 u.c./YBCOXn u.c],s multilayers.
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For such multilayers an easy axis of the magnetic moment—30
switches from the in-plane to the out-of-plane configuration € 45|
with an increase of thickness of YBCO spacer layers. uf"
As shown in Figs. 5, 6, and 7 comparison of hysteresis
loops recorded at temperature5oK and 100 K for magnetic
field parallel to the samplesH(|ab) demonstrate an en- 3 ’
hancement of coercivity at 5 K. This fact indicates that an -900 -450 450 900  -900 -450

0

=)

i
.15 L

=

LaY105 e LaY109
; , 450 900

unidirectional anisotropy is induced at the LSMO/YBCO in- =28 —_
terface. = g
It was observelt that when a ferromagnetid) film in m“’ )
contact with an AF thin film is cooled through the Neel point '© 0e=<= S
of the AF in applied magnetic field the hysteresis loop of the = [ gl
F develops a loop shift and enhances coercivity. The ex- = Lay106 | = Lay111
change biasing effects arises as the order of the AF is estat 28355 250 6 2%0 900 900 450 0  a%0 990
lished in the presence of the F through the interfacial F-AF H [Oe] H [Oe]

interaction. In the present case for the LSMO/YBCO super-

lattices due the hole charge transfer from YBCO layers intq, "0 ° 206"k dotted ling and FC(solid line) in field of 500

the LSMO layers 2 or 3 unit cells thick LSMO layers are : . .
converted into an AF state. Superlattices with 3 unit cellsoe (H]jab) of LSMO/YBCO superlattices with 2, 4, 5, and 8 unit

thick LSMO layers show zero net magnetic moment, similarceIIS VBCO layer thickness.
as it was observed for LCMO/YBCO superlatticés. response from YBCO layers is observed.

The appearance of the response from superconducting As already mentioned at LSMO/YBCO interfaces a hole
YBCO layers in multilayered structure for magnetic field charge transfer from YBCO layers to LSMO layers takes
perpendicular to the sampléi{c) is observed starting from place. According to the phase diagidm of the
the [LSMOX16 u.c./YBCOX3 u.c]ys, LaY107 superlat- La,_,Sr,MnO; system for the doping leved>0.48 an anti-
tice [Fig. 5()]. For magnetic fieldH||c a response from ferromagnetic phase is observed. Therefore in LSMO/YBCO
YBCO layers is observed due to the large demagnetizatiomultilayers a part of LSMO layer§2 or 3 unit cells are
factor for this configuration. For magnetic field &b an ap- driven into an antiferromagnetic state due to this effect.
pearance of superconducting phase is observed starting frowthen an F/AF interfaces are cooled through the Neel tem-
the[LSMOX 16 u.c./YBCOX4 u.c].g, LaY109, multilayer  peratureTy with To >Ty an unidirectional anisotropy is
[Fig. 6(b)]. The hysteresis loop recorded @=5 K for induced in F layers.

H|lab exhibits superimposition of ferromagnetic moment In Fig. 8 magnetic hysteresis loops measured at

from LSMO layers and the magnetic moment from supertemperatie 5 K after ZFC and FC in 500 Oe for

conducting YBCO layers. Similar behavior is also observed LSMOX 16 u.c./YBCOXn u.c],s Superlattices witm=2,

for [LSMOX 16 u.c./YBCOXn u.c]¢ superlattices witn 4, 5, and 8 unit cells of YBCO layer thickness are shown. It

=5, 6, and 8 unit cells thick YBCO layers as shown in Fig.is evident that ZFC loops are symmetric around zero field,

5(d), 6(f), and 7h). Furthermore, for these samples a plateauwhile the FC loops are shifted towards negative fields. This

on M-H curves is observed, indicating an antiparallel align-effect is a result of induced unidirectional anisotropy at

ment of the in-plane magnetic moments in consecutivee SMO layers.

LSMO layers. Antiparallel alignment of magnetic moments  According to the model of Sa de Mélan interlayer ex-

is a signature of interlayer exchange coupling betweerthange coupling is possible between the LSMO layers across

LSMO layers through superconducting YBCO layers, similarYBCO layers with the period ofL.z=2.4 nm. The model

as it was observed for the metallic tunnel junctiof§con-  suggests an optimal Fermi wave vector al¢6@1] direction

firmed by magnetoresistance measurements. ke=m/2c, which means thatkrds=10, hence adg
lllustration of the evolution of hysteresis loops in the 5 K =7,64 nm, i.e., approximately 6 to @axis unit cells. This

to 100 K temperature interval for both configurations ofeffect should be observable for superconducting spacer

magnetic field of [LSMOX16 u.c./YBCOX8 u.c]g, thickness less than 13 nm. The observed exchange biasing

LaY111 superlattice is shown in Fig. 7. The hysteresis loop®ffects for LSMO/YBCO multilayers additionally support

for magnetic field perpendicular to the sample are presentetthe presence of hole charge transfer effect. The result of the

in the left panel of Fig. 7. Thevi-H curves evolve from shift of the hysteresis loops along field axis, the sign and the

typical superconducting loops below superconducting criticamagnitude of the shift is a quantitative measure of the inter-

temperaturel =71 K to typical ferromagnetic above this layer coupling.

temperature. The exchange biasing in manganite type hetero-
Close to the superconducting transition temperatbigs.  structures was observed in 44Ca;sMNO5/La;sCa,sMNnO;

7(d) and 7e)] the hysteresis loops show a complex behaviomultilayers?* Lay/sBaysMnO3/LaNiO;LayBay sMnO5/

that is due to the interplay between Meissner currents ita;;sCaysMnO; four-layers heterostructurés,

YBCO layers and the magnetic fields present in LSMO lay-La, g/Ca 3dMnO5/Lag sCa gMnO4 bilayers?® and

ers. For magnetic field parallel to the sample due to diminda, ;Sry ;MnO;/Lag 34Ca MnO; bilayers®*

ished role of the demagnetization factor onlyTat5 K a For the LaY105 superlattice, i.e., with 2 unit cells YBCO

FIG. 8. Hysteresis loops recorded at tempeatuK after ZFC

134428-6
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layer thicknesgFig. 8@a)] the obtained exchange biasing I[V. CONCLUSIONS

field isHgg=41 Oe. Thus the esti_mated unidirectional _inter— In summary, we have grown high-quality LSMO/YBCO
face energyAJ=MgHeg dr ,for this sample, wherélsis  gyperiattices. XRD and TEM studies indicate that superlat-
the saturation magnetization ardt is the thickness of tices have a well defined superlattice structure. An onset of
LSMO layer, 4<10°° erg/cnt, and is lower than energies superconductivity is observed starting from the sample with
reported for other multilayers. The obtained exchange bi- 2 unit cells of YBCO layers thickness in multilayered struc-
asing field for samples LaY106, LaY109, and LaY111 is 94ture. The exchange -biasing mechanism sets in LSMO/
Oe, 149 Oe, and 218 Oe respectively. YBCO superlattices. Unidirectional anisotropy in LSMO
Hysteresis loops recorded in FC mode for superlatticeayers is observed due to hole charge transfer from YBCO
with 4, 5, and 8 unit cells YBCO layer thicknesses in addi-layers to LSMO layers. The demonstration of exchange bi-
tion demonstrate a shift along vertic@l) axis as shown in  asing effect in LSMO/YBCO superlattices indicates an exis-
Figs. 8b)—8(d). The shift alongM axis could be a result of tence of interlayer exchange coupling between LSMO layers
the interaction between the shielding currents induced ithrough YBCO superconducting spacer layers.
YBCO layers during FC process and magnetic field in
LSMO layers. An observation of exchange biasing effect in ACKNOWLEDGMENTS
LSMO/YBCO superlattices indicates the presence of inter- This work was supported by Committee for Scientific Re-
layer exchange coupling between LSMO layers through theearch(KBN) under Grant Nos. 5P03B 06220 and 2 PO3B
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