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W e repor t on t he grow th , str uctur al and magnet ic characteri zation of
N d0 : 8 1 Sr 0: 1 9 Mn O3 = Y Ba 2 C u3 O7 (N SMO /Y BC O) superlattices . T he N SMO
system for the doping level of x = 0 : 19 is a ferromagnetic insulato r. Mul -

tilayers with a Ùxed N SMO thic kness of 13 unit cells and a varying Y BC O
layer thickness from 2 unit cells to 6 unit cells were sputtered on La A lO 3 sub-
strates. A n onset of superconducti ng transition is seen starting from the mul-

tilayer w ith 3 unit cells of Y BC O layer thickness. H ysteresis loops recorded
above and below the superconduc ting transition show a signature of inter-
layer exchange couplin g.

PACS numb ers: 74.25.H a, 74.78.Fk, 75.70.C n

1. I n t rod uct io n

Mul ti layered structures allow materi als to have di ˜erent physi cal proper-
ti es and long-range orderi ng to be placed into close proxi m i ty. The intera cti on
between the layers g ives ri se to new phenom ena. Exp erim ents on ferrom agneti c
m etal / norm al m etal (F/ N) mul til ayers [1] show an indi rect exchange coupl ing be-
tween F layers vi a N layers. An open questi on is whether an indi rect exchange
coupl ing between ferromagneti c (F) layers acro ss superconduc ti ng (S) layers can
be tra nsferred.

A recentl y publ ished theo reti cal m odel [2] suggests tha t an indi rect exchange
coupl ing between F layer thro ugh S layer is possible The appearance of a super-
conducti ng gap in the spacer intro duces a new length scale. The range of such
intera cti on is lower tha n 13 nm . The indi rect exchange coupl ing is tho ught to be
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oscil lato ry both above and below the superconducti ng cri ti cal tem perature. Ac-
cordi ng to the autho r, the m ost relevant hetero structur e to study such an e˜ect
are m ulti layers com posed of colossal m agneto resistance m ateri als (CM R ) and high
tem perature superconducto rs (HTSC).

The doping level f or m anganese perovski tes contro ls the ground state of
the system . Accordi ng to the phase di agram [3] of Nd 1 À x Srx Mn O3 system when
x < 0 : 2 2 the system is a ferrom agneti c insulato r.

Our m oti vati on in the present study is to gather inf orm atio n about the signa-
ture of the interl ayer indi rect exchange coupl ing between f erromagneti c insul ati ng
NSMO layers across d -wave superconducti ng Y Ba2Cu 3 O7 spaci ng layers.

2. E x per i m en t a l

Nd 0 Sr MnO YBa Cu O (NSMO/ YBCO) m ulti layers were deposited
on (100) LaAl O 3 substra tes using sequential high-pressure dc sputteri ng [4]. The
sputtered mul ti lay ers were deposited at C in 3 mb of oxyg en pressure. Two ta r-
gets wi th nom inal com positi on of Nd Sr MnO and YBa Cu O were used for
depositi on. The thi ckness of di ˜erent layers was contro l led by the depositi on ti m es
of the respect ive ta rgets. The cal ibra ted depositi on rates were 1.3 nm and 2.6 nm
per minute for NSMO and YBCO, respectivel y, X- ray di ˜ra cti on m easurem ents
and cross-section tra nsmission m icroscope veri Ùed the superla tti ce structure. Ma g-
neti sati on versus tem perature, , and magneti c Ùeld versus , measured
m agneti c pro perti es using a SQUI D magneto meter. Sampl esused f or SQUID mea-
surements were mm 2 in size. R esistance versus tem perature m easurem ents
were perform ed wi th a four- probe metho d.

3. R esul t s an d d iscu ssio n

W e have deposited NSMO 13 u c YBCO u c m ul ti layers, in whi ch
the NSMO layers thi ckness were Ùxed at 13 uni t cells (u. c.) and the YBCO layer
thi ckness was varied from 1 uni t cell to 6 uni t cells. The -axi s latti ce param -
eter for relaxed YBCO Ùlm is 1.168 nm . The NSMO 100 nm layer thi ckness
Ùlm deposited on LaAl O3 substra te has a latti ce param eter of about 0.391 nm ,
wherea s f or the bul k polycrysta l l ine Nd Sr MnO sampl e is 0.386 nm . T o
determ ine the qual i ty of m ulti layers grown by our metho d we have prepared and
structura l ly characteri zed NSMO/ YBCO superlatti ces. Hi gh angledi ˜ra cti on data
revealed the presence of m odul atio n satel l i tes. The obta ined m odul ati on period
wi thi n 10% wa s in agreement wi th the nominal modulati on length, demonstra t-
ing the accuracy of the thi ckness cal ibra ti on. Thi s resul t was also conÙrmed by
TEM cro ss-section studi es. Fi gure 1 shows a cro ss-section TEM micrograph of the
NSMO 10 u c YBCO 4 u c sampl e, in whi ch di ˜erent layers can by clearl y

di stinguished, because of a high ato mic numb er contra st between the layers. It is
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Fig. 1. T EM cross- section image of the [N SMO È 10 u : c:= Y BC O È 4 u :c: ] 16 multilayer.

seen tha t the two oxi des grow hetero epi taxi al ly para l lel to each other ; however, a
thi ckness Ûuctua ti on of about 1 uni t cell is seen.

Fi gure 1 shows also a high-resoluti on fri nges im age of the region coveri ng
La Al O 3 substra te, NSMO Ùrst layer, YBCO layer, and second NSMO layer.

It is seen tha t spaci ng between the planes of the Ùrst NSMO layer is larger
tha n for the second NSMO layer by about 10%. Based on the latti ce parameter
of the LaAl O 3 substra te a = 0 :3 7 9 nm we have determ ined the 001 plane spacing
for the Ùrst NSMO layer equal to 0.41 nm . Thi s observati on shows tha t the Ùrst
NSMO layer plays a role of bu˜er layer. Fi gure 2a shows resistance versus tem per-
ature relati on R of m easured m ul til ayers (T able). Starti ng from the NSMO
13 u c YBCO 3 u c sam ple a tra nsi ti on to superconduct ing state is observed.

Fig. 2. Resistance versus temp erature of N SMO /Y BC O superlattice s (a) ; ZFC mag-

netic moment vs. temp erature for N SMO /Y BC O superlattices (T able) (b).

Al so in La Ca MnO YBa Cu O (LCMO/ YBCO) superlatti cesa tra n-
siti on to superconducti ng state is observed beginni ng wi th the m ulti layer wi th
3 uni t cells of YBCO layers thi ckness [5].
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T ABLE

Mo dulati on length and zero resistance temp erature of the
N SMO /Y BC O multilayers.

Sample N o N ominal modulati on length T c 0 [K ]

N dY 196 [N d0 : 81 Sr0 : 19 MnO 3 ( 5 :2 nm ) =Y BC O ( 7 : 2 nm )] 16 61

N dY 198 [N d0 : 81 Sr0 : 19 MnO 3 ( 5 :2 nm ) =Y BC O ( 6 : 0 nm )] 16 56

N dY 197 [N d0 : 81 Sr0 : 19 MnO 3 ( 5 :2 nm ) =Y BC O ( 4 : 8 nm )] 16 40

N dY 192 [N d0 : 81 Sr0 : 19 MnO 3 ( 5 :2 nm ) =Y BC O ( 3 : 6 nm )] 16 25

N dY 190 [N d0 : 81 Sr0 : 19 MnO 3 ( 5 :2 nm ) =Y BC O ( 2 : 4 nm )] 16 {

A sampl e NdY1 90, i .e. wi th 2 uni t cells of YBCO layer thi ckness, demon-
stra tes a semiconducti ng- like behavi our of R ( T ) . Such behavi our coul d be re-
lated to latti ce distorti on of both subsystems or to interdi ˜usi on at NSMO/ YBCO
interf ace.

Fi gure 2b shows zero Ùeld cool ing (ZFC) m agneti c m oment versus tem -
perature of measured superlatti ces (T able). The onset of di am agneti c response
tem perature T d0 corresp onds to the zero resistance tem perature T c 0. For
Nd 0 Sr MnO / YBCO superlatti ces [6] we observed a lower di amagneti c re-
sponse tem perature tha n the zero resistance tra nsiti on temperature.

In Fi g. 3 we present a Ùeld cooled (FC) magneti c mom ent of the sing le
Nd Sr MnO thi n Ùlm . It is seen tha t the Curi e tem perature is about 100 K.
ZFC and FC magneti c m oments versus tem perature recorded for the NSMO
13 u c YBCO 3 u c sup erlatti ce demonstra te tha t the Curi e tem perature for
the sam ple is also of about 100 K, however, for thi s mul til ayer a param agneti c
background is observed. The inset in Fi g. 3 shows resistance versus tem perature
relati on indi cati ng an insul ati ng state at tem peratures below 150 K.

Fig. 3. Field coolin g magnetic moment for the N SMO single Ùlm, N d97, and ZFC , and

FC magnetic moment of the [ N d0: 81 Sr 0 : 19 MnO 3 13 u : c: =Y BC O 3 u : c: ]16 , N dY 192,

multilayer. T he inset show s resistance vs. temp erature dependence of the N SMO , N d97,

single Ùlm.
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In Fi g. 4 we present hysteresi s loops of studi ed mul ti lay ers. The M À H curves
were recorded in the 10 K to 60 K tem perature range for magneti c Ùeld para l lel
(H k a b) and perpendicul ar to substra tes (H k c). As i t is presented in Fi g. 4a{ f
hysteresi s loops recorded at a tem perature of T = 1 0 K for H k show a re-
sponse f rom YBCO layers. In consecuti ve m ul ti layers, wi th an increa se in YBCO
layer thi ckness the i rreversi bi l i ty of m agneti c m oment, , is increasing.
curves recorded at 60 K present a response from NSMO layers.

Hysteresi s loops recorded for magneti c Ùeld para l lel to the substra tes are pre-
sented on the ri ght panel of Fi g. 4. The hysteresis loop measured for the NSMO
13 u c YBCO 3 u c , NdY1 92, sam ple presents a superpositi on of m agneti c
m oment of NSMO layers and m agneti c mom ent from superconduct ing YBCO
layers.

It is also clear tha t because of large shape anisotro py of studi ed mul ti layers
the in-plane [1 0 0] di recti on is the easy axi s of magneti c m oment. On the other
hand, for m agneti c Ùeld perpendicul ar to the mul til ayers, i .e. [0 0 1] di recti on,
the hysteresis loops have a shape characteri stic of hard axes. Thi s observati on
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indi cates tha t any interl ayer exchange coupl ing in NSMO/ YBCO superlatti ces is
related to in-plane rotati on of m agneti c mom ents in consecuti ve NSMO layers, i .e.
the ground state oscil lates from anti alignment (AF) to al ignment (F) m agneti c
m oments of NSMO layers.

M À H curves m easured at a tem perature of 60 K demonstra te an oscil lati on
in the shape of the hysteresi s loops, whi ch is indi cati ve of the existence of interl ayer
coupl ing [7] between the m agneti c layers across YBCO spacing layers. On the
other hand, the observati on of pl ateau on M À H curve (Fi g. 4h) demonstra tes
an anti para l lel al ignm ent of m agneti c m oments in consecuti ve NSMO layers in a
m ulti layered structure.

In summ ary, we have grown high-qual i ty NSMO/ YBCO superlatti ces. TEM
studi es indi cate tha t sup erlatti ces have a well -deÙned superlatti ce structure. An
occurrenc e of superconducti vi ty is observed beginni ng wi th the sam ple wi th 3 uni t
cells of YBCO layer thi ckness. Hysteresi s loops indicate a presence of interl ayer
exchange coupl ing between NSMO layers across YBCO spacer layers.
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