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Lay/3Ca; ;3sMnO3 (LCMO)/YBazCusOs (YBCO)/LCMO sandwiches are prepared by the facing-target sputter-

ing technique. The superconducting transition temperature as a function of spacer layer thickness is described by the

magnetic proximity effect in the superconductor/ferromagnet structure. The metal-semiconductor transition tempera-

ture exhibits a nonmonotonic behaviour which is strongly dependent upon the YBCO layer thickness, and is also shown

from the measurement of resistance and magnetoresistance. These results imply that the magnetic spin interaction

between the two LCMO layers may occur through the normal-conductive YBCO layer.
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1. Introduction

(SC)

(FM) are antagonistic orderings, and the investiga-

Superconductivity and ferromagnetism
tion of their possible coexistence and mutual influence
in tailor-made SC/FM multilayer structures has been
an active area of theoretical as well as experimental
research. The colossal magnetoresistive (CMR) mate-
rials, i.e. Ry ;A,;MnO;3 (R = trivalent rare-earth ion,
e.g. La, Nd, etc, and A=divalent element, e.g. Ba,
Sr, Ca, Pb, etc), due to their half-metallic character,
contain spin-polarized carriers in the ferromagnetic

(1-3] On the other hand, in high T supercon-

state.
ductors (HTS), e.g. YBagCu3Or_;, carriers are paired
in the form of Cooper pairs.l*! Therefore, HTS/CMR
multilayer structures are an ideal model for studying
the interplay between the superconductivity and mag-

netism.

A few works of SC/FM oxide layered films
have been reported. Previously, Kasai et al re-
ported on a novel proximity effect that supercurrents

could pass through a La—Ca—Mn—O magnetic bar-

rier as thick as 500nm in YBayCuzOr/La—Ca—Mn-
0O/YBayCu30 trilayer junctions.[’! Furthermore, it
was reported that the characteristics of YBayCuzO-~
/ Laj_,Sr,MnO, (LSMO) / YBayCu30; trilayer
junctions changed on varying the magnetic prop-
erties of the LSMO layer.! Ferromagnetic reso-
nance measurements have indicated that the dy-
namic properties of the spin system in LSMO might
be changed when the LSMO layer is sandwiched
between YBay,CusO7 layers.[] In Lag 75Cag 25 MnO,
/ YBayCu3O, / Lag72Cag2sMnO, trilayered films,
magnetoresistance (MR) is enhanced and is more than
1.5 times as large as that for Lag 72 Cag.o5sMnO, films
when the thickness of YBayCuzO, layer is less than
250 nm.8] From these results, the novel proximity ef-
fects may be closely related to the spin states in La—

Ca—Mn-0O, La—Sr—-Mn-0O, and YBayCu3O-.

It is well known that the CMR effect can co-
exist with high-T¢ superconductivity in CMR/HTS
layered films.[*='% To the best of our knowledge, lit-

tle attention has been paid to the variation of char-

*Project supported by the Hong Kong Research Grant Council and the National Natural Science Foundation of China (Grant Nos

50371102 and 10334070).
TE-mail: kzhao@aphy.iphy.ac.cn

http://www.iop.org/journals/cp



No. 2

Magnetotransport properties of ... 399

acteristics of the ferromagnetic transition with the
SC layer thickness.
the magnetotransport properties of Lay,3Ca;,3MnO3
(LCMO) / YBayCuyOg (YBCO) / LCMO sandwiched
We choose YBCO as the superconduct-
ing spacer layer because it is much more stable than

In this paper we investigate

structures.

YBayCusO7 films in different oxygen environments.
The strong dependence of the metal-semiconductor
transition temperature (Ts) and MR on the YBCO

layer thickness is studied.
2.Experimental details

All samples were fabricated by using the facing-
target sputtering (FTS) technique on SrTiOj (001)
(STO) single-crystal substrates from pure LCMO and
YBCO targets under different conditions.['5=17] The
substrate temperature was kept at 740°C. A mixture
of high-purity Ar and O, total pressure 10 Pa, was
used as the discharge gases with the flow rates ad-
justed by two mass flow controllers. Prior to film de-
position, the vacuum chamber was pumped down to
1x107%Pa, and then the targets were presputtered
for 15min. Immediately after each deposition, the
vacuum chamber was back-filled with 100 kPa oxy-
gen gas. The deposited film was then cooled to room
temperature with the substrate heater power cut off.
Based on our previous work, we prepared the YBCO
films at r=>5.5 and r=1 for the growth of LCMO layer,
where r is the ratio of Ar and O, flow rates. The film
thickness was controlled by sputtering time with the
deposition rate being carefully calibrated (0.05nm/s
for LCMO layer, 0.075nm/s for YBCO layer). In
LCMO/YBCO/LCMO films, the thickness of the top
and bottom LCMO layers, dr,, was fixed at 15, 50 and
100 nm. The thickness of YBCO layer, dy, was varied
from 0 to 200 nm to examine the relationship between
the superconductivity and ferromagnetism. The resis-
tance as a function of temperature was measured by
the standard four-probe technique. The film structure
was examined by the 6/20 x-ray diffraction (XRD)
method.[*®! The magnetic moment of the samples as
a function of temperature and applied magnetic field
was measured by utilizing a vibrating sample magne-
tometer (VSM).

3. Results and discussion

The as-deposited films exhibit a mirror-like sur-
face and have good adherence to all the substrates

employed. From the z-profile, the roughness in the z-

(18]

direction is less than 5 nm.!*®! The surface morphology

reveals the symmetry of the underlying lattice plane
and shows the layered square islands with the same
orientation and about the same size.['®!

The temperature dependence of the resistance of
the LCMO/YBCO/LCMO sandwiches is shown in
Fig.1. Rqn, the sheet resistance, is equal to p/d, with
d=2dy, + dy. Since YBCO has a much higher conduc-
tivity than LCMO, the YBCO layer could be expected
to short-circuit the LCMO layers. Tys is a charac-
teristic of the LCMO layers at high temperatures in
Figs.1(a) and (b), which is defined as the peak point
in dp/dT curve shown in the inset in Fig.1 (a). The
rapid drop in resistance at low temperatures is due to
the superconducting transition of the YBCO layer.[18]
The transition temperature T o is defined as the on-
set of crossover resistance. When dy is depressed to
24nm for LCMO(15nm)/YBCO/LCMO(15nm) tri-
layer films (Fig.1 (c)), clear metallic behaviour disap-
pears although two crossover points, Tiys and T¢ on,
exist in the system. For the ultrathin YBCO layer,
dy < 10nm, no transition can be observed and the
films are semiconductor-like in the whole temperature

range studied.
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Fig.1. Temperature dependence of the resistivity of (a)

LCMO (100nm) / YBCO / LCMO (100nm), (b) LCMO
(50nm) / YBCO / LCMO (50 nm), and (c) LCMO (15nm) /
YBCO / LCMO (15nm) sandwiches. The inset in Figs.1(a)
and 1(c) show the definition of T\is and the Tyis for dy =24
and 60 nm. Numbers for the curves denote the dy values.



400 Zhao Kun et al

Vol. 14

(a)

250

200 E

!

150 - LCMO (200!1111) o

L

T/K

100 +

t

Tc,on

50

out of range

LCMO (100nm)

out of range

T k- 250
+ Tpss | 200
T - 150

—+OH
T/K

LCMO (30nm)
T - 100

t t

TconT TC,ON - 50

out of range

T T T T &7
100 150 O 50

dy /nm

T
100 150 O 50

v T Al

T 1
100 150

Fig.2. Tiys (O) and Tg,on (o) of (a) LCMO (100 nm)/YBCO/LCMO (100 nm), (b) LCMO
(50nm)/YBCO/LCMO (50 nm) and (¢) LCMO (15 nm)/YBCO/LCMO (15 nm) as functions
of dy. The lines are for a guide to the eyes only.

Tc,on and Tyg of the as-deposited samples are
For films with thick
spacer, T¢ on is independent of its thickness. Degra-

plotted against dy in Fig.2.

dation of T on has been found for films with ultrathin
YBCO layer.
the superconductivity is lost, and we have d.,.=16, 35
and 11.5nm for the three series of d;, =100, 50 and
15nm, respectively. The results indicate that the

Extrapolation gives d.., below which

superconducting properties are strongly affected by
the ferromagnetic layers due to the magnetic prox-
imity effect.[18] Ty;s is close to the one of the in-
dividual LCMO layer for samples with thick YBCO
layer, and shows a nonmonotonic behaviour with de-
When dy > d,
the peak values of Tyg are 262, 262 and 240 K for
dy, =15, 50 and 100 nm respectively, much higher than
those for 30, 100 and 200nm LCMO films, indicat-
ing that the LCMO layers are strongly coupled in

creasing spacer layer thickness.

those samples with thin YBCO spacer. The exchange
coupling between the LCMO layers is also found in
[LCMO (10nm)/Pry ¢7Cag.53MnO3 (PCMO)],, super-
lattices when PCMO thickness is less than 2nm,*!
where the Tyg is enhanced. The striking discovery in
Tvs of our work shows that the magnetic interaction
between the two LCMO layers is still survived when
dy > 20nm. Furthermore, the loss of Tys for the se-

ries of dp,=15nm with ultrathin YBCO layer in Fig.2

(c) may result from the interfacial roughness.
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Fig.3. Sheet resistance of (a) LCMO (100nm) /

YBCO / LOMO (100 nm), (b) LCMO(50 nm) / YBCO
/ LCMO (50nm) and (c¢) LCMO (15nm) / YBCO
/ LCMO(15nm) at 90K as functions of YBCO layer
thickness dy with the applied fields of H=0 (o) and
8x105A/m (o).
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Figure 3 shows the thickness dependence of Rg
at 90K, slightly above T¢ on. In our set-up, the re-
sistivity of the typical LCMO film deposited on STO
substrate has the same order of magnitude as that
of a thick YBCO film at the temperature slightly
above T¢ on, indicating that thick YBCO layer short-
circuits the LCMO layers in the sandwich. This
can be seen in the series of LCMO/YBCO/LCMO
sandwiches with d;,=100 nm when dy >50nm (Fig.3
(a)). Furthermore, a novel behaviour is observed
in LCMO/YBCO/LCMO sandwiches with dr,=50 nm
(Fig.3 (b)). Rg is shown in the same graph with the
applied field along the film plane. The magnetization
measurement suggested that 8 <10°A/m is enough to
saturate the magnetic moment in LCMO layers, which

indicates that the moments of top and bottom layers

ments of the magnetic layers, which is smaller for par-
allel alignment than for anti-parallel alignment, and
the interlayer coupling serves only as the convenient
way to obtain anti-parallel alignment at zero fields in
multilayer samples and has no direct influence on the
resistance. The same oscillatory behaviour of the re-
sistance at an applied field of up to 8x10% A/m as that
at zero field indicates that the magnetic interaction
exists in our samples. Therefore, a mechanism differ-
ent from the standard model of GMR is responsible
for the oscillatory behaviour in the LCMO/YBCO sys-
tems. As for the series of d;,=15nm, the LCMO layers
are so thin that the interaction between them is very
weak, and no clear oscillation can be seen. The maxi-
mum resistance, ~ 1072, of the sample with ultra-thin

YBCO layer may also result from the interface rough-

are parallel. In the GMR (giant magnetoresistance) ness.
case, the resistance depends only on the mutual align-
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Fig.4. Hysteresis loops of (a) LCMO (100nm), (b) LCMO (50nm) / YBCO (13nm) /
LCMO (50nm), (¢) LCMO (50nm) / YBCO (36nm) / LCMO (50nm) and (d) YBCO

(300 nm) films at 15K (o) and 90K (e).

The magnetic properties of the samples were in-
vestigated using a VSM. A magnetic field (H) was
applied parallel to the film surface during the mea-
surements. A small nonhysteretic contribution from
the STO substrate was eliminated by separately mea-
suring its diamagnetic response. The hysteresis loops
at 90K are shown in Fig.4 corresponding to those of
the samples represented by the valley and peaks of
the Rg-dy curve in Fig.3(b). The somewhat rounded

rectangular shape and relatively high remnant magne-
tization ratio for the trilayer LCMO(50nm)/YBCO
(36 nm)/LCMO(50 nm) resembles that of a single
LCMO film, suggesting that the ferromagnetic lay-
ers in this structure are either magnetically uncou-
Note that the
sample has the first minimum resistance shown in
Fig.3(b). On the other hand, the saturation field
of LCMO(50nm)/YBCO(13nm)/LCMO(50nm) in-

pled or coupled ferromagnetically.
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creases and the remnant magnetization decreases, in-
dicating the appearance of some magnetic interaction
between LCMO layers.

Figure 4 also shows the hysteresis loops
at 15K. When the YBCO layer is in its su-
perconductive state, the loops
broadened (Fig.4(b) and (c)). Especially, the
LCMO(50nm)/YBCO(36 nm)/LCMO(50 nm) sample

shows two distinct steps in sharp contrast to that in

of trilayers are

its normal-conductive state. Przyslupski et al also
found in [Lag.e7Sr0.33MnO3/YBasCuzO7],, multilay-
ers that the magnetic hysteresis below the supercon-
ducting transition temperature was different from that
above the superconducting transition and explained
this in terms of the superposition of superconducting

(14] Tn contrast,

and ferromagnetic hysteresis curves.
our data indicate that such different behaviour at dif-
ferent temperature is not only a simple superposition

of Figs.4(a) and (d).

and soft magnetic phases can lead to either a broad

In addition, alternating hard

or a narrow waist loop. Although further experiments
need to be performed in order to clarify the phase-
separation mechanism below T¢ on, it is quite rea-
sonable that the interplay of ferromagnetic and super-
conducting couplings in SC/FM systems would bring
about the distinct step loops.

«©
=
0 30 60 90 120 150
dy /nm
Fig.5. MR as a function of spacer layer thickness

at 150K in LCMO/YBCO/LCMO sandwiches with

d;,=50nm (o) and 100nm (e). The lines are for a

guide to the eyes.

MR was examined with an applied field up to
H=8x10°A/m at 150K. At this temperature, the
YBCO layer is in the normal-conductive state and
a larger value of MR ratio can be measured easily
because the maximum MR ratio occurs at tempera-
tures slightly lower than Tjts. The field is applied in
the film plane and perpendicular to the current direc-
tion (also in the film plane). The MR ratios are esti-
mated using the expression MR = [R(0)—R(H)]/R(0),

where R(H) and R(0) are resistances with and with-
R(0) is taken

as the standard value because the MR effects on

out the applied field, respectively.

LCMO are not saturated under an applied field up
to 8x10°A /m, while the magnetization of LCMO are
saturated under an applied field about 3x10%A/m
in our experiment. Figure 5 shows the MR ratio
for LCMO/YBCO/LCMO. The ratio is dependent on
the spacer thickness and oscillates when the YBCO
layer thickness decreases. A long period (I;,) is found,
I, ~30 and 80nm for dr,=50 and 100nm, suggest-
ing that LCMO/YBCO/LCMO are not simple par-
allel electrical circuits, but indirectly coupled between
the two LCMO layers across the YBCO layer. For
d;,=15nm, the MR ratio drop rapidly from 70% at
dv=0nm to 0.5% at dy=24nm. When dy >25nm,
MR cannot be achieved because of the short-circuit
effect of YBCO layer.

In the HTS/CMR structure, YBCO has a high
critical temperature and short coherence length, while
LCMO is metallic with not so large pair breaking ef-
fects due to its weak magnetism. The well-matched
lattice between YBCO and LCMO weakens the ef-
fects of roughness and strain. In addition, the oxy-
gen diffusion between LCMO and YBCO layers is
negligible in our samples.[!8] On the other hand, we
also found the oscillatory Tyis in LCMO/YBCO mul-
tilayers (to be published elsewhere) resembling that
in LCMO/YBCO/LCMO sandwiches. However, the
origin of the long period is not clear. Bruno?®! has
theoretically shown that the oscillation is a general
In the asymptotic limit kpgds > 1, the

oscillation period I, = 7/kps is about 1nm,?2 which

behaviour.

is much smaller than our period. In addition, in our
case the period is dependent on dy,, indicating that
the pseudo-Fermi momentum of the superconductor
(YBCO) kps cannot entirely control the period of os-
cillation of the magnetic coupling across the supercon-
ductor.

A possible type of long-range coupling is dipolar
coupling due to the roughness of the interface. From

(22-24] the dipolar magnetic in-

the previous results,
teraction between finite magnetic films separated by
a nonmagnetic slab can lead to ferro- or antiferro-
magnetic in-plane coupling. The dipolar coupling be-
tween two perfectly flat infinite planes will vanish in
the absence of roughness while in the presence of to-
pographical inhomogeneities the magnetostatic cou-
pling arising from surface magnetic dipoles created

by roughness may cause a non-negligible coupling.[?4



No. 2

Magnetotransport properties of ... 403

Also the dipolar interaction, under particular circum-
stances, can lead to non-in-plane magnetizations. The
roughness of the samples is less than 5 nm.!"8! We did
not have the expression of dipolar interaction energy
between the two LCMO layers as a function of the
distance between them, but the dipolar coupling may
play a role in the oscillation with the spacer thick-
ness. Furthermore, although pinholes may be present
in LCMO/YBCO/LCMO films when dy < dc;, Tus is
not enhanced but is the same as that for LCMO films,
indicating that the magnetic shunt due to pinholes is
ruled out.

Another possible mechanism may be related to
the spin fluctuations in YBCO and LCMO layers. A
sandwich can be considered as a layered structure with
Cu-O and Mn-O conduction planes stacked apart
from each other along the c-axis direction. Spin fluc-

tuations in the LCMO layer may propagate in the

c-axis direction from layer to layer and the adjacent
LCMO layers may be coupled magnetically through
the YBCO layer. To date, we do not have a complete
microscopic understanding of these features. Further

studies are in process.
4. Conclusion

In LCMO/YBCO/LCMO sandwiches, the super-
conducting transition temperature as a function of
spacer layer thickness is described by the magnetic
proximity effect in a superconductor/ferromagnet
structure. The nonmonotonic behaviour of Tys, Ro
and MR are related to the spacer layer thickness. A
clear oscillation of large period has been observed.
These results imply that the magnetic spin interac-
tion between the two LCMO layers may exist through
the normal-conductive YBCO layer.
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