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We report on the magnetic and superconducting propertiesgaflag ;MnO;/YBa,Cu;0; (LCMO/

YBCO) superlattices. For a constant LCMO layer thickness of 6 unit calks), resistance and
susceptibility measurements show superconductivity for YBCO layer thickness in excess of 4 unit
cells. The critical temperature increases with YBCO thickness, amd @f 58 K is found for a
YBCO thickness of 10 unit cells. Magnetization measurements show a ferromagnetic transition at
100 K in a (LCMGQ; ;. /YBCOs  ¢)15 bilayer SUPETlattice, and a depressed value of the saturation
magnetization of 20 emu cm. These results are discussed in terms of interface dis¢adeiyzed

by x-ray diffraction and transmission electron microscoayd of the possible interaction between
magnetism and superconductivity. 2001 American Institute of Physics.

[DOI: 10.1063/1.1370994

I. INTRODUCTION and 10 u.c. The structure is analyzed by x-ray diffraction
(XRD) and transmission electron microscopyEM). We
Manganites with perovskite structure have been the foshow the presence of magnetism and superconductivity, al-
cus of great interest in recent years due to its interestinghough there is a depression both of the critical temperature
magnetotransport properties and colossal magnetoresistance the superconductor and of the ferromagnetic transition
(CMR).1~® The oxide perovskite structure with pseudocubictemperature of the manganite.
lattice parameter of 0.386 nm of the {&£& MnO;
(LCMO) compound is quite adequate for the growth of het-
erostructures with higff, superconducting cuprates, in par-
ticular YBaCu;O; (YBCO). This is interesting for both fun-

damental and applied studies. On one hand, this is an Superlattices were produceé situ by sequential depo-
adequate system to study the interaction between magnetisgtion of the films using a multitarget dc-sputtering system at
and superconductivity, and the growth of heterostructureﬁigh oxygen pressure of100) SrTiO; (STO) single crystal
may be interesting for further understanding of tunnelingspstrates. Stoichiometric sintered ¥Ba;0;_; and
phenomena; on the other hand, it opens new paths for they ) .ca ,qMnO,_, sputtering targets of 35 mm diameter
development of new tunneling magnetoresistance devices. were used. Pure oxygen at a pressure of 3.8 mbar was used

In this work we report on thén situ growth of (LCMO/ a5 the sputtering gas, and a potential difference of 240 V
YBCO) superlattices by high oxygen pressure dc sputteringyith a current of 100 mA was applied between the elec-
on (001) SrTiO; substrates. This technique combines hightrodes. The substrate heater temperature was hef@,at
pressure gas atmosphere with high substrate temperature 10900 °C during deposition. The structure was analyzed with
yield low deposition rate$0.2 A/, producing a very ther- high angle XRD using Ckie radiation. The roughness of the
malized and ordered growth. We have previously shown théndividual layers was obtained by refinement using the SU-
ability of this technique to growth epitaxial high, superlat-  PREX softwaré TEM analysis was carried out using a
tices and trilayer tunnel junctions with YBa@wO;-s  JEOL 4000EX microscope operated at 400 kV. Cross-
(YBCO) or Bi,Sr,CaCyOg, s electrodes with sharp inter- sectional samples for TEM were prepared by conventional
faces and a high degree of structural perfectioifor the  mechanical grinding, dimpling, and argon ion milling with
purpose of this study we have fixed the LCMO thickness at @n acceleration voltage of 5 kV and an incidence angle of 8°.
unit cells (u.c), and varied the YBCO thickness between 3 Magnetotransport measurements were conducted in a He
cryostat wih a 8 Tsuperconducting magnet, and magnetiza-
40n leave from Universidad del Quindio, Armenia, Colombia. tion was analyzed using a superconducting quantum interfer-
P Corresponding author; electronic mail: jacsan@eucmax.sim.ucm.es ence devicdSQUID) magnetometefQuantum Design

II. EXPERIMENT

0021-8979/2001/89(12)/8026/4/$18.00 8026 © 2001 American Institute of Physics
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FIG. 1. High angle XRD pattern of a (LCMQ, . /YBCOs , ¢)15 bilayerSUPEI-
lattice. The upper curve is a SUPREX simulation with perfect layers. The
middle curve is a fit with 2 unit cell layer fluctuation in the LCMO layer FIG. 2. TEM image of a (LCM@, ¢ /YBCOs )15 vilayer SUPETlattice. The
thickness and 0.8 unit cell fluctuation in the YBCO layer thickness. Thethickness fluctuation of the LCMO layers can be readily seen.

lower curve is the experimental XRD pattern. Vertical dashed lines mark

superlattice peaks.

ever, the interfaces are not perfectly flat, showing clear layer

This deposition procedure consistently produces epitaxt—hiCkness fluctuations at long length scallesndreds of ang-
ial YBa,CO, 5 and La ¢/Ca s MOy thin films with strams). High magnification image&ot shown confirm the

. ._presence of interface steps of one or two manganite unit cells
good structural properties as proven by several analytic

. g . igh (4—8 A). Such observations also confirmed the coherent
techniques such as XRD, TEM, and atomic force microscop : : . .
(AFM) analysis. We optimized the growth conditions to pro_¥:haracter of interfaces, provided the small in plane lattice

duce single films with optimal properties for both materials mismatch between YBCO and LCMO, ie. at the short
YBCO films had critical temperatures in excess of 90 K with length scales probed by HREM the interfaces are atomically

a wide transition of 0.1 K, and showed good epitaxial prop_flat (between stepslt is important to remark that, from the
erties. Details on the quality of YBE&u;0,_ s films have two structural probes used in this SUKRD and TEM, we

been reported elsewhehé LCMO films also drew epitaxi- cannot definitely exclude chemical interdiffusion between
P ) ' . g P both layers. Refined x-ray patterns accounted reasonably
ally, with a metal—insulator transition dfy,_,=282K, a Cu-

ot ¢ T —270K. and turati tizat well for experimental data without the presence of interdif-
e temperature ot = » and a saturation magnetization fusion, although 10% interdiffusion in the interface layer did
of 400 emu/cr at 10 K.

not produce significant changes in the confidence factor of
the fit (x?).
Ill. RESULTS AND DISCUSSION Samples were superconductifgstablished from resis-
tivity and from mutual inductance measuremeries YBCO
thickness larger than 4 unit ce[ECMOg/YBCOy) 15, With
N>4]. Figure 3 displays the resistance curves of a
C(_LCMO(~,/YBCO5) 15 Superlattice showing a zero resistance

Figure 1 shows a typical high angle XRD pattern of a
(LCMOg , . /YBCOs , ¢)15- Since the pseudocubic lattice pa-
rameter of the manganite is about one third of thiattice
parameter of the YBCO superlattice, Bragg peaks nearly o
cur at Bragg peaks of the individual layers. Sharp superlat-
tice satellites can be seen around the manganite peaks yield-
ing a modulation length of 7 nm for the superlattice.

Superlattice peaks are marked with vertical dashed lines in

Fig. 1. The YBCO peaks, on the other hand, are wide, re-

flecting a significant amount of roughness in the manganite

layer breaking the coherence between the YBCO layers. é
o

300
[LCMO,, /YBCO, |

Simulations of the XRD pattern using the SUPREX software
yielded a roughness of the manganite lajgtep disorderof
2 unit cells, and about 1 unit cell for the YBCO layer. Figure
2 shows a cross-sectional low magnification image of the
(LCMOg/YBCOs) sample with the electron beam perpen- 0 100 200 300
dicular to the multilayec axis. A clear contrast between the T(K)
superconducting and magnetic layer is observed, the layers .
being continuous over lateral distances on the order of thod:'C: 3 UPper curve: Resistance curves of a (LCMO/YBCOs u.c)ss biayer

o L A . superlattice with zero applied fieldolid line), and withH =40 kOe applied
sands of angstros. This is at variance with recent reports of parallel to the substrat@lashed ling Lower curve: Resistance curves of a
noncontinuous spiral like growth on STO substratétow- (LCMOg ¢ /YBCOg )15 bilayer SUPETlattice with zero applied field.

[LCMO,, /YBCO,, ]
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FIG. 4. Magnetic moment Vs temperature of
(LCMOg ¢ /YBCOs ;. ¢)15 bilayer With an applied field oH=2 kOe. Arrows
indicate the ferromagnetic transitiofi € 100 K) and the onset of the super-
conducting transition =50 K). The inset shows the magnetization loop at

T=50K.

transition temperature of 20 K, and of a
[LCMOg/YBCO,]15 Sample with aT. of 58 K. The resis-
tance curves did not show the “bump” characteristic of the

metal—insulator transition at the ferromagnetic transition

Prieto et al.

Additionally, reduced ferromagnetic transition temperatures
and small values of the magnetic moment have been previ-
ously observed in thin single layers and LCMO/STO
superlatticed! and are explained in terms of epitaxial strain
and/or dead layers arising from surface or interface
disorder’?3|n fact, in view of the 2 unit cell roughness
obtained from x-ray analysis substantial layer thickness fluc-
tuation can cause local changes of the magnetic moment.
This points to the value of 20 emu ¢érhbeing somewhat
underestimated. Additionally, although single films showed
optimum in situ oxygenation, with ferromagnetic transition
temperatures close to 300 K, there is the possibility of defi-
cient oxygenation of the superlattices due to the layered na-
ture of the samples. Finally, we cannot exclude the magne-
tism being depressed by the presence of the superconducting
layer. In fact a depression of the magnetic properties due to
the presence of superconducting layers has been previously
reported in metallic superlatticé$!®

A last remark with regard to the low value of the super-
conducting critical temperature. X-ray analysis with the SU-
PREX software showed roughness valuks/er thickness
fluctuation of the YBCO layers of 0.8 unit cells. Even if we

This reflects that the manganite layer shows enhanced resi@SSume that one complete unit cell at the interface would not

tivity due to interface disorder, and that current flows
through the YBCO layers. This effect is observed in YBCO/

be superconducting, the critical temperature of

(LCMOg4/YBCOs) 15 superlattices is still too low20 K)

PBCO superlattices, in which current basically flows throughcompared, for example, with YBCO/PBCO superlattices. We

YBCO layers below 250 K. This is not completely unex-
pected in our superlattices, since an increase of the low te

perature resistivity has been observed previously in straine

layers grown on LaAl@and NdGaQ.® In fact, samples with
a YBCO thickness smaller than 4 unit cells
[(LCMOg/YBCOy)15, with N<4] were insulating and

m

have previously shown that 3 unit cell YBCO layers in
YBCO/PBCO superlattices have B in excess of 70 K.
Moreover, theT. of 58 K of a (LCMG;/YBCO,) 15 sSample
can hardly be explained in terms of interface properties.
However, we cannot exclude deficient oxygenation of the
layers to some extent limited by slower oxygenation dynam-

showed much higher values of the normal state resistivitycS ©f the manganite layela T, of 58 K would correspond

(2000 Q) at room temperatuje Interestingly, resistanc
curves of the (LCM@/YBCO:s) 15 superlattices do not show
transition broadening upon the application of a magneti
field up © 4 T parallel to the substratdashed line in Fig. 8
This has been previously observed in two-dimensi¢aB))
like, 1 unit cell YBCO thick layers in YBCO/PBCO super-

e o an oxygen content of 6.6 per formula for single fijms

Another interesting possibility is that the reducgédin our

dnagnetic/superconducting multilayers might also be a fin-

gerprint of the suppression of the superconductivity by the
magnetic layers in this systetfi!®

lattices with spacer thickness in excess of 5 unit cells, and

results from the decoupling of CuO plane blocks by the thic
PBCO layer$:'°n our case, this behavior could arise from

the suppression of superconductivity down to a thickness

comparable with one unit cell.

Measurements of the sample magnetic moment as
function temperaturésee Fig. 4 show a clear ferromagnetic
transition at about 100 K. At lower temperaturg®low 50

HV. CONCLUSIONS

In summary, we have presented artificially layered ma-
terials, showing magnetism and superconductivity. The su-
Berconducting and ferromagnetic critical temperatures are
depressed. Further work is necessary to clarify to what extent
this depression arises from interface disorder and deficient

K), the signature of the diamagnetic response of the YBCQy,yqenation or from the interaction between magnetism and
layers shows up, reducing the total magnetic moment of th%uperconductivity.

sample, which becomes negative at lower temperatures.

Magnetization loops at 50 Kabove the superconducting
transition temperatujeshow a clear, but small, magnetic
moment, and a saturation field of 2 k@see the inset in Fig.
4). The saturation magnetizatiom,s, obtained from the hys-
teresis loops was 20 emucron the basis of 15 LCMO

Financial support from COLCIENCIAS, Colombia, is
acknowledged. Four of the authofisl.V., C.B., D.A., and
J.S) are grateful for CICYT Grant No. MAT99-1706 E. an-
other authorJ.E.V) thanks Comunidad de Madrid for a fel-
lowship and CICYT Grant No. MAT 99-0724 for financial

layers each 6 unit cells thick. This value is much lower thansupport. The authors thank Kai Lu, Chris Leighton, and Ivan

the one found in single film&400 emucm?® at 10 K). This

K. Schuller for helpful conversations and assistance with the

can partly arise from the high temperature of the measuremagnetic measurements. They thank J. L. Vicent for critical
ment in relation to the ferromagnetic transition temperaturereading of the manuscript.

Downloaded 29 Apr 2013 to 147.96.14.16. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 89, No. 12, 15 June 2001 Prieto et al. 8029

IR. Von Helmot, J. Wecker, B. Holzapfel, L. Schultz, and K. Samwer, (1986; E. E. Fullerton, 1. K. Schuller, H. Vanderstraeten, and Y.
Phys. Rev. Lett71, 2331(1993. Bruynseraedejbid. 45, 9292 (1992; D. M. Kelly, E. E. Fullerton, J.
2S.Jin, T. H. Tiefel, M. McCornack, R. A. Fastnatch, R. Ramesh, and L. H.  Santamda, and I. K. Schuller, Scr. Metall. Mate3, 1603(1995.

Chen, Scienc@64, 413 (1994. 9J. Z. Sun, D. W. Abraham, R. A. Rao, and C. B. Eom, Appl. Phys. Lett.
3G. C. Xiong, Qi Li, H. L. Ju, S. N. Mao, L. Senapati, X. X. Xi, R. L. 74, 3017(1999.

4Greene, and T. Venkatesan, Appl. Phys. L6€.1427(1995. 10M. Varela, D. Arias, Z. Sefrioui, C. Leg C. Ballesteros, and J. Santama-
K. Khazeni, Y. X. Jia, Li Lu, V. H. Crespi, M. L. Cohen, and A. Zettl,

ria, Phys. Rev. B52, 12509(2000).
Phys. Rev. Lett76, 295 (1994). y 2 (2000

g - . .
SA. Urushibara, Y. Moritomo, T. Arima, G. Kito, and Y. Tokura, Phys. y(;nT(.:u‘]bo(-::rt,:. 2 I\I/Iag;]urs, JLeEtEY'SE;gg;’(ll\gég' Blamire, M. Bibes, and J.
Rev. B51, 14103(1995. » APPLFNys. Letrs, :

12 0 0
6M. Varela, Z. Sefrioui, D. Arias, M. A. Navacerrada, M. LaciM. A. J. Aarts, S. Friesen, R. Hendrix, and H. W. Zandbergen, Appl. Phys. Lett.
Lopez de la Torre, C. Leg G. D. Loos, F. Sachez-Quesada, and J. /2 2975(1998.

Santamae, Phys. Rev. Let83, 3936(1999. 13M. G. Blamire, B.-S. Teo, J. H. Durrell, N. D. Mathur, Z. H. Barber, J. L.
7A. M. Cucolo, R. Di Leo, P. Romano, A. Nigro, P. Roman, and F. Bobba, McManus Driscoll, L. F. Cohen, and J. E. Evets, J. Magn. Magn. Mater.
E. Bacca, and P. Prieto, Phys. Rev. L@8, 1920(1996; A. M. Cucolo, 191, 359(1998.

R. Di Leo, P. Romano, E. Bacca, M. E. ez, P. W. Lopera, P. Prieto, “*H.Homma, C. S. L. Chun, G.-G. Zheng, and I. K. Schuller, Phys. Rev. B
and J. Heiras, Appl. Phys. Let8, 253(1996. 33, 3562(1986.
8]. K. Schuller, Phys. Rev. Let#4, 1597(1980; W. Sevenhans, M. Gijs, **J. E. Mattson, R. M. Osgood lIl, C. D. Potter, C. H. Sowers, and S. D.
Y. Bruynseraede, H. Homma, and I. K. Schuller, Phys. Re®4B5955 Bader, J. Vac. Sci. Technol. A5, 1774(1997).

Downloaded 29 Apr 2013 to 147.96.14.16. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



