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In this work we present low-field magnetic measurements on multilayers of Fe 1.5 nm and Cu 1.5
nm layers, repeated 10 times, grown or(1%l) and Fe 5 nm/Caf40 nm/S{111) substrates.
Magnetic characteristics of a spin-glass phase are exhibited by samples directly growhld, Si

for which the glass temperature3 ) depend strongly on the magnetic field. AboVg those
samples exhibit a ferromagnetic behavior. In contrast, samples grown on Eé/@&¥ structure

also show the spin-glass characteristics, but are antiferromagnetic #govEehis work deals with

the fundamental role played by the interface between Fe and Cu for these effects, which is clearly
emphasized by the experimental results. 1@98 American Institute of Physics.
[S0021-897€98)46011-7

Research and development of metallic magnetic multisition of Cu 1.5 nm and Fe 1.5 nm layers repeated 10 times
layers is an area of increasing interest, not only for the funean be grown directly either on @1 or on
damental physics involved with films and layers, but espefe 5 nm/Cak40 nm/S{111) substrates. X-ray diffraction and
cially due to its great potential for a variety of applications. glectron diffraction analyses confirmed that the Fe/Cu multi-
Fe/Cu multilayers are very interesting systems exhibiting 3ayers grown on Fe/Cafbuffer structure have a better struc-
sftrong correlation t_)e_tween magnetic and structural PrOPetyral quality than those grown on (&lL1) surfaces. Besides,
ties. For example, it is well known that face centered CUbIc><—ray reflectivity data reveal that each of these multilayers
gﬁ;)sezFsasngeb%?{aﬁggeirﬁdegﬁgg?;c) o?uhigﬁ;astt:gjre dexhibits rather different interfacial roughness. The samples

investigated in this study belong to a series widely explored

films.1 19 Experimental results and first-principle magnetic tar. Desite the wid . thick o th
structure calculations confirmed that a rich variety of mag—So ar. Lespite the wide range ot layer thicknesses in the

netic configurations can be stabilized in feeFe with a lat-  Se'ies, we found no meaningful way to explain the very low
tice constant range near that of fcc Ea25It has also been Magnetoresistance in these multilayer systems.

shown that the magnetic anisotropy energies are rather dif- The dc magnetic susceptibility i) measurements, per-
ferent for the ferromagnetic and various antiferromagnetidormed in the temperature range 5-400 K and fields up to 1
configurations in fcc Féh? Fe/Cu multilayers also present kOe, were taken with a superconducting quantum interfer-
antiferromagnetic exchange coupling which is accompanieénce devicg SQUID) magnetometefMPMS-5S, Quantum

by moderate magnetoresistive and magneto-optic effects fabesign. Each measurement resulted from two sample scans
chemical modulation periods in the nanometer length s€ale. gver a length of 4 cm, with 40 point readings per scan. Low-
Despite of the great interest on magnetic properties of Fe/Cleld susceptibility measurements as a function of the tem-
multilayers, its low-field magnetic susceptibility behavior perature for different values of the applied field, were carried
has not been thoroughly explored in the literature. __out using a routine combining a ZFC warming run followed

The present article reports on the irreversible behawo[) .
o . . a FC experiment. To start the procedure, the sample was
exhibited by zero-field-coole@FC) and field-cooled FC) fi?/st heatedpup to 400 K and then ?:ooled dowrbtK in tf]e

magnetization curves of highly oriented Fe/Cu multilayers. b ; i field. M ation | |
Our experimental results are discussed assuming that a ma@—Sence of magnetic field. Magnetization loops were also

netic metastable phase occurs at the interfaces due to theasured for many temperatures in between S and 400 K.
existence of some interdiffusion between Fe and Cu. Remnant demagnetization cycles were done at 400 K to pre-
Previous studié$~*° have shown that highly oriented Vvent spurious irreversible effects associated with magnetic
Fe(110/Cu(111) multilayers consisting of successive depo- history of the sample in the ZFC measurements. Real and
imaginary parts of the low-field ac susceptibility = x’
+jx") of the samples were also measured using the SQUID

3E|ectronic mail: adilson@power.ufscar.br
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relatively low magnetic fields. It is worth mentioning that the

—o—35K 78% remnant magnetization values measured at 5 and 300 K for
] —*—300K sample 2 are smaller than those observed for sample 1.
0.5 Figure 2 shows measurementsygf. for those two mul-

tilayers. One can see that both exhibit a spin-glasslike behav-
ior at low magnetic fields, manifested by several typical sig-
natures, including a field-dependent irreversible
magnetization, a frequency dependept., and the oc-

4 curence of metastable states characterized by a logarithmic
time relaxation upon application or suppression of external
fields of low magnitude.

The irreversible behavior is relatively weak, being more
pronounced for sample 2. Besides, the irreversibility tem-
perature associated with the bifurcation in the ZFC/FC
curves is quite high and strongly dependent on the applied
magnetic field. A glass temperatullg,, associated with a
hump in the ZFC curve, is also observed for low fields. An-
other important feature when comparing these multilayers is
that the FC curves for low fields are clearly different. While
the FC response for sample 1 resembles those of a ferromag-
magnetometer with an excitation fieid.=3.0 Oe. The tem- et sample 2 exhibits a more complex behavior, including
perature _depend_enqadc at different frequencies was mea- antiferromagnetism for higher temperatures, bounded by a
sured_ while heating the samples. . . local maximum ofyg4. on the vicinity of 380 K. Since the

Figure 1 shows the central portion of hysteresis loops, ©

measured at 5 and 300 K, for one of the Fe/Cu multilayerscryStal structure of both multilayers is similar, exhibiting

investigated, grown on a Fe/CaBuffer structure(sample identical orientgtion algr?g the film growth axis, one would
2). Notice that, at 200 Oe, the relative magnetization is abougonclude that irreversibility comes from the occurence of
95% of its saturation value. Hysteresis loops for the otheflissimilar interfaces in different samples. This magnetic be-
multilayer studied here, grown on a($11) surface(sample havior seems to be related to a certain roughness at the Fe/Cu
1), are similar and will appear in another publicatidrBoth  interfaces, which manifests itself as a local intermixing of
samples exhibit typical ferromagnetic behavior, saturating addjacent layers. Our results suggest that the width of the
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FIG. 1. Hysteresis loops measured for sample 2, at temperdfoyes and
(@) 300 K.
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FIG. 2. Temperature dependence\qf for sample 2 at fieldsta) 10, (b) 50, and(c) 1000 Oe; and for sample 1d) 10, (e) 50, and(f) 1000 Oe. Two curves

are shown for each value of the field: the low€) is for the multilayer zero-field coole@t K while the uppefA) is for the film cooled in the measuring
field. Irreversibility temperatures associated with a bifurcation in ZFC/FC curves are observed.
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FIG. 4. Temperature dependence )gf for sample 2. Typical frequency

FIG. 3. Temperature dependence yf for sample 2. A small memory -
shifts of xy” peaks are observed.

effect, dependent on the frequency, is present.

mixed interfacial region should be small, involving only a ties are to be responsible for the presently reported behavior,
few number of monolayers. Otherwise, one could not explairs Well as for the absence of significant giant magnetoresis-
the ferromagnetic and antiferromagnetic behavior of Fctance effects in these multilayer®.
curves20.2t Financial support from FAPESP, FAPERGS, CNPq, and
Figure 3 showsy’(T) for sample 2, whereag’(T) ap- FINEP/PRONEX is acknowledged.
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