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Thermally activated deterioration processes in Co  /Cu GMR multilayers
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The magnitude of the giant magnetoresistaf@®R) observed in multilayers is known to change
irreversibly at elevated temperatures. To improve the thermal stability of devices, a fundamental
understanding of the GMR and its correlation to the temperature-induced structural and
morphological changes in a given system is mandatory. We therefore investigated the structural and
magnetic properties of sputtered Co/Cu multilayers in the pre- and postannealedtstapesature
regime for annealing up to 7509Chy in situ x-ray diffraction, transport measurements,
ferromagnetic resonancg-MR), and magneto-optical Kerr effe¢dMOKE). We were able to
identify a sequence of distinct structural changes each of which sets in above a characteristic critical
temperature. These critical temperatures depend strongly on the thickness of the individual layers.
The structural alterations observed range from interfacial sharpening through texture reorientations
up to the formation of a granular state, and are associated with distinct in/decreases of the GMR
signal. Using FMR and MOKE we determined in-plane magnetic anisotropies and interlayer
coupling for as-grown and annealed samples. 2@1 American Institute of Physics.
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Multilayer systems composed of alternating ferromag-between 100 and 740°C. After the annealing procedure
netic and nonmagnetic films are of great fundamental andtructural, transport, and magnetic properties were measured
technological importance due to their particular magnetiowith a variety of techniques at room temperature. The x-ray
and transport properties, such as interlayer coupling and gdiffraction experiments employed a Philips-XPert diffracto-
ant magnetoresistand&MR). Specific material combina- meter with ClK « radiation, a Eulerian cradle and thin-film
tions such as Co/Cu or plFe ¢/Cu have been found to show equipment. The transport properties were measured by a
large GMR effects™ and are therefore also utilized in spin- standard four-point probe system. The raticRfy
valve systems for magnetic sensor applicatib®gether  —Rg,)/RqyServed as a measure of the GMR, WRh,, and
with the application comes the question to what extent thesR,, being maximum and saturation resistance at high exter-
layered systems survive at elevated temperatures. Sevenal magnetic fields in CIP geometry, respectively. The mag-
thermally activated microscopic processésterdiffusion, netic properties were determined using ferromagnetic reso-
grain boundary diffusion, grain growth, etaare likely to  nance(10 and 24 GHgzand the magneto-optical Kerr effect
destroy the interface quality or the layered structure itsel{MOKE).
and may thus irreversibly impair GMR properties and device  In previous high contrast reflectometry experiments with
operation. Knowing the individual deterioration mechanismsynchrotron radiation, which dealt with annealing up to
and its effect on the GMR is a first step towards tailoring300 °C, we found only minor modifications in the film
thermally stable GMR film systems for operation at elevatedstack? Our new measurements of the Co/Cu system using
temperatures. CuKa radiation (Fig. 1) show a surprising stability of the

In order to elucidate the situation in the popular Co/Cu
system, we studied the properties of Co/Cu multilayers dur-
ing a postgrowth annealing procedure as a function of tem- 10
perature. The aim of this work was to correlate the structure g™
and morphology of the multilayers after annealing with their _1810
transport and magnetic properties. Our films, grown on ther- 3 4¢°
mally oxidized (100) Si substrates, were prepared by dc < 107
magnetron sputtering in an Ar atmosphere of 0.6 Pa. The%‘ 18@
nominal layer sequence of the films consisted of § 10°

[
. <= 10

30x[Co(2.2 nn’)+(?u(2.1 nm| +_Co(2.2 r_1rr), corr_espondlng c 102 :
to the second antiferromagnetic coupling maximum. 181 '

All samples were annealed rfol h in vacuum 10°
(10 ®mbar) up to different temperaturds,, in the range 1077

20 [deg]

dAuthor to whom correspondence should be addressed; electronic mail:
c.m.schneider@ifw-dresden.de FIG. 1. X-ray reflectometry measurements of the Co/Cu multilayers.
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layer sequence up to 600 °C. This stability manifests itself in
the persistence of the Kiessig fringes and Bragg peaks in-
dicative of the multilayer stacking. Only after annealing up
to 740°C is the multilayer structure effectively destroyed,
which can be inferred from the disappearance of the Bragg<. 0.8
peaks. Still the Kiessig fringes persist, indicating a film of %
well-defined thickness. Not only does the layer stacking re- ‘{06 f
main stable, but the interfaces in the Co/Cu multilayer also * |
turn out to be “sharp” toT,,=600°C. The reflectometry
curves afl ;=600 °C are best described by sharp interfaces 04
with a mean interface roughness parameter of 0.5 nm. Ap-
parently, there is no significant intermixing taking place up
to this temperature, which is compatible with the immiscibil-
ity of Co and Cu deduced from the bulk phase diagram.
Additional wide-angle diffraction experimenigot shown FIG. 2. Electrical resistance and GMR as a function of temperature.
here are incompatible with simple intermixing even after

annealing up tal .= 740 °C, but rather suggest a transition

into a granular CoCu system. Although the first signs ofeaks and after reaching 740 °C the multilayer peaks have
multilayer breakup already appear in the wide-angle diffrac_disappeared.. _ _ o

tion patterns after annealing at 500 f<&e belo, this effect The previous annealing experiments on similar Co/Cu
may be partially compensated for by interface sharpening ifnultilayers up to 200°C revealed a sliginicreaseof the

the remaining multilayer volume and is thus detected by thé>MR signal, which is interpreted as a “curing” effect asso-

reflectometry measurements only at higher temperatures. THgAted with interface demixing. If no other mechanisms are
transition into the granular state takes place probably vid"vOIved, this process should become even more pronounced

grain boundary diffusion, as has been concluded from invest high temperatureor prolonged annealing timsThis is

tigations of Co/Cu multilayers with a rather thi¢k nm) Cu exactly what we T'nd in the re_S|st|V|Fy r."‘?‘?‘s“reme("i“@- .2)'
interlayer® The corresponding GMR signal is initially 24% and-
; . o : .
The diffraction peaks in the wide-angle region show sey-oreasedip to a maximum of 30% after anneallng at 40.0 c.
) ; ... At the same time, the values of both the saturation resistance
eral changes due to structural alterations appearing with in- . : ,
creasing annealing temperatures. Fog>220°C, Co/Cu and the maximum resistance at zero fielecreasemono-
il h d . tH diffracti ' K width tonically (Fig. 2). In particular, the latter finding is a strong
mulliiayers show a decrease in he difiraction peak wi Sargument against intermixing or alloying in the multilayer

indicating the onset of grain growth and a reduction of thebecause these processes would just lead to an increase of the

defect density in the layers. The lower limits for the gra'nresistivity, as observed in the NiFe/Cu syst&frWe note

size D\-,ert in the direction vertlgal to the layer sequence Cay . the decrease iR.,; and R, Well above 200°C may
be estimated from the peak widths. In the as-deposited statg partially be due to grain growth

values of about 20 nm result f@,.., and after the_ 500°C The trend in the behavior oR., and Ry, continues
thermal treatmeriD_ver_tlncreased to about 40 nm. Since theseeven up to 600°C and seems to reach a saturation at the
values are lower limits and neglect other reasons for broadkighest annealing temperature of 740 °C. This is fully in line
ening such as interface roughness or thickness fluctuations,,jith the demixing behavior concluded from the x-ray reflec-
seems reasonable that a considerable fraction of the crystquetry data. The GMR signal, however, starts to decrease
lites has grown through the complete layer stack abovegier annealing in excess of 400°C. At 500°C, a GMR
400°C. value of only 13% remains and a further reduction occurs
In the as-prepared state, the multilayers show a broaggown to below 1% after annealing up to 740 fEg. 2). On
(111) fiber texture with a full width at half maximum the pasis of the above arguments, interfacial mixing can be
(FWHM),, of 17° (cf. Ref. 5. Up to an annealing tempera- excluded as the microscopic mechanism for this breakdown.
ture of 300°C the ratio of crystallites witfi00t and{111}  |n other words, the disappearance of the GMR cannot be
planes parallel to the surface is about 0.1. However, this ratigssociated with a major Change in the Spin-dependent trans-
increases to about 100 after annealing at 400 °C, and aftgjort processes due to modified interfaces. Other processes
reaching 500 °C, thg11l} crystallite fraction has almost with a magnetic or structural origin must be held responsible
completely disappeared. Strong layer strains, in particulafor this behavior. Therefore, further investigations of the
coherency strains, were concluded to be the driving force fomagnetic properties by means of ferromagnetic resonance
this transition” A second essential change in the layer struc(FMR) and MOKE were carried out to clarify this point.
ture is the transformation from a multilayer to a granular ~ The MOKE results clearly prove the antiferromagnetic
structure. The first signs of this transformation can be foundtoupling in the Co/Cu multilayers. As shown in Fig. 3, the
in the wide-angle measurement after annealing at 500 °Gnultilayer loop is initially slanted, indicating antiferromag-
which show slightly enlarged intensities at the positions ofnetic coupling(of J;=—0.015 erg/crf) which, however, is
pure face-centered-cubifcc) Co and Cu reflections. At weak in the second antiferromagnetic coupling maximum.
about 650 °C, these peaks begin to dominate the multilayefhe loops were analyzed with two different numerical simu-
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creases and is essentially eliminated after annealing at
500 °C. The effective magnetization7M ., is nearly con-
stant(15.1 kG for annealing up to 250°C. For higher an-
nealing temperatures the effective magnetization changes ir-
regularly within 1.5 kG of the initial value. Note that in the
analysis of the FMR data we did not include the presence of
any random anisotropy fields. The inclusion of these fields
would reduce 4 My by about 3 kG.

The 24 and 10 GHz FMR measurements of the Co/Cu
multilayers confirm the MOKE results. The FMR spectra
show both acoustic and optical modes. For annealing tem-
A peratures up to 350 °C the optical mode resonance occurs at
1.0 e field values above those for the acoustic mode. This clearly
-1000 800 -600 -400 -200 O 200 400 600 800 1000 indicates the antiferromagnetic coupling in these structures

Magnetic Ficld (Oc) in accordance with the GMR and MOKE data. The ampli-

tude of the optical mode increases with the annealing tem-
FIG. 3. MOKE measurements of the hysteresis loops. peratures while the separation between acoustic and optical
modes remains the same—700 Oe at 24 GHz. The dynamical
calculations determined the strength of the exchange cou-

lations: energy minimization and a discrete-time solution ofPling to —0.014 erg/crfi In contrast, for the samples an-

the Landau-Lifshitz equation of motion. The multilayer hys-"€aléd at 420 and 500°C the FMR measurements of Co/Cu
teresis loops show a larger coercive field compared with thatt'uctures showed two optical modes, one below and a sec-
of a single Co layer. Between annealing steps of successiveR/'d aPove the resonance position of the acoustic mode. This
higher temperatures, two clear trends were observed. Firdfdicates the presence of both antiferromagnetic and ferro-
the coercivity remains near 85 Oe up to anneals of 200 °c/hagnetic coupling in our structures; that is, some of the ad-
then increases somewhat linearly up to 130(€&respond- jacent layers are coupled a}ntlpgrallel while othe_r are coupI(_ed
ing to an anneal of 420 °CAfter an anneal at 500°C, the p_ara_ll_el. Furthermore, the linewidth of these_ optical modes is
coercivity remained near 130 Oe. Second, the slant of th&ignificantly larger than that for the acoustic mode and this

loop changed. For anneals up to 200 °C, the slant remainett99€sts that we have a whole spectrum of coupling

essentially unchanged. After an anneal of 260 °C, there wasirengths.

an increase of the loop slant. For successive anneals, the In conclusion, our x-ray studies reveal that the interfaces
slanting decreased rapidly. The loop from the final anneal af? SPuttered Co/Cu mululilyers remain sharp and stable dur-
500°C, shown in Fig. 3, shows little slant, indicating ferro- N9 annealing up to 600°C. At higher annealing tempera-
magnetic coupling or no coupling. The latter finding pro- tures we find a rggiuctlon of thg antlferromagnetlc coupling
vides an initial explanation for the strong decrease of thénd(from the position of the optical mode in FMRhe onset

GMR signal. If the antiferromagnetic coupling breaks down,Of ferromagngtic coupling, which explains the deterioration
the system can no longer switch between an antiparalld?’ theé GMR signal for samples annealed above 400°C.

(ground statp and parallel aligned staté@applied field. It The authors acknowledge financial support from DAAD

will assume, rather, noncollinear alignment or more or Iess(315/PP5, the NSF(INT-9815225 and DMR-9970789and
parallel alignment of the individual magnetic layers, result-i,» spg ;122_

ing in a reduced or almost vanishing GMR.
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