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Observation of Antiparallel Magnetic Order in Weakly Coupled Co/Cu Multilayers
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Polarized neutron reflectivity and scanning electron microscopy with polarization analysis are
combined to determine the magnetic structure of Co(6/@u}6 nm) multilayers. These data resolve
a controversy regarding the low-field state of giant-magnetoresistive (GMR) multilayers with weak
coupling. As-prepared samples show a strong antiparallel correlation of in-plane ferromagnetic
Co domains across the Cu. At the coercive field, the Co domains are uncorrelated. This
irreversible transition explains the decrease in magnetoresistance from the as-prepared to the coercive
state. For both states, the Co moments reside in domains with in-plane size§.0f1.5 um.
[S0031-9007(99)08797-9]

PACS numbers: 75.70.Cn, 61.12.Ha, 75.60.Ch, 75.70.Pa

The combination of polarized neutron reflectivity (PNR) ter demagnetization are both associated with uncorrelated
and scanning electron microscopy with polarization analydomains in adjoining Co layers. In the as-prepared state,
sis (SEMPA) represents a powerful tool for studying mag-the antiparallel correlation occurs within small columnar
netic order in materials with buried magnetic layers, suctCo domains with an average in-plane siz€6f-1.5 um.
as multilayers composed of alternating layers of ferromagThis domain size is essentially unchangedatand after
netic and nonmagnetic metals. PNR probes the order dhe sample is demagnetized.
the entire sample, while SEMPA produces a direct image We focus on a multilayer of nominal composition
of the magnetic domain structure within one magnetic layefCo(6 nm)|Cu(6 nm)],o, but supporting PNR results were
at a time. In this Letter, we report the successful use obbtained on additional samples. The sample was sputtered
PNR and SEMPA to resolve a controversy in giant mag-onto al X 1 cn? Si substrate as described elsewhere [8].
netoresistance (GMR) in G&u multilayers. Specular x-ray reflectivity confirms that the Co and Cu lay-

The resistanceR) of a GMR multilayer greatly de- ers are well modulated. The field dependence of the mag-
creases when an external fiel)(reorients the in-plane netization and magnetoresistance were measured at room
magnetizations of the ferromagnetic layers paralle) ( temperature for a “twin” sample grown at the same time.
to each other [1]. The magnetoresistance, (MR=  SQUID (superconducting quantum interference device)
[R(H) — R(P)]/R(P), is largest for systems in which magnetometer measurements indicate that the Co moments
R(H) at a low field is associated with antiparallel align- preferentially lie in the layer plane. The magnetization
ment of adjacent ferromagnetic layers. Theoretical analysaturates in an in-plane field of approximately 200 Oe.
sis has focused upon this maximum MR [2]. As shown in Fig. 1, the room temperature current-in-plane

Increasing the thickness of the nonmagnetic laygr, MR(0) is 6.6%, whereas MRI¢) is only 4.0%. This ratio
can lead to an oscillation between antiparallel and paralef MR(0)/MR(H¢) typifies those of sputtered ZGu
lel states with respectively large and small MR [3]. Themultilayers with similar Co and Cu thicknesses both at
strength of the exchange coupling between the ferromagoom temperature and 4.2 K [4].
netic layers decreases with increasigg For weak in- We performed PNR studies at room temperature on
terlayer coupling , > 4-5 nm), the magnetoresistance the NG-1 reflectometer at the NIST Center for Neutron
MR(0) for the as-prepared multilayer is often larger thanResearch. These data are sensitive to the size, in-plane
the maximum value at the coercive field NVHR-) after  orientation, and relative interlayer alignment of magnetic
saturation [4]. MR(0) usually cannot be restored by fielddomains in buried layers [9—12]. For specular and diffuse
cycling or by demagnetization [5,6]. Because MR) (i.e., off-specular) experiments, we measured all four cross
reproduces upon cycling, most investigators have assumeséctions(——), (++), (+—), and(—+). (The+ and—

that it approximates the antiparallel state [7]. signs indicate polarizations of the incident and scattered
We have performed PNR and SEMPA measurementeeutrons parallel or antiparallel to the external field.) The
on Co/Cu multilayers with Cu layers thick enouglr{ = (——) and(++) non-spin-flip (NSF) data depend on the

6 nm) that the exchange coupling between the Co layers ishemical structure, as well as the projection of the in-plane
weak. We find that MR(0) originates from strong antipar-magnetization parallel to the applied field. The—) and

allel correlations among the Co domain magnetizationg— +) spin-flip (SF) cross sections arise solely from the
across the Cu layers. In contrast, MR) and MR af-  projection of the in-plane magnetization perpendicular to
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Figure 2 shows total reflectivity scans along the o %H’*f . * 10
Q. direction relative to the d_iffuse scattering for the 0.00 0.02 0.04 0.06
[Co(6 nm)|Cu(6 Nm)],y sample in the as-prepared state Q&A™

(a) and at the coercive field/c (b). In both cases, the
NSF total reflectivity data have a first-order structuralgégt-tgr-m ngaéfglﬁnéiﬁ‘sdaefas%mgﬁé%flat?e/fsfﬂg fdoiIfUSE
i - = 4

superlattice peak aQZ = 0.057 A 1. ~ 2m/d, .Where [Co(6 an)JICuFE6 nrr%]zo in the (a) as-prepéred and (b) coercive
d = 11.4 nm is the bilayer repeat distance. Figure 2(a)sate atH. — 54 Oe. The diffuse scattering was measured
also shows a pronounced magnetic peak in all four crosgy offsetting the angleQ) by 0.2° and then scanning..
sections at the half-order positio@{ = 0.031 A=! =  The circles and squares correspond(te—) and (++) NSF
27 /2d). The magnetic repeat distance in the as-prepare@i@ta, respectively. The up and down triangles mark(the)

state istwice the bilayer thicknesg i.e., a large fraction and (~+) SF data. No corrections have been made for the
olarization efficiencies or sample footprint. The insets show

of the Co layer moments are oriented antiparallel along th&e idealized magnetic structures suggested by the scattering in
growth axis. The narrow, width of the half-order reflec- each state.

tion reveals that this antiparallel order is coherent through
the entire multilayer thickness. The half-order peak has
a substantial diffuse component (open symbols), which In accord with the magnetoresistance data in Fig. 1, ap-
originates from discrete domains spread over the layeplication of a field irreversibly destroys the antiparallel
plane [12,13]. The in-plane direction of these domainsorder. The half-order reflection in Fig. 2(a) disappeared
within the sample plane is likely random since the diffusewhen the sample was saturated ira75 Oe field and, as
magnetic intensity in the half-order reflection is evenlyshown in Fig. 2(b), it did not reappear when the sample
distributed in all four cross sections. The as-preparedvas taken to the coercive fieldl¢ = 54 Oe). Instead,
state thus has ferromagnetic, in-plane domains that amiffuse magnetic scattering (i.e., in the SF cross sections)
oriented antiparallel across the intervening Cu layers, as distributed over a wide range ¢, values between 0.02
depicted in the inset of Fig. 2(a). and0.05 A~!. In the coercive state, the Co moments in
In Fig. 2(a), the SF scattering at the first-order positionall samples seem to order in domains with small in-plane
is large relative to that in Fig. 2(b), which originates dimensions that are not magnetically correlated with ad-
entirely from the finite efficiencies of the instrumental joining Co layers [inset of Fig. 2(b)]. The consequence
polarizers. A fit to the data indicates that the excesss that MRH() is less than MR(0). Moreover, demagne-
scattering results from a small fractiorn§%) of the total  tizing the sample yielded zero-field PNR data resembling
Co moments in the sample that are aligned parallel acrogbe coercive-state data in Fig. 2(b). The initial antiparal-
the intervening Cu. Since data for comparabl¢ Coand lel configuration was not restored by either field cycling or
Co/Ag samples [14] showed no excess of SF scatteringlemagnetization.
at the first-order position in the as-prepared state, the The strong antiparallel interlayer ordering in the as-
dominant antiparallel Co configuration is undoubtedlyprepared state was confirmed by SEMPA with ion milling,
responsible for the maximum MR(0) in Fig. 1. which allows direct imaging of the magnetic domain
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structure in successive Co layers of the as-prepared samplaagnetization directionA ¢, between the two Co layers.
By measuring the secondary electron spin polarization in @he histogram shows that about 60% of the domains
scanning electron microscope, SEMPA can sense the suare aligned antiparallel (withir=20°), while the rest are
face magnetization and, simultaneously, the topography aincorrelated.
a magnetic sample [15]ln situion sputtering using 2 keV Because SEMPA cannot be used in a field, we could not
Ar™ ions was used to clean and depth profile the samplémage the sample & .. Instead, we examined it after de-
Figures 3(a) and 3(b) are SEMPA images of the magmagnetization, which, as shown by PNR, produces a state
netization and topography, respectively, of the outermosanalogous to the uncorrelated coercive state of Fig. 2(b).
Co layer after removing the protective Cu overlayer. TheA histogram of the SEMPA data revealed that the mag-
SEMPA topographic image reveals structural grain sizesetizations of the top two Co layers are uncorrelated, as
that are aboui.1 wm. In comparison, Fig. 3(a) shows ir- expected.
regular magnetic domains with feature sizes generally on Figures 3(a) and 3(c) indicate that the average domain
the order of a micron, along with Néel-like domain walls size in a local region of the sample is on the order of
about0.2 wm wide with random chirality. We note that a micron. This value matches that obtained from PNR,
the domain magnetizations in the imaged region are prewxhich probes the entire sample. Figure 4 shows SF data
dominantly aligned along one direction, but this uniaxialfor transverse&), scans centered at the half-order position
anisotropy is not evident in the PNR measurements whickQ, = 0.0314 A=) for [Co(6 nm)|Cu(6 nm) ], in the as-
probe the entire sample area. It is thus possible that thgrepared, coercive, and saturated states. (The NSF data are
anisotropy direction varies with lateral or vertical position.similar.) The as-prepared and coercive data in Fig. 4 are
Figure 3(c) shows a SEMPA image from the second C@omposed of a sharp specular reflectiongat= 0 A~!
layer after removing the top Co and Cu layers. The domaimn top of a broad, diffuse peak. Dips are centered at
structure of this layer is strongly anticorrelated with that ofthe sample angle® = 0 and Q) = 26 where either the
the outermost layer in Fig. 3(a). The anticorrelation everincident or scattered beam is parallel to the sample face and
extends to such small features as the domain walls, whicls thus reflected (or refracted) out of the sample or detector,
preserve chirality in the adjoining layer. [An example isrespectively. Since the SF cross section is purely magnetic
highlighted by the arrows in Figs. 3(a) and 3(c).] Thein origin and the instrumental polarization efficiency is
degree of correlation in the area shown is quantified>95%, the diffuse scattering principally originates from
in a histogram shown in Fig. 3(d) of the difference in magnetic, rather than structural, features within the sample
plane. This conclusion is supported by the decrease of the
SF scattering to background levels when the Co moments
are aligned in a saturation field of 400 Oe (Fig. 4). We
believe that these data are among the best examples of
magnetic diffuse scattering from buried layers obtained
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FIG. 3(color). SEMPA images of the topmost Co layer FIG. 4. Transversg, scans at the half-order positio@{ =
magnetization (a) and topography (b) and second Co layed.0314 A~!) for [Co(6 nm)|Cu(6 nm)],, in the as-prepared,
magnetization (c) in the[Co(6 nm)|Cu(6 nm)],, sample. coercive H. = 54 Oe) and saturatedH( = 400 Oe) states.
The magnetization direction is mapped into color as indicatedhe data for each state have been offsetlBy’ for clarity.

by the color wheel in the center. A histogram of the differenceOnly the (+—) and(—+) SF cross sections are shown (shaded
in the magnetization direction between the two layéxg,, is  and open circles, respectively). The coercive-state data have
shown in (d). been fit to a Lorentz function (solid line).
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