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A neutron study of magnetic domain correlations in antiferromagnetically
coupled multilayers
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The observed magnetotransport properties of magnetically coupled multilayers depends not only on
the nature of the magnetic coupling but also the magnetic domain correlations and disorder. Neutron
scattering gives access to the magnetic coupling through the specular reflectivity and the domain
correlations through the diffuse scattering. Sputtered multilayers of Co/Cu and Co/Ru have been
investigated as a function of the applied magnetic field. A simple domain model relates the observed
scattering to the domain correlation length and the magnetic disorder. In both systems highly
vertically correlated magnetic domains are observed with in-plane correlation lengths, at remanence,
of 1.5 and 7um for the Cu and Ru systems, respectively. In both systems the Co domains order
antiferromagnetically across the nonmagnetic spacer. The remanent vertically correlated state is
recovered after saturating the sample. 2600 American Institute of Physics.
[S0021-897€00)45008-5

I. INTRODUCTION outlined in Sec. lll. Third, the low neutron absorption cross
section ensures that the whole multilayer system is sampled.

Following the observation of the giant magnetoresis-In this article we compare results from Co/Cu and the more

tance effect GMR) in 1988 there have been considerable strongly coupled system Co/Ru and present clear evidence

advances in understanding the origins of the change in resiser a remanent field vertically correlated domain structure

tivity arising from the transition from antiferromagneti&F)  that is not destroyed by magnetizing and demagnetizing the

coupling to ferromagneti¢F) coupling between ferromag- system.

netic layers(typically 3d metalg separated by a nonmag-

netic spacer. To fully understand the observed GMR knowl-

edge of both the interlayer magnetic coupling and the in-

plane magnetic domains is required. For thin film andII EXPERIMENT

multilayer structures, polarized neutron reflectivigNR)? '

allqws ar)absolutemeasure of the/ector.i.niplane magneti- Samples of Co/Cu and Co/Ru were prepared with spacer
zation with a depth dependent sensitivityormal to the  hicknesses corresponding to the second AF maxima of the
sample surfageand is ideally suited to studying magnetic o pling oscillation. The samples were deposited by dc mag-
interlayer coupling. Until recently in-plane inhomogeneities netron sputtering in a custom vacuum system with a base
such as magnetic domains have not been accessible thro“ﬁhessure of X10 8 Torr. The multilayers were grown on Si
neutron reflectivity measurements due to the weak nature quD wafers without removing the native oxide layer. To
the scattering relative to the specular reflectivity and the ﬂU)bptimize the neutron reflectivity signal while maintaining a
limited nature of the neutron technique. This is not the casgood bilayer thickness homogeneity, the largest attainable
for synchrotron x-ray sources and studies of structurallysamme size was 2620 mm. For perfect conformal rough-
rough interfaces are well advanced in both experimental anfless(the roughness profile is correlated between interfaces
theoretical studie$” By using the huge photon flux and the the diffuse intensity is the product of the perfect multilayer
resonant enhancement in the x-ray magnetic scattering crogsflectivity and the scattering from a single rough surface and
section, magnetically rough ferromagnetic thin films haveso to maximize the scattering from any conformal roughness
been studie@.” The neutron technigliecomplements these 50 bilayer repeats were deposited. Smaller samples were
measurements in three important aspects. First, the muGrown in the same run for magnetotransport measurements.
larger lateral coherence length of the neutron bear80  PNR measurements were made at the Rutherford Appleton
M) ensures measurements sample many magnetic domaipghoratory on the polarized beam time of flight reflectome-
even when the domain size becomes large. Second, the diragf, CRISP>!? By utilizing the incident wavelength range
nature of the neutron-magnetization density interaction i§1.2—-6.5 A and a one dimensional detector, a large region of
well understood and allows a simple connection between thﬁaciprocaj space can be accessed in a single measurement
neutron observations and the in-plane magnetic disorder gsee Fig. 1 For the diffuse scattering measurements pre-
sented, the reflectometer was run in a nonpolarized mode to
Author to whom correspondence should be addressed; electronic maicrease the incident sample neutron flux. The reciprocal
S.Langridge@rl.ac.uk space maps are acquired in typically 2 h.
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FIG. 2. Transverse momentum transfer cuts through the AF peak of the
Co/Cu and Co/Ru samples at remanence. The solid lines are least squares
refinements to the data.

~2000 A, the total film thickness. The AF peak has signifi-
cant diffuse scattering, manifested as a strip®jnat the AF
ordering wave vector. This scattering is entirely magnetic in
origin and we attribute it to magnetic domain formation
within the Co layers, as discussed below. The stripe of scat-
tering implies a coherent interference of the scattered neu-
trons such as would be produced by a vertically coherent
domain structure analogous to a structural conformal rough-
ness. A detailed search was made for nonconformal rough-
ness which would be manifested as intensity uniformly dis-
tributed in theQy,Q, plane. No intensity was observed.
This is not surprising given that for an equivalent conformal
and nonconformal roughness we expect the nonconformal
Q, [A™] ' ’ intensity to be reduced relative to the conformal intensity by

a factor of 50t In addition, the Ru data show a weak diag-

FIG. 1. The observed neutron scattering from a nominal sample of . . . :
[(Co(20 A)/Cu(22 A}y and[ (Co(20 A)/Ru(18 A)s, at remanence. The onal stripe at the AF ordering wave vector. This scattering

cutoffs evident in the data represent the kinematical limits in the measureMay arise from a m"_ﬂlgn.etic analpg of “NEWtPn'S fringes?”
ment. To extract quantitative information the sections through the

AF Bragg peaks are presented in Fig. 2. The scattering from
the Co/Cu is dominated by the broad diffuse component with
little evidence for a specular component to the scattering.
Figure 1 shows the scattering observed for samples witiConversely the Co/Ru data are dominated by the specular
a nominal structure of [(Co(20A)/Cu22A)]s, and  scattering with a weaker diffuse component.
[(Co(20 A)/Ru(18 A)]5, at remanence. The specular reflec- To understand these results we consider a simple model
tivity corresponds to a section along the longitudinal wavein which the Co layers consist of in-plane magnetic domains,
vector transfeQ at zero perpendicular wave vector transferthe lateral extent of which we associate with a correlation
Qx=0. The nuclear first order Bragg peak is clearly visiblelength ¢ and in which the distribution of the individual do-
and does not show any significant scattering away from thenain magnetization vectors around the applied field direction
specular direction. The peak at half this wave vectaiice s treated as a random variable with a Gaussian distribution.
the real-space bilayer repgatdicates that both samples are This is analogous to the Gaussian height distribution em-
AF coupled. The narrow width i, implies that the AF  ployed in the analysis of structural roughn&sSiven that
ordering is vertically coherent throughout the multilayer.the scattering is in the weakly interacting regime, we can
Concentrating on the AF Bragg peaks, there are clear differeonsider the interpretation within the Born approximation,
ences between the Cu and Ru spacers. For the Cu system thignificantly reducing the complexity of the calculation
magnetic and structural vertical coherence lengths~&680  which will be discussed elsewhet&The solid lines in Fig. 2
A. For the Ru system the structural coherence length is agaiare least square refinements of this model to the data. The
~600 A while the magnetic vertical coherence length isanalysis of the Co/Cu data indicate an average domain size at

Ill. RESULTS AND DISCUSSION
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A S SR veal direct evidence of domain formatiGhA description of
10+ £ @ H=00e the field dependence of the diffuse scattering will be
L Skoe postponed? However we note that in both the Cu and Ru

systems a comparison of the as-prepared and coercive states

both show vertically correlated Co domains in contrast to the
weakly coupled Co/Cu systefwith a much thicker Cu layer
to reduce coupling to a minimuwhere a loss of coherence
has been used to explain the reduction in GMR between
these magnetic staté$.
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107 | IV. CONCLUSIONS

We have studied the field dependence of the magnetic
domain distribution in Cu/Co and Ru/Co multilayers. A high
108 £ . degree of vertical coherence is observed for the Co domains.

S S S S A simple model allows us to relate the diffusely scattered

-0.0010 -0.0005 0.0000 0.0005 0.0010 neutron intensity to the domain distribution. Our results sug-
Q, (A" gest that it is the in-plane domain distribution rather than
uniformly magnetized layers with structurally rough inter-
FIG. 3. Transverse momentgm transfer cuts through the AF peak from th?aces thats gives rise to the diffuse intensity. The increased
Co/Ru sample at remanengarcles, close to saturation and back to rema- . : g
nence(triangles. The hysteresis is clearly visible in the data. coupling strength of the Ru systerfsaturation fieldH
~ 3000 Og¢ relative to the Cu systenmtH{~ 300 Oe) gives rise
to a nonrandom domain distribution with a large in-plane
remanence of 1:50.4um and to within the experimental correlation length and a vertical correlation length greater
resolution the magnetic domain magnetization vectors arehan the structural coherence and equivalent to the multilayer
randomly distributed. For the more strongly coupled Ru thehickness.
correlation length is 3 um. The domain distribution is no
longer random but corresponds to Gaussian distribution withCKNOWLEDGMENTS
a full width at half maximum of 200% 40°.
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