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Interpretation of the magnetoresistance in multilayered structures
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Large ratios of the magnetoresistances for currents perpendicular to currents in the layer planes have
been found in Co/Ag multilayered structures. We explain these by taking the zero-magnetization state,
H oercive» In structures where the magnetic layers are nominally uncoupled, to be a superposition of sta-
tistically uncorrelated magnetic configurations. Also, we provide an interpretation for the magnetoresis-
tance of Co/Cu and Fe/Cr by considering these multilayered structures to consist of, not only ferromag-
netically and antiferromagnetically aligned layers, but also mixtures of the two that have zero magneti-

zation.

Pratt et al.! have just shown that the magnetoresis-
tance (MR) of the magnetic multilayered structure (MS)
Co/Ag with the current perpendicular to the layer planes
(CPP) is considerably larger than that measured for the
current in the layer plane (CIP). The theory which pre-
dicted the CPP MR was developed for multilayered
structures that are antiferromagnetically (AF) coupled;? it
does not explain the data because the thicknesses of the
nonmagnetic silver layers in the recent experiments are so
large, t5, <600 A, that the magnetic cobalt layers are to
a large extent uncoupled.! To help us interpret the results
on Co/Ag, we have relied on the recent data on the CIP
MR in Co/Cu.>* Up until now, the conventional inter-
pretation has been that peaks in the MR represent MS’s
with layers that are AF aligned, and troughs represent
F-aligned layers. However, this is not what has been seen.
For Co/Cu the troughs do not go to zero as they should
for F-aligned MS, and as we will show, the peaks are not
as high as they would be if the layers were AF aligned.
Here we provide a model that reproduces these new
findings; among other things, it provides an interpreta-
tion of magnetoresistance data in multilayered structures.

Our explanation for this unexpected behavior is as fol-
lows. For thin nonmagnetic layers (fyy), the coupling is
sufficiently strong to overcome random coercive or pin-
ning forces that oppose realignment within the magnetic
layers, so that the MS is purely F or AF aligned. Howev-
er, near the nodes where the coupling goes through zero
and for larger fyy, the coupling is no longer strong
enough compared to the pinning forces to define uniquely
the magnetic configuration of the multilayers. While the
zero-field and magnetization states are unique for AF-
coupled layered structures, these states are ill defined
when the layers are not magnetically coupled.®

We have formulated the theory of the MR effect in the
MS by taking the zero magnetization H = H_ state in un-
coupled systems as a superposition of statistically un-
correlated magnetic configurations which satisfy the con-
dition 3;M;=0 (M; is the magnetization of individual

layers). We find that the CIP MR is diminished relative -

to systems that are AF coupled, but otherwise identical,

47

while the CPP MR is unchanged. Therefore, the ratio 7
of the CPP MR to CIP MR is enhanced for uncoupled
systems relative to its value for AF-coupled MS’s. Taken
together with the trend for 7 to increase for the MS as
the thickness of the layers increases [the CIP MR, sensi-
tive to mean-free-path (MFP) effects decreases faster than
the CPR MR], this new feature of our model is able to
explain the large ratios of 7, of the order of 5, observed in
the Co/Ag MS.! In addition, it can explain the attenuated
in-plane MR observed in other nominally uncoupled sys-
tems.®

The local conductivity of multilayered structures o(z)
depends on the position z (the direction perpendicular to
the layers).” The amplitude of the variation in the con-
ductivity is controlled by the thicknesses d of the layers
relative to the MFP’s of the electrons A.27 For small
values of this ratio, the variation is negligible; for large
values, the variation is big. For currents parallel to the
layers, the CIP resistivity is an average of the conductivi-
ties

py=——E (1)
I fLO'H(Z)dZ ’

while for currents perpendicular to the layers, the CPP
resistivity is the average of the resistivities

pL= % prl(z)dz , 2)

where L is the overall thickness of the MS in the z direc-
tion. To compare p to p, for Co/Ag, we assume that the
local conductivity tensor for the sputtered Co/Ag
samples is diagonal and isotropic; i.e., we set
pl(z)=[a”(z)]—1 In the limit d /A <<1, p; and p, are
equal because the local conductivity o is independent of
position z. For large d /A they are quite different, but p,
is always greater than pj, because for the in-plane
geometry the resistivity [Eq. (1)] is dominated by the re-
gions with high conductivities (one has the effect of a
short circuit), whereas Eq. (2) is a straight average.

The magnetoresistance of these multilayered structures
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is governed by the random spin-dependent potentials that
scatter the conduction electrons. These potentials are
varied by an external field. In fields H; high enough to
saturate the magnetization of the MS, the magnetic mo-
ments of the individual layers are nominally aligned (fer-
romagnetically), while in zero field they are partially
aligned, M, <M. To demagnetize it is necessary to ap-
ply a coercive field H,., which is comparable to H, for a
Co/Ag MS [see Fig. 2(c) of Ref. 1].8 In the fully aligned
(saturated) state, the scattering experienced by the con-
duction electrons with one direction of their spin (a spin
channel) is less than the scattering for electrons with the
opposite direction. For the M =0 state (both for the sta-
tistical mixture of F and AF, and AF configuration) the
scattering is independent of the direction of the spin of
the conduction electrons and is the average of the scatter-
ings encountered in the opposite spin channels when
M=M,. As the current is the sum of those carried in
each channel, one has a ‘short-circuit” effect when
M =M,; consequently, p(M =0)>p(M,). As we have
not included spin-orbit coupling, this result is indepen-
dent of the direction of the current; therefore, it adds to
the short-circuit effect above, 1 €, P> P
The MR ratio is defined as’
p(H)—p(H)

H=——"7——". 3
R (H) o(HL) (3)

For currents perpendicular to the layer planes, R (H) is

relatively independent of the MFP of the electrons.

However, for in-plane currents, the R (H) rapidly de-

creases as the spacing d,, between magnetic layers be-

comes larger than the MFP of the electrons, i.e.,

dAg /A > 1. Therefore, one finds that the ratio of the two,
R (H)

W(H)Zm , 4)

increases as d 5, /A increases.

One final consideration that increases 7(H,) is the de-
gree of magnetic alignment between the layers. The
R (H,) is lower for MS’s which are statisticall mixtures
of F- and AF-aligned layers than it is for structures with
only AF-coupled layers, while R | (H_) is unchanged. The
reason is that for uncoupled systems the M =0 state for
H =H, is not unique and one has a spatial distribution of
the magnetic moments of the individual cobalt layers that
is statistically distributed to yield M =0. As the conduc-
tion electrons decay within the distance of a MFP, one
finds, as one traverses the MS moment, configurations
(regions), which are locally ferromagnetic. These regions
short-circuit the CIP, and we find p”(M =0) for an un-
coupled MS is always less than it is for AF-coupled struc-
tures. For currents perpendicular to the layers, p,(M =0)
is independent of the sequence of the moment distribution
and, therefore, is the same for uncoupled and AF-coupled
MS’s.

For more quantitative results on the MR, we evaluate
o(z) (Ref. 7) by specifying the orientations of the magnet-
ic moments of the cobalt layers. For H, they are nomi-
nally aligned, while for H, we have taken the M =0
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states described above for all samples with large nonmag-
netic layer spacings typ; for thinner fyy we include F
and AF configurations. Also, we have not made a dis-
tinction between the moment configurations for
H_ (M =0) and H,, where the maximum in the MR is ob-
served [see Figs. 2(a) and 2(b) of Ref. 1]. The parameters
entering our expression for o(z) (Refs. 2 and 7) are the
MFP for cobalt Ac, and silver A,,, the ratio of the spin to
potential scattering in the cobalt p-, and at the inter-
faces, p,, and w, the ratio of the scattering at interfaces
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FIG. 1. (a) CIP MR for Co(15 A)/Cu(?) as estimated by tak-

ing the layers F and AF aligned and mixtures of the two with
M =0. The latter is labeled as ‘“uncoupled.” The squares
represent data at 7=4.2 K from Ref. 4 and A. Fert (private
communication). (b) The CIP MR for Co(#)/Cu(20 A) by as-
suming F, AF, and ‘“uncoupled” and the dashed curve which
represents the MS at 55% AF and 45% “uncoupled.” The
latter is obtained by fitting the data in (a). The data represented
by squares come from A. Fert et al. (private communication).
The parameters we use in the fits are Ao,=40 A, Acu=75 A

=0.3, pco,=0.2, and p;=0.52. That the datum at tc, =60 A
falls far below our predicted value may be due to a change in
the cobalt layer structure at larger thicknesses; S. S. P. Parkin
(private communication).



6778
compared to that in the layers.'°

As the data in Ref. 1 are primarily for large tyy, it is
difficult to reliably estimate these parameters from the
tail of the MR curves. For this reason we have fit the
data of Mosca et al.* on Co/Cu which is similar to
Co/Ag. In Fig. 1(a) we show our fit to Co(15 A)/Cults,)
by using Ac,=40 A, Acu=175 A, w; =0.3, pc, =0.2, and
p;=0.52."" Except for the first AF peak at 1, =9 A and
the F points at 7o, =12 and 15 A, the MS is neither com-
pletely AF nor F coupled; for -, % 50 A we suggest it is
completely uncoupled. With these same parameters we
fit the unpublished data of Mosca et al.® for
Co(tCO)/Cu(ZO A) ) [see Fig. 1 (b)] when we interpret the
data on Co(15 A)/Cu(20 A) ) [see Fig. 1(a)] so that the MS
is a mixture of 55% AF and 45% uncoupled. This is
reasonable for those thicknesses of copper where the in-
terlayer coupling may be close to the AF peak.

In our interpretation [see Fig. 1(a)] the peaks (other
than the first) in the MR oscillations do not correspond
to MS’s where all layers are AF aligned. If we make this
assumption, we would find smaller MFP’s (Ao, =19 A,
Acy=30 A), smaller w;=0.16, and unreasonably large
ps=0.65 (@ =22, where « is the ratio of the resistivity in
the majority- and minority-spin channels?). With these
parameters the fit to the data in Fig. 1(b) would not be as
good, and the resistivities would much too large, e.g.,
py(H;)=37 uQem for Co(15 A)/Cu(9 A), whereas the
experimental value is 17.1 uQ cm.> With the parameters
used in Fig. 1, we find p|(H,)=20 uQ cm.

To fit the data on Co/Ag (Fig. 3 of Ref. 1) we use the
same A, and pg, as in Co/Cu, and we adjust
Aag=200 A, w, = 1.0, and p; =0.49 to best fit the data on
the CIP and CPP MR. With these parameters we find
the ratios m(H,) for the MS with 60 A of Co and
LAy =60, 90, 120, 180, 220, 350, and 600 A are 5(4.8),
5.4.(5.3), 5.94), 6.1(6.7), 6.2(5.9), 6.5(5.3), and 7.0(13).!2
These compare reasonably well with the experimental
values in parentheses except for 7,,=120 and 600 A.
For the latter the CIP MR is quite small; a change from
1% to 2% would make 7(H_)=6.5, which is more in line
with values of this ratio for other thicknesses. It is in-
structive to note that if we assumed the layers were all
AF coupled, we would have severely underestimated the
ratio m(H, ).

Another example of our interpretation that MS’s have
mixtures of F- and AF-aligned regions is given in Fig. 2,
where we have fit the data on sputtered samples of
Fe/Cr.!> Here it is clear that the oscillation in the MR
asymptotically approach the uncoupled curve and that
only the first peak represents a MS in which all layers are
AF coupled. If we assumed all peaks represented MS’s in
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FIG. 2. CIP MR for Fe(20 A)/Cr(z) as estimated by taking
the layers F, AF, and “uncoupled.” The squares represent data
from Ref. 13 at T=4.5 K. The parameters used in the fits are
Are=Ac, =40 A, w,=0.3, pp. =0.23, and p, =0.42.

which all layers are AF aligned, we find Ag,=Ac, =19 A,
which is unreasonably small, these parameters yield, for
Fe(20 A)/Cr(9 A) pH( )=46 uQ cm, while we find 26
1Q cm by using the parameters quoted for Fig. 2.'

In summary, we are able to explain the large ratios
m(H_) of the CPP to CIP MR seen in Co/Ag by assum-
ing the magnetic layers are not coupled. However, at this
stage we can make only a qualitative conclusion that CPP
MR is considerably higher than CIP MR. As there is a
large number of parameters in the theory, one needs
more data on Co/Ag before meaningful fits can be made.
In addition, we have provided an interpretation of the
CIP MR for Co/Cu and Fe/Cr which considers the MS
as a mixture of F- and AF-aligned layers. With this in-
terpretation we find parameters which yield resistivities
that are much closer to the data than if we interpret the
peaks in the MR as corresponding to MS’s with only
AF-coupled layers.
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