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The origin of giant magnetoresistance exhibited by ferromagnetic/nonmagnetic multilayered struc-
tures is examined by inserting thin layers of a second ferromagnetic material at the interfaces in
ferromagnetic/nonmagnetic/ferromagnetic sandwiches. It is generally observed, for many different com-
binations of metals, that the magnetoresistance depends exponentially on the thickness of the interface
layer, with a characteristic length, g. g is extremely short and is typically just =1.5 to 3 A at room tem-
perature. At lower temperatures g becomes even shorter. The giant magnetoresistance effect is thus
clearly shown to be determined by the character of the ferromagnetic/nonmagnetic interfaces.

PACS numbers: 75.70.Cn, 73.50.3t, 73.60.Aq

Very large, or "giant, " saturation magnetoresistance
(MR) has been reported for a variety of magnetic multi-
layers [1-5], with room temprature MR values exceed-
ings 65% in Co/Cu [4,6]. The origin of this novel eft'ect is
of great interest and a number of theoretical models have
been proposed to account for it [7-9]. An essential as-
sumption of these models is that the majority-spin and
minority-spin electrons in the magnetic layers are scat-
tered diA'erently within largely independent conduction
channels, as described by spin-dependent mean free
paths, Xt and XI, respectively [10]. It is then easy to show
that the resistance of a multilayer comprised of alternat-
ing ferromagnetic (F) and nonmagnetic spacer (S) layers
is higher when the magnetic moments of successive mag-
netic layers are aligned antiparallel compared to the case
when these layers are aligned parallel [7]. When the
relative orientation of neighboring magnetic layers is
changed by application of a magnetic field this results in

a magnetoresistance. The magnitude of the magne-
toresistance is especially sensitive to the contrast in
scattering within the two conduction channels. Some
models assume scattering rates which are identical to
those in the corresponding buIk magnetic materials and
which are homogeneous throughout the magnetic layers
[11]. Other models assume that the scattering rates are
substantially diA'erent at the magnetic/nonmagnetic in
terfaces compared to the interior of the magnetic layers
[7,8]. The relative importance of the contributions from
bulk and from interface spin-dependent scattering varies
considerably from model to model. In this Letter we
demonstrate by the insertion of thin magnetic layers at
the interfaces in sandwich structures that the magnitude
of the giant magnetoresistance effect is determined large-
ly by the character of the magnetic/nonmagnetic inter-
faces.

The samples were prepared by dc magnetron sputtering
in a high vacuum system with a base pressure of=2 x 10 Torr. The structures were deposited at =2
A/sec in an argon pressure of 3.3 mTorr at =40'C.
Series of up to 19 multilayers were prepared sequentially
under computer control. The composition of alloy layers

was checked with energy dispersive x-ray analysis. The
resistance of the samples was measured using a low fre-
quency ac lock-in technique with a four-in-line contact
geometry and spring loaded gold plated contacts. The
current and magnetic field were in the plane of the films
with the magnetic field parallel or perpendicular to the
current. The magnetoresistance, AR/R, is defined as the
maximum change in resistance observed over the field
range of interest divided by the high field resistance.

The structures prepared for this study are comprised of
exchange-biased sandwiches (EBS) of the form Ft/S/Ftt/
FeMn in which one of the magnetic layers, Fii, is ex-
change coupled to an antiferromagnetic layer of FeMn
[12]. The latter imposes a unidirectional magnetic an-
isotropy on Fii. Thus the magnetic hysteresis loop of Ftl
is centered about a nonzero field Hq, whereas, providing
the magnetic coupling of F& and F» via the spacer layer is

weak, the magnetic hysteresis loop of F& is centered close
to zero field. The moments of Fi and Fii are thus aligned
antiparallel for some field range intermediate between
zero and Hq. A resistance versus field curve is shown in

Fig. 1 for a typical exchange-biased sandwich structure
where Ft and Ftt are Py (permalloy=Nis|Fe») and S is
Cu. The current and field are aligned along the unidirec-
tional anisotropy direction. The structure displays a gi-
ant MR eAect exactly analogous to that in multilayers
with a higher resistance for fields where Fi and Fii are
antiparallel. As is found for multilayered structures [4,5]
replacing the Py layers with Co layers of the same thick-
ness increases the magnetoresistance of the structure by
approximately a factor of 2. Thus we can evaluate the
importance of interface scattering by introducing thin
layers of, for example, Co at the Py/Cu interfaces in

Py/Cu/Py sandwiches. If spin-dependent interface scat-
tering is the dominant mechanism giving rise to giant
MR, thin layers of Co will produce a large increase in

MR. In contrast, if bulk scattering lies at the origin of
giant MR, much thicker layers of Co will be required to
substantially alter the MR eff'ect. Figure 1 shows that
"dusting" of the Py/Cu interfaces with thin Co layers just
2.5 A thick almost doubles the MR of the Py/Cu/Py
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FIG. 1. Room temperature resistance versus field curves for
(a) Si/Py(53 A)/Cu(32 A)/Py(22 A)/FeMn(90 A)/Cu(10 A)
and (b) the same structure with 2.5 A thick Co layers added at
each Py/Cu interface. (Note the thicknesses of the Py layers
have correspondingly been reduced by 2.5 A. )
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EBS, making it comparable to that of the EBS in which
the Py layers are completely replaced by Co. This result
demonstrates the predominant role of interfacial scatter-
ing. A similar increase in MR is found for Py/Cu multi-
layers when thin layers of Co are inserted at the Py/Cu
interfaces [13]. However, in multilayer structures it is
difficult to examine quantitatively the role of such inter-
face layers since the degree of antiferromagnetic coupling
of the magnetic layers and consequently the magnitude of
the magnetoresistance is very sensitive to minor perturba-
tions of the structure. In contrast, in EBS structures no
reliance is placed on interlayer coupling. Consequent y1

the dependence of the saturation magnetoresistance on
the thickness of the Co interface layer t; can be examined
in detail as shown in Fig. 2(a). The thickness dependence
is well described by a function of the form AR/R =a
+b[l —exp( —t;/g)], where the length scale g is ex-
tremely short and is only =2.3 A. Note that the thick-
ness of the Py layers has been reduced by approximately
the thickness of the Co layers inserted at the interfaces
and that the sheet resistance of the structures shown in

Fig. 2(a) varies by less than 5%. Note also that for these
structures the magnetoresistance is relatively insensitive
to the thickness of the Py layers, primarily as a result of
significant current shunting through the relatively thick
and highly conducting Cu layers. More importantly the
dependence of MR on Co interface layer thickness does
not depend on the thickness of FI or F~~. This is demon-
strated in Figs. 3(a) and 3(b) for two series of Py/Cu/Py
EBS which show a similar dependence of MR on tc, to
that shown in Fig. 2(a) even though these series contain
much thicker Py layers.

If bulk scattering were important, one would expect
that insertion of Co layers anywhere in the interior of the
Py layers in Py/Cu/Py EBS would substantially increase
the MR. To test this possibility a companion set of struc-

FIG. 2. Dependence of room temperature saturation magne-
toresistance on (a) Co interface layer thickness, tc„ in

sandwiches of the form Si/Py(53 —t;)/Co(t;)/Cu(32)/Co(t; /
Py(22 —t;)/FeMn(90)/Cu(10), (b) distance of a 5 A thick
Co layer from the Py/Cu interfaces in sandwiches of the
form Si/Py(49 —d)/Co(5)/Py(d)/Cu(30)/Py(d)/Co(5)/Py(18
—d)/FeMn(90)/Cu(10), and (c) Py interface layer thickness,
t;, in sandwiches of the form Si/Co(57 —t;)/Py(tp&)/Cu(24)/
Py(t;)/Co(29 —t;)/FeMn(100)/Cu(10). Note layer thicknesses
are in angstroms.

tures to those shown in Fig. 2(a) was prepared in which 5

A thick Co layers, initially positioned at the Py/Cu inter-
faces, were systematically displaced into the interior of
the Py layers. As can be seen from Fig. 2(b) the MR
rapidly decreases with increasing separation d of the thin
Co layers from the Py/Cu interfaces. The dependence of
MR on d is well described by AR/R =a+bexp( —d/g),
where g is =2.3 A and the MR rapidly saturates at a
value corresponding to that of the origin Py/Cu/Py EBS
structure. Finally in Fig. 2(c) data are shown for a series
of Co/Cu/Co/FeMn exchange-biased sandwiches in

which thin Py layers are introduced at the Co/Cu inter-
faces. In this case the role of Py and Co have been inter-
changed, and the MR which is initially high is decreased
by introduction of the Py layers, attaining a value compa-
rable to that of a Py/Cu/Py sandwich. Again the length
scale associated with the decay in MR is very short and
in this case was determined to (=2.8 A. A wide variety
of structures comprising many diA'erent combinations of
magnetic layers and magnetic interface layers were stud-
ied. In each case the saturation magnetoresistance found
was determined by the character of the magnetic/non-
magnetic interface which was established within a
characteristic length g of =1.5 to 3 A.

The possibility of alloy formation between the interface
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FIG. 3. Dependence of room temprature saturation magne-
toresistance on Co interface layer thickness in structures of the
form (a) Si/Py(75 —t;)/Co(t;)/Cu(25)/Co(t;)/Py(50 —t;)/Fe-
Mn(110)/Cu(10), (b) Si/Py(100 —t;)/Co(t;)/Cu(25)/Co(t;)/
Py(100 —t;)/FeMn(100)/Cu(10), and (c) Si/Py(91 —t;)/
Co(t;)/Au(24)/Co(t;)/Py(38 —t;)/FeMn(105)/Au(15). Note
layer thicknesses are in angstroms.
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layers inserted in the sandwiches and the magnetic layers,
F~ and F~~, was examined by introducing interface layers
comprised of Co~ — Fe and Co] —„Ni„alloys of various
compositions (x ranging from 0. 1 to 0.9). In these cases

( were similarly short but the increased or decreased
magnetoresistance values obtained were those corre-
sponding to the respective alloy material. All of the alloy
compositions studied gave lower MR values than the
Co/Cu interface. An important conclusion is that alloy
formation between the interface layers and F& or F«will
not substantially alter the value of g and cannot account
for the strong dependence of MR on interface layer thick-
ness. A variety of spacer layers distinct from Cu were
also studied. Figure 3(c) shows an example of a Py/Au/
Py/FeMn sandwich in which Co interface layers are in-
troduced. The dependence of MR on the Co interface
layer thickness, shown in Fig. 3(c), is similar to that for
analogous structures with Cu spacer layers, except that
the MR values are smaller. The resistance versus field
curves for these samples are similar to those shown in

Fig. 1.
If the magnetoresistance arises from bulk scattering

within the magnetic layers one would expect such scatter-
ing to be reduced as the temperature is decreased, giving
rise to increased values of g. The temperature depen-
dence of g was determined by measuring the dependence
of saturation magnetoresistance on Co interface layer
thickness for the same structures shown in Fig. 2(a) for a
number of temperatures. Data are shown in Fig. 4(a) at

FIG. 4. (a) Dependence of saturation magnetoresistance on

Co interface layer thickness for structures of the form Si/Py(53
—t;)/Co(t; )/Cu (32)/Co(t; )/Py(22 —t;)/FeM n (90)/Cu (10), at
temperatures of 4.2, 100, 200, and 300 K. (Note layer thick-
nesses are in angstroms. ) The curves through the data are fits of
the form hR/R =a+b[l —exp( —t;/()] The value. s of ( given

by such fits are plotted in (b) as a function of temperature. Er-
ror bars (~ 1 standard error) for g are also shown in the figure.

4.2, 100, 200, and 300 K. As can be seen from the figure
the data at each temperature can be Atted with the same
functional form, dR/R =a+b [1 —exp[ —t;/((T)]]. The
temperature dependence of g determined in this way is

plotted in Fig. 4(b). As the temperature is reduced the
magnitude of g(T) decreases monotonically with, at 4.2
K, a value of just =1.3 A, about half the room tempera-
ture value. This behavior is inconsistent with bulk
scattering models since in such models scattering lengths
will become larger at low temperatures, for examp1e, as
phonon and magnon scattering is reduced.

The origin of giant magnetoresistance (GMR) was

originally speculated [1], by analogy with bulk alloys
[14,15], to arise from spin-dependent scattering from
atoms of the spacer material dissolved in the magnetic
layers. A consequence of such a model is that increased
interface disorder is expected to increase the magnitude
of the MR. For the structures of interest here, annealing
at elevated temperatures, which causes increased dissolu-
tion of the F/S layers, results in decreased MR. Similar-
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ly, the deliberate simulation of interface disorder by in-
troducing thin (=0.5 to 12 A) nonmagnetic Cut-, Ni,
(x varying from 0. 11 to 0.32) alloy layers at the Py/Cu
interfaces in Py/Cu/Py EBS, results in decreased MR.
Such results suggest that increased interface disorder ac-
tually decreases the MR.

The detailed interpretation of g depends on the model
used to account for the MR. In bulk scattering models g
will be determined by the shorter of kt and k~. However,

g is much smaller than kl or Xl inferred from the trans-
port properties of bulk Co or Py or their alloys [10], indi-
cating such models are inappropriate. The very short
values of ( strongly suggest that ( is instead related to the
special electronic or structural nature of the interfaces.
Note that a lower limit on g is simply the thickness of
material required to form the new I/S interface (where I
represents the layer inserted between the F and S layers).
This will be determined, in part, by the growth mode of
the F/I/S layers but will be of the order of 1 to several
monolayers. Detailed analysis of film growth [16] shows
that, under plausible growth conditions, the proportion of
F covered by S will decrease exponentially with the quan-
tity of I deposited on F, consistent with the functional
dependence of MR on thickness of I shown in Figs. 2, 3,
and 4(a).

In summary we have demonstrated that the enhanced
magnetoresistance of ferromagnetic/nonmagnetic/ferro-
magnetic sandwiches can be substantially altered by in-
serting thin magnetic layers, comprised of a diA'erent

magnetic material, at the nonmagnetic layer interfaces.
The magnetoresistance depends exponentially on the in-
terface layer thickness, with an associated length, g, of
=2 to 3 A at room temperature and even shorter values
at lower temperatures. The magnitude of the magne-
toresistance depends on the nature of the magnetic and
nonmagnetic material at the interface, and is insensitive
to the magnetic material within the interior of the mag-
netic layers. These data suggest that the origin of giant
mangetoresistance arises from spin-dependent scattering
from magnetic states predominantly localized at the

magnetic/nonmagnetic interfaces.
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