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Magnetoresistance and Hall effect in epitaxial Co-Au superlattices
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Resistivity, magnetoresistance, and the Hall effect have been measured in two epitaxially or-
dered Co-Au superlattices at temperatures between 2 and 295 K. One sample is composed of 60
bilayers of Co(5 A)/Au(16 A) and has a magnetic easy axis perpendicular to the film plane,
while the other contains 30 bilayers of Co(30 A)/Au(16 A) and has an easy axis parallel to the
film plane. The magnetoresistance eA'ect of the first sample (-15%) is an order of magnitude
larger than in the second sample. In addition, the Co(5 A)/Au(16 A) sample exhibits a large
Hall voltage in zero applied magnetic field.

Ferromagnetic films based on ultrathin layers of 3d
transition metals have recently aroused a great deal of at-
tention due to their novel properties. Among these are the
existence of large perpendicular anisotropies, ' "giant"
magnetoresistance effects, and previously unobserved os-
cillations in the coupling of adjacent ferromagnetic lay-
ers. It has become evident that magnetotransport prop-
erties are quite sensitive to changes in the magnetic state
and are a valuable tool for studying these systems. To
date, however, there has been no direct comparison of
transport properties between superlattice structures of
similar composition but with out-of-plane versus in-plane
magnetic easy axes. In this paper we show that the mag-
netoresistance and Hall effect are dramatically different
for the two magnetic configurations.

Two samples were grown by molecular-beam epitaxy on
(110)GaAs with a 500-A epitaxial buffer layer of (110)
Ge. The first sample consists of 60 bilayers of Co(5
A)/Au(16 A), and the second contains 30 bilayers of
Co(30 A)/Au(16 A). Superconducting quantum in-
terference device (SQUID) magnetometer measure-
ments4 show that the first sample has an easy axis perpen-
dicular to the film plane, whereas the film plane is an easy
plane in the second sample. Measurements performed on
a series of Co-Au samples show that a perpendicular easy
axis occurs for Co layer thicknesses of less than 19 A.
Growth conditions and structural characterization (re-
fiection high-energy electron diffraction, x-ray scattering,
high-resolution transmission electron microscopy, and
selected area diffraction) of the samples have been de-
scribed elsewhere. '

For the transport measurements discussed here, uni-
form current channels were obtained by photolithographi-
cally etching the superlattice films into a standard bridge
pattern suitable for four-probe resistivity and Hall-effect
measurements. This etch process reproduces sample di-
mensions to within 1 pm. The current channel on the film
plane is I mm wide and parallel to the Au[220] and
Co[1120] axes. Wires were attached with indium and all
measurements were performed with a dc technique using
Keithley Model 181 nanovoltmeters.

The resistivity parallel to the plane of the Co(5
A)/Au(16 A) sample is 26.7 pQcm at 272 K, and 17.4

p Q cm at 1.7 K. The corresponding values for the Co(30
A)/Au(16 A) structure are 17.9 and 11.7 pQcm. The
data refer to the as-grown multilayers that have not been
exposed to a magnetic field. The absence of any nonme-
tallic behavior in the (low) temperature dependence of the
resistivity is consistent with high quality interfaces in the
structures. Nevertheless, the role the interfaces play in
limiting the mean free path is evident from the 50%
higher resistivity in the Co(5 A)/Au(16 A) structure rela-
tive to the Co(30 A)/Au(16 A) sample. For reference,
the bulk resistivity at room temperature of single-crystal
Au is 2.03 pQcm and it is 5.0 pQcm for single-crystal
hcp Co measured perpendicular to the c axis. 5

Magnetoresistance (MR) was measured in three dif-
ferent magnetic-field configurations: perpendicular MR
where H is applied normal to the film plane, longitudinal
MR where H is parallel to both the sample plane and the
current J, and transverse MR where H is parallel to the
sample plane but perpendicular to J. Prior to data collec-
tion the samples were subjected to a saturating field.

A typical perpendicular MR plot is shown in Fig. 1.
The effect of the anisotropy is seen in the large MR and
hysteresis of the Co(5 A)/Au(16 A) superlattice. There
are two interesting features in the MR of this sample.
The first is that as the applied field is decreased from 35
kOe the resistance curves diverge at about 20 kOe. This is
unexpected since magnetometer and Hall-effect measure-
ments show that the saturation field is -5.4 kOe. The
second feature is the maximum in the MR which occurs at
H 3.6 kOe at 4.2 K. This does not coincide with the
value of the coercivity field H, 1.7 kOe obtained from
SQUID magnetometer data. In contrast, previous mea-
surements of perpendicular MR in Au/Co/Au sand-
wiches have revealed a MR peak which lies within —15%
of H, [H, is defined as H(M=O) where M is the magneti-
zation]. We conclude that the MR peak does not neces-
sarily coincide with M 0 in multilayer structures. This
can be understood in terms of the different resistivities for
the two electron spin states. With respect to the direction
of M, the scattering rates for spin-up and spin-down elec-
trons are considerably different, and there is now strong
experimental ' and theoretical ' evidence that this
difference is an important mechanism for the electron
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FIG. l. Perpendicular magnetoresistance at 4.2 K. Inset
shows temperature dependence of the resistance peak for the
Co(5 A)/Au(16 A) sample.

(b)

tiansport in layered magnetic structures. The essential
conclusion from Refs. 2, 9, and 10 is that the resistance is
maximum when the number of boundaries between neigh-
boring magnetic layers with antiparallel moments is max-
imum. To illustrate how this pertains to our data, several
schematic cross sections are shown in Fig. 2. Figures 2(a)
and 2(b) both correspond to M 0, but 2(a) contains one
boundary between regions of opposite M and therefore
has a lower resistance than 2(b) which has three boun-
daries. Figure 2(c) shows an unequal number of up and
down layers (MWO), but it has a higher resistance than
2(a) since it contains two boundaries. Thus, the MR peak
will not necessarily coincide with H, .

The longitudinal and transverse MR (Fig. 3) are also
markedly different in the two samples. The Co(30
A)/Au(16 A) superlattice displays behavior typical of a
ferromagnet where a spin-orbit interaction" results in

different resistivities for M parallel or perpendicular to
the current J. The resistivities for these two cases are
denoted by pi and p&, respectively. In general, pi is
greater than p&, as is the case in the sample with Co(30
A) layers. We note also that the longitudinal and trans-
verse MR of this sample becomes nearly constant at the
saturation field H, . In contrast, the MR of the Co(5
A)/Au(16 A) sample is entirely different. The change in

resistance with increasing field is an order of magnitude
larger than in the Co(30 A)/Au(16 A) sample. More-
over, the resistivity decreases regardless of whether M is
perpendicular or parallel to J which indicates a dominant
mechanism other than the spin-orbit interaction of Ref.
11.

We now turn our attention to the Hall-effect data. The
Hall resistivity of a magnetic material is given by'

pH =— R~ (H+ 4aM g (1 —W~) ]+R,4@M~,
tVH

I
where R, and R, are the ordinary and spontaneous Hall
coefficients, VH is the Hall voltage, I is the sample

FIG. 2. Schematic cross section showing several possible
magnetic ordering configurations. All shaded areas represent
nonmagnetic spacer layers. The shaded areas with dashed lines

denote spacer layers between antiparallel magnetic layers. (a)
and (b) both have M 0 but (b) has more boundaries between

antiparallel layers and therefore has higher resistance. (c) has

M~O but has two antiparallel boundaries and a higher resis-
tance than (a).
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FIG. 3. Longitudinal and transverse (dashed line) magne-
toresistance of Co(5 A)/Au(16 A) and Co(30 A)/Au(16 A)
samples at 4.2 K.

current, H is the magnetic field applied perpendicular to
the film plane, M& is the component of magnetization
perpendicular to the film plane, N~ is the demagnetiza-
tion factor perpendicular to the film, and r is the thickness
of the structure. In contrast to cubic metals, the demag-
netization factors for few-monolayer hexagonal structures
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differ very little from their continuum values, ' therefore
we take N& 1 and

TABLE I. Temperature dependence of saturation field from
Hall-effect measurements.

pH R 0+R,4@M~.
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This means there will be a change in slope when M&
reaches saturation, and that a component of the magneti-
zation perpendicular to the film will produce a Hall volt-
age even when H 0.

The Hall resistivity versus applied field for three tem-
peratures is shown in Fig. 4. The large Hall voltage at
H 0 provides an immediate confirmation of the perpen-
dicular magnetization of the Co(5 A)/Au(16 A) sample.
The sharpness of the transitions when M~ saturates and
the linearity of the data above saturation indicate the
samples are firmly magnetized along the c axis and high-
field susceptibility corrections to Eq. (2) are not needed.
The saturation field H„asdetermined by the intersection
of the two linear parts of each plot, is strongly tempera-
ture dependent in the Co(5 A)/Au(16 A) sample and
nearly temperature independent for the other sample.
The values of H, from Hall-effect measurements are listed
in Table I and are in very good agreement with SQUID
magnetometer measurements.

The two known mechanisms responsible for the spon-
taneous Hall effect in magnetic materials are skew
scattering which is generally dominant below 100 K and

sidejump above 100 K.I'4 " The contribution from each
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8j
295

5370 (Oe)
3430
2660

9050
9000

-9000

F. —M~H+2xMg+ ECME
—EC)+2 2K, M~

tco Ms

(4)

mechanism can be determined by comparing R, with the
sample resistivity. The skew-scattering theory predicts
R, ~p, while for the side jump mechanism R, 1a: p . For
our two samples this is equivalent to determining

ln(R„/R„)
n 3

ln(p1/p2)

where n is the exponent of p and we use the value of p
after the samples have been magnetized perpendicular to
the film plane. To extract R, from the data of Fig. 4 we
need M& as a function of H. The magnetometer hys-
teresis loops show that M& increases linearly from H 0
to near saturation, therefore, we take M~ gH+c, where

g is read from the hysteresis loop and c is a constant. The
slope of the Hall resistivity below saturation is now given

by R, +R,4trg which can be solved for R, and then insert-
ed into Eq. (2). Using the total superlattice thickness'
for t in Eq. (1) yields n 0.83 and 1.39 at 4.2 and 81 K,
consistent with the predicted temperature dependence.
The value of n at 295 K was not determined.

Recent progress in the growth of multilayer structures
has reopened the issue of surface or interface contribu-
tions to magnetic anisotropy. It is not clear how the orig-
inal ideas'7 of surface anisotropy apply to these new ma-
terials. Therefore, it is of interest to estimate the surface
anisotropy using the saturation field from Hall-effect mea-
surements. The anisotropy energy density for a thin film
with the hexagonal axis and the applied field perpendicu-
lar to the film plane can be written'

i0.0

7.5

5.0

.g 8.5
~&

0.0
4E,

H, 4@M,+ (KME —K1)+
M, Mstco

The magnetoelastic energy density is

(5)

The first term is the interaction energy between the mag-
netization and the external field, the second term is the
demagnetization energy, KME and K1 are the magneto-
elastic and magnetocrystalline' anisotropy constants.
The last term is the surface anisotropy with the form and
sign convention of Neel. ' Minimization of the energy
density (8E/dM~ 0) at saturation gives
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0

FIG. 4. Hall resistivity
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The c's and X,'s are elastic and magnetostriction ' con-
stants, and e is the epitaxial strain within the film plane.
The Co strain in the Co(30 A)/Au(16 A) sample as mea-
sured by in-plane x-ray scattering was found to be
e 0.0042 at 295 K. [Due to limitations in x-ray intensity
the strain in the Co(5 A)/Au(16 A) sample is not
presented. ] This yields Ksta —2.74X10 ergs/cm, and
from Ref. 20 the room-temperature value of K ~ is
4.12x 10 ergs/cm . SQUID magnetometer measure-
ments indicate that M, in the Co(30 A.)/Au(16 A) sam-
ple is 1300 emu/cm, i.e., 90% of the bulk Co value. The
leading termszz of Kt, 1I,~, and A,a are proportional to M, ,
therefore, these parameters will be reduced to 0.9 81%
of their bulk values. Using the reduced parameters, Eq.
(5) yields K, 0.12 ergs/cm . Given the uncertainties in
the measurements of the terms in Eq. (5) this value is not
significantly different from zero. This is consistent with
the magnetometer measurements of Ref. 4, where we
show that the magnetoelastic term, rather than a large
surface anisotropy, is important in accounting for the
strong perpendicular anisotropy in our epitaxial Co-Au
superlattices.

In summary, we have shown that the magnetoresistance
and Hall effect of epitaxial Co-Au superlattices vary

dramatically depending on the orientation of the magnetic
easy axis. If the easy axis is perpendicular to the film
plane the magnetoresistive anisotropy typical of a fer-
romagnet is not observed, and the perpendicular magne-
toresistance is hysteretic. Moreover, the longitudinal,
transverse, and perpendicular magnetoresistance effects
are an order of magnitude larger when the easy axis is
perpendicular to the film plane than when it lies in the
plane. Hall-effect measurements allow accurate deter-
mination of the saturation fields for either orientation of
the easy axis, and the presence of a perpendicular magne-
tization is readily confirmed by a nonzero Hall voltage in
zero applied magnetic field.
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