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Abstract

The low-temperature transport properties of Ni/Co superlattices were systematically studied. While the resistivity,
anisotropic magnetoresistance and anomalous Hall coefficient oscillate as functions of Co and/or Ni layer thicknesses,
the ordinary Hall coefficient does not. These oscillations are interpreted as a true superlattice effect, since they disappear
when the number of bilayer periods is decreased. ( 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the discovery of the giant magnetoresis-
tance (GMR) effect in Fe/Cr multilayers [1], the
transport and magnetic properties of metallic
multilayers, especially those with one magnetic
component, have been the subject of many studies.
In these systems, the coupling between the mag-
netic layers oscillates between ferromagnetic (F)
and antiferromagnetic (AF) as a function of the
nonmagnetic layer thickness [2]. It was recently

shown that the coupling [3] and magnetoresistance
[4] also oscillate as functions of the magnetic layer
thickness in Fe/Cr and Co/Cu multilayers.

Although the exact mechanism responsible for
these phenomena is not completely understood, the
theoretical interpretations of the oscillatory coup-
ling and the GMR effect are somewhat related.
Both effects are thought to be due to the propaga-
tion of spin-polarized electrons across the nonmag-
netic layers, with the spin-up and spin-down
electrons having different reflection coefficients at
the interfaces [5]. When the coupling between the
magnetic layers is ferromagnetic, the spin-up elec-
trons are weakly scattered in comparison with the
spin-down electrons, which results in a low resistiv-
ity. In the AF configuration, electrons with different
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spins are equally scattered and the resistivity is
higher. Thus, GMR is observed when an external
magnetic field is applied such that the AF con-
figuration goes through a spin-flop transition,
converting the AF configuration into the F
configuration. The oscillatory behavior of the mag-
netic coupling produces oscillations in the mag-
netoresistance, being ‘giant’ when the coupling
between the magnetic layers is AF in the zero-field
configuration.

For this mechanism to be valid, the electrons’
mean free path (MFP) must be of the order of the
nonmagnetic layer thickness, in order for the elec-
trons to be significantly affected by the relative
orientation of adjacent magnetic layers. Within this
framework, however, GMR is not a superlattice
effect, in the sense that coupling or electronic trans-
port across several superlattice periods is not re-
quired. In fact, the saturation resistivity in magnetic
multilayers (or the zero-field resistivity in nonmag-
netic multilayers), generally increases smoothly
when decreasing the modulation wavelength, K, for
every system reported to date [6—18]. In most sys-
tems, and in certain thickness ranges, oJK~1,
which implies that the MFPs in individual layers
are limited by the layers’ thicknesses [10]. A simple
model consisting of electrically decoupled layers
easily explains this increase [13]. Within this
model, the electronic MFP is limited by the layer
thickness, since the interface electron scattering is
assumed to be entirely diffuse. Thus, the individual
layers are treated as independent parallel resistors,
with the resistivity of each single layer increasing as
the thickness is decreased according to the classic
Fuchs—Sondheimer theory [19] with p"0, where
p is the fraction of the electrons that is scattered
elastically at the interfaces. Recent calculations
show this (p"0) to be the case for most systems
[20].

Only a small number of true superlattice effects
have been experimentally observed in metals. These
include the appearance of superlattice Bragg peaks
in X-ray diffraction [21], the collective behavior of
magnons in magnetic/nonmagnetic superlattices
[22] and the opening of superlattice gaps in the
electronic band structure [23]. It was recently re-
ported that in Ni/Co superlattices the resistivity
displays an oscillatory behavior with the Ni and/or

Co layer thicknesses [24]. This was shown to be
a true superlattice effect, since the oscillations dis-
appear when the number of bilayers is decreased.
This constitutes the first experimental observation
where the resistivity does not increase monotoni-
cally as the layer thickness is decreased [6—18].

In this paper, we report on a detailed study of the
magnetotransport properties of Ni/Co superlatti-
ces, including Hall effect measurements. We show
that, besides the resistivity, the anisotropic mag-
netoresistance and the extraordinary Hall coeffi-
cient have similar oscillatory behaviors. On the
other hand, the ordinary Hall coefficient behaves as
a weighted average of the bulk Ni and Co Hall
coefficients. This means that the oscillations are not
due to periodic variations in the total number of
electrons enclosed by the Fermi surfaces, but to
periodic variations in the density of states at the
Fermi level and/or changes in the scattering matrix
elements due to the superlattice structure.

2. Experimental and structural characterization

Ni/Co superlattices (denoted here as
(Ni

dN*
Co

dC0
)
N
, where dNi and dCo are the thick-

nesses in A_ of the Ni and Co layers, respectively,
and N is the total number of periods), were grown
on sapphire substrates (Al

2
O

3
(1 1 21 0)) by molecu-

lar beam epitaxy (MBE). The base pressure in the
growth chamber was in the low 10~10 Torr range,
and did not exceed 5]10~9 Torr during growth.
Ni and Co were deposited using two independent
electron guns with computer-controlled pneumatic
shutters. The thickness of the deposited material
was monitored by two calibrated electron impact
emission spectroscopy sensors. The evaporation
rates were fixed at &0.1 A_ /s for Ni and &0.05 A_ /s
for Co. A &50 A_ Co buffer layer was deposited at
350°C on the sapphire substrate. The Ni/Co multi-
layers, approximately 1000 A_ thick, were grown at
150°C on these buffer layers.

The multilayers structure was characterized in
situ using high- and low-energy electron diffraction
(RHEED and LEED) and Auger electron spectro-
scopy (AES), and ex situ with X-ray diffraction,
using Cu K

a
radiation (k+1.5418 A_ ) from a 12 kW

rotating anode X-ray diffractometer. A detailed
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Fig. 1. (a) Resistivity as a function of the intensity of the mag-
netic field when applied parallel (o

,
) and perpendicular (o

M
) to

the current. (b) Saturation resistivity as a function of the angle
between the current and the applied magnetic field for a
(Ni

42
Co

58
)
10

superlattice. The solid line is a least-squares fit to
Eq. (1).

report about the structural characterization can be
found elsewhere [25]. Here we reproduce only the
most relevant results.

Ni/Co multilayers grow epitaxially on sapphire,
both Ni and Co in the FCC structure for all the
layer thicknesses here reported, with NiCo(1 1 1)E
Al

2
O

3
(1 1 21 0), and with a crystalline coherence

length of &700—800 A_ , i.e., almost equal to the
whole superlattice thickness. The artificial periodic-
ity was confirmed by AES and X-ray diffraction.
Even for the thinner layers here reported, both
high- and low-angle superlattice peaks were clearly
visible. Also, from AES it was concluded that the
Ni/Co interface is very sharp, the thickness of the
interdiffused region having an upper limit of &2—3
monolayers (MLs). The multilayers are lattice
matched in the plane of the film, i.e., both Ni and
Co share the same in-plane lattice parameter. There
are four different types of in-plain domains, each
with a definite epitaxial relationship with the sap-
phire substrate. The in-plane domain size ranges
between 100 and 200 A_ . In summary, the Ni/Co
multilayers reported here are quasi-single-crystal-
line, i.e., crystalline in the growth direction, but
with twinned domains in the plane of the film [25].

The transport properties were measured using
standard AC techniques on photolithographically
patterned samples with a conventional four-lead
geometry. Magnetoresistance and Hall effect were
measured at room and low temperature (¹"

4.2 K), with the current flowing in the plane of the
film. In the first case, the resistivity was measured as
a function of the applied magnetic field (up to 5 T),
with the field both parallel and perpendicular to the
current, but always in the plane of the superlattice.
The Hall effect, as usual, was measured with the
magnetic field perpendicular both to the current
and the sample surface.

3. Resistivity measurements

In order to clarify the notation, Fig. 1a shows
typical resistivity measurements as functions of the
applied magnetic field (with the field both parallel
and perpendicular to the current). Although the
magnetoresistance can be as large as &15% for
some of the grown samples, this is not the so-called

GMR effect. As previously reported [26], the paral-
lel magnetoresistance in Ni/Co superlattices is posi-
tive, i.e., the resistivity increases with the magnetic
field, while the perpendicular magnetoresistance is
negative. This is the so-called anisotropic mag-
netoresistance (AMR), common to almost all fer-
romagnetic materials [27]. In this sense, Ni/Co
superlattices behave like ordinary ferromagnetic
materials. In contrast, the GMR effect is always
negative, regardless of the electrical current config-
uration, the resistivity being large in the AF config-
uration (zero field) and small when the sample is
magnetically saturated (high field). In Ni/Co super-
lattices, the short-range exchange interaction dom-
inates and no GMR is observed.

This can be proved by measuring the saturation
resistivity, o(h), as a function of the angle between
the magnetic field and the current direction
(Fig. 1b). For single-domain films where the mag-
netization M makes an angle h with the current I,
the AMR effect is usually described by [27]

o(h)"o
M
#*o cos2 h (1)

where o
M

is the resistivity when the magnetic field is
applied perpendicular to the current, extrapolated
to zero field, and *o"o

,
!o

M
is the anisotropic

magnetoresistivity, with o
,

being the resistivity
when the magnetic field is parallel to the current,
also extrapolated to zero field. (In our case, since
the resistivity in both configurations saturates for
moderate magnetic fields, o

,
and o

M
can be set

equal to the respective saturation resistivities with
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Fig. 2. Resistivity, o
0
, magnetoresistivity, *o, extraordinary

Hall coefficient, R
S
, and ordinary Hall coefficient, R

0
, for a series

of Ni/Co superlattices with dCo/dNi"3
2

as a function of K. The
solid lines are guides to the eye. The dashed line in (d) is
a calculation using Eq. (4).

Fig. 3. Resistivity, o
0
, magnetoresistivity, *o, extraordinary

Hall coefficient, R
S
, and ordinary Hall coefficient, R

0
, for a series

of Ni/Co superlattices with dNi"42 A_ as a function of dCo
[24]. The solid lines are guides to the eye. The dashed line in (d)
is a calculation using Eq. (4).

negligible error.) The solid line is a least-squares fit
of the experimental data to Eq. (1). The good qual-
ity of the fit shows that, in this system, any change
in resistivity with magnetic field is entirely due to
the AMR effect.

The resistivity of the zero-field state in magnetic
materials depends on the exact domain configura-
tion. So it is history dependent and not a well-
defined quantity. For bulk materials, an average
resistivity is usually defined as o

0
"(o

,
#2o

M
)/3.

For thin films, where the magnetization usually lies
in the plane of the film (as is the case for these
superlattices), the expression o

0
"(o

,
#o

M
)/2

seems more appropriate, since only one direction of
the magnetization perpendicular to the current is
allowed. However, the use of either definition does
not alter the results of this paper, since the changes
in resistivity described below are in all cases much
greater than *o. The anisotropic magnetoresistiv-
ity ratio is defined as *o/o

0
.

Although the changes in resistivity with applied
field below saturation, *o

,
and *o

M
, depend on the

detailed magnetic domains configuration and mag-
netization processes in the superlattice, this is not
true for *o since it is calculated from resistivities of
two configurations where the sample is magneti-
cally saturated.

Fig. 2a and Fig. 2b show o
0

and *o, as functions
of K, for a series of Ni/Co superlattices with com-
position (Ni

0.4KCo
0.6K)N

, i.e., with the same relative
concentration of Ni and Co (dNi/dCo"2

3
), but

different modulation wavelengths. It is clear from
the results that both o

0
and *o are not mono-

tonous functions of K, but display a series of maxi-
ma and minima, whose positions is approximately
the same for both quantities. The period of these
oscillations, for the first two maxima, is &20 A_ . As
stated above, this oscillatory behavior is different
from that found in other metallic multilayers, where
the resistivity always increases smoothly when
K decreases [6—18].

Figs. 3 and 4 (panels (a) and (b)) show o
0

and *o
for two other series of samples as functions of the
Co and Ni layer thicknesses. In the first series
(Fig. 3), the Ni layer thickness was kept constant at
dNi"42 A_ while dCo was varied between 5 and
130 A_ . For the second series (Fig. 4), dCo"18 A_ ,
while dNi was swept between 4 and 45 A_ . Also in

these cases both quantities oscillate as functions of
the Co and Ni layer thicknesses, with approxim-
ately the same period (&20 A_ ). On the other hand,
a series of samples with dCo"6 A_ (Fig. 5) only
shows a sharp maximum when dNi+10 A_ , with
a small feature around dNi+32 A_ perhaps present.

In every case, the amplitude of the oscillations
(almost 100%) is well outside the measurement
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Fig. 4. Resistivity, o
0
, magnetoresistivity, *o, extraordinary

Hall coefficient, R
S
, and ordinary Hall coefficient, R

0
, for a series

of Ni/Co superlattices with dCo"18 A_ as a function of dNi
[24]. The solid lines are guides to the eye. The dashed line in (d)
is a calculation using Eq. (4).

Fig. 5. Resistivity, o
0
, magnetoresistivity, *o, extraordinary

Hall coefficient, R
S
, and ordinary Hall coefficient, R

0
, for a series

of Ni/Co superlattices with dCo"6 A_ as a function of dNi. The
solid lines are guides to the eye. The dashed line in (d) is
a calculation using Eq. (4).

Fig. 6. Resistivity of two selected samples of the series with
dCo/dNi"3

2
as a function of the total thickness d.

error, mainly due to thickness calibration uncer-
tainty which is estimated to be &10%. Note that
when two nominally identical samples were grown
in two separate experimental runs, the values of
o
0

and *o were reproduced to within 10%. The
structure of the superlattices was thoroughly char-
acterized [25], and no correlation was found be-
tween any structural parameter and the variations

in the resistivity. Thus, these oscillations cannot be
assigned to any kind of structural or disorder par-
ameter variation with the layer thicknesses, and so
must be of electronic origin.

The fact that the oscillatory behavior is a true
superlattice effect was proven in Ref. [24], where it
was clearly shown that the oscillations disappear as
the number of bilayers in the superlattice decreases.
Additional proof can be found in Fig. 6, which
shows the resistivity, as a function of the total
thickness d, varying N, of two other series of sam-
ples (one at the first maximum and the other at the
first minimum in Fig. 2a). For large d (N&30), the
resistivity of the series with j"25 A_ is greater than
the resistivity of the series with j"35 A_ , but when
d (or N) decreases, the difference decreases, and
when d+300 A_ , they tend to converge to the same
value, which seems to demonstrate that at least
&8—10 periods are required to see the oscillatory
effect.

A simple inspection of panels (a) and (c) of
Figs. 2—5 indicates that o

0
and *o are closely re-

lated, although a simple linear relation is not
enough to describe the experimental data, since
*o/o

0
depends on the Ni and Co individual layer

thickenes and of the number of periods of the
superlattice. It is clear from Fig. 7, however, that
the AMR effect in Ni/Co superlattices is different
from the one observed in the corresponding alloys.
The solid line in this figure represents data mea-
sured at 20 K in bulk NiCo alloys [28]. Although
*o/o

0
shows a slight trend to decrease while in-

creasing the Co content, when the Co percentage is
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Fig. 7. Relationship between *o/o
0

and the relative Co concen-
tration for all the samples. (£) represents the data from Fig. 2,
(L) the data from Fig. 3, (n) represents the data from Fig. 4, and
(e) represents the data from Fig. 5. The solid line represents the
data measured in bulk Ni/Co alloys.

Fig. 8. Hall resistivity, o
xy

, as a function of the magnetic field
H for a (Ni

13
Co

18
)
29

superlattice.

below 50%, *o/o
0

for the superlattices falls well
below the data for bulk alloys, and does not clearly
show the maximum at 20—30% Co present in these.

4. Hall effect measurements

To gain further insight into this new phenom-
enon, Hall effect measurements were carried out on
the same set of samples. A typical Hall resistivity
(o

xy
) measurement as a function of the external

magnetic field H, is shown in Fig. 8 for a
(Ni

32
/Co

18
)
20

superlattice. As in ordinary fer-
romagnets, o

xy
has two contributions. One is the

ordinary Hall effect due to the Lorentz force of the
magnetic field on the conduction electrons, which is
proportional to H, and is clearly present in o

xy
as

a linear contribution above saturation. The extra-
polation to zero field of this line, however, does not
go through the origin. This is due to the second
contribution, the extraordinary Hall effect, present
in all ferromagnetic materials [29]. A least-squares
fit of the linear part, to the relation

o
H
"R

0
H#4pR

S
M

S
, (2)

where M
S
is the saturation magnetization, gives the

ordinary (R
0
) and extraordinary (R

S
) Hall coeffi-

cients. M
S
was measured with a SQUID magneto-

meter at 10 K and, within the experimental error,

the measured values were consistent with the bulk
values for Ni and Co.

The bottom panels in Figs. 2—5 show the results
for R

0
and R

S
for the four different series. Clearly,

R
S
exhibits the same oscillatory behavior as o

0
and

*o, with the same positions for the maxima and
minima. (It has been recently reported that the
extraordinary Hall effect also oscillates as a func-
tion of the Cu layer thickness in Co

90
Fe

10
/Cu

multilayers [30].) In contrast, R
0

behaves different-
ly. The general trend of R

0
in the different series

can be described by a weighted contribution of
the interfaces and the Co and Ni layers with the
equation

R
0

"

(dNi!dint)R
N*
#(dCo!dint)R

C0
#2dintR

N*C0
dNi#dCo

,

(3)

where R
N*

and R
C0

are the ordinary Hall coeffi-
cients for the Ni and Co layers, respectively, R

N*C0
is

the Hall coefficient of a Ni/Co alloy dint thick
formed at the interfaces. The fitting procedure
yields R

N*
"!0.8]10~10 m3/C, R

C0
"!1.5]

10~10 m3/C, R
N*C0

"!2.2]10~10 m3/C and
dint"3 A_ , and the results are indicated in
Figs. 2—5 with a dashed line. The values for R

N*
and

R
C0

are very close to the values measured in bulk Ni
and Co [31], while R

N*C0
is similar to the value

measured in Ni
0.5

Co
0.5

alloys [31]. The value
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Fig. 9. The extraordinary Hall effect R
S

versus o
0

for all the
grown samples. Symbols as in Fig. 7. The solid line is the result
of a least-squares fit to the data.

obtained for the thickness of this interface
(2dint+6 A_ ), agrees with the results of the AES
measurements taken during growth, which gave an
upper limit of 4—6 A_ for this thickness [25]. Thus,
as Eq. (3) implies, the ordinary Hall coefficient of
these Ni/Co superlattices looks just like a weighted
average of the Hall coefficients of the Ni and Co
layers and the NiCo alloy present at the interface.

On the other hand, as Fig. 9 shows, the R
S

measurements correlate with o, which is the quanti-
ty that oscillates. From this figure, however, it is
impossible to determine whether the dominant
mechanism is the skew (Jo

0
) or side-jump (Jo2

0
)

scattering [32]. However, the fact that for some
samples the R

S
changes sign, is an indication that

the dependence on o
0

is related to changes in the
band structure of the sample with different Co and
Ni periodicities. This is because both mechanisms
depend on the spin—orbit coupling parameter,
whose sign and magnitude depends on the position
of the Fermi level with respect to the center of the
d-electron band (see below) [32].

5. Discussion

The transport properties in transition metals and
alloys can be described using Mott’s two-current

model [33]. Within this model, current is carried
mostly by the 4s electrons. On the other hand,
because the density of states at the Fermi level of
the d electrons, D

$
(E

F
), is large, the s—d interband

transitions determine the resistivity in the para-
magnetic state. Assuming that the spin direction
does not change during these transitions, the cur-
rent can be divided into two independent parts, one
composed of the sC electrons (with resistivity o


),

and the other of the sB electrons (with resistivity o
¬
).

Below the Curie temperature, and in the absence of
spin—orbit coupling, the dC states are almost com-
pletely occupied. So the sC electrons can scatter
only to other sC states. Hence, their resistivity is
much smaller than for the sB electrons given the
presence of empty dB states. Therefore, at low tem-
peratures, the resistivity is determined mainly by
the sC—sC transitions, implying that o

¬
'o


. In

summary

o
0
"

o

o
¬

o

#o

¬

, (4)

where, within the first Born approximation, and
assuming o

44¬
@o

4$¬
[34]

o
¬
"o

44¬
#o

4$¬
+o

4$¬

"

2p

+
DSt4

k
D*»Dt$¬

k{n{
TD2D$

¬
(E

F
)

m
4

n
4
e2

, (5)

o

"o

44
#o

4$

"

2p
+ A(1!cos h)DSt4

k
D*»Dt4

k{
TD2D4


(E

F
)

#DSt4
k
D*»Dt$

k{n{
TD2D$


(E

F
)B

m
4

n
4
e2

. (6)

D$

, D$


and D4


are the 3d and 4s densities of states

for spin-up and spin-down bands, *» is the scatter-
ing potential, t4

k
, t$

kn
and t$¬

kn
are Bloch waves for

the s band and the spin-up and spin-down d bands,
m

4
is the 4s electron effective mass, n

4
is the 4s

electron density, and h is the angle between k and k@.
The horizontal bar indicates an average over the
Fermi surface and over n@.

Variations in o
0

may result from changes in the
matrix elements, D$

¬
(E

F
), D$


(E

F
), D4


(E

F
), or n

4
. As

a first approach, we assume the matrix elements to
be constant, as is often done for alloys (see below).
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Fig. 10. Calculated band structures for FCC Co [36] and
Ni [35].

Since the oscillations in o
0

are not accompanied by
oscillations in the ordinary Hall effect, changes in
n
4
cannot be responsible for the oscillatory behav-

ior. Rather, the oscillations must originate from
periodic changes in the density of states at the
Fermi level due to the superlattice structure. Be-
cause the dC states are occupied at low temper-
atures (i.e., D$


(E

F
)&0), the oscillations must result

from periodic variations in D$
¬
(E

F
) or D4


(E

F
).

It is reasonable to assume that the most impor-
tant band structure modifications due to the super-
lattice structure will take place along the growth
direction, which for these Ni/Co superlattices is the
FCC [1 1 1] direction. The band structure for Ni
[35] and FCC Co [36] in the [1 1 1] direction are
displayed in Fig. 10. In Ni, the K

3¬
band (the top

band in Fig. 10), which has a pronounced d charac-
ter, is the only one that crosses the Fermi level (just
at the edge of the zone) in this direction. In contrast,
the Co band is displaced &1 eV to higher energies,
even though the dispersion is otherwise similar, and
is always above the Fermi level. Assuming that the
band structure of the superlattice is, to a first ap-
proximation, very similar to a weighted average of
the band structures of its constituents [37], it seems
very reasonable to assume that the K

3¬
band of the

superlattice will also cross (and will be the only one)
the Fermi level in the [1 1 1] direction. As a conse-
quence, we tentatively conclude that the oscillatory
behavior of the resistivity must be due to periodic
variations in D$

¬
(E

F
).

The AMR effect has been thoroughly studied in
3d metals and alloys [27,38—40]. The most widely
accepted explanation is based on Smit’s original
work [38]. Above, we assumed that at low temper-
atures the dC states are almost completely occu-
pied. This is strictly true only in the absence of
spin—orbit coupling. When this coupling is taken
into account, there is some mixing of C and B states.
In particular, even at ¹"0, there will be some
unoccupied dC states at the Fermi surface, which
result in scattering of sC electrons into dC states.
However, this mixing is not isotropic, because the
magnetization direction provides an axis for the
spin—orbit perturbation. It can be shown [38] that
there will be a deficiency of hole—orbits perpendicu-
lar to the magnetization. The s electrons, when
moving along the magnetization direction, are

more easily trapped than in the transverse direc-
tion, and since the resistance is mainly determined
by the scattering of the electrons moving in the
direction of the current, o

,
'o

M
. Then, periodic

variations in the density of states at the Fermi level
of the dB states produce periodic variations in the
amount of mixing. In this way, *oJo

0
, because

the oscillations of *o and o
0

originate from the
same mechanism, namely, periodic variations in
D$

¬
(E

F
).

Similar considerations can explain the oscilla-
tions in the extraordinary Hall coefficient, R

S
. Al-

though the theoretical treatment is much more
complicated [29,32,40,41], the extraordinary Hall
effect is thought to result from the asymmetric
scattering of conduction electrons. Although there
are several mechanisms that could give rise to this
scattering [29], all of them are proportional to
a spin—orbit coupling. Neglecting the exact nature
of the scattering mechanism, the magnitude of the
effect will depend on the number of scattering pro-
cesses, which is proportional to the density of states
at the Fermi level. In fact, according to most the-
ories [32,42], the properties of the 3d states lying at
the Fermi level determine the value of R

S
. Thus, it is

natural that o
0

and R
S

should be correlated.
The problem is, therefore, identifying the mecha-

nism responsible for the periodic variations in the
density of states at the Fermi level as the layer
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thicknesses are changed. In this sense, it is impor-
tant to point out the low values of the measured
resistivities, which are only slightly higher than the
corresponding values in bulk Ni/Co alloys, and, to
our knowledge, are the lowest values ever reported
for any type of metallic superlattice with similar
layers thicknesses (they are, e.g., between 3 and
4 times lower than the resistivities measured in
Co/Cu multilayers [16], which is somewhat sur-
prising, since the resistivity of Cu is&4 times lower
than the resistivity of Ni). This seems to be an
indication of a longer electron MFP in the Ni/Co
superlattices, probably due to a larger structural
coherence length. The MFP calculated using the
Sommerfeld approximation [43] ranges between
100 and 200 A_ , which is larger than the multilayer
modulation wavelength, indicating that the inter-
face scattering is weak. (In fact, the MFP seems to
be limited by the in-plane grain size, which ranges
between 100 and 200 A_ [25].) Since the vertical
structural coherence length is &700—800 A_ , ex-
tended electronic states may exist throughout the
entire superlattice thickness. These new Bloch states
will be sensitive to the superlattice periodicity, thus
modifying the electronic band structure.

The new band structure of the superlattice may
give rise to periodic variations in the density of
states at the Fermi level in different ways. One
mechanism is the crossing of quantum wells states
with the Fermi level as the layer thickness changes
[44]. Since there is an energy window of&0.6 eV
where the (1 1 1) projections of the K

3¬
bands of Ni

and Co do not overlap (Fig. 10), quantum well
states in the Co layers could be expected. When the
thickness of the Co layers increases, these states
move up in energy, periodically crossing the Fermi
level and producing oscillations in D(E

F
). However,

this is not a superlattice effect, since quantum wells
can exist in single layers, and therefore cannot
explain the disappearance of the oscillations when
the number of periods is reduced (Fig. 6). Two
other closely related explanations have been re-
cently proposed. The first one [45] relies on the
existence of localized states, created by disorder at
the Ni/Co interfaces, that periodically cross the
Fermi level as the layers thicknesses change. The
second one [46] proposes that the resistivity oscil-
lations are due to the resonant scattering of the

majority spin-up s-electrons against the mainly d-
character quantum well states induced in the Ni
layers.

A true superlattice effect results from the opening
of mini-gaps at the band edges [37]. When the
modulation wavelength K is such that the Fermi
level crosses an electronic band just at the edge of
the superlattice Brillouin zone, where an energy gap
exists, the density of states at the Fermi level de-
creases. This decrease will be almost periodic, since
doubling K will again cause the electronic band to
cross the Fermi level at the edge of the new superla-
ttice Brillouin zone. The difficulty with this ex-
planation is that the superlattice periodicity exists
only along the growth direction, while the trans-
port measurements reported here were performed
with the current in the plane of the film.

A more plausible explanation is probably a com-
bination of these models. Recent realistic band
structure calculations for Co/Cu(1 0 0) superlatti-
ces [47] have proven the existence of flat bands,
almost dispersionless in an extended k-space re-
gion, in the in-plane direction, as a consequence of
an enhancement of the effective mass of the super-
lattice states. The energies of these bands change
depending on the layer thicknesses, and period-
ically cross the Fermi level. Actually, the spatially
averaged total DOS at the Fermi level oscillates as
a function of the Co layer thickness [47]. The only
requirement for the development of a flat band at
the superlattice Fermi surface is the existence of
a narrow band close to E

F
in the superlattice con-

stituents, a requirement which is fullfilled for both
Co and Ni (Fig. 10). Although the amplitude of
these oscillations in Co/Cu (&10%) seems rather
small, the results are not directly comparable with
the experimental results presented here. Besides,
the role of the different states (of s—p or d character)
in the transport properties needs to be taken into
account.

Regardless of the exact mechanism, the oscilla-
tory behavior in the transport properties in Ni/Co
superlattices seems to be due to periodic variation
in the density of states at the Fermi level of the dB
electrons when the layer thicknesses changes. This
may give raise to resistivity changes either directly
or through resonant s—d scattering. Detailed and
realistic band structure calculations for Ni/Co
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(1 1 1) superlattices may be useful in determining
the correct explanation.

6. Conclusions

In summary, oscillations in the transport proper-
ties (resistivity, anisotropic magnetoresistivity and
extraordinary Hall coefficient) as functions of the
layer thicknesses were observed in Ni/Co multi-
layers. This oscillatory behavior was shown to be
a superlattice effect, since the oscillations disappear
when the number of periods in the superlattice is
decreased. Since the ordinary Hall coefficient does
not oscillate, the oscillatory behavior is produced
by periodic changes in the density of states at the
Fermi level due to the superlattice structure.

The discovery of superlattice effects in metallic
multilayers has important consequences for trans-
port theories of layered systems, which are current-
ly based primarily on the Boltzmann equation and
almost totally disregard the detailed band structure
of the superlattice [48]. A complete explanation of
the phenomena described in this paper must rely on
calculations which take into account the super-
lattice periodicity.
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[36] J.L. Pérez-Dı́az, M.C. Mun8 oz, Phys. Rev. B 50 (1994) 8824.
[37] T.C. Chiang, T. Miller, W.E. McMahon, Phys. Rev. B 50

(1994) 11102. This is probably a good approximation for
s—p bands. However, its validity is not clear for a complic-
ated narrow band.

[38] J. Smit, Physica 16 (1951) 612.
[39] I.A. Campbell, A. Fert, O. Jaoul, J. Phys. C 3 (1970) S95.
[40] I.A. Campbell, A. Fert, in: E.P. Wohlfarth (Ed.), Ferromag-

netic Materials, vol. 3, ch. 9, North-Holland, Amsterdam,
1982.

[41] J. Smit, Physica 24 (1958) 39.

[42] L. Berger, Physica 30 (1964) 1141.
[43] N.W. Ashcroft, N.D. Mermin, Solid State Physics, Saun-

ders College, Philadelphia, 1976, p. 52.
[44] J.E. Ortega, F.J. Himpsel, Phys. Rev. Lett. 69 (1992) 844.
[45] S. Kim, D. Lederman, J.M. Gallego, I.K. Schuller, Phys.

Rev. B 54 (1996) R5291.
[46] M. Kiwi, A.M. Llois, R. Ramı́rez, M. Weissmann, unpub-

lished.
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