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Magnetoresistance ratios several orders of magnitude higher than those of conventional multilayers
may be obtained with much smaller saturation fields in magnetic layers separated by a periodically
modulated structure. Conditions for the occurrence of such effect, as well as the possible use of
these systems as spin-filter devices and magnetic logical gates, are discussed. ©1999 American
Institute of Physics.@S0003-6951~99!03941-8#
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The so-called giant magnetoresistance~GMR! effect was
first observed in metallic structures of alternate layers of
romagnetic and nonmagnetic materials.1 It consists of a strik-
ing drop in the electric resistance of the system when
externally applied magnetic field changes the relative ori
tation of the magnetizations of the magnetic layers from
tiparallel to parallel. The effect was also observed in granu
materials consisting of clusters of a ferromagnetic metal e
bedded in a metallic matrix.2 In this case the reduction in
resistance occurs when the cluster magnetizations are ali
by a magnetic field. The GMR effect is of great interest
magnetics-based technology because of its possible us
the production of devices such as ultrasensitive magn
field sensors and read heads. For this purpose, one n
high magnetoresistance ratios and relatively low satura
magnetic fields.

In multilayer systems, the GMR effect is observed a
response to currents flowing either in the planes or perp
dicularly to the planes~CPP! of the layers. It is intimately
related to spin-dependent scattering which occurs both a
interfaces and within the bulk of the layers. The effect
usually larger in the CPP geometry, where the current pro
all layers as it crosses the system. In addition, if sam
dimensions are much smaller than the carrier mean free p
interface scattering dominates and transport in the CPP
ometry occurs in the so-called ballistic regime. In the disc
sion of magnetoresistance~MR! it is convenient to take the
spin quantization axis along that of the layer magnetizati
in both ferromagnetic~FM! and antiferromagnetic~AF! con-
figurations of the system. Then, the electric current splits i
up- and down-spin components which, in the absence of
mixing, should be added in parallel. Because of the excha
splitting in the FM layers, the potentials seen by up- a
down-spin electrons as they move across the structure
different, leading to different valuesG↑ andG↓ of the electric
conductances.G↑ and G↓, as well as the total conductanc
G5G↑1G↓, depend on the magnetic configuration of t
system, and the MR ratio is usually defined as (GFM

2GAF)/GAF .
In conventional structures, in which the nonmagne

spacer layer consists of a single metal, the MR ratio m
reach values up to 220%3 at low temperatures. In the CP
geometry and in the ballistic regime, this ratio is basica
2300003-6951/99/75(15)/2307/3/$15.00
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controlled by the difference between the potentials probed
the carriers in the magnetic layers and in the spacer. Here
establish conditions under which MR ratios several orders
magnitude larger than those of ordinary multilayers can
achieved in structures with periodically modulated space
As discussed below, such systems may exhibit highly an
tropic electric behavior, and undergo a metal–insulator tr
sition in the modulation direction driven by an externa
applied magnetic field. The insulator behavior results fro
quantum reflections and interference effects within the str
ture, and gives rise to a phenomenal magnetoresista
~PMR! effect, which can be larger than the so-called colos
magnetoresistance~CMR!4 and comparable to the enhance
GMR due to layer thickness fluctuations.5 In addition, the
saturating magnetic field necessary to realize the PMR
these structures can be very weak. The combination of P
and low saturation fields makes these systems ideal ca
dates for magnetic reading devices. Moreover, we show
in the FM configuration these systems behave as spin filt
which are important for technological applications. The
markable occurrence of a magnetic-field-driven meta
insulator transition in these structures opens up the poss
ity of using them to produce magnetic logical gates, wh
are also of technological interest.

As an illustration of the behavior described above,
consider a simple system in which the magnetic and n
magnetic materials are described by free-electron mod
We examine two layers of a magnetic material separated
a periodically modulated spacer having a superlattice st
ture withn repeats of a double layer, labeledA andB. Thus,
the spacer thickness isL5n(a1b), wherea and b are the
thicknesses of theA andB layers. We assume CPP geomet
and that transport occurs in the ballistic regime. The car
motion then separates into components parallel and per
dicular to the layers, with energiesEi andE' , respectively.
In the parallel direction, the carriers move freely andEi

5\2ki
2/2m, where ki is the modulus of the parallel wav

vector. In the perpendicular direction they experience
Kronig–Penney-like potential equal toVA andVB , in the A
andB layers, respectively, and eitherV↑ or V↓ , in the ferro-
magnetic layers. We emphasize that the potential profi
seen by carriers with different spin orientations depend
the magnetic configuration of the system.
7 © 1999 American Institute of Physics
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Within the Landauer–Bu¨ttiker formalism, the zero-
temperature conductance is given by

GFM~AF!
s 5~e2/h!(

ki

TFM~AF!
s ~ki ,EF!,

whereTFM~AF!
s (ki ,EF) is the transmission coefficient in th

FM ~AF! configuration for carriers with spins, andEF is the
Fermi energy. We remark that the contribution to the integ
from eachki corresponds to the solution of an effective on
dimensional problem. In the present case, sin
TFM~AF!

s (ki ,EF)5TFM~AF!
s @EF2Ei(ki)#, the sum overki in

the expression for each conductance can be replaced b
integral overE'5EF2Ei up to EF . We notice that trans-
mission coefficients across superlattices observed as f
tions of the incident particle energy show gaps which res
from quantum interferences within the superlattice structu6

The number, widths, and energy positions of such gaps v
with the superlattice unit cell composition and thicknesses
its constituent layers. The presence of ferromagnets s
wiching a finite nonmagnetic superlattice imposes sp
dependent boundary conditions which affect the transmis
coefficients across the structure. We show that it is poss
to take advantage of the gaps due to the superlattice stru
and of the ferromagnets to prevent carriers in one spin s
from being transmitted across the system. To illustrate
point we look at the transmission coefficients for a particu
example. Figures 1~a! and 1~b! showTFM

↑ (TFM
↓ ) as functions

of E' for n530, V↑50.14,V↓50.2, VA50, VB50.12, and
a5b54. Here energies and lengths are measured in ato
units. The corresponding potential profiles are schematic
represented in the insets. The most interesting feature o
curves for the transmission coefficients is the presence
transmission gap for energies above the wells/barriers in
two cases. We point out that ifVB is set equal toVA , as in
the case of a homogeneous spacer, the gap disappear
the textbook transmission curves of quantum wells are
tained. In the curve forTFM

↑ the gap is preceded by a tran
mission band, which is suppressed in the case of down-
carriers due to the potential height in the ferromagnetic l
ers. As demonstrated below, such suppression plays an
portant role in the PMR effect. We remark that in the A

FIG. 1. Transmission coefficientsTFM
↑ ~a! andTFM

↓ ~b! as functions ofE' .
Insets show schematic representations of the corresponding potential p
Potential parameters are already given.
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configuration the curves forTAF
↑ (E') andTAF

↓ (E') coincide
and are similar to that forTFM

↓ , exhibiting the same trans
mission gap and having the first transmission band s
pressed by the potential height in one of the magnetic lay
It follows that if the transmission gap containsEF , all con-
ductances butGFM

↑ vanish. In other words,GAF50 andGFM

5GFM
↑ so that, in CPP geometry, the system behaves a

insulator in the AF configuration and as a conductor in
FM one, leading to an infinitely large MR ratio. The spac
thickness can always be chosen so that the ferromagn
layers are coupled antiferromagnetically. In this case,
insulator-to-metal transition can be driven by an externa
applied magnetic field that saturates the magnetization, m
ing the system behave as a magnetic logical gate or sw
In addition, in the FM configuration, it acts as a spin filte
which may be useful in performing quantum bit operatio
required for quantum computing.7

The appearance of gaps in the transmission curve
directly related to the opening of the spacer Fermi surf
~FS! in the modulation direction, i.e., perpendicular to t
layers.6 Both effects are connected with quantum interfe
ence processes associated with the spacer superlattice
ture, so that the position, width, and number of gaps can
tuned by varying the potential heights and widths. The op
ing of the spacer FS has an important consequence sin
may lead to both PMR and an exponential decay of the
change coupling between the ferromagnetic layers as a f
tion of supercell repeats.8 Therefore, the magnetic field nec
essary to change the multilayer configuration from AF to F
can be made as small as necessary, which is highly desir
from the point of view of using these systems as low-fie
magnetic sensors. It should be noticed that, for small val
of n, quantum tunneling across the spacer gives rise to fi
but small transmission in the gap region, leading to nonv
ishing AF conductances and finite MR ratios. Clearly, asn
increasesGAF goes exponentially to zero, whereasGFM re-
mains finite, as shown in Fig. 2 forEF50.22 and the other
parameters as in Fig. 1. Hence, the MR ratio grows expon
tially with n and may reach values much larger than CM
but for much smaller saturation fields.

Clearly, the occurrence of the PMR regime depends
the right positioning of the transmission gap with respect
the Fermi energy. As already pointed out, this can be acc
plished by tuning the spacer supercell size. In fact, Fig
shows the MR ratio calculated as a function ofa for b5a,
EF50.22, and the remaining parameters as in Fig. 1. Aa
increases, the transmission gap, initially aboveEF , moves
downwards and crosses the Fermi energy. Consequently

le.

FIG. 2. Total conductancesGFM ~filled circles! andGAF ~open circles! per
unit area as functions of the number of unit cellsn.
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MR goes from the usual GMR regime to PMR, returning
GMR when the transmission gap is entirely belowEF . In the
PMR regime, the maximum of MR is controlled by the num
ber n of supercell repeats. In the present case (n530) it
reaches 1010%, which is several orders of magnitude grea
than CMR.

In conclusion, a new spin polarized transport regime c
be obtained in magnetic layers separated by periodic
modulated spacers. Our results clearly illustrate the poss
ity of controlling transport and magnetic properties of the
systems by conveniently choosing the magnetic mater
and adjusting the spacer modulation in order to take adv
tage of the quantum interference effects within the structu

FIG. 3. Magnetoresistance as a function of the thicknessa.
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The occurrence of an insulating phase eliminates the d
culty usually found in the CPP geometry of measuring e
ceedingly small resistances. As discussed above, such
tems are extremely attractive from the point of view of bo
basic research and technological applications.
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