Magnetic
multilayer
structures

This is an overview of work at the IBM
Almaden Research Center on magnetic
multilayer structures comprising one, several,
or many magnetic films sandwiched between
nonmagnetic films. In recent years there has
been increasing interest in such structures
because of their novel and potentially useful
properties. Recent examples of magnetic
multilayer structures grown by molecular beam
epitaxy (MBE) and sputtering are described. It
is seen that MBE and sputtering are
complementary techniques for the preparation
of such structures, and that the ability to
modify their magnetic properties by suitably
designing their architecture is a key to their
further development.

Introduction

In recent years, there has been increasing interest in
magnetic multilayer structures because of their novel and
potentially useful magnetic properties. In many cases,
properties are observed which are unique to the
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architecture of the multilayer structure and have no
equivalent in bulk magnetic materials.

Examples of novel properties of magnetic multilayer
structures include perpendicular magnetic anisotropy in
films of Fe or Co, a few monolayers in thickness,
sandwiched between nonmagnetic metals or simply left
uncoated in ultrahigh vacuum. A summary of work in this
area has been given by Bruno and Renard [1]. In some
cases, as for Co/Pt and Co/Pd multilayer structures, this
perpendicular anisotropy persists to high temperatures
(=200°C) and has technological applications [2] in the
magneto-optical storage of information. Other novel
properties include the giant magnetoresistance effect in
Fe-Cr multilayers [3], the antiferromagnetic coupling
between Fe films through a Cr spacer film {4], and the
long-range oscillatory coupling between Fe or Co films
through nonmagnetic spacer films [S].

In this field, the three main methods used for the
preparation of multilayer structures are MBE, conventional
evaporation, and sputtering. The MBE and sputtering
methods are complementary in the sense that MBE is
ideally suited to film growth under controlled and
monitored conditions with dynamic in situ analysis of film
structure and composition. On the other hand, it is a much
lower-throughput process than sputtering, which is well
suited to the batch preparation of polycrystalline films.
With sputtering one can generate large numbers of samples
to explore the effects of changes in multilayer design
parameters or in the materials used in multilayer
formation. A key feature of MBE, however, is that by
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seeded epitaxy one can select specific growth axes for the
multilayer structure, making it possible to investigate the
dependence of its magnetic properties on orientation.

The overview presented in this paper covers work at the
IBM Almaden Research Center on the preparation and
properties of several types of magnetic multilayer
structures, illustrating how their magnetic properties can
be explored and modified by artificial layering. Following a
brief description of the preparation of such structures,
techniques of seeded epitaxy are described and several
examples of the control of the magnetic properties of
MBE-grown structures are presented. Associated, novel
magnetic properties, including giant magnetoresistance and
oscillatory coupling across nonmagnetic spacer films in
sputtered multilayer structures, are discussed.

Preparation of magnetic multilayer structures
The two methods which are currently well suited for
preparing magnetic multilayer structures are MBE and
sputtering. These methods and their application to a
variety of multilayer structures have been reviewed in
detail elsewhere [6, 7). In both techniques, multilayer
structures are fabricated by sequential deposition onto a
substrate by exposure to beams from elemental sources.
Film thicknesses and deposition sequences are controlled
by a computer. In deposition by MBE, use is made either
of effusion sources or ¢lectron-gun evaporation sources
that are fitted with computer-controlled beam shutters.
Film deposition rates are typically 0.1-0.5 A-s™', and the
background pressure is ~10™" torr during film growth. In
the case of sputtering, deposition rates are an order of
magnitude greater. In the dc magnetron sputtering system
used in our laboratory to generate the structures described
subsequently, the background pressures prior to film
growth are ~10~° torr. Consequently, in both the MBE
and dc magnetron systems used in our laboratory, the
incorporation of background impurities during growth is
essentially negligible.

MBE and magnetron sputtering are complementary
techniques for preparing magnetic multilayer structures.
For example, in the case of MBE, the film growth process
can be monitored in real time by RHEED (reflection high-
energy electron diffraction), which permits continuous
probing of the structure and orientation of a film. In
addition, temporary interruption of deposition followed by
transfer of the substrate, in ultrahigh vacuum, to an
analysis chamber allows associated interfacial chemistry
phenomena to be studied by techniques such as XPS
(X-ray photoelectron spectroscopy) and XPD (X-ray
photoelectron diffraction) {8]. Other in situ analysis probes
that can be used include LEED (low-energy electron
diffraction) and SAM (scanning Auger electron
microscopy). Figure 1 shows a schematic diagram of the
MBE system used in our laboratory. Its varjous probes
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enable the growth process to be studied in considerable
detail. In addition, the use of single-crystal substrates with
clean, well-ordered surfaces makes it possible to fabricate
multilayers having specific and arbitrary crystalline
orientations. This is often useful in exploring structural
parameters that affect magnetic properties. MBE is
therefore a method ideally suited to the preparation and
study of a relatively small number of single-crystal
samples, one at a time. The dc magnetron sputtering
process, on the other hand, is a much higher-throughput
process for which the growth rate is higher than in MBE,
and substrates can be loaded into the growth chamber in
batches of 20 or more. It is therefore particularly well
suited for generating large numbers of samples comprising
different materials, and for examining the effects of
incremental changes in growth and multilayer design
parameters.

In dc magnetron sputtering, the pressure of the inert gas
(usually argon) that is used in the growth chamber is
typically a few mtorr, which precludes the use of dynamic
in situ growth monitoring techniques such as RHEED. The
argon pressure is, however, an adjustable growth
parameter that influences the energy of sputtered metal
atoms arriving at the substrate. Higher pressures cause
thermalization of the arriving metal atoms and lead to
impingement energies comparable to those of the
evaporated species in MBE. The effects of growth
parameters on metal-metal interfaces are complex and
have been discussed elsewhere [7(b-¢)]. However, a key
point to note here is that sputtered multilayer structures
generally contain a mixture of crystalline orientations,
since the substrate has a much weaker influence on film
orientation than in MBE. Indeed, in the case of MBE the
substrate not only controls the orientation of a metal
overlayer but may introduce chemical impurities into a film
through interfacial chemical reactions. This is especially
true in the case of 3D transition metals [9] and rare earths
on GaAs, For this reason, it is necessary first to deposit a
so-called ‘‘buffer film’’ of a material that is chemically
stable with regard to the substrate and magnetic metal
overlayer. Usually the buffer film also tends to bury
impurities on the substrate and develop a smooth
surface.

It is possible to control the epitaxial orientation of the
buffer film by varying the substrate orientation or growth
conditions. This provides a way of seeding a desired
orientation of the multilayer structure. Semiconductor
substrates are particularly well suited for this technique of
seeded epitaxy, since they are of high structural perfection
and their surfaces can be smoothed by homoepitaxy prior
to metal film epitaxy. The Bragg diffraction from the
substrate provides a reference for quantitative strain
measurements of the multilayer. The substrates can be
easily cleaved into arbitrary sizes for magnetic
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Schematic diagram of the MBE system used for epitaxial growth of magnetic multilayer structures. The system is configured specifically for
metal multilayer growth and incorporates a variety of in situ structural and chemical analysis capabilities.

measurements (unlike single-crystal metals, for example).
Finally, the integration of magnetic films with
semiconductor substrates is of interest for potential device
applications [10].

Seeded epitaxy of magnetic metals on
semiconductors ‘

For the reasons cited above, the growth by MBE of a
magnetic film on a semiconductor usually requires the use
of an intermediate film (a ‘‘prelayer’’) between the
magnetic film and the semiconductor. In the case of
epitaxial growth of rare-earth metals on GaAs, the authors
and co-workers have found [11] that a suitable prelayer is
a rare-earth fluoride, LaF, or NdF,. These fluorides have
hexagonal symmetry and, when grown on a GaAs (111)

1 x 1 surface at a substrate temperature T, ~ 500°C,
exhibit basal plane epitaxy, with the epitaxial relationship

LaF, (0001), [210] || GaAs (111), [110].

The in-plane misfits to GaAs are 3.6 and 1.5% for LaF,
and NdF,, respectively. These misfits are accommodated
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by interfacial edge dislocations, as illustrated by the high-
resolution transmission electron micrographs (HRXTEMs)
in Figure 2. Epitaxial overgrowth by the rare-earth metals
Dy, Ho, and Er at T, ~ 300°C results [11] in basal plane
epitaxy, with the epitaxial relationship

R (0001), [100] || RF, (0001), [210].

In this setting, the in-plane misfit between the rare-earth
metal and the fluoride is very large (~13%) and the
interface is either semicoherent or incommensurate. In
either case, grazing-incidence X-ray diffraction shows [11]
that the rare-earth metal films are relaxed to their bulk
lattice constant within ~25 A from the interface. No strain
can be detected in these films at room temperature. Their
magnetic properties are discussed in a later section.

In the case of epitaxy of the 3D magnetic transition
metals (Fe, Co) on GaAs, Ag provides a suitable prelayer,
since it is thermodynamically stable in contact with GaAs
and, in addition, is immiscible with Fe and Co. It is an
interesting and useful fact that by varying either the
method of preparation of the substrate or its orientation,
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(a) HRXTEM image of an ~75-A-thick film of NdF, grown on a
GaAs (111) surface. The image is viewed along the GaAs [110]
direction. Note the chemically abrupt but physically rough inter-
face and the planarization of the NdF, surface. NdF, and LaF,
films exhibit basal plane epitaxy on GaAs (111) and can be used as
seed films for rare-earth metal epitaxy. (b) Higher-magnification
HRXTEM image of a region of the interface, showing a pair of in-
terfacial misfit edge dislocations and a step in the GaAs surface.
From [11(b)], reproduced with permission.

any one of the three major axes of Ag, [001], [110], or
[111], can be selected as the growth axis. For example, our
group has shown [12] that the predeposition of a few
monolayers of Fe on the GaAs (001) surface prior to Ag
epitaxy seeds the Ag [001] growth axis and results in the
epitaxial relationship

Ag (001), [100] || Fe (001), [110] || GaAs (001), [110].

This epitaxial relationship is consistent with geometric,
in-plane lattice-matching across the interfaces. For
example, the lattice constant a;, of bce Fe at room
temperature is 2.866 A, which is only 1.4% greater than
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HRXTEM image of seeded, epitaxial Ag/Fe multilayer structure
grown on a GaAs (001) surface. The section is viewed along the
GaAs [110] direction. This direction is also the Fe [110] and
Ag [100] direction. The structure was seeded by -an ~9-A-thick
Fe prelayer followed by an ~60-A-thick Ag film. Image recorded
by C. J. Chien.

122 a;,,.. Thus, a parallel, unrotated setting of Fe on
GaAs can result in perfect in-plane registry with only a
small elastic distortion of the Fe lattice. Similarly, a, is
only 0.8% less than a Ag/\/i. Consequently, a rotation by
45° of the Ag lattice about the [001] pole with respect to
the Fe lattice can also produce a coherent interface.
Overgrowth of Ag/Fe multilayers on such structures
maintains this relationship throughout the layered
structure, as is illustrated by the HRXTEM image in
Figure 3. The azimuth is along the GaAs [110] direction.
The lattice fringes in the Fe films represent the (110)
planes. At each interface the fringe contrast switches from
the characteristic stripes of (110) fringes in the Fe to the
square lattice of (200) fringes in the Ag. The azimuth in
Figure 3 is along the cube face normal of Ag, confirming
the rotation of the Ag lattice by 45° with respect to the Fe
lattice.

This seeding technique also works well with Co and
permits [13] the growth of single-orientation Co/Pt
multilayer structures along the Pt [001] axis. This is
illustrated by the RHEED patterns in Figure 4. The ~12-A
prelayer adopts a body-centered tetragonal structure which
is commensurate, in-plane, with GaAs, namely

Co (001), [100] | GaAs (001), [100].

The Ag overlayer grows on the Co in the same
orientation as on the Fe prelayer. The Pt film, which has
the same fcc structure as the Ag film, grows parallel to it.
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The RHEED pattern from each subsequent Co film shows
that it grows in the fcc structure, parallel with the Pt. Each
subsequent Pt film grows in a parallel orientation with
respect to the Co and Ag films. This relationship is
maintained throughout the structure to the final Pt
“‘capping”’ film of the 15-period structure with 3 A Co and
16 A Pt, as may be seen by comparing the lower RHEED
patterns. Thus, the growth axis of the entire structure is
controlled by the Co and Ag prelayers.

To select Ag [110] as the growth axis, Ag was deposited
directly onto the GaAs surface at T, < 100°C, resulting in
the epitaxial relationship

Ag (110), [110] || GaAs (001), [100].

The third major axis of Ag, Ag [111], was selected to be
the growth axis by growing Ag directly on a clean GaAs
(111) surface at T = 100°C. The Ag [111] axis was parallel
to the GaAs [111] axis, but the Ag film contained two in-
plane crystallites, related by a rotation of 180° about the
[111] axis. This can be described as rotational twinning
with the two epitaxial relationships

Ag (111), [011] || GaAs (111), [011)
and
Ag (111), [110] | GaAs (111), [011].

This twinning may arise from the lack of in-plane lattice
matching between Ag and GaAs across the (111) interface;
the lattice misfit is ~28%.

The preceding methods result in mutually exclusive
orientations of the Ag films; i.e., there is no mixing of
orientations either in the Ag or the subsequent overlayers.
This was confirmed by X-ray diffraction and HRXTEM
experiments [13, 14]. Similar techniques may also be used
to seed other orientations.

Magnetic properties of epitaxial magnetic
multilayer structures on GaAs substrates

& Rare-earth metal sandwich structures

Strain is well known to play a major role in controlling the
magnetic properties of bulk and thin-film materials. For
example, magnetic anisotropy [15], magnetic moment [16],
and the magnetic ordering temperature [17] are all
influenced by lattice strain. In the case of epitaxial thin-
film structures, lattice misfits between the nonmagnetic and
magnetic films introduce coherency strains which modify
the magnetic properties through magnetoelastic
interactions. The family of magnetic, heavy rare earths (Gd
through Tm) exhibit antiferromagnetic and ferromagnetic
states which are particularly sensitive to lattice strain
because of the long-range and indirect nature of the
coupling between magnetic ions in the crystal. With MBE
it is possible to prepare epitaxial rare-earth films with
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RHEED patterns observed during the seeded epitaxy of a 15-
period Co/Pt multilayer, each period comprising a 3-A-thick film
of Co and a 16-A-thick film of Pt. The patterns (top to bottom)
were recorded on a clean GaAs (001) substrate surface: after
growth of a 12-A-thick prelayer of bet Co; after growth of an
~200-A-thick film of Ag; and after growth of a 16-A-thick Pt
‘‘capping’’ film, the sixteenth Pt film of the multilayer. From
[13], reproduced with permission.

coherency strain determined by the architecture of the
structure. In the case of the rare-earth metals Dy, Ho, and
Er sandwiched between films of LaF,, our group has found
[11] no measurable strain at room temperature. SQUID
magnetometry measurements of such films in the thickness
range 25-4000 A confirmed that the ferromagnetic ordering
temperatures were close to the values for bulk crystals,
although for the thinnest films (<100 A) the transition was
somewhat broadened. This broadening may be related to
interfacial disorder at the lattice-mismatched interface.
Recently, X-ray diffraction measurements [18] of structural
and magnetic order of a 2000-A film of Dy sandwiched
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induced by epitaxial growth of an Er/Dy/Er sandwich structure.

between LaF, films were carried out as a function of
temperature on the beam line at Brookhaven National
Laboratory. These studies confirmed that the
ferromagnetic transition occurred close to the bulk
transition temperature.

This ability of the LaF, prelayer to relieve misfit strain
in the rare-earth films suggested a method of deliberately
inducing strain in the rare-earth metals. Figure 5 contains a
schematic diagram showing an illustrative structure
designed for this purpose. The intention was to impose an
in-plane compressive strain on a film of the rare-earth
metal Dy by sandwiching it between much thicker films of
Er. The lattice misfit between Dy and Er in the basal plane
is 0.89%. The element Er (a = 3.5586 A at 25°C) has a
smaller basal-plane lattice parameter than does Dy
(a = 3.5903 A at 25°C), but has the same hep crystal
structure. Thus, one expects a thin film of Dy to be
subjected to in-plane compression by coherency strain.
The extent to which the misfit is accommodated by
interfacial misfit dislocation nucleation was not known
before the method was attempted. However, such a strain-
relief mechanism is known to depend on Kinetic factors
such as growth temperature and film growth rate. Using
the method, as indicated below, the misfit was only
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" T Dy film initially commensurate with Er film and
with thickness-dependent strain

~a—--—1 Thick Er film relaxed to its bulk lattice constant

L Basal plane epitaxy of Er film on LaF, film;
¢ =l interface is incommensurate or discommensurate
H Basal plane epitaxy of

hexagonal LaF, film on GaAs {iii)

Schematic diagram of illustrative multilayer structure designed to introduce in-plane compressive strain in a Dy film via coherency strain

partially relieved by misfit dislocations, and a 500-A-thick
film of Dy was subjected to a significant amount of in-
plane compressive strain.

The structure was grown on the (111) surface of a GaAs
wafer. First, a 50-A film of the hexagonal-structure fluoride
LaF, was grown by sublimation of the fluoride from an
effusion source. The fluoride grows with its c-axis parallel
to the GaAs [111} axis and with a single in-plane epitaxial
relation to the GaAs, namely

LaF, [210] || GaAs [110].

This epitaxial relation also holds for NdF, on GaAs. The
NdF, and LaF, are isomorphous and can both be used as
the initial film to seed the growth of the hexagonal rare-
earth metals. The substrate temperature required for
growth of epitaxial LaF, and NdF, is ~500°C.

The interface between the GaAs and the fluoride is
chemically abrupt and semicoherent; i.e., the misfit
between the GaAs and fluoride is accommodated by
interfacial misfit dislocations which relax the lattice
constant of the fluoride to its bulk value in a few lattice
spacings. This was confirmed by ir situ RHEED
observations, grazing-incidence X-ray diffractometry, and
HRXTEM. As indicated in Figure 2, the interface between
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NdF, and GaAs (TT1), as viewed along the GaAs [110]
direction, is well defined, and the GaAs (111) lattice planes
terminate at a chemically abrupt but physically rough
interface. The absence of interfacial chemical reactions is
clear from the abrupt interface and absence of precipitates.
This finding was confirmed by XPS and AES depth
profiling studies of the interface. The physical roughness of
the interface was due to thermal etching of the GaAs
during in situ heat-cleaning prior to fluoride epitaxy. It is
evident that the fluoride surface is less rough than the
interface, suggesting that planarization occurs during
growth. The higher-magnification micrograph shows
individual misfit dislocations in the fluoride.

X-ray diffraction measurements [11] of strain in the
structure shown in Figure 5 revealed that the Dy film was
in a state of in-plane compressive strain with elastic
strains:

el=—-0.31+0.02%
and
el=40.27 £ 0.02%.

This corresponds to in-plane compression of the Dy lattice
and perpendicular Poisson dilation. On the other hand, the
Er film was close to the fully relaxed state, with

el=+0.16 + 0.06%
and
et =—-0.014 £ 0.06%.

Clearly, misfit dislocations have reduced but have not fully
relaxed the coherency strain (maximum value ¢ =
—0.89%) in the Dy film.

Interestingly, SQUID measurements for this structure
showed that the ferromagnetic ordering temperature for the
strained Dy films was higher than for bulk Dy. This is
illustrated in Figure 6, which shows data for four different
values of applied magnetic field along the a-axis (the easy
axis of a bulk Dy crystal; i.e., the [100] axis). The
transition from the paramagnetic to helically ordered
antiferromagnetic state is evident from the cusp at about
180 K. The transition from the helically ordered state to
the ferromagnetic state is field-dependent, as for bulk
single crystals of Dy. The arrows indicate the onset of
ferromagnetic ordering in bulk Dy. The ferromagnetic
ordering in the film is in all cases completed at higher
temperatures than the onset temperature for ordering in
the bulk crystal. We attribute this to the imposed elastic
strain in the film, since, in the bulk crystal, ferromagnetic
ordering is accompanied by a discontinuous c-axis
expansion and in-plane contraction. By mechanically
imposing the structure of the ferromagnetic phase at a
temperature above the Curie temperature T of bulk Dy,
we have made it energetically favorable for ferromagnetic
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SQUID_magnetometer data for a sandwich structure comprisin,
GaAs (111)/50 A LaF,/2000 A Er/500 A Dy/1000 A Er/1000
LaF,. Note the paramagnetic-to-helical transition at 178 K and the
helical-ferromagnetic transition at lower temperatures. The arrows
indicate the onset of ferromagnetic ordering in bulk single crystals
of Dy. For each field, ordering of the films occurred at higher
temperatures than for a bulk single crystal. From [11(a)], repro-
duced with permission.

ordering to occur at higher temperatures. The possibility of
interference from ferromagnetic ordering of the Er film is
not possible since its ordering occurs at much lower
temperatures (<50 K for fields below 10 kOe) than that of
Dy. In addition, differential thermal expansion between Er
and Dy as the film is cooled from room temperature to

100 K is less than 0.1% and would not significantly modify
the much larger misfit-imposed strain in the Dy.

The opposite effect, i.e., the suppression of
ferromagnetic ordering in a system with the opposite sign
of misfit strain, has been demonstrated by Kwo [19].
Borchers et al. [20] have similarly shown that residual
strain in even thick Er films can dramatically modify the
magnetic ordering behavior, in accordance with a simple
magnetoelastic model.

o Seeded Ag/Fe sandwich structures

Seeded epitaxy of single-crystal films of Ag grown on an
Fe prelayer on GaAs (001) substrates [11] or on an Fe
prelayer grown on a ZnSe film on GaAs (001) substrates
[21] forms the basis for [001]-oriented Ag/Fe single or
multilayer structures (see Figure 3) which exhibit
perpendicular anisotropy for Fe films one to three
monolayers thick. This anisotropy persists only at
temperatures at or below room temperature. There is

general agreement that it arises from a surface anisotropy 909
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component which competes with the demagnetizing field.
The surface anisotropy increasingly dominates as the film
thickness decreases. Brillouin scattering studies [22] of the
surface anisotropy of Fe single crystals coated with
epitaxial Ag and Au reveal a surface anisotropy of
magnitude similar to that measured for the ultrathin Fe
films. Moreover, the positive surface anisotropy for Ag/Fe
interfaces measured from spin-wave resonance spectra in
relatively thick (~900-2000 A) epitaxial Fe films [23] is
sufficient to overcome the demagnetizing field in ultrathin
Fe films. Thus, the perpendicular anisotropy is an interface
effect due to symmetry breaking at the interfaces rather
than to an intrinsic property of ultrathin Fe films.

e Seeded Col Pt multilayer structures

In the case of polycrystalline Co/Pd [24] and Co/Pt [25]
multilayer structures with the Co thickness below ~10 A,
the perpendicular anisotropy persists to temperatures well
above room temperature. Depending on the growth
conditions, square hysteresis loops can be obtained with
coercivities as high as 4 kOe. These structures also display
a significant Kerr rotation (the rotation of the plane of
polarization of a reflected light beam by the magnetization
of the sample). These are two of the properties which are
necessary for thin-film magneto-optical storage media; as a
result, there is considerable current interest in the
magnetic and magneto-optical properties of Co/Pt and
Co/Pd multilayer structures. In magneto-optical storage
media, the thin film is locally heated by a laser beam while
the film is immersed in a magnetic field applied normal to
its surface. If the coercivity of the film is sufficiently low at
the local temperature in the beam spot, the magnetization
in this spot will be switched to the field direction. Clearly,
the coercivity of the unheated region of the film must
remain higher than the applied field so that spots already
‘‘written”’ retain their original magnetization. In such
applications, the Kerr effect, with the laser operating at
reduced power, is used to ‘‘read’’ the orientation of the
magnetization in the written regions. For such applications
the room-temperature coercivity of the thin film should be
several kOe, and the shape of the hysteresis loop should
be square. Although such properties can be obtained by
empirical techniques in polycrystalline multilayer films
deposited by sputtering [26] or conventional evaporation
[25], the origin of the anisotropy is not clear, and the
mechanisms of magnetic property dependencies on growth
parameters are not understood. For example, unlike the
Ag/Fe structures, in which the metals are immiscible, the
Co/Pt and Co/Pd systems are well known to be miscible
across the entire composition range, and, in addition, the
Co/Pt system has ordered phases (CoPt and CoPt). As a
result, it is not clear to what extent the high-temperature
perpendicular anisotropy is controlled by interfacial alloy
formation.
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To resolve these issues, our group has initiated [13, 14]
a study of the magnetic properties of Co/Pt multilayer
structures oriented along the three major axes of Pt using
the techniques of seeded epitaxy outlined earlier.
Structures with 15 periods of 3 A Co and 16 A Pt aligned
along the [111] axis of Pt exhibit perpendicular anisotropy
with highly square hysteresis loops and a coercive field
which decreases systematically with increasing growth
temperature. This is illustrated in Figure 7. In each case
the Ag prelayer was ~200 A thick and was grown at a
substrate temperature of 100°C. The loops correspond to
the use of multilayer growth temperatures of 50, 100, and
200°C, respectively. X-ray diffraction studies of these
structures indicated a corresponding trend to sharper
interfaces, as judged by a progressively slower fall-off in
higher-order satellite intensities with increasing growth
temperature. However, in all cases it was clear that
interdiffusion occurred to a depth of approximately three
monolayers. These results may reflect the competing
effects of increasing surface mobility of adatoms with
increasing growth temperature on the one hand, leading to
fewer film defects and physically smoother interfaces. On
the other hand, increased chemical interdiffusion and
mixing is expected to occur with increasing growth
temperature. Recently our group has used XPD and
forward scattering to determine the extent of interfacial
mixing and to explore interface crystallography [14(d)].
These techniques, which were pioneered by Fadley et al.
[8], have been valuable in probing epitaxial interfaces in
metal-on-metal systems such as Fe/Cu [27]. Such systems
exhibit surface segregation effects in which the lowest
surface-energy phase (in this case Cu) migrates to the
surface of the Fe film when deposition is carried
out at or above room temperature. We have found
[14(d)] that the Co/Pt interfaces exhibit limited
interdiffusion to the extent of approximately three
monolayers.

A full account of the magnetic properties of Co/Pt
multilayer structures as a function of growth axis will be
presented elsewhere [13, 14]. However, it is already clear
that, for structures grown along the [001] axis of Pt, the
magnetic anisotropy is in-plane for 3-A-thick Co films and
16-A-thick Pt films. This is in strong contrast to the
perpendicular anisotropy found for films of identical
thickness but having a structure oriented along the [111]
growth axis. XPD studies for both [001]- and [111]-oriented
structures have indicated limited interfacial mixing and, in
the case of the [001]-oriented structures, misfit-induced
strain. Furthermore, a strong twofold, in-plane magnetic
anisotropy has been found for structures grown along the
[110] axis of Pt. We therefore conclude that the
perpendicular anisotropy arises from magnetocrystalline
anisotropy in a Co/Pt mixed interfacial region. The
presence of structural defects [14(b)] and local alloy
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ordering in this region, combined with strain, may give rise
to the differences in magnetic anisotropy among the
different orientations. Fortunately, with regard to the
technology of magneto-optical recording using Co/Pt
multilayer structures, the preferred growth axis in
polycrystalline sputtered and evaporated structures

is in fact the {111] axis, which is necessary for

achieving perpendicular anisotropy and square hysteresis
loops.

& Giant magnetoresistance in MBE-grown Fe/Cr
multilayer structures

Another topical area in magnetic multilayer structures in
which MBE is playing a role is the giant magnetoresistance
effect, first reported [3} for MBE-grown Fe/Cr multilayer
structures. The effect was observed with alternating
epitaxial Fe and Cr films grown on GaAs (001) substrates
[28]. If 30-A-thick Fe films are alternated with Cr films
9-18 A thick to form structures having 4060 periods, a
giant negative magnetoresistance results; i.e., the
magnetoresistance is decreased from the zero field value
by as much as 50%. Magnetometry studies show that, in
zero field, the Fe films are coupled antiferromagnetically.
In an applied magnetic field, this coupling is overcome,
and the spins in the Fe films become aligned parallel with
one another. The giant magnetoresistance effect correlates
with this spin alignment behavior in that the
magnetoresistance saturates at the field at which the spins
are parallel. Baibich et al. [3(b)] and Camley and Barnas
[29] have suggested that the giant magnetoresistance effect
arises from spin-dependent transmission of the conduction
electrons through the Cr films. This mechanism requires
nonspecular scattering of the conduction electrons at the
interfaces. If the interfaces were perfectly sharp and
smooth, only specular reflection and diffraction of the
electrons would occur, and this would not contribute to
the magnetoresistance. The magnitude of the effect is in
fact known [30] to depend on film growth parameters such
as growth temperature, which may affect interface
roughness and grain size. This suggests that careful
studies of interface roughness as a function of growth
conditions will be necessary to further the understanding
of the effect.

The reason for antiferromagnetic coupling between the
Fe films through the thin Cr films is not at present
understood. Furthermore, recent studies by Parkin et al.
[, 30(a)] have raised new issues regarding an associated
spin-density wave model. These issues are discussed in the
next section.

The study of giant magnetoresistance is likely to be
active for some time as the conditions for sample
preparation and the physical and chemical nature of the
interfaces and their influence on the coupling and transport
properties are established.
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Hysteresis loops, recorded using polar Kerr rotation, of epitaxial
Co/Pt multilayer structures comprising GaAs (111)/200 AAgpp A
Co-15 A Pt], /15 A Pt. The structures were grown along the Pt
[111] direction. The growth temperature of the Ag seed film was
100°C. Growth temperatures for the multilayer were (a) 50°C, (b)
100°C, and (c) 200°C. The laser wavelength was 633 nm, and the
magnetic field was applied normal to the sample surface.
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HRXTEM micrograph of a magnetron-sputtered Co/Ru multilayer
structure comprising Si (111100 A Ru/[18 A Co/8 A Ru],,/50 A
Ru. The structure was deposited at a substrate temperature of
40°C. The azimuth is along the Si [112] direction. From [5], re-
produced with permission.

e Oscillations in exchange coupling and
magnetoresistance in the Co/Ru, Co/Cr, and Fe/Cr
multilayer structures

Recent studies in our group [5] have shown that the giant
magnetoresistance effect also occurs in magnetron-
sputtered multilayer structures. Two new materials
systems, Co/Ru and Co/Cr, were found to exhibit
antiferromagnetic interlayer coupling and enhanced
saturation magnetoresistance. Figure 8 shows a high-
resolution HRXTEM image of one of the sputtered Co/Ru
multilayer structures that were examined. The substrate
was a Si (111) wafer, and the cross section was viewed
along the [112] direction. The structure was of the form

Si (111)/100 A Ru/[20 A Co/8 A Rul, /50 A Ru.

It was deposited at 40°C. The micrograph shows that the
multilayer structure has surprisingly smooth and flat
interfaces. Its films are contiguous over lengths greater
than 0.25 um, with no evidence of disruption. The
micrograph also reveals that the structure is comprised of
grains ~150 A in size; i.e., several bilayers, within which
lattice fringes are observed which are coherent across the
Co/Ru interfaces. Similar micrographs of Fe/Cr multilayers
showed less perfect structures with rumpled disconnected
films.

Systematic studies of a large number of magnetron-
sputtered samples revealed that the saturation
magnetoresistance in the three materials systems did not
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decrease monotonically with interlayer thickness, as
reported (3] for MBE-grown structures, but oscillated in
magnitude as a function of interlayer thickness.
Furthermore, in the three systems, the magnitude of the
saturation field oscillated with the same period as that of
the saturation magnetoresistance. These findings are
illustrated in Figure 9, which shows (a) the transverse
saturation magnetoresistance (at 4.2 K) and (b) the
saturation field H_ (at 300 K) as a function of Ru thickness
for structures of the form

Si (111)/100 A Ru/[20 A Co/t, Rul, /50 A Ru.

The structures were deposited at substrate temperatures
of 40, 125, and 200°C, and the oscillation period was
~12-14 A. A similar oscillatory behavior was also found
for Fe/Cr and Co/Cr structures having oscillation periods
of ~18 and 21 A, respectively. Figure 9 shows that the
oscillation period was not affected by the deposition
temperature, but the magnitude of the saturation field was
reduced significantly in the vicinity of the second
oscillation. The underlying reason for this reduction is not
at present understood, but is under investigation.
However, the key observation of these studies is the
existence of well-defined oscillations in the
magnetoresistance and saturation field. The saturation
field reflects the strength of the antiferromagnetic
interlayer exchange coupling J; through the expression
—4J, = HMt,, where M and ¢, are the magnetization and
the thickness of the ferromagnetic film, respectively. For
the Co/Ru structure with fp, =3 A, the value of J, is
approximately equal to —5 erg-cm 2, a very large value,
two to three times larger than the largest antiferromagnetic
exchange coupling values found in Fe/Cr structures. These
values are so large that they clearly cannot be accounted
for by magnetostatic coupling of the ferromagnetic films.

The oscillatory dependence of magnetoresistance and
exchange coupling with spacer layer thickness in three
different metallic multilayer material systems suggests that
this is a common feature of such systems. One possible
origin of the exchange coupling suggested by this work is
some sort of RKKY [31] coupling, mediated by spin-
polarization of the Cr or Ru films. However, such a
mechanism gives rise to ferromagnetic coupling as the
distance between the magnetic moments becomes very
small. This appears to contradict the results for the Co/Ru
structures. The data shown in Figure 9 for thicknesses of
1 and 2 A show a low saturation field consistent with
ferromagnetic coupling, probably because at such low
thicknesses the Ru film is discontinuous and the Co films
are directly exchange-coupled. In addition, since the
period of the RKKY oscillation is tied to the Fermi wave
vector, a much shorter oscillation period (~2-3 lattice
spacings) would be expected instead of the 12-24-A
spacing observed. Such a short coupling length has, for
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example, been postulated [32] in certain spin-glass
systems. Since Ru is nonmagnetic, a mechanism based on
the existence of a long-range ordered magnetic state of the
spacer layer seems to be ruled out. Indeed, for the Fe/Cr
system an enhanced AR/R value and large H, value are
observed at temperatures well above the bulk Néel
temperature of Cr (312 K). One might speculate that the
ordering temperature of thin Cr films is substantially
different from that of the bulk material, but since it is
found that the antiferromagnetic exchange coupling
persists up to temperatures of ~625 K, diminished in
magnitude only by 30% compared to the coupling at 4.2 K,
this seems unlikely. For the Co/Ru system, a larger
temperature dependence of J, is found, but again large
values of J; are found for temperatures up to 625 K.

Concilusions

In this overview, we have described examples of magnetic
multilayer structures that exhibit a variety of novel and
potentially useful properties not found in bulk materials. In
several cases, the physical mechanisms underlying these
properties are not understood; in addition, they are
influenced by film preparation parameters. The ability to
define particular growth orientations of such structures and
to probe the physical and chemical nature of their
interfaces is a key advantage of MBE over more
conventional deposition techniques in developing an
understanding of structure-property dependences.
Development of a complete understanding of interfacial
phenomena in magnetic metal multilayers will require the
synthesis of information from many in situ structural
probes, including reflection high-energy electron diffraction
(RHEED), low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES), X-ray photoelectron
diffraction (XPD), and scanning tunneling microscopy
(STM), as well as magnetic probes such as Kerr rotation
and spin-polarized photoemission. Further advances in the
understanding of the physics of low-dimensional magnetic
structures and their application to devices will depend on
the extent to which control and reproducibility of the
interfaces of such structures can be achieved.
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