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Metastable fcc structures using ultrathin layers of metastable fcc Co(001) and fcc Cu(001) were grown
by molecular-beam epitaxy. The growth was studied using reflection high-energy electron-diffraction
(RHEED) patterns and RHEED intensity oscillations. The magnetic properties were investigated by
employing ferromagnetic-resonance (FMR) and surface magneto-optic Kerr effect (SMOKE) techniques.
A detailed discussion of the underlying physical mechanisms in FMR and SMOKE studies is presented.
The temperature and thickness dependences of the perpendicular uniaxial and fourfold in-plane aniso-
tropies are given and discussed. The role of lattice strains in magnetic anisotropies is demonstrated.
FMR measurements revealed that the magnetic properties of single Co layers are different from those in
Co/Cu/Co trilayers becuase of a lattice-strain relaxation in the multilayer samples. The exchange cou-
pling between fcc Co(001) layers separated by a fcc Cu(001) interlayer was studied for several structures.
The exchange coupling in Co structures was found to be anisotropic. Hysteresis loops were measured by
means of SMOKE. Magnetic-trilayer hysteresis loops are complex. Micromagnetic calculations were

carried out to explain their main features.

I. INTRODUCTION

Ultrathin magnetic metallic structures have become
important in material science. Interest follows from the
ability to grow epitaxially a variety of systems. fcc
Co(001), a metastable structure, is stabilized at low tem-
peratures by using a Cu(001) surface as a template.!
Though much attention has been given to studies of the
growth and electronic-state properties of this system, rel-
atively little is known about its basic magnetic properties.
This paper provides a detailed account of the magnetic
properties of ultrathin layers of fcc Co(001) and the in-
teractions between ultrathin layers of fcc Co(001) separat-
ed by the epitaxial layers of fcc Cu(001).?

The methods of growth, tools for characterization, and
descriptions of the systems prepared are discussed in Sec.
II. Reflection high-energy electron-diffraction (RHEED)
patterns and RHEED intensity oscillations help to
demonstrate the quality of the films produced.

Section III is devoted to the techniques for the magnet-
ic measurements. The power of ferromagnetic resonance
(FMR) in determining all the basic magnetic properties is
explained. The experimental details of our Kerr-effect
rotation apparatus are given. The use of the Kerr effect
and interpretation of hysteresis loops for magnetic struc-
tures consisting of two ferromagnetic layers separated by
a nonmagnetic interlayer (magnetic trilayer) are present-
ed.

In Sec. IV experimental results are given for individual
Co layers and for sandwiches of these layers separated by
Cu. The measurements on the individual layers are used
to extract the important magnetic anisotropies and con-
tributions to the damping of the FMR. The coupled lay-
ers are used to determine the propagation of the ex-
change interaction across Cu and its effect on the mag-
netic hysteresis. The addition of a tightly coupled ul-
trathin layer of Fe on the far side of a Co layer is used to
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modify the magnetic properties of the Co layer. It will be
shown that the trilayer structure which employs such a
Cu/Fe layer dramatically modifies the exchange coupling
through the Cu interlayer.

II. GROWTH AND STRUCTURE OF fcc Co(001)

The Cu(001) substrate preparation and growth of
Co(001) have been described elsewhere.® A single-crystal
Cu disk, 3 mm thick and 20 mm in diameter, character-
ized by a mosaic spread of less than 0.1°, was cut so that
the [001] crystallographic orientation was within 0.2° of
the (001) axis. The Cu crystal was polished using dia-
mond paste. After insertion into the ultrahigh-vacuum
(UHYV) system, the crystal surface was prepared by cyclic
sputtering (V;,, =600 eV, I,,, =4 uA/cm? 15 min) and
annealing (1000 K, 10 min). The total cycling time re-
quired to obtain an uncontaminated surface with large
atomic terraces was 1 week. After this treatment the sur-
face showed sharp low-energy electron-diffraction
(LEED) and RHEED patterns and no visible contamina-
tion in the Auger electron spectra. In addition, scanning
tunneling microscope (STM) micrographs of the Cu(001)
templates showed large extended atomic terraces (some
up to 200 nm wide), separated by bands of piled-up
monoatomic steps.>

The epitaxial growth of ultrathin fcc Co(001) films
presented here was carried out in a Physical Electronics
MBE-400 system. This molecular-beam epitaxy (MBE)
system was equipped with RHEED, which allowed one to
monitor the growth, and a double-pass cylindrical-mirror
analyzer (CMA) which permitted Auger electron spec-
troscopy (AES) studies and x-ray photoelectron spectros-
copy (XPS). A magnifying lens focused the intensity
from a small area of the RHEED screen onto a pho-
tomultiplier tube in order to follow the intensity of the
RHEED specular spot as a function of the film thickness
during growth.
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FIG. 1. RHEED patterns corresponding to {110} azimuths. (a) Cu(001); (b) 4 ML of Co(001) grown on a Cu(001) substrate.

Films were grown from clean atomic beams in a vacu-
um which remained in the low-10"'%torr range during
deposition. Beams of Cu, Co, Fe, or Au were created us-
ing a tantalum boat for Cu, a tungsten wire for Fe and
Co, and a pyrolytic BN crucible for the Au depositions.
The deposition rates were slow, typically ~1 monolayer
(ML)/min. This is important when the substrate temper-
ature is held at room temperature. Some growths were
performed at higher temperatures (330-410 K) (see
Tables I and IV for the details).

The quality of the growth was monitored by means of
the RHEED patterns and RHEED intensity oscillations.
The role of surface roughness on the amplitude of
RHEED intensity oscillations was studied by means of
computer simulations.* If three or more atomic layers
grow at one time, RHEED oscillations are not sustained.
In our view the presence of well-defined oscillations and
sharp RHEED patterns indicates a good epitaxial growth
with its surface roughness confined mainly to the top two
atomic layers. Films evolving in this manner will be
classified as “layer-by-layer growth.”

The RHEED patterns of Co and Cu showed well-
defined epitaxy (see Fig. 1). The horizontal width of the
RHEED streaks determined a lower bound for an aver-
age terrace size. It was found to be 40 nm for well-
prepared Cu substrates, 35 nm for Cu films grown on Co,
and 20 nm for Co films grown on Cu, all room-
temperature growths. The regular periodicity of the
RHEED oscillations establishes the time required to
form a full atomic layer. The film thickness determined
from the RHEED oscillations was in very good agree-
ment with that measured using a quartz-crystal-thickness
monitor. Co layers grown on a Cu substrate acquire a
regular periodicity after the second atomic layer. The
outer (second) Co film grown on a Cu interlayer estab-
lishes a regular RHEED oscillation periodicity after the
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third atomic layer (see Fig. 2). This behavior is caused by
a phase adjustment of the RHEED oscillations due to a
dowsnward funneling process that fills the voids left ear-
lier.

In a majority of our growths, either the maxima or
minima of the RHEED oscillations were close to an in-
tegral number of monolayers (within 0.2 ML). That
means that the RHEED oscillation phase varied by =
from one sample to another. However, the RHEED os-
cillation phase usually remained the same within the
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FIG. 2. RHEED intensity oscillations observed during the
growth of the Cu/(Co),;/(Cu)s/(C0)3/Cu sample. The
RHEED intensity was monitored at the specular spot of the
RHEED pattern. The electron beam was directed at an angle of
1° with respect to the sample surface. Note that it requires two
to three atomic layers to establish regular RHEED oscillation
periodicities.
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given structure; that means that all growths carried out
on the same substrate reached an integral number of
monolayers either at a RHEED oscillation maximum or
at a minimum. It appears that the RHEED oscillation
phase was affected by substrate features, as yet unknown,
which changed during the preparation of a new substrate.

All samples were covered by an epitaxial layer of Au
before being exposed to ambient conditions. Au grows
on Cu(001) substrates in the (111) orientation. There are
two orientations of the Au(111) with respect to the
Cu(001). These are rotated by 90° (or, equivalently, by
30°). This results in RHEED patterns characterized by
an overall 12-fold in-plane azimuthal symmetry.

All of the structures were grown on the same Cu(001)
crystalline disk which was re-prepared by sputtering for 2
h at 100°C to remove the previous structure, followed by
1-h sputtering at 400°C, and then a flash anneal at
650°C.

The fcc Co structure grown on Cu(001) substrates has
been extensively studied by means of LEED.® It has been
shown that at least the first 10 ML have a p(1X1) sym-
metry with the in-plane spacing given by that of the
Cu(001) template. Our RHEED patterns support that
view. Since the lattice constant in bulk fcc Co is 0.3548
nm, epitaxially grown Co(001) on Cu(001) is laterally ex-
panded by 1.5%. LEED I-V curves® and thermal-energy
atomic scattering’ show evidence that there is a tetrago-
nal distortion with the vertical spacing of the Co(001),
0.174 nm, smaller by ~3% than that expected for an
undistorted fcc structure. The Co(001) on Cu(001) is
tetragonally compressed along the surface normal. These
lattice distortions significantly influence the magnetic
properties of Co(001) based structures (see Sec. IV).

III. EXPERIMENTAL TECHNIQUES

Basic magnetic properties, such as the effective demag-
netizing field 4mM ., the magnetic in- and out-of-plane
anisotropies, the spectroscopic splitting factor g, and the
Gilbert damping parameter G, were studied by means of
the FMR technique. dc magnetization loops were inves-
tigated by means of the surface magneto-optical Kerr
effect (SMOKE). The SMOKE measurements were car-
ried out at room temperature only; the FMR studies were
performed both at room and at liquid-N, temperatures.

A. FMR technique

The power of the FMR technique derives from the
dependence of the rf susceptibility on all participating
torques. The rf susceptibility can be calculated from the
Landau-Lifshitz (LL) equation of motion:

1 aM

v ot MXHg , (1
where M and H.; include contributions from both the
static and rf components, that is, M=M;+m and
Hgs=H-+h+h, +H; +hg. M; is the saturation magne-
tization, and m is the rf component perpendicular to M.
H is the static magnetic field which is parallel to the sam-
ple surface (parallel configuration), and h is the mi-
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crowave rf field parallel to the sample surface and per-
pendicular to the dc applied field H. h,=—47Dm, is
the rf demagnetizing field perpendicular to the sample
surface, and m, is the magnetization component along
the normal to the specimen surface. It should be pointed
out that the demagnetizing factor D in ultrathin films is
dependent on the film thickness.® The anisotropy field
H, depends on the direction of the saturation magnetiza-
tion with respect to the crystallographic axes.’ The in-
trinsic damping is described by the Gilbert effective-
damping field hg =i(w/y (G /y)m /M2, assuming a time
dependence e ~ ‘¢,

The FMR absorption line is monitored by measuring
the microwave amplitude reflected from a cylindrical
TE,,, cavity which contains the sample to be measured.
For a FMR system, in which the microwave frequency is
locked to the sample cavity, and for light loading the
reflected microwave amplitude changes linearly with the
absorbed microwave power in the sample. Thus the mea-
sured FMR signal is proportional to the out-of-phase mi-
crowave susceptibility x": x=m /h=x"+ix", where
m is parallel to h.

The FMR measurements were carried out at 24, 36,
and 73 GHz. Microwave cavities operating in the TE,
mode were particularly useful since the cylindrically sym-
metric radial rf magnetic-field pattern permitted full 360°
in-plane angular FMR studies. The measured sample
formed the end wall of the microwave cavity. As the ap-
plied field was rotated about the cavity axis, the com-
ponent of the microwave cavity field perpendicular to the
dc field did not change.

Ultrathin films of cubic materials grown along the
[001] crystallographic direction exhibit in general a
tetragonal symmetry. The corresponding magnetic an-
isotropy energies per unit volume (averaged through the
film thickness) take the form

Ex=—1K{[(a} +a})— 1K {Tai —Kfa? , 2)
where a,, a,, and «, are direction cosines with respect to
the cubic axes.

In the parallel configuration the fourth-order uniaxial
anisotropy perpendicular to the sample surface plays a
negligible role in FMR.} However, the surface uniaxial
and fourfold in-plane anisotropies do play significant
roles in ultrathin films.»° The overall magnetic anisotro-
py includes surface anisotropy terms which can be de-
scribed by

E,=—Kja?—1Kj (at+a}) . 3)

It is important to remember that in low-frequency
studies (from dc to well above microwave frequencies) the
ultrathin-film magnetic moments across the film thick-
ness are essentially parallel to one another. These locked
atomic magnetic moments form a large unit which exhib-
its its own magnetic properties. The magnetic torques
acting on a particular atomic magnetic moment in the
magnetic unit are shared equally by all the magnetic mo-
ments. Consequently, the surface anisotropies divided by
the ﬁglm thickness d appear as effective bulklike anisotro-
pies:
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K§T=Ky+ 2K (4a)

KiT=K,+ =K} . (4b)
The surface anisotropies include contributions from all
relevant interfaces.

The linearized LL equations of motion for the parallel
configuration lead to the complex rf susceptibility

X:Ms = 9_11-‘ 5 (5a)
(B—iT)YH—iT")—(w/y)

where I'=(w/y NG /Yy M,),

eff
5 1
B=H+47M 4+ M, (3+cos4¢) (5b)
and
_ 2K 5T
H=H-+ cosdd . (5¢)

s

G is the Gilberg damping parameter, and ¢ is the angle
between the field and an in-plane cubic axis. These equa-
tions illustrate the power of FMR measurements. The
in-plane angular dependence of the resonance fields
Hyyg determines the in-plane fourfold magnetic anisot-
ropy K ‘fﬂf The variation of Hgygr with microwave fre-
quency @ permits a determination of the effective demag-

netizing field
2K eff

u

M

N

47M 5 =47DM, —

(6)

and the gyromagnetic ratio ¥ =g|e|/2mc, where g is the
spectroscopic g factor.

In ultrathin films 47D depends on the number of atom-
ic layers, N. It can be shown by direct summation of di-
polar fields (using the procedure described in Ref. 8) that
for all but the first layer D=1—u /n, where u =0.2338
for an undistorted fcc structure.

The dynamic damping can be studied by the means of
the FMR linewidth AH, which is the field separation be-
tween the extrema of the derivation of the absorption,
dx''/dH. The microwave-frequency dependence of the
FMR linewidth can be described in ultrathin films as

G
yM,

s

AH=AH(O)+1.16$ )

where the frequency-dependent part arises from the in-
trinsic damping caused by the time-dependent part of the
spin-orbit contribution to the 3d valence-electron ener-
gies!® and AH(0) is caused by magnetic inhomogeneities
incorporated into the film structure during the growth.!!
AH(0) is often used as a measure of the quality of epitaxi-
ally grown films.

FMR measurements are very effective for the study of
the magnetic coupling between ferromagnetic layers.
The theory of exchange-coupled ultrathin trilayers (two
ferromagnetic layers separated by a nonmagnetic inter-
layer) has been extensively reviewed and used in our re-
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cent papers.®!>!3 Here we summarize the main features

which are relevant to results presented here. As pointed

out above, the magnetic moments within each ferromag-

netic layer precess together as a unit. The exchange in-

terface energy per unit area can be written in the form
M,;-M,

E.« J MM, ’ (8)
where J is the exchange-coupling coefficient between the
layers and M; and M, are the saturation magnetizations
in the individual films. The trilayer exhibits two
microwave-resonant modes: the microwave modes of the
trilayer structure correspond to a uniform precession of
the magnetization within each magnetic layer, but these
precessional motions are coupled. For the acoustic mode
the moments in the two films precess in phase; for the op-
tical mode the moments in the two films precess in anti-
phase. The character of the magnetic coupling can be
determined from the relative positions of the acoustic and
optical modes. In FMR the optical mode is located at a
higher field than the acoustic mode for antiferromagnetic
coupling and at a lower field for ferromagnetic coupling.
The positions and intensities of both modes depend in a
complicated way on the strength of the exchange cou-
pling, but they can be calculated using the LL equations
of motion, which include the effective fields arising from
the exchange coupling.® One should point out that the
optical mode is only observable in FMR measurements if
the individual ferromagnetic layers in the absence of ex-
change coupling have different resonance fields.® The
coupling to the rf driving field is very weak if the two
films have identical magnetic properties.

B. Surface magneto-optical Kerr effect

We have used a simple system operating at ambient
conditions. The dc magnetic field (from —8 to +8 kOe)
is applied in the optical plane of incidence and parallel to
the sample surface. A laser beam passes through a polar-
izer which creates an s-polarized beam which is reflected
from the sample (0~m/4). The reflected laser beam
passes through a crossed-polarization analyzer and is
subsequently detected by means of a photodiode. The
Kerr rotation in this geometry is sensitive to the magneti-
zation component which lies in the plane of incidence.
The magnetization is confined to the plane of the sample
by both the strong uniaxial anisotropy and the demagnet-
izing field: 47mM ~40 kG. The longitudinal Kerr effect
is proportional to the magnetization along the dc applied
field. A single 1-min pass around a hysteresis loop gives a
signal-to-noise ratio of ~20 for a 4-ML-thick Co film.

The interpretation of hysteresis loops is generally
difficult. One has to minimize the total magnetic energy,
which includes the magnetocrystalline, Zeeman, and ex-
change energies. Sample imperfections can nucleate
domain walls and trigger configurational transitions.
Only two extreme limits can be treated numerically in a
convincing manner. In the first limit one assumes that
the film is magnetically very soft and that appropriate
domain-wall nucleation processes bring the film to the
lowest energy available in a given applied magnetic field.
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These calculations are limited to homogeneous solutions
which ignore inhomogeneities such as sample imperfec-
tions. Sample imperfections are not only responsible for
the domain-wall nucleation, but are also a source of
domain-wall pinning, which can result in complex mag-
netization behaviors. In the second limit one assumes
that the magnetic moments in the individual films change
via a rotational mechanism only. For a dc field applied
along the magnetic easy axis, coherent rotation rarely
occurs. Usually, sample imperfections nucleate domain
walls, and the wall motion takes over in negative internal
effective fields; these fields are small compared with the
internal fields that are associated with a pure rotation of
the magnetization.

The trilayer hysteresis loops usually are difficult to in-
terpret in their entirety. An interpretation is possible if
there is a strong antiferromagnetic coupling which
significantly surpasses the strength of the in-plane anisot-
ropy. In that case the total energy is governed by the
Zeeman and antiferromagnetic exchange energies. In
high magnetic fields the Zeeman energy keeps the mag-
netic moments of the individual ferromagnetic layers
parallel. For fields less than the saturation field H,, the
antiferromagnetic coupling starts to exert its influence
and results in a decreasing trilayer magnetic moment
along the field as the magnetizations rotate gradually
away from their parallel configuration. A minimization
of the Zeeman and exchange energies, neglecting magne-
tocrystalline anisotropy energies, results in the condition
1,1

Rk 9)

where d| and d, are the thicknesses of the individual fer-
romagnetic layers.

In-plane crystalline anisotropies which are comparable
to the antiferromagnetic coupling complicate the inter-
pretation of H,,. The transition from magnetizations
parallel with the applied field to magnetizations that have
rotated away from the applied-field direction becomes a
first-order phase transition in the presence of in-plane
magnetocrystalline anisotropy. It is accompanied by a
discontinuity in the magnetization. This means that the
field value at which the magnetization is observed to
change, H,,, becomes sensitive to the properties of inho-
mogeneities which can nucleate a domain structure. The
field at which the transition is observed to occur may not
provide a direct measure of the exchange-coupling
strength J, but only a lower limit. We have observed in-
stances for nearly equal thicknesses of the two films in
which the magnetization gradually decreased as the ap-
plied field was reduced until the residual magnetization
(approximately 50% of the saturation magnetization)
suddenly reversed in a small negative field (see Fig. 7).
This behavior was not predicted either by a minimum-
energy model or by a model based upon rotation of the
magnetizations. However, in our view, the measurement
of H, still provides the best estimate of the strength of
the antiferromagnetic coupling which can be obtained
from a Kerr-effect measurement.

For the rotational process, the total energy can be ex-
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pressed in a small-angle expansion. The critical field H,,
is found by equating to zero the first derivatives of the to-
tal energy with respect to the angles which specify the
orientations of the film magnetizations. For an applied
field directed along a principal crystallographic axis
({100} or {110}), the effects of anisotropy and exchange
are additive, and one obtains

2K ] J (1,1
Htf——=———|—+— |, 10
M, M, |4 4 1o
where the + and — signs correspond to the dc field

along the {100} and {110} crystallographic axis.

The SMOKE technique applied to epitaxial trilayer
samples is very useful for the study of a moderately
strong antiferromagnetic coupling.'>~!* As the coupling
becomes weaker or begins to be ferromagnetic, the
analysis is complex and the data are hard to interpret. If
either the absolute value of the antiferromagnetic cou-
pling is lower than the in-plane anisotropies or the ex-
change coupling becomes ferromagnetic, there is little
that can be learned about their magnitudes from
SMOKE; magnetizations usually remain parallel as the
external field (parallel to the easy axis) is reduced to zero.
A moderately weak ferromagnetic coupling (comparable
to 2K?ﬂf/MS) could be measured by applying the dc field
along the hard magnetic axis in trilayers which have
different in-plane anisotropies in the individual layers.

We attempted to investigate the properties of these
thin cobalt films by means of Brillouin light scattering!®
(BLS), but we were unable to obtain useful signals. The
data of Kerkmann et al.'® indicate that the BLS signals
from a cobalt film 1-2 ML thick are much weaker than
the signals obtained using ultrathin bce or fec iron films.
It is estimated from a comparison of collection times that
the BLS signals from thin Fe films are approximately 100
times stronger than the signals from an equivalent thick-
ness of Co. The reason for this difference in scattering
strength is unknown; it is certainly not expected from a
comparison of spin-wave amplitudes in Fe and Co.

Kerr-effect signals obtained using Co films were com-
parable to those obtained using bce Fe films with a simi-
lar thickness. It can therefore be concluded that the off-
diagonal elements of the magneto-optic tensor must be
similar for Fe and Co. A trilayer specimen was grown in
which a 3-ML-thick layer of Fe was deposited on one of
the Co layers (Cu/001)/(Co),/(Cu)ys/(Co),/(Fe)s/(Cu)g/
(Au)y,. BLS signals were observed using this specimen
where the intensities were comparable to those measured
using 3-ML-thick single Fe films grown on Ag(001) or
Cu(001).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Single Co layers

FMR measurements carried out at 36 GHz revealed
that single Co layers posses very strong effective perpen-
dicular demagnetizing fields (see Table I) and large in-
plane fourfold anisotropies (see Table I). The values of
47M . in ultrathin Co(001) films are significantly larger
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TABLE 1. Single-layer samples. All measurements carried out at 36 GHz. T; is the temperature of
the substrate during the growth of the Co layer (g =2.155).

295 K 77 K
a 2K?ﬁ . ZKﬂ
TS Hu 47TMetT MS Hu 47TMCW ——MS
Sample (K) (kOe) (kOe) (kOe) (kOe) (kOe) (kOe)
(Co)y.7/(Cu)yy.s/(Au)y 330 —15.4 30.8 —0.065 —39.0 544 —0.60
(Co);.3/(Cu)e/(Au)y 375 —25.9 42.5 —1.08 —34.7 51.3 —2.65
(Co)4/(Cu)s/(Au)y 300 —25.1 41.9 —1.10 —313 48.1 —2.21
(Co),0/(Cu)yp/(Au)y 355 —17.3 34.8 —1.29 —18.8 36.3 —1.81
(Co)s/(Fe);/(Cu)g s /(Au)yg 300 15.6 —0.41 15.6 —0.60

*Using 4mM;=17.87 kG; see Eq. (11) in the text.

than the saturation induction 4mM,. Therefore, the large
perpendicular uniaxial anisotropy has its hard axis along
the film normal. The in-plane fourfold anisotropy has its
easy axis along the {110} crystallographic directions (see
Fig. 3).

1. Magnetic anisotropies

The thickness dependence of 4mM 4 and 2K ‘ﬁf /M can
be fit with a constant plus a linear term in the thickness
d. With a limited number of samples (d., =3.3, 4, and 10
ML), it is difficult to decide whether these samples also
show the 1/d terms which are a typical signature of sur-
face anisotropies. Sudden deterioration of the Cu sub-
strate precluded further choices of thickness. The avail-
able data are better represented by a term linear in d than
a term linear in 1/d. The thickness-independent parts of
4mM 4 and 2K if“f/Ms do not change appreciably upon
cooling to liquid-N, temperatures. However, the terms
which are linear in d show a strong temperature depen-

H
1
|

w
1
|

FMR field (kOe)

1 Il 1 1

0 90
Angle of magnetic field from {110} axis (deg)

180

FIG. 3. In-plane angular dependence of the FMR field ob-
served for the (Co), 3/(Cu)s/(Co)s sample. The measurements
were carried out at 36.3 GHz. The solid line represents a
theoretical fit using the following magnetic properties:
47M s=40.8 kOe, 2K ] /M,=—1.05 kOe, and g=2.16 (ob-
tained from Table IV). Note that the FMR field around the
easy magnetic axis changes more slowly with angle than around
the hard axis. This behavior is caused by dragging the satura-
tion magnetization behind the external field due to a strong in-
plane fourfold anisotropy.

dence; e.g., the term linear in d for the in-plane anisotro-
py field even changes its sign between liquid-N, tempera-
ture and room temperature.

Perpendicular uniaxial anisotropies can be found from
FMR by extracting 4mM .4 and using the formula for the
finite fcc lattice:

2K
M,

s

0.2338
N

H,= =4r |1 M,—4rMy, (11

where N is the number of atomic layers. For fcc Co we
used the saturation induction 47wM;=17.87 kG corre-
sponding to that of hcp Co. The results of these analyses
are shown in Table I.

The in-plane anisotropy decreases with an increasing
sample thickness at cryogenic temperatures. The perpen-
dicular uniaxial anisotropies decrease with an increasing
film thickness at both room and liquid-N, temperatures.
Such behavior can be expected in tetragonally distorted
Co(001) films due to a relaxation of lattice strains with an
increasing film thickness.® Phenomenologically, the thick-
ness dependence of the perpendicular and in-plane four-
fold anisotropies in Co(001) can be discussed in terms of
the second- and fourth-rank tensors of magnetoelastic en-
ergy.'” It would require a very large magnetostriction
constant A=6X10"* to explain observed uniaxial aniso-
tropies on bases of lattice strains of Co(001) (see Sec. II).
This value is significantly larger than those observed in
hep Co and Co alloys. Therefore, the uniaxial anisotropy
in Co(001) films cannot be explained by a simple magne-
toelasticity theory. A large lattice relaxation would be
needed,!” ~8%, to account for the observed decrease in
the in-plane anisotropy with an increasing film thickness.
This value far exceeds the lattice strains as observed by
LEED studies,® and thus again a simple linear magnetoe-
lasticity is not suitable.

It is puzzling that the thickness dependence of the
fourfold anisotropy changes its sign on heating from
liquid-N, to room temperature. It is possible that this re-
versal in behavior is due to decreasing thermal fluctua-
tions with an increasing sample thickness. However,
SMOKE measurements show that even a 3-ML-thick Co
film has the critical point well above room temperature,
T.~600 K.> The saturation magnetization in ultrathin
Co films follows an Ising-type behavior, and therefore for
temperatures 7 <300 K the thermal fluctuations should
be negligible.!® Observed reversal in the thickness depen-
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TABLE II. Temperature dependence of magnetic properties
for (Co), 7/(Cu),;.s/(Au),o sample.

2K ?ﬁ
Temperature H, 4T M M
(K) (kOe) (kOe) (kOe)
295 —15.4 30.8 —0.065
195 —28.0 43.4 —0.13
77 —39.0 54.4 —0.60

dence of the in-plane fourfold anisotropy is more likely
caused by a complex dependence of the spin-orbit contri-
bution to 3d valence-band energies on the sample temper-
ature and number of atomic layers.

Recently, some controversies have occurred concern-
ing the Curie point in a 1-ML-thick fcc Co(001) film.
Beier et al.,'® using spin-polarized photoemission and
Kerkmann using SMOKE,!" found the critical point T,
in 1-ML fcc Co(001) to be well above T >300 K.
Schneider et al.,® using SMOKE measurements, found
T, to be less than 300 K in 1-ML-thick Co. We used a
somewhat thicker sample, Cu/(Co), ;/(Cu); s/(Au)y,
than that studied in the work of Beier et al. and Schneid-
er et al. The temperature dependence of 47M 4 and
2K§ff/MS in the 1.7-ML-thick Co film is shown in Table
1L

Clearly, both 47M .4 and 2K ?‘”T /M, are significantly de-
creased at room temperature when compared with thick-
er Co samples (see Table I). In fact, even in a dry-ice
bath, the values of 47mM. and 2K?7|Y/MS were still
significantly lower than those observed at liquid-N, tem-
perature.

FMR is not a very suitable tool to study the critical
point of thin films since the large applied dc fields re-
quired partly suppress the critical fluctuations. However,
the fourfold anisotropy scales as a high power law (at
least fourth power) with saturation magnetization; there-
fore, its temperature dependence can be used to estimate
the critical point T,. Therefore, the Curie point in our
1.7-ML-thick Co is definitely not well above room tem-
perature. In fact, the temperature dependence of 47 M 4
is very similar to that observed by Gradmann et al.?° in
the 1-ML Fe(110) on W(110).

2. Dynamic properties

The sample Cu/(Co),y/(Cu)o/(Au),, was extensively
studied by means of FMR at 23.8, 36.3, and 72.9 GHz in
order to obtain the values of 47wM ; and g and the
separate contributions to the linewidth using Eq. (7). The
results of the analysis for 4mM  and g are shown in
Table III. The value of 47M ; is weakly dependent (less
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than 1% variation) on the dc magnetic field (0.5-3.5-13
kOe, equivalent to the microwave frequencies 24-36-73
GHz). The g factor was found to be almost independent
of field; its average value was found to be g=2.16. The
in-plane fourfold anisotropy 2K T‘UT/MS changes, increas-
ing by 7-8 % with an increasing dc field. The frequency
dependence of the linewidth shows negligible AH(0), less
than 5 Oe. The Gilbert-damping coefficient was found to
be 3X 108 sec ™.

A zero value for AH(0) is unique. One expects a line
broadening from the fact that the anisotropy varies with
thickness. Any variation in thickness should contribute
to the broadening. In the case of Fe, where the anisotro-
py variation with thickness changes the resonance field
by 300 Oe per ML at 10 ML, the AH(0) was 70 Oe,
which seemed to indicate very flat interfaces.?! The vari-
ation of resonance field with Co thickness at 10 ML is 90
Oe per ML at 10 ML. This indicates that the Co surface
are perhaps better.

The Gilbert-damping parameter 3X10% sec™! is
significantly larger than that observed in Fe films and
bulk Fe (Refs. 21 and 22) and (G =0.84X 10% sec '), but
it is comparable to the Gilbert damping for bulk Ni (Ref.
23) (2.45X 108 sec™!). It is interesting to note that the g
factors for fcc Co (g =2.16) and for fcc Ni (g =2.19) are
also close. The deviation of the g factor from its free-
electron value (g =2.0) reflects the contribution of the
spin-orbit coupling to the 3d valence-band magnetic mo-
ments. Moreover, the intrinsic damping and magnetic
anisotropies in 3d metals also originate in the spin-orbit
interaction.!® The cubic anisotropy in bulk Ni is large at
cryogenic temperatures (—2.7 kOe at liquid-N, tempera-
ture), and it is negative as in fcc Co layers (—2.7 kOe for
3-ML-thick Co) (see Table I). Therefore, the similar be-
havior of the g factors, the fourfold crystalline anisotro-
pies, and the intrinsic Gilbert-damping parameters in fcc
Co and fcc Ni suggest that the contributions of the spin-
orbit interaction to their 3d bands are very similar.

1

B. Exchange coupling between Co layers

Recent measurements®* have shown that fcc Cu inter-
layers can give rise to antiferromagnetic coupling be-
tween Fe and Co films. We have investigated the ex-
change coupling in several Co-Cu trilayer samples:

(a) Cu/(C0)s/(Cu)g/(C0) g 5/(Cu)yy /(Au)y
(b) Cu/(€0)y/(Cu)s/(C0)y/(Fe)y/(Cu)g/(Al)y,
(c) Cu/(Ca)y3/(Culg/(Co)y/(Cu)yy /(A

(d) Cu/(C0)y/(Cu)1p/(Co)io/(Cu)io/(Au)y .

TABLE III. Magnetic properties of Cu/(Cu);o/(Cu),o/(Au),, sample at different microwave fre-

quencies.
F i 47 M, 2K
requencies TM o M
(GHz) (kOe) (kOe) g
24-73 34.4 —1.26 (at 24 GHz), —1.36 (at 73 GHz) 2.16
36-73 34.6 —1.29 (at 36 GHz), —1.36 (at 73 GHz) 2.16
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The layers participating in the magnetic coupling are un-
derlined, and the underlined parts (with integer numbers
only) will be used to identify these specimens. SMOKE
and FMR techniques were used to investigate the ex-
change coupling in these structures.

1. Ferromagnetic resonance on (Co)/(Cu)s/(Co) 9.3

The magnetic properties of individual Co films give
sufficiently different resonance fields (the resonance fields
in 10-ML Co and 4-ML Co films were 0.32 and 0.66 kOe
apart along the easy and hard axes, respectively) that
FMR could be used to measure a moderately strong ex-
change coupling in the trilayer systems. Indeed, the sam-
ple (Co),/(Cu)¢/(Co);, exhibited optical peaks at larger
fields than their acoustic counterparts, and this clearly in-
dicated a weak antiferromagnetic coupling at both room
and liquid-N, temperatures (see Fig. 4). It is surprising
that the optical peaks were very weak in spite of the fact
that they were close in field to their respective acoustic
peaks. The weak optical peaks indicated that the mag-
netic properties of the individual Co layers changed
significantly, with the result that their resonance fields
were even closer than those in single layers.

Computer fits of the (Co),/(Cu)¢/(Co)y, trilayer data
were carried out by adjusting the values of 47M 4 (in
each constituent layer), the in-plane anisotropy
ZK?ﬁ /M, and the exchange coupling between layers [see
Figs. 4(c) and 4(d)]. Unambiguous fits were possible to
achieve since the low intensity of the optical mode re-
quired the magnetic properties of the constituent layers
to be very close. The position of the acoustic peak pro-
vided a good starting estimate of 47M  for the thicker
Co layer. The exchange coupling was estimated from the
position of the optical mode. The value of 47mM 4 for the
thinner layer was then determined from the intensity of
the optical mode. Measurements along the hard and easy
magnetic axes determined the in-plane crystalline anisot-
ropy. Fits were carried out iteratively until good agree-
ment was achieved in the resonance peak positions and in
the relative intensities of the measured optical and acous-
tic peaks, along both the hard and easy magnetic axes.
Results of our analysis are shown in Table IV.

Note that the value of 47mM ; obtained for the thinner
Co layer was found to be substantially smaller than that
obtained from measurements on a single layer. The lat-
tice strains in the trilayer structures may well be de-
creased compared with strains in the single-layer struc-
tures. A relaxation of lattice strains would result in lower
perpendicular uniaxial anisotropies.

It is also interesting to point out that the strength of
the antiferromagnetic exchange coupling is not isotropic.
It is noticeably larger along the easy axis (—0.05
ergs/cm?) than along the hard axis (—0.028 ergs/cm?).

2. Ferromagnetic resonance on (Co),/(Cu)s/(Co)4/(Fe);s

We tried to increase the difference in resonance fields
in the Co layers by changing the outer Co/Cu interface.
The samples Cu(001)/(Co),/(Au)yg and
Cu/(Co),/(Fe);/(Cu)y/(Au),, were grown. The first
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sample with the Co/Au interface showed a strange be-
havior. The FMR signal exhibited two separate FMR
lines at 3.15 and 0.35 kOe along the easy axis and at 7.39
and 1.7 kOe along the hard axis. As shown in Sec. I, the
growth of fcc Au on fcc Cu(001) templates is complex
and involves two antiphase domains of Au(111). Obvi-
ously, the direct growth of Au on Co significantly alters
the structure of the underlying Co film and results in two
separate FMR peaks which correspond to two distinct
Co phases. The two distinct Co phases are very likely
caused by different lattice-strain distributions around the

(b) hard-axis

(a) easy-axis d
- experiment

- experiment

Absorption Derivative (arb. units)

) (c) easy-axis (d) hard-axis
g - theory - theory
o)
8
15
B
K]
2
o)
[a)
=
.8
a Optical
g Peak
8
<
L 1

3
Magnetic Field (kOe)

FIG. 4. FMR signal in the sample (Co)s/(Cu)g/(Co0)y 3
along the (a) easy and (b) hard magnetic axes at 36.3 GHz and
T=300 K. Note that the optical peaks are weak and occur at
higher fields than the acoustic peaks, and therefore the ex-
change coupling between the Co layers is antiferromagnetic.
Note also that the optical peak along the hard axis lies closer to
its acoustic counterpart than that along the easy axis. This
shows that the exchange coupling is stronger along the easy
axis. (c) and (d) are the calculated FMR lines using the theory
of the exchange-coupled bilayers for the sample which measure-
ments are shown in (a) and (b). The magnetic parameters for
the 4 ML (4) and 10.3 ML (B) of Co(001) films were determined
by fitting the positions and intensities of both the acoustic and
optical peaks. The best fits were obtained by using the following
parameters: (2K$J/M,)*=—1.22 kOe, (21('?’,’{/]%_Y )B=—1.18
kOe, (477'Meﬁ)”=37.3 kOe, and (477Me,f)B:34.2 kOe (see Table
IV). The exchange coupling along the easy axis, J.,,, = —0.052
ergs/cm?, is higher than that observed for the hard axis,
Jhara = —0.025 ergs/cm?.
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two Au(111) antiphase domains. This specimen was un-
suitable for further studies.

The second sample, Cu/(Co),/(Fe);/Cu, exhibited the
magnetic properties of a well-behaved ferromagnetic film
(see Table I). The growth of Fe shows moderately strong
RHEED intensity oscillations. The Fe RHEED patterns
exhibited good 90° in-plane symmetry, but the RHEED
streaks along the {110} azimuths were split, indicating
that the 3-ML Fe film was reconstructed.

The magnetic properties of the Cu/(Co),/(Fe);/Cu
film were very different from those measured for a single
separate Co layer (see Table I). The presence of Fe
significantly decreased 47 M . In fact, 47mM +=15.6 kG,
in the Cu/(Co),/(Fe);/Cu sample, is very close to the
saturation induction of fcc Co(001). Most likely, this is
because the uniaxial anisotropy is significantly decreased.
The in-plane fourfold anisotropy was also strongly de-
creased, 2K§[ /M, =—0.41 kOe compared with —1.08
kOe for Cu/(Co),/(Cu)s/(Au),,. The magnetic proper-
ties of the (Co),/(Fe); layer are close to an average of
those observed for individual (Co), and (Fe), layers. This
shoulsd be expected for two layers that are strongly cou-
pled.

The FMR fields in the Cu/(Co),/Cu and
Cu/(Co),/(Fe);/Cu samples were very different. The
resonance fields along the easy and hard axes differed
by 4 and 4.6 kOe, respectively. The trilayer
(Co)4/(Cu)¢/(Co),/(Fe); was well suited for the study of
the magnetic coupling using the FMR technique; and
indeed the optical peaks were clearly visible (see Fig. 5).
Unexpectedly, the optical peaks were found at smaller
fields than the acoustic peaks. The (Co), and (Co),/(Fe),
layers were coupled ferromagnetically. The addition of a
3-ML Fe film on the outside of the Co layer changed the
sign of the exchange coupling between the two Co lay-
ers. In contrast to the (Co),/(Cu)¢/(Co), trilayer,
the FMR measurements in this sample were very easy to

@ T=295K
g easy axis {110}
2 r f=36.3GHz b
b=
=
(2]
A
s
2 oo
5
2
.§ Optical
= Peak
& 1
0
<
1 1 1
2 6

Magnetic Field (kOe)

FIG. 5. FMR signal along the easy axis in the sample
(Co)y/(Cu)g/(Co)4/(Fe)3/Cu. The solid line is a computer fit
using the theory of the exchange-coupled bilayers. The parame-
ters used to fit the data are shown in Table IV. Note that the
optical peak is weak and that it occurs at a smaller field than the
acoustic peak: The exchange coupling between the Co layers is
therefore ferromagnetic.

TABLE IV. Magnetic properties of multilayered samples. All growths carried out at 300 K except for the (Co)s/(Cu)s/(C0)9.3/(Cu)y1 /(Au)yg sample.

77 K

2K§]
M

295 K

2K ﬁf
M

47M off

4™ off

J easy
(ergs/cm?)

(kOe)

(kOe)

layer A

J hard
(ergs/cm?)

J easy

(ergs/cm?)

(kOe)

(kOe)

layer A

J hard
(ergs/cm?)

layer 4 layer B

layer B

layer A layer B

layer B

Bh

Aa

d
0.26
N/A
N/A
N/A

—0.061

—2.01
—0.60

—-1.73
—1.69
—1.94

—2.01
—2.21

313
15.6

39.2

—0.052 —0.025

—1.18

—1.22
—1.10

34.2

37.3

(_C2)4/(Cu)6/(Q_Q)1o_3/(Cu)n/(All)2oc

d
N/A
N/A

48.1

0.071
N/A
N/A
N/A

0.071
N/A
N/A
N/A

—0.414

—1.27
—1.05

16.3
—1.00

41.9

(Co)y/(Cu)g/(Co)y/(Fe)3/(Cu)g/(Au)y
(CO)4/(C\1)6/(C0)10,5/(CU)10_1/(A11)20e

39.7

36.6

50.9

40.8

(Co)y.5/(Cu)s/(Co)y/(Cu)yy/(Au)y

N/A

40.1

39.6

(CO)4/( CU)[Q/(CO )m/(cu)m/( Au)zoe

2 4 corresponds to the first ferromagnetic layer, which is (Co), for both top samples.

®B corresponds to the second ferromagnetic layer, which is (Co)yq ; for the first sample and (Co),/(Fe); for the second one.

“Different growth conditions: (Co), at 375 K, (Cu)s at 410 K, and (Co),, at 345 K.

4For samples (Co),/(Cu)g/(C0)yg.3/(Cu)y, /(Au)yg and (Co)y/(Cu)g/(Co)y/(Fe); /(Cu)g/(Au)y, the optical peaks were out of the magnetic-field range at 77 K for the hard and easy

The anisotropies for the

(Co),/(Cu)g/(C0),q 5 trilayer were taken as an algebraic mean of the single film anisotropies from Table I. The anisotropies in (Co),/(Cu)s/(Co),/(Fe); multilayer were taken to be

For these cases the computer fits were carried out for the axes which had both the optical and acoustic peaks available.
identical to those of measured single films (see Table I and text).

axes, respectively.

S

“No optical mode visible.
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interpret. One did not have to change the magnetic prop-
erties of the individual layers in order to get a good fit be-
tween theory and experiment (see Tables I and IV). The
exchange coupling was the only important parameter
which was adjusted to fit the data obtained for fields
along both the easy and hard magnetic axes (see Table
IV).

In contrast with the (Co),/(Cu)¢/(Co)yo 3 trilayer,
the metastable 4-ML Co film in the
(Co)4/(Cu)g/(Co)s/(Fe); trilayer did not appear to
change its magnetic anisotropies. Even the Fe lattice
reconstruction did not affect the magnetic properties of
the underlying Co layer. Perhaps, the (Co), ; layer is re-
sponsible for the change of the (Co), layer in the
(C0)4/( CU)s/( Co )10.3 trilayer.

The ferromagnetic exchange coupling in the
(Co)4/(Cu)¢/(Co),/(Fe); trilayer was found to be isotro-
pic and to increase rapidly upon cooling. At liquid-N,
temperatures it increased by 3.5 times; this is very close
to the ratio of room and liquid-N, temperatures. Such a
large increase in the ferromagnetic coupling with de-
creasing temperature was previously observed for
Fe/Pd/Fe trilayers. This behavior in the Fe/Pd/Fe sys-
tem was ascribed to the paramagnetic response of the Pd
layer itself.!?

Such a mechanism would be possible only if the Cu lay-
er obtained a paramagnetic moment, through some
admixture of Co. During the growth of the
(Co),/(Cu)¢/(Co),/(Fe) trilayer, the Fe lattice reconstruc-
tion might have generated structural defects which could
enhance the diffusion of Co into the Cu interlayer.
Paramagnetic magnetic moments on Co impurities in the
Cu interlayer could then be magnetized by the exchange
fields of the surrounding Co layers. In that way an in-
duced weak magnetic moment in the Cu interlayer could
provide a ferromagnetic coupling which would increase
with decreasing temperature according to the Curie-
Weiss law. Yet this picture is hard to reconcile with the
observation that the magnetic properties of the
Ag/(Co)s/Cu layer in this trilayer did not change with
respect to the single layer, whereas the same layer in the
(Co)y (Cu)g/(Co)y trilayer did change its magnetic prop-
erties.

3. Ferromagnetic resonance on (Co) 4/(Cu);0/(Co) ;o

The FMR data obtained for (Co),/(Cu),q/(Co)ig
displayed two FMR peaks (see Fig. 6). However, the
low-field weak peak observed in this sample is definitely
not related to the optical mode. The low-field peak in the
FMR measurement occurred in the same field region
where the total magnetic moment underwent a rotational
process due to the antiferromagnetic coupling. This
effect was recently also observed by Krebs ef al.? in
Fe/Cr/Fe superlattices and was argued to be due to the
influence of a giant magnetoresistivity effect on the mi-
crowave absorption. The absence of the optical mode is
very likely due to the fact that the resonance fields of
(Co)y and (Co)y layers in the (Co),/(Cu),q/(Co0)yq tri-
layer are very nearly equal, which results in a negligible
intensity of the optical mode. This is a surprising result
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FIG. 6. FMR signal in the sample

(Co)4/(Cu)1g/(C0)y9/(Cu)g/(Au)yy. The dc field is along the
easy axis. The low-field weak peak is located below the satura-
tion field, and it does not correspond to the optical mode. In or-
der to enhance the peak in the lower field, it was necessary to in-
crease the sensitivity of measurement, resulting in clipped
higher peak.

since the optical mode was observed in the sample
(Co),/(Cu)¢/(Co)yy. Apparently, the magnetic proper-
ties of the individual layers are more nearly equalized in
the thicker trilayer.

4. SMOKE results

The trilayer structures (Co),/(Cu)s/(Co), and
(Co)4/(Cu),y/(Co);, did not exhibit optical modes in the
FMR measurements. In the first case the absence of an
optical mode would be expected because of the similarity
to the thicknesses of the Co layers. The absence in the
second case may be the consequence of nearly identical
magnetic properties of (Co), and (Co), in the presence of
the thicker Cu layer. The exchange coupling in these tri-
layers could be studied only by means of the SMOKE
technique.

The dc magnetic field was applied along the easy mag-
netic axis. The magnetization of the (Co),/(Cu)¢/(Co),
sample exhibited no sudden decrease as the external field
was reduced: The deviation from saturation was gradual
(see Fig. 7). We therefore used Eq. (10) for a rotational
process to estimate the strength of the antiferromagnetic
(AF) coupling. A value H,=0.5 kOe results in an AF
coupling of J=—0.08 ergs/cm? (for ZK?’HT/MS ~—1
kOe).

Note also that the (Co),/(Cu)¢/(Co), trilayer shows a
nonzero value of the total magnetic moment at zero dc
field. This remanent magnetization suggests that at zero
field the magnetic moments in this trilayer are rotated
by 90° with respect to each other. Clearly, the
(Co)4/(Cu)g/(Co), sample does not possess a simple anti-
ferromagnetic coupling.

Micromagnetic calculations of the lowest-energy states,
assumed accessible, were carried out for two layers 4.0
and 4.3 ML thick coupled by an antiferromagnetic ex-
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FIG. 7. SMOKE measurements of the hysteresis loop for the
sample (Co)43/(Cu)¢/(Co)s. The applied field lies along the
easy magnetic axis. Note that the magnetic moment in the sam-
ple deviates from saturation before zero field is reached: This
indicates that the exchange coupling is antiferromagnetic. The
abrupt change near zero field is due to magnetization reversal
via domain walls.

change interaction. The most suitable value turned out
to be J = —0.043 ergs/cm>. The fourfold in-plane anisot-
ropy was taken to be ZK?ﬂf /M;=—1.1kOe.

This coupling is similar to that observed by FMR in
the sample (Co),/(Cu)s/(Co)yy, J=—0.052 ergs/cm?.
This result is in agreement with the observations on
Fe/Cu/Fe trilayers where the exchange coupling seems
to depend only on the thickness of the Cu interlayer, but
not on the thickness of the magnetic layers.

The numerical calculations used an algorithm which
followed the free energy long paths corresponding to
steepest descent.?%?” The barrier for homogeneous rota-
tion is sufficiently large for this model that the magneti-
zations would remain parallel with the external-field
direction even when the field was reduced to zero. If it is
assumed that the system can somehow achieve its state of
lowest free energy,?’ then this model predicts a first-order
phase change at an external applied-field value of 0.5 kOe
with a sharp drop in the magnetization to approximately
0.3 of its saturation value. This magnetization drop cor-
responds to a configuration in which the layer magnetiza-
tions have rotated through angles of approximately 70°.
As the field is further reduced, the magnetization direc-
tions approach a zero-field configuration in which the
magnetizations are antiparallel and oriented at right an-
gles to the field direction. This model does not describe
the observed behavior (see Fig. 7).

However, the calculated variation of magnetization
with applied field is similar to that observed (see Fig. 7), if
one assumes an angularly dependent exchange interaction
of the form

J=J, +J,[1—cos(6,—6,)] . (12)

If (J, +J,) is small, but J, is large, the magnetizations in
zero applied field become oriented 90° from one another
along two mutually perpendicular easy axes, giving a net
magnetization along the applied field of 1 the saturation
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value. The value J; =+0.02 ergs/cm? is required in or-
der that rotation away from the field direction be initiat-
ed at an applied field of 0.5 kOe.

Our studies were not primarily concerned at this point
with the thickness dependence of the exchange coupling
in fcc Co/Cu/Co systems on the Cu thickness. However,
we carried out an additional measurement on sample (d),
(Co)4/(Cu),y/(Co);p, where the Cu interlayer was in-
creased in thickness to 10 ML. We used this particular
thickness because the bcec Fe/Cu/Fe samples exhibited a
maximum in the antiferromagnetic coupling around
dc,~10 ML. The SMOKE measurement (see Fig. 8)
shows clearly that sample (d) is coupled antiferromagneti-
cally. However, its hysteresis loop exhibits a nontrivial
behavior. Instead of one critical field H,,, one can clear-
ly identify two (see Fig. 8), one at ~0.6 kOe and the oth-
er at ~0.25 kOe. The presence of the second critical
field is not predicted by any simple magnetization rota-
tion mechanism. In order to explain the two extended
magnetization plateaus shown in Fig. 8, it was necessary
to invoke an angularly dependent exchange interaction of
the form of Eq. (12). If one uses J, = —0.060 ergs/cm?,
J,=0.015 ergs/cm?, along with d,=1.74 nm=10 ML,
d,=0.696 nm=4 ML, and in-plane anisotropy fields of
—1.29 and —1.10 kOe (see Table I), the minimum-free-
energy model exhibits two phase transitions (see Fig. 9).
The high-field transition at 0.64 kOe corresponds to a
transition from a state in which the two magnetizations
lie along the applied-field direction to a state in which the
magnetization in the thin film lies nearly perpendicular to
the field direction. The low-field transition at 0.27 kOe
corresponds to the magnetization in the thin film becom-
ing oriented antiparallel with the applied-field direction.
The calculated variation of the model magnetization with
field (Fig. 9) certainly resembles the data (Fig. 8), espe-
cially if the transitions were slightly smeared out because
of a distribution of exchange strengths.?® It is perhaps
worth noting that, in order to produce a change in mag-

T=295K
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FIG. 8. SMOKE measurements of the hysteresis loop for the
sample (Co),/(Cu);y/(Co)yo. The applied field is applied along
the easy magnetic axis. Relatively abrupt changes in the magne-
tization occur for fields of 0.6 and 0.25 kOe as well as at zero
magnetic field. See detailed interpretation in the text.
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netization at 0.64 kOe using the pure rotation model, it
would be necessary to increase the antiferromagnetic ex-
change coupling to —0.127 ergs/cm?. The resulting
phase transition would cause a flip of the magnetization
in the thin film from parallel to antiparallel with the
applied-field direction.

One could argue that the state of lowest energy is not

Free Energy

0.27 kOe

0,=0,0,=m/2 0.64 K0e
° 0.45 -
Magnelic Field (kOe)
(b)
parallel
§
.g ............................
Eb !
S | anti-parallel
.............................. .
0.27 kOc
° 0.45 o
Magnetic Field (kOe)

FIG. 9. (a) Magnetic-field dependence of the free energy for a
model consisting of a 4-ML Co film exchange coupled with 10-
ML Co film. The external field is applied along an easy magnet-
ic axis. The parameters used in the calculation are
47M;=17.87 kOe for each film, effective in-plane anisotropy
fields 2K§f/M,=—1.10 kOe (4-ML film) and
2K /M, = —1.29 kOe (10-ML film), and an angularly depen-
dent antiferromagnetic exchange coupling with J, = —0.060
ergs/cm? and J, =0.015 ergs/cm? [see Eq. (12) of the text]. The
lowest free energy is obtained for a phase change at 0.64 kQOe,
where the magnetization in the thin film rotates into the easy-
axis direction which is perpendicular to the applied-field direc-
tion, followed by a second phase change at 0.27 kOe, where the
magnetization in the thin film becomes antiparallel with the
magnetization in the thick film. (b) The magnetic-field depen-
dence of the magnetization for the model of (a) assuming that
the free energy can reach its minimum value at any applied
field.
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FIG. 10. SMOKE measurement of the hysteresis loop in the
sample (Co),/(Cu)s/(Co)yo. The applied field is along the easy
magnetic axis. Co layers in this sample are coupled antifer-
romagnetically (J = —0.052) (see Table IV). Note that the hys-
teresis loop in this sample is square. The fourfold in-plane an-
isotropy 2K?‘ﬁ/MS ~1.2 kOe holds the magnetic moments along
the easy axis. No drop in the total magnetic moment was ob-
served at the domain-wall nucleation field 0.5 kOe (correspond-
ing to J= —0.052 ergs/cm?); therefore, this sample does not fol-
low the path of minimum energy.

always achieved. The growth of nucleated domains re-
quires that there be a negative field creating an unstable
region to be swept away. A lower-energy state is then
achieved in negative fields, but not necessarily in positive
fields. The sample (Co)y/(Cu)s/(Co)y shows that ul-
trathin films can exhibit this type of behavior. The FMR
data showed that the (Co),/(Cu)¢/(Co),o sample is cou-
pled antiferromagnetically with the exchange coupling
J=—0.05 ergs/cm? and yet its hysteresis loop is quite
rectangular (see Fig. 10). The domain walls are nucleated
in very low reversed fields and result in the magnetic-
moment reversal upon crossing zero applied field. This
sample does not follow the path of a minimum energy. If
it did, the exchange strength J= —0.05 ergs/cm? would
result in a decreasing magnetic moment for dc fields
|H| <0.6 kOe. Clearly, the magnetization processes in
ultrathin films can be very complex and the interpreta-
tion of hysteresis loops can be nontrivial.

V. SUMMARY

Ultrathin structures with one or two layers of fcc
Co(001) were grown by means of MBE. RHEED pat-
terns and RHEED intensity oscillations were used to
characterize their growth. The magnetic properties of ul-
trathin Co(001) layers surrounded by fcc Cu(001) were in-
vestigated using the FMR technique. Trilayers of two
magnetic layers separated by a nonmagnetic layer were
studied using FMR and SMOKE.

It was shown that ultrathin Co(001) layers surrounded
by fcc Cu(001) have a strong perpendicular uniaxial an-
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isotropy with its hard axis along the film normal, result-
ing in a strong magnetic easy plane 47 M ~40 kOe. The
fourfold in-plane anisotropy is also strong (2K ?'”Y/Ms ~1
kOe) with its easy axes along the {110} crystallographic
directions.

The magnetic anisotropies appear strongly dependent
on the tetragonal lattice distortions of the metastable fcc
Co(001) epitaxially constrained by the Cu(001) environ-
ment.

The contribution of the spin-orbit interaction to the
3d-band energies in strained fcc Co(001) ultrathin layers
represents a major effect which cannot be explained on
the basis of simple magnetoelastic terms.

The similar magnitude of the g factors, the fourfold
in-plane anisotropies, and the intrinsic Gilbert damping
in fcc ultrathin Co(001) layers and those of bulk Ni sug-
gest that the contribution of the spin-orbit interaction to
their 3d bands is very similar.

FMR and SMOKE studies of two Co(001) layers ex-
change coupled through Cu(001) interlayers were carried
out for several structures. It has been shown that the
magnetic properties of individual Cu/Co/Cu layers are
significantly modified in exchange-coupled structures. In
Cu/Co/Cu/Co/Cu structures the magnetic properties of
the constituent Co layers are very similar despite
differences in thicknesses. This results either in very
weak or unobservable optical peaks in the FMR response.

Ultrathin fcc Co(001) layers become unstable when
placed in direct contact with a Au layer. The Au layer
significantly alters the underlying Co layer and results in
two distinct Co phases having significantly different mag-
netic properties.

A single film of (Co),/(Fe); exhibits properties expect-
ed from the strong coupling of a (Co), and a (Fe), layer.
When combined into a trilayer (Co),/(Cu)y/(Co),/(Fe)s,
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the two magnetic layers retained their individual proper-
ties while coupling ferromagnetically across the Cu. This
was in strong contrast with the behavior of a trilayer
(Co),/(Cu)s/(Co)yq in which the coupling was antiferro-
magnetic and the two Co layers did not retain their indi-
vidual properties.

Hysteresis loops measured by means of SMOKE
showed complicated behaviors. Several types of mi-
cromagnetic calculations were carried out to interpret the
magnetization measurements. The hysteresis loops in an-
tiferromagnetically coupled trilayers do not follow a sim-
ple model of antiferromagnetic coupling. The absence of
sudden jumps (first-order phase transitions) in the ob-
served magnetization processes suggests that the ex-
change coupling in Co structures is laterally nonuniform.
Some features of the observed hysteresis loops can be ex-
plained. These were used to estimate the strength of the
exchange coupling. The values so determined were in
good agreement with the FMR results.

FMR shows that the antiferromagnetic exchange cou-
pling in Co/Cu/Co trilayers is anisotropic with the cou-
pling larger along the easy magnetic axis. Hysteresis
loops indicate that the antiferromagnetic coupling softens
with increasing angle between the magnetizations of the
two layers.
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FIG. 1. RHEED patterns corresponding to { 110} azimuths. (a) Cu(001); (b) 4 ML of Co(001) grown on a Cu(001) substrate.



