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Ferromagnetic-resonance (FMR) and magneto-optical Kerr-effect (MOKE) studies of molecular-
beam-epitaxy grown Co/Cr(001) superlattices and single layers are presented. The FMR measurements
were performed in different sample orientations and in a broad frequency range (9—92 GHz). MOKE
hysteresis loops were detected in polar and in longitudinal configuration. The in-plane anisotropy pa-
rameters, X& and E2, the out-of-plane anisotropy (i.e., the effective magnetization including the surface
anisotropy, E, ), and the g factor were determined for these samples, which exhibit an anomalous out-of-

plane lattice expansion of the hcp Co(1120) on bcc Cr(001) as a precursor of a structural phase transi-
tion. Due to the strong in-plane anisotropy the switching of the magnetization to out-of-plane easy axis

0 ~ ~
0

can occur at lower thicknesses ( = 14 A) than the change of sign of the effective magnetization ( =21 A).
In the intermediate thickness range a peculiar situation can be found with the orientation of the magne-
tization along the surface normal lying energetically between the in-plane easy and hard axis. Taking
into account these effects as well as a reduced magnetic moment, E, =0.76 erg/cm is found. For thin
Co layers the g factor is found to be increased in comparison with the bulk value. This indicates
modifications of the electronic properties accompanied with the considerable structural changes.

I. INTRODUCTION

The investigation of epitaxial thin films is currently one
of the major fields in magnetism. Among the properties
of these systems, the magnetic anisotropy (in the film
plane as well as out-of-plane) and coupling effects belong
to the most exciting and most intensively investigated
ones. ' The epitaxial growth cannot only be exploited to
obtain the desired atomically Aat interfaces in order to
study magnetism in reduced dimensions but also to stabi-
lize metastable crystallographic phases which cannot be
prepared as bulk samples. A particularly interesting ex-
ample for this is the epitaxial stabilization of bcc Co on

0

GaAs, yielding a lattice constant (=2.8 A) which
could be shown to correspond to a metastable state of Co
also in theoretical calculations. With the help of these
metastable phases very fundamental questions of the rela-
tionship between structural and magnetic properties can
be investigated.

Co is a good subject for studies of the connection be-
tween structure and magnetism. At room temperature
the bulk phase of Co is hcp. In the form of thin films Co
can also be prepared in two other important structures of
the transition-metal series, namely fcc, ' and bcc, ' '

both in different orientations.
In the present study, we are dealing with Co grown ep-

itaxiallp on bcc Cr(001). Cr has a bulk lattice constant of
2.885 A which is close to that of bcc Co. It should there-

fore induce significant structural changes of the Co in
comparison to the pure hcp structure, accompanied by
effects on the magnetic properties as well. We have re-
cently reported the successful growth of epitaxial
Co/Cr(001) superlattices and explained the specific prob-
lems of the sample preparation and structure of this sys-
tem. ' ' " Some indications of the rather remarkable
properties of the heavily distorted structure of Co on
Cr(001) such as perpendicular anisotropy have already
been reported in a previous publication. ' We note that
epitaxial Co on Cr should not be confused with the alloy
system Co-Cr which is very important from the point of
view of magnetic anisotropy and its applications. ' The
relevant mechanisms in the latter system are completely
different from those in our samples.

In this paper, we present a detailed and comprehensive
ferromagnetic-resonance (FMR) and magneto-optical
Kerr effect (MOKE) study of Co/Cr(001). We demon-
strate the evaluation of the out-of-plane anisotropy in the
presence of a strong in-plane anisotropy resulting in
significantly different critical thicknesses for the change
of sign of the effective out-of-plane anisotropy and for the
switching of the equilibrium position of the magnetic mo-
ment. In addition, we provide an analysis of the g factor
which can be an important indicator of changes of micro-
scopic origin.

The paper is organized as follows. In Sec. II, we
present some basic results of the sample preparation and
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characterization as well as the experimental techniques.
The energy relations and resonance conditions will be ex-
plained in Sec. III. Section IV is devoted to the measure-
ments and their analysis. We will first show some typical
results and then discuss the anisotropy parameters and
the g factor. A summary is given in Sec. V.

II. SAMPLE PREPARATION AND EXPERIMENTAL

The sample preparation was carried out in a commer-
cial metal molecular-beam-epitaxy (MBE) system (Riber
EVA32) with a base pressure of -4X10 Pa and a
working pressure better than -6X 10 Pa. The growth
of the samples was observed in situ by reAection high-
energy electron diffraction (RHEED). We have used
A120& (1102) substrates with a Nb(001) buffer layer onto
which an additional Cr(001) layer of about 500 A thick-
ness was grown. This was followed by the evaporation of
the first Co layer.

The samples under investigation are single layers and
superlattices, the latter designated as [Co„Cr„]z. x and y
denote the Co and Cr thickness in A, respectively, and N
is the number of periods. All samples were thoroughly
characterized by means of x-ray-scattering techniques in
various configurations such as high-angle, low-angle, and
grazing incidence geometry. ' ' " Additional diffuse
scattering studies are in progress. '

Here we only give a short summary of the structural
properties. We find that Co grows on bcc Cr(001) in the
hcp phase in the (1120) orientation with its c axis parallel
to the [110] axis of Cr. The investigation of the lattice
parameters reveals an anomalous out-of-plane expansion
of the Co layers, i.e., a structural distortion with a non-
Poisson-like elastic behavior which is considered as a pre-
cursor of a structural transition from the hcp to the bcc
phase. ' '" The bcc phase of Co is, however, not reached
in this epitaxial system even for the samples with the
thinnest Co layers.

As the uniaxial (hcp) Co structure is grown on a crys-
tallographic plane with fourfold symmetry there are two
equivalent orientations for the c axis perpendicular to
each other. This can give rise to a twinned structure of c
axes which has to be taken into account in the analysis of
the magnetic parameters (see Sec. III).

The FMR experiments were performed at 9, 17, 25, 48,
69, and 92 GHz in fields up to 31 kOe. This very broad
frequency range is particularly useful if samples with
strong in-plane anisotropies are investigated and if the
whole series covers a big range of out-of-plane anisotro-
pies, as it is the case here. In addition, measurements at
several frequencies enable the determination of the an-
isotropy parameters and the g factor with reasonable er-
ror bars even if the resonance linewidths are quite large.
A standard rectangular TE&02 cavity was used at X band
whereas for the higher frequencies the sample was placed
in a shortened waveguide setup. The samples were mea-
sured as a function of the in-plane angle and in the out-
of-plane configuration. The absolute accuracy of the ap-
paratus for measurements of the microwave frequency
and the static magnetic field was better than 10 and10, respectively. However, the precision of the deter-

mination of the resonance field, H„„depends also on the
signal-to-noise ratio and the linewidth, hH (see Sec. IV
for remarks on hH). For the present samples the accura-
cy of the H„, value was typically better than 10 ' kOe.

Hysteresis loops were detected using MOKE in the
longitudinal (with fields up to 10 kOe) and in the polar
configuration (up to 18 kOe). All magnetic investigations
reported here were performed at room temperature.

Although usually the sensitivity of FMR as well as of
MOKE is sufficient for the detection of single layers we
will concentrate mainly on superlattices as they offer the
possibility of a more detailed structural characterization
by means of x-ray scattering which is extremely impor-
tant especially for the system Co/Cr(001).

F,„;(6,P) =J, +K2 —(IC i +2%2 )sin 6 cos P

+EC2sin 6cos P . (2)

The constant terms will be dropped in the following.
Furthermore, the magnetically relevant part of the total
free-energy density, F„„contains the interaction with the
external field (

—H M), the demagnetizing (shape anisot-
ropy) energy ( —2aM sin 6), and the surface anisotropy
contribution. The latter is usually taken into account by
the term (2X, /tc, )sin 6 resulting in the effective magne-
tization

2E,
(3)4aM, ~=4aM —2

Mtc,
The resonance condition for measurements with the

external field H in the film plane using the above form of
the anisotropy energy then reads'

' 2

= [H cos(P —
PH )+4m.M, tt

. !l

+ (2H„i+4H„2)cos y 4H„icos"y]—
X [H cos(P —

PH )+ (2H„,+2H„z)cos(2$)
—2H „2cos(4$ ) ] (4)

III. ENERGY REI.ATIONS
AND RESONANCE CONDITIONS

A. Samples with one crystallographic domain

The magnetocrystalline anisotropy of uniaxial crystals
up to second order is expressed, in general, as

F,„;=K&sin a+K2sin a

with a as the angle between the magnetization and the c
axis. The detection of higher than second-order terms is
difficult but, in some cases, feasible (see, e.g., Refs. 15 and
16). For our measurements on Co/Cr(001) it is fully
sufficient to consider K, and EC2 only.

We use a coordinate system in which the magnetiza-
tion M makes a polar angle e with respect to the film
normal and an azimuthal angle P in the film plane with
respect to the c axis. The orientation of the external
magnetic field H is described by the angles 6H and PH.
In this coordinate system the magnetocrystalline anisot-
ropy energy density from Eq. (1) takes the form
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according to standard theory of FMR. ' ' y=gp~/fi is
the gyromagnetic ratio, g the g factor, and H„, =IC, /M.
For the out-of-plane configuration, i.e., e=eH=O, the
resonance condition is

2

= [H 4~—M, ff (2H—„,+4H„~)]

X [H —4~M, ff] .

B. Samples with two crystallographic domains

The above relations hold for the case of samples with
only one c axis, i.e., only one crystallographic domain.
As it was already explained in Sec. II, for Co with (1120)
orientation on a Cr(001) plane with its fourfold symme-
try, there may exist an equivalent second crystallographic
domain with its c axis also in-plane but perpendicular to
the first one.

In the presence of a second c axis one has to distin-
guish between the case of magnetically coupled crystallo-
graphic domains and that of uncoupled domains. Fur-
ther, the difference between the signal generation of FMR
and that of hysteresis measurements has to be taken into
account.

If the two domains are uncoupled the anisotropy ener-

gy has the same form as in Eq. (2) for each domain with
only the angle P shifted by 90' for the second domain, be-
cause the reference direction for the magnetization is the
c axis of the particular domain.

In the FMR experiment two lines will be observed with
a uniaxial in-plane angular dependence of each line (but
easy axes differing by 90') and with intensities proportion-
al to the relative fractions of the two domains, x, and xz
(with x, +x&=1). This possibility of detecting magneti-
cally nonequivalent constituents of a sample by their
respective resonances (provided that they are not strongly
coupled) is a specific feature of the FMR technique. It
was already used, e.g., to separate regions which differ
with regard to their out ofplane anisotr-opy behavior in
investigations of Co-Cr alloys. '

In contrast, measurements of the hysteresis of a sample
yield a superposition of different subsystems in the sense
that they lead to averaged magnetic parameters. This ap-
plies to, e.g., vibrating sample magnetometry (VSM), su-
perconducting quantum interference devices, and also
MOKE (as long as the magnetically different parts are il-
luminated simultaneously by the spot of the probe laser
which is essentially the case for our experiment here).
Using these integrating and static methods one cannot, in
principle, distinguish between the case of uncoupled and
that of coupled domains which is described below. If
both domains are equivalent and contribute 50%%uo to the
signal, an effective fourfold in-plane anisotropy will be
observed, and the separation of the anisotropy parame-
ters of different order, K& and Ez, will be difficult.

In the other limiting case, when the two domains are
strongly coupled, the anisotropy energy density can be
considered to have effectively no spatial dependence and
to be one and the same for the whole sample. Assuming
that K& and Kz have the same values in both domains we

+—', %&sin 8
+ —,'Ezsin Bcos(4$), (7)

where the latter two terms are equivalent to the energy
expression of a cubic (001) plane taking into account
first-order cubic anisotropy constants only. The reso-
nance condition then reads for the in-plane orientation

2

= [H cos(P PH )+4—~M', s

—
—,'H~ z[3+cos(4$) ] ]

X [H cos(P —
PH )—2H ~ icos(4$) ]

and for the out-of-plane configuration

CO =H —47TM*eff (9)

with the modified effective magnetization

2K,
477'M*ff =477.M —2 +H~ )+2H~~,

Mtc,
(10)

which comprises all sin 6 dependencies of the energy ex-
pression.

In the most general case we have to consider two
domains which are partly coupled and partly uncoupled.
Then we can expect a mixture of the above-mentioned
limiting cases, i.e., in the FMR experiment we see two
lines with in general different intensities and with in-
plane anisotropies which are effectively reduced by the
coupled part of the respective other domain. Such a
behavior will be analyzed by using the relations of the
uniaxial case but then the anisotropy parameters need to
be interpreted as effective quantities.

IV. RESULTS AND DISCUSSION

In this section, we first show typical results from sam-
ples which exhibit either dominating uniaxial in-plane an-
isotropy of fourfold symmetry. We present the in-plane
angular dependence of the resonance field as well as the
out-of-plane line position and compare this with hys-
teresis loops from MOKE.

The combined investigation by FMR and MOKE is
particularly useful in view of the present competition of
strong in-plane and out-of-plane anisotropy. With FMR,
the determination of the in-plane anisotropy even for
samples with a small or negative 4vrM, fr is possible (as

can write

F.'„',"~""(B,y, x„x,) =x,F,„,(B,y)

+x~F,„;(B,/+90 ) .

In general, this leads to a superposition of a uniaxial and
a fourfold anisotropy contribution. For the special case
of x& =x&=0.5 we end up with an anisotropy energy of
the form

F"'"" '(B,g, x, =x&=0.5)= ——'(K, +2ICz)sin B



51 STRONG ANISOTROPIES IN MBE-GROWN Co/Cr(001): 2923

long as the resonance lines are not too broad). With
MOKE, this can be diKcult, in contrast to the rather
convenient proof of an out-of-plane magnetized sample
by the corresponding hysteresis by polar MOKE. Fur-
thermore, FMR and MOKE are complementary in the
sense that with MOKE the hysteresis is detected whereas
with FMR one is usually working in a saturated state,
and the anisotropy enters via effective torques acting on
the magnetization vector when oscillations are excited.
The analysis of FMR spectra is therefore independent of
assumptions on the magnetization process.

The second part of this section is devoted to the
analysis of the results from different samples which are
summarized in Table I. The magnetic parameters were
determined by fitting simultaneously FMR measurements
at different orientations and in the whole broad frequency
range and taking into account the MOKE data. There-
fore, a reasonable accuracy of the quantities could be
achieved in spite of quite broad resonance lines (some
hundred Oe to more than 1 kOe).

The exact mechanisms leading to these broad lines are
not yet clear, but, of course, for the present heavily
strained structure with two crystallographic domains,
one cannot expect the lines to be narrow. Furthermore,
it had already been remarked in Ref. 20 that there is a
general tendency that systems with large anisotropy or
magnetostriction exhibit broader resonances.
Frequency-dependent measurements of the linewidth re-

O

vealed that even for a single layer with tc, =60 A the
main contribution was b,H(0) which is the frequency in-
dependent inhomogeneity parameter. ' It may be in-
teresting to note that also in metastable bcc Co broad
lines were found, ' significantly broader than those, e.g. ,
in fcc Co.

A. Measurements

1. In-plane unia~ial samples

We concentrate on four superlattices (SL1—SL4) the
thicknesses of which exhibit almost equidistant spacing
on the 1/tc, axis. The change of the out-of-plane line
position relative to the in-plane line positions and the
co/y line (which corresponds to the FMR field for the
case of a completely isotropic sample, e.g., a film without
in-plane anisotropy and 4~M, ff=0, i.e., compensation of
demagnetizing and surface anisotropy), gives a good first
impression of the trend of the out-of-plane anisotropy to
become smaller and, finally, negative with decreasing
thickness. In Ref. 22 already from H';„" &,„,—+~/y for

thin layers the critical thickness of Fe on Ag(001) could
be determined. For other examples of the detection of
out-of-plane easy axis by FMR in metallic films see, e.g. ,
Refs. 13, 22, and 23. In our case of Co/Cr(001), however,
the situation is complicated by a significant in-plane an-
isotropy, and it can happen that the energetically favor-
able orientation of the magnetization is still in-plane, in
spite of H~,„(co/y and 4mM, fr(0. This leads to the
definition of two critical thicknesses as explained in the
analysis part below.

Superlattice SL 1 (tc, =35 A). In Fig. 1(a) we plot the
in-plane angular dependence of the resonance field and
the out-of-plane line position. In order to allow for a
direct comparison of the FMR fields we have chosen an
intermediate frequency at which all lines can be observed
up to 31 kOe. At higher frequencies it can happen that
in perpendicular orientation the line lies at too high fields
whereas at very low frequencies the in-plane easy axis res-
onance may approach zero field. Again, we stress that
the lines from all frequencies were considered in the
analysis as far as they were accessible. Hysteresis loops
with the field along the three principal directions (out-of-
plane and in-plane both hard and easy axis) are shown in
Fig. 1(b). The strong in-plane anisotropy is obvious. The
fact that the perpendicular resonance field is well above
the in-plane resonance fields and, equivalently, that the
out-of-plane saturation field is higher than that for the
in-plane hard axis indicates that the zero-field magnetiza-
tion is in-plane and that there is a considerable positive
4aM, &. This sample with relatively thick Co layers
behaves qualitatively as bulk material. However, quanti-
tatively there is a significant difference to bulk parameters

0

already for tc, =35 A (in particular the value4',&=5.7 kOe is strongly reduced as compared to
about 18 kOe of bulk Co).

It should be pointed out that there is an excellent
agreement between FMR and MOKE data. For the fit of
the FMR data we used the above-mentioned value for
4vrM, ff Hg] 2.45 kOe, and H&2=0. 5 kOe. Taking into
account the lowest order contributions (4aM, s and H„,),
the out-of-plane hysteresis should reach saturation at a
field of

4AM g+2Hg ]= 10.6 kOe

which corresponds very well to the value obtained from a
linear extrapolation of the magnetization slope at low
fields. At higher fields, the well-known Aattening of the
magnetization curve due to higher-order contributions is
observed. "

TABLE I. Properties of four uniaxial superlattices analyzed on the basis of Eqs. (2)—(5). All param-
eters were determined from fits to FMR data at various frequencies and orientations and are in very
good agreement with the MOKE data as discussed in Sec. IV.

SL1
SL2
SL3
SL4

co (A)

35
23
17
14

c. (A)

37
25
20
47

10
20
30
20

4aM, (kOe)

5.7
1.5

—3.3
—7.2

K, /M (kOe)

2.45
2.8
3.55
3.59

K /M (koe)

0.5
0.65
0.65
0.55
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The in-plane hard axis hysteresis [Fig. 1(b3)] exhibits,
in principle, the same behavior. Considering, again, only
lowest-order anisotropy, one should find saturation at
fields of about 2H&& when extrapolated in the same
manner. The analysis, however, can be complicated by
small contributions of the second crystallographic
domain which, in fact, has been detected with x-ray
scattering in this sample. This may also be the reason for
the nonzero remanence which is not expected for an ideal
uniaxial system.

Superlattice SL2 (tc, =23 A). Qualitatively, SL2 ex-
hibits the same characteristics as SL1 but with an even
stronger reduction of 4',&, which is of the order of
only 1.5 kOe. The FMR and the MOKE data can be
found in Fig. 2.

According to the x-ray data there should be a
significant fraction of the second crystallographic domain
in this sample. In fact, in the FMR spectra additional
in-plane resonances have been observed with field posi-
tions roughly corresponding to those of the first crystallo-
graphic domain (and, consequently, comparable anisotro-
py parameters) but with an in-plane angle shifted by 90'
(for clarity, we have plotted only the resonance fields of
the more intense line). The in-plane anisotropy deter-
mined from the FMR data is even slightly larger than for
SL1 which exhibited one strongly dominating c axis. On
the other hand the in-plane hysteresis loops (which look

qualitatively similar to those of SL1) indicated a
significantly reduced anisotropy with lower saturation
field and higher remanence in the hard direction.

This behavior is exactly the one predicted in Sec. III B.
The reduced anisotropy deduced from the MOKE data
represents the overall anisotropy of the sample in which
the anisotropies of the two domains partially cancel out
each other whereas the FMR data refer to each region
separately. In addition, one can try to get some informa-
tion about the distribution of the two domains from the
intensity ratio of the resonances in the FMR experiment
and of the x-ray diffraction peaks. The latter yielded a
ratio of the crystallographic domains slightly smaller
than 3:1 whereas the ratio of the corresponding FMR sig-
nals was well above that (however, both values are
difficult to evaluate precisely). This may be taken as an
indication that some parts of the different domains are
magnetically coupled to each other and other parts are
not, resulting in the observed change of the FMR intensi-
ty ratio in comparison with the structural data, and, to
some extent, also in a reduction of the effective anisotro-

py of each domain as compared to bulk values.
Superlattice SL3 (tc, =17 A). This is a typical exam-

ple of a sample in the transition range of the anisotropy
in which 4aM, ~ is already negative but the out-of-plane
hysteresis loop shows essentially zero remanence (see Fig.
3). As in the case of SL1 and SL2, the saturation field
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solid line is a fit to the data using Eq. (4). For the purpose of comparison (co/y) is shown which represents the resonance field of a
perfectly isotropic ferromagnet. (b) Hysteresis loops measured by MOKE, (b1) polar (out-of-plane) configuration, (b2) longitudinal
{in-plane) configuration with the field along the easy axis, and (b3) longitudinal configuration along the hard axis.
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FIG. 2. (a) Same as Fig. 1(a) for superlattice SL2 (tc, =23 A).
(b} Hysteresis loop measured by polar MOKE.

due to lowest-order contributions should be at about4' g +2H g &

=3 ~ 7 kOe, which is in excellent agreement
with the extrapolation from the hysteresis loop. The in-
plane FMR field in the hard direction is clearly above the
perpendicular one, whereas the field position of the reso-
nance in the easy direction in-plane is the lowest of all.
The anisotropy energies of these principal axes are in the
corresponding order

F(ii, easy axis) &F(l) &F(i~, hard axis),

which is a rather unusual situation.
Superlattice SL4 (tc, =14 A). The sample SL4 (see

Fig. 4) with a Co thickness of 14 A represents the region
of the switching of the magnetization. The resonance
fields for the perpendicular orientation and for the in-
plane easy axis are quite close (and both below co/y),
whereas the line position for the in-plane hard axis is
significantly above co/y.

For tc, ~14 A, the samples tend to be magnetized
along the film normal. This switching depends on the ex-
act value of the in-plane anisotropy. The polar hysteresis
becomes more square-type for smaller tc, (see also the
loops shown in Ref. 12).

2. In plane fourfold samples-

It is obvious that details of the in-plane anisotropy of
the samples with dominatingly fourfold symmetry will
depend on the growth conditions and the corresponding

FIG. 3. (a) Same as Fig. 1(a) for superlattice SL3 (tea = 17 A).
Here the measurements at 69.68 GHz are shown. The values of
the resonance fields at 48 ~ 80 GHz for out-of-plane, in-plane
easy, and in-plane hard axis are, respectively, 17.8, 10.6, and
22.6 kOe. (b) Hysteresis loop measured by polar MOKE. Note
that in spite of the already negative 4~M, & the remanence is al-
most zero. This is due to the strong in-plane anisotropy as de-
scribed in the text.

coupling of the two domains. It appeared that samples
with fourfold anisotropy could be found mainly for very
low Co thicknesses.

A good example is the superlattice [Co,2Cr2s] &0 for
which also the analysis of the x-ray difFraction peak in-
tensities yielded equivalent contributions from the two c
axes. With tc, =12 A the sample is expected to be per-
pendicularly magnetized which was confirmed by the po-
lar hysteresis loop and the FMR line positions which are
shown in Fig. 5. Unfortunately, the FMR signals became
very weak when approaching the in-plane hard axes
which now correspond to the two c axes.

The fit according to Eqs. (8) and (9) yields the parame-
ters 4~M,*~=—4.5 kOe, g=2. 19, and H&2=1.4 kOe.
The in-plane anisotropies found in other fourfold samples
were of the same order as for this specimen. The value of4',~ is consistent with those obtained for the in-plane
uniaxial samples. From Fig. 6 one can see that for a
thickness of 12 A an out-of-plane anisotropy of about—10 kOe (following the definition of 4mM, s for uniaxial
samples) is to be expected. The difference —4. 5 kOe—
( —10 kOe) =5.5 kOe then corresponds to the term
H~, +2H~2 in the definition of 4aM, ~ and is in good
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FIG. 6. Effective magnetization as a function of inverse Co
thickness for in-plane uniaxial superlattices measured by both
FMR and MOKE [4~M,ft=4vrM 2(2K, )/—(Mtc, )]. The bro-
ken line is a fit to the data. %'e have defined two critical
thicknesses, t„and t,&, representing, respectively, the change of
sign of 4aM, & and the switching of the magnetization to the film

normal as the easy axis. Due to the strong in-plane anisotropy,
t„and t, 2 differ significantly. For details see text.

-0.01 -2 0 2

magnetic iield (kOe)

agreement with bulk values of the rnagnetocrystalline an-
isotropy parameters.

Another superlattice with comparable structure except
for a lower Cr thickness of 12 A yielded essentially the
same anisotropy but exhibited almost zero remanence in-
dicating an antiferromagnetic alignment of the layers. A

22

20

18

16

H pe„p

10

FIG. 4. (a) Same as Fig. 1(a) for superlattice SL4 (tc, = 14 A).
(b) Hysteresis loop measured by polar MOKE. This sample is
in the transition region where the magnetization switches out-
of-plane. From the analysis of the FMR data one finds that
4m.M,& and 2H» essentially cancel out each other. However,
the hysteresis is still not square type; the remanent magnetiza-
tion is about 70%%uo.

detailed investigation of the coupling properties will be
published in a forthcoming paper.

Our model of two coupled domains also describes very
well two other systems exhibiting the same structure of
Co. The first is Co grown directly on MgO(001),
prepared in our laboratory. The samples of that series
show perfect fourfold symmetry of the in-plane FMR line
position. The anisotropy parameter is smaller than that
of the present Co/Cr(001) layers on sapphire which we
think is at least partly due to a lower crystalline quality
with broader in-plane rocking curves of Co on MgO (for
details see Ref. 26). Secondly, in a recent publication epi-
taxially grown Co/Cr bilayer films on MgO(001) sub-
strates were investigated. The authors also observed
two c axes and a resulting fourfold anisotropy. The
orientation of the easy axes deduced from VSM hysteresis
loops is in accord with our model but further analysis is
dificult as no quantitative statements were made.

As it has already been pointed out in Sec. II we con-
centrate on superlattiees as they can be structurally
characterized in great detail by x rays. Besides them we
have also grown a number of single layers of various
thicknesses. The results from these films were in agree-
ment with those obtained from the superlattiees with
respect to all parameters discussed here. However, the
interpretation of the data was complicated as the in-plane
anisotropy was often not one of the limiting cases, i.e.,
neither clearly uniaxial nor fourfold.

B. Analysis
8 I I I I I I I I I I I

30 60 90 120 150
in-plane angle (deg)

180
1. In-plane anssotzopy

FICx. S. FMR line positions in-plane and out-of-plane at
48.80 CxHz for the superlattice [Co,2Cr2, ],0 with fourfold anisot-
ropy. The solid line is a fit to the data using Eq. (8).

As can be seen from Table I, the in-plane anisotropy
parameters, X&/M and K2/M, are essentially the same
for all uniaxial samples and comparable to the bulk
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values (K&/M=3. 6 kOe; K2/M=0. 8 kOe). Even for
bulk data a relatively broad distribution of values is
found in the literature i5, 20, 28, 29 Apparently, the sum of
K, and K2 scatters less than K, and Kz each when com-
paring different works.

For our samples there only seems to be a weak tenden-
cy of a decreased Hz& at larger thicknesses. However,
since already small differences of the contribution from
the second crystallographic domain may have a pro-
nounced impact on the effective values of H~, and H„2,
it is hardly possible to extract unambiguously a systemat-
ic behavior.

Concerning the fourfold samples, our model has suc-
cessfully predicted the orientation of the easy axes for the
Co/Cr(001) samples of the present study as well as for the
other two mentioned systems grown on MgO(001). As in
these samples the in-plane anisotropy will depend sensi-
tively on details of the microstructure and the associated
coupling of the crystallographic domains, the quantitative
result may not agree precisely with the model.

2. Out ofplane an-isotropy

In Fig. 6 we plot the out-of-plane anisotropy 4aM, ff
against the inverse thickness of the Co layers. We limit
ourselves to only the in-plane uniaxial samples because
for those the effective out-of-plane anisotropy can be
separated from K& and K2 terms which is more dificult
for the case of in-plane fourfold symmetry.

The most striking feature of Fig. 6 concerns the critical
thickness of the system Co/Cr(001). To be precise, we
need to introduce two critical thicknesses, t, &

for the
change of sign of 4~M,~ and t,2 for the switching of the
magnetization to the film normal as the easy axis. Due to
the strong in-plane anisotropy t, &

and t,z differ
0

significantly. t„ is about 21 A whereas t, 2 is approxi-
mately 14 A (see discussion of SL4 above).

The fit in Fig. 6 yields 4aM, &=14.5 kOe for the inter-
section at 1/tc, =0 and It., /M=76 kOeA from the
slope. The value of 14.5 kOe (one would expect —18 kOe
as the bulk value) already indicates a reduced magnetic
moment in our samples which, in fact, was confirmed by
measurements with a Faraday balance. We found a mag-
netization M of the order of 1000 emu/cm for most of
the samples (1430 emu/cm for bulk). Apparently, there
was no strictly systematic thickness dependence, howev-
er, the tendency of a stronger reduced moment at lower
tc, . A reduction of the magnetic moment has also been
found by other groups for Co/Cr superlattices prepared
by different methods and in different orientations. The
mechanism for this is thought to be related to the fact
that Co-Cr alloys become nonmagnetic already at about
25 at. %%uoCr .

If we use a value of M=1000 emu/cm, we obtain a
surface anisotropy K, =0.76 erg/cm which is remark-
ably high, in agreement with a large t„. One may expect
K, to be even higher for the region of larger thicknesses
where the magnetization should reach the bulk value.

Due to the heavy distortion of the lattice in our sam-
ples, magnetoelastic interactions may be considered as a
possible source for K, . They, in fact, yield a considerable

3. g factor

It was already mentioned that the g factor is related to
the microscopic properties, namely the ratio of the spin
moment, p&, and the orbital moment, pL . For an
analysis of g in bulk 3d metals see, e.g. , Ref. 32.

The g factor of some Co/Cr(001) samples is plotted in
Fig. 7 versus 1/tc, . We have chosen the inverse thick-
ness on the x axis as a generally typical scale in thin-film
magnetism. This should not suggest that g has to follow
a linear 1/tc, dependence. For low thicknesses, g and
consequently the relative contribution of the orbital mo-
ment is found to increase. Using the relationship

2.30

Co thickness tco (A)
50 40 30 20 10

2.25—

2.20

bulk value (2.18)
2.15

I

0.02
I, I

0.04 006
inverse Co thickness 1/t«(1/A)

0.08 0.1

FIG. 7. g factor as a function of inverse Co thickness. The
broken line is a guide to the eye. For a discussion see text.

contribution but it is not possible to explain the strong
thickness dependence of the out-of-plane anisotropy only
on the basis of this mechanism. '

We think that electronic effects at the interface are
likely to play an important role. It is interesting to see
that whereas for Co/X with X from the end of the Fe
group (e.g. , Ni or Cu) K, remains well below our value
for Co/Cr, the system Co/V was recently found to exhib-
it also a large K, (1.05 erg/cm ). ' The fact that both Cr
and V are situated at the beginning of the Fe group may
suggest a tendency for II, in Co/X systems with higher
values for those X having few 3d electrons but, of course,
in view of the structural differences between these sys-
tems such a regularity based solely on the band filling
may be hard to prove. As it is shown below, the g factor
significantly increases for thin Co on Cr(001) which indi-
cates that changes of the electronic properties occur.

We remark that the effective out-of-plane anisotropy
field, Hz, as defined in Ref. 12, contained contributions
from K& and K2, and, therefore, the 1/tc, plot in Ref. 12
appears to be shifted if compared with Fig. 6 of the
present paper. As in that work we concentrated mainly
on in-plane fourfold samples where K

&
cannot be separat-

ed from the effective out-of-plane anisotropy [see Eqs.
(7)—(10)], a direct comparison with the H„values is
difBcult. The most important feature of the plot in that
paper is, however, the critical thickness for the switching
of the magnetization which corresponds exactly to t,2
defined above showing that the data are consistent.
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———1
2

the bulk value of g (2.18) corresponds to a ratio pl /ps of
0.09. For Co/Cr(001) with tc, = 14 A, we find a g factor
of 2.26+0.04. This means that the relative orbital contri-
bution is then enhanced to about 13% of the spin contri-
bution. This observation is in agreement with prelimi-
nary results from x-ray magnetic circular dichroism
(MCD) measurements indicating also an increase of

33
PL /Ps

We note that despite the undoubtedly high power of
MCD the determination of the g factor by FMR is of
great use, most especially as there still seem to be open
questions with respect to the interpretation of MCD
spectra on the basis of sum rules. Additionally, in the
case of atoms having an environment without cubic sym-
metry non-negligible dipolar contributions may cause
difhculties. Therefore, a comparison of both methods in
the future should contribute to the understanding of
MCD spectra and, hence, of magnetism on the micro-
scopic level in general.

Changes in the orbital moment in thin layers were also
the result of theoretical investigations, in both first-
principles calculations, ' and also those using a tight-
binding approach. It was shown that there is a close re-
lationship between the magnetocrystalline (surface) an-
isotropy and the orbital moment as can be naively expect-
ed. However, a direct comparison with these calcula-
tions is difficult and especially for our system, the theory
may face considerable complications due to the
significant distortion of the lattice and possible strong
electronic interactions of Co and Cr.

V. SUMMARY

F MR and MOKE studies were performed on
Co/Cr(001) thin films and superlattices grown on
Alz03(1102) substrates by the MBE method. The
structural characterization by RHEED and x-ray scatter-
ing in various geometries revealed that Co grows in the
hcp phase with its c axis in-plane and with an anomalous

out-of-plane lattice expansion as a precursor of a
structural phase transition from hcp to bcc.

It was found that there are two possible orientations
for the c axis in the plane. The effects of these two
structural domains are accounted for by a model for the
magnetocrystalline anisotropy with either magnetically
coupled or uncoupled crystallographic domains. Both
cases are found in the experiment exploiting the fact that
by FMR magnetically nonequivalent constituents of a
sample can be identified by their respective resonances.

Due to the strong in-plane anisotropy of the c axis a
rather unusual situation appears: the switching of the
magnetization to the film normal occurs at a significantly
lower critical thickness t,z= 14 A than the change of sign

0
of 4aM, ~ at t, i =21 A.

Good quantitative agreement between F MR and
MOKE was found. The in-plane anisotropy parameters,
IC i /M and I z/M, exhibit no significant thickness depen-
dence as determined from the uniaxially dominated sam-
ples. The surface anisotropy was found to be relatively
large (X, =0.76 erg/cm ) using a magnetic moment (1000
emu/cm ) smaller than that of bulk Co. The g factor as a
measure for the strength of the orbital moment relative to
the spin contribution is found to increase for thin Co lay-
ers.

The results of the present study may also be helpful for
the systematic investigation of the interlayer coupling
which is often accompanied and complicated by anisotro-
py effects, particularly when the anisotropy is as strong as
in Co/Cr(001).
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