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The magnetic and related structural properties of amorphous Co,_, Ti, ferromagnetic thin films
are reported. The concentration range investigated is 0.14 <x <0.22. In this first part of the paper
the as-obtained magnetic properties are presented. The films were prepared by rf sputtering, and
the deposition process was performed in a magnetic field applied parallel to the film surface. The
magnetic properties were studied systematically as a function of the pressure of sputtering gas P4,
and rf input power W, For the whole concentration range and the overall deposition parameters
the ferromagnetic resonance revealed standing spin-wave spectra corresponding to magnetically
highly uniform samples. The deposition parameters affect essentially the in-plane uniaxial anisotro-
py energy K, and the coercive field H, along the easy axis. K, shows a bell-shaped variation as a
function of P,,. The maximum value of K, (K, )., is obtained for the same P,, in the whole con-
centration range studied. The physical origin of K, was determined by performing thermomagnetic
annealing, which revealed that depending on the value of P,, used, K, is related to a pseudodipolar
or structural mechanism or a combination of both. The small variations of H, with deposition pa-
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rameters are also shown and discussed in terms of the change in the local structure.

I. INTRODUCTION

It is well established that many ferromagnetic alloys
respond to field annealing. As a result of the annealing a
twofold magnetic anisotropy K, is induced, the direction
of the easy axis of the anisotropy field Hy =2K, /M, be-
ing generally parallel to the direction of the applied field.

The dependence of K, upon the composition, magnetic
properties, and conditions of annealing has been widely
studied on various soft ferromagnetic crystalline and
amorphous materials. Experiments on crystalline alloys
have been performed mainly on the FeCoNi system,'
while investigations on amorphous materials have been
concentrated upon various transition-metal (TM)-
metalloid (MA) alloys.?2~’7 The main results can be sum-
marized as follows: (a) The anisotropy constant K, is of
the same order of magnitude in soft crystalline and soft
amorphous TM-MA alloys and is typically in the range
of 10% to 10* erg/cm?®; (b) the magnitude of K, is much
larger both in crystalline and amorphous materials when
the alloy is formed of two different magnetic atoms, than
in alloys containing only one kind of magnetic ele-
ment;»%7 and (c) the development and kinetics of orienta-
tion of K, are governed by a reversible relaxation pro-
cess.® In particular, the reorientation of K, by annealing
in a magnetic field along different directions is reversible.

The basic mechanism of the origin of K, has been at-
tributed to the formation of a directional atomic pair or-
dering. In alloys containing two different magnetic ele-
ments the concentration dependence of K, could be well
explained by the Neel-Taniguchi®!® model based upon
the diatomic pair ordering mechanism via pseudodipolar
interactions. In crystalline alloys with a single type of
magnetic atoms, K, has been related to the ordering of
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vacancies or interstitials,!! while in amorphous materials
K, has been attributed to a monoatomic directional order
or a pair ordering of a single magnetic species in an inho-
mogeneous environment. '

More recently Co-nonmagnetic-transition-metal
(NMT) amorphous alloys were studied by several investi-
gators. The NMT glass-forming element was an early
transition metal such as Ti, Zr, Nb, Hf.1*~ !> The investi-
gations revealed that these alloys can be obtained with a
high saturation magnetization and a small magnetostric-
tion and may have superior soft ferromagnetic properties,
and are thus highly promising for various practical appli-
cations. Generally these amorphous Co-(NTM) thin films
were prepared by sputtering and the various experi-
menters observed a spontaneous formation of an in-plane
uniaxial anisotropy during the preparation process.
There exist large discrepancies between the as-reported
values of K,,'>!7 which is probably related to the fact
that K, was studied in thin films where it was formed
spontaneously. Consequently, it was not possible to
determine the main parameters that define the magnitude
of K,.

In an attempt to understand better the formation and
the physical origin of the induced uniaxial anisotropy in
this class of material we performed a study on Co,_ ,Ti,
amorphous thin films. The magnetic and structural prop-
erties were studied systematically as a function of concen-
tration and deposition parameters. In order to control
the formation of K, we applied a magnetic field parallel
to the film plane during the deposition process.

The present paper is in two independent parts. In this
first part we describe the preparation conditions and the
magnetic properties of amorphous Co,_,Ti, thin films.
Some of the experimental results and the physical model
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used to explain the variation of K, were reported previ-
ously,'* 2! and so they will only be recalled briefly. We
present new experimental data which enabled us to dis-
tinguish experimentally between pseudodipolar and
structure-related anisotropy and which also confirm the
proposed model. The characterization by ferromagnetic
resonance and dependence of the coercive field upon
deposition parameters will be given in detail.

The second part of the paper is devoted to the structur-
al investigations. It reports the experimental results stud-
ied by electron microscopy, and the structural model is
described in detail.

II. EXPERIMENTAL DETAILS

The a-Co,_, Ti, films were deposited in a conventional
rf diode sputtering apparatus, with argon (Ar) as the
sputtering gas. Films of composition x =0.08 and
x =0.14 were obtained from vacuum melted targets of
composition CogyTi;y and CogsTiyy, respectively. The di-
ameters of the targets were 100 and 150 mm, respective-
ly. Films with composition 0.08=<x =0.14 and
0.14<x <0.22 were obtained, respectively, from the
smaller and larger targets by placing radially triangular-
shaped 1-mm thick Ti platelets on the vacuum melted
targets. The required composition could be obtained by
adjusting the number of the Ti platelets. The composi-
tion of the films were determined by electron-probe mi-
croanalysis. The targets were carefully cooled down by
sticking them to the water-cooled cathode. In rf sputter-
ing the main deposition parameters are the background
pressure P, before the introduction of the sputtering gas,
the distance between the target and the substrate /, the
pressure of the sputter gas P,,, and the rf input power
W .. The results reported here correspond to P, =10""
Torr and [ =75 mm. We performed a systematic study of
the magnetic and structural properties for 3X1073
Torr<P,,<15X 1073 Torr and 100 W =< W <400 W,
which corresponds to 0.56W/cm?< W, /cm?<2.26
W/cm? for the target of 150 mm.

The uniaxial anisotropy K, was induced by performing
the deposition process in a dc magnetic field of 700 Oe
applied parallel to the film surface.”? The schematic
configuration of the sample holder, which was fixed on
the water-cooled anode, is shown in Fig. 1. It consists of
a parallelepiped of copper on which the glass substrates
are fixed. On each side of the copper piece we placed a
permanent magnet. The permanent magnets were
covered by a circular iron plate with a slit in its center
through which the deposition took place. The iron plate
acts as a magnetic shield. When it covers the permanent
magnets the magnetic field is localized outside the plas-
ma. The magnetic field is fairly uniform and parallel to
the substrate surface. Visual inspection revealed that the
plasma was essentially confined between the target and
the iron plate.

This configuration of the sample holder?? permits the
temperature of the substrate surface to be maintained
close to room temperature during the deposition process.
This effect is simply related to the configuration of the
magnetic field which is strictly parallel to the substrate

Cu substrate holder

FIG. 1. Schematic diagram of the substrate holder (distances
in mm).

surface, so the main contribution to heating which is the
bombardment of the substrate surface by secondary elec-
trons is almost completely suppressed.

This configuration was also necessary in order to avoid
the formation of an anisotropy perpendicular to the film
plane. When the Fe plate was removed the temperature
of the substrate rose above 100°C and the dc field had a
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FIG. 2. Composition dependence of saturation magnetiza-
tion at room temperature.
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component out of the film plane, and we observed the for-
mation of the perpendicular anisotropy.?

The films for magnetic measurements were deposited
onto Corning 7059 glass substrates. The magnetic prop-
erties were investigated unless otherwise reported in the
amorphous range which correspond to x = 0. 14, on films
of thickness (¢) in the range of 0.05 to 0.4 um.

III. FERROMAGNETIC RESONANCE
MEASUREMENTS (FMR): DETERMINATION OF
RELEVANT MAGNETIC PARAMETERS
AND CHARACTERIZATION OF THE MAGNETIC
HOMOGENEITY

The ferromagnetic resonance measurements were car-
ried out at room temperature by a standard X-band spec-
trometer at f =9.8 GHz. 4wM,, the g factor, and H;
were computed from the three resonance fields H,, H ﬁ,
and H ﬁ using formulas (A5), (A8), and (A9) of the Appen-
dix.

The perpendicular anisotropy field H, was determined
by comparing the value of 47M, obtained for films of
same composition but deposited at various pressures.
The measurements revealed that H, is negligible except
for some samples deposited at P, =15X 1072 Torr. The
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FIG. 3. Absorption derivative of the spin-wave resonance
spectrum of typical samples for applied field perpendicular to
the film plane: (a) t=0.18 um, (b) r=0.35 um.

values of 4mM, obtained were independent of the deposi-
tion parameters within 3% in the concentration range
0.14<x <0.22. Figure 2 shows the variation of 47M;
with Ti concentration at room temperature. The results
are in agreement with those obtained in previous investi-
gations.”3

FMR is also a suitable technique for the determination
of the magnetic homogeneity of a soft ferromagnet
prepared in thin-film form. In the present case for the
whole concentration range and for all deposition
parameters—except on some samples prepared at
P,,=15 mTorr—we obtained a simple resonance spec-
trum. For H, the spectra are composed of a main mode
followed by a series of weakly excited standing spin-wave
(SSW) modes. In the parallel orientation only the main
mode could be detected. These results show that the
films are formed of a single magnetic phase, and no sub-
layers with different magnetic properties could be detect-
ed.

Typical resonance spectra on films of composition
Cog¢Ti;, and respective thickness ¢=0.18 um and
t=0.35 pm are shown in Figs. 3(a) and 3(b). These spec-
tra exhibit characteristics of a film with fairly small mag-
netic inhomogeneities and could be explained by the
volume inhomogeneity model.?*

For H,, all the modes—except the main mode—
follow fairly closely the classical quadratic dispersion re-
lation

2
=2 _pT 2
H, 7/+<417MS> Ddzn,

where n is an integer.?* The inhomogeneity of the internal
field along the film thickness could be estimated from
SH'=(47mM,), ..—(4mM,)=H,—H,, where H| is the
value given by the dispersion law extrapolated to n =0
and H the experimental resonance field corresponding to
the main mode. On all samples investigated 8 H' was in
the range 50 Oe <8H' <150 Oe. No systematic correla-
tion was found between 8H’, the magnitude of H,,
and/or the deposition parameters.

The variation of the intensities I, of the various spin-
wave modes is also typical of a thin film with small mag-
netic inhomogeneities. In thinner layers (1 <0.2 um)
modes with both parities were usually detected, the inten-
sity of the odd modes being stronger than that of the even
ones. On thicker films (¢=0.25 um) the odd modes were
generally fairly weakly excited. These results and the fact
that I, /I, and I, /I, decrease with increasing film thick-
ness are in favor of the hypothesis that the magnetic
homogeneity along the film thickness improves slightly
with increasing film thickness. Figure 4(a) shows the
variation of I, /I, as a function of mode number for a
film of thickness 0.35 um. The variation of I, /I is close
to 1/n* as predicted for small magnetic inhomogeneities.
Figure 4(b) shows the variation of the linewidth AH,, cor-
responding to the various spin-wave modes. AH, in-
creases with n, the increasing being particularly marked
for the highest-order modes. It is believed that this result
is related to a slight fluctuation in the film thickness. A
change At in the thickness across the plane of the film
broadens the line by?’
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FIG. 4. (a) Dependence of the intensity of the various spin-
wave modes as compared to I, « 1/n*. (b) Dependence of the
linewidth AH, on mode number n; t =0.35 pm.
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t
In the perpendicular configuration the derivative

linewidth corresponding to the uniform mode is
AH | =(45%5) Oe and independent of film thickness in
the thickness range investigated, i.e., for 0.05<¢<0.4
pm. The value of the linewidth AH| in parallel
configuration is closed to AH,, with |AH, —AH ”|/
AH, <0.1. These results can be easily understood if we
consider the various contributions to AH, given by
AH =AH,+AH_ +AH,4;. AH, is the intrinsic damp-
ing and is generally related to spin-orbit interactions.
AH_, is related to the contribution of the exchange con-
ductivity mechanism to the damping. The resistivity of
amorphous Cog¢Ti;, is typically of the order of
p=(130£10) uQ cm."® The corresponding rf skin depth
is 8=c/V2w8=5.79 um. As this value is an order of
magnitude larger than the thickness range investigated,
the eddy current contribution to the relaxation process
for the thickness range investigated is negligible. AH 4
is the linewidth related to the various defects and is at the
origin of a two-magnon relaxation process. AH . arises
from inhomogeneities of local anisotropy fields and/or
from fluctuation of the local exchange interactions. The
overall results are in favor of the hypothesis that the con-
tribution of the defects to AH, is small so the as-observed
value of AH, =(4515) Oe is essentially a measure of the
intrinsic magnetic damping.

Figure 5 shows the value of the exchange constant D.
The results differ by less than 20% from that obtained
previously, the main uncertainties arising from thickness
measurements.
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FIG. 5. Spin-wave resonance field as a function of mode
number for perpendicular orientation. (1)—(3): films of same
composition and various thickness, (4) and (5): films of various

concentration. In the inset an enlarged version of the deviation
of the low-order modes is shown.

IV. CHARACTERISTICS OF THE B-H LOOP

A systematic study of the in-plane B-H loop performed
by the use of a classical B-H loop tracer working at
f =50 Hz revealed the following general characteristics.
Along the easy axis the hysteresis loops are rectangular
for the whole concentration range and the various deposi-
tion parameters used. Along the hard axis the loops are
characterized by an extremely well-defined in-plane uni-
axial anisotropy field. The opening of the loop was gen-
erally not detectable. H was also studied by in-plane an-
gular resonance measurements. A set of experimental
resonance fields and the corresponding computed curves
obtained using formulas (A6) and (A7) are shown in Fig.
6 for some typical samples. Figure 7 shows a comparison
of the values of H; obtained from B-H loop and FMR
measurements. The values of H, agree within +=5%.
From these experiments one can conclude that the
dispersion of H, is fairly low.

Transverse susceptibility measurements confirmed
these results.”® The angular dispersion of H, was in-
dependent of its magnitude and typically in the range of
0.25 to 0.5°.

V. INDUCED UNIAXIAL ANISOTROPY K,

The variation of K, was studied systematically as a
function of the pressure of the sputter gas P,,, and the rf
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FIG. 6. In-plane variation of the resonance field and corre-
sponding AH| as determined by in-plane FMR measurements
for two layers (a) and (b), and — — —; computed curves, ®; and
O, experiments.

input power W The experiments revealed that the
value of K, is nearly independent of W ; and is essentially
related to P,,. Figure 8 shows the variations of K, with
argon pressure for CogeTiy.!° With increasing P,, one
observes a bell-shaped variation of K, with a fairly well-
defined maximum (K, )., for P,, =8 mTorr. K, de-
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FIG. 7. Value of H) as deduced from B-H loop (®) and from

in-plane FMR measurements (O).
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FIG. 8. Variation of K, as a function of P,, in a-Cog¢Ti 4.

creases more gradually for higher P,,. The value of K,
was a minimum (K, ),;, for the lowest P,, used, i..,
P, .=3 mTorr.

The trend of the variation of K,(x) with P,, is the
same for the whole concentration range studied. In par-
ticular [K,(x)],.x and [K,(x)],, always occur at the
same pressure. Figure 9 shows the variation of K, (x) as
a function of Ti content x for the three different charac-
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FIG. 9. Concentration dependence of K, as a function of Ti
content for three different values of P,,, (A), 3X1073 Torr;
(@), 8X 1073 Torr; and (M), 15X 1073 Torr.
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teristic values of P,,.

We explained the overall results by a model based upon
the local structure of Co,_,Ti, amorphous films.!” The
structure of Co,_,Ti, is formed of a random continuous
matrix of clusters with trigonal (hcp-like), octahedral
(fcc-like), and icosahedral symmetries. K, can originate
from pseudodipolar and/or structural anisotropy. The
structural anisotropy is essentially related to the local an-
isotropy K, corresponding to Co atoms in trigonal clus-
ters as the anisotropy due to Co atoms located in octahe-
dral or icosahedral clusters can be considered to be fairly
low. In accordance with the thermomagnetic hysteresis
observed on CoNbB (Ref. 27) amorphous alloys the lower
and higher anisotropy state is developed at T'> T, and
T < T, respectively, with a phase transformation around
the critical temperature T, requiring a well-defined ac-
tivation energy Q.

The number and orientation of various clusters vary
with P,,, as P,, determines the energy of the particles
E¥ so their effective temperatures as they arrive at the
substrate. E can be computed by considering the energy
loss for sputtered atoms as they travel through the
sputtering gas using the formula®®

EF=(Ey—kpzTg)exp +kpTg , )

E
s

In—-L
"N,

where E is the energy of the particle as it leaves the tar-
get, T the sputtering gas temperature, E,/E; the ratio
of energies before and after a collision, and » the number
of collisions of the sputtered atoms with Ar, determined
by

IP,.S

" kT

(3)
where / is the target-substrate distance and S the collision
cross section evaluated from the free particle atomic ra-
dii.
The average loss per collision is given by
E 12
et =1— (M—1)
E; 2M

M+1

1
M1

’ 4)

where M is the ratio of the atomic mass of the sputtered
atoms to that of the Ar atoms. The as-computed EF
corresponding to Co and Ti particles versus P,
is reported on Fig. 10 where we used E,(Co)
=3.25 eV, Ey(Ti)=4.05 eV,” S(C0)=21.56 X 10"°m?,
S(Ti)=25.3410"?m?, and T ;=400 K. The deposit is in-
stantaneously quenched down to room temperature, so
that EF can be considered as the activation energy Q
available in the solid state. Let us consider E¥ for three
characteristic values of P,,, ie., P,,=3, 8, and 15
mTorr. When P,,=3 mTorr the EL =1.17 eV and
EE.=1.09 eV. As a result the value of Q is fairly high so
that the sample is built up essentially of icosahedral and
octahedral clusters. For P,, =15 mTorr, E£,=0.053 eV
and E%;=0.04 eV. Now the sputtered atoms are practi-
cally thermalized to the temperature of the plasma
T =400 K. The effective temperature of the particles is
low, a condition corresponding to the development of a
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FIG. 10. Calculated energies of Co and Ti particles as a func-
tion of P,,. The computation was performed for /=75 mm
with constants given in the text.

significant number of trigonal clusters, and consequently,
for this pressure the value of K, is much higher than for
3 mTorr. However, Q is out of the range for which a
significant phase transformation occurs, so that the prob-
ability of trigonal-like clusters to be oriented along the
applied field is small. When P,,=8 mTorr, conditions
for which K, is maximum, E£ =0.24 eV and E%;=0.15
eV. These values are close to the activation energy
0=0.15 eV determined by Corb et al.?’ for which the
phase transformation is the largest. As the sample is
cooled down, some of the icosahedral clusters are
transformed to trigonal ones. During this transformation
the trigonal clusters will be oriented along the applied
field in order to minimize the total energy acting on the
film. The decreases of (K, )., with increasing Ti concen-
tration is simply related to a more disordered local struc-
ture.

It is believed that the proposed mechanism is analo-
gous to the formation of induced anisotropy in crystalline
Co and CoNi, when these alloys are cooled in a strong
external magnetic field. ° The induced anisotropy is re-
lated to the fcc-hcp transformation: Its high value was
attributed by Graham® to the formation of a crystallo-
graphic texture in the hcp phase, where the crystallo-
graphic direction corresponding to the easy magnetic axis
tends to be oriented parallel to the applied field.

VI. EXPERIMENTAL DISCRIMINATION
BETWEEN STRUCTURE-RELATED
AND PSEUDODIPOLAR ANISOTROPY:
ANNEALING AND ION MIXING

If the field-induced anisotropy is related to the pseudo-
dipolar anisotropy via directional ordering of the
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transition-metal atoms, it is a reversible phenomenon.
The easy axis can be reoriented along various directions
by annealing in a magnetic field, and the magnitude of K,
saturates after a certain length of annealing. If the field-
induced anisotropy is related to the local structure, an-
nealing should not change the value of K, unless the lo-
cal structure is changed or crystallization occurs.

We studied the variation of K, in a-CogTi,, films as a
function of isothermal annealing using the rotating field
annealing technique.’! The annealing was performed in
the temperature range 150-350°C and for a length of 1 h
and gave the following results. On samples deposited at
P,,=3X1073 Torr, H, is almost suppressed. On sam-
ples deposited in  the pressure range
3X1073<P,, <8X 1073 Torr, a part of the anisotropy
field, typically H; =20 Oe, could be suppressed. On sam-
ples deposited at P,,>8X 107> Torr, H; is unchanged.
These results can be explained as follows. For 3X 1073
Torr, K, is essentially due to a pseudodipolar anisotropy,
the structure-related anisotropy being negligible. For
P,,>8X1073 Torr, K, is mainly due to the local anisot-
ropy in agreement with the structural model proposed.
For the intermediate pressure range K, is the sum of
structure-related and pseudodipolar anisotropy.

Rare-gas implantation enabled also the two types of
anisotropy to be distinguished.’> In CogTi;, thin films
implanted at 10'® Xe%/cm?, K, was completely
suppressed irrespective of its initial value. These films
were subsequently annealed in a magnetic field of 1600
Oe at 250 to 300°C during 1 to 20 h. In all samples K|,
appeared to saturate at 7.10° to 8.10° erg/cm’® showing
this to be the maximum amount of the pseudodipolar K, .

The concentration dependence of K, is shown in Fig.
9. K, decreases with increasing Ti concentration as re-
ported for films obtained at the three different charac-
teristic pressures. We explain this result as follows: On
samples deposited at 8 and 15X 107 Torr, K, is due to
the local anisotropy. A more disordered local structure is
formed with increasing Ti concentration. As a result the
trigonal clusters lower their bond orientational order and
the corresponding value of K| decreases.

On samples deposited at 3X 1073 Torr, K, is due to a
pseudodipolar interaction via a chemical short-range or-
der, due to the existence of a monoatomic directional or-
der, or a directional pair ordering of a single magnetic
species in an inhomogeneous environment. According to
the theory K, is given by

iy w(nw(T,) (

u 15 kT, X7
where f(x)=x for a monoatomic model and
F(x)=2zNx*1—x)? for a pair ordering model,** where it
is assumed that only Co-Co interactions contribute to K, .
In this expression W is the pseudodipolar interaction, N
the total number of atoms, z the number of nearest neigh-
bors, T, is the annealing, and T the measuring tempera-
ture. If W(T) and W(T,) are concentration indepen-
dent K, should increase with increasing x following both
models, which is contrary to the experimental results.
However, the Curie temperature of Co,_,Ti, depends

(5)

strongly upon Ti concentration®® so the concentration
dependence of dipole-dipole interaction has to be taken
into account. Generally it is assumed that W(T) is pro-
portional to MZ(T) (Ref. 11) so Eq. (5) becomes

M1 |* (M (T,) )

_ AWX0)
- M, (0) Mo |/ ©®

“" 15 kT,

K

The value of M(T ,) for the various alloys is not known
so when K, is related to a directional short-range order it
is not possible to say if the existing theory permit to ex-
plain the concentration dependence of K ,.

VII. COERCIVE FIELD

Figure 11 shows the variation of H, as a function of Ti
concentration in the deposit. H, decreases rapidly in the
concentration range 0.07 <x <0.13 and becomes almost
independent of concentration for a given set of deposition
parameters when x >0.14. This result is simply related
to the transition from a microcrystalline to the amor-
phous state. In the microcrystalline state the main con-
tributions to H, arise from the randomly distributed
magnetocrystalline anisotropy and domain-wall pinning
at grain boundaries. The number and the size of micro-
crystals decrease continuously with increasing Ti con-
tent®? which explains the observed variation of H,.

In the amorphous state (x =14) we observed some
slight but significant variation of H, as a function of the
deposition parameters P, and W . The results reported
in Fig. 12 were obtained on thin films of composition
CogeTi4 but the overall trends for the whole concentra-
tion range were similar. The dependence of H, upon P4,
is shown for W ;=200 W. For the pressure range
8=<P,,.=15 mTorr, H, increases with increasing P,,.
This result is probably related to the change of the local
structure with P,,. When P, >8 mTorr the number of
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FIG. 11. Variation of the coercive field H, as a function of Ti
concentration.
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FIG. 12. Variation of H, as a function of deposition parame-
ters M, H_ as a function of P,, for W =200 W; O, H, as a
function of W for P,,=3 mTorr.

randomly distributed trigonal clusters increases and the
contribution of the related local anisotropy field to H,
could explain the results. The dependence of H, upon
W,.; was particularly marked in films deposited at low
pressure (P,,=3X 1073 Torr), and H, decreased continu-
ously with increasing W ;. W determines the deposition
rate and a possible interpretation of the results is that for
higher deposition rates the number of nonmagnetic in-
clusions is lower.

VIII. CONCLUSIONS

We reported the overall magnetic properties of a-
Co,_,Ti, ferromagnetic thin films for the concentration
range 0.14<x <0.22. The films were prepared by rf
sputtering and during the deposition process a magnetic
field was applied parallel to the substrate surface. In or-
der to avoid the formation of an anisotropy perpendicular
to the film plane it is necessary to use a substrate holder
which possesses a particular geometrical configuration.
For the whole range of deposition parameters investigat-
ed, the films exhibit soft ferromagnetic properties. They
have highly uniform magnetic properties along their
thickness for the deposition parameter used as revealed
by FMR measurements. The value and the physical ori-
gin of K, for a given concentration depend essentially on
the pressure of the sputtering gas P,.. At low P,
(P,,=3X1072 Torr), K, is related to a pseudodipolar
J

2
o

X { H(cos6 cosfy; +sinf sinf cos®) —cos20[4mM, + H; cos’(® —W)]} — [ H, cosO sin2(¥ — P )?

short-range ordering, while at high P,, (P,,>8X103
Torr) the high value of K, is due to the local anisotropy
of Co atoms located in trigonal clusters. For the inter-
mediate range of P,,, K, appears to be the sum of these
two types of anisotropy. The physical origin of K, could
be determined experimentally by magnetic annealing.
The value of the coercive field H, is fairly small and
varies slightly with W and P,,. This variation is be-
lieved to be due to the evolution of local defects and local
anisotropy, respectively.

APPENDIX: EXPRESSION FOR FERROMAGNETIC
RESONANCE FOR A THIN FILM WITH AN
IN-PLANE UNIAXIAL ANISOTROPY

Consider a thin film with an in-plane uniaxial field
H,=2K,/M,. The coordinate system is shown in Fig.
13. The external field H lies in the x0z plane and is in-
clined at an angle 34 to the z axis. 4 and ® are the cus-
tomary angles defining the direction of the magnetization
M, and ¢ is the angle between the easy axis of the anisot-
ropy field and Ox. The resonance conditions can be ob-
tained from the free energy per unit volume which is
given by

E=—M_ H (sin6 cos® sinfy +cosO cosby )

+27M2cos?’0—K , sinGcos (d— W) . (A1)

In the above equation the first term is the Zeeman en-
ergy, the second term the demagnetizing energy, and the
third term the anisotropy energy. The resonance formula
for an arbitrary orientation Jy of the applied field fol-
lows from the equation

= {H(cos6 cos@ +sinf sinfycos®) + H; cos2(P — V) —[47M, + H, cos*(®—W¥)]cos26}

(A2)
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and the corresponding equilibrium conditions are given
by

H

H sin® sin6,, = T"sine sin2(¥—®) , (A3)
H (sinf cosB@y —cosf sinfycosd)
. Hy |

=2mMsin20+ —=sin20 cos’(®—W¥) . (A4)

Let us consider Egs. (A2)-(A4) for some particular
orientation of the applied field. When the applied field is
perpendicular (H ) to the film plane 6, =60=®=0 and
Egs. (A2)-(A4) reduce to
2

=(H,—4rM,)(H, —47M,—H, ) .

o

(AS5)

When H lies in the plane of the thin film 05 =60=7/2.
The resonance condition is given by
2

=[H cos®+H;cos2(P—V¥)]

o
14
X[H cos®+47M, + Hcos’(®—W¥)] (A6)

and the equilibrium relation by

Hy
H sind>=—2—sin2(‘1/——<1>) . (A7)
These formulas are further reduced when the applied
field is parallel H| (y=0) or perpendicular H ﬁ (WYp=m/2)
to the in-plane easy axis. For these two configurations
M, and H are parallel (®=0) and the resonance condi-
tions are, respectively,

2
2| =(Hf+H ) Hf+H, +47M,) (A8)

2
2| =(H{—H(H{+47M,) . (A9)

From the three resonance fields H,, H ﬁ, and H ﬁ, one can
compute 4wM, H,, and the gyromagnetic ratio y. When
the condition H; <<4mM; is satisfied (which is generally
the case), the expression
. HEH

2

constitutes a fairly good approximation for Hy.
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