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%hen amorphous Col-„Ti soft ferromagnetic thin films are deposited by rf sputtering in the pres-
ence of a dc magnetic field one observes a somewhat bell-shaped variation of the induced in-plane uniax-
ial anisotropy energy K„as a function of the pressure of the sputtering gas PA, . The maximum value of
E„(x), [K„(x)1~~, is obtained for the same P~, for the whole concentration range studied
0.14 ~ x ~ 0,22. The origin and the overall variations of K„are interpreted for the first time in terms of
the atomic local anisotropies. The continuous decrease of (It„) with increasing Ti concentration is ex-
plained by the progressive change of the local structure.

PACS numbers: 75.50.Kj, 75.60.Nt, 75.70.—i

It is well established now that a uniaxial anisotropy E„
is induced in ferromagnetic glasses when these alloys are
annealed in the presence of a magnetic field. Up until
now the experiments were essentially performed on
transition-metal (TM)-metalloid alloys (MA). The
concentration dependence of E„was studied in various
(Fel —,Ni, )» —(MA)t-~ and (Fet-«Co„)1-~ —(MA)y
binary metallic glasses. '2 The variations of E„were in
the range of (1 to 8) & 103 erg/cm3 with a maximum near
x 0.5, results well explained by a diatomic pair-
ordering mechanism via pseudodipolar interaction. In
amorphous alloys with only one type of magnetic atom
the value of IC„ is usually between 1 x103 and 3x103
erg/cm . The origin of E„ in this case is related to a
monatomic directional order where a metalloid occupies
the interstitial position and perturbs the pseudodipolar
interaction of the magnetic atom pairs. A theoretical
model which takes into account the amorphous structure
corresponding to TM-MA alloys permitted us to explain
the as-observed value of K„.

We report here the variation of E„with composition
and deposition parameters obtained on amorphous
Cot „Ti, films. It is shown that the value of E„,which
is exceptionally high for a soft ferromagnet, and its vari-
ation with concentration and deposition parameters can-
not be interpreted by a directional short-range-order
mechanism. The results are explained by a model where
IC„ is related to the local anisotropy of Co atoms in ac-
cordance with structural investigations, structure which
is believed to be specific for Co-metal-type metallic
glasses.

The a-Coi —„Ti„ films were deposited by rf diode
sputtering onto water-cooled glass substrates by use of
Ar as a sputtering gas. E„was induced by our perform-
ing the deposition process in a dc magnetic fieM of 700
Oe applied parallel to the film plane. The experimental
setup of the sample holder has been described in a previ-
ous paper. The targets were carefully cooled down by
our sticking them to the water-cooled cathode. The re-

suits correspond to the central part of the deposit where
oblique incidence effects are negligible. The concentra-
tion range investigated was 0.14 ~ x ~ 0.22 on films of
thickness in the range of 0.05 to 0.3 pm.

The induced anisotropy field Ht, 2K„/M, was deter-
mined by three different techniques: (a) The study of
8-H loops where Hk was obtained from the saturation
field along the hard axis, (b) in-plane ferromagnetic res-
onance measurements, and (c) sensitive torque magne-
tometer measurements. The value of Hk was the same
within + 5%. The measurements revealed also that the
dispersion of Hk is negligible. Along the easy axis one
obtains a rectangular hysteresis loop and the correspond-
ing coercive field was low, typically in the range of 0.2 to
2 Oe and independent of the magnitude of Hk. These re-
sults show that along the hard axis the magnetization
change occurs by coherent rotation only, while along the
easy axis the magentization reversal takes place by wall
movements. Ferromagnetic resonance measurements
confirmed the high chemical uniformity of the samples.
For perpendicular resonance, the various standing spin-
wave modes follow fairly well a quadratic dispersion law.

In rf sputtering the main deposition parameters are
the pressure of the sputter gas PA, and the rf input
power W,i. Wg determines the deposition rate and the
temperature rise of the substrate, 7 which is generally
quite important. In the present experiments, because of
the special geometry of the sample holder the tempera-
ture of the substrate remained close to the room temper-
ature, as revealed by the measurements which used
thin-film thermocouples. P~, determines the average
energy of the sputtered particles E~, as they arrive on the
substrate. With increasing P~, the value of EIdecreases
as a result of collisions of ejected atoms with the sputter-
ing gas. E was computed for Co and Ti particles by use
of the formula of Cadiev and Chencinski for various
pressures for the present experimental conditions
EP, 3.45 eV, EP; 4.05 eV, d 75 mm, TG 400 K
where E is the most probable ejection energy as the par-
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FIG. l. Variation of K„as a function of Ar pressure.
x 0.14; substrate-target distance d 7S rnm.

FIG. 2. Maximum induced anisotropy (K„),„as a function
of Ti content in the amorphous Co~-„Ti„ thin films.

ticles leave the target, d the target-substrate distance,
and TG the sputter gas temperature. In the present ex-
periments the values of K„were essentially related to
P~, and practically independent of Wg. As shown in

Fig. 1, for x 0.14, K„presents a well-defined max-
imum [K„(0.14)]~~ (8+ 0.5) X10 erg/cm3 for P~,

8 m Torr and then decreases more gradually for higher
PA, . The trend of variation of K„(x) with PA, is the
same for the whole concentration range studied and
[K„(x)]~~occurs always for Pp, 8 mTorr. The con-
centration dependence of [K„(x)] is reported in

Flg. 2.
In order to explain these results we must first consider

the mechanisms of induced anisotropy that are usually
proposed. The contribution to K„(x) of the magneto-
elastic interaction via stresses is negligible since the mag-
netostriction in a-CoTi is fairly low (X, 2&10 ), be-
ing independent of concentration, and the easy axis of
the anisotropy is always parallel to the applied field.
The theory corresponding to monatomic directional or-
der predicts that K„should increase with increasing non-
magnetic atomic concentration, a result effectively ob-
served on a-TM-MA alloys. ' However, in the present
case K„decreases with increasing Ti concentration.
When monatomic directional order is the basic mecha-
nism, the corresponding JC„ is generally fairly small. ' In
the present experiments the values of [K„(x)]~ are ex-
ceptionally high and [K„(0.14)] is by far the largest
ever obtained on a soft amorphous (or crystalline) fer-
rornagnetic material.

%e believe that our experimental results can be under-

stood by consideration of the particular local structure of
CoTi amorphous films. In an amorphous material the
local magnetic anisotropy is related to the local symme-
try seen by the magnetic atoms. If the local symmetry is
low and highly directional the magnetic atoms see a local
uniaxial anisotropy which can be oriented along the ap-
plied field if some thermomagnetic conditions are satis-
fied. Let us recall here the experiments reported on

CO8pNb~486 amorphous alloys, " the structure of which is
believed to be similar to a-CoTi films. Corb er al. " ob-
served a thermomagnetic hysteresis in the magnetic an-
isotropy which they related to a structural transforma-
tion as a function of temperature. The structural short-
range order was assumed to be built up of clusters with
icosahedral, trigonal, and octahedral symmetry, where
the trigonal and the octahedral clusters are related, re-
spectively, to the hexagonal-compact (hcp) and to the
face-centered-cubic (fcc) phases of crystalline Co-rich
alloys. The transformation was centered around a criti-
cal temperature T, and required a well-defined activa-
tion energy Q. The lower and higher anisotropy states
were observed for T & T, and T (T„respectively.
These results were explained by a small distortion of a
fraction of the icosahedral clusters, which take, respec-
tively, an octahedral and trigonal configuration, and are
stable in these two temperature regions. Based on these
results we propose for the origin of EC„and its variation
with PA, the following mechanism.

In a-Co~-„Ti thin films, the high value of IC„ is
essentially related to the local anisotropy EC~ correspond-
ing to Co atoms located in trigonal clusters, K„(x) being
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maximum when the probability is the highest that these
clusters are oriented along the applied field.

In order to verify the validity of this hypothesis ~e
performed a detailed structural study by electron-
microscope observation as a function of concentration
and PA, on Co~ „Ti„thin films. In the microcrystalline
region (x &0.14) one observes a transmission-electron
diffraction pattern (TEDP) where reflections corre-
sponding to hcp phases are clearly detected. The micro-
crystalhtes could be directly visuahzed by transmission-
electron microscopy (TEM); as an example, for Co9~Tis
the average grain size is typically 50 A.

On amorphous samples (x «0.14) TEM appears to
have weak contrast, the largest distinct details being
smaller than 10 A. The TEDP on the amorphous sam-
ples exhibit three diffused halos characteristic of an
amorphous structure. The diffraction pattern exhibits a
shoulder after the second maximum for s =0.95. This
shoulder is the most marked for x 0. 14 and becomes
progressively attenuated with increasing Ti concentra-
tion. We also observe, for a given concentration, a small
but significant change of the TEDP as a function of PA, .

A typical evolution of the experimental scattered intensi-
ties obtained for x 0.14 and for three different charac-
teristic pressures are reported on Fig. 3. One observes a
slight shift of the second peak toward lower values of s
and simultaneously the shoulder on the peak becomes
more marked when the induced anisotropy increases. '

The experimentally observed scattered intensities were
reproduced by a computed model based upon the follow-

ing hypothesis: (a) The structure of a-CoTi alloys is
formed of a random continuous matrix of clusters with
trigonal (hcp-like), octahedral (fcc-like), and icosa-
hedral symmetries. (b) The octahedral, trigonal, and
icosahedral clusters are built up of, respectively, 19, 19,
and 25 atoms. The number of atoms was determined
from the size of the corresponding clusters which should
be smaller than 10 A as was shown by TEM. (c) The
various clusters are correlated by a threefold symmetry
axis. However, we suppose that a fivefold and not a
threefold symmetry axis exists among the icosahedral
clusters. (d) In order to reproduce the density of amor-
phous alloys we inserted between the various clusters, ex-
cept between the icosahedral-icosahedral ones, high-
density two-dimensional layers formed of seven atoms.
(e) The scattered intensities were computed by the as-
sumption of a random distribution of Co and Ti atoms
and by the use of an average atomic scattering factor.

The variation of the TEDP as a function of PA, was
simulated by our changing the amount of the various
clusters. If one changes the respective number of trigo-
nal and octahedral clusters and keeps constant the
icosahedral ones, the as-computed interference function
and the scattered intensities remain practically un-
changed. If the amount of icosahedral clusters is in-
creased progressively with respect to the trigonal and/or

FIG. 3. Microdensitometer recording of experimental TEDP
s 2sin8/X corresponding to a-Cos6Ti~4 obtained at various
pressures: (la) P~= 3 mTorr, K„= Sxl 03erg/cm3; (lb)
P~= 15 mTorr, K, =3.5&10 4erg/cm; (lc) PA, =S mTorr,
K„=8&104 erg/cm3; (2) computed scattering intensities for
elastic diffusion. Inset: The as-computed second peak for
three amounts of icosahedral clusters, the trigonal and/or octa-
hedral amounts remaining constant.

octahedral ones, the second peak shifts towards lower
values of s and the shoulder becomes more marked as
shown on the inset of Fig. 3. In conclusion: (a) The po-
sition and intensity ratio of the experimental scattering
intensities can be fairly well reproduced by our assuming
the existence of the three types of clusters, but the model
does not permit us to distinguish between the octahedral-
and trigonal-type clusters. (b) The amount of icosa-
hedral clusters is the largest for PA, 8 mTorr, i.e. ,
where K„ is maximum. One can point out that the con-
centration x 0.14 corresponds to the lower limit of the
amorphous phase, so that the probability is large to find
fcc-like and hcp-like sites, both of which exist in Co-rich
crystalline alloys.

By use of the present structural model the variation of
K„(0.14) as a function of PA„can be explained as fol-
lows. PA, determines the energy E/ of the sputtered
atoms and the corresponding effective temperature when
they arrive at the substrate. The deposit is instantane-
ously quenched down to room temperature. The energy
required for this gas-solid transformation is negligible so
that E/ can be considered as the activation energy Q
available in the solid state. Let us consider E~ for three
characteristic values of PA„ i.e., PA, 3, 8, and 15
mTorr. When P~, 3 mTorr E is respectively E$,

1.17 eV and E$; 1.09 eV. As a result the effective
temperature of the particles and g are fairly high so that
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the sample is built up essentially of icosahedral and low-

anisotropy octahedral clusters. For I'~, = 15 m Torr,
E$, 0.053 eV and E(; 0.04 eV. Now the sputtered
atoms are practically thermalized to the temperature of
the plasma T 400 K. The effective temperature of the
particles is low, a condition corresponding to the develop-
ment of a significant amount of trigonal clusters, a result
which explains the fact that for this pressure the value of
K„ is much higher than for 3 mTorr. However, Q is fair-
ly low and out of the range for which a significant phase
transformation occurs so that the probability of
trigonal-like clusters to be oriented along the applied
field is small. When PA„S mTorr, conditions for which

K„ is maximum are E$, 0.24 eV and Efr; -0.15 eV.
These values are close to the activation energy Q 0.15
eV determined by Corb et al. for which the phase trans-
formation is the largest. As the sample is cooled down,
some of the octahedral clusters will be transformed to
icosahedral or 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. This mechanism is more probable because of the
structure of the icosahedral clusters which possess 10
axes of threefold symmetry. A small amount of trigonal
clusters oriented along the easy axis explains the value of
(K„) «. If one supposes that for x 0.14 the value of
Kt corresponding to trigonal clusters is close to the mag-
netocrystalline anisotropy K~, corresponding to hcp Co,
then the number of trigonal clusters oriented along the
applied field is n 0 04nT, w. here nT is the total number
of clusters.

For samples where the Ti concentration is higher the
attenuation of the shoulder on the second peak is be-
lieved to be related to a more disordered local structure.
This effect could be simulated in the model by the addi-
tion of atoms on the triangular faces of trigonal and oc-
tahedral clusters in order to progressively destroy the
symmetry of these sites. The decrease of [K„(x)1,„
with increasing Ti concentration is believed to be related
to this effect. The various clusters, in particular the tri-

gonal and octahedral ones, progressively lose their bond
orientational order; the corresponding value of EI de-
creases so that the total induced anisotropy K„=g,Kf
diminishes.

In conclusion, a-CoTi thin films with soft amorphous
ferromagnetic properties were obtained which exhibit an

exceptionally high field-induced uniaxial anisotropy.
The results are explained by our assuming that K„ is re-

lated to the local anisotropy of Co atoms in accordance
with structural investigations. The variation of K„as a
function of the pressure of the sputter gas is explained by
a structural transformation of the local order which

occurs for a limited range of activation energy.
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