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A magnetic and structural investigation was carried out on Cogs_,ZrsM, (M=Zr, Nb, or Ti) and
Cog;—,ZrgPt, amorphous thin films in order to determine the physical origin of the induced in-plane
uniaxial anisotropy K,. The films were prepared by rf sputtering and the deposition was performed in a
magnetic field. The variations of K, were studied as a function of the sputtering parameters, composi-
tion, concentration, the thermomagnetic treatment, and structural-relaxation process. As a result of
these investigations a model for the origin of K, is advanced, which involves the single-ion anisotropy
mechanism. K, is the sum of two contributions K+ K; where K and K, are the induced anisotropies
related to the local anisotropy of the octahedral-icosahedral and trigonal-type clusters, respectively. The
number of trigonal clusters varies as a function of P,, and thus explains the variation of K, with P,,. In
Co-Zr-Pt an extra contribution to K, is observed due to the pseudodipolar ordering that results from the
magnetic polarization of Pt. Co-Zr-Pt films exhibit a peculiar thermomagnetic relaxation that is ex-
plained by the reversibility of the pseudodipolar anisotropy and the thermal instability of trigonal-type

clusters resulting from the substitution of Pt.

I. INTRODUCTION

Amorphous Co-—nonmagnetic-transition-metal (M =
Zr, Nb, Ti, Hf, etc.) thin films are currently being investi-
gated! ™ because they present attractive magnetic prop-
erties for use in magnetic recording technology as mag-
netic heads.*> Indeed, by adjusting the composition one
can easily produce films which exhibit a high saturation
magnetization, a low coercive field H,, and a negligible
magnetostriction A,.° The production of material>>’
with high permeability at high frequency requires the
films to exhibit a small but well-defined in-plane uniaxial
anisotropy field H, =2K, /M,. Generally the prepara-
tion was performed by sputtering and on the as-deposited
films a uniaxial anisotropy H, was detected, which
formed either spontaneously or by applying a magnetic
field during the deposition. In spite of substantial efforts
the physical origin of K, is far from being understood un-
til now. It was proposed that it could be related to some
thermally induced pseudodipolar interaction via a pair
ordering process.® 12 Several authors pointed out also
that the magnitude of K, is unusually high if it is related
to a monoatomic directional order.!3 14

Recently, we reported a systematic study of the in-
duced anisotropy’®~!” performed on amorphous
Coygo—xTi, thin films. It revealed that the pressure of
the sputter gas P, is the most important deposition pa-
rameter because the magnitude of K, depends upon it.

4

Effectively, for a given composition, K, follows a bell-
shaped variation as a function of P,,.!> K, was minimum
(K, )min for the lowest pressure used and exhibited a
well-defined maximum (K, ),,, for a critical pressure
(Pay)ert- This result was explained by a model based on
structural investigations.!® The structure of amorphous
Coygp— Ti, thin films was interpreted as a random con-
tinuous matrix of sites with icosahedral, octahedral (fcc-
like), and trigonal (hcp-like) symmetries.!” The films de-
posited at the lowest pressure are built up essentially of
icosahedral and octahedral clusters, which explain that
the value of K, is minimum. The variations of K, with
P, are related to the evolution of the local structure via
the variation of the amount and orientation of the trigo-
nal type clusters. (K, )., corresponds to an octahedral-
trigonal phase transformation and now the contribution
of the local anisotropy of trigonal clusters to K, is max-
imum. In a previous work, we suggested that (K, ).,
could be related to some pseudodipolar-type interaction.
However, this last question remained basically open.'¢
The work reported in the present paper is an extension
of the previous one to amorphous Cogys_,ZrsM,, M =
Zr, Nb, Ti, and to (Cog;_,Pt, )Zr, thin films. The inves-
tigations of the magnetic properties showed clearly that,
in carefully prepared samples, experimental variations of
(K, )min as a function of concentration cannot be ex-
plained by a pseudodipolar mechanism. We also estab-
lished some well-defined correlation between the observed
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variations of K, that of the local structure, and the na-
ture and concentration of M. Using these data we pro-
pose a model where K, is the sum of two contributions
K:+K;. K] and K, are related to the local anisotropies
of sites with octa/icosahedral and trigonal-type sym-
metries, respectively. In Pt-substituted films, a supple-
mentary contribution to K, is observed, related to the in-
duced moment developed by Pt. The results obtained by
the thermomagnetic treatment strengthen also the as-
proposed model.

The structure of the paper is the following. After a
short recall of the experimental procedure the data are
presented under five major headings as follows: The mag-
netic properties of amorphous CoZrM and CoZrPt al-
loys, the results of the structural investigations, the as-
proposed model for K, and the discussion of the experi-
mental data. Finally, the structural relaxation phenome-
na are described and the results of the thermomagnetic
treatment are given.

II. EXPERIMENTAL PROCEDURE

The films were deposited by rf diode sputtering with
Ar as a sputtering gas. In order to obtain the films with
the desired composition, we used composite targets. It is
formed of a vacuum melted target of composition
CogsZrs on which triangular plates of corresponding met-
als were disposed in a regular way. The composition of
the target is related to the lowest critical Zr concentra-
tion needed (x;, =5% at. Zr) for the obtainment of an
amorphous phase. The concentration range investigated
was typically 0<x <12 for Cogs_,ZsM, (M = Zr, Nb,
Ti) and 5=<x <10 for Coq;_,ZroPt,. The magnetic and
structural properties were examined on films deposited at
P,, in the range 2X 107 3< P, <15X 107> Torr. Unless
otherwise stated, the rf power used was W ;=200 W, cor-
responding to a deposition rate of ~2 A/sec. Other de-
tails are reported in Refs. 16 and 17.

The in-plane uniaxial anisotropy K, was induced by
performing the deposition process in a magnetic field of
700 Oe and using a substrate holder with a special
configuration, the characteristics of which are reported in
Ref. 8. It allows a minimum heating of the substrate sur-
face so the deposition temperature is closed to 20 °C. K,
was determined on films of thickness in the range
0.25+0.05 um. The magnetic properties were investigat-
ed by vibrating-sample magnetometer (VSM), in-plane
hysteresis B-H loop tracer working at 50 Hz, and fer-
romagnetic resonance (FMR) performed at f=9.8 GHz.

The structural and morphological studies were carried
out on 0.04-0.08 um-thick films deposited onto carbon-
coated grids in a JEOL 200CX electron microscope. The
microstructure was studied by transmission electron mi-
croscopy (TEM) in bright (BF) and dark (DF) fields. The
structural state was explored by a transmission electron-
diffraction pattern (TEDP). The TEDP profiles were
traced by using a microdensitometer and resolved up to
s=2sin0/A=1.25 A”!, where s is the scattering vector.
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III. MAGNETIC PROPERTIES: 47M ,H ., AND K,

A. Cogs_,ZrsM, (M = Zr, Nb, Ti) thin films

In Fig. 1, the variations of 4w M, are reported for the
different alloys containing Zr, Nb, and Ti, respectively.
The average magnetic moment per alloy atom @ de-
creases linearly with increasing M concentration in agree-
ment with previous investigations and with the theoreti-
cal expectations of the Friedel virtual bound-state model.
The slope of the variation is fairly close to the theoreti-
cally expected one, i.e., dfi/dc=—75 (here ¢ =x/100).
However, some fluctuations of i as a function of the met-
al M are observed, its overall variations can be fitted by
the expression

E=[1.65—4.9¢(Zr)—5.25¢(Ti)—5.4c (Nb)]Jup . (1)

In the as-deposited state, the coercive field H, depends
upon the deposition parameters and on M. H, increases
when the P, used is higher and decreases when the rf in-
put power W or the deposition rate is increased. The
value of H, decreases when the amount of M in the de-
posit increases. For a given concentration H, is the larg-
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FIG. 1. (a) Saturation magnetization 47M; vs concentration
for the alloys Cogs_,Zr, M, with M = Zr, Nb, or Ti. (b) Mag-
netic moment per alloy atoms fi for Co oo, Zr, films.
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FIG. 2. Coercive field H, vs concentration for the various al-
loys.

est and the smallest, respectively, for M = Ti and Nb
(Fig. 2).

In Figs. 3(a)-3(c), the variations of K, in
Cogs_,ZrsM, for M = Zr, Nb, and Ti, respectively, as a
function of the pressure of the sputter gas are reported.
The trends of variation are the same for the three alloys
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and like that observed on CoTi amorphous films. For a
given composition K, exhibits a bell-shaped variation as
a function of P,.. K, is minimal, (K, )., for the lowest
pressure used, it exhibits a well-defined maximum,
(K, Jmax» for a critical pressure (P, ). and it decreases
for pressures higher than (P,, ). The critical pressure
is the same whatever the composition is of the deposit
and is in the range 8—9 mTorr.

In Figs. 4(a) and 4(b) are reported, respectively, the
dependence of (K, ), and (K, ), on the concentration
in M. The trend of variations of (K, ). and (K, ), are
the same: Both terms decrease continuously when the M
concentration in the film increases. The nature of the
metal substituted for M affects the absolute value of K,,.
At a given concentration x, (K, )., is minimal for M =
Nb and (K, )., is maximal for M = Ti. The proposed
model will allow us to explain these results.

B. Coy;_,ZryPt, thin films

The variations at room temperature of the saturation
magnetization 47 M, as a function of Pt concentration are
reported in Fig. 6(a). From this result the Bohr magne-
ton per Co atoms (up)c, was computed which shows
[Fig. 6(d)] that (pp )¢, increases with Pt dilution if one as-
sumes that Pt is nonmagnetic. Our results are similar to
previous observations and can be explained by band
theory!® or a model which involves localized moments on
both Co and Pt.?° We used the latter model where the re-
sults are explained that for this concentration range the
moment of Co remains unchanged, while Pt develops an
induced moment by its proximity with Co. Using this
hypothesis the experimental results can be reasonably
well fitted by the expression
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FIG. 3. Induced anisotropy K, vs P, in (a) Cojgp— x Zr,, (b) Cogs_,ZrsNb,, (c) Cogs_ , ZrsTi,.
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FIG. 4. Variations of (a)
(K, )min and (b) (K, )pax Vs con-
centration in Cogs_,Zr, M, al-
loys. (K,)min and (K, )p., are
defined in the Introduction.
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where fip=1.23 and (fig)p,~0.4. In expression (2)
(Bg) 4, Op, and (fig)p, are the moment per unit alloy for-
mula, per CoqZr,, and per Pt, respectively.

The variations of K, as a function of P,, for three
different concentrations of Pt are shown in Fig. 5. The
trend of change of K, with P, is similar to that detected
for the other alloys. However, both (K, )i, and (K, ).«
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FIG. 5. K, vs P, in Cog;_,ZrPt, films.

increase [Figs. 6(b) and 6(c)] with increasing Pt concen-
tration in the films. These variations are opposite to
those observed for Co-Zr-M alloys. They are related to
the modifications of the magnetic properties and that of
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FIG. 6. Variations for Cogs_,ZroPt, films of (a) 4wM;, (b)
(K )maxs (€) (Ky)min- The solid line is a calculated one using
(K )min=K 2+ Ax%(1—x)?, (d) (1) magnetic moment & per Co
atoms, (2) theoretical variations of i per alloy atoms by assum-
ing that Pt is magnetically polarized.
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the local structure generated by the substitution of Pt as
will be shown in what follows.

IV. STRUCTURAL STUDIES: AS-DEPOSITED STATE

The structural investigations performed on Co-Zr-M
films for M = Zr, Nb, and Ti revealed that these layers
exhibit the same overall characteristics. The results will
be illustrated by those obtained on Co;gy_,Zr, films.
The effect of pressure upon the structure was determined
by studying systematically two sets of films deposited at 2
and 9 mTorr—so corresponding to (K,),;, and
(K,, )max—called hereafter the low-pressure (LP) and
high-pressure (HP) samples, respectively.

The composition and the deposition conditions of the
films investigated are reported in Table I. The TEM’s ob-
tained in BF and DF confirm that all these films elaborat-
ed at LP as well as HP were perfectly amorphous (Fig. 7).
The TEM’s corresponding to samples deposited at HP
are more contrasted than those prepared at LP. This ob-
servation is similar to that reported by us on amorphous
CogsTiyy, films and was discussed in Ref. 17.

The TEDP profiles corresponding to both LP and HP
samples exhibit characteristics typical of the amorphous
state: One detects broad and diffuse halos without con-
tamination of Bragg peaks, a result in agreement with ob-
servations by TEM which did not reveal microcrystallites
in DF. The overall profiles are similar to that obtained
on a-CogcTi;,. However, the presence of Zr appears to
favor the damping of the first broad and diffuse maxima
and that of the shoulder on the second (Fig. 8).

The characteristics of the TEDP display some small
but well-defined variations as a function of the nature of
the metal M. When M is successively replaced by Ti, Nb,
and Zr, one notes a more marked damping of the diffused
intensities maxima, and a shift of the whole TEDP, hence
the position s, and s, of the first and second maxima to-
wards lower values of s. The shift obeys a linearly de-
creasing relationship of s; as a function of s, (Fig. 9), a
result which corresponds to an expansion of the amor-
phous matrix. Such an effect could originate either from
an increase of the free volume and/or an increase of the
mean radial distance D,, between nearest-neighbor
atoms. The contribution of each process can be estimat-
ed at least qualitatively by considering also As, which is
the full width at half maximum of the first halo and
characterizes the local disorder. In fact, generally As in-

TABLE I. Sample numbering, composition, and preparation
conditions of the films used for the structural study.

Low pressure (LP) High pressure (HP)
Sample P, Py,
number Composition (mTorr) Composition (mTorr)

1 CogeTiyy 3 (Refs. 16,17) CoggTiyy 8
2 COg IZI'STi4 2 Cogg.3Zrs, 2Ti4‘ 5 8
3 Cog;.sZ1r¢Nb, 5 2 Cog).7Z1reNb; 3 8
4 Cogg.52Zr9 5 2 CogoZr o 10
5 CogeZryPts 2 CogeZryPts 10
6 CogZroPtyy 2 CogZrgPt g 13
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FIG. 7. BF and DF microstructure in Co-Zr films prepared
at (a) high (HP) and (b) low pressure (LP). As-deposited state.

creases with increasing local disorder. As and D,, are
smallest for M = Ti and largest for M = Zr, respectively
(Figs. 10 and 11). One can conclude that when M is con-
secutively substituted by Ti, Nb, and Zr both the mean
radial interatomic distance and the local disorder in-
crease.

The TEDP profiles corresponding to Pt-substituted
layers differ significantly from that observed on Co-Zr-
M-type alloy films. An understanding of the results re-
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FIG. 8. TEDP profiles corresponding to thin films in the as-
deposited state prepared at (a) LP and (b) HP (for numbering,
see Table I).
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quires one to consider the role played by Pt and M in
these alloys to be taken into account. General considera-
tions and experiments about the glass-forming ability of
metallic alloys show that in Co-rich Co-M alloys, M =
Zr, Nb, Ti are to be considered as the glass-forming ele-
ments because of their large atomic size as compared to
that of Co. On the other hand, the radius of Pt is much
smaller than that of M’s and Co-Pt form a fcc solid solu-
tion for the whole concentration range. Both effects are
highly unfavorable phenomena for glass formation.
Indeed no amorphous binary Co-Pt alloy could be ob-
tained until now. Consequently, Pt has to be considered
as a substitutional atom for Co. One can conclude that
the as-observed structural changes should be explained
by comparing the structural properties of (Cog, _, Pt,)Zr,
with those of Cog;_,(ZrsM, ), x =5, so the amount of the
glass-forming atoms (=~9% at.) in all samples is the same
(Table I).

The TEDP in a-(Coys_,Pt,)Zr,y films shift to lower
values of s when the amount of the Pt content in the film
increases (Fig. 9). This result can be explained if we ac-
cept that Pt has the same behavior in a-(CoPt)Zr films as
it does in the fcc Co-Pt solid solution. The lattice param-
eter “a” of the fcc solid solution increases with increasing
Pt content. Consequently, it should also produce an in-
crease of D,,. This expansion can be characterized by
AD,, /D,, and Aa /a, respectively, which indeed appears
to be of the same order of magnitude in agreement with

As (A D

Oo.as
o _
s, (A H

0.49

FIG. 10. Full width at half maximum As of the first max-

imum as a function of its position s; deduced from the TEDP
profile of Fig. 8. Films prepared at (a) HP and (b) LP (for num-
bering, see Table I).

results reported in Table II. One can conclude that in-
creasing the Pt substitution results essentially in an ex-
pansion of the amorphous network and hence that of D,,,,
while the local disorder decreases slightly. Indeed, the
value of As is slightly smaller in (CoPt)q;Zr, as compared
to that obtained in CogyZr,, (Fig. 10).

The present interpretation can also be justified if one
considers the variations of D, as a function of
8=(Rz p)/(Rc, p). Here 8 represents the size effect of
the glass-forming atoms and, the greater its value, the
more important the amorphization process. (R, ,s) and
(R c,,p¢) correspond to the mean radii of the (Zr, M) and
(Co,Pt) atoms and were calculated from the composition.
For an alloy of composition (Co, _,Pt,) 09 (Zr; -, M,),,

i (R P
\ 6
- sS4 A1
_()-480
- \
2.55 \
5
”~ -
of l0.ass \
A
a9
of /
- /
| 0.-.490 /
/ 3
oy
> /.
1 1 -
1.20 1.25

R¢zr,m)

R(co,Pt)

FIG. 11. Mean radial distance D,, =1.23/s, as a function of
8=Rz. 1 /Rco,pt> as deduced from the localization s, of the first
maxima of the TEDP profiles (Fig. 8). Rz, s and Rc, p, are the
mean radii of the (Zr,M) and (Co,Pt) atoms. The results corre-
spond to HP films.
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TABLE II. Reported results.

fcc solid solution
(CoPt) of parameter a

Amorphous (Co, Pt)go—,Zr,
films deposited at (HP)

(Ref. 33) . Pt (at %)
Pt (at. %) Aa/a (%) AD,,/D,, (%) D, £0.007 A (Co+Pt) (at. %) Composition
0 0 0 2.533 0 CogoZr o

5.5 0.37 0.3+0.5 2.540 5.5 (CogePts)e1Zryg

11.0 0.93 1.4%+0.5 2.569 11.0 (CogPtig)e1Zry
one has agreement with theoretical formulas, if the Curie temper-
. ature of the alloys is high compared to the temperature of
Rz m=(1—p)Rz.+yRy , 3) formation of K,, which is the case here, the concentra-
Reop=(1—2)Rc,+2zRyp, . @) tion dependence of K, is given by K, =~ Ax, where

Results reported in Fig. 11 show effectively that D,, in-
creases linearly with 8=(R . »/)/R ¢, indicating that the
local disorder should increase when M is successively re-
placed by M = Ti — Nb — Zr. This result agrees with
the experimental variation of As (Fig. 10). Conversely, in
amorphous (CoPt)Zr thin films, D,, increases linearly
with diminishing 8=R 7, /R ¢, p,, While the local disorder
decreases for higher Pt content (Fig. 10). One can con-
clude that these results also confirm the suggested effect
of Pt upon the local structure.

More information about the changes of local structure
as a function of P,, can be obtained by comparing the
value of As exhibited by LP and HP films of like composi-
tion. As is systematically larger for LP films with respect
to that detected for HP films showing that the local disor-
der of the first group is more marked, so present a better
amorphization.

V. MODEL FOR THE ORIGIN OF K, :
DISCUSSION OF THE EXPERIMENTAL RESULTS

In an amorphous thin film the mechanism leading to
the uniaxial anisotropy K, can include several contribu-
tions which occurs at an atomistic or macroscopic level.
Let us consider first K, in the Cogs_,ZrsM, films. A
macroscopic origin of the induced anisotropy like that in-
volving macroscopic stress via magnetoelastic effect, or
anisotropically shaped heterogeneities (like voids) can
easily be eliminated. No correlation was observed be-
tween the concentration dependence of A, (Ref. 13) and
that of (K,)nin or (K, )n.x Anisotropically shaped
heterogeneities, in order to be effective, should be present
with their largest dimension oriented along the direction
of the applied field. Such defects were not detected by
our structural investigations.

One can conclude that K, is due to a microscopic pro-
cess, so it is related to a directional chemical short-range
order (CSRO) or to a topological short-range order
(TSRO). When the induced anisotropy is related to the
CSRO it involves a pseudodipolar-type anisotropy via a
preferential distribution of atomic moment pairs.?? In al-
loys containing only one type of magnetic atom, K, is re-
lated to the monoatomic directional pair ordering. In

A =~const and x is the concentration of the nonmagnetic
metal. In the present case the concentration dependence
of (K, )i, is the reverse of the expected one. In effect,
(K, )min decreases with increasing x. The magnitude of
K, also differs from the presumed one. A theoretical
computation?! shows that K,, in an amorphous alloy
with a single kind of magnetic atom, should be of the or-
der of (2-4)X10* erg/cm?, in accordance with experi-
mental data obtained on amorphous transition-
metal-metalloid-type alloys like FeB, FePPb, or
CoB.223 (K, )iy is almost an order of magnitude larger
than these values. Finally, if K, is related to a CSRO it is
at least a partially reversible process when submitted to a
thermomagnetic treatment. As will be shown in Sec. VII,
this was not the case here. All these results are very
strong arguments to eliminate a pseudodipolar-type an-
isotropy as the basic mechanism for the origin of K, .

The conclusion is that K, should be related to the
TSRO and the model that we propose is the following: In
Co-Zr-M thin films the field-induced anisotropy K, in-
volves the single-ion anisotropy via local spin-orbit cou-
pling. The magnitude of spin-orbit coupling is related to
the local configuration, so K, is a structural anisotropy
and is the sum of two contributions:

K,=K°+K; . (5)

K is the induced anisotropy related to the local anisotro-
py K; corresponding to Co atoms in trigonal clusters and
K to the local anisotropy K corresponding to Co atoms
in octahedral and/or icosahedral clusters. The contribu-
tion of K to K, is negligible on films deposited at the
lowest pressure. This assumption is confirmed by the
thermomagnetic relaxation process (see Sec. VII). Conse-
quently one has

(K ) min=K, . (6)

Based on this model we propose the following mecha-
nism for the formation of K,,. The film is saturated along
the applied field during its formation. Local rearrange-
ment of the atoms tends to occur in order to minimize
the magnetic energy. Consequently, the spatial distribu-
tion of the clusters is no longer isotropic but a certain
amount with their easy axis will be oriented preferentially
parallel to the applied field. This reordering can occur by
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various mechanisms like diffusion via jump of atoms or
by diffusionless local structural transformation. The
amount of the nonmagnetic transition metal M is rela-
tively small and its atomic radius is large so a process
based upon the diffusion of M is quite unlikely.
Diffusionless transfiguration involving transformation of
icosahedral to octahedral clusters was proposed for a
similar amorphous compound.?* It was also shown that
the energy difference between these two configurations is
quite small,>* which is also evidence in favor of this pro-
cess.

The value of K/ varies as a function of the film compo-
sition as expected, but independent of the P,, used dur-
ing the deposition. This result can be explained using the
following assumptions: For a given composition the value
of K/} is governed by the deposition temperature of the
films, the magnitude of K/ during its formation, and the
free volume. The temperature of the substrate remains
close to room temperature whatever P,, is.!* Conse-
quently, K/ is also independent of the deposition parame-
ters. The variation of the free volume with P, is
sufficiently small, so as not to affect the magnitude of K.

Within the framework of the proposed model the rela-
tionship between the induced and local anisotropies is
given by

(Ku )minzK:ZKlazci (73.)
i

and

(Ku )max:Kla 2 Ci +Kls2 C;I > (7b)
i il

where C; and C/ are the concentration of the ith orienta-
tion clusters, with C; corresponding to the icosahedral-
octahedral and C; to the trigonal type. The local aniso-
tropies K’ and K; are a function of two parameters: the
local symmetry seen by the Co atoms and of M, In
agreement with structural investigations, the local disor-
der increases, so the octahedral and the trigonal-type
clusters are less well defined when the x content in the
film increases. This mechanism should affect, in particu-
lar, the trigonal-type clusters. Theoretical expectation
predicts® that if the local anisotropy is of single-ion type,
one has K; ~M} with A~ 1. Both parameters generate a
decrease of K;* and K for increasing x content.

The value of K; and its concentration dependence
could be deduced in Coyy_,Zr, films from the charac-
teristics of the standing spin-wave spectra®® and exhibit
the expected behavior [Fig. 12(a)]. Using these values of
K[ one can estimate the amount of the clusters C;
affected by the reordering process. In this process the
easy axis of the clusters tends to lie parallel to the mag-
netic field applied during deposition. C; increases rapidly
with x as shown in Fig. 12(b). This variation also agrees
with the expected one. The probability for a cluster to be
reordered depends on the local composition. Clusters
formed of only Co atoms are magnetically isotropic,
while those where the Co atoms possess M atoms as
nearest neighbors present a net local anisotropy, so sub-
mitted to greater energy. The free volume, which in-
creases with increasing x content, could also favor the re-
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FIG. 12. (a) Variations of the random local anisotropy K¢ vs
concentration x for Coyp_,Zr, films as deduced from
standing-spin-wave spectra (Ref. 26). (b) Amount of as-
calculated concentration of clusters C; (in %) oriented with
their easy axis along the easy anisotropy axis of the film.

orientation process. One can conclude that the decreases
of both (K, )i, and (K, )., as a function of the increas-
ing amount of x content are related to the decrease of the
magnitude of K/ and K;. This outcome remains unbal-
anced by the enhanced amount of favorably oriented
clusters, hence the as-observed data.

The peculiar effect of the various substitution for M
upon K, are also related to a change in the values of K.
For a given composition (K, )i, is the smallest for M =
Nb. In the concentration range investigated A, is smaller
in Co-Zr-Nb films compared to the two other alloys of
the same composition. Consequently, one can assume
that the magnitude of K{ is also smaller. In CogysZrs
films, e.g., when the composition approaches the ordered
crystalline state, the value of (K, )., increases substan-
tially compared to layers with higher Zr content. This
result also confirms the strong influence of local atomic
arrangement upon the value of K. The values of (K, ).«
for a given concentration are systematically higher for M
= Ti than for M = Nb or Zr. This outcome is in agree-
ment with structural investigation which showed that the
local disorder is significantly smaller so the value of K} is
higher in Ti-substituted layers as compared to the two
others.

In the (CoPt)Zr thin films, the concentration depen-
dence of (K, )y, and (K, )., is markedly different from
that detected for Co-Zr-M alloys. These results are relat-
ed to the magnetic state of Pt, and the modification of the
local structure as induced by the substitution of Pt. The
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Pt atoms being magnetically polarized, the (CoPt)Zr films
have to behave as magnetically diatomic alloys. Hence
this should result in a contribution of a diatomic pseudo-
dipolar directional ordering process to (K, ),- Indeed
the experimentally observed variations of (K, )., can be
nicely fitted [Fig. 6(c)] by the expression
(K, )min=K2+ Ax*(1—x)* where K is the local anisot-
ropy corresponding to the Cog;Zry matrix and the second
term is the usual expression corresponding to the diatom-
ic pseudodipolar ordering.

As shown in Fig. 6(b) (K, )., increases as a function of
increasing Pt content in (CoPt)Zr films. Pt occupies a
substitutional position (Sec. IV) resulting in an extension
of the network and a decrease of the local disorder. Con-
sequently, the trigonal clusters are structurally better
defined. Moreover, M, decreases only slightly with in-
creasing Pt concentration. Both mechanisms contribute
to the result obtained.

VI. STRUCTURAL-RELAXATION PHENOMENA

The structural evolution as a function of an annealing
treatment was observed via in situ electron microscopic
studies. It allowed us to determine the thermal stability
of the films and facilitated the understanding of the ther-
momagnetic relaxation process. The influence of the
deposition parameters upon the structural relaxation was
determined by comparing LP and HP films of the same
composition. The experiments consisted of submitting
the films to an isothermal heat treatment in the electron
microscope, in steps of 50 °C. After holding them at the
annealing temperature for 10 min, they were quenched
down rapidly to room temperature where the investiga-
tions were performed.

The structural relaxation process occurring on the Co-
Zr-M systems is illustrated by the results obtained on
CogpZr;; HP and LP films. The diffusion profile corre-
sponding to the HP layer (Fig. 13) exhibits a first and a
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FIG. 13. TEDP profiles of CogyZr,, films prepared at HP (a)
as-deposited and (b) annealed at 250 °C.
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FIG. 14. TEDP profiles of (Cog Pt)y)Zr, films prepared at
(HP) (a) as-deposited and (b) annealed at 250 °C.

second maxima resolved better and a shoulder more
marked after an annealing at 250 °C. This evolution indi-
cates that as a result of the annealing the local order is
extended to longer distances. Moreover, at this tempera-
ture the film remained amorphous as no microcrystals
could be detected on the DF micrography. A primary
crystallization of fcc Co occurs at T, =300°C (Ref. 27)
in the Zr-enriched amorphous Co-Zr matrix. The overall
process is the same in LP films. However, now
T, =250°C, a result which confirms that T, is
significantly lower in LP films as compared to HP ones.
The effect of substitution of Co by Pt on the relaxation
was observed on films of composition (CoPt)q;Zry. Both
the LP and HP films remain amorphous for annealing
performed up to 300 °C, but the observed change of the
diffusion spectra is fairly unusual: Effectively a widening
of the diffusion maxima, a damping of the oscillations of
the TEDP profile, and the appearance of another shoul-
der on the lower side of the second maximum near 0.75
A7 occurs (Fig. 14). This result is characteristic of the
formation of octahedral sites in the annealed film and can

MAGNITUDE

R (A)

FIG. 15. Fourier transforms of the EXAFS spectra above the
Co K absorption edge detected on (Cog,Pt,o)Zr, films prepared
at HP. (a) Dotted line, as-deposited state. (b) Solid line, sample
annealed at 250 °C.
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be explained in the following way: In its crystalline state
the Co-Pt alloy exists only as a fcc solid solution. Conse-
quently, in the amorphous phase only the octahedral
clusters are thermally stable and the trigonal-type clus-
ters which form as a result of the applied magnetic field
during deposition are thermally highly unstable and
transform easily to octahedral ones. This transformation
conserves coordination number and interatomic distances
between nearest neighbors. We tried to verify it in a
study carried out by the extended x-ray-absorption fine-
structure (EXAFS) technique on both the as-deposited
and annealed (CogyPt,y)g;Zry HP films. The annealing
was performed at 250 °C during 1 h. The spectra were
recorded at 77 K above the Co K-edge absorption by the
transmission mode. The Fourier transforms obtained
from the two EXAFS data are reported in Fig. 15. The
peak corresponding to the nearest neighbors occurs at the
same radial distance and has almost the same area, but its
intensity increased about 6% on the as-annealed film. It
indicates clearly that on the annealed layer the local or-
dering is slightly better defined without a change of coor-
dination number and interatomic distance between
nearest neighbors, as expected.

As we pointed out above, both HP and LP
(CogoPt )91 Zry films annealed up to 300 °C are amor-
phous as opposed to the two sets of Co-Zr films. Now
T, is 320 and 350 °C for the LP and HP (CoPt)Zr layer,
respectively. This result indicates that the thermal stabil-
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ity of the amorphous state is higher in (CoPt)Zr alloys as
compared to Co-Zr ones.

VII. THE THERMOMAGNETIC RELAXATION
PROCESS

The thermomagnetic annealing was performed in a
transverse magnetic field of =~500 Oe and under a vacu-
um of 5X 1077 Torr. The variations of K, were studied
in isothermal annealing experiments as a function of
time. The films were heated at a rate of ~40°C/min,
maintained at the annealing temperature which was in
the range 100-300 °C, and then cooled rapidly down to
room temperature (~ 150 °C min~ 1). The variations of
K, were deduced from the study of the hysteresis loop
and also controlled by FMR. No preannealing was per-
formed, so the progressive elimination of the free volume
could affect the relaxation rate in the first steps of the an-
nealing.

Let us consider the relaxation phenomena in Co-Zr-M
thin films. The main experimental results are reported in
Figs. 16 and 17. The time-dependent relaxation process,
as obtained on a typical set of films of the same composi-
tion but deposited at various pressures, is shown in Fig.
16(a). After a first period, where K, decreases sharply on
all samples, a second stage occurs. Now the behavior of
the film is related to the pressures used during its forma-
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FIG. 16. (a) Thermomagnetic relaxation of K, as a function of time performed at an annealing temperature T, =100 °C. (b) As-
deposited (g) and residual value () of Hy —(H} )., for Cog,Zr, films deposited at various pressures P,,. (Hj )., was obtained for
T, ~=300 °C and ¢ =30 min.
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FIG. 17. Thermomagnetic relaxation of H, =2K/?/M; as a
function of time. H,;(0) correspond to the as-deposited state.
The concentration in the three alloys Co-Zr, Co-Zr-Nb, and
Co-Zr-M of the nonmagnetic transition metal is fairly closed.

tion. On films deposited at high pressures (P,, =8
mTorr) K, is practically unchanged, while on those
prepared at P, <8 mTorr K, decreases fairly slowly.
On the film prepared at the lowest pressure a small uniax-
ial anisotropy field is formed along the applied field after
a fairly long annealing time. However, its amount is typi-
cally in the range (2—3)X 10® erg/cm?®, which is an order
of magnitude smaller than K/ obtained in the as-
deposited state. Moreover, this value of the induced an-
isotropy field is practically independent of the concentra-
tion of the films. This result cannot be explained by too
slow a diffusion rate.?’ Other investigations revealed a
similar behavior of K, in Co-Zr-M alloys. Yip et al.’* re-
ported that the energy required to induce an anisotropy
field is several orders of magnitude higher than that
necessary for its suppression. Fukanaga, Okabe, and
Narita®! found that the reorientation process of the mag-
netic anisotropy in CogyZr g is extremely slow.

These results show that K, displays a basically irrever-
sible behavior and is composed effectively of two contri-
butions: A first one which can be suppressed by an an-
nealing treatment performed at relatively low tempera-
tures (K, )y, and a second one having a much higher
thermal stability. Each contribution can be easily
identified as follows [Fig. 16(b)]: The magnitude of
(K, )euyp Which is the same on samples of identical compo-
sition, but deposited at various P,,, is close to
(Ky)sup=K,. The residual value of K,—(K,),— is
(K, )es==K; so it corresponds to trigonal-type clusters,
which explains that (K, )., follows a bell-shaped varia-
tion [Fig. 16(b)]. This high thermal stability of trigonal-
type clusters is confirmed both experimentally and
theoretically. The magnitude of (K, ), was practically
unchanged even for annealing performed at 300 °C.
Computation by Eberhardt, O’Handley, and Johnson?®
showed that pure Co was more stable in the hcp than in
the fcc phase. They could conclude that clusters with tri-
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gonal symmetry are thermally more stable than octahe-
dral ones.

The relaxation rate depends on the metal substituted
for M. We determined it on samples deposited at 2
mTorr. It is the highest and the lowest for M = Zr and
Ti (Fig. 17), respectively. As expected, it is governed by
the free volume and the local disorder which, for a given
concentration is greatest for M = Zr, results in agree-
ment with those obtained by Machata, Tsunashima, and
Vchiyama®? who showed that the activation energy in a-
CoM alloys is greatest for M = Zr.

The relaxation process observed on (CoPt)Zr thin films
is different from that exhibited by Co-Zr-M alloys. The
results are illustrated in Fig. 18 and can be summarized
as follows. The thermal stability of K, varies strongly
with the P,  used and the Pt concentration. On films
with high Pt concentrations, K, can be completely
suppressed even on samples deposited at pressures as
high as P, =10 mTorr. The residual value of K, does
not correspond to K; but is generally much smaller.
Moreover, it depends strongly on the annealing tempera-
ture used. This comportment of K, is related to the
thermally unstable trigonal clusters which transforms
easily to octahedral ones, so a large part of K, can be
easily suppressed by annealing. The relaxation rate is
much faster, in particular in the initial stage, for Co-Zr-
Pt thin films as compared to Co-Zr-M. K, exhibits a fair-
ly large reversible part, which increases continuously
with increasing Pt content: These results are simply con-
nected to the fact that a large portion of K, originates
from the pseudodipolar anisotropy, which displays a high
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FIG. 18. Thermomagnetic relaxation of H, as a function of

time in CogZroPty, thin films deposited at various P,,.
T,=200 °C.
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activation energy and is essentially a reversible
phenomenon.

VIII. SUMMARY AND CONCLUSIONS

We have performed a study on amorphous Co-Zr-M
and Co-Zr-Pt thin films, with the aim to determine the
physical origin of K,,. The variations of K, as a function
of the nature of the substituted metal were studied sys-
tematically and these results could be correlated with the
evolution observed in the local structure. We developed
a model where K, is related to the local anisotropy of the
various clusters formed during the deposition process and
is the sum of two contributions related to
octa/icosahedral and trigonal-type clusters, respectively.
These two components of K, can clearly be separated by
an annealing experiment because they possess a substan-
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tially different thermal stability.

In Co-Pt-Zr, a pseudodipolar contribution to K, could
be clearly identified related to the pair ordering of a mag-
netically diatomic alloy. Consequently, the thermomag-
netic relaxation of K, becomes reversible. The present
model allows us to also explain the unusually high value
of K, in a-CoZrM thin films, reported by the various ex-
perimenters.
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FIG. 7. BF and DF microstructure in Co-Zr films prepared
at (a) high (HP) and (b) low pressure (LP). As-deposited state.



