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A pseudocrystalline model is proposed to explain the occurrence of perpendicular anisotropy in amor-
phous rare-earth—transition metal (R -7) thin films. It is based on the central hypothesis that during
layer-by-layer growth small planar hexagonal units are formed defining on average a preferential axis
perpendicular to the film plane. The units are similar in structure to relaxed crystalline ones and are es-
timated to typically comprise six rare-earth atoms. They are regarded as an idealized model of the
short-range order and are consistent with the known nearest-neighbor R -T and T-T coordination num-
bers in the amorphous state. This model is able to explain the known experimental results concerning
the influence of composition, substrate temperature, annealing, and bombardment effects during sputter
deposition on the magnetic anisotropy of thin amorphous rare-earth—transition-metal films of the system
(Nd, Tb, Dy) (Fe, Co), as well as the destruction of this anisotropy by additives.

I. INTRODUCTION

Amorphous thin films consisting of rare-
earth—transition-metal (R-T) alloys were prepared in
1972 by coevaporation of Gd and Fe in the compositional
range 15-94 at% Fe.! In 1973 it was discovered that
sputtered Gd-Co and Gd-Fe films contain stripe and cy-
lindrical domains indicating perpendicular anisotropy,
and it was demonstrated that these films are suited as
media for magneto-optic (MO) recording.? Since that
time the magnetic properties of R-T amorphous thin
films have been intensively studied, and MO recording
using R-T media has been developed into a mature tech-
nology which is now being introduced into the market.

In order to explain the perpendicular magnetic aniso-
tropy in amorphous R-T thin films several mechanisms
have been proposed. However, there is no satisfactory
and consistent explanation of the major experimental re-
sults by only one of these mechanisms and consequently
there is no agreement in the literature on the acceptance
of one or the other model. For a recent discussion see,
e.g., Refs. 3 and 4.

There should be no macroscopic magnetic anisotropy
in an ideal amorphous structure. Therefore, a macro-
scopic magnetic anisotropy presupposes a structural an-
isotropy at least on an atomic level or on a nanometer
scale. In addition, there must be a magnetic interaction
with the anisotropic structure.

The magnetic interactions can be dipolar interactions
between neighboring magnetic moments, spin-orbit cou-
pling, or magnetostriction. For materials with axial sym-
metry, dipole interactions have to be considered. For
non-S state ions (e.g., Tb, Dy, Ho , . . .), spin-orbit cou-
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pling generally is the most important interaction result-
ing in single-ion anisotropy or anisotropic exchange, giv-
ing rise to anisotropies which are generally at least one
order of magnitude larger than that caused by dipole
effects. This can be seen comparing Gd (S state) -Fe,Co
and Tb (non-S) -Fe,Co alloys.’

We presuppose that a single-ion mechanism is predom-
inant for non-S-state rare-earth-containing alloys [e.g.,
(Nd,Tb,Dy) (Fe,Co)] as has already been proposed by
several authors. The case of Gd-(Fe,Co) can be more
complicated because here several effects of the same or-
der of magnitude can simultaneously act and even com-
pensate each other.

In this paper we suggest an explanation for the
structural anisotropy that is based on the often observed
tendency that in amorphous matter the short-range order
of the crystalline structure is preserved.® The apparent
difference between the amorphous and the crystalline
structures concerns the disappearance of long-range or-
der. The starting point of our discussion is the fact that
for the technologically relevant compositional range
there are crystalline counterparts the structure of which
originates from the hexagonal lattice of the CaCus type.
Our hypothesis is that also in the ‘“amorphous” state
crystallinelike environments are preserved (“pseudocrys-
talline units”) and are the origin of the perpendicular an-
isotropy.

We define our pseudocrystalline model in Sec. II, and
in Sec. III we try to interpret the experimental results
concerning the parameters of preparation and composi-
tion that have revealed an influence on the perpendicular
anisotropy. The models presented so far in the literature,
such as magnetoelastic interactions, inhomogeneous
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structure, bombardment-induced, and microcrystallites
are discussed with respect to our model in Sec. IV with
special emphasis on bond-orientational anisotropy® and
growth-induced texturing.* Finally, some recommenda-
tions and suggestions for future investigations are made.

II. PSEUDOCRYSTALLINE MODEL

For the technologically relevant compositions of the
amorphous layers there are crystalline counterparts the
structure of which originates from the hexagonal lattice
of the CaCus type.” ° For RT this structure consists of
a stacking of double layers where one layer has the chem-
ical composition RT, and the other one contains only 7'
atoms as sketched in Fig. 1. For RT, the stacking unit
consists of three layers as shown in Fig. 2. For com-
pounds between these two intermetallics (e.g.,
R,T,,RTj;) both types of layers are present.

For the amorphous structure we suggest a relaxation in
the T plane as indicated in Fig. 1 by arrows, making crys-
talline second-nearest 7-R neighbors to (approximately)
nearest neighbors. This relaxed structure is in agreement
with the coordination numbers found in structural inves-
tigations of amorphous Tb-Fe summarized in Table I
(compiled from Refs. 10-13). For 7-T pairs, coordina-
tion numbers between 6.8 and 9.1 are found. Our relaxed
structure can explain coordination numbers between 6
and 8, with each three 7T neighbors in the T' planes above
and below the R-containing plane plus one 7 centrally
above, and another one from the next bilayer below (com-
pare Fig. 1). For R-T pairs the experimentally found
coordination numbers are 10.7-13.3. In our relaxed
structure we would expect values around 12 (six neigh-
bors in the R-containing plane, three in each of the adja-
cent T planes). For R-R pairs, coordination numbers be-
tween O and 3.9 are found, while in our model a coordina-
tion number of zero is predicted.

Thin-film growth is known to occur layer by layer.'*
The starting hypothesis of our model is that, during this
layer-by-layer growth, small pseudocrystalline planar
configurations of the type of Figs. 1 and 2 are formed
with an average alignment of the axis parallel to the film
normal and stacked so that some crystalline short-range
order is preserved, but no long-range order is involved.
The main characteristics of this model are that it is

FIG. 1. Planes of RTs intermetallic compounds. Different
shadowing designates different planes. 4BCD denotes the unit
cell. Circles with the larger radius represent R atoms. The
atoms in the T plane are supposed to relax in the amorphous
state with respect to the crystalline state as indicated by arrows.

atomistic but involves a structure that extends over more
than nearest neighbors and is similar to the energetically
minimal crystalline configuration so that it is thermo-
dynamically favored. The pseudocrystallinity is supposed
to be a purely local structural effect and not viewed as
truly nanocrystalline.

The proposed relaxed structure of T atoms in the T
plane causes additional anisotropic electrostatic fields at
R sites with an average component perpendicular to the
film plane leading via spin-orbit coupling to a perpendic-
ular magnetic anisotropy.

We would expect that such a pseudocrystalline struc-
ture with an average preferential axis perpendicular to
the plane will yield an anisotropic distribution of
nearest-neighbor distances with denser in-plane packing
as was observed by small-angle x-ray scattering.’

The polarization dependence of extended x-ray-
absorption fine structure has been employed to investi-
gate the atomic structure parallel and perpendicular to
the film plane of a series of Tb,_,Fe, amorphous films
with x =0.74-0.84.'°> Quantitative modeling shows that
the observed structural anisotropy can be described as
anisotropic near-neighbor pair correlations, with Tb-Tb
and Fe-Fe pair correlations greater in plane and Fe-Tb
greater perpendicular to the film plane. These findings
support our layered pseudocrystalline model.

Our model is idealized. In reality the hexagonal units
may not really be formed homogeneously, but a tendency
toward formation is supported by the energetically
minimal configuration in the crystalline structure and the
layer-by-layer growth.

III. INTERPRETATION
OF EXPERIMENTAL RESULTS

Many parameters have revealed an influence on the
perpendicular magnetic anisotropy in amorphous R-T
films. The most prominent influences are due to compo-
sition, additives, substrate temperature during prepara-
tion, bombardment effects during sputter deposition, and
annealing. They have been partly discussed and inter-
preted within the existing models. In this section we
strive to get an overview of major experiments reported
in the literature, with a critical discussion of the experi-
mental conditions, and to interpret them on the basis of
the pseudocrystalline model.

FIG. 2. Planes of RT, intermetallic compounds. Different
shadowing designates different planes. Circles with the larger
radius represent R atoms.
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TABLE 1. Coordination numbers ¢ and average interatomic distances r (in A) of amorphous R-T

films.
rr.r cr.T TR-T CR-T TR-R CR-R Ref.
Tb,,Feq 2.59 7.0 3.06 3.49 6.9 10
Tb,sFeg; 2.52 6.8 3.02 12.3 341 3.9 11
24-h anneal 2.55 8.4 3.08 12.3 3.50 3.5
Tb,Coyg; 2.48 7.3 2.95 12.5 3.36 3.6 11
24-h anneal 2.48 7.3 2.99 13.3 341 3.1
TbyFego 2.50 9.1%1 2.94 10.7 0 12
Annealed 2.50 9.5 2.95 12.6
Tb, . Fe,, 13
x =0.16-0.23
1. Shell 2.47 4.5-5.0 (2.43 Oxygen)
2. Shell 2.66 2.5-3.0 2.91 9.5t1 34 3.5+1
Sum 7.0-8.0

A. Compositional dependence

Maxima in the compositional dependence of the per-
pendicular magnetic anisotropy are found for different
binary systems of transition metals and heavy or light
rare-earth elements. E.g., for electron-beam-evaporated
films a maximum at 20 at % Tb for Tb-Fe,'® a maximum
at 30-40 at % Dy for Dy-Fe,!” and a maximum at 25
at. % Dy for Dy-Co (Refs. 18 and 17) were observed.
Also, for cosputtered Tb-Fe, a maximum at 20 at. % Tb
is reported.!® For more than 50 at. % heavy R, generally
an in-plane anisotroﬁpy is observed. For Nd-Fe (Refs. 16
and 20) and Pr-Fe,!® a maximum at 40 at. % light R and
for Nd-Co (Refs. 17 and 21) and Pr-Co,!” a maximum at
22 at. % light R are found.

Some results of K, at 77 K are displayed in Fig. 3 for
the system R,_, T, with R =Nd, Dy and T =Fe, Co.
The technologically relevant Tb-based compositions are
difficult to measure because of their high coercivity,
therefore only data for Tb-Fe at 300 K measuring tem-
perature are incorporated in Fig. 3.

When interpreting these data, one has to take into ac-
count that the Curie temperature T of the binary amor-
phous alloys exhibit a strong dependence on composition,
affecting the observed compositional dependence of K, at
measuring temperatures not far enough away from the
Curie temperature. Therefore it could be argued that the
observed dependence of K, can be caused by this T
variation.

This argument is especially important for Fe-based al-
loys which exhibit a maximum in the Curie temperature
(e.8., Tcmax =400 K for Tb-Fe) for this range of composi-
tions. A maximum of K,(x) occurs, however, also for
Co-based alloys for which the magnetic coupling is much
less sensitive to structural effects and, in particular, the
Curie temperature shows no maximum at a certain com-
position but increases almost continuously between the
minimum at the critical composition (about 50 at. % Co)
and the Curie temperature of crystalline Co (1388 K).24%5
Therefore the decrease of K, with increasing Co content
on the T-rich side is not caused by a Curie temperature
effect.

The influence of T on K, can be estimated from Fig.

3 where those compositions are indicated on the K, =0
axis at which T is equal to the measuring temperature
and therefore zero magnetic anisotropy is expected a
priori. The influence of T¢ on K, can be strong in the
cases of Nd-Fe and Tb-Fe, in the latter case only on the
T-rich side. For the other systems where also a composi-
tional maximum is observed at 77 K, this influence is
significantly reduced and the direct compositional depen-
dence should be predominant.

Altogether we conclude that the observed maxima of
K, for Dy-Fe, Dy-Co, and Nd-Co are directly related to
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FIG. 3. Compositional dependence of K,. In order to esti-
mate an indirect effect of the Curie temperature on K, those
compositions are indicated on the x axis for which the Curie
temperature is equal to the measuring temperature. Nd-T (Ref.
22), Tb-Fe (— — —): deposited at 77 K (Ref. 19), ( ): de-
posited at 300 K, (Ref. 23 ) Dy-Fe (Ref. 16), Dy-Co (Ref. 17).
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the composition. Nd-Fe (and also Pr-Fe) is a special case
in that the maximum in K, (x) cannot be attributed
directly to the composition because indirect effects due to
the Curie temperature dependence T'(x) cannot be ruled
out.

We now try to relate the compositional dependence of
K, to the structure and magnetic anisotropy of the crys-
talline counterparts. A survey of the crystal structures of
binary R-T intermetallics originating from the CaCus
type together with their magnetic easy axis is given in
Table II (compiled from Refs. 9 and 25).

The R-rich crystalline compounds RT, are cubic and
consequently have no singular easy magnetic axis. The
crystalline compounds of higher transition-metal content
have axial structures, with the exception of R¢Fe,;. The
Co-based intermetallics exhibit an easy axis which is the ¢
axis perpendicular to the basal plane. On the contrary,
the Fe-based compounds have their easy axis in the basal
plane. In a first trial one would therefore expect that Fe-
based amorphous films exhibit an in-plane anisotropy.
We assume that the relaxation of Fe atoms in the T plane
that causes a stronger average electrostatic field perpen-
dicular to the film plane is the reason for the occurrence
of perpendicular magnetic anisotropy also in Fe-based
amorphous alloys.

The relaxation leads locally to an R-T configuration
similar to that at an interface between an R and a T layer.
The assumption made above is therefore supported by the
fact that in superlattices consisting of alternating layers
of Tb and Fe also a strong perpendicular anisotropy is
found and attributed to Tb-Fe interactions across the in-
terface.?6~%°

In the amorphous case a maximum is expected for a
composition where the maximum number of hexagonal
units is formed during thin-film growth. On the T-rich
side we come from the low anisotropy of amorphous Fe
or Co, and the increase of K, with increasing Tb or Dy
content can be understood in terms of single-ion behavior
together with a tendency to form the pseudocrystalline
axial environments. On the R-rich side beyond RT,
there should be a tendency to form cubic environments
corresponding to the crystalline counterparts leading to a
decrease in K,. This structural explanation is also sup-
ported by the exceptional behavior of Nd-Fe which forms
no crystalline cubic intermetallics and exhibits perpendic-
ular magnetic anisotropy in the amorphous state over the

whole compositional range.

The maximum K, values in amorphous thin films are
considerably smaller than typical crystalline anisotropy
constants’ (e.g.,, K,;=2X10° J/m® for DyFe, and
K,=—6.3X10° J/m® for TbFe,) except for Nd-Co
(K;=7X 10° J/m? for NdCos), where comparable values
are reached.

B. Destruction of K, by additives

In the literature no increase of K, due to ‘“nonmagnet-
ic” additives but mostly strong destructive effects have
been reported. In Table III (compiled from Refs. 30-36)
the effects of several additives have been summarized.

With respect to their effect on K,, a distinction be-
tween additives with a metallic bond and those with co-
valent bonds has to be made.

For metallic additives at concentrations up to 20 at. %
in the system (Tb,Gd)-(Fe,Co) the anisotropy is still per-
pendicular. The ratio of Tb to Gd and the ratio of Fe to
Co seem to play no role. Beryllium is an exception be-
cause even alloys with a content of 40 at. % Be still show
a perpendicular anisotropy. The obvious reason is that
Be atoms with their small atomic radii fit well into the
gaps of the amorphous structure without disturbing it.
Additive atoms with metal bonding to rare-earth ele-
ments will take the same sites as the T atoms and will
therefore not destroy the local structure. Consequently,
the magnetic properties reduce slowly, linearly with in-
creasing additive content.

For covalently bonded additives, e.g., Si, Ge, N, and
especially for oxygen (“reactive additives”), K, becomes
negative (in-plane magnetization) at much lower concen-
tration: 2-8 at. %, corresponding to typically one addi-
tive atom per 12 to 3 R atoms.

This effect on K,, is much stronger than the effects on
the magnetic system characterized by the compensation
and Curie temperatures which are listed in Table I for
comparison. The most pronounced effect on the compen-
sation temperature T, is observed for oxygen addi-
tions. A content of 1 at. % oxygen shifts T, by up to
120 K, corresponding in effect to a decrease of the Gd
content also by approximately 1 at. %. This is an indica-
tion that one oxygen atom eliminates one R atom from
the magnetic matrix. The metallic additives lead to a rel-

TABLE II. Crystal structure of intermetallic R-T compounds and their easy magnetic axis (compiled

from Ref. 9, data for Gd-Co from Ref. 25).

R-Co R-Fe R-Co R-Fe R-Co R-Fe R-Co R-Fe
Cubic Cubic Rhom Rhom Hex Cubic Hex Rhom
NdCo, NdCo;, Nd,Co, NdCos Nd,Fe,;
¢ (high T) In plane
Basal (low T)

GdCo, GdFe, GdCo, GdFe; Gd,Co, Gd¢Fe,; GdCos Gd,Fe,,
c c c In plane

TbCo, TbFe, TbCo; TbFe; Tb,Co, TbeFe,; ToCos Tb,Fe,,
In plane In plane

DyCo, DyFe, DyCo; DyFe, Dy,Co, Dy¢Fe,; DyCos Dy,Fe,;
In plane In plane
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TABLE III. Influence of additive elements in amorphous R-T films on perpendicular anisotropy,
compensation, and Curie temperatures [T om,: compensation temperature, T¢c: Curie temperature, z:
concentration of additive in at. %. The fifth column gives the concentration z, for which K, becomes

zero at room temperature (RT)].

Element Composition dT oy /dz dTc/dz K,(RT)=0 Ref.

(o) Gd,,Tb,Fe,, —85 —10 2-4 30

O from H,O Gd,,Tb,Fe;, —120 —10 2.5 30

N Gd,sFeqy —33-—43 —10 : 7.5 30
N Ge,,Tb,Fe,, —35 —10 ~8 30

N Tb,,Fe;cCo; 4.4 31

N Tb;,FegCos 2.8% 31
Si,Ge Gd,¢Feq, <5 32
Sn GdycFeyy —24° —10 20 33,32
Bi GdycFeyy —24° —12.5 ~20 33,32
Pb Gd,Feyy —20° —14 ~20 33
Au Gd,Feq, —15 —0.7 18 34
Al Tb;oFeq >20 35

Be TbFeCo —5.6° > 40 36
Cr Tb,sFess —13

Cr TbFeCo —12.8 > 104 36

*Steep decrease to + of original value.
YRough average, no linear dependence.

°For more than 6 at. %; for less no change is observed.
dFor 10 at. % Cr in a TbFeCo disk a signal-to-noise ratio >45 dB was obtained in recording experi-

ments.

atively small shift, which has been attributed to an in-
crease of the iron moment and a reduction of the ex-
change constants.’37 The effect on T is approximately
the same for all additives (except for Be with its small
atomic radius and for Au) and corresponds to a magnetic
dilution, except for Au which is magnetically polarizable.

The effects of the reactive elements, especially of oxy-
gen on K, are therefore much stronger than a “magnetic
deactivation” of isolated R atoms could explain, in con-
trast to the effect on the magnetic system even if one as-
sumes that, e.g., a divalent oxygen atom deactivates two
R atoms. To our knowledge there has been no attempt in
the literature to explain this drastic effect on X,,. In our
model it is easily explained. A covalently bonded “mole-
cule” will not just magnetically deactivate its “ligands,”
but will seriously deteriorate the hexagonal character of
the local structural unit leading to a destruction of its
perpendicular anisotropy.

Under the assumption that one additive atom “deac-
tivates” 3—12 R atoms and that this is due to a deteriora-
tion of the structural unit, we can estimate the size of the
pseudocrystalline unit: it comprises typically 3—12 rare-
earth atoms.

C. Substrate temperature and annealing

The influence of substrate temperature during thin-film
deposition by evaporation and annealing is shown in Fig.
4. In order to discuss the influence of crystallization, the
corresponding temperature range up to 1100 K is also in-
cluded.

In Tb; Feg films prepared by flash evaporation a
strong linear increase of the anisotropy constant with
substrate temperature was found.*®*¢ The same tendency
has been observed for (Tb,_ Gd,);Fe;, thin films

(30-1060 nm thickness) prepared by flash evaporation of
alloy powders.*’ Recently an increase of K, for sputtered
Tb,_.Fe, (x=0.62-0.75) with increasing substrate
temperature up to 670 K has been reported.*!°

For Nd;sFegs the situation is similar. In addition,
above 540 K a rapid decrease of K, to zero was observed
and ascribed to crystallization of the amorphous film.*

Annealing experiments on Gd,,;Tb,,Fe¢; films prepared
by magnetron sputtering at 77 K have led to an increase

1Ky ‘/A
67 1053/m? /
‘1 /

Nd35-Fegs
A

2 - Tbg,-Fy c {Tery
0 o

T(K)
T T T T ‘ T T T T T
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"2 1 annealing® | bec-Fe! (TEM)?
L Gdz7TbroFesy |c o R
- nitrid. +bcc-Fe
] =
-6 ] crystall. of ribbons (Tc )f
9
-8 crystall. (DTA)
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FIG. 4. Influence of substrate temperature and annealing on
the perpendicular anisotropy of some amorphous R-T films.
Annealing effects on Gd,,;Tb,oFeq; films prepared by magnetron
sputtering at 77 K and with an initial K, =8 X 10* J/m? are indi-
cated by vertical arrows. In the lower right part of the figure re-
ported temperature ranges for crystallization are shown. The
data have been taken from different references: *Ref. 38, *Ref.
39, °Ref. 40, ‘Refs. 41 and 42, °Ref. 12, 'Ref. 43, ERef. 44, "Refs.
4 and 45.
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of K, for an annealing temperature of 433 K but, at 463
K, to a continuous decrease.** These annealing effects
are indicated in Fig. 4 by vertical arrows.

The increase of K, with increasing substrate tempera-
ture and with annealing below 430 K for films deposited
at 77 K is easily explained in our model: The hexagonal
structures become more pronounced and the local envi-
ronment approaches more the relaxed crystalline state.
The decrease of K, for annealing above 430 K cannot be
explained with our model. However, this behavior can be
attributed to undetected oxidation or nitrifying (see Sec.
III D).

The occurrence of positive K, for magnetron sputter-
ing at 77 K, whereas for flash evaporation a negative K,
occurs, can be explained by the much higher energy of
the particles in the sputtering process. In flash evapora-
tion at low substrate temperature every atom should stick
at the place where it arrives, resulting in an ‘““‘ideal” amor-
phous structure. If energy is transferred to the growing
film during deposition by bombarding the film surface
with energetic species, the effective local surface tempera-
ture is elevated and site rearrangements can take place
that for evaporation with low-energy species can occur
only at higher substrate temperatures.

For films produced by magnetron sputtering or eva-
poration above room temperature, no significant increase
of K, after annealing has been observed but sometimes
rather a slight decrease of about 10% in cases where pro-
tection measures against oxidation have been taken.*
Effects of this order correspond to contaminations in the
order of much less than 1 at. % and cannot, however,
completely be ruled out. Even when excluding oxidation
effects there is the possibility that annealing leads to a
reduction of intrinsic stress (or stress-producing effects)
and consequently to a reduction of the magnetoelastic
contribution to anisotropy, which can be up to one-third
of the total anisotropy.

Tb-Fe samples grown at 525 K (500 nm thick with
K,=10° J/m>®)*, and completely encapsulated in Nb (20
nm under, 30 nm over), with which Tb-Fe has been
shown not to react, were annealed at 625 K for 2 h, caus-
ing K, to drop to 4X10* J/m* (see Fig. 4).*> In these
samples oxidation or nitrifying can probably be ruled out.
The annealing temperature is above the temperature
where crystallization can occur, but no indications of
nanocrystals are found so that this drop in K, is probably
a relaxation of the amorphous phase into a precrystalline
state with more cubic local environments (see Sec. III D).

Considering all these effects, we conclude that films
prepared by magnetron sputtering at lower sputter gas
pressure or by vapor deposition at higher temperatures
exhibit nearly the optimal pseudocrystalline structure.

D. Crystallization, oxidation, and nitrifying

For annealing temperatures above 450 K the presence
of crystallites in the amorphous matrix has been report-
ed.*1¥24 The reported crystallization temperatures are
given in Fig. 4. By heating UHV vapor-deposited amor-
phous samples of Gd,;Fe;; in a TEM it was found that
the early stage of crystallization is characterized by the

formation of R oxide together with iron-rich nuclei® at
temperatures starting above 410 K. In the following we
discuss whether some of the observed annealing effects on
K, can be due to contamination or crystallization.

In annealing experiments with thin films it is very
difficult to avoid oxidation or nitrifying originating from
the substrate and from dielectric protective layers, typi-
cally nitrides or oxides. Extended x-ray-absorption fine
structure (EXAFS) studies on cosputtered Tb,,Feg, (100
nm thickness embedded in 70-nm thick Si;N,) show that
annealing at 670 K causes precipitation of bcc polycrys-
talline Fe.!? Auger depth profiles on the same samples
revealed a uniform presence of nitrogen in the bulk. An-
nealing at 470 K leads to a decrease in K, but does not
give rise to observable bee Fe. Similar effects on K, were
obtained for Gd,sFe,s covered by SiO:*° K, remains pos-
itive for a 1-h annealing up to 570 K and rapidly de-
creases to negative values at annealing above that tem-
perature.

It is known that the addition of oxygen or nitrogen in
small quantities reduces K, drastically (see Sec. IIIB
above). There are only a few experiments where it could
be differentiated between oxidation and pure structural
effects. For annealing experiments,*® Gd;, sTbs sFes
specimens of different thickness up to 0.5 pum were
prepared by electron-beam evaporation at room tempera-
ture and covered by 50 nm protection layers of aluminum
so that the data could be extrapolated to “infinite” thick-
ness and therefore a distinction between surface and
volume effects could be made. Structural relaxation pro-
cesses up to 620 K mainly affected H, while K, M, and
T remained nearly constant. For “infinitely” thick lay-
ers annealing below 420 K does not lead to a decrease in
K, but rather to a small increase,*® for an annealing tem-
perature of 520 K a decrease of K, by 22% (Ref. 51) has
been reported.

We therefore conclude that the sometimes observed
strong decrease of K, with annealing above 420 K (see
Fig. 4) is caused by oxidation or nitrifying from the sub-
strate or from dielectric protective layers.

The crystallization behavior of Gd-Fe was also deter-
mined by identification of Curie temperatures on 20-um
thick ribbons of melt-spun amorphous Gd-Fe, with a Gd
content between 22 and 70 at. %.* Although no state-
ments about protection measures have been made, the
influence of oxidation in these experiments was supposed
to be largely reduced because of the thickness of the
specimens. For all Gd concentrations GdFe, (cubic, see
Fig. 2) and bcc Fe were found, for 7T-rich compositions
also Fe,;Gdg. The crystallization temperature range ex-
tends from 570 to 1070 K.

Differential calorimetry of 1-um thick GdTb-Fe in an
Ar atmosphere showed, however, that crystallization
with measurable heat production starts at about 800 K.*
In the presence of oxygen a process between 520 and 720
K is observed. It is therefore possible that even for the
thick ribbons it is an oxidation of the rare-earth com-
ponents that causes the beginning of precipitation of bcc
Fe probably from the surface.

High-resolution electron microscopy has revealed the
presence of small Fe or Co crystals (2.5-7 nm in diame-
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ter) in unannealed 20-nm thick Tb-FeCo films.*! Upon
annealing for 36 h at 470 K the crystal size increased to
up to 30 nm, but extensive areas remained amorphous.*?
The authors rule out the possibility of oxidation from the
air because the films were encapsulated in 8—12-nm thick
Si;N, layers. From the discussion above we suggest that
at 470 K a diffusion of N into the R-T layer begins. In
any case it is probable that a certain nitrifying of the R-T
layer occurs during the reactive deposition of Si;N,. We
therefore suppose that the precipitation of bcc Fe in
TEM observations at temperatures below 600 K is an in-
direct effect of oxidation or nitrifying.

Assessing the annealing experiments altogether, we feel
that the primary process between 450 and 600 K is oxida-
tion or nitrifying from oxide or nitride protection layers
leading to the precipitation of TEM-observable bce Fe
and to a decrease in K.

The result of this discussion relevant for the interpreta-
tion of Fig. 4 is that only the increase of K, for an an-
nealing below 400 K can be attributed to a structural
change in the amorphous state, while at higher tempera-
tures strong oxidation or nitrifying effects play a major
role under the usual experimental conditions. At about
600 K crystallization begins. For Gd- and Tb-based al-
loys this leads to a formation of cubic environments and
bcec Fe. For Nd-based alloys, which have no cubic in-
termetallics, corresponding experimental data are not yet
available.

E. Bombardment effects

Figure 5 shows the dependence of the density p (Ref.
51) and the perpendicular anisotropy constant K, (Ref.
44) on the argon pressure p,, of magnetron-sputtered
GdTb-Fe (target-substrate distance 6 cm).
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FIG. 5. Density p (Ref. 48) and uniaxial anisotropy constant
K, (Ref. 44) in dependence on sputter gas pressure.

Films sputtered at lower Ar pressures are generally
denser and exhibit a higher K,. At lower pressures the
Ar atoms suffer fewer collisions before they hit the grow-
ing layer and therefore transfer more energy to its sur-
face. The curve in Fig. 5 reaches a plateau for small p,,
in other work®>%* (target-substrate distance not reported)
a decrease in K, for increasing and decreasing p,, with a
maximum at about 1 Pa for Tb,,Fe,; and at about 1.3 Pa
for Tb,,;Co,y has been reported for films prepared by rf
sputtering with zero substrate bias voltage.

Generally, evaporated films exhibit smaller anisotro-
pies similar to those sputtered at higher Argon pressures.

Bias sputter deposition generally shows the trend of in-
creasing anisotropy constant at increasing bias voltage.
The results of different investigators differ in detail,>* 3¢
but typically a maximum in the range 100-200 V is ob-
tained.

The tendency presented above is confirmed: Energy
transfer to the growing film (here due to bombardment by
ions accelerated by the substrate bias voltage) leads to an
enhanced surface temperature and an increase in K,,.
This effect on K, can be explained in the same way as
was done for the substrate temperature by a more pro-
nounced pseudocrystalline structure. At very high ener-
gy transfer (high bias voltage, very low Ar pressure) a
counter effect is observed, which can be understood as a
destruction of the anisotropic structures by bombard-
ment.

F. Summary of experimental trends

Every measure that enables the amorphous structure to
approach the energetically more favorable pseudocrystal-
line structure should enhance the magnetic anisotropy.
The higher the energy in the growing layer, the more per-
fect, in the sense of our model, will the local environment
be. This explains the increase of K, with increasing sub-
strate temperature or increasing energy due to additional
ion bombardment.

An intrinsic crystallization (not generated by oxida-
tion) or at least a precursor of crystallization with the for-
mation of cubic environments begins at about 600 K and
a decrease of K, after annealing in that temperature re-
gion can be attributed to this effect. Annealing tends to
increase K,. This statement needs, however, more exper-
imental examination. Drastic negative effects and cry-
stallization below 600 K are probably primarily caused
by oxidation or nitrifying.

One additive atom with covalent bonding destroys the
anisotropy of structures comprising about six R atoms.

A maximum of K, for compositions corresponding to
RT, is observed for amorphous Co-based amorphous al-
loys, whereas the situation for Fe-based films is less clear,
and especially for the light R-Fe compounds (see Nd-Fe
in Fig. 1) no maximum directly related to the composi-
tion occurs. As a generalized rule we find that decreases
in K, at certain compositions on the R-rich side are relat-
ed to the occurrence of cubic intermetallics in the crystal-
line state.
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IV. COMPARISON
WITH EXISTING ANISOTROPY MODELS
A. General

For the development of a structural deviation from the
ideal amorphous structure several mechanisms have been
proposed.

A connection of positive K, values to microcrystals in
the amorphous films related to the intermetallic com-
pounds R,Fe;; to RFe, was deduced from the occurrence
of a K, maximum for 15-30 at. % R atoms and an in-
crease of K, with substrate temperature for flash-
evaporated TbGd-Fe films.>” No connection of crystal
orientation to the film plane was made. Fe-based in-
termetallics exhibit, however, in-plane anisotropy. RT,
compounds are cubic and corresponding environments in
the amorphous state are, in our model, related to a de-
crease of perpendicular anisotropy.

One of the first mechanisms proposed was selective
resputtering resulting in an anisotropic arrangement of
nearest neighbors with a denser packing in the film plane
compared to planes perpendicular to the surface.”® Re-
cently it was suggested that during growth an in-plane
compressive stress due to implantation effects is intro-
duced leading to a bond-orientational anisotropy® (see
Sec. IV B). Both explanations do not hold for evaporated
films.

In our model resputtering can be helpful to build the
pseudocrystalline structures. It is, however, not the pri-
mary mechanism because the same magnitude of K, can
be obtained by evaporation at higher substrate tempera-
tures. At too-high ion energies during sputter deposition,
the pseudocrystalline structures can even be destroyed by
bombardment (see Sec. III E).

Shape anisotropy from a columnar structure or a phase
segregation combined with the columnar structure was
discussed as a source of perpendicular anisotropy in
amorphous Gd-Co.”® However, a considerable perpen-
dicular anisotropy is also found in thin films which show
very little of these macroscopic inhomogeneities. On the
contrary, it could be shown that the anisotropy increases
when the columnar structure becomes less pronounced
(see Fig. 5). We therefore expect diminishing contribu-
tions to the magnetic anisotropy from ‘“columnar” or
phase segregation effects compared to single-ion anisotro-
pies in homogeneous Tb-rich films.

Magnetorestrictive effects can contribute to the aniso-
tropy; the magnetorestrictive constant is positive.®* They
are, however, much smaller than single-ion anisotropies,
but sometimes reach values of one-third of the total an-
isotropy.’®®192 A perpendicular magnetic anisotropy is
found independent of stress. This confirms that magne-
torestrictive effects are not the primary mechanism. In
any case magnetostriction is a continuous description. In
our explanation of anisotropy we are looking for structur-
al units which in themselves provide a structural anisot-
ropy that can be enhanced by stress.

B. Bond-orientational anisotropy

When there is no macroscopic structural anisotropy,
the only remaining anisotropy is one on an atomic scale.
Small-angle x-ray scattering indicated indeed a larger
mean nearest-neighbor distance perpendicular to the

plane compared to the same parameter in-plane corre-
sponding to a strain of about 2.5%.> The authors call
this structural anisotropy BOA (bond-orientational an-
isotropy). BOA was originally proposed for amorphous
alloys when they are subjected to mechanical creep defor-
mation.®* This anelastic mechanism invokes the aniso-
tropic distribution of the orientation of atomic pairs re-
gardless of chemical identity.

A complete comparison with our model is not possible
because, with BOA, so far no attempt has been made to
explain all features of K, as described in Sec. III, espe-
cially the compositional dependence and the destruction
by additives.

BOA is a statistical description of the amorphous state
without reference to an ordered atomistic structure.
From such a general model of the structural anisotropy
one expects that deposition at higher substrate tempera-
tures and annealing leads to a decrease of K, in contra-
diction to experimental results. There is also no
significant effect on the anisotropy of stress during the
deposition, and hence anelastic strain cannot be its ori-
gin.*

The experimental method seems to be very valuable
and could be used to investigate structural changes relat-
ed, e.g., to different compositions and to additives.

C. Precipitates and growth-induced texturing

In an attempt to explain the decrease of K, at special
compositions for cosputtered Tb-Fe by phase segrega-
tions, one suggestion was that precipitates of diameter
less than 2 nm occur as a precursor to the formation of
intermetallic (cubic) TbgFe,;.%* Our model explains the
decrease of K, on the R-rich side in a similar manner. It
proposes, however, a more explicit environmental struc-
ture and applies more generally to the whole composi-
tional range and to different binary systems.

In the growth-induced texturing model the structural
anisotropy has been attributed to a texturing of the amor-
phous structure, which lowers the surface energy during
growth analogous to texturing of the crystallographic
orientation of vapor-deposited crystalline films.* The
effect of deposition temperature is regarded to allow rear-
rangements of local structural units into energetically
favorable orientations.

This model bears in more general terms a certain
resemblance to our pseudocrystalline model, the prefer-
ential perpendicular orientation of which of the local en-
vironments during layer-by-layer growth can be regarded
as a sort of “texturing.” Also the thermodynamical as-
pects are very similar, whereas the influence of composi-
tion and additives on K, is not interpreted in the textur-
ing model.

D. Anisotropic pair ordering

Very recently clear evidence for structural anisotropy
in amorphous sputtered Tb-Fe has been obtained using
x-ray-absorption fine-structure measurements.®> Perpen-
dicular anisotropy in these films is associated with Fe-Fe
and Tb-Tb pair correlations which are greater in-plane
and Tb-Fe correlations which are greater perpendicular
to the film plane. These findings indicate local atom sym-
metries common to crystalline compounds and are con-
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sistent with our layered model.

No structure is resolved beyond the near-neighbor
peak indicating a lack of sharply defined interatomic dis-
tances beyond the nearest neighbors, and it can be stated
with confidence that no ordering exists beyond the
second neighbors (>4 A).

Using EXAFS it is very difficult to obtain information
on local bond angles and in the case of amorphous ma-
terials it is nearly impossible.%® It is therefore not possi-
ble to get experimental evidence on whether a
hexagonal-like type of ordering exists in the plane.

In Sec. IIIB we deduced that the formation of one
“molecule” of R and a reactive element destroyed the an-
isotropy correlated with 3—12 R atoms. This is more
than the coordination number for R-R neighbors (which
is 0—4, see Table I), so that a certain type of clustering
extending beyond the nearest neighbors, not necessarily
an ordering with sharply defined interatomic distances,
should exist.

V. CONCLUSIONS

We developed a pseudocrystalline model for the mag-
netic anisotropy in amorphous thin R-T films which is
guided by the crystalline structure of R-T intermetallics.
The local structural units which are regarded as a model
of the short-range order in the amorphous phase are es-
timated to comprise typically 6—12 R atoms and are
oriented in the layer-by-layer growth of the thin film.
This size is estimated from the destruction of K, by only
1-8 at. % ‘“‘reactive” additives, which does not necessari-
ly involve an ordering with sharply defined interatomic
distances.

Our model is idealized. In reality the hexagonal units
may not really homogeneously be formed, but a tendency
toward formation is supported by the energetically
minimal configuration in the crystalline structure and the
layer by layer growth. The pseudocrystallinity is sup-
posed to be a purely local structural effect and not viewed
as truly nanocrystalline. It reflects the idea that the local
atom symmetries in the amorphous state are similar to
those of the crystalline counterparts.

It is assumed that the T atoms in the T plane relax in
the amorphous state with respect to their crystalline posi-
tions, making crystalline second-nearest to nearest neigh-
bors in the amorphous structure. With this relaxation,
coordination numbers in accordance with experimental
results are obtained.

The uniaxial magnetic anisotropy observed also in Fe-
based amorphous alloys in contrast to their crystalline
counterparts is assumed to be caused via spin-orbit cou-
pling by axial local electrostatic fields with an average
component parallel to the film normal at the R sites,
which in turn are produced by the T-plane relaxation.

There is no direct evidence for this model, but it has all

the necessary features to explain qualitatively the major
experimental trends, especially the increases of K, with
substrate temperature and annealing below 450 K, and
the destruction of K, by only 1-2 at. % oxygen. Anneal-
ing above about 600 K leads probably to crystallization
or a precursor of crystallization with the formation of cu-
bic environments in systems with cubic intermetallics in
the corresponding compositional range. Consistent with
our model this leads to a corresponding decrease of K,,.
In order to further clarify this point more annealing ex-
periments are necessary, carefully excluding the influence
of oxygen and nitrogen on crystallization and anisotropy.
The link of the amorphous to the crystalline state is most
obvious in the compositional dependence of the anisotro-
py. The decrease of K, on the R-rich side beyond RT,,
observed for all considered systems except Nd-Fe, is at-
tributed to a tendency to form cubic environments in the
amorphous state corresponding to the occurrence of cu-
bic structures in the crystalline state, respectively to the
absence of cubic structures in the crystalline Nd-Fe sys-
tem.

For further experiments we recommend to observe the
following precautions. In order to exclude oxidation and
nitrifying effects, an extrapolation to infinite thickness
should be done by measuring samples with different
thickness. For handling the specimens at temperatures
above 400 K they should be encapsulated in metallic lay-
ers, e.g., Al, Ti, or Nb and not in AIN, Si;N,, or SiO. In
order to exclude an influence of T variations on K, the
measurements should be performed at low temperatures.

The best suited system seems to be Dy-T because of the
strong spin-orbit coupling of Dy, on the one hand (advan-
tage over Gd-based systems), and their relatively low
coercive energy enabling measurements at low tempera-
tures on the other hand (advantage over Tb-based sys-
tems). Co-based systems allow direct study of composi-
tional and structural effects also on the T-rich side.

Recommended experiments to check our model would
be to perform structural investigations (e.g., x-ray small-
angle scattering or EXAFS) on films with compositions
corresponding to maximum and zero K, evaporated at
low and high temperatures, e.g., at 77 and at 300 K, and
for films with maximum K, compositions with 5 at. %
covalent elements, as, e.g., Si or Ge or with 2 at. % oxy-
gen. More work concerning the different behavior of
Nd-Fe in comparison to the other binary alloys and more
careful annealing experiments seem promising.
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