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Growth-Induced Magnetic Anisotropy in Amorphous Tb-Fe
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Coherent magnetic anisotropy is shown to be induced in vapor-deposited amorphous Tb-Fe by a

thermally activated growth process. This process is hypothesized to involve rearrangement of local ada-

tom configurations into energetically favorable orientations which minimize surface energy during the

growth, a process analogous to the frequently observed crystallographic texturing of polycrystalline thin

films. The anisotropy is found to be independent of the state of stress in the film during the growth, and

does not depend on film thickness; these results are inconsistent with recently proposed models.

PACS numbers: 75.50.Kj, 68.55.6i, 75.30.6e, 8 l.40.Rs

When amorphous Tb, Fe~oo- „(a-Tb-Fe) (and other
rare-earth-transition-metal alloys) are prepared by
vapor-deposition processes, they have long been known to
possess a large uniaxial magnetic anisotropy normal to
the film plane [l-l I]. This anisotropy is critical to the
materials' use as magneto-optic recording media. The
role of the vapor-deposition process and the structural
origin of such an anisotropy in an amorphous material is

still, however, not understood. Extensive x-ray and neu-
tron-scattering analyses have been done; all results are
consistent with the usual model of a dense random pack-
ing of two different-size atoms [11—15], with some recent
evidence for a small anisotropy in the radial distribution
function (to be discussed below) [11]. Local magnetic
anisotropy results from the interaction of the nonspheri-
cal, f-electron state of the Tb ion with its neighboring
ions. In the random structure of an amorphous metal,
the local environment varies from Tb site to Tb site, caus-
ing the local anisotropy direction to vary, which in turn
causes the magnetic structure to become noncollinear and
destroys the long-range magnetic order [12,16]. For the
material to possess a macroscopic anisotropy, there must
be an orientational coherence to these local anisotropy
axis directions. In particular, since the observed macro-
scopic magnetic anisotropy is perpendicular, the distribu-
tion of these axes must be preferentially along the sample
normal. This macroscopic anisotropy restores the long-
range magnetic order and causes this material to appear
in most respects like a conventional ferrimagnet.

A number of different sources of the structural anisot-
ropy underlying the magnetic anisotropy have been postu-
lated, ranging from stress, to a columnar microstructure,
to a chemical or topological short-range order which be-
comes oriented normal to the film due to some generally
unspecified vapor-deposition process [I—10]. Most re-
cently, a new stress-induced mechanism has been pro-
posed [I I]. This model is based on x-ray scattering evi-
dence of a compressive strain in these films, called a
"bond orientational anisotropy" (BOA), which is ap-
parently larger than can be explained by the observed
elastic stress. The model proposes that the surface during

growth is at a higher temperature than the bulk of the
film; the stresses present then cause an anelastic strain as
the surface cools. This proposed anisotropy mechanism is
distinct from and in addition to the usual magnetoelastic
(elastic stress plus magnetostriction) contribution to the
anisotropy. We note here that the anelastic strain and
hence the anisotropy due to this mechanism would neces-
sarily change sign if the stress (at the surface of the film

during growth) changed from compressive to tensile.
There have also been recent suggestions that the anisotro-

py is due to a surface anisotropy of magnetic dipolar ori-
gin [17]; this would cause the anisotropy to vary as the
inverse film thickness. Finally, it has been proposed that
the source is a perpendicular anisotropy in the first mono-
layer deposited, due, for example, to this same magnetic
dipolar mechanism. This leads to a growth-induced an-
isotropy throughout the film due to magnetic interactions
of all subsequently deposited layers with the underlying
layer [18]. Such an effect must vanish if the film is

grown significantly above its Curie temperature.
We have found that the magnitude of the macroscopic

perpendicular anisotropy may be varied by over an order
of magnitude by varying the temperature at which the
samples are prepared [19]. This increased coherence is
induced by raising the deposition temperature, including
temperatures well above the Curie temperature. The
nonrandomness in the amorphous phase is therefore not
due to magnetic interactions nor kinetic effects of vapor-
deposition growth, such as shadowing and incident
atomic-beam directions, which are reduced by raising the
deposition temperature [20]. Instead, the nonrandomness
is believed to be due to a reorienting of local adatom
configurations so as to minimize chemical surface energy
during growth, a thermally activated process. We call
this a "texturing" of the amorphous phase, analogous to
texturing of polycrystalline materials in which low-
surface-energy grain orientations grow increasingly pref-
erentially with increasing deposition temperature.

We find that changing the sign of the stress during
growth (by manipulating growth conditions) has only a
secondary effect on the perpendicular anisotropy, an
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FIG. 1. Macroscopic anisotropy measured at room tem-
perature vs deposition temperature T, of 5000-A-thick a-
Tb,-Fe]00—,-. Open symbols: Ar pressure during growth 5 pm;
films in compression at Tv. Solid symbols: Ar pressure 10 pm;
films in tension at T, =520 K (data shown at 535 K for clarity).
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effect entirely attributable to a conventional magnetoelas-
tic effect. Films grown in both tension and compression
exhibit large perpendicular anisotropy, a result incon-
sistent with the anelastic-strain model. Finally, we find
that the perpendicular anisotropy is independent of film
thickness (from 700 A to I pm), ruling out surface mag-
netic anisotropy as a significant source.

In this work, amorphous Tb-Fe has been prepared by
magnetron cosputtering onto a variety of substrates held
at temperatures ranging from 77 to 700 K. The films are
protected from oxidation by a 200-A-thick Nb coating.
X-ray dilTraction and transmission electron microscopy
have shown materials containing 14 to over 40 at. % Tb to
be dense, amorphous materials with no evidence of
columns or voids [6,8]. Argon, oxygen, and other impuri-
ties were not found at the limit of Auger analysis detec-
tion with depth profiling ( & I at. %). The uniaxial intrin-
sic anisotropy constant K„, [21] was determined by
measuring the torque on the sample as a function of
magnetic-field magnitude with the field held at ~45
relative to the magnetic easy axis. Further details con-
cerning preparation and characterization of these materi-
als may be found in Ref. [8].

Figure I shows K„; (measured at room temperature) as
a function of deposition temperature T, for several com-
positions. K„; increases by more than an order of magni-
tude as T, is raised. These data include deposition tem-
peratures well above the Curie temperature Tt (nearly
constant at 400 K for 15 &x & 30). Tr drops for x & 30,
causing a decrease in K„. Samples with x & 25 are not

plotted; for 18 & x & 25, K„; is artificially suppressed due
to an artifact of analyzing a ferrimagnet near the mag-
netic compensation point (x =22) [22], and for x & 18, a

subtle phase separation causes a variety of anomalies in

K„; [8]. Films prepared at all deposition temperatures
have been examined by x-ray diffraction and show no sign
of crystallinity. A more sensitive test was made by an-
nealing them at 350 C for 2 h. Any small, oriented mi-

crocrystals should have grown larger in such an anneal,
which should have caused an increase in both M and K„;
(Tr and M of the relevant crystalline phases are sig-
nificantly higher than the amorphous phase). No change
in M was found and, as observed by other researchers
[7,11],K„; decreased significantly.

We turn now to the effect of stress. It is generally ob-
served that thin films prepared by magnetron sputtering
at low Ar pressure are in compression and become tensile
with increasing pressure due to thermalization of energet-
ic ions [23]. Preparation of samples on thin (0.001 in. )
Kapton polyimide substrates allows an approximate
determination of the stress acting on the film, by measur-
ing the curvature of the substrate/film combination
[23-25]. Figure I shows data for tensile films (solid sym-
bols) prepared at an Ar pressure of 10 pm at a deposition
temperature of 520 K. The data are virtually identical to
the values for compressive films (open symbols) prepared
at an Ar pressure of 5 pm, with all other deposition con-
ditions identical. The latter is in a state of compression
at the deposition temperature (the stress cr= —2&&10'
dyn/cm'-), while the former are slightly tensile (a
= 0.75 x 10 dyn/cm ). Thus there is no significant
effect on the anisotropy of stress during the deposition,
and hence anelastic strain cannot be its origin. The elas-
tic stress-p us-magnetostriction contribution is also negli-
gible compared to the intrinsic anisotropy for these sam-
ples, as demonstrated experimentally both by numerical
estimates (see below) and by the independence of K„,
from substrate type (diA'erential thermal contraction is of
opposite signs for Kapton and fused quartz substrates).
The observation that perpendicular anisotropy is obtained
for films prepared in either tension or compression is con-
sistent with the fact that it has been observed in a-Tb-Fe
prepared by a wide variety of means, some of which pro-
duce films in compression and some in strong tension
[I —I I].

Data have also been taken for compressive and tensile
samples grown at room temperature: For 5 pm Ar pres-
sure, the elastic stress is compressive (a = —3 x 10"
dyn/cm ) while at 10 pm, it is strongly tensile (a
= 4.5 x 10 dyn/cm') but appears inhomogeneous
through the film thickness. Both types of samples have

perpendicular magnetic anisotropy, including a remnant
perpendicular moment. The value of K„; for the room-
temperature tensile film could only be estimated, due to
the in homogeneity, but is smaller than that of the
compressive film. The difference can be completely ex-
plained by a magnetoelastic component K„„=—3A.a/2,
where k is the magnetostrictive constant = 4X 10 [26];
values of K„=1.8 x 10" and = —2.7 x 10" ergs/cm ' are
f'ound for the compressive and tensile films, respectively,
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comparable to values in the literature [4, 10]. When these
contributions to K„; are removed, an intrinsic component
=4X10 ergs/cm is found for both sets of samples

prepared at room temperature.
Figure 2 shows K„; as a function of thickness. No

dependence is seen from 700 up to 10000 A, demonstrat-

ing a negligible surface anisotropy contribution.
All data on the perpendicular magnetic anisotropy of

a-Tb-Fe thus are explained by two components: an in-

trinsic, growth-induced component which is independent
of the stress and a smaller magnetoelastic component.

Despite large changes in anisotropy, no significant
dependence on deposition temperature has been found for

M, Tp, or Mossbauer hyperfine distribution. Figure 3

shows M measured at room temperature as a function of
composition. Compositions and thicknesses were deter-
mined by Rutherford backscattering. The lack of change
in M or Tp argues against significant changes in ex-

change coupling or in the local nearest-neighbor struc-
ture.

The fact that the anisotropy increases with deposition
temperature, independent of the stress, suggests that the
effect of the deposition temperature is to allow rearrange-
ments of local structural units into energetically favorable
orientations, lowering the surface free energy during the
growth, as previously suggested for a-Ge [27]. By con-
trast, nonequilibrium effects, such as a columnar micro-
structure in the amorphous phase, rely on a limited sur-
face mobility and vanish with increasing deposition tern-

perature [20]. Once the surface is buried by the next lay-
er of incoming atoms, all directions become equivalent.
The anisotropic local structure is, however, frozen in by
low bulk diffusion rates. These local structures possess a
local magnetic anisotropy, and hence their alignment in

some preferred orientation will cause a macroscopic mag-
netic anisotropy.

We suggest that this effect be called a surface-
mediated "texturing" of the amorphous phase, analogous
to texturing of the crystallographic orientation of vapor-
deposited crystalline films. In this better-known process,
grains with low-energy surfaces (at which coordination
numbers are a maximum) preferentially grow, causing
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highly oriented polycrystalline films on even amorphous
substrates. In the present, amorphous structure, certain
orientations of the local atomic arrangement may cause
atoms at the surface to have a higher fraction of their
bulk coordination. The x-ray scattering data showing

bond orientational anisotropy, upon which the anelastic
strain model was based [11],may reflect this texturing;
measurements on tensile films with perpendicular anisot-

ropy would provide a critical test.
The data in Fig. 1 show a dependence on deposition

temperature T,. similar to that seen in the structure and

properties (anisotropic properties were not discussed) of
amorphous Ge [27]. There it was suggested that the
dependence on T, is related to the probability that an ini-

tial adatom configuration will transform to a lower-

energy configuration before being buried by the next
monolayer of adatoms. The fraction of misoriented con-
figurations is

F(T, ) =exp[ —r vexp( —Eb/kT, )], ,

where r is the time to deposit a monolayer (-1 sec), v is
the attempt frequency (on the order of phonon frequen-
cies, -g & 10' sec '), and Eb is the energy barrier
separating the configurations. Assuming that the anisot-
ropy in a-Tb-Fe is proportional to the fraction "correct-
ly" oriented, the dashed lines in Fig. 1 are drawn for
Fb =0.75 eV, a reasonable number for the relatively low
barriers one might expect for metal adatom configura-
tions (Eh=1.5 eV for a-Ge). The data shown are con-
sistent with this expression; more deposition temperatures
would of course be required to verify it. Equation (1) im-

plies that for T, & T,;=Eb/kin(r v), virtually all possible
reorientations have occurred. The saturation seen in the
data in Fig. 1 at high T, may be a consequence of
T,, & T.;, as in this model, or it may result from the com-
peting effect of the inherent annealing as the film grows.
We also show in Fig. 1 (dotted lines) fits by a simple ac-
tivated process, De i" . Such a curve would be related
to a surface-diffusion model; we do not have a specific
model for the process. The value thus obtained for E
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FIG. 2. Macroscopic anisotropy vs film thickness for a-
Tb2gFe7'7 deposited and measured at room temperature.

FIG. 3. Magnetic moment for a-Tb,-Fe[00-,- measured at
300 K vs x for various T, .
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(=0.03 eV for all x) is small.
In conclusion, we have shown that the perpendicular

magnetic anisotropy of amorphous Tb-Fe increases
strongly with increasing deposition temperature, implying
that surface energy rather than strictly kinetic growth
processes are driving it. We have shown in particular
that stress at the surface is not the driving force, as re-
cently postulated. We suggest instead that a texturing of
the amorphous structure, which lowers the surface energy
during the growth, is the cause.
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