VOLUME 63, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JUuLY 1989

Magnetism of Rare-Earth-Transition-Metal Nanoscale Multilayers

Z. S. Shan, D. J. Sellmyer, S. S. Jaswal, Y. J. Wang, @) and J. X. Shen

Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0111
(Received 23 March 1989)

Systematic studies have been performed on the layer-thickness dependence of magnetization and an-
isotropy for amorphous rare-earth-transition-metal compositionally modulated films with characteristic
bilayer thicknesses (1) in the range 0.6-3 nm (6-30 A). The results permit for the first time the devel-
opment of a detailed model for the magnetization and perpendicular magnetic anisotropy as a function
of A. Single-ion anisotropy is shown to be the major contributor to the perpendicular anisotropy for

Dy/Co and similar systems.

PACS numbers: 75.70.Fr, 75.30.Gw

A major challenge at present in condensed matter
physics is that of understanding the magnetism of ul-
trathin layers' and multilayers?™* of magnetic elements.
Of particular interest is the question of the existence and
origins of perpendicular magnetic anisotropy (PMA)
when the thickness of the layers becomes less than about
one nanometer (several monolayers). In the cases of
several multilayer systems such as Co/Au > and Ni/Mo,?
it has been possible to separate the various contributions
to the anisotropy (K,), and to determine the interface
anisotropy by studying the thickness dependence of K,.

A related problem with important technological impli-
cations is that of the origins of PMA in certain nominal-
ly amorphous rare-earth-transition-metal (RE-TM)
films. Although this effect was discovered more than a
decade ago,’ the basic physical and structural mecha-
nisms responsible for it have remained controversial.
Often it is claimed that the origin is an excess of TM
pairs in the plane, or RE-TM pairs perpendicular to the
film plane. In an attempt to probe these latter effects we
have performed systematic studies on several RE/TM
multilayered systems with characteristic layer thick-
nesses in the nanometer region.® This paper reports the
results of these studies and develops a physical model in
terms of which the PMA of such systems can be under-
stood. We exploit the extra degree of freedom in compo-
sitionally modulated films (CMF) to control the aniso-
tropic pair correlations, and thus the PMA. Since PMA
and a large magneto-optic Kerr effect (MOKE) are
essential for the new high-density MO data-storage tech-
nology, there is great interest in understanding and op-
timizing these properties in multilayer thin films. Initial
MOKE studies in multilayered systems such as Fe/Cu’
and RE/TM & have been reported. In this paper we shall
focus on the magnetism and PMA of Dy/Co and similar
CMF, and will point out similarities to TM multilayers
such as Co/Au.

The samples were grown on Mylar substrates in a
multiple-gun sputtering system and the magnetic proper-
ties were measured with a vibrating-sample magnetome-

ter. The preparation conditions and the procedure of
determining the magnetic characteristics, e.g., the an-
isotropy, are the same as those mentioned in our previous
papers.®® Large- and small-angle x-ray diffraction mea-
surements have been performed on selected samples and
some examples are shown in Ref. 6. Briefly, the struc-
ture is polycrystalline for individual layer thickness
greater than about 15 A, and for thinner layers the
structure is amorphous. For these amorphous multilay-
ers, the small-angle x-ray diffraction patterns only show
the first-order peaks which implies the compositionally
modulated structure has a sinusoidal form.*'°

In order to study systematically the layer-thickness
dependence of the properties, a total of sixty samples of
the form Y-A-Dy/X-A-Co have been made. The inter-
vals of X and Y are about one atomic diameter, namely
2.5 A for Co and 3.5 A for Dy, but in some regions the
intervals are only about one-half atomic diameter, which
enables us to investigate more precisely the layer-thick-
ness dependence of magnetic properties.

One example of the layer-thickness dependence of
magnetic properties for Y-A-Dy/X-A-Co is shown in Fig.
1. The films possess perpendicular anisotropy for inter-
mediate values of layer thicknesses. Note that all five
samples in Fig. 1 have the same chemical ratios of Co
and Dy. This means that the behavior is clearly con-
trolled by the layer thickness rather than the chemical
composition.

The measured uniaxial anisotropy, K, is determined
by the area between the parallel and perpendicular o (H)
curves. Figure 2 shows a plot of K,; vs X for 8-A-Dy/X-
A-Co, which is a straight line for X= 15 A. This behav-
ior, which has been observed in numerous magnetic mul-
tilayers,2'3“"° can be understood in terms of the following
expression:

AK)=2K,+ (K, —2zM}) X, 1)

where K;, K., and 2zM} are the interface, volume, and
demagnetization anisotropy energies, respectively. The
K; value for this series is ~0.7 erg/cmz. However, we
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FIG. 1. Layer-thickness dependence of hysteresis loops for

several Y-A-Dy/X-A-Co multilayers. Data in this and subse-
quent figures were obtained at room temperature.

see from Fig. 2 that Eq. (1) breaks down as a description
of the data for X=15 A, just where the structure
changes from compositionally modulated crystalline to
compositionally modulated amorphous. In the rest of
this paper we focus on the small-X and -Y region where
PMA occurs.

Figure 3 illustrates the systematics of the layer-thick-
ness dependence of the magnetization. The valley be-
tween the two peaks of magnetization, where o, =0,
originates from the antiferromagnetic coupling of Co
and Dy moments; thus this valley traces the compensa-
tion points of the films of different compositions. As X
and Y approach zero, | o | decreases because the struc-
ture tends toward that of a homogeneous amorphous al-
loy with a magnetic structure either spin-glass-like or
paramagnetic as is shown in Ref. 10. A three-
dimensional plot, similar to Fig. 3, has been made for the
intrinsic anisotropy, K, =K, +2nM2. It shows a positive
peak (PMA) centered around X=6 A, Y=~6 A. As X
and Y— 0, K,— 0 and for X larger than about 16 A,
K, <O.

We analyze the magnetization and anisotropy data by
means of models adapted for the CMF microstructure.
A brief discussion of the procedure is given below with
the details to be published elsewhere. '°

First, a mean-field model'' is fitted to experimental
data on homogeneous a-DyCo alloys to obtain the sub-
network magnetizations, M, and M,, as a function of
composition. Then the amorphous CMF with sinusoidal
compositional modulation is modeled by

n(z) =n,0+(4/2)cos2rnz/r) , 2)
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FIG. 2. The anisotropy energy K, multiplied by the bilayer
thickness vs the Co layer thickness for 8-A-Dy/X-A-Co sam-
ples.

where n, (n,) is defined to be the atomic fraction of the
TM (RE). (For the purposes of this derivation we as-
sume X =Y for simplicity.) 7,0 is a constant and A is the
peak-to-peak compositional modulation of the TM. The
RE/TM multilayer is divided into thin slices parallel to
the interfaces with the z axis normal to them. The CMF
magnetization can be expressed as the average over the
slices:

M= 2 M, (0, D) = M, (o (2 )z (3)

Within the constraints of the CMF composition, the pa-
rameters 1,0 and A4 are determined by fitting the calcu-
lated magnetization to experimental data.

X (Layer-thickness of Co)

FIG. 3. Layer-thickness dependence of magnetization for
Y-A-Dy/X-A-Co at H=8 kQOe. o, means the magnetization
was measured as the applied field was perpendicular to the film
plane.
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As an example the calculated results for 6-A-Dy/X-
A-Co samples are shown in Fig. 4. It is seen that the
calculated and experimental magnetization data agree
very well. The average magnetization of Co and Dy sub-
networks are also drawn in this figure. Figure 4 also
shows the Co-layer-thickness dependence of the Co-
atomic-fraction modulation, 4. The A value is only
about 0.1 for the thinnest Co layer thickness of 3.5 A
and its value increases as the Co layer becomes thicker.
This feature is understandable in terms of a larger mix-
ing effect for the thinner-layer samples, which results
from some combination of diffusion and roughness intro-
duced at interfaces during fabrication.

The main sources of magnetic anisotropy in RE-TM
systems are dipolar interactions and the single-ion an-
isotropy due to spin-orbit interactions.'>'® In order to
assess the relative importance of the two interactions in
the system under study, our experimental data for K, for
several RE/TM systems are plotted in Fig. 5. They show
that the anisotropy K, for Dy/Fe, Dy/Co, and Tb/Fe
CMF is roughly an order of magnitude larger than that
of Gd/Fe and Gd/Co. Since Gd has no spin-orbit in-
teractions, it is reasonable to attribute the main origin of
the perpendicular anisotropy of the Dy and Tb multilay-
ers to single-ion anisotropy of the rare-earth ion. This is
further supported by the very good agreement between
the experiment and the following model based on single-
ion anisotropy.

The single-ion anisotropy energy of the ith rare-earth
ion in a disordered system with respect to the easy direc-
tion z can be written as'*

Ei=2a,(rA%2, 4)

where a; is the Steven’s factor, (r2) is the quantum-
mechanical average of the square of the radius of the 4f
orbit, J. is the z component of the angular momentum,
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FIG. 4. The comparison of the calculated magnetization
(emu/cm? of film) with the experimental data for 6-A-Dy/X-
A-Co (X=3.5, 5,6, 8,10, and 11) and the Co-layer-thickness
dependence of the Co-atomic-fraction modulation.

and AY is a crystal-field term. AY is given by

A?OCqu(}lcossz—l)rj“}, (5)
J

where summation is over the neighboring ions with
charge g; and distance r; from the rare-earth ion and 6;
is the angle with respect to the easy direction. For a
compositionally modulated amorphous structure the sum
over j is replaced with an integral weighted with an an-
isotropic pair distribution function '?

Pij(t)=n;R;(r)[1+B;cos0,+ --- 1, )

where 1;(z) is the atomic fraction of the jth neighboring
atom, R;;(r) is the isotropic part of the distribution, and
Bj is the lowest-order anisotropic contribution. The an-
isotropy in the pair distribution function can arise from
the composition modulation of multilayers and inverse
magnetostriction due to stresses at the various interfaces.
We have found that the anisotropy is the same for mica,
Ta, Cu, and Mylar substrates ruling out any significant
magnetostrictive effect at the sample-substrate interface.
This effect is also not expected to be significant at the
Dy/Co interfaces due to their diffuse nature. Thus the
compositional modulation appears to be the main source
of the anisotropic pair distributions and magnetic anisot-
ropy.

The lowest-order contribution to 49 comes from the
first-order term in the expansion of 1 from Eq. (2) about
the rare-earth ion and it is proportional to 4/A. Also,
the first-order term in n has the maximum value at the
interface and the charges g; are expected to be most
significant in the interface region. Thus, as expected,
most of the anisotropy comes from the interface region.
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FIG. 5. The anisotropy characteristics for 4.5-A-Tb/X-A-
Fe, 5-A-Dy/X-A-Fe, 6-A-Dy/X-A-Co, and Gd/Fe CMF. The
anisotropy data of 2.3-A-Gd/3-A-Fe, 3-A-Gd/3-A-Fe, 3-A-
Gd/5-A-Fe, etc., are in the shaded area. Data for several
Gd/Co samples are negligibly small or negative on this figure.
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FIG. 6. A comparison between the calculated and experi-
mental anisotropy for 6-A-Dy/X-A-Co (X=3.5, 5, 6, 8, 10,
and 11).

Combining the results for 49 with E; in Eq. (4), the an-
isotropy energy K, for a CMF can be written as

K. =§%(M,2) , @)

where £ is a constant and (M) is the average of the
square of the saturation magnetization of the rare-earth
subnetwork in the easy direction.'® With & as an adjust-
able parameter, Eq. (7) is fitted to the K, data for 6-A-
Dy/X-A-Co samples and the results are shown in Fig. 6.
In view of the single parameter, the agreement between
the experimental data and calculated results is remark-
able. The fitted value of £=5.26%10 "% cm leads to an
average value of the single-ion anisotropy parameter
D=2x10""7 erg, which is reasonable in terms of the
typical value of the single-ion random-anisotropy param-
eter in amorphous RE-TM alloys. Finally, this model
gives similar fits for other RE/TM CMF which will be
published elsewhere.

As noted earlier, there are similarities in the K, (X)
data for RE/TM CMF and TM multilayers such as
Co/Au. Namely, when X becomes less than about 10 A,
Eq. (1) breaks down because of a high degree of disorder
in the multilayer. Presumably an analysis similar to that
given above will be applicable to systems such as Co/Au
and related multilayers as well.

An additional point is that our analysis has not proved
that K, should be positive corresponding to PMA rather
than in-plane anisotropy. To do this requires a detailed
structural model and assumptions on the magnitude and
sign of the charge transfers on atoms in the vicinity of
the interface. This is a challenging problem for the fu-
ture.

In summary, we have systematically investigated the
layer-thickness dependence of magnetization and anisot-
ropy for Dy/Co CMF. For RE/TM nanoscale multilay-
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ers, in those cases where the RE atom possesses orbital
angular momentum, the main source of anisotropy is
found to be the single-ion anisotropy associated with the
RE. We have given a new model, based on single-ion
anisotropy of the rare-earth ions, for understanding the
thickness dependence of the anisotropy in the important
region between crystalline individual layers (relatively
thick) and zero-thickness layers (which correspond to a
homogeneous glass). The model is in excellent agree-
ment with the experimental data for the perpendicular
anisotropy of RE/TM multilayers. The control of the
microstructure, and thus the magnetic properties, may
find important applications in various magneto-optic or
other data-storage technologies.
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