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Magneto-optic multilayers

S. D. Bader

Materials Science Division, Argonne National Laboratory, Argonne, IL. 60439

ABSTRACT

Magneto-optical multilayers are of interest to the optical data storage contmunity as a possible second-generation medium of
the future. The important Co/Pt-superlattice system is introduced in this respect, and an extensive reference listing is
provided to previous research, Magneto-optical modeling studies of Co/Pt are presented, and it is concluded that the interfacial
Pt is magnetized and is magneto-optically active at the short wavelengths of interest (~4 eV) for applications. Magncto-
optics in the ultrathin limit are discussed, and an additivity law is presented and verified experimentally utilizing data for
epitaxial Fe/Ag(111) superlattices. Finally, the surface magnetic anisotropy that provides the vertical easy axes of
magnetization in candidate superlattice systzms is discussed and iliustrated experimentally using ultrathin epitaxial films of Fe
grown on a variety of substrates, It is concluded that magneto-optic multilayers will provide many stimulating vasic and
applied challenges in the years ahead.

Y

1. INTRODUCTION

First-generation magneto-optical media that are on the market today consist of amorphous rare-earth-transition-metal alloy
films that are overcoated and undercoated to enhance their magnetic, optical, tribological, and corrosion-resistant properties. !
The magneto-optic multilayers of interest in the present context, however, consist not of a single magneto-optically active
film, but of a repetitive sequence of ultrathin (nanometer-scale) layers that can form a superlattice.2 This composite
multilayer stack can then be similarly overcoated and undercoated.? Interest in such multilayers was first stimulated by
reports that Co/Pt superlattices are candidate materials for second-generation magneto-optic media 4> Co/Pt potentially
offers higher-density information storage than conventional media because of its favorable response at shorter wavelengths, It
also has a higher corrosion resistance than rare-earth-containing media. A typical composition of interest is
(Co(4A)/Pt(l3i)]n, where n~10 repetitions lead to a total superlattice thickness comparable to the depth penetration of the
incident light. Interest in Co/Pt subsequently blossomed® and includes the characterization of polycrystalline multilayers
fabricated by sputtering’ and evaporation® techniques,” as well as epitaxially oriented multilayers grown in ultrahigh vacuum
using molecular-beam-epitaxy growth techniques.!® Recent work also includes experimental studies of related systems, such
as Co/Pd!! and Co/Cu,!2 and analyses of their behavior by magneto-optic modeling approaches!3:14 and by electronic
structure calculations, 15,16

The purpose of the present work is as follows: Firstly, to acquaint the reader with magneto-optic modeling studies for Co/Pt
superlattices. Secondly, to discuss the underlying physics that makes Co/Pt such an interesting system. Two of the key
features are (i) the polarizability and magneto-optic activity of the interfacial Pt, and (ii) the perpendicular surface or interfacial
magnetic anisotropy of the ultrathin Co layers.” Favorable magneto-optical properties are achieved in the Co/Pt system
because the epitaxy and the quality of the interfaces can be adjusted quite readily to allow these two features to manifest
themselves. Finally, examples are presented of related systems that illustrate the features of interest.

2, MAGNETO-OPTICS FORMALISM
In this section the macroscopic Kerr-effect formalism of Zak et al. is preseneted.!” The choice of formalism is dictated by the

interests and familiarity of the author. Insights will then be obtained by considering the ultrathin limit, and examining
instructive simulations and measurements.
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A beam of light travelling from medium 1 to medium 2 conserves the tangential components of its electric Ex, Ey and
magnetic Hx, Hy fields, where the xy-plane is the boundary between the two media. Expressed in terms of the electric fields
of the incident (i) and reflected (r) waves we can write

Ex EY
E @M
F=|?|=ap=al* | |
Hy E"
H, ED

where the 4x4 matrix A that connects column vectors F and P is called the medium boundary matrix. The matrix elements of
A are constructed from the geometric angles of the problem and from the N and Q-values of the medium, where N is the index
of refraction and Q is the magneto-optic (Voigt) coupling constant, For a two-medium, one-boundary problem, the boundary
matching condition becomes

APy = APy,
If there is more than one boundary, the wave propagation inside the medium at depth z from the interface is described using
the medium propagation matrix D, where
\

Pp(z=0) = Dp(z)Py(z) .

For a multilayer system, the light originates in the initial medium i, goes through the multilayer stack, and ends up in the
substrate or final medium f, The information of interest for / layers in the stack is contained in the expression

! —
AiPi = [ (AnDmAR) APy .

me]

If we put this expression in the form P; = M Py, where

M = A'I] AnDnAll A = [G H) ,
" 1)
then the 2x2 matrices G and I can be used to obtain the Fresnel transmission t and reflection coefficients, since

[l‘ [
Gl s sp and 167 = ( o
e tpp Tps TIpp

The Kerr rotation ¢' and ellipticity ¢" for s- and p-polarized light are then expressed as:

1 . ] rs\ v . 11] r
¢s=¢s+n¢s=—r—§; and dp=-9p+igp=—E .

Prescriptions for constructing the A and D matrices appear in Ref, 17,

3. THE ULTRATHIN LIMIT

The formal expressions above simplify and provide useful insights in the vltrathin timit, which is defincd by

2LINd << 1,
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where A is the wavelength of the light and d is the thickness in A of the film,}6 In the ultrathin limit for a magnetic
overlayer, characterized by N, Q and d, on a non-magnetic substrate with refractive index Ngyp, the polar (POL) and
longitudinal (LON) Kerr effects become:

oPoL = . (4_75) (_NL) Qd and LoV = (4_7t) (_ﬂnﬂ_) 8Qd ,

A 1N A 1N )
where 0, the angle of incidence measured from the surface normal, is assumed small. For a multilayer stack in the ultrathin
limit there is an additivity law whereby the total $PO" and ¢LON are represented by the appropriate expressions in Eq. 1
summed over the magnetic layers: ®iotal = £0. Also, Eq. 1 illustrates that ¢POL >> $LON pecause of the extra N-factor and
the lack of a 6-factor in $POL, Note that $LON is independent of the refractive index of the magnetic layer. This implies that
¢LON can be enhanced by choosing a substrate with an appropriate value of Ngyp.

Additional insights comes from consideration of superlattices (SL) of magnetic and non-magnetic layers of thicknesses dj and
dp, respectively, that satisfy the ultrathin criterion. It can be shown that if N1 ~ Ng, as is the case for Co and Pt in the

vicinity of 2-eV photon energy, there is a remarkably simple relationship to the Kerr effect of bulk films:18
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4, SIMULATIONS

Figure 1 shows experimental polar Kerr-effect data for Co/Pt superlattices, tzken from Zeper et al. % cc mpared to simulations
that utilize the full formalism of the previous section.14 Tabulated optical constants!? and Q-valucsm were used in the
simulation, The experimental data for the superlattices show the enhanced rotation at 4-¢V photon energy compared to that
for bulk Co. The simulations fail to show the enhancement, but instead show the scaling behavior with Co thickness
embodied in Eq. 2. Similar comparisons of experiment and simulations for Co/Pd and Co/Cu superlattices show better
agreement than for the Co/Pt system.!4 The reason for the discrepancy between experiment and simulation in the Co/Pt case
is attributed to the magneto-optic activity of the interfacial Pt, In the simulation the Q value of Pt is taken to be zero, as is
the case for the bulk material, However, it is well known that Pt or Pd layers in proximity to magnetic 3d elements acquire a
small magnetic moment. The magneto-optic activity is related to the moment and to the magneto-optic matrix element that
is due to the spin-orbit interaction. We believe that the magneto-optic activity of Pt can be particularly large because spin-
orbit effects become increasingly important for heavier elements, The importance of the Pt contribution at 4 eV is
presumably associated with the total spin polarization of the bottom of the Pt 4 band, which should be ~4¢V below the Fermi
energy. These ideas are discussed further in Refs. 6 and 13-16, Comparisons between simulations for the longitudinal Kerr
effect and experiment appear in the literature also for Fe overlayers2! on Au(100), and for Fe/Cr,22 Fe/Mo,23 Fe/Nb,24
Fe/Ag, 25 and Co/Cu26 superlattices.

The simulations in Ref. 13 for the polar Kerr effect of Co/Pt superlattices are particularly all-inclusive, and were performed as
a function of dgg and dpy, the number of bilayers in the superlattice, the photon energy, angle of incidence, light polarization,
and the refractive index of the substrate. The role of antireflection ZnS coatings in enhancing the Kerr effect at select
wavelengths was also explored. Calculated under these various conditions were the rotation, ellipticity, reflectivity R, and ¢,
and the figure of merit [(¢)?R] which represents the rotating power of the film. The quantity dp,=[(¢")2+(6")2)1/2 is
known as the magnitude of the complex rotation. Some of this information is reproduced in Fig. 2. The versatility of the
simulation scheme suggests the possibility of computer-designing materials with optimized magneto-optical propertics.
However, the experimental properties of Co/Pt superlattices differ from the simulations because of the strong magneto-optic
response from the interfacial Pt, due to its induced moments and large spin-orbit coupling. For example, we learn from the
comparison that the choice of ~4A of Co and ~13A of Pt is not related to the optimization of the magneto-optic response.
These thickness values are dictated by the requirement that the easy axes of magnetization be perpendicular to the plane of the
film. For dco values that are much greater than ~4A, the shape anisotropy overcomes the surface magnetic anisotropy and
the easy axes are in-plane. The importance of perpendicular or vertical easy axes is that vertical media are believed to permit
higher bit-packing densities than longitudinal media, due to their favorable demagnetization energetics for neighboring bits
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that are oppositely oriented. Also, the polar Kerr effect is the strongest and, therefore, most useful of the three Kerr effects
(polar, longitudinal and transverse).

5. ADDITIVITY LAW FOR ULTRATHIN SUPERLATTICES

As was mentioned above, in the ultrathin limit the Kerr signal can be expressed as a sum over the individual contributions
from each magnetic layer This is illustrated in Fig. 3 for the case of epitaxial Fe(110)/Ag(111) supcrlamccs grown by
molecular beam epitaxy.2> ‘The longitudinal Kerr ellipticity at the He-Ne wavelength (1.96 eV) is plotted for different

superlattice periodicities, and for increasing numbers of bilayers, n, in the superlattice. Each superlattice follows a separate
curve when the data are plotted as a function of the total Fe/Ag film thickness, n(dpe+dag). However, when the data are

plotted as a function of the total Fe thickness, ndg., all superlattices initially follow the same curve, as expected from the
additivity law. Comparison between experiment and simulation, as displayed in the left and right panels of Fig. 3,
respectively, permits the value of the Q parameter to be assessed. Recall that in the simulation the Q values are taken from
the literature.20 For the case of Fe/Ag the experimental and literature value of Q at 1.96 eV are found to be in remarkably
good agreement. If the initial slopes associated with the additivity regime are compared, as displayed in the lower panels of
Fig. 3, and it is assumed that all differences are attributed to Q as opposed to N, then there is agreement to the 5% level.
Similar comparisons are presently underway for the Co/Cu system.2® The reason for using Ag or Cu in these studies, rather
than Pt or Pd, is to choose systems for which there is no significant interfacial polarization, That way the magneto-optic
properties of the traditional magnetic element can be assessed more unambiguously. Significant diffcrences are emerging in
the Co/Cu comparison that suggest that the literature Q value for Co has less utility for our purposes than did the Q value for
Fe. This work is presently underway and should be of interest in furthéring our insights into the Co/Pt system.

6, VERTICAL SURFACE MAGNETIC ANISOTROPY IN ULTRATHIN FILMS

One of the key features of interest in Co/Pt superlattices is the vertical easy axes of magncuzauon for ultrathin Co-layer
thicknesses. This anisotropy differs from that of the amorphous rare earth-transition metal media.!'6 The vertical magnetic
anisotropy of ultrathin films is related to the surface magnetic anisotropy first introduced by Néel, as is discussed by
Gradmann.2”7 The origin of the surface magnetic anistropy is due to the change in the spin-orbit-coupling energetics
associated with the lowered symmetry at the surface relative to the bulk crystal, Fig. 4 shows a number of examples of
vertical easy axes reorienting to in-plane easy axes as the film thickens, for epitaxial Fe films grown in ultrahigh vacuum
onto a variety of single-crystalline substrates. The data in Fig. 4 were taken by means of in-situ magneto-optic Kerr-effect
mcasuren ents, This approach has been dubbed with the acronym SMOKE, to stand for the surface magneto-optic Kerr
effect.?8 The height of the Kerr loop in remanence is measured in arbitrary units. Typically, the maximum possible polar
Kerr rotation value is ~0.1-0.2 mrad for an Fe monolayer. Initially the polar Kerr effect gives risc to remanent loops because
the easy axes are vertical. Beyond a critical thickness d. the easy axes are in-plane, and the remanent signal appears in the
longitudinal Kerr effect. The polar and longitudinal signals are rcprcscnu,d by square and triangular symbols, respectively.
The polar signal is much stronger than the longitudinal signal, as expected.28 Also shown in the pancls on the right of Fig.
4 are the coercivities H of the films. While the H values are low for information-storage applications, they do tend to peak
in the monolayer range where the strongest surface cffects are expected. Detailed discussion and background material on these
measurements and systems can be found in the literature, 2829 Ap interesting aspect of the systems presented in Fig. 4 is
that they represent phases that are stabilized by epitaxy. For example, while Fe is lattice matched to grow on Au(100) in its
ordinary body-centered-cubic phase, Fe grows on Cu(100) in its face-centered-cubic (fcc) form, which is otherwise only stable
in the bulk phase diagram at elevated temperatures. Fe grows on Pd(100) in a body-centered tetragonal phase that has no

analogue in the bulk phase diagram. Thus, the importance of cpitaxy is that it can be used to create new materials with
interesting properties.

In the case of Co/Pt superlattices either the fcc or hexagonal close-packed phases are possibilitics. The (111) texturing of the
Pt template layer is belicved to initially stabilize fee-Co(111) layers. Also, the mismatch in lattice constants between Pt and
Co introduce interfacial strain into the structure. - The importance of these factors governs the useful thicknesses of the
individual Co and Pt layers. Magneto-optically it would scem advantageous to increase the Co-layer thickness and decrcase
the Pt-layer thickness so that dcg>dpy; but from the point of view of epitaxy and anisotropy the conditions dgg<<dp, are
required, These type of considerations are brought out in the single-crystalline work presented in Ref, 10. Quite
interestingly, the most practical consideration for there to be interest in Co/Pt multilayers stems from its corrosion resistance
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as well as its magnetic or magneto-optic properties. It is anticipated that magneto-optic multilayers will provide many basic
and applied challenges in the years ahead. This class of materials provides a fertile ground for 'atomically engineering'
properties via artificial layering to create new structures.
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FIGURES

Fig. 1. Experimental (top panel) and simulated (bottom panel) polar Kerr rotations for bulk Co (solid curve) and for Co/Pt
superlattices on Si. The experimental data are from Ref. 4, The superlattice compositions are [Co(20.2A)/Pt(17.7A)]14,
[Co(9.2A)/P1(17.4A)119, [Co(4.5A)/P1(17.7A))22, and [Co(2.4A)/P1(17.4A)]25.

Fig. 2. Polar Kerr simulations for a Co/Pt superlattice with and without ZnS coatings and for bulk Co, as described in Ref.
13. The superlattice is [Co(4.1 A)/P1(19 A)l2s oi: a Pt substrate.

Fig. 3. Experimental (left panels) and simulated (right panels) longitudinal Kerr ellipticities of an Fe film and of
Fe(110)/Ag(111) superlattices. The data in the top panels are plotted vs total Fe/Ag film thickness, while that in the bottom
panels are plotted for only the total Fe thickness in the film. The fact that the data in the bottom panels all initially follow
the same straight line is a2 manifestation of the magneto-optic additivity law in the ultrathin limit.

Fig. 4. Thickness dependerice of the Kerr intensity, which is the height of the Kerr loop in remanence (left panels), and
coercivities (right panels) for epitaxial Fe films grown on the indicated single-crystalline substrates, The vertical bars labelled
d. identify the critical thickness values at which the easy axes of magnetization reorient from initially being vertical to being
in-plane for the thicker films. The Fe thicknesses are measured in monqlayers (ML).
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