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Metallic Superlattices: The Study of Materials at Length
Scales From a Few to Hundreds of Angstroms

Abstract

We present the possibilities that metallic
superlattices offer for the study of materi-
als at length scales ranging from a few to
hundreds of angstroms. The materials
problems being studied span practically all
interesting solid-state phenomena, includ-
ing superconductivity, magnetism, elastic
behavior, development of novel materials,
diffusion, ion beam mixing, crystallization,
and amorphization. Several applications
are also being pursued. We present a few
examples of problems that can be studied
at different length scales. Emphasis is
made that for a proper study of materials
properties, extensive structural characteri-
zation is imperative.

Introduction

In recent years there has been a virtual
explosion in studies related to the physics
of layered and thin films.'* Multilayers in
which one of the elements is a metal have
been used in basic studies of the nature of
a large variety of physical phenomena.’
The main reason for the versatility of multi-
layers is that layer thicknesses can be
changed in order to study physical phe-
nomena at length scales ranging from a
few hundred angstroms (as for supercon-
ducting studies) to a few angstroms (as for
two-dimensional magnetic studies). In ad-
dition, many potential applications are en-
visioned and some have already been
implemented.

Although periodic metallic multilayers
were first studied over 40 years ago,* the
large increase in the work in this area has
occurred only recently. Because the field is
still developing, it is impossible to give a
completely comprehensive, up-to-date re-
view. We will use examples mostly from
our own work to illustrate the type of
physics that can be done at different length
scales. Those interested in a more exten-
sive and comprehensive review are re-
ferred to several recent books on the
subject. !

Preparation and Characterization
Multilayered samples have been pre-
pared by sputtering and by high- and ultra-
high-vacuum (UHV) thermal evaporation.
UHV thermal evaporation, on heated sub-
strates, is commonly designated as molec-
ular beam epitaxy (MBE). To date, no
detailed study has been directed toward
understanding the difference in sample
characteristics between the two prepara-
tion methods. In one case (Nb/Ta) in which
films were prepared by both methods,>® it
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has been claimed that the structures of the
samples are similar.

The structural properties of importance
for the multilayers are the composition
profile in the direction perpendicular to
the 1:1}’(,‘[':5, the roughness, and the crys-
tallinity. As a first structural tool, electron
microscopy can be valuable in enabling one
to observe the presence of the layered
structure (especially for complex struc-
tures) and to make some statements re-
garding the substrate and interfacial
roughness. For electron microscopy stud-
ies, a multilayered sample is cut in the
form of a wedge, perpendicular to the lay-
ers (like a slice of birthday cake). Conse-
(]LI(.‘I‘III}-’, the electron beam is aimed
parallel to the interfaces and a direct image
of the layers can be obtained, as illustrated
for a W/C Fabry-Perot structure in Figure
1.7 The figure shows extremely well-
formed layers at a superlattice periodicity
of ~32.5 A. An averaging phenomenon oc-
curs along the electron path, however, and
the roughness might appear to be less than
in reality. To date, these techniques’ have
not been applied to all types of samples; in
particular, metal/metal multilayers have
not been extensively imaged this way.
More sophisticated electron microscopy

techniques, such as dark field imaging,
have received even less attention as tools
for studying the structure of multilayers.

To obtain information on the composi-
tion profile perpendicular to the layers,
small angle x-ray and electron diffraction is
useful. Figure 2 shows small angle x-ray
diffraction data from a W (10.3 A)/C (72.2
A) multilayer prepared by sputtering. In
principle, the peak intensities are just the
Fourier transforms of the composition pro-
file;* however, dynamic corrections com-
plicate the interpretation. An alternative
approach to understanding the small angle
scattering relies on an intrinsically dynamic
calculation, the Fresnel formalism. This ap-
proach, however, has weaknesses since it
requires, for instance, a priori knowledge of
optical constants of very thin films (gener-
ally assumed to be the same as in the bulk)
and a scheme for introducing roughness,
generally assumed to be Debye-Waller
like.” Small angle scattering, therefore, is
useful in determining layer thicknesses
and in comparing the relative composition
profiles of similar samples.

A multilayer structure with coherent
stacking® of the atomic planes is com-
monly designated as a superlattice. The

Continued

Figure 1. Transmission electron micrograph of a cross-section of a Fabry-Perot inter-
ferometer. The periodicity of the two C/W multilayers is 32.5 A and the carbon spacer
is 480 A thick.
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Figure 2. Small angle #-20 x-ray scan of an 8-bilayer W (10.3 A)f‘C (72.2 A) muitilayer

sample.

high angle 6-20 diffraction of a superlattice
exhibits structure that is characteristic of
this coherent stacking, as shown in Figure
3 for Nb/Cu superlattices. If the stacking is
not coherent, the additional high angle
“superlattice” peaks are absent. (High an-
gle peaks can be obtained from finite size
effects in the individual layers, even if co-
herent stacking is absent. These, however,
have a different thickness dependence
from the superlattice peaks.) Although
many combinations can be grown as multi-
layers, only a few grow as superlattices,
i.e., exhibiting high angle superlattice dif-
fraction peaks. The reason for the growth
of some combinations and not others in a
superlattice is not understood at present.
Although the nomenclature described
above clearly distinguishes between multi-
lavers and superlattices, the word
“superlattice” has recently been adopted to
describe any multilayer, coherently
stacked or not.

To understand how well the crystalline
axis of a superlattice is oriented in the z-
direction, “rocking curves” are performed
around the main perpendicular scattering
direction. In the plane of the film, the
structure can be polycrystalline or single
crystal with various degrees of interfacial
roughness. To determine the in-plane
structure, diffraction experiments with the
wavevector in the plane (Laue, in-plane 6-
20, etc.) can be performed.

To obtain detailed structural information
from high angle diffraction data, usually a
model is constructed, the x-ray intensity
calculated, and the model adjusted to fit
the data by using adjustable parameters. In
many cases, however, the number of pos-
sible parameters is much larger than the
number of diffraction peaks, and therefore

some error could be present in the preci-
sion with which the structure can be deter-
mined. Of course, if many different
scattering measurements are performed
(perhaps at different wavelengths) and the
number of parameters is less than the
number of experimentally measured peak
intensities, the structure can be deter-
mined accurately.

Additional information about the surface
structure can also be obtained by using, in
situ reflection high energy electron diffrac-
tion (RHEED) during growth. This type of
measurement gives information on the
crystalline structure and smoothness of the
growing layer. The precision commonly
obtained for interatomic spaces is typically
1%, and angular precision is about 5 de-
grees. Further theoretical and experimental
work on the quantitative aspects of RHEED
is necessary and should be pursued.

If the phenomenon to be studied occurs
at long length scales (as in superconductiv-
ity), structural details at the monolayer
level are not very important. However, if
the physics of interest requires short length
scales (as for magnetic exchange-coupling),
details of the structure at the atomic level
are crucial. We would like to stress that
much interesting physics can be pursued at
all length scales and therefore it is not
always necessary to pursue ultimate per-
fection in the crystallinity, roughness, in-
terdiffusion, etc. of the samples. Many
tradeoffs are present; for instance, some
samples exhibit a higher degree of crys-
tallinity but are more interdiffused, and
others exhibit very sharp interfaces but are
polycrystalline.

Physical Properties

The ability to prepare layered materials

at different length scales is useful for
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Figure 3. High angle #-20 x-ray scans of
Cu/Nb superlattices with modulation pe-
riodicity A of (a) 20 A, (b) 44 A, (c) 50 A,
(d) 68 A, and (e) 92 A.

studying a number of interesting phenom-
ena. A variety of causes for potentially in-
teresting effects are present. These include
changes in the structure due to epitaxial re-
lations, changes in the electronic structure,
the development of interfacial states, vari-
ous proximity effects, electron transfer,
variations of the thickness when compared
to some characteristic length (for instance,
dipolar length, superconducting coherence
length, or exchange length), and so on. De-
pending on the length scale and/or physics
under study, the structural characteristics
of importance vary considerably. For in-
stance, for the superconducting proximity
effect, low interdiffusion is important, but
crystallinity does not affect the results
substantially. On the other hand, if long
electronic mean-free paths are desired,
crystalline perfection and coherent stack-
ing are of major importance, but inter-
diffusion might be tolerated. Since the
structural characteristics of importance
vary depending on the length scale, it is

Continued
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Figure 4. Parallel (crosses) and perpen-
dicular (circles) upper critical fields, in
three different regimes: (a) 2D, single
film of Nb (191 A); (b) crossover, 20-
bilayer superlattice of Nb (172 A)/Cu (333
A) superlattice; and (c) 3D, single film of
Nb (8500 A).

convenient to arbitrarily divide the physi-
cal phenomena into two classes —long
length scales (above 50 A) and short ones
(below 50 A).

Long-Length-Scale Phenomena

The phenomena that occur at length
scales larger than 50 A include supercon-
ductivity, magnetic and electric dipolar
coupling, interdiffusion, ion-beam-
induced mixing, and solid-state amor-
phization.

Dimensional effects in artificial super-
conducting layers were observed for the
first time by Ruggiero, Barbee, and
Beasley'!' in the temperature dependence
of the parallel critical fields, Hey, of Nb/Ge
multilayers. By preparing a stack of two-
dimensional (2D) superconducting layers
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Figure 5. Field dependence of surface (lower curve) and collective mode (upper
curve) magnons for Mo (83 A)/Ni (249 A) superlattice. Symbols are experimental data;

curves are theoretical predictions.

separated by semiconductors or normal
metals, it is possible to observe the so-
called “dimensional crossover” phenom-
ena. If the nonsuperconducting separator
is thick compared to the coherence length,
the 2D layers are decoupled, and a typical
square-root-like temperature dependence
of H,y is observed (Figure 4a). On the other
hand, if the separator is thin compared to
the coherence length, the behavior is three-
dimensional (3D), and the temperature de-
pendence of H,, is linear (Figure 4c). Since
the coherence length diverges close to the
critical temperature T,, it is possible to pre-
pare samples that exhibit dimensional
crassover as a function of temperature.
Close to T, where the coherence length is
long, the lavers are strongly coupled and
the behavior is 3D. Atlow temperatures, as
the coherence length shrinks, the layers
decouple and become 2D-like, with a
square-root dependence of H,y (Figure 4b).

The first observation of collective effects
in metallic superlattices was the develop-
ment of magnon bands in Mo/Ni superlat-
tices coupled by the magnetic dipolar
interaction.” Owing to the dipolar cou-
pling, in addition to the ordinary magnons
in the individual Ni layers, a band of
magnons develops, This band is similar to
the electronic bands that develop when
atoms are placed in a crystalline lattice. Fig-
ure 5 shows the magnetic field dependence
of the magnon band and the surface
magnon together with the corresponding
theoretical predictions.?

It is clear that for these long-length-scale
phenomena, small amounts of interfacial
disorder or interdiffusion will not affect the
results substantially. However, good thick-

ness regularity across the whole stack
might be important, as for the existence of
magnon bands.

Short-Length-Scale Phenomena

The physical phenomena that can be en-
visioned at short length scales (below 50 A)
include observations of anomalous elastic
constants, ™ RKKY and exchange coupling
across normal metals, propagation of spiral
magnetism across normal metals,'” 2D
magnetism,'® localization effects in the
transport properties,'” stabilization of
novel epitaxial phases,'®" and interfacially
induced phenomena such as amorphiza-
tion. ™

Much of the initial impetus for research
on metallic superlattices was provided by
the observation of extremely anomalous
elastic constant enhancements in lattice-
matched Cu/Ni superlattices." The origins
of these enhancements are still not under-
stood quantitatively. Later, our observa-
tions on nonlattice-matched Nb/Cu
superlattices®’ showed a remarkable soft-
ening due to a lattice expansion in the
structure. Figure 6 shows the observed
phonon velocity as a function of interpla-
nar atomic spacing, together with a no-
adjustable-parameters molecular dynamics
calculation. Although the lattice expansion
satisfactorily explains the elastic constant
anomaly, the origin of the expansion is not
understood. Clearly, however, since the
anomalous elastic properties occur for
small layer thicknesses, an understanding
of the structure at almost the atomic level is
necessary.

RKKY coupling across a normal metal,
Cu, in evaporated Cu/Ni superlattices was

Continued
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reported some time ago.” More recently,
RKKY oscillations were observed in MBE-
prepared Gd/Y superlattices.® The propa-
gation of spiral magnetism across Y layers
in Dy/Y superlattices'™ has been the focus
of several structural and magnetic studies.
A variety of novel phases have also been
stabilized by epitaxially qanduu_hm:,, one
element within layers of another.*

Heteroepitaxial systems in sandwich and
superlattice geometry can exhibit interest-
ing phenomena.® New epitaxial orienta-
tions in fce/bee systems, and novel
metastable phases induced by the interplay
of geometrical and electronic properties,
have been found in the MBE grown® Ce/V
system. In the plane of the film, Ce films
rrown on Voare contracted 8% (up to ~40
i), bul perpendicular to the film plane, the
(111) atomic spacing is expanded less than
2% when compared to the bulk y-Ce phase
(see Figure 7). The origin of the new Ce
phase is not well understood. However,
the electronic structure of the 4f-electrons
in Ce clearly plays an important role since
purely epilaxial relations, together with
Poisson’s ratio, cannot properly explain
the experimental observations.

Much theoretical effort has gone into un-
derstanding the details of the electronic
structure of superlattices.” Many unusual
phases and phenomena have been pre-
dicted in a variety of systems not yet avail-
able in the laboratory. In addition to these
computer-intensive calculations, theoreti-
cal work is needed at the qualitative level
to guide experimental studies and searches
for novel phenomena.

Applications

Although metallic superlattices have re-
ceived intense attention only in the last rew
years, various applications have been or
are being developed. Resistor materials
with luw temperature coefficients of resis-
tivity, high-coercivity multilayers, high
superconducting critical field tapes, neu-
tron optics,?* and nonlinear optical ele-
ments are a few examples.

Perhaps the most important application
to date has been in x-ray optics.” With the
advent of high-intensity x-ravs from syn-
chrotrons and the de\elopmenl of the

space telescope, there is an ever-increasing
need for optics in the middle and soft x-ray
wavelength, above ~5 A. For this wave-
length range, no adequate optical elements
have been produced from naturally occur-
ring materials. Metallic multilayers made
from high-Z/low-Z combinations are ideal
for this purpose; one notable example is
the well studied W/C combination.” Mir-
rors of this type are currently in use in sev-
eral places. However, considerable work is
needed in two general areas— materials de-
velopment (optimization of the constituents,
improvement of the roughness, studies of
radiation damagv and thermal stability,
etc.) and optical elements development
(preparation of multilayers on complex
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Figure 6. Softening of the shear modulus in Mo/Ni superlattices. Experimental plots
of phonon velocity vs. interplanar spacing of Ni(111) from Brillouin and x-ray studies
(circles) are compared with molecular dynamics simulations (triangles). The arrow
indicates the unstable phase in the simulation which corresponds to order-disorder

transitions in the superlattices.

shaped substrates, improved cooling
methods, and so on).

Summary

Metallic multilayers have been a subject
of investigation for many years. A renewed
impetus in the past few vears has come
from the development of modern prepara-
tion techniques and from the discovery of
intriguing and stimulating new physical
phenomena. Metallic multilayers allow
studies of condensed-matter phenomena
on length scales from a few angstroms to
hundreds of angstroms. Because of this
wide range, a wealth of physical phenom-
ena can be studied, and the problems
amenable to investigation are limited only
by imagination. Perhaps this is a good op-
portunity to ask the reader to join this ex-
citing field if she/he has not already done
S0.

Acknowledgments

Work supported by the U.S. Department
of Energy, BES-Materials Sciences, under
Contract #W-31-109-ENG-38 and the Of-
fice of Naval Research under contract
#N00014-83-F-0031. LK. Schuller is grate-
ful to the Catholic University of Santiago,
Chile, for its hospitality during the prepa-
ration of this manuscript; to PNUD and
OAS for travel support; and to A.S. Arrott,
M.B. Brodsky, R.C. Dynes, and C.M.
Falco, G.P. Felcher, C.P. Flynn, A.]. Free-
man, E.M. Gyorgy, ].B. Ketterson, J. Kwo,
C.F. Majkrzak, D.B. McWhan, G.P. Prinz,
and S.K. Sinha for many discussions (at
times heated) which made it all a lot of fun.
Last but not least, we thank our collabora-

Conrmued

Figure 7. 10-keV RHEED patterns of the
epitaxial Ce/V system. (a) and (b): sap-
phire substrate (1120) of azimuths
[0001]a-Al,O; and nearly [1104]a-Al,0;.
(c) and (d): 1000 A V(110) of [111], and
[110].. (e) and (f): 50 A ce(111) of [112]c,
and [110]¢,. The absolute angles are 30°
in (a) and (c), 65° in (b) and (d), 94° in (e),
and 3° in (f).

MRS BULLETIN, MARCH 1

TIMAY 15, 1987, PAGE 21



tors of many vears for their invaluable
help, insight, and encouragement.

References

L. Synthetic Modulated Structures, edited by
[.L. Chang and B.C. Giessen, (Academic
Press, New York, 1985).

2. Epitaxial Growth, edited by J.W.
Matthews, (Academic Press, New York,
1975).

3. nterfaces, Swuperlattices, and Thin Filns,
edited by [.D. Dow and LK. Schuller, (Ma-
terials Research Societv, Pittsburgh, 1987)
(in press). '

4. . DuMond and |.P. Youtz, [. Appl. Phys.
11 (1940) p. 357.

5. S.M. Durbin, |.E. Cunningham, M.F.
Mochel, and C.P. Flynn, |. Phys. F11 (1981)

p. L223.
6. G. Hertel, D.B. McWhan, and J.M.
Rowell, in “Proceedings of 1V Conference on

Superconductivity in d- and f-Band Metals,”
cedited by W. Weber and W. Buckel,
(Kernsforschungsanlage, Karlsruhe, W,
Germany, 1982).

7. Y. Lepetre, LK. Schuller, G. Rasigni, R.
Rivoira, R. Philip, and P. Dhez, SPIE Proc.
563 (1985) p. 258,

8. D.B. McWhan, in Ref. 1., p. 43.

9. T.W. Barbee, |r., in Ref. 1., p. 313.

10, LK. Schuller, Phys. Reo. Lett. 44 (1980)
p. 1597 .

11. S T. Ruggiero, T.W. Barbee, Jr., and
M.R. Beasley, Phys. Rev. Lett. 45 (1980)
p. 1299.

12. M.R. Khan, C.S5... Chun, G.P.
Felcher, M. Grimsditch, A. Kueny, C.M.
Falco, and LK. Schuller, Phys. Rev. B 27
(1983) p. 7186.

13. R.E. Camley, T.S. Rahman, and D.L.
Mills, Phys. Rev. B 27 (1983) p. 261; P.
Griinberg and K. Mika, Phys. Rev. B 27
(1983) p. 2955.

14. J.E. Hilliard, in Modulated Structures-
1979, edited by J].M. Cowley, ].B. Cohen,
M.B. Salamon, and B.]. Wuensch, AID
Conf. Proc. 53 (1979) p. 407.

15. M.B. Salamon, S. Sinha, ].]. Rhyne,
J.E. Cunningham, R.W. Erwin, J.
Borchers, and C.P. Flynn, Phys. Rev. Lett,
56 (1986) p. 259.

16. B.]. Thaler, J.B. Ketterson, and J.E.
Hilliard, Phys. Rev. Lett. 41 (1978) p. 336.
17. T.R. Werner, I. Banerjee, Q.S. Yang,
C.M. Falco, and LK. Schuller, Phys. Rev. B
26 (1982) p. 2224.

18. M.B. Brodsky, Phys. Rev. B 25 (1982)
p. 6060.

19. E.R. Moog and S.D. Bader, Superlat-
tices and Microstructures, 1 (1985) p. 543.
20. R.B. Schwarz and W.L. Jehnson, Phys.
Rev. Lett. 51 (1983) p. 415.

21. A, Kueny, M. Crimsditch, K. Mivano,
I. Banerjee, C.M. Falco, and LK. Schuller,
Phys. Rev. Lett. 48 (1982) p. 166.

22, W-S. Zhou, H.K. Wong, J.R. Owers-
Bradley, and W.P. Halperin, Physica 108B
(1981) p. 953.

23. C.F. Majkrzak, |.W. Cable, J. Kwo, M.
Hong, D.B. McWhan, Y. Yafel, T.V.
Waszczak, and C. Vettier, Phys. Reo. Lett.
56 (1986) p. 2700. '

24, See for instance, C.L. Fu, A.]. Free-
man, and T. Oguchi, Phys. Rev. Lett. 54
(1985) p. 2700. '

25. H. Homma, K-Y. Yang, and 1.K.
Schuller, in Ref. 3 (and to be published),
26. A.M. Saxena and C.F, Majkrzak, in
Thin Film Mudtilayer Newtron Monochroma-
tars, edited by J. Faber, Jr., AIP Conf. Proc.
89 (1982) p. 193.

27. R-P. Haelbich, A. Segmiiller, and E.
Spiller, Appl. Phys. Lett. 34 (1979) p- 184,

Dr. Tean K. Schuller is a senior scientist and
group leader of the Layered and Thin Film Ma-
terials Group at the Materials Science Division
of Argonne National Laboratory. He is a mem-
ber of the Chilean Physical Society, a Fellow of
the American Physical Sociely, and is currently
secretary-treasurer of the International Physics
Group of APS. His research interests arve in con-
densed matter physics, mostly in using thin filim
techniques to study problems in x-ray ophics,
superconductivity, and magnetism.

Dr. Hitoshi Homma is an assistant physicist in
the Materials Science Division at Argonne Na-
tional Laboratory. His research interests include
structural, magnetic, and transport phenomena
at surfaces, interfaces, and superlattices.

MRS Symposia Proceedings Series Volume 77
MRS Members: $48

Available Soon from the Materials Research Society

Interfaces, Superlattices, and Thin Films
Edited by J.D. Dow and I.K. Schuller

Proceedings of the symposium held at the 1986 MRS Fall Meeting in Boston, Massachusetts contains over 121
papers and over 800 pages devoted to fundamental studies of surfaces, interfaces, superlattices, and thin films.

Topics include: surfaces and surface spectroscopies; scanning tunneling microscopy; growth and charac-
terization of multilayers; schemes for probing buried interfaces; electronic, optical, and vibrational properties of
superlattices and thin films; superconductivity and magnetism in two dimensions; and amorphous superlattices.

List: $55

Order from:

Publications Department, Materials Research Society,
9800 McKnight Road, Suite 327, Pittsburgh, PA 15237;

telephone (412) 367-3012.

ISSN: 0272-9172
Foreign: $59

ISBN: 0-931837-56-1

PAGE 22, MRS BULLETIN, MARCH 17/MAY 15, 1987



	Text6: 99


