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ABSTRACT

The mechanical properties of metallic superlattices have been shown to exhibit
anomalous properties, Several of the elastic constants are found to exhibit anomalies which
are correlated with structural anomalies in lattice mismatched systems which do not form
solid solutions. Lattice matched systems which form solid solutions in their
thermodynamics phase diagram, show much smaller elastic anomalics and no structural
anomalics. Anomalous plastic behavior, on the other hand, seems to be present in both
types of superlattices, indicating that the plastic behavior is possibly defect induced.
Detziled quantitative structural measurements combined with comprehensive mechanical
properdes hold the promise of determining the physical origins of the anomalous propenties
of metallic superlarnces.

INTRODUCTION

It is by now wecll established that metallic superlattices exhibit anomalous
mechanical properties. These include the presence of anomalies in the clastic moduli of
lattice mismatched superlanices, and anomalous behavior in the plastic behavior in selected
superlattice systems. Simultaneous, guantitative, structural studies indicate that the elastic
anomalies are correlated with microscopic structural anomalies and mostly occur in Systems
which are lattice mismatched and do not form solid solutions in their thermodynamic phase
diagram. The anomalous plastic behavior, on the other hand, does not show any clear cut
correlations with crystallographic changes or the thermodynamic phase diagram. This
indicates that the plastic behavior is possibly modified by defects present at the interfaces.

We present here a review of structural characterization techniques including a new
method developed for the quantitative structural refinement studies using X-ray diffraction.
These structural studies are correlated with the mechanical propenies. The studies
presented here show that different types of elastic anomalies can coexist in the same
superlattice &nd that they are correlated with structural ancmalies. The exact way in which
the elastic properties are affected by changes in the structure is under investigation at the
present ime.

STRUCTURAL CHARACTERIZATION

Given the strong correlation between the structural and elastic properties of
superlattices, it is of the utmost importance to quantitatively characterize their structure.
The structural properties of interest include both the lattice spacing changes resulting from
interface strains and the amount of structural disorder (i.c. layer thickness fluctuations,
interface disorder, interdiffusion, and dislocations). The two techniques most often applied
1o this problem are Transmission Electron Microscopy (TEM) and X-ray diffraction.

If the sample can be thinned to =100A either perpendicular or paralle] io the layers,
TEM images may be obiained which give an indication of grain size or qualitative features
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of the layers. In some casces, lattice image pictures on the atomic scale are obtained which
allow the study of local defects such as stacking faults or dislocations parallel and
perpendicular to the layers [1,2). TEM is limited by the extensive preparation required 1o
thin the specimen which may change the sample and thus produce uncontrolled artifacts.
The TEM image is the result of an average along the path of the election ( < 100 A) which
requires modeling of sample thickness, focusing conditions, and structure for a quantitative
structural determination. also does not have the resolution to determine small changes
in the lattice spacing and may be insensitive to the conrast of materials close in atomic
number. Of course, quantitauve TEM can be performed by a combination of quantitative
intensity measurements combined with structural modeling. )

The technique that is most commonly applied to determine both the lattice strains
and struchural disorder in superlattces is X-ray diffraction in the reflection geometry [3]. It
is non-destructive and can provide structural information on the atomic scale.
Unfortunately, the information that can be determined directly from the superlantice peak
positions is limited to averaged lattice constants of the constituent layers. The low angle
part of the spectrum (~ <15°) results from scattering by the compositional modulation of
the layers and is not sensitive 1o their crystal structure. In principle, the Jow angle
diffraction spectra gives directly the Fourier transform of the compositional profile, but
disorder, multiple reflections, refraction effects, and surface reflections limits the
information obtainable from the Fourier transform of the tra. The low angle diffracton
spectra can be modeled by a recursive application of optical theories [4). The high angle
part of the spectrum is dependent on both the compositional and structural modulation of
the layers. The high angle superlanice peak IEositi{:ms are located about the expected Bragg
positions of the constituents and are commonly indexed by the relation [5):

2508 . 1yn
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where A is the modulation wavelength, d is the average lattice spacing of the superlattice,
and n an integer determining the order of the superlattice peak. The only quantities that can
be determined from the peak positions are d and A. Because d is 2 model independent
parameter, it is a commonly used structural parameter to correlate with elastic anomalies,
In a number of lattice mismatched metallic superlarttices, d expands (=1-2%) with
decreasing A [6].

The determination of the structural parameters of the individual constituent layers
requires modeling of the superlattice structure to compare calculaied with measured
intensitics. By adjusting structural parameters of the model to fit to the measured
diffraction spectrum, it is possible to obtain the structure of the constituent layers. This
type of structural charactenzation is commonly used in X-ray and neutron diffraction from
bulk, powder samples using the Rietveld refinement procedure [7].

There is a considerable amount of work in the literature discussing modeling of
superlattice structures. The models can, in general, be separated into two categories:
relative intensity and disorder calculations. The relative intensity calculations are based on
the step model (8] where the relative peak intensities are proportional to the square of the
structure factor of a single bilayer. The step model has been refined to include
compositional and strain profiles [9-12). Most of the disorder models are based on the
original work of Hendricks and Teller [13] assuming random sequencing of layers.
These models have included random cumulative fluctuations in the modulation wavelength,
layer thickness, and interface distances but have been limited 1o structures without
composition or strain profiles within the layer [14-17).

Only recently has a general theoretical formalism been developed which combines
composition or stain profiles with structural disorder [18, 19]. This theoretical formalism



has been incorporated into a general refinement procedure 10 fit the entire spectrum,
delermining both the average bilayer structure and statistical deviations from this average.
The detils of the refinement procedure and the accuracy of the results are discussed
elsewhere [18,19), The results of a refinement on 8 sputtered Mo/Ni superlattice are
shown in Fig. 1. The open circles are the measured spectrum and the thin line is calculatwed
assuming a perfect superlatice with bulk lawice parameters for the Mo and Ni layers. There
are two major discrepancies: (i) the measured line widths are considerably broader than the
instrumental resolution and (ii) the d peak position of the measured sample is at a lower
angle than the calculated spectrum. The first results from the disorder in the superlattice
and the second indicates that some lattice spacing within the unit cell is expanded over the
expected value, The thick line is the result of & refinement procedure [18,19] including
both latice strains, layer thickness variations, and interface disorder. The refined spectrum
quantitatively reproduces the measured spectrum over three orders of magnitude in
intensity.” A number of checks have been performed in order to assure that the type of
refinement method described here gives meaningful results. In all cases, it was shown that
this refinement is capable of providing quantitative agreement with independently measured
parameters.

Intensity (arb. units)

Figure 1: Mcasured X-ray diffraction spectrum of a [Mo(ZGA)INi[ZZA)]m superlattice
(circles) and calculated spectra (thin line) assuming no structural disorder, bulk Mo and Ni
lattice spacing, and integer number of atomic planes. Thick line is the result of the
structural refinement procedure described in Refs, 18 and 19.

Refined values for the average lattice spacings (i.c. Jayer thickness divided bif the
number of atomic planes) for a series of Mo/Ni and Nb/Cu superlatices of equal layer
thicknesses arc shown in Fig. 2, Both systems, which consist of bee(110) plancs stacked
on fec(111) planes, have a large lattice mismaich, and show a =1-2% expansion in d with
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decreasing A. In both cases, the fee layer (Ni,Cu) is found to expand with decreasing A
whereas the bee layer (Mo,Nb) is nearly A independent. The size of the exgansion
determined from the refinement is consistent with the measured expansion in d. The
majority of the expansion residing in the Ni layer is in agreement with earlier conclusions
{5). The origins of the larice changes are not understood and are presently under study.

Information about the in-plane stucture can be obtained by transmission or grazing
incidence X-ray diffraction. Transmission studies are accomplished by thinning or
removing the substrate and passing the x-ray beam through the sumardce. If the layers
have different in-plane structures or are sufficiently lattice mismatc the lattice spacing
of the individuzl layers can be resolved. In-plane studies on epitaxial [20] and
polycrystalline [21] films have claimed significant in-plane lattice strains which are
associated with coherency strains and substrate interactions, [21] and related to the out-of-
plane expansions by Poisson expansion.
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Figure 2: Refined values for average lattice constants for a series of Mo/Ni and Nb/Cu
superlattices. Lattice constants are given as percentage chanﬁ:e_ from the bulk values. The
Nb/Cu results are for the same series of samples described in Fig. 3.

A number of techniques that )Probc the local atomic environment have also been
applied to these problems, Extended X-ray absorption fine structure (EXAFS) (22] and X-
ray photozlectron diffraction (XPD) [23] are element specific techniques which determine
the nearest neighbor atomic distances and symmetry. Local magnetic environment of
isotopes placed in different locations of the sample have been probed by Mbssbaver
spectoscopy using the fact that the hyperfine field, isomer shift, and quadrupole moments
are sensitive 1o the nearest neighbor environment [24). Similar information can be obtained



using Nuclear Magnetic Resonance (NMR), where the interface swucrure is related to the
local magnetic properties [25,26]. Both Mdssbauer and NMR are limited to specific
elements and require, in many cases, modeling of the measured spectra.

Metallic superlantices for which a number of different structural characterization
techniques have been applied 1o the same samples include Ag/Mn [27] and CofAu [28]. In
Ag/Mn the in-plane spacings determined from reflection high energy electron diffraction

) during growth [27] showed that the Mn lattice was maiched 10 the Ag layers.
The out-of-plane spacings were in quantitative agreement from XPD [27], EXAFS [22],
TEM [2), and X-ray refinement [18] determinations and showed a thickness dependent bet
structure for the Mn. These results are also in agreement with XPD studies of Ag/Mn/Ag
trilayers [23). In MBE grown lattice mismaiched Co/Au superlattices [28] , RHEED {28],
TEM [28], X-ray diffraction [20,28,29], and EXAFS [20] studies determined epitaxial
orientations and lattice strains both in-plane and out-of-plane for both layers.
Unfortunately, this type of detailed structural characterization has not be performed on a
superlattice system in which the elastic anomalies have been reported. A detailed structural
and elastic characterization of a serics of sputtered Nb/Cu superlattices is in progress [30].

MECHANICAL PROPERTIES

A microscopic understanding of the mechanical properties of superlattices not enly
requires & knowledge of the atomic positions, but lso their coupling. A combined study of
mechanical and structural properties may provide fundamental solutions to questions
regarding the origins of the anomalous elastic properties of superlattices ("supermodulus”
cffect). Over the past decade during which studies on superlattice properties have
flourished, experimental difficulties have preeluded a determination of the underlying
causes for the supermodulus effect {31). It is now only, after a period of conflicting
reports, that various technigues are providing consistent experimental results for different
clastic properties (see Fig. 3). Morcover, it is only recently that sophisticated structural
measuremnents, together with the progress in mechanical measurement techniques provide
the means of relating the elastic properties to theoretical calculations.

Nb/Cu is one of the best studied superlartice systems in which the softening of its
shear elastic constant Cuq is well established [31,32]. This sofiening is strongly correlated
with an expansion as large as 1.7% in the average perpendicular lamice spacing, d (Fig.
3a). The shear velocity v (Fig. 3b) extracted from Brillouin scattering detcrmines Cagq
through 'u=B(C4u'p)m. where p is the density, and B is a constant which is only weakly
dependent on C1y, C33, 2nd C13. Similar to Nb/Cu, other immiscible bee(110)/fec(111)
superlattices (i.c. Mo/Ni and V/Ni) also exhibit shear softenings that strongly comelate
with expansions in d [31].

Two new clastic measurements techniques have been applied for the first time 10 2
superlattice sysiem. The first technique determines the biaxial modulus from the strain
dependence of the membrane modes of the film [32] and show (Fig. 3c) a stiffening of
~15% for Nb/Cu [32). The second technigue determines the flexural velocity v' (Fig. 3d)
from the time-of-flight of the first symmetric Lamb mode generated by a pulsed laser beam
[34] and is related to the wavelength independent flexural modulus Fy through FL=pu'2,
The measurements presented here are the most comprehensive study of any superlattice
which exhibits elastc anomalies, The distinct feature of these measurements is that different
anomalics with different behaviors may coexist in the same material, These differences,
however, arc not surprising since, at lcast in principle, the measured moduli are

independent from cach other.



The solid squares shown in Fig. 3 represent calculatons using Cyj, Cy2, Ci3,
Cs3, and Cyy4 determined [35) from independent Brillonin scattering measurements of a
Nb/Cu superlattice. Within an uncertainty of 13% in the biaxial modulus, and considerably
smaller uncertainties in Caq and F, the agreement with the present results is quite good, so
it seems that present techniques have overcome the previous imental difficultes.

The original reports in fee(111)/fec(111) noble-metel/mransition-metal structures
claimed large enhancements in the biaxial, Young, and flexural moduli of Cu/Ni [ 36,37),
Cu/Pd [38), Ag/Pd [39), and Auw/Ni [38] superlattices. Many of these systems have now
been remensured using new techniques which are less susceptible to experimental artifacts.
A recent time-of-flight measurement of laser-generated and interferometically detected
ultrasonic signals claims no enomalies for the flexural, shear, biaxial and Young moduli in
CwNi and Cu/Pd superlattices (in the range of 17<A<404) [10,40,41]. Also no shear
anomalics were It by Brillouin scanering, and by using & refined uniaxial tension test
no anomelies in the Young moduli were observed [42], In the case of Ag/Pd a novel
Brillonin scattering technique has been used which measures the velocity of the longitudinal
guided modes{43]. Enhancements in both the longirudinal Cyy (~ 15%) and shear Css
(~ 50%) elastic constants were observed as the modulation wavelength was decreased
below A = 60A. The same technique showed & ~20% softening for Cas in Cw/Pd [35] in
which Ref. 41 had found no anomaly. Overall, the new measurements seem to agree that
previously reported anomalies are either nonexistent or are substantially smaller in
magnitude. These studies also imply that for fée(111)/fcc(111) superlatdces the mechanical
properties cannot be related 10 simple structural features and so sophisticated structural
studies are imperative.

Some clues on the connection between structure and mechanical properties may be
obtained from studies of a material that undergoes a structural phase transition. Since it is
known that Fe can exist in & variety of epitaxial phases (determined by growth conditions),
Fe/Cu superlattices [44] provide a unique system in which the correlation of elastic
anomalies with structural changes can be studied. Fig. 42, shows d for different relative
thickness ratios of Fe/Cu. The samples with ratios 3:1 and 1:1 show only slight changes in

d a5 a funcrion of A, whereas the samples with the ratios 1:2 and 1:3 show little change

down to the thickness at which a bee a-Fe to fee ¥-Fe phase wansition occurs (i.e.
bee(110)/fee(111) to fee(111)/fec(111)). At this thickness the structural phase transition is
signaled by an expansion in which the average lattice spacing becomes almost equal to the
bulk Cu lattice parameter. Fig.4b shows the surface phonon velocity v, measured by

Brillovin scattering. As A is decreased v decreases for all samples; similar to the behavior
of other immiscible bee/fec superlattices. The most striking result here occurs for the
samples with thc nominal thickness ratios tre:toy 1:2 and 1:3 for which a minimum
develops coinciding with the A 2t which the a-Fe to ¥-Fe transition takes placc.
Furthermore, 25 both  d's increase the surface phonon velocities increase with decreasing

A. This behavior is opposite 10 that found for Nb/Cu and implies that it is not possible 1o
assign shear softenings (sdffening) solely 1o decrease (increase) of the perpendicular lattice
spacing. The example of Fe/Cu shows zgain that simple structural {features cannot be used
in classifying the elastic anomalies and consequently precise, quantitative structural
measurements are needed.

Recent stodies show that layering has more drastic effects on the plastic propertics
than the elastic moduli. A number of superlattices have been fbuncrwhich at small
wavelengihs exceed the hardness of their own constituents [33,45). The hardness of a
material is determined by both its elastic and ‘pla.stic behaviors. Since the elastic anomalies
are not as large &s previously thought the effects of elasticity may be 100 small to explain
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the large enhancements observed in the hardness of superiattices. Therefore, the influence

of layering on plastic properties
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1t is well known that by placing a dislocation close to an interface the resistance to
its movement towand the interface will be increased by repulsive forces of its own image.
Based on this fact, Kochler [46] first proposed forming strengthened composites by
stacking alternating layers of high and low clastic-constant materials with thicknesses
smaller (<100 atomic layers) than those in which dislocation generating mechanisms (such
s Frank-Read sources) can operate. Koehler showed that in these materials (i.e. Cu/Ni,
Te/W, PUIr, etc.) a much largcr force than in ordinary materials is needed, to drive a
dislocetion. Another mechanism has also been proposed which is analogous to grain
boundary hardening, found in polycrystalline materials [47]. In this mechanism, the
superlattice interfaces act as pinning;itas for dislocations. The change in hardness given
by a semi-empirical relation (Hall-Petch formula), is inversely proportional to the square
root of the superlattice layer thickness (or the grain size).

Nano-indentation tests on Cu/Ni, Nb/Cu and Mo/Ni samples have shown that their
hardnesses are anomalous at small modulation wavelengths. Although for Cw/Ni no elastic
anomalies were found, its hardness increased (10 2 meximum of ~60% above its
homogeneous mixture) and similar to polycrystalline materials obeyed the Hall-Petch
relation [45]. In contrast to Cu/Ni, the enhancements for both Nb/Cu {32) and Mo/Ni [48]
showed no dependence on modulation wavelength (100% enhancement for Nb/Cu and
300% for Mo/Ni over Ni; the hardness of Mo was not messured), favoring a mechanism
similar to that suggested by Kochler, The two distinct behaviors of hardness could be
related 10 the differences in the interfaces. The interfaces in CwNi (fec/fec) are diffuse,
whereas in Nb/Cu and Mo/Ni (bee/fee) their profiles are chemically sharp containing
discrete sieps. Hopefully, funther experiments should help clarify questions regarding this
issue.

We thank our collaborators in this field, over the years. Many of the ideas
presented here have evolved from extensive discussions on these and related matters.

Work supported by ONR grant No. N0OO14-91J-1177 (at UCSD) and U. §. DOE
grant BES-Materials Sciences W-31-105-ENG-38 (at ANL).

REFERENCES

1. C.J. Chien, R.F.C. Farrow, CH. Lee, C.J. Lin, and E.E. Marinero, J. Magn.
Magn. Mat. 93, 47 (1991).

2. S, Nehm, L. Salamanca-Riba, B.T. Jonker, and G.A. Prinz, Mat. Res. Soc,
Symp. Proc. 160, 209 (19%90).

3. For a review see for instance, D. B. McWhan, in Physics, Fabrication and.
Applicarions of Multilayered Structures, edited by P. Dhez and C. Weisbuch
(Plenum Press, New York, 1988); Y. Fujii in i i ifici

. izls, edited by T. Shinjo and T. Takada (Elsevier, Amsterdam,

4. J. H. Underwood and T. W. Barbee, Appl. Opt. 20, 3027 (1981).

3. M. R. Khan, C. S. L. Chun, G. P. Felcher, M. Grimsditch, A. Kueny, C. M.
Falco, and I. K. Schuller, Phys. Rev. B 27, 7186 (1983).

6. 1. K. Schuller and M. Grimsditch, J. Vac. Sci. Technol. B 4, 1444 (1986).
7. H. M. Rietveld, J. Appl. Cryst. 2, 65 (1969).



10.

11,
12.
13,
14,

15.
16.

17.

18.

19,

20.

21.

22,

23.

24,

25

26.

1. K. Schuller, Phys. Rev. Let. 44, 1597 (1980).

D. B. McWhan, in Synthetic Modulated Structures, edited by L.L. Chang and B.C.
Giessen (Academic Press, Orlando, 1985), p43.

J. Martson, R. Bhadra, J. B. Kenerson, M.B. Brodsky, and M. Grimsditch, J.
Appl. Phys. 67, 2873,

M.B. Stearns, C.H. Lee, and T.L. Groy, Phys. Rev. B 38, 8109 (1988).
G. Gladyszewski, Thin Solid Films 170, 99 (1989).
S. Hendricks and E. Teller, J. Chem. Phys. 10, 147 (1942},

W. Scvenhans, M. Gijs, Y. Bruynseraede, H. Homma, and 1.K, Schuller, Phys
Rev. B 34, 5955 (1986).

B.M. Clemens and J.G. Gay, Phys. Rev, B 35, 9337 (1987).

J.-P. Locquet, D. Neerinck, L. Stockman, Y, Bruynseraede, and LK. Schuller,
Phys. Rev. B 39, 3572 (1988).

J.-P. Locquet, D. Neerinck, L. Stockman, Y. Bruynseraede, and LK.
Schuller, Phys. Rev. B. 39, 13 338 (1989).

E.E. Fullerton, I.K. Schuller, H. Vanderstracten, and Y. Bruynseracde, Phys.
Rev. B (submined)

LK. Schuller, E.E. Fullerton, H. Vanderstracten, and Y, Bruynseracede, Mat. Res.
Soc. Symp Proc 229, 41 (1991).

R. Clarke, F.J. Lamelas, H. D. Hui, F. Baudelet, E. Dartyge, and A, Fontaine,
J. Magn. Magn. Mat. 93, 53 (1991).

J.)gL.gBain. L.J. Chyung, S. Brennan, B.M. Clemens, Phys. Rev. B 44, 1184
(1991).

Y. U. Idzerds, B.T. Jonker, W.T. Elam, and G.A. Prinz, J. Appl. Phys. &1,
5385 (1989).

W. F. Egelhoff Jr., . Jacob, J. M. Rudd, J. F. Cochran, and B. Heinrich, J. Vac.
Sci. Technol. A §, 1582 (1990).

T. Shinjo in Matallic Superlatices Amificially Stuctured Materials, edited by T.
Shinjo a.nd T. Takada (Elsevier, Amsterdam, 1987)

K. Le Dang, P. Veillet, H. He, F. J. Lameles, C. H. Lee, R, Clarke, Phys. Rev. B
41, 12902 (1990).

H.AM. de Gronckel, K. Kopinga, W.J.M. de Jonge, P. Panissod, J.P. Schillé,
and F.J.A. den Broeder, Phys. Rev. B 44, 9100 (1991).



27.
28.

29.
30.
31.
32,
33.

34,

35.

36.
37.
38,
39.
40.
41,
42,

43.

44.

45.

46.
47.
48,

B.T. Jonker, 1.J. Krebs, and G.A. Prinz, Phys. Rev. B 39, 1399 (1989).

CH. Lee, H. He, F. Lamelas, W. Vavra, C. Uher, and R. Clarke, Phys. Rev.
Lett. §2, 653 (1989).

F. J. Lamelas, H. D. He, and R. Clarke, Phys. Rev. B 43, 12296 (1991).

A. Fartash, LK. Schuller, E.E. Fullerton, and M. Grimsdich, (to be published).

L. K. Schuller, A. Fartash and M. Grimsditch, MRS Bulletin XV, 33, (1950).

A, Fartash, L. K. Schuller and M. Grimsditch, Rev. Sci. Instrum. §2, 494 (1991).

A. Famash, E. E. Fullerton, I. K. Schuller, S. E. Bobbin, J. W. Wagner, R. C.
Cammarata, S. Kumar and M. Grimsditch, Phys. Rev. B 44, (1991) (in press).

S. E. Bobbin, J. W. Wagner and R. C. Cammarata, Appl. Phys. Lett. 59, 1544
(1991).

J. R. Dutcher, S. Lee, J, Kim, J. A, Bell, G. 1. Stegeman and C. M. Falco, Mat.
Sci. Eng. B6, 199 (19'9 ).

T. Tsakalakos and J. E. Hilliard, J. Appl Phys. 57, 1076 (1985).

D. Baral, J. B. Ketlerson and J. E. Hilliard, J. Appl. Phys. 57, 1076 (1985).
W. M. C. Yang, T Tsakalakos and J. E. Hilliard, J. Appl. Phys. 48, 876 (1977).
G. Henein and J. E. Hilliard, J. Appl. Phys. 54, 728 (1983).

A. Moreau, J. B. Ketterson and J. Mattson, Appl. Phys. Lett. 56, 1959 (1990).
A. Moreay, J. B, Ketterson and B. Davis, Appl. Phys. 68, 1622 (1990).

B. M. Davis, D. N, Seidman, A. Moreau, J. B. Ketterson, J. Mztison and M.
Grimsditch, Phys. Rev. B 43, 9308 (1991).

J. R. Dutcher, 8. Lee, J. Kim, G. Stegeman and C. M. Falco, Phys. Rev. Lett.
£3, 1231 (1990).

E. E. Fullerton, 1. K. Schuller, F. T. Parker IT1, K. A, Svinarich, G. A. Eesley, R.
Bhadra and M. Grimsditch, Phys. Rev. B (in press).

C. Cammarats, T. E. Schlesinger, C. Kim, S, B. Qadri and A. §. Edelstein,
App! Phys. Lett. 56, 1862 (1990).

1. S, Koehler, Phys. Rev, B 2, 547 (1970).

G. Dieter, Mcchanical Metallurgy (McGraw-Hill, New York, 1986), p. 181.

T. Baumann, J. B. Pethica, M. Grimsditch and I. K. Schuller, Mat, Res. Symp.
Proc. 77, 527 (1991).



	Text3: 216


