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Crystal-to-glass-transition induced elastic anomaly of cerium-iron multilayer films
and texture-related mechanical properties after hydrogenation
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The flexural modulus Ez of pure and hydrided cerium-iron multilayer films has been measured at 300
K as a function of the modulation wavelength A using a vibrating-reed technique. E+ is strongly corre-
lated to the structure of the layered systems. In the pure Ce/Fe multilayers, the Fe sublayers show a

0
structural transition from an amorphous to the bcc crystalline phase for a thickness near 20 A. At this
transition, the modulus E+ is reduced by -70&o. The elastic softening occurs already, as a precursor to
the structural change, for the crystalline Fe sublayers somewhat above the thickness for amorphous
growth. This behavior reveals close similarities to the crystal-to-glass transition in bulk metallic alloys
and compounds which seems to be driven by a shear instability of the crystal lattice. Hydrogenation

0
leads to multilayers built of CeH &/Fe. The Fe sublayers grow in the bcc structure above 10 A, with a
pronounced (110) or (111) texture for low- or room-temperature deposition. The Qexural moduli are
larger as compared to the nonhydrided multilayers and distinctly different for the two Fe textures. A
simple calculation shows that the texture-related differences mainly result from the bulk properties of
the Fe layers, but a contribution of interfacial effects cannot be excluded.

I. INTRODUCTION

The variety of anomalies in the elastic properties of
artificial metallic multilayers and superlattices and their
relation to interface effects have received great attention
in the last decade. Drastically reduced shear modu1i and
significantly enhanced Young's and biaxial moduli have
been observed when the periodicity length of the modu-
lated structure was reduced to about 20 A, sometimes in
the same system. ' It is generally accepted that these elas-
tic anomalies (often referred to as "supermodulus
effects" ) are correlated with structural changes resulting
from interface effects, but the exact nature of this inter-
play is not well understood at present. Theoretical mod-
els proposed involve changes in the electronic structure
associated with the additional periodicity of the superlat-
tice, charge transfer, or strain accumulation at the inter-
faces.

In view of the close correlation between the structural
and elastic properties in such layered metallic systems it
is particularly interesting to study the elastic response of
a multilayer as one of the constituent materials undergoes
a structural transition. For instance, in Fe/Cu superlat-
tices the fcc-bcc structural phase transition in the Fe lay-
ers occurring at a certain Fe and Cu layer thickness is
signaled by a clear-cut minimum in .the surface phonon
wave velocity; in W/Ni multilayers this quantity gradu-
ally decreases with decreasing bilayer repeat length down
to a critical thickness where both layers transform into
an amorphous structure.

In this paper we present a characterization of the elas-
tic properties of Ce/Fe multilayers determined by a
vibrating-reed technique. The layers combine, in a
periodic stack, a soft (Ce) with a stiF (Fe) component,
which both grow in an amorphous structure below and in
a crystalline structure above a critical thickness, which is

near 20 A for Fe and near 60 A for Ce. These multilayers
can be prepared with sharp interfaces and have been
thoroughly characterized previously by different tech-
niques. ' The absence of crystalline long-range order
in the amorphous phase of the Fe layers has a drastic
bearing on the magnetic properties of the multilayers.
The present study of their elastic properties throughout
the structural phase transition of the Fe and Ce layers
should be particularly relevant for the more general prob-
lem of understanding the crystal-to-glass transition in
metallic materials, which is a matter of current debate.
Experiments have revealed that this transformation is
driven by a shear instability of the crystal lattice. "' An
early calculation in a tight-binding model has predicted a
reduction of the shear modulus in the glassy state by
20—40%.'

The presence of hydrogen during the growth process of
the films results in a superstructure of alternating CeH 2
and Fe layers, with different structural and magnetic
properties. ' ' In particular, growth of the amorphous
structure of the constituent layers is reduced to a thick-
ness of 10 A in both cases, and the Fe films can be depos-
ited with a different texture if the substrate temperature
is suitably chosen. In the present study we have probed
the inhuence of these modifications on the elastic proper-
ties of the multilayers.

II. EXPERIMENTAL PROCEDURES AND
SAMPLE STRUCTURE

The multilayer films were prepared by alternate
sputtering of 99.9% pure cerium and 99.998% pure iron
in an ultrahigh-vacuum (UHV) recipient (base pressure
(5X10 ' mbar) using an Ar-ion beam. Partial pres-
sures of residual gases (e.g., O2, N2, H20) were below
10 ' mbar during deposition. Hydrided multilayers
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CeH /Fe were grown by reactive sputtering in a hydro-
gen atmosphere of 8X 10 mbar. Only cerium absorbs
hydrogen, due to a large negative mixing enthalpy.
Analysis by the (p, y) resonant nuclear reaction of '5N

with hydrogen showed that the hydride composition is
close to CeH2. ' Microscopy glass plates coated with a
100-A-thick Cr buffer layer, with dimensions suitable for
the vibrating-reed experiments (see below), were used as
substrates. Deposition rates typically varied from 0.2 to
0.8 A/s. Film thicknesses were designed by a computer-
controlled quartz rate monitor, the bilayer wavelengths
were varied between 24 and 200 A, and the total film
thickness of the multilayers always amounts to 5000 A.
To prevent oxidation on exposure to atmosphere, the

0
multilayers were finally covered with a 60-A-thick Cr lay-
er.

The structure of the multilayer films has been well
characterized previously by in situ reAection high-energy
electron diffraction (RHEED) and x-ray diffraction at
small and wide scattering angles in 0-20 Bragg-Brentano
geometry, where the scattering vector is parallel to the
film normal. The Ce/Fe multilayers were deposited at 90
K to minimize interfacial diffusion. The structure of the
individual layers depends on their thicknesses. Up to
critical values of about 20 A for Fe and 60 A for Ce the
films grow in an amorphous structure. Above these
thicknesses, crystalline Fe with bcc structure and pre-
ferred (110) orientation and crystalline fcc Ce with (111)
texture are observed. There is no indication of the forma-
tion of the intermetallic compounds CeFe2 and Ce2Fe, 7
allowed by the equilibrium phase diagram, for any of the
multilayers. The structural coherence length in the crys-
talline layers parallel to their growth direction, as deter-
mined from the linewidths of the Bragg peaks using the
Scherrer formula, corresponds to the thickness of the in-
dividual layers. This limit is not surprising in view of the
large atomic-size mismatch between Fe and Ce (26% for
the a-Ce phase; see below). The bcc Fe lattice perpendic-
ular to the film plane is expanded by an average value of
nearly 1%. As the critical thickness for the appearance
of the amorphous phase is approached, this value in-
creases somewhat and reaches about 3% at the disorder
transition. But due to the partial superposition of the Fe
layer (110) line, which is broadened because of the small
perpendicular coherence length, and the broad intensity
of the reAection from the amorphous Ce layers these
values can only be estimated.

The hydrided multilayers CeH 2/Fe were deposited at
90 K and also at room temperature. In contrast to the
pure Ce/Fe system, amorphous growth of the individual
CeH 2 and Fe layers in this heterostructure was ob-

0
served up to a critical thickness value of 10 A only.
Above this value, the Fe layers (bcc structure) show a
(110) texture for low-temperature and a (111) texture for
room-temperature deposition, with an average lattice pa-
rameter enlarged by about 1.5% perpendicular to the film
planes. CeH 2 (fcc structure) is always (111) textured.
According to the RHEED diagrams there is a high de-
gree of lateral order in the CeH 2 and Fe layers with
(111) orientation, presumably due to the relatively small
mismatch between the (111) surfaces (the Ce-Ce distance

is 3% smaller than twice the Fe-Fe distance). But since
satellites near the (111) refiections in the x-ray diagrams
are missing, there is no evidence for coherent CeH 2-Fe
interfaces.

An important problem to be addressed is that of the
microscopic structure of the Ce-Fe and CeH 2-Fe inter-
faces. The measured small-angle x-ray diffraction dia-
grams of the multilayers were modeled by Monte Carlo
simulations invoking interfacial roughness and diffusion,
as described in detail by Klose et al. It results that both
systems maintain a well-defined layer structure with a
sharp composition profile. Roughness may be quantified
by a Gaussian fluctuation of the local layer thickness. In
the Ce/Fe system the fiuctuation full width at half max-
imum (FWHM) obtained is 1.2 atomic layers above the
critical thickness where Fe is crystalline (t„,)20 A), and
1.3 atomic layers below where Fe is amorphous. Hydro-
genation reduces the roughness of the interfaces: in the
CeH 2/Fe multilayers, local thickness fiuctuations have
a width of 1.0 atomic layers. Interdiffusion is negligible
in both multilayer systems, except for low Fe layer
thicknesses (t„, 20 A) where it is limited to the first
atomic layer about the interface, amounting to 50% in
Ce/Fe and to 20% in CeH z/Fe. The extension of the
interfaces defined by these values is corroborated by Fe
Mossbauer spectroscopy' which, in particular, shows in-
terfacial sharpening by hydrogenation.

The interaction of Ce and Fe at their common inter-
face in the multilayers has a pronounced effect on the lo-
cal electronic and magnetic structure near the interfacial
zone. This clearly results from the Fe Mossbauer spec-
tra and from magnetic circular dichroism observed in x-
ray absorption experiments. These experiments point to
a strong hybridization between the Ce Sd and Fe 3d
states in the Ce/Fe system. This is refiected by a "mag-
netic interface" which largely exceeds the extension of
the structural interface. For details, the reader is referred
to the preceding publications. ' For the elastic proper-
ties to be discussed here it is important that in the Ce/Fe
multilayers Ce adopts, on a length scale of 15 A at the in-
terface, the electronic structure of the e phase with
itinerant 4f states and a considerably reduced atomic
volume as compared to the isostructural y phase with lo-
calized 4f states (the difference is 17% in Ce metal). Evi-
dently, this reduces the mismatch at the interfaces with
Fe. Hence, for sufticiently large thicknesses, the Ce lay-
ers are composed of y-phase-like Ce located in the center
and a-phase-like Ce near the interfaces (we recall that Ce
is amorphous up to a thickness of about 60 A). Let us
also mention that the a-like Ce atoms are magnetically
polarized and carry an ordered magnetic 5d spin mo-
ment, in antiparallel orientation to the Fe 3d moment. In
the hydrided multilayers CeH 2/Fe a similar interfacial
magnetic polarization is effective, but in this case the Ce
atoms show a y-like electronic configuration throughout
the entire extension of the CeH 2 layer. ' Finally, we
note that, since there is no experimental evidence for a
structurally or electronically asymmetric interface in the
multilayer systems, which a priori might be a distinct pos-
sibility, we assume that the interfaces are symmetric.

The elastic properties of the multilayer films were mea-
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ts Esf„=a„(2n +1) —
316 3 l3 ps

1/2
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where a„ is a constant of the respective Qexural mode,
and I the length of the reed. All measurements were per-
formed at the first fiexural mode (a0=1.425), so reso-
nances were obtained in the range between 700 and 800
Hz, with substrate moduli from 45 to 55 GPa. It is essen-
tial to point out that the entire holder with the mounted
substrate can be removed from the vibrating-reed ap-
paratus and then inserted into the UHV system for multi-
layer deposition. This provides the same clamping condi-
tion for the cantilever before and after deposition of the
multilayer s.

It is a general practice to compare the measured elastic
moduli of layered composite systems like the ones of
present concern to the moduli calculated using continu-
um elasticity theory. For a well-textured layer structure,
like our samples in the case where the component layers
Ce, CeH 2, and Fe are crystalline„we have a uniaxial
symmetry: the crystallites exhibit a common orientation
normal to the film but are randomly oriented in the plane
of the film. In the reference system of the multilayer with
the z axis along the growth direction this corresponds to
a hexagonal syrnrnetry, and the tensor of the effective
elastic stiffness moduli has the nonvanishing components
CII =C22, CI~, CI3 C23 C33 C44 C55 and C66=(CII—CI3)/2; the fiexural modulus is given by'

EF—C11 C 13 33 (3)

sured on Qexural vibrations at room temperature using a
vibrating-reed method. The modulus of elasticity deter-
mined is the flexural modulus. In the method applied,
the resonance frequency of a bare metallized glass sub-
strate is compared with the resonance of the same sub-
strate coated with a multilayer on both sides to eliminate
bending of the reed under the inhuence of static film
stress. The flexural modulus of the film, EF, is deduced
from the frequency shift of the resonances

f'2
~ s+F 1+ 3

F PF F
(1)

fs Es ps rs

where fs+z and fs are the resonance frequencies of the
reed carrying the multilayer and of the bare metallized
substrate, respectively; tF and ts are the thicknesses of
the multilayer and the substrate, pF is the averaged
effective density of the two multilayer components, and

ps and Es the density and the flexural modulus of the
substrate material, respectively.

The glass plate substrates, 110 or 145 pm thick, with
lateral dimensions of 11.5X8 mm, were precoated on
both faces with a 100-A-thick Cr layer by sputtering.
Subsequently, they were mounted horizontally in a "can-
tilever beam" configuration, i.e., as a vibrating reed tight-
ly clamped in a mounting holder at one end. The free
end of the reed is driven by electrostatic excitation, and
the vibration amplitude is detected in a capacitive way.
The flexural moduli of the substrates Es are given by the
resonance frequencies of the cantilever modes:

The elastic constants C; of the multilayer may be calcu-
lated from the primary elastic stiffness rnoduli of the bulk
constituent layer material, c;, taken from the literature
by using the expressions given by Grimsditch' for the
case of cubic crystal symmetry of the individual layers.

III. RESULTS AND DISCUSSION

A. Ce/Fe multilayers
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FIG. 1. Relative change of the Aexural modulus
(EF—Ez)/Ez at 300 K versus single-layer thickness of Ce/Fe

0
multilayers (tc, =tF, =A/2, total thickness 5000 A) deposited
onto Cr-coated glass substrates (Aexural modulus E&) at 90 K.
The solid line is a guide to the eye.

The elastic properties of the Ce/Fe multilayers were
measured on a series of films with different modulation
wavelengths A, but equal thicknesses of the individual
layers, tc, = t„,=A/2. The variation of the fiexural
modulus of the multilayer films with this value is present-
ed in Fig. 1 in the relative form bE/Es=(E+ Es)/Es-
which by its sign refiects stiffening ()0) or softening ( (0)
of the reed. Below 30 A, EF decreases monotonically
with decreasing sublayer thickness, indicating a strong
softening of the reeds. The structural transition in the Fe
layers into the amorphous phase is refiected by a pro-
nounced minimum in bE/Es (-—

50%%uo) at 18 A. Note
that, according to the x-ray and RHEED diagrams, the
Fe layers are clearly amorphous at this thickness and
they are crystalline at the next larger thickness investigat-
ed here, tF, =22 A. On reducing the individual layer
thickness further to 15 A, bE/Es rises steeply to the
values adopted for thick crystalline Fe layers. Since the
Ce sublayers are amorphous throughout the thickness
range where the elastic anomaly occurs, it can be con-
cluded that this anomaly essentially reAects the mechani-
cal properties of the Fe layers. At the transition in the
Ce layers from the amorphous to the crystalline fcc struc-
ture occurring near 60 A, any anomaly in the relative
variation of the flexural modulus of the multilayers, if it
exists, must be within the error bars; obviously it must be
much smaller than at the structural transition within the
Fe layers.

To make a comparison of the measured flexural moduli
of the Ce/Fe multilayers, EF, with the results from the
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continuum theory of elasticity, we calculated EF accord-
ing to Eq. (3) from the film geometrical elastic constants
C;J in the way indicated above, using the listed values of
the primary (crystallographic) moduli c;~ (i.e., c», c,2,
and c44) of bcc a-Fe and fcc y-Ce (neglecting the pres-
ence of a-Ce at the interfaces ). It results that even for
the largest periodicity length experimentally investigated
(A/2 = t„,= to, = 100 A) the estimate of Ez is about a
factor of 3 larger than the measured value. (If the a-like
modification of Ce at the interfaces is taken into account
this result will not be significantly modified. ) The
discrepancy may have several reasons which remain to be
clarified. For example, (i) continuum elasticity theory
may not be applicable for these heterostructures; (ii) the
real structures of the individual Fe and Ce layers may be
too far from those of the bulk crystals. But even though
the low absolute value of the flexural modulus Ez
deserves special attention, the most interesting feature in
Fig. 1 is its remarkable relative variation with A which
mainly reflects the variation with tz, .

An explanation of this variation must comprise the fol-
lowing points: (i) the elastic softening of the multilayers
prior to the transition into the amorphous structure of
the Fe layers, (ii) the low fiexural modulus at the transi-
tion itself, and (iii) the elastic hardening in the amor-
phous phase with decreasing modulation length A. To
date, no comprehensive theory exists that describes the
relationship between a structural phase transition, as it is
observed here, and elastic anomalies in metallic multilay-
ers. In the following we therefore discuss the experimen-
tal data in Fig. 1 with reference to the mechanical prop-
erties (i) of multilayer systems investigated experimental-
ly which show a transition from an amorphous into a
crystalline structure, and (ii) of bulk alloy systems or in-
termetallic compounds that undergo a crystal-to-glass
transition. Relevant theoretical models will briefly be ad-
dressed.

The physical mechanisms which are at the origin of the
instability in the elastic response of the Ce/Fe system
(Fig. 1) must be intimately related to the efFects responsi-
ble for the amorphous growth of the Fe layers for
sufticiently low thicknesses. Growth in an amorphous
phase below a critical thickness has been observed for a
number of layered thin-film heterostructures. This has
been carefully investigated recently, for example, for
Gd/Fe and Y/Fe sandwich structures by Fe
conversion-electron Mossbauer spectroscopy. ' ' The
critical thickness for the change in the Fe layer growth
mode is found to be 23 A for both systems, which is very
close to the value observed for the Ce/Fe multilayers.
The authors attribute amorphous growth of the Fe layers
on the Gd or Y sublayers (and vice versa) to an interfacial
interaction efFect which enforces the metastable struc-
ture. This interface efFect is suggested to originate in the
large mismatch between the Fe and Gd or Y layer lattice
parameters, but a fundamental understanding of how this
affects the growth mode is lacking. Presumably, amor-
phous growth of Fe on a rare-earth sublayer (or of a rare
earth on an Fe layer) is favored when this one is amor-
phous itself. According to the similar chemical and
structural properties of the rare earths, the mechanisms

should be the same for all combinations of these elements
with Fe. The experiments on Gd/Fe and Y/Fe thin-film
structures have revealed that, when the Fe layer thick-
ness surpasses the critical thickness, a transformation of
the amorphous phase into a polycrystalline bcc structure
throughout the entire Fe layer occurs. According to pre-
vious structural and magnetic investigations, ' the
Ce/Fe system shows the same behavior, i.e., the amor-
phous Fe phase is not present at the interface above the
critical thickness.

Recently, the elastic properties of other lattice-
mismatched multilayers, W/Ni (Ref. 6) and Ag/Ni (Ref.
22) deposited by sputter deposition, were reported. These
systems show a similar disorder transition from a crystal-
line to an amorphous structure with decreasing modula-
tion length A. Elasticity was probed by Brillouin light
scattering experiments which were used to measure, via
the phase velocity of a suitable acoustic mode, the elastic
constant C~ and, in the case of the Ag/Ni system, also
C» and C33 For both systems the shear modulus C~
decreases by about 40% with decreasing A, over an ex-
tended length scale down to the disorder transition at
A=30 A (W/Ni) and =20 A (Ag/Ni), respectively,
where both composite materials in the two systems be-
come amorphous. In the amorphous phase, C44 is nearly
A independent (W/Ni) or increases abruptly (Ag/Ni).
For Ag/Ni, C33 decreases monotonically with decreasing
A through the disorder transition, while C» does not
vary substantially in the entire A range covered. X-ray
diffraction experiments reveal that in both multilayer sys-
tems the elastic anomaly is accompanied by a lattice dis-
tortion. This distortion increases with decreasing modu-
lation length A, as a precursor of the structural transi-
tion. The structure of the W/Ni multilayers was investi-
gated in great detail. The average lattice spacing along
the film normal expands monotonically, reaching -2%
near the disorder transition. Modeling the multilayer
shows that each material is strained anisotropically, in
particular the Ni layers, so that the lattice symmetry is
no longer cubic.

These experiments provide convincing evidence that
the elastic anomalies of metallic multilayer systems are
correlated with structural anomalies, but do not reveal
the underlying mechanism. In their discussion of the
W/Ni system, the authors propose two likely origins for
the anomalous softening of the elastic response: (i) de-
creased bonding of the atomic layers with increased lat-
tice expansion, and (ii) disorder at the incoherent inter-
faces. We hypothesize that these mechanisms may also
apply for the Ce/Fe system for thicknesses t„, above the
disorder transition in the Fe layers and that the origin of
the elastic softening is the same, even though the ob-
served expansion of the Fe layer lattice spacing remains
to be quantified with higher precision and even though
different elastic moduli were probed for the different sys-
tems. In particular, the flexural response of a multilayer,
as studied here for the Ce/Fe system, involves an inter-
play between the elastic constants C», Ci3 and C33 [Eq.
(3)], which cannot be separately determined by a simple
measurement of EF. Hence the behavior of any single
modulus C; with respect to the lattice softening and the



CRYSTAL-TO-GLASS-TRANSITION INDUCED ELASTIC. . . 8719

subsequent mechanical instability cannot be isolated. On
the other hand, the shear elastic constant C44 of the
W/Ni system is derived from the velocity of the surface
acoustic wave which only weakly depends on C&&, C]3,
and C33 Nevertheless, it may safely be assumed that, as
suggested for W/Ni, interfacial disorder plays an impor-
tant role for the elastic anomaly in the Ce/Fe multilayers,
too. As the modulation length A and hence t„,=tc, is
decreased towards the structural transition in the Fe lay-
ers, an increasing volume fraction of the material is
afFected by the structural disorder introduced by the large
mismatch of the interatomic spacings at the interface of
the bcc Fe and amorphous Ce layers. This is accom-
panied by a drastic decrease of EF (Fig. 1). At a critical
defect concentration the system undergoes a crystalline-
to-amorphous transition.

A number of theoretical studies have attempted to at-
tribute the elastic anomalies in a multilayered metallic
material to the lattice expansions observed. Support
comes, for example, from experiments on Ag/Co super-
lattices, showing that irradiation with high-energy ions
simultaneously reduces the anomalous shear modulus
softening and lattice expansion. The model calculations
difFer in the origin of this expansion; they are based on ei-
ther structural or electronic arguments. It is beyond the
scope of this paper to discuss them here. Structural rnod-
els have attributed the lattice expansions to stress at the
interfaces. Such interface stresses are predicted to be
substantially larger at incoherent than at coherent inter-
faces, and to induce large elastic strains as a function of
the periodicity length A. It has been shown that
electron-transfer effects can contribute to strain in rnetal-
lic multilayers. As we have mentioned above, interfacial
electronic interaction plays an important role in the
Ce/Fe system: it leads to a strong hybridization of the Fe
3d and Ce 5d states. As a consequence, an increasing
amount of Ce near the interface adopts the a-phase elec-
tronic configuration with delocalized 4f states as A is de-
creased. In the a phase, Ce has a 17% smaller atomic
volume. Hence the variation with A, i.e., with tc„ in the
fraction of the y- and a-phase-like parts in the Ce layers
certainly will produce A-dependent strain and thus will
have a bearing on the elastic properties.

Wolf and co-workers have used molecular dynam-
ics to show that the elastic anomalies of lattice-
mismatched multilayers originate in a combined effect of
the structural disorder due to—and localized at —the in-
terfaces and of lattice expansion. The calculations were
performed for a superlattice, where thin layers of the
same fcc material are periodically rotated with respect to
each other about the film normal to introduce interfacial
disorder by the formation of grain boundaries. Hence
chemical effects are excluded. The authors find that for
an incoherent interface the structural disorder near the
grain boundary gives rise to a volume expansion, mostly
directed along the layer normal, concentrated near the in-
terface, and proportional to the amount of disorder. Dis-
order gains in importance with decreasing modulation
length A. The result is a decreased elastic constant C44
(which probes shear strain parallel to the layer plane).
For C33 (characterizing the eff'ect of strain perpendicular

to the plane), volume expansion softens and structural
disorder hardens, and hence they oppose each other. For
small A, mutual interaction of neighboring grain-
boundary interfaces (via overlapping elastic strain fields)
may lead to extrernal values of some elastic rnoduli.
These calculations are in qualitative agreement with the
observations on a number of multilayer systems (see, for
example, Ref. 5). But it is clear that the underlying sim-
ple model system is far from the Ce/Fe system. Hence
only the general theoretical findings, i.e., the close corre-
lation between the elastic anomalies and the interfacial
disorder, together with the concomitant volume expan-
sion, may qualitatively apply. I.et us point out that the
observed softening of the fiexural modulus E~ in Ce/Fe
with decreasing A cannot be attributed to the grain boun-
daries within the polycrystalline Fe layers, since the grain
size does not vary significantly with their thickness tz, .

The anomaly appearing in the flexural modulus Ez of
the Ce/Fe multilayers when passing through the disorder
transition in the Fe sublayers must be closely related to
the elasticity anomaly observed around the crystal-to-
glass transition in intermetallic compounds and alloys.
Such a transformation occurs, for example, in the com-
pound Zr3A1 under heavy-ion irradiation. With increas-
ing fluence, the averaged shear-wave velocity is found to
decrease continuously in the progressively disordered
crystal, together with an increasing volume dilatation.
At a critical dose, the material undergoes a transition to a
glassy state. Here, the shear-wave velocity has dropped
by —50%; it increases slightly under further irradiation.
In a recent investigation of mechanically alloyed
Zr& Al, Ettl and Samwer' found a drastic decrease of
the isotropic shear modulus (determined froin the Debye
temperature via specific-heat measurements) with in-
creasing Al content x, and finally (at x =0.2) a structural
transformation into an amorphous phase. As x is further
increased, the shear modulus gradually recovers to al-
most its value adopted near x =0. It is important to note
that in both materials substantial elastic softening pre-
cedes amorphization as a precursor to a mechanical in-
stability. Obviously, this is very similar to what is ob-
served in the Ce/Fe multilayers. This may imply that the
origin of the softening is the same.

Li and Johnson applied molecular dynamics to a fcc
binary random solid solution with varying atomic-size ra-
tios and concentrations to simulate the crystal-to-glass
transition. Et occurs at a critical supersaturated solute
concentration below a critical solute-solvent atomic-size
ratio of 0.85, in qualitative agreement with an earlier ar-
gurnent of Egami and Waseda. Just prior to the
amorphization, the shear elastic moduli c'=(cii —c i2)/2
and c44 related to tetragonal and rhombohedral lattice
distortions, respectively, decrease dramatically with in-
creasing solute concentration, together with a martensite-
like structural change; in the amorphous region, c' in-
creases again (here, the c; are given in the crystallo-
graphic reference system). These results were experimen-
tally confirmed by the elastic behavior of the Zr& Al„
alloys, ' which we have described above. The authors
conclude that softening of the shear elastic responses
plays a crucial role for the stability of the crystalline
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phase. The transition to the amorphous phase seems to
be correlated to a mechanical instability occurring for a
small elastic stiffness.

In the metastable binary solid solutions the atomic-size
mismatch leads to random local stress fields. These can
be similarly created by radiation damage. Kulp et al.
studied radiation-damage induced amorphization by a
molecular dynamics simulation. The authors conclude
that atomic-level shear stresses provide a universal cri-
terion for the attainment of the amorphous state; they
have to reach a critical value for the transition to occur,
irrespective of the particular amorphization process. Li
and Johnson suggest that the effect of the local random
shear stress fields is to frustrate the local shear deforma-
tions within the crystalline lattice and thus result in a
transition to a structural glass, in much the same manner
as random magnetic fields frustrate local spin orienta-
tions in magnetic systems and, if sufficiently strong, lead
to the formation of a spin glass. '

The Ce/Fe multilayers are a remarkable example of a
system where a structural and magnetic disorder transi-
tion occur simultaneously. The variations of the fIexural
modulus EF of the layered system (Fig. 1) and of the
(tetragonal) shear modulus (c» —c,z )/2 of the metastable
binary alloys through the crystalline-to-amorphous tran-
sition show striking similarities. This suggests that the
mechanisms underlying the elastic anomaly in the bulk
alloys may be similarly effective in the layered composite
structure. But we must await theoretical work dealing
with the crystalline-to-amorphous transition in such sys-
tems before this hypothesis can be confirmed or must be
disproved. Figure 2 shows that the structural transition
in the Fe layers of the Ce/Fe system is accompanied by a
steep drop of the spontaneous magnetization and an ap-
preciable increase of the low-temperature coercive field;
the Curie temperature is reduced to values below 180 K.
In the amorphous phase the magnetic structure is not
collinear and, according to low-field magnetic susceptibil-
ity results, it is possible that magnetic order is induced
by the external magnetic field applied for the measure-
ments. Yu and Kakehashi have predicted a spin-glass
ground state for amorphous Fe; they attribute fer-
romagnetism recently observed ' in Y/Fe layered struc-
tures to a volume effect, i.e., to an increase of the Fe-Fe
distance caused by the Y atoms at the interface.
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hE/Es is found for the multilayers with the differently
textured Fe layers at a given thickness.

The difference in the flexural moduli for the two Fe
textures observed may be explained to a large part by the
results of Baral et al. ,

' who calculated the flexural
modulus EF of a thin foil with a (110) and (111)texture in
terms of the primary elastic constants c; . For the (110)
texture the expression is

9e „+7c„+14c~
F 16

(cii+3c&2 —2c44)

8(c»+c&2+2c44)
(4)
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FIG. 2. (a) Spontaneous magnetization Mz(0) and (b) coer-
cive field Hc at 4.2 K versus single-layer thickness
(tc, =tF, =A/2) of Ce/Fe multilayers with 2000 A total film
thickness, deposited onto Cr-coated Si(100) (Ref. 32). Solid lines
are guides to the eye.

B. CeH &/Fe multilayers

The elastic properties of CeH z/Fe multilayers were
measured on a series of films with either a (110) or a (111)
texture of the individual Fe layers. Figure 3 shows the
relative change of the flexural modulus of the multilayer
films Ez with varying Fe layer thickness of 16, 30, and 50
A. The thickness of the CeH 2 layers was kept constant

O

at 16 A. Let us recall that the individual layers are crys-
talline in these structures. Obviously, hydrogenation
causes a profound change in the mechanical properties of
the multilayers. It may be noted that (i) the flexural
moduli of the hydrided multilayers are substantially
enhanced compared to the values displayed in Fig. 1; (ii)
a difference on the order of —50% in the relative value
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FIG. 3. Relative change of the flexural modulus
(E+—Ez)/Ez of CeH 2/Fe multilayers (total thickness 5000 A)
at 300 K with variation of the Fe layer thickness for (111)and
(110) texture (solid lines: guide to the eye). Cr-coated glass sub-
strates with flexural modulus Ez.
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and for the (111)texture IV. CONCLUSION

C11 +C12 +2C~
E

(c„+2c,q —2c44)

(cll +2C12+ C44)
(5)

With the elastic constants of bulk Fe (Ref. 35) this
yields the flexural moduli of 257.3 GPa for the (110) tex-
ture and 275. 1 GPa for the (111) texture, respectively.
When referred to an averaged substrate modulus Ez =50
GPa, these numbers result in a -40%%uo higher bE/E&
value for a Fe (111) texture with respect to a (110) tex-
ture. This shows that the difference in the flexural modu-
li of the CeH ~/Fe multilayers with the two textures
mainly reAects a property of the Fe sublayers. However,
a contribution of the interfaces with the CeH z layers
cannot be excluded. Wolf has shown in the grain-
boundary model of a metallic superlattice that the grain-
boundary energy, which is a direct measure of the
amount of structural disorder in the system, depends sen-
sitively on the crystallographic orientation of the planes
involved in forming the interface; as a consequence, the
elastic response is different. In the CeH z/Fe system the
mismatch and hence disorder at the interface is smaller
for the (111) texture of the Fe layers, and according to
Fig. 3 this is connected with a harder material. Accord-
ing to Eq. (3) the flexural modulus E~ rejects a complex
interplay between the effective elastic constants C», C&&,
and C33 which may be softened (C», C&z) or, counter to
intuition, strengthened (C~~) by the structural disorder at
the interfaces. Apparently, the softening effect in C&&

dominates the elastic response of the CeH z/Fe multilay-
ers. Let us finally point out that the volume contribution
of the hydrided Ce sublayers to the Aexural modulus of
the multilayers is not clear. In this context it would be of
particular interest to study the inhuence of a variation in
the hydrogen content of the system.

A vibrating-reed technique has been used to measure
the mechanical properties of multilayers composed of Ce
and Fe. The structural transition from an amorphous to
the bcc crystalline phase occurring in the Fe sublayers at
a critical thickness near 20 A is reAected in a drastic de-
crease (of -70%%uo) of the Iiexural modulus. The elastic
softening is observed already for crystalline Fe sublayers
above the critical thickness for amorphous growth, and
hence is a precursor effect rather than the consequence of
amorphization. This reveals conspicuous similarities to
the crystal-to-glass transition in bulk metallic materials,
which seems to be driven by a shear instability of the
crystal lattice.

In hydrided multilayer structures CeH z/Fe the Fe
sublayers grow in the bcc structure above 10 A, with a
pronounced (110) or (111) texture for low- or room-
temperature deposition, respectively. The differences in
the flexural moduli of the multilayers observed for the
two Fe textures result to a large extent from the bulk
properties of the Fe layers, even though interfacial effects
cannot be excluded. For these multilayers it wi11 be in-
teresting to extend the measurements to low tempera-
tures, where a reorientation transition of the magnetic
easy axis from in plane to out of plane has been observed
recently. ' These measurements are in progress.
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