211

Relationship between structural phase transitions and elastic anomalies
in metallic superiattices

Eric E. Fullerton® and Ivan K. Schuller : -
Physics Department, University of California, San Diego, La Jolla, California 92093-0319

F. T. Parker
Center for Magnetic Recording Research, University of California, San Diego,
La Jolla, California 92093-0401

Kathryn A. Svinarich . _
Department of Physics and Astronomy, Wayne State University, Detroit, Michigan 48202

Gary L. Eesley
Physics Department, General Motors Research Laboratories, Warren, Michigan 48090-9055

R. Bhadra and M. Grimsditch _ _
Materials Scierice Division, Argonne National Labqratory, Argonne, Illinois 60439

(Received 20 November 1992; accepted for publication 29 January 1993)

A detailed study of the structural and elastic properties of Fe/Cu superlattices has been
performed. These superlattices exhibit a structural phase transition as a function of layer
thickness in which bee a-Fe transforms into fec y-Fe. This structural phase transition in which
the Fe layers become coherent with the Cu layers is signaled by clear-cut changes in elastic and
magnetic properties. The elastic properties studied through this transition indicate that in-plane

coherency plays an important role in the elastic behavior of metallic superlattices.

l. INTRODUCTION

Understanding the mechanical properties of metallic
superlattices and multilayers has been a challenging exper-
imental and theoretical problem.! The current, generally
accepted, experimental conclusion is that elastic anomalies
are present in metallic superlattices. These anomalies, al-
though not as striking as those in the original report,* nev-
ertheless are much larger than any predictions based on
simple continuum elasticity theory. In almost all cases the
elastic anomalies, which may typically be of the order of
109%-50%,% are correlated with structural lattice expan-
sions and contractions of the order of 2%-4%.>"*1° The
origin of the observed structural expansions is not well
understood at the present time.

A number of theoretical models have been advanced to
explain the origin of the elastic anomalies. In general these
theoretical explanations can be divided into two categories:
electronic or structural. Electronic explanations have at-
tributed the presence of elastic anomalies either to changes
in the Fermi surface due to the added periodicity of the
superlattice’’!® or to charge transfer across the inter-
faces.!*!> Structural explanations attribute the elastic
anomalies to strains present at the interfaces.'*?2 Numer-
ical simulations that use the experimentally measured ex-
pansions are able to quantitatively fit the elastic anoma-
lies.!"?? To date, however, no comprehensive theory has
emerged that simultaneously describes the structural and
the elastic anomalies. Although a first step in this direction
is the “grain-boundary” model, ! a quantitative theory
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applicable to the different structures experimentally inves-
tigated has not yet emerged.

Experimentally, it is clear that the elastic and struc-
tural anomalies are correlated. It is therefore important to
explore this fact in systems in which precise structural and
mechanical measurements are performed. We present here
a detailed study of both structural and mechanical charac-
teristics of Fe/Cu superlattices. Since it is known that Fe
can exist in a variety of epitaxial phases which are deter-
mined by the growth conditions, this is an ideal system in
which to study the relationship between structure and elas-
tic properties. More specifically, it has already been shown
that in a superlattice Fe undergoes a structural phase tran-
sition from bcc a-Fe to fcc y-Fe which depends on the
thicknesses of the Fe and Cu layers.>-%’

Il. EXPERIMENTAL DETAILS

Fe/Cu superlattices (with either 0.2 or 0.5 um total
thickness) were prepared using magnetron sputtering onto
ambient temperature sapphire, mica, and Si substrates as
described earlier.”® The thicknesses were determined by
precise control of the sputtering rates and by timing the
computer-controlled substrate holder. Four series of films
in the superlattice wavelength 10 A <A <300 A with nom-
inal relative thicknesses (#g, :#¢,) of 3:1, 1:1, 1:2, and 1:3
were prepared.”® To investigate the effect of a buffer layer a
series with a 500 A Cu underlayer was also fabricated. This
buffer layer produces no measurable effect on either the
structural or the mechanical properties. Structural studies
were performed on a computer-controlled Rigaku D-Max
II x-ray diffractometer using CuKa radiation. Room-
temperature magnetization measurements were performed
using a vibrating sample magnetometer and conversion
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FIG. 1. Low-angle 9-20 x-ray-diffraction spectra for representative 1:1
Fe/Cu superlattices. Spectra are offset for clarity. Numbers indicate the
order of the low-angle peaks.

electron M0ssbauer spectroscopy (CEMS). Shear elastic
constants were measured using Brillouin scattering with a
54-2 tandem Fabry-Perot spectrometer and the perpendic-
ular longitudinal modulus C;; was measured using tran-
sient piezoreflectance (TPR) measurements.’%3!

€

{ll. STRUCTURE

Low- and high-angle 6-20 and 6 (rocking curves)
x-ray scans allow a detailed structural characterization of
the samples. Figure 1 shows low-angle 6-20 x-ray scans for
a representative series of samples. Well-resolved low-angle
diffraction peaks were observed for all modulation wave-
lengths studied indicating a well-defined layered structure.
Finite-size peaks which arise from interference of the sur-
face and substrate reflections can be seen in about the
third-order reflection of the A=118 A film.

High-angle x-ray results are similar to those observed
by a number of groups.23'26 For large modulations, A > 200
A, Cu(111) and a-Fe bee(110) peaks are resolved sepa-
rately, whereas at smaller A, a single broad diffraction peak
is found at 26 located between the Cu(111) and a-Fe(110)
peaks (Fig. 2). Rocking curves about this peak indicate
that the mosaic spread is of the order of 20°. High-angle
superlattice satellites are not observed and the Cu(200),
Cu(220), and Cu(311) have much smaller intensities than
the Cu(111).

The samples with ratios (#g, :2c,) 3:1 and 1:1 exhibit
a-Fe growth for all modulations as indicated by the pres-
ence of Fe bcc(200) and bee(211) peaks. However, the
samples with the nominal ratio (#g, :/c,) 1:2 and 1:3 show
that the intensity of the a-Fe(200) and (211) peaks de-
creases with decreasing A until they disappear in the sam-
ples with the lowest modulations. Figure 2 shows the main
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FIG. 2. High-angle 6-26 x-ray-diffraction scans of 1:2 samples with scat-
tering vector normal to the superlattice. X-ray spectra are offset for clar-
ity. The A=27 and 20 A samples’ spectra are reduced in intensity by a
factor of 5. Dashed lines indicate the expected position of Cu(111) and
a-Fe(110) peak positions.

diffraction peak for a series of samples with nominal ratios
(#pe ttcy) 1:2. As in the case for the other thickness ratios,
a single diffraction peak is observed intermediate between
the expected Cu(111) and the a-Fe(110) peaks. The peak
position and its shape are independent of A down to A ~35
A. For smaller A, the 0-20 peak and the rocking curve
sharpen and the diffraction peak shifts toward the Cu(111)
position indicating that a structural transition has taken
place in the superlattice. These changes occur in the region
of A where the a-Fe bcc(200) and (211) lines disappear
and the bee a-Fe peaks were found to be absent in trans-
mission x-ray scans of the A=20 A sample. The coherence
length extracted from the width of the high-angle diffrac-
tion line is greater than 10A. A similar shift and sharpen-
ing of the high-angle diffraction peak is observed for the 1:3
samples near the same Fe layer thickness.

For the 1:2 A=20 and 115 A samples, the 8-20 scan
along the expected bcc(211) and fec(311) directions
(scattering angle of 29.7° with respect to the film normal)
is shown in Fig. 3. In the A=115 A sample both the a-Fe
bee(211) and Cu fee(311) are observed. The bec(211)
peak at the expected a-Fe position is absent in the A=20
A sample and a sharp peak is observed at the expected
Cu(311) position with a linewidth of ~1.5°. This line-
width translates into a coherence length larger than 75 A
along the fcc(311) direction which extends over many lay-
ers and is clear evidence for a coherent fec structure of the
Cu and Fe layers in this superlattice. If the growth were
not coherent (i.e., bec Fe on fcec Cu), the coherence length
would be limited by the finite thickness of the individual
layers since the fec(111) and bec(110) planes have differ-
ent rotational symmetries and are incoherent along the
bee(211)-fec(311) directions. '
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FIG. 3. High-angle 6-26 x-ray-diffraction scans of 1:2 samples for A=20
and 115 A with the scattering vector at 29.7° relative to the film normal.
Arrows indicate expected positions of a-Fe(211) and Cu(311) peaks.
These peaks are expected at 30° and 29.5° with respect to the film normal,
respectively, and should both be observable.

Figure 4 shows the perpendicular average lattice pa-
rameter d extracted directly from the central peak position
of the high-angle diffraction data. All samples with ratios
(ge :itcy) 3:1 and 1:1 show only slight changes in d as a
function of A, whereas the samples with the ratio 1:2 and
1:3 show little change down to the thickness at which the
bee a-Fe to fecc y~Fe occurs. At this thickness, the struc-
tural phase transition is signaled by an expansion in which
the average lattice spacing becomes almost equal to the
bulk Cu lattice parameter.

The structural results presented above are indicative of
a phase transition of the Fe layers in superlattices with
teg> 1.5tg, and for fp, <12 A. The results are consistent
with previous reports of the presence of fcc y-Fe in Fe/Cu

superlattices. 2
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FIG. 4. Perpendicular average lattice spacing d as a function of A for
different ratios tg. :fc, . () 3:1; (O) 1:1; (A) 1:2; and (*) 1:3. Arrows
indicate the expected peak positions of bulk Fe(110) and Cu(111) and
superlattice positions.
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FIG. 5. CEMS results on 1:1 Fe/Cu superlattices. (a) Measured spec-
trum (circles) for A=26 A sample and fit to a distribution of hyperfine
fields (line). (b) Distribution of hyperfine field P{H) vs hyperfine field A
determigbed from fitting the measured Mdssbauer spectra for A=26 A and
A=13

IV. MOSSBAUER RESULTS

To study the local environment of the Fe atoms, three
superlattices were studied by CEMS. Shown in Fig. 5(a) is
the measured CEMS spectra for an Fe(13 A)/Cu(13 A)
superlattice measured at room temperature and zero ap-
plied field. The spectrum consists of the expected magnet-
ically split six lines. The magnetic splitting is most depen-
dent on the nearest-neighbor (nn), and next-nearest-
neighbor (nnn) environment of the Fe atoms. The Fe
atoms with one or more Cu nn or nnn will have a reduced
hyperfine field relative to the value of the atoms with all Fe
neighbors. The CEMS spectra were fit with a superposition
of six line subspectra which have a distribution of hyperfine
fields H. The isomer shift of each subspectrum was fit as an
independent parameter. Quadrupole splitting and relative
line broadening were ignored. The fit of a CEMS spectrum
generates a P(H) plot, where P(H) is the relative height of
a subspectra with hyperfine field H. Each P(H) distribu-
tion is normalized, so that the sum of the P(H) values
equals one.

Shown in Fig. 5(b) are the results of fitting the CEMS
spectra to a distribution of hyperfine fields for 1:1 samples
with A=26 A and A=13 A. The resulting P(H) curve for
the A=26 A sample shows a sharp peak at H=315 kOe,
which corresponds to the Fe atoms with all Fe nn and nnn.
This value is slightly reduced compared to the bulk Fe
value (H=330 kOe) and has been observed in other
Fe/Cu superlattices.*>** The contribution of the Fe atoms
near the interface which have some Cu neighbors gives rise
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FIG. 6. Room-temperature saturation magnetization M, vs A for differ-
ent ratios of fg, :fc, : (@) 3:1; (O) 1:1; (A) 1:2; and () 1:3. The arrow
indicates the bulk Fe moment.

to the tail at lower H in the P(H) curve. For an Fé thick-
ness of 13 A (corresponding to =~ 6.5 monolayers of Fe), if
the interface were chemically sharp, then =~40% of the Fe
layers will have all Fe nn and nnn. The intensity of the
H=315 kOe peak is 429 of the spectrum, indicating that
there is very little interdiffusion (=1 monolayer) at each
interface in agreement with Refs. 23, 32, and 33. When the
Fe thickness is decreased to ~7 A, all the Fe atoms should
have at least one Cu nn or nnn. This should result in the
disappearance of the peak at 315 kOe which is clearly ev-
ident in Fig. 5(b). The fact that P (315 kQe) is finite may
indicate that there are some layer thickness fluctuations
giving rise to thicker regions of Fe. The CEMS results also
show that less than 109% of the Fe atoms are nonmagnetic.
This is direct contrast with the Méssbauer spectrum for the
1:2 Fe/Cu superlattices with ~7 A Fe layer which has the
y-Fe structure. The room-temperature spectrum is a non-
magnetic, essentially unsplit Mssbauer spectrum in agree-
ment with previous studies.?

V. MAGNETIC PROPERTIES

Further supporting evidence for the formation of fcc
v-Fe in the 1:2 and 1:3 samples comes from magnetization
measurements. The measured room-temperature satura-
tion magnetization M of the Fe layer as a function of
modulation wavelength is shown in Fig. 6 for the various
series of samples. The saturation magnetization for the 3:1
and 1:1 samples is only slightly A dependent with M, close
to the value for bulk Fe in agreement with previous mea-
surements.*>* The slight decrease of M at lower Fe thick-
nesses is due to a decreased magnetic contribution of the
Fe atoms close to the interface as indicated in the CEMS
results. In contrast to the 3:1 and 1:1 samples, the 1:2 and
1:3 superlattices show a sharp drop in magnetization close
to the same critical thickness at which the x-ray lines shift.
At the smallest modulations, the room-temperature ferro-
magnetic signal is less than 5% of that expected for a-Fe,
indicating that the majority of the Fe has transformed into
a nonmagnetic phase in agreement with the Mossbauer
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FIG. 7. Surface phonon velocity vs A for different ratios of g, :fc, : (¢)
3:1; (O) 1:1; (A) 1:2; and (%) 1:3.

results. For comparable Fe layer thickness in the 1:1 su-
perlattices, the Fe moment is 70% of the expected moment
with less than 10% of the Fe nonmagnetic as determined
by CEMS. These results are in agreement with earlier mea-
surements on epitaxial Fe on Cu films***> and small Fe
clusters in a Cu matrix.’® All these earlier measurements
indicate that Fe transforms to a nonmagnetic y-Fe phase
below a certain critical thickness or size.

VI. ELASTIC PROPERTIES

Figure 7 shows the surface phonon velocity v measured
using Brillioun scattering on superlattices with a total
thickness > 5000 A. The various symbols represent sam-
ples from series with different Fe:Cu ratios and the solid
lines are guides to the eye. The surface phonon velocity is
related to the shear elastic constant Cy, through®’

v=BCss/p, (1)

where p is the average mass density of the film, and 8
(=0.8-1.0) is a constant that depends weakly on Cj;, Cis,
and Cy3. The measured velocities can be directly compared
to the velocities calculated using continuum elasticity the-
ory.’” The velocities expected for the superlattice calcu-
lated using the bulk Fe and Cu elastic moduli®® are shown
by the arrows in Fig. 7. Because the samples are polycrys-
taltine in the plane, the elastic constants have to be aver-
aged over all possible in-plane orientations. This gives rise
to some uncertainty in the calculated velocity depending
on the averaging procedure (Reuss or Voigt).>® The ar-
rows on the right-hand side represent the Reuss average
and the arrows on the left-hand side the Voigt.

At large A, there is agreement between calculated and
measured velocities since the latter are within the calcu-
lated range, although closer to the Reuss average values;
however, as A decreases, the phonon wave velocity initially
decreases for all samples. This behavior is similar to that of
other immiscible bee/fec superlattices.>”"'° The decrease
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FIG. 8. Longitudinal phonon velocity perpendicular to the layers vs A for
different ratios of g ifcy : (O) 1:1 and () 1:3.

in the 1:1 sample phonon velocity is 13% which corre-
sponds to a 25% decrease in C,. Since no major changes
are found in the perpendicular lattice spacing this is clearly
not the relevant structural parameter which drives the
shear elastic constant changes. The most striking results
are obtained for the samples with nominal #g, :#-, ratios 1:2
and 1:3. In this case a minirmium develops in the phonon
velocity with the minimum coinciding with the thickness at
which the a-Fe to y-Fe transition takes place.

The longitudinal sound velocity measured by TPR is
shown in Fig. 8 for the g, :fc, ratio 1:3 and 1:1 samples
with total thickness of 2000 A. The longitudinal phonon
velocity is related to the elastic constant Cs; through

v=C33/p. (2)

We were unable to obtain a measurable sighal from the
Fe-rich samples due to a lack of sufficient contrast in the
density and elastic properties at the film-substrate inter-
face. The behavior of the sound velocity in this case is quite
different from the shear velocity described above. The ex-
pected longitudinal velocity calculated from the bulk Fe
and Cu elastic constants is 5.55 and 5.35 for the 1:1 and 1:3
samples, respectively. The measured velocity of the large A
samples is lower than the expected values, which may re-
sult from the mosaic spread of the crystals. As seen for the
surface wave velocity, the 1:1 samples show a slight mono-
tonic drop as A decreases. The behavior of the longitudinal
velocity in the 1:3 samples is quite different from the sur-
face velocity described above. In the 1:3 samples with large
A (>60A) the velocities are constant within experimental
error. As A decreases, the longitudinal velocity sharply
drops at the thickness corresponding to the structural
phase transition. This behavior is opposite to the A <60 A
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dependence in the 1:3 sample’s surface wave velocity. The
decrease in the longitudinal velocity is, however, consistent
with the expansion of the perpendicular lattice spacing
shown in Fig. 4.

Vil. DISCUSSION

A number of conclusions can be drawn from these data
that are independent of specific theoretical models, as fol-
lows.

(i) Clearly in this system the earlier correlation be-
tween perpendicular lattice spacing d and phonon velocity
is not crucial. The most dramatic changes in d are for the
1:2 and 1:3 samples where both d and surface phonon
velocities increase with decreasing A. Therefore, the behav-
ior of the shear modulus cannot simply be assigned to the
perpendicular lattice changes or a weakening of the per-
pendicular bonding.

(ii) The elastic anomalies in Fe/ Cu superlattices are
strongly correlated with the structural phase transition of

‘the Fe layers. The x-ray studies mdlcate quite conclusively

that the thin layers of Fe (<12 A) transform into y—Fe
when the Cu layer is thicker than the Fe layer.

(iii) In the present case, the thin layers which form
coherent inteérfaces (y-Fe) have a shear modulus close to
the value at large A (a-Fe) and a longitudinal modulus
softened with respect to the large A value.

" A comparison of our experimental results with the the-
oretical models of the supermodulus effect is severely ham-
pered by lack of detailed predictions of all but the grain-
boundary model. 22! For example, in the electron transfer
model'® it could be argued that the charge transfer drives
the bee-fee phase transformation and that all elastic anom-
alies simply refiection this fact. Speculative arguments such
as this cannot be either proved or disproved with our cur-
rent knowledge of these systems and hence they provide no
useful insight. We believe that similar arguments could be
made for the surface tension model,'!® the zone folding
model,''"** and perhaps also for the coherency strain
mode].!®!7

Until the above models are able to produce specific
predictions, our results can only be compared with the
predictions of the grain-boundary model.?>?! Even here,
however, only a qualitative comparison can be made since
the calculations were performed for fcc/fee superlattices
and did not consider structural phase changes. We suggest
that the experimental results can be qualitatively under-
stood as a superlattice system that undergoes a coherent-
incoherent phase transformation. In Ref. 21 is has been
shown that in an incoherent interface superlattice, Cy
should decrease sharply and C;; should change by less than
==3%. For the coherent interface case, Cyy should be al-
most independent of A and Cj; should decrease by ~12%.
For samples with no y-Fe detected (i.e., all 3:1 and 1:1
samples and fz,>12 A in the 1:2 and 1:3 samples) the
softening in Cy, and the small change in C;; are consistent
with atomic level disorder at an incoherent interface.?! For
tge <12 A in the 1:2 and 1:3 samples where y-Fe is present,
the increase in Cy, and decrease in Cj; are consistent with
the formation of coherent interfaces in which the changes
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are produced by the removal of disorder as y-Fe is formed.
If the small A samples are indeed perfectly coherent, then
these samples should reflect the elastic properties of y-Fe.
Our results would then indicate that Cy4 of y-Fe is roughly
equal to that of a-Fe and Cj;3 is somewhat lower.

In conclusion, we have performed a detailed study of
the structure and elastic properties of Fe/Cu superlattices.
For certain modulation wavelengths and ratios of Fe:Cu
thicknesses, these superlattices exhibit a structural phase
transition in which bee a-Fe transforms into fcc y-Fe. This
structural phase transition is signaled by clear cut changes
in structural parameters, in the magnetic properties, and in
the mechanical properties. Our results are in good agree-
ment with the predictions of the grain-boundary model.
However, a clear-cut explanation and a way to properly
engineer elastic constants into artificial materials will only
arise if theoretical calculations are performed specifically
on the same systems that are studied experimentally.
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