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Brillouin-light-scattering study of long-wavelength acoustic phonons
in single-crystal dysprosium films
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We have employed Brillouin scattering to investigate elastic-wave velocities as a function of tempera-
ture in Dy thin films and in bulk Dy. The single-crystal films were synthesized by molecular-beam epi-

taxy to ensure high crystalline and interfacial quality. Surface (Rayleigh) and guided-wave (Lamb)
modes were probed by the Brillouin technique through the surface ripple-coupling mechanism. Results
taken near room temperature in the paramagnetic phase agree very well with a layered-elastic model in

which the materials of the samples are represented by elastic behavior using bulk single-crystal elastic
data from the literature. At lower temperatures anomalies were found for samples with the thinner Dy
layers: Measured wave velocities differed by up to 2% from the model predictions, and the ratio of
Lamb-to-Rayleigh intensities was twice the predicted value. The anomalies coincide with the ferromag-
netic transitions of the films, and they are believed to originate from coupling between the phonons and

the magnetic system in the near-surface region probed by the Brillouin scattering.

I. INTRODUCTION

An interesting coupling between magnetic and elastic
properties is observed in rare-earth metals. It is made ap-
parent in the bulk materials by the very large rnagnetoe-
lastic -0.5% that appear at the ferromagnetic transi-
tions of these metals. Magnetoelastic effects of this type
are of crucial importance in thin films. In recent studies
of thin epitaxial crystals the epitaxial strain caused by
atomic registry at the interface between the crystal and
the substrate has proved to be a factor that controls the
magnetic phase equilibrium' %'hen grown stretched by
1.6% on an yttrium substrate, for example, dysprosium
no longer exhibits ferromagnetism even down to the
lowest temperatures. When grown compressed by 2.4%
on lutecium, on the other hand, Dy has its Curie point
enhanced from the bulk value of 85 to about 170 K. The
elastic strain thus raises the ferromagnetic transition tem-
perature almost up to the Neel temperature of 178 K at
which the spins first order in each basal plane to form the
helical antiferromagnetic phase. The Neel point itself en-
tails little magenetostriction and is correspondingly in-
sensitive to epitaxial strain. Bulk ferromagnetic behavior
is in fact restored with increased film thickness, but only
as the dimensions become macroscopic with a length
scale of 0.1-1pm. Because all one-dimensional solutions
of the elasticity equations necessarily correspond to uni-
form strains, the thickness dependences actually arise
from anelastic behavior, and are associated with disloca-
tion displacements or interfacial relaxation rnechanisrns.
These interesting complications are all manifestations of
the important coupling in rare-earth metals between
magnetism and strain, on which the present paper is fo-
cused.

Light scattering provides a unique probe for elastic
behavior on the 1-pm length scale. By Brillouin-
scattering methods it is possible to determine the veloci-

ties with which Rayleigh and Love waves propagate
along the surface of a metallic crystal. The character of
these vibrational modes and the wavelength of the light
both serve to confine the probe depth to the chosen
length scale. In short they should be consistent with
macroscopic measurements of the elastic constants.

Using Dy samples grown with nearly perfect surface
and interfacial structures by molecular-beam epitaxy, we
have performed light-scattering measurements on a
high-quality Dy single crystal. The results verify that the
surface wave phenomena, when observed near room tem-
perature, do indeed agree very well with bulk elastic mea-
surements. The comparison is far from trivial, because
the sapphire substrate and buffer and seed layers required
by the crystal growth enter into the determination of the
mode frequencies. The room-temperature results provide
an important reference point because further data taken
at low temperature reveal significant discrepancies be-
tween the measurements and the predictions. The anorn-
alous results occur at temperatures near and below that
of the ferromagnetic transition, where large magnetostic-
tive strains occur. Discrepancies of a similar magnitude
do not, for example, occur at the Neel point where the
paramagnetic high-temperature phase gives way to the
helimagnetic phase. The most notable discrepancy is be-
tween the observed and calculated ratios of Lamb-to-
Rayleigh intensities, which differed by a factor of 2 at the
Curie temperature. Therefore, the focus of this paper
will be on this observation.

In what follows, Sec. II provides technical information
about the light-scattering measurements in Sec. IIA,
crystal growth and characterization in Sec. IIB, and a
brief mention of the theoretical technique in Sec. IIC.
The results of measurements on several samples are
presented in Sec. III and compared with the predictions
of the model. Section IV provides further discussion of
these results.
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TABLE I. The thicknesses of the Dy film, Y seed layer, chemical buffer layer, and sapphire substrate
for the Dy samples studied.

Y cap layer
Y seed layer
Buffer layer
Sapphire

none
760 A
1010 A, Nb
0.6 mm

none
600 A
1200 A, Ta
0.6 mm

46 A
760 A
1010 A, Nb
0.6 mm

46 A
760 A
1010 A, Nb
0.6 mm

II. TECHNICAL DETAILS

A. Light-scattering experiments

The optical methods employed here were well estab-
lished by earlier applications to single-layer films. As a
result, any complications associated with the interpreta-
tion of the light-scattering data were confined to the
consequences of the multilayer film structure. The 647-
nrn line of a Coherent krypton ion laser provided a
100-200-m% source of single-moded power for all the
scans. Dispersion of the scattered light was provided by a
Sandercock Fabry Perot interferometer operating in the
six-pass configuration. Further details of the experimen-
tal arrangement will be found in Ref. 4.

The dispersion of surface wave velocity with wave vec-
tor was determined over a limited range of phonon wave-
lengths by varying the backscattering angle, typically be-
tween 40' and 70'. This corresponds to values of the
wave vector q between 1.28kL and 1.88kL, where kL is
the laser photon wave vector. For homogeneous films of
thickness t the velocity depends on the product tq, and
this allows the dispersion to be charted over a large con-
tinuous range, using films of several thicknesses. This
simplification is lacking in the present, multiply layered
films.

K, reduced from the bulk value of 85 K as expected, but
somewhat greater than Kwo's results in zero field of 50 K
for a 1000-A film and 40 K for a 200-A film. The
di8'erences can be attributed mainly to the field employed
in the present work.

C. Modeling of surface wave phenomena by elastic theory

The three- and four-layer thin-film systems studied
here were modeled by a generalization of the method out-
lined by Parnell and Adler. These authors describe a
method for determining the elastic eigenmodes in a single
film on an semi-infinite substrate. In our case, general
solutions of the elastic-wave equation are calculated for
each constituent material, and the eigenmodes of the
multilayer systems determined by applying the appropri-
ate boundary conditions at each interface. In this way
the dispersion curves and light-scattering spectra of this
elastic model could be calculated from the known elastic
constants and densities for bulk materials. The required
data for single crystals of Dy, Y, Nb, Ta, and sapphire
are available in the literature in sources referenced in
Table II. The elastic eigenmodes were quantized and the
light-scattering spectra were predicted assuming that the

B. Sample growth and characterization

The single-crystal Dy films studied in this research
were grown in a Perkin Elmer 400 chamber using we11-

established methods of molecular-beam epitaxy. Epitaxi-
al grade substrates of (1120) sapphire were first buffered
by a 500-A layer of single-crystal (110) Nb or Ta, on
which a smooth Y(0001) seed layer then grew readily.
Dy of excellent quality could then be grown to any
desired thicknesses. Further details of these procedures
and the optimum conditions are published elsewhere.
Films of thickness approximating 250, 450, 2500, and
6600 A were grown, the latter two capped with about 50
A of Y. Table I records the precise specifications.

A linear profilometer was used to determine the
thicknesses of the films to -5—20% and Rutherford
backscattering spectroscopy provided a reduced uncer-

0
tainty of —5 —10% for the 450-A sample.

As mentioned in Sec. I, the Curie point of epitaxial Dy
crystals depends on the thickness. For this reason we un-

O

dertook magnetic measurements on the 450-A film using
a superconducting quantum interference device (SQUID)
to obtain the magnetization as a function of temperature
in a 1-kOe field (Fig. 1). The Curie point was found at 65

450-A Dy film

H = 1.0 kOe

Temperature (K)

FIG. 1. The total magnetic moment of the 450-A Dy films is
plotted vs temperature. The data were taken with a SQUID
magnetometer and a 1.0-kOe field was applied in the plane of
the film and parallel to one of the edges of the sapphire sub-

strate. This corresponded to a direction that is 11' from a hard
axis of magnetization of Dy.
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TABLE II. A listing of references for the bulk elastic constants, densities, and thermal expansion
data used in the elastic model calculation for the Dy samples.

Crystal

Dysprosium
Yttrium
Niobium
Tantalum
Sapphire

Elastic constants

Ref. 11
Ref. 21
Ref. 23
Ref. 24
Ref. 27

Density

Ref. 11
Ref. 21
Ref. 23
Ref. 25
Ref. 28

Thermal expansion

Ref. 20
Ref. 22
Ref. 23
Ref. 26
approximated to be 0

light is scattered mainly by the surface ripples induced by
the acoustic modes. ' The generalization of the elastic
theory from a single layer to multiple layers is straight-
forward and will not be presented. For further detail on
the calculation, refer to references 7-9 and the PAPS pa-
per supporting this paper. '

III. RESULTS

A. Room-temperature dispersion and Brillouin spectra
of the acoustic phonons in Dy Slms

The room-temperature study is necessary to test the
predictions made by the numerical method outlined
above. Although well established, the method is usually
applied to a single homogeneous layer on a substrate,
which is much simpler than three homogeneous layers on
a substrate. Furthermore, the physical constants for the
constituent materials in the layer may differ from those of
the bulk materials. Good agreement of room-
temperature data with model predictions for samples of
different thicknesses will establish a good foundation for
the temperature-dependence study and demonstrate the
ability of the elastic model to predict the acoustic-phonon
spectrum of a multilayer film.

Thus began a room-temperature study of a series of
dysprosium films with thicknesses given in Table I. The
dysprosium films grown on sapphire have two buffer lay-
ers. The dispersion of velocity no longer depends solely
on the product fq, and the general treatment mentioned
in Sec. IIC is necessary. Good agreement between the
calculated and experimental spectra was observed for all
of the dysprosium films. However, we will only present
the data for the 450-A film since our focus will be on this
sample. The data for the other samples are given in Ref.
10.

Figure 2 displays the Brillouin data for the 450-A Dy
film grown on sapphire with 600-A Y and 1200-A Nb
buffer layers. The calculated dispersion is compared with
the data points in Fig. 2(a). The data agree very well with
the calculated dispersions; no adjustable parameters were
introduced. Furthermore, the spectrum calculated for
the ripple mechanism also compares very well with the
Brillouin data in Fig. 2(b). The spectrum in Fig. 2(b) cor-
responds to the row of data points in Fig. 2(a) at
tDyq =0.848, where tD„=450 A. To incorporate instru-
mental resolution in the calculated spectrum, the 5 func-
tions were replaced by normalized Gaussians of width fit
to the observed Rayleigh peak. The small error in the in-
tensity of the third peak may be due either to uncertain-

ties in the film thicknesses or to a small scattering contri-
bution from the elasto-optic mechanism, since the
relevant calculated mode is strongly longitudinal.

Note in Fig. 2(a} that there is mode mixing at several
points where dispersion curves cross. We can no longer
label such modes as pure Lamb or Love waves. The solid
curves in Fig. 2(a} correspond to those modes that ripple
the surface with at least 10% of the total displacement
amplitude. These modes are Lamb, Lamb-like, Rayleigh,
or mixed, but also included are some of the Love-like
modes. We denote all modes in this group as Lamb-like.
The remaining modes are divided into two categories.
Modes that have a stronger transverse parallel com-
ponent than a longitudinal component are indicated by
dotted curves, and modes that have stronger longitudinal
component are designated by dashed curves. These two

(a) a Brillouin data
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FIG. 2. Brillouin data taken from the 450-A Dy film. (a) The
observed dispersion of the phonon velocities is compared with
calculated dispersion curves. (b) The Brillouin spectrum for
EDy q = 1.02 (lower curve) is compared with the spectrum pre-
dicted by the ripple mechanism (upper curve). The calculated
curve is offset for clarity.
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groups of modes are designated Love-like and
longitudinal-like, respectively. The longitudinal-like
modes are actually Lamb modes with very weak trans-
verse normal components. Modes in both of these groups
weakly ripple the surface and are only observable
through the ripple mechanism if the overall amplitude of
the mode is sufBciently large. These groupings give rough
guidance as to the observability of the modes. In what
follows, a description such as Lamb-like in quotation
marks refers to these groupings; without the quotation
marks, Lamb-like takes its usual definition of a mixed
mode that is predominantly a Lamb wave in nature.

The room-temperature study has shown that the elastic
model mentioned in Sec. II C can be used to accurately
predict the Brillouin spectra of multilayer metal films, in
particular single-crystal dysprosium films grown on sap-
phire with two buffer layers. In Sec. IIB, we use the
same technique to model the temperature dependence of
the Brillouin spectra of the 450-A Dy film the 6624-A Dy
film, and a bulk Dy crystal.

08. Temperature-dependence study a 6624-A Dy film

and a bulk Dy crystal

The measured temperature-dependent Rayleigh-wave
velocities in the 6624-A Dy film and in bulk Dy are com-
pared in Fig. 3 with that Ca for bulk Dy. The calcula-
tions were made with two sets of elastic constants for Dy
determined by Rosen and Klimker" and Palmer and
Lee, ' using an ultrasonic pulse technique. ' The temper-
ature dependence of the velocities for the Rayleigh waves
in bulk Dy and the 6624-A Dy film are very similar, as
expected. The two experimental curves agree reasonably
well with the curves calculated from the bulk elastic con-

1700

~ I++I

~o 1620

1580—

bQ

gg 1540—

- - ~ — Bulk Dy
-- ~- — 6624-A Dy film

Calculated (Rosen and Klimker)
—- — Calculated (Palmer and Lee)

1500
0 50 100 150 200 250 300

Temperature (K)

FIG. 3. Temperature dependence of the Rayleigh surface
0

wave velocity for a Dy single-crystal slab and a 6624-A single-
crystal film determined by Brillouin scattering compared with
values calculated from bulk elastic constants measured by
Rosen and Klimker (Ref. 11) and Palmer and Lee (Ref. 12).

stants of Dy, especially since the two calculated curves do
not agree exactly with each other. Most of the disagree-
ment between the calculated curves comes from a
difference in the temperature dependence of c,~ and c,;.
%e see from Fig. 3 that significant differences can arise
between the Brillouin data and calculations using uncer-
tain bulk elastic constants. %e explore this in more de-
tail in Sec. III C.

The elastic constants for an important range of temper-
atures are missing from the data published by Palmer and
Lee. They report this as due to the very high ultrasonic
attenuation near T, and to strain on the coupling media.
%'e thus used the elastic constants determined by Rosen
and Klimker for calculations modeling the Dy films. Pal-
mer and Lee propose that the large anomalies observed in
the elastic constants of bulk Dy crystals near T, are due
to "rotational and domain wall processes involving reori-
entation of the magnetic moment vector. "' These
anomalies disappeared when they applied a 2.5-T mag-
netic field. As the largest magnetic field that we were
able to apply was about 0.5 T, it proved impossible for us
to study the regime where the anomalies in the elastic
constants are suppressed.

a
C. Temperature-dependence study of a 450-A Dy film

By studying the temperature dependence of the Bril-
louin spectra of the 450-A Dy film, we were able to ex-
tract the temperature dependences of the Rayleigh-wave
velocity, first Lamb-like wave velocity, and the intensity
of light scattering from the first Lamb-like wave relative
to that from the Rayleigh wave. The spectral peaks were
fit to Gaussians to model the spectral function of the in-
terferometer. All the studies of temperature dependence
in this film were performed with the angle of incidence
ranging from 75' to 77' in backscattering geometry,
which corresponds to tD„q =0.884 to 0.851 for tD =450
0

A. The backscattering angle for each scan was measured
to within 0.2', and the relative uncertainty is about 0.05'
for a series of consecutive scans. kL was aligned parallel
to an edge of the sample. This corresponds to a phonon
propagation direction 11' from the a axis of the Dy film.
The magnetic field was applied in the plane of the film

and perpendicular to the phonon propagation direction.
This corresponds to a direction that is 19' from the a
axis, the easy axis of magnetization. These values have
uncertainties of a few degrees.

The temperature dependences of the Rayleigh-wave ve-

locity and the first Lamb wave velocity are shown in Fig.
4. The open squares correspond to data taken without an
applied magnetic field, and the filled circles denote data
taken in an applied magnetic field of about 0.5 T. The
field was supplied by a Nd-B-Fe permanent magnet as-
sembly with a room-temperature magnetic field of 4.8
kOe in the gap. The magnetic field in the gap was cah-
brated as a function of temperature with a Hall probe.
The error bars in Fig. 4 represent uncertainties in fitting
the spectral peaks by Gaussians and in fitting the laser
peak and the first-order ghost peaks to determine the
calibration. Uncertainties in temperature have not been
included. The spread of the data provides a fair indica-
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tion of the reproducibility. At low temperatures the
spectral peaks are weaker, and the reproducibility is
worse. Excellent sensitivity and reproducibility are need
to resolve the relatively small 1% anomaly in the phonon
velocities. These experimental curves are compared with
the temperature dependence calculated from the elastic
model using bulk elastic constants for H=0 from Rosen
and Ioimker. Thermal expansion of the By film and the
Ta film was taken into account using the temperature
dependence of the bulk lattice constants (Table II).

Anomalies in the temperature dependence of the veloc-
ities of both phonon modes were observed near T„with
and without an applied magnetic field. These anomalies
occur near the Curie temperature of the film when no
magnetic field is applied, and with the field on they shift
up to a temperature near the Curie temperature for bulk
Dy. In the absence of Seld, the anomalies are most
difBcult to resolve because the reproducibility
deteriorates at low temperatures where the intensity of
the spectral peaks is greatly diminished. From Refs. 11
and 12 we see that the elastic constants c» and c,2 for
Dy exhibit large anomalous softening at the Curie tem-
perature. This accounts for the anomalous softening
present in the calculated temperature dependences, and

Temperature (K)

FIG. 4. Temperature dependence of (a) the Rayleigh surface
wave velocity and (b) the first Lamb-like wave velocity deter-
mined from the Brillouin spectra for the 450-A Dy film in zero
field, t»q=0. 850 (open squares), and in a magnetic field

t» q =0.847 (filled circles) compared with the calculation using
the temperature dependence of the zero-field elastic constants
and t»q =0.85.

must also contribute to the softening observed in the film.
In the temperature range above the anomalies, the experi-
mental data agree very well with the calculated curves.
There are no variable parameters in the calculation. The
only change that has been made is in shifting the calcu-
lated curves for the Rayleigh and Lamb-like wave veloci-

ty temperature dependences by 20 and 45 m/s respective-

ly.
The shapes of the observed and calculated anomalies

are similar. The anomalies observed in the data are less

sharp, which is not surprising since the ferromagnetic
transition in this film is broad (Fig. 1). It is difficult to es-

timate the degree of softening in the phonon velocities for
H =0 due to the spread of the data. However, the soften-

ing observed for H=4. 8 kOe is easier to gauge. The
softening observed in the Rayleigh-wave velocity com-
pare reasonably well with the predicted softening, but
that observed in the first Lamb-like wave velocity is
about three times larger than predicted. This is not un-

reasonable since the elastic constants probably depend on
the magnetic domain structure in the film, and this is
likely to differ from that of the bulk owing to the different

geometry and the effects of epitaxy. Furthermore, the de-

gree of softening also depends on the film thicknesses,
which have relatively large uncertainties (5—10%). The
softening of the first Lamb-like wave velocity seems par-
ticularly sensitive to the film thicknesses.

From our calculations we have observed that the
Rayleigh-wave velocity is most sensitive to changes in

c 1 1 c33 c55 and c66, and the first Lamb-like wave veloci-

ty is most sensitive to changes in c», c», and c33 Al-

though the results do not yield quantitative elastic con-
stants for Dy, they do show that the changes of softening
may be a consequence of the differences between the tern-

perature dependences of the elastic constants of the Dy
film and bulk Dy. Since the observed softening in the
Rayleigh-wave velocity is close to or slightly smaller than
the calculated softening, it is unlikely that an enhanced
anomaly in the temperature dependence of c» by itself is

the cause of the discrepancy in the first Lamb-like wave

velocity. However, the Rayleigh-wave velocity is insensi-
tive to c». A 40% increase in c» at the Curie tempera-
ture can account for the observed softening in the first
Lamb-like wave velocity, but it is not clear whether such
an increase in c&3 is physically reasonable. A 20% de-

crease in c33 would suSce, but it would also deepen the
calculated anomaly in the Rayleigh-wave velocity by ap-
proximately 10 m/s. This analysis shows that moderate
changes in the elastic constants of the Dy film can possi-
bly account for the discrepancy in the depths of the
anomalies.

In contrast, the intensity of light scattering from the
first Lamb-like wave relative to that from the Rayleigh
wave exhibits a very large anomaly in its temperature
dependence. This is very difBcult to explain with the
elastic model, as shown in Fig. 5. This spectral intensity
ratio is the ratio of the integrated intensity of the first
Lamb-like peak to that of the Rayleigh-wave peak. At
room temperature the calculated and observed spectral
intensity ratios agree fairly well; the small discrepancy is
most likely due to the uncertainties of 5 —10% in the film
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FIG. 5. For the 450-A Dy film, the ratio of the integrated in-
tensity of the first Lamb-like peak to that of the Rayleigh peak
plotted as a function of temperature, without an applied mag-
netic field (open squares) and with a field applied in the plane of
the film and perpendicular to the phonon propagation direction
(filled circles). The data are compared with the ratios calculated
from the temperature dependence of the zero-field bulk elastic
constants and assuming only the ripple mechanism for light
scattering.

layer thicknesses. A large discrepancy is evident in the
anomalous region. The calculation predicts a peak in the
spectral intensity ratio at the Curie temperature. Howev-
er, the observed peak has a magnitude about seven times
greater, and the ratio fails to return to its original value
below the anomalous region as predicted by the calcula-
tion. It is possible that two mechanisms are acting to-
gether to gee the overall enhancement.

From the calculated dependence of the spectral intensi-
ty ratio on the elastic constants of the Dy film in Fig. 6, it
appears that a change of the Dy ct& by 50% could ac-
count for approximately half of the discrepancy. Such a
change is not likely since a much larger anomaly in the
temperature dependence of the Rayleigh-wave velocities
would then be observed. Other elastic constants of Dy
could possibly change to cancel the e8'ect of c» pn the
Rayleigh-wave velocities while not altering the spectral
intensity ratio significantly, but the large coordinated
changes that would be required do not appear reasonable.
Note that variations of two parameters do not necessarily
cause additive changes of the velocities or the spectral in-
tensity ratio. Therefore, a thorough search through the
parameter space of the elastic constants would be neces-
sary, but hardly practical.

IV. DISCUSSION

It is apparent that the current mode1 cannot account
for the large anomaly observed in the ratio of the Lamb-
to-Rayleigh intensity for the 450-A Dy film studied. The
intensity of light scattering from an acoustic phonon is

c' /c
I] tj

FIG. 6. Calculated ratio of the spectral intensities of the first
Lamb-like wave peak and the Rayleigh wave peak for the 450-A
Dy film when each elastic constant is changed from c;, to c, .
We assume orthorhombic symmetry for the perturbed film
which gives nine independent elastic constants. c;, are the un-

perturbed elastic constants at room temperature, and c, are the
perturbed elastic constants.

related to the amount of transverse vertical polarization
in the corresponding elastic eigenmode. Thus in the fol-
lowing subsections we consider other factors that may
perturb the relevant eigenmodes.

A. Clamping effects

We initially considered the e8'ect produced if the yttri-
um layer were to clamp the dysprosium film. In our cal-
culations, we use the temperature dependence of the bulk
elastic constants. Since the dysprosium film is epitaxially
grown on yttrium, the orthorhombic distortion that ac-
companies magnetization may be partially or completely
suppressed. A good characterization of the strains
developed in the dysprosium and yttrium layers of these
films is not currently available. We estimated the impor-
tance of clamping by assuming the extreme case in which
the dysprosium layer is completely clamped to the yttri-
um layer. The strain along the c axis was calculated by
minimizing the magnetoelastic energy using the method
outlined in Ref. 14. Using calculated third-order elastic
constants from the literature for Dy, ' we determined
that the fractional difference between the elastic con-
stants of bulk Dy and those of the clamped Dy films is
—10 for c», c,3, c33 and c~ and —10 for c». These
effects are too small to cause the observed discrepancy in
the temperature dependence of the spectral intensity ra-
tio.

In the actual system, the Dy layer probably undergoes
a partial clamping with a weaker orthorhombic distortion
that also strains the Y layer. This was observed for
Dy/Lu superlattices. ' Instead of modeling the strain in-
duced in the Y layer by minimizing the total elastic and
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magnetoelastic energy of the dysprosium film, including
the bufFer layers, we considered the extreme case where
the Y layer follows the orthorhombic distortion of bulk
Dy. Using the calculated third-order elastic constants for
Y from the literature, ' we find that fractional differences
—10 for c33 and —10 for c» and c,3 are expected
between the elastic c6nstants of bulk Y and those of the
strained Y layer. Therefore, the effects of the strains in-
duced in the Y layer are also unlikely to resolve the
discrepancy.

B.Inhomogeneity and metastability in ferromagnetic state

The effects of clamping on the ferromagnetic phase
transition have not yet been considered and may be im-
portant in determining the full impact of clamping on the
elastic constants of Dy. Metastable states induced by epi-
taxy might exist in the film near the Curie temperature.
Such states are evident in Dy/Y superlattices, as can be
concluded from neutron data showing that the ferromag-
netic state is absent in the superlattices but is present
after the application and removal of a sufficiently strong
magnetic field. '

Metastability and inhomogeneity warrant further dis-
cussion. The ferromagnetic transition is first order and is
influenced by strain. It follows that, at constant strain,
there should be a mixed phase region of the phase dia-
gram characterized by two differing values of the magne-
tization. The domains, which are expected to be small,
will be separated by domain walls. These will be sources
of dissipation and hence dispersion for elastic waves.
When in addition we allow for relaxation of epitaxial
strain, the system will become even more inhomogeneous.

C. Other considerations

Further possible explanations for the large anomaly in
the spectral intensity ratio are (l) the elastic properties of
the regions near the interfaces should be modeled sepa-
rately; (2) the first Lamb-like wave peak is enhanced or
the Rayleigh-wave peak is attenuated by a magnetic exci-
tation; or (3) the first Lamb-like wave and the Rayleigh
wave become mixed as the Dy layer becomes ferromag-
netic. We can only give qualitative discussions of these
conjectures.

There are large lattice mismatches at the sapphire-
tantalum and tantalum-yttrium interfaces, and the latter
interface, at least, is not perfectly abrupt. With the addi-
tion of strain and stress induced by the Dy layer in the
ferromagnetic phase, it may indeed be necessary to model
the interface region separately in accordance with hy-
pothesis (1). This explanation ignores the thinness of the
interface region, for even larger changes of the elastic
properties would be required to account for the large
anomaly. The only interface model that could give a
large change in the spectral intensity is one that assumes
that the coupling between two layers through the inter-
face is not rigid but accommodates slippage. Modeling
this would require altering the interfacial boundary con-
ditions or introducing a very soft, thin interface layer.
The extreme case would correspond to complete detach-

ment of the film with accompanying irreversible effects.
We have not observed any such irreversibility in the data.

Under the second hypothesis, either a portion of the
scattered light would be from a magnetic excitation, or
one or both phonon modes would be altered by interac-
tion with a magnetic excitation. We have studied the
depolarized spectrum just below the Curie temperature
and do not observe any peaks. This eliminates the first
alternative hypothesis but may not eliminate the second,
since the magnetic excitation could be too weak to ob-
serve. The acoustic magnon for Dy in the ferromagnetic
phase has a very high energy of -22 cm ' when the Dy
magnetization is saturated. ' However, near the transi-
tion point, the magnon energy is much lower and may
coincide with the phonon energies at some temperature
just below the Curie temperature. This could possibly ac-
count for the sharp peak near T„but not for the observa-
tion that the spectral intensity ratio does not return fully
to its original value.

When the dispersion curves of a Lamb wave and a
Love wave in the 450-A Dy film are near a crossing, it is
found from the elasticity calculations that the modes gen-
erally mix and cause the spectral intensity ratio of the
peaks to fall closer to unity. The third hypothesis sug-
gests that the Rayleigh wave and the first Lamb-like wave
may mix. Since the two modes are separated by a rela-
tively large frequency difference, this is only possible if
they somehow couple through the magnetic system. In
this sense, hypotheses (2) and (3) would be related. Since
both phonon modes would be coupled through the mag-
netic system, this hypothesis requires a sufficiently strong
coupling through a magnetic mode with a short enough
lifetime that its frequency width encompasses both pho-
non modes. Near T, the magnons have short lifetimes,
and again this could possibly account for an anomalous
peak in the spectral intensity near T, .

No firm choices can be made among these hypotheses.
Better characterization of the physical structure of all
three layers at low temperatures is needed. Explanations
(2) and (3) require theoretical calculations to predict the
response of an elastic continuum coupled to a magnetic
continuum.

V. CONCLUSIONS

We have successfully modeled the acoustic phonons in
single-crystal Dy films grown on two bufFer layers with a
sapphire substrate for temperatures above the films'
Curie temperature. We have noted excellent agreement
at room temperature between the calculated and experi-
mental phonon velocity dispersion curves for several
films of varying thicknesses. We have also observed good
agreement in the temperature dependence of the Brillouin
spectra in a 450-A Dy film for temperatures above the
Curie temperature. However, below and at the Curie
temperature of this film, a very large anomaly was ob-
served in the temperature dependence of the scattered
light intensity from the first Lamb-like wave relative to
that from the Rayleigh wave that could not be accounted
for by the elastic model. The scattered light intensities
from these acoustic-phonon modes depend on the ampli-
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tudes of the surface ripples induced by these modes.
Thus the temperature dependences of the acoustic-
phonon amplitudes at the surface of the film could not be
modeled successfully below the Curie temperature.

The anomalous behavior of the acoustic phonons near
0

the Curie temperature in the 450-A Dy film is a clear in-
dication that the dynamics of the elastic system are
strongly perturbed by the ferromagnetic order in the Dy
layer at and below the Curie temperature. This behavior
cannot be easily modeled by solely changing the elastic
constants of the Dy and Y layers to account for the
inAuence of the magnetic order. We have suggested
several possible mechanisms for the interaction between
the elastic and magnetic system that may account for this
anomalous behavior: We need to consider (1) the details
of the static magnetic structure of the Dy film such as
small domains in a metastable magnetic state which may
cause acoustic phonon dissipation, and (2j the influence
of the dynamics of the magnetic system through possible

phonon and magnon interactions.
Similar experiments have been performed on a 500-A

Dy film grown on a Lu buffer layer instead of an Y buffer
layer. Preliminary results show a similar anomalous
behavior in the temperature dependence of the Brillouin
spectra.
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