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ABSTRACT

The spin-wave dispersion relations for the [110] and [001] symmetry
directions in ferromagnetic dysprosium metal (isotopically enriched 96.8% with
163Dy) have been studied between 4.7° and 77°K. Throughout this temperature '
range thê  measured temperature dependence of the energy gap at zero wave
vector (q = 0) is in fair agreement with that predicted theoretically for the
frozen lattice model. However, the magnitude of the total planar anisotropy
deduced from these gap measurements is larger by a factor of two than that
obtained from macroscopic measurements. The increase o£ the magnon energies
with decreasing temperature is much more pronounced at q = 0 than near the
Brillouin zone boundaries. Thus the magnitude of the isotropic exchange in-
teraction decreases substantially, about 25% in the [001] direction, between
77° and 4.7°K. Significant magnon-phonon interactions are observed, parti-?
cularly in the [110] direction where the acoustic magnon branch is mixed with
both the longitudinal and transverse acoustic phonon branches. The peak in
the Fourier transform of the exchange interaction, J(q), which at 77°K occurs
near the wave vector of the helical-magnetic structure of Dy just above T c,
persists down to 4.7°K with shifts to smaller q as the temperature is de-
creased. At 77°K the optic and acoustic spin-wave branches are degenerate,
to within 0.1 meV, at the K-symmetry point of the Brillouin zone. However
at 4.7°K this degeneracy is lifted, with AE = 0.8 meV, thereby indicating the
existence of a temperature dependent long-range anisotropic magnetic inter-
action in Dy.
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INTRODUCTION

In previous publications [1,2] we have reported the results of a neutron
scattering investigation of the magnon dispersion relation for the c-direc-
tion of dysprosium metal at 77° and 98°K; just below and above the Curie
temperature of 85°K. One puzzling feature of those results is the large dis-
crepancy (~40%) between the magnon energy gap (at zero wave vector) measured
in the ferromagnetic phase and that calculated from published values of the
crystal field and magnetoelastic anisotropy parameters. The effective planar
anisotropy deduced from the energy gap measurement at 77°K is approximately
a factor of two larger than that obtained from macroscopic measurements. Tc
investigate this discrepancy further we have studied the temperature depen-
dence of the energyeap between 4.7° and 77°K. In addition the spin-wave
dispersion relatxonHscsrUeen measured in the fOOl] direction at 4.7°K and in
-the [110] direction at 4.7° and 77°K. As before [1] the measurements were
carried out on a sample enriched in the low-neutron-capturing isotope 163Dy,
and neutrons with energies in the range 10-16 meV were used.

RESULTS AND DISCUSSION

The measured temperature dependence of the spin-wave energy gap at zero
wave vector •nw(O) is shotvn in Fig. 1. Throughout the 4° to 77°k range, the
measured gap is approximately 40% larger than that calculated from the
generally accepted theoretical expression for the frozen lattice model [3,4],
viz., K

- (Ja)"1{3K2[36K| + CVQJ)
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and the measured values for the elastic constant C^ = 2(Cu-Ci2) [5]; the
first and second order magnetoelastic constants Xy and A [6,7]; and the axial
and hexagonal crystal field anisotropy constants K2 and Kg [8,9]. Here a is
the reduced magnetization [10] and J is the total angular momentum for each
atom. As an example the calculated gap at 4.7°K is 2.2 meV compared with the
measurement of 3.2 meV.

In view of the large magnitude of this discrepancy, it is essentially
impossible, with the data presently available, to determine which of the
constants in Eq. (1) is in error, or whether some other important interaction
has been omitted from the theory. The term 36Kg is approximately a factor
of ten larger at 4.7°K than the other contributions to the square bracketed
factor in Eq. (1). Thus to bring the calculated gap into agreement with the
neutron measurements, one must increase either Kg (or K2) by about a factor
of two, AY by a factor of 3, A by a factor of 10, or make some combination
of these changes. To obtain the calculated curve shown in Fig. 1, we changed
only Kg to fit Eq. (1) to the 4.7°K neutron results. We then assumed that
each constant varied with temperature as given by the theory of Callen and
Callen [11] viz.,

K2 « o
3, K| « a21, \Y a a3t a n d A oc 01O.
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The agreement between the calculation and the neutron data would be diffi-
cult to improve, but it is likely fortuitous since other choices for the con-
stants involved are possible. In addition according to Brooks [12] there is
theoretical evidence that the temperature dependences assumed here may not be
correct. Assuming that K2 is well determined by existing macroscopic data,
about all we can conclude at present from these neutron measurements is that
the dominant contribution (whatever its source) to the square brackets in
Eq. (1) varies between 4° and 80°K approximately as an with n ~ 20. Thus,
for example, if Kg dominates as we have assumed, the a36 variation of this
constant deduced by Brooks [12] would not be satisfactory.

The data obtained for the [001] and the [110] directions are shown in
Fig. 2 for 4.7°K and in Fig. 3 for 77°K. At 4.7°K evidence is seen for mag-
non-phonon interactions for both of the crystallographic directions studied.
In the [001] direction the results are qualitatively similar to those re-
ported for Tb [13], except that for Tb the optical magnon branch lies above
the optical phonon branch. In the [110] direction the magnon acoustic
branch (MA in Fig. 1) appears to interact with both the longitudinal and
transverse acoustic phonon branches. Such interactions were not possible in
Tb where the acoustic magnon branch lies entirely above the acoustic phonon
branch in this symmetry direction. There is no evidence in these data of an
interaction between the magnon optic branch (M0) and the acoustic phonon
branches or between the magnon acoustic and the phonon optic branches.

Calculations based on Jensen's [14] theory for magnon-phonon interactions
in the rare-earth metals indicate that an energy splitting of approximately
1.0 meV could be expected at the nominal crossing point of the acoustic mag-
non and the transverse acoustic phonon branches in the [110] direction. This
is in good agreement with the splitting of approximately 0.8 meV observed at
both 4.7° and 77°K. In making this comparison we have assumed, as indicated
in Figs. 2 and 3, that the interaction is between the magnon and the TAu
phonon. The theoretical prediction for the splitting associated with the
magnon interaction with the [110]-longitudinal mode at 4.7°K is about 0.4 meV
again in reasonable agreement with the experimental result^. The theory
also predicts a linear dependence of the splitting on the q corresponding to
the point of crossing. Thus the absence of an observable magnon-phonon
interaction associated with either the [110]-longitudinal and the [001]-
transverse modes at 77°K is probably due to the fact that the corresponding
crossing points have changed with increasing temperature so as to occur at a
q that is too small to result in a splitting which could be resolved in
these experiments.

The absence of a degeneracy between the acoustic and optic spin-wave
branches at the K-symmetry point in the [110] direction at 4.7°K indicates
the existence of a significant anisotropic magnetic interaction in dy in
addition to those mentioned above. Similar results found in Tb have been
explained by introducing a dipolar interaction into the spin-wave theory [15].
We have not yet carried out similar calculations for Dy. Also in the
vicinity of K at 4.7°K, neutron scattering by both acoustic and optic modes
was observed at locations in reciprocal space where the neutron scattering
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structure factor for only one mode was expected to be significant. These
observations are indicated in Fig. 1 by showing both open circles (acoustic
scans) and triangles (optic scans) on both branches near K. The data in-
dicate that these branches do not cross at all. These results are tempera-
ture dependent, and at 77°K the optic and acoustic branches are degenerate
at K as shown in Fig. 2.

We have not yet attempted an analysis of these data in terms of a com-
plete Hamiltonian which includes magnon-phonon interactions. However, to
estimate the magnitude of the exchange interaction along c, v;e have ignored
the magnon-phonon splittings at 4.7°K by joining "smoothly" the magnon
acoustic and optic branches in order to obtain the Fourier transform of the
exchange, J(q) - J(0), from the data as described previously [1,2]. The
result is compared to that obtained at 77°K in F̂ .g. 4. Because the magnon
energy for the acoustic branch at zero wave vector increased much more than
that for the optic branch, as is illustrated in Fig. 2, the overall magni-
tude of J(q) - J(0) along c decreased between 78° and 4.7°K. If these re-
sults are interpreted in terms of interplanar exchange constants, one finds
that the dominant constant, that between adjacent planes, decreases 25% in
this temperature interval. It is interesting to note that the magnitude of
the peak in J(q) - J(0) at small q is essentially temperature independent in
the ferromagnetic phase, and its position shifts to smaller q as the tempera-
ture is decreased.
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FIGURE CAPTIONS

Fig. 1. Temperature dependence of the spin-wave energy gap for ferromagnetic
dysprosium.

Fig. 2. Spin-wave dispersion relation for ferromagnetic dysprosium at 4.7°K.

Fig. 3. Spin-wave dispersion relation for ferromagnetic dysprosium at 77°K.

Fig. 4. Temperature dependence of the exchange interaction along the c-direc-
tion of ferromagnetic dysprosium.
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