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We have measured the magnon dispersion
relations in the c direction over a wide tem-
perature range in ferromagnetic Tb, and in
both the ferromagnetic and spiral phases of
a Tb-10% Ho alloy. The indirect exchange in-
teraction deduced from these measurements
can be related to the Fermi surface, and its
temperature dependence reflects the effect
of the magnetization on the conduction-elec-
tron energy bands. The exchange splitting

of the energy bands is also manifested in the
measurements of the magnon lifetimes, which

are primarily determined by interaction with

the conduction electrons. A quasilocalized
resonant magnon mode has been observed in
the alloy and a large interaction occurs be-
tween magnons and transverse phonons prop-
agating in the c direction, possibly mediated

by the presence of this resonance.
The Hamiltonian used to describe the mag-

netic system is

H= —Q J(R.-R.)S.~ S.+Q(BS + 2G[(S . +iS ) + (S -iS )']),
N U N

where J(Ri-R&) is the exchange interaction between ions at Ri and R, and B and G describe the two-
fold and sixfold anisotropy, respectively. We have used S to denote the total angular momentum
operator. This Hamiltonian may be diagonalized to give the magnon energies in the c direction, in
the ferromagnetic and spiral phases respectively, as'~'

@&(q) =SLJ(0)J(q)]'+ 2(B+ 21GS') [J(0)-J(q)]+72GS4[B+3GS']$"',

@4' (q) = SgJ@)--'J(Q+q)-2 J(Q-q)1 [J(Q)~(q)+ 2B]]'",

where

J(q) =Q.J(R.) exp(iq ~ R.).

Q is the wave vector of the spiral, and we have
used the double zone representation. In the
spiral phase the sixfold anisotropy has been
assumed negligible.

The magnon dispersion relations for Tb at
90'K have been presented previously. 3 In agree-
ment with Eq. (2), the energy is finite at q=0,
due to the magnetic anisotropy, and rises
quadratically at low q. The degeneracy at K
is consistent with the symmetry of the spin-
space group, ' with isotropic exchange, as are
more recent measurements. As the temper-
ature is increased, J(0)-J(q) scales general-
ly as the ordered moment, ' in agreement with
the prediction of Tyablikov, ' although the de-
tailed dependence on q also changes somewhat.

The addition of 10% Ho to Tb increases the
tendency towards spiral ordering, and the spi-
ral structure is stable from 221 to 195'K. Cor-
respondingly, as shown in Fig. 1(b), J'(q) in
the ferromagnetic phase is flatter at small
q than it is in pure Tb. From the q dependence
of the neutron group intensities' at 110'K, we
find that B=0.25 me V/ion and from the mag-
nitude of the energy gap at q=0, GS'=8.7x10 4

meV/ion. The twofold anisotropy is in fair
agreement with the torque measurements of
Rhyne and Clark, ' but 6 is much greater than
they deduce from magnetostriction measure-
ments. This discrepancy may be partially
accounted for by the dependence of the zero-
point magnon energy on magnetization. In
interpreting our results, we have used the
anisotropy constants derived from our neutron
measurements at 110'K, but scaled with tem-
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the (001) reciprocal lattice point. The former
is responsible for the stability of the spiral
structure. J(q) is'directly related to the con-
duction-electron energy-band structure and,
in the periodic zone scheme, is given by an
expression of the form"
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perature according to the results of Rhyne
and Clark.

The magnon dispersion relation in the c di-
rection has also been measured in the spiral
phase of the alloy, and the results are. shown
in Fig. 1(a). In accordance with Eq. (3), the
magnon energy rises linearly from 0 and, be-
cause of the twofold anisotropy, is finite at
q= Q. The values of J(q)- J(0), deduced from
these measurements, are shown in Fig. 1(b).
The most striking features are the maxima
which occur around Q and 7-Q, where 7 is
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FIG. l. (a) Magnon dispersion relations in Tb-10% Ho
in the ferromagnetic and spiral phases. The full line
for the ferromagnetic phase is derived principally
from the experimental points of Fig. 2(a), while the
form of the magnon dispersion curve in the region of
the magnon-phonon interaction is determined from
measurements at higher temperatures. The full line
for the spiral phase is a weighted least-squares fit of
the experimental points to Eq. (3). (b) J(q)—J(0) de-
duced from the dispersion curves, using Eqs. (2) and
(3). The dashed line is drawn at the position of the
(001) reciprocal lattice point.

where e~(k) is the energy of a Bloch state of
wave vector k in band n, I~~i(k, k+ q) is a slow-
ly varying function, and f (e) is the Fermi func-
tion.

The peaks in J(q) probably reflect the con-
tribution of a large number of small energy
denominators at q values corresponding to
the separation between the approximately par-
allel electron and hole sheets of the Fermi
surface. These are believed to be of crucial
importance in determing Q in the heavy rare
earth metals. " Measurements at intermedi-
ate temperatures show that these peaks are
abruptly flattened at the ferromagnetic tran-
sition, and this may be ascribed to the split-
ting of the different spin bands by the ferro-
magnetic exchange interaction.

We have studied the magnon lifetimes in the
ferromagnetic phase by measuring the neutron
group widths. The widths for the alloy, shown
in Fig. 2(b), are within the experimental er-
ror the same as those for pure Tb, where the
latter have been measured at small and large
q. Since these widths are furthermore not ob-
servably temperature dependent, the princi-
pal mechanism limiting the magnon lifetime
is probably absorption by the conduction elec-
trons. " This process involves a spin flip by
the electron and the absorption may therefore
decrease rapidly at critical wave vectors de-
termined by the separation of the Fermi sur-
faces of different spin. For the free-electron
model, the wi.dth well above the critical q is
given by

&E(q) = cF. (q)/q,

where E(q) is the magnon energy and c is a
constant. This function, fitted at q = 0.72 A
is also shown in Fig. 2(b). The widths fall
rather abruptly at about q = 0.35 A ' and this
may reflect the exchange splitting of the Fer-
mi surface. The residual broadening at low
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me&, which is approximately the same mag-
nitude as has previously been observed in a
magnetic insulator. " The magnon-phonon in-
teraction is much weaker in pure Tb, and no

coupling has been observed in the alloy between
magnons and transverse phonons propagating
in the a direction, for which the crossing oc-
curs at much higher energy, It seems pos-
sible, therefore, that the coupling is enhanced

by the large spin and charge deviations near
the Ho impurities at the resonance frequency
which, fortuitously, is close to the crossing
of the magnon and phonon dispersion curves.

%e have benefited greatly from discussions
with Dr. H. J. Elliott, Professor J. R. Schrief-
fer, Dr. M. F. Collins, Dr. W. C. Marshall,
and Dr. M. Blume.

FIG. 2. {a) The dispersion relation for excitations in
the c direction in Tb-10% Ho at 110'K. The scan used
for these measurements was such that transverse pho-
nons were not observed. (b) Natural width of magnons
propagating in the c direction at 110 K. The experi-
mental resolution, which was always smaller than the
natural width, has been extracted from the measure-
ments.

q is probably due to Umklapp processes of the
type discussed by Luther and Tanaka. "

Because of their smaller spin, the Ho mo-
ments in the alloy are coupled comparatively
weakly to the Tb host moments, and this pro-
duces a resonant-magnon mode. " %e have
observed such a mode, manifested by a rap-
id change of energy with wave vector, rela-
tive to that in pure Tb, which has the charac-
teristic form associated with a resonant mode.
At 110'K, it occurs at 4 meV in the acoustic-
al magnon branch in the a direction. The ex-
citation energies in the c direction at this tem-
perature are shown in Fig. 2(a). At the cross-
ing of the magnon and transverse-phonon dis-
persion curves, there is a strong interaction,
leading to the creation of mixed magnon-pho-
non modes. The splitting at the crossing point
of the unperturbed dispersion curves is 1.7
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