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ORBITAL EFFECTS ON

CONCLUSION

e object of this paper has been to underline the
(previously made by other authors but still often
. marded) that in the presence of orbital effects in-
ctions are not of the Heisenberg type. Their actual
- is restricted by symmetry and may be related by
above methods to microscopic models.

etailed experimental investigation of such systems
d be welcome, either from pair spectra of ions in di-
gte crystals from the excitation spectra in the ordered

DRNAL OF APPLIED PHYSICS

INTRODUCTION

Xperiments described in this paper were under-
th t'he aim of improving the understanding of
Bhetic interactions in rare earth metals, by
2 the dynamics of the magnetic systems in
‘ ed phases. A considerable amount of informa-
bout Fhese interactions has been obtained from
.PErments, especially from measurements of
. Magnetic susceptibility' and neutron diffrac-
H1€s” of the frequently complex magnetic struc-
; tl?e other hand, the dynamical properties of
fliC systems are a much richer source of in-
00 the magnetic interactions than are the
"o:;:éfi a.l(me: just. as the study of lattice dy-

S detailed information on interatomic

‘?”d’ S. Legvold, and F. H. Spedding, Phys. Rev.
lller, H. R. Chi r r
hys. 34,1335 (-Ig-élél)c-l, E.O. Wollan, and J. W. Cable,
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state. The low-lying excitations are spin waves and
their detailed dispersion reflect the form and range of
the exchange. There are also exciton bands correspond-
ing to excitations of single-ions to higher atomic states
which propagate across the crystal because of exchange.
It is planned to study the theoretical form of those
spectra using the more complicated spin Hamiltonians
discussed above. For example UQO;" shows signs of
anisotropy which presumably arises from the exchange.

17 G, Dolling and R. Cowley, Phys. Rev. Letters 16, 683 (19606).
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Magnetic Interactions in Tb and Tb-10%, Ho from Inelastic Neutron Scattering
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The magnon dispersion relations and lifetimes have been measured in Tb and a Th-10% Ho alloy by
inelastic neutron scattering, in regions of hoth ferromagnetic and spiral ordering. In the ferromagnetic
phase, the magnon energy is generally finite at zero wavevector and rises quadratically at low ¢. The magnon
energies scale approximately with the magnetization. In the spiral phase the magnon energy rises linearly
from zero at low ¢. The Fourier-transformed exchange parameter J(q) has pronounced peaks in the ¢ direc-
tion, which are ascribed to transitions between states close to the Fermi surface. These peaks are less pro-
nounced in the ferromagnetic phase. The primary mechanism limiting the magnon lifetimes appears to
be interaction with the conduction electrons. In the alloy, the lifetime for magnons propagating in the
¢ direction in the ferromagnetic phase falls abruptly at about q=0.35 A~1, and this may be due to the
exchange splitting of the conduction-electron energy bands. The dispersion curve for magnons propagating
in the ¢ direction is considerably perturbed around 4 meV, and this is probably due to resonant scattering
on the Ho impurities. A strong coupling occurs over the same energy range in the alloy between magnons
and transverse phonons propagating in the ¢ direction. This effect is considerably smaller in pure Tb.

forces which a knowledge of the lattice structure alone
does not.

Inelastic neutron scattering has proved to be an
ideal technique for such a study, since the neutron
interacts strongly with uncompensated magnetic mo-
ments, undergoing changes in energy and momentum
which can readily be measured, while the scattering
cross section is determined essentially by the time-
dependent pair correlation function for these moments.?
Many of the rare earth metals have undesirably high
capture cross sections for thermal neutrons, but Tb is
relatively favorable in this respect and has the addi-
tional advantage of a large magnetic moment, so that
the magnetic scattering cross section is large. The
results presented in this paper are therefore exclusively
on Th and a dilute alloy with 109 Ho, although mag-
netic excitations have recently been observed in Er!

# L. Van Hove, Phys. Rev. 95 1374 (1954).

+A. D. B. Woods, T. M. Holden, and B. M. Powell, Phys. Rev.
Letters 19, 908 (1967).

Downloaded 12 Oct 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



808

and Ho,” which also have reasonable neutron prop-
erties.

In the next section we describe briefly the experi-
mental method, with especial attention to those fea-
tures of the technique which allow an accurate deter-
mination of the energies and lifetimes of the magnons.
The experimental results, some of which have been
briefly reported previously,®7? are then presented. The
interpretation of these data is discussed in the following
section, with special reference to the relation between
the conduction-electron band structure and the in-
direct exchange interaction between the magnetic ions.
The interaction between the magnons and electrons,
phonons and impurities is also considered. Finally a
summary is given of the information which these ex-
periments have provided, and plans and suggestions
for future work in this field are briefly discussed.

EXPERIMENTAL TECHNIQUE

The magnon dispersion relations and lifetimes were
measured by inelastic neutron scattering, using the
Risg triple axis spectrometer. The details of the experi-
mental technique have been presented elsewhere.?

The scattering cross sections for one-magnon creation
have the form

rf-*a/dﬂdﬁn«;(wem?)B(K—e—q)atE—e(q)] (1)

for the ferromagnetic phase, and
Po/ddE~3 {1+ed?)f(q)[8(x—=—q—Q)

+d(x—2—q+Q) J+4(1—eg®) f(q)6(x—=—q) }
X8[E—e(q)] (2)

for a spiral structure with wavevector Q. Here = is a
reciprocal lattice vector, e(q) is the energy of a magnon
of wavevector q, and f(q) is a slowly varying function of
q. k=k;—Ik; is the neutron scattering vector, where k
and k, are the wavevectors of the incident and scattered
neutrons. e, and eg are the components of the unit
scattering vector in the direction of the magnetization
and spiral wavevector respectively.

The natural variables of a neutron scattering experi-
ment are the energy transfer E=#%2/2my(k?—ks?) and
the vector q=x—=. The experimental method therefore
consists of seeking peaks in the scattered neutron in-
tensity by varying q (constant E scans) or E (con-
stant q scans). As may be seen from the cross-section
formulas, the positions of such neutron groups deter-

#H. B. Mgller, J. C. G. Houmann, and A. R. Mackintosh (to
be published).

“H. B. Mgller and J. C. G. Houmann, Phys. Rev. Letters 16,
737 (1966).

7 H. Bjerrum Mgller, J. C. G. Houmann, and A. R, Mackintosh,
Phys. Rev. Letters 19, 312 (1967).

®H. B. Mgiller, thesis submitted to the University of Copen-
hagen (1967).
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mine the dispersion relation e(q), and the width of fM
neutron groups gives the magnon lifetimes, proyige
that the instrumental resolution can be extractey
Neutron groups are also produced by phonop scafe
tering, but the cross sections in the crystals which We'
studied are much smaller, except at very low eNermy
transfers. Any disturbance from phonon scatterjpy
can generally be eliminated by an appropriate choje
of the relative directions of the polarization Vectory
and x. 4
For the spiral structure, three neutron groups sepa.
rated by an interval Q are generally observed in 5 ﬁ
stant E scan in the ¢ direction. However, if a SCanﬁE
made for which « is along Q, the center peak is eljms.
nated, so that resolution of the remaining twg j
easier. Figure 1 shows the results of such a constantg
scan for Tb-10%, Ho in the spiral phase. A
Because of the finite angular collimations of t}g
neutron beam and the mosaic spread of the mong
chromator, sample and analyzer crystals, the vari
q and E are not sharply defined but have a distribugig
about their average values gy and E,. The probability f
obtaining the values q and E with the spectrometer.
at qo, Eq is defined as the resolution function R(q—
E—E;). If the cross section is ¢(q, E), we then mes
the intensity

I(qo, Ey) =ffa(q, E)R(q—qo, E— FE;)dqdE. (3

For a Bragg cross section, proportional to 5(q) §( E), we.
find

I8(qq, E))~R(—qo, —E).

The resolution function can therefore be measured fog
Q=0 and E,=0 by mapping the Bragg reflected i
tensity as a function of the spectrometer setting.
the resolution function only depends on the distrib

tions of k; and k, about their averages, it is a sl
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function of q, and E;, so that its variation with  resolution function. There is a strong correlation be-
€an be neglected when | qo | is small compared tween E and this component of g, whereas no correla-
» and [ is small comi)a,red with the energy tion between E and the other two components of q
“Attered neutrons. In this experiment, these was found. In a constant q scan this resolution function
ements were always fulfilled, so that the is moved vertically and when it crosses the dispersion
Dction measured on a Bragg reflection relation, a neutron group is observed, whose width
410 be applicable to the inelastic-scattering  depends on the size and orientation relative to the
- dispersion curve of the resolution function, and the
wa strong correlation between q and E, natural width of the magnon. A knowledge of 'Fhe
“1€0 q is perpendicular to  and in the scat-  resolution function therefore allows a determination
* s leads to focusing effects. A dispersion  of the resolution width for any scan. This is an impor-
ed \}'ith ® perpendiéular to q is shown in  tant consideration when choosing scans, and in deter-
€f With the half-value contour line of the mining the natural width of the neutron groups.

Downloaded 12 Oct 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



810
1.00
Q75+
=
g
B
Z
a
=
El
050 4
»
w
=
a
5
>
=
A
z
i
a
025

0.0

MOLLER, HOUMANN,

50

10.0 15.0 200

ENERGY (meV)

F16. 3. Smoothed computer plot of the density of states for
magnons in Tb at 90°K. The curve is normalized so that the
total number of states is unity.

EXPERIMENTAL RESULTS

The magnon dispersion relations for Tb at 90°K
along all the symmetry lines in the Brillouin zone are
shown in Fig. 2. The uncertainty in the measured mag-
non energies is estimated to be 0.1 meV. The magnon
energy is finite at T" and rises quadratically for small
q. The degeneracy over the hexagonal face of the zone
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and along the line K H are consistent with the vl
of the spin space group.” The kink in the _"
curve along T'A is a noteworthy feature of th _
urements. An analytical interpolation schem _:
been used to obtain magnon energies through, - g
zone from the results of Fig. 2, and this met]:::-f 3
found to give results consistent, within the el
mental accuracy, with further measurementsg 0
metry planes and at general points within the ZOng.-
resulting magnon density of states is shown in pig
The energy gap at T and Van Hove singu[ariﬁ
evident in this plot.
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F1e. 5. Neutron groups and excitation energies in the ¢
direction of Th-109; Ho at 110°K. The scan used for thes
measurements was such that transverse phonons were
observed.

The magnon energies along T'4 have also been st
as a function of temperature in the ferromag
phase, and the dispersion curves in the double zone regs

decrease with temperature and the energy gap @
falls rapidly to a low value.

Similar measurements in the ferromagnetic P
of a Th-10%, Ho alloy are shown in Fig. 5. The genét
form of the dispersion relation is similar to that It &
but it is rather flatter at low q, and where it crosses &
dispersion curve for the transverse phonons, there B8
strong magnon-phonon coupling which causes a Il
of the modes and a splitting into two branches.
magnon—phonon interaction was also observt:d n
Th, by carefully studying the region of crossing 0t 58

¢ W. Brinkman, J. Appl. Phys. 38, 939 (1967).
1 7. C. G. Houmann (to be published).
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e ion curves with good experimental resolution,
4 it was found to be 2-3 times smaller than in the

’e magnon energies for the alloy in the @ direction
: 110°K are shown in Fig. 6. The addition of 109, Ho
S Th causes 2 considerable perturbation in the dis-
* on relation around 4 meV, which has the form of a
Gery rapid increase of energy over a small range of q.
e mav be scen in Fig. 2, the dispersion relation in
Wb is quite linear over this range.

“The natural widths of the neutron groups from
omon scattering were comparatively large, and we
ore able to measure them under experimental condi-
such that the natural width was always substan-
lly greater than the resolution width of the apparatus.
s patural widths for magnons propagating in the ¢
pection of the alloy at 110°K decrease rather sharply

laq of about 0.35 A1, as shown in Fig. 7, but remain
as q goes to zero. We were unable to observe any

15 T T T

90% Tb-10% Ho|
10° K i
a-Direction |
B !
E 10 f’ }
= i
> i
<] i
« i
u i
w 5r E
H
Vi Y E
r ]

05 10 15

WAVEVECTOR (A™)

6. 6. Magnon dispersion relation in the e direction for
% Ho at 110°K. The experimental resolution functions for
two different resolutions used are also shown.

g€ In the lifetime of the magnon of highest q as the
ature was increased to 190°K. The magnon
510 pure Th were also measured at small and
In the ¢ direction at 90°K, and were found to be,
the experimental error, the same as those in the

¢ of the small temperature range of spiral
A Th, it was not possible to measure the magnon
o relation satisfactorily in the spiral phase.
fdition of 1097 Ho increases the tendency towards
R t10n' of 4 periodic magnetic structure however,
e spiral phase is stable from 195° to 221°K. We
efor? able to measure the dispersion relation
. -fon?.hm the spiral phase of the alloy, and the
or enere-c f?lrecpon are shown in Fig. 8. The
& thay, tlf\ nses linearly from zero at I' and is

at i the ferromagnetic phase over the
0ge. The measurements at higher q were
use of increased broadening of the neutron

811
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F1c. 7. Natural width of magnons propagating in the ¢

direction of Tb-10% Ho at

110°K. The experimental resolution,

which is always smaller than the natural width, has been extracted

from the measurements.

DISCUSSION

In order to interpret our results, we use the simplest
Hamiltonian which describes the anisotropic magnetic
structures of Tb and is consistent with our measured
dispersion relations. We therefore write

H=—2 J(R;—R;)S;-S;+ > |BS.}

1<

H3GT(SoH18,) 4+ (Se—1i5,1) %),

i

(3)

where J(R;—R;) represents the indirect exchange
interaction'! between ions at R; and R;, and B and G

Fic. 8. Magnon disper-
sion relations in Th-109,
Ho in the ferromagnetic
and spiral phases. The full
line for the ferromagnetic
phase is derived principally
from the experimental
points of Fig. 5, while the
form of the magnon dis-
persion curve in the region
of the magnon-phonon in-
teraction 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. (10).

10
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8- 7
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a |
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e
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05 10
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1M, A. Ruderman and C. Kittel. Phvs. Rev. 96, 99 (1954).
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are single-ion anisotropy parameters describing the and

twofold and sixfold anisotropy, respectively. We have
used S to denote the total angular momentum operator
for the ions. We shall analyze the magnon dispersion
relations in terms of the Fourler transforms of the in-
direct exchange parameters, defined by

J(q) =RZJ(RJ) exp(iq-R;) (6)
J' (@) =§J(R5’) exp(iq-Ry), (7)

where, 1n the hep structure, unprimed vectors lie be-
tween lons in the same sublattice and primed vectors
between ions in different sublattices. An approximate
diagonalization of the Hamiltonian in the ferromag-
netic phase'? then gives the magnon energies

6;(Q) = S{ f7+2(B+21GS*)f;+T72GS*(B+3G %)},
(8)

where
fil@)=J(0) =J(Q)4+ T (0)+(—=1)7| J'(q) | (9)

and the subscripts j=1 and 2 refer, respectively, to the
acoustic and optical magnon branches. For the ¢ and b
directions, J(q) and J'(q) can be written in terms of
interplanar exchange parameters J,, as

J(0) = Jo(g) =2 3 Jue(1—coshmag),

m=1

(—2r/a<q<27/a)

J'(0)—J'(q) =2 i Jw'*(1—cosimag),

m=1

(—2r/a<¢<2r/a) (10)

2 K, Niira, Phys. Rev. 117, 129 (1960).

J(0)—Jb(g) =2 3 J.*[1—cos(V3/2) maq],

m=1
(—2r/V3a<q<2r/V3a)
| J(0) P—| J*(g) P2

= 3 TP Tuy = cos(V3/2)mag],

m=—co p=1 By
(—2r/V3a<g<2%/V3a) e

For the ¢ direction, the ions, in the two sublattices fa
alternate equally separated planes and these expressi
can be simplified. The dispersion relation can be &
sidered as a single acoustical branch running to
(001) reciprocal lattice point and if, for this direct

T

change constants, such that

J(0)—J(q)=2 i Jnt(1—cosktmeq),
m=1 -_

(—2m/c<q<2n/c) ,

planes in different sublattices.

The Fourier-transformed exchange paramé
90°K, deduced from the average magnon ene
tained in different scans, are shown in Fig. 9.
squares fit of Eqs. (10), (11), and (13) to the ¢&
also shown in Fig. 9, and the interplanar X%
parameters thus obtained are given in Table 1

Downloaded 12 Oct 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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B .r of Fourier components used in the analysis
& minimum required to fit the data within the
.rmental accuracy.

e anisotropy constants used in this analysis were
..- from the neutron scattering data. B was
ed from the variation with g of the neutron
p intensity in the ¢ direction. According to Lind-
o al.® the twofold anisotropy introduces an extra
"([1—|-|:BS/e(q§:| j12+BS/e(q) ) into the mag-
o scattering Cross section, and from our intensities we

40 the value B=0.25+0.05 meV/ion at 110°K.
mEq. (12) the energy gap at I'is given by

SA=S[72GS*(B+3GS*) ], (14)

d from the measured energy gap at 110°K and the
e of B quoted above, we find GS*=(8.7£3.5) X 10~*
"; on. Because of the greater accuracy of the data,
e measurements on the alloy were used in this analy-
hut it may be assumed that the addition of 109; Ho
t drastically affect the anisotropy constants.

fwe use the classical relations' between the macro-
pic and microscopic anisotropy constants

(~3BS?,  Kd~GS,

quite good agreement between our value for B
value of 0.33 meV/ion deduced from torque
nents by Rhyne and Clark,** but our value for
ut six times smaller than they obtained from
triction measurements. A quantum mechani-
atment of the macroscopic anisotropy parame-
king into account the dependence of the zero-
non energy on magnetization, substantially
both Egs. (14) and (15) however, and this
ount for the discrepancy. In interpreting our
e have therefore used the anisotropy constants

(15)

E L Interplanar exchange parameters. All are given in

t the J' for the b direction, which are in meV Ac-
005 meV.

a direction b direction ¢ direction
0.200 0.240 0.305
0.120 0.040 0.075
0.045 0.010 0.005
0.020 0.005 —0.035
0.005
0.195 0.030

=0.003 0.050
0.030 0.010
0.015 0.010

0.010

g

’3;;’ (1967)
hanger, . d* E. Clark, J. Appl. Phys. 38, 1379 (1967).
< nd J. R. Schrieffer (private commumcatmn)

rd, A Kowalska, and P. Laut, J. Phys. Chem.

197 T T 1 157 T ]

c-Direction { | c-Direction

o
T

1(0)-2q) (meV)

os-

100) - J(q) [<S,> (meV)

1 L1 :
05 10 0 0s 0
WAVEVECTOR (&) WAVEVECTOR(A™)

(a) (b)

F1c. 10. (a) Temperature dependence of the Fourier-trans-
formed exchange parame:ers in the ¢ direction in the ferromagnetic
phase of Tb. (b) J(0)-J(q) divided by the ordered moment in
the ferromagnetic phase of Th.

derived from the neutron measurements at 110°K, but
scaled with temperature according to the results of
Rhyne and Clark.* Fortunately, the values of J(q)
deduced from the magnon dispersion curves are rather
insensitive to variations in the anisotropy constants.

J(0)—J(q) in the ¢ direction is shown as a function
of temperature in the ferromagnetic phase of Tb in
Fig. 10. According to the theory of Tyablikov,'® which
should be most valid at high temperatui.s, the ex-
change coupling between the ions should scale as the
ordered moment, and we have therefore also plotted in
Fig. 10 the function [J(0) —J(q)]/(S.) for different
temperatures. There is an approximate proportionality
between the exchange constants and the moment, but
the detailed form of J(q) changes with temperature,
and this reflects the change in energy-band structure
with ordering, as well as the limitations of the theory.

A necessary condition for the stability of the spiral
structure is a maximum in J(q) at some nonzero q,
which is the wavevector Q of the spiral. The stronger
tendency towards spiral ordering in the alloy, relative
to that in pure Tb, is reflected in the flattening of the
dispersion curve, and hence of J(q) at small q. The
magnon dispersion relation in the ¢ direction in the
spiral phase is'”

e(Q) =S([J(Q) —3J(Q+9) —3/(Q—q)]
X[J(Q)—J(q)+2B])".

From the measured magnon energies, J(q) can there-
fore be deduced by an iterative procedure, since Q is
known from neutron-diffraction measurements, and the
results which we thereby obtain are shown in Fig. 11.
The incipient maxima in J(q) in the ferromagnetic
phase are developed in the spiral phase and occur around
Q and ©—Q, where = is the (001) reciprocal lattice
vector. The condition for stability of the spiral struc-
ture is therefore satisfied.

(16)

168, V. Tyablikov, Ukr. Math. Zh. 11, 287 (1959). See also
H. B. Callen, Phys. Rev. 130, 890 (1963).
17 K. Yosida and H. Miwa, J. Appl. Phys. 32, 85 (1961).
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Frc. 11. J(q)-J(0)
for Th-109, Ho de-
duced from the disper-
sion curves of Iig. 8 us-
ing Eqs. (12) and (16).
The dashed line is drawn
at the position of the
(001) reciprocal lattice
point.

J(q)-J(0) (meV)

| {
05 10
WAVEVECTOR (A7)

J(q) is directly related to the conduction-electron
energy band structure and, in the periodic zone scheme,
is given by an expression of the form?®

3 Lo (R, B4+q) [ flen(k) —f( e (B+q)) ]
€nt (k+Q) _er«(k)

J(q)

?
n,n’ .k

(17)

where ¢, (k) is the energy of a Bloch state of wavevector
k in band %, I,..(k, k+q) is a slowly varying function
and f(e) is the Fermi-Dirac distribution. The peaks
in J(q) probably reflect the contributions of a large
number of small-energy denominators at q values cor-
responding to the separation between approximately
parallel sheets of the Fermi surface. These are believed
to be or primary importance in determining Q in the
heavy rare earth metals.!; Measurements at inter-
mediate temperatures show that these peaks are
abruptly flattened at the ferromagnetic transition, and
this may be ascribed to the splitting of the different
spin bands by the ferromagnetic exchange interaction.

The energy eigenvalues for the conduction electrons
in Tb have been calculated along symmetry lines in the
Brillouin zone by the RAPW method,? and part of the
band structure is shown in Fig. 12. The energy bands
are qualitatively similar to those in the other hep rare
earth metals, except that the d bands are substantially
lower in energy than those in, for instance, Dy.2 The
position of the second lowest doubly degenerate level at
L relative to the Fermi level is believed to be of great
importance in determining the magnetic ordering in
these metals. In most of them it lies above the
Fermi level, but in Gd it is below and this is believed
to modify the Fermi surface in such a way that J(q)
has a maximum at q=0, resulting in a stable ferro-
magnetic structure. This level is also below the Fermi

L. M. Roth, H. J. Zeiger, and T. A. Kaplan, Phys. Rev. 149,
519 (1966).

¥R. W. Williams, T. L. Loucks, and A. R. Mackintosh, Phys.
Rev. Letters 16, 168 (1966).

T, L. Loucks, Phys. Rev. 139, A1333 (1965).

# 3. C. Keeton and T. L. Loucks, Phys. Rev. (to be published).
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level in Th, and this may partially account for the Stron
tendency towards ferromagnetism, and the anomalg
small Q in the spiral phase. ?

Since the neutron group widths are neither observahil
temperature dependent at high q nor signifi abﬁ
different in the alloy from those in pure Th, the p
pal mechanism limiting the magnon lifetime is probakie
absorption by the conduction electrons.? This Proc
involves a spin-flip by the electron, and the absgmgie
may therefore decrease rapidly at critical waveyecta
determined by the separation of the Fermi surfaces
different spin. For the free-electron model, the widih
well above the critical q is given by*

Ae(q) =ce(q) /g, (18
xghere ¢ is a constant. This function, fitted at gzo,
A~1is shown in Fig. 7. The rapid fall in the widths g
about ¢=0.35 A~ may reflect the exchange splitting of
the Fermi surface, and it would clearly be of interest
to study this phenomenon as a function of magnete
ordering. The residual broadening at low q is proba
due to Umklapp processes of the type discussed
Luther and Tanaka.”

Because of their smaller spin, the Ho moments i
the alloy are coupled comparatively weakly to the
host moments and so have a natural precession fig
quency in the band of magnon energies. The resonant
scattering of the magnons by the impurities ca
strong perturbation of the dispersion relation in
vicinity of this frequency, and this probably espla
the anomaly which is shown in Fig. 6. This reson
magnon mode is discussed in more detail elsewh

Finally we discuss the magnon-phonon interactiof
which is observed when the unperturbed magnon an
transverse phonon dispersion curves cross. If a
coupling between the excitations is assumed, the
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P z
Fre. 12. Conduction-electron energy bands along S mt
directions in Tb. The dashed line is the approximate i
level. :
2R, J. Elliott and H. Stern, Inelastic Scatiering of :
(IEAE, Vienna, 1961). X
# A, H. Luther and T. Tanaka (to be published)- .
* A. R. Mackintosh and H. B. Mgller, Proceedings 0! ‘S
Excitations Conference, Irvine, California, 1967 (to be PUDEEEE
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MAGNETIC INTERACTIONS

B 1 may be written in the form®

‘:':. 2[&’"( q) agtaqte( Q) bgtbg+cq(aq betaqbe™) ],
-

(19)

ere a, and bq are destruction operators for magnons
ad phonons, respectively. This Hamiltonian may be
e oonalized to vield eigenstates which are mixtures of
2 deviation and lattice displacement, and the spin
fation part of the excitations is observed in the
of Fig. 5. The dispersion curves split about the
ng point of the unperturbed dispersion relations,
{ the splitting at this point is 2c,. From our measure-
on the alloy we therefore find that the coupling
er ¢q is 0.85 meV at g=0.44 A, which is com-
le in magnitude with the value observed in UQ.
olling and Cowley.?® The interaction is considerably
in pure Tb and furthermore there is no observ-
upling in the alloy between magnons and
propagating in the ¢ direction, for which the
occurs at much higher energy. It seems
le, therefore, that the coupling is enhanced by
e spin and charge deviations occurring around
impurities near the resonance frequency which,
y, is close to the crossing point of the magnon
nonon dispersion curves.

CONCLUSIONS

our measurements of the magnon dispersion
s we have been able to obtain a considerable
of information about the magnetic interactions
heavy rare earth metals. The indirect exchange
g between the ions has been studied under
experimental conditions, and its form can be
1o the Fermi surface. The temperature depend-
ts the effect of the change in the ordered
on the magnon energies and on the conduction
* energy bands. The exchange splitting of the
1s also manifested in the magnon life-

8nce the interaction of magnons with conduction

'Yo’rk%’gg‘{tr pl_r";iﬂ.r}' of Solids, (John Wiley & Sons,

Mg and R. A. Cowley, Phys. Rev. Letters 16, 683

815

electrons apparently drops rather rapidly at a critical g
determined by this splitting. The resonant scattering
of the magnons from Ho impurities produces a pro-
nounced anomaly in the dispersion relation. A strong
coupling occurs between magnons and transverse
phonons propagating in the ¢ direction, which may be
enhanced by the presence of the resonance.

There are a number of extensions, both experimental
and theoretical, which could be made to this work.
A more detailed study of the magnon energies and life-
times as a function of temperature would provide
further information on the relation between the con-
duction electrons and the magnetic interactions. In
particular, a study of the magnon energies in the spiral
phase should show the effect of the progressive modifica-
tion of the energy bands by the magnetic ordering, and
this should also be reflected in the magnon lifetimes in
the ferromagnetic phase, which are critically dependent
on the exchange splitting of the bands. From the con-
duction-electron energy bands, it should be possible to
calculate both the exchange coupling between the mag-
netic ions and the damping of the magnons through
absorption by the conduction electrons.

The change in magnon energies with magnetic order-
ing, and hence with temperature, should allow a more
detailed study of the energy of the resonant mode and
the strength of the magnon-phonon coupling as a
function of q. We are planning soon to extend our
measurements down to liquid He temperatures.

It should also be possible to make detailed measure-
ments on other rare earth metals and alloys in different
magnetically ordered phases. Preliminary measure-
ments have already been made on Er* and Ho? We
expect that the maxima in J(q) are more pronounced
in these metals, since they form periodic magnetic
structures over the whole temperature range of ordering.
Such experiments, together with theoretical studies of
the magnetic interactions, should substantially improve
our understanding of magnetism in the rare earth
metals.
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