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Preface

The present report describes the technique of inelastic neutron scattering and
the application of this technique to the study of the magnetic excitations in rare
carth metals. This work represents some of the most recent measurements
carried out at the Riso Triple-Axis-Spectrometer.

The design of this spectrometer was started in 1961 by L. Passell and the
author. The construction was completed in 1964, and from that time the spectro-
meter has been used in inclastic neutron scattering measurements. A list of
publications of the results of this work is given below.

The experiments described in this report were carried out in the period from
the beginning of 1965 to the summer of 1967. Short reports on the main
experimental results have already been published (HI, IV and V1 of the list
below).

List of publications on inelastic newtron scattering measurements carried out
the Rise Triple-Axis-Spectrometer

I H ll)zmnn Mellcr and A. R. Mackintosh
ing of N in Chromi
Inelastic S ing of N Vol. 1, p.95(1. A. E. A, Vienna, 1965).

. H. Bjerrum Maller and A. R. Mackintosh
Observation of Resonant Lattice Modes by Inelastic Neutron Scattering.
Phys. Rev. Letters 15, 623 (1965).

1. H Bprnlm Mudler and ). C. Gylden Houmann

of Ny by Spin Waves in Terbium.
Phys. Rev. Letters 17, 737 (1966).
IV, H. Bjerrum Moller, J. C. Gylden H: and A. . Macki h

Magnetic Interactions in Rare Earth Metals from Inclastic. Neutron Scattering.
Phys. Rev. Letters 19, 312(1967).

V. AR, Mukmlotlundll Bjerrum Mdkr

- of Localized Exci by Inelasti <
Proceedings of the ional Confi on Localized Excitations in Solids.
University of California, Irvine (1967).

Vi. H. Bjerrum Melles. ). C. Gylden Hi and A. R. Mackintosh

Mngnmc interactions in Tb and Tb-10%, Ho from Inclastic Neutron Scattering.
Pr 3 of the | ional Congress on Magnetism, Journal of Applied Physics (1968).




L Imroductitm

The ions of the heavy rare earth metals gencrally ciusry a large magnetic

b the 4f &) ic shell is incompietely filled. These moments
are highly localized, and there is thevefore no approciable direct exchange
interaction between them in the metal. There is, however, s strong indirect
interaction between them, established through the medium of the conduction
clectrons. The spatial form of this indirect exchange intersction is dowermined
primarily by the properties of the conduction electron gas, and it produces
unusual and complex magnetic structures below certain charscteristic ordeing
The correlated thermal motion of the localized moments at finite Weapere

atures can be described in terms of elemeniary magnetic exsitations, which
interact only weakly with each other. These excitations have the form of spin <.

waves, in which a small sinuscidally varying deviation of the moment (rom
the completely ordered staie travels through the Iattice. The spin wave quantum
xsm!lcdamagnon.mmnlogymththephomwhwhnahmquun-

tum. The excitation of a single magy the ordered moment of the
system by one Bohr magneton.

In the approximation in which the magnon i ctions are neglocted, the
lifetimes of the magnons are infinite and they theref haveawﬂldefmed
energy «(g) = Nw(q) and momentum Ny, where q and w(y) are respectively the
wavevector and angutar i y. The relation «(g) b £ and g is calied

the dispersion relation and is dclcrmmed primarily by the exchange forces.
Since thermal neutrons may excite or absorb a magnon in a scattering process
in which momentwmn and energy are conserved, the magnon dispersion
relation may be determined from a study of the change in momentum and
encrgy of the ncutrons in the scattering process. In this way, neutron scatiering
may be used to obtain information on the exchange forces.

The interactions of magnons with cach other and with phonons, clectrons
or impuritics in the lattice may limit the magnon lifetime, and hence give rise
to a natural energy width in the ncutsron groups observed in inefastic neutron
scattering. A study of this linewidth therefore provides information on the

9



magnon interactions. These interactions may also perturb the magnon dis-
persion relation and the nature of the pertusbation provides further informa-
tion on the form of the interaction.

The present paper describes an experimental investigation of these magnetic
interactions in Tb and an alloy of Tb with 10¢, Ho, by the technique of in-
elastic neutron scattering. As an introduction. we review briefly the relevant
parts of the theory of the magnetism of the rare earth metals and discuss the
various types of neutron scattering processes which may occur. The cross
section for each of these processes is given. Ch.pter I describes the experi-
mental method, with especial attention to those features of the techaique
which allow an accurate determination of the encrgies and lifetimes of the
magnons. The interpretation of thesc data is discussed in chapter 111, with
special reference to the relation between the conduction electron band structure
and the indirect exchange interaction between the magnetic ions. The inter-
action between the magnons and electrons. phonons and impunities is also
considered.

1. Magnerism of Rare Earr’; Meials

Neutron diffraction measurements by Koehler et al!-> have shown that
the rare earth metals have interesting and unusual magnetic structures.
Terbium, for instance, has temperature regions of paramagnetic, antiterro-
magnetic and ferromagnetic ordering. The configuration of the moments in
the ovdered phases is shown in Fig. 1.

¢ - direction c-direction

I

) VoA,

a-direc - g 5, q-direc-
tion tien

b -direction b.direction
(a} by
Fig. 1. The magneuc structure: in terbium
(a) 1n the ferromagnetic phase T < Te

10 th) 1n the spiral pl.ase (turn angle ) Te < T = Tw



The crystal structure is hexagonal closed packed witha == 3.599 Aand ¢ <
5.696 A at 300°K. Below the Curic temperature T the magnetic structure is
ferromagnetic with all moments aligned along the b-direction (sec Fig. 1a).
In the temperature region from T to the Néel temperature Tx. the magnetic
moments form a spiral structure (see Fig. 1b), in which the moments remain
aligned in the plane containing the a- and b-direction (called the basal planc),
but change direction from one layer of atoms to the next by an angle a, called
the interplanar turn angle. The spiral structure can be characterized by its
wavevector Q, defined as a vector in the c-direction of magnitude :—xﬁ
{1 is measured in degrees). Above the Néel temperature the magnetic structure
is paramagnetic.

The localized magnetic moments of the rare earth metals are due to the
electrons of the unfilied 4f shell. The radius of the 4f shell is small compared
to the interatomic distances, so overlap between neighboring 4f shells is very
small. The interaction between the localized moments is thercfore believed to
be mainly an indirect exchange interaction via the conduction electrons. Each
localized moment produces a spin polarization of the conduction electrons
which in turh interacts with another moment.

The theory of indirect exchange was first studied by Ruderman and Kittel®,
Kasuya* and Yosida®. They showed that the exchange Hamiltonian can be
written in the form

Hex = —Zlﬂh-—ll...) 3 n

I>m

where J, is the total angular momentum operator for the I'th atom and the
indirect exchange parameter J(R; —Rm) is a long range oscillatory function of
the separation between the atoms.

For a general conduction electron band structure the Fourier transform of
the indirect exchange parameter

Jig) = Zumn“""' @

1
i3 given by an expression of the form®
I (KK - @+ 1) f(enfk)) [1—Flen(k - - 7))
= L. 3
@ Z e (ks g+ v)— (k) 3

nnk



where m(k) is the energy of a Bloch state ¢t wavevector k in band n. Luw (k.
k - q - v) is a slowly varying function and r is a reciprocal lattice vector chosen
s0 that q lies in the first Brillown zone. f{+) is the Fermi function

i
fle) o )
eu-:,.-) kT A

where ¢ is the Fermi energy and T the temperature.
Kaplan” took anisotropy of the exchange interaction into account by adding
the term

- N Kin ot Jam *

lm

to the exchange Hamiitonian (1). where Ji: is the c~component of Ji. The
resulting Hamiltonian is then the most general quadratic function of the
angular moments of two atoms in a structure with hexagonal symmetry.

The anisotropy of the exchange interaction arnises because of the orbital
angular momentum. which is not quenched in most of the heavy rare earth
metals. However. Kaplan and Lyvons® showed that the anisotropy of the ex-
change is probably small.

The fact that the rare earth metals have an orbital angular moment. and
therefore a nonspherical distribution of the 4f clectrons. also gives rise to an
anisotropic crystalline field. which is very important in determining their
magnetic structures.

The crystatline field anisotropy energy i discussed by Elfion” and Miwa
and Yosida'”. [ts contribution to the Hans..tonian can be written phenomeno-
fogically as

Ho N 18X - DAL FI -G (U it - Gu=ib*]) 0

)

which is the most general function of the moment of a single atom of order six
and with hexagonal symmetry. That part of the exchange anisotropy for
which ! - m in (5) is included in the crystal field anisotropy term. We will
negleet the second apd the third term (D F . 0). With positive B and G
the crystal ficld anisotropy energy will be minimized when the moments lie
in the basal hexagonal plane and point in the x-direction.

Yoshimori”, Villain'? and Kaplan'* then expluined the magnetic structures
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of Tb (and the other heavy rare earth metals) and the transitions between
different magnetic structures on the basis of the Hamiltonian

H . Hax- Hs M

in terms of the “competition™ of the positive interaction between the nearest
atomic oeighbors. and of the negative interaction between the next nearest
neighbors from the long range oscillatory indirect exchange interaction.
Yosida and Miwa'* expressed this in terms of the Founer transformed ex-
change parameter J(q). and showed that, il the six fold anisotropy is neglected
(G - 0). the spiral structure will be stable with wavevector Q, if J(g) has an
absolute maximum for q - Q. The six fold anisotropy will of course tend to
prevent the formation of a spiral structure by keeping the s,%n in the x-direction
(f G ix positive).

Most of the theones's assume therefore that the transition from spiral
structure 1o ferromagnetic structure takes place when the six fold anisotropy,
which is strongly temperature dependent. reaches a certain strength.

As may be seen from the expression (3), the maximum in J(q) and hence
the Q of the spiral phase is determined by the band structure. Of especial
importance are terms with a small encrgy denominator. and these arise when
q spans some dimension of the Fermi surface. From a consideration of the
band structures of the heavy rare earth metals, Williams, Loucks and Mackin-
tosh'® suggested that the maximum in Jiq) is determined by the separation in
k space of flat regions of the Fermi surface.

Niira'”, Yosida and Miwa' and others'*.'? carried out an approximate dia-
gonalization of the Hamiltonian and found expressions for the magnon
dispersion relations. For the c-direction the expressions are

A 3 [UO)-3q) - 2B - 2IGINN0) -J@) - T2GIMB - 3GH] '

%)
. b

AQ 3 Q) - Q - @) -1 HQ-e) [HQ-d-2B)) T (9)

for the ferromagnetic and spiral phases respectively. We have here used the

double zone representation in which q runs from zero to twice the distance to

the primitive zone boundary in the c-direction, so that the magnon dispersion

relation consists of onc contmuous branch in this direction.

Itis seen from these expressions that measurements of the magnon dispersion
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relations give detailed information on the indirect exchange interactions. The
primany obpect of the present paper is o describe such measurements and
corrclate the results with the theory.

2. Neutron Scatrering

Thermal nentrons impinging on a crystal may undergo vanous types of
scattenng processes. In a magnetie crystal the scattening may be caused by a
nuclear interaction or by a magnetic interaction. The scattenng process may
occur with no change of energy between the incident and scattered neutrons.
or the neutrons may exchange energy with the crystal. These two 1ypes of
scattersng are referred 10 as elastic and inelastic neutron scattering. respectively.
Both nuclear and magnetic scattering may be elastre or inelastic. In inelastic
scatiering through the nuciear interaction the neutrons create or destroy
phonons, whercas either phonons or magnons may be cxcited through the
magnetic interaction.

Because of the periodic structure of the fattice. it is possible for the sca d
neutrons to interfere with each other coherently, and produce peaks in the
scattered neutron intensity for certain momentum and energy transfers. De-
viations from ideal periodicity. such as differences of the neutron scattering
from equivalent crystallographic sites because of nuclear spin. atomic. magnetic
or isntopic disorder. will act to destroy the coherent nature of the scattering
and contnbute an incoherem background to the coherently scattered neutrons.

The generai theory of neutron scattering by crystals was first treated by
Weinstock™ and by Halpern and Johnson®. The neutron scattering cross
sections were calculated in the Born approximation, using a Fermi pseudo-
potential?

i 2
vin - 2 {10y
m

to describe the nuclear interaction between the neutron and the nuclei, whereas
the magnetic interaction was calculated as the interaction of the magnetic
field produced by the neutron with the clectron current duc to the uncliosed
shells of the scattening atoms. A list of symbols is given on page 17.

The elastic scatiering cross section of an atom per unit solid angle, for
unpolarized neutrons was shown to be

do

T an - (1-ah) aie ]
an N - (1 —an) aule) (n



where the magnetic scatiering amplitude is
awe) tar;gdie) a2

The nuclear scattering amplitude ax is independent of %, while the magnetic
scattering amplitude am(x) depends on x through the magnetic formfactor
f(%). Since this is essentially the Fourier transform of the unpaired electron
distnibution. it decreases with increasing 2.

The ncutron cross sections for the various neutron scattering processes have
Jater been derived in 2 number of papers. Below are given the coherent cross
sections. relevant to this work:

Elastic Nuclear Scavtering™
: &(Zﬂ)e :“‘ Fir)? dx—x) (13

'

'du

Elastic Magnetic Scattering from Fesromagnetic Structure?

2 -~
da (x)L—-)c (- )(1‘;—’) > iFn)F sa—r)

dn
¥
(14
Elastic Magnetic Scattering from Spiral Structure?
do 12 )
du 43”2v e ’( ])
> IFin? (s Q-1)- dx-Q-) (15)
T
One-Phonon Creation (through Nuclear Interaction)??
& ke o (2P Wade- by
———— ¢ -1
dOgE T KRNV Mg M@ ]
F 07 > Hx—-q-m) HE—r,(q) (16)
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Ome-Phonon Creation ithrough Magnetic Interactiony* from Ferno-
magnetic Structure {Magnetovibrational Scatiering)

Fo k00 L o (IDY he by
Rl e w-y (22
FITEE A ( i) TMow
[na@ - 1] B0 Y dx—q-nAE~r @) ¢
4

One-Phonon Creation (through Magnetc Interaction) from Spiral Structure

¢k . T )* hace - &)
B gl 1- 200y IR e
dE R "’N ve o ( ] Ms;(q)
[ni@- 1] FEo? Z' :[Ox-q- Q-v) - Sx—q-Q-r)]
v
SE-r(q) 18
One-Magnon Creation from Fcrmmugnclic Structure??
d’a k: 2 (-T) . -
P “tee T n; 1} €1 -en)
Ak & N j It 1] 0
‘FL(x)=Zzi(u ~Q-1)ME~ e (q) (19
One-Magnon Creation from Spiral Structure™
de ! e n
S0dE 5 [ntq) -1} iF (%)
i { ;;-U ce) Alg) [dx—-q-Q-1)-dx—q - Q-n)}
- (1 -l Bigr =g -v) | KE— 0 fa) .
where
Alq) ! 2

Big)



for excitation of magnons in the c-direction **.
The following symbols have been used in equations {10y {21):

an magnetic scattering amplitude
a nuclear scaticring amplitude
€ unit vector in direction ol x
component of e in the magnetization direction
cq component of e along Q
e ¥  Debye-Waller factor w
E neutron energy transfer. E - 3 ki —~k3)
f(x) magnetic formfactor ~m
F(r)  geometncal structure factor for elastic scattering
F,¢) geometrical structure factor for inelastic scatiering

¢ Landéfactor.g o - Ao D-lL-1)

2 20-1)
J total angular momentum of the atoms
NT):) relative ordered moment as a functionof T
k, wavevector of incident neutrons
k. wavevector of scattered neutrons
L orbital angular momentum of the atoms
m mass of the neutron

M mass of the atoms
n,(q) number of thermally excited magnons or phonons
N, number of atoms in the crystal

q magnon or phonon wavevector

Q wavevector of the spiral structure

fo electromagnetic radius of the efectron. r, - 2.82- 10 Y cm
S spin angular momentum of the atoms

T temperature of the crystal

v volume of the unit cell -

b magnetic moment of neutron in nu;lelr magnetons, ;= —1.913
#(q) magnon or phonon energy

x neutron scattering vector, x = k;—k;

i branch of magnon or phonon dispersion relation

Q solid angle of scattering

&qi unit polarization vector of phonons

[ neutron scattering cross section

r reciprocal lattice vector



The cross sections are given per atom and per unit solid angle of scattering.
The inelastic cross sections are further per unit energy transfer of the scattered
ncutrons. We have assumed pure Heisenberg exchange between the magnetic
tons and neglected magnon and phonon interactions. Only the creation cross
sections have been given. since all measurements were performed with neutron
energy loss, and only onc-phonon and onc-magnon cToss sections are con-
sudered. since multiplic phonon and magnon processes only contribute a
smoothly varving background to the ncutron peaks observed from the above
Processes.

The cross sections are expressed in the reciprocal lattice. which is derived
from the real lattice through the relation

vom - 2rp 22
where p is an intcger. & is any of the basis vectors 8. »;. 8; of the crvstal lattive
v = hin ~ kb: - 23)

where h. k and | are intcgers (Miller indices) and ¢ is a vector of the reciprocal
lattioe with basis vectors . b, and b,

&t follows from (22) that
b MM 2y BB oy M E
& & "B B -8 -8 -8 -8
124

The J-functions in reciprocal space give the directions in which neutrons
scatier coherently.

When the basic unit cell coniains two atoms, there will exist two branches
of the dispersion refation. called acoustic and optical respectively. In an optical
phonon mode of small wavevector g. the two atoms of the unit cell vibrate
against cach other. but the centre of mass of the cell is fixed. If the iwo ions
are oppositely charged 2 motion of this kind may be excited by the electric
ficld of a light wave. In the acoustic phonon mode of small g, the two atoms of
the unit cell move together., as in a sound wave vibration. The energy of the
acoustic mode is zero for g -« 0. with a slope determined from the velocity of
sound. Optical and acoustic magnon modes are defincd in analogy with the
phonon modes, with the lattice displacement replaced by the precession of the
magnetic moment.

The dispersion relations for acoustic and optical phanons each consist of
three branches determined by the polanzation of the modes (direction of



vibration relative to q). For directions of high symmetry, these are one longi-
tudinal and two transverse branches. For magnons there is no equivalent of
the polarization of phonons. The symbol i is used to label the branch of the

Both magnons and phonons are bosons, so that the number n(g) of thermally
cxcited magnons or phonons of wavevector g in the dranch 4, at temperature
Tis

In a crystal containing two atoms per basic unit cell, the neutroas scaltered
from the two sublattices may interfere constructively or destructively. This is
expressed by the geometrical structure factor which, for clastic scattering,
takes the form

Fe)P=2( + cosr- g) (26)

where ¢ is the vector between the two atoms in the unit cell.

The geometrical structure factor for inelastic neutron scattering is defined
cverywhere in reciprocal space and depends on the branch of the excitation.
For magnon scatiering from a ferromagnetic hexagonal closed packed [attice
it can be shown to be?*

{Fam)f = 2cost'iz | —v-p + ®@)

2n
IFi)F = 25in? Yz { —v- ¢ + Q@) }
for the acoustic and optical branch, respectively.
Here
2! II/ T , 1 /T »
eos0(1)~2 I T J,.(.)l 28)
where
S —Z smn R

Ry
and the sum extends over all veciors from one atom to all the atoms in the
other sublattice.
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11. Experimental Technique

The expressions for the neutron cross sections show that a necessary con-
dition for elastic coherent neutron scattering { |k, | = |k, i) is that
P 29

This condition is illustrated by the vector diagram shown in Fig. 2.

Fig. 2. Vector diagram for Bragg scatiering.

which gives the Bragg relation?’
vl 21k isin@
or

n»zf~- i 2dsind (30)

for coherent elastic reflection from Jattice planes spaced by the distance

2n
4 =
T

nis an integer, which enters the expression because nr is also a reciprocal lattice
vector, -

Bragg reflection of monochromatic neutrons therefore gives peaks in the
scattered neutron intensity at scattering angles determined from (30).

20



The conditions for inelastic coherent neutron scattering are
q = X~v 32
and

@i - E=E 33

The first of these conditions (momentum conservation) is iflustrated by the
following vector diagram in reciprocal space.

Fig. 3. Vector di for the excitation of a (or ph of %

If the second condition (energy conservation) is fulfilled at the same time,
a coherent nevtron scattering process will take place, and a peak in the scattered
neutron intensity will be observed.

The natural variables of a neutron scattering experiment are therefore seen
to be the wavevector q and the energy transfer E, and a measurement of the
dispersion relation «(q) consists of finding peaks in the scattered neutron
intensity in g-E-space. Such a series of measurements, in which q and/or E are
varied, and the scattered neutron intensity measured, will be refered to as a
scan in ¢-E-space.

In order to perform such scans, it is necessary to have control over the
fength and direction of the incident and scattered neutron wavevectors and
the orientation of the sample.

The necessary cnergy selection.can be achieved by Bragg reflection from a
single crystal (using (30)). This principle is utilized in the triple-axis-spectro-
meter shown schematically in Fig. 4. This type of apparatus was first developed
by Brockhouse?* and used primarily in phonon dispersion relation measure-
ments,

21



However, if E, is small compared to the energy of the scattered neutrons and
: qo! is small compared to| k;} these corrections can be neglected. and the re-
solution function measured on a Bragg reflection can be assumed applicable
to the inelastic scattering measurements. This was the case for most of the
measurements described in this report.

3. Focusing

The width of the neutron groups observed in different scans may differ
widely. due to the correlation between q and E in the experimental resolution
function. This phenomenon is known as focusing, and analytical and graphical
methods have been developed to predict the spectrometer conditions that will
give optimum focusing®- .

This information and the instrumental width for any scan are however
immediately obtained from knowledge of the resolution ellipsoid deﬁned in
the preceeding section. This is illustrated in Fig. 14.

E
)

E@)

RIG-G,E-E,)

Fig 14. Dispersion surface and resolution ellipsoid for g-vectors in the scattering plane. In constant
@-scans the resolution eflipsoid is moved vertically through the dispersion surface.
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The surface shown is the dispersion refation E(q) for g lying in the scattering
plane. The resolution ellipsoid is also shown. In a constant q scan the ellipsoid
is moved vertically, and a peak is observed when it crosses the E(q) surface.
Assuming, infinite lifetime of the excitations, the width of this peak depends on
the range of E over which the crossing occurs. The width is seen to be minimum
if the constant g-scan is measured with q perpendicular to x {on the positive q,
axis). the width being f if the slope of the dispersion surface at the crossing
point is parallel to the major axis of the resolution ellipsoid. The maximum
width is seen when q is along the negative q, axis, and the width b is observed
for q parallel tox. These three cases are referred to as focusing. defocusing and
non-focusing scans respectively. Various degrees of focusing and defocusing
exist. The same effects occur in constant E-scans, where the resolution ellipsoid
is moved parallel to the scattering plane.

We conclude therefore that knowledge of the resolution function and the
slope of the dispersion relation allows one 10 predict the resolution width for
any scan. This is important when choosing the most favorable scan and, in
addition. it allows a determination of the natural width of the neutron groups.

4. Intensities

in order 1o find the observed inclastic necutron scattering cross sections ain
we must average lhe cross section over the resolution function.
With the spectrometer set at qo. E,, we find

oin - QB

'\’ 69~ 4) 3 (E~e(@ex)) R0, E— ) dgdE (36)
Nz

where the slowly varying proportionality constant B is the factor multiplying
the d-functions in (16), (17) and (19} for phonon. magnetovibrational and
magnon scattering, respectively. Gex is the wavevector of the excitation (phonon
or magnon) and f(qx) ils energy. (2 is the solid angle of scattering (= 5- 10 *
steradians). o

The summation over g is transformed to an integration by multiplying by
the density of end points of g.x-vectors in reciprocal space

NV

7in uB (—5’-'-’-;

.
' R(‘-u ~Qo. #(Gex) — E» d‘-x 37
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rw’ monocromator analyzer

Fig. 4. Schematic diagram of the triple-axis-spectrometer.

The monochromatic incident neutron beam is extracted from the reactor
spectrum by Bragg reflection from a single crystal, the monochromator
crystal. The energy of the monochromatic neutrons (and therefore the length
of the k;-vector) is determined by the angle P. The neutrons scatter from the
sample through the angle Q. and the energy of the scattered neutrons (or the
length of k;) is determined by the angle S. Finally the angle R determines the
onentation of the sample crystal relative to the incident neutron direction.

It is possible with the triple-axis-spectrometer to perform scans in which
one of the natural variables is varied while the other is fixed.

Two such scans are represented in Figs. 5 and 6. where three ot the con-
figurations of the spectrometer are shown for each scan. Fig. 6 shows a constant
g-scan in which the g-vector is fixed and the energy transfer varied. Fig. §
shows a constant E-scan in which the energy and direction of q are fixed and
the magnitude of ¢ varied. The intensity of the scattered neutrons, as a function
of energy transfer and wavevector respectively, shows peaks when (32) and
{33) are simultancously satisfied. These peaks are superposed on a generally

Intensity
E constant

)
t
!
|
1

T
3(E)

Fig. 5. Dragram 15 isirating a constant E scan.
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Fig. 6. Diagram illustrating a constant q scan.

smoothly varying background due to incoherent scattering. multiple phonon
and magnon scattering and other processes.

It is also possible to perform an inelastic neutron scattering experiment on
a spectrometer. where the energy selection is done by use of a neutron chopper
and time-of-flight analysis. However, with such a spectrometer it is not possible
to perform scans in which the direction of q is fixed. It is therefore less suited
for investigations of solids in the form of single crystals, where it is important
to be able to restrict measurements to symmetry directions, because this
simplifies the analysis of the results.

This chapter describes the experimental details of the measurements of
magnons in rare earth metals. The Rise triple-axis-spectrometer used for these
measurements is first described. It is then shown that the experimental reso-
lution function can be measured and that the instrumental width for any scan
can be determined from this resolution function. The instrumental width is
shown to depend very much on the scan so that “focusing” (i. €. narrow width)
may occur for certain types of scan. The cross sections for production of in-
elastic and clastic neutron groups are calculated from the differential cross
sections and the resolution of the spectrometer. The choice of scan is discussed
and some of the most important sources of disturbing peaks are mentioned.

1. Description of the Triple-Axis-Specirometer

The triple-axis-spectrometey shawn in Figs. 7 and 8 was designed and
constructed at Riso. It is installed at one of the horizontal tangential beam
holes of the DR 3 reactor. The polychromatic neutron beam. incident upon
the monochromater crystal, is obtained from a water scatierer placed in the
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beam tube at the position of maximum thermal neutron flux. approximately
6 - 10” n'cm’sec. The neutron scattering cross section of hydrogen for thermal
neutrons is about 80 barns, while that for fast neutrons is about 20 bams. It
is thercfore possible to obtain a partial discrimination against fast neutrons in
the neutron beam which is reflected to the spectrometer. by proper choice of
the thickness of the water scatterer. This is imporant because shielding
against fast neutrons is difficult. As the best compromise between high thermal
neutron intensity and low fast neutron intensity. the thickness of the water
scatterer was chosen such that it reflects about 90°,, of the thermal neutrons
and about 10", of the fast neutrons.

A set of multichannel neutron cofh rs (Soller colli ors) defines the
directions of the neutron beam. The collimation of these collimators can be
changed without loss of alignment by removing or adding plates.

Both the monochromator and analyzer are large single crystals of zinc
(~20cm - 8cm - 2cm) with the (002) planes parallel to the farge face. They
are mounted with the (002) planes in reflection and a mechanical coupling
(half angle device) ensures that they remain in the reflecting position, when
the scattering angle is varied.

All the four variable angles of the spectrometer (P. Q. R and S from Fig. 4)
are set in position by electric motors and the positions are read to an accuracy
of 1 minute of arc by means of shaft digitizers. The reproducibility in setting
of the spectrometer is better than | minute of arc.

As seen from Figs. 7 and 8 the spectrometer is shielded heavily in order to
bring down the background originating from neutrons which do not scatter
through all the collimators. The heavy shielding is composed of hydrogencous
material (paraffin, pressed wood, polyester resin and concrete) and of lead (as
shown in the figures) in order to shicld against fast neutrons and gamma-rays,
respectively. The thermal neutron background is easily shiclded by thin sheets
of cadmium (I mm) or boron plastic (5 mm) which cover the heavy shielding
around the monochromator and analyzer. The count rate of background
neutrons, which penetrate this heavy shielding. is about 1 count per min.

Another contribution to the background, which cannot be shielded against.
comes from neutrons which scatter through all collimators with an incoherent
scattering process or a multiphonon or multimagnon scattering process in at
Ieast one of the three crystals (monochromater, sample or analyzer), or which
scatter from other material than these three crystals, such as constructional
material in the beam (for instance the cryostat). With the terbium sample in
place. this part of the background is also about | count per min.

For the low perature measur the sample was placed in a liquid
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nitrogen cryostat, in thermal contact with a liquid nitrogen bath. Temperatures
above fiquid nitrogen temperature could be obtained by applying current to
heating coils placed around the sample. By means of a thermocoupie controlicd
feed-back system the temperature of the sample was maintained constant to
approximately 0.1°K.

The spectrometer operation is automatized and governed by punched
tapes. One tape, the program tape, contains the orders. such as the angle
settings and the reading sequence for counters. angles and temperatures. Two
types of scans are used. constant g-scans and constant E-scans. The program
tape is common for all scans of the same type. Another tape. the input data
tape at a sccond reader, contains the sequence of angles at which the spectro-
meter should be set in the particular scan. These angles are computed and the
data 1ape produced by the Rise GIER computer. from complete information
on the desired g-vectors in reciprocal space and the energy transfers. The
results of the measurements are punched on tape, which can be written out.
plotted or used in processing the results.

2. Experimenial Resolution

Because of the finite collimations in the triplc-axis-spectrometer. there is.
for a fixed position of the spectrometer, a spread of the k, and k; vectors around
their average values ko and ky. Also the direction of the r-vector is uncertain
because any real crystal consists of small blocks (mosaic blocks) with slightly
different orientation, so that there will be a spread (mosai spread) of the v-
vectors around the average r,. This introduces a finite resolution into the
spectrometer, which is of importance because it influences the widsh of the
observed neutron groups.

Calculations of the resolution, based on knowledge of the mosaic spreads
and the collimations, have been performed?®- %- . However. as we shall show
here, the experimental resolution function can also be measured directly with
better accuracy in many cases.

If the spectrometer is set 1o create excitations of wavevector go measured
from the reciprocal latlicz point r.. by scattering of incoming neutrons of
wavevector Ky, 1o wavevector Ky, there will be a distribution of all these vectors
around the average veciors. As a result there will be a finite probability that
the vector g from the endpoint of 2 r-vector to the endpoint of a neutron
scattering vector % will differ from its average value g, and that the energy
transfer E will differ from the average energy transfer E, (sce Fig. 9).
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This probability function is called the resolution function

Riq—g.E-E.

Fig 9. Vector diagram showing how the fimie collimations and mosae spreads wiroaduce an
uncestainty i the g-vector, bevause deviations of all vevtors from thar averuges (labelled with
subsxcnpt ) are ponsible

It is a four-dimensional function of the natural varables @ and E. and will in
general also depend on q., and E..

To find the ohserved intensity #q,.. E,) as a function of the settings of the
spectrometer §. and E.. we have to fold the cress section for the scattering
process o (q. E) and the experimental resolution function R(q - q.. E—E.)

ligo. Eo) j J Rig—q.. E —E.) atq. E) ddE 34)

In particular. if measurements are performed on a Bragg reflection. for
which 5 (q.E} = d (q) 4 (E)., we find the intensity

1Mq.. Eo} 2 R{~ g —E.) (35)

The resolution function Riq. E) can therefore be measured by mapping the
Bragg reflected intensity as a function of the settings of the spectrometer. and
this has been done tor various collimations and settings of the Rise triple-
axis-spectrometer.

A con way of repr ing the results of measurements of the four-
dimensional resolution funetion is to plot contour lines for half peak intensity
as a function of encrgy transfer E and wavevector q, for fixed directions of q.
This kas been donc in Figs. 10 and 11 for three different directions of q and for
two different resolutions of the spectrometer (different collimations and
energy of incident neutronss.
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Fig. 11. Resotution eliipsoid measured at the 1002} Bragg reficction with neutron energy 10 meV
and the collimations ¥, 25", 1§, 15" counted from reactor 1o counier The figure only shows the
resolution far the direction of g for which correlation between g and E exists.
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M A
(a) (o)
Fig. 12 Vector dagram ol the of the resob fi n the d per-
pendicular to &, and the cormelation berween g and E for
arcdasik salienng . 0. E. O 1b) inelashic watiering @ + 0. E- + 0.

Deviations of the mcrdent neatron B2vevector From Ko 10 &y @ive 3¢ 10 5 {§ -~ @) Vector approxi-
mately perpemic ar [o & and a larger energy transfer. Deviations of the scatiered acutron wave-
vector from Ry 1 & bave the ame cffect Moand A are the refd plancs of the

and analyzer-crysdal. respectineis. b - ki 15 paralict to M and k; - & is paraliel 10 A

There is a very siriking correlation between q and E for the component of ¢
perpendicular to x. and this can be understood by consideration of Fig. 12(a).

The K, vector in the figure has 2 smaller Bragg angle in the monochromator
M than ki, and is therefore on average longer. giving a larger E. If k3, is now
drawn from the endpoint of k; it leads to a q vector different from the one the
spectrometer is sct at (g 0). If the incoming wavevector is Ky, and the
scattered wavevector k; is taken 10 go through the collimator as shown in the
figure. it will on average be shorier, giving the same E and approximately the
same q-vector. This g-vector is therefore correlated with large E. as is observed.

Mosaic spreads in the monochromator and analyzzr give a spread of the
lengths of the k- and k:-vectors for fixed directions. and are seen 10 give
similar corrclation cffexts.
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Correlation between g and E can only occur for the component of the §-
vector in the scattering plane (defined by the kyo and ky-vectors). since the
energies of the incoming and scattered neutrons are independent of the com-
ponents of k and k: perpeadicular to the scattering planc.

We can therefore for many purposes neglect the component of § perpendi-
cular to the scattening plane and visualize the half value contour surface of the
resolution function as an ellipsoid in the remaining two components of g and
the energy transfer. We will call this ellipsoid. shown in Fig. 13, the resolution
ellipsoid.

Q4

qu

Fig. 13. The resolution cllipsoid.

We have now shown that the resolution function can be measured forgo = 0
and E. - 0. Since the resolution function only depends on the distributions
of k, and k; around their averages ko and Kz, it is a slowly varying function of
q,, and E,.. Figure 12(b) iltustrates the extension of the resolution function for
an inelastic sctting of the spectrometer, and it is seen that the resolution
function is changed relative to the measured resolution (unction (Fig. 12(a)).
The major axis of the resolution function is increased a little and is tilted shightly
out of the q,E plane. Further. the angle between the major axis and the E-axis
is decreased slightly.

Experimental information on some of these cffects can be obtained from
measurements of the resolution function at different reciprocal lattice points,
and with difTerent neutron energy, and corrections can be made if necessary.
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The cross section for production of a single neutron group AEew in a
constant q scan is now found by integrating oy, over E,

NV
AEain = QB IEIF (38)

where we have used the normalization condition for the resofution function

J~ R(9-go. E- E,) dqdE | (39)

. . AE .
Fig. 15 shows the phonon cross section BT MAENON Cross section

AE G . AE
o an and magnetovibrational cross section O awy for measurements

near the {002] reciprocal lattice point at 90 K. The phonon cross sections
shown are for the branch for which e - éq; - 1. The scattering amplitudes

an(002) - 2,16 -10 cm
an 0.76-10 2 ¢m

given by Se€insvoll et al.>* have been used.
The corresponding cross sections for production of a Bragg retlected neutron
group AEs are easily calculated in a similar way

1
AEs, QAG {40)

where A is the tactor multiplying the 4-functions in (13) and (14) for nuclear
and magnetic scattering respectively. V) is to a good approximation the volume
enclosed by the re<olution ellipsoid in reciprocal space (V, 2.7 - 10 ~ A}
from Fig. 1(y.

From (40 we find the magnetic and nuclear Bragg cross sections to be

AE
oo ((002) magnetic)  14-10°b

AE ay, (1002) nuclear) 17-10*b

or four or five orders of magnitude larger than the inelastic neutron scattering
cross sections, as also observed in practice.
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Fig. 15. Cross sections per solid angle for production of neutron groups. from magnon scattering
(m), magnetovibrational scattering (MV) and phonon scattering (ph).

An exact comparison of the observed and calculated ratio of the elastic and
inelastic cross sections is difficult because several large uncertain corrections
must be made. such as corrections for

1) extinction arising because of non-uniform illumination of the whole
sample at large cross sections

2) parasitic reflections from competitive elastic reflections by other
lattice planes in the crystal

3) change in geometry taking place when the sample is not spherical,
because the extinction depends on the orientation of the sample in
the neutron beam.

The effect of these (and other) corrections appears to be approximately a
factor of three when the intensity of the (002) nuclear Bragg reflection is com-
pared with the intensity of a magnon neutron group at 6.5 meV.
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5. Choice of Scan

Since the energy of an excitation ¢ {q) only depends on the wavevector of
the excitation g -k, —k; —v, there are several scans in which the same branch
of the dispersion relation can be measured.

{a) Creation or absorption of the excitations can be employed.

(b) Constant E or constant g scans cun be used.

(¢) In constant g scans. the energy of either the incident or sattered
ncutrons can be fixed (' k; constant or’ k, constant).

(d) The valuc of the fixed energy (in both constant E and constant g
scans) can be chosen.

(e} The r-vector can be chosen.

(f) There may be a choice between several symmetrically equivalent
directions in the sample crystal.

Although such equivalent scans give the same dispersion relation. the
quality of the observed neutron group may be very different for the different
scans. Since the inelastic scattering cross sections are small, and counting
times iherefore fong. it is extremely important to choose the best scans. We
wiil therefore discuss how to choose the scan in order to optimize the intensity,
widih and shape of the ncutron groups. and background conditions.

¢a) Creation or absorption scans
The magnon creation cross section is proportional 10 n;tg) - 1. wherc the
population factor niq) is

AT ]
hEAL LIS
mQ [cxp kT

-t

whereas the magnon absorption cross section is proportional to n;(q). For £(q)
2 kT. which condition was gencrally satisfied in these experiments. n;(q) <]
and magnon creation gives an appreciabiy larger intensity. Magnon creation
was therefore used ir aif cases.

(b) Constant E or constant q scans

Whether a constant £ or constant q scan gives a narrower neutron group
depends on the slope of the resolution ellipsoid relative to the slope of the
dispersion relation. If the dispersion relation is very stecp, a constant E scan
is better, while constant q scans give the better results for the flat parts of the
dispe,” ;on refation.

For very smafl energy transfers, the constant E scan gives a more constant
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background. since the part of the background originating from incoherent
scattering depends strongly on the energy transfer at which the spectrometer
is set.

Both constant E and constant q scans were therefore used.

(c) Fixed:k, | or fixed | k|

The monochromatic neutron beam intensity and the efficiency of the
analyzer depend on the incoming and scattered neutron energies respectively.
‘This dependence of the intensity of the scatiered neutrons on the incoming
and scattered neutron energies can, however, be avoided by fixing the energy
of the scattered neutrons (so that the efficiency of the analyzer is constant) and
determining the counting time by a thin monitor counter in tihe monochro-
matic neutron beam The inverse velocity dependence of the monitor counter

1 .
cancels the PN dependence of the cross section?®.
]

This means that the neutron groups will be symmetric and that their refative
intensity can be calculated from the cross section, without corrections for the
changes of the monochromatic neutron beam intensity and the efficiency of
the analyzer.

Furthermore. since the scattering angle in the analyzer in this case is con-
stant, it is possible to shield the analyzer very efficiently, and this was found te
be extremely important in reducing background.

For these reasons, fixed scattered neutron energy was used in all measure-
ments.

(d) Choice of the fixed ener gy of the scattered neutrons

The monochromatic neutron intensity as a function of neutron energy is
shown in Fig. 16. The range of magnon energies is from 0 meV to about 15
meV. Since we have fixed the scattered neutron energy, it means that, in an
experiment with neutron energy loss, we use monochromatic neutrons in the
range from the fixed scattered neutron energy to about 15 meV higher.

To optimize intensity this encrgy range should be chosen around the peak
of the distribution in Fig. 16. However the resolution of the spectrometer is
best at low neutron energies.

As a compromise, a scattered neutron energy of 18.6 meV vas generally
chosen. For a typical magnon we then use neutrons of incident energy around
25 meV. At this energy we have half of the maximum intensity at 50 meV but
the width of the neutron groups is also smaller than it would be at 50 meV.

37



NEUTRON INTENSITY (arteirary scole)

L ™ T L4 T T rrr T LS

i i 'y 1 S NN U T 1 'y 'l

1
© x 0 00 0
NEUTRON EMERGY (rmeV)

Fig. 16. Intensity of first onder from the asa of energy
measured with the use of 2 guartz filter™. The spikes are due to parasitic reflections in the mono-
chromator crystal.

(From (30) it is seen that the energy resolution of the h system
is proportional to E; cot s =E, 32). The peak count rate is thereforc about
the same but a sharper peak is observed.

At still lower neutron energies the peak count rate begins to decrease. In a
few cases where extremc resolution was necessary. namely for very small
energy Iransfers, a scattered neutron energy of 10 meV was used. in order to
separate the magnon peak (rom the clastic peak, and in order to measure the
widths of the magnon neutron groups.

A better resolution can also be obtained by better collimation. The colli-
mations used at 18.6 and 10 meV were respectively 307, 40", 20", 25" and ',
25", 15, 15 counted from the reactor outwards. To inc these colli
further would result in loss of neutron intensity because of the thickness of
the plates of the Soller collimators and the decrease of the solid angle of scatter-
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ing. and furthermore would not improve the vertical resolution. in contrast to
the situation when the neutron energy is lowered.

(e) Chnice of r-vecte

Since the magnetic scattering amplitude awix) is a strongly decrcasing
function of x. it is necessary to choose reciprocal lattice vectors r with low
Miller indices.

In addition the ge acal str factor Fxe) depends on the choice of v.
As seen from (27) the geometrical structure factor is a continuous function
of %. For the three reciprocal lattice points of lowest Miller indices, the geo-
metrical structure factor for acoustic and optical magnons cakulated from
{27y is given in Table 1.

1 4 Falx = v) Folx = r) N
i [100) 12 32
N 111 I 2 0
. 002} 5 2 0
TABLE | '

Geometrical structure factors for inelastic newtron scattering

Scans around [100 ) were therefore used to measure the optical branches,
whereas the acoustic branches were measured in scans around [110 Jand [002 ].

(f) Choice between equivalent directions

The direction of the magnon wavevector q relative to r is very important for
the width of the neutron groups, and scans in directions for which focusing is
obtained should be chosen if possible. From Fig. 10 it is scen that the width in
a focusing scan may be an order of magnitude less than the width in a defocus-
ing scan, the integrated intensity being the same.

From Fig. 15 it is seen that the magnetovibrational and phonon cross
sections increase faster than the magnon cross section with decreasing energy.
At low encrgies the phonon peaks may therefore disturb the measurement of
the magnons, if they fall at about the same encrgies. By choosing a scan for
which|e - &4;F == 0 for the disturbing branch, it is however possible to eliminate
the disturbing peak.
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6. Disturbing Peuks

Peaks in the scattered neutren intensity may arise from other sources than
one magnon and one phonon scattering. and may therefore disturb the measure-
ments seriousiv. Such peaks atise from neutrons which have been scattered
the monochromator, sample and analyzer before being counted. Because the
inelastic neutron scattering cross sections are smail {4 or 5 orders of magnitude
smaller than elastic cross sections). Bragg scattering in two of the three crystals
is sutTicient to produce a peak of the same magnitude as a magnon or phonon
peak. Examples of such spuricus peaks are

h

(2)

40

Bragg scattering in the monochromator and analyzer, and incoherent
elastic scattering in the sample.

Since higher order Bragg reflections take place, peaks due to these pro-
cesses will be observed whenever

mE  niE.

n, L2 3...andn: 1, 2. 3... are the order of reflection and E, and
E: are the first order energies of the monochromator and analyzer re-
spectively. For E; - [R.6 meV. peaks in the scatfered neutron intensity
will therefore be seen for energy transters O meV (1 order in monochromator
and 1 order in analyzer) 25.25 meV (2 order in monochromator and 3 order
in analyzer) 55.8 meV (1 order in monochromator and 2 order in analyzer).

Reflections of higher than 3 order are weak because there are few
ncutrons of such a high energy (sce Fig. 16).

Since the magnon energies range from 115 meV. only the peak at
0 meV may be disturbing. However, if constant E scans are used for low
energy transfer measurements, the background from this process is con-
stant.

Bragg scattering 1n the monochromator and analyzer and Bragg scatiering
in the sample. scen for “inclastic”™ settings of the spectrometer due to the
shape of the resolution function.

Fig. 17 illustrates how they arise in a focusing constant g scan.

In this scan the resolution ellipsoid is moved on the vertical line shown.
When the extension of the major asis of the resolution ellipsoid goes through
q 0.E 0Oa peak in the scattered neutron intensity will be observed due to
clastic scattering. Since this peak will arise Tor “inelastic settings™ of the
spectrometer it might be mistaken for 4 magnon reflection. Its intensity
will depend on E,, being larger at lower energies. just as the magaon re-
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Fig. 17. Dhagram showing how spuriou: peahs tn the wattered neutron istensity may an:¢ when
the extention of the major aus of “be resotulion cllipsosd goes throughq 0. E 0.

flections would be (due to .he population factor). It will give rise to a
spurious linear “dispersion carve”. It will not. however. arise in non-
focusing or defocusing scans. In several cases, these spurious reflections
ruined a focusing scan because they were not separated from the magnon
reflections. so that a non-focising scan had to be used. For instance, all
meusurements of the dispersicn relation in the c-direction were performed
with non-focusing scans.

13) Bragg scattering in the monochromator, incoherent elastic scattering in
the analyzer (or vice versa) anc Bragg scattering in polycrystalline matenal
around the sample.

These peaks arise when the scattering angle and incident (or scattered)
neutron energy are such that the Bragg Law is satisfied for a set of planes
in the polycrystalline material around the sampie. Since they only occur
for combinations of scattering angle and neutron energy determined by
the distar:ce between the planes in the polycrystatline matenial. they can be
readily identified. They can be avoided by changing (o a scan where such
combinations of scattering angle and neuatron energy Jdo rot occur in the
region of the magnon neutron group.

{4) Second order Bragg reflections in monochromator and analyzer and
magnon or phonon scattering in the sample.
The magnon or phonon excited will have wavevector 2q, wheie g isthe
wavevector the spectrometer is set 1o excite in first order (see Fig. 18).
Its encrgy will be E: (from the dispersion relaticn), but it will be seen for

. 1 Lo
an energy setting of the spectrometer ol'a E.. Asa result it will give rise to

a peak in the scattered neution intensity which generally will fall at fower
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Fig. 18. Dagram showng s second order may produce a peak in the d

Uy at lower than the one ansng §rom first order reflections.

encrgics than the wanted peak. and therefere net disturb the measurement.
Second order neutrons can be removed by neutron filters. or higher encrgy
neutrons can be used. As shown m Fig. 19 the second order, fraction de-
creases strongly with increasing neutron energy. :
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Fig. 19. Second order fraction of in the h
beam. measured with the use of a quartz filter.
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First order Bragg reflection in the monochromator and second order
Bragg reflections in the analyzer (or vice versa) leads to energy transfers
much larger than the magnon energics and will therefore not produce
disturbing peaks.

Because of the possibility of such spurious peaks and also to check the con-

sistency of the measurements, all branches of the dispersion relation were
checked using at ieast two geometrically different scans.
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I11. Results and their Interpretation

This chapter gives the results of recasurements of inelastic neutron scattering
from Tb and Tb-10°,, Ho, ani the interpretation of these results in terms of
the magnetic interactiors 1n rare earth metals.

Tb was chosen for these experiments because it is one of the few rare earth
metals whizl does not have a very high thermal neutron absorption cross
sectica. o that a sufTicient intensity of inelastically scattered neutrons can be
vbtained to give satisfactory information on the magnon dispersion relations.
Further, since the properties of Tb are typival of those of the heavy rare earth
metals, it is hoped that a careful investigation of the magnetic excitations may
give information on the whole series of rare earth metals. For measurements
in the spiral temperature region. an alloy of Tb-10°,, Ho gave better experimen-
tal results. because the addition of 10, Ho to Tb increases the tendency to-
wards spiral ordering and makes the spiral structure stable over a larger
temperature region (For Tb: T¢- = 216 K, Tx = 226 K and for Tb-10°, Ho.
Te = 195K, Tx = 220 K).

The measurements of the dispersion relation in ferromagnetic Tb are first
described. Fourier transformed exchange parameters and interplanar ex-
change parameters are derived from these measurements. From measurements
of the temperature dependence of the magnon energies in ferromagnetic
terbium it is shown that the exchange forces scale roughly as the ordered
moment, in accordance with the random phase approximation. The Fourier
transformed exchange paramcter J(q) for Tb-10, Ho in the spiral phase is
found to have two maxima for q - Q (the wavevector of the spiral) and q =
v ~ Q. The former of these peaks is responsible for the stability of the spiral
structure. The Fouricr transformed exchange parameter is related to the
Fermi surface, and the abrupt flattening of the peak in J(q) at the ferromagnetic
transition is ascribed to the splitting of the different spin bands by the ferro-
magnetic exchange interaction. From measurements of the width of the in-
elastically scattered neutron groups in the ferromagnetic phase as a function
of temperature and magnon wavevector, it is shown that the magnon lifetimes
are primarily determined by their interaction with the conduction electrons.
A rapid decrease in the width observed at low magnon wavevectors is ascribed
to the splitting of the spin-up and spin-gpwn Fermi surfaces in the ferro-

4



magnetic phase. Finally the observations of a magnon-phonon interaction
and of a resonant magnon mode are described.

Short reports on these measurements have been published’- ’¢. A more de-
tailed treatment will be given here.

1. Dispersion Relation for Magnons in Th at 90° K

The magnon dispersion relations for Tb at 90°K along ail the symmetry
lines in the Brillouin zone are shown in Fig. 20. Most of the observed neutron
groups are well defined with a peak intensity of typically 10 counts per min.
and a background of 2 counts per min. From the accuracy in determining the
center of the neutron groups and the spread of these obtained in different
scans {indicated by different symbols on Fig. 20). the uncertainty of the
measured magnon energies is estimated to be +0.1 meV.

A degeneracy of the acoustic and optical branches of the dispersion re-
lation is observed along the line K-H. Such degeneracies can be predicted by
group theoretical arguments®”- ** using the magnetic space group. which takes
into account the symmetry of the Hamiltonian. Assuming the Hamiltonian
(7). with isotropic exchange, the observed degeneracy is consistent with the
group theoretical arguments. This Hamiltonian, which is the simplest which
can accoum for the magnetic structure of the rare earth metals. is used in
interpreting all the experimental results.

With this Hamiltonian. the dispersion relation in the ferromagnetic phase
for an arbitrary directicn is'’

@ - J{E - ABS2IGIN - T2GI4B 3G i< 12 @3)
4 f

where

' g - J0) — Ji@ - YO (=D Vg (44)
The values | and 2 of the subscript 4 refer to the acowstic and optical branch.
respectively.

We have introduced two Fourier transformed exchange parameters

~ 1 R
I = D JRye I
R,
(4s)

r@- Y Iy R
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where the sums in (45) are over all vectors from one atom to other atoms in
the same, sublattice (R,) and over all vectors to atoms in the other sublattice
(R, ) respectively. ’

From (43) we find

i@ = l/ ('%) + (B=15GI)? ~ (B~ 21GI) (46)

(the other solution, with a minus sign on the square root. is seen to be false,
since it cannot give £(0) - - 0 with positive B and G)
From (44) we get

3O~ J@) -2 )6 (@) - fae) — 40
o)~ 1T U i) - ) - G0N (47)
YO e e - G - Bo)

The c-direction has a particufarly high symmetry. For this direction the
atoms of the two sublattices form alternate planes perpendicular to the ¢-
direction, separated by the distance '/,c.

Since further J'(q)=0 for i} <q< r
<
and Jiq)=0 for T =q= 2
c ¢

we find

fQ) MO -Jig - JO— g Oy (O - S-S Osqs%
(48)

O J0-d0 T O K0 YO -Y@  Fsqs

C

0 that the dispersion relations for the c-direction can be regarded as a single
acoustic branch extending twice as far as the first Brillouin zone boundary, if
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")
the points of the optical branch are moved from q 10 & q. If this re rrange-
ment is carried out. we get from (45) ¢

ra
. . n n
oy - Jigp 2 Jull —cost me@) - T-<g< T (49)
¢ ¢
me: |

sa by Fourier inversion of X0y — J7iq). it is possible to determine the inter-
planar exchange parameter Ju (m odd gives interplanar exchange parameters
between planes in different sublattices).

Also for the a-direction J'iq) is real. but all planes perpendicular to the a-
direction contain atoms of both sublattices. so we cannot consider the dis-
persion refation as a single acoustic branch. in contrast to the e-direction.

From (45) we get for the a-direction

rs
N e 2n 2n
Koy - T 2 \ (1 —cos' ;mayq) - - <q<-
9 L ' 4 ! a 4 u)
m )
(50)
!
a ' 2 r
FJy - gy ZZ Fmtl=cont .muq) (- : <4 = :»
m 1
For the b-direction J'iq) is complex and we get from (43)
P
) LN 1 2 2
Jony - J'(q) 2 \, o (1 con \1'- may) - ,r =q =< i
— - v la v 3a
m | '
(5h

Is

e N 3 2 2

10y Jig? \ J:,H»co.\'\q- pap) |- 7 o<q< T

P - v da v 3a
P
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where
x

J",; ) Z J,bJ,lv
m - mp

m=. —X

From measurements of the dispersion relation #;(q) it is thus possible to
determine the Fourier transformed exchange parameters from (46) and (47)
if the anisotropy constants B and G are known. Having determined the Fourier
transformed exchange parameters. it is then possible using (49). (50) and (51)
to determine the interplanar exchange parameters.

The two-fold crystal field anisotropy constant B was determined from the
q-dependence of the neutron group intensitics for the Tb-10°,, Ho crystal at
110 K. {The alloy was used rather than pure Tb because it was considerably
larger, and therefore gave higher neutron group intensities. The addition of
10", Ho to Tb was assumed not to change the anisotropy significantly). Lind-
gard et al. *? have shown that there is an additional factor

T .
n.l/l.(m) . 1B (52)
elq) (L))
in the formula for the magnon cross section (19} if two-fold anisotropy is taken
into account. The intensitics of the neutron groups therefore increase faster
than n;(q) - | as the magnon energies decrease. Fig. 21 shows how this is used
to determine B. The integrated intensities are rather uncertain, particularly
tor low magnon energies where the background subtraction is difficult, because
of farge contribution to the background from the elastic reflection. Considering
this, the values of the two fold anisotropy are remarkably consistent. The
average value, B - 0.25 meV/ion, was therefore chosen. The fact that the q-
dependence of the intensity agrees so wel) with calculations assuming Heisen-
berg exchange and two- and six-fold single ion crystal leld anisotropy. indicates
that the anisotropy of the exchange interaction is small.
From the expression for the dispersion relation (43) it is seen that the acoustic
branch docs not go to zero for q = 0. There is an energy gap J A of the size

1A 1 VTIGHB -3GHH (53)
For Tb-10, Ho an encrgy gap of 0.75 meV was’observed at 110 K (see

later). This value for the encrgy gap together with B . 0.25 meV:ion gives
from (S} that GJ* 8.7 - 10 “meV:ion at 110 K. The two-fold anisotropy
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constant B is in fair agreement with torque measurements of Rhyne and Clark*®
whofind B - 0.33meV ion at 110 K for Tb. Our six-fold anisotropy constant,
however. is much larger than the value Rhyne and Clark deduce from magneto-
striction measurement (a factor of six larger).: This comparison is based on
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the classical relations'” between the macroscopic and microscopic anisotropy
parameters

2
Ki=(BF  Ki= Gl

A guantum mechanical treatment of the macroscopic anisotropy para-
meters®, taking into account the dependence of the zero-poimt magnon
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energy on magnetization. substantially modifies both relations, however. and
this may account for the discrepancy. In interpreting our results. we have
used the anisotropy constants derived from our neutron measurements at
110 K. but scaled with temperature according 1o the results of Rhyne and
Clark *. The temperature dependence of the unisotrops constants deternined
in this way is shown in Fig. 12,

tig. 23 shows the Founer transformed exchange parameters. The points
are calculaied from average values of the measured magnon energies (Fig. 20)
using 146) and (47) and the anisotropy constants in Fig. 22,

The accuracy of these points depends on the accuracy of the experimental
divpersion relation, the accuracy of the measured encrgy gap. and the un-
certainty of the estimated two-foid anisotiopy B.

For simphivity et us consider the deternunation of J0)—~ g for the e-
direction in the fernromagnetic phase. From (43) we find

¥y
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c-direction

a-direction b-direction
) 0.200 0.2 0.305
J: 0.120 0.040 0.075
J, : 0.045 0.010 0005
J, 0.020 0.005 —0.035
J. 0.005
N ‘ 0.195 : 0.050
1N : o ~0005 ; 0.050
K v 0.050 ‘ 0010
) 0.015 0.010
I : 0019
S O p; -
TABLE 1l
interplanar exchange parameters.
Al are gnen in meV except the J' for the b-direction.
which are ia meV?. Accuracy - 0005 meV
3oy~ gy fa) > l ('}’) -B- A -B (54)

since B > » 21GH.
From (54) we ling

Q)
ditg) 1 ] o

B

d Aq) J l_/{‘(‘r_{'”): B - A J 6
) J

so that the uncertainty of - 0.F meV in the measurement of #(q) introduces an
uncertainty of fess than - 0.02 meV in the determination of J(0)- Jig).

Dif¥erentiating (54) with respect to A we find

. dfqy; A A 0.75

v ) < T2 0
dA @B B 6 025
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With an uncertainty of - 0.1 meV in the determination of the encrgy gap J A

we therefore get an uncertainty of less than . 0.5 - -l- ‘0.1 =~ « 0.0l meV in the

determination of J0)— Xq). 6
Finally we differenuate with respect to B and find

T hl
dfig) L R S T
dB fiq-B 12 - 025
. 0.02 . ,
B can thercfore deviate - 0E - 0.023meV. or - 10°, from the value used

without introducing additional uncertainty in the determination of 10 - X(q).

Fig. 23 also shows a Jeast-squares fit of expressions (49), (50) and (51) to the
data. and the interplanar exchange parameters thus obtained are given in
Table 1.
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Fig. 24 shows the standard deviation of the least-squares fit as a function of
the number of Fourter components {interplanar exchange parameters). It is
seen that after four or five Fourier components, the standard deviation does
not change significantly. This number of interplanar exchange parameters
therefore fits the data within the experimental accuracy.

It is seen that the exchange interaction is long range (reaches at least 5 planes
away) and osciflatory (some of the interplanarexchange constants are negative),
as expected from an indirect exchange interaction.

The oscillatory long range nature of the interaction is also seen from the
“interlinear” exchange parameters and “interatomic™ exchange parameters
calculated from our experimental measurements by Stringfeliow and Windsor*
and Goodings*?. respectively.

1t should be noted that J(0) — q) for the c-direction is everywhere positive.
which satisfies the sufficient condition for stability of the ferromagnetic
structure.

2. Temperature Dependence of Magnon Energies in Th

The results of measurements of the dispersion relation for magnons pro-
pagating in the c-direction are shown in Fig. 25 for four temperatures in the
ferromagnetic phase of Tb.

The magnon energies are seen o decrease with increasing temperature. The
most important effect contributing to this temperature dependence is probably
due to interactions among spin waves. The cffect of these interactions on the
spin wave energies is often referred 1o as spin wave renormalization. This effect
simply results from the fact that, when there is a sufficient number of spin
waves present to cause an appreciable misalignment of the spins, it takes less
energy 10 create a spin wave than when there are few waves present®,

It is useful to distinguish between those interactions originating in the ex-
change terms and those from the crystal field terms of the Hamiltonian, re-
ferring to the corresponding effects as exchange renormalization and crystal
field renormalization.

Brooks et al.“ have shown that the effect of crystal field renormalization is
to introduce a temperature dependence of the crystal field anisotropy para-
meters similar to that shown in Fig. 22.

The effect of exchange renormalization can therefore be found by comparing
the Fourier transformed exchange parameters obtained from the experimental
dispersion relation. using (8). and the crystal field parameters from Fig. 22.
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This is done in Fig. 26ia). from which it is seen that the effect of the exchange
renormalization is to weaken the exchange interaction. This is in qualitative
agreement with theoretical predictions*-** according to which the effective
exchange parameters should scale as the ordered moment in the high tem-
perature limit (where the random phase approximation is valid). Fig. 26(b)
therefore shows the Fourier transformed exchange parameters from 26(a)
divided by the ordered momemt < J; > . The ordered moment was taken from
neutron diffraction measurements of Dietrich and Als-Nielsen*®. There is an
approximate proportionality between the exchange constants and the moment.
but the detailed form of Jiq) changes with temperature, and this reflects the
change in cnergy band structure with ordering, as well as the limitations of
the theory. '

At all the temperatures, J(0)— J(q) is seen 10 have no other mininium than
for @ 0. and this is consistent with the fact that the ferromagnetic structure
is stable. It is. however. in disagreement with those theories'® which assume a
maximum of J(0) - Jiqyatq  Q for all temperatures, and explain the stability
of the ferromagnetic structure at low temperatures by the effect of the strongly
temperature-dependent six-fold anisotropy. ,
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3. Magnons in the Spiral Phase of Th-10*, Ho

As seen from the magron cross section formula {20) for the spiral structure.
in general three inelastic neutron groups are observed in constant q or constant
E scans in the spiral phase. In constant E scans they are separated by the distance
Q. the wavevector of the spiral. By choosing scans in which the scattering
vector is parallel to the c-axis it is possible to eliminate the middle peak. making
the resolution of the remaining two peaks easier.

Such swcans were used 10 measure the magnon dispersion refation in the
spiral phase. Fig. 27 shows the results of a constant E scan for Tb-10*,, Ho at
200 K. The double pcak observed can easily be decomposed into two peaks.
separated by the correct distance (2Q - 0.278 A ). The wavevector of the
spiraf Q is known very accurately from the position of the magnetic Bragg
reflections which, as seen from (15), fall as satelites on the nuclear Bragg
reflection at a distance - Q.

The dispersion relation shown in Fig. 28(a) is obtained from a series of such
constant E scans. The paints are those experimentally measured and the solid
curve is the least squares fit of expression (9) to the experimental points. taking
six Fourier components of J(0)—J(q). In the least squares fit, the various
experimental points have been weighted according to the accuracy of the
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Dansk resumé
af
M i sizidne jordarter underseg

ved hj=lp af uelastisk neutronspredning.

Den forcliggende rapport beskriver en eksperimentel undersegelse al de mag-
netiske vekselvirkninger § T og i en 90°, Tb-10°, Ho legering ved hjalp af

1 indledningen gives en beskrivelse af de relevante dele af leorien for magne-

tisme i sjxidne jordarter. Desuden omtales de forskellige typer af neutron-
dning, som kan forek

Kam:l H behandler den cksperi le teknik. Forst beskrives Riso's
tre-akse-spektrometer. som biev d til miling D vises det. at
den eksperimentelle oplosningsfunktion kan miles, og at den mstrumentelle
bmddelrtoppmldmoburvemdemmmhnbcamumudfnkmd
skabet til denne oplesningsfunktion. Det pd: 1t den instr le bredde
afhenger af mileproceduren, og at »fokusenngc. resulterende i smalle toppe,
kan opnds under visse betingelser. Ud fra de differenticlle tvarsnit beregnes
ved hjelp af oplesningsfunktionen tvarsnittene for uclastisk og elastisk neu-
tronspredning. Endelig dukulem valg af mileproocdun og nogle af de vig-

tigae kilder til fe
Resultaterne af milingerne og m:erpmammen af disse gives i kapitel [11.
Forst omtales malinger af di i ne for magy i 3-

retninger udfert over et stort lcmpenluron}dde 1 ferromagnetisk Th, samt i
den ferromagnetiske fase og spiralfasen i Th-102, Ho. Den indirekte veksel-
virkning afledi heraf henfercs 1} Fermioverfladen. Ud fra milinger af bredd

af toppene i den uclastisk spredte neutronintensitet som funktion af magnon-
balgcvckloren plvises, al rnagmnlevmdent hovedsagelig er bestemt af
med ledni Del braue fald i bredden

3

for sma mgnon-bolgevcktotel skyldes yoligvis opeplitningen af spin-
op og spin-ned Fermioverfladerne i den ferromagnetiske fase. En anomali i
dispersionskurven for ¢ ingen i Tb-10%, Ho tilskrives en kraftig veksel-
virkning meliem magnoner og fononer i omridet, hvor magnon- og fonon-
dispersionskurverne skarer hinanden, med | de blandede magnon-
fonon tilstande. Endelig omtales cn resonans-magnon-tilstand observeret i
Tb-10°, Ho. Denne tilstand opstar, fordi Ho atoniernes magnetiske momenter
er koblet relativt svagt til Th-atomernes momenter.
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