
Introduction

"High Energy Magnetic Spectroscopy"

M. Loewenhaupt

The purpose of this paper is twofold: (i) to elucidate the possibilities

and limitations of neutron scattering experiments with high energy trans-

fers at low momentum transfers from the view point of the kinematical condi-

tions of the scattering process and (ii) to discuss some examples of high

energy magnetic excitations in the field of 4f- and 5f- magnetism. The outcome

of point (i) will determine the range of possible energy transfers i.e.

will give a reasonable upper bound of 0.5 to leV of energy transfer for

R-l* . This extends the available to-range
by roughly a factor of 10 compared to the conventional magnetic scattering

at reactors. Any further, significant increase in energy transfer, however,

is not very likely even with very powerful future spallation sources. Thus

it is sufficient to restrict the discussion of possible magnetic experiments

to energy transfers up to 0.5 or I eV.

*
These low momentum transfers are necessary because of the decrease of the

magnetic scattering intensity with the square of the magnetic formfactor

f(Q) for increasing Q.

A. Kinematical Restrictions

Aiming to do neutron scattering experiments with high energy transfers at

low momentum transfers one immediatly realizes the severe restrictions im-

posed by the kinematics of the scattering process. Conservation of energy

{ and momentum leads to the well known equations
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These define the accessible and inaccessible regions in Q -a/-space; exam-

ples for different incoming energies E of the neutron are given in Fig. 1.
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Fig. 1: Diagrams of the accessible Q- w -regions for different incoming

neutron energies E in the for magnetic neutron scattering interesting

low Q range. The slope of the 9=(f line at (0,0) is given by

w/Q ~ 2k . It determines the necessary incoming energy E . ~

( -few /(L,,) if °ne wants to measure an excitation with energy

at momentum transfer Q
6 A
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These diagrams reveal two rather unfavorable things:

(a) while for lower incoming energies (E < 100 mev) the energy transfer

in a magnetic scattering experiment can be nearly as large as E , this

is not the case for higher E : the attainable energy transfers are

only 33 % (£Q = leV), 11 % (EQ = lOeV) and 3.6 % (EQ = 100 eV) of

the incident energies (taking e.g. Q = 4 8" as desirable momentum

transfer). The necessary incoming energies are proportional to the square

of the maximum energy transfer divided by the desired momentum transfer.

(b) the scattering angles become drastically smaller for increasing energy;

the step from a few degrees (£«- 0.5 eV) to only a few tenths of a

degree (£w = 2 eV) will of course have severe consequences for the design

of any such instrument.

2
To illustrate the second point I have drawn some typical f (Q) curves (steeper

decrease for 3d moments, slower decrease for 4f and 5f moments) and underneath

a table with the values of scattering angles for different incoming neutron

energies EQ and energy transfers (Fig. 2).

The solid angle seen by an array of detectors for a moderate Q resolution

of A Q a 0.4 8"1 at Q = 4 8"1 is 0.25 sr for EQ a 0.1 eV but only 0.0002

sr for EQ = 100 eV . It decreases with 1/E. Intuitively it is clear that

the extreme collimation for experiments with higher energies will lead to

a strong reduction of counting rate in the detector. To make this point

more transparent I will give a formula where the counting rate in the detector

is expressed by a product of several factors:

C ~ S-f.' .in. Jt [N £ | ^ ] A*,*, -j,
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Fig. 2: Typical Q dependence of the square of the magnetic formfactor for

3d, 4f and 5f moments (and hence of the magnetic scattering intensity).

The table underneath gives some values for scattering angles at

Q = 2,4 and 6 8 and for different sets of E and
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These factors characterize:

(a) the source, where S is the flux per solid angle and energy interval;

for higher energies this is proportional to 1/E

(b) the incoming and outgoing collimation which is chosen to be about equal

and mainly given by the perpendicular components of the momenta; these

in turn determine the Q-resolution

dSL, * tSL^ (-£N (f-f (4)
(because of the small scattering angles we have to assume a point geometry

instead of the usually used slit geometry where the collimation perpen-

dicular to the scattering plane may be more relaxed than in the plane).

(c) the incident and final energy resolution dE and dE, which again should

be equal and of the order of dE - 0.1 eV or better (this requires dE/Es

10"3 for EQ = 100 eVl).

(d) attenuation of the beam before and after the scattering; the factor

f may not depend on the neutron energy; possibly we may expect f, ~ h."

due to the counter efficiency.

(e) the scattering cross-section ^£- and the number N of scatterers in

the beam; for the case of high energies we have •—• = 1 and the expression

in the brackets independent of the neutron energy.

Counting all energy or momentum dependent factors together we obtain (with

E -v E,~ E ~ k and E ~ (-̂-) as mentioned before)

C ~ \l ~E~ 3' 5~ (£) 7 (5)
This strong dependence of the counting rate on the neutron energy makes

f any significant increase in energy transfer (at low Q) immediately to a
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severe intensity problem. In conclusion I expect that any reasonable experi-

ments on high energy magnetic excitations will be confined to energy trans-

fers up to 0.5 or 1 eV and momentum transfers between 2 and 5 8" .

A second problem with high energy neutron scattering I want to mention only

briefly: the spoiling of the low angle counters by background neutrons orgi-

nating from

(a) multiple scattering processes within the sample (this may be the well

known double Bragg scattering in low energy neutron experiments or the

double "recoil" scattering in high energy neutron experiments, which

spoils also the inelastic part of the low angle counters) and

(b) scattering from the walls of the instrument (the shielding problems

are more difficult to solve for neutrons energies beyond the Cd cut-off).

These background problems are, however, not of a fundamental nature and

can be overcome.

B. Possible Experiments on 4f and 5f Systems

The knowledge of the excitation spectrum of magnetic moments in solids over

a large range of energy transfers ("spectroscopy") is of great importance

in defining theoretical models which are able to describe the magnetic be-

havior of these moments under different experimental conditions. A clear

cut case are the stable 4f moments in insulators, semiconductors or metals.

The hierachy of relevant atomic energies (f-f Coulomb: 10 eV, exchange:

1 eV, spin-orbit: 0.2 eV) leads to the well known Hund's rules for the ground

state configuration. In a solid we have additional splittings (with energies

again one order of magnitude lower than the spin-orbit splitting) originating

from
320



(a) the crystal field of the surrounding ions,

( (b) magnetic interactions between different moments, and

(c) hybridization between the local 4f-moments and the delocalized conduction

electrons (in metals).

The latter point (leading in some cases to the Kondo effect) and the pheno-

menon of mixed valent behavior may introduce moment instabilities as observed

for some 4f intermetallic compounds. This shows up as a drastic broadening

(and overdamping) of the magnetic excitation spectrum the wings of which

seem to extend up to rather high energy transfers . In total, I think that

(a) to (c) are the main interactions in 4f systems that are investigated

by conventional (thermal and cold) magnetic neutron scattering experiments.

This is schematically drawn on the left side of fig. 3. The interest of

high energy neutron scattering (extending the conventional range of energy

transfer by roughly one order of magnitude) here are those cases of crystal

field splitting that fall beyond the limit of conventional neutron scattering,

the pursuit of the high energy part of the magnetic response of unstable

moment systems, and the determination of the spin-orbit splitting and pos-

sibly the crystal field splitting of the excited multiplets in metallic

systems (which cannot be done by optical spectroscopy). The influence of

the coupling between local moment and conduction electrons may not only

* All Ce systems are believed to have a valence between +3 and +(3.2-3.4)

thus possessing always a 4f electron and therefore exhibiting magnetic scat-

tering. Magnetic or "nonmagnetic" behavior of Ce systems is therefore only

a matter of the width of the magnetic response. This width might be as large

V as several hundred meV for the so«called nonmagnetic compounds.
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Fig. 3: Schematic view of excitation spectra of 4f and 5f magnetic moments

in solids (the question mark indicates regions where high energy

magnetic neutron scattering can give answers to up-to-date unsolved

problems).

MV = mixed valent, CF = crystal field,

LSF = localized spin fluctuations, SW = spin wave

determine the ground state properties (introducing e.g. moment instabilities)

but also the shape and position of the high energy excitations in metallic

4f systems.

Typical scattering cross-sections for the magnetic scattering within a multi-

plet are 1 barn sr" (if integrated over energy transfer and for Q = 0)

322



and they are about one order of magnitude smaller for intermultiplet tran-

sitions (between spin-orbit split levels).

While the LS-coupling scheme works quite well in rare earth (4f) systems

this is not yet clear for actinide (5f) systems. Thus the knowledge of the

magnetic excitation spectrum beyond conventional neutron scattering energies

would be an important step forward in the classification of 5f moments and

might help to decide whether a LS-, jj- or some new type of coupling scheme

is adequate. Even in the conventional energy range there are only few in-

elastic data available. These show mainly the broad type of magnetic response,

similar to the Kondo and mixed valent rare earth compounds. The exceptions

are here systems with sharp (crystal field) excitations similar to the stable

and more common 4f systems.

In conclusion I think there are quite a number of interesting experiments

in the field of high energy magnetic spectroscopy in 4f and 5f systems to

be done in the future even though the new sources expand the energy scale

"only" by one order of magnitude compared with conventional magnetic neutron

scattering. To give reasons of this optimistic point of view I will show

the results of some experiments already performed at the chopper instruments

LRMECS and HRMECS of the IPNS, Argonne. The crystal field splitting coula

be determined for the compounds CeBg ( A = 46 meV, Fig. 4), PrO2

( A = 130 meV)2, UCL ( A = 157 meV)*, and PrBaO-, ( A = 255 meV)* the latter

being the largest CF splitting seen up-to-date. There is also evidence that

3 3the spin-orbit splitting in the intermetallic compound PrAl~ ( H--* Hg)

has been found at twfto = 260 meV (Fig. 5), this being the largest magnetic

excitation energy seen up-to-date. The linewidth is also much larger than

( *recent results from S. Kern, C.-K. Loong and G. Lander
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expected from the crystal field splittings alone indicating sane strong

relaxation channel of the excited multipiet possibly originating from the

coupling to the conduction electrons. In the intermetallic 5f compounds

USn3 and UA12 the broad quasi elastic line ( P/2 = 4 meV and 35 meV for

USn, and UA12, respectively) could be followed up to energy transfers of
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Fig. 4* Neutron scattering from CeBg at T = 18 K, measured on LRMECS with

E = 185 meV. The dashed line indicates the inelastic crystal field
3+

transition ( l y - f o ) of the Ce ions. An average is taken over 12

detectors at 3° to 7°. The momemtum transfer at ~tw= 46 meV is around

1.5 8"1.

All spectra in Figs 4 to 7 show the sample scattering corrected for trans-

mission dependent background as deduced from an "empty" and "black" measure-

ment.
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10 times r/2 (Figs. 6 and 7). The results justify the relaxation^ Ansatz

for the magnetic response function in these systems (and the mixed valent

systems, too) as proposed and deduced from earlier conventional magnetic

neutron scattering experiments.

-150

PrAl2

T=300K
Eo=790 meV
HRCS/IPNS

r/2=A0meV

150 300 450

Fig. 5 : Neutron scattering from PrAl~ at room temperature, measured at

HRMECS with EQ = 790 meV. The dashed line indicates the spin-orbit

transition from the ground state H. multiplet to the excited state

Hr multiplet. An average is taken over 46 detectors at scattering

angles from 12° to 20°. The momentum transfer at £ w = 260 meV is

around 6 8" thus only 20 % of the magnetic intensity at Q = 0

can be observed in this spectrum.
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Fig. 6 : Neutron scattering from USn3 at T = 15 K measured on HRMECS with

EQ = 80 meV. The dashed line indicates a quasielastic magnetic

line with r/2 = 4 meV. An average is taken over 8 counters at

7° to 11°. Other detector groups show the same quasielastic magnetic

line but different phonon contributions.
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Fig. 7 : Neutron scattering from UAK and (non-magnetic) LaAl, at room tem-

perature, measured at LRMECS with E = 500 meV. The dashed line

in the difference spectrum indicates a broad quasielastic magnetic

line with P/2 = 35 meV. I t disappears with increasing scattering

angle (not shown here) according to a 5 f magnetic formfactor.

4

The spectrum of LaAlp shows very clearly the sample induced inelastic

background scattering up to high energy transfers well beyond the

phonon cut-off (40 meV).

327
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