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ABSTRACT

An introduction to time-of-flight neutron spectroscopy is presented in the context of
the study of magnetic materials. Examples are taken from the class of rare earth and
actinide magnetic materials known as "strongly correlated electron" systems.

1. Introduction

Inelastic neutron scattering has had a profound impact on the understanding of magnetism
at the microscopic level. It is the only technique which allows us to probe the dynamical
susceptibility x(Q,s) over a large range of wavevectors and energies. At the forefront of
modern magnetism research is a broad class of phenomena, collectively known as "strongly
correlated electron" systems, which include Kondo lattice, heavy fermion and intermediate
valence materials and also high temperature superconductors, Mott-Hubbard insulators,
etc. Time-of-flight spectroscopy has played an import role in the characterisation of these
materials, so I have focussed on this area of magnetism when providing illustrations.

2. The time-of flight technique

In the usual "direct geometry" time-of-flight spectrometer a pulsed monochromatic neutron
beam, with energy Ej and wavevector kj is produced either by Bragg reflection from a
monochromator crystal or by two or more phased Fermi choppers. This beam is scattered by
the sample into a large detector bank, and the time of arrival of each neutron is recorded. The
energies Ef and wavevectors kf of the scattered neutrons are determined from their time of
flight between the sample and the detector bank. The time-of-flight, T, is the inverse neutron
velocity and can be related to the neutron energy by E(meV) = 5.228x1 06/T2 and to the
wavelength by X(A) = 3.956x1 0'3T , where the time-of-flight is in units of microseconds per
metre. The great advantage of time-of-flight spectrometers for studying inelastic neutron
scattering is that the detector solid angle may be made very large. This allows the scattering
law S(Q,o>) to be measured at a large number of wavevector transfers Q simultaneously.
Clearly this is of special benefit if the scattering law varies with Q in an easily predicted way:
for example in crystal field spectroscopy we normally work with samples in which the
interactions between the magnetic ions are weak, so that the only Q dependence of the cross
section comes from the magnetic form factor F2(Q), which is well known and slowly varying.

The neutron energy transfer e and wavevector transfer Q are given by the conditions

e = E. - Ef (1)

Q2 = k2 + kf
2 - 2k,kfcos<|> (2)

where <b is the scattering angle of the detector. Note that both the energy and momentum
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transfers vary with the time-of-flight. The accessible region of Q,e space can be found by
combining (1) and (2) as follows

2m
Q 2 = 2E; - e - 2v/Ei(Ei-e)cos<|> (3)

This equation allows us to plot the locus of the neutron in Q,e space as a function of time-of-
flight and scattering angle. Figure 1 shows this plot for a number of scattering angles and an
incident energy of 10 meV.
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Fig.l Locus of ne.utron in (Q,e) space from (3) for E-, = 10 meV and various scattering angles.

The time-of-flight cross section is related to the normal energy differential cross
section by

d2< d2(

dQdE, m dQdT
(4)

What this means in practice is that the energy width Ae of a given time channel (width AT)
varies as the inverse cube of the time-of-flight! Let us look at a real example: suppose we
have an incident neutron energy of 10 meV and the spectrometer has a 3 m flight path and 8
usec time channels. At the elastic channel (&> = 0) the channel width in energy will be 0.07
meV, well matched to an energy resolution of 1% of Ej. However for an energy transfer of
-30 meV (neutron energy gain with Ef = 40 meV) the channel width in energy is 0.59 meV,
and for an energy transfer of+6 meV (neutron energy loss, with Ef=4 meV) the energy width
of a single time channel is only 0.02 meV! One can get around this strongly non-linear
feature of time-of-flight spectra by using variable width time channels in the data collection
software.

For reactor or quasicontinuous spallation sources like SINQ the time between neutron
pulses is determined by the period of the Fermi chopper. As an example, for a curved slot
Fermi chopper spinning at 240Hz, giving one pulse per revolution, the period between pulses
would be (l/240)xl06 = 4167 usec. This defines the time frame: if we then have 512 time
channels with channel width 8 usec, we would be collecting data for 4096 usec out of the
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total of 4167 jisec, with a gap of 71 usec between frames. If we assume a 3 m flight path as
above, the slowest neutron which will be detected will have a time-of-flight of roughly
4096/3 = 1365.3 fisec/m, or an energy of 2.8 meV (i.e. if E; = 10 meV, this would correspond
to an energy transfer of+7.2 meV). The problem is that it is possible for even slower
neutrons to emerge from the sample, and these will be travelling so slowly that they will
appear in the next, or subsequent, time frames. This is known as "frame overlap". The frame
overlap neutrons are well spread out over the time channels (because of the r 3 factor above)
and so appear usually as a rather flat background. If this is bothersome the only solution is to
chop out every second pulse, or two pulses out of three with a "frame overlap chopper". This
problem does not arise at pulsed neutron sources like ISIS, since the source repetition period
(20 ms) is much longer than the typical useful time frame.

The energy resolution of time-of-flight spectrometers has contributions arising from
the burst time of the neutron pulse and the uncertainty in measuring the time-of-flight. The
latter depends on the length of the flight path, the time channel widths, the effective thickness
of the detectors and also the sample dimensions. As always there is a trade-off between
resolution and intensity: longer flight paths gives better energy resolution, but a smaller solid
angle coverage of a given detector. The neutron pulse width can be decreased by choice of
the chopper slit package geometry or by increasing the rotation speed of the choppers, but
there is a clear upper limit here determined by engineering considerations. The HET and
MARI spectrometers at ISIS and IN5 at ILL are designed for a resolution at the elastic
channel of about 1% of Eis while the rebuilt IN4 spectrometer at ILL will have AEj/Ej
between 2 and 5%.

3. Separation of Magnetic Scattering from Phonon Scattering

Before discussing examples of magnetic scattering it is worth considering methods for
separating the magnetic scattering from phonon scattering, which is always present.

The technique of polarisation analysis, as employed on the D7 time-of-flight
instrument at ILL, allows a complete separation of magnetic and phonon scattering in a
sample [1]. However there is a large intensity penalty involved in producing polarised beams
and in analysing the polarisation of scattered beams, which makes such experiments time
consuming. It is often possible to effect an approximate magnetic-phonon separation without
using polarisation analysis. The general principle depends on the fact that the magnetic cross
section falls off at large Q values because of the magnetic form factor F2(Q), while the
phonon cross section increases with Q. The first approach is to use a "phonon blank": this is
a sample in which the magnetic species of the original sample is replaced by a non-magnetic
element which is as close as possible chemically and in mass number. For example if one
were studying the magnetic response of CeCu2Si2 then a suitable phonon blank would be
LaCu2Si2 [2]. One would expect that the phonon scattering in the La compound would be
very similar to that of the Ce compound. A straight subtraction of the LaCu2Si2 data from the
CeCu2Si2 data would not necessarily work, however, since La has a larger nuclear scattering
length than Ce. A better approach is to assume that the Q dependence of the phonon
scattering in the two samples is the same, and to use the LaCu2Si2 data to define a scaling
function for the CeCu2Si2 phonon cross section in (Q,e) space. This scaling function can then
be used to extrapolate back the data from high Q (where the magnetic scattering is negligible)
to smaller wavevectors.

A second approach is to use Monte Carlo simulations for the phonon scattering [2].
In the incoherent approximation the one phonon scattering cross section is
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NO.
[n(e) (5)

where Z(e) is the phonon density of states and [n(e)+l] is the detailed balance (population)
factor. The Q2 dependence would suggest that phonon scattering at small Q is negligible.
This is not true, however, since the Q2 dependence leads to a high probability of multiple
scattering processes through large angles. This multiple scattering is found to be isotropic to
a very good approximation: most of the phonon scattering measured at small Q arises from
two or more scattering events. Osborn [2] has shown how to model the total phonon cross
section (not just the one phonon term given in (5)), given the phonon density of states. This
may then be used as the kernel in a Monte Carlo simulation of the multiple phonon events. A
reasonable approximation to the density of states may be extracted from high Q data using
(5), since the single phonon cross section dominates at high Q. Fig.2 shows the results of
Monte Carlo simulations for YMn2 at 200 K [3]. We find that, in practice, the phonon
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Fig.2 Monte Carlo simulation of phonon scattering in YMn2 at different scattering angles. J,
corresponds to single scattering and J2 to double scattering events: note that J2 is isotropic.

scattering can be well represented here by

S(Q,e) = A(e) + B(e)Q2
(6)

where B(e) is due to the single scattering events and A(e) arises from multiple scattering.
This simple representation of the phonon scattering in (6) leads to a third approach for
separating magnetic from phonon scattering. Let us suppose that the only Q dependence of
the magnetic scattering results from the magnetic form factor. We can then write the total
scattering law as

(7)S(Q,e) = A(e) + B(e)Q2 + C(e)F2(Q)

where C(e) represents the magnetic scattering. Assuming we have a normalised data set
D(Q,E), which has been corrected for detector efficiencies and solid angles, we can perform a
simple linear least squares fit of (7) to the data for each value of the energy transfer e.
Suppose there are M values of the momentum transfer Qjj then for a specific energy transfer
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Ej chi-squared is

X? =
M

[D(Q j ,e i)-A(e i)-B(e i)Q j
2-C(e i)F2(Q j)]2 /o2(Q. ,e i)

where o(Qj,Ej) is the statistical error of the data point D(Qj,ej). It is straightforward to
minimise Xi2 with respect to the coefficients A, B and C. This gives three simultaneous
equations from which A(ej), B(Bi) and C(ej) may be found. As an example of this method Fig.
3 shows the phonon density of states (derived from B(e) using (5)) and the magnetic cross
section C(E) for CeAgSn derived from the energy gain part of a data set collected on IN6 at
200K. The incident neutron energy was 3.1 meV and the 19 detector groups had elastic Q
values ranging from 0.2 to 2.0 A"1. The structure in the magnetic cross section arises from
crystal field excitations. In this case the A(e) term was found to be negligibly small.
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Fig.3 Phonon density of states and magnetic scattering in CeAgSn at 200 K separated using the least
squares method. The data consisted of 19 detector groups with Qd = 0.2 to 2.0A"'. The magnetic
scattering shows a quasielastic peak and broadened crystal field (CF) excitations at 19 and 30 meV. The
weak peak near 11 meV arises from an excited state CF transition.

4. Magnetic cross sections.

The basic cross section for magnetic scattering can be written in the form

f L 2
 m ,n

where Pm is the thermal population of the state |m> and

(8)

where Q is a unit vector parallel to the momentum transfer. Here we have used the "dipole

approximation" for the scattering from the orbital magnetic moment [4] which is valid for
moderately large momentum transfers. For iron group materials where the orbital moment is
quenched /4gJ is replaced by the spin S. The symbol -L reminds us that the magnetic
scattering is due to the component of the magnetisation (or J) lying in the plane perpendicular
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to the momentum transfer Q. This is a consequence of the vector nature of the interaction of
the neutron's magnetic moment with the spin and orbital magnetic moments of the electrons
in the sample. The square of the matrix element in (7) introduces a dot product J1.J1 which
can be simplified by using Cartesian components:

where a,P = x,y,z. We can now write the cross section in terms of the component of the
scattering law S(Q,e):

d2o- _ 2
 kf i 2 v R - - op

dQdE f ks 2 tt.p

with

S a p (Q.") = £ Pm<m|Jo(Q)|n><n|Jp(-Q)|m> 8(e+Em-E n) . (10)
m,n

If the system has the property that Jf* is a constant of the motion (i.e. it commutes with the
Hamiltonian) then (9) simplifies further, in that only terms with P = a appear:

l -Q^)S a o (Q,e ) , (11)

By using the integral representation of the delta function:

\s y 0 * A-*. *-* f/ — " " I *

we can write (10) in terms of the correlation function

SaP(Q,e) = -~-^ f <Jo(Q,0)Jp(-Q,t)>e- iem>dt . (12)
•• - 0 0

Invoking the fluctuation-dissipation theorem we can relate the time Fourier transform of the
correlation function in (12) to the imaginary part of the dynamical susceptibility:

S«P(Q,e) = — 5 L - [n(e) + l ] Imx a p(Q,e) , (13)

where the detailed balance factor

n(8) + l = X—— = - n ( - e ) . (14)
1 - e 'e / lBT

Note that Im x(e) is an odd function of c. Although these different forms may seem
unnecessarily complicated, they do convey extra physical insight: the correlation function can
readily be visualised in terms of the way a spatial component of the magnetisation decays
with time. Similarly in (13) we can imagine the neutron's magnetic moment setting up a field
which varies in space and time like exp[i(Q.r - cot)] with G)=e/K The system's response to
this field is a magnetisation Ma(Q,(o) = xap(Q,&>)Bp(Q,o>), and the neutron scattering is related
to the dissipative part of this response.
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An important result in relation to the dynamical susceptibility is the Kramers-Kronig
relation which relates the real and imaginary parts:

ReXBP(Q,O) = 1 f I m * <Q'-e>de . (15)

If our scattering system is in the classical limit (i.e. e « kBT for all e) then the detailed balance
factor (14) becomes n(e)+l » kBT/e. Inserting this result into (13) leads to a useful sum rule:

J Sa ' J(Q,e)de = N
 2 kBT xo p(Q) • (16)

X(Q) here is Rex(Q,0) as in (15). In this limit an experiment carried out without energy
analysis yields a total scattering cross section proportional to kBTx(Q); this result should be
used with caution, however. It is perhaps safer to extract x(Q) from inelastic scattering
experiments, by relating the scattering law to Im x(Q>e) using (13), then using Kramers-
Kronig (15). A final useful form for the scattering law can be written as:

xj/>> £/k T
S«P(Q, e ) = _£!IZL _ B

 |f kBTx a P(Q) F«P(Q,e) . (17)
( ) 2 1-exp(-e/kBT)

The advantage of this version is that the scattering law is clearly expressed in terms of a line
shape function F°p(Q,e) which is an even function of e and has unit area:

f FaP(Q,e)de = 1

The other factors are kBTx(Q), which governs the integrated response of the system and the
population factor (e/kBTytl-exp^e/l^T)] which is well behaved in the limit e/kBT - 0.

5. Spectroscopy and spin dynamics of rare earths and actinides.

5.1 Crystal field spectroscopy.

The magnetic properties of a free ion are determined by its spectroscopic ground state, as
given by Hund's rules, namely the multiplet |L,S,J,m> with (2J+1) values of the magnetic
quantum number m in the range -J < m < J. However when the ion is incorporated into a
solid it experiences a potential with the point symmetry of its local crystalline environment.
The (2J+1) fold degeneracy of the ground multiplet is lifted by this "crystal field" and the
resulting eigenstates are linear combinations of the | J,m> states:

i v = £ «iji
Jmi> •

These states, and their corresponding eigenvalues e^ result from diagonalising the crystal
field Hamiltonian H& in the space of | J,m> states. The symmetries and degeneracies of the
i|f; are determined by the symmetry ofHcf. The crystal field Hamiltonian can be written in a
particularly simple form [5]:
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H CF
Im

A,m<r l>0"1O1
m = V B.-'O,111 .

Im
(19)

The A/"1 or B,m are the crystal field parameters and the Stevens' operators O,m are polynomials
in the components of the angular momentum operators Jx, Jy and Jz which transform under
rotations in the same way as the corresponding spherical harmonics Y/". Only even values of
/=2,4,6 need be considered in the sum (19) with values of |m| <. I. The matrix elements of
most of the Stevens' operators are tabulated by Hutchings [5] and Abragam and Bleaney [6].

The crystal field splittings have are profound effect on the magnetic properties. As
the temperature is lowered the thermal population of the excited CF states decreases: as a
result the effective magnetic moment of the ion is temperature dependent. At very low
temperatures only the ground state i|f0 is populated, and the magnetic moment <ua> =
gUB^ol Jal^o^ witha = x,y,z, can be substantially reduced compared to the free ion moment,
and in general is also anisotropic since <ux> is not necessarily the same as <uz>. In the
extreme case where i{/0 is a singlet <i|ro| Ja|i|f0

> = 0, for a = x,y,z, i.e. the magnetic moment is
totally quenched by the crystal field. The susceptibility is in general anisotropic: the crystal
field is the origin of the magnetocrystalline anisotropy. It is important therefore to be able to
characterise the crystal field, which means determining the CF parameters B/m in (19).

Inelastic neutron scattering is now widely established as a tool for crystal field
spectroscopy, especially in metals and opaque materials where optical spectroscopy is
difficult [7]. Crystal field splittings are usually in the range 1 to 100 meV, well matched to
thermal neutron energies. We are normally concerned with systems in which the magnetic
ions are independent (spin-spin correlations can be ignored), so that the scattering law is Q
independent: the scattering law has the form of (11) with Je(Q) replaced by Je. The neutron
can excite CF transitions between different |ei> states according to the magnetic dipole
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Fig.4 Crystal field excitation spectrum for ErBa2Cu40, measured with 15
meV and 120 meV incident neutrons [8]. The solid line is the fitted profile
from the CF model; the dotted curves show individual transitions.

selection rule Am = 0,±l. As an example Fig.4 shows the CF spectrum for the Er3* (J=l5/2)
ion in the high temperature superconductor ErBa2Cu40g [8]. The Er ion in this compound is
at a site with orthorhombic symmetry, for which HCF has nine parameters, namely B2°, B2

2,
B4°, B4

2, B4
4, B6°, B6

2, B6
4 and B6

6. These have been determined using the energies and
intensities of the seven transitions shown in Fig.4. It is often not at all easy to determine the
CF parameters from the neutron spectrum. For example the Ce3+ ion in an environment with
low point symmetry splits into three doublets, so we would expect only two inelastic
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transitions; yet there might be up to eight CF parameters, so the problem is underdetermined.
Bulk susceptibility data on a single crystal can be very useful in this situation. If a large
single crystal were available then the angular variation of the neutron transition intensities
would give a great deal more information than measurements on a polycrystalline sample.

The superposition model for the crystal field [9] is often useful when dealing with low
symmetry environments. Here the CF potential is expressed in terms of three intrinsic
parameters A2, A4 and A* which represents the cylindrically symmetric potential between the
magnetic ion and each of its ligands. The CF parameters are given by

B,n = e1£A1(R i)K1
m(e i<t> i) , (20)

i

as a sum over the nearest neighbour ligands at (Rj»0i,<J>i), with the K,m factors determined
entirely by the geometry of the local environment. The point is that within a given rank e.g.
1=4 or 1=6 all the B/" are related by (20). The dependence of the AXR) on distance is usually
given by a power law R*' with t large (in the range 6-10 for 1=4 or 6), so that only nearest
neighbours ligands are important. This appears to work well for rank 4 and rank 6 terms, but
is less reliable for second parameters. Newman and Ng have shown that nearly all
contributions to the CF potential obey the superposition principle (20), including overlap,
covalency and other hybridisation terms.

5.2 Spin lattice relaxation

At any finite temperature the environment of a magnetic ion is constantly being modulated by
lattice vibrations. The crystal field therefore has a dynamic component which causes the
magnetic moment to flip at a rate determined by the lattice temperature. This is referred to as
spin-lattice relaxation; it leads to a finite lifetime for the electronic state and therefore a finite
linewidth for CF excitations. In metals another contribution to the linewidth arises from the
^exchange coupling of the local moment to the spins of the conduction electrons:

Hsf = - ( g - l ) S J . s . (21)

In the simplest case of a CF transition between two singlet states |0> and 11>, separated in
energy by A = e, - 8o, the linewidth is given by [7]:

T = n:[(g-l)Sp(EF)]2M0
2

1Acoth(A/2kBT) , (22)

where p(EF) is the conduction electron density of states at the Fermi energy and

.2

o=x.y,z
< = E I < O | J J I > I 2 -

For kBT » A the linewidth varies linearly with temperature, since A coth(A/2kBT) ~ 2kBT.
This is known as Korringa relaxation. The dynamical susceptibility for the two singlet level
system can be written [7]

X(e) = M^P.-P,) Lta_0, I - I . (23)
[e+A+i6 e-A+16 J

If the limit of 6 - 0 is taken the imaginary part of the susceptibility just yields two delta
functions, centred at +A and -A, corresponding to energy loss and energy gain CF transitions,
in accord with (10). We can include the effect of spin-lattice relaxation by replacing
imaginary part 6 by the linewidth F, i.e we take the pole in the dynamical susceptibility to
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move off the real axis. The scattering law then has the form

M art
S(Q,e) =

N

(e-A)2+r2 (e+A)2+r2 (24)

ErBa2Cu4O8

Peak#l

200 -

150 -

i.e. the delta functions are replaced by Lorentzian functions: overall the lineshape in (24) is
that of a damped harmonic oscillator.

The temperature variation of the line-
width of the peak labelled #1 in Figure 4 is
shown in Fig. 5 [10], together with the same
data for the related high temperature super-
conductor ErBa2Cu307. While the underlying
trend follows the coth (A/2kBT) variation of
(22), there are two cusp-like anomalies, one at
Tc the superconducting transition temperature,
the other at a temperature T*, 30-40 K above
Tc. The interpretation of the anomaly at Tc is
that it arises when the superconducting energy
gap is resonant with the crystal field splitting,
due to the build- up of electronic density of
states above the gap, along the lines of the
Hebel - Slichter coherence peak in NMR. The
implication of the second cusp like anomaly at
T* is that an energy gap ( or pseudogap )
persists in the normal state. The presence of
a pseudogap appears to be a characteristic of
the normal state of high Tc superconductors
with less than optimal doping. Other indica-
tions include transport measurements (therrno-
power) [11] and angle-resolved photoemission
(ARPES) [12]. It appears that the nature of
the superconductivity changes with doping
concentration: it is BCS - like at greater than
optimal doping (i.e. the energy gap develops
at Tc, the onset of long - range phase coher-
ence). For less than optimal doping the onset
of superconductivity at Tc resembles a Bose
condensation of a gas of paired hole states,
which have already formed at a temperature
above Tc.

5.3 Kondo lattice compounds, heavy fermions.

0 50 100 150 200 250

Temperature [K]

300

Fig.5 Linewidth of peak #1 (Fig.4) as a
function of temperature, together with cor-
responding data for the related compound
ErBa2Cu3O7. Note the two cusp - shaped
anomalies at Tc and T in each case.

Measurements of the form of the dynamical response has been extremely informative in the
context of the Kondo lattice problem. Inelastic neutron scattering gives one of the best ways
of characterising the broad range of behaviours which are found in this field [13].

The Kondo effect arises from the $f Harniltonian (21) when 3 is negative, i.e. the
exchange coupling between the local moment and the conduction electrons is
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antiferromagnetic. In the single ion Kondo effect the ground state is a magnetic singlet state,
pictured as a many-body state in which the spin degrees of freedom of the local moment are
compensated by oppositely polarised conduction electrons. The gradual formation of this
many-body state at low temperatures leads to a temperature independent susceptibility and to
the famous -ln(T) anomaly in the resistivity. As might be expected there are also pronounced
effects on the spin dynamics: the dynamical response is a quasielastic Lorentzian

F(Q,e) =

for which the Korringa law (22) would
predict F « T (limit of A-0) . However it is
found that F(T) has a low temperature
intercept F(0) of order kBTK, where TK is the
Kondo temperature, and that the temperature
dependence F (T) is closer to T'/j than linear.
Fig.6 shows the linewidth data for £uJFe with
only lOOppm Fe, which shows the expected
temperature variation. This is one of the very
few dilute transition metal Kondo systems to
have been studied [14]. It is necessary to
work with very dilute alloys, since spin-spin
( RKKY) interactions between transition
metal impurities kill the Kondo effect and
leads to spin glass behaviour. This is not the
case for rare earth and actinide impurities,
however, where even an ordered lattice of
cerium, ytterbium or uranium ions can show the Kondo effect. There are two major reasons
why the Kondo effect survives in "Kondo lattice" systems, firstly the RKKY interactions for
Ce and Yb ions are relatively weak (because of the (g-1) factor in (21)), but also the large
orbital angular momenta of/electrons leads to many (2J+1) distinct scattering channels for
the conduction electrons. Kondo lattice behaviour is found in many intermetallic compounds
of cerium and ytterbium. Typically these display anomalies at high temperature which are
characteristic of the Kondo effect, e.g. - In (T) dependence of the resistivity, so it appears as
though the lattice behaves as a collection of independent Kondo impurities. However at low
temperatures the resistivity is often found to drop to a low value with p(T)= p0 + AT2, a form
expected for a Fermi liquid. This suggests that a many-body ground state has formed
consisting of fermion quasiparticles which obey Bloch's theorem. The effective masses of
these quasiparticles (as estimated from the Sommerfeld constant y = [Cp(T)/T]T_o) is found to
be enormous, of order lOMO3 times the bare electron mass. Such compounds are therefore
known as "heavy fermion" materials. De Haas-van Alphen studies show that there are indeed
Fermi surface orbits with huge effective masses. Such compounds tend to show either no
long range magnetic order, or antiferromagnetism with extremely small magnetic moments
(10'2 uB). The Kondo effect, tending to form a non-magnetic ground state, is in competition
with the RKKY interaction, which leads to magnetic order. Both interactions depend on the
coupling constant 3p(EF) which appears in (22), viz. the Kondo temperature TK is given in
Wilson's theory by

Fig.6 Temperature dependence of the line-
width of the magnetic response for dilute Fe
impurities (lOOppm) in Cu [14]. The theor-
etical curve is calculated for a Kondo alloy
with a Kondo temperature TK = 25 K.
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(25)

where D is the bandwidth, while the RKKY exchange interaction is

y(R4j) = 12*v(g - l ) 2 S 2 p(E F ) ^"(2kFR y) , (26)

where &{x) = [sin(x) - x cos(x)]/x4 and v is the number of conduction electrons per formula
unit. With increasing S there is a cross-over from a region where the RKKY interaction
dominates (with magnetically ordered ground states) to the regime where the Kondo effect
dominates and magnetic order is supressed [15]. Heavy fermions are found near the critical
value of (Sp)c at which magnetic order is just suppressed. For smaller values of Sp Kondo
lattice compounds usually display relatively well defined crystal field splittings and a

magnetically ordered ground state. As an
example of what can be learned from time-
of-flight spectroscopy in this context, Fig.7
shows the quasielastic linewidths for a series
of alloys CeRu2Si2.xGex at 15 K [16].
CeRu2Si2 is a heavy fermion material with Y
= 340 mJ / mole-K2, while C e R u ^ is a
ferromagnet with Tc = 7 K. The linewidths
show a smooth decrease in magnitude with
increasing Ge concentration, x (and cell
volume), reflecting the decreasing size of
the coupling constant & From the data we
estimate that the Kondo temperature, TK ,
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Fig.7 Linewidths at 15 K for the alloys
CeRu2Si2.,Gex showing modulation as a
function of the wavevector .

decreases from a value of 22 K for CeRu2Si2

to a value of only 2 K for CeRu2Ge2. The
other feature of the data is the pronounced
modulation of the line width with wave-
vector, due to the intersite RKKY coupling.
The data were fitted to a simple RPA theory
in which the dynamical response is given by

where
l--KQ)Xo(e)

, is the single ion response. Taking the imaginary part of x(Q,e) leads to

a Lorentzian lineshape with a Q dependent width: — X(Q»e) =

e2+F(Q)2

where x(Q) = Xo'H "X0
J(Q)3 and T(Q) = r o [ l - x o J ( Q ) ] . The single ion line-

width To derived from the data (Fig.8) [16] shows a form similar to (22) in which both the

intercept (proportional to kgTjJ and the gradient (proportional to (Sp)2) vary smoothly with

Ge concentration. The inset shows this scaling, together with a fit (solid line) to (25) for the
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variation of TK with 3p . The agreement with single ion Kondo scaling is tolerably good.

^ j l vaience

r2
0)

100 200

Temperature (K)

Fig.8 Temperature variation of single ion
component of linewidth To for CeRu2Si2.]tGe:,
alloys. The inset shows the scaling of the
gradients with the intercepts of r o ( T ) ,
compared with the predictions of single
ion Kondo theory (25) (solid line).

300

For Sp » (£?p)c there is a cross-over to a dist-
inct behaviour which is labelled as "intermed-
iate valence". In this limit the ^/hybridisation
is strong enough to cause a temporal fluctua-
tion in the valence state of the magnetic ion:
4/" •* 4/"'1 + 5s1, with an electron hopping
between the atomic-like/state and a conduc-
tion band state. The rate of this hopping is
fast enough to change the spin dynamics (and
therefore the magnetic properties) completely.
The susceptibility becomes weakly tempera-
ture dependent, usually with a maximum at a
finite temperature. The crystal field splittings
are washed out and the dynamical response at
low temperature is characterised by a broad Q
independent inelastic line. A rather dramatic
example of this behaviour is found in the case
ofYbInCu4. This compound (cubic Laves
C15b structure) has a remarkable first order
phase transition [17] from a high temperature
phase, in which the Yb ion displays local

moment behaviour, to a low temperature intermediate valence phase. The crystal structure
remains the same through the transition but there is a small increase (0.45%) in the cell
volume. The character of the dynamical response changes completely at the phase transition
[18]: the paramagnetic scattering (Fig.9a) at high temperature extends out to about 15 meV
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Fig.9 (a) High temperature inelastic neutron spectrum for YbInCu4; filled circles: total scattering in
low angle bank; histogram: phonon scattering estimated from scaling scattering in high angle bank,
(b) Low temperature response in YbInCu4; open circles: total scattering in low angle bank;

histogram: estimated phonon scattering; filled circles: estimated magnetic response (total-phonon).
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and arises from thermally broadened CF excitations centred at 3-4 meV. In contrast the
response at low temperatures (Fig.9b) consists of a broad inelastic line centred at 42 meV,
with scattering extending out beyond 100 meV. Very similar behaviour is found in another
system CeNi,.xCoxSn in which the cerium ion undergoes a first order valence transition, for
Co concentrations near x=0.38 [19]. The lineshape of the scattering in the intermediate
valence state has been derived for a single magnetic impurity in the "non-crossing
approximation" (NCA) by Kuramoto and Muller-Hartmann [20]:

-Imx(e) = Ca

u2(u2+4a2)

where u = e/eK and a = sin(7t<n,>/N). Here eK is a characteristic Kondo energy, <n,> is the
mean occupancy of the 4/level and N is the degeneracy of the 4/state.

5.5 Non-Fermi liquid scaling.

The ground states of heavy fermions are characterised by a single energy scale, namely the
Fermi energy EF of the quasiparticles. This is reflected in the temperature dependences of the
resistivity: p(T)=po+AT2, heat capacity: C(T)=yT and susceptibility x(T)cXo for T«EF/kB.
Recently certain uranium and cerium alloys have been found [21] to display weak power law
divergences in the susceptibility, linear dependence of p(T) and logarithmic divergences in
the heat capacity C(T)= -TlnT. These observations suggest that the low frequency excitations
are no longer characteristic of fermionic quasiparticles. Theoretical approaches suggest that
the divergences arise from the proximity to a zero temperature critical point, leading to scale
invariant behaviour where the only energy scale is the absolute temperature. It has been
argued that the normal state of the high temperature superconductors also falls into this class.
We would expect the spin dynamics to reflect the same type of scaling. This has been shown
in greatest detail in work on UCu^Pdx alloys with x=l .0 and 1.5 [22]. UCu5 is a Kondo
lattice antiferromagnet with TN = 15 K and TK = 80 K. The antiferromagnetism is rapidly
suppressed by the substitution of Cu by Pd, so that UCu4Pd and UCu3 5Pd, 5 show no long
range magnetic order down to 10 mK. Inelastic neutron scattering measurements show a
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broad Q independent response with two power-law regimes: for e>20 meV, Imx(e)~e"',
whereas for e<20 meV, Imx(e)~e-%. Remarkably the scattering law S(e) was found to be
independent of temperature (for e>0) (Fig. 10) so that the dynamical susceptibility must
follow a scaling function e-*Z(e/kBT) from 1.5 K to 300 K, with 6=1/3 and Z(e/kBI>
tanh(e/akBT) (a« 1.2) (Fig. 11). With this scaling a Kramers-Kronig analysis (15) predicts
that the static susceptibility should vary as T'5: this agrees with the measured bulk
susceptibility from 1 K to 300K. The absence of Q dependence in the scattering suggests a

102

Fig. 11 Plot to show scaling behaviour of Imx(e) for UCu4Pd and UCu3 5Pd, 5 alloys
for e < 25 meV; solid line: Im x(e,T) T* « (T/e)1/3 tanh (e /1.2 kBT).

single-impurity critical point at T=0, and the magnetic response reflects the low frequency
collective excitations of the relevant order parameter. A number of microscopic models, such
as the "multi-channel Kondo effect", predict single impurity critical behaviour, though it is
difficult to establish the microscopic origin of this behaviour in a particular case.

6. The (near) future: MAPS

Most of the examples in section 5 relate to work on polycrystalline samples in situations
where the Q dependence of the magnetic cross section is weak. Traditionally the assumption
has been that magnetic systems showing strong Q dependence, e.g. the spin wave dispersion
in a single crystal, are studied on triple axis spectrometers, which have the flexibility to
define a particular track in (Q,e) space along which S(Q,e) may be studied. Recent
experience at the ISIS pulsed neutron source has changed this perspective in a number of
ways:

(i) For problems involving high energy transfers (> 50 meV), time-of-flight
spectroscopy does much better than the triple axis spectrometer. This is because for large
values of Ej the energy resolution of the triple axis is inevitably poor, since the monochro-
mator take-off angle 20M is low and AES = kj3cot(8M). Low values of 28M lead also to severe
background problems. On the other hand time of flight machines can work with AE;/Ej = 1%,
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independent of Ej, with good signal-to-noise and none of the spurious processes which plague
crystal monochromator instruments.

(ii) In the study of excitations in linear chain magnets it is possible to make effective
use of a large detector bank at low angles, when the crystal is oriented with the chain axis
along k;. Since the dispersion perpendicular to the chains is small in a 1-D magnet, there is
no azimuthal Q variation and the whole detector bank may be summed. This gives a huge
gain in counting rate, compared to a triple axis (on MARI there are 160 detectors at scattering
angles below 15*!). This has been used to great effect in the study of a number of 1-D
systems, for example KCuF3 [23],

(iii) Modern computing power has brought increasingly sophisticated techniques for
data visualisation. We have the possibility of extracting from time-of-flight data information
about a whole dispersion surface, not just along specific (Q,e) tracks. As long as the
dispersion surface can be modelled theoretically, then there is no need to constrain scans to
high symmetry directions. This approach has shown its power in the recent study of the spin
wave dispersion in the "colossal magnetoresistive" (CMR) material La,.xPbxMnO3 using the
HET spectrometer [24].

The new MAPS spectrometer, currently being built at ISIS, is the first time-of-flight
machine designed from its inception for single crystal studies. Design features include
continuous detector coverage in the range ±30° and compact detector elements to give good
angular resolution in the qx direction. The aim is to provide as much control over the
resolution function as possible and to allow specific (Q,e) tracks to be selected in software
from neighbouring detector elements.
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