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2~ 'ABSTRACT
Sy

i The present state of our understanding of metallic actinide
.systems is in confusion. Searches for "crystal-field" levels with
neutron spectroscopy have, for the most part, been unsuccessful,
desplte the acknowledged importance of the 5f electrons in deter-
¢ mining the magnetic behavior. 1In systems such as UAlj, USng and

.. ;UN a broad response function, S(Q,w) reminiscent of that found in
31 'intermedidte valent compounds, exists. Neutron inelastic scatter-
2% ing experiments on single ckystals have shown the small influence
1. of the crystal field. Instead we find an unusual response function
2. -dominated by the longitudinal susceptibility x%%(Q,w) 'such that

... transverse excitations -- conventional spin waves -- do not exist
.7.. at low energies. As yet a detailed theoretical interpretation of
:. the measurements does not exist. Indeed, the small, although not
#3 necessarily negligible, role of the crystal field presents concep-
't tual difficulties if we anticipate behavior analogous to that

.. found in many lanthanide 4f systems Some alternate approaches =
i w1ll be discussed.

fWork supported by the U. S. Department of Energy.
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INTRODUCTION

The advent ten years ago of neutron spectroscopy to identify
excited crystal-field (cf) states in lanthanide type materials has
greatly added to our understanding of the microscopic interactions
in these compounds.l’2 For example, once the cf scheme is known,

. one can calculate the magnetization at any field and temperature,
compare with experiment, and thus derive exchange terms. If the
material orders then the easy axis, details of the spin-wave spec-
trum, and value of the ordered moment all depend on the cf terms.
Indeed, the very presence or absence of magnetic order may depend
on whether or not a singlet is the ground state.” Despite the
difficulty of calculating the cf potential from first principles,

. its measurement represents a necessary step forward in describing
a material. In this respect, one may say it is as necessary as

- knowing the lattice parameter. In the study of actinide compounds .
the first step therefore was to determine the cf states. '

Early Experiments and Expectations

The first experiments with neutron spectroscopy were those
of Wedgwood6 on UX (X =C, N, P, S, and Se) and Lander et al.’ on
USn3. Both attempts failed to see any discrete cf levels.

Before proceeding further along this experimental line, let

- us return to the simple question of whether or not we expect to
observe transitions between cf states in actinide materials with

*Work supported by the U. S. Department of Enefgy. e
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neutron inelastic spectroscopy. We may first look at investiga-

" tions of ionic solids with optical techniques. Here the answer is

clear, cf states are well defined, as we would expect from the
highly correlated f nature of the outer electrons,8 and the overall
energy is roughly a factor of 2 to 5 greater than in the 4f series.?
If we now turn to the metallic compounds, the first study to discuss
cf states was by Grunzweig-Genossar et al.l0 They considered the :
UX compounds and concluded that the stable configuration is 5f2 with

a ') singlet ground state. The ordering then develops through a

~strong exchange mixing. Such a model should be immediately verifi-

able by neutron spectroscopy, especially on compounds diluted with
thorium to weaken the exchange interactions. In 1974 Chan and Lamll
developed a more complete theory including the effects of J mixing,
but this still assumes well-defined cf. levels. Unless the energies
between the ground and excited states are always greater than 12
THz (= 50 meV = 400 cm™! = 576 K) cf levels should be observable
with neutron spectroscopy. For example, by fitting high-temperature
susceptibility data Troc and Lam~“ proposed that UAs had a 5 3 con-
figuration with a Ts(» ground state and excited Tg and Fg( states
at 1.44 and 52.5 THz, respectively. The first transition Pg(l) - TIg
is exactly in the right region for neutron spectroscopy and evidence
for such a transition was reported by Furrer and Murasikl3 using a
polycrystalline sample, but our recent experiments on single crystals

+.. show this to be a wrong analysis of the data.

af é Quite clearly the subject is confused. Our initial (5 years

ago) expectation was that in most metallic systems we would find cf
levels with neutron speztroscopy. Now we find them hardly at all,
and the review I wrotel® in 1976 marks the point at which our naive
expectation gave way to reality. Since that time a number of impor—'

.. tant developments higelgaken place. First, cf levels have been seen

in the U-Pd system, thus disspelling the myth that they never
can be seen in metallic systems. Second, experiments on 4f systems
with intermediate valence have shown that the neutron spectrum con-
sists of a broad Lorentzian response, the energy width of this re-
'sponse being almost independent of temperature. 'In such systems cf
transitions are rarely seen. Third, experiments on single crystals
of UX (X = N, As, Sb, S, and Te) have shown that.the nature of the
response function in these compounds, which all order at relatively
high temperatures (50-250 K), is much more complex than in the
analogous lanthanide systems.

Neutron Cross Section

To prepare the discussion for both ordered and nonordered
system we need to consider the fundamental expressions for the
thermal neutron cross section, which can be written,

1
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We have written down the full expfession [Eq. (8.26) in Ref. 18] so
as to make some important points.

(i) The section { } contains constants, the magnetic form factor
£(Q), and the Debye-Waller factor. We have assumed that the
spatial part of the wavefunction is factorizable from the spin
operator §%(t) so that the IQI dependence appears in this
section only.

(ii) The term (84p - QaQ ) reminds us that magnetlc scattering

‘ takes place between components perpendicular to the momentum
transfer. This will be important later in ordered systems,’
although in paramagnets a 51mple average value of 2/3 enters
into the expression.

(iii) The time integral of. the spin correlatlon function enters
- directly into the cross section.

Two other forms of the cross section are also of importance

245 >
e 5(Q,w) | | (2)

where

s@w) = 7 W) + 1) ), 6y - 80 P @w @
af :
and through the Kramers-Kronig relationship

> > > -
Imx (Q,0) = w x(QF(Q,w) | (4)
where the fluctuation spectrum is defined by

o L
f F(Q,w) dw =1 .
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- If _the spin dynamjics are purely relaxational, 1i.e.,
F(Q,t) ~ exp (-T(Q) x t) then

R . . ») | C
FQuw) = =— —— @ | (5)

T OT3@Q) + 2

The experimental intensity is therefore proportional to the

xoduct of S(Q,w) and a function that+takes out the dependence on
TQI. We may immediately extract Imx(Q,w), via Eq. (3). Spin waves
(or ¢rystal-ficld excitons) correspond to peaks in the function
ImxiQ,w), which can be expressed as a delta function in one or both
of Q and w. This treatment is not particularly useful in extracting
the physics from a spin-wave spectrum.of something such as MnF,, but
for more complex situations Eq. (3) is a useful form.l® For para-'

" magnetic systems we can use Egs. (4) and (5). to see that S(Q,w) is

given by an overall scale factor X(Q) and a Lorentzian energy dis-
tribution, which has a full-width at half maximum (FWHM) of 2T (Q).

Non-ordered Systems

Although experiments on_Ug. js5Thy_ gsSe and other diluted U

~ systems have been performed, 4 no careful data analysis has been

presented other than the statement that sharp cf transitions do
not exist. The same is true for a very rapid.experiment performed
some years ago at Brookhaven National Laboratory by S. Shapiro and
myself on NPoIozYo.?§- We do, however, have results on UAl, by
Loewenhaupt et al., who also present qualitative results on USnjg
in the same paper. ' '
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Fig. 1. (a) Energy loss spectra of UAl, and LaAl, at 5 K. Solid
line represents fit for UAl,, dashed line for LaAl,.

. Dashed dotted line shows quasielastic magnetic. contribution

‘ - distorted by detail balance factor [n(w)+1]. (b) Tempera-
ture dependence of half-line width (4.13 meV = 1 THz) in
UAl,. (From Loewenhaupt et al., Ref. 17) B ‘
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A (i) Measurements on UN"

Figure 1 shows the energy loss spectra (incident energy 51.4
meV =.12.4 THz) for UAl, and LaAl, at 5 K. In addition to the
elastic line arising from incoherent nuclear scattering, two inelas-
tic phonon lines are observed. The most important feature is that
for UAl, additional scattering appears spread over a wide energy
range. This additional scattering is well described by Eqs. (2) -
(5) where the static bulk susceptibility x(Q=0) is an overall (T
dependent) scale factor and the energy dependence is given by a
Lorentzian. The variation of the half width is shownzan Fig. 1(b).
Such a general magnetic scattering function was found for the
intermediate valent system_CePd;, and has been found for other non-
stable 4f configurations, and forces us at least to consider that

many metallic uranium compounds should best be considered in terms

of intermediate valence theory. . L .

Ordered Systems

Studies of ordered systems began with Wedgwood6 who noted that
the magnetic scattering appeared over a wide energy range and was
approximately represented by a gaussian centered at w = 0. These
experiments were performed in the paramagnetic state, where most
materials show inelastic contributions around w = 0, but the half
widths are seldom more than 0.5 THz,20 whereas for the UX materials
the half widths were clearly of the order of 3 - 5 THz.

1 s
]

o .
: Uranium nitride (NaCl structure, ag = 4.89 A) orders antiferro-
magnetically with the simple type I structure at 53 K. The ordered
moment is 0.75 up at 0 K. The neutron inelastic scattering cxperi-
ment failed to find any evidence for discrete excitations. 1 In-
stead, in the ordered phase the magnetic response at the (110) re-
ciprocal lattice point, which is the magnetic zone center, is a
broad (FWHM = Sj:lTHz) distribution peaked at ~4 THz. One may

think of this as a strongly overdamped spin wave with very steep
dispersion. Two important points, which will recur in other in- .
vestigations, is that (a) the response function is primarily longi-
tudinal in nature and (b) the anisotropy gap at the X point [110]

is close to that defined by the phonon branches. To understand

(a) we must refer back to the orientational factor in Eqs. (1) and
(3). 1In the type I structure the domain symmetry is such that the
‘scattering around [110} and [001] come from a single domain, that
with u|[[001]. We may then separate out 2 the response into trans-
verse XX (or ny) and longitudinal components xZ%%.

Further analysis and experiments are now in progress. Of par-
ticular interest will be how the high-temperature broad resgonse
function, seen by both Wedgwood” and the Chalk River Group, 1
changes on cooling through Ty+ Another question 1is whether a



Lorentzian distribution of magnetic scattering exists even in the
" ordered phase. 4 ’

(i1) Measurements on UAs

]

Uranium arsenide (NaCl structure, ag=5.78 A) orders with type
I antiferromagnetism at 127 K, but has a first order transition to
the type IA structurezv at 63 K. The ordered moment is 2.2 ugy at
5 K. Neutron inelastic scattering experiments have only just been
'completed,24 so that the results are very preliminary, Nevertheless,
some simple statements are possible. First, no collective excita-
tion has been observed in the ordered state. Second, the scattering
may be characterized by a. scale factor x(Q) and a Lorentzian energy
spectrum centered about w = 0 in the ordered state.

| | 1

2000} — o UAs [uo] o4

1500 —

1000}~ .

NEUTRON | Mon = 8K.(~ 8 min)

5001—

ENERGY (THz)

Fig. 2. Experimental scans (kg = 3.6 A"1) from a single crystal of
UAs at different temperatures. The phonon contribution

) (shown for T = 80 K) is obtained from the Q2 dependence
of the scattering. The lines represent the variation in
scattering expected if x(110) = 700 and T'(110) = 1.1 THz.
The change in shape is simply a feature of the thermal
population and detail balance factor. We have not sub-

A tracted the tail of the incoherent scattering, hence the

i " upturn in experimental intensity for w < 1 THz and T =

r 10 K is not significant. ' '



We show in Fig. 2 scattering from UAs. To fit the data we have
separated the nuclear and magnetic parts by the Q dependence (for '
example, at each temperature scaneg werce donc at both the [110] aund
.[330] zone centers) and then used the expression derived from Egs.
(3) - (5). Similar curves for Q = [00l] are shown in Fig. 3.

Without going into great length, we can note the following:

(a) The magnetic scattering is very strong. The incoherent phonon
contribution is small (<20%), as also is the instrumental background
of 40 counts on this scale, and which has not yet been subtracted.
(b) Since x(Q = [001]) = 2 x** and x( [100]) = Xxx + Xzz, then
we can roughly deduce that x%% % 2% x , ‘
(cl Above Ty (= 127 K) the spectra &not shown) indicate a drop in.
x{Q) but rather little change in I'{Q). This is exactly what is ex-
pected if we believe the response function is a measure of the fluc-
tuation time, and‘therefore+insensitive to ordering, whereas the
staggered susceptibility x(Q) must be greater in the ordered state.
(d) In the [110] scans the collective excitation possibly begins
to coalescg at v2.1 THz (this small peak has been also seen with
kg = 3.36 A~1) but line-broadening effects prevent its Observation
away from this point.

%

, R l | l
; ' ' UAs [001]
: T 1500— v _
w
; 2z o ;
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| s““t“——-—}—___._Jphonon
0 b 2 3 4

ENERGY (THz)

Fig. 3. Experimental scans (k¢ = 3.6 A™l) and preliminary fits at
the [001] point in UAs. The solid curves are as in Fig. 2
except that x(001) = 400 and T(001) = 1.6 THz. The phonon

. _ function, again shown for T = 80 K, is the same as in

P Fig. 2.
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(iii) Measurements on USb

: °
Uranium antimonide (NaCl structure, a = 6,20 A) orders with
the type I structure at 240 K. The ordered moment is 2.8 upg at
0 K. In contrast to the rather featureless spectra discussed above
for UN and UAs, the excitation spectra for USb has a number of most
Antriguing features,

- The dispersion curves are shown in Fig. 4. The most important
point of the USb experiment concerns the observation of a longitud-
inally polarized magnetic excitation, centered at the X-point, with
steeply rising branches. As the temperature is raised the inten-
sity of this collective mode decreases so that by'TN/Z it is unob-
servable. Second, we see a dispersionless exciton (cf level) at
veY THz. Third, we observe a broad response function which is
centered on zero energy and (experimentally) appears to increase
,1n 1nten31ty as the temperature is ralsed : o

magnetic modes are represented



T.et us examinc these iu Lhe context of the UN and UAs experi-
ments. The broad response function is clearly similar to that
shown in Figs. 2 and 3 and experimentally in USb we also find a
much stronger signal at [110] than [001]. The cf level in USb at
vel THz is in excellggt agreement with predictions based on form-
factor measurements, so that this can be reasonably assigned to
" a transition between states of different symmetry. If the splitting
AE is proportional to ao_s, as expected from cf considerations, then -
AE ~v 9 THz in UAs and ~ 21 THz in UN, Both values are .rather large.
for neutron spectroscopy and might well be missed, especially as
‘the matrix element in USb is small, Finally, we come to the collec-
tive longitudinal mode. Where has this gone in UN and UAs? We
cannot, of course, answer this question unambiguously. It seems
‘highly probably though that the response is strongly overdamped in
UN and UAs, but would like to appear at approximately the acoustic
phonon X-point frequency, which is what happens in USb (see Fig. 4).
"The most plausible suggestion is that the strong indirect 5f-5f
interaction throug* the anions and/or conduction electrons leads
to suppression of the longitudinal fluctuation. We might expect
this to be a function of lattice parameter, and its absence in those
- materials with small U separation is at least consistent with this-
view.

 CONCLUSIONS

We have discussed at some length the neutron cross section to
draw attention to the fact that more than just cf levels can be
seen with neutron spectroscopy. Progress Since"1976l has been
substantial -- at least from an experimental view, but it is also
clear that we have a long way to go before we can claim-an under- .
standing. We have shown that the broad magnetic response function
seen in intermediate valence 4f compounds is also present in many
U compounds, independent of whether they order or not. 1In one
material, USb,.an unusual longitudinal excitation has been observed.
This corresponds to a correlated fluctuation in the magnitude of
<J,>, and one might therefore speculate that it is a collective
- valence fluctuation, although such a highly provocative statement
- is not yet supported by quantitative theory. The conventional
spin-wave (transverse) response in these materials is clearly at
very high energies, as a consequence of the uniaxial anisotropy,22
and has not been seen with neutron experiments. The inability of
~ the neutrons to see the longitudinal mode in UN and UAs is probably
~- because of lifetime broadening effects, arising from interaction
with the conduction electrons, or a widening of the 5f band width
if we choose to consider a band structure approach.

In this paper I have suggested that the difficulties and

challenge of neutron spectroscopy in U compounds is because many
of them show characteristics of intermediate valence. Since the

| NprEA o e - ST




two ground states, 5f2 and 5f3, may both support magnetlc ordering,
these systems may well turn out to be as dinteresting as TmSe, a
compound of much current interest. The next few years will shuw
to what extent these suggestions are valid.
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