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Determination of the spin dynamics in UxY12xPd3 using inelastic neutron scattering
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The crystalline electric-field~CEF! excitations in the series of UxY12xPd3 pseudobinary compounds with
x50.45,0.37,0.28,0.20 have been measured using inelastic neutron scattering. Two excitations are found in
each compound at energy transfers;37 meV and;3 meV that are increasingly hybridized as the uranium
concentration is reduced. For U0.45Y0.55Pd3 and U0.37Y0.63Pd3, the low-energy excitation exhibits strong dis-
persion that is described by a singlet-singlet model of CEF excitations. The CEF parameters are determined for
each compound from a comparison of calculated CEF spectra, from which the ground state of
U0.45Y0.55Pd3 is deduced to be the nonmagneticG3 doublet. With decreasing uranium concentration, the
low-energy excitation moves towards zero energy transfer, leading to a ground state for U0.2Y0.8Pd3 in which
theG3 doublet andG5 triplet states become degenerate. The effect of hybridization and the CEF-level scheme
upon the non-Fermi-liquid characteristics of U0.2Y0.8Pd3 are discussed.@S0163-1829~98!00207-0#
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I. INTRODUCTION

It is increasingly being discovered that many metallic m
terials containingd or f electrons have normal-state prope
ties at variance with the expected behavior predicted fr
Fermi liquid theory. This is particularly the case for mem
bers of the pseudobinary actinide compoun
UxY12xPd3 near U0.2Y0.8Pd3, which have been extensivel
investigated during the past few years.1–3 This effort has
established that the phase diagram of the series comp
materials with long-range magnetic order, spin-glass-t
characteristics or non-Fermi-liquid behavior. However, d
spite the large numbers of bulk property measurements
have helped to characterize the system rather well, mi
scopic measurements such as neutron scattering remain
prisingly few considering the extent of the information th
they can provide.

Neutron scattering measurements of polycrystall
U0.2Y0.8Pd3 were first attempted by Mooket al.4 who iden-
tified two low-energy magnetic excitations at energy tra
fers of;5 meV and;16 meV using a triple-axis spectrom
eter. However, subsequent experiments by us utilizing
considerable flux and solid angle of detectors available w
a chopper spectrometer at a spallation neutron source
cated that the magnetic scattering in the UxY12xPd3 materi-
als extended up to energy transfers of 60 meV, with cl
evidence of a peak in the magnetic scattering in the regio
40 meV. Through comparisons with nonmagnetic refere
materials it was also shown that the 16 meV peak was in
related to the phonon density of states, whereas the 5 m
mode was indeed of magnetic origin.5 Further experiments
by Dai et al.6 on polycrystalline U0.45Y0.55Pd3 and
U0.2Y0.8Pd3 using polarized neutron scattering produced
sults in agreement with our data, while also illustrating t
difficulty in measuring weak inelastic magnetic signals us
triple-axis spectrometers. Additionally, Daiet al. reported
the formation of long-range antiferromagnetic order in po
570163-1829/98/57~7!/3850~13!/$15.00
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crystalline U0.45Y0.55Pd3 at T520 K consistent with bulk
susceptibility measurements and with a correlation len
.400 Å.

In this paper, we present the results of a comprehen
series of measurements made upon several members o
UxY12xPd3 series of compounds that significantly extend t
scope of our previous paper.5 In Sec. II we describe the
neutron spectrometer and data analysis methods used to
tain and characterize the experimental data of Sec. III.
interpretation of the results in terms of the possible crys
line electric field~CEF! level schemes is made in Sec. IV
and in doing so, we illustrate the difficulty that occurs wh
assigning a correct level scheme to systems such as the
which excited CEF levels are located close to the grou
state. We also consider how the large hybridization of
localized uranium 5f states with the conduction band ma
lead to the non-Fermi-liquid effects observed in the bu
properties of U0.2Y0.8Pd3.

II. EXPERIMENTAL METHOD

The inelastic neutron scattering measurements reporte
this paper have been made with the HET chopper spectr
eter at the UK ISIS spallation neutron source. HET is
direct-geometry time-of-flight instrument in which the e
ergy of the neutron beam incident upon the sample is
lected by a fast Fermi chopper located between the mod
tor and sample position and phased to the 50 Hz pulse ra
the proton accelerator. A nimonic alloy chopper before
Fermi chopper serves to reduce the fast neutron backgro
and the incident beam is collimated to a cross-sectional a
of 45 mm345 mm at the sample position. Neutrons are sc
tered from the sample into two forward detector banks, o
at low scattering anglesf52.6°→7.2° at a distance of 4 m
from the sample position, and a second bank covering
higher scattering anglesf59.3°→28.7° at a distance of 2.5
m from the sample. Two detector banks located at very h
3850 © 1998 The American Physical Society
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57 3851DETERMINATION OF THE SPIN DYNAMICS IN . . .
scattering angles (f5110.4°→138.7°) are invaluable for
the measurement of the phonon density of states.6Li-doped
scintillator glass monitors are located after the modera
after the Fermi chopper and after the sample position, w
all other detectors are 10 atm3He gas tubes. A parametriza
tion of the spectrometer resolution function is described
the Appendix.

A. Data analysis

The scattering functionS(k,e) in absolute units of
mb sr21meV21fu21 as a function of wavevector transfer,k,
and energy transfer,e, is obtained from the raw time-of
flight data by normalizing to the incoherent scattering from
flat vanadium slab standard sample for each chosen inci
energy, and then to the incident flux using the integral of
incident beam monitor.

One of the difficulties in analyzing inelastic neutron sc
tering data from polycrystalline magnetic samples lies
successfully separating magnetic scattering from the un
lying phonon modes of the crystal lattice. Inaccurate estim
tion of the phonon spectrum can frequently lead to misle
ing interpretations of the magnetic scattering. Two meth
are employed here to achieve a successful separation o
two contributions–the ratio method for high incident en
gies, and a direct method for low incident energies.

The ratio method, first described by Murani,7 utilizes the
fact that any magnetic scattering is reduced to small or z
intensity at high momentum transfers as a result of the wa
vector dependence of magnetic form factors. Thus, for
HET spectrometer, the forward scattering banks detect a
nal consisting of both magnetic and phonon contributio
whereas at high scattering angles the signal is domin
entirely by the phonon spectrum of the sample. The pro
dure requires a nonmagnetic polycrystalline reference c
pound with an identical crystal structure to that of the ma
netic compound of interest, and assumes that the pho
scattering in each sample is sufficiently spatially average
allow a scaling function to be defined for all energy transf
at any two scattering angles within each sample. The pho
scattering at low angles in the magnetic compound is t
obtained by multiplying the high-angle magnetic compou
data by the ratio of~low-angle : high-angle! data obtained
from the nonmagnetic reference material. The method
the advantage that small shifts in phonon frequencies
tween the two samples are satisfactorily treated, and
found to be the most reliable way of dealing with phon
spectra estimation in a comparison of methods made
Goremychkin and Osborn.8

When using low incident neutron energies, the meth
fails due to the finite, non-negligible magnitude of magne
form factors at high scattering angles. In this situation,
only option available is to use the spectra from the refere
compound as a direct estimation of the phonon scatter
scaled by the differences in nuclear cross sections betw
the two samples. Generally, in this situation, the phon
spectra are sufficiently featureless for the frequency s
problems mentioned above to be of no concern.

Data analysis has been carried out using a least squ
fitting of spectral functions convoluted with the HET resol
tion function, detailed balance temperature factor, Deb
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Waller factor, and U41 magnetic form factor. This proce
dure has two stages:~i! the ‘‘background’’ phonon spectrum
for the scattering angle of interest is obtained from that
YPd3 and modelled with Lorentzian line shapes,~ii ! these
‘‘background’’ line shapes are then fixed while suitable a
ditional line shapes are fitted to the magnetic excitations
each spectrum, incorporating the modifying factors perta
ing to the magnetic scattering function. We prefer not
subtract the estimated phonon spectrum from the data, s
this usually results in large oversubtractions and unders
tractions in the region of the elastic line, making interpre
tion of the data in this region highly problematic.

B. The CEF neutron scattering function

We briefly summarize here how a calculation of the loc
static CEF susceptibility can be used to make a compar
with the experimentally determined magnetic neutron sc
tering function.

The CEF susceptibility,xaa(T) obtained using perturba
tion theory for a magnetic field applied along a crystal
graphic directiona5x,y,z is written9

xaa~T!5N~gJmB!2Fb(
i

e2bEl i

Z
u^l i uJaul i&u2

1(
i

(
j Þ i

1

Z

e2bEl i2e2bEl j

El j
2El i

u^l j uJaul i&u2G ,

~1!

whereN is the number of magnetic ions,gJ is the Lande´ g
factor, mB is the Bohr magneton,b51/kBT, ul i& is a CEF
eigenfunction with eigenvalueEl i

, Z is the partition func-

tion, Ja is thea component of the total angular momentu
of the magnetic ion, and the summations are taken ove
allowed eigenstates. The factor of 2 normally found in t
Van Vleck term is contained within the summation. If th
ground state is nonmagnetic, then the only contribution
the susceptibility atT50 arises from the Van Vleck cou
pling of the ground state to the excited states, wherea
finite temperatures Curie terms will also be present due
the thermal population of excited states. Within the dipo
approximation, the magnetic neutron scattering function
be written in terms of the susceptibility10

S~k,e!5r 0
2@ 1

2 gJF~k!#2e22W~k!
N

~gJmB!2
e„11n~e!…

3(
a,b

~dab2 k̃ ak̃ b!xab8 Pab~e!, ~2!

where r 0525.4310215 m, F(k) is a single ion magnetic
form factor, e22W(k) is the Debye-Waller factor, and„1
1n(e)… is the detailed balance factor.xab8 is the real part of
the susceptibility measured atk50 ande50 andPab(e) is
a relaxation function that integrates to unity. The CEF ne
tron scattering function is then obtained by combining E
~2! with Eq. ~1!. For polycrystalline samples, the equatio
must be averaged over all orientations of the scattering v
tor, and for cubic point group symmetry,S(k,e) can then be
written
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3852 57M. J. BULL, K. A. McEWEN, AND R. S. ECCLESTON
S~k,e!5 1
2 r 0

2N„gJF~k!…2e22W~k!e„11n~e!…

3Fb(
i

pl i
u^l i uJzul i&u2

•Pi~e!

1(
i

(
j Þ i

pl i
2pl j

El j
2El i

u^l j uJzul i&u2•Pi j ~e!G
5F~k!2e22W~k!e„11n~e!…(

n
AnPn~e!, ~3!

where we have substitutedpl5e2bEl/Z. The excitation
spectrum observed by neutron scattering is symmetric a
e50 at very high temperatures corresponding to upscatte
and downscattering events between the populated le
~Van Vleck component!, with quasielastic scattering arisin
from scattering events between the eigenstates of occu
degenerate energy levels~Curie component!. At low tem-
peratures this symmetry is strongly affected by the deta
balance factor. Equation~3! can be used to fit experimentall
observed CEF excitations, and the contribution of each tr
sition to the bulk susceptibilityxab8 can be determined from
the intensitiesAn .

III. EXPERIMENTAL RESULTS

For these experiments, we have examined polycrystal
samples of mass 40–50 g of each of the compou
U0.2Y0.8Pd3, U0.28Y0.72Pd3, U0.37Y0.63Pd3, U0.45Y0.55Pd3,
YPd3 ~the nonmagnetic phonon reference material! and
U0.2Th0.25Y0.55Pd3. The single phase arc-melted buttons11

were broken into a number of small fragments to ens
spherically averaged scattering, wrapped in Al foil to give
sample area of 40 mm340 mm and then aligned and su
ported so as to be at the beam center within a sealed
walled Al slab-shaped sample can containing4He thermal
exchange gas. The sample cans were attached to a clo
cycle refrigerator and cooled to 10 K.

A. Overview of the magnetic scattering

The suitability of YPd3 as the phonon reference com
pound for the UxY12xPd3 system is illustrated by a compar
son of the scattering at high angles with that of U0.45Y0.55Pd3
using neutrons of incident energyEi560 meV, Fig. 1~a!.
Differences between the two data sets are found only in
intensities of the principal features of each spectrum. At l
scattering angles, the intensity of the YPd3 phonon spectrum
drops by a factor;5 and can be represented by four no
magnetic Lorentzian components, Fig. 1~b!. It should be
noted that, above;25 meV, the scattering intensity is wea
and featureless. Below this energy transfer, a sh
resolution-limited feature at 23 meV is preceded by a bro
peak centered at 14 meV. The two remaining compone
describe the elastic line.

The scattering function of U0.45Y0.55Pd3 requires two ad-
ditional Lorentzian components to describe the magn
scattering—one at high energy transfer;37 meV and one a
low energy transfer;3 meV, Fig. 2~a! (Ei560 meV). In
fitting this data set, the linewidths and intensities of the
magnetic components have been allowed to vary freely s
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constraining the linewidths to be identical produces a hig
unsatisfactory fit of the total line shape to the data. The
rameters obtained from the fitting process are listed in Ta
I. As the scattering angle is increased, the excitation inte
ties are reduced only by the magnetic form factor. At ene
transfers close to the elastic line, no magnetic quasiela
component is present and the elastic line is represented
tirely by the elastic line components present in the phon
spectrum.

The magnetic scattering from U0.2Y0.8Pd3 with Ei560
meV is similar to that of U0.45Y0.55Pd3 but with very low
excitation intensities and considerably increased linewid
that can be represented by two Lorentzian line shapes
ated at;36 meV and;3 meV, Fig. 2~d!. However, as a
consequence of the results obtained from the lowEi mea-
surements related in the following section, the low-e excita-
tion has been fixed ate50, i.e., aquasielasticcomponent to
the scattering. In fact, thex2 statistic of the fitting procedure
is only slightly affected by the imposition of this constrain
and the linewidth and intensity of this excitation change o
by very small amounts.

Figure 2 also contains data for the intermediate conc
tration samples, U0.37Y0.63Pd3 and U0.28Y0.72Pd3, and exam-
ining the four frames together, it can be seen that there
smoothevolution of the intensities and linewidths of the e
citations as the uranium content is reduced. Particularly
ticeable is the rapid drop in intensity of the 3 meV excitatio
The dashed line in each frame of the figure denotes the s
tering from the phonon density of states.

B. Examination of the low energy transfer modes

The low-e region has been examined in greater detail
ing an incident energyEi523 meV, with the associated ben

FIG. 1. ~a! A comparison of the phonon density of states
U0.45Y0.55Pd3 and the isostructural nonmagnetic reference mate
YPd3 at f5136.3° illustrates that YPd3 is an excellent phonon
reference material for the UxY12xPd3 system.~b! The scattering
function of YPd3 at T510 K is well represented by the sum~solid
line! of four Lorentzian line shapes~dashed lines!.
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57 3853DETERMINATION OF THE SPIN DYNAMICS IN . . .
efits of an almost negligible one-phonon cross section at
scattering angles and multiphonon scattering processes b
rare, and clearly demonstrated by the scattering from YP3,
Fig. 3. The spectrum is simply described by a sharp ela
line with a half-width corresponding to the instrumen
resolution ofG50.210 meV convoluted with a slight Loren
zian broadening of half-widthG50.055 meV. For all scat-
tering anglesf,30°, the remaining scattering in each spe

FIG. 2. The evolution of the magnetic scattering in t
UxY12xPd3 system atT510 K, f54.2° measured with neutrons o
incident energyEi560 meV. As the uranium concentration is r
duced, the two distinct features present in U0.45Y0.55Pd3 decrease in
intensity and increase in width, to become very weak
U0.2Y0.8Pd3. The dashed line in each frame indicates the phon
scattering in each compound, and the thick solid line is the resu
fitting the data with the sum of the phonon scattering and two m
netic components, one at high energy transfer,;37 meV, and the
other at low energy transfer,;3 meV.
w
ing

ic
l

-

trum is described by a sloping linear term. Both the elas
linewidth and the magnitude of the inelastic scattering
independent of scattering angle, and thus allow any ad
tional magnetic scattering to be clearly separated.

Four of the spectra obtained from U0.45Y 0.55Pd3 at in-
creasing scattering angles are illustrated in Fig. 4 with
strong magnetic excitation present in the region of 3–4 m
that is initially well separated from the elastic line, and co
sistent with the excitation observed withEi560 meV. Asf
is increased, the excitation exhibits a dispersive nature, m
ing towards the elastic line before reemerging to again
come well separated atf;27°.

The excitation has a Gaussian line shape whose width
been determined from the well-separated peak at 4
Thereafter, data sets at higher scattering angles are fitted
only the intensity and position allowed to vary. The elas
line and sloping inelastic background are kept identical
that of YPd3 with a slight adjustment (;1–2 %! of the elas-
tic line intensity for each spectrum. There is no evidence
any need to include a magnetic quasielastic scattering c
ponent.

The dispersion relation obtained from this data, plotted
Fig. 5, reaches a minimum near the Brillouin zone bounda
k50.77 Å21, indicating the presence of antiferromagne
correlations between uranium ions. Likewise, the excitat

r
n
of
-

FIG. 3. The inelastic scattering from YPd3 with an incident
energy of 23 meV is featureless and can be represented by an e
line component and a small linearly increasing backgroundf
54.2°).
,

TABLE I. Energy transfere, intensityA, HWHM G, and wave-vector transferk, of the two inelastic

Lorentzian components describing the magnetic scattering in the UxY12xPd3 pseudobinary compounds
measured withEi560 meV atf54.2° andT510 K. The HWHM is excluded for the low-e excitation since
more accurate data is available from theEi523 meV measurements~Table II!.

U0.45Y0.55Pd3 U0.37Y0.63Pd3 U0.28Y0.72Pd3 U0.2Y0.8Pd3

e ~meV! 3.060.2 1.360.3 0.660.2 0 Fixed
A ~mb sr21fu21) 19.061.0 18.861.9 11.860.4 5.660.3
k ~Å 21) 0.4 0.4 0.4 0.4

e ~meV! 37.260.3 39.360.5 37.961.4 35.861.3
A ~mb sr21fu21) 1.860.1 0.960.1 0.460.1 0.260.1
G ~meV! 5.860.5 6.760.9 8.561.0 10.461.5
k ~Å 21) 2.1 2.2 2.1 2.0
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3854 57M. J. BULL, K. A. McEWEN, AND R. S. ECCLESTON
intensity reaches a maximum near this zone boundary,
10~d!, and varies in anticorrelation with the energy trans
elsewhere. The increased energy transfer of the excitatio
the lowest-angle detector bank,e54.7 meV, k;0.4 Å21,
relative to the values measured at higher scattering an
arises from the polycrystalline averaging of the dispers
relation and is discussed later in the paper.

In contrast, the inelastic spectra of U0.2Y0.8Pd3 are consid-
erably weaker in intensity and poorly described by a Gau
ian function. The elongated form of the scattering is n
well described by a Lorentzian function. In addition, the fi

FIG. 4. The low-e dispersive excitation in U0.45Y0.55Pd3 at in-
creasing scattering angles, measured withEi523 meV. The ini-
tially well-separated Gaussian peak moves into the elastic line
fore reemerging at higher scattering angles.

FIG. 5. Dispersion curves derived from theEi523 meV data of
U0.45Y0.55Pd3 and U0.37Y0.63Pd3. The solid lines are obtained from
singlet-singlet model of crystal-field excitations, Eq.~4!.
g.
r
in

es
n

s-

ting procedure is less straightforward without a distinct e
citation like that of U0.45Y0.55Pd3, and as a consequence th
location of the peak center becomes arbitrary. In Fig. 6,
overview of the scattering is shown at angles identical
those of U0.45Y0.55Pd3 ~Fig. 4! from which all dispersive be-
havior has apparently disappeared. A general fitting met
in which the position and intensity of the Lorentzian a
permitted to vary while maintaining a fixed linewidt

FIG. 7. The variation of the intensity and energy transfer withk
obtained by fitting the U0.2Y0.8Pd3 data of Fig. 6 with a free inelas
tic Lorentzian function. The intensity and center of this functi
vary in strict anticorrelation, indicating the presence of inters
exchange interactions.

e-

FIG. 6. The inelastic scattering from U0.2Y0.8Pd3 as a function
of scattering angle measured withEi523 meV. The dispersive fea
ture seen in U0.45Y0.55Pd3 is replaced by a weak, almos
k-independent response. At the lowest scattering angle there oc
an excitation ate56.9 meV~a!.
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57 3855DETERMINATION OF THE SPIN DYNAMICS IN . . .
~obtained from the scattering at 4.2°) indicates that the m
favored position is one that is close toe50 for the higher
scattering angles, but with a strictly followed anticorrelati
between intensity and energy transfer, Fig. 7, a result in
cating that intersite interactions are still present
U0.2Y0.8Pd3. However, it should be noted that, forf54.2°,
an inelastic peak is certainly present ate56.960.7 meV,
Fig. 6~a!, which can also be seen~but not fitted successfully!
at smallere in several other spectra.

In another approach, we have fixed the center of
Lorentzian ate50 so that any effects of spectral weig
shifting that may be present in the above procedure can
eliminated. Despite this constraint, there is still a variation
the Lorentzian intensity withk, with a maximum in intensity
near to the zone boundary, Fig. 10~a!, as was found in
U0.45Y0.55Pd3. When taken with the anticorrelation of inten
sity and energy transfer produced by the free Lorentz
function in Fig. 7, it can be concluded that the intersite
teractions are still antiferromagnetic.

U0.37Y0.63Pd3, Fig. 8, has a response that is very similar

FIG. 8. The low-e excitation in U0.37Y0.63Pd3 is also dispersive
with a Gaussian line shape, but occurs at lower-energy trans
than that of U0.45Y0.55Pd3 (Ei523 meV).
st

i-

e

be
f

n
-

that of U0.45Y0.55Pd3. The excitation is well fitted by a Gauss
ian function, with the linewidth again obtained from th
well-separated peak in the lowest-angle spectrum at 4.2°
held constant when fitting the remaining spectra. The disp
sion curve obtained is plotted in Fig. 5, the intensity var
tion in Fig. 10~c! and the fit parameters are summarized
Table II.

The spectra of U0.28Y0.72Pd3 are poorly described by both
Lorentzian and Gaussian functions, and a satisafctory fi
the data could only be obtained by using a Voigt function
which the half-width at half-maximum~HWHM!, G, of the
Gaussian and Lorentzian components are arranged to
identical. The need for this type of function can be clea
seen in Fig. 9, in which the Gaussian component of the Vo
function matches the ‘‘hump’’ close to the elastic line a
the Lorentzian component provides the extended tail of s
tering. The individual spectra were again fitted with the
tensity and peak position allowed to vary, while the lin
width obtained from the low-angle spectrum was he
constant. However, the dispersion of the excitation in t
case is too small to determine accurately and the excita
position is consequently taken as the mean value,e51.2
60.4 meV. At low scattering angles, the excitation occurs
the much higher energy transfer ofe55.961.1 meV. The
variation of intensity with scattering angle is again more s
sitive to the dispersion, reaching a maximum near the z
boundary, Fig. 10~b!.

rs

FIG. 9. The line shape of U0.28Y0.72Pd3 (Ei523 meV) requires
a Voigt function ~dashed line! to provide a satisfactory fit to the
data~solid line!.
TABLE II. Energy transfere, intensity A, HWHM G, and wave-vector transferk, of the magnetic
excitation in each compound measured withEi523 meV atT510 K.

U0.45Y0.55Pd3 U0.37Y0.63Pd3 U0.28Y0.72Pd3 U0.2Y0.8Pd3

Peak type Gaussian Gaussian Voigt Lorentzian
e ~meV! f54.2° 4.860.2 5.260.2 5.961.1 6.960.9

f.10° 3.460.2 2.660.1 1.260.4 0 Fixed
A ~mb sr21fu21) f54.2° 13.361.2 6.760.4 8.461.1 2.660.9

f.10° 20.861.3 21.162.1 11.160.6 7.160.7
G ~meV! All f 3.760.2 4.260.3 5.160.3 5.660.4
k ~Å 21) f54.2° 0.3 0.3 0.4 0.6

f.10° 0.6-1.6 0.6-1.6 0.6-1.6 0.6-1.6
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The solid lines plotted through the dispersive data of F
5 and Fig. 10 are the result of fitting the mean field–rando
phase approximation equations for the singlet-singlet C
model.12 For two singlet states separated by an energy
D, the dispersion relation is written

E~q!5@D~D22~n02n1!M2J~q!#1/2, ~4!

wheren0, n1 are the populations of the ground and excit
states,M5u^1uJzu0&u, andJ~q) is theq-dependent form of
the exchange interaction.q is measured from the zone cent
and in polycrystalline cubic materialq is equivalent touk u
within the first Brillouin zone. The form ofJ(q) is often
complex and leads to an antiferromagnetic phase if the m
mum value of the exchange occurs at some nonzero valu
q. However, in this case we have used a simple near
neighbor expression for the exchange interaction as a
approximation,J(q)52J(0)cos(Cq). The neutron scatter
ing intensity also depends upon the dispersion relation,

S~q,e!'
M2D

E~q!
@n0d~e2E~q!!1n1d~e1E~q!#. ~5!

FIG. 10. The intensity variation as a function ofk for the low-
e mode in each compound extracted from theEi523 meV data
sets. The solid lines are obtained using Eq.~5! for the intensity
variation within the singlet-singlet model of CEF excitations.
.
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The values ofD, J(0), andC obtained from fitting Eq.
~4! and Eq.~5! to the datasets are listed in Table II and Tab
III.

In Fig. 11 we summarize all of the parameters obtain
from the data fitting to enable trends in the parameters to
more clearly visualized. Considering first the excitation e
ergies as a function of uranium concentration, it can be s
that while the position of the high-e excitation@Fig. 11~b!#
remains almost constant for each material, the low-e excita-
tion decreases almost linearly with decreasing uranium c
centration, Fig. 11~a!. This latter frame also indicates that fo
the Ei523 meV data, the low-e excitation occurs at a
higher-energy transfer at the lowest scattering angle,f
54.2°, than the corresponding data at larger scatte
angles for each compound, and that the energy transfe
this excitation increases as the uranium content is decrea
We note that this difference is not an instrumental eff
arising from systematic errors between the two forward
tector banks. Such a large shift in the energy transfer of
excitation could only arise from errors in the flight pa

FIG. 11. Overview of the concentration dependence of~a!,~b!
the excitation energies,~c! intensities and~d! linewidths, for both
Ei523 meV andEi560 meV measurements. Values are tak
from Tables I and II. Lines connecting points are guides to the
only.
TABLE III. Values of the exchange constant and periodicity of the exchange functionJ(q)5
2J(0)cos(Cq) derived from the dispersion (e) and intensity (A) of the low-e excitation. Where no value is
given the quantity could not be determined.

U0.45Y0.55Pd3 U0.37Y0.63Pd3 U0.28Y0.72Pd3 U0.2Y0.8Pd3

J(0) ~meV! e 0.05960.012 0.06960.021
A 0.04460.013 0.06160.018 0.04960.014 0.06860.019

C ~Å! e 3.760.2 4.360.2
A 4.160.2 3.660.2 3.960.2 3.760.2
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length calibrations, which are clearly identifiable by a sh
of the vanadium incoherent line away from zero ene
transfer after conversion of the raw time-of-flight data. Th
type of error would also result in changes to the energy tra
fers of the principal excitations in the nonmagnetic refere
material YPd3 between detector banks for bothEi523 meV
andEi560 meV data. If the scattering at low angles were
originate from spurious scattering events within the sp
trometer, we would expect to find the excitation at the sa
energy transfer in each sample, and not to exhibit the
served variation with uranium concentration.

The higher energy transfers of the points at lowest s
tering angles can be explained by considering the influe
that polycrystalline averaging has upon the dispersion r
tion. For the case of simple nearest-neighbor antiferrom
netic interactions, the exchange interaction has a minimum

FIG. 12. ~a! Doping U0.2Y0.8Pd3 with thorium to form
U0.2Th0.25Y0.55Pd3 causes two inelastic peaks to reappear~dashed
lines!. The thick solid line is the total fit to the data set and t
dashed line is the phonon scattering (Ei560 meV).~b! The low-e
magnetic scattering does not exhibit any observable dispersio
good fit ~solid line! to the data set is only obtained through the u
of a Voigt function to represent the inelastic peak shape~dashed
line!. ~c! A comparison of the U0.2Th0.25Y0.55Pd3 low-e excitation
with those of U0.45Y0.55Pd3 and U0.2Y0.8Pd3 at f510.4°. The signal
from YPd3 is also plotted for comparison.
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the boundaries of the Brillouin zone, and thus the dispers
relation, Eq.~4!, will have a periodicity dependent upon th
direction of propagation within the zone. The oscillations
the dispersion relation are always centered about the l
spacing,D, and have an amplitude that is principally co
trolled by the size of the exchange constant,J(0). When
polycrystalline averaging is introduced, calculations sh
that the resultant mean dispersion relation is similar to tha
Eq. ~4!, oscillating about the fixed level spacingD,
but modulated by an additional decaying envelope. T
decay envelope is shallower than that indicated by our d
but the required magnitude of damping can be obtain
by the inclusion of a next-nearest-neighbor term in
the exchange expression such thatJ(q)52J(0)cos(Cq)
2J2(0)cos(2Cq). The additional term has a doubled perio
icity and an independent exchange constantJ2(0) that can
be either antiferromagnetic or ferromagnetic. In this way
is possible to obtain a decay envelope that mimics the sh
of the experimental dispersion curves of Fig. 5 and is s
located aboutD. Another important consequence of the a
eraging is that the apparent exchange integral valueJ(0)
obtained by fitting Eq.~4! in thek range of the experiment is
dramatically reduced from the value used for the calculati
but that the value ofD obtained is almost unaffected. Thu
we have only included nearest-neighbor interactions in
exchange integral when fitting the experimental data in or
to obtain a value for the level spacingD. From an examina-
tion of the experimental data of Fig. 5 and Fig. 7, it can
appreciated that the value ofD is decreasing with decreasin
uranium concentration, while the strength of the exchang
increasing, a trend that is also observed in the increas
values ofTK obtained from bulk property measurements.

The excitation intensities, Fig. 11~c!, all decrease rapidly
as the uranium concentration is reduced, and at a much fa
rate than would be expected for a simple scaling by uran
concentration which would estimate the intensity
U0.2Y0.8Pd3 to be ;50% less than that of U0.45Y0.55Pd3,
whereas the actual decrease is nearer to 75%. There is a
change in the intensity vs concentration plot for the lowe
excitation betweenx50.28 andx50.37, a pattern repeate
in the susceptibility and resistivity measurements of th
samples.11 The high-e excitation found withEi560 meV
smoothly decreases in intensity as the uranium concentra
is reduced and lies;90% below that of the low-e excitation.
For both excitations, the linewidths increase smoothly w
decreasing uranium concentration as the excitations bec
progressively more damped, Fig. 11~d!. The low-e line-
widths of U0.45Y0.55Pd3 and U0.37Y0.63Pd3 are underestimated
in theEi560 meV fitting procedure as a consequence of
initial assumption of a Lorentzian line shape.

A

TABLE IV. Peak parameters for U0.2Th0.25Y0.55Pd3 at T516 K.

Ei ~meV! e ~meV! A ~mb sr21 fu21) G ~meV! k (Å21)
60 38.961.0 ~Lorentzian! 0.860.1 6.260.8 2.2

4.161.5 ~Gaussian! 0.4

23 f54.2° 1.260.3 ~Voigt! 5.661.5 3.4 Fixed 0.3
f.10° 1.260.2 ~Voigt! 8.461.2 3.460.6 0.6 - 1.6
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C. U0.2Th 0.25Y 0.55Pd3

Doping U0.2Y0.8Pd3 with Th41 ions to create
U0.2Th0.25Y0.55Pd3 serves to increase the energy gap betw
the localized uranium 5f states and the Fermi level whil
simultaneously reducing hybridization with conduction ele
tron states. Thus for U0.2Th0.25Y0.55Pd3, the energy gap is
expected to be similar to that of U0.45Y0.55Pd3 while the ura-
nium concentration is identical to that of U0.2Y0.8Pd3. Con-
sequently, the CEF intensities should increase in magnit
from those of U0.2Y0.8Pd3 while the linewidths of the excita
tions should be reduced.

The results of theEi560 meV measurement at 16 K a
shown in Fig. 12~a! for a scattering anglef54.2°. The pho-
non contribution has again been obtained via the ra
method leaving additional magnetic scattering correspond
to the two CEF excitations observed in the UxY12xPd3 se-
ries. The;38 meV transition can be fitted to a Lorentzia
line shape, whilst the low-e transition has an irregular shap
that fills in the gap in the phonon spectrum around 4 meV
satisfactory match to this intensity is given by a Gauss
peak shape, but for a quantitative fit, theEi523 meV data
must be used to extract the correct intensity. The parame
obtained are listed in Table IV. UsingEi523 meV to exam-
ine the low-e excitation, the best description of the excitatio
line shape is found to be a Voigt function at all scatteri
angles. No dispersion could be observed in the data, and

FIG. 13. The Lea, Leask, and Wolf diagram forJ54 with W
521. The three positions on the diagram with level spacin
matching the experimental results for U0.45Y 0.55Pd3 are indicated
with arrows.
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only variation in intensity with scattering angle is produc
by the magnetic form factor, Fig. 12~b!.

The low-e U0.2Th0.25Y0.55Pd3 peak is compared to thos
of the UxY12xPd3 series in Fig. 12~c!. It can be seen that the
U0.2Th0.25Y0.55Pd3 intensity is approximately half that o
U0.45Y0.55Pd3, consistent with the difference in
uranium content of the two samples, while the linewidth
the excitation is;20% smaller than that of U0.2Y0.8Pd3,
both of which confirm that hybridization effects i
U0.2Th0.25Y0.55Pd3 have indeed been reduced.

IV. DISCUSSION AND CONCLUSIONS

A. U xY 12xPd3 CEF level scheme

We assume that the uranium ions in the materials con
ered here have a 5f 2 electronic configuration based upon th
photoemission results of Kanget al.1 and the bulk property
measurements of Seamanet al.2 We also note that the CEF
excitations in the parent compound UPd3 strongly support a
5 f 2 electronic configuration.14 The effect of a cubic CEF
upon the (2J11)-degenerate ground-state multiplet of ma
netic ions has been considered by Lea, Leask, and W
~LLW !.13 For theJ54, 5f 2 configuration, a singlet, a non
magnetic doublet and two magnetic triplet levels~Table V!
are obtained, whose eigenvalues vary with the CEF par
eters as shown in the LLW diagram, Fig. 13. Additional
the transition matrix elements between the nine eigenvec
are listed in Table VI for reference. Note that it has be
suggested that structural distortions at low temperature co
affect the assumed CEF level scheme. However, our l
temperature high-resolution powder diffraction expe

s

TABLE V. The nine CEF eigenvectors formed from theJ54
multiplet in cubic symmetry.uJz&[uJLSJz& are theLS-coupling
basis states of the multiplet.

uG1& 5 0.4564u14&20.7638u0&10.4564u24&
uG3a& 5 0.5401u14&20.6455u0&10.5401u24&
uG3b& 5 0.7071u12&10.7071u22&
uG4a& 5 0.3536u13&10.9354u23&
uG4b& 5 0.3536u23&10.9354u13&
uG4c& 5 0.7071u14&20.7071u24&
uG5a& 5 0.9354u13&20.3536u21&
uG5b& 5 0.9354u23&20.3536u11&
uG5c& 5 0.7071u12&20.7071u22&
TABLE VI. Transition matrix elementsu^GuJzuG&u2 between the eigenvectors of Table V.

uG3a& uG3b& uG4a& uG4b& uG4c& uG1& uG5a& uG5b& uG5c&

uG3a& 0 0 0 0 9.333 0 0 0 0
uG3b& 0 0 0 0 0 0 0 0 4.00
uG4a& 0 0 0.250 0 0 0 1.750 0 0
uG4b& 0 0 0 0.250 0 0 0 1.750 0
uG4c& 9.333 0 0 0 0 6.667 0 0 0
uG1& 0 0 0 0 6.667 0 0 0 0
uG5a& 0 0 1.750 0 0 0 6.250 0 0
uG5b& 0 0 0 1.750 0 0 0 6.250 0
uG5c& 0 4.000 0 0 0 0 0 0 0
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ments11 demonstrate that static distortions do not occur, a
thus the point-group symmetry of the uranium ions rema
the same between room temperature and 1.6 K.

The CEF parameters for a particular material can be
rived from the LLW diagrams, if the experimental excitatio
energies are known, by searching across a diagram for ei
value ratios that match those determined experimenta
This exercise will usually isolate several possible positio
for the level scheme on the diagram. To match the ove
magnitude of the level scheme to that of the experiment,
computed eigenvalues should then be scaled by the L
scale parameterW.

Application of this technique to the well-defined excit
tions of U0.45Y0.55Pd3 produces three possible locations f
the CEF parameters of the system on theJ54 LLW dia-
gram, indicated by the arrows in Fig. 13, and all lying ne
crossing points on the diagram. OptionsA and B, with a
negative LLW x parameter, fall on either side of
G5-G3 crossing point, while optionC is situated near a
G3-G4-G1 crossing point with a positive LLWx parameter.
Thus, two level schemes have the non-magneticG3 doublet
as ground state (B andC) while the third has the magneti
G5 triplet as ground state (A).

Having determined the candidate CEF parameters
means to select the most favorable of these is required.
can be achieved by calculating the intensities~absolute cross
sections! of the excitations for comparison with the expe
mental data. The excitation intensities calculated using
~3! are considerably larger than those measured experim
tally, which are reduced due to hybridization processes,
consequently the calculated CEF spectrum must be scale
match the experimental intensities through the application
a global intensity scale factor. This factor is defined such t
the calculated CEF intensity at low-e matches the intensity
of the low-e experimental scattering. Scaling first to the c
culated intensity of the low-e inelastic peak for each of th
schemesA, B, andC yields the curvesA1, B1, andC plot-
ted in Fig. 14~a!. The curves are the sum of the experime
tally measured phonon scattering plus thescaled calculated
CEF intensityfor the scattering between each of the CE
level groups. The line shapes used are in accord with exp
ment ~Gaussian for the low-e excitation and Lorentzian fo
that at highe) and are convoluted with the HET resolutio
function, detailed balance factor and U41 magnetic form
factor. It is emphasised that the labeled curves in Fig. 14are
not fittedin any way to the data set apart from the applicat
of the global intensity scale factor to the calculated C
intensity that is listed in Table VII. The global intensity sca
factor, distinct from the LLW W parameter that scales t
CEF eigenvalues, has a value of 0.297
U 0.45Y 0.55Pd3 and is reduced to 0.046 for U0.2Y 0.8Pd3.
Note also at this point that whichever ground state is fina
selected, the observedtrendsin the neutron scattering resul
remain unaffected and thus instructive.

For curveA1 in Fig. 14~a!, it is clear that the large Curie
term produced by theG5 triplet ground state gives enormou
intensity to the quasielastic scattering component, a p
further illustrated if this quasielastic intensity is scaled
match the experimental intensity, CurveA2, since then the
calculated intensity of the high-e excitation is completely
suppressed. In contrast, the two schemes withG3 doublet
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ground states, curvesB1 andC, are immediately more rep
resentative of the measured scattering. These also ha
quasielastic component arising from the thermal populat
of the low-lying magnetic triplet states, but it is of a consi
erably smaller magnitude. CurveB1 is the most promising
choice, with intensities at both lowe and highe having the
correct ratio, but with just a little too much intensity. How
ever, as a consequence of the detailed balance factor
intensity arising from the quasielastic component is shif
such that it underlies the intensity from the low-e compo-
nent, which from the experimental point of view makes t
two components indistinguishable since they will appear
one inelastic feature. Thus for level schemesB andC, it is
the sum of the quasielasticand the low-e inelastic calculated
intensities that must be scaled to the experimental result.
schemeC, the scaled intensity by this method is too low
match that of the experiment, whereas there is an extrem
good agreement for schemeB, curveB2 in Fig. 14~b!. The
solid lines underneath this curve are the calculated intens
for the transitions within the level scheme, and the das
line is the experimentally measured phonon scattering. C
culations of the susceptibility, magnetization, and heat
pacity for the above level schemes can also be made
comparison with respective bulk property measurement11

This comparison further indicates that the magnetic grou
state of schemeA is unsuitable—the magnetic heat capac
is underestimated, magnetization curves saturate in v
small fields unlike the nearly linear behavior observed, a
the susceptibility is too large and Curie like. From the

FIG. 14. A comparison of the calculated CEF neutron cro
sections with the experimental data of U0.45Y0.55Pd3. The curves are
derived from the three candidate level schemes indicated in Fig
and described in more detail in the text. In~b!, the thick solid line
represents the sum of the measured phonon scattering~dashed line!
plus the calculated magnetic components~thin solid lines! of the
preferred CEF level scheme. Note that the calculated CEF spe
have notbeen fitted to the data set, other than through the appl
tion of a global intensity scale factor.
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TABLE VII. CEF parameters for the UxY12xPd3 series of compounds.

x LLW x LLW W ~meV! B40 ~meV! B60 ~meV! Global intensity scale factor

0.45 20.7175 21.5427 0.0185 23.50031024 0.297
0.37 20.7230 21.6454 0.0198 23.60031024 0.236
0.28 20.7304 21.6120 0.0199 23.43031024 0.082
0.20 20.7370 21.5452 0.0190 23.22531024 0.046
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considerations, level schemeB is taken to be the most rep
resentative set of CEF parameters for U0.45Y 0.55Pd3:

G3 ~0.0 meV!, G5 ~3.4 meV!,

G4 ~37.2 meV!, G1 ~89.3 meV!.

The quasielastic scattering from the excitedG5 triplet
level is the most likely source of the weak quasielastic sc
tering measured by Daiet al.6 at T510 K in polycry-
stalline U0.45Y 0.55Pd3. The CEF parameters for the fou
U xY 12xPd3 samples are listed in Table VII. The exper
mentally observed movement of the low-e excitation towards
e50 with decreasing uranium concentration is reflected
the CEF parameters which move towards theG3-
G5 crossing point. This leads to the following CEF lev
scheme for U0.2Y0.8Pd3:

G3 ~0.0 meV!, G5 ~0.0 meV!,

G4 ~35.8 meV!, G1 ~85.8 meV!.

All three level schemes allow a singlet-singlet excitati
to occur, and so this cannot be used to help isolate the co
level scheme. This can be seen by referring to the transi
matrix elements in Table VI. Transitions are permitted b
tween either eigenvector of theG3 doublet and the single
nonmagnetic eigenvector contained in each triplet level,
thus explains why the low-e excitation follows a singlet-
singlet dispersion relation.

For magnetic order to arise from a nonmagnetic grou
state, the exchange interaction must exceed the respe
critical value for each level scheme,Jcrit5D/2M2,

Scheme B: G3→G5 Jcrit;0.375 meV ,

Scheme C:G3→G4 Jcrit;0.161 meV .

As has been discussed earlier, the strength of the
change interaction obtained from the dispersive data
U 0.45Y 0.55Pd3 @J(0);0.05 meV#, is significantly reduced
from the true value as a result of the polycrystalline aver
ing of the dispersion relation within the sample. Neverth
less, an estimate of the actual exchange constant can be
by considering the immediate nearest-neighbor environm
of each uranium ion. Nearest neigbors order antiferrom
netically in thea-b plane but successive planes along thec
axis are stacked ferromagnetically.6,11 Hence, the exchang
constant along thec axis, Jc , is opposite in sign and o
slightly larger magnitude than the exchange constant in
a-b plane,Ja . For example, ifJc521.1Ja , then the mea-
sured exchange constant will beJexp5(4Ja12Jc)/6
50.3Ja , which gives a value ofJa(0);0.17 meV for
t-
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U0.45Y0.55Pd3 and is of the correct order of magnitude
exceedJcrit . Thus, a nonmagnetic ground state in polycry
talline U0.45Y0.55Pd3 does not exclude the formation of long
range magnetic order.

B. Discussion and conclusions

The rapid reduction in the intensity of the CEF excit
tions, together with the associated increase in the linew
arising from the hybridization of localized 5f states with
conduction electron states, can be understood in the con
of Fermi-level tuning introduced by Kanget al.1 The substi-
tution of Y31 ions for U41 ions removes electrons from th
system, reducing the energy gap between the Fermi level
the local 5f CEF levels. The effect is not unique but is pa
ticularly noticeable in this system in which the excitatio
intensities are reduced by;70–80 % in going from
U0.45Y0.55Pd3 to U0.2Y0.8Pd3 ~Tables I and II!. This reduction
is considerably greater than the 55% reduction in inten
expected purely from the difference in uranium content
tween the two materials. Indeed, a calculation of the rela
changes between the scale factors of Table VII, which refl
the increasing hybridization beween the 5f and conduction
electron states, would be an interesting challenge for c
densed matter theorists.

The effect of Fermi level tuning on the bulk properties
noticeable in the crossover in sample response from be
CEF dominated at high uranium concentrations (x.0.35) to
one that is dominated by the conduction electrons at
uranium concentrations.2,11 This crossover is also reflecte
here by the change in line shape of the low-e excitation from
Gaussian to Lorentzian via the mixed Voigt function occu
ing for U0.28Y0.72Pd3. However, while the change in line
width can be related to the hybridization processes, it is
clear how the line shape change from Gaussian to Lorent
via the intermediate Voigt function should be explained, n
whether this change can be interpreted solely within the c
cept of Fermi-level tuning.

Similarly, the results from U0.2Th0.25Y0.55Pd3 can be in-
terpreted in terms of Fermi-level tuning. The increased nu
ber of conduction electrons provided by the thorium mov
the Fermi level away from the local CEF levels reducing t
hybridization with the conduction electron states. Uraniu
ion intersite interactions reappear due to the increased lo
ization of the 5f electrons and produce an irreversible tra
sition in the susceptibility data, although the strength of
interactions is too weak to result in any measurable disp
sion of the low-e excitation. Thus it can be concluded th
the non-Fermi-liquid properties of U0.2Y0.8Pd3 are controlled
purely by the critical positioning of the Fermi level and th
intersite interactions are only of secondary importance.
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The relaxation function of magnetic impurities in metal
systems frequently has a Lorentzian line shape arising f
conduction electron scattering, with a HWHM that scales
G(T)}T.15,16 In the presence of Kondo impurities, the rela
ation rate saturates belowTK and the line shape has
HWHM G(0)}TK . This is observed in classical Kondo sy
tems such as theAuFe dilute spin glass systems and also
some of the more concentrated Kondo lattice materials.
course, in these more concentrated systems, above th
spective characteristic temperature the linear dependenc
G is usually modified, with aT1/2 dependence in some heav
fermion systems for example. The quasielastic magn
scattering in U0.2Y0.8Pd3 has a HWHM G565.464.2 K,
which is of a comparable size to the value ofTK obtained
from bulk measurements.3 We also note that the change inG
between U0.2Y0.8Pd3 and U0.28Y0.72Pd3 of 16–18 % is of the
same size as the change inTK determined from measure
ments of r(T) on the same materials.11 This relationship
between the low-T G value andTK is identical to that of
conventional heavy fermion materials. Thus from the abo
results, we conclude that the magnetic properties
U0.2Y0.8Pd3 are of a predominantly single-ion nature, a co
clusion that has also been reached by Mapleet al.3 from
macroscopic experimental results. It should be noted that
macroscopic properties of our samples are in excellent ag
ment with those published by other groups. Elsewhere
report the results of our resistivity, susceptibility, heat cap
ity, and magnetization measurements for these sample
addition to the results of our low-temperature neutron po
der diffraction andmSR experiments.11

In summary, we have measured the CEF excitations
several members of the UxY 12xPd3 series of compounds
and have been able to assign a CEF level scheme tha
plains the changes in magnetic properties that occur w
decreasing uranium concentration. In making this ass
ment, we have illustrated that the assignment of a cor
level scheme to the higher uranium content samples is a
trivial task. We have also found that in the samples w
higher uranium concentrations, the magnetic intersite in
actions responsible for antiferromagnetic order cause
low-e CEF excitation to exhibit dispersive behavior. How
ever, it would appear that these intersite interactions p
only a minor role in the formation of the non-Fermi-liqu
behavior observed in U0.2Y0.8Pd3.
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APPENDIX: HET RESOLUTION FUNCTION

The passage of neutrons through the H2O moderator and
their subsequent journey through the components of
m
s
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spectrometer sets an intrinsic minimum width in energy a
momentum coordinates on any feature measured by the
strument. Knowledge of the instrumental resolution is an i
portant factor when examining excitations with an intrins
width due to relaxation processes within the sample. T
measured experimental width of any excitation is then a c
volution of the instrumental resolution with the intrins
width of the excitation.

A simple parametrization of the HET resolution functio
has been used in the data analysis here that proves to b
excellent substitute for the full resolution calculation. T
resolution function,s(e) of the instrument can be written in
terms of the time widths introduced by the moderator and
chopper opening time,17

s~e!5H F2
Dtchop

tmc
S 11

Lmc1Lcs

Lsd
S 12

e

Ei
D 3/2D G2

1F2
Dtmod

tmc
S 11

Lcs

Lsd
S 12

e

Ei
D 3/2D G2J 1/2

[H F2
Dtchop

tmc
M~e!G2

1F2
Dtmod

tmc
C~e!G2J 1/2

~A1!

in which Dtchop is the uncertainty in flight time introduced b
the chopper,tmc is the flight time from the moderator to th
chopper,Lmc is the length from moderator to chopper,Lcs is
the length from chopper to sample andLsd is the length from
the sample to the detector.e5Ei2Ef is the energy transfe
between the neutron and sample for neutrons with incid
energyEi and final energyEf . Dtmod is the uncertainty in
neutron flight time introduced by the moderator. The expe
mental resolution of the spectrometer can be obtained
measuring the incoherent scattering from a vanadium sam
and has the characteristic line shape of a Gaussian co
luted with a decaying exponential, standard deviationsvan.
It has been shown18 that there is a good agreement betwe
experiment and calculation for the chopper contribution
the resolution function,schop, and thus the moderator con
tribution,smod, which is difficult to calculate accurately, ca
be obtained fromsvan for a particularEi ,

smod5Asvan
2 2schop

2 . ~A2!

Since the resolution of the spectrometer at the elastic
(e50) is measured bysvan, the value at any finitee can
thus be calculated:19

sexp~e!5AS smod3
M~e!

M~0! D
2

1S schop3
C~e!

C~0! D
2

.

~A3!

For example, for theEi523 meV measurements in thi
paper, the resolution decreases froms50.27 meV ate50
meV to s50.11 meV ate523 meV.
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