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Magnetic structure and crystal-Beld levels in PrA
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Neutron scattering experiments have been performed on polycrystalline samples of PrAg (CsCl
structure) to determine the magnetic structure at low temperature and the energy separation of the
crystal-6eld levels. At 14'K PrAg becomes antiferromagnetic with the (nest) structure. This consists of
ferromagnetic (110) planes coupled antiferromagnetically. Ordered moments of (2.1 + 0.1)p~/{Pr atom)
lie in the (001) planes. The crystal-field energy levels in PrAg have been measured directly with
neutron spectroscopy at 5, 78, and 29TK. The measurements indicate that the I, level is the ground
state. The over-all splitting is ~ 20 meV and the crystal-field parameters W and x are —0.37 + 0.02
meV and —1.00 + 0.01, respectively. A calculation based on a first- and second-neighbor point-charge
model with neutral Ag ions and tripositive Pr ions gives reasonable agreement with the experimental
parameters. The hnewidths of the crystal-field transitions are observed to be very broad (full widths at
half-maximum are ~ 11 meV at 297K). A simple Ruderman-Kittel-Kasuya-Yosida {RKKY)model has
been used to explain these widths, which are at least a factor of 2 larger than observed, for example,
in the praseodymium monopnictides.

INTRODUCTION

The crystal-field levels in a number of metallic
rare-earth monopnictides and chalcogenides have
recently been determined successfully by neutron
spectroscopy. 6 Rather surprisingly, the level
schemes for these compounds, all with the NaCl
crystal structure, appear to be consistent with a
nearest-neighbor point-charge model if a negative
charge is assigned to the nonmetal ion. Such mod-
els for the crystal-field levels are usually applied
to ionic materials only, and would be expected to
have little relevance in metallic systems. To ex-
amine further this point we have studied the in-
elastic neutron scattering from polycrystalline sam-
ples of PrAg, which has the CsCl structure. Simi-
lar inelastic-neutron-scattering experiments on the
rare-earth- Alz compounds have been reported, 7'

but no details have been given on the widths of the
crystal-field transitions, which are one of the most
interesting features of the present experiment.
Other related experiments are the measurements
of the magnetic exciton spectra in singlet-ground-
state systems. '0

The intermetallic compound PrAg has the cubic
CsCl structure with a lattice constant a = 3.739 A.
This structure is common to almost all the rare-
earth intermetallic compounds" of the form RX,
where R is a lanthanide metal and X=Cu, Ag, or
Au. Magnetization measurements' ' on PrAg and
CeAg have been interpreted as indicating ferromag-
netic behavior, with Curie temperatures of 14 and
S 'K, respectively. We have found no references
to neutron-diffraction experiments on these com-
pounds. A number of other RX compounds have
been examined by both bulk magnetization measure-
ments ' and neutron diffraction. 7 All of these
compounds are antiferromagnetic.

In the present experiment we measured the in-
elastic neutron scattering from PrAg at 5, V8, and
297 'K, and also determined the magnetic structure
in zero magnetic field by neutron diffraction.

EXPERIMENTAL

Sample preparation

The compound PrAg was prepared by arc melting
together stoichiometric amounts of the pure ele-
ments, and annealing at 700 'C for 4 h. Two but-
tons, each weighing approximately 10 g and mea-
suring 20 mm in diameter by 4 to 5 mm thick, were
used for the inelastic-neutron-scattering experi-
ment. For the elastic-neutron-diffraction experi-
ment a powder sample was produced by filing 2 g
off one of the buttons, and reannealing. Both the
neutron-diffraction and x-ray powder patterns in-
dicated a single-phase cubic material with a lat-
tice parameter of a =3.737 A, in agreement with
the value of 3.739 A tabulated by Taylor. " Since
PrAg, like most other praseodymium compounds,
oxidizes rapidly, the samples were prepared in
high-purity argon and sealed in the sample con-
tainers before being removed from the inert envi-
ronment.

Magnetic structure

The powder sample was contained in a thin-walled
Al cylinder, —,'-in. diameter, and mounted in a
variable-temperature cryostat. The neutron-dif-
fraction patterns were obtained with a conventional
two-axis diffractometer located at the CP-5 Re-
search Reactor and using an incident-neutron wave-
length of 1.06 A. Measurements were performed
at V8 'K, and at several temperatures between 5
and 16 'K in zero magnetic field. The diffraction
patterns obtained at 5 and 78 'K are shown in Fig. 1.
The peaks in the V8 K pattern can all be indexed
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FIG. 1. Neutron-diffraction patterns from a polyerys-
talline sample of PrAg at 5 and 78 K.

on the basis of a CsCl crystal structure, and the
integrated intensities are in agreement with those
calculated using scattering lengths of 0.44 and 0.60
(xl0 '~ cm) for Pr and Ag, respectively. " At 5 K
additional peaks are observed and the nuclear peaks
remain unchanged. This indicates that PrAg is anti-
ferromagnetic at low temperature, and not ferro-
magnetic as stated in Refs. 12 and 13. The index-
ing of the magnetic reflections indicates that the
magnetic unit cell requires a doubling of the chem-
ical unit cell in the a and b directions. The mag-
netic structure consists of ferromagnetic (110)
planes coupled antiferromagnetically. This struc-
ture is the so-called (wv0) structure that has been
observed in other RX compounds. ~ ~ In PrAg the
magnetic moments lie in the (001) plane, as deter-
mined by the relative intensities of the magnetic
peaks. The magnitude of the ordered moment at
5 'K is (2. 1 +0.1)p. s/(Pr atom). The temperature
dependence of the (2 &0) reflections shows that the
Noel temperature is (14+ 1) 'K. A diffraction pat-
tern obtained at 16 'K shows no evidence for short-
range order.

Crystal-field measurements

The two polycrystalline buttons of PrAg were
placed in a thin-walled Al container mounted in a
fixed-temperature cryostat. The inelastic-neutron-
scattering experiment was performed using the
"hybrid" neutron spectrometer at the CP-5 Re-
search Reactor. This spectrometer consists of a
double-crystal monochromator combined with a
Fermi chopper for producing the incident beam, and
a multiple-detector time-of-flight system for ana-
lyzing the energy and momentum transfers of the
scattered beam. The incident energy and the burst

time in this experiment were 33.0 meV and 6. '(I

p, sec, respectively. The time of flight of scattered
neutrons was measured independently by 15 sub-
groups of detectors covering scattering angles y
from 14' to 82'. For each subgroup {or scatter-
ing angle) the measured time of flight corresponded
to an energy transfer of the scattered neutrons be-
tween + 198 and —21 meV. Measurements were
performed with the sample at 5, 78, and 297 'K.
Some of the spectra for the large scattering angles
contained strong Bragg reflections and also one-
phonon coherent peaks from the sample, and these
subgroups were not used in the analysis of the crys-
tal-field transitions. For each temperature the
time-of-flight spectra in the first eight subgroups
(corresponding to 14' & y & 42') were found to be
identical within counting statistics. The number of
scattered neutrons detected for a given energy trans-
fer was therefore summed over the first eight sub-
groups. The resultant time-of-flight spectra are
shown in Fig. 2. (Only the central parts of the
spectra are shown in Fig. 2. ) The backgroundlevel
due to fast neutrons was measured separately for
each subgroup, and the result is in agreementwith
the number of neutrons detected at large energy
transfer in the time-of-flight spectra. This level
is indicated by arrows in Fig. 2.

In the interpretation of the time-of-flight spectra
the 4f-electron configuration of the Pr atoms in
PrAg will be assumed to be the 4f~ configuration
of the tripositive Pr ion. For the free Pr' ion the

H4 ground-state multiplet is separated from the
first excited multiplet (3H, ) by -250 meV, so in the
crystal-field analysis only the ground state will be
considered. In the case of Pre' the cubic crystal
field splits the H4 multiplet into four levels, a
singlet I', and a doublet I'3, both of which are non-
magnetic, and two magnetic triplets I', and I'~. '

In the dipole approximation the differential cross
section for paramagnetic scattering of neutrons
from a system of noninteracting rare-earth ions in
a cubic crystal field is given by

l(r, ., lz, l r...&l' 5(E, -E,. - m),
(1)

where ko and 4 are the wave vectors of the incident
and scattered neutrons, respectively. The energy
gained by the scattered neutrons is h+. The mag-
netic form factor f(Q) is a function of the momentum
transfer Q. The Landk factor for the Z multiplet
is g», and the Boltzmann factor for the ith crystal-
field level is p;. In the matrix elements L,, „
x I(I',p, I J, I I',v,) I', v; and v~ are indices for the
eigenvectors belonging to the representations I',
and I', . The transition probabilities have been
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FIG. 2. Inelastic-neutron-scattering spectra from
PrAg at 5, 78, and 297'K. The solid lines are the least-
squares fits described in the text. The horizontal arrows
are the measured background levels. Below the figure
the energies of the crystal-field transitions are indicated,
as well as the time-of-flight scale.

tabulated by Birgeneau, ~ and for the 3H~ multiplet
on1y four inelastic transitions, I',-I„I'3-I'4,
1"z-I'» and I'4-I', , and two elastic transitions,
I',-I", and I',-I', , are allowed. The dipole approx-
imation is valid only in the limit of Q-0; but the
corrections to the approximation are very small
for the range of momentum transfer (3..0& Q& 3.2
A ') in the present experiment, and they have been
neglected. Equation (1) makes no allowance for
the cross section arising from inelastic scattering
by phonons. The phonon cross section for po1y-
crystalline samples increases with increasing mo-
mentum transfer Q and energy, and wouM be ex-
pected to exhibit a quite different temperature be-
havior than that of the inelastic paramagnetic scat-
tering. As discussed above, over the low-Q range
we have observed no Q dependence in the scattering,
and the over-aQ temperature dependence is well
accounted for by Eq. (1) (see below). Accordingly,
we have assumed that the phonon scattering is neg-

E (fObS gLLC)8-
~( ~)'q (N —M),
M]

(2)

where 8, is the number of neutrons detected in the

ligible in the data presented in Fig. 2. Turberfield
et al. established the validity of this assumption
in their study of the praseodymium monopnictides
and monochalcogenides, and we can expect it to be
valid in this case also. A further modification of
Eq. (1) is required because the 5-function nature
of the crystal-field transitions is not observed in
practice. Thus, if the Pr atoms were truly non-
interacting the widths of the observed peaks should
be comparable to the instrumental resolution, in
this case a full width at half-maximum of -1.2
meV. The spectra of Fig. 2 indicate clearly that
the crystal-field transitio'ns cannot be described
as 5 functions, and we have arbitrarily replaced
5(E, —E& —luu) in Eq. (1) with the Gaussian function
exp f-4 ln2 I(E, -E& —h~)/o&&j j, where cr, &

repre-
sents the full width at half-maximum of a transition
between the ith and jth levels.

To analyze the data a least-squares program was
written to fit the time-of-flight spectra of Fig. 2.
The contribution from the paramagnetic scattering
was obtained using Eq. (1) with a Gaussian function
substituted for the 6 function. The crystal-field
energy levels E&, which are contained in the argu-
ments of the Gaussian functions as well as in the
Boltzmann factor, were calculated as functions of
the parameters 8' and x defined by Lea, Leask, and
'Qfolf. The values of the matrix elements were
obtained from Ref. 22. The central peak in the
spectra was constructed from two Gaussian func-
tions, one representing the quasielastic scattering
from the I', -I', and I'4-I'4 transitions, and one rep-
resenting the nuclear elastic scattering from the
sample and container. The width of the latter
Gaussian is defined by the energy resolution of the
instrument. The intensity calculated as a function
of neutron energy transfer was converted into en-
ergy per time channel, and instrumental correc-
tions for counter efficiency were included. Because
of the irregular shape of the samples, no attempt
was made in this experiment to reduce the data to
absolute differential cross sections. To completely
specify the scattering the background level was
taken as fixed (see above), and two over-all scale
factors, one for the magnetic scattering and one
for the nuclear incoherent scattering, were includ-
ed. In summary, therefore, the parameters for
the magnetic scattering are the scale factors, 8'and
x defining the crystal-field levels, and the widths
o„.of the elastic (i =j) and inelastic (it j) transitions.

The spectra at 78 and 297 K were fitted sepa-
rately and the results are given in Table I. The
function y~ is defined by
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TABLE I. Crystal-field parameters determined for
PrAg at 78 and 297'K. 8' and x are the usual Lea,
Leask, and Wolf {Ref. 21) parameters related to the
strength of the crystal field and the ratio of the fourth-
to sixth-order anisotropy, respectively. The observed
widths of the crystal-field transitions are defined by
Gaussian functions in the text, For the 78 K data, widths
for magnetic-magnetic transitions o~ and for nonmag-
netic-magnetic transitions e~ are used. These have
been set equal at 297 K. y is defined by Eq. {2). The
errors quoted in the table and in the text have been ob-
tained directly from the least-squares fitting program
using counting statistics. In view of the limitations of
Eq. {1)discussed in the text these errors should be
treated with caution.

W{ eV)

cr {meV}
a {meV)

78 'K

—0.328+0. 003
—0.970 + 0.002

4. 6 +0.1
1.9+0.3
2. 1

297 'K

—0.37 +0.02
—1.00+0.01

10.9+0.9

1.8

ith time channel, P,
"' is the corresponding calcu-

lated count, M, is the uncertainty in P;, here
taken a,s simply the square root of the observed
count, N is the number of time channels considered,
and M is the number of parameters. The solid
lines in Fig. 2 correspond to the calculated inten-
sity using the parameters of Table I. For the 78 'K
data two crystal-field widths o,&

were used, one
for the transitions between magnetic levels I', -I"„
I',-I'„and I', -I'4, and the other for transitions
between magnetic and nonmagnetic levels. Only
one over-all width was used in analyzing the 297 'K
data. The low values of y for the two temperatures
indicate that the introduction of additional width
parameters would have little physical significance.
At both temperatures the width and position of the
central nuclear peak is in agreement with that ob-
tained from a calibration with a vanadium sample.

The agreement between the two sets of values
for W and x, determined independently at eachtem-
perature, is surprisingly good considering that the
spectrum observed at 297 K has no structure. In
the analysis of the 78 'K data we have found that an
alternative set of values of 8' and x (- 0.43 meV
and —0. 8, respectively) results in a value of y3 al-
most as low as in Table I. The relative positions
of the crystal-field energy levels for the two mod-
els that fit the VS 'K data are given in Fig. 3. The
major difference between the two models is the
position of the I'3 level with respect to the I', ground
state. However, at 29'7 'K the values 5'=-0. 43
meV and x = —0. 8 result in a )( of -10, a value
significantly larger than the minimum given in
Table I.

Finally we consider the analysis of the spectrum

DISCUSSION

The crystal-field Hamiltonian for a tripositive
rare-earth ion can be written as

H, =A4(r )P 04+As(r )y Oq

g-"-O.33 eeV N~-O. 45 me Y
X-"- I X--O.8

'K meV
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FIG. 3. Models for the crystal-field levels of the Pr '
ion in PrAg.

taken at 5 'K, at which temperature PrAg is or-
dered antiferromagnetically with a moment of (2. 1
+ 0. 1)p3/(Pr atom). Two immediate consequences
stem from the fact that the material is ordered
magnetically. First, Eq. (1) is invalid since it
applies to the paramagnetic phase only; second, we
would anticipate a contribution from the spin waves
to the inelastic scattering. However, a number of
qualitative remarks can be made about the 5 'K
spectrum. On the energy-gain side we should not
expect to see any crystal-field transitions, since
the F, ground state is the only state populated (see
Fig. 3), and neutrons cannot gain energy by deex-
citing the system. Figure 2 indicates that this is
indeed the case. The transitions expected on the
energy-loss side must involve the I', ground state,
and are therefore I', -I'~ and I', -I'4. The transition
at - —12 meV in Fig. 2 may correspond to a com-
bination of these two transitions, but in the model
presented in Table I (left-hand side of Fig. 3) no

transition involving I', can account for the shoulder
observed at - —3 meV. The alternative model (8'
= —0.43 meV, x = —0. 8) would account for both
features of the spectrum; but, in view of the qual-
itative nature of this discussion, this assignment
of the crystal-field transitions should be regarded
with caution.
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in terms of the Stevens operator equivalents 0,
and 08. The remainder of the terms in Eq. (3) are
defined in Lea, Leask, and%olf. ' Pierre ' ana-
lyzed his magnetization data for CeAg in terms of
a Hamiltonian including both the crystal-field and
exchange interactions and concluded that the geo-
metrical coefficient A, is negative for CeAg. As-
suming the coefficient A4 does not vary much
throughout the rare-earth series, Pierre predicted
that the ground state of the Prs' ion in PrAg would
be I', . This agrees with the crystal-field level
scheme that we have derived from our inelastic-
neutron-scattering experiment. Furthermore, the
saturation moment of the I", ground state is 2p~,
in good agreement with the value of (2. 1+0.1)p, ~
obtained from the powder diffraction experiment
at 5 'K.

The experimental values for A44') and A6(& )
can be calculated from the values of 8" and x given
in Table I. Using the results obtained at 78 'K,

A,(r') = —7.21+0.06 meV

A,(r') = —0. 0128+ 0.0006 meV,

Pierre" deduced from the results for CeAg that the
splitting between the I", ground state and the I', ex-
cited state is 31 meV, which leads to a value of
—13.5 meV for A,(r') Using th. e values for (x")
integrals calculated by Freeman and Watson, 24 and
assuming A4 constant, the results for CeAg predict
that A4(r4) for PrAg should be between - 10 and —11
meV, in reasonable agreement with the present ex-
perimental result.

The observed values for A, (r') and A~(r6) can also
be compared to calculations using a simple point-
cha.rge model, which is successful in the praseo-
dynium monopnictides and monochalcogenides. In
these materials with the NaC1 crystal structure the
experimental values for 8' and x could be repro-
duced if an effective charge of —2le I was assigned
to the octahedrally coordinated anions. The value
of x found for PrAg is very close to that observed
for the pnictides and chalcogenides, but 8' has the
opposite sign. In terms of a point-charge model,
this indicates that the crystal-field interactions in
PrAg could arise from a set of octahedrally coor-
dinated Positive charges. If the charge on the near-
est neighbors, Ag with cubic environment, is zero,
and the next nearest neighbors, Pr with octahedral
environment, are considered tripositive, then
A,(r') and A,(r6) are —5. 8 and —0. 07 meV, respec-
tively. These values compare surprisingly well
with the experimental values in Eq. (4).

Another intermetal. lic compound in which the non-
rare-earth ion appears to have zero effective charge
is YbPd3, as shown by a recent Mossbauer experi-

ment. ' In this, the point-charge model appearsto
explain the crystal-field levels if, as in PrAg, the
nearest-neighbor atoms {in this case Pd) are as-
sumed to be neutral. On the other hand, experi-
ments on dilute rare-earth impurities in noble met-
als indicate that the sign of A4(r ) is opposite to
that expected with a point-charge models. We be-
lieve an understanding of whether or not the agree-
ment with the point-charge model in many of these
materials is fortuitous must await further experi-
ment and theory.

One of the most interesting features of our study
of PrAg is the widths, and their temperature depen-
dence, of the crystal-field transitions. The para-
magnetic cross section used here [Eq. {1)]has been
used previously, but the widths of the crystal-field
transitions are at least a factor of 2 greater than
other reported values at similar temperatures. For
example, comparable values in PrS are 5. 4 meV,
and in NdP, ' 3. 1 meV. At 297 'K the widths in PrAg
are comparable to the spacings between the crystal-
field levels themselves, and, under these conditions,
we should not expect Eq. (1) to be valid, although
the low value of y in Table I indicates a good fit.
A more realistic cross section that includes the
effects of various interactions between the rare-
earth ions, as well as the crystal field, should be
derived theoretically. The result of combining
exchange interactions and single-ion anisotropy
effects has been considered, ~7 but no detailed cross
section has been published.

Perhaps the most obvious contribution to the line
broadening is from the exchange interactions, al-
though it is noteworthy that the neodymium pnictides, '
for example, have narrower crystal-field transi-
tions but higher ordering temperatures. If single-
ion anisotropy effects are neglected, and the ex-
change interactions are known, the second moment
(8 ~ ) of the quasielastic scattering from a para-
magnetic powder can be calculated. At high tem-
perature and for large scattering angles, the shape
of the quasielastic peak is approximately Gaussian,
and the second moment of the peak is given by

where 4, is the exchange for the lth neighbor. For
PrAg two parameters, the Neel temperature T„
and the paramagnetic Curie temperature 6~, are
available for determining g ~ In a molecular-field
model, for which only first and second nearest
neighbors are considered, g, and P~ cannot be
determined independently for the {vv0) antiferro-
magnetic structure, since this structure imposes
the relationship l9~ I =3T„. An alternative model
having only two parameters is the free-electron
Ruderman-Kittel-Kasuya- Yosida {RKKY) interaction
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model discussed by Pierre" and Sears. Assum-
ing that the (wmO) structure is stable, and using e~
=2'K' and T„=14 K, the second moment given
by Eq. (5j is -3.7 meV . This value corresponds
to a full width at half-maximum of -4 meV, which
is similar in magnitude to the values in Table I.
The simple RKKY model also predicts that the ex-
change interactions in Prhg almost favor ferro-
magnetism. This may explain the magnetization
measurements of Pierre and Pauthenet, ' who re-
ported PrAg to be ferromagnetic. Considering the
simplicity of the free-electron RKKY model and
the exclusion of crystal-fieM interactions in the

derivation of the exchange interactions, the rea-
sonable agreement with the experimental data in-
dicate thai the large widths of the crystal-field
transitions in PrAg could probably be accounted
for by the long-range and oscillatory nature of the
indirect exchange through the conduction electrons.
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