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IOE. L. Zorina, Opt. Spectrosk. 27, 920 (1969) [Opt.
Spectrosc. (USSR) 27, 168 (1969)j, observed an absorp-
tion tail in vitreous As283 at a much higher absorption
level, but this is very probably due to a higher content
of impurities in her samples. She interprets the ab-
sorption tati as due to lnd~rect phonon-assisted transi-
tions. It is not possible to explain our curves this way
because the required pbonon energies would have to be
much too high and the temperature dependence of the
slopes for oul cuIves cannot be Ieconclled with this in-

terpretation.
~~J. Tauc, H.. Grigorovici, and A. Vancu, Phys. Status

Solidi 15, 627 (1966).
~2The hydrogenic model [D. M. Eagles, J. Phys. Chem,

Solids 16, 76 (1960)) and the Koster-Sinter model [J.C.
Slater, in IIandbuch dew I'hysN, edited by S. I'lugge
(Springer, Berlin, 19M), Vol. 19, Pt. I, p. 67] give
essentially the same formula the changes of the con-
duction-band states by the impurity potential are ne-
glected in all these approaches.
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Neutron crystal-field spectroscopy has been carried out in a series of praseodymium
monochalcogenides and monopnictides; the results illustrate the power of inelastic neu-
tron scattering techniques in such problems. It is found that all of the crystal-field lev-
els in all compounds studied can be quantitatively accounted for by use of a simple point-
charge model.

The magnetic properties of rare-ea. rth metals
and metallic compounds are profoundly influ-
enced by the crystal field. ' However, because of
tile diff lculty of doing Unambiguous expel 11Ile11ts
there is at the present time only very limited ex-
perimental information available on the crystal
field itself. ' In addition, most of the existing
theories for its microscopic origins are specula-
tive in nature. ' This is in sharp contrast to the
situation in insulators, where the energy-level
schemes of rare-earth lons ovel many 4 multl-
plets are accurately known in a wide variety of
materials. ' Furthermore, it has proven possible
to calculate these splittings from first principles
to much better than an order of magnitude. ' The
reason for the la.ck of empirical information in
metals is, of course, the difficulty in doing pho-
ton spectroscopy in metallic systems. However,
these difficulties can be circumvented by using
thermal neutrons instead of photons as the probe,
and indeed, a crystal-field transition has been

observed with neutrons recently in the metal
CeAs by Rainford et al. ' In this Letter we report
inelastic neutron-scattering measurements on a
series of rare-earth metallic compounds. These
confirm that neutrons may indeed be effectively
used for rare-earth crystal-field spectroscopy
in the far infrared provided only that the exchange
field is somewhat smaller than the crystal field.
In addition, in the materials we have studied we
find that an effective point-charge model' is sur-
prising~/ RccurRte 1D predlctlng both the magni-
tudes and the systematics of the Stark splittings.
This latter result is not understood at all.

We consider first the neutron-scattering as-
pects of the problem. In general, the scattering
cross section for a system possessing both spin
and orbital angular momentum is quite compli-
cated. However, if we are operating within a
given rf multiPlet and 1f, 1D Rddltlon we limit
ourselves to small momentum transfers, then
the cross section for a. single ion simplifies to'

where ~n), ~m) are states belonging to a given Z multiplet; 8, is the component of the total angular mo-
mentum operator perpendicular to the scattering vector Q; and the remaining symbols have their usu-
al meaning. The effect of increasing the momentum transfer ~Q~ is to decrease the magnetic-dipole
tlRI181'tioII illteI181'ties vlR the fol In fRct01 f(Q) Rlld "Rlso to IIIRke Rllowed n1Rglletlc octUpole RIld pos-
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sibly higher-order transitions. "o Crystal-fieM
transitions may be readHy distinguished from
phonon processes by both the spatial and thermal
variation of the intensities. One-phonon peak in-
tensities vary as Q', whereas crystal field peaks
follow f '(Q); similarly, phonons obey Bose sta-
tistics, whereas the crystal-field levels obey
Boltzmann statistics.

The experiments which vie I'eport 1Q this Qote
were carried out in the 1:1praseodymium chal-
cogenides and pnictides. These compounds all
have the rock-salt structure. In a, simple pic-
ture, the chaleogenides may be thought of as es-
sentiRlly ionicRlly bound coxQpounds with the Pl
in a 3+ state and the chalcogen in a 2- state and
with the extra electron fI'om the Pr3+ going into
a conduction band which is (5d, 6s)-like. There
are a variety of measurements which support
this view i~ The pnictides, on the other hand,
are somewhat more problematic. Using valence
arguments one might hRve expected them to be
semi. conductors analogous to the III-V compounds.
IQ fact, however, most of the rare-earth pnic-
tides exhibit quite low 1 esistivities typically
10 ' to 10 Q cm at room temperature with pos-
itive temperature coefficients. " The measured
carrier concentrations are one to two orders of
magnitude lower than the chalcogenides. Al-
though a proper characterization of the intrinsic
properties of the rare-earth pnictides must
await better materials, we may at least say that
the actual materials presently available do in-
deed behave like metals but with densities of
states significantly lower than the corresponding
chalcogenide s.

These sets of compounds therefore offer the
possibility of doing a systematic study of crystal
fields in rare-earth metallic compounds. By go-
ing down either the Va or VIa columns we may
examine the effects of ionic size, and by compar-
ing equivalent compounds in the two columns we
should be able to see effects from changing the
ligand charge, the covalency, and the carrier
concentration.

The Pr" ion has the configuration 4f ' with the
free-ion 'H4 multiplet lying lowest. The next
highest J multiplet '&, »es at -2150 em ' Rnd

may be effectively ignored for our purposes here.
The crystal-field Hamiltonian for the O„symme-
try appropriate to the rock-salt structure may
be written

where the Q„are the usual Stevens operator
equivalents Rnd the y„are reduced matrix ele-
ments. ' The Hamiltonian (2) has been diagonal-
ized for all J' as a function of A, (r')/A, (r') by
Lea, Leask, and Wolf" (LLW) and the results
have been conveniently tabulated by them. The
Pr" 'B, manifold is found to split into four lev-
els I'„ I'„T'4, and 1',. For magnetic-dipole
selection rules the transxtxons F,—I'4, I', —I'„
I'3 —I „and I'~ —I', are allowed. The relative
intensities IQRy be simply cRlculRted using Eq.
(1) and the eigenstates tabulated by LLW.

The experiments wex e carried out on the "slow
chopper" neutron time-of-flight spectrometer at
the Brookhaven high-flux beam reactor. The in-
cident neutrons had a wavelength of 4.1 A corre-
sponding to an energy of 4.9 meV. All experi-
ments were ca.rried out in the energy gain con-
figuration; thRt is, the Pr" ion is de-excited
from R higher to a loweI' state and the neutron
gains the eorx'esponding energy. The samples
were polycrystalline ingots approximately 2 em'
in volume. Typical counting times were 20 h for
each sample at each temperature. Data were col-
lected in sets of 6, 5, and 3 counters spaced
about 1 apart with their centroids at 27, 42',
and 99', respectively, from the forward direc-
tion. For typical energy transfers these give
momentum t»ns«»»nging f»m Iql-l. 5 to
3.2 A ' so that the conditions for t:he validity of
Eq. (1) should be well satisfied. In addition, the
Q dependence of the peak intensities is automati-
cRfly deteI'DliQed.

Typical experimental spectra for PrSb are
shown in Fig. 1. At 80'K the spectrum is domi-
nated by one very intense peak at 6.4+ 0.5 meV
with a shouldeI' on the low-energy side at 4.5
+ 0.5 meV and two weaker peaks at 9.5+ 0.6 and
14.8+ 1.0 meV. When the temperature is in-
creased to 295'K, the two upper peaks increase
in intensity by about a, factor of 4; the (6.4 +0.5)-
meV peak decI eases in peak height but broadens
considerably. This broadening is consistent with
Rssumkng R DlRI'ked increase ln 1Qtensity foI' the
shoulder at 4.5+0.5 meV observed at 80'K to-
gether with some intrinsic line bx'oadening.
Comparison of the relative intensities from the
three groups of counters shows that a11 four ob-
served peaks arise from crystal-field rather
than phonon processes.

Analysis of the PrSb spectra is quite straight-
forward. Susceptibility RQd specific-heRt mea-
surements indicate that the I', singlet lies low-
est. The peak Rt 6.4 meV may tIlen be identified
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500— scheme. It is interesting to note that the total in-
tensity of the I 4 —I', transition actually increas-
es in going from 295 to 80'K whereas it would
have decreased by a factor of 5 if it arose from
one-phonon scattering. It should also be noted
that both the inelastic paramagnetic scattering
around the elastic peak at 295'K and the narrow
width of the I,—I'4 transition shows that the ex-
change is small compared with the crystal-field
energies.

Spectra similar to those given for PrSb in Fig.
1 are observed in the other praseodynium pnict-
ides and chalcogenides. The crystal-field param-
eters for the compounds we have studied are list-
ed in Table I." There are a number of rather
unexpected features. Firstly, the crystal field
is almost entirely fourth order; there is no ap-
parent enhancement of the sixth-order terms as
usually occurs in insulators as a result of over-
lap and covalency. "" Secondly, there is no ap-
preciable difference between the Va and VIa com-
pounds; indeed, the lattice constant seems to be
the only significant parameter. Thirdly, the
fourth-order terms are found to follow a simple
R ' law with an absolute magnitude which is quite
close to that calculated using a nearest-neighbor
point-charge model with a charge of -2 at the li-
gand site. These results may be restated as fol-
lows: All of the crystal-field levels in all seven
compounds can be quantitatively accounted for by
use of a nearest-neighbor point-charge model
with an effective charge of -2. The mean devia-
tion using this model is 10% and, in fact, the
majority of the levels are fitted to within the ex-
perimental error. This is a remarkable result
especially when one considers that the model is
of little quantitative value in rare-earth insula-
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FIG. 1. Time-of-flight neutron spectra for Prob at
80 and 295'K.

as the I 4 —I, transition. From I I W it is found
that for all values of the parameters, ~(I',-I'e)
=(5/7)~(I', -I', ) so that the shoulder at 4.5 meV
is the I', —I', transition. The two outer transi-
tions may then be immediately identified as I',
—I', and I', —I',. This gives E(I',) =6.4+ 0.5
meV, E(I',) =11.9 + 0.5 meV, and E(I',) = 21.2
+ 1.5 meV with all four transitions properly ac-
counted for. The corresponding crystal-field pa-
rameters are given in Table I. Calculations also
show that relative intensities at both 295 and 80 K
are well accounted for using the above level

Lattice
constant"

Lattice
constant"

(A)
A4(r)
(mev)

A6(r )
(meV)

A4(r )
(meV)

A, &r')
(meV)

PrBi 6.9+ 0.4
(7.9)

8.6+ 1.0
(8A)

12.6 + 0.9
(11.2)

18.7 + 0.4
(12.8)

0.24 + 0.10
(0.13)

0.17+0.12
(0.14)

0.89 + 0.18
(0.20)

0.47+ 0.10
(0.24)

6.461

PrSb 6.876 Pr Te 9.1+ 1.8
(8.8)

12.7+ 0.7
(12.0)

13.8+ 1.6
(14.2)

6.820 0.16+ 0.19
(0.15)

0.49 ~ 0.19
(0.22)

0.72 + 0.24
(0.29)

PrAs 6.030 PrSe 5.942

PrP 5.905 5.785

The point-charge-model values for the parameters are given in parentheses.
A. S. Cooper, unpublished.

aR. J. Birgeneau et al. , J. Appl. Phys. 41, 900 (1970).

754

Table I. Crystal field parameters in prasedymium chalcogenides and pnictides. ~
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tors such as PrC1, .'" Indeed, one would have
expected that all of the mechanisms operative in
insulators, that is, 4f-ligand overlap and cova-
lency, point-charge effects, charge penetration,
5s5p shielding, and charge redistribution, would
be present in the chalcogenides and pnictides; in
addition, one has the complication of possible
shielding and 5d virtual bound-state effects"
arising from the conduction electrons. Further-
more, we, at least, had anticipated that these ef-
fects would manifest themselves differently in
the chalcogenides and pnictides. In particular,
the fact that corresponding chalcogenides and

pnictides have virtually identical crystal fields
whereas the conduction-electron concentrations
differ considerably indicates that the conduction
electrons are ineffective both in terms of simple
screening and in terms of 5d crystal-field ef-
fects." We have not, as yet, come to any satis-
factory understanding of why the Stark splittings
in these metallic compounds do not seem to re-
flect the anticipated complications.

We should like to acknowledge stimulating con-
versations with M. Blume, W. F. Brinkman,
A. M. Clogston, and R. E. Watson.
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