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Crystal Fields and the Effective-Point-Charge Model in the Rare-Earth Pnictides
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Neutron scattering and specific-heat studies of the crystal fields in the rare-earth monophosphides are
reported. It is found that the fourth-order crystal-field parameters for the phosphides and for other
rare-earth pnictides fall on a universal curve which is close to that predicted by an
effective-point-charge model for the light rare earths but deviates markedly for the heavy rare earths.

Crystal-field effects in insulators have been the
subject of intense research for more than four de-
cades. The corresponding problem in metals,
however, has only been seriously studied in the
last few years. This recent interest in crystal
fields in metals has been stimulated especially by
two important experimental advances: (i) it has
been found that inelastic-neutron-scattering tech-
niques can yield detailed information about the
crystal fields in a large class of rare-earth metal-
lic compounds, !~* (ii) electron-paramagnetic-res-
onance studies of very dilute noble-metal-rare-
earth and transition-metal-rare-earth alloys have
yielded precise information about the crystal fields
seen by the rare-earth impurities.® The theory of
crystal fields in metals, however, is still in its
early stages of development. In some systems,
notably the noble-metal dilute alloys, the conduc-
tion electrons seem to play a dominant role in de-
termining the magnitude and sign of the crystal
field,” whereas in others, such as the praseodym-
ium monopnictides and monochalcogenides, a sim-
ple effective-point-charge model (EPCM) which
omits the conduction electrons entirely seems to
be completely adequate.? At this stage it seems
clear that systematic studies of crystal fields over
a range of compounds are essential for our under-
standing of the microscopic origins of the crystal
fields in metals, Accordingly, we have carried
out a detailed inelastic-neutron-scattering study
of crystal-field spectra across the complete rare-
earth monophosphide series. Specific-heat mea-
surements have also been performed on LaP, LuP,
LaSb, LuSb, SmP, and SmSb as a supplement to
the neutron scattering studies. As we shall see,
our experiments show that the crystal fields in this
class of metallic compounds exhibit remarkably
simple behavior.

The crystal-field Hamiltonian for the O, sym-
metry appropriate to the rare-earth-monopnictide

8

rocksalt structure may be written
Hcrr =Ag (rYx 04+ 504(I)]
+Ag (r®xg[0%(N - 2104(N], )

where the O are the usual Stevens-operator equiv-
alents and the X, are reduced matrix elements.® In
the EPCM, the crystalline-electric-field (CEF) co-
efficients A, (r %), A4(r®) are given simply by

ArY=F(2e*/RE) Y (L+€y),
Agr=§(2e?/RT,) (r® (1+€),

where Ze is the effective charge at the ligand, R,,
is the rare-earth-ligand separation, and €,, € are
small correction factors to allow for the effect of
more-distant neighbors. In this case, we estimate
€,~0.06, €5~ 0.14 so that we shall take them to be
effectively zero. Our previous experiments? on
PrP, PrAs, PrSb, PrBi, PrS, PrSe, and PrTe
showed that quantitative agreement for all com-
pounds could be obtained from (2) with ZE= -2 and
(r") is equal to the nonrelativistic Freeman-Watson
values.® This was particularly surprising since
the conduction-electron concentrations were mark-
edly different in the pnictides and chalcogenides.
More recently, Davis and Mook ® have presented
results for PrN, and they have made two impor-
tant observations: (i) PrN has Ze=-3, implying
that the nitrides are fundamentally different from
the other pnictides; (ii) it is necessary to use
relativistic values'® for the (#»"). For PrP this
implies Ze ~- 1.2, if one uses the Dirac-Slater
values calculated by Lewis.!® The PrX experi-
ments have, however, confirmed the R;> EPCM
prediction for A, (r*); by studying the rare-earth-
phosphide series, we should be able to probe the
{(r"y dependence in Eq. (2).

The neutron scattering experiments were per-
formed on the “slow-chopper” neutron time-of-
flight spectrometer at the Brookhaven high-flux-
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TABLE I. Crystal-field parameters in the rare-earth
monophosphides.
Compound Lattice
with number constant Aty Ag(r®)
of 4f electrons A) (meV) (meV)
CeP(4f!) 5. 942 5.5%1
PrP4r?) 5. 905 13.8+ 0.7 0.37%0,2
NdP(f?) 5.863 11.4£0.6 0.69% 0,20
SmP (4f%) 5.780 8.9+0.3 oo
ThP (4f®) 5.685 6.4+1.0 0+1.0
HoP (4119 5.627 9.5+ 0.5 0.34%0.2
ErP@r!) 5.599 11.3£0.6 0.35£0.2
TmP(4r'?) 5. 572 9.0+£0.4 0.51+0,2
YbP(4f'%) 5. 550 8.9+0.4 1,2+0.6

beam reactor. The characteristics of this instru-
ment and the details of the experimental method
and analysis have been discussed at length pre-
viously®? so we will not reproduce these here. Ex-
periments were performed on CeP, NdP, HoP,
ErP, TmP, and YbP, the other rare earths having
prohibitively large neutron absorption cross sec-
tions. Spectra were taken typically at 295, 77, and
4.2 K, although where necessary data were ob-
tained at several additional temperatures. We
have previously presented data for PrP. Similar
spectra are observed for the other rare-earth
phosphides listed above. In all cases, a sufficient-
ly large number of transitions are observed to de-
termine the CEF parameters uniquely. In general,
the spectra can be accounted for in detail using the
eigenvalues and eigenfunctions determined from the
diagonalization of Eq. (1) with the appropriate val-
ues for A, (r*), Ag(»%. The widths of the transi-
tions are typically less than 1 meV, thus indicating
that the exchange energies are significantly less
than the crystal-field energies in these materials.
The final CEF parameters obtained by least-
squares fits to the spectra are listed in Table I.
Specific-heat measurements were performed on
six of the pnictides, LaP, LuP, SmP, LaSb, LuSbh,
SmSb between 1.7 and 45 K using the Morin-Maita
heat-pulse technique. 11 The results for the La and
Lu compounds are listed in Table II. It is interest-
ing to note that the electronic specific heats are

TABLE II. Low-temperature thermodynamic param-
eters for some Lu®* monopnictides.

0% ®p(0)

Compound (mJ/K? formula unit) (K)
LaP 0.80+0.1 299+ 6
LuP 0.83+ 0,1 346 + 6
LaSb 0.8+0.1 225+ 4
LuSb 0.9+ 0.1 241+ 4
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essentially the same for all pnictide compounds
thus indicating closely similar electronic proper-
ties. We note also that the pnictide ¥’s are consid-
erably reduced from those in the corresponding
chalcogenides, where ¥=~4 mJ/K? formula unit, 2
as expected on the basis of simple valence argu-
ments. In a cubic crystal field, the Sm® J=3
ground-state manifold is split into a I'; doublet and
T, quartet. The parameter A,(r*) thus can simply
be deduced from a measurement of the I';-I'y split-
ting via its Schottky specific-heat anomaly. After
subtraction of the appropriate lattice and electronic
components estimated via the La, Lu compounds,
the residual specific heats in SmP, SmSb are in-
deed found to correspond to Schottky anomalies
originating from fourfold-degenerate excited states
at energies of 93 and 65 K, respectively. These
energies correspond to CEF parameters

A, (r*)(SmP)=8.9+0.3 meV, A, (»*)(SmSb)=5.7
+0.2 meV,

We now consider the experimental results tabu-
lated in Table I and displayed in Fig, 1. It is evi-
dent that the crystal field is always predominantly
fourth order. In Fig. 1 we plot A, (r*) multiplied
by the lattice constant a raised to the fifth power
[cf. Eq. (2)] both for the phosphides and for all oth-
er pnictides which have been studied spectroscop-
ically,™* We have deliberately omitted PrN since
as noted by Davis and Mook, the nitrides, unlike
the other pnictides, are probably semiconductors
and hence should exhibit quantitatively different
crystal fields. It is evident that the cerium com-
pounds are all anomalous. This anomalous behav-
ior assumedly originates in the proximity of the
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FIG, 1. Fourth-order crystal-field parameter times

the lattice constant a raised to the fifth power in a num-
ber of rare-earth monopnictides. The solid line is the
EPCM prediction with Ze=—1.2 and (»!) equal to the
Dirac-Slater values calculated by Lewis.
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single 4f electron to the Fermi surface. We shall
therefore exclude the Ce?* compounds from further
consideration, All the other pnictides, however,
are found to follow a simple universal law when
scaled by a5, Thus this EPCM prediction seems
to be confirmed in detail.

The dependence of A,{r*a® on the number of 4f
electrons and hence (» %) is, however, more com-
plex. We show in Fig, 1 the variation of (»*)
across the rare-earth series. Using the relativis-
tic absolute values for (%) calculated by Lewis!®
(see also Refs, 13 and 14), the solid line in Fig. 1
corresponds to an EPCM with Ze=-1,2, The
agreement for all pnictides from PrX through TbX
is clearly excellent. For elements beyond Tb,

A, (r* is found to increase somewhat, rather than
continuing to decrease. For HoX to YbX, an ef-
fective charge of ~— 2 seems to be more appropri-
ate. It is highly unlikely that there is a discontin-
uous change in the electronic properties at Ho and
instead we believe that the increase in the effective
charge at the heavy end simply represents a break-
down of the EPCM for A, (r*. It is difficult to
identify the explicit mechanism responsible for this
although an increased relative importance of cova-
lency for the heavy rare earths seeras to be the
most likely candidate.

As noted above, A4(r® is always small and in-
deed within the rather large relative errors it is
approximately constant across the rare-earth se-
ries. The EPCM with Ze=- 2 predicts that A, (r®
should vary from ~0.5 meV for PrP to ~0.15 meV
for YbP, Thus again the EPCM gives approximate-
ly the right order of magnitude for the light rare
earths, but it breaks down for the heavier atoms.

With the completion of this work there is now
more information available on the crystal fields in
the rare-earth pnictides than in any other isostruc-
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tural series of compounds either insulating, semi-
conducting or metallic.!® The significance of our
results is perhaps best expressed as follows. It

is now possible to deduce simply all of the low-
lying electronic levels in any rare-earth pnictide,
RX, for R from Pr to Yb and X from P to Bi given
only the name of the compound and its lattice con-
stant. A, (r*) may be obtained directly from Fig.

1 while one may take A4(»%=0.4+0.2 meV for all
compounds®®; this scheme should give an over-all
accuracy of 10-20%. Furthermore, for compounds
with R from Pr to Tb, instead of Fig. 1, one may
use the simple nearest-neighbor effective-point-
charge model with Ze=-1.2. We hope, first, that
these results will prove of empirical value in esti-
mating crystal fields in both the pnictides and in
other series of metallic compounds and, second,
that the simple pattern we have established will
help lead to a fundamental theory of crystal fields
in metallic compounds.

Finally, we should emphasize that the effective
point charge deduced here should not be interpreted
too literally. For example, for Gd* the nonrela-
tivistic Freeman-Watson calculations® give (r*)
=1,515 a.u.* while the Dirac-Slater calculations
of Lewis!® give (»*)=2.48 a.u.* More recent fully
relativistic Dirac-Fock calculations of Freeman
and Desclaux!* give (»*)=1,78 a.u.* These corre-
spond to effective charges of —1.9, — 1.2, and
- 1.6, respectively. However, both the Hartree-
Fock and Dirac-Slater methods give identical rela-
tive variations of (r*) across the rare-earth series;
thus the good agreement for the light rare earths
evident in Fig, 1 does not seem to depend too sen-
sitively on the calculational technique. Clearly
both detailed form-factor measurements and Dirac-
Fock calculations of (r‘) across the rare-earth se-
ries would be most useful in elucidating this point.
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