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We demonstrate the common physical origin, lying in f-electron-band-electron hybridization, of the
anomalous crystal-field-splitting reduction and of the two-ion interaction giving magnetic ordering, for ceri-

um systems with moderately delocalized f electrons.

In CeBi and CeSb, which show unusual magnetic
behavior! in their magnetically ordered states, the observed
crystal-field splitting in the paramagnetic phase is very much
reducg.ed2 from the value expected on extrapolation from
corresponding monopnictides of the other rare earths. The
crystal-field splitting (between the I'; and I'gs states of
Ce**, J=7%) in CeBi and CeSb is 8 and 37 K, compared to
247 and 264 K, expected from the extrapolation.?
Takahashi, Takegahara, Yanase, and Kasuya® have ex-
plained this reduction as being caused by the mixing of the
localized f level with the holes in the p band (of anion p-
state parentage). As discussed here, such a reduction can
also be explained starting from the Anderson model,*
through the hybridization between the f levels and the
band. This, we believe, is in principle the same as the ef-
fect modeled by Takahashi et a/;> and the present exposi-
tion makes clear the common physical origin of the
anomalous crystal-field effects as treated by Takahashi
etal® and the hybridization-mediated two-ion interaction
developed by Cogblin and Schrieffer’ and by ourselves.®-

The reduction in crystal-field splitting is expected to be
important when large hybridization exists between the local-
ized ionic f states and the band. Previously,®® we have ex-
plained the behavior of the cerium monopnictides in the
magnetically ordered phase by using a two-ion coupling
which arises from hybridization between moderately delocal-
ized flevels and the band. In such calculations, we have in-
troduced’ a phenomenological crystal-field parameter, equal
to the observed crystal-field splitting in the paramagnetic
phase of these compounds, in order to obtain agreement
with experimental results. We shall show here that the
two-ion interaction as was previously treated®-? does not in-
fluence the crystal-field splitting observed in the paramag-
netic phase. The suppression of the crystal-field splitting
from the value expected from the point-charge model is an
independent effect, which arises from single-site-
hybridization interaction, and which had been omitted in
our previous work (which concentrated on explaining mag-
netic ordering effects, and hence treated only the two-ion
coupling). Thus, both these effects—suppression of the
crystal-field splitting, and the magnetic ordering—occur
when band-electron—f-electron hybridization interaction
dominates the magnetic behavior of the system, and the
physical origins of both can be developed starting from the
same (Anderson) Hamiltonian.

We have successfully modeled the equilibrium® and exci-
tation® behavior of CeBi in the ordered states, by using a
hybridization-mediated interionic coupling of the Coqgblin-
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Schrieffer’ (CS) type. However, in a system which contains
only two-ion interactions, the mean-field states obtained
above the ordering temperature are degenerate (i.e., have
sixfold degeneracy for Ce’+ with J= 35—). In order to repro-

duce the experimental paramagnetic behavior in CeBi and
CeSb, which show evidence of crystal-field splitting, in our
past calculationsé-® we have added a phenomenological cubic
crystal-field Hamiltonian to the hybridization-mediated
two-ion interaction. Using an effective-field treatment of
the two-ion interaction, such calculations above the ordering
temperature, yield a characteristic crystal-field splitting as
would be obtained in the absence of two-ion interactions.
Even just above the ordering temperature, the change (from
the point-charge value) in the crystal-field splitting due to
the presence of two-ion interactions is small, and the change
goes to zero as the temperature is increased. This shows
that the hybridization-mediated two-ion interaction does not
contribute to the crystal-field splitting in the paramagnetic
region in any important measure.

The reduction in the observed crystal-field splitting
(below the extrapolated point-charge value?) in the
paramagnetic region is an effect which has so far not been
included in our theory (which in turn is based on the An-
derson* and Cogblin-Schrieffer’ models for the band-
electron—f-electron single-site hybridization effects). The
reduction is a consequence of the hybridization at a single
site, and here we develop the theory of such an effect for
the paramagnetic state of the compound. We shall show
that the single-site interaction does substantially modify the
crystal-field splitting in the paramagnetic phase, as well as
introduce a temperature dependence of this crystal-field
splitting.

We have used the Anderson model* as the starting point
in describing the hybridization between the localized f and
the band electrons. The Hamiltonian is

H=H0+ Hl N (1)

Ho=3, exmar+ 3, Eyymy+ (U/2) 3, nyn,, ©))
kM M MM’

111'= 2 (VkCIZMCM+ Vk*cll":{ckM) , (3)
kM

where M labels the f levels by appropriate quantum
numbers, €, denotes the energy of a band state of wave
vector k, Ej; denotes the energy of the localized state
M), ny denotes the number operator for the state |[M),
and U is the Coulomb correction energy of the localized lev-
els. The Hamiltonian H; describes the mixing between the
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ionic states and the band. The mixing takes place between
states of the same symmetry about the mixing site. In the
original treatment of Anderson* (and of Cogblin and
Schrieffer’), M denoted the magnetic quantum number of
the localized level, and the spherical mixing potential ¥V
mixed only states of the same M about the mixing site.
This idea has to be extended somewhat in our treatment
described below.

On treating H; as a perturbation on H,, and using the
Schrieffer-Wolff transformation, Cornut and Cogblin® re-
place H, approximately by an interaction H'+ H.; where

(ex— Ep) — U ny) +
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Equations (4), (5), and (6) can easily be obtained from Ref.
9, by specifying to the case of f.! The Hamiltonian H’
describes an energy shift of the f levels. Clearly there is a
relative shift between the different levels denoted by M, if
either Ej,; are different, or the populations (n) are dif-
ferent, or both. The Hamiltonian H.g describes the effec-
tive interaction between localized spins and the band, and it
is important only for flevels close to the Fermi energy (i.e.,
k, k'=kg). In this region, the interaction constant can be
approximated by

[V I2U
" (Ep— Ep) (Ep— Epg— U)

J @)

Here Er and kr represent the Fermi energy and the Fermi
wave vector, respectively. The interaction given by Hy is
large when Ej, is close to Er, as can be seen from Eq. (7);
also, since U is large compared to Er— E),, J, is negativel®
and approximately equal to —|Vi|¥ (Er—E)). The in-
terionic interaction is obtained®~’ by treating H.y in second-
order perturbation theory, and performing an integration
over band states as in Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange. The interionic interaction strength
depends on |J|2, the density of band states at the Fermi en-
ergy, and the distance between ions (compared to the in-
verse of a pertinent Fermi surface dimension).

We shall now show that the anomalous decrease in
crystal-field splitting? is caused by the hybridization as given
by the same quantity strength J We take the basis states
denoted by M in Egs. (2) and (3) as the eigenstates of the
point charge crystal-field Hamiltonian. Then V¥, mixes
these crystal-field states with band states of the same (cu-
bic) symmetry about the mixing site. For an octahedron of
negative point charges (i.e., located on nearest-neighbor
anion sites in a NaCl lattice), the crystal-field ground state
of Ce** is the I'; doublet. In the paramagnetic phase, fol-
lowing the model of Takahashi efal,? we assume that
predominant interaction with the band occurs for the excit-
ed crystal-field I's quartet. (This follows from the symmetry

of the mixing states; in the theory of Ref. 3, the f levels
mix with the p states of the pnictogens, which at the center
of the Brillouin zone split into I'y and T'g states when spin-
orbit coupling is taken into account.) We assume that no
mixing occurs with the I'; levels.

In Eq. (4), since the Coulomb correlation energy U is
much larger than e€;— E), we neglect e,— E) in the
numerator, compared to U(ny), and on using Eq. (6), we
obtain

H' =3 J(kk) {ny) cirers - ®
k

From Eq. (8), the shift of the I'y level (from the point-
charge value) is seen to be

Aezz.](k,k)(rlrs)2 . )]
k

As discussed above, the interaction strength J(k,k) is as-
sumed constant when k is close to the Fermi wave vector
kp, and zero far from kr. We approximate the summation
of J(k,k) over k by the constant J [its value at kr, given in
Eq. (7)] times the number of band states N with which the
localized level interacts. From Eq. (9) it is seen that the I'y
crystal-field level is pushed down in energy if J is negative.
Further, the band states in the vicinity of the I'g state are
pushed up in energy. This will affect the summation
3. J(kk) in Eq. (8). However, the relative shift of the
band states will not be directly taken into account in our
theory, and we shall only assume that the shift does not
drastically affect the product JN. In the theory of Takahashi
et al.,® the band shift and the associated change in the N are
included.!! This makes the reduction of the crystal field in
their theory even more pronounced (as the interaction itself
varies with the relative positions of the band states and the
T'g level), than the result which we shall describe below.

Using Eq. (9), the splitting A between the crystal-field
states is related to the bare point-charge crystal-field split-
ting Ay by

A=A0—|JIN(nrs)2 . (10)

Since at zero temperature, the population of the I'y level is
zero, Ay is also the crystal-field splitting at 7=0. The pop-
ulation of the I's level is related to the crystal-field splitting
itself, and, at a temperature 7, it is given by

2 e—A/kT
T 1+ 2¢- T
If Ao and the crystal-field splitting at infinite temperature

A, are known, the product |J|N is found from Egs. (10)
and (11), as

11

(”r8>

|JIN=%(Ag—AL) . (12)

Then, the crystal-field splitting at any intermediate tempera-
ture can easily be found by solving Eqgs. (10)-(12). Figure
1 gives the results thus obtained, for the cases (1)
Ap=250K and A,=10K, and (2) A;=100K, A,=10 K.
For the former case, where Ay, and A, are close to the
values for CeBi, one obtains a value for |J|N of 540 K. We
expect this to be a reasonable number as J is expected® to
be of the order of a tenth of an eV. It is seen from Fig. 1
that there is a marked increase in the crystal-field splitting at
temperatures below |J|N. At much lower temperatures,
magnetic ordering may occur, as in CeBi and CeSb, and this
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FIG. 1. Calculated variation of the crystal-field splitting A (in K)
with temperature. Curve 1 shows the case for Ay=250
K, A,=10K, and curve 2 shows the case for
Ag=100K, A_,=10K. Ajand A, are the crystal-field splittings at
zero and infinite temperatures, respectively.

theory for the crystal-field splitting does not apply.

The results of Fig. 1 for the temperature variation of A
show that the crystal-field splitting just above the ordering
temperature of CeBi and CeSb (about 20 K), is almost as
large as the bare crystal-field splitting. Experimentally, such
a large value of crystal-field splitting is not observed. This
discrepancy may be a consequence of assuming a constant
value for |J|N, since it is to be expected that as the I's level
moves with respect to the band, the hybridization strength
would change. To obtain a large suppression of the bare
crystal field at low temperatures in our model, |J|N should
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increase with decreasing temperature.

The above calculations are strictly valid for the system
only in a paramagnetic state. However, the cerium systems
which show this hybridization-induced crystal-field reduction
also order magnetically at low temperatures because of the
hybridization-mediated two-ion interaction.®® A complete
calculation which incorporates both the single-ion effects
and the two-ion coupling can, in principle, be carried out.
The model will then provide a way of looking at the region
where there are ‘‘interference’’ effects between the one-
and two-ion effects. Such effects may be evident in the
magnetically ordered state of the system. One interesting
example is CeSb, which, with increasing temperature in the
magnetically-ordered state, exhibits phases containing {001}
planes which have a zero moment, along with {001} planes
having nonzero-ordered moments. Following the work of
Siemann and Cooper,!? such structures are feasible, on in-
troducing a small phenomenological crystal-field interaction,
together with the hybridization-mediated (CS) two-ion in-
teraction. Some evidence may also exist!? that the ions in
the paramagnetic planes possess crystal-field-like excitations,
with a crystal-field splitting equal to the high-temperature
paramagnetic value. (Thus the temperature at which the
crystal-field splitting A rises sharply in Fig. 1 is probably ex-
aggerated, and the rise probably does not occur with de-
creasing temperature until a much lower temperature is
reached). Thus, it appears likely that the crystal-field split-
ting is decreased even in the magnetically ordered phases,
much more so than is indicated by the temperature at which
the drop in A occurs in Fig. 1.
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