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We show, by carefully examining the change of total energy in constrained variational calculations
using the local spin density approximation, that crystal field excitations in normal rare earths are
quasiparticles composed of4g excitation plus its associated cloud of shielding conduction electrons.
Total energy calculations, which properly exclude the self-interaction of the nonspherical part of the
4f densities, are then used to calculate crystal field energies and the corresponding spin Hamiltonian
parameters of TmSb and PrSb, accurately from first principles. [S0031-9007(97)04150-1]

PACS numbers: 75.10.Lp, 71.15.Mb, 71.30.+h

The electronic structure and magnetic moments of tranhave predictive power it is desirable to be able to cal-
sition metals and their compounds may be calculated toulate these parameters from first principles. That con-
great accuracy from the variational principle for the totalstrained LSDA calculations produce excellent results for
energy of the entire electron density provided by densityexchange interactions in rare earths and their compounds
functional theory [1] in the local spin density approxima- has already been demonstrated [6—8]. Unfortunately, at-
tion (LSDA) [2] to the correct functional. The localizéed  tempts to calculate the CEF spin Hamiltonian parameters
shell in the rare-earth metals and their compounds, whicf9,10] have, despite recent progress [11-13], been only
provide most of the magnetism in the periodic table, is enmoderately successful. We suggest that the reason is not
tirely different in nature. The magnetic moments of thethe technicalities of the calculations themselves but the in-
4f shell are obtained first from Russel-Saunders couplingomplete treatment of conduction electron shielding.
in the atomic limit leading to a highly correlated degener- When density functional theory is applied to the rare
ate ground state with full rotational symmetry and a con-earths the conduction electron degrees of freedom are re-
served total angular momentuth= L + S. Inthe solid tained and the total energy of the entire solid is minimized
state the full rotational symmetry is reduced to the pointsubject to the constraint that thef occupation numbers
group symmetry of the crystal and the degenerate groundre fixed and that thelf states obey Russel-Saunders
state splits into groups of crystal electric field (CEF) lev-coupling[7,14]. The ground and low lying excited states
els. When exchange interactions between4lieshells of the4f shell are normally [15] the lowest energy states
on different atoms are added, a complete description off a given symmetry. Therefore the total energy of each
the ground and low lying states is obtained through a spimay be calculated subject to the above constraints plus the
Hamiltonian [3]. The strength of this standard model [4] constraint that the density and spin density have the cor-
of the rare earths is that it is soundly based upon symmeect symmetry. It should then in principle be possible to
try considerations, and the dynamics of low lying excita-calculate the spin Hamiltonian parametats initio from
tions is therefore described correctly. We do not conside€CEF excitation energies which are obtained from differ-
anomalous rare earths, notably cerium and its compoundsces in the total energy. In practice we have found that
where the standard model breaks down due to the onsebnstrained total energy calculations involving thé
of itinerancy, in which case the origin of the CEF is morestates reveal severe problems with LSDA applied to highly
complex [5]. correlatedtf states, the culprit being the self-interaction of

Since the parameters in the spin Hamiltonian arise fronthe nonspherical part of thef density with itself.
the electronic environment in the solid they are depen- The total energy of the electrons in the field of the nuclei
dent upon the conduction electron density. In the stanis a functional of the total electron density
dard model the exchange interactions between localized .
4f states are transmitted via the conduction electron po- Eln] = T{n] + Ex[n] + Euln] + Ex[n]. (1)
larization, and the nonspherical potential is believed tovhere the contributions are the kinetic energy, electron-
be the crystal field. Analysis, usually based on first omuclei interaction energy, Hartree electron-electron
second order perturbation theory, is used to eliminate thateraction energy, and exchange-correlation energy,
degrees of freedom of the conduction electrons by relatrespectively. Since each crystal field level has a unique
ing them to the spin Hamiltonian parameters which areelectron density and since the total energy in Eq. (1) is
normally treated as adjustable [4]. In order for theory toa functional of the density, it is possible to apply Eq. (1)
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directly to calculate the splitings between CEF levels. af _ [ n(r)dr _

W e . Vil = | o el (5)
e have found that application of Eq. (1) using LSDA r — r/|

fails and the ultimate evidence for its breakdown is tha . i _ :

it does not yield degenerate CEF levels in the atomic hen 'the appropriate substitution for the kinetic energy is

limit. The reason for this is that if the nonspheriggl made in Eq. (1) the total energy becomes

density corresponding to a crystal field state is placed in a 1 ii(r)ii(r') dr dr’

spherical environment (as is the case for a free atom) the E = Znifi Y f T

total energy in LSDA will depend upon the nonspherical i

part of the4f density due to its Hartree interaction with + f{éxc[ﬁ] — wxe[Al(r) dr

itself. The total energies for two different crystal field

states in an atom will therefore differ in LSDAyen when o Suxn] -

the rest of the electron density is sphericaince the - f"?}(l’)Tn(l‘) dr. (6)

self-interaction of the nonspherical part of #g density

breaks the spherical symmetry and reduces the degenerade have imposed a check on the applicability and numeri-

of the ground state. This is clearly an artifact of thecal integrity of Eqg. (6) by demanding that the crystal

local density approximation which allows tH¢ states to  field levels become degenerate in the atomic limit (in

erroneously bootstrap their own crystal field and whichpractice this was done by making bulk calculations for

is closely related to the difficulties encountered with thea very large lattice constant). This criterion was found to

calculation of multiplet energies [16]. In Russel-Saunderde satisfied for all of the calculations reported here, and

coupling the internal interactions between thg states the degeneracy of the Russel-Saunders ground state was

are already included by the construction pfand the assured.

degeneracy of thelf ground state should b2J + 1. At the correct lattice constant the difference in total

We have found that straightforward use of Eq. (1) yieldsenergy between the crystal field states contains two con-

CEF splittings of, for instance, a Pr or a Tm atom whichtributions. First there is the charge transfer contribution

are bigger than the measured CEF splittings in PrSb anith a compound, normally known as the lattice contribu-

TmSb [17]. tion to the nonspherical potential because it arises from
The cure to this problem is to remove the culprit, theother sites. Second there is the contribution from the in-

self-interaction of the nonspherical part of thé charge teraction between the nonspherical part of 4ifedensity

density at a given site. The first two terms in the right-at a given site and the nonspherical part of the #fn-

hand side of Eg. (1) remain unchanged. If the total(primarily conduction) electron density. The latter con-

density is writtenn(r) = 7i(r) + niy(r), wherenj;(r) is  tribution includes the effects due to redistribution of the

the nonspherical part of thef charge density, the Hartree conduction electron density in reaction to a changd jof

energy becomes density in a crystal field excitation, which we have found

to be not small. A crystal field excitation should therefore

Ir — r|

= = (1] /
Ey[n] = L f A(r)A(r) dr dr’ be correctly viewed as 4f excitation plus its concomi-
2 e —r/| tant shielding conduction electron charge cloud, i.e., as a
N j‘ i(r)ngy(r') dr dr’ 2 guasiparticle.
Ir — r/| ’ 2) To capture this picture we have performed self-

, s/ ns, L . consistent calculations where, as described above, the self-
where a third termpy; (r)na/(r'), appearing in LSDA iS jnteraction of the nonspherical part of the density was
explicitly excluded. Similar changes must be made to thgemoyed. The calculations were made for two rare-earth
exchange and correlation energy which becomes, hen  compounds, PrSbh and TmSh. TmSb was chosen since it
is expanded in a Taylor series to first ordewif), is well documented that it is an ideal exchange-free com-

pound [17,18], and PrSb was chosen to investigate the
Exc[n] = ] fi(r)exc[n]dr + ]HZ?(F)ch[ﬁ]dl’s (3)  influence of the number off electrons on the appli-
cability of our theory. The calculations were made for
wheree,. is the exchange-correlation energy per electrorhe observed NaCl structure and lattice constant. The
of a uniform electron gas of densityanduy. isd(n€)/dn.  yalence electron density and potential were allowed to
The Hartree plus exchange-correlation potential for nontake any geometrical shape in the calculations, and great

4f states becomes care was taken for the expansion of the density, potential,
{a(r) + nip(r)}dr and sampling of the Brillouin zone [19]. The results

Vi = f Ir — r'| which are reported here were obtained using the local

_ density approximation, but we note that results obtained

+ pxelii] + ni3(r) 5'“*_0_[”] (4) from t.he. generalized gradient approximatiqn [20] were
‘ n very similar. The4f electrons were constrained to give

whereas fodf states it is trivalent rare-earth (Re) ions, which means that there were
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2 and 12 open shelf electrons for PrSb and TmSh, nonsphericaldf density in each crystal field state is an
respectively. Thetf electron density was expressed asexternal constraint imposed upon the conduction electron
a radial part (calculated self-consistently) multiplied by asystem, and the conduction electron density in the crystal
term ensuring the correct asphericity of each CEF stateelaxes to shield the impurity and minimize the total
The radial density was obtained using Eq. (5), but we als@nergy. This process must also occur in the free atom
investigated the effect of the self-interaction correctionwhere we obtained a degenerate ground state, and the lower
[21] for the radial part of the density upon the calculatedpanel of Fig. 2 shows the calculated change in conduction
CEF levels, which we found to be small. For each CEFelectron density in this case. Clearly the relaxation of the
level all the electron states were obtained self-consistentlygtomic conduction electron density is similar to that of the
being allowed to relax to the change in density involvedcrystal, but for the atom the shielding is larger and exactly
in a CEF excitation, with the only constraints being thesufficient to retain rotational symmetry. The rotational
occupation of thel f state and its asphericity. degeneracy of the ground state of the atom may therefore
In Fig. 1 we compare our results with measurementsbe obtained either by imposing a spherical conduction
The theory reproduces both the ordering of the levels aslectron density or by allowing the conduction electron
well as the magnitude of the level splittings. Typically density to relax, the latter being the state of lowest energy.
the calculated levels differ from measured ones by les&or the bulk the nonspherical crystal boundary conditions
than 1 meV, with the largest error being some 30% forprevent the outer conduction electron density from relaxing
the I's level of PrSb. In this figure we also show our as in the free atom which removes the spherical symmetry
results based upon the standard CEF model (data labeled the ground state. The quasiparticle then has a finite
Model), which neglects the effect of valence electronexcitation energy.
density shielding of the CEF levels, producing excitation In standard crystal field theory the conduction elec-
energies which are typically one-half of those measuredron density is obtained in the presence of a spherg¢al
and calculated self-consistently. The limitation of thedensity, and the crystal field parameters arise from the
latter approach is well documented [11-13]. interaction between the nonspherical part of this conduc-
In order to further demonstrate the importance of theion electron density and the nonspherical part of 4lfe
valence electron shielding we show in Fig. 2 the differencalensity in first order perturbation theory. Provided that
in valence electron density of TmSb in theandI'; states. any kinetic energy changes associated with a crystal field
This plot shows how the valence electron density changeansition, which are included in a total energy calcula-
when the4f charge density is modified from a shapetion, are small, this should give a good estimate of that
associated with thd’; CEF state to a shape associatedpart of the crystal field excitation energy due to the in-
with the I'; CEF state. The lobes elongated verticallyteraction of the4f part and the nonspherical conduction
and horizontally represent a surplus of electron chargeglectron density induced by the crystal. The accuracy of
whereas the lobes which are rotated with® 48present such an estimate is aided by the fact that the energy of the
a charge deficiency. Figure 2 thus shows that shieldingelf-consistent calculation is at a variational minimum and
and relaxation effects of the valence electron states arany induced changes in density will make a contribution
important, and this conclusion is quantified by Fig. 1. to the energy which cancels to first order. However, the
To examine the effect of conduction electron shieldingcontribution from the interaction between the conduction
in greater detail and to isolate the physical origin of CEFelectron part of the quasiparticle and the nonspherical con-
energy level splitting, we imagine the nonspheridgl  duction electron density induced by the crystal is omitted.
density corresponding to a crystal field state to be a small In summary, we have shown that it is possible, by
test charge added to the conduction electron density. Thmeans of a total energy formalism, to calculate crystal
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FIG. 1. Experimental and theoretical crystal field splittings of PrSb and TmSb. The calculations were based on Eq. (7) (data
labeled theory) as well as from an approach described in Ref. [11] (data labeled Model). Both for TmSb and PrSb the ground state
is theT'; state which is at zero energy.
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