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From a first-principles density-functional (DF) calculation of the charge distribution all crystal-
field (CF) parameters for the 4f states at the Sm site in SmCos have been evaluated. The calculation
is based on an optimized linear combination of atomic orbitals scheme for the conduction-electron
magnetism and on an "open 4f core shell" treatment of the localized Sm 4f moments. Real-space
integrations are used to evaluate both on-site and lattice contributions to the CF parameters. It
is explicitly shown that there is no justification in neglecting either of these contributions. In
comparison to available experimental values, DF calculations are found to yield the correct sign for
all CF parameters, but to overestimate considerably the magnitude of the most essential second-order
parameter, Az.

I. INTRODUCTION

Among the variety of binary and, more recently,
ternary rare-earth —transition-metal (R-T) compounds
which have been investigated for their hard magnetic
properties during the last decades, i z SmCos plays the
role of a precursor. In spite of its rapid technological
utilization on an industrial scale, s the theoretical un-
derstanding of its intrinsic physical properties is largely
incomplete. Only one of the three intrinsic proper-
ties relevant for an application as a permanent mag-
netic material has so far been satisfactorily explained
from first principles: Early calculations of the saturated
moment M, of SmCos and related compounds4 yielded
reasonable values (for more recent results see Ref. 5).
The other two properties important for its application,
the Curie temperature (T~) and the magnetocrystalline
anisotropy energy (MAE), are more difficult to treat the-
oretically. We are not aware of any theoretical estima-
tion of T~ for this specific compound, something which
would most likely require the introduction of a model
Hamiltonian. The MAE, on the other hand, is by defi-
nition the energy difference between the easy and hard
axes of magnetization. s Therefore, the MAE at zero tem-
perature is a ground state property and should, at least
in principle, be accessible to ab initio calculations.

In a more general way, the MAE can be introduced as a
temperature (T) and direction (e) dependent free energy
F(T, e)." From a comparison with several isostructural
compounds, Buschow et al.7 concluded that the MAE of

SmCos is dominated by the Sm 4f part and that the
itinerant 3d electrons contribute only by about one-third
at T = 0 K. This itinerant contribution has been eval-
uated both by Nordstrom et aLs and by Daalderop et
aLs for the isostructural YCos ferromagnetic compound
with encouraging results. As regards the localized 4f
contribution, a description in terms of an ionic model
Hamiltonian for the anisotropy seems justified. r Besides
the strength of the spin-orbit coupling, which is fairly
well known, and that of the exchange field, crystal-field
(CF) parameters enter this model. These CF parameters
have been estimated semiempirically by fitting to exper-
imental data. ' '~"

CF parameters are demanding quantities to calculate
in an ab initio treatment of the MAE. It was some
ten years ago when Fulde stated the following:is "Al-
though the description of crystal fields is rather well
known and standard by now, their computation from mi-
croscopic theory is far from being understood. " Mean-
while, several attempts have been made to calcu-
late CF parameters of rare-earth —transition-metal (RT)-
compounds from a realistic charge distribution, i.e. , be-
yond oversimplified point charge models (PCM). These
attempts have either been based on non-self-consistent
calculations or do not include lattice contributions to
the crystal field. s s A first-principles calculation which
is complete in this sense is due to Daalderop et at.
That calculation, however, gives a result for the second-
order CF parameter of Gd in GdCos deviating from ex-
perimental values by a factor of 2—4. In the case of el-
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cmental Tb, Novak and Kuriplach report a deviation
by a factor of 2 between theoretical and experimental
results.

In the following section, the consistency between the
"open 4f core shell" concept for the electronic structure
of R-T intermetallics ' and the commonly used semiem-
pirical description of MAE in these compounds is shown.
Subsequently, in Sec. III, recent first-principles calcula-
tions of CF parameters are briefly reviewed and com-
pared with our approach. Our results are presented in
Sec. IV. They are discussed and compared with experi-
mental values and with theoretical results from Refs. 9
and 17. Conclusions are drawn in Sec. V.

II. THE MODEL

From a theoretical point of view, magnetic R-T com-
pounds are of particular interest, since they contain both
itinerant and localized magnetic subsystems. The 3d
electrons show itinerant behavior and are well described
within the local spin density approximationis (LSDA) of
density-functional theory. In contrast, the 4f electrons
in R Tinterm-etallics, except some of those containing
Ce, are localized due to the large intra-atomic correla-
tion and do not contribute to the chemical bonding. za

The rare-earth 5d electrons are parasitically spin polar-
ized, and 3d-Gd hybridization couples the two subsystems
antiferromagnetically.

Applying standard LSDA electronic structure theory
to these compounds not only meets practical difficulties
(bad convergency of the Kohn-Sham equations caused by
the high f density of states near the Fermi level), but is
also questionable since strong correlations may produce
discontinuities in the derivatives of the Hohenberg-Kohn
energy functional E[pj.zz Furthermore, the 4f bandwidth
W is too high if intra-atomic correlations are neglected.
A simple model beyond LSDA which is capable of over-
coming these difficulties has recently been applied by
some of the authors:is s the 4f shell is considered to
remain in its ionic ground state configuration, but is
subject to both Hartree and exchange (ex) interaction
with the other electrons. Thus, 4f correlation is ac-
counted for by cutting off all hybridization between the
4f states and the conduction states, corresponding to
the limit U,ir/W ~ oo, where U, ir is the screened intra-
atomic correlation energy. On the other hand, the ef-
fective spin-polarized potential is created by all electrons
(4f included). Two restrictions will be introduced, which
might limit the justification of calling the present calcu-
lations ab initio. However, both are rather obvious and
straightforward by physical intuition. First, the number
of 4f electrons is constrained to its trivalent atomic value
and second, the 4f spin density is scaled to obtain the
Russel-Saunders spin moment. It should be mentioned

that the latter restriction is much weaker than the for-
mer, since the size of the 4f moment turns out to have
only minor influence on the valence electron polarization
in T-rich R-T compounds. Investigations by other au-
thors utilizing the conceptual simplicity and suitability
of this "open 4f core shell" treatment were recently per-
formed and are in progress.

The successful semiempirical treatment of 4f based
MAE (Refs. 7, 10, 11, and 24) fits well with the above
picture, providing strong evidence for its justification
from the experimental side. This treatment starts from a
model Hamiltonian determining the energy levels of the
R 4f shell in its ionic configuration, but perturbed by
the crystalline environment. This Hamiltonian includes
spin-orbit (Hso), R Texch-ange (H«), and crystal-field
(HCF) interactions, the relative strengths of which can
roughly be described as

Hso'. H,„:Hgp ~10 K:10 K: 10 K

in most cases. As a consequence, the total angular mo-
mentum J of the 4f shell is a good quantum number
and the nonspherical 4f charge density rotates rigidly to-
gether with the 3d magnetization (which determines the
direction of H,„)when an external field is applied. Then,
considering the second part of the relation above, to first
order the MAE equals the difFerence of the 4f JM ground
state expectation values, (JM ~HcF

~
JM), between differ-

ent axes of magnetization. Even in more involved cases,
as for our present case of Sm, where two low-lying config-
urations with J =

z and J =
z compete, the description

of the temperature dependent MAE is possible in terms
of CF parameters by taking into account the mixing of
the higher multiplets with the ionic ground state. 7 Very
recently, Ibarra et al. iz employed the described model
for the case of noncollinear arrangements of the R and
T moments. This situation may arise if the easy direc-
tion of magnetization does not coincide with any of the
crystallographic axes (easy cone).

Both the "open 4f core shell" treatment and the
semiempirical description of the 4f contribution to the
MAE are essentially equivalent, since they are based on
the same idea: the 4f electrons are coupled to the other
electrons via Hartree and exchange interactions, but do
not hybridize. Consequently, the CF parameters ob-
tained from our first-principles calculation should have
the same meaning as those entering the model Hamilto-
nian for the evaluation of the MAE.

III. CALCULATION OF CF PARAMETERS

In general, the (Hartree) interaction energy of the
4f electrons with all other charges (nuclear charges in-

cluded) can be written

6
p(R)p4f (i ) ) w ) w 471'

iR —ri, - - 2l+ 1

Tt
dR dr

&
Zi (R)Zi (r)p(R) p4y(r),

T)

with r& ——min(r, R), r& ——max(r, R). Zi are real spherical harmonics (also called Tesseral harmonics; remark on
the notation: several authors prefer Z&', Z&' instead of the present Zi~ ~, Zi

~

~). The restriction to a maximum
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l value is possible since p4f does not contain higher momenta than l = 6. The spherical term is left out (see the
discussion below),

~H, nonspherical g ~
~4y

—i zr

and the angular dependent part of the 4f density is put into the Stevens coefficients 8i specific to the R ion:2s

6 l

~cF =).). ei( ') foi Ai
l&0 ~=—l

(2)

where 0& denote Stevens operator equivalents2s and

2l+ 1
dRC&~Zi~(R)p(R) dr i r p4f(r)

TQ

are the crystal-field parameters as introduced for the case
(l, rn) = (2, 0) by Coehoorn sT. he original formulation
(see, e.g. , Ref. 26) takes no account of the overlap be-
tween 4f and CF generating charges. Equation (3) yields
CF parameters more appropriate for the description of
4f properties but not suitable for the interpretation of
nuclear (e.g. , Mossbauer) data.

Contributions of the exchange potential to A& can be
neglected, since these are produced by local deviations of
the (non-4f) charge density from a spherical distribution,
which are certainly very small in the region of the 4f shell
(cf. Fig. 3 and the related discussion at the end of Sec.
IV).

By symmetry, only A02, A40, Aos, and Assare nonzero
at the R site in the hexagonal CaCus structure under
consideration, and Ao2 is generally assumed to have the
main influence on the MAE (it essentially determines the
sign of the anisotropy). The explicit expressions for Ci~
and Zl are

5 9
C20

16 ~ C40
5 )

13 6006
1024m

'
4096m

'

Zzo = C2s(3z2 —r2)/r2,
Z40 = C4o (35z —30z2r 2 + 3r4) /r4,
Zso = Cso(231z —315z r + 105z2r4 —5rs)/rs,
Zss = Css(zs —15x4y2 + 15z2y4 —ys)/rs.

At this point, some remarks on the validity of the com-
monly used approach for the determination of CF pa-
rameters from experimental MAE data ~ seem to
be appropriate. By comparing data for isostructural
compounds containing difFerent rare-earth elements, the
4f contribution to the MAE can be well estimated. A
model Hamiltonian is constructed including spin-orbit,
exchange, and crystal-field interactions and diagonalized
either using the lowest or additionally excited multiplets.
Usually, one parameter for the exchange field and one
or several CF parameters are used to fit the tempera-
ture dependence of the MAE. There are two essential
approxiinations employed in this scheme: (i) the inde-
pendence of the CF parameters on temperature and (ii)
the independence of these parameters on the direction
of magnetization. The first approximation is certainly

drr'+ p4f(r)

justified, since the bandwidth is at least 1 order of mag-
nitude larger than T~. As concerns the second, we note
that the valence charge density depends on the direction
of magnetization via spin-orbit coupling. This might not
only influence the nonspherical CF, but also introduce a
dependence of the spherical part of Eq. (1) on the direc-
tion of magnetization. The size of this effect has yet to
be investigated by means of fully relativistic calculations.
Nonetheless we assume the current approximation to be
valid, since the relative strength of CF and spin-orbit in-
teraction is just the opposite for the T 3d electrons than
for the R 4f electrons.

We now turn to the estimation of A& from a calculated
charge distribution. Two points have to be observed in
evaluating the CF parameters according to Eq. (3). At
first, an accurate charge density is needed: LSDA calcu-
lations are known to yield accurate charge distributions
even in strongly correlated systems. Then the related
integrations have to be done, where convergence with re-
spect to the individual density contributions has to be
observed. This is considerably facilitated when the basis
of the charge density representation is well adapted to
the physical problem at hand.

In the following, we briefly address the several ap-
proaches that were previously undertaken to compute the
A1A

Early approaches to this task, see, e.g. , Ref. 27, em-
ployed a point-charge model, i.e., the CF generated by a
lattice of ionic point charges was calculated. Then the
inHuence of conduction electrons was included by more or
less empirical shielding (or, antishielding) factors. Con-
sequently, the set of crystal-field parameters was replaced
by another semiempirical set of point charges and shield-
ing factors. Nevertheless, rather impressive results have
been obtained by applying the same set of semiempirical
efFective point charges to different compounds. 2s

Recently, Coehoornis pointed out the importance of
so-called on-site contributions to the crystal field in R
intermetallics, i.e., contributions generated by the non-
spherical valence charge density belonging to the R atom
under consideration. He calculated A2o(on site) for Gd in
Gd2Fey4B and for Gd impurities in Y with the augmented
spherical wave (ASW) scheme. 2s The result was about
25% higher than the experimental values for isostruc-
tural compounds, which might be attributed to the com-
plete neglection of lattice contributions. Point-charge es-
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timates of A~(lattice) were, in contrast to the on-site
terms, dependent on the choice of atomic sphere radii
employed in the ASW. The astonishing fact that the to-
tal value At(on site) + A~a(lattice) depends on the sphere
radii points to the neccessity of going beyond the PCM
for the lattice part.

Subsequently similar calculations were reported by
Hummler and Fahnle within the LMTO formalism.
These authors investigated RgFe~4B for R elements dif-
ferent from Gd, using the "open 4f core shell" treatment
discussed above. The results for Aoz(on site) depend on
the sphere radii and are larger than related experimen-
tal values by 30—60%. Another calculation for the same
type of compounds is due to Zhong and Ching, '4 based
on a non-self-consistent LCAO calculation. Despite be-
ing comparable with experimental data, their results can-
not be regarded as reliable, since every effect of charge
redistribution when forming an intermetallic compound
from its constituents is neglected. It is true that metal-
lic screening prevents large charge transfers, but the CF
is very sensitive to even tiny changes in the electronic
charge distribution.

Up to now the only published first-principles calcula-
tion of CF parameters for an RT5 compound has been
carried out by Daalderop et aLs i7 in the full-potential
linearized augmented plane wave (FLAPW) scheme. sa

These authors utilize the Tesseral harmonics expansion
of the crystal potential used in FLAPW and calculate
AP for GdCos. This approach should in principle be
complete with respect to accounting both for the on-site
and lattice contributions, but leads to a value of A02 much
larger than the experimental results.

In the following, our present method will be outline;d
in some detail. The calculations reported below are done
using the optimized linear combination of atomic orbitals
(LCAO) methodsi in a scalar relativistic version. sz The
general advantages inherent to standard LCAO —phys-
ical transparency and numerical efficiency —are main-
tained in this optimized scheme. It is not restricted to
the muffin-tin approximation. In particular, the Hartree
potential is constructed from overlapping extended site
potentials. Hence, that part of the nonspherical effects

x ) |";,(kn)e '" '(lmi~kn),
Lm

where ~kn) denotes a Bloch state,

(4)

~kn) = ) .Ci, ,(kn)e'""'~tmi),
N

i

composed of atomiclike orbitals (AO's) ~lm) at sites R;,
that are orthogonal to all core states. The gross popu-
lation analysis can be understood as a summation over
Bloch states, projected onto atomic basis states. The
main difference to conventional estimations of atomic site
charges in most electronic structure calculations is that
Q, is not obtained by projecting onto an arbitrary real-
space region, but onto a domain in Hilbert space. Con-
sequently, the related site charge densities p, (r),

produced by the crystal symmetry is taken into account
self-consistently. On the other hand, the intra-atomic as-
phericity is quenched by azimuthal averaging over the site
charge density during the iterations and is only included
in the final step for calculating the CF parameters.

We start with a discussion of the treatment of ionicities
in our method. The assignment of a certain ionicity to
atoms in a metallic compound in the framework of elec-
tronic structure calculations is rather ill-reputed. This is
mainly due to the fact that the atomic site charge is fre-
quently obtained by integrating over the charge density
within a sphere and thus it is sensitive to the more or
less arbitrary choice of the sphere radii. Moreover, the
atomic s- and p-valence states have considerable ampli-
tudes at the nearest neighbor positions (and beyond) and
hence contribute to the charge counted as transferred to
neighbor atoms. The charge transfer may become un-

physically high if compared to what is expected from the
related electronegativities. A detailed analysis of this
problem can be found in Ref. 33.

Within LCAO, atomic site charges can be obtained
naturally by gross population (Mulliken) analysis:

1
Q = — ).e(sF —si )N ~

Pi(r) N ) e(&F &kn) ) ) +i~ &(kn)Ci'm, ', '(kn)e '"~ ' "l(tmi~r)(r~t'm'i'),
kn t'm'i' Lm

P(r) = ) .P (r)

(6)

overlap, typical spatial extensions being some 6a0 (a0 is
the Bohr radius) in our scheme, which has to be com-
pared to muffin-tin or Wigner-Seitz radii of typically 2—
3.5a0.

In this general representation, the analysis contains an
equally large amount of arbitrariness as in other rep-
resentations, depending on the number and shape of
"atomic" (local) orbitals used. However, this arbitrari-
ness is largely reduced in our case, where a very ef-
fective (complete) minimum atomic basis has been con-
structed. In particular, the overlap of the AO's is opti-

I

mized, i.e., kept as small as possible. This is achieved by
adding an artificial potential V &,

V'"(t) = (rl(~w'ro, *(~)j)'

to the atomic site Hamiltonian H, . Here, r~s is the
Wigner-Seitz radius and ro, ,(l) are parameters used to
optimize the shape of the AO's, which are eigenstates of
H, + V,'~'(t). The optimization is done with respect to
band energiessi and usually yields values of r0, (t) be-
tween 0.8 and 1.2.
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The resulting site charges Q, agree well with what is
expected from chemical intuition, cf. our recent discus-
sion of charge transfer in SmTs compounds. Obviously,

kn
(8)

This neutrality relation essentially facilitates accurate
CF calculations, since the distribution of electrical
monopoles is completely decribed by the charges Q, . In
contrast, much care is neccessary in treating the intersti-
tial charge in sphere-oriented schemes.

DifFerent levels of accuracy are used in the calcula-
tion of the CF parameters given by Eqs. (3) and (6).
The on-site terms are treated most accurately taking
into account the nonspherical charge distribution pp be-
longing to the rare-earth site Rp. It can be subdivided
into net contributions arising from terms (lm0~r)(rjl'm'0)
in Eq. (6) and overlap contributions corresponding to
(lm0~r)(r~l'm'i g 0) . The net contributions in turn con-
tain p-p, d-d, and s-d terms entering Ao2, whereas Ao4(net)
consists of d-d terms only. The AO's are expanded into
Slater functions in our scheme, and all integrations in
Eq. (3) can be done analytically for the on-site net con-
tributions. The on-site overlap part is evaluated by direct
numerical integrations (except for the inner analytical in-
tegral over the 4f density), where a simple cubic mesh
of some 10s real-space points was used. We intend to
improve this procedure in later applications: the overlap
density could be expanded into plane waves making an
analytical treatment possible. s4 On the other hand, only
real-space integrations open the possibility of investigat-
ing the spatial origin of the crystal field, see Fig. 2.

It should be mentioned that core orthogonalization cor-
rections to the nonspherical overlap density have been ne-
glected. These corrections contribute 2% to the R overlap
charge and inHuence the electric field gradient near the
nucleus, but should not change the crystal field acting on
the 4f electrons in any essential manner.

Contributions from neighbor densities overlapping
with the 4f density, i.e., up to a neighbor distance of
10ao, were integrated numerically in the same way as
the on-site overlap terms. Both the core electron charge
Q;"' and the nuclear charge Z; contributions were added
as point charges.

Concerning site charge densities not overlapping with
the 4f charge under consideration, a spherical approxi-
mation equivalent to a PCM with point charges q;, rep-
resenting the charge transferred to atom i,

IV. RESULTS AND DISCUSSION

The results reported here are based on self-consistent
scalar relativistic LCAO calculations similar to those de-
scribed in Ref. 5. SmCos crystallizes in the hexago-
nal CaCu5 structure with three nonequivalent atomic
sites: Sm—1(a), Co—2(c), and Co—3(g), see Fig. 1. The
experimental lattice constants, a = 9.4563ao and c =
7.5004ao, i are used. Related values for the isostructural
GdCos compound, which has been calculated for compar-
ison, are a = 9.3977ao and c = 7.5004ao. We employed
the von Barth —Hedin version for the exchange and corre-
lation potentialis and used 152 inequivalent k points in
the Brillouin-zone integrations.

The optimal values of the parameters ro, Eq. (7), are
rp, s (L = 0, 2) =1.1; ro, sm(~ = 1) =10i ro,co(l
0, 2) = 0.9; roc, (/ = 1) = 0.8. All results from LCAO
calculations given in the tables refer to this choice. We
checked the infiuence of changing ro for i=Sm and for
i=Co separately by +5% and found the following respec-
tive shift in the results: total spin moment +0.05@~,
charge transfer from Sm to Co +0.15, second-order CF
parameter —10%, other CF parameters +10%.

Deviations in the local spin moments p, and in the
charge transfer values q; (Table I) in comparison to our
earlier data on SmCos (Ref. 5) result from several minor
improvements in the numerical algorithm and from a dif-
ferent choice of the atomic basis functions (larger ro, s in
the present calculation). Tables II and III contain the cal-
culated expectation values of the radial 4f wave function
for Sm in SmCos (our calculation) and for Gd in GdCos
(our calculation and Refs. 9 and 17) in comparison to the
free-ion Dirac-Fock results by Freeman and Desclaux. ss

In both cases, the bulk values are essentially larger than
those calculated for the free trivalent ion, which might be
attributed to the inHuence of the crystal potential. The
mean value of the radial functions for the occupied 4f
states is used in our calculation.

A comparison of calculated and experimental crystal-
field parameters for the rare-earth site in RCos is given
in Table IV. Our calculated values and the experimental
values for Aoz(r ) and for Azo refer to SmCos, whereas the
values calculated by Daalderop et aLs ir concern GdCos.
In order to compare with these data, we repeated the
calculation for the case of GdCos and included the re-

q;=q;+q;"+z, , (9) 0 0

was used. The number of point charges which have to
be included depends on the order of the CF parame-
ter under consideration and the corresponding cutoE ra-
dius amounts to 120ao, 30ao, and 15ao for the second-,
fourth-, and sixth-order parameters, respectively.

All approximations employed in the calculation of A&

from the charge distribution according to Eq. (3) have
been checked to cause a total numerical error of less than
5 0.

FIG. 1. The CaCus crystal structure. The difFerent
atomic positions are O —Smii i, ~ —Co3i~i, o —Co2i, i.
The first, second, and third neighbors of Sm are 6 Coq~, ),
12 Co3(g) and 2 Smq~~), respectively.
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TABLE I. Calculated atomic site spin moments p,, and
charge transfers q, in SmCo5 and in GdCo5. The rare-earth
moment does not contain the 4f contribution.

TABLE III. Calculated 4f radial expectation values (r')
for Gd in GdCo5 in comparison to free-ion Dirac-Pock values.

Gd in GdCo5 Gd in GdCo5 Gd + '
Compound

SmCo5

GdCo5

Site

Sm 1(a)
Co 3(g)
Co 2(c)
Gd 1(a)
Co 3(g)
Co 2(c)

V' (us)
—0.35
1.47
1.50

—0.40
1.46
1.47

+0.09
—0.03
0.00

+0.04
—0.03
+0.03

(r')4f [(«)']
(~')4x [(«)']
(" )4f [(«)']

0.94

2.32
12.2

0.93
2.11
8.58

Present calculation.
Calculation by Daalderop et al. (Refs. 9 and 17).' Free-ion Dirac-Fock calculation (Ref. 35).

0.87
1.82
7.83

lated results in Table IV (last column). The experimen-
tal As(r ) value was estimated from measurements on the
easy-plane compounds NdCos and DyCos cited in Ref. 36
by rescaling (rs) to that valid for Sms+ (Ref. 35) and tak-
ing the mean value. In the same way we estimated A4o(r4)
and Ass(rs) from data on Pr and Nd in Pr Ndi Cos. is It
should be justified to compare Ai for different isostruc-
tural 8 Tcompo-unds with the same transition metals in-
volved, since the valence electronic structure of most rare
earths (including those under consideration) is essentially
the same. This assumption has recently been proven cor-
rect for the B2Feq4B~ series. In the present calculations,
a 15%%uo difference between Aoz(Sm) and Ao2(Gd) is found,
the difFerences in the higher-order parameters are negli-
gible.

A comparison with experimental data should pre-
ferrably be done for the product between the crystal-
field parameter and the radial expectation value, since
this product is fitted to the experimental MAE data in
the semiempirical descriptions7 io ii ss is and not the in-
dividual factors. Essentially the same experimental input
was used by different authors to obtain the semiempiri-
cal Ao2(rs) values compiled in Table IV. In fact, Buschow
et cl. and Radwanski refer to the same experimen-
tal data, but the former authors include the admixing
of two excited Sm 4f multiplets, which is neglected by
Radwanski. Nonetheless, both fittings yield nearly equiv-
alent results for the second-order crystal-field parameter
(however, with assumptions for the strength of the ex-
change field differing by a factor of 2). Sankar et al. io

used the same model and the same number of multiplets
as Buschow et al7 They arrive at a slightly (20%) larger
exchange field, but report more than twice the value for

A2 (r ). We consider this difFerence to be suspicious, since
the fitted curves are quite similar in shape and magnitude

to those used by the other authors. Finally, a value for
the "pure" CF parameter Asois given in a recent review
by Coey, 24 but we are not aware of the way it was de-
termined. The fourth- and sixth-order axial parameters
have been obtained from the thermal dependence of the
effective spin-reorientation angle for the pseudobinary se-
ries Pr~Ndi ~Cos. i An estimation of As(r ) is possible
from measurements of the in-plane anisotropy of NdCos
and DyCos, as cited in Ref. 36.

The signs of our calculated values for all CF param-
eters agree with the experiment. On the other hand,
Ao2(rs) and Ao4(r ) from the calculation exceed the related
semiempirical values by approximately a factor of 2—4 in
magnitude. The agreement between theoretical and ex-

15000

10000

5000

-5000

-10000

TABLE II. Calculated 4f radial expectation values (r')
for Sm in SmCo5 in comparison to free-ion Dirac-Fock values.

Sm in SmCo5

-15000
10

(r')4f [(«) ]

(" ) f [(ao) ]

( ') f [(ao)']

1.07
2.99
17.3

Present calculation.
b Free-ion Dirac-Fock calculation (Ref. 35).

0.97
2.26
10.6

FIG. 2. Contribution to the crystal-field parameter Aq

for Sm in SmCo5 from all charges within a sphere of the ra-
dius r, . The asymptotic value A2(r, ~ oo) is indicated by a
straight line. Notice that core electrons of neighboring atoms
are treated as point charges.
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TABLE IV. Comparison of calculated and experimental crystal-field parameters AP(r') and

AP for Sm in SmCoq (the present calculation and experimental results) and for Gd in GdCoq
[calculations by Daalderop et al. (Refs. 9 and 17) and our data]. The Sm Co& data from the present
calculation are divided into on-site and lattice contributions. In addition, the on-site terms are
decomposed into net (containing p-p, d-d, and s-d) and overlap contributions (see text); the lattice
terms are separated into contributions arising from the 6rst-, second-, third-, and fourth-neighbor
atom shells and from the rest of the lattice.

A2(r )
[K]

On site

—880

net -320
p-p: +110
d-d: -410
s-d: -20
ovl: —560

—50 —930

1+460
2 —320
3 —190
4 —17
& 5+23

Sm in SmCo5
Lattice Total Experiment

—180'
—420
—185'

Gd in GdCo5
Total Total

—763

(AR)
[K(oo) ~]

(-87o) (—230)' (—824) (—1010)

On site

Sm in SmCos

Lattice Total Experiment total

Gd in GdCos

Totalb

A;(.4)

[K]

(A4)
[K(ao) ']

—11
net: -9
ovl: -2

—27
1 —43
2 +26
3 —8
&4 —2

(—13)

= —14~ —31

Aq(r )
[K]

On site
Sm in SmCo5

Lattice Total

+7
1+9
2 —1
3 —1) 40

Experiment

+9h

Gd in GdCos
Total Total

[ (o)']
(+o.4) (+0.4) (+0 4)

As (rs)
[K]

(AG)
[K(ao) ']

—20 +170
1+210
2 —40
30
&40

+150

(+9)

+230' +99

(+12)

+100

(+9)

Present calculation.
Calculation by Daalderop et al. (Refs. 9 and 17).' Reference 7.
Reference 10.' Reference 11.
Reference 24.
This value has been estimated as the mean of semiempirical values for Pr and Nd, obtained from

measurements on Pr Ndq Cog (Ref. 12), rescaled with the appropriate value of (r ).
This value has been estimated as the mean of semiempirical values for Pr and Nd, obtained from

measurements on Pr Ndq Cog (Ref. 12), rescaled with the appropriate value of (r ).
' This value has been estimated as the mean of two measurements on NdCo5 and one result on
DyCos, cited in Ref. 36, rescaled with the appropriate value of (r ).
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perimental data for the sixth-order parameters seems to
be better, but the (rs)4f value is rather sensitive to de-
tails of the calculation and should be taken with some
caution.

To compare with the recent FLAPW resultss i7 on
GdCos, the "pure" A& values should be considered,
which can be presumed to be virtually independent of
the R atom. Here, all parameters are nearly equivalent
in both calculations. Thus, from two completely inde-
pendent (FLAPW and LCAO) density-functional calcu-
lations, the same —at the claimed level of accuracy—crystal-field parameters have been obtained. The
20% difference between FLAPW and LCAO results for
the most sensitive parameter Az should be due to the
self-consistent (non-self-consistent) treatment of the non-
spherical on-site charge density in these schemes. It
should be noted that the LCAO result is much closer
to the FLAPW data than, e.g. , a warped muffin-tin
calculationi7 yielding Aoz larger than FLAPW by a factor
of 2. Thus, the continuity of the crystal potential inher-
ent to the overlapping potential representation used in

I

our calculations seems to be the most essential aspect of
a "full potential" treatment.

Two trends become evident from the subdivision of
A& into contributions arising from different parts of the
charge distribution: (i) The lattice contribution is small
for APz but becomes dominating with increasing order of
the CF parameter. The same tendency has been found
by Daalderop. ir (ii) For the quantity A& (lattice), many
compensating terms contribute in second order, whereas
only nearest and next-nearest neighbors influence the
higher orders. Specifically, the six nearest Co neighbors
are responsible for creating As, in accordance with the
model suggested by Radwanski. ss On the other hand,
the validity of cluster calculations for the estimation of
AP2 is disproved (compare the large contribution of the
third-neighbor shell). Such calculations, in particular a
restriction on on-site terms in a muffin-tin or Wigner-
Seitz sphere, is is can give right answers only by accident.
This claim is illuminated in Fig. 2, showing the contribu-
tion to Aozfrom all charges within a sphere of the radius
~C&

Az(r, ) =-4m
2

r2
dR C2pZ2p(R) p(R) dr s r p4f (r)

&r. Pp
dr r p4y(r), A2 ——Az(rc ~ oo) .

In principle, the function APz(r, ) should not depend on
the particular charge density representation if the rep-
resentation is complete enough for this purpose. The
derivative dA (rz, )/dr, is quite large in the vicinity of
the usual Wigner-Seitz radius, r, 3.5ap, and there is
no obvious reason for a complete cancellation of the con-
tributions from larger distances.

Figure 3 shows, on a larger scale, the on-site contri-
butions to AP&(r, ). Convergency is achieved for r, —4ap
and r, = 6ap for the on-site net and overlap contribution,
respectively. It is clearly seen that there is only a small
contribution (50 K/apz) to Apz from the region r, ( 1.5ap,
i.e. , from the spatial domain of the 4f electrons. This
gives a posteriori the justification for neglecting the ex-
change contributions to the crystal field.

tion of fourth- and sixth-order CF parameters by means
of cluster calculations seems possible.

Within the present approach, the experimental signs
of all CF parameters can be explained from a realistic

100

-100

Ci5 -200

V. CONCLUSIONS

First-principles calculations of all relevant crystal-field
parameters of Sm in SmCos have been carried out uti-
lizing the "open 4f core shell" treatment. An optimized
LCAO scheme has been used, involving a charge density
representation highly appropriate to this task.

It has been shown that neither on-site nor lattice con-
tributions to the CF parameters can be excluded a pri-
ori. Consequently, point-charge calculations taking no
account of nonspherical distortions of the on-site valence
charge density cannot be expected to be accurate. It
might be that a cluster calculation of AP2 or a restriction
to on-site terms can yield results of the right sign and
reasonable magnitude, but this is not reliable due to the
large and long-range lattice contributions. Further, the
subdivision into on-site and lattice terms depends on the
specific representation of the charge density. An estima

-300

-400

-500

-600
10

r (a)

FIG. 3. Contributions to Az(r, ) from the on-site net
charge (full line) and from the on-site overlap charge (dashed
line).
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ab initio charge distribution. The magnitudes of Ao&(rz)

and of A4a(r4), as calculated by us, exceed the related
semiempirical values considerably. There is good agree-
ment, however, between this calculation and the theoret-
ical results by Daalderop. ~ The disagreement between
ab initio CF parameters from two independent calcu-
lations and semiempirical parameters remains an open
question, which might be a challenge for improvements
of the model of 4f magnetocrystalline anisotropy.

The following approximations have been applied and
ought to be investigated in more detail: the assumed in-
dependence of AP on the direction of magnetization (via
the spin-orbit interaction of the valence electrons there
will be such a dependence, although presumably very
weak) and the exclusion of nonspherical on-site densities
during the self-consistent iteration.
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