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Formation of local moments on iron in alkali-metal hosts
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Spin-polarized, self-consistent-field, scattered-wave calculations have been performed on FeM&4,
FeM~6, and FeCa&8 clusters (M =Li, Na, K,Rb} modeling local environments of an isolated Fe im-

purity in bcc (M} and fcc (Ca} alkali-metal hosts. No stable moment is observed for the Ca host,
while a spin moment of 2p& is seen for Fe in the Li host which grows to over 3p~ in the Rb host.
Orbital moments are also likely to be important because of the extreme atomic nature of the Fe d
states. We infer these moments by consideration of the calculated 3d' ground state. A
configuration of nearly 3d' for the Fe atom is inferred for all the alkali-metal hosts. Moment trends
are explained in terms of nearly vanishing s-d hybridization in Rb but increasing s-d hybridization

up the column to Li.

The formation of local magnetic moments on
transition-metal impurities in s or (s-p)-ba-nd hosts is of
continuing experimental' and theoretical interest.
Recently, the variety of host materials has been extended
to include alkali metals in the pioneering work of Riegel
and co-workers. ' Study of local-moment formation in
alkali metals is important because of the wide range of
atomic volumes and free-electron densities that are acces-
sible. Further, small observed crystal-field splittings al-
low for the possibility of orbital as well as spin contribu-
tions to the moment. In fact, an interpretation based on
an ionic model was used by Reigel to explain his data.
Finally, the complexity of moment formation in alkali-
metal hosts is reduced because the dominant interactions
between the host and impurity are (s-d)-like, with only
small directional components (p-d, d-d) in the hybrid
bonds. Recently, several first-principles techniques have
dealt successfully with the local-moment problem. An
embedded-atom or cluster method employed by Zeller
et al. uses a multiple-scattering Green's-function ap-
proach to treat coupling to an otherwise perfect host.
The self-consistent-field scattered-wave (SCF SW) tech-
nique treats free clusters, and for suitable problems can
be faster computationally. This method has been applied
to systems where the perturbations to electronic and
magnetic structure are spatially localized and thus amen-
able to a cluster description. Exchange splittings and lo-
cal moments calculated for octahedral (Mn) Cu, '

icosahedral (Mn)A1, "' and octahedral (Mn)A1 (Ref. 12)
show good agreement with experiment. Current experi-

mental interest, as well as interesting theoretical concern
in local-moment systems in alkali-metal hosts, has
motivated this study.

It is by now well known that zero-temperature local
moments, as addressed in the Kondo problem, ' are com-
pensated by antiferromagnetic coupling with the conduc-
tion electrons, so that the resulting ground state is a sing-
let. ' Although features of this spin-compensation cloud
are evident in the alkali-metal states in cluster calcula-
tions, ' the details of the Kondo singlet remain, as many-
body effects are not directly addressable by local-density
calculations.

%'e have calculated the electronic structure of FeM&4
and FeMz6 (M =Li,Na, K,Rb) clusters modeling an im-
purity Fe atom in bcc alkali-metal hosts coordinated to
second- and third-nearest neighbors, respectively. We
also examined an FeCa, 8 cluster representing fcc Ca to
second-nearest neighbors. This system has interesting
magnetic structure with a small local moment, in con-
trast to the first-column alkali-metal hosts. Redfern
et al. ' have recently commented that resolution of the
utility of clusters to model impurity effects may be best
addressed by observing convergence of the properties of
interest with cluster size. In this work, convergence of
the magnetic properties in cluster size was checked care-
ful1y. The similarity in the local-moment behavior of the
Fe impurity in both the 15- and 27-atom clusters lead us
to conclude that the bulklike behavior is reproduced by
clusters which include up to the second-nearest-neighbor
shell of atoms.
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Computational details include the use of equilibrium
alkali-metal lattice spacing for all clusters with the Fe im-
purity substituted on the central site. No relaxation of
the host lattice is allowed. As a result, most of the hy-
bridization and localization effects observed can be attri-
buted to the large size differences between the alkali-
metal atoms. This is consistent with the aims of the ex-
perimental work, which were to expressly explore the
inhuence of these size effects on electronic structure. Re-
laxation effects, although very important in some sys-
tems, ' are thought to be of lesser importance in the
alkali-metal hosts because of the free-electron (nondirec-
tional) nature of the host states, as well as the extremely
weak bonding between impurity and host. We further
justify our neglect of relaxation effects by noting, that, for
alkali metals, relaxation does not occur to more than
0.5% at free surfaces. ' Furthermore, the extreme
changes in alkali-metal radii imply that this will be the
dominant effect, with relaxation effects relegated to a
comparatively minor role.

The touching-sphere muffin-tin approximation is used
since it yields an unambiguous partitioning of space (as
compared with overlapping spheres). The interstitial
charge density complicates assignment of charge density
to specific atomic sites. This is problematic for s and p
electrons, but for the extremely localized d electrons this
is seen to be less of a concern. The Janak-Moruzzi and
Williams' local-spin-density-functional parameterization
of the Hedin-Lundqvist local-density functional has
been employed. Choice of the local-density functional is
known to have important ramifications on the local mo-
ment for alloy systems very close to the magnetic instabil-
ity. ' The magnetic moment at each atomic site is an ex-
tremely slowly converging property (slower than the ei-
genvalue and total-energy convergence, for example), due
the small magnetic exchange-correlation energy as com-
pared to the Coulomb energy. These calculations have
been converged to values of hE«, /E«, (10 in all cases
and, consequently, moments are converged to four de-
cimal places. We also allow for nonintegral occupation
of the state(s) at the Fermi level and choose the
configuration which yields the lowest total energy. This
typically leads to increased mixing of the minority-band d
states and the host s-p states at the Fermi level.

Table I summarizes the results of spin-polarized calcu-
lations on the previous described Fe alkali-metal clusters
in terms of the spin density observed in the atomic im-
purity and alkali-metal muffin-tin spheres and on the
outer sphere. These results indicate a sizable local mo-
ment on Fe in all hosts with the exception of Ca. The
moment on the Fe site is seen to grow moving from a Li
host to Na. K and Rb induce the largest moments and
are nearly identical. These trends in the local moment
are consistent with experimental findings. The local spin
moment on Fe in K and Rb is seen to converge to a value
exceeding 3pz, indicating more than three unpaired spins
on the iron site. In all cases the comparison of the
summed atomic-site moments and the cluster moment
lead us to infer that the uncounted intersphere regions
are polarized antiferromagnetically with respect to the Fe
moment. This is consistent with the observations of
Moruzzi, Janak, and Williams of the polarization of in-
terstitial regions in spin-polarized muffin-tin band-
structure calculations. Nearest-neighbor alkali-metal
atoms also show small antiferromagnetic polarization
with respect to the iron-impurity moment; the size of this
moment is seen to increase upon moving down the
alkali-metal column. The existence of slightly more than
three unpaired spins on the Fe sites suggests a spin-
angular-momentum quantum riumber S of nearly 1.5,
which, in turn, agrees with an ionic Fe ground-state
configuration of 3d .

The inference of a 3d Fe configuration implies that
there is some charge transfer from either the alkali-metal
host or Fe s band to the Fe d states. An increase of ap-
proximately one electron, in the d-electron count, above
the 3d atomic ground state, can be observed from the Fe
muffin-tin d-electron count shown in Table I. This in-
creased d-electron count is accompanied by a depletion of
the Fe s band to a degree consistent with the Fe-alkali-
metal electronegativity difference. Whereas the 3d
configuration is the ground state for the positively
charged Fe + ion, the 3d configuration is the ground
state for the Fe ion and, thus, should eventually be
favored in an extremely electropositive host. Electrone-
gativity arguments suggest this configuration to be the
one in which the minority-spin Fe d states would lie close
in energy to the alkali-metal Fermi level.

TABLE I. Fe d-electron count and spin density, S (p& ), breakdown for the indicated clusters. M1,
M2, M3 and OTS refer to first, second, and third neighbors, and outer-sphere muffin-tin regions, respec-
tively.

FeL1l4

FeNal4
FeK(4.
FeRb)4
Fecal8
FeLi26
FeNa26
FeK26
FeRb26

Fe d

6.93
6.84
6.85
6.82
7.37
7.05
7.18
6.92
6.92

SF,

2.28
2.96
3.17
3.21
0.00
2.12
2.61
3.07
3.12

—0.04
—0.10
—0.10
—0.11

0.00
—0.03
—0.05
—0.06
—0.03

0.02
0.05
0.03
0.04
0.00
0.01

—0.11
0.06
0.00

SM3

0.00
0.00

—0.01
0.04

SoTs

0.05
0.00

—0.09
—0.01

0.00
—0.01
—0.03
—0.01
—0.03
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TABLE II. Fe character (%) on the majority ( T ) and minority ( $ ) t2g and eg orbitals in FeM&4 and

FeM26 clusters.

FeLi)4
FeNal4
FeK)4
FeRb(4
FeLi26
FeNa26
FeK26
FeRb26

leg T

88
96
99
99
68
90
98
99

ltd T

89
96
99
99
71
85
98
99

2' T

7
2
1

1

10
4
1

1

2tgg T leg $

43
36
34
34
24

7
4
4

1 t2g $

50
42
40
39
19
11
4
4

2eg $

48
59
62
62
69
85
85
85

2tqg j,

39
53
55
57
68
80
85
84

%'e believe that this charge transfer is not an artifact of
the cluster geometry for three reasons. First, the magni-
tude of the charge transfer is virtually invariant in cluster
size for a given alkali host, in 15- and 27-atom clusters,
indicating that the calculations have converged to bulk-
like values by three coordination spheres. Second, the
magnitude of the charge transfer to the Fe atom scales
with the electronegativity difference between the Fe atom
and the alkali metal, offering a more plausible argument
for its origin. Finally, similar 27-atom clusters consisting
of only alkali-metal atoms have been examined, for which
insignificant charge transfer to the central-atom site is
observed, as well as a bulklike partial density of states on
this atom. For Fe in K or Rb the local moment can be
explained in terms of an ideally localized Fe-impurity
state with between approximately seven d electrons yield-
ing the observed about three unpaired spins. In the case
of Na and Li hosts, significant hybridization occurs be-
tween the. Fe d states and the alkali-metal s states, sub-
tracting from the number of polarizable d states and thus
reducing the moment. It should also be noted that
significant amounts of Ca d character are observed,
whereas d contributions are minimal in the first-row al-
kali metals. For a Ca host, this s-d and d-d hybridization
is so strong that it lowers the energy of the d resonance to
0.1 eV below the Fermi level, and no stable moment is
formed.

Our conclusion of a 3d configuration differs from the
explanation of Riegel results in terms of a 3d

configuration. In an ionic picture, a 3d configuration
has a total angular momentum J of 4.5, which can be in-
ferred yielding an effective moment of 6.63pz, while an
effective moment of 6.70pz can be inferred for the 3d
configuration (J =4). The 1% difference in these
effective moments points to the extreme difficulty in ex-
perimentally ascertaining the ground state of Fe in these
systems. Furthermore, it seems implausible that the 3d
configuration usually observed for Fe in conjunction with
electronegative ions should persist in electropositive envi-
ronments. Our calculations do not expressly address the
multiplet structure of the Fe atom, nor do any local-
density-functional calculations. However, strong inferen-
tial arguments are now presented which support the con-
tention of an ionic ground state (3d ) for the Fe atom.
These arguments include localization of the d states, van-
ishing s-d hybridization, and the absence of crystal-field
split tings.

Trends in localization or hybridization are borne out in
a consideration of the fraction of Fe character in the t2
and e orbitals of these clusters, as shown in Table II.
The t2~ and e~ orbitals are the only ones allowed by sym-
metry to contain central-atom Fe d character in octahe-
dral symmetry. It can be seen that the majority-spin 1t2
and le orbitals contain character nearly completely lo-
calized on the Fe site (and nearly totally d character).
The minority band states, in turn, reAect the degree of
hybridization with the alkali-metal states. Upon going

TABLE III. Exchange and crystal-field splittings (eV) for FeM&4 and FeM26 clusters.

Crystal-field splittings
1 t2g T-leg T 2t2g $ 2eg

Exchange splittings
1 t2g T-2t2g $ leg T-2eg $

FeLi&4
FeNa)q
FeK)4
FeRb)4
FeLi26
FeNa26
FeK26
FeRb26

0.02
0.02
0.01
0.00
0.04
0.06
0.01
0.01

0.11
0.03
0.02
0.02
0.20
0.09
0.03
0.01

2.46
2.61
2.63
2.70
1.93
1.99
2.38
2.43

2.37
2.66
2.66
2.72
1.78
1.97
2.36
2.42
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from the 15-atom to the 27-atom cluster, the minority d-
band width is seen to narrow significantly with most of
the Fe character on the 2t2 and 2e states, which
represent the lowest unoccupied molecular-orbital state
(LUMO) and the highest occupied molecular-orbital state
(HOMO), respectively. This narrowing occurs predom-
inantly because the second-shell alkali atoms have more
complete coordination. The 2e state contains the two
remaining Fe d electrons in the case of the K and Rb
hosts, in which little hybridization with the host is ob-
served.

The localization of the moment with alkali-metal hosts
further down the column is further manifested in the
spin-density plots of Fig. 1. This figure shows the total
spin density as derived from the difference in the total
charge density between the occupied spin-up and spin-
down states for the FeLi26 and FeK26 clusters in the (100)
and (110) planes, respectively. This spin density is shown
on a square grid scaled to the lattice constant. The spin
density for FeNa26 (not shown) exhibits localization inter-
mediate to that of LeLi26 and FeK26. The FeRb26 cluster
is essentially similar to that of FeK26. For the FeLi26
cluster the spin density is more diffuse, rejective of the
greater hybridization with the Li states, while the FeKz6
cluster is considerably more localized, with little hybridi-
zation effects. These spin densities reAect zero-
temperature occupancies. At finite temperatures the spin
density for the FeK26 cluster is apt to look even more
spherical since the small splitting between the 2t2g
(LUMO) and 2e (HOMO) states leads their contribu-
tions to the spin density to be increasingly indistinguish-
able.

Table III summarizes the trends in the crystal-field and
exchange splittings in the clusters as estimated from per-
tinent eigenvalue differences. These excitation energies
are more correctly calculated using Slater's transition-
state scheme. A comparison with transition-state-
calculated values for the 27-atom Li cluster showed only
small deviations from the values calculated from the
difference in eigenvalues. However, given this approxi-
mation, as well as the finite-cluster geometries, more
weight should be given to the trends in these numbers
than to their absolute values. The crystal-field splitting
for the majority-spin band is calculated as being the
difference between the majority-band 1t2 and le eigen-
values. For the minority band the 2t2~ and 2e difference
is used since these states have the largest Fe character.
The crystal-field splitting is seen to decrease by more
than an order of magnitude in going from Li to the Rb
host. This small crystal-field splitting for the K and Rb
hosts is small enough to be consistent with an ionic pic-
ture and an unquenched local moment. The values of the
crystal-field splittings in the K and Rb hosts are in good
agreement with an upper bound of 0.03 eV, as deter-
mined by Riegel et al.

In the case of a Li host, both the larger crystal-field
splitting and the significant Fe-host hybridization suggest
that orbital quenching of the moment should be
significant. This coupled with the smaller spin moment
implies a much smaller total moment for Fe in the Li
host. Table III also shows the exchange splitting as es-

(a)
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FICx. l. Spin-density contour maps [plotted as
sgn(p —

p )~p
—

p ~

' ] for FeLi26 and FeK26 clusters: (a)
FeLi,6 (100) plane, (b) FeLi26 (110), (c) FeK,6 (100), and (d)
FeK26 (110). These densities are plotted on a square grid scaled
by the lattice constant.
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timated by the 1t2g-2t2 and le -2e eigenvalue
difFerences. The exchange splitting is seen to grow in go-
ing from the Li to the Rb host. The value of 2.5 eV is
somewhat larger than that observed for Fe in a Cu host'
in which a 2-eV exchange splitting was observed. In the
Cu host, however, large crystal-field splittings (also on
the order of 2 eV) were observed, signifying a quenched
orbital-angular-momentum contribution. The large ex-
change splitting is consistent with the atomic nature of
the Fe states.

In conclusion, a nearly 3d configuration is calculated
for an Fe impurity in the hosts Li, Na, K, and Rb for
both 15- and 27-atom clusters 2 spin moment of 3pz
consistent with this configuration is observed for K and
Rb hosts. For Na and Li hosts the spin moment is re-
duced by increasingly more significant impurity-d —host
(s-p)-hybridization efFects. Vanishing crystal-field split-
tings and large exchange splittings for the polarized d

states of the Fe impurity in K and Rb suggest the possi-
bility of an unquenched (ionic) total angular momentum
and, consequently, a large observed local moment. The
smaller exchange splitting, significant crystal-field effects,
and increasing hybridization upon going to Na and Li
hosts suggest a more quenched moment, consistent with
the experimental observations of a smaller effective mo-
ment in these hosts.
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