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Abstract. We investigate the formation of local spin moments of transition metal impurities
diluted in free-electron-like monovalent hosts by performing self-consistent, local spin
density functional calculations for all the 3d elements embedded in jellium. The magnetic
behaviour of the impurity is studied systematically by varying continuously the jellium
density from zero up to a critical value, at which the magnetic moment disappears. Our
results are in good agreement with the results of other calculations and the available exper-
imental data.

1. Introduction

The magnetic behaviour of 3d transition metal impurities in sp-band hostsis of continuing
experimental [1, 2] and theoretical [3-6] interest. The results obtained from extensive
experimental investigations of dilute magnetic 3d sytems are discussed in the light of
different models, such as the Friedel-Anderson virtual bound state model [3, 4],
Kondo-type models [5], ionic models [6], etc. Moreover, ab initio electronic structure
calculations [7, 8] have illuminated the problem of the magnetic behaviour of 3d
impurities in simple metals.

The variety of host materials has recently been extended to include alkali metals by
the pioneering work of Riegel and co-workers [9-11], who applied the time-differential
perturbed y-ray distribution method to investigate the local magnetic behaviour of 3d
impurities implanted by recoil into alkali metals.

Study of local moment formation in alkali metals is important because of the wide
range of atomic volumes and free electron densities that are accessible. Thus, one can
closely study the transition of the 3d-metal impurities from typical solid to atomic
configurations which is not possible otherwise. Recently, McHenry et af [12] performed
self-consistent, local spin density functional calculations of the electronic structure of
FeM,, and FeM,; (M = Li, Na, K, Rb) clusters, modelling an impurity Fe atom in 8cC
alkali metal hosts. They obtained a local spin-moment of the Fe impurity which grows
from 2ug (in the Li host) to over 3ug (in the Rb host). The calculated crystal field splitting
was too small compared with the exchange splitting.

The jellium model, which allows the host electron density to vary continuously, is
suitable for the study of the magnetic behaviour of 3d impurities in free-electron-like
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hosts in a systematic way. Thisis done in the present article by performing self-consistent
calculations within the framework of the density functional theory [13].

2. Calculational method

Self-consistent calculations of the electronic structure of impurities in jellium, based on
density functional theory, have been carried out by several authors [14, 15]. In this
section we recall the basic assumptions of the jellium model for substitutional impurities
and develop the fundamental aspects of our calculational method.

A free-electron-like, monovalent metal of atomic volume

Q = (4/3)nr} (1)
can be likened to a jellium with electron density

p = 3/4nr3. )
The corresponding Fermi level is given hy

Eg = (9m/4)P(1/r3). @)

In this paper Rydberg atomic units are used.

The substitutional impurity of atomic number Z,, is embedded in a spherical hole
of radius ; in the positive background. The spherically symmetric perturbing potential
is considered to extend up to a distance S around the origin. Within the framework of
density functional theory, for a given spherically symmetric total electron density

p,(r) =2 p,o(r) (4)

where p, ., is the electron density for a spin direction ¢. The one-electron effective
potential is given by

Vo(r) = ——'r—n-e+—! dr' r'2p,(r')

+87 [ @ r 0+ Vieolpro )] = Vield)

—~4xp(8? - r?) forr<r, (5a)
2Z,.,
Va(ry = -————E‘+——f dr' r'2p,(r") +8:rj dr' r'p, ("
+ ch.o[pr‘o(r)] - vxc(p) + (4JT_O/3?’)
X (r} + 2r2 ~ 3r8%) forr,<r<S$ (5b)
V(=0 forr>8 (5¢)

The term V., describes exchange and correlation effects, which are taken into
account through the local spin density approximation of von Barth and Hedin [16] with
the parametrization proposed by Moruzzi et af [17].

We employ the frozen-core approximation, according to which the core electron
density p(r) is equal to that of anisolated impurity atom. The electron density associated
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with the valence states, which extend above an energy E;; and include possible bound
states, is calculated from the Green’s function

Do) = ——Imj dEAG, ,(r, 1, E) + §. ©)

Einf

AG is the difference between the Green’s function of the embedded impurity and that
of the unperturbed jellium. It is written as

Iﬂlﬂx

AG w1 B) = Sk 3 @+ DR (3 B3 B) = i(VEORVEDL ()

R; ;and H, ,are, respectively, the regular and irregular solutions, of angular momentum
quantum number /, of the radial Schrddinger equation for the potential V. Their
asymptotic expansions outside the sphere of radius § are given by

H,,(r; E) = h)(VEr) ®
Rio(r; E) = j(NVEr) + VEt, (EYr/(VEr) ©
where h; = y; — §j. j; and y, are the spherical Bessel functions of first and second kind,
respectively, [18] and #; . is the usual scattering t-matrix associated with the potential V.
The use of the perturbed Green's function given by (7) allows one to consider a relatively
restricted basis in the angular momentum expansions even at large distances r. Indeed,
an angular momentum cut-off £, = 3 is usually sufficient to obtain good convergence.
Equations {5), (6) and (7) are solved iteratively using the Tchebycheff iteration
scheme [19]. Moreover, the use of the complex energy integration technique [20]
accelerates considerably the numerical calculation.
The magnetic moment in Bohr magnetons, pg, and the total ( positive} charge, within
a sphere of radius r around the origin are

M(r) = 4n f’ ar' v, (r') — piy (7] (10)
0

Q(r) = —4x Jﬂ dr' rip(r') + Zimp + O(r — rs)—(r -r}) (11)

respectively, where ©(r — r,) is the step function.
The total neutrality of the system: jellium + embedded 3mpur1ty, is described by the

Friedel sum rule [3]
1 max

Zimp = 2 2 (21 + 1), ,(EF) , (12)

g I=0
where J, , is the scattering phase shift, related to the r-matrix through

1 . .
t!,a(E) == VE s él.a(E) exp[uS,,a(E)] (13)
with the boundary condition &; ,(~=) =0
3. Results and discussion

We calculated self-consistently the electronic structure of 3d impurities embedded in
jellium. For each case we varied the jellium density § continuously from a dilute limit
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corresponding to the Cs host up to the critical value g,, at which the magnetic moment
disappears. Thus, we can closely follow the transition from a magnetic to a non-magnetic
state and determine the local spin-moment of the impurity diluted in noble and alkali-
metal hosts. Imposing an angular momentum cut-off /.. = 3 and a range of the per-
turbing potential § = 10 au are sufficient to obtain adequate convergence for the
impurity local moment in all cases examined. The total charge enclosed by the sphere
(0, §) never exceeds afew hundredths of an electron, and the Friedel sum rule is satisfied
to within a few per cent.

Figure 1 shows the localimpurity moment within the atomic volume Q : M. = M(r,),
for all the 3d elements embedded in jellium, as a function of the jellium density p. The
limit & = 0 corresponds to free-atom local density functional calculations [17]. As can
be seen from figure 1 the atomic spin-moment cannot be obtained in most cases by
smooth extrapolation of the calculated results for the atom embedded in a free-electron
gas. This is due to the fact that the distribution of the electron states varies rapidly as the
atomic limit is approached. For instance, for a Ni impurity embedded in the most dilute
jellium that we considered, the calculated spin-moment comes essentially from the d
electrons. The s spin-moment is in this case negligible (= 0.04 ug) but varies rapidly as
the atomic limit is approached and finally becomes 1 ¢y in the case of a free Ni atom.

The formation of a local impurity moment can be understood within the framework
of the Anderson model {4]. One can show [21, 22] that an adequate condition for the
occurrence of a local moment is

Ino (Ep) > 1 (14)

where [ is the exchange integral. This condition is very similar to Stoner’s criterion
for elemental ferromagnets, the only difference being that m, (E) here denotes the
paramagnetic local density of states of the impurity and not the host density of states.
Thus, favourable conditions for the occurrence of a local moment are a large exchange
integral and a high local density of states at Er. Within the 3d series the condition for
magnetism is most likely to apply when the virtual bound state is close to the Fermi
energy, since the exchange integral does not vary strongly within the 3dseries. Therefore,
impurities in the middle of the series, i.e. Cr or Mn, show the strongest tendency to spin
polarization and have the largest local moments in 2 given simple metal host. This is
confirmed by our calculations. In a very dense free-electron gas the impurity virtual
bound state is so much broadened that the criterion (14) for the formation of a local
moment is not satisfied. This criterion starts to apply at a critical jellium density 5.,
betow which a local impurity moment is formed. The variation of g, for the 3d impurities
is shown in figure 2. Cr and Mn become magnetic in a wider range of jellium densities,
reflecting their stronger tendency to spin polarization than other transition-metal
impurities. In the vicinity of the transition from a spin-polarized to a non-spin-polarized
impurity state, the local moment varies as [23]

My, = Mo(l — ﬁ/ﬁc)lﬁ- (15)

This expression is very similar to the result of the Landau theory for second-order phase
transitions and also applies for jellium densities far away from the critical point (see
figure 1).

Table 1 shows the calculated local moments of 3d impurities diluted in Cu and Ag,
together with the results of first-principles calcalations by the Korringa-Kohn-Rostoker
(KKR) Green'’s function method [7, 8], which are in good agreement with the available
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Figure 1, Local moments of 3d impurities in jellium (circles}. The dotted curve shows the
result of the interpolation formula (15). The vertical lines on the abscissa correspond to the
jellium densities of (from left to right): Cs, Rb, K, Na, L1, Ag and Cu. Note that elements
with large 5/0, are not shown in the figure,

experimental data. The agreement between KKR and jellium results is in general satis-
factory. However, as can be seen from tabie 1, our calculation overestimates the local
moment of the early 3d impurities, whereas the moment of the late 3d elements is
somewhat underestimated. This can be explained as follows: in a realistic electronic
structure calculation the hybridization between the Jow-lying host 3d and the impurity
3d states repels the impurity d states to higher energies. As a result, for animpurity with
aless than half-filled d shell, the local density of states at Er decreases. This finally leads
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Figure 2, Critica] densities of jellium host, 7, below which each substitutional 3d impurity
becomes magnetic.

Table 1, Calculated local moments (in gep) of 3d substitutional impurities in Cu and Ag.

Impurity S¢ Ti Y Ct Mn Fe Co Ni

Cubost Ourwork 000 000 258 3.52 3,32 219 0.00 0.00

(7 0.00 0.00 144 3.06 323 230 000 0.00
8] 0.00 0.00 128 3.09 344 255 096 0.00
Aghost Ourwork 0.00 1.87 3.33 428 410 2.85 137 0.00
il 0.00 135 295 411 406 294 158 0.00

to a smaller magnetic moment (according to criterion (14)) than obtained in the results
of a jellium calculation, where the low-lying host 3d states are neglected. Similarly in
our calculation, for an impurity with a more than half-filled d shell, the lack of host d-
impurity d hybridization leads to an underestimation of the impurity moment,

In late alkali hosts, the transition metal impurities exhibit an almost atomic behav-
iour. In the case of Fe impurity, the calculated spin-moment grows from 3pg (in the Li
host) to 3.5up (in the Cs host). These values are somewhat higher than those calculated
by McHenry et af [12]. The Fe moment in the targest (27-atom) cluster considered by
them grows from 2.12ug (in the Lihost) to 3. 12y (in the Rbhost). Thisslight discrepancy
is presumably due to the finite size of the cluster used in their calculations. Our value
for the Fe impurity moment in Iate alkali metal hosts corresponds to a non-integral
spin § = 1.75, in satisfactory agreement with the experimental finding for strong 3d
magnetism of Fe in K, Rb and Cs. The calculated magnitude of the spin is consistent
with the value § = 2 resuiting from the ionic type analysis of Riegel ez al [9] for the 3d®
configuration in spin—-orbit coupling with the ground state J = 4.

Experimental data are also available for Ni impurities in alkali metals [11]. Our
results confirm the experimental finding that Ni in Li is non-magnetic. For Niin the late
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alkali metals: K, Rb and Cs we calculate local moments ranged from 0.82u5 to 0.92ug.
These values correspond to a non-integral spin ranging from 0.41 to 0.46, in good
agreement with the fully localized spin—orbit-coupled 3d° configuration (S =4, L = 2,
J = 3) reported from experiment [11]. In the Na host it was found that the magnetic
behaviour deviates drastically from that of the pure ionic configuration, and this is
consistent with our calculation that vields a local impurity moment of 0.32u5.

4, Conclusion

We studied the formation of local spin-moments of 3d substitutional impurities in
noble and alkali-metal hosts by performing self-consistent, local spin density functional
calculations for all the 3d elements embedded in jellium. By continuously varying the
jellium electron density we investigated the behaviour of the magnetic moment in the
vicinity of the transition from a spin-polarized to a non-spin-polarized solution, without
any adjustable parameter.

The calculated impurity moments in noble-metal hosts are in satisfactory agreement
with the results of first-principles calculations and experimental data. As we go to lower
jellium densities, the host-impurity d hybridization becomes weaker and the magnetic
moment increases. In the late alkali-metal hosts the impurities exhibit atomic behaviour
and our results are in good agreement with the experimental findings. However, in order
to discuss orbital contributions to magnetism, which become important close to the
atomic limit, the orbital degeneracy which is inherent in the local spin density approxi-
mation used in our calculations, must be removed. This can be achieved by using seli-
interaction corrections for instance [24].
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