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Local perturbation and induced magnetization originating from 3d impurities in Pd
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We present an analysis of the electronic structure of 3d transition-metal impurities in Pd. Spin-
polarized as well as nonmagnetic self-consistent calculations of Cr, Mn, Fe, Co, and Ni in Pd were
performed by means of the Korringa-Kohn-Rostoker Green's-function method, and parametrized
in terms of a generalized Clogston-Wolff impurity model. This ansatz allows us to discuss the phys-
ics involved in terms of a localization of the 3d wave function at the impurity site and the relative
positions of the perturbing potentials, which, except for Fe and Co majority-spin states, are repul-
sive. We find good agreement between the screening charges calculated by the ab initio formalism
and those following from the generalized Clogston-Wolff model. This agreement forms the basis for
an interpretation of the ferromagnetic or antiferromagnetic interaction with the host, which is
caused by the spin-dependent covalent admixture. The linear relation between the relative induced
moment in the host and the band filling, which appeared in previous results, can be explained in

terms of Clogston-Wolff model parameters.

I. INTRODUCTION

Scientific interest in Pd-based dilute alloys has existed
ever since the first experimental indications of a giant
magnetic moment at the impurity site. Presently, it is
known that 3d transition-metal impurities in Pd induce a
strong magnetic polarization in the surrounding host
atoms (see Ref. 2, and references therein). The polariza-
tion cloud extends spatially over up to 10 shells of Pd
atoms, and represents a giant magnetic moment, associ-
ated with the impurity atom, as large as 8pz for Mn,
12.6pz for Fe, and 10.8pz for Co. An approximately
linear relation between the impurity concentration and
the Curie temperature of the dilute alloys PdFe and
PdCo, which both order ferromagnetically, has been
demonstrated. Deviations from this relatively simple
magnetic behavior have been observed for the other sys-
tems. PdMn, for example, is a spin-glass at higher impur-
ity concentration () 5 at. % Mn), i.e., when the 3d-3d in-
teraction becomes significant. PdNi loses its ability to
order ferromagnetically at a critical impurity concentra-
tion of 2.4 at. %. Below this limit local spin-fluctuations
or Kondo anomalies determine the magnetic properties
of the system. Results of magnetic susceptibility mea-
surements on dilute PdCr, finally, seem compatible with
an antiferromagnetic interaction between the impurity
and surrounding host atoms.

A first theoretical account of the magnetic behavior of
Fe impurities in 4d transition metals was given by
Clogston and Wolff on the basis of a tight-binding impur-
ity model. ' They concluded that the occurrence of gi-
ant magnetic moments in Pd-based dilute alloys is related
to the anomalously large magnetic susceptibility of metal-
lic Pd. A more detailed analysis of the magnetic interac-

tion in a system consisting of a 3d impurity in Pd was
performed by Moriya. By comparing both the Anderson
impurity Hamiltonian' and the Clogston-Wolff (CW)
model, he analyzed the covalent interaction between im-

purity and surrounding host sites. Covalent admixture, if
spin-polarized, is the cause of an induced magnetic mo-
ment. A very reasonable estimate of the induced magnet-
ic moment on the Pd lattice, and thus of the total giant
magnetic moment attributed to the 3d impurity, could be
obtained by taking into account the magnetic susceptibil-
ity enhancement of the host. This is given as

x =
1 In (E~)—

where I is an effective exchange integral and n(EF ) is the
density of states (DOS) at the Fermi level. Moreover, it
was concluded that, because of the covalent interaction,
Cr induces a negative magnetic polarization in the sur-
rounding Pd sites. The self-consistent calculations of 3d
impurities in Pd in the Korringa-Kohn-Rostoker (KKR)
Green's-function formalism"' by Oswald, Zeller, and
Dederichs' ' confirmed these early, semiquantitative
conclusions.

The Clogston-Wolff model and related impurity
schemes (see, e.g. , Refs. 15 and 16) proved to be very suc-
cessful in the theoretical treatment of the behavior of
transition-metal impurities in d-band metals, although
these models do not differentiate between host-host and
impurity-host hybridization matrix elements. This
shortcoming was removed by the formulation of a gen-
eralized version of the original CW model (see Refs. 17
and 18). In addition to the parameter b, , which treats the
(attractive or repulsive) impurity potential, a parameter a
expressing a contraction or expansion of the wave func-
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tion around the localized perturbation was incorporated.
In a recent study we have demonstrated that this general-
ized CW impurity model can reproduce the local density
of states (LDOS) at a Z + 1 impurity site in full detail. '

The exceptional treatment of the impurity-host interac-
tion by means of the parameter u proved to be crucial for
the performance of the model in case of the d states.

In this study we will show that the parametrization of
the self-consistently calculated local electronic structure
of an impurity atom by means of the generalized CW im-
purity Hamiltonian also works in case of magnetic im-
purities in Pd, and, in general, for impurities other than
of the Z + 1 type (in which case perturbations are expect-
ed to be relatively small). We will investigate the con-
traction of the 3d wave function around the impurity
atom and derive the effective potentials for the magnetic
and nonmagnetic 3d impurities in Pd. In particular we
will explain how the antiferromagnetic impurity-host in-
teraction in PdCr can be understood in terms of the co-
valent interaction between impurity and host (cf. Ref. 19).
In the conclusion to this study we will indicate how this
analysis can be applied to the interpretation of experi-
mental data from high-energy spectroscopy.

goo(~)
Goo (E):

a —goo(e) [(a —1)(z —s, )+I( n ) +Do]

where z=+Ei0 and a=~+1. The effective level of the
host band is given by E„and goo(s) is the on-site unper-
turbed host Cireen's function. The exchange splitting is
given as

6„=6)—6) =EM, (4)

+r(n .)+a,]]) .

An effective parameter 0, is derived from the self-
consistently calculated on-site perturbed and unperturbed
Green's function, Goo(E) and goo(E), respectively, by
means of the relation

where M = (n t ) —( n 1 ) is the (spin only) local magnetic
moment. The total displaced charge, or screening
charge, is per spin direction given as

bZ = ——Im(ln(a —goo(ez)[(a —1)(E+—E, )
1

II. ANALYSIS OF THE SELF-CONSISTENT
CALCULATIONS

1

Goo(c. )
=a (c.)Im

1

goo(E)

The application of the nonmagnetic generalized
Clogston-Wolff impurity model to the parametrization of
the self-consistently computed LDOS at a Z + 1 impurity
site has been described elsewhere. ' We refer to this
study for additional details. To apply this model to a
magnetic impurity (in a nonmagnetic host), we here give
its Hartree-Fock (HF) version. The single-band Hamil-
tonian for a substitutional impurity at the origin is given
by

g t,~a, a& +&oao ao
o j, l

+r & (t„a,.a,.+t,oa,.ao. ) +Ino, no& ~

j&0

where t
&

is the transfer integral between site j and h, a
is the annihilation operator associated with site j and spin
o, and Ao is a (attractive or repulsive) potential, which
characterizes the impurity state. Anticipating the results
of our parametrization we will omit the additional com-
plication of a spin-dependent alteration ~ of the
impurity-host interaction. The parameter I represents a
repulsion of opposite-spin electrons and will in the fol-
lowing be interpreted as an effective exchange parameter.
In the HF approximation we replace the interaction term
Inot not by I ( no& ) no~ +Ino& ( no& ), which splits the
above Hamiltonian in a single-particle problem for both
majority- and minority-spin states. In analogy with the
nonmagnetic situation the local Careen's function is ex-
pressed as

which follows from Eq. (3). Equation (6) allows us to
determine the energy dependence of e and thus to check
the applicability of the model Hamiltonian, which
presupposes a constant n. The parameter 6 is estimated
by a least-squares fit of the model calculation to the self-
consistent result. As explained before, ' the number of
states in the band is chosen to agree with the orbital de-
generacy. Our analysis refers mainly to the d-e and
d t2 states. States o-ff symmetry were also incorporated
in the ab initio calculations.

The phase shift at the Fermi level is within the formal-
ism of the single-band CW model given as

Goo!(EF )
5((c,~)=Im ln

gool( EF )

and can therefore be directly determined from the local
Green's functions that are obtained from the KKR
Green's-function impurity formalism. In the self-
consistent calculation free Aow of charge was allowed
within four shells of neighboring host atoms, i.e., within a
cluster consisting of 55 atoms.

III. RESULTS

Figure 1 shows the calculated spin-polarized total
LDOS for Cr, Mn, Fe, Co, and Ni in Pd. The distribu-
tion of states is dominated by the 3d partial DOS. The
majority-spin states always hybridize with the host 4d
band, but the shape of the minority-spin states varies con-
siderably across the series. For Cr, Mn, and to a lesser
extent for Fe, Co these states -are largely pushed across
the Fermi level because of the exchange splitting. Most
minority-spin weight is therefore located in a virtual
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Fig. 1.
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bound state (VBS), split off from the Pd 4d band. The
nonmagnetic calculations are shown in Fig. 2. The distri-
bution of states clearly indicates the increasing repulsive
potential from Ni to Cr. The 3d LDOS is now always
strongly peaked at the top of the 4d band and character-
ized by a relatively large DOS at the Fermi level. Note
that this, in general, is a condition for the existence of a
magnetic state.

The strong peak splitting, which is observed in the Cr
majority-spin states, in the Fe, Co minority-spin states,
and in the nonmagnetic calculations for Cr, Mn, and Fe,
is a ligand-field (or crystal-field) splitting, and will be dis-
cussed in more detail in connection with our treatment of
the d states in Sec. III B.

In the following we will shortly discuss the s and p
states (Sec. III A), while the remainder of this section will
deal with the d states, which lie at the root of the magnet-
ic behavior.

A. The s and p states

An important approximation in the single-band gen-
eralized CW model is the neglect of the rehybridization
effects (or the redistribution of states) on nearest neigh-
bors, which is caused by the fact that the model is sepa-
rately applied to each symmetry in accordance with the
irreducible representation of the local point group. The
multiple of interactions is in each case approximated by
the single, constant parameter a. Within the model a
spin polarization should only occur for the d states,
which show an appreciable exchange effect, but not for s
and p states. To illustrate this point we show in Fig. 3 the
partial LDOS of the s and p states for magnetic Fe in Pd.
Only a small magnetic polarization, which is caused by
the interaction with surrounding, magnetically polarized
Pd sites, is observed. Note that the induced hybridiza-
tion gap in the s and p states is caused by interaction with
the Pd 4d band, as for sp impurities in transition metals
(cf. Ref. 12), and that no interaction with the spin-
polarized Fe 3d states is apparent.

Cr
Mn
Fe
Co
Ni

0.089
0.186
0.290
0.312
0.305

0.065
0.086
0.064
0.034
0.011

Table I lists the local transfer of sp charge b.Q, into
the impurity Wigner-Seitz cell and the contributions to
the local magnetic moments associated with the s and p
states. This table indicates to what degree the s and p
channels contribute to the screening of the perturbation.
In the following we will mostly disregard these contribu-
tions.

B. The d states

Figure 4 shows the spin-split and symmetry-split d
states for magnetic Fe in Pd in more detail. The
majority-spin states are distributed over the lower part of
the 4d band, which results in a very small majority-spin
DOS at the Fermi level. The minority-spin partial LDOS
is dominated by the split-off state at approximately 0.6 eV
above the Fermi level, which carries the main part of the
minority-spin 3d weight. As observed in the figure, the
peak splitting in the minority-spin states is caused by the
slightly different effect of the covalent interaction of the
e and tz states with the Pd d band, and can therefore be
interpreted as a ligand-field splitting. Also the double-
peak structures in the Co minority-spin states and the
nonmagnetic results for Cr and Mn in Pd (Figs. 1 and 2)
have the same origin. Table II lists the occupancy of the
d states for the magnetic and nonmagnetic case, and the
contribution of the d states to the local magnetic mo-

TABLE I. Local change in number electrons b, Q, and the
contribution to the local magnetic moment M,~ due to states of
s and p symmetry for 3d impurities in Pd. The partial occupan-
cy of the host s and p states is X,„=1.108.
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line) symmetry as resulting from the spin-polarized calculation
for Fe in Pd.

FIG. 4. The spin-polarized LDOS of d-t2~ (solid lines) and
d-e~ (dotted lines) states for magnetic Fe in Pd.
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Cr
Mn
Fe
Co
Ni

N

4.480
5.422
6.407
7.544
8.691

2.950
3.980
3.383
2.254
0.931

Nd ~m

4.488
5.544
6.618
7.692
8.754

TABLE II. The local occupancy Nd and the on-site magnetic
moment Mo associated with the d states of 3d impurities in Pd.
In addition the d count which results from the nonmagnetic cal-
culation (Nd „)is given. The host d occupancy is 8.737.

w 3

V)
UJ

Ch

v) &

C)
O

0

0.9

ments. Note that the total number of d electrons in the
nonmagnetic case is only slightly larger than for the mag-
netic impurities. The 3d majority-spin levels of Mn, Fe,
Co, and Ni in Pd are practically filled. The values in
Table II differ slightly from the results of earlier calcula-
tions, using the KKR Green's-function formalism, by
Oswald, Zeller, and Dederichs. ' ' In the latter calcula-
tion only states with l ~ 2 were incorporated, and the per-
turbed cluster consisted of 42 neighboring Pd atoms.

The Pd 4d band, which serves as the starting point of
the CW approach is shown in the upper panel of Fig. 5.
To illustrate the deviation of the effective parameter a
from the constant model value we show in the lower
panel of this figure the fiuctuations a(E) over the energy
range of the Pd d band for the e majority-spin states, us-
ing Eq. (6). We observe rapid fiuctuations, most pro-
nounced for Fe in Pd. These fluctuations appear relative-
ly large as compared to the case of Z + 1 impurities, ' but
are practically absent for the minority-spin states. As
shown in the figure, for the Fe e minority-spin states
only a smooth energy dependence is seen. An effective
value for a has been derived by averaging a(s) over the
energy range of the 4d band. Since for each impurity
species the effective a parameters found for the eg and t2g
states in magnetic and nonmagnetic calculations agree
within +2.5%, we conclude that a single value of o. is
sufficient to take into account the renormalization of the
interaction of the impurity d states with the host. This
result suggests that the interaction of the 3d states with
the surrounding Pd host states only depends on the iden-
tity of the impurity. Note that, although n is only a scal-
ing factor, the foregoing conclusion is justified because
the parameter is in each case derived on the basis of the
Green's function of the host 4d states. The effective
values of the parameter a are listed in Table III and

0.8

0.7

0.6-

3 -2
E- EF (eV}

FIG. 5. Upper panel: Pd 4d band (solid line) and symmetry-
projected states (t,g states, dashed line; e~ states, dashed-dotted
line). Lower panel: energy dependence of the a parameter for
the eg majority-spin DOS of 3d impurities in Pd (solid lines).
For Fe in Pd, also the energy dependence of the o, parameter for
the eg minority-spin states is shown (dashed line).

shown in Fig. 6. A gradually decreasing renormalization
of the impurity-host interaction from Cr to Ni is ob-
served.

Also listed in Table III are the values of the potential
4, obtained by fitting the model calculation to the self-
consistent results. The relation between these values is
indicated more clearly in Fig. 7. The values of 6 prove to
be equal (within an inaccuracy of +50 meV) for states of
eg and t2g symmetry, in line with the results for the Z + I
impurities. ' Note that the large peak splittings,
identified as ligand-field effects, are caused by the
difference in shape of the unperturbed e and t2 bands
(and not by differences in potential). The potentials we

TABLE III. The local CVr" parameters o;, A~, A~ and A„(from the nonmagnetic calculation) for the
d states of 3d impurities in Pd. Potentials are given in eV. In addition listed is the effective Stoner pa-
rameter I (in eV).

Cr
Mn
Fe
Co
Ni

0.83
0.79
0.75
0.70
0.65

1.59
1.39
1.25
1.16
1.00

0.98
0.04

—1.06
—0.64

0.29

3.47
3.49
1.99
1.45
1.17

0.84
0.87
0.90
0.93
0.94
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FIG, 6. The effective parameter a for the 3d impurities in Pd.
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find are repulsive, except for the majority-spin states of
the Fe and Co impurities, which are characterized by
their strong magnetism. The cause of this is the relative-
ly large exchange splitting. The effective potentials of the
d states are for the 3d transition-metal impurities, in fact,
repulsive, as is apparent from the values of 6 in the non-
magnetic state. This is expected, since the 3d transition
metals are all (including Ni) more or less electropositive
with respect to Pd. The eff'ective Stoner parameter I in
the CW model follows directly from the potentials by
means of Eq. (4). These values are listed also in Table III.

By means of the parameters a and 6, as listed in Table
III, we could obtain excellent fits to the self-consistent
calculations. The agreement we found was as good as for
the Z +1 impurities. ' Interesting therefore is the physi-
cal meaning of the parameters which the CW model
prescribes. We will deal with this question in the next
section.

Table IV lists the screening charges associated with the
d states as calculated within the formalism of the KKR
Green's-function method. The values result from sum-

ming the contributions of the e and t2 states, which
were obtained from the generalized phase shifts calculat-
ed by Lloyd's relation. " The table, in addition, presents
the total displaced charge obtained from the CW model
using Eq. (7) separately for the e~ and t2 states. The
screening charges from the self-consistent calculations

FIG. 7. The CW potentials for the d states of 3d impurities in
Pd. The values refer to the magnetic (triangles, majority-spin
states, diamonds, minority-spin states) and nonmagnetic state
(dots).

show that the Friedel sum rule is in general poorly
obeyed. This seems at first surprising considering the
fact that a relatively large cluster of 55 atoms participates
in the redistribution of charge. That the total displaced
charge for magnetic Mn, b,Z = —3.053 (not considering
the small contributions of states of s, p and f symmetry),
is more or less correctly reproduced appears accidental.
Comparison of the values in Table IV shows furthermore
the generally very good agreement between the screening
charges from the self-consistent calculation and the dis-
placed charges that follow by application of the CW
model.

The difference between the total displaced charge for
majority- and minority-spin states gives the total magne-
tization of the impurity system (listed as M„, in Table
IV), which consists of the local impurity contribution and
the induced magnetization.

IV. DISCUSSION

In this discussion we first comment on the meaning of
the local parameters that have resulted from the parame-
trization of the self-consistent impurity-in-solid computa-

TABLE IV. The screening charges for the d states of the 3d impurities in Pd, calculated for the CW
model using Eq. (5), and by the KKR Green's- function (GF) formalism. M„,=AZt —AZ$ represents
the total magnetization of the impurity system. The displaced charges in the nonmagnetic case AZ„
are also presented.

Cr
Mn
Fe
Co
Ni

AZ„
—5.644
—4.614
—3.206
—1.634
—0.062

KKR GF
AZ)

—1.249
0.692
1.131
1.201
0.920

AZ)
—3.508
—3.745
—3.527
—2.754
—0.981

2.259
4.437
4.658
3.955
1.901

AZ„
—6.08
—5.04
—3.56
—1.88
—0.08

CW
AZ)
—1.28

0.65
0.93
0.93
0.79

model
AZ)
—3.65
—3.65
—3.39
—2.62
—0.89

2.37
4.30
4.32
3.55
1.68
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tions. Then, in a separate section, we apply the CW mod-
el formalism to an interpretation of the induced magneti-
zation.

A. The local parameters

The values of the parameter a that have resulted from
the parametrization (as shown in Fig. 6 and listed in
Table III) clearly indicate an increasing reduction of the
impurity-host interaction with increasing 3d atom num-
ber. We interpret this at least partly as an indication of
the progressive contraction of the 3d wave function (with
respect to the 4d wave function) when substituting a 3d
impurity for a Pd atom.

The typical arrangement of the CW potentials, which
appears from Fig. 7, can be illustrated more clearly by
means of Fig. 8. The solid line in this figure shows the
typical relation between the potential 6 and the local
charge transfer EQ, which follows from the formalism of
the CW impurity model. The local charge transfer is
defined as the difference between the local occupancies in
the perturbed and the unperturbed situation and can, al-
ternatively, be interpreted as the charge transferred into
the impurity Wigner-Seitz cell after switching on the per-
turbation. The curve, which can be computed on the
basis of Eq. (3), is shown here for the Pd d band with
a=0.75, although its characteristic sigmoid shape has a
more general origin and is related to the limited range of
values for b, Q. This quantity may range from a max-
imum (completely filled band) for infinitely large attrac-
tive potential to a minimum (completely empty band) for
infinitely large repulsive potential.

We have marked in Fig. 8 the values of the potentials

that are associated with the magnetic and nonmagnetic
calculation for Fe in Pd (Table II). Note that, because of
the small difference between d counts in the magnetic and
nonmagnetic state, the local charge transfer in the non-
magnetic case can be considered as the average of the lo-
cal charge transfer for the majority- and minority-spin
states. We therefore observe, that a local screening con-
dition, which tends to keep the total number of d elec-
trons at a transition-metal site constant, irrespective of
chemical environment or magnetic state, explains the rel-
ative arrangement of the CW potentials given in Fig. 7.
The data for Ni are concentrated in the left portion of the
sigmoid, while the repulsive potentials for Cr in Pd are
positioned in the right half. Note furthermore that the
main effect of increasing the parameter a is a shift of the
curve towards smaller values of A.

The effective Stoner parameters, which are listed in
Table III, follow in Fig. 8 directly from the slope of the
line connecting the points on the curve that are associat-
ed with the majority- and minority-spin states. The
values of these parameters show agreement with the ear-
lier theoretical estimates of the exchange integrals for the
pure metals. ' In particular, the expected increase of
the parameter I from Cr to Ni is correctly reproduced.

Figure 8, finally, also shows the relation between the
potential and the screening charge AZ, as derived from
Eq. (5). Again, as for the local charge transfer, a sigmoid
curve is observed, which can be understood from the two
limiting cases for large positive or negative potential.
These limiting values are in terms of phase shifts given as

Im[gpp~(Ey )]
5&(eF ) =arctan

Re gooI EF

Qnm

O

-4-

o:= 0.75

with an optional addition or subtraction of ~. The
difference between both limiting values is, just as for the
local charge transfer b, Q, equal to the number of states in
the band (5 in case of the Pd d band). Otherwise, these
values mainly depend on the position of the Fermi level
in the band. Figure 8 therefore also illustrates in some
more detail the concept of local underscreening for im-
purities in Pd, which can be expressed by the general re-
lation ~b,Z~ ) ~b, Q~. Only for a rather large repulsive po-
tential (in the present study for the Cr minority-spin
states) does the opposite occur. The effect of local under-
screening as opposed to overscreening is caused by the
fact that the Pd 4d band is nearly filled. ' Note, finally,
that because of the reduced value of the parameter a a
repulsi ve potential can be associated with a positive
screening charge.

-2 t 3
AfFl l g ( y)

FIG. g. The local charge transfer b, Q (solid line) and the
screening charge AZ (dashed line) as a function of the potential
5 for the Pd d states in case a=0.75. The values of the poten-
tials and the local charge transfer hQ for the specific case of
magnetic and nonmagnetic Fe in Pd are indicated. The slope of
the line intersecting the solid curve at the points associated with
the Fe majority- and minority-spin states determines the value
of the Stoner parameter I.

B. Induced magnetism

To investigate the impurity-host interaction and the
magnetic polarization of the host in more detail we show
in Fig. 9 the relation between the phase shift at the Fermi
level for the Pd d —t2 states and the occupancy of the
level. These curves were calculated by varying the pa-
rameter 6 while keeping the parameter a fixed. It is im-
portant to note that the curves do not show large
differences for different values of o:, as is indicated by
means of two examples (for a=0. 85 and 0.65) in Fig. 9.
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FIG. 9. The phase shift 6, (cF) and the screening charge
2g

AZ, (dashed lines) as a function of the occupancy of the Pd
2g

d-t2g level for a=0.85 and 0.65. The dots indicate the phase
shifts for the magnetic and nonmagnetic 3d impurities in Pd us-

ing Eq. (7). The triangles indicate the limiting phase shifts for
infinitely large repulsive or attractive potential.

FIG 10. The screening charges associated with the d states of
the magnetic and nonmagnetic 3d impurities in Pd as a function
of the occupancy of the d level. Dots refer to the CW model
analysis (hZ in Table IV), while the triangles indicate, where
sufficiently at difFerence, the results from the self-consistent cal-
culation (AZ„ in Table IV). The parabolic fit to the dots is
given as AZd =0.237Nd —0.232Nd —3.650.

In particular for limiting infinitely large repulsive or at-
tractive potentials the curves can be extrapolated to the
extrema (indicated by triangles in Fig. 9) given by Eq. (8).
Note that these extreme screening conditions are only
determined by the value of the unperturbed on-site
Green's function at the Fermi level.

Also indicated in Fig. 9 are the values of the phase
shifts, calculated by means of Eq. (7), for the magnetic
and nonmagnetic 3d impurities in Pd. We note that these
values (dots in Fig. 9) are positioned along the calculated
curves. The purport of this is that the real part of the
Green's function from the ab initio calculation difIers
only slightly from the real part obtained by the
Kramers-Kronig relation. In practice, this must be con-
sidered as a justification for the fact that we assume the
t2 band to consist of exactly three states. We may thus,
as indicated in the figure, convert the phase-shift scale to
a screening-charge scale in the spirit of Friedel s assump-
tion. A similar argument applies to the d —e states.

Figure 10 shows a plot, comparable to Fig. 9, of the to-
tal displaced charges for d states (listed in Table IV).
Again, we observe that the screening charges calculated
by means of Eq. (7) (dots in Fig. 10), are located along a
smooth curve, which in the figure is represented as a par-
abola. The triangles in Fig. 10 represent the screening
charges derived from the self-consistent formalism. It is
now observed that the generally good agreement between
the displaced charges from both formalisms derives from
the surprising fact that both sets of data follow approxi-
mately similar curves.

In the preceding section it has been shown how an un-
derstanding of the local electronic structure of the 3d im-
purities in Pd can be obtained from the trends in the
values of the local parameters 0. and A. Because the CW
model in addition predicts the correct values of the dis-

AZd —O'Nd +bNd +c

we find

(9)

Mp

AZ) —AZ) —1=aNd+b —1,
N

(10)

where Nd now indicates the total number of on-site d
electrons. The linear relation between the relative in-
duced polarization and the local d count is therefore
directly related to the approximately parabolic relation
between screening charge and local d count, which fol-
lows from our treatment in terms of a generalized CW
model. That the slope of both lines in Fig. 11 difFers fol-

placed charges, we may now also attempt to obtain in-
sight in the screening mechanism on the basis of the fun-
damental picture of the covalent interaction between im-
purity and host that is provided by the generalized CW
model.

A measure of the magnetic polarization of the host by
the impurity can be given by the ratio M, d/Mp where

M;„d =M„,—Mp is the induced magnetic polarization in
the host. This ratio is plotted in Fig. 11 as a function of d
occupancy at the impurity site. We consider here only
the total displaced d charge, derived from the CW model
analysis and from the self-consistent calculation; the
small contributions of s and p states are neglected. It is,
first of all, observed that the relative (not the absolute) in-
duced moment for Ni in Pd is largest, while Cr demon-
strates an antiferromagnetic interaction with the host. In
addition, we observe a relation which is close to linear.
This can be understood simply from the smooth relation
between the screening charge AZd and the local occupan-
cy Nd shown in Fig. 10. By representing this relation as
the parabola
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FIG. 11. The ratio of induced and local magnetic moment
M;„d/Mo as a function of the occupancy Nd for the 3d impuri-
ties in Pd. The solid line is given as M;„d/Mo =0.237Nd 1.232
and represents the best fit to the data calculated according to
the CW model (dots). The dashed line, given as

M;„d /Mo =0.302Nd —1.556, is obtained from the self-
consistently calculated screening charges (triangles).

lows from the slightly different parabolic fits to both sets
of data in Fig. 10.

A comparable linear relation has been reported by
Oswald, Zeller, and Dederichs' ' in a previous study of
the electronic structure of 3d impurities in Pd. Two im-
portant differences with the present analysis should be
noted.

First, in Refs. 13 and 14 the horizontal axis represent-
ed the valence difference between impurity and host,
ideally the screening charge. This scale is, however, easi-
ly replaced by a d electron scale, since the d count on suc-
cessive atoms differs approximately by one unit charge
(Table II).

Second, in Refs. 13 and 14 the relative induced mag-
netic moment was derived by considering the perturba-
tion on host atoms in the shells surrounding the impurity.
Since a linear dependence could be confirmed for each
shell of host atoms separately, it is expected to work also
for the total displaced charge.

Thus the earlier findings by Oswald, Zeller, and Deder-
ichs' ' and our present results have the same physical
background.

We therefore conclude that the linear relation between
the relative induced moment and the band filling, which
follows from the present analysis and has been reported
in previous studies' '' (see also Ref. 23, where a similar
effect is observed in relation to induced moments in sur-
face layers) can be fully explained in terms of a quasipara-
bolic relation between screening charge and band filling.
This relation follows from an analysis of the covalent in-

teraction between impurity and host in terms of the gen-
eralized CW impurity model.

The more general physical meaning of the straight line
given in Fig. 11 follows from the fact that it represents
the derivative of the curve presented in Fig. 10. Closer
inspection of Fig. 11 reveals the reversal from a ferro-
magnetic to an antiferromagnetic interaction with the
host at half band filling (Xd =5). The reason for this be-
comes clear if one takes into account the fact that the
quasiparabolic curve in Fig 10 is displayed within a
square made up of the total number of states in the band
and the total range of the screening charge. Equation (9)
therefore leads to the relation b =1—Sa from which the
necessary reversal from negative to positive magnetic po-
larization of the host follows at exactly Nd=5. This
statement can be understood within a more general
theoretical framework concerning the type of magnetic
interaction between impurity and host. It is valid as
long as the description of the relation between band
filling and screening charge by means of a parabolic curve
is appropriate. We remark that this description breaks
down for a nearly empty band, in which case again fer-
romagnetic interaction is favored.

As concluded before, the calculated local and induced
magnetic moments appear to agree quite well with exper-
imental results. ' On the other hand, the total displaced
charge is considerably at odds with Friedel's sum rule
(Table IV). Inspection of the relation between screening
charge and band filling that was found in our analysis (see
Fig. 10), for example, reveals that it hardly seems possible
to satisfy a local screening condition and the Friedel sum
rule simultaneously. A further analysis of this point
seems appropriate.

V. FINAL REMARKS

For the magnetic 3d impurities in Pd, we have shown
that the formalism of the generalized CW impurity model
works we11 in the parametrization of the electronic struc-
ture of an impurity system and provides a more precise
picture of the physical background that determines the
interaction between impurity and host. Our approach
has demonstrated the following.

First, the decreasing impurity-host interaction in the
3d row from Cr to Ni, which is considered to indicate a
contraction of the 3d wave function.

Second, the trend in the values of the majority- and
minority-spin potentials, which can be explained from a
local screening condition.

Third, that the relative magnitude of the induced mo-
ment of the Pd host, which is caused by covalent admix-
ture, depends linearly on the band filling. The reversal
from antiferr orna gnetic to ferromagnetic interaction
occurs at half band filling.

In addition, this approach has shown that a correct
description of the VBS follows within the generalized CW
formalism from a renormalized impurity-host interaction.
Although a d-type VBS is commonly treated in terms of
an Anderson impurity Hamiltonian, ' in which case the
s-d hybridization is the crucial parameter determining
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the width of the VBS, we see that within the formalism of
the generalized CW model this role has successfully been
taken over by the parameter n.

The parametrization not only provides a physical in-
sight in the electronic structure associated with a local-
ized perturbation, but its results can also be applied to,
for instance, the interpretation of data from high-energy
spectroscopy. ' ' The photoemission investigation of the
electronic structure of transition-metal impurities in the
noble metals Cu, Ag, and Au by van der Marel and co-
workers' ' has demonstrated that the energy depen-
dence of matrix elements, as well as lattice relaxation,
which occurs when embedding an impurity atom with
different atomic radius, are major causes for disagree-
ments observed between experimental spectra and first-

, principle calculations. It has been demonstrated by these
authors, that both the matrix elements and the effect of
lattice relaxation can be approximated by means of
Green's-function techniques. Lattice relaxation, for ex-
ample, which only with considerable effort can be imple-
mented in a self-consistent impurity calculation, can be

traced back to a change in the impurity-host interaction,
and therefore to an adjustment of the value of the param-

17,28

The generalized CW model scheme provides this possi-
bility to manipulate the parameters and to perform a
magnetic calculation under prechosen conditions in a
more or less self-consistent way, given the Stoner parame-
ter I. The present analysis has therefore also offered a
few basic tools that could lead to a more detailed under-
standing of the valence-band photoemission spectra of
the Pd-based dilute Fe, Co, and Ni alloys.
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