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Charge and magnetization perturbations around impurities in nickel
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We report about self-consistent calculations for dilute Ni alloys, which are based on density-
functional theory and the Korringa-Kohn-Rostoker Green's-function method. In particular, we cal-
culate the charge and magnetization perturbations for four shells of atoms around the impurity. Im-
purities of the 3d, 4d, and 4sp series are considered. Of central interest is the transition from strong
to weak ferromagnetism and the different screening mechanism in these alloys. We compare our re-
sults for the perturbations of the local moments as well as the change of the total moment with mag-
netization and neutron scattering data.

I. INTRODUCTION

Ferromagnetic alloys of nickel, cobalt, and iron show a
fascinating richness in their magnetic behavior. The total
moment of the metal can either increase or decrease upon
the addition of impurities. As far as the concentration
dependence of the magnetization is concerned, concentrat-
ed alloys show normally a very similar behavior as dilute
ones. By plotting the magnetization versus the electron-
to-atom ratio the Slater-Pauling curve' brings a remark-
able order into the experimental data. In the case of Ni-
based alloys, XiCo, NiFe, and dilute NiMn fall on the
main branch of the Slater-Pauling curve and are, accord-
ing to our present understanding, characterized by a filled
majority d band ("strong ferromagnets"). On the other
hand, Ni alloys with early transition-metal atoms such as
NiCr, NiV, etc. , show pronounced deviations from the
main branch of the Slater-Pauling curve which are due to
emptying of the majority band ("weak ferromagnets").

The work of Friedel, Kanamori, and Campbell and
Cxomes has lead to a basic understanding of the magnetic
behavior of these alloys. The essential point is that for
strong ferromagnets the majority band is full so that the
integrated density of states N (EF ) for majority spin does
not change due to the addition of an impurity, i.e.,
hN'(EF)=0. If bZ is the difference between impurity
and host atomic numbers, the total neutrality condition
b N '(EF ) + b,N '(EF ) = hZ implies that the moment of the
alloy changes for each impurity by

bM =b,N'(EF) b,N'(EF)= b,Z . — —

On the other hand, for the early transition-metal impuri-
ties, an empty impurity d state is located in the majority
band above the Fermi energy, so that bN'(EF)= —5.
Consequently, the moment changes by hM = —10—AZ.
Clearly these arguments are based on a tight-binding
model. Owing to the developments of density-functional
theory and sophisticated numerical techniques we are now
able to perform realistic ab initia calculations and we are
in a position to check the reliability of such models.

The case of dilute Ni and Co alloys is especially com-
plicated, since a long-range magnetization perturbation

exists around the early 3d impurities, as has been found in
neutron scattering experiments. This necessarily asks for
self-consistently calculating the charge and magnetization
disturbance of a large number of atoms around the impur-
ity. Owing to the development of the Korringa-Kohn-
Rostoker (KKR) Green's-function method, such large-
scale calculations have become feasible recently. This is
also important from another point of view. As has been
pointed out by Williams et al. ' the above arguments are
based on the Friedel sum rules for charge and magnetiza-
tion, i.e., on state counting. Thus it needs a very accurate
summation of the charge and magnetization density in the
whole space in order to calculate these quantities. Unfor-
tunately any argument based on local bonding and hy-
bridization is in danger of missing the simplicity ' '
brought about by these sum rules.

For metalloid impurities like Cu, Zn, Ga, . . . the ex-
periments show that the change of the total moment de-
creases with the valence of the impurity, "' i.e.,
b,M = —AZ, and that the range of the magnetization per-
turbation is similar to that of the early 3d impurities.
This behavior was originally understood on a rigid-band
basis, ' with the sp impurities giving away their valence
electrons in order to fill up the minority host band. How-
ever, this process is quite unrealistic since it requires enor-
mous charge transfer. Friedel and especially Terakura
and Kanamori' have shown that the sp impurities are
well screened locally by a state-conserving mechanism
and that the additional states required to achieve neutrali-
ty are gained by filling up the minority d band. In this
context it is most important that the hybridization be-
tween the impurity sp states and the Ni d states leads to a
hybridization minimum in the impurity density of states
close to. the Fermi energy, thus clearly separating the
lower lying and occupied bonding states from the higher
antibonding ones which are not populated. However, this
holds only for the early sp impurities. For more attractive
impurities new sp states are added below the Fermi energy
and provide the screening which leads to the transition to
weak ferromagnetism. Williams et al. ' have recently
pointed out the importance and generality of these two
difFerent screening processes for understanding ferromag-
netic metalloid alloys. Our paper is aimed at elucidating
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these mechanisms with present state-of-the-art methods
and to study the transition from d-state screening to sp-
state screening for third-row impurities. The present pa-
per completes two recent theoretical studies of dilute Ni
alloys. Zeller' has calculated the local moments of 3d
and 4d impurities, whereas Blugel et al. ' have given a
detailed discussion of the hyperfine fields.

II. THEORETICAL METHOD

Our calculational method is based on multiple scatter-
ing theory using the KKR Green's-function scheme. For
a lattice of muffin-tin potentials centered at positions R",
the Green's function can be expanded into eigensolutions
of these spherically symmetric local potentials' '

G(r+R", r'+R";E)= i&E—6„„gYt (r)Rp(r, E)Hp (r&,E)Yt (r ')+ g Yt (r)Rp (rE)Gtt. (E)Rp (r', E)Yt (r '), (1)
L L,L'

in Rydberg atomic units. The position vectors r, r' are re-
stricted to the Wigner-Seitz cell and r, r are the small-
er and larger of r =

~

r
~

and r'=
~

r' . The subscript
L =(l, m) denotes angular-momentum quantum numbers
and YL are real spherical harmonics. The irregular H&"

and regular RIn solutions of the radial Schrodinger equa-
tion for the nth muffin-tin potential at an energy E are
defined by their asymptotic behavior outside the muffin-
tin sphere of radius R MT.

HP (r, E)=hl(r&E ),
(2)

RP(r, E)=j,(r+E ) i v'Et( (—E)hl(rv E ), r &RMT

where jI,hl are the spherical Bessel and Hankel functions
and t&" is the usual t matrix for the nth single potential.

The information about the multiple scattering between
muffin tins is contained in the structural Green's-function
matrix GLL . It can be related to its counterpart for the
host crystal by an algebraic Dyson equation:

Gt.t. (E)= GPI,
" (E)

tion up to the host Fermi level EF using 64 complex ener-
gies z

p, (r+ R")= ——Im g dzG (r+ R",r+ R";z)

and by considering the core states as frozen. Here, the in-
dex o. stands for spin direction, allowing thus for spin po-
larization. The use of an improved iteration scheme ac-
celerates considerably the convergence of the self-
consistency iterations. The charge and magnetization dis-
tributions around the impurity are calculated directly
from the spin densities:

5g"= f dr[p'(r+R")+p'(r+R")], (5)
nth cell

5M"= f dr[p"(r+R") —p'(r+R")], (6)
nth cell

approximating the Wigner-Seitz cell by the atomic sphere.
On the other hand, the total displaced charge b,g is given
by the change b,N (EF ) of the integrated density of states
at the Fermi energy:

+ g Gtt" (E)[ti"- (E)—tP" (E)]GP."t (E),
n",L"

(3)

DQ =bN(EF)=bN'(EF)+AN'(EF),

which can be calculated by Lehmann's adaptation of
Lloyd's formula. '

where the 0 superscript refers to the host. This equation
describes correctly and in a very efficient way the embed-
ding of the defect into the ideal crystal. In our calcula-
tion the angular-momentum expansion in the Green's
functions includes s, p, and d electrons. The potentials on
the impurity [(000) site], the 12 first Ni nearest neighbors
[(110) shell], the 6 second Ni nearest neighbors [(200)
shell], the 24 third Ni nearest neighbors [(210) shell], and
the 12 fourth Ni nearest neighbors [(220) shell] are al-
lowed to respond self-consistently to the perturbation in-
duced by the impurity. The resulting 495&495 matrix
equation (3) is solved using group-theoretical methods. '

In this way the problem is reduced to the inversion of
smaller submatrices, the maximal size of which is 37)& 37.
The one-electron effective potentials of the 55-atom per-
turbed cluster are determined self-consistently in the
framework of density-functional theory. Exchange and
correlation effects are included through the local spin-
density approximation of von Barth and Hedin with the
constants as given by Moruzzi et al. '

The necessary charge density is obtained for the valence
states by complex energy integration of the Green's func-

AN (E)= ——Im Tr lnI [(t —t )
' —G ]t t '

I I~~ . (8)
1

bg = g bg"=EN(EF)=bZ,
n &cluster

(10)

AZ being the difference between impurity and host atomic
numbers. An equivalent sum rule also holds for the mag-
netization perturbation:

hM = g 6M"=
n H cluster

dM
dC c~O

Analogously, the change of the total moment EM induced
by the impurity is given by:

bM =EN'(EF) —bN'(EF) .

Ideally, if all the perturbed potentials could be taken into
account in the self-consistent calculation, the total dis-
placed charge, as well as the charge perturbation summed
over all the perturbed atoms, would satisfy exactly the
Friedel's screening rule, which expresses the total neutral-
ity of the crystal:
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where (dM/dc), o is the experimental change of satura-
tion spin magnetization M(c) in the dilute limit of zero
concentration c.

Since only potentials up to the fourth shell around the
impurity are allowed to be perturbed, equations (10) and
(11) are not satisfied exactly in our calculation. The devi-
ation of the calculated screening charge from the ideal
value AZ gives an indication of the error involved and of
the importance of including more perturbed shells. This
point is investigated in more detail in Sec. III B.
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1 ~ ~

K CaSc Ti V Cr As Se Br

III. RESULTS AND DISCUSSION

A. 3d impurities in Ni
(o

Table I lists the calculated charge and magnetization
perturbation around 3d and 4sp impurities in Ni, i.e., a11

impurities of the third row of the periodic table. b, Q
denotes the difference between the charge in the impurity
Wigner-Seitz sphere and the corresponding charge in pure
Ni. The quantities b,Q", n =1, . . . , 4 denote the charge
changes in the nth shell around the impurity, i.e., the
charge of a Ni atom in the nth shell multiplied with the
number of Ni atoms per shell, e.g. , 12 for n = 1.
AQ" =EQ '+ b, Q + . + b,Q is the total change of the
charge in the cluster of 55 atoms. This should be com-
pared with b, Q which has been calculated by using equa-
tions (7) and (g) and the self-consistent t matrices for four
shells. M' is the impurity moment and 5M" the change
of the moment of a Ni atom in the nth shell. These quan-
tities refer to the corresponding Wigner-Seitz spheres of
the atoms. hM" is the change of the moment in the clus-
ter of 55 atoms and AM is the total change of the moment
in the whole crystal as calculated by the Eqs. (g) and (9).

The close agreement between the quantities b, Q and
AM calculated by the Friedel sum and the changes bQ"
and hM" inside the cluster indicate that in a good ap-
proximation the perturbation is localized within the first
four shells around the impurities. Exceptions are K and
Br impurities, where the differences between b, Q and
hQ', XM and bM", respectively, seem to indicate even
longer-ranged perturbations.

We shall discuss in the paragraph our results for the 3d
impurities, whereas the results for sp impurities will be an-
alyzed in Sec. III D. For Co impurities the local moment
is about 1p~ larger than the Ni moment, for Fe impurities
it is about 2p~ larger. In both cases there is nearly no
charge and especially no magnetization disturbance on the
neighboring shells. Therefore the change MM of the total
moment (see Fig. 1) is determined by the impurity mo-
ment alone, so that approximately hM=—1 for Co and
EM=2 for Fe impurities. The physical reason for this
simple behavior is that the majority band is full, both in
pure Ni and in the NiCo and KiFe alloys. Figure 2 shows
the integrated densities of states at EF for both spin direc-
tions. It is seen that for Co and Fe and to some minor
degree also for Mn there is no change in the majority
band population [b,K'(EF)=0], so that the change hill
arises alone from the negative change of b,N '(EF ) which
due to charge neutrality results into AM = = —AZ.

As an example of these strong ferromagnets we show in
Fig. 3 the local density of states (LDOS) of an Fe impuri-

nf, a
I I I I I W 'r I I I I I I I I I I

ty. The majority band has practically the same shape and
position as the Ni majority band. The same is also true
for Co impurities' and is the result of two counteracting
effects. Compared to pure Ni, the electrostatic potential
on the Fe site is weakened which is however compensated
in the majority band by the increased exchange attraction

I I I I I I I I I I I I I I I

6

CL
Vl
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Vl 0
Ti V &Mn Co

T I I I I I

e - Ni Cu Zn GaGe As Se Bt
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FIG. 2. Changes AX'(EF) and hN'(EF) of the majority and
minority band populations for third-row impurities in Ni.

FIG. 1. Change bM =ldM/dc) ~, =0 of the magnetization of
dilute Ni alloys with third-row elements. The experimental data
are corrected for orbital contributions (see text), so that only spin
moments are compared. The references to the experimental data
(0) are: (a) F. Kajzar and G. Parette, Phys. Rev. B 20, 2002
(1979); (b) I. P. Gregory and D. E. Moody, J. Phys. F 5, 36
(1975); (c) W. S. Chan, K. Mitsuoka, H. Miyajima, and S. Chi-
kazumi, J. Phys. Soc. Jpn. 48, 822 (1980); (d) V. Marian, Ann.
Phys. (Paris) 7, 459 (1937); (e) Ref. 11; (P Ref. 25; (g) H. C. Van
Elst, B. Lubach, and G. J. Van den Berg, Physica 28, 1297
(1962); (h) M. J. Besnus, Y. Gottehrer, and G. Munschy, Phys.
Status Solidi B 49, 597 (1972); (i) R. ChifFey and T. J. Hicks,
Phys. Lett. 34A, 267 (1971); (j) M. F. Collins and G. G. Low,
Proc. Phys. Soc. London 86, 535 (1965); (k) Refs. 1 and 2; (l)
Ref. 12; (m) Ref. 26.
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FIG. 3. LDOS for both spin directions of an Fe impurity in

Ni.

since the local moment is larger by 2@~. Contrary to the
minority band both eA'ects superimpose on each other, ex-
pelling intensity into a sharp d peak to higher energies.
Thus the screening is only performed by the minority
electrons. Moreover, it is well localized in the impurity
cell. Figure 4 shows the changes b,N"(E) of the LDOS
summed over all 55 atoms in the first 4 shells. The
dashed line represents the change b,N (E) of the integrated
density of states, as obtained by the Friedel sum rule. For
the majority band the changes in the band are small and
canceling each other, so that AN'=0 at the upper band
edge. Contrary to the minority band we just lose the
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FIG. 4. Change An "(E) of the density of states within the
55-atom cluster (solid line) and integrated total change AN(E) in
the whole crystal (dotted line) for an Fe impurity in Ni.
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FIG. 5. LDOS of a V impurity in Ni.

missing two electrons in the region below EF, so that
b,N'(EF ) =- —2.

Mn impurities are an intermediate case. This is due to
the fact that the Mn moment is not 3.7pz, as needed for
strong ferromagnetism, but according to our results only
about 3pz. In this case a virtual bound state develops in

the energy region between the maximum of the majority
band the the Fermi energy. ' A small high-energy tail of
this state is unoccupied, causing a slight drop in the occu-
pation of the majority band [~'(Ez)= —0.39, Fig. 2].
Connected with the deviation from strong ferromagnetism
is an increasing polarization of the neighboring Ni atoms.
Thus dilute ¹iMn is at the border of being a strong fer-
romagnet and concentrated Ni-Mn alloys show a complex
behavior' with a tendency towards weak ferromagnetism.
This is plausible from our results since the narrow peak is
expected to broaden with concentration thus decreasing
AN (EF). The early transition-metal impurities (Cr, V,
Ti, . . . ) all show a virtual bound state in the majority
band well above EF. Therefore about five electrons are
missing in the band [see Fig. 2, bN '(EF ) —= —5] and the
change AM of the total moment approximately follows
the rule

bM =AN '(EF) AN '(EF—) —= —10—hZ

(see Fig. 1), since b,Z =b,N'(EF)+b, N'(EF). Together
with the change of sign of AM also the impurity moment
changes sign and couples antiferromagnetically to the host
moments. However the impurity moments are in general
rather sma11 and by far the largest contribution to AM
comes from a strong reduction of the host moments in the
four shells around the impurity. For instance, for V we
have a local moment of =0.56LM&, giving only a contribu-
tion of —1.15pz from the impurity cell to the total
change of hM = —4.55pz. The biggest contribution
comes from the nearest neighbors which all together yield
—2.45pz. Note that the changes 6M" of the first four
shells are negative and not oscillatory.

As a representative example for the early 3d impurities
we will consider NiV in more detail. Figure 5 shows the
LDOS of the V impurity. For both spin directions we ob-
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FIG. 6. Change 4n "(E) within the 55-atom cluster (solid
line) and change A%(E) of integrated density of states in the
crystal (dotted line) for a V impurity in Ni.

tain pronounced virtual bound states above EF which are
located at about the same energy. The intensity within
the minority band region is higher, indicating that the lo-
cal moment is negative. Figure 6 shows the changes
b,N "(E) of the density of states of the 55-atom cluster
(solid lines) and the changes of the integrated density of
states hN(E).

In the majority band we have a more or less homogene-
ous loss of intensity in the whole band region which re-
sults in b,N '(EF ) = —4. 8 states which are. transferred into
the resonance above EF. Contrary for the minority band
there are practically no changes below EF. Since
AZ = —5 only a very small change of the population,
b N '(EF ) = —0.2, occurs in the minority band. Here
large changes only occur above EF, where intensity is
transferred from the band edge to the resonance. For Ti
and Sc this is no longer true, since bN'(EF) is nearly
fixed at the value —5 so that the screening has to be ac-
complished by decreasing the population of the occupied
states in the minority band.

The name "virtual bound state" for the empty impurity
peaks in Fig. 5 might be somewhat misleading, since there
is a very strong hybridization between the d states of the
impurity and those of the host. In fact these peaks
represent just the antibonding d-0 hybrids while the corre-
sponding bonding ones fall into the region of the Ni d
band. Both type of states are clearly separated by a
minimum in the LDOS close to EF. Since the virtual
bound states are energetically inaccessible, charge neutral-
ity can in general only be achieved by filling up the
minority band, leading to the simple behavior
hM= —10—AZ for the moment. Thus the impurity is
only screened by bonding hybrids, which results into a
small charge transfer to the Ni neighbors. From Figs.

1 and 2 we see that the simple tight-binding model pre-
dicting bN '(EF ) =- —5, bN '(EF ) =5+ AZ, and bM
= —10—AZ gives a rather good global description of the
behavior of the early transition-metal impurities. Never-
theless there are small deviations which are mostly due to
two effects. Firstly, the virtual bound state in the majori-
ty band is not completely empty since a small tail extends
in the region below the Fermi energy (see Fig. 5). Of
course in a tight-binding model the width of the virtual
bound state would be infinitely sharp thus fixing
AN'(EF)= —5. Even more important is that the number
of s and p electrons changes slowly in the 3d series. For
instance, locally the V impurity has 0.42 sp electrons less
than pure Ni. As a consequence the change AN'(EF) in
the majority band decreases for the early transition im-
purities and especially for Ca and K below the value —5.
Since b M =2b,N '(E~ ) —b,Z the moment XV therefore
decreases even below the value —10—AZ. Figures 1 and
2 show that in the 3d series the transition from strong to
weak ferromagnetism is rather sharp. Zeller has shown'
that the situation is even more complicated. For instance
for Mn two solutions are found, one with a positive mo-
ment corresponding to the values shown in Figs. 1 and 2
and Table I and a second "antiferromagnetic" solution
with a negative moment similar to the Cr case. The latter
is presumably metastable. In Fig. 1, together with the
calculated changes AM of the total moment, we have also
reported the available experimental data. The experimen-
tal values have been corrected for the orbital contribution
so that only spin moments are compared. The part of the
change of total magnetization which is localized on the
impurity is corrected using the experimental g factor of
the impurity atom in its elemental state when available
[2.08 for Fe, 2.17 for Co (Ref. 22), otherwise we assume a
g value of 2. For the remaining part of the total magneti-
zation change, coming from the neighboring Ni shells, we
have used the g factor of the elemental Ni [(2.19) of Ref.
22].

In the case of NiFe and NiCo alloys the magnetic per-
turbation is almost localized on the impurity whereas in
NiMn the calculated small reduction of the first-
neighboring Ni moment by 0.033pz per atom is in good
agreement with the experimental values of
0.028+0.007p~ per atom at 1.9% Mn and
0.007+0.018pz per atom 1% Mn. In the case of the
early transition-metal impurities the magnetic perturba-
tion is rather extended. The calculated large reductions of
the first-neighboring Ni moment of 0.193pz per atom in
NiTi, 0.204p& per atom in NA', and 0.180 per atom in
NiCr agree quite well with neutron scattering data:
0. 173+0.004p& per atom, 0. 12+0.01p& per atom,
and 0.20+0.01pz per atom, respectively. The moment
is also reduced on the next neighboring Ni atoms which
also agrees with the results of experimental measure-
ments. Comparison of the calculated local impurity mo-
ments with the experimental data is discussed elsewhere'
and therefore will be not analyzed here.

B. Convergence as a function of the perturbed cluster size

We study here the convergence of our results as a func-
tion of the size of the perturbed cluster taken into account



35 CHARGE AND MAGNETIZATION PERTURBATIONS AROUND. . . 6917

TABLE II. Evolution and convergence of physical properties of NiV as a function of the perturbed
cluster size (same nomenclature as Table I).

ggo
QQ 1

gg2
b, Q'
QQ4

gg cl

EQ

1-atom
cluster

—5.400
—0.710'
—0.078'
—0.177'

0.272'

—6.093
—6.107

13-atom
cluster

—5.664
0.705
0.055'
0.070'
0.378'

—4.456
—4.474

19-atom
cluster

—5.665
0.714

—0.017
0.083'
0.383'

—4.502
—4.504

43-atom
cluster

—5.666
0.749
0.012

—0.093
0 391'

—4.607
—4.706

55-atom
cluster

—5.666
0.750
0.012

—0.081
—0.013

—4.998
—5.008

5M'
6M
5M'
6M

—1.275
—0.051'
—0.005'
—0.007'
—0.022'

—1 ~ 146
—0.202
—0.030'
—0.016'
—0.031'

p~ per atom
—1.148
—0.204
—0.044
—0.016'
—0.031'

—1.145
—0.205
—0.048
—0.021
—0.031'

—1.145
—0.204
—0.046
—0.020
—0.017

hM"
hM

—2.359
—2.578

—4.503
—4.641

—4.610
—4.746

—4.759
—4.736

—4.546
—4.557

'Non-self-consistent estimation.

in the self-consistency loop. For this purpose we have
performed five different self-consistent calculations: a sin-
gle site one, as well as "cluster calculations" including, in
addition to the impurity 1, 2, 3, and 4 neighboring shells
in the self-consistency process. Thus, the considered per-
turbed clusters contain 1, 13, 19, 43, and 55 atoms, re-
spectively. The numerical investigation is performed for
the NiV alloy, where the perturbation is long ranged so
that the differences between calculations with clusters of
different size will be more pronounced. The results are
listed in Table II. For each case, in addition to the results

of self-consistent calculations for the charge and magnetic
moment perturbation within the considered cluster, we re-
port also a non-self-consistent estimation of the perturba-
tion outside it, up to the fourth neighboring shell, i.e., our
largest considered cluster. The non-self-consistent estima-
tion is performed using unperturbed host potentials for
the atoms outside the considered cluster, but self-
consistent ones inside.

As it is clearly shown- in Table II our self-consistency
procedure favors cluster neutrality, whereas the Friedel's
screening rule is progressively attained as additional shells

TABLE III. Charge and magnetization perturbation around 4d impurities in Ni (same nomenclature as in Table I).

QQ0

gg 1

QQ 2

b,g'
QQ4
ggcl
AQ

9.721
1.556
0,090

—0.283
—0.093
10.991
10.778

Zr

10.574
1.674
0.065

—0.244
—0.075
11.994
11.841

11.659
1.547
0.043

—0.200
—0.052

12.997
12.882

Mo

12.830
1.340
0.027

—0.166
—0.032
13.999
13.903

Tc

14.025
1.120
0.012

—0.141
—0.017

14.999
14.970

Ru

15.268
0.842
0.003

—0.110
—0.005

15.998
15.978

Rh

16.444
0.640
0.010

—0.090
—0.006

16.998
16.941

Pd

17.564
0.512
0.017

—0.076
—0.020
17.997
18.043

Ag

18.520
0.567
0.026

—0.086
—0.040
18.996
18.899

Cd

19.300
0.838
0.030

—0.119
—0.053
19.996
19.911

M imP

5M

5M
6M
SM4

—0.080
—0.663
—0.201
—0.051
—0.008
—0.001

—0.138
—0.722
—0.236
—0.057
—0.015
—0.007

—0.207
—0.790
—0.264
—0.059
—0.020
—0.013

—0.247
—0.831
—0.276
—0.050
—0.023
—0.018

p~ per atom
—0.041
—0.625
—0.227
—0.008
—0.016
—0.017

0.661
0.077

—0.066
0.040
0.005

—0.009

0.571
—0.012
—0.011

0.022
0.007

—0.004

0.199
—0.384
—0.011

0.007
0.004
0.004

—0.013
—0.597
—0.051
—0.007
—0.001

0.004

—0.045
—0.629
—0.102
—0.018
—0.004
—0.002

kM"
AM

—3.596
—3.493

—4.322
—4.238

—4.957
—4.899

—5.207
—5.161

pg—3.980
—3.927

—0.471
—0.346

0.120
0.191

—0.330
—0.389

—1.219
—1.117

—2.070
—1.951
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C. 4d impurities in Ni

In Table III the numerical results for the 4d impurities
are given. The nomenclature is the same as in Table I.
The most important results are shown in Fig. 7, i.e., the
change of the number of electrons in both subbands as
calculated by the Friedel sums and the change LM of the
moment.

Physically the most important difference between 4d
and 3d impurities is the somewhat larger spatial extent of
the 4d wave function, which leads to a stronger hybridiza-

o 0
V)

C

10
CL

9

7

6~

5

I I I

Y Zr Nb

I I I I I I I

Mo Tc RLj Rh Pd Ag Cd

FIG. 7. Change AN (EF) of the majority (&) and minority
( l ) band populations for 4d impurities in Ni.
AM =4N'(E~) —AN'(EF ) is the change of the total moment.

are taken into account in the self-consistent calculation.
However, the important point is that the local quantities
(charges or moments) calculated self-consistently are very
stable as a function of the perturbed cluster size.

Even a single-site calculation gives a reasonable descrip-
tion both for the charge and magnetization of the impuri-
ty. These values are practically completely converged, if
in addition to the impurity also the first shell is calculated
self-consistently. Analogously the results for the first
shell change only very little, if more shells are included in
the self-consistency procedure. Table II shows that in
general all local quantities are reliable once they are calcu-
lated self-consistently.

This is however not true for the non-self-consistent
values. For instance the change of the charge on the first
shell changes from —0.71 in a single-site calculation to
the final value of + 0.75, whereas the moment 5M' of a
first shell atom changes from —0.051p~ to —0.204p~.
Thus non-self-consistently calculated values cannot be
considered as reliable. The disagreement is however
somewhat smaller for the moments than for the charges.

In this context it is interesting that charge and moment
perturbations b,g' and bM' summed up over the 55-
atom cluster agree very well with the total changes bg
and Mf obtained by summing over the whole crystal
through Eqs. (7)—(9). From this we conclude that the
perturbation is fairly well localized within the 4-shell clus-
ter.

tion with the host and to a slightly smaller exchange in-
tegral. Since both are unfavorable for magnetism, 4d im-
purities are normally not magnetic in paramagnetic hosts
such as Cu, Ag, or Pd. However in ferromagnets such as
Ni the host magnetization induces local moments. In
analogy to the 3d series the moment changes sign in the
middle of the 4d series, i.e., we obtain positive moments
for Pd, Rh, and Ru, but negative ones for Tc, Mo,
Nb, . ~ . .

The LDOS of all 4d impurities are characterized by a
two-peak structure. ' Owing to the strong hybridization
with the host 3d electrons two peaks are splitting off from
the upper and lower band edges, yielding similar LDOS
for both spin directions. Since for Rh and even more for
Ru the upper peak in the majority band has strong unoc-
cupied tails above EF, the criterium for strong fer-
romagnetism cannot be satisfied. In the 4d series one
should have b,N'(EF ) =9 in order to accomplish the cri-
terium for strong ferromagnetism, since Pd has 18 more
electrons than Ni. Instead we obtain only b,N'(EF)=8. 6
for Rh and b,N'(EF)=7. 8 for Ru. For Tc, being isoelect-
ronic to Mn, we see already all signs of weak ferromagne-
tism: b,N'(EF) is off by —3.5 from the "ideal" value of 9
and the moment AM is strongly negative
(b,M = —3.9@~). This is a direct consequence of the
stronger hybridization: For Mn the virtual bound state in
the majority band is rather narrow and squeezed into the
region between the upper majority band and the Fermi
energy, thereby being practically fully occupied. On the
other hand, for Tc, this peak is much broader and there-
fore mostly empty.

The behavior of the early 4d impurities (Mo, Nb, Zr, Y)
is similar to their 3d counterparts. AN'(EF) is nearly
equal to 9—5=4 and bN '(EF ) decreases linearly with de-
creasing valence. The detailed discussion of Sec. II A
therefore also applies here.

The experimental information about 4d impurities in Ni
seems to be on shaky grounds. A detailed discussion can
be found in Ref. 14. The situation is best for NiPd where
the measurements of Sadron, " Crangle and Parson, and
Cable and Child show a magnetization change of
AM =0+0.1pz, a very small local moment and practical-
ly no perturbation of the neighboring atoms. For NiRh
the magnetization data ' and the neutron scattering ex-
periments show ' unusual concentration dependence.
Whereas the measurements for the dilute alloys point to
bM =2p~ and a local moment of 2pz for Rh in contrad-
iction to our calculation, the values extrapolated from
higher concentrations would lead to AM =Op& and a lo-
cal moment of 0.6 —0.7pz. For 2ViRu two values for the
local moment have been reported, —3. lpga by Madhav
Rao et al. ' and 0.2pz by Parette and Kajzar together
with MM = —4.6pz. For NiMo Sadron" reports
LM = —4. 5p&.

In view of the good agreement between our results and
the experiments for 3d impurities we believe that our cal-
culations are of similar quality also for 4d impurities. A
possible source of error could be the neglect of lattice re-
laxations in our calculations which are somewhat larger in
the 4d series. However we do not believe that they would
affect the results very much. It would therefore be good,
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if especially the experiments for Rh and Ru could be re-
peated.

D. sp impurities in Ni

Table I lists the charge and magnetization perturbations
in the four shells around the impurity. There is a consid-
erable charge transfer from the impurity to the nearest
neighbors especially for Ga, Ge, and As. Nevertheless the
charge transfer is typically less than 10%%uo of the valence
difference b,Z. Therefore it is clear that the rigid-band
model requiring a charge transfer hZ is unrealistic. The
screening is practically completed in the first shell so that
longer-ranged charge perturbations are not important.

There is a rather small induced moment on the impuri-
ty site, which changes from negative to positive at the end
of the series. Its origin has been explained by Katayama-
Yoshida et a1. In short, the impurity sp states hybridize
stronger with the host minority d states than with the ma-
jority ones, since the latter are more localized. The bond-
ing hybrids which are the only states occupied for the ear-
ly sp impurities have a stronger sp admixture for the
minority spin direction and therefore the induced moment
is negative. For the late sp impurities such as Se and Br
the occupation of antibonding states in the majority band
gives an important positive contribution, so that the local
moment changes sign. This change is directly reAected in
the impurity hyperfine field which also changes from neg-
ative to positive in the sp series. Similar to the observa-
tion for the early transition-metal impurities there is a
strong reduction of the moments on the neighboring
atoms and a weaker reduction for the atoms in the
second, third, and fourth shell. Contrary to the charge
changes there are no indications of oscillations for the
magnetization. The only available neutron scattering data
are for NiCu and give a reduction of the first neighboring
Ni moment by 0.033+0.002p~ per atom, which is ex-
actly our calculated value. With increasing valence the
magnetization disturbance increases. Especially the total
change KVl (Fig. 1) is well proportional to b,Z for Cu, Zn,
Ga, as well as Ag and Cd in the 5 sp series (Table III).
For larger valences the moment change saturates at a
value of about —3@~ for Ge, As, and Se, in order to de-
crease again for Br and Kr (not calculated). Figure 2
shows the changes of the band population for both spin
directions. For Cu, Zn, and Ga the majority population
is unchanged and the additional charge is gained by filling
up the minority band leading to the decrease of the mo-
ment AM = —AZ. For Ge, As, and Se additional elec-
trons are added to both bands so that the moment satu-
rates.

Terakura and Kanamori' have given a beautiful ex-
planation of this apparent band filling process. For the
early sp impurities like Cu, Zn, and Ga the atomic s and p
levels of the impurity are located in energy appreciably
above the Ni d band. Upon hybridization bonding and
antibonding hybrid s are formed. The energies of the
bonding state emerge from the Ni d band and move to
lower energies, whereas the antibonding states result from
shifting the impurity sp states to higher energies. As far
as the number of states is concerned there is a close
correspondence between the hybridized states and the

unhybridized ones. For instance there is a single degen-
erate antibonding state at higher energies, being s-like at
the impurity site and having d admixtures at the neigh-
boring sites, and a threefold degenerate "p-like" antibond-
ing state. Moreover at lower energies the number of
bonding states is the same as in the d band of elemental
Ni. There is a slight complication due to the fact the sp
impurities Cu, Zn, Ga, ~ . . have also occupied d states.
However, this only means that we have to start with the
d-d hybridized states of Ni with a Cu impurity, the num-
ber of which is exactly the same as the number of d states
of pure Ni, and then hybridize these states with the im-
purity s and p states. The most important observation is
that for the early sp impurities the antibonding states are
high above EF and cannot be occupied. Therefore the ad-
ditional AZ electrons needed for charge neutrality can
only be gained by populating more Ni d states, i.e., shift-
ing the minority band of the nearest neighbors to lower
energies, thus locally decreasing the Ni moments. The to-
tal change of the magnetization has to be exactly
AM = —AZ, which is indeed found experimentally and in
our calculations. Thus the old rigid-band model is correct
as far as the state filling is concerned, but is totally wrong
with respect to the local screening behavior. Moreover
there is a new sp state above the Fermi energy, which one
would not expect in the rigid-band model. Also the d
band itself changes its form due to band narrowing, as we
will discuss below. The bonding orbitals have strong sp
admixtures at the impurity site and only the small charge
transfer to the nearest neighbors shows that these orbitals
are somewhat more Ni like.

For the later sp impurities the atomic s and p levels
move down and we therefore also expect to occupy a new
"sp-like" state introduced by the impurity. As seen in
Fig. 2 this leads to an increase of the population in the
majority band, e.g. , for Ge, As, and Se, and the change in
the minority band levels off, so that the moment hM satu-
rates and decreases at the end of the series. The transi-
tion between these two screening processes, i.e., host d-
state filling versus impurity sp-state filling is very smooth,
contrary to the rather sudden transitions found in the 3d
and 4d series.

The following figures (Figs. 8 —12) give a somewhat
more detailed description of the screening process. Figure
8 shows the symmetry decomposition of the changes
bX'(EF) and b,A'(EF), i.e. , the decom'position into con-
tributions from the different irreducible subspaces of the
Oz group. The change AX'(EF) in the majority band is

practically only due to I
&

and I &5 contributions. Since
these are the only subspaces which can couple to s states
(I ~) and p states (I ~5) at the impurity site, it is clear that
the new states should appear only in these representa-
tions. All other contributions are negligible. The minori-
ty change b,A' (EF ) is for the early sp impurities mainly
determined by the changes in the I i2 and I 2& representa-
tions. These are the subspaces which can couple to e~-like
states (I,2) and t2g-like states (I zq ) at the impurity site.
Since, e.g. , for Zn and Ga there are no d states on the im-
purity site within the energy range of the Ni d band, those
d states on the neighboring Ni sites which project to the
I &2 and I 25 representations show a band narrowing,
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thereby increasing the population in the minority band.
Also here the sp-state filling occurs mostly in the I

&
and

I » representations. The contributions from all other rep-
resentations are small, but in total not negligible. For in-
stance, due to the reduction of the exchange splitting also
the d population in other subspaces can increase. In total
we see from Fig. 8 that both state-filling processes are
strongly symmetry dependent, with the host d-state filling
occurring mostly in the I &2 and I 25 subspaces and the
impurity sp state filling in the I

&
and I » subspaces.

As a representative example of the screening process by
host d states we show in Figs. 9 and 10 the densities of
states of Ga in Ni. Figure 9 shows the LDOS of the Ga
impurity, i.e., the total LDOS and the partial s contribu-
tion. The difFerence between both curves is mostly of p
character. The s and p bonding contributions are separat-
ed from the antibonding ones by a hybridization

FIG. 10. (a) Change An "(E) of the cluster DOS, (b) integrat-
ed total change AN(E) of the DOS, and (c) individual contribu-
tions 6N~(E) from different irreducible representations (I"1, I {&,

I 12, and I q5 ) of the Oz group for a Cza impurity in Ni.

minimum ["Fano resonance" (Ref. 35)] within the d band
thus clearly separating the two difterent kinds of states re-
sponsible for the screening. Figure 10(a) shows the
change An '(E) of the density of states within the 55-atom
cluster, whereas Fig. 10(b) shows the change of the in-

tegrated density of states. Since Ga has occupied 3d
states at lower energies, AN(E) starts at —10 eV with a
value of 5 for the five added d states for each spin direc-
tion. The subsequent increase is due to the filling of the
bonding s and p states, which is in the d-band range fol-
lowed by a depletion of d charge. At EF we obtain practi-
cally no change in the majority band ( b N ' —=0) but
AN'(EF)=3 due to the filling of the minority band. Fig-

I I I I I I I I ~
I I I

0.4 NiGa spin ~~
I I I I I I I I I I i I I I

0.8 —Ni Se
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FIG. 9. LDOS (solid line) and partial s-LDOS (dashed line)
of a Cra impurity in Ni. FICx. 11. LDOS of a Se impurity in Ni.
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ure 10 show the contributions bNr(E) from the four rep-
resentations I &, I », I &2, and I z5 of Oz group. Here it is
most important that the minority band filling occurs in
the I &2 and I z5 representations.

Figures 11 and 12 show the corresponding results for
Se in Ni for which according to Figs. 2 and 8 the sp-state
filling mechanism is quite important. The LDOS of Se
shows strong-bonding p peaks at about —7 eV and weak
antibonding p peaks close to EF. The s intensities are
rather small, since the 4s state is localized below the band
(at —14.2 eV). The changes bn "(E) and b,N(E) are very
similar to the ones of Ga. Owing to the additional bound
s state we start with a value of 6 for AN' and hN' at
lower energies. The s-like integrated density of states
(DOS) bN&, (E) starts at —10 eV with a value of 1, con-
tinuously decreases due to antiscreening to about 0 at the
hybridization minimum at about —3 eV and then in-

creases due to the population of antibonding states. An
analogous behavior is also found for the p-like DOS
b,N&„(E), only that the p state is not yet localized and

that the hybridization minimum is higher in energy.
Thus the addition of new states arises due to the popula-
tion of the antibonding states and not due to the popula-
tion of new impurity s and p states deep below FF. Since
in the majority band these states are somewhat lower in
energy than in the minority band this eft'ect leads to an
important positive magnetization contribution to AM as
well as to the positive polarization and positive hyperfine
field of the impurity. In total however the magnetization
change bM is negative due to the large I ~2 and I 2& con-
tributions in the minority band.

IV. SUMMARY AND CONCI. USIONS

We have performed extensive ab initio calculations for
3d, 4d, and 4sp impurities in Ni and have calculated self-
consistently the charge and magnetization perturbations
for four shells around the impurities. For the 3d series
the calculations are in agreement with and confirm the
tight-binding model calculations of Friedel, Kanamori,
and Campbell and Gomes. We find NiCo and NiFe to
be strong ferromagnets, while NiMn is on the verge of
becoming weak. The early 3d impurities couple antifer-
romagnetically to the host moment and induce a large
magnetization reduction on the neighboring shells. The
early 4d impurities show a very similar behavior. Howev-
er Ru, Rh, and Pd are unique since these alloys are nei-
ther strong nor weak ferromagnets. In agreement with
the discussion of Terakura and Kanamori' we find that
the early sp impurities are screened by host minority d
states whereas for the late sp impurities new impurity
states in the form of antibonding states are populated
close to the Fermi energy and provide part of the screen-
ing. For the 3d and 4sp impurities the calculated change
AM of the total moment and the calculated magnetization
perturbations are in good agreement with the experimen-
tal data. Some discrepancies exist however for 4d impuri-
ties, especially for Ru and Rh. Here more experimental
work is desirable to clear up these problems.
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