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The spatial variation of the s-conduction-electron polarization in the Fe;Si system is deter-
mined from the measured hyperfine fields of the near-stoichiometric Fe;Si alloys. This polariza-
tion is then combined with the hyperfine-field data from Mn, V, Co, and Ni solutes and used to
derive the solute moments and moment perturbations in Fe;Si to obtain the solute-moment and
host-moment perturbations caused by these impurities. The behavior of these solute moments
and moment perturbations is seen to be very similar to that of the same solutes in binary Fe al-
loys. Since Fe;Si is closely related to Heusler alloys, it is suggested that their magnetic
behavior is also governed by the same mechanism that determines the magnetic behavior of
binary Fe alloys; that is, the conduction d-like electrons, nor s-like electrons, are responsible for

the magnetic alignment.

I. INTRODUCTION

In general, the conduction electrons of transition
metals can be considered as two types; s-like and d,-
like. Thus, a transition-solute atom affects the host
atoms in its vicinity through two separate mechan-
isms. One is due to the change in the s-like
conduction-electron polarization (s-CEP). The other
is due to the d,-like conduction electrons, which are
also polarized through exchange interactions with the
localized d, moments. Although the s-conduction-
electron polarization is very evident through its con-
tribution to the hyperfine field, it plays no major role
in determining the magnetic alignment. This is be-
cause the s-d; interaction is weak relative to the d-q,
interaction, as manifest by the small degree of 4s-like
polarization and large degree of d,-like polarization in
Fe. This d,-like polarization is seen directly in tun-
neling between a ferromagnet and a superconduc-
tor."? Since the wave functions of the d, and d, elec-
trons are very similar, the d; polarization is detected
as moment changes on the nearby magnetic host
atoms. A procedure** for distinguishing these two
mechanisms was developed for dilute Fe alloys with
transition metals and will be applied here to the Fe;Si
system.

The magnetic behavior of the Fe;Si system has
been studied in great detail.>~'' It is a particularly in-
teresting system for many reasons. We shall see that
its behavior as a host for a variety of transition-metal
solute atoms is much like that of dilute binary alloys
of Fe. As has been previously discussed®* the mag-
netic behavior of the dilute binary alloys is essentially
determined by the number of localized and itinerant
d, or d, electrons. Table I indicates the variation of d,
and d; character of the transition elements. In the

elemental metallic state, the elements to the left of
the dashed line have only d,-like electrons, Mn, Fe,
Co, and Ni have both d, and d, electrons, while Cu,
Ag, and Au have only d, electrons. In alloys, the d,,
d, character is intermediate between that of the con-
stituents (principle of accommodation). For elements
or alloys with unpaired d, electrons, the d, electrons
are polarized through Coulomb exchange and hybrid-
ization interactions with the d, electrons. It has been
proposed®*!2 that the magnetic behavior is deter-
mined by the number of d,-like electrons. The
number of d, electrons can be controlled by alloying
elements with varying d, and d, character. For binary
Fe alloys, densities of about 0.4 or more d, electrons
per atom tend to have a d, polarization behavior
which leads to antiferromagnetic alignment, while
densities of less than about 0.4 electrons per atom
produce ferromagnetic coupling. A similar situation
appears to exist for alloys with Fe;Si as the host and
also for the large class of "Heusler alloys" with a simi-
lar structure. Fe;Si has a DO; structure as shown in
Fig. 1. This is a varient of the L2, structure of the
Heusler alloys X,YZ, where X corresponds to the 4
and C sites of Fig. 1, Y to the B sites, and Z to the D
sites which are occupied by Si in Fe;Si. In Heusler
alloys Z is usually an sp element and Y is a transition
metal, most often Mn, but sometimes other transi-
tion metals to the left of Fe in the Periodic Table and
the X atoms are transition elements to the right of Fe
in the Periodic Table. We suggest that the Heusler
alloys are similar to the binary alloys in that the mag-
netic behavior is also determined by the d; electrons,
rather than s-conduction electrons. This approach is
different from all other attempts at explaining the
magnetic alignment of Heusler alloys which assume,
with some difficulty, that the s-conduction electrons
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TABLE 1. Variation of the character of the d electrons.

! Y Zr Nb Mo Tc Ru Rh Pd
La Hf Ta w Re Os Ir Pt

are mediating the magnetic alignment. As in the case
of binary alloys, the magnetic alignment is thus
determined by the degree of intineracy of the d elec-
trons. This is controlled by combining a transition
element Y with many d, electrons, i.e., 3d elements to
the left of Fe, with another transition element X,
which has predominately localized 4, electrons. Thus,
the Heusler alloys are materials with the correct com-
bination of d, and d, electrons to give rise to a d, po-
larization which provides the magnetic coupling. The
role of the sp elements may be simply as a dilutant or
more likely there appears to be evidence that their
covalent hybridization may participate in binding the
crystal which attains the proper mixture of d, and 4,
electrons. In a comprehensive series of experiments,
Budnick and his co-workers”°~'! have shown that, in
a manner similar to the behavior in Heusler alloys,
transition elements beneath and to the right of Fe in
the Periodic Table tend to go into 4 and C sites while
transition elements to the left of Fe tend to go into B
sites. In this paper we will not further be concerned
with the similarities of Fe;Si and the Heusler alloys
but to a determination of the s-like conduction elec-
tron polarization surrounding a moment in the Fe;Si
host and to the moment perturbations surrounding a
solute atom in this host.

® Fe atoms - A, C sites
® Fe atoms - B sites
O Si atoms - D sites

FIG. 1. Structure of ordered Fe;Si.
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In earlier papers®* we developed a procedure, us-
ing saturation magnetization and hyperfine-field (hff)
shifts to determine the moment perturbations in di-
lute alloys. We use a similar procedure here, adapted
to the Fe;Si lattice. In Sec. II we use the data of Ref.
8 to determine the hff shifts due to s-CEP and mo-
ment perturbations of an Fe atom substituted into a
Si D site. This procedure is an improvement of the
analysis in Ref. 8 where, for higher than first-
nearest-neighbor (1nn) shells, we neglected the mo-
ment perturbations. In Secs. III and IV we then use
these s-CEP values which characterize the Fe;Si host
with magnetization and hff shift data to determine
the solute moment and the moment perturbation sur-
rounding dilute alloys in which a 34 transition ele-
ment is substituted into Fe 4 or Fe B sites. The ap-
proximations and their validity are discussed
thoroughly in Refs. 3 and 4. We will see that the
moments and moment perturbations behave in a very
similar fashion to those obtained for the dilute alloys
of Fe. For the dilute alloys* we found that the shape
of the moment perturbations depended on the
difference in number of itinerant d -like electrons
contributed by the solute atom relative to the number
in the host. The moment perturbations are seen to
be oscillatory and to decrease with distance from the
solute atom, i.e., they have a Ruderman-Kittel-
Kasuya-Yosida- (RKKY) like behavior.

1. Fes“fFefsSi,_,

Alloys in which an Fe atoms has been substituted
into a Si D site have been thoroughly studied by
many techniques so that at present we can accurately
characterize this system. In particular we know the
moments, saturation magnetization behavior, and
hyperfine fields at the Fe A4, Fe B, and Si sites in
Fe;Si as well as many hyperfine-field shifts due to
known occupational configurations off stoichometry.
Assuming that the s-CEP contributions and moment
perturbations are additive for small concentrations of
Fe atoms on Si D sites, we will see that we can obtain
the hff s-CEP contributions and moment perturba-
tions for the first four neighbor shells surrounding an
Fe atom substituted into a Si D site. Although the
4nn contributions are small, we will keep them be-
cause there are 24 atoms in this shell and their accu-
mulative effect might be considerable.

A. Moment evaluations

Neutron-scattering experiments® have shown that
the Si atoms have essentially no moment, as expect-
ed. The ratio of ug/um, was found to be 2.0. Satura-
tion magnetization measurements'! at 6.5 °K give a
moment of 4.82 u, per Fe;Si molecule in Fe;Si and a
slope d/dx =3.66 uy per Fe atom in a Si D site or
removed from a Fe B site, where u, is the Bohr
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TABLE Il. Quantities used in the analysis of Fe;Fe Si|_,
(all moments in ug and hff values in kG).

Quantity Value
rgluy 2.0

i (per Fe;Si molecule) 4.82
Hsi 0

g 1.21

g 2.40

du/dx (per Fe D atom) 3.66
Hp -342

HY -222

HY, —41 or +33
AH, -52.3
AH? -5
AHS (£)2.5+1
AH} +4.2

magneton. For ug; =0 this gives u4 =1.21u, and

g =2.4u0. All these values are listed in Table II.
The slope of the magnetization curve is simply relat-
ed to the moment perturbations surrounding an Fe D
atom by?

iﬁ.ﬂo + 3 M,A, =up+8A, +6A,+244, ,

¢}

where M, is the number of sites in the nth shell sur-
rounding the Fe D solute atom and A, is the moment
perturbation in the nth shell surrounding the Fe D
solute atom. In Table III we list the number and
type of neighbors through the fourth-nearest-
neighbor (4nn) shell for the various sites in Fe;Si.

B. Hyperfine fields in Fe;Si

We use the following model® '%!3 to describe the
hff. The hff is considered to be composed of three
parts

H.=H: +H.+H, . )

We have assumed no orbital contributions. H¢; is
due to the polarization of the core s electrons; for 3d
transition atoms there are 1s, 2s, and 3s electrons.
This contribution only occurs for atoms that have a

moment. H is due to the s-like conduction elec-
trons; for 3d atoms these are 4s electrons. H, is posi-
tive volume misfit term which is due to overlap,'* co-
valency, and lattice distortion terms which exist when
a solute atom is larger than a given volume available
to it in a host lattice. Since transition-metal atoms
have small atomic volumes, this term is generally
zero for transition-metal solutes. In the Fe;Si system
only the hff at Si could have an H, term; its atomic
volume is 12.0 compared to that of 7.1 for Fe.
Another hff model has been proposed'’ to describe
the hff at nonmagnetic sp-solute atoms. The main
difference of this model from that given above when
applied to a nonmagnetic solute is that the solute
atom is considered to cause a strong charge perturba-
tion and thus the s-CEP part of the hff is not con-
sidered to be separable as assumed in Eq. (2). There
seems to be a large amount of evidence'® that the H,
term is separable, so we will assume that it is here.
In using the hff model described by Eq. (2) it is
convenient to let H..= H, + Hy where H, is the
conduction-electron contribution coming from the
atom whose hff we are considering, i.e., the self-
polarization of the 4s electrons by the atom itself.
H is the hff contribution from the s-CEP of all the
surrounding atoms and is given by

ng = 2 Mlhnﬂvu ’
n

where h, is the hff at an Fe atom due to an atom
with a moment of one wg in the nth shell. M, is the
number of atoms in the nth shell and u, is the mo-
ment in Bohr magnetons wg of the atoms in the nth
shell. Then for transition metal atoms we have

M, h,p,A:

A Fe ' (3)

H:=[lill~‘v:+2

where Hj, = H;, + H, is the hff at an atom due to its
own moment and 4. is the hff coupling constant of
atom Z. For convenience, we have redefined H{;
and H, as fields per uo. A. is the hyperfine coupling
constant which scales the s-like conduction electrons
to the nucleus of atom Z, since the h,’s are defined
for Fe.

For dilute alloys and assuming additivity we obtain
the following expression from Eq. (3) for the hff
value H) at an Fe 4 site in stoichiometric Fe;Si (see
Table I11):

TABLE 1II. Number and type of neighbors for the three sites in Fe;Si. See Fig. 1 for

a labeling of the sites.

Type Inn 2nn 3nn 4nn

Fe A4 4Fe B—4Si D 6 Fe A 12Fe A 12 Fe B—12Si D
Fe B 8 Fe 4 6SiD 12 Fe B 24 Fe 4

Si D 8 Fe 4 6 Fe B 12Si D 24 Fe A
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H/?thFchA +4h\ug +6hyu,
+ 12/!3[1.,4 +12h4p.3 . (4)

This value was measured to be —218 kG.® This must
be corrected for the Lorentz term (—;-'rr)Ms, which is
about —4 kG for Fe;Si. Thus we have HJ=—222 kG
as listed in Table II. In Eq. (4) we again have as-
sumed there are no contributions to the hff from or-
bital momentum. In treating the dilute alloys we
have found that this appears to be valid for all the 3d
transition elements except Co and Ni. These do
seem to have an orbital contribution, which we will
consider later.

Similarly, for an Fe B-type atom we have (see
Table III)

H3=H&°yg+8hm,, +12h3y.3 +24h4p.,4 . (5)

This value has been measured to be —338 —4 =—342
kG.}

For the hff at a Si atom we have from Table III:
HY = 8h\uy +6hyup +24hsp ) Asi/Ape + HY
=HP2Ag/ A+ HY' . (6)

HQ was measured to be |37.3| kG.? The sign of the
field has not been conclusively determined. If it is

positive, we have H, =33 kG; if negative, HS =—41
kG.

C. Hyperfine fields in Fe;FeSi,_,

We now derive expressions for the hff shifts at
atoms which are in various neighbor shells from an
Fe D solute atom. The procedure is a straightforward
consideration of the occupational configurations. In
Table IV we list the distribution of atoms surround-
ing an atom which is the nth neighbor to an Fe D
solute atom.

1. Fust-nearest-neighbor shift for Fe A sites

Group 1 of Table 1V lists the type of atoms sur-
rounding an Fe 4 atom which is a Inn to an Fe D
atom which has replaced a Si D atom. In the first
column of Table IV we see that the nearest neighbors
to this Fe 4 atom are a (Inn) Fe D atom, three
second-nearest-neighbor (2nn) Fe B atoms, three
third-nearest-neighbor (3nn) Si D atoms and one
fifth-nearest-neighbor (5nn) Fe B atom. Any Fe
atoms in the nth shell surrounding an Fe D solute
atom will have a moment perturbation of A,. It has
been shown that for small concentrations the hff
shifts are linear®7-%'%; thus, it is a good assumption
that the moment perturbations are additive. We

TABLE IV. Occupation distribution for various atoms which are nth neighbor to an Fe D atom.

Shell with Shell with Shell with Shell with
respect respect respect respect
Inn to Fe D 2nn to Fe D 3nn to Fe D 4nn to Fe D
Fe A which is Inn to Fe D
Fe D Inn 3Fe 4 Inn 3Fe 4 Inn 3Fe B 2nn
3Fe B 2nn 3Fe A 4nn 6 Fe A 4nn 6Si D 3nn
3SiD 3nn 3Fe 4 Tnn 9 Fe B >5nn
1 Fe B Snn 6Si D >6nn
Fe B which is 2nn to Fe D.
4Fe A Inn Fe D 2nn 4Fe B 2nn 4Fe A Inn
4Fe A 4nn 4SiD 3nn 4 Fe B Snn 8Fe 4 4nn
1SiD 6nn 4Fe B 8nn 12Fe A >7Tnn
Si D which is 3nu to Fe D
2Fe A Inn 2Fe B 2nn Fe D 3nn 4Fe A Inn
4Fe A 4nn 2Fe B Snn 4SiD 3nn 6 Fe A 4nn
2Fe A Tnn 2Fe B 8nn 7SiD >6nn 14 Fe A >7nn
Fe A which is 4nn to Fe D
1Fe B 2nn 1 Fe 4 Inn 2Fe A Inn 1 Fe D 4nn
2SiD 3nn 2Fe 4 4nn 3Fe A 4nn 2Fe B 2nn
3JFe B >S5nn 3Fe 4 >7nn TFe A >Tnn 3SiD 3nn
2SiD >6nn 18 Fe B >S5nn
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further assume that the same A, values apply to the
Fe 4 and Fe B atoms. Since we envisage that the A,’s
are due to the difference in number of d, electrons,
this implies that the band structure of each type Fe
atom is similar enough that the number of d,-like
electrons associated with each type Fe is about the
same. This may not be true, but we assume any de-
viations are small. We shall further assume the

mp = g which is what would result from the mo-
ment being determined mainly by the 1nn. Thus, us-
ing Table IV we can write an expression for the hff at
an Fe A site which is a Inn to an Fe D atom

Hl=Hif(us +A) +h (up +pg) +3h(ng+4y)
+3hy (s +41) +3h(uy + Ay +3h3(py +A)
+6h3(uy +Ay) +3h3uy +3h4(ug +A;5) +9h,up .

Defining the shift AH} + H} — HJ, we have
AH} =HEA +hpup+3hA,+3hA,+3h,A,

+3h3A, +6h3A4+3h,44,; . @)]

AH} was measured to be —52.3 kG.8

Note that Eq. (7) can be quite simply written
directly from Table VI, the first term being the con-
tribution from the moment increase on Fe 4 due to
being a 1nn to Fe D, the second being due to the s-
CEP contribution from the Fe D atom, and the rest
also being s-CEP contributions written sequentially
for all the moment changes of the atoms in the first
group in Table IV. From now on we shall directly
write the shifts from Table IV. Since the hff shifts
are the difference of two hff values, any orbital con-
tributions would cancel out, so in that sense they give
more accurate information than the hff values.

2. Second-nearest-neighbor shift for Fe B sites

The hff shift for Fe B atoms which are 2nn to an
Fe D atom is seen from the second group of Table IV
to be AHZ=H}— HJ,

AHBZ = HAI;CAZ + hZI‘-D +4h]A1 +4h|A4 +4h3A2
+4h,A,+8hsA, . (8)
AH} was measured to be —7.5 kG,'¢ as listed in

Table II.

3. Third-nearest-neighbor shift for Si D sites

We use Eq. (3) to evaluate the hff at Si. The Si
atoms are 3nn to an Fe D atom. From Table IV we
see that the hff shift AHS = HS — H is given by

AHS}I =(hJF'D +2hA)+4h Ay +20,4,
+4hsA) +6h,A) As/ A
=H3iAg/Ag. , )

where H3 would be equivalent s-CEP contribution at
an Fe nucleus.

We have made the reasonable assumption that the
H, term is the same for a Si D atom whether or not
it has a 3nn Fe D atom. The analysis to determine
AH3 is the most evolved in Ref. 8 and therefore this
quantity is least accurately known. AH3, was meas-
ured to be |2.5 +1| kG. Itis +2.5 kG if HY is nega-
tive and —2.5 kG is HY is positive.

4. Fourth-nearest-neighbor shift for Fe A sites

The Fe A atoms which are 4nn to Fe D atoms are
seen from Table IV to have a hff shift given by
AH}=H}~H]},

AH:=HMA4+/I¢;LD +h|A2 +h2A| +2h2A4
+2h34, +3h3A,+2h44, . (10)

AH} was measured to be +4.2 +0.5 kG.® Note that
AH{ would be zero in a 1nn approximation, where
only h, and A, #0. Its existence indicates that there
are s-CEP contributions and/or moment perturba-
tions as far out as the 4nn shell.

D. Evaluation of A,’s and A,’s

We can evaluate Hf as follows: Since Cu is a
small atom (and also has the same effective charge as
Fe) its hff when a solute atom in Fe is entirely due to
the s-CEP contributions. Thus, its hff value gives H,
directly by Hf¢ = Hc Age/Ac,. Correcting for the
Lorentz field in Fe —(%TT)MS =-7 kG, the hff at Cu

was measured to be —220 kG.'” The hff coupling
constants have been estimated by many authors'$-20
with an average ratio for Ac,/4 g being =1.4. Thus
H{e =—155 +10 kG. A similar value of =—145 G
was also obtained by summing the s-CEP contribu-
tions from the various shells.'? The value of H}f can
then be obtained from the measured hff (—346 kG)
atFeandis Hif=H¢.— HE* =—191 kG or =86 +5
kG/ po.

Since H, for H is in doubt we temporarily neglect
Egs. (6) and (9). Considering through the 4nn we
then have six equations relating seven unknowns, the
four h, values, and three moment perturbations. By
examination of the equations, it can be seen that cer-
tain quantities are mainly dependent on selected
parameters: For example, AH} depends mainly on
h, and A, AHZ on hy, h,, A, and A,, and AH} is
determined mainly by h4 and A4. The final parame-
ters are quite definitely determined and are listed in
Table V. The value of h,(=—12 kG/u,) is seen to be
essentially the same as the value obtained'? for dilute
alloys of Si in Fe. The other h, values are quite
different from those obtained earlier® by neglecting
the moment changes in this system and assuming
that the measured shifts are entirely due to s-CEP
contributions. Under that assumption we would have
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previously assigned values of h,=—3.5 kG/pu,,
hy=(£)1.9 kG/u,, and hy=2.1 KG/pu, as the shifts for
the Fe;Si alloy system, whereas here we have

h2 =—0.2 kG/}Lo, h3 =-1.3 kG/y.o, and h4 =‘06kG/}L0
Thus, much of the observed shifts come from mo-
ment changes, and we see that in order to obtain the
h, values it is necessary to take into account the mo-
ment changes as done here.

The h, values obtained here give quite an odd
shape to the s-CEP curve. However, since this polar-
ization aises from both Coulomb exchange and hy-
bridization interactions, the observed shape can easily
be obtained by the superposition of these two types
of contributions.! We have reexamined the A, values
used previously for the dilute Fe alloys®* and find
that for this system a positive h; still appears to be
necessary to obtain agreement with the measured
spectra of dilute Co and Ni alloys.

E. Hyperfine fields at HS and H,

The sign of the hff at Si is difficult to measure but
there is some evidence?' that it is positive. However,
this evidence is not conclusive since the applied field
used to shift the resonance frequency was not large
enough, and the frequencies were not measured ac-
curately enough, to also see if there was also an op-
posite shift in the Fe A4 frequency. We shall see if
there is any evidence for any particular sign within
the model used here. First, we need the hff coupling
constant of Si.

The relative behavior of the hff coupling constants
of elements in a given row of the Periodic Table can
be calculated quite reliably. However, there is less
reliability in comparing elements in different rows.

TABLE V. Measured and derived parameters of the Fe;Si
system.

Quantity Measured Derived
hy (kG/pg) -12.0
hy (KG/ ) 0.2
hy (KG/pg) -1.3
hy (KG/pg) +0.6

Ay (po) +0.3
Ay(pg) -0.06
Ay(pg) —-0.03
d i/ dx (uo/at. %) +3.7 +3.7

HJ (kG) -222 -222

HY (kG) —-342 —-342

H? (kG) -102

H} (kG) -52.3 —-53.6

H3 (kG) -15 -14

H? (kG) -8

H} (kG) +4.2 +4.0

The low-Z elements are especially difficult to know
accurately, e.g., the values of Refs. 18 and 19 differ
by a factor of 2.0—2.5 near Si. We thus obtain
Ag,/Ag. as follows. We assume that Al has a small
enough atomic volume so that it has no volume
misfit contribution. Thus its hff (—62 kG) as a solute
in Fe is entirely due to s-CEP. Therefore,
Hp=HEA,/Ag and using HE¢ =—155 kG we ob-
tain A A/Ar.=0.40. This agrees fairly well with the
calculated ratio 0.49 of Campbell'® but is in strong
disagreement with the ratio 0.92 of Watson and Ben-
nett.? We thus use the ratio of A/ 4, =1.42 from
Campbell to obtain As;/4g.=0.57. The hff coupling
constant ratios we use are listed in Table VI. Taking
Ag. to be 1.9 MG we find 45;=1.1 MG. The calcu-
lated value of H? of Eq. (6) is —102 kG. This gives
HY =58+ HS or H3=91 kG for HS, positive or
+17 kG if HQ is negative.

The hff shift at Si due to a 3nn Fe D was meas-
ured® to be |2.5 +1| kG or H: of Eq. (9) =|4.4 +2|
kG. The calculated H3 value is —8 kG. The nega-
tive sign arises because the first two terms in Eq. (9)
dominate. A negative AH¢J, value indicates that H
is positive.

111. Fes“Fef ,T5Si SYSTEMS

The hff values for a number of sites in this system
have been measured®'® for T=V and Mn. We now
proceed to use the A, values obtained for the Fe;Si
system and derive values of the solute moment and
the moment perturbations due to the element 7. We
will see that, similar to the moment perturbations
found to exist for dilute alloys of Fe,** these mo-
ment perturbations again resemble RKKY-like oscil-
lations (presumably from the d,-like electrons). The
solute moments also show a very similar behavior to
that seen in the dilute Fe alloys.

Here we again consider only the alloys near
stoichiometry (x =0) in order to maintain additivity

TABLE VI. Hyperfine-field-related quantities used in the
analysis.

Quantity Value
Ag/An 1.42
A/ Afe 0.40 (expt.)
Asil/ Age 0.57
Ay/Ag, 0.67
Amn/ A ke 0.89
Acol Age 1.14
Anil A e 1.28

Age 1.9 MG

Hfe —155 £10 kG (expt.)

Hie —86 +5 kG/pq (expt.)
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of the s-CEP contributions and moment perturba-
tions. All the transition elements are small in size
and have an effective charge near one, so there are
no volume misfit contributions or charge perturba-
tions. We give in Table VII a list of the occupational
distribution of the various atoms surrounding a
solute T atom in an Fe B site. As in Sec. Il we write
the hff values at various sites keeping terms through
the 4nn.

A. Hyperfine filed at the solute atom T

The hff H? at the solute atom in an Fe B site is
given by

HY=Hlpur +8h7 (us +AD +120] (ug + A7)
+24h] (n4 +AD an

where Hj is the hff per uo from core polarization
and self-polarization by the solute atom itself, and ur
is the solute-atom moment. The A values are the
s-CEP contributions at the solute and are related to
those measured in Sec. I at an Fe atom through the
hff coupling constants, e.g.,

hnr=hnAT/AFe . (12)

The A values are the moment perturbations caused
by the solute atoms and we keep terms through A/.
The A, are expected* to depend on the difference in
the number of itinerant d,-like electrons characteristic
of the T solute atom compared to the number charac-
teristic of the host. As before, we do not
differentiate between the number of d, electrons of

the various Fe site atoms; we assume their difference
is a negligible effect. The H fields have been meas-
ured to be” " (—)47.7 —4 =(-)51.7 kG for V and
—259 —4 =-263 kG for Mn.

B. First-nearest-neighbor shift for Fe 4 atoms

The Fe A atoms which are 1nn to the solute T
atom in an Fe B site will have a hff shift
8H,=H)—H). It can be written from Table VII to
be

SH)=HIFAT +hy(ur—pp) +30,A7 + 30,07
+3hA7 +3h;A7 +6hAT +6hAT .
(13)

This has been measured by Niculescu er al.'* to be
+38 kG for a Mn solute atom and +51 kG fora V
solute.

C. Second-nearest-neighbor shift of Si atoms

The Si D atoms which are 2nn to the solute 7 atom
in an Fe B site will have a hff shift sHE = Hé — HS.
From Table VII 8H¢ is given by

SHgZ, = [hz(ur ‘y.g) +4h|A|T+4h|A4T+4h2A3T
+an A7 +8hAfNAG/Are . (14)
The assumption has been made than an H3' term is
the same whether or not the Si Datom hasa 2nn T
atom. The value of 8H¢ has been measured?? to be

|2.4] kG for Mn and |2.8] kG for V. A + sign ap-
plies if H is positive.

TABLE VIH. Occupational distribution for various atoms which are nth neighbor to a 7 atom in an Fe B site.

Inn Shell with 2nn Shell with 3nn Shell with 4nn Shell with
respect respect respect respect
to TB to TB to TB 10 TB

Fe A which is Inn to TB
™D Inn 3Fe 4 Inn 3Fe A Inn 3SiD 2nn
3SiD 2nn JFe 4 4nn 6 Fe A 4nn 6 Fe B 3nn
3Fe B 3nn 3JFe A4 Tnn 9SiD >4nn
1SiD Snn 6 Fe B >4nn
Si D which is 2nn to 7B
4 Fe A Inn B 2nn 4SiD 2nn 4 Fe A Inn
4 Fe A 4nn 4 Fe B 3nn 4SiD Snn 8 Fe A 4nn
1Fe B 6nn 4Si D 8nn 12 Fe A >4nn
TB or Fe B which is 3nn to 7B
2Fe A Inn 2SiD 2nn TB 3nn 4Fe A Inn
4Fe A 4nn 2SiD Snn 4 Fe B 3nn 6 Fe A 4nn
2Fe A Tnn 2Si D 8nn 7Fe B >4nn 14 Fe A >4nn
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D. Third-nearest-neighbor shift of 7 atoms

A T solute atom, which is 3nn to another T atom,
will not have the same moment perturbation as an Fe
atom in the same shell. Thus, we denote the mo-
ment perturbations at another T solute atoms by 8.
We expect the 8,7 to be near zero since both T atoms
have similar numbers of d, electrons. From Table
VII we see that this hff shift SHi=H?— H} is

8HP =H8T + h] (ur +8] —pp— AN +2h]A]
+4h] A +a4h] AT +4n] AT +6n]A] .
(15)
This shift has been measured® '° to be +5.7 kG for
Mn and +4.7 kG for V.
E. Third-nearest-neighbor shift for Fe B atoms

For Fe B atoms which are 3nn to the T solute
atoms the hff shift 8H3 = H3 — HJ is given by

SHF = H{FA] + hy(ur —pp) +2m AT +4h AT
+4h3A3T+4h4A|T+6h4A4T . (16)

This shift was measured® '° to be +9.4 kG for dilute
alloys of Mn. Its value in V is difficult to determine
with reliability because the V resonance falls close to
the Fe B line and is of much greater intensity.

It is sometimes assumed!'® that 847 and 8Hj3 scale
simply as the hff coupling constants. We see from
Egs. (15) and (16) that they are related by

HAGA Fe

SH%A Fe
A Ar

T

SHj = +AJ(HE+hy) =87 + h;

an

Thus, there should be no simple scaling unless Ay
and 8 are zero. We expect 87 to be nearly zero but
in general AJ will not be zero. Evaluating the known
quantities in Eq. (17) we find

3Mn=0.029 +0.85AM" . (18)

We will see below that 8)'" is essentially zero as ex-
pected, but AM" =0,

TABLE VIII. Measured quantities for Mn and V solute
atoms (all hff values in kG) (Refs. 9—11).

%(uo/alom) HY 8H) B8HZ B8H} 8HY

Mn —2.66 —263 38 9.4 5.7 ()24
\ —4.84 (-)51.7 51 s 47  (£)28

F. Saturation magnetization

The slope of the saturation magnetization as a
function of solute concentration gives the following
equation relating the solute moment and moment
perturbations:

% —ur—pp+8AT+12A7 +24A . 19
For this analysis we want the initial slope. We use
values from Ref. 11 which are listed in Table VIII.

G. Evaluation of w7 and A, for Mn and V

In order to evaluate the ur and A/ values we need
the HJ; values, (Hy = H, + H,). These are obtained
as follows: A rather reliable value for H [ can be ob-
tained from band calculations. The results of several
band calculations (see Table V of Ref. 23) give
HEe =—160 kG/po. As discussed earlier, H)f is
known quite accurately from experiment (—86
kG/uo). Thus, the value of HF¢ is 74 kG/uo. The
other H values are obtained from the calculated
variation of this quantity for the neutral Fe series and
the H/ values are found from the value of H.¢ by
HI=HFA;/A;.. The H} values are then found
from their sums. All values involved are listed in
Table IX. The results are quite insensitive to reason-
able variations of HX:. We now evaluate the ur and
A/ values using the equations derived for this sys-
tem.

1. Mn

For Mn we have four measured quantities, du/dx,
HY, 8H)}, and 8H3 which contain only pmn,, A, As,
and A, as unknowns. These are listed in Table VIII.
A fifth measured quantity-8H¢& is less reliable since it
contains the ratio Asi/Ar.. A sixth measured quanti-
ty 8H3 contains another parameter 83, which we ex-
pect to be zero, if the moment perturbations are due
to the proposed mechanism of d, polarization. We
first evaluate the four unknown moments from the
known measured quantities. The results are listed in
Table X. Using Eq. (18) to calculate 8" we find that
it is indeed zero within the accuracy of the measure-

TABLE IX. Hyperfine-field-related quantities used in the
analysis.

T HI (kG/ o) HT (kG/ug) H{ (kG/uy)
\% -145 50 —-95
Mn -156 66 -90
Fe -160 74 —86
Co -165 84 —81
Ni —169 95 —74
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ments, i.e., 8" =—0.004 as compared to the larger
AM" value of —0.039. Thus, the fact that 8H} = 8 H}
indicates that there is a 3nn moment perturbation
from the Mn solute atom. Alternately, if 8" is as-
sumed to be zero, the Mn system is overdetermined,
and the value of 8H 3, is found to be in excellent
agreement with the moments obtained from the oth-
er measured quantities. The value of 8H calculated
from Eq. (14) is found to be +7.4 kG. The meas-
ured value?? of 8H is +2.4 kG for a positive value
of HY, so again H seems to be positive.

2.V

As seen in Table VIII there are five measured
quantities for V. The V resonance is close to the HJ
resonance and much more intense, so the 8H3 value
is not reliably established. Thus, we have not used it
in the analysis, but instead have calculated it from
the A, values determined by using 8H3 (with 8 =0)
along with dx/dx, H? and 8H}. We give in Table X
the resulting moment perturbations determined by
this procedure. The value of 8H calculated with the
derived uy and A, is +3.6 kG, in good agreement
with the measured value |2.8] kG. Again the sign in-
dicates that HJ is positive. The V solute atom is
seen to be aligned antiferromagnetically as in the case
of the dilute Fe alloys. It is found to have a value of
—0.3 wo as compared to —0.2 uo in the dilute Fe al-
loys. This corresponds to the hff at the V atom being
composed of +40 kG from the moment on V and
—92 kG from the s-CEP contribution. This is a very
different result from that of Niculescu et al.'® where
a nearest-neighbor-only solution was used, and it was
concluded that uy was essentially zero and all the hff
at V was all due to s-CEP. We show the moment
perturbations for Mn and V in Fig. 2.

TABLE X. Derived moments and moment perturbations
for Mn and V (all moments in uqy and hff values in kG).

This work  Niculescu et al. !0 Pure Fe
KMn 1.7 22 1.0
AM? —0.32 -0.34 —0.06
AMn —0.039 A,-0.11
AMe +0.044 Ay =3,=0.016
dMn —0.003
ny —0.28 -0.02 -0.2
Ay —0.16 —-0.34 +0.17
Ay -0.14 A,=-0.35
Ay +0.036 A;=A,=0.01

3HZ, (calc.) +3.6
8H 3 (calc.) 18.5
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IV. Fes{FefT{Si SYSTEMS

The transition elements below and to the right of
Fe in the Periodic Table have been shown to go into
Fe A or C sites. We list the occupational distribu-
tions for the surrounding sites in Table XI. We con-
sider data for T =Co or Ni. Unfortunately, in these
alloys, very few, if any, satellites have been seen;
mainly, only broadening of the spectra occurs. We
give the expressions for the hff shifts anyway, so we
can estimate their sizes.

A. hff at solute atom T

The hff H7 at the solute atom in site 4 is given by
HY=Hjur+4h] (ug + A7) +6h] (u, + A
+12hT (g +AD +120] (ug +ADH . (20)

These values have been measured to be® —197 kG
for Co and —164 kG for Ni. These values include —4
kG for the Lorentz term (%W)M‘».
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FIG. 2. Host moment perturbations surrounding
transition-metal solute atoms as a function of distance from
a solute atom (in units of the 2nn distance). The left-hand
side shows the moment perturbations in a Fe;Si host while
the right-hand side shows them in an Fe host. The Ni and
Co are on Fe 4 sites, the Mn and V are on Fe Bsites in
Fe,Si.
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TABLE XI. Occupational distribution for various atoms which are nth neighbor to a T atom in an Fe 4 or C site.

Inn Shell with 2nn Shell with 3nn Shell with 4nn Shell with
respect respect respect respect
to TA to TA to TA to T4

Si or Fe D atom which is Inn to T4
TA 3Fe B, SiD Inn 3SiD, Fe B Inn 3Fe A 2nn
3Fe 4 2nn 3Fe B Si D 4nn 6 Si D, Fe B 4nn 6 Fe A 3nn
2Fe 4 3nn 3SiD,Fe B Tnn 15 Fe 4 4nn
1 Fe 4 Snn
T or Fe A atom which is 2nn to T4
2Fe B Inn TA 2nn 4Fe A 2nn 2Fe B Inn
2Si D Inn 4Fe A 3nn 4Fe A Snn 2SiD Inn
2Fe B 4nn 1Fe A 6nn 4Fe A 8nn 4Fe B 4nn
2SiD 4nn 4Si D 4nn
6 Fe B >4nn
6Si D >4nn
T or Fe A atom which is 3nn io T4
1 Fe B Inn 2Fe A 2nn TA 3nn 2Fe B Inn
1SiD Inn 2Fe A Snn 4Fe A 3nn 2SiD Inn
2Fe B 4nn 2Fe 4 8nn TFe A >4nn 3Fe B 4nn
2SiD 4nn 3SiD 4nn
1 Fe B Tnn 7Fe B >4nn
1SiD Tnn 7SiD >4nn

B. First-nearest-neighbor shift at Si D or Fe B atoms
From Table XI we can write the hff shifts
38H =H{ — HY and 6Hj} = H} — H. We have
SHY =[h\(ur—us) +30,87 +30 A7 + 30,47
+3mA +3hsA] +6hA 1A/ Age
(¢¥3))]
SHi=H{FAT +h\((ur—py) +30 A7 +3m AT
+3h3A7 +6h3AT +3h,A7 +6h,AT . (22)

A shift of 8HJ{; of about (+)2 kG has been meas-
ured.?? No clear satellite is seen on the Fe B line.

C. Second-nearest-neighbor shift at 7 atom

The hff shift at a T atom which is 2nn to another T
atom is given by 8H#=H?— H},

8”72=H[/82T+ hzT(P.T‘FSZT—p.A —Azr) +2h|TA|T
+2n] Al +4nT AT +4nT AT +2n] AT +4n] AT .
(23)

This has been tentatively measured® to be —2.5 kG
for Co.

D. Third-nearest-neighbor shift at 7 atom

The hff shift at a T atom which is 3nn to another
TA atom is given by 8H7=H?— H),

SHE=H 8T+ h](ur+8 —p,—AD +h] AT +2n] AT
+2hI AT +4nT AT +2n] AT +30] AT . (24)

These have been tentatively determined to be +1.6
kG for Co and —4.0 kG for Ni.

E. Saturation magnetization

The initial slopes of the saturation magnetization
curve for Co and Ni solute atoms are only roughly
determined.!" We know from dilute Fe alloy
behavior that the slope starts out positive and bends
over to become negative at higher concentrations.
This is also seen to be the case for Fe;Si as a host,
but the data are very sparse. Thus, the values of
du/dx may be quite inaccurate. The initial slopes are
taken to be +0.50 wo/ (Co atom) and +0.60 uo/(Ni
atom) from the data of Ref. 11. From Table III we
see that the initial slope for 7T atoms in Fe A4 sites is
given by

d

By 40 68, + 128, 41208, . (25)
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The positive values of du/dx indicate that the mo-
ment perturbations are predominantly positive, as
was the case for dilute alloys of Co and Ni in an Fe
host.

F. Evaluation of 7 and A, values

Only H is additionally identified’ in alloys with Co
and Ni solute atoms. There is also some broadening
of the lines due to other shifts. Thus, the outstand-
ing feature of these solute atoms is that the shifts,
due to nearby Co and Ni atoms, are small. There-
fore, we investigate the moment perturbations under
two different types of distributions: (a) Assuming
only a Inn perturbation, i.e., A, #0, A;=A3;=A,=0,
and (b) a widespread distribution similar to that seen
in the dilute binary alloys where A, varies as r,>.

For both cases we assume 8, =0, which should be a
good assumption. From previous evaluation of the
dilute alloys of Co and Ni in Fe it appeared that these
solutes have some orbital contribution. To include
this possibility we therefore evaluate two cases, one
with H ., =0 and the other for H,, =20 kG for Co
and 10 kG for Ni.

1. Co

We use only du/dx and H, in the evaluations.
With only A, #0 we obtain uc,=0.6—0.9 upg and
Ay =0.28—-0.21 upz. Some of the hff shifts obtained in
this approximation are large, they are listed in Table
XII. For the r,”> moment perturbations we obtain
o =0.7—1.0 po and A; =0.08 —0.06 wo. The hff shifts
obtained with this distribution are all quite small,
they are listed in Table XII. Thus, the experimental-
ly observed small shifts indicate that the moment
perturbations are widespread as was also the case for
the dilute binary alloys of Co in Fe. The calculated
values of 8H$ and 8H¢, agree well with the tenta-
tively measured values.

2. Ni

Again we use only du/dx and HY; in the evalua-
tion. For the 1nn-only perturbation we find the un-
likely solution un;j=—0.25uq to —0.08 wo and A, =0.5
wo. For the moment perturbations varying as r,”> we
obtain the more reasonable values of un;=0.05-0.2 pg
and A; =0.14 u,. The hff shifts obtained in both ap-
proximations are given in Table XII. Again the r,”}
perturbations give small hff shifts, whereas the 1nn-
only perturbation gives large shifts. Since only sinall
broadenings occur in the Ni spectra, the moment per-
turbations surrounding a Ni atom appear to be
widespread. As can be seen from Table XII, the
results are not very sensitive to a reasonable amount
of orbital contribution. We show the r,”> moment
perturbation surrounding Co and Ni solutes in Fig. 2.

V. SUMMARY AND CONCLUSIONS

Using the measured hff values and shifts obtained
when Fe atoms are substituted into Si D sites, we
have derived the hff shifts and moment perturbations
in the Fe;Si system near stoichiometry. We then as-
sume that these derived hff shifts are inherent to the
s-CEP of the Fe;Si system and use them to obtain
the solute moment and moment perturbations result-
ing from substituting Mn or V into an Fe B site or
Co or Ni into an Fe A4 site. The resulting moment
perturbations are shown in Fig. 2.

We find the following results:

(a) Considering the uncertainty in Ag; the calculat-
ed and measured shifts for the Si sites are in satisfac-
tory agreement. They support the sign of the hff at
Si being positive.

(b) The moment values of the solutes in Fe;Si vary
in the manner expected from comparison with their mo-
ments in Fe (see Fig. 2). The Fe B site has a moment
slightly larger (2.4 wg) than that of pure Fe; both Mn
and V which go into Fe B sites also appear to have

TABLE XII. Calculated moments and hff shifts for Co and Ni in Fe 4 sites (all hff values in kG and moments in ug).

Inn approximation

r, 3 approximation

Co Ni Co Ni
Horb=0 Horb=20 Hurh=0 Hurh=l0 Hnrh=0 Horh=20 Hurh=0 Hnrh=10

ur 0.6 0.9 —0.25 —0.08 0.7 1.0 0.05 0.2
A|T 0.28 0.21 0.52 0.47 0.08 0.06 0.14 0.13
SH; 42 2.2 9.8 8.7 2.0 0.6 5.5 4.7
S3H -17.6 —14.7 -22.6 -27.0 -3.8 —-4.4 -1.5 ~3.6
SH? —6.2 -5.6 —14.7 -12.0 -2.6 -1.9 -5.0 —4.6
3H} —2.2 =21 —4.7 -39 -0.7 -0.7 —0.8 —0.8
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slightly larger moments than they do in Fe host.

Due to having only four nearest-neighbor Fe atoms,
the Fe A4 atoms have a much smaller moment (1.2
o) than that of pure Fe; both Co and Ni which go
into Fe A sites also have much smaller moments than
they do in an Fe host.

(c) The moment perturbations show the same gen-
eral behavior as is seen for the dilute binary Fe al-
loys, also shown in Fig. 2. The first node moves in,
as the 3d transition series is crossed from right to
left, due to the increasing number of d, electrons

contributed by the solute atom. Thus apparently the
electronic bond structure of Fe;Si is similar to that of
pure Fe resulting in a similar polarization behavior of
the d, electrons. It has previously been proposed that
it is this polarization which is responsible for the
alignment of the atomic moment in 3d ferromagnets.
Since the Fe;Si lattice is closely related to Heusler al-
loys, we suggest that their magnetic behavior is also
mainly determined by the alignment of the localized
spin through the polarized d,-like, rather than s-like,
conduction electrons.
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