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The spatial variation of the s-conduction-electron polarization in the Fe3Si system is deter-
mined from the measured hyperfine fields of the near-stoichiometric Fe3Si 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 Fe3Si 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 Fe3Si 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, not 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 dj 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-dI interaction is weak relative to the d, -d&

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 dI elec-
trons are very similar, the d, polarization is detected
as moment changes on the nearby magnetic host
atoms. A procedure3 4 for distinguishing these two
mechanisms was developed for dilute Fe alloys with

transition metals and will be applied here to the Fe3Si
system.

The magnetic behavior of the Fe3Si 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'4 the mag-
netic behavior of the dilute binary alloys is essentially
determined by the number of localized and itinerant
dI or d, electrons. Table I indicates the variation of d,

and d~ character of the transition e)ements. 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 dI electrons, while Cu,
Ag, and Au have only dI electrons. In alloys, the dI,
d, character is intermediate between that of the con-
stituents (principle of accommodation). For elements
or alloys with unpaired dI electrons, the d, electrons
are polarized through Coulomb exchange and hybrid-
ization interactions with the dI electrons. It has been
proposed' " 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 dI 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 Fe3Si as the host and
also for the large class of "Heusler alloys" with a simi-
lar structure. Fe3Si has a DO3 structure as shown in

Fig. 1. This is a varient of the L2~ structure of the
Heusler alloys X2 YZ, where Xcorresponds to the A

and C sites of Fig. 1, Y to the B sites, and Z to the D
sites which are occupied by Si in Fe3Si. In Heusler
alloys Z is usually an sp element and Yis 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 difticulty, that the s-conduction electrons
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TABLE II. Quantities used in the analysis of Fe3Fe„.Si~

(all moments in po and hA' values in kG).

Quantity Value

&B~Hw

P (per Fe3Si molecule)

&si

Pg
dp, /dx (per Fe D atom)

H~o

H0

Hs0

b, H~

EH'~

EHs3;

EH'

2.0
4.82

0
1.21

2.40

3.66
-342
-222

—41 or +33
—52.3
—7.5

(+)2.5+1
+4.2

magneton. For p, s; =0 this gives pg =1.21p,o and
p, a =2.4p,o. 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'

dp,@ = pD+ $M„h„=pp+Sd (+652+2454
X

8. Hyperfine fields in Fe3Si

We use the following model' ""to describe the
hff. The hff is considered to be composed of three
parts

H =H;p +H„+H,. (2)

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

where M„ is the number of sites in the nth shell sur-
rounding the Fe D solute atom and 5„ 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 Fe3Si ~

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 Fe3Si 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,. +H~ 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

HP =XM h„p,„

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

M„h„p,„A
H =IIMy. + x

Aq,.

where H~ = H;,, + H, is the hff at an atom due to its
own moment and A, is the hff coupling constant of
atom Z. For convenience, we have redefined H;.„
and H, as fields per p.o. 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 3 site in stoichiometric Fe3Si (see
Table III):

TABLE lll. Number and type of neighbors for the three sites in Fe3Si. See Fig. 1 for

a labeling of the sites.

TYPe 1nn 2nn 3nn 4nn

Fe A

Fe 8
Si D

4Fe8 —4SiD
8 Fe A

8 Fe A

6FeA
6Si D
6FeB

12 Fe A

12 Fe 8
12Si D

12Fe 8—12Si D

24 Fe A

24 Fe A
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Hg = HM'p, g +4h) p, g+6h2p, g

+12h3p, ~ + 12h4p, g (4)

positive, we have Hs; -33 kG; if negative, Hs; =—41
kG.

This value was measured to be —218 kG. This must
be corrected for the Lorentz term (—,a)M„which is

about —4 kG for Fe3Si. Thus we have H& =—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 8-type atom we have {see

Table III)

Hg HM'pg+8h)pg +12h3p g+24h4pg . {5)

This value has been measured to be —338 —4 =—342
kG8

For the hff at a Si atom we have from Table III:

&s' = (gitig~ +6ir~gs+24it4p~)~s l~F, +H,"
(6)

H,'; was measured to be ~37.3( kG. ' The sign of the
field has not been conclusively determined. If it is

C. Hyyer5ne 5elds in Fe3Fe, Si~ „
We now derive expressions for the hft 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.

First-nearest-neighbor shift for Fe A sites

Group 1 of Table IV lists the type of atoms sur-
rounding an Fe A 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 A atom are a (1nn} Fe D atom, three
second-nearest-neighbor (2nn) Fe 8 atoms, three
third-nearest-neighbor (3nn) Si D atoms and one
fifth-nearest-neighbor (Snn) Fe 8 atom. Any Fe
atoms in the nth shell surrounding an Fe D solute
atom will have a moment perturbation of 5„. It has
been shown that for small concentrations the hit'

shifts are linear 8 '; 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.

inn

Shell with

respect
to Fe D 2nn

Shell wifh

respect
toFe D 3nn

Shell with

respect

to Fe D 4nn

Shell with

respect

toFe D

Fe D
3Fe8
3Si D
1 Fe 8

inn

2nn

3nn

5nn

3 Fe A

3 Fe A

Fe A which is inn to Fe D
inn 3 Fe A

4nn 6FeA
3 Fe A

inn
4nn

7nn

3FeB
6Si D
9Fe 8
6Si D

2nn

3nn

&Snn
&6nn

Fe 8 which is 2nn to Fe D.

4Fe A

4Fe A

inn

4nn

Fe D
4Si D

1Si D

2nn

3nn

6nn

4Fe 8
4Fe 8
4Fe8

2nn

Snn

Snn

4 Fe A

SFeA
12 Fe A

inn

4nn

&7nn

Si D which is 3n» to Fe D

2 Fe A

4Fe A

2FeA

inn

4nn

7nn

2FeB
2 Fe 8
2Fe8

2nn

Snn

ann

Fe D
4Si D
7Si D

3nn

3nn

&6nn

4FeA
6FeA
14 Fe A

inn
4nn

&7nn

Fe A which is 4nn to Fe D

1Fe8
2Si D
3Fe8
2SiD

2nn

3no

&Snn
&6nn

1 Fe A

2 Fe A

3FeA

inn
4nn

&7nn

2FeA
3 Fe A

7FeA

inn
4nn

&7nn

1FeD
2Fe8
3Si D
18 Fe 8

4nn

2nn

3nn

&Snn
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+3 h34 ) + 6h 344+ 3h4L12 (7)

/4/H& was measured to be —52.3 kG. '
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 A 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 shi ft 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 4'-Hg —Hg,

EHg = H~'b2+ h2p p+4h)h) +4h)54+4h352

+4h45) +8h454

LLHB was measured to be —7.5 kG, "as listed in

Table II.

(8.)

3. Third-nearest-neighbor shi fi 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 4H&; = H&; —H&; is given by

bHs, = (h3p p+2h)5) +4h)b4+2h252

+4h45t +6h454) As lA F.

= Hs3A s;/A Fe (9)

further assume that the same h„values apply to the
Fe A and Fe B atoms. Since we envisage that the 5„'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
p, p - p, 8 which is what would result from the mo-
ment being determined mainly by the 1nn. Thus, us-
ing Tab!e IV we can write an expression for the hff at
an Fe A site which is a 1nn to an Fe D atom

H~ =HM'(p. ~+5)) +h((p, p+ p, g) +3h)(p, 8+82)

+3h2(y„+ 5.t) +3h2(p, „+h4) +3h3(II.„+I))
+6h3(pe +54) +3h3g„+3h4(ps+LL2) +9h4ps

Defining the shift LLH& + H& —H&, we have

H~ = H~'I) + h) p, p+3h)52+3h25) +3h254

where H& 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
AHs; is the most evolved in Ref. 8 and therefore this
quantity is least accurately known. hH~; was meas-
ured to be ~2.5 + 1~ kG. It is +2.5 kG if H,", is nega-
tive and —2.5 kG is Hq; is positive.

4. Fourth-nearest-neighbor shift for Fe 3 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„4= H~4- H„',

bHg = H~dk4+ h4pp+ h)52+ h2b, ) +2h2b4

+2h35) +3h354+2h452 (10)

bH& was measured to be +4.2+0.5 kG. ' Note that
IH& should be zero in a 1nn approximation, where
only h~ and h~ &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 h„'s and b„'s

We can evaluate H~F' 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 Hr' =Hc,AF, /Ac . Correcting for the
Lorentz field in Fe —(—,m) M, =—7 kG, the hff at Cu

was measured to be —220 kG." The hff coupling
constants have been estimated by many authors'
with an average ratio for Ac„/AF, being =1.4. Thus
H."' =—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 HM' can
then be obtained from the measured hff (—346 kG)
at Fe and is HM' -H~, —H&' =—191 kG or —86 + 5

Since H, , for H&0; is in doubt we temporarily neglect
Eqs. (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, hH& depends mainly on
h~ and 4~, hH~ on h~, h2, b ~, and A2, and hH& is
determined mainly by h4 and b4. The final parame-
ters are quite definitely determined and are listed in

Table V. The value of h~(= —12 kG/p, o) 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 h2 =—3.5 kG/pp,
h& =(+)1.9 kG/p, „, and h4=2. 1 kG/pp as the shifts for
the Fe3Si alloy system, whereas here we have

hp —0.2 kG/pp, h3 =—).3 kG/pp, and h4-0.6kG/pp.
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 rno-

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 h„values
used previously for the dilute Fe alloys' and find
that for this system a positive h3 still appears to be
necessary to obtain agreement with the measured
spectra of dilute Co and Ni alloys.

K. Hyper5ne lelds at Hs; and Hs;

The sign of the hff at Si is dimcult 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 A 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.

TABI.E V. Measured and derived parameters of the Fe3Si

system.

The low-Z elements are especially difticult 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
As, /AF, 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,
HAI Hs A Al/A F, and using Hz' =—1 55 kG we ob-
tain A„~/AF, =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 As;/AA, =1.42 from
Campbell to obtain As;/Ar, =0.57. The hff coupling
constant ratios we use are listed in Table VI. Taking
AF, to be 1.9 MG we find As; =1.1 MG. The calcu-
lated value of Hso of Eq. (6) is —102 kG. This gives

Hs; =58 + Hs' or H, ,
' =91 kG for Hs; Positive or

+17 kG if Hs; is negative.
The hff shift at Si due to a 3nn Fe D was meas-

ured' to be 12.5+ 11 kG or Hx' of Eq (9) =144+21
kG. The calculated H& value is —8 kG. The nega-
tive sign arises because the first two terms in Eq. (9)
dominate. A negative AHs; value indicates that Hs;
is positive.

III. Fe2" Fet „T„SISYSTEMS

The hff values for a number of sites in this system
have been measured9' for T = V and Mn. We now

proceed to use the h„values obtained for the Fe3Si
system and derive values of the solute moment and
the moment perturbations due to the element T. 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

Quantity Measured Derived

hl (kG/p. p)

h2 (kG/pp)

h3 (kG/LMp)

kG/~o)

~l(~o)
42(p.p)

44(P.p)

(IP/(Ix (p.p/at. %)
H„' (kG)
H~~ (kG)
HIP (kG)

Hq (kG)
Hg~ (kG)
H,' (kG)
H4 (kC)

+3.7
-222
-342

—52.3
—75

+4.2

—12.0
—0.2
—1.3
+0.6
+0.3
—0.06
—0.03
+3.7
-222
-342
-102
—53.6
—7.4
—8

+4.0

Quantity Value

S/W Al

~ Al/~ Fe

As;/r4 F

W„/WF,

~M /~F
~C„/~ F.
3 g'//4 F

AF
H"'
H~'

1.42

0.40 (expt. )

0.57

0.67

0.89

1.14

1.2&

1.9 MG
—155+ 10 kG (expt. )
—86+ 5 kG/p, p (expt. )

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

analysis.
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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. %e give in Table VII a list of the occupational
distribution of the various atoms surrounding a

solute Tatom in an Fe B site. As in Sec. II we write
the hff values at various sites keeping terms through
the 4nn.

A. Hyperfine filed at the solute atom T

The hff HT at the solute atom in an Fe 8 site is

given by

+T +MPT+ghl ~PA +~1~ +~2h3 iI B+~3~

+24h4r(p, g + h4')

where HM is the hff per p, o from core polarization
and self-polarization by the solute atom itself, and p, ~

is the solute-atom moment. The A„~ values are the
s-CEP contributions at the solute and are related to
those measured in Sec. II at an Fe atom through the
hff coupling constants, e.g. ,

the various Fe site atoms; we assume their difference
is a negligible effect. The HT 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 A atoms

The Fe 3 atoms which are Inn to the solute T
atom in an Fe 8 site will have a hff shift
SH& = H& —H&. It can be written from Table VII to
be

SHg =HM'5) +A)(p, T
—p, g) +3h)53 +3A25)

+3A244 +3A35) +6A3b4 +6A453

This has been measured by Niculescu et at. ' to be
+38 kG for a Mn solute atom and +51 kG for a V
solute.

C. Second-nearest-neighbor shift of Si atoms

The Si D atoms which are 2nn to the solute T atom
in an Fe B site will have a hff shift 5Hs, = 0~, —Hs, .
From Table VII 5Hs; is given by

h„= h„Ar/A F, (12)
5Hqj [A2(p T pg) + 4A ) 5) +4A] A4 +4A253

The A„T values are the moment perturbations caused
by the solute atoms and we keep terms through 54T.

The 4„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

+4h45) +gh454IAs/Ar, (14)

The assumption has been made than an H, ' term is

the same whether or not the Si D atom has a 2nn T
atom. The value of 5Hs; has been measured" to be
[2.4) kG for Mn and (2.8( kG for V. A + sign ap-
plies if Hs; is positive.

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

inn Shell with

respect
to TB

2nn Shell with

respect
to TB

3nn Shell with

respect
to TB

4nn Shell with

respect

4o TB

Fe A which is inn to TB

TD

3Si D
3FeB
1Si D

inn
2nn

3nn

Snn

3 Fe A

3FeA
inn

4nn

3 Fe A

6FeA
3 Fe A

inn

4nn

7nn

3Si D
6FeB
9Si D
6FeB

2nn

3nn

&4nn

&4nn

Si D which is 2nn to TB

4FeA
4Fe A

inn
4nn

TB
4Fe B
1FeB

2nn

3nn

6nn

4Si D
4Si D

4Si D

2nn

Snn

8nn

4FeA
8 Fe A

12 Fe A

Inn
4nn

&4nn

TB or Fe B which is 3nn to TB

2FeA
4Fe A

2 Fe A

inn
4nn

7nn

2Si D

2SiD
2Si D

2nn

Snn

8nn

TB
4FeB
7FeB

3nn

3nn

&4nn

4FeA
6FeA
14 Fe A

inn
4nn

&4nn
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D. Third-nearest-neighbor shift of T atoms F. Saturation magnetization

K. Third-nearest-neighbor shift for Fe B atoms

For Fe B atoms which are 3nn to the T solute
atoms the hff shift SH8 H~ —Hq is given by

SHg Hjg k3 +g h3(p 7 pg) + 2h) 4)"+4ht44

+4h353~+4h45~~+6h46 q~ .

This shift was measured 'p to be +9.4 kG for dilute

alloys of Mn. Its value in V is diScult 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 SH~ and SH~ scale
simply as the h8' coupling constants. %'e see from
Eqs. (15) and (16) that they are related by

T Fe +gT(HFe+h ) ST M Fe +h
T T

(i7)

Thus, there should be no simple scaling unless L3
and S3 are zero. We expect S3 to be nearly zero but
in general b3 will not be zero. Evaluating the known

quantities in Eq. {17)we find

S "=0.029+0.8535M" (18)

%e will see below that S3
" is essentially zero as ex-

pected, but h3 +0.

A T solute atom, which is 3nn to another T atom,
will not have the same rnornent perturbation as an Fe
atom in the same shell. Thus, we denote the mo-
ment perturbations at another

absolute

atoms by S„~.

We expect the S„~ to be near zero since both T atoms
have similar numbers of d, electrons. From T'able

VII we see that this hN' shift SH& = H~ —H~ is

gHr' H~53 +h3 (p, r+gt —p, s —h3') +2h) dt

+4h,'5 '+4h'6 '+4h'5 '+ 6h'h '
(15)

This shift has been measured ' to be +5.7 kG for
Mn and +4.7 kG for V.

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

p, p
—p, g + 8h) + 12353 + 2454

dx
(19)

For this analysis we want the initial slope. %'e use
values from Ref. 11 which are listed in Table VIII.

G. Evaluation of p, y. and 4„ for Mn and V

In order to evaluate the p, ~ and h„values we need
the HM values, (HM =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

H,."p' =—160 kG/p, p. As discussed earlier, H~' is

known quite accurately from experiment (—86
kG/pp}. Thus, the value of HF' is 74 kG/pp. 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„.F' by

H, -H,"'Ar/Ar, The HM 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 H,."„'. We now evaluate the p, & and

h„, values using the equations derived for this sys-
tem.

J. Mn

For Mn we have four measured quantities, dp/dx,
Hq, SH~, and SHq which contain only p.M„, I~, b,3,
and h4 as unknowns. These are listed in Table VIII.
A fifth measured quantity SHs; is less reliable since it

contains the ratio As;/AF, . A sixth measured quanti-

ty SH~ contains another parameter SM„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 S3M" we find that
it is indeed zero within the accuracy of the measure-

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

analysis.

TABLE V111. Measured quantities for Mn and V solute

atoms (all hff values in kG) {Refs. 9—11). H, p (kG/p. p) H, (kG/pp) HM (kG/pp)

Mn

V

dp,
{wp//atom) Hrp

dx

—2.66
—4.84

-263 38
(-)51.7 51

9.4 5.7 {+)2.4
4.7 (+)2.8

SH„' SH~ SH& SHst
V

Mn

Fe
Co
Ni

-145
-156
-160
-165
-169

50
66
74
84
95

—95
—90
—86
—81
—74
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ments, i.e., S3"n =—0.004 as compared to the larger
43 " value of —0.039. Thus, the fact that SHo 0 SHI'-

indicates that there is a 3nn moment perturbation
from the Mn solute atom. Alternately, if S3

" is as-
sumed to be zero, the Mn system is overdetermined,
and the value of SHM„ is found to be in excellent
agreement with the moments obtained from the oth-
er measured quantities. The value of SHs; calculated
from Eq. (14) is found to be +7.4 kG. The meas-
ured value" of SH&; is +2.4 kG for a positive value
of H~;, so again H&; seems to be positive.

2. V

TABLE X. Derived moments and moment perturbations

for Mn and 'V (all moments in po and hff values in kG).

This work Niculescu et al. ' Pure Fe

@Mn
gMn

I

gMn
3

gMn
4

gMn
3

1.7
—0.32
—0.039
+0.044
—0.003

2.2
—0.34

1.0
—0.06

h3 - a4 =0.016

As seen in Table VIII there are five measured
quantities for V. The V resonance is close to the H~~

resonance and much more intense, so the 5H~ value
is not reliably established. Thus, we have not used it

in the analysis, but instead have calculated it from
the d„„values determined by using SH& (with S3 -0)
along with dP/dx, Hva and gH&. We give in Table X
the resulting moment perturbations determined by
this procedure. The value of SH~2; calculated with the
derived p, v and dL„ is +3.6 kG, in good agreement
with the measured value ~2.8~ kG. Again the sign in-

dicates that Hs, 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 po as compared to —0.2 p0 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 p, v 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.

IV. Fe ' -Fe~T,"-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. hS at solute atom T

FeaSi Fe

Nt(a)
Wggi*ojei Pgg( t4&s +

b

0 ~
- co(a)

OSV, s

p

O 0.2

CI

K
6. .2
I-
X
UJ pX
O

+ -02
OX

-0.2

~ Fe

w~. (2~1
I

.Mn(B)
~g ) f]g

r

t

. V(B)
p„*-os@ 4

I

/
r

I
f

t
I I
1 I

)LE* 0.2]l,I ) I
\ I

g ~st

~ I a a I ~ I ~

I

The hff HT at the solute atom in site A is given by

HT =Hip, r+4h~ (pa+hA+6h2 (p, c +h2Q

+12h3r(p, „+hg) +12h4r(pa+54) (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 (—3m) M,

PV
gv
gv
gv

5Hs2; (calc.)
SH&~ (calc.)

—0.28
—0.16
—0.14

+0.036
+3.6
18.5

—0.02
—0.34 +0.17

h2 =—0.35

d,4
=0.01

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 Fe3Si host while

the right-hand side shows them in an Fe host. The Ni and
Co are on Fe A sites, the Mn and V are on Fe 8 sites in

Fe3Si.
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TABLE Xi. Occupational distribution for various atoms which are nth neighbor to a T atom in an Fe A or C site.

inn Shell with

respect
to TA

2nn Shell with

respect
to TA

3nn Shell with

respect
to TA

4no Shell with

respect
to TA

Si or Fe D atom which is inn to TA

TA

3 Fe A

2 Fe A

1 Fe A

2nn

3nn

Snn

3Fe8, SiD
3Fe8, SiD

inn

4nn

3SiD, Fe 8
6SiD, Fe8
3SiD, Fe8

inn
4nn

7nn

3FeA
6FeA
1S Fe A

2nn

3nn

4nn

Tor Fe A atom which is 2nn to TA

2 Fe 8
2Si D
2 Fe 8
2Si D

inn
inn
4nn

4nn

TA

4FeA
1 Fe A

2nn

3nn

6nn

4 Fe A

4FeA
4 Fe A

2nn

Snn

Snn

2 Fe 8
2Si D
4Fe8
4Si D
6Fe8
6Si D

inn
Inn

4nn

4nn

&4nn
&4nn

T or Fe A atom which is 3nn io TA

1Fe8
1Si D

2 Fe 8
2SI D

1Fe8
1Si D

inn

inn

4nn

4nn

7nn

7nn

2 Fe A

2 Fe A

2 Fe A

2nn

Snn

8nn

TA

4FeA
7FeA

3nn

3nn

&4nn

2 Fe 8
2Si D
3FeB
3Si D
7FeB
7Si D

inn
inn

4nn

4nn

&4nn

&4nn

B. First-nearest-neighbor shift at Si D or Fe Batoms D. Third-nearest-neighbor shift at T atom

From Table XI we can write the hff shifts
Hs =Hs Hs and 5HB =Hg —Ha. %'e have

SHE; = [h ) (p, T
—p g) +3h ) h2" +3 h ) h3 + 3 h25 )

+3hgh4r+3h452 +6h4b3']As/AF,

SHg = H~'b, ) + h)(p, T
—p, g) +3h)LL2 +3h)b, 3

+3h36) +6h354 +3h4~2 +6h443 . (22)

A shift of SH~; of about (+)2 kG has been meas-
ured. '~ No clear satellite is seen on the Fe B line.

C. Second-nearest-neighbor shift at T atom

The hff shift at a T atom which is 2nn to another T
atom is given by SHq~=HT —H&,

6Hr HM52 +h2 (Pr+62 PA ~2) +2hl ~l

+ 2h'5 '+4h'6 '+4h'5 "+2h'5 '+4h'5 '
(23)

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

The hN'shift at a Tatom which is 3nn to another
TA atom is given by SHy. =HT —Hg,

5 r=H~53 +h3 (pr+ 3
—p~ — 3) +ht di +2h~ h4

2hTQ T+4h TQ T+2hr~ r+3h Tg T (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. " %'e 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 Fe3Si as a host,
but the data are very sparse. Thus, the values of
dp/dx may be quite inaccurate. The initial slopes are
taken to be +0.50 po/ (Co atom) and +0.60 po/(Ni
atom) from the data of Ref. 11. From Table III we
see that the initial slope for T atoms in Fe A sites is
given by

dp,
jM T pg +4Af +652 + 1253 + 1264 . (25}

dx
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The positive values of dp/dx indicate that the mo-

rnent perturbations are predominantly positive, as
was the case for dilute alloys of Co and Ni in an Fe
host.

F. Evaluation of p, T and b„values

Only Hq 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., h~ ~0, 62=53 A4 0,
and (b) a widespread distribution similar to that seen
in the dilute binary alloys where h„varies as r„'.
For both cases we assume 5„=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„„b=0 and the other for H„b =20 kG for Co
and 10 kG for Ni.

i. Co

We use only dp/dx and Hc, in the evaluations.
With only 4t ~0 we obtain p,~-, =0.6—0.9 p, ~ and

A~ =0.28 —0.21 p, a. Some of the hff shifts obtained in

this approximation are large, they are listed in Table
XII. For the r„moment perturbations we obtain

p~, =0.7 —1.0 pp and At =0.08 —0.06 p.p. The hff shifts
obtained with this distribution are all quite small,
they are listed in Table XII. Thus, thc 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 5H&p; and SH&, agree well with the tenta-
tively measured values.

2. iVi

Again we use only dp/dx and HN; in the evalua-
tion. For the 1nn-only perturbation we find the un-

likely solution p, N;= 0.25@,p to 0.08 p, p and It =0.5
p, p. For the moment perturbations varying as r„' we
obtain the more reasonable values of p.q; =0.05—0.2 p, p

and A~ —0.14 p, p. Thc 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 stnall
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.

U. 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 Fe3Si system near stoichiometry. We then as-
sume that these derived hff shifts are inherent to the
s-CEP of the Fe3Si 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 A site. The resulting moment
pcrturbations are shown in Fig. 2.

We find the following results:
(a) Considering the uncertainty in A&; 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 Fe3Si 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 p, ~) than that of pure Fe; both Mn
and V which go into Fe B sites also appear to have

TABLE XII. Calculated moments and hfl'shifts for Co and Ni in Fe A sites (all hfl' valves in kG and moments in pp).

Co
inn approximation

Ni Co

r„- approximation

H, b =0 Ho, b =20 H„,b =0 H„,b = 10 H„,b ——0 H„b =20 H„,b =0 Horb = 10

0.6
0.28

4.2
—17.6
—6.2
—2.2

0.9
0.21

2.2
—14.7
—5.6
—2.1

—0.25

0.52

9.8
—22.6
—14.7
—4.7

—0.08
0.47

8.7
—27.0
—12.0
—3.9

0.7
0.08
2.0

—3.8
—2.6
—07

1.0
0.06
0.6

—4.4
—1.9
—0.7

0.05

0.14

5.5
—1.5
—5.0
—0.8

0.2
0.13

4.7
—3.6
—46
—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 A atoms have a much smaller moment (1.2
p.p) 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 Fe3Si 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 Fe3Si 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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