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X-ray, magnetization, and spin-echo NMR techniques have been used to measure the changes in the atomic

ordering along with the effect of these changes on the local moment and the internal field distributions ili

Fe3 V Si alloys for 0 & x & 1 .00. Vfe have shown that V continues to enter predominantly the 8 sites in the

Fe3Si matrix up to x —1 .0, which is the limit of V solubility. The Fe, „V„Sialloys are ferromagnetic up to
x =0.9 with the saturation magnetization decreasing linearly with x. V substitution into the 8 sites reduces

the moments of the first-near-neighbor (1nn) Fe(A, C) atoms linearly from their initial value of 1.35LLf,~ while

the moments of Fe(8) atoms remain constant at 2.20JLf,~. A model giving a detailed mechanism for the origin

of the satellite structure observed in the NMR spectra is proposed for Fe, V„Sias well as for Fe, „Mn„Si,a
previously measured system. According to this model, the changes in the transition-metal internal Aelds at 8
sites are produced as a result of changes in the 4s spin polarization induced by the perturbations of the 1nn

Fe(A, C) moments. The values calculated from this model for the on-site hyperfine fields of Fe(8) and Mn(8)
are —205 and —192 kOe, respectively. The on-site contribution to the V hyperfine field is estimated to be

about 3 kOe with this model, in reasonable agreement with the very low moment value found for V. This
detailed work suggests that the Fe(A, C) inn shell screens the 8 sites from any direct interaction with a more

distant neighbor either magnetically or chemically. Using all of the NMR and magnetization data together

with the model, a canting of the Mn moments in Fe, „M„Sifor 0.75 ~ x g 1.6 has been predicted. In addition,
the disorder contributions to the NMR spectra have been identified.

I. INTRODUCTION

Since the first report' on the selective substitu-
tion of transition-metal impurities into the Fe,Si
matrix, a great deal of interest has been shown in
this field. ' " This interest stems from the rather
unique opportunities the system provides for
understanding and correlating magnetic and struc-
tural properties and also of comprehending the
influence of neighbor environments on hyperfine
interactions. The last idea was the central theme
of detailed NMR and x-ray work of Niculescu
et al.' on the alloys Fe, „Mn„Siover a wide com-
position range 0~&~1.60, where it was shown
that changes in the magnetic structure and hyper-
fine fields are directly correlated with the degree
of local atomic ordering. Furthermore, this sys-
tem exhibits clear conduction-electron-polariza-
tion effects.

In order to extend our knowledge of the neighbor
environment effects on the hyperfine interactions
and magnetic behavior, we have made a detailed
investigation of the structural and magnetic prop-
erties of the system Fe~ V„Slover' the composltlon
range O~x~1.25. This study enables us to (i) fur-
ther explore the selectivity mechanism in the
Fe,Si matrix, (ii) investigate the correlation be-
tween the local atomic environment and the onset
of the long-range magnetic order in this system,

and (iii) evaluate the role of the conduction-elec-
tron polarization in the hyperfine-interaction
picture.

The correlation between the structural, magneti-
zation, and NMR results in both the Fe, Pin, Si and
Fe, „V„Sisystems permits a quantitative evalua-
tion of the local s spin polarization by Sd magnetic
moments at neighboring atoms. Thus a consistent
picture of the moment and hyperfine-field pertur-
bation functions of the near-neighbor (nn) configur-
ations and the nature of the subst;ituted atoms is
derived.

The structural data on the Fe, ,V„Sialloys are
obtained to determine the limit of solubility and
the effect on the atomic ordering. The magnetic
and hyperfine-field behavior of the Fe, „V„Sialloys
can be successfully analyzed using a model in
which the Fe magnetic moments are critically
dependent on the number of Fe atoms in the first-
near-neighbor (1nn) shell regardless of their mag-
netic moments. According to this model it will
be shown that the substitution of the impurities
Mn and V in a distant-neighbor shell perturbs
the moment and hyperfine field on a specific atom
thxough the changes in its 1nn. A detailed discus-
sion of the correlation between the nature of the
substituted atom, its moment and local spin polari-
zation effects in the near-neighbor shells is also
px esented.
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II. Fe3„V„SiSYSTEM

The intermetallic compound Fe,Si is a well-
ordered ferromagnet. Its crystal structure, the
face-centered-cubic DO, type, is shown in Fig. 1.
The structure exhibits four crystal sites A, B, C,
and D, with the specific neighbor configurations
summarized in Table I. Notations used to indicate
occupancy of a site with an element isas follows:
Fe in the B site is represented by Fe(B), Si in the
D site by Si(D), etc.

The Fe atoms are located in three crystal sites,
A, B, and C with A and C being chemically and
magnetically equivalent. The Fe(A, C) have four
Fe(B) and four Si(D) as 1nn and carry a. magnetic
moment of 1.35ii~ while the Fe(B) have eight Fe
1nn and carry a magnetic moment of 2.20', ~.""
The measured hyperfine fields at 1.4 K are 218(2)
kOe and 338(2) kOe for the Fe(A, C) and Fe(B)
sites, respectively. ""The Si(D) atoms have a
small negative moment of -0.07(06) lid and a trans-
ferred hyperfine field of 37 kQe.

As originally shown by the NMR work of Burch
et g$.' and I.itrenta, ' and subsequently confirmed
by the neutron-diffraction work of Pickart et al. ,

'
small amounts of V substitute for Fe(B) in Fe,Si.
The "V hyperfine field in Fe,Si has been found to
be 47.7 kOe, ' while the magnetization studies of
Hines et al."suggest that a zero local magnetic
moment is associated with the V impurities. The
x-ray studies of Bergner et a/. " indicated that V
forms a solid solution in Fe, „V„Sibetween x =0
and 0.7 preserving the cubic DO, -type crystal
structure, with a slight increase in the lattice
constant and a depression of Curie temperature
as the V concentration increases.

III. EXPERIMENTAL

A. Sample preparation

pure Fe(».»8%), V(&9.98%), and Si(».99%) in
appropriate proportions were used to make 10-g

~ & OC

OB OD
FIG. 1. Unit cell of Fe»VPi alloys. The sites are

represented by A, B,C, and D. The A and C sites are
equivalent and are occupied by Fe atoms, the B site is
occupied by Fe and V„and the D site by Si.

ingots for each of the Fe, „V„Sialloys with the fol-
lowing compositions: x =0, 0.01, 0.02, 0.04, 0.08,
0.15, 0.25, 0.50, 0.75, 0.90, 1.0, and 1.25. An
off-stoichiometric composition of Fe, «Vo o~Sio»
was also made.

The elements were mixed and melted several
times in an argon arc furnace to ensure homo-
geneity. The weight loss after are melting was
less than 1/g for all the alloys. After arc melting
each ingot was sealed under vacuum (2 x 10 ' Torr)
in a quartz tube and homogenized for 40 h at
800 C. The temperature was then decreased slow-
ly to 600 'C over a period of five hours and was
subsequently quenched from 600'C into room-
temperature water. The homogenized ingots were
powdered to No. 325 mesh size and annealed at

No. of shell

TABLE I. FesSi neighbor configurations.

Neighbor distance in
lattice parameters 0.43 0.5 0.705 0.83 0.86 1.08 1.11

6A, C 12A, C 8A, C 6A, C
12B
12D
24A, C

24A, C

8A, C
6D

6B
12D

24A, C 24A, C
24B



4162 V. NICULE SCU et al. 14

600'C for 1 h under vacuum (2.x 10 ' Torr). The
samples were slowly cooled to room temperature
within the furnace.

These powders were used for the structural,
magnetization and NMR studies reported below.
The x-ray analysis of the samples showed that for
x&1 the alloys were single phase and for x~1
additional phases were observed.

I"3 f~+fa+fc+fa for 2(k+k+I) =2n,

where f~, f~, fc, f~ are average scattering factors
for the atoms on A, B, C, and D sites, respec-
tively, and n is an integer. The reflections for
which ~(k+k+I) =2n are fundamental and are unaf-

B. Structural properties

The x-ray measurements were performed at
room temperature using a Philips diffractometer
and Cu Kn radiation. Up to x=1, the samples
were single phase and the x-ray diffraction pat-
terns could be indexed on a fcc structure. The
lattice parameters were obtained by extrapolation
to 6) =90 for the parameters corresponding to re-
flections from the (440), (620), and (444) planes
for both K& y

and KQ 2 radiations . At x = 1, a small
amount of a second phase (&1%) was found. The
amount of the additional phase increased with x.
In Table II, a summary of our x-ray data is pre-
sented. It can be seen that the substitution of V
in Fe,Si, increases the lattice parameter up to
0.3% at the limit of solubility.

As shown in Fig. 1, the unit cell is composed
of four interpenetrating fcc sublattices A, B, C,
and D with origins situated at A(0, 0, 0), B(,', —,', —,'), -
C(—,, —,, 2), and D(,', —,', —,'). In t-his structure, Bragg
reflections are produced by either all even or all
odd Miller indices with the following three struc-
ture amplitudes:

E, —
C( f„fc)'+( fs —fn)']'—~' for h, k, l all odd,

for —,'(h+k+I) =2n+ I,

fected by the state of chemical order while the re-
flections with k, k, l all odd or all even with
(h+ k+ I) = 2(2n+ I) are superlattice reflections and
their intensities depend upon the state of order.

When a random disorder occurs in ternary alloys
of this type, all the superlattice lines are reduced
in intensity by a factor S', where S is the long-
range-order parameter and can be defined as in

binary alloys by

S = (N —N, )l(No —N ),

where N is the number of atoms located on their
ordered sites, N, those in the fully ordered state,
and N„in the randomly ordered state. However,
if preferential disorder occurs between certain
sites, then the two groups of superlattice reflec-
tions will be affected differently, and generally
it is necessary to have more than one ordering
parameter for the characterization of the state
of order. Johnston and Hall" and Webster" dis-
cussed the effects of different types of disorder
on the structure amplitudes of ternary alloys of
the Heusler L2, type by introducing a parameter
which describes the B —D disorder.

For Fe,Si in a perfectly ordered state, f„=f~
=fc so that the ratio of the intensities superlattice
lines E~», /E22oo = 1. Measurements on a carefully
prepared Fe,Si sample by the method described
above, showed essentially no disorder between Fe
and Si sites. In the Fe, ,V„Sisystem, previous
NMR investigations" showed that V impurities
replaces Fe in B sites. In general the disordering
can then occur between B —D, (A, C) —D, and
(A, C)—B sites.

Since V(Z= 23) and Fe(Z =26) are very close to
each other in the Periodic Table, their x-ray scat-
tering factors are similar and thus disorder be-
tween B and (A, C) sites is difficult to distinguish
by x-ray studies. However, the B—D and (A, C)—D disorder can be described by introducing the
parameters o. and P as fractions of (B) and (A, C)
atoms which occupy the Si(D) sites. The ratio of
the superlattice lines becomes

TABLE II. Structural parameters for the Fe3 „V„Sisystem obtained from x-ray data. The
values of the lattice parameters obtained by Bergner et al. (Ref. 15) are shown in the paren-
theses. We have assumed the (A, C) 4 disorder to be zero. See note added in proof.

Alloy
Lattice constant

(A)

Calculated degree of disorder (%%ug)

B D (CL) (A, c) D (P).

Fe3Si
Fe2.85Vp g5Sl

Fe2 75Vp 25Si
Fei 5Vp 5Si
Fe2»Vp „Si
Fe2 gVp pSi
Fe2VSi

5.653 (5.650)
5.6538
5.654
5.657 (5.661)
5.6664
5.668
5.670

0
5
8

10
15
10
17
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0.250 0.50 O75 I,OO

CONCENTRATION ( x)

FIG. 2. Ratio of the superlattice structure factors E~~~~/

Epoo as a functioQ of V conceQtratlon x in Fe»V+I. 0'
0 0.25 0.50 0.75

V CONCENTRATION ( x)

F;„/F,'„=(1- » —P)'/(I —&P)'.

The relative intensities of the superlattice lines
have been normalized to the (444) fundamental line
in the whole range of concentrations O~x ~1. In
the Fig. 2 we show the concentration dependence
of the measured ratio F», /F'2~ and in Table II,
the values for the calculated parameters a Rnd p
are given. If the (A, C)—8 disorder were to re-
main small, these data suggest an increase in
B—D disorder with increasing P concentration.
The (A, C}—D disorder on the other hand does
not change significantly with the changes in alloy
composition.

Because of the limitations of x-ray diffxaction,
one cannot exclude the possibibty of (A, C) —8
disorder. In ox'dex' to hRve R more detRlled plctux'e
of the site occupancy in the whole x ange of concentx a-
tions 0 &x & 1 neutron-diffraction measurements
are in progress. (See note added in proof. )

FIG. 3. Sa,turation magnetization (o'0) (in emu/g) vs V
concentration (g) fox Fe»V+i.

ls'tlc of ferromagnetism. In Fig. 3 the SRtux'Rtlon

magnetization extrapolated to 0 K and infinite field
(o,) are plotted against V concentration.

Figure 4 illustx ates the behaviox' of ferromag-
netic ordering temperature (Tc) as a function of
the V composition. Also given are the values of
the ordering temperature for @=0.0, 0.25, and
0.5 reported by Bergner et al." Our measured
Curie temperatuxe for pure ordered Fe,Si is
839(8) K. This value is in good agreement with
two quite recent determinations [850 K (Ref. 19),
803 K (Ref. 20}jas well as several older measure-
ments. '~ It is expected that the Cux'ie temperature
vrill be sensitive to stoichiometry Rnd degree of
order. %e note that the Curie temperature values
frere reproducible for all Fes „V„Sisamples Rnd,

C. Magnetization results

The magnetic measux'ements mere carried out
over a temperature range from 3.0 to j.000 K and
for magnetic fields up to 20 kOe by utilizing a
P.A.H. Model 155 vibrating sample magnetometer
(Foner method" ) with the related cryogenic and
oven accessorieg. The magnetometer eras cali-
brated against the known saturation magnetization
for nickel (room-temperature value 55.01 emu/g)
while the low-temperature calibration was based
on the ideal Curie-%'eiss behavior of the paxamag-
netic salt Gd, (SO,),8H,O. The high-temperature
calibration was based on the Curie-%'eiss behavior
for Gd,O, and the known Curie temperature for
nickel (631 K).

The measured bulk magnetizations (o}versus
applied magnetic field (H) for the samples with
0 ~@~0.75 at 3 K satuxate in a manner chax'acter-

0
0 0.25 0.50 0.7$

V CoNCENTRATtON (x )

FIG. 4. Magnetic transition temperature (T~) (in K)
vs V concentration (x) for Fe~„V+i(). Also plotted
are the values reported in Ref. 15 (C3).
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in addition, R duplicate sample of Fe,Si gave the
same Curie temperature (839 K) within experi-
mental error.

In determing the ordering temperature for the
& =0.75 sample, measurements of the bulk mag-
netic moment versus temperature were made at
various fields. The results, illustrated in Fig. 5,
indicate a transition from the ferromagnetic to
pax'Rmagnetic state at 240 K.

The measured bulk magnetizations versus mag-
netic field for x = 0.75, 0.90, and 1.00 samples at
room temperature show typica, l paramagnetic be-
havior. For the &=0.90 and 1.00 samples, mea-
surements of the magnetization versus field were
made at several temperatux"es. For these two
samples, the dependence of 0 is approximately
linear at high fields and can be represented by the
for m

'0;75
o

0.50

0.25—
o(H, T) = y(T) H+ o,(T), (3)

where y(T) is obtained from the slope and repre-
sents a susceptibility while o, (T) is the intercept
with the o axis. The values of y(T) and &ro(T) for
the g = 0.90 and 1.00 samples axe listed in Table
III. Mea. surements of the bulk magnetic moment
vex sus temperature for various fields were made
for these samples. The typical high- and low-field
behavior is shown for the x =0.90 sample in Fig. 6
and the ~ =1.00 sample in Fig. 7. A possible mag-
netic transition at about 15 K is indicated for the
x = 0.90 composition while no such transition was
observed above 3 K for the x=1.00 sample.

D. Hyperfine-fie1d distributions

The hyperf inc-field measurements on the
Fe, ,V,Si alloys (0~x~1.00) were made at 1.3 K
and in zero external magnetic field. A spin-echo
NMR technique, fully described elsewhere, "was
used. The echo amplitude was divided by frequen-
cy (v), correcting only for the frequency variation
of the Boltzmann distribution.

Spin echoes for all three nuclei in the Fe, „V„Si
alloys are observed in the fxequency range 14-60

IOO 200
TE MPERATURE (K)

FIG. 5. Normalized magnetization fo (H, T)/o'+, 0K)]
vs temperature, for Fe2 25VO 75Si for the external mag-
netic fields H = 100 Oe (e) and H = 18 kOe () . The mag-
netization at 0 K corresponding to these fields are
0.(100 Oe, 0 K}= 3.72 emu/g and 0(18 kOe, 0 K) =41.9
emu/g.

MHz. For low V concentrations (x~0.04) all three
signals Fe, V, and Si appear in this frequency
region and are clearly resolved. Figure 8 shows
the NMH spectra, for a,lloys with g =0.02 and 0.04
compared to that of Fe,Si, for which the assign-
ment of the lines is well known. '~

The main resonance of "V nuclei in the sample
Fe2 9 Qo 2Sl ls obsex'ved Rt 53.0 MHZ compared to
its value of 98.5 MHz reported in dilute Fe-V al-
loys." Since the isotopic abundance and the rela-
tive detection sensitivity at constRnt frequency for
"V (100% and 5.52) are much larger than "Fe

TABLE IH. Values of g(T) and 00(T) obtained from the field dependence of the magnetization
o' at different temperatures for the samples Fe2 gVO gsi and Fe2V81.

vo(T) (10 emu/g)

Fe2 ~VO pi 3.3
10 .3
48.2
295

3.7
44.2

295

270(5)
270 (5)
270(5)
69(5)

51.8 (5)
46.6(5)
1.5.6(5)

820 (5)
810(5)
675(5)
450 (5)

24.8(5)
13.5(5)
10.7(5)
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FIG. 7. Normalized magnetization I(T(H, T)/0(H, 0 K}]

vs temperature T (in K), for Fe2VSi in two external
magnetic fields H =100 Oe (0) and H=18 kOe (a}. The
magnetization at 0 K corresponding to these fields are
0(100 Oe, 0 K) =1.5x10 2 emu/g and 0(18 kOe, 0 K)
= 1.20 emu/g.

20 40
TEMPERATURE (K)

FIG. 6. Normalized magnetization [0(H, T)/0(H, 0 K)]
vs temperature T(in K), for Fe2 ~pVp ppSi in two external
fields H = 100 Oe (0) and H = 18 kOe () . The magnetiza-
tion at 0 K corresponding to these fields are: 0(100 Oe,
0 K) =0.195 emu/g and 0(18 kOe, 0 K) =14.5 emu/g. I.In-
sert shows 0(A, T)/a(H, O K) for H=20 Oe, j

(2.2% and 0.03) and '~Si (4.7% and 9.2), V complete-
ly dominates the spectrum at higher values of x.
In thex=0. 02 sample, the total integrated intensity
of V NMH is about 40 times larger than the com-
bined intensities of Fe(B), Fe(A, C), and Si(D)
resonances. For higher x, this difference is even
larger. In Fig. 9 the spectra of x=0.15, 0.25,
0.50, 0.75, and 0.9 are shorn.

The V(B) and Fe(B) internal field distributions
in Fe, „V„Sibear strong resemblance with the
Mn(B) and Fe(B) in Fe, „Mngi.' The V(B) and
Fe(B) satellite structures arise from impurity
substitution in the 3nn shell. The peaks labeled
0, 1,2, etc. , in the "V spectrum indicate the inter-
nal field at V(B) with 0, 1,2, etc. , V impurities
in the Snn shell, respectively. Similar explanation
holds for the structure of the Fe(B) resonance and
the same system is used for labeling the spectrum.
The structure observed on the Si(D) line is due to
V entering the 2nn shell (see Table f). A detailed

Fe v sl Fe(~ C) Fe(g )3-x x
I 28K

COI-

I

x=002
KI-
Q3
K

4J

I-

CL

Fe (A,C) SI(D)

,~Wee S ~ &~e
I

0 ii' Io
F e(B) V(B) t y(B)

(I

I

II

I(

Fe(EI),
I

'0
v(B)

l

Fe(B) y(B)

Fe(W,C)', , Si(D) V(Eoq )
r ~ ~ ~ a

I
~ ~ %~ ~ ~

'
o~ ~

~ ~ ~ ceo ~ l % a ow'N+,

20 50 40
FREQUENCY (MHz)

I V
~ e4yy

FIG. 8. Spin-echo spectra of Fe»V+i alloys for x = 0,
0.02, and 0.04, at 1.3 K. The assignments of different
lines to specific nuclei are shown (also see the text).
The line intensities are in arbitrary units and the spectra
are drawn to show low intensity details. The dashed line
inserts at about 46, 48, and 53 MHz for x=0.02 spectrum
show the relative intensity of the Fe(Bp), V(BI) and Vpp)
lines.
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l.Q
F83

l.5

TYPI("ALI ERROR BAR

x =0.9
i

lQ ZO 5G AG 50
FREQUENCY (MHz)

FIG. 9. Spin-echo spectra of Fe»V+i for x=0.15,
0.25, 0.5, 0.75, and 0.9 at 1.3 K. The spectra are doln-
inated by 5~V resonance and no resolved lines due to Fe
and Si nuclei are observed.

discussion of the satellite structure and the mech-
ani, sm involved will be given in Sec. IV. For V
concentrations exceeding x = 0.25 the satellite
structure is not resolved (Fig. 9). With increas-
ing V concentration, the resonance line shifts to
lower frequencies and the power needed to excite
the signal increases sharply indicating a loss of
enhancement. For g =1, a very weak signal has
been observed at -14 MHz.

IV. DISCUSSION

A. Backgmund for the model

The analysis of the experimental results px'e-
sented ln Sec. III %'ill be made using a IQodel which
describes the dependence of the magnetic moment
for Fe(A, C) on the number of Fe atoms in the first
near neighbor shell (see Fig. 10). As the discus-
sion unfolds, it will be shown that this descrip-
tion for the Fe(A, C) moments provides an excel-

lent fit for all of the NMR and magnetization data.
The foxmulation of the model has xesulted from a
considex'ation of the hyperfine field"'~ and mag-
netization '0 behavior of a series of binary
Fe~ p1 alloys alld 'tile magnetlzatloll tlellavlol
of a series of ternary Fe, „V„Sialloys.

Mossbauer and NMR investigations of the "Fe
nuclei in the Fe, ,Si, system have yielded infor-
mation concerning the hyperfine field at the vari-
ous Fe sites. "'~ In paxticular, these investiga-
tions have shown that the hyperfine field at the
Fe(A, C) sites is strongly dependent on the number
of Fe 1nn. Recent bulk magnetization work on a
series of binary Fe-Si alloys in which the compo-
sition was varied about the Fe,Si stoichiometry
has demonstrated that the Fe(A, C) moment scales
with the hyperfine field. 'o The measured satura-
tion magnetization for Fe,Si was found to be o
=13V.8 emu/g which is consistent with effective
moment assignments of +2.20 p, ~, +1.35p, ~, and
-0.07ils for Fe(B), Fe(A, C), and Si, respectively.
These values are in agreement with the moments
obtained directly from polarized-neutron experi-
ments. " Furthermore it was noted" that Fe(B)
resembles bcc Fe in that both are surrounded by
eight Fe inn and carry about the same moment of
+2.20', ~. It was also noted that the ratio of the
moments il[Fe(A, C)]/p, [Fe(B)]for Fe,Si is
(+1.35ps/+2. 20 mls) = 0.61 which compares well with

the ratio of the hyperfine fields for sites with four
Fe inn to those with eight Fe 1nn (= 0.64). The
magnetization data for the binary Fe-Si alloys
were described quite well by a model based on a
substitution between the Fe(B) and Si(D) sites using
the above moment assignments (i.e. , excess Fe
with a moment of +2.20jLl. ~ replaces Sl with a mo-
ment of -0.07', ~ and vice versa) and a scaling of
the Fe(A, C) moments with the corresponding
hyperfine fields.

Figux'e 10 summarizes the model describing the
relative Fe(A, C) moment as a function of the num-
ber of Fe atoms in its 1nn shell. The open circles
are the actual values of the magnetic moments
calculated by scaling for atoms having six to three
Fe 1nn. For less than three Fe 1nn the curve is
extended by a simple extrapolation. One should
notice that it goes through 0 for zero Fe 1nn.

In desex'ibing the saturation magnetization, ao,
for the Fe, „V„Sialloys with &~0.75, we employ
the above model. According to the preferential
site selection, V replaces Fe in the 8 sites when

forming Fes „V„Si.%6 assign V a moment of zero
and, in addition, consider the influence of the
substituted V on the Fe(A, C) moments only. " This
is reasonaMe sinceVisinthelnnshellfor Fe(A, C)
while only as close as the 3nn shell for Fe(B}.
Consequently, by employing Fig. 10 fox the ternary
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Fe, „V„Sisystem, we are assuming that in deter-
mining the Fe(A, C) moment, the replacement, of
an Fe(B) atom by a V atom is equivalent to re-
placing an Fe(B) atom by a Si atom, i.e. , the
Fe(A, C) moment has the same dependence on the
number of 1nn Fe atoms that existed in the binary
Fe, ,Si, system. In Fe, ,V„Sialloys, Fe(A, C)
has four or less Fe 1nn since some of the Fe(B)
are replaced by V. The saturation magnetization
for Fe, „V„Siexpressed in number of Bohr mag-
netons per formula unit, can be written

o, = (1 —x)(+2.20)+ x[p(V) J+(-0.07) + 2 Q P,p„(4).
where p(V) is the moment in Bohr magnetons on
the substituted V (approximately zero), p,. is the
moment of an Fe(A, C) atom with i 1nn of Fe(B)
(taken from Fig. 10), and P, is the probability .of
an Fe(A, C) atom having i 1nn of Fe(B). In gener-
al, for a dilute random alloy with a fractional
impurity concentration, x, the probability of find-
ing m impurities in any nearest neighbor shell of
n sites can be calculated from

P„(m)= [n!/m! (n —m)! Jx (1 —x)" (5)

FIG. 10. Magnetic moment at the Fe(A, C) sites (in p&)
versus the number of Fe 1nn for the binary Fe-Si sys-
tem. The moment for 8 Fe 1nn is 2.2pz. The solid line
and closed symbols are taken by scaling the Fe moments
with the corresponding hyperfine fields and the dashed
line is a linear extrapolation.

FIG. 11. Experimental bulk magnetization (in p& per
formula unit) for Fe3 „V+ialloys in the composition
range 0&x&0.75. The experimental results are shown
by solid line and open circles and the calculated values
using the model described in Fig. 10 by the dashed line
and crosses. The calculated average moments per B
and g, C) sites are also shown.

The P, values fo. r Eq. (4) can be easily calculated
by a suitable application of Eq. (5). In Fig. 11,
the measured values of the magnetic moment per
formula unit are indicated (solid curve) along with
the values calculated from Eq. (4) (dashed curve).
It can be seen that at low concentration the calcu-
lated values are in perfect agreement with the
experimental data. At high concentrations one can
notice slightly lower values of the calculated mo-
ments. The over-all agreement between the mea-
sured magnetization and that obtained by using
the model is indeed quite good. In Fig. 11 are
also shown the values of the average magnetic
moment per site in the concentration range
0(x&0.75. It can be seen that p, [Fe(A, C)J de-
creases from 1.35'.~ for Fe,Si to -0.35 '.~ for
x =0.75, while p, [Fe(B)] has a constant value, the
decrease in the average moment per B site is the
effect of a simple dilution of the B sublattice with
V.

In Fe, „Mn„Si,a similar system, neutron-dif-
fraction measurements have shown that Mn oc-
cupies the B sites with a moment close to 2.2p, ~
and produces a decrease in the average moment
per Fe(A, C) site from 1.35 at x=0 to 0.4p, ~
for x=0.75, while the Fe(B) moments remain un-
changed with the Mn substitution (Fig. 12). This
decrease has roughly the same behavior as that
calculated for the V alloys. It seems that the de-
crease in Fe(A, C) magnetic moment due to the
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ment as a function of concentration (x) in Fe&PIn„Sial-
loys. The data are those of Yoon et al . (Ref. 19). We
have assumed a linear extrapolation between the data
points.
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FIG. 13. Different configurations used in calculation
of the moment perturbation due to impurity substitutions
in the first- second- and third-nn shells around a specif-
ic atom. The dotted lines connect the first-nn atoms.

presence of Mn or V in the first nn shell (see
Table I) is independent of whether the substituted
atom carries a magnetic moment or not.

B. Model for the V hyperfine-field contributions

For transition metals, the internal field at a
particular nucleus is assumed to arise from (i) a
core polarization H„due to the exchange interac-
tion between 3d electrons and the inner s-like
shells; (ii) a 4s-like spin polarization contribu-
tion due to self polarization of the s-like electrons
by the atom itself H, ; and (iii) the over-all spin-
polarization (SP) effects from all the neighbors H„

Hi, t =H, +H, +H, . (6)

H„,(V) =H„. (7)

In the first approximation, if we take into account
the SP effects extending to the first three near-
neighbor shells, the internal field is the sum

H„,(V) =H„[Fe(A,C)j„,+H„[Fe(B)],„,.

The effect of the presence of an impurity in the
matrix can be described by a simple phenomeno-
logical model where the change in the field at a
given host site near the impurity is due to a change
in the local d moment on the host site and a change
in the transferred 4s spin polarization field on the
host site due to moment changes in the near-
neighbor shells. The same model can be applied
for the impurity hyperfine field.

Since V atoms have a negligible moment, the
only effective mechanism for the hyperfine field
on a V nucleus becomes the 4s spin polarization
due to the neighboring moments. Therefore we
can write

As shown before, a, V impurity repla. cing Fe(B) in

Fe,Si produces a moment perturbation in the first-
near-neighbor Fe(A, C) shell, while Fe(B) mo-
ments in the third-near-neighbor shell remain
unchanged. Our model predicts a linear increase
in the Fe(A, C) magnetic moment as a function of
the number of Fe(B) in the 1nn shell (for n &6) with
a rate of n. p/n. n=0. 34p.s (Fig. 10). Therefore,
the presence of one V atom will decrease the
average moment per Fe(A, C) atom to 1.02 p. ~.

The measured internal field on V impurity (with
no V in the 3nn shell) is 47.7 kQe; therefore the
4s spin-polarization contribution to the V internal
field from a configuration with 8 Fe(A, C) inn, 6

Si(D) 2nn 12 Fe(B) Snn is 47.7 kOe. The hyperfine
field shift at a V atom due to the presence of V
atoms in the third-near-neighbor shell is com-
posed of the changes in the SP contribution of
neighboring Fe(A, C) atoms due to their moment
changes, plus the changes in the 3nn contribution
due to the V substitution. If one V atom replaces
one Fe(B) in the 3nn shell of a V(B), its presence
will depress the magnetic moment of 2 Fe(A, C)
which are common inn to both B atoms (see Fig.
13) by an amount of 0.34 p, ~ per atom. Thus the
average magnetic moment in the 1nn shell of the
V atom becomes 0.935@,~ which is 0.92 times the
initial value. The first satellite in the V NMR
spectrum is shifted to 43.0 kOe, a shift of 0.9 of
the initial field value. The close agreement be-
tween the relative internal field shift of the first
satellite and the moment change produced by 1 V
3nn of another V atom suggests that the main con-
tribution to the internal field change at a V atom
arises from the changes in the SP effects produced
by the Fe(A, C) moment decrease. For low con-
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fields. The numbers of 0 to 7 are used to identify the
fields of V which have zero to seven Snn V atoms.

centrations of V, the internal fields corresponding
to different satellites in the V spectrum are shown
in Fig. 14. For g =0.25, seven satellites are
clearly resolved. One can notice the tendency for
the satellite shifts to decrease with an increasing
number of V 3nn and also a slight increase in the
field value of the lines with increasing the con-
centration.

By calculating the average moment changes in
the Fe(A, C) 1nn shell of a V atoms due to an in-
creasing number of V 3nn, it is found that the
internal field of the corresponding satellites is
linearly dependent on the average moment (Fig.
15}. The values of the internal fieMs in Fig. 15
correspond to x =0.25, where the clearest satelli. te
structure was observed. The slight change of the
positions of the satellites with concentration (Fig.
14}will produce a small change in the slope of the
line in Fig. 15 without changing the proportionality
between moments and internal fields.

Thus, the presence of V atoms in the 3nn shell
of a V perturb the Fe(A, C) 1nn magnetic moments
which in turn affect the hyperfine field of V via
4s spin polarization. It should be noted that the
extrapolation of the average 1nn shell moment
(it(A, C))„,to 0, yields small contribution of op-
posite sign to the hyperfine field (- 2 to —3 kOe).
This contribution can be attributed to a nonvanish-

ing (H„+H,), in other words a very small mag-
netic moment. It will be shown below that this
moment is negative and about 0.02'. . The slope
of the straight line in Fig. 15 gives a change in

H„,(V) of 49 kOe for a 1 ps change in the first-
near-neighbor shell moment. Therefore, in the
first approximation, taking into account only the
internal field changes due to the moment perturba-
tions in the 1nn shell, one can. write

H„,(V) =H„[(p(A,C))„,]+(H„+H,)(V),

where (H„+H,)(V) -- 2kOe.
The first term is related to the 4s spin polari-

sation by the neighboring Fe(A, C) atoms by the
formula

H„(V)=A.,(V)P[(t (A, C))„.]n.

where A„(V)is V 4s hyperfine coupling constant,
n is the number of 4s electrons involved in the
hyperfine coupling, and p the exchange polariza-
tion of 4s electrons by the Fe(A, C) Sd magnetic
moments. We will use the atomic hyperfine cou-
pling parameters, c3lculatedby Campbell'' Ac-
cordingly, A~,(V) =1.11 MOe/(s-electron). As
pointed out by Campbell, these A values are de-
duced by a interpolation of the atomic hyperfine
coupling parameters between those of alkalies
and noble metals, and although the absolute values
are not expected to describe accurately the cou-
pling in metals, the relative values of A's for ele-
ments close to one another in the periodic table
are expected to be reasonably correct. We thus
find that the polarization of the n s-electrons by
an average Fe 3d moment of 1p.~ in the 1nn shell
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is 44 && 10 . The present experiment cannot esti-
mate the number of s-electrons involved in the
hyperfine interaction, therefore in the internal
field calculations for V, Mn, and Fe the product
of np will be used.

C. Effects of disorder on the V spectra

As shown in the x-ray measurements, V in the

Fe,Si lattice introduces a disorder between the B and
D sites, assuming (A, C) —Bdisorder tobe small. A

simple calculation based on the above model, predicts
the changes in the V resonance due to specific config-
urations. As shown in Table IV, three different possi-
bilities are considered. Indeed, the NMR spectra for
x=0.02 and 0.04 (Fig. 8) show a. higher-frequency
line which could be the combined contribution from
the first two cases, while a small peak at -50.5
MHz could be due to the third. The asymmetry
on the low-frequency side of the main line could
be the contribution of the second type of disorder
to the first satellite. A rough estimation of the
degree of B—D disorder based on the ratio of the
areas of the main line and the high-frequency
satellite gives an estimate of -1'P~ disorder, at
&=0.02. This value seems reasonable from the
systematics point of view (see Fig. 2 and Table
II). We wish to point out that, while the x-ray
technique is not sensitive enough to detect such a
small degree of atomic disorder, the NMR method
presently used shows great sensitivity in such a
measurement.

The above considerations about B D disorder
are further supported by studying an off-stoichio-
metric composition in which excess Fe replaces
Si(D). Indeed, for the composition Fe, ~Vo O,Si, »,
the NMR spectrum shows an increase in both the
low- and high-frequency contributions to the V res-
onance (Fig. 16).

D. Effects of high V concentrations

As shown in Fig. 9, increasing V concentrations
shift the V internal field to lower values. For the
composition Fe,VSi, the corresponding field is
-12.5 kOe and the resonance is very weak. Ac-
cording to the model adopted above, this field is
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found at those V nuclei with an average magnetic
moment of 0.34@,~ in the 1nn shell which corre-
sponds to a configuration V(B) —8 Fe(A, C) 1nn,
6 Si(D) 2nn, (8 V+4 Fe)(B) 3nn. This configura. —

tion, in which there are Fe-Fe 1nn pairs, is pos-
sible in Fe,VSi if one allows for (A, C) —B dis-
order. Such a configuration would carry a maxi-
mum magnetic moment 1.4iLs/(formula unit) as-
suming that Fe(B) still carries a moment of
2.2p.~. If we further assume that o', for Fe,VSi
(Table II) is due to these ferromagnetic configura-
tions, the fraction of such configurations per for-
mula unit, estimated from the 1.4p. ~ moment and
the measured value of a„is of the order of 10 '.
The ferromagnetic clusters are distributed in
Fe,VSi in which V(B) has the neighbor configura-
tion V(B) —8 Fe(A, C) 1nn, 6 Si(D) 2nn, 12 V(B)
3nn and in which Fe does not carry a local mo-
ment.

The compositions with @=0.9 corresponds to an
intermediate state between clusters and long-
range magnetic order. This conclusion was
reached by analyzing our magnetization data by
Arrott plots (g' vs H/c) at 48, 10, and 3.3 K.
Comparison of 48 K with the 10 and 3.3 K curves
shows that there is a clear tendency toward ferro-
magnetic order ing. However, the extrapolation
of the straight-line portion of the curves have a
positive H/&x intercept at the lowest temperature.

FIG. 16. Spin-echo spectrum for the off-stoichiometric
sample Fe3 Q4VQ Q4SLQ g2 at 1.3 K. Inside the spectrum,
the solid verticle lines represent the position of the main
V line and the lines that originate from the B D dis-
order. The dashed lines represent the position of the
1st satellite and the line due to the disorder. (See text
and Table IV.)

TABLE IV. Changes in the V' resonance frequency due to three possible changes in the con-
figurations of the first five nn shells surrounding the resonant nucleus. These changes are
caused by B D disorder. The main resonance is taken at 53 MHz.

Possible disorder Frequency change Resonance frequency

1 Fe(B) in 5nn shell
1 Fe(3nn) 1 Si(2nn)
1 Fe(3nn) 1 Si(5nn)

1.04
1.08
0.96

55.1
57.2
50.7
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The peak observed in the plots of o(H, T)/o(H, O K)
vs T around 15 K in low fields (Fig. 6) could cor-
respond to a magnetic transition between the inter-
mediate state and a paramagnetic state.

Fey ~Mn~
250 - x = O.P.5

E. Application of the model to Mn fields in Fe3 Mn„Sialloys

A.consideration similar to that made for the
Fe, „V„Sialloys can be employed for the internal
field behavior of Mn(B) in the Fe, ,Mn„Si system.
As reported in another paper, ' the Mn field dis-
tribution has a satellite structure similar to that
xeported here for the V alloys. At low x, Mn
atoms substitute in the 3nn shell of another Nn
giving rise to neighbor satellites shifted to lower
fields by about 5.5 kOe for each Mn 3nn. In Fig.
17, the concentration dependences of the internal
fields at these satellites are shown.

The neutron diffraction measurements of the site
moment behavior show that in the concentration
range 0&x &0.75 the alloys are ferromagnetic at
low temperature and that Mn replaces Fe(B) with
roughly the same magnetic moment (-2.2 ps).
Hence we can assume that, in this concentration
range, the Mn field shift is due mainly to the
changes in the 8 spin polarization as a result of the
Fe(A, C) moment perturbation. The proportionality
of the field shifts and the calculated Fe(A, C) mo-
ment perturbations holds as is shown in Fig. 18.
The s polarization corresponding to the hyperfine
coupling constant A„(Mn)= 0.54MOe/(s -electr on)
is np =44 ~ 10 '. %e wish to point out that the s
polarizations, np, at V and Mn produced by the
exchange interaction with 1nn Fe moments are
equal.

As in V alloys, the two principle contributions

260 =-x-x- -* - 0
I~-z- Z

Fe& „Mn„Si
l.28 K

Mn(B)

I I I
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FIG. 17. Concentration dependence of the 55Mn internal
field at I3 sites. The numbers 0 to 5 are used to identify
the fields of Mn(8) which have zero to five 3nn Mn atoms.
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FIG 18 Upper curve shows H jfif [Mn (8)] in Fe&pInpi

corresponding to different satellites vs the average
moment on the inn shell. The internal field values are
taken from a x=0.25 alloy (Ref. 9). The lower curve
corresponds to the changes in Hm& for the Mn atoms in
D sites due to the 8 D disorder (see text).

to the Mn internal field are

H(, t(Mn) =(H, +H, )(Mn)+H, ,

where, as before, H„is proportional to the aver-
age moment on the inn Fe(A, C} shell with AH„/
A(p(A, C))„,=67.5 kOe/pe. By extrapolating to
(p(A, C))„,=0, we find (H„+H,)(Mn) =192 kOe and
this contribution is due to the local Mn moment.
Therefore H„=68 kOe and it is produced by the
polarization due to Fe(A, C) moments aligned
parallel to Mn atoms. H„has the same sign as
the contribution from the Mn local moment. As
will be seen, the over-all behavior of the Mn(B)
internal fields in Fe, Pin@i shows the same trends
as the Fe(B) field which is known to be negative. "
Therefore we assign a negative sign to both con-
tributions at the Mn fields. Furthermore, the
same assignment can be made for the spin-polari-
zation term in the V internal field.

Now if we assume that Mn, located at the D sites
because of 8 D disorder, has the same moment
as Mn(B) but is aligned antiparallel to the Fe(A, C)
moments, then the total internal field on the
Mn(D} is 192- 68 kOe =124 kOe. It is to be noted
that this value coxresponds to the measured Mn
NMR signal associated with Mn entering D sites
(125 kOe). The ratio of the areas of this signal to
that of the main line is about 3%, consistent with
the value of the B D disorder measured by x-ray
and neutron-diffraction work. ' The Mn atoms will
replace Fe in the 2nn shell of a Mn(D), thus low-
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ering the 1nn Fe(A, C) magnetic moment and re-
ducing the contribution to the Mn(D) s spin polari-
zation. Without going into more detail of the pos-
sible disorder configurations, we wish to mention
that for x =1 the frequency of the Mn(B) line com-
pared to that of a x-0 alloy, is lowered by about
30 MHz, while the Mn(D) frequency is increased
by the same amount.

The neutron-diffraction results of the moment
behavior show that for x &0.75 the average mag-
netic moment per (A, C) site remains roughly un-

changed up to x-1.5 and has a value of 0.4(1)p.

According to our model, the total SP perturbation
produced by the Fe(A, C) moment change increases
the Mn internal field to -214 kOe corresponding
to (p(A, C)) =0.34pa. 214 kOe is the measured Mn

internal field corresponding to x =1.5. This fact
requires that (H„+H,)(Mn) is constant throughout
this entire concentration range, and thus a con-
stancy of the Mn(B) magnetic moment is required
by the model. On the other hand, the measured
average B site moment decreases with increasing
Mn concentration between 0.75 (x & 1.75 as shown
in Fig. 12. The magnetic moment data can be
understood by assuming a canting of Mn(B) mo-
ments from the ferromagnetic alignment.

F. Systematics of Fe(8) internal field in both

Fe»Mn„Siand Fe» V„Sialloys

The Fe(B) internal field in Fe,Si is -337.7 kOe,
which is the same value as the field for Fe in Fe
metal. The main contributions to this field in the
pure metal as calculated by Stearns" are -201
kOe from (H„+H,) due to the moment on the Fe
atom itself and -145 kOe from the conduction-
election polarization by the neighboring Fe atoms.
The Fe(B) magnetic moment in Fe,Si and the Fe
moment in the pure metal are the same. More-
over, substitutions of V or Mn in B sites leave the
Fe(B) moment unchanged at least up to x = 0.75.
The presence of one V or one Mn in the 3nn shell
of a Fe(B) atom shifts the Fe internal field by
-7.5 kOe. This shift does not depend on whether
the impurity has a local moment or not and it in-
creases in proportion to the number of impurity
atoms substituted (Ref. 7). In Fig. 19 the positions
of the satellites of Fe(B) in Fe, „Mn„Sias a func-
tion of concentration are plotted. In the system
Fe, „V„Si,the Fe(B) satellites could only be re-
solved at low concentrations of V (Fig. 8) but the
similarities in the position and the sign of the
shift make us believe that the trend holds true
for higher concentrations. The plot of the

H„,[Fe(B)]versus the average moment on the
1nn shell gives a straight line (Fig. 20).

Assuming that the Fe(B) field shifts are pro-
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duced by changes in the polarization of 4s-like
electrons due to the magnetic moment perturba-
tions on the Fe(A, C) surrounding the resonant
nuclei, and using for the hyperfine coupling con-
stant A~, (Fe) the value 1.78 MOe/(s-electron), "
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FIG 20 Hjflt [Fe(B)] corresponding to different satel-
lites in Fe3 @In+i and Fe»VPi vs average magnetic
moment in the 1nn shell. The numbers 0 to 5 indicate
the satellites from Fig. 19.
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FIG. 19. Concentration dependence of the internal

field at the 'YFe nuclei in the B sites in Fe3 Pin„Si. The
numbers 0 to 5 are used to identify the fields of Fe(B)
which have zero to five 3nn Mn atoms.
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the polarization np at Fe(B) is -56 x 10 ' for V
and Mn as impurities in the 8 site. The extra-
polation of the straight line in Fig. 20 to
(Il(A, C))„,=0 gives the contribution (H„+H,)
=- 205 kOe, in agreement with Stearns's2 calcu-
1Rted VRlue.

Our results show that the main contx'ibution to
the s spin polarization of Fe atoms and implicitly
of V and Mn is produced by the exchange coupling
between the 4s spins in the vicinity of the reso-
nant nucleus Rnd the Fe magnetic moments from
the 1nn shell. This coupling produces R polariza-
tion which is essentially the same fox V, Mn, and
Fe. Therefore the changes in the internal field
at the 8 sites due to substitutions in the 3nn shell
are transmitted indirectly via the coupling with
1nn Fe(A, C). As x ls illcl'eased fl'Gill 0 'to 0.75 'tile

average moment on the 1nn of a 8 site decreases
from 1.35 to -0.34IIs but the moments of Fe(B)
and Mn(B) are unchanged. From the derived value
for (H„+H, ) (Fe) = -205 kOe corresponding to a
moment of 2.2p. ~, one finds that the local moment
of Fe(B) contributes -93.18 k08/p. s to its internal
field. Using the same ratio for Mn(B) and V(B)
the calculated values of the moments from the
internal field data, (H„+H,) (Mn) =-192 kOe and

(H„+H,) (V) - 2 kOe, are 2.06 and -0.02 p. a, re-
spectively. Thus calculations using internal field
data according to this model give moments which
Rgx'ee with neutron-diff l acth. on Rnd magnetiza-
tion" results.

G. Behavior of the Fe(A, C) internal field in Fe3 „V„Siand

Fe3.„Mn„Sialloys

The model used to explain our magnetization and
internal field data has been based on measure-
ments of the internal fields, magnetization, and
magnetic moments of the Fe(A, C) sites in

Fe, ,Si, alloys for 0.227 &c &0,26. The major as-
sumption was that a Fe(A, C) moment depends on
the number of Fe(B) 1nn, while the Fe(B) moment
does not change in this concentration range.

Oux experimental results show that the substitu-
tion of V or Mn in Fe,Si produces a satellite struc-
ture at low frelluency in the Fe(A, C) spectra (see
Flg. 7 Of Ref. 9 slid Ollr Flg. 8). Ill tile Fe~ „V„S1
system, because of overlap from the V resonance
overlap, the first Fe(A, C) satellite could be ob-
served only in the x = 0.04 sample while in

Fe, Pln, Si the structure was resolved up to x
=0.65. In Fig. 21 we show the positions of the
Fe(A, C) satellites for both systems as a function
of concentration. The main Fe(A, C) line corre-
sponds to a field of --218 kOe, the fix'st satellite
ls a't —180 k08 fol Fe(A, C) sl'tes wit)1 oils Mll ill
the 1nn shell and at --167 kQe for sites with one

Fe (A,C}
+-4----0--4- ——O

e 2OQ-
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O. 25 O.50 0.75 I.QQ
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FIG. 2X. 0;„,treg, C~j corlesponding to different sateI-
lites on Fe3 @In+i (0) and Fes „VPig) vs concentration.

V in the 1nn sheQ.
Now, we also assume for Fe(A, C) that

(H.,+H,) is proportional to its 3d magnetic mo-
ment at a rate of -93.18 k08/Ila, and calculate
this contribution to the internal field at Fe(A, C)
atoms for several inn configurations (see Table
V, column 4). These field values have been used
to calculate the SP contributions to the total in-
ternal field Rnd the s polarizations which Rxe
listed in Table V. It is to be noted that the re-
sulting SP contribution from the 1nn moments

(H„,), —(H +H, )~„is practically constant
for the three configurations in Fe, „Mn„Si,but
decreases for the V substituted alloy. This can
be understood by considering that the polarization
nP is a function of the average 1nn magnetic mo-
ment surrounding the Fe(A, C) atom. Indeed, for
the Fe, „Mn,Si system„Mn atoms replace Fe with
approximately the same magnetic moment and,
therefox'e, the average magnetic moment in the
1nn shell of Fe(A. , C) does not change while in

Fe, „Vgi,V replaces Fe with a near zero mo-
ment, reducing the average 1nn shell moment.
The RverRge of the polRrlzRtion produced by 1nn
moments around Fe(A, C) is--50& 10 ' (Table V,
column 6). This value corresponds to a polariza-
tion np of -46(3) x 10 ' per Ils. The V substitution
reduces the average moment from 1.1 to 0.83 for
one 1nn and the calculated np value is -49(2)
x 10 '/Ils.

The similarity of the np values px'oduced by 1nn
moments at Fe(A, C) and at Mn, V, and Fe(B)
proves that the local spin polarization produced
by the exchange coupling between 3d magnetic
moments Rnd the 4s spins is proportional to the
magnitude of the magnetic moments.

The extensive agreement of the model with ex-
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TABLE V. Analysis of various contributions to the hyperfine field at the Fe(A. ,C) sites.

1nn configuration
p[Fe+,C) J H [Fe+,C)] '

(p&) (kOe)
(H~+H, ) [Fe+,C)] d

(kOe)
H&p 10 ~pgof

(koe) (&g)

103~P h

4Fe
48i

3Fe
1Mn
4Si

2Fe
2Mn
48i

3Fe
1V
48i

1.02

217.8(3.0)

181.7(3.0)

152.6(5.0)

95.07

63.4

95.04

92(3) 51.7(2.0)

87(3) 48.7(2.0)

89(5) 50.1(3.0)

73(3) 40.9(2.0)

1.08 45.1(2.0)

46.9(3.0)

49.3(2.0)

1nn configurations around Fe+,C) atoms corresponding to the main line and two resolved satellites in Fe3 Mn„Sl,
and the main line and one satellite in Fe2 96V0 048i.

The local moments of Fe+,C) sites from the model for the 1nn configurations listed (Fig. 10).
The measured internal fields on Fe+,C) atoms (Fig. 21).

d Calculated values of (H,p+HB) =p[Fe+,C)j x93.18 kOe/p~.
'Hgp= (Hfn~)~.„-(Hq+H~)~ic.

The total s polarization produced by 1nn shell Ip = Hgp/A, 4, (Fe} using A4, (Fe) =1.78 MOe/(s-electron).
~ (p)~„„is the average moment per atom on 1nn shell where p (Fe) =2.2, p(Mn) =2.06 and p (V) = —0.02pz.
"4s local spin polarization produced by lpga in 1nn shell.

periment supports the original assumption that
the Fe(A, C) moments depend only on the number
of Fe 1nn. Since substitutions of Mn or V for
Fe(B) equally reduce the Fe(A, C) moment, it is
clea, r that this moment perturbation depends on
the chemical nature of the atoms around Fe(A, C)
rather than on their moments.

V. SUMMARY AND CONCLUSIONS

The Fe, ,Tgi (T = V, Mn) alloys are a model
system in which one can test in an unambiguous
fashion the effect of local environments on the in-
ternal field distributions and the moment behav-
ior. Furthermore, it provides a clear under-
standing of exchange paths which are of consider-
able importance in the studies of hyperfine inter-
actions.

We have shown, extending the previous small
composition investigations in Fe, „V„Si,that V
continues to enter the Fe,Si matrix predominantly
at the B sites up to x =1.0, which is the limit of
V solubility, and the B D disorder increases
with x. Fe,VSi is a Heusler alloy with the L2,
crystal structure .

The Fe, „Vgialloys are ferromagnetic to
around x =0.9 with the saturation magnetization
decreasing linearly with x. The magnetic moment
on V for all compositions is -0, a calculated val-
ue of -0.02 @,~ is obtained from internal field data.
The V substitution in the B sites reduces the mo-
ments of 1nn Fe(A, C) atoms in a linear fashion

from their initial value of 1.35@,~. The moment
on Fe(B) atoms, on the other hand, remains con-
stant at 2.2p, ~. The magnetic state of a Fe,VSi
alloy can be described by magnetic clusters with
a moment of 1.4ps/formula unit and a density of
-10

The internal field at the V site is due to the ex-
change polarization of the 4s electrons by the 3d
moments in its inn shell, i.e. , Fe(A, C). The
satellite splittings in the V NMH spectra are due
to V impurities in the 3nn shell. These 3nn sub-
stitutions affect the internal fields at the central
atom indirectly by reducing the average moment
in the inn shell Fe(A, C) which in turn changes
the loca.l 4s spin polarization. The calculated SP
at the B site is -44 x 10 '/ps(inn).

In Fe, „Mn„Si,0 & x ~ 0.75, Mn enters the 8 site
with a 3% B—D disorder and with a local moment
of 2.20', ~. This substitution causes a reduction
in the Fe(A, C) moment similar to that produced
by V(B), demonstrating that Fe(A, C) moment de-
pends on the number of its Fe 1nn. The site
selectivity, average moment behavior and the in-
ternal field distributions are similar in both
Fe, „V„Siand Fe, „Mn„Sialloys, thus suggesting
a common approach to understanding these sys-
tems.

A model has been proposed for the quantitative
evaluation of the hyperfine fieM distributions at
the transition metal elements in both systems
and is based on the following:
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TABLE VI. Summary of the contributions to the measured intexnal field for Fe, V, Mn in
various sites calculated according to the model. The values of the magnetic moments are
calculated from the internal field data by taking p[Fe{B)]=2.2 pz.

Nucleus
1nn

configuration
A4(Z)

lM« ls-electron]
Hcp+ H~

{kOe)

&0"nP P cak

{~a)

&(&)
Mn(B)
Fe(&)
Fe (A,C)

Fe {A,C)

8 Fe(A,C)
8 Fe(A,C)
8 Fe(A,C)
4 (Fe+ Mn)
4 Si
4 {Fe+V)
4 Si

1.11
1.54
1.78
1.78

1.78

-192
—205

—44

—56
—46(3)

—0.02
2.06
2.2

~ Values taken from Ref. 24.

(i) The V and Mn enter B sites in Fe, „T„Siwith
moments of -0 and -2.2 p~, respectively. These
moments and that of Fe(B), 2.2ps, remain con-
~tant up to x = 0.75.

(ii) The V or Mn in B sites reduce the Fe(A, C)
moment which is critically dependent on the num-
ber of Fe 1nn.

(iii) The internal fields of atoms at the B and

A, C sites are given by the equation

H„,= (H„+H, ) +H„.
The first term is proportional to the local moment
of the atom while the second one is proportional to
the average moment of the 1nn shell.

(iv) The local moments of all atoms contribute
to the internal fields at the same rate as Fe, i.e. ,
92.18 kOe

jets,

while the inn moment contribution
to the loca.l 4s spin polarization has an average
value of 5 x 10 '/ps.

This model ha, s allowed us to view the data on
the moments, magnetization and internal fields
of these alloys in a coherent and self-consistent
fashion, and has made calculations of moments,
contribution to the internal field and the 4s polar-
ization possible in Fe,Si and its alloys of V and
Mn. A summary of these calculations is presented
in Table VI.

Thus the model provides a further indication
that the interactions in Fe,Si and its alloys are
short range. Specifically, contributions from the
polarization of 4s electrons are due to interac-

tions with moments at the 1nn shell and more
distant neighbors contribute to SP by perturbing
the 1nn shell moment. Except for these indirect
effects, Fe(A, C) seems to screen B atoms from
any direct interaction with a more distant neigh-
bor either magnetically or chemically.

Using all of the NMR and magnetization data
together with the model, a canting of the Mn moment
in Fe, „M„Si,0.75 &x&1.6, has been predicted.
Furthermore, disorder contributions to the NMR
spectrum have been identified laying a foundation
for the development of a general analytic technique
of great precision.

Note added in Pr«f. Recent neutron results
[S. Pickart ef al. (unpublished)] indicate that a
(A, C)—B disorder of about 5% exists in this sys-
tem. This indicates that both B—D and (A, C)—D disorders would be between 0 and approxi-
mately 5% over the composition range studied.
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