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A detailed NMR, magnetization, x-ray, and neutron-diffraction study is reported for the Fe,_,Co,Si
system over the entire range of Co concentration (0 < x < 3.00). As the Co concentration x is increased, the
x-ray measurements indicate that a single phase having the fcc DOs-type structure is maintained (with some
variation in lattice constant) up to x = 2.15. It is found that Co selectively enters the (4,C) sites for the
higher concentrations studied in this work (x < 2.00) with a high degree of order for x < 1.50. The variation
in lattice constant with Co concentration correlates well with the bulk magnetization arid can be described by
a simple empirical relation which is an extension of Vegard’s law. Neutron-diffraction and magnetization
measurements have enabled a determination of the Fe(B), Fe(4,C), and Co(4,C) magnetic-moment
dependence on Co concentration for these alloys. In. particular, we note that the moment on the substituted
Co atoms appears well localized and remains essentially constant (+1.7up) throughout the range 0 < x < 2.15.
In addition, the variations of the internal hyperfine fields with Co concentration at all sites [Fe(B), Fe(4,C),
Co(4,C), and Si(D)] have been studied by spin-echo NMR. In order to explain the magnetic-moment and
internal field behavior, a model emphasizing the short range interaction approach is presented. Since Co

" enters the (4,C) sites, the short range interaction model involves only the 1nn configurations for the Fe(B)
atoms. The model successfully describes the detailed behavior of the magnetic moments and internal fields at
all sites and enables a subdivision of the observed internal field into contributions due to the 4s spin
polarization transferred from neighboring moments and the polarization resulting from the on-site moment.
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Such an approach has already proved successful for transition metal substitutions into the B sites.

I. INTRODUCTION

Recently, agreatdeal of attention has been
focused on the ferromagnetic intermetallic com-
pound Fe,Si and its related ternary alloys of the
form Fe, 7T,8i, where T is a transition-metal
element.’”'” The existence of a unique preferen-
tial site-substitution pattern, along with almost
perfect atomic ordering, provides opportunities
for correlating magnetic-moment formation and
hyperfine-field interactions with local environ-
ment configurations. This paper concerns the
application of NMR, bulk magnetization, x-ray,
and neutron-diffraction techniques in such a study
of the Fe, ,Co,Si system throughout the entire
range of composition (0<x < 3.00).

Fe,Si is a crystallographically well-ordered
ferromagnet with a Curie temperature of 839
K.»218 Tt possesses a fcc DO,-type structure
with four crystal sites A, B, C, and D and a cry-
stallographic ordering temperature of 1378 K (see
Fig. 1).'° A tabulation of the number and type of
first, second, etc., nearest neighbors (nn) for the
ordered structure is provided in Table I. The Fe
atoms are located in three of the crystal sites A,
B, and C, with A and C being chemically and

magnetically equivalent. Fe atoms in the A and
C sites, denoted by Fe(4, C), have four Fe(B)
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FIG. 1. Unit cell for FesSi. 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 sites are occupied by
Fe atoms, and the D sites by Si atoms.
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TABLE 1. Nearest-neighbor arrangement for ordered Fe;Si.

No. of shell 1 2 3 4 5 6 7 8
Neighbor distance in )
lattice parameters 0.43 0.5 0.705 0.83 0.86 1 1.08 1.11
’ 64,C  12A,C 84,C 6A4,C 244,C
A,C 4B 12B 12B
4D 12D 12D
84,C 244,C 24A,C
B 12B 6B
6D 8D 24D
84,C : 24A,C 244,C
D 6B 8B 24B
6D

12D

and four Si(P) as first-nearest neighbors (1nn)
and carry a moment of +1.35u5, while the Fe(B)
have eight Fe(4,C) 1nn and carry a moment of
+2.20p,.% The Si(D) also have eight Fe(A, C) 1nn,
however, they carry only a small moment of
-0.07pg.2 ‘ .

It has been demonstrated by NMR,*° and subse-
quently confirmed by neutron-diffraction®? and
Moéssbauer experiments,® that when transition-
metal impurities are added to Fe,Si, those ele-
ments to the right and below Fe in the periodic
table substitute into the (4, C) sites while those
elements to the left of Fe in the periodic table
substitute into the B sites. A theoretical basis for
this site preference based on rigid-band calcula-
tions has been provided by Switendick.*°

The original NMR work cited above, which es-
tablished the site selection pattern, was carried
out on several Fe, . T,Si alloys consisting of dilute
concentrations (x< 0.25) of transition-metal ele-
ments T from the 3d, 44, and 5d series.® A de-
tailed study of the saturation magnetization was
subsequently made for dilute concentrations
(x < 0.25) of the Fe, ,T,Si system, where T =Ti,
V, Cr, Mn, Co, and Ni.® The results were dis-
cussed in terms of moment assignments for the
various substituted elements and disturbances of
neighboring Fe moments. The nature of the site
selectivity was further explored in the Fe, ,Mn, Si
system over a wide range of composition,
0<x<1.60.'* NMR and x-ray measurements
resulted in a direct correlation of the magnetic
structure and internal hyperfine-field values with
the degree of local atomic ordering. Recently,
Xx-ray, magnetization, and NMR techniques were
used to determine the atomic ordering along with
the variations in the local moments and internal
field distributions in the Fe,_,V,Si system over
the composition range 0< x < 1.25.} In that work,
a short-range interaction model was proposed

“which described the dependence of the Fe(4, C)
moments on their 1nn configurations and enabled

an evaluation of the role of the transferred con-
duction-electron-spin polarization in the hyper-
fine interaction picture for both the Fe, Mn,Si
and Fe, ,V,Si systems.

In the studies described above, both Mn and V
are to the left of Fe in the periodic table and
enter the B sites. Until now, no such systematic
study over a wide range of composition has been
made on a Fe, ,T,Si system in which the T ele-
ment substitutes into the (A, C) sites. Such a
study is of particular interest because both 2nn
and 3nn T-T configurations are important for the
(A, C) site substitution, while only the 3nn T-T
configurations are important for the B-site sub-
stitution described above (see Table I). Conse-
quently, the present investigation on Fe,_,Co,Si
over the entire range of composition (0< x < 3.00)
was initiated. In this paper, we report a detailed
NMR, magnetization, x-ray, and neutron-diff-
raction study which enables us to (i) obtain valu-
able information concerning the crystallographic
and magnetic structure of this system, (ii) further
explore the nature of the selective site mechanism
and determine the concentration limits of the se-
lectively, and (iii) determine directly the depen-
dences of the Fe, Co, and Si magnetic moments
and internal fields on the local environment.
Also, a model based on the short-range inter-
action approach and involving 1nn configurations
for the Fe(B) atoms is presented. The model
successfully describes the detailed behavior of
the magnetic moments and internal fields at all
sites and enables a subdivision of the observed
field into contributions due to the polarization
transferred from neighboring moments and the
polarizations resulting from the on-site moment.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Sample preparation

Pure Fe (99.999%), Co (99.999%), and Si
(99.99%) were mixed in the appropriate propor-
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tions to make 10-g ingots of the Fe, ,Co,Si alloys
with the following compositions: x=0, 0.04, 0.08,
0.15, 0.25, 0.50, 0.75, 0.90, 1.00, 1.25, 1.50,
1.75, 2.00, 2.15, 2.25, 2.50, and 3.00. The con-
stituents were melted together several times in an
argon arc furnace to ensure homogeneity. The
weight loss after arc melting was typically less
than 1% for all the alloys. The resulting 10-g
ingots were sealed under vacuum (2 X 10°® Torr)
in quartz tubes and homogenized for 40 h at

850 °C. The temperature was reduced slowly
over a period of 4 h to 600 °C, maintained at

600 °C for an additional hour and subsequently
quenched into rooni-temperature water. The
ingots were powdered to No. 325 mesh size in a
mortar and pestle. (It was found that the samples
became progressively harder to grind with in-
creasing Co content x.) The powders were an-
nealed in a quartz tube under vacuum (2Xx 10°¢
Torr) for 1 h at 600 °C and subsequently allowed
to cool naturally to room temperature.

The above heat treatment was selected because
of previous success in preparing well-ordered
Fe,Si and the ternary systems Fe,_,V,Si and
Fe, ,Mn,Si.»>!! As indicated below, all of the
Fe, .Co,Si alloys studied in this work demon-
strated a high degree of crystallographic order
with this heat treatment.

B. X-ray diffraction

X-ray measurements were made at room tem-
perature on the Fe, ,Co,Si alloys with a Philips
diffractometer using Cu K« radiation. For com-
positions up to and including x =2.15, the samples
were single phase and the x-ray diffraction pat-
tern could be indexed on a fcc structure. Lattice
parameters were determined by extrapolating the
parameters corresponding to reflections from the
(440), (620), and (444) planes to 8=90° for both
Ka, and K @, radiation. Figure 2 shows the varia-
tion of the room-temperature lattice constant for
the Fe,_.Co,Si alloys with Co concentration x. The
closed circles are the values obtained from x-ray
measurements while the dashed curve represents
a fit to the data based on an extension of Vegard’ s
law (see Sec. III A).

For this structure, Bragg reflections are pro-
duced by either all even or all odd Miller indices
(k,®,1). As described in detail elsewhere, obser-
vation of the various x-ray line intensities pro-
vides information concerning the state of chemi-
cal order.”!* The reflections for which £, %, [ are
all even with 3 (2 +k+1)=2n, » being an integer,
are fundamental and unaffected by the state of
order. Those reflections for which #, %, 1 are all
even with 3(k+%+1)=2n+1 or s, &, 1 are all odd
are superlattice reflections with intensities de-
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FIG. 2. Lattice constanta (in A) vs Co concentration
x, for Fe;_,Co,Si at room temperature. Closed circles:
experimental data; dashed curve: empirical relation in-
volving an extension of Vegard’s law.

pending on the state of order. When a.random
disorder occurs in ternary alloys of this type,
all the superlattice lines are reduced in intensity
by the same factor. However, if preferential dis-
order occurs between certain sites, certain
groups of superlattice reflections will be affected
differently and, generally, it is necessary to have
more than one parameter for the characterization
of the state of order. In particular, the intensities
of the (111) and (200) superlattice lines have been
measured in relation to the (444) fundamental line
in order to provide a qualitative measure of the
state of order for the various Fe, ,Co,Si alloys.
Measurements on a Fe,Si sample that was care-
fully prepared by the procedure described above
in Sec. IIA showed essentially no disorder be-
tween Fe and Si sites (<3%). In the Fe, ,Co,Si
system, previous NMR, neutron-diffraction, and
Mo'ssbauer investigations have demonstrated that
small amounts of Co substitute for Fe in the (4,C)
sites.*®® In general ,for this system B-D,
(A,C)~B, and (A, C)—D disorder can occur.
Since Fe (Z=26) and Co (Z =27) are very close to
each other in the periodic table, their x-ray scat-
tering factors are similar and thus disorder be-
tween the (A, C) and B sites cannot be detected by
Xx-ray measurements. However, the neutron scat-
tering amplitudes for Co and Fe are quite different
(0.25% 1072 and 0.96 X 10"'2cm, respectively) mak-
ing possible the detection of any such disorder by -
neutron diffraction. In contrast to (4, C)~ B dis=
order, the B+-D and (4, C) — D disorder can be
detected by the x-ray methods described above.
In Fig. 3 we show the variation ofthe B~D, (4,C)
=B, and (A,C)~D disorder as a function of
x for the Fe, ,.Co,Si alloys. The various disorder
values which were obtained from x-ray diffraction,
neutron diffraction, and NMR are indicated. The
four (A, C)-+=B disorder values obtained for
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x=0.50, 1.00, 1.50, and 2.00 (crosses) are di-
rectly measured by neutron diffraction (see Sec.
II D). The (4, C)-— D (squares) and B — D (trian-
gles) disorder values are calculated from x-ray
differaction intensities with the assumption that the
(A, C) = B disorder is small for 0<x<1.50. The
B« D disorder values (circles) obtained from
NMR measurements will be discussed in Sec. II E.

C. Bulk magnetization

All measurements of the bulk magnetization ¢
and magnetic ordering temperature T, were car-
ried out on a PAR model 155 vibrating sample
magnetometer (Foner method®®). Temperatures
ranging continuously from 3 to 1050 K were ob-
tained with the related cryogenic and oven access-
ories while magnetic fields were available up to
20 kOe. The magnetometer was calibrated
against the known saturation magnetization for

6.0

Ni (room-temperature value of 55.01 emu/g. The
temperature calibration below room temperature
was based on the ideal Curie-Weiss behavior of
the paramagnetic salt Gd,(SO,), - 8H,0, while the
temperature calibration above room temperature
was based on the Curie-Weiss behavior of Gd,0,
and the known Curie temperature for Ni (631 K).

Figure 4 shows the bulk magnetization for
Fe,_,Co,Si, o (expressed in Bohr magnetons per
formula unit) versus x for the Fe, .Co,Si alloys.
The closed circles represent the saturation mag-
netization extrapolated to 0 K and infinite field,
while the open circles represent the room-tem-
perature magnetization extrapolated to infinite
field. Data were obtained for the 14 samples with
x ranging from 0 to 2.15. (Only the x < 2.25 sam-
ples possessed a second phase.) These measure-
ments represent an extension of earlier work
(Hines et al.?) for dilute Co concentrations

- FIG. 4. Saturation mag-

§ netization ¢ (in pg per
© formula unit) vs Co con~
o g ° centration x, for
8 Fey ,Co,Si. Closed cir-
s cles (0 K) and open cir-
2 40} _ cles (room temperature).
Solid line: straight sub-
stitution of Co moments
(+1.70pug) for Fe moments
Fe3_,CoSi (+1.35u5) in the (4,C)
=X 0K -
sites.
3.0} -
;J? T
0.0 L 1 1 1
0.0 0.5 1.0 .5 2.0 25

Co Concentration (x)
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(=< 0.25). In the earlier work, moment assign-
ments of +2.20u5, +1.35u5, and —0.07ugz were
made for Fe(B), Fe(,C), and Si(D), respectively.
Also in the earlier work, the saturation magneti-
zation data for the Fe, ,Co,Si alloys was fit rea-
sonably well by a simple substitution model in
which Co atoms with moments of +1.70u; replaced
the Fe(A, C) atoms with moments of +1.35 ,
according to

0=(+2.20)+ (2 - x)(+ 1.35)+ (x)(+ 1.70) + (~0.07) ,
1)

where 0 is in up per formula unit. The 1nn Fe(B)
moments were assumed to be unchanged. Figure
4 shows an extension of this simple substitution
model to the higher Co concentrations considered
here (solid line). It can be seen that this simple
substitution idea describes the overall increasing
trend in the saturation magnetization as Co is
added but does not follow the data in detail. The
neutron-diffraction results presented below (Sec.
II D) indicate that the Fe(B) and, consequently,
Fe(A, C) moments vary with Co substitution which
does not support the earlier assumption. Also, in
Sec. III A we will describe how the detailed varia-
tion of o vsx is completely consistent with the varia-
tion of the lattice constant with Co concentration
x. An excellent fit to the lattice constant data is
obtained by using a simple empirical relation con-
sisting of a term containing the saturation mag-
netic moment (dashed line, Fig. 2). The empiri-
cal relation, an extension of Vegard’ s law, has
been successfully applied to several magnetic bi-
nary alloys by Shiga.?® The individual variations
of the Fe and Co moments will be described in
Sec. II D concerning the neutron-diffraction meas-
urements.

As Co is added to the Fe,Si matrix, the magnet-.
ic-ordering temperature T, increases. In partic-
ular, T, increases from 839 K for Fe,Si to 887K
for Fe,, ;5C0q.,551. For x> 0.50, the magnetic-
ordering temperatures are beyond the capabilities
of the magnetometer oven.

D. Neutron diffraction

The neutron-diffraction measurements were
performed at the Brookhaven National Laboratory
and Rhode Island Nuclear Science Center Reactors,
with an external magnetic field of 8 kOe applied
along the scattering vector. The magnetization
experiments described above indicate that the
samples are essentially saturated at this field so
that the magnetic scattering component is elimin-
ated. All measurements were carried out at room
temperature and the form factors were assumed
to be the same as those for Fe,Al and pure Co.

3+ A p[Fe(B)]
. T—-—. .
o {./ -\-\é
4 Co(AC)]
o KO <u(AC)>
2 \ ko
3
(o]
=
=
(7) \\ _-__’--—
plFetaC)]
1 1 1 1
% 0.5 i 5 2

Co CONCENTRATION (x)

FIG. 5. Site moments u (in pg) vs Co concentration x,
for Fe;.,Co,Si. Open circles: experimental values for
the Fe(B) moment from neutron diffraction (corrected to
0 K); dot-dashed curve: fit to data obtained from model;
solid curve: average (A4, C) site moment; dashed curve:
Fe(A,C) moment; dotted curve: Co(4,C) moment
+1.Tug).

Details of the neutron-diffraction pattern analysis
are discussed elsewhere.®

The neutron-diffraction experiments have been
carried out on four of the Fe, Co,Si alloys yield-
ing directly values for the room-temperature B
site moment of (+2.78+0.20)up, (+2.64+0.13)up,
(+2.42+0.12)pp, and (+2.37+0.12)pg for x=0.50,
1.00, 1.50, and 2.00, respectively. [These values
were subsequently corrected to 0 K by a multipli-
cation involving the appropriate ratio of magneti-
zations, o(0 K)/o6(RT).] The corrected moment
values, along with the moment assignment of
+2.20u, for Fe(B) in Fe,Si (x=0), are indicated
in Fig. 5°'by the open circles. The dot-dashed
line represents a fit to the data that is obtained
by employing a model based on 1nn configurations
for the Fe(B) atoms (see Sec. III B).

The behavior of the average (A, C) site moment
is obtained by subtracting the measured B site
moment and D site moment [assuming Si(D) re-
tains the value of —0.07u5] from the total moment
per formula unit obtained from the magnetization
measurements (Fig. 4) and dividing by 2. The
average (A, C) moment is indicated by the solid
line in Fig. 5 and involves both Fe and Co atoms.
Because of disorder, particularly for the higher
Co concentrations, the B site moment will also
involve a small number of Co atoms. We note
that the average moment on the (4, C) sites be-
comes +1.7uy for x=2.00. This is exactly the
moment associated with the substituted Co atoms.
Neglecting disorder, all of the Fe atoms in the
(A,C) sites are replaced by Co atoms for the com-
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position x = 2.00. It appears reasonable to assume
that the substituted Co moment remains constant
at +1.7Tuy throughout the entire range of composi-
tion as is the case in the binary Fe, Co, system.
Assuming a constant moment value of +1.7uy for
Co(A,C) (dotted line in Fig. 5), the moment values
for Fe(A,C) can be calculated from the average
(A,C) site moment by a suitable subtraction. The
behavior of the Fe(A,C) moment is indicated by
the dashed line in Fig. 5.

As indicated earlier, the neutron-diffraction re-
sults on the four alloys show no significant (A,C)
«~ B disorder for x =0.50, 1.00, and 1.50, and 10%
disorder for x =2.00 (see Fig. 3). Such a disorder
would indicate the presence of Co atoms in the B
sites for x =2.00.

E. Spin-echo NMR

Spin-echo NMR measurements of the internal
hyperfine distributions were made on the various
Fe, ,Co,Si alloys at 1.3 K and with zero external
magnetic field. The experimental apparatus, as
well as the procedure of data taking, have been
described in detail elsewhere.?? No frequency cor-
rection has been used for the echo amplitude as
the conclusions drawn from the NMR data are es-
sentially independent of any such correction except
where the spectral range is very large. In the
present work, this only occurs for the Co reso-
nance when x = 0.25.

The internal field distributions observed in the
Fe, ,Co,Si alloys can be divided into two ranges.
In the “low-frequency range,” signals are ob-
served from 20 to 70 MHz and are attributed to
Fe(A,C), Fe(B), Si(D), and, possibly, a small
number of Co(B) nuclei. The Co(B) resonance is
seen only for x = 1.50. Figures 6(a) and 6(b) show
the spin-echo NMR spectra observed in the low-
frequency range for the Fe,.,Co,Si alloys with Co
concentration ranging from x =0 to 2.25. The lines
due to Fe(A,C), Fe(B), and Si(D) nuclei are indi-
cated. For x=2.00 and 2.25, a line occurs at ap-
proximately 36 MHz which has been associated
with the Co(B) nuclei.

In the “high-frequency range,” signals are ob-
served from 100 to 270 MHz and are attributed to
Co(A,C) nuclei. Figures 7(a) and 7(b) show the
spin-echo NMR spectra of the *Co nuclei in the
(A,C) sites observed in the high-frequency range
for the Fe, Co,S1i alloys with x ranging from
%=0.04 to 2.25. The Co(4,C), Fe(4,C), Fe(B),
and Si(D) resonances have already been reported
for Fe, ,Co,Si with low-Co concentration, x <0.25,
and our observations are consistent with this
work.*® Below, we will discuss in detail the spec-
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FIG. 6. Typical spin-echo NMR spectra observed in
the “low-frequency range” (20-70 MHz) for the
Fe3.,Co,Si alloys: (a) x=0-0.25, .(b) x=0.50—2.25, For
x=2.00 and 2.25, the line at approximately 36 MHz is
associated with the Co(B) nuclei.

tral evolution for the various nuclei as a function
of Co concentration.
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1. Si(D) sites

As reported before, the resonance due to Si(D)
appears at 31.5 MHz (37.2 kOe) in Fe,Si (x=0).*°
The line is very sharp indicating a high degree
of crystallographic order. As Co is added to
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FIG. 8. Center of gravity of the Si(D) NMR spectral
distribution (in MHz) vs Co concentration x, for
Fez ,Co,Si. Insert shows the position of the various
Si(D) satellites vs x, visible only for x <0.25. For in-
sert, 0,1,2, and 3 indicate the number of Co atoms in
the 1nn shell of Si(D).

Fe,Si to form the Fe,_,Co,Si alloys, the Co atoms
enter the (4,C) sites which constitute the 1nn
shell for Si(D) (see Table I). The presence of Co
substitutions in the 4th, Tth, etc., neighbor shells
is not considered to be important. As a result of
1nn Co substitutions, the Si(D) line exhibits dis-
tinct satellites on its high-frequency side [see
Fig. 6(a)]. In particular, for x=0.25, three sat-
ellites are observed and correspond to Si with one
Co atom in the 1nn shell [ the Si(D1) line], with
two Co atoms in the 1nn shell [the Si(D2) line],
and three Co atoms in the 1nn shell [the Si(D3)
line]. The resolved Si lines are broadened due to
presence of Co in more distant shells. The posi-
tions of all the Si(D) lines increase with x main-
taining essentially the same separation of 1.6
MHz (1.9 kOe). Of particular interest for this
system is whether the Co atoms enter all the
(A,C) sites randomly or only the A or C sites.
The intensities of the various Si(D) lines can be
calculated for these two situations by using

P (m)=[n! /m! (n-m)!](c)"(1-c)"", (2)

where P (m) is the probability of finding m im-
purities in any nn shell of # sites when the frac-
tional impurity concentration is c. However, a
good experimental determination of the Si(D) in-
tensities for Fe,_ ,Co,Si is only possible with the
lower-Co concentrations (¥ <0.25). For such low
concentrations, the calculated intensities char-
acteristic of the two substitution patterns des-
cribed above are essentially the same making an
experimental differentiation impossible. The ob-
served intensities are not inconsistent with either
pattern.



For x = 0.50 the satellite structure on the Si(D)
is not visible [see Fig. 6(b)]. A broad Si(D) in-
ternal field distribution is observed at these com-
positions with the peak of the distribution shifting
to higher frequencies with increasing x. Figure 8
shows the variation of the center of gravity of the
Si(D) spectral distribution as a function of x for
the Fe,_.Co,Si alloys. The insert shows the varia-
tion of the distinct Si(D) satellites which are ob-
served for x <0.25.

2. Fe(B)sites

The sharp resonance due to Fe(B) appears at
46.6 MHz (337.7 kOe) in Fe,Si (x=0). Figure 9
shows the dependence of the Fe(B) internal field
on x for the Fe, ,Co,Si alloys (open circles). It
can be seen that the Fe(B) internal field changes
by less than +2% over the entire composition range
which is single phase. Contrary to expectations,
the occurrence of Co in the 1nn shell does not pro-
duce any satellite structure or large shift of the
Fe(B) line. Since the low-frequency NMR spec-
trum becomes increasingly complex for higher Co
compositions, Mossbauer experiments were uti-
lized to verify the assignment of the Fe lines.

We note, however, that the Fe(B) moment changes
substantially with x in this system (Fig. 5). The
dashed line in Fig. 9 represents a fit to the data
that is obtained by employing a model based on
1nn configurations for the Fe(B) atoms (see Sec.
11 C).

3. Fe(A,C) sites

The sharp resonance due to Fe(A,C) appears
at 30.0 MHz (217.4 kOe) in Fe Si (x=0). For very
small additions of Co to Fe Si, a single satellite
appears on each side of the main Fe(4,C) line.
For x = 0.04, the satellites are located at 29.1
MHz (210.9 kOe) and 30.7 MHz (222.5k0Oe) [see Fig.
6(a)] with their intensities in approximate agree-
ment with the occurrence of a single Co atom in
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FIG. 9. Fe(B) internal hyperfine field, H,y;[Fe(B)]
(in kOe) vs Co concentration x, for Fe; ,Co,Si. Dashed
curve: fit obtained from model.
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FIG. 10. Fe(4,C) internal hyperfine field,
H;,[Fe(A,C)] (in kOe) vs Co concentration x, for
Fey ,Co,Si. Dashed curve: fit obtained from model.

the 2nn and 3nn shells, respectively. For x> 0.04,
the satellite structure on the Fe(4,C) resonance
is not observed due to broadening of the main line
as well as interference from the Si spectrum.
Figure 10 shows the dependence of the Fe(4,C)
internal field on x for Fe, ,Co,Si (open circles).
Since the Fe(A,C) atoms are being replaced by Co
atoms, the Fe(4,C) resonance becomes weaker.
The dashed line in Fig. 10 is a fit to the data that
is gbtained from the model (Sec. IIIC).

4. Co(A,C)sites

For very small additions of Co to Fe Si, a sig-
nal is observed at 194.6 MHz (192.6 kOe), consis-
tent with the early NMR work.*5 The evolution
of the Co(4,C) NMR spectrum is illustrated in
Figs. 7(a) and 7(b). For x=0.04, two pairs of
satellites are located symmetrically about the
main Co(4,C) line; the inner (outer) pair having
shifts of +1.6 MHz (+3.8 MHz). The substitution
of Co into the (A,C) sites results in 2nn, 3nn, and
higher Co-Co interactions (see Table I). From a
consideration of the satellite intensities, the low-
frequency inner satellite is attributed to a single

-Co atom entering the 3nn shell, while the high-

frequency inner satellite is attributed to a single
Co atom entering the 2nn shell. Since the outer
shifts are about twice the inner shifts, we are lead
to attribute the low- (high-) frequency outer sat-
ellite to two Co atoms entering the 3nn (2nn) shell.
The observed intensities of the outer satellites
appeared somewhat larger than expected for a
random distribution of Co into these shells. Fig-
ure 11 shows the variation of the main Co(4,C)
internal field with x for Fe,_,Co,Si (open circles),
while the dashed line indicates the fit from the
model.

Figure 7(a) shows arrows which indicate the
positions of weak Co(A4,C) satellite lines that can-
not be clearly illustrated on the scale chosen.
These satellites are attributed to a small amount
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of B+—~D disorder. Such a disorder will exchange
Fe and Si atoms, and Co(4,C) will no longer have
just four Fe and four Si as 1nn (see Table I). The
arrow on the low-frequency side of the main
Co(4,C) line (with four Fe and four Si as 1nn) in-
dicates a satellite for the three Fe and five Si

1nn configuration, while the arrow on the high-
frequency side indicates a satellite for the five Fe
and three Si configuration. The intensities of these
satellites are very small indicating a very small
B <« D disorder for x <1.00. The occurrence of
satellites on the high-frequency side of the main
Co(A,C) line for x > 1.50 [see arrows in Fig. 7(b)]
is also attributed to B~ D disorder. As the fre-
quency is increased from the main Co(4,C) line
(with four Fe and four Si as 1nn), the satellites
occur for the five Fe and three Si, six Fe, and
two Si, etc., 1nn configurations. Assuming the
disorder is random, an analysis of the intensities
for the various satellites leads to estimates of
the B+ D disorder. The B+ D disorder values
for the various Co concentrations, x, in the
Fe,_,Co,Si alloys as determined from NMR are
illustrated in Fig. 3.

In the low-frequency spectra of the Fe,_ .Co,Si
alloys, an additional resonance, not attributable
to Si(D), Fe(B), or Fe(A,C), is observed at ap-
proximately 36 MHz for x > 2.00 [see Fig. 6(b)].
This resonance has been attributed to small
amounts of Co entering the B sites due to (4,C)
-~ B disorder. The large natural abundance of
Co (100%) makes it possible to detect the small
numbers of Co(B) nuclei with NMR.

III. DISCUSSION AND ANALYSIS

A. Structure, solubility, and degree of order

From x-ray measurements, we have established
that, as the Co concentration is increased in the
Fe,_, Co,Si system, a single phase having the fcc
DO,-type structure is maintained (with some vari-
ation in lattice constant) up to x=2.15. NMR has
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FIG. 11. Co(A4,C) internal hyperfine field,
Hy[Co(A4,0C)] (in kOe) vs Co concentration x, for
Fe;.,Co,Si. Dashed curve: fit obtained from model.

demonstrated that the Co atoms continue to substi-
tute into the (A4, C) sites for the higher concentra-
tions studied in this work., Although the different
methods (NMR, x-ray, and neutron diffraction)
for determining the three types of disorder
[B—D, (A, C)+~B, and (A4, C) — D] yield some
variation in the disorder percentages, they all in-
dicate that the system has very little disorder
(s3%) for x< 1,50, For x=1,50, the three types
of disorder increase, reaching values ranging
from 10% to 16% for the x=2.00 composition. All
of the samples with x =2,25 possessed a second
phase. .

The Fe,_,Co,Si alloys are ferromagnetic for
0 sx <2.15. Shiga®' has found that a simple em-
pirical relation between the lattice constant and
the magnetic moment holds for numerous binary
systems involving 3d transition metals which
form solid solutions over considerable ranges of
composition. Since the same 3d electrons which
are responsible for the magnetic moments of tran-
sition elements are also involved in the cohesion of
transition metals, a correlation between the mag-
netic moment and the atomic distance is expected.
Shiga’s empirical relation, which is an extension
of Vegard’s law to include magnetic properties and
their influences, is written

a(c)=a (1 = ¢) +ag(c) + C{w, (3)

where a(c) is the lattice constant of the binary
solid solution A,_, B, a4, dg,and C are adjustable
parameters and ) is the “average magnitude of
the atomic moments.” As indicated above, this
simple relationship works well for several binary
systems including Fe,_.Co,. For nonmagnetic
alloys, {u)=0 and Eq. (3) becomes Vegard’s law.
For simple ferromagnetic alloys, () may be
equated with the saturation magnetization in Bohr
magnetons per formula unit.
Following Shiga’s ideas, we can construct an

equivalent empirical relation for our ternary
Fe,.,Co,Si, system. We write

a(x) =ag, (3 — 1x) +aq (3%) +ag(3) +C(u), (4a)

where, in Shiga’s description, the parameters
ag., dc,, and ag can be related to the atomic
sizes of the respective elements by a factor which
depends on the lattice structure. By simple al-
gebraic manipulation, we can combine the para-
meters and put Eq. (4a) in a more suitable form
for fitting our lattice constant data. We rewrite

a(x) =a,(1~ 1%) +a,(3x) + C{ ), (4b)

where a, =ay, +i(ag — ag,) and a, =dg, +5 (a5 — ag. ).
Values for the parameters a,, a,, and C were
obtained by fitting Eq. (4b) to the room-tempera-
ture lattice constant data of Fig. 2 for three Co
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concentrations (x=0, 1.00, 1.50). The corre-
sponding moment values (/) were taken from
Fig, 4. It was found that, with the parameters ob-
tained, Eq. (4b) described the rest of the lattice
constant data extremely well over the range of
composition 0 sx <2,00. This is illustrated by
the dashed curve in Fig. 2. The values for the
parameters werea,=5.4796 A, a,=5.3848 A, and
C=0.0360 A/ug. We note that the magnetic para-
meter, C=0.0360 A/uy is typical of such values
found in theo magnetic binary systems (e.g.,
C=0.0324 A/uy for Fe,_.Co.). Note that, with
the empirical form above, it is not possible to
uniquely determine the original paramters ag,,
QAco, and ag;.

B. Magnetic-moment formation

In order to understand the origin and behavior
of the internal hyperfine fields in Fe,_, Co,Si
(see Sec. IIIC), it is important to know the local
magnetic moment on each site and not just the
total moment per formula unit as determined from
saturation magnetization measurements alone,
As discussed in Sec. II D, such information has
been obtained from a combination of the neutron-
diffraction and magnetization results and is pre-
sented in Fig. 5. For increasing Co concentration
x, the Fe(B) moment increases quickly from a
value of +2,20up5 for x=0.50, and then decreases
slowly, becoming+ 2.42 u forx =2.00. There isevi-
dence to indicate that the Co atoms maintaina con-
stant moment of + 1.7 yu throughout the entire range
of compositionas they selectively replace the
Fe(A, C) atoms. Finally, the average Fe(4, C)
moment decreases from a value of +1.35up for
x =0 and passes through a minimum at x =0.50,

Due to the structural similarity, it is tempting
to compare the magnetic behavior we observe for
the Fe,_, Co,Si alloys with the binary Fe,_.Co,
system. Fe,_.Co, forms a continuous range of
solid solutions with the bee structure from c¢=0
to 0.75. Additionally, this system exhibits an
order-disorder transition over a large portion of
its composition range such that the equiatomic
alloy (¢ =0.50) possesses the CsCl-type structure.

Bardos® has measured the saturation magne-
tization (magnetic moment per formula unit) for
Fe,_.Co, as a function of Co concentration (¢
=0-0.70) and degree of order. Neutron-diffrac-
tion measurements have been performed by
Collins and Forsyth® for ¢=0.30, 0.50, and 0.70.
An analysis of the magnetization and neutron-
diffraction results leads to the conclusion that
the moment on the Co atoms remains essentially
constant (+1.8 ug) throughout the entire range of
composition. In addition, the magnetic moment

on an Fe atom is determined by the number of
Co 1nn. In particular, the lnn shell for an Fe
(or Co) atom has eight sites in this bce-like
structure. As the number of Co 1nn varies from
zero to eight, the average Fe moment increases
from +2.20pug to +3.05 up.

For the Fe, ,Co,Si system, the Fe(B) atoms
also have a 1nn shell of eight sites in a cubic
arrangement [the (A,C) sites]. As the Co concen-
tration is increased from x =0 to 2.00, Fe in the
(A,C) sites is replaced by Co. The number of Co
atoms in the 1nn shell of an Fe(B) atom can vary
from zero to eight as it does in Fe,_.Co,. Our re-
sults suggest, that Co substitutes into Fe,,Co,Si
over the range from x =0 to 2.00 with a constant
moment of + 1.7Tu, which is consistent with the
Fe, ,Co, behavior. However, the Fe(B) moment
does not increase quite as much with its number
of Co 1nn as the Fe moments in Fe _.Co,. Also,
the B~ site moment actually shows a small de-
crease for x> 0.50. Since a model describing the
dependence of the Fe(A,C) moment solely on its
1nn configurations was very successful in ana-
lyzing the internal field behavior for the Fe _Si,,
Fe, V,Si, and Fe, MnSi systems [in which Si, V,
and Mn replace Fe(B)],! it is tempting to construct
a model hased solely on the 1nn configurations for
the Fe(B) moment in Fe, Co,Si [in which Co re-
places Fe(A,C)]. The best insight for such a mod-
el comes from the direct measurement of the
Fe(B) moment from neutron diffraction. It must
be kept in mind that such a measurement actually
represents an average value for the Fe(B) site
moment. For a given Co concentration, there
will be some distribution of 1nn configurations
and the probability of occurrence for a given con-
figuration can be calculated by Eq. (2).

Figure 12 illustrates the model we present in
this work which describes the dependence of a
single Fe(B) moment on the number of Co atoms
in its 1nn shell. The addition of a single Co atom
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FIG. 12. Moment of a single Fe(B) atom, u[Fe(B)]
(in pg) vs number of Co 1nn as proposed by model.
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into the 1nn shell of a Fe(B) atom increases its
moment from+2.20u; to +3.00u;. A further in-
crease in the number of Co Inn produces a gra-
dual decrease in the Fe(8) moment until a value
of +2.40uy is obtained for eight Co 1nn. Hence
the (average) Fe(B) moment, as observed in the
neutron experiments, is given by

(W[Fe(BY)= Y Piy ®)

where P, is the probability of a single Fe(B) atom
having i 1nn of Co [Eq. (2)] and y, is the moment
of that atom as dictated by the model (Fig. 12).
The dot-dashed line in Fig. 5 was calculated from
Eq. (5) and provides an excellent fit to the experi-
mental data.

C. Internal field behavior

For systems involving transition metals, the
internal hyperfine field at a particular nucleus
H, , is assumed to arise from three contributions:
(i) a core polarization due to the exchange inter-
action between the on-sight moment of the d elec-
trons and the inner s shells, H,,, (ii) a spin po-
larization of the conduction s electrons due to the
on-site moment of the atom itself, A, and (iii)an
overall (transferred) conduction-electron-spin po-
larization due to the moments in neighboring shells,

Hg,. Hence, we can write

Hyy=H +H+Hg,. (6)

In general, the first two terms are proportional
to the on-site moment, while the third term is
usually expressed as a sum of terms involving the
neighboring moments. As a first approximation,
we will assume that the transferred spin polari-
zation at a nuclear site arises only from the mo-
ments in its 1nn shell and is given by

Hsp=A4snp <Pv>1nn s (7

where A, is the appropriate hyperfine coupling
constant, » is the number of 4s electrons in-
volved in the hyperfine coupling, p is the ex-
change polarization of the 4s electrons by the 3d
moments, and {u),, is the average moment per
atom in the 1nn shell. Such an approach has
proved very successful in describing the internal
field behavior for the Fe,  Si,, Fe,.V,Siand
Fe, . Mn,Si systems.! We will use the atomic
hyperfine coupling constants calculated by Camp-
bell.?® As pointed out by Campbell, the A, values
are deduced by an interpolation of the atomic hy-
perfine coupling constants between the alkali and
noble metals and, although the absolute values are
not expected to describe accurately the coupling
in metals, the relative values of A, for elements

close to one another in the periodic table are ex-
pected to be reasonably correct.

In the following, we will be concerned mostly
with the main Co resonance. Figure 11 shows the
conceniration dependence of the Co internal field
in Fe, ,Co,Si. The principal contributions tothe Co
internalfield, H,,,[CoA,C)], aredescribed by Egs.
(6)and (7). The polarizationterms (4 [Co(4,C)]
+HJ[Co(A,C)]) are due to the on-site Co 3d
moment, while H[Co(4, C)] is transferred from
the surrounding Fe(B) moments. Co replaces Fe
in the (4, C) sites with four Fe(B) and four Si(D)
1nn in the ordered atomic state. By assuming that
the Co moment remains constant (+1.7pp) through-
out the entire range of composition and, hence,
that the on-site polarization terms (#,[Co(4,C)]
+H[Co(A,C)] do not change, it follows that the
change in H, [Co(4, C)] with increasing concen-
tration is due mainly to the change in the trans-
ferred spin polarization of the Co 4s electrons by
{(u[Fe(B) ], By considering the Fe(B) moment
dependence on the number of Co 1nn as described
by the model proposed in Sec. III B (seeFig. 12) a
very good fit of the concentration dependence for
H, . [Co(A,C)] is obtained by taking A,(Co)=2.05
x 10° Oe/(s electron) and np=-T1.51% 10~ (s
electron)/uy in Eq. (7) above (dashed line in Fig.
11). This results ina calculated value for the onsite
polarization terms of (4 ,[Co(4,C)]+ H[Co(4,C)])
=+ 27 kOe. The very small and positive value
for the hyperfine-field contributions correspond-
ing to the on-site moment of +1.7 up (or
+15.9 kOe/ug) is contrasted with the large nega-
tive fields derived for Fe (—-205 kOe) and Mn
(-192 kOe) and indicates a relative large positive
contribution from H[Co(4,C)].

The value of +27 kOe obtained above for the on-
site moment polarization contributions seems
quite reasonable in the light of other systems in
which Co atoms are introduced into environments
where the 1nn atoms do not possess localized mo-
ments. This is exactly the case for the Heusler
alloys of the type Co,XY, where X=Ti, Zr, Hf,
V, and Nb, and Y =Sn, Al, and Cr. The magnetic
moment in these materials is confined to the Co
atoms with values ranging from+ 0.3 ugto+ 1.0 ug,
The 4 X and 4 Y atoms which surround the Co
atoms possess essentially no magnetic moment
and, hence, the only contribution to the Co inter-
nal field arises from the on-site contributions.
NMR studies inCo,TiSn, for which u(Co)=+1.03up,
gave a value of +21.2 kOe for the Co internal field
at 77 K.?® More recent internal field measure-
ments in other Co-based Heusler alloys also dem-
onstrated Co fields which were positive and of
comparable magnitude to the value calculated in
this work.?” -
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Moreover, it should be mentioned that when the
A,(Co) and np parameters given above are used
with Eq. (7), a value of H,[Co(4,C)] = -220 kOe is
calculated at the Co nucleus for very dilute Co
concentrations. If one extra Fe atom is added to -
the 1nn shell of a Co atom (and having u[Fe(B)]
=+3.0p5), H, [Co(A,C)] would be increased in
magnitude by about 55 kOe resulting in a Co res-
onance corresponding to H,,,[Co(A,C)] = —248 kOe
(251 MHz). Furthermore, removing an Fe atom
from the Inn shell of a Co atom would decrease
H,,[Co(A,C)] by 55 kOe in magnitude resulting in
a Co resonance corresponding to H, [Co(4,C)]
= -138 kOe (139 MHz). Previously, we have noted
the occurrence of very weak satellite lines (152
and 236 MHz) located symmetrically below and
above the main Co line (194.6 MHz). The small
amount of disorder (<3%) for low-Co concentrate
tions is sufficient to create situation in which a
Co atom would have either 3 Fe(B) or 5 Fe(B) in
its 1nn shell giving rise to the satellite lines.
This assignment for the satellite lines has been
confirmed by observing the Co resonance in off-
stoichiometric alloys.

The internal fields for the Fe(B) and Fe(A4,C)
nuclei can also be described by the methods above.
Figure 9 illustrates the concentration dependence
of the Fe(B) internal field. It can be seen that the
field changes by less than +2% over the composi-
tion range O0sx < 2.00. In order to calculate the
on-site contributions (H [Fe(B)] + H [Fe(B)]), to
the internal field, we take the value —-93.18 kOe/
which was found for the Fe atoms in Fe,_,Si,,
Fe,,V,Si, and Fe, , Mn,Si (see ref.'). The Fe(B)
moment is dictated by the number of Co 1nn as
described by the model (Fig. 12). The polariza-
tion transferred from the 1nn shell, H [Fe(B)],
is a combination of the contributions from both
the Co and Fe in the (A4,C) sites for which the re-
spective polarization factors of np=-39x10- (s
electron)/ ., and np = —25x1072 (s electron)/py
have been assigned. The hyperfine coupling con-
stant for the Fe atoms is taken to be A, (Fe)
=1.78%x10° Oe /(s electron). Using Eqgs. (6) and
(7) above, a good fit of the experimental data is
obtained (dashed line in Fig. 9).

Fig. 10 shows the concentration dependence
of the internal field in Fe, Co,Si. Again, an ex-
cellent fit of the Fe(A,C)internal field (dashed line in
Fig. 10) of the experimental data is obtained by calcu-
lating: (a)the onsite contribution from —93.18kOe/
K and the Fe(A,C) moment assignment at various
Coconcentrations (Fig. 5) and (b) the transferred
contribution from the surrounding Fe(B) moments
with a polarization factor ofnp = —47 x 10-3 (s elec -
tron)/up.

In general, the model proposed, which utilizes

the short-range interaction approach and involves
the 1nn configurations for the Fe(B) atoms, pro-
vides an excellent description of the magnetic-mo-
ment and internal field behavior for the Co(4,C),
Fe(B), and Fe(A,C) sites.

IV. SUMMARY AND CONCLUSIONS

This work concerned a detailed NMR, magneti-
zation, x-ray, and neutron-diffraction study of the
Fe,_Co,Si system over the entire range of com-
position (0<x < 3.00) in order to: (i) determine
the crystallographic and magnetic structure, (ii)
further explore the nature and concentration limits
of the site selectivity, and (iii) determine the de-
pendences of the Fe, Co, and Si magnetic mo-
ments and internal hyperfine fields on the local
environment. As indicated earlier, systems in- .
volving transition metal substitutions into the
Fe,Si lattice have proved ideal for such stud-
ies!™7 and a local environment model has previ-
ously been developed for such substitutions into
the B sites.! Below, we list the conclusions of
the present work.

(i) As the Co concentration is increased in the
Fe,,Co,Si system, a single phase having the fcc
DO,-type structure is maintained (with some var-
iation in lattice constant) up to x =2.15,

(ii) The Co atoms selectively enter the (4,C)
sites for the larger concentrations studied in this
work (0<x < 2,00) with a high degree of order
(disorder values <3% for x<1.50).

(iii) The Fe,_Co,Si alloys are ferromagnetic
for 0sx < 2.15. The variation in lattice constant
with Co concentration correlates well with the
magnetization and can be described by a simple
empirical relation which is an extension of Ve-
gard’s law.

(iv) Neutron-diffraction results indicate a var-
iation in the Fe(B) and, consequently, the Fe(A,C)
moments with Co concentration. However, there
is evidence to indicate that the moment on the sub-
stituted Co atom is well localized and remains
constant at +1.7 uz throughout the range 0<x
< 2.15.

(v) The variation of the internal hyperfine field
with Co concentration at all sites [Fe(A,C), Fe(B),
Co(4,C), and Si(D)] has been studied by spin-echo
NMR. A model which describes the dependence of
a single Fe(B) moment on the number of Co atoms
in its 1nn shell is introduced that successfully ex-
plains the internal field behavior. In this model,
the addition of one Co atom to the 1nn shell of a
Fe(B) atom increases its moment from +2.20 up
to +3.00ug. A further increase in the number of
Co 1nn gradually decreases the Fe(B) moment un-
til a value of +2.40uy is obtained for eight Co 1nn.



464 NICULESCU, BUDNICK, HINES, RAJ, PICKART, AND SKALSKI 19

TABLE II. Internal field parameters for Fe;_ Co,Si.

(Hy, + H) /1 Ay np
Nucleus 1nn configuration k0e/pg) (M0e/s electron) [L0=3(s electron/kg ]
Co(4,0) 4 Fe(B), 4 Si(D) +15,9 2,05 ~71.5
Fe(B) 8 [Fe(4,C) +Co(4,0)] -93.18 1,78 —25(Fe), —39(Co)
Fe(4,0) 4 Fe(B), 4 Si(D) -93,18 1.78 —47

The Fe(A4,C), Fe(B), and Co(A,C) hyperfine-field
values are separated into contributions resulting
from the on-site moment and that transferred
from neighboring moments. Table II provides a
summary of the parameters used to calculate the
internal hyperfine-field contributions for the var-
ious nuclei according to the model. Column 1 lists
the nuclei and their sites while column 2 lists the
1nn configurations. Column 3 lists the ratios of
the on-site internal field contributions to the on-
site moments. Columns 4 and 5 list the hyperfine-
coupling constants and polarization factors used
in calculating the internal field contribution trans-
ferred from the 1nn moments.

Currently, a similar study is in progress for the
Fe, Ni Si system. Like Co, Ni is found to substi-
tute into the (A4, C) sites over a considerable range

of composition (0<x<1.00). Preliminary results
indicate that a local environment model, consis-

tent with the one proposed here, provides an ex-
cellent description of the magnetic-moment and

internal field behavior.
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