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A detailed study of changes in the internal fields at Mn, Fe, and Si nuclei in the solid solutions of
Fe;_,Mn,Si, 0 < x < 1.6, as a function of composition has been made by spin-echo NMR at 1.28 K and in
zero external magnetic field. Resonances due to Mn in three crystallographically different sites are observed.
For x < 0.75, Mn enters predominantly the site with eight Fe first near neighbors and has an internal field of
259 kG shifted about 5.4 kG to lower values for each added Mn third near neighbor. For x > 0.75, Mn atoms
also enter the other transition-metal site which has four Fe and Mn, and four Si first near neighbors and has
an internal field of about 28 kG at x = 0.75. This field shifts to lower values as x increases. Mn enters the Si
sites due to a small residual disorder of about 3% between Si and the Fe site with eight Fe first near
neighbors. The internal field of Mn in these sites is about 127 kG at x = 0.08 and shifts slowly to higher
values. The Fe and Si fields are compared with those in Fe;Si alloys. The values of the internal fields and
their variation with concentration at all sites are consistent with the magnetic moment and magnetization data

of Yoon et al. Contributions to the internal fields from various neighbors are analyzed.

I. INTRODUCTION

It has been shown by spin-echo nuclear magnetic
resonance! (NMR), and subsequently confirmed by
neutron diffraction,? that dilute transition-metal
impurities in Fe,Si selectively enter one of the two
inequivalent Fe sites. The site occupied depends
on the position of the impurity in the Periodic
Table. Furthermore, it has been noted that a
definite relationship exists between the site se-
lected by a cilute impurity in Fe,Si and the site
it occupies in Heusler alloys. It thus appears that
a detailed study of hyperfine interactions in Fe,Si
at higher impurity concentrations could provide
valuable information on the mechanisms responsi-
ble for site preference.

The system Fe,_ ,Mn,Si is very suitable for this
purpose because it forms a continuous range of
solid solutions with the same crystalline structure
and provides an opportunity to investigate magnetic
behavior as a function of environment, In this
system one passes from the binary Fe,Si, which
is ferromagnetic, to the Heusler Fe,MnSi with a
complex spin structure,® and finally to Mn,Si.
Moreover, the neutron diffraction study of Yoon
et al.® provides information on Mn site occupation,
magnetic moments, and magnetic structure over
the composition range 0<x <1.75,

In this paper we report a detailed study of the
hyperfine interactions for the Mn, Fe, and Si sites
in the Fe,_,Mn,Si system and obtain valuable in-
formation on the crystallographic and magnetic
structure of this system. Most emphasis will be
placed on the Mn and Fe results.

The present study enables us to (i) further ex-
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plore the selective site mechanism by determining
the concentration limits of the selectivity, (ii) de-
termine directly the dependence of the local Mn
moment and hyperfine field on the various en-
vironments possible throughout the composition
range studied in this paper, and (iii) further ex-
plore the conduction-electron polarization effects
in a unique manner made possible by the nature of
the host and the extreme substitutional selectivity
of the Mn. The behavior of the field data with con-
centration will be interpreted in light of the neutron
studies of Yoon ef al.® in an effort to further un-
derstand the complex magnetic behavior which be-
gins to set in at about x =0.75.

II. Fe, Mn,Si SYSTEM

In Fig. 1, a unit cell describing the Fe,_,Mn_Si
system is shown. In referring to atoms occupying
sites in this lattice we will write the lattice sites
A, B, C, and D in parentheses. Thus for Fe on a
B site we will use Fe(B).

Fe,Si is a well-ordered intermetallic ferromag-
net with a Curie temperature of 803 K. In this
compound, with DO, crystal structure, there are
two inequivalent Fe sites, namely, Fe(B) and
Fe(A,C), and a Si(D) site with the neighbor con-
figurations shown in Table I. In the notation used
here the formula Fe Si becomes [Fe(A, C)],Fe(B)
xSi(D). The magnetic moments on the Fe(B) and
Fe(A, C) sites are 2.3, and 1.4 ,, respectively.*

The existing data on Mn site occupation and the
site magnetic moments in Fe,_ ,Mn,Si as functions
of Mn concentration are presented in Figs. 2 and
3, respectively.
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FIG. 1. Unit cell of Fe;_, Mn, Si alloy system. The
sites are represented by A, B, C, and D. The A and
C sites are equivalent and together with the B sites
are occupied by Fe and/or Mn depending on the alloy
concentration. The D site is occupied by Si.

Small amounts of Mn added to Fe,Si enter the B
sites.!’? The neutron diffraction data®+® show that
Mn enters the B site for Mn concentrations be-
tween x =0 and x =0.75. Throughout this composi-
tion range Fe,_,Mn_Si remains a ferromagnet with
T, decreasing to 370 K. The average moment on
the B site remains constant indicating that Mn(B)
has a moment approximately equal to that of Fe(B),
viz., 2.3(3)uz. The moment of the A and C sites,
which contain only Fe(A, C), decrease from 1.4u,
to 0.3 as x increases from 0 to 0.75. Further-
more, Yoon et al.® find that in alloys with x> 0.75
Mn begins to enter the A and C sites. At x=~1
about 85% of the Mn atoms are on B sites and
about 15% on A and C sites.® At x =1.5 the B sites
were found to be completely filled with Mn.® For
compositions 0.75<x<1.75, Fe,_,Mn,Si is ferro-
magnetic above about 77 K. Below 77 K the neu-
tron diffraction data suggested the presence of
rhombohedral antiferromagnetic ordering. The B
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FIG. 2. Filling of A, C, and B sites with Mn as a
function of concentration (x) in Fe;_, Mn, Si. The data
points (x) were obtained from the NMR spectra of the
Mn(B) site (see text).

site moment, in the range 0.75<x<1.75, falls
gradually to zero while the A and C site moment
remains practically constant up to x ~1.5 and then
decreases gradually to zero.

III. SAMPLE PREPARATION

All alloys used in these studies were formed by
arc melting appropriate proportions of high-purity
(99.99%) iron, silicon, and manganese in an argon
atmosphere. Samples for x =0, 0,08, 0.15, 0.25,
0.50, 0.65, 0.75, 1.0, 1.25, 1,50, 1.60, and 1.75
were made. The weight loss in all the samples
was close to 1%.

These ingots were heated in a quartz tube to
about 200°C for 2 h in vacuum and then sealed off
under pressure of the order of 6 X108 Torr. The
sealed tubes were then annealed at 800°C for 24 h
and slowly cooled from 800 to 600°C at a rate of

TABLE 1. Fe;_, Mn, Si neighbor configurations.

No. of shell 1 2 3 4 5 6 7 8
Neighbor distance in -, o o 705 083 0.86 1 1.08  1.11
lattice parameters
6A,C 124,C 8A,C 6A,C 244,C
A,C 4B 128 12B
4D 12D 12D
8A,C 244,C 24A,C
B 128 6B
6D 8D 24D
84,C 244,C 244,C
D 6B 8B 24B
12D 6D
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FIG. 3. Variation of A, C, and B site’s magnetic

moment as a function of concentration (x). The data are
those of Yoon et al. (Ref. 3). We have assumed a linear
extrapolation between the data points.

40°C/h. Finally the samples were water quenched
from 600°C.

The ingots were powdered to No. 400 mesh. The
powder was annealed at 600°C for 1 h under vacu-
um (2%x107% Torr) and cooled to room temperature
in about 2 h., X-ray analysis showed that the pow-
dered samples were single phase and were well
ordered.

IV. EXPERIMENTAL RESULTS

A. Structural characteristics

X-ray data on Fe,_,Mn_Si alloys were taken with
a Philips diffractometer using Cu K, radiation.
The lattice parameters were obtained by extrapo-
lation to 8=90° for the parameters corresponding
to the fundamental lines (440), (620), and (444) for
both K¢, and K g, radiation. In Fig. 4, we have
shown the variation of lattice constant with Mn
concentration. The results are in a good agree-
ment with previous studies.?'” No evidence of a
second phase was found for the experimental con-
ditions used in these studies. A direct determina-
tion of the long-range order was carried out for
several of the samples. The unit cell (Fig. 1) for
these alloys can be described in terms of four
interpenetrating fce sublattices A, B, C, D with
origins at A(0,0,0), B(3,%,3), C(z,%,%), and
D(3,3,%). For this structure only those Bragg
reflections are allowed for which Miller indices
are either all odd or all even. This gives rise to
the following three types of structure amplitudes:

() F ~[(fs = foF + (f5 - f,)?]% corresponding to
the odd values of 4kl for the superlattice lines
(111), (311), (331), (511), (333), (531);

(ii) E,~(f, - fg+ fc— fp) corresponding to h+k
+1=2n (n is an integer) for the superlattice lines

: (o]
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FIG. 4. Variation of lattice parameter as a function
of concentration (x) in Fe;_, Mn, Si.

(200), (222), (420);

(iii) F, ~ (f4 + fg + fo+ fp) corresponding to k+Fk
+1=4n for the fundamental lines (220), (400), (422),
(400), (620), (444).

Here f,, fg, fc, and f, are the average scat-
tering factors for A, B, C, and D sites, respec-
tively.

In order to get some numerical estimate of the
degree of disorder in Fe, ,Mn,Si, a sample of
Fe,Si was first measured. In well-ordered Fe,Si,
A, B, and C sites are occupied by Fe atoms and
D sites by Si atoms. The structure amplitudes for
this alloy are given by

E~ (-fl-'e_ fSi)’ £~ (fl'e_ Jsi ), By~ (fl-'e+fSi)’

so that the ratio F%,,,/F%,,, =1.

For a completely ordered Fe,Si, the neighbor
configurations are shown in Table I. Some dis-
order between Fe and Si sites would introduce a
corresponding change in specific near-neighbor (nn)
shells. Let o and B be the fractions of Fe(B) and
Fe(A, C) atoms, respectively, which occupy Si
sites. Then

Foyy _ (1-2a-pp
Fz(zoo) (1 - 23)2

By assuming 8=0, about 3% of disorder between

the Fe(B) and Si sites per formula unit was found,
in good agreement with recent neutron results on
a similarly prepared Fe,Si sample.

The order parameter for Fe,Si is easy to obtain
since Fe and Si have different atomic scattering
factors. The problem is more complex in
Fe,_,Mn, Si since Fe and Mn have nearly the same
scattering factors. This fact combined with ab-
sorption corrections makes it extremely difficult
to deduce the amount of Fe-Mn disorder from
x-ray data alone. One can still, however, deter-
mine the disorder between the B sites (Fe and Mn)
and Si.

For all the concentrations studied between Fe,Si
and Fe,MnSi, we find from the x-ray data that the
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ratios F2,,,,/F%,0, and F%,,,,/F%,,;, remain essen-
tially the same and that F2%,,,,/F%,,,, has the same
value as for Fe,Si. If we again set =0, we con-
clude that in all the samples a degree of disorder
@ =(3+1)% between the B and D sites exists. This
disorder has been independently verified by neu-
tron diffraction experiments.?

B. Hyperfine-field results

The NMR spectra were measured by using a
spin-echo technique described elsewhere.? All the
resonances reported here were measured at 1,28
K and in zero external magnetic field.

The spin-echo spectra of these alloys will be
discussed in terms of three frequency ranges.
Spectral lines between 200 and 300 MHz are as-
signed to Mn on B sites. Lines between 110 and
160 MHz which are observed in samples with
x<1.,0 are identified as Mn in D sites. Lines be-
tween 10 and 60 MHz are due to Fe on B sites, Fe
on A and C sites, and Si on D sites in alloys with
x<0.75. In alloys with x=0.75 a strong contribu-
tion from Mn atoms in A and C sites is found in
this frequency range.

1. High-frequency spectra: Mn(B) sites

In Fig. 5, we show a plot of echo amplitude vs
frequency for frequencies between 200 and 300
MHz. These spin-echo signals are due to Mn
nuclei in the B sites. This identification as Mn in
B sites was originally made for dilute Mn substi-
tutions.! The structure and intensity of the satel-
lites is inconsistent with any other assignment.

For x =0.08, 0.15, and 0.25, the several well-
resolved neighbor satellites are assigned to Mn
atoms with varying numbers of Mn in the third-
neighbor shell. At the main Mn line (labeled 0)
the internal field is about 259 kG for x =0.08, the
most dilute sample studied here. The sign of this
field has not yet been determined. This Mn site
has twelve Fe and zero Mn third nn. For small
increases in Mn, the frequency of this line shifts
to higher values as shown in Fig. 6. Each added
Mn in this dilute range produces a shift AH at the
Mn(B) site of about 5.7 KG corresponding to the
negative frequency shift of 6.0 MHz. The concen-
tration dependence of the line positions corre-
sponding to all the peaks observed is also shown
in Fig. 6. A systematic increase in frequency with
increasing Mn concentration is observed for all
peaks resolved for x <0.25. The relative intensi-
ties of the satellites for x <0.25 are consistent
with a random distribution of Mn atoms on B sites.

The internal field at the Mn nuclei can be de-
scribed in terms of a sum of three main contribu-
tions:
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FIG. 5. Spin-echo spectra of >*Mn nuclei on B site: in
Fe;_, Mn,Si alloys from x=0.08 to 1.6.

Hy,=Hep+Hg+Hpp,

where H,,, is the internal field observed at the Mn
nuclei, H, is the core polarization, H; is the
polarization of the s-like conduction electrons on
the atom itself, and H; is the conduction-elec-
tron polarization (CEP) produced by all the Fe and
Mn in the neighboring shells.

For x <0.25 each added Mn in the third-neighbor
shell produces approximately the same shift of
about 2.1%. The approximate linearity extending
to five or more Mn substitutions in the third-nn
shell strongly suggests that shifts produced are
mainly the result of changes in conduction-electron
polarization. Throughout this range the Mn mo-
ment is found to remain constant®—an observation
entirely consistent with the dominance of pertur-
bations in only the CEP produced by these Mn in
the third-nn shell. The shift per added Mn is
shown to decrease with increasing Mn substitution.
(See insert Fig. 6.)

For x> 0,25 less-well-resolved satellites are ob-
served at the resolution used in these experiments.
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FIG. 6. Concentration dependence of the *Mn internal
fields at the B sites. The numbers 0 to 5 are used to
identify the fields of Mn(B) which have 0 to 5 third-nn
Mn atoms. The points for x>0.50 indicate the field
corresponding to the maximum intensities of the line.
The insert shows the shift in the Mn(B) internal field as
a function of the number of Mn third nn.

There is, however, a steady shift in the center of
gravity of the spectrum as well as a pronounced
and growing asymmetry for x> 0.75. This rela-
tively small shift in the Mn internal field is to be
contrasted with the reduction of the average Fe(B)
and Mn(B) site moment deduced from Yoon’s neu-
tron work as shown in Fig. 3. This contrast can be
understood if we postulate that some of the Mn
moments align themselves antiparallel to each
other or to the average B site moment. The local
behavior of the Mn(B) site relative spin alignment
deduced from spin-echo results is also consistent
with the observed reduction in the saturation mag-
netization at low temperatures in this concentra-
tion range. The pronounced asymmetry seen in
the spectra for x >0.75 is caused by Mn atoms now
entering the A and C sites. Thus some of the
Mn(B) sites will have Mn(A, C) as first nn. The
reduction in the internal field at those Mn(B) sites
with Mn(A, C) first nn is about 6%. This number,
although approximate, is obtained by decomposing
the lines into two symmetric contributions, The
relative intensity of these lines is in agreement
with the fractional occupation of Mn in the A, C
sites as shown in Fig. 2. A steady increase in rf
power, compared to that needed at low concentra -
tion, is required to excite echoes for x above about
0.75. This observation suggests a decrease in rf
enhancement factor consistent with a change in
spin structure deduced from magnetization mea-
surements. A reduction in enhancement factor is
also consistent with the onset of some type of more
complex spin order above x =0.75. Owing to trans-
mitter limitations no spin echoes were observed in
samples with x>1.60.

2. Low-frequency spectra: Fe(B), Fe(A,C), Si(D),
and Mn(A,C) sites

Our spectral results for the frequency range
16-50 MHz are shown in Fig. 7. The top spec-
trum is for well-ordered Fe,Si."® The positions
of the observed lines are indicated by vertical
bars; their linewidths, which are less than 100
kHz, cannot be shown in the scale used for this
figure. The lines at 46.67 and 30.07 MHz are from
Fe nuclei at Fe(B) and Fe(A, C) sites, respective-
ly. The line at 31.2 MHz is due to Si nuclei on
D sites,

As Mn is added, clear structure is seen on the
spectra of the Fe(B) site and the Si site for x
=0.08, x=0.15, and x=0.50. Some structure also
occurs in the Fe(A,C) field distribution. In the
low-concentration range Mn substitutes into the
third-neighbor shell and produces shifts in the
Fe(B) field of 2.5% (Fig. 8). These shifts are
nearly the same as those produced by Mn third
neighbors on the Mn(B) field. Pure conduction-
electron polarization effects for the third-nn shell
would account for such scaling of the Fe(B) and
Mn(B) spectra.!® Here again as seen in Table I,

1.0 Fey_ Mn, Si Fe(A,C)

0.5 _ k28K si (B)'

1.0 t + t + 1 t

Il L5\ Si
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FIG. 7. Spin-echo spectra of Fe;_, Mn, Si alloys in
the low-frequency range. See the text and the labels
in the figure for the identification of Fe(4, C), Fe(B),
Si(D), and Mn(A, C) lines.
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FIG. 8. Concentration dependence of the internal field
at the *'Fe nuclei in the B site. The numbers 0 to 5 are
used to identify the fields of Fe(B) which have 0 to 5
third-nn Mn atoms.

the Fe,Si structure provides us with a special
situation in which to carefully study CEP effects
associated with specific distant-neighbor shells.
The large number of different contributions in this
low-frequency spectra make it difficult to resolve
the Fe(B) internal field above x =0.50. The total
observed change in the Fe(B) internal field is
14.8% from x =0 to x =0.75 and this is consistent
with the reported B site moment behavior in this
concentration range.3®

The higher-frequency satellites observed in the
Si spectrum for x =0.08 and 0.15 are due solely
to Mn substitutions into the second-nn shell about
the Si (see Fig. 7 for identification). For 0<x
<0.75 Mn substitution into B sites changes the
first-nn configurations of the Fe(A, C) sites. The
observed satellites occur at frequencies which are
about 18% lower than the main line, reflecting the
strong field perturbation brought about by the first-
nn Mn substitution. The neutron diffraction re-
sults show that a strong reduction in the Fe(A, C)
site moment occurs but that the average B site
moment remains constant in this concentration
range (see Fig. 3). Thus we can conclude that the
18% shift in the internal field of Fe(A, C) is due to
a change in H;, connected with a strong configura-
tional perturbation of the Fe(A, C) local moment
by Mn neighbors.

A comparison of the low-frequency NMR spectra
with Mdssbauer results!! proves that an additional
Mn contribution is observed in this low-frequency
range for x=0.75. The observation of increasing
NMR intensity in this low-frequency range can only
be consistent with the identification of a signal at
this region of the spectrum with Mn. At higher
concentrations, e.g., above x =0.75, the indicated

intensity is essentially due to Mn in the A and C
sites. Most of the Mn(A, C) sites in this concen-
tration range have four Mn(B) and four Si(D) as
first NN. The Mn(A, C)-Mn(B) interaction leads
to a spin reorientation for the Mn(B) sites and a
decrease in the value of magnetic moments of
Mn(A, C) and therefore in Hcp(Mn).

The internal field at this Mn site for 0.75 <x
<1.6 ranges between 28 and 21 kG, consistent with
the low moments deduced from the neutron dif-
fraction studies. Such low values for a Mn inter-
nal field have been observed in'? @-Mn for a site
commonly labeled III. These sites have an inter-
nal field of 25.2 kG and a corresponding magnetic
moment of 0.6, at 4.2 K.

For x 20,75 the frequency decreases at these
Mn(A, C) sites reflecting the large increase in Mn
substitutions into the second- and third-neighbor
shells. (See Table I.)

All of our spectral analyses have been confined
to substitutions up to the third-nn shell. More
distant neighbor configurations would have some
effect on the line shape and linewidth but are not
expected to influence the analysis and conclusions
presented here.
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FIG. 9. Spin-echo spectra of ®*Mn nuclei on D sites
in Fez_, Mn, Si alloys for compositions from x=0.08
to 1.0.




3. Midfrequency spectra: Mn(D) sites (the effect
of residual disorder)

In all samples studied as well as in Fe,Si we
have already noted that there is a small degree of
disorder between B and D sites. A careful study
of our samples showed a line whose dependence on
concentration is shown in Fig. 9. This line is very
weak and has an intensity of about 3% of that of
the Mn(B) line. The degree of disorder found be-
tween B and D sites is consistent with assigning
this resonance to Mn in the D sites. The value of
the hyperfine field at a Mn(D) site having no Mn in
the second-nn shell is about 127 kG and slowly
shifts to higher values with increasing x.

V. SUMMARY AND CONCLUSIONS

The correlation of these extensive NMR results
with neutron diffraction, magnetization, and Moss-
bauer data enables us to see clearly the depen-
dence of the internal field on the specific environ-
ments and to understand in detail the local moment
behavior. Clear evidence for CEP effects are
demonstrated in this system for third-neighbor
substitutions on both Mn(B) and Fe(B) sites.

This study supports the strong preference for
the Mn in the site with eight Fe first nn up to
about x =0.75, as determined by the neutron dif-
fraction work.2'® This selectivity is consistent
with recent work on dilute Fe-based alloys which
show clear evidence for Mn-Mn repulsion.!® The
Mn substitution into the Si site can be understood
on the basis of residual disorder measured by
x rays and confirmed by the neutron diffraction
studies.®

Above x>0.75, we see clear evidence for Mn
entering the A, C sites. The population of this
site by Mn with increasing x determined from the
NMR data bears out the trend expected from the
neutron diffraction results as shown in Fig. 2.

By comparing the NMR results on the Mn(A,C)
sites with neutron diffraction results we conclude
that a local antiparallel pairing of first-nn Mn
moments occurs for x>0.,75. This provides
another basis for understanding the onset of the
complex magnetization behavior observed in both
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the bulk magnetization and neutron diffraction
data.

For low concentrations, the intensities of the
Mn(B) and Fe(B) spectra are consistent with a
random substitution of Mn into the B sites. The
observed satellites for both these lines largely
reflect changes in the CEP.

The substitution of Mn into a distant specific
neighbor shell, made possible in the Fe,Si lattice,
eliminates chemical and direct environment effects
normally present in dilute-alloy studies, where a
first-nn impurity can drastically affect a moment
or the hyperfine coupling constant. The Mn spec-
tra show clearly satellite structure associated
with predominantly third-nn substitutions. The
hyperfine-field shift of these satellites to a high
degree is linearly dependent on the number of
substituted Mn up to n =5 and possibly for larger
n. The Fe signal also allows clear resolution of
the CEP effects produced by the addition of Mn to
its third-nn shell.

Large differences exist for the Mn(B), Mn(4, C),
and Mn(D) hyperfine fields which we have asso-
ciated with well-defined Mn sites with specific
near-neighbor environment. The large differ-
ences in the Mn hyperfine fields observed for the
different Mn sites is consistent with the moment
variation deduced from the neutron diffraction ex-
periment.

Detailed magnetic moment values for the specific
sites observed in the NMR spectra have not yet
been determined.
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