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The local atomic structure of the Fe—6 % (at.) Si alloy in samples subjected to various
treatments (quenching, annealing in dc and ac magnetic fields) has been studied by X-ray
diffraction and Moessbauer spectroscopy. In all the samples (even quenched from the
disordering temperature of 850°C), the short-range ordering of the B2 type (CsCl struc-
ture) takes place at the average cluster size of 0.6-0.7 nm. No DO, ordering has been
observed. The superfine field distributions calculated from NGR spectra have shown that
the samples are ordered after all the treatments; moreover, a structure separation over the
short-range ordering has been observed. The structure is formed by iron lattice where the
short-range ordering regions are distributed consisting of single or doubled in the <100>
direction (paired) bcc cells centered by silicon atoms. The number of Si atoms involved in
the pair formation has been estimated.

JlokasbHasa aToMHasA CTPyKTypa cmiaaBa Fe—6 ar.% Si B oOpasmax, IIOABEPrHYTHIX DPas-
JIUYHBIM 06paboTkaM (3aKajKe, TEPMOMATHHUTHON 00pPAGOTKE B IIOCTOSHHBIX M II€PEMEHHBIX
MArHUTHBIX I[IOJIAX), M3y4Yajach METOJLAMM PEHTIeHOBCKOM mudpakuum W MeccOayspOBCKOIL
cnexrpockonuu. Bo Bcex ob6pasnax (mayke mocie 3aKaJIKHU OT TEMIIEPATYPHI PA3yIOPsOYEHU
850°C) umeer mecto OnuskHee ymnopsamouenue mo tumy B2 (crpykrypa CsCl) co cpeguumu
pasmepamu Kiacrepos 0,6—0,7 mm. DOj-ymopapouenme He obOHapy:xeHO. Pacmpezgenennsa
CBEPXTOHKUX MoJjiell, paccunranubie us JAI'P-ceKTpoB, mokasaiu, 4To o6pasibl MOCIe BCex
00paboTOK YIOPSIJOYEHBI, KpoMe TOro, HaGJIofaeTcs paccjioeHre B OJMIKHEM MOpPAIKe.
CrpykTypa chopMUpPOBAaHA PEIIeTKOM jKejiesa, B KOTOPOUM paclpejesieHbl 00/IacTH OJUIKHETO
YIOPAJOYEHUS, COCTOAINE U3 eJUHUYHBIX WU CHBOEHHBIX (mapsl) B HampasjaeHusax <100>
OLIK siueex, IeHTPUPOBAHHBIX aToMaMu KpemuHus. CrejaHa KOJWYECTBEHHAS OILEHKA YMCJa
aTOMOB KPEMHWs, YyYaCTBYIOIIUX B 06pasoBaHUM Iap.
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Atomic structure and phase composition
of soft ferromagnetic Fe—Si alloys have been
investigated repeatedly and very thoroughly
[1-8]. At Si content exceeding 7 % (at.),
the DOj; type ordering with antiphase do-
mains was reported in the alloys. The do-
main size grows from 1-2 nm at 7.6 %
(at.) Si to 20 nm at 20 % (at.) Si. At 5-
6 % Si, only short-range ordering was ob-
served [2], that was defined later as B2 one
[4]. In the alloy with 8 % (at.) Si, we have
discovered for the first time the co-exist-
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ence of two phases: small locally ordered
clusters of the B2 phase and up to 2 nm
size domains of the DOj; type ordering. In
[4, 6], it is shown that in the Fe—(5-6) %
(at.) Si alloy single crystals, an induced
magnetic anisotropy formed upon annealing
and cooling in de field is accompanied by a
uniaxial anisotropy of B2 clusters along the
magnetic anisotropy direction, the average
size of clusters reaching 0.9 nm.

This work presents the investigation results
of single-crystalline samples Fe—6 % (at.) Si
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Table 1. Samples and treatments

No. Sample Heat treatment
Type Temperature Magnetic field, A/m
1 Gq quenching from 850°C, 400°/s internal, local
2 Gy ! FA 450°C 108, H,|[001]
3 G s FA 450°C 5-10%, H, [[001]
4 G, t FA 450°C 5-104, H,.1[001]

with Goss orientation (only one easy direc-
tion [001] lies in the sample plane, the
other two are directed at an angle of 45° to
the plane) subjected to various treatments.
During those treatments, the magnetic do-
main structure behaves in different man-
ners. In a dec field, the sample is annealed
substantially in the single-domain state. In
contrast, in an ac (50 Hz) field, the domain
walls move and become fragmented if the ac
field is applied along [001] direction (from
here on, longitudinally), and if the field is
directed across [001] (from here on, trans-
versally), the domain structure behavior is
much more complex. Magnetic properties of
samples after various treatments are differ-
ent [7, 8]. This work is a continuation of
X-ray investigations of atomic structure of
single-crystalline Fe—6 % (at.) Si alloy. For
additional information on the short-range
atomic ordering, the nuclear gamma-reso-
nance (NGR) spectroscopy is applied.

The X-ray diffraction is a powerful
method sensitive to the peculiarities of both
long-range and short-range structure order-
ing. While long-range ordering manifests it-
self in distinet diffraction peaks of a dif-
fused intensity, the correlations in distribu-
tion of neighboring atoms by type and/or
their displacements from ideal positions in a
distorted lattice results in considerable in-
tensities of broad diffusion scattering
peaks. It is just the measuring of the latter
that provides the experimental data which,
as being processed by modern computation
methods, makes it possible to obtain infor-
mation on short-range ordering in the
atomic arrangement.

The method of NGR spectroscopy allows
one to determine probabilities of local coor-
dination and, comparing those with the sta-
tistic distribution of atoms in an alloy,
judge the crystalline structure and the or-
dering processes.

The samples were cut out of a coarse-
grained Goss electrotechnical steel Fe—6 %
(at.) Si and shaped as thin single-crystalline
disks. To refine all the samples, those were

Functional materials, 13, 2, 2006

annealed in vacuum at 1150-1300°C for 2-
6 h, after which the carbon content was no
more than 0.005 % (mass). Then, the sam-
ples were subjected to different treatments
in air: quenching from 850°C at a rate of
400 grad/s, field-annealing (FA) from
450°C in a longitudinal dec field of 10% A/m,
and in longitudinal and transversal ac fields
of 5-10# A/m. The samples characterization
is presented in Table 1.

For the X-ray diffraction examination,
each sample was ground down to 100 pm
and chemically etched to a thickness of 40—
50 um, which is optimum for Mo K, radia-
tion. The samples were examined at room
temperature using a four-circle X-ray dif-
fractometer with an X-ray tube and mono-
chromator. An energy-dispersion detector
registered intensity of scattered radiation.
To eliminate completely the contribution to
intensity from the main reflection formed
by radiation with multiple harmonics (A/2,
A/3, ete.), the anode voltage was lowered to
29 kV at which the A/2 bremsstrahlung is
not excited at all. We used the transmission
geometry for the incident X-ray beam to
pass through a thin sample. This weakens
the intensity but allows us to perform meas-
urements in a wide range of reciprocal
space and, in particular, to measure any
reflections with a scattering vector lying in
the sample plane. For the same samples, the
NGR spectra were measured. In the course
of spectra computation, a modelless fitting
with 7-8 sextets with the line width close
to the one in a—Fe spectrum was performed.
Such procedure allowed us to gain complete
spectra description under condition of mini-
mum possible mean-square deviation from
the experiment.

For all samples, diffuse scattering along
[001] was measured upon scanning over the
scattering angle 0-20, which exhibited
broad diffuse maxima corresponding to
(001) and (003) reflections forbidden in the
bee lattice, Fig. 1. These maxima are forbid-
den in pure iron and appear in the presence
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Fig. 1. Intensity profiles upon 6—26 scanning
of diffuse scattering.

of substitution impurities, for example, Si
atoms in iron. The presence of diffuse max-
ima in the sites with an odd sum of &, &, 1
indices and their absence in the sites with
half-integer indices evidence the B2 order-
ing and absence of DO; ordering. It is of
interest that the observed B2 superstruc-
ture reflections are shifted from the ideal
positions towards smaller dispersion angles
[5]. This fact testifies to local lattice distor-
tions around Si atoms. From the half-width
of the diffuse reflections, we can estimate
the average size of regions contributing to
this reflections [9]. The results of such pro-
cedure are given in Table 2. After quench-
ing from the disordering temperature
(850°C) estimated in [2], the ordered re-
gions (clusters) have the average size along
[001] of about 0.6 nm, for other samples
this size was somewhat larger than 0.7 nm,
Table 2. This means that the cluster in-
cludes on average two elementary cells with
one common face and one Si atom in the
center of each cell.

Fig. 2 represents distributions of contri-
butions to the spectral-line intensities from
different Fe atom coordinations, determined
from the NGR spectra fitting for the sam-
ples after all the above treatments. It is
seen that treatments influence the distribu-

Table 2. Average size of B2 clusters along
[001] direction

No. Sample Size, nm
1 G, 0.59+0.06
2 Gyl 0.72+0.02
3 G, !l 0.74+0.02
4 Gyt 0.72+0.02
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Fig. 2. Histograms of contributions to spec-
tral intensities from configurations with dif-
ferent hyperfine fields.

tion type. The lines with the field of 317 to
342 kOe belong to the 8:0 configuration (8
Fe atoms and O Si atoms in the first coordi-
nation shell, respectively). According to [10],
additional lines belong to atomic configura-
tions where Si atom is absent in the 2th
through 5th shells as well. Coordination
with one Si atom in the first shell is divided
into two lines — 7:(10) and 7:(11), where
(10) and (11) mean the occupancy of the
nearest, namely, first and second coordina-
tion shells by Si atoms. This coordination
corresponds to one Si atom in the first
sphere and one Si atom in the first and in
the second spheres, with corresponding
fields 302 and 291 kOe, respectively. The
attempt to subdivide this line into its con-
stituents similarly to 8:0 coordination were
unsuccessful. This suggests that the addi-
tional lines for the 8:0 coordination are con-
nected with the Fe regions of a size at least
2 to 4 lattice parameters. For the single-
phase alloy, the 8:0 and 7:1 configurations
must be described by the same number of
lines. The difference in description points
to the existence of different phases. From
the intensity ratio of 7:1 and 6:2 lines, as-
suming that it is no ordering in Fe-Si
phase, the Si content was determined to be
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Table 3. Intensity ratio of superfine fields
as calculated from NGR spectra

No |Sample | 1,/Ty, | Io/Ty, | I;3/T1o | /T
+4 % | 4 %

1| G, | 043 | 0.12 | 0.33 | 0.28

2 | G,, | 058 | 0.14 | 0.33 | 0.23

3 | Gg, | 052 | 0.14 | 0.56 | 0.27

4 | Gy, | 049 | 0.12 | 0.41 | 0.24

about 7 % (at.). At the same time (see
Table 8), the ratios of line intensities for
8:0 (Ig), 7:1 (11) and 6:2 (I5) configurations,
where I is the total intensity of lines with-
out Si atoms; I, the sum of intensities with
one Si atom; and I,, the same with two Si
atoms in the first coordination shell around
Fe, change in the course of treatment. This
seems to be connected with changes in the
volume of regions depleted of Si. An in-
crease of the I,,/I, ratio for Sample 3
points to increase in the occupancy of (11)
type sites, which may be interpreted as the
presence of ordering.

Annealing in longitudinal and transver-
sal ac fields results in different values of
intensity ratios (Table 8). For both these
treatments, I/l Iy/ly, and I4/I; ratios
are essentially equal to each other, but
1,1/1;o differs noticeably. If the annealing
is performed in a longitudinal ac field, the
probability of Si atom appearance in the sec-
ond shell in the presence of one Si atom in
the first one increases remarkably. This is
an evidence for the ordering process intensi-
fication after the treatment in longitudinal
ac field in comparison with that in the
transversal field.

In coordination 7:1 with configuration
(01), one Si atom occupies one of the cube
vertices around Fe atom. In this case, the
configuration (11) may be formed by the
second Si atom which is either the nearest
to the first Si atom neighbor in the <111>
direction, or Si atom in most possible dis-
tant position in the <113> one. As the first
situation is impossible (Si—-Si atom pair in
Fe-Si alloys is never formed by the nearest
neighbors in the <111> direction), the sec-
ond situation is realized most likely, which
means that Si atoms are spaced at a dis-
tance of the fourth neighbors. If the in-
duced magnetic anisotropy is really con-
nected with the distribution anisotropy of Si
atoms along main <100> directions, then
the configuration (11) cannot contribute to
the induced magnetic anisotropy. As to the
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samples quenched and dc field-annealed,
those both are in the IMA state (in the
course of quenching, the field-annealing in
a local field in each magnetic domain took
place). For these samples, the I/l ratio
is essentially lower compared to that for the
ac field-annealed samples. After the ac
field-annealing, the relative number of (11)
configurations of Si—-Si atomic pairs ori-
ented in the <113> direction increases.
Both these configurations cannot take part in
the magnetic anisotropy inducing. So, the or-
dering process in the course of the ac field-
annealing does not favor magnetic anisotropy
inducing.

In 6:2 coordinations (two Si atoms in the
first shell), Si-Si pairs can be oriented
along the cube ribs (<100> direction), face
diagonals (<110>) or cube diagonals
(<111>). According to the diffraction data,
the first variant is statistically most prob-
able, since the extension of B2 clusters
along [001] direction is somewhat more than
the sum length of two cells (the lattice pa-
rameter is 0.2862 nm). In this case, the
nearest surrounding of Si-Si pair contains
12 Fe atoms, only 4 of those having con-
figuration of the 6:2 nearest surrounding,
while the other, 7:1. The relative intensities
must relate as I5:1; = 1:2. In fact, from the
NGR spectroscopy data, the ratio I5:1;
ranging from 0.24 to 0.28 is obtained. So,
the relative amount of Si atoms in pairs
along [001] is of 48 to 56 %, or about half.

Thus, the atomic structure of the Fe-—
6 % (at.) Si alloy can be represented as a
bee lattice of the FeSi alloy depleted of sili-
con, where the B2 type ordered clusters are
incorporated. Depending on the sample mag-
netic state and treatment routine, the fol-
lowing specific features can be picked out:
the state with the maximum magnetic an-
isotropy extent, which is formed under an-
nealing in a de magnetic field and is charac-
terized by the maximum degree of structure
separation; field annealing in an ac mag-
netic field results in an increased ordering
degree which is not related to the formation
of magnetic anisotropy induced upon field
annealing in the de magnetic field, with the
maximum degree of ordering gained upon
longitudinal application of the ac field; the
relative content of Si atoms that form pairs
of directional B2 ordering along <100> axes
amounts 48 to 56 %, with the maximum
fraction corresponding to the samples either
quenched or annealed in the ac field applied
along the easy axis, and the minimum one
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in samples subjected to field annealing in
the longitudinal dec and transverse ac fields.

The work was performed in the frame-
work of the RFBR Project (Grant No.03-02-
16185) and the integral program of funda-
mental scientific researches of RAS Sibe-
rian Branch and Ural Branch.
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HocaigxeHHS OJMKHBOTO MOPIAIKY
y moHokpucraiaax Fe—(5—6) % (ar.) Si
3 mu¢y3iiHOI0 MATrHITHOI0 aHi30TPOIIi€I0

B.B.Cepukxoe, H.M.Kneinepman, H.B.€pwos, B.A./lykwuna,
I0.I1 . Yepnenkoes, B.1.@edopoé, B.K.Coxonoé

JlokasbHy aTOMHY CTPYKTypy cmiaaBy Fe—6 % (at.) Si y spaskax, migganux pisaum
o0pobram (BarapryBaHHsI, TepPMOMArHiTHA OOpOOKa y MOCTIiiHMX Ta BMIHHHX MarHiTHUX
IMOJISIX) MOCJHiIKeHO MeTOoJaMH’ PeHTreHiBchbKOol audpaxiii ta mecc6ayepoBCHLKOI CIEKTPO-
cromii. ¥V Bcix 8paskax (maBirTh micas rapryBaHHS Big Temmeparypu POSYIIOPSIIKYBaHHS
850°C) mae wmicie 6ausbKe BHopsagryBauus 3a tunom B2 (crpykrypa CsCl) 8 cepeguimu
poamipamu Kiaacrepis 0,6—-0,7 am. DO,-BnopazKyBaHHsA He BuABIeHO. Posmominu HagTOHKMX
moJIiB, pospaxosaHi 38 fII'P-ciekTpiB, mocBigumMaM, M0 3pasKy HiciaA ycix o6poOOK € BIODAL-
KOBaHUMHU, KPiM TOro, cHocTepiraeThbci pO3MIAPYBAaHHA y OJIMKHBOMY HopAnky. CTpykTypa
chopMoBaHa TI'PATKOIO 3ajisa, B AKi posmoxineni objacrti OJIMKHLOTO BHOPALKYBaHHA, AKi
CKJIQJAIOThCS 3 MOOAWHOKHX abo 3aBoeHux (mapu) y Hampamirax <100> OIIK kowmipok,
IIEHTPOBAHUX aTOMaMU KpeMHiio. 3pobiieHO KigbKicHY OIiHKY KijlbKocTi aToMiB KpeMmHiro,

mo 6epyTh yyacTh B YTBOPEHHI map.
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