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Combined techniques, EXAFS, magnetization, and Mdssbauer polarimetry are used to investigate the ori-
entation of Fe magnetic moments in a FeygAls, disordered alloy prepared by mechanical grinding. Local Fe

magnetic moments and their contributions to the net magnetization at selected external fields and temperatures
were estimated. It was found that components of the Fe magnetic moments parallel to the net magnetizations
reduce their values much faster with an increasing number of neighboring Al atoms than the total iron
moments. Data analysis indicates that magnetic moments of Fe atoms surrounded by (7Al+1Fe) in the first
coordination shell and by (1Al+5Fe) in the second coordination shell possess nonzero magnetic moments that

form a noncolinear structure.
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I. INTRODUCTION

The magnetism of the Fe- Al system has attracted and still
attracts the attention of many scientists. The reason is simple:
the scientific literature is full of controversy concerning mag-
netic ordering, individual magnetic moments, and spin dy-
namics, particularly in alloys with Al concentrations close to
50%. To recall, with aluminum concentrations exceeding
20 at. % the average magnetic moment decreases rapidly
and—from extrapolation to zero—one can expect that the
ferromagnetism should disappear at about 34 at. % of alumi-
num. However, around and above this concentration a truly
interesting situation takes place.

A. Colinear versus noncolinear order and spin frustration

In Al-rich B2-type ordered alloys typically antiferromag-
netic (AF) order is claimed. This order has been suggested
for alloys with Al concentrations from above 35% to 43%
and for equiatomic composition in papers.!” At the same
time it has been noticed that, close to FeAl composition,
ferromagnetic order can exist,? and supposedly antiferromag-
netic or paramagnetic configurations can change into a fer-
romagnetic one upon simple filing."*~ Ferromagnetism has
been also detected in disordered alloys with an Al concentra-
tions range 40—70 at. %.510-13

For Fe concentrations close to 50 at. % a noncolinear or-
dering was considered by Bogner et al.'* It was found there
that an Fe antisite atom surrounded by 8 Fe neighbors forms
a cluster with mean moment of 0.4 uz. Band structure cal-
culations show, however, that for ideally ordered FeAl an
average magnetic Fe moment is much larger and amounts to
0.71 mg. The energy of the ferromagnetic ground state was
found to be 0.7 mRy (per formula unit) lower than the en-
ergy of the nonmagnetic state. The observed difference of
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magnetic moments was ascribed to possible noncolinear or-
dering. The authors of Ref. 14 found that the energy con-
nected with a spin helix along the [100] direction is lower by
0.1 mRy/atom than the energy of a ferromagnetic state, if
the spin direction is rotated from plane to plane by about
36 deg. Quite recent neutron diffraction data,'> taken on a
bee-ordered FeAl alloy, showed the presence of incommen-
surate spin density waves. The length of the wave vector of
SDWs in FeAl is rather short k=2/(na) (n ranges from 11
to 6 and a=0.290 nm), which means nearly parallel orienta-
tion of the nearest neighbor Fe magnetic moments.

For systems with atomic and spin disorders—in particular
for nonordered metal systems with RKKY interaction
—Mattis'® considered a model in which spin-spin interac-
tions were random in sign but did not result in frustra-
tions. The spin system was considered as composed of two
subsystems with randomly distributed antiparallel spins. The
authors of Refs. 17 and 18 suggest that, in concentrated
Fe- Al alloys, some iron atoms surrounded by a large number
of aluminum atoms can flip their spins. It has also been
shown'8 that in a nonordered system containing magnetic
moments m, and m_ parallel and antiparallel to the net mag-
netization, respectively, the magnetizations are characterized
by different temperature dynamics: the average m_ vanishes
at T<T. due to Stoner-type excitations. The magnetization
behavior of the Fe- Al system and the ideas of Refs. 16—18
indicate that concentrated Fe- Al alloys could serve as can-
didates for alloys exhibiting the so-called Mattis phase; how-
ever, no experimental support to this expectation has been
found so far.

Studies of Fe-Al alloys by Monte Carlo techniques'® in
the Al concentrations range 0.25 <x <(0.50 have showed that
it is possible to account qualitatively for the transformation
of a magnetic state from a ferromagnetic one to a certain spin
glass state at about 34% Al. In these concentrated Fe- Al
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alloys, RKKY interactions do not play an important role,
unlike in the traditional diluted spin glass or cluster spin
glass. The peculiar feature of this spin glass consists in the
fact that frustrations arise from the positional disorder of Fe
and Al atoms. The frustration is caused by n.n.n. Fe-Fe an-
tiferromagnetic interactions. The authors'® conclude that Fe
atoms with 6 and more n.n. Al atoms are found to be frus-
trated in an ordered ferromagnetic state.

B. Other findings and the motivation of the present work

The controversial findings and apparent impact of various
defects and inhomogeneities on the magnetic structure of
bulk and nanocrystalline alloys require a more detailed in-
vestigation that will elucidate the nature of magnetism in this
system. In this paper we report studies of a nanocrystalline
Fe- Al alloy in the concentration close to the onset of ferro-
magnetism. EXAFS measurements were used to characterize
its chemical short-range order. Local magnetic properties
were investigated by the Mdssbauer technique with circu-
larly polarized monochromatic radiation. Our observations
strongly suggest that a noncolinear magnetic order must exist
in the sample studied.

II. SAMPLE PREPARATION

An Fe- Al ingot was synthesized from high-purity compo-
nents (99.99% Fe and 99.99% Al) in an induction furnace in
an Ar atmosphere, then homogenized in a vacuum furnace at
1400 K for 6 h. Chemical analysis showed that the Al con-
centration was 52.0+0.5 at. %. The carbon content in the
alloys was not higher than 0.03 wt. %. The ingots were
milled and a fraction with a particle size of less than 300 um
was used for further mechanical treatment in a planetary ball
mill “Pulverisette” (Fritsch) with vials and balls made of
tungsten carbide (WC). Mechanical grinding was performed
in an inert gas atmosphere in an 80 cm® volume vial filled
with 4 g of powder and 25 balls with 10 mm diameter each.
The supporting disk velocity was 450 rpm, with the vial ve-
locity in relation to the supporting disk being 955 rpm. The
milling of 10 h was enough to provide a disordered state in
the Fe- Al alloys.'? According to the measurements on a laser
analyzer “Analizette-22,” the particle size after milling
ranged from 1 to 25 wm with an average of 6 um.

II1. X-RAY DIFFRACTION

X-ray diffraction studies were performed at room tem-
perature using monochromatic Cu K radiation. The lattice
parameter was 0.2916(4) nm. The x-ray diffraction pattern
consists of the broadened peaks (110), (200), (211), and
(220) of the bee structure. The shape of the diffraction lines
was analyzed and mean grain size of 4.0(3) nm and micros-
trains (e?)">=0.5(1)% were found by use of the harmonic
analysis.”’ Additionally, the peaks of WC, that get into the
milled powders due to the wear of the vials and balls, were
revealed. A phase analysis of the x-ray diffraction data
showed that the WC admixture in the milled powders was
2 wt. %. The position of the most intensive diffraction lines
resulting from WC agrees with the position of those for the
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milled WC powders under the same conditions of milling.
We thus conclude that mechanical alloying of Fe- Al powder
with WC does not occur.

IV. EXAFS MEASUREMENTS

The Fe K-edge EXAFS measurements were made at
SPring-8 on the bending magnet beamline BLO1B1 with a
Si(111) fixed-exit double-crystal monochromator. The stor-
age ring was operated at 8.0 GeV, and the ring current was
70-99 mA. Due to the double rhodium-coated mirror reflec-
tion, the higher harmonics were reduced to less than 1075,
The spectra were taken at temperatures 10, 80, and 300 K in
the transmission mode. Measurements were performed with
two ionization chambers, filled with N, and mixture Ar
+N, gases, registering incident intensity /,, and transmitted
intensity I, respectively. The size of the output slit was
0.8 mm by 5 mm.

To perform the correct determination of the local atomic
structure parameters from EXAFS spectra, a procedure for
correcting the nonuniformity of sample thicknesses using
measurements of the absorption at a different temperature
was developed and tested on intermetallic compounds.?' The
Debye temperature of the material was taken from Ref. 22.
After correcting the experimental intensity ratio I(E)/I,(E)
for sample thickness inhomogeneity, the absorption coeffi-
cient w(E) was obtained. The procedure for calculating the
normalized oscillatory part x(k) consisted of standard
steps—the subtraction of the pre-edge absorption function
approximated by the Victoreen function, while a smooth
atomiclike background was approximated by a cubic spline
function followed by normalization. To make the conversion
of x(E) from energy to momentum spaces, an ordered FeAl
intermetallic compound was used as reference material.
Then, the E, value was estimated by matching the experi-
mental EXAFS spectrum of FeAl and theoretical EXAFS
spectrum calculated by the FEFF7 code.?? The backscattering
phase and amplitude, the central atom phase shift, the mean-
free path, and the reduction factor were calculated using this
code for known intermetallic compounds FeAl and Fe;Al.

The analysis of normalized oscillatory parts y(k), shown
in Fig. 1(a), was performed in a single-scattering approxima-
tion within Tikhonov’s regularization method.?* The param-
eters of pair correlation functions (PCF): partial coordination
numbers, Np._pes Nre.aj, and the interatomic distances Rp._ge,
Rp..a1, Were determined according to the scheme described in
Refs. 25 and 26.

An analysis of the PCF parameters indicates the presence
of a positional disorder induced by high-energy ball milling.
This is in agreement with the EXAFS study of Ref. 27 on an
implanted FegyAly, alloy. The disorder (atomic rearrange-
ment) induced by irradiation or heavy plastic deformation
was discussed in detail in Refs. 28 and 29. Our results show
lower than expected (for a disordered alloy, deduced from
stoichiometry) number of Fe atoms in the first coordination
shell of Fe, and of Al atoms in the second shell of Fe, indi-
cating a smaller disorder than reported in Refs. 28 and 29.
This situation can be due to the fact that the concentration of
the studied alloy is close to the stoichiometric composition.
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FIG. 1. (a) The EXAFS oscillatory part y(k) taken at 10 K; (b)
pair correlation functions for the disordered alloy (solid lines) in
comparison with those of intermetallic compound FeAl (dashed
lines). The interatomic distances for the pair correlation functions
for the 7 and the /I coordination shell are indicated by vertical bars.

The average values of interatomic distances Ry, for the
nearest neighbors and R, ,; for the next nearest neighbors
differ from the values deduced from the lattice parameter
[see the vertical bars in Fig. 1(b)]. In a fully ordered alloy
there are no Fe atoms in the first coordination shell of Fe and
no Al atoms in the second coordination shell of Fe. In the
investigated alloy with a distorted structure we observed a
small number of Fe atoms in the first shell of Fe; their Rg, g,
distance is 2.60 A, larger than 2.526 A deduced from the
lattice parameter. For the Al atoms in the second shell of Fe
we have found Rp.=2.80 A, which is smaller than
2.916 A. All these differences reflect the presence of local
microdisplacements, and agree with the results of Ref. 22.
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The average EXAFS interatomic distance calculated from
local parameters agrees to within 0.02 A with our x ray dif-
fraction data. Another peculiarity of the results obtained is
the observed overlap of peaks in the PCF of the first and
second coordination shells, which originates, first of all, from
a static disorder. This cannot be caused by the poor quality of
the algorithm used. Indeed, it is known that Tikhonov’s regu-
larization method, as compared to the standard Fourier trans-
formation procedure, is of higher resolution.”> Neverthe-
less, the peaks referring to the first and second distances for
Fe-Fe and Fe-Al pairs in Fig. 1(b) are not resolved as well
as in Fourier transformed data for FeAlMn alloys.*

The obtained values of Ng.p. and Ng.; correspond in
terms of Cowley short-range order parameters®! to the nega-
tive value for the first coordination shell and positive value
for the second shell. The main conclusion from the EXAFS
experiment is the detection of a pronounced short-range or-
der with its quantitative characteristic N, . and Ng._a;, pre-
sented in Table I, rather than the random distribution of at-
oms.

V. MAGNETIC MEASUREMENTS

Magnetic measurements were performed using a SQUID
magnetometer MPMS-XL-5 (Quantum Design) in external
magnetic fields up to 5 T at temperatures from 5 to 300 K.
The magnetization curves and hysteresis loops were mea-
sured; FC and ZFC experiments were carried out. Magnetic
measurements showed the presence of symmetric hysteresis,
a lack of saturation at 7=5 K and in fields up to 5 T (ac-
cording to Ref. 6 even up to 15 T); see Figs 2 and 3. The
closure of descending and ascending branches of the hyster-
esis loop, taking place at high B,,, values, B,,,>0.8 T, also
gives a rather high value of coercive force B.~50 mT at
5 K, which falls to =3 mT at 77 K.

The average magnetic moments per Fe atom, measured at
external fields B,,—the same as used in a Maossbauer
experiment—are shown in Table II. The data were corrected
for the fraction of WC present in the sample. The magnetic
ordering temperature of the sample was (110+10) K.

From an extrapolation of the high-field part of the mag-
netization curves to B,,,=0 we derived the value of specific
magnetizations, from which the average magnetic moments
per Fe atom were determined. In Fig. 4 they are presented
together with the available magnetic data from literature,”!?
and compared with the average (hyperfine magnetic field)
h.m.f. obtained from Mossbauer experiments.®!'!"13 The ratio
of the h.m.f. measured at a low temperature to the magnetic
moments of iron inferred from magnetization measurements,
is anomalously high -29.4 T/up, while it is about
12.0-13.5 T/ up in ferromagnetic alloys with Al concentra-

TABLE I. Partial coordination numbers for the first and second coordination shells, the interatomic distances, and mean square displace-

ments determined from of EXAFS measurements.

Shell Rpere (A) NFe Fe 0, X 107 (A?) Rpe.a1 (A) NFe.al o, X 102 (A?)
1 2.60+0.03 0.8+0.5 1.70 2.56+0.02 7.2+0.5 1.86
11 2.92+0.01 5.3£0.5 1.73 2.80+0.05 0.7+0.5 1.91
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TABLE II. Magnetization, o, and magnetic moment per Fe

atom, up., the average hyperfine magnetic field, Ehf, its z compo-

nent, B,, corrected for the external magnetic field, at selected tem-
peratures and external magnetic fields.

By (T) T (K) o (emu/g) pre (up) By (T)  B,—B,, (T)
0 13 0 0 7.9+0.1 0
0 50 0 0 4.2+0.2 0
0.2 13 12.0£2.0 0.19+0.03 7.9+0.1 -1.4+0.1
0.2 50 13.0£2.0 0.20+0.03 3.3x0.2 -0.7x0.2
1.1 13 21.4+2.0 0.33+0.03 8.2+0.1 -2.9+0.2
1.1 50 21.0£2.0 0.30+0.03 4.6x0.2 -2.2+0.2

0.5 06 07
B, [T]

FIG. 2. The magnetization curve (triangles) and part of the hys-
teresis loop (circles) of the disordered FeygAls, measured at T
=5 K. Inset—the magnetization curve measured in an external field
up to 5 T.

tions less than 40 at. %. The temperature behavior of the
magnetization measured at relatively low magnetic fields ex-
hibits a pronounced maximum at about 40 K, Fig. 3.

VL. MOSSBAUER SPECTROSCOPY
A. Principles of Mossbauer polarimetry

Since Mossbauer polarimetric techniques are not com-
mon, we briefly describe what physical information can be
obtained from this type of measurement. °’Fe h.m.f. is a
vector quantity, related usually to the Fe magnetic moment.
In disordered magnetic systems one encounters a distribution
of both the length and the orientation of a h.m.f. vector By

Preferred h.m.f. orientation, P(£}), is usually described in
a certain set of base functions, e.g., spherical harmonics
Y,,,-3233 Since only M1 dipolar transitions are measured in
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FIG. 3. ZFC () and FC (X) temperature dependences of the
magnetization of the FeygAls, alloy at B,,=0.1 T (curves 1) and
B,,=1.6 T (curves 2).

S'Fe Mossbauer spectroscopy, unpolarized radiation de-
livers information on Y,,, only, while other Y,,, harmonics
can be known when circularly polarized radiation is used.
Knowledge of Y,, and Y,,, in the texture function is equiva-
lent to the knowledge of angular averages (7, m) and
((,*m)(y,+m)),3* where m is an unit vector parallel to the
local hyperfine field B, ¥,, v, are Cartesian vectors (r,s
=x,y,z), and brackets () denote angular averaging, for any
function g({}),

(g Q)=] g(Q)P(Q)dQ. (1)

4

In the case of a sample with axial symmetry it is convenient
to choose one of the v,, denoted by 1, parallel to the k vector
of the photon. Then the averages (y-m)=c, and ((y-m)?)
=, can be measured with monochromatic, circularly polar-
ized radiation.>*3> Parameter c, is the average cosine square
of the angle between the h.m.f. and the given direction
. Mossbauer absorbers prepared from powder sample ex-
posed to an external axial magnetic field exhibit axial sym-

<25

0.0 L+ . 3« . 4 . 1 . 7" L 0
35 40 45 50 55 60 65 70 75
Al concentration [at.%)]

FIG. 4. The average magnetic moment per Fe atom obtained
from extrapolation of high-field magnetization measurements and
average hyperfine field from Mossbauer experiments A (Ref. 9), A
(Ref. 6); (I, W (Ref. 13), (X) (Ref. 11); O, @ the authors data
published in Ref. 76.
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metry. Thus, in the case of a texture with axial symmetry, ¢,
is a measure of the perpendicular component of the h.m.f.:
c,=0 means that the perpendicular component has achieved
its maximum, while this component is zero when c,=1. It
follows from Eq. (1) that ¢,B; is the average component of
the h.m.f. in the y direction. If we assume that, to within
reasonable accuracy the atomic magnetic moment is propor-
tional to the h.m.f., the ¢; parameter gives element-selective
information about the contribution of the element to total
magnetization.*® Recently this type of information was ex-
ploited in synchrotron experiments with nuclear scattering of
circularly polarized radiation.?”

For the case of single B,; and measurements with circu-
larly polarized radiation, the line intensity i, of the nth
nuclear transition in the Zeeman sextet was given in Ref. 38.
One can show that, having a distribution of directions of
vector B, the expressions for i, should contain already in-
troduced averages, namely,

16, = 48i, = 3(1 £ 2¢, + ¢),
4i2=4i5= 1 —Co,

4813 = 16i6= 3(1 x 2C1 +C2). (23)

We recall that, for unpolarized radiation, the line intensities
are

16[1 =48i3 =48i4= 16i6= 3(1 —Cz),

4i2=4i5= 1 —C). (2b)

Finally, the absorber can be measured in a way that the
obtained spectrum will be equivalent to a measurement on a
sample with no magnetic texture’®*° and the line intensities
for such a texture-free mode are:

4iy=6ir=12iy=12i,=4ig=1. (2¢)

B. Measurements

Texture-free absorbers for Mossbauer spectroscopy were
prepared by mixing FeygAls, powder with Li,CO5 and ep-
oxy. The measurements were performed on samples cooled
in a closed cycle refrigerator equipped with an antivibration
shroud. We have used absorbers containing 9.40+0.23 and
13.16+0.35 mg of Fe,gAls,/cm?. Since no available data on
the temperature dependence of a recoilless fraction for dis-
ordered Fe- Al were known to us, we approximated fp.a;(7)
by

fD(Ts 0Fe-Al)
fD(Ta Ha—Fe) '

where f(T,6) is a recoilless fraction in harmonic approxi-
mation with Debye temperature 6, and f, . is a recoilless
fraction of a-Fe determined in the precise experiment of Ref.
41. Debye temperatures for disordered Fe,3Als, and a-Fe
were taken from Ref. 22. Finally, we estimated that the
Mossbauer thickness 7 (Ref. 42) of the measured absorbers
were 2.60+0.07 and 3.65+0.10 at 298 K. Similarly, at

fFe—Al(T) =f0z-Fe(T) (3)
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FIG. 5. Mossbauer spectra measured at 7=13 K with polarized
and unpolarized radiation in the axial applied magnetic field. Induc-
tion of the field is given on the left. Arrows 71 and T/ indicate two
opposite circular polarizations. Solid lines represent a simultaneous
fit with the same set of QS, IS, and intensities. Inset: schematic
shape of the spectra of a-Fe absorber in an external magnetic field.

T=13 K the thicknesses 7 were 3.16+0.08 and 4.43+0.11,
respectively.

The absorbers were placed inside one of the rare earth
magnets, producing an axially symmetric field perpendicular
to the absorber surface and parallel to gamma rays. The mea-
surements were performed at temperatures 7=13, 50, and
298 K and external fields between 0 and 1.3 T; see Figs.
5-7.

The velocity scale of the spectra was calibrated with re-
spect to a-Fe at room temperature. The source of unpolar-
ized radiation was °’Co in a Cr matrix. Circularly polarized
monochromatic radiation was produced by the resonant filter
technique.?>*-%3 The polarization degree was estimated as in
Ref. 35. Additionally, we have prepared a set of a-Fe absorb-
ers with different thicknesses and different magnetic tex-
tures. The magnetization curves for all absorbers were mea-

0.2T, unp.

transmission [arb. units]

L 1 L L L
-8 -4 -2 0 2 4 6
velocity [mmy/s]

FIG. 6. The same as in Fig. 5 for 7=50 K.
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FIG. 7. Room temperature Mdossbauer spectra measured with
unpolarized (a)—(c) and polarized radiation (d), (e) in an external
axial field. Induction of the field is given on the left. Arrows |1 and
1| indicate two opposite circular polarizations. Solid lines are re-
sults of a simultaneous fit with the same set of QS, IS and intensi-
ties for spectra shown in (a), (b), (c).

sured in external fields up to 3 T to obtain a fully saturated
state. At a given B,,, the magnetization ratio o(B,,,)/o(®) is
equal to the ¢ parameter. These measurements allow us to
check whether nuclear polarimetry and magnetic measure-
ments produce consistent results.

Usually the three measurements were performed at a
given temperature and on an external magnetic field: with
unpolarized radiation and with two opposite circular polar-
izations. An additional experiment in a zero applied field
supplied magnetic texture-free results.

A quick inspection of these results shows that when a
circular polarization state of radiation is changed to an op-
posite one, a clear shift of the position of the central absorp-
tion line is observed [see Figs. 5(a), 5(b), 6(a), 6(b), 7(d), and
7(e)]. It is also evident that the absorption in the region of
+3 mm/s in Fig. 5(b) is larger than that one in Fig. 5(a) [see
the vertical bar in Fig. 5(b), which is almost two times longer
than the bar in Fig. 5(a)] while in the region of =3 mm/s the
absorption in Fig. 5(a) is larger than in Fig. 5(b). From this
behavior, one immediately concludes that large Fe magnetic
moments (and related large hyperfine fields) are oriented as
in Fe-based ferromagnets (see the inset in Fig. 5), i.e., paral-
lel to the net magnetization. Because of the presence of a
distribution of h.m.f. it is not obvious how the small hyper-
fine fields are spatially arranged.

C. Description of the data handling

A normalized Mossbauer spectrum S(v) consists of a lin-
ear combination of N subspectra s(v,B;):

N
S(w) =2 ps(v,B), (4)
j=1

where v is Doppler velocity, and p; is the non-negative
coefficient for a field B;. Subspectrum s(v,B) is a Zeeman
sextet,
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6
S@,B)= 2>, i,L,(v.B), (5)
n=1

where L,(v,B) describes the shape of the absorption line
corresponding to the nth nuclear transition. Every subspec-
trum s(v, B;) is characterized by its relative area proportional
to p; and the two already introduced averages c;; and c¢,;. In
the algorithm used by us it is possible to decompose a set of
spectra, measured with different polarization states of pho-
tons, into components that fulfill Eqs. (2). Physically pos-
sible sets of Pj» Cijs and cy; have to be considered only,
namely,

2
O0s<p;, -lsc;sl, 0scysl, o;scy. (6)

The last inequality in (6) is the Buniakovsky-Schwartz
relation applied to the distribution of cosine and cosine
square; see Ref. 46 for details. Equations (2) show that four
types of measurements—with an unpolarized beam, with two
opposite circular polarizations, and in a texture-free mode—
can be simultaneously fitted with a set of p;, ¢;, and cy;, (j
=1,N), fulfilling the conditions of inequalities (6).4

Instead of using a discrete sum of Zeeman components,
we have found that a better description can be obtained by
using a sum of components with a Gaussian distribution of
h.m.f. This set of functions is widely used in commercially
available Mossbauer packages. In our case, the use of Gauss-
ian components permits one to obtain a continuous distribu-
tion of the h.m.f. p(B), and two functions: ¢,(B) and c,(B).

The treatment described so far can be applied to cases
where pure magnetic interactions are present. The treatment
of mixed dipole magnetic and quadrupole electric interac-
tions coupled to circularly polarized radiation have been de-
scribed in Ref. 34 Using intensity tensor formalism*-3 we
have adopted expressions, Egs. (2), to the case of mixed
interactions under the assumption that the axes of the electric
field gradient tensor are oriented randomly in space. In the
special case of unpolarized radiation, Egs. (2b) and (2¢) and
a single h.m.f. value, our algorithm is equivalent to the full
Hamiltonian treatment described in Ref. 54.

Mossbauer transmission spectra are described quantita-
tively by the transmission integral.*> Thickness effects were
included by the folding method:> the cross section for reso-
nant scattering multiplied by the effective thickness 7 enters
as an argument of an exponential function and was convo-
luted with the Lorentzian function. In all presented fits (Figs.
5-7) thickness effects are included.

D. Results of the analysis

In the first step of analysis of the Mossbauer data we
determined hyperfine interactions of the alloy at room tem-
perature. As already discussed, it was assumed that the prin-
cipal axes of the electric field gradients acting on >’Fe nuclei
are randomly oriented. Because the sample is in a paramag-
netic state, the single value of the h.m.f. equal to the external
magnetic field is acting on the system, like in Ref. 54. Suc-
cessful simultaneous fits to the spectra measured in different
external magnetic fields [Figs. 7(a) and 7(c)] were obtained
assuming the presence of four components with isomer
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FIG. 8. Isomer shift and quadrupole splitting of four compo-
nents obtained from simultaneous fits to room temperature data.
The surface of the symbol is proportional to the intensity of the
respective component.

shifts, quadrupole splittings, and the probabilities shown in
Fig. 8. Quadrupole splitting, QS, is proportional to the main
component of the electric field gradient V_,

2 2

Qs= V=l [, T (7)

2E, 3
where the right-hand side parameters have the usual textbook
definition.® The asymmetry parameter 7 was assumed to be
zero because the fitting procedure was insensitive to the
value of 7. We do not interpret components in Fig. 8 as
resulting from well-defined chemical environments—such a
two-dimensional distribution of quadrupole splitting and iso-
mer shift represents the measured spectra relatively well.

To analyze low-temperature data, we assumed the same
isomer shift and the electric field gradient, as well as their
probabilities determined at room temperature. We allowed
this only for the second-order Doppler shift’’ and for the
appearance of the h.m.f. distribution.

In the first stage of the analysis it was assumed that hy-
perfine magnetic fields correspond to the colinear magnetic
structure. Thus the ¢, (as well as ¢,) parameter has the same
value for all magnetic components. Under this assumption
we were able to perform simultaneous fits (not shown) to the
data measured at 7=13 K with unpolarized radiation, while
it was not possible to find a reasonable fit to data measured
with polarized radiation; the best fit achieved is displayed in
Fig. 9. Next, we allowed the ¢, and ¢, parameters to vary and
the best results of simultaneous fits are presented in Fig. 5.

transmission [arb. units]

velocity [mm/s]

FIG. 9. Spectra measured with circularly polarized radiation and
an example of the best fit under the condition that spatial orientation
of the h.m.f vector does not depend on the value of h.m.f.
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FIG. 10. Distributions of the hyperfine field measured at differ-
ent values of an external an magnetic field (a)—(f) and the hyperfine
field dependence of the average cosine between the hyperfine field
vector and magnetization (g)—(j). Vertical bars divide p(By,) distri-
bution into the sectors numbered by integers &k
=8,7,6.(...,9",8",7",...) when the first (and the second) coordi-
nation shell is taken into account.

The distributions of the hyperfine fields p(B,,) and the de-
pendence of ¢(By) are presented in Fig. 10. These depen-
dences appeared to be almost insensitive to ¢,(B),). Thus, the
selection of c,(B;,) was not possible. The same treatment
was used for 7=50 K data and the results are shown in Figs.
6 and 10.

The results presented in Figs. 5, 6, and 10 can be summa-
rized as follows. Distribution p(B),) has a large value in the
vicinity of Bj,=0 and a tail ending at B, 30 T at T=13 K,
and at about B;,=20T at T=50 K, which agrees with Refs.
13 and 10.

The most important result concerns c;(B,,) dependence. It
is a known fact that the h.m.f. in the a-Fe is antiparallel to
the direction of the magnetic moment of the iron atom:*® the
magnetization, i.e., the ¢, parameter, is negative. For our
sample this behavior is observed only for hyperfine fields
larger than about 5 T.

At T=13 K and a low external field, ¢; for B), smaller
than approximately 5 T is small and positive. Its value de-
creases in the region of B;,=5-15T and for B;,,>15 T its
value saturates. Our results indicate clearly that the average
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¢, parameter in the saturation region is larger for 7=50 K
than for 7=13 K; compare Figs. 10(g) and 10(h).

Were the h.m.f. a monotonic function of the magnetic
moment, the observed results could then be summarized as
follows. The sharp peak in the p(By,) distribution observed
close to p(By)=0 in the small external field and in the zero
external field [Figs. 10(e) and 10(f)] corresponds to iron with
a zero magnetic moment. When a larger external field is
applied, we observe a shift of this peak to the B, value that
is approximately equal to B, i.e., 1.1 T [Figs. 10(a) and
10(b)], and the positive value of ¢, for the B,;=B,,, param-
eter [Figs. 10(g) and 10(h)] indicates that the directions of
the h.m.f. and applied field coincide.

In the region close to B;,,=4 T, relatively large probability
p(By) is observed; see Figs. 10(a), 10(c), and 10(e). Because
h.m.f. B,=4 T is much larger than the external field, it is
reasonable to suppose that By, in this region corresponds to
Fe atoms with nonzero magnetic moments. If this is so, the
nearly zero value of the ¢; parameter in Fig. 10(i) indicates
that these moments, on average, do not contribute to total
magnetization. A similar situation is observed at 7=50 K,
B,,=1.1 T, and B,,; approximately equal to 4 T [Fig. 10(b)].
One can note that the |c,| parameter for large fields [Fig.
10(h)] is larger at T=50 K than observed at T=13 K. This
indicates that in the external applied field at 7=13 K an iron
subsystem with large magnetic moments is magnetically
harder.

The data collected at B,,,=0.2 T should be treated more
carefully. We think that the sharp peak in Fig. 10(i) and the
dip in Fig. 10(h) are artefacts caused by the use of the ap-
proximated discrete hyperfine structure of QS, determined at
room temperature. It is known that QS increases with de-
creasing temperature,” and the hyperfine structure in the vi-
cinity of the zero field p(B);) should be interpreted with cau-
tion. However, such subtleties do not influence our main
conclusions concerning the arrangements of magnetic mo-
ments.

Knowing the h.m.f. distribution, p(B)) and c(By,), one

can calculate the average Ehf and average zth component B,
(to shorten notation we omit the Af subscript):

Ehf:f p(B)B dB,
0

B.= f " p(B)ey(B)B dB. ()
0

Both values are given in Table II and will be discussed in
the next section.

As described earlier, in the fitting procedure the isomer
shift distribution at low temperatures was constrained to co-
incide with room temperature data. The average shift of the
whole spectra was a free parameter in the fit. This is shown
in Fig. 11 and compared with the second-order Doppler shift
in harmonic approximation.®® The upper curve shown in Fig.
11 corresponds to the Debye temperature already used in
EXAFS data evaluation. Figure 11 indicates that consistency
of data evaluation has been achieved.
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FIG. 11. Temperature dependence of the center shift. Data for
a-Fe are given for a comparison. Solid lines correspond to the
second-order Doppler shift in harmonic approximation with indi-
cated Debye temperatures. A (Ref. 77), (1 (Ref. 78), B (this work).

VII. DISCUSSION

It is well documented that hyperfine fields and magnetic
moments (or magnetization) in many ferromagnetic systems
are strongly correlated. For Fe-sp-element alloys, the ratio of
these two quantities is distributed in the range
10.0—15.0 T/ up. The data for disordered alloys of Fe with
Al, Si, and P, summarized in Ref. 61, show that this factor is
12.0-13.0 T/ up if concentrations of the sp element in alloys
do not exceed 40 at. %. The value 12.5 T/uy (Ref. 62) has
been found in many ferromagnetic systems while it is equal
to 15.2 T/ ug for a-Fe at T=0.

This correlation is supported by the proportionality of
core electron polarization contribution B’ (proportional to
the integrated spin density of d electrons in MT sphere, M)
to By First principles calculations® show that the propor-
tionality coefficient B“’/M, is 12.3 T/up and does not de-
pend either on a particular metalloid or on its concentration.
Another contribution to Bj; comes from valence electrons
and is denoted by B"“. In phenomenological models>®* this
contribution is proportional to the average magnetization. If
BY% is not too large, the relative accuracy of localized mo-
ments calculated from the aforementioned proportionality
is® BUe/(B°P+B""). As was shown in Ref. 65, the depen-
dence of B on the distance of the Fe-sp element in disor-
dered alloys resembles RKKY polarization damped by a fac-
tor proportional to exp(-r;;/ly), where r; is the distance
between Fe and impurity atoms and /; denotes the mean-free
path of electrons. The damping term comes from substantial
localization of the valence electrons. In disordered concen-
trated alloys with a developed density of structural defects
and microdistortions, the defects also reduce considerably
the RKKY interaction. According to Ref. 65 the impurities
located at n.n.’s distances creates a B'“ value not greater
than 0.7 T for the first and second coordination spheres. The
small value of B allows one to use the hyperfine constant
B,/ pg, Tor the estimation of magnetic moments from the B,
data, and for the interpretation of the By distributions in
terms of localized magnetic moments.
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FIG. 12. The correlation between the average z component of a
hyperfine field (corrected for an external field) and Fe magnetic
moment (the inset shows a lack of correlation between the average
h.m.f. and a magnetic moment). Open and full symbols correspond
to the z component of the hyperfine field and the hyperfine field,
respectively.

A considerable enhancement of the experimental value
B/ pp (attaining values close to 30 T/ug; see the end of
Sec. V, in the Fe- Al system studied by us), can be explained
as a signature of transformation from a ferromagnetic order
to a nonferromagnetic one. Therefore one should expect that
the magnetization should rather be correlated with the z com-
ponent of the hyperfine field, B,. This is indeed observed
specifically in our alloy FeygAls,; see Fig. 12.

The resonant polarimetric technique used in the present
experiment allows one to gain some insight into the local
magnetic moment arrangement. The shape of the p(B,) dis-
tribution can be discussed in terms of a local environment
model. Such a model has been successfully used in many
systems, including Fe,_.Si,, Fe;_,Al,, in the vicinity of x
=0.25%%6-70 and nonordered Fe,_,V, alloys.”! In these sys-
tems the Fe atoms surrounded by (n—k) Fe and k non-Fe
atoms in the nearest coordination shell (consisting of n at-
oms) contribute to well-separated peaks in the p(B)
distribution.®-%%7!  However, the existence of separated
peaks related to well-defined local environments is not a
rule, and non-Fe-rich Fe-Si and Fe- Al alloys serve as good
examples of that.

It is reasonable to assume that the larger number of n.n.
Fe atoms, the larger By is observed. Next, from our EXAFS
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result it follows that the probabilities of finding Fe atom in
the first and the second coordination shells are determined by
x;=0.8/8 and x;;=5.3/6, respectively. Assuming random dis-
tribution within the shells, the probability P(k) that the iron
atom is surrounded by (14—k) Fe and k Al atoms in the two
first coordination shells is

P(k)= 2
i+[j’ik;

(j ) (f )x§_j(1 - xl)jx?l_i(l - xn)i 9)

see Table IIl. These assumptions allow one to divide the
p(By,) into a few sections, each one having an area propor-
tional to probability P(k). The sectioning is displayed in
Figs. 10(a) and 10(c) by vertical lines. By integration one
can find the average field related to a given sector (or to the
local environment),

By By -1
B(k) = f p(B)BdB( f p(B)dB) , (10)
By,

By

where values of B; can be found from

By k
J.mmw=EPm. (11)
i=0

0

The average fields estimated according to Eq. (10) are
displayed in Fig. 13 by full symbols. In a similar way we can
get the average value for the z component of the hyperfine
field corresponding to the kth local environment,

By By -1
B.(k) = J p(B)Bcl(B)dB< f p(B)dB) . (12)
By

By

The results are shown in Fig. 13 by empty symbols. Al-
though from Egs. (10) and (12) one gets formally 15 numeri-

cal values of Ez(k), those for k=0, 1, 2, 3 and 12, 13, 14
correspond to very small probability (9) and we do not re-
gard them as reliable. As expected, the increase of the field
from B,,=0.2 T to B,,=1.1 T results in an increase of the
B, and not the B, values; see the empty and the strongly
overlapped full points in Fig. 13.

If the influence of the second coordination shell is ne-
glected, the binomial distribution should be used instead of
(9). The results of such treatment are shown in Fig. 10(e),
Table IV, and Fig. 14.

Although the results presented in Figs. 13 and 14 suffer
from a different kind of approximation, they are consistent
with the following picture. Let (k;,k,;) denote an Fe atom

TABLE III. Probabilities, local magnetic moment, u, and its z component (both within £0.05 ug) in the external field of 0.2 and 1.1 T
at T=13 K, for Fe surrounded by k Al and (14—k) Fe atoms in the I and II coordination shells [see Eq. (9), x;=0.8/8=0.1, x;;=5.3/6]. For
an estimation of the total local magnetic moment, 12.5 T/up was assumed.

k Al 0-4 5 6 7 8 9 10 1 12-14
p(k) 0.002 0.017 0.084 0.242 368 0.213 0.062 0.010 0.001
w (ug) — 1.98 1.65 1.15 0.43 0.10 0.04 0.01 —
w, (ug) (B,y=0.2T) - 0.73 0.61 0.40 0.06 0.00 0.03 0.03 —
u, (ug) (Boy=1.1T) — 1.09 0.92 0.65 0.17 0.03 0.07 0.11 —
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FIG. 13. Average h.m.f. and average z component of the field
(not corrected for an external field) related to sectors from Fig. 10,
assuming that contributions from the first and the second coordina-
tion shells to the hyperfine field are the same. Full symbols corre-
spond to the hyperfine field; open ones to the z component of the
hyperfine field. @ (Ref. 77), B (Ref. 64).

surrounded by k; Al atoms in the first coordination shell and
k, Al atoms in the second coordination shell. Taking into
account the most probable configurations, arbitrarily selected
as those (k,,k,) for which the probability is greater than 5%,
one observes for both models that (6,0) and (6,1) configura-
tions have a clearly nonzero magnetic moment and a nonzero
contribution to the magnetization. Configurations (8,1) and
(8,2) have a clearly zero magnetic moment. Both models
indicate that (7,1) has a nonzero magnetic moment and a
very small contribution to the magnetization. The easiest ex-
planation of this fact is that these configurations form a non-
colinear arrangement of magnetic moments. Obviously, in
Mossbauer polarimetry one measures the hyperfine field and
its orientation. Thus, what can be concluded directly from
our measurements is that we have evidence that the vector
sum of the discussed nonzero fields is nearly zero. The non-
colinear h.m.f. arrangement can be understood as a reflection
of the noncolinearity of magnetic moments.

The (7,0) and (8,0) configurations could, in principle, be
connected with noncolinearity. However, in light of rather
poor evidence, one can also say that (7,0) configuration is
connected with colinearly arranged nonzero magnetic mo-
ments, and (8,0) arrangement may have a zero magnetic mo-
ment.
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FIG. 14. The same as in Fig. 13, assuming that the contribution
from the second coordination shell is neglected.

Our results are consistent with a picture in which Fe at-
oms with a large number of Al neighbors form a noncolinear
local structure at low temperatures. Noncolinearity is prob-
ably caused by local anisotropy, which may be larger than
the macroscopic anisotropy observed in a single crystal.*
Disordered moments cause large coercivity because of the
interaction with a ferromagnetic matrix (neighboring mag-
netic moments). This is known as bias-type exchange
anisotropy.’? Under an applied external field, a gradual meta-
magnetic type of reorientation occurs and magnetization
slowly approaches saturation. At higher temperatures thermal
excitations break the magnetic ordering in Al-rich surround-
ings and this results in the decrease of the coercivity. Indi-
rectly, this is confirmed by a large (=20 times) drop of co-
ercive force as the temperature increases from 5 to 77 K,
mentioned in Sec. V. One expects that the same external
magnetic field will orient the ferromagnetic matrix more eas-
ily at higher (50 K) than at lower temperature (7=13 K).
This is consistent with the larger value of the ¢; parameter
that was obtained for 7=50 K and with the maximum of
magnetization observed during FC in the small magnetic
field (see Fig. 3). A similar microscopic picture of the inter-
action was presented in Monte Carlo simulations of an Fe
-Al system,'” where Fe atoms with six and more nearest
neighbor Al atoms were found to be frustrated in an ordered
ferromagnetic state and where chemical disorder introduced
a spin-glass-like state in the region of critical concentration.

Two different distributions of hyperfine parameters may
produce identical Mdossbauer spectra. This leads to the ambi-

TABLE IV. Probabilities, local magnetic moment, u, and its z component (both within £0.05 ug) in the
external field of 0.2 and 1.1 T at T=13 K, for Fe surrounded by k Al and (8—k) Fe atoms in the first
coordination shell. The binomial distribution of number of Fe, Al atoms with x;=0.8/8=0.1 was assumed.

The hyperfine constant 12.5 T/ up was used.

k Al 0-3 4 5 6 7 8
p(k) 4x 107 0.005 0.033 0.149 0.383 0.430

w (ug) - 2.19 1.88 1.48 0.74 0.14

w, (ug) (B,y=0.2T) - 0.81 0.69 0.54 0.20 0.01
w, (ug) (Boy=1.1T) — 1.18 1.04 0.85 0.38 0.04
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guity much discussed in the literature.”>~”> Additional inde-
pendent experimental information usually reduces this ambi-
guity. It has already been demonstrated that additional
information received from the polarimetric method allows
one to obtain the correct shape of the h.m.f. distribution.>* In
the described algorithm one should, in principle, estimate
c2(Byy); see Egs. (2a) and (2b). However, in the studied case
we could not obtain reasonable information about the trans-
verse component for such strongly overlapped spectra. One
can show that fits of a similar quality can be obtained for a
variety of ¢, values. Because information on transverse local
magnetization is not available, we do not know whether we
are dealing with an antiferromagnetic order (i.e., long-range
order exists to some length scale), antiparallel arrangements
of moments (some iron moments at random positions are
oriented antiparallel to each other), or a disordered magnetic
structure if all directions of magnetic moments are present.
All three possibilities are consistent with the results of our
measurements.

We hope that additional measurements in the field perpen-
dicular to the k vector or the use of linearly polarized radia-
tion in which the intensity of lines 2 and 5 will be greatly
enhanced, may reduce ambiguity.

The main conclusion that follows from the results pre-
sented in this report is that the arrangement of hyperfine
magnetic fields is nonuniform. This kind of information
could be obtained by the use of circularly polarized radiation
only. The obtained result, that larger fields are better aligned
in an externally applied magnetic field, is not strongly depen-
dent on the details of data analysis. Indeed, some of the
spectra were analyzed without using the transmission inte-
gral and under the assumption that the electric field gradient
is zero. The main features of the p(B,) and ¢,(B),) functions
agree with those presented in Fig. 10.

Magnetization and Mossbauer data can be combined to
obtain local magnetic moments of Fe. To estimate the z com-
ponent of the magnetic moment in an external magnetic field
we assume that it is proportional to B.(k) and that the total
contribution to magnetization of all Fe atoms is equal to the

measured magnetization. The results are summarized in
Tables IIT and IV.
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VIII. RESUME

Combining magnetic, EXAFS, and Mdssbauer polarimet-
ric data, it was possible to get a consistent description of the
arrangement of Fe magnetic moments in a FeygAls, alloy
prepared in a structurally disordered state by mechanical
grinding. The distribution of quadrupole splitting and isomer
shift, determined in a RT experiment, was kept constant dur-
ing low-temperature data evaluation, allowing only for the
second-order Doppler shift. The Debye temperature used in
EXAFS data evaluation and estimated in the diffraction
experiment?? agrees with the second-order Doppler shift
found in Mossbauer data evaluation. A full Hamiltonian was
used for the exact treatment of a mixed magnetic dipole and
electric quadrupole interaction. The transmission integral
was used for treatment of the thickness effect, and the tem-
perature dependence of the recoilless fraction was taken into
account.

We have estimated the values of Fe magnetic moments as
a function of the local environment. An increase of the num-
ber of Al in the two first coordination shells (bcc structure)
causes a decrease of magnetic moments and a much faster
decrease of the z component of the magnetic moment (the
local contribution to the magnetization). Magnetic moments
of iron in configurations (6,0) and (6,1), which can be con-
sidered as iron-rich clusters, form colinear arrangement.
Configuration (7,1) was found as forming a noncolinear
structure. Configurations (8,1) and (8,2) are so poor in iron
that either no magnetic moment is formed on the central Fe
atom, or the magnetic moment is below the detection limit of
our technique. One should stress that such a detailed descrip-
tion of the magnetic moment arrangement would hardly be
possible if an extensive combination of experimental meth-
ods had not been used in the present study.

The noncolinearity present at low temperatures explains
the large coercivity, lack of saturation, and anomalously
large ratio of the average h.m.f. to the magnetic moment in
the range of critical concentration.
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