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The Mössbauer spectra of amorphous iron, prepared by using sonochemical methods, exhibit a broad
magnetic hyperfine sextet at both 78 and 295 K. The spectra do not change with time if the amorphous iron is
not exposed to oxygen or moisture. An analysis of the spectra with the method of Lines and Eibschu¨tz yields
average magnetic hyperfine fields of 29.1 and 25.9 T at 78 and 295 K, respectively. The corresponding
moments of 1.9mB and 1.7mB agree well with values obtained from earlier magnetization studies and, further,
provide strong experimental support for earlier calculations of the magnetic moments in amorphous iron. The
observed average isomer shifts of 0.27 and 0.14 mm/s obtained at 78 and 295 K, respectively, correspond to a
decrease in thes-electron density at the iron-57 nucleus as compared to that ofa-iron, a decrease which is
consistent with the decreased coordination number of amorphous iron. The similarity of the 295 K ironK-edge
x-ray-absorption spectrum of amorphous iron anda-iron, up to 7130 eV, indicates that thed-electron density
of states just above the Fermi level is similar in both forms of iron. The absence of structural details above
7130 eV in the spectrum of amorphous iron indicates, in agreement with multiple-scattering calculations, that
long-range order does not extend beyond the third shell of neighbors in amorphous iron. Greatly reduced
extended x-ray-absorption–fine-structure scattering is observed at the ironK edge of amorphous iron as
compared toa-iron. An analysis of the weak observed scattering reveals both a decrease in the average
coordination number from 14 ina-iron to 10 in amorphous iron, and an asymmetric radial distribution function
of the iron neighbors in the first shell. This asymmetric distribution yields for amorphous iron a minimum
iron-iron distance of 2.40 Å and an average iron-iron distance of 2.92 Å.@S0163-1829~98!08817-1#
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I. INTRODUCTION

Amorphous metallic alloys are often obtained by the ra
quenching of their melt and, as a consequence, they lack
long- or short-range atomic order. This metallic glassy st
is rather different than that typically found in convention
glasses that often contain large molecular anions or long
valently bonded chains that help to stabilize the glassy st
Thus to stabilize amorphous metallic alloys, glass forme
such as boron, carbon, or phosphorus, are often added t
melt. Hence, the resulting glassy material is not a pure
emental amorphous material, as is the material studied in
paper.

Because elementally pure amorphous materials are d
dered locally, but not chemically, they can very easily cr
tallize, and it has been predicted1 that amorphous iron can
only be obtained with very rapid quenching rates of the or
570163-1829/98/57~17!/10716~7!/$15.00
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of 109 deg/s or faster. Unfortunately, these extremely ra
quenching rates cannot be obtained by conventional meth
and for many years it was accepted that amorphous iron
not exist, at least at temperatures near room temperatur
contrast, amorphous iron and cobalt can be prepared2 at 20 K
as thin films, films that subsequently have to be kept at 2
to maintain the amorphous state.

Suslick and his co-workers3–6 have shown that
sonochemical techniques can lead to quench rates gre
than 109 deg/s in sonochemically generated bubbles that
have internal temperatures as high as 5000 K. More rec
calculations7 have indicated that the actual temperatures m
be as much as two orders of magnitude higher. By using
technique Suslick and his co-workers have been able to
pare essentially pure amorphous iron8 and have reported on
its structural and magnetic properties.9–11 Other laboratories
have reported on the sonochemical preparation of amorph
nickel,12 amorphous iron-nickel alloys,13 on the coating of
10 716 © 1998 The American Physical Society
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57 10 717MÖSSBAUER-EFFECT AND X-RAY-ABSORPTION . . .
amorphous iron,14 and on the control of the particle size o
amorphous iron.15

Because of the potential technological importance
amorphous elemental iron,16 we have undertaken a Mo¨ss-
bauer and x-ray-absorption spectral study of the struct
and magnetic properties of amorphous iron.

II. EXPERIMENT

A sample of amorphous elemental iron was prepa
sonochemically from Fe~CO!5 by the previously reported
method.8 The resulting shiny black powder was found b
chemical analysis to contain, by weight, (10060.5)% iron,
(1.660.2)% carbon, (0.160.2)% hydrogen, (0.060.2)%
oxygen, and (0.060.2)% nitrogen, and thus this sample co
tains much less carbon than the sample reported u
earlier.8,10,11 It should be noted that, in terms of atomic pe
cent, the new sample corresponds to Fe93C7 or Fe88C7H5.
However, an x-ray powder-diffraction pattern of the sam
revealed, as in the earlier case,8 no trace of any crystalline
material, includinga-iron. Also, heating above the glas
crystallization temperature8 led to the observation of only
a-iron in the resulting powder x-ray-diffraction pattern. Th
we believe the carbon is associated with surface contam
tion and that it is reasonable to refer to the material as p
elemental amorphous iron. As expected, the sample was
tremely moisture and air sensitive and all subsequent
nipulations of the sample were carried out under an in
atmosphere.

The Mössbauer spectra were measured at 78 and 29
on conventional constant-acceleration spectrometers w
utilized a room-temperature rhodium-matrix cobalt-
source and were calibrated at room temperature witha-iron
foil. The studies were limited to these temperatures beca
of the requirement that the amorphous iron could not
exposed to oxygen or moisture and because of the limitat
of our experimental facilities. The absorber, which was p
pared in a Vacuum Atmospheres, Inc. inert-atmosphere
box under pure nitrogen, contained 26 mg/cm2 of material
finely dispersed in deoxygenated Vaseline. The absorber
then placed in a cryostat that could be sealed in the dry
and subsequently studied in the Mo¨ssbauer spectrometer
the University of Missouri-Rolla. In this way we could ob
tain the spectra on a sample that had never been expos
oxygen or moisture. Because amorphous iron could be
stable with time, we have remeasured the spectra of the s
absorber again, after six months, at the University
Missouri-Rolla and then again, after approximately one ye
at University College, London. In each instance, virtua
identical spectra were observed, indicating no change w
time for the material, at least over a year while maintain
sealed at room temperature under an inert atmosphere.

The x-ray-absorption spectra were recorded with the s
chrotron radiation provided by the DCI storage ring at t
Laboratoire pour l’Utilisation du Rayonnement Electroma
nétique, Universite´ de Paris Sud, France. The synchrotr
radiation was produced by a storage ring operated with 1
GeV positrons and with a maximum beam intensity of
300 mA. The measurements were performed with
EXAFS III spectrometer that uses a double crystal silic
~311! monochromator and were carried out in the transm
f
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sion mode with ionization chambers in front and behind
absorber. A pellet of the compound, with an area of 1 c2

and a mass of ca. 30 mg, was pressed and maintained
inert atmosphere. The extended x-ray-absorption–fi
structure~EXAFS! spectra were recorded at 295 K with a
eV step and with a one-second accumulation time per s
over a 1000 eV energy range. The x-ray-absorption–ne
edge structure~XANES! spectra were recorded with a 0.2
eV step over a 125 eV energy range. The spectrum o
standard iron foil was recorded before and after the meas
ments in order to calibrate the energy. The first derivative
the iron-foil K-edge spectrum at 7112 eV was used to defi
the zero-energy reference point of the resulting spectra.

III. RESULTS AND DISCUSSION

A. Mössbauer spectra

The Mössbauer spectra of amorphous iron, obtained a
and 295 K, are shown in Fig. 1. It is immediately obvio
from this figure that the spectra consist of two component
broad sextet, typical of an amorphous material, and a r
tively sharp sextet that seems typical of crystallinea-iron.
Because of the presence of these two components, we
chosen to analyze the spectra in terms of a Lines
Eibschütz-type17 Voigtian profile of Lorentzian component
for the sextet with the distribution of hyperfine paramete
observed for the amorphous-iron component, and
Lorentzian sextet, with parameters virtually the same
those ofa-iron, for the sharp component. In all cases t
linewidth of the Lorentzian components was constrained
be 0.24 mm/s, a value that is appropriate for the experim
tal linewidth observed in both spectrometers used in the
periments. Further, the relative areas of each of the six li
in each sextet were constrained to be in the ratio
3:x:1:1:x:3. The resulting parameters, averaged over all
measured spectra, are presented in Table I, along with

FIG. 1. The Mössbauer spectra of amorphous iron obtained
295 and 78 K. The solid lines correspond to a fit obtained usin
Lines and Eibschu¨tz Voigtian line profile analysis, see text.
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TABLE I. Mössbauer spectral hyperfine parameters. The average of three separate measuremen
different laboratories at 295 K and two separate measurements in the same laboratory at 78 K on th
absorber. The numbers in parentheses represent the error in the values as determined by the analy
spectra as discussed in the text.

Component Parameter 295 K 78 K

Amorphous iron ^H&, ~T! 25.9~3! 29.1~3!

^m& (mB) 1.7~1! 1.9~1!

^DH& rms ~T!a 10.5~10! 12.4~1.2!
^d& ~mm/s!b 0.14~1! 0.27~1!

^DdDH& @~mm/s!2#c 0.29~4! 0.09~3!

x 1.37~2! 1.48~2!

% area 94~1! 95~1!

Abs. area@~%«!~mm/s!# 16.45~5! 19.52~5!

dd/dT @~mm/s!/K# 26.0(4)31024
¯

Meff ~g/mol! 70~5! ¯

d(ln A)/dT (K21) 27.89(5)31024
¯

uM ~K! 377~5! ¯

a-iron H ~T! 32.9~3! 33.9~4!

d ~mm/s! 0.00d 0.10
% area 6~1! 5~1!

aThe root-mean-square deviation of the hyperfine field relative toDH.
bThe isomer shifts are reported relative to room-temperaturea-iron foil.
cThe isomer shift and hyperfine-field fluctuation correlation.
dParameter constrained to value given.
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estimated error, as determined from the Lines and Eibsc¨tz
analysis. These fits are represented by the solid lines in
1. At this point it is not clear whyx increases slightly upon
cooling, but the observed values clearly indicate the prese
of some magnetic texture in the absorber. As expected
quadrupole interaction was apparent at either temperatu

The spectral component attributed to amorphous iron
Fig. 1 very much resembles that observed17–22 for Fe80B20
and related glassy metalloid materials. The correspond
mean magnetic moment^m& obtained from the mean hype
fine field with the generally accepted proportionality const
of 15 T/mB , is given in Table I. The 1.7m B moment obtained
from the 295 K Mössbauer spectrum of amorphous ir
agrees perfectly with the moment derived earlier10 from the
Bloch-law temperature dependence of the magnetizatio
amorphous iron. Further, both of these observed mom
provide experimental support for the recentab initio linear
muffin-tin atomic-sphere approximation calculations
Liebs and Fa¨hnle,23 calculations that yielded a 295 K mo
ment of (1.860.4)mB for a statistically disordered array o
spins.

The observed 295 K isomer shift of amorphous iron is,
expected, larger than that ofa-iron as a consequence of
decrease in the average coordination number. It should
noted thata-iron, with a density of 8.9 g/cm3, has a coordi-
nation shell of 14 atoms at an average distance of 2.65
involving eight atoms at 2.48 Å and six atoms at 2.87
This corresponds to a density of 0.180 iron atoms/Å3. A
mean-field analysis10 of the Bloch-law temperature depen
dence of the magnetization of amorphous iron yielded
average of ca. 10 near neighbors, a value in agreement
the 1061 value found in an extended x-ray-absorption–fin
structure study2 of an amorphous iron thin film at 20 K. A
discussed below, an EXAFS study of amorphous iron, wh
ig.
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has a reported9 density of 6.03 g/cm3, yields a coordination
shell of 10 atoms at an average distance of 2.92 Å. T
corresponds to a density of 0.096 iron atoms/Å3. Hence, the
decreased number of iron atoms per unit volume in am
phous iron increases the radial expansion of the iron 4s va-
lence electrons, and thus the isomer shift, as compare
a-iron.

The temperature dependence of the isomer shift of am
phous iron, although admittedly based on only two d
points, yields24 an effective recoil massMeff of 70 g/mol, a
value that is larger than the value of 65 g/mol observed25 for
a-iron. This increase in effective recoil mass results from
decreased number of near neighbors and the correspon
increase in the covalency of the bonding in amorphous i
as compared toa-iron. The temperature dependence of t
isomer shift and the absolute spectral absorption area yie24

the effective Mo¨ssbauer temperature,uM , a quantity that is
similar to the Debye temperature. The observed value of
K is somewhat larger than the value of 345 K observed26,27

for nanostructured iron but is, as expected, substanti
lower than the value of ca. 467 K reported fora-iron.26

The presence of ca. 5% of a component closely res
bling a-iron in the spectra of amorphous iron calls for sp
cial comment. Because the percentage area of this com
nent neither increases nor decreases with time, we do
believe that it results from the crystallization with time of th
amorphous iron, but rather we believe that this sextet is
trinsic to the originally prepared material, and is probab
due to very fine form ferromagnetic particles of 1–5 nm
diameter. Indeed, Mo¨ssbauer spectra26 of nanostructured iron
particles with a 1–10 nm diameter consist of two sextets,
typical of a-iron and one assigned to iron at the boundary
the particles. Hence, thea-iron-like component observed
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57 10 719MÖSSBAUER-EFFECT AND X-RAY-ABSORPTION . . .
herein is quite compatible with the presence of particles
1–5 nm diameter. Transmission-electron micrographs5,8 of
different amorphous iron samples revealed ca. 20 nm ag
gate particles consisting of smaller 4–6 nm particles a
show no crystallites larger than 4 nm. We have simula
x-ray-diffraction patterns for a mixture of 95% of 1-nm-dia
particles representing the amorphous iron and 5% of 4
and 16 nm-diam particles representing the crystallinea-iron.
These simulations revealed that the crystalline compone
easily distinguishable for diameters of 8 and 16 nm, and
not distinguishable for a diameter of 4 nm or less, in perf
agreement with the particle size observed by electron mic
copy. However, it is not possible from the Mo¨ssbauer spectra
to show definitively that the component isa-iron. Indeed,
unpublished spectra,28 obtained with a source consisting o
cobalt-57 annealed into ana-iron matrix, do reveal smal
differences in this component as compared to the kno
spectrum ofa-iron obtained with such a source.

B. X-ray-absorption spectra

The iron K-edge x-ray-absorption spectra ofa-iron and
amorphous iron, measured at 295 K, are shown in Fig. 2
the first derivative of these spectra are shown in Fig. 3. T
spectrum ofa-iron is essentially the same as that repor
previously.29,30 In contrast, and as expected, the spectrum
amorphous iron reveals much less detail. However, as sh
by a minimum in the first derivative of the spectra, see F
3, botha-iron and amorphous iron show a distinct should
see Fig. 2, at 7117 eV, i.e., at 5 eV above the Fermi leve
a-iron, which is 7112 eV, the energy of the maximum in t
first derivative of theK-edge spectrum ofa-iron. As shown
in Fig. 2, the maximum in the spectral absorbance occur
7133 and 7131 eV, i.e., at 21 and 19 eV above the Fe
level, in a-iron and amorphous iron, respectively.

FIG. 2. The ironK-edge x-ray-absorption spectra ofa-iron, up-
per curve, and amorphous iron, lower curve, measured at 295
f
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The a-iron K-edge x-ray-absorption spectra have be
calculated using the linearized augmented-plane-w
method31 and the results indicate that the peaks up to ca.
eV in energy above the Fermi level are associated with tr
sitions of the 1s electron to partially filled bands with a larg
d-electron density of states hybridized with thep electron.
The calculated spectrum31 has a very close resemblance
the initial absorptions observed for botha-iron, and amor-
phous iron, see Fig. 2. Indeed, the calculated spectrum sh
a ca. 15 eV splitting between the initial shoulder and t
maximum in absorbance, a splitting that agrees well with
16 and 14 eV splittings observed herein fora-iron and amor-
phous iron, respectively. Thus it would appear that thed
electron hybridized with thep-electron density of states jus
above the Fermi level is quite similar in botha-iron and
amorphous iron.

The structure observed above the maximum in absorba
in the spectra of botha-iron and amorphous iron, i.e., abov
ca. 7130 eV, results from multiple-scattering processes.30,31

As is clearly indicated in both Figs. 2 and 3, above th
maximum in absorbance the scattering by amorphous
shows much less structure than that ofa-iron. This differ-
ence is also obvious in Fig. 4 that shows the EXAFS sc
tering observed for both amorphous iron anda-iron. We
have carried out multiple-scattering calculations ona-iron
for clusters of 15, 27, and 89 iron atoms, corresponding
two, three, and seven shells of iron atoms, respectiv
These calculations show that the peak at ca. 7140 eV in
spectrum ofa-iron in Fig. 2 is not present with three shel
but is present with seven shells of iron atoms. Because
peak disappears in the spectrum of amorphous iron in Fig
we can conclude that the long-range order in the amorph
iron does not extend beyond three or at most four shells
iron atoms, i.e., within a sphere of 4–5 Å radius.

.

FIG. 3. The first derivative of the ironK-edge x-ray-absorption
spectra ofa-iron, upper curve, and amorphous iron, lower curv
measured at 295 K.
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C. EXAFS spectra

The scattering observed in the extended x-r
absorption–fine-structure study of amorphous iron, see
4, is much less than that observed ina-iron and that ob-
served earlier2 for an amorphous iron thin film. Howeve
when the amorphous iron thin film2 was annealed at 300 K
the resulting scattering was virtually identical to that whi
we obtained fora-iron, see Fig. 4. As expected, the resu
for a-iron are also virtually identical to those reporte
earlier.29–33

The Fourier transforms of the extended x-ray-absorptio
fine-structure results for amorphous anda-iron are shown in
Fig. 5. The transform fora-iron is identical to those pub
lished earlier.2,31,32In a-iron the first two-shell peak has bee
filtered in the range of 1.4–3.0 Å, inverse Fourier tran
formed, and analyzed with eight iron neighbors at 2.48
and six iron neighbors at 2.87 Å, in agreement33 with the
known bcc structure ofa-iron. For our purposes, we wil
consider that the first coordination shell consists of these
iron atoms at two different distances, in the ratio of 2/)
51.16, with a weighted average distance of 2.65 Å.

From a comparison of the positions of the first two pea
in Fig. 5, one can immediately conclude that the first co
dination shell in amorphous iron is at a shorter distance t
in a-iron. A similar conclusion was reached by Harriset al.34

who studied by EXAFS amorphous Fe80B20 thin films.
Hence, we expect a coordination number in amorphous
that is smaller than 14, that ofa-iron. The first shell peak in
the Fourier transform for amorphous iron has been filter
inverse Fourier transformed, and analyzed as explained
low.

The 295 K filtered and back-Fourier-transformed EXAF
spectrum of amorphous iron, its Fourier transform, and th
fits are shown in Figs. 6~a! and 6~b!. It has been shown35 that
fits of the EXAFS spectra of highly disordered compoun
with a symmetric Gaussian radial distribution function led

FIG. 4. The ironK-edge extended x-ray-absorption fine stru
ture ofa-iron, dotted line, and amorphous iron, solid line, measu
at 295 K.
-
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errors in distances and the number of neighbors. Our
tempts to fit the EXAFS spectrum of amorphous iron with
symmetric Gaussian radial distribution function confir
these difficulties. To overcome them, the cumulant exp
sion has been used2 to fit the amorphous-iron thin film with
the assumption that hcp cobalt could be used as a refere
This expansion was not used herein because no reference
cobalt data were available. Thus, we have used an asym
ric hard-sphere-like radial distribution function35 given by

P~r !5
N

2s
exp@2~r 2R!/s#

3exp~s2/2s2!$11erf@~r 2R!/&s#%,

erf~z!5
2

Ap
E

0

z

e2t2dt

The parameters of the fit for amorphous iron with such
asymmetric distribution are given in Table II. The asymm
ric distribution is characterized by two parameters,s ands,
wheres corresponds to the usual Debye-Waller factor ans
represents the width of the distribution due to the statist
disorder in the neighboring distances. Thes value of 0.083
Å compares well with the weighted average value of 0.079
found for the first shell in the referencea-iron. TheR value
of 2.40 Å given in Table II is the minimum distance betwe
two iron atoms. This value compares well with the iron c
valent radius of 1.17 Å and the iron-twelve-coordinate m
tallic radius of 1.26 Å. The average iron-iron distance in t
asymmetric distribution is given byR1s and is 2.92 Å, a
value which is larger than the average value of 2.65 Å o

d

FIG. 5. The Fourier transform of the ironK-edge extended x-
ray-absorption fine structure ofa-iron, dotted line, and amorphou
iron, solid line.
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served ina-iron and larger than the values of 2.56 and 2.
Å found by neutron diffraction9,11 and of 2.55 Å measured a
20 K on the 20 Å amorphous-iron thin films. The value
ten iron near neighbors is similar to that obtained2 from
EXAFS measurements on a 20 Å amorphous-iron film, bu
larger than the value of 8.7 found11 by neutron diffraction on
amorphous iron. Further, because a density of 6.03 g/3

was measured9 by neutron-diffraction measurements f
amorphous iron, we calculate that the filling of the spa
around an iron atom should be ca. 75% of that ina-iron. The

FIG. 6. The 295 K amorphous iron back-Fourier transform
EXAFS spectrum~a! and the Fourier transform~b! at the ironK
edge. The solid lines represent a fit with the model described in
text and in Table II. The radial distribution functions of the fir
shell for amorphous iron, solid line, anda-iron, dotted line, are
shown in~c!. In this plot the areas under the distributions have be
normalized to 10 for amorphous iron and 14 fora-iron.
is

e

ten iron near neighbors in amorphous iron, as compare
14 in a-iron, correspond to a ca. 71% filling of the spa
around a specific iron atom.

The radial distribution function, calculated35 from the pa-
rameters given in Table II, is shown in Fig. 6~c!, along with
the radial distribution function for the first shell ofa-iron.
The shape of this function agrees very well with the conc
sions drawn by Chandesriset al.2 about the radial distribu-
tion functions in thin films of amorphous cobalt and iro
Specifically, the function has a steep edge at short distan
and a long tail at large distances and the width of the fu
tion at half maximum is larger than that of the two Gauss
peaks fora-iron. Further, the function in Fig. 6~c! has its
maximum at a distance of 2.525 Å, a value that agrees v
well with the ca. 2.53 value observed2 in the amorphous iron
thin film. A visual comparison of the amorphous iron rad
distribution function shown in Fig. 6~c! with that of Fig. 7
found in Ref. 2 indicates that the first function is wider a
extends to even larger distances than the function in Re
The characteristics of the radial distribution function o
tained herein for amorphous iron are certainly indicative o
highly disordered structure, a disorder that is also the ca
of the very weak EXAFS signal observed herein. The am
phous iron studied herein shows a local structure, which
even more disordered than that shown2 by the amorphous
iron thin films and is well described by an asymmetric rad
distribution function.

The assignment of a peak in the earlier neutron-diffract
studies9,11 to oxygen neighbors of iron at 1.93 or 2.06 Å
an iron-oxide impurity drew our attention to the should
observed at ca. 1.6 Å in the Fourier transform shown in F
6~b!, a shoulder that could not be reproduced by introduc
iron near neighbors at any reasonable distance. Hence
assumed, in agreement with both the neutron-diffract
analysis and the weak absorptions present at ca.28 and
17 mm/s in the 78 K Mo¨ssbauer spectrum shown in Fig.
that the sample contains a small amount of iron-oxide im
rity. Consequently, a second shell, see Table II, is assig
to oxygen neighbors of iron in the impurity. The absence
a model compound for this impurity yields a low precisio
for the parameters of the fit carried out with a symmet
Gaussian distribution. In spite of various attempts and in
absence of a Fe-O model compound, the fit of this shou
could not be improved further than is shown in Fig. 6~b!. The
distance of 1.99 Å is reasonable in comparison with the v
ues of 1.93 or 2.06 Å found9,11 by neutron-diffraction mea-
surements.

The peak at ca. 4.4 Å in the Fourier transform for am
phous iron in Fig. 5 seems to be related to some subsis
long-range order, an order that is similar to that found

d

e

n

TABLE II. EXAFS spectral analysis for amorphous iron at 29
K. The estimated errors are given in parentheses.

Neighbor N R ~Å! s ~Å! s ~Å!

Iron 10.00~1! 2.40~1! 0.083~1! 0.52~1!

Oxygen 2.18~5! 1.99~2! 0.23~2! 0.00a

aThis parameter was not varied.
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10 722 57GARY J. LONGet al.
a-iron at a distance of ca. 4.7 to 4.9 Å. This observation
consistent with the results of the multiple-scattering calcu
tions mentioned in Sec. III B.

In conclusion, the EXAFS results for amorphous iron m
be analyzed with an asymmetric radial distribution functi
that is consistent with both earlier neutron-diffractio
results9,11 on bulk amorphous iron and earlier EXAF
results2 on amorphous-iron thin films. Further, these resu
indicate a reduced average coordination number and a
duced minimum iron-iron distance, reductions that ag
with the changes in the Mo¨ssbauer spectral hyperfine param
eters.
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16Q. A. Pankhurst, inMössbauer Spectroscopy Applied to Magn
tism and Materials Science, edited by G. J. Long and F. Grand
jean ~Plenum, New York, 1996!, Vol. 2, p. 59.
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