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Local structure and ferromagnetic character of Fe-B and Fe-P amorphous alloys
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We present clear experimental evidence that the dissimilar magnetic behavior of Fe-B and Fe-P amorphous
alloys is connected with differences in the local structure around Fe atoms and with the different ferromagnetic
character that these systems present. Structural parameters, obtained by x-ray absorption fine structure, show
that Fe-Fe nearest distances are responsible for the behavior of the Curie temperature. Both magnitudes
increase with increasing the metalloid content for Fe-B and remain constant for Fe-P. The results from x-ray
magnetic circular dichroism reveal that Fe-B behaves as a weak ferromagnet in all the composition range while
Fe-P evolves from a weak to strong ferromagnetism character when P concentration increases. This fact
determines the behavior of the magnetic moment with increasing metalloid content that displays a large
decrease for Fe-P and a negligible variation for Fe-B.
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Metal-metalloid Fe based amorphous alloys have been
subject of considerable research activity for the last two
cades, due to the interest offered to potential applications
their outstanding magnetic properties. A great amount of
perimental data has been gathered1,2 and some elaborate the
oretical investigations have been accomplished.3,4 However,
a plain examination of the contrasted behavior of two sim
systems such as amorphous Fe-B and Fe-P alloys, and
divergent explanations offered by the proposed theories,
fice to show that the magnetism of 3d amorphous alloys is
still far from being understood. In fact, a review of the ma
netic properties of these two systems as a function of
composition reveals that surprisingly they behave in quit
different way. In the amorphous range of compositio
when increasing the metalloid content from 15 to 23 at.
the Curie temperatureTC remains nearly constant for Fe-P,5,6

while increases substantially in the case of Fe-B.6–8 At the
same time, the magnetic moment per Fe atom presen
linear decrease with increasing P content in Fe-P,5 while
changing only slightly with the B concentration in Fe-B9

Different explanations have been proposed to justify th
behaviors. Chen10 defends that the evolution ofTC relies on
the dependence of the exchange integralJex on the inter-
atomic distances between magnetic atoms. Considering
in the Bethe-Slater curve, Fe lies in the region of posit
slope, this explanation qualitatively implies that an increa
of TC ~and therefore ofJex) must be caused by an increase
Fe-Fe interatomic distances. A different approach is used
Hasegawa and Ray7 who interpret the behavior of the Curi
temperature in terms of a mean-field theory and suggest
possible changes in the Fe-Fe coordination number are
sponsible for the variation ofTC . On the other hand, the
evolution of the magnetic moment has been usually
plained in terms of the charge transfer model. Wohlfarth,11 in
the framework of itinerant ferromagnetism, favors the h
pothesis that the Fe-B system behaves as a strong ferro
net, based on the opposed variation of the saturation ma
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tization and the Curie temperature. However, rec
calculations of the electronic structure on Fe-B and F
amorphous alloys does not clarify the ferromagnetic char
ter of Fe in these alloys. Bratkovsky and Smirnov12 affirm
that the amorphous iron borides are strong ferromagn
while Fujiwara13 and Hafner, Tegze, and Becker14 conclude
that both systems are weak ferromagnets. It is evident
this feature, weak or strong ferromagnetism, plays a dete
nant role in the evolution of the Fe magnetic moment whe
alloys with metalloids.

On the theoretical side, the two basic frameworks, loc
ized and itinerant magnetism, have been specifically app
to develop theories that explain the magnetic behavior of
amorphous ferromagnetic alloys. In short, Corb, O’Handl
and Grant,3 using the theory of localized magnetism, deve
oped thecoordination-bond modelwhich attributes the mag
netic to the local atomic environment, whereas, Malozem
Williams, and Moruzzi4 established, in terms of theband-
gap theory, that the magnetic properties are independen
the local environment and depend only on the valence of
metalloid. Both models make use of the fundamental
sumption that the ferromagnetism is of a strong character
neither one is capable to offer a complete explanation of
composition dependence of the magnetic properties, e
cially on the Fe based amorphous alloys like Fe-B and
Fe-P systems.15

With all these considerations in mind, to progress in t
analysis and understanding of the magnetic behavior of
based amorphous alloys, it seems imperative to reach a
clusive determination of:

~i! the exact evolution of the atomic structure with com
position and its relation with the behavior of the magne
properties, and

~ii ! the ferromagnetic nature~strong or weak! of the Fe
containing amorphous alloys and its concomitant implic
tions on the magnetic behavior.
5746 ©2000 The American Physical Society
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To accomplish both goals we have studied two series
samples, Fe1002xBx prepared by melt spinning and Fe1002xPx
by electrodeposition, in the same range of metalloid conc
tration 15<x<23. The very same set of samples was used
all the experiments in order to avoid deceptive results cau
by possible variations in sample characteristics. The inve
gations included: local structure determination by exten
x-ray-absorption fine-structure~EXAFS! spectroscopy, x-ray
magnetic circular dichroism~XMCD! at the FeK edge to
determine the ferromagnetic nature of the Fe atoms,
magnetic measurements to obtain the magnetic momen
Fe atom mFe and the Curie temperatureTC for all the
samples. The latter ones were obtained using a supercon
ing quantum interference device~SQUID! and a Faraday
magnetometer. The results are displayed in Figs. 1~a! and
~b!. They are in complete agreement with those presen
previously in the literature, which in turn, confirms that o
samples are correct. We shall therefore focus in the desc
tion of the two first experiments, EXAFS and XMCD.

In amorphous materials, the lack of translational symm
try makes difficult the description of the atomic arrangeme
The relevant information~and the only that can usually b
obtained! is the radial distribution function around each sp
cies in the sample specified by the number and type of ne
bors and their bonding distances. EXAFS is an atom se
tive, local probe that has proven as a useful tool for this t
in this kind of systems. Using this technique, in the case
the Fe-P system, the structure of two new samples have
studied (x515 and 23!, expanding previous structural resul
~for 17<x<22), which are presented in length in Ref. 5. F

FIG. 1. Dependence on the metalloid contentx for Fe1002xBx

and Fe1002xPx amorphous samples, of:~a! magnetic moment of Fe
mFe , ~b! Curie temperatureTC , and~c! nearest Fe-Fe interatomi
distanceRFe2Fe . For the Fe-P system, values forx517, 19, 20,
and 22 have been taken from Ref. 5.
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the Fe-B samples, the present work represents a system
study of the structure in a set of samples that covers a w
range of compositions.

The spectra on the FeK absorption edge for both system
were recorded at room temperature at the Daresbury S
chrotron Radiation Source in the usual transmission ge
etry, using a Si~111! monochromator, with the storage rin
operating at an energy of 2 GeV and a stored current of ab
150 mA. From the experimental absorption curves, the n
malized EXAFS functionsx(k) were extracted using the
standard procedure.16 The absorption above the edge w
fitted using a three cubic spline up to 12 Å21 ~the EXAFS
oscillations become strongly damped above that value du
the great structural disorder!. The origin of thek space was
taken at the inflection point of the absorption edge. The F
rier transform ofx(k), was then obtained with ak3 weight
and a Hanning window function. For all the samples it p
sents a single peak, characteristic of amorphous metallic
loys. By performing an inverse Fourier transform of th
peak, a filtered EXAFS functionxF(k) is obtained. The ex-
traction of structural data from EXAFS experiments is p
formed by comparing this filtered function with a structur
model using a least-squares fitting. In the framework o
dense random packing of hard spheres model, De Cresc
et al.17 proposed an expression for the radial distributi
function that takes into account the characteristic asymme
of amorphous samples and has been proved to give g
results in other amorphous systems.5,18,19 In this model, the
structural parameters that describe the atomic distribu
are: Nj , the number of neighbors ofj type around the ab-
sorbing species;Rj , the distance between the centers of t
two touching spheres~that is, the nearest distance betwe
atoms!; andsD j

, the root-mean-square deviation of the d
tribution of distances. Note that, in this model, the avera
distance from the absorbing atom to itsj type neighbors is
given byR̄j5Rj1sD j

. In conventional x-ray-diffraction ex-
periments, this average distance is the only one that ca
obtained. Using the proposed radial distribution function,
theoretical EXAFS function used in the fitting is given by17

kx~k!5(
j

Nj f j~k,p!

Rj
2

e22s j
2k2

e22G j /k

A114k2sD j

2

3sin@2kRj1tan21~2ksD j
!1f j #. ~1!

In this expression, other terms are included, such as the
plitude and phase of backscattering,f j (k,p), andf j , which
have been taken fromFEFF6 codes.20 The inelastic losses
terms,G j and S0

2,21 and the Debye Waller factor (s j ) have
been optimized using bcc-Fe, Fe2B, Fe2P as reference com
pounds, as explained in Ref. 19. The uncertainty analy
was performed following Lytle, Sayers, and Stern.22 The es-
timated errors are the standard ones for EXAFS: about 1
for the coordination number and60.03 Å for the average
distances. It is to be noted that the experiment and the fit
procedure turned out to be very sensitive to the neares
teratomic distanceRj , which is found with much greate
accuracy (60.005 Å). A detailed explanation of the bot
fitting procedure and uncertainty analysis can be fou
elsewhere.23 Best-fit parameters are presented in Table I. I
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TABLE I. Structural parameters from EXAFS on FeK edge for Fe-B and Fe-P amorphous samples. The values in brackets sho
estimated errors in the least significant figure. All distances are given in Å.

Sample NFe2Fe RFe2Fe sDFe2Fe R̄Fe2Fe
NFe2B RFe2B sDFe2B R̄Fe2B

Fe84B16 10.4~6! 2.349~6! 0.23~2! 2.58~3! 2.0~6! 2.20~3! 0.02~3! 2.22~6!

Fe83B17 10.5~7! 2.352~7! 0.21~2! 2.56~3! 2.2~6! 2.18~3! 0.02~4! 2.20~7!

Fe81B19 10.6~7! 2.360~5! 0.20~1! 2.56~2! 2.5~7! 2.18~3! 0.05~5! 2.23~8!

Fe77B23 10.7~7! 2.365~6! 0.20~2! 2.57~3! 3.2~7! 2.15~4! 0.09~4! 2.24~8!

Sample NFe2Fe RFe2Fe sDFe2Fe R̄Fe2Fe
NFe2P RFe2P sDFe2P R̄Fe2P

Fe85P15 10.2~5! 2.345~3! 0.31~1! 2.65~3! 2.2~6! 2.20~2! 0.18~6! 2.38~6!

Fe81P19
a 10.2~6! 2.350~4! 0.26~1! 2.61~4! 2.3~6! 2.20~2! 0.18~6! 2.38~6!

Fe77P23 10.4~6! 2.350~4! 0.22~2! 2.57~4! 3.1~6! 2.19~3! 0.25~6! 2.44~6!

aFrom Ref. 5.
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observed that, within the error bar, there is no change in
Fe coordination numberNFe2Fe for none of the systems re
gardless of the P or B concentration, while the number of
metalloids around Fe,NFe2B(P) , increases with increasin
the metalloid content in the sample, following their stoich
ometry. The closest metal-metalloid distancesRFe2B(P) re-
mains unaltered~around 2.2 Å) indicating the covalent cha
acter of the bonds, as proposed from electronic struc
calculations.12–14The distribution of distances correspondin
to P atoms in the Fe-P system present a higher degre
disorder~greatersDFe2P

) than the one for the B atoms i

Fe-B (sDFe2B
), giving rise to a larger average distance.

The more striking difference between the two system
the notably distinct behavior of the Fe-Fe nearest interato
distanceRFe2Fe . In the case of the Fe-P samples, this va
does not experience any appreciable change in the w
range of composition, while for the Fe-B onesRFe2Fe in-
crease with increasing the B content. This contrasted be
ior can be clearly observed in Fig. 1~c!. If we also consider
the structural disorder, the average interatomic distance
creases with increasing metalloid content for Fe-P and
mains constant for Fe-B. The results presented in Tab
~that in the case of Fe-P extend the study of Ref. 5, disp
ing the same trend encountered there! are very similar to
those already found by diffraction techniques:R̄Fe2Fe

52.61 Å and R̄Fe2P52.38 Å for Fe82P18,24 R̄Fe2Fe
52.56 Å for Fe80B20,25,26 and Fe83B17.24,27

The important information drawn from these structu
results is that there exist a clear correlation between the
lution with composition of the Curie temperatureTC and the
Fe-Fe interatomic distance that can be directly observe
Figs. 1~b! and ~c!: when the Fe-Fe interatomic distance i
creases, as is the case for Fe-B, so doesTC , while the con-
stancy ofRFe2Fe comes along with an insensitive depe
dence ofTC on P content in Fe-P. This evidence proves t
the approach of Chen10 ~that attributes the behavior ofTC to
the dependence of the integral exchange on the interato
distance between magnetic atoms! is more satisfactory than
the one of Hasegawa and Ray7 ~because the number of Fe-F
neigbors does not change!.

We shall now describe the XMCD experiments perform
on Fe K edge to reveal the ferromagnetic character of
Fe-P and Fe-B systems. X-ray magnetic circular dichroism
the difference of the absorption of circularly polarized x ra
when the absorbing material is magnetized antiparallel
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parallel to the incident x-ray beam. This difference is caus
by the different final states that the photoelectron can re
according with the applicable selection rules. X-ray abso
tion at theK edge of 3d transition metals involves electroni
transitions from 1s to 4p final states and different theorie
have been proposed to interpret the results. Igarashi
Hirai28 suggest that the XMCD signal is generated by thed
orbital moment on the neighboring sites through thep-d hy-
bridization, while Guo29 indicates that theK edge XMCD
spectrum probes thep-projected orbital magnetization den
sity of unoccupied states. Even though the interpretation
theK edge XMCD is not completely clear, the features of t
measured XMCD signal can be used as a fingerprint to
termine the ferromagnetic character of the sample. T
XMCD spectrum of pure Fe, a weak ferromagnetic syst
for which neither majority nor minority spin bands are fu
exhibits both a positive and a negative peak, while Co a
Ni, strong ferromagnets for which majority-spin band is fu
present only a negative peak~see Fig. 2!. It is accepted that
the positive peak is related with the density of unoccup
spin-upd states close to the Fermi level, while the negat
peak observed at higher energies is related to the densi
unoccupied spin-downd states.30–32We shall take advantag
of this distinct feature to distinguish without ambiguities t
ferromagnetic nature of Fe in Fe-B and Fe-P amorphous
tems.

The FeK edge XMCD signals of Fe-B and Fe-P amo
phous samples have been recorded on the energy-dispe
beamline~ID24! at the European Synchrotron Radiation F
cility ~ESRF!. The linear polarization delivered by the plan
undulator was transformed into circular polarization~PC .
95%! using a diamond crystal as quarter wave plate.33 In the
geometry used, the orientation of the 0.7-T magnetic fie
applied perpendicular to the sample plane, was alternativ
changed with respect to the incident radiation. In this w
the spin-dependent absorption coefficient was obtained as
difference of the absorption spectra measured for parallel
antiparallel orientation of the incident photon helicity wi
respect to the magnetic field. The absence of mechan
movement and the parallel acquisition using a char
coupled device camera insures the high stability necessa
detect differences in absorption as small as 1023. The ob-
tained XMCD signals, normalized to the edge jump of t
absorption spectra, are presented in Fig. 2. The origin of
energy has been taken at the inflection point of the abs
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FIG. 2. FeK-edge dichroism signal for Fe1002xBx and Fe1002xPx amorphous samples. Below, the signals from pure Fe and Co
displayed for comparison.
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tion edge. It is clearly observed that the evolution of t
XMCD signal differs considerably for both systems. F
Fe1002xPx , the shape of the XMCD signal depends strong
on phosphorous concentration. Forx515, the XMCD signal
presents both positive and negative peaks centered at 0 a
eV, respectively, but, when the P content is increased,
positive peak progressively disappear denoting an evid
transition from weak to strong ferromagnetism. The posit
of the negative peak is shifted towards lower energies~from
6 eV for x515 to 3 eV forx523) while its width increases
In contrast, Fe1002xBx display an unchanging XMCD signa
for all the samples, with a positive peak centered at the
sorption edge and a negative one 5 eV above, evidencing
weak character of the magnetism in all the composit
range. No changes of the position of the peaks are obse
for Fe-B.

The evident differences in the evolution of the XMC
and consequently in the nature of the ferromagnetism in F
and Fe-B, relate directly with the distinct behavior of t
magnetic moment when the metalloid content varies.
deeper insight in the origin of this contrasted behavior can
obtained considering the degree of electronic transfere
from the metalloid to the 3d band of Fe, as deduced from th
57Fe Mössbauer spectroscopy through the evolution of
isomer shift of the Fe nuclear energy levels. This param
is proportional to the 3d electronic population at the Fe a
oms and its increase is considerably larger in the Fe-P
tem @0.02 mm/s per % P~Refs. 34 and 35!# than in Fe-B
@0.005 mm/s per % B~Ref. 36!# in the same range of meta
loid concentration. In Fe-P, the change from a weak to str
ferromagnetism is likely due to the displacement of t
Fermi level to higher energies as a consequence of the
crease of the electronic charge transfer. On the contrary
es
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the Fe-B system, the charge transfer between Fe and B
exists, is very small and the Fermi level moves only slight
Fe-B samples retain the weak ferromagnetic character an
a result, the change of the Fe magnetic moment is very sm
Note that, in the low metalloid composition range~around
x516), both systems are weak ferromagnets and also
nearest Fe-Fe distances are similar for both. However,
does not imply that the electronic structure of both system
similar. In fact, the marked differences in the magnetic m
ment and the isomer shift point in the opposite direction. T
Curie temperature seems to be insensitive to the cha
transfer to the 3d band of the Fe atom as it was already not
earlier for crystalline Fe-Ni-C alloys.37

In conclusion, we have obtained explicit experimen
evidence of the differences that Fe-B and Fe-P amorph
alloys present in their structure and ferromagnetic charac
We have correlated them and their evolution when incre
ing the metalloid content with the different magnetic prop
ties that these systems present. The behavior of the C
temperature is connected with the Fe-Fe nearest distanc
the atomic distribution, rather than with the number of Fe-
neighbors. In this way, both magnitudes increase with B c
tent in Fe-B alloys and remain unchanged in Fe-P for
compositions. On the other hand, the ferromagnetic natur
Fe defines the evolution of the magnetic moment. Fe
samples are weak ferromagnets in all the composition ran
while a transition from weak to strong ferromagnetism
observed in Fe-P. Our results clarify the confused situat
existing about this kind of systems, and reveal the act
structural and magnetic features on which models and th
retical approachs must rely.
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