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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.

Metal-metalloid Fe based amorphous alloys have been thiization and the Curie temperature. However, recent
subject of considerable research activity for the last two deealculations of the electronic structure on Fe-B and Fe-P
cades, due to the interest offered to potential applications bsgmorphous alloys does not clarify the ferromagnetic charac-
their outstanding magnetic properties. A great amount of exter of Fe in these alloys. Bratkovsky and Smirfoaffirm
perimental data has been gathéreadnd some elaborate the- that the amorphous iron borides are strong ferromagnets
oretical investigations have been accomplishé#lowever,  while Fujiward® and Hafner, Tegze, and Beckéconclude
a plain examination of the contrasted behavior of two simplehat both systems are weak ferromagnets. It is evident that
systems such as amorphous Fe-B and Fe-P alloys, and thisis feature, weak or strong ferromagnetism, plays a determi-
divergent explanations offered by the proposed theories, suhant role in the evolution of the Fe magnetic moment when it
fice to show that the magnetism otl &amorphous alloys is  alloys with metalloids.
still far from being understood. In fact, a review of the mag- On the theoretical Side, the two basic frameworkS, local-
netic properties of these two systems as a function of thg;eq and itinerant magnetism, have been specifically applied
composition reveals that surprisingly they behave in quite 34 develop theories that explain the magnetic behavior of the
different way. In the amorphous range of compOSitions.,marphous ferromagnetic alloys. In short, Corb, O'Handley,
when increasing the metallo!d content from 15 to 23 5at. %and Granf using the theory of localized magnetism, devel-
the. CL.'”e temperaturge remains nearly constan%t_tgr Fe2f, oped thecoordination-bond modekhich attributes the mag-
while Increases substan_’ually in the case of FE-BAt the netic to the local atomic environment, whereas, Malozemoff,
same time, the magnetic moment per Fe atom presents \ﬁilliams, and MoruzZ established, in terms of thieand-
linear decrease with increasing P content in Fehile . . .

g 9ap theory that the magnetic properties are independent of

changing only slightly with the B concentration in Fe? .
Different explanations have been proposed to justify theStt;\he IOC"’." environment and depend only on the valence of the
metalloid. Both models make use of the fundamental as-

behaviors. Chelf defends that the evolution df. relies on ) -
the dependence of the exchange integkal on the inter- sumptlon thgt the ferromagnetism is of a strong character but
atomic distances between magnetic atoms. Considering th4€ither one is capable to offer a complete explanation of the
in the Bethe-Slater curve, Fe lies in the region of positivec@MPposition dependence of the magnetic properties, espe-
slope, this explanation qualitatively implies that an increasé&ially on the Fe based amorphous alloys like Fe-B and the
of T (and therefore of,,) must be caused by an increase of Fe-P system&

Fe-Fe interatomic distances. A different approach is used by With all these considerations in mind, to progress in the
Hasegawa and R&yvho interpret the behavior of the Curie analysis and understanding of the magnetic behavior of Fe
temperature in terms of a mean-field theory and suggest th&ased amorphous alloys, it seems imperative to reach a con-
possible changes in the Fe-Fe coordination number are relusive determination of:

sponsible for the variation of .. On the other hand, the (i) the exact evolution of the atomic structure with com-
evolution of the magnetic moment has been usually exposition and its relation with the behavior of the magnetic
plained in terms of the charge transfer model. Wohlfatin,  properties, and

the framework of itinerant ferromagnetism, favors the hy- (i) the ferromagnetic naturéstrong or weak of the Fe
pothesis that the Fe-B system behaves as a strong ferromagpntaining amorphous alloys and its concomitant implica-
net, based on the opposed variation of the saturation magnédens on the magnetic behavior.
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2200 T T T T T the Fe-B samples, the present work represents a systematic
R iie‘P i study of the structure in a set of samples that covers a wide

7T e-B ] range of compositions.

5@ 2.00 L (a) | The spectra on the A€ absorption edge for both systems

= i i o N were recorded at room temperature at the Daresbury Syn-
1.90 |- 1 ¥ T chrotron Radiation Source in the usual transmission geom-
1801 | | | \?Ké ] etry, using a Si(111) monochromator, with the storage ring

operating at an energy of 2 GeV and a stored current of about
L L T 150 mA. From the experimental absorption curves, the nor-
s malized EXAFS functionsy(k) were extracted using the

I standard procedur®. The absorption above the edge was

| —&—Fe-B

650 . . : ) ;

T (®) ] fitted using a three cubic spline up to 12" A (the EXAFS

S 600 - . oscillations become strongly damped above that value due to
550 L @ o0 >3 ] the great structural disorderThe origin of thek space was

taken at the inflection point of the absorption edge. The Fou-
rier transform ofy(k), was then obtained with k&> weight

and a Hanning window function. For all the samples it pre-
sents a single peak, characteristic of amorphous metallic al-

AZ'% loys. By performing an inverse Fourier transform of this

°$235 peak, a filtered EXAFS functiog™ (k) is obtained. The ex-

< traction of structural data from EXAFS experiments is per-
234 formed by comparing this filtered function with a structural

model using a least-squares fitting. In the framework of a
6 18 20 2 dense random packing of hard spheres model, De Crescenzi
X et all’ proposed an expression for the radial distribution
function that takes into account the characteristic asymmetric
of amorphous samples and has been proved to give good
results in other amorphous systett&:*°In this model, the
structural parameters that describe the atomic distribution
are:N;, the number of neighbors gftype around the ab-
sorbing speciesR;, the distance between the centers of the

To accomplish both goals we have studied two series ofVO touching spheregthat is, the nearest distance between
samples, Fgo_,B, prepared by melt spinning and &g P, atomg; and oD, the root-mean-square deviation of the dis-
by electrodeposition, in the same range of metalloid conceriribution of distances. Note that, in this model, the average
tration 15<x=<23. The very same set of samples was used irflistance from the absorbing atom to jttype neighbors is
all the experiments in order to avoid deceptive results causegiven by R=R;+ Tp,- In conventional x-ray-diffraction ex-

by possi_ble variations in sample charact.erisfcics. The inveStiperiments, this average distance is the only one that can be
gations included: local structure determination by extendedhained. Using the proposed radial distribution function, the
x-ray-absorption fine-structul&XAFS) spectroscopy, X-ray - theoretical EXAFS function used in the fitting is given'by
magnetic circular dichroisntXMCD) at the FeK edge to

determine the ferromagnetic nature of the Fe atoms, and

FIG. 1. Dependence on the metalloid contgrfor Fe; gy By
and Feq,_,Px amorphous samples, afa) magnetic moment of Fe
Mre, (D) Curie temperaturd@, and(c) nearest Fe-Fe interatomic
distanceRg._g.. For the Fe-P system, values for=17, 19, 20,
and 22 have been taken from Ref. 5.

—252k2 —oT.
N;f;(k,m) e 2K e 2k

magnetic measurements to obtain the magnetic moment per ky(k)=>

Fe atom upe and the Curie temperaturg. for all the ] R? Vi+4k2oh

samples. The latter ones were obtained using a superconduct- :

ing quantum interference devid®QUID) and a Faraday XSir{ZkRj+tan_l(2kUDj)+¢j]- (1)

magnetometer. The results are displayed in Figa) and
(b). They are in complete agreement with those presenteth this expression, other terms are included, such as the am-
previously in the literature, which in turn, confirms that our plitude and phase of backscatteririgik, 7), and ¢; , which
samples are correct. We shall therefore focus in the descrifiave been taken frorAerre codes:’ The inelastic losses
tion of the two first experiments, EXAFS and XMCD. terms,T"; and S§,%* and the Debye Waller factoro{) have

In amorphous materials, the lack of translational symmebeen optimized using bcc-Fe, B2 Fe,P as reference com-
try makes difficult the description of the atomic arrangementpounds, as explained in Ref. 19. The uncertainty analysis
The relevant informatiorfand the only that can usually be was performed following Lytle, Sayers, and StéfiThe es-
obtained is the radial distribution function around each spe-timated errors are the standard ones for EXAFS: about 10%
cies in the sample specified by the number and type of neigHer the coordination number antt0.03 A for the average
bors and their bonding distances. EXAFS is an atom seledistances. It is to be noted that the experiment and the fitting
tive, local probe that has proven as a useful tool for this taslprocedure turned out to be very sensitive to the nearest in-
in this kind of systems. Using this technique, in the case oteratomic distanceR;, which is found with much greater
the Fe-P system, the structure of two new samples have beaacuracy ¢0.005 A). A detailed explanation of the both
studied =15 and 23, expanding previous structural results fitting procedure and uncertainty analysis can be found
(for 17<x=22), which are presented in length in Ref. 5. For elsewheré&? Best-fit parameters are presented in Table . It is
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TABLE |. Structural parameters from EXAFS on Reedge for Fe-B and Fe-P amorphous samples. The values in brackets show the
estimated errors in the least significant figure. All distances are given in A.

Sample Nee-re Rre—re ODre ke Rre_re Nfe-B Rre-8 ODpe g [
FeyBig 10.46) 2.3496) 0.232) 2.593) 2.0(6) 2.203) 0.023) 2.226)
Fey3B17 10.57) 2.3527) 0.21(2) 2.563) 2.2(6) 2.183) 0.024) 2.2007)
Fe1B1g 10.67) 2.3605) 0.202) 2.562) 2.57) 2.1803) 0.055) 2.238)
Fe;7Bos 10.77) 2.3656) 0.202) 2.573) 3.2(7) 2.154) 0.094) 2.248)
Sample NEe-Fe Rre—re ODre_re Rre_re NEe-p Rre-p ODrep Rre_p
FegsPis 10.25) 2.3453) 0.31(2) 2.653) 2.2(6) 2.202) 0.186) 2.396)
FeyP; 10.26) 2.3504) 0.261) 2.61(4) 2.36) 2.202) 0.186) 2.396)
FePos 10.46) 2.3504) 0.222) 2.574) 3.1(6) 2.193) 0.256) 2.446)
%From Ref. 5.

observed that, within the error bar, there is no change in thearallel to the incident x-ray beam. This difference is caused
Fe coordination numbe¥._r. for none of the systems re- by the different final states that the photoelectron can reach
gardless of the P or B concentration, while the number of theaccording with the applicable selection rules. X-ray absorp-
metalloids around Felge_g(p), increases with increasing tion at theK edge of 3l transition metals involves electronic
the metalloid content in the sample, following their stoichi- transitions from % to 4p final states and different theories
ometry. The closest metal-metalloid distané&s_gr) '€-  have been proposed to interpret the results. Igarashi and
mains unalteredaround 2.2 A) indicating the covalent char- Hirai?® suggest that the XMCD signal is generated by tde 3
acter of the bonds, as proposed from electronic structurgpital moment on the neighboring sites through phé hy-
calculations->~*#The distribution of distances corresponding bridization, while Gud® indicates that thek edge XMCD
tq P atoms in the Fe-P system present a higher degrge Qbectrum probes thp-projected orbital magnetization den-
disorder (greaterop ) than the one for the B atoms in gy o ynoccupied states. Even though the interpretation of
Fe-B (0p., ), giving rise to a larger average distance.  theK edge XMCD is not completely clear, the features of the
The more striking difference between the two systems isneasured XMCD signal can be used as a fingerprint to de-
the notably distinct behavior of the Fe-Fe nearest interatomigermine the ferromagnetic character of the sample. The
distanceRge_re . In the case of the Fe-P samples, this valuexMCD spectrum of pure Fe, a weak ferromagnetic system
does not experience any appreciable change in the wholgr which neither majority nor minority spin bands are full,
range of composition, while for the Fe-B onBg.re in-  exhibits both a positive and a negative peak, while Co and
crease with increasing the B_ content. This contrasted_ behay\-“, strong ferromagnets for which majority-spin band is full,
ior can be clearly observed in Fig(c. If we also consider present only a negative peésee Fig. 2 It is accepted that

the structural disorder, the average interatomic distance degpq positive peak is related with the density of unoccupied

creases with increasing metalloid content for Fe-P and reipin—upd states close to the Fermi level, while the negative

mains constant for Fe-B. The results presented in Table eak observed at higher energies is related to the density of

(that in the case of Fe-P extend the study of Ref. 5, diSplay[moccupied spin-dowd states%-*We shall take advantage

ing the same trend encountered theage very similar 10 ¢ g distinct feature to distinguish without ambiguities the
those already found by diffraction techniqueRre_re  ferromagnetic nature of Fe in Fe-B and Fe-P amorphous sys-
=261A and Rre_p=2.38A for FePi3,?* Rpe_re tems.
=2.56 A for FgB,o,2>%®and FgsB,,.24%’ The FeK edge XMCD signals of Fe-B and Fe-P amor-
The important information drawn from these structuralphous samples have been recorded on the energy-dispersive
results is that there exist a clear correlation between the evddeamline(ID24) at the European Synchrotron Radiation Fa-
lution with composition of the Curie temperatufe and the  cility (ESRB. The linear polarization delivered by the plane
Fe-Fe interatomic distance that can be directly observed inndulator was transformed into circular polarizati¢tC >
Figs. 4b) and (c): when the Fe-Fe interatomic distance in- 95%) using a diamond crystal as quarter wave pfate the
creases, as is the case for Fe-B, so dbgswhile the con- geometry used, the orientation of the 0.7-T magnetic field,
stancy of Rg._g. CcOmes along with an insensitive depen- applied perpendicular to the sample plane, was alternatively
dence ofT on P content in Fe-P. This evidence proves thaichanged with respect to the incident radiation. In this way,
the approach of Chéf(that attributes the behavior 8. to  the spin-dependent absorption coefficient was obtained as the
the dependence of the integral exchange on the interatomidifference of the absorption spectra measured for parallel and
distance between magnetic atgnis more satisfactory than antiparallel orientation of the incident photon helicity with
the one of Hasegawa and Rdpecause the number of Fe-Fe respect to the magnetic field. The absence of mechanical
neigbors does not change movement and the parallel acquisition using a charge-
We shall now describe the XMCD experiments performedcoupled device camera insures the high stability necessary to
on FeK edge to reveal the ferromagnetic character of thedetect differences in absorption as small as®0The ob-
Fe-P and Fe-B systems. X-ray magnetic circular dichroism igained XMCD signals, normalized to the edge jump of the
the difference of the absorption of circularly polarized x raysabsorption spectra, are presented in Fig. 2. The origin of the
when the absorbing material is magnetized antiparallel anénergy has been taken at the inflection point of the absorp-
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FIG. 2. FeK-edge dichroism signal for kg ,Bx and Fegq_, P, amorphous samples. Below, the signals from pure Fe and Co are
displayed for comparison.

tion edge. It is clearly observed that the evolution of thethe Fe-B system, the charge transfer between Fe and B, if
XMCD signal differs considerably for both systems. For exists, is very small and the Fermi level moves only slightly.
Feno-xPx, the shape of the XMCD signal depends stronglyFe-B samples retain the weak ferromagnetic character and as
on phosphorous concentration. Bor 15, the XMCD signal @ result, the change of the Fe magnetic moment is very small.
presents both positive and negative peaks centered at 0 and\@te that, in the low metalloid composition rangaround

eV, respectively, but, when the P content is increased, thé=16), both systems are weak ferromagnets and also the
positive peak progressively disappear denoting an evideriié@rest Fe-Fe distances are similar for both. However, this
transition from weak to strong ferromagnetism. The positiond2€S notimply that the electronic structure of both systems is
of the negative peak is shifted towards lower ener¢iesn ~ Similar. In fact, the marked differences in the magnetic mo-
6 eV forx=15 to 3 eV forx=23) while its width increases. ment and the isomer shift point in the opposite direction. The

. ; ; Curie temperature seems to be insensitive to the charge
In contrast, Fgy, By display an unchanging XMCD signal .
for all the samples, with a positive peak centered at the abt_rar;;fe; to the ? ﬁ."’mdFOf tlt}? ([:: € ﬁ‘t‘;g as it was already noted
sorption edge and a negative one 5 eV above, evidencing t@rl er tor Icry_s afline ﬁ' - gto. .d licit . tal
weak character of the magnetism in all the composition N conclusion, we have oblained explicit experimenta

range. No changes of the position of the peaks are observ idence of th_e diffe_rences that Fe-B and Fe-P amorphous
for Fe-B. alloys present in their structure and ferromagnetic character.

The evident differences in the evolution of the XMCD We have correlated them and their evolution when increas-

and consequently in the nature of the ferromagnetism in Fe-P g the metalloid content with the different magnetic Proper-
and Fe-B, relate directly with the distinct behavior of the les that these systems present. The behavior of the Curie

magnetic moment when the metalloid content varies. Alemperature is connected with the Fe-Fe nearest distances in

deeper insight in the origin of this contrasted behavior can béhe. a;]tgmlc (Ijlsttrr]l.butlon, tr)attkrl]er thantWéth the number.tohf ge-Fe
obtained considering the degree of electronic transferenc eighbors. In this way, both magnitudes increase wi con-

from the metalloid to the @ band of Fe, as deduced from the E:?)r;:u;gsigr?s ag?qyfh:r;ctih;??;n q liﬂghfzcgoﬁalgr]ng;c_i;&rr:gf
57, P i . '
Fe Massbauer spectroscopy through the evolution of th%e defines the evolution of the magnetic moment. Fe-B

isomer shift of the Fe nuclear energy levels. This parametesr’am les are weak ferromaanets in all the composition range
is proportional to the 8 electronic population at the Fe at- X 9 P ge,

oms and its increase is considerably larger in the Fe-P syéc’)\-'gélsr e;;rgnnsl,:lt;c_)g fg n: r\(levs(,aali(s tgla?][;r:ﬁefiggpﬁ'sggest.'tsn;t.'sn
tem [0.02 mm/s per % RRefs. 34 and 3§ than in Fe-B ved | - QU u ' u ituatl

[0.005 mm/s per % BRef. 36] in the same range of metal- existing about this kind of systems, and reveal the actual
Ioia concentration. In Fe—'P, the change from a weak to stron tructural and magnetic features on which models and theo-

ferromagnetism is likely due to the displacement of the etical approachs must rely.
Fermi level to higher energies as a consequence of the in- This work was supported by the Spanish CICyT under
crease of the electronic charge transfer. On the contrary, fdProject Nos. MAT97-0987 and MAT99-0667.
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