PHYSICAL REVIEW B

VOLUME 52, NUMBER 17

Correlation between structure and magnetic behavior of Fe-P amorphous alloys

A. Garcia-Arribas,* M. L. Fdez-Gubieda, I. Orte, and J. M. Barandiaran

1 NOVEMBER 1995-1

Departamento de Electricidad y Electronica, Universidad del Pais Vasco, Apartado Postal 644, 48080 Bilbao, Spain

J. Herreros
Departamento de Fisica Aplicada II, Universidad del Pais Vasco, Apartado Postal 644, 48080 Bilbao, Spain

F. Plazaola

Departmento de Electricidad y Electronica, Universidad del Pais Vasco, Apartado Postal 644, 48080 Bilbao, Spain

(Received 13 February 1995; revised manuscript received 22 June 1995)

A series of Fejq,—,P, alloys (x=11-22) have been prepared by electrodeposition. Fully amorphous samples
(x=16-22) have been investigated from both a magnetic and a structural point of view, in order to clarify the
magnetic behavior of such alloys. Magnetization, Mssbauer, and extended x-ray-absorption fine structure
(EXAFS) measurements (in both the Fe-K and P-K edges) have been performed. The concentration depen-
dence of the saturation magnetization at 0 K, the isomer shift, and the mean hyperfine field have been obtained
using the first two techniques and agree with previously reported data. The structural parameters obtained by
EXAFS spectroscopy indicate no change in the Fe-Fe nearest-neighbor arrangement in the series and only a
slight increase in the number of P atoms around Fe as the P content increases. We observe a T2 temperature
dependence of magnetization, indicative of itinerant rather than localized magnetism. The atomic disorder of
the samples is discussed in terms of the shape of the hyperfine field distributions and the structural disorder
parameters obtained in the fit of the EXAFS spectra, and can be related to the behavior of the spontaneous
magnetization. The characteristic behavior of the Curie temperature, whose value remains nearly unchanged
over the range of composition studied, can be explained as a cancellation of volume effects and electron

transfer from P to the 3d band of Fe.

I. INTRODUCTION

In the last decades, numerous investigations on amor-
phous ferromagnetic alloys have been performed, a number
of them on Fe-based systems. In order to achieve the amor-
phous state, it is necessary in almost every case that a met-
alloid enter the composition of the alloy. The role of the
components in the structure and properties of such materials
can be studied in an easier way on binary compounds such as
Fe-B or Fe-P.

Although the usual way of fabricating metallic amorphous
alloys is rapid quenching from the melt, the electrodeposition
technique has revealed itself as a convenient method of
preparation. Its most limiting factor is the relatively little
choice of compositions that can be obtained. From a mag-
netic point of view, the most interesting alloys that can be
prepared by this technique are those with phosphorus as the
glass former. Only very recently has an amorphous NiCoB
alloy been obtained by electrodeposition.

Fe po— P, alloys have been extensively studied in a wide
range of compositions (x=0-50) with samples obtained by
electrodeposition,>™'? melt quenching,'?>"'® and other less
common methods such as rf sputtering.!*?° Different authors
coincide in stating that the boundary between completely
amorphous materials and partially crystalline ones is in the
range of 13—15 at. % P. Samples containing less phosphorus
have a mixture of amorphous and microcrystalline structure.
The fraction of amorphous phase diminishes when the total
phosphorus content is reduced. The structure of the micro-
crystals is a disordered solution of P in the Fe bcc lattice.
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When plotted as a function of the phosphorus content, the
magnetic moment per metal atom reflects the change from an
amorphous structure to a microcrystalline one. This is attrib-
uted to the change in the Fe coordination number from about
12 (amorphous) to 8 (bce crystalline). This behavior of the
magnetic properties of Fe-P alloys is quite in contrast to that
of Co-P and Ni-P where, though a transition from amorphous
to crystalline or partially crystalline materials does exist, the
number of nearest neighbors does not change substantially
and the magnetic properties do not show discontinuities. In
the amorphous region the rate of decrease in the magnetic
moment with phosphorus increase is the same for the three
systems.?! Dietz and co-workers have discussed this behav-
ior in light of complementary theories, of Corb’s coordina-
tion bond model, and Malozemoff’s band-gap theory (Refs.
5, 21, 22 and references therein). Although they conclude
that both theories seem to explain the different behaviors of
Fe-P and the other two systems in the crystalline region, both
fail to obtain the correct value for the slope of the linear
decrease in the amorphous range. In both cases the effect of
phosphorus is overestimated.

It is also noticeable in the Fe-P alloys that the Curie tem-
perature (7' -) remains constant or changes very little with
increasing P content (up to a value of 25% P approximately)
in contrast with what happens in other materials such as
amorphous Fe-B (Ref. 23) or Co-P.2* Moreover, in samples
obtained by melt quenching, the value of T increases (also
very little) with the percent of P,"*~13 whereas in electrode-
posited samples a decrease® or an insensitive? behavior has
been reported. From 25% to higher phosphorus concentra-
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tion, a continuous decrease in T is reported until the mag-
netic order in amorphous Fe-P disappears at a concentration
of 50-55% P (in electrodeposited and sputtered
samples).”?°

The fundamental magnetic properties such as magnetic
moment per atom and Curie temperature are mainly deter-
mined by the local environment of the metal atoms. Moss-
bauer spectroscopy has been extensively used to investigate
this point and the Fe-P system has been the subject of nu-
merous publications.6-%1216-2031 The most important pa-
rameters accessible with this technique are the mean hyper-
fine field and the isomer shift. In the range of compositions
where the Fe-P alloys are completely amorphous (x>14), the
mean value of the hyperfine field shows a linear decrease
(Ref. 6 and references therein). In the low-concentration
range, it deviates from this behavior in the same way as the
magnetic moment does. The isomer shift shows a more com-
plicated pattern. It continuously increases from x=0 to 25
where it begins to decrease (this is the same concentration at
which T loses its constancy’).

Direct insight on short-range order was obtained by
Logan? who studied the radial distribution functions ex-
tracted from x-ray-diffraction experiments. However, this
technique can only provide an average of the different
atomic environments present in the sample. His main result
was the coordination number of iron atoms, which turned out
to be of the order of 13.5. Hiltunen and co-workers have also
obtained radial distribution functions in Fe-P amorphous al-
loys (complemented with Mossbauer spectroscopy) while in-
vestigating the differences in samples obtained by elec-
trodeposition and melt spinning.'?

The extended x-ray-absorption fine structure (EXAFS) is
an atom-sensitive spectroscopy capable of measuring the co-
ordination number and interatomic distances in materials. It
has been used to study other amorphous systems such as
Co-P (Ref. 26) and the more complicated FeCoSiB alloys.?’

In this work we present a complete study of the short-
range order on samples of intermediate composition in the
amorphous range. We have performed EXAFS experiments
on both edges Fe and P and have also carried out magnetic
and Mossbauer measurements in the same samples to corre-
late the results with those reported previously in the litera-
ture.

II. EXPERIMENT

A series of samples was prepared by electrodeposition
from aqueous solutions using a recipe based on the one pub-
lished by Logan and Yung,28 with compositions ranging from
11 to 22 at. % P. The deposition was performed at constant
current onto polished copper substrates that were removed
chemically after deposition. To avoid possible inhomogene-
ities occurring during preparation due to edge effects, only
the central part of the deposit was used for the experiments.
Thickness varied between 10 and 70 um. The composition
of the samples was determined by emission plasma spectros-
copy and x-ray energy-dispersive analysis. Maximum pos-
sible error is 1 at. % P. Amorphicity was checked by x-ray
diffraction with Cu K radiation and confirmed by the EXAFS
spectra of the samples.

Measurements of the saturation specific magnetization
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FIG. 1. Measured curves of specific magnetization as a function
of the temperature. The tails in the vicinity of the Curie temperature
are the onset of crystallization. The inset displays the fit of the
low-temperature points to a 72 law for some of the samples.

(oy) as a function of temperature were performed in a Far-
aday magnetometer between 25 and 750 K in fields up to
1200 KA m~!. Mossbauer spectra were recorded at room
temperature in a constant-acceleration spectrometer with a
7Co-Rh source.

EXAFS experiments were performed at the Daresbury
Laboratory Synchrotron facility running typically at 2 GeV
and with an average current of 150 mA. The phosphorus K
edge was measured in station 3.4 in total electron yield ge-
ometry using a double-crystal monochromator of InSb. The
iron K edge was measured in station 7.1 in transmission
geometry with a double-crystal Si(111) monochromator. All
spectra were recorded at room temperature. Harmonic rejec-
tion is only necessary in the Fe edge, and it was achieved by
detuning the monochromator to reduce the total intensity by
50%.

Samples with 14 at. % P and under show clear evidence of
partial crystallinity in the x-ray and EXAFS spectra. The
temperature behavior of the magnetization in the partially
crystalline samples clearly deviates from the trend of the
amorphous ones, and so we have restricted our study to com-
pletely amorphous samples ranging from 16 to 22 at. % P.
The Fe K-edge EXAFS spectra of the sample x=16 could
not be measured due to its excessive thickness. EXAFS spec-
tra from the P K edge in samples x=16 and 17 were too
noisy for data analysis.

II1. DATA ANALYSIS AND RESULTS

A. Magnetization data

Figure 1 presents saturation magnetization versus tem-
perature, o (T), curves for the samples studied. The sponta-
neous magnetization at 0 K, o, has been obtained by ex-
trapolating the o,-T2 fitting of the points in the low-
temperature range of the o (7) curves (inset of Fig. 1).
Other temperature dependences were tried, such as o,-T%?,
but the quality of the fitting was worse. This T2 dependence
is used in Ref. 25, but in the fitting presented there, it is clear
that such a law is only followed in a small range of tempera-
tures and not at the lowest ones. Therefore the T2 depen-
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TABLE I. Specific magnetization at 0 K and its correspondence
in Bohr magnetons per Fe atom, and values of the Curie tempera-
ture as obtained from o(T) curves.

x oo (A m2/Kg) MEe (1B) T (K)
16 193 2.13 564
17 186 2.07 567
19 174 1.96 565
20 173 1.97 566
22 165 191 561

dence is a better description of the data. The values of o
obtained by us show a linear increase with Fe content of
about 15%, matching results reported previously by Dietz
and co-workers.?!??

The Curie temperatures of the samples T are in the vi-
cinity of the crystallization temperature, and so when the
o, (T) curve is measured slowly, as in this case, they crys-
tallize before reaching 7. To obtain the approximate value
of T, we have to fit the points near T to a critical law of
the form o,~(T—T¢)?, with 8~0.3, and then extrapolate
to o,=0. Other authors>?® have obtained the value of T
from induction measurements, which is a faster method, with
similar precision. Our results indicate a constant value of
564+ 3 K for T and fall within the narrow interval of varia-
tion of 7 reported by Logan and Sun® for electrodeposited
samples in the range of composition studied. Table I summa-
rizes the results obtained for magnetization and Curie tem-
peratures.

With the values of oy and T so obtained, the universal
curves o,/0ay vs T/T, can be calculated for the samples
studied. These reduced curves coincide exactly for x=16—
20, while the one for x=22 is slightly depressed (see below).

B. Mossbauer data

The room-temperature Mossbauer spectra of all samples
studied show a broad and asymmetric six-line pattern char-
acteristic of amorphous ferromagnetic alloys (Fig. 2). The
asymmetry has been attributed to the existence of anisotropic
hyperfine fields* which appear in many other transition-
metal amorphous alloys.

The data were fitted assuming a hyperfine field distribu-
tion (HFD) at Fe sites calculated by the smooth histogram
procedure of Brand ez al.,’® where the quadrupole interaction
is treated as a perturbation of the magnetic interaction and it
is assumed to average to zero. A quite satisfactory fit of the
experimental spectra is obtained assuming a linear correla-
tion between the local magnetic hyperfine field By and the
local isomer shift (IS).

The relative intensity of line 2 or 5 with respect to line 3
or 4, D23, lies between 0.3 and 1 for x = 16,17,19,20. This
indicates that the Fe magnetic moments align preferably par-
allel to the vy ray and so perpendicularly to the sample plane.
This is a common feature of electrodeposited samples and is
related to the way they grow. It is also apparent in the hys-
teresis loops,31 although in the Fe-P alloys this perpendicular
anisotropy is not so clear as in Co-P.3? In contrast, the sample
with x=22 shows an almost randomly distributed anisotropy
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FIG. 2. (a) Mossbauer experimental and fitted spectra for
Fe g9 <P, samples. (b) Hyperfine field distribution (HFD) found by
the fitting program.

(D23=1.78). Randomness of the magnetic moments in this
sample was further checked by performing Mossbauer spec-
tra in a sample tilted 45° from the direction of the incident of
the y ray. The change in the distribution of the magnetic
anisotropy can be explained in terms of the morphology of
growth without invoking structural changes. In fact, this last
sample was the thinnest one (about 10 um) and there is
evidence in Co-P electrodeposited samples that the evolution
of perpendicular anisotropy starts in the first stages of depo-
sition with a preliminary in-plane anisotropy which evolves
gradually toward a perpendicular position with increasing
thickness.?>*

We have focused our interest on the results obtained for
the average isomer shift relative to bcc iron at 300 K, IS, the
mean hyperfine field, By, and the standard deviation Ao of
the hyperfine field distribution, HFD, calculated as
Aa—=[1§2hf~ (éhf)z]l/z. The first two are represented in Fig.
3. The mean value of the hyperfine field shows a linear de-
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FIG. 3. Average hyperfine field and isomer shift as a function of
composition for Fe;y_ P, samples.

creasing dependence on composition. Our values are nearly
the same that those reported by Elsukov and co-workers in
Ref. 7. However, they are lower than the ones reported pre-
viously by the same authors® and others.'??° These discrep-
ancies are presumably connected to the way the mean values
of the hyperfine field distribution are calculated, as discussed
in Ref. 7. The isomer shift values show a monotonic increase
and are also very similar to those reported previously.”!?

C. EXAFS data

Normalized EXAFS functions (k) were obtained using
the standard procedure.35 Absorption above the edge was fit-
ted using a three-cubic spline in the k range 2<k<14 A~!
for the metal edge and a two-cubic spline in the range
2<k<9 A"! for the phosphorus K edge. The presence in
the spectra of a sulphur edge (due to the vacuum chamber
contamination) reduced the effective EXAFS range in the P
edge. The origin of k space was taken at the inflection point
of the absorption edge.

Fe oo P, EXAFS functions obtained in this way are re-
ported in Fig. 4(a) for the Fe K edge and in Fig. 5(a) for the
P K edge. As can be seen in Fig. 4(a) the Fe K-edge x(k)
spectra of the samples studied differ strongly at low k values
(k<6 A™1). This is to be expected due to the fact that the P
atoms scatter very strongly in the k range 3<<k <5 A™1. On
the other hand, the x(k) spectra for the P K edge seem to be
very similar in all the samples studied [Fig. 5(a)].

x (k) P(R)

8 1 3
kA" R(A)

FIG. 4. (a) Fe K-edge EXAFS functions for Fe q,_,P, samples,
x(k). (b) Fourier transform of the EXAFS functions ®(R). The
arrows mark the width of the main peak used in the back Fourier
transform.
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FIG. 5. (a) P K-edge EXAFS functions for Fe;y,_ P, samples,
x(k). (b) Fourier transform of the EXAFS functions ®(R). The
arrows mark the width of the main peak used in the back Fourier
transform.

The Fourier transform of x(k) has been performed with a
k* weight and a Hanning window function in the k range
2<k<14 A~! for the metal edge and in the range
2<k=<8 A~ for the metalloid edge. All Fourier transforms
present a single peak as can be seen in Figs. 4(b) and 5(b).

In order to remove noise from experimental data, an in-
verse Fourier transform was performed on the main peak [the
range used is shown in Figs. 4(b) and 5(b)]. The so-filtered
EXAFS function was then compared to a model function in a
least-squares fitting routine. The range used for the fitting
was the same for all samples, 3.5<k=<11.5 A~!. The good-
ness of the fit can be observed in Fig. 6, both in R and k
space, for FeggPs .

In the analysis of amorphous samples, a general approach
in terms of the partial radial distribution function g;(r)
(RDF) should be used. The EXAFS function is then given by

—2I';/k

kx(k)=> _fj(k,w)e—2¢?kzj g, (r)sin[2kr
J

r2

+¢j(k)]dr. 1)

Here f;(k,) is the backscattering amplitude function
of atoms of type j around the absorbing species, k is
the photoelectron wave vector, ¢; is the total phase shift,

D(R)

exp

6 8 3
kA RA)
FIG. 6. Fe K-edge experimental and fitted EXAFS functions for
FegoP,g, showing the quality of the fit in both k space (a) and (b) R
space.
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TABLE II Structural parameters relative to the Fe K edge for the
reference compounds bcc Fe and Fe,P.
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TABLE IV. Structural parameters relative to the P K edge for
Feg9-,P, amorphous samples.

x NEere Reere (A) NEeep Reep (A)  x Npre Rppe (A) Opys. (A) Rppe (A)
bee Fe 8.1(5) 2.471(3) 19 8.2(9) 2.20(1) 0.14(2) 2.34(3)
5.8(6) 2.852(4) 20 8.6(9) 2.20(1) 0.14(2) 2.34(3)
Fe,P 1.3(8) 2.55(2) 1.3(4) 2.24(2) 22 9.2(9) 2.19(1) 0.15(2) 2.34(3)
2.2(5) 2.67 (2) 0.8(4) 2.380(2)
4(2) 2.692(1) 3(1) 2.48(2)
2(2) 3.0(1) have considered only P-Fe pairs due to the fact that no

exp(—2I';/k) is a mean-free-path term that takes into ac-
count the inelastic losses, and exp(—2o'jk2) is the Debye-
Waller factor.

In the EXAFS analysis of data from highly disordered
systems, the use of Gaussian radial distribution functions
gives rise to a first-shell distance displaced to smaller r val-
ues than the actual interatomic distances obtained by x-ray
and scattering measurements. The difference between
EXAFS and x-ray-diffraction (XRD) results is attributed to
the occurrence of a very asymmetrical nearest-neighbor
distribution.?*~3® In the framework of a dense random pack-
ing of hard spheres (DRPHS) model,* Crescenzi et al.*’ pro-
posed a RDF given by

1
—e for r=R;,
gj(r)=4 7p, ()

0 for r<R;,

7('"-Rj)/‘7Dj

where R; is the distance between the centers of the two
touching spheres and op, is the root-mean-square displace-
ment giving the amount of structural disorder around its
atomic site. The average distance will then be given by
R=R;+op. Using this expression, Eq. (1) can be inte-
grated, giving

_zgjz_kze—zrj/k

1
N )

kx(k)= }jj N,f ik, ) ¢

Xsin[ZkRj+tan71(2k0Df)+¢j], (3)

where N; is the number of atoms of j type around the ab-
sorbing one.

This expression has already been shown to give good re-
sults in other metallic glasses like CoggP»g, NiSOon,z6 and
FegoByg,*®*! with good agreement between EXAFS and
XRD results.

Model functions were built by a linear combination of
Fe-Fe and Fe-P pairs for the Fe K edge. For the P K edge, we

metalloid-metalloid nearest neighbors have ever been re-
ported in similar alloys.*?~**

Theoretical amplitudes and phase shifts were taken from
FEFF3 codes.®’ Scattering factors have been optimized using
bee Fe and Fe,P as reference compounds. The values ob-
tained in the fitting of these compounds are included in Table
II. The value of the I parameter is provided by the FEFF3
program.

Our analysis of the structural parameters has as starting
point the results already found by diffraction techniques on
samples with very similar composition: Feg,P g (Ref. 46) and
Fe,sPys (Ref. 47) (Rpepe=2.61 A, Rpp=R pp=2.38 A,
Ngege= 10.7, Ngp=2.6, Npg.=8.1) where we have to take
into account that these distances are average values. EXAFS
spectroscopy is able to give more detailed results since it is
more sensitive to closest distances R; than to average dis-
tances R.

The values of the best-fit parameters are presented in
Tables III and IV. Very similar results*® have been found
using backscattering amplitudes and phase shifts from
McKale calculations.*® The error bar on each parameter was
obtained by changing that particular parameter until its con-
tribution to x? doubles.’® The definition of the minimized
function, which is similar to the statistical ,\/2 function, can
be found in Ref. 51.

The environment of the phosphorus atom is very similar
in all the samples studied. The interatomic distance Rpg. =
Rg.p=2.20%=0.02 A is close to the sum of the covalent radii,
indicating a covalent character of the bonds. Its coordination
number Npp.=8.5*+ 1 is similar to that found by diffraction
techniques. Due to the extremely restricted k range available
for the P K edge, the coordination number has a large error
bar. Nevertheless, bond distances are quite reproducible.

On the other hand, while the Fe-Fe coordination number
is constant in all the samples and with the same value that is
reported by diffraction techniques, Ng..=10.2%0.5, the
number of P atoms around Fe increases, from 2 to 3, with an
increasing P content, maintaining in all cases the stoichio-
metric relation. Although one can argue that the changes in
the Ng.p values obtained from the fit are all within the ex-
perimental error, the increment of the number of P atoms in

TABLE III. Structural parameters relative to the Fe K edge for Fe g_,P, amorphous samples.

x NEere Reere (A) Dy, (B) Reere (A) Nrep Reep (A) Dy &) Reep (A)
17 10.3(5) 2.343(3) 0.31(1) 2.65(2) 2.1(6) 2.21(2) 0.17(6) 2.38(8)
19 10.2(6) 2.350(4) 0.26(1) 2.61(2) 2.3(6) 2.20(2) 0.18(6) 2.38(8)
20 10.2(5) 2.346(3) 0.25(1) 2.60(2) 2.5(6) 2.21(2) 0.17(6) 2.38(8)
22 10.2(6) 2.345(4) 0.23(1) 2.58(2) 3.0(6) 2.18(2) 0.23(6) 2.41(8)
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the Fe neighborhood is real: It can be confirmed from the
low-k behavior of the raw EXAFS spectra, as has been dis-
cussed before [see Fig. 4(a)].

The nearest Fe-Fe distance is also the same in all the
samples studied (Rpep.=2.35 A) and very similar to that
already found in FegoByg [ Rpere=2.30 A (Refs. 40 and 41)].
This value is smaller than the nearest-neighbor distance of
2.48 A found for bee Fe (twice the Goldschmidt radius of
1.24 A for eightfold-coordinated Fe). If one considered the
Goldschmidt radius as the atom size and used the asymmetri-
cal distribution function of Eq. (2) (with parameters taken
from Table III), a nearest-neighbor distance of 2.35 A would
imply that 35% of the atoms are ‘“‘interpenetrating.” In this
connection it should be noted that our Fe-Fe distance is
rather similar to the shortest distance obtained by x-ray dif-
fraction in polycrystalline Fe;B (R gepe=2.36 A).>? In this
compound 28% of nearest-neighbor atoms are at a distance
smaller than the sum of Goldschmidt radii. Wong and
Liebermann* studied the structure of the amorphous alloy
NiggB3; using multishell modeling, an approach different
from ours, and found four Ni atoms (about 38% of nearest-
neighbor atoms) at 2.24 A, again a distance significantly
smaller than the sum of Goldschmidt radii. In all these ex-
amples the reduced metal-metal distances merely reflect the
changed bonding configuration brought about by the addition
of the metalloid.

Finally, we have found a slight increase of structural dis-
order, ODperes with decreasing P content, that gives rise to a

small increase of the average interatomic distance (from
Rgepe=2.58 A for Fey P,y t0 Rpepe=2.65 A for FegsPyy).
These average distances are very similar to those found by
diffraction techniques for Feg,P 5 (Ref. 46) and Fe;5P,5 (Ref.
47) (Rpep.=2.61 A).

IV. DISCUSSION

We begin by analyzing the dependence of magnetization
on P concentration. As has been pointed out, the main effect
of phosphorus is to reduce the Fe magnetic moment, while
the Curie temperature remains unchanged.

EXAFS results show that, while the Fe-Fe coordination
number does not vary (Ng.g.~ 10), the number of P atoms
around Fe increases with P content, from Ng.p~2 to 3. In the
framework of a rigid band model, this increase of the Fe-P
coordination number could explain the magnetic behavior as
due to an increase in electron transference from the 3p band
of P to the 3d band of Fe, thus reducing the magnetic mo-
ment. This is also corroborated by the monotonic increase of
the isomer shift with x, found by Mossbauer spectroscopy
(Fig. 3). The increment in the number of P atoms in the
neighborhood of a given Fe atom leads to an increase of the
3d electron density at Fe atoms via charge transfer from the
P atom. Such an increase results in a stronger shielding of the
external Fe s electrons (3s+4s), which leads to a reduction
of the effective s electron density at the Fe nuclei, thus in-
creasing the isomer shift.

This description assumes an itinerant nature of the mag-
netism in the samples. This approach is supported by the
low-temperature dependence of magnetization, which has
been shown to follow a 7? law up to temperatures of
T~0.8T¢ (see inset of Fig. 1), which is typical of weak
ferromagnetism or Invar alloys.
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1.0 T/Tc

FIG. 7. Reduced magnetization curves calculated with Eq. (4)
for different values of A and S=3 (see text). Experimental data
from sample x = 22 slightly deviates from the rest, and none of them
coincide with the theoretical curves.

Some information about the short-range-order depen-
dence on P concentration can be obtained from the analysis
of the hyperfine field distribution HFD and the values of its
standard deviation Ao presented in Fig. 2(b). The values of
Ao are calculated taking the hyperfine field B¢ values in the
range of 0—40 T. They are very similar for the samples with
x=16, 17, 19, and 20 (Ao between 5.4 and 5.8 T), but
Ao increases markedly in the last one, x=22 (Aoc=6.9 T).
This is a consequence of the big contribution of a low-field
peak appearing below B,=7 T. This contribution has no
significance for the rest of the samples, because when By is
restricted in the fit to the range of 7—-40 T, the HFD obtained
is only different for the sample with x=22. The other small
peak that can be seen in the HFD at around 14 T in sample
x=16 seems to evolve with increasing phosphorus content,
entering the main peak as the latter displaces toward lower
fields.

Taking into account the assumed proportionality between
the hyperfine field By, and the Fe magnetic moment w,, the
standard deviation of the hyperfine field distribution Ao be-
comes a measure of the width of the wp, distribution. The
finding of an increasing A o would then imply a concomitant
widening with P content of the distance distributions in the
samples. However, from EXAFS data, the degree of disorder
Opgp. 18 found to decrease slightly with increasing phos-

phorus content, from UDFepe:O'3l for the sample with
x=17to op, =023 for x=22. In fact (Table III and Fig.
2), it is the disorder of the Fe-P pairs (op,,.,) which corre-

lates to Ao. The influence of Fe-P pair disorder on the hy-
perfine field distribution is likely to be related to electron
transfer variability due to different Fe-P local configuration
and is consistent with the itinerant character of the mag-
netism already inferred by other means.

The reduced magnetization versus reduced temperature
curves for the samples in the range x= 16-20 coincide ex-
actly, whereas for sample x=22 this curve is slightly de-
pressed (see Fig. 7). On the basis of the molecular-field ap-
proach of Handrich,>® a simple expression can be obtained
for the reduced curve taking into account the fluctuations of
the exchange integral due to structural disorder:>*
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a(T) 1
p =5 {BJL(1+2)x]+B,[(1-A)x]}, 4)
0
with
- S TC (TS(T)
*= S+1 ? Oy (5)

where B; is the Brillouin function and A is a measure of the
degree of disorder, as defined in Ref. 54.

Though we have previously stated that an itinerant model
is more suitable for the explanation of magnetic properties,
from Eq. (4) (see Fig. 7), the main effect of disorder in such
curves is to systematically depress them. As all our samples
present very similar reduced curves, we can only deduce that
the variations of disorder are to be small. Only the x=22
sample lies below the rest, indicating a slight increase in
A. The exchange fluctuations can then be related to the dis-
order in the Fe-P pairs.

Finally, the dependence of the Curie temperature 7. on
phosphorus content x can be explained on the basis of a
phenomenological expression given by Luborsky, Walter,
and Wohlfarth:>

dT¢s [T T\ 1 dV [dT¢\ dz
W“(W) ‘(71?) KV dx (‘5; o ©
\4 X x

The first term gives the change of T with P content at con-
stant volume V, arising from charge transfer from P to the Fe
3d band. The second term gives the influence on 7'¢ of the
volume effect, which derives from the change of the width of
the Fe 3d band with the atomic volume. The last term in Eq.
(6) relates T to the number of nearest-neighbor Fe atoms, z.

Luborsky et al. concluded from the study of a series of
amorphous iron alloys that the size effect on T is small and
the charge transfer effect is even less important. Thus the
third term is the most relevant in determining the behavior of
the Curie temperature. In our case we have found from
EXAFS analysis that the Fe coordination number is nearly
constant, N geg.~ 10, and so the Curie temperature behavior
of these amorphous alloys must be determined by the contri-
bution of the first two terms in Eq. (6). The reason why 7'
does not change with composition is then related with the
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smallness of both terms as stated by Luborsky e al. and
could be due to a compensation of the volume effects and the
electron transfer from P to the 3d band of Fe. This would
explain why the spontaneous magnetization changes while
T - does not change with composition. The fact that different
preparation methods give rise to different 7 behaviors (in-
creasing in melt spun and decreasing or insensitive in elec-
trodeposited) could be related to slight structural differences
induced by the preparation method, which have varying in-
fluences on the first two terms in Eq. (6).

V. CONCLUSIONS

From EXAFS data analysis in amorphous Feq,_ P, (17<
x=<22) samples, we have found that the Fe-Fe coordination
number does not change, within the error, in the range stud-
ied, while the number of P atoms around Fe increases when
increasing P content, from 2 to 3. Moreover, the Fe-Fe and
Fe-P interatomic distances do not change in all the samples
studied and only a slight increase of structural disorder has
been found. _

The evolution of the hyperfine field and exchange distri-
butions with composition is related mostly to the disorder of
the Fe-P pairs, as can be deduced from Mossbauer and mag-
netization measurements.

Structural parameters found by EXAFS spectroscopy al-
low us to explain the unusual behavior of the Curie tempera-
ture of Fe;yy_,P, amorphous alloys, on the basis of an itin-
erant model deduced from a T? dependence of magnetization
with temperature. It has been shown that such 7'¢ behavior
can arise from a compensation of charge transfer from P to
the 3d band of Fe and volume effects on the width of the
band.
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