
RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 220404~R!
Magnetic Compton scattering study of the ferromagnetic amorphous alloys Fe1ÀxBx
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The boron contribution to the total spin moment in the amorphous alloys Fe12xBx (x50.2,0.24) has been
determined using magnetic Compton scattering. The magnitude of the induced boron moment was found to be
'20.04mB per formula unit which is a factor of'2 less than that suggested by supercell linearized muffin-tin
orbital electronic structure calculations.
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Metal-metalloid amorphous ferromagnetic alloys in t
series Fe12xBx have been extensively studied over the p
two decades, as the alloy series represent the arche
amorphous ferromagnetic system.1–3 Recent spin-polarized
photoemission experiments4 and earlier linearized muffin-tin
orbital ~LMTO! calculations5,6 have suggested that boron a
quires a significant spin moment. This investigation u
spin-polarized Compton scattering, which can probe the s
density directly, and new LMTO calculations, to determi
the magnitude of the induced spin moment on the boron s
and to demonstrate that the induced boron moment is sm
than predicted previously.

Fe12xBx alloys exhibit extremely soft ferromagnetism
Earlier studies of the amorphous alloys’ magnetism a
function of metalloid concentration have shown that the
site moment does not simply scale linearly with decreas
Fe concentration.7 The magnetic phase has two distinct r
gions as a function of composition. At low boron concent
tion the ferromagnetism results from a noncolinear arran
ment of spins,8 randomly canted at'40°, which results from
competing ferro- and antiferromagnetic exchange inter
tions. As the boron concentration is increased above 30 a
the local structure changes such that Fed-d interactions are
replaced by nonpolarizablep-d interactions and the boro
atoms act as a diluent. The alloys exhibit weak ferrom
netism, characterized by the large observed magneto-vol
effect. Theoretical studies have demonstrated that the F
energy lies in a region of high density of states in the ma
ity band, confirming this.

More recently, theoretical calculations by Bratovskey a
Smirnov5 and Hafneret al.6 have prompted revived interes
in this material. Supercell LMTO calculations have show
that both the amorphous and crystalline systems exhib
small degree of ferrimagnetism induced by the strong co
lent nature of the coupling between the Fe 3d orbital states
and the B 2p orbital states. This coupling is stronger in th
minority band and, therefore, is postulated to give rise t
small antiparallel moment on the boron sites of the orde
0.15mB and 0.25mB for the amorphous and crystalline mat
rials, respectively. This picture is supported by spin pol
0163-1829/2001/63~22!/220404~4!/$20.00 63 2204
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ized photoemission results by Xuet al.4 Their data show a
degree of hybridization between the Fe 3d states and the B
2p states in the binding energy range 1–5 eV which impl
the existence of a small negative moment on the B 2p or-
bital. The purpose of this paper is to investigate the mag
tude of the induced boron 2p spin moment in the amorphou
alloys Fe12xBx using magnetic Compton scattering, an
compare the experimental result with our own spin-polariz
electronic structure calculations.

The structural phase diagram of the series Fe12xBx exhib-
its a sharp eutectic at 25 at. %B, and thus amorphous al
around this composition can be easily produced using
melt spin technique. Crystalline Fe3B orders in one of two
phases, orthorhombicPbnm and body centered tetragon
I4/mcm, with the latter phase being the more stable. T
short-range order around an iron atom in the amorphous
terial is similar to that of the tetragonal material.9 The alloys
order ferromagnetically belowTc'650 K for the range of
compositions used in this study. Amorphous ribbo
'5 mm350 mm of Fe80B20 and Fe76B24 were produced by
melt spinning. In order to achieve an appreciable scatte
volume, ten pieces of ribbon were sandwiched to produc
sample of 103530.5 mm for each composition. A poly
crystalline sample of Fe75B25 was produced by arc melting
under an argon atmosphere.

The Compton effect is observed when high-energy p
tons are inelastically scattered by electrons. The scatte
photon energy distribution is Doppler broadened, since
electrons have a finite momentum distribution. If the scatt
ing event is within the impulse approximation10 the mea-
sured Compton spectrum is directly proportional to the sc
tering cross section.11

The Compton profile is defined as a one-dimensional~1D!
projection onto the scattering vector of the electron mom
tum distribution,n(p), where the scattering vector is take
parallel to thez direction:

J~pz!5E E n~p!dpxdpy . ~1!
©2001 The American Physical Society04-1
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The integral ofJ(pz) is the total number of electrons per un
cell.

Magnetic Compton scattering~MCS! is a probe uniquely
sensitive to the spin component of a material’s magnet
tion. If the incident beam has a component of circular pol
ization, the scattering cross section contains a term whic
spin dependent.12 In order to isolate the spin dependence o
must either flip the sample’s direction of magnetization p
allel and antiparallel with respect to the scattering vector
change the ‘‘handedness’’ of the photon helicity. Eith
method results in a magnetic Compton profile~MCP!,
Jmag(pz), that is dependent upon only the unpaired spin
the sample, and is defined as the 1D projection of the s
polarized electron momentum density:

Jmag~pz!5E E @n↑~p!2n↓~p!#dpxdpy . ~2!

Here, n↑(p) and n↓(p) are the momentum densities of th
majority and minority spin bands, respectively. The integ
of the MCP is normalized to the total spin moment per f
mula unit ~FU! in the sample.

MCS is an established technique for determining sp
polarized electron densities.13–15Within the impulse approxi-
mation the method is solely sensitive to spin moment16

Unlike magnetic x-ray circular dichroism, MCS is equal
sensitive to all spin-polarized electrons regardless of th
binding energies and wave function symmetries. The m
netic Compton profiles of amorphous Fe80B20, Fe76B24, and
polycrystalline Fe75B25 were measured at the high-ener
beamline ID15A at the ESRF. The experiment was p
formed in reflection geometry atT530061 K. An incident
beam energy of 250 keV was selected using a Si311 mo
chromator. At these photon energies, which are desirable
optimum resolution and interpretation within the impulse a
proximation, reversing the helicity of the incident photons
not practical, the spin-dependent signal was isolated by
versing the sample’s magnetization vector using a 1 Telec-
tromagnet. Circular polarization was produced by selectin
beam 1.97mrad below the orbital plane of th
synchrotron,17 this value being chosen to maximize the ra
of magnetic scattering to statistical noise in the charge s
tering. A degree of circular polarization of'45% was ob-
tained. The energy spectrum of the scattered flux was m
sured using a 13 element Ge detector at a mean scatt
angle of 170°. The momentum resolution of the magne
Compton spectrometer taken as the full width at half ma
mum ~FWHM! of the instrument response function was 0
a.u. ~where 1 a.u.51.99310224 kg m s21).

The total number of counts in the charge Compton p
files was 23108 with a statistical precision of62% in the
resulting MCP, in a bin width of 0.1 a.u. Since the MCP
the difference between two charge Compton profiles, co
ponents arising from spin paired electrons and from m
sources of systematic error are effectively cancelled out.
data were corrected for energy-dependent detector efficie
sample absorption, and the relativistic scattering cross
tion. After checking that the resulting spectra were symm
ric aboutpz50, the profiles were folded to increase the e
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fective statistics. The profile areas were normalized onto
absolute spin moment scale using Fe data taken under
same conditions.

Free atom Hartree Fock~HF! wave functions have bee
successfully used to model the data from previous invest
tions where magnetic Compton scattering has been used
site specific manner.14 However, the HF wave functions d
not correctly reproduce the spin-polarized momentum d
sity of materials at lowpz where solid state effects are man
fested, thus HF profiles are restricted to the study of w
localized moments. Here, Compton profiles from LMTO c
culations are used.

The spin-dependent momentum densities for polycrys
line Fe75B25 were calculated using the LMTO method with
the atomic sphere approximation~ASA!, including com-
bined correction terms.18,19 The exchange-correlation pa
of the potential was described in the local spin-dens
~LSDA! approximation.20 The self-consistent band structu
was solved at 343k points in the irreducible part of the
Brillouin zone using a basis set ofs, p, d, andf functions.
The Cu3Au structure was used with lattice parameter
4.00 Å , chosen to give Fe-Fe and Fe-B distances clos
the average distances in Fe3B.21 With these parameters, eac
Fe carried a moment of 2.86mB while the B was oppositely
spin polarized, carrying20.36mB , giving a net moment of
2.05mBFU21, where the formula unit~FU! for this composi-
tion is Fe0.75B0.25. The electronic wave functions were the
used to generate the electron momentum densities for
spin-up and spin-down bands separately. A total of 36
reciprocal lattice vectors were used in the calculation of
momentum density~see also Andersen18 and Singh and
Jarlborg22!. To simulate the polycrystal, the electron mome
tum densities were then angularly averaged, before dou
integration to obtain the Compton profiles. The theoreti
profiles were convoluted with a Gaussian of FWHM 0.4 a
in order to simulate the experimental resolution function a
thus allow a direct comparison with experiment. The the
retical MCP for Fe75B25 was then produced by taking th
difference of the resolution broadened spin-up and sp
down charge Compton profiles. The result of the calculat
compared with the experimental data is shown in the up
plot in Fig. 1.

It is clear that, although the LMTO calculation produces
negative moment on the boron site, as other theoretical
vestigations have, the overall shape of the MCP diff
markedly from experiment. Furthermore, the LMTO calcu
tion overestimates the spin moment in the material
'0.5mB . The theoretical result implies that the Fe mome
has a greater degree of delocalization than is observe
experiment. To quantify such differences the LMTO profi
was split into the MCPs for Fe and B to allow direct com
parison with a MCP for polycrystalline Fe, and with
spherically-averaged, resolution-broadened full-potential
earized augmented-plane-wave method~FLAPW! Fe
calculation.23,24 The spherical average was taken as the s
of 8 appropriately weighted directional Compton profile
The theoretical Fe data are compared with a polycrystal
Fe measurement taken at beamline BL08W at SPring8,
pan, ~with identical spectrometer resolution!. The results of
4-2
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this comparison are shown as the lower plot in Fig. 1. T
fundamental differences between the LMTO, FLAPW, a
experiment demonstrate the failure of the theory to desc
correctly the Fe moment localization and the magnitude
the negatives electron contribution that occurs nearpz50.
Although the LMTO Fe profile is taken from a Fe3B calcu-
lation, the effect on the Fed band polarization from B sub
stitution into the lattice will be minimal. As with the FLAPW
data ~a pure Fe calculation!, electron momentum density i
shifted from the regionpz'2 a.u. to the region aroundpz
50. Localized features in real space equate to broad d
calized features in momentum space, and vice versa, s
the real and momentum space wave functions are related
a Fourier transform. In this case the theory predicts an
moment that is too delocalized in real space. Although
FLAPW calculation gives a better approximation to the m
sured polycrystalline Fe MCP, significant differences
main. The most important of these is the failure to pred
correctly the momentum density in the region 2–5 a.u., ag
implying that the calculated degree of itinerancy is not c
rect. This discrepancy may be partially attributed to the fa
ure of the LDA in this system, and the calculation may be
efit from the inclusion of nonlocal exchange-correlati
terms using the GGA~Ref. 25! or self-interaction corrections
~SIC!.26 From Fig. 1 we estimate that a redistribution
'0.1mB of the spin resolved momentum density from de
calized~low momentum states! into the localized 3d states is
required.

In order to determine the magnitude and orientation of
induced spin moment on boron, the experimental polycr
talline Fe MCP was used in conjunction with a boron 2p
MCP calculated using the LMTO method. Experimen
polycrystalline Fe data can be used to model the Fe co
bution in both the amorphous and polycrystalline materia
since neither material contains long-range structural ani

FIG. 1. Upper plot shows a comparison between the experim
tal magnetic Compton profile~MCP! ~circles! and LMTO calcula-
tion ~solid line! for polycrystalline Fe75B25. Lower plot shows a
comparison between the experimental MCP for Fe~circles!, LMTO
calculation for Fe~solid line! and spherically averaged FLAPW
calculation for Fe~dotted line!.
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ropy that influence the profile atpz50. Furthermore, the
short-range order, with respect to a local Fe site in the am
phous alloy, is similar to that in the crystalline sample,9 and
therefore the momentum density of the spin-polarized
electrons can be considered as being the same in both c
within our resolution function of 0.4 a.u. The LMTO B2p
MCP and the Fe data were fitted to the Fe12xBx experimen-
tal MCP’s using a least squares fit method in the region 0
8 a.u. The results of the fit are presented as the solid line
Figs. 2, 3, and 4 for polycrystalline Fe75B25, amorphous
Fe76B24, and amorphous Fe80B20, respectively. The result o
this analysis demonstrates that a small negatively orien
B2p-type moment is present in both the polycrystalline a
the amorphous samples. The values of the moments obta
are tabulated in Table I. Within statistical error the sam
boron moments were deduced when free atom wave fu
tions were used, which demonstrates the robustness o
deduced B2p moment.

n-

FIG. 2. The magnetic Compton profile for polycrystallin
Fe75B25 ~circles! compared with a least squares fit~solid line! com-
prising experimental Fe MCP~dashed line! and LMTO boron 2p
MCP ~dotted line!.

FIG. 3. The magnetic Compton profile for amorphous Fe76B24

~circles! compared with a least squares fit~solid line! comprising
experimental Fe MCP~dashed line! and LMTO boron 2p MCP
~dotted line!.
4-3
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Although it is clear that the polycrystalline Fe MCP yield
a good fit to the data alone in the region of moment
.2 a.u., in order to achieve a good fit to the data atpz
,2 a.u. a small negatively oriented B2p-type contribution
is needed. The dashed lines in Figs. 2, 3, and 4 show
result of fitting the Fe profile alone to the data. The diffe
ences observed when fitting the data with the Fe MCP al
are statistically significant in the region ofpz,2 a.u.
Clearly the model is improved when a B2p-type moment is
included. When our results are compared with the mome
calculated by both Bratosvskty,5 Hafner,6 and our own
LMTO calculations, it is clear that the experimentally dete
mined induced boron site moment is of the same orde
magnitude but is a factor of'1.5;2 less for all three com-
positions measured. The reasons for the differences betw

FIG. 4. The magnetic Compton profile for amorphous Fe80B20

~circles! compared with a least squares fit~solid line! comprising
experimental Fe MCP~dashed line! and LMTO boron 2p MCP
~dotted line!.
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experiment and theory are thought to lie in the fine bala
between itinerant and localized magnetism in Fe. Compa
to our experiment, the LMTO model yields an Fe mome
that is too delocalized. In turn this delocalization may res
in a larger induced moment on boron than is observed
perimentally. It is quite likely that this is a result of th
limitations of the LDA in describing localized states. Th
predicted negative moment on boron arises from to excha
between the boron 2p band electrons and the spin-polarize
Fe band electrons. Since the theory predicts a Fe site mom
with a more itinerant character it follows that the exchan
interaction between the two sites may be poorly describ
causing a large spin polarization to appear on the boron

Our experimental results demonstrate that a small m
ment is induced on the boron site in Fe12xBx and is a factor
of '1.5;2 less than that predicted by supercell LMT
based theory. We ascribe the differences to the failure of
theoretical models to reproduce the correct localization
the Fe site moment, and have shown that the theoretical
proximations used do fail in this respect.

We would like to thank the ESRF and SPring8 for prov
sion of beam time, and the EPSRC~UK! for financial
support.

TABLE I. Summary of experimental~exp.!, modeled~model!
site and total spin moments for the amorphous (A.) and polycrys-
talline (P.) Fe12xBx alloys. Moments are quoted asmBFU21.

MCS moment Fe B Total
exp. model model

P.Fe75B25 1.41~1! 1.43~2! 20.04(1) 1.39~2!

A.Fe76B24 1.40~1! 1.431~2! 20.031(1) 1.40~2!

A.Fe80B20 1.43~1! 1.460~2! 20.032(1) 1.428~2!
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