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Spin density of ordered FeCo: A failure of the local-spin-density approximation
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The magnetic structure factor of an equiatomic ordered FeCo compound has been determined by
measuring the coherent scattering of a polarized neutron beam from a single-crystal sample.
Fourier inversion of the experimental data has allowed us to derive the magnetic moments and the
spin-density symmetry at the Fe and Co sites. Considering that both 3d up-spin bands are entirely
full it has also been possible to derive the symmetry and the distribution of the charge density. A
comparison with available state-of-the-art theoretical calculations has evidenced significant and sys-
tematic inadequacies of the local-spin-density approximation.

I. INTRODUCTION

Despite the impressive success of the local-spin-density
approximation (LSDA) in describing the ground-state
properties of metals,"? failures of the LSDA have been
reported in the case of iron relative to the cohesive ener-
gy, the equilibrium crystal structure, and the equilibrium
lattice parameter.>* These discrepancies have been attri-
buted to an inherent property of the LSDA, that is the
strictly local nature of the approximation, even if numeri-
cal inaccuracies may also play a role in other less sophis-
ticated calculations.

In addition to the quantities discussed above, the other
straightforward observables derivable from LSDA are
charge and spin densities (not the momentum density).’
Unfortunately, the charge density contains an important
contribution from core electrons so that the accuracy of
the x-ray diffraction experiments has to be significantly
better than 1% to be really useful for comparison pur-
poses. In any case, some relevant information can also be
derived at the present level of accuracy, particularly for
what concerns the symmetry of the charge density. Con-
trary to the charge density, the spin density contains con-
tributions of outer electrons only, therefore allowing us to
identify failures of the theoretical calculations at the level
of accuracy of current neutron scattering experiments.

In the following we report measurements of the spin
density in ordered equiatomic FeCo, which appears par-
ticularly suitable to test an available state-of-the-art
LSDA calculation.%” Actually, since FeCo crystallizes in
the CsCl structure,® each atom occupies a site having full
cubic symmetry, and the charge and spin densities can be
correctly analyzed in terms of cubic harmonics. More-
over, existing calculations show a remarkable similarity
of the electronic structure of pure becc Co and of Co in
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the FeCo compound so that the experimental spin density
at the Co site may be taken as reasonably representative
of a hypothetical bcc Co.

Finally, we observe that the data on FeCo together
with other experimental results can be used for an
analysis of systematic trends present in the charge density
of 3d metals as a function of the number of outer elec-
trons and of the crystal structure. In fact, the high mag-
netic moment of FeCo suggests that the up-spin bands
are almost completely full, as evidenced also by the
theoretical calculations. This property, which allows us
to deduce from the spin density the symmetry and the
distribution of the charge density, is very rare in bcc 3d
metals and alloys as a result of a number of factors,
among which are probably prevalent the stability of bcc
systems around the center of the 3d series and the ex-
istence of a well-developed minimum in the typical bcc
density-of-states curve.

II. EXPERIMENT AND DATA REDUCTION

The experiment was performed on the polarized neu-
tron diffractometer installed at the 1-MW Training,
Research, and Isotope Production Reactor of the Centro
Ricerche Energetiche Cassaccia (Rome). A standard ex-
perimental arrangement with a vertical field of 0.7 T was
employed. The sample was a vertical disk of 8 mm diam-
eter and 2.3 mm thick, with face parallel to the (110)
plane. The crystal composition was determined using x-
ray emission on the same sample employed in the neutron
scattering experiment. The alloy was found to be equia-
tomic within 1%. The flipping ratios of the first 24
reflections were determined at room temperature using a
wavelength A=0.89 A. Standard corrections for incom-
plete polarization of the incoming beam, flipping
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efficiency, and half-wavelength contamination were ap-
plied. To determine the amount of extinction and to
measure the long-range order parameter S, the integrated
intensities of (100), (110), (209), (211), and (300) were mea-
sured at A=0.89 and 1.26 A. The flipping ratios of the
first three fundamental reflections were measured averag-
ing along the rocking curve at both wavelengths. From a
linear extrapolation to zero wavelength it was observed
that the extinction correction to the ratio of magnetic to
nuclear scattering amplitudes was less than 11% in the
case of the (110) reflection at A=0.89 A. We have to ob-
serve that the extinction correction derived from the flip-
ping ratios is the same as that we can derive from the ra-
tios of the integrated intensities of the first three funda-
mental reflections as a function of wavelength, assuming
secondary extinction only. As a further check we mea-
sured also the flipping ratio of the first three fundamental
reflections at A=0.89 A along the rocking curve. A
small decrease of the observed flipping ratio is observed
at the center of the rocking curve, though such a decrease
[17% on the magnetic to nuclear scattering amplitude
ratio of the (110) reflection] is compatible with the esti-
mate we obtain assuming the presence of secondary ex-
tinction only.

Comparing the intensities of superlattice reflections
with those of fundamental reflections the degree of order
was measured to be 1.00(1). Within experimental error
the same result was obtained at both wavelengths from
both superlattice reflections.

The magnetization of the FeCo sample was determined

by comparison with an iron sample having the same
shape and using a ballistic magnetometer. The result was
pn=4.814ug/cell, in agreement with the result of Ref. 9.

Because of the shape and of the high magnetization of
the present sample, the neutron-scattering data were
affected by an appreciable decrease due to the demagnet-
izing field. Therefore, the flipping ratios of the first three
fundamental reflections at A=0.89 A were measured as a
function of the magnetizing field. It was observed that
the field could be made high enough to reach saturation
of the sample and that no depolarization of the neutron
beam could be detected. Therefore, all the data were
corrected for a radial demagnetizing factor,'® whose aver-
age value is N =1.140, calculated according to Ref. 11
and taking into account the shape of present sample. The
corrected data have been used to derive the magnetic
structure factors using the nuclear scattering amplitudes
of 9.54 fm for Fe and 2.53 fm for Co. The measured
magnetic structure factors are reported in Table I and the
quoted errors take into account both the statistical error
and the uncertainty of the corrections.

III. DISCUSSION

In addition to a comparison of present results with oth-
er measurements of the magnetic form factor of Fe and
Co, an analysis of the experimental structure factors in
terms of spin-density symmetry allows a comparison be-
tween experimental and calculated populations of the E,

TABLE I. Magnetic structure factors for fundamental and superlattice reflections. y>=37.1.

h kl sin(3)/A F,, (ug/cell) F,, (fit)
000 0 4.814+0.020 4.812
110 0.247 3.111£0.076 3.118
200 0.349 2.038+0.052 2.076
211 0.428 1.365+0.041 1.359
220 0.494 0.860+0.024 0.910
310 0.552 0.748+0.023 0.715
222 0.605 0.399+0.016 0.378
321 0.653 0.277+0.016 0.283
400 0.699 0.343+0.016 0.342
330 0.741 0.142+0.016 0.097
411 0.741 0.211+0.016 0.197
420 0.781 0.113+0.016 0.100
332 0.819 —0.013+0.017 —0.045
422 0.856 —0.013+0.017 —0.026
431 0.891 —0.073+0.018 —0.041
510 0.891 0.118+0.016 0.097
100 0.175 0.873+0.029 0.880
111 0.303 0.447+0.013 0.445
210 0.391 0.241£0.009 0.240
300 0.524 0.138+£0.009 0.128
221 0.524 0.016+0.010 0.031
311 0.580 0.034£0.009 0.039
320 0.630 0.037+0.009 0.028
322 0.721 0.018+0.010 0.036
410 0.721 —0.053+0.010 —0.067
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and T,, subbands. To this purpose we have calculated
the magnetic moments inside the bcc Wigner-Seitz (WS)
cell of Fe and Co assuming equal volumes for the two
atoms. Notice that while for elemental metal this ap-
proach is unambiguous as there exists a well-defined WS
cell across which the Bloch boundary conditions must be
satisfied, in the case of binary alloys or compounds the
choice of the unit cell about each type of atom is not ob-
vious, so the partitioning of the magnetic moment is to
some extent arbitrary.

The starting point of the calculation is the magnetiza-
tion density p,, (r) which is related to the magnetic struc-
ture factors F,,(G) through the usual Fourier expansion:

L S F,(G)expliG-1) (1)
QO G

Pm(r)=
where () is the cell volume, G is a reciprocal-lattice vec-
tor (hkl), and the sum runs over all hkl’s. Then, local
magngtic moments and spherical form factors are defined
by!%!

1 .
) fwsu) exp(iG-r)dr , (2a)

sin(Qr)

or exp(iG-r)dr ,

1
filQ= Qouy %F'”(G) fwsu)

(2b)

where the index / refers to the /th site of the crystal unit
cell. The convergence of the sum of Eq. (2b) has been
found to be good and to improve, as expected, with de-
creasing Q.

The integrals over the WS cell have been performed ac-
cording to Ref. 13. As far as Eq. (2a) is concerned, we
wish to note that because of symmetry constraints the
fundamental reflections apart from G =0 do not contrib-
ute to the local magnetic moments, or, in other words,
the superlattice reflections only contribute to the
difference between Fe and Co magnetic moments, while
the bulk magnetization (G =0 reflection) gives the sum of
the two magnetic moments. This fact is very important
because the extinction, which is the most serious sys-
tematic error present in structure-factor measurements, is
much smaller for superlattice reflections. For this reason
we consider the magnetic moments we have derived to be
essentially free from any systematic error. Using the re-
sults of present calculation we have obtained the magnet-
ic moments reported in Table II. Inspection of Table II
shows that in ordered FeCo the iron magnetic moment is
considerably higher than that of pure iron, while the Co
magnetic moment is very similar to that found in the hex-
agonal phase. This behavior correlates with the fact that
while the up-spin band of Co is full in both environments,
the number of up-spin electrons of Fe depends on the en-
vironment. Therefore the most important result we have
derived from present data is the fact that up-spin band of
Fe is essentially full in the FeCo compound.

A comparison of present magnetic moments with those
derived by Collins and Forsyth!* from diffuse-scattering
measurements is possible if one bears in mind that since
the purely magnetic scattering in ferromagnetic alloys is
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TABLE II. Magnetic moments of Fe and Co as deduced by
Wigner-Seitz integration (see text) and from the fit described in
Eq. (3) together with corresponding aspherical magnetic mo-
ments. Spin magnetic moments are reported as obtained using
the g values given in the text. p,, is spin E, population.

Fe Co
u (WS) 3.053 1.761
useh @ 3.047+0.013 1.765+0.010
ue e 0.281+0.063 1.194+0.065
P 2.921+0.018 1.623+0.015
Do 0.438+0.008 0.694+0.016
P ® 0.528+0.006

?See Equation (3).
"Reference 20.

directly related to magnetic-moment correlations on
different sites,!? a diffuse-scattering experiment using un-
polarized neutrons can be easily interpreted only if the
magnetic moments are assumed to be independent of lo-
cal environment. Moreover, while present data refer to
an ordered compound, the diffuse-scattering measure-
ments have been performed on an almost random alloy.
Notwithstanding these differences, the data of Ref. 14 are
in reasonable agreement with our data, thus indicating
that the magnetic fluctuations in the alloy Fes,Cos, are
rather small and that the influence of the degree of order
on the magnetic moments is relatively small. This con-
clusion is in agreement with lattice-parameter and bulk-
magnetization measurements’ which indicate that the
atomic volume and the magnetic moment do not depend
appreciably on the degree of order.

The spherical form factors of Fe and Co obtained from
Egs. (2a) and (2b) are shown in Figs. 1 and 2 where they
are compared with other experimental results for the
pure elements. In the case of bcc Fe we have drawn a
spherical form factor obtained from the experiment of
Shull and Yamada'® with an integration in the WS cell'®
analogous to that used for FeCo, while for hcp Co we
have plotted the experimental results of Moon.!” Notice

———— present data

— — Ref.I5

0.5

fro(Q)

0 05 1
sin(¢)/a (A

FIG. 1. Spherical form factor at the Fe site as deduced by
present experimental results and compared with that of pure
bee Fe (see text).
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FIG. 2. Spherical form factor at the Co site as deduced by
present experimental results and compared with experimental o t
results of Ref. 17 for hep Co.

that although the values for hcp Co are relative to the to-
tal form factor, their smooth decrease and the quantita-
tive analysis performed in Ref. 17 indicate that the
magnetic-moment distribution in hcp Co is almost spher-
ical. Looking at Figs. 1 and 2 we see that the spherical
form factors closely resembles those of pure elements.

In order to analyze the asphericity of the magnetic-
moment density we have expanded the magnetic-moment
density in cubic harmonics,'® assuming a negligible orbit-
al contribution to the aspherical form factor. One has

Fy(G)=[1f7o(G) + S £(G)]
FuEf oo (G)+ud f&(G)lexpliG-Reg,) , (3)

where fg.(G) and f,(G) are the spherical form factors,
and f£.(G) and fE,(G) are the aspherical form factors
which we have chosen to identify with the free-atom
values of {j,), as calculated by Watson and Freeman,'®
times the appropriate angular dependence.!® This choice,
although arbitrary, is nevertheless sensible since the as-
pherical contribution to F,,(Q) amounts to about 10% of
F,(0), so that the error introduced using free-atom
values of j,) is smaller than the average experimental
error. In Eq. (3) the Fe atom has been placed at the ori-
gin of the unit cell, while R, is the position of Co. ug,
and ug, are the aspherical magnetic moments which are
simply related to the magnetic moments of the E, com-
ponent of the spin density:

W= Supt — ", o= Snch—HED )
where ui" and u&" are the spin magnetic moments of Fe
and Co. These spin moments can be deduced from the
corresponding spherical moments of Fe and Co using the
experimental results of Ref. 19 for the gyromagnetic ra-
tios gg. and gc,. Assuming composition-independent
values one has gg,=2.09+0.01 and gc,=2.17%+0.01.
The aspherical components of the spin magnetic mo-
ments have been obtained from a fit of Eq. (3) to the ex-

perimental magnetic structure factor leaving as free pa-
rameters all the magnetic moments. This procedure

Fe Co

FIG. 3. Magnetic-moment density along the [111] direction.

avoids systematic errors due to the possible lack of accu-
racy of the flipping ratios of inner reflections which, in
any case, have a little influence on the aspherical com-
ponents. The results obtained with the use of Egs. (3)
and (4) are reported in Table II. One observes that the
magnetic moments obtained from the fit agree quite well
with those derived from the integration in the WS cell
and that although the E, population is higher than 40%
for both Fe and Co the result for the iron site is consider-
ably different from that measured in the pure metal.”°
Considering that the 3d up-spin bands of Fe and Co
are essentially full, present results of the spin density al-
low us to determine the distribution and the symmetry of
the charge density if the total number of electrons on
each site is known. As discussed above, in the present
case the Bloch conditions do not need to be satisfied at
the boundary of the WS cells with the consequence that
these cells are not constrained to be electrically neutral.
In order to detect a possible consequence of this effect,
whose existence has been qualitatively predicted by the
band calculations for FeCo, we have plotted in Fig. 3 the
magnetic-moment density along the [111] direction. Al-
though the behavior of the charge density cannot be
univocally inferred from that of the spin density, we be-
lieve that the considerable asymmetry at the WS cell
boundary shown by Fig. 3 is a strong indication of the
lack of neutrality of the WS cells in the FeCo compound.
As far as we know this is the first direct experimental in-
dication of the existence of this effect in metallic systems.
As a consequence of this circumstance the partial charges
in the two sites can be deduced only under some addition-
al hypothesis about the non-d-electrons which are not
constrained to have the up-spin band entirely full. The
simplest and also more likely hypothesis is that in view of
their essentially delocalized character the number of
non-d-electrons is site independent. The partial charges
so . deduced are listed in Table III together with the
theoretical estimates of Ref. 7. We observe two main
differences between the theoretical and the experimental
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TABLE III. Electron distribution in the different subbands at the Fe and Co sites as deduced from both theory and experiment
(see text). p,, and p. are, respectively, spin and charge E, populations. The theoretical populations refer to the d electrons within the

atomic spheres.

ny n, n‘Ti n[i' n§f+p nsl+p nlEg anZg Pm P
Fe (present data) 5.386 2.465 5.000 2.079 0.386 0.386 0.721 1.358 0.438 0.384
Co (present data) 5.386 3.763 5.000 3.377 0.386 0.386 0.874 2.503 0.694 0.343
Fe (theory)* 5.31 2.59 4.61 1.86 0.67 0.71 0.432 0.382
Co (theory)® 5.40 3.71 4.67 2.94 0.70 0.74 0.565 0.361

2Reference 7.

charge distribution. The first is relative to the absolute
number of electron in each subband and could be a conse-
quence of our assumption that the up-spin d-band is full
in this compound both at the Fe and Co sites. However,
in this hypothesis the number of non-d-electrons at each
site (0.77) compares well with that of the pure metals
while the band-calculated values of 1.38 at the Fe site and
1.44 at the Co site are puzzlingly high.

The second difference is relative to the spin-density as-
phericity at the Co site, and it is entirely contained in the
experiment. As observed in other comparisons between
experimental and theoretical spin densities, the qualita-
tive trend is correctly described by the theory but the cal-
culated asphericity is substantially smaller than in the ex-
periment.

As already mentioned, the data obtained for the Co site
can give some insight into a hypothetical bcc Co which,
although not stable in bulk form at atmospheric pressure,
has been the object of a theoretical calculation?! at a lat-
tice spacing much smaller than that of FeCo.

Strictly speaking, because of the orbital contribution to
the magnetization density, a direct comparison of the cal-
culated and the experimental magnetic form factor of bec
Co is not possible. However, in this case the orbital con-
tribution is rather small and it can be calculated approxi-
mately using free-atom values of the radial charge densi-
ty. Shown in Fig. 4 are the experimental and the band-
theoretical?! total magnetic form factors obtained from

N
A\
N present data
A — — -theory Ref. 2!
\
\
e
o 05
L
0 N
0 05 1

sin(¢)/a (A

FIG. 4. Spherical form factor at the Co site as deduced by
present experimental results and compared with that obtained
by the theoretical calculation of Ref. 21 for pure bee Co.

an integration in the WS cell. From the difference be-
tween the two curves one deduces that the overall shape
of the theoretical spin density in bcc Co is not very
different from that measured in the FeCo at the Co site.
Nevertheless, in our opinion this comparison cannot be
considered as a definite test of the theory because the cal-
culation has been performed at a lattice parameter of 2.77
A, while the experimental value for FeCo is 2.863 A.

IV. CONCLUDING REMARKS

The results of this experiment confirm the difficulties of
band theory to describe quantitatively electron distribu-
tions in transition metals.

A clear indication of this fact is shown in Fig. 5 where
we have plotted the T',, percentage of the charge density
as a function of the number of outer electrons for both
bee and fce structures. With the exception of Ni and
FeCo, these values have been obtained from x-ray scatter-
ing experiments.??~2° This plot is particularly meaning-
ful since the charge-density asphericity reflects globally
the distribution of E, and T,, states. Looking at Fig. 5
one has that all bec systems show a considerable prefer-
ence for T,, symmetry. Moreover, the T, percentage
seems to vary smoothly with the number of outer elec-
trons, particularly if one considers that the onset of fer-
romagnetism disrupts the monotonic filling of the 3d
band. The only exception is relative to iron in the FeCo

804, °
L]
—_ 70 | ®
Ee« . : o e
C? A A 3 °
= 60. o & ot
o 2
504

4 5 6 7 8 9 10 1
number of outer electrons

FIG. 5. Charge asphericity in the 3d series. @, experiment on
pure bce metals (Refs. 22 and 25); O, experiment on bec alloys
(Ref. 23 and present paper); B, experiment on pure fcc metals
(Ref. 22); O, experiment on fcc alloys (Ref. 24); A, theory (Refs.
7 and 26-30).
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compound, which is characterized by an extremely high
value of the magnetic moment. On the other hand, fcc
systems have an almost spherical charge density. In this
connection one notices that when the number of outer
electrons is in the range 7.65-9, experimental data are
available on both types of structure, so that the correla-
tion of charge asphericity and crystal structure is reason-
ably well established. Reported in Fig. 5 are also the
theoretical LSDA estimates”?°73 when available. The
calculated asphericities fail to reproduce the difference
between the two structures; in particular the bcc systems
appear to have a charge density definitely more spherical
than experimentally measured.

This behavior is probably a basic failure of the theoret-
ical approach, since the state-of-the-art calculations
represent a virtually exact solution of the Kohn-Sham

equations1 within the LSDA. However, within the
LSDA it is clear that both Fermi and Coulomb holes
around each electron are assumed to be spherically
symmetrical, thus introducing some spherical average of
the exchange-correlation potential. This fact could be
the origin of the failures of theory, but an improvement
of the theoretical approach is not straightforward. In
fact some degree of nonlocality of the potential seems
essential in order to deal with nonspherical Fermi and
Coulomb holes, but very little has been done in this direc-
tion.* 73  Considering that the inadequacy of local
descriptions of the exchange-correlation potential was
also inferred by Bauer and Schneider®* when interpreting,
in a very accurate way, Compton-profile data, it seems
that the need for a nonlocal description of the band struc-
ture of 3d metals is a quite definite conclusion.
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