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Magnetic Compton profiles (MCP's) are calculated for iron and nickel by the full-potential linear-
ized augmented-plane-wave (FLAPW) method on the basis of the local-spin-density approximation.
These results are in good agreement with the experimental data of Sakai et a/. with excellent statist-
ical accuracy. The FLAPW calculations leave slight but noticeable discrepancies in the MCP's
along the (100) and (110) directions for iron and the (100) direction for nickel. In the case of
iron, the parametrized FLAPW calculations are performed by lowering the center of gravity of p
states to reasonably describe the ¹entered hole pocket of the minority-spin third band. The
MCP's obtained from the parametrized FLAPW calculation show excellent agreement with the ex-

perimental data. The comparison of the experimental MCP s of iron and nickel of Sakai et al. with
the present calculations and others so far reported clearly demonstrates that the MCP investigations
are useful for a critical test of the spin-polarized wave functions in the band calculations.

I. INTRODUCTION

Ferromagnetism of iron and nickel is one of the most
interesting properties of solids. A substantial number of
band-structure calculations' have been made for iron
and nickel. The density-functional theory within the
local-spin-density approximation (LSDA) has provided
considerable success in describing the electronic proper-
ties of these solids, particularly in the magnetic moment.
However, in the early magnetic Compton scattering ex-
periment' " of iron, very noticeable discrepancies have
been observed in the comparison between the experimen-
tal magnetic Compton profiles (MCP's) of polycrystalline
iron and the band-theoretical MCP's, ' ' particularly in
a low-momentum region ( (1 a.u. ). This discrepancy has
been interpreted as an underestimation of the negatively
polarized s-p band electrons. Recently, Cooper et al. '

measured the MCP's of a single crystal of iron using cir-
cularly polarized synchrotron-radiation x rays in the
three directions (100), (110), and (111), and notice-
able anisotropy of the MCP's has been found. Although
band-theoretical MCP calculations so far reported' ' '
have reasonably reproduced the anisotropy, they have
not been successful in quantitatively reproducing the
directional MCP s, particularly in the ( 100) direction.

Very recently, Sakai et al. ' measured the MCP's of a
single crystal of iron using circularly polarized 60-keV x
rays emitted from an elliptical multipole wiggler installed
at the 6.5-GeV storage ring of National Laboratory for
High Energy Physics' with much higher statistical accu-
racy compared with the experiments' "'"so far report-
ed. The MCP's by Sakai et al. ' have been consistent
with those by Cooper et al. ' within their statistical ac-
curacy. Furthermore, they have also measured the
MCP's of a single crystal of nickel by the same technique.

The statistical accuracy of the MCP's of nickel is not so
high as that of iron, because of the small magnetic mo-
ment of nickel, however, the clear anisotropy of the
MCP's has been found in a low-momentum region ( (1
a.u. ). The experimental results of Sakai et al. '6 have
been compared with our band-theoretical calculations
based on the full-potential linearized augmented-plane-
wave (FLAPW) method. ' As a result, good agreement
between the theoretical and experimental results have
been found for iron and nickel, respectively.

In this paper, the details of the band-theoretical calcu-
lations are shown. In the case of iron, standard band cal-
culations' ' based on the density-functional theory pre-
dict the existence of a large minority hole pocket at point
N at the Brillouin zone in contrast to the experiments. '

Therefore, the parametrized FLAP& calculations have
been performed by lowering the center of gravity of p
states to reasonably reproduce the experimental data, as
far as the Fermi-surface topology is concerned. This
prescription has been used by Genoud and Singh' in the
MCP calculations using the linear muffin-tin orbital
(LMTO) method. To make clear the origin of the previ-
ous discrepancy' ' ' between experiment and theory in
the MCP s of iron, attempts for discriminating between
different calculations are performed, that is, for FLAPW,
linearized augmented-plane-wave (LAPW), augmented-
plane-wave (APW) calculations, based on the LSDA, and
previous calculations. ' '' '

The plan of the present paper is as follows. In Sec. II,
the procedures of the MCP calculations are provided. In
Sec. III, the results are shown and compared with the ex-
periments by Sakai et al. ' In Sec. IV, the adequacy of
the band theory based on the LSDA for describing the
MCP's of iron and nickel is discussed through the com-
parison of the experimental data of Sakai et al. ' with
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the present calculations and other ones. The conclusions
are presented in Sec. V.

II. CALCULATION PROCEDURE

The FLAPW method based on the LSDA is employed
to calculate the energy band structures and the wave
functions in iron and nickel. The energy values and wave
functions of iron and nickel are calculated at 55 and 89 k
points, respectively, in 4, of the Brillouin zone for each
spin state. The exchange-correlation functional form
given by von Barth and Hedin is used. The LAPW
method ' in a scalar relativistic version is employed, and
the charge density as well as the potential is expanded
into a spherical harmonics inside the inscribed sphere of
radii RI and in a Fourier series for the interstitial region.
In these expansions, the crystal symmetry is taken into
account. The inscribed spheres can be chosen more or
less arbitrarily, and in the present calculations the RI's of
iron and nickel are kept at 2.270 39 a.u. and 2.258 96 a.u. ,
respectively. The lattice constants for iron and nickel are
assigned to be 5.4057 a.u. and 6.6440 a.u. respectively.
The spherical harmonics ( YLM ) expansions of the charge
density and the potential are truncated at L =8, and
about 100 plane waves are used as basis functions. In the
case of iron, parametrized FLAPW band-structure calcu-
lations are performed by lowering the center of gravity of
p states to reproduce a reasonable description of the
Fermi-surface topology' (in particular the minority N-
centered hole pocket).

From the energy values and wave functions thus ob-
tained, the spin- (o ) dependent momentum density distri-

butions (SMDD's) pb(p)'s by band electrons in iron and
nickel are determined for 1253 and 893 reciprocal lattice
vectors, which include more than 99% of the total num-
ber of band electrons, respectively. The SMDD's p, (p)'s
contributed by the core electrons are evaluated from
free-atom wave functions obtained by using the von
Barth —Hedin exchange-correlation potential based on
the LSDA for iron and nickel, respectively. From the
respective pb, (p)'s and pb, (p)'s for the majority (+) and
minority ( —) spin states in iron and nickel, the magnetic
Compton profiles J, (p, )'s and J', (p, )'s are calculated
for the band and core electrons, respectively

J': (&. ) =f lab+, (p) pb, (S») j4.dp„.

The theoretical magnetic Compton profiles J, (p, )'s for
iron and nickel are obtained by adding J~,s(p, )'s and
J', (p, )'s, respectively. In the comparison of the
theoretical J, (p, )'s with the experiments by Sakai
et aI. ', convoluted results with the experimental resolu-
tion' [a Gaussian function with full width at half max-
imum (FWHM) 1.0 a.u.] are used.

III. RESULTS

A. Calculated results

l. Iron

The band structure calculated by the parametrized
FLAPW method is shown in Fig. 1. It is in good general
agreement with other parametrized band structures.
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FIG. 1. Energy-band structure of ferromagnetic iron. Majority spin states are denoted by a solid line, minority spins by a dotted
line. The dashed line shows the Fermi level.
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FIG. 2. Theoretical magnetic Compton profiles (MCP's) of iron calculated by the parametrized FLAPW method, for (a) ( 100), (b)
(110),and (c) (111)directions. The bold solid lines show the total MCP's. The partial contributions to the MCP's from each band
(from the first to the sixth band) and core electrons are also shown.
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FIGt 4. Theoretical magnetic Compton profiles (MCP's) of nickel calculated by the FLAPS method, fo (a) ~r (100) (b) (110) and
(c) (111)directions. The bold solid lines show the total MCP's. The partial contributions to the MCP*s from each band (from the
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FIG. 4. (Conti nued).

However, noticeable structures are observed in the region
2 (p, ( 5 a.u. for the ( 111) direction. In order to see the
origin of the structures, partial J,s(p, )'s from each elec-
tron state are also shown in Fig. 2. Isotropic negative
contributions to the J, (p, ) from the first band are ob-
served in the three directions (100), (110), and ( ill )
at p, & 1 a.u. , and these are mainly due to negative polar-
ization of s-like electrons as expected from the band
structure in Fig. 1. On the other hand, negative contri-
butions from the second and third bands at p, & 1 a.u. are
mainly due to negative polarization of p-like electrons.
The contributions from the fourth, fifth, and sixth bands
are positive in all momentum regions, and have strong
directional dependence at p, & 1 a.u. The characteristic
structures at p, &1 a.u. from the fourth to the sixth
bands are attributed to both the anisotropic d-like elec-
tron distributions and the Fermi-surface topology.

2. Nickel

The band structure by the FLAPW method is shown in
Fig. 3. It is in good overall correspondence with other
band structures. The exchange splitting varies over
the d band, ranging from 0.55 eV near the bottom of the
band to 0.76 eV near the top, as seen from Fig. 3. The
exchange splitting of predominantly s and p states (I &,

L2, and X&) is about 0.02 eV. The magnitude of the ex-

change splitting throughout the d band determined by
the photoemission experiments differs roughly by a
factor of 2 from the calculated values. However, it
should be noted that photoemission experiments measure

the excitation spectrum of a solid, whereas in band calcu-
lations the ground-state eigenvalue spectrum is deter-
mined. The calculated magneton number 0.58pz is
slightly larger than the experimental value 0.56pz. The
negatively polarized contribution from the s-p electrons
and the electrons outside the inscribed sphere is
—0.047p&.

The calculated J, (p, )'s in the three directions
(100), (110), and (111) are shown by bold solid lines
in Fig. 4. It is noted that the scales of the J,s(p, )'s in

nickel are about four times larger than those in iron. The
characteristic directional differences of the J, (p, )'s are
observed in the figure. That is, in the (100) direction, a
sharp central dip, peaks near 0.2 and 0.7 a.u. , and um-

klapp images in p, & 1 a.u. are observed. In the (110)
direction, a deep central dip, a peak around 0.6 a.u. , and
umklapp images p, ) 1 a.u. are noticed. In the ( ill)
direction, peaks near 0.2 and 0.8 a.u. , and urnklapp im-

ages in p, ) 1 a.u. appear. In order to see the origins of
these features, partial J, (p, )'s from each electron state
are also shown in Fig. 4. The partial contributions from
the first band are negative and isotropic in p, & 1 a.u. , and
these are mainly due to the negative polarization of s-like
electrons as expected from the band structure in Fig. 3.
The negative contribution from the second to fourth
bands in p, & 1 a.u. are mainly attributed to the negative
polarization of p-like electrons. The partial contributions
from the fifth and sixth bands are positive and provide
noticeable structures with umklapp processes, and those
from the fifth band construct the main structures of theJ,s(p, )'s. These characteristic structures from the fifth
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FIG. 5. Magnetic Compton profiles (MCP's) of iron for (a) (100), (b) (110),and (c) (111)directions. The bold solid and thin
dotted lines show the theoretical MCP's calculated by the parametrized FLAPW and FLAPW methods, respectively. These are con-
voluted with a Gaussian function having FWHM 1.0 a.u. The bold dotted lines represent the linear interpolated experimental results
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to the sixth bands are dominantly due to both anisotropic
d-like electron distributions and the Fermi-surface topol-
ogy.

B. Comparison with experiment

1. Iron

The experimental directional J, (p, )'s of Sakai et al. '

are shown by bold dots in Fig. 5. Our convoluted results
with FWHM 1.0 a.u. are also shown by solid curves in
the figure. As seen from the figure, the agreement be-
tween the theoretical and experimental results is excel-
lent. The previous significant discrepancy' between
theory and experiment in the J,s(p, ) along the (100)
direction is not observed in Fig. 5.

2. Nickel

In Fig. 6, experimental J, (p, )'s of Sakai et al. ' are
shown by bold dots, and our convoluted results with
FWHM 1.0 a.u. are also given by solid curves. The
agreement between theory and experiment is also good,
particularly in the J, (p, ) along the ( 111) direction.
The statistical accuracy of the experimental J,s(p, ) of
nickel is not so high as that of iron, ' because of the small
magnetic moment of nickel. However, a slight disagree-
ment between the theoretical and experimental results is
observed, particularly on the hollow around the origin of
the (100)J, (p, ).

IV. DISCUSSIONS

As seen in the preceding section, the directionalJ, (p, )'s of iron calculated by the parametrized
FLAPW method are in excellent agreement with those
measured by Sakai et al. ' with high statistical accuracy.
The good agreement between the FLAPW calculations
and the experiments' is also found in the J,s(p, ) of
nickel. Most measurements of J, (p, )'s so far reported
have been done on iron, and in the previous comparison
between the experimental data' "" and the band-
theoretical predictions, ' ' ' a good agreement has not
been found. In order to make clear the origin of the pre-
vious disagreement, the accuracy of the band model
based on the LSDA in describing the J, (p, )'s of iron
and nickel is investigated.

First, the effect on the J, (p, ) of iron due to lowering
the center of gravity of p states described in Sec. II (pa-
rametrization in FLAPW calculation}, which leads main-

ly to the increase of a negative polarization of p electrons,
is examined. Therefore, the FLAPW calculation of theJ,s(p, ) of iron is performed using the same procedure
except the parametrization as mentioned in Sec. II. The
magneton number calculated by the FLAPW method is
2.08@~. The J, (p, )'s by the FLAPW calculations are
compared with those by the parametrized FLAPW ones
in Fig. 7. As noticed from the figure, the J, (p, )'s of the
parametrized FLAPW calculations are lower in p, &1
a.u. and higher in 1(p, &2 a.u. than those from the
FLAPW ones. In order to see this trend clearly, the con-

voluted FLAPW calculations with a Gaussian of FWHM
1.0 a.u. are also shown in Fig. 5. As seen from the trend
observed in the figure, the parametrization effect is use-
ful, that is, the parametrized FLAPW calculations are
closer to the experiments than the FLAPW ones. How-
ever, it is noted that the parametrization effect is not so
large as Genoud and Singh' have indicated in the
LMTO calculations. Second, non-muffin-tin (NMT)
effects on the J, (p, )'s of iron are examined. Then, theJ,s(p, )'s are calculated by the LAPW method with a
muffin-tin (MT) potential. The calculations are per-
formed using the procedure in Sec. II except the parame-
trization and NMT potential parts. The magneton num-
ber calculated by the LAPW method is 2.22pz. The cal-
culated J, (p, )'s are compared with those by the
FLAPW method in Fig. 7. The J,s(p, )'s by the LAPW
method are generally higher than those by the FLAPW
method because of the larger magneton number. In the
comparison between the normalized results to the experi-
ments by Sakai et al. ,

' the FLAPW calculations are
closer to the experiments than the LAPW ones, however,
the differences are small. Third, in order to test the accu-
racy of the LAPW calculations of the J, (p, )'s of iron,
the comparison between the LAPW and APW calcula-
tions is performed. The APW calculations are carried
out using a MT potential by the procedure mentioned in
Sec. II except the parametrization and NMT potential
parts. The magneton number obtained by the APW cal-
culation is 2.22)us. The J,s(p, )'s by the APW calcula-
tions are shown in Fig. 7. It is noticed from the figure
that the APW calculations are quite similar to those by
the LAPW ones. This confirms the capability of the
LAPW method to describe the J, (p, ) of iron. Fourth,
the contribution to the J, (p, }'s of iron due to the
scalar-relativistic (SR) effect is examined through the
comparison between the LAPW calculations with and
without the SR effect. As a result, it is found that the SR
effect on the J, (p, )'s of iron is negligibly small. The
effect of spin-obit interactions on the J, (p, ) of iron has
not been examined. Although this effect should be taken
into account in the investigation of magnetotransport ex-
periments, ' the contribution to the J, (p, ) of iron may
be in a smaller extent.

On the other hand, in the case of nickel, the examina-
tion performed in iron except for the first has also been
carried out, and similar results to those found in iron
have also been obtained. The FLAPW calculations in
nickel leave the slight but noticeable discrepancy in theJ,s(p, ) along the (100) direction. It seems that this

discrepancy is attributed to nonlocal potential effects
which are not included in the present calculations based
on the LSDA. Actually, there exists the problem con-
cerning the existence of a hole pocket associated with the
X point in the third minority-spin band. In the present
calculations of nickel, nonlocal potential effects on theJ, (p, ) have not been examined, since the contribution
to the J, (p, ) due to spin-orbit interactions should first
be investigated, and the statistical accuracy of the experi-
mental' J, (p, )'s is not so high as that of iron.

Next, a comparison between the present and other
theoretical calculations of the J, (p, )'s of iron and nick-
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el is performed. First, the present APW calculations of
iron are compared with the previous APW ones' in Fig.
7. As seen from the figure, the previous APW calcula-
tions are generally lower compared with those by the
present APW ones, because of the previous calculations
of momentum densities limited to p (5 a.u. Overall
shapes between both calculations are similar. Now, the
previous APW band structure of iron has been calculated
by using a state-dependent potential. In the previous
APW band structure, the ¹entered hole pocket of the
third minority-spin band that appears in the present
APW calculation, disappeared. Nevertheless, theJ,s(p, )'s of the previous APW calculations around

p, =0 a.u. are higher than those around p, = 1.2 a.u. , in
the (100), direction, in contrast to the case of the
present APW calculation. Furthermore, the previous
APW calculation has been extended to p & 7.5 a.u. (Ref.
14). These previous APW calculations have been com-
pared with experiments, ' "" and some discrepancies
have been found. Particularly, it has been indicated'
that the previous APW calculation predicts much higher
values at p, & 1 a.u. in the (100) direction than the ex-
perimental result. In order to examine this situation, the
extended APW calculations are compared with the
present parametrized FLAPW, FLAPW, and LAPW cal-
culations in Fig. 8. Since the J, (p, )'s of the extended
APW calculations' have been convoluted with a Gauss-
ian of FWHM 0.7 a.u. , the present calculations are also
convoluted with a Gaussian of FWHM 0.7 a.u. The ex-
tended APW calculations correspond to the magneton
number 2.2p~. As noticed from Fig. 8, the extended
APW calculations are clearly higher at p, (1 a.u. in all

directions than the corresponding present calculations.
From these results, it may be indicated that the state-
dependent potential' used in the previous band-structure
calculations is inadequate to describe the J, (p, )'s in
iron, probably for representation of the negative spin po-
larization of p-like electrons. Second, the parametrized
FLAPW calculations of iron are compared with the
parametrized LMTO ones by Genoud and Singh. ' The
parametrized LMTO band structure of iron has been cal-
culated by lowering the center of gravity of p states to
correctly reproduce the Fermi-surface topology, in par-
ticular the minority ¹entered hole pocket. In the com-
parison of the J,s(p, )'s of the parametrized LMTO cal-
culations with the experimental data of Cooper et al. ,

'

it has been found that the calculated J, (p, )'s are close
to the experimental data, particularly in the (110) and
(111) directions, but the theoretical results are still
overestimated near p, =0 a.u. , especially in the (100)
direction. The parametrized LMTO calculations, '

which have been convoluted with a Gaussian of FWHM
0.7 a.u. , are compared with different calculations, that is,
the present parametrized FLAPW, FLAPW, LAPW cal-
culations, and the previous APW ones, in Fig. 8. The
parameterized LMTO J, (p, )'s, which correspond to
the magnetic moment of 2.12pz are similar to our results,
particularly to the parametrized FLAPW ones. Howev-
er, as seen from the comparison of these relative values ofJ, (p, )'s, the parametrized LMTO results are higher at

p, & 1 a.u. , especially in the (100) direction, and lower at

p, ) 5 a.u. than the parametrized FLAPW ones, respec-
tively. Third, we mention the Korringa-Kohn-Rostoker
(KKR) calculations of Poulter and Staunton. ' Since the
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tions are denoted by FLAPW, and CIS represents the combined interpolation scheme calculations (Ref. 34).
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scales of the J,s(p, )'s shown in Ref. 13 are arbitrary, the
direct comparison between their results and ours is not
possible. However, in the comparison between the nor-
malized results to the experiment by Sakai et al. ,

' the
KKR results are higher near p, =0 a.u. , especially in the

(100) direction, and lower at p, )2 a.u. than both the
parametrized FLAPW and FLAPW ones, respectively.
Generally, in the band calculations, the KKR and LMTO
methods have disadvantages in the representation of the
wave functions, compared with the APW and LAPW
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methods, that is, the problem of the description of the
wave function outside the inscribed sphere in the KKR
method, and the necessity of the correction of the over-
lapping sphere approximation in the LMTO method.
The differences between our results and the LMTO and
KKR ones mentioned above will be mainly due to these
disadvantages.

In the case of nickel, our FLAPW calculations are
compared with the combined-interpolation-scheme (CIS)
ones by Rennert et al. In the CIS band-structure cal-
culation of nickel, Rennert et al. have taken into account
the information from the angle-resolved photoemission
experiment by Eastman et al. The CIS band structure
corresponds to a magnetization of 0.56pz. The calculat-
ed J, (p, )'s by Rennert et al. are compared with our
FLAPW results in Fig. 9. In the figure, the characteristic
structures of the FLAPW results at p, &4 a.u. , shown in
Sec. III A 2, are also observed in the CIS ones. However,
the CIS calculations are higher near p, =0 a.u. in all
directions than the FLAPW ones. These differences may
be attributed to an underestimation of the negative polar-
ization of the s-p —like electrons in the CIS calculations
by Rennert et al. This underestimation may be mainly
due to the insufficient number of both four
orthogonalized-plane-waves and 70 reciprocal-lattice vec-
tors in their calculations.

V. CONCLUSIONS

It has been shown that the experimental J,s(p, )'s of
iron and nickel by Sakai et al. ,

' which have been mea-
sured with excellent statistical accuracy, are fairly well
described by the FLAPW calculations based on the
LSDA. In the case of iron, the parametrized FLAPW

calculations, which have been performed by lowering the
center of gravity of p states to reproduce correctly the N-
centered hole pocket of the third minority-spin band,
show an excellent agreement with the experimental
data. ' This indicates that some appropriate potential
with nonlocal correction to the LSDA is needed to obtain
a better description of the J,s(p, ) of iron. It is indicated
that the state-dependent potential used in the previous
APW calculations' is inadequate to describe theJ,s(p, )'s of iron. In the case of nickel, the FLAPW cal-
culations leave a slight but noticeable discrepancy in theJ,s(p, ) along the (100) direction. This discrepancy
seems to be attributed to nonlocal potential due to
electron-electron correlations. However, in order to find
a prescription to modify the potential based on the
LSDA, spin-orbit interactions neglected in the present
calculations should first be taken into account. Further-
more, it is desired to measure the J,s(p, ) of nickel with

higher statistical accuracy. Thus, the present studies
have demonstrated that the investigation of the J, (p, )'s

of iron and nickel is useful for evaluating the accuracy of
the spin-dependent wave functions in the band calcula-
tions. More elaborate experiments with a high-
momentum resolution will provide a further critical test
of band theories.
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