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Abstract. Spin-dependent momentum distributions in ferromagnetic iron are caleulated in
detail using the linear combination of Gaussian orbitals method. Theoretical results for
Compton scatiering and positron annihilation are presented in the form of momentum
distributions, Compton profiles, one-dimensional angular correlation of annihilation radi-
ation curves, Lock-Crisp-West folded plots and reciprocat form factors 8(z), and are
compared with experiment wherever possible. It is observed that the present theoretical
resuits show satisfactory agreement with experiment. It is further observed that although
the different theories (e.g. augmented plane waves. linear muffin-tin orbitals, present
linear combination of Gaussian orbitals) agree among each ather about the spin-dependent
momentum distributions in ferromagnetic iron, minor differences exist between these the-
ories and experiment. These differences are ascribed to the limitations of the independeni-
particle approximation, in particular to the effects of non-locality, e"—e~ and e*-e~ many-
body correlations, etc.

1. Introduction

It has been well recognized that the band structures and Fermi surface (Fs) properties
of iron are of great interest because of their complex nature [1] and because iron exhibits
ferromagnetism below 1043 K. In spite of several theoretical and experimental studies,
certain ambiguity still exists about the Fs topology of iron [2]. Thus, for example,
experiments using the de Haas—van Alphen effect [3, 4] and magnetoresistance oscil-
lations [5, 6] have provided resuits that are not yet completely reconciled with theory.
Recently the techniques of measurement of Compton profiles (cp) [7] and angular
correlation of (positron) annihilation radiation (ACAR) [8-11] have shown that these
studies of momentum distributions (MD) can lead us to a better undesstanding of the Fs
topology in metals. Various studies of the cP and ACAR for different transition metals
have supported the conclusion that different band-structure methodsin the independent-
particle model (1PM) can provide a sound theoretical basis to compare theory with
experiment [7-11] and that the many-body correlation (e ™—~ ore™—e™) corrections can
be added on to the 1PM theory. Another special advantage available with the cp and
ACAR techniques for the study of iron is that they are capable of measuring effects of
spin-dependent (i.e. majority- and minority-spin electrons) MD using either ctrcularly
polarized radiation (for cp} or longitudinally polarized positrons (for ACAR). Such
experimental studies of spin-dependent cp [12-16] and acar [17-20] have provided
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valuable information about the spin-dependent wavefunctions of band electrons in
ferromagnetic iron. On the theoretical side, calculations of the Mp in iron using
Hubbard’s approximate scheme {18], augmented plane-wave (apw) [21-23]. Korringa—
Kohn-Rostoker (KKR) [24, 25], linear combination of Gaussian orbitals (Lcco) [26],
generalized k - p interpolation scheme [27] and linear muffin-tin orbitals (LMTO) (20, 28]
methods have shown that the spin-dependent MD in iron is very sensitive to its Fs
topology.

Among the different band-structure methods vsed for the calculation of MD, the
LeGo method [29, 30] carries certain special advantages such as (i) its self-consistent (5C)
character, (ii) the absence of any shape-dependent approximations and (iii) the Gaussian
nature of the basis functions and hence its ability to compute the MD up to a desired
high momentum (p) value analytically (and without much loss of accuracy). The last
advantage is especially important in making a realistic comparison between experiment
and theory because the theoretical computations involve the integration of the MD over
one (or two) components of the momentum (see equations (3}, (6) and (7) in section 2
later) and hence the accuracy of the theoretical curves (CP or ACARY) is limited by the
knowledge of band MD at high momenta. This is particularly important for the case of
iron where the spin-dependent cP are observed to extend up to p = 8.0 au [16]. While
the MD calculated by the Apw method, for example, usually extends up to p = 5-7 au
only, the LCGO method allows a calculation of MD up to (or beyond) p == 10 au [31].
Although the LcGo method has been used earlier for the calculation of MD relevant for
the Cp results for iron [26], we present here a more comprehensive calculation of the MD

in ferromagnetic iron incorporating the following two refinements of the eariicr work
[26]:

(i) We have improved the description of the exchange—correlation (XC) potential. A
previous calculation by Rath et al [26] used the exchange-only approximation, while that
by Callaway and Wang [30] used the spin-polarized exchange potential of von Barth and
Hedin [32]. However. in the work of Callaway and Wang [30]. the emphasis was on the
study of the effect of different crystal potentials on different electronic properties of
iron, and the spin-dependent CP was reported only for a polycrystalline sample while the
details of the MD, directional ¢, etc., were not presented. These details of the MD and
directional CP, and their dependence on Fs topology, are discussed here in greater detail.
To ensure & better description of the correlation effects, we have used the exchange-
correlation potential of von Barth and Hedin [32] as parametrized by Rajagopal et af
[33].

(i) We have recently extended [31, 34, 35] the LCGO method to perform the cal-
culation of the two-photon momentum distribution (Tpmp), which is the physical quan-
tity of central interest in the ACAR studies. In this way we could use the same band-
structure method and the same set of electron wavefunctions to calculate the electron
momentum distribution (EMD) and TPMD to facilitate a better comparison between
theory and experiment (CP and ACAR).

Our application of this refined version of the LCGO method to V {31], Cr [31], Ni
[31] and Cu [34, 35] has already provided a satisfactory theoretical description of the
experimental results obtained by the cP and ACAR studies. We therefore found it
interesting to apply the refined LCGO method for the calculation of spin-dependent EMD
and TPMD in ferromagnetic iron. Such a calculation has ensured that the same band-
structure method and the same set of electronic wavefunctions are used to calculate the
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theoretical CP and ACAR curves, which can then be compared with the appropriate
experiment.

The present paper describes our theoretical results for the calculation of the EMD,
p(p), and the TPMD, p?*(p), for the majority- and minority-spin electrons of ferro-
magnetic iron. The results for these MD are shown in the form of two-dimensional (2D)
surfaces as well as contour plots to bring out the effects of rs topelogy. The ¢P, one-
dimensional (10) and 2D ACAR curves are also computed from these MD and they are
compared with the experimental data wherever available. The plots of the MD folded
by using the so-called Lock—Crisp-West (LCW) theorem [36] are also presented. The
autocorrelation functions (or the reciprocal form factors) B(z) [7, 8] have also been
calculated for the CP and ACAR cases and are compared among each other and with
experiment. In this way we have tried to present a fairly comprehensive report on the
MD in ferromagnetic iron. We believe that the present LCGO-based results would be
useful in assessing the local density approximation and neglect of electron—positron
correlation by providing an IPM theory that can be carefully compared with experimental
data.

The plan of the present paper is as follows, The calculational procedure used by us
is outlined in section 2. The results of the present calculations are given in section 3
along with a comparison with experiment wherever possible. In particular, the present
theoretical results for the s, MD, CP (non-magnetic and magnetic) and ACAR along with
the plots for Lcw-folded distribution and autocorrelation function B(z) are given. These
results are discussed in terms of the s and other properties of iron. Finally a summary
is presented in section 4.

2. Calculational procedure

In this section we shall outline our computational procedure briefly. The details of this
procedure are described elsewhere [29, 31, 34, 35]. The EMD is defined as

p(p) = E,, W, (&, p) |2 (1)

where W, (k, p) is the momentum-space wavefunction for an electron in a state specified
by band index » and wavevector k and is related to the position-space wavefunction
W (k, r) via the Dirac transforms

W,k p) = (N2) ™ [ exp(=ip - )W, (k. 7) dr @
where Q is the volume of the unit cell. The ¢p along the direction p is defined as
Tita) =10/CxY’1 [ dp p(p)Slg —p- ) )

where
g=mw/(k| - 4k)  and =kl

The TPMD is defined as
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v,

P (p) = const 2 | Fi(p)*8(p~k~G) @)
ak
where Fi(p) is the electron-positron overlap integral written as
Fi=|  ew(-ip- W, 00,00 9
crystal

with W, (r) being the positron wavefunction for the lowest-energy state £, = 0. The 1D
ACAR curve in the direction of k is given by

Nia) = [ 4o (m)ola - p-B) ©

while the 2D ACAR curves are defined by
+%

N(F’y*?:): pzr(l’)dpx- N

-

In the LCGO method, the electron and positron wavefunctions are written as
Volkr) = 2 Co (b (k1) ®
and
V() = 2 Clien =009 (1) (9

where the ¢; are the linear combinations of Gaussian orbitals. In our calculations the
Gaussian basis set consisted of 13 5. 10 p. five d and one f functions. The lattice constant
used wasa = 5.406 au. As mentioned earlier, the exchange—correlation potential of von
Barth and Hedin [32] as parametnzed by Rajagopal et af [33] was used. Spin—orbit
coupling and other relativistic effects were ignored. The sc potential so obtained was
used to calculate the band structure and wavefunctions on 506 k-points in the 1/48th part
of the Brillouin zone (82). Using a total of 1409 reciprocal lattice vectors. the EMD. o(p),
contributed by the band electrons was calculated up to p = 10.0 au. The EMD thus
calculated vielded a value of 7.94 electrons for iron (the ideal theoretical value being
8.00) and this indicated the high accuracy of the present calculations. It may be pointed
out that the experimental directional cp [37] and magnetic cp [16] results have been
reported up to p, = 10.0 au, and this calls for the theoretical calculation of p( p) up to at
least p = 10.0 au,

In the calculation of TPMD we used 135 reciprocai lattice vectors and computed TPMD
only up to p = 4.0 au because the contribution of the band electrons to TPMD was found
to be insignificant beyond p = 4.0 au. The 2D ACAR curves, N(p,, p,). were calculated
by generating TPMD values at more than 40 000 points in the 1/48th volume of p-space.

3. Results and discussion

3.1. Band structure and Fermi surface

The present results for the band structure and Fs topology for the majority- and minority-
spin electrons of iron agree very well with those reported by Callaway and Wang [30],
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Figure 1. Cross sections of the Fermi surface of
iron in (a) {100) plane and (b) {110} plane.
Majority-spin sheets are represented by full
curves, minority by broken curves. The Roman
numerals refer to the assignment given in table VI
of [30].

earlier. In view of this, the plots of band structure are not presented here. Instead we
show in figures 1{a) and (b) the present results for the Fs topology of iron because we
shall discuss our present results for the MD in terms of these topologies. The Roman
numerals on the Fs sheets in figure 1 refer to the description of the Fs as given in table
VI of [30].

The value of the magnetic moment per site obtained by us is 2.16 ug, which agrees
well with the previously reported experimental value of 2.12 ug [38] and theoretical
values of 2.16 ug [30] and 2.15 ug [39]. It may be pointed out that the s¢ band-structure
calculations of iron have always resulted in values of magnetic moments that are higher
than the experimental value.

3.2. Momentum distributions

Present results for the EMD and TPMD have been obtained by us in three forms: (j)
directional curves of p(p) along different (hk/) directions, (ii) perspective plots of the
surfaces p(p,, p,) plotted in various symmetry planes (p;. p,). and (iii) contour plots of
the surfaces p(p,., p,) in the { p,, p,) planes. However, for want of space we shall present
here only some typical plots. More plots can be supplied on request.

The directional curvesof p( p) and p*'( p) obtained by us and their angular momentum
dependence (i.e. on the [ state of the band electron) show features similar to those
already reported by Mijnarends [18], Kanhere and Singru [40] and Sob {23], and conse-
quently they are not discussed here. Instead, the perspective plot of the EMD. p(p), in
the (100) plane is shown in figure 2 while the contour plot of the EMD, p(p), in the (110}
plane is shown in figure 3, both for the case of majority-spin electrons. The complex
topology of the Fs of iron is reflected in the shape and structure of these plots, The EMD
surface in the (100) plane (figure 2) shows a sharp discontinuity occurring in the region
p < 0.8 au (first Bz) and this corresponds to the Fs sheet ] (figure 1) consisting of the
large T-centred majority-spin electron surface. The Umklapp image of this surface in
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Figure 2. Section of the EMD, p{p), in iron by the {100} plane for the majority spin. The
broken lines indicate the section of the BZ in the same plane.
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Figure 3. Contour plot of the EMD, p(p}, inironin the {1 10} plane for the majority spin. The
interval between neighbouring isodenses is 0.08 units.



Calculation of spin-dependent momentum distributions in iron 1119

the second BZ is seen in figure 2 in the form of a wedge-like structure spread across the
second BZ, and it clearly brings out the topology of this surface I. The majority-spin
surfaces III and I'V (figure 1) are the intermediate and small H-centred hole pockets,
respectively, and in the (100) plane they arise out of the A (or Fyor G;) and A5 (or F,
or G;) bands, respectively. These hole pockets do not seem to give rise to any structure
in the EMD surface in the first Bz (figure 2). This behaviour can be understood on the
basis of the so-called symmetry selection rule [9, 41], according to which certain bands,
depending on their group-theoretical representation, are not allowed to contribute to
the EMD (or TPMD) along certain directions or planes. Using the tables given in [9] and
[41]itisseen that the H-centred intermediate and small hole pockets are prevented from
giving rise to discontinuities in the EMD surface in the first Bz of the (100) plane. They
can, however, contribute to the EMD in the higher zones and hence their presence is
manifested in the form of small depressions around H in the higher zones. Similar
analysis involving the directional curves of MD has been given earlier [18, 19, 23].

The contour plot of the EMD for the majority-spin electrons in the (110) plane brings
out the topology of the rs sheets in a similar manner. Once again the effect of the I
centred surface I (figure 1} is seen prominently inside the I Bz and its Umklapp images
are seen weakly in the higher zones. Similarly the effect of the H-centred surfaces III
and I'V are seen not in the first BZ but in the higher zones around H (e.g. along the {111}
direction at p ~ 2.0 au).

The perspective plots of the TPMD, p?(p), are not shown here but they exhibit [31]
features similar to those observed in figures 2 and 3. One important difference observed
in the TPMD surfaces is that the higher-zone Umklapp images are smaller in amplitude
and hence are barely visibie. This difference between the TPMD and EMD is well known
and is attributed to the effect of the positron wavefunction. To give a specific example,
the H-centred small hole pockets (surfaces 1IT and IV) are not seen clearly in the TPMD
surfaces or their contours.

It was pointed out earlier that a certain ambiguity exists in the literature about the
Fs topology of iron. Most of the differences revolve around two sheets: (i) Majority-spin
hole surface II (figure 1)-—according to some authors these hole arms linking the points
H-N-H are continuous at N, while some authors observe that the arms are pinched at
N. (ii) Minority-spin hole pocket around N (sheet VIII in figure 1}—one would like to
know whether this hole pocket exists and if so with what size. Examination of the band
structure shows that the ordering of levels in the neighbourhood of the point N holds
the key to this riddle. Our calculated band structure of iron indicates that the majority-
hole arms (sheet II) are not pinched at N and that minority-spin hole pockets of a fair
size exist around N [31].

It would be of interest to examine how the study of MD can clear these ambiguities.
Mijnarends [18] has discussed this aspect in detail, and after analysing his spin-depen-
dent 1D ACAR data for iron he has concluded that the minority-spin hole pockets are
either extremely small in size or are absent. A recent study of this problem was carried
out by Genoud er al [20], who measured spin-dependent 2D ACAR for ferromagnetic iron
and compared it with LMTO theory. These authors came to the conclusion that the
possible existence of a small-sized N-centred hole ellipsoid in the Fs of minority electrons
of iron cannot be ruled out, although the size of this hole pocket is expected to be much
smaller than that predicted by various sC band-structure calculations. In a later study of
the spin-dependent cp from iron, Genoud and Singh [28] rule out the existence of these
hole pockets.
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Figare 4. Contour plot of the TeMD, p*(p), in iron in the {110) plane for the minority spin.
The interval between neighbouring isodenses is 0.05 units.

To illustrate the role played by the TPMD in this ambiguity, we show in figure 4 the
contour plot of TPMD contributed by minority electrons in the (110) plane. This plot
offers an idea about the size and shape of structure around the point N. In our opinion
this structure is just above the limit that can render it observable in the reconstructed
TPMD plots. Previous attempts at reconstruction of TemD in Ti [42], V [43]., Cu [44],
Zn [45], Zr [42] and Gd [46] have already shown that it is possible to reconstruct the
TPMD, p*¥{ p). from the measured sets of 2D ACAR surfaces and that such an exercise can
help us to distinguish between different models of band structure and rs. We propose
that such a reconstruction of the spin-dependent TPMD in ferromagnetic iron should be
undertaken to resolve the ambiguity around the point N, Although such acomprehensive
reconstruction of the EMD, p(p), from the measured CP data appears to be a difficult
proposition [7], the picture is definitely going to change in the near future in view of the
promising developments in measuring the cp with higher momentum resolution and
better efficiency by using synchrotron radiation [47]. Analysis of the EMD and TPMD in
terms of the Fs topology as given above will prove useful for interpreting reconstructed
mp for iron. Present calculations have resulted in a rich collection of data in terms of
surfaces, line and contour plots of EMD, TPMD, CP and ACAR for iron. These results,
although not presented here, can be made available on request.

In order to bring out the angular momentum dependence of the EMD and TPMD in
iron, we have shown in table 1 a comparison of the weighted areas under the pure s-, p-
and d-wave contributions to the momentum distributions along the {100}, {110} and
{111) directions for the majority- and minority-spin electrons. The results in table 1
indicate the substantial d-wave contribution to the MD because the d components are
dominant beyond p = 1.0 au, which increases their weighted area relative to that of the
s and p components. [t is also seen that the percentages of s and p contributions are
higher in the TPMP than in the EmMD. This behaviour is attributed to the effect of
positron wavefunction. One also observes from table 1 that (i) the angular momentum
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Table 1. The ratic of the weighted areas of pure s, p and d contributions® to the total
momentum distributions in iron.

s p d

Direction EMD TPMD EMD TPMD EMD TPMD
Majority spin

{100} 0.047 0.093 0.044 0.088 0.882 0.709

{110} 0.073 0.163 0.062 0.136 0.815 0.574

{111} 0.032 0.079 0.047 0.095 0.760 0.531
Minority spin

{100} 0.099 0.118 0.150 0.201 0.650 0.494

{110} 0.088 0.177 0.084 0.175 0.776 0.528

{111} 0.044 0.092 0.093 0.164 (.597 0.333

4 The sum of s, p and d contributions along any direction does not add up to 1.000 because
the hybridized part is not taken into account.

dependence of both the MD is highly anisotropic and (ii) the percentage contribution of
aparticular /state is different for the two spins, the percentage of the s and p contributions
being higher for the minority-spin electrons. In this connection it should be pointed out
that Genoud et af [20] had to use different enhancement factors, £(y), for the majority-
and minority-spin electrons to correct for the e™—e ™ many-body correlations before their
LMTO theory could describe the 2D ACAR data accurately.

We have defined the spin momentum density (SMD}, Ap(p), as

Ap(p) = Pmaj (P) - pmin(p) (10)

and have shown its contour piot in the (100) plane in figure 5. It is observed that the sMD
in iron exhibits considerable anisotropy and structure, which are larger compared to
those in ferromagnetic nickel [31]. These differences are attributed to the different
topologies of the Fs in these two metals. Close examination of the resulits of figure 5
shows negative sMD around the point N arising from the minority hole pocket centred
around N. It is suggested that a reconstruction of the sMp for ferromagnetic iron should
be attempted so that experimental results can be compared with those in figure 3, with
the aim to verify the presence of the N-centred minority hole pocket.

3.3. Comptron profile

Several measurements of the non-magnetic [37] and magnetic [12-16] ¢p of iron have
been reported in the literature, and we present in the following subsections a comparison
of our theoretical CP with experiment.

3.3.1. Non-magneric Compton profile. Rollason eral [37] have measured the directional
non-magnetic CP from single crystals of iron using 412 keV gamma radiation from **Au.
These authors have compared their experimental results with the theoretical results
obtained by the Apw [22] and LcGo [26] methods. As pointed out earlier, the present
computation had the advantages of calculating the EMD up to ¢ = 10.0 au (as compared
to the Apw method [22], which calculated the EMD up to g = 5.0 au only) and of including
the von Barth—Hedin exchange—correlation potential (as compared to the previous LCGO
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Figure 5. Contour plot of the sMD, Ap{p}, in the {100} plane. The interval between neigh-
bouring isodenses is 0.08 units. The regions marked *+° have dominant contribution from

the majority-spin, while those marked '~ have dominant contribution from the minority-
spin electrons.

calculation [26]. which used an exchange-only potential). The ‘missing’ electron part
was only 0.03 electrons/spin in the present calculation. In view of these advantages
a comparison of the experiment with the present theory should provide some new
information besides offering a test of the quality of wavefunctions used. To determine
the theoretical non-magnetic Cp, the contributions from the majority- and minority-spin
electrons were first added up and the resulting profiles were then convoluted with
a Gaussian of FwHM = 0.4 au before comparing them with experiment {37]. Such a
comparison of the difference ((J,;; — Jigo), etc) profiles is shown in figure 6. The
inclusion of the exchange—correlation appears to have improved the agreement between
theory and experiment. For example, the crossings near 1.9 au for (111 - 100) and
near 2.4 aufor (111 — 110) now match better. Similarly the oscillatory behaviour in the
difference profiles for p, > 2.0 au is now reproduced by the theory quite well. However,
the size of the differences at p, = 0is now overestimated compared to the previous work
except in the case of (110 — 100). This might be due to the difference in the two
normalizations, among other reasons. On the whole it can be said that the inclusion of
coreelations generally improves the anisotropies of the cp curves. We also observe, in
agreement with the previous report [37], that the anisotropies in iron are much smaller
than those observed in other transition metals (e.g. V, Cr, Cu, etc) and that the
structure observedin the difference profiles (figure 6) cannot be easily correlated with the
important features of the Fs of iron.

It was pointed out by Bauer and Schaeider [48] that the discrepancies between the
peak heights of the experimental and theoretical difference cp in metals (such as those
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0.10r 111 -100

Figure 6. Difference Compton profiles AJ(p.) in iron for three pairs of directions. The full
circles represent the experimental data[37] while the full curves represent the present theory
after convoluting it with a Gaussian of FwHM = 0.4 au.

in figure 6) could be attributed to the neglect of electron—electron correlations in the
band models used. To test this, we applied the so-called Lam-Platzman correction
[49] to the present theoretical resuits for the cp. Such a procedure brought down
the differences between theoretical and experimental directional cp from 0.8 to 0.3
electrons/au for the (100} direction, from 0.12 to 0.06 electrons/au for the (110)
direction and from 0.14 to 0.09 electrons/au for the {11 1} diraction. Although this trend
isintherighi direction, the theorystill overestimated the profilesinthe regiong < 2.0 au.
The effects also appear to be anisotropic, while the Lam—Platzman correction is isotropic
in nature. A solution to this problem in the case of chromium has been suggested recently
by Cardwell et 2/ [50], who have calculated anisotropic correlation effects in Cp using the
three-dimensional Apw density of states. We feel that a similar approach for treating
electron—electron correlations and non-locality is needed for ferromagnetic iron.

3.3.2. Magnetic Compion profile. As mentioned in section 1, several workers have
measured spin-dependent Compton scattering from iron to study the MD of electrons
involved in its ferromagnetism. Collins er af [16] have reported the directional magnetic
Compton profiles measured along the (100), (110} and (111} directions. Figure 7 shows
a comparison between their experiment and present theory. The theoretical profiles
have been convoluted with a Gaussian of FwrM = 0.7 au and normalized appropriately.
Althoughall the three theoretical magnetic crinfigure 7 show acentraldip (forp, < 1 au)
in agreement with experiment [16] and APw [51}, KKR [25], previous LCGO [26] and LMTO
[28] theories, the sizes of the central dip are not predicted accurately by any of these
theories. There is good agreement between different theories and between experiment
and theory in the region p, > 2 au. Although different theories agree among them in the
low-momentum region (p, < 2 au), they all disagree with the experiment for the (110}
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and (100) profiles, with the latter cp exhibiting the largest discrepancy. Using a
parametrized tMTO method, which gave vanishing size for the N-centred hole pocket of
the minority third band, Genoud and Singh [28] have observed that the theorctical
magnetic CP can be brought very close to the experimental curves for the [11 1] and [110]
directions. but the theory still overestimated the magnetic cp for the [100] direction near
p. = 0. Thisbehaviour hasbeen attributed to the inadequate estimation of the negatively
polarized 4s~p band in their theory [28]. The comparisons presented in figure 7 and
elsewhere [16, 28] clearly show that the differences between experiment and theory are
not due to the artifacts of different band theories and that they cannot be completely
removed by a parametrized calculation. We feel that these differences arise out of the
inadequacy of the representation of the rs topology and electron-electron correlation
effects. A more ab initio theoretical approach, free of any parameters, is perhaps needed
to solve this problem. On the experimental side this challenging problem can be solved
by measuring the magnetic CP with better momentum resolution and higher statistical
accuracy, as planned by the group at the Photon Factory, Ibaraki, Japan [47].

It may be mentioned that we have also calculated the majority- and minority-band
directional difference profiles using equations (7)~(10) of [ 16] and compared them with
experiment {16]. The trend of the present theoretical results is close to that predicted by
the Apw theory [51].

3.4. Positron annihilation (ACAR)

3.4.1. Introduction. The ACAR technique has two important experimental advantages:
{1) high momentum resolution and (it) choice of 1D or 2D geometry. On the theoretical
side, the interpretation of the results is complicated by the positron wavefunction and
e*—e” many-body correlation effects. However, considerabie progress has been made
in calculating these effects and incorporating them in the 1pM theory [8-11]. With its
added capability of measuring spin-dependent TPMD, the ACAR technique is a powerful
tool to study the Fs of ferromagnetic metals. We shali now present our theoretical results
for acar and shall compare them with experiment wherever possible.
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Figure 8. Magnetic LD ACAR curves in iron. See equations (11) and (12} for the definition of
N(q) and AN(g). The full curves indicate the present calculations while the broken curves
denote the experimental data [18].

3.4.2. One-dimensional Acar. In this section we shall present a comparison of our
theoretical ACAR results with those measured by Mijnarends [18] using 1D geometry.
Following Wakoh and Kubo [22] we have constructed the magnetic profiles (or the
difference curves) AN(q)/N(q), where N(q) denotes the 1D ACAR curve, obtained from

N(g) = Naaj(q) + Nrinlq) (11)
and

AN(Q) = Nmai (Q) - Nmin(‘?)' (12)

The present theoretical AN{(q)/N(g) curves are compared with the experimental
results [18] for the three directions {100}, (110} and {111} in figure 8. It is observed that
the agreement between experiment and present theory is good except in the region
g > 10.0 mrad (1 mrad = 10~ %n,c = 7.29 au). Additional structure is observed in the
present theoretical curve along the {111) direction. Similar behaviour was observed for
the APw theory [22]. Two important points have to be kept in mind while analysing the
comparison shown in figure 8. First, the present theory did not include the e*—e~ many-
body correlations; and secondly, some uncertainty exists in the vertical scale of the
experimental AN(q)/N(g) curves brought in by the so-called P;, process [8, 17]. Never-
theless these results (figure 8) assure that the present LCGO theory provides a good basis
to describe the TPMD in iron. Having confirmed this, we shall now present our results for
the 20 ACAR In iron.

3.4.3. Two-dimensional Acar. We have calculated several 2D ACAR surfaces N(p,, p,}
for the majority- and minority-spin electrons using equation (7). These surfaces (not
presented here) show some structure, which can be interpreted in terms of Fs topology
in a manner similar to the analysis reported for paramagnetic Cr [52]. We could not
compare these theoretical 2D ACAR surfaces with experiment {20] because the exper-
imental data sets N(p,, p,} were not available. It has been shown recently [53] that the
e*—e” many-body correlation corrections are /-dependent in nature, and their treatment
requires a careful fitting with experiment. In the absence of experimental data sets, we
could not attempt such an analysis. Instead, we have presented in figures 9-11 our
theoretical results in the form of plots obtained by applying the LCW theorem [36] to the
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Figure 10. Same as in figure 9 but with the integration axis along the {110} direction,

2D ACAR results. It has been shown [54] that, in spite of the limited validity of the Lcw
theorem for positron annihilation. the Lcw plots provide an important and useful visual
mode for comparing theory with experiment. Keeping this in mind, we have shown in
figures 9 and 10 the contours of the L¢w-folded 2D ACAR distributions in iron for the
majority spin with the integration axis along the {(100) and (1 1 0) directions, respectively.
The effects of the Fs topology (the sheets I, II, IIT and IV of figure 1) are clearly observed
in figures 9 and 10. To carry out the Lcw analysis in some detail we have shown in
figure 11 the Lcw plot along some important symmetry lines of the 8z. The theoretical
contributions to the 2D ACAR by the majority- and minority-spin electrons were first
added up and then convoluted with the experimental resolution (0.3 X 0.5 mrad?) used
by Genoud et al [20] before obtaining the plot shown in figure 11. When compared with
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Figure 11. Lcw analysis of the 2D acar distributions along some important symmetry lines
of the Bz. The TPMD was obtained by adding the contribution of band electrons to 0.2 times
the contribution from the core electrons.

the LMTO theory the present LCW plot (figure 11) shows good agreement. It also agrees
well with the experiment [20], although some differences do exist. Most of these major
differences occur around the point N and these are attributed to the differences in the
Fs topology around N, The residual differences are minor and they can be ascribed to
the neglect of e*—¢~ many-body correlation in the present theory.

3.5. Autocorrelation function B(z)

The autocorrelation function (or the reciprocal form factor} B(z) derived from the cp
[7,55] and ACAR [8] data enables us to analyse the results of MD in yet another way. One
can define [8]

BP(z) = (27) 2FT_,(J(p,)) (13)
and
B¥(z) = (27) M FT_|(N(p.)) (14)

where J(p,) and N(p,) are Compton profiles and 1D ACAR curves respectively and FT_,
denotes the Fourier transform. Recent analysis of these autocorrelation functions in V
[56],Cr[31],Ni[31], Cu[31]and Nb[57] have already provided interesting information.

We have calculated the present theoretical B¥(z) and B¥(z) functions in Fe along
the (100}, (110) and {111} directions after (i) summing the contributions from the
majority- and minority-spin electrons, (ii) taking into account the effect of finite reso-
lution and (iii) normalizing the curves to 26 electrons at z = 0. Although these curves
have not been presented here, the trend of the present theoretical curves has been
observed by us to be similar to the APw [22] and the earlier LCGO [26] theoretical results
as reported by Rollason et al [37]). We have also compared the experimental results for
the BF(z) curves [37] with our theory and have observed that the inclusion of the
correlation effects has brought the present theoretical BF(z) curves closer to the exper-
iment. Some differences between the theory and experiment still persist, and this



1128 V Sundararajan et al

ot | Fe

- 100}

-———— Mo
012 —= = 11l

-0.04F

-0.08~

=032r

1
N VA

i
v f

-0.20- (W
020 N

Figure 12. The difference curve AB“(z} defined by equation {15) zlong the [100] {—],
[t10](~--)and [111] (~-—- -} directions.

behaviour indicates that the electronic wavefunctions need further improved theoretical
description, parficularly along the {111) direction, which is the direction of nearest
neighbours.

We have also compared the theoretical BF(z) and B?(z) curves because both these
are calculated using the same set of electron wavefunctions. Two prominent features
emerge out of such a comparison. First, the B'(z) curves show high amplitudes at large
z values (z > 10.0 au) while the B*P(z) curves damp out in this region. Secondly, the
B¥(z) curves are smoother in comparison to the corresponding B*F(z) curves in the
region z = 3.0 to 10.0 au. Similar behaviour has been observed in the case of V and has
been attributed to the effect of positron wavefunction [56].

The spin-dependent anisotropy of the autocorrelation function B(z) has not been
reported in the literature so far. Keeping this in mind, we have used the present
theoretical B(z) curves for the majority- and minority-spin electrons of Fe to define the
difference curves ABCP(2) for Compton profiles and AB%(z) for positron annihilation,
through the equation

AB(Z) = Bma)(z} - Bmin(z)' (15)

The difference curves ABP(z) and AB™(z) obtained from the present theory are
shownin figures 12 and 13 respectively for three crystalline directions in Fe. These results
show that the spin autocorrelation function is anisotropic in r-space with the {111}
direction (i.e. the direction of nearest neighbours) showing the largest amplitude in the
region z = 2.0 to 4.0 au. It has been shown [58] that the autocorrelation function B(r) is
sensitive to the e, : t; electron population ratios in the transition metals. The behaviour
of the results shown in figures 12 and 13 can be understoed in terms of the spatial
behaviour of the electron wavefunctions and the different e, t,, ratios in the two spin
states of iron. A comparison of the radial dependence of ABCF(z) and AB*(z) (figures
12 and 13) also brings out the effects of positron wavefunction of the spin autocorrelation
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Figure 13. Same asin figure 12 but for AB¥(z).

function. In view of all this, it should be interesting to analyse future experimental
measurements of the spin-dependent Cp and ACAR curves in Fe in terms of AB“F(z) and
AB%(z), with the present results providing a theoretical basis.

4, Summary and conclusions

The EMD, p(p). and the TPMD, p*(p). in ferromagnetic iron have been calculated with
the LCGO method (containing better treatment of exchange—correlation) using the same
set of electron wavefunctions. Various observable physical quantities have been com-
puted and these theoretical results are compared with experiment wherever possible.
The effects of F$ topology are pointed out and comments are made about the design and
data analysis of cp and 2D ACAR experiments with a view to resolving the ambiguities
about the rs topology. .

It is concluded that the LCGO method, in the independent-particle model (tpm),
provides a satisfactory description of the gross features of the measured momentum
distributions. On a finer scale, several discrepancies between theory and experiment
were found. These discrepancies were present even when other 1PM theoretical cal-
culations (like the APw method, LMTO theory) were used for comparison by other
workers. Hence it appears that there is some inadequacy present in all 1PM calculations.
Although a parametrized LMTO calculationimproves the fit with experiment, this appears
as an ad hoc solution of the problem. It is certain that the theoretical description of the
band structure, Fs, e —e~ and e*—e~ many-body correlations in ferromagneticiron needs
further improvement by using a more ab initio approach.
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