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Electronic structure of ferromagnetic iron: Band structure and optical properties
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A theoretical study of the band structure, density of states, and the optical properties of ferromag-
netic iron is presented. The interpolation scheme parameters are those from our previous paper
[Phys. Rev. B 32, 6424 (1985)]. The results are compared with other theoretical and experimental
results. Upon comparing them with the recent angle-resolved photoemission data, we find the band
structure to be fairly good. The resulting optical properties show a very good agreement with the

experimental results.

I. INTRODUCTION

There are successful calculations of Fermi surface and
optical properties of Cu,"? Pd,® and Pt (Ref. 3) using the
interpolation scheme. Ferromagnetic iron has d bands
crossing the Fermi level and therefore has much more
complicated band structure. We apply interpolation
scheme to study the Fermi surface* and optical properties,
in this paper, of ferromagnetic iron to check its validity in
case of transition metals having complicated band struc-
ture. In our previous paper on ferromagnetic iron,* we
developed a Fermi surface model and worked out a set of
interpolation scheme parameters which yielded a suffi-
ciently good estimation of the extremal orbit areas. We
chose the interpolation scheme because it is fast and sim-
ple. Our results have the best agreement with the experi-
mental Fermi surface as compared to other theoretical re-
sults.* We also focused our attention on the interference
orbits which were otherwise untouched theoretically. Our
results on the interference orbit areas were in agreement
with the experimental results® though we are unable to ob-
tain the fifth interference orbit (see Ref. 4), because the
hole arms along HN get pinched off in our Fermi surface
model. This does not seem to be very serious in view of
the present ambiguity existing for the shape of the Fermi
surface near symmetry point N in ferromagnetic iron.

While working out the problem of parametrizing the
Fermi surface,* it becomes essential to keep in mind the
energy band structure and related features, or else the fit-
ted Fermi surface may result into a wholly absurd band
structure. This is so because the Fermi surface, by its def-
inition, is the locus of k points on a constant energy ( Er)
surface. In this paper we study the band structure and
optical properties of ferromagnetic iron. We are interest-
ed in finding out if our Fermi surface model* can yield a
good representation for optical properties the evaluation
of which involves band-level energies below as well as
above Fermi energy. Availability of the experimental data
for optical properties of ferromagnetic iron makes the
task quite meaningful. Our calculations of optical proper-
ties involve the method of special directions for Brillouin
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zone integrations, hence our work is a good check of the
accuracy of the special-direction method. We find that
the calculations are in better agreement with the experi-
ment as compared with other previous calculations in
terms of peak positions and peak heights for the optical
conductivity ().

II. RESULTS
A. Band structure

The energy eigenvalues we obtain are plotted along
symmetry lines in Fig. 1. Table I presents the values at
points of high symmetry. In a qualitative sense there is a
general agreement in the overall shape of the bands with
the other band calculations.®~% However, there is a strik-
ing difference between our calculations and those of Cal-
laway and Wang® when the arrangement of energy bands
at symmetry point N is considered. In our case, the level
Ni(1) has an energy lower than the Fermi energy conse-
quently, the hole arms (II) along HN direction* get
pinched off whereas Callaway and Wang get an energy
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FIG. 1. Band structure of ferromagnetic iron. Solid (dashed)
curves indicate majority (minority) spin bands.
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TABLE I. Energy eigenvalues at the points of high symmetry. Values are in rydbergs.

r H P N
(a) Spin-up electrons

'y, 0.7134 Hs 1.4296 P, 0.7143 N3 0.7870
T, 0.7126 His 1.4296 P, 0.7143 N 0.7416
| 0.6050 Hys 0.7768 P, 0.4819 N, 0.7132
s 0.6032 Hjs 0.7751 P, 0.4804 N, 0.6903
s 0.6015 H s 0.7734 P, 0.4789 N, 0.5021
T, 0.1061 H, 0.3796 N, 0.3852

H,, 0.3796

(b) Spin-down electrons

T 0.8437 Hs 1.4503 P, 0.8443 N3 09172
| °P 0.8436 Hs 1.4503 P, 0.8442 N, 0.8432
Ths 0.7354 Hys 0.9069 P, 0.5942 N, 0.7623
s 0.7333 Hss 0.9052 P, 0.5942 N} 0.7623
s 0.7326 Hys 0.9034 P, 0.5926 N, 0.6318
T, 0.1208 H, 0.5028 N, 0.4950

Hyp, 0.5028

greater than Fermi energy Er at N}(1) and, therefore, ex-
tended hole arms (II) along HN. Also, our results show a
considerable difference in energy eigenvalues at critical
points N and N; for spin up with N having a lower en-
ergy than N;. Wang and Callaway obtain nearly equal
energy eigenvalues at N{(1) and N;(1) with N having a
slightly higher value. We obtain an energy only slightly
higher than Er at N\(l), consequently, a small orbit area
for N centered VIII orbit* which is in far better agreement
with the experimental orbit area’ than that from Callaway
and Wang® who obtain the energy at Ni(!) sufficiently
larger than the Fermi energy.

For a comparison with experiment and other theoretical
works, critical point binding energies are presented in
Table II. The three data sets of Wang and Callaway have

different origins. The first two sets have been obtained
using local exchange potential with =% [Kohn-Sham-
Gaspar value (KSG)] and a=0.64, an empirically chosen
value, and the von Barth—Hedin (vBH) exchange-
correlation potential has been employed for the third set.
Our results for the binding energies seem to be in better
agreement with the experiment!® than the calculations
from Jansen’ and Moruzzi et al.!! The band-level energy
at critical points T'55(1), T5(1), Ths(1), P3(1), Ni(1),
N, (1), and N,(1), are in close agreement with the experi-
ment.!® One interesting feature that we observe is that
even though the exchange parameters are constant,* the
exchange splitting shows some anisotropy, e.g., the sp
band originating from I'; has a small exchange splitting
but it exhibits a considerably large exchange splitting at

TABLE II. Critical-point band-level energies in eV measured from the Fermi energy.

This Callaway®
Expt.* work KSG a=0.64 vBH Jansen® Moruzzi®
(Ciy) 8.15+0.20 8.75 8.13 8.29 8.12 8.93 8.42
st 2.35+0.10 2.13 2.32 2.32 2.25 2.50 2.48
| FPY) 0.78+0.10 0.64 0.94 0.92 0.84 1.44 0.97
st 0.27+0.05 0.36 0.02 0.15 0.43 0.45 0.45
Hipt 3.80+0.30 5.37 4.57 4.61 4.50 5.60 5.17
Hyl 2.50+0.30 3.50 2.71 2.87 2.99 343 3.71
Pyt 3.20+0.10 3.80 3.23 3.26 3.17 3.61 3.50
Pyt 0.60+0.08 0.62 0.73 0.71 0.53 1.77 0.68
Pyl 1.85+0.10 2.25 1.59 1.75 1.83 2.18 1.95
Nt 4.50+0.23 5.10 4.80 4.86 4.75 5.52 5.24
Nyt 3.00+0.15 3.50 3.34 3.36 3.27 3.73 3.65
N1t 0.70+0.08 0.75 0.94 0.92 0.86 1.25 0.94
Nyt 0.70+0.08 0.64 0.77 0.74 0.69 1.21 0.72
Nyl 3.60+0.20 3.60 3.40 3.57 3.60 4.18 3.92
N, 1.40+0.10 1.74 1.26 1.40 1.62 1.89 1.82

2Reference 10.
"Reference 6.
‘Reference 7.
dReference 11.
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H, P, and N. This is due to the mixing or hybridization
of different bands. The hybridization removes a number
of band crossings. Most of the degeneracies are resolved
by spin-orbit coupling. We have used the atomic value of
spin-orbit coupling parameter.'?

The exchange splitting in our model varies from 0.02 to
0.13 Ry. The splitting is small where the bands are
predominantly sp like. A comparison of exchange split-
tings at various symmetry points with the experimental
data'® and other theoretical calculations®”!! is presented
in Table III. Our calculations are in good agreement with
the experiment at H,,, P4, and N,. A slightly lower
value is obtained at I'5s. It is interesting to note that our
calculations give a better overall agreement with the ex-
periment in comparison with other theoretical calcula-
tions. When compared to exchange splitting for Ni,'* we
find that E; and E; for Ni (0.005 and 0.032 Ry, respec-
tively) are very small as compared to those for iron*
(0.0207 and 0.130 Ry, respectively), which is indicative of
stronger exchange interaction in ferromagnetic iron.

B. Density of states

We used the method of special directions'* to perform
the integrations over the Brillouin zone. For best results
in terms of computer time and accuracy, 50 k points and
66 special directions were taken. In the earlier work® on
Pt and Pd, 66 directions were found to be sufficient to get
a good representation of density of states (DOS). The
DOS for spin-up and spin-down electrons was separately
calculated by neglecting spin-orbit coupling. The calcu-
lated DOS for spin-up and spin-down bands is shown in
Figs. 2(a) and 2(b), respectively. From these figures we
observe that the DOS curves for both types of bands are
quite similar in nature although the width of the d band is
slightly different for the two.

For the calculation of total DOS, we include the spin-
orbit coupling. The total DOS, shown in Fig. 3, has two
sharp peaks corresponding to the high DOS of d bands of
the two spins in those regions of energy. The DOS for the
ferromagnetic iron shows a sharp peak about 0.6 eV below
the Fermi energy Er which is in good agreement with the
value of 0.58 eV estimated by Pessa et al.'> from observa-
tions of their photoemission experiments, and with the
calculation of Callaway and Wang.® We get a second
peak in DOS 2.6 eV below Ep which is found to be

TABLE III. Exchange splitting at symmetry points. All
values are in eV.

I3s Hy, P, N,
Experiment? 2.08+0.10 1.30+0.30 1.35+0.10 1.60+0.15
This work 1.77 1.67 1.28 1.76
Jansen® 2.05 2.17 1.43 1.84
vBH 1.82 1.51 1.34 1.65
Callaway® KSG 2.30 1.86 1.64 2.08
a=0.64 2.17 1.74 1.51 1.96

2Reference 10.
"Reference 7.
‘Reference 6.
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FIG. 2. (a) Density of states for spin-up (majority) electrons.
Spin-orbit coupling has been neglected. (b) Same for spin-down
(minority) electrons.

present at about 2.4 eV below Ep by experimental-
ists.'>~17 However, perhaps the agreement between our
calculations and the experimental results may be im-
proved by changing the parameters of the band structure
slightly.

Our DOS curve displays small peaks at about 3.2 and
4.25 eV below Er which may also be observed in other
DOS calculations. We obtain another prominent peak at
about 1.2 eV above Ep, thus a separation of about 1.8 eV
between the two main peaks in the DOS. This separation
between these two main peaks is representative of our ex-
change splitting parameter E; (1.8 eV) between the d
bands of opposite spins. Callaway and Wang® obtain this
second peak at about 1.52 eV above Ep thus obtaining a
larger value of E; (2.18 eV). This peak is not observed in
any of the experimental DOS since these are from photo-
emission measurements which give energy distribution of
valence bands (i.e., occupied states) only.

Experimental studies by Blodgett and Spicer'® reveal
maxima in the valence-band optical DOS at 0.35, 2.4, and
5.5 eV below Er. Two dominant peaks are resolved at 0.5
and 1.1 eV below Er in the experimental work of East-
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FIG. 3. Total density of states for ferromagnetic iron. Spin-
orbit coupling taken into account.

man.!” In our case these peaks are identified at 0.6 and
0.95 eV below Er. A shoulder is experimentally resolved
at 2.1 eV below Ef,!” which is difficult to locate in our
DOS as it has much more complicated structure around
2.1 eV below Ep than the experimental DOS. In the DOS
measured by Eastman there is no peak at 5.5 eV below Ep
which is present in the work of Blodgett and Spicer and it
is attributed to surface contamination.!” Our calculations
do not show any such peak.

From the DOS for ferromagnetic iron the Fermi energy
comes out to be 0.757 Ry which is in close agreement
with the value 0.76 Ry set by us in the process of fitting
the Fermi surface.* The value of Fermi energy, evaluated

TABLE 1V. The magneton number ny,,
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in this way, for ferromagnetic iron is lower than 0.77 Ry,
the Fermi energy for paramagnetic iron.'"* This lowering
in the Fermi energy may be the manifestation of the fact
that the ground state of iron is stable in ferromagnetic
configuration.

Our calculations give the magneton number

ny=nt(Ep)—nl(Ef)

equal to 2.18 electrons/atom as compared to the experi-
mental value of 2.12 electrons/atom.!” Our method of
calculating the magneton number may introduce an error,
though quite small in magnitude, due to neglect of spin-
orbit coupling during the computation of DOS of spin-up
and spin-down bands.?® This justifies, to some extent, the
slight deviation of our ny, value from the experimental
value.

The calculated value of the DOS [ N(Eg)] at the Fermi
level is 14.658 states/Ryatom. The experimental value?'
of 27.37 is about twice as high. This indicates a large
mass enhancement due to the interactions of electrons
with phonons and magnons. The mass enhancement fac-
tor A is defined as

N expt

A=
N theor

-1,

where subscripts expt and theor stand for experimental
and theoretical values, respectively. The values of the
magneton number, the DOS at Fermi level [ N (Efg)], the
DOS of spin up [ N(EFr) 1] and spin down [n (Ef) |] elec-
trons at the Fermi level, and the mass enhancement factor
(A) are presented in Table IV along with the values from
other calculations and from experiments. Our results on
ny are in good agreement with the first-principles calcu-

density of states at the Fermi level N(Eg) (in

states/Ry atom), and enhancement factor A (= N expe /Niheor — 1).

This
Experiment work Theory? Theory® Theory® Theory*
Ny 2.12¢ 2.18 2.16 2.14 2.29 2.2
2.30
2.35
N(Ep) 10.78 11.29
11.69
11.31
N(Ep)l 3.71 3.35
3.68
3.10
N(Ef) 2737 14.66 15.64 11.58 13.3
15.37
14.40
A 0.867 0.870 1.364 1.058
0.781
0.901

*Reference 6.
"Reference 7.
‘Reference 12.
dReference 8.
‘Reference 19.
fReference 21.
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lations of Callaway and Wang® and in fairly good agree-
ment with other theoretical calculations.

C. Optical conductivity

Since the structure in o(w), the real part of the optical
conductivity, is more prominent than that in €,(w), the
imaginary part of the dielectric constant, and also since
most of the calculations that have been reported are on
o(w), we have decided to display our results on o ()
only. We study the interband contribution to o(w) which
is related to €;(w) as

we)w)

al(a))="—4;— )

where €,(w) is calculated using the general expression?

elw)=€(w)+ew)

-1+ 8me? Ef 2dk lé\'Mﬁ|2
3m? iWf BZ (277)3 (Ef—E;) /%
(Ef—E,)l I 2t
- S

where the symbols have their usual meaning. The factor
of —;— in the above expression arises due to cubic symmetry
of the crystal.?®

We are required to calculate the momentum matrix
elements of the form (¥ (r)|V |4y (r)) to evaluate
|e:M i | 2. The usual procedure of band theory of taking
the wave functions as Bloch functions has been adopted.
Using the Ehrenfest’s theorem,?*?’ the momentum opera-
tor may be written in terms of the Hamiltonian operator
as

In the interpolation scheme, since all the matrix elements
of H are expressed as analytic functions of k, the momen-
tum matrix is, therefore, obtainable by a simple differen-
tiation. The momentum matrix elements are thus directly
expressed in terms of the specific band parameters and, of
course, they are also k-dependent. Here, we evaluate the
matrix elements numerically for 66 special directions tak-
ing 50 k points along each direction. This would give us
an accurate k dependence of the matrix elements. o (w)
values from a band-structure calculation may be used as a
means to estimate the accuracy of the underlying theoreti-
cal model. We compute o0,(w) under two situations.
First, the collisionless case is taken up where the excited
electrons are assumed not to relax by any mechanism (i.e.,
their relaxation time 7 is infinite and relaxation energy
#/1 equal to zero). Next, we include the relaxation ef-
fects, a situation more close to reality since the excited
electrons interact with the surroundings, hence relax due
to interactions such as electron phonon and electron elec-
tron.

1. Without relaxation effects

Figure 4 presents result for o;(w) when no relaxation of
electrons is taken into account. Also shown are the o )(®)
values from the experimental data of Johnson and Chris-
ty?® and Weaver et al.?’ The experimental data are
shown on a larger scale in order to have the structures in
it appear more clearly. Our calculations overestimate
o(w) in most of the energy range.

Our o,(w) curve depicts the main peak near 2.5 eV
quite accurately. There is an overall agreement between
our o(w) curve and the experimental ones. Our calcula-
tions show a faint hump around 5.5 eV which is seen in
the form of a small peak at 6.1 eV in the experimental
data?®?7 and also in the o(w) curve derived from the op-
tical absorptivity data of Moravec et al.?® We do not find
any structure in the high-energy side. In the low-energy
side, our curve shows change of slope, giving rise to small
shoulders, near 0.5 and 1.1 eV. The dip around 1 eV in
the total o,(w) of ferromagnetic iron in the experimental
data of Weaver et al.?’ is seen around 0.25 eV in our cal-
culations of interband o(w). We do not expect this
feature to match as the experimental data includes other
contributions, such as the Drude term, owing to the intra-
band transitions within the conduction bands which are
quite sizable at low energies.

2. With relaxation effects

The calculations of the interband contributions to the
optical conductivity with the relaxation effects yield the
results as shown in Fig. 5. Three values of relaxation en-
ergy #i/7, equal to 5, 10, and, 15 mRy, have been used of
which only two (for #i/7=35 and 15 mRy) are shown in
Fig. 5 for the sake of clarity. On comparing our o(®)
with the experimental data, shown in the same figure, we
find that the position of the main peak is reproduced
quite accurately and the overall behavior of our o(w)
resembles the experimental o,(w),”’ except in the very-
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FIG. 4. o(w), the real part of optical conductivity, versus
energy. Solid curve represents our results for collisionless case
(#/7=0.0 mRy). Circles and dashed-dotted curve represent ex-
perimental data of Refs. 27 and 26, respectively.
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FIG. 5. o(w) with relaxation effects. Dashed (solid) curve
represents theoretical results for #/7=>5 mRy (15 mRy). Circles
have same meaning as in Fig. 4.

low-energy range below 1 eV, which is quite understand-
able for reasons cited in the preceding subsection. Once
again®® we observe that the higher the relaxation energy,
the smoother the peak structure in o,(w). We may very
well predict that still higher values of relaxation energy
may wash out all the structure in o(w) leaving a broad
main peak. In this context the value of relaxation energy,
equal to 0.3 eV (22 mRy), used by Singh et al.'? is quite
large.

Besides the main peak, the second peak which is com-
paratively mild and observed experimentally at 6.1 eV
(Refs. 27 and 28) appears in our o(w) (#/7=5 mRy) near
5.5 eV. This peak, being of very small strength, gets
washed out when relaxation energy is taken as high as 15
mRy. The difference in the position of this peak in our
o(®) and in the experimental o(w) seems to suggest
some dissimilarity regarding the magnitudes of the energy
gaps in the calculated and the actual band structure in
this range (taking the experimental data to be true
representative of actual situation). This peak is repro-
duced at a still farther position of 5 eV in the theoretical
work of Singh et al.'?> The theoretical study of Laurent
et al.’® does show a peak and a shoulder near 6 eV, how-
ever, their calculations of interband o(w) yield this peak
as prominent as the main peak. In the high-energy region,
the slight hump in the experimental data near 9.2 eV is
observable in our o (w) for relaxation energy equal to 5
mRy though the structure appears only faintly.

Our o(w) for 15 mRy case in the low-energy range
shows change of slope near 1.7 eV, which is there in the
experimental data also (Fig. 5). This feature appears as a
small peak at 1.7 eV in the case of #/7 equal to 5 mRy.
We obtain another shoulderlike structure near 0.8 eV,
which is also present in the work of Weaver et al.! The
nature of decline in interband o(w) in this low-energy
range agrees well with that from Weaver et al.’! In all,
we get better agreement with experimental o(w) as com-
pared to other theoretical calculations.
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For the interpretation of the structures in the optical
conductivity of ferromagnetic iron, we assume that the
mixing of the states with opposite spin due to spin-orbit
coupling is small and that the spin-flip transitions do not
contribute to the structures in the o(w). Most of the con-
ductivity is expected to be due to transitions within the
minority-spin band. The majority-spin bands are almost
entirely occupied and would play an insignificant role in
contributing to interband o (w).

The structure in o(w) near 0.8—1.0 eV arises mainly
due to direct interband transitions near the N point
among spin-up bands, while the structure at 1.7 eV may
be attributed to direct transitions among spin-down bands
near N and due to the transitions along I'(A)H direction.
The main peak near 2.55 eV has contribution from a large
region among which the transitions at the N point, near
the P point, and along the A axis are present. The transi-
tions near H and N are responsible for the structure at 5.5
eV. The faint structure near 9.0 eV comes from transi-
tions near the P and N points. Besides these transitions
close to symmetry points, there appears to be a number of
transitions along symmetry directions (Fig. 1) responsible
for the structure in (). The structure near 0.3 eV in
the o,(w) appears to have contribution from the transi-
tions in 2 direction near N point, and also from the tran-
sitions among spin-up bands near H along HN direction.

III. CONCLUSION

We find that our set of interpolation scheme parameters
for ferromagnetic iron, which gives a good representation
of the Fermi surface orbit areas and interference orbits,* is
able to yield a good band structure and the density of
states and a very satisfactory representation for the optical
properties of ferromagnetic iron. The density of states we
obtain is in reasonable agreement with the experimental
results. The optical studies based on our band-structure
parameters are quite encouraging. Though magnitude-
wise our calculations overestimate the interband optical
conductivity (real part), we find that our calculations of
o,(w) reproduce the structures and their positions very ef-
ficiently. From the comparison with the other theoretical
studies on () as well as with the experimental o(w), it
is observed that our o,(w) represents the structures in a
better way than other calculations.

In summary, our band-structure model, even with the
simple feature of constant exchange splitting, represents
almost all the features of Fermi surface and optical prop-
erties of ferromagnetic iron in a satisfactory manner
which is something quite encouraging to note.
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