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Abstract. The magneto-optical properties of MnBi show some striking features which we
address here by calculating the Kerr spectra of pure MnBi, as well as of MnBiX0.5 (X =
Mn, Si, Al, O and Pt) and MnBiX0.5Y0.5 (X, Y) = (Al, Al) and (Al, O), (Pt, Pt). This system
of compounds constitutes an example for which we demonstrate how much first-principles
calculations can achieve and how our findings can be used to advance our knowledge of the
origin of magneto-optical properties. Our calculations are based on the local density functional
approximation (LDA) and the augmented spherical wave (ASW) band structure method including
the scalar–relativistic and spin–orbit coupling terms to determine the effective one-electron
energies and wavefunctions. From this we derive the inter-band and intra-band contributions to
the optical conductivity tensor. Our results allow some statements concerning the connection
of material properties with the magneto-optical properties. Thus, for instance, we are led to
believe that oxygen plays an important role in explaining the experimental Kerr spectrum of
pure MnBi. Furthermore, the measured enhancement of the Kerr angle in Al-alloyed MnBi is
most probably not due to the occupation of interstitial sites by Al atoms. In contrast to this is
Pt-alloyed MnBi, for which our calculations indicate that Pt partly occupies interstitial sites.

1. Introduction

Beginning with the work of Wang and Callaway [1] and through more recent developments
by Ebertet al [2, 3], Uspenskiiet al [4], Oppeneeret al [5, 6] and Halilovet al [7] it became
clear that modern, self-consistent local-density-functional band-structure calculations can
provide important insight into the magneto-optical properties of ferromagnetic metals and
compounds. Thus, for instance in the case of FeCo films, calculations by Osterlohet al
[8] together with experimental work by Welleret al [9] led to understanding of how the
local atomic environment of the Fe and Co atoms influences the Kerr rotation spectrum. A
further example is the case of CoPt3 for which calculations of the polar Kerr rotation angle
by Stichtet al showed two pronounced peaks atE ≈ 1.5 eV andE ≈ 4.5 eV in agreement
with experimental data by Welleret al [10]. The emphasis of this work was to find out how
the amplitude of the Kerr angle depends on the spin–orbit (SO) coupling. By manipulating
the SO coupling constant these authors could establish that the UV peak originates from
the SO coupling of the electrons that predominantly belong to the Pt atoms.

In this paper we turn to the ferromagnet MnBi which seems to be a promising candidate
magneto-optical storage material because of its large Kerr rotation not only in the energy
range of visible light but also in the UV region, its perpendicular magnetic anisotropy and
its rectangular hysteresis loop [11]. Unfortunately, the MnBi grain size is large, leading to
high medium noise. Moreover, the low-temperature phase (LTP) of MnBi at least partly
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undergoes a phase transition to the quenched high-temperature phase (QHTP) accompanied
by liquid Bi phases, when the material is heated above the Curie temperature (TC ≈ 630 K)
and cooled again during the writing process [12]. The QHTP of MnBi itself cannot be used
as a storage material either, because it is thermally unstable. This means that it gradually
changes back into the LTP by the reactions Mn1.08Bi → MnBi +Mn and Mn+Bi → MnBi
[12].

Attempts recently have been made to diminish the grain size and to mitigate the structural
phase transition by suitable doping of MnBi [13–18]. The main features of the measured
real Kerr rotation spectra that are of importance in this context are briefly summarized as
follows.

Di et al [14] find for MnBi at room temperature in the real part of the Kerr angle two
peaks atE ≈ 1.8 eV andE ≈ 3.3 eV with maximum values of8K ≈ −1.7◦ and−1.4◦,
respectively. This was roughly confirmed by Huanget al [15]. Both groups coated the
MnBi films with a SiO2 layer before thermally annealing to protect the MnBi layer and to
produce the desired orientation of the crystal.

In contrast to this is the experimental technique applied by Rüdiger et al [17], who
obtained different Kerr rotation spectra by leaving out the SiO2 layer [18, 19]. Because they
measured their Kerr spectra from the substrate side, they had to compensate the enhancement
of the Kerr rotation due to the quartz/MnBi interface by dividing the spectra by the index
of refraction of the quartz substraten = 1.5 [19]. They found two peaks atE ≈ 1.8 eV
and 3.5 eV in agreement with the foregoing authors but the maximum values are smaller:
8K ≈ −0.7◦ and−0.8◦, respectively.

The experimental investigations of Al-alloyed MnBi by Rüdigeret al showed that it is
possible to enhance the maximum values (8K ≈ −0.8◦ and −0.9◦) slightly compared to
those of pure MnBi, whereas doping with Pt led to a distinct reduction [18]. In the case
of Al-doped MnBi Huang found a maximum Kerr rotation angle of almost8K ≈ −2.0◦

nearE ≈ 2.0 eV and8K ≈ −1.6◦ at E ≈ 3.3 eV [15]. This enhancement could not be
reproduced by Sellmyer [16]. A theoretical investigation by Sabiryanov and Jaswal [20]
indicated that Al-doping does not lead to larger Kerr rotation spectra. Another theoretical
investigation recently appeared, by Oppeneeret al [21], which we will briefly discuss in
section 3.

In an attempt to locate possible microscopic reasons for the occurrence of the UV peak
as well as for the different experimental results we calculated the magneto–optical Kerr
rotation spectra of pure MnBi and MnBi doped with Mn, Al, Si, O and Pt. In section 2 we
summarize the calculational procedure and in section 3 the calculated Kerr rotation spectra
are compared with experimental results. Section 4 contains a summary and our conclusions.

2. The calculational procedure

In this paper we consider the polar magneto-optical Kerr effect; that is, the direction of
the macroscopic magnetization of the ferromagnetic material and the propagation direction
of the linearly polarized incident light beam are perpendicular to the plane of the surface.
Choosing thez axes normal to the surface and taking into account the symmetry of the
compound we express the complex Kerr angle in terms of thexx and xy components of
the optical conductivity tensor and obtain

2K := φK + i εK = −σxy

σxx [1 + (4π i/ω)σxx ]
(1)
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which follows from classical electrodynamics [4, 22–27]. Equation (1) can be used when
the point group belonging to the crystal space group possesses at least one of the symmetry
operations C3, C4, . . . or S3, S4, . . . [22] which is true for the NiAs structure as well as
for those cases in which the interstitial sites are occupied. The components of the optical
conductivity tensor are given by a sum of inter-band and intra-band contributions [28, 29]

σα,β(ω) = σ inter
α,β (ω) + σ intra

α,β (ω) (2)

where the inter-band part contains direct one-electron transitions from occupied states|k, n〉
to unoccupied states|k′ = k, n′ 6= n〉 > and is given by

σ inter
α,β (ω) = i e2

m2 V

∑
k∈BZ1.

∑
n,m

n6=m

f (En,k) − f (Em,k)

Em,k − En,k

〈n, k|pβ |m, k〉 〈m, k|pα|n, k〉
ω − [(Em,k − En,k)/h̄] + iδ

. (3)

This expression is obtained by applying the Kubo formalism [30] to calculate the
macroscopic electrical current induced by the electrical field of the light wave and by
linearizing with respect to the electrical field strength [1]. (In other contexts these
approximations are known as the RPA [31].)

The inter-band transitions are affected by scattering events which are phenomenolog-
ically described by using a finite life time; this is done by replacing the infinitesimalδ

by a finite constant that is assumed to be independent of the detailed kind of inter-band
excitation. In our calculations we use the valueδ = 0.03 Ryd ≈ 0.41 eV, which was in
earlier investigations [5, 26] found to result in smooth curves without any loss of significant
spectral features.

In practice we first calculate

Axx(ω) := <(σ inter
x,x (ω)) Axy(ω) := =(σ inter

x,y (ω)) (4)

in the limit δ→0. These expressions constitute the spectral functions of the retarded Green
functionsσ inter, δ

x,x (ω) andσ inter, δ
x,y (ω) corresponding to a finite relaxation time parameterδ>0.

Therefore, the Green functions are given by a Kramers–Kronig transformation (generalized
to finite valuesδ > 0).

The numerical evaluation of the Brillouin-zone integration is performed by a linear
(first-order) interpolation of the energy bands, a zeroth-order interpolation of the matrix
elements and an analytical integration of the approximated integrand. The results obtained
by this method agree with those obtained by an analytical tetrahedron method [5, 32],
but the method used here is numerically more efficient. The calculation of the electron
energy bands and corresponding wavefunctions is achieved by using the local density
approximation (LDA) [33–35] and is numerically performed by the ASW method in the
scalar–relativistic approximation [35, 36] including spin–orbit coupling in the variational
procedure self-consistently. The intra-band contribution may be deduced either by transport
theory [37] or by separating the contribution belonging to equal band indicesn = m from
the result of the Kubo formalism and generalizing it to a finite lifetime parameterτ [28].
Both approximations lead to the Drude-like expression

σ intra
α,β (ω) = σ 0

α,β

1 − i ωτ
σ 0

α,β = ω̃2
P l, α τ

4π
δα,β (5)

where the square of the plasma frequency is given by

ω̃2
P l, α = 4π e2

V

∑
n

∑
k∈BZ1.

δ
(
En,k − EF

)(
vα(n, k)

)2
vα(n, k) = 1

h̄

∂En,k

∂kα

. (6)

The lifetime parameterτ again describes scattering events and thermal properties of the
crystal influencing the intra-band transitions. It is as before adjusted phenomenologically
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and is chosen to beτ = 10−14 s corresponding to ¯h/τ = 0.0048 Ryd= 0.065 eV, which
is the correct order of magnitude for a large number of metals. Because the variation of
this parameter within reasonable limits has very little effect on the optical conductivity for
energies larger than 1 eV, the procedure just presented enables us to predict optical and
magneto-optical properties of ferromagnetic compounds.

3. Results and discussion

The calculation of the band structure of pure MnBi in its low-temperature phase (LTP)
proceeds from its hexagonal NiAs crystal structure shown in figure 1. As lattice constants
the room temperature experimental values ofa = 4.290 Å and c = 6.126 Å are used
[38–40]. The values of the atomic sphere radii, employed in the ASW method, are given
in table 1. They are chosen such that the atomic spheres are nearly neutral.

Figure 1. The unit cell of pure MnBi in its low-temperature phase (LTP) crystallizing in the NiAs
structure. The interstitial sites (×) are (partly) occupied by additional atoms when simulating
doped MnBi.

Table 1. Atomic sphere radii inångstr̈om units used by the ASW band structure method
to calculate the effective one-electron energies and eigenfunctions for pure and doped MnBi,
respectively. The column labelled by ‘empty’ contains the radii of empty spheres located at
unoccupied interstitial sites. The lattice parameters used area = 4.290 Å and c = 6.126 Å
(LTP) apart from for MnBiMn0.5, for which a = 4.390 Å and c = 6.000 Å (QHTP) are
employed.

Atomic sphere radiiÅ
Compound Mn Bi Si Al O Pt Empty

MnBi 1.628 1.943
MnBiMn0.5 1.568 1.872 1.072
MnBiSi0.5 1.638 1.830 1.269 1.072
MnBiAl 0.5 1.551 1.839 1.000 1.072
MnBiO0.5 1.640 1.792 1.512 1.072
MnBiAl 1.606 1.871 0.988
MnBiAl 0.5O0.5 1.632 1.817 0.989 1.186
MnBiPt0.5 1.555 1.703 1.771 0.858
MnBiPt 1.510 1.572 1.629

The band structure of MnBi (LTP) calculated for both spin directions separately using
the scalar-relativistic ASW method is shown in figures 2 and 3. It agrees with the result of
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de Grootet al [41]. Including the spin–orbit coupling term mixes the spin directions and
leads to the complete band structure shown in figure 4.

Figure 2. The electronic band structure of the majority electrons of MnBi along symmetry lines
in the first Brillouin zone for the relevant energy range calculated by the scalar–relativistic ASW
method. Labels used are according to Bradley and Cracknell [43].

Figure 3. The electronic band structure of the minority electrons of MnBi along symmetry lines
in the first Brillouin zone. The thin arrows indicate the Bi-p-↓ and Mn-d-↓ states; the thick
vertical arrows symbolize possible direct inter-band transitions that are responsible for the large
peak in the real Kerr rotation spectrum of pure MnBi atE ≈ 1.8 eV.



8686 J Köhler and J Kübler

Figure 4. The electronic band structure of MnBi along symmetry lines in the first Brillouin zone
for the relevant energy range calculated by the scalar–relativistic ASW method including the
spin–orbit coupling term self-consistently. Labels used are according to Bradley and Cracknell
[43].

The band structure indicates metallic behaviour and the magnetic moments are found
to point along thec direction (which is thez direction), having the absolute values listed
in table 2, in which also the orbital contributions to the magnetic moments are given. The
total magnetic Mn moment brought out by our calculations,mMn = 3.61µB , agrees with
the result of de Grootet al [41] and is similar to the experimental value ofmMn = 3.84µB

published by Chen and Stutius [12]. Table 2: magnetic moments
To estimate the magneto-crystalline anisotropy of pure MnBi we calculated the total

energy belonging to the configuration in which the magnetic moments are forced to point
along thex axes perpendicular to the original direction. The difference between the total
energies corresponding to the two configurations is1E = Ec−E⊥c ≈ −0.07 mRyd per unit
cell, which is of the correct sign. This result corresponds to a uni-axial anisotropy constant
of Ku ≈ 1500 kJ m−3, that is close to the experimental results ofKu = 1300 kJ m−3

published by Chen and Stutius [12] andKu = 1160 kJ m−3 measured by Guoet al [42],
both belonging to LTP MnBi atT = 300 K.

Figure 5 shows the calculated real Kerr rotation spectrum of pure MnBi (full line) and
experimental results of Diet al [14], Huang et al [15] and Fumagalliet al [19]. The
experimental spectra feature two peaks corresponding to the energiesE ≈ 1.8–2.1 eV
(first peak) and 3.3–3.5 eV (second peak), whereas the calculated spectrum consists of one
maximum nearE = 1.7 eV. The experimental results differ considerably in amplitude: Di
and Huang found a Kerr rotation angle of8K ≈ −1.7◦ (−1.5◦) belonging to the first peak
in agreement with the calculated value and8K ≈ −1.5◦ (−1.3◦) for the second peak. The
maximum values measured by Fumagalliet al are smaller:8K ≈ −0.7◦ for the first and
8K ≈ −0.8◦ for the second peak. In contrast to the first peak, the occurrence of a second
peak in every measured spectrum is not brought out by our calculations for pure MnBi.

Oppeneeret al published twoab initio calculated Kerr spectra for the relaxation time
parameter valuesδ = 0.04 andδ = 0.02 Ryd that show a pronounced peak atE ≈ 1.8 eV
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Table 2. Calculated absolute values of the total magnetic moments (µB/atom) for pure and
doped MnBi, as well as their orbital and spin contributions. Because the Bi sites become
inequivalent when occupying the interstitial sites, different magnetic moments result.

Magnetic moments (µB /atom)
Compound Atom mS mL mtotal

MnBi Mn 3.50 0.11 3.61
Bi −0.02 −0.03 −0.05

MnBiMn0.5 Mn 4.24 −0.02 4.22
Bi −0.04/0.38 0.09/0.00 0.05/0.38
Mn 4.48 −0.03 4.45

MnBiSi0.5 Mn 3.15 0.09 3.26
Bi 0.06/−0.01 0.00/0.00 0.06/−0.01
Si 0.01 0.00 0.01

MnBiAl 0.5 Mn 2.99 0.01 3.00
Bi 0.02/−0.23 −0.02/−0.02 0.00/−0.25
Al −0.02 0.00 −0.02

MnBiO0.5 Mn 3.72 0.08 3.80
Bi 0.05/−0.15 −0.01/0.00 0.04/−0.15
O 0.07 0.00 0.07

MnBiAl Mn 2.53 0.40 2.93
Bi 0.16 −0.06 0.10
Al −0.009 −0.005 −0.014

MnBiAl 0.5O0.5 Mn 2.83 0.06 2.89
Bi −0.05/−0.01 −0.01/0.00 −0.06/−0.01
Al −0.03 0.00 −0.03
O 0.02 − 0.006 0.014

MnBiPt0.5 Mn 4.02 0.1 4.12
Bi 0.056/−0.161 0.004/0.001 0.06/−0.16
Pt 0.30 −0.03 0.27

MnBiPt Mn 3.49 0.025 3.52
Bi −0.19 0.022 −0.17
Pt −0.32 0.052 −0.28

with maximum values of8K ≈ −1.75◦ and −2.22◦ respectively [21]. This agrees
qualitatively with our spectrum, but the peak maximum values are larger than our result
8K ≈ −1.5◦. To explain the UV peak Oppeneer gave two arguments. On the one hand he
observed a shoulder at the UV peak energy in the calculated MnBi spectrum, that is in our
view not sufficient to explain the experimental data. On the other hand he constructed a
hypothetical compound Mn2Bi (Heusler C1b crystal structure with a reasonably chosen
lattice constant) having in mind that the samples had been prepared with excess Mn.
The corresponding Kerr spectrum showed a peak atE ≈ 4.3 eV which differed from
the experimental peak energy by almost 1 eV.

At this time one might disregard the calculations as being of insufficient quality. Another
possibility, however, is to accept the calculations as reflecting properties of idealized samples
that only insufficiently mirror those of real samples. With this in mind we performed
calculations to simulate MnBi doped with different substances that could possibly have
been in contact with the MnBi layer during sample preparation. Such substances are Mn
and Bi themselves, as well as Si and O in those cases in which a silicon-oxide layer was
used. As futher doping substances we chose Al and Pt because recent experiments on Al-
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Figure 5. Kerr rotation spectra of pure MnBi in degrees: calculated (full line) and experimental
results (symbols) by Diet al after [14] (◦ ), by Huanget al [15] (♦), and by Fumagalliet al
[19] (�). The calculated result consists of inter-band (relaxation-time parameterδ = 0.03 Ryd)
and intra-band contributions (the lifetime parameterτ = 10−14 s).

and Pt-alloyed MnBi have attracted considerable interest [13–18].
Because our calculational procedure requires periodic crystal lattices, we simulated

doped MnBi crystals by occupying the interstitial sites of the NiAs structure (see figure 1).
Furthermore, the lattice constants of the pure MnBi elementary cell were used, since
measurements of the lattice parameters of pure and doped MnBi did not show any significant
differences [13, 17, 44].

Because the quenched high temperature phase (QHTP) of MnBi consists of the MnBi
crystal lattice (LTP) with interstitial sites partly filled by Mn atoms [41] and therefore
corresponds to the MnBiMn0.5 configuration, we chose for this case the lattice parameters
of the QHTP, their beinga = 4.390 Å and c = 6.000 Å [38–40].

The number of atoms actually built into the MnBi lattice is less than 10 at.%, although
a larger amount of doping material is used during the sample preparation process [44]. This
is considerably smaller than assumed in our calculations. Therefore our results exaggerate
the influence of the doping substance and presumably also those features in the Kerr rotation
spectrum that are brought about by the additional atoms of the doping material. This has
to be kept in mind when comparing the calculated Kerr spectra with experimental data.

The radii of the atomic spheres are given in table 1. The results of these calculations
are collected in table 3 in which we list the calculated plasma frequencies and in table 2 in
which we list the spin and orbital contributions to the magnetic moments which we found
to be ferromagnetically oriented along thec direction of the crystal. It is quite surprising
that the calculated spin moments vary so much. The dominant reason for this (but not the
only one) is the p–d hybridization that acts differently in the different cases. We discuss
the example of MnBiO0.5 later on.

Again, to estimate the magneto-crystalline anisotropy of MnBiO0.5 as representative of
the doped MnBi compounds, we also treated the configuration in which the magnetization
direction points along thex axes. For the magneto-crystalline anisotropy energy we found
1E = Ec−E⊥c ≈ −1.8 mRyd per unit cell, which is substantially larger than the analogous
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Table 3. Calculated plasma frequencies (¯hωP l for pure and doped MnBi.

Compound ¯hωP l (eV)

MnBi 3.4
MnBiMn0.5 6.3
MnBiSi0.5 2.3
MnBiAl 0.5 2.4
MnBiO0.5 1.9
MnBiAl 2.4
MnBiAl 0.5O0.5 2.6
MnBiPt0.5 2.9
MnBiPt 2.7

result for pure MnBi.
In figure 6 we show the calculated Kerr angles for two simulations, one being for

MnBiMn0.5, the other one for MnBiSi0.5. In the former case we found two peaks, one near
1.1 eV and the other near 3.7 eV. We note that, compared with the case of pure MnBi
shown in figure 5, the peaks in figure 6 are considerably smaller. For MnBiSi0.5 we found
a single wide peak aroundE = 1.5 eV with a maximum value of8K ≈ −0.6◦ smaller by
60% than that for pure MnBi.

Figure 6. Calculated Kerr angles in degrees for MnBiMn0.5 (full line) and MnBiSi0.5 (broken
line), using standard lifetime parameters for inter-band and intra-band contributions (see figure 5).
In both cases the same single interstitial site of the MnBi elementary cell is occupied by a Mn
and a Si atom. The lattice parameters of pure MnBi (LTP) are adopted for MnBiSi0.5, whereas
the lattice constants used for MnBiMn0.5 area = 4.390 Å and c = 6.000 Å, corresponding to
the QHTP of MnBi after [38–40].

Figure 7 contains theoretical predictions of the Kerr rotation spectra when MnBi is doped
with Al and O; these are in detail one interstitial site occupied by an Al atom (MnBiAl0.5),
by an O atom (MnBiO0.5) and both interstitial sites occupied by two Al (MnBiAl) and one Al
and one O atom, respectively (MnBiAl0.5O0.5). For comparison we also show experimental
results corresponding to pure and Al-alloyed MnBi [18]. The simulation with one Al atom
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Figure 7. Energy-dependent Kerr rotation spectra for pure, Al-doped and O-doped MnBi. The
lines correspond to calculated results for MnBiAl0.5 (full), MnBiO0.5 (chain), MnBiAl (long
broken), and MnBiAl0.5O0.5 (broken). The symbols represent experimental results for pure MnBi
by Fumagalli [19] (�) and for Al-alloyed MnBi by R̈udiger after [18] (M). The calculations are
performed using the MnBi (LTP) lattice constants and standard lifetime parameters.

led to a broad maximum comparable to that calculated for the case of single-Si-doping.
An additional Al atom reduces the amplitude of the Kerr rotation distinctly, so that these
configurations cannot explain the measured spectrum of Al-alloyed MnBi.

In the case of occupation of a single interstitial site by an O atom, we obtained two
peaks aroundE = 1.0 andE = 3.7 eV, having amplitudes of8K ≈ −0.75◦. It is striking
that this result is comparable to the experimental pure MnBi spectrum of Fumagalliet al:
the calculated energy corresponding to the second peak differs from the measured one only
by 1E ≈ 0.3 eV and the amplitudes by about 7%. In the case of the first peak the
latter are almost the same but the underlying energies differ by1E ≈ 1 eV. Very recent
measurements by R̈udigeret al (1996, personal communication) could establish a third peak
in the spectrum of pure MnBi atE ≈ 1.0 eV, which possibly corresponds to the calculated
MnBiO0.5 peak at the same energy.

This result leads us to the conclusion that the sample not coated by an SiO2 layer
may contain a larger amount of oxygen than do SiO2 coated samples. An explanation
may be found in the preparation procedure; between the evaporation and thermal annealing
process, occuring in different items of apparatus, the samples are in contact with air under
normal conditions, whereby oxygen is possibly adsorbed which is distributed in the MnBi
layer during the succeeding thermal annealing process [44]. Additional occupation of the
remaining interstitial site by an Al atom reduces drastically the amplitude of the Kerr rotation
spectrum, so that this configuration is probably not realized.

The calculated Kerr rotation spectra for one and both interstitial sites being occupied by
Pt atoms are shown in figure 8. They are compared with measurements of Rüdiger et al
performed for two different Pt concentrations [18]. The Kerr rotation spectrum belonging
to the low-Pt-concentration case (the lc sample) may be understood by comparing it with
the calculated MnBiPt0.5 and MnBiO0.5 spectra. These configurations seem to be realized
in the lc sample.

The measured reduction in the amplitude of the Kerr rotation spectrum corresponding
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Figure 8. Kerr rotation spectra of Pt-alloyed MnBi in degrees. The lines represent the calculated
results for MnBiPt0.5 (full) and MnBiPt (broken), whereas the symbols represent measurements
of Rüdigeret al for Pt-doped MnBi varying the Pt concentration: low (lc) (◦ ), and high (hc)
(♦) [18]. As before, the MnBi (LTP) lattice constants and the standard lifetime parameters
were used to perform the calculations for one (MnBiPt0.5) and both (MnBiPt) interstitial sites
occupied by Pt atoms.

to a high Pt concentration (the hc sample) compared with that of the low-concentration
case is not confirmed by the calculations. Because the shape of the calculated Kerr rotation
spectrum of MnBiPt shows hardly any similarity with the measured spectra, the realization
of this configuration seems to be most improbable. Thus, the measured reduction in the
Kerr rotation angle for increasing Pt concentration cannot be explained by complete Pt
occupation of the interstitial sites.

It is of importance to us to find the particular electron transitions responsible for the
occurrence of the second peak in the real Kerr rotation spectrum; we, therefore, compared
the partial density of states of the pure and O-doped MnBi plotted in the figures 9 and 10.
The striking difference is the change in the density of the (Bi-p-↓) states. In pure MnBi the
(Bi-p-↓) states form a maximum aroundE − EF = 1E = −1.6 eV relative to the Fermi
energy which is split into two less striking peaks with1E ≈ −0.4 and1E ≈ −3 eV in
the case of MnBiO0.5. Furthermore, the (O-p-↓) density of states has a wide maximum in
the energy range1E ≈ −3 eV. The maximum density of (Bi-p-↓) states in MnBiO0.5 is
reduced compared to that belonging to the (Bi-p-↓) peak in MnBi.

The onset of (Mn-d-↓) states at1E ≈ 0.3 eV for pure MnBi and at1E ≈ 0.6 eV for
MnBiO0.5 then leads to a maximum number of (Bi(O)-p-↓) to (Mn-d-↓) transitions with
transition energy ofE ≈ 1.9 eV (MnBi) and 1.0 and 3.6 eV (MnBiO0.5), agreeing with the
peak energies of the corresponding Kerr rotation spectra.

To identify the (Bi-p-↓) to (Mn-d-↓) transitions responsible for the peak in the real Kerr
rotation spectrum of pure MnBi in the band structure plot, we have to separate the spin-↑ and
spin-↓ states first. This may be done by switching off the spin–orbit coupling leading to the
results shown in figures 2 and 3. The large (Mn-d-↓) final density of states corresponds to
several flat bands above the Fermi energy that are indicated by the thin arrows in figure 3.
The two peaks in the (Bi-p-↓) density of states, a smaller one atE ≈ −1.0 eV and a
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Figure 9. The calculated partial density of states of pure MnBi belonging to Mn-d (full lines)
and Bi-p (broken lines), majority- and minority-spin states. The energy is scaled relative to the
Fermi energy.

Figure 10. The calculated partial density of states of MnBiO0.5 corresponding to the O-p, Bi-p
and Mn-d majority- and minority-spin states.

more pronounced one nearE ≈ −1.5 eV, belong to the two rather flat bands below the
Fermi energy, also marked in figure 3. Therefore the (Bi-p-↓) to (Mn-d-↓) direct inter-band
transitions having a transition energy of about1E ≈ 1.8 eV, belonging to the large peak
in the pure MnBi Kerr rotation spectrum, are probably those indicated by the thick vertical
arrows in the spin-↓ and the combined band structure plot.
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4. Summary and conclusions

Our results allow an interpretation of the main features of the Kerr rotation spectra of MnBi
which may be summarized as follows. The first peak atE ≈ 1.8 eV is due to states of
the pure MnBi crystal and is mainly produced by (Bi-p-↓) to (Mn-d-↓) electron transitions.
However, the observed second peak nearE ≈ 3.5 eV does, most probably, not originate
from states of pure MnBi, but rather is probably due to O (Mn) doping. The electron
transitions responsible for the occurrence of the second peak in MnBiO0.5 are presumably
the (Bi-p-↓) to (Mn-d-↓) transitions in combination with those starting from (O-p-↓) states.

The measured Pt-doped MnBi Kerr rotation spectrum for the low Pt concentration may
be explained in terms of MnBiPt0.5 and MnBiO0.5 (MnBiMn0.5). The Pt and O (Mn) atoms
partly occupy the interstitial sites. In contrast, in the case of high a Pt concentration the
measured Kerr spectrum cannot be explained by complete occupation of the interstitial sites
by Pt atoms.

The measured increase in the Kerr rotation spectrum intensity for Al-alloyed MnBi is,
most probably, not due to the occupation of the interstitial sites by Al atoms, because the
calculation predicts drastically reduced amplitudes for this case. This is why we presume
that the Al atoms basically do not penetrate the MnBi lattice, but probably constitute a
separate layer.

Furthermore, the calculations show a reduction in the amplitudes of the real Kerr rotation
spectra by about 50% (compared to MnBi) if one interstitial site is occupied by Mn, Si, Al,
O and Pt and by about 80% in the cases that both interstitial sites are occupied by (Al,Al)
or (Al,O). By generalizing these results we find the tendency that the more interstitial sites
are occupied the smaller the amplitude of the corresponding Kerr rotation spectrum. The
reason is the destruction of (Bi-p-↓) states by hybridization with the states of the additional
atoms placed in the interstitial sites.
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[35] Kübler J and Eyert V 1992 Electronic structure calculationsMaterials Science and Technologyvol 3A, ed K

H J Buschow (New York: VCH) p 1
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