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The current status of theoretical understanding of the optical and magneto-optical (MO) spectra of
3d, 4f and 5f compounds is reviewed. Energy band theory based upon the local spin-density approxima-
tion (LSDA) describes the optical and MO spectra of transition metal compounds reasonably well.
Examples which we examine in detail are XPty compounds (with X = 3d V, Cr, Mn, Fe, and Co) in the
AuCu3 structure, ternary Heusler alloys NiMnSb, PdMnSb, PtMnSb, and MnBi compound. The LSDA,
which is capable of describing the spectra of transition-metal alloys with high accuracy, does not suffice
for lanthanide compounds having a correlated 4f shell. A satisfactory description of the optical spectra
could be obtained by using a generalization of the LSDA, in which explicitly f electron Coulomb
correlations are taken into account (LSDA+U approach). As examples of this group we consider CeSb
and CeBi. For CeSb a record Kerr angle of 90° was very recently reported, 90° is the absolute maximum
value that can be measured. It is two orders of magnitude larger than the values that are commonly
measured for transition-metal compounds, and about one order of magnitude larger than values
maximally achieved for other lanthanide and actinide compounds. A third group consist of uranium Sf
compounds. In those compounds where the 5f electrons are rather delocalized, the LSDA describes the
MO spectra reasonably well. As examples of this group we consider UAsSe and URhAIL. Particular
difficulties occur for the uranium compounds where the 5f electrons are neither delocalized nor localized,
but more or less semilocalized. Typical examples are US, USe and UTe. The semilocalized 5f’s are,
however, not inert, but their interaction with conduction electrons plays an important role. Recently
achieved improvements for describing such compounds are discussed.
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Introduction

It was first observed in 1877 by J. Kerr [1] that
when linearly polarized light is reflected from a
magnetic solid, its polarization plane becomes ro-
tated over a small angle with respect to that of the
incident light. This discovery has become known as
the magneto-optical (MO) Kerr effect. The Kerr
effect is closely related to other anomalous spectro-
scopic effects, like the Faraday effect and the circu-
lar dichroism. These effects all have in common that
they are due to a different interaction of left- and
right-hand circularly polarized light with a mag-
netic solid. The Kerr effect has now been known for
more than a century, but it was only in recent times
that it became the subject of intensive investiga-
tions. The reason for this recent development two-
fold: first, the Kerr effect gained considerable in-
terest due to modern data storage technology,
because it can be used to <«read» suitably stored
magnetic information in an optical manner [2] and
second, the Kerr effect has rapidly developed into
an appealing spectroscopic tool in materials re-
search. The technological research on the Kerr ef-
fect was initially motivated by the search for good
magneto-optical materials that could be used as
information storage medium. In the sequence of this
research, the Kerr spectra of many ferromagnetic
materials were investigated. Over the years the
Kerr spectra of many ferromagnetic materials have
been investigated. An overview of the experimental
data collected on the Kerr effect can be found in the
review articles by Buschow [3], Reim and Schoenes
[4], and Schoenes [5]. The quantum mechanical
understanding of the Kerr effect began as early as
1932 when Hulme [6] proposed that the Kerr effect
could be attributed to spin-orbit (SO) coupling
(see, also Kittel [7]). The symmetry between left-
and right-hand circularly polarized light is broken
due to the SO coupling in a magnetic solid. This
leads to different refractive indices for the two
kinds of circularly polarized light, so that incident
linearly polarized light is reflected with elliptical
polarization, and the major elliptical axis is rotated
by the so called Kerr angle from the original axis of
linear polarization. The first systematic study of the
frequency dependent Kerr and Faraday effects was
developed by Argyres [8] and later Cooper pre-
sented a more general theory using some simplifying
assumptions [9]. The very powerful linear response
techniques of Kubo [11] gave general formulas for
the conductivity tensor which are being widely used
now. A general theory of frequency dependent con-
ductivity of ferromagnetic (FM) metals over a wide
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range of frequencies and temperatures was deve-
loped in 1968 by Kondorsky and Vediaev [12].

The main problem afterward was the evaluation
of the complicated formulas involving MO matrix
elements using electronic states of the real FM
system. With the tremendous increases in computa-
tional power and the concomitant progress in elec-
tronic structure methods the calculation of such
matrix elements became possible, if not routine.
Subsequently many earlier, simplified calculations
have been shown to be inadequate, and only calcu-
lations from «first-principles» have provided, on
the whole, a satisfactory description of the experi-
mental results [13]. The existing difficulties stem
either from problems using the local spin density
approximation (LDA) to describe the electronic
structure of FM materials containing highly corre-
lated electrons, or simply from the difficulty of
dealing with very complex crystal structures. For
15 years after the work of Wang and Callaway [13]
there was a lull in MO calculations until MO
effects were found to be important for magnetic
recording and the computational resources had ad-
vanced. Different reliable numerical schemes for the
calculation of optical matrix elements and the inte-
gration over the Brillouin zone have been imple-
mented, giving essentially identical results [14].
Prototype studies have been performed using mo-
dern methods of band theory for Fe, Co and Ni.
Following the calculations for the elemental 3d
ferromagnets, a number of groups have evaluated
the MO spectra for more interesting compounds
[15-33] and multilayers [34-40]. While the calcula-
tions showed there is good agreement between the-
ory and experiment in case of d-band magnetic
materials, attempts to describe MO properties of
materials using the same formalism failed to create
a consistent physical picture. This has been attrib-
uted to the general failure of the LDA in describing
the electronic structure of f-state materials (4f espe-
cially). To overcome the LDA limitations to study
MO spectra a so called E3 correction for correla-
tions was implemented but gave inconsistent results
[30]. The more consistent LDA+U scheme has been
used to describe the Kerr angle of CeSb [31,32].
Since then several papers implementing the LDA+U
scheme for MO calculations have been published
with for 4/~ and 5f-materials [20,28,30,32,33].

With the above as background, we have per-
formed calculations to evaluate the MO properties
for a number of 3d, 4f, and 5f FM materials.
Besides the inherent interest in the materials stu-
died, the use of similar methods to study materials
with different degrees of localized electronic states
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helps to establish the limitations of the LDA ap-
proach and to identify where techniques like the
LDA+U method are needed.

The paper is organized as follows. The theoreti-
cal framework is explained in Sec. 1. Section 2
presents the electronic structure and MO spectra of
3d transition metal compounds XPtg (X=V, Cr,
Mn, Fe and Co), Heusler alloys (NiMnSb, PdMnSb
and PtMnSb) and MnBi compound calculated in
the LDA. Section 3 devoted to MO properties and
electronic structure of 4f compounds (CeSb and
CeBi) calculated in LDA and LDA+U approxima-
tions. Section 4 considers uranium compounds
UAsSe, URhA1, US, USe and UTe. Finally, we
present a Summary.

1. Theoretical framework

Using straightforward symmetry considerations
it can be shown that all MO phenomena are caused
by the symmetry reduction — compared to the
paramagnetic state — caused by magnetic ordering
[41]. Concerning optical properties this symmetry
reduction only has consequences when SO coupling
is considered in addition. To calculate MO proper-
ties one therefore has to account for magnetism and
SO coupling at the same time when dealing with
the electronic structure of the material considered.
Performing corresponding band structure calcula-
tions it is normally sufficient to treat SO coupling
in a perturbative way. A more rigorous scheme,
however, is obtained by starting from the Dirac
equation set up in the framework of relativistic spin
density functional theory [42]:

[calp + Bm + 1V + VSPBOZ] Wk = €Wk (1)

with V_ (r) the spin-polarized part of the exchange-
correlation potential corresponding to the z quanti-
zation axis. All other parts of the potential are
contained in V(r). The 4x4 matrices o, B and [ are
defined by

_o0 ,_o 0o ,_d 0g
- ) - yI_ ) (2)
oy PTRAE TR

with o the standard Pauli matrices, and 1 the 2x2
unit matrix.

There are quite a few band structure methods
available now that are based on the above Dirac
equation [43]. In the first scheme the basis func-
tions are derived from the proper solution to the
Dirac equation for the various single-site potentials
[44,45]. In the second one, the basis functions are
obtained initially by solving the Dirac equation
without the spin-dependent term [46,47] and then
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this term is accounted for only in the variational
step [17,44]. In spite of this approximation used,
the second scheme nevertheless gives results in very
good agreement with the first one [43], while being
very simple implemented. We also mention the
quite popular technique when SO coupling is added
variationally [46] after the scalar relativistic mag-
netic Hamiltonian has been constructed. In this case
only the Pauli equation with SO coupling is being
solved. All three techniques yield similar results.

In the polar geometry, where the z-axis is chosen
to be perpendicular to the solid surface, and parallel
to the magnetization direction, the expression for
the Kerr angle can be obtained easily for small
angles and is given by [4]

0, [1+ (47/wo, ()]’

(3
with 0, the Kerr rotation and €, the so-called Kerr
ellipticity. Oup (o, B=x, y, 2) is the optical con-
ductivity tensor, which is related to the dielectric
tensor £;q through

B () + igg(w) =

.
apl@) = 8+ 0(@) (4)

The optical conductivity tensor, or equivalently,
the dielectric tensor is the important spectral quan-
tity needed for the evaluation of the Kerr effect [5].
The optical conductivity can be computed from the
energy band-structure by means of the Kubo-Green-
wood [11] linear-response expression [13]:

- eZ

%ol = iy,

uc

3 fle,) = f€,) Mo, k) NP (k)
22 6, W

nn

(5)

w-w,, k)+iy

with f(€,,) the Fermi function, kw, . (k) =€, - €, ,
the energy difference of the Kohn-Sham energies
€k > and vy is the lifetime parameter, which is
included to describe the finite lifetime of excited
Bloch electron states. The MY  are the dipole opti-
cal transition matrix elements, which in a fully
relativistic description are given by [49]

rlnn’ (k) = mmpnk|ca|'~|-’n'k|] (6)

with @ . the four-component Bloch electron wave-
function.

Equation 5 for the conductivity contains a dou-
ble sum over all energy bands, which naturally
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separates in the so called interband contribution,
i.e., n#n', and the intraband contribution, n = n'.
The intraband contribution to the diagonal compo-
nents of 0 may be rewritten for zero temperature as

2
9, a) i

M w+iyp,

Ooul) =

(7)

with W) q the components of the plasma frequency,
which are given by

4T
(wpya)z 2V z 6(8nk - F) ||—|0( |2 ’ (8)

uc pk

and Ej is the Fermi energy. For cublc symmetry,
we furthermore have w? = w’ (,02 . Equ-
ation (7) is identical to the classw;j Drude result
for the ac conductivity, with y,=1,/1, , and 1,
the phenomenological Drude electron relaxation
time. The intraband relaxation time parameter y,
may be different from the interband relaxation time
parameter y. The latter can be frequency dependent
[48], and, because excited states always have a
finite lifetime, will be non-zero, whereas y,, will
approach zero for very pure materials. Here we
adopt the perfect crystal approximation, i.e., y, - 0.
For the interband relaxation parameter, on the
other hand, we shall use, unless stated otherwise,
y= 0.2 eV. This value has been found to be on
average a good estimate of this phenomenological
parameter. The contribution of interband transi-
tions to the off-diagonal conductivity usually is not
considered. Also we did not study the influence of
local field effects on the MO properties.

We mention, lastly, that the Kramers-Kronig
transformation has been used to calculate the dis-
persive parts of the optical conductivity from the
absorptive parts.

The application of standard LDA methods to f-
shell systems meets with problems in most cases,
because of the correlated nature of the f electrons.
To account better for the on-site f-electron correla-
tions, we have adopted as a suitable model Hamil-
tonian that of the LDA+U approach [50]. The main
idea is the same as in the Anderson impurity model
[51]: the separate treatment of localized f-electrons
for which the Coulomb f-f interaction is taken into
account by a Hubbard-type term in the Hamiltonian
U > n;n (n; are f-orbital occupancies), and

i#j
delocalized s, p, d electrons for which the local
density approximation for the Coulomb interaction
is regarded as sufficient.

Let us consider the f ion as an open system with
a fluctuating number of f electrons. The formula for
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the Coulomb energy of f-f interactions as a function
of the number of f electrons N given by the LDA is
E=UN(N -1)/2. If we subtract this expression
from the LDA total energy functional, add a Hub-
bard-like term and take into account the exchange
interaction we obtain the following functional [50]:

U z Byt m—cr

mmc

E=E;pgt

+—(U ) Z Rl ~ doCo (9)

mzEm',m',0
where
NN -1) JN'(N'-1) JN'(N'-1)
dec. =U 5 - 5 - 5 ,

N is the total number of localized f electrons; N'
and N' are the number of f electrons with spin-up
and spin-down, respectively; U is the screened Cou-
lomb parameter; J is the exchange parameter.

The orbital energies €, are derivatives of (9) with
respect to orbital occupations n; :

Erpat Uggy g (10)

This simple formula gives the shlft of the LDA
orbital energy —U /2 for occupied f orbitals (n; =
= 1) and +U /2 for unoccupied f orbitals (n; = 0).
A similar formula is found for the orbital dependent
potential V(r) = 8F /0n(r), where variation is taken
not on the total charge density p(r) but on the
charge density of a particular ith orbital n,(r):

Vi) =V pa) + Uy % - ”i%' (11)
O

The advantage of the LDA+U method is the
ability to treat simultaniously delocalized conduc-
tion band electrons and localized 4f- electrons in the
same computational scheme. With regard to these
electronic structure calculations, we mention that
the present approach is still essentially a single
particle description, even though intraatomic 4f-
Coulomb correlations are explicitly taken into ac-
count.

The LDA+U method has proven to be a very
efficient and reliable tool in calculating the elec-
tronic structure of systems containing localized or-
bitals where the Coulomb interaction is much larger
than the band width. It works not only for 4f
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orbitals of rare-earth ions, but also for such systems
as transition metal oxides, where localized 3d or-
bitals hybridize quite strongly with oxygen 2p or-
bitals (see review article Ref. 52). The LDA+U
method was recently applied to heavy-fermion com-
pounds YbPtBi [53] and Yb,As, [54] and it has also
to explain the nature of colossal polar Kerr rotation
of the maximal possible rotation of 90° in CeSb
(Ref. 33).

We should also note that for large Kerr rotation,
it is not possible to use the approximate expression
(3) for the polar Kerr rotation. This equation is
valid only for small 8. , & , and |8xy| << |€“J
Instead one must use the exact expression

1 +tan € 1+
k .
e2i8, =

12)

1 —tan €x

with n, = (g, * iexy)1/2, the complex indices of
refraction. From Eq. 12 it can be seen that the
maximal observable 8, is + 90°.

2. 3d- transition-metal compounds

Transition-metal alloys consisting of a ferromag-
netic 3d elements have drawn attention over the
last years because of their good magneto-optical
(MO) properties (see, e.g., Refs. 55-57). Espe-
cially multilayers of Co and Pt or Pd are at present
intensively studied because of their potential appli-
cation as optical storage material in MO storage
devices [58—60]. In addition to this, it has recently
been discovered that the compound MnPt; exhib-
ited a very large MO Kerr rotation, of about —1.2°
at 1 eV photon energy [61,62]. This discovery
indicates that the whole group of transition-metal-
platinum alloys is exceptionally interesting within
MO research, and also that large Kerr effects might
still be found in materials which were previously
not considered for their MO properties.

With the aim of undertaking a systematic inves-
tigation of the trends in transition-metal alloys, we
study (in the present work) theoretically the MO
Kerr spectra of the series XPt, compounds (with
X =V, Cr, Mn, Fe, and Co), Heusler alloys
(PtMnSb, PdMnSb and NiMnSb) and MnBi.

2.1. XPt, compounds
(X =V, Cr, Mn, Fe, and Co)

The calculated polar Kerr spectra of VPt, , CrPt, ,
and MnPt; are shown in Fig. 1, and those of
FePt, and CoPt; in Fig. 2. All Kerr spectra given
in Figs. 1 and 2 pertain to the (001) magnetization
direction, and are due to the interband optical
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Fig. 1. Calculated polar Kerr rotation (8,) and Kerr ellipticity
(sK) spectra of VPt, , CrPt, , and MnPt, in the AuCu, crystal
phase with (001) magnetization orientation. The theoretical
spectra are all calculated with a relaxation-time broadening of
0.4 eV and result from the interband optical conductivity only.
The experimental data shown are those of MnPt, (Ref. 61).

conductivity tensor only, i.e., no free-electron con-
tributions to the conductivity are considered. A
Lorentzian broadening with a half width at a half
maximum of 0.4 eV, taking account of the effects of
finite lifetimes and of the experimental resolution,
has been applied to all optical conductivity spectra.
In Fig. 1, the recently measured Kerr spectra of
MnPt, are also shown [61]. As one can see from
Figs. 1 and 2, the Kerr spectra of VPt , CrPt,,
and MnPt, are very similar, as are those of FePt
and CoPt; . This is the reason why we show the
spectra in this combination together. The theoreti-
cal Kerr rotations of VPt, , CoPt, , and MnPt,
have their minimum at the same photon energy of
0.8 eV, followed by a zero crossing at 2 eV. This
similarity is partially observed in the Kerr ellipti-
city too. The Kerr rotations of FePt; and CoPt,,

o -

g 0 ™

5L\ i

Q \\/_/ \\\\ /|

E -0.3 \\ - \

a N CoPty  \

3 B \ - - Fe Pty
o '\‘\

g -1.2 R T = | L1

O 0 2 4 0 2 4 6

Photon energy, eV

Fig. 2. As Fig. 1, but for the theoretical polar Kerr spectra of
FePt, and CoPt, .
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however, are distinctly different, as they have no
zero crossing, and exhibit two minima, one smaller
minimum at 1.3 eV, and a larger one at 4.7 eV.
Noticeable further are the large Kerr rotations that
are predicted by density-functional theory for these
compounds. The largest Kerr rotation is found for
MnPt, which reaches a value of —1.5° at 0.8 eV.
But also the Kerr rotation of the CrPt, alloy as yet
not investigated is surprisingly large, being with a
peak value of —0.9° at 0.8 eV larger than that of the
transition metals Fe and Co. Further the Kerr
rotations predicted for FePt; and CoPt; are with
peak values of —1.0° to —1.1° at 4.7 eV also substan-
tial. (The term «peak» is used for a maximal Kerr
rotation, irrespective of whether it is of positive or
negative sign.) With respect to the magnitudes of
the Kerr rotations displayed in Figs. 1 and 2, there
are three points to be mentioned. First, the precise
peak magnitude depends on the applied broadening
parameter. A larger broadening than 0.4 eV would
generally lead to slightly smaller, but broader spec-
tral peaks. However, so far it is our experience that
the broadening parameter of 0.4 eV gives a physi-
cally adequate description [21]. Second, the neglect
of an intraband contribution to the optical con-
ductivity can play a role for VPt; , CrPt; , and
MnPt, . An intraband or free-electron contribution
to the optical conductivity can be of importance for
the Kerr rotation spectrum at small photon ener-
gies. As the main Kerr rotation peak of the com-
pounds in Fig. 1 occurs at a small energy, the size
of this peak will become reduced when a large
intraband contribution is present. For CoPt; and
FePt, , the intraband contribution is less impor-
tant, because these compounds already have a rela-
tively small Kerr rotation at low energies (see
Fig. 2). Third, it should be noted that the ab initio
Kerr spectra are essentially calculated for zero tem-
perature. If the Kerr spectra are measured at room
temperature, where the magnetization is smaller,
then the over-all size of the thus measured Kerr
rotation will be smaller too. In Fig. 1 also the
recently measured Kerr spectra of ordered MnPt,
are shown [61,62]. These spectra were measured
from an annealed thin film of MnPt; on a quartz
substrate, but from the substrate side, i.e., through
quartz [61]. This implies that these can be enhanced
over the Kerr spectra measured in air by a factor of
about one and a half. Within the limitations con-
cerning the size of the Kerr rotation mentioned
above, and the possible influence of the quartz
substrate on the Kerr spectra, it can only be con-
cluded that the shape of the theoretical and experi-
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mental Kerr rotation and ellipticity spectra are in
good agreement as yet.

Density-functional theory predicts a large Kerr
effect in the XPt; alloys. Noticeably, the Kerr
rotations predicted are much larger than those cal-
culated for, e.g., Fe, Co, or Ni, where the same
broadening parameter of 0.4 eV was used. An im-
portant issue is therefore to identify the origin of
the large Kerr effect in these compounds. To this
end, we examine the dependence of the MO spectra
on the exchange splitting, the SO interaction, and
the optical transition matrix elements. As it can be
expected that the Kerr effect in each of these
compounds is of the same origin, we do this only for
one compound, CrPt; . The exchange splitting and
the SO coupling are studied by scaling the corres-
ponding terms in the Hamiltonian artificially with
a constant prefactor. This is done in a non-self-con-
sistent way, i.e., after self-consistency has been
achieved, only one iteration is performed with the
modified Hamiltonian (a self-consistent calculation
would lead to a different band structure). From the
resulting band structure the optical spectra are then
computed. These modifications can in addition be
done atom dependent, i.e., within each atomic
sphere, so that we can investigate the separate
effects of these quantities on Cr and on Pt. The
outcomes of these model calculations for the Kerr
rotation of CrPt, are shown in Fig. 3. In the upper
panel, the importance of the exchange splitting is
illustrated. When the exchange splitting on Pt is
set to zero, the Kerr rotation remains as it is But
when we do the same for the exchange splitting on
Cr, the Kerr rotation totally vanishes. This implies
that the exchange splitting due to Cr is crucial for
the sizeable Kerr rotation, but that of Pt is unim-
portant. Furthermore, an enhancement of the ex-
change splitting on Cr by a factor of two (dashed
line) leads to a much larger peak in the Kerr
rotation. The middle panel in Fig. 3 shows the
dependence on the SO coupling. If we set the SO
coupling on Cr to zero, the Kerr rotation practically
doesn’t change (dotted line). On the other hand,
when the SO coupling on Pt is zero, the Kerr
rotation almost disappears (dashed line). Thus, the
SO coupling of Pt is equally responsible for the
large Kerr rotation as is the exchange splitting of
Cr. An intermediate scaling of the SO coupling of
Pt by a factor of 0.5 leads to an approximately half
as large Kerr angle, thereby illustrating the almost
linear dependence of the Kerr effect on the SO
interaction of Pt in these compounds. The lower
panel in Fig. 3, finally, displays the importance of
the site-dependent matrix elements. Within an
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0.8

Vo

—CrPty
o CrM=0
v PtM=0

~0.8F ™,

Kerr rotation , deg

2 4
Energy, eV

Fig. 3. Study of the influence of the exchange splitting (M),
spin-orbit (SO) coupling, and optical transition matrix ele-
ments (ME) on the Kerr rotation of CrPt, . The upper panel
shows the effect of multiplying the spin-polarized part of the
Dirac Hamiltonian with a constant factor, on the Cr site or on
the Pt site. The middle panel shows the effect of multiplying
the SO-coupling part of the Hamiltonian on Cr or on Pt with a
constant prefactor (see text). The lower panel depicts the effect
of setting the matrix elements on Cr or on Pt to zero.

atomic sphere about one of the atomic positions, the
optical transition matrix elements are set to zero. If
this is done for the matrix elements on Cr, the Kerr
rotation doesn’t change much. But if the matrix
elements on Pt vanish, a large impact on the Kerr
rotation is found (dashed curve). This indicates
that the matrix elements on the Pt site are more
important for bringing about the large Kerr peak at
1 eV, than are those of Cr. Making the matrix
elements zero gives only an impression of which site
the main contribution comes from. To obtain infor-
mation about the bands that are responsible for the
Kerr peak, it is instructive to exclude a particular
transition matrix element. Due to the selection
rules for optical transitions, these transitions can
only take place between band states with an angu-
lar momentum difference of + 1. By excluding for
instance the p-d transition matrix element we can
investigate the contribution of this type of transi-
tions. However, as the transition matrix must be
Hermitian, we have to exclude also the conjugated
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Fig. 4. Influence of the exclusion of various optical matrix ele-
ments on the Pt site on the real part of the diagonal optical
conductivity ([Re [0, ]), the imaginary part of the off-diagonal
optical conductivity (Im [o, 1) and Kerr rotation. The notation
MEp, (p-d) =0 means that on the Pt site the p-d interband
transitions and the d-p interband transitions are excluded from
the optical matrix element.

transition, i.e., both p-d and d-p transitions. The
results of an investigation of the importance of the
various transitions on Pt are shown in Fig. 4, for
the real part of the diagonal optical conductivity,
Re [0,,], the imaginary part of the off-diagonal
conductivity, Im [o xy], and the Kerr rotation. The
upper and middle panel in Fig. 4 show that both
Re [0,.] and Im [0, ] are strongly reduced when
the p-d and d-p interband transitions are excluded,
more than when the d-f and f-d transitions are
excluded. Especially the off-diagonal conductivity
almost disappears in the energy region around 1 eV
if the p-d and d-p transitions on the Pt sites are
excluded. Because this peak in the off-diagonal
conductivity at 1 eV is responsible for the peak in
the Kerr rotation spectrum, this shows that the d-p
and p-d transition matrix elements on Pt account
for most of the Kerr effect in this frequency region.
The other transitions, s-p and d-f, also have a minor
influence, but excluding these still gives approxi-
mately the same Kerr rotation (see Fig. 4, lower
panel). Thus, the d states of Pt, being subject to
the strong SO interaction on the Pt site, contribute
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most to the optical transitions that lead to a large
Kerr angle.

From these investigations the following picture
of the Kerr effect in these compounds emerges: Pt is
the magneto-optically active element, and creates
the large Kerr rotation through its large SO inter-
action. The important magneto-optical transitions
are the p-d and d-p transitions on Pt. The 3d
elements are magneto-optically not very active.
Their role is to supply through their exchange
splitting enough hybridized spin-split energy bands.
This understanding suggests the following recipe
for finding a material having a sizeable Kerr rota-
tion: such material should contain elements with a
large SO coupling, for instance Pt, Bi, or an acti-
nide. Also should it contain an element having a
sufficiently large magnetic moment, but this ele-
ment needn’t have a strong SO interaction, like for
instance Mn. Also should there be a substantial
hybridization between states of these two kinds of
constituents. Elements having a large, but local
atomic moment, like some of the 4f-elements, are in
the latter respect not suited, if the moment is due to
unhybridized, localized 4f-states.

The behavior of the peak magnitude in the Kerr
rotation spectra with respect to th 3d element, as
shown in Figs. 1 and 2, and also the dependence of
the Kerr effect magnitude on the magnetization, can
furthermore be understood on the basis of the model
calculations. The increase of the peak in the Kerr
angle at about 1 eV when going from VPt; to
MnPt, (see Fig. 1) is caused by the corresponding
increase in the exchange splitting. This is most
clearly demonstrated by the scaling of the peak in
the Kerr rotation of CrPt; with respect to the
scaling of the exchange splitting (Fig. 3, upper
panel). Also it can be understood from this behavior
that a reduction of the magnetization at room tem-
perature leads to a reduction of the Kerr rotation.
This dependence on the magnetization also explains
why the Kerr rotation of FePt, is larger than that
of CoPt, .

In concluding, we have further proven the im-
portant result that the total density of states cannot
be used to derive information about the shape or
magnitude of the Kerr spectra thereof. The depend-
ence of the Kerr spectra in the XPt; compounds on
the crystallographic direction of the magnetization
is found to be very small. This finding corroborates
with the high degree of isotropy of the AuCu,
crystal structure. The agreement between the ab
initio calculated Kerr spectra and the experimental
result for MnPt, (Ref. 61, 62) finally looks very
promising. Further measurements on these com-
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pounds are desirable and needed, in order to obtain
a complete picture of the correspondence between
experimental and first-principles Kerr spectra.

2.2, Heusler alloys

The Heusler alloys NiMnSb, PdMnSb, and
PtMnSb have been the subject of intensive experi-
mental and theoretical investigations since the early
1980’s [55,63—65]. The interest in these compounds
arose first from the experimental discovery of an
extremely large magneto-optical Kerr rotation of
—1.27° in PtMnSb at room temperature [55]. This
value was for many years the record Kerr rotation
observed in a transition metal compound at room
temperature and therefore called <«giant> Kerr
effect (see, e.g., the recent surveys Refs. 3, 53).
Almost simultaneously with the experimental dis-
covery, the theoretical finding of the so-called
<half-metallic» nature of PtMnSb was reported
[65]. Half-metallicity means that according to (se-
mirelativistic) bandstructure theory the material is
metallic for majority, but insulating for minority
spin electrons [65]. Such a gap for one spin type
naturally may give rise to unusual magnetotrans-
port and optical properties. Also the isoelectronic
Heusler alloy NiMnSb was predicted to be half-me-
tallic, whereas the isoelectronic compound PdMnSb
was predicted not to be half-metallic [65]. The MO
Kerr rotations in both NiMnSb and PdMnSb on the
other hand, were experimentally found to be much
smaller than that of PtMnSb, which resulted in a
puzzling combination of features. Experimental ef-
forts were undertaken to verify the proposed half-
metallic character of NiMnSb and PtMnSb [66—69],
which was subsequently established in the case of
NiMnSb [66,69]. Very recently, also experimental
evidence in favor of half-metallicity in PtMnSb was
reported [70].

On the theoretical side, several model explana-
tions of the MO spectra of the compounds were
proposed [71-73]. One of those was based on a
possible loss of the half-metallic character due to
spin-orbit (SO) coupling which was suggested to
lead to a symmetry breaking between the different
m states of the Sb p bands in the vicinity of the
Fermi energy Ej [71]. Another explanation was
based on differences of the semirelativistic effects in
NiMnSb and PtMnSb [73], and another one on
enhancement of the MO Kerr spectra near the
plasma resonance [72]. While the proposed models
contain interesting physical mechanisms them-
selves, one of the remaining major stumbling blocks
was to explain the measured differences in the MO
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Fig. 5. Spin-projected, partial densities of state calculated for
PtMnSb. Majority spin densities are given by the full curves,
minority spin densities by the dotted curves. The half-metallic
behavior can be seen from the band gap at the Fermi level,
which is present for minority spin, but not for majority spin.

spectra of the isoelectronic NiMnSb, PdMnSb, and
PtMnSb.

Only owing to the development of ab initio
calculations of the MO spectra the detailed quanti-
tative comparison between experiment and first-
principles spectra became feasible [15-17,74, 75].
The Heusler compounds are, of course, most attrac-
tive materials for ab initio calculations of their MO
spectra on account of the mentioned unusual fea-
tures. Several first-principles calculations for these
compounds were reported very recently [15,18,21,
26,31]. The various calculated MO Kerr spectra,
however, spread rather widely. The origin of the
differences in the spectra obtained in the various
calculations traces back, first, to the fact that the
MO Kerr effect is in calculations a tiny quantity,
related to the difference of reflection of left- and
right-hand circularly polarized light [5]. SO cou-
pling in the presence of spontaneous magnetization
is responsible for the symmetry breaking in the
reflection of left- and right-hand circularly polar-
ized light. Second, since the MO Kerr effect is only
a tiny quantity in the first-principles calculations,
numerical accuracy and the influence of approxima-
tions made in the evaluation gain an appreciable
importance. For this reason, the evaluation of the
MO Kerr spectra of the ferromagnetic 3d transition
metals Fe, Co, and Ni have become bench mark test
cases for MO calculation schemes [16,17, 75-79].
Numerical accuracy plays normally not a decisive
role if the physical mechanism is to be sought.
However, it has been shown by several groups
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Fig. 6. Relativistic, spin polarized energy bandstructures and
total densities of state (DOS) of NiMnSb, PdMnSb, and
PtMnSb.

[16,75] that for the ab initio calculation of MO
spectra an accurate evaluation of the dipole matrix
elements is essential for obtaining numerically reli-
able MO Kerr spectra. Moreover, in the particular
case of the Heusler alloys, the half-metallic band
gap depends sensitively on technicalities of the
band structure calculation, as, e.g., atomic sphere
radii [21].

In the present work we report a detailed inves-
tigation of the MO Kerr spectra of NiMnSb,
PdMnSb, and PtMnSp [26].

Figure 5 shows the spin projected, fully relativis-
tic partial densities of states of PtMnSb. As can be
recognized from Fig. 5, the partial densities of
states for minority spin have evidently a gap at the
Fermi level. A similar behavior we have found for
NiMnSb, but, of course, not for PdAMnSb. For all
three Heusler compounds we show the calculated
relativistic energy bands and total densities of state
(DOS) in Fig. 6. In the case of PdMnSb, three
spin-orbit split energy bands are just above the
Fermi level at the -point, therefore half-metallic
behavior is not supported for PdMnSb by band-
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Fig. 7. Calculated and experimental Kerr rotation (8,) and
Kerr ellipticity (g,) spectra of the Heusler compounds
NiMnSb, PdMnSb, and PtMnSb. The experimental data are
those of Refs. 55,64.

structure theory. In the case of NiMnSb and
PtMnSb, these important bands are just below E. ,
rendering the half-metallicity in these compounds.
Our bandstructure results are in agreement with
recent experiments on NiMnSb and PtMnSb, in
which half-metallic behavior to a degree of nearly
100% was observed [66,69,70].

After having verified the half-metallic bandstruc-
ture property we turn to the magneto-optical spec-
tra. In Fig. 7 we show the calculated and expe-
rimental [55,64] MO Kerr spectra of the three
isoelectronic Heusler compounds. There exists ap-
parently a rather good agreement between the ex-
perimental Kerr spectra and the ab initio calculated
ones. Overall, the experimental features are reason-
ably well reproduced, except for the magnitude of
the Kerr rotation of PdMnSb, for which theory
predicts larger values than are experimentally ob-
served. The first and important conclusion which
we draw from the correspondence between experi-
mental and calculated Kerr spectra is: the anoma-
lous behavior of the MO Kerr spectra in these
compounds is well described by normal bandstruc-
ture theory. While the calculated MO Kerr spectra
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of these three Heusler compounds were recently
shown in a review paper [18], an explanation in
detail of the origin of the depicted spectra has not
yet been given we shall give it in the following.

To investigate the origin of the Kerr spectra, we
consider the separate contributions of both the nu-
merator of Eq. (3), i.e., 0,,(w) and the denomina-
tor, D(w)=0, (1 +0,_4m/w)!/2 In Fig. 8 we
show how the separate contributions of numerator
and denominator bring about the Kerr angle of
NiMnSb. The imaginary part of the inverse denomi-
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Fig. 8. Decomposition of the Kerr rotation spectrum of

NiMnSb in separate contributions. Top panel: calculated real
and imaginary part of the diagonal dielectric function, 852 and
sgg , respectively. Third panel from the top: the imaginary part
of [wD]™! which results from sgg and sf; . Bottom panel: the
Kerr rotation which results as a combination of Im [(.OD]_1 and
uxrgfy) (second panel from the top). The experimental Kerr angle
spectrum is after van Engen et al. [55].
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nator (times the photon frequency), Tm [wD]™,
displays a typical resonance structure at about 1 eV.
The imaginary part of wo,, , i.e., (,00;2) displays a
double peak structure. The double peak structure of
the Kerr rotation results roughly as the product of
Im [wD]™! and (,00%) . The first peak in the Kerr
rotation at 1.5 eV is predominantly caused by a
minimum of the denominator, whereas the second
peak in the Kerr rotation at 4 eV is due to a
maximum in the off-diagonal conductivity, (,00;2).
The nature of the peak in Im [wD]™! can be under-
stand from the top panel in Fig. 8, where the
complex diagonal dielectric function is shown: its
real part, 8%2 , becomes small at about 1 eV, and its
imaginary part, sgéz , has a shallow minimum at
1 eV. The second peak in the Kerr rotation, stems
from the maximum in (,00%), which in turn is
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Fig. 9. As Fig. 8, but for PdMnSb.
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known to be due to the interplay of SO coupling
and spin polarization [8,18]. Thus, the two similar
looking peaks in the Kerr rotation arise in fact from
quite a different origin.

Next, we consider the spectra for the compound
PdMnSb in more detail, which are shown in Fig.9.
In this compound wogf) is larger than that of
NiMnSb in the energy range 1—4 eV. This is simply
due to the larger SO interaction on Pd as compared
to that on Ni. The inverse denominator Im [wD]™,
however, does not exhibit such a strong resonance
as it does for NiMnSb. The latter is related to the
particular shape of the Egjz and Eggzx) spectra. The
Kerr rotation in effect displays the same shape as

PtMnSb
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Fig. 10. As Fig. 8, but for PtMnSb. The experimental data are
after Tkekame et al. [88]. The data for annealed PtMnSb are
denoted by A, and those for non-annealed, polished PtMnSb by
0. The calculated Kerr rotation spectrum is shown for two in-
terband lifetime parameters, y=0.05 Ry and y=0.02 Ry.
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(,00%) , being enhanced at 1-2 eV by the contribu-
tion from the denominator.

In Fig. 10 we show the spectral quantities for
PtMnSb. The inverse denominator Im [wD]™! again
displays for PtMnSb a strong resonance at 1 eV,
which is even larger than that for NiMnSb. In
addition, the off-diagonal conductivity (,00%) is for
PtMnSb again larger than that of PdMnSb, in
accordance with the larger SO coupling on Pt. The
resulting Kerr rotation has a «giants peak of —1.2°
up to —2.0° depending on the applied lifetime pa-
rameter (see Fig. 10). These values are in good
agreement with the available experimental Kerr
peak values for PtMnSb, which range from about
—1° to =2° depending on sample preparation and
surface quality [55,80—88]. Careful investigations
of the consequences of sample preparation have
been performed by Takanashi et al. [83] and Sato et
al. [87,88]. These investigations showed that an-
nealing of the PtMnSb sample rises the Kerr angle
to a maximum value of —2°, whereas the non-an-
nealed Kerr angle is only —1.2°. The off-diagonal
conductivity (,00%) was found to be rather insensi-
tive to annealing (see. Fig. 10) [87,88]. The main
impact of annealing thus evidently occurs in the
denominator. The reason for the calculated reso-
nance in the inverse denominator lies again in the
frequency dependence of the diagonal dielectric
function, which is shown in the top panel of Fig.
10. The calculated €, compares reasonably well
with the experimental one [88], except for the
important first root frequency of sggjg which is shif-
ted by about 0.5 eV. This difference leads to a
shifted position in the resonance peak of Tm [wD]™,
which in turn results in a shifted main Kerr rotation
peak of just the same amount. The position of the
maximum in Im [@D]™! thus predominantly deter-
mines the position of the main Kerr rotation peak.
We mention in addition that the second maximum
in the calculated (,oogf) at 4.4 eV (see Fig. 10) is also
present in the experimental spectrum, but at a
higher energy of 5.2 eV [88].

The origin of the giant Kerr angle in PtMnSb as
compared to the Kerr angles in NiMnSb and
PdMnSb can completely be understood from our
calculations. First, in these three compounds the
off-diagonal conductivities 0, (w) are quite differ-
ent, what is a direct result of tﬁ/‘ue different relativis-
tic electronic structure. Although both NiMnSb and
PtMnSb are half-metallic, their wogf) spectra are
distinctly different, while on the otlzer hand the
wogfy) of PdMnSb and PtMnsb have a similar struc-
ture, but not a similar magnitude (see Figs. 8-10).
Second, there is the influence of the denominators
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as exemplified in Im [wD]™'. These are similar in
shape and magnitude for NiMnSb and PtMnSb, but
the magnitude of Im [wD]™! in PdMnSb is about a
factor of two smaller. We find that this difference
relates to the half-metallic nature of both NiMnSb
and PtMnSb, which is not present for PdMnSb.
From Fig.6 it can be seen that for the half-metallic
compounds there are three lesser bands at E . One
consequence is therefore that the intraband contri-
bution to g, will be smaller (see Eq. (8)). In
Fig. 11 we show the impact of the half-metallic
character of the bandstructure on the Kerr rotation
of PtMnSb. The calculated plasma frequency in
PtMnSb is small, ﬁ(,op = 4.45 eV. Experimentally a
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Fig. 11. Model investigation of the influence of the half-metal-
lic character of PtMnSb on the optical and MO spectra. A non-
half-metallic bandstructure has been modeled in two ways: by
artificially shifting £, in PtMnSb down, and by increasing the
calculated plasma frequency w, = 4.45 eV to 6.40 eV.
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somewhat bigger plasma frequency of (6.1 + 0.4) eV
was found for PtMnSb, and a smaller ﬁ(,op =
=(4.9+0.2) eV for NiMnSb [89]. One should,
however, not forget that the sample purity can
affect the plasma frequency through the position of
E . To investigate the influence of the half-metal-
licity, we can artificially shift the Fermi energy
down, and calculate the spectra for this position of
E, or we can leave E, as it is and model a
non-half-metallic bandstructure by adopting a
larger @ . Both ways to mimic non-half-metallicity
have a drastic impact on the resulting Kerr rotation,
which becomes reduced by a factor 2! As can be seen
from the top panel in Fig. 11, in the absence of
half-metallicity the shape of sg; changes and resem-
bles closely that of PAMnSb (see Fig. 9). This is
especially so for the model where E is shifted,
since this leads to the smaller Im [wD]™! and also to
a reduction of (,oogf) at photon energies below 2 eV.
The later is due to the exclusion of optical transi-
tions from the SO split bands just below E. . The
consequence of both models for non-half-metallic
behavior is that the maximum in Im [wD]™' be-
comes about two times smaller. The Kerr angles
derived in these models resemble now that of
PdMnSb in shape, but are bigger, because (,00%) is
larger than that of PdMnSb. Previously we have
shown that if the SO coupling on Pt in PtMnSb is
artificially set to zero, the Kerr rotation peak in
PtMnSb becomes reduced by a factor of three [21].
We mention with respect to the influence of the
denominator on the Kerr rotation in PtMnSb, that
experiments in which the stoichiometry and crys-
talline sample quality were varied also concluded
that the denominator contributed appreciably to the
giant Kerr rotation [83,85—88].

In conclusion, we find that the Kerr spectra of
NiMnSb, PdMnSb, and PtMnSb can be fully under-
stood from their electronic structure. The puzzling
anomalies in the Kerr spectra of these compounds
arise from an interplay of compound related differ-
ences in the SO interaction, in the half-metallic
character, and also in relative positions of energy

bands.

2.3. MnBi

Although the MO Kerr effect in MnBi was
measured already about twenty years ago, only very
recently a thorough investigation of the spectral
dependency of the Kerr effect under variation of the
Mn-Bi composition [90]. These experimental Kerr
spectra obtained at 85 K as well as the calculated
ones are shown in Fig. 12. First-principles theory
predicts a very large Kerr rotation in MnBi of about
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—1.75" at 1.8 eV [24], which is even larger than the
measured peak value of —1.6° [90]. The lifetime
broadening parameter y used was 0.04 Ry (i.e., y is
the half- width at half maximum of a Lorentzian).
However, we wish to point out that a smaller (but
still reasonable) relaxation time broadening of 0.02
Ry would already result in a theoretical peak value
of —=2.22°. Therefore, according to theory, a larger
Kerr effect than measured as yet should be possible.
Experiment shows a second maximum in the Kerr
angle at 3.4 eV, where theory only gives a smaller
shoulder. A tentative explanation of this difference
might be the sample composition, which is in ex-
periment Mn, ,,Bi [90,91]. There is thus an excess
of Mn in the sample. To examine the changes
caused by the excess of Mn we performed test
calculations for a hypothetical Mn,Bi compound in
the Heusler C,, structure (i.e., MnMnBi), where
each Mn atom is tetragonally surrounded by Bi. In
the (111) direction this compound has a trigonal
symmetry, like the (0001) NiAs phase. The calcu-
lated Kerr spectra of Mn,Bi are also shown in
Fig. 12 (dotted curve). In its Kerr rotation there is
a peak at about 4.3 eV and a smaller one at 2 eV,
which is at the same position as the main peak of
MnBi. As Mn,Bi in this structure is only a hypo-
thetical compound, we have used a guessed lattice
constant. The position of the peak at about 4 eV is
rather sensitive to the lattice constant value. Thus,
if the stoichiometry shifts from MnBi to Mn,Bi
there appears to be a tendency to reduce the first
peak at 1.8 eV and to enhance the peak at about
3.5 eV. This corresponds exactly to what is seen
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Fig. 12. Calculated and experimental Kerr spectra of Mn—Bi
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compounds. The Kerr rotation is denoted by 6, , and the Kerr
ellipticity by & .
MnBi in the NiAs structure, for two lifetime broadenings, and
for hypothetical Mn,Bi in the Heusler C,, structure. The ex-
perimental Kerr spectra were measured at 85 K on a Mn, ,,Bi
film [90].

The theoretical spectra are calculated for
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Fig. 13. Calculated absorptive parts of the optical conducti-
vity, 0&2 and Ggfy) , for MnBi and Mn,Bi.

in the experimental Kerr spectrum of composition
Mn, ,,Bi. Other recent experiments on MnBi sam-
ples with an almost 2:1 Mn-Bi ratio confirm the
trend of an increased Kerr rotation above 3 eV [92].

A further feature of the experimental Kerr rota-
tion is that it exhibits a sign reversal at 0.9 eV. This
sign reversal is actually also given by theory, but
only for a smaller broadening parameter. This is
consistent with the observation that experimentally
it disappears in the room-temperature Kerr rotation
[90,93]. Lastly, we mention that there appears to be
a substantial intraband contribution to the conduc-
tivity present in the sample. In the calculations
shown in Fig. 12 we accounted for the intraband
conductivity by adding a Drude-type conductivity
to the calculated interband conductivity. For this
Drude conductivity we used the calculated plasma
frequency and an estimated Drude broadening pa-
rameter (which is w, = 0.26 Ry and y, = 0.02 Ry
for MnBi). But, as adding a Drude conductivity
shifts especially the Kerr ellipticity below 3 eV
upwards, we would judge that in the sample there
is likely a larger intraband contribution to the
conductivity. This can be due to some disorder and
the Mn-Bi stoichiometry.
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The Kerr spectra depend on the MO conductivity
spectra in an entangled way, so that it is difficult to
assign features in the Kerr spectra to particular
band transitions. The absorptive parts of the optical
conductivity, 0;2 and chz) , however, relate directly
to the interband optical transitions, and provide
therefore more physical insight. These absorptive
parts of the conductivity tensor are shown for MnBi
and Mn,Bi in Fig. 13. The main peak in the Kerr
rotation of MnBi is due to the maximum in 0%)((,0)
at 2 eV. Several kinds of dipolar optical transitions
contribute to the broad structure in 0%2 . The main
contributions originate from p—d and d—p transi-
tions. The peak in ng) is, however, mainly due to
transitions from Bi p—]yike states.

As a first result, we conclude that first-principles
electronic structure calculations give a satisfactory
description of the giant Kerr rotation in MnBi. The
difference between the experimental and ab initio
Kerr rotation at 3.4 eV is anticipated to be related
to the stoichiometry of the sample.

From these investigations the following picture
of the Kerr effect in MnBi emerges: manganese has
the required big magnetic moment of 3.71, , while
Bi has a small induced moment of —0.10p, . In an
applied field the small moment on Bi shifts to Mn
(with sign reversed), so that then the total cal-
culated moment compares well with the moment
obtained from the saturation magnetization of

MnBi
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Fig. 14. Partial densities of states for MnBi, in units of
states /(atom[@BV).
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(3.84 £ 0.03)uy, [94]. Thus, in the interplay of
exchange splitting and spin-orbit coupling leading
to the record Kerr effect, Mn brings in the exchange
splitting and Bi the spin-orbit coupling. The degree
of hybridization between Mn and Bi, furthermore,
can be recognized from the partial densities of
states, which are shown in Fig. 14. There is a strong
hybridization between the Bi and Mn p-type states
as well as Bi and Mn d-type states, as can be seen
from the identical shape of the partial densities. The
magneto-optically active transitions take place
mainly on Bi, from occupied p- to unoccupied d-
states, in the spin-down bands (dotted curves). It is
worth while to consider also the partial densities of
states of Mn,Bi, which are shown in Fig. 15. For
this compound the Bi p-states are shifted down and
are higher in density, and the hybridization is also
large. As a result, the Kerr rotation at 4 eV becomes
bigger. In contrast to MnBi, Mn,Bi has its Fermi
energy right at a maximum in the partial density of
states, which suggests that this hypothetical com-
pound will be unstable.

3. Localized f electrons: The case of
CeSb and CeBi

Rare-earth compounds and alloys exhibit a great
variety of unusual properties. Among them one
finds heavy-fermion systems, intermediate valence
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compounds, Kondo metals, and Kondo insulators.
To understand the physical properties of these ma-
terials correctly, it is necessary to investigate their
electronic structure in detail. In this light, optical
and MO spectroscopy has proven to be an extremely
useful tool for the study of the f states in rare-earth
and actinide compounds [4]. Over last decade the
MO properties of rare earth compounds have at-
tracted large interest [4], which increased after the
discovery of the maximal observable rotation of 90°
in CeSb by Pittini et al. [96]. The majority of MO
investigations deal with compounds and alloys of
the light rare earth ions Ce3* and Nd3*, the half-
filled shell ion Eu?* and the heavy rare earths
Tm?* and Yb3*. As with most lanthanides, cerium
and neodymium form face centered cubic (FCC)
rock-salt type binary chalcogenides with the VIA
elements of the periodic table of the elements (S,
Se, Te) and FCC pnictides with the VA elements
(N, P, As, Sb, Bi) [95]. With the exception of the
nitrides, all cerium and neodymium chalcogenides
and pnictides order antiferromagnetically in zero
magnetic field. CeN is disordered down to 1.5 K,
while NdN orders ferromagnetically [4]. The MO
properties of cerium chalcogenides are well investi-
gated experimentally [4,96,97], and also theoreti-
cally [15,31,33].

For CeSb a record Kerr angle of 90° was very
recently reported [96], 90° is the absolute maximum
value that can be measured. It is two orders of
magnitude larger than the values that are commonly
measured for transition-metal compounds, and
about one order of magnitude larger than values
maximally achieved for other lanthanide and acti-
nide compounds [4]. To investigate the nature of a
record polar Kerr rotation in CeSb, we have per-
formed ab initio calculations of the optical spectra
using the LDA and LDA+U approaches, with U =
= 6 eV [33]. In Fig. 16 we show theoretical and
experimental results for the real part of o, for
CeSb, CeTe and CeSe. From Fig. 16 it can be seen
that for CeSe and CeTe the inclusion of the Cou-
lomb interaction U leads to a substantial improve-
ment over the LDA result. The erroneous peak at
1.5 eV in the LDA spectra, which is due to an
unphysical 4f band resonance near E , dissapears
in LDA+U spectra. Due to the Coulomb correla-
tion, the occupied 4f '-levels are placed about 3—4 eV
below E,. . In Fig. 17 we show the experimental [98]
and LDA+U results for Kerr spectra of CeSe and
CeTe. The results of the LDA approach are not
shown here, but we mention that these do not by far
reproduce the experimental data as good as LDA+U
approaches [33]. The main peak in the Kerr rotation
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CeSb

0 2 4 6 8 10 12
Photon energy, eV
Fig. 16. Real part of diagonal optical conductivity, 0;2 , for
CeSb, CeSe and CeTe. LDA results are depicted by the solid
curves, LDA+U results by the dashed curves, and experimental
results [98] are depicted by the solid dots.

spectra in Fig. 17 is not found to be due to optical
transitions stemming directly from the nearly local-
ized 4fl-level. Instead, these peaks are due to a
plasma minimum in the denominator of Eq. (3) and
non-zero G, , as will be discussed for CeSb below.

The LDA+U results for the Kerr spectra of CeSb
are shown in Fig. 18. There is a giant Kerr rotation
of 60° which is less than the observed value of 90°.
Pittini et al. [96] observed that the maximum Kerr
rotation depended on the magnetization and that
therefore the intrinsic quantum state played an
important role. In addition, the record Kerr effect
occurs close to a plasma minimum. Both observa-
tions agree with what we find in our calculations.
The denominator of Eq. (3) nearly vanishes due to
the particular frequency dependence of o0, . A
small denominator is not sufficient for obtaining a
large Kerr rotation. Also 0, , which relates to the
magnetic polarization, is important. The 4f'-level in
CeSb is a completely spin and orbitally polarized
state, which has a large magnetic moment of about
2up . The 4f'-level is, however, located 3.6 eV
beneath Ej in our calculations, and therefore it
cannot contribute directly to the peak rotation. We
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Fig. 17. Theoretical and experimental [98] Kerr angle (8,) and
Kerr ellipticity (g,) spectrum of CeSe and CeTe. The theoreti-
cal spectrum (solid curve) was calculated using the LDA+U ap-
proach with U = 6 eV.

find that the 4f1-level plays nevertheless a crucial
role, because, due to hybridization of valence states
with the anisotropically polarized 4f!-state, the va-
lence bands become anisotropically polarized, This
anisotropic polarization leads to an asymmetrical
coupling of the left- and right-hand circularly po-
larized light at small photon energies. The asym-
metrical light coupling leads in turn to a relatively
large 0., , which causes the huge Kerr rotation. To
emphasize the importance of the anisotropic hy-
bridization, we also performed quasi-core calcu-
lations for the 4f!-level. We obtained a very similar
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Fig. 18. Theoretical Kerr spectra of CeSb as calculated with
LDA+U approach with U =6 eV.
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Fig. 19. Theoretical and experimental [98] Kerr angle (6,) and
Kerr ellipticity (sK) spectrum of CeBi. The theoretical spec-
trum (solid curve) was calculated using the LDA+U approach
with U =6 eV.

0,, » but due to the lack of anisotropic 4f-hybridi-
zation, 0., becomes nearly zero. Consequently, only
a very small Kerr rotation is obtained in quasi-core
calculations.

The MO Kerr spectrum of CeBi has also a
considerable interest. In most compounds the mag-
nitude of the Kerr effect is proportional to the
spin-orbit (SO) coupling interaction. The MO Kerr
effect in MnBi is, for example, larger than that in
MnSb, because the SO coupling on Bi is larger than
that on Sb [24]. One could thus expect that the
Kerr angle in CeBi should be as large as, or even
larger, than that of CeSb. However, this is not
found to be the case [98]. In Fig. 19 we show the
experimental [98] and theoretical Kerr spectra of
CeBi. The measured maximal Kerr rotation amounts
only to —=9°, ten times less than that of CeSb. The
LDA+U approach (with U =6 eV) explains the
measured MO Kerr spectrum of CeBi fairly well.
There is a small energy difference of 0.1 eV in the
position of the rotation maximum, and the calcu-
lated Kerr ellipticity deviates above 0.5 eV from the
experimental curve.

The fact that the Kerr rotation of CeBi is far less
that that of CeSb is fully reproduced by our calcu-
lations [28,33], but it is not consistent with our
experience that the Kerr effect is proportional to
the magnitude of SO coupling. The imaginary part
of O, is for CeBi as large as that of CeSb, but if we
compare the g, of CeBi to that of CeSb, then we
find that the denominator does not become as small
for CeBi. The resulting Kerr angle of CeBi is
therefore not as large as that of CeSb.

We conclude that LDA+U approach provides an
improved electronic structure for materials having
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deep-lying, nearly localized f’s. The optical and
MO spectra computed therefrom are in fair accord
with experimental spectra. The overall agreement of
the calculated and experimental spectra, however,
emphasizes that improvements are still called for.

4. Uranium compounds

Intensive experimental and theoretical study
over more than two decades [99—103] has revealed
that 5f magnetism is quite complex, because Cou-
lomb, spin-orbit, crystalline field and exchange
energies in 5f systems are the same order of magni-
tude. Today it is well established that many un-
usual physical properties of the light actinide me-
tals are a reflection of the particular nature of the
5f electrons. Many years ago Friedel [104] proposed
that the bonding in these materials must involve the
Sf electrons. The argument for 5f bonding can be
understood as a consequence of the extended nature
of the 5f wave function relative to the rare-earth 4f
wave functions. This causes them to form in band-
like states [103].

The itinerant nature of the 5f electrons in the
light actinide metals are well known [99]. Their
electronic structure and optical properties are well
described by LDA band structure calculations
[106,107]. On the other hand, the decreasing f~-band
width (W) and the increasing intraatomic Coulomb
energy (U) results in a Mott localization in bet-
ween plutonium and americium [100,108,109] and
the correlation effects are not properly described in
the local density approximation [102,110].

Actinide compounds occupy an intermediate po-
sition between itinerant 3d and localized 4f systems
[111,112] and one of the fundamental questions
concerning the actinide materials is whether their f
states are localized or itinerant. This question is
most frequently answered by comparison between
experimental spectroscopies and the different theo-
retical descriptions.

Optical spectroscopy provides a powerful, widely
used tool to investigate in detail the electronic
structure of actinides. Traditionally, one distin-
guishes the various existing kinds of spectroscopies
according to the photon energy of the employed
light, i.e., high-energy x-ray methods, and methods
applying infrared, visible or medium-energy light
(mw < 10 eV). X-ray photoemission spectroscopy
(XPS) has been applied to determine the energy
position of the 5f states below E , and angle-re-
solved XPS has been used to map out the energy
bands in the Brillouin zone (see, e.g.,[113]). Opti-
cal spectroscopy in the visible and infrared energy
range has successfully been applied to many topics
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in the actinide research. Examples are the infrared
absorption in the heavy-fermion state of URu,Si,
[114] and UPdZAl3 [115], reflectivity spectroscopy
on intermediate valence and dense Kondo materials
[116]. A particular useful spectroscopic technique is
MO Kerr spectroscopy [4]. Reflectivity spectros-
copy can be used to determine relative energy level
positions, but Kerr spectroscopy has the additional
advantage that it couples to both the spin and
orbital polarization of the electron states [4]. Kerr
spectroscopy is therefore ideally suited for studying
magnetic actinide compounds. On the other hand,
actinide compounds are also excellent subjects for
MO research. The participation of the 5f states in
bonding is reflected in strongly hybridized bands
near the Fermi level, with a high density of states
and significant f — d oscillator strengths for optical
transitions. The 5f delocalization favors higher or-
dering temperatures. In fact, many uranium com-
pounds have ordering temperatures which are one
order of magnitude larger than those in similar
lanthanide compounds [4,117]. Regarding the mag-
nitude of the MO effects compared to rare-earth
materials, an enhancement due to the larger spin-
orbit energy can be expected and is in part experi-
mentally verified [4,117]. For actinide compounds
the figure of merit R1/2(9%< + 8%()1/2, where R is the
optical reflectivity, 8, and €, are Kerr angle and
Kerr ellipticity, respectively, is one order of magni-
tude larger than for the best transition or rare-earth
compounds [4]. Besides the issue of radioactivity
(minimal for depleted uranium) a hindrance for
successful application of actinide compounds in
storage devices is that the typical Curie temperature
are below room temperature. This is not a funda-
mental problem, and can probably be overcome by
suitable alloying.

As we mentioned above one of the most intriguing
aspects of actinide compounds is the great variabi-
lity in the localization degree of the 5f electrons.
Varying from one actinide compound to another,
the 5f electrons may range from being nearly loca-
lized to being practically itinerant. In this work we
consider two groups of actinide compounds. The
optical and MO spectra of the first group which
contains UAsSe and URhAI compounds can be
properly described within density functional theory
in the local-density approximation, but such an
approximation totally failed in the case US, USe,
and UTe. This result puts forward further evidence
for at least partly itinerant electron behavior in the
first group compounds and at least partly localized
one in the second group.
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4.1, UAsSe and URhAI

UAsSe crystallizes in the tetragonal PbFCI crys-
tal structure (also called ZrSiS structure, P4,/nmm
space group) and orders ferromagnetically below
T, =110 K[118,119]. Magnetic susceptibility mea-
surements [120] and photo-emission experiments
[121] supplied evidence for localized 5f electrons in
UAsSe. On the other hand, reflectivity and MO
spectroscopy revealed a pronounced spectral in-
tensity at small photon energies (<2 eV) which
was attributed to a 5f band located at the Fermi
energy [117]. Also, the specific heat coefficient
y=41m]J/ mol&? indicates a tendency to itineran-
cy [122]. These apparently contradicting observa-
tions show that the behavior of the 5f electrons and
the related magnetic properties of UAsSe are not
yet well understood.

As in other uranium compounds with non-cubic
structures such as, e.g., the ternary UT,X, com-
pounds [123] there is the possibility of partially
delocalized electrons in another sense. These com-
pounds with a preferred c-axis tend to have the
uranium atoms arranged in layers which leads to
both anisotropic bonding and magnetic properties
due to hybridization of 5f and p or d states. It is
quite possible that the 5f electrons are delocalized
in the planes but localized along the c-axis and we
suspect that this may be the case in UAsSe. In this
compound the uranium planes are perpendicular to
the axis of the polar Kerr measurements, so that the
polar MO Kerr effect selectively probes these pla-
nes which is a possible explanation [5] of why the
response appears to be due to itinerant electrons.

A comparison of the theoretical and experimental
spectra in Fig. 20 proves that there is a very good
agreement between the band theory and experimen-
tal data: Both the position and height of the main
peak in the Kerr angle (8;) at 3 eV are properly

151 Ok T UAsSe €k

1.0

0.5

I Y

0O 2 4 0 2 4 6
Photon energy, eV

Complex polar Kerr effect, —deg

Fig. 20. Theoretical and experimental polar Kerr rotation and
Kerr ellipticity spectra of UAsSe. The experimental data (m)
are after Reim (Ref. 5).
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given by theory, with the usual (small) dependence
of the theoretical peak height on the broadening.
Energy-band theory predicts also a smaller peak in
the Kerr rotation at 1 eV, where there is only a
shoulder seen in the measured Kerr angle. A Kra-
mers-Kronig related peak structure is visible in the
Kerr ellipticity () spectrum at 1.5 eV. In this
energy region there will of course be the influence
of the not included intraband conductivity which
may change the pure interband spectra.

URhAI has also a layer crystal structure with
U-Rh planes separated by Rh-Al planes. There are
apparently several contradicting experimental ob-
servations on the nature of Sf-electron localization
in URhAI Inelastic neutron scattering experiments
on URhAI revealed a peak at 380 meV, which could
be the signature of an intermultiplet transition
[124]. The value of 380 meV is quite close to the
intermultiplet transition energy of 390 meV mea-
sured for UPd, [125]. There are, however, several
other properties of URhAI that would advocate
rather delocalized 5f behavior in URhAIL. A small U
moment of only 0.94l, was measured which does
corresponds to the magnetic moment of neither a
5f% nor a 5f3 configuration [126]. A significant
amount of anisotropic 5f-ligand hybridization was
reported [127]. Also, the measured specific heat
y =60 mJmhol 'K 2 is not particularly small [128].
These contradictory observations demonstrate that
the 5f behavior in URhKAI is not yet understood.

In Fig. 21 we show the experimental Kerr spec-
trum [129] of URhAI together with the theoretical
spectrum calculated using the itinerant LDA ap-
proach [28]. The first spectral peak at 1 eV, and the
second one at 2-3 eV in the Kerr angle are defi-
nitely reproduced in the theoretical spectrum. The
theoretical Kerr rotation drops off between 4 and

0.2

Complex polar Kerr effect, deg

0 2 4 6
Photon energy, eV

Fig. 21. Experimental [129] and theoretical Kerr spectrum of

URhAI. The theoretical spectrum is calculated with the itine-

rant LDA approach.
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5 eV, but it is yet not clear if this also occurs in the
experimental 6, spectrum. It can, nevertheless, be
concluded that the itinerant 5f model explains the
measured Kerr spectrum fairly well. Clearly, this
supports the picture of delocalized 5f electrons in
URhAI. The calculated electronic specific heat coef-
ficient, y =41 mJihol 'K, is quite reasonable
since a many-body enhancement of 1.5 can be con-
sidered to be normal.

With respect to the signified intermultiplet tran-
sition, it could be speculated that the 5f’s in URhAI
divide into two groups, relatively delocalized,
rather hybridized 5f’s in the U-Rh plane, and more
localized 5f’s perpendicular to this plane, in accord
with the observation of anisotropic f hybridization
in URhAI [127]. The possible intermultiplet transi-
tion might correspond to the localized 5f’s, whereas
Kerr spectroscopy in the polar geometry probes the
MO response in the U-Rh plane.

In conclusion, we find that the MO Kerr spectra
of UAsSe and URhAI can be excellently described
by a LDA band-structure approach to the 5f elec-
trons.

4.2. US, USe and UTe

The uranium compounds US, USe, and UTe
belong to the class of uranium monochalcogenides
that crystallize in the NaCl structure and order
ferromagnetically (on the uranium sublattice) at
Curie temperatures of 178, 160, and 102 K, respec-
tively (see, e.g., the review [130]). These uranium
compounds exhibit several unusual physical phe-
nomena, which are the reason for an as yet ongoing
interest in these compounds. Despite their rela-
tively simple and highly symmetrical NaCl struc-
ture, it has been found that the magnetic ordering
on the uranium atoms is strongly anisotropic
[131,132], with the uranium moment favoring a
(111) alignment. The magnetic anisotropy in US,
e.g., is one of the largest measured in a cubic
material, with a magnetic anisotropy constant K of
more than 2x108 erg,/ cm3 [133]. Also the magnetic
moment in itself is unusual, consisting of an orbital
moment that is about twice as large as the spin
moment, and of opposite sign [134—136], but it is
not close to the atomic moment. In addition to this,
these materials show with increasing mass of the
chalcogenide atom evidence of correlated-electron
behavior, with UTe being considered as a dense
Kondo system [137]. Obviously, the uranium 5f-
electrons are to be held responsible for both fea-
tures.

Schoenes and Reim [4,77,117,138,139,] investi-
gated the magneto-optical (MO) spectra of these
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Fig. 22. Real part of diagonal optical conductivity, 05[2 , for
US, USe and UTe in LDA, LDA+U approximations and with a
screened hole in the S5f2-shell (LDA+U-+hole) Theoretical re-
sults are depicted by the solid curves, and experimental results
[4] are depicted by the solid dots.

uranium salts and obtained three rather similar Kerr
spectra, as one would expect from isochemical com-
pounds. Besides, the measured Kerr rotation spectra
are unusually large, with peak values of about 3
degrees. In a first interpretation of their measure-
ments Reim and Schoenes gave an analysis of the
Kerr spectra in terms of optical transitions on ura-
nium [117,139].

It has already been shown that first-principles
band-structure theory using the local density ap-
proximation has failed in giving a satisfactory de-
scription of the optical spectra of the uranium
monochalcogenides [4,77]. This failure was thought
to be due to an insufficient treatment of the f-elec-
tron correlations by the LDA [4]. These many-body
correlation effects can already be important for the
proper description of ground state properties, but
they should become imperative for describing opti-
cal excitations. For example, if a strong on-site
Coulomb repulsion between electron and hole qua-
siparticles plays a dominating role [140]. Therefore,
if the uranium 5f electrons are localized, then one
would particularly expect to observe corresponding
electron correlation effects in the optical spectra.
The behavior of the 5f electrons ranges from nearly
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delocalized to almost localized: US is considered to
be nearly itinerant [141], while UTe is considered
to be quasilocalized [142]. So the failure of LDA
discription of MO Kerr spectra in US comes as a
surprise, because, if the Sf-electrons are itinerant,
one would expect the delocalized LDA approach to
be applicable.

To find the appropriate description, we carried
out various model calculations of the optical and
MO spectra [20,22]. These included the orbital
polarization [143] and the LDA+U approach, as-
suming 5f> and 5/ configurations for uranium
(with U =2 eV). However, using these approaches
we could not obtain satisfactory agreement with the
experimental spectra for all three compounds. In
Fig. 22 we show theoretical and experimental re-
sults for the real part of 0&2 , for US, USe and
UTe. From Fig. 22 it can be seen that for US and
USe the inclusion of the Coulomb interaction U
leads to a substantial improvement over LDA re-
sult. The erroneous peak at 3 eV in the LDA spectra
disappears in LDA+U spectra. In Fig. 23 we show
theoretical and experimental results for the imagi-
nary part of offdiagonal part of optical conductivity
0(2) for US, USe and UTe. It can be seen that LDA
ca]yculatlons gives completely inappropriate results.
LDA+U calculations are greatly improve the agree-
ment between theory and experiment in the case of
USe and UTe. This finding appears to be consistent
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Fig. 23. As Fig. 22, but for imaginary part of offdiagonal opti-
cal conductivity, Ofy) .
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Fig. 24. Experimental [4] (solid dots) and theoretical (solid
line) Kerr spectra of US, USe and UTe.

with the quasilocalized nature of the Sf-electrons in
USe and UTe. As for US, the dynamical process of
the optical excitations may provide a clue for under-
standing what happens: the photoemission of a
5f-electron creates a long-living hole in the 5f-shell,
which will be rapidly screened. This hole in the
broad, semilocalized 5f-bands lies in the important
spectral range. To test the influence of this process
we performed LDA+U calculations (with U =2 eV)
and with a screened hole in the 5f%shell. The
physically motivated correction leads to an im-
proved description of the optical conductivity (see
Figs. 22 and 23) and also Kerr spectrum for US,
USe and UTe (Fig.24).

Summary

Recent progress in first-principle calculations of
optical spectra illustrates that optical and MO spec-
tra are developing into a powerful tool for tracing
the electronic structure of crystals. The density-
functional theory in the local-density approxima-
tion gives a fully satisfactory explanation of the
MO Kerr spectra of transition metal compounds
and alloys in most cases. Moreover, theory can help
to understand the nature of MO spectra and gives
some recommendations how to create compounds
with appropriate MO properties.

As can be seen from the consideration of MO
properties of MnBi, XPt; compounds and Heusler

Fizika Nizkikh Temperatur, 1999, v. 25, No 6

alloys, large Kerr effects can be anticipated when
compounds fulfill the following conditions: one of
the constituting elements must be heavy, but this
element need not be magnetic, for instance, Pt or Bi.
One of the other elements must have a large mo-
ment, but this element need not be heavy, for
instance, Mn, Fe or Co. In addition should there be
a good hybridization between the states of the two
kinds of atoms. Within such a composition, the
large exchange splitting (i.e., a big magnetic mo-
ment) and the strong spin-orbit coupling lead
through the hybridized bands to a big Kerr rotation.
However, not in all cases does this «rule of thumb»
apply, because sometimes the influence of the band
structure can be such that dipolar transitions of
different bands compensate each other.

In most of the 4f systems, the f electrons are
localized and form a Hund’s rule ground state. The
application of plain LDA calculations to 4f electron
systems encounters problems in most cases, because
of the correlated nature of electrons in the f shell.
To better account for strong on-site electron corre-
lations the LDA+U approach should be used, in
which a model Hamiltonian explicitly including the
on-site Coulomb interaction, U, for localized states
is combined with the standard band structure calcu-
lation Hamiltonian for extended states. The LDA+U
method provides a rather good description of the
electronic structure and the optical and MO proper-
ties of some lanthanide compounds [20,28,32].

Actinide compounds occupy an intermediate po-
sition between itinerant 3d and localized 4f sys-
tems, and one of the fundamental questions con-
cerning the actinide materials is whether their f
states are localized or itinerant. This question is
most frequently answered by comparison between
experimental spectroscopies and the different theo-
retical descriptions. Optical and MO spectroscopy,
like photoelectrons spectroscopy and bremsstrah-
lung isochromat spectroscopy supply direct informa-
tion about the energy states (both occupied and
unoccupied) around the Fermi energy, and can
provide a means of discrimination between the two
theoretical limits.

There are quite a few first-principle calculations
of the MO spectra of uranium compounds [9,19,20,
22,144]. The MO spectra of such compounds as
UAsSe [19], URhAI [28], U,P, [144,145] and
UsAs, [145] are well described in the LDA and we
can conclude that they have at least partially itine-
rant electron behavior. On the other hand, the MO
spectra in UTe can be well described only in the
LDA+U approximation [20] supporting the locali-
zed description for their 5f electrons. The most
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difficult case is US which is commonly classified to
be itinerant. We find that a LDA+U approach
supplemented with a screened hole in the 5f-shell
gives a reasonable description of the Kerr spectra of
US and USe.
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