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Magneto-Optical Kerr Effect, Enhanced by the Plasma Resonance of Charge Carriers
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It is shown by model calculations that the dispersion of the diagonal part of the dielectric constant
near the plasma edge in a metallic crystal has a strong influence on the magneto-optical properties. The
plasma edge leads to resonancelike peaks in the Kerr rotation and Kerr ellipticity spectra and to a strong
enhancement of the magnitude of the Kerr effect. The sharp and very large peaks observed in the Kerr
effect of several transition-metal and rare-earth compounds are not necessarily related to sharp
magneto-optical transitions, but could be a result of the presence of the plasma edge at the same fre-

quency.

PACS numbers: 78.20.Ls, 71.45.Gm

The magneto-optical Kerr effect is of interest for opti-
cal readout of magnetically stored information in eras-
able video and audio disks.! For these applications a
large value of the Kerr rotation is required. Other appli-
cations of the Kerr effect are microscopy for domain ob-
servation? and the study of monolayer-range films.?

Magneto-optical measurements are also a valuable
tool in the study of the magnetic properties and electron-
ic structure of magnetic materials. Optical reflection
measurements can be used to determine the diagonal ele-
ments of the dielectric tensor. A disadvantage is that the
reflection spectra of many intermetallic compounds do
not show a pronounced fine structure; as a consequence
the information obtained from reflection spectra about
the electronic structure is not very detailed, but is mainly
limited to the joint density of states. The Kerr effect, in
contrast, is a difference technique. Kerr spectra show
more fine structure and give interesting information, in
particular, for transition-metal and rare-earth com-
pounds.*~7 Rare-earth compounds are of great current
interest because of mixed valence and valence fluctua-
tions. However, the interpretation of the Kerr spectra in
terms of electronic transitions is quite complicated. In
this paper we show that a pronounced peak in the Kerr
spectrum does not necessarily correspond to a particular
magneto-optically active electronic transition. In fact, in
metallic magnetic compounds, the plasma resonance of
the free charge carriers may induce a resonance-shaped
magneto-optical Kerr-effect spectrum. We demonstrate
by some simple model calculations that this interplay of
magneto-optically active electronic transitions with the
plasma resonance of free charge carriers can result in a
strong enhancement of the Kerr rotation and Kerr ellip-
ticity.

The Kerr effect is related to the material properties by
the equation?®

¢K+ieK=£xy/£}42(l —Exy ), (n

where ¢k is the Kerr rotation, gk is the Kerr ellipticity,
and &, and &, are the diagonal and off-diagonal parts

of the complex dielectric tensor, respectively. The off-
diagonal part &4, is the origin of the magneto-optical
Kerr effect, and it has contributions from interband and
intraband electronic transitions. From Eq. (1) we note
that for nonnegligible &y, (w) the Kerr effect will be
large if the denominator £2(1 — g4y ) is small. In par-
ticular, a large resonancelike enhancement of ¢x and e
is expected in the frequency region where the real part of
€xx is equal to 1. That is in the vicinity of the plasma
edge of metals.

In order to demonstrate the enhancement effect, we
present some model calculations. We consider a metal
with the diagonal part of the dielectric constant given by

exx (@) =g0(w) + ginra(w). (2)

The complex dielectric constant gy, =&xx — [€xx CONtains
a contribution gy(w) from interband transitions. The
second term describes, by a simple Drude-type equation,
the intraband transitions of the charge carriers:

Eintra(@) =1 — 0}o/(0* —iw/7). 3)

The scattering of the charge carriers is characterized by
a relaxation time 7, related to the electrical conductivity
o by o=ne’t/m*. The unscreened plasma frequency
wpo is related to the concentration n of the charge car-
riers by wyo=4nne 2/m*; m* is the effective mass. The
coupled plasma frequency w, is determined by the condi-
tion g5, =0. We represent the interband transitions by a
single oscillator,

eolw) =A/(0t— 0*+in/t), 4)

at an energy hw; with a damping A/7; and a strength A.

Magneto-optical effects are a consequence of the off-
diagonal part of the dielectric tensor, &y, (w). There will
be contributions to &y, that arise from interband and in-
traband transitions. We want to show that even if &,
has little or no dipsersion in a particular energy region,
the observed Kerr effect can show a strong frequency
dependence and even an oscillatory behavior. In order to
demonstrate this effect we take, for simplicity, a constant
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value of oy, independent of the frequency, related to
exy (@) by €5, () =4ricy,/w.

We have calculated the Kerr rotation and ellipticity
from Eq. (1) for several cases. We show in Fig. 1 two of
the most illustrative ones. In the first case we take for
the Drude-type part of Eq. (2) the scattering parameter
h/t=0.5 eV, and the unscreened plasma frequency
hwpo=7 eV. The calculation is for an interband transi-
tion at energy hw=3 eV, damping h/7;=7 eV, and a
strength 24 =100 eV.? We see that the imaginary
part gy, falls off slowly [Fig. 1(a)] as a result of the rela-
tively small scattering time 7 and the influence of the in-
terband transitions described by gy(w). Moreover, there
is no finite frequency where &,, =1, and as a conse-
quence no resonance effects are found in the Kerr effect
[Fig. 1(a)l.

In the second case we take for the Drude-type part the
scattering parameter A/t=0.1 eV, and the unscreened
plasma frequency Aw,o=5 eV. The calculation is for an
interband transition at energy hw=4 eV, damping
h/t1 =4 eV and a strength h24 =50 ¢V.? In Fig. 1(b)
we see that the coupled plasma energy (gy, =0) is at
hw, =22 eV. At 2.4 eV g is equal to 1. This pro-
duces a strong effect in the Kerr spectrum in this region;
the Kerr rotation ¢x and the Kerr ellipticity gx show a
resonancelike frequency dependence and the magnitudes
of ¢x and ek are enhanced. We also found that an in-
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FIG. 1. Dielectric constant and Kerr effect ¢k, gk of a me-
tallic crystal with oy, =1+i and (a) hwpo=7 eV, A/r=0.5
eV, Awi=3 eV, A/r;=7 eV, and h24 =100 eVZ (b)
hwpo=5 eV, A/t=0.1 eV, Aw;=4 eV, h/t1=4 eV, and
hl4=50eV2
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creased steepness of the curve of g, vs Aw near the fre-
quency where g,, =1 results in a sharper resonancelike
peak in the Kerr spectrum. The calculations clearly
show that the dispersion in the diagonal part of the
dielectric tensor can play a dominant role in the disper-
sion and strength of the magneto-optical Kerr effect.
We emphasize that, although the off-diagonal part of the
dielectric constant is the same, the two cases of Figs.
1(a) and 1(b) show a widely different frequency de-
pendence of the Kerr rotation and the Kerr ellipticity.
Especially in the case of a steep plasma edge, due to in-
terband transitions just above the coupled plasma fre-
quency, the enhancement is very strong.

We now discuss Kerr-effect data of some compounds,
reported in the literature, in the light of the considera-
tions presented above. The dielectric constants of
PtMnSb?® and TmS* are shown in Figs. 2 and 3. The
real part gy, of the dielectric constant becomes equal to
I at 1.6 and 2.6 eV, respectively. Precisely at these ener-
gies the Kerr effect of PtMnSb ' and TmS shows a pro-
nounced resonancelike structure, with a frequency
dependence very similar to that obtained from our calcu-
lations [Fig. 1(b)]. We believe that the strong dispersion
of the Kerr effect in this frequency region is due to the
interference with the plasma edge, and not to sharp elec-
tronic transitions at 1.6 and 2.6 eV, respectively.

Recently 4f compounds have received attention be-
cause of their large Kerr effect. Strong Kerr effects with
a sharp resonance structure similar to that in TmS*
(Fig. 3) were reported for TmSe* (which is a mixed-
valence compound!'!) and the cerium compounds CeSb,

— —_
[a) (=) [Oal
T T

o

x =

x

[
/

Dielectric Constant
=y
7/
/
/on
il
%

'

Kemr Rotation & Ellipticity (deg)

|
N
T

L5
Photon Energy (eV.)

FIG. 2. Dielectric constant and Kerr effect ¢k, ex of the
half-metallic compound PtMnSb at 300 K.
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FIG. 3. Dielectric constant and Kerr effect ¢k, ex of TmS at
2Kand B=4T.

CeSbyg.75Teg2s, and CeTe.!? The special chemical and
physical properties of cerium and cerium compounds are
due to the Ce 4f electron. Photoemission experiments!3
have been used to determine the energy of the 4f level.
The giant Kerr effect in cerium compounds!® (values up
to gk =15° at hw=0.5 eV, T=2 K, and B=5 T) was
assigned to a sharp single electronic transition 4f!
— 41954, Of course, sharp magneto-optically active
transitions with large values of &, in a narrow frequency
region lead to sharp Kerr peaks. However, the observed
Kerr peaks all occur just in the frequency region where
exx =1. The displacement of the Kerr peak in the series
CeSb, CeSbg 75Teg 25, CeTe precisely follows the expect-
ed shift of the plasma edge, due to the change of the car-
rier concentration obtained by substitution of Sb by Te.
This indicates that also in these compounds the sharp
structure observed in the Kerr effect is caused by the
plasma resonance (&x, = 1), and cannot be considered as
evidence for a sharp 4f!— 4£°54! transition.

The large Kerr peaks in TmS and TmSe* have also
been attributed to an exchange splitting of the plasma
edge. An exchange splitting will result indeed in a reso-
nancelike peak of the Kerr effect at the plasma frequen-
cy. However, generally the combination of a plasma
edge with a nondiagonal dielectric constant &y, leads to a
magnitude splitting of the plasma resonance; this effect
is independent of the microscopic origin of &4,. In Ref. 4
it is assumed that &y, is due to skew scattering of charge
carriers. However, our calculations show that also if &y,
is due to magneto-optically active interband transitions,
a resonancelike behavior of the Kerr effect near the plas-
ma edge is expected. We conclude that the coincidence

of the maximum of the Kerr ellipticity with the plasma
frequency does not prove the free-electron origin of &,,.

Several uranium compounds also have large magneto-
optical effects.®'* In these materials the off-diagonal
conductivity is quite large. However, the Kerr rotation
and Kerr ellipticity show maxima at a different energy
from the energy of the maximum of the off-diagonal
conductivity. This again is due to the strong dispersion
in the diagonal dielectric constant, due to the charge car-
riers and interband transitions.!> In order to assign
magneto-optic effects to specific electronic transitions,
one should consider maxima of the off-diagonal conduc-
tivity; the maxima in the Kerr rotation and ellipticity are
not representative. In the case of a very sharp Kerr ef-
fect a problem arises in the calculation of the conductivi-
ty tensor from reflection and Kerr measurements. The
sharp Kerr effect is mainly caused by a steep plasma
edge. In the calculation one effect is divided by the oth-
er, leading to relatively large errors in the conductivity
tensor. This is especially the case when the position of
the plasma edge is temperature dependent and the two
measurements are not performed at the same tempera-
ture.

We conclude that for many magnetic metallic materi-
als with a steep plasma edge, the sharp peaks in the Kerr
effect are not due to sharp electronic transitions, but
rather to the influence of the plasma resonance. The
plasma resonance leads to a strong enhancement of the
Kerr effect. Considerations of this enhancement can be
useful in the search for materials with a large Kerr effect
for technological applications.

The authors wish to thank J. Dijkstra for helpful sug-
gestions.
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