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Discovery of 90 degree Magneto-optical Polar Kerr Rotation in CeSb
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We report the first discovery of 90± magneto-optical Kerr rotation in CeSb at 1.5 K in a field
5 T. This is 6.5 times more than the previous record rotation of 14± and it is the absolute maximum
observable rotation in a single reflection. Using newly derived equations for large rotations
ellipticities, the off-diagonal conductivity has been computed from the magneto-optical spectr
the optical spectra determined for the same external parameters. The spectra are discussed in
the field and temperature dependent ground state of CeSb. [S0031-9007(96)00717-X]

PACS numbers: 78.20.Ls, 75.30.Mb, 78.20.Ci
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CeSb is, together with CeBi, one of the most fascin
ing rare-earth compounds owing to its variety of anom
lous electronic and magnetic properties which contrast
simplicity of its rocksalt structure. In particular, man
features connected with the4f1 state are still unexplained
The resonant photoemission spectra of the cerium mon
nictides show af-related double peak [1], for which
several different models have been proposed [2–6]. F
thermore, the crystal-field splitting of the4f1 state of
the cerium monopnictides is strongly reduced [7]
f-band mixing effects. In the magnetically ordered pha
CeSb and CeBi show a very strong magnetic anisotro
which cannot be explained with the symmetry of the4f1

ground stateG7. CeSb is the material with the most com
plicated and intriguing magnetic phase diagram amo
the cerium monopnictides. Last but not least, the larg
known magneto-optical Kerr rotation angle of 14± was
measured in CeSb [8].

The occurrence of very large magneto-optical K
rotations in materials on the borderline between we
localized and itinerantf electron states has recently a
tracted much interest from the theoretical side. Differe
approaches have been chosen to tackle the difficult p
lem to compute magneto-optical spectra of uranium a
cerium compounds, like US [9–11], USe, UTe [10,1
CeTe [11], and CeSb [11–13]. The until now largest
tation of 14±, reported for the latter compound, made th
material become a favored object of investigation. Y
the low-energy limit of 0.55 eV of the magneto-optic
spectrometer used by Reimet al. [8] allowed us only to
see a strong increase of the Kerr rotation with decre
ing photon energy, while the maximum was not reach
We have now extended the low-energy limit of the Ke
effect measurements to 0.23 eV [14] and indeed foun
maximum of 90± single Kerr rotation at 0.46 eV. Thi
is one order of magnitude larger than the maximum K
rotation in any other material. Present band theoret
treatments have predicted rotations of only a few degr
[9–13]. Therefore, the discovery of 90± rotation will ask
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for new concepts to describe the exact nature of the4f
state in this compound and its coupling to thed and p
states of Ce and Sb, respectively. In addition, the gr
variation of the spectrum as function of the magnetizati
indicates that magnetic quantum numbers play an imp
tant role. It is to be expected that a suitable theory h
to include a Coulomb correlation energy which depen
on these quantum numbers. Also the unprecedented h
Kerr rotation and ellipticity values made it necessary
derive new expressions for relating the Kerr spectra to
off-diagonal conductivity, as the commonly used expre
sions rely on approximations for small Kerr angles only

We have measured the infrared magneto-opical K
spectrum on single crystals of CeSb at a temperat
of 1.5 K with applied fields of 3 and 5 T. In the
measurement at 5 T, the magnetic moment of the4f1

state of CeSb reaches the value of2.06mB [15], which
is close to the magnetic moment of the free Ce31 ion,
2.14mB. Therefore we can assume a ground statejj ­
5
2 , jz ­ 2

5
2 l for the magnetically saturated4f1 level. The

results of our measurements of the saturated infrared K
rotation and ellipticity are shown in Fig. 1. Compare
with the first results of Reimet al. [8] some differences
can be recognized in the overlapping spectral range. T
arise from the significantly improved resolution on th
energy and rotation scales in this infrared region.
the spectral limit of the magneto-optical measureme
of 0.55 eV of Reimet al. [8], the monochromator slit
was completely open. The corresponding low-ener
resolution led to a smearing out of the features in t
Kerr rotation and ellipticity. Going from higher energie
towards the infrared region (Fig. 1), the Kerr rotationuK

reaches a first minimum of213.2± at 0.72 eV, which
is similar to the214± observed by Reimet al. [8]. At
lower photon energies,uK crosses the zero line at 0.65 e
and increases reaching first a shoulder of 37.4± at 0.6±.
Then at 0.46 eV it reaches the huge value of 90±. A
rotation of the polarization direction of 90± is equivalent
to a polarization rotation of290± since both describe the
© 1996 The American Physical Society
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FIG. 1. Complex polar Kerr effect of CeSb measured
T ­ 1.5 K and B ­ 5 T.

same direction of vibration of the electrical field vecto
A further increase of the Kerr rotation above 90±, say
to 100±, is indistinguishable in a single measurement
spectrum from a rise of the rotation from290± towards
less negative values, i.e.,280± in our example. Thus
the maximum absolute value to be detected in a sin
reflection is 90±. To decide whether the intrinsic signa
exceeds 90±, additional measurements for lower sp
polarization or magnetization have to be performed.
checked carefully by measuring the field and tempera
dependence of the rotation in the neighborhood of
peak energy that the rotation indeed jumps from190±

to 290±. The observed 90± rotation in saturated CeS
should be compared with typical values of other materia
The second largest rotation in the optical range has b
observed in pseudobinary Usb0.8Te0.2 and amounts to
9± [16]. Fe has a maximum Kerr rotation of20.53±

and the amorphous transition element–rare earth fi
used for magneto-optical recording display rotations
0.2± to 0.3± [17].

The energy dependence of the Kerr ellipticitýK
compared with the Kerr rotationuK appears unusual fo
photon energies between 0.4 and 0.6 eV. Generally,
shape of the Kerr ellipticity is similar to the derivativ
of the Kerr rotation, as is the case for example in Ce
[18] or also in CeSb if the magnetization is sufficient
reduced and, therefore, the magneto-optical signals
smaller. This manifests the failure of the Kramers-Kron
relation betweenuK and´K . Also, as we will show after
the derivation of the exact relations betweenuK , ´K , on
one hand, and the real and imaginary parts of the
diagonal conductivitys1xy and s2xy , on the other hand
the ellipticity can never reach 45±.

At the lower field of 3 T, a ferrimagnetic phase wit
spin alignment112 is realized in CeSb [19]. The
magnetic moment takes the value of one-third of
saturated moment. At 1.5 K and 3 T, a main maximu
of the Kerr ellipticity (Fig. 2) appears at 0.5 eV with th
value of 31.2±, which is larger than the positive peak o
t

.
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FIG. 2. Complex polar Kerr effect of CeSb measured
T ­ 1.5 K and B ­ 3 T.

25.4± observed at 0.44 eV in the field of 5 T. In contras
the minima of´K at 0.31 eV and 0.63 eV are normall
reduced from the values observed at 5 T following t
trend of the magnetization. The Kerr rotation at 1.5
and 3 T shows a remarkable main maximum of 32.±

at 0.54 eV. The zeros ofuK are at almost the same
position in both measurements, but the zero at 0.46
is a discontinuity in theuK curve observed at 5 T while
uK sh̄vd is less steep in the measurement at 3 T.

In order to calculate the off-diagonal conductivity wit
the observed magneto-optical Kerr spectra, we measu
the optical reflectivity spectra between 0.01 and 12.4 e
In the infrared region, we measured simultaneously
Kerr effect and the optical reflectivity of the samp
against a gold reference. Therefore the optical consta
have been determined from experiments performed un
the same conditions of temperature and magnetic field
the Kerr experiment. In Fig. 3, the infrared reflectivit
spectra are displayed. Below 0.4 eV, the intraband
sorptions, characteristic of the semimetallic behavior

FIG. 3. Near normal incidence optical reflectivity of CeS
measured at room temperature and for the same exte
parameters as for the magneto-optical measurements.
945
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CeSb, lead to a high reflectivity. At 1.5 K and fields
3 and 5 T, the plasma minimum has shifted by 0.05
to higher energy, as compared to room temperature.
curve at 3 T is peculiar because the effect of the ferrim
netic ordering leads to a lowering of the reflectivity in th
region between 0.2 and 0.3 eV and to the appearanc
some structures. In order to obtain the optical consta
from a Kramers-Kronig transformation of the optical r
flectivity, the reflectivity curves have been extrapolat
into the infrared using the Hagen-Rubens law accord
to the dc resistivity, and beyond 12.4 eV using av22

power law first and av24 law above 20 eV.
The very large magneto-optical signals do not allo

one to use the usual approximative expressions wh
relate the optical and magneto-optical spectra to the
diagonal conductivity. Instead, the exact relation betwe
uK , ´K , the optical constantsn and k, and the complex
off-diagonal conductivitys̃xy have to be derived.

The exact expression for the off-diagonal conductiv
follows from the complex circular optical conductivities

s̃6 ­ i
v

p

r̃6

s1 2 r̃6d2
­ s̃xx 6 is̃xy , (1)

where the complex reflection coefficientsr̃6 for the right
s1, rcpd and left s2, lcpd circular light polarizations
carry the information on the magneto-optical effec
under the form of a complex phase, which vanish
in the absence of a sample magnetization and chan
the sign when the field direction is reversed. Theref
the reflection coefficients might be written as

r̃6 ­ r̃e7isuK 2iDK d (2)

with

tań K ­ tanhDK . (3)

The formulation (2) for the circular reflection coefficien
is, in its simplicity, the key for the derivation of a
exact relation between the off-diagonal conductivity a
the magneto-optical Kerr signal. Inserting (2) into t
circular optical conductivities (1) one obtains after som
algebra [20]

s1xy ­ 2
v

p
fsBc 1 Adds1 1 sAc 2 Bdds2g ,

s2xy ­ 2
v

p
fsAc 2 Bdds1 2 sBc 1 Adds2g ,

(4)

whereA andB are defined by

A ­ n3 2 3nk2 2 n ,

B ­ 2k3 1 3n2k 2 k
(5)

andc andd follow from

c 2 id ­
1

sa 1 ibd2
­

a2 2 b2

sa2 1 b2d2
2 i

2ab
sa2 1 b2d2

(6)
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a 1 ib ­ sn2 2 k2 2 1dc1 1 2nkc2 2 n2 1 k2 2 1

1 ifsn2 2 k2 2 1dc2 2 2nkc1 1 2nkg (7)

and

c1 1 ic2 ­
cosuK coś Kp

cos2´K
1 i

sinuK siń Kp
cos2´K

,

s1 2 is2 ­
sinuK coś Kp

cos2´K
2 i

cosuK siń Kp
cos2´K

.
(8)

Equations (4)–(8) represent the exact relation betwe
the complex off-diagonal conductivity and the optic
constants, the Kerr rotation and the Kerr ellipticit
They are valid for any magnitude of the measured K
effect. For small Kerr rotations and ellipticities, the usu
approximative formulas [21]

s1xy ø 2
v

4p
sB uK 1 A ´K d ,

s2xy ø 2
v

4p
sA uK 2 B ´K d

(9)

are recovered from (4)–(8). From (1)–(3) it follows tha
at optical frequencies, the Kerr ellipticitynever reaches
the value of645±. Indeed, a Kerr ellipticitý K ­ 645±

is equivalent to a Kerr dichroismDK ­ `. An infinite
Kerr dichroism requires from the circular reflection co
efficients (2)r̃1 ­ 0 and r̃2 ­ ` (or inversely), except
when the field-free reflection coefficientr̃ itself vanishes.

Using equations (4)–(8), we have determined the o
diagonal conductivity spectra from the magneto-optic
measurements performed at 1.5 K in fields of 5 and 3
The off-diagonal conductivity spectrum at 5 T [Fig. 4(a
does not differ very much from the original spectrum
Reim et al. [8]. In Fig. 4(a), the intraband contribution
vanish in the background of the much stronger interba
transitions. In the measurement at 5 T, two main tran
tions denoted byB andC are observed at 0.54 and 0.66 eV
respectively. The transitionB has a paramagnetic line

FIG. 4. Off-diagonal conductivity of CeSb, calculated from
the magneto-optical spectra using Eqs. (4)–(8).
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shape [21] and can therefore unequivocally be assig
to a 4f ! 5d transition for a magnetically saturated4f1

ground state. Indeed, in this case the ground state of
4f level is jj ­

5
2 , jz ­ 2

5
2 l. Therefore in the4f ! 5d

transition, only the absorption of rcp light, characteriz
by the selection ruleDjz ­ 11, can occur and in the off-
diagonal conductivity no cancellation between the rcp a
lcp absorptions takes place. This is one of the reasons
the unconventionally large value of the magneto-opti
signal of the4f ! 5d transition. The corresponding Ker
rotation and ellipticity are further enhanced by the partic
larly low values of the optical constants in the regi
of the plasma minimum of the reflectivity. The trans
tion C has a diamagnetic line shape and is assigned
a 5psSbd ! 5dsCed transition, where the band states b
come polarized throughf-band mixing effects. At 5 T and
1.5 K, the4f ! 5d transition can easily be recognized
the off-diagonal conductivity spectrum because it is
only transition with paramagnetic line shape [21]. In th
latest calculation of the off-diagonal conductivity of CeS
Liechtensteinet al. and Antropovet al. [12] found a small
negative peak ins2xy at 0.3 eV and a larger positive pea
in s2xy at 0.8 eV. An analysis of the matrix elements r
vealed that the main contribution to these two peaks co
from the transitions from thep bands that strongly interac
with the4f1 state.

In the experiment at 3 T [Fig. 4(b)], the4f ! 5d tran-
sition sBd has a diamagnetic line shape, as expected,
cause severaljz levels mix in the4f ground state in the
ferrimagnetic ordered phase. The additional structureA is
assigned to the effect of the folding of the Brillouin zon
in the ferrimagnetic phase giving rise to the possibility
new interband transitions. The latter are also the origin
the appearance of structures in the reflectivity spectrum
the same energy, noted above.

In conclusion, we have measured for the first time a K
rotation of 90± in the infrared magneto-optical spectru
of saturated CeSb. This value of the Kerr rotation is
far larger than all other “giant” Kerr rotations measur
before and represents the largest observable rotation
single reflection. While a quantitative explanation of th
stupendous result has to await new theoretical conce
we suggest on empirical grounds that the origin of t
effect is a “paramagnetic”4f ! 5d transition centered a
0.54 eV, which is enhanced by the vicinity of a stro
5psSbd ! 5dsCed transition and by the low values of th
optical constants in the region of the plasma minimum.
addition, the magnetic moment of the4f state is saturated
under the conditions of the magneto-optical experim
and the5p states become spin polarized through thep-f
mixing effect. The strongly anisotropicp-f mixing leads
to the “effective”4f level [22], which is found, from the
results presented here, to have a binding energy of a
0.54 eV. In the off-diagonal conductivity, the intraban
ed
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transitions vanish in the background of the4f ! 5d and
5p ! 5d transitions.
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