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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 90magneto-optical Kerr rotation in CeSb at 1.5 K in a field of
5T. This is 6.5 times more than the previous record rotation ¢faldl it is the absolute maximum
observable rotation in a single reflection. Using newly derived equations for large rotations and
ellipticities, the off-diagonal conductivity has been computed from the magneto-optical spectra and
the optical spectra determined for the same external parameters. The spectra are discussed in terms of
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

CeSb is, together with CeBi, one of the most fascinatfor new concepts to describe the exact nature of4fie
ing rare-earth compounds owing to its variety of anomastate in this compound and its coupling to t#ieand p
lous electronic and magnetic properties which contrast thetates of Ce and Sb, respectively. In addition, the great
simplicity of its rocksalt structure. In particular, many variation of the spectrum as function of the magnetization
features connected with tdg'! state are still unexplained. indicates that magnetic quantum numbers play an impor-
The resonant photoemission spectra of the cerium monopant role. It is to be expected that a suitable theory has
nictides show af-related double peak [1], for which to include a Coulomb correlation energy which depends
several different models have been proposed [2—-6]. Fumen these quantum numbers. Also the unprecedented high
thermore, the crystal-field splitting of théf!' state of Kerr rotation and ellipticity values made it necessary to
the cerium monopnictides is strongly reduced [7] byderive new expressions for relating the Kerr spectra to the
f-band mixing effects. In the magnetically ordered phaseoff-diagonal conductivity, as the commonly used expres-
CeSb and CeBi show a very strong magnetic anisotropysions rely on approximations for small Kerr angles only.
which cannot be explained with the symmetry of the We have measured the infrared magneto-opical Kerr
ground statd’;. CeSb is the material with the most com- spectrum on single crystals of CeSb at a temperature
plicated and intriguing magnetic phase diagram amongf 1.5 K with applied fields of 3 and 5T. In the
the cerium monopnictides. Last but not least, the largesheasurement at 5 T, the magnetic moment of 4ifé
known magneto-optical Kerr rotation angle of°1#as state of CeSb reaches the value20d6up [15], which

measured in CeSb [8]. is close to the magnetic moment of the free’Ceon,
The occurrence of very large magneto-optical Kerr2.14ug. Therefore we can assume a ground state-
rotations in materials on the borderline between Well—%,jZ = —%}for the magnetically saturatekf! level. The

localized and itinerany electron states has recently at- results of our measurements of the saturated infrared Kerr
tracted much interest from the theoretical side. Differentotation and ellipticity are shown in Fig. 1. Compared
approaches have been chosen to tackle the difficult prolwith the first results of Reinet al. [8] some differences
lem to compute magneto-optical spectra of uranium andan be recognized in the overlapping spectral range. They
cerium compounds, like US [9-11], USe, UTe [10,11],arise from the significantly improved resolution on the
CeTe [11], and CeSb [11-13]. The until now largest ro-energy and rotation scales in this infrared region. At
tation of 14, reported for the latter compound, made thisthe spectral limit of the magneto-optical measurements
material become a favored object of investigation. Yetof 0.55 eV of Reimet al.[8], the monochromator slit
the low-energy limit of 0.55 eV of the magneto-optical was completely open. The corresponding low-energy
spectrometer used by Reiet al. [8] allowed us only to  resolution led to a smearing out of the features in the
see a strong increase of the Kerr rotation with decreaskerr rotation and ellipticity. Going from higher energies
ing photon energy, while the maximum was not reachedtowards the infrared region (Fig. 1), the Kerr rotatiég

We have now extended the low-energy limit of the Kerrreaches a first minimum of13.2° at 0.72 eV, which
effect measurements to 0.23 eV [14] and indeed found & similar to the—14° observed by Reinet al. [8]. At
maximum of 90 single Kerr rotation at 0.46 eV. This lower photon energie®y crosses the zero line at 0.65 eV
is one order of magnitude larger than the maximum Kerind increases reaching first a shoulder of 3a%0.6.
rotation in any other material. Present band theoreticarhen at 0.46 eV it reaches the huge value of.9®
treatments have predicted rotations of only a few degreestation of the polarization direction of 93s equivalent
[9-13]. Therefore, the discovery of 9@otation will ask  to a polarization rotation of-90° since both describe the
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FIG. 1. Complex polar Kerr effect of CeSb measured atF|G. 2. Complex polar Kerr effect of CeSb measured at
T=15KandB =5T. T=15KandB=3T.

same direction of vibration of the electrical field vector. 25.4° observed at 0.44 eV in the field of 5 T. In contrast,
A further increase of the Kerr rotation above®9@ay the minima ofegx at 0.31 eV and 0.63 eV are normally
to 100, is indistinguishable in a single measurement omreduced from the values observed at 5 T following the
spectrum from a rise of the rotation from90° towards trend of the magnetization. The Kerr rotation at 1.5 K
less negative values, i.e580° in our example. Thus and 3 T shows a remarkable main maximum of 32.6
the maximum absolute value to be detected in a singlat 0.54 eV. The zeros ofx are at almost the same
reflection is 90. To decide whether the intrinsic signal position in both measurements, but the zero at 0.46 eV
exceeds 99 additional measurements for lower spinis a discontinuity in thedgx curve observed at 5 T while
polarization or magnetization have to be performed. Welk(fiw) is less steep in the measurement at 3 T.
checked carefully by measuring the field and temperature In order to calculate the off-diagonal conductivity with
dependence of the rotation in the neighborhood of théhe observed magneto-optical Kerr spectra, we measured
peak energy that the rotation indeed jumps frarf0°  the optical reflectivity spectra between 0.01 and 12.4 eV.
to —90°. The observed 9Y0rotation in saturated CeSb In the infrared region, we measured simultaneously the
should be compared with typical values of other materialsKerr effect and the optical reflectivity of the sample
The second largest rotation in the optical range has beesgainst a gold reference. Therefore the optical constants
observed in pseudobinary Ugile,, and amounts to have been determined from experiments performed under
9° [16]. Fe has a maximum Kerr rotation 6f0.53° the same conditions of temperature and magnetic field as
and the amorphous transition element—rare earth filmghe Kerr experiment. In Fig. 3, the infrared reflectivity
used for magneto-optical recording display rotations ofspectra are displayed. Below 0.4 eV, the intraband ab-
0.2°t0 0.3’ [17]. sorptions, characteristic of the semimetallic behavior of
The energy dependence of the Kerr ellipticipg
compared with the Kerr rotatioflx appears unusual for
photon energies between 0.4 and 0.6 eV. Generally, the 100 . .
shape of the Kerr ellipticity is similar to the derivative
of the Kerr rotation, as is the case for example in CeSe S

CeSb

[~
(=]
T

[18] or also in CeSb if the magnetization is sufficiently
reduced and, therefore, the magneto-optical signals are
smaller. This manifests the failure of the Kramers-Kronig
relation betweedx andeg. Also, as we will show after
the derivation of the exact relations betwe®&f g, on
one hand, and the real and imaginary parts of the off-
diagonal conductivityo,, and o»,,, on the other hand,
the ellipticity can never reach 45

At the lower field of 3T, a ferrimagnetic phase with
spin alignment++— is realized in CeSb [19]. The
magnetic moment takes the value of one-third of the
saturated moment. At 1.5 K and 3 T, a main maximum,:I
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G. 3. Near normal incidence optical reflectivity of CeSb

of the Kerr ellipticity (Fig. 2) appears at 0.5 eV with the measured at room temperature and for the same external
value of 31.2, which is larger than the positive peak of parameters as for the magneto-optical measurements.
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CeSb, lead to a high reflectivity. At 1.5 K and fields of a + ib = (n> — k> — 1)¢; + 2nkey — n® + k> — 1
3 and 5T, the plasma minimum has shifted by 0.05 eV + i[(n® — k2 = Des — 2nker + 2nk] (7)
to higher energy, as compared to room temperature. The

curve at 3 T is peculiar because the effect of the ferrimagand

neti_c orgering leads to 3 lowering 0(]; the rheflectivity in the f L COPx COSEx L sindx sins
region between 0.2 and 0.3eV and to the appearance o €1 T iy = l )
. . Jco J/co
some structures. In order to obtain the optical constants _ K _8K ®)
from a Kramers-Kronig transformation of the optical re- . Sinfx cosg . COYk Sineg

flectivity, the reflectivity curves have been extrapolated ST Jcoex ! JcoReg

into the infrared using the Hagen-Rubens law aCC_()zrd'”%quations (4)—(8) represent the exact relation between

to the dc resistivity, 6_“}d beyond 12.4 eV usingwa the complex off-diagonal conductivity and the optical

power law first and a ™ law above 20 eV. constants, the Kerr rotation and the Kerr ellipticity.
The very large magneto-optical signals do not allowrney are valid for any magnitude of the measured Kerr

one to use the usual approximative expressions whiCBffect. For small Kerr rotations and ellipticities, the usual
relate the optical and magneto-optical spectra to the Oﬁapproximative formulas [21]

diagonal conductivity. Instead, the exact relation between

0k, €k, the optical constants and k, and the complex . @ n
off-diagonal conductivitys,, have to be derived. Tixy 17 BOx + Aex),
The exact expression for the off-diagonal conductivity (9)
follows from the complex circular optical conductivities oy = —42 (A6x — Beg)
a
~ . W P+ - -
O =177 7(1 — pa) = Oxx T 10y, (1) are recovered from (4)—(8). From (1)—(3) it follows that,

at optical frequencies, the Kerr ellipticityever reaches
where the complex reflection coefficieris for the right  the value of+45°. Indeed, a Kerr ellipticityex = *45°
(+, rep) and left (—, lcp) circular light polarizations s equivalent to a Kerr dichroisbx = . An infinite
carry the information on the magneto-optical effectskerr dichroism requires from the circular reflection co-
ynder the form of a complex phas.e, yvhich vanishesfficients (2)p+ = 0 andj_ = o (or inversely), except
in the absence of a sample magnetization and chang@gen the field-free reflection coefficieptitself vanishes.
the sign vyhen the_ field dire_zction is rgversed. Therefore Using equations (4)—(8), we have determined the off-
the reflection coefficients might be written as diagonal conductivity spectra from the magneto-optical
P = per!0x=iDx) (2) measurements performed at 1.5 K in fields of 5 and 3 T.
The off-diagonal conductivity spectrum at 5 T [Fig. 4(a)]
does not differ very much from the original spectrum of
tansg = tanhDy . (3)  Reimet al.[8]. In Fig. 4(a), the intraband contributions
The formulation (2) for the circular reflection coefficients vanish in the background of the much stronger interband
is, in its simplicity, the key for the derivation of an transitions. In the measurement at 5 T, two main transi-
exact relation between the off-diagonal conductivity andtions denoted by andC are observed at 0.54 and 0.66 eV,
the magneto-optical Kerr signal. Inserting (2) into therespectively. The transitio®® has a paramagnetic line
circular optical conductivities (1) one obtains after some
algebra [20]

with

'/—.‘\ 9 T T T T T T
w w
Ty = ——[(Be + Ad)s) + (Ac = Bd)sa], S | CeSb
3 (4) ::; ?TS.OT
O2y = —?[(Ac — Bd)s; — (Bc + Ad)s,], % gL T713K
=
<
whereA andB are defined by L%) 0
A=n-3nk?> —n, 5) T‘gc
B=—k +3n%k — k 877
andc andd follow from e 6
L‘-‘ L 1 ] 1 L L 1 1 L 1
e L ek . 2ab © 0203 04 0506 07 03 04 05 06 07 08
(a + ib)? (a® + b2)? (a? + b2)? Photon Energy (eV)
6) FIG. 4. Off-diagonal conductivity of CeSb, calculated from
with the magneto-optical spectra using Egs. (4)—(8).
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shape [21] and can therefore unequivocally be assignetansitions vanish in the background of thg — 54 and
to a4f — 5d transition for a magnetically saturatdg!  5p — 54 transitions.

ground state. Indeed, in this case the ground state of the
4f level is|j = %,jz = —%). Therefore in thetf — 5d
transition, only the absorption of rcp light, characterized Measurements, Tohoku University, Sendai 980, Japan.
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