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Giant magneto-optical Kerr rotation observed in CeS single crystals

R. Pittini’
Laboratorium fur Festkaperphysik, Eidgerssische Technische Hochschulenggerberg, 8093 Zich, Switzerland

J. Schoenes
Institut fir Halbleiterphysik und Optik, Technische UniversiBraunschweig, Mendelssohnstr. 3, 38106 Braunschweig, Germany

P. Wachter
Laboratorium fu Festkaperphysik, Eidgerngsische Technische Hochschule nggerberg, 8093 Zich, Switzerland
(Received 21 October 1996

We present the magneto-optical polar Kerr spectra of CeS single crystals, measured at 1.5 K in a field of 10
T. These spectra are dominated by a sharp and giant negative Kerr rotation pedR.08° detected at the
photon energy of 3.04 eV. This peak is the second largest measured Kerr rdedtemthe record of 90°
detected recently on CeBm spite of the low magnetic moment of 0,33/Ce achieved in the CeS crystal
under the experimental conditions. From these values, we find that CeS has the largest observed specific Kerr
rotation, which is as high as 71.2384 . Similar sharp negative peaks were observed in the magneto-optical
Kerr rotation spectra of CeSe and CeTe at 2.60 and 1.99 eV, respectively. All these Kerr rotation peaks arise
from 4f —5d transitions from the fi component of go-f mixed state, as understood from the transition
energies and comparing the total weight of the off-diagonal conductivity with the sample magnetization.
[S0163-182697)05912-3

INTRODUCTION netically below 8.3, 5.4, and 2.2 K for CeS, CeSe, and CeTe,
respectively. The saturation sublattice moments are reduced
Cerium carries a single f4electron. But, though appar- from the value of 0.71ug/Ce, expected for the doublét,
ently simple, the 4! state in cerium compounds presents (j,=5/6), found to be the #" crystal-field ground state in the
many anomalous and fascinating properties dud-tmnd  cerium monochalcogenides from magnetic susceptibility and
interactions. Among the cerium-based materials one findgPecific-heat measuremefitThe saturation sublattice mo-

heavy-fermion systems, intermediate valent compounddNents are 0.5Zg/Ce for CeS) 0.56ug/Ce for CeSe, and

O . .
Kondo metals, and Kondo insulators. To correctly under0-3%ue/Ce for CeTe To investigate the nature of thef%

stand the electronic structure and the magnetic properties §tate and the above listed anomalies connected with it in the

these materials, it is necessary to know the exact energyeium monochalcogenides, we have measured the magneto-
position of the 4 state and the relevance of tieband OPtical polar Kerr effect of CeSk, CeTe, and CeSthis

mixing effects. In this light, magneto-optics is an important WOrk)-
spectroscopic tool for the study of tHestate in rare-earth
and_actlnlde compoundsThe magneto-optical signal is pro-- EXPERIMENTAL METHODS
portional to the joint density of states and the coupled spin
polarization of the electronic states involved in the optical Single crystals of CeS were grown by mineralization at a
transition? For this reason, the largest observed magnetotemperature just below the melting point. This method pre-
optical Kerr angles arise froi—d transitions> But while  sents the advantage of a minor occurrence of defects in the
the transitions betweehandd states have a strong magneto- crystal as compared with the sample growth from the gas
optical signal, in optical spectroscopy the signal of the phase. The structure and the lattice constant of the single
states nearly vanishes in the background of the strong bandrystals were checked by an x-ray analysis. In addition, mea-
to-band transitions. In fact, in the diagonal conductivity, thesurements of the magnetic susceptibility, the electrical
oscillator strengths of the transitions that involve quasilocal+esistivity? and the Hall effect confirmed that the single
ized f states are very smdil. crystals were of the desired quality. Yet, metallic cerium
Among the cerium compounds, the cerium monochalco€ompounds are strongly subjected to oxidization on the sur-
genides are distinguished for their simplicity. They crystal-face. Therefore, the single crystals used in the measurements
lize in the cubic rock-salt structure and their electronic conpresented here were cleaved, transferred into the cryostat,
figuration is characterized by a full valenpeband, formed and measured in an inert atmosphere. The samples were par-
from anionic orbitals, a conductiondsband filled with one allelepipeds of typically X3x3 mn.
electron per formula unitand one localized #electron per The setup of the magneto-optical spectrometer used in
formula unit. The temperature dependence of the electricahis study is shown in Fig. 1. The light emitted from the
resistivity of the cerium monochalcogenides exhibits Kondasource becomes monochromatic after passing through a dis-
behavior® indicating nonnegligibled-f mixing. Further- persive Zeiss monochromator and is imaged on the polarizer
more, the cerium monochalcogenides order antiferromagP by a spherical mirror. The monochromatic linearly polar-
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placed after the reflection onto the sample mainly compen-
sate the polarization effects of the mirrors placed before the
reflection onto the sample. In addition, the axial symmetry of
the polar magneto-optical configuration allows the cancella-
tion of all the effects of the mirrors by subtracting the polar-
ization measurements performed in both field directions. As
detector, photovoltaic InSb and Si were used between 0.23
and 1.2 eV and 1.2 and 1.6 eV, respectively. A photomulti-
plier was used for photon energies between 1.6 and 5.3 eV.
Photoconductive detectors need a ground line with the incon-
venience that a noise signal is induced in it from the oscil-
lating magnetic field of the Faraday cell.

To cool the sample, an opticAHe cryostat was used. It
enables temperatures down to 0.3 K, but below about 3.5 K,
a strong®He boiloff is regularly observed down to 1 K. For
optical measurements, this represents a serious disadvantage,
- — ® since the noise of the optical measurement is enhanced when

the index of refraction of the exchange gas in the sample
space fluctuates around its mean value. Therefore, for the
MM3 Lamp measurements between 1.5 and 2.14 K, we preferred to use
“He as exchange gas instead’de. “He is very stable in the
superfluid phase below thepoint at 2.14 K.

The sample is positioned in the center of the supercon-
ducting magnet that consists of several concentric NbTi and
(Nb3Sn solenoids. The magnet allows for fields up to 13.2 T
and can be decoupled from the power supply. The optical

ccess is situated at the bottom of the cryostat through strain-
Lee mounted optical windows.

Reference Sample

Detector

FIG. 1. The setup used for the measurements of the magnet
optical polar Kerr effect.

ized light is then deflected into the cryostat and imaged ont
the sample. The light beam is then reflected under an angl
of incidence of 2° by the sample or the reference, both
mounted on a dish on the sample holder. Half-turn rotations THEORY
of the dish allow one to switch between sample and reference

without changing the optical adjustment of the measurement The magneto-optical effect consists in an axial anisotropy,
. ging the op J R Which is connected with the magnetization of the sample.
Finally, the polarization of the reflected light is analyzed for

every wavelenath using a phase shifeand an analvzeh The application of an external field magnetizes the sample
The ﬁse ofa Fgraday I”?]Od&aﬁ)ﬁ allows for noise szpprés- along the field direction and thus establishes the direction of
sion through a lock-in technique. Three different light the axial anisotropy. As any kind of anisotropy, also the

sources were used to cover the spectral range from 0.23 oagneto-optical anisotropy can be measured with polarized
5.8 eV, i.e., a Globar glowei0.23—0.3 eV, a halogen fila- lght. Finally, the experimental results are interpreted in

X ; terms of the optical conductivity tensor. The very large
ment in quartz bull§0.3-2.5 eV, and a xenon high-pressure [ . .
lamp (2.5-5.8 eV. The dispersive Zeiss monochromator magneto-optical signals observed recently in C&ab,well

4 : as and in CeS, do not allow one to use the usual approxima-
i o s Ve eXoresions. Which Tee he opical and magneto:
9 9 q P X tical spectra to the off-diagonal conductivﬁyy.

persive monochromator has the advantages of considerab?)PThe exact expression for the off-diagonal conductivity

smaller d"?‘e”SiO’?S and no higher.-order terms that arise frorﬂ)llows from the complex circular optical conductivities
the reflection of light onto a grating. However, the energy

resolution of a dispersive monochromator is lower than that 0 7
of a grating monochromator. For the magneto-optical experi- Ti=i — == O E iEXy, 1)
ments presented here, a typical energy resolution of 0.01 eV 7 (1=p2)

has been estimated for the dispersive monochromdtdi3.  \here the reflection coefficiens. for the right(+, rcp) and
Spherical Mgh-coated Al mirrors are used to achieve a et (— |cp) circular light polarizations carry the information
1-to-1 image of the monochromator slit onto the sample andy, the magneto-optical effects under the form of a complex
of the sample onto the detector. In contrast to optical lensesy1se which vanishes in the absence of a sample magneti-
the mirrors do not cause any chromatic aberration of the ligh ;.0 and changes the sign when the field direction is re-

spot in the focus and their use can easily be extended into thg, e Therefore, the reflection coefficients can be written
IR. Plane Al mirrors(M, to Mg) turn the light beam from

horizontal on the optical table to vertical in the cryostat and
again horizontal on the optical table. Mirrors are optically
isotropic, but the difference in the reflection coefficients for
polarizations in the plane of inciden¢g,) or perpendicular  with
to it (ps) may influence the light polarization. The optical
setup(Fig. 1) has been designed in a way that the mirrors tarex=TanhDy, ©)

Fa=p o700 @
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as follows by comparing the polarizations of the light beam
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A=n%-3nk®—n,

before and after the reflection onto the magnetized sample. (10)

The formulation(2) for the circular reflection coefficients is,
in its simplicity, the key for the derivation of an exact rela-
tion between the off-diagonal conductivity and the magneto

optical Kerr signal.

It is convenient to separate the optical from the magneto
optical effects by using two different complex phaseand
Sk , defined ap=e'” and 5x= 6c—iD . Then, the circular

optical conductivities take the form

— w 1

Te=l — ———=—. 4
2w cogy+6k)—1

Using Eg.(1), the diagonal and off-diagonal conductivities

are found to be given by

iw cody coss—1

o o (cosy—cos3)?’
5

- o  siny siné

Oyy

27 (coSy—coD)?’

The optical constants can now be introduced into the diago-

nal and off-diagonal optical conductivities through

_ 1(_ 1| n2+1

COS’)/ZE(p-F,z me,
- (6)

o~ 1 /_ 1 2in

Sln’yZE(p—.-; Z—ﬁz_l.

The optical conductivities become

_ e _, (i 2+ 1)coss — (1 2—1)
Oxx=—(N"— — =~ P )
2 [(M2—1)cosd— (N?+1)]?
- (7
- o _ _, sindy
=—— -1 = .
R v E Ry T E TS

For small Kerr rotations and ellipticitigsone sets C(';%(:l
and s, = 6 —iey and the traditional formulatiohs

iw _
Uxx%E (n 2_1),
(8)

~ o .
T~ g n(M2—1)(6c—iek)

are recovered. The diagonal optical conductivity in E).is

B=—k3+3n%k—k.

For large Kerr rotations and ellipticities(above 10§, no

approximative expressions can be used. One has texas
formulas that, to our knowledge, have not been derived yet.
The exact formulas for the real and imaginary parts of the
off-diagonal conductivity arg¢as follows directly from Eq.

(7]
O py=— % [(Bc+Ad)s,+(Ac—Bd)s,],
(11
Taxy=— ; [(Ac—Bd)s;— (Bc+Ad)s,],

where A andB are defined in Eq(10) andc andd follow
from

1 a?—b® . 2ab
- (a+ib)2_(a2+b2)2 I (a2+b2)2!

c—id (12

where

a+ib=(n?-—k?®-1)c;+2nkc,—n?+k?>-1
+i[(n?—k?—1)c,—2nkc, + 2nk] (13

is the denominator of Eq7) and

. ~ €Oy COEy
C1tiCy,=C0k = +

. sinfy siney
i

Jcosz cosZy

(14
] Sy Sinfx cokyk . €Oy Siney
S;—iS,=SsIindk= —i .
v ) \VCOSZ \VCOSZe

The result(11)—(14) is valid for any magnitude of the mea-
sured Kerr effect.

From Eqgs.(1)—(3) it follows that, at optical frequencies,
the Kerr ellipticity neverreaches the value af 45°. Indeed,
a Kerr ellipticity ex =*45° is equivalent to a Kerr dichroism
D« =9°. An infinite Kerr dichroism requires from the circular
reflection coefficienty, =0 andp_=« (or inversely, ex-
cept when the field-free reflection coefficientitself van-
ishes.

RESULTS AND DISCUSSION
Optics

In Fig. 2, we show the optical reflectivity measured under
near-normal incidence on cleaved single crystals of ¥eS,
CeSet'and CeTegRef. 13 in the energy range between 0.03

unaffected by the sample magnetization and the off-diagonaind 12.4 eV. Below 3 eV, the optical reflectivity of the ce-

conductivity takes the usual form

)
Oixy™~ — . (Bok+Aek),

9

w
Ooxy™ — 4 (Abk—Bey),

with

rium monochalcogenides is dominated by the signal of the
conduction electrons. Going from CeTe to CeS, the energies
of the screened plasma edge increase and the plasma mini-
mum of the reflectivity becomes deeper. The structures ob-
served in the reflectivity above 3 eV mainly arise from
p (chalcogen—5d (cerium transitions.

The optical constants of CeS, CeSe, and CeTe were ob-
tained through a Kramers-Kronig transformation of the mea-
sured reflectivity curves. For this purpose, the reflectivity has
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100 TABLE I. Density Ny=4/a® of the formula units, results of the
Drude fit and Fermi energies of the cerium monochalcogenides.
8oL No (1072 cm™®)  fw, €V)  hy(eV) Eg (eV)
&
Q\/ CeS 2.073 5.04 0.23 2.45
2 60 CeSe 1.859 4.86 0.38 2.36
2 CeTe 1.554 4.66 0.47 2.30
3
& 40
=4 screened plasma enerdyw,= (47Ne’/m*)"? is equal to
20 nearly one free electron mass for all three materials. This
must be understood as the mean effective mass of the occu-
pied & states and it is not necessarily equal to the effective
0 mass of the conduction carriers at the Fermi level. The Fermi
0 2 4 6 8 10 12 energy (Table ), as measured from the bottom of the 5
Photon Energy (eV) conduction band, follows from
FIG. 2. Near normal incidence reflectivity of the cerium ﬁzk,zz 1 (97|13 2
monochalcogenides in the energy range up to 12.4 eV. EF:W = g8e? (T a(f“"p) ' (19

been extrapolated into the infrared Aw=0 with a Hagen- Wherea_l is the lattice constant. Going from CeTe t_o CeS, the
Rubens fit, taking into account the dc conductivity. The Uy Scattéring rate decreases and the Fermi energy increases, re-
part has been extrapolated using @ law above 12 eV and flectmg. the broadening of the conduction band with increas-

a w % law above 20 eV. In Fig. 3 we show the absorptive!Nd radiald-d overlap. , o
partoy,,(w) of the optical conductivity, separated into intra- In the mterbf_:md contrlbutlc_ms to the optical conductivity,
band and interband contributions in order to better recogniz® MOst prominent feature is a broad and structured peak
the structures from weak interband transitions. observed between 4 and 10 eV. This is mainly the signal of

The parameters that describe the optical properties of thif1® P (chalcogep—5d (cerium transitions. From CeTe to
conduction electrons were determined from a combined€S: the binding energy of the valengéand increases. As
Drude fit of the dispersive and the absorptive dielectric func® consequence, the absorption energies ofpthed transi-
tions &, and ,. The fit of &, or &, alone is misleading, tions increase, going frqm CeTe to CeS, as is observed in _the
because the signal of an interband transition near the coupld§flectivity and conductivity spectra. For CeS, the two main
plasma energy mixes with the Drude-like contribution of theP&2ks observed in the optical conductivity were assitfrted
dielectric functions. The results of the simultaneous Drude fith€ two transitions B—5d(ty,) and 3—5d(eg). From
of &, ande, are summarized in Table I. From the unscreenedh€M. the value of 1.6 eV was derived for the crystal-field
plasma energy, the value &f/m* for the conduction elec- splitting of the conduction ban_](f.S|m|IarIy, the valqes of _
trons can be obtained. The normal part of the Hall effect 1-5 @nd 1.4 eV can be determined for the crystal-field split-
corresponds to the contribution of one conduction electro}ind Of the conduction band in CeSe and CeTe, respectively,
per formula unit within a one-band model. From this value,iTom the broadp—d transitions(Fig. 3. We find that the
we find that the effective mass determined from the unMagnitude of the crystal-field splitting of thelSand in the
cerium monochalcogenides is comparable to that in the eu-
ropium monochalcogenides.

It should be noticed that the interband part of the optical
conductivity of the cerium monochalcogenides above 4 eV is
different from the curves published previously in Ref. 11. In
those previous data, the UV extrapolation of the reflectivity
used for the computation of the Kramers-Kronig transforma-
tion of the reflectivity was interrupted at 18 eV already. As a
consequence, the effective numbég; of optically excited
charge carriers was found to be about 30% lower than ex-
pected for thep—d transitions. The effective numbBl of
excited carriers,

2m, (E ) ,
Nt (B)= s [ “oru(®)0E, (19
0 2 4 6 8 10 12 obtained from the new Kramers-Kronig calculation is shown
Photon Energy (eV) in Fig. 4. The signal of the one conduction electron per for-

mula unit can be distinguished below 4 eV. Between 4 and
FIG. 3. Absorptive partr,, of the diagonal optical conductivity 12 eV, the contribution of  electrons is recognized and
separated in intraband and interband contributions. N tends to increase further above 12 eV. The weak shoul-
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8 . : : : : : TABLE Il. Sample properties related to the Kerr rotation peak.
Tp Tt CeS /,/-,’// ' homax  — Okmax  R(@may M = Oxmax/M

~ 6l CeSe ey (eV)  (deg (%) (ug/Ce) [deglus/Ce)]

Z e CeTe CeS 3.04  22.08 35 0.31 71.23

> 97 T=295K 7 CeSe 2.60 5.51 7.4 0.45 12.24

.d§ L ey | CeTe 1.99 3.32 12.8 0.66 5.03

E 4 S

< s

8/ 3 r /'/ il B

& 5L /./ | conductivity, since magneto-optics is selectively sensitive to

Z spin-polarized and spin-orbit split states, while all electrical

| i i dipole transitions contribute to the optical signal.
Magneto-optics

00 2 4 6 8 10 12
Photon Energy (eV) The polar magneto-optical Kerr effect measured on CeS,

CeSe!! and CeTeRef. 13 is illustrated in Fig. 5. All three

FIG. 4. Effective number of the optically excited electrons as aspectra are qualitatively very similar. They are dominated by
function of the energy of the incident photons. a sharp and large negative Kerr rotation peak-@&2.08°,
—5.51°, and—3.32° detected at photon energies of 3.04,
der A (Fig. 3) observed in the interband part of the optical 2.60, and 1.99 eV for CeS, CeSe, and CeTe, respectively
conductivity around 2.5 eV as the first absorption sits at(Table Il) with a remarkably small width of 0.1 eV. These
about 1 eV higher energy than the onset of electronic interKerr rotation peaks are significant, in particular if one con-
band transitions. The plasmon is screened just below the esiders the small magnetic moment achieved in the sample at
ergy of this absorptiolA and the plasma minimum of the the conditions of the experimer(Table I). Particularly
reflectivity is concomitant with the absorptigh The oscil- meaningful is the Kerr rotation peak 6f22.08° observed in
lator strength of the transitioA is small and increases from CeS with a magnetic moment of only 03J/Ce. This ex-
CeTe to CeS. No contribution of the peakof the optical traordinary peak corresponds to the highest ever observed
conductivity can be recognized M. The small oscillator ~ specific Kerr rotation of 71.23%% and to the second largest
strength of the featureA is indicative of a 4—5d  ever measured Kerr rotation after the record of 90° recently
transition®? But a definitive assignment shall be made ondetected on CeSbAlso, the figure of meriR sin?26y of the

the basis of the magneto-optical spectra and the off-diagongieak in CeS at 3.04 eV is higher than the corresponding

1 ] 1 1 1 4 ] ] ) T T 3 ] ] ) ) T
20' < ‘ .:
T £ 2 r 8 o£ . e
s+ K v K K
10t - i tr ; T
" ol — AL

Complex Polar Kerr-Effect (deg)

-10F 2t .
CeSe CeTe
4 | e 4 I
K T=135K| 3] K T=2K |
=20 B=10T B=5T
1 1 1 L 1 -6 1 1 1 1 1 -4 ! 1 1 1 1
0 1 2 3 4 S5 6 0O 1 2 3 4 5 6 0 1 2 3 4 5

" Photon Energy (eV)

FIG. 5. Energy spectra of the polar magneto-optical Kerr rotation and ellipticity of the cerium monochalcogenides measured at 1.5 K and
10T,1.35Kand 10 T, 2 K and 5 T for CeS, CeSe, and CeTe, respectively.
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FIG. 6. Real and imaginary parts of the off-diagonal conductivities of CeS, CeSe, and CeTe. Also shown is the fit of the intraband
contributions.

very low reflectivity of CeS at 3.04 eVI'abIe ”) Even more Exy:ﬁ@'z) m'ﬁ'g 1—m
F

surprising is the observation that the maximum Kerr angle,
as compared among the cerium monochalcogenides, is not
proportional to the magnetic moment achieved in the sample
at the experimental conditions of the magneto-optical meatg the off-diagonal conductivity. The skew-scattering fre-
surement,. but it is rather_ complementary to it. I_n fact, }hequencyﬂ of the conduction electrons has been set equal to
huge maximum Kerr rotation of 22.08° observed in CeS is he spin-orbit parameteso=0.0568 eV of the 8 band®
6.65 times the maximum observed on CeTe, but at less thap,e mean radial extent of thedSwave function amounts to

half magnetization as CeTe. This trend is not an effect of th 81 A in a purely atomic model. The estimated value of

optical constants, since it is also observed in the off-diagonaq['ggx10_17S for Po/eve makes thé second term in EQ.7)
.. . . . 0] =

conductivity, as will be discussed later. negligible compared to the first term fas—0. The spin

We have calculated the off-diagonal conductiviBig. 6) larizati f1h ducti lect found t ¢
from the measured Kerr rotation and ellipticity spectra andPo'anza |Oon orthe conduction electrons was c())un 0 amoun
the room-temperature optical constants using the exact reld2 —0.61% fgr CeSat 1.5 KwitB=10 T, =7.2% for CeS_e
tion (11)—(14). We notice that, besides the room-temperature?t 1.35 K withB=10 T. At T=2 K andB=5 T, the spin
reflectivity curves shown in Fig. 3, we have measured théClarization amounts t&2.11% for CeTe,—3.4% for CeSe,
optical reflectivity also at the conditions of the magneto-and only —0.25% for C_e§. It corresponds to an exchange
optical experimentat low temperature and in the magnetic splitting of the conduction band of 0.048 eV for CeTe, 0.080
field, for photon energies between 0.55 and 5.5 fevsome €V for CeSe, and only 0.006 eV for CeS, assuming a rect-
of the samples. But no temperature or field dependence @ngular density of states of widiN=E¢ . In a field of 10 T
the optical reflectivity could be detected. We conclude that iwe find an exchange splitting of 0.17 and only 0.015 eV of
is legitimate to use the room-temperature values of the optithe conduction band in CeSe and CeS, respectively. The spin
cal constants for the determination of the off-diagonal conpolarization is anomalous and extremely small in CeS. It
ductivity of the cerium monochalcogenides. This statemenprobably reflects the lower covalency in CeS compared to
is no longer valid for other materials. In CeBRef. 15 and  the heavier cerium monochalcogenides. The sign of the spin
CeSb (Ref. 3, for example, the optical conductivity is polarization is intended with respect to the external magnetic
strongly temperature and field dependent and follows thdield. The negative sign found for the spin polarization of the
changes of the magnetic structure. conduction electrons in the cerium monochalcogenides indi-
From the Hall effect and the parameters of the Drude fitcates that the exchange enerlyy between the spins of the
(Table ), the spin polarizatiofo,) of the conduction elec- 4f electrons and the conduction electrons at the Fermi level
trons could be determined through a fit of the intraband conis negative. In other words, the spins of the conduction elec-
tribution, trons are aligned antiparallel to thd 4pins, as would be

figure of merit of the uranium chalcogenidéslespite the w2 —Q P, iw(y+io) )

17
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expected for the occurrence of the Kondo effect, i.e., antiparthe stronger crystalline field in the more ionic compounds.
allel spin coupling. . _ The saturation of'; is strongly hindered by-band mixing

In correspondence with the peak Kerr rotation and thesffects and by the stronger antiferromagnetic coupling of the
weak featuréA in the optical conductivity, we found a strong spins in CeS and CeSe, and is reached at 1.5 K in the fields
and sharp contribution to the off-diagonal conductivity atof 16 T for CeSe and 27 T for CE8.
3.05, 2.60, and 2.01 eV in CeS, CeSe, and CeTe, respec- The featuresB and C in the off-diagonal conductivity
tively. Apart from it, other two magneto-optically active phaye the same line shape as the strucAur@hey are there-
structures are found at 4.78 eV for CeS, 4.32 and 5.08 eV fofgre understood to arise fromf4-5d transitions to higher
CeSe, and 3.73 eV for CeTe in the off-diagonal conductivitygnergy final & states. Interband transitions contribute to the
(Fig. ). All the observed transitiond, B, andC have a ot giagonal optical conductivity if at least one of the in-
diamagnetic line shape,except in CeTdFig. 6. The nar- \oiveq states is spin polarized and one is spin-orbit split. A
rowness and magnitude of the featérendicate that a well 5oy in the optical conductivity is found for the optical tran-
localized and highly spin-polarizefdstate is involved in this  gitions between states with the same energy slope in the re-

transition. We therefore assign this structure tofa~bd  .inrocal space. For thef4-5d transitions, van Hove singu-
transition. Accordingly, the rcp absorption occurs at a highej,ities are expected in the optical conductivity for the

energy than the Icp absorptidifrig. 6), as expected for a absorptions #—5d(t,;) and 4—5d(e,). Therefore, we
4f—5d transition. The fact that in CeTe the line shape®f ,cqion the transitio to the 4f—>5d(?2 ) transition, in

is qiffgrent from the other cerium monochalcp_genides IS aSyyhich the final state 8(t,) is found fro?n band-structure
tonishing, because at the experimental conditionBeb T c5icyjationd® to lie near the Fermi level in these materials.

andT=2 K the free-ion moment is not saturated in CeTe. |, correspondence to the values found for tiecystal-field
Therefore, one cannot assume in CeTe a ground ftat} splitting, the transition #—5d(e,) is expected in the region

e : I
Jz=—3), which would show a paramagnetic line shape, bey_g ey where we find the pedk Therefore, we assign the

cause in an optical spin—conserv_ing trans_ition into the Con'magneto-optically active featui® to the 4F —5d(e,) tran-
duction & band only the selection ruldj,=+1 can be g

, ! : sition, confirming the assignments that Schoéhpeoposed
realized. But we notice that the crystal-field ground stafe o the hasis of the weak structures observed in the optical

is saturated in CeTe under experimental circumstances. T'L%nductivity of CeS at 2.7 and 4.3 eV. The pe@kdetected
I'; wave function with the expectation valueg for the mag- i’ cese is thought to arise from & 4-5d(e,) transition as

netic quantum numbey, is |j,j,) = @|g,g>+ \/§|§,—§).19 B, since it has the same line shapeBaand the % density of
The possible transitions into the conductioth Band are, for ~ states obtained from a band structure calculdfishows two
the first component of’;, the spin-conserving transition peaks split by 0.9 eV in the region ofibe,). We notice that
2,9)—|3,3) with paramagnetic line shape and a weak spin4in the optical conductivity(Fig. 3 the peaksB and C are
flip transition to|3,3), also with paramagnetic line shape. For stronger in CeTe than in CeS and CeSe, while the peak
the second component oF, the spin-conserving transition follows the opposite trend. But in the off-diagonal conduc-
3,—3)—|3,—3) with paramagnetic line shape and two weaktivity (Fig. 6), both peaksA and B are strongest in CeS.
spin-flip transitions td3,—3) and|3,—3) (yielding a diamag- ~ Since the initial state of the two transitiodsand B is the
netic line shapeare possible. Summarizing, the dominantsame, we conclude that in the optical conductivity the con-
transition is |3,—3)—|3—32), yielding a paramagnetic line tribution of the transition #—5d(e,) strongly overlaps with
shape. This transition corresponds to an absorption of righthe transitionp(anion—5d(t,g), which in CeTe sets in at
circular polarized lightAj,=+1) and yields a negative con- lower energy than in CeSe and CeS.

tribution to oy, as is indeed observe@ig. 6). The other In the Kerr spectrdFig. 5), we observed that the maxi-
important transition contributing to peal in CeTe is mum Kerr rotation is not proportional to the magnetization
2,39)—|2,3), which is an absorption of left circular polarized of the samplgTable Il). This anomaly is valid also for the
light yielding a positiveo,,, signal with paramagnetic line off-diagonal conductivity. For both transitions and B the
shape at the same energy as the dominant transition. Essénitial state is a 4 state, which is not the mainf4level,
tially, these two contributions mutually cancel in part in peakresponsible for the sample magnetization, but ratherfa

A, so that the magneto-optical weight Afis reduced from mixed state. From the charge distribution of theand f

the optical weight ofA in CeTe, despite the paramagnetic orbitals! the p-f mixing is found to be very anisotropic.
line shape of the magneto-optical absorption. In the opticalhis leads to a splitting of thé character rather than to a
experiment performed in the absence of any external magdispersion of thé character over the valence band, as would
netic field, all thej, states+3 and =3 of I'; contribute to the  occur in the case of an isotropje-f mixing. Thus, in the
absorptionA. In CeS and CeSe, the magnetic moment of thecerium compounds thp-f mixing determines the distribu-
I'; crystal field ground state is not saturated yet. All fhe tion of thef character over the valence band and tunes the
states ofI’; contribute to the magneto-optical absorption strength of the magneto-optical effects. In this light, the ini-
yielding a diamagnetic line shape with the dominant transitial state of the transitiod is not the full 4 level but ap-f
tions|3,— 3 —|3,—3) and|3,3)—|3,3) for the two states in the mixed level, called the “effective” 4 level in the original

I'; doublet withj,=—2 (as in CeT¢andj,=%, respectively. model of thep-f mixing.?? Therefore, the parameter that
The Icp absorption occurs at a lower energy, since the statgoverns the size of the maximum Kerr rotation in CeS, CeSe,
with j,=—2 is the ground state df,. The saturation of;in  and CeTe is the amount dfcharacter present in the effec-
CeTe also means that CeTe is, under the experimental cotive 4f level. This is determined by the strength of thef
ditions ofB=5 T andT=2 K, more strongly orbitally polar- mixing, which in turn depends on the relative energy differ-

ized than CeS and CeSeRBit=10 T andT=1.5 K in spite of  ence between the “bare” # andp states that participate to
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the mixing. Instead, the radigl-f overlap along th€100  within a narrow energy range. Secondly, the transitidns
directions is nearly equal in CeS, CeSe, and CeTe, as can lappear at the plasma minimum of the reflectivity, where the
judged from the integration of atomic wave functidfiShe  particularly low values of the optical constants amplify the
f character present in the “effective”fdlevel is found to be signal of the off-diagonal conductivity in the magneto-
largest in CeS. This explains the trend of the magnitude obptical Kerr spectra. The reason for this coincidence of the
the Kerr rotation peald in the cerium monochalcogenides. transitionsA with the plasma minimum of the reflectivity is

A further confirmation of the relevance of tipef mixing again the anisotropi@-f mixing. In fact, in the cerium
in these materials is the different energy position of themonochalcogenides, the anisotropicf mixing projects the
4f—5d transitions of the peak& andB in the off-diagonal effective 4f level into the gap between the valerzand the
conductivity. In fact, the energy difference between theconduction & bands. As a consequence, the optical transi-
peaksA in CeS and CeSe is 0.55 eV, and between CeSe antbn A from this p-f mixed level to $i(t,4), which is near
CeTe it amounts to 0.59 eV. For the ped&swe find the the Fermi level, is the lowest-energy interband absorption.
same energy difference of 0.55 eV between CeS and CeSe&he plasma edge is screened by the interband transitions and
while between CeSe and CeTe we find an energy differenci is shifted just below the lowest-energy absorptidn
of 0.69 eV for the peakB. The latter value is slightly higher
than the energy difference of 0.59 eV found for the pefks CONCLUSIONS
but the pealB in CeTe appears at the UV limit of the spec-

trum and we could therefore not determine its exact positiono t\lii Z?/ Slaé%?raK;f rtr:gtfcigtr)izfnvvmecr)ioociszﬁtr:\(l)eié? dtehse ma%nrﬁg_
The similar energy differences of the peaksandB in the P P 9 NP

series of the cerium monochalcogenides confirms that ou?gé:r\ryezxg l:rn;ofaetri;lm\il/gzn dgfezc:%é%so’rntgeegevsﬁk?iI%rger?tetic
assignment oA andB to 4f —5d transitions from the same ' 9

initial state to the two final statesdBt,;) and &i(ey) is ~moment of only 0.3ks/Ce achieved in the sample at the

: xperimental conditions. These peaks are assigned to
correct. The energy differences of .0'55. and 0.59 eV, are_toﬁfiSd transitions, for which the ors)cillator strength%n the
large to be explained only by the widening of the CondUCtIonoff—dia onal condué:tivit is concentrated in a narrow ener
band. Instead, they follow the different energy position of the 9 h h'y A h 9y
valence band. range. Furthermore, thisf4-5d transition is observed as the

The lines of the 4—5d transitionsA in CeS, CeSe, and first interband transition and is determinant for the screening

. : : of the plasmon. As a consequence, the plasma edge is shifted
CeTe are very sharp in the,, spectra(Fig. 6), while the ; . .
are much bro)z/ader ilgrlxx(w) (yFigp. 3. 'Ighig is)not due toya just below the 4—5d absorption and the corresponding

temperature dependence of the relaxation time connecte'éierr rotation peaks are strongly enhanced.

with this absorptioifin fact, the featuré\ in o,(w) is found tote-irlhv?/e\?alrﬂei?] ?r:éhgffﬂ?glrgﬁg Eoeggﬂgiﬁlton’iﬁsc\gg” gzstge
to be temperature independgnbut it originates from the 9 9 Y, ' '

different signals observed in the diagonal and off-diagonafrnd CeTe are not proportional to the sample magnetization.

conductivities. The off-diagonal conductivity,, is selec- st?l)sn ?nogigtr'j iun_dfe:Ts];[gi?]d Vivr:ﬂ\]/:/rr]]icfﬂethféag;feevt\:lt(i)\:l; zf a
tively sensitive only to the optical transitions that involve gy PIgp 9,

spin-polarized and spin-orbit split states, while all the elec_IeveI, the initial state of the interband transition connected

trical dipole transitions contribute i@, . In the transitiorA, with the Kerr rotation peak, contains only a small part of the

1 . ey
the p component of the initiap-f mixed state does not con- full 4 ! state. We find that the position of the barg! 4tate

tribute to the magneto-optical signal in CeSe, since the Var_nust he set "Z‘; much lower eggergy than in the origpl
I Oppeneekt al=°> came to the same conclu-

) . ; ixing mode
lence band is full and thus cannot be spin polarized. Instead’ X" ; : ; ST :
all the p states contribute to the optical conductivity,. Sion in the discussion of their LDAU calculation, in which

Therefore, i the magneto-optical spectra, the feanis . C (470 0 (T8 TN CG (CUIE Dty o
sharp, while it is broad iy, (w). 9 P : P y

The large Kert rotaton peaks of CeS, CeSe, ana CoTi & Sale 1 cerm, anmong te rae eart = he are
originate from 4 —5d transitions where the initial state is a P 9y '

p-f mixed state, which contains only a small part, only a fewcelnum compounds, theh.bﬁre‘ ]4kstateh|s |mrrr1]ers¢q |n.the
percent, of the full 4! state. A relatively small increase of va e'nce-band sta}es, which makes fhband hybridization
the f component in the “effective” 4 level is sufficient to particularly effective.
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