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We report the first observation of the magneto-optical signal of an empty spin-polarized4f state
in a paramagnetic metal. At 1.5 K and in a magnetic field of 10 T the Kerr rotation spectrum of
LaSe shows a remarkably sharppositivepeak of 2.1± at 2.77 eV and a broader and smaller structure
at 3.01 eV. A comparison with CeSe, which displays a similar sharp peak with opposite sign but no
second peak, gives evidence that the LaSe signal is due to5d ! 4f sJ  5y2d and5d ! 4f sJ  7y2d
transitions, while the magneto-optical signal in CeSe corresponds to a4f sJ  5y2d ! 5d transition.
[S0031-9007(96)02217-X]
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Magneto-optics is a well established technique for th
study of the occupiedf states in rare-earth and actinid
compounds [1,2]. In most of these materials, the strong
magneto-optical signal arises fromf ! d transitions from
occupiedf states to empty conduction-bandd states. The
initial state of the magneto-opticalf ! d transition is
usually the f ground state, which also determines th
magnetization of the sample. In these materials, t
integrated magneto-optical signal of thef ! d transitions
is proportional to thef spin polarization and therefore to the
sample magnetization. In general, however, the magne
optical signal is proportional to the joint spin polarizatio
[3]

ksjl 
sa 1 sb

1 1 sasb
, (1)

wheresa andsb are the spin polarizations of the initia
statea and the final stateb, respectively, i.e., [4]

sk 
nk" 2 nk#

nk" 1 nk#

, sk  a, bd . (2)

Herenk is the number of occupied initial states or empt
final states. If one state is fully spin polarized, i.e., in th
casesk  1, the joint spin polarizationksjl  1. If one
of the two states is not spin polarized (for example the in
tial statesa  0), the joint spin polarizationksjl is equal
to the spin polarization of the other state (in the examp
the final statesb). Therefore, even a nonmagnetic or
weakly magnetic material, i.e., one with no occupied spi
polarized states, can have a strong magneto-optical sig
if it has emptyspin-polarized states that can be occupie
in the optical absorption process. Materials particular
suited for such a study are lanthanum compounds with o
cupied5d states. In this case dipole allowed transitions b
tween5d and4f states are to be expected and if the emp
4f1 state is spin-polarized by an applied magnetic fie
of sufficient strength this may open the way to magnet
optical spectroscopy of empty states. In this work, we pr
sent measurement of the magneto-optical polar Kerr eff
of LaSe and demonstrate for the first time the possib
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ity to study the empty4f1 state by magneto-optical spec
troscopy. Evidence that we observe indeed a5d1 ! 4f1

transition is provided by a comparison with similar mea
surements for CeSe [5]. This compound has the same e
tronic configuration as LaSe, except for the4f1 state which
is occupied in CeSe and which makes this compound to
der antiferromagnetically below 5.1 K, whereas LaSe is
Pauli paramagnet [6] with a superconducting transition
1.02 K [7].

Single crystals of LaSe and CeSe were grown by mi
eralization at a temperature just below the melting poin
The sodium chloride crystal structure and the lattice p
rameters were checked by an x-ray analysis performed
all the batches. The lattice constants are 6.0663(5) a
5.9924(5) Å for LaSe and CeSe, respectively. The sing
crystals were cleaved in an inert gas atmosphere to p
allelepipeds of typically2 3 3 3 3 mm3. Sample con-
tact to air was carefully avoided to prevent the sampl
from oxidization on the surface. Results of the near no
mal incidence optical reflectivity measurements for LaS
and CeSe [5] are displayed in Fig. 1 for the photon-ener
range from 0.03 to 12.4 eV. For both materials, the refle
tivity below 2.5 eV increases steeply towards the infrare
indicating the metallic character of the compounds. T
steeper plasma edge of LaSe reflects a little smaller dam
ing of the conduction electrons in this compound com
pared to CeSe with an occupied4f state which contributes
weakly to the scattering. The broad peak with several fi
structures observed above 3 eV in both reflectivity curv
arises mainly from4p sSed ! 5d sLa, Ced interband tran-
sitions. The temperature and field dependencies of the
flectivity have been found to be negligible, except for th
infrared side of the free electron contribution, which wi
not be discussed in detail in this Letter.

To determine the optical conductivity (Fig. 2) by a
Kramers-Kronig transformation of the reflectivity, the
measured reflectivity spectra of LaSe and CeSe have b
extrapolated toh̄v  0 using a Hagen-Rubens fitR 
1 2 2

p
nysDC, with sDC values determined from the

resistivity measurements (50 and57 mV cm for LaSe and
© 1997 The American Physical Society 725
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FIG. 1. Optical reflectivity of LaSe and CeSe measured un
near-normal incidence in the photon energy range from 0.03
12.4 eV.

CeSe, respectively). The UV part of the reflectivity h
been extrapolated with av22 law above 12.4 eV and a
v24 law above 20 eV [8]. The intraband contributio
has been determined by fitting the infrared optical co
ductivity with a single Drude term. The Drude fit yield
room-temperature unscreened plasma energies of 4.67
4.86 eV for LaSe and CeSe, respectively. Assuming o
conduction electron per formula unit, as suggested b
simple ionic model with trivalent La and Ce and divale
Se, effective massesmp of 1.13me and1.09me are derived
from the plasma energies of LaSe and CeSe, respectiv
In a quasifree electron model, these values correspon
Fermi energies of 2.21 eV for LaSe and 2.36 eV for Ce
which are close to the values of 2.41 eV for LaSe [
and 2.33 eV for CeSe [10] obtained from band structu
calculations. The dampinḡhg of the conduction electrons
in LaSe was derived from the Drude fit to be 0.27 e
compared to 0.38 eV in CeSe.

FIG. 2. Real part of the diagonal optical conductivity o
LaSe and CeSe. The intraband contribution of the conduc
electrons (also shown) has been subtracted to evidence
weak interband transitions near the plasma minimum of
reflectivity.
726
er
to

s

n-

and
ne

a
t

ly.
to

e,
]

re

,

f
on
the
e

Weak structures in the spectral region near the plas
edge are clearly resolved between 2 and 3 eV if o
subtracts the intraband contribution from the total optic
conductivity (Fig. 2). In the remaining interband par
of the optical conductivity, most of the structures refle
4p sSed ! 5d sLa, Ced transitions. The line shapes o
the interband optical conductivities of LaSe and CeSe a
qualitatively similar.

To measure the low-temperature magneto-optical po
Kerr spectra in the photon energy range 0.55–4.0 eV,
ellipsometer with a Faraday modulator with an accura
of 0.003± has been used. The measurements have b
performed in a magnetic field of 10 T at a temperature
1.35 K for CeSe and 1.5 K for LaSe. Figure 3 display
the obtained Kerr rotationuK svd and ellipticity ´Ksvd
spectra. For CeSe, a sharp negative Kerr rotation pe
of 25.5± is observed at 2.6 eV, while in LaSe a shar
positive Kerr rotation peak of 2.1± appears at 2.77 eV,
followed by a broader and weaker structure at 3.01 e
The Kerr rotation observed in LaSe is surprisingly larg
for a paramagnetic metal. Yet this is not an artifac
since it could be reproduced well in all measured LaS
samples. The main Kerr rotation peaks in LaSe and Ce
correspond to the structure A of the optical conductivi
(Fig. 2), i.e., they are associated to the lowest ener
interband transition. It is noteworthy that the Kerr rotatio
peaks are with 0.1 eV remarkably sharp. This points to
transition involving very narrow and highly spin-polarize
states, i.e.,f states. Yet a serious discussion should not
performed on the basis of rotation and ellipticity spectr
but rather on the basis of the off-diagonal elements
the conductivity or the dielectric tensor, since only the
quantities separate absorptive and dispersive parts [11]

Figure 4 displays the real and imaginary parts of th
complex off-diagonal conductivity tensor element for LaS
and CeSe as computed with the conventional method
from the spectra of the Kerr effect and the diagonal condu
tivity. For CeSe (Fig. 4, right side) one observes at 2.6 e
a single transition with diamagnetic line shape (dispersi

FIG. 3. Measured magneto-optical polar Kerr effect of LaS
and CeSe.
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FIG. 4. Experimental off-diagonal conductivity of LaSe an
CeSe and fit of the intraband contributions.

line shape in the absorptive part of the off-diagonal co
ductivity s2xy spectrum, and absorptive line shape in t
dispersive parts1xy) which has been assigned to a4f !

5d transition [5]. Other strongly magneto-optically activ
absorptions are resolved at 4.3 and 5.1 eV. They h
e
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the same line shape as the4f ! 5d transition centered a
2.6 eV and, therefore, originate from transitions4f ! 5d
[12] to higher-energy final5d states. Correspondingly, th
5d density of states obtained from a band structure ca
lation [10] shows two peaks splitted by 0.9 eV in the r
gion of5d segd. In thesxysvd spectra of LaSe (Fig. 4, lef
side) two structures with diamagnetic line shape occur n
3 eV and both have opposite sign compared to the sin
line in CeSe. Four important conclusions can be dra
from these spectra:

(i) The transformation of the two rotation peaks into tw
sxy peaks at the same photon energy in LaSe indica
that the dominant Kerr rotation peak, though enhanced
the low values of the optical constants in the vicinity
the plasma minimum of the reflectivity, is definitely due
interband transitions and not simply due to a splitting of
plasma edge in the magnetic field as was first discove
in TmS and TmSe [13].

(ii) The different signs of the lines observed in the o
diagonal conductivities of CeSe and LaSe are underst
as follows: The absorptive part of the off-diagonal optic
conductivity is given by [3]
s2xy 
pe2

4h̄v

1
V

X
s,s0

fv2 2
s0s jM2

s0sj
2dsv2

s0s 2 vd 2 v1 2
s0s jM1

s0sj
2dsv1

s0s 2 vdg , (3)
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whereM6
s0s  ks0jsx 6 iydjsl are the electrical dipole ma-

trix elements between the initial statess and the final states
s0, andv

6
s0s are the absorption energies for the right (rcp

and left (lcp) circular light polarizations. The dispersiv
part s1xy of the off-diagonal optical conductivity can be
determined by a Kramers-Kronig transformation of the a
sorptive parts2xy . A sign change of the off-diagonal op-
tical conductivity occurs when the rcp and lcp absorptio
are reversed. This arises from a sign change of the
lection rule forDJ (determined by the matrix elements)
which takes place when the same electronic states are
volved in the transitions but in reversed order. Therefor
the different sign of the lines in the magneto-optical Ke
spectrum of LaSe and CeSe is strong evidence that we h
measured a5d ! 4f1 transitions in LaSe.

(iii) The two observed interband transitions in LaS
have diamagnetic line shapes as is evident from the t
absorptionlike peaks ins1xy . A small overlap of the
two transitions shifts the negative extremum of the hig
energy peaks to a little higher energy than its actu
transition energy. The two transitions are determin
by deconvolution to be centered at 2.77 eV and 3.01 e
(arrows in Fig. 4) and their energy difference of 0.24 eV
close to the value of 0.27 eV reported for the difference
ionization energies of theF5y2 andF7y2 states in trivalent
cerium [14]. Therefore we assign the two lines at 2.7
and 3.01 eV to the transitions5d1 sJ  3y2d ! 4f1 sJ 
5y2d and 5d1 sJ  5y2d ! 4f1 sJ  7y2d. The energy
separation of these two transitions is given by the ener
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difference of the spin-orbit splittings of the4f and 5d
states. Comparing then the experimental energy differe
of 0.24 eV with the spin-orbit splitting of 0.27 eV of th
4f1 state, a spin-orbit splitting of 0.03 eV results fo
the 5d states. This is about a factor two smaller than t
atomic value [15], as expected for the averaging and pa
quenching of the orbital moment in thed-conduction band.
In the atomic model, the two5d ! 4f transitions are
expected to have diamagnetic line shapes because the
number of rcp and lcp absorptions exist. Counting t
number of the dipole allowed transitions, a3y2 times
stronger weight is expected for the transition5d sJ 
5y2d ! 4f sJ  7y2d. Integrating the imaginary par
of the off-diagonal conductivity, the weights of2.04 3

1027 s22 and 3.11 3 1027 s22 are obtained forks2xyl of
the two interband transitions, which corresponds to a ra
of 1.52, in surprisingly good agreement with the simp
atomic model. CeSe displays only a single line. This
understood in the present model because only the4f1 sJ 
5y2d state is occupied, thus excluding transitions of t
kind 4f sJ  7y2d ! 5d sJ  5y2d.

(iv) The lines of the5d ! 4f and4f ! 5d transitions
in LaSe and CeSe are very sharp in thesxy spectra, while
they are much broader ins1xxsvd. This is not due to a
temperature dependence of the relaxation time conne
with this absorption (in fact, the featureA in s1xxsvd is
found to be temperature independent), but it origina
from the different signals observed in the diagonal a
off-diagonal conductivities. As it can be understood fro
727
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Eq. (3), the lcp and rcp absorptions mutually cancel
the off-diagonal conductivity, except when spin-polariz
and spin-orbit split states are involved in the transitio
In the diagonal optical conductivity, in contrast, the lc
and rcp absorptions are additive. For the states at
bottom of the conduction5d band of LaSe, thed-f
joint density of states has a van Hove singularity
correspondence with the observed5d ! 4f transitions.
To obtain a strong magneto-optical signal, we reduc
the temperature to 1.5 K and applied a magnetic field
10 T, sufficient to spin-polarize the states at the bott
of the conduction band of LaSe over a width of2mBB 
1.16 meV. These are the initial states of the two transitio
observed in the off-diagonal conductivity of LaSe, whi
all the occupied5d states contribute to the peak A in th
diagonal conductivity. In CeSe, the initial state of th
transition A is ap-f mixed state [12]. Itsp component
does not contribute to the magneto-optical signal in Ce
since the states of a full valence band cannot be sp
polarized. Therefore, the magneto-optical transition
2.6 eV is sharp, while the featureA in s1xxsvd is broad,
as is well reproduced by a recent LDA1 U calculation of
Oppeneeret al. [16].

The energies of 2.77 and 3.01 eV found for the5d ! 4f
transitions in LaSe from our experiment agree well with t
theoretical and experimental findings for fcc lanthanum.
fact, in the latter material, the calculated density of emp
4f states shows a peak at 2.7 eV [17] and from the p
observed at 5.5 eV in the BIS spectrum, the position
the empty4f1 state is derived to be at 2.6 eV above t
Fermi level [18] from an analysis within the framework o
a “two electron–one photon transition” assuming a 0.6
wide conduction band in fcc lanthanum.

In the last section of this Letter, we like to discuss brie
the free-electron contribution to the off-diagonal condu
tivity. On the infrared side of thes1xysvd and s2xysvd
spectra of LaSe, we observe a negative rise towardsh̄v 
0. The intraband transitions in LaSe and CeSe have b
fitted (Fig. 4) with the conventional method [1,2,5] with
negative spin polarization of the5d states of21.6% for
LaSe and27.2% for CeSe in a field of 10 T at 1.5 an
1.35 K for LaSe and CeSe, respectively.

In conclusion, new measurements of the magne
optical polar Kerr spectra of LaSe and CeSe demonst
for the first time that magneto-optics is also a valuab
tool for the study of emptyf states. We have reporte
the discovery of a strong magneto-optical Kerr signal in
Pauli paramagnet, showing that the magneto-optical sig
is not simply proportional to the sample magnetizatio
but more generally, it is proportional to the coupled sp
polarization of the states involved in the magneto-opti
728
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transition. The5d ! 4f and 4f ! 5d transitions in
LaSe and CeSe, respectively, show a dominant line
the Kerr spectrum with the same line shape but oppo
sign. LaSe displays an additional line indicating th
for the 5d ! 4f transition (in LaSe) both4f1 spin-orbit
statesj  5y2 and j  7y2 can be optically populated
whereas in the4f ! 5d transition (in CeSe) only the4f1

sJ  5y2d ground state contributes as the initial sta
With this result, a new field of research is opened:
magneto-optical study of the emptyf states in rare-earth
and actinide compounds.

*Present address: Research Institute for Scientific M
surements, Tohoku University, Sendai 980, Japan.

[1] W. Reim and J. Schoenes, inFerromagnetic Materials,
edited by K. H. J. Buschow and E. P. Wohlfarth (Elsev
Science Publishers, Amsterdam, 1990), Vol. 5, pp. 13
236.

[2] J. Schoenes, inMaterials Science and Technology,edited
by R. W. Cahn, P. Haasen, and E. J. Kramer,Electronic
and Magnetic Properties of Metals and Ceramics,edited
by K. H. J. Buschow (VCH, Weinheim, 1992), Vol. 3A
pp. 147–255.

[3] J. L. Erskine and E. A. Stern, Phys. Rev. B8, 1239 (1973).
[4] P. Fumagalli and J. Schoenes, Phys. Rev. B44, 2246

(1991).
[5] R. Pittini, J. Schoenes, and P. Wachter, Physica (Ams

dam)206B & 207B, 92 (1995).
[6] V. E. Adamyan, N. P. Bodrova, E. V. Goncharova, a

G. M. Loginov, Sov. Phys.—Solid State12, 2239 (1971).
[7] E. Bucher, K. Andres, F. J. di Salvo, J. P. Maita, A.

Gossard, A. S. Cooper, and G. W. Hull, Jr., Phys. Rev
11, 500 (1975).

[8] J. Schoenes,Lecture Notes in Solid State Optics(ETH,
Zuerich, 1981).

[9] S. Sankaralingam, S. Mathi Jaya, G. Pari, and R. Aso
mani, Phys. Status Solidi (b)174, 435 (1992).

[10] N. Kioussis, D. Swearingen, B. R. Cooper, and J. M. Wil
J. Appl. Phys.69, 5475 (1991).

[11] J. Schoenes and W. Reim, Phys. Rev. Lett.60, 1988
(1988).

[12] R. Pittini, J. Schoenes, and P. Wachter (to be publishe
[13] W. Reim, O. E. Hüsser, J. Schoenes, E. Kaldis, P. Wa

ter, and K. Seiler, J. Appl. Phys.55, 2155 (1984).
[14] G. H. Dieke and H. M. Crosswhite, Appl. Opt.2, 675

(1963).
[15] F. Herman and S. Skillman,Atomic Structure Calculations

(Prentice-Hall, Englewood Cliffs, New Jersey, 1963).
[16] P. M. Oppeneer, V. N. Antonov, A. Ya. Perlov, A. N

Yaresko, T. Kraft, and H. Eschring (to be published).
[17] D. Glötzel and L. Fritsche, Phys. Status Solidi (b)79, 85

(1977).
[18] K. Ulmer, Z. Phys. B43, 95 (1981).


