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Electronic structure and magnetic properties of Europium monochalcogeitidésX=0, S, Se, and Te
have been investigated by the full potential linear muffin-tin orbital method. The generalized gradient approxi-
mation (GGA) including on site Coulomb interaction ofd5and 4 states(GGA+U4+U;) has been used to
describe the complicated properties of €urhe GGA+U; band structure underestimates the band gap.
GGA+Uy+Us gives better agreement in terms of band gap and the position§ ldirds of EX. GGA+Uy
+U; gives much improved Kerr spectra for all theXeaver the standard LSDA and GGAJ; spectra although
the magnitude of the first peak is less satisfactory in the dielectric function spectra. The Coulomb correlation
effects among #land 5 electrons of Eu play important role to determine the optical spectra ¥f Eu
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I. INTRODUCTION The magnetic exchange coupling of dlectrons and the
) conduction electrons is important due to the localized behav-
Among the rare-earth(R) monochalcogenides, EU jor of 4f shell in Eu ions. The temperature dependence of
monochalcogenide&uX, X=0, S, Se, and Tgform a very  redshift? of the optical absorption edge fof 4+ (5d6s) tran-
interesting series due to their wide varieties of electronic anditions belowT. suggests a strong correlation between the
magnetic properties. The compoundsXEbave NaCl-type |ocalized magnetic # state and extended conduction band
crystal structure and the lattice parameters continuously instates. Recently, spin resolved x-ray absorption spectroscopy
crease from 5.141 AEuO) to 6.598 A (EuTe. The most experiment! indicates that the redshift is due to the spin
important feature is that they are magnetic semiconductorsplitting of conduction band states. A detailed knowledge
which is a very rare combination iR compounds. The ex- about the electronic structure of Eus necessary to under-
perimental electronic energy gaps are 1.12, 1.65, 1.80, anstand the various phenomena. The band structures ¥f Eu
2.0 eV in EUO, EuS, EuSe, and EuTe, respectively at roonhave been studied first by CHausing the augmented plane
temperaturé:? The energy gap can be tuned over a widewave (APW) method. Cho observed thaf #and positions
energy range(0.334-2.225 ey by alloying with lead depend on the type of exchange potential and was able to
chalcogenided:® EuO and EusS are ferromagnetic semicon-obtain the actual energy gaps by adjusting the exchange pa-
ductors in the ground state. EuSe is a metamagnetic semiameters. The #spin-up states have been dragged down by
conductor with Neel temperatuiig,=4.6 K. A mixed phase using preferable values of the exchange parameters. The cal-
of antiferromagnetiAFM) and ferrimagnetic ordering ap- culated energy gap of EuO by self-consistent local spin den-
pears below 2.8 K. At zero field it becomes MnO-type AFM sity approximation(LSDA)'® is found to be 0.05 eV, much
with Ty=1.8 K. Ferromagnetic state exists at high magneticsmaller than the experimental one. The temperature depen-
field® EuTe is an antiferromagnetic semiconductor at ambidence of ferromagnetic energy spectrum of E(Ref. 14
ent condition and its Neel temperature T§g=9.6 K. The and EuS(Ref. 15 have been studied by incorporatinigf
magnetic properties are described by Heisenberg exchangschange interaction into the density functional formalism
interaction and the magnetization mainly originates from theby assuming # electrons as core states. The structural sta-
uncompensated f4 spin moments of Eu atoms. The ex- bility and transitions in EuS, EuSe, and EuTe have been
change interaction between nearest neighbor Eu ibrsnd  studied® within local spin density approximatio(LSDA).
the second nearest neighklrplay important roles in deter- Most of the studies are concentrated on the change of elec-
mining the magnetic behavior of Kualong the series®  tronic structures as a function of temperature and pressure. In
EuO is a ferromagnet with Curie temperatig=69 K due  all these studies correct band gaps ofXEare not obtained
to the positive values of; andJ,. The value ofJ, becomes due to the two major reason@) failure of density functional
negative for EuS but magnitude is lesser tliarwhich re-  theory in semiconductors angi) inadequate treatment of
sults in ferromagnetic phase of E(&:=16 K). The positive  strongly correlated #electrons. The investigations on elec-
value ofJ, decreases sharply while negative valuelpbe-  tronic and magnetic properties should be carried out beyond
comes stronger in going from oxide to telluride. The com-LSDA.
petitive values ofJ; andJ, make the issue about the mag- Magneto-opticalMO) Faraday and Kerr effects are com-
netic phase diagram of EuSe controversial and complicatednonly used to investigate the electronic structure as well as
The relatively larger negative magnitude Bfleads to anti- magnetic properties of complicated systems. Experimental
ferromagnetic phase of EuTe. The ferromagnetic exchang®O resultd’1%for all the EX date back to the 1970’s. Far-
interaction for all EuX can be enhanced by doping with otheraday rotations are quite large in EuS, EuSe, and EuTe with
rare earth ions such as La, Gd, and ¢#Ref. 9. EuS showing the largest rotatiéh® The experimental Far-
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aday rotation spectra are qualitatively similar. However, the TABLE I. Table containsa, the lattice parameter, muffin-tin
Kerr rotation spectrum for EuO differs substantially from radii of Eu, Sz, and chalcogeitX), S, correlation values fod, Uy
that of EuSegRef. 17). The temperature variation of the Kerr and that forf states,U; and the corresponding calculated and ex-
rotatiort! of EUO at an energy of 1.96 eV givds=69 K.  Perimental energy gajEg™ andEg™®, respectively.

Faraday rotation calculatiéhhas been performed for EuS
by the LSDA method. It has also been predicted that the a S & Ug o U BRSO OER
complex polar Kerr rotation spectra for EuSe will probably (au) (@u) (@u) (V) (V) (ev) (V)
not be reproduced py the LSDA method. T_he standard 9715 2866 1992 50 50 103 1.12
LSDA does not consider the correlated behavior of electronsEuS 11978 3.044 2593 80 40 156 165
in the 4f shell. The modified LSDA was proposed explicitly ' ' ' ' ' ' :
including the on site Coulomb interactithLSDA+U)?? in Euse 11.707 3102 2751 80 35 162 180
the conventional model Hamiltonian for the band states. TheEuTeé  12.468  3.179 3.055 120 25 178 2.00
LSDA+U provides good description of electronic, magnetic,
optical, and magneto-optical properties of Pr i . ) i
monopnictide€® NdX (Refs. 24 and 25 SmX (Ref. 26 and henc_e were r_10t included in the optical calculatlor)s. Charge
TmX (Ref. 27. It is our endeavor to find out whether the density, density of states and the momentum matrix elements
inclusion of Coulomb interaction in the standard density'ere calculated on a grid of 242points in irreducible Bril-
functional formalism describes the electronic structure andeuin zone and thé space integration was performed using

more importantly, the optical and magneto-optical spectra ifh€ tetrahedron method. All of the seveh gpin-up states
EuX. have been considered as fully occupied states. The magnetic

transition temperatures in EuSe and EuTe are very low.
Hence we performed FP spin-polarized ferromagnetic calcu-
lations on the EX. Simple LSDA calculations on all the Ku
Full potential (FP) self-consistent spin-polarized band have also been performed for the sake of comparison.
structure calculations have been performed oiX by the
linear muffin-tin orbital method LMTO)?® using the FP-
LMTO code developed by S. Savrasost al?° The
exchange-correlation potential in the LSDA was calculated The LSDA band structures show the presence of mostly
with Vosko-Wilk-Nussair parametrization. The improved localizedf bands of Eu in the vicinity of Fermi levek and
version of LDA by including the second order gradient cor-wide 5d bands of Eu fill up the bottom of the conduction
rection by Perdevet al3° known as the generalized gradient band. Hence, it is seen that LSDA calculations do not pro-
approximation(GGA) has been used. The density functional duce any kind of direct or indirect energy gap for any of the
theory (DFT) is modified in order to include the strong cor- EuX which contradicts the experimental observation that
relations among thef and d electrons. In the LDAY  they are magnetic semiconductors. The inclusion of correla-
method?23! the LDA energy functional is modified by re- tion effect off stategU;) splits the occupied and unoccupied
moving the LDAf-f interactions and adding the strong on- f bands and consequently gives rise to an energy gap around
site Coulomb interactions among thelectrons. The details E.. The indirect gap in EuO has been calculated from the
of the calculation of the correlation part is given in our pre-energy difference between the top of the valehtand atl”
vious papef? This idea is adopted and extended fid  point and the bottom of the conductidrband at theX point.
interactions also. The need for such a formalism arose due tphe direct band gap at thé point is almost the same as that
the presence ofcbstate in valence band in LSDA/GGA cal- of indirect gap. The value df; for the elemental Eu atom is
culations and the possibility that this occupied part of the 5 about 11 eV as obtained from XPS and BIS experimé&hts.
state may be correlated. This aspect is discussed in morghe value ofU; was tuned in the entire range but this neither
detail later in the paper. gave the proper gap nor a satisfactory band structure. Though
The value ofF%(=Uy4 and Uy) is chosen as parameter and the gap forU;=9 eV of 1.15 eV reaches very close to the
varied between 2.5-14 eV for studying the effects of corre-experiments, the energetic positions of ttfeasid chalcogen
lation on the electronic as well as magneto-optical propertiep band, belowEg, are rather poor in comparison.
of EuX. The values of other Slater integrag, F* for thed Similar GGA+U(=9 eV) calculation in EuSe gives a gap
electrons andr?, F*, F° for the f electrons used are 0.8 times of 1.37 eV which is comparable to the experimental one of
of their atomic values evaluated within Hartree-Faqé) 1.8 eV. But the occupied states of Eu are pushed away
approximatiof? in order to calculate the Coulomb and ex- from the Fermi level angh band of Se occupy the top of the
change matrices);,y and J,,y. The experimentallattice  valence band which is not the order in the experimental spec-
parameters with rock-salt-type structure at ambient conditra. This trend is also followed in EuTe and ends up in a
tions for EWX are given in Table | and it also provides drastic reduction of band gap to 0.8 eV.
muffin-tin radii of Eu and the chalcogen atom used in the The incorporation ofU; influences onlyf states. Quite
calculations. The basis consists of Eg, 6p, 5d, 4f, and  predictably, we find that increasing the magnitudéJetioes
chalcogen(n)s, (n)p, and(n)d, wheren refers to the princi- not lead to the actual band gap of EuTe. The energy gap in
pal quantum number. ThesZlectrons of Eu andn-1)d  all the EWX is formed between #4and 5 bands of Eu. The
electrons of Se and Te were treated in a separate panel anthgnetic properties of Buare described by the indirect and

Il. CALCULATIONAL DETAILS

Ill. RESULTS AND DISCUSSION
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TABLE II. Table contains comparison of band gaps for different
correlation values for the BU

Us U Eg U U E
ev) (V) (ev) ev)y (€v) (ev)
% EuO 00 80 087 FEuSe 75 30 1374
% 00 90 115 80 35 1620
g 50 50 1.03 100 25 159
- 60 50 121 100 35 190
100 55 133 11.0 35 1.986

EuS 8.0 4.0 156 EuTe 10.0 3.0 1.455
10.0 3.0 1.36 12.0 2.5 1.782
r X W L r K X 14.0 3.0 2.027

FIG. 1. Band structure of EuO in the FM phase.

occupied and unoccupied Hustates and the separation be-

tween the valence Efiand chalcogerm states. The energy
super-exchange interactions betwéeand i orbitals of Eu.  |evel of the & state afl” point is almost the same as that of
The temperature variation of optical absorption spectra argne 5 state at theX point in all the EXX. There is no direct
explained by the spin splitting ofdbstates induced by the experimental evidence for this nearly same level sfaéd
localized 4 spins. The GGA; calculations indicate that a 5d states. Mobility of conduction electrons from Hall
strong hybridization exists betweer d4nd H states. Thus a measurement$ only suggests that there may be significant
part of & orbitals are occupied and consequently appear ircontribution from & states. This is also predicted by Kasuya
valence band region. These facts stimulated us to take intim exciton mode¥ in order to interpret the anomalous trans-
account the correlation effects ofl ®lectrons too. The gaps port properties of BEX.
calculated, by considering the on-site Coulomb interactions The angular momentum decomposed density of states
of 5d electrons along with that of thef4electrons, are re- (DOS) for all the Eu monochalcogenides are shown in Fig. 2.
markably in good agreement with the experimental results a$he spin-decomposed density of states in EuO atigvsee
shown in Table I. The valence band is the admixturegpof inse) show substantial agreement with the spin resolved un-
states of chalcogen andi@nd 4 states of Eu. The energetic occupied oxygerp states as obtained from the spin-resolved
positions of 4 bands are determined by proper choicdlpf ~ x-ray absorption spectroscopyThe energy gap gradually
The bottom of the conduction band is the &haracter of Eu.
The inclusion of Coulomb interaction ind5states mainly
changes the bottom of the conduction band by upward en-
ergy shifting from original position due to Hubbaldj,. As a
consequence the energy gap improves and becomes compa-
rable with the experimental value. In LDAX scheme, the
on-site Coulomb interaction is effective when is large
compared to bandwidth. The splitting between lower and up-
per Hubbard bands depend on the orbital occupancies. The
larger bandwidth and smaller occupation numbers df 5
states compared tdf 4tates result in larger values 0f; than
Us

4

The self-consistent band structure of EuO within GGA
+Uyq+Us (Ug=5 eV andU;=5 eV) formalism is shown in
Fig. 1. The chosebly andU; values are not arbitrary but are
optimized so as to reach closer to experiments. The opti- 4
mizedU, andU; values along with their corresponding gaps

are shown in Table I. Also a set &fy and U; values along 5
with their corresponding gaps for the series are printed in

Table Il. The occupied severf dhands appear between the £ L
bands of O and the conduction bands, and thel&ands are O s o2 4 6 8 10
well separated from the E& bands. The conduction band Energy (eV)

consists of the unoccupied Huand Eud hybridized bands.

The band structures of the remaining>&unot shown here, FIG. 2. I-projected density of states of Eu monochalcogenides.
are quite similar except for the separation and position ofnset shows the spin-resolved unoccupied oxygestates in EuO.

Density of States (States/eV)
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TABLE lll. Table containsmg and my, the atomic orbital and
spin moments, respectively, and the total monragtm.

my(Eu) m(X)  mM(Ew)  my(X)  mgtmy

MB MB MB MB MB
EuO 6.788 -0.058 0.070 0.000 6.800
EuS 6.785 -0.030 0.076 0.000 6.831 9
EuSe 6.791 -0.028 0.078 0.000 6.841 03)5
EuTe 6.790 -0.020 0.080 0.000 6.850

increases from EuO to EuTe which is evident from this fig-
ure. The partial DOS reveals that the position of occugied 1
bands shifts away fror&r and the spin-orbit splitting of the s, | ]
p bands increases with the increase in atomic number of I 17 i
chalcogen. This is in agreement with the experimental photc /e
emission result&® The gradual shifting of bands away from 0 4 s 8 10120 2 4 b6 & 10 12°
Er with the increasing chalcogen atomic number results in
p-f mixing in EuSe and EuTe and is stronger in the latter.
The top of the valence band is thé dand and the bottom of FIG. 3. Calculated real diagondeft pane) part and imaginary
the conduction band is the state for all EX. diagonal(right pane) part of dielectric function of Eu monochalco-
Table 1l contains the spin and the orbital moments of Eugenides and their corresponding experimeaf. 18 spectrum.
and the chalcogen atoms along with the total moment. All the

Energy (eV) Energy (eV)

EuX exhibit large spin polarization, most of which is due to A72E?

spin polarization of thd states of the Eu atom. Orbital mo- gjj(w) = Ono? > (knalpi|kn’ a)(kn’ olpjlkna)
ment is negligible in all the chalcogenides. Hence, we find knn' o

that spin splitting of the states of the Eu atom solely con- X fen(L = i) € — €y — i), (1)

tribute to the magnetic properties of theXurhe calculated . . o . _
magnetic moment given in Table Il is consistent with half where() is the volume is the spin indexe is the electronic
filled f7 S state ioL=0,J=S=7/2) with spin 7/2 and neg- charge, andn its mass. The conductivity;;(w) is obtained

ligible orbital moment. from
The comprehensive studies about the effect of correlations A
among thed and f states on the gaps of Kuas shown in gij(w) = §; +i— a”(w) (2)

Table Il are performed. The values 0f andU; as shown in

Table | are used for the reasonable electronic structure of The imaginary component of diagonal optical conductiv-
EuX. All other combinations otl4 andU; values lead to less  jty (sz) and the real component of off-diagonal conductivity
satisfactory band gaps and/or band structure. The most mte(g ) have been calculated using the Kramers-Krofhie)
esting property of EX materials is that EuO and EuS exhibit transformation. Optical and magneto-optical spectra have
metal-insulator transition and large magnetoresistancgeen calculated for all the Kuusing the FP-LMTO band
aroundTc in Eu rich samples! Similar behavior has also structure. Furthermore, a Lorentzian broadening of about
been found in strongly correlated transition metal oxide0.068 eV has been used in order to obtain the best agreement
La-CaMnO;. Satpathyet al3® studied the electronic with the experimental results.
structure taking into account the correlation effects dof Left panel of Fig. 3 shows the calculatd@GGA+Uqy
states of Mn(LSDA+U techniqug. They found that mag- +Us) and experimental real diagonal component of the di-
netic insulating states of LaMnCand CaMnQ appeared for  electric function e, (w) for all the EWX. It is obtained from
U~10 eV. The magnetic semiconducting ground state oKK transformation of the calculate@GGA+U4+Uy) imagi-
EuX is also obtained by varyingy from 5 to 12 eV along nary component of the diagonal dielectric functiog,(w).
the series of EX. The present calculation indicates that thereThe latter and its experimental counterpart for all theXEu
is a strong resemblance between these two classes of mate shown in the right panel of Fig. 3. The experimentg}
rials. spectra exhibit two peaks in the energy range of 1-5 eV and
The optical properties of solids can be described by themall structures between 6-10 eV. The first experimental
the complex dielectric functiors(w)=¢((w)+iex(w). The  peak at about 1.75 eV of the absorption spectra for EuO is
LMTO calculations provide the imaginary component of thevery sharp. The origin of small width is generally described
diagonal element and the real component of the off-diagondby the formation of multiplet structures arising from the
element of the dielectric function which are calculated fromspin-orbit coupling in the excitedf4 states’®3%4°The cal-
the electronic structure using the following relation: culated spectra do not reproduce experimental sharp peak

115211-4



ELECTRONIC STRUCTURE AND MAGNETO-OPTICAL. PHYSICAL REVIEW B 70, 115211(2004)

45
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40 [

spectrum,eq,(w) (left panel of Fig. 3 reveals a resonant
structure wherevee,,,(w) shows an absorption. At higher
energy, e,y deviates from the experimental results and be-
comes negative.

Reflectivity is calculated from the relation

2

’/—
30 Ve (w) =1

R(w) = —
Vex(w) +1

3

20

40

Calculated GGA4H4+U; and experimental reflectivity spec-
tra of EUX are shown in Fig. 4. Reflectivity shows a gradual
increase in its absolute value 43s changed from oxygen to
tellurium. This is true for the experimental spectrum, too.
Experimentally, in EuO, the height of first peak at about
1.3 eV is more than the second one at about 4.6 eV which is
not so in the theoretical spectra, although the positions of the
peaks are well agreed with experiments. Systematic studies
on the reflectivity spectra of EuSr,S for the composition
Bl—m 1 rangex=0 to 1 indicates that the excitation peaks around
4 eV are due t@ to d transitions at theX point** A promi-
nent structure around 4 eV is observed in the calculated
FIG. 4. Calculated and experiment&ef. 19 reflectivity spec- ~ SPectra for EuS. This arises due to the combinatiorp of
tra of Eu monochalcogenides. —d and f —d transitions. For EuTe there are no distinct
peaks at lower energy in the theoretical spectra due to rea-
around 1.75 eV. This deficiency occurs because the first pealpns discussed above.
is essentially due to magnetic exciton but with a small inter- Magneto-optical Kerr rotation is calculated from the rela-
band transition contribution. The first relatively broader op-tjgn
tical absorption structure, in the calculated spectra, at about

30

Reflectivity (%)

20

25 t

Energy (eV)

1.9 eV is due to transitions from the lower Hubbarfdband P, = 4 _ ~ Oxy 4

to the 5 bands of Eu abové&,. The multiplet structures k= Ow) +ig(w) = dmi 4)
smear out due to formation of thed®and which gives the O\ 1+ —0yy

broad peak. The second experimental peak at 4.8 eV is at- ®

tributed to transitions from Efito spin-split & states of Eu. Magneto-optical Faraday rotation per unit thickness is

In the calculated spectra this structure along with the firsten by the relation
one are suppressed due to the underestimated splitting of the

5d band in the conduction band. A small absorption attrib- D = Oe(w) + ie(w) ~ Oxy 27 5)
uted top—d transitions starts from 3.5 eV for EuO in the FooF F 47 ¢’
experimental spectrum. This feature is not evident in the cal- 1+ T T

culated spectrum due to significant contribution ¢f-45d
transitions. Hence theoretical absorption spectra are mudlhereo,, and oy, are the diagonal and off-diagonal compo-
broader and found at higher energy. nents of the optical conductivity tensor, provided both are
The agreement with the experimental spectra is substasmall and|oy,|<|oy. Here 6 and ¢ are Kerr rotation and
tial in all EUX but EuTe, where the peaks become indistin-Kerr ellipticity, respectively.d- and e are Faraday rotation
guishable. In EuTe, two experimental peaks are seen whereasd magnetic circular dichroism, respectively. Velocity of
they are bunched together in the calculated spectra. The lovlight is represented by.
est structure due td—d transition occurs at an energy  Left and right panel of Fig. 5 depict the LSD@#or EuO
higher than the corresponding experimental structure. This ienly), GGA+U4+U; and their corresponding experimental
suppressed due to transitions from the wjdé hybridized  Kerr rotation and the ellipticity spectra of Kurespectively.
band to & bands occurring at a slightly higher energy. This LSDA calculations on EuO shows a large rotation of about
anomaly could only be removed by suitably choodihgand ~ —7° at about 0.5 eV while it appears at 1.4 eV in experiment.
Uq such that the lower hubbaifdband has a smaller hybrid- GGA+U4+U; calculation gives a rotation of about —2.3° at
ization with the Tep states. But this method of tuning fails 1.6 eV. In general the magnitude of positive rotation is
and leads to an underestimation of band gap and inapproprémaller for the theoretical calculations and found at a higher
ate band structure in EuTe. The theoretical spectra shownergy compared to experiment. The experimental double
structures at low energy while prominent peaks at highestructure in ellipticity of EuO is much narrower than the
energy. The distinct peaks appear at lower energyXas theoretically predicted ones which indicates that théstate
changes from Te to O. Largely, the theoretical spectra followis much more localized than the calculated ones. This inad-
the experimental ones. equacy leads to the peaks due fte-d transitions in the
€14(0) is about 4.0 for EuO and the spectrum stays dis-GGA+Uy+U; spectra being broader than the experimental
persionless fomw less than or equal to the band gap. Thispeaks. The magnitude of the first Kerr rotation goes on de-
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first positive peak of magnitude 0.2510° deg./cm at about
2.35 eV corresponds to the experimental one at 2.1 eV of
magnitude 0.4% 10° deg./cm. Experimentally, EuS shows
the largest rotation of about Z10° deg./cm at about
4.35 eV, which can be compared with the theoretical double
structure around 4 eV. This trend is also present in EuSe
spectra. However, in the case of EuTe, there is excellent
correspondence with the experiment except for the first ex-
perimental double structure around 2.5 eV, which is a broad
peak in the calculated spectra. This is surprising if we con-
sider the discrepancy between the calculated and experimen-
tal diagonal dielectric function. This proves that the
magneto-optical effect is a phenomenon governed by the in-
terplay between spin polarization and spin-orbit splitting.
The off-diagonal conductivity contains these interactions and
appears in magneto-optical spectra. Optical properties which
are not dependent upon the off-diagonal elements, such as
the dielectric function, are mainly influenced by the joint
Energy (eV) Energy (eV) density of states and the transition probabilities. These two
factors are of less importance in determining the magneto-
FIG. 5. Calculated and eXperimen(ERef. 13 pOlar Kerr rota- Opt|ca| beha\/lor Of Eu monochalcogen|des and hence
tion (left pane) and Kerr ellipticity (right pane) spectra of Eu  magneto-optical Faraday rotation spectra show better agree-
mon_oc_halcogenideein the case of EuSe the calculated spectra isment with the experiment.
multiplied by a factor of 1§ The optical and magneto-optical spectra ofXEare com-
plex due to the various interactions a &xcited states with
creasing as one moves to the higher chalcogenide. The cahe surroundings. Different theoretical models based on spin-
culated spectra of EuSe differ in magnitude with its experi-orhit coupling, spin-flip transitions, magnetic exciton, and
mental counterpart by an order. In spite of this difference th@ocalized magnetic polaron exist. Sharp peaks originate from
nature and energetic positions of the spectral features affie multiplet structures of localized #states® The creation
comparable with the measured ones. of the localized magnetic polaron and the large lattice relax-
GGA+Uy+Uy calculated Faraday rotation and magnetication around the #hole are cited to be necessary for ex-
circular dichroism for all the Eu monochalcogenides, alongpjaining the characteristics of the temperature-dependent lu-
with the experimental Faraday rotation spectra for EuSminescence spectfa:45The optical spectra are qualitatively
EuSe, and EuTe are shown in left and right panels of Fig. 6explained by the magnetic exciton modef®in this scheme
respectively. EuO gives the maximum Faraday rotation ofn electron from the # state is excited to & state and is
about 0.35< 10° deg./cm at about 1.85 eV. No experimental hound through Coulomb interaction between the electron and
data is available on the Faraday rotation of EUO. For EuS thehe 4f hole. The excited electron interacts with localizefd 4
spins viad-f exchange interaction. As a result of it the ex-
04 T ]( [ Bt A ] o4 cited electron enhances the exchange splitting due to the for-
AN\ /\ " N\ /\ A mation of excess local magnetization. The bottom of tbe 5
ol —m \/\} Y \/\_ o conduction bandabsorption edge is formed by the mag-
netic exciton which reduces the effect of band formation of
5d excited states. The optical and magneto-optical data are
due to the combination of magnetic exciton and interband
transitions. The subtraction of the magnetic exciton effect
from the observed data in one particle band calculation is
difficult as it is associated with the interband transitions.
Hence the disagreement in magnitude and the overall dis-
04 crepancy in the spectra may be due to the lesser degree of
localization of the occupied states, weak effect of the
0.25 crystal-field splitting of the 8 states of Eu, exclusion of the
y d-f exchange interaction and magnetic excitonic effect in our
-0.25 |- VoL 4 -0.25 calculation. However, the present calculation suggests that
TRTERS BEPIRS S NS on-site Coulomb interaction is also important in addition to

e s A s e 12 s 4 5 6 other effects
Energy (eV) Energy (eV) .

0.75 | H - | EuSe -

o
9
a

7 S A 4 075

g (1 0° deg/cm)

8, (10° deg/cm)

) IV. CONCLUSION
FIG. 6. Left panel: calculated and experimenief. 19 Fara-

day rotation spectra of Eu monochalcogenides. Right panel: calcu- We report the inclusion ofl states as the correlated ones
lated Faraday ellipticity spectra of Eu monochalcogenides. along with thef states in the band structure calculations. This
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inclusion estimates correct indirect energy gaps foKEthe  method. The satisfactory agreement in optical spectra sug-
calculations suggest an ascending value of Coulomb interagest that both #and 5 states are correlated. Orbital polar-
tion parameter for the states and descending one for the ization is negligible here. Magnetic excitonic effects and
states as one moves from EuO to EuTe in order to obtain thepin-flip transitions may minimize the disagreement between
correct valence band structure at least. The same calculatiofige theoretical and experimental results that still exist.
provide neck to neck comparison with experiment in differ-

ent optical and magneto-optical behaviors up to the energy of

6 eV. At higher energy the comparison is rather poor which ACKNOWLEDGMENT

is a general failure of the density functional method. The
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