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Optical and magneto-optical polar Kerr spectra of FgO, and Mg?*- or Al®*-substituted Fg0,
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The diagonal elements of the dielectric tensor, between 0.5 and 5.0 eV, and the magneto-optical polar Kerr
spectra, between 0.7 and 4.0 eV, have been determined for a synthetic crystal of magngitearieea
systematic investigation of these properties for’Mand A+ substitutions has been carried out. From these
spectra the off-diagonal elements of the dielectric tensor was calculated between 0.7 and 4.0 eV. Through
fitting simultaneously both the diagonal and the off-diagonal elements of this tensor with one set of parameters
and consistently for all partially substituted ferrite samples, we were able to resolve the magneto-optical
spectrum of FgO, between 0.7 and 4.0 eV. The observed trends in the major transitions upon substitution
provide the experimental evidence for intervalence charge transfer and intersublattice charge transfer transi-
tions in FgO,. [S0163-18207)03833-2

[. INTRODUCTION netite and substituted spinel ferrites in the visible and near
infrared part of the spectrum have been reported in the past.
Magnetite crystallizes in the inverse spinel structure, withSimsa and co-workers reported the polar Kerr rotation and
cation distribution (F€€")[Fee*Fe"]0O,. In this structural ellipticity of Fe;0O, as well as the influence of a systematic
formula the parentheses denote tetrahedhdlgites and the ~ substitution of F& by Mn?" in the 0.5-3.0 eV energy
square brackets denote the octahedB) 6ites. For most range*®!In their study the peak at 0.9 eV in the Kerr rota-
purposes, F®, can be considered to be the prototype of antion spectrum of FgO, was ascribed to the presence of
inverse spinel ferrite. Most of the properties of ferrites havecharge carriergi.e., Fé") and was assumed to be related to
been thoroughly studied and are well documenté#iow-  charge transfer betwediFré’*] and [Fe€**]. The spectrum
ever, the electronic structure of §&, as well as that of around 2.0 eV was explained in terms ofl Erystal-field
other transition-meta(TM) oxides such as NiO, is still a transitions of iron ions on tetrahedral sites. Zhang and co-
subject of debat&-® In transition-metal oxides the valence workers also reported the polar Kerr spectra and the off-
bands of oxygen @ character are separated from the diagonal element of the dielectric tensor of;Bg between
transition-metal ion’s empty gtband by an energy gap of 0.5 and 4.3 e\}? and in addition that of ljFe, sO, and
several(4—6) eV.3® The TM 3d electrons are considered to MgFe,0, between 0.5 and 5.0 el?.All major peaks in the
interact strongly with the surrounding oxygen anions to formKerr spectrum of Fg0, were assigned to & —3d" ! 4s
more or less localized states. These states are spread out owebital promotion processes. Also Visvsky et al. reported
a wide energy range, because of the strong Coulomb repupolar Kerr spectra of LisFe, -0, and MgFeO,, and derived
sion betweerd electrons. This repulsion splits th# con-  the complete dielectric tensor of the latter compound be-
figuration into various multiplets, which are further split by tween 2.0 and 6.0 eV Bands at 3.4, 3.6, 4.3, and 4.7 eV
the crystal field. As a consequencd-8erived bands appear were identified as @—3d charge-transfer transitions be-
usually both within and above the Q@2TM 4s gap. For the tween G~ and Fé*. Finally, Peeters and Martens reported
particular case of R®, the actual conductivity gap, i.e., the the polar Kerr rotation of CoR®, between 0.6 and 5.5 e¥7.
valence band to conduction band gap, is assumed to be &ands below 3.0 eV were assigned to crystal-field transitions
3d«3d nature® but clearly a variety of other neutral exci- of Co**, and around 2.0 eV a charge-transfer transition be-
tations exists. Understandably, this rather complex electronitween[ Co?*] and[F€#*] was identified. Thus, despite con-
structure of TM oxides has led for @, and related ferrites siderable experimental efforts, no coherent picture concern-
to a confusing variety of interpretations of the optical anding the microscopic origin of the MO active transitions in
magneto-optica(MO) Kerr spectra, due to different assign- Fe;O, and related substituted spinel ferrites is available. For
ments of the observed transitions. the sake of completeness, we should mention a possible
Various studies on the magneto-optical properties of magbrude term or, in other words, the intraband transiti(see,
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for instance, the analysis of Ga by Erskine and Sferrin Il. THEORETICAL BACKGROUND

Fe;0, these transitions occur around 0.2 ¥\gnd therefore

do not play a role in the energy range investigated here. ) ] - )
The problem with the interpretations given so far is that 1he MO-Kerr effect is caused by electronic transitions in

Fe,0, exhibits a relatively strong MO-Kerr effect in the vis- & Magnetic material, of which the degeneracy of the orbital

ible region and absorption peaks with an oscillator strengthduantum numbem, is lifted, due to spin-orbit coupling. This

f, of about 10°3.7 The interpretations given above are basedd'V€S f1se to optical anisotropy; the off-diagonal element of

on transitions which are either spin or parity forbidden, analhe_r?]'glegtlg? tﬁgﬁogfﬁ&bg r:ﬁgzar]g'n e in the polarization

in some cases even both. For instance, crystal-field transi: PO N 9 polari:

tions involving F&" are spin forbidden, while in addition state of a light beam which is reflected at normal incidence

. - N . ., on a perpendicularly magnetized sample. The Kerr rotation
crystal-field transitions on octahedral sites are parity forbld—ek is related to the change in the phase in the polarization

den. On the tetrahedral site, crystal-field transitions are no{; 1 of the light reflected from the surface and the Kerr
strictly parity forbidden due to the lack of inversion symme- ellipticity ¢, to the change in amplitude. To a first approxi-

try in the crystal field at that site. As a result the oscillator ation the Kerr effect depends linearly on the magnetization.
strength of crystal-field transitions is expected to be aboufne Kerr effect signal originates from a surface layer of
10*-107°.* In a similar way orbital promotion processes which the thickness is approximately twice the penetration
d—s via an electric dipole transition are forbidden since depth of the lightd,,. This is defined as the depth for which
Al=2. Moreover,d—s transitions involving iron ions on a the intensity of the light is reduced by a facter!: d
centrosymmetric, octahedral site are parity forbidden. Only=\/(47k) wherek is the absorption coefficient andthe
due to distortion of the octahedral symmetry may the paritywavelength.

selection rule be weakenétiTherefore, the most recent the-  The dielectric tensor for a crystal with cubic symmetry
oretical work on the Kerr spectrum of §&@, by Feil suggests magnetized in the direction (perpendicular to the surface
that the main transitions in the region between 0.5 and 3 eWas in the convention used in this paper the form

are intervalence charge transf@wCT) transitions’ while

A. Macroscopic theory: The Kerr effect

the transitions between 3 and 4 eV are both IVCT transitions . Exx - Exy 0

and intersublattice charge transf¢8CT) transitions as pro- e=|"8xy Exx ~0 ' D
posed for %Fe;0;, by Scott!® In an IVCT transition be- 0 0 &z

tween[F&"] and [Fe"] the total spin of the ion pair is \jth Bxx= EpFiEl Exy=enyFiely .

unchanged. Furthermore, sucfife®]-[Fe*"] pair does not  The relation of the elements of this tensor to the refractive
possess inversion symmetry, and consequently the parity Sgrdex n, the absorption coefficierk, and the Kerr rotation

lection rule is relaxed® Therefore, one would expect IVCT 6, and ellipticity €, , is for the polar Kerr effect given By
transitions to have a much higher oscillator strength than

crystal-field and orbital promotion transitions. And as a re- ey =N?—Kk? el =2nk,

sult, if occurring in FgO,4, one would expect IVCT transi-

tions to dominate the spectrum. In this paper, we present a exy=Ab—Bey,

systematic study of the influence on the MO-Kerr spectrum ;

and the dielectric tensor of E®,, of partial substitution of exy= ~BO—Aey, @

[Fe**] by Mg®* and of[Fe*] by AI®*, with the concentra-  with A=(n3—3nk?—n): B=(—k3+3n2k—k).
tion of the substituent as a parameter. These substituents
have the advantage over those used in previous stddres B. Microscopic theory: The dielectric tensor

that Mg?™ and AP™ are nonmagnetic ions which therefore do . . . :
¢ g At a microscopic level the diagonal element of the dielec-

not contribute directly to the MO spectrum, in contrast tOtric tensor is for single-ion electric-dipole transitions given
Cc?* and Mrf*. Moreover, because of the variable degree of,_ 5» 9 P 9

substitution, trends in MO-peak intensity and energy shift
can be established. Furthermore, Mgnd AP* both pref-

erentially occupy only one site: the octahedral &t As a Exx= 14 2 Exxew
result we are able to establish firmly the nature of the MO- e
active transitions. In the calculated off-diagonal tensor ele- 4mNe?
ment of the substituted samples we find clear evidence for =1+ m
the IVCT transitions.
The organization of this paper is as follows: In Sec. Il we XE ; wi(u)—w2+ Fi(u)—Zine<u> 3
discuss the theoretical background, i.e., the Kerr effect, the < Teu (wg,(u)_w2+1—‘(2-:‘(u))2+4w21—‘§(u) E)

dielectric tensor, and intervalence charge transfer transitions.
Section Il deals with the experimental procedures. SubsewhereN is the number of active absorbing centers per unit
guently, in Sec. IV, the experimental results are presentedolume,e the electronic charge, armd the electronic mass.
i.e., the complete dielectric tensor and the Kerr spectra oFurther, wg,) and I'g, are the resonance frequency and
pure FgO, and substituted E®,. Then, in Sec. V, the data half-width at half-maximum of the optical transitions be-
are analyzed and discussed. Finally our conclusions areveen the ground staig) and excited statele(u)) with u
given in Sec. VI. indicating the orbital degeneracy. Iy /wey<1 applies
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the maximum ofe}, occurs atw= we(,y and the oscillator
strength,f. ,, is given to a good approximation By

m
fe,(u):m we(u)re(u)(sxx,e(u))maxa (4)

where L is the Lorentz local field correctionl =[(n?

+2)?/9], which must be applied since for §&, the condi-
tion that |e),—1|<1 does not hold® For electric dipole
transitions the off-diagonal element is giver’by

8><y:E €xy,e(u)
e,u

_27TNe2 f_e(u)_f+e(u)
- 2 2 .
m eu wz—we'(u)—re(u)—ZIer(u)
w—il’
X——2, (5)
We,(u)
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More details can be found in Refs. 22-24.

C. Intervalence charge transfer

Intervalence charge transfdWCT) transitions are transi-
tions in which an electron, through optical excitation, is
transferred to a neighboring cation. Mixed valence com-
pounds, i.e., compounds containing an element in two differ-
ent oxidation states, such as Fe inBg often show unusu-
ally intense absorption in the visible region that can be
attributed to IVCT transition$>2° Overlapping Fe(d) or-
bitals, across the shared edges of adjacent Fe-O polyhedra,
result in weak Fe-Fe bonds. The IVCT bands are the result of
electronic transitions between the Fe-Fe bonding and anti-
bonding orbitals. In Fg®, the electron transfer between
F&' and Fé" may be mediated by © ions, in particular
when e, orbitals are involved. In such a case, the transfer
occurs more readily for smaller electrostatic polarization of
the G ions??’ Between Fet,, orbitals direct electron
transfer is possible as a result of the overlap between these

where .o, are the oscillator strengths for transitions orbitals.

caused by right and left circularly polarized ligtRCP and
LCP, respectively

The intensity and transition energy of an IVCT are sensi-
tive to changes in the lattice. Factors to be considered are

The optical anisotropy in materials which exhibit a Kerr equivalence of sites, the distance between the sitesd
effect arises from spin-orbit coupling. Due to the spin-orbity, R,,, and the degree of delocalization of the electron in-
coupling the electron system is able to distinguish betweenolved, «. Using the standard optical matrix element one can
LCP and RCP. In our investigation two special cases arelerive the following expression for the oscillator strength,
relevant which result in two distinct types of line shapes. f, of IVCT transitions’?’

In the first case the contribution E;(y is dominated by A -
the energy splitting\w between excited statdg(—)) and f=1.085<10"va“(1-a)R}, (8)

le(+)), for instance, a transition between an orbital singlet, i, ,, the wave number at which the transition occurs. Com-

ground state and a spin-orbit split excited state. In this CaSBining Eq.(8) and Eq.(4), and neglecting effects dR,, and
an energy splitting between the transition energies for RCP ' R xy

, yields
and LCP arises, whil&, ¢y=f _¢() - A so-called type-I line “Y
shape is observed: an extremurnsi;;, and an oscillation in

corresponding to dissipative and dispersive behavior, . . . .
P g P P with N the number of absorbing species per unit volume. We

EPus find that €,,) max depends in a nonlinear way on the
egree of delocalizationy. For a given IVCT a change in
the lattice which diminishes the equivalence of sites or in-
creases the distance between the cations will increase the
localization of the electron, increasing the transition energy
and lowering oscillator strength. Examples are increased po-
hIarization of the intermediate oxygen and localized distor-
tions due to vacancies or substitutions. We refer to the litera-
ture for more general discussions on IVCT transitfdfiSas

(8xy)max°cNa2(1_a’2) 9
Exy s
respectively. This is historically called a diamagnetic line
shape. Examples are spin-allowed charge transfer bands.
this case the following equation describes the transition:

(0—wg)2—T3+2iTo(w— wo)
[(0—wo)*+T§]?

Exy:_rcz)(s;(y)max , (6)
wherewg andl’; are the resonance frequency and half-widt
at half-maximum for the particular transition.

In the second case, the contributiondg, is dominated I titat 22729
by a difference betweeh, ) andf_¢, as can be caused wel as more quantitative ones. .
by a difference in ground-state population of the levels of a. Finally, it should be note_d' that the sq-called intersublat-
spin-orbit split ground state, for example, a transition be.lice charge transfer transitions described by Scott and

8,24 o ;
tween an orbitally degenerate ground state and an orbit g;workteré talllre IVChT tre}{]%tlgns between fe Ilon'? on
singlet excited state. In this case the oscillator strength iterent crystaflographic SItES. or réasons of clarity we
foeu and f,qu for RCP and LCP light differ and an will still refer to these transitions as ISCT transitions in this

+e(u +e(u

type-ll line shape is observed: an oscillationa’@ and an  Pape’-
extremum in sz. This is a so-called paramagnetic line

shape. For instance, the spin- and parity-forbidden crystal-
field transitions show such a behavior. For this type of tran-
sition the following expression applies:

Ill. EXPERIMENTAL PROCEDURES

The polar Kerr spectra from 0.7 to 4.0 e\t700-310
nm), were measured for a series of single-crystalline spinel
ferrite samples([110] oriented with varying degrees of
Mg?" or AI®" substitution. A list of the samples studied is
given in Table I. To prepare these samples, stoichiometric
7 (MyFe;_yO4g002 With M=Mg,Al) polycrystalline rods

o(w?— w3+ T3 —iTo(0?+ wi—T3)
(w?— w%—l—‘g)2+4rgw2

Exy=™ 21—‘0(‘9;y)max
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TABLE I. Survey of the single-crystalline spinel ferrite samples in Kerr amplitude due to the setup is eliminated. More details

studied and the figures in which their spectra are presented. on the Kerr spectrometer and measurement procedure can be
— found elsewherd The diagonal element of the dielectric
3 llndlcatlon In . tensor between 0.5 and 5.0 eV was obtained through spec-
Composition figures and text Figures troscopic ellipsometry as described previouSly.
F&'Fe&'0, Fe;0, 1,2,4,5,7,8,11
Mg§3F63+F%504 0.1 Mg 11 IV. EXPERIMENTAL RESULTS
+ + +
Mggleé Feb 504 0.2 Mg 25811 A. Absorption spectra
Mg5 F &’ Feb O, 0.4 Mg 1 . . . .
MgZ4Fe ' F& 0, 0.8 Mg 25,811 In Figs. 1-3 the d|aggnal elesTent of'the dielectric tensor
A3t FEh FE 0 0.005 Al of Fe;0, and several M§ - or AlI**-substituted samples are
AlngFe?Zliez*o N 0.02 Al 36.911 shown. These spectra were obtained from spectroscopic el-
9z A e ' PO lipsometry measurements and were subsequently used in the
Al P& iFe O, 0.2 Al 3,6.9,11 calculation of the off-diagonal element of the dielectric ten-
AlS FEFeT0, 0.4 Al 3,6,9,11

sor from the Kerr measurements by means of @}. Apart
from the influence of substitution ¢Fe*] by A" on &,
) ) [Fig. 3(b)], which shows a nearly linear decrease in intensity
were prepared by ceramic techniques and subsequently rgjth AI3* concentration over the entire spectral range inves-
crystallized with a floating zone technique in nitrogen atmo-tjgated, no clear trends are apparent in these spectra. This is
sphere Po,~0.1 Pa). The obtained crystals were annealedjye to the fact that,, is composed of a large number of
at equilibrium oxygen pressure in the temperature range besverlapping optical transitions, each possibly having a differ-
tween 1200 and 1300 °C and cooled slowlyd h toroom  ent dependence on, as well as energy shift with, the substitu-
temperature in an adjusted atmosphere to prevent oxidatioent concentration. Therefore, inspection of the spectrum
In addition, the Mg-substituted crystals were wrapped into Pis insufficient to establish peak positions or trends in peak
foils and further annealed in evacuated and sealed silicposition or intensity. The complete dielectric tensor should
tubes fo 4 h at 600 °C,followed by slowly cooling with  be determined and all elements of this tensor should be fitted
12 °C/h to room temperature. This procedure yields highsimultaneously with one set of parameters.
quality stoichiometric single crystals and due to the slow
cooling rate more than 95% of the Kfgand AP" substitu- B. MO spectra
ents will be located at octahedral sites as well as 100% of the )
F&+ 1920 Thys, these ferrites have a well-defined cation dis- " Figs. 4-6 tshe Kerr spectra of §@, and of several of
tribution whereas ferrites prepared through other method¥'e Mg or Al**-substituted ferrites are presented. Both
may have a more random, nonequilibrium cationthe r_neasured polar Kerr spe_ctrl{ﬁg. 4 an_d the derived
distribution® A detailed description of the preparation tech- ©ff-diagonal element of the dielectric tens@iig. 7) of pure
niques employed can be found elsewtrEor the magneto- F&QOs are in_fair agreement with those reported in the
optical measurements platelets were cut from the crystals arliérature=™"=""The best way to study magneto-optical tran-
Syton polished to mirror finish. S|_t|ons is to examine the off-(_jlagonal element of_ the dle_l_ec-
For the Kerr measurements the following setup was used?iC tensor, where diamagnetic and paramagnetic transitions
Light from a 450 W Xe arc lamgOsram XBQ is focused ~¢an be identified at their exact frequency and linked to their
with a set of mirrors on the entrance slit of a monochromatofnicroscopic origin. Therefore, we will focus on the dielectric
(SPEX 1702. The beam from the monochromator passes a
filter, a Glan-Thompson polarizer, a photoelastic modulator 4 © ' .
(Hinds CF5, and a lens which focuses the light on the o Eyx =+ Exx
sample, situated between the poles of a 1400 kA/m water- 3 2
cooled electromagnet. After reflection from the sample, the
light passes through a lens, a chopper, and an analyzer befor
reaching the detector. This is either a Ge photodigdriefin X
7460 for the 0.7-1.4 eV range or a photomultiplier “
(Hamamatsu R943-0Zor the 1.4—4.0 eV range. The detec- &
tor signal was preamplifietturrent to voltageand fed into
three lock-in amplifierdEG&G 5209, 5205, and 5207%o
measure the light intensity, rotation and ellipticity. The setup
was controlled by a Hewlett Packard compueiP-300.
This setup is similar to the one described by Martenal >
A detailed description of the employed measuring technique
using a photoelastic modulat4PEM) has been given by ; e A

Sato®® 05 1 15 2 25 3 35 4 45 5
Kerr rotation and ellipticity 6, ande,, were measured at hv [eV] ——»

ambient temperature, with a saturating magnetic field applied

perpendicularly to the sample surfa@@00 kA/m. By av- FIG. 1. The real ¢,,) and imaginary é,) part of the diagonal

eraging measurements in opposite field directions any offsatlement of the dielectric tensor of e,



5436 W. F. J. FONTIJINet al. 56

6 7
~-Fe,0, = 02Mg ~ 0.8Mg o 0.02 Al = 0.2Al = 0.4Al
51 61
5 1
% %
W 4 “w
4+
3 [
3 €
2 1
o1
(@) (@)
1 t t t t t t 1 + t t t + f—— t t
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5
hv [eV] ——» hv [eV] ———»
7 8
o Fe,0, = 0.2Mg - 0.8 Mg - 0.02Al = 0.2A = 0.4Al
6 A
6 4
x 5 1
2 X = X
w 5 1
4 4
4+
3 4
3 1
2 | 2 T 2 o5
(b) (b)
1 t t t t t t t 1 t t t + t t t
0.5 1 1.5 2 25 3 3.5 4 4.5 5 0.5 1 1.5 2 25 3 35 4 45 5
hv [eV] —— hv [eV] ——»

FIG. 2. The diagonal element of the dielectric tensor of FIG. 3. The diagonal element of the dielectric tensor of
(FE")[Mg; Fe," ,Fe""]0, for x=0.0, 0.2, and 0.8(a) real part,  (F&")[AIZ*F&*Fe; 10, for x=0.02, 0.2, and 0.4@) real part,
exx; (D) imaginary partgy, . &,,; (b) imaginary partg,.

tensor in the remainder of this paper. From Fig. 7 three major
bands in the off-diagonal tensor element of pure magnetite 4 %4
are found: around 0.56 eV a paramagnetic béomly tail =B = gy
visible), around 1.94 eV a paramagnetic band, and around
3.0-4.0 eV a diamagnetic band. This last, broad shape is

found to be composed of transitions at 3.11, 3.45, and 3.94 o2
eV, as will be explained below. 3
Figure 8 shows the influence of Mg substitution on the s

off-diagonal element of the dielectric tensor. #gmainly 20
D>

occupiesB sites replacing F€"]. From Fig. 8 one can see
that the transitions at 0.56 and 1.94 eV exhibit a nonlinear
dependence on the Mg content. The influence of substitu-
tion of F&* with Mg?* on the spectra in the 3.0-4.0 eV 02t
range is complex and requires a more detailed analysis given
in the next section. Comparison of the position of the ex-

trema for FgO, and Mg, JF&, §O4, shows no shifts. This is 04
consistent with the small effect M substitution has on the 05 9 15 2 25 3 35 4
lattice, since the lattice parameter of MgPe is only 0.3% hv[eV] — =
smaller than that of R®,, i.e., 8.370—8.380 A versus 8.396

A.1ost FIG. 4. The Kerr rotatiorg, and Kerr ellipticity €, of Fe;0,.
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0.2 0.2
- 0.0Mg = 0.2Mg —» 0.8 Mg —o— 0.02Al —=—02A —~ 04Al
0 — 0
=) o))
2 kS
& =
-0.2¢1 -0.21
(a) (@)
-0.4 : : : : : : 0.4 ; ; : : : :
0.5 1 15 2 25 3 3.5 4 0.5 1 15 2 2.5 3 3.5 4
hv [eV] ———» hv [eV] ——»
0.4
0.4
o 0.02Al _a_02A _» 04A
= 0.2
(0]
=
X
w
o 0.2+
(3]
©
O —_—
x
w
0
-0.2
0.5
(b)
FIG. 5. The Kerr rotatiord, (a) and Kerr ellipticity e (b), of ‘0'205 ‘ 1‘ ‘ 1‘5 ‘ ; ' 25 ' 3‘ ‘ 3‘5 ‘ .
Mg-substituted F, (FEH[Mg2 Fe . \Fe710, for x=0.0, : . . |
g 9 (FEMIMg; P yFe10, v [eV]

0.2, and 0.8.

FIG. 6. The Kerr rotatiord, (a) and Kerr ellipticity €, (b), of
, , o Al-substituted FgO,: (Fe*")[Al} " F&'Fe}" 10, for x=0.02,
In Fig. 9 the influence of Ai" substitution on the real and 0.2, and 0.4.

imaginary part of the off-diagonal element of the dielectric
tensor is shown. In general, & mainly occupiesB sites?
as in a normal spinel, where it repladé=®"] and decreases
the lattice parameter linearly down to 8.269 A for
AlFe,0,,%"% consistent with Vegard's la#’ Due to its
small ion radius, A" will, more than Md@", perturb the
octahedral symmetryand polarize &).2° The substitution
of one octahedrally coordinated Feion with AI** influ-
ences the electrostatic polarization and relative position o ) ar
six oxygen anions. These oxygen anions are directly couple@nd a decrease i}, upon AP substitution.
to a total of six otherB sites and sixA sites. Thus, the So far, the observed effects of substitutions of Fe with the
substitution disturbs directly the trigonal symmetry of six nonmagnetic M§" and AP* on the off-diagonal element of
tetrahedral clusters formed by thr8esites and oné\ site  the dielectric tensor: the comparatively small effect on the
with an oxygen anion at the center. Since eAckite is part  peak positions of Mg substitution versus the comparatively
of four such clusters, another 18 tetrahedral clusters could blarge effect of AF* substitution and the pronounced effect of
influenced. This would mean that for another B&ites the only a small amount of A", are not inconsistent with the
trigonal symmetry is lost. As a result, replacing 0.5% of theproposition that IVCT transitions are at the basis of the MO
[Fe**] would influence 10% of the octahedral sites. This isspectrum of FgO,.

thought to be the cause of the pronounced effect on the MO
spectrum of only a small amount of &l (Fig. 9). Already a
0.005 APF* content(not shown results in a shift of the total
spectrum to higher energies, as well as an enhancement of
the transitions around 0.56 and 3.0—4.0 eV. In Fi@) %he
gxtremum near 3 eV clearly shows a linear shift in energy
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0.08 0.08
*E;Y *8;<'y o Fe304+0.2 Mg = 0.8 Mg
0.061
0.06+
> 0.04
H >
@ w 0.04+
% 0.02
w L
0.021
0 M’\m\
-0.021 0 " y y
SRR @
-0.04 | ‘ ‘ ‘ | -0.02+——— ‘ ———t ,
0.5 1 1.5 2 2.5 3 3.5 4 0.5 1 15 2 25 3 3.5 4
hv [eV] ——» hv [eV] ——
FIG. 7. The real ¢;,) and imaginary £5,) part of the off- 0.04
diagonal element of the dielectric tensor of;Bg pe, > Fe 0, =-0.2Mg-—=-0.8Mg

V. DATA-ANALYSIS AND DISCUSSION

A. Analysis of the spectra 0.027

To arrive at a correct transition assignment fog®g the
exact peak positions in the substituted ferrites should also be
determined. As we have seen above, peak positions in sub 0
stituted ferrites may be shifted, in particular for
Al®*-substituted ferrites. In order to find the correct transi-
tion energies all spectra of the elements of the dielectric ten-

sor were fitted by means of Eq8) or (6) and(7). To evalu- 002

ate the fits the three following criteria were used. First, the
difference between the measured spectrum and the fit shouli (o)
be on average less than 1% of the tensor element. Secondly .o4+—+—+—++ +—+ + + + + . |
one set of peaks should describe all four speetfa, &y, 05 1 15 2 25 3 3.5 4
eyy» andey, of a given ferrite. This fitting ofall four ele- hv [eV] ———

ments of the dielectric tensor simultaneously is a more re-

fined step in the analysis of the magneto-optical Kerr spectra FIG. 8. The off-diagonal element of the dielectric tensor of
of ferrites. Moreover, it is an essential step since due to théF€ )Mz Fei" ) Fe**]0, for x=0.0, 0.2, and 0.8(a) real part,
differences in line shape between the real and imaginar§xy: () imaginary partey, .

parts of the tensor elements overlapping bands can be re-

solved. Finally, the set of peaks should not depend on tharound 4.0 eV two relatively strong transitions with identical
Mg?* or AI®" substitution, as these ions are both nonmagline shapes but opposing signs are present.

netic and the substitution is only partial. In Fig. 10 we show, Thus by means of the Mg substitution the F#, spec-

by way of example, the fit to the imaginary part @ the trum could be unravelled. In addition, we could determine
diagonal elements ., and(b) the off-diagonal element;;y, which trans!tions are dependent or*Feontent, and Whic_h

of the dielectric tensor. The error in the fit is defined as theare not. This leads to the more complete set of transitions
average difference between the fit and the dielectric tensd#iven in Table Il, which describes all spectra throughout the
element in the energy range0.1 eV from the transition range of Mg* and AP* substitution.

energy. The importance of the third criterion can be illus-
trated by first considering the @, spectra by themselves
and only then taking the influence of ¥lgsubstitution into
account. All four FgO, spectra can be described with a simi-  The key results that enable us to assign of the main tran-
lar quality fit by a more limited set of transitions compared tositions are given in Fig. 11. In Fig. 18 the maximume,,

the set reported in Table Il. However, such a limited set ofvalue is given, relative to the value for f&, versug F&"]
peaks fails to describe the spectra of Megubstituted fer-  content of the M§"-substituted ferrite, for the transitions at
rites. There are two reasons for this. First, a few strong tran0.56, 1.94, 3.11, and 3.93 eV. Similarly Fig.(blLgives the
sitions in the 3.0—4.0 eV range obscure other, weaker trarrelative maximume,, value versug Fe"] content of the
sitions. In Md*-substituted ferrites strong Fedependent Al®"-substituted ferrite for the same transitions. Substitution
transitions are suppressed, allowing the detection of weakavith Mg?* [Fig. 11@] as well as substitution with Af
Fe**-dependent peaks. Second, a complicating factor is thdFig. 11(b)] causes a marked decreaseeljg, for the transi-

B. Peak assignment and discussion
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FIG. 9. The off-diagonal element of the dielectric tensor of
(FEN[AI} FEFe;" )10, for x=0.02, 0.2, and 0.4) real part,

hv [eV] ——

&yy; (D) imaginary partgy, .

tion at 0.56 eV*° Hence, for this transition botfFé**] and

hv [eV] ——»

FIG. 10. The fit to the imaginary part ¢8) the diagonal ele-

ment,six, and (b) the off-diagonal element;’x’y, of the dielectric
tensor, for FgO,.

case AP substitution[Fig. 11(b)] has no significant effect

[F€] are involved. Therefore, the transition at 0.56 eV ison the intensity of the transition after the initial change on
assigned to intervalence charge transfévCT): [d®]  substitution of F&" with 0.02 AB*. Finally, the transition at
+[d®]—[d®]+[d°] at B sites. More specifically, it is the 3.93 eV is assigned to the IVCT transitim%—wz, which
lowest IVCT t,,—t,4 (see Fig. 12in accordance with the exhibits similar behavior upon Mg and APT substitution
proposition of Feil’ as the transition at 3.11 eV doésig. 11).

Assignment of the band at 1.94 eV is more complex be- Next, we consider the line shapes of these transitions,
cause several transitions, including weak crystal-fieldreported in Table II. For the transition at 0.56 eV,
transitions'*** overlap here. The main transition, however, [ F&* Jt,y—[F€**]t,,, both the ground state and the excited
is IVCT: tyg—ey between[F&*] and[Fe’**]. This is the state are split. In addition there is a distinct difference in
next IVCT (see Fig. 12 As can be seen in Fig. 1d, sub-  occupation of the,, ground state levelésee Fig. 12 Fur-
stitution with Mg* again exerts a clear influence. In addi- thermore, the band-structure calculations by Feil show that
tion, Fig. 11b) shows that Al* substitution has the same thet,y band in FgO, is relatively broad. This will mask the
effect as on the transition at 0.56 eV. Hence, for this transieffect of the split excited state and as a result the shape of the
tion again boti F€"] and[Fe**] are involved. transition will be determined by the difference in ground-

The transition at 3.11 eV is assigned to IVCT transition: state populations, i.e., the difference in oscillator strength for
tyg—e, ie., from[Fe’"] to (FE'). Note the notation for Am;=1 (RCP and Am,=—1 (LCP). Hence, the observed
A-site andB-site ions which are between parentheses angbaramagnetic line shape is expected. In the case of the tran-
square brackets, respectively. Again we observe a depesition at 1.94 eV,[Fe2+]tzg—>[Fez+]eg, only the partially
dence on M§" substitution[Fig. 11(a)]. However, in this occupied ground state is split and the aforementioned band-
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TABLE Il. The main transitions occurring in &, between 0.5 and 5.0 eV. Listed are peak positign width I'g, intensity (y) max
as well as peak assignment. For details see text.

wg (eV) Iy (eV) (exy) max Type Transition Shape

Strongly dependent on Fe

0.56 0.21 —0.085 IVCT [FE Jtyg— [FE Ity —para

1.94 0.45 0.044 IVCT [FE Jtyg—[Fe¥t Tey +para

3.11 0.61 0.031 IVCT [FE*It,g— (FE¥)e +dia

3.93 0.37 —0.039 IVCT [FE*t,g— (FEN, —dia
Weakly dependent on Ee

2.61 0.20 —0.004 ISCT (F&)t,—[Fe Nty —dia

(Iscm ([FE¥" Jeg— (Fe€T)e)

3.46 0.42 0.014 ISCT [FE" leg— (FE)L, +dia

3.94 0.51 0.065 ISCT (Pe)t,—[Fe*t e, +dia

451 0.40 (Qu—[FE*)

structure calculation shows that tgband is also relatively As a result we observe a diamagnetic line shape for the tran-
broad, hence a paramagnetic line shape is again observed fsitions at 3.11 and 3.93 eV[Fe2+]t29—>(Fe2*)e and

this transition. The band-structure calculations further show Fe?*]t,,— (F&**)t,, respectively, since the difference in
that the bands situated on the tetrahedral sublattice are dignergy between the transitions with selection rules,=1
tinctly narrower than the bands on the octahedral sublatticqmdAmlz —1 will determine the line shape.

| 0566V
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FIG. 11. Relative maximuma,, value for the IVCT transitions;
(a) versus Fe€*] content(Mg substitution, (b) versus F€**] con-
tent (Al substitutiorn).

[Fe** content —

Regarding the relative strength of the IVCT transitions,
we observgTable I) that transitions between twtoorbitals
are stronger than transitions betweenamnd ane orbital and
that the transitions between cations on the octahedral sublat-
tice are stronger than the transitions between the two sublat-
tices. Both effects are to be expected. Fitg§i—t,y orbitals
have a large overlap, as these orbitals point towards each
other in between the oxygen anions. Thg—e, orbitals
have a much smaller overlap as #gis directed towards the
oxygen anior:*! Secondly, as electron spin reorientation
upon excitation is an improbable process, transitions be-
tween antiferromagnetically coupled ions are weaker than
between ferromagnetically coupled ions. A theoretical analy-
sis has, however, shown that IVCT transitions between anti-
ferromagnetically coupled ions are still possible, albeit at
reduced intensity®

The data in Fig. 1¢a) show that the MO transitions de-
pend in a nonlinear manner on th&e*] concentration.
Within the margin of error no straight line can be drawn
through the datapoints. This can be seen by comparing these
points with the straight dotted line in Fig. () representing
a linear dependence. According to some authors this already

tetrahedral sites octahedral sites

Fe® Fe?* Fe®*

FIG. 12. Schematic representation of the electronic structure of
the Fe ions in FO,.



56 OPTICAL AND MAGNETO-OPTICAL POLAR KERR . .. 5441

indicates that a pair interaction is responsible for thismiddle ISCT transition and the ISCT transition:
transition’*? The argument is that normally the oscillator [F€**]e;— (F€**)e. This last transition should then be situ-
strength of a transition is independent of the concentration ofited around 2.64 eV and can therefore, unfortunately, not be
the absorbing species. This results in a linear dependence séparated from the (l"l‘é)t2—>[Fe2*]tZg transition at 2.61

the intensity of a transition on the concentration in the cas@V which has the same line shape. In addition, in YIG the
of a single-ion transitionlLambert-Beer law*®2324|f the latter transition is reported to be about twice as intense as the
absorption process involves pairs of ions, as in the case of d@ormer® The crystal-field splitting betweem, and e is
IVCT or ISCT transition, the Lambert-Beer law no longer calculated by Feil to be 1 eRef. 7 and derived by
applies and a nonlinear dependence on the concentratiddamphausen, Coey, and Chakraverty to be 0.8eV.

may be observe*? In ferrites this simple situation may be

complicated by disturbances of the lattice upon substitution. VI. CONCLUSIONS

However, in the case of substitution with Kfgthe lattice We have measured both the optical and the magneto-
parameter changes less than 0.3% in the case of comple(r)%tica' polar Kerr spectrum of pure §® and of

substitution of F&".1 As a result the lattice is hardly dis- ; ; :
turbed. In contrast, the delocalizatianis expected t)cl) be Mg*"-substituted and ﬁl*-_substltuted P40, at.293 K This

) ' PR pe . as enabled us to determine the complete dielectric tensor of
influenced by Mg substitution as the electron is now pinne hese compounds between 0.7 and 4.0 eV. Key to the subse-

g ; .
on the Md" site. Hence, referring to Eq9), a nonlinear quent unravelling of the complicated §& spectra were the
dependence of &) on Mg?" substitution can be ex- : : s / " /
y/max. following: First the fitting of all four(s,,, &, &,,, and
pected for IVCT transitions. " . . . XXu XX XY
The transitions that are only weakly dependent oA’ Fe &yy) parts of the dielectric tenssimultaneouslyvith one set

content are reported in the second part of Table Il. The tran(—)f transitions. As a result overlapping bands can be resolved

sitions in the 2.5-4.0 eV range have the same relative posﬁ#g ?gatrhe glrftfsei)intzistelzzsl:)nreeli Tﬁgﬁtsbeé\g ggr? dtﬁieresalstae rr‘g
tion, linewidth, and relative intensity as the ISCT transitions fi 9 b%itpti A with nonmaanetic ion ) f whi ch :f\‘?l/
reported by Scotf for yttrium iron garnetYIG). Hence, we atic substitutio onmagnetic ions, o c ey

- el - ; ubstitution was essential to separate the intense
attribute these transitions to intersublattice charge transfet 5, o o ’
transitions. Since in this case for the ground state the split &*-dependent IVCT transitions from the ISCT transitions.

2+ 3+
orbitals are fully occupied while the ground-staerbitals The observed dependence on bo¥g™] and [AI™"] of

are not split, we expect the observed diamagnetic line Shap%ertam MO transitions have provided us with experimental

for all ISCT transitions. The transition at 4.51 eV was as-cY/dence that IVCT transitions are at the basis of thgre
signed by Scott to the first Qp2-Fe a charge-transfer MO-Kerr spectrum. The assignment of the main MO active

transition. We have been unable to draw any conclusion corf—ranSitionS in FgO, to IVCT transitions is consistent with the

cerning this assignment, as no MO data were available abo\%bserved I_|ne shapes, relative strength_;, and rela}tlve transi-
4.0 eV tion energies. Furthermore, ISCT transitions consistent with

As a final check on the consistency of the peak assignYIG could be identified. The IVCT transitions occur at 0.56,

. ; ; ; 1.94, 3.11, and 3.94 eV. From these transitions we find, in
ment given in Table Il, the relative energy differences of the ’ 2 . . X
excite% states can be calculated. Fromg¥he foregoing it fol2greement with the assignment of the ISCT transitions, that
in Fe;0, the t,q—e, excited state energy or crystal-field

lows that the difference between the energies of the first twd! "€ i
IVCT transitions(1.38 e\) must be equal to the difference splitting Of. qctahedral Fe is 1‘38 eV and that the,—e
between the first and the last ISCT transitidn33 eV} as  €N€9Y splitting of tetrahedral Feis 0.82 eV.

both these differences reflect the crystal-field splitting be-
tweent,y andey. The values thus obtained are in fair agree-
ment with the crystal-field splitting betweeg, and ey cal- It a pleasure to acknowledge H. Feil for the stimulating
culated by Feil (1.5 eV) (Ref. 7 and derived by discussions and J. C. Jans for initial spectroscopic ellipsom-
Camphausen, Coey, and Chakravéity eV).2 Furthermore, etry measurements. Furthermore, we would like to thank
the difference between the energies of the last two IVCTL. F. Feiner and P. F. Bongers for critically reading the
transitions(0.82 e\j should equal the difference between the manuscript.

ACKNOWLEDGMENTS

* Author to whom correspondence should be addressed. “H. Feil, Ph.D. thesis, University of Groningen, Groningen, The
1J. Smit and H. P. J. WijnFerrites (Philips Technical Library, Netherlands, 1987; Solid State Comm®&8, 245 (1989.
Eindhoven, 1959 8J. Zaanen and G. A. Sawatzky, J. Solid State Ct&8n8 (1990.

2V, A. M. Brabers, inHandbook of Magnetic Materialdited by 9z. Zhang and S. Sapathy, Phys. Rev4& 13 319(1991).
K. H. J. Buschow(Elsevier Science, Amsterdam, 19950l. 8,  1°Z. Sm&a, H. LeGall, and P. Siroky, Phys. Status SolidilBQ,

p. 199. 665 (1980. _
SD. L. Camphausen, J. M. D. Coey, and B. K. Chakraverty, Phys.”Z. Simsa, P. Soky, J. Kola&ek, and V. A. M. Brabers, J. Magn.
Rev. Lett.29, 657 (1972. Magn. Mater.15-18 775(1980.
4Y. Yanasa and K. Siratori, J. Phys. Soc. Jp8. 312 (1984). 12x. Zhang, J. Schoenes, and P. Wachter, Solid State ComB8un.
5J. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys. Rev. [5&t. 189 (198)).
418 (1985. 13X. Zhang, J. Schoenes, W. Reim, and P. Wachter, J. Phys, C

®R. A. de Groot and K. H. J. Buschow, J. Magn. Magn. Mater. _6055(1983.
54-57 1377(1986. 145, Visnovsky, V. Prosser, R. Krishnan, V. Haek, K. Nitsch, and



5442 W. F. J. FONTIJINet al. 56

L. SvobodovalEEE Trans. MagnMAG-17, 3205(1987). Johnson, and P. F. Bongers, Phys. Rev. L&8f.3112 (1992,
BWw. L. Peeters and J. W. D. Martens, J. Appl. Phy8, 8178 and references therein; V. A. M. Brabeilsid. 68, 3113(1992,
(1982. and references therein.
163, L. Erskine and E. A. Stern, Phys. Rev8B1239(1973. 31y, A. M. Brabers, T. E. Whall, and P. S. A. Knapen, J. Cryst.
7. Degiorgi, I. Blatter-Make, and P. Wachter, Phys. Rev.35, Growth 69, 101 (1984).
5421 (1987; L. Degiorgi, P. Wachter, and D. Ihleébid. 35 323 . D. Martens, W. L. Peeters, P. Q. J. Nederpel, and M. Er-
9259(1987. man, J. Appl. Phys55, 1100(1984.

18G. B. Scott, inPhysics of Magnetic Garnetedited by A. Paoletti 33, Sato, Jpn. J. Appl. Phy&0, 2403 (1981).
(Societa Italiana di Fisica, Bologna, 1978

1%y, A. M. Brabers and J. Klerk, J. Phy$France Collog. 38,
C1-207(1977. 35

20M. Rosenberg, P. Deppe, H. H. Janssen, V. A. M. Brabers, F. S.
Li, and S. Dey, J. Appl. Phy$7, 3740(1985.

Zlw. Reim and J. Schoenes, itandbook of Ferromagnetic Mate- 55 - .
rials, edited by E. P. Wohlfarth and K. H. J. BuschdWorth- |. Muller and U. Buchenau, PhysicB & C 80B, 69 (1973.

37 ;
Holland, Amsterdam, 1990 38L. de B_ont and V. A. M. Brabergunpublisheg
22F 3 Kahn, P. S. Pershan, and J. P. Remeika, Phys.1RE891 A. Petric, K. T. Jacob, and C. B. Alcock, J. Am. Ceram. Si%,.

34w. B. Zeper, Ph.D. thesis, University of Twente, Enschede, The
Netherlands, 1991.

P. A. M. van der Heide, Ph.D. thesis, University of Nijmegen,
The Netherlands, 1985; J. C. Jans, Philips J. Ri%s. 347
(1993.

(1969. 632 (198).

233, Wittekoek, T. A. J. Popma, J. M. Robertson, and P. F. Bongers, A- E. West, Solid State Chemistry and its Applicatiotiiley,
Phys. Rev. Bl2, 2777(1975. Chichester, 1984

24G. B. Scott, D. E. Lacklison, H. I. Ralph, and J. L. Page, phys_4°Note that thes,, spectra have been determined between 0.5 and
Rev. B12, 2562(1975. 5.0 eV. Consequently, although the 0.56 eV transition is beyond

25G. C. Allen and N. S. Hush, iRrogress in Inorganic Chemistry the range where MO measurements have been made the peak
edited by F. A. Cottor{Interscience, New York, 1967 position is well established from the optical data. Furthermore,

26M. B. Robin and P. Day, ilhdvances in Inorganic Chemistry and the 0.56 eV peak position is consistent with previous experi-
Radiochemistryedited by H. J. Eméies and A. G. Sharpéica- ments(Refs. 7, 10, and 13 Moreover, this transition is rela-
demic, New York, 196) tively strong, which allows an unambiguous determination of

27D. M. Sherman, Phys. Chem. Mineir4, 355 (1987). line shape and transition energy.

28D. M. Sherman, Phys. Chem. Mine2, 161 (1985. 41G. B. Scott and J. L. Page, Phys. Status Solidi®3203(1977.

29p. A. Cox, Chem. Phys. Let69, 340(1980. 42G. B. Scott and D. E. Lacklison, IEEE Trans. MadiAG-12,

30see, for instance, P. J. van der Zaag, A. Noordermeer, M. T. 292(1976.



