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ating. However, if they are, the experimental results
show that their relative contribution to the total
diffusion coefficient cannot vary with temperature,
because 1— (Dgo/Ds;) is temperature-independent. This
is not likely for any of the possible second mechanisms.
Hence, only one mechanism, the vacancy mechanism,
is operating.
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The ultraviolet and visible linear magneto-optical properties of representative ferric oxide compounds
were measured by reflection methods between 1.7 and 5.64 eV at room temperature. The experimental
technique, based on the complex polar Kerr effect (rotation and ellipticity), was applied to all available
single-crystal rare-earth orthoferrites and to representative rare-earth iron garnets, nickel spinel ferrite,
and magnetoplumbite. For representative orthoferrites and yttrium iron garnet, the magneto-optical
results were reduced, with the aid of additional straight (nonmagnetic) reflectivity data, to obtain the
magnetically induced off-diagonal elements of the dielectric tensor. Presentation of the magneto-optical
results in the form of the tensor elements facilitates comparison with microscopic theories because of the
difference in energy dependence between the tensor elements and the experimental observables. The ob-
served spectra are analyzed in terms of a molecular-orbital theory that elaborates on an earlier calculation
by Clogston. For the orthoferrites, explicit calculation of the dielectric-tensor elements has made it possible
to identify the most prominent features in the magneto-optical spectra in terms of explicit charge-transfer
and crystal-field transitions. The magneto-optical effects in the orthoferrites are approximately the same
order of magnitude as in the garnets, although a simple theory would have them an order of magnitude
smaller. This is interpreted as evidence for an anisotropic orbital quenching that follows from the low
symmetry of the Fe ion in the orthoferrites. Magneto-optical measurements on gallium-substituted euro-
pium iron garnet has made it possible to differentiate between the magneto-optical structure that arises
from Fe ions on octahedral and tetrahedral sites.

I. INTRODUCTION essential information, a knowledge of the actual wave
functions of the magnetic ions, is for the most part

A. Motivation and Scope lacking. Contribution to this essential knowledge is the

LTHOUGH the ferric oxide compounds have been
extensively studied, relatively little is known
about the wave functions of the electrons that bind
them and are responsible for their magnetic character.
Much of our present knowledge is restricted to pheno-
menological constants that describe the material
properties without really explaining their origin. The
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search Projects Agency SD-88, and by the Division of Engineer-
ing and Applied Physics, Harvard University.

+ Work based on a dissertation submitted by F. J. K. to
Harvard University in partial fulfillment of the Ph.D. degree
requirements.

1 Present address: Central Research Laboratories, Nippon
Electric Company Ltd., Kawasaki City, Japan.

objective of the present investigation.

Through the use of optical and magneto-optical
(complex polar Kerr effect) reflection techniques, we
have made observations of the ultraviolet spectra of
bulk, single-crystal ferric oxide compounds.!? The lack
of experimental data has for the most part restricted
previous workers to speculation on the nature of the
highly absorbing transitions which render these
materials opaque. The experimental results of the pre-
sent investigation provide a firm basis for the evalua-
tion of microscopic models and the identification of
individual electronic transitions.

1R, J. Kahn, P. S. Pershan, and J. P. Remeika, Phys. Rev.
Letters 21, 804 (1968).

2T, J. Kahn, P. S. Pershan, and J. P. Remeika, J. Appl. Phys.
40, 1508 (1969).
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To our knowledge there have been no previous mea-
surements of the complex polar Kerr effect in the
ultraviolet. Although we have chosen to apply these
techniques to studies of the ferric oxide compounds,
the methods employed are generally applicable. In
Sec. VI we suggest additional classes of materials for
which we feel similar measurements would be profitable.

The high-sensitivity Kerr spectrometer designed and
constructed for this investigation is simultaneously
more sensitive and more versatile than any previous
spectrometer that we know of for magneto-optical
reflection measurements. It accurately measures small
magneto-optical effects produced by reflection from
small samples over an extended wavelength range. The
magneto-optical measurement techniques and ap-
paratus will be described elsewhere.?

B. Previous Investigations
1. Precursor Studies

When Morin® studied the transmission of a-Fe,Os in
1954, the rare-earth iron garnets had already been
grown by the French, but they were not actually
identified until 1956 when Bertaut, Forrat, Néel, and
Pauthenet announced this new category of ferri-
magnetic materials.?:¢ Soon afterwards, in 1957, Geller
and Gilleo,®” who had independently discovered the
rare-earth iron garnets, presented the results of their
experiments.

The optical properties of these new materials were
studied in transmission by Dillon, who observed large
Faraday rotations associated with a strong visible
_absorption edge,® thereby stimulating considerable
interest in the optical and magneto-optical properties
of ferric oxide compounds.*® Clogston discussed the

3F. J. Kahn (to be published). See also F. J. Kahn, Ph.D.
thesis, Harvard University, 1968 (unpublished), available in
Xerox or microfilm form from Archives, Widener Library,
I(;Iarvard, or in technical report form from Defense Documentation

enter.

¢F. J. Morin, Phys. Rev. 93, 1195 (1954).

5B. Lax and K. L. Button, Microwave Ferrites and Ferri-
magnetics (McGraw-Hill Book Co., New York, 1962), Chap. 1.

6 L. Néel, R. Pauthenet, and B. Dreyfus, Progr. Low Temp.
Phys. 4, 344 (1964).

7S. Geller, Z. Krist. 125, 1 (1967).

8 J. F. Dillon, Jr., J. Phys. Radium 20, 374 (1959), and refer-
ences cited therein.

® A. M. Clogston, J. Phys. Radium 20, 151 (1959); J. Appl.
Phys. 31, 198S (1960).

0 R. C. Sherwood, J. P. Remeika, and H. J. Williams, J. Appl.
Phys. 30, 217 (1959).

1 P, C. Bailey, J. Appl. Phys. 31, 39S (1960) ; P. C. Bailey and
A. Goldman, Westinghouse Research Laboratories Final Report
No. AF19(609)-5529, 1960 (unpublished).

12 K. A. Wickersheim and R. A. Lefever, J. Chem. Phys. 36,
844 (1962).

1 C. A. Fowler, Jr., E. M. Fryer, B. L. Brandt, and R. A.
Isaacson, J. Appl. Phys. 34, 2064 (1963).

“R. L. Coren and M. H. Francombe, J. Phys. Radium 25,
233 (1964).

15 W. Jung, J. Appl. Phys. 36, 1249 (1965).

( 16 17)) L. Wood and J. P. Remeika, J. Appl. Phys. 38, 1038
1967).

17 P, M. Grant, Appl. Phys. Letters 11, 166 (1967).

18 R. E. MacDonald, O. Voegeli, and C. D. Mee, J. Appl. Phys.
38, 4101 (1967).
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phenomena observed by Dillon in terms of electric-
dipole-allowed transitions, i.e., charge transfer and
orbital promotion.® However, the strength of these
transitions and the resulting opaqueness of these
materials has, to the present time, prevented con-
firmation or elaboration of his theories. Note that
transmission experiments are not possible at energies
above 2.5 eV (=20000 cm™) for even the thinnest
sections which have been prepared from bulk single
crystals of undiluted ferric oxide compounds.

2. Previous Experimental Studies

Grant has independently measured the straight
reflectivity of yttrium and gadolinium iron garnets.'”
Magneto-optical measurements, however, convey con-
siderably more information than straight reflectivity.
The previous magneto-optical studies of ferric oxide
compounds mentioned above were limited either to the
visible range$1011.13.15 or to Faraday rotation of poly-
crystalline films. 1418

The off-diagonal elements of the dielectric tensor,
necessary for comparison of the magneto-optical
spectra with microscopic theory, were obtained only
by Jung, who studied erbium orthoferrite in the visible.!®
Jung derived the off-diagonal elements by application
of Kramers-Kronig relations that are only valid for
regions of weak absorption.’ Nevertheless, since Jung’s
results are for the visible and therefore do not refer
to the most strongly absorbing regions, they have a
qualitative resemblance to the elements derived in the
present investigation. The present results, however, are
valid for all regions—weakly or strongly absorbing.

A different experimental approach to uv magneto-
optics is that of Krinchik and Artemjev, who have
applied the transverse Kerr effect to the study of iron,
nickel, and cobalt metals between 0.2 and 6 eV.* We
note here, only in passing, that the complex polar Kerr
technique has definite advantages over the transverse
method for the purposes of the present investigation.?

3. Previous Theory and Interpretation

The earliest and most detailed theories relevant to
the current investigation are those of Clogston,® who
reasoned that the large magneto-optical effects and
strong absorptions observed in the rare-earth iron
garnets could only be accounted for by the large
oscillator strengths of electric-dipole-allowed transi-
tions. He argued that either charge-transfer excitations
(%4 1,°%T'1.) or orbital promotion excitations (45—°P)
could explain the observed transmission spectra. In
addition, he attributed the relatively weak but sharp
peaks observed in the garnet transmission spectra to
spin- and parity-forbidden crystal-field {ransitions
whose intensities are enhanced by admixture with
allowed orbital-promotion excitations.

19 W. Jung (private communication).

2 G. S. Krinchik and V. S. Artemjev, J. Appl. Phys. 39, 1276
(1968), and references cited therein.
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Wickersheim and Lefever? discounted the import-
ance of orbital promotion in the region of the absorption
edge and attributed the strong continuous absorption
above 20 000 cm™ to charge-transfer processes. These
authors also introduced the use of reduced term
separations to explain the energies of absorptions
attributed to crystal-field transitions.

Jung attributed the principal features of his visible
spectra for erbium orthoferrite to charge-transfer
transitions and noted that another strong band at
higher energy must contribute a large portion of the
dielectric constant which he observed in the visible.!s
These observations of Jung are supported by the results
of the present investigation. However, his additional
speculations, in which he attempted to identify the
charge-transfer and higher-energy transitions and to
interpret the dispersion of the off-diagonal elements
of the dielectric tensor, are not supported by the pre-
sent results. Jung lacked two important types of in-
formation—the uv spectra which we present in Sec.
IIT and the lines-shape theory given in Sec. V—results
that are of crucial importance in the determination of
spectral assignments.

The p-type photoconductivity which Grant ob-
served in gadolinium iron garnet can be interpreted as
resulting from charge-transfer processes.?! In addition,
Grant attributes the structure in his reflectivity spectra
to charge-transfer-enhanced crystal-field transitions
superposed on a broad charge-transfer background.
Instead of attempting definite assignments, he points
out that the observed reflection peaks correlate with
the crystal-field transition energies computed by Wood
and Remeika.'® The latter are based on additional
refinements to the fitting procedure of Wickersheim
and Lefever.? The spectra attributed to charge-
transfer-enhanced crystal-field transitions in the cur-
rent investigation also correlate with the results of
Wood and Remeika. However, the magneto-optical
methods employed enable us to further identify the
charge-transfer transitions as well.

C. Outline

The macroscopic theory of the complex polar Kerr
effect is given in Sec. II. Experimental results are
presented in Sec. I1I for the weakly ferromagnetic rare-
earth orthoferrities, the simplest ferric oxide compounds
from the perspective of the present investigation.
Results for the ferrimagnetic ferric oxide compounds,
including the rare-earth iron garnets, are given in Sec.
IV. The experimental spectra are analyzed in Sec. V
in terms of a molecular-orbital theory that is an elabora-
tion of the proposals of Clogston. The concluding sec-
tion suggests some possible areas for future research
which are a consequence of the current investigation.

2P, M. Grant and W. Ruppel, Solid State Commun. 5, 543
(1967).

II. MACROSCOPIC THEORY
A. Introduction

In the polar Kerr geometry, an external magnetic
field is applied normal to the sample surface in order
to align the sample magnetization. Plane-polarized
light is then reflected at normal incidence with a
slightly rotated and slightly elliptical polarization. The
complex polar Kerr effect is then defined by

P =¢+1b, O

where ¢ is the rotation of the plane of polarization of
the reflected beam with respect to that of the incident
beam and 6 is the ellipticity which must be associated
with this rotation as a consequence of causality. That
is, ¢ is the angle between the original plane of polariza-
tion and the plane of the principal axis of the elliptically
polarized reflected beam and tanf is the ratio of the
minor to major axes of the ellipse that describes the
polarization of the reflected beam.

B. Normal Modes and Dielectric Tensor

At optical frequencies the propagation of electro-
magnetic waves may be fully described by a delectric
tensor €22 For M||2, this tensor is of the form?23

€0+€2 +1:€1 O
e=| —ie1 €—e O, (2)
0 0 €,

where the cordinate axes have been taken to lie along
the principal axes of the crystal.

To first order in the magnetization, the tensor ele-
ments are independent of M, except for e;, which is
linear in M. For an absorbing medium they are complex
and given by e;=¢/+1i¢;//. We assume the convention
that field quantities propagate as e!® <%, Birefrin-
gence and pleochroism, which have been accounted for
by €2, will be zero for a crystal with an axis along £ that
has threefold or higher symmetry.

Diagonalization of e gives the normal modes of
propagation for k|/2. These modes, corresponding to the
eigenvalues

» n2=€ok (e2+€2)2, (3)

have eigenvectors, describing the polarization, that
may be written in the form
Pp=—1ibi+af, 7_=akt—1ibdy, 4)

where @ and b are functions of €, €1, and €. In general,
PP K= p R =iy (3)

is unequal to zero; therefore the normal modes are not
generally orthogonal. Orthogonal modes are obtained

21, D. Landau and E. M. Lifshitz, Electrodynamics of Con-
tinuous Media (Pergamon Press, Ltd., London, 1960); see also
P. S. Pershan, J. Appl. Phys. 38, 1482 (1967).

% 1,. D. Landau and E. M. Lifshitz, Statistical Physics (Perga-
mon Press, Ltd., London, 1958), pp. 379-406.
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only for y=0, a condition which is satisfied when
either €;=0, =0, or €;” and €,’" equal zero. Note that ¢
need not be Hermitian for the normal modes to be
orthogonal. For €;=0, the normal modes are linearly
polarized, whereas for e;=0, they are circularly polar-
ized. For the general case, a full range of elliptical modes
is obtained with eccentricities depending on the rela-
tive values of €; and e,.

C. Complex Polar Kerr Effect
1. Nonpleochroic Media (e;=0)

Decomposition of the incident beam into the normal
modes of Eq. (4) enables us to compute the complex
polar Kerr rotation. For e5=0, ® is given in terms of the
tensor elements by*

q>=—1'v61/€01/2(€0—1). (6)

If the sample magnetization is taken to be positive
when it points in the direction of propagation of the
reflected beam, Eq. (6) will be consistent with the
standard sign convention.?® As applied to the present
investigation, this convention states that a rotation in
the direction of the current that produces the magnetic
field used to align the sample’s magnetization will be
positive. Equation (6) is used to analyze the experi-
mental data presented in Secs. IIT and IV, and the
signs of the data are given according to the above
convention. Analysis of expressions analogous to Eq.
(6) but for non-normally incident beams?*26 shows that
for angles of incidence as large as 15° the main effect
of non-normal incidence (taking |eo|~6) is merely to
reduce the observed Kerr rotation by a few percent.
Thus measurements of the polar Kerr effect need not be
made in the inconvenient normal incidence geometry.

For a transmission experiment, the expression
analogous to Eq. (6) is

®r=—m(L/N)(e1/ '), (7

where L is the optical path length, X is the wavelength
in free space, and M is taken to be positive in the direc-
tion of propagation. Comparing Egs. (6) and (7), we
see that the magneto-optical reflection effects may be
considered to arise from an effective path length

Legi= ()\/77)150‘“11“1- (8)

Thus transmission effects will be considerably larger
than reflection effects for materials sufficiently trans-
parent to transmit light through a path of one of more
wavelengths. However, in strongly absorbing materials
for which transmission measurements must be made on
thin films, the transmission and reflection effects will
be of comparable magnitude.

% N. Voigt, Magneto- und Elekirooptik (B. G. Teubner, Leipzig,
1908).

25 R. W. Ditchburn, Light (Wiley-Interscience Inc., New York,
1958), p. 527.

26 E. A. Stern, J. C. McGroddy, and W. E. Harte, Phys. Rev.
135A, 1306 (1964).
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2. Pleochroic Media (e;70)

Determination of ® for the general case €, €30
involves considerable algebra and results in very com-
plicated expressions due to the nonorthogonality of the
normal modes. However, the expressions for the general
case provide important information and to our know-
ledge have not previously been published. Their
derivation is given in the Appendix. The results of
this derivation are quoted here.

We consider a beam of linearly polarized mono-
chromatic light normally incident on a crystal re-
presented by e of Eq. (2). The beam, polarized at
angle « measured counterclockwise from £, is given by

Ei.= Eo(£ cosa+§ sina). 9)

The complex polar Kerr rotation on reflection from the
crystal is

&= [u/(14++*) J{[iv (aa*—bb*)—i(ab*+a*d) ]
—[(aa*—bb*)+~ (ab*+ba*) ] sin2a}  (10)

to first order in €1/€ and e/ o, where
(612+622)1/2 Ny —n—

u: =~
e?(1—e) 1—¢

; (11)

and the remaining quantities are as defined in Egs. (4)
and (5).

The origins of the various terms in Eq. (10) are
determined by tracing through the derivation. If we
consider e; and e to be perturbations on an isotropic
medium, the factor u arises from the difference in
eigenvalues, 7, —#n_, of the perturbed modes. The terms
within the parentheses result from the perturbation of
the eigenmodes themselves. Furthermore, one of these
eigenmode terms depends on sin2a and the other does
not. The term in sin2a describes the pleochroic and
birefringent effects associated with e; the term in-
dependent of o describes the magneto-optical effects
associated with e;.

The two limiting cases for Eq. (10) are |e|>>| e
and |e|<K|e|. For |e|>>|e| we expect to get the
result of Eq. (6), which was derived for e,=0, plus an
additional term dependent on sin2¢. For both cases,
|e1]>>|e2| and |e|<K|e|, we find to first order in
€1/€0 and 62/60

’L.€1+62 sin2a
I~ — (12)
601/2(60—1)

A common error that frequently enters discussions of
these phenomena is that for |e:|>>| e, no linear—and
hence no appreciable—magneto-optical effects can be
observed. However, Eq. (12) shows for reflection meas-
urements that the anisotropy due to e, does not quench
the linear effects in either limiting case. The physical
reason is that the effective path length for reflection is
too small for birefringence or pleochroism to quench
the linear magneto-optical effects.
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Since ¢ is linear in M while ¢, is independent of M,
the magneto-optical part of ® can be measured in-
dependently of €. For the case |e|>>|e], the linear
magneto-optical effect arises from the difference in the
eigenvalues of the perturbed modes. For | e2|>>| e| the
difference in the eigenvalues will no longer be linear in
€1, the linear term having been quenched by e,. How-
ever, the eigenmodes are also perturbed and in this
case their perturbation gives rise to terms linear in ¢
which result in the linear magneto-optical effect of
Eq. (12).

In transmission measurements, a linear magneto-
optical effect for the case |e|<<|e:| can be similarly
demonstrated. The analog of Eq. (10) for transmission is

tan®r=[ (tanv)/(a®+8?) [ 2ab+1(b*—a?) sin2a] (13)
to first order in €;/€ and €/ €y, where
v=(e>+ &) %koL/2€'?, (14)

and for simplicity € has been assumed to be real. For
e,=0, » is the maximum rotation due to birefringence.

For sufficiently short path lengths or sufficiently small
birefringences and €, »<<1 and tanv=». We can then
show that for either |e;|>>|e| or |e]<K]e],

Pp=

1FL/€1""¢.62 sin2a> (1 _)
N

)\ \ 601/2

to first order in €1/ € and e/ €, a result for transmission
analogous to Eq. (12) in both form and explanation.
For |e|<K| €], the condition »<X1 for the existence of
linear magneto-optical effects in transmission is found
from Eq. (14) to be

7 (ed+ )2 LK €2\ (16)

Note that for highly absorbing materials transmission
measurements must be made on thin films and Eq. (16)
will be satisfied. Also note that for |e;|>>|e;| we obtain

tan®r= (tanv)[ — 14+1(es/e1) sin2a | an

to first order in €1/ € and €2/ €, independently of whether
Eq. (16) is satisfied.

D. Dispersion Relations

If the spectral components D(w) and E(w) of two
physically real observables D(¢) and E(¢) are linearly

related by
D(w)=¢(w)-E(w), (18)

and E(/) causes D(¢), then the real and imaginary
parts of e will satisfy Kramers-Kronig relations.?” In
the present investigation, we make the identifications
of D with electric displacement, E with electric field,
and e with the dielectric tensor. The Kramers-Kronig
relations are applicable to all components of the
dielectric tensor & and can be used to calculate ¢ or

27 I, Stern, Solid State Phys. 15, 327 (1963).

¢/’ when only one is known over a broad range of

frequencies. As a result of explicit frequency depen-
dences in the integrands of these relations, the major
contribution to e/ (e;/) are from spectral components
of the first derivative of ¢/ (—¢) lying nearby in
frequency. The extrema of ¢; and ¢;/’ therefore have the
following correlations in frequency:

(ejlmax> <(déj///dw)max>
<~ )
ejlmin (de,-”/dw)min
ej”max (dej’/dw)min
R ad .
<6j”min> <(de,—’/dw)max>
The off-diagonal element ¢, defined in Eq. (2),
satisfies the conditions for the Kramers-Kronig rela-
tions, and its real and imaginary parts therefore have
the correlations given by Eq. (19). However, the polar
Kerr rotation ¢ and the polar Kerr ellipticity 6 were
shown in Eq. (6) to consist of linear combinations of €’
and ¢ determined by a function of €. Since ¢ is
frequency-dependent ¢ and 6 themselves do not satisfy
Kramers-Kronig relations of the standard form.
Equation (19) provides a check on the self-consistency
of the tensor elements computed from the experimental
spectra to be presented in Secs. IIT and IV. Another
application of dispersion relations in the current in-
vestigation is the determination of the diagonal ele-
ments € from the normal reflectivity R measured over a
broad frequency range. This method for determining e,

is discussed in the literature by Stern,?” Toll,*® and
others.

(19)

III. RARE-EARTH ORTHOFERRITES
A. Physical Properties

The rare-earth orthoferrities formula RFeOs; and
space group Dy!5-Pbum have a distorted perovskite
structure with only one type of Felt ion, Fe** octa-
hedrally coordinated with O%~ ions.?®:® There are four
Fe*t ions, with 1 point symmetry, per orthorhombic
unit cell. These ions are related by the space-group
operations. In the microscopic theory of Sec. V, the
large linear magneto-optical effects observed in the
orthoferrites are attributed to the low point symmetry

The magnetic properties of the orthoferrites have
been summarized by White,® Treves,® and the refer-
ences therein. The basic magnetic interaction is anti-
ferromagnetic between nearest-neighbor Fe¥* ions. A
slight canting of the Fe** spins, due to antisymmetric
exchange, produces a weak net magnetization 4rM on
the order of 100 G at room temperature. The rare-earth
ions, at room temperature, behave like paramagnets in

28 . S. Toll, Phys. Rev. 104, 1760 (1956).

2 S, Geller and E. A. Wood, Acta Cryst. 9, 563 (1956).
3 S. Geller, J. Chem. Phys. 24, 1236 (1956).

8t R. L. White, J. Appl. Phys. 40, 1061 (1969).

32 D. Treves, J. Appl. Phys. 36, 1033 (1965).
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the effective field of the Fe*t ions, and for our purposes
their magnetization can be neglected (at room
temperature).

There are four possible spin configurations compatible
with the space group D;!%-Pbnm. These configurations
are described by the four distinct magnetic sublattices
shown in Fig. 1(a) after Herrmann.® The configurations
found in the orthoferrities at room temperature, II
and IV in the notation of Herrmann, are shown in
Fig. 1(b). SmFeO; has spin configuration II and the
other orthoferrites have configuration IV.

Figure 1(b) shows that there are two contributions
to the net spin cantings, one of which results in a net
magnetic moment and one that does not. For example,
in configuration IV the canting of the spins relative
to the xy plane results in a net magnetization, but the
symmetric canting of the spins relative to the xz plane
does not. The former are called overt cantings and the
latter are called hidden cantings. On the basis of
magnetization data the overt canting « is estimated to
be about 0.5° for all the orthoferrites. Unit-cell volumes
and Curie temperatures decrease gradually with dif-
ferent rare-earth ions going across the lanthanide
series in the Periodic Table from LaFeOs; to LuFeOs,
i.e., from low to high atomic number. While Y is not a
lanthanide element, YFeO; has a unit-cell volume and
Curie temperature nearly equal to those of HoFeOs.
As R3t varies from La’*t to Lu®t, unit-cell volumes
decrease from 243.1 to 218.8 A%, and Curie tempera-
tures from 743 to 625°K.

3 G. F. Herrmann, Phys. Rev. 133, A1334 (1964).
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F1c. 1. Magnetic structure of the ortho-
ferrites (taken from Herrmann, Ref. 33).
(a) Orthorhombic unit cell showing Fed*
sites and indexing them to the magnetic
sublattices. The numbers refer to the four-
sublattice model. The signs =+ refer to a
two-sublattice model which neglects hidden
canting (see text). (b) Room-temperature
z spin configurations. Numbers index the spins
to the magnetic sublattices shown in (a).

B. Complex Polar Kerr Effect
1. Results

Polar Kerr effects were measured at room tempera-
ture between 1.8 and 5.5 eV for mirrorlike growth
surfaces of eleven single-crystal orthoferrities (R=Sm,
Eu, Gd, Th, Dy, Y, Ho, Er, Tm, Yb, Lu). These results
are presented in Fig. 2 and are available elsewhere
plotted on expanded scales.® The data.are displayed
as double rotations and ellipticities, e.g., o= ¢(M)
— o(—M)=2¢p(M), and are believed to be character-
istic of bulk, single-crystal materials (see Secs. IIT B 2
and IV A). The samples were magnetically saturated
along [001], i.e., normal to the measurement surface,
except for SmFeQ;, which was saturated along [100],
i.e., about 45° to the (110) measurement surface for
SmFeO;;.

Polar Kerr rotations were measured for all samples
and, as can be seen from Fig. 2, the results vary only
slightly with different rare earths. Polar Kerr elliptici-
ties, necessary for determination of the off-diagonal
elements, were measured for Sm, Eu, Th, Dy, Y, Tm,
and Lu orthoferrites. We shall see that these appear to
be a sufficient number of samples to permit interpreta-
tion of all major trends and anomalies in the tensor
elements.

The error bars shown for the EuFeO; measurements
in Fig. 2 are representative of all the spectra. The low-
energy tails of the polar Kerr rotations for Eu, Er,
Yb, and Lu orthoferrites are plotted on an expanded
scale in Fig. 3. These plots demonstrate the high sensi-
tivity of the Kerr spectrometer designed and con-
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structed for this investigation.? Note the resolved local
maxima for the rotations near 2.3 eV, which tend to
shift towards lower energies in going from EuFeOs; to
LUF603.

Prior to the current investigation, the most extensive
magneto-optical measurements on the orthoferrites
were the results of Jung'® for a [001] growth surface
of ErFeOs; in the visible region. Representative points
from his data are plotted for comparison with the
present measurements in Fig. 2. The major dependences
are the same, and the two sets of data are in reasonable
agreement. The differences which do exist can be
attributed to variations from sample to sample and to

'
ES
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POLAR KERR ROTATION (MINUTES)

- L TR S |
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scattering and possible calibration errors in Jung’s
apparatus.

The significant difference between the two sets of
rotation measurements for ErFeO; shown in Fig. 2
is the new information in the ultraviolet contributed
by the current investigation. The prominent peak at
3.87 eV, beyond the range of Jung’s measurements,
and the shoulder at 3.15 eV, unresolved in Jung’s data,
are of particular interest. These, together with the
strong visible peak at 2.92 eV, play prominent roles
in the microscopic theory of Sec. V.

Examination of the spectra of Fig. 2 shows that
except for the anomalous behavior of SmFeO; above
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Fic. 3. Low-energy tails of polar Kerr rotations for Eu, Er,
Yb, and Lu orthoferrites. For clarity, the rotation curves for
Er, Lu, and Yb orthoferrities have been offset —1.0, —2.0, and
—2.5 min, respectively.

4.35 eV and some low-energy details in Fig. 3, the
spectral features of the materials investigated can be
related on a one-to-one basis in intersample compari-
sons. There are variations of magnitude and shape, but,
with the exceptions noted, all features can be traced
across the orthoferrite series from SmFeO; to LuFeOs.
While the rare earths influence the spectra, these
common features are present independently of the
rare earth. It is therefore apparent that the transitions
responsible for these spectral features are associated with
the Fe3t-O% sublattices.

We see from Sec. II that the physical properties
giving rise to the observed magneto-optical spectra
can be described by the elements € and € of the di-
electric tensor e. Only € is linearly dependent on
magnetization, and it is the appropriate physical prop-
erty to be calculated from a microscopic model. The
development of a microscopic model is therefore
facilitated by determination of € from the experi-
mental spectra. Knowledge of the diagonal element e,
will enable us to obtain € by application of Eq. (6):
&= —1ie1/e'/?(eg—1). The diagonal and off-diagonal
elements ¢ and e are presented, and the methods by
which they were obtained are described, in Secs. IIT C
and III D. The remainder of the present section dis-
cusses the preparation and magnetic hysteresis of the
samples used in the polar Kerr measurements.
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2. Sample Preparation and Magnetic Hysteresis

The samples used in this investigation, including the
ferrimagnetic materials discussed in Sec. IV, were grown
by the flux method. All but the orthoferrities of the
five lightest lanthanide elements were available with
suitable growth surfaces. The orthoferrities of La, Ce,
Pr, and Nd grow only with difficulty and with relatively
high concentrations of Pb impurities; Pm is radioactive.

The growth surfaces were prepared for measurement
by cleansing with a low-residue organic solvent. Care
was taken to swab dry the surfaces before evaporation
left a residue.

The orthoferrities are slightly soluble in hot con-
centrated nitric acid. In order to check on possible
spurious surface effects, a sample of TmFeO; was
etched by boiling for 15 min in concentrated nitric
acid, allowed to cool, and then rinsed in glass-distilled
water. The polar Kerr rotation was measured from
2.88 to 5.39 eV before and after etching. Absolutely no
change was observed in the measured spectra. Further-
more, these spectra were identical to those of two
additional unetched TmFeO; samples. These compari-
sons and the self-consistency of the measured spectra
indicate that the measurements were not influenced by
spurious surface effects. The properties measured are
deemed to be characteristic of bulk, single-crystal
materials.

While the direction of the weak ferromagnetic
moment in the orthoferrites at room temperature can-
not be reoriented with low external fields, it can be
reversed relatively easily. All samples displayed rec-
tangular hysteresis loops with sharp 90° corners as
monitored by the polar Kerr effect. Fields required for
magnetization reversal and saturation varied from
about 50 to over 2000 Oe. Minor loops were accessible
in a few samples and most prominent in LuFeO;. The
minor loops in LuFeO; resulted from simultaneous
measurement of macroscopically separate regions of
high and low coercivity. These coercivities were about
2500 and 750 Oe, respectively. Investigation showed the
Kerr spectra to be independent of coercivity.

C. Dielectric Tensor : Diagonal Elements
1. Results

The complex diagonal elements ey= ey’+7€ey’’ and the
complex index of refraction n=n'4in"" obtained from
Kramers-Kronig analysis of the normal reflectivity
data for EuFeOs, presented in Fig. 4, are displayed in
Fig. 5. While the principal reflectivity peaks at 3.0
and 3.85 eV are in close coincidence with the principal
peaks in the Kerr rotation data of Fig. 2, the magneto-
optical spectra show more structure.

The Kramers-Kronig analysis required extrapola-
tion of the reflectivity data to zero and to infinite
photon energies. We chose our extrapolation to provide
a best fit to the results of Jung!® for €. Jung directly
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measured the diagonal tensor elements for ErFeO; in
the visible region using an ellipsometer. Representative
points from his data are plotted for comparison in
Fig. 5(a). The agreement between the two sets of
results is very good, especially considering the different
methods by which they were obtained. Note that
Jung’s data are for ErFeOs, while ours are for EuFeOs,
demonstrating that e and R vary vary little for ortho-
ferrites with different rare-earth ions. These results for
€0 will be used to obtain ¢ in Sec. III D.

2. Kramers-Kronig Analysis

The diagonal elements were computed from the
normal reflectivity data using a Kramers-Kronig
program supplied by Grant of IBM, San Jose, Calif.
For a general discussion of Kramers-Kronig methods
see Sec. IT D. The measured reflectivities were extra-
polated at the high-energy end to infinite energy using
the relation

R= Rm(Em/E)P ’ (20)

where £, is the highest energy E for which the re-
flectivity R was measured. The extrapolation parameter
P, about 3 for the spectrum of Fig. 4, was adjusted by
the program so that the results agreed with a known
value ng of the complex index of refraction at one
particular energy Eg. The best fit, shown in Fig. 5(a),
was obtained with nx=2.642+170.45 for Ex=2.8 eV.
At the low-energy end, the reflectivities were extra-

PHOTON ENERGY (eV)

polated by eye to zero energy. Infrared reflectivity
data would have been preferred, but were not available.

These are common methods of extrapolation, known
to provide good results. A general discussion of extra-
polation procedures, including the methods employed
above, is given by Stern.?” As a rule of thumb, reflec-
tivity should be measured to energies at least 509
higher than the highest energy for which accurate
tensor elements are required. This rule tested satis-
factorily on Cardona and Harbeke’s results for ZnS3
and was adopted.

3. Normal Reflectivity

a. Absolute reflectivity. The absolute, normal re-
flectivity R for a (001) growth face of EuFeOs has been
presented in IFig. 4. The samples used for the reflectivity
measurements were the same as those used for the
polar Kerr measurements. No external field was
required for the reflectivity measurements because
|e1/<< | €|. The small pleochroism given by | e |<<]| eo
is also negligible. Reproducibility of the absolute
reflectivity measurements was about +0.05R. Rela-
tive errors are given by the error bars in Fig. 4.

Less accurate measurements of the normal reflectivity
spectrum of LuFeO; showed it to have the same general
shape as the EuFeOj; spectrum, demonstrating that the
straight reflectivity spectra are not appreciably altered
by the different rare-earth ions. Recall our similar

% M. Cardona and G. Harbeke, Phys. Rev. 137, A1467 (1965).
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Fic. 5. Complex diagonal elements eo=e'+7¢//” and complex
index of refraction #=n'+in"" for Eu orthoferrite (001) face. The
diagonal elements in (a) are compared with the results of Jung
(Ref. 15) for ErFeOs; in the visible (see text).

conclusion based on the comparison of ¢ for EuFeO;
and ErFeO; in Fig. 5(a). Grant observed similar
behavior for iron garnets.!”

If € for EuFeO; is computed using € derived from
either R for EuFeO; or R for LuFeOs, the results are
similar. The dependence of the computed e on R, and
on the extrapolation parameters for the Kramers-
Kronig analysis, is discussed in detail in Sec. IIT D.

The absolute reflectivity data were measured at
almost normal incidence (13.5°) with apparatus in-
corporating a McPherson model 225 1-m vacuum uv
monochromator and a noncommercial dc-discharge H,
capillary source. The photomultiplier alternately viewed
the beam incident on and reflected from the sample.
The ratio of these measurements provided the absolute
reflectivity. 2-mm-slit openings resulted in a spectral
half-width of 17 A.

b. Relative reflectivity. To further substantiate the
small variation of R with different rare earths, relative
reflectivities were determined for eight orthoferrites
(R=Sm, Eu, Gd, Tb, Dy, Y, Tm, Lu) between 2.384
and 3.993 eV. The estimated error in these measure-
ments is about £5%, of which about half is due to
inaccuracies in sample alignment relative to the sharply
focused spectrometer beam.

The relative reflectivities, computed for each sample
at eight different energies and referred to the reflectivity
of LuFeO; at the corresponding energies, are given in
Table I. The observed variations in reflectivity are for
the most part within the limits of experimental error.
The relative reflectivities range from 0.92 to 1.07, and
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849, of them fall within 69, of 1.00. These small
variations have no major effect on the computed
values for the off-diagonal elements. Therefore the
absolute reflectivity data for EuFeO; will be used to
compute ¢ for all the orthoferrites.

The relative reflectivities were measured with ap-
paratus incorporating a Perkin Elmer model 83 Univer-
sal Prism Monochromator and a quartz iodine-cycle
tungsten lamp. Relative reflectivities were determined
by alternately substituting samples and taking the
ratio of the reflected intensities. The spectral half-
width ranged from 6 A at 3.99 eV to 30 A at 2.88 eV.

D. Dielectric Tensor: Off-Diagonal Elements
1. Results

The off-diagonal elements e, were determined for
seven orthoferrites (R=Sm, Eu, Tb, Dy, Y, Tm, and
Lu) and are displayed in Fig. 6. The results are avail-
able elsewhere plotted on expanded scales.®
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Fic. 6. Composite of off-diagonal elements e for all
investigated orthoferrites.

3 F. J. Kahn, Ph.D. thesis, Harvard University, 1968 (un-
published).
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TasLE 1. Orthoferrite relative reflectivities
(referred to LuFeQ;3).

R3+
Energy\

(eV) Sm Eu Gd Tb Dy Y Tm Lu
3.993 1.069 1.037 1.044 0.982 0.979 1.008 0.961 1.0
3.821 1.053 1.055 1.074 0.963 0.978 1.007 0.983 1.0
3.636 1.022 1.030 0.994 0.942 1.009 0.949 0971 1.0
3.459 0.922 0.997 0.953 0.938 1.037 0.929 0.963 1.0
3.271 0961 0.976 0.936 0.948 0.990 0.937 0972 1.0
3.061 0948 0.973 0.948 0.939 0949 0.952 0.962 1.0
2.818 0.970 0.989 0.951 0.972 0973 0.946 0.991 1.0
2384 0.986 1.003 0.947 0.994 0.986 0919 0.983 1.0

Average 1.000 1.007 0.981 0.960 0.988 0.956 0.973 1.0

Off-diagonal elements for ErFeO; in the visible re-
gion were derived by Jung,'® who employed a method
valid only for weakly absorbing media. Not having
measured 6 directly, Jung determined 6 by assuming it
and ¢ to be conjugate variables satisfying Kramers-
Kronig relations of standard form.1® He then calculated
€; using his ellipsometric results for e. We have indi-
cated (Sec. II D) that these relations do not apply to
®= o410 when ¢ is strongly energy-dependent, i.e., in
the region of strong absorption. Therefore Jung’s
results are only approximately valid for the ortho-
ferrites in the visible region, where ¢, is already starting
to show a strong energy dependence. His method would
be invalid in the uv. Our results show qualitative
agreement with those of Jung in the visible.

In Sec. II D it was pointed out that ¢ satisfies the
Kramers-Kronig relations and that these relations
imply correlations in frequency of the extrema of €
" given by Eq. (19). The results for ¢ satisfy Eq. (19),
thereby confirming the self-consistency of our measure-
ments, computations, and sign conventions.

The off-diagonal elements, with exception of those
for SmFeOs;, whose spectrum is anomalous above 4.35
eV, vary relatively little with different rare earths.
There are some variations in shape and magnitude, but,
with the exception noted, all features can be traced
through the orthoferrite series on a one-to-one basis.
These common spectral features are therefore associated
with the Fe+-O* sublattices. A microscopic theory
attributing these spectra to transitions between molec-
ular orbitals of octahedral Fe¥*-60% complexes is
presented in Sec. V.

2. Origin of Variations in €

The off-diagonal elements ¢ of Fig. 6 are computed
elements whose values were determined using e for
EuFeO;. Thus the variations in e with different rare-
earth ions may arise either from actual differences in
€1 or from failure to account for differences in ¢, when
we computed ¢ for these materials. In the discussion
which follows we denote the computed values by e c.

Concentrating on €¢’, we observe that among the
largest variations are those in the relative magnitudes

of the e1¢" maxima at 3.00 and 3.85 eV and in the line
shape of e1¢’ between 3.7 and 4.3 e€V. The resemblance
in line shapes between eic” (eic’) for EuFeO; and e¢’
(—e¢”’) for LuFeO; in the 3.7-4.3-eV region is partic-
ularly striking. We will show that the close agreement
in shape between the measured reflectivities, and there-
fore between the diagonal elements, indicates that the
line-shape differences in € originate in the off-
diagonal elements ¢; themselves. In contrast, we will also
show that relatively small magnitude variations in R,
and hence in ¢, can result in considerably larger varia-
tions in g, thereby accounting for the magnitude
variations in the latter.

One parameter whose value does not matter very
much is Ry, the reflectivity at zero energy, to which R
has been extrapolated. Our results are relatively in-
sensitive to Ry because zero energy lies well outside the
energy range of interest for e;. The Kramers-Kronig
relations show that e(£) is most sensitive to R(E’)
’|. Thus the effect of Ry is small in
comparison to the effects of the directly measured
reflectivities R,(£’) and the known value nx(Ex)
which lie within the energy range of interest.

Suppose that R(E)= fR.(E), where the constant
factor f accounts for possible errors in the measured
absolute reflectivities R,.. The values for e’ for
EuFeO; are given in Fig. 7(a), where the diagonal
elements used to compute e;¢’ have been obtained by
Kramers-Kronig analysis of R for f=0.9, 1.0, 1.1. The
EuFeO; data of Fig. 4 were used for R,.. In computing
the results of Fig. 7(a) we have taken ng'’'=0.45 at
Ex=2.8 eV for all three cases. The effect of f=1.1
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F1G. 7. Variations in €. due to variations in input to Kramers-
Kronig analysis for ¢ (a) Dependence of €.’ on reflectivity scale
factor f, where R= fR, and R, is the measured reflectivity. (b)
Dependence of €, on known refractive index nx at 2.8 eV. Note
that nx determines the extrapolation parameter P. For additional
details, see text.
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(0.9) is to increase (decrease) the magnitude of e¢’
almost uniformly at all energies. No line-shape distor-
tion results, but relatively small changes in R give rise
to relatively large magnitude changes in e¢’. For
example, if the actual reflectivity R is 109, larger than
the value R,, used in computing e ¢, i.e., f=1.1, then
at 3.85 eV, &’ will be 279, larger than e¢’.

Even if there are no measurement errors, an energy-
dependent f is expected to be applicable to our results
because reflectivities measured for one orthoferrite,
EuFeOs;, have been used to determine e¢ for all the
orthoferrites. While the variation of e;¢(E) due to f(E)
would be somewhat more complicated than in the
simpler case of constant f just discussed, the final results
should be qualitatively similar. Small variations in the
relative reflectivities of the various orthoferrites will
give rise to several times larger variations in the magni-
tude of e¢. For example, at 3.82 eV the measured
relative reflectivity of EuFeO; to that of LuFeOj; is
1.055; therefore e;¢” should be roughly 5.5 (2.7)=15%,
higher for LuFeO; than for EuFeO; if we assume ¢’ to
be the same for both materials. It is in fact 149, higher.

Thus, while the magnitude variations in e¢’ can be
attributed to actual variations in €', they may also
originate in the diagonal elements €. On the other hand,
we now show that line-shape variations of the type
observed in e¢ between 3.7 and 4.3 eV should be
attributed to differences in €; and not in e.

The only variable parameter whose effects have not
been considered is 7x. The off-diagonal elements €1¢’ for
EuFeO; are given in Fig. 7(b) for nx=2.690410.300,
2.6434-70.450, and 2.5654-10.601 at Ex=2.8 V. R was
taken from Fig. 4. The values for nx were chosen so as
not to change the reflectivity at Egx. The changes
induced by varying nx over a considerable range are
seen to be of little consequence. Variation of nx results
in qualitative changes in the shape of e¢’ between 4.0
and 4.25 eV of the type observed for different rare
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earths. However, these changes due to #x are much too
small to explain the observed variations quantitatively.
For example, note from Fig. 6 that e;¢">>0 for LuFeOs
at 4.05 eV while €,¢’<< 0 for EuFeOj; at the same energy.
This large line-shape variation could not be accounted
for by variations in #k.

We conclude that while the variations in amplitude
of e¢ for different rare-earth orthoferrites can be
attributed to changes in either € or e, the line-shape
variations in €¢ are attributed to physical processes
unique to e, e.g., spin-orbit interaction. However,
all these variations are small and of relatively minor
consequence for our current purposes—the develop-
ment of a qualitative microscopic model. Therefore
erc for EuFeO; will be considered for purposes of the
microscopic analysis in Sec. V as being representative
of € for all the orthoferrites. EuFeOj; is the best choice
because the most accurate absolute reflectivity mea-
surements were made for this material.

IV. FERRIMAGNETIC FERRIC
OXIDE COMPOUNDS

A. Rare-Earth Iron Garnets
1. Pure Systems

The optical and magneto-optical properties of the
ferrimagnetic ferric oxide compounds are considerably
more complicated than those of the orthoferrities
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F16. 10. Polar Kerr rotation ¢ for erbium iron garnet (110) face.

because the ferrimagnetic compounds contain additional
types to iron sites. In particular, the ferrimagnetic
compounds contain both tetrahedral (Felti) and
octahedral (Fe3t,s) iron sites. Within this class of
materials, the rare-earth iron garnets”:3%" were chosen
for the most detailed studies because they are one of the
simpler ferrimagnetic systems from the perspective
of this investigation, can be modified to distinguish
between the tetrahedral and octahedral contributions
to the magneto-optical spectra, and can be grown with
a high degree of perfection.

The ideal rare-earth iron garnets, formula {R%*3}
[Fe3ty ](Fedts) O*15 and space group 0x'°-Ia3d, have a
cubic crystal structure with eight formula groups per
unit cell. There are three Fe*ties, two Fedt,q, and three
R** ions per formula unit. Both Fe3* and R* have only
O?% ions for nearest neighbors.

The strongest magnetic interaction is an antiferro-
magnetic one between the Fedt,., and Fe*ty, ions. The
next strongest interaction, also antiferromagnetic, is
between the Fe3tie, and Rt ions. The net magnetiza-
tion is that of the Fe*ty, sublattice minus the sum of the
magnetizations of the Fe?t,.; and R*t sublattices for rare
earths in the second half of the lanthanide series.
Rare-earth ions in the first half of the lanthanide series
have their magnetizations aligned parallel to Fedtie
because they have J=L—S§ rather than J=L+S. Néel
temperatures are above 548°K, and at room tempera-
ture the Fe3t;o, magnetizations dominate the magnetiza-
tions of both Fe*t, and R3+. The Fe** ions absorb
much more strongly than the Rt ions in the energy
range of interest. Thus the room-temperature optical
as well as magnetic properties are determined primarily
by the Fe** ions.

The Fe**,., and Fe*ty ions have point symmetries
3 and 4, respectively. Although the Fe-O distances
within the oxygen polyhedra are constant, the poly-

36 B. Lax and K. Button, Microwave Ferrites and Ferrimagnetics

(McGraw-Hill Book Co., New York, 1962), Chap. 3.
375, C. Abrahams and S. Geller, Acta Cryst. 11, 437 (1958).

hedra are distorted in shape.?”%® As in the orthoferrites,
the garnet unit cell dilates with increasing rare-earth
ion radii.”-* :

The rare-earth iorn garnets have [111] easy, [100]
hard, and [1107] intermediate easy directions.® Because
the largest growth faces tend to be {110} and {211}
planes, the {110} faces are the most suitable for polar
Kerr measurements.

The complex polar Kerr effect for a {110} face of
yttrium iron garnet (YIG) is given in Fig. 8. The YIG
results were measured at about 959, of saturation in the
direction normal to the surface. The polar Kerr
rotations at saturation for {110} faces of EulG and
ErIG are displayed in Figs. 9 and 10. The one-to-one
correspondence between the rotation peaks in the YIG,
EulG, and ErIG samples shows that the linear magneto-
optical effects in the rare-earth iron garnets are associ-
ated with the Fe-O sublattices. As for the orthoferrites,
the Kerr data are displayed as double rotations and
ellipticities, e.g., o= o(M)— o(—M)=2p(M).

The sign differences between the major rotation
peaks near 2.5, 4.0, and 5.0 eV are important and will
be discussed later. The magnitude of these rotations is
also very significant. The net contribution of the Fe’*
sublattices to the total magnetization of the ferri-
magnetic iron garnets,? i.e., the magnetization exclusive
of the contributions of the rare-earth ions, is 17 times
larger than that of the weakly ferromagnetic ortho-
ferrites.® Since the rotations for both crystal types
originate with similarly coordinated Fe** ions, we
might expect the polar Kerr rotation to be over an
order of magnitude larger for the garnets than for the
orthoferrites. However, the maximum peak rotation

REFLECTIVITY (%)

8 I 1 L L ] 1 1 | |
0 [ 2 3 4 5 6 7 8 El 10

PHOTON ENERGY (eV)

Fic. 11. Normal reflectivity of yttrium iron garnet. The re-
flectivities shown between 2.05 and 7.25 eV are those of Grant
(Ref. 17). The points are not the experimental ones, but indicate
the grid used for the Kramers-Kronig analysis. The curve between
0 and 2.05 €V is the low-energy extrapolation for the Kramers-
Kronig analysis.

38 T, Euler and J. A. Bruce, Acta Cryst. 19, 971 (1963).

3 L. Néel, R. Pauthenet, and B. Dreyfus, Progr. Low Temp.
Phys. 4, 344 (1964).

9 G. P. Rodrigue, Ph.D. thesis, Harvard University, 1958
(unpublished).

4 Handbook of Microwave Ferrite Materials, edited by W. H.
von Anloch (Academic Press Inc., New York, 1965), p. 78.
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Fic. 12. Complex diagonal elements eo=eo+7e’’ and complex
index of refraction #=#'-n'’ for yttrium iron garnet.

(double rotation) for the investigated garnets, —37
min at 4.95 eV for ErIG, is only 1.7 times the maximum
peak rotation for the orthoferrites, —22 min at 3.87 eV
for ErFeO; (Fig. 2). There is an order of magnitude
discrepancy in the expected and observed rotations.
We will show in Sec. V that this apparent anomaly can
be explained by anisotropic orbital quenching. As a
result of the different spin configurations of these
materials, anisotropic quenching can significantly en-
hance the magneto-optical effects in the weakly ferro-
magnetic orthoferrites while causing relatively little
change in the magnitude of magneto-optical effects in
the ferrimagnetic ferric oxide compounds.

The absolute reflectivity R for YIG at room tem-
perature is given in Fig. 11. The reflectivities shown
between 2.05 and 7.25 eV are those of Grant,'” who
independently measured the reflectivity of YIG in this
range. Our results were in semiquantitative agreement
with his but were affected by source instabilities which
appeared after the EuFeO; spectrum of Fig. 4 was
measured. .

The diagonal elements €y and complex refractive index
n"obtained from Kramers-Kronig analysis of the YIG
reflectivities are displayed in Fig. 12. The reflectivity
curve between 0 and 2.05 eV in Fig. 11 shows the low-
energy extrapolation used for the Kramers-Kronig
analysis (see Sec. III C). The known value, for deter-
mination of P, was taken to be nxg=2.19410.005 at 2.25
eV. The value for nx’’ was obtained from the transmis-
sion measurements of absorption coefficient by Wood
and Remeika.!® The values for #x”’ and R(Ek) then
determined ng’. Choice of too small an Ry, the extra-
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polated zero-energy reflectivity, resulted in physically
unrealistic negative values for )’ between 0 and 2.05 eV
in Fig. 12(a). Ry was not adjusted further because of its
small effect on ¢ and € in the energy range of interest
(Sec. III D).

The off-diagonal elements ¢ for YIG, obtained from
® of Fig. 8, ¢ of Fig. 12(a), and Eq. (6), are plotted in
Fig. 13. They will be utilized in the microscopic dis-
cussion of Sec. V as well as in the following calculation.

MacDonald et al.!® have measured ¢r, the Faraday
rotation in transmission, for a thin polycrystalline
GdIG film. We can calculate ¢r for a single-crystal
film of YIG using e from Fig. 13, ¢ from Fig. 12(a),
and Eq. (7). The result of this calculation, plotted in
terms of degrees of rotation per micron of optical
path length, are compared in Fig. 14 with results of
MacDonald et al. which we have similarly normalized.
The agreement is excellent in view of the difference in
the materials and in the methods by which the two sets
of results were obtained. Note that the zero crossings
of ¢r near 3.3 eV are particularly sensitive to the
diagonal tensor elements of the materials being mea-
sured and in the case of our results to the value for ¢
used in calculating ¢7. The excellent agreement serves
as another confirmation of the accuracy and self-
consistency of our approach to obtaining the tensor
elements €.

2. Substituted Systems

Substituted garnet systems can also be grown.” In
particular, diamagnetic Ga®+ substitutes preferentially
for Fe3ti, thereby permitting discrimination between
the spectral contributions of Fedtyo, and Fedt,. The
preference of Ga®** for the tetrahedral Fe*t sites de-
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F16. 13. Off-diagonal elements e; = ;" 7€, for yttrium iron garnet.
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-=-~= MACDONALD et al.
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F16. 14. Faraday rotation in transmission for yttrium iron
garnet. The Faraday rotation ¢r, computed from the results of
the current investigation for single-crystal materials, is com-
pared with the measurements of MacDonald et al. (Ref. 18) for
a thin polycrystalline film.

creases with increasing Ga*t concentration.®? For the
system Euy Fe;_, Ga, O1p, Marezio ef al.*® have shown
that 919, of the Ga ions are found at tetrahedral sites
for x=23.06. We were limited to low Ga dopings because
the Néel temperature passes through room temperature
near x=2. Therefore the Ga preference for the tetra-
hedral sites was well over 0.91 for all samples measured.

Polar Kerr rotations at saturation for (110) faces of
the system Eu; Fe;, Ga, O (0<x<1.9) are pre-
sented in Fig. 15. The values given for x are the con-
centrations of Ga actually in the samples as determined
by x-ray fluoresence analysis and by x-ray measurement
of the lattice constants. The actual Ga concentrations,
the Ga concentrations in the melts from which the
crystals were grown, and the lattice constants for the
samples measured are, respectively, (0.8, 1.0, 12.487 A),
(1.2, 1.5, 12.480 &), (1.5, 1.7, 12.475A), and (1.9,
2.0, 12.469 A).

As the Ga concentration is increased, the garnet
magnetization goes through zero, i.e., a room-tempera-
ture magnetic compensation point. Passage through
such a compensation point is marked by a change in
sign of the polar Kerr rotation, since ¢ is tied not to the
net magnetization but to the magnetization of the
individual sublattices. If the small percentage of Ga
ions substituting at octahedral sites, the magnetiza-
tion of the Eu sublattice, and thermal disordering of
the spins are neglected, the magnetic compensation
point will occur when there are equal numbers of
Fest,,, and Fedti lons, i.e., when x=1. The measured
polar Kerr rotation reverses sign between x=0.8 and
x=1.2, thereby demonstrating not only the magnetic
compensation point but also the validity of using garnet
growth surfaces to observe bulk effects (see Sec. III B 2).
It also proves that the observed spectra are not arti-
facts of the experimental system, a major source of
concern in all magneto-optical measurements.

2 M. A. Gilleo and S. Geller, Phys. Rev. 110, 73 (1958).
4 M. Marezio, J. P. Remeika, and M. Zocchi, J. Chem. Phys.
48, 1094 (1968).

Since the Néel temperature approaches room tempera-
ture with increasing Ga concentration, the sublattice
magnetizations and the measured polar Kerr rotation
decrease with increasing x. Because the Ga ions sub-
stitute preferentially for Fe3ti ions, the rotations
associated with tetrahedral sites decrease much more
rapidly than those associated with octahedral sites. We
conclude from Fig. 15 that all the major rotations in
the rare-earth iron garnets are associated with Fedtie;
ions, with the exception of the rotation peak at about
4 eV, which decreases relatively slowly and is therefore
associated with Fedt,e. These identifications will be
helpful in analyzing the polar Kerr rotation spectra for
the other ferrimagnetic ferric oxide compounds.

B. Spinel Ferrites

The spinel ferrites,®# 4 formula (M, Fe’*ti_,)
[M2+;,_, Fe¥ti,] Os and space group O,7, have eight
formula groups per cubic unit cell.® M is typically a
metal ion such as one of the transition-metal ions or
Mg. The parentheses and square brackets denote,
respectively, ion sites tetrahedrally and octahedrally
coordinated with O*~ ions. For x=1, all Fe** ions are in
octahedral sites and the resulting crystal is a normal
spinel. For x=0, the Fe** ions are evenly distributed
between octahedral and tetrahedral sites and the result
is an inverse spinel.

The dominant magnetic interaction is antiferro-
magnetic between octahedral and tetrahedral magnetic
ions. Only inverted or partially inverted spinels have
spontaneous magnetizations. The net magnetization is
the difference between the magnetizations of the octa-

POLAR KERR ROTATION (MINUTES)

20 — ¢ (x=0.0) 7

—-—-¢ (x=0.8)
r—— -$(x=1.2) )
ok I _¢(:(=‘I.5) | -
2 3 4 > ¢

PHOTON ENERGY (eV)

F1c. 15. Polar Kerr rotation ¢ for (110) faces of the Ga-sub-
stituted garnet crystals EusFes_.Ga, 012 (0<x<1.5). The Ga’**
ions substitute perferentially at the Fed*yy sites. For x=1.9 the
maximum rotation observed was —1.3 min at about 4 eV.

4 G. Blasse, Philips Res. Rept. Suppl. 3, (1964).

4 G, Blasse, Progr. Ceram. Sci. 4, 134 (1966).

46 A, H. Morrish, The Physical Principles of Magnetism (John
Wiley & Sons, Inc., New York, 1965), Chap. 9.
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F16. 16. Polar Kerr rotation ¢ for (111) face of nickel ferrite
and (0001) face of magnetoplumbite.

hedral and tetrahedral sublattices. More complicated
magnetic structures and site distributions occur and are
discussed in the references.

The simple spinels have Néel temperature above
573°K, and except for Co ferrite, have [111] easy
directions. The sum of the magnetizations of the M2+
and Fe’t octahedral sublattices is greater than the sum
of the magnetizations of the tetrahedral sublattices.
Therefore the moments of Felt, and Fety align,
respectively, parallel and antiparallel to an external
field. This is just the reverse of the Fe3* alignment in
the unsubstituted rare-earth iron garnets at room
temperature.

The polar Kerr rotation for a (111) face of the inverse
spinel (Fe) [NiFe] O4 (Ni ferrite) at about 879 of
saturation is given in Fig. 16(a). Analysis of this
spectrum is more difficult than for the iron garnets
because contributions from Ni*t,; ions as well as from
Fedtie, and Fedt,, ions must be considered.

However, we can identify the major uv rotation
peaks at 4 and 5.05 eV as being associated with the
Feft,, and Felty sublattices, respectively. The
supporting evidence for these assignments is as follows.
These peaks have opposite signs and therefore must be
associated with oppositely oriented magnetic sublattices
if they are assumed to have similar microscopic origins.
In addition, their energies coincide with the 4- and 5-eV
principal rotation peaks for the garnets (Figs. 8-10)
which were identified through the measurements on
Ga-substituted EulG (Fig. 15) as being associated with
the Fe*toq and Fedtie; sublattices, respectively. Further-
more, the signs of the rotations in Ni ferrite are opposite
to the signs of the rotations in the garnets, as would be
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expected from the reversed alignments of the corres-
ponding garnet and ferrite Fe’t sublattices in an external
field.

In addition to this identification of the uv rotation
extrema, the gradual increase in rotation between
2.1 and 1.85 eV is tentatively attributed to the Ni**
sublattice. The supporting evidence in this case is
that significant rotations below 2.2 €V are not observed
in any of the other ferric oxide compounds investigated.
This identification is further supported by recent experi-
mental results of Zanmarchi and Bongers,*” who have
measured the Faraday rotation of Ni, Mg, and Li
spinel ferrites by transmission in the infrared between
0.155 and 1.24 eV.

C. Hexagonal Ferrites

The simplest hexagonal-structured ferric oxide com-
pound®*® has the formula PbO-6Fe;O3 and the struc-
ture of the mineral magnetoplumbite by whose name
it is commonly known. Ferrimagnetic magnetoplumbite
has nine Fet3,, ions, of which seven have spin up and
two spin down; two Fedti ions, both with spin down;
and one hexahedrally coordinated Fe*t ion, with spin
up. Its Néel temperature is over 700°K and its easy
axis is along [00017]. Magnetoplumbite grows with rela-
tively large mirror-perfect (0001) growth surfaces,
making it a particularly good material from the experi-
mental point of view for polar Kerr measurements.
However, the complicated magnetoplumbite crystal
structure makes detailed analysis of its spectrum
particularly difficult.

The polar Kerr rotation for a (0001) growth surface
of magnetoplumbite at about 939, of saturation is given
in Fig. 16(b). The peak double rotation of —40 min
at 4.43 eV is the largest rotation we have observed in
any of the ferric oxide compounds. The uv rotation
peaks at 4.43 and 5.5 eV are attributed to Fe3t,q, and
Fe?*ye, respectively, for the reasons given in the similar
assignments for Ni ferrite. These principal uv rotation
peaks have been found in all the ferric oxide compounds
studied. We show in the next section that they may
be attributed to charge-transfer transitions in which an
electron initially localized on a oxygen ion is excited
into a molecular orbital localized on one of the
ferric ions.

V. MICROSCOPIC THEORY
A. Dielectric Tensor
1. Introduction

The dielectric tensor is the mathematical concept
by which microscopic theory and laboratory experi-
ment are related. In the preceding sections we have
computed tensor elements from experimental observ-

4 G, Zanmarchi and P. F. Bongers, J. Appl. Phys. 40, 1230
(1969).

48 J.S. Griffith, The Theory of Transition-Metal ITons (Cambridge
University Press, Cambridge, 1961).
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ables. In this section we compute the tensor elements
from a microscopic model.

2. Electric-Dipole Transitions

The contributions of allowed magnetic-dipole transi-
tions are orders of magnitude too small to account for
the observed spectra.®#® The spectra must therefore
be interpreted in terms of electric-dipole transitions
which have considerably greater oscillator strengths.

For a material with NV saturated spin systems per
unit volume in orbital singlet ground states |g), the
contributions of electric-dipole transitions to the
diagonal tensor elements, Eq. (2), are given by

=14+ eo.=14+2 €oc(r)

47N ée?

=1+ Z fge(v)
m e,v
w, e(v)Z_'wz'I"P e(v)z—Zin e(v)
: : )
(‘-"ae(»')z_‘*’2+Pae(r)2)2+4‘*’2rge(ﬂ2
where for narrow lines, i.e., for T'ye0)/wgen<K1,
Joemy= (meae(v)/h)Kglxle("))IZ (22)

is the oscillator strength of the transition |g) — |e(v)),*
and T, is the half-width at half-maximum of this
transition’s contribution to e//(w). For broad lines
foey and Tyewy are still measures of the oscillator
strength and linewidth. The sum in Eq. (21) is taken
over all excited states |e(v)), where v indexes the orbital
degeneracy. Equation (21) applied rigorously to
materials for which |e—1|<1. For materials with
larger dielectric constants, corrections must be made
for local-field effects. At optical frequencies, these
corrections, although not large, should be made. In
any event, they will probably not change the qualita-
tive conclusions to be drawn in this section. Since all
systems are initially in the ground state, the subscript g
will be dropped from f, w, and I' in subsequent
expressions.
To first order in T'o(y/We(s), €0e(»)’’ 1s a maximum for
W=we (). We find from Eq. (21)
Sewy=(m/2rNe)wo()T o) €06(») 'max (23)

a useful relation for calculating oscillator strengths
from experimental spectra.

The contributions of electric-dipole transitions to the
off-diagonal tensor elements, Eq. (2), are given by

61=Z €le ZZ €le(v)
e e,v
o) — frew

m °7 wz—we(,)Z—I’f—-ZiwI‘e(,,)

w~—iI‘e(,,)

2w Neé?
= , (24)
We(p)

49 N. Bloembergen, Nonlinear Optics (W. A. Benjamin, Inc.,
New York, 1965), p. 27.

where
Fremy= (mwee)/M)|(g|xkiy|e(v))[? (25)

are oscillator strengths for circularly polarized transi-
tions, and all other quantities are as previously de-
fined. Shen® has derived an equivalent expression for e;.
Linear magneto-optical effects occur only when e;(M)
is nonzero and an odd function of the magnetization
(or an externally applied magnetic field). For a system
with inequivalent magnetic sublattices, M need not
be macroscopically observable for a nonzero. linear
magneto-optical effect to occur. For example, recalling
for the garnet system Eus Fe;—, Ga, Oy that the micro-
scopic M equals zero for x~1, we see from Fig. 15
that the polar Kerr rotation does not go to zero as the
macroscopic M goes to zero. The polar Kerr rotation
does go to zero as the spins on the individual sublattices
become randomly aligned, ie, as x—2 and
T~ — 300°K.

3. Two Special Cases

The dominant magneto-optical effects in systems
with unpaired electrons result from the interaction
between the orbital motion and the spin orientation.
For our purposes we neglect the direct effect of an
external magnetic field and consider only the cases
with H=0 and a net spin alignment. In the absence
of spin-orbit interaction w,(v) and I';(v) are independent
of v, and since the sum over the oscillator strengths,
2 v fxer), are identical, we see from Eq. (24) that
e1=0. Spin-orbit interaction enables the electron system
to distinguish between the two senses of circular polari-
zation for electric-dipole transitions—it is the physical
mechanism by which the orbital electronic coordinates
sense the direction of time propagation specified by the
net alignment of the spin system. As mentioned above,
spin-independent contributions to e; are also found in
the electric-dipole approximation and arise indepen-
dently of spin-orbit interaction. However, these con-
tributions are several orders of magnitude smaller than
the ones being considered here. The two special cases
described below are of particular interest for the
purposes of the current investigation. In both cases
linear magneto-optical effects result from spin-orbit
interaction.

Case I. In the absence of spin-orbit interaction the
pair of excited states |e(v))=|e(z)) are degenerate in
energy. Spin-orbit interaction splits this degeneracy to
first order in M by

AE= ZhAwe= 2h(we(+) —wg<_)) (26)
but does not alter the oscillator strengths
Srewy=0x,fre=08xfc, (27)

where 6;;=0 for 7#J, 8;;=1 for i=3, and we have
taken Aw &L} (weyFwey) in obtaining Eq. (27). The

% Y. R. Shen, Phys. Rev. 133, A511 (1964).
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net oscillator strengths fi. and f. used in Eq. (27)

are defined by
Jre=2_ faewn (28)

and

fe=2_ fewn, (29)

where fo(y and fi.) are defined in Egs. (22) and (25).
Case II. In the absence of spin-orbit interaction we
find equal oscillator strengths

See=Te

for right and left circularly polarized transitions to the
nonorbitally degenerate state |e). To first order in M
the spin degeneracy of these transitions is unchanged
by spin-orbit interaction, but there is a change, or
splitting, of the oscillator strengths given by

Eo= (feem [0/ (Jmetf1e).-

Since the difference between f_.and f, corresponds to a
magnetic circular dichroism, we call £, the fractional
dichroism.

We will see in Sec. V C that electric-dipole-allowed
transitions in the orthoferrites belong to case I. In
addition, there are significant contributions to ¢ due
to electric-dipole-forbidden transitions which gain
intensity through the combined effects of crystal dis-
tortions and spin-orbit interaction; under certain con-
ditions these belong to case II. While for the case-I
transitions spin-orbit interaction splits the energy
degeneracy of the excited states, for the case-II transi-
tions spin-orbit interaction is quenched in the sense
that it does not have nonzero diagonal matrix elements.
For case II, off-diagonal matrix elements of the spin-
orbit operator induce a splitting of the oscillator
strengths fi. but leave the transition energies un-
changed to first order in M. The quantitative results
which follow will be used to evaluate the contributions
to ¢ of case-I and case-II transitions.

For case I we find from Egs. (23), (24), (26), and (27)

(30)

(31)

€1.=—TcAwcere  max
(w—0e)*— (T24Aw2) 42T (w0 —w,)
[(@—we)?— (T2 +Aw2) PAHAT 2w —w,)? ¢2)
where we have taken
we=3%(Weer)Fwe) (33)
Topy=Tery=T,, (34)
and have used the identity
w—10,
W —w2—T2—2iwl,
1 1 1
~(—— —). 69
2\we+ (w—il',) w,— (w—il',)
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In applying Eq. (35), we have considered only the
effects of the resonant term [w.— (w—34I',) ] Similarly,
we find for case II

€re=—2 Eeree(]e”max
o(w?—wl4T2) —il (0 +o2—T2)
(co2 _we2 _P82)2+4F82w2

(36)

Equation (36) includes both resonant and nonresonant
effects.

For case I, Eq. (32) shows that e,” and €. are,
respectively, even and odd functions of w—w,. Further-
more, for Aw LT, €. (w) will have a simple dissipa-
tive line shape and e.’(w) a simple dispersive line
shape. The maximum in €,/ (w) occurs for w=w, and
is given by

6le,max=' (Awe/Fe) 6Oe”max (37)

to first order in Aw,/T'. and T'./w,. Equation (37) is
useful for calculating spin-orbit splittings 24Aw, of
excited states from experimental spectra.

For case II, Eq. (36) shows that €.’ and e, will be,
respectively, odd and even about w=w, to first order
in I'y/w,. For I'&Kw,, €1/ (w) will have a simple dis-
persive shape and e/ (w) a simple dissipative shape.
These dependences are opposite to those for case I.
The maximum in e;.”’ (w) occurs for w=w, and is given
by
(38)

to first order in T'./w,. This relation is useful for cal-
culating the fractional dichroism 2, from experimental
spectra.

In the detailed discussions of Secs. V B and V C, we
show that £nax < (Aw/T)max. Since case-I transitions
are electric-dipole-allowed and case-II transitions are
only weakly allowed, eo’max is larger for the former
than for the latter. Thus, comparing Eqgs. (37) and (38),
we expect larger magneto-optical contributions from
case-I transitions than from case-IT transitions. We
will see that this is substantiated by the experimental
spectra.

" _ 1"
€le max™ gef()e max

B. Octahedral Fe*t Complexes
1. Introduction

In Sec. III we found that the rare-earth orthoferrite
spectra vary only slightly with different rare earths
and for our current purposes can be regarded as in-
dependent of the rare earth. With the possible exception
of the anomalous spectra for SmFeO; above 4.35 eV,
the principal magneto-optical spectra are associated
with the Fe**-O%~ sublattices.

Although a discussion of critical-point transitions
based on an energy-band model would probably be
more rigorous at higher energies, the orthoferrite
spectra of the present investigation can be interpreted
in terms of individual Fe*-60?~ molecular complexes.
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The model proposed to explain the data is an extension
of Clogston’s original treatment of octahedrally co-
ordinated Fe** ions.?

2. Molecular-Orbital Theory

Consider an Fe** ion octahedrally coordinated with
six O*~ ions. Ignoring higher-order crystal-field dis-
tortions, we take the point symmetry of the ion com-
plex to be O;. The one-electron molecular orbitals for
this octahedral ion complex are given in Fig. 17 in
terms of the five 3d, one 4s, and three 4p Fe** orbits
and the eighteen 2p O%* orbits.?%2 There are 11 one-
electron energy levels of which most are degenerate,
the total number of linearly independent orbital
states being 27. The lowest five energy levels represent
12 bonding orbitals, which, although primarily ligand
in character, do contain some admixture of cation wave
functions. The two energy levels with superscript #»
correspond to six nonbonding orbitals, entirely ligand
in nature, and the four levels with superscript * are
antibonding orbitals which presumably are mainly Fe®+
in character.

There are 41 electrons to distribute among these
molecular orbitals, 36 from the ligands and 5 from the
metal ion. The simplest approximation neglects elec-
tron-electron interaction effects and has the first 36
electrons completely fill the bonding and nonbonding
orbitals. The last five electrons completely fill the spin-
up f5,* and ¢,* orbitals, primarily Fel* (3d) in nature.
Our insistence that the last five electrons have parallel
spins results from a Hund’s-rule argument which, of
course, originates from electron-electron interactions.
Our arguments are somewhat heuristic on this point
and cannot be taken too literally. They are, nevertheless,
the current arguments in the field. The high-spin Fe3*
ground state in the orthoferrites has been confirmed
by neutron diffraction®® and magnetization measure-
ments.®? Similar results show that Fe** has a high-
spin ground state in the other ferric oxide compounds
studied in the present investigation.

The ground state for the ion complex is denoted by
64,, in the Mulliken notation*® an orbital-singlet,
spin sextuplet with even parity. Since the electric-
dipole operator transforms as 71, under the O, group,
the only excited states accessible by electric-dipole-
allowed transitions have symmetry 7y, = (°41,X T'1).
The 14 one-electron electric-dipole-allowed transitions
are represented by the arrows in Fig. 17. They are of
two types. Twelve are charge-transfer transitions in
which an electron predominantly ligand in nature is
excited into an orbital predominantly Fe*t in nature,
e.g., the transition t.(0c) — f5,*. Two are orbital-

st D. S. McClure, Electronic Spectra of Molecules and Ions in
Crystals (Academic Press Inc., New York, 1959).

8 J. F. Dillon, Jr., H. Kamimura, and J. P. Remeika, J. Phys.
Chem. Solids 27, 1531 (1966).

8 W. C. Koehler, E. O. Wollan, and M. K. Wilkinson, Phys.
Rev. 119, 58 (1960).
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F1c. 17. Molecular orbitals for the octahedral ion complex
Fedt.60% (see Refs. 51 and 52). The 14 electric-dipole-allowed
transitions are given by the arrows.

promotion transitions in which an electron predomin-
antly Fe*t (3d) in nature is excited into an orbital
predominantly Fe** (4p) in nature e.g., f5,*— t1,*
The electric-dipole-allowed charge-transfer and orbital-
promotion transitions are discussed in detail in Sec.
V B3.

In addition to the electric-dipole-allowed transitions,
there are forbidden transitions which under certain
conditions become weakly allowed. Of particular
interest are the spin- and parity-forbidden #,* — ¢,*
crystal-field transitions considered in detail in Sec.
V B 4. There are also spin-allowed and parity-forbidden
charge-transfer and orbital-promotion transitions, e.g.,
t1" (1) — 15g*. These are discussed in Sec. V C.

3. Electric-Dipole-Allowed Transitions

a. Ground state. The high Néel temperatures for the
ferric oxide compounds imply strong exchange fields.
In the presence of a strong exchange field, the sixfold
spin degeneracy of the 844, ground state is removed, and
at low temperatures only the lowest-lying spin state
|8414, mz=0, ms=%) is occupied. At room tempera-
ture a small fraction of the electron population occupies
the higher-energy spin states, but it is sufficient to
consider only the electrons in the lowest-lying spin
state. The thermal population of the other states is
negligible for qualitative purposes.

The high population at room temperature of the
ms=4% level is confirmed by magnetization data, e.g.,
the individual sublattice magnetizations for GdIG.3¢
At 300°K the respective magnetizations of the octa-
hedral and tetrahedral Fe** sublattices, for this ex-
ample, are roughly 90 and 829, of their 0°K saturation
values. The other ferric oxide compounds have similar
higher Néel temperatures and will therefore have
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F1c. 18. Spin-orbit splitting of |87y, mz, ). The left and right
circularly polarized transitions L and R are for light propagation
parallel to the magnetic axis.

similarly high ground-state population of mg=3%. Also
note that in the Kerr rotation measurements on
EusFes_, Ga,012 (Fig. 15), no new structure appeared
as the Néel points approached room temperature with
increasing Ga concentration except for the weak
shoulder at about 4.4 eV.

b. Excited states. We have shown that the excited
states for the electric-dipole-allowed transitions have
symmetry °7'1,. The spin degeneracy is removed by
the strong exchange field, leaving the state |$7T'y,,m1,3)
lying lowest in energy. We have assumed here that the
effects of spin-orbit coupling and noncubic crystal fields
are much smaller than those of exchange. This assump-
tion is satisfactory for qualitative purposes.

We also assume the effects of noncubic crystal fields
to be much smaller than those of spin-orbit coupling.
Then the spin-orbit interaction removes the orbital
degeneracy of the state |7 1u,m1,5) as shown in Fig. 18.
The states |71, mr+1, 3) are admixed with states
|$T 1u,m1,5) by the spin-orbit coupling, but this admix-
ture can also be neglected for qualitative purposes.
Noncubic crystal fields partially quench the orbital
magnetic moment. These can be neglected for purposes
of the present discussion, but their significant effects
in the orthoferrites will be considered further in
Sec. V C.

c. Contributions to e. Light propagating parallel to
the magnetic axis excites the (mr=0)— (mr=1)
transitions L and R indicated in Fig. 18. These transi-
tions have equal oscillator strengths but opposite senses
of circular polarization and are therefore case-I transi-
tions (Sec. V A 3). Thus the expressions derived for the
contributions to & by case-I transitions are directly
applicable to the electric-dipole-allowed charge-transfer
and orbital-promotion transitions. Note, in particular,
that €1 max, given by Eq. (37), is direct measure of
the spin-orbit splittings for these allowed excitations.

In this one-electron transition approximation, the
states |7'14) are the product of wave functions of the
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occupied one-electron molecular orbitals. Thus the
spin-orbit splitting of |%7'1,) is the sum of the spin-orbit
splitting of the one-electron states of which it is com-
posed. Spin-orbit splittings arise only for those one-
electron states that have nonvanishing diagonal matrix
elements of the orbital angular-momentum operator.

Since orbital angular momentum transforms as 7',
under Oy, the metal-ion-like orbitals a;,* and e,* do not
have spin-orbit splittings. The bonding and nonbonding
orbitals can have nonzero diagonal matrix elements
of orbital angular momentum as a result of the admix-
ture of Fe*™ wave functions into these orbits. If we
assume this admixture to be small, these states can be
taken to have negligible spin-orbit splittings. When
these ligandlike orbitals overlap among themselves,
electrons can circulate around the central Fe3t ion by
moving from O?~ ion to O%*  ion. Clogston’s estimates
show that even in the case of extreme overlap the
maximum contribution to spin-orbit splitting from the
ligandlike orbitals is about 15 cm™. This is over an
order of magnitude smaller than the estimated con-
tributions from the antibonding orbitals, 175 cm™!
from #5,* and 270 e~ from £3,*.° We conclude that only
the allowed one-electron transitions to the 3d-like #,,*
and to the 4p-like #1,* orbitals have significant spin-
orbit splittings. Thus, in the absence of extreme line-
widths effects, these transitions make the largest case-I
contributions to e;.

For the allowed charge-transfer transitions, only the
excited electrons contribute significantly to the spin-
orbit splitting. However, for the allowed orbital-
promotion transition #5,* — f1,,*, the spin-orbit splitting
of the £5,* hole must be subtracted from the contribu-
tion of the #1,* excited electron. As previously indicated,
the former is less than the latter; thus the contribu-
tion of the hole reduces the net spin-orbit splitting
associated with the f5,* — #1,* transition but does not
change its sign.

Since all the spin-up e,* and {,,* levels are filled for
the assumed ground state, and spin is conserved for
electric-dipole transitions, the electrons entering these
levels in charge-transfer transitions go in with their
spins reversed to that of the ferric ion. Similarly, the
electrons in the f5,%, ¢*— {,* orbital-promotion
transitions enter the excited states with their spins
parallel to that of the ferric ion. Therefore the spin-
orbit splittings (and e;) have opposite signs for these
orbital-promotion and charge-transfer transitions. Note
that charge-transfer transitions to the 4p-like #;,* level
can have either sign, depending on whether the excited
electron is initially in a ligandlike spin-up or spin-down
state.

The (3d*4p) °P-term energy of the free Fe** ion is
190 000 cm™! (23.55 eV).** Wood and Remeika!® find
the reduced-term energies for octahedrally coordinated
Fe*t ions in YIG (see Sec. V B 4) to be about 649 of

% C. E. Moore, Natl. Bur. Std. (U. S.) Circ. 467, Vol. IT (1952).
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F16. 19. Results of crystal-field computation for Fet* (after Wood and Remeika, Ref. 16). (a) Splitting of 3d% terms in octahedral
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(see text). (b) Summary of computed and observed energy levels, not including results of the present investigation.

the free-ion values. Assuming a similar reduction in
the ®P-term energy, we expect the lowest-energy
transitions to f1,* to occur at about 15 eV. This is well
beyond the range of our Kerr measurements. Therefore,
of the 14 allowed electric-dipole transitions of Fig. 17,
only the three charge-transfer transitions ¢,"(7),
b1 (1), t1u(0) — £5,* are expected to produce significant
linear magneto-optical effects within the energy range
covered by the Kerr measurements.

Since f1.(w) mixes only with #,*(4p), which is
expected to lie 15 eV higher in energy, it should be
approximately nonbonding and almost degenerate with
the nonbonding orbitals f5,”() and 1, (). The w — fp,*
one-electron transitions lie about 10Dg lower than the
w— ¢, transitions. The latter, while having negligible
magneto-optical effects, should be more intense than
the former because of greater overlap between the
ligandlike and metal-ion-like wave functions. Note
that e,* is o-like symmetry, while ¢,* has r-like sym-
metry. The #1,(s) — ¢,* transitions is expected to have
the highest intensity because of the high f1.(c) — ¢*
overlap. Neglecting electron-electron interactions, we
see from Fig. 17 that this transition has the highest
energy of the allowed one-electron transitions to 3d-
like excited states. There is no evidence that this is
not still true when interaction effects are included.

d. Many-electron effects. The preceding discussion
has been based on one-electron transition energies
and simple-product wave functions. A self-consistent
many-electron treatment would account for configura-
tion interactions resulting from the Coulomb repulsion
terms (e?/7;;) and would employ wave functions sym-
metrized to make the electrons indistinguishable. It
would result in corrections to the one-electron transi-
tion energies and other observables. Such an approach
would require detailed computations beyond the scope

and purpose of the current investigation. However, it
is possible to estimate the many-electron corrections
resulting from intra-atomic exchange on the Fe3* jons.

Dillon ef al.* have shown that the effect of intra-
atomic exchange in the Cr** ion of the chromium
trihalides is to invert the energies of the transitions to
¢,* and #5,*. For example, in Cr** the transition fs,”(r)
— ty,* occurs at higher energy than the transition
(1) — ¢,*, just the reverse of the one-electron re-
sult. The effects of intra-atomic exchange are deter-
mined in the crystal-field approximation by applica-
tion of the electrostatic energy matrices for the appro-
priate d” configuration.*s.5

We find for Fe*t, in contrast to the results for Cr3*,
that there are no intra-atomic exchange corrections for
transitions to 3d-like orbitals. The reason why im-
portant corrections occur for Cr** but not for Fet
is that in Fe®* the excited electron, added to a %4y,
spherically symmetric d® shell with all the spin-up
states filled, has no choice but to go in with opposite
spin, whereas Cr*" has the nonspherically symmetric
ground state %44, and the empty e,* orbits can be
occupied with either spin polarity. The possibility of
saving in spin exchange energy exists for Cr*3 but
not for Fet?.

4. Crystal-Field Transitions

a. Transition energies. Spin-orbit interactions, Fedt-
Fe** interactions, lattice distortions, and other effects
combine to make the otherwise spin- and parity-
forbidden #5,* — e¢,* transitions weakly allowed. The
t* and ¢,* orbitals are 3d-like orbitals localized on the
Fe** ion. As a result, the many-electron states for these
transitions can be considered within the framework
of the crystal-field theory.® The transitions between
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the crystal-field-split many-electron states are tradi-
tionally called crystal-field transitions.

The results of a computation by Wood and Remeika!®
for Fe*t in octahedral and tetrahedral crystal fields are
displayed in Fig. 19(a). The term splittings for the 3d°
electronic configuration are plotted as a function of the
cubic crystal-field parameter Dg, where 10Dg is the
cubic crystal-field splitting of the one-electron e,*
and #,,* levels. Covalency effects are accounted for by
the electrostatic interaction parameters B and C which
result in reduced-term energies.

The lowest-lying crystal-field transitions have lower
energies that the lowest-lying charge-transfer transi-
tions. It is therefore possible to observe absorption
peaks attributed to the crystal-field transitions at
energies for which the ferric oxide compounds are still
relatively transparent. Wood and Remeika’s best fits
to absorptions observed in transmission through thin
samples of YIG and iron-doped yttrium gallium garnet
are given by the vertical lines in Fig. 19(a) along with
the best-fit values for the parameters Dg, B, and C.
Figure 19(b) compares the computed crystal-field
spectra with absorptions observed in garnets and
orthoferrites.

The highest-energy spectra in Fig. 19(b) were ob-
served in transmission through an yttrium gallium
garnet sample doped with several atomic precent of
iron. Note that even at this low iron concentration
(pure yttrium gallium garnet being relatively trans-
parent), absorption peaks were not observable in
transmission beyond 26 700 cm™! (3.31 eV). In Sec.
V C crystal-field transitions occurring at considerably
higher energies will be identified from the spectra of the
present investigation.

b. Enhancement and contributions to e. The strengths
of the crystal-field transitions will be considerably en-
hanced when electric-dipole-allowed excitations, which
can be admixed to relieve the parity constraint, lie
close by in energy. The odd-parity charge-transfer
excitations, discussed in Sec. V B 3, are nearly degener-
ate with the crystal-field excitations and thereby con-
siderably enhance the intensity of the latter.

The exact mechanisms by which the crystal-field
transitions are enhanced depends on the symmetry
of the participating states. Clogston has considered in
detail the enhancement of the transition 64,,(5S)
—4T,(*G) by spin-orbit interaction and lattice
vibrations. Assuming only the lowest spin level |g)o
=|644,(85),0,5) of the exchange-split 41,(%S) crystal-
field state to be occupied, he has shown that spin-
orbit interaction admixes this level with |e)o
= |4T4,(*G),1,%), which has also been split off by the
exchange field. The new ground and excited states are
given by

|g>1= | 64 19(65))0)%>+ (SUZANP/EO |4T10(4G)a1)%
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and

| €>1= I4T11] (46),1:%>
- (51/2>\N11/E4) l 64 IQ(GS);();% ’ (39)

where X is the spin-orbit coupling parameter, Eq is the
energy difference between |g)o and |e)o, and NV, is the
fractional amount of *P admixed with ‘G in forming
*T1(*G). Note that these levels are coupled by spin-
orbit interaction only because *T'1(*G) has an admixture
of (*P). Reference to Fig. 19(a) shows that this admix-
ture occurs only for states of 7'y symmetry.

In order to relieve the parity constraint, Clogston
considered the admixture of ®7', orbital-promotion
excitations by lattice vibrations, but his approach
applies equally well to ¢Ty, charge-transfer excitations
admixed by either lattice vibrations or distortions. The
weak temperature dependence of Dillon’s absorption
data for YIG?® argues against admixture by the lattice
vibration mechanism. The high ®P-term energies for
the free Fe3* ion (Sec. V B 3c) argue against orbital
promotion as the source of odd-parity excitations.

Lattice distortions can result in odd-parity crystal-
field terms of the form ax+by-+cz. These odd-parity
potentials admix the states |%T1,,mr,5) with the
|841,(55),0,5) parts of |g): and |e); in Eq. (39). This
results in a new set of wave functions, |g)s and |e)s,
which may be found in Clogston’s paper. In this
manner the combination of spin-orbit interaction and
lattice distortion allows electric-dipole transitions to
take place between |g)s and |e)s. The right and left
circularly polarized electric-dipole transitions between
these two states have degenerate energies but differ in
oscillator strengths. They therefore correspond to the
case-IT transitions of Sec. V A 3.

Using the wave functions derived by Clogston for
|g)2 and |e)s, we find the oscillator strengths

e

Eﬁ hAw
><<1+ + > (40y
Es—E, Ez E¢—E,

)_

for
A+Eo/ (Es— Ey)>> (hAw/ Es)[Es/ (Es— E4)],

where

(41)

Eo=E(|*T1,0,3))— E(]°41,(°5),0,3))
Fhdo=E(|*T1.,0,3))—E(| T, 1, 5)),
laf =] ("41,(°5),0,5 | ax+by+cs| T, £1, $)] ,
and
Jo= 2muwo/1) | (°41,(°9),0,3 |#|*Tru, 1, $)]2.

For the case in which the inequality of Eq. (41) is
reversed, i.e., when Es~3F,, the right-hand side of
Eq. (41) should be multiplied by the factor =-1.
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Equation (40) shows that the difference in oscillator
strengths for the two senses of circular polarization
arises from the spin-orbit splitting #Aw of the odd-
parity excitation ®7Ty,. It also demonstrates the en-
hancement of oscillator strength by the combined
mechanisms of spin-orbit interaction, proportional to A,
and lattice distortion, proportional to |a|. The in-
tensity of these charge-transfer-enhanced crystal-field
transitions increases as |FEs— Es| approaches zero.
Note that the right-hand side of Eq. (40) becomes
infinite for E¢=FE, only because of the perturbation
theory used in the calculation. As E¢— E4 one should
use a degenerate perturbation theory. In practice, the
inclusion of linewidth effects would limit the maximum
oscillator strengths.

The magneto-optical contributions of these case-IT
transitions are characterized by the parameter ¢,
Eq. (31). We find from Eq. (40) that

hAw  Es Es \*
e (e

Ee Eﬁ_E4 EG_‘E4
for the case of Eq. (41). When the inequality of Eq. (41)
is reversed, the left-hand side of Eq. (42) becomes £71.
Note that £ depends only on the spin-orbit splitting
of ®Ty, and the energies of Ty, and T, relative to
841, Note also that as FE¢— ;Ei the inequality of
Eq. (41) is reversed, the left-hand side of Eq. (42)
becomes &1, and thus &— 0. Physically speaking,
this is because the spin-orbit-split components of |$7,)
admix equally with the |%44,) parts of [g); and |e);
when E(;:%E4.

C. Orthoferrite Spectra

(42)

see

1. Summary of Important Results of Secs. VA and V B

In Sec. V C 3, we make transition assignments for
the optical and magneto-optical spectra of EuFeO;
which were shown in Sec. ITI to be characteristic of all
the orthoferrites. Before proceeding, we summarize
briefly some of the important results of Secs. V A and
V B which we will use in making these identifications.

In Sec. V A we derived an expression relating the
oscillator strength to eo.max for Lorentzian lines. We
also distinguished between the contributions to e; of
case-I ‘and case-II transitions, defined in Sec. V A.
Case-I and case-IT transitions have, respectively, dis-
sipative and dispersive shaped contributions to e(w)
and can be described respectively by the spin-orbit
splitting Aw and the fractional dichroism £ The spin-
orbit splitting is related to e1'max by Eq. (37), and the
fractional dichroism to €&'/max by Eq. (38).

In Sec. V B, we showed that the characteristic
optical resonances for Fe*t-60%" octahedra can be
described in terms of a molecular-orbital model. The
electric-dipole-allowed transitions correspond to charge
transfer or orbital promotion. There are also electric-
dipole-forbidden crystal-field transitions whose in-
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F16. 20. System with two magnetic sublattices. Spins S(1) and
S(2) and principal axes P(1) and P(2) lie in xz plane.

tensities are enhanced by nearby odd-parity excitations
such as charge transfer.

The electric-dipole-allowed transitions were shown to
be case-I excitations. The six allowed charge-transfer
transitions to #3,* and e,* are expected to lie lowest in
energy with the transitions to f»,* having the largest
magneto-optical effects and the transitions to e,* the
strongest intensity.

The crystal-field transitions derive their intensity
from a variety of mechanisms. We considered in detail
the 641,(5S) — 4T, (*G) transitions and showed that a
case-II description is appropriate when this transition
is enhanced by the combined effects of spin-orbit
coupling and lattice distortions.

2. Effects of Spin Canting and Site Symmelry

We have shown in Sec. IT that linear magneto-optical
effects originate in the antisymmetric part of the
dielectric tensor. In that discussion we assumed only
€y to be nonzero. In the most general case, €. and e,
are also nonzero, and the antisymmetric part of &€ may
be represented by the pseudovector V:

Vi=3 2 €rin, (43)
ik

where ez is the alternating tensor and e is the jk
element of the dielectric tensor. Note that V,=ie
in this notation.

For a system with noninteracting magnetic sub-
lattices, we may take

V=32 1T(m)-S(m), (44)

where S(m) is the spin of the mth sublattice. Observe
from Eq. (44) that the magnitude and orientation of V
depends on both the magnitudes and orientations of
S(m) and the magnitudes and principal axes of T'(m).

For example, consider a two-sublattice system in
which the spins S(m) and principal axes P(m) are
located in the xz plane at the angles specified in Fig. 20.
For simplicity assume that |[S(1)|=]S(2)|=S and
that the only nonzero components of I'(m) are I, (m)
=+, where 2’ is taken along P(1) and P(2) for the
respective sublattices. We then find from Eq. (44) that

Ve=2S[cos(8—a)] sinf=g(a,B)¥S. (45)

We observe from Eq. (45) that the linear magneto-
optical effects are proportional to the sine of the canting
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TasrE II. Summary of transition assignments including energies (E), oscillator strengths (), linewidths (2I'), tensor elements (e’
and '), spin-orbit splittings (2Aw), and comparisons with estimated or calculated values where available.

Charge-transfer Eexpt 2T ¢ oxpt (2geAwe)expt® 20w est?
transitions (CV) (EV) €] e”ma.x expt ele’max expt fe expt cm_l) fe exptb (Cm—l)
(A)  tau™(m) — bog* 3.0 0.5 0.85 0.023 0.05 109 0.13 175
B)  brul(m) > bog* 3.15 0.9 2.24 0.013 0.27 42 0.13 175
(C)  tu(o) — b* 3.85 0.3 4.18 0.044 0.20 25 0.13 175
(D)  tau(wr) — e* 4.25 0.6 4.46 <0.004 0.47 <4.5 <0.40 <15
E)  tulr) — e* 4.70 0.4 2.35 <0.001 0.18 <1.5 <0.40 <15
(F)  tiu(o) — &* ~5.25 <0.40 <15
Charge-transfer-enhanced FEeoxpt Eearc®
crystal-field transitions (eV) (eV)
(@) ©A41,(55) — E,({G), ‘41, (*G) 2.35 2.49
(b) ©41,(55) — 4T3 (*D) 2.68 2.76
(c) 41,(°S) — *E,(*P) 3.10
(d) 84.,(5S) — ¢T1,(4P) 3.60 3.70
(e) 6414(5S) — 144, (4F) 4.10 4.12
()  4,,(8S) — 4Ty, (4F) 440 4.57

a Canted antiferromagnetic alignment and anisotropic orbital quenching is accounted for by ge (see text).

b See Ref. 9.
¢ See Ref. 16.

angle o for 8=90°. Similarly, if the site symmetry of
the magnetic ions were cubic, I'" () would be a diagonal
tensor, and V, would be proportional to sine. Aniso-
tropy in I'(m) enables the spin components .S,(m) and
Sy(m) as well as S,(m), to contribute to the magneto-
optical effects.

This anisotropic mechanism appears to be particularly
significant in the orthoferrites where the magnitude
of the spin component in the xy plane is about 125
times S, (m) and where the 1 site symmetry of the Fe*+
ions implies large anisotropy. The tensor I'(m) is a
function of the orbital angular momentum, and it is
therefore appropriate to give the name anisotropic
orbital quenching to this mechanism, which we believe
is responsible for enhancement of the linear magneto-
optical effects in the orthoferrites. Anisotropic quench-
ing explains why the observed Kerr rotations in the
orthoferrites are of the same magnitude as those in the
ferrimagnetic ferric oxide compounds, even though
the latter have net magnetizations an order of magni-
tude larger. Note that in the ferrimagnetic systems the
spin components S,(m) are quite large, and aniso-
tropic orbital quenching need not be considered in
order to explain the large magneto-optical effects
observed.

Equations (37) and (38) may be rewritten as

(46)

ele/maxz (geAwe/re) GOe”max
and

(47)

where the factor g, has been added to account for the
combined effects of spin canting and antisotropic
orbital quenching. Experimentally, we find in Sec. V.C 3
that g, is of order unity. Calculation of g, would require
a detailed molecular-orbital treatment accounting for
the symmetries of the Fe®t sites.

77 _ 7"
€1e max—gegef()e max y

We observe that anisotropy in the symmetric part
of ¢ will in general accompany the anisotropy in the
antisymmetric part. However, this is of no consequence
to the present discussion because we have already shown
in Sec. II C that pleochroism, originating in the
symmetric part of ¢, does not quench the linear mag-
neto-optical effects. The expected sensitivity of g, to
lattice distortions and detailed properties of the
molecular orbitals is a likely origin of the small varia-
tions observed in the magneto-optical spectra for
ferric oxide compounds with different rare-earth ions.

A simple physical example by which anisotropic
orbital quenching can be understood is obtained by
adding the effects of a large axial crystal field to the
energy-level diagram shown in Fig. 18. This has the
effect of lifting the near degeneracy of the three m,=0,
=+1 states. One can then demonstrate that near the
resonance frequency Zw=Es, the axial field quenches
the orbital angular momentum such that only I'.,
remains large. The 2’ direction is the direction of the
axial crystal field. This quenching effect is no longer
appreciable for |hw— Eg| large compared to the axial
field energy. This very likely contributes to the sharp-
ness of the observed magneto-optical structure in the
orthoferrites.

3. Transition Assignments

Assuming the Lorentzian line shapes of Eqgs. (21)
and (24), the observed e (w) and € (w) can be explained
by the transition assignments and associated param-
eters listed in Table IT. The good agreement between the
assignments and experiment is indicated by the theoret-
ical curves of Fig. 21- where the contributions of
charge-transfer transitions (A)-(C) to e(w) and
(A)-(E) to e/ (w) are compared with the experimental
spectra. The fit could undoubtedly be improved by
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F16. 21. Comparison of experimental and theoretical dielectric-
tensor components for EuFeO;. (a) Experimental off-diagonal
element ¢’ (points) compared with theoretical contribution
(solid line) from charge-transfer transitions (A)-(C). (b) Experi-
mental diagonal element ¢’ (points) compared with theoretical
contribution (solid line) from charge-transfer transitions (A)-(E).

further computation, but the present agreement is most
satisfactory. The validity of the crystal-field transition
assignments is supported by the good agreement with
the energies obtained from the crystal-field computation
of Wood and Remeika.!®

One of the most important results of the present
investigation is the observation, through the magneto-
optical effects, of unresolved structure in the straight
reflectivity spectra. Note, for example, charge-transfer
transitions (A) and (C) and crystal-field transition (f).

The strong magneto-optical peak in ¢’ at 3.0 eV,
corresponding to (A), is unresolved in e, and the
strong peak in e/, corresponding to (B), appears as
a shoulder in ¢’. Although transition (C) contributes
a peak in €'’ at 3.90 eV associated with a strong but
broad absorption, its relatively narrow linewidth is
apparent only from the width of the peak in ¢’ at
3.58 eV. The linewidth of this case-I transition is
determined from Eq. (32), which shows that €/=0
for w=w,-LT, to first order in Aw,/T..

Except for (b), none of the magneto-optically re-
solved crystal-field transitions is resolved in the
straight optical data. The dispersive structure in e at
4.40 eV identifies (f) as a charge-transfer-enhanced
crystal-field transition. The dispersive shapes in € of
the other crystal-field transitions are not as obvious.
Note that we have only shown that the crystal-field
transitions %41, — Ty, belong to case II. Although the
detailed line shapes resulting from the other crystal-field
transitions require further theoretical investigation, we
believe that this is a general characteristic of crystal-
field transitions. The other transitions were thus identi-
fied largely from their dissipative-shaped contributions
to e’’. Once all the energies at which crystal-field
transitions occur were determined, the individual
transitions were identified by comparison with the
computed results of Wood and Remeika (Fig. 19).
Note that (f), the best-resolved crystal-field transition,
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is a %41, — *T, excitation, the type discussed in detail
in Sec. V B.

The proposed assignments are self-consistent but not
unique. For example, an alternative interpretation of
these spectra would assign transitions (A) and (B)
as degenerate in energy at 3.15 eV and would account
for the peak in € at 3.00 eV by crystal-field transition
(c), or vice versa with (A) and (B) at 3.00 eV and (c)
at 3.15 eV. Further discussion of these fine points is
not justified in the absence of detailed molecular-
orbital calculations.

While the spectra for EuFeO; are characteristic of
all the rare-earth orthoferrites, the observed charge-
transfer and crystal-field transitions show small but
interesting variations in e with different rare earths.
We quote here several examples.

(1) Transition (B), which contributes only weak
shoulders in ;" (Fig. 6) for the orthoferrites with light
rare earths (Eu, Sm, Tb), contributes better-defined
peaks for the intermediate-weight orthoferrites (Dy
and Y) and well-resolved peaks for the heavy ortho-
ferrites (Tm and Lu).

(2) Transition (a) tends to occur at higher energies
for orthoferrites with lower-atomic-number rare earths
(Fig. 3). Note from Fig. 19 that both the ground and
excited states for this transition are independent of Dq.
However, the variation in transition energy with dif-
ferent rare earths could perhaps be attributed to varia-
tions in the 85-G term separation.

(3) Transition (a) is apparently split into two peaks
at 2.234 and 2.275 eV for YbFeOj; (Fig. 3).

(4) Transitions (e) and (f) are resolved best in e’
for YFeO; (Fig. 6). They are found at 4.0 and 4.43 eV,
respectively, in this material.

4. Spin-Orbit Splitting

The experimental values in Table II for 2g,Aw,, the
spin-orbit splittings reduced to account for the combined
effects of the canted antiferromagnetic alignment and
anisotropic orbital quenching, are much larger for the
excited states of charge-transfer transitions (A)-(C)
than for those of (D) and (E). This result aided in
making the transition assignments.

The absolute values for 2Aw, agree with Clogston’s
estimates when g,~%. This could be explained only by
considerable anisotropic orbital quenching in the ortho-
ferrites, resulting in a highly anisotropic I'(m) [Eq.
(44)]. In the absence of anistropic quenching, g,=sina
for the two-sublattice model of Fig. 20. Since sina
~0.008 for the orthoferrites,® the resulting values for
Aw, expy Would be two orders of magnitude too large.
For ferrimagnetic ferric oxide compounds such as
YIG, experimental values for & (Fig. 13) are of the
same order of magnitude as for the orthoferrites. For
these ferrimagnetic materials sina=1, and 2g,Aw, agrees
with Clogston’s estimates in the absence of anisotropic
quenching.
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The effects of anisotropic quenching are qualitatively
significant only in materials with sublattice magnetiza-
tions orders of magnitude larger than the net magnetiza-
tion. Thus, of the materials investigated, it is only in the
orthoferrites that anisotropic quenching plays a
qualitative role.

5. Fractional Dichroism

Spin-orbit splittings were also determined from the
observed fractional dichroisms attributed to charge-
transfer-enhanced crystal-field transitions. Equation
(42) shows that the largest fractional dichroisms occur
when crystal-field transitions are nearly degenerate
with allowed charge-transfer excitations, i.e., K¢~ F,.
For this limiting case, Eq. (42) becomes

e —hiAw/ Egm~ — hAw/ Es. (48)
Combining Egs. (47) and (48), we obtain
ngAwe% - (ele,/znax/GOe”mux)E‘i . (49>

For transition (f), 641,(55) — 4T, (*F), at Ey=4.4 eV,
we find €1, max= —2X 1072 and €0, max< 5.0 from Figs.
5(a) and 6(b). Insertion of these values in Eq. (49)
gives 2g,Aw.>284 cm™. This result is compatible with
Clogston’s estimates for g,$0.8.

In order to obtain a reasonable value for g, we have
had to assume e’ ~5 for crystal-field transition (f).
This would imply an unreasonably large oscillator
strength for this allegedly weakly allowed transition.
More detailed theoretical investigations are called for.

In order to provide an over-all best fit for the experi-
mental data it would be necessary to attribute part
of e’ to the crystal-field transitions and part to the
charge-transfer transitions. But in the assignments of
Table II we have assumed that only charge-transfer
processes contribute to e’. However, as has been
previously emphasized, these assignments are intended
to be qualitative and to point the way for more detailed
molecular-orbital calculations. In the absence of such
calculations, further refinements of the transition as-
signments is not justified.

6. Parity-Forbidden Charge-Transfer Transitions

The assignments of Table II neglect the possibility
of exciting spin-allowed but parity-forbidden charge-
transfer transitions such as the one-electron transition
t1," () — t5,*. These transitions, which were similarly
neglected by Clogston, are weakly allowed by admix-
ture with odd-parity charge-transfer excitations and
may have intensities greater than or equal to those of
the charge-transfer-enhanced crystal-field transitions.
They are most intense when nearly degenerate with
the allowed charge-transfer excitations.

Since they are transitions to orbitally degenerate
excited states, their magneto-optical contributions have
case-I symmetry and are indistinguishable by symmetry
from those of the parity-allowed transitions. Thus the

PERSHAN, AND REMEIKA

186

net effect of parity-forbidden charge-transfer transi-
tions is to broaden and enhance the optical and magneto-
optical contributions of the parity-allowed excitations.
It was therefore permissible to neglect the parity-forbid-
den transitions in making the transition assignments.
However, any detailed molecular-orbital calculations
for the ferric oxide compounds should account for their
contributions. Note that the theoretical curve for e’
in Fig. 21(b) would be smoothed out by the contribu-
tions of these transitions. In accordance with our dis-
cussion of parity-allowed charge transfer, the transi-
tions #1,"(m), tsy(m), a1,(0), €,(a) — t5,* should give the
largest magneto-optical contributions to e;, while the
transitions to ¢,* should make the largest contributions
to 60”.

D. Ferrimagnetic Spectra

It was shown in Sec. IV that a common feature of
ferrimagnetic ferric oxide compounds is tetrahedrally
coordinated Fe*t ions which together with the octa-
hedrally coordinated Fe*' ions provide the principal
contributions to the magneto-optical spectra. While
the electronic energy levels for the Feltie, and Fedt,q
molecular complexes are similar, they differ in several
important respects, which we discuss below.%

Because of the absence of a center of inversion in
the tetrahedral complexes, the wave functions are no
longer states of definite parity. However, the spin
constraint on electric-dipole transitions remains. The
relaxation of the parity constraint results in theoretically
calculated intensities for the tetrahedral crystal-field
transitions at least an order of magnitude larger than for
the same transitions in the octahedral complexes.l®
Observed crystal-field transition intensities are typically
100 times larger in tetrahedral than in octahedral
systems. 5!

Similarly, the absence of a center of inversion implies
that the charge-transfer transitions forbidden by parity
in the octahedral complexes will be allowed in the
tetrahedral complexes. Thus there are more charge-
transfer transitions with allowed intensities associated
with Feltye, than with Fe**,e. This, in combination
with increased intensity of the crystal-field transitions,
would explain why most of the magneto-optical struc-
ture for the garnet Eus Fe;_, Ga; Oy was experimentally
observed to be associated with tetrahedral sites.

The magneto-optical contributions of the charge-
transfer transitions will have case-I symmetry for the
tetrahedral as well as the octahedral complexes. Be-
cause of the multiplicity of possible octahedral and
tetrahedral transitions, with one notable exception it
is not possible at this time to make definite assign-
ments. The transition assignments for the orthoferrites
show that only one charge-transfer transition associated
with Fe3t,e contributes significantly to e in the uv.
We therefore identify the 4.17-eV peak in € for YIG
with this #1,(0) — f5,* charge-transfer excitation. On
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the basis of its intensity, the 4.97-eV peak in e/,
previously attributed to the Fe**i, complexes, is also
attributed to charge transfer.

Similarly, the principal magneto-optical spectra in
the other ferrimagnetic ferric oxide compounds, which
occur at about the same energies as in the garnets, are
attributed to the same charge-transfer processes. We
conclude that charge-transfer transitions occurring at
about 4 and 5 eV and associated with Fe*to, and Fetties
complexes, respectively, are responsible for the principal
magneto-optical spectra in all the ferric oxide com-
pounds investigated.

VI. DISCUSSION AND SUGGESTIONS FOR
FUTURE RESEARCH

A. Introduction

The current investigation has demonstrated that
important information can be learned from the applica-
tion of uv, magneto-optical reflection techniques. We
have observed spectra for ferric oxide compounds above
the visible absorption edge and have used this informa-
tion to interpret the electronic structure of these
scientifically and technologically important materials.
Our results indicate that further study of the ferric
oxide compounds and uv magneto-optical investiga-
tions of other classes of materials would be profitable.
Some possible areas for further research are discussed
below.

B. Ferric Oxide Compounds
1. Feé¥t-Fe¥t Interactions

A question of fundamental importance, highlighted
by the results of the present investigation, is the de-
pendence on iron concentration of the optical resonances
observed in the ferric oxide compounds. From the
transition assignments of Table II, we find a net
oscillator strength greater than 1.2 for the iron-as-
sociated absorptions between 0 and 5 eV in the ortho-
ferrites. However, the transmission spectra of Wood
for the dilute system aluminum oxide plus 0.005-at.%,
iron show a net oscillator strength less than 0.1 for
the octahedrally coordinated Fe’* ions in the same
energy range.? It therefore appears that the oscillator
strengths of the allowed transitions in the ortho-
ferrites are concentration-dependent.

This result is consistent with the transmission data
of Wood and Remeika!® for gallium-doped YIG. They
observe absorption coefficients which are ““very roughly”
proportional to the square of the fraction of Fe*" ions
present for iron concentrations between 2 and 100 at.%,.
Wood and Remeika note that this quadratic depen-
dence implies absorptions which are more character-
istic of Fe-O-Fe molecules than of individual Fe®* ions.

Wickersheim and Lefever? have argued that fre-
quency shifts of the strong absorptions result when the

rare-earth iron garnets are diluted with gallium. The
polar Kerr rotation spectra displayed in Fig. 15 for
the gallium-doped garnet system Eu; Fe;—, Ga, Oi
show that the transition frequencies are independent of
the iron (gallium) concentration for gallium con-
centrations as high as 38 at.9, (x=1.9). We expect that
this result will hold true for higher concentrations
as well.

More detailed measurements on substituted ferric
oxide compounds are called for and should be analyzed
quantitatively to distinguish the concentration-depen-
dent effects from the magnetization-dependent ones.
Low-temperature measurements would permit in-
vestigation of garnet samples with higher gallium
concentrations. Experimental investigations on sub-
stituted orthoferrites are also desirable because the
orthoferrites have only Fe*to sites.

2. Theory

In order to account for the observed concentration
dependence of the ocillator strengths, the molecular-
orbital theories of Sec. V should be extended to con-
sider interactions between nearest-neighbor Fe’t.60%—
complexes. More detailed molecular-orbital calculations
are also required to elaborate on the anisotropic orbital
quenching mechanism. In Sec. V this mechanism was
suggested as the origin of the enhanced magneto-
optical effects in the orthoferrites. Similar enhance-
ments are to be expected for other materials which are
weakly ferromagnetic as a result of canted spin con-
figurations (see Sec. VI C). More refined calculations
should also be undertaken in order to elaborate on the
transition assignments for the orthoferrites.

3. Additional Experiments

The room-temperature experiments on the ferri-
magnetic ferric oxide compounds should be extended.
Complex polar Kerr rotations, normal reflectivities,
and dielectric-tensor elements should be obtained for
additional materials. These results would permit further
identification of the spectra for the garnets, spinel
ferrites, and hexagonal compounds. The contributions
of the M2+ ions in the spinel ferrites are of particular
interest. Further studies of the influence of the rare-
earth ions on the garnet spectra are desirable.

The utility of low-temperature measurements has
been noted above in the discussion of concentration-
dependent effects. Low-temperature measurements are
also desirable on undiluted systems. Low temperatures
would permit further resolution of the effects observed
at room temperature and would provide access to the
anisotropy-change regions of the orthoferrites. The
term ‘‘anisotropy-change region” refers to the tem-
perature range over which the easy axes of a number of
orthoferrites change from [100] to [001] with in-
creasing temperature.®! Experimental studies in the
anisotropy-change regions could provide further in-
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sight into the anisotropic orbital quenching mechanism.
Note that only SmFeO; undergoes a change in aniso-
tropy above room temperature (centered about 175°C).

C. Other Materials

The magneto-optical techniques applied to the ferric
oxide compounds should provide similarly important
information about other materials as well. Although
reflection magneto-optics is useful for studying materials
which are not magnetically ordered,’ it is most ap-
propriate for investigating systems in which the com-
bination of net spin alighment and substantial spin-
orbit interaction results in relatively large linear
magneto-optical effects, i.e., for ferri- or ferromagnetic
crystals.

At room temperature, the ordered materials to which
uv Kerr techniques (polar, transverse, or longitudinal)
are applicable include the transition metals Fe, Co,
and Ni and more complex systems such as MnBi. At
low temperatures, materials which could be studied
include the rare-earth metals, the chalcogenides, and
the chromium trihalides. Note that the large spin-orbit
coupling constants of the ligand ions in the chalco-
genides and trihalides can result in large magneto-
optical effects.®? As a result these systems are of partic-
ular technological and scientific interest. Further
information about anisotropic orbital quenching would
be obtained from studies of additional, weakly ferro-
magnetic systems, such as a-Fe,O3, MnCO;, CoCO;,
Mn(CyH;30,)2-4H0, KMnF; CrF;, the rare-earth
chromites (RCrO;), and the rare-earth manganites.®¢:57
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APPENDIX: DERIVATION OF COMPLEX POLAR
KERR EFFECT FOR A PLEOCHROIC
MEDIUM

The results discussed in Sec. II C are derived in this
appendix. As has been previously emphasized, the
major complication of this derivation is the nonortho-
gonality of the normal propagation modes.

Consider the normally incident beam of Eq. (9) and
rewrite it in terms of the normal modes of Eq. (4):

Ew=Ez# +E_/_. (A1)
The modes of Eq. (4) have been normalized to give
(A2)

Projecting Ein on 7.* and using Egs. (A2) and (5),
we obtain a set of linear equations which can be solved
to get

fi'f:t*=1~

Ey= (14" (Ein-71*—ivEnm-75%).  (A3)
We then insert E;, and 7.*:
=Eo(1+y3)™!
X[ (0*—~va*) cosa+ (a*+vb*) sina], (A4)
E_= Ey(1442)1
X[ (a*4~b*) cosa+i(b*—ya*) sina].
The reflected beam will then be
Er = 7'+E+1¢++7’_E‘7;_ 5 (AS)

where 7. are the appropriate reflection coefficients.
We now define a new reference frame

7o=% cosa4 sina, (A6)

?a= —2& sina+7 cosa.

The 7, direction is parallel to the plane of polarization
of Ein and the 75 direction is perpendicular to it. The
reflected beam E, can be rewritten in the form

E,=EJ[7e+ (Ea/ E.)?a],

from which we see that the complex polar Kerr rotation
will be given by

(A7)

®=Fy/E, (A8)

for | Es/E.|<<1. The quantities £, and Ej, and hence
®, are readily found by projecting E, of Eq. (AS) on
7 and 75 of Eq. (A6). Some algebra then leads to the
final result given by Eq. (10).



