VOLUME 21, NUMBER 12

PHYSICAL REVIEW LETTERS

16 SEPTEMBER 1968

1021 (1962).

153, F. Koch, R. A. Stradling, and A. F. Kip, Phys.
Rev. 133, A240 (1954).

6p, L, Taylor, Proc. Roy. Soc. (London), Ser. A 275,

209 (1963).

1TH, M. Rosenberg, Low Temperature Solid State
Physics (Oxford University Press, London, England,
1963), Chap. 4, p. 93.

ULTRAVIOLET MAGNETO-OPTICAL PROPERTIES OF RARE-EARTH ORTHOFERRITES*
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The first ultraviolet measurements of the complex polar Kerr effect (rotation and el-
lipticity) are reported between 1.8 and 5.5 eV for the rare-earth orthoferrites. The
resonances observed are identified as charge transfer or charge-transfer-enhanced
crystal-field transitions associated with octahedrally coordinated Fe3t ions.

Since Dillon first observed large Faraday rota-
tions associated with the visible absorption edge
in rare-earth iron garnets,! there has been con-
siderable interest in the optical properties of
ferric oxide compounds.?™!* Clogston discussed
these phenomena in terms of electrical dipole al-
lowed transitions, i.e., charge transfer and or-
bital promotion.? However, the strength of these
transitions and the resulting opaqueness of these
materials has prevented confirmation or elabor-
ation of his theories.

Through the use of optical and magneto-optical
(complex polar Kerr effect) reflection techniques,
we have made the first observations of the ultra-
violet spectra of bulk, single-crystal ferric oxide
compounds.? We report here our results be-
tween 1.8 and 5.5 eV for europium orthoferrite,
EuFeO,. Measurements have also been made on
rare-earth iron garnets, spinel ferrites, mag-
netoplumbite, nine additional rare-earth ortho-
ferrites (RFeO,;, where R=Sm, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu), and YFeO,. By application of
these same techniques to the garnet system
EugFes5_,Ga, 019 (0sx<1.9), we have distin-
guished between the contributions of octahedrally
and tetrahedrally coordinated Fe®* ions. Fur-
thermore, applying the results presented in this
paper, we have shown that charge-transfer trans-
itions occurring at about 4 and 5 eV, associated
with octahedral and tetrahedral Fe®' sites, re-
spectively, are responsible for the principal fea-
tures of the uv magneto-optical spectra of all the
materials investigated.’® To our knowledge there
have been no previous measurements of the com-
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plex polar Kerr effect in the ultraviolet.'*

Measurements were made near normal inci-
dence and at room temperature on growth faces
of crystals magnetized to saturation. Detailed
investigations show that the properties measured
are characteristic of the bulk rather than just the
surface.'® While the spectrometer will be de-
scribed elsewhere,!® typical signal-to-noise ra-
tios are indicated by the error bars of Fig. 1(a).
Our data are in good agreement with the results
of Jung who measured the polar Kerr rotation,
@, and the diagonal element of the complex di-
electric tensor, €,, for ErFeO, in the visible
range.?

The rare-earth orthoferrites, space group
Doy '*-Pbnm, have a distorted perovskite struc-
ture with only one type of Fe®' ion site, Fe?" oc-
tahedrally coordinated with O?” ions.!® Nearest-
neighbor Fe®' ions are antiferromagnetically
aligned, but a slight canting of the Fe®' spins by
an angle a on the order of 8 mrad creates a
weak ferromagnetic moment.!” This net order-
ing of the spin system gives rise through spin-
orbit coupling to the observed magneto-optical
effects. The rare earths are only weakly coupled
to the Fe'® ions and at room temperature their
magnetization can be neglected.’

Considering only effects linear in the magneti-
zation IVI, the complex dielectric tensor is of the
form

€ =€ =€"+1i€ "
xx yy 0 0’

€ =-—€

. ’ ;s ”
o x-z(el +z€1 ),
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FIG. 1. Optical and magneto-optical results versus
photon energy for a (001) face of EuFeO3. (a) Complex
polar Kerr effect: rotation (¢) and ellipticity (6). Val-
ues glven are double rotations, and ellipticities, e.g.,
Q= =@ (M)—¢ (-M). (b) Experimental (points) off-diagonal
element €;’ compared with theoretical (solid line) con-
tribution from charge transfer transitions A-C. (c)
Experimental (points) diagonal element €;” compared
with theoretical (solid line) contribution from charge
transfer transitions A-E.

where M and the wave vector k are along z, €, is
lmear in M €, can be taken to be 1ndependent of
M, and le,l <<| €,!. The complex polar Kerr rota-
tion & is defined by ® =@ +70, where ¢ is the ro-
tation and 6 the ellipticity. In terms of €, and

18
€0!

d=¢+i0 = —i€,[(e,—1)e, V2],

The diagonal elements €,'(w) and €,” (w) were
obtained from a Kramers-Kronig analysis of re-
flectivity data taken up to 11 eV. Direct mea-
surement of the rotation ¢ and the ellipticity 6
determined the complex function ®(w) from which
the complex off-diagonal term €,(w) was calcu-
lated. Typical results for a (001) face of EuFeO,

are shown in Fig. 1. The spectra for orthofer-
rites vary only slightly with different rare earths
and for our purposes can be regarded as indepen-
dent of the rare earth. All of the observed trans-
itions are therefore associated with the Fe*-
072 sublattices.

The model proposed to explain the data follows
Clogston’s original treatment, except that it in-
cludes phenomenological damping constants that
enable us to describe effects at, or close to, re-
sonance. This is just the region where the most
important spectral features are observed. As-
suming a saturated spin system with an orbital
singlet ground state (*A1,) and N atoms per unit
volume, the contribution of electric dipole tran-
sitions to the off-diagonal tensor elements will
be given by 1%:1°

2mNe? 12-l»

‘1777 Z o, —I‘g2
ge

where 7.g¢ =(glxziyle), rge is the half-width
at half-maximum for the contribution of the
transition 1g) ~le) to €,”(w), and the sum is tak-
en over all excited states le).

The effect of spin-orbit coupling on allowed
electric dipole transitions (%A3g~°T1y) will be to
lift the degeneracy of the transitions for left and
right circularly polarized light, that is, for
transitions to excited states with my =+1. Appli-
cation of Eq. (1) shows that this pair of transi-
tions at energies 7w, and #iw, will provide a con-
tribution to €,’(w) which is even about w, = é((.u1
+w,) and a contribution to €,” (w) which is odd
about w,. For Aw <T, where Aw =§(wl—w2) is the
spin-orbit splitting, €,’(w) will be dissipative in
shape and €,”(w) dispersive. Considering the two
Fe** sublattices we obtain €] ax’ = (Aw sina)

XT e max s where « is the canting angle of
the Fe¥" spins. These results apply to the al-
lowed electric dipole charge transfer and orbital
promotion transitions discussed by Clogston.

The contribution to €,(w) from the spin- and
parity-forbidden crystal-field transitions can
similarly be calculated. Spin-orbit interaction,
Fe**-Fe" interactions, lattice distortions, and
other effects combine to make these transitions
partially allowed. Their strength will be partic-
ularly enhanced if allowed electric dipole excita-
tions, which can be admixed to relieve the parity
constraint, lie close by in energy. For the
6Alg--“Tlg crystal-field transition, the net re-
sult will be left and right circularly poiarized
transitions degenerate in energy but differing in

2y
12)(w zl"ge)
=2iwTl

ge

, (1)

805



VoLUME 21, NUMBER 12

PHYSICAL REVIEW LETTERS

16 SEPTEMBER 1968

intensity. Application of Eq. (1) shows that the
contributions to €,’(w) and €,”(w) will be, re-
spectively, dispersive and dissipative in shape,
just the opposite of our result for the allowed
electric dipole transitions. Further details of
the energy levels for this system will be dis-
cussed elsewhere.!?

Assuming Lorentzian line shapes, the observed
€,’(w) and €,” (w) can be explained by the trans-
ition assignments and associated parameters
listed in Table I. The good agreement between
the assignments and experiment is indicated by
the theoretical curves of Figs. 1(b) and 1(c),
where the contributions of charge-transfer
transitions A-C to €,’(w) and A-E to €,” (w) are
compared with the experimental spectra. The fit
could undoubtedly be improved by further compu-
tation but the present agreement is most satis-
factory. The line shapes of the resolved crystal-
field transitions, dispersive in €,” and dissipa-
tive in €,”, are consistent with our analysis.

One of the most important results of this study

is the observation, through the magneto-optical
effects, of unresolved structure in the straight
reflectivity spectra. Note, for example, transi-
tions A, C, and f. Our identification of the ab-
sorption edge in the orthoferrites with charge
transfer is in agreement with Grant’s photocon-
ductivity data on Gd iron garnet which shows p-
type photoconductivity to be associated with this
edge.?°

The experimental values in Table I for 2Aw
X sina, the spin-orbit splittings reduced to ac-
count for the canted antiferromagnetic alignment,
are much larger for the charge-transfer excited
states of transitions A, B, and C than for those
of D and E, a result which aided in making the
transition assignments. However, reconciliation
of the absolute values with Clogston’s estimates
would require sina = 0.5, whereas according to
the currently accepted model sina =0.008 for
EuFeO,.)” For ferrimagnetic ferric oxide com-
pounds such as yttrium iron garnet, experimen-
tal values for €,” are of the same order of mag-

Table I. Summary of transition assignments including energies (E), oscillator strengths (f), linewidths (2I'),
tensor elements (¢,” and €,), spin-orbit splittings (2Aw), and comparisons with estimated or calculated values

where available.

" [ a b b
Charge Transfer l'::exp zrexp €. max exp 1 max exp fexp (2Awsinu)exp fes t ZAwest
Transitions (eV) (ev) (cm-l) (cm-l)
n *
A) t2u (m) »> t2g 3.0 .5 0.85 .023 .05 109 .13 175
*
B) tlu(‘lr) hd tZg 3.15 .9 2.24 .013 .27 42 .13 175
*
C) tlu(c) - tZg 3.85 .3 4.18 .044 .20 25 .13 175
D) (M et 425 6 4.46 <.004 .47 <4.5 .40 <15
*
E) tlu(‘n') hd eg 4.70 A 2.35 <.001 .18 <1.5 .40 <15
*
F) tlu(c) > e ~5.25 .40 <15
Charge-Transfer-Enhanced E E ¢
exp calc
Crystal Field Transitions (eV) (eV)
6 6 4 4 4 4
a) Alg( S) + 'E( G), Alg( G) 2.35 2.43
6 6 4 4
b) Alg( s) » ng( D) 2.68 2.75
6 6 4 4
A S) = E (P .
c>613<6) Ag( 4) 3.09
d) Alg( s) » Tlg( P) 3.60 3.69
6 6 4 4
e) Alg( s) » Azg( F) 4.10 4.12
6 6 4 4
f) Alg( s) + Tlg( F) 4.40 4.59
aCanted antiferromagnetic alignment is accounted for bgee Ref. 2.
by sina (see text). CSee Ref. 9.
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nitude as for the orthoferrites.!® Since for these
ferrimagnetic materials sina =1, Aw sina for
these systems agrees with Clogston’s estimates.
The difference between the experimental and es-
timated values for 2Aw sina in the orthoferrites
is not understood at this time. More detailed
molecular orbital treatments for these systems
are urgently required in order to explain this
apparent anomaly.
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GRAVITY-INDUCED ENERGY LOSSES IN MAGNETIC SUSPENSIONS

Titus Pankey, Jr.
Parabola Bluff, Charlottesville, Virginia
(Received 5 August 1968)

A horizontal magnetically suspended simple pendulum undergoes anomalous viscous
damping nearly two orders of magnitude larger than observed in an identical vertical
pendulum in a comparable magnetic field. A mathematical analysis of the experimental
results infers that the energy losses are induced by gravity.

I recently published some experimental re-
sults® suggesting that the magnetic viscosities of
suspended ferromagnetic masses (SM) were in-
fluenced by gravity. Some of the behavior de-
scribed as anomalous lessened with the avoid-
ance of body contact with SM immediately before
suspension. An unexplained increase in viscosi-
ty with loading was still observed, however, and
moreover these studies created an awareness of
the need for basic research on the low-frequency

energy losses in magnetic suspensions.?

The suspension balance! is a horizontal spheri-
cal pendulum. Only one normal mode (vertical
oscillations) is usually excited in the axial field
of magnetron magnets with large plane poles.
Stimulation of this mode at periods 7 = 0.6 sec
is accompanied by an abnormally large logarith-
mic decrement (Table I) nearly 10? times the
viscous losses in the constraining wire of 0.13-
mm tungsten and from the atmosphere, deter-
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