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. . __OPTICAL PHENOMENA _ _ _
Y.'R. Shen' *
Phy31cs Department and Inorganlc Materlals Research Division

Lawrence Radiation Laboratory, Univer31ty of Callfornla
Berkeley, California

Research effort on the optical prdperties of magnetic crystals has taken
an upward turn, as Jjudged from the large number of interesting papers

published in 1967. On the spectroscopy of magnetic insulators, much atten-

: tien has been given to the optical effects connected with magnetic‘ordering._

- The main features of the optical magnon sidebands, of two-magnon infrared

absorption, and of light scattering by magnons and magnetoelastic modes, are

all basically understood. The effects of both magnetic ordering and exchange

- interactions on the optical spectrum of magnetie'ions have also been the

subJect'of manyrinvestigafiena.

Qn the materials side,\perovskite—type magnetic erystals_and semi-

conducting ferromagnets have interested.many éeople.‘ In particular, trans-

parent ferromagnefs‘andvferrimagnets often yield large magnetic circular
.dichfoism and. Faraday retation.inathe visible, They afe fherefere of great
~ importance frem.thevpractical boint:of view; Inferest on;garhets,ise

>appafently still ali#e;

Work on optical propertles of ferromagnetlc metals during 1967 has been .

v malnly on the band structures for these metals. In addltion to the usual
,spectroscoplc technique and the Kerr-effect measurements, differential

v.reflectlvxty measurements are: now being applied to metals with excellent results.

Nt — e T
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This Chapter deals mainly with-optical properties in magnetic crystals'
which undergo magnetic order-disorder transitions at certain critical tempera-
tures. Because of the limited scope,'optical effects related to paramagnetic
-impurities in non-maénetic.crystals are generally not inclnded-here. |

A. Optical Effects in Magnetic Insulators

1. Optical Effects Associated with Magnetic Ordering
— p

The absorption spectrum of‘the Algi+ FTlg transition in‘Man shows
two sharp magnetic~dipole lines of 0 polarization and three broad maghonQ
- induced electric—dipole sideoands ofwﬂl 0l, and 02, [Greene et al. (1965)]
Sell et al, 1nterpret the spectrum 1n terms of exc1ton-magnon exc1tat10ns.
The- magnetlc—dlpole lines are attrlbuted to the excltatlon of the
k=o exc1tons, -and the electrlc-dlpole s1debands to the combined exc1tat10n
of exciton and magnon with opposlte wave vectors at the Brlllouln zone edge.

The - selectlon rules, the lineshpae, and the temperature and magnetic- fleld

o dependence of these 51debands are shown to agree with experlmental observation.

~ The exchange mechanlsm proposed by Tanabe et al.‘(l965) to explaln the two-
magnon far infrared absorption in‘Man is believed to be responsible for the

observed sidebands; as also suggested by Tanabe and Gondaira.

The occurence of these'magnon sidebands of optical transitions 'is .-

fairly general in antiferromagnets. McClure et al. have identified several

FeF

magnon sidebands associated with magnetic—dipolé transitions‘in'MnF2, 2,

CoF o 3

.observed by Aozogl and by Stevenson respectlvely.

Eremenk1 et al have 1dent1fied the absorptlon bands in RanF3 and KMnF3 »
6 Yy '

.of the A g* Eg tran31t10n -of Mn2, as. due to exc1ton-magnon exc1tat10ns

1nvolv1ng either one or two magnons at the Brlllouln zone edge. ‘The intensity»-

7

FeCO3, and MnCO3 Magnon s1debands 1n KM'nF3 and in'CsMnF. have also been
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'Mnco3 (at ~ 52 cm

antiferromagnetic ordering at 17.6, 79,-andv100'cm .

~in the case of FeF

A‘dependence of_the scattering intensity'are dlscussed. The theory of light
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of the two-magnon band is of the same order of magnitude as the one-magnon

band. The_effect of a magnetic field np to 200 kOe on these bands is

explained in terms of magnetostriction.

Richards‘reports the‘far.infrared'absorptions by two-magnon'excitations
in MnF, (at ~ 100 cm~ ), FeF (at ~ 155 cm-l)vCoF2 (at ~ 120 cm-l); and
l). An exchange mechanism is used to interpret the resnlts.
Halley- suggests that theftwo—magnon absorption could also srise from indirect
coupling of the spins to the orb1tal field through the infrared-active optlcal

phonons v1a the exchange magnetostrlctive part of the magnetoelastlc inter- .

actlon. Allen has observed, in the antlferromagnetlc U02 for T < T = 30. 8 K,.

absorption at 1T.5, 79, 99, 110.5, 184, and 216.0 cm-l.' The lines at 79 and
: 5

-1 3 ' PR s
" 99 em T are shown to be non-degenerate antiferromagnetic resonance modes. The -

17.5 cm"l line,is due to absorption by zone-boundary magnons. The others

are anomalous phonon absorption induced by the strong magnon-phonon interaction.

Aring and Sievers'have also detected in U02'at 3;K these lines associated with

_ —_— S N »
The problem of light scattering in magnetic materials received a

great deal'of attention.._Scattering of light by magnons is first suggested.

by Elliot and Loudon (1963); ‘Shen and"Bioemhergen (1966) have treated the problem

‘in quantitative detail,‘and'extended the caleulation to scattering hy

magnetoelastic modes and to stimnlatedyscattering. Theoretical aspects of

spontaneous 1ight scattering.by magnons has been reviewed by Shen. The

.1nten31ty of the one-magnon Raman scattering 1s estimated from the Faraday

_ rotatory power’ of the magnetic ions, and is shown to agree with experlments

2° Morlya has deve10ped the theory by using the spln-dependent

' electrlc polarlzablllty, w1th particulartre;erence to 9nt1ferromagnet1c iron

group fluorides. Symmetry propertles of thls polarlzablllty and the temperature

!
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scattering by magnetoela;tic waves in ferromagnetic and antiferromagnetic
materials has also beeﬁ étudies by ‘Akhiezer and Bolotin, for case bothv

far away from and close to m&gnétéacoustic resonance. The relation

between the Faraday effect and light écétteringvby magnons has further

been investigated by ;izgz, taking into account the rotation of polariiations
of‘thé incident and scatterea radiation. Liygi_and Starobinets suggesﬁ‘

the use of driven coherent.épin waves tovenhance the light‘scattering'

intensity. Auld and Wilson use the Faraday rotation data to estimate

the intehsity of light scattering by coherent spin waves in YIG. Genkin et al.

discuss the various nonlinear susceptibilities in ferromagnets.

Experimentally, two—magnon Raman scattering is reported by Fleury et al.

2

between sublattices. Dixon and Matthews have observed diffraction of

in MnF,. The results are interpreted by the excited-state exchange coupling

light at 1.15u By elastic waves in YiGl The results are used to evaluate
the photoelasticvtensor. _Qizgg_haé.also noficed largéfacoustic Farada&'
rotation and'grdﬁp—#elocity.dispersibn in the region where magnon-phonon
interaction is strong;’.ggizg Has observedvthévdiffraétion of light:at
1.151 by the nagnetoelastic wave at 1.1 GHz in YIG. He has fouﬁd'that
the diffraction anglé‘cén_bg varied by ﬁhe_exterﬁal magnetic field so

' aé to change the magnon¥phonon admixtﬁre in the magnetoelastic mode.

Wang and Thomas have noticed that the threshold for spin-wave instability

inlYIG decreases in the presencé of a Nd lasef béam. This ié described_b
as.the.evidence of Raman excitaﬁion of céherent spin waves;by the
laser beam.

' Casselman'ahd Spectbrs discuss the effect of interaction of optical
phdnons with magndns on ferromagnetic and-antiferromagneﬁic resonances in

ionic crystals. They show that at the band edge, the dispersion curves of
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magnon and optical phonon may cross in relatively low fields.

2. Optical No-Magnon Excitations in Magnetic Crystals

Ferguson et al. havé.demonstratea that exchange—coupled'transition metal idns

can be simultaneously excited to an excited electronic level. The two regions

l-xF3:
51

of abs&rption near 40,000 and 45,000 cm_:L in KZn Mn_Ni_F. and KMn_Ni
: o l=x=y x Y3 X

. + .
are due to simultaneous excitations of Mn? (6Alg+ A, hEga) and N12+(3A2g

. S lg

‘ 24,6 k_ b . 2+,3 1 . ,

and Mn A > E and Ni A > 7B respectively.
T Chy > ) 17 (Phpg @ TEy) respectively

E )
g)

Moch and Balkanski have investigated ﬁhe‘transitions 3A2 +'1Ea and

3p. » 7. in NiF

2 - T2a

, near 15,000 and 21,000 cm—l respectively. They find

that a fihe structure diéappears-above the magnetic ordering temperature (73.2 K).
Yen et al.-have'noticed appreciable shift and broadening Qf the sharp magnetic-
dipole transitions with temperature in MnF amd FeF_, from 2 K to 40 K. The

2 2

effects are believed to Eelthe reéult of exciton-magnon interaétiqn. The shift
is connected with the'changés;of magnetization and,crysfal_lattice parameters,
_The broadening is attribufed tJ.Raman scattering of magnons by the exciton.
Egpgz has considered theoretically hqw the exciton;magnon interactién would
affect the poéition, shaﬁé, and width of the absorption bands and their

: temperatﬁre dependence.

Van der Ziel has studied the four sharp °g lines at 13T4T.0, 13769.5,

13909,5; and 13931.4 cm_—l invCré)3. ‘The results are interpreted usingvthe
éXCiﬁon fhéorj. In an exterﬁal'magﬁétiq field, the léYﬁTvcm_;_line splits with'
ag factﬁr»of.hf62, and a new 1ine‘islinduced at 3.75'cm-1 avay from 13769.5 em™t
in the zéro—field limit; This néw liné is interpreted as the resuit of thé

Davydov splitting (1962). ' : '
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Optical properties of various transition metal ion fluorides

with the perovskite strﬁcture.(XYF X = alkali ion, Y = transition metal

35

ion) have been investigated by mahy authors. Nesterova et al. have studied

the infrared absorption spectra of antiferromagnets NaCoF ; KCoF3, and

3
éhow an absorption band at 1,200 Cm—l due to crystal field splitting

RbCoF., in the range of 750 - 2,000‘cm_l at 7T and 29S°K. All compounds

of the Cog+_ground state hF. For T < TN the half width in KCoF3 increases

by L0 cm—l, probably as a result of magnetic ordering. The crystal

field effect is also used by Pisarev and Prokorochova to interpret the

spectrum of RbCoF3

Vankateswarlu to interﬁret the visiblebspectrum of RbMnF

between 4,000 and 28,00b”cm—l,‘and by Mehra and

3
Pisarev et al. and Shafer et al. independently find that the

is ferrimagpetic.v Pisarév et al. have studied the

transparent RbNiF3

'spectrum of RbNiF3

that the main structure is due to crystal field effect, but the fine

from 0.2L tb 2u at T7 ahd'295°K. They conclude

structure of some lines could be due to spin-orbit coupling. Chen et al.

find that RbFeF, is also transparent in the visible with good optical

3
quality. It is antiferromagnetic between 102 and 87°K;-and becomes
ferrimagﬁetié below 879K“due to change in thé-crystal structure. Boky

et al. have noticed that Rb(Nil_XCo}‘{)F3 with x = 0 - 0.3 is also a
trénsparent ferrimégnet. It changes from green to dark red as xvinéreases
from 0 to 0.3, and changes from a magnetic easy plane to an easy axis.

Optical spectra of magnetically ordered oxides of perovskite structure

containing rare earth ions have been invéstigated by Hlifner et al. on

HoFeO., DyFeO., and DyAlO

TbAlO3, and by Faulhaber et g}. on ErFeO3, 3° 3» 3

Shifts and splitting of spectral lines due to magnetic ordering are observed;
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Research on.optical properties 6f-garnets is continuing. Xolb et al.
find that YIG grown from.high4temperature—high-pressure aqueous. solvents
has high near-infrared transmission because of felatively small amount

S

of impurities. Grﬂnberg et al. deduce the crystal field levels of
and 6H of Dy3+ from the infrared and visible absorption and'emission

spectra of DyAlG and DyGaG. Gehring et al. notice that the shifts

and splitting of the spectral lines in:Dy aluminum garnet persist even
above TN'(= 2.5°K), presumably due to local short-range magnetic ordering.

Grant has'stﬁdied'the.reflectivity spectra of YIG and YGG between

2 - 7.5 ev. The spectrum in YIG is interpreted as crystal field

+ C -
transitions of tetrahedral Fe3 and charge-transfer bands. The spectrum

in YGG is believed to arise from critical point transitions between

0(2p) and Fe(3d) bands.

3. Optical Excitations Associated with Impurities in Magnetic Crystals

 The impurity spectrum in a magnetic crystal is often affected by

'magnetic Qrdering. This-prbblem has been considered theoretically by

Krivoglaz and Levenson. The possible broadening of the zero-magnon

impurity line and the possible appearance of magnon sidebands due to

electron-magnon interaction is discussed. Gehring et al. find that in

Fu>*(1%) doped DyAl garnet, some fine structure of the Bu>' lines,

- presumably induced by the magnetic structure of the garnet matrix,

persists at temperatures higher than lO‘TN. The_existenée of such
fine structure is believed to be due to short range order among Dy3+ ions.

... Murphy and Ohlmann have shown that in»Cr3+-d0ped GdAlO3 the two

absorption lines and_four.fluoreséence lines Between 13,700 and 13,850 c:m”l

L

-can‘bg described as due to the splitting of the °g and A, states of
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+ +
Cr 3+ by an isotropic exchange 1nteraction between Cr3 and Gd3 . They

. T -1
deduced the exchange constants JCR( A')—Cr( A-) 2.1 cm and

N L 4 v .
JCriaE)—Gd(8S)'_ 3.2°cm ~ by assumlng Joa_ca ~ 0 Blaaexrand Burns

also measure the fluorescence ovar3+ in GdAlO3 as a function of temperature.
.1:»' . ' ’ _ —i l -1 . .

‘HoWever, they flnd_JCr-Gd = 263.cm and JGd Gd -0:06 ecm ~ by neglecting
JCr Cr’

Exchange-coupled 1mpur1ty palr spectra in many crystals have been
)

investigated. From the effect of uniaxial stress on the luminescence

. .
spectrum, Kaplyanskii and Przhevuskii have identified Cr3 pairs of -
monoclinic, triclinic, and trigonal symmetry in ruby. With an applied

electric field of 200 Kv/em parallel to the c-axis, Kaplyanskii et al.

notice tnat a large number of these pair lines have a symmetric doublet
'splitting,_but others show no noticeanle change. No observable effect |
is_seen”for‘E l_c—axis.f from thevmeasurements onﬂthe time constants_of
build—up.and decay of luminescenCe under excitation by visible'radiation

and by electric fields, Gumllch et al. suggest that the emission bandS-

at 7&50 A ‘and 6350 A in Mn—doped ZnS are due to Mn-Mn pairs Exchange
+
interactions between Ce3 and its tetrahedral 1ron neighbors in YIG:1% Ce3

with various substituted iron concentrations have been studied spectros-

copically by Wickersheim and'Buchanan.b New spectral lines in the sub-

stituted garnets due to reduced exchange splittings on Ce3 induced by
"the replacement of tetrahedralsiron neighbors are observed.

Wood and Remeika find-that the transmission window from 1lp to 6u

in YIG can be modified'by changing the valence of iron ions or by
doping with rare earth ions. The absorption below 6u due to lattice

vibration remains unchanged.’
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L. 'Magneto—Opticél Effects in Magnetic Insulatcrs

The dispersion of the Faraday effect in'RijF3 has been measured

by Pisarev et al. and by Shafer et al. The structure can be explained

by.the'relation between rotétion and circular dichroism. Pisarev et al.

find near the transition 3A2 > lEa of Ni and below TN’ a remarkably large

magnetic circular'dichfoism in RbNiF3;'but not in KNiF3. The magnetic

" linear dichroism has the same order of magnitude in bothvcrystals.

'Thé difference arises because RbNiF3 is of ferrimagnatic structure énd A
KNiF_ is of antiferrémagneﬁic structure. Xharchenko and Eremenko

3

have measured thé rotation in the‘antiferromagnets MnF

' M v
2_and Rb nFs a

~some visible frequencies in a fiela up to 150 KQe, and at éO - 150°K.
The freQuéncy-independent part of the rétation is.identified as due to
.antiferromagnetic resonance. - Chen etvq};_find that RbFeF3 has a large
£otation in the uv and thé visib}g (~ 1;QOO°/cm at S;OQO_X) with a low
safuration field (2506); Measuremeﬁtﬁ on Cotton»Mouton effect in

RbFeF., are also reported.

3

Measurements on five rare earth garnetva3Pe5012, Gdl.SYl.SFESOIZ’
r . ° o
Gd3Fe5012, Dy3Fe5012, and Tm3Fe5012 by‘Johqson between 77~ and 300°K

have shown that the Faraday effect at 1 - Ly is associated with both

eleqtronic absorption'and exchangé resonance. Chetkin and Shalygin
have investigated thé'temperatufevdepgndence.gf the rotatién in TbIG
between 2S° and 350° K af 6.5u where the contribution due to exchange
resénanée is doﬁinant. Thgy find that the rotationichanges sign aﬁ
'11.0°K ‘when the contributiéns from different sublattices cancel one

another. Belyaecva et al. have noticed that at 4.2°K and in a field up

to 25 KOe, the intensity of the componehts of the hI > hS “transition.
. : 5

f\)l!v—'
W
w
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of Er3f in ErIG depends on the direction of polarization with respect

to the magnetization. From the results, they find the anisotropy

7

=5 x. 10 erg/cm3 for the crystal.

5

constants K, = 9 x lO6 erg/cm3 and K

1 2

o«

Eremenko et al. have estimated an exchange field of (2.6 * 0.2) x 10

: +
acting on Ho3+ from the observed rotation due to Ho3 in YIG:H03+.

Qe

DeSdrbo has shown that the'Verdet constant in TbAlG, calculated from

the observed rotation by-taking into account the demagnetizing field,

is propértional to the.magneticHsﬁsceptibility. Daybell_et'al. have
found that the low-temperature rotation in Terbiﬁm.Alumina‘Silicate
- glass fifsran equatioﬁ fof_rotatiqn in paramagnetic ions with a.ground
Kramers doublet.

The Faraday rotation of Eu3+ at:iowvtemﬁeratures has been’calculatéd

by Sander and Kittel. A contribution,from‘fhé Van Vleck paramagnetism

is herevpartiallyvcancelied»by,the diamégﬁetic>term. The rotation
should be'observable in thevmicrOWave-aﬁd inffaréd_regioh. E{igg‘and
Shrubséil have considered theoretiéally how the polafiéations of the
eleétromagnetic waves would change as the waves'propaéatg in-a
magnetoelectric crystai.' |

Teale and Témple‘have noticed a new magneto-optical effect, the
chgnge of magnetocrystalline anisotropy by iﬁfrared irradiation. The

) is changed by

anisotropy qf the.51llconfdoped YIG'(YSFeh;9SIO.lOl2

~ more than 100 Oe at éO°K, The change isvihterpreted as due to redistri-

bution of excess electrons between iron ions.

B. Optical Properties of Magneﬁic Semiconductors
Magnetic semiconductors have received much attention because of

their many attractive_properties. However, little is known about the
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nature of the optically éxcited electronic states or bands in these

. crystals. Mullen and Lawson have measured the reflectivity of pressed

EuS powder from 2 to 1k -ev. Significanf étructure is observed above |
* the fundamental gap. gggghas used the APW method to calculaté the
spih—polarized‘electronic bands for EuS, and has shown the material
should‘ﬁe ferromagnetic-as well as semiconducting. The'energy gap is
found £o be 1.51 ev as compared with the experimental value 1.6L45 ev.
The transition correspondé to an indirect transition from the:ground

3p shell in the 82_‘ion to the excited 54 shell in the Eu2+ ion.

Methfessel et al. have_nqticed that‘innEuO and EuS, the onset of ferro-
magneﬁic order. is éccompanied by an unusually large red shift of thev
'visibie absorption peak. Thislis'interpreted by.an exciton—liké model
in which the excited electfon of Eu2+ is shared among its fwelve nearest
neighbprs.

.Another type of semiconducting férromagnets of interést.is_fhe
chalcogenidé-spinéls of ACr.X) (A =Cd or He, X =8 or Se) repofted
earlier by Harbeke and Pinch (1966) and by Lehmann and Harbeke. At
room temperature, chrQSeh (Tc.= 129.5°£) has the_absofption edge at
1.32 ev ﬁhd_cdbrzsh (Te = 84.5°K) at 1.577ev.v Above Tc, the absorption
'vedgé shifts t§ higher frequenéy for lower temperatures. Beloﬁ Tec, the
‘edge shifts to higher frequenc1es in CdCr Sh and to lower frequenc1es
1n CdCr Seh ' The shift 1s.more in an external magnetic field. These
optical properties are believgd to be associated with magnetic ordering,

and'the edge shift above Te dﬁe to short—range order.

i
!

Hﬂffman and Wild have measured the optical spectrum of the semlconductor—

|

type’ antlferromagnet a—MnS (T = 152°K) from 0.02 to 14 ev. A shift

|
N
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with temperature of the 6Alg+ ,hAl transitionsvis attributed to magnetic

ordering. )

, (%
Optical transmission 'and reflection have been used by Zanmarchi '

to show that MnTe is a semiconductor above and below T (= 3079K), and $

that the p-carriers move in a broad band. Chrenko and Rodbell have

noticed that the infrared spectrum offCrO2 shows no band gep and is

consisteht with its metallic-like electrical properties instead of

semiconductor-like.

C. Optical Properties of Megnetic,Metals

1. Theoretical Discussions

Connolly has oalculated the energy band of Ni using the APW
method within the framevork of unreetricted Hartree-Fock scheue,'in whieh
the exchange terms are approximated by‘a local potential. Krinchik
and Canshine have used a model with the energy difference E(Lg') -

E (L32) <0 at the eymmetry point.L to evaluate the imaginary parts

of the diagonal and the off-diagonal dielectric constant tensor of Ni
in the infrered region.

| A modification of the usual sum rule has been proposed by Phillips
to account .for the resonant character of the d-states in tran51t10n
and noble metals. With the help of this_partial sum rule, the optical.

~spectrum of .Cu has been calculated by Mueller and Phillips using the.

random phase approximation The off—dlagonal part of the conduct1v1ty
in ferromagnetlc metals has been calculated by Vedzaev and Kondorskii
using the ladder—dlagramatlc,technlque.

2. Experimental Coutributions and Interpretation

.The technique of differential optical spectroscopy for achieving

higher resolution hes been extended to the case of transition and noble
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metals. Low energy interband transitions (C - 2 ev) in Ni detected by

ac thermslly modulated feflectivity.by Hanus et al. show peaks at
0.25 and 0.4 ev and a shoulder at 1.3 ev due to transitions around the
L point in the.Briiléuin'zone. The results are interpreted as lending

support to a band model with E(L2') - E(L32) < 0 at the L point.

Gerhardt et .al. have uséd ?iezo-reflectance measurements (ac pressure

ﬁodulation)'to idehtify;optical electronic transitions andbto.eQaluaie

the three deformation potentials_in Cu. |
The optical densities of states of Cd, Ni, and P4 have been

determined from photoemission measurements by Yu and Spicer. There is

a large peak at about 5 ev below the Fermi level in Co, Ni, and Fe,

but not inde. It is concluded that the peak is probably related to
the ferromagnetism of the 3d transition metals. Photoemission .

measurements_from_h.S to 11.4 ev have béen made by Breen et al. to

determine the optical density of states down to 6 ev below the Fermi

level in ferromagnetic Ni-Al alloys. The results are described in

terms of the rigid band model and scattering phenomena.

Schrider and Bneglit have_étudied the visible and uv spectrum of

Cu-rich Cu-Ni alloys at room temperature, and found that the main
abSorptiqh edge repaips ﬁnéhanged with alloying, but_disappears with
20 and,25% Ni. Theifesults indicate that the opticél properties of.
the alloys cannot be described by a rigid.band model. Noskov and
Sasovskaya have concluded from the infrared spectrum in Cu-Ni alloys
that the absorption at hw.> 0.lk ev does not involve bands whiéh_are

split by the s-d exchange interaction. Miller has noticed the

~ similarity of the spectra of Eu and Ba between 0.3 and 4 ev. This

suggests an almost identical band structure for the two metals.
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The polar and transverse Kerr effects and the real and imaginary

parts of the off-diagonal dielectric tensor elements for Ni, Co, and

Fe have been determined between O.22_and 6.0 evvby Krinchik and Artemjev..

Ultraviolet magneto-optical resonances in these metals are detected.
It is shown that the magneto-optical methbd can beﬂused to separate
contributions of the up and down spins to the interbanq optical trans-

itions.

Afanas'yeva and Noskov have shown from the Kerr effect measurements

on Ni and Co in the infrared that the spin-orbit interaction in these -

metals canhbt be described by an efféctive field, as proposed by

Voloshinskiy (196k). _Afanas'&év@ et al. héé also concluded froﬁ'thelb
Kerr‘measurements on Ni_from 0.8 fo‘iSU‘at.rbom temperature that
optical transitions start at 0.1274 0.16 ev and the exchange spiitting
§f the Lj-band should be 0.4 ev.
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