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L assteacr
| e &héqries of elé;tro;'anazmagnetofeffectéiaré fevféwédgi.
'{lsymmétry'argument forvfiﬁding independeqtrand}ndnvanigﬁihgi:h
L'éoméonentS'of the electro- and ﬁagnetdébptiﬁal tehsqrv' |
»cdefficientsAis briefly described. Eﬁphasis is on th;
recent developmént‘of the microscopiqntheories which prédict o
guité aécura?ely the‘magnitﬁdes 6f.these nonvanishing.com—‘

ponents.
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R INTRODUCTION '

The properties of a maternal may vary w;th applled electrlc and

‘: magnet1c fieldsn In partlcular the flelds.induce a change in the

'optical dlelectric constants €,, or the refractive indices nij'v Conse-

i

- quently. llght propacatlon in the materlal is affected by the fields°

L s e e e

Such induced optlcal effects are known as electro—optlcal (induced

! by electric field only) and mggneto-optlcal (induced by magnetic

field only) effects. Thus, for examples; é'dc electric field can

induce linear birefringence and a dc magnetic field can induce

_"both linear and circular birefringences.in a mediﬁm.- Eiectro- and

magneto—optlcal effects are the underlylng pr1nc1ples for many useful

o Optical devzceso, Sc1ent1f1cally, measurements of electro— and

magnétO—optical effects often yield valuable information about the

__structure and ‘electronic prbperties ofigﬁmq#epigl.

In the presence of the applied dc fiel&sEdé andanc, the optical

dielectric.constants of a medium can be written as -

dc dc o de .dc . _ v
( ) y €y * he, (27, g ). )

‘Two questions arise in the discussion of electro- and'magneto—optical

- effects: {1) For a given medium, what do we know about the tensor

o Qg'? (2) Given Ac, how does it affect light propagation in the medium?

In principle, the second question can always be ansvered by solving

the Maxwell equations. Here, we simply refer to the literatures on

- ———

. the subject.3 In this reViéw; we shall limit ourselves to the dis-

Rev
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,1‘

cussion of the first qnestion.

The dlelectric constants of Eq, (l) can. usually be expanded into
d

_ "04 (2e) de ‘(2b)A de
T TR [Xuk Ek * Xi,;k B

dc dc ( 3bb)

(3ee) dc dc (3eb) o
ot Xigkﬂ B B ¥ Xigpe Ek Hy + X degle o ..l (2
| , 13Kk SR :

vhere X' 8 are coefflcients 1ndependent of the flelds,h and'the conven- °

_ tion that a tensor product ls expressed by repeated sublndlces is used,

For simpliclty, we shall assume in this- paper that € depends weakly

iJ
on the applied flelds, and therefore only the leadlng terms in Eq. (2)
give observable effects. In‘some spec1a1 cases, one can also include
. i3 in phe-description without too much r‘ompl}.i_ca'.'tion‘,'
Qur problem now is to flnd x s in Eq. (2) for a given medium

' Because of the existing symmetry of the medlum many components of the -

t

¥ tensors are vanishing and only a few independent. The problem can ‘then -

=

" be separated inte two parts: first, to find from the'existing symmetry of

Aa'given medium the independent nonvanishing components of the x'tensors

_ . : 5 =~
and then to find the magnitudes of these nonvanishihg cOmponents

' Whlle the second part of the problem depends on the microsc0p1c prOpertles

of the medlum the first oart can be solved by a 31mple thermodynamlc
treatment as we shall now briefly describe,

Again, for simplicity, we shdll assume that the medium is nondissipative. . -

"Optical effecﬁs'at absorbing frequencies are,vof course, important, but
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they vield more specific information about the energy stetes,involved.
in the absorption’ process than general information about the medium
es a vhole. Let us consider a quasi-monochromatic 1ight which is

repreeented by the field
E(t) 8(t) exP (-iwt) + 8 (t) exp (iwt) o : .(3)

' where ! ~/dtl << iwai If the light is proyagatihg in a nondissipative
medlum w1th a dlelectrlc constant s(w) then the tlme-averaoed energy )
den31ty stored 1n_the medium. is glven by

U= (L) [%I (a“?ia/am> 8, +V[Hl2] W
15 in'Eq. (é)l |

= (1/un)§a§ (P4 3/20) g + |u®

4+ br 8 ( /Bw)w[ (ii) ic 4 XSE)H‘&:’ .

(3ee) dc de (3eb) de. de

. Xijkz k Fo t Xy B k Hﬂ, + Xg:;)ﬁicﬂic +_,..]&J£;,' '(VS»).- |

Suppose we rniow rotate the medium about a certain axis by a certainv

s :vangle; Thls energy den51ty should change accordxngly from O to 0!,

If, however, the rotation happens to be a symmetry operatlon in the

'symmetiy group of the mediﬁm,.then the medium would appear unchanged

after the rotation, and therefore U = U', This symmetry argument'appliesto?

. each term of Eq. (5) independently, and can be used to find the independent e 1'

Components of ¥.
, z ‘ ,
(2e)

Let us consider as an example the ¥ term which is responsible



5- . . . UCRL-19089 Rev.

- for the;linear'electroeoptical effect.vzwe write‘

- (29} o
. amx dc
i'EL = & ( 1Jk /3w) - &J " (6)
.;If‘813 represents a symmetry 0peratlon then we would heve
o . w (28) : - : . .
T B owy., de oA )
:; =2, 8, 1jk /3w) sjj, skk, J, Ekn =0, ) (7)
and hence ' ' -
| e e
il X‘ijk er Skk’ X; ldaku o " C (8) :

we have n such relations 1f there are n symmetry operations in the symmetry

' group of the medlum In addltiOn . we have, from general principle of

-

‘ symmetry for a nond1551pat;ve medlum,
.*. )

.'E s e

{TRAY (9)"

‘ ‘,.These relatlons make some components of x(ee) venish and others depend

=4
on one another An immedlate consequence of Eq. (T) or (8) 1s that all

components of x(2e) should be zero for crystals with inversion symmetry.
]

" As a.simple‘lllustratlon, et us consider the Z1ncblende crystels, suchv o

as GaAs, which beiong to the class T.. These crystals remain invariant

: da
under 180° rotations about the three k-fold axes., From Eq. (7) or (8)

we -find S
(2e) (2¢) _ 4.
. Xia10 T Xyyyt 70
. ’ L N
(2e) (2e) _ (2e) (2e) L
' XiJJ ; leJ = 03 xilj ' Xiij = 08’ i A -jn . : (10)
and xg?;) with i # § # k are the only nonvanishing components.t The

[crystals also remain invariant under mirror reflections about the three

t diagonal planes. This symmetry gives
| | (26) (2e) x(2e) : o
zxy * i (11) |
(2e) (2e) (2e)

T Xyxa T Xyx T X
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4n& - onseguently, we have only one independent component of X@Ze)
) &

- crystals in_the_class.'l‘d It can be seen that the linear electro- -optical

effectvand the piezoelectric effect follow the same symmetry consideratlons,

We can, therefore, obte;n the llnear electrlc-0pt1cal tensor x( 2e) for a
-
crystal from the plezoelectrlc tensor listed in many uexts
- The quadratic electro-optical tensor X(BG e) for a medium can be deter-

~

mined Similarly, For example, for an 1sotrop1c medlum, the nonvanlshlng

components of X(3ee) re Xiill)’ nd X(3§§)
A . ; i

The symmetry con51derations for the terms 1nvolv1ng magnetlc field in

with i # §j.

;vK.-(S) are slightly dlfferentp since the magnetic field, being e pseudo-

: vector is invariant under inversion, For a_pseudovector, the transfor-

_ imaglnary part of €,

-
&

metion matrix for a pure_rotation'ls the same as that for a rotation

plus an inversion. Tﬁerefore, we should heve -

(2b) M (2b)

S 1i dek JJ! kk' X 'J'k" eté" . . ‘ A . '(12)'

_where Sgk' are transformation matrices for symmetry-operations assoc1ated )

{2b) {2e)

with a‘pseudovector. As a consequence Y » unlike x
. [

, does not

'vanish.in a mediumﬁwith inversion symmetry. For example3 in an iSotropic

medium or a cubic system, the nonvanlshlng components of x(2b) re
(2p) _ (2v) _ (20) _ (20)* _ (2b)* (20)* =
Xeyz © Xyzx Xy nyz ‘ = Xzy In addition to Egs. (9)
and (12)} one can also show from general principle of symmetry thatT
: dey _ de
€ ') = €43 (-177) . (13)
As a fesult, the real paft of eij*shouid be an even function of Hdc and

. . 4
the imaglnary part of sij'an odd function of § ¢, Physically, the’

13 induced by the magnetic field leads to induced

-
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Aeircuiafﬁbifeffingence or ﬁhe Faraday effecb,g and the real part leads

A'::te induced3linear'birefringenee of the Voigt effe6£@8 ﬂ wé'can. o

- ,conclude -from Eqs. (9) and (13) that “__;all the nonvanishing components
(26) _ . . (3ed) | o d2e)  (3ee)
‘of X.s ijk and . 1 JKe are imaglnary .and . ethose .of - ‘. lek . lekQ :
(3bp) - o o -
d x 13k real

We note in pa531ng that the same energy den31ty U of Eq. (5) also
'vigoverns the inverse electro— and magneto-oPtlcal effects° If we con51def

O as the stored energy den51uy of the de flelds, then the correspondlng

dc polarlzatlon gdc and magnetlzatlon Md are9
. Qe (2e) (Beb) (3ee) de x
, = 8
| _PkA (/Bw)w[ i3k ¥ Xijkﬂ HQ + 2)( ) E2 _83 | (14)
Cde L (2v) (3eb) de . . (30b) : :
M -5, ¢ /3“)‘”[ R Koy 09
Y 'vdc »_' de - o L - . .v'_, R '
ft.‘Both P nd M"" are quadratic functlons of the optlcal fleld. These

“1‘ equations show that de polarization and maonetlzatlon can be induced by

an optical field The inverse electro-optical effect known as optical

rectiflcation has been observed in electro-Optlcal "rystals (x(2e) #.0). 10
o =
. The inverse Faraday effect whlch comes from x( b), has alse been observed

in both paramagnetbc and dlamagnetlc materlals ll Calculations show

Athat the inverse Voigt effect arlsing from the x(3 bb) term, should also

~
be observable.l? 13 ‘ '
. We'have seen how symmetry considerations can help.us determine the .

forms of the X tensors for a givén medium. We now come to the central
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theme of this review-~how to find the magnitudes of these X coefficients.
In the following sections, we shall discuss electro-optical and magneto-

optical effects separately. We shall first outline the procedure for

~

der;ving the exact microscopic expteSeions for ¥X. ﬁe shall then use a
twoelevel or two-band model to‘simplify the'expressions; sg that quantitative
cestimates of X become feaS1ble | |
II; LINEAR ELECTRO—OPTICAL EFFECT
IoAgeoeral, both?electrone and ious in anmedlum contribute to elect;of
‘opttcal effects..:At-opticel frequencies uuch.iergeftthan the'frequenciesv

of lattice Vibration the ionic COntribution comes in because the dec electric

'-4f1eld dlsturbs the lattice but the effect 13 often negllglble or can .

'be taken into account impllcltly through its effect on dc susceptibillty.

'_Here, we shall limlt our . dlscussion to the electronic contrlbutlon only

(2e)
i3k

| fbfward~perturbat1on calculatlon. In the electrlc—dlpolefapprox1mation,

The mlcroscoplc expr6351on for x can be obtained from stralght

the;Hamiltoniénxof the sistem-is given by

w

de -iwt

, , | o
+ & e + & e?mt) . (16)

-~

=8 - er +(E
fo) ~

" where ﬂ; is the Hamiltonian for the unperturbed material syetem, r is

' . . ’ f . ’ ~ .
the electron coordinate with respect to the position of the associated
; molecule or the unit cell, and the symbol for summation over electrons

is omittedzfor,simplicity. The first-order perturbation theory with

Edc = 0 leads to the usual expression for the linear dielectric constant

15

eU =1 + hnvxij-f

(r,) 0 (r) (r )nn. (r,)_,

- 2 ¢ Jn'n i'n'n{ o
X197 e ngn'{ h(mn'n -w) f 'h(wn'n + ) }pn'v . (17)
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vhere
. '.l= r.In!
(ri)nn' (nlri|n )
'fﬂfinw)' = E_|n)
- o n
zhwh’p' = En"7 B !

‘ R N is the density»of molecules16 or unlt cells, and p is the p0pulation
in the In ) state at thermal equilibrium. Appllcatlon of a dc electric

"_;field on the system modlfles the linear susceptibility x through

iJ

changes in the energles, the vave-functions, and the populatiene'ef
'the electronlc states. In most electro ~optical materlals, the states
arerelther fully occupied or empty at normal temperature, and the change
in p -is negllglble.. Then, the next—order perturbation calculation‘

yields the mlcroscoplc ‘expression for x(ij) 17-19

(2e) _ (Ne3/h ) z v {wng (ti)gt (rk)nﬁ"(r;?n'z

X
,n’Eve_ }Jk | g,n,n' (w? - wig) wn,g
.2 ' '
L * Yo Yo g)( Dale J)mx rarg

GRS

L : .v+e,é.g Pen ridan g nyg} S

. where [g) are the fully occupied ground states and |n) and [n',) are
" the empty excited states.
It is,obvious'from‘the above expression that without detailed

khowledge'about energies and wave functions of all the electronics

. states, one cannot possibly evaluate X{Qe)

ijk Unfortunately, our knowledge
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about excited electronic states is very limited To find the magditudes

(2e)
iJk

culty. The usualiapproximation is to assume an effective mean transition

of x we must resort to some approxlmation to circumvent thisﬁdiffi—
Afrequgncy'ﬁné fo? all transitions.‘ It‘is equivalént to approximéting

the complex system.by a simple two—ievel systgm. The approximétibn'is
‘4réasonab1e if the iniégrated Oscillatéf stréngth for transitions in a
fairly narrow range of fréqﬁgncieé dominatés,'énd if thé frequency w 1s
far aVéy froﬁ any résonanéé absorption.. By pulllng the disper31on factors

- outside the éummation sign, we can then wrltelg 20

(r,) (r ) '(r‘)

Lo en Fodnt iddnrg ~ (ri g (9)
'assumiﬁg (r)gg = 0, | Ccnsédpéntly, Eq..(18) reduces to the formy?
xi2e) - <Ne3/n ) 1 - DI - &) z (rryn)gy  (20)

(2e)

Then, for evaluating Xigy *

.for the gréund states Ig >

we only need to know Eng'énd the wave functions
.To'find Gng ; we assume that the same mean frequency can be used

to reduce Xii; so that Eq. (17) gives
§ }

Xy = [oNe G ) /n('ig - 9] g (ri R (21)

The.above expressionidescribes reasonably Well the dispersioﬁ of ;he

linear susceptibility for many materials. We can therefore deduce

Gné from measu?ementshéf fefractiye indicés at several.frequenciés;
The ground~state wavé functions or électron.diétribution'depend

cnitically;dn the microscopic structure of the medium. However, in most '
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_ ‘cases they can be approxlmated by 51mp1e linear combinations of atom1c
<orbitals or other basic functions such as - the Bloch functions. Thus,
for example, in & III -.V compound, the valence electrons are mainly
responsible for the optical tran51tions.'bThe valence states therefore
correspond to the ground states le ) in Eqs. (20) and (21) The molecular

. model»of a III -V compound (AIII

BV) assumes that the eight valence ‘
electrons.around each AIII atom are palred up to form four tetrahedral

bonds=connecting the A atom to the four adjacent B, atoms.as shown

111 v

in Fig. 1. From the theory of molecular orbitals,z1 we can then describe
the ground-state wave functions of these valence electrons approx1mately
by the linear comblnatlons of sp3 hybridized orbltals centered at

AIlI and B, and pointing in ‘the (1,1,1] directions.

bprry = g + /0408
0y * /30, ) S -
'ns .npg : ;;_1 . (22)

1. !
‘ ‘pv = " (¢n|s - /§. ¢n|p )

N
roﬁa-*

_wIII
2

-_:where ¢ns’l¢np.’ etc. are hydrogen-like_atomicvvave functionsg wlII'

. deseribes an orbital centered at AIII and pointing in thelbondidirection.

£, wv is centered at‘BV and pointing in the -£ direction, and A is a

parameter which determines the ionicity or polarity of the bond 22

Thus, know1ng the ground state wave functions, we can readily evaluate

xgiz) from Eq. (20) by sumhing over contributions from the eight valence
electrons per ‘each AIII a.tom.2O 23 The factor N in Eq. (20) is nowv the
- atoms, and the overlepping of ~ bond orbitals has been

IIX
neglected

A somewhat different approach has been taken by Lev1ne2h
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using Phillips' theory of chemical bond. 'Again-essume that ve can
..replace all the transition frequencies in a semicohduetor or insulator
by the mean.frequency 6ng'. Then, the Thomas-Reiche-Kuhn sum rule

25

becones
2m .y 12 _ om- B
'E i Yng l(ri)ng| " h Yng (riri)gg l'v - (23)

- Along a.crystal axis, Eq. (21) reduces to the form

’ 12,2 - -
2 2 . ' iy cev 1) ' '
where u =Ne /m is the plasma frequency w1th-ﬂ,being the density of
valence elecﬁrons, and-ﬁg = hang is the effectlve energy gap, vwhich is
- usually larger than the true energy gap. 'In the limit of zero frequency,
~ we obtain Xii = va/Eg, which has been derived by Penn from band-theory
caleulation.26 Application”of a dc electric field should modify X--
through ﬁ .' .We can express Xii in terms of the bond polarizablllty
&5 along the bond directlon E, assuming that the bond polarlzabllity
: -~ .

in the‘dlrecplon perpendlcular to £.is negllglble,

X4 ;Z; 1€ g Ogg (25)

where Ti& is e:geometric fector arising from coordinate transformation
betyeen £ and {, and?Té is the density of bonds along £. If all bonds

ere'alike except.pointing in different’directions, then we have

Xgq = Fn(E) Xgg | (25')

yith Fii(;) =§?it2 7%/71,, This is true in.maey simple cryetals. FroQ

L3
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.

8 two—band model Phillips has shown that27

é_ [E + C ](1/2)

o | ';“."'(26).’
e = 1§ <lizy/r,) ‘—'(zB/rB)J-_ | '

H.vaere Eﬁr{s.ﬁhe'nomonolar effective energy'gap deﬁernihed nainly by
the lattiee eonsfant, Célis'the cherge—transfer energy;ZA'enn rA are
,_resPectively the numner of valence electrons and the covalent radius of
the A atom in the E bond and f represents the effects of Thomas-Ferm1
screening (f =.0. 12) From Eg. (26),. one’ can now calculate Eg
_'numerically for a'given simple crystal
_ We are however interested in finding x(ae), As Levine has nointed

out_,‘?h an applled de electrlc field should displace the bond charge

= (./Eh)e by a dlstance Ar along the bond direction, where €y is'the
hon0polar part of the’static dielectric.constant.QTV This produces a dc

I

~dipole moment .such that

4' ng AEZC =9Uq Ar. ~ (21).
On the other hand, it leads to a change in the charge-transfer energy Cg.
' AG‘g = -fe (Z + Z Ar/r . . (28) |

v

'We then have, from Eqs. (2L-28),
2 3 |
xégg) = xE&/ axazﬁc ) (3, aE

(1)Ffi) (8 ¢ e (z, + zB) cg/h -g a nwil g G (29)
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vhere d = r A + ry ~ 2r. To find XS;)’ we should sum over contributions
from all the bonds. ‘
- Jlze) (2e) | ) ‘ . .
Xk < Le 1% (5) Xggg . o)
' vhich reduces to
' e 2e L :
when allibondsvare-alike.. This geometric factor Gidk (E) is zero for
"thOSe X(Jk) components which must vanish as requlred by symmetry. When
'all the quantities in the above expre551on for Xiji) are known for a
. given crystal, we can then calculate X(ii) numerlcally. Using this model,
’Levinth has calculated.xgdk) for many crystals of_zlncblende and
wurtzite structures. The agreement with experimental data is excellent;
28

con31dering ‘the many approx1mat10ns involved 1n the calculation

From Eqs. (29) and (30'), we find

. . (2e)] 2 de _
. . Xige [ X11%1 = Aigx

.A-i'.]k.:: ( iJk/ ) (84 & (ZA.+ ) n? q a2 '7’1/“’5105;- .. (31)

29

This relafion was originally éuggested by Miller ° who pointed out that

A is of the same order of magnitude for a large variety of mdterials.

For 211 III - V and II - VI compounds, the factor A /cg should be

ijk
nearly a constant. The agreement of this assertion with experimental

(2e)

data is again excellent@2h For large XiJk , We must therefore have
large linear susceptibility (or small Egﬁgs'seen from Eq. (24)) and large

charge-transfer enefgy' C, compatible with small Eg' In additibn, the crystal

3

structure should be in such a way that contributions from vearious bonds would

add rather than subtract.
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" In the.above disc;ssipn,‘ﬁe have. neglected the 1ocal—field
'cof:ecﬁion,,whieh.is cleerlyenon—negliéible eiﬁce the.?alence
electrons afe fairly iecalizea as eeen ffom the bend picture."ﬂowever,
l'if we use the observed macroscoplc Xii and x ¢ in the expression for |

: Xigi), then the local- fleld effect is automatlcally taken 1nto account
- III. QUADRATIC ELECTRO-OPTICAL EFFECT
(3ee)

" We can also derlve ‘the microscoplc expre551on for X

=~

carrylng out the next higher—order perturbatlon calculation,20 but again

(3ee)

'it will be USeless for actual evaluatlon of X . For the latter
[

purpose, we must use the same approximations dlscussed in the last section.

U31ng Levine's approach we find from Egs. (Zh 28)
", .
e /e Xae/< °FF

';1.-' 2 . l2'2 'AC‘d2
= ( /Fii)(xii/ %) 1 - th X; / 'mPl ( é/AEgc)

| “f(%/F )3 [W5e® (z, + 2 )/71q a1 5 21[1 uchli/n ]xli‘xii’z

- (32)

where we have neglected the 8 CE 3(E§°)2 term, which is usually small

in moet crystals.ah We then obtain

(3ee) - (3ee) g
xiJkJZ | Gim(a) xgggg (33)
" where Gijkﬁ is, sgain, a geometric'factor coming from coordinate
"transformation. Numerical values of x(iig) calcula*ed from the aboveexpres-
‘ 2k

. San‘fOT several Simplecrystals also agree well w1th experimental data.

We dan also define
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'ﬁim'-xﬁﬁ;)/ (xd") I < )

tﬁi now, for‘the’group oflsemiconduotors? Aijkg‘is roughly proportionel
to 1 - hCE x /h Wy ] | | | ‘
For materials in which molecules can rotate and move around there
is also contributlon to the quadratic electro—optlcal effect from
molecular reorientation and redistrlbution by the dc electric field.

»(or in the quantum picture, population redistribution induced by the

~

.fieid in thevground stetes). This, in fact, constitutes the major part
. of the obserVed quadratic eiectro—optical effect or Kerr effect in |
liquid media. Because of the limited scope of this revieu, we shall
not go into detailed theoretical dlscuss1on on this subject here, but

refer the readers directly to the existing literature ?O\

’

' iV. MAGNETQ-OPTICAL EFFECTS

We now consider the effect of a dc magnetic field on the linear

-

i
'we recognize that the field dependepce of xiJ comes in through the

wave functions of ln.? and In' ) , the transition frequencies wn'n’ and

the population factors ng In a diemagnetic medium, the‘states are

either fully occupied or empty, and pz_are unaffected by the dec megnetic

field. This chauge iu Xij induced by field dependence in wave functions
and energies is known as the diamagnetic effect.31 In a paramagnetic
medium, however, the populatious of the ground'states do change as a
g result of Zeeman perturbation;, This p0pulation.redistribution, which

is responsible for paramagnetization, also leads to a change in Xi g

H

dielectric constant €,, or the linear susceptibility Xij From Eq. (17),,
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32

known as the paramagnetic effect. The paramagnetic éffect, when present,

- usually dominates over the diamagnetic counterpart at lowvtemperatures.
Let us first discuss the linear magneto-optical effect. We choose

~the crystal axes as the coordinate axes. Then, from symmetry argument

(2by

(sec. 1), X1 yx

with i # J are imaginary and are thé only nonvanishing

(2b)

components. The microscopic expreéssions for Xij and- X3 ijk with 1 # )

can be written a533 3k
Xy = (1/2) (x1J - X J) , ,
) Tle,) gnl 1z ), 12
. g ®ni(w ) -w (w )% - w : .
o | eng 2 2
(" )2 12 )2 ) ]
= (Ne?/hw) § 0° T | - —& - ]

g & E"- (w g)2 - W § (w;g)e - 0P

(2b) _ 3x de _ ( b) (2b)
Xk = iJ/ng (xiJk ) (x i1k )P

( (&b) = (Ne2w/h‘)z o) /aHdc) Z I( Ty Snl - I(r")gf;'2
Xijk ! L Pg “n )2 - mz (™ )2 _ w2

.l ' & e '
. ‘ (2v) 2 . o (r,) n|2 ' ‘(r~)8n|2 |
- (xgpx dp (Ne“w/n)}(ap /3Hk 2 s - = 2 2

o g © w ) -w {w ) -
. g ng
(35)
where rtb= (fi £ rJ)//E

=4
]
i+

: de
ng wng‘ guBHk ( |
2b

The above expression for X3 ijk

evaluation. We are tempted to use the same'approximation as used in the

is again too complicated for numericél

: +
- discussion of electro-optical effects. However, if w;g are replaced by

- L : (2v) - 35 gns. s
B, in Eqs. (34) and (3?), both X1y and X1 3% become zero. This is tbe
result of cancellation between ) I(r+)gn|2 and ) l(r—)gn|2' This

’ n . © n
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cancellation is imperfect when the dispersion factors are included in the
summation.,

Fbr the diamagnetié,part, we cén write
+

(2b) R o - wr;g Alam 3!.0; : 51

(xlkJ )5 =(Ne2w/h gpg ” .:2 LH‘}( |(r, gn| Janf I(r._')gn| ] |
1 ‘ o ' ] 1

¥ g. wngQ_wQ[Er+)gn(‘Mk)nn'(r-)n'g"(r—)gn('Mk)nn'(r+)n'%]hwn,n

(36)
'The megnitudes of the magnetic-dipble matrix elements (Mk)nn' depend very
much on the material system. Howevef, §ne might expect that the terms
‘involving <Mk)nn' in Eq. (36) are smaller than or, at mbst, of the same

order of magnitude as the other terms. We can then take the approximation "

(2b)) ‘“(Ne w/h) if_uillﬁ_).__._ 2 (w+ -w ) z po I(r ) |2

X3 _(“ngz'“2)2 3H§c ng " ng g B ten |
“”'xii[:ewéuB/(&llg -w)] o (31)

where g is the mean spectroscopic splitting factor.

For an estimate of the paramagnetic part, let us define the electronic
states more explicitly by

<n|=<y;q|

where Jn reﬁresents the ‘set of quantum numbers describing the angular
part of the state, and Y represents the other specifiéations of the state.

12 = Z |(r_ ) | that

We then find from E l(r+ gn

2 _ 2
gn l<a e la,>] gn l<a lz_l3.>1%;

We can write, with Ang =w ;-(w
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v | 3 kl(r+)gnl2 ‘(r ) ‘.

g - = e { ey gnigvl(r;)gnlzl}
@ ) In (wng‘) - (ufng )~ « “ng )Y'w Iy ,
R’[<wng)Y ng),Y/( wg-Y','—w )]g '(ri)gnl . . : (38)
, . n .
The expression for (X(Qb)) then becomes

(o]
(xﬁz))P (NeZw/n) ¥ (""’g/ank Mew 248, > /(m )

2
| y'“’>1§ ey 12
ngn .

) : ' 0,0 de )
~ angz/(an: . wa)e] (we2u/h) gxn (2P0/RH) |(ry) |

e

A - d - | -
g .

ﬁhere A represeﬁts the mean (A ng ,Y' We can imagine that transitions
from the ground states to the group of exclted states with the same Y,
give rise to a broad absorption band.- Then  can be taken approximately
as the mean halfwidth of thé strong.absorptlon bands. Clearly, the
approximétion ﬁerelis ppor,'and we should be satisfied with an ordér-'

of-magnitude estimate only.
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We have Xi4 = 0,34 and thg ~ T ev ~ hiy in’ 21 Then, at hyp = 1.1 eV,
| ' 2b))
jk

_constant for the Faraday rotation is given by

we find, from Eq. (36) with g = 2, (x1 ~ 2 x 107 %ge. The Verdet

(éb)

B (ko)
i3k \

V= (2nw/c) X
-2 rad/cm - Oe for CdS. The observed Verdet
-5 © 36

rad/cm - Oe.

We then have V= 7.x 10
constant for €4S at hw = 1.1 ev is 3 X 10 As another
o doped with'paramagnetic Eu ions.

‘At low temperatures, the paramagnetic term (xffi)

example, we consider the case‘of CaF
&, domlnates. Since
the absorptlon edges in both Eu and Cas appear near L4000 A, we assume

the same values of xi and hw g for Eu2+ as for CdS. The ground states
of Eu2 are the 8S%./ multiplet. We therefore have Z ( pg/BH) ~ 2y /kT

g
The half-w1dth of a strong band is usually around a few tenths of eV.

We set A=o0.2 eV, correspondlng to a band width of 3000 cm 1. At
= L.2°K and hw = 2.26 eV, we find, from ‘Eq. (38), (xfis)) ~ 10 7/Oe.
Then, the Verdet constant for CaF :1% Eu is V= T % 10 - rad/cm-Oe.

The observed value is V=5 Xx10 h rad/cm-Oe.37

Therefore, in order to
have iarge paramagnetic Verdet eonstaht, we must not only'find |
& crystal with large Zeeman perturbation on the ground-state populatious,
but suoui& aleo have fhe frequency w close to a strong abeorptioﬁ |
band. .' | ! o | . !

In éeneral, one can show that under limited conditions,-the para- A

‘magnetic part of the susceptibillty Xij is proportional to the

magnetizatlon (M), 32,33

!

— O —_ ' ' ‘
(XiJ)P = A £ mp> = A (M), , (1)
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The megnetizatidn, end hence (xij)P’ saturates in the'p}esence of

strong field. This is usually the case in ferromagnets. The

’paramagdetic rotation is-always very strong in ferromagnets, but

is stronger if w is close to a strong abserption band in matefialée

(3)

Jkﬂ from

We can also find the mlcroscopic expression for X,

.a2xij/2ank BH . It is easy to see that for © sufficiently far away

{3bb)
ik A
, and the paramagnetic part of

(3bb) (2b)
x13k2 is guB/kT C times smaller than (Xijk )P

2

from absorptlon bands the diamagnetic part of y.

is roughly
2b)) ‘

In general, the

paramagnetic Voigt effect is given by [x. - xii(O)]P, which

becomes comparable in order of magnitude with X4 (Hqc) when the magﬁeti—
zation becomes saturated. |

In liquid media, molecules can also be realignedand'redistribuﬁed

by the applied dc magnetic field. Molecular reorientation and

redistribution’are partially respdneiﬁle for the observed:quadratic

'maéneto~opticel effect in liquid. The linear birefringence induced by

& megnetic field in liquid is known as the Cotton-Mouton effect.
Theoretical treatment on the Cotten—Mouton effect should foilow closely
to that on the Kerr effect in liquid.. -
‘ V. CONCLUSION

While s ymmetry'argument is useful to 1dentify the nonvanlshiné

independent components of the Y tehsors for electro— and magneto-
: 2

optical effects, a microscopic theory is needed to estimate the

magnitudes of these nonvanishing compdﬁénts. Calculations using a

simple two-level or two-band model appear to be a good approximation.
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ft ' Good agreement betweén theory and expériment for'elecfrOwoptical
qdefficients has been particﬁlayly éncqupaging.' The same calculations
élso predict the nonlinéar.optical coefficieﬁts ;successf‘l.l,lly.lg'20’2.)2—2h
The gpproximations_uséd'tb caicﬁlaté the Vefdet conéﬁantAfor magnetoe
optical rotation are rather crude, but they do yield order;§f~magnitude
agreement with thg experimentalvreéuits."The qﬁaﬁtitativé calculations

.'discussed here break down in the limit where optical sbsorption

becohes appreciable.
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FIGURE CAPTION
Fig. 1. Four equivglent tetrahedral bonds connecting'the A (111) atom

to the four'adjaceht B(V) atoms.
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