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momenta in the degenerate I, band in 11V semiconductor

caused by a ted

Circular and finear birefringence is investigated which occurs in spin orientation and alignment of hole

ompounds. The change in the permittivity

et Fsqicney o ndirt ol cnsions o boles e

he caloulation is between

e el it - ol dnmpmx" e Esperinent o dlct the birtingene due
holes,

perimental results with the theory.

The most widely used method of studying the optical
Srtion of o crios insomiconuciars L e

probe heam, The observation of these effocts
s first roportod in Ref. 4,
L THEORY

Inthe experiment, the probe flold froquency © was
s o the frequency @ of the strong radiation fleld:

ol 0 m

Honomons disoussed hete aro thoreforo duo malnly
o chiango, in a strong field, in the "resonant" hole
i Fex’nuluvlty tonsor, which in cquilibri-

() 3 oy S
)

)
e v e, e e | Ll o by
1) and light (7 =2) hole subbands, pym, i (k) is the
075 honbs A
1 abe tho doganerate sttes i s svbbonis,
0101 1 coniririam dioreiodion foncton, g 16t
nping, related by 74 = (2ye)~! to the time for a hole
i

Vs caleutatod the increment 5 (05)(v) to tho ten-
£ 2) that 1 noar in the pump rato 1. Boiacelt s
e

Sav. iy

two light b

were m
co, e 1. show bl mmniuts et Tt san b ot by, e e

since the physical picturo in this case Is relatively i
‘ple, and then generalize the theoretical results obtai
to the case of any relation hslwean the troquency ity
ence & —, and the hole damping
When the Inoguality (3) is smsnud, to caleulate the
el

another, we get for the inoroments 0 fyy and
i the Simple. exprossion

i = =

whera the light hole generation rate Is

@

a3, (6

the hoavy hole departure rato is
i 3 e (1

Ym0 the 1,0, 19 = 2, m, 1) tranon -
abilily per unit timg

mq(ﬁ%) i

X (g — g

s PR — 152
®

S is the electrlo field S ) is the polar-
ization vactor of the strong light

he caleulation will be made in the sphrical ap-
prantmation of he T, band, when
o
S,

the states (1, ) in the heavy hole b ad 2,19 in
tho light holo subhaad corvesponding o ho componente

of tho angular momentum =23/z2andm =+ /2
respacly, b e dlwcuan s
‘matrix elems e momentum operatox for transitions
T s given by
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e, R v sz 0 ©)
whero
B, b, — ), ¢ & s e

are the compononts of e along the x' and ' axes, which
are perpendicular (o the vector k. According to systom
(6), optical transitions are allowed anly batween pairs of
states (L, 3m, k) and 2, m, k), where m This,
in particular, means that

i = =l g i
Substitution of system (6) in Eq. (5) and then in B,
) gives, after some algabra,

e,

@

K s the absorption coaficiont for dixoct transitions bo-
twoen subbands 1 and 2,  is the pump radiation Intenslty
(enorgy flux density), 74 and 7 correspond to the wave
Vector of the holes concorned in the transition: Ik, =
(2nwy/5)! /% For convenience, we have written the re-
S nck st tonmoe 3 oot f i sler
e, w3 o), uy), where o is an abitrary unit vec-

g

ot us now take separately the casos of ciroularly
and lnoarly polurized strong lght waves, assuming that
the anglo botweon the wave vect:
benm and strong beam raspeotivaly is small.

Gireularly Polarized Strong Light Wave
o xand y axes 1 g, I the
ephercal sprostfation with o | 4y orma gt v
o trogusacy  axe olroulaly polasised, and thol vo-

fractive indices 1., are given by

s ©

Whero wq i tho pormittiviy at frequency @ in the absance
of unibation, 2 ey = o )/ V2. For ctxnlany
polarized ligh, we havé the Gleatily

[ETE—

Feosn, an
o e b antc botvoen ho ol and gt wave yeo-
T Dbt B, (a0 o 0, ol
ogul and s e o 50 Ibagion e soHl gtoss

an

hand cirenlarly polaxized strong light wave is given by

9 )= i M99, ) CEee, ey g
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where 1y = Reyg!/? is the refractive index at frequency
@ in equilibrium,

‘mechanism of optical otation is physically xe-
lated to tho optical oriontation of nonequilibrium holes
by angular momentum with circularly polarized excita- L
tion, Here, it noted that the selection rules (i) o
are the same as those for intorband oloctron transitions 3
trom tho heavy holo subbnd of the valence band to the the
conduction band.?_ According Lo systom (5}, the dogres Gk
of orientation of light holes with wave vector k for o,
exeitation is _1-—
P s rec
bl
where gy = Wz, ms1,5m(K) 18 the rate of hole genoration way
in the state (2, m, &), As woll as the holo orlentation by to¢
angular momentum, thero s an alignment of the hole slo
, Le., an anisotropic distribution of holo
k) 1 cost )
Since tho rate of hale loss from subband 7 also depends
on the subscripts m and m', for circulaxly polarized

excitation thero is also optical orientation of heavy holes
with k ok, The close comnection botweon tho photofn-

rotropy of the crystal and the optical orientation
of the holes by angular momentum is particularly cl
from the integral relation

== § Skt

which can be obtatned from Eds. (5, (10), and @3],

e [afons & )=

In each nonequilibrium hole scattering event, the
angular momentum of the holo is considerably depolar-
iz, Morgovr, i inelutic grocossas settaing faes
tho le out of the rango k = ky wharo the differe

(e~ 15 n Tesonance wih tho 1ght Troquency
Hotse, 1n oilosiattag 6 rotation acele O, s
in fact neglect the conteibution to % from hales that
have had one or moro colllsions,

Linearly Polarized Strong Light Wave

o) [x (x axis L gy, When q | gy, normal i
waves uro umm polarized, and thoir rofractive indices
are give

TR )
with the unit vectors e, [, e, I y. For linearly po-
larized light,

e

a5
where ¢ ia the angle botween the polarization veetor of
o light and the wavo vector of the hole. Substituling B,
(15) in Eq. (€) and carrying out the integration over solic
angles, we find

Al o) = f 4D 5

Comparizon of Eas. (16)and (1) e Lo thocomlu-

sion that a probe wave Linearly polarized at 45°
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as)

=

polarization plane of the exciting light acquires over a
thickness d an elliptielty

e beele o o, ) —breey o7 o4, ] = 4B (o ),

un
where 6w, @ is defined by Ea. (12)

If the difference (uy ~ ) is comparable in magnitude
with the hole damping, Ed. (12) for the rotation angle is

alid, and to solva the prablem ve have to determine
tho hole density matrix with alloance for tho blurring of
e hole cnergy states. Hero, wo shall consider the case
of almost parallel boums, with

o

oy as)

vecall that Ky = @y /5)' /2. Moreover, wo negloct as
bofore the light wave number in comparison with the hole
wave number K, a0 take 1o account of the contr bution
To &ulFe5) trom holes tha have had one or moro colll-
sions, The hole densily matrix components.

w0 4

Enmiza (6201, andon

Pusmisan o 0

then satisty the equations

LRI ®,

190)

iy 0005, 10 (083 ),
(s
whero & and &, aro the complox vector amplitudes of the
dlectric fields of the weak and strong light waves, and
bocauso the froquoncies @ and w ar dlogo togather the

quantum systems has already boon noted"® in a study of
tho p-type gormanium absorption coefficient decrease
undex strong illumination, The chango in the permittivity
tensor In the resonanco approximation, used in the present
study, is givon by

el s 00, w181
@0)

A

o
Woro py(k, @) 13 the density matrix amplitude at fre-
ey o

With systom (19), wo can [ py,um;1 (ks ) 5 the
scond arder relative to the stron field Atplitudo and the
firat oxder relative to the probe field nmplitude. After
imbsitting in £q. (20) the expression found for 7,

FBE urising ovax v, and mdagratiog over ¥, w oy
i for the speciie rotation angl

(T

e
g iy

@

e
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When the frequencies are noticeably mﬁmm s0 that
[y =@l > v;. B, (21) becomes Ea.

For 35> v, in tho froquoncy rango (w, —w )<< 4,v,

i cefen -t

@2

In this case, tho main contribution to the nonlinear sus-
ceptibility which determines the optical rotation comes
from a sequence of two processes: a holo transition from
the state (1, K) to the state (2, k + G with absorption of a
photon 1a, and one from the state (2, k + g;) to tho state
{1,k + g — ) with emission of a photon fw. These two
peocesses may also bo ogardod da o rosomut scttoring
of lights (1, k) + By — (1, k +y =) + s explains.
hy the xoiation angia @2) 16 proportiond! 1o s e
of the cacited stato (2 k 4 wheress the dependenc of
the rotation angle on the difference (v ~%) s govornad
Ly the damping of he il and el Hites, 16 0y 27, =
1% Tho froquency dopondenco (21) 1s more complex than
the dependence (22). The reason is that, in addition to tho
‘rosonant scattering of light, th

nonlinear susceptibility from the decrease in the populn-
tion of the hoavy hole states with k I, which in particu-
lar reduces the sbsorption coofficlent al the frequency w.
Tho maximum value of ©, g as  function of the fre-
quency @ for ¥, > v, is

@3

o1,
2. EXPERIMENTAL RESULTS AND DISCUSSION

Experiments to detect the offeets describod above
s o Light bearn Lrom . singl Q-ruitehed GOy ascr,
pulse duration 10~ sec, repetition frequency 5
e S e
used for pumping; the other, a Linearly polarized weak
beam, was used for probing. Figure 1 shows a diagram
of the exporiment

‘Samples of p-typo Iniks with hole density p = (-9)
10/ eT were cut In a wedga shape with angle 3.5, For.
‘measurement,
nitrogen cryostal and fixed there by Light blado springs.
The sample temperature in the exporiments was hold at
9042 K. The radiation in ench beam transmitted through
the sampla was monitored by the dotoctors PDy, PD;. The
probo radiation then passed through an analyzor with po-
larization ratio 1: 4-10% and either divectly to the dotector
a8 in through an TKM~1 monochromator
i & 100 linos mm diTraction grating.

In the path of the strong beam was a quarter-wave or
halt-wave phase polarizer to change the pump Tadiation

m

o= § %

%‘) Perf =
a

n,
FIG, L. Dlsgrom of the o peciment to dert photataduced gyroteopy snd
anitceopys
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s of 5 ke tndn o n s sy rsion
0.1 ) ighe-

hp=
)Anddm)la(ly atoed mmp mv.m oy D rafcan creniay
4 pucap adiaicn (o, 9 lineatly polaized pump radlatten vith

o
i

polistion. By setaing o aycs thaosgh th lo

o tho doperndences Kg) with o | o1 and with ef-hand o
ht-band circular polarization of the pump radiation

were measured. I the sty of the offeet of Lncarly po-

laxized pump radistion, we also mogsured K for ¥
] ;

[ta

gure 2 shows the nlepcndunncs o tho probo raincion
flux T on the angle ¢ for circularly polarized pump radia-
tion (s) and also, for comparizon, e
pendente for linearly polarized pump radiation ith o) |
©. It is seen that for . polarization the polarization
planc of linearly polarized probo radiation is rotated
through © ~+1°. The angle of rotation per unit i g,

. Thore is
also somo upward shift of the I(g) curves. This is due
f2 the lgh ellststy o, Wit evidedly xemile
from the diferance betwean the imsglaary parts of

S T R eyt il
Dhotsimdusod slrouiar dichzotom,

Similar dependencos I(g) are found for linsarly po-
Larized pump radiation with § = = 1/4, together with a
rotation of the probo radiation polarization plane (secause

(because of the induced birefringance). The lattor is o
poriodic finction of § with period 1 /2.

2) The thearctical part of this paper gavo a caleula-
tlon of ho polarization plan rotation tngle due to hole
orientation in direct transitions botweon valence subbands
Land 2, Tlowever, othor m
to the opical rotation, The induced gyrotropy effact duc

cixeularly polarized light has boon caloulatod. This of-
fect has been observed!! in n-type Indium arsenide (o ~
1.6+10% em=)) at T = 90 K, but the rotation anglo was
due mainly nol to valence elecbrons but to clectrons in
the conduction band, and was found’! to incrense consider—
ably with the density of these electrans.

connection, it was necessary to make sure
thal the induced gyrotropy effoct observed in p-type Ins
is indesd due to absorption by holes, For thal purpase,

n pe , an exporimont was performed in which,
under identical conditions (at 90 K and equal pump radia—
tion tsfenslty), we mesured tho Totation angles for n-

above. [t was found that the rotation angle in

2 Sov.Phys. Solastate 2700, March 1995

% gy
F FEEN

8,/ =
Folodioon B o
P T

£, et e

5ir B —

5. Spectrum @) of the probe adlaron polaciztion plans wiackn
i e o P D e U s e
and probe cadinion evmrmiteed thagh he sample &),

sample is about elght times tho value in an n-type sample,
This indicates that we may neglect the contribution 1o tho
observed rotation angle in p-type InAs from the induced
tropy resulting from the
B dlctrons,

alinear polarizability of

The induced rotation was moasured for o p-typo
s aamle st bighor tempersiure o, X w IO K.
It 1s known that the absorption coefficient for 10 4 1

Hos b -lamd s e e oo il (ot foreime |
the momentum rolaxation times) decrease with rising
temporature, 1t follows from Eq.

rotation angle 6(w, w;) should be proportional to the tb-
sorption coeficient and the product of the ralaxation
times 7, and T, As wo should expect, the rolation angle
©at 160 K 5 1oss (by 0 factor of about 2) than at o

1 has boon shown in the theoretical section that the
induced gyrotropy olfoct due Lo optical orlontation of holes
i5 2 rosonunt ono and should dacrease with increasing

1 =] when [ & = gl 71, ;. To test this, we did ex-

0.117 eV and probe radiation photon enorgy s = 0.234 V.

In this case, the rotation angle was an order of magniude

1ess than for probe radiation with T = 0,117 V. Ap-

proximately the same relation was found for lincarly po-
n and the induced ellipticlty with

ation with diect e transtions btwoen sibbands of
@ valonce band.
Tho theoratical prediction of a sharp resonance of
these effects in the rango ado it necessary to
verify the presence of rotation angle dispersion near the
vesonance. Note that in all the experiments we used
laser radiation whoso spectrum consisted of elght close
and equidistant narrow Lines (Fig, 3), the total width of
tho spoctrum not exceeding 1.7 meV. 1t was thus possible
o measure the rotation angle for each Line of the probe

Danishevssi ot w2




e,
o

‘beam (the crystal being pumped with spectrally unresolved
mcuum solarized radiation Fox e purpos, he

Jbe radiation, after passing trough the sample, was
D through & monochromator, and iho cnergy dependance
of tho polarization plane rofation angle was measured.

on the assumption that
that spectrally unrosolved radiation was incident on the
erystal in the experiment.

Since the €O, laser radiation spectrum is n set of
cquidistant narrow lines, an effactive roation at the fre-
ueney  of some harmonie of the probo ield can also
result from a nonlinear interaction of the type fiz>
!, where wy and iy, are the froquoncies

Ty =K

of o Harmaonics o tho strong lght wave, und & that of &
—

harmonic of the probe wave, The effective i coin.
tion angle at frequency « due to the nonlinear procoss in
question is given by

B B o (1

1
i
]
%

of the light waves must be similar in order of ma
o the angle for 6o monochromatie beams with | = v~
[ = Since the phase differences of the various

lusir radiation lines are unlwown,’) it 1s not yet possible
to construct a theoretieal spectyum in accordance with the
experimental conditions. However, the experimental re-

43 Sov. Phys. Soid State 2713), March 1985

sults as 2 whole show thal it is reasonable to SUppose that
ihe form of the ©(fw) spoctrum in Fig, 3 s swhstantially
the result of four-wave nonlinear interaction between the
probe and strong beams.

Comparison of the obsersed values of the maximuin.
xoation gl with 0. (21 gives s lower Limt (o the
product of the relaxation t cot,
Tt 1s reasonablo, sincs the mear o rolaaton
tmg which detormiaes e ole mObily s () o

In oo to mako  dotatlad compaizonof th expori-
matal rsu wih o thory, d deerming e har
terlstio times 7 iend to garey ut aimilar
npotiment with two raonochromatic besr

hdoseover, the tme width of the hazmeaic Hnes (s unknowa, Th lac
iduis in Fig. 2 are agesseoty of nstrmestal ogin,
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