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We present a comparative theoretical study of the 

transient grating coherent effects in resonant picosecond 

excitation-probe experiments. Signals in both the probe and 

conjugate directions are discussed. The effects of recom-

bination, non-radiative scattering and spatial and orienta-

tional diffusion are included. The analysis is applied to 

both a molecular and to a semiconductor model. Signal con-

tributions from concentration and orientational gratings are 

distinguished and their temporal natures discussed. The 

theory is used to explain our recent observations in ger-

manium. Included are discussions of picosecond transient 

grating self-diffraction measurements that can be understood 

in terms of an orientational grating produced by anisotropic 

(in k-space) state-filling. Though there have been pre-

dictions and indirect experimental evidence for isotropic 

state-filling in germanium, this is the first direct experi-

mental indication of anisotropic state-filling in a semicon-

ductor. We compare the self-diffracted signals from 

orientational gratings with those from band-filling induced 

concentration gratings and find several distinctions, all of 



which can be explained in terms of the theoretical model. 

In addition, we have performed three-pulse transient-grating 

lifetime measurements that indicate that the concentration 

grating decay is tens of picoseconds while the orientational 

grating decay is too rapid to resolve with our 8 psec 

pulses. 
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CHAPTER I 

INTRODUCTION 

Picosecond laser-induced transient gratings have 

recently proven to be increasingly important in the measure-

ment of ultrafast material constants for both semiconductors 

(Hoffman, et a U , 1978; Smirl, et al., 1982a) and organic 

liquids (Phillion, et al.( 1975). These gratings, formed by 

the interference of two or more temporally and spatially 

overlapped optical pulses, may be classified into two funda-

mentally different categories: concentration and orienta-

tional gratings (von Jena and Lessing, 1979). The type of 

grating produced depends upon the relative polarizations of 

the pulses. If the pulses have identical polarizations and 

the excitation is resonant, their interference will modulate 

the excited-state population and thereby modulate the 

optical properties of the material; this is referred to as a 

concentration grating. If, on the other hand, the two 

pulses have orthogonal polarizations, the intensity across 

the sample will be uniform and no concentration grating will 

be produced. Nevertheless, the polarization of the total 

resultant field will modulate periodically in space. Pro-

vided the strength of the resonant excitation depends upon 

the polarization of the field, the excited-state population 



will have a preferred orientation that modulates periodi-

cally throughout the material. This will occur even though 

the total excited-state concentration (summed over all 

orientations) remains spatially uniform. Orientational 

gratings are produced in molecular systems by selective 

saturation of preferred orientations, i.e., saturation of 

molecules with dipole moments aligned with the field. In a 

semiconductor, an orientational grating can be produced by 

preferentially exciting carriers into energy states of a 

specific momentum; we label this form of excitation as 

anisotropic (in k—space) state—filling and discuss it in 

detail in the chapters that follow. 

There are several methods used to examine either form 

of transient grating, but all are generalizations of the 

picosecond excitation-and-probe technique. In these experi-

ments, a sample is irradiated by an intense optical 

excitation pulse that induces changes in the material pro-

perties. The excitation is followed by a much weaker probe 

pulse, and the probe transmission is measured as a function 

of delay between the two pulses. In general, the excitation 

and probe intersect at a small angle 0 at the sample surface 

to allow for spatial separation of the transmitted beams. 

Of course, in the vicinity of zero delay, the excitation and 

probe are both temporally and spatially overlapped and can 

interact to form a grating. This grating will then self-



diffract both pulses; however, since the probe is much the 

weaker of the two, we are generally only concerned with the 

self-diffracted excitation pulse. The excitation-and-probe 

technique can be directly applied to the study of transient 

gratings by monitoring the diffracted signal as a function 

of delay in the -6 or background-free direction (see 

Fig. 7). In the terminology of degenerate four-wave mixing, 

this signal is the forward-traveling phase-conjugate of the 

probe (Heer and Griffen, 1979; Smirl, et al. , 1980). The 

other first-order self-diffracted excitation beam propagates 

in the +0 direction, i.e., collinear with the probe, and is 

responsible for the so-called correlation spikes commonly 

observed in picosecond excitation-and-probe experiments. An 

alternate method for studying transient gratings is to 

create the grating with two excitation pulses and measure 

the diffracted signal from a third, greatly attenuated, 

probe pulse (see Fig. 11). This three-pulse transient-

grating technique is extremely useful in determining grating 

lifetimes. 

Laser-induced transient gratings have been observed in 

a wide variety of materials including absorbing liquids and 

solids, plasmas, laser materials, dye solutions, and semi-

conductors (Eichler, 1977). For a recent survey of 

transient gratings in semiconductors see Smirl, et al., 

(1982a) and the references therein. Since the grating 



lifetime is dependent upon the material response, it is easy 

to see that laser—induced gratings can be used to determine 

fundamental material characteristics. Indeed, three-pulse 

transient-grating techniques have been used to measure pro-

perties of a number of systems including the measurement of 

surface recombination velocities in semiconductors 

(Hoffman, et al. , 1978), the investigation of energy trans-

port in molecular solids (Salcedo, et al», 1978), the 

measurement of rotational relaxation lifetimes for dye 

solutions (Phillion, et al., 1975), and diffusion measure-

ments in semiconductors (Smirl, et al•, 1982a; Jarasiunas 

and Gerritsen, 1978). 

Two-pulse correlation spikes have also been seen in 

many systems. For example, they have been observed in time-

resolved saturation experiments on organic dyes (von Jena 

and Lessing, 1979; Shank and Ippen, 1976) and in excitation-

and-probe measurements on hemoglobin complexes (Shank, 

et al., 1976). In solids there have been a series of exper-

iments performed on germanium (Kennedy, et al., 1974; Shank 

and Auston, 1975; Lindle, et a^., 1979), the early interpre-

tations of which clearly illustrated the importance of 

recognizing the coherence effects. Spikes have also been 

observed in amorphous silicon (Vardeny and Tauc, 1981a). 

Despite the fact that these coherent artifacts are widely 

observed, very few detailed analyses of the phenomena exist 



in the literature. Only a qualitative understanding of 

these artifacts is found in the simple Drude model used by 

Shank and Auston (1975) to explain the spike in Ge. The 

same is true of the saturated absorption model offered by 

Ippen and Shank (1977) to describe the observed spike in 

saturable dyes. The first comprehensive treatment of the 

problem is found in the work of von Jena and Lessing (1979). 

They determined the form of the transmitted probe using a 

counter—propagating geometry and a saturated absorption 

modelf allowing for level decay, rotational diffusion, and 

arbitrary pump and probe polarizations. More recently, 

another calculation has been presented by Wilhelmi and 

Herrmann (19 80) concentrating on the propagation aspects of 

the problem, and Vardeny and Tauc (1981a; 1981b) include 

theoretical comments on their studies of a:Si and of Nile 

blue dye solutions. 

Laser-induced transient gratings are also intimately 

related to perhaps the most exciting area of nonlinear 

optics to arise in recent years, i.e., optical phase-

conjugation. Though phase conjugation, as such, will not be 

concentrated upon in this paper, its importance does warrant 

a brief mention. This process, which allows the real-time 

reconstruction of an aberrated wavefront, has a tremendous 

number of potential applications including adaptive optics, 

imaging through phase-distorting media, and phase-conjugate 



optical resonators. Recent reviews of phase-conjugation, 

its applications, and its relationship with laser-induced 

transient gratings may be found in the review articles of 

Yariv (1978) and Guilliano (1981). 

This paper presents a detailed theoretical analysis of 

the creation and subsequent effects of laser-induced 

transient gratings. Data from self-diffraction and 

transient grating lifetime measurements in Ge are presented 

and shown to be consistent with diffraction from an orienta-

tional grating produced by anisotropic state-filling. These 

studies represent an extension of our continuing research 

into the picosecond dynamics of high density electron-hole 

plasmas in germanium (Smirl, 1979a; 1979b; Smirl, et al., 

1981; Smirl, et_ al •, 1982a). In the past, attention has 

been focused primarily on the effects of the overall band 

structure on the dynamics of these plasmas. The detection 

of anisotropic state-filling implies that, at least in 

principle, we can actually probe a small set of individual 

states with the hope of determining, e.g., scattering rates 

out of these states. 

In Chapter II of this paper, we present a comparative 

analysis of the transient grating coherent effects and of 

the slowly varying background response. Both the probe 

direction and the background free direction are discussed. 

The effects of recombination, intraband scattering, spatial 



diffusion and reorientational diffusion are included. For 

completeness, the analysis is applied to the molecular 

situation in liquids as well as to a solid-state semicon-

ductor model. The calculation is similar to the one by von 

Jena and Lessing (1979) but differs in at least two impor-

tant aspects. Firstly, this model emphasizes the symmetry 

aspects of the problem, which von Jena and Lessing (1979) 

did not address at all. Secondly, the calculation not only 

is concerned with the correlation spike but with the for-

ward-traveling phase-conjugate (or background-free) wave 

that was not discussed by von Jena and Lessing (1979). The 

techniques of Chap. II are important in as much as they can 

be applied to a large number of molecular and semiconductor 

systems. 

In Chapter III, we provide experimental evidence that 

indicates that at high excitation levels (>1 GW/cm ) we can 

detect diffraction from an orientational grating in the 

semiconductor germanium. As mentioned above, an orien-

tational grating in a semiconductor can be produced by 

anisotropic state-filling. This is the first experimental 

evidence of anisotropic state-filling in a semiconductor. 

It is emphasized that these experiments were performed at 

extremely high excitation levels where the carrier concen-

tration may be as great as 1020 cm"3. The physics of these 

high-density electron-hole plasmas is of great technological 



importance because of the recent interest in such areas as 

pulsed laser annealing, laser hardening, and laser-induced 

damage, all of which inherently involve high carrier den-

sities. Theoretical advances in these areas are limited by 

the extremely complicated dynamics of these high-density 

plasmas. It has long been believed that the distribution of 

carriers at such high densities cannot be adequately 

described by Fermi-Dirac statistics. The observation of 

anisotropic state-filling indicates that indeed, at these 

excitation levels, the distribution function is initially 

non-Fermi-like. 

Also in Chapter III, the self-diffracted signals from 

orientational gratings in Ge are compared with those from 

concentration gratings. A number of differences are found, 

all of which can be explained in terms of the theory 

developed in Chapter II. In addition, three-pulse transient 

grating lifetime measurements are discussed. These studies 

indicate that, for the particular experimental config-

uration, the concentration grating lifetime is approximately 

50 psec, while the orientational grating decay is too rapid 

to be resolved with the 8 psec pulses that were used. The 

latter result indicates that orientational gratings in Ge 

provide a potential, resonantly-enhanced, phase-conjugation 

source with an ultrafast recovery time. 



Finally, in Chapter IV the paper is summarized and the 

important conclusions are restated. Also discussed is 

possible future work that could arise from these studies. 



CHAPTER II 

THEORY OF DEGENERATE FOUR-WAVE MIXING IN PICOSECOND 

EXCITATION-PROBE EXPERIMENTS 

In this chapter, the creation and subsequent effects of 

laser-induced transient gratings are explained in terms of 

degenerate four-wave mixing (DFWM). DFWM describes third-

order nonlinear interactions, i.e., three fields interacting 

to yield a fourth (four-wave mixing), where all fields have 

the same frequency (degenerate). The transient grating 

phenomena are described with reference to a concentration 

grating, by which we understand the density of excited 

states to be modulated in space, and an orientational 

grating, that has not previously been described in detail. 

By an orientational grating we mean that the excited (or 

saturated) states are predominantly of one orientation in 

any given region of space but that the direction of pre-

ferred orientation modulates through the material. In 

liquids an orientational grating is formed when molecules of 

one angular orientation are excited preferentially. In a 

semiconductor an orientational grating is produced if 

carriers are preferentially excited into energy states of a 

given k—direction. In the latter case the state—filling is 

anisotropic in reciprocal or k—space. One of the 

10 



11 

significant characteristics of these orientational gratings 

is that they are formed even when the polarizations of the 

excitation and probe pulses are orthogonal. In this circum-

stance the radiation intensity is uniform and there is no 

resultant modulation of the concentration of excited states. 

Nevertheless, the orientation of the excitation may still be 

spatially periodic throughout the irradiated region. Thus, 

a purely orientational grating exists although the number of 

excited species (summed over all angles) is uniform. Of 

course, when the polarizations of the two pulses (excitation 

and probe) are parallel, the predominant orientation of the 

excited states is independent of spatial coordinates but the 

concentration of excited states varies periodically because 

the intensity is spatially modulated. Such a concentration 

grating may be modified by angular reorientation but can be 

completely destroyed only by deexcitation or spatial dif-

fusion. In contrast all three mechanisms can eliminate the 

purely orientational grating. 

In the next section, we take a two-level system and 

derive expressions for the third-order nonlinear polari-

zation responsible for the dominant excitation-probe experi-

mental phenomena. We show in particular that, as far as the 

symmetry of the nonlinear effects is concerned, it is 

appropriate to consider two terms, one having the symmetry 

of a conventional third-order nonlinear optical 
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susceptibility and a second having a symmetry related to 

first-order susceptibilities. This is the first time, to 

our knowledge, that these terms have been distinguished 

explicitly. The third and fourth sections are devoted to 

two specific and contrasting models: molecules in a liquid 

and heavy-hole band electrons in a semiconductor. Straight-

forward solutions to the propagation equations are 

summarized in the fifth section in order to indicate the 

energy scattered toward the different detectors and a 

variety of limiting cases are discussed. 

Two-Level Model for Transient Gratings 

We wish to use the third-order iterative solution for 

the density-matrix of a three-level system (two levels and a 

reservoir) in the presence of an intense ultrashort, yet 

rn 

essentially monochromatic, electromagnetic field E (t,r). 

We will define this total field at any given time by 

ET(t,r) = ET(a),t,r) exp(-icot) + c.c. , (1) 

and anticipate the total field to be comprised of components 

propagating in different directions (the excitation and 

probe directions and the background-free direction), with 

various possible polarizations (e), 

ET (a), t, r) = 2 E. (u), t, r) exp(ik. • r) g. . (2) 
j 3 
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Initially, we take the matter-radiation interaction to be 

given by the electric-dipole expression (introducing -ft here 

for simplicity later) 

fiV = -e r .ET(t,r) = fiV (w# t, r )exp(-iwt) +c.c. (3) 

(The spatial variation of ET is taken to be small on the 

scale of the polarizable units of the material). Including 

dephasing, recombination, and diffusion phenomenlogically in 

the density-matrix equation,the matrix elements satisfy 

• 2 
p = - p /T - i v p + ip„„V„„ + D V p „ , (4a) 
cc cc c cv vc cv vc c pcc 

p = - ( p -D/T - i V p + i p V + D V p , (4b) 
vv vv ' v vc^cv Mvc cv V Mvv 

p = (—ico - r ) p - i V (p - p ) . (4c) 
cv cv cv cv vv cc 

Subscripts v and c represent the ground and excited states; 

T ^ are the electron-scattering rates out of c and into v 
C i V 

respectively and D
C f V encompass both spatial and orien-

tational diffusion mechanisms. (c,v are used having in mind 

semiconductor conduction and valence states). Also, 

V = - r • ET (t, r) , (4d) 
CV ~cv ~ ~ 
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where r c v is the matrix element of r. The iterative 

solution to Eq. (4) is attained by setting p = ^ a(fi,t,r) 

exp(-ifit) and looking for the dominant (most resonant) terms 

at each stage of iteration. Thus, for example, using super-

scripts to denote the order of iteration: 

^ c ) ( 0 ) " ° ' <4v ) ( 0 ) = 1 • < 5 a ) 

°cv'<w> = ~ "cv + ^ 1 Vcv<»> ' ' 5 b' 

;vv > ( 0 ) = - ° w ) ( 0 ) / T v - i V v o ( - w ) 0ci ) ( w ) 

+ i o|e)(-u> V c v ( B ) + V 2
 alV{0) • <5c> 

®^>C)-i(™-«ov+ir)a^
,(a.)-iVov(«,)C<,^

,(0)-0^)t0)] . (5d) 

Note that all matrix elements of g and of V have 

both temporal and spatial dependences in addition to 

the exp(-iojt) dependences. 

The first order solution is 

' J V . t . r ) = J C-i V c v( M,f,r)] 
a 
cv 

x exp[i(oo - o)cv + ir ) (t - t
1 ) ] dt1 . (6) 
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We anticipate that the dephasing rate T is fast compared 

to the time development either of V or of the population 

changes of the states. Both and the third-order 

term, a ^ ) ( are simplified by this approximation and one is 

left to solve the population-change equation: 

°ov)(0,) - Vcv ( w ) ( w~ Mov + i r r l C°iv>(0> • ( 7 ) 

where 

a^2)(o) = - a^2^(0)/T + D V 2 a ^ ( 0 ) 
w vv ' V V vv 

- IV (to) 12 2rC (u - 03 ) 2 + r 2 ] " 1 . (8 ) 
C V 

A similar expression obtains for cr£2)(0). The polarization 

of interest, for a number of two-level systems, is simply 

p(3)(o>,t,r) = ^ e fvc "CT 1"' 1'! 1 4 < 9 ) 

C,v 

There are in effect two sets of coordinates hidden in Eqs. 

(7) - (9). In the case of molecules in a liquid, they are 

the real spatial position r, the site of a given molecule, 

and the orientational coordinates of that molecule (e x 1 c ) * 

Providing we consider a polarizable cell of liquid that is 

sufficiently large to accomodate many molecules of random 
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orientations, yet small enough that the dipole-approximation 

can be applied (ET independent of r over the cell), then the 

summation will incorporate a sum over all possible 

orientations. The matrix elements £ v c in Eq. (9), and V c v 

in Eqs. (7) and (8) depend on the orientational coordinates. 

2 

Also the diffusion terms can be split into spatial ( D
r
v
r ) 

and reorientation (D kV k
2) diffusion terms. We define a 

vector k, anticipating the semiconductor case, with the 

polar coordinates (k, 0 k, <t>k). In the molecular case, the 

magnitude of k does not appear as a variable unless there 

are different, interacting molecular species in the liquid 

(where it would label the specie type). It will not lead to 

any ambiguity if we drop the k subscript on the orientation 

angles in the following equations. For N identical 

molecules, each being described by a specific pair of nonde-

generate levels v,c, we make the resonance approximation 

| co _ (J | << r, and can write using Eqs. (7) and (9): 

. 2 * 
P(3)(o),t,r) = J <36 sine 

o 
2tt 

X 

o 

J d(f> rvc(e,cj)) rcv(e,<f>) • ET(u),t,r) 

x [a (0 , t, r, 0, <|>) - ô ,ĉ  (0 , t, r, Q, (j)) ] • (10) 
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The 9 , <t> dependence must likewise be incorporated in the 

remaining problem, Eq. (8). This differential equation, 

with diffusion, can be solved rigorously by application of 

Laplace transform techniques. The results, however, are 

self-evident as we will now demonstrate. Consider the 

population change of the lower state: 

a<2> = - a(2)/T + D V 2a ( 2 ) + D tV?a
( 2 ) 

vv vv v r r vv k k vv 

2 
- (2e2/fi2r) lf c v-E

Tl • (ID 

In the absence of recombination or of diffusion terms, the 

solution is 

a^2^ (0,t,r,9,(j) ) = 2 ! a L V ' ( 1 2 ) 
v v ~ k ,1 

where 

a(2 ) < k > £, = .2|i 

ft r 
J (m , t') (w, t' ) exp[ i t ' * E ̂ 

- 00 

C* (0,<}>) • ev ( 9» $) * tpl dt' . (13) 

Each k, I component corresponds to the population change 

created by a particular pair of field components. Scat-

tering and diffusion lead to a reduction of this population 
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manifested by a response term within the t' integration. 

Thus, for example, the effect of fields at time t must be 

reduced by exp[-(t-t')/Ty] in the presence of scattering. 

The orientation angles appear in the matrix element factor 

in square brackets. This factor must reduce to its average 

value over a period of time long compared to the effective 

reorientational diffusion time, TQ. Finally if k^ ^ k^ the 

fields e£ and will establish a spatial grating. These 

are the terms of particular interest here. Obviously this 

grating must disappear on the time scale of the spatial 

diffusion time, T k£ » |kk - k ^ " 2 D"1. The self-evident 

solution referred to above is thus obtained by replacing the 

bracketed term in Eq. (13) by G ^ C t - t') where, 

G k £ ( t ) = { % c ( 0 ' ^ * g k F c v ( 9 ' < t > ) > C 1 " e x p ( " t / T e ) ] 

+ 5 v c ( e , < f ) ) ' g k E Cv
( 0'* ) * §£ e X p ( ~ ^ " V } 

x exp[-t(l/Tv + 1/T^)] . (14) 

The average, denoted by <...>, is taken over all 0,<}> angles. 

We now introduce two dimensionless parameters that 

describe the symmetry of the nonlinearity. Taking r c v as 

the unit vector in the direction of 3TCV/ the Y parameters 

are defined by 
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y [ ^ = (4tt)-1 J sine de d* r v c • £* r c v • , (15a) 

Yijk£ = (4ir)_1 / S i n 0 d 0 d(f) ̂ vc* gi *cv * gj 

x ̂ rvc * gk rcv * * ( 1 5 b ) 

These coefficients have the symmetries of the linear and 

nonlinear optical susceptibilities as conventionally 

defined: 

H e2 |r |2 y!V (16a) A i j hr cv ij 

/o\ 2iNe T. - (3} 
Xijk£ ( " f . " - ft3r2

 lrcv' Yijk£ " < 1 6 b ) 

Here is the recombination time between states c and v. 

Finally, putting Eqs. (12) - (16) together, the iterative 

third-order polarization is given by 

P ( 3 )U,t> = - 1 ^ ^ exp[i(k. - X,. + k £) • r] 

t 

X Ej(w,t) J E*(co,t') E£(w,t*) 
— 00 

x Aijk£ ( t " t' ) d t' ' ( 1 7 a ) 

with 
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A i j W ( t > - U - «P(-t/Te)3 + *[?lt exp(-t/Te)} 

X |exp[-t(l/Tv+ 1/Tk^)] 

+ exp[-t(l/Tc +
 1/t

1c£)3} • (17b) 

There are several points to be made concerning this 

expression. Firstly, because of the form we choose to take 

for the time dependence of ET and of our assumption 

concerning the dephasing rate, the format of expression (17) 

is neither that of a conventional nonlinear susceptibility 

type of polarization, P^3^(o)) = 3 ̂  (̂  ? oj, - , oa) | E(oj ) | 2 E(w), 

nor is it precisely that of a response function, 

p(3)(t) = / / / <f>(t' ,t' ' ,t' ' ' )E(t' )E(t' ' )E(t' ' ' ) (Flytzanis, 

1975). The slowly varying envelope approximation allows us 

to conceive of the first pair of interactions creating a 

real population change at time t' and of this change contri-

buting to the polarization at a later time t. The polari-

zation is then the source for the emergent radiation. 

Contributions to the population change must occur at 

all times t' prior to t, and the response of the system, 

A(t-t'), determines the importance of earlier events by the 

time t itself. Note that there is a slow spatial variation 

in P^3^(u),t) through a similar variation in the electric 

fields and in possible phase mismatch factors. 
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The new result that we wish to emphasize here, as it 

has not been stated specifically before, lies in the 

symmetry of the polarization P^"^* Only if the pulse 

lengths and the pulse delay time are short compared to the 

( 2 ) 

reorientational diffusion time will the symmetry of be 

that of the nonlinear susceptibility. In contrast for 

times long compared to this orientational diffusion time, 

the nature of P^^ is that of the product of two linear 

susceptibilities. In effect, the two initial fields generate 

a population change in a manner. Over a period long 

compared to Tq , this population will take up the same 

symmetry as the unperturbed material system. Finally one 

probes this symmetry with the third field, another X^^ 

process. For times short compared to T0, the population may 

have a different symmetry than that of the unperturbed 

material. These features have not been made clear in pre-

vious discussions. 

There has also been some confusion in the literature 

originating from the different choices one can make in 

defining Herein, we choose to associate the com-

ponent k with the E* term in the various expressions, i.e., 

with the photon emission terms. The logic behind this 

notation is that, starting from the right hand index (£) and 

associating chronological ordering as we proceed to i, the 

most resonant nonlinear process is described by: (i) photon 
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absorption in exciting the material from state v to state c, 

field term (ii) emission accompanied by deexcitation, 

e£(o>); (iii) absorption, Ej(w); (iv) finally producing the 

polarization P^(w) which is a source for emission. In this 

way we define x|j^> (w ; w,-w, w), [as opposed to, for 

example, (to ; w, u>,-w ) (Flytzanis, 1975)]. One must be 

careful in specifying the frequency ordering as the tensor 

elements appropriate to different processes depend upon it. 

The response function is °f course defined here in 

a similar manner. 

In the two-level model the response A must have certain 

tensor characteristics that follow from the properties of 

the Y parameters: 

= Y M > Y i j ' ( 1 8 a ) 

y(3) _ y(3) = y( 3 ) y(3) (18b) 
Yijk£ " Y U k j k ji£ k£i j * 

The only general condition on the response function is 

therefore, 

Aijk£ ( t ) Ak£ij ( t ) * ( 1 8 c ) 
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Molecular Concentration and Orientational Gratings 

We will discuss two configurations for the excitation-

and-probe experiments: the parallel configuration in which 

the electric polarizations of the two pulses are parallel 

and the orthogonal configuration in which they are at right 

angles. We choose our real space coordinate system such 

that the excitation pulse field E e is z-polarized and the 

probe pulse either z (Ep||) or x-polarized (Epjj. B o t h 

beams are taken to propagate in the x-y plane, with wave-

vectors k^, k_ respectively. The background-free 
^ 0 

(conjugate) beam propagates with vector (2ke - k p) and will 

be shown to have the probe polarization (Ec) (see Fig. 1), 

i.e., 

T /\ 
E (oo,t,r) = E (w,t,r) exp(ik • r) z 

+ E . . (w,t,r) exp(ik * r) z 
PI I ~ ~P 

+ E p^ (u),t,r) exp(ikp • r) x 

+ Ec|j(w,t,r) exp[i(2ke - k p) • r] 

+ Ecj^( w, t, r) exp[i(2ke - kp) * r] x 

+ smaller terms . (19) 
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Fig. 1—Schematic of the propagation and polarization 

configurations considered in the text. 
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For our molecular model, the angles 9, <J> are referred 

to the above coordinate system. Thus, for a molecule of 

transition dipole moment ercv, one has ercv • §e = ercy cos 0, 

etc. The tensor natures of the third-order and linear 

susceptibilities are well known (Flytzanis, 1975), the non-

zero elements are: 

= 1/3 (20a) 
zz 

1 y(3) __ y(3) = (3) _ (3) = 1/ 1 5 (20b) 
3 zzzz xxzz xzzx xzxz ' 

(x,y, and z may be permuted). Although each molecule has a 

preferred axis, the random distribution of molecules within 

any polarizable cell determines the liquid as a whole to be 

isotropic. The above Y-paramaters indeed satisfy the 

isotropic condition (Ducuing, 1977) 

y(3) _ y(3) + y(3) + y(3) ^ (20c) 
zzzz xxzz xzzx xzxz 

Under typical, but not essential, experimental con-

ditions the fields satisfy the inequalities EQ >> Ep >> Ec. 

In this case, the largest term in the polarization is 

associated with the self-saturation of the excitation beam: 
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t 

P<3) = z F Ee(t) J E*(t')Ee(t') 

[B(t - t ' ) Y ^ Y ^ + C(t - t ' ) Y ^ ] dt' , (21) 
zz zz zzzz 

with 

B(t) = [1 - exp(-t/TQ)][exp(-t/Ty) + exp(-t/Tc)] 

C(t) = exp(-t/T0) [exp(-t/Tv) + exp(-t/Tc)] , 

4 4 
- 2iNe r 

F = [ 3 2
 C V] . (22) 

fx r 

This strong polarization is not of present concern, as 

it does not involve the delay time. The relevant terms are 

2 

the next strongest, of order E e Ep. There is a total of six 

such terms, three for each configuration. Dropping unneces-

sary notation, in the parallel configuration, we find 

p'3' = z F E n f E* E ( B Y Y + C Y ) 
~p p| I J e e zz zz zzzz 

+ Z F E f E* E (B Y Y + C Y ) 
e J e p M zz zz zzzz 

x exp[-(t - t')/Td] . (23a) 
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(3) 
P* ' = z F E 
~c e 

/
E*II E (B Y Y + C Y ) 
p|I e zz zz zzzz 

exp[-(t - t')/Td] (23b) 

In the orthogonal configuration, we find 

Pv"" = x F Epj^ J* E* E& (B Y _ Y _ + C Y _ _ ) 
.(3). 

P XX zz xxzz4 

+ x F Ee J Ee Ep| + C — ^ xzzx 

x exp[-(t - t')/Td] (23c) 

P i - = X F E e J E*j_ E e (0 + C Y x z x z ) 
,(3> , 
-c 

X exp[-(t - t')/Td] (23d) 

Here, T d^ = |kg - kpl^ D r is the spatial diffusion rate for 

the grating formed by the excitation and probe beams. The 

two terms in which T d is absent (the first terms in 23a and 

2 3c) represent the cross-saturation of the probe pulse due 

to the gradual accumulation of state-saturation induced by 

the excitation pulse (and the eventual decay of this 

saturation). These terms are commonly employed in measure-

ment of TQ , Tv, and T c. The remaining four terms are the 

transient grating terms of interest here. In the parallel 
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configuration, the interference between the excitation and 

probe fields causes a modulation of the intensity of the 

total radiation field. It is to be expected that this 

modulation should be reflected by a modulation of the con-

centration of excited states. Now, the concentration of 

excited states of_ â  given orientation is 

AN cv 

Z, X. 

<t.5'e< + ) - 5 W - ( ! ) / 2, < ( f ) E £ ( f ) 
— 00 

X exp[i(kk - k^) • r]G^(t - t')dt' , (24) 

where we assume Ty = Tc, that is, that there is no 

scattering out of or into the pair of molecular levels. 

That part of ANCV that modulates spatially is given from 

those terms in which one of the subscripts k,t refers to the 

probe beam and the other to the excitation beam. 

Integrating over 0 , <j> in order to determine the modulated 

part of the concentration at r regardless of orientation, 

one replaces by 4TT <G^ (t) >? this average is directly 

proportional to and therefore disappears unless the two 

beams have parallel polarization components. One clearly 

requires the selection rules ^ o both from a mathe-

matical point of view and intuitively if a purely concen-

tration grating is to be established. (We will use the term 

concentration grating to refer to the variation in the 
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concentration summed over all orientations). For the ortho-

gonal polarization, the radiation intensity is not modulated 

and no concentration grating is expected. In the termi-

nology of Eq. (2 3 a,b) the B-terms manifest the isotropic 

portion of the concentration grating; such are absent 

in the orthogonal configuration =0). In contrast the 

C-terms in all four transient grating expressions manifest 

the presence of anisotropic excitation. Those molecules 

oriented parallel to the electric field interact more 

strongly with the field and are thus preferentially excited. 

In the orthogonal configuration, this preferential exci-

tation modulates across the irradiated region of the sample 

because the resultant polarization direction of the electric 

fields modulates. Thus, a purely orientational grating is 

formed. The concentration of excited states, averaged 

over 0,4) is uniform in this configuration. In the parallel 

configuration a preferential orientation is still present 

but it is the same everywhere. 

The precise nature of the spatial dependence of the 

real field, in the orthogonal configuration, is complicated. 

Along the planes k0 x = 2nfr (for small 0 ) the resultant 

field is plane polarized at an angle a = tan_1|Ep/Eel to the 

z-direction, in the z-x plane. As x is varied the field 

becomes somewhat elliptically polarized; the major axis of 

the ellipse rotates up through the z-direction and past it 
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until at k0x = (2n + 1)7r one regains linear polarization, at 

an angle -a» A polarization grating is thereby formed, 

of period 2 tt /k0 . The orientational dependence of the 

excited-state concentration, in the absence of reorien-
A 

tation, is proportional to I rcv(0 ]C#
<})]C) * £T(r)| . Here £T(r) 

is the resultant radiation polarization vector at position 

r, and is defined via Eqs. (1) and (2). On those planes for 

which the field is linearly polarized £T(r) is the direction 

of the resultant field and one obtains 

2 
AN a cos 3 , 

cv 

where 3 is the angle between ^ T(r) and the orientation of 

the molecules of interest. In the intermediate regions of 

elliptical polarization (complex £T(r)), the picture is more 

complicated; nevertheless those molecules aligned along the 

major axis of the ellipse experience preferential exci-

tation. 

Since the orientational gratings and concentration 

gratings can be distinguished experimentally, by choice of 

configuration, and since their lifetimes depend on different 

material characteristics, their investigation can be used to 

study not only spatial diffusion and recombination lifetimes 

but also the molecular reorientation times in liquids. We 

shall now demonstrate that similar effects can be expected 

under certain conditions in crystalline solids. 
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Equation (23) is in effect a re-expression of the 

results of von Jena and Lessing (1979) but in more general 

form. Specifically the symmetries of the response functions 

are now emphasized. In addition the background-free 

(conjugate) terms are presented here. 

Transient Concentration and Orientational Gratings 

In Semiconductors 

A number of picosecond excitation-probe experiments 

have been undertaken in the semiconductor germanium 

(Kennedy, et_ al., 1974; Shank and Auston, 1975? Lindle, 

et al., 1979; Smirl, et al., 1981) at frequencies above the 

fundamental band edge. Figure 2 schemes the germanium band 

structure and typical optically-coupled regions. It is 

appropriate to concentrate on direct optical transitions 

from the heavy-hole valence band to the conduction band. 

These will dominate the saturation as they have the greater 

density of optically-coupled states. They also manifest 

most strongly the features of interest, without requiring 

the consideration of the cross-terms that are brought about 

by the more complicated nature of the light-hole eigen-

functions. The advantage of dealing with heavy-holes alone 

is that each heavy-hole state couples to just one conduction 

state. As in the molecular model then, we have a set of 

two-level systems, each pair of levels being independently 

coupled by the radiation fields. The following differences 

prevail however. 
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Fig* 2—Germanium band structure, indicating schemati-

cally the optically-coupled region for 1.06 ym excitation. 
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Firstly, instead of the angular orientation of 

a molecule, we are now concerned with the orientation in k-

space of the wave vector shared by the coupled valence and 

conduction states. The two, degenerate heavy-hole eigen-

functions for an electron lying close to X = 0, in the k -
^ Z 

direction are essentially (Kane, 1957) 

exp(ik z) exp(ik z) 
— - — (X + iY) + and ^ — ( X - iY) 4- . 

J2 f~2 

Here by X we are to understand a function having the 

symmetry of (yz) under the germanium (0^) symmetry oper-

ations, etc. The conduction states near k = 0 have (xyz) 

symmetry and are labelled S+, S + . The spin states +, + are 

referred to the z-direction. Spin-reversal scattering is 

ignored. In practice the dominant spin-reversal mechanisms 

will in addition either relax the hole energy (optical 

phonon scattering) or the hole momentum (acoustic phonon 

scattering). The former processes are included in Ty; the 

latter serve only to modify TQ. 

In the semiconductor situation, it is appropriate to 

replace r v c matrix elements by ipvc/mw (in the resonant 

approximation), where p v c is the momentum matrix element 

between Bloch states. The non-zero elements are given by 

the Kane P-parameter (Kane, 1957): 
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<S|px|X> = <S|p IY> = <S|pzIZ> = P . (25) 

The second difference between the molecular and semicon-

ductor models is thus that whereas a molecule lying along a 

z-direction was preferentially excited by a field in that 

direction, a valence electron labelled by k in the k z 

direction does not couple radiatively to the conduction band 

at all via such a field. The preferential excitation is 

achieved by radiation polarized in the plane orthogonal to 

the k z direction (Johnson, 1980). As a result, the tensor 

properties of will differ from the molecular case (Eq. 

20). At a general angle in k-space the heavy-hole eigen-

functions may be obtained by use of the rotational matrix 

(Kane, 1957): 

cos0 cos<j> cos0 sin<J) -sine \ /X\ 

- sincf> cos<j> 0 I ( Y J (26) 

sin6 cos<|> sine sin<j> cose / \z/ 

Hence for the two possible transitions, heavy-hole spin-

up/down to conduction up/down, the momentum matrix-elements 

are 

p = iEE. [(cos6 costf) Ti sin<j>) x 
~ c v fi\/2 

+ (cos0 sin<j> ± i coscf>) y - sine z] . (27) 
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The nonzero Y-parameters, averaged over the pairs of 

transitions, are therefore: 

Y ( ^ = 1/3 . (28a) 

Y*3) = 2/15; = Y^3^ = 1/10, Y^3^ = -1/15 . (28b) 
ZZZZ ' XXZZ XZZX ' ' ZXZX ' \aou/ 

The isotropic condition is still satisfied, 

Y ( 3 ) = Y ( 3 ) + Y ( 3 ) + Y ( 3 ) 

ZZZZ XXZZ zxxz xzxz 

because of the particular band model considered, but the 

three terras on the right are no longer equal. Indeed one is 

negative now, this will be discussed further in the next 

section of this chapter. 

Less important differences between the two models lie 

in the interpretation of the times Ty, Tc, and in the number 

of electronic states to be considered. In germanium, the k 

= 0 conduction levels lie above the L-point conduction 

minimum, and it is expected that electrons excited into the 

optically-coupled conduction states will transfer rapidly 

across to the side valleys (Elci, et al., 1977). T c is thus 

controlled by this short transfer time. In germanium then 

T c < < Tv, although this is not an essential feature of our 

model. In principle, the intraband T v scattering processes 
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are to be thought of as taking valence holes out of the 

optically-coupled region. They will accumulate, in a 

thermal distribution, near the top of the band. Obviously, 

for a sufficient concentration of such holes, the thermal 

distribution will begin to impinge on the optically-coupled 

region itself and, thus, contribute further to saturation of 

these states. We will not consider in detail this latter 

saturation, which we term band-filling. We justify its 

neglect so far as the orientational grating effects are con-

cerned on the basis that the energy relaxation processes 

that must occur in the thermalization will most definitely 

randomize the electron momentum so that there will be no 

anisotropy in the saturation due to band-filling. Neverthe-

less, band-filling proves to be important with respect to 

the background saturation and concentration grating terms in 

(3) 

Pv . Some further discussion is therefore presented in the 

next section. 

It is useful to estimate an effective number of opti-

cally—coupled states, per unit solid angle of k—space, n1. 

In practice if r describes the dephasing for a pair of band 

states then in principle all states will interact with the 

radiation, those within a frequency r of resonance inter-

acting more strongly, of course, than those further away. 

One can define n ' by integrating over all states and 

demanding that the third-order nonlinear susceptibility is 

the same as would be achieved by n' states on—resonance. 
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Providing the radiation bandwidth is small compared to 

the dephasing linewidth then, in the parabolic approxi-

mation (Wherrett and Higgins, 1982): 

n' = Kr (^-) ^ r(03 - 00 J1/2 • (29) 
32 TT2 V * 

The reduced conduction-heavy hole effective mass is y. Not 

surprisingly, n 1 is proportional to the density of 

states at oj , and to the linewidth r« n ' replaces N/4tt in 

Eq. (17). 

With these reinterpretations one sees that all the 

grating effects present for molecules can be reproduced in 

the semiconductor situation. In particular, on a time scale 

short compared with the spatial diffusion and scattering 

times (T^ and T y) and short compared with the k-state 

reorientation time Tg , an orientational grating is estab-

lished with the symmetry properties given by Eq. (28). 

(T0 characterizes the time taken for those states in the 

optically-coupled region to randomize their momenta. This 

differs from the conventional momentum relaxation time, for 

which there is no restriction on energy relaxation.) 

The third-order polarization responsible for the non-

linearity of emission in the probe direction, and for the 

emission in the conjugate direction, is given by Eq. (23), 

where the new Y-parameters of Eq. (28) pertain and where the 

factor F now takes the form 
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4 
p = -8tti n feP, 

ft3r2
 vhw; 

The heavy-hole states experience an excitation that is 

anisotropic in k-space, and the orientation or the plane of 

preferential excitation modulates in real space, basically 

keeping normal to the major axis of the polarization ellipse 

of the total radiation field. The excited-state concen-

tration, prior to reorientation, is shown schematically in 

Fig. 3 for an example field linearly polarized in the z-

direction. In general, for k at an angle 3 to the polari-

zation direction: 

A Ncv "'Pcv * g T ^
r ) ' 2 " s i n 2 

It is of interest to note that the valence band 

splitting is essential to the generation of anisotropic 

effects. If the six states Xt, Y+ ... Z+ were degenerate at 

k z then no preferential excitation would occur. In practice 

the crystal field and spin orbit interaction serve to split 

the degeneracy. The light-hole and split-off states would 

lead to different tensor relations than given by Eq. (28). 

These states however contain both X, Y, and Z functional 

dependencies and the anisotropy associated with them would 

be small by comparison to the heavy-hole result even if they 

did contribute significantly to the saturation. 
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Fig. 3—Anisotropic state-filling. The surface of the 

toroid of crescent-shaped cross section represents a 

contour-surface in k-space over which the population of 

valence holes is constant. Holes are generated primarily 

inside such a surface. In the band-filling limit they will 

have scattered to a spherical region centered at k = 0. 
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k , 



43 

Transmitted Energies 

Expressions for the energy detected in the probe and 

background-free directions are obtained by solving the 

electromagnetic wave equation in the presence of the non-

linear polarization (w,t,r). For small 0, all propa-

gation is essentially in the y-direction, and in the slowly 

varying wave approximation we wish to solve 

^ E j (w, t, r) E j (to, t,r) 

+ i 2 1,1" p!3*(w,t,r ) exp(-ik. • r) , (30) 
kc ~ ^ 

where a Q is the linear absorption coefficient. In this 

section, we ignore the transverse variation of the fields. 

Remember that Ej and Pj must have an axial dependence; this 

has not been denoted specifically in all the previous 

sections. In Eq. (30) and hereafter t is the retarded time, 

defined as [t (real time) - y/v], where v is the phase 

velocity of the radiation field. This distinction is 

essential to our selection of Eq. (33) below but is of no 

consequence in the integrals that follow. The energy 

detected in the probe/background-free directions is given by 

OO 

<£j (L) = J dt J dA (nc/2 TT) | E.. (a>, t ,L ) 12 , (31) 
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where L refers to the y position at the rear face of the 

sample and J*dA samples the area of the detector. For the 

probe pulse it is conventional to define a transmission 

coefficient and an enhanced transmission coefficient, Tp 

and ATp. 

TP = ^p ( L )/^p ( 0 )' ATp = Tp " exP(-«0L) . (32) 

In order to solve the wave equation analytically, with a 

polarization such as is given by Eq. (23), one must approxi-

mate for the fields that make up P ^ . The obvious choice 

is to set 

Ej(y) - Ej(0) exp(-aQy/2) . (33) 

Thus, in the small-signal regime where the nonlinearity is 

taken to have a marginal effect on either the probe or 

excitation pulses the solutions are as follows. 

The Probe Direction 

The wave equation, Eq. (30), takes the form in the 

probe direction: 

9 Ep ( y ) ao 
— — = 2 E p ( y ) + e x p (" 3 a

0
y/ 2 ) Qi ' < 3 4 ) 
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with Q-̂  independent of y. Providing exp(-aQL) << 1, the 

solution is: 

Ep(L) = [Ep(0) + Q1/aQ] exp(-aQL/2) . (35) 

Ignoring higher order terms, one therefore obtains 

AT = exp(-a L) -1 (12™) (-
p * o a 0 nc ft3r2' 

/ • ° ° 

X rcv Il / J I Ep (a), t,Y
=0)12 dt , (36a) 

— 00 

with 

•̂ 2 f p ̂  ̂ ^ 9 ®) ®*p (̂  # t # 0) 
' 00 

t 

x f E*(w,t',0) Ee(aJ,t
,
/0) A p p e e(t - t') dt' dt 

' 00 

t 

/ ic 
Ep(w,t,0) Ee(w,t,0) J E* (oo, t1 ,0) Ep(w,t',0) 

X Apeep^fc " d t' d t + c*0, (36b) 

The response functions A are given by Eq. (17b), by substi-

tution of the approprite excitation (e) and probe (p) polar-

izations and wave-vectors. 
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The BacKground-Free Direction 

Because there is no incident beam in the -0 direction, 

the conjugate beam behaves somewhat differently from the 

transmitted probe. In addition there is in principle a 

phase-mismatch problem with this beam. 

3 Ec ( y ) ao 
-5y = 2 E

c
( y ) + exPC("3«0/2 + iAk)y] Q2 , (37) 

where Ak = |2ke - k p - kc|, is the wavevector mismatch 

between the generated conjugate wave and the forcing field. 

The solution to Eq. (37) is, again with exp(-aQL) << 1, 

given by 

Ec<L> K Q2 exp(-aL/2) (c^-iAk)-
1 . (38) 

The detected conjugate energy £c is thus: 

exp(-a L) 4TTtaNe4r4 
& - o Anc , cv, _ . 
c 2 2 2 tt *3 2 9 (39a) c (aQ + Ak ) 27r ncft3r2 2 

with 

I
2
 = J lEe(w/t,0)|

2 | J * Ep(a),t',0) Ee(a),t',0) 
— oo — OO 

X Apepe(t " ) d t' |2 d t • <39b) 
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Recall that in the orthogonal configuration ApSpe ^ 

/ o \ 
Yxzxz a n d that in our heavy-hole model this parameter 

happens to be negative. We can see that this does not have 

he 

(3) 

the same consequence as would a negative value for or 

xxzz , basically because the conjugate beam builds up from 

(3) 

noise. A negative Yv ' for the probe beam would indicate a 

loss mechanism, i.e. AT negative, as opposed to the gain 
r 

that saturation must give. 

We are now in a position to predict the relative magni-

tudes of the probe and conjugate beams for the two polari-

zation configurations and to discuss the dependence of the 

signals upon the delay time, for various experimental con-

ditions . 

If the pulse time tn, is short compared with the 

reorientation time Tg , as might be appropriate to the 

molecular case, then regardless of the remaining lifetimes 

one obtains: 

AT i/AT , , = Y ( 3 ) /Y ( 3 ) (40) 
P_L Pi I xzzx' zzzz 

4 j / 4 1 I - l Y x z L / Y z z L | 2 • <41> 

Within the small signal approximation described 

throughout this paper a useful measure of the spatial 
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diffusion time is obtained from the ratio, R, of the grating 

contribution to the probe transmission to the transient 

dichroism of the background contribution. In the orthogonal 

configuration the former is, from Eqs. (23) and (36): 

spike r # 

i T p l " J V t ) Ee ( t ) J E e ( t ' > V t , } C < t " t , ) Y x z L 

x exp[-(t - t')/Td] dt' dt + c.c. (42) 

Setting the incident probe intensities equal in the two 

configurations the background dichroism is: 

bkd bkd * * » ^ 
A Tpl I " A Tpl ' J E p ( t ) V 4 ' / Ee ( t'' Ee(t'» 

*C(t - f)(Y<3) z - Y ^ » z ) d f dt + C O . (43) 

Thus at zero delay the ratio has a value of R = /(Y^^ 
x z zx x zzzz 

(3) 

~ Yxxzz^ ^ t^ie P ul s e time is short compared to the spatial 

diffusion time. Observation of a smaller R value is an 

indication of this diffusion time; in practice we recognize 

that if tp < T0 it is unlikely that t p will exceed the 

spatial diffusion time. The ratio of the spike to the back-

ground, at zero delay, in the parallel configuration is also 

a measure of spatial diffusion; the ratio is unity if t << 
F 

Tpe* regardless of Tg . Table I summarizes, for the 
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molecular and semiconductor models, the values of the above 

ratios, in the limit t„ << TQ . p y 

TABLE I 

RATIOS OF THE DETECTED SIGNALS FOR THE ORTHOGONAL 
CONFIGURATION TO THOSE OF THE PARALLEL 

CONFIGURATION, IN THE LIMIT 

*P < < Te 

Ratio Molecular Model Heavy-Hole Model 

AT , / AT , , 
Pi Pi 1 1/3 3/4 

^cj/£c I I 1/9 1/4 

R 1/2 3 

Features of preferential excitation can also be 

detected in photoluminescence experiments. Providing the 

luminescence occurs before reorientation, linear polarized 

incident light will lead to luminescence with components 

polarized in all directions, but with a linearity given by 

(Zemskii, et al., 1976), 

(3) 

Lin. = zzzz 
,(3) 
xxzz 

Y (3) + (3) 
zzzz xxzz 

(44) 

A linearity of 1/2 is predicted for our molecular model, 1/7 

for heavy-hole systems in semiconductors. The parameters 

f (3) 
xzxz 

are not picked up in such experiments. 

^xzzx' ^xzxz which characterize the orientational grating 
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If the reorientation rate is rapid then clearly the 

conjugate energy and probe enhancement will be very much 

weaker in the orthogonal than in the parallel configuration. 

The above ratios will depend on the magnitudes of the times 

Tc' Tv' a n d Tk£* Furthermore the dependences of the signals 

upon the time delay may not be the same for the two configu-

rations. The following subsections cite two limiting cases. 

First, we define a time T G that characterizes the decay of 

any grating under consideration. For state-filling gratings 

TQ is obtained from Eq. (17b) by selecting the most slowly 

varying exponential term and setting its arguement equal to 

-t/TG. For band-filling gratings in semiconductors we 

anticipate 1/TG = 1/TR + l/Tkl, where T R is the interband 

recombination time. 

tp >> Tg.—In the semiconductor situation it is to be 

expected that the deexcitation rates Tc, T v will be rapid 

(Elci, et al., 1977; Keilmann, 1977). All state—filling 

contributions to ^̂ ~p a n^ will therefore involve response 

functions with exponentials that can, to a first approxi-

mation, be replaced by TG<5(t-t') and in practice TQ =: T y. 

If we then account for the fact that the probe pulse is a 

delayed and attenuated version of the excitation pulse, 

Ep(w,t,0) = b Ee(w,t-T,0) , (45) 
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the background and grating terms in AT and the conjugate 
r 

energy are proportional to integrals of the forms: 

I?kd . Ip 1 1* 6 - / U.<t - T)|2 |Ee(t)|
2 (46a) 

12 " " T"2 lEe(t) I
4 

(46b) 

That is, both detected signals are measures of the intensity 

correlation of the pulse. 

tp < * T̂ .. Despite the fact that both probe terms in 

the above case take the same form, it should be noted that a 

slowly varying background is still anticipated in the semi-

conductor case as there is an accumulation of carriers in 

the optically-coupled states via the band-filling process. 

As discussed above, the band-filling process will lead only 

to background and concentration grating contributions to the 

signals. Furthermore, the decay of the band-filling is 

achieved only by slow processes (interband recombination 

and, in the grating term, spatial diffusion). Hence t n is 

likely to be short compared to the appropriate T Q. In this 

limit A(t - t') can be replaced, to a first approximation, 

by a constant. Thus, 
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t Ilkd 06 f l E e ( t
 ~ t ) | 2 f lEe

(t')|2 ^47a) 
t 

jspike ̂  J*E*(t - T)Ee(t) J E*(t')Ee(f - x) + c.c. (47b) 

t 

I 2
 0CJ*|Ee(t)|

2 | J E*(t' - T) E e(f)|
2 . (47c) 

That is, the background term is now the correlation of the 

excitation intensity at time (t - x) with the energy in the 

excitation pulse up to time t. The two grating terms are 

different measures of the coherence of the excitation pulse 

(Eichler, et al., 1980). 

We have recently undertaken extensive excitation-probe 

studies in germanium using intense, 1.06 ym, picosecond 

laser radiation. These studies, which led in part to this 

theoretical investigation, indicate that preferential orien-

tation associated with anisotropic k-state filling has been 

achieved. The experimental results are discussed in detail 

in Chap. Ill of this paper. At the highest intensities 

employed (>1 GW/cm ) we observe, in the parallel configu-

ration, a component of the transmission spike near zero 

delay which remains in the orthogonal configuration. In 

addition we observe a signal, again near zero delay, in the 

background-free direction, also under the orthogonal config-

uration. These results are consistent with the presence of 

an orientational grating. Furthermore the time dependences 

described by Eqs. (46) and (47) are confirmed. 
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CHAPTER III 

EXPERIMENTAL EVIDENCE FOR ANISOTROPIC STATE-FILLING IN GE 

In this chapter we present a discussion of a series of 

experiments that provide strong evidence for anisotropic 

state-filling in germanium. These measurements include two-

pulse self-diffraction and three-pulse transient grating 

lifetime experiments. All aspects of the data are consis-

tent with the theory developed in the preceeding chapter. 

To clarify further the idea of anisotropic state-

filling, consider the specific example of direct transitions 

between the heavy-hole valence band and the conduction band 

of germanium. A qualitative sketch of this process is shown 

in Fig. 4. The dashed arrow indicates the photon energy 

while the optically-coupled states are represented by the 

shaded rings. The width (in energy) of the optically-

coupled states is determined by the curvature of the bands 

and the bandwidth of the exciting radiation. Thus, for 

nearly monochromatic light, the energetically-allowed states 

have a very narrow range of energies and an isotropic dis-

tribution of momenta. If we further require the radiation 

to be polarized, due to the nature of the excitation, we can 

introduce an anisotropy into the system. The strength of 

valence-to-conduction band transitions is proportional to 
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Fig. 4 Illustration of anisotropic state-filling by-

direct absorption of nearly-monochromatic, z-polarized 

radiation. 
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the square of the matrix element <c|E- p|v>, where E is the 

incident electric field, p is the momentum operator, and |v> 

and I c> are eigenfunctions of the valence and conduction 

band states. In germanium, the heavy-hole valence band 

states in, for example, the ^-direction are predominantly 

p-like and of the form |x + iY>+ and |x - iY>+, where 

X[=X(x,y,z)] has (yz) symmetry and Y[=Y(x,y,z)] has (xz) 

symmetry. The conduction band states are predominantly s-

like ( | s > + and | s>+ ) with (xyz) symmetry. Thus, for z-

polarized radiation, coupling should be strongest for 

electrons labeled by k-values lying in the kx k y plane, 

while kz-labeled electrons should not couple at all. The 

two-dimensional analogy to this situation is illustrated in 

Fig. 4 by the darker shading of energetically-allowed states 

in the kx-direction. 

We see then that the nearly monochromatic and polarized 

nature of the excitation leads to an initial distribution of 

carriers which is 6-function-like in energy and localized in 

a particular direction in k-space. This distribution can 

relax by a variety of mechanisms. The scattering-out rate 

(Tc1) f o r intraband and intervalley scattering in the con-

duction band of germanium is large compared to all other 

rates of interest (Elci, et al., 1977). From the point of 

view of saturation of the optically-coupled states, we can 

therefore concentrate our attention on the valence band. 
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Here, we divide the scattering processes into two distinct 

classes: elastic and inelastic scattering. Elastic 

scattering events, such as ionized impurity scattering and 

small-wave-vector acoustic phonon-hole scattering, can ran-

domize the momenta of the holes without significantly 

altering the energy distribution. in Fig. 4, we have 

denoted the characteristic time for such momentum relaxation 

without energy relaxation by T 0. m contrast, inelastic 

scattering events, like optical phonon-hole or hole-hole 

scattering, can completely remove the holes from the opti-

cally-coupled states, thereby spreading the energy distri-

bution and randomizing the momenta. We label this form of 

energy relaxation in the valence band by the characteristic 

time constant Tv. 

Saturation of the transitions between the optically-

coupled states can occur in any of three ways. If the 

optical generation rate into the energetically-allowed 

states is greater than the combined scattering-out rate (T"1 

+ T v ), the distribution of carriers will be localized in 

energy and momentum. We shall call this anisotropic state-

filling, since the saturation has a preferred direction in 

k-space. Alternatively, if the generation rate exceeds the 

energy relaxation rate T"1 but is small compared to the 

momentum relaxation rate T"1, the occupied states will be 

localized in energy but isotropic in momentum; we shall 
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refer to this as isotropic state-filling. The distribution 

must eventually thermalize regardless of the relative 

strengths of the generation and scattering rates. In this 

case an entire range of valence band states, including the 

optically-coupled states, will be isotropically filled with 

holes. This form of saturation, caused by the Moss-Burstein 

shift of the absorption edge, is known as band-filling. 

Saturation produced by anisotropic state-filling can decay 

by both T0 and T v type relaxation processes. Isotropic 

state-filling can decay only by T v processes, while band-

filling (in the valence band) can be destroyed by 

electron-hole recombination. Note that if T"1 >> T"1, then 

anisotropic state-filling can decay to isotropic state-

filling. It is well known that band-filling can occur in 

germanium (Smirl, et al., 1981; Elci, et al., 1977; Smirl, 

et̂  al., 1976) and indirect observations of isotropic state-

filling have been reported (Keilmann, 1977). This is the 

first observation, however, of anisotropic state-filling in 

a semiconductor. It is necessary to remark here that the 

warping of the valence band will create anisotropy in the 

momentum distribution in as much as the optically-coupled 

states have different magnitudes of k for different k-

directions. This charcteristic is, however, quite distinct 

from the usage of the term anisotropic in this paper, and 

whilst band warping will complicate the nature of the state-
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filling, it is unnecessary to introduce it at all from the 

standpoint of understanding the process of interest. 

The next section of this chapter is devoted to a brief 

description of the apparatus used throughout these experi-

ments, including a summary of the laser system, its 

characteristics, and the samples used for these studies. We 

discuss the results of picosecond excitation-and-probe 

measurements as well as self-diffraction experiments in the 

third section. it is these results that provide the first 

direct experimental evidence of anisotropic state-filling in 

a semiconductor. In addition, the self-diffracted signals 

from orientational gratings are contrasted with those from 

concentration gratings in Ge. We describe in the fourth 

section three-pulse transient grating lifetime measurements 

that indicate that the concentration grating exists for tens 

of picoseconds while the orientational grating lifetime is 

shorter (and probably much shorter) than the 8 psec pulses 

that are used in these studies. The discussions and con-

clusions in this chapter rely heavily upon the theory 

developed in Chap. II. All data are found to be in complete 

agreement with this theory. 

Experimental Apparatus 

All of the studies reported here were conducted with a 

mode-locked Nd3+:phosphate glass laser operating at 

1.054 ym. The active lasing medium is a Brewster-cut 6.5" x 
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0.2 5" Schott EV-4 thermally-compensated glass rod enclosed 

m a Korad K-l laser head. The rear mirror of the oscil-

lator has a 100 per cent reflectivity and a five meter 

radius of curvature while the output coupler is a 30 per 

cent reflective flat in contact with a dye cell. A solution 

of Kodak 9860 dye and 1,2 dichloroethane is used as the 

mode-locking mechanism. Careful alignment and an intra-

cavity aperture constrain the laser to oscillate in a single 

transverse Gaussian mode. The laser operates at a repe-

tition rate of one shot every ten seconds, producing a train 

of approximately 40 pulses. A photodiode-triggered electro-

optic switch, consisting of a Pockel's cell between two 

crossed polarizers, is used to select a single picosecond 

pulse from the train. Each pulse has a width, assuming a 

Gaussian temporal profile, of approximately 8 psec (FWHM) as 

determined by type I noncollinear second harmonic generation 

in KDP. The autocorrelation, shown in Fig. 5, has a width 

of 11 psec (FWHM). 

It is well known that Ndrglass lasers, due to, e.g., 

self-phase modulation, tend to produce pulses that are 

coherent over only a small range of their total pulsewidth. 

We have measured the coherence width of our pulses by using 

a method recently described by Eichler, et al. (1980) (see 

insert Fig. 6). Here, a single pulse is split into three; 

two pulses are used to form a concentration grating in a 
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Fig. 5—Intensity autocorrelation of our pulses 

obtained by type I noncollinear second harmonic generation 

in KDP. 
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saturable material and the third is used as a probe. 

Ideally, the grating lifetime should be much longer than the 

pulsewidth of the exciting radiation. The probe is set at a 

fixed delay Tq (iong enough such that there is no overlap 

between it and the other two pulses), while the delay 

T between the grating-forming pulses is varied. The 

diffracted probe signal plotted as a function of delay 

between the grating-forming pulses gives the coherence width 

of the pulses. For a full description of the details of 

this type of measurement see (Eichler, et al.( 1980). Our 

results, using a thin Ge wafer as the saturable absorber, 

are shown in Fig. 6. Previous measurements (Smirl, et al., 

1982a), as well as those presented in the fourth section of 

this chapter, indicate that concentration grating lifetimes 

in Ge are long compared to our 8 psec pulses and therefore 

Ge is a suitable material for this experiment. We see that 

the coherence width of the pulses is indeed short compared 

to their intensity autocorrelation function, being at most 2 

psec (FWHM). This value is consistent with the measured 

spectral width of the pulses. We have emphasized the dis-

tinction between the pulsewidth and coherence width at this 

point because this difference will prove important in the 

explanation of the data discussed in the next section of 

this chapter. 
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Fig. 6 Coherence width of our pulses obtained in the 

manner described by Eichler. 
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The sample used in these experiments was an ultrathin 

wafer of high-purity, Czochralski grown, single crystal Ge 

(p = 40 fl-cm) cut with the <111> plane as the face. The 

wafer, which was initially 2 mm thick, was optically 

polished and etched on one side and then bonded to a fused 

silica substrate with a cement that is highly transparent 

in the near infrared. For our initial measurements, the 

second side of the wafer was optically polished to produce a 

thickness of 10 ym and then etch-polished with Syton HT-30 

to give a sample thickness of 5.7 ym. In later studies, the 

wafer was ion-milled and Syton-etched to a thickness of 

1.8 ym. Thicknesses were determined by interferometric 

techniques. The sample was mounted in a variable-

temperature closed-cycle helium refrigerator. 

Self-Diffraction Measurements 

We observed the first evidence of anisotropic state-

filling while conducting excitation-and-probe measurements 

in Ge. For these studies, a single pulse was split into two 

and a variable delay x was introduced into the path of one 

beam, as shown in Fig. 7 (initially, the half-wave plate, 

all polarizers, and the detector in the -6 direction were 

absent from the configuration). One pulse (probe) was 

attenuated by a factor of 10"^ with respect to the other 

(excitation) and the two pulses were recombined at a small 

angle (0 = 12°) at the surface of the 5.7 ym thick Ge 
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Fig. 7—Experimental geometry used for self-diffraction 

measurements. 



68 



69 

sample. The excitation pulse was focused to a spot size of 

200 ym (FWHM) resulting in peak fluences of approximately 60 

mJ/cm . At these excitation levels, the saturated trans-

mission is a factor of 30 greater than the linear trans-

mission. The probe spot size was about half that of the 

excitation to ensure interrogation of only the central 

portion of the excited region. For these studies the exci-

tation and probe had identical polarizations. 

We monitored the effects of the direct absorption of 

the excitation pulse on the optical properties of the Ge by 

measuring the probe transmission as a function of the 

delay T. Results are shown in Fig. 8a. Three distinct 

features are present, the most obvious of which is the very 

narrow (2 psec FWHM) spike centered near zero delay. This 

correlation spike was first observed by Kennedy, et al. 

(1974), who interpreted it as a direct saturation and ultra-

fast relaxation of the optically-coupled states. A later 

study by Shank and Auston (1975) showed, in addition to the 

spike, a slower rise in the probe transmission for much 

longer delays. This led them to reinterpret the narrow 

spike as the result of self-diffraction of the excitation 

beam into the probe direction by a laser—induced grating. 

This grating is formed and self—diffraction occurs only for 

a narrow range of delays near zero, where the excitation and 

probe are both spatially and temporally overlapped. The 
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Fig. 8 Probe transmission as a function of delay 

between the excitation and probe for (a) parallel and (b) 

perpendicular excitation and probe polarization directions. 
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interference of the two pulses modulates the carrier concen-

tration and therefore the saturation of the germanium. The 

saturation, and hence the grating, was attributed to band-

filling. Ferry (1978) suggested that, in addition to the 

self-diffracted signal, isotropic state-filling should also 

contribute to the spike. We should emphasize that Ferry's 

alternate source for the spike is independent of any grating 

mechanism. Lindle, et al. (1979) subsequently showed that 

state-filling gave no measurable contribution to the spike 

and that the nature of the spike was entirely consistent 

with self-diffraction from a grating produced by band-

filling . 

A second structure, barely evident for the scale used 

in Fig. 8a, is a slow rise in the probe transmission at long 

delays—the same structure first reported by Shank and 

Auston (1975). This slow rise has been extensively studied 

and has been attributed (Smirl, et _d., 1981; Elci, et al., 

1977; Smirl, et al., 1976) to a dynamic Moss-Burstein shift 

of the absorption edge, i.e., band filling, followed by a 

cooling of the dense nonequilibrium carrier concentration 

created by the direct absorption of the excitation pulse. 

Since this feature has been reviewed elsewhere, we shall not 

comment on it further. 

The third feature that we see in Fig. 8a is the broad 

base (10 psec FWHM), centered at zero delay, on which the 
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narrow spike is superposed. This structure, which we 

observe only at the highest excitation levels (>1 GW/cm^), 

has not been previously observed and is the primary subject 

of this paper. Figure 8a along with subsequent data dis-

cussed below and the theory of the preceeding chapter all 

provide strong evidence that this broad spike can be 

associated with anisotropic state-filling. 

The broad structure of Fig. 8a can be distinguished 

from diffraction effects due to concentration gratings by 

repeating the measurements with the excitation and probe 

orthogonally polarized. For this configuration, the inten-

sity across the sample is uniform and no concentration 

grating can be formed. The results are shown in Fig. 8b. 

As expected, the narrow spike has disappeared, however, the 

broad structure is still present. 

Having eliminated any possibility that the broad peak 

is associated with a concentration grating, we are still 

left with at least two possible explanations. An obvious 

possibility is that we are seeing the effects of the 

isotropic state-filling predicted by Ferry (1978). That is, 

we may be seeing the rapid relaxation of a 6-function-like 

component to the carrier energy-distribution. The second 

possibility, less obvious but equally plausible, is that the 

broad peak is a result of self-diffraction from a grating 

which does not require an intensity modulation, i.e., an 
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onentational grating. To distinguish between these two 

effects we monitored the signal in the -0 direction. The 

signal in this background-free direction can arise only from 

grating effects for orthogonally polarized excitation and 

probe pulses, isotropic state-filling cannot produce a 

signal in this direction. 

The background-free signal could not be detected in the 

measurements of Fig. 8 due to the limiting aperture of the 

radiation shield in the dewar. The shield was removed 

resulting in a minimum sample temperature of 154 K, at which 

the remaining data were taken. As shown in Fig. 7, the 

polarization of the probe could be rotated by 90° with 

respect to that of the excitation, and in addition, an 

analyzer was placed before the background-free detector. 

For these measurements, the excitation spot size was 350 ym 

(FWHM) resulting in a peak fluence of 15 mj/cm2; the probe 

fluence was approximately 7 per cent of this. To obtain 

larger transmitted signals, we also replaced the 5.7 ym Ge 

sample by a 1,8 p ion-milled sample. 

We show in Fig. 9 the background-free signal as a 

function of delay x for both parallel (9a) and perpendicular 

(9b) excitation and probe fields. For the parallel configu-

ration, we see that the self-diffracted signal consists of a 

narrow (2 psec FWHM) asymmetric spike and that the scattered 

light is polarized parallel to the probe (and excitation). 



75 

Fig. 9—Background-free signal as a function of delay 

between the excitation and probe for (a) parallel and (b) 

perpendicular excitation and probe polarization directions. 

In each case the analyzer was set to pass the probe polari-

zation. 
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For crossed polarizations the narrow spike disappears but a 

broader symmetric structure remains. We emphasize that the 

self-diffracted signal is now polarized parallel to the 

probe but orthogonal to the excitation pulse. Also notice 

that the signal for the orthogonal configuration is much 

weaker than for the parallel configuration and, in fact, is 

near the limit of our detectability. Again, for the ortho-

gonal configuration, the intensity across the sample is 

uniform and no concentration grating can be formed. This 

result strongly indicates that the broad structure, 

originally seen in the probe transmission, is the result of 

a first-order self-diffraction from a grating that does not 

require a spatial modulation of the carrier concentration. 

A final possibility involving the degree to which one can 

define experimentally the polarization directions of the 

radiation is considered below and eliminated. We should 

mention that these measurements are very similar to those 

reported by Lindle, et al. (1979), who observed no broad 

structure. We emphasize, however, that we see the broad 

spike only at the highest excitation levels (>1 GW/cm ); the 

multimode nature of the transverse beam profile used by 

Lindle, et al. (1979) probably kept them from attaining 

these levels. 

We now turn our attention to the characteristics 

anticipated for self-diffraction into the background-free 
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direction, based upon the theoretical ideas of the pre-

ceeding chapter. Essentially, the effect of saturation in 

the presence of two beams is described by a third-order non-

linear polarization. We will select the contributions to 

this polarization that pertain for the -9 propagation 

direction. We consider first the parallel and then the 

orthogonal configuration. 

Parallel Configuration 

In the parallel configuration (for which we obtain 

experimentally the results pictured in Fig. 6a) the non-

linear polarization is [see Eq. (23b)]: 

P ^ ( t ) * z exp[i(2ke-kp) • r] Ee(t) 

* / E*(t') E e ( f ) A z z z z(t - t') d f (48) 

where e and p label the excitation and probe fields (both 

polarized in the z-direction) and propagation vectors. The 

response function A(t) is given by [see Eq. (17b)]: 

A « « ( t ) C 1 " e x p (- t / T<> ) 3 

+ y(3> «p(-t/Te)Uxp[-t(l/T + 1/T )] 
Z Z Z Z / 

+ *2 Yiz' Y ^ ' + 1/Tpe):i ' < 4 9 ) 
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where the and ^ parameters are defined in Chap. II 

and have the symmetries of first and third-order suscepti-

bilities, respectively, and K2 is a constant. The first 

term in Eq. (49), associated with both isotropic and aniso-

tropic state—filling, can decay partially by reorientational 

diffusion T0, but can be destroyed totally only by energy 

relaxation T v and spatial diffusion Tpe* The second term, 

which has been added phenomenologically, describes band-

filling and can decay by spatial diffusion Tpe and recombin-

ation T r only. We see then that, depending upon the relative 

strengths of the optical generation rate per state G(k) and 

the various decay rates, any or all of the following can 

produce a concentration grating: anisotropic state-filling, 

isotropic state—filling, and band—filling. In germanium, we 

expect intravalence band energy relaxation to be rapid com-

pared to either reorientational relaxation (Keilmann, 1977) 

or recombination (Smirl, et al., 1982a). In addition, the 

grating "wash-out" by spatial diffusion (Smirl, et al., 

1982a) should be slow compared to Tg and T v but rapid com-

pared to T^, i.e., we should have T^ >> Tpe >> Tg > T v. 

Hence, it is anticipated that while the direct effect 

of the radiation is to create a concentration grating for 

which there is a preferential orientation in X-space of the 

optically-excited carriers (anisotropic state-filling), the 

intraband relaxation will lead to a quasi-equilibrium in 
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which most of the valence holes are thermally distributed 

(band-filling). The associated saturation is expected to 

dominate the experimental features. Note also that the 

band-filling grating is known to be long-lived compared to 

the pulse time (Smirl, et al., 1982a). 

Orthogonal Configuration 

In the orthogonal configuration, the excitation and 

probe fields do not interfere in the usual sense, i.e., the 

total field amplitude across the sample is constant. The 

coherent addition of the two noncollinear, perpendicularly 

polarized beams, however, produces a spatially periodic 

modulation of the resultant electric field direction. In 

this case, the third-order nonlinear polarization that 

produces light in the -0 direction is [see Eq. (23d)] 

P ( 3 )(t) « x exp[i(2k - k ) • r] E (t) 

t 

X J E*(t' ) E^(t') A _ _ ( t - t') dt' (50) 

—00 

px e xzxz 

with the response function 

Axzx z
( t ) = Y x z L e*P<-t/V e x p [ - t < 1 / T v + 1 / Tpe , ] * ( 5 1 ) 

We see that the orientational grating, produced only by 

anisotropic state-filling, can decay by reorientational and 
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spatial diffusion and energy relaxation within the valence 

band. Hence, now the anisotropic state-filling grating is 

the only source for self-diffraction, and this grating is 

expected to be short-lived compared to the pulse time 

(Keilmann, 1977). Note also that the polarization of the 

diffracted signal is predicted, from the symmetry of the 

system, to be that of the probe beam for both experimental 

configurations. The differing grating lifetimes, i.e., the 

difference in the response functions A(t), is the key to 

understanding the dissimilar temporal widths of the two 

diffracted signals shown in Figs. 8 and 9. We shall now 

show that the observed signals can be explained in the light 

of the theoretical model. We are able to conclude that the 

optical generation rate into the optically-coupled states 

must be rapid enough for an appreciable orientational 

grating (anisotropic state-filling) to have been estab-

lished . 

Diffracted Energy 

By using either nonlinear polarization [Eq. (48) or 

(50)] as a source term in the wave equation, we can deter-

mine the form of the diffracted or conjugate field and 

thereby the conjugate energy £ c [Eq. (39b)]. For either 

configuration 
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£ C < T ) 0,1 J * dt|E_(t)|2 

e 
—00 

t 

/ dt' E*(t') E (t*) A(t - t')!2 • (52) 

where A(t) is given by Eq. (49) for the parallel configu-

ration and by Eq. (51) for the orthogonal configuration. 

For the parallel case, where a slow decay of the concen-

tration grating is anticipated, the response function 

A z z z z(t) should be essentially constant over the pulsewidth. 

This, along with Eq. (52), indicates that the scattered 

signal should be produced only so long as the delay x does 

not exceed the coherence time of our pulses. In fact, the 

width of the background-free signal will give an approximate 

value for the coherence width of our pulses (Eichler, 

et al. , 1980). Indeed the width of the signal in Fig. 9a is 

in good agreement with the 2 psec (FWHM) coherence width, 

which we determined by a more direct method (see Fig. 6). 

On the other hand, for the orthogonal configuration, 

assuming a rapid decay of the orientational grating, we can 

replace the response function in Eq. (52) with a 6-function. 

The diffracted energy in this case depends only upon the 

intensities of the excitation and probe and will have a 

width which is comparable to that of the intensity autocor-

relation function. Actually, <£C(
T ) should be slightly 

narrower than the intensity autocorrelation function since 
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Eq. (52) is third-order in intensity. Comparison of Figs. 5 

and 9b shows that the diffracted signal is in fact indistin-

guishable from the intensity autocorrelation function. 

We can also explain the differences in the temporal 

symmetries of the two diffracted signals by considering the 

lifetimes of the two gratings. Recall that the measured 

diffracted signal is an asymmetric function of delay for a 

concentration grating but symmetric for an orientational 

grating (see Fig. 9). In order to understand this, consider 

the grating creation and subsequent self-diffraction of the 

excitation pulse for a positive delay x . In this case, the 

excitation preceeds the probe into the sample. The grating 

is created and the excitation pulse is self-diffracted only 

in the region of overlap between the two pulses. However, 

for the same negative delay - x, the excitation follows the 

probe into the sample. The grating is again created in the 

region of overlap, but now, if the grating lifetime is long 

compared to the optical pulsewidth, the grating remains to 

diffract the portion of the excitation pulse which follows 

the overlapped region. We would then expect the diffracted 

signal for a long-lived grating to be much greater for a 

given negative delay than for the same positive delay, 

i.e., ^ c(x) should be an asymmetric function of delay. Of 

course, if the grating lifetime is short, the diffracted 

signal will depend only upon the amount of overlap between 
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the pulses and will therefore be symmetric. We see then 

that both the symmetry characteristics and widths of the 

diffracted signals for the parallel and perpendicular con-

figurations are entirely consistent with a slow decay of the 

concentration grating and a rapid decay of the orientational 

grating. 

We now address the question of the polarization 

direction of the - 6 signal. As stated above, the results of 

Fig. 9 were achieved by setting the analyzer in each case 

parallel to the probe polarization. That is, we selected 

precisely the configuration for which the above model pre-

dicts the signal should occur. Obviously it is essential 

both to check the perpendicular direction and to consider 

the accuracy to which the polarizations of the incident 

beams can be defined. The point is that we must eliminate 

the possibility that in the so-called orthogonal configu-

ration there was an appreciable component of the excitation 

beam polarized parallel to the probe. Such polarizer 

leakage could establish a concentration grating. Firstly 

then, we wish to know the degree to which the polarizations 

of the excitation and probe were crossed for the orthogonal 

configuration. This depends directly upon the extinction 

ratio for the crossed excitation and probe polarizer pair. 

We determined the extinction ratio in two ways: (i) by 

placing the probe polarizer (acting as an analyzer) directly 
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behind the excitation polarizer, we found an extinction 

ratio of 10 ^ and (ii) with the dewar and sample placed 

between the two polarizers the extinction ratio was reduced 

—3 

to 10 . This is not surprising since, in the latter case, 

the light must pass through two quartz dewar windows, the 

sample, and the substrate before encountering the analyzer. 

From these measurements, it is clear that even in the ortho-

gonal configuration there should be some small component of 

the probe field that leaks into the excitation field 

direction and a component of the excitation field that leaks 

into the probe field direction. This leakage should result 

in the formation of a weak concentration grating which would 

also scatter light in the -0 direction. Recall that in 

the orthogonal configuration the excitation field was z-

polarized, the probe was x—polarized, and the analyzer was 

set to pass x-polarized light. If we consider leakage 

of the probe into the excitation, we should have, according 

to Eq. (48) and an extinction ratio of 10~3, a z-polarized 

diffracted field which goes as z(10~^/^) E e / E* Ee. We can 

actually measure this signal by merely rotating the analyzer 

before the background-free detector such that it passes z-

polarized light. The results of this measurement are shown 

in Fig. 10. There are two important features to notice in 

Fig. 10: (i) the signal minus the noise is of the same order 

as that for the x-polarized signal in Fig. 9b and (ii) all 
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Fig. 10—Background-free signal as a function of delay 

with the excitation and probe orthogonally polarized and the 

analyzer set to reject the probe polarization. 
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the characteristics of the signal are consistent with dif-

fraction from a concentration grating. This signal is 

effectively blocked when the analyzer is set to pass x-

polarized light. Leakage of the excitation into the probe 

must also be considered since this would also result in the 

creation of a weak concentration grating. In this case, 

however, the scattered signal would be x-polarized and could 

conceivably be detected in the measurement of Fig. 9b. For 

leakage of the excitation into the probe, since the exci-

tation field enters squared, the diffracted field goes as 

x(10~^/^)^ E 0 J E* Ee, i.e., the measured energy due to this 

form of leakage is three orders of magnitude weaker than for 

leakage of the probe into the excitation. Since we have 

already shown the latter to be of the same order as the 

measured x-polarized signal, we conclude that the x-

polarized signal shown in Fig. 9b cannot be due to leakage 

of any form and in fact must be due to diffraction from an 

orientational grating. Of course, reinforcing this con-

clusion is the point that any leakage would manifest itself 

in a narrow asymmetric spike (Fig. 10) rather than the broad 

symmetric structure of Fig. 9b. 

Transient Grating Lifetime Measurements 

To add credence to the discussion of the previous 

section and to provide further evidence for anisotropic 

state-filling in germanium, we have performed three-pulse 
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transient grating lifetime measurements for both concen-

tration and orientational gratings. The fundamental 

characteristics of these measurements are shown in Fig. 11. 

A single optical pulse was split into three with two exci-

tation pulses used to form a grating and a third pulse used 

as a probe. All three pulses were focused onto the same 

350 ym (FWHM) spot on the 1.8 ym thick Ge. For these 

measurements the sample was kept at room temperature. The 

delay between the two excitation or grating-forming pulses 

was set for perfect coincidence while a variable delay T was 

introduced into the probe path. The polarizers and P2 

assured z-polarization for one excitation pulse [Elz(t)] and 

the probe CE2Z(t)] and the half—wave plate and polarizer 

allowed the second excitation pulse to be either z-polarized 

^ 3 2 ^ ) ] f o r a concentration grating or x-polarized [E0X(t)] 

for an orientational grating. The analyzer P 4 was aligned 

to pass z-polarized light in the parallel configuration and 

x-polarized light in the orthogonal configuration. The 

fluence for each excitation pulse was 15 mj/cm^ and the 

probe fluence was set at 3 per cent of this value. The 

angle between the two grating-forming pulses was 0 = 12° 

corresponding to a grating spacing of A = 5 ym; the probe 

was incident along the sample normal which bisected the 

angle 9. For this configuration the first-order diffracted 

probe beam occured at an angle -6 from the sample normal. 
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Fig. 11—Experimental arrangement used for three-pulse 

transient grating lifetime measurement. 
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By measuring the diffracted probe signal as a function of 

delay T between the probe and excitation pulses, the grating 

lifetime may be obtained. The results of these measurements 

are shown in Fig. 12. 

Parallel Configuration 

For the parallel configuration, Elz(t) and E3Z(t) 

interfere to form a concentration grating from which the 

probe E2z(t) diffracts. In addition to this desired signal, 

near zero delay the interference of the probe with the 

excitation pulses will create other diffracted beams. In 

this case the third order nonlinear polarization responsible 

for light scattered in the -6 direction is 

P^3^(t) « exp[(2k1 - k 2) • r] Elz(t) 

t 

2z lz zzzz J E*„(t') E1„(t') A _ „ ( t - t') dt' 

+ exp[(k1 + k2 - k 3) • r] Elz(t) 

t 

3zv ' 2zv 7 zzzz J * E*„(t') E0„(t') (t " t') d f 

+ exp[(k1 + k2 - k3) • r] E2z(t) 

t 

* / E3z
(t'' Azzzz(t - t'» dt' ' (53) 
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Fig. 12—Diffraction efficiency of probe as a function 

of delay between the probe and the excitation pulses for (a) 

parallel polarized and (b) orthogonally polarized excitation 

pulses. 
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where & z z z z ( t ) is given by Eq. (49). The first term in Eq. 

(53) is a result of the first-order self-diffraction of the 

first excitation pulse E^z(t) from the concentration grating 

produced by the interference between itself and the probe 

E2z(t). The second describes the first-order diffraction of 

the first excitation pulse E l z(t) from the concentration 

grating produced by the interference of the second exci-

tation E3Z(t) and the probe E2Z(t). These first two terms 

will be present only for probe delays smaller than the pulse 

coherence time and are responsible for the narrow spike near 

zero delay in Fig. 12a. The third term, which arises from 

the diffraction of the probe by the concentration grating 

formed by the two excitation pulses, will exist so long as 

the delay x does not exceed the lifetime of the grating. 

This term is responsible for the slow decay seen in Fig. 9a. 

Again, for the parallel configuration, band filling is 

primarily responsible for the formation of the concentration 

grating. The grating lifetime is therefore, for the small 

grating spacing used here (A = 5 ym), primarily determined 

by diffusion (Smirl, et al., 1982a), i.e., T-j^. Since the 

diffracted energy depends on the square of the response 

function A(t), the diffraction efficiency decays at twice 

the grating decay rate; the 2 5 psec decay in Fig. 12a 

corresponds to a grating lifetime of 50 psec. This decay is 

in good agreement with separate measurements of grating 
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lifetimes in germanium which have been previously reported 

(Smirl, et al., 1982a). 

Orthogonal Configuration 

We now consider the orthogonal configuration, where, 

for the grating of interest, E-LZ(t) and E3X(t) interact to 

create an orientational grating which is then probed by 

E2Z(t). As with the parallel configuration, the situation 

is complicated near zero delay by the interference of the 

probe with the excitation fields. In the orthogonal config-

uration the nonlinear polarization responsible for scattered 

light in the -0 direction is 

P ( 3 )(t) « 2 exp[(2k. - k9) • r] E. (t) 

t 

X f E* (t') E. (t1) A (t - t') dt' 
J 2z lzx zzzz ' 

—OO 

+ X exp [ ( ^ + k2 - k 3) • r] Elz(t) 

t 

* j* E ; x < f ) E 2 z i f ) A x z x z( t - f ) d f 

—oo 

+ x exp[(k1 + k9 - k-) • r] E0 (t) 

t 

* / E3x(t'> Elz ( t'' Axzxz(t " t' ) d t' ' < 5 4 ) 
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where again A z z z z(t) is given by Eq. (49) and now A x z x z is 

given by Eq. (51) with T p e = T 3 2 for the second term and T 3 1 

for the third. The first term in Eq. (54) is identical to 

the first term in Eq. (53) and again will be present only 

for delays short enough such that the probe and the first 

excitation pulse coherently interfere to create a concen-

tration grating. The remaining two terms are the result of 

anisotropic state filling. The second term arises from the 

diffraction of the first excitation pulse E-^z(t) from an 

orientational grating produced by the probe E2Z(t) and the 

second excitation pulse E3x(t). This term will be present 

only for delays such that E2z(t) and E^^t) are temporally 

overlapped. The final term in Eq. (54) describes the first-

order diffraction of the probe from the orientational 

grating produced by the two excitation pulses. It is this 

term that gives a measure of the orientational grating life-

time. Inspection of Eq. (54) shows that, by setting the 

analyzer P4 to reject z-polarized light, we can eliminate 

the first term, i.e., the contribution of the concentration 

grating to the diffracted signal. The final two terms, both 

of which decay completely by diffusion, energy relaxation, 

and momentum randomization, are indistinguishable near zero 

delay, though only the third term could remain for delays 

longer than the pulsewidth. 
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The diffraction efficiency as a function of delay for 

the orthogonal configuration is shown in Fig. 12b. Notice 

that the signal is temporally symmetric about zero delay and 

has a width which is on the order of 10 psec (FWHM); in fact 

it is indistinguishable from the autocorrelation of our 

pulses shown in Fig. 5. This is entirely consistent with 

the expected rapid decay of the orientational grating, i.e., 

the rapid destruction of the anisotropic state-filling in 

germanium. Again, we expect the intravalence-band energy 

relaxation T v to be the dominant decay mechanism (Tv < 0.1 

psec) (Keilmann, 1977); the grating lifetime is faster than 

the fastest lifetime involved and hence much faster than our 

pulsewidth (8 psec). Under these circumstances, one would 

indeed expect to obtain a time dependence of the diffraction 

efficiency which very closely resembles the intensity auto-

correlation function of the excitation and probe pulses. The 

rapid decay of the orientational grating implied by Fig. 12b 

provides further evidence that we have achieved anisotropic 

state-filling in Ge. 



CHAPTER IV 

SUMMARY 

We have developed a third-order nonlinear polarization 

from the density-matrix equations for a three-level (two 

levels and a reservoir) system and used that polarization to 

describe the development and subsequent effects of laser-

induced transient gratings. The form of the nonlinear 

polarization demonstrates the symmetry properties of the 

fields generated in both the probe and conjugate directions. 

Specifically we found that p ^ ) is comprised of not only 

nonlinear - type terms but also linear x̂  ̂  ~ typ® 

expressions. This polarization is found to generate dif-

fracted light even in the orthogonal configuration where the 

intensity across the sample is uniform. The diffraction in 

this configuration is ascribed to an orientational grating 

that results from the modulation in the resultant field 

direction across the sample. Orientational gratings are 

known to occur in molecular systems where they are due to 

saturation of preferred molecular orientations. In a semi-

conductor, orientational gratings can be formed by exciting 

carriers into states of a preferred orientation in momentum 

space, i.e, by anisotropic state-filling. 
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The detection of diffracted light in the orthogonal 

configuration indicates that, at extremely high excitation 

levels (>1 GW/cm ), anisotropic state-filling in Ge can be 

achieved. To our knowledge, this is the first observation 

of anisotropic state-filling in a semiconductor. We have 

also re-examined diffraction from concentration gratings in 

Ge for purposes of comparison with diffraction from orien-

tational gratings. Concentration gratings in germanium have 

been extensively studied (Smirl, et al., 1982a) and are 

attributed primarily to band-filling (as opposed to aniso-

tropic state-filling). A comparison revealed several dis-

tinctions between the signals: (i) the signal was x-

polarized (parallel to the probe and perpendicualr to the 

excitation) for the orientational gratings (orthogonal con-

figuration), but was z-polarized (parallel to both the probe 

and excitation) for concentration gratings (parallel config-

uration). (ii) The temporal width of the self-diffracted 

signal in the orthogonal configuration was indistinguishable 

from the pulse intensity autocorrelation function, while 

that in the parallel configuration was the same as the pulse 

coherence width. (iii) In the orthogonal configuration, the 

diffracted signal was a symmetric function of delay and in 

the parallel configuration, the signal was an asymmetric 

function of delay, being greater for a given negative delay 

than for the same positive delay. All of the above 
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differences were explained in terms of the nonlinear polari-

zation developed in Chap. I, the different symmetry proper-

ties of the polarizations for the two configurations, and 

the different grating lifetimes. These lifetimes were 

measured by performing three-pulse transient grating experi-

ments. These studies revealed, for our particular experi-

mental geometry (6 = 12° or A = 5 urn), a concentration 

grating lifetime of approximately 50 psec, while the orien-

tational grating decay was too rapid to be resolved by our 8 

psec pulses. The former result is consistent with spatial 

diffusion (Smirl, et al., 1982a) and the latter is in agree-

ment with the rapid energy and orientational relaxation that 

occurs in the valence band of germanium (Keilmann, 1977). 

The above results are listed, for convenience, in Table II 

below. 

The results of this study are important in a number of 

respects. To begin with, the theoretical model is com-

pletely applicable to excitation-and-probe measurements in 

any resonant two-level system, semiconductor or molecular. 

Though similar models have been reported, (von Jena and 

Lessing, 1979) this, to our knowledge, is the most complete 

to date. The observation of anisotropic state-filling is 

important in as much as it demonstrates that, at these high 

carrier densities (~10 cm °), the initial distribution 

function cannot be accurately described by Fermi-Dirac 
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statistics; anisotropic state-filling implies a spike in the 

distribution function at the optically-coupled states. This 

result has clear implications to all processes that involve 

the generation of a large number of carriers, e.g., pulsed 

laser annealing, laser hardening, and laser damage. The 

lifetime measurement of the orientational grating is impor-

tant in that it gives us a feel for the scattering rates out 

of the optically-coupled states. The degree to which the 

decay of the diffraction efficiency for the orthogonal con-

figuration (Fig. 12b) resembles the pulse intensity autocor-

relation function (Fig. 4) implies an extremely rapid decay 

(compared to the 8 psec pulsewidth). Though the energy and 

orientational relaxation rates in the valence band of Ge 

have been measured indirectly (Keilmann, 1977), the method 

used here could provide a direct measurement if shorter 

pulses could be obtained at this wavelength and intensity. 

Finally, the rapid decay of the orientational grating 

demonstrates that germanium could be used as an ultrafast 

phase-conjugation source. 

The conclusion of any extensive investigation 

invariably leaves questions unanswered and room for future 

work. This study is no exception. From a theoretical point 

of view, we emphasize that our calculation was a resonant 

one, i.e., we have neglected index effects even though these 

almost certainly contribute to the gratings. These index 
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effects have been shown to lead to interesting effects in Si 

such as weak-wave retardation (Hopf, et al», 1981; Van 

Stryland, et al., 1982) and the inclusion of these effects 

in our analysis could prove important. As for future 

experiments, as discussed above, shorter pulses could lead 

to the direct measurement of intravalence band relaxation 

times. Recent progress in subpicosecond tunable dye lasers 

makes this a real possibility. Another possibility for 

future studies would be an examination of the quality of 

phase-conjugation (imaging properties, amplification, oscil-

lation, etc.) produced by orientational gratings in Ge. 

As a final note, we comment that this paper is 

basically a compilation of a series of papers concerning 

anisotropic state-filling and DFWM in Ge that have been 

either accepted or submitted for publication. These papers 

may be found in the following references: (Smirl, et al., 

1982b; Boggess, et al̂ . , 1982; Smirl, et al_. , 1982c; 

Wherrett, et al., 1982; Smirl, et al., 1982d; Smirl, et al., 

1982e). 
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