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In some pump—probe optical correlation experiments, the measured signal versus delay between
pulses generally consists of two components: the convolution of the pulse autocorrelation with the
sample impulse response, and a coherent artifact. The latter can obscure the first component near
zero delay where fast time scale processes will be manifest. We present a mathematical description
of the relative shapes and sizes of the two components, so that a fitting process can separate them.
This can yield both the dephasing and relaxation times of saturable absorbers such as
semiconductors. The method is particularly appropriate when the orientational dephasing and
relaxation times are of the same time scale as the laser pulse width99® American Institute of
Physics[S0034-674806)00702-3

I. INTRODUCTION The purpose of this report is to present a mathematical
framework describing all the correlation components, includ-
With the advent of femtosecond pulse lasers, researcheisg the CA, so that the incoherent and coherent components
are now able to investigate the femtosecond scale dynamiesn be separated. Fitting the incoherent components yields
of a variety of materials using short pulse correlation techthe population relaxation time. Fitting the CA component
niques. Suitable samples for transmission experiments awgill yield the orientational(dephasing relaxation time. The
any materials which exhibit saturable absorption. Technophysics of the latter is interesting in of itself. Thus, beyond
logically significant materials of particular interest are semi-being a nuisance to measuring the population relaxation, the
conductors, such as GaAs, light emitting polymers such a€A can yield significant information of its own. The termi-
PPV (poly-phenylene-vinylene or biological materials, such nology we use assumes a transmission experiment and ge-
as rhodopsin. The ultrashort time scale behavior of the cameric saturable absorber, however, the model should also ap-
rier dynamics is incompletely understood, yet relevant to thely qualitatively to reflection correlation experiments.
design of fast optoelectronic devices such as switches and Although the asymmetric pump—probe configuration is
detectors. Other saturable absorbers, such as dye moleculése most widely used correlation configuration, we prefer a
can also be studied for their ultrafast intramolecular dynamsymmetric correlation technique. That is, there is no attempt
ics. to distinguish the pulses. The pulses are collinear, identical in
A basic and widespread short pulse correlation techniquevavelength, of equal intensities, and the transmission of the
is the “pump—probe.” The sample is irradiated by two pulsessum of both pulses is measured versu3heir relative po-
separated by a known delayThe integrated transmission of larization may be parallg]|) or orthogonakL). This optical
one of the pulses is recorded versysaveraged over many correlation technigifehas been used to measure semiconduc-
repetitions. Ideally, the record produced is a convolution oftor carrier relaxation timés® and the intramolecular dynam-
the material impulse response with the pulse autocorrelatioits of dye moleculet®! The record produced is called a
function (AC). Since the latter can be independently mea-transmission correlation pedkCP).
sured, a deconvolution process can extract the material im- This symmetrical technique excels at measuring relax-
pulse response from the experimental record. In order tation times which are as short or shorter than the pulse AC.
measure the transmission of only one of the pulses, th&his is because the symmetry causes the slow relaxation
pulses may be distinguished by wavelength, angle of incicomponents to form an almost level background on which
dence, or polarization. the faster components manifest themselves as a peak. The
However, in many cases it is impractical to use differentmeasured width of the peak does not depend on measuring
wavelengths. And even though the two pulses are distinthe 7=0 position, which is problematic in the asymmetric
guished by angle or polarization, they may interact throughpump—probg technique. Accurate width measurement is
the material properties to contribute a portion to the transnecessary to determine relaxation components faster than the
mission correlation record called the coherent artif&A). pulse width.
The CA complicates the correlation data near zero delay Previous work?='®on coherence effects in ultrafast phe-
(having a width not wider than the ACThe confusing effect nomena associated with photoexcited carriers have progres-
of the CA has led some investigators to completely forgo thesively become complex. Some theoffes* have included
data close to zero deldyThis is acceptable when the corre- many-body Coulomb interaction, the semiconductor Bloch
lation record is much wider than the CA or AC. However, for equations, or non-Markoviaimemory effectsbehaviot® on
fast relaxation processes, the correlation record will have a fundamental level. However, these are complex numerical
shape decaying not significantly wider than the CA or AC. Incalculations requiring large computing power. We use an em-
this case the CA cannot be ignored. pirical approach that describes the behavior in terms of a
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mounted on a vibrating loudspeaker. Digitizing electronics

Lacer Ssym a) Folarizer record the photodetectpr Qutput versus time,. averaged over
Train of ata I E——-I many loudspeaker oscillations, and synchronized to speaker
pulses position. Subsequent processing converts the horizontal
Vibrating > _ record axis from time to pulse delay.
loudspeaker Peea  Sym 5 Photodiode Using the four experimental records, a fit is made to the
Y/ = Data I_Eél modgl presented below, with in(_jependent paraméigand
N CC M V function G(t). The model requires knowledge of a set of
PBS or B3 Sample coefficientsY;; andY;,, which describe the symmetry prop-
Autocorrelation |9 pouping xta erties of the_ s_aturable absorption process in the safrple.
cc These coefficients can depend on the semiconductor band
—EI—H—E:I structure at the wavelength being proiadle presume that
biue” filter theseY values are known.

FIG. 1. Experimental setup for obtaining sample correlation peé&&s: IIl. THEORY

i~eL . il II . _ .
asymmetric: $(7); (b) symmetric:tcp(r) and'tcp(r); or () pulse auto- We use the formalism of Refs. 4 and 17, where the
correlation: AG7). The laser produces a train of subpicosecond pulses with . . .
period~10 ns. The interferometer creates two echos separated by axielay dens_'tY_'mat”X equations are solved f(_)r a thre_e'_level system
collinear and of equal intensity. Relative polarizations carff bel by use  consisting of two levels and a reservoir, describing saturable

of normal (BS) or polarizing beamsplittefPBS. The delay is scanned by 2 apsorption of carriers interacting with the electric field of the
corner cubdCC) on a vibrating loudspeaker. The photodetector detects time, _ . . . . . . "y
averaged transmitted intensity. Its outputais recorded by digital oscillo- incident beam. The interaction is manifested in the third

scope synchronized to speaker. The asymmetric correlatignis measur- ~ Order polarization, which describes the change in transmitted
able only for orthogonal polarizations, when the polarizer behind the sampléntensity. Let the incident field be described by

blocks one transmitted pulse. The blue filter represents any filter which
passes doubled laser light while rejecting laser fundamental.

E(t)=exﬁiwt); Ei(1§, @

dephasmg timd’y, and a popul'atlon' impulse respors¢t) ._whereE, (t) is the envelope of the component having a po-
which can be further parametrized in terms of a sum of dis;_ .~ ~ 71V = .~ . . o

: . : larization directiore; , and index is one of two polarization
crete relaxation time§;. We use the formalism of Refs. 4 !

: ; . directionsX or y, and w is the carrier frequency underneath
and 17, which uses a density matrix theory adapted to SeMie envelope. The relevant component of the third-order non-

conductors. linear polarization is ther
Il. OPTICAL SETUP PR (t)oxi exp(iwt)z éiEj(t)f dWAijkI(W)E:(t
. . . ijkl
Figure 1 describes the experimental arrangement for ! °
measuring the four kinds of experimental records versus de- -wW)E|(t—w) 2

lay 7 used in our analysis: the symmetrical transmission cor-

relation peak in the orthogonal and parallel mof€&sCP(7), with Ajj (t) the impulse response of the third-order suscep-
”TCP(T)], the asymmetrical transmission correlation peakt!bIIIty of the ;ystem to a parpc_u lar combination of e[ectnc
n . . field polarizations. The indiceis j, k, | can represent either
[~s(7)], and the pulse autocorrelatigdC(7)]. The details A .
. the x or y direction. According to Ref. 17,

of the laser system and sample are not important for the
method we are presenting, except that the repetition period  Ajj (1) ={Yj;Yi[1—exp( —t/T))]
of the laser train P) must be longer than the longest relax-
ation time to be studied. This is satisfied for GaAs and dye Vi exp =T )}G(D), &)
molecules, where the slowest relaxation times are of the omwhereG(t) is the impulse response of the population of the
der of a few nanoseconds and the repetition period of ouphotoexcited state. Generall@,(t) consists of several com-
laser is~10 ns. ponents having different relaxation rates. For example in

The TCP is measured in thleand L polarization modes semiconductors, carriers leave their initially photoexcited
by use of either a polarizing or nonpolarizing beamsplitter.states on a femtosecond time scale. A thermal distribution is
After the symmetric data have been taken in the perpendicifermed which cools on a femttor picosecond time scale.
lar polarization mod¢-TCP(7) and Fig. 1b)], a polarizer is  Other processes, such as carriers returning from outer valleys
inserted after the sample to block one pulse from the deteawhere they were initially scattered, may contribute picosec-
tor. This achieves the asymmetric configurat[ds(7) and  ond relaxations. These can affect the transmission with nega-
Fig. 1(@)]. Then by swapping out the sample for a doublingtive polarity, such as observed in GaA3hat is, after the
crystal, the pulse autocorrelation A€ is measuredFig.  femtosecond scale decrease, the transmission may increase
1(c)]. on a picosecond scale. The longest decay is on a nanosecond

In all cases the photodetector has a response time mudtale, when the carriers make band to band recombination.
slower than the repetition period of the laser pulse train sd-or a dye molecule, there can also be simultaneous relax-
that the transmitted intensity is time averaged. The delay ation components on femtosecond, picosecond, and nanosec-
between pulses is scanned by a corner cube retroreflectond time scales.
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TABLE I. Effective Y values for the 2.02 eV transition in GaARef. 4 and o o
for any wavelength in a dye molecule using a simple m@Beif. 17. ATCPH(7)xRe z f dWAijkl(W)f th;" (t)Ej(t)
0 —o0

ikl

(Yxx)2 Yxxxx Yxxyy nyyx %
XEg (t—wW)E|(t—w). (6)
GaAs at 2.02 eV 0.84 0.092 0.073 0.060
Dye 1/9 15 1/15 1/15 The appliedE(t) consists of a pair of collinear pulses

having the same envelofg,(t), separated by a delay In

the L polarization casé&, andE, in Eq. (1) will be
Later, we will modelG(t) as a sum of exponential de- _
; . . . Ex(t) =Ea(t),
cays to achieve analytical expressions for the Gaussian pulse
example. However, this is not required if the correlations are E/ (1) =E,(t+ nexpior)
computed numerically. In the figures, for clarity we will )
show only the fast and slow relaxation components, not antnd in the parallel case
intermed?ate components. Ou_r typi.cal pulse widthsAan@O. E (1) =E,(t)+E,(t+ nexgior),
fs. Consider the fast relaxation times to be several times )
shorter than this, the medium times to be 1-5 times the pulse  E,(t)=0.

width, and the slow times to be very much longer than the i . .
pulse width, but less than the pulse train perdd~10 ng. To find ATCH(7), we substitute Eq(7) or (8) into Eq.(6)

T, is the dephasing or orientational relaxation time andand sum the eight nonzero permutationshgj, . These can

describes the decay of an anisotropic momentum distributiope reorganized into a sum of asymmetrical terms and their

of carriers to an isotropic distribution. For example, transi-"€fections,
tions from the GaAs heavy-hole band initially result in a
photoexcited population of distribution ${ig), where 6 is
the angle between the carrier wave vector and the polariza- AS(7)=Sj,(7)+ Sc47)+0sct+DI. (10
tion of the light.

Y;; andYj;,, are coefficients derived from the projection
integrals of the transition-matrix elements which describe th
symmetry of the saturable-absorption proc€sEhe nonzero
values for an isotropic or cubically symmetric semiconductor
such as GaAs obey the relations

@)

ATCR(7)=AS(7)+AS(—7), 9

AS(7) is the asymmetrical correlation peak corresponding to
éhe transmission of only one of the two pulsasS(7) con-
sists of four parts, which for thé case are

oi= [ dt “dwagwlE OB w4

YXXZ Yyy; Y Yyyxx; Y nyxy;

XXyy— xyyx— w o
osc=Re exp§i2wr)f dtf dw AW)EX (t+7)

Yoo Yyyyy- (4) —o 0 A/xy a
These may not hold for an anisotropic sample. For a simple XEq(t)Ex (t—wW+ 7)Ea(t—w), (12
molecular model of a dye we also havg,, =Y,y

The calculation of these relations for GaAs and AlGaAs | _ - B
is discussed in detail in Ref. 4 and for dye molecules in Ref. Sinl7) = fo AW Ay (W)AC( 7= W), (13
17. The reader will need to calculate these values for the
particular semiconductor and transition energy being probed. | _ f‘”
For purposes of example, we list GaAs values calculated for Sed 7) 0 AW Ay W) E(W, 7), (14)

2.02 eV(Table ). These are net values, summed over con- . ) .
tributions from the heavy-hole, light-hole, and split-off bandsWhere AQ7) is the pulse autocorrelation arf{w,7) is a
weighted by the density of states squared. coherence correlation

TheY values for dygTable ) using a simple molecular
model are derived from general symmetry principles and
do not depend on molecule species or transition energy.

The interaction of the applied field with the third-order -
polariza;;gon leads to an induced change in transmitted g(w,r)zRef dtE; ()Ea(t+ 7)EL (t+7—wW)
intensit m

AC(T)=£° dt|Eq(1)[?[Eq(t— )2, (19

dP(t) XE (t—w). (16)

G [FIME()-PY®]. (5

AlocR{E*(t)-

The analogous expressions for thease are obtained from

Egs. (11) to (14) by using A throughout, in place of
While the measured signal TCH is the total intensity, the Aq (A) (etc). Tzus 9 Poocx g P

calculated signal is only the portiohTCP(7) due to satu- YY" ¥
rable absorption, above the normabnsaturabletransmis- IDI=1DI, (17)
sion component. If the pulse train period is sufficiently long

then we can express the time averageCP(7)x [ dtAl,
so we have

Rev. Sci. Instrum., Vol. 67, No. 2, February 1996
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Ised )= | ot ). (19

Dl is the delay independent component, which is not of
interest, since it cannot be experimentally separated from the
normal transmitted intensity. The oscillatory terimsg is
ignored for our purposes, since we scan our delay fast
enoggh that this averages fco zero by _the phot_odetectlng elec- Transmitted ~TCP()
tronics. (However, it contains some information about the Intensity Normal
pulse shape.The components of interest to us &g 7) and Transmission
s.«7), the incoherent and coherent contributions, respec-
tively.

TCP(eo) [

AS

/ ' Y2
° 5 0 P

Delay (1)

A. Measured form of data

our method requires measuring the four quantitiegzlG' 2. Definitions of T(_:PA'_I'CP, and tcp. The definitionS(7), AS(7), ‘
ands(7) are corresponding, in asymmetric form. The absolute transmitted

+TCP(7), ”TCP(T)a *S(7), and the pulse autocorrelation intensity vs delay is TC@®). The portion due to saturable absorption is
AC(7), using different versions of the optical set{ipigs. =~ ATCR(7), and the delay dependent portion is(@pThe baseline of tdp) is

1(a)—1(c)]. We are interested in the delay dependent por_at tcpe) or TCR=). The vertical extent of the normal transmission compo-

. . . A nent is greatly reduced for clarity, since tepis not usually more than a few
tions, defined as t¢p) and S( T)' reSpeCtlvely'(The oscilla percent high. The longest delay attainable is the repetition peRdd{ the

tory terms are ignorefi.These are related to the above cal- jaser train, which is assumed longer than any relaxation time being studied

culated terms by so that tcpP)=tcp(ec)=0. For analysis, data are normalized so that
TCP(0)=1 andS(x)=0.5.
S(7) = Sin(7) +Scd 7). (20)
For every asymmetrical component there is a symmetrical The experimental data must be normalized so that
counterpart: TCP(»)=1 and S(«)=0.5. Furthermore, the calculated ex-
ressions for the t¢p) ands(7) components assumed equal
tcrx 7-) = S( 7-) + S( — 7-) , (21) p ((F') (T) p q

pulse intensities between the two arms. Unequal intensities
tep(7) =tcpn(7)+tcpey 7). (220 will not change the horizontal shape of the correlations, only
their heights. Their heights are proportional {0, , wherel ;
andl, are the intensities from the two arms. If the intensities
are different when changing betwegand L configurations,
then one should normalize the heights of (t¢pand s(7),
S(7)=normak AS(7), (23)  [not TCR7) andS(7)], by dividing byl ,l1,.

AS(7)=s(7)+DlI (24

and analogously for TGR), ATCP(7), and tcgr). These
definitions are illustrated in Figs. 2 and 3. The baselinethe
tcp(0)=0 is ideally measured at T@CP). However, the
maximum delay we can attain is the pulse train pefodVe
assume thaP is much longer than the slowest relaxation
component so that

tep(P)~tcp()=0, s(P)~s(%)=0. (25) (1)

This assumption is met for GaAs and most dye molecules, s¢1Ps)=s®or=) CAS
since P~10 ns, and the slowest relaxation components are "
band to band transitions, which take several ns in GaAs and
dye molecules. In the figures and in this text, we will often
use the symbot to meanP.

Because of the pulse train repetition, negative delays bqflG. 3. Time behavior of a correlation peak. An asymmetric correlation
yond the pulse width fors(r) are equivalent to positive peaks(r) is shown—the same components exist for(fzpThe horizontal
delays of the order oP (Fig. 3). Thus the baseline is deter- scale is exaggerated. The pulse widW) could be=<0.1 ps. Generally

mined from the height'A) of the shoulder in the shape of there could be fast<PW), medium(1-10 PW, and slow(up to 1-3 n$
relaxation components. The medium component is not shown. The fast com-

n .. . . . .
] S( T)- This 'mmed'ately gives U.S thlan(oo) baseline S'nce ponent(shaded consists of incohereriin) and coherent artifagiCA) com-
it shares the same shoulder height. 'hw shoulder height ponents. The slow component causes the shoulder haighihe slow com-

(IA) is related to* A considering the effect off, andY  ponent amplitude is 50% at=0. The repetition periodR), typically ~10

values. For semiconductor%A = LA For dye molecules NS s assumed much Ionggr than the slow'relaxatlo'n sosfiigt~s().
For an asymmetric correlation of a pulse train, negative delays greater than

- L ; .
IA = .A (Ysooiod Yxxyy) - Th|§ can be seen more easily in the yhe puise width are equivalent to positive delaysRof This is used to
Gaussian pulse example discussed later. experimentally determine the baselines¢f) and hence top).

The components tép) and s(7) rest above a baseline
intensity TCRx) or S(«) which consists of the normally
transmitted intensity and DI components,

B. General properties

Let us discuss some general properties before modeling
pulse envelope by a specific shape. In the analysis we
will compare components heights measurea=ad. We note
from inspection of Eqs(18) and(19) that

r Max not at t=0
fast
/

) Y slow 50% at 1=0
s(es) baseline WS elT

1 L 1

0 ’ C1ps 1-10ps 1ns 10ns
PW

1-10ps 0.1 ps
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s(7) + s(-t) = fcp(r) Fas lterative Procedure

Slow a)
ﬁv ‘*”&k / Ls(1)
) ) 0 A ; J's(m) baseline determines J'tcp(eo)
FIG. 4. Relation of asymmetris(7), and symmetric tofr) correlation b) C)
peaks. One could calculate tep=s(7)+s(— 7). However, we recommend
tep(7) be measured instead, sinee0 is then not required to accurately ltcp(t) 50% CA

measure the shape due to the fast compof&mded For s(7), =0 is
uncertain experimentally since it is not at the maximum, and the presence of
fast components confuse the step shape due to the slow components. The 7

sole reason for measurirgfr) is to provide the baseling(«), and hence WhIN o N
tep(ee). o T
I I d) tepip(t) yields fast relaxation time e)
Sin(0) ="sc{0). (26) 1cpin(7)
N§ % LCA yieids Ty
That is, the incoherent component is strictly 50% of the /\ k_
tcp(7) or s(7) in the|| case, independent of values or the AC()

pulse shape assumed. This key point will help us determine

the incoherent component height in the case, since for FIG. 5. The method for separating the coherent artif@A) from the
. | incoheren(IN) portion. Both| and_L correlation peaks contain coherent and
semiconductorss;,(0) = 's;,(0).

. I incoherent components, but in different ratiga) *s(7) shoulder height
By manipulation of Eq(16) one can show thai(w, — 7) (*A) provides the baseline fortcp() andltcp(r). (b) The fraction of||
=¢(w, 7). Thus, the coherent artifact component is alwaysincoherent component is strictly 50%. This yields théncoherent ampli-

Symmetrlcal and centered &FO, even for the asymmetrlcal tude.(c) Subtraction from the total amplitude yleld§CA amplitude. The

: : - CA shape is independently determined. Deducting its shape ftop(r)
correlations. By exploring Eqr16), one finds that the CA yields the incoherent portion tgpr). (d) The width of the upper portion of

shape does not change significgntly with the material iMtcp () compared with ACr) yields the fast relaxatiorie) The height of CA
pulse responsé\xyyx(w). Instead, it depends most strongly yieldsT,. This whole procedure is iterated because the comparigba)

on the laser pulse characteristics. Thus, the CA width canngiepend on relaxation timeg,,, AC width, CA width, andY values to
be used (o learn matefial properties. However, the CA heighf"c.5 (e07e: e e tree uartescan b dependenty dterminee
can—it will yield T,. —05.

Since TCP¢)=S(7) + S(— 7), one may wonder why we
recommend measuring botiTCP(7) and*S(7). Figure 4 | ESSENCE OF METHOD
illustrates that for the purpose of accurately determining the
horizontal (delay-spaceshape of the correlation due to the We seek the fraction oftcp(r) which is the coherent
fast component, measuring TGPis superior, since it does artifact. The key feature of our technique is that we measure
not require knowledge of the=0 position that theS(7) both the|| and_L correlation cases. Fundamentally, this leads
+S(— 7) operation requires. Accurate shapes are required tt a determination of the CA because both cases contain the
resolve the small increase in width of the TCP over the ACCA, but in different ratios.
for fast relaxations. The zero delay position is hard to mea-  Figure 5 illustrates the method, which is fundamentally
sure forS(7) because the maximum & 7) does not occur iterative because the steps depend to various degre&s on
at =0, and because the presence of any fast componentand G(t), which initially are unknown. The dependence is
including a coherent artifact, will confuse the side of the stepparticularly strong ifT, is comparable to PW.
due to the slow components. The only reason for measuring The data are first normalized so that T&P=1 and
S(7) is to determine the baseline for the TCP. S()=0.5.*s(7) is measured only for the purpose of deter-

Although some of the data are recorded in the symmetrienining its step height A [Fig. 5@)]. This yields the baseline
form, mathematically it is convenient to relate all the corre-for *tcp directly, and foftcp after consideringy values and
lation components in their asymmetric forms. The heightsT,. With the baselines established, exactly half the height of

and shapes in the two different forms are related by ltcp(0) is the incoherent portidiFig. 5b)]. ltcp,(0) is then
used to find*tcp,(0). For example, for semiconductors
tep(0)=2s(0), 27 ‘icp,(0)=lcp,(0). Subtracting‘tcp,(0) from the total

height of*tcp(0) yields the height of theé CA [Fig. 5(c)].

We suppose the CA shape is already known. Then scaling it
by its height, we can subtract the CA shape frotop(7) to
obtain*tcp,(7).

A. Fitting for T, and G(t)

tcp(|1>several PWs(7>several PW. (283

The region>(several PW is called the “shoulder” of the
pulse. Also useful is

s(7>several PW=2s(0) (28b) o ]
After obtaining*tcp,(7) and*tcp.(7), we can fit for
for slow relaxation components only. G(t) andT,. By Eg.(13) we have
Rev. Sci. Instrum., Vol. 67, No. 2, February 1996 Pump—probe experiments 507
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. % Let G(t) be a sum of exponential decays of time con-
tepn(7) = fo dWA,,(W)[AC(7—W)+AC(7+W)]. stantsT; weighted by amplitudes; :
(29
G(t)=2, a; exp(—t/T;) (35)
1

This is a convolution of AC() with an unknown impulse
response. The AC is measured experimentally. Any increase, B _ .
of the width of tcp,(7) over AQ(7) will be due to relaxation V_V'th _Eiai_l S0 thatG(O)—l_. The exponential representa-
processe$Fig. 5(d)]. These can be approximately found by tpn is convemen_t because !t allow_s us to analytlc_ally com-
evaluating Eq.(29) for an assumedi\(w) and comparing bme the_populatlon relaxations with the dep_ha5|_n9 relax-
calculated and measured tgp). (Approximately, since de- ation, Wh'(.:h. was presumed to decay exponentially in(Ej.
convolution is not a determinate proceskelaxation com- _thCoB}blnlng Egs.(3), (11), (30, and (35 we have for
ponents having widely disparate decay times will be more-' €T
reliably identified than components of similar decays. Refer-l | o -
ence 20 discusses the use of linear predictive least-square®!='DI=2a fo dw exp(—w/a%) Ay W) (36)
fitting to this kind of data.

OnceA,,, (1) is found, it can be related @&(t). For the B * 22
case of GaAs, G(t)~Ay,(t) because T,<PW and =a o dw exp(—w*/a%)[exp(—w/T,)
Y)%X%Yxxyy-

Fitting the theory to the"CA height yields T,. If
T,<PW, the:CA height grows linearly withT,/PW. The
value of T, is interesting physics in itself.

X (Y= Yo + Yol o exp(—wiT)  (37)

B. The CA shape =220, ai{[ Yoo Y2JU(Ti@T,,0)
I
The CA shape can be measured by the TCP of a dye such 5
as Nile blue in ethylene glycol. Becau3g>PW for dyes +[Y5JU(T;,00}. (38)

when PW-0.1 ps, the coherent artifact can dominate therpq operatorb means
portion of the TCP resting above the slow component shoul- R
ders. This was shown to be the case for this dy&. Ta®Tp=(T, +T, )t (39

If the laser pulse is transform limited, the AC can beso that, just as resistors in parallel, the smaller value will

used to simulate the CA shape. The CA will never be Widercontrol the final value. The functiod (T, 7) is defined

sum as rates”:

than the AC, and will only be narrower if the pulse is

hirped. *
chirpe U(T,T)Ej dw exp{— (w— 7)%/a%}exp{—w/T}, (40)
0
V. EVALUATION FOR GAUSSIAN PULSE U(T, =0 exd — (7/T)]exd (a/2T)?]
To facilitate investigating the behavior of the various X erfd (a/2T) — 7/a]. (41

correlation components, we model the pulse as Gaussian aq_c?1
G(t) as a sum of exponential decays. This produces analyti-
cal expressions in the evaluation of E¢kl)—(19). Second, ) 5
the Gaussian is a reasonable approximation to pulses obSin(7)=2 QZ ai{[ Yaxyy= YiodU(Ti® Ty, 7)
tained from some lasers.

A GaussiarE,(t) will produce Gaussian intensity enve- +[Y)2<X]U(Ti T} (42
lope and Gaussian autocorrelations. Since often the pulse
autocorrelation is the most convenient measurement of the — a2 2142 , _
pulse width, let PW represent the autocorrelation full width Sed ) =800 expi—7/a }Z AV d U & T 00},

e other correlation components are evaluated similarly:

at half-maximum(FWHM). Then we have (43
E,(t)=exp —t%/a?), 30
A m e =t/ B0 s (1=a203 @[ Yo Y2IU(T 0T, 7)
I(t)=exp—2t%/a?), (31 :
« +YZU(T;, 7)), (44)
AC(T)ZJ dtl(t)I(t+ 7)=Q exp— 7%/a?), (32
Ised m)=a%Q exp{— /8% 2 ai{[ Yoo Yiod
where i
a=PW/\21In2 (33 XU(T;@Ty,0)+[Y5]U(T;,0)}. (45)
is the half-width at exp-1) height, and Again, we notés.(0) = ls;,(0).
_ The functionU (T, 7) has the behavior illustrated in Fig.
Q=\m/2 (34) 6. We are interested in the heights &t0, by which we
is a frequently used constant. compare the correlation components. Fof/a<1l
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TABLE Il. Dye molecule case. Heights of fast and slow incoherent, and
coherent artifact components &t 0 for s(7) whenT;<a<T,<T.<P and
using the limiting approximations fdd(T,0). Each entry should be multi-
plied byaQ?2. Note that thé| and_L cases are in the rat,,,,/ Yy.,,=3 for
every component.

|| case 1 case
Fast(fast incoherent ai(Tia) Yyxx ai(Ti/a) Yyyyy
Slow s Yyxx ag) Yyyyy
CA (fast coherent Fast-slow Fast-slow

fast componentsince it produces no shouldemwe distin-
FIG. 6. The functionU(T;,7) is the convolution of the Gaussian autocor- guish it from the fast incoherent component. There is no
relation AQ7) with exponential decay of relaxation tinfe . (a) vs delayr slow coherent component.
for sevgral relaxation tir_nes. For short relax_ation times.the conv_olution is an Analogous to Eq(47), we evaluate all the=0 compo-
approximately symmetrical peak whose height grows linearly With (b). t heights for the. d d list th in Tabl I
For slow relaxation times the convolution is steplike, with maximum heightrlen eights for - an ” cases and lis em in lables
J7. and lll, for the semiconductor and dye molecule cases. In the
semiconductor casé ,<T;<a<T.<P, and the dye mol-
ecule casf;<a<<T ,<T<P.
U(T,00—T/a, and forT—ee, U(T,0)—€. Thus those re- Note that in the dye molecule case, thend.L cases are

laxation processes that are faster than the pulse width will, ihe ratioy JY,,v=3 (Table ) for every component
XXX XXYY '

produce small amplitude correlation components that grow,oherent and coherefiEig. 7(a)]. The CA is 50% of the
linearly with relaxation time. For relaxations much slower .o correlation. for both| and L cases. This can create

than the pulse width, the component will contribute to thetcpg \where the fast part consists almost entirely of CA, if
shelflike nature of the(7) correlation. Sinc& G(t)=1, the T,<a or if a;<a
.

total shoulder height that includes all components will never * k.. the semiconductor case. note that sificg~Y
o - ' X XXyy
exceedy/w/2 measured at=0, or {'w measured many pulse (Table ) andT,/a is assumed small, the fast and slow inco-

widths away. herent components are, or nearly are the same betwedn the
and_L caseqFig. 7(b)]. Thus the baseline dftcp(r) found
from the shoulder height of *s(7) applies almost directly
VI. ANALYSIS FOR A TWO-COMPONENT SYSTEM to ltcp(r) as well. That is, the incoherent portions ‘dicp

I i is i
To illustrate the qualitative behavior of the correlation and_tcp are nearly the samiFigs. 5b) and §c). This is
articularly true of the slow component.

components let us examine a system having only disparaf® . : : .
P y g only cisp We can derive a simple estimate for the fraction of co-

f nd slow relaxation tim ndT,,r ively, wher . .
ast and slow relaxation time andTs, respectively, where herent artifacts based on two easily measured param@ters

Ti=<a<T, and having weightingy;~as wherea; + as=1. = Q (Fig. 8. R is the ratio of the fast portion of t¢p)

Let Ty be fa}st enough compared to the pulse width that W%eights, that is, the portion that lies above the shoulder, be-
can approximatdJ(Ty,0)— Ty/a, and T slow enough that o - the| and L cases.Q describes the height af(0)

we can approximatel (T4,0)— . .
Equation(42) evaluated at=0 is compared to its shoulder.
_ ltep(0)—ltcp(shouldey

L5in(0)/a2Q = a YU (T1,0)+ [ Yy Yl = Itcn® ~Ttcrahouider) (49)
XU(T¢®T,0) + ad Y2 ]U(T,,0) Li0)
+ad Yy~ Y2JU(T®T)0.  (46) Q= Tsigishouldery (49)

Suppose we have the semiconductor case, whigreT;.  The “shoulder” is a delay longer than the autocorrelation or
Then after using the approximations just described we haveast relaxation time, but slower than the slow relaxation time.

1 20) — 2 2
Sin(0)/a” Q= a;Y(Te/a) +[Yyxyy— Yl (To/@)
) TABLE lIl. Semiconductor case. Heights of fast and slow incoherent, and
+agd Yi,JQ, (47 coherent artifact components a0 for s(7) whenT,<T;<a<T.<P and

. . . using the limiting approximations fdd(T,0). Each entry should be multi-
where we usedy;+as=1. We break this expression into piied bya02. Note that SINCEY o= Yxxyy ANA T 4/ is small for the semi-

fast and slow component§&sts, (0) and s, (0), be-  conductor, the fast and slow incoherent components are, or nearly are the
cause the slow components are associated with a shoulder fftme between theand L cases.
7>a having twice ther=0 height, whereas the fast compo-

X || case 1 case
nents are not. The last term of E@7) is the slow compo-
. . H 2 2
nent. We can ignore the constaft(), because it appears for Fast(fast incoherent . ?(/Tf/il() Yx s $f$Tf/E\i{) Y v
every component. Slow il "aaz)[ g ol el Haazz[ gy o
. . . - s XX s XX
The expression for the coherent artifact can be similarlyca (fast coherent Fast-slow Yy (To/2)
evaluated. Although the coherent artifact could be called a
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a) Dye molecule case, Tg = = ‘

Itep(t) Licp(r)

50%CA

Everything 3x 50%CA

&maief

tcp(e<) baseline

0

\9 Semiconductor case, Tg << PW’

Ltep(r)

CA height — Tg/pw
Incoherant

components the
same height
—»

ltcp(r)

FIG. 7. Example cases for two extremesTgfPW. We do not show any
medium time-scale relaxation, only fast and slda. For a dye molecule
T,>PW. Because of Eq3), the coherent artifactCA) height equals the
incoherent portions in both and || cases. However, the overall size is
Yool Yxxyy=3 times different between the two casés) For a semicon-
ductor we could havé ,<PW. By Eq.(3), the incoherent terms have similar

magnitude in| andL cases. However, the coherent terms are different. For'

the || case, it is as large as the incoherent term. Forlthease it is much
smaller and grows a§,/PW.

We seek the fractional height of the CA, as a fraction of th
portion of the measured tcp height lying above the shoulde
Define this fraction as “frac”:

frace tcp0) B 54 0)
"8C= Tiep(0)—tep(shoulder) Ls.(0)+15, (0)"
(50)

Since we are primarily interested in the semiconductor cas

we will assume that the slow components have the sam

height between the and|| cases. Using the heights listed in
Table Il for the semiconductor, and noting that the slow
component is twice as high at the shoulder as=a0, we get
after some algebra,

R 1
frac=l——+—7—. 51
26 " 282Q-1) =1
B is the ratio between the fast component heights
B="5,(0)/,,(0)~1, (52

for a semiconductor.

tep(t)
/ \ |[H

FIG. 8. Definition ofR andQ. H is the height of tcpr) above its immediate
shoulders, measured betwegnand || configurations. The ratio iR. Q
describes how highs(0) is relative to the shoulder height. Note, the peak
of +s(7) is not the same ass(0).
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Inspecting the fast components of Table Ill, we see for
semiconductorsf~1 if T,<T;, since [Y,w— Y] and
[Ysxyy— Y2,] are several times smaller thaiY,()2, accord-
ing to Table I.

Note that theR, Q, and frac definitions are very practi-
cal, since they refer to the portion of the TGPor S(7)
lying above the shoulder, which is the experimentally ob-
served background level.

We remind the reader again that E§1) is not appro-
priate for the dye case, because of the assumption that the
slow components have the same heights between thed |
cases. Furthermore, this result is not intended to be a final
result, but the initial guess of an iterative procedure. This is
because it was assumed there were no medium scale decay
components and<Tg, so that the TCP shoulder was level
and well defined. In reality, the presence of decays compa-
rable to the pulse width would confuse H§1).

VIl. DISCUSSION
A. Small signal regime

Equation(2) presumes the small signal regime, since for
arbitrarily large optical intensities EqR) predicts arbitrarily
large induced polarization, when in reality the polarization
must be limited. The integral in E@2) in essence expresses
the number of carriers excited from the valence to conduc-
tion band, in the semiconductor idiom, or the number of

e

excited dye molecules. Obviously this number is limited by
the number of carriers or number of dye molecules in the
sample.

Given that we are in the small signal regime, this implies
that if the relaxation rates are carrier density independent
then the physical thickness of the sample or the distribution
of absorptivity with depth is immaterial. This is because the

arriers are not competing with each other for a limited num-
Ber of conduction band sites. However, some semiconductor
scattering processes, such as carrier—carrier scattering, are
carrier density dependehtThus, to minimize the variation
of excited carrier density with depth, the sample should be
optically thin.

An optically thin sample can be in either the large or
small signal regime, depending on the number of photons in
the pulse relative to the number of absorbing centers inte-
grated through the sample depth. This should be confirmed
experimentally by measuring the fractional TCP height ver-
sus laser power. For low powers, the relationship should be a
power law with a slope near unity. As the power passes a
threshold, the slope will begin to decrease indicating a
change from the small to large signal regime. The large sig-
nal regime should be avoided even for carrier density inde-
pendent scattering rates, since it will limit the fractional
height of the TCP and therefore make it appear broader than
this theory predicts, yielding erroneous relaxation times.

B. Procedure overview

To separate the various correlation components and fit
for relaxation and dephasing times, we recommend the itera-
tive procedure outlined in Fig. 5. By comparing calculated
and experimental signals betweerand|| cases, the coherent

Pump-probe experiments
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artifact height can be found. Once separated, fitting to the*A. J. Taylor, D. J. Erskine, and C. L. Tang, J. Opt. Soc. Am2,B663
shapes and heights of the component correlations yiEjds (Al98(5- E)quation (2) of this reference should read;,(w), not
and G(t). These both manifest interesting physics. it (L= W).

Th(e)correlation component heights a%c?s)rqapes would béD' 3. Erskine, A. J. Taylor, and C. L. Tang, Appl. Phys. L4, 54 (1984,

) - ; D. J. Erskine, A. J. Taylor, and C. L. Tang, Appl. Phys. Ldt, 1209

calculated either using the Gaussian model E42)—(45), (1984
or the exact expressions Eq4.1)—(19) calculated numeri-  “C. L. Tang, F. W. Wise, and I. A. Walmesly, Rev. Phys. A, 1695
cally using the experimentally measured autocorrelation and, (1987. _
presumed3(t) andT,. For the numerical evaluatio(t) '(\i‘ggéROSker’ F. W. Wise, and C. L. Tang, Appl. Phys. L8, 1726
could be nonexponential. The equations can easily be modisg \yise 1. A walmsley, and C. L. Tang, Appl. Phys. L&, 605 (1987).
fied for unequal intensities between the two arms. Initial®*p. J. Erskine, A. J. Taylor, and C. L. Tang, J. Chem. PI8&. 5338
guesses folr ; and G(t) could be obtained with the help of  (1984.
Eq. (51) for semiconductor samples. Knowledge of tie i': W. Wise, M. J. Rosker, and C. L. Tang, J. Chem. PBgs2827(1987.
coefficients for the particular sample being studied is re- M Lindberg. Y. Z.Hu, R. Binder, and S. W. Koch, Phys. Re\b@ 18060
quired. These can be calculated from Refs. 4 and 17 usingp. s chemla, Solid State Commuee, 37 (1994,

the semiconductor band structure. Theéseoefficients do  '*R. Binder, D. Scott, A. E. Paul, M. Lindberg, K. Henneberger, and S. W.

not require knowledge of the sample dynamics. Koch, Phys. Rev. BI5, 1107(1992.

15R. Scholz and A. Stahl, Phys. Status SolidilB3 199 (1992.
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