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Time-resolved Z-scan measurements
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We introduce a temporal delay in one beam of the two-color Z-scan apparatus, which measures nondegenerate
nonlinear absorption and nondegenerate nonlinear refraction. This technique allows us to time resolve
separately the sign and the magnitude of the nonlinear absorption and refraction at frequency p that are due
to the presence of a strong excitation at frequency oe. For example, in semiconductors we specifically measure
the bound electronic, nondegenerate nonlinear refraction and nondegenerate two-photon absorption, as well
as the two-photon-generated free-carrier refraction and absorption as functions of time. We demonstrate this
technique on ZnSe, ZnS, and CS2, using picosecond pulses at 1.06 and 0.532 ,um.

1. INTRODUCTION

Interpretations of measurements of optical nonlinearities
of materials are often complicated by the presence or the
competition of two or more nonlinear mechanisms. In
many cases the experimental technique cannot distin-
guish between these different nonlinearities. For exam-
ple, the degenerate four-wave mixing (DFWM) signal for
a cubic nonlinearity is proportional to IX(3)12, where X(3) is

the third-order susceptibility.' Index changes Re[y(3)]}
and losses Im[X(3)]} both contribute to the DFWM
signal; therefore they are indistinguishable in DFWM ex-
periments. A further complication can arise from contri-
butions of ultrafast and cumulative nonlinearities. For
example, in semiconductors we have observed the simul-
taneous presence of the bound electronic optical Kerr
effect (ultrafast n2) and two-photon absorption (2PA),
along with free-carrier absorption and refraction, which
are cumulative for decay times longer than the pulse
width.2 3 In this paper we present a technique for un-
raveling the various contributions to the nonlinear re-
sponse of a material. We demonstrate this technique,
which is a time-resolved two-color Z scan,4'5 for separat-
ing the nonlinearities occurring in ZnSe, ZnS, and CS2
when these materials are irradiated by picosecond pulses
at 1.06 and 0.532 ,um.

The two-color Z scan4' 5 measures the nondegenerate
nonlinear response of a material at the probe frequency
COP that is due to the presence of an excitation beam
at frequency We. This method is capable of separating
the refractive and the absorptive nonlinear contributions
but cannot distinguish between ultrafast and cumulative
nonlinearities. The introduction of a temporal delay into
the two-color Z-scan apparatus permits separation of the
nonlinearities having a different temporal response.

We first describe the experimental arrangement and
its calibration. An example of time-resolved data for CS2

displaying only nonlinear refraction is given, followed by
results on ZnSe and ZnS. The semiconductor data give
values for the nondegenerate Kerr effect n 2 (wp; Wde), in-

cluding the sign and the magnitude, the nondegenerate
2PA coefficient 8(o); °oe), and the free-carrier refractive
coefficient cr(cp) and absorptive cross section o-a(Cp).

2. EXPERIMENTAL ARRANGEMENT

The experimental arrangement, shown in Fig. 1, is an
extension of the Z-scan arrangement of Refs. 6 and 7.
The extracted 43-ps (FWHM) pulse from a Q-switched
and mode-locked Nd:YAG laser (A = 1.06 pum) is sepa-
rated into two beams by a variable beam splitter that
controls the irradiance ratio between them. One of the
beams passes through a variable time-delay stage while
the second goes through a second-harmonic-generating
crystal to produce 0 .5 3 2 -,um light. The polarization of
the beams is separately controlled by half-wave plates.
The two beams are recombined by a dichroic beam split-
ter and are focused with a nearly achromatic lens of fo-
cal length f = 15 cm onto the sample. A second dichroic
beam splitter then separates the two beams for detection
after passing through apertures of transmittance S.

In this time-resolved two-color Z-scan experimental
setup, the sample position Z, with respect to the probe-
beam waist and the time delay td between the excitation
and the probe beams, is independently varied according
to the experiment, as described below. The measured
quantity is the normalized transmittance as a function of
Z (Z scan) or as a function of td (temporal scan). Analo-
gous to the usual single-wavelength Z scan, an open-
aperture (S= 1, i.e, no aperture) Z scan at a fixed delay
is sensitive only to the induced changes in absorption,
whereas a closed-aperture (i.e, partially closed aperture)
Z scan displays the induced refractive changes as well.
We use an aperture of S = 0.4 for all closed-aperture
data given in this paper. In the absence of nonlinear ab-
sorption, the change in transmittance between the peak
(transmittance maximum) and the valley (transmittance
minimum) in a closed-aperture Z scan, defined as ATpv,
is linearly proportional to the induced phase distortion,
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Fig. 1. Time-resolved excite-probe two-color Z-scan experimental apparatus. D-D4, detectors. SHG, second-harmonic-generating
crystal.

which in turn is proportional to the nondegenerate non-
linear refractive index. When nonlinear absorption is

also present, as discussed in Ref. 7, the division of closed-
aperture data by open-aperture data again gives the non-
linear refraction, as long as the nonlinear absorption is
not too large (the same criterion as is discussed in Ref. 7
is valid here). We refer to the results of this division as
a divided Z scan. If we measure the transmittance as a
function of time delay for a fixed sample position, we can
separately determine the dynamics of the nonlinear ab-
sorption (open aperture) and refraction (closed aperture).
If the time-delay stage is fixed at long time delays such

that there is no overlap between probe and excitation, the
Z scan is sensitive only to long-lived nonlinearities, which
in semiconductors provides an independent measurement
of free-carrier absorption and refraction, separated from
the bound electronic nonlinearities.

To determine the temporal response of the nonlinear
absorption and refraction, we use the following procedure:
Zero temporal delay is first determined in the manner

discussed toward the end of this section. We then place
the sample at the minimum transmittance position of an
open-aperture Z scan (i.e., at the position of the waist).
The temporal delay is then scanned to measure the nor-
malized transmittance as a function of time delay td We
refer to this open-aperture transmittance as Top(td), and
it gives the nonlinear absorption as a function of time.
Measurement of the nonlinear refraction is somewhat
more complicated but is based on the linear relation be-
tween ATpv and the phase distortion.

For materials showing no degenerate or nondegener-
ate nonlinear absorption, a closed-aperture Z scan at a
fixed time delay is used to determine the transmittance
peak and valley Z positions. With the sample fixed at
the position of the peak, we scan the time-delay stage.
This procedure is repeated with the sample placed at

the Z position of the valley. The difference between

these two sets of data is ATpv(td), which is directly pro-
portional to the nonlinear-induced phase change. For

the time delay fixed at td = 0, this phase change is
proportional to the nondegenerate nonlinear refractive

index n2(cw,; ce). If both nonlinear absorption and non-
degenerate nonlinear refraction are present, both open-
and closed-aperture temporal scans must be performed
at the position of the peak and the valley for the divided
Z scan. The temporal-scan results are then divided to
obtain ATp,(td) (one can perform these scans simultane-
ously by using a beam splitter in the transmitted probe
beam and the two detectors, one without and one with an
aperture). As long as the nondegenerate nonlinear ab-
sorption remains small, n2(W,; We) remains proportional
to ATpv.7 In general any two frequencies can be used as
long as the beams can be spatially and temporally over-
lapped. This technique can also be used for two beams
having the same wavelength; however, the experiment
becomes more difficult because of coherent interactions,
which require interferometric stability for interpretation.
However, the use of counterpropagating beams would
permit separation of the beams but would add complexity
to temporal-delay measurements.

In the experiments presented here, we can use
either the fundamental (1.06-,um) or the second-harmonic
(0.532-/utm) beam as the excitation. We absolutely cali-
brate the pulse widths and the beam waists of the two
Gaussian beams. This necessitates performing spatial
beam scans and temporal autocorrelations of both the
fundamental and the second-harmonic beams, as well
as determining the longitudinal separation between the
two beam waists caused by residual chromatic aberration
of the focusing lens. By performing single-wavelength
closed-aperture Z scans at 1.06 and 0.532 ,um on a 1-mm

cell containing CS2, we determined that the beam waists
were separated by 1.5 mm because of chromatic aberra-
tion in the lens. Such aberration is easily accounted for
in the numerical fitting routine described in Section 4.
Additionally, as the separation between the peak and
the valley of the transmittance (AZpv) for a third-order
response is =1.7 times the Rayleigh range, this measure-

ment confirmed that the spot sizes at focus (half-width
at l/e2 maximum in irradiance) were 27 and 20 pim for
the 1.06- and the 0.532-gm beams, respectively. Using

autocorrelation measurements, we determined the pulse
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widths (FWHM) to be 43 and 31 ps at 1.06 and 0.532 /im,
respectively. The estimated uncertainty in the spot-size
and the pulse-width measurements are ±5%. The inci-
dent and the transmitted pulse energies are detected by
integrating silicon photodiodes. A spike filter at the ap-
propriate wavelength is placed in front of each detector.
Each data point is an average of 10 shots, taken with the
aid of an automated data-acquisition system. While the
Z-scan data are acquired, the pulse width and energy are
also monitored, and acceptance windows of ±5% are set
for both pulse width and input energy to increase the
signal-to-noise ratio.8 The absolute irradiances at
the sample for each beam can then be calculated given
the energy as calibrated by a pyroelectric energy meter.

A limitation of this method is the range of temporal de-
lays that can be scanned while the position of focus and
the waist size of the delayed beam are kept constant. We
maximized this range by minimizing the divergence of the
laser beams before the focusing lens. We used a mea-
sured input beam divergence of 3.4 X 10' rad, and we
calculate for our geometry (2 m from the waist) that a
1-ns time delay changes the waist size by 4% at
1.06 /.m. This delay also results in a displacement of
the focus that is negligible (<1% of f).

For the two-color experiment, maintaining the spatial
overlap around focus is crucial. A 6-arcsec angle between
the two beams as they enter the focusing lens would give
a 10% offset of the spatial overlap of the two beams at
focus (Ax-- 2 /um for a beam waist of 20 /_tm). Prior to
inserting the focusing lens, we propagate the two beams
for 4 m and ensure their spatial overlap by maximizing
the transmittances through apertures. A similar proce-
dure is repeated near the focus once the focusing lens
is inserted. Finally, we achieve a fine adjustment of
the spatial overlap at focus by maximizing the change
in transmittance of the probe, using a nonlinear ab-
sorber. The change in the probe transmittance is maxi-
mized when the two Gaussian beams are overlapped (i.e.,
their on-axis points are coincident). The nonlinear ab-
sorber used in this technique may be a nondegenerate
two-photon absorber, an excited-state absorber, or a sat-
urable absorber; however, because the 2PA process is
nearly instantaneous, it requires temporal overlap of the
laser pulses as well. Therefore an excited-state or a sat-
urable absorbing medium with a long recovery time is
easier to use initially.

After ensuring spatial overlap, it is necessary to deter-
mine the position of zero time delay between the excita-
tion and the probe beams. Performing a closed-aperture
time scan on CS2 with the sample stage positioned near
the Z-scan peak, we obtain the data shown in Fig. 2.
This procedure gives the temporal cross-correlation
function between the two beams, provided that the trans-
mittance through the aperture varies linearly with the
excitation irradiance. This result is valid as long as ATpv
is linearly dependent on the excitation, i.e., for transmit-
tance changes to as much as '-20% when the sample is
placed at the peak or the valley.7 Returning to Fig. 2,
we find that the width of 53 ps (FWHM) for this curve
agrees with a calculation of the cross correlation for the
pulses of FWHM 43 and 31 ps at 1.06 and 0.532 um,
respectively, as measured by the individual second-order
autocorrelation functions. Hence we have shown that

the two-color Z scan can be used as a cross correlator
to measure pulse widths, provided that one of the pulse
widths is known or, as in the case of harmonic or para-
metric processes, that a fixed relationship between the
two pulses exist. Like any nonlinear correlation tech-
nique, the temporal resolution of this technique is limited
by the response time of the nonlinearity. For UV pulses
for which second-harmonic-generating crystals are not
available, this method may prove useful.

3. THEORY

A. Semiconductor Nonlinearities
In the picosecond regime optical nonlinearities in semi-
conductors under nonresonant excitation (i.e., in the
transparency regime) are generally a combination of
bound electronic and free-carrier effects. Bound elec-
tronic nonlinearities arising from an anharmonic response
of the valence electrons are ultrafast, with a typical re-
sponse time being of the order of an optical cycle. This
process can be regarded as instantaneous when laser
pulses containing many optical cycles are used. We
characterize this response with (3)- In the transparency
regime free-carrier nonlinearities rely on multiphoton car-
rier generation and appear as higher-order phenomena.
In particular, free-carrier refraction and absorption that
are due to charge carriers generated by 2PA can be char-
acterized as an effective X(

5
) process.3 Most importantly,

free-carrier effects are further distinguishable from the
bound electronic effect because of their long recovery
time determined by the free-carrier lifetime.9 A time-
resolved study of these processes can therefore identify
and characterize the various contributions.

We define the total change of refractive index (An) and
absorption coefficient (Aa) as the sum of the bound elec-
tronic (subscript b) and free-carrier (subscript f ) contri-
butions:

An(w,; We) = Anb + Anf,

Aa(iop;We) = Aab + Arf.
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Fig. 2. Time-resolved two-color Z scan of CS2 obtained with
A = 1.06 am as the excitation and A = 0.532 ,m as the probe.
This procedure gives the cross correlation of these two pulses
and determines the zero-time-delay position.
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The quantities for describing the bound electronic effect
are the nonlinear refractive index n2(Wp; We) and the
2PA coefficient 6(wp; We) measured at probe frequency
CP that are due to the presence of the excitation beam
at frequency We- We define these coefficients as

Anb (Wp; We) = 
2
n2(Wp; We)Ie,

Aab(CWp; We) = 
2
/3(cp;We)Ie,

(2a)

(2b)

where e is the irradiance of the excitation beam. The
factor of 2 comes from weak-wave retardation. 5 1 0 The
coefficients n2 and /B are related through Kramers-
Kronig dispersion relations by virtue of the principle of
causality. 1 1

-
14 Recently the Kramers-Kronig relations

were employed to calculate the dispersion and the band-
gap scaling of n2 in solids from the calculated nonlinear
absorption spectrum (including 2PA) by use of a sim-
ple two-parabolic-band model.1 2 The degenerate n2 and

,8 measured with single-beam Z scans strongly support
this theory. Because the nonlinear Kramers-Kronig
relation generally relates the nondegenerate nonlinear
absorption with the nondegenerate nonlinear refraction,
the two-color Z scan provides a direct comparison with
this theory.5

The induced free-carrier refraction and absorption
naturally depend on the density of photogenerated car-
riers (AN) produced by 2PA when it is energetically al-
lowed. For most cases in which the probe photon energy
is far enough from the band edge (i.e., the index change
is small enough), it is sufficient to assume a linear de-
pendence on AN, giving 9 "5

-'
7

Anf (Wp; We) = crr(wp)AN(t), (3a)

Aaf (p; We) = o0a(W)AN(t), (3b)

where the time dependence of AN is explicitly shown.
Here A-r (in cubic centimeters) denotes the change of re-

fractive index per unit carrier density, whereas 0°a (in
square centimeters) is known as the free-carrier absorp-
tion cross section. In these experiments the probe is
weak compared with the excitation beam, so we consider
degenerate 2PA of the excitation beam as the only source
of carrier generation. Thus the carrier-generation rate
is given by

dAN J 3(); e2 _ AN (4)

dt 2h~jeT

where T
r is the carrier lifetime. Here we assume a

quasi-equilibrium condition in which the 2PA-generated
carriers in the conduction band have thermalized with the
lattice. For the pulse widths used in our experiments
this is a valid assumption because electron-phonon scat-
tering ensures the quasi-equilibrium condition within
1-2 ps.'8 The mechanism for free-carrier refraction is
a combination of plasma and band-filling effects2"5 -' 7

with a lifetime Tr typically of the order of nanoseconds.9

On the other hand, free-carrier absorption in most semi-

conductors originates from heavy-hole to light-hole inter-
valence band absorption and is usually weak unless it
is probed at longer wavelengths, i.e., in the mid or the

far IR.19

B. Propagation

By invoking the slowly varying envelope approximation
and the thin-sample approximation,20 we can reduce the
Maxwell equations to obtain separate equations govern-
ing the amplitude (IEpl) and the phase (0p) of the probe
beam:

2 aEP + ap EpI = - 2(wp; We)IEpIIe

- 0ra(wp)ANIEpj,

akp = WP 2n2(Wp; We)Ie + ur,(Wp)AN.
az' c

The depletion of the excitation beam is given by

ale + aele = -3(We; We)e 2,

(5a)

(5b)

(6)

where ap and ae are the linear absorption coefficients of
the probe and the excitation beams, respectively. For a
given sample position Z, the incident slowly varying field
amplitude Ep and Ie (at z' = 0) are taken to have the well-
known Gaussian beam functional dependence radially as
well as temporally2 l:

Ep(z=0) = Eop exp [- 2 (I + - 2 ]

x exp [-i ta-ig Z

Ie(Z' = 0) = Ioe Woe
2 exp-2r 

2
( td)2 

(7)

(8)

where wp 
2

= wo_2[1 + (Z
2
/Zop

2
)] and We

2
= WOe 2{1 + (Z +

Zc)
2

/ZOe
2

]} define the probe- and the excitation-beam radii
(half-width at /e2 maximum in irradiance), respectively,
with Z, accounting for the axial shift of the two foci that
are due to the chromatic aberration of the focusing lens.
The nonradial-dependent phase shift in Eq. (7) is unim-
portant in these experiments and is henceforth ignored.
Zoj = rwoj2/Aj, where (j = p, e), are the Rayleigh ranges,
and rp and Te denote the half-width at l/e pulse widths (in
irradiance) of probe and excitation beams, respectively.

A simultaneous solution to Eqs. (4)-(6) that uses the
initial condition imposed by Eqs. (7) and (8) gives the ra-
dial (r dependence) and the temporal variations of iEpj,

Up, and Ie after propagation through the sample of thick-
ness L for a fixed sample position Z. Once the amplitude

and the phase of the probe are determined at the exit
surface of the sample, we can obtain the probe beam's
profile at the aperture plane (Ea) by applying the Huy-
gen-Fresnel principle through a Hankel transformation
of Ep evaluated at z' = L.22 This yields

Ea(r, t, Z) =iAp(d - Z) exp[ Ap(d - Z)

X f r'd r'Ep(r', t, Z, z' = L)

i7rr2 2irr'
X exp - JoL (9)
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where d is the distance between the position of the focal
point of the excitation beam and the aperture plane and
Jo is the Bessel function of zeroth order. The normalized
transmittance is given by

f dtf rdrEal2
T(td, Z) = fJ d 0 ° (10)

Jdtfo rdrlEa(I, = 0)12

where ra is the aperture radius that for an open-aperture
Z scan is infinite. It is more convenient to specify the
aperture transmittance S = 1 - exp(-2ra 2/Wa 2

), where Wa

is the beam radius at the aperture in the linear regime.
Under certain conditions Eqs. (4)-(10) can be solved
analytically, but in general a numerical solution is
required.2 3 In the analysis of time-resolved data, the
quantities ATpv and Top, as a function of the time delay
td, are calculated with Eq. (10):

A Tpv (td) = [T(td, Z,) _ T(td, Zv) for S < 1,
Tp(td, Z,) Tp(td, Zv)

T 0p(td) = T(td, 0) with S = 1,

(11)

where Z, and Z, are the positions of peak and valley of
the Z scan, respectively. The sign of ATpv is given by
the sign of Z, - Z,.

As discussed in Section 4, the spatial separation be-
tween peak and valley, ATpv, depends on the order of the
nonlinearity equaling 1.7zo for a third-order response
and 1.2zo for a fifth-order nonlinearity. Thus, in per-
forming a temporal scan, one can optimize the signal for
a third- or a fifth-order nonlinearity, although the differ-
ence in signal is only approximately 20%. This must be
accounted for in interpreting the results of a temporal
scan when both types of nonlinearity are present.

4. RESULTS AND DISCUSSION

The semiconductor samples used in our experiments are
zinc blende polycrystalline slabs of ZnSe and Cleartran
ZnS. ZnSe has a band-gap energy of Eg = 2.6 eV,24

no = 2.5 at A = 1 zm, and no = 2.7 at A = 0.5 ,um. The
sample thickness is 2.7 mm. The ZnS sample has a
thickness of 1 mm, Eg = 3.7 eV,24 no = 2.3 at 1 um, and
no = 2.4 at 0.5 ,um. In the following discussion, refers
to 1.06-,utm light and 2 to 0.532-,um light. Table 1
summarizes the results described below.

A. Excitation at 1.06 gLm

In both ZnSe and ZnS, degenerate 2PA with A = 1.06 ,um
is energetically forbidden (i.e., 2kW < Eg). Therefore,
with the strong excitation beam at 1.06 Am, the free-
carrier density (AN) remains small, and the induced
An and Aa are dominated by ultrafast bound elec-
tronic effects. However, in experiments on both poly-
crystalline ZnSe and ZnS, scattered second-harmonic
light at 532 nm could be seen. Hence care was taken to
ensure that second-order effects2 5 did not influence our
results. In ZnSe the probe at A = 532 nm experiences
a nondegenerate 2PA because h + 1w = 3.5 eV exceeds
the band-gap energy of ZnSe. The open-aperture and
closed-aperture Z-scan data at zero temporal delay, ob-
tained with an excitation irradiance (Ie) of 0.7 GW/cm2,
are shown in Fig. 3. Measurements were made for two
cases of parallel-polarized (xx) and crossed-polarized
(xy) excitation and probe beams. From the calcula-
tions, the best fits give 63x2 (w; W) = 15 ± 3 cm/GW,
f8xx(2W; ,/13xY(2W,; W) = 1.7 ± 0.4, n 2xx(2Wo; w) = - (5.1 ±
1.0) X 10-14 cm

2 /W, and n 2 XX (2Wo;w)/n2xY (
2

co; ) =

2.0 ± 0.5 (see Table 1). All the results in Table 1 re-
fer to parallel polarization unless specifically noted with
the superscript xy. The observed polarization dichroism
has been attributed to the interference between contri-
butions to X(3) from the heavy-hole and the light-hole
valence bands.2 6

For ZnS with h + 2h < Eg, nondegenerate
2PA is not permitted, and the measured nonlin-
earities are purely refractive (degenerate 2PA for
the probe at 532 nm is weak). Figure 4 shows the

Table 1. Nondegenerate Nonlinear Parameters Extracted from the Time-Resolved
Two-Color Z-Scan Dataa

Material

Parameter ZnSe ZnS

/8 (1.06; 1.06) 0 0
/3 (0.532;0.532) 5.8 ± 1 cm/GW 3.4 ± 0.7 cm/GW
,8 (0.532; 1.06) 15 ± 3 cm/GW 0
,G (1.06;0.532) 4.6 ± 1 cm/GW 0
,BXy (1.06;0.532) 8.6 ± 2 cm/GW 0

n2 (1.06; 1.06) (2.9 ± 0.3) 10-1
4

cm
2
/W (6.3 ± 1.4) 10-1

5
cm

2
/W

n2 (0.532; 0.532) (-6.8 ± 1.4) 10-14 cm
2
/W Not measured

n2 (0.532; 1.06) (-5.1 ± 0.5) x 10-1
5

cm
2
/W (1.7 ± 0.4) 10-1

4
cm

2
/W

n2 XY (0.532; 1.06) (-2.6 ± 0.3) 10-14 cm
2
/W Not measured

n2 (1.06; 0.532) (-9 ± 5) 10-1
5

cm
2
/W <1.5 x 10-1

4
cm

2
/W

o-a (1.06) (4.4 ± 1.3) X 0-18 cm
2

(7 ± 2) x 10-'8 cm
2

o-r (1.06) (-6.1 ± 1.5) x 10-22 cm3
(5.2 ± 1.1) x 10-22 cm3

7 -1 ns Ta 0.6 ns; r 0.8 ns

',/, 2PA coefficient; 2 bound electronic nonlinear refractive index; aa, free-carrier absorptive cross section; o-r, free-carrier refractive coefficient.
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data (open circles) for ZnSe obtained with perpendicularly polar-
ized beams at zero time delay (excitation at 1.06 um and probe
at 0.532 ,in). The squares show the division of the two data
sets, and the curves represent theoretical fits.
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Fig. 4. Closed-aperture degenerate Z-scan data (filled circles)
and closed-aperture nondegenerate data (open circles) obtained
with excitation at 1.06 ttm and probe at 0.532 ,um for ZnS
obtained with parallel-polarized beams at zero time delay. The
curves represent theoretical fits.

closed-aperture Z-scan signal compared with the
single-wavelength Z scan at 1.06 ,um measured at
I, = 8.5 GW/cm2 . The best fit to these data gives a ratio
of n2(2w; w)/n 2 (W; W) 1.9 + 0.2 for parallel-polarized

beams, with n 2 (W; W) = (7.6 ± 1.5) X 10-15 cm
2

/W. This

large ratio is due to a two-photon resonant enhancement
of n2 (W;W).

27 The theoretical analysis regarding the
observed dispersion of the nondegenerate n2 is given
in Ref. 12. There is only an ultrafast response at this
excitation wavelength, at which 2PA is not permitted.

B. Excitation at 0.532 ,um

With excitation at 0.532 /jm during probing at 1.06 I.Lm,

degenerate 2PA of the pump beam is present in both
ZnSe and ZnS. We employ this arrangement primarily

to study the induced free-carrier nonlinearities. By per-
forming a temporal scan in the two-color Z-scan experi-
ment, we can differentiate the free-carrier nonlinearities
from the bound electronic effects. We use the method
discussed in Section 2 to separate absorptive and refrac-
tive nonlinearities.

For ZnSe, ATpV(td) and the maximum open-aperture
transmittance change ATop(td) are measured for several
different input irradiances. As mentioned above, the sig-
nal can be optimized for either the third- or the fifth-
order response. Here (as was done for the data given
in Fig. 5), we optimized the signal for the fifth-order re-
sponse of the carrier nonlinearities by first performing a
Z scan at a long delay (i.e., td >> t) to find the position
of peak and valley. This means that the fast-response
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Fig. 5. (a) Nonlinear refraction as determined by ATpv(td) and
(b) nonlinear absorption from the normalized transmittance
Top(td) as a function of probe-beam time delay td for ZnSe mea-
sured at Ie = 1.2 GW/cm

2
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2

(filled squares). r = 1 ns. The curves are fits to the data
obtained with the values given in Table 1.
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Fig. 6. Nondegenerate divided Z scans on ZnSe at time delays
of 100 ps (circles) and 200 ps (squares) obtained with 0.53 Aim
as the excitation source and 1.06 gim as the probe. The curve
shows the theoretical fit for the free-carrier refraction (and
absorption).

signal near zero delay (third-order response) is not opti-
mized, and the signal from this nonlinearity is reduced.
The =20% reduction in this signal is easily calculated
from Eq. (10). The fits to the data discussed below take
these effects into account. At relatively low irradiance,
ATpv (td) [Fig. 5(a)] consists of a peak near zero delay and
a slow-decaying tail at longer delays, which lasts much
longer than the laser pulse. The peak is due to nonde-
generate bound electronic nonlinear refraction, as is evi-
denced by the fast response (i.e., the width is consistent
with the width for CS2 , as is shown in Fig. 2).12 This
nonlinear refraction is determined to be negative from
the relative positions of the peak and the valley. The
slow-decaying tail comes from free-carrier refraction (also
defocusing), at which the carriers are produced by degen-
erate 2PA of the excitation beam. As the irradiance in-
creases, the relative value of the peak diminishes with
respect to the long free-carrier tail. This occurs because
the bound electronic effect is a third-order nonlinearity,
whereas the two-photon-generated free-carrier nonlinear-
ities result in an effective fifth-order nonlinearity.2 3 Fit-
ting the data shown in Fig. 5(a), we obtain n2xx(W; 2co) =
(9 ± 5) X 10-15 Cm

2
/W, crr(co) = 5.4 ± 1.5 x 10-22 cm 3,

and a carrier decay time of r 1 ns. The errors on n2
are large as the nonlinearity is dominated by free-carrier
refractive effects, and such a large difference between
n2xx(cw;2 and n2XX(2co; co)co) = -(5.1 + 1.0) X 10 cm 2/W
is not expected from a two-parabolic-band model, which
predicts values within =10% of each other.12

Figure 5(b) shows Tp(td) for ZnSe, giving the time-
resolved nondegenerate nonlinear absorption. At zero
delay the nondegenerate 2PA dominates, and at longer
time delays we see a small contribution from 2PA-
generated free-carrier absorption. As stated above,
the free-carrier refraction and absorption are propor-
tional to the density of free carriers, which slowly de-
cays with the recombination time r of the carriers.
The fit that is shown uses /3 = 4.6 ± 1.1 cm/GW and
°a = (4.4 ± 1.3) X 10-1 cm2.

Fixing the delay of the probe relative to the excitation
beam so that the two pulses have no temporal overlap and
performing a two-color Z scan, we see only free-carrier
refraction and absorption. Experimental data, depict-
ing the ratio of the closed-aperture to the open-aperture
Z scans for ZnSe at 100 and 200-ps time delay (with
I = 1.5 GW/cm2), are shown in Fig. 6. Because a delay
time of 200 ps is considerably less than r, the number
of free carriers is the same within 10% at the two delays.
The free-carrier refraction, o-r(o) = 6 ± 1.5 X 10-22 cm3,
and absorption, oSa(w) = 4.4 ± 1.3 X 10-18 cm2, from
these Z scans are consistent with those obtained from
the time-delay experiment to within 10%.

The data for ATpv for ZnS, as shown in Fig. 7(a), dis-
play no fast-response signal near zero delay. This result
indicates that the phase change produced by the free car-
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given in Table 1.
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riers is much larger than that produced by the bound
electrons. In addition, based on the theory,1 2 we expect

the nondegenerate n2 to be positive, partially negating
the self-defocusing from the carriers. However, the free-
carrier nonlinearities totally dominate the phase change
at high irradiance, resulting in a good fit for ZnS by use
of only carrier effects. The nonlinear absorption for ZnS,

shown in Fig. 7(b), is dominated by free-carrier absorp-
tion because there is no nondegenerate 2PA. Note that,

for both irradiances, at zero delay there is a narrow spike
of unknown origin. We speculate that this result may
be caused by transient beam coupling or by a cascading
of second-order nonlinearities.2 5

We find that, from the higher irradiance data
shown in Fig. 7 for ZnS, 0a(co) = 8 ± 2 x 10-18 cm2 and

or(W) = -5 + 1 x 10-22 cm3 (curves in Fig. 7). These
two experiments give slightly different values for the
carrier recombination time (rr 0.6 ns for free-carrier
absorption and Tr = 0.8 ns for free-carrier refraction
measurements). This small difference may be explained
by the different relative contributions of free electrons
and holes to refraction and absorption and by possible
differences in electron- and hole-trapping rates.

C. Dispersion of Free-Carrier Nonlinearities
There exist numerous theoretical models dealing with the
effects of an electron-hole plasma on the complex dielec-

tric constant.15- 7 We find that the simplest model,9" 1 6

which incorporates two parabolic bands, sufficiently ex-
plains the magnitude and the dispersion of the observed
free-carrier effects.3 In this simple model the change of

refractive index for wavelengths below the band edge (i.e.,
for probe photon energy hcop < Eg) that is due to an in-
jection of an electron-hole density AN is given by9 "16

27ree
2

AN ( 1 1 ) (12)
Me-h COP c Wg o2 - csOP 

where me-h is the electron-hole reduced effective mass
and cg = Eg/h. The first term in Eq. (12) describes
the Drude plasma contribution, and the second term

represents the band-filling contribution to the refractive-
index change. A more general expression can be ob-
tained by elimination of the effective mass with the
results of k- p theory 2 8 :

me-h E,

mO EP
(13)

where only the heavy-hole valence band is taken into
account. Here Ep 21 eV is the Kane energy and is
nearly material independent for most semiconductors.2 8

This allows us to write Eq. (12) as

(14)An( )=A E H WP AN,
noEg 3 Eg/

where H(x) = [x2(x2
- 1)]-' is the free-carrier dispersion

function and A = 2irh 2e2/mo = 3.4 x 10-22 cm3 eV2 . The

advantage of Eq. (14) is that it provides a simple Eg

scaling as well as a dispersion function that is only a func-
tion of hco/Eg. This is analogous to the useful expres-
sions derived for the bound electronic nonlinearities in
semiconductors."1'27 Under the quasi-equilibrium condi-
tion, the free-carrier effects are independent of the means
of generation, and thus An has no explicit dependence on
the excitation photon energy h We-

A best fit to our experimental data for ZnSe and ZnS is
obtained with A 2.3 x 10-22 cm3 eV2 . We plot the dis-

persion function H(hcop/Eg) and the experimental results
in Fig. 8. The good agreement between our results and
this simple model may exist in part because the carrier
densities reached are relatively low, AN < 1018 cm-3, and
in part because we probe relatively far below the gap. At
high carrier densities and at photon energies near the gap,
many-body effects and excitons may become important.17

5. CONCLUSION

We have introduced a time delay for one of the beams in
a two-color Z-scan apparatus to allow the temporal de-
pendence of the nonlinear absorption and the nonlinear
refraction to be separately measured. We have demon-
strated the utility of this technique by monitoring the
several nonlinearities that occur in semiconductors on a
picosecond time scale. Whereas these nonlinearities
normally require that several different types of experi-
ments be performed to separate their similar effects, this
new technique (temporally resolved two-color Z scan) per-
mits their separation by itself. In particular, we have
separately measured the nondegenerate two-photon ab-
sorption, bound electronic n2, free-carrier absorption, and
free-carrier refraction in ZnSe and have performed simi-
lar experiments on ZnS, for which nondegenerate two-
photon absorption is not energetically permitted, and on
CS2 , which shows only nonlinear refraction. The numer-
ous parameters extracted from these data (see Table 1)
have been compared with simple band-theory models that
have been presented elsewhere. One can also extend this
technique to obtain the temporal dependence of different
nonlinear tensor components by changing the relative

polarization of the excitation and the probe beams.
It may be of use to contrast this technique with DFWM

at this point. Temporally resolved DFWM uses three in-
teracting beams at the same wavelength to produce a

ZnSe

ZnSe

I o
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fourth beam whose energy can be measured as a func-
tion of the time delay of any one of the three beams,
with the other two being fixed at zero delay. The abso-
lute accuracy of determining a nonlinear coefficient with
DFWM is expected to be considerably less than with
the technique discussed in this paper because in DFWM
three, as opposed to two, beams must be both accurately
characterized (i.e., beam shape, pulse width, and energy)
and overlapped spatially and temporally. In addition,
the results of the DFWM experiment for third-order non-
linearities are proportional to IX (3)12 such that absorptive
and refractive contributions are mixed. However, tempo-
ral information and symmetry properties of the degener-
ate susceptibilities can be measured. On the other hand,
decay is often governed by diffusion between fringes,
which can be much faster than diffusion across the en-
tire beam. As stated above, measuring degenerate non-
linearities with the time-resolved Z scan presents other
difficulties. Therefore this new technique should be con-
sidered complementary to other experimental methods,
such as DFWMV, for determining the origins of optical non-
linearities of materials.
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