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ZnTe!110" is widely used as a source of terahertz radiation generated by optical rectification.
However, when ZnTe!110" is excited with 800 nm light, optical rectification is not the only process
which can occur. Specifically, second harmonic generation and two-photon absorption are also
possibilities. In addition, free carriers generated by two-photon absorption can absorb terahertz
radiation, further reducing the efficiency of optical rectification. We have used terahertz emission
spectroscopy to study these effects by analyzing the dependence of the terahertz waveform on
excitation fluence. At high excitation fluences, the overall efficiency is reduced and the trailing edge
of the waveform is attenuated. A simple model reproduces the measured behavior.
© 2010 American Institute of Physics. #doi:10.1063/1.3296064$

I. INTRODUCTION

Early experiments on ZnTe!110" showed that it was the
material of choice as a bright, broadband source of terahertz
radiation from tabletop Ti:Sapphire lasers via optical
rectification.1–5 ZnTe has a large second-order nonlinear sus-
ceptibility, it is nearly transparent in the terahertz region of
the spectrum, and it has favorable phase-matching conditions
with %800 nm light that allow it to produce large-amplitude,
broad-bandwidth pulses in the far-infrared. As the interest in
studying phenomena in the far-infrared region of the spec-
trum grows, so does the demand for bright sources of tera-
hertz radiation.6 Thus, maximizing the efficiency of terahertz
emission from ZnTe!110" has received much attention. For
example, Xu and Zhang7 conducted studies of optical recti-
fication in ZnTe!110" as a function of the optical excitation
area when exciting an area smaller than the central terahertz
emission wavelength. More recently, studies have shown that
processes such as second harmonic generation !SHG", two-
photon absorption !TPA", and free-carrier absorption !FCA"
can all compete with optical rectification.8–12

SHG is the sum-frequency analog of optical rectification
and removes photons from the excitation pulse that would
normally produce terahertz radiation. TPA also depletes the
excitation beam intended for optical rectification and more
importantly, produces free carriers, which can then absorb
the generated terahertz radiation through FCA. These pro-
cesses reduce the efficiency of terahertz generation in
ZnTe!110" and become problematic at high excitation inten-
sities. Although many papers which analyze these processes
have been published, the available literature is often incom-
plete and contradictory. For example, Gaivoronskii et al.9

conclude that TPA and FCA are not responsible for attenuat-
ing terahertz radiation at high powers, whereas Zhao and

Tignon11 identify a strong contribution from FCA of tera-
hertz radiation. Others admit that TPA decreases the excita-
tion power available for terahertz generation but do not ana-
lyze the effects of FCA after terahertz generation.10

In many of these studies, the z-scan method is employed
to vary excitation fluence. One concern when monitoring
terahertz emission is that the small beam diameters used will
lead to significant diffraction of the terahertz pulse.7,10 In the
present study, excitation fluence is varied independently of
laser spot size in order to focus solely on the effects of TPA
and FCA on terahertz generation. Additionally, optical recti-
fication in ZnTe!110" has not been investigated in regions of
lesser excitation powers since the goal has always been to
produce the largest amplitude terahertz pulses possible, and
little to no attention has been paid to the shape of the gener-
ated waveforms over the range of intensities. Using terahertz
emission spectroscopy, this study analyzes the shapes of the
generated waveforms and relates them to trends in terahertz
amplitude over a wide range of excitation fluences.

II. EXPERIMENTAL

The experimental apparatus has been detailed
elsewhere.13 In brief, a regeneratively amplified Ti:Sapphire
laser produces %100 fs pulses centered at 800 nm at a rep-
etition rate of 1 kHz. The output beam is split into two parts:
terahertz generation and detection. The 8.8 mm diameter
generation beam photoexcites the 1.0 mm thick ZnTe!110"
sample, and the detection beam detects the emitted terahertz
radiation in a second 1.0 mm thick ZnTe!110" crystal via free
space electro-optic sampling !FSEOS".14–16 The ZnTe
sample is positioned 4 cm from the ZnTe detector to analyze
the terahertz waveform in the far-field. A half-wave plate and
a quartz polarizer placed before the sample serve as a vari-
able attenuator and control the fluence of the excitation
beam. A silver nanorod polarizer between the quartz polar-
izer and the sample ensures that the polarization is as clean
as possible. See Fig. 1!a" for a schematic diagram.

Excitation powers above 10 mW !the corresponding flu-
ence is 17 !J /cm2" are measured using a power meter
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!Spectra Physics, Model 407A". For powers below 10 mW, a
Si photodiode is used; a microscope slide is placed before
the sample, and a small portion of the excitation beam is
directed at the Si photodiode as seen in Fig. 1!b". It is im-
portant to place the photodiode inside a light-tight enclosure
to ensure that stray reflections do not contribute to the mea-
sured power. If necessary, filters are used to ensure that the
photodiode is not saturated. The photodiode response is cali-
brated to a power measurement using the power meter at an
excitation power of 10 mW.

The basic terahertz emission setup can be transformed to
examine the effects of photoexcitation of the emitter prior to
terahertz generation. As seen in Fig. 1!c", a pump pulse at
fixed delay time is introduced. Specifically, a beam splitter
that transmits 15% and reflects 85% of the power is placed
before the final turning mirror to create a pump beam !85%"
which photoexcites the sample and a secondary beam for
terahertz generation in the photoexcited sample. The second-
ary beam fluence is 66 !J /cm2, and the pump fluence
ranges from 0 to 281 !J /cm2. Neutral density filters are
placed in the pump beam path to vary the photoexcitation
fluence. The geometry of this setup ensures that the pump
pulse always arrives 265"10 ps before the terahertz genera-
tion pulse and that only terahertz radiation created from the
secondary beam is detected.

III. RESULTS AND DISCUSSION

A series of terahertz waveforms were collected at exci-
tation fluences ranging from 0.58–331 !J /cm2. Figure 2
shows representative scaled waveforms obtained at high,
low, and mid-range fluences in part !a" as well as a plot of
the dependence of terahertz amplitude on excitation fluence
in part !b". At excitation fluences below 17 !J /cm2, the
time-dependence of the terahertz waveform resembles the
second derivative of the Gaussian excitation pulse, which is
the shape expected for optical rectification with detection in
the far field.17–19 At higher fluences, however, the waveform
is noticeably attenuated at later times and more closely re-
sembles the first derivative of the Gaussian excitation pulse.
The filled circles in part !b" show that the terahertz amplitude
varies linearly with excitation fluences below 17 !J /cm2 as
expected for optical rectification but is sublinear above
33 !J /cm2. Since optical rectification is a second-order non-
linear process, the terahertz intensity should vary quadrati-
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FIG. 1. !Color online" Part !a" diagrams the basic terahertz emission setup,
part !b" shows the modifications for low fluence measurements, and part !c"
includes optics for the fixed time-delay pump-probe configuration. FIG. 2. In part !a", terahertz waveforms obtained over the range of excita-

tion fluences are displayed. The thicker lines are the experimental data, and
the thinner lines are fits of Eq. !4" to the experimental data. The waveforms
have been scaled and offset vertically to clearly demonstrate the changes in
shape. Part !b" shows the dependence of terahertz amplitude on excitation
fluence. The filled circles represent the raw experimental data, and the open
circles have been corrected for pump depletion due to TPA.
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cally with input power. This is equivalent to stating that the
terahertz amplitude should vary linearly with input power.

Three distinct possibilities for the unexpected depen-
dence of terahertz amplitude on excitation fluence have been
examined: 1. a nonlinear detector response, 2. the terahertz
generation mechanism itself !shift currents vs. optical recti-
fication", and 3. optical rectification coupled with FCA of
terahertz radiation due to TPA of the excitation pulse. We
conclude that the third is operative.

A. Detector response

It is conceivable that the ZnTe!110" detector responds
nonlinearly as a function of incident terahertz amplitude. To
test whether the waveform is altered due to a nonlinear re-
sponse of the detector, the ZnTe!110" emitter was excited at
230 !J /cm2, and the terahertz pulse generated was attenu-
ated using a set of high-resistivity Si wafers. The Si wafers
have an index of refraction of 3.4, which is independent of
frequency in the terahertz region.20 Thus, each wafer attenu-
ates the terahertz amplitude by %55% but does not distort
the waveform. The results of placing two and seven Si wa-
fers in the terahertz beam path are shown in Fig. 3 with the
waveforms scaled for comparison. Attenuating the terahertz
amplitude does not change the shape of the detected pulse.
Additionally, when seven wafers are used, the measured tera-
hertz amplitude is on the same order of magnitude as what is
obtained when exciting the emitter at the lower fluences of
%2.5 !J /cm2. This result proves that the dependence of the
measured terahertz waveform as a function of excitation flu-
ence is not affected by the detector.

B. Mechanism of terahertz generation

Optical rectification is not the only mechanism through
which terahertz radiation can be generated. From the theo-
retical work of Sipe,18,21 it is known that there are two con-
tributions to the time-dependent current densities in
zincblende semiconductors that can lead to terahertz emis-
sion. For above bandgap excitation, shift currents dominate,
while optical rectification is the primary mechanism when
exciting below the bandgap. When detecting in the
far-field,17 terahertz radiation due to shift currents has a
waveform that follows the first time-derivative of the time-

varying excitation pulse intensity, while rectification currents
produce terahertz radiation having a waveform that is the
second time derivative. Experiments carried out by Cote et
al.22 and more recently by Schleicher et al.19 have experi-
mentally verified this time-derivative relationship between
terahertz radiation generated by shift currents and optical
rectification in GaAs.

The bandgap of ZnTe is 2.3 eV at 300 K.23 Therefore, a
shift current in ZnTe excited at 800 nm !photon energy of
1.55 eV" would have to be the result of a two-photon pro-
cess. Although the shape of the waveforms obtained at high
fluences are consistent with terahertz generation through a
shift current, the positions of the maxima, minima, and zero
crossings of the terahertz waveforms as a function of excita-
tion fluence confirm that optical rectification is the only
mechanism responsible. In particular, the first derivative of a
Gaussian crosses zero when the second derivative reaches its
minimum. Therefore, if the mechanism of terahertz genera-
tion were changing from optical rectification to shift current,
then the peaks and zero crossings of the waveforms would
shift relative to each other. Looking at Fig. 2, these features
occur at the same delay time when exciting with different
fluences; only their relative amplitudes change. Therefore, all
of the waveforms result from the same underlying generation
mechanism: optical rectification.

C. FCA and TPA

TPA of the excitation beam and FCA of terahertz radia-
tion have been identified as processes that compete with op-
tical rectification.8–12 We find that FCA attenuates the latter
part of the terahertz pulse, while TPA depletes the power
available for terahertz generation.

1. FCA

We have developed a simple model to explain the influ-
ence of FCA on the shape of the generated terahertz wave-
form as a function of excitation fluence. While the general
result of attenuation due to FCA is consistent with previous
workers’ results,11 no one has previously demonstrated its
influence as a function of time as the pulse is being gener-
ated. Previous studies measured the terahertz power using a
bolometer, which is not time-resolved on the timescale of the
terahertz waveform and which measures intensity rather than
the terahertz amplitude as done using FSEOS.

The terahertz waveforms obtained at different excitation
fluences were modeled by including the effects of FCA dur-
ing the generation process. That is, the excitation pulse si-
multaneously generates a terahertz pulse through optical rec-
tification as well as creating free carriers via TPA, which
then attenuate the latter part of the pulse. A slightly skewed
Gaussian intensity profile of the optical excitation beam !Iopt"
is assumed. This was required because at the lowest excita-
tion powers, where FCA does not play a role, the second
positive lobe of the terahertz waveform is larger than the first
#see Fig. 2!a"$.
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FIG. 3. !Color online" Result of attenuating terahertz pulse with two and
seven Si wafers to demonstrate that the difference in waveforms at high and
low power cannot be attributed to the detector. The waveforms have been
scaled in order to compare their shapes.
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Iopt!t" = exp&− ' t − t0

2#
(2)1

2&1 + erf'$
t − t0

*2#
() , !1"

where t0 is the center of the Gaussian, # is its standard de-
viation !which is related to the full width at half maximum
by wFWHM=4#*ln 2", $ is the “skew parameter,” and “erf” is
the error function. In the absence of FCA, the amplitude of
the terahertz waveform is given by the second derivative of
the input intensity

A0!t" =
d2Iopt!t"

dt2 . !2"

Figure 4!a" shows A0!t".
Electrons are generated by TPA, and thus the electron

density as a function of time is given by the integral of the
square of the excitation pulse !since electron generation is a
two-photon process"

Ne!t" =
+−%

t Iopt
2 !t!"dt!

+−%
% Iopt

2 !t!"dt!
. !3"

The integral in the denominator ensures that the value at long
times is 1.

Figure 4!b" shows the amount of attenuation as a func-
tion of time during the excitation pulse for high power and
low power excitation !solid and dashed lines, respectively".
The functional form of the attenuation is exp#−Ne!t"escale$,
where Ne!t" is the electron density, and escale is a scaling
factor that is adjusted to give the best agreement between the
calculated and measured waveforms. Finally, the terahertz
waveforms, A!t", which are compared to the experimental
ones are the products of A0!t" and the amount of attenuation.
Specifically

A!t" = aA0!t"e−Ne!t"escale, !4"

where a is a scaling factor that is adjusted to obtain the best
fit with experiment. Figure 4!c" displays A!t" for the attenu-
ation factors given in part !b".

Equation !4" was fit to the experimental data using the
Marquardt–Levenberg nonlinear least-squares fitting algo-
rithm. As seen in Fig. 2!a", this model reproduces all of the
important features of the waveforms over the full range of
excitation fluences. The fitting parameters are given in Table
I, and the results for all 24 waveforms collected in this study
can be found in the supplementary information.24

2. TPA

In order to verify that TPA generates carriers which lead
to FCA, the excitation beam was split such that the sample
was photoexcited 265"10 ps before terahertz generation
#see Fig. 1!c"$. The photoexcitation or “pump” fluence was
varied from 0 to 281 !J /cm2 while the terahertz generation
fluence was held constant at 66 !J /cm2. The results of this
pump-probe experiment are shown in Fig. 5!a". At all exci-
tation fluences, the entire terahertz waveform is attenuated
because the pump arrives well before the optical pulse that
generates the terahertz waveform.

When a material undergoes TPA, the intensity I at a
distance l within a sample illuminated with incident intensity
I0 is given by I= I0 / !1+ I0&l", where & is the TPA coefficient
!&=4.6 cm /GW for ZnTe!110" and 800 nm light".11,12,25

Fig. 5!b" plots the relative terahertz amplitude as a function
of pump fluence, and it is seen that the attenuation of the
terahertz pulse is accounted for quantitatively by considering
the TPA of the pump pulse. The line is obtained using values
of I0=3.2 GW /cm2, &=4.6 cm /GW, and l=0.1 cm. The
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FIG. 4. !Color online" Part !a" shows the expected terahertz pulse shape in
the absence of TPA or FCA calculated using Eq. !1". This is essentially what
is measured at the lowest excitation fluences. Part !b" is attenuation as a
function of time at high !solid" and low !dashed" fluences, and part !c" is the
product of parts !a" and !b".

TABLE I. Best fit parameters for waveforms shown in Fig. 2!a". Uncertainties in parentheses are 1#.

Fluence
!!J /cm2"

t0

!ps"
FWHM

!ps" Amplitude escale $

0.89 0.145!1.5" 0.796!5.2" 2.46!6.0" 1.00'10−5a (1.59a

17 0.189!1.4" 0.807!3.5" 68.0!8.8" 0.85!2.3" (1.59a

83 0.270!2.2" 0.880!4.5" 274!3.2" 1.61!2.7" (1.59a

331 0.343!3.9" 0.957!7.4" 593!8.6" 2.14!4.1" (1.59a

aThese values were held fixed during the fit.
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value of I0 that gives the best fit is slightly higher than the
actual value of 2.8 GW /cm2 because of multiple internal
reflections within the ZnTe wafer.

Looking back to Fig. 2!b", the sublinear dependence of
terahertz amplitude on excitation fluence is explained by
pump depletion due to TPA. Specifically, the open circles in
Fig. 2!b" are plotted as a function of available fluence !or
TPA-depleted fluence" rather than incident fluence, and the
resulting dependence is linear.

IV. CONCLUSION

The amplitude dependence as a function of excitation
fluence of terahertz pulses generated from ZnTe!110" with
800 nm light has been investigated using terahertz emission
spectroscopy. The divergence from linearity is attributed to a

combination of FCA of the generated terahertz radiation as
well as TPA leading to depletion of the excitation beam. The
possibilities of nonlinearity in the electro-optic response of
the detector as well as terahertz generation mechanisms other
than optical rectification were discounted as possible causes
for the observed fluence dependence. Optical pumping prior
to terahertz generation confirmed the influence of both TPA
and FCA, and a model was developed that accounts for FCA
during the excitation pulse.
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Results of nonlinear least squares fits 
The blue lines in Figure S1 are twenty four waveforms 
which were collected with excitation fluences ranging 
from 0.58 PJ/cm2 (upper left corner) to 331 PJ/cm2 
(lower right corner).  The thin red lines are the result of 
the best fits.  The vertical axes have been scaled such 
that all the THz waveforms are roughly the same 
height.  It is seen that good fits are obtained at all flu-
ence levels. 
 
Figure S2 presents the best fit parameters.  The red 
circles connected by thin red lines are obtained when 
plotting each parameter as a function of fluence strik-
ing the sample.  The thick blue lines are the same val-
ues for the parameters accounting for the loss of pho-
tons due to two-photon absorption; i.e., the TPA-
depleted fluence is used instead of the fluence striking 
the sample.  The most important result is that the scale 
factor in part (c) varies linearly with the TPA-depleted 
fluence, indicating that the THz emission is due to opt-
ical rectification. 
 
It is seen that the Gaussian center and FWHM [parts 
(a) and (b)] increase as a function of increasing flu-
ence.  The delay and broadening are attributed to self-
phase modulation (SPM) of the excitation pulse.  To 
verify the effects of SPM, a ZnTe(110) crystal was 
placed between two variable attenuators prior to the 
emitter, as shown in Figure S3a.  Each variable attenu-
ator consists of a half-wave plate and a polarizer that 
passes horizontal polarization.  At high intensities, the 
first crystal [ZnTe(110) #1] changes the shape of the 
optical pulse before it arrives at the emitter [ZnTe(110) 
#2].  The two traces in Figure S3b were obtained with 
the same fluence, 17 PJ/cm2, on the emitter. 

 
The red trace was obtained by rotating the half-wave 
plate in variable attenuator #2 such that a maximum 
amount of light was transmitted through it.  Then the 
half-wave plate in variable attenuator #1 was rotated 
until the fluence at the emitter was 17 PJ/cm2 and the 
fluence at ZnTe #1 was 69 µJ/cm2.  The second confi-
guration, which yielded the black trace in Figure S3b, 
has the half-wave plate in attenuator #1 rotated such 
that maximum power is transmitted through it and the 
fluence at ZnTe #1 is 234 µJ/cm2.  Then the half-wave 
plate in attenuator #2 is rotated such that the fluence at 
the emitter is 17 PJ/cm2.  There is more TPA in 
ZnTe(110) #1 in this configuration compared to the 
first configuration.  The optical pulse passes through 
all the same components in both configurations; the 
only difference is the amount of power travelling 
through ZnTe(110) #1.  The black trace has been broa-
dened and shifted relative to the red trace, and the peak 
THz amplitude is smaller because the optical pulse has 
been broadened.  Both effects are indicative of SPM. 
 
The escale parameter does not vary linearly with fluence, 
whether or not the incident or TPA-depleted fluence is 
used.  This could be due to multiphoton absorption to 
lower mobility regions of the band structure or a de-
creased mobility as a function of electron density.  This 
behavior will be investigated in future work. 
 
The skewness was held fixed at the same values for all 
of the fits.  Initially, it was allowed to vary for all of 
the fits, but its value always was between –1.4 and –
1.8.  Therefore, a value of –1.6 was chosen.  Letting it 
vary for each fit did not change the trends in the other 
parameters. 

mailto:charles.schmuttenmaer@yale.edu
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Figure S1.  The 24 scans collected (thick blue lines) and the results of the nonlinear least squares fits (thin 
red lines). 
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Figure S2.  Fitting parameters as a function of fluence. The red circles connected by thin red lines are ob-
tained when plotting each parameter as a function of fluence striking the sample.  The thick blue lines are the 
same values for the parameters accounting for the loss of photons due to two-photon absorption; i.e., the 
TPA-depleted fluence is used instead of the fluence striking the sample.   
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Figure S3.  Part (a):  Schematic of apparatus used to verify SPM as the source of THz pulse broadening and 
shifting as a function of excitation fluence.  Part (b): Demonstration that THz emission is affected by high 
intensity light passing through ZnTe crystal #1.  The fluence on ZnTe #1 was 69 µJ/cm2 for the red wave-
form and 234 µJ/cm2 for the black waveform.  In both cases, the fluence at ZnTe #2 was 17 µJ/cm2. 

 
Table SI.  Best fit parameters for waveforms shown in Figure 2a.  Uncertainties in parentheses are 1V.  The 
entries in bold are those reported in Table I of the main text. 
 

Fluence 
(PJ/cm2) 

t0 (ps) FWHM (ps) Amplitude escale D�

0.58 0.137(1.7) 0.792(5.7) 1.45(4.0) 1.00 x 10-5* -1.59* 
0.89 0.145(1.5) 0.796(5.2) 2.46(6.0) 1.00 x 10-5* -1.59* 
1.8 0.142(1.5) 0.810(4.9) 5.03(11) 1.00 x 10-5* -1.59* 
2.7 0.144(1.3) 0.814(4.4) 8.66(17) 0.11(3.0) -1.59* 
3.6 0.147(1.2) 0.807(4.0) 11.2(2.1) 0.13(2.8) -1.59* 
4.4 0.151(1.3) 0.804(4.1) 14.2(2.6) 0.24(2.8) -1.59* 
5.3 0.152(1.4) 0.809(4.1) 18.3(3.3) 0.32(2.8) -1.59* 
6.2 0.154(1.3) 0.806(3.8) 21.6(3.6) 0.34(2.6) -1.59* 
7.1 0.153(1.2) 0.807(3.7) 22.7(3.6) 0.36(2.5) -1.59* 
8.9 0.163(1.2) 0.812(3.5) 32.8(4.7) 0.53(2.3) -1.59* 
11 0.169(1.3) 0.811(3.4) 41.3(5.6) 0.61(2.3) -1.59* 
12 0.174(1.3) 0.813(3.4) 47.6(6.3) 0.68(2.3) -1.59* 
14 0.181(1.3) 0.817(3.5) 56.6(7.3) 0.78(2.3) -1.59* 
17 0.189(1.3) 0.822(3.3) 69.5(8.1) 0.89(2.1) -1.59* 
17 0.189(1.4) 0.807(3.5) 68.0(8.8) 0.85(2.3) -1.59* 
33 0.223(1.6) 0.834(3.7) 135(1.5) 1.23(2.3) -1.59* 
50 0.242(1.9) 0.852(4.1) 186(2.2) 1.38(2.5) -1.59* 
66 0.257(2.0) 0.868(4.3) 231(2.7) 1.51(2.6) -1.59* 
83 0.270(2.2) 0.880(4.5) 274(3.2) 1.61(2.7) -1.59* 
99 0.279(2.3) 0.889(4.7) 310(3.6) 1.66(2.8) -1.59* 

132 0.295(2.6) 0.907(5.2) 372(4.6) 1.78(3.0) -1.59* 
166 0.306(2.8) 0.918(5.6) 421(5.3) 1.84(3.2) -1.59* 
248 0.328(3.4) 0.941(6.5) 522(7.0) 2.01(3.6) -1.59* 
331 0.343(3.9) 0.957(7.4) 593(8.6) 2.14(4.1) -1.59* 

*These values were held fixed during the fit. 


