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Abstract

Atomiclike Auger electron emission was observed in resonant excitation of F1s electron
into the o*csr molecular orbital of CF3;SFs. This finding means that an S—F bond forming the
C-S-F linear skeleton in the ground state dissociates in the order of femto-seconds. The
Auger electron emitted from the F atom showed a Doppler shift by using angle-resolved
photoelectron spectroscopy. Asymmetry parameter for the leaving F atom relative to the
linearly polarized electric vector was deduced to be f=1.9 at high photon energy of 688.7 eV
and a value of f=1.1 by detuning the photon energy down to 686.8 eV. The variation of £ on
the exciting energies projects a profile that an axial recoil approximation effectively works for
the ultrafast S—F dissociation when the F1so*cg state is generated at high energy level on
the o*csr potential curve but retardation effects between the F and CF;SF,4 fragments become

noticeable at low energy level where kinetic energy of the F atom gets smaller.
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1. Introduction

Ultrafast chemical bond dissociation taking place on a time scale of a few femto-seconds
was reported for the Br3d excitation of HBr [1] in 1986. The core excitation of HBr was
recently re-examined by using the technique of two-dimensional photoelectron spectroscopy,
providing more detailed features for atomic Auger decay in the two Br3dsp,;s, — oF
resonance transitions [2]. The ultrafast dissociations in competition with Auger electron
emissions have been observed in a number of core excited diatomic molecules such as HCI]
[3-6], DCI [3, 4, 6], Cl, [3], HF [7-9], DF [8], N> [10] and O, [11-13] which decay through
releasing Cl, F, N or O atom with a core hole. Similar type dissociation has been reported for
triatomic H,S [14], O3 [15] and H,O molecules [16] by resonant excitation of a core electron
into an antibonding c* molecular orbital (MO). Even in polyatomic molecules of CF,4 [17]
and SFs [18, 19], the bond fissions taking place in the low femto-second regime, termed
“core-hole clock” [13], were observed and thus the phenomena seem to occur in common in
chemical reactions of core excited molecules. The K-shell excited O, [12], O; [15], DF [8],
CF4 [17] and SF¢ [18, 19] have shown Doppler effects in angle-resolved Auger electron
spectra. In these molecules O or F atom with a core hole is released through the ultrafast
dissociation and then the atom ejects Auger electron giving the Doppler shift. The early
research of the Auger Doppler shifts for O, [12] and O; [15] was performed at the fixed
photon energies of 539.2 and 536.7 eV, respectively, which correspond to the photoabsorption
maxima of O;1s - 3c*, and O;:071s - c*(7a;) where Ot means the terminal O atom in
ozone. The Doppler splitting and kinetic energy release of O atom were derived and discussed
in the papers [12, 15]. In the work for DF [8] the Auger Doppler profile was measured by
detuning excitation energies from the absorption maximum. Recent experiment for O, [13]
was performed by employing angle-resolved electron-fragment ion coincidence spectroscopy
and more detailed reaction dynamics of the K-shell excited O, were revealed. The Auger
Doppler shifts for the polyatomic CF4 [17] and SF¢ [18, 19] molecules using the third
generation synchrotron radiation (SR) have been studied by detuning and by detecting
electrons released into the direction parallel to the linear polarization vector of SR after

exciting an F1s electron into a * MO:
A-F + hv > A-F*(F1s'o*) > A + F*(15'2s2p° 2S) > A + F'(1s22s%2p* 'D) + ¢, (1)

where A = CF; or SFs and F* denotes the fluorine atom with a core hole. Photoabsorption
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spectrum of SF¢ gives a peak at 687.8 eV assigned to the F1s — aq transition [20], where the
F* atoms formed have kinetic energies (KEs). Kitajima et al proposed an equation for
analyzing the Auger Doppler profile of SF¢ [18]: Asymmetry parameter for the F* atom
relative to the linear polarization of SR and that for the Auger electron relative to velocity
vector of F* were deduced by a least squares curve fitting method. Kinetic energies released
to the leaving F* atom and the remaining SFs group were also estimated by the curve fitting.
The SF¢ molecule lies in a high symmetry of Oy and thus the six F atoms are able to be
released as energetic F* with equal probability though one of them is excited in actuality.
Trifluoromethyl sulfur pentafluoride, CF;SFs, was detected in the atmosphere in 1999 and
its global warning potential has been estimated to be 22000 times that of CO, [21]. The
molecule has degrees of intramolecular freedom higher than those of SF¢ and belongs to a
lower symmetry of the C4, point group if we treat the CF; group as structureless. Total
photoabsorption cross sections of CF3SFs in the C, F and S K-shell regions were measured
[22] and breakdown pathways of the K-shell excited CF;SFs were reported [23]. The
photoabsorption band peaked at 687.6 eV was assigned to the F1S — o*cgrp transition [22]
where a specific fluorine atom forming the C—S—F linear skeleton in the ground state is
exclusively excited. In the present paper we report that energetic F* atom in Reaction (1) for
A = CF;SF, is formed in the F1s — o*cgp transition followed by ionization through atomic
Auger electron emission. Angle-resolved electron spectra showed typical features of a
Doppler splitting. This molecule is thus the largest among the molecules in which the Auger
Doppler effects have been observed. The Doppler profile was analyzed by the method
proposed for SF¢ [18]. The asymmetry parameter of F* for CF;SFs relative to the linear
electric vector of light depends on kinetic energy release and then we elucidate dynamics for

anisotropic fragmentation of the energetic F* atom.

2. Experimental

The light source was SR from a high resolution monochromator with varied-line-space
plane gratings at the c-branch of the soft X-ray photochemistry beamline BL27SU of the
SPring-8 facility [24]. Photon energies of 180-2800 eV were available from a Figure-8
undulator. The radiation was linearly polarized either in the plane of the electron storage ring
(the first order harmonic) or in the plane perpendicular to the ring (the 0.5-th order harmonic)

[25]. Photon flux of the dispersed light was monitored by measuring the drain current of the
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post-focusing mirror coated by gold. The experimental setup for measuring photoelectron
spectra was described in detail in a previous paper [26]. In brief, an electron energy analyzer
(Gammadata Scienta SES-2002) was used for the angle-resolved electron emission
measurements by changing the undulator gap from the first order to the 0.5-th order harmonic
without rotating the electron energy analyzer. Energy scale of the electron spectrometer was
calibrated by measuring the M4N4sN4s and MsN4sN4 s Auger electron emissions from xenon
[27]. The resolution of the exciting SR was 150 meV and that for the energy analyzer was set
to 300 meV because of weak signal intensity of the electron analyzer. The electron spectra
were measured by scanning electron energy with a 0.05 eV/channel. Commercial sample of
CF3SFs (SynQuest Lab, stated purity >99%) was used without further purification. The base
pressure of the electron energy analyzer was lower than 1 x 107 Pa and the sample pressure

was kept at 7 x 10™* Pa during experiments.

3. Results and discussion

3.1 Angle-resolved photoelectron spectra

Angle-resolved electron emission spectra are shown in panel (a) of Fig. 1, being measured
by tuning photon energies along the F1s — c*csr photoabsorption band depicted in panel (b)
[22]. The exciting energies are indicated by numbering (1) — (5). The dotted curves in the
panel (a) were accumulated by detecting electrons emitted into the direction parallel to the
electric vector of SR (i.e., the first order harmonic and denoted by 0°-spectra hereafter) and
the solid lines were done perpendicularly to that of SR (the 0.5-th order harmonic,
90°-spectra). The 0°- and 90°-spectra were normalized by the photon flux monitored. The
0°-spectra were plotted by shifting to upper side for clearer visibility. Peaks marked by X-G
at an off-resonance excitation of 684.7 eV shifted in parallel with an increase in the exciting
photon energy and were assigned to valence photoelectrons: The peak X with an ionization
energy (IP) of 14.00 eV was assigned to the HOMO forming the ocs bond and the peaks A ~
G with IPs of 15.61 ~ 27.86 eV correspond to the nonbonding orbitals for electrons on the F
atoms. The details are discussed elsewhere [28]. The peak labeled by H at the on-resonance
excitations had no relation to the photon energy and was assigned to the atomiclike Auger
electron originating from the F* atom in Reaction (1).

In a transition with A4 = 0 such as a 2y — 2 excitation of diatomic molecule, fragment is

ejected into the direction parallel to the electronic vector of exciting photon on the assumption
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of a simple axial recoil approximation [29]. In the present F1s — c*csr excitation with AA =
0, the energetic F* atoms are thus preferentially released into the directions parallel to the
linear electric vector of SR if the A—F* bond dissociation is highly anisotropic. The 0°-spectra
show a typical Doppler shift with two wings: If the atomiclike Auger electrons are released to
the directions parallel to the energetic F* atoms propagating into the electron analyzer, the
electrons have sum of the Auger transition energies and KEs of the F* atoms and thus form
the blue wing in the Doppler profile. The F* atoms propagating into the opposite directions
have opposite sign in velocities and give the red wing. The 90°-spectra giving a single peak
are produced by Auger electrons without superimposed KEs of F* since the energetic F*
atoms cannot propagate into the directions perpendicular to the linear electric vector.

Figure 2 exhibits the expanded spectra for the atomiclike Auger Doppler shifts after
subtraction of baseline signals originating in molecular Auger electrons. Thick dots are the
experimental data and solid lines are the best fitted Doppler profile representations to be

discussed in the following sections.

3.2 Cross section of resonant photoemission

Doppler effects in resonant X-Ray Raman scattering have been theoretically studied by
Gel’mukhanov and coworkers who have presented the details in their publications [30-32]
and claimed that the electron Doppler effect is important in nonradiative decay process. The
theoretical equations proposed for the electron Doppler effects [30, 32] have been rationalized
by Kitajima et al for representing an experimental cross section (o) of the resonant Auger

electron emission in the F K-shell excited SF¢ [18]:

V4 2
o(E.0) = [dfsing p(cosf)Q (CSSQ)Z, )
0 (AE —kvcos®)” +T°

where E is the Auger electron energy observed, @1is the angle between the momentum K of the
Auger electron and the velocity vector v of the F* atom in the molecular frame, I" is the
lifetime width of the core excited state and AE = E — a.r. The wr is the peak energy of the
atomiclike Auger transition. The cross section naturally depends on the exciting photon
energy @. The terms of p and Q* in the numerator of Eq. (2) are the polarization function of
the molecular dissociation and the squared electronic matrix element of the Auger transition,

respectively, both being dependent on the angle of [18]:
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Pcosd) = %[1+ﬂPz(é'|2)Pz(lz'\7)] 3)

and

Q’(cos@) =1+ ¢P,(cos @) +nP,(cos @)+ (4)

where P»(y) = (3y7~1)/2 is the Legendre second order polynomial, k=kk, 0=V, 6 is
the polarization vector of photon, £ is the asymmetry parameter for the Auger electron
emission relative to the velocity vector v of F*, and £ is the asymmetry parameter of the F*
fragment relative to the polarization vector. The higher order term in Eq. (4) has been
assumed to be negligible [18], i.e., 7= 0. The velocity Vv is related to the kinetic energy (&)

released to the fragments of F* and CF;SF4, i.e., the ¢ is the total kinetic energy release given

by

where Mg is the mass of F atom and x is the reduced mass.

In order to numerically estimate the acr, f, {and & parameters, initial values of them were
appropriately assumed for Egs. (2) — (5) and then a set of the parameters at each photon
energy was optimized by minimizing the difference between the peak areas in Fig. 2 and those
calculated by Eq. (2). Here the I" value is not known for the core excited CF;SF s(F1s'o*csp)
state. For the HF(F1s'4c*) Auger decay [8] it has been assumed to give a lifetime width of
=0.2 eV on the assumption that the lifetime broadening is the same as that of 0.202 eV for the
Auger transition rates of HF with two core holes which were calculated by Zahringer et al on
the self-consistent-field level [33]. For the Fls'o* excitation of SF¢, the I'=0.1 eV has been
proposed [18].

The signal intensity of Reaction (1) for A=CF;SFs was weak since decay pathways open
through decomposition of the CF3 group and then we had to apply an experimental energy
resolution of =0.3 eV to get good S/N ratios. In general a low energy resolution suppresses the
peak heights and gives wider bands. We tentatively substitute 0.3 eV for the lifetime width of
I'. This assumed value is probably a little large and may not be close to the “pure” lifetime
width of the core excited state. We do not think, however, that the value is impractical since

the electron Doppler shifts in Fig. 2 are approximately equal to 0.8 eV, being large enough to
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be analyzed with a I'=0.3 eV in the curve fitting. The parameters of @, & f and ¢ thus
deduced are summarized in Table 1 and discussed in the next section. The errors given are the

standard deviations.

3.3 Deduced parameters

3.3.1 s value and asymmetry parameter £ for atomiclike Auger electron emission

The wcr of 656.4 £ 0.2 eV is the energy for the atomiclike Auger electron ejected from the
F* fragment. The acr value agrees with the Auger electron energies of 656.3 eV for SFe [18]
and 656.6 eV for F atom [34], the transition of which is expressed by Reaction (1). The
potential energy curves of the F1s" o*csr and Auger final states are expected to be parallel in
the region where the Auger electron emission takes place as schematically illustrated in Fig. 3.
This understanding is completely consistent with that for SFe [18].

Asymmetry parameter( relative to the velocity vector of F* lies in a constant of {=0.31 +
0.08 in the region of 2 from —0.8 to +1.1 eV, where (2 is the detuning defined as the energy
difference between the exciting photon (@) and the photoabsorption peak (Egu), i.e., 2= o —
Eab. The ¢{'value in the Auger Doppler shift of SF¢ decreases from 0.8 to 0 with an increase in
0 from —1.5 to +1.5 eV, and it has been claimed that the { is a function of a distance, AR,
between the leaving F* and the remaining SFs group [18]: At a low excitation energy with (2
=—1.5 eV the initial velocity of the F* fragment would be small and thus the A—F* state for A
= SFs stays on the repulsive a;q potential surface having molecular character [13]. The Auger
electron released in this molecular field of F* gives = 0.8. At a high photon energy with (2=
+1.5 eV, the AR is large close to a dissociation limit AR — oo on the dissociative potential
surface. The Auger electrons ejected through F*(1s'252p°® ?S) — F'(1s*2s%2p* 'D) + ¢ in an
atomic field are expected to be isotropic and then ¢ = 0 [18]. The asymmetry parameter for
SF¢ in the region of 2= -0.72 ~ +0.75 eV stays constant = 0.3 ~ 0.4, being in agreement
with the present value. The asymmetric parameter = 0.31 £ 0.08 for CF3;SFs means that the
F* atom emitting the Auger electron is not wholly atomiclike. The large CF3;SF4 group is
wrapped with negative charges on the F atoms and the directions releasing the Auger

electrons are restricted by the negative charges in the present 2= -0.8 ~+1.1 eV region.

3.3.2 Asymmetry parameter £ and kinetic energy ¢ for F* atom release
The most interesting feature of CF3;SFs is the asymmetry parameter £ which depends on

the exciting photon energy. If we treat the A—F for A = CF;SF, as a quasi-diatomic molecule
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randomly oriented, the angular distribution of F* is written as the following within the axial

recoil approximation [29]:

1(¢) =j—;[l+§<3cos2 4D, ©)

where ot is the total photoabsorption cross section over space and ¢ is the angle between the
linear electric vector of light and the internuclear axis. For the excitation with AA = 0,
energetic F* atoms are released into the directions parallel (¢ = 0°) to the electric vector, i.e.,
1(0°) gives a maximum. For AA = +1 such as a 2 — /7 transition, a maximum of 1(90°) is

observed. Using 1(0°) and 1(90°) intensities, the asymmetry parameter £ is expressed by

2[1(0%) = 1(90°)]

P 0%+ 2190%

(7)

The isotropic distributions with 1(0°) = 1(90°) give the value £ = 0, a pure parallel transition
with 1(90°) = 0 gives =2, and = -1 for a pure AA = %1 transition with 1(0°) = 0.

An increase in the f parameter for CF3;SFs with increasing the photon energy is distinctive
since the f values for SF¢ have been reported to be constant #=1.4 in a wide detuning region
of 2 from —1.5 to +1.5 eV [18]. When the photon energy w increases, the kinetic energy ¢
released to the F* and CF;SF,4 fragments also increases (see Table 1). Here 90% of the ¢ are
carried away by the F* atom because of the mass ratio of Mc- e /(Mep g +Me). Figure 4
shows the dependence of S on the total kinetic energy &. For the present AA = 0 transition the
S value should be 2 > > 0. The distribution of £ can be approximated by a sigmoid function
if we assume that the F* fragments in Reaction (1) are isotropically distributed when they
have no kinetic energy, i.e., #= 0 at €= 0 eV. The solid curve in the figure predicts that S <
0.05ate<1eVand f=2at £>5eV. The value of f=1.86%0.07 at £=4.08 eV + 0.07 for
o = 688.7 eV means from Eq. (7) that about 98% of the F* atoms are ejected into the
direction parallel to the polarization vector €, and for f=1.12 £ 0.04 at ® = 686.8 eV about
20% of the F* fragments are released with the perpendicular (90°) velocity component. The
former finding suggests that the F* atoms with KEs higher than =3.7 eV (or 4.08 eV x 0.9)
are formed at high energy level on the 6*csr potential curve and are preferentially distributed
into the direction parallel to the linear electric vector of SR (see Fig. 3). The process releasing

the F* atoms with KE =3.7 eV is probably a breakdown pathway in an atomic field on the
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c*csr repulsive potential curve where the AR is large. To the contrary, the F* atoms with
small KE produced at low energy level on the o*cgsr potential surface are ejected into more
isotropic directions. This decay occurs in a molecular field where the AR is small. It is
noteworthy that the asymmetry parameter at o= 687.5 eV is = 1.40 £ 0.01, being far from f
= 2. The value of = 1.4 implies that about 10% of the F* fragments still have the velocity
component perpendicular to the C-S—F molecular axis at the c*csr photoabsorption
maximum. We can say that the axial recoil approximation effectively works for the ultrafast
F* formation at high photon energy detuned by £2=1 eV, but it partly becomes ineffective in
the low 2region even at the peak-top of the 6*csr photoabsorption band.

Depression of S value is probably due to retardation effects which are neglected in the
simple axial recoil approximation given by Eq. (6). In the present large polyatomic molecule
of CFsSFs, we think that intramolecular energy relaxation plays an important role in the
retardation effects: Energy for the anisotropic S—F* dissociation in CF3SFs is estimated to lie
around 7.8 eV because of ¢=3.7 eV for the F* atom ejection with #=2 and the bond energy
of 4.06 eV for the S—F cleavage of SFs [35]. Excess energy in the molecule after the initial
Fls'o*cse excitation is partly spent to produce the anisotropic F* atoms and partly would
flow toward the CF; group with exciting molecular vibrations since the typical period of
vibrations in the order of 10"*~10" s is shorter than that of rotations in 10">~10"" s. The
C-S-F skeleton, being linear in the ground state, is thus bent to reduce the S value. The
excess energy is also distributed to kinetic energies of fragments.

When we plot the ¢ value vs. £2in Table 1, we get the slope of 0.64 £ 0.07 which means
that about 65% of the detuning energy are shared to the total translational energies of F* and
CF;SFs and 35% of them are stored as the vibrational energy of the CF;SFs residual. The
decreasing effect in the £ value becomes conspicuous at the low (2 values on the o*scr
potential surface. The estimated threshold of =7.8 eV for the anisotropic S—F* dissociation is
considerably higher than an energy of =1 eV distributed among vibrational degrees of
freedom in the CF; group, being given bellow, and thus the possibility to produce anisotropic
F* atoms gets low at low photon energy.

The effectiveness of the CF3 group as an internal energy reservoir has been observed in
the K-shell excited polyatomic molecules such as CF;CN [36], CF;CCH [37] and CF;COCH3
[38]: It has been shown that intramolecular energy flows from the initial atomic site excited
toward the CF; group before the CF;—R (R = CN, CCH or COCH3) bond fission by observing
the kinetic energy distribution of the CF3" ion produced. The time scale of the intramolecular

energy flow is not known but the slowest limit should be less than pico-second for the bond
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cleavage. The internal energy of the CF; group is consisted of the kinetic and vibrational
energies. In the present CF;SFs too, excess energy flows intramolecularly from the initially
excited F* atom forming the CSF skeleton toward the CF; group while exciting vibrational
modes before the CS—F* bond dissociation.

The kinetic energies in exciting the F K-shell of CF;SFs are lower than those of SFg, i.e., €
=2.81¢eV (at 2=-0.8 V), 3.45 (-0.1) and 3.74 (+0.6) for CF;SFs are lower than £=3.8 eV
(at 2 = -0.72 eV), 43 (0.0) and 4.8 (+0.75) for SF¢ [18], respectively, by =1 eV at
comparable (2 values. These findings imply that the energy of =1 eV is distributed into
vibrational and translational degrees of freedom of the CF; group: The photoabsorption peaks
for the F1s'o* resonance excitations of CF3SFs and SFg are 687.6 [22] and 687.8 eV [20],
respectively, and thus the potential energy curves for the F1s™'o* states (see Fig. 3) should be
very close. The Auger emissions through Reaction (1) are the same for both of the molecules
and the potential curves for the Auger final states are expected to be parallel to those for the
initial F1s'o* states as discussed in the section 3.3.1. The CF3-substitution with vibrational
modes, therefore, is the most probable possibility for the kinetic energies ¢ less by =1 eV

shared on the Fls'lc*csp potential surface of CF;SFs.

4. Concluding remarks

Using angle-resolved Auger electron spectroscopy, we measured an atomiclike Auger
electron emission from energetic F* fragment with a core hole generated by exciting an F
K-shell electron in the linear C—S—F skeleton of CF;SFs into the repulsive o*csg MO. A
Doppler profile was observed in the Auger electron spectra and analyzed by employing an
equation proposed for the F1s excited SF¢. The Auger transition energy of the F* atom was
656.4 £ 0.2 eV. Auger electron emitted from the F* atom was found to have an asymmetry
parameter ¢ = 0.31 + 0.08 with respect to the velocity vector of the F* fragment, which
suggests that the Auger electron is emitted from the F* atom carrying a molecular-like
character on the dissociative Fls'lc*CSF potential surface. The most distinctive feature of
CF;SFs was an asymmetry parameter S of the leaving F* fragment relative to the electric
vector of SR. The f value increased from = 1.1 to 1.9 with an increase in kinetic energy ¢ of
F* and CF;SF4 shared out at the moment of dissociative Fls"lc*csp excitation. The F* atoms
with KE =3.7 eV were ejected into the direction parallel to the polarization vector of SR. The
probability of F* released into the isotropic directions increased with a decrease in ¢ by

detuning the excitation energies from 688.7 eV down to 686.8 eV along the F1s — o*csr
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photoabsorption peak. A highly probable retardation effect between the leaving F* and the
remaining CF3;SF,4 group was suggested to be vibrational excitation, which activates bending
modes of the C—S—F skeleton and then depresses the £ value in competition with the ultrafast

CS—F* bond dissociation.
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Table 1. Parameters for the Doppler profile of the atomiclike Auger electron emission.

Photon Energy, w (eV) eV)*  wgeV)® e(eV)°© s -
686.8 -0.8 656.4+02 2.81+£0.05 1.12+0.04 0.25+0.08
687.5 —0.1 656.4+0.2 345+0.02 140+0.01 0.36%0.06
688.2 +0.6 656.4+0.2 3.74+£0.02 1.82+0.02 0.34£0.05
688.7 +1.1 656.4+0.2 4.08+0.07 1.86£0.07 0.29+0.10

Q= w- E,, where E,, = 687.6 €V is the photoabsorption peak [22].

® Atomiclike Auger electron energy.

‘Kinetic energy released to F* and CF;SF,.

d Asymmetry parameter for the F* fragment relative to the polarization vector of SR.

¢ Asymmetry parameter for the Auger electron emission relative to the velocity vector v of F*.
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Figure captions

Fig. 1. Angle-resolved electron spectra for the F1s — c*csr excitation. The dotted curves are
the spectra observed by detecting electrons ejected into the direction parallel to the electric
vector of SR and the solid lines are those detected at the perpendicular direction. Panel (b) is

the F1s — o*csr photoabsorption cross section [22]. 1 Mb = 10"® cm®.

Fig. 2. Doppler profiles of atomiclike Auger electron emission after subtraction of baseline
signals. The 0°-spectra in the left half were observed in the direction parallel to the electric
vector of SR and the 90°-ones were done in the perpendicular direction. The solid lines are the

best fitted results by a least-squares curve fitting.

Fig. 3. A schematic representation of atomiclike Auger electron emission in the resonant F1s
— o*cgsr excitation of CF3SFs. £ is the asymmetry parameter of energetic F* relative to the

electric vector of SR and ¢'is that for the Auger electron with respect to the velocity vector of

F*.

Fig. 4. Dependence of asymmetry parameter £ on the kinetic energy & The points with error

bars are the deduced £ values. The solid curve is a sigmoid function.
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