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We report on the absolute total electron-trimethylphosphine scattering cross section �TCS� measured from
0.4 to 400 eV using a linear electron-beam attenuation method. The experimental TCS energy function exhibits
very pronounced asymmetric enhancement peaked near 5.5 eV. Calculations were also carried out to obtain the
integral elastic and ionization cross sections at intermediate and high energies using the independent atom and
the binary-encounter-Bethe approximations, respectively. Their sum, the computed total cross section, is for
intermediate energies in a reasonable agreement with the present experimental TCS data. Furthermore, the
measured TCS for P�CH3�3 is compared with the TCSs for some other phosphines �PH3, PF3� and other
methides �B�CD3�3 , N�CH3�3�. Analysis clearly shows that exterior atoms of a molecule influence the scat-
tering process more significantly than the central atom.
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I. INTRODUCTION

Knowledge of elementary physicochemical events, among
them those involving electrons, occurring in media of tech-
nological interest for fabrication of large-scale integrated
electronic circuits, is of great importance for understanding,
modeling, and controlling the gas phase reactions in facilities
used for materials processing; see, e.g., Ref. �1�. Trimeth-
ylphosphine �TMP� �P�CH3�3� is an organic compound
which has recently been considered to be a promising
P-doping source, replacing the less friendly PH3 gas, in
preparation of nanometer-scale structures in silicon �2,3�
and/or diamond films �4,5� manufactured for electronic de-
vices.

There are, to date, only a few experimental studies of
electron interactions with trimethylphosphine. Early works
with TMP, involving electrons as projectile, focused on the
high-energy electron diffraction �6� and the electron impact
ionization �7,8�. In later investigations of e-TMP processes,
low-energy electron transmission spectroscopy that reported
resonant effects �9,10� and electron momentum spectroscopy
�11� were used. In the literature, one can also find recent
experiments on the adsorption and decomposition of TMP on
the Pt�111� �12� and Si�111� surfaces �2� carried out with
high-resolution electron energy-loss spectroscopy. However,
none of the aforementioned works presents the electron scat-
tering intensities in an absolute scale. To our knowledge,
theoretical works on the electron-assisted processes with
TMP have not yet been reported in the literature.

In this paper, we present the absolute electron-scattering
grand total cross section �TCS� for trimethylphosphine mea-
sured from 0.4 to 400 eV by means of an electron transmis-
sion method. As the TCS is obtained without any normaliza-
tion procedure, it is especially valuable as one of the
quantitative tests for theoretical computations, and is also
useful for normalization of electron-scattering quantities
taken in relative units. In principle, the grand TCS, which

comprises summary information on all scattering processes,
provides little detail of the individual scattering channels.
However, the structures visible in the TCS energy function
may give some clue of their possible origin and directly
point out the regions of energy worth more detailed investi-
gations. In addition to the experiment, the integral elastic and
ionization cross sections have been calculated at intermediate
and high energies using simple theoretical models: the inde-
pendent atom �IA� model and binary-encounter-Bethe �BEB�
approach, respectively. The sum of elastic and ionization
cross section, which stands for computed total cross section,
is compared with experimental findings. The similarities and
differences in electron-scattering TCS energy dependences
for series of phosphorus-containing �PH3, PF3, and P�CH3�3�
and permethylated �B�CD3�3, N�CH3�3, and P�CH3�3� mol-
ecules are indicated; the role of the atom location in mol-
ecule is also discussed.

II. EXPERIMENT

For present measurements of the absolute e-P�CH3�3 scat-
tering total cross section �TCS� a linear electron-transmission
method has been used. In the experimental setup applied, the
quasimonoenergetic electron beam ��E�90 meV, full
width at half maximum �FWHM�� is led through the reaction
cell filled with vapor of the compound under study. Electrons
which pass through the interaction region and emerge from
the cell exit aperture cross a retarding-field lens system, and
are collected with a Faraday cup. The transparency of the
target vapor to the electron beam of a given energy E de-
pends inversely on the electron-scattering cross section at
this energy. The electron-scattering total cross section �Q�E��
is—in the reported experiment—derived from the
Bouguer–de Beer–Lambert �BBL� attenuation law

I�p,E� = I�p = 0,E� exp�−
pL

k�TmTc

Q�E�� ,

in which I�p ,E� and I�p=0,E� are the intensities of the
transmitted electron currents in the presence and absence of*czsz@mif.pg.gda.pl

PHYSICAL REVIEW A 76, 042701 �2007�

1050-2947/2007/76�4�/042701�7� ©2007 The American Physical Society042701-1

http://dx.doi.org/10.1103/PhysRevA.76.042701


the target molecules in the scattering cell, respectively; p is
the pressure of the investigated target in the cell of length L
�=30.5 mm�; Tc is the temperature of the scattering cell
�310–320 K�, while Tm �=322 K� is the temperature of the
capacitance mks manometer sensor, and k stands for the
Boltzmann constant; note that the thermal transpiration effect
�13� is accounted for in the BBL formula. The electron en-
ergy scale is established, within an accuracy of about 0.1 eV,
against the oscillatory structure appearing around 2.3 eV in
the transmitted current when molecular nitrogen is admix-
tured to the compound under study. The absence of magnetic
and electric fields in the scattering and detector volume en-
ables us to give more accurate estimate of the path on which
scattering takes place, and of the solid angle �0.4 msr� of the
detector system. The sample of trimethylphosphine �97%
pure from Aldrich� was used as supplied without further pu-
rification other than vacuum distillation. The whole target
handling system has been kept at elevated temperature of
about 310 K. The electron spectrometer used in the present
experiment was already employed in our previous systematic
TCS studies, and more details on the apparatus and measur-
ing procedure can be found elsewhere �e.g., Refs. �14,15��.

The measurements were carried out for a given electron
impact energy in a series of runs using a range of target
pressures and various sets of electron-beam controlling pa-
rameters. The final TCS values are the weighted means of the
average from different measurement series for the same im-
pact energy. The overall experimental errors, as marked in
Fig. 1, are the summed uncertainties of random and system-
atic nature. The statistical uncertainty of the resulting TCS
�one standard deviation of the weighted mean value� is well
below 1% over the whole electron energy range applied.
Among many effects which may systematically distort the
individual quantities measured in the present experiment,
and therefore may contribute to the overall systematic TCS
uncertainty, two are because of the difficulties to meet ex-
actly the conditions at which the BBL formula is fully satis-

fied. The first one is associated with the imperfect discrimi-
nation, by the detector system, of electrons scattered into
small forward angles—that systematically lowers the derived
TCS values. We estimate that for the geometry of our elec-
tron collector system, the lessening of the measured TCS
should not exceed 2−3 % at the lowest and highest applied
energies. The second factor affecting the measured TCS is
related to the unavoidable effusion of target molecules
throughout the apertures of the reaction cell, through which
electrons enter and leave the target volume. This end effect
does not allow an accurate determination of the numerator
pL in the BBL formula. The uncertainty related to that factor
was estimated to be lower than 2.5% �see Ref. �16��. To
reduce the influence of the target molecules �effusing from
the reaction cell apertures� on the electron optics elements
and, consequently, on the intensity of the primary electron
beam, �i� the whole electron optics was immersed in target
vapor for one day before the measurements, whereas �ii� in
the course of the experiment, the vapor was allowed alter-
nately into the reaction cell and the electron optics volume
�through a by-pass valve�, so the partial target pressure in the
electron optics region �about 0.2 mPa� was constant, irre-
spective of whether the target was present or not in the cell.
Notable contribution to the systematic TCS inaccuracy may
arise also from the impurity of the sample. A sum of all
individual potential uncertainties amounts to about 7−9%
below 2 eV, decreasing gradually to 6% between 5–150 eV,
and increasing again up to 8% at the highest energies ap-
plied.

III. THEORETICAL METHODS

To estimate the total cross section for the e-P�CH3�3 scat-
tering at incident energies extending over those used in the
reported experiment we have performed simple but quite
credible numerical calculations. As in our previous works
�e.g., Refs. �17,18��, the computed total cross section is esti-
mated as a sum of the elastic �ECS� and ionization �ICS�
cross sections. This approach is rather rough because in ad-
dition to elastic scattering only the ionization is taken into
account while other inelastic channels are neglected. On the
other hand, we have found that total cross sections �elastic
+ionization� estimated this way satisfactorily reproduce the
intermediate energy experimental data for a variety of mo-
lecular polyatomic targets ��17,18�, and references therein�.

Ionization cross section has been calculated using the
binary-encounter-Bethe �BEB� model �19,20�. Within that
model the electron-induced ionization cross section for mol-
ecule can be obtained as

�ion�E� = 	
i=1

nMO

�i
BEB, �1�

where nMO is the number of the given molecular orbital. The
ionization cross section per molecular orbital is given by

�BEB =
S

� + u + 1

 ln �

2
�1 −

1

�2� + 1 −
1

�
−

ln �

� + 1
� , �2�
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FIG. 1. �Color online� Total cross sections for e-P�CH3�3 scat-
tering. Full circles indicate the present TCS measurements �error
bars represent overall experimental uncertainties�. Computed cross
section �full line� is the sum of the elastic and ionization contribu-
tions �ECS+ICS� calculated in the IAM approach with the SP po-
tential and in the BEB approximation, respectively.
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where u=U /B, �=E /B, S=4�a0
2NR2 /B2 �a0

=0.5292 Å, R=13.61 eV�, and E is the energy of the im-
pinging electron. The electron binding energy B average ki-
netic energy of electron on the given orbital U and orbital
occupation number N have been calculated for the ground
states of the geometrically optimized �within C3v symmetry�
molecule with the Hartree-Fock method using the GAUSSIAN

code �21�, and the Gaussian 6-311G+ basis set. Because en-
ergies of the highest occupied molecular orbitals �HOMOs�
obtained this way usually differ from experimental ones, we
also performed the outer valence Green function calculations
of correlated electron affinities and ionization potentials
�22–25� using GAUSSIAN �21�. The resulting values of the
ionization potentials for selected orbitals are listed and com-
pared with available experimental �26� and theoretical
�27,28� data in Table I.

The elastic electron interaction with P�CH3�3 molecules
has been studied using the additivity rule �e.g., Refs. �29,30��
in which the molecular elastic cross section is given by

�mol�E� = 	
i=1

NA

�i
A�E� , �3�

where E is the energy of the incident electron. The elastic
cross section for the ith atom of the target molecule �i

A�E�
has been derived according to

�A =
4�

k2 �	
l=0

lmax

�2l + 1�sin2 �l + 	
l=lmax

�

�2l + 1�sin2 �l
�B�� .

�4�

To obtain phase shifts �l, partial wave analysis has been em-
ployed and the radial Schrödinger equation


 d2

dr2 −
l�l + 1�

r2 − 2�Vstat�r� + Vpolar�r�� + k2�ul�r� = 0 �5�

has been solved numerically under the boundary conditions

ul�0� = 0, ul�r� �
r→�

Alĵl�kr� − Bln̂l�kr� , �6�

where ĵl�kr� and n̂l�kr� are the Riccati-Bessel and Riccati-
Neumann functions, respectively. In the present calculations
the electron-atom interaction is represented by static Vstat�r�
�31� and polarization Vpolar�r� �32� potentials, which are
given by the following expressions:

Vstat�r� = −
Z

r
	
m=1

3

�m exp�− 	mr� ,

where Z is the nuclear charge of the atom, �m and 	m are
parameters derived by numerical fitting to the numerical
Dirac-Hartree-Fock-Slater screening function �31�

Vpolar�r� =  
�r� , r � rc,

− �/2r4, r  rc,
�

where 
�r� is the free-electron-gas correlation energy �33�, �
is the static electric dipole polarizability of the atom, and rc
is the first crossing point of the curves of 
�r� and −� /2r4

�34�. In the present calculations, the exact phase shifts have
been calculated for l up to lmax=50, while those remaining
�l

�B� have been included through the Born approximation. Fi-
nal values of integral elastic and ionization cross sections
calculated up to 3 keV for P�CH3�3 are listed in Table II.

IV. RESULTS AND DISCUSSION

In this section we present our absolute total electron-
scattering cross-section �TCS� for trimethylphosphine
P�CH3�3 measured in the linear electron-transmission experi-
ment over energy range from 0.4 to 400 eV. We compare
these experimental TCS data with our intermediate-energy
theoretical results, in the overlapping energy range. After-
wards, we analyze the variation of the TCS across series of
phosphorus-containing compounds �PH3, PF3 , P�CH3�3�
and of permethylated �B�CD3�3 , N�CH3�3 , P�CH3�3� mol-
ecules.

A. Trimethylphosphine P„CH3…3

Figure 1 shows the absolute total electron-scattering cross
section for P�CH3�3 molecule as a function of energy mea-
sured from 0.4 to 400 eV. Experimental TCS values versus
electron impact energy are also listed in Table III. The mea-
surements are confronted, in deficiency of other TCS data,
with the intermediate-energy “total” cross section calculated
here, composed of the integral elastic �ECS� and total ion-
ization �ICS� cross sections.

There are two characteristics of the measured TCS for
e-P�CH3�3 scattering: �i� the very strong and highly asym-
metric enhancement peaking around 5.5 eV and �ii� the rela-
tively large magnitude of the TCS over the whole energy
range investigated. At the lowest energies applied, between
0.4 and 2 eV, the TCS is a slowly varying function of energy,
within 45–46�10−20 m2. Such behavior of the TCS low-
energy dependence is somewhat intriguing as P�CH3�3 is a
moderately polar molecule �see Table IV� so one might
rather expect an increase of cross section toward the lowest
energies. Above 2 eV the TCS rises steeply and in the vicin-
ity of 5.5 eV it reaches its maximum value of about 72

TABLE I. Comparison of experimental and theoretical ioniza-
tion potentials for selected molecular orbitals of the P�CH3�3 mol-
ecule; in eV.

Orbital Expt. �26� �27� �28� Present

5a1 27.85

3e 19.6 19.53 25.65

6a1 15.75 17.77

7a1 13.13 15.88 14.98

4e 15.8 13.07 15.89 14.65

5e 12.7 12.11 14.63 13.96

1a2 12.01 13.87 13.63

6e 11.3 10.67 12.04 11.14

8a1 8.58 8.41 8.49 8.159
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�10−20 m2. The maximum is followed by a broad shoulder
extended from 14 to about 25 eV. Beyond 30 eV the TCS
becomes monotonously descending function of impact en-
ergy. Starting from 60 eV, the energy dependence of the ex-
perimental TCS for e-P�CH3�3 scattering behaves as Q�E�
�E−0.6. At 400 eV TCS falls to about 14�10−20 m2.

A closer inspection of the low-energy side of the TCS
curve reveals three weak features: a hump centered near 0.8
eV, a shallow minimum located at 1.3 eV, and a shoulder on
the steep slope of the TCS enhancement near 3 eV. Though
these features are only just visible they were repetitious in all
series of the experiment. The poorly resolved narrow 3 eV

TABLE II. Ionization �ICS� and integral elastic �ECS� cross sections calculated for electron impact on
P�CH3�3 molecules; in 10−20 m2.

E �eV� ICS ECS E �eV� ICS ECS E �eV� ICS ECS

8.159 0.00 50 12.6 31.9 300 7.91 9.22

9 0.156 60 13.1 27.8 350 7.21 8.27

10 0.351 70 13.2 24.9 400 6.62 7.50

11 0.539 80 13.1 22.7 450 6.13 6.88

12 0.878 90 12.9 20.9 500 5.71 6.36

14 1.61 100 12.7 19.5 600 5.03 5.54

16 2.84 110 12.4 18.2 700 4.50 4.93

18 4.11 120 12.1 17.2 800 4.08 4.44

20 5.30 67.1 140 11.5 15.5 900 3.73 4.05

25 7.66 55.5 160 10.9 14.2 1000 3.45 3.73

30 9.41 47.6 180 10.3 13.1 2000 1.99 2.22

35 10.7 42.1 200 9.85 12.2 2500 1.66 1.96

45 12.2 34.5 250 8.78 10.5 3000 1.42 1.85

TABLE III. Absolute electron-scattering total cross sections for P�CH3�3 molecules in 10−20 m2.

E �eV� TCS E �eV� TCS E �eV� TCS

0.4 47.0 4.2 70.4 27.5 57.4

0.5 46.6 4.5 71.6 30 56.3

0.7 47.0 5.0 72.0 35 54.3

0.9 46.9 5.5 72.3 40 52.1

1.1 46.4 6.0 72.1 45 50.5

1.3 45.8 6.5 71.8 50 48.4

1.5 46.0 7.0 70.9 60 46.0

1.7 46.4 7.5 70.4 70 43.2

1.9 47.1 8.0 69.0 80 41.0

2.1 47.9 8.5 68.4 90 38.8

2.3 49.6 9.0 67.4 100 36.9

2.5 51.4 9.5 67.1 110 35.3

2.7 52.8 10.0 66.6 120 33.7

2.8 53.6 10.5 66.3 140 30.4

2.9 54.1 11.0 65.7 160 28.0

3.0 54.7 11.5 65.2 180 25.8

3.1 56.0 12 64.4 200 24.3

3.2 57.6 13 64.2 220 22.5

3.3 58.9 14 64.1 250 20.2

3.4 60.2 16 63.2 300 17.1

3.5 61.8 18 62.4 350 15.4

3.6 64.1 20 61.3 400 13.6

3.7 66.4 22.5 60.4

3.9 68.9 25 58.7
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shoulder corresponds to the 3.1 eV resonant feature clearly
visible in the derivative electron transmission �DET� spectra
obtained by the Maryland group �9,10�; the DET spectros-
copy is especially suitable for the detection of weak resonant
structures in the cross section energy function. According to
DET experiments �9,10�, around 3.1 eV a temporary parent
anion arises when the projectile electron is trapped into the
low-lying empty molecular orbital, with predominant �P−C

�

character. The negative-ion shape resonance promptly decays
to the parent molecule in a ground or an excited state with
the emission of the extra electron, or decomposes into nega-
tive fragment ion and neutral. Lack of more detailed studies
does not allow us to specify which decay channel contributes
more to the 3 eV structure. Anyhow, one can assume that
overall resonant contribution to the TCS near 3 eV is rather
low, of the range 1�10−20 m2, too small to be clearly re-
solved on the steep slope of TCS of such a large �54
�10−20 m2� value. In the range of the broad TCS enhance-
ment one would also expect the formation of further resonant
states. The basis for such a statement has been already pro-
vided by the DET spectra of Giordan et al. �10� in which the
broad shape resonance located around 5.5 eV is discernible.
Unfortunately, the scarcity of studies for particular
e-P�CH3�3 scattering processes �especially elastic and vibra-
tional� in this energy range allows only speculation on the
origin of the broad TCS structure. The inspection of the
electron-scattering data �in Ref. �35�� available for other
polyatomic molecules indicates that the low-energy TCS en-
hancement is dominated by the elastic channel with some
minor vibrational contributions. The broadening of the
e-P�CH3�3 enhancement around 5.5 eV suggests that the
peak probably originates from the overlap of shallow broad
structures associated with the formation of two or more reso-
nant states in the range of the peak. The absence of any
bands in the peak region may also arise from the superposi-
tion of structures, associated with the resonant excitation of
variety of vibrational modes of the P–C bond and CH3
group, peaking at different energies �36�. As P�CH3�3 mol-
ecule comprises three CH3 radicals which may easily rotate
around the P–C bond, these resonant structures become
blurred and, in consequence, are not distinguishable on the
elastic TCS background. The possibility of such an effect
follows from the elastic calculations of Varella et al. �37� for

two conformers of trimethylarsine, a homolog of trimeth-
ylphosphine. The shoulder spanned between 14 and 25 eV
may result from superposition of numerous weak resonant
effects as well as direct processes allowed in this energy
range.

The calculated intermediate-energy “total” cross section
�elastic+ionization� appears to be in reasonable agreement
with experimental TCS according to the shape but it be-
comes distinctly higher than measurements below 30 eV, 9
−14 % lower around 100 eV, and merging the measurements
above 250 eV, as presented in Fig. 1. The disagreement be-
low 30 eV is presumably due to the limitations of the inde-
pendent atom model applied for elastic calculations. The dif-
ference around 100 eV is associated mainly with
underestimation of inelastic contribution in this energy
range, as only the ionization is taken into account. Based on
good agreement between calculations and the experiment be-
tween 250 and 400 eV, one can conclude that our calcula-
tions also reasonably represent the TCS for higher energies.

B. Comparison of TCSs for phosphorus-containing compounds
PH3, PF3, and P„CH3…3

Figure 2 compares the TCS for electron scattering from
three phosphorus-containing molecules: PH3 �from Ref.
�38��, its perfluorinated PF3 �from Ref. �39��, and permethy-
lated P�CH3�3 �present� analogs. All three molecules have
triangle pyramid geometry with the phosphorus atom located
on the top and different exterior atoms: hydrogen, fluorine,
and the methyl groups. The substitution of the outermost
atoms in phosphines changes the distribution of electric
charge in the resulting molecules and the response of the
molecular electron cloud to the impinging electron. That
means that the atom substitution changes the long-range part
of the potential which the projectile electron suffers ap-
proaching the target molecule what should be reflected in the
relevant electron-scattering cross section.

It is clearly illustrated by Fig. 2 in which phosphines sub-
stituted with different external atoms have TCS energy func-

TABLE IV. Molecular electric dipole moments �, electric di-
pole polarizabilities �, ionization potentials �IP�, and the gas-kinetic
cross sections �gk for some phosphorus-containing and permethy-
lated molecules; the data printed in italics are estimated in this work
�see text�, others are from Refs. �11,42–45�.

� � IP �gk

Molecule �Debye� �10−30 m3� �eV� �10−20 m2�

PH3 0.58 4.84 9.87 9.32

PF3 1.1 4.43 11.6 10.9

P�CH3�3 1.2 8–10 8.1–9.2 16–18

N�CH3�3 0.61 8.15 7.82 15.5

B�CD3�3 0 8.0–8.3 10.7 15–16
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FIG. 2. �Color online� Comparison of the experimental electron-
scattering TCS for some phosphorus containing molecules: P�CH3�3

�full circles�, present; PF3 �open triangles�, from Ref. �39�; PH3

�open squares�, from Ref. �38�.
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tions essentially different in the shape and magnitude. The
substitution effect is the most pronounced at low incident
energies. According to the general shape, TCS energy depen-
dences for PH3 and P�CH3�3 look somewhat similar, al-
though the curve for the later molecule is distinctly shifted
toward higher energies, e.g., the first maximum from 2.3 eV
for PH3 to about 5.5 eV for P�CH3�3. Replacement of hydro-
gen atoms in PH3 by methyl groups distinctly changes the
size of the molecule which results in an increase of magni-
tude of the respective TCSs of about 2 times. Starting from
20 eV, TCSs for PH3 and P�CH3�3 become monotonously
decreasing functions of energy, similar to other hydrogen-
containing targets �40�. For the PF3 molecule a characteristic
increase of TCS around 40 eV �perfluorination effect� is
clearly seen in Fig. 2.

C. Comparison of TCSs for permethylated compounds
P„CH3…3, N„CH3…3, and B„CD3…3

Figure 3 compares the TCSs for electron scattering by
three permethylated molecules B�CD3�3 �17�, N�CH3�3 �18�,
and P�CH3�3 �present�. The central atom �B, N, and P� of
each molecule is enveloped with three methyl groups. The
molecules differ in geometry �see Fig. 3�: B�CD3�3 is a pla-
nar of D3v symmetry with the B atom in the center, while
N�CH3�3 and P�CH3�3 have pyramidal geometry �C3v� with
the “central” atom on the top.

Regarding the shape, the compared TCS curves generally
resemble each other; they all have distinct enhancement with
the maximum located below 10 eV which for each consid-
ered methide is slightly shifted with respect to others. On the
low-energy side, below 2 eV, these TCSs are nearly constant,
both for nonpolar �B�CD3�3� and polar �N�CH3�3 , P�CH3�3�
molecules. On the left-hand slope of the TCS enhancement
very weak feature is discernible in each curve which may be
attributed to resonant capture by molecule of the impinging
electron into antibonding orbital located mainly on the

carbon—central-atom bond. The main maxima are distinctly
broadened, probably due to overlapping of structures associ-
ated with two or more resonant states formed within region
of the maximum and obscured because of conformation of
methyl groups �36,37�. For B�CD3�3 and N�CH3�3, however,
some weak features on the maximum ridge are discernible
while they are smeared up in the P�CH3�3 curve. In the vi-
cinity of 20 eV, in each curve more or less distinct shoulder
is visible which may also be resonant in the origin.
Intermediate-energy TCS behavior for compared methides
can be expressed by the same regression relationship Q�E�
�E−a, with a�0.6. Such a value of the exponent in the
energy dependence is characteristic for targets with the en-
velope from hydrogen atoms; for perfluorinated molecules
the exponent a�0.5.

The variation in the TCS magnitude, when going from
one considered target to another, can be presumably ex-
plained in terms of the molecular size of targets. The TCSs
for B�CD3�3 and N�CH3�3 are nearly equal to each other,
within experimental uncertainties, over the whole energy
range investigated. Similar behavior of TCSs, especially
above 10 eV, was noticed earlier for BF3 and NF3 molecules
�39,41� which have a geometry similar to their respective
permethylated counterparts. Moreover, BF3 and NF3 also
have very close gas-kinetic cross sections �as deduced from
the van der Waals b parameter �42��. Considering the afore-
mentioned similarities we have concluded that B�CD3�3 has
the gas-kinetic cross section nearly the same as N�CH3�3 �see
Table IV�. The distinct increase of the TCS for P�CH3�3 in
comparison to those for B�CD3�3 and N�CH3�3 can be ac-
counted through much larger molecular size of P�CH3�3 mol-
ecule.

V. SUMMARY

We have measured the absolute total electron-scattering
cross section for the P�CH3�3 molecule from 0.4 to 400 eV
employing a linear transmission technique. The experimental
TCS energy dependence for P�CH3�3 shows very distinct,
highly asymmetric, enhancement peaked near 5.5 eV. Two
TCS features, the shoulder near 3 eV and maximum around
5.5 eV may be ascribed to formation of short-lived negative-
ion resonant states. We have also carried out calculations of
the integral elastic and total ionization cross sections from
intermediate up to 3 keV incident energies. Agreement be-
tween the present computed total cross section �integral
elastic+ionization� and experimental intermediate-energy
TCS is reasonable. We have also compared the TCS energy
functions for phosphorus-containing PX3 �X=H, F, CH3� and
for permethylated �P�CH3�3, N�CH3�3, and B�CD3�3� mol-
ecules to examine how the substitution of the central atom
and/or outer atoms influences the TCS energy function. Our
data show that the substitution of the exterior atoms changes
the low-energy TCS essentially, both in the shape and mag-
nitude. At intermediate energies the only difference is the
change of the TCS magnitude following the molecular size.
Substitution effect of the central atom in methides is less
visible because of the screening effect of the exterior methyl
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FIG. 3. �Color online� Comparison of the present measured total
e-P�CH3�3 cross section �full circles� with cross sections measured
for some permethylated compounds: N�CH3�3 �open diamonds�,
from Ref. �18�; B�CD3�3 �full stars�, from Ref. �38�. Schematic
geometry of molecules is included.
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groups. To complement these observations, we noticed on
basis of our systematic TCS experiments that at intermediate
energies where direct scattering processes dominate there is
evident a straightforward relation between the size of the
target molecule and the magnitude of the respective interme-
diate TCS.
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