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Phase transitions in physisorbed ethane investigated by positron-annihilation spectroscopy

P. C. Jain,* S. K. Lee, N. Hozhabri,† and S. C. Sharma‡

Department of Physics, Box 19059, The University of Texas at Arlington, Arlington, Texas 76019
~Received 17 March 1998; revised manuscript received 21 September 1998!

Data are presented for the lifetime and Doppler broadening parameters for positrons annihilating in ethane
physisorbed on grafoil. The coverage dependence of these parameters has been investigated up to about 2.5
monolayers at 108 K. Both the positron lifetimes and Doppler broadening parameters reflect significant varia-
tions in the surface electron density as a function of adsorbate coverage, with clear evidence for minimum
electron density occurring at coverages of;0.8 and 2. The temperature dependencies of the lifetime and
Doppler broadening data, studied for coverages of 0.4, 0.9, and 1.5 monolayers, show structural phase transi-
tions in the adsorbate. We propose a mechanism for this structural phase transition at 39 K.
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I. INTRODUCTION

Two-dimensional~2D! physisorbed gases on highly un
form substrates have been the subject of consider
interest.1–5 These systems exhibit phases and phase tra
tions which have no analog in bulk matter and theref
assume special significance. Simple molecules adsorbe
graphite exhibit a variety of structures. In general, the
structures are dependent on surface coverage, tempera
and relative strength of the intermolecular and molecu
surface potentials. The studies of such systems have, th
fore, provided a wealth of information about phase tran
tions, molecular dynamics, and molecule-substrate
molecule-molecule interactions. Methods employed for s
investigations include heat capacity measuremen6

volumetry,7 neutron scattering,8–10 molecular dynamics,11

low-energy electron diffraction~LEED!,12,13 high-resolution
electron-energy loss spectroscopy~HREELs!,8 and nuclear
resonance photon scattering~NRPS!.14 Positron-annihilation
spectroscopy~PAS!, which is a sensitive technique for inve
tigating the electronic properties of condensed matter,15,16

has also been employed to study certain features of p
isorbed gases.17–24

The ethane-graphite system has been examined by se
experimental methods. At low temperatures, it exhibits
very rich phase diagram. The suggested phase diagram12 at
these temperatures features three solid phasesS1 , S2 , and
S3 , two intermediate phasesI 1 and I 2 , and fluid phasesL
andF. At coverages below 0.75, ethane forms theS1 phase:
a registered 43) commensurate solid in which theC-C
axis of the molecule forms a herringbone pattern.25 On heat-
ing, theS1 solid transforms to a lattice fluidI 1 at 65 K. For
coverages near 0.82, theS2 phase is formed. For coverage
in the ranges 0.77–0.86 and 0.9–,1.0, two-phase region
(S11S2) and (S21S3) are observed. The range of stabili
of the S2 phase is very narrow, so it is difficult to produce
pureS2 phase experimentally. The structure of theS2 phase
has not been resolved. However, the LEED experimen13

suggest that it is an incommensurate herringbone wit
5.2437.39 Å unit cell, rotated by 5.7° with respect to th
lattice vectors which describe the graphite basal plane.
coverages between 0.8 and 1.0, theS2˜I 2 transition occurs
PRB 600163-1829/99/60~3!/2057~7!/$15.00
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at 57 K.12 At one monolayer, the ethane molecules stand
methyl tripods with theirC-C axis perpendicular to the
graphite plane and form a)3) solid labeled as theS3

phase.
In spite of considerable work on the structure of vario

phases and phase transitions, information on molecular
namics in 2D ethane adsorbate is still meager. In only f
2D systems has the rotational dynamics been studied.25,26

This has been largely due to a low sensitivity of most expe
mental techniques to the degree of rotational mobility in
film. NMR has been employed to study rotational transitio
in methane and ethylene.27 In both of these systems substa
tial rotational mobility is observed below the freezing tra
sition. Some or all of this mobility is lost in rotational tran
sition for ethylene at about 35 K and for methane at about
K. Due to an asymmetric shape, the ethane molecule
exhibit several types of mobilities. In the solid phase, it c
execute an isotropic rotation either about its center of m
or a twist rotation. It can also experience rotation of meth
groups about theC-C axis. It is reported that in the solid
phase, the ethane molecule exhibits a rotational transitio
53.5 K, where it begins to undergo a jump rotation about
C-C axis.10 In the intermediate state, rodlike ethane mo
ecules can lose their positional and orientational order w
increasing temperature and form a strongly correlated lat
liquid. In the liquid state translational and brownian mobili
is added to these motions.

The sensitivity of PAS to structural transformations28 and
to segmental motion of certain molecules29 has been demon
strated in bulk systems, however, its efficacy in 2D syste
still needs to be established. We have, therefore, utili
PAS to further investigate 2D ethane adsorbate on gra
Preliminary results from this work, in which only the Dop
pler broadening measurements were made at a single co
age of 0.9 monolayer, have appeared in the literature.24 In
this early work, it had been observed that the Doppler bro
ening spectra undergo significant changes around 39 K. H
we present results on the positron lifetime spectra that s
stantiate our earlier observation of a structural phase tra
tion at 39 K and 0.9 monolayer. We have extended meas
ments of the Doppler broadening spectra to other covera
and temperatures and these results are also presented. B
2057 ©1999 The American Physical Society
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on the combination of the positron lifetime and Dopp
broadening data, we propose a mechanism, involving ine
tic e1-C2H6 collisions, for the effect occurring at 39 K
Some important features of this work are~i! coverage depen
dence up to about 2.5 monolayers that clearly shows rep
tive nature of the surface electron density,~ii ! observation of
phase transformations at different temperatures,~iii ! elucida-
tion of the nature of theS2 phase, and~iv! proposal for a new
mechanism to explain the nature of the 39 K transition.

II. EXPERIMENTAL DETAILS

Research grade ethane gas, used in the present work
obtained from Matheson Gas Co. and had a purity
99.987%. A standard procedure was adopted for the pr
ration and characterization of adsorbates. Details of the v
metry equipment used are given elsewhere.23 The system
consisted of a gas manifold system, two beratron abso
pressure gauges with overlapping ranges, a high vacuum
tem, and a closed-cycle helium Displex Cryostat equipp
with a temperature controller with an accuracy of60.1 K.
Standard baking and flushing techniques were used in o
to clean the entire system prior to measurements. A stac
31.154 g grafoil discs was baked at 1073 K under 1024 Torr
for 38 h and subsequently transferred to the sample cell
der dry helium atmosphere. A 80mCi 22Na positron source
evaporated onto 0.81 mg/cm2 Al foil was sandwiched be-
tween grafoil discs at the center of the stack. The sample
was evacuated under 1025 Torr for about 15 h prior to iso-
therm measurements. In order to determine the total a
available for adsorption and to calculate ethane volume
monolayer coverage, adsorption isotherms were measur
different temperatures. A typical result of such measu
ments provided a volume of 125 cm3 at STP corresponding
to one monolayer coverage at 108 K. The adsorbate co
ages were calculated, with an uncertainty of about 10%,
accounting for the dead volume of the sample cell. F
temperature-dependent experiments, a given coverage
maintained constant by adjusting the number of the m
ecules in the ‘‘dead-volume’’ of the cell.23 For example, ad-
ditional molecules were added to compensate for desorp
especially atT.77 K.24 Since the number of molecules i
the dead volume was negligibly smaller than needed fo
monolayer, only a small correction was needed.24

The positron lifetime and Doppler broadening measu
ments were performed simultaneously as a function of c
erage~u! at 108 K and as a function of temperature at fix
coverages of 0.4, 0.9, and 1.5 monolayers. The positron
time measurements were made using a standard timing s
trometer. The60Co resolution spectrum was represented b
sum of two Gaussians with full-width at half maximum
0.357 and 0.522 ns with an intensity of 65.5% of the n
rower Gaussian. The positron lifetime spectra could, in g
eral, be resolved by thePOSITRONFIT~Ref. 30! program into
two components only. In some cases the lifetime spe
consisted of two short components, each characterized w
lifetime ,0.4 ns and in others the spectra contained a s
as well as a long component of lifetime in the range 1–3
The short lifetimes probably represent contributions from
nihilations of free positrons in the bulk, on the surface, a
in the interfacial regions. Due to limited statistics, the lif
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time spectra could not be resolved to separately exam
each one of these contributions. However, the exfolia
graphite ~grafoil! is characterized with a layered structu
with average thickness of each layer on the order of 400
Each submillimeter of this material, therefore, consists o
large number of internal surfaces to adsorb the ethane m
ecules. On entering such a layered structure, an energ
positron undergoes a large number of events involving
fusion within the layer, re-emission from the internal su
faces, etc. The annihilation characteristics of the positr
are influenced by the modifications in the electronic struct
of the internal surfaces because of the adsorption of eth
molecules. Based on these considerations, whenever the
time spectra could be resolved into two short compone
only, the effect of the adsorbate was examined by calcula
a mean lifetimet. The long-lived component represen
pick-off annihilations of the ortho-positronium atom (o-Ps).
The Doppler broadening spectra of the annihilation radiat
were measured using a high purity Ge solid-state dete
spectrometer equipped with a digital stabilizer. The ene
resolution of the Ge detector was 1.2 at 511 keV. Th
spectra were analyzed for theS and Y parameters. TheS
parameter is defined as the ratio of the sum of the count
the central region~60.90 keV! of the 511 keV annihilation
peak to the total counts under the spectrum after subtrac
the background. This parameter is a measure of the mom
tum distribution of the electrons and can, therefore, be u
to study changes in the electronic structure of the adsorb
The Y parameter is defined as the ratio of the sum of
counts within a certain energy window below the Compt
edge to the total counts in the central region of the 511 k
peak. This parameter is sensitive to Ps formation and c
therefore, be used to study changes in surface topograph
Ps formation and its zero-point energy.

III. RESULTS AND DISCUSSION

A. Coverage dependence of the positron annihilation
parameters at 108 K

TheSandY parameters of the Doppler broadening spec
as well as the positron lifetimes,t1 and t2 , are plotted in
Figs. 1 and 2 as functions of coverage at 108 K. Althou
the data on theS parameter at 108 K have already be
published,24 they are shown here so that their features can
compared with new data presented in this paper. It is
served that theSparameter remains at a high value of 0.42
for u<0.7 and then drops to a lower value of 0.423 neau
50.8. Following this drop, it rises slowly with increasin
coverage. This coverage dependence of theS parameter is
qualitatively similar to what has been seen in cases of ni
gen and argon17,22,23where it shows a maximum atu;0.5.
This parameter is sensitive to changes in the~1! valence vs
core electrons contributing to the annihilation probability,~2!
Ps formation, and~3! zero-point energy of the Ps atom. Th
changes in the valence vs core electron contributions to
annihilation process could occur due to either modificatio
in the electronic charge distributions as a result of the in
molecular interactions or due to positron-trapping in defec
The Ps formation lowers theS parameter due to increase
3g/2g ratio which enhances contributions under the val
region at the expense of the central region of the Dopp
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spectrum. The zero-point energy considerations affect thS
parameter when a significant fraction of the positrons for
Ps that annihilates, particularly from regions betwe
adsorbate-islands on the surface. NewY parameter and pos
itron lifetime data help us better understand relative con
butions from these different processes. Similar to theS pa-
rameter, theY parameter also drops to a lower value neau
50.8. Being proportional to Ps formation, this drop in theY
parameter signals a decline in Ps formation nearu50.8. As
discussed below, the intensity of the Ps component in
lifetime spectrum is relatively small, only about 2% at a
coverages investigated. Nonetheless, a decline in the Ps
mation, consistent with the decline seen in theY parameter
~even with as low as 2% Ps intensity! should have resulted in
a rise in the value of theS parameter. On the contrary, theS
parameter drops significantly aroundu50.8. Only by con-
sidering the behavior of both theS andY parameters, it be-
comes apparent that aroundu50.8, it is a change in the
electronic structure of the adsorbate, rather than a declin
the Ps formation, that supports these observations. The
tive contribution of the valence vs core electrons to the to
annihilation probability changes so as to compensates fo
expected rise in theS parameter and produces an over
decline in its value. As stated earlier, such a change in
electronic structure of the adsorbate could arise as a resu
~a! rearrangement of the electronic charge distributio
and/or~b! rearrangement of the adsorbate leading to surf
defects. Foru.0.9, the Y parameter decreases and theS
parameter increases, which is consistent with decreasin
formation with increasing coverage beyond a monolay
Whether the positrons/Ps annihilate from intrasland vs in

FIG. 1. ~a! TheSparameter,~b! theY parameter vs coverage o
ethane on grafoil at 108 K.
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island regions may also explain differences in the data be
and above full coverage of the surface.

The lifetime spectra could be resolved into two comp
nents only; a short-lived component of lifetimet1;0.34 ns
and a longer Ps-component of lifetimet2 in the range of 1–2
ns. The intensity of the Ps component, being relatively sm
;2%, has large statistical uncertainty. No specific cover
dependence in this intensity can, therefore, be ascertai
Unlike the S and Y parameters,t1 and t2 exhibit two
maxima, one atu;0.8 and another atu;2. We further dis-
cuss these lifetime results in the following paragraph un
models. To our knowledge, these lifetime data present c
evidence for what appears to be a repetitive variation in
surface electron density with minimum electron density o
curring atu;0.8 and 2. Wanget al.31 have investigated mul-
tilayered methane physisorbed on graphite. They also
serve weak features of maxima in the positron surfa
lifetime at u;0.5 and 1.5. The drop in theS parameter
around 0.8 monolayer ethane in our data is in good ag
ment with the observation by Wanget al. of a similar drop
between 0.5 and 0.8 monolayers of methane.

Two models have been proposed to explain the cover
dependence of the positron annihilation parameters.17,22,23In
one of these models, adsorption is viewed as creating def
on the surface that trap positrons and Ps. Since even a s
coverage, on the order of 0.1 monolayer, significan
changes the annihilation parameters, adsorption should
affecting the surface state. It is possible that adsorption le
to the formation of islands on the surface.32 With increasing
coverage, the size and surface density of the islands are

FIG. 2. ~a! Lifetime of the short-lived component,~b! lifetime of
the longer-lived component vs ethane coverage on grafoil at 10
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pected to increase. Assuming that the positrons/Ps
trapped in intraisland and/or interisland regions, the surf
density of the trapping sites will increase with increasi
coverage. Under these conditions, the positron surface
time reflects average electron density in and the Ps lifet
measures the size of the trapping site. In the second mo
adsorption is assumed to modify the surface electronic st
ture and these modifications are probed by the annihila
parameters.22,23 Adsorbate-surface interactions are known
modify the surface electronic structure; for example, the s
face work function of metals changes due to
coverage.33,34 Similarly, hydrogenated surface of diamon
acquires negative electron affinity.35,36 The positron annihi-
lation parameters presented here clearly show that the
face electronic structure undergoes changes with cover
They do not, however, show whether the change in the
face electronic structure is brought about by possible re
rangement of the electronic charge density due to inter
lecular interactions or by the creation of surface defe
Nonetheless, the data support the well-known fact that p
sisorption modifies the surface electronic structure.

B. Temperature-induced phase transformations

In order to study phase transformations, the positron l
time and Doppler broadening parameters were measured
function of temperature for bare grafoil and grafoil havi
0.4, 0.9, and 1.5 monolayers of ethane adsorbate. In ag
ment with previously reported results,17,22 the positron life-
time, and theS parameter vary linearly with temperature f
bare grafoil. In the presence of the adsorbate, these pa
eters behave very differently. Additionally, the differenc
are specific for the adsorbate. Detailed results obtained
three different coverages of 0.4, 0.9, and 1.5 monolayers
presented below.

1. Ethane coverage,u50.4

The temperature dependencies of the positron mean
time ~t! and theS parameter for ethane coverage of 0
monolayer are shown in Fig. 3. The positron lifetime spec
could be resolved into two short components only and
mean lifetimet was calculated from these components. D
to relatively low intensity~,1%!, theo-Ps component could
not be resolved with acceptable statistics. In the plot fot,
there are signatures of phase transitions at about 39, 50
65 K. The temperature dependence of theS parameter also
shows deviations from a linear temperature dependence
served for bare grafoil. Steps are seen in the data aroun
and 45 K. Beyond 45 K theS parameter increases linear
with temperature. Both, the positron lifetime andSparameter
show signatures, albeit weak, of phase transitions in the
sorbate.

It is known from the phase diagram that at 0.4 monola
coverage, the 2D ethane surface exhibitsS1 phase. It is a
registered 43) commensurate 2D solid and transforms to
lattice fluid, I 1 , at 65 K. Much below the melting transition
the S1 phase of the system exhibits a transition at 53.5 K
another 2D solid structure in which the molecules are ro
tionally disordered.10 At this temperature, the methyl group
are known to perform 120° jumps between indistinguisha
orientations. In this kind of rotation the inclination of th
re
e
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C-C axis with respect to the basal plane flips between110
and 210°. Therefore, we ascribe changes in the posit
mean lifetime andSparameter near 50 and 65 K to rotation
disordering of molecules and a solid-to-fluid transformatio
respectively.

2. Ethane coverage,u50.9

The temperature dependencies of the positron lifetime
well as theS and Y parameters for ethane coverage of 0
monolayer are shown in Fig. 4. The major feature, which
present in all four parameters measured by techniques p
ing two different electronic characteristics, is a signature
structural phase transition at 39 K. The temperature dep
dence of theS parameter shows a sharp and pronounced
at about 39 K and a step around 50 K. Following this st
the S parameter increases more or less monotonically w
increasing temperature. The major effect, in theY parameter,
is a pronounced dip around 39 K which reflects a signific
decrease in Ps formation;39 K. The positron lifetime spec
tra obtained at various temperatures for this coverage co
be decomposed into two components; a short component1
having an average value;0.37 ns and a long componentt2
that remains more or less around 2 ns. The long-lived co
ponent represents pick-off annihilation of theo-Ps atom. The
relative contributions from positron annihilations in the bu
and surface are lumped together in the shorter compon
However, it is expected to reflect effects of the adsorba
The intensity of the long componentI 2 varied between 0.5–
2 %. The temperature dependence ofI 2 also shows a sharp

FIG. 3. ~a! The S parameter.~b! Mean lifetime vs temperature
for a constant ethane coverage of 0.4 monolayer on grafoil.
inset shows the difference, in units of the statistical uncertainty
the measurement, between the data obtained with and without
erage.
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FIG. 4. ~a! The S parameter.~b! Y parameter.~c! Mean lifetime.~d! I 2 vs temperature for a constant ethane coverage of 0.9 monol
on grafoil. The top inset in~a! shows the difference, in units of the statistical uncertainty in the measurement, between the data obtain
and without coverage. The bottom inset shows data for bare grafoil.
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decrease in Ps formation around 39 K. Both theY parameter
andI 2 , that have been measured by two different techniqu
exhibit by dips around 39 K, a process by which the
formation is suppressed around 39 K. In the following pa
graphs, we propose and discuss possible mechanism fo
effect that has not been seen, to our knowledge, by any o
technique.

The data presented in Fig. 4 foru50.9 indicate occur-
rence of phase transitions around 39, 50, and 60 K. I
observed that near 0.9 monolayer at low temperatures,
ethane exists in either a purelyS2 phase or in a mixture o
the S2 and S3 solid phases.12 It is, therefore, expected tha
the changes in the positron annihilation parameters shoul
characteristic of these phases. The structure of theS2 phase
has not been resolved. However, LEED experiments13 sug-
gest that it is an incommensurate herring bone with a 5
37.39 Å unit cell, rotated by 5.7° with respect to the latti
vectors which describe the graphite basal plane. Simila
the S1 phase, theC-C bonds are aligned nearly parallel
the surface. Therefore, the jump rotational motion obser
in theS1 phase, may also be possible in theS2 phase. Leav-
ing aside the effect at 39 K~which is discussed below in
separate paragraph!, we first comment on the steps se
around 50 and 60 K. The step seen around 50 K is consis
with the setting-in of molecular jump rotational motion.
has also been reported that theS2 phase transforms into a
intermediate phaseI 2 at ;57 K ~Ref. 12! and on further
increase in temperature,I 2 transforms continuously intoS3 .
The features seen in our data around 60 K are consistent
the transformation of theS2 solid to an ordered 2D liquid
s,
s
-
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er

is
D

be
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d

nt

ith

phase. Our results, however, indicate that foru;0.9 cover-
age, the 2D solid is dominated by theS2 phase.

3. Ethane coverage,u51.5

The temperature dependencies of the mean positron
time, t and theS parameter for a coverage of 1.5 monolay
are shown in Fig. 5. Similar to the measurements foru
50.4, the positron lifetime spectra could be resolved in
two short components. Both sets of data show phase tra
tions around 39 and 80–90 K. It is known from the pha
diagram12 that for u>1, the adsorbate is in theS3 phase. In
this phase the ethane molecules stand on methyl tripods
their C-C axis perpendicular to the graphite plane and fo
a )3) solid. The molecules, therefore, cannot exec
jump rotation. Absence of a signature of phase transit
around 50 K in the mean lifetime andS parameter data is
consistent with this view. It has been reported that the m
ing of theS3 phase is different from that ofS1 or S2 phase.25

It melts between 82 and 87 K without transforming to
intermediate phase. The data of Fig. 5 support this pictu

4. Possible mechanism for the transition at 39 K

One of the most important features of these data is
signature of a transition around 39 K, which is observed
all three coverages. The measurements of several diffe
positron annihilation parameters, obtained by two differe
techniques, verify the occurrence of this transition. An e
amination of the temperature dependence of any of the m
sured quantities around 35–40 K shows features of an or
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disorder transition. To our knowledge, such a transition
not been detected by any other technique. The availabilit
new data, especially on Ps, allows us to suggest a mecha
for the transition at 39 K. In the following, we discuss th
mechanism.

It is well known that two types of temperature-induc
structural phase transformations can occur in the adsorb
~i! translational disorder and~ii ! orientational disorder. It is
known from the phase diagram that at 39 K the adsorb
exists either inS1 phase, or as a mixture ofS2 andS3 phases,
or in theS3 phase. Since, all these are solid phases, tran
tional disorder is ruled out as being the cause for the tra
tion at 39 K. The onset of an orientational disorder at 39
is, however, possible. Such an effect has been observe
NMR in the cases of CH4 and C2H2 at 17 and 35 K, respec
tively, where these molecules execute isotropic rotatio27

Since the transition around 39 K is seen at all covera
investigated in this work, the molecular motion, responsi
for this effect, should be possible in all three solid phases
this connection, it is important to realize that the ethane m
ecule can undergo several types of rotational motion. Am
these are~i! jump rotation,~ii ! isotropic twist rotation, and
~iii ! isotropic rotation about the center of mass. Out of the
the jump rotation is ruled out as it is known to set in at 53
K and is also not possible in theS3 phase. Having ruled ou
the jump rotation, a transition between the gauche and t
stearic conformations of the ethane molecule should be c
sidered. Such a transformation takes place by a 60° t
rotation of one methyl group with respect to the other. B
sides this type of a quantum jump, a continuous twist ro
tion is also possible. In fact, it is energetically favored ov
isotropic rotation about the center of mass. We suggest

FIG. 5. ~a! The S parameter,~b! mean lifetime vs temperatur
for a constant ethane coverage of 1.5 monolayer on grafoil.
s
of
sm

te:

te

la-
i-

by

s
e
n
l-
g

e,

ns
n-
st
-
-
r
at

the effect seen in our data on ethane around 39 K is du
the setting in of a continuous rotation of this type. Near
K, the ethane molecules in the adsorbate appears to be
ceptible to rotation. A rotational transition could be excit
in the molecule by either thermal energy~kT! or by energy
gained by the molecule in ae1-C2H6 collision. It is the latter
that we envision as the process that brings about the tra
tion at 39 K. In agreement with the data presented here,
mechanism will have to account for~i! a decline in Ps for-
mation,~ii ! a shorter lifetime of the surface component, a
~iii ! a modification in the electron momentum distribution
as to account for changes seen in the Doppler broade
spectra. As far as item~i! is concerned, an inelastice1-C2H6
collision, which competes with Ps formation, will result in
decline in Ps formation. According to the Ore model37

which is known to explain Ps formation in low-densi
ethane gas,38 Ps is formed ine1-C2H6 collisions while ener-
getic positrons undergo thermalization. The Ps is formed
only those positrons whose energies fall in the rangeI to (I
26.8) eV. HereI is the ionization energy of the molecul
and 6.8 eV is the binding energy of the Ps atom. In a co
sion between C2H6 and a positron with energy just above th
lower limit of the Ore gap (I 26.8) eV, the positron eithe
forms Ps or excites rotational transition and is conseque
removed from the Ore gap. The latter results in a decreas
the Ps formation. The branching between these two com
ing processes will, of course, depend on the relative ma
tudes of the cross sections for Ps formation and rotatio
excitation at the specific value of the positron energy. T
rotational motion of the molecule can also conceivab
modify the ‘‘local’’ surface electronic structure so as to a
count for items~ii ! and ~iii !. Recent theoretical work on th
vibrational and rotational excitation of CO by low-energ
positrons provides some interesting results in t
connection.39 In this work, the vibrational and rotational ex
citation processes have been studied for CO molecule
collisions with positrons of energy just below the thresho
for Ps formation. It is of particular interest that in suc
e1-CO collisions, where the positron energy is below t
threshold for Ps formation, the interaction between the lo
energy positron and the molecular charge distribution
duces sizable deformations in the total electron density.
low-energy positron usually alters the valence electron d
sity and does not significantly affect electron density in t
inner core region due to the Coulomb repulsion from t
core of the molecule. Such changes in the electron den
distributions are expected to alter both the total positron
cay rate as well as the shape of the Doppler broadening s
trum. The calculations on thee1-CO system show that the
rotovibrational coupling increases for faster rotating tar
and the vibrational motion is dynamically more coupled
the impinging positron’s motion when the target molecule
also rotationally excited. Under such conditions, it is reas
able to expect significant changes in the ‘‘local’’ surfa
electron density and the momentum distribution of the el
trons. However, to our knowledge, no calculations have b
performed to study the precise nature of the changes in
electron density and momentum distributions brought ab
by collisions between the ethane molecule and positron
energy just above the threshold for Ps formation. Additio
much work is needed for a better understanding of whet
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the proposed mechanism, involvinge1-C2H6 collisions, can
explain the transition seen at 39 K.

IV. CONCLUSIONS

We have presented detailed results for the positron l
time and Doppler broadening parameters as functions of c
erage and temperature for ethane physisorbed on grafoil.
coverage dependent measurements have been made up
monolayers at 108 K. We observe significant changes in
positron lifetime and Doppler broadening parameters n
coverages of 0.8 and 2 monolayers. We have also condu
positron lifetime and Doppler broadening experiments
functions of temperature in the range 10–100 K for const
ethane coverages of 0.4, 0.9, and 1.5 monolayers. Fo
three coverages, the temperature dependence of the data
rs
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firms the occurrence of a feature near 39 K. We propose
this feature is due to isotropic twist rotation of the etha
molecule that is excited because of energy gained by
molecule ine1-C2H6 collisions. Additional features of the
data are consistent with reported phase transitions in the
sorbate. Results of this study demonstrate the usefulnes
PAS for investigating phase transitions in 2D adsorbates
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