
© Yu.A. Dmitriev, 2012 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2012, v. 38, No. 8, pp. 884–893 

Role of surface structure in photoelectron emission from 
solid Ne: impurities, defect and low-coordinated sites 

Yu.A. Dmitriev 
A.F. Ioffe Physico-Technical Institute, 26 Politekhnicheskaya Str., St. Petersburg 194021, Russia 

E-mail: dmitrievyurij@gmail.com 

Received March 28, 2012, revised May 4, 2012 

Electron emission was obtained from a solid Ne sample growing from the gas phase on a low temperature 
substrate. The surface of the sample was irradiated by the light of an open-source microwave discharge running 
in the gaseous Ne. The irradiation produces electron emission from the sample. A second gas flow of D2 was, 
simultaneously, passed onto the substrate avoiding the discharge zone. Free electrons ejected into a vacuum 
chamber during the sample growth were detected by means of the electron cyclotron resonance technique. The 
emission shows nonmonotonic dependence on the impurity D2 concentration. At small concentration, the elec-
tron yield is found to increase significantly at increasing the dopant flow rate, while, at moderate concentrations, 
the yield tends to decrease with increasing the flow rate. A tentative explanation of the observed effect is pre-
sented based on the exceptional properties which the neon-hydrogen solid mixture is believed to have. 

PACS: 52.50.Sw Plasma heating by microwaves; ECR, LH, collisional heating; 
79.60.–i Photoemission and photoelectron spectra; 
79.75.+g Exoelectron emission. 

Keywords: Ne solid, ECR, photoelectron emission, surface impurities and traps. 
 

1. Introduction 

In earlier studies [1,2], an effect has been found that a 
small gas flow of He provided onto the cold substrate 
where the gaseous Ne supplied through a gas discharge 
tube was condensed suppressed the electron photoemission 
from the solid Ne. The electron emission occurred from a 
solidified Ne layer subjected to irradiation from an elec-
trodeless open discharge running in the gaseous Ne. The 
electron photoemission yield was measured using cyclo-
tron resonance of free electrons (ECR) emitted from the 
solid Ne. In observing the resonance, we utilized a conven-
tional X-band EPR spectrometer with the cylindrical mi-
crowave cavity. The arrangement of DC magnetic field and 
RF electric field was shown [3,4] to be favorable for ECR 
line detection with the use of this cavity. The experimental 
results [1,2] revealed an important role a surface plays in 
the process of photoelectron emission from rare gas solids. 
Also we were able to show that the bulk He impurities 
have negligible effect on the electron emission compared 
to the surface ones. To gain a better insight into the roles of 
bulk and surface impurities in the photoemission of free 
electrons, we tested this process using an impurity with 
lower ionization potential and readily adsorbed by a sam-
ple at liquid He temperatures. The molecular CH4 was uti-

lized as such a probe [5]. The net effect of doping by the 
CH4 impurity on the photoelectron yield from the solid Ne 
was that the free electron emission decreased with increas-
ing methane flow rate onto the Ne surface. Though the 
bulk CH4 impurities were believed to take some part in 
quenching emission, their influence was not elucidated. 
The major role was played by the surface CH4 molecules.  

The similarity in solid Ne emission behavior under dop-
ing with such a different species like He and CH4 deserves 
special attention. Generally, it is thought that of guest 
atoms or molecules only those with positive electron af-
finity [6] could be a trap of the electron traveling through 
the lattice. The atomic He, however, is a particle with very 
small positive affinity, 0.0054 Ry [7] which is equal 
0.073 eV, and the CH4 molecule has large negative elec-
tron affinity, Ea = –5 eV [8,9]. Thus, despite the affinities 
of different magnitudes and signs, both He and CH4 impur-
ities turn out to be effective traps in solid Ne, not allowing 
the electrons to escape into the vacuum. One of the expla-
nations for the observed effect was that it could be related 
to the processes of electron trapping in insulator materials 
[9,10]. The authors established a relationship between the 
electron trap and the molecular properties of the material. 
They studied both physical (e.g., conformational disorder) 
and chemical defects (e.g., broken bonds and impurities) and 
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showed that while typical physical trap energies were of 
the order of 0.15 eV and all are less than 0.3 eV (for poly-
meric insulators), the chemical defect trap energies reached 
about 1 eV even for impurities with negative electron af-
finity for free molecules [10]. The trap energy, Etrap, is 
defined as the energy difference between the electron af-
finity of the system with and without the defect, so that 

 trap defect reference   – .E EA EA=  (1) 

Therefore, even in case of negative electron affinity of 
the free impurity atom, the affinity for the adsorbed atom 
may be positive. Another explanation for the quenching 
mechanism of the electron emission by impurities was 
that the electron affinity of the impurity does not account 
for the effect, i.e., a surface impurity of any kind may 
prevent bulk electrons from appearing at the surface. To 
check this assumption, we carried out experiments with 
molecular D2 and provide, in this paper, detailed results 
of the study. The results turned out to be unexpected. It is 
generally agreed that the electron affinity of the H2 mole-
cule is negative, though the exact magnitude is under 
question. Using the valence bond method Dalgarno and 
McDowell computed Ea = –3.6 eV [11], while Fisher–
Hjalmars reported – 0.28 eV [12]. Value of – 2.4 eV is 
available from the book by H. Stewart and W. Massey 
[13], and results between – 2 and – 1 eV are presented by 
J.K. Park depending on the calculation procedure, see 
[14] and references therein. With respect to the electron 
affinity, the molecular hydrogen is between He and CH4 
impurities. It is worth noting that hydrogen coverage 
was found to change the electron affinity of the diamond 
crystal surface from positive of + 0.38 eV to negative of 
– 1.27 eV [15]. The hydrogenation was achieved by treat-
ing a diamond sample in hydrogen plasma. Amazingly, 
despite the difference in the solids under study and cove-
rages used: solid Ne and D2 layer, in the present study, 
and diamond single crystal and H adatoms in Ref. 15, the 
effects which the coverages had on the electron emission 
turned out to be similar. 

2. Experimental 

The electrons escaping into the vacuum from the sam-
ple were observed through the electron cyclotron absorp-
tion using a conventional EPR device [4]. The setup and 
experimental procedure have been presented elsewhere 
[4,16]. Briefly, they were as follows. The bottom of a 

quartz finger filled with liquid helium served as a low tem-
perature substrate for the gases being condensed. The bot-
tom was located at the center of the microwave cavity of 
an X-band EPR spectrometer. The cavity was evacuated 
and cooled externally with liquid nitrogen vapor providing 
a cavity temperature from 77 to 300 K. An electrodeless 
high-frequency (15 MHz) discharge operating in pulsed 
regime was excited in the gaseous Ne which was passed 
through a glass tube with an outlet of approximately 0.6 
mm diameter. The products of the discharge entered the 
cavity and condensed on the finger bottom, forming Ne 
solid. The solid was subjected to the action of the irradia-
tion from the outlet, which, thus, operated as an open-
discharge source. The deuterium gas flow was supplied to 
the substrate by a quartz tube inserted into the cavity. The 
tube was placed outside the discharge zone. The end of the 
quartz tube was located close (3 mm) to the substrate. Thus 
two separate channels supplied gases under study to the 
substrate: the discharge channel and the matrix channel. 
Both gaseous flows were cooled with liquid nitrogen vapor 
prior to deposition. The substrate temperature was lowered 
down by pumping-out the liquid He bath. The base pres-
sure in the experimental chamber was 2·10–6 Torr. Pure 
gases were used with the following impurity contents: 
0.004% Ne and 0.3% D2 (molecular hydrogen being the 
major impurity). 

The working pressure of the microwave discharge was 
assessed as being of some 102 Pa whereas the pressure in 
the cavity was in the tens of mPa range. The pressure dif-
ference was maintained by either small diameter of the 
outlet or differential pumping provided by both the cold 
surface of the quartz finger and the set-up pumping facili-
ties. Since the spectra are taken when the discharge is run-
ning in the gaseous Ne, the magnet is turned on and the 
strong external constant magnetic field of ∼ 0.33 T effects 
the discharge operation. The axis of the discharge tube is 
perpendicular to the magnetic field lines. In order to oper-
ate the discharge at low pressure and make it stable and 
prevent it’s extinguish, we tried out different ways of 
coupling the high-frequency power into the discharge. 
Eventually we found that the best result was produced 
when the power was fed into two copper rods parallel to 
the tube axis and located in the plane perpendicular to the 
magnetic field lines. Thus the discharge operates as a win-
dowless microwave source of the VUV radiation with dif-
ferential pumping. 

Table I. Energy positions of excitons in solid Ne from transmission data [18]. All energies are given in eV. 

n 1 2 3 4 5 

j 3/2 1/2 3/2 1/2 3/2 1/2 3/2 1/2 3/2 1/2 
Energy position 17.36 17.50 20.25 20.36 20.94 21.02 21.19 – 21.32 – 

Here, n is for the principle quantum number and j is for the momentum of the hole. 
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At the gas pressures in the range of tens or hundreds of 
Pascals, the main photon flux comes from the NeI radia-
tion [17]. Once absorbed, the radiation may lead to an ex-
citation creation in the solid Ne subjected to the VUV ir-
radiation from the open discharge in gaseous Ne. Table 1 
lists energy positions of exciton absorption bands in solid 
Ne [18]. Listed in Table 2 are wavelengths, intensities [19] 
and photon energies corresponding to the spectrum lines of 
neutral Ne atoms. 

It is obvious from the Tables that the lines in the solid 
rare gases are shifted to higher energy as compared with 
the corresponding lines in the gas-phase. The blue shift 
decreases with increasing quantum number so that the 
series limit of the gas and that of the solid lie close to-
gether. Some gas-phase lines of the 2s22p54d–2s22p6, 
2s22p55s–2s22p6 and 2s22p53d–2s22p6 transition arrays 
are within the absorption exciton bands of Γ(4s), Γ(4s′) 
and Γ(5s) transitions. Hence, the discharge irradiation 
excites high-energy states of the solid Ne. 

3. Results and discussion 

Figure 1, shows ECR signal intensity, A, open circles, 
and gas pressure in the microwave cavity pres, open trian-
gles, for the 4.2 K sample versus pressure p measured at 
the warm end of the tube supplying the gaseous D2 to the 

substrate. The pressure is proportional to the rate of the D2 
impurity gas flow. 

This warm end was attached to a needle valve which 
governed p and, hence the He flow. The flow might also be 
assessed by the gas amount consumed from the storage 
container. The rate of an impurity gas flow q depends li-
nearly on p [2]. Intensity data are obtained based on the 
amplitude and width of the ECR resonance. Some excess 
broadening was recorded at large deuterium flows. The 
intensity is corrected to the broadening as being propor-
tional to the squared peak-to-peak ECR derivative width. 
The experimental data on the broadening may bring infor-
mation on the collisions of the emitted electrons in the near 
vicinity of the sample surface. Indeed, an assessment of the 
Larmor radius suggests that the electron is localized very 
close to the surface which it has escaped. For the kinetic 
energy of the emitted electrons of some hundred Kelvin 
[4], a Larmor radius is several micrometer for the electrons 
in magnetic field of 0.33 T. Generally, the ECR line broa-
dening may be considered as due to the electron–neutrals 
collisions, electron–electron collisions, and nonuniformity 
of the magnetic field across the cavity [3,4]. The above 
excess broadening may be considered as due to the either 
collisions between the free electrons and neutral Ne atoms 
and D2 molecules or scattering of the electrons by surface 
roughness. The latter process is probable to contribute no-
ticeably to the width because of the small Larmor radius of 
the ejected electron and extreme roughness of the Ne 
quench condensed film. As a result, the increase in the 
peak-to-peak width ΔH upon increasing pressure pres, in 
the microwave cavity is observed for the ECR adsorption 
line. The similar effect was found out previously in the 
Ne–He experiments [1,2]. It was observed with far lager 
range of the pres variation which makes it possible to plot 
ΔH against pres, Fig. 2. 

The excess width is proportional to the gas pressure as 
expected for the ECR adsorption of free electrons in par-
tially ionized gases [20]. Thus, the present Ne–D2 experi-
ment as well as the previous Ne–He measurements subs-
tantiate that the electron–neutrals collisions may contribute 
markedly to the ECR linewidth in our experiments. This is 
probably due to the fact that most of the free electrons are 
orbiting in the external magnetic field close to the sample 
surface, thus, interacting with both the neutral particles at 
large concentration and surface roughness. Earlier [4], al-

Table 2. Wavelengths, emission intensities [19] and photon energies for the spectrum lines of neutral Ne atoms. The values reported 
in Ref. 19 represent the wavelength observed for a discharge in neon with the naturally occurring isotopic abundance. Here λ is given in 
Ǻ, while Ef is in eV. 

λ 595.92 598.71 598.89 600.04 602.73 615.63 618.67 619.10 626.82 629.74 735.90 743.72 
Ef 20.81 20.71 20.71 20.66 20.57 20.14 20.04 20.03 19.78 19.69 16.85 16.67 
I 30 20 10 20 40 50 50 40 60 60 300 120 

Fig. 1. ECR signal intensity A (open circles), and gas pressure in
the microwave cavity, pres, (open triangles), for the 4.2 K sample
versus pressure p measured at the warm end of the tube supplying
the gaseous D2 to the substrate. The pressure is proportional to
the rate of the D2 impurity gas flow. 
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most the whole ECR broadening was attributed to the elec-
tron–electron collisions. 

Figure 1 suggests the nonmonotonic dependence of A 
on p: increase in the ECR signal intensity at relatively 
small D2 impurity concentration in solid Ne, while de-
crease in the intensity at large impurity concentration. 
Thus, the effect of the D2 impurity is in marked contrast 
with effects which He and CH4 impurities have on the pho-
toelectron emission from solid Ne. Both, He and CH4, do-
pants decrease significantly the free electron emission from 
the solid Ne [1,2,5]. An analysis of the experimental data, 
including fitting of the data, showed [1,2,5] that the surface 
impurities played the major role in emission quenching, 
while the bulk impurities have negligible effect on the 
emission compared to the surface ones. Furthermore, the 
discussions of the models of the active surface sites sug-
gested that the flat surface is inactive in the photoemission 
which occurs, most probably, through the low-coordinated 
surface sites. Electrons are found to be delocalized in the 
bulk solid Ar [6,21] and Ne [21]. In nominally pure ma-
trices of light gases, the electrons can be trapped only by 
such lattice defects as vacancies and vacancy clusters [6] 
due to negative electron affinities of these matrices. Some 
of the electrons generated in the conduction band by UV 
irradiation and traveling inside the solid can eventually 
reach the surface. It is known that charges (electrons and 
holes) can be trapped at topological features, such as steps 
on the surfaces of insulating materials. The irradiation 
enables the trapped surface electrons to escape rapidly into 
vacuum from these shallow traps. Impurities, He and CH4, 
adsorbed at those cites, turned out to be effective traps in 
solid Ne, thus, not allowing the electrons to escape into the 
vacuum. Surprisingly, this occurs despite the affinities of 
different signs of He and CH4. 

Effects of He and CH4 doping on the photoelectron 
emission from solid Ne [1,2,5] are related to radiation-
induced charging in polycrystalline insulating materials. 
Recently, it was demonstrated by first-principles calcula-
tions that the surface trapping of electrons occurs even in 
negative-electron-affinity materials [22,23]. By examining 
insulators like MgO, LiF and NaCl, the authors showed 
that low-coordinated sites and grain boundaries may act as 
traps for conduction-band electrons. The calculations are 
substantiated by experimental findings on UV desorption 
of neutral Mg and O atoms from particular MgO sites 
[24,25]. The proposed mechanism of desorption involves 
localization of excitons as well as electrons and holes at 
three-coordinated surface sites–corners and kinks. 

The role of low-coordinated surface sites becomes more 
convincing when one relates to the different results for 
hampering the electron emission by He adsorption ob-
served for the samples at 4.2 K and 1.6 K [1,2]. The impur-
ity He gas flow has no effect on the electron yield from the 
Ne samples at 4.2 K while hampers the yield by an order of 
magnitude for the samples at 1.6 K. This is attributable to 
the small binding energy of a He atom on the Ne substrate. 
The van der Waals constant C3 the well depth D and the 
binding energy Eb of the 4He — flat neon substrate interac-
tion potential are not known precisely from the measure-
ment. Realistic estimation of this value may be obtained in 
the harmonic approximation [26]: 

 1
2bE D
ω

= − + , (2) 

where 1ω is the zero-point vibration frequency obtained 
from the near universality of physisorption potentials de-
termined from experiments on inelastic He atom scattering 
on various surfaces [27]: 

 
5 1
6 3

1 3
k D C
m

−
ω = . (3) 

Here k = 21 and m is the 4He mass, D = 60 K, C3 = 
= 163 K·Å, from Ref. 27 and references therein. As a re-
sult, we calculated the binding energy from Eqs. (2) and 
(3) to be 44 K, which is in agreement with Eb = 37 K for 
3He on the same substrate, see [28] and references therein. 
He atoms, which are initially adsorbed on a terrace, can 
then either diffuse on the terrace to the step edges and be 
trapped there or be desorbed from the Ne surface. The time 
for hopping between terrace sites: 

 0 exp
2

b
h

E
T

⎛ ⎞τ = τ ⎜ ⎟
⎝ ⎠

. (4) 

The time of adsorption on a terrace: 

 0 exp .b
a

E
T

⎛ ⎞τ = τ ⎜ ⎟
⎝ ⎠

 (5) 

Here 0τ = 10–13 s. 
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Fig. 2. Linewidth of the ECR adsorption ΔH for the 4.2 K sample
versus pressure p measured at the warm end of the tube supplying
the gaseous He to the substrate. The pressure is proportional to
the rate of the He impurity gas flow. 
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If we take the terrace linear dimension L to be of the 
order of the size of a crystallite, than, roughly, L ∼ 100 nm 
[29]. Based on this estimation and the Ne lattice constant 
(the hopping length), a = 0.3153 nm, we obtain number of 
diffusion hops which a He atom needs to reach the step 
edge via random walk: 

 
2

.LN
a

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (6) 

Equations (4) and (6) give us the diffusion time: 

 d h Nτ = τ .  

The ratio τa/τd gives an estimate of the chance that He 
atom will be trapped at the step edge. Let us take Eb = 
= 37 K. Then the ratio τa/τd will be 8·10–4 and 1, for 4.2 K 
and 1.5 K samples, respectively. Thus, a He atom initially 
adsorbed on the terrace is likely to be trapped at the step 
edge of the 1.5 K sample, while would be desorbed from 
the 4.2 K terrace. On the other hand, cryopumping of small 
He flows by Ne takes place in the 4.2 K samples [2], which 
is evidenced from nonlinear p(pHe) dependence, where pHe 
is the helium pressure in the cavity. This may be achieved 
through the sequence of adsorption-desorption processes 
which a He atom experiences on the surface of highly por-
ous Ne sample until the atom reaches a site with high bind-
ing energy or escape into the vacuum. With increasing He 
flow, these sites are “saturated” and p(pHe) dependence 
becomes linear. Based on the accommodation times, one 
can assume that the above “special” sites (sites with a large 
binding energy) are adatom positions with 8 or 9 neighbors 
[29] rather than the step edges with 5 neighbor Ne atoms 
[29]. Indeed, for the 4.2 K sample, the time of adsorption 
on the step edge will be: 

 7
edge 0

5
3exp 2.4 10 s

bE

T
−

⎛ ⎞
⎜ ⎟

τ = τ ≈ ⋅⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

,  

which is much below the time of the monolayer formation, 
τmono = 0.02 s, estimated from the rate of the Ne flow. 
Hence, the He atom will be desorbed from the step and not 
trapped there. On the other hand, the sites with 8 and 9 Ne 
neighboring atoms yield τedge of 1.6·10–3 s and 0.03 c re-
spectively, which is much closer to τmono. Vacuum cryo-
condensates of van-der-Waals (vdW) gases, solid Ne in-
cluding, were shown earlier [30] to be effective sorbents 
for helium with physical mechanism of adsorption. The 
connection of adsorption values was related to the structur-
al and thermophysical parameters of cryocondensates. 

Thus, the analysis of the accommodation times subs-
tantiates the suggestion that photoelectrons escape the 
sample from regions where two Ne planes cross, probably, 
step edges. 

The Ne–He and Ne–CH4 experiments discovered that 
the ECR amplitude started to decrease at comparatively 
low gas impurity flows related to the p values of: 0.2 Pa, in 
Ne–He 1.6 K runs, 0.04 Pa, in Ne–CH4 4.2 K runs, and 
0.3 Pa, in Ne–CH4 1.6 K runs. In any event, the photo-
emission yield dropped by several times before the pres-
sure, p, at the warm end of the tube supplying dopant 
reached a value of 2 Pa. Given the dynamic viscosity coef-
ficients at 273 K of: 19 μPa⋅s He, 11 μPa⋅s CH4, and 12.5 
μPa⋅s D2 (assessed from 8.8 μPa⋅s H2), the flow rates of 
the above gases should be rather close at close p quantities. 
Thus, Fig. 1 suggests that no quenching of the photoelec-
tron emission from Ne surface low-coordinated sites was 
observed in D2 doping experiments. On the contrary, the 
ECR signal amplitude was found to increase markedly at 
pressures lower than about 10 Pa. Some hint to explain the 
increase of the emission may be obtained from the obser-
vations as follows. A part of the gas supplying line be-
tween the closed needle and a shut valves (100 cm3 ap-
proximate volume) was filled with a dopant gas up to 
several hundreds Pa. Then the shut valve was opened and 
the pulse gas flow was supplied to the solid Ne sample 
being under the action of the open Ne gas discharge. Im-
mediately, the ECR signal multiplied several times its am-
plitude, regardless of the type of dopant gas used. Figure 3 
presents ECR signals recorded both before and some mi-
nutes after the shut valve was opened. The effect of the 
abrupt amplitude rise was observed not only with the use 
of D2, O2, and Ne gaseous dopants, Fig. 3, but with He and 
CH4 ones as well. 

With the gradual evacuation of the 100 cm3 volume 
through the gas supplied matrix line, the ECR signal grew 
smaller and reached amplitude close to the one recorded 

Fig. 3. Photoelectron emission from solid Ne. The figure demon-
strates abrupt increase in the ECR adsorption intensity when the 
pulse gas flow is supplied to the substrate through the matrix 
channel: before the shut valve is opened (a); certain minutes after 
the shut valve was opened (b). The figure shows results obtained 
with the use of molecular deuterium, oxygen, and atomic neon. 
The liquid helium temperature in the cryostat is 4.2 K. 
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before the shut valve was opened. The time change of the 
intensity is seen from Fig. 4. The clue to the explanation of 
this step like growth of the electron emission upon the ac-
tion of the pulse gas flow lies most probably in the finding 
of shallow electron traps in the rare gas solids (RGS) pos-
sessing negative electron affinity. Thus, considerable con-
centration of electrons trapped in solid neon matrix was 
reported by Frankowski et al. [31] and Savchenko et al. 
[32]. The authors measured thermally stimulated exoelec-
tron emission (TSEE) from solid neon layers formed by 
depositing the gas on a cold substrate with concurrent elec-
tron irradiation. 

The electron emission from pre-irradiated samples was 
detected in two types of experiments: upon gradual heating 
of the sample at a steady rate and in a series of discrete, 1 
K heating steps. The trapped electrons were shown to be 
localized not in well-defined traps of uniform depth and 
with identical activation energy, but in a nearly continuous 
distribution of traps with varying depths. Testing whether 
the observed electrons are extracted from the entire volume 
of the sample or only from the surface layers, the authors 
came to the conclusion that most of the obtained exoelec-
tron current originates in the top 10–20 μm of the sample. 
Shallow electron traps were also observed in solid Ar, 
another rare gas matrix with negative electron affinity 
[33,34]. In the first report of TSEE from solid Ar [33], one 
of the TSEE peaks, at 12 K, was related to surface traps 
and traps at inner interfaces in the sample. Even shallower 
TSEE peak was observed at 9 K. It is worth noting two 
peculiarities of the TSEE yield the authors stressed for Ne 
and Ar films. First, the concentration of trapped electrons 
was much higher in quench-condensed unannealed films. 
This was attributed to the higher number of electron traps 
in unannealed films [34]. The TSEE yield from films 
grown by layered deposition under electron beam irradia-

tion exceeded that detected from the samples irradiated 
after deposition [31,34]. Thus, one may expect that, in our 
experiments where the Ne gas is quench-deposited being 
under the action of the excitation radiation, the conditions 
are favorable to observe large electron emission from the 
sample.  

We believe that our experiments with pulse gas flows 
give additional support to the previous finding of the for-
mation of shallow electron traps on the Ne surface. In that 
case, the heat delivered by any gas condensing on the sam-
ple surface promotes the electrons from the traps into the 
vacuum. In the previous ECR study [4] of the electron 
emission from solid Ne, an effect of the sample tempera-
ture on the emission was observed and measured. The 
temperature was varied in the range from 4.2 through 21 
K. We recorded an emission drop by the order of magni-
tude with the sample temperature increasing from about 7 
to 12 K. The discrepancy between the temperature effect 
on the emission reported in the present and previous [4] 
study lies, supposedly, in the fact that the rise of the sub-
strate temperature [4] brings about the temperature in-
crease of the entire bulk of the Ne film, while adsorption of 
the large gaseous flow causes primarily heating of the sur-
face with the result of the temperature gradient through the 
sample thickness. The conduction electrons appear in the 
bulk of the solid Ne condensed from discharge and sub-
jected to the action of the excitation radiation. Some elec-
trons reach the surface and are ejected into the vacuum, 
while some are trapped in the defect sites. Two processes 
may be supposed to give rise to the decrease of the emis-
sion yield obtained in Ref 4. The first one may be that the 
increasing Ne bulk temperature would give rise to a drop 
in the efficiency of the formation of electrons in the con-
duction band. The second one is based on an assumption 
that the probability of self-trapping of electrons decreases 
with increasing temperature, while their mobility increases, 
and hence the rate of formation of luminescence centers 
increases sharply during recombination [35] manifesting 
the lost conduction electrons.  On the contrary, a moderate 
and inhomogeneous heating of the sample surface by the 
pulse gaseous flow frees up electrons from the shallow 
traps influencing no efficiency of the formation of the elec-
trons in the conduction band in the bulk. 

In contrast to the He and CH4 dopants, the study with 
D2 dopant produced no reliable effect of the sample tem-
perature changing in the range 1.5–4.2 K on the electron 
emission. Most probably, this finding is in line with the 
inference about the nearly continuous distribution of traps 
with varying depths at the Ne surface [31]. 

As was noted above, the D2 doping effect differs signifi-
cantly from that for He and CH4 impurities in that the D2 
impurity turns out to be capable of increasing the electron 
emission from the matrix. Because of the very similar Len-
nard Jones potentials of the D2 and Ne solids, the D2 mole-
cules may be considered a near isotopic impurity. Therefore, 

Fig. 4. Time variation of the ECR adsorption intensity after the
shut valve was opened thus supplying the pulse flow of gaseous
D2 to the substrate. The arrow indicates the moment when the
valve was opened. 
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the deuterium adsorbate has no negative effect on the emis-
sion of electrons from the steps on the Ne surface. Further-
more, mobile D2 atoms diffusing across the Ne surface may 
be trapped at the terrace defect sites, thus “healing” the de-
fect structure. As a consequence, lesser quantity of the ter-
race surface traps is available for the electrons which even-
tually appear on the steps which are active to the electron 
emission. The above mechanism implies noticeable solubili-
ty of a dopant in the solid Ne. The solubility of He and CH4 
in Ne is close to zero, as opposed to the large fraction of the 
D2 component found in the D2–Ne solid mixtures. 

Let A(p) be the ECR signal intensity depending on the p 
which is proportional to the flow rate of the gaseous dopant. 
The fitting of A(p) may justify the assumption about the 
role of the surface D2 atoms and provide valuable informa-
tion on the process of the photoelectron emission. It is rea-
sonable to take the number of electrons escaped the surface 
traps due to the “healing” the defect structure by adsorbed 
D2 molecules as proportional to the D2 concentration n. It is 
also reasonable to assume that this concentration shows a 
maximum nmax, at a solid solubility limit for D2 in quench 
condensed Ne. Our experiments evidence occurrence of the 
limit, at large deuterium flows, through sudden bursts of the 
pressure which follow partial sample decomposition. In that 
case one could take the increment of n as 

 ( )max~n n n pγΔ − ⋅Δ ,  

where Δp is proportional to the increment of the deuterium 
gaseous flow rate. Our fitting procedure showed a reliable 
exponent γ to be 2. 

Hence, the A(p) dependence, which accounts also for 
the emission taking place from the Ne surface regions free 
from adsorbed D2 molecules, can be written in the form: 

 1
1

1
( )

1
b

A p a
c p

= +
+

 (7) 

with constants a1, b1, and c1 to be obtained in the fitting 
procedure. 

Curve 1 (Fig. 5) plotted using Eq. (7) matches well ex-
perimental results at small D2 flows. The decrease in the 
intensity with increasing deuterium flow above approx-
imately 10 Pa may be explained based on the assumption 
that solid D2 microcrystals are formed in the sample. Pre-
viously [5], perceptible effect of the CH4 microcrystal 
formation on the electron emission from the Ne sample 
was found at the dopant pressure exceeding 2 Pa.p ≈  The 
larger is the deuterium flow the lesser is the free Ne sur-
face Sfree ejecting the electrons into the vacuum. Based on 
the dopant crystal concentration proportional to 

3 3
2/ (1 )d dp k p+  with d3 = 2 [5], we came to the conclu-

sion that the Ne crystal concentration would be proportion-
al to 3

21/ (1 ).dk p+  Then we obtain the fitting expression: 

 1
1 2

1 2

1( )
1 1

b
A p a

c p c p

⎛ ⎞
= + ⋅⎜ ⎟+ +⎝ ⎠

. (8) 

The fitted curve 2 plotted with the use of Eq. (8) is in good 
agreement with the experimental data obtained at not too 
large values of p. One could suppose that the large dopant 
flows cause some heating of the sample with the result of 
the thermally induced emission of electrons from shallow 
traps. The surface temperature of the sample is proportion-
al to p. Eventually we obtained the fitting expression 
which accounts also for the solid deuterium microcrystal 
formation which contributes to the emission with a term 
proportional to 2 2

1/ (1 )p d p+ : 

    
2

31
1 22 2

1 1 1

1( ) .
1 1 1

b pb
A p a a p

c p d p d p

⎛ ⎞
= + + +⎜ ⎟+ + +⎝ ⎠

 (9) 

An agreement between the theoretical model and experi-
ment, curve 3 (Fig. 5), may be considered as rather good. 
At small D2 flows, the curves 2 and 3 overlap thus being 
undistinguishable. 

Constants a1, b1, and c1 obtained in fitting procedure 
(9) makes it possible to get a crude estimate of the solid 
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Fig. 5. The intensity of the ECR signal A for the 4.2 K neon sample 
versus pressure p measured at the warm end of the tube supplying 
the gaseous D2 to the substrate. Open circles — experimental data; 
fitting curves: a curve which fits the experimental data obtained at 
small D2 flow rates; it was calculated in the assumption that the 
surface D2 molecules “healed” the defect structure of the Ne sur-
face (1); a curve fits experimental data obtained at small and mod-
erate D2 flow rates; the curve accounts for the “healing” effect (like 
curve 1) and allows also for the effect that the concentration of the 
Ne microcrystals decreases with increasing the D2 flow rate (2); a 
curve which fits the experimental data in the whole pressure region; 
besides the effect which adsorbed D2 molecules have on the emis-
sion from the Ne surface, the curve accounts for the formation of 
D2 microcrystals and heating of the sample; the heating results in 
the thermally induced emission of electrons from shallow traps (3).
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solubility limit for D2 in quench condensed Ne. Based on 
the consumption of gaseous Ne and D2 from the storage 
volumes during experimental runs and a geometry of the 
gas deposition arrangement in the microwave cavity, we 
assess that, at p ≈ 10 Pa, the D2 flow rate to the substrate is 
nearly equal to the Ne flow rate, thus, making 0.28 
mmol/h. While H2 crystals are stable enough that Ne is not 
soluble in H2 to any significant extent, H2 is soluble in Ne, 
however [36,37]. In that case, the model we used of the 
physical mixture of Ne microcrystals doped with D2 mole-
cules and pure D2 crystallites seems to be reliable. The 
initial ECR signal intensity, A(0), is calculated as A(0) = 
= a1 + b1 and relates to the emission from pure Ne crystal-
lites. The coefficient a1 presents an asymptotic value of the 
intensity 1( )A a∞ =  being proportional to the solid solubil-
ity limit for D2 in quench condensed Ne. Next we assume 
that D2 concentration of 1% is completely dissolved in Ne. 
Indeed, H2 was previously found to be dissolved in quench 
condensed Ne with H2 concentrations up to 40% [36] at 
5 K. The D2 concentration of 1% in Ne corresponds to p ≈ 
≈ 0.1 Pa. Then, because of the assumed proportionality 
between the D2 concentration and excess emission of elec-
trons, solid solubility limit may be obtained as 

 
( )
( )

1 1 1

1 1
0.01

(0.1)
a a b

A a b
− +

=
− +

  

 
( )( )
( )( )

127.8894 – 127.8894 85.0025
0.158.

48.2721 127.8894 85.0025
+ −

= =
− + −

  

Thus, the crude estimate of the solid solubility limit of D2 
in quench-condensed Ne is 16%. In samples rich of Ne, 
appearance of the hcp phase with lattice volume close to 
that of the solid D2 was observed only with concentrations 
over 50% of D2 in gaseous Ne–D2 mixture [37]. Lesser 
concentrations brought about two solid structures, fcc and 
hcp phases, with lattice volumes close to that of the pure 
Ne. A monophase fcc mixture was found for deuterium 
concentrations below 5%. Belan et al. [38] performed x-
ray investigations of vacuum condensates of the binary 
mixtures Ne–nD2 at temperatures from 6 K to the melting 
point of the solutions. In the intermediate concentration 
range of D2 in Ne, they observed  a metastable hexagonal 
hcp2 phase with volume close to the volume of the neon 
lattice together with the equilibrium hcp1 and fcc phases of 
solid deuterium and neon, respectively. It turned out that as 
the deuterium concentration increases above 4.5 mole% D2 
completely dissolves in the metastable hcp2 phase. In addi-
tion, the amount of the latter phase increases linearly and 
that of the fcc phase decreases with increasing concentra-
tion of nD2 molecules. For deuterium concentrations above 
50 mole%, the amount of the fcc phase in the samples with 
condensation on a substrate at temperature 6 K is so small 
that within the sensitivity of the experiment only two hex-
agonal phases — hcp1 and hcp2 — were formed when the 

samples were condensed at low temperatures. The authors 
[38] referred to the estimates of the highest H2 concentra-
tions in solid Ne up to 10 %. 

The model we use, see Eq. (9), implies no abrupt ap-
pearance of the pure D2 hcp phase with increasing deute-
rium concentration above 50%, the “threshold” concentra-
tion. However, the equation shows rather fast rise of the D2 
microcrystal concentration with increasing p. A very rough 
assessment of the D2 “threshold” concentration may be 
obtained from our model if we take a position of the max-
imum of the derivative of 2 2

3 3 1( ) / (1 )A p b p d p= +  func-
tion as indicative of such a concentration. With d1 = 
= 0.00047, obtained in fitting procedure, we found out p = 
= 26 Pa at the maximum derivative of A3(p) which makes 
the “threshold” concentration to be 70%. 

Thus, the above estimate of the solubility limit is in 
general agreement with the previous results on the struc-
ture of the Ne–D2 solid solutions. 

Let us consider a maximum temperature gradient through 
the sample thickness which happens because of the heat of 
condensation loaded on the sample surface at maximum deu-
terium flows. To give a hint about the thickness of the sample 
film let us consider the largest magnitude of the gaseous D2 
flow of 4.4 mmol/h when the sample is generally the deute-
rium solid. Such a flow provided for an hour makes 4.4 mole 
of solid D2 at the substrate surface, i.e., the bottom of the 
quartz finger. The bottom area is approximately S = 1 cm2. 
Given the solid n-D2 lattice volume of 20 cm3/mol [39], the 
film thickness would be about 1 mm. The solid D2 thermal 
conductivity at 4 K and heat of the phase transfer (when the 
temperature is lowered from 80 to 4 K) are ≈100 W⋅m–1⋅K–1 
and 3.483 kJ/mol, respectively [29]. Then, the temperature 
gradient would be ΔT ≈ 0.4 mK for the 1 mm thick film. The 
heat resistance of the quartz finger bottom is expected to give 
larger contribution to the surface temperature of the solidified 
gas layer. Given the bottom thickness of d = 0.5 mm, we 

estimate the thermal flow: 
6

4
42SP dT

d
= λ =∫ mW. Here, 

6

4
0.211dTλ =∫  W/m is the integral thermal conductivity of 

the fused silica [29]. The maximum thermal flow during gas 
condensation was assessed to be 4.3 mW suggesting, thus, 
the temperature gradient through the bottom thickness of 
0.2 K. With so moderate an averaged surface heating at hand, 
we believe that the thermally activated electron emission 
comes from some surface regions with high enough tempera-
tures which happen to exist because of the nonuniform tem-
perature distribution across the sample growing from the 
gaseous Ne–D2 mixture. One could suppose that the over-
heating of these surface regions is due to the lattice relaxation 
of the quench condensed Ne–D2 mixture. As was mentioned 
in the present paper, the release of a large amount of heat 
during the matrix structure relaxation is evident through the 
pressure bursts which occur in the cavity at times during 
growth of the sample with large impurity concentration. 
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Figure 1 shows increase in pres of about 8 mPa at larger 
deuterium flows thus suggesting partial lost of the gaseous 
deuterium supplied onto the substrate. This means that a 
part of the dopant was pumped by the pumping facilities of 
the set up through an annular gap between the quartz finger 
and a microwave cavity cover. The lost however is esti-
mated to be negligible, which is evidenced from the fact 
that only 1 Pa increase in the pressure p of the noncondens-
ing gaseous component causes rise in pres of 22 mPa, see 
Fig. 2 in Ref. 2. If one allowed for the above 8 mPa in-
crease in pres the correction to p would be about 0.36 Pa, 
i.e., insignificant. 

4. Conclusions 

The effect of the D2 doping on the electron photoemis-
sion from solid Ne was studied at the sample temperatures 
from 1.5 K to 4.2 K. As opposed to the experiments with 
He and CH4 impurities the deuterium one yields non-
monotonic dependence of the emission on the impurity 
concentration. What is more surprising is that the emission 
shows increase with increase in the dopant concentration. 
Possibly the electron emission peculiarities of the D2 
doped Ne relate to the exceptional properties which the 
neon-hydrogen mixture is believed to have. The molecular 
volume of the neon is small enough relative to the hydro-
gen one that it falls in the proper range of relative species 
sizes to form a Laves phase crystal of the form H2(Ne)2 or 
D2(Ne)2 similar to the vdW compounds formed at high 
pressure. D2 can also be considered an isotopic impurity in 
Ne with very similar Lennard-Jones potential parameters: 

2.96 Å, 36.7 Kσ = ε =  and 2.79 Å, 36.7 K,σ = ε =  for 
the D2 and Ne solids, respectively [39]. The difference 
occurs mostly as a result of the difference in the zero point 
energies. The degree of quantum effects is quantified by 
the de Boer quantum parameter which is 0.193, for D2, and 
0.0918, for Ne [39]. The deuterium is also known to be 
soluble in rather large concentrations in solid Ne when 
deposited from the gas phase [37,38]. The tentative expla-
nation of the electron emission increase with increase in 
the D2 concentration is that lesser quantity of the terrace 
traps are available for the electrons which eventually ap-
pear at the low-coordinated step sites active with respect to 
the electron emission. At concentrations smaller than 
4.5%, the mobile D2 molecules would occupy the surface 
traps thus “healing” the defect structure of the Ne surface. 
At larger concentrations, new hcp2 phase appears [38] con-
tributing to the electron emission. Very crude estimate 
gives the D2 content of the phase of about 16%. With in-
crease of the D2 concentration in the gaseous mixture sup-
plied to the low-temperature substrate, the metastable hcp2 
phase substitutes the stable fcc phase. The concentration of 
the latter one, thus, gradually decreases [38]. One could 
suppose, that the hcp2 is a less defective structure than the 
fcc because of the large amount of light D2 component. As 

a result, one could expect larger free electron yield from 
the metastable phase manifesting in the increase of the 
ECR signal intensity. The model we used accounted also 
for both the formation of deuterium microcrystals and 
thermally induced electron emission at large gaseous flow 
rates onto the sample surface. 

The VUV photoinduced electron emission from rare gas 
solids (RGS) was found to be orders of magnitude larger 
than that from molecular gas solids [3,4]. This finding cor-
relates with other studies on the electron emission from 
rare gas solids. Baragiola et al. [40] studied electron emis-
sion from solid Ar, Kr, and Xe films induced by impact of 
10–100 keV protons of normal incidence. The observed 
electron yields turned out to be huge – hundreds of elec-
trons per incident ion: higher per amount of electronic 
energy deposited, than for any other material studied. The 
secondary electron yield was measured for solid Xe films 
excited by 1–10 keV x-rays [41]. The authors observed 
high electron yields and demonstrated that solid Xe will be 
useful as a very sensitive x-ray photocathode. The second-
ary electron emission yield δ was measured for condense 
layers of Ne, Ar, Kr, and Xe excited by primary electrons 
of energy ranging from 0.05 up to 3 keV [42]. The depo-
sited thickness ranged from 0 up to a few thousands mono-
layers. The authors observed high yields of the secondary 
electrons. At 3 keV, the maximum yield was not attained 
for the thickest layers despite the fact that the measured 
yields exceed several tens (about 75, for solid Ar). Thus 
the rare gas solids are proven electron emitters and may be 
considered as competing with hydrogen-terminated di-
amond which is under extensive study both theoretically 
and experimentally. Disadvantage of the rare gas solids 
compared to the diamond is that the RGS need low tem-
perature and vacuum conditions for preparation and opera-
tion of a cathode. On the other hand, the obvious advan-
tage of using RGS is possibility of manufacturing cathodes 
of the orders of magnitude larger area compared to those 
fabricated using the diamond single crystal [43]. Hereupon, 
the RGS cathodes would be, undoubtedly, the most sensi-
tive units. By way of example, one could think about a 
satellite orbiting the Earth and carrying solar-blind detec-
tors designed with the use of the large area UV sensitive 
surfaces covered with a rare gas solid. 

The present study proves that the electron emission 
from the RGS may be further significantly increased with 
an appropriate surface dopant. 
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