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Photoemission of Pairs of Electrons from Rare-Gas Solids
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Laboratoire de Photophysique Moleculaire, Universite de Paris-Sud, 91405 Orsay, France
(Received 5 May 1987)

By using a new photoelectron-photoelectron coincidence technique, we demonstrate that the absorp-
tion of vacuum-ultraviolet photons (20 & hto & 60 eV) by rare-gas solids leads to the ejection of pairs of
electrons in addition to the well-known single-electron photoemission process. We show that at least two
separate processes produce pairs of electrons with a surprisingly high efficiency.

PACS numbers: 32.80.Fb, 32.90.+a, 34.80.Dp, 79.60.—i

One photon can interact with only one electron at
once, so that photoemission of pairs of electrons, i.e. , the
absorption of a single photon followed by the ejection of
two valence electrons, is a forbidden process unless the
electron-electron Coulomb interaction is taken into ac-
count. Photoemission of pairs of electrons from the
valence bands has not yet been observed in solids al-
though it is known to occur in isolated atoms, ' mole-
cules, and clusters. Such processes have to be dis-
tinguished from the Auger process ' in which a core and
an Auger electron are emitted with well separated and
discrete kinetic energies. Photoemission of pairs of elec-
trons is a priori more difticult to study, both experimen-
tally and theoretically, than the Auger processes because
in this case the ejected electrons are indistinguishable
and have a nondiscrete kinetic-energy spectrum.

We report in this Letter the first observation of photo-
emission of pairs of electrons from solids. Rare-gas
solids (Ar, Kr, and Xe) were chosen because the van der
Waals interatomic interaction is only weak. This makes
their ionization energies comparable to the correspond-
ing isolated atoms. Furthermore, we know that double
photoionization is very efficient in the gas phase. One
can thus expect that photoemission of pairs of electrons
will also occur in rare-gas solids.

Synchrotron radiation from the DORIS II electron
storage ring at DESY (Deutsches Elektronen-Synchro-
tron, Hamburg) dispersed by a 3-m normal-incidence
monochromator was used as a photon source of variable
energy in the 20-56-eV-energy range. An ultrahigh-
vacuum chamber was equipped with a liquid-helium flow

cryostat. Rare gases were condensed at low tempera-
ture (=10 K) on a copper substrate with film thickness
of about 300 nm. A new double time-of-flight electron
spectrometer (see Fig. 1), which is described in detail
elsewhere, ' was used to measure the number of photo-
electron-photoelectron coincidences. Each of the two
time-of-flight spectrometers was operated in a nonselec-
tive mode with a wide entrance aperture so that electrons
could be detected with a high efficiency. The signal from
one of the collectors was fed to the start input of a time-
to-amplitude converter and the signal from the other col-
lector was sent to the stop input after being delayed by

about 350 ns. The number of false coincidences arising
from the detection of two uncorrelated electrons pro-
duced by the absorption of two photons during the same
radiation pulse of the storage ring is considered to be
equal to 2 times the number of coincidences due to the
detection of two electrons produced during two separate
synchrotron radiation pulses. The number of true
photoelectron-photoelectron coincidences N,' was then
obtained by the subtraction of 2 times the area of peak 2

from that of peak 1 in the photoelectron-photoelectron
coincidence curve (see Fig. 2).

The results are shown in Fig. 3. Here the ratio N,'/N,
(N,' is the number of coincidences and N, is the total
number of electrons detected by each detector) is plotted
as a function of the photon energy for solid xenon, kryp-
ton, and argon. We see a steep increase in the Xe, Kr,
and Ar curves at 20.9, 25, and 28.6 eV, respectively, fol-
lowed by a decreasing part and a second smooth increase
starting at 30, 36, and 40 eV, respectively. The origin of
these two sets of threshold energies can be understood
after examination of the data in Table I.

The lower set of threshold energies clearly corresponds
to the energies which are necessary to extract two p elec-
trons from two separate rare-gas atoms. This process,
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FIG. 1. Schematic diagram of the photoelectron-photo-
electron coincidence experiment.
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FIG. 2. Number of coincidences as a function of the dif-
ference At between the time of flight of the two photoelectrons.
This curve was recorded from a Xe film with photons of 27 eV.
Peak 1 corresponds to true plus false coincidences. Peak 2 cor-
responds to false coincidences only (see text) and is multiplied
by 10 in the figure in order to be observable. The separation
between two synchrotron radiation pulses was 960 ns.

which will be called secondary photoemission of pairs of
electrons or secondary double photoemission, consists of
the absorption of a photon by one atom followed by the
ejection of an electron which has sufficient kinetic energy
to ionize a second atom by electron-electron scattering
[see Fig. 4(a)]. Both the primary and the secondary
electrons are ejected from the solid and detected in coin-
cidence. One can assume in first approximation that the
onset energy of the secondary double photoemission is
the largest of the two quantities 2[I.P.(p)] and 2Eg,p(p)
depending on whether the electron amenity is positive or
negative. The predicted threshold energy of this process
is thus 19.6, 23.8, and 28.4 eV for Xe, Kr, and Ar, re-
spectively, which is in relatively good agreement with the
experimental values of 20.9, 25.0, and 28.6 eV. At the
present state it is difTicult to decide whether the slight
diAerence between these two sets of values is due to the
way in which the threshold energies have been measured
or to a small significant deviation from the above-
mentioned predicted rule. This first onset of electron
pair photoemission also coincides by chance, with the en-
ergies for single ionization from the outer s band (see
Table I) which could induce additional interatomic pro-
cesses. However, the excitation of the s electrons is be-
lieved to be negligible since its oscillator strength is very
small. ' We emphasize that the observed secondary
double photoemission is a very intense process since the
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TABLE I. Energies (in electronvolts) of electronic processes
in rare-gas solids: Eg,p(p), p-band gap energy; E,tr, electron
affinity; I.P. (p) and I.P. (s), ionization energy from the p and s
bands, respectively. In this table Max[A, B] refers to the larg-
est of the two quantities 2 and B.
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FIG. 3. Ratio of the number of true coincidences N,' to the
number of electrons detected by each detector %, as a function
of the photon energy for films of xenon, krypton, and argon
with a thickness of 300 nm. The arrows indicate the experi-
mental onset energies of the double photoemission processes.
The second onset was determined by the change of the slope of
the experimental curves.
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FIG. 4. Schematic representation of the multiple photoion-

ization processes in rare-gas solids: (a) secondary double pho-
toemission, (b) three-atom process, and (c) direct double pho-
toemission.

first maxima of the curves in Fig. 3 correspond to N,'/N,
values as high as 3.3&10 . Considering that the prob-
ability for an ejected electron to reach a given detector is
less than or equal to 0.08 (Ref. 10) and that the detec-
tion efficiency of each detector is about 0.5, this max-
imum value of N,'/N, corresponds to a ratio of the cross
section for ejection of pairs of electrons to the total pho-
toemission cross section of about 80%, which represents
a very high proportion of pairs of electrons.

From the results of Schwentner' it is known that the
mean free path of the primary electrons produced at the
onset photon energy of the double photoemission is
around 10 A for Xe, Kr, and Ar. These distances are
approximately equal to the smallest distances between
atoms in the corresponding solids, ' which indicates that
the pairs of electrons originate from neighboring atoms
or atoms close by. We note in passing that electron-
electron scattering processes have been the subject of
numerous experimental and theoretical studies in semi-
conductors, ' metals, ' and organic crystals. ' More re-
cently similar secondary eff'ects of photoelectrons, for
producing pairs of photoelectrons and photons detected
in coincidences in anthracene crystals, have also been ob-
served by Klein. '

The second process for ejection of pairs of electrons
with onset energies of about 30, 36, and 40 eV for Xe,

Kr, and Ar, respectively, may be ascribed, on the basis of
the data in Table I, to one or several of the three follow-
ing eff'ects:

(i) The ejection of two electrons from the outermost s
and p levels of two separate atoms. We know from gas-
phase experiments' that, for example, in xenon the ratio
cr(5s)/cr(5p) of' the partial ionization cross sections is ex-
tremely small all over the 25-40-eV photon-energy
range. Extrapolating these results to solids allows us to
consider that the ejection of an s electron with enough
kinetic energy to ionize another atom is a very unlikely
process in this photon-energy range. On the other hand,
we cannot completely exclude that a p electron would be
first ejected in order to ionize a second atom from the s
level.

(ii) The ejection of three electrons from three separate
atoms, i.e. , ejection, after photon absorption, of a pri-
mary electron followed by ejection of a second electron
by electron-electron scattering and ejection of a third
electron by electron-electron scattering on a third atom
[see Fig. 4(b)]. In such three-collision processes we
would not expect to see a large diff'erence between Xe,
Kr, and Ar since the secondary double photoemission
which is a two-collision process does not show any
significant change of intensity when going from Xe to
Ar.

(iii) The third possible process consists of the ejection
of two electrons from the same atom due to the intra-
atomic electron-electron interaction [see Fig. 4(c)].

It is known from the gas phase that these processes
have threshold energies at about 2.8 times the threshold
energy of the single photoionization process. The ap-
plication of the same empirical rule to the solid rare
gases leads to threshold energies of 27.0, 33.1, and 39.8
eV for Xe, Kr, and Ar, respectively. These values are
quite compatible with the experimental values for the on-
set energies of the second process for formation of pairs
of electrons. This direct (or primary) double photoemis-
sion process, when observed in the gas phase, has a rela-
tive efficiency as compared to the total photoemission
which decreases when going from Xe to Kr and Ar. A
similar trend is observed by us experimentally for the
solid phase if we consider the height of the second maxi-
ma of the curves in Fig. 3. It follows that the second
process for formation of pairs of electrons most probably
corresponds to a direct double photoemission of the same
type as that observed in isolated atoms, although we
cannot exclude that other processes, such as the three-
electron photoemission or the double photoemission in-
volving the s level, would also occur at higher photon en-
ergies. Further experiments using the kinetic-energy-
selective mode of the electron time-of-Aight spectrome-
ters will help us to distinguish between these processes.

In conclusion, the existence of photoemission of pairs
of electrons in solids has been clearly demonstrated in
rare-gas solids. At least two separate processes have
been shown to exist with a surprisingly high efficiency.
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This electron-pair emission seems to be a specific probe
of electron-electron correlations and electron-electron
scattering processes in solids.
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