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Excitation spectra of two-photon excited xenon near the triple point have been obtained in order to
study exciton structure near the band edge. While the band gap is suppressed in the low-temperature
liquid, absorption due to even-parity exciton states is presented and discussed. The even-parity
I';,,,n =2 Wannier excitons observed in the liquid are shifted approximately 0.12 eV to higher energies
relative to the energy of odd-parity excitons observed in the liquid by Beaglehole. The absorption
linewidths (full width at half maximum) are measured to be 0.15 eV. Comparisons are made to one-

photon absorption spectra in xenon.

I. INTRODUCTION

Although one-photon absorption has been studied pre-
viously in condensed xenon,! * we present here the re-
sults of two-photon excitation scans through the band
edge of liquid xenon during which direct excitation of the
even-parity exciton levels is observed. Justification for
measurements of the excitonic structure of condensed
rare gases lies mainly in the close correspondence be-
tween the fluorescence of the trapped exciton in the
liquid and the excimer in the gas. Exciton self-trapping
rates and fluorescence efficiencies in liquid and solid xe-
non have been measured with an eye towards utilization
of such as a lasing medium.

While similar measurements have been performed on
alkali halides,”® these data are a direct observation of
even-parity excitons in condensed xenon. The one-
photon excitation scans of Beaglehole? and Subtil et al.”
in liquid xenon yield linewidths consistent with those of
the data reported here, but, while the 2s, odd-parity exci-
tons observed in those experiments are shifted by approx-
imately 0.03 eV to the red®”® relative to the 2s exciton in
the solid at 160 K, the even-parity bands excited by two-
photon absorption in the liquid are shifted approximately
0.085 eV towards the blue. We present a model estimat-
ing the shift between the 2s and 2p excitons due to central
cell corrections which is consistent with the measured
shift of 0.115 eV. Further investigation of excitons in
solid xenon is warranted to present an all-inclusive mod-
el.

II. EXPERIMENT

Xenon gas was allowed to enter a stainless steel sample
cell from a high-purity stainless stell gas handling system.
The cell and gas handling system were baked at 400°C
for three or four days until an ultimate pressure of 107°
Torr was achieved. The xenon gas (99.9995% pure from
Spectra-Gas, Inc.) was purified further over a titanium
sponge held at 900°C. After entering the sample
chamber, the gas was condensed to a liquid by boiling off
liquid nitrogen at 77 K and flowing the vapor through 1-
inch copper tubing silver-soldered around the outside of
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the sample cell. The temperature was regulated using a
Lakeshore Cryogenics Model DRC 80C to within 0.1 K
with a Lakeshore Model DT-500 silicon diode supplying
the temperature feedback. Current was supplied to a ni-
chrome wire wrapped around the body of the sample cell
to adjust the temperature to within the desired range.
Due to the large difference in coefficients of expansion be-
tween stainless steel and solid xenon at 160 K, efforts to
lower the temperature of the sample below the triple
point resulted in fracturing of the crystal at the interface
of the stainless wall and the cryocrystal. The fissures pro-
duced by this tearing away from the walls rapidly spread
throughout the crystal until it became opaque to the laser
beam. This fracturing occurred within 1° of the triple
point thus prohibiting studies of the solid.

Following laser excitation, vuv fluorescence passed
through a MgF, window mounted on top of the cell and
was analyzed using a modified Seya 1-meter monochro-
mator to which was attached an EMR Model 541N-09-
13-03900 phototube. An attempt was made to detect visi-
ble or infrared (IR) fluorescence using a 1-meter Jobin-
Yvon monochromator with an RCA 8852 phototube but
fluorescence from two-photon excited liquid xenon was
not observed in this wavelength region. Laser light
passed into the sample cell through sapphire windows
sealed onto flanges on either end by gold O-rings. See
Fig. 1 for experimental setup. Radiation tunable between
245-300 nm was generated by frequency doubling the
output of a Hansch-type dye laser pumped by a Spectra-
Physics DCR-2 pulsed Nd:YAG (yttrium aluminum gar-
net) laser. Three dyes (Coumarin 500, Coumarin 540,
and Rhodamine 610) were pumped by the tripled output
of the YAG to cover the range of excitation of the exci-
ton states and band edge. Frequency doubling was
achieved with a beta-barium borate (BBO) crystal to ob-
tain 0.5 mJ of horizontally polarized uv radiation which
was focused in the center of the cell to a spot size of
~15 pum. Pulse widths were 6 nsec and the laser band-
width at the doubled wavelength was approximately 0.4
cm ™~ (5X 1073 eV). The uv beam was first sent through
an uncoated quartz flat whose front surface reflection was
directed onto an EG&G FND-100 absolutely calibrated
photodiode to obtain the laser energy on a pulse-to-pulse
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FIG. 1. Experimental apparatus for two-photon excitation

scans of liquid xenon.

basis. Fluorescence measurements following laser excita-
tion were normalized to the square of this energy mea-
surement in order to remove the variations in laser ener-
gy over the large tuning range and the pulse-to-pulse fluc-
tuations in laser energy.

III. RESULTS AND DISCUSSION

After absorbtion of two quanta of energy from the fo-
cused laser, an exciton consisting of an electron and hole
bound one to the other are created. This exciton is free
to move throughout the crystal; however, Roick,
Gaethke, and Zimmerer® have shown that the rate of
trapping of these excitons in solid xenon to form quasi-
molecular centers is rapid and limited in the high-
temperature limit by the Debye frequency of the lattice.
Assuming that the lattice structure of the liquid remains
essentially unchanged during the pulse width of the laser,
we extrapolate to obtain a self-trapping rate of ~8X 10!2
sec” . After creation, these excitons are trapped immedi-
ately into a local lattice deformation whose fluorescence
is similar to that of the excimer in the dense gas at 1730
A but is Stokes shifted by roughly 30 A. By monitoring
this quasimolecular fluorescence and scanning the laser as
a function of energy, we obtain the two-photon excitation
scan shown in Fig. 2. The step size of the frequency-
doubled light for this scan was 0.01 eV and 500 laser
shots were taken at each spectral point. Indicated in the
figure are the positions of the I'(2)n=1,2,3 excitons in
solid xenon at 160 K as determined by Subtil et al.;’ also
indicated is the band edge observed in the solid. The
small bands at 8.8, 9.55, and 9.75 eV have been repro-
duced in subsequent scans but are currently unassigned.
Due to the difficulties inherent in producing short-
wavelength tunable radiation, no attempt was made to
scan through the I'(1)n =2,3,... exciton bands although
suggestions for future work would include such a scan.

We have fitted the two features between 9.0 and 9.5 eV
with a Gaussian line shape using a nonlinear least-squares
fit. The best fit is shown as the solid line in Fig. 2 and the
mean energies and widths are reported in Table I.

ENERGY (eV)

FIG. 2. Two-photon excitation spectra of liquid xenon at 162
K. Indicated are the positions of the ls, 2s, and 3s excitons in
solid xenon at 160 K as measured by Subtil, et al., Ref. 7. Also
shown is the band gap for the solid at 160 K. The intensity is in
arbitrary units.

Figure 3 shows a fluorescence scan following excitation
at 9.2 eV. At each spectral point, 200 laser shots were
taken. Since no filters were used on the vuv monochro-
mator, the strong feature near 2500 A is laser scattered
light. The strongest fluorescence feature is the self-
trapped exciton luminescence at 1750 A. The weak band
at 3600 A is unidentified but has been observed in the
dense gas excited by electron bombardment. Fluores-
cence scans were attempted in the region 5000-10 000 A,
but no luminescence attributable to relaxation in the
liquid was observed.

At the I' point in the Brillouin zone of the xenon lat-
tice, the valence band is comprised of atomic p orbitals of
the ground-state atom while the lowest conduction band
is made up of s orbitals of the first excited states. Direct
two-photon transitions from the valence to lowest con-
duction band are therefore not allowed. This explains the
absence of a band edge in the excitation scan. The con-
duction band at the X point of the Brillouin zone, which
is thought to comprise mainly p orbitals, has a band gap
of approximately 12 eV (Ref. 9) and would be another
good argument for scans to shorter wavelengths. Two-
photon excitation scans in the alkali halides exhibit no
excitonic structure, while the band edge is readily ap-
parent. Frohlich and Staginnus® suggest two possibilities

TABLE I. Liquid xenon, T=162 K. Reported errors are 20.

Full width at

State Energy (eV) half maximum (eV) References
Is[(3)  8.145 0.3 2,7,13
2sT(3) 897 0.15%0.01 7,12
2p(3) 9.085+0.022 0.149+0.011 This work
3pT(3) 9.257+0.034 0.172+0.022 This work
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FIG. 3. Fluorescence scan following excitation of liquid xe-
non at 9.2 eV.

for the appearance of the band edge in alkali halides un-
der two-photon absorption: (1) forbidden transitions at
the I' point, and (2) allowed transitions to bands of
different symmetry. Neither of these models accounts for
the absence of the band edge in xenon. A more detailed
study of the symmetry of the valence and conduction
bands would have to be undertaken to explain this dispar-

1ty.
A. Rydberg Model for Excitons

Models for excitons in condensed rare gases have been
recently reviewed.!'®!! The Wannier model has been
shown to accurately model the energies for s-exciton in
the rare gases for n > 2.

E,,=E, ;—B;/n*. (1

Here the exciton is modeled as an electron bound by the
Coulomb attraction to the valence hole with either j=1
or j=3 at the center of the Brillouin zone [often referred
to as I'(4) and I'(3) excitons]. E is the Rydberg con-
vergence limit and B, is the exciton binding energy,

B=uR /é*, 2)

where u=m,m, /(m,+m,,, m, and m, are the effective
masses of the electron and hole, R is the Rydberg, and €
is the relative dielectric constant for the solid or liquid.
For the 2p and 3p excitons listed in Table I, B=1.24+0.3
eVand E_ =9.394+0.29 eV. Using €=1.94, as measured
by Sinnock for liquid xenon near the triple point,'? we es-
timate the reduced effective mass for the exciton,
1=0.341+0.08. These values compare to E_=9.30 eV
and 1 =0.36 for the solid near the triple point.”'?

In liquid xenon, Reshotko et al.!’> estimated the
effective mass of the 2s exciton over a range of densities.
Since the 3s exciton is not observed in liquid xenon,!”!!
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they estimated the binding energy from the Rydberg
series limit which they determined from measured thresh-
old values E,,, for photoconductivity.'* In solid xenon at
the triple point, E_, exceeds the threshold value,
E;=9.265 eV, by 0.38 eV; presumably because of
thermal ionization of photoexcited excitons near the con-
duction band.!> Assuming that the same difference
E , —E,, applies to the liquid at the same temperature,
Reshotko et al. estimated E , =9.22 eV and u=0.27 for
liquid xenon at the triple point. We find the 2p and 3p
excitons observed by two-photon excitation to be closer
to the solid than to the liquid, when comparing these sim-
ple Wannier models.

The blue shift between the 2p and 2s exciton observed
in the liquid and compared in Table II suggests a break-
down of the Wannier model, since the energies of the hy-
drogenic model described by Eq. (1) are independent of /.
Such a shift is common in alkali atoms because of de-
creased screening of the ion core caused by greater
penetration of the s orbital compared to the p orbital. In
the alkali atoms the screening is accurately accounted for
by a quantum-defect model of the Rydberg series,

E,=E_,—R/(n'—§,)?, 3)

where n’ is the principal quantum number for the valence
electron. For excitons it is common to assume a
quantum-defect model

E,=E_—B/(n+8)?, @)

where n=1,2, etc. and n already takes into account
screening in the ion core (hole).

There has been recent debate about the efficacy of a
quantum-defect model in describing excitons in the con-
densed rare gases.'>!® In an earlier paper,!” Resca and
Resta used the quantum defect to provide a Rydberg pic-
ture of the exciton series which accurately included the
n =1 resonance. This model assumed the electron-hole
interaction to be that of the isolated atom for an electron
radius inside of the atomic radius. Outside of the atomic
radius the Wannier effective-mass model for the exciton
was used. The solutions were then logarithmically
matched at the atom radius. Resca and Resta found cal-
culated quantum defects which agreed reasonably with
fits of Eq. (4) to the data. With more precise measure-
ments of the band gap in neon,'® Bersnstorff and Saile
found that a least-squares fit using a constant quantum

TABLE II. Central cell correction for the n =1 and n =2 ex-
citons for liquid xenon at the triple point. Energies are in atom-
ic units, u/€ Hartrees. Hermanson, Ref. 20 obtained
AE = —0.025 a.u. for the solid. For Egs. (6.8) of Ref. 20, we
used the parameters a =(0.86) ! a.u., 9 =0.5 (a.u.)”', and the
atom radius, ro=4.2 a.u. For solid xenon, €=2.23, u*=0.31,
while for liquid xenon, €=1.94, u*=0.34.

Vi Vos Ve  AE (liquid) AE (solid)
Is 40361 —00155 —0276  +0.069 —0.021
2s  +0.043 —0.0014 —0.090  —0.048

2p  +0001 —00004 —0023  —0.022
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defect to include the n=1 exciton yields
E,.=21.61£0.08 eV compared to a band gap
E;=21.48"53% eV, while a simple Wannier fit for all ex-
citons n>1 gave better agreement. The groups don’t
disagree on the applicability of the quantum-defect model
in principle, but disagree on the exact nature of the po-
tential applicable within the central cell. Saile et al. ar-
gue that Resca and Resta’s atomic potential inside of R
ignores known changes in both the dielectric constant
and effective mass within the atomic radius that ade-
quately accounts for the energy shift of the ls exciton,
and that the exciton states for n =2 might be best de-
scribed in the simple Wannier picture. This picture re-
quires a quantum defect for only the 1s exciton.

In atomic systems, the screened effective charge Ze
seen by the valence electron falls rapidly with increasing
radius decreasing to Z =1 at r =r,. For the region r <r,
[on the order of 1 bohr (0.53 A) for xenon] where
Z (r)>1, the kinetic-energy term dominates the solution
of Schroedinger’s equation,'® giving nearly the same radi-
al wave function (within a normalization factor) for r < r,
for all n (given the same /). For the region r > r, the po-
tential is Coulombic with a hydrogenic solution shifted to
n'=n —3§, in order to match the interior wave function at
ro. As the eigenenergy increases, n’ increases by 1, giving
nearly the same quantum defect for all n.

These effects would also apply to the interaction of the
electron with the hole in the exciton. Indeed the higher
energy observed for the 2p exciton compared to the 2s ex-
citon might naively be attributed to lesser penetration
into screened charge of the multielectron hole; but for ex-
citons, the problem is considerably more complicated
than atomic effects. Just outside of ry (on the order of
one atomic unit, 0.53 A, for xenon), the potential seen by
the electron is Coulombic, V= —e /r, but by two atomic
units the potential converges to —e /er due to the dielec-
tric screening of the solid.?® This change in dielectric
constant has been modeled by Hermanson.?® In reducing
the potential, the dielectric screening spreads the electron
wave function to larger », which in turn decreases the ex-
pected quantum defect. Because of the large dielectric
constant for xenon, one expects that for n =2 the quan-
tum defects are small and that the Wannier model is ap-
proximately correct. Additional effects in the solid such
as polarization of the hole and the change in the effective
mass for radii inside of the central cell further complicate
a calculation. The effective mass converges from the
atomic value at small 7 to the effective mass over a range
of 5 A.?° In the region outside of 7, and inside of the cen-
tral cell, over which the effective mass changes, the kinet-
ic energy will not dominate the solution of Shroedinger’s
equation and the wave function and this additional quan-
tum defect may not be independent of n. In contrast to
the above picture, the Wannier model assumes that the
effect of both the dielectric and effective mass continues
to r =0; Resca and Resta’s model assumes that the dielec-
tric and effective mass change stepwise to their solid
values at the atom radius.

We have attempted a quantum-defect model for the 1s,
2s, 2p, and 3p exciton states of liquid xenon. At the value
E_ =9.22 eV estimated by Reshotko er al.!> we would
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obtain unreasonable values as the measured 3p energy
(9.26 eV) lies above E . Given the experimental errors
in determining the exciton energies, we cannot condemn
this convergence limit; but it is physically reasonable that
E_ lies higher in energy. As discussed previously,
Reshotko et al. assumed that E , —E, is due to thermal
activation and has the same values as for the solid at the
same temperature. The exciton widths in the liquid how-
ever, are considerably broader than for the solid, hence
excitons further from the band edge may be thermally
ionized, leading to photoconductivity thresholds E.;
which are further from the band edge in liquids than in
solids. For lack of a better alternative we assume
E_=9.3 ¢V, the value for the solid at the triple point.
In general for solid xenon, the constant quantum-defect
model for the 1s, 2s, and 3s excitons results in E , =E.
Using E , =9.3 eV and the energies for the 1s and 2s ex-
citons from Table I, we calculate the parameters:
6,=—0.104 and B=0.928. Using the energy of the 2p
exciton from Table I, we calculate §,= +0.077. These
three parameters yield an energy for the 3p exciton of
9.202 eV. This is on the low side of the energy extracted
in Table I, but within the experimental error. With the
addition of the energy measurement of the 3p exciton
(9.257 eV) and again assuming E , =9.3 eV, we attempt-
ed a simultaneous solution of the Rydberg equations us-
ing the measured value for the 3p exciton and indepen-
dent quantum defects for §,; and &,, in order to account
for the expected central cell corrections. Since the radius
for 1s exciton is well within the central cell, while the ra-
dii for n =2 is well outside, such a change with n is only
expected for n =1. The binding energy determined by
this model is too different from the solid, and the quan-
tum defects are too large. Larger values for the binding
energy and smaller values for the quantum defects can be
obtained for larger values of E .

B. Central Cell Corrections

Because of dielectric screening, the radius for an n =2
exciton is approximately three times the nearest-neighbor
distance. This greatly decreases the amplitude for the
wave function within the ion core, and greatly decreases
the expected quantum defect for these states. Resca and
Resta found, for their model of solid xenon, the quantum
defects were “negligible” for all n and they state that the
Rydberg and Wannier formulas agree with the experi-
mental data for the same values of E, and B.2! With
these arguments one might reasonably assume that the
expected shifts for the n =2 excitons would be
significantly smaller and that the 2s and 2p states should
be degenerate. This is in disagreement with the experi-
mental results.

Because of this discrepancy between an intuitive under-
standing and the experimental, we have estimated the
central cell corrections for the 2s and 2p excitons in
liquid xenon using the results of Hermanson.?® In his cal-
culations, he considered three contributions: (1) an
effective local repulsive potential Vi [Eq. (6.8c) of Ref.
20], (2) a perturbation of the Wannier model due to the
change in dielectric constant within the central cell Vpg
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[Eq. (6.8a) of Ref. 20], and (3) a perturbation due to the
nonparabolic nature of the energy bands Vi [Eq. (6.8b)
of Ref. 20]. Since we find the latter is the most significant
for the n =2 excitons, we reproduce it here (with the re-
moval of a typographic minus sign):

# | m
V = — —_—
- 2 2 —
< exp(—r/a)V -;V exp(—r/a) ’ 5)

where a is a radial cutoff parameter for the change in
effective mass,

m/pr)=m/u*—(m/p*—1)exp(—r/a) . (6)

Before making a pseudopotential calculation for the n =1
exciton, Hermanson first estimated the shift using pertur-
bation theory. Since we expect that the perturbation ap-
proach is reasonably accurate for the n =2 excitons, we
have used a similar model by numerically integrating the
perturbations of Eq. (6.8) of Ref. 20 for the n =1 and
n =2 exciton states for liquid xenon. We used hydrogen
atom wave functions expected from the Wannier picture
as the first-order solution.?? In Table II we compare our
results for the total-energy shift for solid xenon using the
equations and parameters of Hermanson’s paper, and we
obtain results consistent with Hermanson’s results of
Table IV of Ref. 20; energies are listed in atomic units,
rather than the fractional shift relative to the energy of
the 1s exciton used by Hermanson. For the liquid calcu-
lations, we used the reduced exciton mass u*=0.34 and
dielectric constant e=1.94. Note that the electrostatic
perturbations ¥ and Vpp are small for the n =2 exci-
tons as expected, but the perturbation due to Eq. (5) is
significant. Table II predicts that the 2p exciton lies
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higher in energy than the 2s exciton by 0.064 eV com-
pared with the experimental difference of 0.115+£0.029 eV
observed in Table I. This is reasonable agreement consid-
ering the lack of an accurate estimate for p* in liquid xe-
non and expected difficiencies in Eq. (5).2° More exact
calculations require detailed models for the conduction
bands in solid xenon similar to the calculations of
Rossler.??

IV. CONCLUSION

Though a more precise value of the effective mass for
the exciton is needed for a definite conclusion, the Wan-
nier model with central cell corrections appears to
reasonably predict the shift in energy between the 2s and
2p excitons of the liquid. This model for liquid xenon is
limited by the large widths and small number of reso-
nances observed in the liquid which results in an uncer-
tainty in both E _ and the exciton mass; a more accurate
picture may be possible for the solid. While data for
even-parity excitons in the solid are needed to fully un-
derstand the exciton structure, an initial observation of
even-parity excitons in condensed rare gases has been
achieved. Future work will concentrate on obtaining
two-photon absorption data on the solid at low tempera-
tures to avoid the broadening caused by phonons present
at higher temperatures. We also plan to extend the re-
gion of excitation to shorter wavelengths.
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