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tive. In an optical transition from a compact
ground state, which is assumed inside the vacancy,
onLy the part of the excited state which has overlap
with the ground state is important. That part of the
excited-state orbital has a positive angular momen-
tum and determines the optical selection rule. On
the other hand, the angular momentum of the state
as a whole, which has a negative angular momen-
tum, determines the Zeeman splitting of the state.
The transition probability is therefore due to a
function behaving as x+ iy, but the Zeeman split-
ting of the state is determined by a function behav-
ing as x- iy. The g value is therefore negative.

VI. DISCUSSION AND CONCLUSIONS

It appears possible to give a logical interpreta-
tion of the negative g value. It is also possible to
reconcile such a negative g value with the symme-
try assignment of ~A~ - ~T&„ for the optical transi-
tion. However, a rigid classification as 'S- P

based upon atomiclike wave functions transforming
as spherical harmonics would be incompatible with
the observed negative g value. The negative g val-
ue requires a large admixture of higher-order
spherical harmonics such as those from an atomic
E state. Whereas a T,„(P) state would have g= 1,
a T,„(F)state would have g= —2.

The observed negative g value is probably evi-
dence for a much more diffuse excited state than
has been found for the one-electron alkali-halide
E centers where g values are positive. It can be
speculated that the more diffuse state is a result
of the more covalent nature and the relatively
higher dielectric constant of CaO. A diffuse ex-
cited state might therefore also be expected in oth-

. er alkaline-earth oxides. The excited states of
the one-electron E' centers are certain to be more
tightly bound. However, a very low orbital g value
has been reported for the E' center in SrO, and
a lesser tendency toward a diffuse excited state
might also explain this.
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Optical Properties of Dilute Solid-Rare-Gas Mixtures in the Extreme Ultraviolet

R. Haensel, * N. Kosuch, * U. Nielsen, * U. Rossler, f and B. Sonntag*

Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

(Received 23 June 1972)

The absorption spectra of thin films of mixtures of the rare gases Xe, Kr, Ar, and Ne have been measured

in the photon range 40 —260 eV, i.e., in the region of Ne-2s, Ar-2p, Kr-3d, and Xe-4d
transitions. In most cases a continuous shifting of the energetic position of the absorption peaks of the
pure-rare-gas solids upon addition of another rare gas of of N, can be observed, thus indicating a dilute

mixing of both components over the whole range of concentrations. The shift of the absorption peaks can be
understood in terms of the conduction-band density of states of pure-rare-gas solids.

I. INTRODUCTION

In the past few years the investigation of the op-
tical properties of solid rare gases in the extreme
ultraviolet' has gained much interest. Since the
rare gases can be studied in a relatively easy way,
both in the gaseous and in the solid state, common
and different features of the optical properties of
both states can be disentangled by comparing the

spectra over a wide spectral range. The optical
spectra of gaseous and solidified rare gases have
common extended maxima, which are typical for
the continuum absorption but differ in the fine
structure at. the threshold energies where electrons
from the different core shells can be excited.

The continuum absorption of rare gases, with a
broad maximum typical at energies several tens of
electron volts above the threshold energy (delayed
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d-f transitions) is well understood with the help of
atomic theories. Photoionization cross sections,
as calculated from realistic Hartree-Fock poten-
tials for a single-particle model, gave a good
qualitative description of the experimental results.
Recent calculations, ' " that include exchange and

correlation terms, have improved agreement be-
tween the atomic model and the experiment. The
characteristics of the continuum absorption have
also recently been explained, from a solid state
point of view, as being due to a lack of orthogo-
nalization corrections on the dipole matrix elements
for d f transitions.

The fine structure in the optical spectra of solid
rare gases at the onset of transitions from the va-
lence band has been studied for several years. '
Experiments that have been performed with the help
of LiF substrates were restricted to photon en-
ergies smaller than 10.5eV because of the short-
wavelength cutoff of this material. This restriction
was overcome by Baldini, ' who used a cooled sap-
phire rod coated with a phosphor for the detection
of ultraviolet light and directly evaporated the
solid-rare-gas films onto this rod. He extended the
accessible energy range up to 14 eV, the limit being
due to his radiation source. The energy range was
finally extended to 500 eV using synchrotron radia-
tion as an ultraviolet source. "' Besides transi-
tions from the valence bands, transitions from
different core shells have also been studied. '
Additional absorption measurements on solid Ne
have been performed between 17 and 21 eV in the
region of the valence-band transitions by Boursey
ef al. using a triggered-vacuum-spark uranium-
rod source. In the hard x-ray region the K-ab-
sorption spectra of solid Ar and Kr have been mea-
sured by Soules and Shaw. Besides the optical
measurements, energy-loss experiments have been
performed. ' '

An interpretation of the fine structure at the onset
of transitions from the valence shell has been at-
tempted in connection with energy-band calculations
for solid rare gases carried out by several au-
thors. ' In these interpretations the general cus-
tom is to ascribe structures in the absorption spec-
trum to critical points in the joint density of va-
lence- and conduction-band states. This procedure,
which is very useful in the interpretation of optical
spectra of semiconductors, is not quite correct in
the case of insulators. As the valence electrons are
tightly bound to the ions (the energy gap in solid
rare gases being of the order of 10eV), the elec-
trons are not able to screen the Coulomb interaction
between the excited electron and the hole which it
leaves behind in the valence band. Thus, excitonic
structures due to bound states of the electron-hole
pair appear as hydrogenlike series ' in front of the
interband continuum. In addition, the Coulomb in-

teraction is responsible for fluctuations in the den-
sity-of-states continuum. It has, however, been
pointed out that the density-of-states curves of the
conduction bands are useful in the interpretation
of the fine structure in the absorption curves at the
onset of core-shell transitions. '

A study of the absorption spectra of solid solutions
of rare gases in the extreme ultraviolet yields a
further check on the interpretation given to these
spectra of pure solid rare gases and thus promotes
the understanding of core-transition spectra in
terms of electron states. Preliminary results of
such experiments have already been reported else-
where. The measurements discussed in this
paper were performed on binary mixtures of all
rare gases and of N& for different concentrations c
of the constituents. The energy range was between
40 and 260 eV. Since this energy range is above the
ionization limit of all rare gases, discrete absorp-
tion lines of the impurity core transitions are always
superimposed to the host absorption and could,
therefore, not be studied for very small, i.e. , mi-
croscopic impurity, concentrations (c &0.1 at. /z).

In contrast to this, however, microscopic im-
purity absorption effects could be studied in the
long-wavelength region where the host crystal
(e. g. , Ar doped with Xe) is still transparent. "'
Some properties of the conduction band of the host
crystal can be studied by observing the energy posi-
tion of the exciton absorption lines. Other measure-
ments on mixed systems with different concentra-
tions have been performed on the solid rare gases
in the valence-band absorption region and on the
alkali halides in the valence-band and the core-
transitions regions. ' They have been discussed
with regard to the nature of absorption peaks as
excitions and interband transitions coupled to dif-
ferent points of the Brillouin zone.

In Sec. II we give some details of the experimen-
tal procedure. Section III summarizes the experi-
mental results, and Sec. IV gives a discussion of
our results. We will present results for (a) the
Xe-4d absorption in Xe:Kr mixtures, (b) the Kr-Sd
absorption in Kr: Xe mixtures, (c) the Xe-4d ab-
sorption in Xe: Ar mixtures, (d) the Kr-Sd absorp-
tion in Kr: Nz mixtures, (e) the Kr-Sd absorption
in Kr: Ar mixtures, (f) the Ar-2P absorption in
Ar: Na mixtures, (g) the Ne-2s absorption in Ne:Ar
mixtures.

II. EXPERIMENTAL DETAILS

The experimental setup is essentially the same
as was used for the thin-film absorption measure-
ments of the pure-rare-gas solids. ' It is de-
scribed, to some extent, in Ref. 1. Thin-film ab-
sorption is the best method for obtaining optical
constants in the energy range above 25eV. The
ref lectivity in this energy range is very low and as
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a result no correction for reflection losses is nec-
es sary.

The light comes from the 7. 5-GeV electron syn-
chrotron DESY."' The spectrometer used for our
experiments was a 1-m Rowland-type spectrometer
with grazing incidence. Two different gratings
were used for the experiments: In the energy re-
gion between 60 and 100eV, a 2400 lines/mm grating
yielded an energy resolution of -0.05 eV; at higher
energies a 3600 lines/mm grating with an energy
resolution of -0.2 eV was used. The radiation de-
tector behind the exit slit was an open magnetic-
typephotomultiplier (Bendix M 306). No absolute
absorption values have been obtained because the
thickness of the thin films was never determined.
The relative accuracy of the measurements allowed
us to detect changes of more than 3/o in the absorp-
tivity of the samples. The energy-calibration
method based on wavelength values given for gas-
absorption lines is the same as was used in Refs.
1 and 2. The resulting energy positions for the
peaks in pure rare-gas solids are slightly different
from the values previously found, ' but are in
agreement within the error limits.

The gas mixtures were evaporated in situ onto
thin foils which are mounted on a cryostat installed
between the source and the spectrometer. The
Inixtures were prepared by putting the appropriate
amounts of the constituents in a stainless-steel
pipe; the amounts were controlled by measuring the
total pressure with a precision membrane vacuum-
meter (Datametrix Model 1014). Circulation in the
pipe was necessary in order to completely mix the
constituents. The mixtures were evaporated at
temperatures below the sublimation temperature of
both constituents (-45 'K for Xe, -40 'K for Kr,

-20 'K for Ar, and -7 'K for Ne) and it is assumed
that the composition in the solid phase was the
same as in the gas phase before evaporation. As
a result the values later used for the composition
of the rare-gas mixtures are the relative partial
pressures of the total pressure of -760 Torr in the
mixing vessel before evaporation. The substrates
were thin films (of the order of 100—1000-A thick-
ness) of Al, Mg, and C. Al and Mg also served as
prefilters to suppress higher-order stray light.

We studied the Xe-4d absorption between 65 and
90 eV with admixtures of Kr and Ar, the Kr-3d ab-
sorption between 90 and 100 eV with admixtures of
Xe, N2, and Ar, the Ar-2P absorption between 243
and 255 eV with admixtures of N2, and the Ne-2s
absorption between 45 and 49 eV with admixtures of
Ar. Figure 1 shows the absorption curves of pure
solid Ne, Ar, Kr, and Xe in the energy region be-
tween 25 and 350 eV. We see that in the fine-struc-
ture region of the Ne-2s, Xe-4d, Kr-3d, and Ar-2p
transitions the other gases generallyshow a smooth
continuum absorption. This is also true for N2 over
the whole energy range.

If bvo gases would not form a dilute mixture but a
solid with well-separated regions of the two com-
ponents, pure additive superposition of the two ab-
sorption curves would occur and the energy position
of the absorption peaks in fine-structure regions
would essentially be unaffected. We will, however,
see later that for many cases the absorption peaks
are continuously shifted from the position in the
pure material to higher or lower energies depending
on the second component and the mixing ratios in
the alloy. This fact indicates a complete mixing of
the two components through the whole range of mix-
ing ratios.

Ar-3s
I

Ne-2s Xe-4d Kr-3d Ar-2p

20

5~4
X3
&2

FIG. 1. Absorption curves of the
pure solid rare gases Ne, Ar, Kr,
and Xe compiled from the data
given in Refs. 1-4. The energy
ranges are indicated where the fine
structure of the different solid rare
gases have been studied with alloy-
ing of other rare gases and N2.
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The dilute mixing was also observed in electron
diffraction patterns of the solid-rare-gas films.
The diameters of the different rings in the diffrac-
tion pattern showed a smooth transition between the
values of the pure components which formed the
mixtures.

Only a few cases, namely Xe:Ar and Kr:Nz,
were observed where, for certain concentrations,
no complete mixing occurred. This was observed
from the fact that the absorption peaks were found
at the positions in pure Xe or Kr (for details see
Sec. III).

In the electron diffraction studies we found no
evidence of monocrystal structure in portions of our
samples; the area of diffraction, however, was rel-
atively large (-0. 5mm ). We know that the optical
structure, i.e. , the width of the sharpest peaks de-
pends on the temperature during evaporation. ' At
temperatures just below the sublimation tempera-
tures we obtained peak widths which were the same
as the widths of the corresponding gas absorption
lines. We therefore assumed that the crystalline
order was sufficient to obtain optimal line widths.

As we have mentioned before the sublimation
temperature for pure Xe samples is 45'K, but for
Xe:Kr one has to evaporate below 40 K and for
Xe:Ar mixtures below 15 'K. To see the effect of
temperature in pure Xe samples these were also
studied at different temperatures between 40 'K and
the temperature of liquid He. Evaporation at lower
temperatures increases the line width, but the peak
maxima can still be observed and their positions do
not change when the evaporation temperature is
varied.

The experimental results of the different absorp-
tion measurements are given in Figs. 2-10. The

absorption curves have been obtained by dividing
the transmission curves of the evaporated and the
empty substrates. The final curves have been ob-
tained from absorption curves derived from mea-
surements with films of different thickness. This
also served to check the consistency of the results.
The zero of absorption has been suppressed and the
absorption values are given in arbitrary units since
absolute values are of no importance for the prob-
lems now under consideration. We are mainly in-
terested in the shape and energetic positions of the
different absorption maxima. For this reason the
influence of stray light and higher orders was also
of minor importance; both, however, were kept
low by appropriate filtering with Al and Mg foils.

III. EXPERIMENTAL RESULTS

In this section we present the experimental re-
sults given in Figs. 2-10.

A. Xe-4d Structure in Xe:Kr Mixtures

Figure 2 shows the fine structure of the Xe-4d
absorption in the energy range between 64 and 90 eV
for different Xe: Kr mixtures with Xe content rang-
ing from 100 to 1 at. %. Even for 1 at. % Xe, some
structure can be seen because in this range the
ratio of Xe and Kr absorption is especially favor-
able (see Fig. 1, where the absorption cross sec-
tion 0 of Xe in the region of 4d fine structure is
-6Mb, whereas o for Kr in the same energy range
is -0.7Mb). The labeling of the peaks A, 8, 8',
... , H, H' is the same as in Ref. 1. We see that
by adding Kr all the peaks move to higher energies,
the more the higher their energies are above
threshold (- 65 eV). No shift is observed for A; the
shift of H' is about 2eV. An exception to this rule
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FIG. 2. Fine structure of the Xe-
4d absorption in the energy range
64-90 eV for different Xe:Kr mix-
tures ranging from 100 at. % to
1 at. % Xe. The corresponding
peaks are connected by dashed lines.
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FIG. 3. Position of
the different absorption
peaks A-J in the Xe-4d
spectrum for different
concentrations of Xe:Kr
mixtures. All concentra-
tions are given in atomic
percents.

TABLE I. Energy positions of the absorption maxima
in the 4d spectrum of pure solid Xe and their maximum
shift in Xe:Kr and Xe:Ar mixtures (as extrapolated for
cx, =0 at. % and cK &~=100 at. %).

Peak Pure Xe (eV)

Maximum shift
in Xe:Kr mixtures

(eV)

Maximum shift
in Xe:Ar mixtures

(ev)

is the peak J near 80eV, which shows no shift when
adding Kr. With the exception of low Kr contents
(c&, (20 at. lo), the shift of the energy positions is
proportional to the Kr concentration.

Figure 3 shows the energetic positions of the dif-
ferent maxima as taken from the original curves
for the different Xe:Kr concentrations. The ab-
sorption spectra show transitions from the differ-
ent sublevels (J= —,'and —,') of the Xe 4d level, which
have an energy distance of -2eV. The corre-
sponding peaks have the same primed and unprimed
roman letter. The gradient of ~/&c depends on
the energy of the peak in pure Xe, but we find the
same gradient for the corresponding peaks. This
supports the former assumption' that they are cor-
responding spin-orbit mates. In Ref. 1 the assign-
ment of spin-orbit mates has come from their en-
ergy separation of -2 eV and the similarity of their

shapes. We now have the additional information
that spin-orbit mates are shifted by the same
amount by admixing another rare gas. The linear
dependence of the peak shift on the Kr concentration
allows extrapolation to cx,——0 at. % or c„,= 100 at
The position of the Xe-4d peaks in 100 at. % and
0 at. % Xe is summarized in Table I. The energy
shift obtained by this extrapolation procedure will
be called maximum shift" for all the alloys re-
ported in this paper. We very clearly see that the
energy shift is the same for the corresponding spin-
orbit partners.

The fact that at certain energies peaks may be
seen which result from the superposition of transi-
tions from different spin-orbit subshells of 4d (with
J= —,

' and —,') consequently having different &E/&c ex-
plains the disappearance of, e.g. , thefaster moving
peaks E, &under the slower movingpeak B'. The
different &E/nc within one series also explains why
C, beingmore a shoulder of D in pure Xe, becomes
more distinguishable from D with higher Kr concen-
trations. The same is true for C' and D'.

The situation is more entangled for C' and D'.
We have to consider that the structure O', D' has
contributions from different conduction band density
of states. It is, therefore, difficult to exactly
determine the maximum shift of D' (see Table I).

A
B
Bi

, c
cl
D
g) I

E
El gl
G
H
H'
I
J

64. 3 + 0.08
64.35 + 0.05
67.34 + 0.05
65.6+ 0.05
67. 58 + 0.05
66.0*0.1
68. 0 + 0.07
66. 8 + 0.08
68, 8+ 0.08
70.0+ 0.05
72.33+ 0.07
74.4 + 0.07
76.45 + 0.08
80.0+ 0.08

0.0 + 0.1
+0.17+ 0.05
+0.16 + 0.05
+0.28+ 0.05
+0.25+ 0.05
+0.3+ O. l
+0.65~ 0.15
+0.55+ 0.08
+0.42+ 0.08
+1.5+ 0.15
+2.02+ 0.15
+2.04+ 0.15
+2.06 + 0.15

0.0+ 0.08

0.0+ 0.06
+0.58+ 0.08
+0.58+ 0.08
+0.75 + 0.1
+0.80 + 0.1

+2.2+ 0.4
+2.5+ 0.4
+2. 75 + 0.3
+3.2+ 0.3
+3, 2 + 0.3
+3.2+ 0.3

8. Kr-3d Structure in Kr: Xe Mixtures

Figure 4 shows the fine structure of the Kr-3d
transitions between 91 and 99 eV for different
Kr: Xe concentrations. In contrast to the Xe-4d
structure, we here see a shift to lower energies
when Xe is added. The shift is small near the onset
of transitions (& and &', which again show the same
behavior as the other spin-orbit mates) and becomes
larger for peaks at higher energies (e.g. , G, G') so
that the whole spectrum tends to contract, whereas
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trum contracts and the spin-orbit splitting energy
of the Kr-3d shell is less than that of Xe-4d, namely-1.2 eV, the peaks are not so well separated
from each other.

In Fig. 5 the peak positions for the different
Kr: Xe concentrations are taken from the original
spectrometer curves. We see that with the re-
served sign ~/M increases again when going to
higher energies. The extrapolation to 0 at. /o Kr
giving the values for the maximum shift, summar-
ized in Table II, obviously contains a larger error
than the Xe values in Table I.

C. Xe-4d Structure in Xe: Ar Mixtures

I I I I I I I I

95
hv [eVl

99

FIG. 4. Fine structure of the Kr-Sd absorption in the
energy range 90-99 eV for different Kr: Xe mixtures
ranging from 100-10 at. % Kr. The curve for 100 at. %
Kr is also included to explain the continuum absorption
increasing towards higher photon energies for small Kr
concentrations.

the Xe-4d spectrum in Xe: Kr mixtures expands.
The situation for identifying peaks and for follow-

ing their motion to lower Kr concentrations is less
favorable thanfor the Xe-4d spectrum in the Xe: Kr
mixtures: (a) As can be seen from Fig. 1, the Xe
absorption near 90 eV has merely a broad maxi-
mum with o = 27 Mb, whereas the Kr-3d fine struc-
ture ranges between 0.7 and 3 Mb. It is, there-
fore, difficult to observe the Kr-3d structure for
small Kr concentrations. (b) As the whole spec-

The fine structure of the Xe-4d absorption in the
energy range 64-80 eV is shown again in Fig. 6,
but now with alloying solid Ar. As for Xe:Kr mix-
tures we see a shift of the peaks to higher energies.
A breaking of the systematic shift seems to occur
in the curve with cx,= 60 at. /0. At the energy posi-
tion of H in pure Xe a peak occurs which obviously
indicates at least a partial dealloying of the two
components. Table I also shows the energetic po-
sitions of the different peaks for cx,= 0 at. % (c„,
= 100 at. /o) as obtained from the original spectrom-
eter curves. We again find a shift proportional
to the Ar content for c~, & 20 at. /o (see Fig. 6).

A comparison of the values given in Table I
shows that the shift of peaks is much larger for Ar
mixtures than for Kr mixtures. Peak A. does not
shift in both cases, but for 8 (8') the shift is 0. 17
eV (0.16 eV) in Kr and 0. 58 eV (0. 58 eV) in Ar, for
C (C') the shift is 0. 28 eV (0. 25 eV) and 0.75 eV
(0. 80eV), respectively, and finally for H(II') and I

TABLE II. Energy positions of the absorption maxima
in the 3d spectrum of pure solid Kr and their maximum
shift in Kr: Xe and Kr: Ar mixtures (as extrapolated for
ca = 0 at. % and cx ~ =100 at. %).
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FIG. 5. Position of the different absorption peaks S
to H' in the Kr-Sd spectrum for different concentrations
of Kr: Xe mixtures. Concentrations are given in atomic
percents.

Peak Pure Kr (eV)

A
8
gl
C
Ql

g
Et
G
Gl
H
H'
I

90.4+ 0.08
91.73 + 0.05
93.00+ 0.05
92.08 + 0.05
93.34+ 0.05
94.23* 0.05
95.45 + 0.08
95.03+ 0.06
96.4+ 0.06
95.85 + 0.07
97.13 + 0.09
98.25+ 0.1

el 98.8 + 0.1

Z 101.05 + 0.1
K' 102.4+ 0.15

I 106.05+ 0.15

M 110.6 *0. 2

Maximum shift
in Kr: Xe mixtures

(ev)

—0.14+ 0.1
—0.20+ 0.08
—0.18 + 0.1
—0.21 + 0.1
—0.7+ 0.1

—0.8+ 0.25
—0.75 + 0.25
—1.1+ 0.2
—1.1+ 0.2

Maximum shift
in Kr: Ar mixtures

(ev)

+0.38+ 0.05
+0.37+ 0.05
+0.48+ 0.05
+0.59 + 0.05
+0.93+ 0.2
+0.93+ 0. 2
+1.1 + 0.2
+0.9+ 0.2

+1.1+0.3
+1.03+ 0.2
+2.04+ 0.3
+1.55+ 0.3
+1.6 + 0.4
+0.4+ 0.4
+1.4+ 0.5
+0.45+ 0.4
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FIG. 6. Fine structure of
the Xe-4d adsorption in the
energy range 64-80 eV for dif-
ferent Xe:Ar mixtures ranging
from 100-10 at. % Xe. The
corresponding peaks are con.—

nected by dashed lines.
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we obtain 2. 02 eV (2. 04 eV) and 2. 06 eV for Kr and
3.2 eV (3.2 eV) and 3.2 eV for Ar.

It should, however, be noted that an unambiguous
association of the corresponding peaks of different
concentrations is much easier in the Xe:Kr system
than in the Xe:Ar system. The shift of the B, B',
C, C' structures in Xe:Ar is quite clear but for the
higher energy peaks G, H, and &' one could also
think that for cA, = 40 and 90 at. %, they are at just
the same position as in pure Xe. This could be ex-
plained by a demixing of the system for these con-
centrations, but if this is so, the peaks B, B'
should also be at the position in pure Xe, which is
obviously not the case.

D. Kr-3d Structure in Kr: N& Mixtures

A clear case of demixing can be observed in the
Kr: N~ mixture (Fig. 7). For small N2 concentra-
tions one sees that the different peaks shift to
higher energies, but for 40 at. % and more the Kr
peaks appear again at their old positions. Here the
Kr and N2 obviously form well-separated islands in
the film.

Kr t le
0

I I

Kr: N2

N, ['/ol

100

0

40-

20

spin-orbit mates. The structures above 96 eV were
only observable up to cx, =50-60 at. %. It seems
that two of the peaks, namely 4 and L, split into
two peaks. They are included in Table II, but not
in Fig. 8, so as to avoid compression of the ab-

E. Kr-3d Structure in Kr: Ar Mixtures

Figure 8 shows the fine structure of the solid Kr-
3d absorption in the energy range 90-100 eV with
the admixing of Ar. %Ye again find the general
tendency that the peaks are shifted to higher ener-
gies. The peak shift increases the higher the peak
position above threshold. Table II shows the ener-
getic positions of the different peaks for c&, = 0 at. %
(cA, = 100 at. %) as obtained from the original spec-
trometer curves. The shift is once more propor-
tional to c~, , and bL/&c is again the same for

100
I

9291 93 94
hv teVl

FIG. 7. Fine structure of the Kr-3d adsorption in the
energy range 91-94.5 eV for different Kr: N2 mixtures
ranging from 100-10 at. % Kr. The curve for pure N2 is
also included. The dashed lines connect peaks in the
mixed system, the dotted lines in the decomposed sys-
tem.
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F. Ar-2p Structures in Ar: N~ Mixtures

The 2p absorption of solid Ar has been investi-
gated in mixtures with Kr, Xe and Nz. In Ar: Kr
and Ar: Xe the peaks shift to lower energies; with
N2 they shift to higher energies. Figure 9 shows
the fine structure in the energy range 243-255 eV,
with admixing of N&. The results have already been
mentioned in Ref. 2. In the pure Ar spectrum the
spin-orbit mate of & labeled A' can only be seen as
a shoulder of &. When admixing N& the peaks & and
A.

' do not change their positions at 245. 3 and 24?. 5
eV, respectively, whereas & at 248. 0 eV is shifted
by+1. 0 eV and B' at 250. 0 eV by+1. 2 eV. Thus
A

' and 8 can be seen as clearly separated maxima
in the Ar: Nz mixtures.

G. Ne-2s Structures in Ne: Ar Mixtures

We would finaQy like to mention the results of
Ne: Ar mixtures. Figure 10 shows the fine struc-
ture of the solid Ne-2s absorption in the energy
range 45. 5-48. 5 eV, with admixing of Ar. The
lines in pure solid Ne have a strongly asymmetric
shape, very similar to what has been found in the
gas. " In the Ne: Ar mixtures the peaks are shifted
to lower energies but the line profile character re-
mains unchanged. Extrapolating to c„.=o at. %
(cA~= 100 at. 9o) gives a maximum shift for the first
line at 46.92 eV in pure Ne by —0. 5 eV and for the
second line at 48.0 eV in pure Ne by —1.1 eV.

Here is a summary of the experimental results:
(a) The different absorption peaks shift when

other gases are added.
(b) If the atomic number of the admixed gas is

higher the peaks shift to lower energies, if the
atomic number is lower the peaks shift to higher
energies.

(c) The energy shift of the absorption maxima
are almost proportional to the concentration of the
admixed partner.

(d) The amounts of energy shifting are small near
threshold and increase the larger the distance of the
maxima from threshold. Spin-orbit mates shift
equally. The first peaks show an additive shift,
that means, e. g. , Ar shifts the Xe peaks by an
amount (see Table I), which is approximately the
sum of the Xe shift by Kr (Table I) and the Kr shift
by Ar (Table II).

Judging only from Figs. 2, 4, 6, ?, and 8 the
connection of the peaks by the dashed lines does not
always look very convincing. It should, however,
be noted that the absorption measurements were
taken for more concentrations than indicated in
Figs. 2, 4, 6, ?, and 8 and that the peaks often
showed up more clearly in the original spectrom-
eter curves. Only those prominent peaks which
could easily be followed on mixing and which are
discussed in Sec. IV were connected by the dashed

lines and then labeled. Still some ambiguity re-
mains with this identification.

Furthermore, other weaker structures, such as
a shoulder on the low-energy side of & in Fig. 7 or
a small peak between A and A. ' for the higher N&

concentrations in Fig. 9 are experimentally evident
but difficult to explain at present.

IV. DISCUSSION

Before we go into a detailed discussion on the
mixture measurements of Sec. III we have to re-
view some facts which have already been discussed
in connection with the experimental data of the pure
solid rare gases.

With the exception of some lines (A and B in the
Ne-2s and Ar-3s spectra and 8 and C inthe Kr-3d
and Xe-4d spectra) near the onset of transitions
from the core shell, the absorption spectra can be
explained as being due to density-of-states struc-
tures. These first lines, owing to their energetic
position close to the first gas absorption lines, and
their line shape and width comparable to that of the
gas lines, can be interpreted as Frenkel excitons.
Since, to some extent, the reaction of these exci-
tonic peaks to alloying is different from that of
density-of-states structures, we are going to dis-
cuss excitonic and density-of-states effects on the
optical spectra of solid-rare-gas mixtures sepa-
rately.

A. Excitonic Effects (Transitions near Threshold)

Figure 11 shows the absorption curve of gaseous
and solid Ne-2s, Ar-3s and. -2p, Kr-3$, and Xe-4d
transitions in the vicinity of the first gas lines.
The energy scales of the different spectra are
normalized at the first gas line. The energy posi-
tions of the gas and solid state absorption lines and
their relative distances are compiled in Table DI.
In all spectra the first strong absorption line in the
solid (A in Ne and Ar, B in Kr and Xe) is at higher
energies than the first gas line. By comparing the
experimental spectra with the calculated curves for
the joint density of states, we conclude that the
Frenkel excitons in Kr-M and Xe-4d are above the
interband transition threshold. This conclusion is
supported by the fact that the oscillator strength of
these excitons in Kr and Xe is smaller than that of
the corresponding gas lines, owing to interactions
with the underlying continuum. Peak A in Ar-2P,
corresponding to a Frenkel exciton built from a
2p hole and an s-symmetric electron, is below the
onset of interband transitions and, in contrast to B
in Kr and Xe, its oscillator strength is similar to
that of the gas lines. For Ne-2s and Ar-3s only the
first two or three lines can be observed experimeri-
tally. No further structure, which could be corn-
pared with the density-of-states curve, can. be seen.
Therefore, it is hard to decide whether these peaks
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are below or above threshold. This complete lack
of interband transitions in the experimental curves
of Ne-2s and Ar-3s transitions remains to be ex-
plained.

We now compare the position of the first solid
state absorption line (A. , A' in Ne and Ar; B, B' in
Kr and Xe) with the position of the gas line for the
case that in the solid the excited atom is sur-
rounded by atoms of the same element (pure solid)
or by atoms of a different rare gas (mixtures). In
Fig. 12, on the left, we see the energy distance of
the Xe-4d lines B and B' to the gas lines when the
Xe atom is imbedded in Xe, Kr, and Ar. The en-
ergy distances are taken from Tables I and III.
Further to the right in Fig. 12, for Kr-3d, we see
the energy distance to the first Kr-3d gas lines for
Kr in Xe, pure Kr, and Kr in Ar, as taken from

Tables II and III. For Ar-3+ only the distance
from the gas line to the pure solid is included as
no alloy measurements have been performed for
this transition. For Ar-2P the distance is included
for Ar in Xe, Ar in Kr, and pure Ar (Table III and
data. not included in Sec. III), and finally for Ne-2s
the distance for Ne in Ar and pure Ne (see values
in Sec. III and Table III).

The result is that the relative position of the
first solid state absorption line depends only on the
neighboring atoms and not on the isolated atom
from which the transition comes; e. g. , the dis-
tance of the first Frenkel exciton in solid Ar from
the gas line is -0.9 eV both for 2P and 3s transi-
tions. The same value is found for the first
Frenkel exciton in the 4d spectrum of Xe imbedded
in Ar from the Xe gas line.
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FIG. 12. Energy dis-
tance between the first solid
state absorption lines and
the corresponding lines in
the gas for Xe-4d, Kr-3d,
Ar-3s and -2p, and Ne-2s
transitions in the pure solids
and in alloys with the other
rare gases.

0 I I I I I I I I I I I

Xe Kr Ar Ne Xe Kr Ar Ne Ar Xe Kr Ar Ne Xe Kr Ar Ne

surrounding solid

A similar result is found for the separation of
the first two absorption lines in the solid, namely
B-A in Ne and Ar, and C —B in Kr and Xe for the
pure and mixed solids (Fig. 13). On the left, for
Xe-4d, we see the distance C —J3 for pure Xe and

for Xe in Kr and Xe in Ar, to the right follows Kr
in Xe, pure Kr, and Kr in Ar, then pure Ar 38,
and finally Ne in Ar and pure Ne. We once more
see that the energy distances of the first two ab-
sorption lines of a solid are only dependent on the
neighboring atoms and not on the excited atom.
The data given in Table III and Fig. 12 show that
the blue shift of the first exciton with respect to
the corresponding gas line increases when going
from Xe to Ne. In the same way the separation of
the first two exciton lines increases (Fig. 13).

Kozlenkov and Kronig made theoretical calcu-
lations for metal and metal alloys on the energy
shift of absorption maxima with changing lattice
constant a. According to these theories the shift
should be proportional to 1/a'. Assuming a„,

=4.465A, aAr=5. 315A, aK, =5.654A, and axe
= 6. 136 A one can plot E against 1/a (Fig. 14).
We see that the proportionality also holds true for
the solid rare gases.

B. Density-of-States Effects

The concept underlying the study of density-of-
states effects on the optical spectra of solid rare
gases in the far ultraviolet is the calculation of the
dielectric constant in the simplified form

e,(E)-—2 Z ny( (E),1

f,f
neglecting the energy and k dependence of the tran-
sition matrix elements. The point density of states

ny, (E) = —Z 5(Ey(k) —E;(k) —E)& re, sz

between initial core states (i) and final conduction
bands (f) is just a replica of the conduction-band
density of states, because the core energy bands

TABLE III. Energy positions and relative distances of the first absorption lines in gaseous and solid Ne-2s, Ar-3s and
-2p, Kr-3d, and Xe-4d transitions.

Ne-2s 0

Ar-3s 0

Ar-2p ~-',

1

Kr-3d y

Xe-4d ~5

Gas (eV)

45.54+ 0.04 2s 3p

26.61 + 0.02 3s~ 4p

244. 4 + 0.15 2p 4s
246.5+ O. 15 2p~ -4s'
91.22 + 0.07 3d ~ 5p

92.44 + 0.07 3d' 5p

65.10+ 0.02 4d 6P

67.02 + 0.02 4d' ~6p'

Solid (eV)

46.92 + 0.04 (A)
48.0 + 0.04 (B)
27. 52 + 0.02 (A)
28.00 + 0.02 (B)

245. 2+ 0.2 (A.)
247. 35 + 0.2 (A')
91.V3+O. O5 (B)
92.os+o. o5 {c)
93.00+ 0.05 (B')
93.34+ O. O5 (C )
65.35+ O. O5 (B)
65.6+ o. o5 {c)
6V. 34+O. O5 (B )
6v. 58+o.o5 (c )

Solid-gas (eV)

1.38+ 0, 04 (A,)
2.46 + 0.04 (B)
0.91 + 0.02 (A)
1.39 + 0.02 (B)
0.8+ 0. 2
0.85 +0.2
0.51 + 0.07 (B)
o.86+ o.ov (c)
o.56+ o.ov (B')
O. 9 + 0.07 (C')
o. 25 ~ o.o5 (B)
o.5+ o. o5 (c)
o.32+ o.o5 (B')
o. 56+ o.o5 (c')

Solid (eV)

1.os+ o.o4 (B-a)

0.48+ 0.02 (B—A)

o.35+ o.o5 (c-B)

o.34 + o. o5 (c' —B')

0.25 + 0.05 (C —B)

0.24 + 0.05 (C ' —B')
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FIG. 13. Energy distance between the first two solid
state absorption lines for Xe-4d, Kr-3d, Ar-3g, and Ne-
2g transitions in the pure solid and in mixtures with the
other rare gases.

E~(k) do not depend on k. For pure-rare-gas sol-
ids ' it has already been shown that with the excep-
tion of the excitonic peaks (A, A' in Ar-2P transi-
tions and &, &', C, C' in Kr-M and Xe-4d transi-
tions) all structures in the core excitation spectra
correspond to density of states. This can be seen
in Fig. 15, which contains the most important re-
sults of Ref. 45. When discussing the effect of
density of states on the optical spectra of dilute
solid-rare-gas mixtures in the extreme ultraviolet
we will make use of our knowledge of the density of
states in the pure crystals.

Xe:Kr nzixtuxes. As is shown in Figs. 2

and 4, the structures D, E, E, G, and H and their
spin-orbit partners shift with changing composition
but do not split. They may be classified as amal-
gamation type structures, in agreement with their
identification as density-of-states structures in the
pure Xe or Kr spectrum. Thus, what starts out
as the pure Xe spectrum in the lowest curve of
Fig. 2 should turn out more and more and become

—zn, (E)

Xe
Xe-4d

0- '

64
I I

66
I I

F (eV3

I

70 72

—,n,.(E) Kr
Kr-3d

r

B'

8 c'

CD

1
I I

the pure Kr spectrum in the upper curve of Fig. 2,
a spectrum which is to be understood in terms of
the density-of-states structures of the Kr conduc-
tion bands. (Here of course the spin-orbit split-
ting of the Xe-4d as an initial state causes differ-
ences in the Kr-3d spectrum. )

Since no density-of-states calculations are avail-
able for the mixed crystals a quantitative discus-
sion of theoretical and experimental results is only
possible for the maximum shifts which are intro-
duced in Tables I and II. If we assume that there
is no shift of the core states with regard to the
bottom of the conduction band, a theoretical pre-
diction of the maximum shifts for density-of-states
structures follows by comparing the position of

hE
fey3

—n (E)E2 J

I I I I

96 98

1,0-

2-

0,5-

0
20

Xe Kr Ar Ne
I I

30 40 50

FIG. 14. Plot of the averaged energy distance from Figs.
12 and 13 vs 1/at where a is the lattice parameter.

254246 248 E t:+yg 252

FIG. 15. Density-of-states histograms of the conduc-
tion bands of solid Ar, Kr, and Xe (essentially taken
from Ref. 45, the results for Xe differ from those in
R f 45 where the third and fourth conduction bands one.

fthe Z axis are incorrect in comparison to the results o
Ref. 39) and the experimental absorption curves as taken
from Refs. 1 and 2.
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and H' are caused by the density of states of the
fourth conduction band of Kr.

Agreement between experimental and calculated
maximum shifts of the five lowest conduction bands
supports the previously given interpretation of the
pure-solid-rare-gas spectra by means of density-
of-states structures. Following this concept we
will now discuss various mixtures.

Ar: N~ mixtures. The spectra of Ar: N& mixtures
with excitation from the Ar-2P level are presented
in Fig. 9. Whereas in the pure Ar spectrum (low-
est curve) two excitons A and A' and a variety of
density-of-states structures (B, B', D, E, D') can
be seen, the spectrum of the mixed crystal with
c„,=10 at. % (c~2=90 at. %) N merely shows two
doublets, A, , A' and B, J3'. In the pure Ar spec-
trum the excitonic peaks A and A. ' have been iden-
tified as being due to Frenkel excitons between the
spin-orbit split 2p core states of Ar and the lowest
conduction band. B and B' correspond to the den-
sity of states of the lowest conduction band and the
higher energy peaks are related to the higher con-
duction bands in solid Ar (Ref. 45) which corre-
spond to atomic M levels. Although we have no
detailed information on the band structure of solid
N&, we do know that energy band corresponding to
atomic 3d states of N2 must be high up in the con-
duction band and cannot be involved in that part of
the spectra shown in Fig. 9. Thus the upper spec-
trum could be interpreted as the spin-orbit split
density-of-states structures B, B' corresponding
to the lowest, s-symmetric conduction band in Nq

and a pair of Frenkel excitons A, A. ' on Ar sites.
Xe: Ar and Kr: Ar mixtures. The Xe:Ar and

Kr: Ar mixtures (Figs. 8 and 8), as was also the
case with the Xe:Kr mixtures, exhibit a widening
of the spectra with increasing admixtures of the
lighter rare gas. In contrast to this the conduc-
tion-band density of states does not follow this
trend when going from Xe or Kr to Ar, e.g. , the
first and second density-of-states maxima are at
lower energy in Ar than in Xe or Kr. Thus, the
concept which led to a sound interpretation of the
Xe:Kr spectra does not work here with the same
success. Before we offer two possible interpreta-
tions of the spectra of Figs. 6 and 8 we should
mention that the shift of the higher peaks
(E, E, G, H) in the Xe:Ar and Kr: Ar mixtures
cannot be followed as unambiguously as was possi-
ble in the Kr: Xe and Ar: N2 mixtures.

On the Ar side the spectra in Figs. 6 and 8 show

a doublet which repeats itself at a distance equal to
the core-state spin-orbit splitting. The shape of
these structures and their separation from each
other and from the onset of core excitation bears
some resemblance to the first and second conduc-
tion-band density of states of pure Ar. The cor-
responding peaks in the pure Xe and Kr spectrum

Xe [100%3 Kr [100 io'1

hv
H I:eV]

6a
5b

6a

Sb

Sb

5a
4b

4a
3

2b
4a
3
2b

E-F2a

D

C
B

--65

bottom bottom

FIG. 16. Relative positions of corresponding maxima
of density of states of the conduction bands 1-6 of solid
Xe and Kr with respect to the bottom of the lowest con-
duction band (solid lines) and maximum shift (according
to Table O of the experimental peaks (dashed lines) of the
Xe-4d absorption in Xe:Kr mixtures. a and b denote spin-
orbit mates.

corresponding conduction-band density- of- states
maxima in Xe and Kr with respect to the bottom of
the conduction band. The theoretical shifts ob-
tained in this way are given in Fig. 16 together
with the experimental results.

The experimental values for the maximum shifts
of the density-of-states maximafor the lowest con- ~

duction bands are takenfrom Tables I and II. Thus,
the experimental maximum shift of the first con-
duction band is identical to that of D in Table I,
which was related to the maximum of the first con-
duction-band density of states. ' As we have al-
ready mentioned the maximum shift of D' is prob-
ably different from that of D because of contribu-
tions from the third conduction-band density of
states. E, +, and E', I"' have been interpreted as
being due to the second conduction-band density of
states in Xe with E' and I"' also containing contri-
butions from the fourth conduction band. Table I
is also used to give the experimental maximum
shift of the fifth conduction-band density-of-states
maximum (G). Since the density-of-states maxima
of the third and fourth conduction band in Xe con-
tribute to more complex structures, the experi-
mental maximum shifts can be more accurately ob-
tained from Table II using the interpretation given
for the Kr-3d spectrum. According to Ref. 45,
peaks & and 6 in Fig. 4 are built up by the third
Kr conduction-band density of states, whereas II

OPTICAL PROPERTIES OF DILUTE SOLID-RARE-GAS. . .
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do not otherwise merge into these peaks on mixing,
but, on the contrary, move to higher energies.

On the other hand, an explanation of the first peaks
in the upper curves of Figs. 6 and 8 by going back
to & and C (B', C') in the pure Xe and Kr spectrum
leaves us with the question of why the shape of the
first (ezcitonic) peaks is so drasticly broadened on

mixing.

C. Double Excitations

Ne should finally like to briefly comment on the
nature of the high-energy structures J in Xe (Fig.
2) near 80 eV and L, M in Kr (Table EE) near 110
eV. These structures do not shift at all upon mix-
ing, or shift by an amount much smaller than an
extrapolation from the absorption line behavior at
smaller energies would let one expect. These
peaks have been assigned' as due to a double exci-
tation of the core-shell d electron and a valence p
electron, in analogy to the interpretation of cor-

responding absorption lines in gaseous Xe and Kr
at the same energy. According to this interpre-
tation the final states of both excitations are closer
to the conduction-band minimum than the final state
of a single excitation at the same photon energy
would be.

In accordance with our general observation that
the peaks shift less on mixing the closer the final
state is to the conduction-band minimum, the double
excitationpeaks in question show only a small shift.
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The infrared properties of the H ion in KCl, KHr, and KI are studied using force constants
obtained from quantum-mechanical calculations of the electronic structure of the U center,
The anharmonic sidebands of the H local mode and the induced far-infrared absorption are
calculated. In most cases the calculated force-constant changes give results comparable to
the parametrized values used in previous work. It is emphasized that the force-constant
changes inA@, E~, and T~„displacements are not generally equal. Occasionally, features
not found in previously published experimental or theoretical work are observed. Repulsive
Born-Mayer potentials for the H -K' interaction in the three crystals are extracted from the
quantum-mechanical calculations. Our techniques for handling the numerical evaluation of
Green's functions are discussed briefly.

I. INTRODUCTION

Substitutional H ions (U centers) in alkali halide
crystals have both ultraviolet' and infrareda ab-
sorption bands associated with them. The vibra-
tional properties of crystals containing U centers
have proved to be especially interesting. The H

ion oscillates in a localized mode at a frequency
well above that of the highest in-band mode. Side-
bands '3 containing pronounced structure accom-
pany the local-mode absorption. Since the H ions
destroy the translational invariance of the host
crystal, absorption also occurs in the in-band re-
gion of the spectrum. Because of the light mass
of H compared with the negative ions of the host
crystal, the U' center was quickly recognized as an
interesting system on which to test various aspects
of the theory of localized perturbations. ' The
first calculations' ' of the local-mode frequency
treated the H ion in the mass-defect approxima-
tion. Later calculations ~ showed that force-
constant changes must also be considered in order
to explain both the local-mode frequency and the
structure in the sidebands. In all of these calcula-
tions the force-constant changes were treated as
adjustable parameters. However, good agree-
ment with both the ultraviolet absorption and the

infrared (ir) local-mode frequency has been ob-
tained from first-principles quantum-mechanical
calculations of the electronic structure of the tf
center. '3 A substitutional H ion in an alkali halide
is particularly well suited for this type ot calcula-
tion because it has relatively simple electronic
structure and the same charge as that of the re-
placed ion, so that problems associated with elec-
tronic polarization and lattice relaxation are not
insurmountable.

The primary purpose of the work described in
this payer was to investigate the extent to which
force constants calculated from first principles can
explain the infrared properties of the U center.
%e have also studied the applicability of a Bril-
louin-zone integration technique described recent-
ly to the numerical calculation of phonon Green's
functions, and we shall comment briefly on this.
For these purposes we have calculated the struc-
ture in the sidebands of the H local-mode frequen-
cy and the in-band absorption in the far-ir region.
It should be clearly understood in advance that our
calculations do not improve on the already excel-
lent fit achieved in the most recent parametrized
calculations, ' although they do suggest some fea-
tures not observed in previous experimental or
theoretical work. One interesting by-product of


