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X-ray-absorption studies of krypton precipitates in solid matrices
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Krypton E-edge x-ray-absorption spectra have been measured at 300 and 80 K on samples of
krypton-implanted Al and Nb foils, graphite, and Grafoil. The near-edge spectra (XANES) at both
300 and 80 K exhibit a white line. Comparisons with the XANES data of bulk solid krypton and
spectra amongst different host materials suggest that the krypton in all the implanted hosts precipi-
tates into bubbles at high dosages. The bubbles in Nb hosts are probably all in the solid phase even
at 300 K. For Al, graphite, and Grafoil, the bubbles appear to exist in both solid and nonsolid
form. The Kr-Kr nearest-neighbor distance in the solid Kr precipitates is estimated from XANES
data using an empirical relation deduced from data on bulk solid krypton under high pressure.
High pressure within the Kr precipitates is revealed from the smallness of the lattice parameter and
the lattice expansion at low temperature. Extended x-ray-absorption fine structure is observed only
on a postimplantation thermally annealed Al sample and an as-implanted Nb sample.

I. INTRODUCTION

Rare-gas atoms in solid matrices produced by ion im-
plantation or nuclear reactions are insoluble and often
precipitate into microclusters, commonly referred to as
bubbles. The cluster state and formation mechanism
have received considerable attention for both fundamen-
tal and practical reasons. It has been found that the bub-
bles of light rare gases' are in the gas or liquid form
while the heavy ones (Kr and Xe) (Refs. 3—11) are present
in the solid phase. In particular, Kr and Xe form face-
centered-cubic (fcc) crystallites in fcc (Refs. 4, 6, 7, and
11) and body-centered-cubic (Ref. 8) (bcc) hosts at room
temperature for implant doses of the order of 10' —10'
ions/cm . In hosts of hexagonal-close-packed (hcp)
structure, hcp bubbles were found, '" but fcc bubbles
may also be present. The lattice parameter of the solid
bubbles is significantly less than the bulk value under am-
bient pressure. This has been attributed to high pres-
sures, of the order of GPa within the bubbles. These high
pressures were also inferred from optical-absorption and
electron-energy-loss spectroscopy experiments for He
bubbles' and Ne, Ar, and Xe bubbles in aluminum hosts.
The bubble size and bubble pressure depend strongly on
the nature of the host materials and the implant doses.
The understanding of the bubble formation process and
the rich phenomena observed is still limited at the
present time. In an eFort to study the krypton local envi-
ronment in the implanted matrices, we have carried out
x-ray-absorption measurements at the krypton K edge on
samples of aluminum, niobium, graphite, and Grafoil im-
planted to doses up to 5 X 10' Kr/cm . The absorption
spectra exhibit structure in the near-edge region
(XANES), but only in two cases showed extended fine
structure (EXAFS). We will discuss mostly the XANES
data.

II. EXPERIMENT

The ion implantation was carried out on a medium-
energy implanter in a vacuum of 10 Torr using a scan-

ning beam of 150—160-keV Kr+ at current rates less than
10 pA/cm . The target was generally kept at room tem-
perature except that for Nb the target temperature was
100'C. Target materials are polycrystalline pure metal
foils, graphite, and Grafoil. The Grafoil has the same
crystal structure as graphite but a much shorter coher-
ence length among the crystallites and is softer. In addi-
tion, the crystallites are preferentially oriented with the
basal planes parallel to the macroscopic Grafoil sur-
face. ' The Kr concentration profile in the implanted
hosts was measured by Rutherford backscattering spec-
trometry (RBS) using a 1.5-MeV He+ beam. X-ray-
absorption measurements were made at the National Syn-
chrotron Light Source (NSLS) on beam line X-11A using
a Si(111)double-crystal monochromator. 'fhe Kr K-edge
(14 322 eV) absorption spectra of implanted samples were
obtained at temperatures of 300 and 80 K by monitoring
the incident and fluorescence Aux intensities. Spectra
were also acquired for Kr gas and for solid Kr by con-
densing Kr gas at near liquid-nitrogen temperatures.
Both transmission and Auorescence measurements were
made on condensed Kr of various thickness. Variations
among our spectra representative of those reported'
were observed. Our transmission spectra on samples
with absorption thickness (px) of about 1.0 and the
Auorescence spectra on samples with px =—0.1 agree with
each other, and both agree with those reported by Soules
et al. ' and Kutzler et a/. ' Therefore, we will use this
spectrum for solid krypton. The energy was calibrated
by simultaneously measuring the spectrum of Kr gas in a
reference channel.

III. RESULTS AND DISCUSSION

The concentration depth profile of Kr in Al, graphite,
and Grafoil was measured by RBS. Four Al samples
with doses of 0.5, 1.0, 1.6, and 2.0X 10' Kr/cm all show
a Kr concentration peaked in the range 900—1000 A. The
Kr peak concentration already reaches 7% at a dose of
5 X 10 Kr/cm, increases to 9%o at 1.0 X 10' Kr/cm,
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and drops to 8%%uo with a broader distribution at 2X10'
Kr/cm . For graphite samples, the peak concentration is
at 700 A with a similar dose dependence as in Al samples.
The highest concentration of about 8% is achieved at a
dose of 1 X 10' Kr/cm . The Kr concentration in the
Grafoil is one-fifth to one-fourth of that in graphite at
similar doses. Implantation with varying beam energies
(150, 100, and 55 keV) was able to increase the Kr reten-
tion slightly. The Kr concentration in Nb hosts has not
been determined precisely since the atomic mass of Kr is
close to that of Nb. However, the amount of total kryp-
ton in Nb samples is comparable to that in similar Al
samples as estimated from the step sizes at the Kr x-ray-
absorption edge.

In an x-ray-absorption event, a core-level electron with
well-defined orbital symmetry is excited to a final state
that is selected by the dipole rule. The XANES data
(viz. , the features near the absorption edge) generally
reAect the coordination geometry, coordination number,
and the nature of chemical bonding with neighbor atoms.
However, a unified theoretical interpretation of the
XANES spectrum, especially the edge structure, is
presently not available. Useful information is often ex-
tracted by comparison with reference spectra measured
on known materials. Strong peaks, often termed "white
lines, " can occur near the absorption edge due to atomic-
like bound states, molecular orbitals, or unoccupied den-
sity of states in a condensed system. In the present case
of krypton E-edge absorption, molecular orbitals are
ruled out since Kr interacts rather weakly with other
atoms. Transitions to the Rydberg series (which give rise
to white lines in the K absorption spectra of atomic neon
and argon' ) are wiped out by the strong core-hole life-
time broadening. Thus, the absorption spectrum of
atomic krypton is essentially structureless (Fig. 1). In
solid krypton, a white line is observed at the absorption
edge' ' ' (Fig. 1). In a multiple-scattering calculation
using a KrI& cluster (absorber plus the twelve nearest
neighbors in the fcc lattice), Kutzler et al. ' were able to
qualitatively reproduce the first two peaks observed. In
this picture, the white line is a result of backscattering
from the Kr near neighbors.
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FIG. 1. Kr K-edge XANES spectra for krypton gas and solid
at 80 K.

The XANES spectra presented here have been normal-
ized to the step size after the preedge background sub-
traction. The energy origin (Eo) was chosen at the
inflection point (the first maximum in the derivative).
Figure 1 presents the XANES data for the gas phase and
the solid phase (80 K) of krypton. The gas spectrum is
atomic and shows little structure. The solid krypton
spectrum exhibits a white line above the edge followed by
a few oscillations representing the backscattering from
Kr neighbors. The oscillations are damped out quickly at
higher energies due to large thermal vibrations. To an es-
timated uncertainty of 1 eV, we observe no energy shift
between the absorption edges of Kr gas and Kr solid.
Shifts of 4 eV (Ref. 13) and 1 eV (Ref. 14) to higher ener-
gies for the solid Kr have been previously reported.

Figures 2(a)—2(c) present Kr XANES spectra for Kr in
Nb, Al, and graphite and Grafoil hosts. All the implant-
ed samples show a white line followed by a weak peak in
the absorption spectra even at 300 K. The white line at
80 K is enhanced in the case of Al and Grafoil hosts.
The Kr XANES and the white line enhancement at 80 K
for the graphite samples are similar to those for the
Grafoil, thus the term carbon will also be used for one or
both of the graphite and Grafoil hosts in our discussion.
The observed XANES could be caused by host atoms
and/or krypton atoms. The backscattering power for
carbon, Al, and Nb atoms is generally different. If
scattering from the host atoms is significant, the XANES
spectra, in particular the white line, should vary for the
three different hosts. At 80 K, the white line intensity
and line shape as shown in Fig. 3 for Kr in graphite, Al,
and Nb hosts are surprisingly similar. This suggests that
the XANES spectra in the implanted samples are all due
to krypton neighbors rather than the host atoms. In the
literature, we found only the Kr-C, other than Kr-Kr,
XANES behavior. This was observed in a study' of
krypton on a Grafoil surface in which the Kr-C XANES
was isolated. In the Kr-C XANES, the amplitude of the
second peak is comparable to the first one (white line) at
100 K, and becomes stronger at 20 K due to the reduc-
tion of the large thermal vibration (b, rr =0.051 A ). For
the Kr-Kr XANES at 80 K (Fig. 1) and 300 K (Ref. 17)
the first peak is always stronger than the second. In view
of this characteristic, the observed XANES spectra point
to backscattering from Kr near neighbors. Therefore our
observed XANES spectra indicate that the majority of
Kr in the implanted matrices is in the form of krypton
precipitates. We note that this is a nontrivial result, since
the x-ray absorption probes all Kr atoms in the host,
while imaging and diffraction techniques detect the solid
bubbles but cannot determine the amount that is not in
the bubble form. The krypton precipitation is consistent
with the low solubility of a rare gas in solid matrices.

For Kr in Nb hosts [Fig. 2(a)] the white line at 300 K is
nearly as strong as that at 80 K. The white line is due to
strong pair correlations that could exist in either liquid or
solid phases. In order to distinguish these two possibili-
ties, it would be ideal to compare the spectrum of Kr pre-
cipitates with that of a liquid krypton. The existence of
strong pair correlations at 300 K implies that all the bub-
bles must be in the solid phase at 80 K, since krypton gas
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FIG. 3. Normalized Kr XANES at 80 K, comparing the
white line for the implanted samples and bulk solid krypton at
80 K.
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Grafoil also has a graphitic structure, but the crystallites
are aligned with the basal planes parallel to the macro-
scopic surface. At high doses (~1X10' Kr/cm ), we
observe no significant difT'erence between the XANES
spectra for Kr in graphite and in Grafoil, even though
the retention of Kr in the latter is much lower. Typical
bubble sizes observed in other hosts are greater than 20 A
(Refs. 5, 7, and 10), much larger than the spacing be-
tween adjacent basal planes in the graphite structure. It
is very likely that the Kr bubbles in samples implanted to
high dosages are quite large and their final form is not
affected by the preferred orientation of the host crystal-
lites in the Grafoil. At 1X10 Kr/cm, the white line is
much broader than at 2X10' Kr/cm . At this dose,
some Kr bubbles may also exist and the bubble sizes are
likely to be smaller than those at higher doses. The
higher pressure in the smaller bubbles will contribute to
the white line broadening. Another source for the
diferent XANES spectra observed at 1 X 10' Kr/cm
may be the existence of krypton atoms thai are not
clustered in the same way as those at high doses. 2D-like
Kr clusters or even intercalation may exist due to the 2D
nature of the graphite structure. Polarized XANES mea-
surements on krypton implanted in Grafoil may help to
detect possible 2D-like Kr clusters. It will also be in-
teresting to learn about the structure of the bubbles at
high doses.

Figure 3 shows the Kr XANES spectra at 80 K for Al,
Nb, and graphite hosts all implanted to about 2X10'
Kr/cm . The solid krypton spectrum is included for
comparison. The details of the XANES spectra depend
on the nature of the host material. However, the white
line peaks from Kr in C, Al, and Nb hosts are similar to
each other and are slightly stronger than that of bulk
solid krypton. The slightly stronger white line in the im-
planted samples may originate from a denser packing of
Kr atoms in the bubbles, which are under high pressures,

as will become clear later. In all cases, the white line of
the implanted samples is broader than that of the bulk
krypton. For the bulk solid krypton under high pres-
sure, ' the white line becomes progressively broadened as
the pressure increases even though the thermal vibration
is reduced. The broader white line for the implanted
samples may also be due to the high pressure in the kryp-
ton bubbles. Another source for the broadening could be
an inhomogeneous environment in the implanted materi-
al.

The second XANES peak at 80 K shifts to lower ener-
gies as compared to 300 K for Kr implanted in Al, Nb,
and carbon hosts. The energy of the second peak (E)
measured relative to the threshold is listed in Table I.
The shift to lower energies indicates a lattice expansion in
the Kr bubbles. In general, a decrease in the XANES
and EXAFS peak energy is indicative of an increase in
the bond length; and, in particular, this relation is found
to hold for bulk krypton. ' A lattice parameter increase
with decreasing temperature is also observed by Ander-
sen et al. for krypton bubbles in Al hosts. It is known
that bulk solid krypton contracts with decreasing temper-
ature under constant pressure. However, the krypton
bubbles in the solid matrices are in a quite difFerent situa-
tion. The bubbles are confined to a cavity within the
solid and are under high pressure. The pressure within
the bubble is largely determined by 2y*/r, where y* is
the effective surface tension of the cavity (host material)
and r is the radius of the bubble (assuming a spherical
shape). y* is expected to be nearly temperature indepen-
dent for temperatures below 300 K. As the temperature
decreases, the pressure within the Kr bubbles tends to de-
crease. The decrease in the pressure can be achieved by
an increase in the radius r, i.e., by expansion of the bub-
ble. The pressure within the bubble is so high that the
expansion is not suppressed by the host matrix. The
krypton lattice expansion at low temperature is due to

TABLE I. The energy (E, from the first inAection point) of the second Kr E-edge XANES peak,
average Kr-Kr nearest-neighbor distance (R& ), and the pressure (P) of krypton solid bubbles in im-
planted materials. The R, values are deduced from E and an empirical relation E (eV) =54.6—10.6R

&
0

(A). The pressure is obtained from the reported P versus lattice parameter relation for bulk fcc solid
krypton at room temperature [Polian et al. (Ref. 17)j. The estimated uncertainties in E and 8, are 1.5

0
eV and 0.2 A, respectively.

Samples E (eV)
T=300 K
R, (A) P (GPa)

T=80 K
E (eV) R

&
(A)

KrA1-C (30 at. %%uoKr)'
KrA1-F (10 at. % Kr)
KrA1 (2X10")
KrA1 (5X10' )

KrA1 (5X10', 400'C/1 h)
KrNb (1.5x10")
KrNb (5 X 10' )

Grafoil (2X10' )

Graphite (1X10', 300'C/5 h)
Graphite (2X10' )

16.2
15.5
18.9
19.2
17.5
19.2
19.2
21.7
20.0
21.7

3.6
3.7
3.4
3.4
3.5
3.4
3.4
3.1

3.3
3.1

3.4
2.8
9.4

10
5.7

10
10

16.0
14.8
15.3
16.5
16.5
15.7
18.1
19.6

3.6
3.8
3.7
3.6
3.6
3.7
3.4
3 ' 3

Implanted with multiple energies to achieve a uniform nominal atomic concentration 30 at. %%uoKr .
Total dose, implanted with 1.0, 0.64, and 0.4X 10"Kr/cm at energies of 150, 100, and 55 keV, respec-

tively.
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the decrease of the bubble pressure as the temperature is
lower ed.

Polian et al. ' have reported a correlation between the
energy (E, relative to the threshold) of the second
XANES peak and the lattice parameter (a) of fcc bulk
krypton at 300 K under high pressure. Using their data
for E versus pressure (P) and a versus P, we have plotted
the E versus the Kr-Kr nearest-neighbor distance (R I ) in
Fig. 4. The data points seem to fall on a straight line, and
a linear least-squares fit yields E (eV)=54.6—10.6R&

0

(A). This empirical relation is then applied to the kryp-
ton bubbles (only the solid ones) in Al and Nb at 300 and
80 K under the assumption that the krypton bubbles have
the fcc structure and behave similarly to the bulk krypton
under high pressure. The uncertainty in such an estimate
is inevitably large, since the value of R, is sensitive to the
value of E, and the accuracy in determining E is limited
when the XANES peak is broad. Another source of er-
ror is that the energy origin determined in our work may
differ slightly from that in Ref. 17. Apparently, use of
the E versus R& relation on our solid krypton at 80 K
gives a too-small R& value. The RI value for Kr bubbles
is expected to be an underestimate and consequently the
bubble pressure is overestimated. Nevertheless, a relative
comparison of these estimated parameters between 300
and 80 K should be meaningful.

The Kr-Kr nearest-neighbor distances obtained from
the relation E (eV)=54.6 —10.6RI (A) are listed in Table
I for Al and Nb samples. The associated bubble pressure
is estimated from the a versus P data of Ref. 17. The
Kr-Kr distances are all smaller than the 3.99 A value of
fcc krypton at 4.2 K under ambient pressure. The bubble
pressure is in excess of the melting pressure 0.85 GPa for
Kr at 300 K, ' in accordance with the existence of solid
bubbles. Our estimated lattice parameter values for the

25

Kr bubbles in Al hosts are in qualitative agreement with
values reported by Andersen et al. and Birtcher and
Ja.ger.

The Kr bubbles in the graphite and Grafoil hosts may
not assume a fcc structure. To estimate the Kr-Kr
nearest-neighbor distance, an additional assumption has
to be made, i.e., that the second XANES peak is due to
the nearest Kr neighbor. This assumption is supported
by the calculation of Kutzler et aI. for bulk solid kryp-
ton, which predicted that the Kr nearest neighbor gives
rise to the first and the second XANES peaks. Using
E =54. 6 10.6R I R I is estimated for Kr bubbles in the
graphite and Grafoil hosts as listed in Table I. These
Kr-Kr distances are smaller than those in Nb and Al
hosts, probably suggesting a different crystal structure for
bubbles in the graphite and Grafoil hosts. The pressure
within the bubbles cannot be estimated since the a versus
P relation from Polian et al. is only for the fcc lattice.

EXAFS oscillations were observed only on two sam-
ples, the 5X 10 Kr/cm Al sample annealed at 400'C
(sample A) and the as-implanted 1.5X10' Kr/cm Nb
sample (sample 8). In a recent x-ray-absorption study of
Xe implanted in silicon, Xe EXAFS oscillations were
detected only in thermally annealed samples. The
EXAFS spectrum and its Fourier transform (inset) of
sample 3 are shown in Fig. 5. The overall Fourier-
transform spectrum is consistent with what is expected
from a fcc structure. The nearest Kr-Kr distance in sam-
ples 3 and B are determined from the peak position in
the Fourier transform plus a correction for the Kr-Kr
EXAFS phase shift using theoretically calculated
phases. They are 3.66 A for sample 3 and 3.76 A for
sample B. These values are a slight underestimate of the
actual value since the effect of relatively large thermal
disorder was not taken into account. The Kr-Kr distance
determined by EXAFS is consistently greater than those
at 300 K deduced from XANES, in support of the lattice
expansion at low temperature.
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FIG. 4. The energy of the second Kr XANES peak (E, with
respect to the threshold) vs the Kr-Kr nearest-neighbor distance
(R, ) determined by x-ray diff'raction for bulk solid krypton un-

der high pressure at room temperature. Data are taken from
Polian et al. (Ref. 17). The line is a linear least-squares fit: E
(eV) =54.6—10.6R, (A).
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FIG. 5. Kr K-edge x-ray-absorption spectra for the thermally
annealed (400 C/1 h) 5 X 10' Kr/cm Al sample. The inset
shows the Fourier-transform magnitude of its k '-weighted
EXAFS function.
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IV. SUMMARY AND CONCLUSI(ON

The x-ray absorption measures the total contribution
of all Kr atoms in the implanted matrix. At 300 K, the
white line intensity of Kr in Nb hosts is almost as strong
as at 80 K. Therefore, the Kr atoms in Nb hosts are
probably all in the solid phase even at 300 K. For Al and
carbon hosts, some Kr bubbles are in the solid phase, but
nonsolid phases also exist at 300 K. The fact that the lat-
tice parameters are all smaller than that of bulk solid Kr
under ambient pressure and the fact that the lattice ex-
pands as the temperature is lowered from 300 to 80 K ar-
gue for a high pressure in the solid Kr precipitates. The
pressure deduced from the lattice parameter is about 10
GPa at 300 K for Kr bubbles in Nb and Al hosts. The
state of the precipitates depends on the implant dose for a
given host, and depends on the nature of the host for
similar dosages. This is demonstrated by the variations

of Kr XANES spectra when these factors are varied.
Even when the solid Kr precipitates are under high pres-
sure, the thermal vibrations appear to be large enough to
smear out the EXAFS oscillations. The small size of the
precipitates may also reduce the EXAFS amplitude
significantly.
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