
PHYSICAL REVIEW B VOLUME 45, NUMBER 9 1 MARCH 1992-I
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Tm+ ions with 100-keV energy were implanted into (111)-cut CaF, single crystals at 90 K and room
temperature (RT). Ion backscattering using 1.5-MeV He+ beams has revealed drastic inward diffusion

of the implanted Tm ions and of the induced defects. Ion-channeling analysis has shown that the majori-

ty of the implanted Tm ions occupies a substitutional site replacing Ca'+. The ionic state of the implant-

ed Tm ions is determined by optical absorption and ion-beam-induced luminescence (IBIL) analyses and

the divalent fraction is estimated to be 60-90%. The IBIL spectra are compared with those resulting

from ultraviolet-light excitation. No significant difference is seen between the characteristics of the Tm

ions implanted at 90 K and RT.

I. INTRODUCTION

Ion implantation has recently been utilized to investi-
gate the characteristics of unstable nuclei far off the P-
stability line. ' In this case short-lived isotopes pro-
duced by spallation reactions with high-energy particles
from a high-energy accelerator are implanted into solids
with an isotope separator. The magnetic circular di-
chroism of rare-earth atoms in alkaline-earth fluoride
hosts is so large that the electron-spin polarization can be
significantly enhanced by pumping with circularly polar-
ized laser light in the visible region. The electron polar-
ization is then transferred to the nuclei mainly through
the hyperfine interaction. Unstable '" Tm + ions in
alkaline-earth fluorides provide a typical and interesting
example to achieve appreciable nuclear polarization,
thereby determining the nuclear magnetic moment by the
detection of the asymmetry of the emitted P rays.

Unfortunately, not enough is known about the charac-
teristics of the implanted ions and the induced lattice
damage for alkaline-earth fluoride crystals. The aim
of the present work is to determine the lattice position to-
gether with the ionic state of Tm ions implanted into
CaF2 single crystals. Naturally, thulium exists as a
trivalent ion in CaFz. In this case a F ion exists in one
of the six nearest-neighbor (dodecahedral) interstitial sites
at a distance of half the lattice constant from the substi-
tutional Tm + ion. ' However, it has been reported that
a trivalent-to-divalent conversion can easily occur by x-
or y-ray irradiation or by annealing in a Ca vapor. '
This suggests that preferential F-vacancy production is
essential to promote the trivalent-to-divalent conversion.

Thus we expect that a considerable fraction of divalent
Tm should be obtained directly by Tm+ implantation
into CaF2.

In the present experiment, stable ' Tm+ ions with 100
keV energy were implanted into (111)-cut CaF2 single
crystals at low (90 K) and room temperatures (RT). The
lattice-location measurement together with depth
profiling of the implanted Tm and the induced defects
was made by ion backscattering with 1.5-MeV He+ ions.
Optical-absorption and ion-beam-induced luminescence
measurements were performed to determine the ionic
state of the implanted Tm ions.

II. EXPERIMENT

The mirror-finished (111)-cut CaF2 crystals were
etched chemically in a solution of HC1 (10 cm: 35 wt. %)
and H20 (50 ctn ) for 2 —3 min. Then they were rinsed in
acetone with an ultrasonic cleaner. After this treatment
we obtained a y;„value of 0.03-0.04 by ion-channeling
analysis, which certifies the complete elimination of
surface-disordered layers. The size and purity of CaF2
are 1.0X 1.0 X0.09 cm and 99.99 at. %%uo, respectively.

The 100-kev Tm+ implantation into CaFz was per-
formed with the Cockcroft accelerator of Toyota REz,D
Laboratory. The CaF2 samples were mounted on a rotat-
able holder, which can be cooled down to liquid-nitrogen
temperature (77 K). In order to avoid the channeling in-
cidence, the surface normal of the sample was tilted
about 8 from the incident-beam direction. The ac-
celerated Tm+ ions were scanned vertically and horizon-
tally with a couple of electrostatic deflectors to realize
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uniform irradiation and to suppress electrical charging
on the sample surface. The Tm+-beam flux was set at
0.5 —1 pA/cm, and a temperature rise of 20'C at most
was observed immediately after Tm+ irradiation. We
used a Chromel-Alumel thermocouple, which was insert-
ed between the sample and the sample holder made of
copper. The sample-temperature measurement could not
be made during Tm+ irradiation because of ion-
irradiation-induced electric noise upon the thermocouple
signal. The present implantation temperatures of 300 K
(RT) and 90 K are the average and approximate ones
measured immediately after the Tm+ irradiation. The
operating pressure in the irradiation chamber was main-
tained at less than 8X10 Torr using a turbomolecular
pump combined with a liquid-nitrogen trap. Thus the
amount of contamination such as carbon buildup on the
Tm+-irradiated surface was kept within a small level and
the irradiated samples were found to have almost the
same transparency compared with nonirradiated ones.

The lattice location of the implanted Tm ions together
with the depth profiles of the implanted Tm and pro-
duced defects was measured by 1.5-MeV He+ back-
scattering using the ion-channelling effect. For precise
spectrum analysis, we best fitted the computer-simulated
backscattering spectrum to the corresponding observed
one.

In order to determine the absolute quantity of divalent
Tm in CaFz, we prepared trivalent and divalent Tm-
doped CaF2 samples. First, a standard sample containing
trivalent Tm ions only was synthesized by the Bridgman
method with CaF2 seed crystals. The trivalent-to-
divalent conversion was accomplished by annealing at
800'C for 10 h in a Ca vapor with 0.45 Torr pressure.
According to the report of Kiss and Yocom, this anneal-
ing condition is su5cient to complete the trivalent-to-
divalent conversion. In fact, the color changed from
transparency to green after the heat treatment. We can
derive the divalent Tm concentration in CaF2 from the
optical-absorption spectrum measured at RT and liquid-
nitrogen temperature (LNT) in a wide wavelength range
from 200 to 1500 nm. The optical density (OD) which is
defined by log&p(Ip/I)(I/Io transmittance), is propor-
tional to the Tm + concentration C (at. %) and to the
sample thickness t (cm):

logto(Io/I ) =aCt,

where a is the proportionality constant.
Mitsunaga" recommended to use the optical density at

a wavelength of 590 nm measured at RT and an a value
of 2.9X10 (at. % cm) ' for determining the absolute
quantity of the divalent Tm in CaF2. Thus we obtain a
divalent concentration of 0.075 at. %%uo for th epresen t di-
valent standard sample.

We expect that ion-beam-induced luminescence is very
sensitive to the ionic state of the implanted Tm ions local-
izing near a surface region. In the present experiment,
we employed 200-keV Ar+ beams provided by the 300-
kV Disktron accelerator of Kyoto University and mea-
sured the luminescence spectra with a Czerny-Turner
monochromator in the wavelength range from 400 to 650

nm. A pair of quartz lenses was used to focus a segment
of the light beam onto the entrance slit of the monochro-
mator with unit magnification. The monochromator was
driven in steps at discrete wavelength intervals of 1 nm,
and the photon counting was normalized by the integrat-
ed Ar+-beam current.

III. LATTICE LOCATION
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FIG. 1. Random and [111]-aligned backscattering spectra
from CaF2 crystals before and after 100-keV Tm+ implantation
at 90 K with a dose of 1 X 10' Tm+/cm . The spectra depicted
with points and solid curves correspond to the observed and
best-fitted ones, respectively.

Figure 1 shows the random and [111]-aligned back-
scattering spectra from the CaF2 crystals before and after
the 100-keV Tm+ implantation (1 X 10' Tm+/cm at 90
K). The spectra drawn with points and solid curves are
the observed and corresponding best-fitted ones, respec-
tively. Here the calculation of the dechanneling fractions
was made according to the method proposed by Feldman
and Rodgers. ' The depth profiles of the implanted Tm
and induced defects were assumed to be asymmetric
Gaussian shapes. '

The induced defect profile was determined from the
best-fitting condition for the above aligned spectrum and
is shown in Fig. 2. For comparison, this figure includes
the defect profiles for the Tm+ implantation with doses
of 1X le)' and 1X10' Tm+/cm at RT together with
the calculated defect profile (histogram) from the Monte
Carlo simulation code TRIM, which is based on the
binary-collision approximation. The present result re-
veals a much deeper defect concentration profile than ex-
pected from the theoretical estimate. The defect profile
for the sample implanted at 90 K is slightly larger than
that at RT, as shown in Fig. 2. The present experiment
shows an inward diffusion of the induced defects with in-
creasing Tm+ dose. For low Tm+ dose, the defect profile
approaches the calculated one.

The Tm depth profile derived from the best fitting of
the random spectrum is depicted with a solid curve in
Fig. 3. The implanted Tm ions diffuse remarkably to-
ward the inside, as it clearly seen from the comparison
with the Tm profile calculated from the TRIM code (histo-
gram). The inward diffusion is enhanced with increasing
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FIG. 2. Dose and temperature dependence of the induced de-

fect concentrations for 100-keV Tm+-implanted CaF& crystals.
The histogram denotes the defect profile calculated from the
Monte Carlo simulation code TRIM.

Tm+ dose for both the 90-K and RT implantations.
Such behavior is quite similar to that of the induced de-
fects. Townsend pointed out that pronounced electronic
sputtering of halogens occurs for energetic ion-
bombarded alkali halides. However, the amount of the
self-sputtered Tm is estimated to be 2X10' Tm/cm2
from the above Tm depth profile and thus negligibly
small compared with the amount of the implanted Tm
(1X 10' Tm+/cm ).

Here we consider the heating-up effect of the ion irra-
diation upon the anomalous inward diffusion. As men-
tioned in Sec. II, the temperature rise of about 20'C was
observed with the thermocouple immediately after the
Tm+ irradiation. Such a macroscopic temperature rise
does not have a significant effect on the above anomalous
diffusion. We can roughly estimate the local and instan-
taneous temperature rise in the collision cascade region
right under the beam spot. According to the method
proposed by Nakata, ' we obtain a local temperature rise
of at most 10'C under the present implantation condi-
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FIG. 3. Depth profile of the implanted Tm ions derived from
the best fitting of the observed random spectrum. The CaF,
sample was implanted with 100-keV Tm at 90 K with a dose of
1X10' Tm+/cm . The histogram is the Tm depth profile cal-
culated from TRIM.

tion. Thus the anomalous inward diffusion of the im-
planted Tm and of the induced defects is not explained
adequately by the macroscopic and/or local temperature
rise during Tm+ irradiation.

As another possibility to explain the anomalous inward
diffusion we must consider the electrical charging up of
the irradiated sample surface. If the top surface irradiat-
ed with Tm+ is positively charged owing to the
secondary-electron emission, the Tm and displaced Ca
ions diffuse inward by the repulsive electric force. In or-
der to suppress the charging-up effect, we scanned the
Tm+ beam in a wide range of 2.5X2.5 cm around the
sample with the size of 1.0 X 1.0 cm at the scanning fre-
quency of 1 kHz. We have not experienced so far such
anomalous diffusion for the metal ion-implanted insulator
materials such as sapphire and zirconia crystals under the
same implantation condition. Thus the anomalous in-
ward diffusion upon the charging-up effect is expected to
be small.

From the above discussion, we should consider other
physical or chemical effects of ion irradiation to explain
the present pronounced inward diffusions of defects and
implanted Tm ions. Here we note that the Monte Carlo
simulation neglects the electronic process for ion-beam-
induced defect formation and for migration of implanted
ions. Townsend pointed out that energetic secondary
electrons or exciton motion may play an important role
in deep defect migration. Such electronic processes may
lead to pronounced inward diffusions of defects and im-
planted ions, in particular for alkali and alkaline-earth
Auorides.

As shown in Fig. 1, the [111]-aligned backscattering
yield from Tm is much smaller than the random yield.
Such a reduction is ascribed to the shadowing effect of
the crystal rows, and the subtraction of the aligned yield
from the random yield leads to the number of Tm ions ly-
ing in the [111]row. In fact, the shadow cone radius is
very small and calculated to be less than 0.01 nm in the
case of 1.5-Mev He+ ion channeling along the CaF2
[111] axis. We also measured the [110]-aligned back-
scattering spectra and obtained almost the same reduc-
tion rates of [110]-aligned to random yields from Tm as
those of [111]-aligned to random ones. Here we should
note that the most possibly occupied interstitial site is the
dodecahedral one, which is shadowed for [111]-aligned
beams, but not for [110]-aligned ones. It is therefore sug-
gested, also from the charge balance, that the positively
charged implanted Tm ions occupy the substitutional lat-
tice position, replacing Ca +. Figure 4 shows the substi-
tutional Tm fractions (circles) determined from channel-
ing spectra together with the maximum defect concentra-
tion (squares), as a function of Tm+ dose. The solid and
half-solid symbols denote the implantation at 90 K and
the implantation at RT followed by annealing at 500'C
for 1 h, respectively. With increase in Tm+ dose, the
number of induced defects becomes large, while the sub-
stitutional fraction seemingly decreases. The substitu-
tional Trn fraction F, and the maximum defect concen-
tration C,„have a complementary relation in the form
F, +C,„—= 100 at. %. This relation suggests that the
seemingly smal1 substitutional fractions for high Tm+
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dose are ascribed to the partially induced lattice disorder
and that the majority of the implanted Tm ions occupies
the substitutional site. As will be seen later, this is
confirmed by optical-absorption and ion-beam-induced
luminescence analyses.

Moore and Wright and Catlow, Chadwick, and Cor-
ish' determined the local structures surrounding the
dopant ions for Er- and La-doped CaF2 using the tech-
niques of neutron diffraction and extended x-ray-
absorption fine structure (EXAFS). They reported that
the trivalent dopant ion occupies a lattice cation site with
the extra charge compensated for by an interstitial F in
a neighboring, interstitial cube center site in low dopant
concentration ((0.5 mol%), while for higher concentra-
tions ( & 10 mol %}aggregation of the simple pairs of sub-
stitutional dopant and fluoride interstitial occurs. The
Tm concentration in the present Tm+-implanted samples
is at a not so high level ((a few mol%), and thus the
high substitutional fraction of implanted Tm is consistent
with the above local structures. Aside from the detailed
local structure, in the next subsection we determine the
ionic state of substitutional Tm and the Tm + fraction by
optical-absorption and ion-beam-induced luminescence
measurements.

IV. IONIC STATE

As mentioned previously, the Tm ions doped into CaFz
using Bridgman method exist as trivalent ions under the
thermal equilibrium condition, but the trivalent-to-
divalent conversion can occur by subsequent treatments
such as x- or y-ray irradiation and annealing at high tem-
peratures in a Ca vapor. Our interest is centered on how
much divalent fraction is obtained by direct Tm+ im-
plantation into CaF2 at RT and LNT. In order to deter-
mine the ionic state of the implanted Tm ions, we first
measured the electron-spin-resonance (ESR) spectra at
LNT, but observed only the signals originating from the
induced defects for Tm+-implanted CaF2. Then we tried
the optical-absorption analysis and the ion-beam-induced
luminescence measurements.
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FIG. 5. Energy-level diagrams for Tm + and Tm + in CaF2.

Figure 5 shows schematic energy-level diagrams from
the divalent and trivalent Tm ions in CaF2. ' The F7/2
and H6 states correspond to the ground states of Tm
and Tm +, respectively, and the cubic field of the CaFz
crystal further splits each electronic level of the Tm ions
into several sublevels. The electrons excited to the ab-
sorption bands make a very fast transition to the F&&z
state, which is a metastable state with a lifetime of 5 ms. '

As described in Sec. II, absorption bands were ob-
served for the Tm + standard sample, while we observed
no significant absorption lines for the Tm + standard
sample in the visible region. Figures 6(a} and 6(b) show
the optical densities measured at LNT for the Tm stan-
dard sample (0.075 at. %) and for the Tm+-implanted
CaF2 crystal, respectively, in the wavelength range from
200 to 700 nm. The latter was prepared by implanting
100-keV Tm+ ions into the front and back surfaces of the
CaFz crystal equivalently with a total dose of 2X10'
Tm+/cm at RT. The absorption band structure for the
Tm+-implanted CaFz is similar to that for the Tm +

standard sample except for the weak peak intensities and
considerable peak broadening. From the intensity ratio
of the 590-nm peak, we derived a Tm + fraction of 72%
for the Tm+-implanted CaFz sample. The ratio of the
standard to the Tm+-implanted spectral areas [indicated
with shaded areas in Figs. 6(a) and 6(b)] gives a Tm +

fraction of about 90%. Such analyses were made for
three different Tm+-implanted CaFz crystals, and the
resultant Tm + fractions range from 60% to 90%. No
significant difference was obtained between the Tm +
fractions for the Tm ions implanted at RT and 90 K.

The accuracy of the present optical-absorption analysis
is not as satisfactory because of uncertainties in the
deconvoltion and background subtraction procedure. In
addition, the shape of the absorption peak for the Tm+-
implanted CaFz is different from that of the Tm + stan-
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CaF2 crystal. Two broad peaks around the wavelengths
455 and 485 nm were observed for the Tm + standard
sample, whereas no significant peak was observed for the
Tm + standard sample. Figure 7(c) shows the observed
luminescence spectrum from the Tm+-implanted CaF2
sample with a dose of 2.5X10' Tm+/cm . In spite of
the small amount of implanted Tm ions, we observed two
strong broad peaks with wavelengths coinciding with
those observed for the Tm + standard sample. The in-
tensity ratio of these two peaks in Fig. 7(c) is reversed in
contrast with that for the Tm + standard sample. This is
probably related to a delicate change of atomic
configurations such as crystal-lattice distortion induced
by the Tm+ implantation. The ratio of the spectral area
around 455 and 485 nm for Tm+ implanted to that for
the Tm + standard sample is about 2.5. Now we roughly
estimate the Tm + fraction assuming that the excitation
probability for Tm + is proportional to the electronic
stopping power of Tm implanted into CaF2. The elec-
tronic stopping power depends strongly upon the Ar+
energy E(x) at depth x,

E(x)=Eo —f S(E(x))dx, (2)

where Eo is the incident Ar+ energy and S (E) is the total
stopping power of CaFz (Tm) for Ar ions. The stopping
power S(E) is expressed by

350 nm
(a)

Isslon

350- and 395-nm photon detection, which clearly indicate
that the 350- and 395-nm emission lines originate from
265- and 300-nm photon absorption, respectively. Thus
the 395-nm emission corresponds to the 300-nm absorp-
tion band, [a, indicated in Fig. 6(a)], but the origin of the
350-nm emission is not clear. Opposed to our expecta-
tion, the observed primary two peaks in the Ar+-induced
luminescence spectra do not correspond well to any peaks
in the photon-induced emission spectrum. This is possi-
bly due to the fact that such heavy-ion penetration des-
troys the original atomic and electronic configurations
and/or accompanies complicated excitation processes.

Finally, we discuss qualitatively the mechanism to
achieve the high Tm + fraction by direct Tm+ implanta-
tion into CaF2. In the case of annealing the Tm + stan-
dard sample in a Ca vapor, preferential production of F
vacancies occurs as a result of the production of excess of
Ca +. The F ions located in the vicinity of Tm + ions
move into these vacancies, and thus the trivalent-to-
divalent conversion is realized. The Tm+ implantation

S(E)=[1—CT (x)]S, '(E)/3+2[1 —CT (x)]S,"(E)I3

+ CT (x)S, (E)+S„(E). (3)

~~I
CI
C

2+}

Here the first three terms correspond to the contributions
from the electronic stopping powers of Ca, F, and Tm
and S„(E)is the nuclear stopping power originating from
elastic scattering. The Tm concentration CT (x) at
depth x is determined by ion backscattering in the form
of an asymmetric Gaussian shape. For the Tm + stan-
dard sample, CT (x ) =7.5 X 10 . The integrated pho-
ton intensity around 455 and 485 nm is given by

I =k f 'CT (x)S™(E(x))dx,
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where k is an arbitrary constant and x~ is the projected
range of 200-keV Ar+ ions in CaF2. To perform the nu-
merical calculation, we employed the semiempirical
electronic-stopping-power formula reported by Ziegler,
Biersack, and Littmark' and the nuclear-stopping-power
formula proposed by Wilson, Haggmark, and Biersack.
The present analysis gives the Tm + fraction of about 70
at. %, which is consistent with that derived from the
optical-absorption measurement.

It is interesting to compare the ion-beam-induced
luminescence spectra with the emission spectrum ob-
tained by optical pumping. Figure 8(a) shows the 300-nm
photon-induced emission spectrum from the Tm + stan-
dard sample. The several peaks originate from transi-
tions from the absorption bands to the F5&2 state (see
Fig. 5). The excitation light was introduced from a Xe
lamp through a monochromator, but the wavelength
width is considerably wide, as seen from this emission
spectrum. Figure 8(b) shows the excitation spectra with
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FIG. 8. (a) Photon emission from the Tm + standard sample
subsequent to the absorption of the ultraviolet light with the
wavelength of 300 nm. (b) Excitation spectra with 350- and
395-nm photon detection for the Tm' standard sample.
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also introduces a number of F vacancies preferentially be-
cause of the small displacement energy and as described
in Sec. III, a drastic vacancy migration occurs. There-
fore, even if the substitutional occupation by Tm + is ini-
tially predominant, the interstitial F ions connected
with the Tm + ions can move into the F vacancies and
then the substitutional Tm + state is stabilized from the
charge balance.

V. SUMMARY

We have measured the lattice location and ionic state
of Tm ions implanted into CaF2 single crystals at RT and
90 K. The ion backscattering using 1.5-MeV He+ beams
has shown that the majority of the implanted Tm ions oc-
cupies the substitutional Ca lattice position. The present
experiment has also revealed a drastic inward diffusion of
the implanted Tm ions and of the induced defects. The
effects of the macroscopic and/or local temperature rise
and of the surface charging up are ruled out. It is closely
related to the preferential production and subsequent mi-
gration of F vacancies as well as of vacancy complexes,
which are characteristic phenomena during ion irradia-
tion of alkali and alkaline-earth Quorides. In the above
phenomena, energetic secondary electrons or exciton
motion possibly play an important role.

The ionic state of the Tm ions implanted into CaF2 was
determined from the optical-absorption and ion-beam-
induced luminescence spectra. The Tm + fraction of the
implanted Tm was estimated to be 60—90%. We can
qualitatively understand the mechanism to attain such a
high Tm + fraction by direct Tm+ implantation into
CaF2. First, energetic Tm ions penetrating CaF2 produce
preferentially a number of F vacancies because of the

small displacement energy. Then a drastic vacancy mi-
gration occurs during the implantation. Thus the F in-
terstitials which can stabilize the substitutional Tm +

ions tend to move into the F vacancies which migrate in
the vicinity of them. Such pronounced mobilities of the
vacancies and Tm ions are essential to realize high Tm +

fractions.
The ion-beam-induced luminescence is much more sen-

sitive to the ionic state of the Tm ions localized near the
surface region than the optical absorption. The 200-keV
Ar -induced luminescence gives primary two peaks orig-
inating from Tm + in CaFz, but their wavelengths do not
coincide with the transitions from the absorption bands
to the metastable F~i2 state. This inconsistency suggests
that such heavy-ion penetration destroys the original
atomic and electronic configurations and accompanies
multiple excitation and ionization processes. The present
situation may be improved by using MeV light ions such
as H+ and He+, although the luminescence intensity is
expected to decrease to a certain extent.
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