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Abstract The valence state and annealing reactions of Mn/Fe in single crystalline
«-Al,O; have been determined following low fluence (<10'2 cm™2) 60 keV im-
plantations of ¥’Mn* (Tj, = 1.5 min) and emission Mdssbauer spectroscopy on
the >"Fe daughter nuclei in the temperature range from 110-700 K. At 110 K,
most probe atoms are found in the Fe?* state in amorphous surroundings due
to the implantation damage. A fraction of the Fe is found in cubic environment,
possibly nano-precipitates of n-Al,O3. This site is found to disappear from the
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spectra above 500 K. Annealing of the damage sites at increasing temperatures
leads first to increased incorporation of the probe atoms as Fe** on Al sites, and,
above room temperature, also as Fe**. The Fe’* sub-spectrum is masked by slow
paramagnetic relaxations following a T? dependence, as expected for a two-phonon
Raman process. Our data is consistent with data from >’ Co and 3’Fe implantations,
suggesting a general increase in the average Fe valence state with lower implantation
dose and negligible annealing reactions at room temperature.

Keywords Emission Mossbauer spectroscopy - Al,O3 - 3"Fe - 3’"Mn

1 Introduction

Mossbauer spectroscopy of Fe impurities in «-Al, O3 has been of interest for the last
four decades with some of the pioneering Mdossbauer work on slow paramagnetic
relaxations of Fe** impurities being performed in this material [1-3]. Several authors
[4-6] claimed that upon high fluence implantation (~10'” ’Fe/cm?) Fe was observed
in the 44 valence state. This claim was disproved by low temperature measurements
of Kobayashi et al. [7] where it was shown that the spectral features assigned to Fe**
were due to fine particles of metallic iron.

The fluence dependence of the >’Fe Méssbauer spectrum upon implantation
has been described by several authors. McHargue et al. [8] reported the fluence
dependence in the range 10'°~10'7 >’Fe/cm?, after implantation of 100-160 keV "Fe
at room temperature. They observed a gradual change from an Fe** dominated
spectrum to a spectrum dominated by uncharged iron. Dézsi et al. [9] performed
80 keV 3’Co implantations to fluences of (1-3) x 10" ’Co/cm? and observed Fe in
the 3+ and 2+ charge states, together with a single line of unknown origin.

Here we present results obtained after 60 keV implantation of ’Mn* (T}, =
1.5 min) performed at ISOLDE/CERN and emission >’Fe Mgssbauer spectroscopy
on the daughter nuclei. The outstanding feature of this method, in the context of
previous work, is the low total fluence needed to obtain a useful spectrum. The total
fluence the sample received is of the order of ~10'2 3"Mn/cm?.

2 Experimental

Beam of radioactive ’Mn™ (7, = 1.5 min) ions is produced at the ISOLDE facility
at CERN following proton induced fission in UC, target and element selective laser
ionization [10]. The ions have been implanted into single crystals of «-Al,O3; with an
intensity of (1-3) x 10® s~' of ’Mn™ to a total fluence of <10'?> ¥’Mn/cm?. In the
B~ decay of >’Mn, the daughter nuclei are given a recoil of average energy (Eg) =
40 eV. The samples were mounted in an implantation chamber with the c-axes tilted
30° relative to the beam direction and the detector mounted at 60° relative to the
c-axis of the orthorhombic Al,O; lattice. For measurements above room tempera-
ture, the samples were heated with a Halogen lamp from behind. For measurements
below RT the samples were mounted on a cold finger cooled with N, gas.

STFe Mossbauer spectra were measured with resonance detectors equipped with
stainless steel electrodes enriched in 3’ Fe. The detector is mounted on a conventional
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Fig. 1 3"Fe Mossbauer spectra obtained after implantation of 3’ Mn™ at the temperatures indicated.
The lines indicate the fitting components explained in the text

drive system outside the implantation chamber. The intrinsic line-shape of the
detector is best analyzed in terms of Voigt profiles with a Lorentzian width of
0.34 mm/s and Gaussian broadening of 0.08 mm/s. Isomer-shifts and velocities are
given at room temperature relative to o-Fe.

3 Results and analysis

The spectra obtained at different temperatures are shown in Fig. 1. Measurements
after implantation fluencies ranging from 10'° to 10'! >’Mn/cm? at room temperature
did not reveal any fluence dependence of the spectral components as has been
reported in similar experiments in ZnO [11] and attributed to the mobility of intrinsic
defects at room temperature.

In these on-line measurements, the total implantation increases with successive
measurements. The spectrum observed at 403 K was measured after the series of
high temperature measurements in the range 303-666 K. Its spectral features follow
the systematic trend of the other temperature dependent spectra and verify the lack
of any dependence on implantation fluence.

Below and at room temperature, the central part of the spectra is dominated by
an asymmetric quadrupole doublet (Dam). The rather broad lines of this component
suggest it is due to Fe in damage sites due to the implantation. Similar asymmetrically
broadened quadrupole doublets due to implantation damage have been observed
after implantation of >’Mn into group IV semiconductors [12-15]. Additionally,
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Fig. 2 The same spectra as in Fig. 1, but with the central part removed and the vertical scale
expanded to reveal the structure in the outer flanks

the central part of the spectra contains a single line (S1) with room temperature
parameters similar to those observed by Dézsi et al. [9]. Below room temperature,
this line shows broadening and disappears from the spectra at 7 > 500 K. At T >
600 K, the central part of the spectra is dominated by a quadrupole doublet (D1).
Due to the fact that this component only dominates the spectra in a relatively
small temperature interval, its quadrupole splitting was restricted to follow a T3/2
temperature dependence in the analysis. Spectra obtained at different emission
angles at room temperature did not reveal any angular dependence of the doublet
components.

In Fig. 2, we focus on the outer flanks of the spectra. The wings of the spectra show
an asymmetric pattern (higher intensity on the left hand side), similar to that noted
in ZnO [16, 17] and MgO [18]. The high maximum magnetic hyperfine field splitting
(~50 T) unambiguously determines the origin of this component being due to Fe3*.

The spectral changes at elevated temperatures of the wings of the spectra are most
likely due to increasing relaxation rates and were analyzed with the semi-empirical
relaxation model described by Mglholt et al. [18]. In the case of Al,Os, it is assumed
that the temperature dependent relaxation rate is negligible at 110 K and three
relaxation sextets proved adequate to explain the spectral shape.

The final analysis was performed simultaneously where the line-widths were set
to temperature independent constants and line positions set to follow the second
order Doppler shift (except for S1 at T < 300 K). The Mossbauer fit parameters,
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Table 1 Hyperfine parameters obtained from the simultaneous analysis of the spectra in Fig. 1

8 (mm/s) AEqg (mm/s) o (mm/s)
S1 0.546 (4) 0 0.087 (5)¢
D1 0.107 (5) 0.99 (3)° 0.195 (4)
Dam? 0.869 (6) 2.0(1) 0.484 (4) 0.563 (9)
Para. Fe3+ 0.35 (1) n/a n/s

The table lists isomer shift (§) and quadrupole splitting (A Ep) at room temperature and Gaussian
broadening (o). All lines were analyzed using the Voigt profile with a Lorentzian broadening of
0.34 mm/s

4o given for left and right legs, respectively
b At room temperature

€Observed broader (Ao ~ 0.30(5) mm/s) below room temperature, the value given here obtained at
T>300K

Fig. 3 Spin-relaxation 8x107
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isomer shift (§), quadrupole splitting (AEp) at room temperature and Gaussian
broadening (o), are listed in Table 1. All lines were analyzed using a Voigt profile
with a Lorentzian broadening of 0.34 mm/s. The quadrupole splitting of D1 was
set to follow AEg = AEgo(1 — (T/Tx)*?) and the values AEg o = 1.09(4) mm/s
and Tj = 1,400(100) K were determined. The maximum hyperfine splitting of the
paramagnetic Fe** component was found to decrease by 10(2) % between 110 K
and 600 K.

The relaxation rates obtained for the paramagnetic Fe’* at the different temper-
atures are shown in Fig. 3. The temperature dependence can easily be compared
with a T? dependence suggesting a Raman process for the spin lattice relaxation as
expected at T > 6 p/4, where 0p is the Debye temperature.

The area fractions obtained from the analysis are shown in Fig. 4. The total
spectral area reduces in almost a linear way from 110 K to 666 K by a factor of 0.66,
suggesting an average Debye temperature of ~450 K. There are no features in the
total area that can be related to strong differences in the Debye temperatures of the
appearing/disappearing fractions (S1 and D1).
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4 Discussion

At low temperatures the spectra are dominated by a broad-lined component (Dam).
Its isomer shift indicates that it is due to Fe?*. The broad line width and asymmetry
of this component is due to a correlated distribution of isomer shifts and quadrupole
splittings at the Fe sites and is most probably a consequence of the probe atoms being
incorporated in amorphous pockets, similar to observations in silicon [13]. Damaged
sites with similar properties have been observed in other types of materials upon
implantation of 3’Mn [12-15]. The area fraction of the damage decreases from ~42%
at 110 K to 20% at ~650 K showing that the probability of ending up in such a site is
lower at elevated temperatures or it anneals within the Mn lifetime.

The straight-forward interpretation of the single line (S1) would be to assign it
to interstitial Fe owing to the average 40 eV recoil imparted on the Fe daughter
nuclei in the 8~ decay of ¥’Mn. However, there are several inconsistencies in such
an interpretation. The disappearance of this component above 500 K, would suggest
that the interstitial site is not stable over the lifetime of the Mossbauer state (t =
140 ns), and the interstitial atom is incorporated onto a regular lattice site at times
shorter than 100 ns above 500 K. Such transformation should lead to broadening of
the interstitial line due to the effective shortening of the lifetime of the atom in the
interstitial site relative to the lifetime of the Mossbauer state [19]. This, however, is
not supported by the experimental data at 7' < 475 K.

A similar (if not identical) single line component (§ = 0.54-0.55 mm/s) was
observed in the ’Co data of Dézsi et al. [9]. In the electron capture of ¥’Co,
only a minor (<1 eV) recoil is imparted on the ’Fe daughter nuclei, so it seems
unlikely that S1 originates from a recoil produced >’Fe. These authors suggested that
this component originates from a mixed valence state. >’Co decays dominantly by
electron capture, which leaves the daughter atom in a highly excited electronic state,
often giving rise to after-effects and unusual charge states (see e.g. discussion in
Ref. [20]). The B~ decay of > ’Mn on the other hand does not alter the electronic
structure significantly and the creation of unusual charge states is unlikely.

The S1 component shows broadening and a possible small change in isomer-
shift below room temperature. Such behaviour could be explained as due to lattice
imperfections at low temperatures, where no, or only limited, annealing of damage
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due to the implantation takes place around the probe atom. Due to less binding of
interstitial Fe to the lattice, less pronounced low temperature broadening would be
expected.

The S1 component shows no significant broadening above 500 K and has negli-
gible quadrupole interaction (JA Eg| < 0.02 mm/s, determined from lack of angular
dependence). Interstitial sites in «-Al,O3 would be expected to give rise to detectable
quadrupole splitting due to the rhombohedral lattice.

An alternative possibility for the origin of this line is that the Mn atom leads to
a formation of another crystal structure upon re-crystallisation of the amorphous
pockets. One possibility is the cubic 7-Al,Os, but the data presented here is not
able to distinguish one structure from another. XRD measurements on implanted
material could test for the presence of precipitates of n-Al,O; if it can be formed
under low fluence (<10'5 cm~2) implantations.

At temperatures above room temperature, a new component D1 is observed, with
an isomer-shift consistent with both Fe*+ and Fe**. It would, however, seem to be a
contradiction to have both a fast relaxation Fe** species (relaxation rates > 10" s71)
and a slow relaxation Fe3* (relaxation rates < 10% s~!, cf. Fig. 3) species in the
same temperature range. Furthermore, the parameters of D1 are not consistent with
parameters of fast relaxing paramagnetic Fe** either in a-(Al,Fe),0; solid solutions
[21] or from implanted material [8]. Hence the interpretation of D1 as due to Fe** is
favoured. It should be noted that this component has no relationship to the proposed
Fe** components claimed by other authors [4-6] upon high fluence implantation.

One could suspect that this component was due to interstitial Fe. However,
recoil produced interstitial Fe is more likely to have decreasing spectral area due
to lower average Debye temperatures, or disappear due to instability at elevated
temperatures. If D1 were due to interstitial Fe, one would expect drastic changes in
the total area at elevated temperatures, which is not observed. We therefore favour
the origin of this component as due to Fe**, even though interstitial Fe formed upon
annealing of the cubic site (S1) can not be excluded.

Together with the data from [8] and [9], we can extend the range in implantation
fluence, where the average valence state of Fe is determined. The results are shown
in Fig. 5.

Generally, lower fluence implantations result in higher average valence state of
Fe. At higher temperatures, the average valence state of Fe increases up to ~3
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(assuming D1 originates from Fe*'), mostly due to annealing of Fe** damaged
sites and incorporation of the probe atoms onto sites with higher valence state.
For fluences above ~10'* cm~2, the material becomes completely amorphous, and
this state is apparently characterized with Fe?*. For fluences above ~10' cm™2
spontaneous formation of metallic precipitates takes place, and average valence state
below 2+ are observed.

These findings are generally similar to those of Perez et al. [22] upon implantation
into MgO. They found Fe** as the dominating species following 3 x 10" 3’Fe/cm?
implanted at 100 keV. Fe>* became the dominating species at ~2 x 10'® ¥Fe/cm?,
and metallic iron started to dominate the spectra at ~7 x 10'® ’Fe/cm?.

The general tendency seen in this data, spanning roughly five decades in implanta-
tion fluence suggests no or very limited annealing reactions in a-Al,O3. In our ¥’Mn
experiments, the Mossbauer data is obtained few minutes after implantation, while in
>7Co and ¥'Fe experiments, the data is obtained ~days/weeks after the implantation,
and there is no evidence of major changes in lattice fractions on this timescale.

5 Conclusions

The Mossbauer spectrum of *’Fe following implantation of ¥’Mn into single crys-
talline @-Al,O; has been measured in low fluence implantations (<10'? Mn/cm?)
in the temperature range from 110-700 K.

At 110 K roughly 40% of the spectral area is assigned to probe atoms found in
the Fe?* state in amorphous surroundings owing to the implantation damage. A
fraction of the Fe is found in cubic environment, possibly due to nano-precipitates
of n-Al,Os;which disappear from the spectra above 500 K.

Incomplete annealing of the damaged sites at increasing temperatures leads first to
incorporation of the probe atoms in Fe3* valence state, and above room temperature
most likely as Fe**. The Fe3* sub-spectrum is masked by slow paramagnetic relax-
ations, following 72 dependence, characteristic for a two-phonon Raman process.

Our data is consistent with data from 3’Co and >’Fe implantations, suggesting a
general increase in valence state with lower implantation fluence.
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