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ABSTRACT
Single crystals of magnesium-aluminate spinel were implanted with 170 keV He+ ions to fluences ranging
from 1.1016– 1.1021ions/m2 at 120 K. The effects of ion implantation were studied using optical absorption
spectroscopy, Rutherford BackScattering Spectroscopy and Ion Channeling (RBSIC) and Transmission
Electron Microscopy (TEM). In absorption spectra obtained from the implanted samples, growth of an F-
center band at 5.3 eV was observed. At the fluence of 3. 10m ions/m2, the growth of this band not only
ceases but the intensity suddenly decreases. This may be due to formation of a new phase at this fluence.
This is partially confirmed by the fact that beginning at this dose, a modulated absorbance becomes
apparent in the absorption spectrum of spinel. This effect is caused by formation of a buried layer with
refraction index lower than that of an unimplanted sample. RIXYC and TEM measurements show that
spinel is not amorphized over the fluence range examined in this study. TEM microdiffraction observations
show that in the damaged region the intensities of superlattice spots decrease significantly, suggesting that
ion beam irradiation induces either an order-disorder phase transition or a transformation into the so-called
“metastable” phase of spinel.

INTRODUCTION
Magnesium-aluminate spinel is a material of considerable interest for applications in radiation hostile
environments. Spinel possesses excellent radiation resistance properties. Single crystals exhibit no swelling

following neutron exposures up to 2“1026n/m2 at 925-1100 K 1. Recent studies of radiation damage

behavior emphasized ion-irradiation experiments2-5. It was shown that under Xc-ion irradiation, spinel first

transforms to a metastable phase and then into an amorphous state4.
The unit cell of spinel consists of eight face-centered-cubic units, one per octant. Thus, there are 32 oxygen
ions, 64 tetrahedral, and 32 octahedral sites in the unit cell. In natural magnesium-aluminate spinel, Mg2+
ions occupy eight out of 64 available tetrahedral sites, with A13+ions in 16 of the 32 octahedral sites.
However, synthetic crystals show inversion in the structure. The structural chemical formula of spinel can
be written as (Mgl.j Ali)w[Mgi Al>i]v[ 04, where OS i S 1 and i signifies the degree of inversion. The round
brackets indicate those ions occupying te~ahedral sites, and square brackets indicate ions occupying

octahedral sites. Most synthetic spinel crystals have inversion parameter i-O.2 6. W.R.Allen 7 examined the
lattice location of helium implanted at 60 keV into single crystal MgAlzOd. It was shown that a typical
helium atom occupies one of the vacant octahedral sites with a probability of approximately 95%.
Therefore, during ion implantation, He ions not only produce damage due to electronic and nuclear
stopping, but also at high concenwations, He may induce changes in the inversion parameter.
The purpose of this study was to examine defect production in spinel by He ions that can induce changes in
inversion of spinel as well as to produce small, isolated defect clusters. Irradiation was performed at low
temperatures to minimize annihilation of point defects.

EXPERIMENTAL
Single crystals of(11 I)-oriented MgAlzOd spinel (0.5 mm thick) were obtained from Linde Division, Union
Carbide Corp. Samples were implanted with 170 keV He+ ions using a 200 kV ion implanter in the Ion-
Beam Materials Laboratory (IBML) at Los Alamos National Laboratory. Ion fluences ranged from 1.1016to
1.1021ions/m2. Samples were tilted about 6“ for irradiation to minimize ion-channeling effects. The sample



stage was cooled to 120 K by liquid nitrogen conduction cooling. After implantation, samples were warmed
to room temperature for measurement.
Radiation damage accumulation was measured using Rutherford BackScattering Spectroscopy and Ion
Channeling (RBS/C). For RBS/C, a 2.0 MeV He+ analyzing beam was used, directed along the normal to
the sample surface, with the detector located 13 degrees from the sarnpIe normaI. RBS/C measurements
were performed ex-situ at room temperature.
Optical absorption measurements were performed on the spinel crystals before and after irradiation at room
temperature using a Cary SE spectrophotometer. For all the samples, optical absorption was measured prior
to and after irradiation. The measured wavelength range was 190-1000 nm (6.53- 1.24 eV).
Samples were prepared for cross-sectional transmission electron microscopy (TEM) observations using a
combination of mechanical polishing and ion-thinning procedures (the latter with 4 keV Ar+ ions).
Irradiation-induced rnicrostructures were examined using a JEOL JEM-3000F TEM operating at 300 kV.
Calculations of ion range and energy deposition were made using the Monte Carlo code SRIM-2000

(version 2000. 10) by J.F.Ziegler et al 8. For the calculations, a density of 3.58 gcm-3 was used for

stoichiometric spinel (JCPDS file 21-1152 9). A threshold displacement energy of 40 eV was used for all
target elements,

RESULTS AND DISCUSSION
Before irradiation, the absorption spectrum is dominated by two bands with maxima at 4.75 and 6.4 eV

(Fig. 1). These bands are traditionally assigned to Fe3+impurities 10. At IOW He-ion fh,lences, we observed a
slight decrease in absorption in the vicinity of 6.2 eV. This effect is probably caused by recharging of
impurities ions. Starting at the fluence of 1.1017ions/m2, a new band developed at 5.3 eV. This band is

attributed to F-centers (two electrons trapped at an oxygen vacancy)l *’12.This band grows with increasin
fluence and conceals the band at 6.2 eV. Another band around 6.9 eV appears at a fluence of 1.10,3

ions/m2. The exact position of this band cannot be determined because the highest registered photon energy
in our spectrometer is 6.53 eV. We estimated the position of the center of this peak using fitting of

experimental spectra with Gaussian curves. This band is tentatively assigned to defect aggregates.
At the fluence of 3. 10m ions/m2, the intensity of absorption at 5.3 eV begins to decrease (Fig.2). At the
same dose oscillations in optical absorption appear throughout the whole spectrum. This effect is caused by
build up of a low refractive index optical barrier at the end of the ions’ track due to elastic energy

deposition from ions to the lattice13. The surface layer with refractive index close to that of the undamaged
material is therefore surrounded by regions of low index (air and the ‘optical barrier’) forming an optical
waveguide. Thus, the oscillations are merely a result of multiple interference between beams reflected at
the two interfaces.
The low refractive index layer is not amorphous as can be seen from RBS/C spectra of the implanted
samples (Fig. 3). For comparison of radiation damage produced by irradiation, we integrated the
normalized yield between channels 225-250 (as the damaged layer is buried under a relatively undamaged
layer, the RBS signal is shifted to lower energies). The minimum yield (the ratio of signal integral for
channels 225-250 of an aligned spectrum to that of “random” spectrum) measured from an unimplanted
spinel single crystal is ~-10 %. At the fluence of 1.10mions/m2, preceding formation of the optical barrier,
the RBS spectrum shows very low level of damage (z=14.5 %). Even at the fluence of 1-102] ions/m2,
which is more that 3 times bigger than the fluence required for production of a low refractive index layer,
the level of damage reaches only %=64.5 %.
From RBS/C spectra one can see that practically no damage is produced in the surface layer of implanted
samples. The region between channels 300-410 shows only a slight increase in yield.
These observations are confirmed by TEM studies of the implanted samples. Figure 4 shows bright-field
TEM images of spinel implanted with 170 keV He+ ions to a fluence of 1.1021ions/m2. The topmost layer
contains minimal damage, while a distinct defected layer exists between 450 and 630 nm in depth. Also
shown in Fig. 4 are microdiffraction patterns obtained from: (a) the undamaged uppermost irradiated
material; (b) the damage layev and (c) the unirradiated substrate. The diffraction patterns obtained from the
topmost layer (a) and the substrate (c) me identical and correspond to (112) patterns for crystalline spinel.
However, in the diffraction pattern from the damaged layer (b), the intensity of reflections such as 111 and

220, decrease significantly. These observations are similar to those obtained in previous irradiation



studies of MgA1204 2*4,and suggest that the He ion beam irradiation induces either formation of the so-
called “metastable” phase of MgA1204or an order-to-disorder phase transition.
In TEM images of spinel implanted with l.lOm ions/m2 the damaged layer is difilcult to detect, and no
structural changed can be observed.
Changes of the refractive index are caused by the partial lattice disorder produced by nuclear damage
processes. During the ion implantation some point defects are produced as well due to ionization and
excitation. Using the 5.3-eV absorption band (F-centers) observed in our samples after He irradiation, we
estimated the lowest limit of concentration of oxygen vacancies in the damaged crystals.
For a He+ fluence of 1.10m ions/m2, we observed a maximum in optical absorbance of the implanted
samples, but no phase transformation. We estimated the concentration of absorbing centers, Nd.f

[defects/cm3], using a Smakula formula for Gaussian bands14:

(2)

where f is the oscillator strength of the optical transition; n is the refractive index at the spectral region of
the band; ~ [cm-l] is the peak absorption coefficien~ and W [eV] is the band width. The absorption
coeftlcient for the implanted layer is determined from the absorbance, D, and thickness of the layer, 1,
according to:

2.3 “D
P= ~ (3)

The refractive index of spinel is known to be n=l .72. We will use this value to estimate the absorbing
center concentration at the fluence corresponding to peak optical absorbance. This is reasonable since at
this fluence we did not see oscillations in optical absorption spectra while TEM and RBS results show
insignificant damage, therefore the refractive index of implanted sample is practically the same as that of
pristine samples. The measured thickness of the implanted layer in a spinel crystal implanted with He ions
is 650 nm (6.5.10-5 cm) (Fig. 4). According to Gaussian fitting results, reasonable values for Wand D are 1
eV and 0.22, respectively. Assuming that oscillator strength of F-centers in spinel is about the same as in

alumina, i.e. f-1 15, we obtain an absorption center concentration at the fluence corresponding to peak
absorbance of NdCf-4.7-10*9defects/cm3 (compared to concentration of O atoms in spinel of 6.05. 10Z
atoms/cm3). If we convert this number to the projected concentration of defects per unit surface of
implanted sample, we find Nd.t-3. 1.1015defects/cm2).

In recent studies of Xe-irradiated spine15, formation of an absorption band at 5.3 eV was also observed.
This band grew with irradiation dose and saturated at about the same dose, where formation of a metastable
phase in spinel had been observed. No decrease in intensity of this absorption band was observed, even
upon amorphization of the implanted layer.
For light high-energy ions such as He, the energy is transferred primarily by electronic excitation. At low
energies, such as occur near the end of the ion range, there are more nuclear collisions which displace
lattice ions and can lead to displacement damage which influences tens of lattice sites per ion. According to
SRIM calculations, at highest fluences we used in this study (1“1021ions/m2), the maximum displacement
damage in spinel is only 3 dpa (displacements per atom). Thk is below the damage level found previously

to induce formation of the metastable phase (3.7 dpa) or amorphization of spineI (25 dpa) using Xe ions4.
Therefore, it is possible that another mechanism of defect production is involved here. An important feature
in spinel is its ability to accommodate cation disorder in which Mg2+and A13+ions exchange sites among

the occupied interstices in an anion fcc lattice. N.Yu et al 4 proposed a model for ion-induced phase
transformations in spinel in which a metastable phase is produced by reconstruction of the cation sublattice
in a less-disturbed anion sublattice. During ion implantation, He ions OCCUPYoctahedral sites with a
probability of 95%. At high implantation fluences, He ions displace large numbers of A13+from their
octahedra[ sites, thus triggering formation of a metastable phase.

CONCLUSIONS
In optical absorption spectra obtained from the 170 keV He-ion implanted samples, growth of an
absorption band centered at 5.3 eV was observed. This band is traditionally associated with F-centers
(oxygen vacancies, each with two trapped electrons). The intensity of this band grows with increasing ion
fluence. However, at the fluence of 3. 10Mions/m2, the intensity of this band suddenly decreases. This may



be due to formation of a new phase at this fluence. This is partially confirmed by the fact that beginning at
this ion dose, a modulated absorbance becomes apparent in the absorption spectra obtained from implanted
spinel crystals. This effect is caused by formation of a buried layer with a refractive index lower than that
of an unimplanted sample. The surface layer with refractive index close to that of the undamaged material
is therefore surrounded by regions of low index (air and ‘optical barrier’), so as to form an optical
waveguide. The, the oscillations are a result of multiple interference between beams reflected at the two
interfaces. RBS/C and TEM measurements show that spinel is not amorphized over the ion fluence range
examined in this study. TEM microdiffraction observations indicate that in the damaged region, the
intensity of superlattice spots decreases significantly. This suggests that ion beam irradiation induces either
an order-disorder phase transition or a transformation to the so-called “metastable” phase of spinel. The
calculated displacement damage necessary to produce the metastable phase with He-ions is lower than that
for Xc-ion irradiation. This effect may be caused by He-ions replacing Al-cations in octahedral sites, thus
triggering a new cation arrangement in spinel.
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Figure captions:

1, Absorption spectra of MgAlzOA spinel before and after implantation with 170 keV

He+ ions at 120 K. 1– Unimplanted; 2- Implanted 1“1020ions/m2; 3– Implanted 101021

ions/m2.

2. The dzfherence magnitude of the F-center absorption at 5.3 eV as function of He ion

implantation.

3. Ion channeling spectra obtained from spinel single-crystals implanted with 170 keV

He ions at 120 K. 1– Unimplanted aligned; 2- 1“1020ions/m2 aligned; 3- 1“1021

ions/m2 aligned; 4- Unimplanted random.

4. SRIM calculation results and cross-sectional TEM rnicrograph (bright-field) and

micro-diffraction patterns (from areas with a size of -10 nm in diameter) for

MgA120A spinel implanted with 1”1021ions/m2. (A) Surface layer; (B) Damaged

layer; (C) Bulk sample. The sample was aligned near a [113] orientation to obtain the

TEM image.



0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

01m

0.0

0.09

0.08

0.07

‘ 0.05
1

w

●

●

.

.

.

&
0,

●

A

I
o I I I 9 I

2 3 4

:

:

:

:

:

1 2 3 4 5 6

PHOTON ENERGY (ev)

7



-8

■
I

m
N

■

o

0
N

■

o

m o u)
o

■

o

0
0

■

o



>

m
&
a)
s

w

■

m

m

o 0
m

o

0
0
m

o
0
d’

o
0
m

o
0
N

o
0
F



.. . .

.,.: ....
:- ‘, .,

. . ,’-
‘,.,’.,.,.

f:,”,. ‘-’:

,:
,,, > -

‘ .:
... . . . .
,. .,:
... ]
:,.

..,. .
+ :
. ...,
J’. .
..i,,..
t’
1.
,.

i, .-~

IH=R
NJ

# Smz t 1 I I 1 190”() x,

0 Ooz O(M7 009 008 000L
(LUU)q~daa


