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We report direct spectroscopic evidence for atom migration during the initial stage of electron irradiation
in spinel MgAl,0,4. Time-dependent electron energy-loss spectroscopy of the Mg and Al L,3; edges shows
that both Mg and Al have a tendency to occupy the octahedral interstices under electron irradiation,

along with a slight expansion of the Al-O bonding distance, but there is little change in the structural
framework of oxygen. The process is irreversible at room temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Spinel magnesium aluminate (MgAl,0,4) has potential applica-
tions in nuclear energy systems due to its radiation resistance. It
retains the spinel structure to a high damage level under fast-neu-
tron or ion-beam irradiation at or above room temperatures [1].
The difficulty in forming voids and dislocation loops may be due
to ionization-enhanced recombination of antisite defects [2-4].
Site exchange between Mg on tetrahedral interstices and Al
on octahedral interstices has been reported in MgAl,0, under
neutron irradiation [5]. On the other hand, it was also reported that
MgAl,0,4 can undergo a crystalline-to-amorphous transformation
through an intermediate crystalline phase by irradiation of Xe®*
ions at cryogenic temperatures [6,7]. The intermediate phase was
identified to be a “rocksalt-like” structure, in which the oxygen
sublattice maintains a “pseudo” cubic close-packed arrangement
(as in spinel), while the Mg and Al occupy randomly the octahedral
lattice interstices [8]. The disorder on the Al and O sublattices but
not on the Mg sublattice after ion irradiation has also been
reported [9]. Under energetic electron (1 MeV) bombardment, the
MgAl,04 underwent a progressive phase transformation (spi-
nel — y-alumina) along with the gradual decrease of Mg, between
750 and 850°C, and did not produce any dislocation-related
damage [10]. By contrast, dislocation loops were formed by
1 MeV electron irradiation, followed by precipitation of metallic
Mg, in the range 900-1130 K [11,12]. It has also been reported that
electron irradiation induces cation disorder between the tetrahe-
dral and octahedral sites at 870 K, and slight evacuation of cations
from the tetrahedral to octahedral sites also occurs [13]. The con-
flicting roles of ionizing radiation have also been discussed in some
ceramics [14]. The variety of behaviors may be partly due to the
variety of irradiation conditions, which involve different radiation
sources, energies, stoichiometry, and specimen temperatures.
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Fundamentally, the intrinsic radiation resistance of a material
does not depend on the sensitivity of the technique used to evalu-
ate the degree of damage. However, some techniques are better
suited to monitor the radiation damage degradation processes that
are occurring than others. Most previous studies have relied on
transmission electron microscopy (TEM) images and electron dif-
fraction to identify dislocation loops, voids, defect clusters and
new phases, which are in fact the end-product of the damage pro-
cesses. Due to the complexity of these processes, such post-radia-
tion observations do not reveal the initial process of radiation
damage, and may cause confusion as to the fundamental mecha-
nisms of damage in MgAl,04 and other materials. Therefore, it is
critically important to be able to observe the initial stages of atomic
migration, which is the origin of all subsequent microstructure and
property change.

Here we combine electron irradiation with time-dependent
electron energy-loss spectroscopy (EELS) to directly observe atom
migration in MgAl,0,4 during the initial stages of electron irradia-
tion. This method is equivalent to the “pump-probe” technique.
The irradiation process is pumped by a beam of electron, and the
irradiation effects are simultaneously probed by the same beam
of electron, through the electron energy-loss near edge structure
(ELNES) in real time. The core edge ELNES is determined by the
partial electronic density of states (DOS) projected onto the species
that undergo electronic excitation, and thus is very sensitive to the
local structure and chemistry [15]. Therefore, it has long been used
to identify nearest-neighbor coordination (fingerprints) [16]. The
basic idea of this work is as follows. Providing that the Mg and
Al migrate between tetrahedral and octahedral interstitial sites un-
der electron irradiation, the ELNES of the Mg and Al core edges
should show time-dependent changes, which can be directly re-
lated to the initial process of electron irradiation in MgAl,04. This
is possible using EELS because of the parallel detection capability,
which, together with a field emission electron source (with greater
brightness than current synchrotrons), provides much higher
count rates than are possible using X-ray absorption near edge
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structure (XANES). Unlike photons, electrons are not annihilated in
an inelastic interaction, and continue to the detector after an
energy-loss event. It is therefore possible to operate every en-
ergy-loss detection channel in a magnetic quadrant spectrometer
simultaneously. This high detection efficiency allows the time-
evolution of spectra to be studied in detail, with the very high
spatial resolution of the electron nanoprobe.

2. Experiment and calculation

A prerequisite for this analysis is the proper interpretation of
the Mg and Al L,; edges in MgAl,04. However, previous work on
the L3 edges in MgAl,0, is scarce [17,18], although the O K edge
has attracted considerable attention [19-21]. In our work, we used
the full multiple scattering method with muffin-tin potentials (en-
coded in FEFF8 software) [22] to simulate the Mg and Al L3 edges
in a normal spinel, an inverse spinel, and a modified structure. The
so-called “final state” approximation for the absorbing atom is
used to account for core-hole effects. Restricted by the dipole
selection rule, the L3 edge is the projection of unoccupied s and
d states. Therefore only the sum of the unoccupied s and d DOS
is compared with experimental data. The atomic transition matrix
has been ignored in this work [23].

The spinel MgAl,04 has space group Fd3m [24]. Experimental
parameters (lattice parameter a = 0.8083 nm, and oxygen parame-
ter u =0.236) are used in the calculations. In a normal spinel, Mg
occupies the tetrahedral interstices and Al occupies the shrunken
octahedral interstices. In an inverse spinel, Mg moves to the Al
sites and half of the Al move to Mg sites. In addition, calculations
were also carried out for a modified structure, in which oxygen
occupies the ideal cubic close-packed position (u = 0.25) and both
Mg and Al randomly occupy the octahedral interstices. Therefore,
the bonding distances of Mg-0 and Al-O0 in this modified structure
are 0.21 nm, which is larger than the distances in both normal and
inverse spinel structures, which are about 0.19 nm.

MgAl,0, crystals were used in this study (Alfa Aesar, >99.9%
purity). The crystal structure was confirmed by X-ray diffraction.
No impurities were apparent in the energy dispersive characteris-
tic X-ray spectra. TEM specimens were prepared by grinding the
MgAl,0,4 into powders in acetone, and picking them up using a
Cu grid covered with a lacy carbon thin film. The specimen was
then observed and analysed in a JEOL 2010F scanning transmission
electron microscope (STEM), operating at 200 keV and TEM mode.
The energy resolution of the electron-energy-loss spectrometer is
about 1.0 eV, and the collector aperture is about 100 mrad. The en-
ergy stability was monitored by the position of the zero-energy-
loss peak. The irradiation process was carried out under the condi-
tions that the electron beam was spread to about ~100 nm in
diameter, and the beam current measured on the small observa-
tion screen was about ~500 PA/cm? at a magnification of 100,000
[25]. The acquisition time for each spectrum was 5 s. The condi-
tions were selected as a compromise between a high signal-to-
noise ratio for the spectrum, and the damage rate. All observations
were at room temperature.

3. Results and discussion

Fig. 1 shows two kinematical electron diffraction patterns from
the same selected area at different time. The sample was tilted to
the [11 0] direction, and then moved to a nearby “fresh” region
to record diffractions. The first (Fig. 1a) was the initial, which is
therefore considered to be free from beam damage. A slight devia-
tion from the perfect zone axis is due to the slight difference in ori-
entation between the recording region and the region which was
used to tilt the sample. The second (Fig. 1b) was taken in the same
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Fig. 1. Time series of selected-area electron diffraction pattern.
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Fig. 2. (a) TREELS of MgAl,04 showing progressive changes of Mg and Al L,; edges.
(b) Comparison of selected spectra from (a).

selected area after 5 min of irradiation. The exposure time for each
diffraction pattern is 0.5 s. Kinematically, there is no difference be-
tween Fig. 1a and b: no extra reflections and no extinctions are
observed.

Using the similar illumination condition (the same electron
beam intensity), we recorded a time-dependent EELS of Mg and
Al L3 edge in another area, which was away from the low index
zone axis to avoid any channeling effect. The result is shown in
Fig. 2a. The “initial” spectrum was recorded “immediately” after
a “fresh” area was exposed to the electron beam. The time resolu-
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tion is determined by the acquisition time of each spectrum, which
was 5s in Fig. 2. For a closer comparison, four selected spectra
from the time series are re-plotted in Fig. 2b. Overall, the Mg L,3
edge (52-76 eV) undergoes dramatic changes, while the Al L3
edge (76-110 eV) only has relatively small changes. In the Mg L3
edge, four peaks can be recognized in the “initial” spectrum,
marked as M1, M2, M3 and M4 respectively. Peak M1 consists of
two small sub-peaks (M’ and M"), separated about 1.5 eV. In the
high-energy resolution (<0.2 eV) XANES, these two sub-peaks are
well separated in a normal spinel MgAl,04 [25]. During the irradi-
ation, the intensity of peak M1 (relative to peak M2) drops contin-
uously, and the position of peak M3 shifts gradually towards
higher energy. A closer comparison between the “initial” spectrum,
and one after 150s of irradiation, shows that the continuous drop
of peak M1 results in a threshold shift of about 2.5 eV toward high-
er energy. It is also noted that the small peak at about 56.0 eV in
the spectrum recorded after 150 s of irradiation does not have
the same origin as peak M”, which is located at about 55.4 eV.
We also noted that peak positions of M2 and M4 are apparently
not changed much with the increase of irradiation.

In the Al L3 edge (Fig. 2), three peaks, marked A1, A2, and A4,
can be recognized. Peak A1 consists of two small peaks, marked
A’ and A”. The splitting of sub-peaks A’ and A" is slightly narrower
than that of sub-peaks M’ and M". This is consistent with XANES
results [26]. However, the analysis of the Al L,3 edge is more diffi-
cult than that of the Mg L,3 edge. First of all, background subtrac-
tion is almost impossible, and the progressively changed Mg L3
edge makes it even worse. The intensity of sub-peak A/, relative
to that of sub-peak A”, drops slightly with increase in irradiation.
However, it is difficult to rule out the influence of the Mg L,3 edge
on such a change. Nevertheless, two characteristics of the Al L3
edge under electron irradiation are clear. One is that the threshold
energy of the Al L,3 edge does not change, neither does peak posi-
tion of A1, and the other is that the position of peak A2 moves pro-
gressively towards higher energy. In addition, the position of peak
A4 does not change.

Obviously the near-edge structures of Mg and Al L3 edges are
more sensitive to electron irradiation than the kinematical electron
diffraction. The changes in the former can be observed nearly imme-
diately after the exposure to electron beam (Fig. 2), while the latter
has little observable changes even after 5 min of irradiation (Fig. 1),
unless the quantitative measurements were applied. We compared
calculations of electron diffraction intensities between a normal
spinel structure and the same spinel structure in which all Mg sites
are empty. The kinematical results show that the patterns are ex-
actly the same, although the dynamic results show the differences
in the relative intensities of some reflections. In other words, atom
migration may not always induce extra reflections or cause extinc-
tions. To observe atom migration by diffraction, one must rely on
the quantitative measurements, which are also sensitively depen-
dent on thickness and orientation of the sample.

Contrary to the behavior of the Mg and Al L,3 edges, the bulk
plasmon in MgAl,0,4 does not change (Fig. 3). The slight decrease
of the plasmon intensity after 150 s of irradiation is probably due
to the mass loss induced by electron irradiation. There are two
small bumps at about 37.5 and 49.0 eV. The former is probably
due to interband transitions, while the later is the plural scattering
from the plasmon.

In the insert of Fig. 3, the O K edge recorded in the same area
after 150 s of irradiation (Fig. 2) is also compared with one re-
corded in a nearby “fresh” area. Interestingly, the O K edge does
not show any change, even though the Mg and Al L,3 edges have
changed dramatically. This indicates that the structural framework
formed by oxygen atoms undergoes little change due to electron
irradiation during the period of these observations (Fig. 2).

X 104 T T T T T T ]
T T T 1
51 1L ]
:- L 4
245 é 0.8 :— ]
4r 2 E E B
Z06f 1
s
= 04
£ - ,
@ 3r 2 02f 1 9
g [ on a "fresh" area]
= [ after 150s 4
E ol iavad
2r 530 540 550 560
1k
......... Initial
; 150 s
0 Il Il Il Il Il

20 40 60 80 100
Energy loss (eV)

Fig. 3. Comparison of plasmon energy loss (24.5 eV) and O K edge between the
initial state and after 150 s of irradiation.

The calculated Mg and Al L3 edges (sum of unoccupied s and d
DOS) for three different structural models are compared with
experimental data in Fig. 4. There is no relative energy shift among
the calculations in different models. Overall, the calculation on Mg
in the normal spinel fits the “initial” experimental spectrum quite
well, although the splitting of the first peak (M1) is not fully repro-
duced. In both inverse spinel and the modified structures, in which
Mg occupies the octahedral interstices, the sharp first peak in the
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Fig. 4. Comparison of theoretical calculations (thin lines) in three different
structures models with experimental data (thick lines). “Ideal cubic” indicates the
modified structure, in which oxygen atoms are on the ideal cubic position.
“Tetrahedron” refers to the tetrahedral Al in inverse spinel.
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normal spinel becomes small bumps, and thus the threshold ener-
gies shift towards higher energy. The shift of threshold energy by
about 2-3 eV between normal and inverse spinels has also been re-
vealed in ground-state calculations based on density functional
theory, within local density approximation (DFT-LDA) [27]. This
implies that the progressive shift of the threshold energy of the
Mg L,3 edge observed in the time-dependent EELS is probably in-
duced by the migration of Mg from its original tetrahedral site to
the octahedral interstices. However, whether the Al exchanges
with Mg, or redistributes within the octahedral interstices cannot
be determined from the time-dependent EELS of Mg L,3 edges. This
is because the calculations do not fit the experimental spectrum
after 150 s of irradiation in either the inverse spinel or the modified
structure, although the later slightly resembles the experiment.
One possible reason is that the dynamic structure during electron
irradiation is probably much more complicated than the simplified
structural models used in these calculations.

The calculation on Al in the normal spinel structure also agrees
with the “initial” experimental Al L,3; edge quite well. All features
are reproduced qualitatively, although the position of peak A2 is
several eV lower than the experiment and the predicted broad peak
between A2 and A4 is not experimentally observed. The relative
intensities of peaks are not comparable to the experimental data,
since the later is overlapped with the Mg L3 edge. In the normal spi-
nel, all Al are on octahedral interstices, while in the inverse spinel,
half of Al are on tetrahedral sites. The calculation on tetrahedral Al
shows a strong peak prior to the threshold of the Al L,3 edge in
the normal spinel. In the ground-state calculations using DFT-LDA
method, the shifted tetrahedral and octahedral Al has also been ob-
served [27]. This implies that the threshold of the Al L,3 edge would
shift towards lower energy if Al moved from octahedral to tetrahe-
dral interstices. However, the threshold shift of the Al L,3 edge is not
observed in the experiment. Therefore, the migration of Mg from
tetrahedral to octahedral interstices does not cause the reverse
migration of Al from octahedral to tetrahedral interstices.

By comparison with the normal spinel, the calculations in the
modified structure clearly show the shift of peak A2 towards high-
er energy (indicated by arrows in Fig. 4). In both structures, Al are
all on the octahedral interstices, but the main difference is that the
Al-0 bonding distance in the modified structure is longer than in
the normal spinel. This indicates that the progressive shift of peak
A2 is probably due to the gradual increase of the Al-O bond length.

Therefore, it is reasonable to conclude from the time-dependent
EELS observations that under electron irradiation, Mg moves grad-
ually to the octahedral interstices, but Al does not fill back into the
tetrahedral interstices, but rather redistributes within the octahe-
dral interstices. In other words, electron irradiation in the spinel
MgAl,04 has a tendency to create a new “phase” (with both Mg
and Al occupying octahedral interstices), but not to cause the nor-
mal-to-inverse transition (or cation disorder). We also noted that
atom migrations observed by EELS does not induce extra reflec-
tions or cause extinctions. This is probably because the O lattice
keeps unchanged at the initial stage of damage (Fig. 3). It is also
noted that the original spinel cannot be restored in the irradiated
area by turning off the electron beam at room temperature. How-
ever, the recovery might occur at high temperature. This could be
confirmed by using a heating stage in the electron microscope.

The migration of Mg into octahedral interstices as a result of
electron irradiation can be qualitatively explained by the following
hypothesis. Electronic excitation by fast electrons causes some elec-
trons in atoms to be driven out of the trajectory of the beam. The
trajectory region thus becomes positively charged, providing
charge neutrality cannot be immediately restored from the sur-
roundings (as in a metal where fast screening occurs) [28-30].
Due to the difference in formal valence states, an Mg on an Al site
in an octahedron bears a negative charge [MgZ*(AI**)]~, while an

Al on an Mg site in tetrahedron bears a positive charge [AI**(Mg?*)]*
[31-33]. Under a positive electrostatic field, [Mg?*(AI>*)]~ becomes
more stable, while [A**(Mg2*")]" becomes unstable. As a result, both
Mg and Al have a tendency to occupy octahedral interstices. There
are two implications of this hypothesis. One is that the degree of
inversion of MgAl,0, spinel should have little effect on the result
of atom migration. Both Mg and Al should all occupy the octahedral
interstices eventually. Another is that Mg should have a higher
mobility in spinel than Al. This is consistent with experiments in
which a layer of MgO was precipitated at the cathode when MgA-
1,04 or MgFe,04 was placed in an electric field at elevated temper-
ature [34,35]. We also noticed that our observations are opposite to
the previous report, in which the intense ionization within individ-
ual ion tracks causes disordering of octahedral cations (transfer of
octahedral ions to tetrahedral sites) [36].

As we knew, the phenomenon of ionization enhanced and in-
duced atom migration or diffusion has been observed in ceramics
previously [37-40], another type of mechanism, knock-on damage,
may also play a certain role in the high-energy particle irradiation.
In our previous similar study in zircon [41], the knock-on collisions
induced preferential sputtering of O from surfaces are responsible
for the beam damage on zircon in TEM. In the MgAl,04 however,
the change in Mg does not accompany the loss of Mg. Therefore,
the surface sputtering can be ignored. The knock-on damage inside
the specimen requires the threshold displacement energies. Accord-
ing to the equation derived from the law of momentum conserva-
tion [41], the maximum atom recoil energy obtained by Mg from
200 keV incident electron is about 32 eV, which is considered smal-
ler than the threshold displacement energy for Mg in MgAl,0,4
[42,43]. Therefore, we can ignore the knock-on damage in this case.

In an electron microscope, most of the electron energy dissipated
in energy losses is converted into heat, which can be quickly carried
away through thermal diffusion. Under normal illumination condi-
tions in electron microscope, the rises of temperature caused by
electron irradiation, which are calculated using the macroscopic
equation of heat conduction, are usually several or several tens of
degrees only, providing that the specimen has regularly simple
geometry and good thermal contact with surroundings [44,45].
However, the local melting of small particles in some cases, which
are in poor contact with matrix, have also been observed and attrib-
uted to the temperature rise caused by electron irradiation [46-48].
Usually, the thermal equilibrium can be reached very quickly [44];
and the equilibrium time is much shorter than the acquisition time
of spectrum in this work. According to equation (10.12) in [44], the
temperature rise largely depends on the current rather then the cur-
rent density. On the contrary, the rates of atom migration and thus
the damage rate is highly current density dependent in the MgAl,0,.
At very high current density, atom diffusion become so rapidly that
0, may even form in the irradiated region [49]. Therefore, we be-
lieve that the effect of temperature rise by electron irradiation can
be ignored, in comparison with the electronic excitations.

4. Conclusion

In conclusion, we find that MgAl,O, is susceptible to electron
irradiation. Using time-dependent EELS, site-specific atom migra-
tion during the initial stage of irradiation can be observed. Under
electron irradiation, we find that all cations (both Mg and Al) have
a tendency to occupy the octahedral interstices.
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