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Atomic-resolution imaging of lithium in Al;Li precipitates
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Using an aberration-corrected transmission electron microscope, we report on imaging individual atomic
columns of Li in the intermetallic compound Al;Li. The effect of electron energy on the imaging characteristic
of Li is investigated by performing measurements at 80 kV employing a monochromated electron beam with
an energy spread AE of 0.2 eV and at 300 kV with AE of 0.8 eV. These settings enable similar information
transfer at both microscope operation conditions and allow a direct comparison between the 80 and the 300 kV
measurements. Our experimental data show that the phase of the reconstructed exit-plane wave is highly
sensitive to light atoms and that the displacement damage of light elements of low threshold recoil energy can
be larger at 80 kV than at 300 kV. This behavior can be understood in terms of the relativistic elastic-scattering

cross section between electrons and atoms.
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I. INTRODUCTION

Al-Li alloys are of great interest for aerospace' and

cryogenic? applications due to their low density and high
strength-to-weight ratio. The mechanical properties of these
alloys are based on a fine dispersion of coherent Al;Li meta-
stable precipitates formed by congruent ordering and spin-
odal decomposition.3 Other elements, such as Sc and Zr, are
added to Al-Li alloys to further improve their properties.
These alloys were found to contain a fine distribution of
remarkably monodisperse core/shell precipitates consisting
of an Al;(ScLi) core surrounded by a shell of pure Al;Li,
with Zr segregating at the core/shell interface.* Similar core/
shell precipitates in Al-Li-Sc alloys have been shown to in-
crease hardness.’> Optimizing the performance of such alloys
requires an understanding of Li partitioning in these complex
precipitates because Li-atom positions are closely linked to
the electronic structure of precipitates and consequently the
alloy’s physical properties.® However, direct imaging of
atomic columns of light elements, particularly when sur-
rounded by heavier elements, has been challenging. Li is the
lightest solid element, implying a very weak electron-
scattering power. Hence, due to the limited sensitivity and
resolution of conventional transmission electron micro-
scopes, extensive data analysis is required to detect light el-
ements such as Li.” In this contribution, we report on imag-
ing of Li-atom columns in ALkLi by employing an
aberration-corrected transmission electron microscope® that
provides the enhanced sensitivity and resolution necessary
for imaging of light elements.%!0

II. METHODS
A. Experiment

The TEAM 0.5 transmission electron microscope is
equipped with a hexapole-type imaging-aberration corrector
and a monochromated high-brightness gun. A detailed de-
scription of the instrument and its capabilities is given in
Ref. 11. The aberration corrector was fine tuned at acceler-
ating voltages of 80 and 300 kV. After fine tuning of the

1098-0121/2009/80(2)/024110(6)

024110-1

PACS number(s): 81.40.Wx, 68.37.0g, 75.20.En

aberration corrector at 80 kV, the following aberration coef-
ficients were measured (for nomenclature see, e.g., Ref. 12):
Ay,=29 nm, B,=24 nm, C3=-3 um, A3;=429 nm,
S3=435 nm, A;=15 pum, D,=10.5 um, B,=11.6 um,
Cs=6 mm, and As=279 um. However, for a chromatic ab-
erration coefficient C of 1.1 mm (at 80 kV) and a charac-
teristic energy spread of ~0.8 eV, the information transfer
at 80 kV is severely limited by partial temporal coherence.
We therefore employed the monochromator to reduce the
inherent energy spread of the electron beam to AE
=0.22 eV, thereby increasing the information limit at 80 kV
from 0.175 to 0.092 nm. At 300 kV, a comparable informa-
tion limit of 0.086 nm is obtained with a nonmonochromated
electron beam of 0.8 eV energy spread and a C. of 2.1 mm.
The following aberration coefficients were measured at
300 kV: A,=20 nm, B,=32 nm, C3=-13 nm, A;=2.4 nm,
S3=1141 nm, A4=36 um, D;=142 um, B,;=104 um,
C5=5.2 mm, and As;=1.7 mm. The aberration coefficients
are given here without azimuth angles. Defocus C; and two-
fold astigmatism A; were manually optimized. The two-
dimensional (2D) contrast-transfer functions (CTFs) calcu-
lated for both acceleration voltages on the basis of the
aberration coefficients mentioned above are depicted in Fig.
1. For an aberration-corrected instrument, it is essentially the
information limit due to partial temporal coherence that im-
poses the limit on the information transfer of high spatial
frequency components of the exit-plane wave (EPW) to the
image intensity. Hence, the above values reflect the informa-
tion limits due to partial temporal coherence and were deter-
mined by using the known expressions which, e.g., can be
found in Ref. 13. Fluctuations of the lens currents and the
high-tension ripple were neglected. White circles indicate the
microscope information limit at 300 [Fig. 1(a)] and 80 kV
[Fig. 1(b)] revealing that similar information transfer is ob-
tained in both modes.

The alloy was synthesized as described in Ref. 4 and
transmission electron microscopy (TEM) samples were pre-
pared using conventional electropolishing methods. The
specimen consisted of a polycrystalline Al-rich matrix con-
taining Al;(Li,Sc,Zr) core/shell precipitates. Figure 2(a)
shows a dark field image of the sample recorded using a 110
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FIG. 1. (Color online) CTFs calculated from the measured re-
sidual aberrations obtained at (a) 300 and (b) 80 kV employing a
quasimonochromatic electron beam. The microscope information
limit, indicated by white circles, is 0.086 and 0.092 nm, respec-
tively. Defocus C; and twofold astigmatism A, are set at zero.

superlattice reflection. In a 2D projection, the precipitates
exhibit a doughnut shape with a bright shell of ALLi sur-
rounding a core region whose contrast closely resembles the
Al matrix. The ordered AlsLi phase has the L1, structure
[Fig. 2(b)] and is fully coherent with the fcc Al matrix. The
lattice parameters are da.,;,=0.401 nm and the projection
along the [001] zone axis exhibits Li- and Al-atom columns
separated by 0.2 nm.

B. First-principles calculations

As discussed below, Al;Li was observed to undergo ra-
diation damage displaying an anomalous dependence on in-
cident electron energy. To determine the origin of this behav-
ior, values of the threshold recoil energies (7 ;) for Al and
Li atoms in Al3Li were required, which are presently un-
available in the literature. First-principles calculations, based
on the framework of electronic density-functional theory
(DFT), were thus undertaken to provide estimates of T ;, in
this compound.
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FIG. 2. (Color online) (a) Dark field image of an AlLiScZr alloy
recorded using the 110 superlattice reflection. Scale bar is 50 nm.
(b) Model of the L1, structure of fully ordered Al;Li. The lattice
parameter is a=0.401 nm. The projection of a 3 X3 unit cell along
the [001] zone axis shows Li- and Al-atom columns separated by
0.2 nm. (c) AlzLi EPW phase images simulated in the [001] zone
axis for 300 (upper row) and 80 kV (bottom row) for increasing
specimen thickness (marked in multiples of unit cells of 0.401 nm).
(d) Corresponding single-pixel line profiles across the calculated
EPW phase images for a specimen thickness of 4 unit cells (4 uc).

The most direct approach for calculating 7 i, is through
the application of nonequilibrium molecular-dynamics (MD)
simulations. This approach is exemplified by the work of
Refs. 14 and 15, where classical interatomic potentials were
employed in MD calculations of T, for L1, Cu;Au and
NizAl In the present work, DFT was chosen as the basis for
the energy calculations, rather than classical interatomic po-
tential models, to ensure an accurate description of alloy
chemistry. Due to the high computational cost of DFT, rela-
tive to classical potentials, estimates of T, ,,;, were derived
employing a more efficient approach based on the so-called
“sudden approximation” (SA) rather than full MD simula-
tions. Within the SA approach, T, is derived by calculat-
ing the energy barrier encountered as an atom is displaced
from its binding site to a neighboring interstitial location,
holding the positions of all other atoms fixed. As discussed in
a recent study,'® in cases where results of MD and SA cal-
culations have been compared, values for 7, ,;, are found to
agree to within approximately 10%.

The SA is only appropriate for estimating 7., along
directions where there is an unobstructed path from an at-
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om’s binding site to a neighboring interstitial position. In the
current work, T i, Was calculated along the (111) crystal-
lographic direction. In previous studies of L1, NizAl and
CuzAu, T, i, along the (111) direction has been shown to be
significantly larger (by approximately 50%) than the value
corresponding to the (100) direction relevant to the present
experimental work. Thus, the calculated results obtained here
are considered as upper bounds for T ., under the relevant
experimental conditions.

The SA calculations made use of 108-atom supercells
(3X3X3 unit L1, cells), and were performed using the ab
initio total-energy and molecular-dynamics program Vienna
ab initio simulation program (VASP) developed at the Institut
fiir Materialphysik, Universitit Wien.!”-!° These calculations
made use of the Perdew-Burke-Ernzerhof generalized-
gradient approximation®” and the projector augmented wave
formalism,?"??> employing the Al and Li potentials labeled
“Al” and “Li_sv” in the VASP library. The calculations em-
ployed 5 X5 X5 k-point meshes in the reducible zone and a
plane-wave cutoff of 350 eV; with these settings the energies
were estimated to be converged to within approximately
0.075 eV for the 108-atom supercells. Calculations were per-
formed considering Al or Li atoms at 10 positions spanning a
displacement of [0.5, 0.5, 0.5] in units of the L1, unit-cell
lattice constant. From the maximum value of the energy
along this path, we obtained estimates for T, ;;, of 18 eV for
Al and 9.5 eV for Li in ALLi.

III. RESULTS
A. Calculated exit-plane wave functions

By performing calculations of the EPW based on the mul-
tislice algorithm,?® we investigated the dependence of the
imaging characteristic of Al;Li on the accelerating voltage.
Figure 2(c) shows a series of images illustrating the phase of
the calculated EPWs for a thickness range of 4-20 unit cells
(1.6-8.0 nm) along the Al;Li[001] zone axis. The top row in
Fig. 2(c) was calculated for an accelerating voltage of 300
kV and the bottom row for 80 kV. The corresponding single-
pixel line profiles across the calculated EPW phase images
for a specimen thickness of 4 unit cells are shown in Fig.
2(d). For thin specimens the phase of the EPW is propor-
tional to the projected atomic number of the atom column in
the direction of the incident electron beam. The simulations
in Fig. 2(c) show strong peaks at Al positions and weaker
peaks at Li positions. With increasing specimen thickness
and decreasing accelerating voltage, the width of the phase
peaks spreads due to the increased dynamic behavior of the
elastic electron scattering.

It can be argued that the presence of peaks at the Li po-
sitions in the phase images are due to dynamical diffraction
effects. However, simulations equivalent to Fig. 2(c) (not
shown) with the Li columns removed revealed that dynami-
cal diffraction effects do not lead to the formation of maxima
at the Li positions. Hence, it is the presence of Li that causes
the maxima in the phase images in Fig. 2(c).

B. Experimental exit-plane wave functions

Figure 3 shows EPW phase images of the AlsLi shell for
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FIG. 3. (Color online) Al;Li EPW phase images retrieved from
20 experimental images obtained at (a) 300 and (b) 80 kV using a
monochromator. (c) Single-pixel line profiles across the atom rows
marked with white rectangles in the experimental images.

300 and 80 kV, respectively. These images were retrieved
from 20-member focal series of images. The particles se-
lected were located at the very edge of the TEM foil, where
the thickness was below 10 nm—only 1/3 of the precipitate
diameter. This sample geometry corresponds to a cross sec-
tion of the particle so that no overlap with the Al matrix is
expected and pure Li columns can be imaged. The image
series used focal steps of 1.6 nm at 300 kV and 0.9 nm at 80
kV. For a current density of 7.9 A/cm? at 300 kV and
44.4 A/cm?® at 80 kV, respectively, the exposure times were
1 s at 300 kV and 0.5 s at 80 kV. The phase images in Fig. 3
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FIG. 4. (Color online) (a) Single-pixel line profiles across the
averaged structures (b and c) derived from an area containing 100
unit cells in Figs. 3(a) and 3(b), respectively. A sampling of 0.0184
and 0.0235 nm/pixel was used at 300 and 80 kV, respectively.

show Li-atom columns clearly resolved next to Al-atom col-
umns. Figure 3(c) shows single-pixel line profiles across the
atom rows marked by rectangles in Figs. 3(a) and 3(b), re-
vealing a random intensity variation between unit cells,
which is particularly pronounced at 80 kV. The results of the
simulations support that the phase maxima at the Li positions
reflect the presence of Li and are not due to dynamical dif-
fraction effects.

For a statistical assessment of the Li signal, we derived
averaged structures from the experimental phase images in
Figs. 3(a) and 3(b) of areas containing 10X 10 unit cells.
These averaged structures and the corresponding single-pixel
line profiles for the experimental-phase images are shown in
Fig. 4. The error bars in the line profiles are the standard
deviations obtained by comparing the individual peaks with
the averaged structure.

IV. DISCUSSION

From Figs. 3 and 4, it can be concluded that for both
accelerating voltages, the Li is resolved with a signal that
significantly exceeds the noise level. As seen in Fig. 4(a), the
signal-to-noise ratio for the Li phase peak is 5.8 at 300 kV
and 3.3 at 80 kV. Although the intensity of the Li columns is
weaker than the neighboring Al columns at both accelerating
voltages, the Al/Li intensity ratio is markedly smaller at 80
kV than at 300 kV, in contradiction with the prediction based
on the multislice simulations; see Fig. 2(d). Figures 3 and 4
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FIG. 5. Sequence of HRTEM images of a core/shell particle
showing the effect of electron radiation after 0, 2, 5, and 10 min of
exposure with an 80 kV electron beam. The current density used
was similar to the one used to record the focal series at 80 kV.

reveal that at 80 kV, the chemical contrast is reduced and
local intensity variations strongly affect the Li signal. This is
supported by the standard deviations of the line profiles,
which are about twice as large at the lower voltage. Further-
more, the 80 kV line profile in Fig. 3(c) shows larger inten-
sity variations between equivalent atomic columns. These
variations are due to unexpectedly strong radiation effects.

In Fig. 5, a sequence of high-resolution transmission elec-
tron microscopy (HRTEM) images of a core/shell particle
shows the effect of electron irradiation after an exposure of
0, 2, 5, and 10 min to an 80 kV electron beam. Note that after
2 min, the incident radiation causes structural changes in the
AlLLi shell resulting in local residual mistilts such as those
observed in the 80 kV phase image of Fig. 3(b). Meanwhile,
the Al matrix is unaffected by radiation damage even after 10
min of electron exposure.

To understand this anomalous behavior, we calculated to-
tal scattering cross sections based on the relativistic differen-
tial scattering cross sections of McKinley and Feshbach.?*
By integration over the solid angle (see, e.g., Ref. 25), we
obtain the total scattering cross section for atom displace-
ment o, as a function of electron energy

k2m2 4 1= 2
o,=10"x gc“ 6—222( B“B)
e

Z
X[ (k=1)- B In k+ WE,BQ\/;—Z—IH K |,

(1)

where e is the elementary charge, m, the rest mass of the

electron, Z the atomic number, and ,8=%, with v, the rela-
tivistic speed of the electron for an electron energy eU, with
U the acceleration potential of the microscope, and c is the

Tinax

Td,min

speed of light in vacuum. The factor x= denotes the
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FIG. 6. (Color online) Total scattering cross section o, for atom
displacement for Al and Li as a function of the primary electron
energy.

ratio between the maximum recoil energy 7)., i.e., the
maximum energy that an electron with a kinetic energy eU
can transfer to an atom of mass myyy,, and the minimum
threshold recoil energy T, . 1.€., the critical recoil energy
to initiate atom displacement. The maximum recoil energy is
given by

U
Tmax=4&eU(1+ - 2). 2)

malom mec

Using expression (1) with the estimates for T, ;, derived
from the first-principles calculations described in Sec. II B,
we plotted the total scattering cross section for atom dis-
placement o, vs energy for Al and Li in Al;Li (Fig. 6). We
find that for Al, o, decreases monotonically with decreasing
electron energy and vanishes at ~190 kV.

By contrast, Li displays an anomalous behavior; the dis-
placement scattering cross section reaches a maximum at
~60 kV and decreases with increasing electron energy thus
making AlsLi more susceptible to radiation damage at 80 kV
than at 300 kV. As discussed in Sec. II B, the estimated 7 i,
values for Al and Li atoms in Al;Li are calculated along the
(111) direction and likely overestimate the value of T ;, for
the (100) direction relevant to the present experimental
work. Nevertheless, the predicted anomalous energy depen-
dence on incident electron energy for Li also holds at lower
values of T, as shown in Fig. 6. Similar results are ob-
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tained for pure Al and Li. The average threshold recoil en-
ergy for pure Al is 16 eV,*® while for pure Li T, is esti-
mated to be between 5 and 10 eV.?” For pure Al, the creation
of point defects through knock-on radiation damage is pos-
sible at 300 kV but not at 80 kV. This is consistent with the
observation in Fig. 5 that at 80 kV the radiation damage is
confined to the Al;Li precipitates without affecting the sur-
rounding Al matrix.

V. CONCLUSION

We conclude that atomic columns of Li in the intermetal-
lic phase Al;Li can be imaged at 300 and 80 kV. By employ-
ing a monochromator in the case of the 80 kV measurement,
for both operation conditions a comparable information
transfer of ~0.09 nm was achieved. Our results of imaging
Li columns at 80 kV uncover an unexpected increased sus-
ceptibility to knock-on radiation damage of light elements at
lower accelerating voltages. This observation places impor-
tant boundary conditions on electron microscopy observa-
tions of light elements even beyond Li. It is evident that in
the tunable operating range of the instrument between ~60
and 300 kV, and for a realistic range of binding energies, Li,
Be, and even B can be susceptible to the same anomaly.
Strategies to avoid this effect or to utilize it as a means of
selectively affecting specific atomic sites are readily appar-
ent. For the case of ALsLi investigated here, the damage can
be minimized by using electron energies below the peak in
the scattering cross section while employing a monochro-
mated electron beam to maintain image resolution or by us-
ing nonmonochromated higher electron energies at lower
electron flux.
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