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Electron beam irradiation during scanning transmission electron microscopy has been used to probe
the relative abundance and stabilities of gadolinium adsorption sites in polycrystalline silicon nitride
ceramics. Site-specific binding strengths in the interface plane between �-Si3N4 grains and the
adjacent amorphous triple pockets were found to be consistent with theoretical predictions.
Decreasing stability was found for Gd within partially ordered planes further from the interface.
Atomic level characterization such as that reported here provides detailed insights that will allow
one to tailor new functional ceramic microstructures with improved macroscopic mechanical
properties. © 2008 American Institute of Physics. �DOI: 10.1063/1.2917566�

The segregation and adsorption behaviors of rare earth
�RE� sintering aids and the resulting crystalline/amorphous
interfacial configurations1–10 critically determine the micro-
structural evolution of �-Si3N4 ceramics. The macroscopic
mechanical properties11–16 of these structural ceramics de-
pend on how strongly RE dopants bind at specific sites, for
which until now, no experimental probe has been available.
We report the measurement of site-specific binding strengths
of Gd atoms segregated to interfaces between crystalline
grains and amorphous triple pockets containing glass phases.
Atomic and electronic structures at the crystalline/
amorphous interfaces were studied by using aberration-
corrected scanning transmission electron microscopy1

�STEM� with single atom sensitivity. A new form of in situ
STEM was used to assess local binding strength at specific
adsorption sites.

Recently, numerous studies have reported about the seg-
regation behavior of various RE atom configurations at
�-Si3N4 grain boundaries and triple pockets,2–7,17 including
ordered structures extending one or two layers into the glassy
phase.5,7 The presence or absence of RE segregants at spe-
cific sites has generally been correlated with theoretical pre-
dictions of differential binding energies.17 In this paper, we
show a far more stringent test for theoretical predictions. A
time series of atomic-resolution high angle annular dark field
�HAADF� STEM images was taken as a probe of the relative
stability of all observed segregation sites within each layer,
i.e., in both interfacial sites and parallel planes extending
into the glass phase. At least three ordered layers of Gd at-
oms lying parallel to the prism plane surface of �-Si3N4
grains are observed and examined. The experimental imag-
ing data consistently reproduce theoretical predictions of
relative stabilities associated with each layer. In addition, we
show that the environment of the Gd atoms is depleted in
oxygen. Thus, atomic scale information is provided about the
chemical environment and RE binding energies, and these

are key requirements for predicting mechanical behavior
from first principles.

Figure 1�a� shows a high HAADF image of a grain/triple
pocket interface in Gd-doped Si3N4. Noise is suppressed by a
smoothing �averaging� process.18 Bright spotlike contrasts
along the interface reveal Gd atoms segregated to two in-
equivalent adsorption sites A and B, hence, forming a con-
tinuous layer �i�. From their locations relative to the under-
lying nitride lattice, we deduce that the Gd atoms are bonded
to N atoms in the Si3N4 interface plane. One can also ob-
serve an ordering of Gd atoms in a second �ii� and a third
�iii� layer parallel to the interface extending into the amor-
phous pocket, which is similar to earlier reports.5,7 The im-
age intensity for the layers decreases from layers �i� though
�iii� due to the coupled effect of a decreasing number of RE
atoms and an increasing structural disorder that reduces elec-
tron channeling. The distances between layers �i� and �ii� and
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FIG. 1. �Color online� �a� HAADF image of the interface between a Si3N4

grain and an adjacent triple pocket containing a Si–Gd–O–N glass. The
direction of the electron beam is parallel to the �0001� zone axis in �-Si3N4.
Three distinct layers of segregated Gd atoms extend into the glassy phase.
The ball and stick model in the inset represents the adsorption sites A and B
observed in layer �i�. Integrated absorption edge EELS intensities along the
yellow arrow are plotted in �b� together with HAADF intensities extracted
from �a�.
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layers �ii� and �iii� are 0.25�0.05 nm each, respectively.
To confirm the formation of three ordered layers of Gd

atoms, electron energy-loss spectroscopy �EELS� measure-
ments of the Si L2,3, Gd N4,5, N K, and the O K absorption
edges were performed as line scans across the interface. Fig-
ure 1�b� shows the integrated EELS signals for the acquired
adsorption edges after background subtraction.19 Edge inten-
sities were integrated over an interval of 30 eV above the
corresponding onset. The Gd signal clearly exhibits three
maxima, separated by about 0.25 nm, which are each spa-
tially correlated with one of the three layers observed in Fig.
1�a�. For comparison, an ADF intensity line profile is plotted
in the bottom panel. Within the experimental error bars, the
Si and N signals remain unchanged across the interface. In
accord with earlier results by Shibata et al.,7 the oxygen
intensity exhibits local minima where the Gd signal peaks.
The agreement of ADF imaging and EELS signals prove the
formation of at least three ordered layers of Gd atoms, which
result from segregation to the grain/triple pocket interface.
Hence, a high degree of structural ordering at the previously
assumed abrupt crystalline/amorphous interface is apparent
and confirmed by two independent experimental techniques.
The signal-to-noise ratio for both the ADF image intensity in
Fig. 1�a� and the EELS signal in Fig. 1�b� decreases with
increasing relative distance due to less structural ordering
from layer �i� to layer �iii�. This indicates a gradual structural
transition from the crystalline Si3N4 grains to the fully amor-
phous triple pocket.

Figure 2 contains six frames taken from a time series of
images recorded from the same area displayed in Fig. 1�a�.
After illuminating the sample with the electron beam for
32 s, the outermost layer �iii� of Gd atoms is no longer vis-
ible due to the onset of electron beam damage inside the
triple pocket. After an additional 32 s, most of the layer �ii�
can also no longer be identified. Adsorption sites in layer �i�,
i.e., closest to the prismatic interface plane, closely coincide
with calculated sites A and B and show little reduction of Gd
intensity until T=96 s. Thereafter, a lower intensity from
sites labeled B indicates a decreasing population of Gd atoms
at these weaker binding sites, with no observable change at

the higher populated �more strongly bound� adsorption sites
labeled A. After T=160 s, a bright contrast in the HAADF
image remains only on adsorption sites A, while the bright
contrasts at positions B have completely vanished.20

The decay in HAADF image intensity at the grain/triple
pocket interface is due to atom displacement and, thus, local
disordering induced by so-called knock-on processes.21 The
basic mechanism originates from a direct impact of the fast
beam electrons with the atomic nuclei. The preferential atom
displacement mechanism directly shows that the A sites are
more resistant to damage than the B sites, which is consistent
with their larger adsorption energy for Gd atoms and prefer-
ential population of A sites. The interpretation of these ob-
servations straightforwardly follows from the calculated rela-
tive energies of Gd–N bonding in different configurations.
The formation of locally ordered Gd–N structures within the
triple pocket is increasingly hindered as the separation from
the grain surface increases, since the template influence of
the grain surface decreases relative to disordering effects of
the surrounding glass. Hence, fewer Gd atoms form such
local Gd–N structures as they fall farther into the glassy
pocket. Gd image intensities rapidly decrease as the Gd at-
oms move away from ordered positions when neighboring N
atoms are displaced by the electron beam. The same mecha-
nism determines the eventual loss of the B-type Gd intensi-
ties from Gd adsorbed at the prism plane. The interfacial N
bonds are stronger and thus endure longer than those in the
glass. Once an interfacial Gd–N bond breaks, the more
weakly bound B-type Gd atom displaces more than the
A-type. However, the observed decrease in B-type intensities
is also correlated with the lower population of the weaker B
sites.

Figure 3 shows energy-loss spectra recorded from three
different areas: within the amorphous triple pocket �Fig.
3�a��, close to the interface �Fig. 3�b��, and inside the
�-Si3N4 grain far away from the interface region �Fig. 3�c��.
The Si3N4 grain �Fig. 3�c�� shows a typical EELS line shape
for the N K edge and no evidence for any oxygen signal. In
this area, the signal did not show any change over extended
periods of electron beam irradiation. Inside the triple pocket
but close to the interface �Fig. 3�b��, the EELS data exhibit a

FIG. 2. Six HAADF images extracted from a 21 image time series �Ref. 20�.
The micrographs have been smoothed to reduce noise �Ref. 18�. The first
image �T=8 s� corresponds to Fig. 1�a�, and frames acquired thereafter re-
veal increasing beam damage effects through the consecutive disappearance
of the layers labeled �iii� and �ii�, and the subsequent removal of Gd atoms
from sites labeled B while atoms at the more stable sites A remain
unchanged.

FIG. 3. �Color online� Electron energy-loss near-edge structures of the N K-
and O K-absorption edges recorded from an area �a� within the triple pocket,
�b� close to the interface, and �c� inside the Si3N4 grain.
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less intense N K-edge signal and clear evidence for the pres-
ence of oxygen. When the electron beam is moved further
into the triple pocket, indications of beam damage become
immediately evident by the formation of a sharp spectral
feature at the onset of the N K edge �Fig. 3�a��, representing
the formation of molecular N2 leaving the sample.22,23 This
spectral feature dramatically increases in intensity with in-
creasing illumination times. At the same time, the integrated
intensity underneath the original N K edge gradually de-
creases, while the O K-edge intensity remains unchanged.
Thus, we conclude that the Gd atom displacement in the
adjacent layers discussed above is due to electron beam in-
duced dislodging of nitrogen atoms from the glass, while
oxygen atoms are not affected. Upon electron beam irradia-
tion, the observed effects immediately occur inside the vol-
ume of the glassy phases and slightly delayed at the grain/
triple pocket interface. We attribute this observation to the
more ordered structure and therefore, higher atom density
�i.e., stronger binding�, close to the interface. The population
of specific sites, in turn, reflects the trend in RE adsorbate
binding energies of the different sites. By careful control of
the beam current densities and, hence, the rate of energy
transfer from the beam electrons to the anion nuclei, local
RE populations and, thus, relative binding energies, can be
imaged in a qualitative sense.

Local binding energies for Gd atoms on principal ad-
sorption sites A and B �Fig. 1�a�� were calculated using den-
sity functional theory by using the full potential partial wave
self-consistent field atomic cluster approach.24 Calculated
binding energies were calibrated to a local energy maximum
on the potential energy surface for displacements of the Gd
atom along the �0001� direction. The calculated binding en-
ergy results for sites A and B are 4.54 and 4.01 eV, respec-
tively. The 0.53 eV greater value for site A than that for site
B confirms that Gd atoms at site A are more strongly bound
and, therefore, �a� populate A sites more than B sites and �b�
are more stable under electron beam irradiation. The experi-
mental observations outlined above are consistent and in
qualitative agreement with these results.

In the present study, the experimental confirmation of
theoretically predicted differences in local population densi-
ties and binding energies for Gd atoms segregated to
crystalline/amorphous interfaces in Si3N4 using aberration-
corrected STEM was reported. Structural ordering of the
Gd–N network close to the interface is altered by electron
beam impact. However, the time evolution of electron beam
damage, which is usually considered undesirable and detri-
mental, can be used as an analytical tool for probing the local
binding strengths of specific atomic sites when exposure
time is simultaneously monitored. A detailed understanding
of the local bonding characteristics and, hence, the structural
ordering will help to formulate design strategies for struc-
tural and functional ceramics with specific interface features
and consequently predictable macroscopic properties.
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