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Quantifying Jahn-Teller distortion at the nanoscale with picometer accuracy using position
averaged convergent beam electron diffraction
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Using position averaged convergent beam electron diffraction (PACBED) the Jahn-Teller distortion in
LaMnO3 is quantitatively measured using a straightforward pattern-matching approach. The fit between
experimental patterns and PACBED patterns simulated using the quantum excitation of phonons model allows
a three-dimensional measure of octahedral distortion and rotation information from the near transmitted disk
region with picometer precision. The effects of plasmon and other inelastic components on quantification using
this method are investigated and discussed. The results provide an avenue for accurate local studies of the crystal
structure origins of emergent physics in parallel with high-resolution annular dark field scanning transmission
electron microscopy imaging at interfaces and defects in quantum materials.
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In AMO3 perovskites with Pbnm space group, cooperative
octahedral, MO6/2 site rotations are accompanied by uni-
versal, intrinsic site distortions that fundamentally influence
electronic and magnetic properties [1–3]. For example, some
transition metal ions (i.e., Cu2+ and Mn3+) on the octahedral
site exhibit cooperative Jahn-Teller distortions (JTDs) that
can result in a range of fascinating phenomena including
charge, spin, and orbital ordering [1,4]. Although direct imag-
ing of these physical properties is challenging, they can be
accurately inferred via indirect measurements of octahedral
distortion [5–7].

While there are some reports of experimental measure-
ments of octahedral bonding parameters in perovskites using
neutron diffraction and resonant x-ray scattering techniques
[5,8,9], these techniques have limited spatial resolution, mak-
ing them ill suited for characterizing local properties at in-
terfaces and other defects [2,10,11]. In contrast, aberration-
corrected scanning transmission electron microscopy (STEM)
is extensively used for its ability to probe local phenomena
[12,13]. However, quantifying octahedral distortions in real-
space STEM images is challenging because it requires a
precise measurement of the projected positions of cations
and anions (oxygen, in this case). Since oxygen (O) has a
relatively weak scattering cross section compared to typical
cations in perovskites, techniques such as annular bright field
imaging, electron energy-loss spectroscopy, and differential
phase contrast imaging are often used to directly image the
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O columns [14–16]. While postprocessing can allow octahe-
dral rotation types to be deduced in specific cases [17–20],
picometer-scale distortions in the anion octahedron and cation
positions, as well as three-dimensional (3D) octahedral ro-
tations are typically beyond the spatial resolution of even
the most advanced STEM instruments [21–23]. Moreover,
postprocessing artifacts and image distortion caused by probe
instabilities and/or specimen drift can further complicate the
situation.

Quantitative convergent beam electron diffraction (CBED)
is a complementary diffraction-based technique capable of
high-precision nanoscale measurements. This technique has
been used in a broad number of applications over the past few
decades, such as determining thickness [24], crystal structural
parameters [25], bonding [26,27], and Debye-Waller factors
[28]. However, the electron optical and diffraction conditions
in these applications make it difficult to obtain a large data
set of high-resolution images, especially atomic resolution
imaging with a thin specimen [29]. Instead, position averaged
convergent beam electron diffraction (PACBED) has recently
been developed in which the patterns can be recorded in
parallel with high-resolution STEM images without the need
to change optical conditions [30,31]. Moreover, PACBED
is independent of coherent and incoherent aberrations such
as defocus and spherical aberration [29]. By incoherently
averaging diffraction patterns formed by rastering an atomic-
scale probe across one or more unit cells, a wealth of in-
formation is encoded in the intensity distribution around the
zero-order disk. By pattern-matching algorithms, PACBED
has been used to investigate specimen properties such as
thickness [32,33], tilting of octahedra [29], and polarization
[34]. In this article, single-crystal LaMnO3 is selected to
investigate intensity distribution changes in PACBED patterns
caused by JTD, and the resultant structural parameters are
compared with results from multiple complementary methods
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FIG. 1. Experimental STEM image and PACBED patterns. (a)
HAADF-STEM image for LaMnO3 along the [001] direction with
an overlay of the lattice. Nonlinear drift distortion is corrected
using image pairs with orthogonal scan directions [20]. PACBED
patterns acquired from the area indicated by the red dashed box in
(a) with energy filter off (b) and energy filter on (c). Normalized
intensity integration along the red and green boxes is shown in (d)
to highlight differences between the two images. The asymmetry
along the intensity profile is likely caused by a slight deviation of
the sample from the exact zone axis. The transmitted disk size is
9.7 mrad.

[5,8,35]. It will be demonstrated that the JTD of octahedra
in LaMnO3 can be quantitatively measured by matching
PACBED patterns in experimental and simulated PACBED
patterns. The measured JTD and octahedral tilts in LaMnO3

agree with published structural parameters found by other
techniques within picometer uncertainty. We also demonstrate
improved reliability by filtering the inelastic components of
the diffraction patterns using a postspecimen energy filter.

Single crystals of LaMnO3 were grown by the floating
zone technique and TEM specimens were prepared using a
FEI Helios NanoLab 600 DualBeam focused ion beam (FIB)
with 30-kV Ga ions. Final cleaning passes were performed
in a Fischione NanoMill with 900-V and then 500-V Ar ions
to remove any potential amorphous surface damage created
in the FIB. High-angle annular dark field (HAADF) STEM
imaging was performed along the [001] direction on a probe
aberration-corrected FEI Titan 80–300 STEM at 300 kV
with a collection range of approximately 45–293 mrad, as
shown in Fig. 1(a). Since HAADF-STEM imaging provides
Z contrast, La columns exhibit the highest intensity, while
the lighter Mn columns are less intense. Contrast on the La
columns is indicative of the projection of displaced La atoms
and helps to identify the in-plane orientation of the crystal.
PACBED was acquired at the 2 × 2 unit cell with 9.7-mrad
convergence semiangle (α) as indicated by the red dashed
box in Fig. 1(a). A Gatan Imaging Filter and Gatan 969 K2
direct electron detector (1024 × 1024 pixels) were used to
acquire energy filtered PACBED with 10-s integration time
and a 10-eV energy slit centered on the zero-loss beam, while

the unfiltered images were acquired under the same conditions
without the energy slit. The lattice parameter was measured
at room temperature by fitting the diffracted disks in the
PACBED pattern. By comparing the experimental pattern to
simulated ones, the thickness of the specimen in the electron
beam direction was measured to be 31.0 ± 0.7 nm using the
PACBED shown in Fig. 1(b) [32]. A slight specimen tilt of 0.5
mrad is observed and measured using the distance between the
whole pattern center of mass and the center of the transmitted
disk.

Electron diffraction and by extension STEM imaging can
be numerically derived [36,37]. To understand the contribu-
tion of octahedral distortions in Figs. 1(b) and 1(c), PACBED
patterns were simulated using the quantum excitation of
phonons (QEP) model in μSTEM, where thermal scattering
is treated as a quantum excitation of the crystal [38]. In the
QEP model, the probability distribution for a single electron
is solved based on many-body quantum mechanics, and the
measurement is modeled as the incoherent sum of the elec-
trons that scattered from different initial states [36]. In prac-
tical terms, the crystal is modeled as independent harmonic
oscillators, where each atom’s distribution can be described
by its Debye-Waller factors. In this work, the Debye-Waller
factor values are obtained from Ref. [39]. Fully quantitative
interpretation of PACBED can be challenging as the patterns
include interference between the elastic and inelastic scat-
tering contribution, as well as thickness-dependent, collec-
tive excitations which include channeling, thermal scattering,
plasmons, and ionization scattering. The last two factors can
be overcome experimentally by imaging with an energy filter.
Figure 1(d) shows a comparison of the aligned contrast profile
of PACBED patterns with and without energy filter under
the same acquisition conditions. The energy filtered PACBED
shows more details in the transmitted disk than the unfiltered
one in which electrons have undergone greater energy losses,
obscuring the purely elastic scattering contribution. Since no
collective excitations are involved in the simulation, it is help-
ful to use an energy filter to remove the inelastic background
for reliable quantification of the experimental measurement.

In order to understand the intensity contrast in experimen-
tal PACBED, QEP simulations were performed with a sys-
tematic series of crystal structures with varying combinations
of octahedral rotations and bond distance factors. To speed
up the fitting process, we used a coarse-to-fine strategy in
our simulations such that different space groups and large
parameter range are explored in the preparation “coarse”
work for identifying the prototype crystal structure model.
After that, according to the results, LaMnO3 was restricted
to an orthorhombic symmetry (Pbnm) which shows in-phase
octahedral tilting along the c axis, while the out-of-phase
octahedral tilting is in the ab plane [Fig. 2(a)]. Addition-
ally, Mn atoms were made to remain centered within their
respective octahedra. Each octahedron consists of two types
of oxygen (O1 and O2), where Mn-O2 is the cooperative JTD
active bonds, i.e., two short and two long bonds, as shown in
Fig. 2(a). With these restrictions, the set of crystal structures
was generated from two sets of variables: the magnitude of
the octahedral tilting (δ and γ ) and the bond distances ratio,
J [Mn-O2 (short)/Mn-O2(long)]. Here we define δ as the
magnitude of rotation about the [001] direction, and γ as the
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FIG. 2. Intensity variation in PACBED with varying octahedral
parameters. (a) Crystal structure of LaMnO3. PACBED (left) and
the squared difference between the perfect structure and the distorted
one (right) as a function of (b) δ-type rotation, (c) γ -type rotation,
and (d) bonding ratio. The white solid and dashed circles indicate
the transmitted disk (1α) and 1.4α, respectively. The intensity in
each pattern is normalized to show the contrast detail and its scale
is arbitrary.

rotation about [110]. Mn-O2 is on the JTD active plane (001)
while the Mn-O1 is along the perpendicular direction.

In Fig. 2, we show the simulated PACBED patterns as
a function of octahedral rotation and distortion using imag-
ing conditions consistent with the experimental parameters.

Figure 2 shows PACBED patterns are sensitive to changes
in each variable (δ, γ , and J). The perfect crystal has no
octahedral rotation (δ = γ = 0) and no active JTD (J = 1);
the intensity difference of the PACBED patterns between
perfect crystal structure and the prototype crystal structure
with octahedral rotation (δ = γ = 0) and active JTD (J =
0.8725) is squared and normalized [Figs. 2(b)–2(d)]. The
majority of the change in scattering occurs at low scattering
angles (<α) within the overlap between the transmitted and
diffracted disks, while barely any difference in the signals can
be observed beyond 1.4α, as indicated by the dashed circles
in Figs. 2(b)–2(d)]. Therefore, scattering angles were limited
to 1.4α in the following analysis to reduce background noise.

To quantify agreement between experimental and simu-
lated PACBED patterns, all patterns are masked such that all
intensity at angles greater than 1.4α is set to 0, while scattering
less than 1.4α is normalized on a [0,1] scale. Additionally,
experimental PACBED images are down-sampled to the same
number of pixels as the simulated patterns. The best fit is
defined by a nonlinear least-squares fitting parameter χ2

[40,41]:

χ2 = 1

Npixel

∑
i, j

[Iexpt (xi, y j ) − Isim(xi, y j )]
2,

where the lowest average squared difference between the in-
tensity of the experimental Iexpt and the simulated Isim patterns
represents the best fit.

In Fig. 3(a), the minimum of χ2 indicates the best agree-
ment between experimental energy filtered PACBED [shown
in Fig. 1(b)] and simulated patterns of structures with varying
octahedral rotation and a fixed Mn-O2(short)/Mn-O2(long)
ratio. Because octahedral rotation and bonding ratio can both
contribute to octahedral distortion, the magnitude of the oc-
tahedral distortion that relates to each minimum χ2 value is

FIG. 3. Comparison between experimental energy filtered PACBED and simulated patterns as a function of the simulated octahedral
distortion parameter. (a) Minimum χ 2 in the permutation of δ and γ type octahedral distortions (0◦ − 15◦) with fixed bonding ratio J (0.7–1).
The Mn-O bond lengths (b) correspond to the simulated structure of each minimum χ2 in (a). Comparison between the down-sampled pattern
and simulated pattern that determined the best fitting parameters in (c). The measurement steps are controlled by following a rough-to-fine
strategy. The gray dashed line in these figures shows the position of the best fit condition.
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TABLE I. Octahedral parameters measured from PACBED reconstructed structure compared with corresponding neutron diffraction (ND),
resonant x-ray scattering (RXS), and density-functional theory (DFT) results at room temperature.

Ref [5]. Ref. [8] Ref. [35] Expt.
Method ND RXS DFT+U PACBED

Mn-O(l) (Å) 2.178 ± 0.001 2.19 ± 0.03 2.168 2.14 ± 0.02
Mn-O(m) (Å) 1.968 ± 0.003 1.974 1.97 ± 0.02
Mn-O(s) (Å) 1.907 ± 0.001 1.92 ± 0.01 1.927 1.89 ± 0.02
Mn-O(s)/Mn-O(l) 0.875 ± 0.001 0.87 ± 0.01 0.889 0.88 ± 0.01
�d (×10−3) 3.31 2.67 2.89
θ1 = Mn-O1-Mn 155.45 ± 0.02 153.5 156.1 ± 0.5
θ2 = Mn-O2-Mn 154.97 ± 0.05 152.2 153.6 ± 1.0

quantified by the octahedral distortion parameter �d [42]:

�d = 1

6

∑
n=1,6

[
(dn − d̄ )

d̄

]2

,

where d̄ is the mean Mn-O bond distance; dn are the indi-
vidual Mn-O bond distances. The corresponding Mn-O bond
distances for each datum are shown in Fig. 3(b).

There is a clear and unambiguous minimum χ2 as a
function of �d in Fig. 3(a). The best fit appears when
�d is (2.89 ± 0.1) × 10−3. The corresponding Mn-O bond
lengths are 2.14 ± 0.02 Å, 1.97 ± 0.02 Å, and 1.89 ± 0.02 Å.
The step size for octahedral rotations in these simulations
was set to be 0.5◦ due to computational demands, which
leads to the uncertainty in bond distances of approximately
0.02 Å. Since the uncertainties of bond distances are cal-
culated using the upper bounds of the step sizes, the actual
uncertainty might be lower. Although smaller steps would
improve the precision, a 0.5◦ step size is acceptable in this
case considering the magnitude of the distortion in LaMnO3

(∼0.27 Å).
To further check the accuracy of the PACBED derived

structure, in Table I we present experimentally measured and
theoretically calculated crystal parameters of bulk LaMnO3

at room temperature together with our results [5,8,35]. In
terms of Mn-O bonding distances, the PACBED results are
consistent with the neutron diffraction results within a few
picometers, which may come from surface reconstruction and
relaxation due to the finite size of the TEM specimen.

Here it is necessary to highlight the influence of inelastic
scattering in PACBED quantification because collective ex-
citations are not included in the simulation, such as surface
plasmons. In Fig. 4 we show the effect of inelastic scattering
in PACBED on the accuracy of octahedral distortion pa-
rameter measurements. Compared to energy filtered patterns,
the sensitivity of �d measurements using unfiltered pattern
decreases and the best fit �d is shifted about 1.2 × 10−3 from
the energy filtered result.

In practice, the ability to acquire energy filtered PACBED
is instrument dependent. To ameliorate the effect of inelastic
components in a typical unfiltered PACBED pattern, one can
postprocess the pattern with a background subtraction where
background images are produced from the original unfiltered
PACBED patterns using a two-dimensional (2D) Gaussian
blur. The resultant background subtracted image is the nor-
malized net difference between the original and background

image. An empirical Gaussian blur radius is the diameter of
the transmitted disk (2α). As shown in Fig. 4, when the radius
is set to be 2α, the measured �d is close to the result from
the energy filtered pattern. The arbitrary choice of a Gaussian
blur, however, may introduce random error in the background
removal process. In this case, if the blur radius decreases to the
radius of the transmitted disk (1α), the measured �d starts
to diverge from the expected result. While energy filtering
is the preferred method when available, such background
subtraction is useful in combatting certain inelastic effects that
cannot easily be simulated.

FIG. 4. The effect of inelastic scattering on the measurement of
the octahedral distortion parameter and its amelioration by removing
a background. Black squares are the measurement using the original
unfiltered PACBED pattern. Then different background is produced
using Gaussian blur to remove from the original pattern 2α Gaussian
blur radius for red circle line and 1α Gaussian blur radius for
green triangle line. Black arrows indicate the best fit result for each
measurement, while the gray dashed line marks the result measured
from energy filtered PACBED.
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In summary, we have demonstrated that Jahn-Teller distor-
tions in LaMnO3 can be quantitatively measured with picome-
ter precision at the nanometer scale using the near-transmitted
disk region of PACBED. The measurement of Mn-O bonding
distances is consistent with neutron diffraction results with
an accuracy of approximately 0.02 Å. When compared to
neutron and x-ray diffraction techniques, PACBED is unique
in its powerful capacity for atomic-scale characterization.
This method is compatible with four-dimensional (4D)-STEM
imaging with the advent of high dynamic range direct electron
detectors [43–45], allowing for mapping of local phenomena
at high resolution in both real and reciprocal space. This

method can further extend to investigate structural origins
of emergent physical properties at the local scale, in par-
ticular in the vicinity of interfaces and defects in quantum
materials.
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