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Direct imaging of hydrogen-atom columns in a
crystal by annular bright-field electron microscopy

Ryo Ishikawa', Eiji Okunishi?, Hidetaka Sawada?, Yukihito Kondo?, Fumio Hosokawa? and Eiji Abe'*

Enhancing the imaging power of microscopy to identify
all chemical types of atom, from low- to high-atomic-
number elements, would significantly contribute for a direct
determination of material structures. Electron microscopes
have successfully provided images of heavy-atom positions,
particularly by the annular dark-field method"?, but detection
of light atoms was difficult owing to their weak scattering
power. Recent developments of aberration-correction electron
optics®-> have significantly advanced the microscope perfor-
mance, enabling identification of individual light atoms such
as oxygen®®, nitrogen”®, carbon®™, boron® and lithium'>™,
However, the lightest hydrogen atom has not yet been ob-
served directly, except in the specific condition of hydrogen
adatoms on a graphene membrane'. Here we show the first
direct imaging of the hydrogen atom in a crystalline solid
YH,, based on a classic ‘hollow-cone’ illumination theory™"
combined with state-of-the-art scanning transmission electron
microscopy. The optimized hollow-cone condition derived from
the aberration-corrected microscope parameters confirms that
the information transfer can be extended to 22.5 nm~’, which
corresponds to a spatial resolution of about 44.4 pm. These
experimental conditions can be readily realized with the an-
nular bright-field imaging in scanning transmission electron
microscopy'?° according to reciprocity?, revealing success-
fully the hydrogen-atom columns as dark dots, as anticipated
from phase contrast of a weak-phase object?.

Instead of a conventional axial illumination, a hollow-cone
illumination (HCI) employs a series of off-axial illuminations
over certain angle ranges of incident beams (Fig.la). In the
early studies of optics, it was already shown that HCI is able to
improve significantly the resolution as well as signal-to-noise ratio
of a phase contrast'>™"” (intensity due to wave interferences) by
eliminating the effect of wavelength fluctuations of the incident
beam?, that is, a chromatic aberration (C.) that causes the focus
instability. As C. is a primary factor that limits the resolution of
the phase-contrast imaging in transmission electron microscopy
(TEM), the use of HCI for TEM has been attempted by several
researchers'®'82_ It was demonstrated that, compared with axial
illumination, the achievable resolution of HCI can be almost
doubled with the optimized conditions, which are derived on
the basis of the phase-contrast transfer function (PCTF) of
HCI-TEM (ref. 18). It was in turn shown that, according to
reciprocity?!, HCI-TEM can be equivalently realized by locating
an annular detector within the bright-field region (namely, the
direct-beam disc) in scanning transmission electron microscopy
(STEM) (ref. 20); see the ray paths in Fig. 1a. Thisis termed annular-
bright-field (ABF) imaging”'®>, which is well in accordance with
the well-known annular-dark-field (ADF) imaging"? in STEM. The
fundamentals of HCI-related TEM/STEM imaging were established

as the Rose—Cowley method by their pioneering works; though,
their experimental demonstrations were strongly restricted by
insufficient microscope performance at that time. It is noteworthy
that, to realize stable instrumentations, ABF-STEM may be
advantageous rather than dynamic HCI-TEM (ref. 24), which
requires continuous and precise beam-rocking illuminations.

For the past decade, revolutionary progress has been made in
electron microscope instrumentation, in particular the innovative
electron optics that corrects the spherical aberration (C;) of the
objective lens®®. At present both TEM and STEM routinely
provide sub-8ngstrom resolution®%, and also significantly
better sensitivity to detect the light atoms®"3. C,-corrected TEM
successfully identified local oxygen concentrations at individual
atomic sites® and revealed detailed edge structure of graphene
consisting of a carbon monolayer!!. Remarkable observation comes
from ADF-STEM imaging of a monolayer boron nitride’, where
individual boron and nitrogen as well as occasional carbon and
oxygen impurity atoms are all simultaneously identified. Here,
though, we should remember that the ADF contrast is based on
scattering amplitude and known as atomic number Z contrast?,
whose sensitivity depends on the scattering power of the relevant
atoms. For detection of lighter atoms with extremely weak
scattering, ABF phase-contrast imaging based on wave interference
may be preferred, because it requires the object (atoms) only to alter
the phase of a wave (weak-phase object’'; WPO). In fact, significant
sensitivity of ABF-STEM was demonstrated by imaging oxygen”®
and nitrogen’ atoms in crystalline solids, and further lithium atoms
inaLiV,0, compound®. In the present work, using ABF-STEM we
demonstrate the first direct imaging of the lightest hydrogen atoms
in a crystalline solid.

The optimum conditions of ABF-STEM imaging can be derived
on the basis of PCTF for the HCI-TEM (refs 17,18). Again,
reciprocity supports the equivalence between the techniques and
practically holds within a weak-phase approximation (that is,
specimen must be sufficiently thin to be treated as a WPO).
Recently, characteristics of ABF imaging have been investigated on
the basis of calculations of fast-electron propagations within the
several compounds consisting of light atoms, and it is found that the
light atoms can be visible over a wide range of specimen thickness
even under strong dynamical diffraction conditions®. The present
PCTF description aims to give more fundamental, straightforward
insights into why ABF-STEM is able to provide enhanced phase
contrast in terms of the improved lens properties. Image formation
of the phase contrast relies on a phase transfer of the scattered wave
by the objective lens, which is described by the lens transfer function
exp(—ix(q)), where x(q) is a wavefront aberration function of the
scattering vector q. PCTF is given as an imaginary part of the lens
transfer function, and hence it results in sin x (q) in the case of axial
illumination. For off-axis HCI, the tilt-incident wave K as well as the
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Figure 1| Schematic ray diagrams of HCI-TEM/ABF-STEM and PCTF of
HCI. a, HCI-TEM with the cone angle ranging from minimum 6.™" to
maximum 6.2 is equivalent to ABF-STEM with the detector angle ranging
from minimum 64™" to maximum 63™2 (64™2 is set to a convergent
semiangle a). b, HCI-PCTF calculated on the basis of equations (1) and (2),
with A =2.5pm and Cs = 1.5 mm. Each of the dotted curves represents
PCTF with the fixed 6. (equation (2)), and its corresponding first-cross
point where the curve first becomes zero (second-cross means vice versa)
is plotted for each, as shown at the upper right. Note that the first-cross
points occur in the low-frequency region less than 10 nm~" with 6 values
larger than 20 mrad, around which the 6.M@* may well be optimized. The
solid red curve shows the HCI-PCTF integrated over 6.™" ~ 6. Max
(equation (1)). PCTF with axial illumination is shown by the solid blue
curve, calculated with the representative aberration-corrected TEM
parameters® (Cs = —40 um, defocus =9 nm, Cc =1.4 mm), and the
corresponding damping envelope3° derived with the energy spread of the
beam AE =0.3eV is shown by the dashed blue line. This PCTF is shown by
inverted values for comparison with the present HCI-PCTF.

scattered wave k is affected by the lens aberrations, and therefore the
corresponding PCTF, L(q), is written as'’~"*

L@ = /o A sin(x (k) — % (K))dgde, (1)

where ¢ represents an azimuth around the optical axis, 6, represents
a cone angle ranging from 6.™* to 6.™™" (Fig. 1a) and the scattering
vector q is defined as k — K. The third-order C, becomes zero

after the aberration correction, and now the fifth-order spherical
aberration Cs dominates the phase transfer of the lens. Therefore,
with fixed 6., PCTF is given as'”!®

L(u,6,) = f sin[gcsﬂw(uwccosmz +(O.sing)?)° —05’}}d¢
(2)

where u represents the magnitude of q, and A is the wavelength of the
accelerated electron. We have tuned the HCI conditions according
to equations (1) and (2), and obtained the well-optimized PCTF
with 11 mrad <6. < 22mrad, as shown in Fig. 1b. Information
transfer now remarkably extends up to 22.5nm™', which is far
beyond from that of the typical axial illumination (~8 nm~!) and
corresponds to the real-space correlation length of 44.4 pm. It is
noted that the entire shape of the HCI-PCTF curve, like a gently
sloped hill (Fig. 1b), may work effectively for increasing the visibility
of the weak-scattering light atoms, given the condition that the
phases of the wave are almost equivalently transferred over wide
high-frequency ranges. This is similar to the previous description
of the ‘triangular shape’” of HCI-PCTF, which was pointed out to
suppress the possible artefacts and noise effectively.

Using the ABF condition with 11 mrad <6, < 22 mrad set up
in accordance with the optimized HCI condition (11 mrad <6, <
22 mrad), we successfully imaged the hydrogen-atom columns
in a crystalline compound. To provide a solid demonstration of
hydrogen imaging, we chose the YH, compound that is known
as one of the most (thermodynamically) stable hydrides; see the
van’t Hoff plot for the hydride dissociation (Supplementary Fig.
S1). In the plot, it is found that YH, is the most stable among the
several representative hydrides and never dissociates even under
extremely low-pressure/high-temperature conditions (note that,
within the microscope, the specimen is exposed to a very low
pressure of the order of ~107°Pa, which promotes hydrogen
desorption for weakly bonded hydrides). In fact, it was indeed
confirmed that the YH, compound is remarkably stable even under
the electron beam radiation with the present STEM conditions
(probe diameter is approximately 0.08 nm with a current ~10 pA).
No significant changes were observed in the image appearances,
electron diffraction or electron energy loss spectroscopy, at least
until a prolonged radiation of 30 min (Supplementary Figs S2 and
S3). Details of the sample stability during the practical STEM
beam radiations and the damage behaviours by the intense beam
radiations were systematically investigated, including an estimation
of critical electron doses to cause a structural damage/change; all of
these results are described in Supplementary Information. On the
basis of these careful evaluations of the YH, robustness against the
beam radiation, we concluded that knock-on damage events to eject
hydrogen atoms hardly take place in the early period of the present
STEM observation, during which the hydrogen atoms hence firmly
stay in the compound.

The YH, compound has a fluorite-type structure, for which the
individual yttrium- and hydrogen-atom columns distinguishably
appear along the [010] projection (Fig.2a). Faint but distinct
dark-dot contrast can be recognized at the hydrogen-atom column
positions in the ABF image (Fig.2b), the validity of which is
well demonstrated by the averaged intensity profiles across the
yttrium and hydrogen sites, as shown in Fig. 3a. We note that
no significant intensity is observed at the relevant positions in
the bright-field image (Fig.2c) or the ADF image (Fig.2d). It
is therefore concluded that, only when the sufficiently extended
PCTF is realized by HCI/ABF conditions, the hydrogen atoms
can be successfully detected by phase-contrast imaging that reveals
atoms as dark dots within a WPO approximation. According to
the log-ratio method®® using electron energy loss spectroscopy,
specimen thickness in the observed region (Fig. 2b) was estimated

2 NATURE MATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials
© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nmat2957
http://www.nature.com/naturematerials

NATURE MATERIALS 0o:10.1038/NMAT2957 LETTERS

TedssranO00 " "
sk esase000 *CTe"
$sasssrH00e T "
A d s BB see TR
= ':"‘.‘.'"*'... - & S & & @8
§ LR TR * » =8 8
B sy e d &5
- 'l-l_-ul i‘l_'llilh_ll. 2 * &
wssswus vy [N & i
Sermrrnesmae P
Sesdnssisan W
_l_* '.‘ '."‘-.,‘.O.Snm. i

Figure 2 | ABF, bright-field and ADF-STEM images of the crystalline compound YHs. a, Crystal structure of YH, viewed from the [010] crystallographic
direction. b-d, ABF (b), bright-field (c) and ADF (d) images obtained with the detector ranges (84™" —63™2%) 11-22 mrad, 0-22 mrad and 70-150 mrad,
respectively. ABF (b) and ADF (d) images were simultaneously recorded with the detector configurations in Fig. 1a. Simulated images are inset in images

b-d,and the YH, unit-cell projection is overlaid in b.

to be approximately 8 £ 2 nm, which is thin enough to apply a
WPO approximation.

Image simulations based on the fast-Fourier-transform mul-
tislice algorithm?® are carried out with the estimated thickness
of 8 nm, reproducing fairly well all the observed features, ABF,
bright-field and ADF STEM images, as inset in each of the images
of Fig. 2b—d. It is also confirmed by the simulation of ABF imaging
that no significant intensity occurs at the hydrogen sites when the
hydrogen atoms are removed from the structure (that is, the hypo-
thetic fluorite YH, structure where all the hydrogen sites are vacant;
see Supplementary Fig. S6). This strongly supports the validity
that the observed intensity is indeed originated from the hydrogen
atoms themselves, not by the imaging artefacts of phase contrast.
A good match between the experiment and simulation is further
confirmed by the corresponding intensity profiles shown in Fig. 3a,
where the yttrium-hydrogen ABF-intensity profiles calculated with
the relevant thicknesses (~8nm) fit semiquantitatively with the
experimental profile. We here note that, in the experimental ABF
image, the intensity at the hydrogen sites was found to almost vanish
in the thick region (estimated as about ~20nm) of the present
cleavage wedge-shape specimen. This is confirmed by computing
the thickness dependence of the ABF intensity (thickness map®)
shown in Fig. 3D, in which the relative intensity between the yttrium
and hydrogen alters with increasing thickness owing to dynamical
diffraction effects. The hydrogen contrast becomes significantly
weak around the thickness of 20 nm whose intensity profile is also
shown in Fig. 3a, and with this condition the hydrogen intensity
would be almost hidden in the background and hardly detected
in the experiment. It is nevertheless noteworthy that both the
yttrium and hydrogen sites never reveal contrast reversal (that
is, the atom positions look like either dark or bright dots) but
show simple intensity oscillations over a wide thickness range
(Fig. 3b). This behaviour was related to a remarkable benefit of ABF
imaging that provides robust/reliable visibility of the light atoms®,
because the conventional bright-field phase-contrast imaging suf-
fers from its frequent contrast reversal depending on the thickness
and other parameters.

We also carried out the series of imaging and analysis for the
[110] zone illumination of the YH, crystal, and the results are
summarized in Supplementary Information (Supplementary Figs
S7 and S8) in the same manner as those represented in Figs 2
and 3. In the [110] projection the hydrogen-column positions
look closer to the neighbouring yttrium column, and therefore
the hydrogen contrast becomes not so distinct as imaging along
[100]. Nevertheless, significant ABF intensity is certainly observed
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Figure 3 | Experimental and simulated ABF intensity. a, Line profiles along
A-Bindicated in Fig. 2b, showing the intensity (represented inversely) of
yttrium and hydrogen sites alternately. The experimental profile is obtained
as a sum of about 20 profiles, each of which was measured at different
places in the ABF image (Fig. 2b) and by integrating over the framed area
as shown in Fig. 2b. Error bars indicate the standard error of the mean. The
corresponding simulated profiles are shown for the specimen thicknesses
of 8,10 and 20 nm. b, Thickness map of ABF intensity calculated up to
thickness 30 nm. Traces of yttrium and hydrogen atom sites are indicated
at the bottom by their chemical symbols, Y and H, respectively.

at the hydrogen sites, as confirmed by both the experiment
and simulations. This also demonstrates the success of hydrogen
imaging by ABF-STEM.

We finally point out that there could be better parameter settings
available with finite values of C; and defocus, which possibly extend
the PCTF into a higher-frequency region than that shown in Fig. 1b.
Further details of the generalized ABF conditions in terms of
HCI-PCTF variations will soon be described elsewhere. We also
mention that, by further tuning the C, corrector®, a conventional
phase-contrast TEM of axial illumination may successfully image
hydrogen atoms with extended PCTF, showing hydrogen contrast
similar to the present observation (Fig. 2b).

Note added in proof. Recently, the imaging of hydrogen-atom
columns has been independently demonstrated for the VH,
compound by STEM observation by Findlay and colleagues®. The
paper was published during the review process of the present
paper. The observation by Findlay et al. was made with not
strict annular bright-field conditions but spanning the range
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(12-53 mrad) including outside the direct disc. These situations
are in contrast with the present work, which further discusses why
ABF-STEM works well for the detection of light elements in relation
to the hollow-cone illumination TEM.

Methods

We used an aberration-corrected STEM (JEM-ARM200F) operated at accelerating
voltage 200 kV, equipped with a field-emission gun whose energy spread AE is
about 0.3 eV. The ABF-STEM configuration in Fig. 1a was realized by masking
the corresponding centre region of the bright-field detector. Parameter values
during STEM observations were defocus ~ 0 (nm), C; ~ 0 (um), C. ~ 1.4 mm and
Cs ~ 1.5 mm. These were used for the PCTF calculations and image computations.
Specimens for STEM observation were prepared by crushing the bulk material
and depositing it onto perforated amorphous carbon film supported on Cu grids.
Thin areas for a WPO approximation are frequently realized around the edge

of cleavage wedge-shape crystalline pieces, for which a surface amorphous layer
and/or roughness that seriously affect the image contrast can be avoided owing

to a cleavage process.

Received 18 October 2010; accepted 7 January 2011;
published online 13 February 2011
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