UC Santa Barbara
UC Santa Barbara Previously Published Works

Title

Point group symmetry of cadmium arsenide thin films determined by convergent beam
electron diffraction

Permalink

https://escholarship.org/uc/item/6w92i4kg

Journal
Physical Review Materials, 3(8)

ISSN
2475-9953

Authors

Kim, Honggyu
Goyal, Manik
Salmani-Rezaie, Salva

Publication Date
2019-08-20

DOI
10.1103/PhysRevMaterials.3.084202

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/6w92j4ks
https://escholarship.org/uc/item/6w92j4ks#author
https://escholarship.org
http://www.cdlib.org/

PHYSICAL REVIEW MATERIALS 3, 084202 (2019)

Point group symmetry of cadmium arsenide thin films determined
by convergent beam electron diffraction

Honggyu Kim,' Manik Goyal,' Salva Salmani-Rezaie,' Timo Schumann,
Tyler N. Pardue,! Jian-Min Zuo,%3 and Susanne Stemmer

1

1,%

'Materials Department, University of California, Santa Barbara, California 93106-5050, USA
2Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
3Frederick Seitz Materials Research Laboratory, University of lllinois at Urbana-Champaign, Urbana, Illinois 61801, USA

M (Received 16 June 2019; published 20 August 2019)

Cadmium arsenide (Cd;As;) is one of the first materials to be discovered to belong to the class of three-
dimensional topological semimetals. Reported room-temperature crystal structures of Cd;As, differ subtly in
the way the Cd vacancies are arranged within its antifluorite-derived structure, which determines if an inversion
center is present and if Cd;As, is a Dirac or Weyl semimetal. Here, we apply convergent beam electron
diffraction (CBED) to determine the point group of Cds;As, thin films grown by molecular-beam epitaxy.
Using CBED patterns from multiple zone axes, high-angle annular dark-field images acquired in scanning
transmission electron microscopy, and Bloch wave simulations, we show that Cd;As, belongs to the tetragonal
4/mmm point group, which is centrosymmetric. The results show that CBED can distinguish very subtle
differences in the crystal structure of a topological semimetal, a capability that will be useful for designing

materials and thin film heterostructures with topological states that depend on the presence of certain crystal

symmetries.

DOI: 10.1103/PhysRevMaterials.3.084202

I. INTRODUCTION

Over the past few years, three-dimensional Dirac and Weyl
semimetals have emerged as an important class of topological
materials [1-3]. They exhibit band crossings (“nodes”) with
linear energy dispersion in all three dimensions of momentum
space. Dirac semimetals possess both time reversal and inver-
sion symmetry. In contrast, one or both of these symmetries
must be absent in a Weyl semimetal, with profound effects
on their properties. For example, in a Weyl semimetal, nodes
appear in pairs of opposite chirality because of the lack
of spin degeneracy. As a result, they feature topologically
protected surface Fermi arcs that connect projections of nodes
of opposite chirality [1-3]. In contrast, the nodes of three-
dimensional Dirac semimetals are spin-degenerate, and each
Dirac node can be considered as two overlapping Weyl nodes
of opposite chirality. The surfaces of these Dirac semimetals
feature double Fermi arclike features that are less protected
and can be disconnected from the projection of the nodes [4].

Cadmium arsenide (Cd;As;) is one of the most important
topological semimetals discovered to date, because it features
a single pair of nodes at the Fermi level, besides many other
attractive properties, such as a high Fermi velocity [5-11].
The room-temperature crystal structure of Cd;As, is body-
centered-tetragonal [12], with the fourfold rotational symme-
try being essential in protecting the band crossings against
the opening of a gap [5]. The structure can be described as
being derived from an antifluorite structure with an ordered
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arrangement of vacant Cd sites, allowing for the 3:2 Cd:As
stoichiometry. The Cd vacancies cause the systematic dis-
placements of the occupied sites from their ideal antifluorite
positions and a large unit cell with dimensions that are ap-
proximately doubled along the a- and b-axes (12.63 A) and
quadrupled along the c-axis (25.43 A), relative to the cubic
antifluorite cell. Important details of the room-temperature
crystal structure remain, however, somewhat controversial.
Specifically, Cd;As; has been reported as belonging to either
space group I4,cd [5,12-14] or I4y/acd [15]. The differ-
ences between the two proposed structures are subtle and
arise only from the Cd vacancy arrangements (and associated
displacements). Furthermore, the two structures differ in a key
aspect: I4ycd (point group 4mm) lacks an inversion center,
making Cd3As; a Weyl semimetal, as originally proposed [5],
while /4, /acd (point group 4/mmm) is centrosymmetric and
is consistent with the more common description of Cd;As;
as a three-dimensional Dirac semimetal. All of these studies
used kinematic x-ray diffraction, for which determining the
absence of an inversion symmetry can be challenging, due to
Friedel’s law [16].

Given the small differences between the proposed struc-
tures and the fact that Cd3;As, undergoes multiple structural
transitions with temperature [17], it is also conceivable that
materials synthesized by different methods or with slightly
different stoichiometries may have different Cd vacancy or-
derings. Furthermore, it is important to characterize the struc-
ture of thin films of Cd;As;, which are important for potential
future applications. In particular, films are susceptible to
symmetry breaking by various means, such as thermal and
lattice mismatch strains, which directly affects the topological
states. A method that can determine subtleties in their crystal

©2019 American Physical Society
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FIG. 1. Schematic (top) of the atom arrangements near Cd;As,
(112)r and GaSb (111)c surfaces, respectively. The black dashed
lines highlight similar hexagonal arrangements of group V elements
in these planes. The possible in-plane epitaxial orientation relation-
ships are shown in the bottom row. The {110}c planes of GaSb
(shown on the right) can be parallel to either one of three planes
of Cd;As;: (102)r, (012)r, or (110)r. These are shown on the left,
along with their plane normal, which define the zone axes used in
this study.

symmetries, despite the small scattering volume, is essential
in establishing the structure-property relationship of thin films
of topological materials.

Convergent beam electron diffraction (CBED) patterns in
transmission electron microscopy (TEM) arise from dynami-
cal scattering, making Friedel’s law no longer applicable [18].
CBED has long been used to determine point and space group
symmetries [18-21] and is suitable for small volumes, such
as thin films. Here, we use CBED to determine the point
group symmetry of epitaxial, high mobility (~19 000 cm?/Vs
at room temperature [22]) Cd;As; films grown by molecular-
beam epitaxy (MBE) on III-V substrates. We use CBED
patterns along multiple zone axes to identify the epitaxial
orientation relationship and the point group symmetry. We
show that MBE-grown Cd;As, films possess an inversion
center, classifying them as Dirac semimetals.

II. EXPERIMENT

Cd;As, films were grown by MBE on relaxed (111) GaSb
buffer layers on As-terminated (111)B GaAs substrates as
described elsewhere [22]. The thickness of the Cd3;As; films
was 270 nm and they grew relaxed (unstrained), which is
unsurprising given the large lattice mismatch with GaSb
(~3.5%). The out-of-plane film-substrate epitaxial orienta-
tion relationship can be described as (112)r || (111)¢, where
the subscripts denote the tetragonal and cubic unit cells of
films and substrates/buffer layers, respectively [22]. We note
the similarities in the atom arrangements on these surfaces, as
depicted in Fig. 1. The hexagonal arrangement of the cubic
III-V growth surface suggests that three in-plane orientation

FIG. 2. (a) Schematic of the heterostructure. (b)—(d) HAADF-
STEM images of the Cd;As, film along three different zone axes,
corresponding to either [201]y, [021]r, and [110]r. The scale bar
corresponds to 1 nm. The HAADF-STEM images in (b)—(d) display
similar atomic arrangements, in particular the Cd atomic columns
containing Cd vacancies (blue circles). Note the color coding of
image frames in (b)—(d) and planes in (a), respectively.

relationships are possible, with either (102)r, (012)r, or
(110)r parallel to {110}c, possibly leading to the formation
of twins. Use of miscut substrates suppresses twinning in the
CdsAs; [23]. Here, the miscut angle was 1°.

Cross-section TEM samples were prepared by focused ion
beam (FIB) thinning using a FEI Helios Dual beam nanolab
650 FIB system with a final milling energy of 2 kV Ga
ions. TEM samples were prepared along three different zone
axes, [201]r, [021]t, and [110]r, which are parallel to {(110)¢
of the III-V semiconductors. The specific indices of these
three zone axes, denoted A—C in the following, were not
known a priori, but determined as described below. Figure
2(a) depicts a schematic of the heterostructure with different
colors (red, green, and orange), representing different planes,
which define three different zones. High-angle annular dark-
field imaging (HAADF) in scanning transmission electron
microscopy (STEM) and CBED were conducted using a FEI
Titan S/TEM (Cy = 1.2 mm) with 300 and 150 keV electrons,
respectively. To reduce the background intensity from thermal
diffuse scattering, all CBED patterns shown here were taken
at 103 K using a double-tilt liquid nitrogen cooling holder.
Both zero-order Laue zone (ZOLZ) and whole patterns (WPs),
which include high-order Laue zone (HOLZ) rings, were
recorded. ZOLZ patterns show the rotational and mirror sym-
metries of the projected (two-dimensional) structure, while
HOLZ rings contain information about three-dimensional
symmetries. The experimental patterns were analyzed fol-
lowing the methodology and nomenclature by Buxton ef al.
[19]. As described in Refs. [19,20], “diffraction groups” of a
sample are determined from the symmetries present in the 000
diffraction disk (“bright field pattern,” or BP) and WP CBED
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FIG. 3. (a) Experimental CBED patterns along the three zone axes A—C. Shown are ZOLZ patterns (top) and WPs (bottom) with HOLZ
rings. The growth direction, [221]r, points upward. Note that different false color scales are used for ZOLZ patterns and WPs to better show
the symmetries. Parts of FOLZ in the WP along [110]; are magnified in (b) to better show the presence of two orthogonal mirrors.

patterns taken along multiple zone axes. The crystallographic
point group is then identified using the tables by Buxton that
relate the diffraction groups determined in CBED to the point
groups. Simulations of the CBED patterns were carried out
using a Bloch wave algorithm as implemented by Zuo et al.
[21,24].

III. RESULTS AND DISCUSSION

Figures 2(b)-2(d) show atomic resolution HAADF-STEM
images for zones A-C. Columns containing Cd vacancies
(light blue dots) can be identified by their reduced intensities
and are located in alternating rows (see the white arrows).
Half of the Cd columns contain vacancies, consistent with
our previous report [22] and the reported crystal structures
for Cd;As, at room temperature [12,15]. The three zone axes,
[201]t, [021]r, and [110]t, cannot easily be distinguished
in these images, because the arrangements of Cd vacancies
appear similar in projection in both reported crystal structures.

Figure 3 shows the experimental ZOLZ patterns and WPs
for zones A—C. All CBED patterns are oriented such that the
growth direction, [221], points upward. A notable difference
in the WPs is the radius of the first-order Laue zone (FOLZ)
ring, which is larger in zone C than in zones A and B. This
identifies zone C as [110]r, because the radius of HOLZ
rings reflects the reciprocal-lattice spacing (H) perpendicular
to the electron beam direction. For tetragonal structures, H =
[@®(u® + v?) + w2c?] "7, where [u, v, w] are the zone axis
indices and a and c are the lattice parameters, is largest for
[110]r. Using the out-of-plane orientation information, the
CBED patterns from zones A and B can then be identified as
[201]t and [021]r, respectively.

As indicated in Fig. 3, the 000 disks (BP) and WP along
[201]r and [021]1 possess a single mirror (m), while those

along [110]r show two orthogonal mirrors and a twofold
rotational axis and thus have 2mm symmetry. Referring to the
tables by Buxton [19], the possible CBED diffraction groups
having one mirror plane in both BP and WP are m and 2zmmy,
where the symbols 2 and mg refer to a twofold horizontal axis
and an inversion center, respectively. The possible diffraction
groups corresponding to 2mm symmetry in both BP and WP
are 2mm and 2mmlg, where 1 refers to a horizontal mirror
perpendicular to the electron beam direction. Along [u#Ow],
materials belonging to space groups [4;/acd (point group
4/mmm) and I4,cd (point group 4mm) display diffraction
groups 2gpmmpg and m, respectively. Both groups have one
mirror plane in BP and WP and are thus indistinguishable
in [uOw] patterns. Along [110]r, however, the point groups
can be distinguished in the WPs: 4/mmm is expected to
show 2mm symmetry in both BP and WP, while 4mm shows
2mm symmetry in BP but only m in WP. Here, both BP and
WP along [110]r show 2mm symmetry, indicating that the
Cd;As; films belong to the centrosymmetric 4/mmm point
group. Additional confirmation comes from symmetries (two
mirrors and twofold rotational axis, 2mm) that are present in
a (100) WP, which is also consistent with 4/mmm (see the
Supplemental Material [25]).

To confirm the analysis based on the Buxton tables, we
also performed Bloch wave simulations of CBED patterns for
both 74, /acd and 14, cd structures. As shown in Fig. 4(a), the
symmetry elements of BPs and WPs seen in the calculated
CBED for the three zone axes of the /4 /acd structure cor-
respond to those observed in experimental CBED patterns in
Fig. 3: m in BPs and WPs for [201]r and [021]1; 2mm in BP
and WP for [110]r. In contrast, the [110]; CBED pattern of
the 74, cd structure, shown in Fig. 4(b) (bottom), shows only
one mirror in WP, inconsistent with our experimental results.
Thus, the simulated patterns further confirm our conclusion
that thin films of Cd;As; possess an inversion center.
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FIG. 4. Simulated CBED patterns of Cd;As, for the two different crystals structures reported in the literature [12,15], which correspond
to two different space groups: /4, /acd (centrosymmetric, left) and /4,cd (noncentrosymmetric, right). Note that the mirror planes indicated
in the ZOLZ patterns indicate the symmetry elements present in 000 disks only. Parts of the FOLZ in the CBED pattern along [110]y for the
14 cd structure are magnified in (c), which confirms that there is only a single mirror plane in the WP.

The analysis above was primarily focused on distinguish-
ing point groups 4/mmm and 4mm corresponding to the
two reported crystal structures for Cd;As,. CBED allows,
however, for determining the point group even without any
prior knowledge. Table I summarizes the possible diffraction
groups using the symmetries observed along [201]r, [021]r,
and [110]r. The five possible point groups that correspond
to the diffraction groups are mm?2, 4/mmm, 6/mmm, m3,
and m3m. The point group can be identified by recording
an additional different CBED pattern along a high-symmetry
zone axis. Figure 5 shows a CBED pattern along [001]t. Both
BP and WP display two mirror planes and fourfold rotational
symmetry (4mm). The possible diffraction groups are 4mm
and 4mmlg. In combination with the information from the
other zone axes, this leaves two possible point groups, 4 /mmm
and m3m. The m3m point group is cubic, which is the structure
adopted by Cd;As, at high temperatures, and which has
randomly distributed Cd vacancies [17,26]. This is in contrast

with the HAADF-STEM images, which show that the Cd
vacancies are systematically ordered. In addition, in a cubic
structure, the three zone axes (A-C) would have the same
symmetries and HOLZ ring diameters, which is not seen in
our experiments.

Lastly, we note that the intermediate-temperature modi-
fication of Cd3As, (space group P4,/nmc) also belongs to
point group 4/mmm [15,17]. Although we do not expect this
phase in our films, which are grown at temperatures below
the transition [22], it may conceivably persist as a metastable
phase in other types of samples. The intermediate-temperature
phase differs substantially from the low-temperature mod-
ification in the way the Cd vacancies are arranged, lead-
ing to distinct features in HAADF-STEM images, such as
channels of Cd vacancies and channels along (100)t (see
the Supplemental Material [25]). In the case of our films,
HAADF-STEM images recorded along zone axes [001]r and
[010]y are not consistent with this intermediate-temperature

TABLE I. Diffraction groups and point groups in zone axis CBED patterns.

Zone axis BP WP Possible diffraction groups Possible point groups

[201]7 m m m, 2rmmnp m, mm?2, 4mm, 42m, 3m, 6, 6mm, 6m2, 43m,
2/m, mmm, 4/m, &/mmm, 3m, 6/m, 6/mmm, m3, m3m

[021]1 m m m, 2rmmp m, mm2, 4mm, 42m, 3m, 6, 6mm, 6 m2, 43m,
2/m, mmm, 4/m, 4/mmm, 3m, 6/m, 6/mmm, m3, m3m

[110]r 2mm 2mm 2mm, 2mmlg mm2, 6m2, mmm, 4/mmm, 6/mmm, m3, m3m

[001]r 4dmm 4dmm 4dmm, dmm1g 4mm, 4/mmm, m3m
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FIG. 5. Experimental CBED patterns along [001]r, showing two
mirror planes and fourfold rotational symmetry in both BP and WP.
SOLZ denotes the second-order Laue zone.

modification (see the Supplemental Material [25]), but they
show excellent agreement with the 74, /acd structure, as dis-
cussed above.

IV. CONCLUSIONS

In conclusion, we have shown that MBE-grown Cd;As;
films are centrosymmetric and belong to point group
4 /mmm. In combination with the Cd-vacancy ordered patterns

observed in HAADF-STEM, this demonstrates that the films
have the same crystal structure as reported in Ref. [15] for
Cd;As; single crystals. This shows that the structure of the
films is not modified by any of the parameters of thin-film
growth, such as residual strain, low growth temperature, etc.
Thus, predictions from electronic structure theory based on
the reported centrosymmetric crystal structure should directly
apply to these films. Furthermore, the results show that
CBED should be able to detect broken symmetries, such as
due to epitaxial coherency strains [27] or near surfaces and
interfaces. Because the nodes in these semimetals are pro-
tected by both symmetry and topology [2], such studies will
provide essential information relevant for topological state
engineering.
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