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Abstract

The structure of CglAs,, a high mobility semimetal reported to host electrons tlchiaa
Dirac particles, is reinvestigated by single crystal X-géfraction. It is found to be centrosym-
metric rather than noncentrosymmetric as previously tegdoit has a distorted superstructure
of the antifluorite (MX) structure type with a tetragonal unit cell af= 12.633(3) and =
25.427(7) A in the centrosymmetricqldcd space group. The antifluorite superstructure can
be envisioned as consisting of distortedsQd cubes (whereéd = an empty cube vertex) in
parallel columns, stacked with opposing chirality. Elentc structure calculations performed
using the experimentally determined centrosymmetricctitire are similar to those performed
with the inversion symmetry absent, but with the importamplication that CdAs; is a 3D-
Dirac semimetal with no spin splitting; all bands are spigeterate and there is a four-fold

degenerate bulk Dirac point at the Fermi Energy albrg in the Brillouin zone. This makes
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CdsAs; a 3D electronic analog to graphene. Scanning Tunneling ddeopy experiments
identify a 2x2 surface reconstruction in the (112) cleavpame of single crystals; needle

crystals grow with a [110] long axis direction.

| ntroduction

The topology-dependent electronic properties of solidslae subject of considerable current re-
search. Although theoretical and experimental explonadicthe electronic implications of topol-
ogy fall clearly in the realm of materials physiéshe compounds of interest for displaying those
properties have a well-defined set of chemical charadiesjshcluding constituent elements with
similar electronegativities and strong spin orbit cougiierystal symmetry also plays a critical
role 2 The fact that such properties are in many cases predictgtilecbory has generated a wide
interest in finding compounds that display them. Althoughéldges and surfaces of crystals and
extremely thin crystals such as graphene might reasonadyxbected to display electronic prop-
erties dependent on their topologis? there are also cases where topological properties have been
predicted for electrons within bulk three dimensional tas>® Such is the case for the recently
emergent compounds BBi and CgAs,, where early characterization of the real materials indi-
cates that this may indeed be the c4s€One important prediction within this category is that in
some cases the electrons will behave like they obey the “Wayhiltonian”, a previously unob-
served electronic staf®:11In this instance the presence or absence of a center of sygniméhe
host crystal is a critical structural characteristic fog gtability of the electronic phase.

CdzAs; has been well studied in the p&tL* but not in this context. Of particular interest
have been its semimetallic character and very high electrainility.12 It is also of interest for so-
lar cells and as an analog for graphene in exploratory deyipécationst>16 Theoretical work on
the electronic structure of GAs, has been done, but the calculations were performed usimgyeit
the primitive tetragonal (P4nmc) intermediate temperature structure (425 600°C)Y/ or the

noncentrosymmetric low temperature (Below 415 structuré®(141cd) proposed by Steigmann



and Goodyeat? The primitive tetragonal structure (193%) £ 8.95 A, c = 12.65 A) has As in
a FCC array, with 6 Cd in fluorite-like positions - 2 of the 8 s of the distorted cube are
fully empty. The empty vertices lie diagonally opposite leather in one face of the cube, and
are ordered in a two-dimensional array. The low temperaitmecture (1968) has a larger unit
cell (@=12.67 A,c = 25.48 A) where the empty cube vertices order in a three-asioaal rather
than a two-dimensional array. Recent theoretical calmratperformed with the reported non-
centrosymmetric low temperature;btl structuré? indicate that CgAs, may be a new type of
3D-Dirac semi-metal in part due to the lack of inversion syetnyy which causes the lifting of
the spin degeneracy of certain bands in the vicinity of the®point, raising the possibility that
CdsAs,; may be an example of a Weyl semimetal. Thus the presence enabsf inversion sym-
metry has important implications for the electronic pragsrof CgAS;.

Here we re-examine the crystal structure og&sb using current single crystal X-ray diffrac-
tion (SXRD) and analysis methods. We also identify the ghoghitection of needle crystals and
the cleavage plane as the [110] and (112), respectivelyoulir the use of Scanning Tunneling
Microscopy (STM) experiments, we identify a 2x2 surfaceorestruction of the (112) plane cleav-
age surface. We find that earlier researchers failed to aejgpecthe near centrosymmetricity of
their reported structure, and that 42, in its low temperature phase is in fact centrosymmetric,
with the space group Macd. The higher symmetry forbids any spin splitting andosesll bands
at least two fold degenerate; this has significant implocatifor the behavior of the electrons near
the Fermi Energy. The inversion symmetry constraing&3gdto be a non-spin-polarized 3D-Dirac
semi-metal, and therefore implies that it is a 3D analog &phene, where the electronic states are

also non-spin-polarized.

Experimental

Silvery, metallic colored single crystals of gk, were grown out of a Cd-rich melt with the

stoichiometry (Cg)CdsAs,. The elements were sealed in an evacuated quartz ampoaltedhe



to 825°C, and kept there for 48 hours. The sample was then cooledateaf 6 degrees per
hour to 425°C and was subsequently centrifuged. Only;&sb crystals were formed, with a
crystal to flux ratio of 1:5, consistent with the equilibriyphase diagram® Chemical analysis
of the crystals was performed in an FEI Quanta 200 FEG Enwiental-SEM by energy disper-
sive x-ray analysis (EDX), which found them to have a Cd:A®raf 1.500(1):1. Powder X-ray
diffraction (PXRD) patterns were collected using Cu Kadiation on a Bruker D8 Focus diffrac-
tometer with a graphite monochromator on ground singletalyto confirm the identity of the
compound as being GAs; in the low temperature structure. The single crystal X-rfyattion
study was performed on a 0.04 mm x 0.04 mm x 0.4 mm crystal onuaeBrAPEX 11 diffrac-
tometer using Mo K radiation @ = 0.71073 A) at 100 K. Exposure time was 35 seconds with
a detector distance of 60 mm. Unit cell refinement and datgmtion were performed with
Bruker APEX2 software. A total of 1464 frames were colleatedr a total exposure time of 14.5
hours. 21702 diffracted peak observations were made,iggitR64 unique observed reflections
(centrosymmetric scaling) collected over a full sphere. diffuse scattering was observed. The
crystal structure was refined using the full-matrix leagteges method or’Fusing SHELXL2013
implemented through WinGX. An absorption correction wagliggl using the analytical method
of De Meulenaer and Tompaimplemented through the Bruker APEX Il software. The crys-
tal surfaces were studied with in a home-built cryogeniceggy tunneling microscope at 2 K.
No twinning was observed in either the STM or single crystitattion measurements. Elec-
tronic structure calculations were performed in the framdgwof density functional theory using
the Wien2k codé? with a full-potential linearized augmented plane-wave kual orbitals basis
together with the Perdew-Burke-Ernzerhof parameteonatif the generalized gradient approxi-
mation23 The plane wave cutoff parameter RMTKmax was set to 7 and ti®n zone (BZ)
was sampled by 250 k-points. The experimentally determsgtedture was used and spin orbit

coupling (SOC) was included.



Results and Discussion

X-ray Diffraction

From SXRD, a body-centered tetragonal unit celaaf 12.633(3) ana = 25.427(7) was found,
matching PXRD measurements. The systematic absencesreflgwtions in the SXRD reciprocal
lattice are consistent with the possible space groupsdidnd 14/acd as previously describéd.

It has previously been theorized that48d, has the ideal MySiO,» structure type in the Kacd
space groupg? but no experimentally determined atomic positions wererggl. Here, initial
refinements in setting 2 of the centrosymmetric space grdbupdd were performed with all atoms
on the idealized positions of the M®8iO1, structure type. This idealized model gave very poor fits
to the data, with R1 only falling to 60%. It was clear from ays#d of the electron density maps
that the atoms are in fact not at the ideal positions. In tred fefinement, atomic positions as well
as anisotropic thermal parameters for all atoms were aldoeary freely. The refinement results
are summarized in Table 1. Table 2 lists final positions fobatdms and Table 3 lists the Cd-As
bond lengths. Refined atomic displacement parameters mimyhbd in the .cif file.

Resolving the ambiguity between a centrosymmetric crgitatture and a noncentrosymmet-
ric crystal structure that is nearly centrosymmetric camatimes be difficult, and is a well-known
problem in crystallograph$?:2° Unless a clear choice can be made in favor of the noncentrosym
metric model, structures must be described centrosymeaéy?® The authors of the previous
non-centrosymmetric structure report did not appreciagefact that an alternative origin choice
would allow for a centrosymmetric structure and thus did cloéck a centrosymmetric model
against their observed intensities, which were estimated xposed film densitie In order to
compare a noncentrosymmetric model fo8sh to the centrosymmetric model, we carried out a
refinement in the noncentrosymmetrig¢d space group, using the published model as a template.
The final refinements (see supplementary information) witmé positions and anisotropic dis-
placement parameters allowed to vary yielded a wR2 of 0.@a82481 data (with noncentrosym-

metric scaling) with 93 parameters and an R1 = 0.0265 for FéB89 4Fo. The centrosymmetric



Table 1:Refinement Parameters for £k,

Phase CeAs,

Symmetry Tetragonal, Macd (No. 142)

Cell Parameters (A) a=b=12.633(3)c=25.427(7)
a=B=y=90C

Wavelength (A) Mo Kx - 0.71073

Temperature (K) 100

V (A3 4058.0(2)

z 32

Calculated Density (g/cR) 6.38

Formula Weight (g/mol) 487.1

Absorption Coefficient (mm?) 25.07

Observations 21702

FO00 6720

Data/Restraints/Parameters 1264/0/48

R1 (all reflections) 0.0480

R1 Fo> 40(Fo) 0.0220 (893)

wR2 (all) 0.040 (1264)

Rint/R(0) 0.0617/0.0238

Difference e density (e/R) 1.24/-1.25

GooF 1.035

model displays significantly better R-values. The R1 vatueskample for all data for the {dacd
solution is 0.0481 while for the 4d solution it is 0.0611. This is an improvement by a factor
of 1.22 for the centrosymmetric structure. In addition, veediPLATON to check for and de-
tect missed symmets? The ADDSYM analysis (Le Page algorithm for missing symmpivgs
used on the previously reported &4l noncentrosymmetric structure. For that noncentrosytmene
model, PLATON detected a missing inversion center aﬁ(@) in the unit cell and recommended
a 180 rotation around the-axis followed by an origin shift to (O,%l-, %1), and a suggested space
group of 14/acd. Further, the deviations of the atoms in the nonceytnasetric model from their
equivalents in the centrosymmetric model are calculated@md to be very smalk¢.03 A, sup-
plementary info). Finally the Flack parameter (suppleragninfo) indicated that the structure was

not noncentrosymmetri€? This analysis thus further confirmed that the centrosymimetystal

structure is the correct one.



Crystal Structure

CdsAs; has different but related crystal structures as a functidemperature, which all can be
considered defect antifluorite types; the Cd is distributethe cube-shaped array occupied by
F in Cak, while the As is in the FCC positions that are occupied by ChusTin CaAsy, the
formally C#t ions are four-coordinated by As and the formally’Asons are eight-coordinated
by Cd. With AS~ in VI fold coordination expected to have a radius of abouR282and Cd+

in IV coordination expected to have a radius of about 0.92%,% = 0.41, which is near
the ideal 0.414 cutoff for tetrahedral coordination of thetahin the Cab-type structurefg =
0.15 - 0.414)%° Further, as evidenced by the stoichiometryz®8sb is Cd deficient of the ideal
CdsAs; antifluorite formula, missiné of the Cd atoms needed to form a simple cube around
the As. Thus the (distorted) cube can be written agiGd whered = an empty vertex. The
As and Cd coordinations in our GAls, structure are shown in Figure 1. In the ordered, lower
temperature variants, the Cd atoms shift from the ideaflaatite positions toward the empty
vertices of the cube (shown in Figure 2a). This distortiork@saoccupancy of the empty vertices
highly energetically unfavored. At high temperatures{1B00°C) the Cd ions are disorderéd
and so CgAs, adopts the ideal antifluorite space group Fm-3m with6.24 A (The HT structure).
Between 600C and 475°C, the intermediate temperature (IT)J4#mc structure is found, where
the Cd ions order so that the empty vertices are located ayodaly opposite corners of one
face of the Cgd, cubes (see below). These cubes then stack so that the empibesydorm
channels parallel to tha andb axes at different levels along tteeaxis 2! On further cooling,
another ordering scheme is found. Below 45 the Cd atoms further order in a three-dimensional
fashion, such that each distortedgCd cube stacks on top of the previous one after ar@éfation
(either clockwise or counter-clockwise depending on thi#i@adar chain) about the stacking axis
(parallel to thec axis). This is the low temperature (LT) centrosymmetrigaéd structure of the
crystals whose structure is determined here and whosegqathysbperties are of current interest.
This also appears to be a new structure type. Figures 2b askla?ec how the three structures are

related: the P4nmc structure is a supercell of the disordered Fm-3m stractand the I4acd



Table 2:Refined atomic positions for GAs; in space group Idacd

Atom  Wyckoff X y z

Cd1 329 0.13955(3) 0.36951(3) 0.05246(2)
Cd2 329  0.11162(3) 0.64230(3) 0.07243(2)
Cd3 329  0.11863(3) 0.10598(4) 0.06247(2)
Asl 32g  0.24602(4) 0.25779(5) 0.12315(2)
As2 16d 0 7 0.99931(2)
As3  16e i 0.51070(7) 0

structure is a supercell of the ##Amc structure.

Table 3:Bond lengths in CgAs,

Atom1l Atom2 Distance A Atoml Atom2 Distance A
Asl  Cd3  2.6250(8) Cdl _ As3  2.6282(8)

Cd2  2.6507(8) Asl  2.6518(8)
Cdl  2.6518(8) As2  2.6858(7)
Cd2  2.6552(8) Asl  2.9838(8)

Cd3  2.9408(8)
Cdl  2.9837(8)

As2  Cd2 2.6771(8)) Cd2 Asl  2.6507(8)

Ccd2  2.6771(8) Asl  2.6552(8)
Cdl  2.6858(7) As2  2.6771(8)
Cdl  2.6858(7) As3  3.0351(8)

Cd3  2.8522(7)
Cd3  2.8522(7)

As3  Cd3 25935(7)) Cd3  As3  2.5935(7)

Cd3  2.5935(7) Asl  2.6250(8)
Cdl  2.6282(8) As2  2.8522(7)
Cdl  2.6282(8) Asl  2.9408(8)

Cd2  3.0351(8)
Cd2  3.0351(8)

The 14y/acd structure has 3 unique Cd atoms and 3 unique As atoms adldeématically shown
in Figure 3. Since the empty vertices of thegCd cubes sit diagonally opposite each other in a
face of the distorted cube, the incomplete Cd cube can bagthai as having only one “closed
face". This “closed face" changes position in either a algsk or counter-clockwise fashion as the

cubes stack along thedirection, resulting in a screwing chain of cubes. Thesenshiden align
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so that each chain is next to a chain of an opposite handedneghkt-handed chain is surrounded
by left-handed chains. This results in an inversion cerg@rdpresent between each chain.

For physical property measurements, it is important totitleoharacteristic planes and direc-
tions in the as-grown crystals. gAls, grown as described here forms both irregular and rod-like
crystals, all of which appear to have planar pseudo-hexagumfaces, often in steps, perpendic-
ular to the long crystal axis. While the detailed SXRD meaments for structural refinement
were carried out on small crystals, which gave the cleanésaction spots, larger crystals are
employed for property measurements. Several of theserlargstals (e.g. with typical dimen-
sions of 0.15 mm by 0.05 mm by 1.2 mm) were used in order to &snahe growth direction
of the needles. The crystals were mounted onto flat kaptate®hnd the Bruker APEX Il soft-
ware3? was used to indicate the face normals of the crystal aftentiteell and orientation matrix
were determined. The largest crystals were also placedrRXRD slides and oriented diffraction
experiments were conducted. The long axis of the needlesavasstently found to be the [110]
direction. The planar pseudo-hexagonal crystal surfaddsnermals perpendicular to the growth
direction are the (112) planes; these correspond to the plasked planes in the cubic antifluorite
phase transformed into the LT structure supercell Milldices. STM studies find that the cleavage
plane of CdAs; is the pseudo-hexagonal (112) plane found here as a wetlajged face in the
bulk crystals. Figure 4a shows a projection of the structitie the (112) plane shaded in orange.
Figure 4b is a topographic STM imageg) = -250 mV, | = 50 pA, Temp = 2 K) of the (112)
cleavage plane. The nearest neighbor spacing is found 4604143, which is consistent with the
As-As spacing or Cd-Cd spacing on a (112) type plane. Alsbleisn the inset of Figure 4b is the
appearance of a 2x2 surface reconstruction, likely due ngldey bonds from the termination of
the (112) plane during cleavage. Figure 4c is a projectighty off of the [110] direction, with
the corresponding lattice plane shaded in green. Figurbddssthe unit cell axes and the growth
directions of a large needle crystal of £2¢, that is suitable for physical property measurements.

A [110] needle direction for a tetragonal symmetry crysgateélatively uncommors® The

crystal growth conditions employed in this study were sut the majority of the slow cooling



took place through the stable temperature region of the bInPdc structure. We hypothesize that
the fastest growing direction in this phase is along therchais of the empty cube vertices, which
is a principal axis of the structure (either the a or b axif)uFthe needle crystals have already
grown before the last 50 degrees of the cooling, during wtiehow temperature annealing results
in the ordering of the Cd atoms that yields the¢/&d structure. As can be seen from Figure 2, the
principal axes of the PAnmc structure become the set of [110] directions in théaldd structure.
Variation of the growth temperature and conditions in fatarystal growth studies may result in
different types of needle axes, but the (112) close packaadepior crystal face development and

cleavage is likely to be strongly preferred.

Electronic Structure

The electronic structure calculated from the experimégntitermined centrosymmetric structure
found here (Table 2) is shown in Figure 5. This band struasusemilar to that reported previously
for the incorrect noncentrosymmetric crystal structtt€rucially, however, due to the inversion
symmetry present in the {facd structure, there is no spin splitting around the Dimaiat(where

the bands cross betweé&nand Z at £ and all bands are at least two-fold degenerate. Thus, the
centrosymmetric structure indicates thakB8s, is a 3D-Dirac semi-metal with two fold degener-
ate bands that come together to a four-fold degenerate paiat at the Fermi level. It is therefore
the 3D analog to graphene, where there is also no spinisgldt the Dirac point. Furthermore,
the states at thie point can now be characterized by their full symmetry (idahg their inversion
eigenvalue) thus allowing parity counting to demonstrage riontrivial topology in this ground

State.

Conclusion

In conclusion, we report the correct crystal structure og&3d in the low temperature, three-

dimensionally ordered phase, as well as the correspondiaty@nic structure. We identify that
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for crystals grown as reported here, the needle growthtitress the [110] and the cleavage plane
and most developed face in crystals is the pseudo-hexa@bh2) plane. Also present is a 2x2
surface reconstruction of the (112) plane cleavage surfaefound that CgAs, crystallizes in
the centrosymmetric, i acd space group, and as such appears to be a new structereTiyp
CdsO2 cubes order in a spiral, corkscrew fashion along an axidlphta c. Each corkscrew is
surrounded by corkscrews of the opposite handedness, wdsalis in the overall structure having
inversion symmetry. The previously reported model in thgeddspace group (# 110), where an
inversion center was omitted, can be related to this stradiy rotating by 180about the c-axis
and then shifting the origin to O%,— %1. Since the correct centrosymmetric structural model uses
only 6 unique atoms to describe the structure, electronictire calculations become much more
facile, which will help with the theoretical analysis of tie&ectronic structure of this phase. In
electronic structure calculations based on the centrostmercrystal structure, we find that the
previously reported bulk band crossing aldng at the Fermi level is maintained, however due
to the inversion symmetry, no spin splitting is allowed. féfere CadAs; is expected to be a

non-spin-split 3D-Dirac semi-metal, and a three-dimemai@nalog to graphene.
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Figure 1: (color onling): a) The three coordination environments around the As atar@siAs,. Due to the two vacancies per As-Cd cube,
the remaining Cd atoms shift toward the vacancies restitirdifferent bond lengths. b) The coordination of As aroune €d atoms, where the
As form regular tetrahedra but the Cd atoms sit off-center.
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Fm-3m HT P42/nmc IT 14, /acd LT

Flgure 2:(color online): a) Single As-Cd cube with the Cd atoms displaced towards theaGancies, resulting in distorted cubes. These cubes
stack in corkscrews along tleeaxis in the LT form. b) The relationship of the cubic 42, structure to the ordered lower temperature derivatives.
Left to right, the high temperature (HT) Fm-3m structures ititermediate temperature (IT) structure {f4nc), followed by the centrosymmetric
14;/acd low temperature (LT) structure. c) The Cd cubes and trelering for each structure. In the cubic phase, the Cd siam disordered
over all of the pseudo-cube sites. In thexfdnc structure the Cd vacancy channels are shown runnimg aheb axis with the x symbol. The

141/acd structure is shown along the [110] direction, whichgaiealent to the channel direction in theA@mc structure, to illustrate that chains
of vacancies are no longer present.
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Flgure 3: (color online): a) As-Cd cubes with Cd vacancies diagonally opposite edutr @t one face of each cube, resulting in a single
closed face of each cube (shaded). Stacking along c-axwrswith the numbers corresponding to the layer in whicthearbe sits. The pink
and green spheres represent Cd and As, respectively. bindthealiagram of the corkscrew stacking of As-Cd culmesxis is coming out of the
page. The squares are the projection of the cubes looking tle-axis and the bolded lines with the numbers beside themseptéhe closed
face of the cube and the layer in which it sits. Four layers &% cubes stack before the pattern repeats. Orange ctaesthe inversion centers,
black spiral symbols show the screw axis and the dotted bilaeks the unit cell.
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Flgure 4 (color online): a) Projection of CglAs; into the pseudo-hexagonal (112) plane, which is shadechinger. This is the cleavage plane,
and also a developed large facet in bulk crystals. b) TogticaSTM image of the cleaved surface of agBdy crystal. The pseudo-hexagonal
symmetry corresponding to the (112) plane is seen. The sts®i's (orange dots) the (112) plane projection with nearessthbor spacing of
4.440.1 A and the red dashed lines identify a 2x2 surface reaactin. c) Projection along the [110] direction of £, with the plane normal
shaded in green. This is the needle axis direction. d) A siegystal of CdAs, with the needle growth direction and "plate” normal direati

labeled ([110] and [1-12], respectively).
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Figure 5:(color online): The calculated electronic structure of42e,. A symmetry allowed crossing is observed aldnrg at B, represen-
tative of the Dirac point. No spin splitting is allowed duethe presence of inversion symmetry.
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Synopsis
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The structure of CgAs,, a high mobility semimetal reported to host electrons tiktiia Dirac
particles, is reinvestigated by single crystal X-ray difftion. It is found to be centrosymmetric
rather than noncentrosymmetric as previously reporteuadta distorted superstructure of the an-
tifluorite (M2X) structure type with a tetragonal unit cell at= 12.633(3) ana = 25.427(7) A in
the centrosymmetric idacd space group. Electronic structure calculations pmed using the
experimentally determined centrosymmetric structuresarglar to those performed with the in-
version symmetry absent, but with the important implicativat CgAs; is a 3D-Dirac semimetal
with no spin splitting; there is a four-fold degenerate bDikac point at the Fermi Energy along

'-Z in the Brillouin zone. This makes GAs, a 3D electronic analog to graphene.
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