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ABSTRACT:

A series of ternary Zintl phases, Ca2CdP2, Ca2CdAs2, Sr2CdAs2, Ba2CdAs2, and Eu2CdAs2, have been synthesized through high
temperature metal flux reactions, and their structures have been characterized by single-crystal X-ray diffraction. They belong to the
Yb2CdSb2 structure type and crystallize in the orthorhombic space group Cmc21 (No. 36, Z = 4) with cell dimensions of a =
4.2066(5), 4.3163(5), 4.4459(7), 4.5922(5), 4.4418(9) Å; b = 16.120(2), 16.5063(19), 16.904(3), 17.4047(18), 16.847(4) Å; c =
7.0639(9), 7.1418(8), 7.5885(11), 8.0526(8), 7.4985(16) Å for Ca2CdP2 (R1 = 0.0152, wR2 = 0.0278), Ca2CdAs2 (R1 =
0.0165, wR2 = 0.0290), Sr2CdAs2 (R1 = 0.0238, wR2 = 0.0404), Ba2CdAs2 (R1 = 0.0184, wR2 = 0.0361), and Eu2CdAs2
(R1 = 0.0203, wR2 = 0.0404), respectively. Among these, Ca2CdAs2 was found to form with another closely related structure,
depending on the experimental conditions—monoclinic space group Cm (No. 8, Z = 10) with lattice constants a = 21.5152(3) Å,
b = 4.30050(10) Å, c = 14.3761(2) Å and β = 110.0170(10)� (R1 = 0.0461, wR2 = 0.0747). UV/vis optical absorption spectra for
both forms of Ca2CdAs2 show band gaps on the order of 1.0 eV, suggesting semiconducting properties, which have also been
confirmed through electronic band structure calculations based on the density-functional theory. Results from differential scanning
calorimetry measurements probing the thermal stability and phase transitions in the two Ca2CdAs2 polymorphs are discussed.
Magnetic susceptibility measurements for Eu2CdAs2, indicating divalent Eu

2+ cations, are presented as well.

’ INTRODUCTION

The classical Zintl phases are compounds of the alkali or alkaline-
earthmetals and the post-transition elements from group 13�15.
They are usually considered as electron-precise compounds, that
is, semiconductors or even insulators, following the assumption
that a complete electron transfer from the cations to the anions
occurs.1�3 However, there are many examples of metallic behavior,
particularly in systems with heavy p-elements like In, Tl, Sn, Sb,
or Bi, which apparently lack the band gap often seenwith the light
group-congeners.4,5 In the past two decades, the Zintl concept
has been extended to include some of the transition metals and/
or several members of the lanthanide series.6 Our groups have

contributed to this field by exploring the A-T-Pn ternary systems
(where A = divalent alkaline-earth or rare-earth metals; T = Mn,
Zn, Cd; and Pn = pnictogen elements), and we have already
reported numerous new ternary phases with diverse structures
among these elements.7,8 Other research groups have studied the
complexity of these compounds in conjunction with their
physical properties and have identified colossal magnetoresistance,9

interesting ferromagnetism and antiferromagnetism,10 mixed-
valency,11 and so forth, within the realm of the same systems.
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Very recently, several antimonide examples have attracted new
attention for their potential thermoelectric applications.12,13

Despite all fundamental and practical research on Zintl phases,
there appears to be a lack of reports on the feasibility of such
materials for nonlinear optical (NLO) applications.14 On the
basis of the definitions above, one could reason that Zintl phases
could be suitable in the mid- and far-IR regions, in analogy with
some well-known ABC2 chalcopyrite semiconductors, such as
ZnGeP2,

15 and AgGaS2,
16 which are commercially available, although

their high-power applications are limited because of their low
laser damage thresholds. To mitigate this problem, new IR NLO
materials are currently being developed worldwide.17�20 In this
regard, the recently discovered Zintl phasesA2CdSb2 (A =Ca, Yb
with Sr, Ba, Eu as dopants),8 have piqued our interest because of
the noncentrosymmetric structural arrangement and the presence of
a band gap in their electronic structure. With a consideration of
ensuring a wider gap, better suited for the IR region, we embarked
on studying the arsenide and phosphide members of this system.

In this paper, we report the new ternary Zintl phases, Ca2CdP2,
Ca2CdAs2, Sr2CdAs2, Ba2CdAs2, and Eu2CdAs2, crystallizing in the
orthorhombic Yb2CdSb2 structure type. Ca2CdAs2 is poly-
morphic, with the second form belonging to a new structure
type with the monoclinic space group Cm. Both structures are
noncentrosymmetric and feature polyanionic layers, based on
corner-shared CdP4 or CdAs4 tetrahedra. Thermal analyses on
the two polymorphs indicate that the monoclinic phase, hereafter
referred to as β-Ca2CdAs2, is favored at higher temperature over
the orthorhombic phase (R-Ca2CdAs2). The semiconducting
properties of these new compounds were characterized as well,
which were supported by computation results.

’EXPERIMENTAL SECTION

Synthesis. All starting materials were handled inside an argon-filled
glovebox or under vacuum to avoid possible oxidation or contamination
from air. The elements were commercial grade and used as received: Ca
(Alfa, shot, 99.5%metals basis), Sr (Alfa, granules, 99%metals basis), Ba
(Alfa, rod, 99+% metals basis), Eu (Alfa, rod, 99.9% metals basis), Cd
(Alfa, shot, 99.999%), P (Alfa, lump, 99.999%), As (Alfa, lump, 99.999%).
The crystals of the title compounds were obtained by utilizing molten
Cd, Sn (Alfa, granules, 99.9%), or Pb (Alfa, shot, 99.9%), as themetal fluxes.
Sr2CdAs2, Ba2CdAs2 and Eu2CdAs2. Crystals of all three

compounds were grown by either using Cd or Pb as metal fluxes, and
the synthesis procedures were as follows: (1) A (A = Sr, Ba, or Eu), Cd
and As were loaded in alumina crucibles in a molar ratio of A/Cd/As =
1:50:1. Utilizing a large excess of cadmium in such reactions was found
necessary for obtaining high quality single-crystals, which is possibly due
to the low boiling point of Cd and/or the poor solubility of the products
in the Cd flux. The crucibles were subsequently sealed in evacuated fused
silica jackets. The reaction mixtures were heated to 700 �C at a rate of
200 �C/h and homogenized at this temperature for 24 h, followed by a
slow cooling to 400 �C at a rate of 3 �C/h and then the excess molten Cd
was decanted immediately. 2) A (A = Sr, Ba or Eu); Cd and As were
loaded in a molar ratio of A/Cd/As = 2:1:2. In this case, a modified
procedure using 15-fold excess of lead as the flux was applied, which
proved to be sufficient in growing good single crystals. The synthetic
procedure was the same as before, except that the mixtures of elements
were heated to 960 �C at a rate of 60 �C/h and homogenized at this
temperature for 20 h, followed by cooling to 500 �C at a rate of 30 �C/h.
At this point the excess molten Pb was removed. The products of these
compounds were black, needle-shaped crystals, which appeared sensitive
to air except for Eu2CdAs2. The latter was stable in dry air outside the
glovebox for several days.

Ca2CdP2.Utilizing Sn as themetal flux was determined to be the best
synthetic route to Ca2CdP2 (probably because of the good solubility of P
in Sn). The reaction was carried out with the molar ratio of Ca/Cd/P/Sn =
2:1:2:30, by following the same heat treatments, as described for
A2CdAs2 (A = Sr, Ba, Eu). The typical products of the reactions in Sn
flux were small shiny red pieces for Ca2CdP2 and some irregular silver
pieces of Sn�P binaries. The crystals of Ca2CdP2 were determined to be
stable in air for a couple of weeks.
Ca2CdAs2. Reactions in the Ca�Cd�As system proved the most

difficult to sort out. Various experiments aimed at producing Ca2CdAs2,
which is isostructural with the corresponding phosphide and A2CdAs2
(A = Sr, Ba, Eu) led to the identification of the monoclinic β-Ca2CdAs2
phase. The best crystals of this compound were grown from Cd flux, but
at a higher homogenization temperature (900 �C). The orthorhombic
R-Ca2CdAs2 phase was only obtained from Sn flux by applying the same
procedure as that for Ca2CdP2. Both crystals were black, lustrous with
needle-like morphology and their shiny appearance was preserved for a
couple of weeks when exposed in air.

The existence of two Ca2CdAs2 polymorphs prompted us to further
explore the phase relationship in this system. Extensive efforts to alter
the temperature profiles, however, did not lead to conclusive results. For
example, R-Ca2CdAs2 phase could be made in Sn-flux at temperatures
ranging from 700 to 900 �C, while the monoclinic β-Ca2CdAs2 phase
formed only from Cd flux at 900 �C; Cd-flux reactions at 700 �C did not
produce crystalline products. This may suggest that: 1) inclusions from
the flux are crucial for the formation ofR-Ca2CdAs2 phase, although this
is highly unlikely given that all other A2CdAs2 (A = Sr, Ba, Eu) com-
pounds with the same structure can be synthesized from Cd, Sn or Pb
fluxes (as discussed previously for A2CdSb2 (A = Ca, Yb)8a); 2) the
nucleation and crystal growth of the two Ca2CdAs2 polymorphs are
affected in different ways in Cd or Sn “solvent”. This conclusion is
supported by the results from thermal analysis, which shows that both
forms are incongruentmelting phases and cannot be converted from one
form to another.

Yb2CdAs2, neither with the orthorhombic structure of the R-phase
nor with the monoclinic structure of β-Ca2CdAs2, could not be syn-
thesized under the above-discussed conditions. A2CdAs2 (A = Sr, Ba, Eu),
isostructural to the β-Ca2CdAs2 phase could not be identified either.
Caution! Cd and As are highly toxic and experiments related to these

elements must be handled with extreme care! The high vapor pressure of
cadmium at the reaction temperature of 900 �C may cause the sealed silica
tubes to break, which could lead to potentially hazardous conditions. Use of
well-sealed and thick (1.5+ mm) silica tubes is necessary to reduce such risks.
Single Crystal X-ray Diffraction and Structure Determina-

tion. Crystals suitable for data collection were selected in a glovebox
and cut in Paratone N oil to desired dimensions. The data collections
were performed on a Bruker SMART APEX-II CCD area detector on a
D8 goniometer using graphite-monochromated Mo�KR radiation (λ =
0.71073 Å) with the ω scan method. The crystals prone to decomposi-
tion in air were handled with care, and the corresponding data collec-
tions were completed under inert atmosphere, achieved by using a
nitrogen gas stream. Preliminary lattice parameters and orientation
matrices were obtained from three sets of frames. Data reduction and
integration, together with global unit cell refinements were done by the
INTEGRATE program of the APEX2 software.21 Semiempirical absorp-
tion corrections were applied using the SCALE program for area
detector.21 The structures were solved by direct methods and refined
by full matrix least-squares methods on F2 using SHELX.22 In the last
refinement cycles, the atomic positions for β-Ca2CdAs2 (new structure
type, Pearson symbol mC50) were standardized using the program
Structure TIDY;23 for R-Ca2CdAs2 and the other structures (Yb2CdSb2
structure type, Pearson symbol oC20), the atomic coordinates were
taken from the literature.8a All structures were refined to convergence
with anisotropic displacement parameters.
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Details of the six data collection and structure refinement are
provided in Table 1. Positional and equivalent isotropic displace-
ment parameters, and important bond distances of R-Ca2CdAs2 and
β-Ca2CdAs2 are listed in Table 2 and Table 3, respectively. Related
information for the other compounds is provided in the Supporting
Information (Table S1, S2). Further information in the form of
CIF has been deposited with Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany, (fax: (49) 7247�808�
666; e-mail: crysdata@fiz-karlsruhe.de) � depository CSD-number
422578 for β-Ca2CdAs2, 422579 forR-Ca2CdAs2, 422580 for Ca2CdP2,
422940 for Sr2CdAs2, 422941 for Ba2CdAs2 and 422942 for Eu2CdAs2,
respectively.
Powder X-ray Diffraction. Powder X-ray diffraction patterns were

recorded at room temperature on a Bruker AXS X-ray powder diffracto-
meter using Cu�KR radiation. Data were collected in a 2θmode with a
step size of 0.02�, and the counting time was 10 s. For the air-sensitive
samples, the diffraction patterns were recorded at room temperature on
a Rigaku Miniflex X-ray powder diffractometer, operated in a glovebox,
also using Cu�KR radiation. The collected powder patterns were used
for phase identification purposes only.
Absorption Spectrum. The optical absorption spectra of both

Ca2CdAs2 forms were measured using a U-3500 UV�vis�NIR spectro-
photometer at room temperature, over the range from 1000 to 3000 nm.
The measurements were done on pellets of polycrystalline samples,
pressed with KBr.
Thermal Analysis. Thermogravimetric (TG) and Differential

Scanning Calorimetry (DSC) analyses were taken on R-Ca2CdAs2 and
β-Ca2CdAs2. The samples (10.2 mg for R-Ca2CdAs2 and 16.1 mg for
β-Ca2CdAs2) were placed into a Mettler-Toledo TGA/DSC/1600HT
instrument and run under high-purity argon gas flow for protection.
Temperature was increased at a rate of 10 �C/min.
Magnetic Susceptibility. Field-cooled direct current magnetiza-

tion measurements on a polycrystalline sample of Eu2CdAs2 (11.7 mg)
were performed in a Quantum Design MPMS SQUID magnetometer.
The applied magnetic fieldHwas 1000 Oe, and the temperature interval
was 5�300 K. The raw data were corrected for the holder’s diamagnetic
contribution and converted to molar susceptibility.

Computational Details. To better understand the properties
of the title compounds, the full potential linearized augmented plane
wave method (FP-LAPW)24 as implemented in the Wien2k code25 was
used to calculate the electronic band structures of R-Ca2CdAs2 and
β-Ca2CdAs2, respectively. In this method, the unit cell is divided into
nonoverlapping muffin-tin (MT) spheres and an interstitial region. The
wave functions in the interstitial regions are expanded in plane waves up
to RMT � Kmax = 7, where RMT is the smallest radius of all MT spheres
and Kmax is the plane wave cutoff. The valence wave functions inside the
MT spheres are expanded up to lmax = 10 while the charge density was
Fourier expanded up to Gmax = 12 (au)

�1. TheMT radii were chosen to
be 2.5 Bohr for Ca and Cd atoms, 2.3 Bohr for As atoms. The exchange
correlation potential was calculated using the Perdew�Burke�Ernzerhof
generalized gradient approximation (PBE-GGA).26 Self-consistency was
achieved using 1000 k-points in the irreducible Brillouin zone (IBZ).
The BZ integration was performed using the tetrahedron method, and
the self-consistent calculations were considered to have converged if the
total energy and the charge of the system were stable within 10�4 Ryd
and 10�4 e�, respectively.

The bonding interactions and the related total and projected density
of states (DOS) were calculated by using the linear muffin-tin orbital
(LMTO) method27 by the program “LMTO 4.7”.28 Exchange and correla-
tion were treated in a local density approximation (LDA).29 All relativistic
effects except for spin�orbit coupling were taken into account by a
scalar relativistic approximation.30 Interstitial spheres had been inserted
to achieve the space filling automatically.31 The basis set included 4s, 4p,
3d for Ca, 5s, 5p, 4d for Cd, 3s, 3p, 3d for P, and 4s, 4p, 4d for As. The Ca
5p and As 4d orbitals were treated with downfolding techniques.32 The
k-space integrations were performed by the tetrahedron method,33 and a
total of 1000 k-points in the Brillouin zone were used. The Fermi level
was selected as the energy reference in all calculations.

’RESULTS AND DISCUSSION

Structure Description. Ca2CdP2, R-Ca2CdAs2, Eu2CdAs2,
Sr2CdAs2, and Ba2CdAs2 all crystallize in the orthorhombic
Yb2CdSb2 structure type (Cmc21),

8a whereas the β-Ca2CdAs2

Table 1. Selected Crystal Data and Structure Refinement Parameters for r-Ca2CdAs2, β-Ca2CdAs2, Ca2CdP2, Eu2CdAs2,
Sr2CdAs2, and Ba2CdAs2

formula β-Ca2CdAs2 R-Ca2CdAs2 Ca2CdP2 Eu2CdAs2 Sr2CdAs2 Ba2CdAs2

fw/g 3mol�1 342.40 342.40 254.50 566.16 437.48 536.92

T/ �C 23(2) 23(2) 23(2) �123(2) �123(2) �123(2)

radiation, wavelength λ Mo�KR, 0.71073 Å
space group Cm (No. 8) Cmc21 (No. 36)

Z 10 4

unit cell dimensions

a/ Å 21.5152(3) 4.3163(5) 4.2066(5) 4.4418(9) 4.4459(7) 4.5922(5)

b/ Å 4.3005(1) 16.5063(19) 16.120(2) 16.847(4) 16.904(3) 17.405(2)

c/ Å 14.3761(2) 7.1418(8) 7.0639(9) 7.4985(16) 7.5885(11) 8.0526(8)

β/ deg 110.017(1)

V/ Å3 1249.81(4) 508.83(10) 478.99(10) 561.1(2) 570.31(15) 643.61(12)

Fcalc/ g 3 cm
�3 4.549 4.470 3.529 6.702 5.095 5.541

μMo KR/ cm
�1 193.63 190.24 71.65 373.68 336.80 254.32

final R indices a [I > 2σ(I)] R1 = 0.0461 R1 = 0.0165 R1 = 0.0152 R1 = 0.0203 R1 = 0.0238 R1 = 0.0184

wR2 = 0.0747 wR2 = 0.0290 wR2 = 0.0278 wR2 = 0.0404 wR2 = 0.0404 wR2 = 0.0361

final R indices a [all data] R1 = 0.0637 R1 = 0.0175 R1 = 0.0166 R1 = 0.0215 R1 = 0.0270 R1 = 0.0198

wR2 = 0.0816 wR2 = 0.0292 wR2 = 0.0282 wR2 = 0.0407 wR2 = 0.0414 wR2 = 0.0365
aR1 = ∑||Fo| � |Fc||/∑|Fo|; wR2 = [∑w(Fo

2 � Fc
2)2/∑w(Fo

2)2]1/2, and w = 1/[σ2Fo
2 + (A 3 P)

2 + B 3 P], P = (Fo
2 + 2Fc

2

)/3; A and B are weight
coefficients.
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crystallizes in a new, closely related monoclinic structure with the
space group Cm. Since the structure of Yb2CdSb2 and its
relationship to other well-known types have been well discussed
previously,8a in this paper the structural description will be
mainly focused on β-Ca2CdAs2 and the existing polymorphism.
A schematic structural comparison between R-Ca2CdAs2 and

β-Ca2CdAs2 is presented in Figures 1 and 2. As seen from
Figure 1, both are layered structures, based of corner-shared
CdAs4 tetrahedra. Topologically similar polyanionic fragments of
corner-shared tetrahedra have also been observed in A9Cd4+xPn9
(A = Ca, Sr, Yb, Eu; Pn = Sb, Bi).7d In β-Ca2CdAs2, the
CdAs4 tetrahedra are distorted with Cd�As bonds ranging
from 2.618(2) Å to 3.033(3) Å (Table 3). These distances are
comparable to the Cd�As contacts in other arsenides, such as
Ba2Cd2As3,

13 SrCd2As2,
34 BaCd2As2,

35 and so forth, and indicate
covalent interactions between Cd and As atoms, also supported
by the theoretical calculations (vide infra). We note that there are
5 crystallographically independent Cd atoms, and the tetrahedra
centered by Cd1, Cd2, and Cd3 have very similar bonding
distances between 2.618(2) and 2.884(3) Å, that is, are less distorted

compared to the Cd4- and Cd5-centered ones, where the
deviations from the ideal tetrahedral geometry are most signifi-
cant. From the corresponding bond angles, one can see that the
angles involving Cd5 for example, vary from 92.25(7)� to
118.24(6)�. Understandably this is the place in the structure
where three CdAs4 share a corner. For comparison, R-Ca2CdAs2
does not have such a feature, and the CdAs4 tetrahedra are closer
to the regular shape with Cd�As bonds falling into a much
narrower range—from 2.6499(5) to 2.8357(8) Å—and the
corresponding angles varying from about 96� to about 110�.
The structural similarity betweenR-Ca2CdAs2 andβ-Ca2CdAs2

can be clearly seen from Figure 2, where only cut-outs from the
[CdAs2]

4� layers are depicted. It is evident that the repeating
unit inR-Ca2CdAs2 (shown in blue) is also present in the β-form,

Table 2. Refined Atomic Coordinates and Isotropic
Displacement Parameters for r-Ca2CdAs2 and β-Ca2CdAs2

atoms Wyckoff x y z Ueq (Å
2)a

β-Ca2CdAs2 in Cm

Ca1 2a 0.0188(2) 0 0.6141(3) 0.0140(9)

Ca2 2a 0.1628(2) 0 0.5032(3) 0.0153(10)

Ca3 2a 0.1897(2) 0 0.7692(3) 0.0138(9)

Ca4 2a 0.5648(2) 0 0.2134(3) 0.0140(9)

Ca5 2a 0.5945(2) 0 0.9355(3) 0.0152(10)

Ca6 2a 0.7229(2) 0 0.1917(3) 0.0126(9)

Ca7 2a 0.8264(2) 0 0.5792(3) 0.0161(10)

Ca8 2a 0.8522(2) 0 0.8524(3) 0.0129(9)

Ca9 2a 0.8852(2) 0 0.1240(3) 0.0156(10)

Ca10 2a 0.8940(2) 0 0.3666(3) 0.0108(9)

Cd1 2a 0.0000(1) 0 0.0000(1) 0.0132(4)

Cd2 2a 0.2356(1) 0 0.0322(1) 0.0157(4)

Cd3 2a 0.2812(1) 0 0.3826(1) 0.0133(4)

Cd4 2a 0.4344(1) 0 0.7310(1) 0.0165(4)

Cd5 2a 0.5269(1) 0 0.4379(1) 0.0142(4)

As1 2a 0.0065(1) 0 0.8099(2) 0.0132(5)

As2 2a 0.0180(1) 0 0.3245(2) 0.0122(5)

As3 2a 0.1266(1) 0 0.1058(2) 0.0110(5)

As4 2a 0.3040(1) 0 0.7011(2) 0.0117(5)

As5 2a 0.3262(1) 0 0.2216(1) 0.0102(5)

As6 2a 0.4140(1) 0 0.5189(1) 0.0104(5)

As7 2a 0.4313(1) 0 0.0201(2) 0.0122(5)

As8 2a 0.6186(1) 0 0.6212(2) 0.0116(5)

As9 2a 0.7107(1) 0 0.3904(2) 0.0120(5)

As10 2a 0.7355(1) 0 0.9281(2) 0.0132(5)

R-Ca2CdAs2 in Cmc21

Ca1 4a 0 0.30024(8) 0.5661(2) 0.0179(3)

Ca2 4a 0 0.46813(8) 0.2290(2) 0.0128(3)

Cd1 4a 0 0.09918(3) 0.3928(1) 0.0136(1)

As1 4a 0 0.06407(4) 0.0165(1) 0.0109(1)

As2 4a 0 0.32003(4) 0.0000(1) 0.0148(2)
a Ueq is defined as one-third of the trace of the orthogonalized U

ij tensor

Table 3. Important Interatomic Distances (Å) in r-Ca2CdAs2
and β-Ca2CdAs2

atom pairs distances (Å) atom pairs distances (Å)

β-Ca2CdAs2 in Cm

Cd1� As1 2.783(3) Cd2� As3 2.884(3)

As3 2.626(3) As5 2.754(2)

As7 � 2 2.680(2) As10 � 2 2.618(2)

Cd3� As5 2.798(2) Cd4� As1 � 2 2.667(2)

As6 2.857(2) As4 2.689(2)

As9 � 2 2.656(2) As6 2.929(3)

Cd5� As2 � 2 2.665(2)

As6 3.033(3)

As8 2.697(3)

Ca1� As1 2.917(5) Ca2� As2 3.290(5)

As2 4.157(5) As4 3.378(5)

As6 � 2 3.077(3) As8 � 2 3.083(3)

As8 � 2 3.016(3) As9 � 2 3.076(3)

Ca3� As1 4.177(4) Ca4� As2 � 2 3.049(3)

As4 2.943(5) As3 � 2 3.192(3)

As8 � 2 3.043(3) As7 3.242(5)

As10 � 2 3.045(3) As9 3.296(5)

Ca5� As1 � 2 3.022(3) Ca6� As3 � 2 2.948(3)

As3 � 2 3.152(4) As5 � 2 3.017(3)

As7 4.090(5) As9 2.956(5)

As10 3.070(5) As10 3.890(5)

Ca7� As1 4.150(5) Ca8� As1 3.574(4)

As4 � 2 2.916(3) As4 � 2 2.981(3)

As6 � 2 3.169(3) As7 � 2 3.244(3)

As9 2.989(5) As10 3.062(5)

Ca9� As2 3.292(5) Ca10� As2 2.930(5)

As5 � 2 3.069(3) As5 � 2 3.002(3)

As7 � 2 2.976(3) As6 � 2 2.993(3)

As10 3.478(5) As9 4.073(4)

R-Ca2CdAs2 in Cmc21

Cd1� As1 2.7497(9)

As1 2.8357(8)

As2 � 2 2.6499(5)

Ca1� As1 � 2 3.1304(11) Ca2� As1 � 2 3.0256(10)

As2 � 2 2.9701(10) As1 � 2 3.0773(10)

As2 3.1161(16) As2 2.9413(15)

As2 4.0561(17) As2 3.9965(15)
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where an additional CdAs4 tetrahedron (along the a-axis) is
“inserted”. Another comparison of the topology of the repeating
units (shown in different projections) of these two structures is
given in Supporting Information, Figure S1.
The coordination environments of the cations in both com-

pounds are worthy of a brief mention too. The coordination
spheres for the cations in R-Ca2CdAs2 and β-Ca2CdAs2 are
provided in Supporting Information, Figure S2. For a relatively
small cation such as Ca2+, an octahedral coordination is very
common and could be expected. Indeed, in the orthorhombic
compounds A2CdSb2, one of the cation sites (A2) is in a distorted
octahedral environment, while the other A2+ cation (A1) is found, if
only the next nearest Sb atoms were considered, in a polyhedron
resembling a square pyramid (CN 5).8a

For R-Ca2CdAs2, both independent Ca atoms are in square
pyramidal environments, which is somewhat surprising given its
isotypism with the antimonides (vide infra). Ca1, for example,
has five As atomswithCa1�As distances ranging from 2.9701(10) Å
to 3.1161(16) Å. The “open” square face is capped by another,
very distant As (As2), which is 4.0561(17) Å away from Ca1. For
comparison, the correspondingCa1�Sb3 andYb1�Sb2 distances
in Ca2CdSb2 and Yb2CdSb2 are 3.741(2) Å and 3.739(2) Å,
respectively.8a This indicates that there are subtle differences
between the arsenides and the antimonides of this family, and

this conundrum has received additional consideration in the
theoretical section.
For β-Ca2CdAs2, Ca2, Ca4, Ca8, and Ca9 are in distorted

octahedral environments of As atoms, where the longest Ca�As
separation is 3.574(4) Å. Atomic distances in this range indicate
reasonable bonding interactions, based on the Pauling metallic
radii of Ca and As. The rest of the Ca cations’ coordination
polyhedra are square pyramids of As atoms, with Ca�As contacts
on the order of 3.0�3.2 Å (Table 3), similar to the average
Ca1�As distances in R-Ca2CdAs2 (above). The “missing” sixth
As atoms to complete the octahedra are about 4 Å away.
Thermal Stability. The possibility for a phase transition related

to R-Ca2CdAs2 and β-Ca2CdAs2 was studied through TG-DSC
measurements. These two Ca-compounds appear to irreversibly
decompose above 750 �C with significant weight losses tak-
ing place (see Supporting Information), respectively. The onset
of decomposition of β-Ca2CdAs2 is around 700 �C, while
R-Ca2CdAs2 seems to begin decomposing at temperatures just
above 500 �C. This observation is supported by annealing
crystals of both polymorphs in sealed tubes—they retained
(after a week) their structure and integrity when treated below
the respective decomposition temperatures deduced from the
DSC data, and transformed into simple binary phases above
those temperatures.
Optical Absorption Spectra. The optical absorption spectra

were measured on the polycrystalline powder samples of both
R-Ca2CdAs2 and β-Ca2CdAs2, and the results are provided in
Supporting Information, Figure S3. For β-Ca2CdAs2, the onset
of an absorption edge starting from 1305 nm is clearly seen, corre-
sponding to a small band gap of about 0.95 eV and is consistent
with its black color. The absorption spectrum of R-Ca2CdAs2
shows that the intensity changes gradually with the wavelength,
making it difficult to identify the corresponding band gap. An
unrecognized impurity phase or traces of flux metal in the sample

Figure 1. Combined polyhedral and ball-and-stick representations of
the structures for R-Ca2CdAs2 (a) and β-Ca2CdAs2 (b). The Cd atoms
at the centers of As tetrahedra (translucent) are shown as light blue
spheres, and the As atoms as apexes are drawn as purple spheres. The Ca
cations are indicated as red spheres. The orthorhombic R-Ca2CdAs2
structure is projected down the a-axis, and the monoclinic β-Ca2CdAs2
structure is projected down the b-axis, respectively. Unit cells are
outlined.

Figure 2. Structural relationship between the R-Ca2CdAs2 (a) and
β-Ca2CdAs2 (b) structures, exemplified by selected fragments of their
∞
2 [CdAs2]

4� polyanionic layers. The structural difference in the repeat-
ing sequence is highlighted is red. See text for details.
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might account for this ambiguity. Ongoing efforts to grow large
single crystals of this compound, suitable for the property
measurements may provide a remedy for this problem.
Magnetic Susceptibility.A plot of the magnetic susceptibility

versus temperature of polycrystalline Eu2CdAs2 is shown in
Figure 3. Above 25 K, the sample exhibits paramagnetic behavior
with inverse molar susceptibility that can be fitted to a line, that is,
to the Curie�Weiss law χ(T) = C/(T� θ), where χ is the molar
susceptibility, C is the Curie constant (C = NAμeff

2/kB) and θ is
the Weiss temperature. A fit of the data (T > 30 K), as shown in
the inset yields an effective moment of 7.75 μB per Eu atom,
indicating that all Eu cations are divalent. This result is not
unexpected, given that all other isotypic compounds form with
the alkaline-earth metal cations or Yb2+.8 The intercept of the
linear fit also suggest possible ferromagnetic coupling of the spins
of Eu 4f electrons at very low temperature, as inferred from the
positive Weiss temperature θ = 9 K. Ferromagnetic ordering
has been observed in other Eu-containing Zintl phases such as
EuGa2P2 and EuGa2As2.

36

Electronic Structure. To better understand the structure
and bonding, as well as the observed relatively wide band gap

semiconducting properties, first principles calculations were
performed on the structures of R-Ca2CdAs2 and β-Ca2CdAs2.
The computed band structures are shown in Figure 4. As
expected from the optical measurements discussed above, both
compounds are direct gap semiconductors with separation
between the top of the valence band and the bottom of the
conduction band of about 0.9 eV for R-Ca2CdAs2 and about
0.7 eV for β-Ca2CdAs2, respectively. The small difference between
the computed band-gaps can be correlated with the difference in
the states around the Fermi level—they are predominantly
contributed by the d-orbitals from the Ca cations and p-orbitals
from As anions, as shown in Figure 5 and Figure 6. As we analyze
below, the cation�anion interactions in both compounds are not
the same, and the Ca�As bonds in β-Ca2CdAs2 (the structure
with more distorted Ca polyhedra) can be expected to be slightly
less ionic. Consequently, a smaller energy separation between the
corresponding bonding and antibonding states and a narrower
band gap results in the β-polymorph. Preliminary resistivity
measurements on single-crystals of Eu2CdAs2 also corroborate
the intrinsic semiconducting properties, with about 0.3 eV

Figure 3. Temperature-dependent magnetic susceptibility of Eu2CdAs2.
The measurements were carried out upon cooling from 300 down to 4 K
at a field of 1000 Oe. Inset: Inverse susceptibility as a function of the tem-
perature and a linear fit to the Curie�Weiss law.

Figure 4. Calculated electronic band structures for R-Ca2CdAs2 and β-Ca2CdAs2, respectively. The Fermi level is chosen as the energy reference at 0 eV.

Figure 5. Calculated COHP of various interatomic interactions for
R-Ca2CdAs2 (Left). The total DOS and the projected DOS are plotted
on the same energy scale (Right).
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Arrhenius-like activation energy deduced from ln F(T) (Supporting
Information). Similar conclusion was drawn from the calcula-
tions on the previously reported antimonides,8 which have much
smaller band-gaps (ca. 0.1 eV).8a We note here that the theore-
tical results underestimate the band gap, compared with the
experiment, which is acceptable within the LDA/GGA level of
theory.
As wementioned above, the coordination environments of the

Ca cations in R-Ca2CdAs2 differ slightly from those of A2CdSb2.
Therefore, we classified the Ca�As interactions as “strong” and
“weak” ones according to their distances. The distances of 3.6 Å
and shorter were considered “strong” and the long about 4 Å
contacts, listed in Table 3, were dubbed “weak”. Then, the Ca�As
interactions were examined by means of their crystal orbital
Hamilton population (COHP), as shown in Figure 5. The
calculated average COHP indicates that the Cd�As bonding is
the strongest, exhibiting two prominent peaks at around�2 and
�5 eV. The COHP of the “strong” Ca�As bonds has several
broad bands appearing right below the Fermi level, con-
firming the importance of the Ca�As bonding to the overall
structure. The COHP curves for the “weak” Ca�As interac-
tions are different between R-Ca2CdAs2 and β-Ca2CdAs2. For
R-Ca2CdAs2, weak, but not negligible bonding interactions can still
be observed (Figure 5). However, for the latter, the calculations
indicate the long Ca�As pairs (≈ 4 Å) are almost nonbonding
(Figure 6).
Another aspect worthy of specific mention is the COHP

curves just above the Fermi level. For R-Ca2CdAs2, the COHP
curves for the “strong” Ca�As show a small region of antibond-
ing character, while the same energy window becomes bonding
in β-Ca2CdAs2. The results above indicate that although R-
Ca2CdAs2 and β-Ca2CdAs2 have the similar layered structures
and analogous cation environments, the corresponding Ca�As
interactions are subtly different. Such differences could help
explain the wider band gap of R-Ca2CdAs2 compared to that
of β-Ca2CdAs2.

’CONCLUSIONS

In conclusion, the newZintl compounds Ca2CdP2, Ca2CdAs2,
Sr2CdAs2, Ba2CdAs2, and Eu2CdAs2 have been synthesized, and

their structures have been established via X-ray single-crystal
diffraction. The arsenides are semiconductors with small direct
band gaps, which are supported by the optical absorption spectra
as well as the density functional calculations. The distorted
coordination environments of the cations in combination with
the noncentrosymmetric space groups of these compounds also
suggest that they could be suitable materials for nonlinear optic
applications in the near-IR region. The Compound Eu2CdAs2,
which appears to be an intrinsic small band gap semiconductor,
could also be of interest as a potential thermoelectric material.

’ASSOCIATED CONTENT

bS Supporting Information. The X-ray crystallographic
files in CIF format were provided for all title compounds; the
refined atomic coordinates for Ca2CdP2, Eu2CdAs2, Sr2CdAs2,
and Ba2CdAs2; refined interatomic distances in Ca2CdP2,
Eu2CdAs2, Sr2CdAs2, and Ba2CdAs2; drawings of the cations’
coordination environments for compounds and the∞

2 [CdAs2]
4�

polyanionic layers of R-Ca2CdAs2 and β-Ca2CdAs2, viewed
down in a direction normal to the layers; the absorption spectrum
of sampleR-Ca2CdAs2; TG-DSCmeasurements ofR-Ca2CdAs2
and β-Ca2CdAs2; a representative powder diffraction pattern of
Eu2CdAs2; four-probe resistivity measurements on single-crys-
tals of Eu2CdAs2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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