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Synthesis, Structural, and Electronic Properties of Sr1-xCaxPdAs  
Benjamin W. Y. Redemann,a Michael R. Scudder,a Daniel Weber,a Yaxian Wang,b Wolfgang Windl,b 
and Joshua E. Goldberger a*

Layered honeycomb intermetallic phases have attracted considerable research interest due to the wide array of exciting 
physical properties inherent in these materials. Here, we follow the evolution in structure and electronic properties of a 
relatively unexplored material system, Sr1-xCaxPdAs, as the hexagonal PdAs honeycomb layer in SrPdAs distorts into the 
orthorhombic CaPdAs structure. The Sr-rich compounds (x = 0 to 1/3)  form symmetric, hexagonal honeycomb PdAs layers, 
whereas in the Ca-rich region (x = ½ to 1) the PdAs layers distort into an orthorhombic structure featuring long and short Pd-
Pd distances. This distortion occurs when the average Pd-Pd distance falls below 4.21 Å. All compounds are observed to 
exhibit metallic temperature-dependent resistivity trends. There are no apparent discontinuities indicative of metal-to-
insulator transitions and the room temperature resistivity values range from 18 to 180 m cm. In total, this work maps out 
the structural and electronic phase diagram of Sr1-xCaxPdAs compounds.

1. Introduction
Layered honeycomb compounds have attracted an immense 
amount of research interest, as many of these compounds often 
host exotic physical phenomena and useful properties.  These 
properties include topological phenomena1, 2  that has been 
predicted and/or discovered in many compounds including  
BaSn2,3, 4 single layer stannane,5, 6, axis-dependent conduction 
polarity in NaSn2As2

7, 8 and BaCuAs,9 the discovery of single 
layer magnetism in CrI3

10-13 and CrGeTe3
14-16, hydrogenation 

catalysis in BaGa2
17 and LaCuSi18,  along with superconductivity 

in MgB2 (Tc = 39 K)19,  CaAlSi (Tc = 5.7-7.7 K)20, and SrPtAs (Tc = 
2.4 K)21. The search and discovery of compounds containing this 
layered honeycomb structural motif remains a highly active 
frontier22.

SrPdAs and CaPdAs are unique layered materials whose 
crystal structures suggest the possible existence of unique 
physical phenomena, such as metal-insulator transitions or 
superconductivity.  SrPdAs is isostructural and isoelectronic to 
SrPtAs, and crystallizes into the hexagonal ZrBeSi structure type, 
consisting of PdAs2- layers with a honeycomb alternating BN-like 
framework, separated by Sr2+ cations and with 2-layers per unit 
cell (Fig. 1a). In this 2-layer unit cell the Pd atoms in the first 
layer are directly above the As atoms in the 2nd-layer.  CaPdAs 
crystallizes into an orthorhombic Pnma space group that 
features a 3 a x 4a superstructure of the SrPdAs unit cell. In 
CaPdAs, the Pd-As honeycomb distorts in such a way to form 
hexagons with very short Pd-Pd distances (3.5-3.8 Å) and 
hexagons with long Pd-Pd distances (4.5 Å) (Fig. 1b).  Using 

formal counting rules, one might expect Pd to exist in the highly 
unusual Pd1+

 oxidation state with a d9 configuration. In CaPdAs 
the instability of this oxidation state is alleviated via a Peierls 
distortion, which disrupts the in-plane Pd-As bond lengths and 
angles to splits the degeneracy of the Pd dx2-y2 and dxy bands. 23 
This distortion is facilitated by the smaller ionic radius of Ca2+.  
Experimentally, SrPdAs was claimed to be metallic whereas the 
electrical properties of CaPdAs have yet to measured.23 
Similarly, EuPdAs, which is isostructural to SrPdAs at room 
temperature, undergoes an unusual electronically-driven 
isostructural phase transition at 180 K coincident with a partial 
increase in europium valence from Eu2+ to Eu2.4+.24 Therefore, 
understanding how to control the structural distortions in this 
prototypical family of layered honeycomb materials is essential 
for understanding how to access exotic electronic phenomena 
in these compounds. 

In this study, we synthesized for the first time homogeneous 
Sr1-xCaxPdAs alloys and followed the evolution in structure from 
the hexagonal SrPdAs to the orthorhombic CaPdAs.  We find 
that in the Sr-rich regime when x = 0, 1/6, and 1/3, the 
hexagonal structure dominates at room temperature. In the Ca 
rich ratios at x≥1/2, these alloys crystallize into the distorted 
orthorhombic Pnma structure at room temperature.  We 
elaborate on the increasing structural distortions that occur as 
the lattice shrinks with greater Ca ratios. We establish the 
electronic behavior of these compounds using both high-level 
structure calculations and electronic structure measurement. 
All compounds have metallic temperature-dependent 
resistivities, with room temperature values ranging from 18 to 
180 mΩ cm. The SrPdAs and CaPdAs end members have the 
lowest resistivity values, and the increasing resistivity of the 
Sr/Ca alloy phases is in close agreement with the Nordheim rule. 
Furthermore, there is no evidence of structural distortions or 
metal insulator transitions in all compounds for temperatures 
ranging down to 2 K. Overall, this work fully establishes the 
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Fig. 1 a) The crystal structure of SrPdAs (Sr=red, Pd=silver, As=blue).  Left: the hexagonal, 
P63/mmc, unit cell of SrPdAs. Top middle: the structure down the c-axis showing the 
hexagonally ordered Sr2+. Top right: the structure of the PdAs layer showing the highly 
symmetric honeycomb PdAs layer. b) The crystal structure of CaPdAs (Ca=green). Left: 
the orthorhombic, Pnma, unit cell of CaPdAs. Top right: the structure of the distorted 
PdAs honeycomb layer. Bottom right: the orthorhombic structure down the stacking b-
axis.

synthesis, structural changes, and electronic behaviour of this 
family of compounds.

2. Experimental Section
Synthesis 

All Sr1-xCaxPdAs powders were synthesized using a sealed quartz 
tube approach. All of the sample preparation was done in an Ar-
filled glovebox.   For the two end members SrPdAs, and CaPdAs, 
stoichiometric amounts of (Sr or Ca):Pd:As with a 7.5%  excess 
of the alkaline earth were placed in an alumina crucible, that 
was loaded in a quartz tube and sealed under 80 mTorr 
pressure.  These two compounds were heated to 800˚C in a 
muffle furnace with a 12-15 hour dwell and then cooled to room 
temperature, in an initial homogenization step.  The mixtures 
were then reground, pelletized, placed in alumina crucibles and 
resealed. SrPdAs was annealed at 950 ˚C for 10 days. CaPdAs 
was synthesized according to the procedure,25 which entailed 
heating at 850 ˚C for 15 hrs, cooling to room temperature, and 
repeating this process two more times. Calcium turnings (Ca, 
Acros Organics, 99%) and strontium pieces (Sr, Strem 
Chemicals, 99%) were used after the exterior oxide layers were 
scraped off via mechanical cleavage. Palladium (Pd, Strem 
Chemicals, 99.95%) and arsenic (As, Strem Chemicals, 99%) 
powders were used without any further purification steps.  The 
extreme toxicity of As must be always be considered when 
handling these compounds.

To synthesize the Sr1-xCaxPdAs alloys with 1/6 ≤ x ≤ 5/6, 
stochiometric ratios of all elements were used with no excess 
alkaline earth elements.  The same 12-15 hr 800 ˚C 
homogenization step described earlier was used for all 
stoichiometries.  The samples were then reground and 
pelletized, placed in alumina crucibles and sealed in a quartz 
tube under vacuum.  We found that it was essential to vary the 

synthesis temperature and dwell time for each Sr:Ca 
stoichiometry to maximize crystallinity, and minimize any trace 
impurity phases.  Explicitly, the x=5/6 alloy was annealed at 875 
˚C for 3 days; the x=2/3 alloy was annealed at 890 ̊ C for 10 days; 
the x=1/2 and 1/3 alloys were annealed at 910 ˚C for 10 days; 
the x=1/6 alloy was annealed at 920 ˚C for 6 days. We found 
that annealing at too high a temperature or for too long a time 
resulted in the formation of impurity phases such as 
Sr1-xCaxPd2As2, SrPd2 Sr3As4, and CaAs.  After the final annealing 
step, all products were found to be air-stable.

Structural Characterization

The crystal structure of the as-grown powders were obtained at 
room temperature via flat plate powder X-ray diffraction (XRD) 
measurements using a Bruker D8 powder X-ray diffractometer 
(sealed Cu X-ray tube: 40 kV and 50 mA).  The structures were 
refined using TOPAS6 Rietveld refinement software.  

X-ray fluorescence measurements were collected using an 
Olympus X-5000 mobile XRF system. Calibration curves using 
the ratio of Ca Kα to Sr Kα, along with Pd Kα to As Kα were 
prepared with standards of CaB6, SrCO3, Pd, and As. 

Electronic Structure Calculations

The DFT calculations were done with the Vienna ab initio 
Simulation Package (VASP),26, 27 using PAW-PBE potentials.28, 29 
A kinetic energy cutoff of 360 eV was used along with 12×12×6 
(8×4×4) k-mesh for Brillouin zone integration of SrPdAs 
(CaPdAs) in self-consistent calculations. As the on-site Coulomb 
interactions for electrons in Pd d-orbitals are very strong, we 
have performed PBE + U calculations within the rotationally 
invariant Dudarev approach.30 Calculated U values for Pd in 
different compounds are typically between 4 eV and 8 eV.31, 32 
Here, we assume an intermediate value of 6 eV for the Pd 4d 
orbitals in both CaPdAs and SrPdAs. For CaPdAs and SrPdAs, 
both the lattice constants and atomic coordinates were fixed to 
the experimental values, while they were relaxed for bulk Pd, 
bulk SrAs and the hypothetical Sr2PdAs2 phase.

Electronic Transport

Temperature-dependent resistivity measurements of 
Sr1-xCaxPdAs were collected on powders that were pelletized 
and sintered at 400 ˚C for 2-3 days. Measurements were 
collected via a four-probe measurement technique using a 
Quantum Design 14 T Physical Properties Measurement System 
(PPMS) from 2 to 300 K. Electrical contacts to the pellet was 
made using Epoxy Technology H2OE silver epoxy, which was 
cured at 200 ˚C in a fumehood.
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Fig. 2 Left: Offset PXRD patterns of Sr1-xCaxPdAs from 0 ≤ x ≤ 1. Samples ranging from 0 ≤ 
x ≤ 1/3, display the hexagonal P63/mmc space group symmetry while samples ranging 
from 1/2 ≤ x ≤ 1 show the orthorhombic Pnma space group. The transition from the 
hexagonal to the orthorhombic space group occurs between x=1/3 and x=1/2. Right: The 
shift in the hexagonal stacking reflection (001) to the orthorhombic stacking reflection 
(010).

3. Results and Discussion
Pure powders of the SrPdAs and CaPdAs end members were 
grown via a conventional solid-state synthesis technique. To 
elucidate the crystal structure of these materials powder XRD 
pattern was collected (Fig. 2).  Rietveld analysis of the 
diffraction pattern of SrPdAs confirms that it crystallizes into a 
2-layer hexagonal P63/mmc space group with a = 4.2419(10) Å 
and c=9.0103(2) Å with no detectable impurities (Fig. S1, Table 
S1 and S2, ESI†).  Each PdAs2- layer is comprised of regular Pd-
As hexagons with a Pd-Pd separation of 4.2419 Å (Fig. 1a). 
Rietveld analysis of the CaPdAs diffraction pattern confirms that 
it crystallizes into a 2-layer orthorhombic Pnma space group 
with a =  7.136(2) Å, b = 8.640(3) Å, and c = 16.590(5) Å.  (Fig. 
S2, Table S3 and S4, ESI†). In the Pnma space group, the b-axis 
would correspond to the interlayer stacking axis, while in the 
P63/mmc space group, the c-axis is the interlayer stacking axis.  
In the Pnma unit cell, the a-axis is rotated by 30o and 3x longer 
than the b-axis of the hexagonal unit cell, while the c-axis is 4x 
longer and oriented in the same direction as the a-axis of the 
hexagonal cell (Fig. 1).  In the orthorhombic space group, the 
PdAs2- layers form distorted hexagons some of which feature 
short Pd-Pd distances < 4.2 Å, and some with long Pd-Pd 
distances > 4.3 Å.  Overall, the average Pd-Pd distance in CaPdAs 
is 4.157 Å, as would be expected considering the smaller ionic 
radius of Ca2+. Clearly, it is the larger ionic radius of Sr2+ that 
prevents the distortion of the PdAs2- layers in SrPdAs. For 
reference the 6-coordinate Shannon ionic radii of Sr2+

 and Ca2+
 

are 1.18 Å and 1.00 Å, respectively. 
  We subsequently synthesized Sr1-xCaxPdAs (1/6 ≤ x ≤ 5/6) to 
determine the Sr:Ca stoichiometry at which the PdAs2- layers 
start to distort.   Figure 2 shows the XRD pattern for all of these 
Sr/Ca alloy phases.  The two Sr-rich phases Sr5/6Ca1/6PdAs and 
Sr2/3Ca1/3PdAs crystallize into the hexagonal P63/mmc unit cell 
(Fig S3, S4, Table S5-S8, ESI†).  The orthorhombic distortion 
becomes apparent in the Sr1/2Ca1/2PdAs phase, by the 
emergence of new diffraction reflections. Indeed, all 
Sr1-xCaxPdAs phases with x≥1/2 crystallize into the Pnma space 
group (Fig S5-S7, Table S9-S14, ESI†). None of the XRD patterns 
feature additional superstructure reflections indicative of Sr 
and Ca ordering.  Considerable synthetic efforts were spent 
ensuring that all alloy phases had a homogeneous distribution 
of Sr and Ca throughout the entire sample. Fig. 2b shows a 

zoomed region of the XRD pattern highlighting the interlayer 
diffraction reflection for all Sr1-xCaxPdAs phases. This 
corresponds to either the (002) reflection for the P63/mmc unit 
cells, or the (020) reflection for the Pnma unit cells.   The full 
width half-maximum of this reflection across all samples is <0.2˚ 
2θ indicating the homogeneous distribution of Sr and Ca 
throughout the samples. The orthorhombic phases all 
contained a trace undetermined impurity phase with reflections 
that did not correspond to any known Ca/Sr/Pd/As binary or 
ternary phase along or oxide phase.

The lattice constants and unit cell volume at different Sr and 
Ca ratios systematically shift due to the ionic radii differences 
between Sr2+ and Ca2+ (Fig. 3).  Here, the hexagonal lattice 
parameters (aH, bH, cH) are converted into the orthorhombic 
parameters of (ao=√3 bH, bo=cH, co=4 aH).  It is apparent that all 
lattice parameters decrease pseudo-linearly with increasing

Fig. 3 Top: The a and b lattice parameters decreasing, linearly as the incorporation of 
calcium increases. Middle: The c lattice parameter decreasing pseudo-linearly as calcium 
content is increased.  Bottom: Unit cell volume decreasing with increasing calcium 
content characteristic of proper alloying of Sr/Ca.
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Fig. 4 a) The evolution of the PdAs layers of Sr1-xCaxPdAs from ½ ≤ x ≤ 1. The layer distorts 
from a pseudo-hexagonal PdAs layer to the distorted orthorhombic PdAs layer. b) The 
average Pd-Pd distances for the alloy phases follow a linear trend as calcium content is 
increased. c) The Pd-As bond distances in a unit cell of the synthesized phases as well as 
the average Pd-As distances.

calcium content, in a fashion that would be expected with 
Vegard’s law.  Similarly, the unit cell volume decreases with 
increasing Ca concentration. Again, this is indicative of Sr/Ca 
alloying into the structure. 

There are many layered honeycomb phases that form 
vacancies rather than incorporate transition metals with 
unusual oxidation states.  For instance, an isostructural SrZnAs 
phase constructed from ZnAs honeycombs and separated by 
Sr2+ does not exist due to the instablity of Zn+. Instead, half of 
the Zn atoms on the ZnAs honeycomb are randomly vacant, 
thereby forming Sr2ZnAs2.33 Thus, due to the formal oxidation  
state of Pd1+, we considered the possibility of Pd vacancies in 
the structure.  However, XRF measurements indicated a 
consistent Pd:As ratio of 1:1. Furthermore, when the Pd 
occupancy was refined in the Rietveld fits, no improvement in 
the quality of fit was observed. Finally, first principles 
calculations of the convex hull of the (SrAs)-Pd system indicate 
that the energy of the Sr2PdAs2 crystallized into the hexagonal 
Sr2ZnAs2 structure type with 50% Pd vacancies33 is 163 meV 
above the tie line between SrAs (Na2O2 structure type, space 
group ) and SrPdAs, indicating that the phase is unstable 𝑃62𝑚
with respect to a two-phase mixture of SrPdAs and SrAs. Details 
about this calculation are given in the Supplemental 
Information (Fig S10).  

Figure 4 shows the evolution in the PdAs layer starting from 
Sr0.5Ca0.5PdAs, where the orthorhombic cell is first observed, all 
the way to the CaPdAs phase.  In Sr0.5Ca0.5PdAs, the change in 
Pd-As bond lengths and As-Pd-As bond angles start to distort 
away from an ideal honeycomb geometry. As more Ca is 
incorporated, the distortion in the PdAs hexagons become more 
pronounced as more Ca is added. Figure 4b and Figure 4c show 
the histogram of the intralayer Pd-Pd and intralayer Pd-As bond 

distances as a function of Ca concentration.  First, the average 
Pd-Pd and Pd-As distances uniformly decrease with increasing 
Ca concentration. However, the orthorhombic phases all 
feature Pd-Pd distances and Pd-As distances that show large 
variances. The Pd-Pd distances can vary from 3.3-4.6 Å, and the 
Pd-As distances can vary from. 2.1-2.8 Å.  These Pd-Pd distances 
are too large to be indicative of 3 center Pd-Pd-Pd bonding 
interactions. Finally, while the average As-Pd-As bond angles 
are 120˚ for all compounds, which reflects the trigonal planar 
geometry, the average standard deviation of these angles 
increase from 12.7˚  to 15.7˚ to 19.1˚ to 19.3˚ going from 
Sr0.5Ca0.5PdAs to CaPdAs.  

As established previously by Mewis and Johrendt,23 a d9 
electron configuration is electronically unstable towards a 
planar Peierls distortion of the nominally degenerate (dxy, dx2-y2) 
set, which are the highest energy d-electron bands for this 
geometry.  This Peierls distortion is prevented in SrPdAs due to 
the large ionic radius of Sr2+.  However, once the average ionic 
radius of the interlayer cation is small enough, the Peierls 
distortion can occur.

It is interesting to note the early LnPdAs compounds (Ln=La-
Eu) all form isostructural hexagonal compounds to SrPdAs.34  In 
these compounds where the a-lattice constant / Pd-Pd distance 
ranges from 4.388 to 4.26 Å.  However, GdPdAs and the later, 
smaller ionic radius lanthanides the compounds form the Pnma 
TiNiSi structure-type. Sr2/3Ca1/3PdAs is the phase that has the 
smallest unit cell with a=4.219 Å, before it transforms to the 
distorted orthorhombic phase. This suggests that the 
distortions will occur in these hexagonal PdAs layers when the 
average Pd-Pd distances fall below ~4.21 Å.
After elucidating the structures of Sr1-xCaxPdAs via Rietveld 
analysis, we calculated the electronic structures of SrPdAs and 
CaPdAs using first principles calculations.  Previous calculations 
had predicted SrPdAs to be a metal and CaPdAs to be a narrow 
gap semiconductor with Eg ranging from 0.05 to 0.186 eV.23,35 
However, these calculations did not consider the effects of 
strong electron correlations. Calculated U values for Pd in 
different configurations typically range between 4 and 8 eV.31, 

32 Here, we assumed an intermediate value of 6 eV.
Our band structure calculations show that both SrPdAs and 

CaPdAs are metallic, with CaPdAs being a semimetal. (Fig. 5). 
The density of states of both compounds (Fig. S8-9) indicate that 
the bands closest to the Fermi level are primarily comprised of 
Pd 4d and As 4p orbitals, as would be expected for a material 
with a formal Pd d9 valence count. The band structure of SrPdAs 
bears a remarkable resemble to the isostructural d10

 -

compounds AeCuPn (Ae = Ca, Sr, Ba; Pn = P, As, Sb),9  albeit with 
the Fermi level cutting through the  Pd 4dxy/dx2-y2 – As 4px/py 
hybrid band, and is indicative of a true metal.  However, the 
Peierls distortion in the 3 a x 4a unit cell of CaPdAs (16 Pd 
atoms/unit cell) removes the degeneracy of these bands to 
cause ¾ of the Pd 4dxy/dx2-y2 – As 4px/py bands to be slightly 
lower in energy and are valence bands.  The remaining higher 
energy Pd 4dxy/dx2-y2 – As 4px/py  bands comprise the conduction 
bands.
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Fig. 5 a) Calculated electronic band structure for a) SrPdAs and  b) CaPdAs using the 
experimentally determined crystal structures. 

The temperature-dependent electronic resistivities of 
annealed sintered pellets were measured to understand the 
influence of Sr/Ca alloying on the electronic properties, to 
identify any possible low-temperature phase transitions, and 
search for exotic electronic behavior (Fig. 6).  The temperature 
dependent resistivities for all synthesized compounds increase 
with increasing temperature from 2-300K, indicative of metallic 
behaviour. This in agreement with our first principles 
calculations suggesting both CaPdAs and SrPdAs are metallic. 
The 2K resistivities ranged from 11 to 130 mΩ cm.  The Sr-
0.17Ca0.83PdAs was not included since it has the largest fraction 
of an unknown impurity phase.  For all samples, there were no 
obvious discontinuities in the temperature dependent 
resistivities from 2-300K that would be expected from a 
hexagonal to orthorhombic distortion. Also, superconductivity 
was not observed in any sample down to 2K.

A second trend is apparent when comparing the resistivity 
values as a function of alloy concentration.  SrPdAs and CaPdAs 
both have the lowest resistivities of 18 and 31 mΩ cm at room 
temperature, respectively.  These resistivities are about one 
order of magnitude larger than the resistivity of SrPtAs.21  As 
soon as either Ca or Sr are substituted into these phases, 
respectively, the resistivity values continuously increase, until it 
reaches a maximum at Sr0.5Ca0.5PdAs.  This phase has about ~1 
order of magnitude greater resistivity across all temperatures 
than SrPdAs and CaPdAs.   Sr0.5Ca0.5PdAs compound is the most 
Sr-rich phase which shows an orthorhombic distortion. It is well-
established that alloy phases often have lower mobilities 

Fig. 6 The resistivity of Sr1-xCaxPdAs from 0 ≤ x ≤ 1, but Sr0.17Ca0.83PdAs was excluded due 
to the phase containing the largest unknown impurity. As concentrations of Sr and Ca 
are substituted into the phases the resistivities increase and Sr0.5Ca0.5PdAs displays the 
largest resistivity.

compared to their end members, on account of the increased 
carrier scattering caused by the disruptions to the periodic 
atomic potential, a phenomenon known as the Nordheim 
rule.36, 37  As a classic example, the mobilities of both p-doped 
and n-doped Si and Ge are much higher than Si1-xGex alloys at 
the same doping levels.38, 39   

4. Conclusions
Overall, we have elucidated in detail the changes in structure 
that occur in Sr1-xCaxPdAs, as one varies, the alkaline earth 
content. We have detailed the structural changes across the 
alloy phases through the substitution of Sr and Ca in the unit 
cell, through the emergence of the orthorhombic distortion in 
the Sr1/2Ca1/2PdAs phase. All phases display metallic resistivities 
from room temperature down to 2K, in close agreement with 
first principles calculations. The Sr/Ca alloy phases have higher 
resistivities than the SrPdAs and CaPdAs end members, which is 
in agreement with the Nordheim rule. Overall, this work 
establishes the correlation between the ionic radius of the 
alkaline earth element and the structural distortion in these 
layered honeycomb compounds, which is an essential goal for 
accessing the exotic phenomena in these compounds.
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