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We report two new quaternary BaCugSn;As,—x and BaCugSn,P4—, phases with a new structure type, which
are fully characterized by single crystal X-ray diffraction, scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and scanning transmission electron microscopy (STEM). These two phases
crystallize in tetragonal cell with space group I4/mmm (#139) and Pearson symbol tI26. The refined lattice
parameters are a = 4.164(1) A, ¢ = 24.088(3) A for BaCugSn,As,—, and a = 4.053(2) A, ¢ = 24.08(1) A for
BaCugSn, P4y, respectively. They possess a distinct layered feature composed of CugSn,Pny (Pn = P, As) layers
sandwiched by the Ba atoms. The Cu-Sn framework of the CugSn,Pny layer is closely related to the well-
known Cu,Sb-type structure, and Pn atoms are found occupying two interstitial sites caused by close
packing of Cu and Sn atoms or capped on the top of square nets formed by Cu atoms. The compounds are
also characterized by electrical transport measurements down to 2 K.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The Cu,Sb-type and related structures have been widely studied
and are adopted by a huge number of transition metal pnictides with
bonding properties ranging from typically ionic over covalent to
metallic [1]. The transition metals in these compounds occupy two
distinct crystallographic sites: M1 site where metals are tetra-
hedrally coordinated with pnictide atoms and form planar square
nets, and M2 site where metals are coordinated with square pyr-
amids formed by five pnictide atoms and capped with the square
nets from M1. Depending on the Wyckoff position distortion/split-
ting and interstitial-site filling, various prototypic structures in-
cluding Fe,As, UAs, (ZrSiS), PbFCl, CeFeSi-type, and the extended
HfCuSi, and ZrCuSiAs-type structures could be derived [2-5]. The
compounds crystallized in these structures display not only fasci-
nating chemistry features, but also a variety of physical properties,
including superconductivity, Weyl semimetal, Dirac semimetal, an-
tiferromagnetic order and anomalous Hall effect [6-12]. The para-
mount example among these phases is the unconventional
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superconductivity discovered in the
conductors [6,7,13].

The Cu-based pnictide family, on the other hand, is also rich in
both structure diversity and interesting physical or functional ap-
plications. The binary Cu,Sb and CusP show promise as an anode
material for Li-ion and Na-ion batteries [14-16]. The ternary anti-
ferromagnetic CuMnAs is used as a multi-level memory cell [17].
Structurally, taking ternary Ba-Cu-As system as example, at least
five different structures of BaCuAs, BaCu,As,, BaCuyAs,, BaCugAs,,
and BaCugAs4, ranging from two-dimensional layers to three-di-
mensional networks, are known with their analogous phosphides
[18-22]. One interesting observation in ACu,Pn; (A = Sr, Ba, and Eu,
Pn = P, As and Sb) is that P- and As-based compounds all crystallize
in the ThCr,Si,-type structure, while Sb-based analogs mainly adopt
CaBe,Ge,-type structure or intergrowth of ThCr,Si, and CaBe,Ge,-
type structure [23-26]. Recently, in the course of systematical in-
vestigation on the impact of flux for growing copper pnictide single
crystals, we have discovered a new B-BaCu,As, polymorphic phase
with unique building sequence [27], which becomes super-
conducting under high pressure.

The abundant structural diversity in copper pnictides and op-
portunities for discovery of new materials through flux synthesis
have motivated us to explore Cu-based pnictide system and discover
new phases with potentially captivate interesting physical

iron pnictide super-
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properties. Here, we report two new quaternary BaCugSn,As,- and
BaCugSn,P4— phases with a new structure type, which are grown
using Sn flux growth method with controlled starting Ba:Cu:Pn ra-
tios. These two compounds adopt the same space group [4/mmm
(#139), which are characterized by single crystal X-ray diffraction,
SEM, TEM and STEM. The electrical transport measurements on
these new compounds indicate overall metallic behaviors from room
temperature to 2 K, with electron charge carriers and small positive
magnetoresistance under magnetic field of 9 T.

2. Experimental details
2.1. Material synthesis and crystal growth

The starting materials Ba pieces (99.5%), Cu powder (99.99%), Sn
shots (99.99%), As lumps (99.999%) and P lumps (99.999%) from Alfa
Aesar were stored in Ar-flowed glovebox with a total O, and moisture
level less than 0.1 ppm. The BaCugSn,As 4 crystal is initially discovered
as a by-product during crystal growth attempts of BaCusAs, and
BaCugAs, phases using Sn flux. We observed that this phase also ap-
peared to coexist with p-BaCu,As, phase under certain specific stoi-
chiometric ratios at low temperature when we previously explore the
different synthetic conditions through the different metal flux for the
B-BaCu,As, crystal growth [27]. Given the potential existence of these
competing phases, we have carried out series of control experiments
with various temperatures and compositions in the starting materials
to thoroughly understand the conditions for growing different single
crystals and optimize the growth condition for the new phases. The
BaCugSn,P4— crystals are grown using the optimized synthesis condi-
tions (discussed later) used for As-analog. We have found out that both
the starting materials ratio and synthetic temperature have impacts on
the resulting phases during the Sn flux growth. The key results are: 1)
when Cu:As ratio is 1:1 (regardless of the Ba amount), we only obtain
the BasSn,As, or -BaCu,As; phases, where Ba: (Cu,As) 2 1: 2 ratio yield
BasSnpAs, crystal and Ba: (Cu,As)< 1: 3 yield p-BaCu,As; phase in full
investigated synthetic temperature range from 800 °C to 1100 °C; 2)
when the ratio of Cu:As is larger than 1:1 (e.g. Cu:As= 2:1, 3:1 4:1, 6:1
and 7:1 in our experiments) and under the high synthetic temperature
range from 900 °C to 1100 °C, only BaCugSn,As,—, single crystals are
produced. Higher synthetic temperature intends to produce bigger
crystals; 3) when the ratio of Cu:As is larger than 1:1, but the highest
synthetic temperature is below 800 °C, both BaCugSn,As4—x and p-Ba-
CuyAs; single crystals were formed. The optimized synthetic condition
for the growth of large size BaCugSnAss—x and BaCugSn,P4—, single
crystals, therefore, is chosen using Ba:Cu:As (P):Sn with a molar ratio of
1:8:4:30.
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The related starting materials are weighted accordingly and
loaded into an alumina crucible inside the glovebox. The alumina
crucible container with the starting materials is then flame-sealed in
an evacuated quartz tube. The quartz tube assembly with the con-
tainer is then heated from room temperature up to 1100 °C in 20 h,
stayed at 1100 °C for 24 h and then slowly cooled to 500 °C at a rate
of 3 °C/h. Silver plate-like crystals with a typical size of
3 x 2 x 0.1 mm> were obtained by decanting the flux with a cen-
trifuge at 500 °C using quartz wool as a filter.

2.2. Characterization

X-Ray Diffraction: Single-crystal X-ray diffraction was performed
using a Bruker SMART diffractometer equipped with an Apex II area
detector, and an Oxford Cryosystems 700 Series temperature con-
troller. A hemisphere of frames was measured using a narrow-frame
method with a scan width of 0.30° in ® and an exposure time of 30 s/
frame with Mo K, radiation. The collected dataset was integrated
using the Bruker Apex-II program, with the intensities corrected for
the Lorentz factor, polarization, air absorption, and absorption due to
variation in the path length through the detector faceplate. The data
was scaled, and absorption correction was applied using SADABS
[28]. A starting model was obtained using the intrinsic method in
SHELXT [29], and atomic sites were refined anisotropically using
SHELXL2018. Crystallographic parameters and refinement details for
BaCugSnyAs,—x and BaCugSnyP4—x are provided in Table 1. Atomic
coordinates, equivalent anisotropic displacement parameters, occu-
pancies and some selected interatomic distances are included in
Tables 2 and 3. For the BaCugSn,As,-, the partial occupancy of As2 is
fixed to the elemental analysis values obtained from SEM-EDX re-
sults. For BaCugSn,P4—y, fixed occupancy of P2 position close to SEM-
EDX results always goes to non-positive-definite therefore we pre-
sent our results where P2 position is refined freely. It is noted that
chemical analysis uncertainty is typically higher for light elements
from SEM-EDX. Powder X-ray diffraction (XRD) was performed using
a Rigaku Smartlab diffractometer with Cu K, radiation to investigate
the preferred orientation of the single crystals.

SEM: The composition and mapping data was collected by SEM
energy-dispersive X-ray spectroscopy (SEM-EDX) using Zeiss EVO LS
15 SEM with accelerating voltage of 20 keV. The data was collected
on several crystals with at least five measured points for each crystal
to determine the composition.

TEM and STEM: Atomic resolution high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) images
and high-resolution TEM (HRTEM), selected area electron diffraction
(SAED) were acquired using an aberration-corrected JEM-ARM200F

Table 1

Crystallographic details for BaCugSn,Ass—x and BaCugSn,Pyy.
Formula BaCugSnyAs; 46
Temperature 295(2) K
Wavelength 0.71073 A

Space group
Unit cell dimensions

Volume

Z

Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections
Data/Restraint/parameter
Goodness-of-fit on F?

Final R indices[I > 2sigma(I)]
R indices (all data)

Largest diff. peak and hole

I4/mmm (No.139)
a=b=4164(1)A,
c=24.088(3) A
417.60 (11) A®

2

35.840 mm™'

822

0.11 x 0.10 x 0.01 mm?
3.38-28.26°

1413

198 [Rine= 0.0567]
198/0/18

1.223

R1 =0.0382, wR2 = 0.1119
R1 =0.0389, wR2 = 0.1126
1.673/- 1.326

BaCugSn;,P; 7

295(2) K

0.71073 A

I4/mmm (No.139)
a=b=4053(2)A c=24.0812)A

3955 (5) A?
2

27337 mm™!

742

0.31 x 0.10 x 0.01 mm>
3.38-28.31°

1363

182 [Rine= 0.0490]
182/0/20

1136

R1 =0.0232, wR2 = 0.0558
R1 = 0.0236, wR2 = 0.0563
1.435/- 1.082
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Table 2
Atomic coordination and equivalent isotropic displacement parameters of
BaCugSnyAss-x and BaCugSnyPy—y.

BaCugSnyAsy—x

Atom  Wyck. Symm. X y z Occ. Ueq'(A?)
Bal  2a Ymmm 12 12 12 1 0.0229(5)
cul 8¢ omm. 0 12 037553(8) 1 0.0345(6)
w2 de 4mm 0 0  031406(10) 1 0.0286(7)
Sn1 4e 4mm 0 0 0.20289(7) 1 0.0571(8)
Asl 4e 4mm 0 0 0.42623(8) 1 0.0223(6)
As2 4d -4m2 12 0 1/4 0.23 0.0139(15)

BaCugSnyPy—y

Atom  Wyck. Symm. X y z Occ. Ueq'(A%)

Bal  2a Ymmm 12 12 12 1 0.0101(3)
cul 8¢  2mm. O 12 0378334) 1 0.0152(3)
w2 de 4mm 0 0 03151055 1 0.0121(4)
snl de 4mm 0 0  020569(3) 1 0.0242(3)
P1 e 4mm 0 0  042421(10) 1 0.0081(5)
P2 ad 4m2 12 0 % 036(2) 0.027(3)

? Ueq is defined as one-third of the trace of the orthogonalized Uy tensor.

Table 3
Selected atomic distances of BaCugSn,Ass—x and BaCugSn,Py—y.

BaCugSnyAs,—x BaCueSnyPy—«

Sn1-Cul (x4) 2.811(2) Sni1-Cul (x4) 2.864(2)
Sn1-Cu2 (x1) 2.678(3) Sn1-Cu2 (x1) 2.635(2)
Sn1-Cu2 (x4) 2.972(1) Sn1-Cu2 (x4) 2.909(2)
Sn1-As2 (x4) 2.371(1) Sn1-P2 (x4) 2.290(2)
Cul-Cul (x4) 2.944(1) Cul-Cul (x4) 2.866(2)
Cul-Cu2 (x2) 2.555(2) Cul-Cu2 (x2) 2.535(2)
Cul-Asl (x2) 2.414(2) Cul-P1 (x2) 2.308(2)
Cu2-Asl (x1) 2.702(3) Cu2-P1 (x1) 2.628(3)
Cu2-As2 (x4) 2.591(2) Cu2-P2 (x4) 2.562(2)

(JEOL USA Inc.) operated at 200 kV. SAED simulation was performed
by JEMS software. TEM lamellas were prepared using an FEI Nova
200 dual-beam focused ion beam system (FIB, FEI Inc.) by the lift-out
method.

Electrical Transport Studies: Electrical resistivity p(T, H) using
four probe configuration, and Hall resistivity measurements using
five probe configuration, were measured down to2 Kand upto 9 T
magnetic field in a Quantum Design Physical Property Measurement
System (PPMS).

3. Results and discussion
3.1. Structural Description

The BaCugSn,yAs,-x and BaCugSn,P,4-4 are isostructural with each
other, which crystallize in a new structure type (tI26) and tetragonal
space group I4/mmm (#139). The refined lattice parameters are a = b
=4.164(1) A, c = 24.088(3) A for BaCueSnyAss—x and a = b = 4.053(2) A,

= 24.08(1) A, BaCueSnyP4—y, respectively, where no significant
change of lattice c is observed from As-analog to P-analog. To the
best of our knowledge, these two samples are the first quaternary
compounds discovered in Ba-Cu-Sn-Pn system. The structures are
tightly related to Cu,Sb-type building motifs. Fig. 1 shows our ra-
tional analysis of this distinct structure, where the separation is only
formal since the shortest bond distances of Cul-Pn1, Cu2-Pn2, Sn-
Pn2 are 2.414(2) A, 2.591(2) A, 2.371(1) A for BaCugSnyAss—x and
2.308(2) A, 2.562(2) A, 2.290(2) A for BaCugSn, P4y, respectively.

Like the Cu,Sb-type structure, there are two distinct Cu crystal-
lographic sites in this structure, where Cul atoms at the 8 g site form
a square planar net, and Cu2 atoms at the 4e site are coordinated
with five neighboring tin atoms rather than pnictide atoms (Fig. 1a).
The CuSns square pyramid by Cu2 atoms is capped with the planar
square net by Cul atoms, and forms a [CugSn;] slab. The Cul-Cu2
distances range from 2.535(2) to 2.555(2) A, suggesting effective
bonding between two different types of Cu atoms. Two [CugSns]
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slabs, are arranged centrosymmetrically in the unit cell together
with Ba atoms, and form a [Ba,Cu;,Sn,] =BaCugSn, layered frame-
work. The Cu-Sn distances of 2.635(2)- 2.972(1) A, are comparable to
those found in the intermetallic compounds, which are
2.688-2.757A for CusSn [30], 2.631-2.863A for CueSns [31],
2.644-2.792 A for BaCuSn, [32] and 2.674 A for DyCuSn [33].

Pn atoms reside in the layered framework, as shown in Fig. 1b.
Pn1 atoms are capped above the center of the square net formed by
Cul atoms, and form PnCuy square pyramids with the Cul-Asl
distance of 2.414(2) A in BaCugSnyAss—x and Cul-P1 distance of
2.308(2) A in BaCugSn,P4—y. Each Pn1 atom is surrounded by four Ba
atoms and four Cul atoms, which forms a highly distorted square
antiprism shown in Fig. 1b. The Bal-Pn1 distances are above 3 A
[3.439(2) A for Bal-As1 and 3.398(2) A for Bal-P1], suggesting no
effective bonding interaction between these two atoms. The Pn2
atoms, on the other hand, are in the interstitial sites tetrahedrally
surrounded by four Sn1 atoms and four Cu2 atoms. The Pn1 atoms in
the large square antiprism are fully occupied due to the relatively
larger distances between Ba and Cul atoms [3.650(2) A for Ba-
CueSnyAsys—x and 3.391(2) A for BaCugSnyP4—y]. For Pn2 atoms, the
tetrahedral interstitial sites are relatively small due to the relatively
short Cu2-Sn distances [2.678(3)A for BaCugSnyAs,s—x and 2.635(2) A
for BaCugSn,P4-«]. Therefore, Pn2 atoms have rather low occupancies
[0.33(1) for As2 and 0.36(2) for P2], which result in a formal Ba-
CugSn,As; 46 and BaCugSn,yP, 7, from single crystal X-ray refine-
ments.

All the Pn-Cu bonding distances [2.414(2)-2.702(3) A for
BaCugSn,As, 46 and 2.308(2)-2.628(3) A for BaCugSn,P, ;5] are
comparable to those of reported Cu-related pnictides such as
BaCu,As;, BaCugAs,, BaCugPny, and BaCuP [18,21,22,27]. The close
packing of Pn2 atoms at the tetrahedral interstitial site has sig-
nificantly impacted Sn1-Pn2 interaction. The bonding distances for
Sn1-Pn2 [2.371(1) A for Sn1-As2, 2.290(2) A for Sn1-P2] are much
shorter than the Sn-Pn distances in known intermetallic com-
pounds, e.g. 2.461 A in SrSnP [34], 2.442-2.676 A in BasSn,P,4 [35], or
2.572-2.639 A in CasSn,Ass [36], 2.587-2.690 A in BasSn,As, [37].
We have also carried out experiments with intention to increase Pn2
occupancies by increasing As and P amount in the starting materials
following similar synthesis procedures described in the experi-
mental section. The crystals synthesized from different batches are
all refined with nearly the same lattice parameters and Pn2 occu-
pancies within measured errors from single crystal X-ray refine-
ments.

The occupancy of guest atoms at the tetrahedral interstitial sites
in Cu,Sb-related structures or compounds with Cu,Sb-type building
motifs, in fact, are very rare, as typically the neighboring metal-
metal distance forming the tetrahedral sites are relatively shorter,
which will be difficult to accommodate any excess guest atoms
without a very large distortion. To further validate the structures of
the crystals, we carry out the HRTEM and atomic resolution HAADF-
STEM studies. As both phases are isostructural, we only select
BaCugSn,As; 46 crystal for these studies. Because in principle, the
larger As atoms, as guest atoms, should be more difficult to occupy
the interstitial sites. HRTEM and HAADF-STEM images are created,
while SAED and STEM imaging are carried out along the [100] zone
axis. All SAED simulations are conducted using constructed models
that are built based on single crystal diffraction results. Fig. 2a shows
the measured SAED pattern of BaCugSn,As, 46, indicating good
crystallinity of our sample. It is well consistent with the simulated
pattern (Fig. 2b), suggesting the constructed models accurately re-
present the actual structure of BaCugSn,As, 46. Fig. 2¢ is the HADDF-
STEM image taken from BaCugSn,As; 46 single crystal along the [001]
zone axis. Obtained STEM images are filtered to enhance contrast by
removing noise. The uniformity in this image indicates that the
lattice contains no extended defects. The existence of each element
is additionally confirmed by STEM and EDS. The length of the unit
cell is estimated to be 24.1 A, which is consistent with the result
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Fig. 1. Crystal structure of BaCugSn,Pny-« (Pn=As and P) based on single crystal X-ray diffraction. (a) Cu,Sb-type building motif formed by Cu1, Cu2 and Sn atoms with sandwiched
Ba atoms. (b) Crystal structure with highlighted environment of Pn1 and Pn2 atoms. Pn1 atoms form the square antiprism with four Ba atoms and four Cul atoms. Pn2 atoms are

tetrahedrally surrounded by four Sn atoms and four Cu2 atoms.

from single crystal diffraction. For better comparison, an enlarged
STEM image is shown in Fig. 2d. In these Z-contrast HAADF images,
each atom can be distinguished by brightness and size. Ba atoms are
clearly recognized as bright dots, Sn atoms are less bright than Ba
atoms but are brighter than Cu atoms and As atoms, while Cu atoms
are less bright than As atoms. Due to low occupancy, As2 atoms are
not as bright as other atoms, but we can still observe blurry spots
between Sn atoms and Cu atoms. The constructed model is over-
lapped with image to confirm its consistency. The crystal structure
we observed is clearly consistent with results from single crystal X-
ray diffraction and SAED pattern. These results confirm low occu-
pancy of guest As atoms at the tetrahedral interstitial sites and un-
iqueness of the structures of these two quaternary phases.

3.2. Characterization

The grown crystals are typically ~ 2 mm in size and with shiny
flat surface (inset of Fig. 3a), which is large enough for us to carry out
meaningful physical measurements. The flat surface is expected to
be along ab plane as evidenced by the preferred orientation along c-
axis in powder X-ray diffraction patterns with indexed indices
(Fig. 3a). The SEM-EDX analysis on the flat crystals confirmed the
existence of the elements with chemical ratio of Ba:Cu:Sn:As
=1.01(3):6.17(8):2.01(3):2.46(9) for BaCugSnyAss—y single crystals,
and Ba:Cu:Sn:P=1.06(1):5.98(2):2.13(3):2.37(3) for BaCugSnyP4—y
single crystals. The slight composition discrepancy of P element
between SEM and X-ray single crystal refinement might be due to
the higher uncertainty of light elements in the EDX chemical ana-
lysis as noted before. The SEM-EDX mapping results are shown in
Fig. 3b suggesting the homogeneous distribution of the elements
across a large area of 1.5x 1 mm? size BaCugSn,As, crystal.

Fig. 4a shows temperature-dependent in-plane electrical re-
sistivity of BaCugSn,As; 46 and BaCugSn,P; 7, single crystals. Typical
metallic behaviors are observed over whole measured temperature
range from 2K to 300K. The room temperature resistivity is
177.5 pQ cm for BaCugSn,As; 46 and 212.0 uQ cm for BaCugSnyPs 7o,
which are comparable to typical Cu-rich intermetallic compound
such as CusSn of 8.8 pQcm, CugSns of 17.5pQcm and Cu,Sb of
16 pQ cm [38,39]. The overall residual resistivity ratio (RRR) is small,
1.73 for BaCugSn,As; 46 and 2.14 for BaCugSn,P5 75, which are likely
due to the partial occupancies (i.e., defects) caused by the pnictide
atoms.

The temperature dependent electrical resistivity appears to
follow conventional Bloch-Griineisen (BG) formula:

TY op|T x>dx
T) = = 4A| — - -
P =po +Psc=po+ (@D) X J.o (eXx=1)(1-e™)

where pg is the residual resistivity due to scattering of conduction
electrons on lattice impurities, @p is the Debye temperature obtained
from a fit of experimental resistivity data by the BG theory, and A is a
coefficient representing scattering strength of electrons with
acoustic phonons. The fitting results are quite satisfactory, sug-
gesting temperature dependent resistivity could be well explained
through the scattering of conduction electrons by longitudinal
acoustic lattice vibrations. The values we obtained through fitting
are pg=104.20(1)pQcm, A =39.9(1) uQcm and Op=159.8(5) K for
BaCugSnyAs, 46, and  pp=98.74(8)pQ cm, A=28.5(7)pQcm,and
Op=74.8(19) K for BaCugSn,P, 7,, respectively.

A small magnetoresistance [MR= (pyx(B)= pxx(0))/pxx(0)], ~2.6% for
BaCugSnyAs; 46 and 1.5% for BaCugSn,P,7, at 2K and under 9T
magnetic field, is observed shown in the inset of Fig. 4a. These values
fall into the conventional weak magnetoresistance values (~2%)
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Fig. 2. (a) Measured SAED pattern; (b) Simulated SAED pattern; (c) STEM image of BaCugSn,As; 46 single crystal with estimated length of unit cell; (d) Enlarged STEM image with

estimated length of crystal and simulated crystal model for better comparison.

observed in the normal nonmagnetic metals. This type of magne-
toresistance in metals or semimetals is typically characterized with
quadratic field dependence in low fields. We have fitted field-de-
pendent magnetoresistance data of our samples by empirical for-
mula Ap(H) = aH?, and obtained § value of 1.64(1) for BaCugSnyAss—x
and 1.67(1) for BaCugSn,P4-4, which are close to the expected values.
These results are consistent with magnetic susceptibilities mea-
surements where a temperature-independent Pauli-paramagnetic
behavior is observed for both compounds.

(a) (b)

N
é ——BaCu,Sn,P,
2.0 ——BaCu,SnAs,
S g
Wl ¢ T e T e @ o
- 8 8 S 3 8 8
g 1.0- 1 L l e 1 —
g
® 0.5
0.0 a 1 | l A
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20

To further obtain type of charge carriers and carrier concentra-
tions, we have measured field-dependent Hall resistivity at 2 K for
both BaCugSn,As; 46 and BaCugSn,yP, 7> single crystals as shown in
Fig. 4b. The Hall resistivity shows linearly dependent behavior as a
function of the magnetic field. Both slopes are negative, indicating
charge carriers are dominantly electrons near the Fermi surface.
Through simple calculation using n = %, the carrier concentration

is estimated to be 1.4 x 10?2 cm™ for BaCugSn,As, 46 and 4.5 x 10%?

Ba Lal Cu Kal

Fig. 3. (a) XRD patterns of BaCugSn,As, 46 and BaCugSn,P; 7, single crystals with preferred orientation along c-axis. Inset is optical image of BaCugSn,As; 46 single crystal; (b) SEM-

EDX mapping data for BaCugSn,As; 46.
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Fig. 4. (a) Temperature dependent resistivity measurement of BaCugSnAs; 46 and BaCugSn,P; 7, single crystals with fitting curves. Inset shows magnetoresistance at 2K for
BaCugSn,As; 46 and BaCugSn,P; 7, single crystals; (b) Field dependent Hall resistivity of BaCugSnyAs; 46 and BaCugSn,P; 7, single crystals measured at 2 K.

cm™ for BaCugSn,P, 72, which are comparable with 6.63 x 1022 cm™

for ternary compound BaCu,As; [27].

4. Conclusion

In conclusion, quaternary BaCugSnyAss;— and BaCugSnyPs—y
phases, as the only two quaternary compounds discovered in
Ba-Cu-Sn-Pn (Pn = As, P) system so far, form a new class of com-
pounds with characteristic slab structures. The synthesis, crystal
structure, and basic physical properties of the two compounds have
been described. The distinct pnictogen occupancy at the tetrahedral
interstitial sites formed by neighboring metal atoms with Cu,Sb-
type building motifs is rather intriguing, suggesting the possibility
that this so far rather limited class of materials has great potential
for discovery of a considerably larger number of compounds with
similar or related packing structures. More systematical explorative
synthesis and investigation on associated physical properties for
these compounds would be rather interesting.
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