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ABSTRACT: In this work, we have thoroughly studied the effects of flux composition and oo, —

temperature on the crystal growth of the BaCu,As, compound. While Pb and CuAs self-flux v i
produce the well-known a-phase ThCr,Si,-type structure (Z = 2), a new polymorphic phase of -ﬁ- A3 i
BaCu,As, (f-phase) with a much larger ¢ lattice parameter (Z = 10), which could be considered -y iy e
an intergrowth of the ThCr,Si,- and CaBe,Ge,-type structures, has been discovered via Sn flux AR, | - 005 095
growth. We have characterized this structure through single-crystal X-ray diffraction, "'“ T 920
transmission electron microscopy (TEM), and scanning transmission electron microscopy A'

(STEM) studies. Furthermore, we compare this new polymorphic intergrowth structure with e T

the a-phase BaCu,As, (ThCr,Si, type with Z = 2) and the f-phase BaCu,Sb, (intergrowth of ¢

ThCr,Si, and CaBe,Ge, types with Z = 6), both with the same space group I4/mmm. Electrical "*‘ :

transport studies reveal p-type carriers and magnetoresistivity up to 22% at 5 K and under a gBaw I
magnetic field of 7 T. Our work suggests a new route for the discovery of new polymorphic g Su dmmh 4

.

“—

structures through flux and temperature control during material synthesis.

B INTRODUCTION

The discovery of Fe-based superconductors' has spurred
worldwide efforts not only to understand the interplay between
magnetism and superconductivity but also to search for new
types of superconductors with similar structures. Among them,
the so-called 122 family, in which the parent compounds have
the composition AFe,As, (A = Ca, Sr, Ba, Eu, K, Rb, and Cs)
with the tetragonal ThCr,Si,-type structure and space group
14/mmm, is probably the most studied and exploited”™” due to
the availability of high-quality single crystals allowing a broad
range of advanced characterization and the large materials base
in this particular crystal-structure family. Many techniques
have been developed to grow the crystals, and among them,
high-temperature flux growth is widely used for obtaining
single crystals of 122-family compounds. Different types of flux,
from metal flux, such as Sn'® and In,"""'"” to self-flux (.., the
flux is consumed and is partially incorporated into the resulting
crystals), such as FeAs'’ and KAs,"* are used. However, single
crystals grown by metal flux sometimes show different
properties than those obtained from self-flux. For instance,
the spin density wave transition is significantly suppressed in
the Sn-flux-grown BaFe,As,'”"> due to the inclusion of small
amounts of Sn into the lattice. BaFe,As, crystals grown from In
flux'"'* even show a superconducting transition with a full
drop in resistivity but without diamagnetic screening at various
values of T, (19—23 K). Whether such superconductivity is
induced by the incorporation of In into the lattice remains
unclear at this moment. Annealing studies indicate that such a
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transition is not related to lattice distortion or strain, in
contrast to similar superconducting behavior observed in FeAs-
flux-grown SrFe,As,. ¢ X-ray crystallography, when paired with
precise chemical analysis, is an effective tool'”'’~"" for
unambiguously determining the quantity and location of Sn
in the lattice.

In order to obtain further insight into the physics of Fe
pnictides, much research effort has also been devoted to
searching for superconductivity in the Fe-free pnictide systems
with similar structures, initially in those with ThCr,Si,-type
structures and later expanding to those with the variant
CaBe,Ge,- and BaAl,-type structures.”’~>’ In fact, many new
superconductors have been discovered in these families, but
with a different Fermi surface topology than the Fe-based
superconductors.””*"***’73! The Cu-based 122 pnictides are
another family of compounds that initially attracted attention
since they could possibly serve as a bridge between the cuprate
and Fe-based superconductors.38_42 Unfortunately, no super-
conductivity has been discovered in these compounds thus far.
Both calculations and angle-resolved photoemission spectros-
copy studies of BaCu,As, have shown that its Cu 3d bands are
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Figure 1. (a) XRD patterns of a-BaCu,As, (red) and -BaCu,As, (black) along the (00!) orientation using the logarithmic scale; the intensity of
the f-BaCu,As, pattern is offset along the ordinate axis for better comparison. (b—d) Integrated precession images from the full X-ray single-crystal
data collection of f-BaCu,As, along (0kl), (h0l), and (hkO), respectively, showing the superstructure along the ¢ axis.

far below the Fermi level and thus have a weak electronic
correlation.”*~*® Nevertheless, this family of compounds is
rather interesting from a structural perspective. The As-based
compounds ACu,As, (A = Ca, Sr, Ba, and Eu) all crystallize
with a body-centered tetragonal ThCr,Si, structure, but the
Sb-based compounds ACu,Sb, (A = Sr, Ba, and Eu) mainly
crystallize in the related primitive-tetragonal CaBe,Ge,-type
structure.”’ " For BaCu,Sb,, a very interesting intergrowth
structure with ordered ThCr,Si, and CaBe,Ge, types of unit
cells has been reported.”®” The formation of such an
intergrowth structure appears to be independent of flux (self-
flux or Pb flux) but rather depends on the synthetic
temperature profile. This finding triggered our interest in
exploring the effects of flux and temperature on BaCu,As,
crystal growth. Here, we report on a new polymorphic phase of
BaCu,As, that is different from the BaCu,Sb, polymorph and
has a much larger c lattice parameter (51.05 compared to 32.6
A). This new structure has been unambiguously verified by
single-crystal diffraction, TEM, and STEM studies. The effects
of starting materials, flux, temperature profiles, and possible

flux inclusion into the lattice were also thoroughly studied. Our
results suggest that the discovery of new polymorphic phases is
possible through carefully controlled flux conditions. Electrical
transport studies of this new phase reveal that it exhibits p-type
carriers and magnetoresistivity up to 22% at S K and under a
magnetic field of 7 T.

B EXPERIMENTAL SECTION

Materials Synthesis and Single-Crystal Growth. Ba rods
(99.5%), Cu powder (99.99%), As lumps (99.999%), Sn shots
(99.99%), and Pb ingots (99.999%) from Alfa Aesar were used as
received for our reactions. Three different fluxes were used for our
crystal growth: CuAs, Sn, and Pb. The X-ray powder pure CuAs
precursor was synthesized through heating a stoichiometric mixture of
Cu and As in a sealed quartz tube at 800 °C for 2 days and in two
iterations. The ThCr,Si,-type a-phase BaCu,As, single crystals were
grown by either the self-flux method using CuAs as the flux with
Ba:CuAs in a molar ratio of 1:4 or the Pb flux method with a molar
ratio of Ba:Cu:As:Pb = 1:2:2:10. In each case, the materials were
sealed in an evacuated quartz tube using an alumina crucible as a
container and subsequently heated up overnight to a target
temperature. For CuAs flux, the assembly was heated up to 1080
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Table 1. Crystallographic Data for @-BaCu,As, and f-BaCu,As,

empirical formula
space group

unit-cell dimensions

unit-cell volume 199.0(2) A®
V4 2

absorption coefficient 36.629 mm™*
F(000) 360

crystal size

theta range for data collection

reflections collected 494

independent reflections 100[R;,, = 0.0342]
max and min transmission 0.746, 0.355
data/restraints/parameters 100/0/9

goodness-of-fit on P 1.225
Final R indices [I > 20]
R indices (all data)

extinction coefficient 0.016(4)

largest diff. peak and hole 1.68/—1.26

a-BaCu,As, (ThCr,Si, type)
I4/mmm (No.139)
a = 4.445(2) A, ¢ = 10.073(6) A

0.11 X 0.08 X 0.05 mm?>
4.05 to 29.18°

R, = 0.0308, wR, = 0.0813
R, = 0.0311, wR, = 0.0815

p-BaCu,As,

I4/mmm (No.139)
a=4425(1) A, c = 51.05(1) A
999.7(4) A3

10

36.462 mm™!

1800

0.08 X 0.08 X 0.01 mm?
1.596 to 28.288°

3140

445[R;,, = 0.0327]

0.746, 0.287

445/0/3S

1.136

R; = 0.0378, wR, = 0.1250
R, = 0.0365, wR, = 0.1235
0.0014(2)

2.04/—-1.53

°C for 24 h and then slowly cooled at a rate of 3 °C/h down to 800
°C. For the Pb flux, the assembly was heated up to 1100 °C for 24 h
and then slowly cooled at a rate of 3 °C/h down to 600 °C. The new
polymorphic B-phase of BaCu,As, was synthesized using Sn flux, in
which Ba:CuAs:Sn in a 1:4:30 molar ratio was sealed in an evacuated
quartz tube with an alumina crucible, heated up to 1100 °C for 24 h,
and then slowly cooled at a rate of 3 °C/h down to 550 °C. Large
plate-like crystals with a typical size of 3 X 3X 0.5 mm® were obtained
by decanting the flux with a centrifuge at high temperature (800 °C
for CuAs flux, 600 °C for Pb flux, and 550 or 500 °C for Sn flux)
using quartz wool as a filter. It should be noted that needle-like
BaCuyAs, crystals are also produced as byproducts during CuAs-flux
growth and can be easily separated from the plate-like a-phase
BaCu,As, due to their different morphologies. To fully investigate the
growth conditions for the new f-phase BaCu,As,, several growth
parameters (e.g, precursor materials and their concentrations) and
growth temperature profiles have been tested, with results provided
below.

Characterization. X-ray Diffraction. Powder X-ray diffraction
(XRD) was performed using a Rigaku Smartlab diffractometer with
Cu Ka radiation. 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
controller at room temperature. A hemisphere of frames was
measured using a narrow-frame method with a scan width of 0.30°
in @ and an exposure time of 60 s/frame with Mo Ka radiation. The
collected data set 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 were scaled, and the absorption
correction was applied using SADABS.*° A starting model was
obtained using the intrinsic method in SHELXT,”! and atomic sites
were refined anisotropically using SHELXL2014.

Chemical Analysis. Chemical analyses were performed using both
energy-dispersive X-ray spectroscopy (EDS) and wavelength-
dispersive spectrometry (WDS) on a JEOL JXA-8600 electron
microprobe analyzer. Data were collected at multiple (>S) points for
each sample to ensure accuracy. The instrumental error of these
results is smaller than 0.5%.

TEM and STEM. Atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images,
high-resolution TEM (HRTEM), and selected area electron
diffraction (SAED) were performed using an aberration-corrected
JEM-ARM200F (JEOL USA Inc.) operated at 200 kV. SAED
simulation was performed by JEMS software. TEM lamellae were
prepared using a FEI Nova 200 dual-beam focused-ion-beam system
(FIB, FEI Inc.) by the lift-out method.

Electrical Transport and Magnetic Studies. Temperature (T)-
and magnetic-field (H)-dependent electrical resistivity p(T, H) using
a four-probe configuration and Hall resistivity with a five-probe
configuration were measured down to 5 K and up to a 7 T magnetic
field in a Quantum Design Physical Property Measurement System
(PPMS). Gold wires, each with a radius of 20 yum, were used as the
electrical leads for the measurements and were attached to the crystal
surfaces using silver paste with a contact resistance normally of ~1—5
Q. Temperature-dependent magnetic susceptibility measurement was
carried out down to 5 K at a S T magnetic field in a Quantum Design
Magnetic Property Measurement System (MPMS).

B RESULTS AND DISCUSSION

The new f-phase of BaCu,As, was initially identified from
XRD scanning of the plate-shaped crystals grown by three
different fluxes. The XRD diffraction patterns are highly c-axis-
oriented due to the preferred orientation of the crushed single
crystals, as expected. We observed a few additional small peaks
in the XRD patterns of the Sn-flux-grown crystals and initially
attributed them to misalignment of the crystals or possible
impurities. However, chemical analysis from both EDS and
WDS measurements clearly indicated the existence of only
elemental Ba, Cu, and As in the crystals, and neither impurities
nor flux inclusions were detected within the instrument
detection limits. Furthermore, the (00l) Miller indices of
these additional peaks suggest an ordered crystal lattice,
implying the presence of a superstructure in these Sn-flux-
grown crystals, as shown in the logarithmic scale in Figure la
(black pattern). For the CuAs- and Pb-flux-grown crystals, we
did not observe these peaks (red pattern in Figure la),
suggesting that these crystals indeed adopted a conventional
ThCr,Si,-type structure. We therefore employed X-ray single-
crystal diffraction to investigate the superstructure and fully
understand the structure of this new phase in detail. A fast
omega scan using a narrow-frame algorithm with an exposure
time of 30 s/frame initially leads to the assignment of the
ThCr,Si,-type unit cell. However, under a full set of data
collection with a longer exposure time of 50 s/frame, all Sn-
flux-grown crystals clearly show a superstructure with a much
larger ¢ axis of 51.05(1) A, while the CuAs- and Pb-flux-grown
crystals have the ThCr,Si,-type structure with ¢ = 10.073(6) A.
Crystallographic parameters and refinement details are
provided in Table 1. Atomic coordinates, anisotropic displace-
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Table 2. Atomic Coordinates, Selected Interatomic Distances, and Equivalent Isotropic Displacement Parameters (U,,) of a-
BaCu,As, and f-BaCu,As,”

type atom

a As
Cu
Ba

p Asl
As2
As3
As4
AsS
Bal
Ba2
Ba3
Cul
Cu2
Cu3

selected
interatomic
distances (A)

Wyckoff site

Symm.
4mm
—4m2
4/mmm

4mm

Cul—Asl
Cul—Asl
Cul—As2
Cu2—As3

x/a
1/2
0
0
1/2
0
0
1/2
1/2

1/2

2.541(1)
2.547(1)
2.530(1)
2.569(1)

“U,, is defined as 1/3 of the trace of the orthogonalized Uy tensor.

y/b
1/2
1/2
0
1/2
0
0
1/2
1
0
1/2
0
1/2
1/2
1/2

Cu2—As4
Cu3—AsS

z/c
0.1277(1)
1/4
0
0.02537(2)
0.07412(2)
0.12441(2)
0.17481(2)
1/4
0
0.10086(2)
0.19948(2)
0.05008(2)
0.14997(2)
0.22486(2)

2.550(1)
2.557(1)

occ.
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Asl—Asl
Asl—Asl
As2—As3

Uy, (A%)
0.0105(5)
0.0177(8)
0.0143(5)
0.0111(4)
0.0107(4)
0.0094(4)
0.0086(4)
0.0089(4)
0.0111(4)
0.0097(4)
0.0088(4)
0.0212(4)
0.0166(4)
0.0134(4)
2.572(3)

2.590(2)

2.567(1)

Block B
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Figure 2. (a) a-BaCu,As, with the ThCr,Si,-type (block A motif) structure; (b) a-BaCu,As, with a hypothetical CaBe,Ge,-type (block B motif)
structure; (c) intergrowth structure of f-BaCu,As, with the ABABA stacking pattern; and (d) intergrowth structure of f-BaCu,Sb, with the BAB

stacking pattern.

ment parameters, occupancies, and some selected interatomic

distances and angles are provided in Table 2. The integrated
precession images of the (0kl), (h0l), and (hk0) layers from

the complete set of single-crystal diffraction data, as shown in

Figure 1b—d, provide clear visualization of the existence of the

superstructure in our new phase.

The refined crystal structure of the new f-phase BaCu,As, is

shown in Figure 2. For purposes of comparison, we also
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Figure 3. (a) Acquired and (b) simulated SAED patterns and (c) STEM image of @-BaCu,As,. (d) Acquired and (e) simulated SAED patterns and

(f) STEM image of f-BaCu,As,.

plotted the a-phase of BaCu,As, with the ThCr,Si,-type
structure (Figure 2a) and a hypothetical BaCu,As, with the
closely related CaBe,Ge,-type structure (Figure 2b). Both
structures contain two tetragonally coordinated Cu,As, layers
per unit cell sandwiched by the Ba atoms. In the ThCr,Si,-type
structure, the neighboring Cu,As, layers are equivalent and are
related by inversion symmetry, which results in a body-
centered lattice. The As—As distances between the two
identical Cu,As, layers are relatively short, suggesting
significantly strong interactions between the Cu,As, layers,
akin to the collapsed tetragonal phases discovered in the Fe
pnictide superconductors.”” > CaBe,Ge,-type structures are
instead made up of alternating Cu,As, andAs,Cu, layers and
thus break both the mirror and inversion symmetries, resulting
in a primitive lattice. The new f-phase of BaCu,As, could be
considered an ordered intergrowth of ThCr,Si-type (block A
motif) and CaBe,Ge,-type (block B motif) structures. The unit
cell of our f-phase BaCu,As, consists of five of these unit-cell
blocks stacked along the ¢ axis, where CaBe,Ge,-type blocks
are sandwiched between ThCr,Si,-type blocks with an ABABA
stacking pattern (Figure 2c). Interestingly, this stacking pattern
retains the mirror symmetry, resulting in an overall space group
symmetry of I4/mmm, the same as for the ThCr,Si,-type
structure. The position exchange of Cu (Wyckoff 4d site) and
As (Wyckoff 4e site), which swap positions from the a-phase
ThCr,Si,-type structure to the CaBe,Ge,-type structure, and
the overall ABABA stacking lead to 11 unique crystallographic
sites in our f-phase BaCu,As,, in comparison to only 3 unique
positions in the a-phase BaCu,As,. We have paid close
attention to the possibility of Sn flux inclusion in the crystal
lattice during our single-crystal studies, as has been seen in Fe-
based superconductors grown from Sn flux.'® The full
occupancy at each crystallographic site in our crystal

refinement excludes such a possibility. This observation,
together with the chemical analysis results from EDS and
WDS measurements, leads us to conclude that flux inclusion
during the flux growth of Cu-based 122 compounds is unlikely,
which is consistent with other reports.

It is also worth mentioning that a different intergrowth
stacking pattern of ThCr,Si)-type (block A motif) and
CaBe,Ge,-type (block B motif) structures has also been
reported in the Sb-analogue f-BaCu,Sb,.””*’ Different from
our f-BaCuyAs,, the f-BaCu,Sb, consists of three unit-cell
blocks with the same overall symmetry I4/mmm, where a
ThCr,Si,-type block is sandwiched between two CaBe,Ge,-
type blocks with a BAB stacking pattern, as illustrated in Figure
2d.

To further elaborate the structural difference between the a-
and f-phases of BaCu,As, crystals, HRTEM and HAADF-
STEM images were obtained. SAED and STEM imaging were
carried out along the [100] zone axis. All SAED simulations
were conducted using constructed models that were built
based on the single-crystal diffraction results. Acquired TEM
and SAED patterns are both consistent with the simulated
patterns, indicating that the constructed models accurately
represent the single crystals. Figure 3a,b shows the acquired
and simulated SAED patterns, respectively, of a-BaCu,As,, and
Figure 3d,e shows these respective SAED patterns for f-
BaCu,As,. It can be clearly seen in the simulated SAED pattern
of }-BaCu,As, shown in Figure 3d that there are not only
{001} fundamental spots but also additional 1/5{00I}
superstructure reflections, which are not observed for a-
BaCu,As, (Figure 3b), further supporting the single-crystal
diffraction results. Figure 3¢ shows the HAADF-STEM image
taken from an @-BaCu,As, single crystal along the [001] zone
axis. The STEM images were filtered to enhance contrast by
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removing noise. The existence of each element was confirmed
by STEM and EDX analyses, from which we also observed the
lack of flux inclusions in our crystals. In Z-contrast HAADF
images, each atom can be distinguished easily by brightness
and size. Ba atoms are clearly recognized as bright dots, and Cu
atoms are dimmer than As atoms. For comparison, STEM
images from a f-BaCu,As, single crystal were obtained and are
shown in Figure 3f. Each constructed model is overlapped with
the STEM images to confirm their consistency. Additional As
planes are clearly observed in the BaCu,As, superstructure and
are marked yellow in Figure 3f, which also shows the
intergrowth superstructure in f-BaCu,As, consisting of two
CaBe,Ge,-type unit-cell blocks and three ThCr,Si,-type unit-
cell blocks, which is consistent with our X-ray single-crystal
diffraction and SAED pattern results.

To fully understand the effect of flux on the formation of
different polymorphic phases, to determine the growth window
for this new f-BaCu,As, phase, and to further explore possible
new phases using flux growth, we have systematically studied
the effects of the precursors, temperature, and materials/flux
ratios in a series of controlled experiments with some of the
key results summarized in Table 3. We found the following:

Table 3. Growth Conditions for a-BaCu,As, and f-
BaCu,As, Single Crystals

[Ba:CuAs (or temperature (°C)

Cu:As): flux] flux (initial/centrifuge) products
1:1:10 Sn 950/500 Ba,Sn,As,”
1:2:10 Sn 950/500 Ba,;Sn,As,>°
1:2:2:10 (Cu:As) Sn 950/500 ].’)213Sr12As456
1:2:30 Sn 950/550 Ba,Sn,As,>°
1:4:30 Sn 950/500 f-BaCu,As,

(Z =10)
1:4:30 Sn 1100/550 B-BaCu,As,
(Z =10)
1:2:10 (CuAs) Pb 1100/600 a-BaCu,As,
(z=2)
1:2:2:10 (Cu:As)  Pb 1100/600 a-BaCu,As,
(z=2)
1:4 CuAs 1080/800 a-BaCu,As,
(z=2)
1:2:30 Ga 900/500 no crystal

(1) Using a CuAs precursor is preferred to elemental Cu and
As for the crystal growth when using Sn flux. Regardless of the
starting ratios, using Ba:Cu:As:Sn generally produces the
known air-sensitive ternary compound Ba;Sn,As,”® rather than
the BaCu,As, phase. (2) The starting Ba:CuAs ratio needs to
be less than 1:2 to obtain BaCu,As, crystals rather than
Ba;Sn,As, crystals during Sn flux growth. A Ba:CuAs ratio of
1:4 is optimal to consistently obtain a high-quality BaCu,As,
phase. (3) f-BaCu,As, phase formation is insensitive to the
growth temperature (at least for the temperature range studied
here). We found that growth temperatures ranging from 800 to
1100 °C for a Ba:CuAs:Sn ratio of 1:4:30 all result in the f-
BaCu,As, phase with the same superstructure features based
on X-ray diffraction results. (4) The starting materials are not
important for Pb-flux growth. Both elemental Cu/As and CuAs
precursors are able to produce the a-phase BaCu,As,. On the
other hand, attempts to use Ga as flux under similar synthesis
conditions did not produce any crystals. Clearly, Sn flux has a
compelling advantage over other fluxes for the growth of j-
BaCu,As,, but the synthetic temperature does not make a
difference in the phase formation once the flux is chosen.

These results are different from the observation for BaCu,Sb,,
where it is the temperature profile rather than the flux that
plays an important role in determining a@- or f-phase crystal
growth. This further suggests that potential new phases,
especially the intergrowth of ThCr,Si)-type and CaBe,Ge,-
type structures that we observed here could be further explored
in other 122 compounds through careful modification of both
different types of flux (or their joint flux) and synthetic
temperature profiles.

Both field-dependent transverse Hall resistivity, temper-
ature-dependent in-plane longitudinal resistivity measurement
and magnetic susceptibility measurement were carried out on
this new polymorphic f-BaCu,As,, as shown in Figure 4. The
room-temperature Hall resistivity suggests hole-like carriers in
this system, and the estimated carrier concentration is about
6.63 X 10*'/cm® based on a single-band model (Figure 4a).
The temperature-dependent in-plane resistivity data show
overall metallic behavior, as expected, with a reasonably high
residual resistivity ratio (RRR) = 8.3 compared to the other
Cu-based 122 crystals”®* and a residual resistivity of 1.8 yQ
cm, relatively low among the 122-type com-
pounds,”’~*?13335383% further indicating the high quality of
our grown crystals.

Surprisingly, with a magnetic field of 7 T applied
perpendicular to the ab plane, we observed a high in-plane
magnetoresistivity up to 22% at 5 K. This is quite unusual, as
both theoretical‘l‘j”4 and angle-resolved photoemission spec-
troscopy studies* have suggested that a-BaCu,As, behaves as
a simple sp metal with weak electronic correlations and Cu'*
oxidation states. A Cu'* oxidation state corresponds to a
completely filled 3d"° configuration, which should not have any
net spin moment. A closer look and more careful analysis of
the resistivity of our -BaCu,As, indicates that a fairly weak
resistivity anomaly can be deduced by the first derivation of the
temperature-dependent resistivity data at 43 K, as shown in
inset of Figure 4b. This coincides with the magnetoresistivity
data where the magnetoresistance starts to emerge below 50 K,
as shown in Figure 4b. Through detailed fitting with a Fermi
liquid model in the low-temperature regime using p = p, + AT*
(Figure 4c), we obtained p, = 1.70(1) uQ cm and A =
0.0009(1) uQ cm/K> However, we found the existence of a
small deviation from the Fermi liquid fitting at low
temperature below 10 K, which suggests the possible existence
of spin fluctuation in this system.””>”> Magnetic suscepti-
bility, shown in Figure 4d, is nearly flat between 50 and 300 K
but increases rapidly when temperature is below 50 K. A weak
anomaly is also observed at around 40 K by taking the first
derivation of susceptibility data (inset, Figure 4d), which
further supports the possible existence of spin fluctuations in
the system.

a-BaCu,As, has already been demonstrated to be non-
magnetic,”* and it is analogous to the nonmagnetic collapsed
tetragonal phases in iron pnictide superconductors resulting
from a strong interlayer interaction. However, in -BaCu,As,,
the incorporation of CaBe,Ge,-type blocks into the structure
will influence the interlayer As—As bonding, as the interlayer
interaction in the CaBe,Ge,-type structure is between Cu and
As atoms rather than As—As, which we speculate will drive the
Cu state away from the filled 3d'® configuration and cause the
spin fluctuation in this new phase. This spin fluctuation might
become magnified, or new types of magnetic order could
emerge, if one could further chemically dope this phase
through either nonmagnetic or magnetic ions to tune the
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Figure 4. (a) Hall resistivity data at room temperature for f-BaCu,As,. (b) Resistivity data of f-BaCu,As, from S to 300 K under magnetic fields of
0 and 7 T. The inset shows first derivation of resistivity data under a magnetic field of 0 T. (c) Resistivity data at low-temperature range between §
and 25 K under a magnetic field of 0 T, together with a fitting curve (solid red line). (d) Magnetic susceptibility data of f-BaCu,As, from S to 300
K under a magnetic field of 5 T. The inset is the first derivation of susceptibility data, which shows an anomaly at 40 K.

interlayer As—As interactions, as seen in the other 122
systems.””~®" This will be the subject of future studies.

B CONCLUSION

In conclusion, we have reported a completely new poly-
morphic phase of f-BaCu,As, with a much larger ¢ lattice
parameter than that of a-BaCu,As,. This new phase is an
ordered intergrowth structure with CaBe,Ge,-type blocks
sandwiched between ThCr,Si,-type blocks that retain body-
centered symmetry (I4/mmm), as confirmed by X-ray single-
crystal diffraction, TEM and STEM studies, and comparisons
between our intergrowth structure and the simpler ThCr,Si,-
type structure of a-BaCu,As,. This new phase displays unusual
magnetoresistivity up to 22% at S K and under a magnetic field
of 7 T, which suggests the existence of spin fluctuation in this
system. Our results indicate a route for the discovery of new
polymorphic structures through flux and temperature control
during material synthesis.

B ASSOCIATED CONTENT

Accession Codes

CCDC 1998158 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Paul C. W. Chu — Texas Center for Superconductivity (TcSUH)
and Department of Physics, University of Houston, Houston,
Texas 77204, United States; © orcid.org/0000-0003-3955-
7095; Email: cwchu@uh.edu

Bing Lv — Department of Physics, The University of Texas at
Dallas, Richardson, Texas 75080, United States; ® orcid.org/
0000-0002-9491-5177; Email: blv@utdallas.edu

Authors

Hanlin Wu — Department of Physics, The University of Texas at
Dallas, Richardson, Texas 75080, United States; ® orcid.org/
0000-0002-7920-3868

Sheng Li — Department of Physics, The University of Texas at
Dallas, Richardson, Texas 75080, United States

Zheng Wu — Texas Center for Superconductivity (TcSUH) and
Department of Physics, University of Houston, Houston, Texas
77204, United States

Xiqu Wang — Department of Chemistry, University of Houston,
Houston, Texas 77204, United States

Gareth A. Ofenstein — Department of Physics, The University of
Texas at Dallas, Richardson, Texas 75080, United States

Sunah Kwon — Department of Materials Science and
Engineering, University of Texas at Dallas, Richardson, Texas
75080, United States

https://dx.doi.org/10.1021/acs.cgd.0c00614
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1998158&id=doi:10.1021/acs.cgd.0c00614
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+C.+W.+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3955-7095
http://orcid.org/0000-0003-3955-7095
mailto:cwchu@uh.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Lv"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9491-5177
http://orcid.org/0000-0002-9491-5177
mailto:blv@utdallas.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanlin+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7920-3868
http://orcid.org/0000-0002-7920-3868
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiqu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gareth+A.+Ofenstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunah+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moon+J.+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00614?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00614?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00614?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00614?fig=fig4&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00614?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

Moon J. Kim — Department of Materials Science and
Engineering, University of Texas at Dallas, Richardson, Texas
75080, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.0c00614

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work at University of Texas at Dallas is supported by US
Air Force Office of Scientific Research Grant Nos. FA9550-15-
1-0236 and FA9550-19-1-0037. This project is also partially
funded by NSF-DMREF-1921581 and the University of Texas
at Dallas Office of Research through the Core Facility Voucher
and Seed Program for Interdisciplinary Research (SPIRe)
Program. The work performed at the Texas Center for
Superconductivity at the University of Houston is supported in
part by US AFOSR, the T. L. L. Temple Foundation, the John
J. and Rebecca Moores Endowment, and the State of Texas
through the Texas Center for Superconductivity. M.K. was
supported in part by the Louis Beecherl, Jr. Endowment Funds
and Global Research and Development Center Program
(2018K1A4A3A01064272) and Brain Pool Program
(2019H1D3A2A01061938) through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science
and ICT.

B REFERENCES

(1) Kamihara, Y.; Watanabe, T.; Hirano, M.; Hosono, H. Iron-Based
Layered Superconductor La[O,_F,]FeAs (x = 0.05—0.12) with T, =
26 K. J. Am. Chem. Soc. 2008, 130, 3296.

(2) Rotter, M.; Tegel, M.; Johrendt, D.; Schellenberg, I; Hermes,
W.; Pottgen, R. Spin-density-wave anomaly at 140 K in the ternary
iron arsenide BaFe,As,. Phys. Rev. B: Condens. Matter Mater. Phys.
2008, 78, 020503.

(3) Sasmal, K; Lv, B.; Lorenz, B.; Guloy, A. M.; Chen, F.; Xue, Y.-Y.;
Chu, C.-W. Superconducting Fe-Based Compounds (A,,Sr,)Fe,As,
with A= K and Cs with Transition Temperatures up to 37 K. Phys.
Rev. Lett. 2008, 101, 107007.

(4) Rotter, M.; Pangerl, M.; Tegel, M.; Johrendt, D. Super-
conductivity and Crystal Structures of (Ba, ,K,)Fe,As, (x = 0—1).
Angew. Chem., Int. Ed. 2008, 47, 7949.

(5) Ronning, F.; Klimczuk, T.; Bauer, E. D.; Volz, H.; Thompson, J.
D. Synthesis and properties of CaFe,As, single crystals. J. Phys.:
Condens. Matter 2008, 20, 322201.

(6) Tegel, M.; Rotter, M.; Weiss, V.; Schappacher, F. M.; Péttgen,
R; Johrendt, D. Structural and magnetic phase transitions in the
ternary iron arsenides SrFe,As, and EuFe,As,. J. Phys.: Condens.
Matter 2008, 20, 452201.

(7) Ren, Z.; Zhu, Z.; Jiang, S; Xu, X,; Tao, Q.; Wang, C.; Feng, C,;
Cao, G.; Xu, Z. Antiferromagnetic transition in EuFe,As,: A possible
parent compound for superconductors. Phys. Rev. B: Condens. Matter
Mater. Phys. 2008, 78, 052501.

(8) Jeevan, H.; Hossain, Z.; Kasinathan, D.; Rosner, H.; Geibel, C.;
Gegenwart, P. Electrical resistivity and specific heat of single-
crystalline EuFe,As,: A magnetic homologue of SrFe,As,. Phys. Rev.
B: Condens. Matter Mater. Phys. 2008, 78, 052502.

(9) Bukowski, Z.; Weyeneth, S.; Puzniak, R.; Karpinski, J.; Batlogg,
B. Bulk superconductivity at 2.6 K in undoped RbFe,As,. Phys. C
2010, 470, $328.

(10) Ni, N.; Bud’ko, S. L.; Kreyssig, A,; Nandi, S.; Rustan, G.;
Goldman, A.; Gupta, S.; Corbett, J; Kracher, A, Canfield, P.
Anisotropic thermodynamic and transport properties of single-
crystalline Ba; K.Fe,As, (x = 0 and 0.45). Phys. Rev. B: Condens.
Matter Mater. Phys. 2008, 78, 014507.

(11) Kim, J.; Kim, E.; Stewart, G. Specific heat anomalies for T” T
in superconducting single crystal doped BaFe,As,: comparison of
different flux growth methods. J. Phys.: Condens. Matter 2009, 21,
252201.

(12) Kim, J,; Blasius, T.; Kim, E.; Stewart, G. Superconductivity in
undoped single crystals of BaFe,As,: field and current dependence. J.
Phys.: Condens. Matter 2009, 21, 342201.

(13) Alireza, P. L.; Ko, Y. T. C.; Gillett, J.; Petrone, C. M.; Cole, J.
M.; Lonzarich, G. G.; Sebastian, S. E. Superconductivity up to 29 K in
SrFe,As, and BaFe,As, at high pressures. J. Phys.: Condens. Matter
2009, 21, 012208.

(14) Kihou, K.; Saito, T.; Ishida, S.; Nakajima, M.; Tomioka, Y.;
Fukazawa, H.; Kohori, Y.; Ito, T.; Uchida, S.-L; Iyo, A.; Lee, C.-H,;
Eisaki, H. Single Crystal Growth and Characterization of the Iron-
Based Superconductor KFe,As, Synthesized by KAs Flux Method. J.
Phys. Soc. Jpn. 2010, 79, 124713.

(15) Su, Y.; Link, P.; Schneidewind, A.; Wolf, T.; Adelmann, P.;
Xiao, Y.; Meven, M.; Mittal, R.; Rotter, M.; Johrendt, D.; Brueckel, T.;
Loewenhaupt, M. Antiferromagnetic ordering and structural phase
transition in BaFe,As, with Sn incorporated from the growth flux.
Phys. Rev. B: Condens. Matter Mater. Phys. 2009, 79, 064504.

(16) Saha, S.; Butch, N.; Kirshenbaum, K.; Paglione, J.; Zavalij, P.
Superconducting and Ferromagnetic Phases Induced by Lattice
Distortions in Stoichiometric SrFe,As, Single Crystals. Phys. Rev.
Lett. 2009, 103, 037005.

(17) Bukowski, Z.; Weyeneth, S.; Puzniak, R.; Moll, P.; Katrych, S.;
Zhigadlo, N.; Karpinski, J.; Keller, H.; Batlogg, B. Superconductivity
at 23 K and low anisotropy in Rb-substituted BaFe,As, single crystals.
Phys. Rev. B: Condens. Matter Mater. Phys. 2009, 79, 104521.

(18) Thompson, C. M.; Kovnir, K;; Eveland, S.; Herring, M. J;
Shatruk, M. Synthesis of ThCr,Si)-type arsenides from Bi flux. Chem.
Commun. 2011, 47, 5563—5565.

(19) Mathieu, J. L.; Latturner, S. E. Zintl phase as dopant source in
the flux synthesis of Ba, K Fe,As, type superconductors. Chem.
Commun. 2009, 4965—4967.

(20) Bauer, E,; Ronning, F.; Scott, B.; Thompson, ]. Super-
conductivity in SrNi,As, single crystals. Phys. Rev. B: Condens. Matter
Mater. Phys. 2008, 78, 172504.

(21) Kudo, K.; Nishikubo, Y.; Nohara, M. Coexistence of
Superconductivity and Charge Density Wave in SrPt)As,. J. Phys.
Soc. Jpn. 2010, 79, 123710.

(22) Singh, Y.; Ellern, A.; Johnston, D. Magnetic, transport, and
thermal properties of single crystals of the layered arsenide BaMn,As,.
Phys. Rev. B: Condens. Matter Mater. Phys. 2009, 79, 094519.

(23) Ronning, F.; Bauer, E,; Park, T.; Baek, S.-H. Sakai, H;
Thompson, J. Superconductivity and the effects of pressure and
structure in single-crystalline SrNi,P,. Phys. Rev. B: Condens. Matter
Mater. Phys. 2009, 79, 134507.

(24) Yang, J.; Chen, B.; Wang, H.; Mao, Q.; Imai, M.; Yoshimura,
K.; Fang, M. Magnetic properties in layered ACo,Se, (A = K, Rb, Cs)
with the ThCr,Si,-type structure. Phys. Rev. B: Condens. Matter Mater.
Phys. 2013, 88, 064406.

(25) Paramanik, U.; Prasad, R.; Geibel, C.; Hossain, Z. Itinerant and
local-moment magnetism in EuCr,As, single crystals. Phys. Rev. B:
Condens. Matter Mater. Phys. 2014, 89, 144423.

(26) Ballinger, J; Wenger, L. E.; Vohra, Y. K; Sefat, A. S.
Correlating Itinerant Magnetism in RCo,Pn, Pnictides (R = La, Ce,
Pr, Nd, Eu, Ca; Pn = P, As) to Their Crystal and Electronic
Structures. J. Appl. Phys. 2012, 111, 07E106.

(27) Ganesanpotti, S.; Yajima, T.; Tohyama, T.; Li, Z.; Nakano, K;
Nozaki, Y.; Tassel, C.; Kobayashi, Y.; Kageyama, H. LaPd,Sb,: A
pnictide superconductor with CaBe,Ge, type structure. J. Alloys
Compd. 2014, 583, 151.

(28) Imai, M,; Ibuka, S.; Kikugawa, N.; Terashima, T.; Uji, S;
Yajima, T.; Kageyama, H.; Hase, I. Superconductivity in 122-type
antimonide BaPt,Sb,. Phys. Rev. B: Condens. Matter Mater. Phys. 2015,
91, 014513.

(29) Anand, V.; Kim, H.; Tanatar, M.; Prozorov, R.; Johnston, D.
Superconducting and normal-state properties of APd,As, (A = Ca, Sr,

https://dx.doi.org/10.1021/acs.cgd.0c00614
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.cgd.0c00614?ref=pdf
https://dx.doi.org/10.1021/ja800073m
https://dx.doi.org/10.1021/ja800073m
https://dx.doi.org/10.1021/ja800073m
https://dx.doi.org/10.1103/PhysRevB.78.020503
https://dx.doi.org/10.1103/PhysRevB.78.020503
https://dx.doi.org/10.1103/PhysRevLett.101.107007
https://dx.doi.org/10.1103/PhysRevLett.101.107007
https://dx.doi.org/10.1002/anie.200803641
https://dx.doi.org/10.1002/anie.200803641
https://dx.doi.org/10.1088/0953-8984/20/32/322201
https://dx.doi.org/10.1088/0953-8984/20/45/452201
https://dx.doi.org/10.1088/0953-8984/20/45/452201
https://dx.doi.org/10.1103/PhysRevB.78.052501
https://dx.doi.org/10.1103/PhysRevB.78.052501
https://dx.doi.org/10.1103/PhysRevB.78.052502
https://dx.doi.org/10.1103/PhysRevB.78.052502
https://dx.doi.org/10.1016/j.physc.2009.11.103
https://dx.doi.org/10.1103/PhysRevB.78.014507
https://dx.doi.org/10.1103/PhysRevB.78.014507
https://dx.doi.org/10.1088/0953-8984/21/25/252201
https://dx.doi.org/10.1088/0953-8984/21/25/252201
https://dx.doi.org/10.1088/0953-8984/21/25/252201
https://dx.doi.org/10.1088/0953-8984/21/34/342201
https://dx.doi.org/10.1088/0953-8984/21/34/342201
https://dx.doi.org/10.1143/JPSJ.79.124713
https://dx.doi.org/10.1143/JPSJ.79.124713
https://dx.doi.org/10.1103/PhysRevB.79.064504
https://dx.doi.org/10.1103/PhysRevB.79.064504
https://dx.doi.org/10.1103/PhysRevLett.103.037005
https://dx.doi.org/10.1103/PhysRevLett.103.037005
https://dx.doi.org/10.1103/PhysRevB.79.104521
https://dx.doi.org/10.1103/PhysRevB.79.104521
https://dx.doi.org/10.1039/c1cc10578g
https://dx.doi.org/10.1039/b910749e
https://dx.doi.org/10.1039/b910749e
https://dx.doi.org/10.1103/PhysRevB.78.172504
https://dx.doi.org/10.1103/PhysRevB.78.172504
https://dx.doi.org/10.1143/JPSJ.79.123710
https://dx.doi.org/10.1143/JPSJ.79.123710
https://dx.doi.org/10.1103/PhysRevB.79.094519
https://dx.doi.org/10.1103/PhysRevB.79.094519
https://dx.doi.org/10.1103/PhysRevB.79.134507
https://dx.doi.org/10.1103/PhysRevB.79.134507
https://dx.doi.org/10.1103/PhysRevB.88.064406
https://dx.doi.org/10.1103/PhysRevB.88.064406
https://dx.doi.org/10.1103/PhysRevB.89.144423
https://dx.doi.org/10.1103/PhysRevB.89.144423
https://dx.doi.org/10.1063/1.3671410
https://dx.doi.org/10.1063/1.3671410
https://dx.doi.org/10.1063/1.3671410
https://dx.doi.org/10.1016/j.jallcom.2013.08.005
https://dx.doi.org/10.1016/j.jallcom.2013.08.005
https://dx.doi.org/10.1103/PhysRevB.91.014513
https://dx.doi.org/10.1103/PhysRevB.91.014513
https://dx.doi.org/10.1103/PhysRevB.87.224510
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00614?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

Ba) single crystals. Phys. Rev. B: Condens. Matter Mater. Phys. 2013,
87, 224510.

(30) Ganesanpotti, S.; Yajima, T.; Nakano, K; Nozaki, Y.;
Yamamoto, T.; Tassel, C.; Kobayashi, Y.; Kageyama, H. Super-
conductivity in LaPd,As, with a collapsed 122 structure. J. Alloys
Compd. 2014, 613, 370.

(31) Ronning, F.; Kurita, N.; Bauer, E.; Scott, B.; Park, T.; Klimczuk,
T.; Movshovich, R;; Thompson, J. D. The first order phase transition
and superconductivity in BaNi,As, single crystals. . Phys.: Condens.
Matter 2008, 20, 342203.

(32) Singh, D. J.; Sefat, A.; McGuire, M. A.; Sales, B. C.; Mandrus,
D.; Van- Bebber, L.; Keppens, V. Itinerant antiferromagnetism in
BaCr,As,: Experimental characterization and electronic structure
calculations. Phys. Rev. B: Condens. Matter Mater. Phys. 2009, 79,
094429.

(33) Sefat, A; Singh, D. J.; Jin, R; McGuire, M. A; Sales, B. C,;
Mandrus, D. Renormalized behavior and proximity of BaCo,As, to a
magnetic quantum critical point. Phys. Rev. B: Condens. Matter Mater.
Phys. 2009, 79, 024512,

(34) Singh, Y.; Lee, Y.; Nandi, S.; Kreyssig, A.; Ellern, A.; Das, S.;
Nath, R;; Harmon, B.; Goldman, A.; Johnston, D. Single-crystal
growth and physical properties of the layered arsenide BaRh,As,.
Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 78, 104512.

(35) Xu, N;; Richard, P.; van Roekeghem, A.; Zhang, P.; Miao, H,;
Zhang, W.-L.; Qian, T.; Ferrero, M,; Sefat, A.; Biermann, S.; Ding, H.
Electronic Band Structure of BaCo,As,: A Fully Doped Ferropnictide
Analog with Reduced Electronic Correlations. Phys. Rev. X 2013, 3,
011006.

(36) Chen, Z.; Xu, G.; Hu, W.; Zhang, X,; Zheng, P.; Chen, G.; Luo,
J.; Fang, Z.; Wang, N. Origin of the structural phase transition in
BaNi,As, at 130 K: A combined study of optical spectroscopy and
band structure calculations. Phys. Rev. B: Condens. Matter Mater. Phys.
2009, 80, 094506.

(37) Zhang, W.-L.; Richard, P.; van Roekeghem, A.; Nie, S.-M.; Xu,
N.; Zhang, P.; Miao, H.; Wu, S.-F,; Yin, J.-X; Fu, B. B.; Kong, L.-Y,;
Qian, T.; Wang, Z.-J.; Fang, Z.; Sefat, A. S.; Biermann, S.; Ding, H.
Angle-resolved photoemission observation of Mn-pnictide hybrid-
ization and negligible band structure renormalization in BaMn,As,
and BaMn,Sb,. Phys. Rev. B: Condens. Matter Mater. Phys. 2016, 94,
1551SS.

(38) Anand, V.; Perera, P. K; Pandey, A,; Goetsch, R. J.; Kreyssig,
A.; Johnston, D. C. Crystal growth and physical properties of
SrCuyAs,, SrCu,Sb,, and BaCu,Sb,. Phys. Rev. B: Condens. Matter
Mater. Phys. 2012, 8S, 214523.

(39) Saparov, B.; Sefat, A. S. Metallic properties of Ba,Cu;P, and
BaCu,Pn, (Pn = As, Sb). J. Solid State Chem. 2012, 191, 213.

(40) Han, F.; Zhu, X;; Mu, G.; Zeng, B.; Cheng, P.; Shen, B.; Wen,
H.-H. Absence of Superconductivity in LiCu,P,. J. Am. Chem. Soc.
2011, 133, 1751.

(41) Guo, J.; Wang, G; Jin, S.;; Zhu, K; Wang, S.; Chen, X. The
itinerant state of carriers in pnictide NaCu,P,: Role of distortion in
CuP, tetrahedra. EPL 2010, 92, 57002.

(42) Anand, V. K; Johnston, D. C. Observation of a phase transition
at 55 K in single-crystal CaCu,As,. Phys. Rev. B: Condens. Matter
Mater. Phys. 2012, 86, 214501.

(43) Singh, D. J. Electronic structure of BaCu,As, and SrCu,As,: sp-
band metals. Phys. Rev. B: Condens. Matter Mater. Phys. 2009, 79,
153102.

(44) Lv, Z.-L; Cheng, Y.; Chen, X-R;; Ji, G.-F. Electronic, elastic
and thermal properties of SrCu,As, via first principles calculation. J.
Alloys Compd. 2013, 570, 156.

(45) Wu, S. E,; Richard, P.; van Roekeghem, A; Nie, S. M.; Miao,
H.; Xu, N.; Qian, T.; Saparov, B.; Fang, Z.; Biermann, S.; Sefat, A. S.;
Ding, H. Direct spectroscopic evidence for completely filled Cu 3d
shell in BaCu,As, and @-BaCu,Sb,. Phys. Rev. B: Condens. Matter
Mater. Phys. 2015, 91, 235109.

(46) McLeod, J.; Kurmaev, E.; Perez, L; Anand, V.; Perera, P. K;
Johnston, D.; Moewes, A. Electronic structure of copper pnictides:

Influence of different cations and pnictogens. Phys. Rev. B: Condens.
Matter Mater. Phys. 2013, 88, 014508.

(47) Pfisterer, M,; Nagorsen, G. Zur Struktur ternirer Ubergangs—
metallarsenide/On the Structure of Ternary Transition-Metal
Arsenides. Z. Naturforsch.,, B: J. Chem. Sci. 1980, 35, 703.

(48) Diinner, J.; Mewis, A,; Roepke, M.; Michels, G. Neue ternire
Kupferpnictide mit modifizierten BaAl,[ JStrukturen/New Ternary
Copper Pnictides with Modified BaAl4-Structures. Z. Anorg. Allg.
Chem. 1995, 621, 1523.

(49) Cordier, G.; Eisenmann, B.; Schifer, H. Preparation and crystal
structure of SrCu,Sb, and SrZnBi,. Z. Anorg. Allg. Chem. 1976, 426,
208S.

(50) Krause, L.; Herbst-Irmer, R; Sheldrick, G. M.; Stalke, D.
Comparison of silver and molybdenum microfocus X-ray sources for
single-crystal structure determination. J. Appl. Crystallogr. 2015, 48,
3—-10.

(51) Sheldrick, G. M. SHELXT: Integrating space group
determination and structure solution. Acta Crystallogr, Sect. A:
Found. Adv. 2015, A71, 3—8.

(52) Uhoya, W.; Stemshorn, A.; Tsoi, G.; Vohra, Y. K; Sefat, A. S.;
Sales, B. C.; Hope, K. M.; Weir, S. T. Collapsed tetragonal phase and
superconductivity of BaFe,As, under high pressure. Phys. Rev. B:
Condens. Matter Mater. Phys. 2010, 82, 144118.

(53) Canfield, P.; Budko, S. L.; Ni, N.; Kreyssig, A.; Goldman, A.;
McQueeney, R.; Torikachvili, M.; Argyriou, D.; Luke, G,; Yu, W.
Structural, magnetic and superconducting phase transitions in
CaFe,As, under ambient and applied pressure. Phys. C 2009, 469,
404.

(54) Kreyssig, A.; Green, M. A,; Lee, Y.; Samolyuk, G. D.; Zajdel, P.;
Lynn, J. W.; Bud’ko, S. L.; Torikachvili, M. S.; Ni, N.; Nandji, S.; Ledo,
J. B.; Poulton, S. J.; Argyriou, D. N.; Harmon, B. N.; McQueeney, R.
J.; Canfield, P. C; Goldman, A. L; et al. Pressure-induced volume-
collapsed tetragonal phase of CaFe,As, as seen via neutron scattering.
Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 78, 184517.

(55) Ran, S.; Budko, S. L; Pratt, D. K.; Kreyssig, A.; Kim, M. G,;
Kramer, M. J,; Ryan, D. H.; Rowan-Weetaluktuk, W. N.; Furukawa,
Y.; Roy, B; Goldman, A. I; Canfield, P. C. Stabilization of an
ambient-pressure collapsed tetragonal phase in CaFe,As, and tuning
of the orthorhombic-antiferromagnetic transition temperature by over
70 K via control of nanoscale precipitates. Phys. Rev. B: Condens.
Matter Mater. Phys. 2011, 83, 144517.

(56) Eisenmann, B; Jordan, y; Schifer, H. On Ba;Sn,As,, a New
Zintl Phase with Chain Structure. Z. Naturforsch, B: J. Chem. Sci.
1984, 39, 1151.

(57) Rullier-Albenque, F.; Colson, D.; Forget, A. Longitudinal
magnetoresistance in Co-doped BaFe,As, and LiFeAs single crystals:
Interplay between spin fluctuations and charge transport in iron
pnictides. Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 88, 04510S.

(58) Raullier-Albenque, F.; Colson, D.; Forget, A; Alloul, H.
Multiorbital Effects on the Transport and the Superconducting
Fluctuations in LiFeAs. Phys. Rev. Lett. 2012, 109, 187005.

(59) Jia, S; Chi, S; Lynn, J; Cava, R. J. Magnetic and structural
properties of Ca(Fe,,Co,),P, and Ca(Ni,,Co,),P,. Phys. Rev. B:
Condens. Matter Mater. Phys. 2010, 81, 214446.

(60) Hirai, D.; Von Rohr, F.; Cava, R. J. Emergence of
superconductivity in BaNi,(Ge,P,), at a structural instability. Phys.
Rev. B: Condens. Matter Mater. Phys. 2012, 86, 100505.

(61) Jia, S.; Jiramongkolchai, P.; Suchomel, M.; Toby, B,;
Checkelsky, J; Ong, N. P; Cava, R. J. Ferromagnetic quantum
critical point induced by dimer-breaking in SrCo,(Ge,.,P,),. Nat.
Phys. 2011, 7, 207.

https://dx.doi.org/10.1021/acs.cgd.0c00614
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1103/PhysRevB.87.224510
https://dx.doi.org/10.1016/j.jallcom.2014.06.054
https://dx.doi.org/10.1016/j.jallcom.2014.06.054
https://dx.doi.org/10.1088/0953-8984/20/34/342203
https://dx.doi.org/10.1088/0953-8984/20/34/342203
https://dx.doi.org/10.1103/PhysRevB.79.094429
https://dx.doi.org/10.1103/PhysRevB.79.094429
https://dx.doi.org/10.1103/PhysRevB.79.094429
https://dx.doi.org/10.1103/PhysRevB.79.024512
https://dx.doi.org/10.1103/PhysRevB.79.024512
https://dx.doi.org/10.1103/PhysRevB.78.104512
https://dx.doi.org/10.1103/PhysRevB.78.104512
https://dx.doi.org/10.1103/PhysRevX.3.011006
https://dx.doi.org/10.1103/PhysRevX.3.011006
https://dx.doi.org/10.1103/PhysRevB.80.094506
https://dx.doi.org/10.1103/PhysRevB.80.094506
https://dx.doi.org/10.1103/PhysRevB.80.094506
https://dx.doi.org/10.1103/PhysRevB.94.155155
https://dx.doi.org/10.1103/PhysRevB.94.155155
https://dx.doi.org/10.1103/PhysRevB.94.155155
https://dx.doi.org/10.1103/PhysRevB.85.214523
https://dx.doi.org/10.1103/PhysRevB.85.214523
https://dx.doi.org/10.1016/j.jssc.2012.03.036
https://dx.doi.org/10.1016/j.jssc.2012.03.036
https://dx.doi.org/10.1021/ja108515f
https://dx.doi.org/10.1209/0295-5075/92/57002
https://dx.doi.org/10.1209/0295-5075/92/57002
https://dx.doi.org/10.1209/0295-5075/92/57002
https://dx.doi.org/10.1103/PhysRevB.86.214501
https://dx.doi.org/10.1103/PhysRevB.86.214501
https://dx.doi.org/10.1103/PhysRevB.79.153102
https://dx.doi.org/10.1103/PhysRevB.79.153102
https://dx.doi.org/10.1016/j.jallcom.2013.03.132
https://dx.doi.org/10.1016/j.jallcom.2013.03.132
https://dx.doi.org/10.1103/PhysRevB.91.235109
https://dx.doi.org/10.1103/PhysRevB.91.235109
https://dx.doi.org/10.1103/PhysRevB.88.014508
https://dx.doi.org/10.1103/PhysRevB.88.014508
https://dx.doi.org/10.1515/znb-1980-0611
https://dx.doi.org/10.1515/znb-1980-0611
https://dx.doi.org/10.1515/znb-1980-0611
https://dx.doi.org/10.1002/zaac.19956210915
https://dx.doi.org/10.1002/zaac.19956210915
https://dx.doi.org/10.1002/zaac.19956210915
https://dx.doi.org/10.1002/zaac.19764260210
https://dx.doi.org/10.1002/zaac.19764260210
https://dx.doi.org/10.1107/S1600576714022985
https://dx.doi.org/10.1107/S1600576714022985
https://dx.doi.org/10.1107/S2053273314026370
https://dx.doi.org/10.1107/S2053273314026370
https://dx.doi.org/10.1103/PhysRevB.82.144118
https://dx.doi.org/10.1103/PhysRevB.82.144118
https://dx.doi.org/10.1016/j.physc.2009.03.033
https://dx.doi.org/10.1016/j.physc.2009.03.033
https://dx.doi.org/10.1103/PhysRevB.78.184517
https://dx.doi.org/10.1103/PhysRevB.78.184517
https://dx.doi.org/10.1103/PhysRevB.83.144517
https://dx.doi.org/10.1103/PhysRevB.83.144517
https://dx.doi.org/10.1103/PhysRevB.83.144517
https://dx.doi.org/10.1103/PhysRevB.83.144517
https://dx.doi.org/10.1515/znb-1984-0828
https://dx.doi.org/10.1515/znb-1984-0828
https://dx.doi.org/10.1103/PhysRevB.88.045105
https://dx.doi.org/10.1103/PhysRevB.88.045105
https://dx.doi.org/10.1103/PhysRevB.88.045105
https://dx.doi.org/10.1103/PhysRevB.88.045105
https://dx.doi.org/10.1103/PhysRevLett.109.187005
https://dx.doi.org/10.1103/PhysRevLett.109.187005
https://dx.doi.org/10.1103/PhysRevB.81.214446
https://dx.doi.org/10.1103/PhysRevB.81.214446
https://dx.doi.org/10.1103/PhysRevB.86.100505
https://dx.doi.org/10.1103/PhysRevB.86.100505
https://dx.doi.org/10.1038/nphys1868
https://dx.doi.org/10.1038/nphys1868
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00614?ref=pdf

