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BaCuTP, (T = Al, Ga, In): a semiconducting black
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The ThCr,Si, structure type has been well explored for decades with diverse magnetic, superconducting,
and heavy-fermion behavior. For transition metal-containing ThCr,Si>-type compounds, a metallic band
structure and properties are typical. In this work, a rare example of semiconducting BaCuTP, (T = Al, Ga,
In) materials is reported. BaCuTP, materials retain the tetragonal /4/mmm ThCr,Si,-type crystal structure
with a large c/a ratio of ~3.3, where Cu and T metals jointly occupy the Cr-site. Edge-sharing (Cu/T)P4
tetrahedra form [CuTP,]°~ layers stacked along the crystallographic [001] direction, with the Ba®* cations
located in the interlayer spaces. Solid state NMR revealed partial short-range ordering in the Cu/T
sublattice. The composition of the produced phases is electron balanced, Ba2"Cu**T*(P3"),. High values

Rece 5th F 2024 of Seebeck coefficients were experimentally observed due to the high valley degeneracy in the band
Aig:;i% 155tth higrrg;goza structure. Heat capacity and structural studies show that Ba exhibits anisotropic ‘rattling-like’ behavior
along the [001] direction in Ga- and In-containing compounds. A combination of Ba rattling, short range

DOI: 10.1039/d4ta01063a Cu/T ordering, and a recently discovered coupling between acoustic and optical phonons for ThCr,Si,-
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Introduction

One of the most common structural types of ternary interme-
tallics is the ThCr,Si,-type family, which was first reported in
1965 by Ban and Sikirica.»” The general formula of this struc-
ture type is often expressed as AM,X, (A = alkali, alkaline-earth,
rare-earth, or an early transition metal; M = transition metal or
a main group element; X = main group element or late transi-
tion metal). ThCr,Si,-type compounds mostly crystallize in the
tetragonal I4/mmm space group. The [M,X,]-layers are stacked
along the crystallographic [001] direction with the A-site cations
located in the interlayer spaces. The unique structural features
of these materials give rise to a variety of properties such as
superconductivity,** magnetism,””® and, recently,
thermoelectricity.’*** Selective preferences for elements to
occupy either the M-site or the X-site have been noticed. For
example, Al prefers the M-site in materials such as CeGa,Al,,
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type phosphides, resulted in ultralow thermal conductivity (<0.50 W m~t K™Y for the title compounds.

CeBe, ,Al, g, CeCuAl;, and CaZn,Al,.>**** It has been further
reported that the M-site preference of Al decreases with the
increase in the size of the A-site cation.” The site-preferences
also depend on the electronegativity difference of the
elements in the M and X sites. More electronegative transition
metals seem to prefer the X-site.> For certain combinations of
the main group and late transition metal of the same period
(viz. Cu and Ga), establishing site preferences using X-ray
diffraction is challenging due to similarities of X-ray scat-
tering factors.'®” Most of the materials from the ThCr,Si,
family are metallic in nature with a partially filled transition
metal d-band."® The formation of vacancies at the M-site is
common for compounds of late transition metals, such as
ACu, ;4 ¢Pn, (A= Ca, Sr, Eu; Pn =P, As)*>** and RENi; ;4 oP, (RE
= La, Ce, Pr).>"?*

There are two subclasses within the ThCr,Si, structure type,
differing by the absence or presence of covalent interlayer X-X
interactions. The first type is classified as the “normal” ThCr,Si,
type structures (sometimes as a BaZn,P, type structure), while
the second type is classified as the “collapsed” ThCr,Si,-type
structures.'® Materials with a ¢/a ratio of the unit cell parameters
higher than ~3.2 can be considered as the “normal” type, and
they only account for about 10% of all reported ThCr,Si, type
materials.> On the other hand, “collapsed” structures tend to
form with materials consisting of late transition metals with
high valence electron counts.

A vast majority of the transition metal pnictides with
a ThCr,Si, structure exhibit metallic properties. For transition
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metals with a partially filled d-shell, the features of the elec-
tronic structure are elegantly summarized by Hoffmann and
Zheng.>'® A closed-shell d'® electronic configuration can be
achieved by late transition metals, like Cu’, which tend to form
collapsed ThCr,Si, structures with close to covalent P-P or As-
As interlayer distances. To realize semiconducting properties,
an opening of the bandgap in the electronic band structure is
required. Moreover, the compound should be charge-balanced
to position the Fermi level on the top of the valence band.
Collapsed alkali metal ThCr,Si,-type compounds are not charge
balanced, such as Li"(Cu"),(P>"),, while collapsed
A**(Cu®),(Pn*"), should be electron balanced. Yet, the opening
of the bandgap is not guaranteed and the non-zero density of
states at the Fermi level is expected for the hypothetical
alkaline-earth copper pnictides, ACu,Pn,. The experimental
observations of 10-15% vacancies in the Cu sites, such as in
BaCu, gsAs, and CaCu, ;5P,, indicate system relaxation aiming
at the reduction of the number of states at the Fermi level in
a metallic system. Replacing Cu with Zn, 3d orbitals of which
are more localized and located way below the Fermi level, allow
semiconducting properties to be achieved in electron-balanced
“normal” ThCr,Si,-type structures, Ba>*(Zn>"),(Pn*"),.»

ThCr,Si,-type pnictides have been studied as thermoelec-
trics.'® Since many of these materials show metallic behavior,
carrier doping is required to reduce their carrier concentrations
to an optimum level. For example, BaZn,As, is metallic in
nature and has been doped with K to enhance the thermo-
electric figure of merit. Low lattice thermal conductivity in these
materials was attributed to the randomness and lattice insta-
bility arising from doping.'»** Recently, density functional
theory (DFT) calculations revealed that the origin of the low
lattice thermal conductivity of ThCr,Si,-type materials lies in
the coupling of acoustic and low lying polar optical phonons, as
well as the anisotropic chemical bonding.”*** The anisotropic
displacement behavior of alkaline-earth or rare-earth cations in
ThCr,Si,-type pnictides can be compared to the ‘rattling’ nature
of the guest atoms in clathrate materials, which can lead to
significant phonon dispersion, resulting in ultra-low thermal
conductivities.?*® Given such characteristics, we focused on
synthesis of charge balanced semiconducting ThCr,Si,-type
pnictides.

In this work, we have explored a set of new ThCr,Si,-type
phosphides with the general formula BaCuTP, (T = Al, Ga, In).
The M-site is jointly occupied by Cu and one of the triel
elements. BaCuAlP,, BaCuGaP,, and BaCulnP, crystallize in the
ThCr,Si,-type structure, with a tetragonal I4/mmm space group,
in the rare ‘normal’ structure type with an elongated c-axis.
Anisotropic displacement or ‘rattling-like’ behavior of the
interlayer Ba atoms along the [001] direction was confirmed
with detailed structural analysis and heat capacity measure-
ments. Solid state >'P NMR studies suggested the presence of
local ordering involving Cu/T distribution and/or Ba displace-
ment. Electron balanced composition of Ba**Cu*T*"(P*7), gives
rise to a semiconducting behavior with valley degeneracy, which
results in high values of Seebeck coefficient and ultralow
thermal conductivity.
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Results and discussion

Three new ThCr,Si,-type phosphides were synthesized:
BaCuAlP,, BaCuGaP,, and BaCulnP,. The synthesis conditions
were different for each material, owing to their varying thermal
stabilities at elevated temperatures and the existence of
competing phases. Samples of BaCuAlP, were synthesized from
elements utilizing a high temperature solid state reaction at
1373 K, followed by slow cooling and long isothermal annealing
at 1173 K (Fig. 1d). BaCuGaP, on the other hand could not be
synthesized in high yield from elements due to the formation of
the competing stable binary phase, GaP. Such an occurrence
has been reported before while working with other quaternary
Ba-Cu-Ga-P phases.” To mitigate this problem, a BaGa,
precursor was used as a Ga-source instead of elemental Ga
(Fig. S1f). High purity BaCuGaP, sample was synthesized
following the BaGa, precursor synthetic route by annealing the
reaction mixture at 1123 K (Fig. 1e). Fine plate-like crystals of
BaCuGaP, were resulted from this reaction (Fig. 1e inset). A
wide range of temperatures and two types of reactants, either
with elements or from Baln, precursors, were attempted to
produce BaCulnP,. Either way, substantial amounts of admix-
tures were present all the time in the resulting product
(Fig. S21). However, the BaCulnP, sample contained large plate-
like single crystals that were handpicked using an optical
microscope, for characterization.

Single crystal X-ray diffraction (SCXRD) studies were carried
out on selected crystals from all three samples. All three phases
crystallize in the ThCr,Si,-type tetragonal I4/mmm space
group (Fig. 1a-c). The M-site is jointly occupied by Cu and
corresponding triel elements (T = Al, Ga, or In). The refined
compositions from SCXRD characterization = were
BaCuy go(1)Al1.001)P2, BaCUy 32)G20.7(2)P2, and BaCuy 13(2)INg g7(2)Po-
Due to similar X-ray scattering factors of Cu and Ga, the precision
of the site occupancy determination is low."”” The Cu: T ratio for
BaCuAlP, and BaCuGaP, was close to 1:1 within 3 standard
deviations, while the BaCulInP, single crystal was found to be Cu-
rich. The occurrence of the Cu: T ratio being closer to 1:1 with
Ba(+2), Cu(+1), T(+3), and 2 P(—3) resulted in electron-balanced
compositions. The crystallographic parameters and the details
of all structures are provided in Table 1. The crystal structures are
composed of [CuTP,]*" layers sandwiched with layers of Ba*" ions
(Fig. 1a and c). The atomic displacement parameter (ADP) ellip-
soid of the Ba atom in BaCuAlP, was elongated along the [001]
direction (Tables S1 and S27). In the structures of BaCuGaP, and
BaCulnP,, the Ba site refined better as split into Bal/Ball sites
(Fig. 1c and Tables S3-S67), with the split Bal1 site having occu-
pancies of 5% (Ga) and 9% (In). This splitting could be due to an
increase in the unit cell volume of the Ga- and In-containing
compounds as compared to the Al counterpart (Table 1), result-
ing in an increased anisotropy for Ba along the [001] crystallo-
graphic direction. To quantify the ADP elongation, we performed
the refinement of all three structures with a single non-split Ba
site. The ADP ratio (Us3/U;4) of the Ba atom increases from 1.6
(BaCuAlP,) to 2.3 (BaCuGaP,) and 2.1 (BaCuInP,). This increase

This journal is © The Royal Society of Chemistry 2024
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(a) General crystal structure of BaCuTP, (T = Al, Ga, In) depicting the unit cell and the individual atoms in an ellipsoid form; (b) tetrahedral

(Cu/T)P4 units; (c) crystal structure of BaCuGaP, depicting split Ba sites, where Bal is at the center and the origin of the unit cell and Ball is
displaced along [001] to two symmetry equivalent sites; (d) calculated (green) and experimental (black) PXRD patterns of BaCuAlP,, and peaks of
AlP impurity are denoted with #; (e) calculated (green) and experimental (red) PXRD patterns of BaCuGaP,, a peak of the GaP impurity is denoted

with *; (inset) microscopic image of selected BaCuGaP, crystals.

indicates an anisotropic rattling of Ba in Ga- and In-containing

compounds.
(Cu/T)P, tetrahedra share edges to form the anionic layers
(Fig. 1b). The interlayer P-P distance in all cases was ~3.6 A,

much longer than a covalent P-P single bond length (2.20 A),>
confirming that all structures are a “normal” ThCr,Si, type
instead of a “collapsed” one. The c/a ratios of around 3.3 are in
the range for the “normal” ThCr,Si, type structure. Powder X-

Table 1 Composition, crystal data, and structure refinement parameters for BaCuTP,

Nominal composition

BaCuAlP,

BaCuGaP,

BaCulnP,

SCXRD composition
CSD-numbers
Temperature (K)
Radiation (A)
Crystal system
Space group

a (A)

c(d)

Volume (A%

zZ

Data/parameters
Density (g cm ™)

p (mm™)

Rint

G-o-F

Ry [I>20(])]

WR, [I> 20(1)]

R, [all data]

WR, [all data]

Max diff. peak/hole [e A~]

BaCU1Aoo(1)AlL00(1)P2
2285843

100(2)

Mo-K,, 0.71073
Tetragonal
I4/mmm (no. 139)
3.9357(5)
13.114(2)
203.13(6)

2

169/9

4.738

15.23

0.034

1.199

0.022

0.031

0.027

0.032

1.10 and —1.29

This journal is © The Royal Society of Chemistry 2024

BaCu, 3(2)Gao.7(2)P2

BaCuy 14(2)IN0.86(2)P2

2285844 2285845
173(2)
3.9572(8) 4.0773(4)
13.057(3) 13.451(2)
204.5(1) 223.61(5)
147/10 161/10
5.368 5.498
21.77 19.03
0.037 0.094
1.174 1.304
0.026 0.031
0.052 0.073
0.031 0.033
0.054 0.075

1.69 and —1.26

2.63 and —1.32
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ray diffraction (PXRD) experiments confirmed that the samples
are mainly BaCuAlP, and BaCuGaP, phases with tiny impurities
of either AIP or GaP (Fig. 1d and e). For BaCulnP, samples,
PXRD indicated the presence of several impurity phases such as
Ba-P, Cu-In and Cu-P binaries, and unreacted in (Fig. S27).

Energy dispersive X-ray spectroscopy (EDS) studies were
carried out to further confirm the compositions of these new
phases (Fig. S3f). Average compositions were found to be
Bao.97(3)cu1.13(6)A10.87(6)P1.79(6) and Bay 01(6)CU1.05(2)G20.95(2)P1.73(9)
which agrees with the refined SCXRD compositions (Table 1).
Underestimation of lighter elements is a common phenomenon
in EDS analysis, leading to the underestimation of Al and P
contents.* Since BaCulnP, could not be synthesized in a pure
phase, the single crystal that was used for SCXRD was selected
for EDS analysis. The composition of the selected single crystal
was Bag gg(4)Cly.15(3)1N0.52(3)P1.71(5) (Fig. S3e and ft), where the
Cu:In ratio was close to the Cu:In ratio determined from
SCXRD refinement (Table 1). The slight underestimation of Ba
could be due to the slanted surface of the single crystal with
respect to the incident X-ray during the analysis, which is
a common occurrence in EDS analysis of non-flat samples.*

Powdered BaCuAlP, and BaCuGaP, samples were studied
with solid-state NMR spectroscopy (ssSNMR), which is a robust
technique to probe the local environment of a nucleus of
interest. When paired with SCXRD, ssNMR provides a compli-
mentary technique to verify the SCXRD model and overcome
certain SCXRD limitations.*'*® Here, *'P ssNMR spectroscopy
was performed to probe possible local ordering, which is not
detected by the long-range probing techniques, such as X-ray
diffraction. According to the X-ray crystallography model, P
has only one unique site in the /4/mmm crystal structures of
BaCuAlP, and BaCuGaP,, yet the *'P ssSNMR spectra of both
compounds show two inhomogeneously broadened asymmet-
rical peaks with peak maxima at —206 ppm and —258 ppm for
BaCuAlP, and at —214 ppm and —264 ppm for BaCuGaP,
(Fig. 2a and b). Both *'P NMR spectra exhibit similar isotropic
chemical shifts and the frequency difference between the two
peaks is approximately 50 ppm for both compounds. The origin
of the signal broadening is further discussed below. The main
difference in the 1D NMR spectra of the two compounds is the
intensity ratio, as the lower frequency NMR signal in BaCuAlP,
is more intense than the higher frequency one (Fig. 2a), while
the intensity ratio was reversed for BaCuGaP, (Fig. 2b).

The refined SCXRD structures assume an equal probability
of Cu/Al or Cu/Ga atoms being found in each metal atom
position and show that each P atom is bonded to 4 metal atoms.
The most obvious explanation for why two types of *'P NMR
signals are observed is that the *'P chemical shift will change
depending upon the type and number of each metal atom
bonded to P. For example, a structure with maximum short-
range disorder would have five possible combinations of the
four metal atoms bonded to the P atoms (PCu,, PCuT, PCu,T>,
PCuTs;, and PT, motifs), and hence there could possibly be up to
five distinct *'P NMR signals. To investigate Cu/T short range
ordering, heteronuclear NMR experiments were performed to
probe the connectivity between P and the NMR-active metal
isotopes ®*Cu, *’Al, and "*Ga, which are moderate gyromagnetic
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ratio half-integer quadrupolar nuclei that possess a high natural
isotopic abundance of 60%, 100%, and 50%, respectively. We
performed *'P(X) perfect echo (PE) J-resolved experiments to
probe for metal-phosphorus covalent bonds. A PE sequence was
required to refocus the homonuclear Jpp coupling while allow-
ing the evolution of the Jpx coupling (Fig. S41).>”** The appli-
cation of CT selective w-pulses to **Cu, >’Al, or *Ga during the
PE sequence results in evolution of *'P-X scalar couplings,
creation of heteronuclear anti-phase magnetization, and
a reduction in the intensity of the observable *'P NMR signal
(dephasing). Note that the duration of the perfect echo
sequence was optimized to give maximal dephasing for each
metal nucleus. Fig. 2 shows *'P NMR spectra obtained without
(“off”) and with the m-pulses (“on”) applied to the metal
nucleus. The difference spectrum obtained by subtraction is
also shown. For BaCuAlP,, the *'P(**Cu) PE J-resolved experi-
ment shows that application of a ®*Cu saturation pulse results
in dephasing of both *'P NMR signals confirming that both
arise from P atoms covalently bonded to Cu (Fig. 2¢). However,
the higher frequency peak shows enhanced intensity in the
difference spectrum, suggesting that the higher frequency
signal arises from P atoms that form bonds to a larger number
of Cu atoms on average (e.g., PCuzAl). This observation implies
that the lower frequency *'P NMR signals arise from P atoms
that have a larger average number of Al atoms in their first
coordination sphere. Consistent with this hypothesis, the
31p(*’Al) PE J-resolved experiments show enhanced dephasing
for the lower frequency *'P NMR signals.

The *'P(**Cu) PE J-resolved experiment on BaCuGaP, shows
a slight excess of dephasing for the higher frequency *'P NMR
signal (Fig. 2d). The *'P("'Ga) PE J-resolved experiment shows
that the lower frequency *'P NMR signal exhibits slightly higher
dephasing (based on the peak intensity ratios in the difference
spectrum). Therefore, the higher frequency *'P NMR signal is
assigned to P atoms that tend to be bonded to Cu atoms, while
the lower frequency *'P NMR signals should originate from P
atoms that tend to be bonded to Ga. However, given the subtle
differences in dephasing for both peaks, it is clear that P atoms
bonded to both Cu and Ga can contribute to both the high and
low frequency *'P NMR signals.

We performed homonuclear *'P refocused incredible natural
abundance double resonance transfer (INADEQUATE) experi-
ments to understand the connectivity of the P atoms (Fig. 2g).*
In the refocused INADEQUATE experiment, double quantum
(DQ) NMR signals are generated by evolution of 2-bond (P-M-P)
3P homonuclear J-couplings. Optimization of the echo delays
in the refocused INADEQUATE experiments suggests that the
31p J-couplings are approximately 120 Hz. The position of the
NMR signal in the indirect DQ dimension indicates the sum of
the single-quantum (SQ) chemical shift of the two J-coupled
spins. To aid in interpreting the INADEQUATE NMR spectra, we
have plotted them such that the width of the indirect dimension
is twice the width of the direct dimension (in units of ppm).
Therefore, any signals falling on the diagonal correspond to
auto-correlations that arise when *'P spins with approximately
the same chemical shift are J-coupled. Any signals in the 2D
NMR spectrum that are off the diagonal line arise from *'P spin

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 3P spin echo ssNMR spectra of (a) BaCuAIP, and (b) BaCuGaP.. (c—f) 3'P(X) J-resolved ssNMR spectra recorded (red) with or (blue)
without X saturation pulses with X being (c and d) 83Cu, (e) 2’Al, and (f) "*Ga, respectively. The difference spectrum (A) was obtained by subtracting
the NMR spectrum obtained without X saturation pulses from that obtained with the X saturation pulse. (g) 31p refocused INADEQUATE 2D NMR
spectra of BaCuAlP, and BaCuGaP,. All NMR spectra were recorded with a 25 kHz magic angle spinning (MAS) frequency. # indicates an

unknown phosphorus impurity.

pairs that have distinct chemical shifts. We note that the
INADEQUATE 2D NMR spectra show elongated correlation
where the intensity is distributed along the diagonal direction.
For example, the SQ peak separation is constant between the
off-diagonal peaks in the spectrum of BaCuGaP, and is

This journal is © The Royal Society of Chemistry 2024

approximately 56 ppm. The skewing of the correlation peaks is
characteristic of anisotropic bulk magnetic susceptibility
(ABMS) signal broadening.**** We plan to perform additional
NMR experiments, such as diluting the samples in an isotropic
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diamagnetic medium, to confirm that susceptibility effects are
the primary origin of the inhomogeneous broadening.

We first analyze the INADEQUATE spectrum of BaCuGaP,.
Considering the results of the *'P{X} J-resolved experiments, the
auto-correlation centered at —250 ppm SQ chemical shift
should arise from pairs of P atoms that are predominantly
bridging gallium atoms, e.g., (CuGa,)P-Ga-P(Ga,Cu). The auto-
correlation centered at —204 ppm SQ then arises from pairs of P
atoms primarily bonded to Cu atoms such as (GaCu,)P-Cu-
P(Cu,Ga). There are also intense off-diagonal correlations
centered at SQ chemical shifts of —204 ppm and —260 ppm.
These correlations should arise from pairs of P atoms where one
P atom is predominantly bonded to Ga, while the other is
predominantly bonded to Cu, ie, GaCu,P-Cu-PGa;. The
INADEQUATE spectrum of BaCuAlP, shows a similar pattern of
correlations to that seen for BaCuGaP,. The lower frequency 31p
NMR signal shows auto-correlations. Recall that the *'P{*’Al} J-
resolved experiments indicate that lower frequency *'P NMR
signals primarily correspond to P atoms bonded to Al. There-
fore, the presence of this auto-correlation suggests that P
coordinated by Al atoms may be clustered, e.g., the presence of
(CuAl,)P-Al-P(Al,Cu). The higher frequency *'P NMR signals
were assigned to P atoms bonded to Cu and these mainly show
off-diagonal correlations. This observation suggests the pres-
ence of connections between Cu and Al bonded P atoms, e.g.,
(Cu,Al)P-Cu-P(Al;). In summary, ssNMR studies reveal that
complex short-range ordering may be present in the structures
of reported compounds with partial but incomplete clustering
of tetrel and Cu atoms in the square-planar layers.

Differential scanning calorimetry (DSC) was used to deter-
mine the thermal stability. BaCuAlP, was thermally stable upon
heating to 1373 K. However, a tiny exothermic peak was noticed
around 1055 K upon cooling (Fig. S6ct). PXRD carried out on
the sample after cooling showed minor occurrence of AIP and
BagCu,6P3 clathrate impurities in the sample (Fig. S6d and
Table S87). The latter one is expected to crystallize around 1055
K.*> BaCuGaP, exhibits peaks upon heating and cooling with an
onset temperature of 1336 K and 1353 K, respectively
(Fig. S6bt), with two additional low intensity exothermic peaks
at lower temperatures. The formation of GaP and BagCu;¢P;
clathrate admixtures was identified by PXRD (Table S81) in the
sample after DSC. The thermal behavior of BaCuInP, was not
clear from DSC studies as multiple low intensity peaks were
obtained between 1050 K and 1100 K (Fig. S6at), which could be
due to the main BaCulnP, phase, or the several other impurity
phases present (Table S87).

Transport properties were measured on sintered pellets of
polycrystalline BaCuAlP, and BaCuGaP, (95% and 93% dense,
respectively) in a temperature range of 10-823 K (Fig. 2). PXRD
on the sintered pellets revealed no substantial changes in the
samples after sintering (Fig. S8t). 4-Probe resistivity measure-
ment on the polycrystalline samples of those materials revealed
semiconducting behavior, as opposed to most ThCr,Si,-type
materials that are reported to be metallic.> At 673 K, BaCuAlP,
and BaCuGaP, exhibit resistivity values of 2093 mQ cm and
110 mQ cm, respectively (Fig. 3b and inset). The semi-
conducting behaviors can be explained by the charge balanced
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nature and gapped electronic structure. Resistivity was run on
a selected crystal of BaCulnP, in the temperature range of 2-300
K, which revealed a semiconducting behavior as well, reaching
avalue of 79 mQ cm at 300 K (Fig. 3b). Some examples of similar
charge-balanced  ThCr,Si,-type  semiconductors include
BaZn,P, and BaZn,As, with comparable resistivity values.”>** In
turn, the resistivities of RECuZnP, (RE = Pr, Nd, Er) increase
with temperature and lie in the range of 1-10 mQ cm.*

The Seebeck coefficient indicated p-type behavior for both
BaCuAlP, and BaCuGaP,, signifying holes as the majority
carriers. Both materials showed overall high values of the See-
beck coefficient throughout the temperature range, reaching
peak values of 317 uV K" at 798 K for BaCuAlIP, and 235 uV K™ *
at 648 K for BaCuGaP, (Fig. 3c). The high Seebeck coefficient
and high resistivity signify a relatively low hole concentration or
low hole mobility or both.>* For comparison, high Seebeck
coefficients of ~200 pv K" at similarly high temperatures have
been reported for other ThCr,Si,-type materials, such as
BaMn,Sb,, BaZn,P,, and BaMnZn,,Cug,P,.2>***® Another
notable example is BaZn,As,, which reaches ~300 pv K '
around the same temperature range."* Due to high resistivity,
relatively low values of the thermoelectric figures of merit (zT)
were obtained for polycrystalline BaCuAlP, and BaCuGaP,
(Fig. 3d). Undoped BaZn,As, shows similarly low zT and only
proper hole doping demonstrated an increase in the overall
power factor, resulting in a peak zT of 0.67 for Ba, 9K 92Zn,AS,
at 900 K, an improvement of more than 335% compared to the
undoped one. Such an example leaves the room open for hole-
doping as a promising step forward to improve the thermo-
electric performance of the reported materials in the
future.*>*>*

Goldschmidt-Sharp band gaps (E,) of 0.51 eV and 0.18 eV
were calculated using the peak Seebeck coefficient values for
BaCuAlP, and BaCuGaP,, respectively.”* However, the loga-
rithmic plots of electrical conductivity against the inverse
temperature revealed activation energies of 0.07, 0.05, and
0.10 eV for BaCuAlP,, BaCuGaP,, and BaCulnP,, respectively
(Fig. S9t and Table 2). The experimental solid-state optical
absorption measurement revealed possible direct transitions of
0.36 and 0.91 eV for BaCuAlP, (Fig. S7t), which is close to the
corresponding Goldschmidt-Sharp band gap of 0.51 eV and the
calculated band gap of 0.36 eV (vide infra) (Fig. 5a). For
comparison, -BaZn,As, has a narrow experimental bandgap of
0.23 eV.®®

The thermal conductivity of both the studied pellets showed
sharp characteristic peaks at ~50 K, typical for crystalline mate-
rials.? Ultra-low thermal conductivity values of 0.38 Wm ™' K " at
823 K for BaCuAlIP, and 0.59 Wm ' K " at 673 K for BaCuGaP,
were observed (Fig. 3a). Low thermal conductivity in ThCr,Si,
type phosphides was shown to originate from the coupling of the
acoustic and the low-lying optical phonon modes, such as in the
case of RECuZnP, (RE = Pr, Nd, Er).**** Besides this phenom-
enon, the complex short-range ordering detected by NMR, as well
as the anisotropic chemical bonding may play an important role
in reducing the thermal conductivity of BaCuAlP,. For BaCuGaP,,
displacement or an enhanced anisotropic rattling of Ba cations

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Transport properties of BaCuAlP, and BaCuGaP; in the temperature range of 10-850 K; (a) total thermal conductivity; (b) electrical
resistivity (including the electrical resistivity of the BaCulnP, crystal in the temperature range of 2 to 300 K), and electrical resistivity of BaCuAlP,
(inset); (c) Seebeck coefficient; (d) figure of merit (zT). The discontinuity at 300 K is due to two different setups used for high- and low-

temperature measurements.

Table 2 Comparison of different values of the band gap (eV) of
BaCuAlP,, BaCuGaP, and BaCulnP, derived from different experi-
mental and theoretical methods

Goldschmidt-Sharp LMTO band gap Band gap derived

band gap (eV) (eV) from resistivity (eV)
BaCuAlP, 0.51 0.36 0.07
BaCuGaP, 0.18 0 0.05
BaCulnP, — 0.44 0.10

may additionally contribute to the reduction of the lattice
thermal conductivity (Tables S3-S67).

Heat capacity (C,) measurements were carried out on
BaCuGaP, and BaCulnP, crystals in the temperature range of 2—
300 K (Fig. 4). An image of the BaCuGaP, crystal on the heat
capacity puck is shown in the Fig. 4a inset. The plot of Cp/T3 VS.
T revealed Boson peaks for BaCuGaP, and BaCulnP, at 18.2 K
and 14.2 K, respectively (Fig. 4b), establishing the possible
anisotropic displacement behavior of the Ba atoms in the
interlayer spaces. This phenomenon has been suggested as the
reason behind the origin of low thermal conductivity for similar
layered materials.>***> Ba atom displacement can be compared
to the rattling nature of the guest cations in inorganic clathrates

This journal is © The Royal Society of Chemistry 2024

and fullerenes.*>*® The position of the peak was proposed to be
inversely proportional to free space available to the cation.**
The Boson peak positions are considered to be at ~20% of the
Einstein temperature (6g), and the values of 6y were calculated
to be 91 K and 71 K for BaCuGaP, and BaCulnP,, respectively.>*
BaCuTP, can be considered as having elongated polyhedral
cages around Ba (Fig. 4e) with a cage volume of 102.2 A® for
BaCuGaP,. Such a cage volume is comparable to that of the
pentagonal dodecahedron cages present in clathrate-I mate-
rials.”® The average distance between Ba and framework atoms
in clathrate cages is typically between 3.3 and 3.6 A. In the
structure of BaCuGaP,, the distance from Ba to the nearest P
atom (Ba-P,) is 3.35 A (Fig. 4f). The Ba-Cu/T distance is 3.81 A,
which is slightly longer than that of their clathrate counterparts,
where it is ~3.60 A for BaCu,P, and ~3.20-3.70 A for
BagCu,6P30.>° The observed anisotropic displacement of Ba
atoms along [001] agrees well with such an elongated polyhedral
description.

Cp/T vs. T plots (Fig. 4c) revealed Sommerfeld coefficient (y)
values of 2.95 mJ mol™* K2 and 1.20 mJ mol™* K ? for
BaCuGaP, and BaCulnP,, respectively (Fig. 4d). The higher
value for BaCuGaP, points to a higher density of states near the
Fermi level (E;) for BaCuGaP, in comparison to BaCuInP,. Most

J. Mater. Chem. A, 2024, 12, 10481-10493 | 10487
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B
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(f) Cage Parameters
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Ba11-P, (A) 3.17
Bal-P,(A) 4.69
Ba11-P,(A) 4.35
Bal-Cu/T (A) 3.82
Ball-Cu/T(A) 3.53
Cage Volume (A3) 102.23

(a) Temperature-dependent specific heat capacity (Cp) at constant pressure (inset: heat capacity set-up of the BaCuGaP; crystal); (b) heat

capacity data represented as Cp/T3 vs. T; (c) low temperature heat capacity data represented as Cp/T vs. T2; (d) table showing the physical
parameters derived from the heat capacity data for (red) BaCuGaP, and (blue) BaCulnP; crystals; (e) a clathrate-like view of the BaCuGaP, crystal
structure depicting Ba ion encapsulated inside an elongated polyhedron with the Ba-framework distances tabulated in (f).

of the metallic ThCr,Si,-type pnictides have higher values of the
Sommerfeld coefficient, 6-37 mJ mol~! K2, with the notable
exceptions of small gap semiconductors BaMn,Bi, and
BaMn,As,, where the values of y are close to zero. Debye
temperatures (fp) for BaCuGaP, and BaCulnP, were 193 K and
139 K respectively. The value of Debye temperature is usually
proportional to the lattice rigidity and the average speed of
sound in the materials. Overall, a softer lattice can also lead to
ultra-low thermal conductivities.>**® Heat capacity behavior has
been explored for various ThCr,Si,-type pnictides. Most arse-
nides such as CaFe,As,, BaFe,As,, BaMn,As,, and BaNi,As,

10488 | J Mater. Chem. A, 2024, 12, 10481-10493

have overall higher Debye temperatures, 200-300 K, suggesting
stiffer lattices compared to the materials reported here. Even
though the thermal conductivity of most of the metallic
ThCr,Si,-type pnictides has not been well explored, we
hypothesize that the ultra-low thermal conductivities for
BaCuAlP, and BaCuGaP, are partially due to the less structural
rigidity compared to other materials from this family.*”>°

The BaNi,P, twisted clathrate has a split Ba site, where the
Ba rattling gives rise to a Boson peak, with g being 124 K, which
is higher than those of BaCuGaP, and BaCulnP,.** BaNi,P, has
a fp of 205 K, signifying a stiffer lattice than BaCuGaP, and

This journal is © The Royal Society of Chemistry 2024
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BaCuInP,. On the other hand, a clathrate-like material, 116 A%, close to that of BaCuGaP, and La; ¢Bag 4Cu,eP30.%"
Ba,Zn;Ase, has different cages encapsulating Ba atoms, one of Ba,ZnsAss has a 6 of 80 K and a 6, of 109 K, comparable to
which being a hendecahedron cage with a cage volume of those of BaCuGaP, and BaCulnP,. The softer lattice in

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 10481-10493 | 10489
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Ba,Zn;sAs, gives rise to low thermal conductivity. Overall, these
results agree with the semiconducting nature and high Seebeck
coefficients of BaCuTP, materials with overall lower Sommer-
feld coefficients and a lower density of states near the Fermi
level compared to their metallic counterparts.

Density functional theory (DFT) calculations were carried out
with the linear muffin-tin orbital (LMTO) method using an
ordered hypothetical I4m2 structural model (Fig. S10f) of
BaCu7TP, (T = Al, Ga, In). Similar ordered models have been
used for DFT calculations on disordered ThCr,Si,-type struc-
tures.®> The band structures of BaCuAlP, and BaCulnP, revealed
almost direct band gaps, with the valence band maxima at I'-
and Z-points and the conduction band minimum at the Z-point
(Fig. 5a and e). Band gaps were calculated to be 0.36 eV and
0.44 eV for BaCuAlP, and BaCulnP,, respectively. This was
a slight underestimation in comparison to the corresponding
Goldschmidt-Sharp and the experimental band gaps (Table 2),
but such underestimation of band gaps is characteristic of DFT
calculations. BaCuGaP, appeared to not have a band gap
according to the calculations (Fig. 5¢), which is an underesti-
mation from the corresponding narrow Goldschmidt-Sharp
band gap of 0.18 eV (Table 2). The presence of a higher
density of states (DOS) around the Fermi level for BaCuGaP,
(Fig. 5¢) compared to BaCulnP, agrees with its higher Som-
merfeld coefficient (y) (Fig. 4d). The presence of high valley
degeneracy (N,) at the top of the valence bands (Fig. 5a, c and e)
explains the observed high Seebeck coefficients (Fig. 3c) of
BaCuAlP, and BaCuGaP,. Similar high Seebeck coefficient
values can be expected for BaCuInP,. P and Cu have the highest
contributions towards the states on the top of the valence band
(VBM), with minor contributions from the triel and Ba. In turn,
Ba has a major contribution to the states at the bottom of the
conduction band (CBM). A similar band structure was reported
for 8-BaZn,P,, which has a small (~0.03 eV) indirect band gap
along I' — Z points, with P states dominating the VBM and Ba
states dominating the CBM.>® On the other hand, §-BaZn,As,
has a direct band gap of 0.23 eV along the I'-point, with As states
dominating the VBM and Ba states predominantly contributing
to the CBM.*

In a nutshell, the formation of semiconducting ThCr,Si,-
type phases is uncommon. Hofmann and Zheng'® showed that
the properties of the ThCr,Si,-type structures depend on the
filling of the transition metal d-band. The substitution on the
transition metal site was extensively used to modify the elec-
tronic, magnetic, and superconducting properties of ThCr,Si,-
type compounds.®**® Full replacement of the transition metal
with a main group element resulted in the formation of
compounds with different crystal structures, such as BaGe,P, or
Euln,P,. This can be rationalized in the necessity to maintain
a +2 formal oxidation state for the main group M element to
stabilize the ThCr,Si,-type structure, with the sole example
being BaZn,Pn,. In our approach, we combined a 7°" main
group element and Cu'" late transition metal. This realizes
semiconducting materials by opening a bandgap. We hypoth-
esize that even higher formal charge main group elements, such
as Si*" or Ge*, can be accommodated in ThCr,Si,-type
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structures upon proper balancing with Cu'*. Further studies on
such semiconductors are currently underway.

In conclusion, new ThCr,Si,-type phosphides were synthe-
sized with the general formula BaCuTP, (T = Al, Ga, In). The
mixing of a transition metal (Cu) and a main group triel element
(Al, Ga, and In) at the M-site resulted in the formation of charge
balanced semiconductors. The crystal structures retained the
tetragonal I4/mmm structure of the ThCr,Si, materials. Solid
state *'P NMR studies revealed the presence of partial short-
range ordering in the Cu-T metal sublattice. Transport prop-
erty measurements revealed high Seebeck coefficients owing to
the high valley degeneracy shown by DFT calculations. Ultra-low
thermal conductivities were observed, contributed by phonon
scattering from their soft lattices due to the intense ‘anisotropic
rattling’ of the Ba atom in the interlayer spaces, and the
coupling of the acoustic and optical phonon modes. The
combination of the semiconducting electronic structure, ultra-
low thermal conductivity, and high Seebeck coefficient is
a rare example among the few thousand reported ThCr,Si,-type
materials thus far, most of which are metallic in nature. This
paves the way for further modification of these materials such
as hole-doping, band engineering, and isovalent doping, to
increase the carrier concentration and eventually the overall
thermoelectric performance.
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