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X-ray diffraction, crystal structure, magnetization, and heat capacity results are presented for the rare earth —
chalcogenide ternary system PrCug4sTe, and its non-4f analogue LaCug4oTes. The crystal structure of
PrCug 45Tes is characterized by chains of edge and corner-sharing CuTe, tetrahedra and Pr centered in
polyhedra comprised of Cu and Te. The Cu site is partially occupied and exhibits signatures of local disorder.
Magnetic susceptibility measurements show a Curie-Weiss temperature dependence consistent with a Pr*

state. No magnetic ordering is observed down to 1.8 K, but the negative Curie-Weiss temperature suggests an
antiferromagnetic exchange interaction. Importantly, the low temperature heat capacity of PrCug4sTes is
strongly enhanced by comparison to LaCug4oTe», suggesting that there is a build-up of entropy that is
associated with the 4f-electrons from the Pr®* ions. These features reveal possible spin frustration behavior and
introduce this family of materials as a template for studying new phenomenon.

1. Introduction

The study of low-dimensional solids is of recent interest due to their
fascinating electrical, magnetic, optical and thermal properties. The
vast bonding motifs of chalcogenides offer a platform to investigate the
relationships between dimensionality and physical properties [1-5].
Tellurium-containing intermetallic compounds are known for their
charge density waves [6,7] [8] and are strong candidates for mixed
conductor, phase switching materials [2,9] and thermoelectrics [10—
12]. Recently, WTe, has been shown to exhibit extremely large
magnetoresistance (452,000%) [13] and superconductivity upon ap-
plication of pressure [14], and more recently, dichalcogenides such as
WTe,, y-MoTe,, and PdTe,, to correspond to realizations of Weyl and
Dirac semiconductors [15-19].

The covalent nature of one-dimensional telluride chains can lead to
low-dimensional, anisotropic behavior [4], and reversible redox switch-
ing by electrochemical routes [20]. Quasi one-dimensional structural
PdTe, units in TayPds;Te;q leads to superconductivity [21]. Other
examples of one-dimensional Te chains include Ba,Cuy,Tes [22],
CsTiUTes [23], CsThyTeg [24] and GdsCu,Te; [25]. One-dimensional
Te chains are expected to result in metallic behavior; however, many

compounds such as LnCu,Te, (Ln = La, Nd, Sm, Gd, Dy; x < 0.4) [26],
exhibit semiconducting behavior. Many such materials are also rich
environments to study the influence of the f-electron state on electrical
transport and thermodynamic properties. For instance, both CeSb [27]
and CeSbSe [28], which crystallize in distinct structures, exhibit devil's
staircase magnetic behavior that results from a complex interplay
between the f-states and the low charge carrier densities of these
systems. In addition, the recent work on CeSbTe has been shown to be
a first nonsymmorphic magnetic topological semimetal [29].

In this work, we present the synthesis, crystal structure, magnetic
properties, and heat capacity of PrCug4s5Teo. The crystal structure is
characterized by CuTe, tetrahedral units that are connected along the
c-axis through a quasi-one dimensional network of Te atoms. The
lanthanide atoms are arranged in bicapped trigonal prisms that are
composed of Te atoms, where the nearest neighbor lanthanide distance
is ~ 4.54, i.e., larger than the Hill limit. There is strong disorder on the
Cu site that is associated with partial filling. A Curie-Weiss temperature
dependence is observed in magnetic susceptibility measurements,
revealing that the Pr ions are in the magnetic trivalent state. No
magnetic ordering is observed down to 1.8 K, but the negative Curie-
Weiss temperature suggests an antiferromagnetic exchange interac-
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tion. The low temperature heat capacity of PrCug4sTe> is strongly
enhanced in comparison to LaCug40Tes, suggesting that there is a
build-up of entropy that is associated with the free spins of the
4f-electrons from the Pr®* ions. This reveals possible spin frustration
behavior and brings new interest to this family of materials.

2. Experimental
2.1. Synthetic procedures

Single crystals of PrCug4sTes> and LaCug49Tes> were grown from
their constituent elements. Pr/La (rod, 99.9%) were filed inside of a
N-filled glove box while Cu (shot, 99.999%), and Te (shot, 99.5%)
were used as received. The crystal growth was accomplished in two
steps. In the first step, a mixture of 1 mol Pr: 2 mol Cu: 3 mol Te were
placed in an alumina crucible. The crucible and its contents were
subsequently placed in an amorphous silica tube, evacuated and
backfilled with of Ar three times before a final evacuation and sealing
using a hydrogen torch. The sealed vessel was then heated to 950 °C at
a rate of 0.4 °C/min and dwelled there for 1h before being cooled to
room temperature at a rate of 0.1 °C/min. The resulting powder was
then ground with excess KI in an agate mortar and pestle for the
second step. The mixture was placed in an amorphous silica tube,
evacuated and backfilled with of Ar three times before a final evacua-
tion and sealing using a hydrogen torch. The sealed vessel was then
heated to 950°C at a rate of 0.4 °C/min and dwelled there for 72h
before being cooled to 300 °C at a rate of 0.1 °C/min. The sample was
removed from the furnace after dwelling at 300 °C for at least 24 h. The
synthesis produced black single crystals of PrCug4s5Te> with lengths
ranging from ~ 0.75 to ~ 2.0 mm and a yield of approximately 60% and
black single crystals of LaCug40Tes single crystals with dimensions
< 1 mm. Crystals were soaked in distilled water to remove excess KI.

Alternatively, powders of LaCug 40Te> were produced by placing a
mixture of 1 mol La: 2mol Cu: 2mol Te in an alumina crucible and
subsequently into an amorphous silica tube. The tube was then
evacuated and backfilled with of Ar three times before a final evacua-
tion and sealing using a hydrogen torch. The sealed vessel was then
heated to 1050 °C at a rate of 0.8 °C/min and dwelled there for 24 h
before being cooled to 600 °C at a rate of 0.1 °C/min.

2.2. Elemental analysis

Single crystals of PrCug4sTe, were characterized by electron
dispersive spectroscopy (EDS) using a JEOL JSM-6610LV microscope
with JEOL GUI Software package and an Oxford Instruments INCA
Energy 250 spectrometer with an X-Max 20 detector operated with
Inca Micro Analysis Suite. Selected crystals were arranged on double-
sided carbon tape adhered to an aluminum sample puck. Each crystal
was cleaved to expose inner portions to acquire more accurate
elemental analysis of the bulk sample and to avoid erroneous readings
due to any surface impurities. Several spots on each crystal were
analyzed for 45 s, the results from five measurements were averaged,
and atomic ratios were normalized to praseodymium. The resulting
elemental composition of the sample is Prj ooc1)Clo.a7s)T€2.06(4)s
similar to the composition obtained from single-crystal X-ray diffrac-
tion.

2.3. Powder and single crystal X-ray diffraction

Powder X-ray diffraction data was collected on ground single
crystals of LaCug4oTe» using a Bruker D8 Advance powder X-ray
diffractometer equipped with a LYNXEYE XE detector using a Cu Ka
radiation source (A=1.54184A). The powder pattern is included in
Supplementary information.

A single-crystal fragment of PrCug 45Te> was cut into a suitable size
(0.02 x 0.08 x 0.12mm?®) and mounted on a glass fiber with epoxy.
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Table 1
Crystallographic data and structure refinement for PrCug 4s5Tes.

Space group Pbem

a@) 7.652(2)

b &) 8.451(4)
cd 6.234(1)

vV (A% 403.2(2)

Z 4

Crystal size (mm®) 0.02 x 0.08 x 0.12
Temperature (K) 299

0 Range (°) 2.7-30.5

u (mm™Y) 28.30
Collected reflections 5471
Unique reflections 642

Rint 0.039

h -10<h <10
k -10<k<11
l -7<1<8
Apmax (e A7) 2.05

Apmin (e A7%) -1.19

GoF 1.21
Extinction coefficient 0.0082(4)
“R, for F? > 20(F?) 0.0195
"WR(F?) 0.0476

&Ry = X IFyI—IFII/ Y Kl

PR, = (LW - FOE

Data sets were collected on a Bruker D8 Quest Kappa single crystal X-
ray diffractometer equipped with an IuS microfocus Mo Ka radiation
source (A=0.71073 &) operating at 50kV and 1 mA. Initial models of
the crystal structure were first obtained using SHELXT (intrinsic
phasing method) [30] and refined using SHELX1.2014 [30]. Final
structure refinements include anisotropic displacement parameters
and variable occupancy of the Cu site. Additional experimental details
are shown in Table 1.

2.4. Magnetism and heat capacity

The temperature dependent DC Magnetic susceptibility x = M/H
and field dependent magnetization M(H) were measured for a powder
sample of PrCug 45Te, between T =2-300K using a field H = 5000 G
and at T=5K for H< 7T. Measurements were performed with a
Quantum Design Magnetic Properties Measurement System. The
temperature dependent heat capacities, C, for LaCug4oTe» and
PrCug 45Te> were measured using the standard relaxation technique
in a Quantum Design Physical Properties Measurement System.
Measurements were performed under temperatures ranging between
T =0.4-50 K at zero magnetic field.

3. Results and discussion
3.1. Crystal structure

The ternary chalcogenide PrCug 45Te, is isostructural to LnCu,Te,
(Ln = La, Nd, Sm, Gd, Dy; x<0.4) [26,31]. The crystal structure of
PrCug 45Te» from perspectives perpendicular to the ab- and bc-planes
is shown in Fig. 1. The Te2 atoms form quasi one-dimensional chains
along the c-axis. Te2—Te2 bond distances decrease from 3.1558(5) Ato
3.0273(3) for LaCug49Te, to DyCugsoTe,, respectively [26]. The
Te2—Te2 interatomic distance found in PrCug4sTe, is 3.1171(8) A,
which follows the Te2-Te2 distance trend in LnCu,Te,.

With a cutoff distance of 3.3A, the Pr ions are centered in
polyhedra comprised of 4 Cu, 4 Tel and 4 Te2 atoms. The Pr-Cu
distances range from 3.162(3) to 3.259(3) A, which is similar to PrCu,s,
featuring Pr-Cu distances of ~ 3.275 A [32]. The 4 Pr-Tel distances are
2x3.3175(7), 1x3.1620(10) and 1 x3.1496(13) A while Pr—Te2
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Table 2
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Atomic coordinates, site occupancies, and equivalent isotropic displacement parameters for PrCug 4sTes.

Atom Wyckoff Site X y z Occupancy Uey'

Pr 4d 0.23882(4) 0.55977(4) a4 1.0 0.01293(13)
Cu 8e 0.4104(4) 0.2043(4) 0.0677(6) 0.222(3) 0.0323(11)
Tel 4d 0.61690(5) 0.40882(5) Ya 1.0 0.01049(13)
Te2 4c 0.07939(5) Ya 0 1.0 0.01169(13)

# U,q is defined as one third of the trace of the orthogonalized Uj; tensor.

Te1

Te2

b
T—> c
Fig. 1. The structure of PrCug45Te> down the c-axis on left and along the be-plane on

right. The one-dimensional Te chain runs along the c-axis. Blue, red and green spheres
represent Pr, Cu, and Te, respectively.

Te2

3.1496(13)

3.1620(10)

Fig. 2. The coordination environment of Pr is comprised of 4 Cu, 4 Tel, and 4 Te2
atoms. Pr, Cu and Te are represented by blue, red and green spheres, respectively.
Numbers represent interatomic distances in A.

interatomic distances measure 2 x 3.3080(8) and 2 x 3.2819(10) A.
These Pr—Te interatomic distances are similar to Pr—Te bond distances
of 3.1537-3.2381 A found in PrTe, [33].

CuTe, tetrahedral units are connected by alternating edge and
corner sharing Tel atoms along the c-axis, as depicted in Fig. 3. CuTe4
tetrahedral coordination has been observed in many chalcogenides
such as RCuTe, (R = Y, Gd-Lu) [10-12,34-37], CsCuUTesz [23],
BaAgsCus sTes [38], CroCuXy (X =S, Se, Te) [39], CsCuNd»Se, [40]
and CsCuGd,Te4 [41]. Cu-Te bond distances in PrCug 45Te,, shown in
Fig. 3, range from 2.595(3)A to 2.751(3) A, resulting in distorted
CuTe, tetrahedra. These distances are similar to Cu-Te distances of
2.345-2.682 A in BasCuy_,Tes [42], 2.583-2.593 A in KCuZrTe; [43],
and 2.671 A in CugggEuTe, [44]. In PrCugusTe, the shortest Cu-Cu
interatomic distances between partially occupied, symmetry equivalent
sites are only 1.145(8) and 2.273(8) A. To the best of our knowledge,

2.595(3)
2.605(3)

Fig. 3. Left: A distorted CuTe, tetrahedron with bond distances shown in A. Right: Edge
and corner sharing CuTe, chain along the c-axis.
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the shortest known Cu-Cu separation is 2.35A (in Cu(tolyl-NNNNN-
tolyl)3) [45]; hence, it is plausible that the Cu atoms are geometrically
constrained and that CuTe, tetrahedra share only corners in the local
crystal structure.

One significant observation to note is that the Ueq of Cu was three
times larger than U, values of Pr and Te in single crystal X-ray
diffraction experiments. The Ueq of Cu is highly anisotropic with Uss
being approximately twice that of U;; and U,,. The ~ 3.21 and ~3.96 A
Cu---Cu distances in PrCug4sTe, are somewhat larger than Cu---Cu
distances of ~ 2.8-3.1 A observed in NaCuTe [46] and NaCusTe, [47],
which contain ordered CuTe, tetrahedral chains and layers. The
unusual atomic displacement parameter (ADP) of Cu may be due to
the random variation of the Cu---Cu distances in the average structure.
Further investigation of the local structure would provide insight into
the nature of Cu bonding. It should be noted that the Cu ADP is large
relative to other atoms only in PrCug4sTe,. In other previously
published rare-earth analogues of this structure type, the Cu ADP are
similar to atomic displacement parameters of the rare-earth and Te
atoms, except for the Gd and Dy analogues where the Cu ADP is
approximately double the ADPs of the other atoms [26].

3.2. Magnetic susceptibility

The temperature dependent DC magnetic susceptibility y = M/H
and field dependent magnetization M(H) were measured for a powder
sample of PrCug 45Tes between T =2-300K using a field H = 5000 G
and at T=5 K for H < 7T (Fig. 4). Across nearly the entire temperature
range, the magnetic susceptibility data follow a Curie-Weiss tempera-
ture dependence, y = (C/(T-0)), where C is the Curie constant and 0 is
the Curie-Weiss temperature (Fig. 4b). The weak deviation from this
function only at low temperatures reveals that the impact of crystal
electric field splitting on the magnetic state is weak. A fit to the data on
the range T'=50-300K yields the values C = 1.44 cm®K/mol and 6
-11.4 K. From C, the effective magnetic moment g is calculated to
be 3.4 ug, which is close to the theoretical value of 3.51 ug for Pr*.
From this, it was concluded that the magnetism of this system is

0.10 T T

250 T0—" I
T=5K
200 0.8
o.oam P . .
€150 506
- =100 o4
00618 - s 4
£
P 50 0.2
£
S oo ®) f (©
N004F o o 0.0 7
e O 100 200 300 0 1 2 3 4 5 6 7
L]
‘.. T PrCu, . Te, H{T)
0.02 |- '0.... H=05T 7
%00,
00000000
a
000 ( ) 1 1 1 1 1
0 50 100 150 200 250 300
T (K)

Fig. 4. (a) The temperature dependent magnetic susceptibility y = M/H vs temperature
T collected in an applied magnetic field H = 0.5 T for PrCug 45Te,. (b) Inverse magnetic
susceptibility y~Z(T). The straight blue line is a Curie-Weiss fit to the data, as described in
the text. (c) Field dependent magnetization of PrCug 4s5Te, at 5 K.
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Fig. 5. Comparison between the heat capacity divided by temperature C/T vs T for
LaCug 4oTe, and PrCug 4sTe,. Inset: C/T vs T2 for both compounds.

associated with the 4f-electrons of Pr and that the Cu 3d-electrons do
not carry a localized moment. Although there is no evidence for
magnetic ordering, the modest and negative 6 has been found to
provide evidence for antiferromagnetic exchange between the f-elec-
tron moments. The field dependence of the magnetization at T=5K
(Fig. 4c) is consistent with this scenario, where a gradual increase with
negative curvature is observed, to approach a moment near 0.9 ug/
formula unit (F.U.) at H =7T.

3.3. Heat capacity

The temperature dependence of the heat capacity divided by
temperature C/T vs T for PrCug4sTe> and its nonmagnetic analogue
LaCug40Te> are shown in Fig. 5. LaCug4oTes exhibits a typical
temperature dependence, where the low T behavior follows the
expression C/T=y+BT? (y and B are the electronic and phonon
contributions to the heat capacity, respectively) with y;, =3.1 mJ/
mol K? and B = 0.78 mJ/mol K? (Fig. 5 inset). From the non-zero value
of yL,, it has been concluded that there are an appreciable number of
charge carriers near the Fermi energy. This is unexpected since earlier
work shows that the chemical analogues exhibit semiconducting
behavior, where y would be close to zero. From the value of 3, the
Debye temperature has been calculated 6, =215K. In contrast,
PrCug 45Te> exhibits a strong enhancement of C/T across the entire
measured temperature range with nonmonotonic features. In particu-
lar, there is a clear but broad hump around T; = 4 K and a much weaker
hump around 7> =~ 24 K. These anomalies could indicate short range
magnetic ordering. A linear extrapolation of the low temperature
behavior also suggests that yp, = 27 mJ/mol-K2, which is much larger
than yp,. It is natural to associate this difference with the unquenched
entropy of the Pr f-moments, and similar anomalous behavior is
frequently associated with the development of either spin glass states
or correlated spin liquids [48]. In fact C « T2 was reported for
Lu,Mo,0- which is observed to display an anomalous spin glass state
in the absence of any significant chemical or bond disorder [49].
Thermal transport measurements may help in understanding the
nature of the heat capacity observed for PrCug 45Tes.

4. Discussion and conclusions

Taken together, these results expose PrCug4sTes as a disordered
magnetic semiconductor. Since the La analogue is also a semiconduc-
tor, it is clear that the electronic behavior is a result of the band
structure which does not seem to be influenced by the flat f-states
which, in principle, could be near the Fermi energy. Instead, the Pr ions
carry a localized trivalent moment indicating that they are well below
the Fermi energy. From the viewpoint of the magnetic susceptibility,
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this produces a typical Curie-Weiss behavior with a small antiferro-
magnetic exchange interaction on the order of 6 =-11.4 K. This would
lead us to expect magnetic ordering around this temperature, but
instead we find no evidence for a phase transition. In its place, there is
an unexpected build-up of the heat capacity that is centered around T}
~ 4 K. This may represent short range magnetic ordering resulting from
magnetic frustration, but further work is needed to clarify the origin of
this behavior. It should be pointed out that theoretical calculations
show that the Cu-Te interactions in LaCu,Te, (0.28 < x < 0.50) play an
important role in its electronic band structure; distortions in the Te
chain resulting from varying Cu concentrations resulted in a band gap
opening at the Fermi energy [50]. In light of these calculations, the
larger atomic displacement parameters of Cu site in our diffraction
studies of PrCug4sTe, warrants further investigation into the local
structure of Cu and its effects on magnetic frustration of the Pr
network. It should be noted that preliminary transport measurements
reveal very high resistivities suggesting that this system is also
semiconducting.
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