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The magnetic and transport properties of the novel R374As,0,_s (R = La, Ce, Pr, Nd and Sm, 7 = Ni and
Cu) layered materials were studied using structural and physical properties measurements. Varying the rare-earth
ion led to the observation of diverse physical properties including superconductivity for R = La and 7' = Ni,
ferromagnetic or antiferromagnetic order for R = Ce, Pr, and Sm, or spin-glass behavior in Nd3;NigAs;O,_s.
These complex magnetic and electronic properties are discussed in light of the crystalline anisotropy in these

layered compounds.
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I. INTRODUCTION

Intensive research interest on layered transition-metal
pnictides was stimulated by the discovery of high-temperature
superconductivity in Fe-pnictides and chalcogenides a few
years ago [1,2]. A widely debated problem brought about
by this discovery concerns the relationship between the
structure, magnetism, and superconductivity in Fe-X (X =
pnictogen or chalcogen) and other families of unconventional
superconductors. While 3d electrons often show itinerant
local moment duality, it is the local crystalline environment
that drastically influences the magnetic ground state of the
transition-metal ions. The properties of 3d electrons are
susceptible to perturbations from chemical doping, magnetic
field, or pressure [3—8], and complex physics such as un-
conventional superconductivity often emerges at the local-to-
itinerant electron-state crossover [9,10]. Therefore, the crystal
structure, magnetism, and superconductivity are intimately
related as a result of the dual nature of the 3d electrons.

In the known layered Fe-X compounds, an edge-sharing
tetrahedral structure formed by the Fe and X ions is thought
to be responsible for the itinerant magnetism [10]. Due to
the relatively close Fe and X electronegativities, the bonds
between the anion and cation tend to be metallic covalent
and weak. At low temperature, those compounds order
antiferromagnetically via a spin density wave transition in
these layered structures, and the magnetism can be suppressed
with chemical doping or pressure, in favor of unconventional
superconductivity.

While many Fe-based superconductors have been discov-
ered in recent years, they generally have one or two Fe-X
functional layers within the unit cell [11-14]. It is thus
of interest to know whether more functional layers in the
unit cell would be beneficial for superconductivity, similar
to what had been seen in cuprates [15]. The R3Cu4P4O,_s
(3442) family of layered transition-metal pnictides, previously
reported in Ref. [16], represents one such multilayer structure.
The 3442 structure is a convolution of the functional layers and
different blocking layers from the known RFeXO (1111) and
BaFe;,As; (122) families of pnictides (Fig. 1). The similarities
between the R3CusP4O,_s and the superconducting Fe-X
compounds include the highly anisotropic unit cell, the
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edge-shared tetrahedral layers formed by 7T and X (T =
transition metal), and the metallic transport properties. These
similarities might be further enhanced if Cu could be replaced
by Fe in R3CuyX40,_s, to form Fe X tetrahedral layers, identi-
cal to those in the known Fe-based superconductors. However,
the stability of 1111 and 122 phases makes synthesizing the
3442 Fe equivalent compounds difficult.

This study is a report of the structural and physical proper-
ties of the newly synthesized compounds R374As4O0,_5 (R =
La, Ce, Pr, Nd, and Sm, T = Ni, Cu). By varying the R and T,
the structural, magnetic, and transport properties vary, with a
wide range of ground states, from superconductivity (for R =
Laand 7 = Ni) to long-range magnetic order (for R = Ce, Pr,
Sm and T = Cu, Ni) or spin glass (for R = Nd and 7 = Ni).
Understanding the physical properties of the many compounds
in such a family presents a potential for in-depth insight into
the relation between the crystallographical structure, magnetic
configuration, and superconductivity. In turn, such insight may
allow for the design of higher-temperature superconductors
with multiple functional layers.

II. EXPERIMENTAL METHODS

Polycrystalline samples of R37 4As40,_s (R = La, Ce, Pr,
Nd, and Sm, T = Ni, Cu) were synthesized by solid-state
reaction, with initial compositions R:Cu,O:As = 3:2:4 or
R:NiO:Ni:As = 3:2:2:4. The alumina crucible containing the
starting materials was sealed under vacuum in a silica tube.
The heating recipes consisted of three steps, and were slightly
different for each compound. In the first step, the mixture was
heated for 7 days at several temperatures between 450 °C and
950 °C. Following an intermediate grinding, the samples were
reannealed at temperatures between 1000 °C and 1100 °C for 3
days. For the third and last step, the powders were pressed into
pellets and reannealed at the maximum temperature from step
2. Refinements of the x-ray diffraction (XRD) data suggest
possible oxygen deficiency, resulting in the stoichiometry
R3T 4As40,_s. The oxygen deficiency § in R3T 4As40,_5 can
not be accurately determined from powder XRD data alone.
However, it appears to be a general feature in these 3442
systems, as it was also reported in the phosphorus analogs [17].
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FIG. 1. (Color online) Comparison of the crystal structures of
(a) 3442 (space group I4/mmm), (b) 122 (space group [4/mmm), and
(c) 1111 (space group P4/nmm) compounds. The 3442 unit cell can
be viewed as a combination of the 1111 and 122 unit cells. Rare-earth,
oxygen, transition-metal, and arsenic atoms are depicted in green, red,
blue, and orange. Azy (Az}) represent the distance between adjacent
T-Pn layers sandwiching R2 (R1), and Azp, is the distance between
Pn planes above and below the same T plane, respectively.

Figure 2 illustrates the powder x-ray diffraction patterns for
(a) LazCuyAs40,_s and (b) LazNigAssO,_s, while the insets
show details around the most intense peaks for all compounds
in the two series reported here. Minor impurity phases were
also revealed by XRD refinement, and the appropriate peaks
are marked by asterisks in Fig. 2.

Magnetization measurements up to 300 K were performed
in a Quantum Design (QD) Magnetic Property Measurement
System (MPMS). The specific heat, dc or ac resistivity,
and ac magnetization were measured in a QD Physical
Property Measurement System (PPMS). Phase analysis was
done using laboratory powder x-ray diffraction on a Rigaku
D/max diffractometer with a Cu K « radiation source. Rietveld
analysis of the collected powder XRD data was performed
using the GSAS software package [18].

III. RESULTS

The room-temperature (RT) crystal structure of the
R3T 4As40, is shown in Fig. 1. Rietveld analysis confirms
that the I4/mmm space group describes all new R3T 4As40;_s
compounds (7 = Cu, R = La, Ce, Pr; and T = Ni, R = La,
Ce, Pr, Nd, Sm) reported here. The RT lattice parameters for
these compounds are listed in Table I. For T = Cu, they appear
to be significantly larger compared to those of the phosphorus
analogs R3CusP4O;, (R = La, Ce, Pr, Nd, and Sm) [16,17].
This can be simply explained by negative chemical pressure
when smaller P (with ionic radius rp ~ 0.44 A) is replaced by
As (with a larger ionic radius ras &~ 0.58 A) [19]. As expected,
the lattice parameters across the R3CusAs4O,_5 (R = La, Ce,
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FIG. 2. (Color online) X-ray diffraction patterns for
R3T4As40,_s for (a) T = Cu and R = La, Ce, Pr, and (b) T =
Ni and R = La, Ce, Pr, Nd, and Sm, with the calculated peak
positions (vertical lines) for La;7T;As;O,_s; and the difference
between measured and calculated intensity for LazNigAssO,-_s
(bottom). Inset: detailed view around the (015) and (017) peaks,
illustrating the peak shift across the respective 7' series. Impurity
peaks in these compounds are marked by asterisks.

Pr) and R3NizAs4;O,_s (R = La, Ce, Pr, Nd, and Sm) series
decrease with decreasing R ionic size.

The transition-metal 7 ions (blue in Fig. 1) form a
square planar net, with the 7-T bond distance decreasing
in R3Cu4As4O;_s from deycy = 2.9184(2) A for R =
La, to 2.8770(5) A for R= Pr. In all cases, the dcu.cu
distance is larger than the corresponding values reported in
the phosphorus analogs [16]. The same trend is observed in
R;NiyAs4O;,_s, in which the dy;n; bond distance decreases
from dyi.ni = 2.8879(2) A for R = La to 2.8392(3) A for R =
Sm, but it is still larger than that in LazNisP4O, [20].

Each T ion is tetrahedrally coordinated by As atoms,
resulting in T As4 tetrahedral planes, similar to the 7-Pn planes
in the 122 and 1111 superconductors [Figs. 1(b) and 1(c)]. De-
creasing the R size leads to a decrease of «, the As-T-As angle
[marked in Fig. 1(a)] in both 7 = Cu and Ni R37T4As40,_;
series: for T = Cu, a decreases from 116.16(2)° for R =
La to 113.59(2)° for R = Pr. In R3NizAs40,_s, « is overall
much larger than in the T = Cu series, and it decreases
from o« = 120.96(3)° for R = La to a« = 118.7(5)° for
R = Sm. Surprisingly, for La;PrNigAs4;O,_s « is 122.85(6)°,
larger than that for LazNisAssO;,_s, even though the lattice
parameters were, as expected, smaller in the former compound
a =4.010 A, ¢ =26.497 A. However, in LaPr,Ni As;0,_s,
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TABLE L. Structural parameters and purity information for R3CusAs4O,_s (R = La—Pr) and R3NigAs4O;,_s (R = La—Sm), estimated from

powder x-ray diffraction.

Transition metal (7') Cu Ni

Rare earth (R) La Ce Pr La Ce Pr Nd Sm (LayPr);3 (LaPry);/3
a (A) 4.1247(4) 4.0713(4) 4.0652(8) 4.1146(1) 4.0760(3) 4.0649(6) 4.0473(3) 4.0152(4) 4.0998(5) 4.0838(4)
c (A) 27.557(3) 27.391(3) 27.436(6) 26.594(1) 26.309(2) 26.2603(4) 26.2250(2) 26.0590(3) 26.4970(4) 26.3740
Volume (A3) 468.831  454.019  453.403  450.235 437.092 433910 429.582  420.119 445371  439.850
Purity (wt %) 95 97 90 97 95 89 98 96.5 98 99

Az /Azp, 3.17 3.14 3.11 3.44 3.31 345 3.30 3.27 341 3.37

Az [ Azp, 2.01 2.01 2.01 2.12 2.06 2.11 2.07 2.01 2.10 2.09

a is 119.99(3)°, commensurate with the expected lanthanide
contraction, and consistent with the experimental lattice
parameters a = 4.084 A and ¢ =26.374 A. Furthermore,
from the XRD refinements on La,Pr;_,NigAs;O,_s samples,
in x =1, La occupies the R1 site (i.e., the site without
neighboring O), while for x = 2, the La fully occupies the
R1 site and partially the R2 site (i.e., the site with neighboring
0). As will be shown in the following, LazNigAs4O,_s is
superconducting below T, = 2 K, while none of the other
compounds reported here are superconducting above 0.4 K.
This is consistent with the trends reported for the 7 = Ni 122
and 1111 series [21], where T . increased as « was further
away from the ideal tetrahedral angle ojgey = 109.5°.

The powder x-ray refinements indicate that the purity of
the R3CusAs;0,_5 (R = La, Ce) and R3NizAs4O0,_5 (R =
La, Ce, Nd, and Sm) samples is higher than 95%, while the Pr
compounds in both 7" = Ni, Cu series had slightly lower purity,
~90%. To extract the impurity fractions in R37 4As40,_;s
(R = Pr, T = Ni, Cu), the phase fraction scale factors were
fixed, and then changed manually until the goodness of the
Rietveld fits converged to the minimal values, and the impurity
peaks were properly fit. This procedure was necessary due to
the overlap of the most intense peak of the PrCu and NiAs
secondary phases with a (110) Bragg peak of the 3442 main
phase. This procedure was done for all R37 4As40,_s samples,
for consistency. From all detectable impurity phases, PrCu,
Nd, 03, CeNiyAs;, and Pr,NiOy4 are magnetic [22-25]. While
the former two impurities show no magnetic phase transition
down to 2 K, the latter two show antiferromagnetic phase
transitions at 4.8 and 325 K, respectively. These transitions
are not visible in the Ce3zNigAs;O,_s5 or Pr;NigAs;Or_s
samples in this study (for which the respective impurity phases
were detected), indicating that their measured properties are
intrinsic.

A. Ce3Cll4AS402_5

The temperature-dependent inverse susceptibility H/M
of R3CuyAs40yr_s (R = Ce) for H=0.1 T is shown in
Fig. 3, with the low temperature M/H displayed in the
inset for R = Ce (squares) and La (diamonds). Curie-Weiss
behavior is observed for Ce;CuysAs;O,_5 above 100 K as
H/(M-M,) is linear in temperature up to 700 K, after
subtracting a temperature-independent constant Mo/H =~
2.6 x 107* emu/molc.. From the linear fit of H/(M-My)
above 100 K, a negative Weiss temperature Oy ~ —8 K

is determined, indicative of antiferromagnetic coupling. The
effective moment g = 2.04 ug/Ce>t is smaller but close
to the theoretical value pf = 2.54 pp/Ce**, or the value
2.33 up/Ce’* for Ce3CuyP40,_5 [16]. These observations
are consistent with Cu being nonmagnetic below ~700 K,
and Ce ions being in a 3+ oxidation state. Further indication
of Cu being nonmagnetic is provided by the M(T) data on
the La analog (diamonds, inset, Fig. 3) for which a small
paramagnetic (~10~* emu/moly ), non-Curie-Weiss signal is
registered. At low temperatures, the temperature-dependent
magnetization for Ce3;CuyAs;O;,_5, together with neutron
diffraction data [26], reveals two transitions around 30 and
10 K (inset, Fig. 3), associated with short-range magnetic
correlations. The divergence of the zero-field-cooled (ZFC)
and field-cooled (FC) data below 30 K is indicative of a small
ferromagnetic component of the magnetization.

The magnetic ground state revealed by M(T) above is
consistent with the field dependence of the R3CusAssO,_s
magnetization at 7 =2 K, shown in Fig. 4 for R = Ce
(squares) and La (diamonds). As is readily apparent from
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FIG. 3. (Color online) The temperature-dependent inverse sus-
ceptibility H /(M-M) of Ce;CuyAs4O,_5 for H = 0.1 T. The solid
line is the extrapolated linear fit of H/(M-M,) above 50 K. Inset:
the low-temperature ZFC (open) and FC (full symbols) M/H for
Ce;CuyAs,O,_s (squares) and for LazCuyAs;O,_s (diamonds).
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FIG. 4. (Color online) The magnetization isotherms at 7 = 2 K
for Ce;CuyAs,0,_;5 (squares) and for La;CuyAssO,_5 (diamonds).
Inset: detailed view of magnetization isotherms in the low-field
region.

the inset, both the residual magnetization and the coercive
field for Ce;CusAs4O,_s are very small, consistent with
antiferromagnetic moment coupling with a small ferromag-
netic component. Indeed, the 3442 crystal structure (Fig. 1)
suggests the interlayer coupling to be much smaller than
the intralayer coupling, given that the distances between
adjacent T'-As layers Azy(Az}), normalized by the 7-As layer
thickness Azpy, are Azr/Azp, ~ 3.14 and Az} /Azp, ~ 2.01,
comparable with the values 3.31 in LaOFeAs [1] and 2.08 in
BaFe;As; [2], respectively. For comparison, Azr(Az%.)/Azpy
are also calculated for all the compounds 7 = Cuand T = Ni
series as shown in Table I. Decreasing Azy(Az))/Azp, is in
good agreement with the expected trend, i.e., with decreasing
c lattice parameter from R = La to Sm the thickness of the
T-As layer decreases, as does the height of the As ion. In
Pr3NiyAssO,_s, the average Azr(Az})/Azp, is higher than
that of R = La and Ce, possibly due to the slightly higher
impurity levels.

Preliminary neutron experiments on Ce;NigAs4O,_5 [26],
which indicate small Ce moment ordering, also converge
towards a quasi-two-dimensional (quasi-2D) scenario as broad
(001) diffraction peaks suggest short interplane correlation
lengths. Furthermore, the nonmagnetic nature of the Cu ions
can be inferred both from neutron diffraction and from the
very small LazCuyAssO,_s magnetization M (H) (diamonds,
Fig. 4). It should be noted that the magnetization for R =
Ce reaches only ~0.8 up/Ce’" at the maximum applied
field H = 7 T. This is about one third of the expected
saturated moment (L (Ce3t) = 2.14 1, and is consistent with
the neutrons’ suggestion of small moment ordering. Another
possible explanation may be that much larger fields are needed
to reach saturation. Given the small M(H) slope close to
7 T, the more plausible explanation could be drawn from
crystal-field effects, also consistent with the quasi-2D picture
from neutrons and crystallography.
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FIG. 5. (Color online) (a) The specific heat of R3CuyAs,0,_; for
R = Ce (symbols) and R = La (line) for H = 0. (b) The magnetic
specific heat C,, (symbols, left axis) and the magnetic entropy S,
(line, right axis).

Specific-heat measurements offer a complementary view
into the magnetic properties of Ce;CusAs4O,_s. The specific
heat of R3CuyAs;0,_s, measured from 0.4 to 40 K, is shown
in Fig. 5(a) for R = Ce (symbols) and La (line). Three broad
transitions are apparent for the Ce compound, around 1.9,
15.8, and 23.5 K, while no phase transition is observed for
the La analog down to 0.4 K. The magnetic specific heat
of Ce3CuyAs;0,_s, calculated as C,,(Ce) = C ,(Ce)-C ,(La),
is shown in Fig. 5(a) (symbols, left axis). The magnetic
entropy S,,(T) = fOT dT'(C,,/T'), shown in Fig. 5(a) (line,
right axis), is close to R In2 just above the transitions seen in
C ., consistent with a Kramers ground-state doublet. The broad
peaks in C, [Fig. 5(a)] become sharper in C,, [Fig. 5(b)], but
are more akin to those associated with short-range correlations
[27-29], a scenario also suggested by the above magnetization
data and the ongoing neutron experiments [26].

The resistivity for Ce;CusAssO,_s is shown in Fig. 6
for H =0 (open squares) and 9 T (full squares), with
that of La3;Cu4As4O,_s for H =0 displayed in Fig. 7.
La3;CuyAs4O,_s shows metallic behavior below 350 K (open
diamonds), similar to La;Cu4P4O,_s [16], but with resistivity
values one to two orders of magnitude larger than those of the
Ni analog (this study) or the P analog [16], and comparable
with the resistivity of the Fe-pnictides superconductors [8]. A
possible superconducting transition is present around 1.3 K
(inset, Fig. 7), to be confirmed by further investigation.
In stark contrast, in Ce3;CuyAs4O;_s, resistivity increases
slightly with decreasing temperature above 150 K, while below
50 K the system becomes metallic as the resistivity rapidly
drops with decreasing temperature. The crossover from the
high-temperature semiconducting to low-temperature metallic
behavior occurs through a local maximum at intermediate
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FIG. 6. (Color online) (a) The resistivity of Ce;CuyAs4O,_s for
H = 0 (open symbols) and 9 T (full symbols). (b) Low-temperature
resistivity of Ce;CusAssO,_s5, with a vertical arrow marking the
low-temperature transition (see text). (c) Quadratic temperature
dependence of the low-temperature resistivity for Ce;CuyAssO;_s,
with a solid line representing a fit below 7' = 2.5 K.

temperatures between ~50 and 150 K. Another sharper local
maximum is visible in the H =0 p(T) data around 4 K
[vertical arrow, Fig. 6(b)]. It precedes the apparent Fermi
liquid regime at low temperatures, suggested by the quadratic
p in Fig. 6(c). This local temperature maximum, together
with the low-temperature quadratic resistivity, is reminiscent
of heavy-fermion behavior, where the competition between
RKKY interaction and Kondo screening gives rise to such

7
6. La,CuAsO,
5t
3
o 4+
g 1.
< 3 5
2 £
O-.
1k
0 5 10 15
T (K)
0 1 1 1 1 1
0 50 100 150 200 250 300
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FIG. 7. The resistivity of La;Cu4AssO,_s for H = 0. Inset:
low-temperature resistivity of LazCusAssO,_s5 showing a possible
superconducting transition at around 1.3 K.
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(squares) and La;CuyAs4O,_5; (diamonds) at

a maximum around the magnetic ordering temperature 7 y,
and to Fermi liquid behavior below Ty [30]. However,
the heavy-fermion behavior in Ce;CusAssO,_s is difficult
to establish unequivocally from specific-heat measurements
because of the magnetic transitions occurring between 1.9 and
24 K. Moreover, the complex field-dependent specific heat
never resultsina y T + B T3 dependence at low temperatures.
The complex field dependence of the resistivity and specific
heat of Ce3CuyAs;O,_s are studied in detail elsewhere [26].
Notably, a significant reduction in the Ce;CuyAs40;_s
resistivity is induced by magnetic field, as shown in Fig. 8. The
corresponding magnetoresistance Ap(H)/p(0) = [p(H) —
p(0)]/p(0) reaches Ap(9 T)/p(0) ~ —0.33. Such a value is
comparable to that in the well-known giant magnetoresistance
manganite compounds [31-33]. A possible reason for the large
negative magnetoresistance is the formation of short-range
magnetically ordered clusters, such as the Griffiths phase in
manganites [34,35]. Such a scenario is consistent with the
observation from neutron scattering measurements [26]. As ex-
pected for a paramagnetic metal, LazCuyAs4O;_s shows small
positive magnetoresistance at 7 = 2 K (diamonds, Fig. 8).

B. PF3CU4AS402_3

Figure 9 shows the Pr;CusAs;O,_s inverse suscepti-
bility H/M for H=0.1 T, with the low-temperature
M/H data presented in the inset. After subtract-
ing a temperature-independent constant My/H = 6.45 x
10~* emu/molps+, the magnetic susceptibility is well de-
scribed by a Curie-Weiss law as H/(M-M,) becomes
linear in T above ~70 K. M, sums up the core dia-
magnetic and Pauli paramagnetic contributions. The effec-
tive moment determined from the linear fit of H/(M-M)
iS Ueff = 3.26 u g, slightly smaller than the theoretical value
pu. = 3.58 up for Pr**. This discrepancy might be due to
the presence of impurity phases, with XRD measurements
showing a 90 wt % for the 3442 phase, with the rest consisting
of PrCu and PryAs; secondary phases. The Weiss temperature
0w, also obtained from the linear fit 8y = 2.1 K, and the
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FIG. 9. (Color online) The temperature-dependent inverse sus-
ceptibility H/M of Pr;CusAssO,_5 for H =0.1 T. The solid
line is the extrapolated linear fit of H/M above 50 K. Inset:
low-temperature ZFC (full symbols) and FC (open symbols). The
transition temperatures 7, and 7, are marked by vertical dashed
lines.

diverging M(T) observed below T} ~ 40 K (inset, Fig. 9)
are consistent with ferromagnetic coupling. However, no ZFC
(full symbols) and FC (open symbols) irreversibility occurs
until below a second transition temperature around 7, ~
24 K (inset, Fig. 9). The resulting T'; /0y ratio is unusually
high, T|/60w > 20, a possible consequence of strong crystal
electric field (CEF) and anisotropic coupling effects. By
analogy with Ce;CusAs40;_;s, the two transitions at 7'; and
T, in the Pr compound might be attributed to short-range
correlations. This short-range correlation might be attributed
to a magnetic sublattice with 2D Ising-type correlations, as
the Ising type of magnetic anisotropy is strongly favored by
the local environment around the R1 site [22]. An alternate
scenario could be that the ZFC-FC irreversibility that occurs
only below T', is due to a cluster glass state occurring at low
temperatures. Neutron scattering experiments are necessary to
solve the magnetic structure in Pr;CuyAs;O,_s.

The magnetization isotherms of Pr;CuyAs4O,_s, shown in
Fig. 10 for T =2 K (circles), 30 K (squares), and 100 K
(triangles), above and below the transitions at 7'; and T .
The small magnetization values, less then 1.2 up /Pr3+ at7T
(T =2 K), the nearly linear M(H) isotherms, together with
small hysteresis below T'|, favor the cluster glass scenario.

The specific heat of Pr;CuyAs,O,_s (Fig. 11) displays two
small peaks around 7| and T, also indicating short-range
correlations below T';. An additional broad peak around 10 K
in C, may suggest a spin-glass state at low temperatures.
However, the entropy associated with this latter peak may
also be attributed to the paramagnetic impurities in the
Pr3CusAs4O,_s sample. Given the difficulty in obtaining
higher purity Pr;CusAs,O;_s, neutron diffraction experiments
are needed in order to identify the ground-state and anisotropy
effects in this compound. By applying a field H =9 T (not
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FIG. 10. (Color online) The magnetization isotherms of

Pr;CuyAs,0,_s5 at T =2 K (circles), 30 K (squares), and 100 K
(triangles). Inset: low-field magnetization isotherms at 7 = 30 and
100 K.

shown), the lower transition around 22 K is completely sup-
pressed, while the upper one around 36 K remains unchanged.

The resistivity of Pr3CusAssO,_s (Fig. 12) shows metallic
behavior as it decreases nearly linearly down to ~7; = 40 K.
A drop in resistivity occurs at 7, consistent with loss of
spin-disorder scattering associated with ordering. The residual
resistivity ratio is RRR ~ 16.5, indicative of good metallicity.

C. La3Ni4As402_,;

Figure 13 shows the temperature-dependent susceptibility
of LazNigAssO,_s for H = 0.1 T, with the low-temperature
H = 5 Oedata presented in the inset as 4 x . Above 150K, the

50
PrSCu 4As 402_5
40 +
< H=0
& 30Ff
g
3 0l }
o T,
10} !
T2
0 n 1 n 1 n 1 n 1 n 1 n
0 10 20 30 40 50 60
T (K)

FIG. 11. (Color online) The specific heat of Pr;CuyAssO,_s for
H =0 with the transition temperatures 7, and 7T, indicated by
vertical arrows.
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FIG. 12. (Color online) The resistivity of Pr;CusAs;O,_s for
H=0.

magnetization is almost temperature independent, as expected
for a Pauli paramagnet. The low-temperature upturn in the
H = 0.1 T magnetization could be due to impurities in the
constituent elements. A Curie fit of the data below 50 K
is consistent with ~0.03% Gd impurity. The H =0.1 T
magnetization indicates that Ni is Pauli paramagnetic in
LasNigAs4O,_s, similar to the cases for the Cu analogs
discussed above.

When H =5 Oe, the 47 x shown in the inset of Fig. 13
reveals superconductivity onset around 2 K, with a supercon-
ducting volume faction close to 14%. However, this might be
an underestimate due to the instrumental temperature limit of
1.85 K, at which temperature 47 x is still diving down.

The specific heat of LazNigAssO,_s in Fig. 14(a) confirms
the bulk superconductivity for H = 0 (squares), while a field
of H =1 T (circles) pushes the transition below 0.4 K. A
fit of the H =1 T data to C, = yT + BT> + A/T? gives
the electronic and phonon specific-heat coefficients y =
8.43 mJ/mol; ,K? and 8 = 0.32 mJ /mol; ,K*, respectively. The

6.0x10*
5 0x10° 1 La,Ni,As,O, ;
> H=01T (g
(]
< 4.0x10%p
£ -0.04
5 3
g 3.0x10™ < 008
2
I 2.0x10"f 012 H=50e
= 15 20 25 30 85
1.0x10* T(K)
0.0 . . . . .
0 50 100 150 200 250 300
T (K)
FIG. 13. (Color online) The  magnetic  susceptibility  of

Laz;NigAs,O,_5 for H =0.1 T. Inset: the low-field 47 ) for
H =5 Oe.
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FIG. 14. (Color online) (a) The specific heat of La;NigAs4O,_s
for H = 0 (squares) and 1 T (circles), with a y T+BT>+A/T? fit
(solid line) (see text). (b) The electronic specific-heat jump around
the superconducting transition temperature, with the dotted line
representing a BCS fit up to 1.3 K. The solid lines are used to estimate
the electronic specific-heat jump at 7.

A/T? represents a small nuclear Schottky contribution, with
A = 0.32 mJK/moly,. The electronic specific-heat coefficient
is very close to the value of 8.29 mJ/mol ,K?> in the
Las;NiyP4O, superconductor [20].

Figure 14(b) shows the electronic specific-heat jump
around the superconducting transition temperature for
Las;NigAs4O,_s. The electronic specific heat is obtained as C;
=C,— BT? — A/T?, with B and A determined above. The
jump in the electronic specific heat at transition temperature
Tc=17K, AC,/yT,,is about 1.15, smaller but fairly close
to the value of 1.44, expected for a weakly coupled BCS
superconductor.

The H = 0 electronic specific heat can be fit by BCS theory
up to 1.3 K. The dotted line in Fig. 14(b) represents the fit to
C, = Ce 2O/ksT " with C = 107.55 mJ/mol K and A(0) =
2.36 K. The ratio 2A(0)/ kg T, ~ 2.77 is indicative of a weakly
coupled superconductor, to be confirmed with specific-heat
measurement down to a much lower temperature region.

The temperature-dependent resistivity for LazNigAssO,_;
is shown in Fig. 15. A drop in the resistivity occurs close to 2 K
for H = 0 (full symbols), consistent with the superconducting
transition seen in the bulk measurements. However, the mea-
sured resistance values were close to the instrument sensitivity
values, a possible explanation for the finite resistivity in
the superconducting state. For H = 0.8 T (open symbols,
inset in Fig. 15), the superconducting transition is suppressed
below 0.4 K. Compared to the LazCusAs4O;_s compound, the

094405-7



WANG, MARCINKOVA, CHEN, HE, ARONSON, AND MOROSAN

1.2

0.08

1.0

La,Ni,As,0, ,

0 50 100 150 200 250 300
T (K)

0.0

FIG. 15. (Color online) Temperature-dependent resistivity —of
La;NiyAs,O,_s for H = 0. Inset: low-temperature resistivity for
H = 0 (full symbols) and 0.8 T (open symbols).

resistivity values for La;NigAs4O,_s are about one order of
magnitude smaller, and the residual resistivity ratio RRR =
p(300 K)/p(3 K) is 11.7, nearly three times larger than for
the Cu analog. This might be explained by the fact that the Cu
compound has a larger ¢ lattice parameter, which significantly
reduces the interlayer hopping.

D. Ce;Ni4As402_5

The temperature-dependent inverse magnetization
CesNigAssOy—5 is shown in Fig. 16 for H=0.1 T.
In the temperature range between 2 and 300 K, no
magnetic phase transition is observed. After subtracting
a temperature-independent constant My/H =4.5 X
10~* emu/mol..+, the magnetic susceptibility is well
described by a Curie-Weiss law. The effective moment
determined from the linear fit of H/(M-Mg) is Uesr =
2.14 up/Ce**, slightly smaller than the theoretical value

soor Ce,Ni,As,O,

400 H=01T
300

200 -

H/(M-M,) (mol__s./emu)

100 -

0 50 100 150 200 250 300
T (K)

FIG. 16. (Color online) The temperature-dependent inverse sus-
ceptibility H/M of Ce;NigAs4O,_s for H = 0.1 T. The solid line is
the extrapolated linear fit of H/M above 30 K.
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FIG. 17. (Color online) The isotherm  of

Ce3Ni4As402,5 atT =2K.

magnetization

pu = 2.54 up/Ce*t. The likely implication is that Ce
is in a 34 state, where the constant magnetization term
M, takes into account the contribution from conduction
electron paramagnetism and core diamagnetism. The Weiss
temperature Gy, also obtained from the linear fit, is Oy =
—21 K, indicative of antiferromagnetic coupling between Ce*+
ions. With lack of phase transition down to 2 K, the negative
Weiss temperature suggests possible frustration between Ce>*
magnetic moments, which needs to be further investigated.

The T = 2 K magnetization isotherm for Ce;NigAs4O;_;
in Fig. 17 confirms the paramagnetic behavior seen in M(T).
At the maximum applied field H = 7 T, this compound is far
from saturation, as the magnetization reaches 0.45 g, much
smaller than the saturated moment 2.14 5 for Ce’*.

The resistivity measurement for Ce3NigAssO;_s is shown
in Fig. 18 for H = 0 (symbols, full) and 9 T (symbols, open).
By contrast to its Cu analog, Ce;NigAs4O;,_s shows metallic
behavior for the whole measured temperature range, with a
relatively small residual resistivity ratio RRR ~ 2.4. The
resistivity begins to drop steeply below 2 K, indicative of a
possible phase transition. However, due to the temperature

100 150 200
T(K)

FIG. 18. (Color online) Temperature-dependent resistivity for
CesNigAssO,-5 at H = 0 (full symbols) and 9 T (open symbols).
Inset: enlarged view of the low-temperature resistivity.
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FIG. 19. (Color online) The T = 0.4 K magnetoresistance of
C€3 Ni4AS4 02,3 .

range limit of our magnetization measurement, it is not clear
whether this phase transition is associated with magnetic
ordering or not. Below ~20 K, the H = 9 T resistivity values
(open symbols, Fig. 18) are lower than for the H = 0 case.
The T = 0.4 K magnetoresistance for Ce;NigAs4O;_s
in Fig. 19 confirms the low-temperature magnetoresistance.
Compared with the Cu analog, Ce;NigAs4O,_s shows a rela-
tively smaller magnetoresistance Ap(H)/p(0) ~—0.12at9T.
Moreover, Ap(H)/p(0) changes nonmonotonically with field.
Ap(H)/p(0)increases for H < 2.5 T, and then decreases as the
field increases further to 9 T. Such a local maximum might be
associated with a metamagnetic phase transition at 0.4 K since,
as discussed in the following, this temperature appears to be
lower than a possible magnetic ordering temperature at 1.7 K.
To confirm the phase transition indicated by the drop in
resistivity at low temperatures, the specific-heat measurement
for Ce;NigAs4O,_5 is shown in Fig. 20. A sharp peak is

60

RIn2 16

JXT P

50

C, (J/molK)

40t

Cp (J/mol_ K)

20

101 R,Ni,As,O,

H=0

0 10120 3IO.4|0.50.60
T(K)

R=La

FIG. 20. (Color online) The specific heat of R3NiyAs4O,_5 for
R = Ce (symbols) and R = La (solid line) for H = 0. Inset: magnetic
specific heat (symbols, left axis) and entropy (solid line, right axis)
of CC3Ni4AS402,5.
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FIG. 21. (Color online) A combined plot of magnetic spe-
cific heat (left axis) and resistivity derivative (right axis) for
CC3 Ni4AS4 02_5 .

indeed observed around 1.7 K. If we assume this phase
transition to be due to magnetic ordering, the magnetic
specific-heat contribution C,, can be calculated as C,,(Ce) =
C,(Ce)-C,(La), and is shown in Fig. 20 inset (symbols, left
axis), together with the magnetic entropy S,, (line, right axis).
Notably, the magnetic specific heat C,, remains finite up to
temperatures an order of magnitude larger than the transition
temperature. This suggests that short-range correlations might
be present above the ordered state. Similar behavior has
been reported in the Ising antiferromagnet CeNiyAs, [22],
suggesting that the short-range correlations might be due to the
coupling anisotropy in the 3442 or 122 layered compounds.
The entropy at the ordering temperature is much smaller than
R In2, suggesting small moment ordering around 1.7 K.

A combined plot of the magnetic specific heat C,, (left,
full symbols) and the resistivity derivative dp/dT (right, open
symbols) for Ce3NigAs4O;_s is shownin Fig. 21. It can be seen
that the magnetic specific heat and the resistivity derivative
show matching peaks around the phase transition temperature
at 1.7 K, as expected for an antiferromagnetically ordered
metal [36].

E. Pl‘3Ni4AS402_5

Figure 22 shows the Pr3NigAs4O,_s inverse susceptibility
H/(M—M,)for H = 5 Oe, after the temperature-independent
part Mo/H =3 x 10~* emu/molps+ was accounted for. The
inset shows the ZFC (full symbols) and FC (open symbols) low
temperature M/ H. The irreversibility of the low temperature
M/ H, steep increase of the magnetization below the ordering
temperature, and the saturation of the FC magnetization
at low temperatures suggest ferromagnetic ordering in this
compound. At high temperatures, the magnetic susceptibility
is well described by a Curie-Weiss law as H /(M -M ) becomes
linear in 7" above ~70 K. The effective moment determined
from the linear fit of H/(M-My) is perr = 3.18 g /Pr3™,
slightly smaller than the theoretical value uh. =3.58 jup /Pr’+,
indicating that the Pr ion is in a 3+ state. This discrepancy
is possibly due to the small amounts of secondary phases, as
mentioned earlier. The Weiss temperature 6y determined from
the fit is 6y ~ —7 K, suggesting possible antiferromagnetic
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FIG. 22. (Color online) The temperature-dependent inverse sus-
ceptibility H/(M-M,) of Pr;NigAs,sO,_s for H =5 Oe. The solid
line is the extrapolated linear fit of H /M above 30 K. Inset: ZFC (full)
and FC (open) temperature-dependent M /H of Pr;NiyAs,O,_;.

coupling. However, the shape of the susceptibility and ZFC-FC
irreversibility below the magnetic ordering temperature are
typical of ferromagnetic order. Thus, a plausible explanation
for the magnetic ground state would rely on strong crystal-field
effects and highly anisotropic coupling. Neutron diffraction
experiments are necessary to understand the detailed magnetic
structure in this compound.

The magnetization isotherms for Pr;NigAs;4O,_s, shown in
Fig. 23 for T = 2 (full) and 60 K (open), are similar to the
corresponding data for the Cu analog. While the hysteresis in
the T = 2 K curve is consistent with the ZFC-FC irreversibility
in the M(T) data, the coercive field H. = 0.05 T is an order

1.4} 0.4
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10 Loo
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08F =.02

0.6
b 0452402 00 02 04
o 04r H (T)
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FIG. 23. (Color online) The magnetization isotherms of
Pr;NiyAs,O,_s, measured at 7 = 2 (full symbols) and 60 K (open
symbols). Inset: detailed view of the low-field magnetization
isotherms.
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FIG. 24. (Color online) Temperature-dependent resistivity for
Pr;NiyAs,O,_5 at H = 0. Inset: resistivity of Pr3NigAs;O,_; for
H = 0 (full) and 9 T (open symbols).

of magnitude smaller than that of Pr;CusAssO,_5 (0.4 T).
After the initial abrupt increase in the 2 K M (H), a linear field
dependence is registered up to 7 T, while the 60-K isotherm is
linear through the whole measured field range. This results in a
small remanent magnetization M, = 0.3 ug/Pr’* at T = 2K,
close to the value for the analog’s Cu compound. Notably, the
moment at 7 T is much smaller than the theoretical saturated
moment pg = 3.2 g, due to either crystal-field effects or
interaction anisotropy, or both.

Just like the magnetization data of Pr3NigAs,;O,_s, the
resistivity is also similar with the Cu analog, as shown in
Fig. 24. Pr3NiyAs4O,_; displays metallic behavior down to
0.4 K, with the residual resistivity ratio RRR ~ 5. A resistivity
drop is observed around 9 Kin H = 0 data (full symbols, inset
of Fig. 24), likely associated with the loss of spin-disorder
scattering at the magnetic ordering. For H =9 T (open
symbols, inset of Fig 24), the transition is suppressed below
the minimum measured temperature.

The specific heat of Pr;NigAssO;_s is shown in Fig. 25.
A sharp peak around 7.5 K in H =0 data (full symbols,
Fig. 25) is consistent with the magnetic ordering observed in
magnetization and resistivity measurement (Figs. 22 and 24,
respectively). This peak is suppressed below 0.4 K by a 9-T
field (open symbols). At the lowest measured temperatures, an
upturn in C , could be attributed to another lower-temperature
transition, or to a nuclear Schottky anomaly.

Doping experiments on Pr3NigAs;O,_s revealed pref-
erential substitution on the two Pr crystallographic sites.
Pr;_,La,NigAs4O,_5s samples have been synthesized for
x =1 and 2. The inverse susceptibility H/(M-M,) of the
Pr;_,La,NigAs;O;,_s compounds are shown in Fig. 26 for
x = 0 (circles), x = 1 (stars), and x = 2 (triangles), together
with the magnetization M/H at low temperature in the
inset. As the La content increases, the Curie temperature
T¢ gradually decreases from 8 (x =0) to 3 K (x =2), as
expected for such a dilution of the magnetic ions. The effective
moment for the x = 1 compound is 3.26 u g, close to that of
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FIG. 25. (Color online) Temperature-dependent specific heat of
Pr;NiyAs,O,_s for H = 0 (full) and 9 T (open symbols).

the pure Pr compound, while it was significantly lower ey =
2.81 up for x = 2. Both doped compounds show negative
Weiss temperatures —10.7 K forx = 1 and —13.5 Kforx = 2.

Field-dependent magnetization data for
Pr;_,La,NigAs4O,_s are shown in Fig. 27. The coercive
field gradually decreases as the La content increases (inset,
Fig. 27). The remanent magnetization shows little change
with the La doping.

From the XRD refinement on Pr;_,La,NigAs;O,_s sam-
ples, the doped La preferentially occupies the R1 rare-earth
sites. In both x = 1 and 2 cases, the interlayer coupling for
Pr ions is weakened compared with the Pr3NigsAssO,_; case.
In the x = 2 case, the intralayer coupling is also weaker since
the average distance between Pr layers has now doubled. It is
thus reasonable that the Curie temperature decreases with the
increase of La doping.
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FIG. 26. (Color online) Temperature-dependent inverse suscep-
tibility of Pr;_,La,NigAs;O,_s (x =0, 1, and 2) (symbols). The
solid lines are the extrapolated linear fits of H/(M-M,) above 30 K.
Inset: ZFC (full) and FC (open) temperature-dependent susceptibility
of Pr;_,La,NigAs;O,_s (x =0, 1, and 2).
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FIG. 27. (Color online) The hysteresis loop of
Pr;_,La,NizAs;O,_s (x =0, 1, and 2). Inset: a zoomed-in
view of the low-field data.

F. Nd3Ni4AS402_s

Figure 28 shows the Nd;NigAs4O,_s inverse susceptibility
H/M for H =15 Oe, with the low-temperature M/H data
in the inset. The linear H/M above 25 K indicates Curie-
Weiss behavior. The linear fit of H/M gives an effective
moment wer = 3.55 up, close to the theoretical value ,u,g}f =
3.62up for Nd**. A negative Weiss temperature Oy =
—17.9 K indicates antiferromagnetic coupling. However, the
ZFC-FC susceptibility (inset, Fig. 28) shows irreversibility
below 7 K, which is usually attributed to ferromagnetic order
or freezing of a spin-disordered state. The negative Weiss

300
;’2 0.2
250+ & FC
£
g
g 200} & o
] T ZFC
kS =
2
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=
=~
T 100}
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FIG. 28. (Color online) The inverse susceptibility H/M of
Nd;NigAssO,_s (blue symbols). The solid line is the extrapolated
linear fit of H/M above 30 K. Inset: ZFC and FC magnetizations
show an irreversibility below 7 K.
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FIG. 29. (Color online) The magnetization isotherms for
Nd;NigAssO,_s, measured at 7 = 2 (full symbols) and 60 K (open
symbols). Inset: an enlarged view of the low-field data.

temperature is consistent with the latter scenario, i.e., frustrated
antiferromagnetic coupling resulting in spin-glass behavior.
This is also reenforced by the field-dependent magnetization
measurements (Fig. 29) since no hysteresis is observed in the
slowly increasing M (H ) isotherms, both below and above the
irreversibility temperature.

In order to verify the spin-glass behavior in
Nd;NisAssO;,_5, ac magnetization measurements were per-
formed, using ac field with amplitude H,. = 10 Oe and
frequency up to 10 kHz. As seen in Fig. 30, the peak around
7 K observed in the dc susceptibility moves up in temperature
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FIG. 30. (Color online) The frequency-dependent real part of the
ac susceptibility x' of Nd3;NiyAs4O,_s. Inset: semilog plot of T ¢ vs
In(fo/ f), with T ; determined as maximal in x’. The dotted line is a
fit to the formula f = fo(T;/To — 1)*".
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FIG. 31. (Color online) Temperature-dependent resistivity —of
Nd;NiyAs4O,_5 for H = 0. Inset: detailed view of the low-
temperature resistivity.

with increasing frequency f in the ac data. By fitting the peak
with a pseudo-Voigt function [37] on top of a Curie-Weiss
background, the freezing temperature T  is determined as a
function of f. For a spin glass, this is expected to follow an
exponential behavior [38]

= 5T/ To = DT, ey

where f represents characteristic frequency of a spin-glass
system and Ty is the dc limit of the freezing temperature.

The inset in Fig. 30 displays a semilog plot of T ; versus
1/(Inf) (symbols), together with the linear fit according
to Eq. (1), which gives fo =9.6 x 10° Hz, T, = 7.21 K,
and zv = 5.9. The exponent zv lies well within the 2—12
range for typical spin-glass systems [38,39]. The characteristic
frequency f¢ is closer to a typical single atomic spin-glass
system with f ~ 10'? Hz than a cluster glass system f, ~
10* Hz [39,40]. This observation implies Nd** ions, instead of
magnetic domains or clusters, to be responsible for spin-glass
behavior.

A possible reason for the spin-glass state in Nd3NigAs4O,_s
is site disorder, combined with interaction anisotropy. Site
disorder is inferred from XRD refinement which indicates
22.5% oxygen deficiency. This results in disorder in the
(R2),0, layer [Fig. 1(a)], while the interaction anisotropy
could be expected by analogy with Ce;CuyAs4O,_s [26].

The Nd3;NigzAssO,_s shows metallic behavior for most of
the measured temperature range, while a surprising sharp peak
is present below 1.5 K (inset, Fig. 31). An increase in p(T)
on cooling would, in general, be associated with some Fermi
surface instability (charge density wave), but the very low
temperature and the sharpness of the peak suggest a first-order
phase transition. Remarkably, a peak at the same temperature
is revealed by the H = 0 specific heat (full symbols, Fig. 32),
while a 9-T field (open symbols, Fig. 32) suppresses the
associated transition as a broad Schottky peak moves closer to
4 K. The origin of the 1-K transition seen in both resistivity and
specific heat remains to be investigated with field-dependent
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FIG. 32. (Color online) Temperature-dependent specific heat of
Nd;NigAssO,_s, measured at H = 0 (full) and 9 T (open symbols).
Inset: detailed view of the low-temperature specific heat (triangles)
together with the resistivity (hexagons).

measurements, as well as neutron diffraction experiments. The
lack of any phase transition signatures around 7 K in the
specific heat of Nd3;NisAssO,_s (Fig. 32) is consistent with
the spin-glass scenario in this compound.

G. Sm3Ni4As402_5

The temperature-dependent inverse susceptibility H /(M-
My) of SmzNigAssO,_5 for H=0.1 T is shown in
Fig. 33, with the low temperature M/H displayed in the
inset. After a temperature-independent value My/H = 9.5 x
10~* emu/molg,+ was subtracted, Curie-Weiss behavior is
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FIG. 33. (Color online) The temperature-dependent inverse sus-
ceptibility H/(M-M,) of Sm3NigAs;O,_5 for H = 0.1 T. The solid
line is the extrapolated linear fit of H /M above 50 K. Inset: detailed
view of the low-temperature ZFC (full) and FC (open) susceptibility.
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FIG. 34. (Color online) The magnetization isotherms for
Sm3NiyAs;O,_s measured at 7 = 2 K. Inset: detailed view of the
low-field magnetization isotherms data.

observed above 50 K as H/(M-My) is linear in temperature
up to 300 K. From the linear fit of H/(M-M,) above 50 K,
a negative Weiss temperature 6y = —40.4 K is determined.
The effective moment pesr = 0.62 wp is smaller than the
theoretical value p: = 0.85 up/Sm3*. The relatively large
difference between the experimental and calculated effec-
tive moments is likely due to crystal-field effects typical
for Sm compounds [41,42]. Similar behavior was reported,
for example, in SmNi,B,C [43]. At low temperatures, the
magnetic susceptibility for Sm3NiyAssO;_; reveals magnetic
ordering below ~3.5 K (inset, Fig. 33), as a cusp is present
inM/H.

The cusp around 3.5 K in Fig. 33 signals an antifer-
romagnetic phase transition, consistent with the negative
Weiss temperature. The fact that the actual phase transition
temperature is much smaller than the Weiss temperature, i.e.,
|Ow|/Ty > 11.5, is suggestive of magnetic frustration of the
Sm3* moments. This magnetic frustration may explain the

Sm,Ni,As,0,
H=0

0.00 1 1 1 1 1
0 50 100 150 200 250 300

T (K)

FIG. 35. (Color online) Temperature-dependent resistivity —of
Sm3Ni4AS402,5 for H = 0.
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FIG. 36. (Color online) The specific heat of Sm3;NisAs,O,_s for
H = 0. Inset: detailed view of the low-temperature specific heat, with
vertical arrows marking the magnetic transitions.

ZFC-FC M(T) irreversibility (inset, Fig. 33) occurring below
20 K, significantly higher than the ordering temperature at
3.5 K. Such irreversibility is usually related to short-range
correlation above the ordering temperature.

The T = 2 K magnetization isotherm of Sm3;NigAs4O;,_;
is shown in Fig. 34. Consistent with the irreversibility seen
in M(T) (Fig. 33), M(H) displays small but finite hysteresis.
This could also be a consequence of short-range correlations
as indicated by the M (T) measurement. Notably, the moment
at 7 T is 0.03 ,uB/Sm”, much smaller than the Hund’s rule
saturated moment pig = 0.71 g /Sm3*.

The resistivity of Sm3NigAs4O,_5 for H = 0 is shown in
Fig. 35. Metallic behavior is observed for the temperature
range from 2 to 300 K. The residual resistivity ratio is
RRR ~ 4.4, comparable to that of other R3NigAs4O,_s
compounds.

Even though not visible in the resistivity, the phase tran-
sition observed in magnetization is confirmed by the specific
heat of Sm3NiyAs4O,_s shown in Fig. 36. A sharp peak at
3.0 K is consistent with the cusp in magnetization shown in
Fig. 33. A much smaller peak around 4.6 K appears around the
same temperature where an inflection point is noticeable in the
ZFC M/ H data (arrow, inset Fig. 33). This might be associated
with the short-range order in this compound, or with a small
amount of impurity, or both.

IV. CONCLUSIONS

Given their crystal structure, poor metallicity, and complex
magnetic behavior, the R3T 4As40,_5 compounds are closely
related to the superconducting Fe-pnictides. However, the
transition metal 7 for which the 3442 phase is stabilized
differs from Fe, and no high-temperature superconductivity
occurs. Instead, changing the rare earth R and transition metal
T in R3T4As40,_s compounds results in varied magnetic
and transport properties. For T = Cu, the compounds with
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R = La-Pr display larger interlayer spacing than the Ni
compounds, resulting in reduced interlayer hopping and con-
ductivity. This is confirmed by the fact that the Ni compounds
show resistivity values typically an order of magnitude smaller
than their Cu analogs. As expected, the R = La compounds
in both T = Cu, Ni series show Pauli paramagnetic behavior.
La3;NigAs;O,_s becomes superconducting below 7. = 1.7 K,
with a specific-heat jump AC,/y T, (Fig. 14) close to but
slightly smaller than the predicted BCS value. This compound
is therefore very similar to its P analog La3NisP,O, [20].
Despite a superconducting signal in p(7") for the Cu analog
around 1 K, bulk superconductivity can not be unambiguously
confirmed in La;CuyAssO,_s.

Ce3CugAs40,-5 stands out among all compounds pre-
sented here, the only nonmetal, with complex field dependence
of the magnetization, specific heat, and resistivity (Figs. 3, 5,
and 6). This compound shows up to three possible transitions
in both magnetization and specific heat, although the peak in
C, (Fig. 5) is small for the upper transition, and becomes
increasingly larger for the lower transitions. Preliminary
neutron experiments [26] suggest short-range order, or partial
order on the two different Ce sites, above ~2 K, with long-
range order below the 7 = 1.9 K transition. Large negative
magnetoresistance Ap/py = —30% is also observed at low
temperatures in Ce;CuyAssO,_s (Fig. 8), while the Ni analog
has a smaller, albeit still significant, negative magnetoresis-
tance close to —12% (Fig. 19). All other compounds reported
here show only negligible magnetoresistance (not shown). A
detailed study of the field dependence of the specific heat and
resistivity in Ce3CuyAssO,_s reveals non-Fermi liquid and
potential heavy-fermion behavior in this compound [26].

Pr;CuyAs4O,_s shows ferromagnetic order below 40 K
(Fig. 9). No other R3T 4As40,_s with heavier rare earths have
been stabilized so far. Similar to the 1111 series, pressure
might be required to synthesize additional 3442 members of
the Cu series.

When T' = Nj, the Ce compound shows a possible antiferro-
magnetic phase transition around 1.7 K (Figs. 18 and 20). Upon
changing the rare earth from R = Pr to Nd to Sm, the magnetic
ground state of R3NigAs4O,_s varies from ferromagnetism to
spin glass to antiferromagnetism, respectively.

In conclusion, two series of R37T4As40,_s compounds
(T = Cu and Ni) have been investigated with crystallographic,
thermodynamic, and transport property measurements. Their
crystal structure represents a convolution of the 122 and 1111
Fe pnictide structures, making them potential candidates for
high-temperature superconductivity. Only the nonmagnetic
member R = La and T = Ni shows superconductivity below
1.7 K. While it may also occur for the R = La and 7 = Cu
compounds, the superconducting transition seen in p(7") is not
yet confirmed by other measurements. Lack of the supercon-
ductivity for the rest of the series points to the importance
of the d® electron configuration. Ongoing experiments are
aimed at synthesizing additional 3442 compounds, with Fe
and other transition metals. Further investigation of the newly
discovered superconductor LazNigAs;O,_s includes pressure
and doping studies, while the field-dependent properties of
Ce3CusAs40,_; are being investigated with neutron scattering
experiments.
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