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a b s t r a c t

To explore new series of high-Tc superconductors, Cu-based ternary pnictides of SrCu2Pn2 (Pn¼P, As, Sb)

with La doping were synthesized at 1073 K from the stoichiometric reaction of the elements. The electrical

and magnetic properties as well as the electronic structure were systematically investigated. Absence of

superconductive transition was observed over the temperature range from room temperature down to 2 K,

and these materials show p-type metal-like conductivity and Pauli paramagnetic behavior. The near EF

bands mainly originate from Cu 3d and Pn np states and the value of total densities of states (DOS) becomes

higher as Pn goes from P to Sb. The results provides us with considerable information for a better

understanding of the transport properties in pnictides.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

The discovery of the new Fe-based superconductor LaFeA-
sO1�xFx [1,2] has motivated extensive efforts to explore new
high-temperature superconductors containing a similar crystal
slab of [Fe2As2]2� . Recently, several new systems in Fe-based
compounds such as LiFeAs [3,4], FeSe1�d [5,6], KxFe2�ySe2 [7] and
AeFe2As2 (Ae¼Sr, Ba) have also been found to show supercon-
ductivity. As a most intensely studied group, AeFe2As2 belong to
the ThCr2Si2 structure (space group no. 139, I4/mmm) [8,9].
Meanwhile, there are many AB2X2 compounds (A¼alkaline earth
or rare earth element; B¼transition metal; X¼13–15 group
element) are known to crystallize in this ThCr2Si2 structure or
the CaBe2Ge2 structure (space group no. 129, P4/nmm), which is a
coloring variation of ThCr2Si2 structure. The layers in the ThCr2Si2

structure have the following feature: atoms of element B forms a
square lattice, atoms of element X are located above and below
the square lattice holes. In such an arrangement, the B atoms is at
the center of the tetrahedron formed by the X atoms. In the
ll rights reserved.

terials for Energy Conversion,

Sciences, Shanghai 200050,

. Wang),
CaBe2Ge2 structure X and B atoms are partially exchanged with
respect to the ThCr2Si2 type [10–12]. So the ThCr2Si2 structure
consists of BX4 tetrahedra and A2þ layers, while the CaBe2Ge2

structure consists of BX4 and XB4 tetrahedra and A2þ layers,
alternately stacked along the c-axis. Both ThCr2Si2-type and
CaBe2Ge2-type ABX2 compounds are excellent candidates for
superconductors [13].

The superconductivity mechanism of Fe-based pnictide is
unusual as a magnetic metal is incorporated [14,15], it is
necessary to investigate the possibility of completely replacing
Fe by nonmagnetic metal to resolve the ambiguity. The report of
LiCu2P2 [16] superconductor which has a ThCr2Si2-type structure
lead to explore more novel Cu-based pnictides superconductors
without magnetic elements. Among the Cu-based pnictides, the
SrCu2Pn2 (Pn¼P, As, Sb) have both ThCr2Si2-type and CaBe2Ge2-
type structure (Fig. 1) as Pn goes from P, As to Sb due to the
decreasing Cu–Cu bonding and increasing Cu–Pn bonding while
the Pn size increases [17]. It seems worth to study the super-
conducting properties of SrCu2Pn2 with both ThCr2Si2-type and
CaBe2Ge2-type structure, even so, only the electronic structure of
AeCu2As2 (Ae¼Sr, Ba) was partially investigated [18], while the
electrical and magnetic properties are still unknown. In this
paper, the samples of SrCu2Pn2 (Pn¼P, As, Sb) were prepared by
high-temperature solid state reactions. The conductivity and
carrier concentration of these pnictides were effectively adjusted
by doping La in the Sr site. The electrical and magnetic properties
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of SrCu2Pn2 were fully investigated. The structure analyses and
the first-principles calculations were employed to further verify
the experiment results.
2. Experimental

The Sr1�xLaxCu2Pn2 (Pn¼P, As, Sb) powders were synthesized in
a stoichiometric reaction of Sr (99.999%, SinoReag), La (99.999%,
SinoReag), Cu (99.999%, SinoReag), and the respective pnictide
Fig. 1. Crystal structures of (a) the ThCr2Si2-type SrCu2Pn2 (Pn¼P, As) and (b) the

CaBe2Ge2-type SrCu2Sb2.

Fig. 2. The powder XRD patterns and crystal parameters of Sr1�xLaxCu2Pn2 (Pn¼P, As

Sr1�xLaxCu2Pn2.
element P (99.999%, SinoReag), As (99.999%, SinoReag) and Sb
(99.999%, SinoReag). Stoichiometric amounts of these raw materials
were manually mixed in an Ar-filled glove box and put into an
alumina crucible, the crucible was sealed in an evacuated fused
silica tube, slowly heated to 1073 K at 1 K/min, held for 48 h, and
then cooled in the furnace down to room temperature. The
harvested powders were pressed into +10 mm�3 mm pellets
under a uniaxial pressure of 12 MPa. The pellets were sealed in
fused silica tubes and sintered at 973 K for 24 h.

The X-ray diffraction (XRD) patterns of the sintered samples
were recorded with a Bruker D8 FOCUS using CuKa radiation
(l¼1.5418 Å). The DC electrical resistivities were measured by
the standard four-probe technique with silver-paint contacts
from room temperature (RT) down to 2 K in a Physical Property
Measurement System (PPMS; Quantum Design Company). The
Hall coefficients were measured by the standard 5-wire technique
with silver-paint contacts at room temperature in PPMS. Mag-
netic measurements were carried out using a vibrating sample
magnetometer in PPMS. Temperature dependences of the mag-
netization were measured in a magnetic field at 10 Oe after zero-
field cooling (ZFC) to the desired temperatures.

The PBE version of the generalized gradient approximation
(GGA) was used to describe the exchange correlation functional,
and the projector augmented wave (PAW) method was applied in
the present density-functional theory (DFT) calculations [19,20].
Here, the cutoff energy of plane wave was chosen at 350 eV.
For the Brillouin zone integration, 8�8�8, 8�8�8, 8�8�4
, Sb) samples. (a) SrCu2P2, (b) SrCu2As2, (c) SrCu2Sb2 and (d) lattice parameters of
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G-centered Monkhorst–Pack grids were performed in SrCu2Pn2

(Pn¼P, As, Sb), respectively.
3. Results and discussion

The X-ray diffraction patterns of synthesized Sr1�xLaxCu2Pn2

are displayed in Fig. 2. The diffraction peaks of undoped samples
can be indexed based on the calculation value by PowderCell for
SrCu2P2 and the ICSD cards for SrCu2As2 (PDF# 85-2035) and for
SrCu2Sb2 (PDF# 78-1135) [21–23]. As shown in Fig. 2, there are
some Cu–Pn binary impurities in the Sr1�xLaxCu2P2 and Sr1�xLax-

Cu2Sb2 samples, and the as-prepared SrCu2As2 and Sr0.9La0.1-

Cu2As2 are pure, but in the 0.2 mol La-doped sample the Cu3As4

impurity appeared. The lattice parameters of a and c generally
decrease because the Shannon ionic radius of La3þ (1.03 Å) is
smaller than that of Sr2þ (1.18 Å) [24]. The obtained samples are
dark gray and chemically stable in air.
Fig. 3. Temperature dependence of the resistivity at H¼0 Oe of (a) SrCu

Table 1
The lattice parameters and resistivities of SrCu2Pn2.

Sample Space group a (Å) c (Å) CuyCu (Å)

SrCu2P2 I4/mmm 4.15770.001 9.63370.003 2.945

SrCu2As2 I4/mmm 4.27270.002 10.19970.001 3.025

SrCu2Sb2 P4/nmm 4.50870.001 10.92570.001 3.189

r0—residual resistivity, rR—the resistivity at room temperature.
Temperature dependence of resistivities at zero magnetic field
for Sr1�xLaxCu2Pn2 (Pn¼P, As, Sb) samples are shown in Fig. 3. No
superconductivity is observed from 2 to 300 K in Sr1�xLaxCu2Pn2

samples, and the resistivities displays a typical metallic behavior
over the whole measured temperature range: as temperature is
lowered, the electrical resistivity decreases monotonously down
to 10 K, and then keeps almost constant in the temperature range
2–10 K. The resistivities of SrCu2Pn2 gradually decrease as Pn goes
from P to Sb. The residual resistivities (r0) and the room
temperature resistivities (rR) are shown in Table 1. At room
temperature, the resistivity is about 7.6�10�6 O m for SrCu2P2,
1.2�10�6 O m for SrCu2As2 and 7.3�10�7 O m for SrCu2Sb2.

The absence of superconductivity in Sr1�xLaxCu2Pn2 can be
further confirmed by the magnetization data (Fig. 4a), which
shows the temperature dependence of DC magnetization for the
zero field cooled samples of SrCu2Sb2 and La0.2Sr0.8Cu2Sb2 at
10 Oe. The temperature dependence of the mass magnetization
is as small as �1�10�4 emu, the well-defined Curie–Weiss
2Pn2, (b) Sr1-xLaxCu2P2, (c) Sr1�xLaxCu2As2 and (d) Sr1�xLaxCu2Sb2.

CuyPn (Å) r(Pn3�) (Å) rR (�10�8 O m) r0 (�10�8 O m)

2.431 0.44[24] 755.29 323

2.510 0.58[24] 116.05 42

2.666 0.74[24] 73.21 6



Fig. 4. (a) Temperature dependence of the mass magnetization M measured at 10 Oe after cooling to 2 K under a zero magnetic field for Sr1�xLaxCu2Sb2 samples and

(b) temperature dependence of the Hall coefficient RH determined on the Sr1�xLaxCu2Pn2 (Pn¼P, As, Sb) samples.

Fig. 5. The band structures and densities of states (DOS) of. (a) SrCu2P2, (b) SrCu2As2 and (c) SrCu2Sb2.
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behavior and Pauli paramagnetism were observed in the whole
temperature region from 2 to 300 K, and no obvious magnetic
transition was observed down to 2 K. To further understand the
conducting carriers in the present samples, the Hall coefficient
measurements on the polycrystalline Sr1�xLaxCu2Pn2 are also
carried out (Fig. 4b). It is clear that the Hall coefficient RH is
positive at all temperatures below 300 K for Sr1�xLaxCu2Pn2,
which indicates that hole-type charge carriers dominate the
conduction in the sample. Hardly any temperature-dependent
variation was observed in the whole temperature region. The RH

value of Sr1�xLaxCu2Pn2 is remarkably small, indicating a rela-
tively high density of charge carriers. For example, the value
of RH is stable at around 6�10�2 cm3/C for SrCu2P2 and
3.5�10�4 cm3/C for SrCu2As2 in wide temperature, the carrier
concentration is estimated to be of the order of 1020 cm�3 for
SrCu2P2 and 1022 cm�3 for SrCu2As2 from the Hall coefficient by
n¼1/(RHe).

To further confirm the electronic structure character of
SrCu2Pn2, the electron band structures and total densities of
states (DOS) first-principles theoretical calculations are also
carried out. Unlike the former report of AeCu2As2 (Ae¼Sr, Ba)
electronic structure [18,25] in which the near EF bands originate
from Cu sp and As 4p states, the SrCu2Pn2 have an electronic
structure similar to LiCu2P2 [26]. As shown in Fig. 5, all SrCu2P2,
SrCu2As2 and SrCu2Sb2 are metallic. As Pn goes from P to Sb, the
distorted tetrahedral [CuPn4] (and [PnCu4]) and the associated
crystal-field splitting impart a Cu 3d-Pn np hybridization. The DOS
around EF originate mainly from this hybridization, which are
responsible for the covalent Cu–Pn bonding. This strong hybrid
behavior unlocalizes holes to provide high mobility p-type frame-
work paths, which is responsible for the higher resistivity results.
The value of DOS becomes higher as Pn goes from P to Sb because
there are more electrons in the systems.
4. Conclusions

In summary, Cu-based ternary pnictide Sr1�xLaxCu2Pn2 (Pn¼P,
As, Sb) were synthesized by solid-state reaction at 1073 K from
the stoichiometric reaction of the elements. No superconductive
transition was found for the compounds in resistivity or magne-
tization experiments in the temperature range from 2 K to 300 K.
A metallic behavior can be seen in resistivity, and a paramagnetic
behavior was observed in DC magnetization from 2 to 300 K.
The Hall coefficient of the polycrystalline Sr1�xLaxCu2Pn2 are
positive and slight temperature-dependent variation. The value
of DOS becomes higher as Pn goes from P to Sb, and the near EF

bands mainly originate from the hybridization of Cu 3d and Pn np

states.
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