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ABSTRACT: A new ternary compound NaCu4Se, was synthesized
from the reaction of Cu in a molten sodium polyselenide flux. The
compound crystallizes in trigonal space group R3m with a = 4.0465(3)
A and ¢ = 41.493(5) A. The crystal structure contains flat two-
dimensional slabs of '/,,[CuSe,] with a unique structural arrangement,
separated by Na cations. The compound contains mixed valency and has
a high conductivity of ~3 X 10> S cm™' at room temperature, and
exhibits increasing conductivity with decreasing temperature, indicating
metallic behavior. A small positive thermopower (4—11 xV K™' from
300 to SO0 K) and Hall effect measurements indicate p-type transport
with a carrier concentration of ~2.8(3) X 10*! cm™ and a hole mobility
of ~875 cm* V7' s7! at 300 K. NaCuSe, exhibits temperature-
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independent Pauli paramagnetism.

B INTRODUCTION

Copper chalcogenide materials are of considerable scientific
interest because of their rich structural and compositional
diver51ty, mixed valency,>* propen51ty for phase transi-
tions,”™ potential for ionic mobility,*” as well as applications
such as high performance photovoltaic cells.'® The structural
dimensionality of ternary A/Cu/Q compounds (A = alkali, Q =
S, Se, Te) is generally affected by the alkali cations.'"'> Ternary
copper chalcogenides can be categorized into those which are
valence-precise containing Cu’ and Q7, and those which
require a mixed valence Cu’/Cu** formalism to be properly
described. Determining the oxidation state of copper in
chalcogenides is challenging due to the high covalency of the
Cu—Q bonds and the similar energies of Cu d and Q p orbital
states. The consensus is that mixed valency is generated by the
chalcogen sublattice, rather than Cu itself, where the chalcogen
can achieve —2/—1 mixed valency."”> However, Cu definitely
plays a key role by participating in the mixed valency
contributing +1/+2 pairs since other metals such as Ag, Au,
Zn, etc. do not form compounds in which the chalcogen
achieves —2/—1 states. It is best if we think of these
compounds as simply mixed-valent where the ground state is
defined by a linear combination of $*7/!~ and Cu'*/** states.
Thus, valence-precise copper chalcogenides behave as semi-
conductors, whereas mixed-valent copper chalcogenides display
p-type metallic conductivity. Particularly, these mixed-valent Cu
chalcogenides feature a broad array of structures including the
following: mono-dimensional networks (ID) m Na;Cu,S,,>*

two-dimensional (2D) networks in NaCu,S,,'* ACu,Q; (A =
K, Rb, Cs, TI; Q = S, Se),"® A;CugQs (A = K, Rb, Cs; Q = S,
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Se),16 18A3Cu8Te10 (A Rb, Cs),"’ Cs;CusSe,, 2 TICu,Q, (Q

=S, Se),*" TICueS,>* TLCu,,Se;,> and three- d1men51onal
(3D) networks, such as K,CugTe,;;,"> K;Cu,;,Te s>
K,CusTes,* and Cs;Cu,gTe;3.2°

Since the discovery of high-temperature superconductivity in
mixed-valent Cu oxides, such as YBCO (yttrium barium copper
oxide) and LSCO (La,_,Sr,CuO, lanthanum strontium copper
oxide), the related oxide compounds have been extensively
studied. The corresponding mixed-valent Cu chalcogenides
have also been of significant interest because they too exhibit
metallic conductivity,"*** superconductivity,®*>° phase tran-
sitions,>"** and charge-density waves.

Here we report new results from the chemistry of the Na/
Cu/Se system in which NaCuSe is the only reported phase.**
We began this investigation in an effort to study the selenide
analogue of the mixed-valent NaCu,S, compound. Instead, we
discovered a new compound that features a unique 2D
structure. We report the synthesis, structure, and properties
of NaCugSe,, which is mixed-valent and p-type metallic.
Density functional theory (DFT) calculations explain the
origin of holes in the metallic 2-D framework and agree well
with the experimental results of Pauli paramagnetism and the
temperature trend of the electrical conductivity.

B EXPERIMENTAL SECTION

Synthesis of NaCusSe,. The following reagents were used as
received: sodium selenide (99.9%, Sigma-Aldrich), selenium (99.999%,
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Spectrum Chemical Mfg. Corp.), copper (99.9%, Sigma-Aldrich), and
sodium (99.9%, Sigma-Aldrich). The phase-pure binary compounds
CuSe and Cu,Se were prepared from the elements by heating at a
temperature of 600 °C for 72 h.

All chemical handling was carried out in a glovebox under a dry
argon atmosphere. In this exploration of the Na/Cu/Se system, we
initially attempted the synthesis procedure reported'* for NaCu,S,. A
12 mm diameter fused-silica tube containing Cu (0.032 g, 0.5 mmol),
Na,Se (0.187 g, 1.5 mmol), and Se powder (0.236 g 3 mmol) was
evacuated and flame-sealed under a pressure of <10™* mbar. The tube
was heated at 600 °C for 48 h and then cooled slowly at a rate of 6
°C/h to 50 °C. Excess polyselenide flux was removed by washing the
product with N,N’-dimethylformamide and methanol. Unlike the
sulfur system, two kinds of crystals were obtained: dark blue trigonal
plate crystals of NaCucSe, (~75% yield) and black thin plate crystals
of NaCuSe (~25% yield).

Once the stoichiometry of NaCu4Se, was determined from the
refinement of single-crystal X-ray structural data, it was directly
synthesized as a pure phase in quantitative yield by two different
synthetic routes.

Method A. A stoichiometric mixture of CuSe (0.285 g, 2 mmol),
Cu,Se (0.412 g, 2 mmol), and Na (0.023 g, 1 mmol) was loaded in an
alumina crucible covered with an alumina cap and flame-sealed inside a
fused-silica tube under a pressure of <10™* mbar. The tube was heated
to 600 °C in 20 h, soaked at that temperature for 24 h, and
subsequently cooled at a rate of S0 °C/h to room temperature. The
partially reacted mixture was then homogenized by grinding in a
mortar to a fine dark blue powder. The powder was then reannealed at
400 °C for 5 days and quenched to room temperature.

Method B. NaCu,Se, was also prepared by a stoichiometric reaction
of the elements. A mixture of 0.023 g (1 mmol) Na, 0.381 g (6 mmol)
Cu, and 0.316 g (4 mmol) Se was loaded in an alumina crucible, closed
with an alumina cap, and then flame-sealed under vacuum (<107*
mbar) inside a fused-silica tube. The mixture was slowly heated to
form a complete melt at 600 °C and kept there for 6 h, followed by
cooling to room temperature in 6 h. The resulting mixture was then
homogenized by grinding with a mortar and pestle to a fine dark blue
powder. To obtain pure polycrystalline NaCu4Se,, the homogenized
mixture was annealed at 400 °C for 7 days and then quenched to room
temperature. Purity of the air-stable products from these two methods
was checked by powder X-ray diffraction (XRD) and energy-dispersive
X-ray spectroscopy (EDS).

Single-Crystal X-ray Diffraction. A thin trigonal plate single
crystal of NaCusSey was selected and mounted on the tip of a glass
fiber for X-ray diffraction. Intensity data were collected at room
temperature using @ scans on a STOE imaging plate diffraction system
(IPDS-II) using graphite-monochromatized Mo Ka radiation (4 =
0.71073 A) operating at 50 kV and 40 mA with a 34 cm diameter
imaging plate. Individual frames were collected with a 3 min exposure
time and a 1° w rotation. X-AREA, X-RED, and X-SHAPE software
packages®® were used for data collection, integration, and analytical
absorption corrections, respectively. SHELXL*® and JANA2006*
software packages were used to solve and refine the structure. The
parameters for data collection and the details of the structure
refinement are given in Table 1. Atomic coordinates, thermal
displacement parameters (Ueq), and occupancies of all atoms are
given in Table 2. Anisotropic displacement parameters and selected
bond lengths and angles are given in Tables 3 and 4.

Powder X-ray Diffraction and Scanning Electron Micros-
copy. Phase purity of the products was assessed by powder XRD. The
products were finely ground and mounted on a flat plate sample
holder. Diffraction data were collected on a Panalytical X’pert Pro
diffractometer with an iron-filtered Cu Ka source, operating at 45 kV
and 40 mA under a continuous scanning method in the 26 range 5—
120° with a step size of 0.0167°. Powder XRD data were analyzed with
the Rietveld method using the FULLPROF 2000 program.*® The
background was fitted using linear interpolation between selected
points. The March—Dollase model for preferred orientation was used
in all of the refinements, and a pseudo-Voigt function was used as the

Table 1. Summary of Crystallographic Data and Structure
Refinement for NaCugSe, at 293 K

empirical formula

fw

T

wavelength

crystal system

space group

unit cell dimensions

14

Z

density (calcd)

abs coeff

F(000)

crystal size

6 range for data collection
index ranges

reflns collected

indep reflns
completeness to 6 = 24.95°
refinement method
data/restraints/params
GOF

final R indices [>20(I)]"
R indices [all data]®

NaCugSe,

720.1

293(2) K

0.71069 A

trigonal

R3m

a="b=40465(3) A, c = 41.493(5) A
588.39(9) A®

3

6.0948 g/cm’

34485 mm™!

934

0.0236 X 0.0158 X 0.0058 mm?®
4.42-24.95°
—4<h<4-4<k<4-48<1<43
1276

174 [R,,, = 0.0866]

98.9%

full-matrix least-squares on P
174/0/18

1.147

Ry, = 0.0616, WR ;. = 0.1539
Ry = 0.0651, wRy = 0.1563

largest diff peak and hole 2472 and —2.024 e A?

“R = 2IF,| — IFIl/ZIE,, wR ={Z[w(IF,? — IF.?)]/Z[w(IF )]}
and w = 1/(6*(F) + 0.0001F%).

Table 2. Atomic Coordinates (X10*) and Equivalent
Isotropic Displacement Parameters (A? X 10°) of NaCugSe,
at 293(2) K

atom Wyckoff x y z occupancy Ulyy”
Na(1) 3b 3333 6667 1667 1 22(7)
Cu(1) 6¢ —3333 3333 1064(2) 1 25(2)
Cu(2) 6¢ 3333 6667 195(2) 1 41(2)
Cu(3) 6¢ 0 0 642(2) 1 66(3)
Se(1) 6¢ 0 0 1211(1) 1 15(1)
Se(2) 6¢ 6667 3333 400(1) 1 22(2)
“U,q is defined as one-third of the trace of the orthogonalized Uj

tensor.

Table 3. Anisotropic Displacement Parameters (A% X 10°)
for NaCu,Se, at 293(2) K*

atom Uy, Uy Uss Up Uy Uy
Na(1) 22(8) 22(8) 21(11) 11(4) 0 0
Cu(1) 16(2) 16(2) 43(3) 8(1) 0 0
Cu(2) 43(3) 43(3) 36(3) 22(2) 0 0
Cu(3) 84(4) 84(4) 29(3) 42(2) 0 0
Se(1) 12(2) 12(2) 21(2) 6(1) 0 0
Se(2) 21(2) 21(2) 24(2) 10(1) 0 0

“The anisotropic displacement factor exponent takes the form
=272 [W*a*?Uyy + ... + 2hka*b*U,,].

peak-shape model. The refinement includes anisotropic displacement
parameters (ADPs) for individual atoms.

Semiquantitative microprobe analysis of several crystals was
performed with a Hitachi S-4700-II scanning electron microscope
equipped with an EDAX Phoenix X-ray energy dispersive spectrometer
(EDS). The spectrometer utilizes a Li-drifted Si detector with an
ultrathin window, and data were acquired with a beam current of 10
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Table 4. Representative Bond Lengths (A) and Bond Angles
(deg) of NaCugSe, at 293(2) K

atom—atom bond lengths atom—atom—atom bond angle
Cu(1)-Se(1) (x3) 2.414(4) Se(1)—Cu(1)—Se(1) 113.85(1)
Cu(1)-Se(2) (x1) 2.755(6) Se(1)—Cu(1)—Se(2) 104.62(2)
Cu(2)—Se(2) (x1) 2.467(6) Se(2)—Cu(2)—Se(2) 108.91(4)
Cu(2)-Se(2) (x3) 2.487(2) Se(2)—Cu(2)—Se(2) 110.03(4)
Cu(3)—Se(1) (x1) 2.362(6) Se(1)—Cu(3)—Se(2) 113.23(3)
Cu(3)-Se(2) (x3) 2.542(3) Se(2)—Cu(3)—Se(2) 105.46(5)
Na(1)-Se(1) (x6) 3.006(8) Cu(3)-Se(2)—Cu(1)  66.77(3)
Na(1)—Cu(1) (x6) 3.423(3) Cu(2)—Se(2)—Cu(1) 110.03(4)
Cu(1)—Cu(3) (x3) 2.920(5) Se(1)—Na(1)—Se(1) 180
Cu(2)—Cu(2) (x3) 2.840(6) Se(1)—Na(1)—Cu(1)  94.05(7)
Cu(2)—Cu(3) (x3) 2.983(5) Cu(1)-Na(1)—Cu(1) 180

HA at 20 kV accelerating potential. Analysis on several crystals
indicates an average composition of Nagg(;)Cus g(2)Se3 (2), which is in
good agreement with the composition obtained from the single-crystal
X-ray structure refinement.

Differential Thermal Analysis. Differential thermal analyses
(DTA) were carried out with a Shimadzu DTA-50 thermal analyzer.
The ground sample (~60 mg total mass) was sealed in a carbon-
coated fused-silica ampule under vacuum. A fused-silica ampule
containing alumina of equal mass was sealed and used as a reference.
The sample was heated to 550 °C at 5 °C/min, followed by cooling at
the same rate to S0 °C. The stability of the sample and reproducibility
of the measurement were monitored by running multiple heating and
cooling cycles. Residues of the DTA experiments were examined with
powder X-ray diffraction.

Charge Transport and Magnetic Properties. Variable-temper-
ature four-probe resistivity and Hall effect measurements on annealed,
pressed pellets of NaCu4Se, were performed with a Quantum Design
PPMS. The annealing of the pellets was done at 400 °C for 3 days,
followed by quenching to room temperature. The temperature range
was 2—400 K for resistivity and 2—300 K for Hall effect measurement.
The Hall effect was measured by reversing the magnetic field H = + 9
T. Measurements were performed in four-probe geometry with 30 ym
gold wires and silver paste used for the current and voltage electrodes,
respectively. Resistivity measurements were conducted using a
homemade apparatus equipped with a nanovoltmeter (Keithley
2182A), an electrometer (Keithley 6514), and a high-temperature
vacuum chamber governed by a temperature controller (MMR
Technologies K-20). For the Seebeck coefficient measurement, a
pressed pellet of NaCugSe, was mounted on the stage and attached to
the thermocouples with colloidal silver liquid. The measurement was
performed in the temperature range 300—450 K, above which the
silver paste would react with the sample. The Seebeck voltage V(T)
was measured by the integral method, in which one end of the sample
is held at a fixed temperature Ty, and the other end is varied through
the temperature T range of interest using a commercial MMR
Technologies SB-100 Seebeck measurement system. The Seebeck
coefficient S is obtained from the slope of the V(T) versus T curve, i.e.,
$ = dv(T)/dT.¥®

Magnetic susceptibility measurements were carried out with a
Quantum Design MPMS-XL SQUID magnetometer. Polycrystalline
powder of NaCugSe, was loaded in a gelatin capsule. Corrections for
the diamagnetism of the PVC sample container and the diamagnetism
of the atoms were applied. Temperature-dependent data were
collected under zero-field-cooled (ZFC) and field-cooled (FC)
conditions between 2 and 300 K, with an applied field H = 0.5 T.
The experimental data were fitted against a modified Curie—Weiss law
[y = xo + C/(T — 6)], where y is the molar magnetic susceptibility, x,
is the temperature-independent paramagnetic susceptibility, C is the
Curie constant, and 8 is the Curie temperature.

Band Structure Calculations. Electronic structure calculations
were performed using the self-consistent full-potential linearized
augmented plane wave method (LAPW)* within density functional

theory (DFT),*""** and the generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzerhof™ for the exchange and correlation
potential. The values of the atomic radii were taken to be 2.2 au for Se
atoms, 2.24 au for Cu atoms, and 2.5 au for Na atoms, where au is the
atomic unit (0.529 A). Convergence of the self-consistent iterations
was performed for 891 k points inside the irreducible Brillouin zone to
within 0.0001 Ry with a cutoff of —6.0 Ry between the valence and the
core states. Scalar relativistic corrections were included, and a spin—
orbit interaction was incorporated using a second variational
procedure.** The calculations were performed using the WIEN2k
program usinsg the experimentally obtained cell constants and atomic
coordinates.”*

B RESULTS AND DISCUSSION

Synthesis. The single crystals of NaCucSe, were first
observed in the product of the reaction of Cu in molten sodium
polyselenide. Excess polyselenide flux could be removed by
washing with N,N’-dimethylformamide and methanol, leaving
behind thin plate-like dark blue crystals of NaCusSe, (~75%
yield) and thin black plate crystals of NaCuSe (~25% yield).
After multiple attempts to optimize the synthetic condition for
NaCugSe,, the two-step reaction of a stoichiometric combina-
tion of binary CuSe and Cu,Se with Na or elemental mixture
was found to produce a pure single phase of target compound:
(1) prereaction at 600 °C and homogeneous mixing by
grinding, and (2) long time annealing at a low temperature and
quenching. The single phase of NaCu4Se, was confirmed by
Rietveld refinement of the powder X-ray diffraction data
(Figure 1). The results are in good agreement (Bragg R =
5.60%, Rpfactor = 8.09%) with the structural parameters
determined from the single-crystal X-ray diffraction.
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Rf-factor= 8.09 ]
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Figure 1. Calculated and observed XRD patterns of the Rietveld

refinement for NaCucSe, (4 = 1.5406 A, Bragg R-factor: 5.60%; R

factor = 8.09%; Bragg R-factor = 2, — L |/ZIL; Refactor = [(N —
P)/Z wiy']'?).

(&)

Differential thermal analysis (DTA) on polycrystalline
NaCu,Se, with heating at a rate of 5 °C/min to a maximum
temperature of 550 °C showed an endothermic melting peak at
approximately 490 °C, as well as a related exothermic
crystallization around 475 °C (Figure 2a). Over continuous
heating, a second endothermic melting peak around 515 °C
and the related exothermic peak around 500 °C appeared, and
can be related to an unidentified phase that forms in heating by
decomposition of the NaCu,Se, phase. After multiple cycles of
heating—cooling, the resulting sample was investigated by
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Figure 2. (a) Differential thermal analysis (DTA) of NaCu4Se, showing a melting and crystallization event (experiment run under vacuum; heating/
cooling rate 5 °C/min). (b) X-ray powder diffraction patterns observed from a sample of NaCu,Se, after a DTA experiment run at 550 °C showing

the appearance of an extra phase and noncongruent melting.
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Figure 3. (a) Optical image of a typical NaCugSe, crystal. (b) Perspective view of the layered structure of NaCucSe, viewed down the
crystallographic b axis. (c) Projection of [CugSe,] layer viewed along the b-axis direction with thermal ellipsoids set at 50%. Na atoms are green, Cu
atoms are blue, and Se atoms are red.

Figure 4. (a) Polyhedral representation of [CucSe,] layer viewed along the b-axis direction. (b) Local coordination environment of Na.

powder X-ray diffraction, which revealed an unidentified phase,
suggesting NaCugSe, melts incongruently (Figure 2b).

12194

Crystal Structure. The crystal structure of NaCu4Se, was
determined from single-crystal X-ray diffraction data collected
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Figure 5. Comparative view of the layered structures of NaCuSe, and NaCu,S, viewed along the crystallographic b axis. Na atoms are green, Cu

atoms are blue, Se atoms are red, and S atoms are yellow.

at room temperature. The crystallographic data and selected
bond distances and bond angles for NaCu4Se, are listed in
Tables 1—4. The dark blue plate crystal of NaCu4Se,, depicted
in Figure 3a, crystallizes in the rhombohedral space group R3m,
with cell parameters of a = 4.0465(3) A, c = 41.493(5) A, and Z
= 3. The structure of NaCugSe, consists of a unique two-
dimensional network of [CusSe,] layers, which are separated by
the Na cations (Figure 3b).

The structure of the [CusSe,]” slab is composed of
tetrahedral Cu centers that share edges to form layers in the
ab plane (Figure 3c). Three crystallographically distinct Cu
atoms are located in each layer. The view of copper polyhedra
in the [CugSe,]” slabs along the crystallographic b axis is
depicted in Figure 4a. Cu(1) is tetrahedrally coordinated by
three Se(1) and one Se(2), Cu(2) by four Se(2), and Cu(3) by
one Se(1) and three Se(2). The Cu—Se distances for Cu(1) are
2.414(4) and 2.755(6) A, for Cu(2) it is 2.477(6) A, and for
Cu(3) they are 2.362(6) and 2.542(3) A. The bonding angles
around Cu and Se are consistent with a distorted tetrahedral
geometry. All the Cu—Se distances and angles compare
favorably with those found in other copper selenides, including
NaCuSe,** Cu,_,Se,*® CuSe,*” and Cu,Se,.* The coordination
environment of Na is shown in Figure 4b. Na® cations are
located between the [CusSe,]” slabs, with an octahedral
arrangement of Se atoms, with Na---Se distances of 3.0061(8)
A During the structure refinement, we observed large
anisotropic displacement parameters for the atoms Cu(3) at
room temperature. The largest value is obtained for Uj; and
U,,. The refinement of the occupancy of the Cu(3) in the
distorted tetrahedral environment does not fix this problem.
Large ADPs in this class of compounds are indicative of
dynamic or static disorder, which is due to the high thermal
motion of the Cu ions. We note that similar results were
reported for A;CugQ4 (A = K, Rb, Cs; Q = S, Se).'¢™'®

The crystal structure of NaCu4Se, can be compared with a
2D metallic chalcogenide compound NaCu,S,'* built by
anionic [Cu,(S,)(S),]™ layers, which is also mixed-valent and
contains both S,>~ and $*~ and Cu'*/?* (or S,>” and S~ and

Cu") (Figure S). Significant differences between the structures
of NaCu,S, and NaCuSe, are the thickness of the copper
chalcogenide layer and the coordination geometry of Cu.
Compared to the NaCu,S, structure in which one of the two
crystallographically independent Cu atoms is tetrahedral and
the other one is three-coordinate (trigonal planar), all three
distinct Cu atoms in NaCugSe, are tetrahedrally coordinated.

The formal oxidation states of NaCu4Se, do not balance
unless we invoke selenium mixed-valency. If all monoselenides
are considered as —2, then the charges on the metal reduce to
(Na*)(Cu*)s(Cu**)(Se*”),. This is unlikely because the
coexistence of Cu®* and Se®” tends to be unstable with respect
to electron transfer from the highly reducing Se’~ anions to the
highly oxidizing Cu*" cations. Alternatively, if all copper atoms
are considered as +1, then the charges on the monoselenides
reduce to (Na*)(Cu")4(Se'™)(Se*™),. If all copper atoms are
assigned the +1 oxidation state, then the average oxidation state
of Se is —1.75, less than —2 for a filled Se?~ p-band. The
electron deficiency at Se can be delocalized in the valence band,
or localized through a structural distortion as diselenide, or
both. In NaCu4Se, no Se—Se bonds exist, so the holes can be
completely delocalized through the monoselenide p-band. This
situation is reminiscent of that found in CuS,*”*° NaCu4S4,14 or
Na;Cu,S,,*"” all known metallic mixed-valence compounds.

Physical Properties. Charge Transport Properties. The
electrical properties of NaCugSe, were measured on annealed
pressed pellets (with 81% of the theoretical density) of a
polycrystalline sample. A rectangular piece 3 X 2.5 X 0.8 mm®
was cut from the annealed pellet and polished. The electrical
conductivity of this compound exhibits typical metallic behavior
over the temperature range 2—400 K. As shown in Figure 6, the
conductivity of NaCu4Se, is ~3000 S/cm at room temperature
and increases to 16500 S/cm at 2 K. NaCugSe, possesses a
Seebeck coefficient of ~5 yV K™' at room temperature, with
weak temperature dependence in the region 300—500 K
(Figure 7a). A positive Seebeck coefficient suggests that holes
are the dominant charge carriers (p-type).
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Figure 6. Electrical conductivity data as a function of temperature for
an annealed pressed pellet of polycrystalline NaCugSe,.

Hall effect measurements were conducted on annealed
pressed pellets of NaCugSe, to determine the concentration
and mobility of carriers (Supporting Information Figure S1). In
the experiment, py was taken as py = [P — P(-m)])/2 for
each point to eliminate any effects from misaligned Hall
electrodes. The Hall resistivity, py, is positive below room
temperature, yielding a positive Hall coeflicient Ry = py/H,
confirming the finding from the Seebeck measurement that
holes are indeed the dominant charge carriers in NaCu4Se,
(Supporting Information Figure S2). The high carrier
concentration (Figure 7b) of p ~2.8(3) x 10*' cm™ at 300
K is consistent with the formula NaCu4Se, which has 0.56 holes
per formula unit. The hole mobility, as calculated from the Hall
effect and the electrical conductivity data, is approximately 8.75
cm?/V s at 300 K.

The magnetic susceptibility of polycrystalline NaCu4Se,,
measured at H = 0.5 T over the range 2—300 K, is shown in
Figure 8. This compound exhibits Pauli paramagnetism with a
small temperature-independent contribution of 6.24(5) x 107*
emu/formula unit at H = 5000 Oe, Curie constant C =
0.0028(5) emu K/mol, and Weiss constant & = —1.47(2) K, as
is characteristic of metals. At low temperatures, a paramagnetic
tail was observed, as also reported for Ba,_,K,Cu,S,,*"
KCu,S;,°* K,CusTe,” NaBa,Cu,Ss,"* and Cs;CuyTe,;. ¢

Band Structure Calculations. The electronic band structure
of NaCu,Se, (Figure 9a) was examined by DFT calculations
confirming the metallic character of this mixed valence
compound. Both the valence and conduction bands in
NaCu,Se, show a dispersive character suggesting high electron
and hole mobility which was also verified by Hall measure-
ments. Seven bands cross the Fermi level around the I" and A
points (directions along the [CusSe,]” layers), and the
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Figure 8. Temperature dependence of the molar magnetic
susceptibility for a sample of NaCugSe,, measured in an applied field
of 5000 Oe.

separation of valence and conduction bands becomes maximum
at directions normal to the [CuySe,]™ slabs.

The partial density of states (DOS) plot (Figure 9b) shows
that the valence and conduction bands are mainly composed of
Cu d-bands and Se p-bands at the Fermi level and up to 12 eV
with a comparable contribution of each band to the total DOS.
Bands from —7 eV up to near the Fermi level are
predominantly Cu d-bands which constitute most of the
valence spectra. Se and Na s-bands are located primarily in the
—12 to —15 eV range (not shown). Interestingly, a small gap of
a few meV is present around 570 meV above the Fermi level.
Electronic band structure calculations of the hypothetical
isostructural CaCu4Se, analogue show that the Fermi level
lies in the gapped region (Supporting Information Figures S3
and S4) of the electronic structure, suggesting that the
hypothetical analogous CaCu4Se, compound is a narrow gap
semiconductor.

B CONCLUDING REMARKS

The new 2D compound, NaCu¢Se,, forms from the reaction of
Na,Se, and Cu, as well as by direct combination reactions. The
compound has unique [Cu4Se,]” layers sandwiching the Na
cations. Despite the incongruent melting of NaCu,Se,, we were
able to grow single crystals by slow-cooling from the melt. After
determining the crystal structure for this new ternary
compound, we successfully synthesized the material as a single
phase via two separate synthesis protocols. Electronic band
structure calculations and physical property measurements
reveal p-type metallic behavior for NaCu4Se,, with moderately
high electrical conductivity and hole carrier mobilities.
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Figure 7. (a) Variable-temperature thermoelectric power data for a polycrystalline sample of NaCusSe, showing p-type behavior. (b) Carrier

concentration as a function of temperature for NaCu,Se,.
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