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Abstract: The new compound NaCu4Se4 forms by the reaction of CuO and Cu in a molten 

sodium polyselenide flux, with the existence of CuO being unexpectedly critical to its 

synthesis. It adopts a layered hexagonal structure (space group P63/mmc with cell 

parameters a = 3.9931(6) Å and c = 25.167(5) Å), consisting of infinite two-dimensional 

(2D) [Cu4Se4] slabs separated by Na+ cations. X-ray photoelectron spectroscopy suggests 

that NaCu4Se4 is mixed-valent with the formula (Na+)(Cu+)4(Se2)(Se)(Se2)2. NaCu4Se4 

is a p-type metal with a carrier density of ~1021 cm-3 and a high hole mobility of ~808 cm2 

V-1 s-1 at 2 K based on electronic transport measurements. First-principles calculations 

suggest the density of states around the Fermi level are composed of Cu-d and Se-p orbitals. 

At 2 K, a very large transverse magnetoresistance of ~1400% was observed, with a 

nonsaturating, linear dependence on field up to 9 T. Our results indicate that the use of 

metal oxide chemical precursors can open reaction paths to new low-dimensional 

compounds. 
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Introduction 

      The ternary copper chalcogenides A/Cu/Q (A = Na, K, Rb, Cs, Tl; Q = S, Se, Te) are a 

family with rich structural and compositional diversity. These compounds host phase 

transitions,1 modulated superlattices,2-3 massive copper vacancies,4-5 and are of interest in 

energy harvesting and conversion, including but not limited to: solid-state 

supercapacitors,6-7 and ionic conductors.8 All structural dimensionalities are found in this 

class, for example, the one-dimensional (1D) Na3Cu4S4,9-10 the two-dimensional (2D) 

ACu4Q3 (A = Na, K, Rb, Cs, Tl; Q = S, Se),11-12 NaCu4S4,13 A4Cu8Te10 (A = Rb, Cs),14 

NaCu6Se4,15 TlCu2Se2,16 and the three-dimensional (3D) K4Cu8Te11,14 Cs3Cu20Te13,17 to 

name a few. Generally, they can be classified by the electronic structure and have two 

different general categories: mixed-valent and valence-precise compounds. The former 

tend to form metals, whereas the latter are semiconductors. In the mixed-valent systems, 

only Cu+ is present in the chalcogenide network rather than Cu2+, and the mixed valency 

exists mainly on the chalcogen part and generally in the form of delocalized holes leading 

to p-type transport. 

      The low-melting flux synthesis method, which gives access to intermediate 

temperatures, has been proven a powerful approach to discover new phases in the A/Cu/Q 

system. 18-19 Despite the great success of the polychalcogenide flux method in enabling 

productive synthesis routes to new materials, e.g., KCu3-xSe2,5 NaCu4Se3,12 and 

NaCu6Se4,15 in rare instances we also discover that the nature of the precursors can also be 

critical in forming new phases. For example, the use of Cu2O was shown to be unique in 

obtaining the mixed-anion oxychalcogenide compound Na1.9Cu2Se2·Cu2O which features 

metallic behavior with mixed valency.20  
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      In this work, we report that the use of CuO as starting precursor in sodium polyselenide 

flux uniquely leads to the new phase NaCu4Se4 with a special 2D structure related to that 

of CuSe. It is composed of alternating Na+ cations and [Cu4Se4] slabs. The use of CuO as 

a source of Cu atoms was found to be necessary to form the layered NaCu4Se4, and to avoid 

the closely related 2D compounds NaCu4Se3
12 and NaCu6Se4

15, despite the fact that no 

oxygen incorporates in the final product. Unlike NaCu4Se3
12 and NaCu6Se4

15, the metallic 

NaCu4Se4 features a high hole mobility of ~808 cm2 V-1 s-1 at 2 K, with a nonsaturating, 

large and linear magnetoresistance (MR) of ~1400% at 9 T. It is noted that the MR in a 

metal usually varies only by several percent.21 Therefore, the behavior of NaCu4Se4 is 

surprising because it is a metallic compound and because the effect of nonsaturating linear 

MR is typically observed in special semiconductors (e.g. Ag2Q (Q = Se, Te)),22-24 

topological insulators (e.g. Na3Bi,25-26 and Cd3As2
27), Weyl semimetals (e.g. NbP, 28 

TaAs29), and nodal semimetals (e.g. ZrSiQ (Q = S, Se, Te)).30-31 To our knowledge, 

NaCu4Se4 is the first copper chalcogenide reported to exhibit nonsaturating, large and 

linear MR. Current interest in low dimensional materials exhibiting not only large but 

nonsaturating magnetoresistance is intense because of implications of special quantum 

properties that such materials may harbor.32 

 

Experimental Section 

Reagents. The following chemicals were used as purchased: copper powder (99.9%, 

Sigma-Aldrich), sodium chunks (99.99%, Sigma-Aldrich), CuO powder (99.9%, Sigma-

Aldrich) and selenium shot (99.999%, American Elements). Na2Se was synthesized by 

reacting stoichiometric amounts of the elements in liquid ammonia.33-34 
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Synthesis. All chemical handling was carried out in a dry nitrogen-filled glovebox. In a 

typical synthesis, Na2Se (0.375 g, 3 mmol), CuO (0.080 g, 1 mmol), Cu (0.064 g, 1 mmol), 

and Se (0.632 g, 8 mmol) were thoroughly mixed and placed into a carbon-coated fused-

silica tube (12 mm O.D. × 10 mm I.D.). The mixture was then evacuated to <10-4 mbar and 

flame-sealed. The ampule was heated to 873 K in 10 h, soaked there for 20 h, and then 

slowly cooled at a rate of 5 °C/h to room temperature. Excess polyselenide flux in the 

resulting ingot-like product was removed by washing with N,N’-dimethylformamide under 

flowing N2. After finally washing with diethyl ether and drying, thin dark blue hexagonal 

plate crystals as a major product and light-yellow colored powders, at about 10% portion 

of the product, were obtained. The powders were found to be Na2O2. The single crystals 

were found to consist of NaCu4Se4 (~80% yield) and NaCu6Se4 (~20% yield). The 

NaCu4Se4 crystals were stable in ambient conditions. EDS yields of the NaCu4Se4 crystals 

gave Na:Cu:Se atomic ratios of ~1:4:4 (Table S1 in the Supporting Information). PXRD of 

the reaction product agrees well with the simulated pattern from the single-crystal structure 

solution, with NaCu6Se4 as a minor phase (Figure S1). 

Single-Crystal X-ray Diffraction. A well-defined single crystal (600 m × 500 m × 100 

m) was mounted on a glass fiber. Diffraction data was collected on a single-crystal 

diffractometer (STOE IPDS 2T) at room temperature (293 K) and 50 kV and 40 mA with 

graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å).35 Each data frame was 

collected with an exposure time of 5 min and  rotation of 1. No significant degradation 

of the single crystal was observed during the measurement. The X-RED and X-SHAPE 

software packages were used for data integration and analytical absorption corrections.35 

The crystal structure was solved by direct methods and refined with the SHELX software 
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package.36 Summarized crystal structure and refinement information are given in Tables 1-

4. 

X-ray Photoelectron Spectroscopy (XPS). Single crystals used for XPS was pre-screened 

on the STOE IPDS 2T to check the structural parameters. XPS was collected to identify 

the valence states of elements in the compound by using an ESCALab250i-XL electron 

spectrometer (Thermo Scientific) with 300 W Al K radiation. The base pressure was 

~3×10-9 mbar. The binding energies were referenced to the C1s line at 284.8 eV from 

adventitious carbon. 

Electronic Transport Measurements. Charge transport property measurements were 

carried out on a NaCu4Se4 single crystal (dimensions: 1 × 0.5 × 0.1 mm3) which was 

confirmed on the STOE IPDS 2T. The data were obtained using a Dynacool Physical 

Property Measurement System (PPMS, Quantum Design) from 2 to 300 K. The resistivity 

was measured in a four-point collinear geometry and the Hall effect from 9 T was 

measured by placing two voltage contacts perpendicular to the axis of the current flow. The 

magnetic field was applied perpendicular to the plate crystal and the plane of current flow. 

The Hall resistivity (xy), was obtained via xy = [(+H)  (H)]/2. The magnetoresistance 

(MR) was defined by /0  [(H)  (0)]/(0) × 100%).37-38 The angular dependence of 

the magnetoresistance was collected using the rotator option (Quantum Design). The use 

of silver paste on NaCu4Se4 resulted in unstable contact resistances. To form stable, Ohmic 

contact, Pt pads (~50 nm thick) were sputtered before 25 m gold wires were attached 

using Ag paste (DuPont 4929N).5 Relevant dimensions (length, width, and thickness) were 

measured from an SEM image of the sample. 
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Heat Capacity. The heat capacity (C) of NaCu4Se4 was measured using a relaxation 

method in the PPMS. A number of crystals were manually selected and positioned on the 

sapphire platform using Apiezon N grease. It was measured in a temperature range of 4  

10 K. The data is analyzed by the formula C(T) = T + 1T
3 + 2T

5 in which T and 1T
3 + 

2T
5 are the electron and phonon contributions, respectively.39 The Debye temperature, D, 

is calculated by D = (124NR/5β)1/3 in which N = 9 is the number of atoms per formula 

unit and R is the gas constant. The effective mass m* is estimated by the relationship with 

 = 2/3B
2N(EF) = 1.36 × 10-4 × Vmol

2/3n1/3m*/m0,40 where Vmol, n, and m*/m0 are molar 

volume, carrier concentration per atom, and effective mass, respectively.  

First-Principles Calculations. The electronic structure of NaCu4Se4 was obtained by 

performing ab initio calculations based on density functional theory. We employed the 

Kohn-Sham density functional theory (KS-DFT) approach, as implemented in the 

QUANTUM ESPRESSO code.41-42 The exchange-correlation energy was approximated by 

the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) 

functional.43 Interactions between valence and core electrons were described by norm 

conserving scalar relativistic pseudopotentials.44-46 The Kohn-Sham orbitals were 

expanded in a plane-wave basis with a cutoff energy of 210 Ry, while a cutoff of 840 Ry 

was used for the charge density. The Brillouin zone (BZ) was sampled using a Gamma-

centered 18 × 18 × 3 grid following the scheme proposed by Monkhorst-Pack.47 The semi-

classical transport coefficients were calculated applying the BoltzTraP code to a ab initio 

calculation with a Brillouin zone sampled with a Gamma-centered 36 × 36 × 6 grid 

following the scheme proposed by Monkhorst-Pack.48 
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Results and Discussion 

Synthesis. Our initial attempt to use CuO as a precursor in a Na2Sex flux was intended to 

synthesize possible analogs of Na1.9Cu2Se2·Cu2O.20 After the NaCu4Se4 compound was 

discovered, we conducted control experiments with flux reactions using CuO and Cu as 

the only copper source, i.e., Na2Se/CuO/Se and Na2Se/Cu/Se mixtures in various elemental 

ratios and the same reaction conditions as described above. The reaction of Na2Se/CuO/Se 

produced NaCu4Se4, but with low yield giving only a few small pieces. In contrast, the 

reaction of Na2Se/CuO/Cu/Se gave NaCu4Se4 with significantly increased yield. As for the 

reaction of Na2Se/Cu/Se, it generated NaCu6Se4 and NaCuSe as the products without any 

sign of NaCu4Se4 formation.15 Using the stoichiometry determined by EDS the X-ray 

single crystal diffraction analysis, we targeted NaCu4Se4 by direct combination of 

elemental Na, Cu and Se in a 1:4:4 ratio, and heating this mixture to 873 K for 10 hr. 

However, this reaction resulted only in CuSe and NaCuSe as products, further confirming 

that oxide precursor is required for the synthesis of NaCu4Se4. We therefore conclude that 

the presence of CuO is crucial for the formation of NaCu4Se4 in the Na2Sex flux. The 

reaction mechanism is unclear at present, but we speculate that CuO plays a role in 

transforming elemental starting materials to special intermediates that lead to the NaCu4Se4 

framework. The temperature-dependent in situ XRD technique (also known as “panoramic 

synthesis”) may help identify the intermediate stage clusters in molten Na2Sex, as reported 

in the K/Cu/S, K/Sn/S and Cs/Sn/P/Se systems.49-51  

      A typical hexagonal plate-like crystal of NaCu4Se4, with side length of ~300 m and 

thickness of ~50 m, is shown in Figure 1a. In DTA experiments, NaCu4Se4 exhibits an 

endothermic peak at 613 K and two exothermic peaks around 590 K, corresponding to the 
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melting and crystallization events, respectively (Figure S1). PXRD of the ground post-

DTA sample reveals multiple peaks which can be indexed to NaCuSe and CuSe, indicating 

that NaCu4Se4 melts incongruently (Figure S2). 

Crystal Structure. The structure of NaCu4Se4 consists of infinite [Cu4Se4] layers charge 

balanced by Na+ ions (Figure 1b). The [Cu4Se4] layer is comprised of two unique Cu atoms 

(Figure 1c): Cu(1) is coordinated by three Se(1) atoms in a bent trigonal planar geometry 

with a bond length of 2.359(1) Å (Figure 1d). Cu(2) is coordinated by one Se(1) and three 

Se(2) atoms, in a distorted tetrahedral geometry with bond lengths of 2.424(3) and 2.425(1) 

Å, respectively (Figure 1e). The structure contains [Se2]2 dimers with Se-Se distance of 

2.363(3) Å (Figure 1f). The CuSe4 tetrahedra are separated by Se dimers and sandwiched 

by Cu(1) atoms to form the layer. The Na+ cations (Figure 1g) are six coordinated by Se 

atoms with NaSe distance of 3.009(1) Å.  

      NaCu4Se4 has a structure related to the binary CuSe. As shown in Figure 2a, the 

[Cu4Se4] slabs in NaCu4Se4 can be viewed as being constructed by a subunit sliced from 

CuSe (P63/mmc). For the related 2D and mixed-valent phases NaCu4Se3
12 and NaCu6Se4

15, 

a significant difference is that these two compounds are built entirely from CuSe4 units 

with all Cu atoms tetrahedrally coordinated. An additional difference is the presence of 

SeSe bonding in NaCu4Se4 which is absent in NaCu4Se3 and NaCu6Se4. The NaCu4Se3
12 

and NaCu6Se4
15 can be formulated as (Na+)(Cu+)4(Se)(Se2)2 and (Na+)(Cu+)6(Se)(Se2)3, 

respectively. The chemical formula of NaCu4Se4, however, can be better represented either 

by (Na+)(Cu+)3(Cu2+)(Se2)2(Se2)2 or (Na+)(Cu+)4(Se2)(Se)(Se2)2 with mixed valent 

(Cu+/Cu2+)52-54 or (Se2/Se).12, 15  
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      To interrogate valence states of the atoms in NaCu4Se4, we used XPS. In the case of 

Na, only one binding energy of 1072.1 eV corresponding to Na+ was observed (Figure 3a). 

The binding energies of 932.7 and 952.5 eV for Cu correspond to Cu+ 2p3/2 and 2p1/2 core 

states, with no Cu2+ satellite peaks observed (Figure 3b), confirming that NaCu4Se4 

contains only Cu+. The energy range for Se is shown in Figure 3c, where the observed 

binding energies 53.57 and 54.43 eV correspond to Se 3d5/2 and 3d3/2 core states. These are 

well fitted by three valence states (labelled A (53.53 and 54.39 eV), B (54.39 and 55.25 

eV) and C (55.33 and 56.19 eV)), which suggests NaCu4Se4 has three electronic 

environments for Se, with the corresponding bond strengths being: A < B < C. Because the 

bond strength is inversely proportional to the bond length, we assign the A, B and C 

corresponding to Cu(2)Se (2.424(3) Å), Se(2)Se(2) (2.363(3) Å), and Cu(1)Se 

(2.359(1) Å) bonds, respectively. Therefore, the XPS results directly confirm that 

NaCu4Se4 is a mixed-valent compound with electron deficiency on the Se atoms. The 

preferred chemical formula is thus (Na+)(Cu+)4(Se2)(Se)(Se2)2. This implies the 

delocalized holes exist in the compound, generating a metallic system, similar to CuSe,55 

NaCu4S4,13 and Na3Cu4S4.10 However, as we will show below, the electronic structure 

calculations suggest the oxidation is actually more delocalized on both Cu as well as Se 

atoms. 

Charge Transport Properties. The charge transport properties of NaCu4Se4 were probed 

with resistivity and Hall effect measurements on a single crystal sample. Figure 4a shows 

the resistivity () from 2 to 300 K along the plane of the single crystal.  decreases linearly 

with decreasing temperature, from 1.17 × 10-4  cm at 300 K to 2.22 × 10-6  cm at 20 

K, indicating metallic behavior. The data between 2 and 20 K shows T2 dependence, which 
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can be fitted by the equation of (T) = 0 + AT2 with the residual resistivity 0 and constant 

A determined to be 0.15  cm and 0.0048  cm/K2, respectively, suggestive of Fermi-

liquid behavior.56 Furthermore, the residual resistance ratio (RRR = 300K/2K) is ~424, 

indicating the high quality of the single crystal. 

      The carrier concentration (n) and mobility () in NaCu4Se4 were determined by Hall 

effect measurements on the same single crystal used for resistivity. The Hall resistivity 

(xy) exhibited a linear dependence on applied field (Figure S3). xy is positive for positive 

fields at all temperatures below 300 K, indicating that holes are the dominant charge 

carriers in NaCu4Se4. The n was calculated from the equation n = 1/(RHe) where RH denotes 

the Hall coefficient. As depicted in Figure 4b, n at room temperature is ~5.39 × 1021 cm-3 

which is of the same order found for NaCu4Se3 (~6.12 × 1021 cm-3) and NaCu6Se4 (~2.83 

× 1021 cm-3).12, 15 This value decreases slightly to 2.95 × 1021 cm-3 at 2 K. The , estimated 

by the formula  = 1/(ne), is ~11 cm2 V-1 s-1 at room temperature, and remarkably 

increases by nearly two orders of magnitude to ~808 cm2 V-1 s-1 at 2 K (Figure 4c). In the 

range of 15  300 K, the  displays a T3/2 dependence behavior, suggesting acoustic 

phonon scattering is occurring.57-58 Below 15 K, hole mobility is roughly constant, 

suggesting a combination of impurity scattering and acoustic phonon scattering.57-58 This 

mobility value is the highest among all metallic copper selenides. For example, at 2 K the 

mobilities are ~25 cm2V-1s-1 for CuSe59, ~6.5 cm2V-1s-1 for NaCu4S4
13, ~1.9 cm2V-1s-1 for 

NaCu4Se3
12 and ~22 cm2V-1s-1 for NaCu6Se4

15, comparison in Figure 4d. 

      To evaluate the Debye temperature (D) and effective mass (m*) of the holes in 

NaCu4Se4, the heat capacity (C) was measured. As shown in Figure 5, according to the 

formula C(T) = T + 1T
3 + 2T

5 in which T and 1T
3 + 2T

5 are the electron and phonon 
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contributions, the calculated coefficients are  = 6.8 mJ mol-1 K-2, 1 = 2.8 mJ mol-1 K-4, 

and 2 = 0.0085 mJ mol-1 K-6, respectively.39 D, calculated by D = (124NR/5β)1/3, is 

determined to be ~140 K. m* is found to be ~3 m0, as estimated by the relationship with  

= 2/3B
2N(EF) = 1.36 × 10-4 × Vmol

2/3n1/3m*/m0,40 where Vmol, n, and m*/m0 are molar 

volume, carrier concentration per atom, and effective mass. Compared with m* in KCu3-

xSe2 (~7.1 m0)5, the value of m* in NaCu4Se4 is much smaller, which is consistent with the 

much higher mobility. 

Band Structure Calculations. To gain a deeper understanding of this material, we 

performed first-principles electronic structure calculations. The band structure of 

NaCu4Se4 has several bands crossing the Fermi level in the vicinity of the -point, Figure 

6. The Fermi surfaces show that the electrons are constrained in two-dimensions. 

      Figure 7a shows both the calculated total density of states (DOS) and the projected 

DOS (pDOS) for each atomic species in the vicinity of the Fermi level. Together with 

Figure 7b and 7c, it shows that the electronic behavior of NaCu4Se4 is dominated by copper 

d-orbitals and selenium p-orbitals which contribute equally to the DOS at EF (Figure S4). 

      From the ab initio calculation, we can estimate the (zero temperature) charge carrier 

concentration by simply integrating the density of states between the Fermi level and the 

top of the conduction bands. Such an estimate gives a charge carrier density of the order of 

~5 × 1021 cm-3, which agrees well with the experimental value from the Hall effect.  

      The charge carrier’s density of states effective mass is given by 𝑚𝐷𝑂𝑆∗ = √𝑚𝑥∗𝑚𝑦∗𝑚𝑧∗3 , 

where 𝑚𝑥∗ , 𝑚𝑦∗ , and 𝑚𝑧∗  stand for the effective masses along different directions in the 

Brillouin zone. This quantity can also be estimated from the ab initio results, by fitting it 
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to the density of states of a 3D isotropic parabolic dispersion, which can be related to an 

isotropic one, 𝐸𝑘′⃗⃗⃗⃗ = ℏ2𝑘′⃗⃗⃗⃗ 22𝑚𝐷𝑂𝑆∗ , with the following transformation 

𝑘′⃗⃗  ⃗ = √𝑚𝐷𝑂𝑆∗ ( 𝑘𝑥√𝑚𝑥∗ , 𝑘𝑦√𝑚𝑦∗ , 𝑘𝑧√𝑚𝑧∗). 

Such a procedure yields a charge carrier effective mass of ~2.2 m0 which is close to the 

experimental estimate based on the heat capacity data (~3 m0). The close resemblance 

between the theory and experiments validates the convincing transport properties arising 

from the unique layered structure of NaCu4Se4. NaCu4Se4 has a band structure which is 

very similar to the band structures of NaCu4Se3
12 and NaCu6Se4

15. Herein, the high 

mobility in NaCu4Se4 at 2 K possibly results from high crystallinity of the as-synthesized 

single crystal, as confirmed by the very large RRR. 

Magnetoresistance. High carrier mobility in metals is associated with large MR, e.g., in 

the layered transition-metal dichalcogenide WTe2
21 and graphite.60 Considering the high 

mobility in NaCu4Se4 and its 2D structure, we also investigated the MR in this material. 

When a magnetic field (0  9 T) is applied perpendicular to the direction of the current 

flow (Figure 8a), the resistivity of NaCu4Se4 shows substantial increase in a temperature 

range 2  50 K, indicating large positive MR. The field dependence of MR at various 

temperatures is shown in Figure 8b and 8c. All MR exhibits linear behavior showing no 

sign of saturation up to 9 T. A maximum MR of ~1400% was obtained at 9 T and 2 K, a 

value which qualifies as giant.61 The MR values decrease with increasing temperature: for 

an applied magnetic field of 9 T, from ~1400% at 2 K to ~10% at 50 K which is reflects 

the large drop in mobility with rising temperature, Figure 8d. 
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      To probe the anisotropy of MR, the angle dependence on the same single crystal of 

NaCu4Se4 was measured using the sample rotator on PPMS from 0  360. Figure 9a shows 

the field dependence of the MR with different angles between the applied magnetic field 

and the crystallographic c axis (0, 30, 60 and 90). The MR maximizes at 0 and 

decreases when the applied magnetic field gradually tilts away from the c axis. When it 

arrives at 90 where the magnetic field is applied in plane, MR shows a linear behavior 

with a sign of saturation at large magnetic fields and its value is much smaller: the MR at 

9 T at 2 K (~280%) is approximately five times smaller than that measured at 0. The angle-

dependent MR data at 2 K with the applied magnetic field of 9 T could be well fitted with 

the function of cos() as shown in Figure 9b. This clearly indicates high anisotropy where 

the carriers’ movement is 2D constrained in planes perpendicular to the crystallographic c 

axis .62-63 

      Generally, positive, nonsaturating and linear MR can be attributed to one of three 

origins. One is that electrons move in a polycrystalline sample with an open Fermi surface, 

as reported in the Ag2Q (Q = Se, Te) semiconductors.22-23 While NaCu4Se4 has an open 

Fermi surface, our measurement is on a high-quality single crystal. As a consequence, this 

is likely not the source of the linear MR observed in this compound. Another case is the 

extreme quantum limit where one Landau level dominates, which has inspired extensive 

interest in some quantum materials with Dirac points, such as SrMnBi2,64 SrMnSb2,65 

TaAs,29, 66 and ZrSiS.30 In this case, the MR usually exhibits a crossover at a critical field 

B* from a semiclassical weak-field B2 dependence to the high-field linear-field 

dependence.67 Considering the calculated band structure of NaCu4Se4, we can exclude this 

case because no apparent Dirac point is present in NaCu4Se4. We therefore suspect that the 
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linear MR in NaCu4Se4 may be associated with the high mobility, as the third case.27 From 

the transport data, both of the  and the MR simultaneously decrease dramatically with 

increasing temperature from 2 K to 50 K, which further confirms the link between  and 

MR in NaCu4Se4. 

 

Conclusions 

      It is not often that a new unique synthesis is discovered where the use of a particular 

precursor leads to a new compound. This is especially remarkable when this occurs in a 

composition space which is already very congested with other related compounds. The 

introduction of CuO as the metal source in reactive NaSex flux, enables a reaction route to 

the new 2D hexagonal compound NaCu4Se4. When CuO is not used, the reaction leads to 

other structurally related ternary Na/Cu/Se phases with no trace of NaCu4Se4. Therefore, 

the choice of unconventional precursors can, in some instances, alter the mechanism and 

stabilize reaction intermediates that lead to difficult to access phases. The newly formed 

metallic phase of layered NaCu4Se4, despite it very large hole concentration of ~1021 cm-3, 

features a high in-plane hole mobility of ~808 cm2V-1s-1 at 2 K, resulting in a 

correspondingly uncharacterisitc nonsaturating giant MR of ~1400% that remains linear 

up to 9 T. Given that NaCu4Se4 is not a semimetal, at this point it is not clear if the 

nonsaturating giant MR in this material is due to a unique feature in the nature of electronic 

Fermi surface, or to some electronic inhomogeneity in the sample or even a new 

mechanism. Elucidating this question will require additional experiments including 

measurements at even high magnetic fields. 
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Table 1. Crystal data and structure refinement for NaCu4Se4 at 293(2) Ka 
Empirical formula NaCu4Se4 

Formula weight 592.99 

Temperature 293(2) K 

Wavelength 0.71073 Å 

Crystal system hexagonal 

Space group P63/mmc 

Unit cell dimensions 
a = 3.9931(6) Å, α = 90° 
b = 3.9931(6) Å, β = 90° 
c = 25.167(5) Å, γ = 120° 

Volume 347.52(13) Å3 

Z 2 

Density (calculated) 5.667 g/cm3 

Absorption coefficient 32.963 mm-1 

F(000) 526 

Crystal size 0.634 × 0.455 × 0.104 mm3 

θ range for data collection 3.238 to 29.055° 

Index ranges -5 ≤ h ≤ 4, -4 ≤ k ≤ 4, -34 ≤ l ≤ 34 

Reflections collected 1949 

Independent reflections 226 [Rint = 0.1202] 

Completeness to θ = 25.242° 99.4% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 226 / 0 / 16 

Goodness-of-fit 1.315 

Final R indices [I > 2σ(I)] Robs = 0.0724, wRobs = 0.1351 

R indices [all data] Rall = 0.0789, wRall = 0.1385 

Extinction coefficient 0.0061(19) 

Largest diff. peak and hole 1.889 and -1.164 e·Å-3 
aR = Σ||Fo|  |Fc||/Σ|Fo|, wR = [Σ[w(|Fo|2  |Fc|2)2]/Σ[w(|Fo|4)]]1/2, and calculated w = 
1/[σ2(Fo

2) + (0.0419P)2 + 11.4289P], where P = (Fo
2 + 2Fc

2)/3. 
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Table 2. Atomic coordinates (×104) and equivalent isotropic displacement parameters 
(Å2×103) for NaCu4Se4 at 293(2) K with estimated standard deviations in parentheses. 
Label x y z Occupancy Ueq

* 

Se(1) 3333 -3333 768(1) 1 14(1) 

Se(2) 0 0 2030(1) 1 15(1) 

Cu(2) 3333 -3333 1732(2) 1 20(1) 

Cu(1) 6667 3333 968(2) 1 29(1) 

Na(1) 0 0 0 1 21(3) 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 
 
Table 3. Anisotropic displacement parameters (Å2×103) for NaCu4Se4 at 293(2) K with 
estimated standard deviations in parentheses. 
Label U11 U22 U33 U12 U13 U23 

Se(1) 9(1) 9(1) 23(1) 5(1) 0 0 

Se(2) 12(1) 12(1) 21(1) 6(1) 0 0 

Cu(2) 17(1) 17(1) 25(2) 8(1) 0 0 

Cu(1) 18(2) 18(2) 50(2) 9(1) 0 0 

Na(1) 18(4) 18(4) 28(6) 9(2) 0 0 
The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 
2hka*b*U12]. 
 
 
 
Table 4. Bond lengths [Å] and bond angles [°] for NaCu4Se4 at 293(2) K with estimated 
standard deviations in parentheses. 
Cu(1)-Se(1) 2.359(1) Cu(2)-Se(2) 2.425(1) 

Cu(2)-Se(1) 2.424(3) Se(2)-Se(2) 2.363(3) 

Na(1)-Se(1) 3.009(1) Se(1)-Cu(1)-Se(1) (×3) 115.62(7) 

Se(2)-Cu(2)-Se(2) (×3) 110.84(7) Se(1)-Cu(2)-Se(2) (×3) 108.07(8) 
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Figures 

 
 

 
Figure 1. (a) SEM image of a typical NaCu4Se4 crystal.  (b) Crystal structure of NaCu4Se4. 
Na atoms are indigo, Cu atoms are green and Se atoms are pink. (c) Cu(1)-Se(1) and Cu(2)-
Se(2) sublayers. Coordinated environments and bond distances of (d) Cu(1), (e) Cu(2), (f) 
Se(2), and (g) Na atoms.  
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Figure 2. Comparison of the structure for NaCu4Se4 with (a) CuSe, (b) NaCu4S4,13 (c) 
NaCu4Se3

12 and (d) NaCu6Se4
15 viewed along the crystallographic b-axis. Na atoms are 

indigo, Cu atoms are green, Se atoms are pink and S atoms are orange.  
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Figure 3. X-ray photoemission spectra of (a) Na 1s, (b) Cu 2p3/2, 2p1/2, and (c) Se 3d5/2, 
3d3/2 core states in NaCu4Se4 (measured results, black line; fitted results, green line). The 
Se spectra is fitted with three peaks (marked with A (53.53 and 54.39 eV) in blue color, B 
(54.39 and 55.25 eV) in red color and C (55.33 and 56.19 eV)) in pink color, which 
demonstrates three electronic environments for Se in the structure. 
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Figure 4. (a) Temperature dependence of the resistivity () for NaCu4Se4 from 300 K to 2 

K. The data at low temperature (2  20 K) is well-fitted with the formula, 0.0015 + 4.8 × 

10-5T2 (inset). (b) Carrier density (n) and (c) carrier mobility () as a function of 

temperature. (d) Comparison of  values at 2 K for CuSe,59 NaCu4S4,13 NaCu4Se3,12 
NaCu6Se4,15 and NaCu4Se4. 
  



29 
 

 

 

Figure 5. Specific heat for NaCu4Se4 divided by temperature (C/T) as a function of T2. It 
is well fitted by the formula C(T) = T + 1T

3 + 2T
5 where T and 1T

3 + 2T
5 denote the 

electron and phonon contributions, respectively. The corresponding fitted coefficients are 
 = 6.8 mJ mol-1 K-2, 1 = 2.8 mJ mol-1 K-4, and 2 = 0.0085 mJ mol-1 K-6, respectively. 
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Figure 6. Calculated electronic band structure near the Fermi level for NaCu4Se4 (on the 
right), with the Fermi surfaces (at the points in the high-symmetry path) shown on the left. 
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Figure 7. Calculated density of states (DOS) of NaCu4Se4, together with the projected 
DOS on (a) the sodium, copper and selenium atoms, (b) the s, p and d orbitals of the copper 
and (c) the selenium atoms. 
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Figure 8. (a) Temperature dependence of resistivity () for NaCu4Se4 from 300 K to 2 K 

at different magnetic fields (0  9 T). (b) Magnetic field dependence of the 

magnetoresistance (/0) at 2 K, defined as [(H)  (0)]/(0) × 100%, displays a linear 

behavior. (c) /0 at different temperatures (10  50 K). (d) Change of /0 at 9 T with 
different temperatures. 
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Figure 9. (a) Field dependence of magnetoresistance (/0) at 2 K, defined as [(H)  

(0)]/(0) × 100%, at an angle  of 0, 30, 60, and 90.  is the angle between the field 

and the crystallographic c axis. (b) Tilt angle dependence of magnetoresistance (/90), 

defined as [(H)  90]/90 × 100%, from 0 to 360 at a magnetic field of 9 and 5 T at 2 

K. /90 is well fitted by the cos() function. 
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