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ABSTRACT- The atomic structure of quasi one-dimensional (1D) van der Waals 

materials can be regarded as the stacking of atomic chains to form thin flakes or 

nanoribbons, which substantially differentiates them from typical two-dimensional 

(2D) layered materials and 1D nanotube/nanowire array. Here we present our studies 

on a quasi 1D noble metal monochalcogenides, gold selenide (AuSe), which possesses 

high anisotropic crystal structure and unique physical properties. Our polarized Raman 

characterizations verify high anisotropy of vibrational behavior of AuSe due to its low 

in-plane symmetry. Electrically, AuSe exhibit high in-plane conductivity along the 

directions of both atomic chains and perpendicular one, which can be understood as a 

result of strong interchain interaction. We found that AuSe is a topologically trivial 

semimetal and exhibits a near quadratic nonsaturating giant magnetoresistance of 1841% 

with the magnetic field perpendicular to the in-plane of AuSe. Our works help to 

establish fundamental understandings on this quasi 1D van der Waals semimetallic 

AuSe and identify it as a new candidate for exploring the giant magnetoresistance. 
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Two-dimensional (2D) materials usually exhibit isotropic in-plane physical 

properties. However, some 2D materials, e.g., black phosphorus and rhenium disulfide, 

have shown anisotropically physical properties because of their low in-plane symmetry, 
[1-6] which is a result of strong anisotropy in the chemical bonds. The asymmetric atomic 

arrangements in these 2D materials give rise to anisotropic electrical mobility, phonon 

vibrational modes and photo-response, enabling the design of new electronic and 

optoelectronic devices that cannot be easily realized in isotropic materials. Researchers 

have demonstrated these anisotropic 2D materials for logic inverter, light polarizers, 

polarization detectors, piezoelectric applications, and magnetic sensors, etc. [2, 3, 7, 8] For 

the mostly studied 2D anisotropic materials, the in-plane atoms are typically connected 

by strong chemical bonding.  

Recently, researchers have identified some emerging types of quasi one-

dimensional (1D) van der Waals (vdWs) materials that are stacked by atomic chains 

with intrachain chemical bonding and interchain vdWs interaction.[6, 7, 9] Layered 

selenium and tellurium are quasi 1D vdWs semiconductors, exhibiting extraordinarily 

high carrier mobility, high optical absorption, intrinsic anisotropy, tunable bandgap, 

and strong environmental stability.[3, 9] Quasi 1D noble metal monochalcogenides (e.g., 

AuSe) atomic chains are connected by covalent bonding along the axial direction. These 

1D AuSe atomic chains can be stacked together, forming 1D needle-like nanoribbon or 

2D nanosheet structure. [10-17] The difference between strong intrachain chemical 

bonding and interchain interaction leads to high anisotropy in the 1D vdWs material, 

resulting in thoroughly different properties compared with typical 2D layered materials 

and 1D nanotubes/nanowires.[18]  

In this work, we investigate the quasi 1D vdWs AuSe using optical spectroscopy, 

electrical characterization and magnetotransport measurement together with density 

functional theory (DFT) calculations. Polarized-resolved Raman spectra exhibit 

anisotropic vibration behaviors of AuSe. By electrical measurement, we find that 1D 

vdWs AuSe shows metallic behaviors with high in-plane conductivity of 7.5 × 105 S m-

1, which is comparable to graphene and even some metals. Our DFT calculations show 
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that AuSe is a topologically trivial semimetal with compensated electrons and holes. 

The longitudinal magnetoresistance of AuSe exhibits a near quadratic nonsaturating 

giant magnetoresistance (GMR). The upturn and reentrant metallic behavior can be 

understood as a result of the carrier mismatch at low temperature. The distinct 

magnetoresistance (MR) characteristics along different directions of AuSe further 

verify its anisotropic properties. These studies identify AuSe as a new category of quasi 

1D vdWs materials and a new candidate for the GMR. 

AuSe possesses two different crystalline structures, namely, α-phase and β-phase, 

both of which belong to space group C2h. α-AuSe is a thermodynamically stable phase, 

while β-AuSe is a metastable phase. [14, 17, 19] In this work, we mainly focus on the α-

phase AuSe. Figure 1(a) shows the schematic view of atomic structure of bulk α-phase 

AuSe. There are two different coordination sites for Au atoms in AuSe, where one is 

linearly coordinated to two Se atoms, and the other is surrounded by four Se atoms in 

the form of a planar square. These essential bonds give rise to the formation of 1D 

atomic chains along the direction of the monoclinic b-axis, and these 1D chains are 

stacked together along the a-axis and c-axis, forming quasi 1D AuSe. Figure 1(b) and 

1(c) present the conventional cell of α-phase AuSe in the forms of 1D chain and bulk 

form, respectively. As shown in Figure 1(c), these 1D atomic chains shift along the b-

axis by 0.5b relative to the neighboring chain. According to our first-principle 

calculations, the bulk α-AuSe has the crystal parameters with a = 1.203 nm, b = 0.378 

nm, c = 0.845 nm, α = γ = 90°, β = 101.1°, in good agreement with previous reports.[12] 

The interchain binding energy along the c-axis and a-axis directions are -0.39 eV and -

0.68 eV, respectively. This interchain binding energy is much higher than the interlayer 

binding energy in MoS2 (-0.24 eV), PtS2 (-0.28 eV) and lower than that of tellurene (-

0.85 eV).[18, 20, 21] This large binding energy (-0.68 eV and -0.39 eV) also implies 

strongly hybridized interchain Se and Au atoms and strong interchain interaction in 

neighboring AuSe atomic chains, in analog to the “covalent-like S-S quasi-bonding” in 

few-layered PtS2 and PtSe2.[20, 21] The binding energy along the a-axis is much higher 

than that along the c-axis, indicating that α-AuSe is most likely to be exfoliated along 
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the c-axis. With the increase of the AuSe thickness, the binding energy shows negligible 

change, accompanied with negligible change of lattice constant, as shown in Figure S1. 

Figure 1(d) is a typical optical microscope image of quasi 1D vdWs α-phase AuSe 

flake mechanically exfoliated onto a Si substrate with 300-nm-thickness SiO2. The 

exfoliated AuSe flake clearly shows the belt-like shape and sharp edge, indicating the 

intrinsic characteristics of a quasi 1D vdWs characteristic of AuSe. This feature also 

makes it easy to identify the chain direction of AuSe along the b-axis. Figure 1(e) is the 

atomic force image (AFM) of the flake, showing the thickness of 33.2 nm. Figure 1(f) 

is a transmission electron microscopy (TEM) image of AuSe flake. The spacing 

between the (400) crystal plane is measured to be 0.29 nm. The spacing between (100) 

plane is calculated to be 1.16 nm, in good agreement with the lattice parameter along 

the a-axis calculated by DFT. The composition and the stoichiometric ratio of the AuSe 

crystal are characterized by energy-dispersive X-ray (EDX) spectra. The atom ratio 

between Au and Se atom ratio approximates 1:1, as shown in Figure S2. 

Raman spectroscopy is of vital importance for the characterization of vdWs 

materials.[22] The lattice structure of bulk AuSe belongs to the C2/m point group. There 

are 4 irreducible representations: Ag, Bg, Au and Bu. The primitive cell of bulk AuSe 

consists of 8 atoms. In total, there are 24 vibration modes, including 12 Raman active 

modes (Ag and Bg) and 12 infrared active modes (Au and Bu). In the high-frequency 

region, there are three pronounced Raman peaks in the polarization dependent Raman 

spectra of AuSe under an excitation laser with the wavelength of 488 nm, as shown in 

Figure 2(a). The peaks at 201.7 cm-1 and 211.1 cm-1 are found to be highly polarized, 

while the peak at 181.2 cm-1 is independent on the polarization. The polarization 

dependent Raman peaks are out-of-plane modes and the polarization independent 

Raman peaks are in-plane mode.[20, 21] Figure 2(b) presents the intensity of the peaks 

(201.7 cm-1 and 211.1 cm-1) in the polar axis. First-principle calculations further reveal 

the schematic diagrams of the vibrational displacement for different Raman peaks. We 

identify the out-of-plane modes at 201.7 cm-1 and 211.1 cm-1 as Ag
6 and Bg

4, 

respectively; and the in-plane mode (Bg
3) is located at 181.2 cm-1. 



     

5 
 

    To explore the structural change of AuSe at low temperature, we performed 

temperature-dependent Raman of bulk AuSe, as shown in Figure 2(c). The position of 

all Raman active peaks shows blue-shift approximately 1 cm-1 with the decrease of 

temperature from 293 K to 93 K. The measured temperature dependence of the Raman 

mode frequency shift can be characterized by a linear equation: ω = ω0+ χT, where ω0 

is the frequency at 0 K and χ is the first-order temperature coefficient. [23] The measured 

χ values for the modes of Bg
3, Ag

6 and Bg
4 in a bulk AuSe are -0.015, -0.007, and -0.009 

cm-1/K, respectively, as shown in Figure S3. This temperature-dependent softening 

mode is due to the an-harmonic contributions induced by phonon-phonon interactions. 
[23] Similar results and detailed analysis have been reported for MoS2. [23] These 

insignificant changes of Raman spectra indicate negligible structure change of AuSe in 

this temperature range. 

    The symmetry of few-layered AuSe and bulk AuSe are different. For few-layered 

AuSe, the primitive cell contains 16 atoms, while the primitive cell for bulk AuSe has 

8 atoms. The symmetry of the primitive cell results in no interlayer shearing and 

breathing modes in bulk AuSe. In its bulk form, we cannot observe obvious layer-

dependent Raman characteristics because the mechanical vibration changes negligibly 

as a result its low symmetry.[20, 21] Ultralow frequency Raman modes of bulk AuSe 

represent the relative intralayer motions, which is different from other 2D layered 

materials (graphene, MoS2, PtS2, etc). There are 4 observable peaks in the low-

frequency Raman spectra of bulk AuSe with excitation laser wavelength of 532 nm, as 

shown in Figure 2(d). The Ag
2 (34.5cm-1), Ag

3 (41.7 cm-1) and Ag
4 (70.9 cm-1) are 

polarized dependent, but the Bg
1 (16.7 cm-1) mode is polarized independent, indicating 

that Ag
2, Ag

3 and Ag
4 are out-of-plane modes, while mode Bg

1 is an in-plane mode. All 

the Raman mode are given in Table S1 and Figure S4. 

    Figure 3(a) shows three-dimensional (3D) Brillouin zone of bulk α-AuSe. In its 

1D form, the AuSe atomic chain is an indirect bandgap semiconductor with a bandgap 

of 1.26 eV (Figure 3(b)). Both the conduction band minimum (CBM) and valence band 

maximum (VBM) of AuSe locate between the G and Y point. Figure 3(c) presents the 
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bandstructure of bulk α-phase 1D vdWs AuSe. There are two hole pockets (α and β) 

locating in G and two electron pockets (γ and δ) locating between G and Y. The band 

edge of δ locates at the Fermi level. These results suggest that two types of carriers exist 

in AuSe. AuSe belong to C2h, the cross point in G-Y point only satisfy the symmetry 

of C2. Considering spin-orbital coupling, the cross point represents the same irreducible 

representation. As a result, there will be a gap at the cross point. In this regard, bulk 

AuSe is a topologically trivial semimetal. The bandstructures of the monolayer, 2-layer 

and 4-layer AuSe are given in Figure S5 and S6.  

To study the electrical properties of the AuSe, we mechanically exfoliated AuSe 

flakes onto Si substrate with 300 nm SiO2 and prepared metal electrodes onto the AuSe 

flakes. Figure 3(d) is the current-voltage (I-V) characteristics of the bulk AuSe. The I-

V curves show linear relationships without any gate control, further confirming metallic 

behaviors of bulk AuSe crystal. Figure S7 presents the temperature-dependent I-V 

curves of another bulk AuSe at 300 K and 50 K, exhibiting metallic characteristics. The 

current along different directions of the AuSe flake with Vg = 0 V is given in Figure 

S8. The two-terminal conductance along the direction of the AuSe atomic chain (the b-

axis in Figure 1c) is 1.8 ×10-3 S, and the conductance perpendicular to the AuSe atomic 

chain (the a-axis in Figure 1c) is 1.48×10-4 S. The high conductivity perpendicular to 

the b-axis indicates strong interchain interaction between AuSe atomic chains, which 

is consistent with the quasi covalent bond like interaction along the a-axis of AuSe. 

Figure 3(e) shows the extracted 4-terminal conductivity along the b-axis (𝜎𝜎 =
𝐼𝐼𝑑𝑑𝑑𝑑
∆𝑉𝑉

𝐿𝐿
𝑊𝑊

) of quasi 1D vdWs AuSe with different thicknesses as a function of temperature 

from 50 K to 293 K, where Ids is the current, V is the voltage drop, and L/W is the 

length/width ratio of the channel. For a bulk AuSe crystal with a thickness of 102 nm, 

the conductivity at room temperature is 7.5 × 105 S m-1, which is even larger than that 

of graphene (0.2~2×106 S m-1) and PtSe2 (6.2×105 S m-1) and comparable to many 

metals [24]. When the temperature decreases to 50 K, the conductivity increases to 5.9 

× 106 S m-1. For 20-nm-thick AuSe, the conductivity increases from 1.7×104 S m-1 (250 

K) to 6.5×104 S m-1(50 K). The conductivity of all the AuSe samples increases with the 
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decrease of the temperature, which is due to the reduced electron-phonon scattering at 

low temperature. Figure 3(f) is the comparison of the conductivity of AuSe and other 

highly conductive materials, manifesting its high electrical conductivity [21, 25-31].  

Furthermore, we performed magnetotransport studies to reveal the carrier 

transport of AuSe. Figure 4(a) presents the longitudinal resistivity (ρxx, along the 

atomic chain direction b-axis) of AuSe as a function of temperature with magnetic field 

from 0 T to 9 T, where the direction of magnetic fields is perpendicular to the a-b plane 

of AuSe, and the current is collected along the b-axis of AuSe. The ρxx of AuSe at zero 

field shows metallic behavior from 2 K to 300 K. The AFM image (Figure S9(a)) of 

this AuSe device shows its thickness of 56 nm. At the temperature of 70 K, the ρxx of 

AuSe shows an obvious upturn under the magnetic field of 9 T. The change rate of ρxx 

(Figure S10(a)) as a function of temperature shows that the minima of the upturn under 

6 T and 9 T are 37.4 K and 68.7 K, respectively. Figure S10(b)-(c) shows the 

magnetoresistance (MR) and the normalized MR as a function of the temperature. The 

normalized MR shows almost the same temperature dependence under different 

magnetic fields, indicating that this upturn is not caused by the magnetic field induced 

metal-insulator transition [32-34]. A drop of the ρxx of AuSe is observed from 30 K to 2 K 

under a magnetic field of 9 T. Although the reentrant metallic behavior is usually 

observed in some semimetals when the Weyl nodes are identified in the vicinity of the 

Fermi level, e.g., graphene, NbP and TaAs [35, 36]. However, a similar result for 

semimetal with the upturn effect was only reported in WP2 
[32, 34, 37].  

Figure 4(b) shows the longitudinal MR (MR = Δρ(H)/ρ0) of AuSe. The MR 

exhibits near quadratic dependence on the magnetic field, reaching 1557% at 2 K and 

9 T, and showing unsaturation trend up to the highest field in our measurements. Figure 

4(c) is Kohler’s plot (MR = α (B/ρxx(T,0))m), showing a single straight line with m ~ 2 

for temperature higher than 50 K. When the temperature is below 50 K, the index m is 

much smaller than 2. At 2 K, the index m drops to 1.36. Comparable m values were 

reported in LaSb of 1.78 and LaAs of 1.35[38-40]. The Kohler’s plot of another sample 

with a thickness of 102 nm is given in Figure S11(a)-(b). 
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According to the DFT calculation (Figure 3(b)), two hole pockets locate in G point 

and two electron pockets locate between G-Y point, respectively. The Hall resistance 

ρxy of AuSe (Figure 4(d)-(e)) exhibits nonlinear characteristics under low magnetic 

field, indicating the existence of carrier compensation. Hall angle is typically used to 

identify charge compensation and energy dispersion in materials with nonsaturating 

MR [35]. Figure S12 shows the Hall angle of an AuSe device as a function of 

temperature. The Hall angle of AuSe is close to zero from 2 K to 300 K, indicating 

that the electron and hole of AuSe are most likely to be compensated [35]. Considering 

both electron and hole participate in the carrier transport, we adopt two-band model 

to extract the carrier mobility of AuSe. The Hall conductivity σxy and longitudinal 

conductivity σxx can be calculated from equation (1): 

𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑦𝑦𝑦𝑦
𝜌𝜌𝑥𝑥𝑥𝑥2 +𝜌𝜌𝑥𝑥𝑥𝑥2

，𝜎𝜎𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑥𝑥𝑥𝑥
𝜌𝜌𝑥𝑥𝑥𝑥2 +𝜌𝜌𝑥𝑥𝑥𝑥2

       (1) 

where the ρxx and ρxy are the longitudinal and Hall resistance [35]. We can fit the Hall 

conductivity σxy and longitudinal conductivity σxx from equations (2) and (3): 

𝜎𝜎𝑥𝑥𝑥𝑥 = � 𝑛𝑛ℎ𝜇𝜇ℎ
2

1+𝜇𝜇ℎ
2𝐻𝐻2 −

𝑛𝑛𝑒𝑒𝜇𝜇𝑒𝑒2

1+𝜇𝜇𝑒𝑒2𝐻𝐻2
� 𝑒𝑒𝑒𝑒,   (2) 

 𝜎𝜎𝑥𝑥𝑥𝑥 = � 𝜇𝜇ℎ𝑛𝑛ℎ
1+𝜇𝜇ℎ

2𝐻𝐻2 + 𝜇𝜇𝑒𝑒𝑛𝑛𝑒𝑒
1+𝜇𝜇𝑒𝑒2𝐻𝐻2

� 𝑒𝑒       (3) 

where the nh, µh, ne, µe are the carrier concentration and mobility of hole and electron, 

respectively [39, 41]. All the data of the MR and the Hall resistance can be fitted into these 

two equations. The carrier density obtained from the two-band model fitting are 1.2× 

1020 cm-3 (hole) and 1.067 × 1020 cm-3 (electron) at 2 K, respectively. The ratio of nh/ne 

is 1.12, showing a small compensation mismatch between the electron and the hole. 

The nh/ne ratio approaches 1 with temperature up to 300 K. Based on the DFT 

calculation, the carrier density of the two hole pockets are 1.5 and 5.5 ×1021 cm-3 and 

the carrier density of the electron pocket is 6.6 and 0.4 × 1020 cm-3. The fitting curve of 

the σxy and the ρxx are given in Figure S13. The carrier density and the mobility are 

documented in Table 1. Both the DFT calculation and the two-band model fitting 

indicate that AuSe shows well electron-hole compensation. The large mobility and the 

compensated carrier all contribute to the giant nonsaturating parabolic MR in AuSe. 
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Figure S14 shows the theoretical simulation of ρxx of AuSe as a function of temperature. 

Even without taking the mobility into consideration, it clearly shows the upturn and the 

reentrant metallic behavior, matching experimental results very well. If the carriers are 

compensated, the MR will follow the Kohler’s law perfectly under all temperature and 

the reentrant metallic behavior will disappear.  

   In addition, we characterize the magnetotransport properties of AuSe by applying 

magnetic field with different directions. Figure 5(a) shows the schematic device 

configuration with the illustration of the direction of magnetic fields. We define the y-

axis along the current direction (also the b-axis of the AuSe atomic chain), x-axis 

perpendicular to AuSe chain within the plane (also the a-axis in Figure 1c), and z-axis 

perpendicular to the a-b plane. Figure S9(c) is the AFM image of this device. Figure 

5(b) shows the angle-dependent ρxx of AuSe under different temperature, where the 

magnitude of the magnetic field is fixed at 9 T and the direction is changed continuously 

from Bx field (0 degree) to Bz field (90 degree). The ρxx changes from 0.004 mΩ·cm (0 

degree) to 0.0473 mΩ·cm (90 degree) at 2 K, and from 0.0198 mΩ·cm (0 degree) to 

0.074 mΩ·cm (90 degree) at 50 K. Figure 5(c) shows the ρxx with the direction of 

magnetic field varied continuously from By field (0 degree) to Bz field (90 degree) when 

the magnitude of the magnetic field is fixed at 9 T. The ρxx changes from 0.0035 mΩ·cm 

(0 degree) to 0.048 mΩ·cm (90 degree) under 2 K, and from 0.017 mΩ·cm (0 degree) 

to 0.080 mΩ·cm (0 degree) at the temperature of 50 K. These results further confirm 

the anisotropic MR in quasi 1D AuSe and indicate a nonspherical Fermi surface of bulk 

AuSe. 

  Figure 5(d) is the longitudinal resistance of the AuSe when the magnetic field is 

perpendicular to the a-b plane along the z-axis. The AuSe device exhibits GMR of 1841% 

at 2 K. Figure 5(e) is the ρxx with the magnetic field along the y-axis (the direction of 

the AuSe atomic chain). Negligible change in ρxx is observed when the magnetic field 

changes from -9 T to 9 T. Then we change the direction of magnetic field to the x-axis, 

which is perpendicular to the AuSe atomic chain within the a-b plane. The ρxx is given 

in Figure 5(f). The MR of AuSe under 50 K shows a significant decrease from 373% 
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down to 22%. In a stark contrast, the MR of AuSe under 2 K, 4 K and 10 K, decrease 

to zero, which is quite different from the MR when the magnetic field is along the Bz 

direction and requires further investigations.  

In summary, we perform systematic investigation on quasi 1D metallic AuSe using 

optical spectroscopies, electrical characterization and magnetotransport measurement. 

The quasi 1D nature of AuSe makes it a highly anisotropic material, exhibiting 

polarization dependent vibration behavior and highly anisotropic MR. 

Magnetotransport measurement and theoretical calculations show that AuSe is a 

topologically trivial semimetal with GMR. The carrier is compensated over a wide 

temperature range. A small carrier mismatch at low temperature results in the upturn 

and reentrant metallic behavior at low temperature. These studies helps to enrich the 

vdWs materials family and identify the quasi 1D vdWs materials as a promising 

category for anisotropic characteristics and GMR characteristics. 

 

Experimental Section 

Device fabrication and electrical characterization. AuSe single crystals were 

purchased from HQ graphene. Crystals were cleaved into small pieces and transferred 

onto Scotch tape. The samples were transferred onto the Si substrate with 300-nm-thick 

SiO2 for Raman tests and device fabrication. The substrates were spin-coated with 

MMA and PMMA for subsequent electron beam lithography. Metal electrodes were 

deposited onto thin AuSe flakes by sequential electron-beam evaporation of Ti (10 nm) 

and Au (60 nm) at the rates of 0.5 Å /s and 0.7 Å /s. Temperature-dependent electrical 

measurements were carried out by a Keithley 4200 semiconductor parameter analyzer 

in a closed-cycle cryogenic probe station with a base pressure of 10−5 Torr. 

Material characterization. A micro Raman spectrometer (HORIBA HR800) was used 

for high-frequency, and Witec Raman system was used for the low-frequency Raman 

test. The AuSe flakes were transferred onto copper grids by KOH etching method. 

STEM image was captured by FEI Tecnai F20 operated with an acceleration voltage of 

200 kV. The Raman scattering intensity is proportional to |es∙R∙ei|2, where ei is the 
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incident beam (cosθ, sinθ, 0), and es is the scattered light (1, 0, 0). The Raman tensor 

of C2/m can be represented by : 

𝑅𝑅𝐴𝐴𝐴𝐴 = �
𝑎𝑎 0 𝑑𝑑

𝑏𝑏
𝑑𝑑 𝑐𝑐

�, 

𝑅𝑅𝐵𝐵𝐵𝐵 = (
𝑒𝑒

𝑒𝑒 𝑓𝑓
𝑓𝑓

), 

By substituting the unitary vectors and the Raman tensors defined above, we can 

obtain the analytical expressions for the angle-dependent intensities of the Ag and Bg 

peaks: 

 SAg=a2cosθ2, 

SBg=e2sinθ2, 
DFT calculations. DFT calculations were performed using the generalized gradient 

approximation for the exchange-correlation potential, the projector augmented wave 

method [42, 43] and a plane-wave basis set as implemented in the Vienna ab-initio 

simulation package (VASP) [44] and Quantum Espresso (QE) [45]. Density functional 

perturbation theory was employed to calculate phonon-related properties, including 

Raman intensity (QE), activity (QE) and shifts (VASP). In terms of VASP calculations, 

the kinetic energy cut-off for the plane-wave basis set was set to 600 eV for geometric 

optimizations and vibrational properties calculations while 500 eV for electronic 

structure calculations. For QE calculations, the kinetic energy cut-off was set 50 Ry and 

600 Ry for wavefunction and charge density, respectively. A k-mesh of 5×15×7 was 

adopted to sample the first Brillouin zone of the conventional unit cell of bulk AuSe in 

all calculations. The mesh density of k points was kept fixed in calculations of bulk 

AuSe and 1D AuSe chain. In atomic structure optimization and vibrational property 

calculations, van der Waals interactions were considered at the vdW-DF [46, 47] level 

with the optB6b exchange functional (optB86b-vdW) [48-50], which was proved to be 

accurate in describing the structural properties of layered materials[18, 51-53]. The shape 

and volume of each supercell were fully optimized and all atoms in the supercell were 

allowed to relax until the residual force per atom was less than 5×10–3 eV·Å–1. 

Electronic bandstructures were calculated using the PBE functional with and without 

the inclusion of spin-orbit coupling.  
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Figure and captions 

  
Figure 1. (a) Schematic three-dimensional drawing of crystal structure of bulk α-AuSe. (b) 
Structure of the 1D atomic chain of α-AuSe. (c) Bulk α-AuSe cell. The DFT calculated lattice 
parameters are α = γ = 90°, β = 101.1°. (d) Optical microscopy image of α-AuSe exfoliated onto 
300 nm SiO2. The scale bar is 5 µm. (e) Atomic force microscopy image of the AuSe flake in 
(d). The scale bae is 2 µm. (f) TEM image and SAED pattern of the AuSe crystal with the [001] 
direction. The diffraction pattern shows that the AuSe sample is well crystallized with 
monoclinic lattice structure. 
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Figure 2. (a) Polarized-resolved Raman spectra of AuSe with 488-nm linearly polarized 
excitation laser incident from the z direction. Raman spectra with an excitation laser polarized 
along Y-, D- and X- directions. The D direction is along 45° relative to the x and y directions, 
as shown in the middle panel. The peak positions show negligible change as a function of the 
angle. (b) Summarized intensity of the Bg

4 and Ag
6 modes as a function of the polarization of 

the light. The degree corresponds to the X-direction (a-axis) in Figure 2a. (c) Schematic 
diagram of vibrational displacement for the calculated high frequency Raman mode in α-AuSe. 
(d) Polarized-resolved low-frequency Raman spectra of AuSe. The low-frequency Raman 
mode also represents the relative intralayer vibrations. 
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Figure 3. (a) Three-dimensional Brillouin zone of bulk α-AuSe. Bandstructures of (b) 1D AuSe 
atomic chain and (c) bulk α-AuSe. (d) Current-voltage characteristics of Bulk AuSe. The 
contact electrode is 10 nm Ti and 60 nm Au. Inset is the optical microscopy image of AuSe 
device on SiO2/Si substrate. The scale bar is 5 µm. (e) The plot of the 4-terminal conductivity 
along the b-axis of 20, 56, 65, 97 and 102 nm samples with the temperature from 50 K to 300 
K. (f) Comparisons of the electrical conductivity among various conductive materials. 
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Figure 4. Magnetotransport of AuSe with the magneto field perpendicular to the a-b plane. (a) 
Temperature-dependent longitudinal resistance and magnetoresistance of AuSe thin films with 
a fixed magnetic field from 0 to 9 T perpendicular to the a-b plane. The resistivities of AuSe at 
room temperature and 2 K are 0.18 mΩ∙cm and 0.005 mΩ∙cm, respectively. (b) Longitudinal 
MR of AuSe thin film with varied magnetic field with the temperature from 2 K to 300 K. (c) 
Kohler’s plot of AuSe from 2 K to 300 K. (d)-(e) Hall resistance of AuSe thin film with varied 
magnetic field from -9 T to 9 T and temperature from 2 K to 300 K. (f) Carrier density and 
mobility of AuSe under different temperature. It is noteworthy that the minimum of the carrier 
density locates at 70 K. 
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Figure 5. Anisotropic magnetotransport of AuSe. (a) Device scheme configuration and 
magnetic field setup for the angle-dependent magnetoresistance measurement. The thickness 
of this sample is 102 nm. (b) Angle-dependent ρxx when the magnitude of the magnetic field is 
fixed at 9 T and the direction varied continuously from By field (0 degree) to Bz field (90 degree). 
(c) Angle-dependent ρxx when the magnitude of the magnetic field is fixed at 9 T and the 
direction varied continuously from Bx field (0 degree) to Bz field (90 degree). (d) Longitudinal 
resistance ρxx of AuSe flake with varied magnetic field from 2 K to 50 K along with Bz (d), By 
(e) and Bx (f). 
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Table 1. Carrier density of AuSe from DFT calculations and experimental extraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Carrier type n (1020 cm-3) n (1020 cm-3) 
calculation 

n (1020 cm-3) 

experiment 
Band α 

Hole 
1.5 

7.0 1.2 
Band β 5.5 
Band γ 

electron 
6.6 

6.9 1.067 
Band δ 0.4 
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Figure S1. Lattice constant of AuSe as a function of layer number. The lattice constant b (along 
the chain direction) and the interlayer distance Δc remain almost unchanged as a function of 
different number of layers. The lattice constant a (perpendicular to the chain direction and 
within the a-b plane) reduces with the increase of number of layer. 

mailto:ychai@polyu.edu.hk
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Figure S2. Element distribution of AuSe. The atomic distribution is 51.2:48.8, which is very 
close to 1:1. The Cu peak observed in this measurement is a result of the Cu grid used in the 
TEM.  
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Figure S3. Temperature-dependent Raman peaks of AuSe measured from 93 K to 293 K. The 
frequency of all Raman active peaks exhibits blue-shift for approximately 2 cm-1 with the 
temperature decreasing from 293 K to 93 K. The change of Raman shift with temperature is 
determined by the anharmonic terms in the lattice potential energy, which is related to the 
anharmonic potential constants, the phonon occupation number, and the thermal expansion of 
the crystal. 
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Figure S4. Vibrational modes with Raman activity. The red one represents strong Raman 
intensity modes, the violet one describes the normal intensity modes, and the green one refers 
to weak Raman modes. Only Bg

1, Ag
2, Ag

3, Ag
4, Bg

3, Ag
5, Ag

6, Ag
7 can be observed in experiment. 

The Raman peak at 216.4 cm-1 is a mixed peak of Ag7 and Bg4. 
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Figure S5. (a) Bandstructure of monolayer AuSe. (b) Bandstructure in the direction of G-Y. 
The hole and electron pockets overlap in the direction of G-Y, indicating its metallic nature. 
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Figure S6. (a) Bandstructure of 2-layer AuSe. (b) Bandstructure of 4-layer AuSe. For both 2-
layer and 4-layer AuSe, the hole and electron pockets overlap in the direction of G-Y, indicating 
similar metallic characteristics of 2-layer and 4-layer AuSe. 
  



     

27 
 

 
 

Figure S7. Two terminal I-V curve of the AuSe under 300 K and 50 K. The I-V curve of AuSe 
is linear at 300 K, while shows slightly nonlinear at 50 K. The two-terminal resistance of AuSe 
decreases with the decrease of temperature. The I-V curve exhibits nonlinear with the decrease 
of temperature, which is mainly caused by the electrical contact. 
  



     

28 
 

 
Figure S8. Anisotropic behavior of the AuSe. (a) Optical image of the device. The scale bar is 
5 µm (b) Current along different directions of AuSe. The applied bias is 0.1 V. The two-terminal 
conductivity along the b-axis is 1.8 ×10-3 S, and along the a-axis is about 1.48×10-4 S. Along 
both the a-axis and the b-axis, the currents show no gate control, indicating its metallic nature. 
The high conductivity along the a-axis direction indicate that the interaction between AuSe 
atomic chain is quite strong.  
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Figure S9. AFM image of the AuSe device with different thickness. Figure S9 (a)-(b) is the 
AFM image and its height profile tested in Figure 4. The thickness is 56 nm. Figure S9(c)-(d) 
is the AFM image and its height profile of the sample tested in Figure 5. The thickness of the 
AuSe is about 102 nm. 
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Figure S10. (a) The change rate of ρxx as a function of temperature T with magnetic field from 
0 T to 9 T. (b) The MR as a function of temperature from 3 T to 9 T. (c) The normalized MR 
as a function of temperature from 3 T to 9 T. 
 

In Figure S10(a), Tm refers to the locations of the resistance minima and Ti indicates 
the location, where it gradually saturates to a peak. We don’t observe a resistance 
minimal Tm for 0 T and 3 T. Tm becomes larger with the increase of magnetic field. The 
minima for 6 T and 9 T are 37.4 K and 68.7 K, respectively. Through the position of 
Tm, we can make a rough estimation of the effective mass m*~ ℏeB/TmkB ~ 0.16 me. 
According to DFT calculation, the effective mass of the hole pocket along the G-Y 
direction is 0.14 me and the electron pocket along the G-Y direction is 0.20 me, which 
is in good agreement with our experiment. Although we observe a peak in the ρxx, we 
don’t find any peak in the plot of MR-temperature. The MR and the normalized MR in 
Figure S10(b)-(c) have the same temperature dependence at different magnetic fields, 
indicating that the upturn of ρxx is not caused by the metal-insulator transition. 
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Figure S11. (a-b) A Kohler plot for AuSe with the current parallel to the y-axis and the 
magnetic field perpendicular to the AuSe plane along the z-axis. The thickness of this sample 
is 56 nm and 102 nm. (c) The index m for the Kohler’s law. 
 

The residual resistivity ratio (RRR) is defined as RRR= ρxx (300 K)/ρxx (2 K). In 

Figure S11(a), the RRR value of the AuSe is 36.78 and the index m of Kohler’s law is 

1.36 at 2 K. For the temperature between 70 K and 300 K, the index is close to 2. 

However, for temperature below 50 K, the MR does not follow the square index. For 

the sample in Figure S11(b), the index m of Kohler’s law is 1.59 at 2 K. The RRR of 

this AuSe sample is 58.39, indicating better quality and less scattering of the thicker 

sample. The index m as a function of the temperature T is given in Figure S11(c). For 

all the temperature we tested, the Kohler’s law index m of the 102 nm sample is higher 

than the one of 56 nm. 
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Figure S12. The Hall angle tan θH for temperature (a) from 2 K to 50 K and (b) from 70 K to 
300 K as a function of H. (c) tan2 θH measured at μ0H = 7 T as a function of T. 

 

Figure S12(a)-(b) display the tan θH=ρxy/ρxx as a function of the magnetic field H with 

different temperature. The tan θH from 20 K to 70 K shows saturation at about 7 T with 

the highest values of about 0.2. For the temperature below 2 K and higher than 100 K, 

the saturation behavior is unnoticeable. Figure S12(c) is the temperature dependence of 

the tan2 θH measured at 7 T. The tan2 θH shows a peak at around 70 K and is small 

within all temperature. It is noteworthy that small Hall angle is usually found in many 

materials with extreme large magnetoresistance. The Hall conductance σxx equals 

ρxx/(ρ2
xx+ρ2

xy) and the longitudinal resistance can be expressed in terms of σxx and tan 

θH： 

𝝆𝝆𝒙𝒙𝒙𝒙 = 𝝈𝝈𝒙𝒙𝒙𝒙
𝝈𝝈𝒙𝒙𝒙𝒙𝟐𝟐 +𝝈𝝈𝒙𝒙𝒙𝒙𝟐𝟐

= 𝛒𝛒𝒙𝒙𝒙𝒙′ � 𝟏𝟏
𝟏𝟏+𝒕𝒕𝒕𝒕𝒕𝒕𝟐𝟐𝜽𝜽𝜽𝜽

� ,𝝆𝝆′𝒙𝒙𝒙𝒙 = 𝟏𝟏
𝝈𝝈𝒙𝒙𝒙𝒙

, 

Since the tanθH is small from 2 K to 300 K, the longitudinal resistance ρxx ~ 1/σxx at all 

temperature and the change of it is in accordance of σxx. The small Hall angle is well 

consist the band structure of AuSe with nearly compensated semimetal.  



     

33 
 

 
Figure S13. (a)-(c) The σxy plot as a function of H for AuSe measured at 2 K, 30 K and 300 K. 
The black dots are the experiment result and the red dots fits to the two band model. (d) The ρxx 
plot as a function of temperature. The red dot fitting is calculated using the ne, nh, µe, µh obtained 
from the σxy and σxx. 
 

The Hall conductivity σxy and longitudinal conductivity σxx can be written as: 

𝜎𝜎𝑥𝑥𝑥𝑥 = � 𝑛𝑛ℎ𝜇𝜇ℎ
2

1+𝜇𝜇ℎ
2𝐻𝐻2 −

𝑛𝑛𝑒𝑒𝜇𝜇𝑒𝑒2

1+𝜇𝜇𝑒𝑒2𝐻𝐻2
� 𝑒𝑒𝑒𝑒, (1) 

𝜎𝜎𝑥𝑥𝑥𝑥 = � 𝜇𝜇ℎ𝑛𝑛ℎ
1+𝜇𝜇ℎ

2𝐻𝐻2 + 𝜇𝜇𝑒𝑒𝑛𝑛𝑒𝑒
1+𝜇𝜇𝑒𝑒2𝐻𝐻2

� 𝑒𝑒   (2) 

We force the fit to the σxx and σxy and extract the mobility and the carrier density. 

Then we use the obtained ne, nh, µe, µh to fit the longitudinal resistance ρxx. The 

calculated carrier density and mobility fits the ρxx very well. These results can well 

explain the compensation of electrons and holes. 
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Figure S14. Simulation of the ρxx assuming uh = ue. The dots are the simulation when the 
mobility of electron equals the mobility of holes and the solid line are the experimental result.  

 

For a (nearly) compensated semimetal, the MR can be expressed as: 

𝑀𝑀𝑀𝑀 = 𝑛𝑛𝑒𝑒𝜇𝜇𝑒𝑒𝑛𝑛ℎ𝜇𝜇ℎ(𝜇𝜇𝑒𝑒+𝜇𝜇ℎ)2(𝜇𝜇0𝐻𝐻)2

(𝑛𝑛𝑒𝑒𝜇𝜇𝑒𝑒+𝑛𝑛ℎ𝜇𝜇ℎ)2+(𝑛𝑛𝑒𝑒−𝑛𝑛ℎ)2(𝜇𝜇𝑒𝑒𝜇𝜇ℎ)2(𝜇𝜇0𝐻𝐻)2
              (3) 

For the compensated semimetals, the MR=μeμh(μ0H)2 and the index m of the 

Kohler’s plot is 2. In classical two-band model theory, if we assume the mobility of 

electron and hole are equal, the longitudinal resistance ρxx can be written as: 

𝜌𝜌𝑥𝑥𝑥𝑥(T, 𝜇𝜇0H) = 𝜌𝜌𝑥𝑥𝑥𝑥(𝑇𝑇, 0) + 4𝜆𝜆𝜌𝜌𝑥𝑥𝑥𝑥(𝑇𝑇,0)(𝜇𝜇0H)2
1
4𝛼𝛼𝜌𝜌𝑥𝑥𝑥𝑥(𝑇𝑇,0)2(1+𝜆𝜆)4+(𝜆𝜆−1)4(𝜇𝜇0H)2

         (4) 

where α=[e(ne + nh)]-2
 and λ= ne/nh, respectively. Since we want to study the effect of 

the carrier density, we just take the carrier density into the simulation. Both of the 

upturn and the reentrant metallic behavior are observed in this sample. If the carriers 

are well compensated, it will follow the Kohler’s law perfectly under all temperature 

and the reentrant metallic behavior will disappear. Based on this simulation, we can 

conclude that the upturn behavior is mainly caused by the electron hole compensation 

from 70 K to 300 K, and the reentrant metallic behavior is caused by the small ne/nh 

mismatch from 2 K to 50 K.  
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Figure S15. ρxy of AuSe device with the magnetic field along the By and Bx direction.  
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Table S1. Calculated and experimental vibrational Raman frequencies of primitive α-
AuSe. 
 
 

Mode VASP VASP-rescale QE Experiment 

Ag8 209.96  216.42  218.61 
 

Ag7 209.30  215.74  222.98 216.42 

Bg4 207.70  214.09  215.97 
 

Ag6 199.91  206.06  205.96 208.14 

Ag5 189.78  195.61  197 199.68 

Bg3 153.41  158.13  170.41 177.81 

Ag4 68.18  70.28  68.77 70.9 

Bg2 53.33  54.97  60.53 
 

Ag3 47.70  49.17  55.42 41.7 

Ag2 33.93  34.98  34.13 34.4 

Ag1 19.49  20.09  22.99 
 

Bg1 18.20  18.76  18.23 16.8 

 
 




