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Abstract33

The rational design of new materials emerges as an important direction to explore new topological34

materials, which is based on the understanding of the correlation between crystal and electronic35

structures. In this paper, we perform a comprehensive study on the crystal and electronic structures36

in LaAgAs2 through a combination of single-crystal x-ray diffraction (XRD), quantum oscillation,37

and angle-resolved photoemission spectroscopy (ARPES) experimental measurements, and density38

functional theory (DFT) calculations. Single-crystal XRD measurements reveal that LaAgAs239

crystallizes into a HfCuSi2-derived structure with the square net distorted into cis-trans chains.40

Quantum oscillation measurements reveal two frequencies with small effective masses and quasi-41

two-dimensional (2D) characters. ARPES measurements reveal an electronic structure strikingly42

different from the square-net-based semimetals, such as LaAgSb2. The Fermi surface is quasi-two-43

dimensional (2D), with Dirac-like hole pockets at the zone center and a quasi-1D elliptical electron44

pocket at the zone boundary. Based on the DFT calculations, the measured electronic structure45

can be well understood regarding the cis-trans distortion, which transforms the two-dimensional46

square net-derived Dirac bands into quasi-1D trivial bands. Intriguingly, multiple topological states47

can be identified around the zone center, including a nontrivial Z2 topological surface state and a48

bulk Dirac state. Our study clarifies the impact of cis-trans distortion and identifies LaAgAs2 as49

a topological material with multiple topological states near the Fermi level, providing a guideline50

for intentionally designing new topological materials.51

INTRODUCTION52

Topological materials, including topological insulators and topological semimetals, are53

unconventional phases of matter characterized by topologically nontrivial band structures54

[1–3]. Owing to their unconventional electronic and transport properties, great effort has55

been devoted to the discovery of new topological materials [4–8]. One of the most success-56

ful strategies is to design the new layered materials using the LEGO-like building block57

approach, specifically by alternatively stacking structural motifs that host desired band58

structure and the buffer layers along the out-of-plane direction [9–12]. This strategy is59

based on the assumption that the electronic structure of the building block can be regarded60

as an entirety, which could keep its main feature when embedded in real materials [13–15].61

3



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

However, in real materials, both the crystal and band structures of the building blocks are62

tunable by local chemical environments, for example, structural distortions and band dis-63

persion. To improve the efficiency and accuracy of designing new topological materials, it is64

important to clarify the impact of structural distortions and explore new building blocks.65

Due to its simplicity and prevalence in real materials, the planar square lattice has at-66

tracted extensive theoretical and experimental interest [10]. Theoretically, it has been ex-67

tensively studied in the context of the Ising model and 2D Dirac semimetal [16, 17]. Exper-68

imentally, the square lattice is found to be linked to various intriguing phenomena, such as69

anisotropic Dirac fermions [18, 19], charge density waves (CDWs) [20, 21], and superconduc-70

tivity [22], making it an excellent platform for scrutinizing the intertwined orders. Notably,71

cuprate-, iron-, and nickel-based high-temperature superconductors with complex phase di-72

agrams are associated with the square lattice [23–26]. In real materials, the square lattice73

might undergo structural distortions, e.g., distorted into zigzag chains or cis-trans trains,74

which will alter its electronic structure and related physical properties [27]. Therefore, clari-75

fying the distortion effects on the square lattice is crucial to understanding square-net-based76

materials.77

In topological materials, many crystal structures can host the prototype square-net-78

derived band structure, which can be classified as the square-net-based topological materials79

[10, 28]. Primary examples include the HfCuSi2-type structure (e.g., SrMnBi2 and LaAgSb280

[29, 30]) and PbFCl-type structure (e.g., ZrSiS and GdSbTe [31, 32]), as well as PtPb4 [33].81

Owing to their structural diversity and the robust square-net-derived bands, HfCuSi2-type82

compounds with the general chemical formula AMPn2 (A = alkaline earth or rare earth;83

transition metal; Pn = Sb or Bi) are a central platform for studying the square-net-based84

topological semimetals [10]. The crystal structure is typically described as the alternating85

stacking of the A layer, anti-PbO-type [MPn] layer, and square-net-type Pn planar layer86

along the stacking direction. Most of the notable phenomena observed in AMPn2 materials87

arise from the Pn square lattice. A and [MPn] layers are merely treated as buffer layers88

that influence physical properties through interaction with the Pn square lattice [18].89

Previous studies mainly focus on tuning the band structure of Pn square net via ma-90

nipulating the A and [MPn] layers [34, 35]. However, little attention has been paid to the91

buffer layers and the distortion of the square net. However, it has been reported that the92

[FeAs]/[FeTe] layer with the same crystal structure as the [MPn] layer could host multi-93
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ple topological states [36]. Hoffmann el. al. theoretically pointed out that Pn atoms in94

[MPn] layer are also arranged in the square net fashion, potentially showing the character-95

istic square-net bands [14, 15]. Moreover, it has been theoretically demonstrated that the96

Peierls-like distortions could significantly modify the square net derived band structure [14].97

The possible distortion of the square net mainly includes the zigzag chains and cis-trans98

chains. Zigzag chains have been often observed among AMnSb2 (A = Sr, Ba, Eu) com-99

pounds, showing a similar band structure with the undistorted square nets [37]. However,100

experimental validation is still lacking for the cis-trans distortion due to the lack of suitable101

materials. Therefore, it is of great interest to systematically study the topological properties102

of buffer layers and the impact of cis-trans distortion.103

Recently, ternary rare-earth coinage metal antimonide LaTSb2 (T = Cu, Ag, and Au)104

has gotten renewed interest due to the coexistence of charge density wave (CDW), Dirac105

fermion, and superconductivity [21, 22]. LaAgAs2 shares a similar crystal structure with106

LaTSb2 but with the planar layer distorted from the Sb square net into As cis-trans chains107

[38], which is expected to show similar physical properties. However, previous studies mainly108

focus on the crystal structure [38–40], with the electronic structure and physical properties109

remaining elusive, possibly due to the lack of high-quality single crystals.110

In this study, we successfully synthesized high-quality LaAgAs2 single crystals using the111

self-flux method. Through comprehensive crystal and electronic structure measurements, our112

experimental findings reveal that rather than being a square-net-based topological semimetal113

with symmetry-induced band inversion between As1 px/py bands, LaAgAs2 is identified as114

a topological material with multiple topological states.115

RESULTS116

Sample characterization117

The single-crystal XRD measurements revealed that LaAgAs2 crystallizes in an or-118

thorhombic crystal structure (space group: Pbcm) with lattice parameters a = 5.8350(1)119

Å, b = 21.2926(4) Å, and c = 5.8306(1) Å, consistent with those reported by Rutzinger et.120

al. [38]. The obtained crystal structure is shown in Fig. 1(a-c) and the refined parameters121

are listed in Table I. The crystal structure of LaAgAs2 [Fig. 1(a)] consists of alternatively122
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stacking the anti-PbO type [AgAs] layer [Fig. 1(b)] and As1 cis-trans chains [Fig. 1(c)] along123

the b axis, interspersed with La layers. The orthorhombic distortion primarily affects the124

planar As1 layer, which deforms from a square-net configuration into cis-trans chains. In125

contrast, the La and [AgAs] layers retain a pseudo-tetragonal structure with an a/c ratio of126

1.00075.127

The out-of-plane x-ray diffraction pattern shown in Fig. 1(d) confirms the pure phase of128

the crystals with a preferred [010] orientation. The narrow peak width [inset of Fig. 1(d)],129

along with the bright and sharp Laue diffraction spots [inset of Fig. 1(e)], demonstrates130

the excellent crystallinity nature of the LaAgAs2 crystals. Laue diffraction exhibits a four-131

fold symmetry, attributable to the combination of pseudo-tetragonal symmetry and the132

twinning effect, which will be discussed in detail in the following sections. Figure 1(e) shows133

the shallow core levels, indicating that only the constituent elements (La, Ag, and As) were134

present, with no additional peaks. These results suggest that our LaAgAs2 crystals are135

phase pure and of high quality.136

As shown in Fig. 1(f), both the in-plane resistivity (ρxx) and out-of-plane resistivity137

(ρzz) of LaAgSb2 exhibit a typical metallic behavior across the entire temperature range, in138

contrast with the semiconducting behavior reported by Rutzinger et al. [38]. This difference139

might be attributable to the influence of the grain boundaries in polycrystal pellets. The140

residual resistivity ratios (RRR) for both ρxx and ρzz is about 5. The room-temperature141

resistivity values are determined to be ρxx(300 K) = 68µΩcm and ρzz(300 K) = 4.86mΩ cm,142

yielding a large resistive anisotropy ratio of ρzz/ρxx ∼ 70. This value is approximately an143

order of magnitude larger than that in LaAuSb2 [21], reflecting the strong 2D character for144

the underlying electronic structure in LaAgAs2.145

As shown in Fig. 1(g), the Hall resistivity ρxy(B) exhibits an approximately linear be-146

havior with a positive slope up to 14 T. A subtle change in slope around B = 4 T can be147

recognized for temperatures below 100 K, indicative of multiband behaviors dominated by148

hole-type carriers. Due to the nearly linear characteristics of the ρxy(B) curves, accurate149

fitting using a two-band model is challenging. Consequently, the carrier concentration is150

estimated by single-band linear fitting of the high-field region of the ρxy(B) curves [41].151

The resulting carrier concentration, presented in the inset of Fig. 1(g), gradually decreases152

with decreasing temperature. The carrier concentration at 300 K is estimated to be n =153

1.57 × 1021 cm−3, equivalent to 0.15 holes per formula unit (f.u.), which is comparable to154
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that in LaAgSb2 [30].155

Quantum oscillations156

As one of the most powerful experimental techniques that can probe the band topol-157

ogy, quantum oscillation has been widely adopted to study topological materials [42, 43].158

In high magnetic fields, the quantization of energy levels into discrete Landau levels leads159

to periodic oscillations in physical quantities as a function of 1/B [44]. These quantities160

include magnetization and resistivity, corresponding to de Haas-van Alphen (dHvA) oscilla-161

tion and Shubnikov-de Haas (SdH) oscillation, respectively. The quantum oscillation signal162

of LaAgAs2 is probed by both dHvA and SdH oscillation measurements, with the results163

presented in Fig. 2.164

Shown in Fig. 2(a) is the isothermal out-of-plane (B ∥ b) magnetization measured at165

various temperatures for a LaAgAs2 single crystal. Clear oscillation signals are observed166

on the paramagnetic/diamagnetic background for B > 5 T. The oscillatory components167

∆M , extracted by subtracting a smooth polynomial background, are plotted as a function168

of 1/B in Fig. 2(b), where a subtle beat pattern can be identified. As shown in Fig. 2(c),169

fast Fourier transformation (FFT) analyses of ∆M reveal two oscillation frequencies, i.e.,170

Fα = 94 T and Fβ = 158 T. Figure 2(e) shows the magnetic field dependence of MR,171

defined as MR = [ρ(B) − ρ(0)]/ρ(0) × 100%. The MR exhibits a power-law dependence172

on B (MR ∝ Bn, n = 1.45 ∼ 1.6), reaching a maximum value of 58% at 2 K and 14 T.173

SdH oscillation signal superimposed on the MR curves can be seen for B > 7 T, where174

the oscillating magnitude is weaker than that in magnetization. After the subtraction of175

a smooth polynomial background, the FFT analysis of ∆ρ in Fig. 2(f) gives rise to the176

FFT spectrum displayed in Fig. 2(g), revealing two oscillation peaks with nearly identical177

frequencies to those in the dHvA spectrum [Fig. 2(c)]. However, from the FFT spectra178

shown in Figs. 2(c) and 2(g), it can be seen that the relative amplitude between Fα and179

Fβ is reversed between dHvA and SdH oscillations, which is a common phenomenon and is180

usually interpreted in terms of different scattering mechanisms [45, 46]. Further details for181

the comparison of the quantum oscillation inM , ρxx, and ρxy can be found in Supplementary182

Fig. S1 [47].183

The geometry of the Fermi surface can be inferred from Quantum oscillation measure-184
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ments via the Onsager relation [44]: F =
(

Φ0

2π2

)
AF, where Φ0 = 2.07 × 10−15Tm2 is the185

magnetic flux quantum, and AF is the cross-sectional area of the Fermi surface normal to186

the magnetic field. The cross-sectional area of the Fermi surfaces associated with Fα and Fβ187

are calculated to be AF,α = 0.90 nm−2 and AF,β = 1.51 nm−2, respectively, corresponding to188

0.8% and 1.3% of the total area of the ac plane in the Brillouin zone. From the inset in Fig.189

2(g), it can be seen that both Fα and Fβ show a ∼ 1/cos(θ) dependence on the orientation of190

the magnetic field, which is a characteristic of the 2D Fermi surface. These results indicate191

that Fα and Fβ originate from quasi-2D Fermi pockets with small sizes.192

The effective mass m = m∗me is related to the band dispersion around the Fermi level193

(EF) via m∗ = ℏ2/ [∂2E (k) /∂k2], which can be extracted by fitting the temperature depen-194

dence of the oscillation amplitudes to the thermal damping factor RT. According to the195

Lifshitz-Kosevich model, RT is defined as [44]:196

RT =
αTm∗/B

sinh
(
αTm∗/B

) (1)197

where α = 2π2kBme/eℏ = 14.69 T/K is a constant, B = 1/ [(1/Bmax + 1/Bmin) /2] is the198

average inverse field used in the FFT analysis. As shown in Fig. 2(d), the FFT amplitudes199

vs temperature curves can be well-fitted by RT, yielding effective masses of mα = 0.094me200

and mβ = 0.21me. These effective masses are comparable to those in sisiter compounds201

such as REAgSb2 [(0.07 ∼ 0.5)me] [48], and AMnSb2 [(0.05 ∼ 0.1)me] [35, 49], as well202

as La3ScBi5 (∼0.2 me) [50], where RE and A represents the rare-earth and alkaline-earth203

elements, respectively. The small value of effective masses in LaAgAs2 indicates strong band204

dispersions for both the Fα and Fβ pockets, possibly linear Dirac bands as those reported205

in sister AMPn2 compounds [21].206

The general behavior of quantum oscillations for LaAgAs2 is similar to the well-established207

square-net-based topological semimetals such as LaAgSb2, LaAuSb2, SrMnSb2, and EuMnSb2208

[21, 41, 48, 49], indicating a similar band structure and topological properties at first glance.209

However, the detailed band structure and the origin of Fα and Fβ remain elusive. Therefore,210

the electronic structure of LaAgAs2 is further studied by ARPES, a technique that maps211

the band structure directly.212
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ARPES213

Figure 3 shows the in-plane Fermi surface (a) and the band dispersions along the BZ214

diagonal (b), taken with hν = 70 eV photons. The photon-energy dependence that gives215

access to the out-of-plane electronic structure is shown in panels (c) and (d). The set of216

spectra along the zone diagonal, Γ̄ − M̄ − Γ̄, measured at photon energies ranging from 55217

to 90 eV is converted to kz using the free electron approximation for the final photoemission218

state, with V0 = 10 eV for the ”inner” potential. Panel (c) shows the intensity at the Fermi219

level (Fermi surface), while panel (d) shows intensity at E = −0.6 eV. Almost total absence220

of dispersion in (c) indicates a highly 2D character of the states forming the Fermi surface,221

whereas weakly dispersing contours in (d) indicate that deeper states have a certain 3D222

character.223

In Fig. 4 we show the more detailed in-plane electronic structure, recorded at hν = 100224

eV. Panel (a) shows the Fermi surface from the spot on the sample that has two orthogonal225

orthorhombic domains contributing nearly equally to the ARPES intensity. In panel (b),226

recorded only ∼ 20 µm from the spot probed in (a), one domain clearly dominates. Panel (c)227

shows the spectrum from the ky = 0 (Γ̄− Ȳ) line of the surface BZ of the twinned spot (a),228

while panels (d-f) show the spectra along the three different momentum lines, as indicated,229

recorded from the single-domain spot (b).230

There are several important findings that can be immediately deduced from Fig. 4. First,231

consistent with our XRD results, it is obvious that the crystals of LaAgAs2 are twinned.232

The domains are large enough that they can be completely resolved in ARPES at both233

beamlines, indicating that they are of the order of tens of microns across. Obviously, the234

twinning will affect the macroscopic transport properties measured on the twinned crystals235

and remove any anisotropy related to the quasi-1D character of the electron pockets visible236

in Fig. 4(b). Indeed, as shown in Supplementary Fig. S3 [47], with the magnetic field237

being rotated in the ac plane, the angular dependence of MR exhibits a four-fold symmetry238

instead of two-fold symmetry as would be expected for the quasi-1D electron pockets.239

Therefore, the states at the Fermi level, that determine transport properties, are either240

quasi-2D (holes) or quasi-1D (electrons), with almost no out-of-plane dispersion, in good241

agreement with the large ρzz/ρxx ratio and the quantum oscillation measurements [inset242

of Fig. 2(g)]. The Γ-centered hole states disperse almost linearly within the planes, with243
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relatively high Fermi velocities, indicating a very light character in good agreement with244

magnetotransport. This, and the absence of significant broadening with energy or temper-245

ature, should be reflected in very high hole mobilities.246

Our high-resolution measurements show that the larger contour actually consists of two247

very close pockets, as can be seen in Fig. 5(a-c) (additional details of both the hole and248

electron pockets can be seen in Supplementary Fig. S8 [47]). In the inner, circle-like shaped249

contour, the two states predicted by calculations cannot be resolved. The area of the Fermi250

surface, which gives the concentration of carriers through the Luttinger count, can be directly251

measured from the positions of momentum distribution curves (MDC) peaks, kF [26, 51].252

The inner and outer hole contours areas recorded at hν = 100 eV are Ai = 2.3 nm−2 and253

Ao = 8.6 nm−2, respectively. If recorded at hν = 70 eV [Fig. 5(d)], both hole contours254

enclose slightly smaller areas, Ai = 1.6 nm−2 and Ao = 7.3 nm−2, respectively, indicating a255

small, but finite kz warping, in excellent agreement with the DFT calculations. The smaller256

one, Ai, is very close to the larger orbit Fβ in the dHvA oscillations. The estimated Fermi257

velocities of the inner and outer hole bands along the Γ̄ − X̄ and Γ̄ − Ȳ lines, determined258

from MDC derived dispersions, are almost the same, vF ≈ 2.5 eVÅ (3.8×105 ms−1). The259

only exception is one of the states forming the outer doublet that disperses somewhat faster:260

vF ≈ 3.6 eVÅ (5.5×105 ms−1). In the Γ̄− M̄ direction all holes have nearly the same Fermi261

velocity, vF ≈ 3.3 eVÅ (5×105 ms−1). Taking all the hole pockets into account, and their262

quasi-2D character, we can estimate the concentration to be ≈ 0.34 holes/f.u.263

The electron pockets around X̄ points are the only indication of a structurally quasi-1D264

character of the crystal, originating from the cis-trans chains of As1 atoms inside the As1265

planar planes. These pockets show more conventional parabolic dispersion. Their Fermi266

surface encloses an area Ael = 5.3 nm−2, somewhat smaller than in DFT calculations.267

Further disagreement with the DFT is visible at hν = 70 eV: a very small electron-like268

band is just touching the Fermi level, enclosing a tiny electron pocket inside the big one269

[Fig. 5(d,e)]. This state is not present in the DFT calculations. Its area cannot be precisely270

determined in ARPES, but it could range from 0.5 to 1 nm−2.271

The Fermi velocity of the main electron pocket is vF ≈ 4 eVÅ (6.1×105 ms−1) and vF ≈272

1.9 eVÅ (2.9×105 ms−1) along the Γ̄−X̄ and perpendicular to it, respectively. Corresponding273

effective masses are 0.07 m0 and 0.53 m0, respectively. The electron concentration from this274

pocket is estimated to be 0.18 electrons per site, by assuming that it too is a doublet and275
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that it is perfectly 2D. The resulting excess hole concentration is then 0.16 per site, in276

perfect agreement with the Hall coefficient [Fig. 1(g)].277

Further, there is a peculiar intensity modulation of photoelectron intensity near the Fermi278

level measured at different BZs: strong intensity from the 1st BZ, almost vanishing in the279

2nd and again strong in the 3rd (Fig.3(a)). The diminishing intensity in the 2nd BZ points280

to some sort of destructive interference, probably related to the cis-trans structure motif of281

the As1 chains. Also, the states further away from the Fermi level, E ≤ −0.6 eV, shown in282

Fig. 4(c-f), do not show the same periodicity as the As1-derived states forming the Fermi283

surface. These deeper states are mainly the [AgAs]-derived states that keep the original284

tetragonal symmetry and due to the weak coupling with the As1 layers, do not repeat in285

the orthorhombic BZ.286

Finally, we note that according to the crystal structure and calculated exfoliation energies287

for possible cleavage surfaces [see Supplementary Fig. S4 [47]], there should be at least two288

different terminations when the crystal is cleaved. Due to the very shallow probing depth,289

ARPES should be sensitive to that. Our calculations show that the La–As1 interface has the290

lowest exfoliation energy of the three possible interfaces within the crystal. This suggests291

that the single crystal preferentially exposes the La and the As1 atomic layers upon cleaving.292

In reality, the actual surface will likely be a mixture of these two terminations [52]. The293

fact that ARPES could not distinct between different terminations would indicate that294

1) the lateral size of each termination domain is smaller than our spot size, or 2) that the295

spectroscopic difference between the terminations is not significant, or 3) some reconstruction296

occurs, leading to a surface that is crystallographically and chemically distinct from bulk,297

but uniform across the surface.298

Electronic structure calculations299

DFT calculations were performed to understand the electronic structure experimentally300

detected by quantum oscillation and ARPES measurements. From the density of states301

(DOS) shown in Fig. 6(a), it is evident that the Fermi level of LaAgAs2 is dominated by302

the states of La and As(2,3), differing from the square-net structured Pn layer in AMPn2303

materials [21, 30, 35, 53]. Further in-depth DOS analysis can be seen in Supplementary304

Figs. S5 and S6 [47]. This result implies that cis-trans distortion significantly reduces the305
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square-net-derived states. Consequently, the states from the buffer layers, i.e., As(2,3) and306

La, should play a more important role in the physical properties of LaAgAs2.307

Figure 6(b) shows the calculated band structure for LaAgAs2. It can be seen that the308

bands cross EF at Γ point, X point, and the S−Y direction, leading to a Fermi surface as309

shown in Fig. 6(f). The Fermi surface consists of two 2D hole pockets at the Γ point, a310

quasi-1D electronic pocket at the X point, and two tiny 3D electronic pockets along the311

S−Y direction. Further details for each pocket are displayed in Supplementary Fig. S7 [47].312

The calculated electronic structure of LaAgAs2 is in good agreement with that detected313

by the ARPES measurements except for the size of the 1D electron pocket at X point, an314

additional tiny pocket inside the 1D electron pocket, and the absence of 3D electron pockets315

along the S−Y direction. As the electron pockets are derived from the As1-orbitals within316

the cis-trans chains, they are very sensitive to the structure of these chains and that could317

be the origin of all discrepancies between the calculated and measured Fermi surfaces.318

To uncover the impact of cis-trans distortion on the electronic structure, we also calcu-319

late the electronic structure of the hypothetical tetragonal LaAgAs2, with cis-trans chains320

artificially arranged to a checkerboard-like square net [Fig. 6(g)]. Because the unit cell of321

LaAgAs2 is related to the tetragonal HfCuSi2-type structure by
√
2aT ×

√
2aT × 2cT, the322

electronic structure of LaAgAs2 is folded as compared to that of AMPn2, where the rela-323

tionship between the folded and unfolded Brillouin zone is illustrated in Fig. 6(e). Both the324

folded [Figs. 6(c) and 6(g)] and unfolded [Figs. 6(d) and 6(h)] versions for the electronic325

structure of the hypothetical tetragonal LaAgAs2 are shown to facilitate the comparison with326

the orthorhombic LaAgAs2 and typical AMPn2, respectively. From Figs. 6(b) and 6(c), it327

can be seen that the orthorhombic structure distortion mainly modifies the bands around328

the zone boundary with the As1 character, with the hole bands around the zone center329

remaining intact, in good agreement with the ARPES measurements. Specifically, cis-trans330

distortion changes the 2D linear Dirac bands into quasi-1D parabolic bands, consistent with331

the theoretical prediction by Tremel et. al. [14].332

The transport properties of LaAgAs2 are similar to those in AMPn2 compounds, which333

are dominated by the Pn square net-derived Dirac bands. However, from the above analysis,334

the square net-derived bands initially expected to account for the quantum transport phe-335

nomena are transformed into quasi-1D trivial bands by the cis-trans distortion. Therefore,336

bands around the Γ point with primarily As(2,3) orbital character should be responsible337
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for the observed quantum transport phenomena. Indeed, the Fβ with a higher frequency338

can be assigned to the inner hole pockets around the Γ point. However, no Fermi pocket339

responsible for the lower frequency Fα can be identified at present.340

From Figs. 6(b-d), it can be seen that the linear conduction bands nearly touch the341

valence bands at the Γ point as observed in Heusler topological insulators [54, 55], indicating342

the proximity of a topological quantum transition. Upon a close inspection of the band343

structure without considering SOC at the Γ point [Fig. 7(a)], the valence and conduction344

bands are separated by a tiny gap about ∼0.6 meV, which is much smaller than the strength345

of the SOC. Since the system possesses inversion symmetry, we can calculate the parity346

values of the occupied states at the eight time-reversal invariant momenta (TRIM) points347

according to the Fu-Kane formula [56] (see Supplementary Table S1 for details [47]). The348

results indicate that the system exhibits Z2 topologically non-trivial characteristics when it349

is fully occupied by valence electrons (256 valence electrons). Therefore, it can be concluded350

that the SOC induces a band inversion between the valence and conduction bands and leads351

to a topological surface state (TSS) with spin-momentum locked Dirac-cone located in the352

gap between the valence and conduction bands [Fig. 7(b)] [57–61]. We further notice that353

two valence bands cross around EF, resulting in a bulk 3D Dirac cone [Fig. 7(b)].354

Therefore, both the TSS and topological Dirac semimetal (TDS) states coexist in355

LaAgAs2, as illustrated in Fig. 7(b). The multiple topological states observed in LaAgAs2356

are similar to those in LiFe1–xCoxAs, FeTe1–xSex [36], where both the TSS and TDS are357

identified around the Γ point [36]. These results were also cross-validated through the ap-358

plication of topological quantum chemistry methods, validating the predictive capabilities359

of topological quantum chemistry theory in the discovery of topological materials [5, 62, 63].360

Because both the TSS and TDS states are located well above the Fermi level, they cannot361

be captured by ARPES measurements (see the ARPES section). Furthermore, due to the362

highly delocalized nature of the La’s d orbitals and As1’s p orbitals, generating well-localized363

Wannier orbitals for subsequent surface state calculations via the surface Green’s function364

method [64, 65] proved challenging. The quantum oscillation measurements indicate that365

the Fα bands show the characteristics expected by a nontrivial topological state, i.e., the366

quasi-2D Fermi surface with small size and small effective mass. Since the TDS cone is367

located closer to EF than the TSS cone, Fα likely originates from the TDS cone.368
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DISCUSSION369

Our calculations have clearly demonstrated that LaAgAs2 is a topological material with370

multiple topological states, similar to iron-based superconductors, but differs significantly371

from AMPn2 sister compounds. Our magnetotransport experiments also suggest that the372

Fα oscillation originates from nearly massless carriers, most likely from the bulk TDS cone.373

These results can be well understood from the perspective of chemical bonds.374

From Fig. 7(a-b) and orbital-resolved DOS shown in Supplementary Figs. S5 and S6 [47],375

it can be seen that it is As(2,3)-px/py, La-dxy, and Ag-dxz/dyz that dominate the dispersive376

bands around Γ, indicative of primarily in-plane bonding interactions. This result differs377

from the interlayer bonding in iron-based superconductors [36, 66], suggesting a distinct378

origin of the multiple topological states.379

As illustrated in Fig. 7(c), the As(2,3) atoms, with four As(2,3) neighbors in the same380

layer, are sandwiched by four La(1,2) and four Ag(1,2) atoms. Notice that we do not381

distinguish the detailed atomic position of La(1,2), Ag(1,2), and As(2,3) atoms due to the382

pseudo-tetragonal nature of the La and [AgAs] layers. The distance between As(2,3) atoms383

is ∼4.12 Å, too long to form the square-net-derived bands as predicted by Hoffmann et.384

al. [15]. The interatomic distance of As(2,3)-La is ∼0.95 Å, much shorter than ∼ 1.85 Å385

between As(2,3) and Ag layers, indicating that La atoms play a more important role in386

the in-plane bonding interactions, which is corroborated by the higher orbital weight of La387

in the valence and conduction bands [Supplementary Figs. S5 and S6 [47]]. This result388

suggests that the puckered [LaAs(2,3)] layer with an in-plane checkerboard configuration389

can be treated as an entirety, i.e., a building block [Fig. 7(d)]. Therefore, we replot the390

crystal structure of LaAgAs2 in Fig. 7(e), emphasizing the important role played by the391

[LaAs] layer in the topological electronic structure. Due to their small electronegativity, rare392

earth elements are typically regarded as spacer atoms that donate electrons to the system,393

as reported in iron-based superconductors [67, 68]. Our results indicate that the structural394

motif can be rearranged in specific materials and identify a new structural motif, [LaAs],395

capable of hosting multiple topological states. Since the puckered [REPn] layer is a common396

structural motif among the square-net-based structures, such as HfCuSi2, ThCr2Si2, PbFCl,397

and ZrCuSiAs, all of which exhibit great structural diversity [10, 69, 70]. Thus, our results398

can serve as a guideline for discovering new topological materials.399
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Finally, we want to point out to an interesting possibility that the extremely small or-400

thorhombicity in LaAgAs2 and its sister compounds, of the order of ∼ 5× 10−4, could make401

these materials potentially very sensitive to the uniaxial strain [71, 72]. A routinely achiev-402

able strain of ∼ 1%, 1 − 2 orders of magnitude larger than the orthorhombicity, might not403

only re-establish tetragonal order, but it might be able to drive the system to an uncharted404

territory with easily tunable electronic structure, where the topological character could be405

turned on and off on demand.406

METHODS407

Single crystal growth. Single crystals of LaAgAs2 were grown by the self-flux method408

using excess Ag and As as flux [73]. The starting materials of La chunks, Ag grains, and As409

lumps were weighted according to the ratio of LaAg36As17, which were mixed and loaded410

into an alumina crucible. The crucible was sealed in an evacuated quartz tube and then411

slowly heated to 970 ◦C in a box furnace. After dwelling at 970 ◦C for 10 h, the sample was412

cooled to 750 ◦C at a rate of 2 ◦C/h to grow single crystals. Shiny centimeter-sized single413

crystals with a typical size of 10× 5× 0.5 mm3 can be obtained by decanting the excess flux414

using a centrifuge.415

Structure characterizations. Single-crystal XRD measurements were performed on416

a high-flux, high-resolution, rotating anode Rigaku Synergy-DW (Mo/Ag) diffractometer417

using Mo Kα radiation (λ = 0.7107 Å). The system is equipped with a background-less418

Hypix-Arc150◦ detector, which guarantees minimal reflection profile distortion and ensures419

uniform detection conditions for all reflections. All samples were measured to a resolution420

better than 0.5 Å and with the beam divergence set to 5 mrad. The samples exhibited no421

mosaic spread and no additional reflections from secondary phases, highlighting their high422

quality and allowing for excellent evaluation using the latest version of the CrysAlisPro soft-423

ware package [74]. The crystal structure of the system was refined using JANA2006 [75]. Out-424

of-plane x-ray diffraction patterns were collected using a PANalytical powder diffractometer425

(Cu Kα radiation). Laue diffraction patterns were taken in a backscattering geometry with426

white incident light exposed from the out-of-plane direction.427

Magnetization and transport measurements. Both the magnetization and magne-428

totransport measurements were performed in a Quantum Design DynaCool Physical Prop-429
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erties Measurement System (PPMS-14T). The VSM option was used for magnetization430

measurements, and the DC delta mode with a Keithley 6221 current source and a Keithley431

2182A nanovoltmeter was used to record the transport data. In-plane electrical resistivity432

ρxx and Hall resistivity ρxy were measured simultaneously on a polished single crystal with433

the six-probe configuration. To eliminate the mixture of resistivity and Hall signals arising434

from the geometrical factor of the electrical contacts, the ρxx and ρxy data shown in this paper435

were corrected according to the following two formulas: ρxx(B) = [ρxx(+B) + ρxx(−B)] /2436

and ρxy(B) = [ρxy(+B)− ρxy(−B)] /2. The out-of-plane resistivity ρzz was measured using437

a standard four-probe method, where the sample was prepared by cutting a thick single438

crystal into a needle-shaped bar with the long axis along the crystalline b axis (out-of-plane439

direction).440

ARPES measurements. The ARPES experiments were performed at the Electron441

Spectro-Microscopy (ESM) 21-ID-1 beamline of the National Synchrotron Light Source II442

and at BL-10.0.1.2 of the Advanced Light Source. Both beamlines are equipped with a443

Scienta DA30 electron analyzer, with base pressure ∼ 2 × 10−11 mbar. The total energy444

resolution was ∼ 10 and ∼ 20 meV at ESM and BL-10.0.1.2, respectively. The photon spot445

size on the sample is estimated to be ∼ 2 − 3 µm and ∼ 50 µm at ESM and BL-10.0.1.2,446

respectively. The angular resolution was ∼ 0.1◦, and ∼ 0.3◦ along the slit and perpendicular447

to it, respectively, in both facilities. The polarization of the light was always linear and448

horizontal.449

First-principles calculations. First-principles calculations were conducted using the450

Vienna ab-initio Simulation Package (VASP) within the framework of density functional451

theory (DFT) [76]. The exchange-correlation interactions were described using the Perdew-452

Burke-Ernzerhof (PBE) functional under the generalized gradient approximation (GGA)453

[77]. Projector-augmented-wave (PAW) pseudopotentials were employed with a plane-wave454

basis set energy cutoff of 400 eV [78, 79]. The calculations used an orthorhombic crystal455

structure based on our experimental lattice parameters of ao = 5.8350(1) Å, bo = 21.2926(4)456

Å, and co = 5.8306(1) Å. For structural optimization, all atomic positions were fully relaxed457

until the residual forces on each atom were less than 0.001 eV/Å, with convergence achieved458

within an energy threshold of 10−5 eV. A Γ-centered Monkhorst–Pack k-point mesh of459

9 × 9 × 2 was utilized to sample the first Brillouin zone. The electronic band structure460

was computed with and without the inclusion of spin-orbital coupling (SOC) to capture461
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the relativistic effects. The Fermi surface at different energy levels was analyzed and refined462

using the iFermi software [80]. The hypothetical tetragonal LaAgAs2 was calculated with the463

same method as the orthorhombic one. The tetragonal structure is obtained by artificially464

setting a = b = ao and c = bo, and arranging the cis-trans chains into the square net fashion.465

Parity analysis is conducted using the irvsp code [81].466
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noloǵıa e Innovación – Gipuzkoa NEXT 2023 from the Gipuzkoa Provincial Council under489

Contract No. 2023-CIEN-000046-01 and the Center for Advanced Laser Techniques (CALT),490

grant No. KK.01.1.1.05.0001.491

Author Contributions: T.V. and A.W. conceived the project. Y.L. and A.W. grew the492

17



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

single crystals. T.L., X.Y., Z.S., and H.F. performed the DFT calculations. N.M. and M.M.493

performed the single-crystal XRD measurements. A.V.F., A.K.K., T.Y., E.V., and T.V.494

performed ARPES measurements. Y.L., X.W., L.Z., M.H., Y.C., and X.Z. performed the495

transport measurements. M.M., T.V., and A.W. wrote the manuscript with inputs from all496

co-authors. All authors read and approved the final manuscript.497

REFERENCES498

[1] Kumar, N., Guin, S. N., Manna, K., Shekhar, C. & Felser, C. Topological Quantum Materials499

from the Viewpoint of Chemistry. Chemical Reviews 121, 2780–2815 (2021). URL https:500

//doi.org/10.1021/acs.chemrev.0c00732.501

[2] Ando, Y. Topological Insulator Materials. Journal of the Physical Society of Japan 82, 102001502

(2013). URL https://journals.jps.jp/doi/10.7566/JPSJ.82.102001.503

[3] Armitage, N., Mele, E. & Vishwanath, A. Weyl and Dirac semimetals in three-dimensional504

solids. Reviews of Modern Physics 90, 015001 (2018). URL https://link.aps.org/doi/505

10.1103/RevModPhys.90.015001.506

[4] Wieder, B. J. et al. Topological materials discovery from crystal symmetry. Nature Reviews507

Materials (2021). URL https://www.nature.com/articles/s41578-021-00380-2.508

[5] Vergniory, M. G. et al. All topological bands of all nonmagnetic stoichiometric materials. Sci-509

ence 376, eabg9094 (2022). URL https://www.science.org/doi/full/10.1126/science.510

abg9094.511

[6] Cano, J. & Bradlyn, B. Band Representations and Topological Quantum Chemistry.512

Annual Review of Condensed Matter Physics 12, 225–246 (2021). URL https://www.513

annualreviews.org/content/journals/10.1146/annurev-conmatphys-041720-124134.514

[7] Xu, Y. et al. High-throughput calculations of magnetic topological materials. Nature 586,515

702–707 (2020). URL https://www.nature.com/articles/s41586-020-2837-0.516

[8] Schleder, G. R., Padilha, A. C. M., Acosta, C. M., Costa, M. & Fazzio, A. From DFT517

to machine learning: recent approaches to materials science–a review. Journal of Physics:518

Materials 2, 032001 (2019). URL https://dx.doi.org/10.1088/2515-7639/ab084b.519

18



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[9] Klemenz, S., Schoop, L. & Cano, J. Systematic study of stacked square nets: From Dirac520

fermions to material realizations. Physical Review B 101, 165121 (2020). URL https://521

link.aps.org/doi/10.1103/PhysRevB.101.165121.522

[10] Klemenz, S., Lei, S. & Schoop, L. M. Topological Semimetals in Square-Net Materials. Annual523

Review of Materials Research 49, 185–206 (2019). URL https://www.annualreviews.org/524

doi/10.1146/annurev-matsci-070218-010114.525

[11] Jovanovic, M. & Schoop, L. M. Simple Chemical Rules for Predicting Band Structures of526

Kagome Materials. Journal of the American Chemical Society 144, 10978–10991 (2022).527

URL https://pubs.acs.org/doi/10.1021/jacs.2c04183.528

[12] Wang, Y., Wu, H., McCandless, G. T., Chan, J. Y. & Ali, M. N. Quantum states and529

intertwining phases in kagome materials. Nature Reviews Physics 5, 635–658 (2023). URL530

https://www.nature.com/articles/s42254-023-00635-7.531

[13] Hoffmann, R. How Chemistry and Physics Meet in the Solid State. Angewandte Chemie532

International Edition in English 26, 846–878 (1987). URL https://onlinelibrary.wiley.533

com/doi/abs/10.1002/anie.198708461.534

[14] Tremel, W. & Hoffmann, R. Square nets of main-group elements in solid-state materials.535

Journal of the American Chemical Society 109, 124–140 (1987). URL https://pubs.acs.536

org/doi/abs/10.1021/ja00235a021.537

[15] Hoffmann, R. & Zheng, C. Making and Breaking Bonds in the Solid State: The ThCr2Si2538

Structure. The Journal of Physical Chemistry 89, 4175–4181 (1985). URL https://doi.539

org/10.1021/j100266a007.540

[16] Onsager, L. Crystal Statistics. I. A Two-Dimensional Model with an Order-Disorder Tran-541

sition. Physical Review 65, 117–149 (1944). URL https://link.aps.org/doi/10.1103/542

PhysRev.65.117.543

[17] Young, S. M. & Kane, C. L. Dirac Semimetals in Two Dimensions. Physical Review Letters544

115, 126803 (2015). URL https://link.aps.org/doi/10.1103/PhysRevLett.115.126803.545

[18] Lee, G., Farhan, M. A., Kim, J. S. & Shim, J. H. Anisotropic Dirac electronic structures of546

AMnBi2 ( A = Sr ,Ca). Physical Review B 87, 245104 (2013). URL https://link.aps.org/547

doi/10.1103/PhysRevB.87.245104.548

[19] Feng, Y. et al. Strong Anisotropy of Dirac Cones in SrMnBi2 and CaMnBi2 Revealed by549

Angle-Resolved Photoemission Spectroscopy. Scientific Reports 4, 5385 (2015). URL http:550

19



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

//www.nature.com/articles/srep05385.551

[20] Malliakas, C., Billinge, S. J. L., Kim, H. J. & Kanatzidis, M. G. Square Nets of Tellurium:552

Rare-Earth Dependent Variation in the Charge-Density Wave of RETe3 (RE = Rare-Earth553

Element). Journal of the American Chemical Society 127, 6510–6511 (2005). URL https:554

//pubs.acs.org/doi/10.1021/ja0505292.555

[21] Wu, X. et al. Coexistence of Dirac fermion and charge density wave in the square-net-based556

semimetal LaAuSb2. Physical Review B 108, 245156 (2023). URL https://link.aps.org/557

doi/10.1103/PhysRevB.108.245156.558

[22] Akiba, K., Umeshita, N. & Kobayashi, T. C. Observation of superconductivity and its en-559

hancement at the charge density wave critical point in LaAgSb2. Physical Review B 106,560

L161113 (2022). URL https://link.aps.org/doi/10.1103/PhysRevB.106.L161113.561

[23] Park, C. & Snyder, R. L. Structures of High-Temperature Cuprate Superconductors. Journal562

of the American Ceramic Society 78, 3171–3194 (1995). URL https://onlinelibrary.563

wiley.com/doi/abs/10.1111/j.1151-2916.1995.tb07953.x.564

[24] Fernandes, R. M. et al. Iron pnictides and chalcogenides: a new paradigm for su-565

perconductivity. Nature 601, 35–44 (2022). URL https://www.nature.com/articles/566

s41586-021-04073-2.567

[25] Sun, H. et al. Signatures of superconductivity near 80 K in a nickelate under high pressure. Na-568

ture 621, 493–498 (2023). URL https://www.nature.com/articles/s41586-023-06408-7.569

[26] Valla, T., Drozdov, I. K. & Gu, G. D. Disappearance of superconductivity due to vanishing570

coupling in the overdoped Bi2Sr2CaCu2O8+δ. Nature Communications 11, 569 (2020). URL571

http://www.nature.com/articles/s41467-020-14282-4.572

[27] Hulliger, F., Schmelczer, R. & Schwarzenbach, D. The GdPS structure, a new PbFCl-573

type derivative. Journal of Solid State Chemistry 21, 371–374 (1977). URL https:574

//www.sciencedirect.com/science/article/pii/0022459677901347.575

[28] Lee, I., Hyun, S. I. & Shim, J. H. Topological classification of nodal-line semimetals in square-576

net materials. Physical Review B 103, 165106 (2021). URL https://link.aps.org/doi/577

10.1103/PhysRevB.103.165106.578

[29] Park, J. et al. Anisotropic Dirac Fermions in a Bi Square Net of SrMnBi2. Physical Review579

Letters 107, 126402 (2011). URL https://link.aps.org/doi/10.1103/PhysRevLett.107.580

126402.581

20



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[30] Wang, K. & Petrovic, C. Multiband effects and possible Dirac states in LaAgSb2. Physi-582

cal Review B 86, 155213 (2012). URL https://link.aps.org/doi/10.1103/PhysRevB.86.583

155213.584

[31] Schoop, L. M. et al. Dirac cone protected by non-symmorphic symmetry and three-dimensional585

Dirac line node in ZrSiS. Nature Communications 7, 11696 (2016). URL https://www.586

nature.com/articles/ncomms11696.587

[32] Venkatesan, B. et al. Direct visualization of a disorder driven electronic smectic phase in588

nonsymmorphic square-net semimetal GdSbTe. npj Quantum Materials 10, 56 (2025). URL589

https://www.nature.com/articles/s41535-025-00779-y.590

[33] Wu, H. et al. Nonsymmorphic symmetry-protected band crossings in a square-net metal591

PtPb4. npj Quantum Materials 7, 31 (2022). URL https://www.nature.com/articles/592

s41535-022-00441-x.593

[34] Yang, T. et al. Single-Crystal Growth, Structure, and Transport Properties of a New Dirac594

Semimetal LaMg0.83Sb2. Chemistry of Materials 35, 304–312 (2023). URL https://doi.595

org/10.1021/acs.chemmater.2c03216.596

[35] Xia, Y. et al. Coupling between the spatially separated magnetism and the topological band597

revealed by magnetotransport measurements on EuMn1−xZnxSb2 (0 ≤ x ≤ 1). Physical598

Review B 108, 165115 (2023). URL https://link.aps.org/doi/10.1103/PhysRevB.108.599

165115.600

[36] Zhang, P. et al. Multiple topological states in iron-based superconductors. Nature Physics601

15, 41–47 (2019). URL https://www.nature.com/articles/s41567-018-0280-z.602

[37] Rong, H. et al. Electronic structure examination of the topological properties of CaMnSb2603

by angle-resolved photoemission spectroscopy. Physical Review B 103, 245104 (2021). URL604

https://link.aps.org/doi/10.1103/PhysRevB.103.245104.605

[38] Rutzinger, D. et al. Lattice distortions in layered type arsenides LnTAs2 (Ln = La–Nd, Sm,606

Gd, Tb; T = Ag, Au): Crystal structures, electronic and magnetic properties. Journal of Solid607

State Chemistry 183, 510–520 (2010). URL https://linkinghub.elsevier.com/retrieve/608

pii/S0022459609005933.609

[39] Demchyna, R. O., Kuz’ma, Y. B. & Babizhetsky, V. S. New arsenides LnAgAs2 (Ln =610

La, Ce, Pr, Nd, Sm, Gd, Tb, Dy) and their crystal structure. Journal of Alloys and Com-611

pounds 315, 158–163 (2001). URL https://www.sciencedirect.com/science/article/612

21



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

pii/S0925838800012731.613

[40] Eschen, M. & Jeitschko, W. Preparation and Crystal Structures of Ternary Rare Earth Silver614

and Gold Arsenides LnAgAs2 and LnAuAs2 with Ln = La–Nd, Sm, Gd, and Tb. Zeitschrift615

für Naturforschung B 58, 399–409 (2003). URL https://doi.org/10.1515/znb-2003-0508.616

[41] Zhang, L. et al. Strong coupling between magnetic order and band topology in the antifer-617

romagnet EuMnSb2. Physical Review B 104, 205108 (2021). URL https://link.aps.org/618

doi/10.1103/PhysRevB.104.205108.619

[42] Hu, J., Xu, S.-Y., Ni, N. & Mao, Z. Transport of Topological Semimetals. An-620

nual Review of Materials Research 49, 207–252 (2019). URL https://doi.org/10.1146/621

annurev-matsci-070218-010023.622

[43] Zhao, W. & Wang, X. Berry phase in quantum oscillations of topological materials. Advances623

in Physics: X 7, 2064230 (2022). URL https://doi.org/10.1080/23746149.2022.2064230.624

[44] Shoenberg, D. Magnetic Oscillations in Metals. Cambridge Monographs on Physics (Cam-625

bridge University Press, 1984).626

[45] Müller, C. S. A. et al. Determination of the Fermi surface and field-induced quasiparticle627

tunneling around the Dirac nodal loop in ZrSiS. Physical Review Research 2, 023217 (2020).628

URL https://link.aps.org/doi/10.1103/PhysRevResearch.2.023217.629

[46] Zhang, L. et al. Comprehensive investigation of quantum oscillations in semimetal using an630

ac composite magnetoelectric technique with ultrahigh sensitivity. npj Quantum Materials 9,631

11 (2024). URL https://www.nature.com/articles/s41535-024-00622-w.632

[47] See Supplementary Information at [URL will be inserted by publisher], for details of the633

angular dependence of the quantum oscillation and magnetoresistance, calculated exfoliation634

energies for possible cleavage surfaces, calculated density of states and Fermi pockets, parity635

values of the occupied state, and ARPES measured electronic structure.636

[48] Myers, K. D. et al. de Haas–van Alphen and Shubnikov–de Haas oscillations in RAgSb2 ( R637

= Y , La-Nd, Sm). Physical Review B 60, 13371–13379 (1999). URL https://link.aps.638

org/doi/10.1103/PhysRevB.60.13371.639

[49] Liu, J. Y. et al. A magnetic topological semimetal Sr1−yMn1−zSb2 (y, z < 0.1). Nature640

Materials 16, 905–910 (2017). URL http://www.nature.com/articles/nmat4953.641

[50] Xu, Z. et al. Quasi-linear magnetoresistance and paramagnetic singularity in hypervalent bis-642

muthide. npj Quantum Materials 10, 41 (2025). URL https://www.nature.com/articles/643

22



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

s41535-025-00758-3.644

[51] Valla, T., Fedorov, A. V., Johnson, P. D. & Hulbert, S. L. Many-Body Effects in Angle-645

Resolved Photoemission: Quasiparticle Energy and Lifetime of a Mo(110) Surface State. Phys-646

ical Review Letters 83, 2085–2088 (1999). URL http://journals.aps.org/prl/abstract/647

10.1103/PhysRevLett.83.2085http://prl.aps.org/abstract/PRL/v83/i10/p2085_1.648

[52] Gibson, Q. D. et al. Termination-dependent topological surface states of the natural super-649

lattice phase Bi4Se3. Physical Review B 88, 081108 (2013).650

[53] Islam, F. et al. Controlling magnetic order, magnetic anisotropy, and band topology in the651

semimetals SrMn0.9Cu0.1Sb2 and SrMn0.9Zn0.1Sb2. Physical Review B 102, 085130 (2020).652

URL https://link.aps.org/doi/10.1103/PhysRevB.102.085130.653

[54] Chadov, S. et al. Tunable multifunctional topological insulators in ternary Heusler compounds.654

Nature Materials 9, 541–545 (2010). URL https://www.nature.com/articles/nmat2770.655

[55] Lin, H. et al. Half-Heusler ternary compounds as new multifunctional experimental platforms656

for topological quantum phenomena. Nature Materials 9, 546–549 (2010). URL https:657

//www.nature.com/articles/nmat2771.658

[56] Fu, L. & Kane, C. L. Topological insulators with inversion symmetry. Phys. Rev. B 76,659

045302 (2007).660

[57] Kane, C. L. & Mele, E. J. Quantum spin hall effect in graphene. Phys. Rev. Lett. 95, 226801661

(2005). URL https://link.aps.org/doi/10.1103/PhysRevLett.95.226801.662

[58] Noh, H.-J. et al. Spin-orbit interaction effect in the electronic structure of663

Bi2Te3 observed by angle-resolved photoemission spectroscopy. Europhysics Letters 81,664

57006 (2008). URL http://stacks.iop.org/0295-5075/81/i=5/a=57006?key=crossref.665

3e71f59820d47157a6627f67beccd3c3.666

[59] Hsieh, D. et al. A topological Dirac insulator in a quantum spin Hall phase. Nature 452,667

970–974 (2008).668

[60] Hasan, M. Z. & Kane, C. L. Colloquium: Topological insulators. Rev. Mod. Phys. 82, 3045–669

3067 (2010). URL https://link.aps.org/doi/10.1103/RevModPhys.82.3045.670

[61] Pan, Z.-H. et al. Electronic Structure of the Topological Insulator Bi2Se3 Using Angle-Resolved671

Photoemission Spectroscopy: Evidence for a Nearly Full Surface Spin Polarization. Physical672

Review Letters 106, 257004 (2011). URL http://prl.aps.org/abstract/PRL/v106/i25/673

e257004.674

23



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

[62] Bradlyn, B. et al. Topological quantum chemistry. Nature 547, 298–305 (2017). URL http:675

//www.nature.com/articles/nature23268.676

[63] Vergniory, M. G. et al. A complete catalogue of high-quality topological materials. Nature677

566, 480–485 (2019). URL https://www.nature.com/articles/s41586-019-0954-4.678

[64] Sancho, M. P. L., Sancho, J. M. L. & Rubio, J. Quick iterative scheme for the calculation679

of transfer matrices: application to Mo (100). Journal of Physics F: Metal Physics 14, 1205680

(1984). URL https://doi.org/10.1088/0305-4608/14/5/016.681

[65] Sancho, M. P. L., Sancho, J. M. L., Sancho, J. M. L. & Rubio, J. Highly convergent schemes682

for the calculation of bulk and surface Green functions. Journal of Physics F: Metal Physics683

15, 851 (1985). URL https://doi.org/10.1088/0305-4608/15/4/009.684

[66] Shi, X. et al. FeTe1–xSex monolayer films: towards the realization of high-temperature685

connate topological superconductivity. Science Bulletin 62, 503–507 (2017). URL https:686

//linkinghub.elsevier.com/retrieve/pii/S2095927317301342.687

[67] Liu, C.-Y. et al. Role of La 5p in Bulk and Quantum-Confined Solids Probed by the La 5p5688

4f13 D1 Excitonic Final State of Resonant Inelastic X-ray Scattering. The Journal of Physical689

Chemistry C 127, 11111–11118 (2023). URL https://pubs.acs.org/doi/10.1021/acs.690

jpcc.3c02011.691

[68] Chen, X., Dai, P., Feng, D., Xiang, T. & Zhang, F.-C. Iron-based high transition temperature692

superconductors. National Science Review 1, 371–395 (2014). URL https://academic.oup.693

com/nsr/article/1/3/371/2460181.694

[69] Just, G. & Paufler, P. On the coordination of ThCr2Si2 (BaAl4)-type compounds within695

the field of free parameters. Journal of Alloys and Compounds 232, 1–25 (1996). URL696

https://www.sciencedirect.com/science/article/pii/0925838895019391.697
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FIG. 1. Crystal structure and basic physical properties of LaAgAs2. (a) Crystal structure of

LaAgAs2. To avoid confusion, the crystallographic direction for a, b, and c were denoted as x, z,

and y, respectively. Top view of [AgAs] layer (b) and As planar layer (c), where panels (b) and

(c) use the same coordinate axis as shown in panel (c). Black lines in panels (a-c) indicate the

unit cell of LaAgAs2. (d) XRD pattern for (0 k 0) surface of a flat LaAgAs2 crystal. The insert

shows the enlarged view of the (0 8 0) reflection. (e) Core-level electronic structure of LaAgAs2,

measured using a photon energy of 150 eV. The inset shows an x-ray Laue pattern of the (H, 0, L)

reciprocal plane. (f) Temperature dependence of in-plane resistivity ρxx (j ∥ ac) and out-of-plane

resistivity ρzz (j ∥ b) measured with B = 0 T for LaAgAs2, where j is the electric current applied

for the resistivity measurements. (g) Typical Hall resistivity ρxy(B) curves measured at different

temperatures with B ∥ b. The insert shows the temperature dependence of carrier concentration

obtained from the single-band fitting of the high-field part of ρxy(B) curves.
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TABLE I. Crystallographic results of LaAgAs2 as determined from single-crystal x-ray diffraction at

300, 200, and 80 K. For all temperatures, the structure was refined in the orthorhombic space group

Pbcm. The lattice parameters, a, b, c, and volume V are shown together with the Wyckoff positions

of the atoms, and the equivalent atomic displacement parameters Ueq. The ADPs were refined

anisotropically, but due to space limitations, only the Ueq are listed in the Table. TW denotes the

twinning ratio of the sample. The errors shown are statistical errors from the refinement.

Temperature 300 K 200 K 80 K

SG Pbcm Pbcm Pbcm

a (Å) 5.8350(1) 5.8266(1) 5.8198(1)

b (Å) 21.2926(4) 21.2585(5) 21.2284(5)

c (Å) 5.8306(1) 5.8206(1) 5.8172(1)

V (Å3) 724.4 721.0 718.7

La1 Wyck. 4d 4d 4d

x 0.01295(6) 0.01300(6) 0.01297(6)

y 0.38575(2) 0.38571(2) 0.38567(2)

z 1/4 1/4 1/4

Ueq 0.00848(11) 0.00617(11) 0.00398(10)

La2 Wyck. 4d 4d 4d

x 0.51428(6) 0.51439(6) 0.51434(6)

y 0.11949(2) 0.11952(1) 0.11956(1)

z 1/4 1/4 1/4

Ueq 0.00780(11) 0.00567(11) 0.00388(10)

Ag1 Wyck. 4c 4c 4c

x 0.26271(8) 0.26286(8) 0.26292(7)

y 1/4 1/4 1/4

z 0 0 0

Ueq 0.01164(21) 0.00786(20) 0.00473(18)

Ag2 Wyck. 4c 4c 4c

x 0.76594(8) 0.76612(8) 0.76601(8)

y 1/4 1/4 1/4

z 0 0 0

Ueq 0.01226(20) 0.00889(20) 0.00501(18)

As1 Wyck. 8e 8e 8e

x 0.28383(7) 0.28405(8) 0.28392(7)

y 0.00118(3) 0.00116(3) 0.00119(3)

z 0.03005(7) 0.03016(7) 0.03015(3)

Ueq 0.01246(10) 0.00941(9) 0.00665(9)

As2 Wyck. 4d 4d 4d

x 0.51406(9) 0.51411(10) 0.51411(10)

y 0.33591(3) 0.33584(3) 0.33580(3)

z 1/4 1/4 1/4

Ueq 0.00892(18) 0.00636(19) 0.00417(18)

As3 Wyck. 4d 4d 4d

x 0.01425(10) 0.01439(10) 0.01440(10)

y 0.16336(3) 0.16346(3) 0.16354(3)

z 1/4 1/4 1/4

Ueq 0.00906(18) 0.00668(19) 0.00441(18)

TW (%) 58/42 58/42 58/42

wR2 (%) 6.64 6.66 6.62

R1 (%) 3.09 3.13 3.19

GOF 1.85 1.81 1.85
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FIG. 2. Quantum oscillations in LaAgAs2. (a)(e) Magnetic field dependence of magnetization

[M(B)] and magnetoresistance [MR(B)], respectively. Each subsequent MR curve is shifted upward

by 4% for clarity. (b)(f) Inverse field dependence of oscillatory components of magnetization

(∆M , dHvA oscillations) and magnetoresistance (∆ρ, SdH oscillations), respectively. ∆M/∆ρ

are obtained by subtracting the polynomial background from the data in (a)/(e), respectively.

(c)(g) FFT spectra of dHvA/SdH oscillations at various temperatures. The inset of (g) shows the

angular dependence of FFT peaks and the geometry of the measurements, where θ is defined as the

angle between the magnetic field B and the crystallographic b-axis. Further details for the angular

dependence of SdH oscillation can be found in Supplementary Fig. S2 [47]. (d)(h) Temperature

dependence of the FFT amplitude for Fα and Fβ , which are the FFT peaks inferred from (c) and

(g), respectively. Solid lines represent the fits with the Lifshitz-Kosevich formula.
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FIG. 3. Electronic structure of LaAgAs2 from ARPES. (a) The Fermi surface is taken at hν = 70

eV. The black, blue, and red dotted squares represent the 1st, 2nd, and 3rd surface BZs, respectively,

with the symmetry points indicated. (b) The E(k) dispersion along the Γ̄−M̄ line of the surface BZ

(solid horizontal line in (a)). (c) The kz dependence of the states at the Fermi level (E = 0) along

the same momentum line. (d) The same as in (b), but at E = −0.6 eV marked by the black solid line

in (b). The maps in (c, d) are obtained by using the photon energies in the range from 55 to 90 eV

and the free-electron approximation for the final electron state, kz = 1/ℏ
√

2me(Ekcos2(θ) + V0),

where Ek is the kinetic energy of a photoelectron and V0 ∼ 10 eV is the inner potential. The

dashed and dotted horizontal lines mark the Γ and Z planes in the 16th 3D BZ, respectively. All

the spectra were taken at T = 15 K using the horizontally linearly polarized light.
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FIG. 4. In-plane electronic structure of LaAgAs2. (a) The Fermi surface from the spot with 2

orthogonal domains. (b) The Fermi surface from the spot with a single domain dominating. (c)

Band structure along the ky = 0 (marked as 1) line from (a). (d) The same as (b) (marked as 1’).

(e) Band structure along the kx = 0 (marked as 2’) line from (b). (f) Band structure along the

ky = π/c (marked as 3’) line from (b). The red arrow points to the suppressed intensity of the 2nd

zone states. The red square in (a,b) represents the 1st BZ. All the spectra were taken at T = 15 K

using the horizontally linearly polarized light at 100 eV.
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FIG. 5. High-resolution electronic structure of the Fermi pockets. (a) The Fermi surface and (b)

the intensity at E = −0.2 eV taken at hν = 100 eV (c) Band structure along the ky = 0 line from

(a). The dotted lines at kx > 0 indicate the three resolved hole bands. The black arrows point

to the splitting of the outer hole doublet. (d) The Fermi surface taken at hν = 70 eV (e) Band

structure along the ky = π/c line from (d). The red arrows indicate the small electron pocket inside

the main one. The red dashed curve represents the parabolic fit to the MDC-derived dispersion.
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FIG. 6. The calculated electronic structure of LaAgAs2. (a) Atom-specific partial density of

states (DOS). The orbital-projected band structure without spin-orbit coupling for LaAgAs2 with

pristine orthorhombic structure (ao × bo × co) (b), hypothetical tetragonal structure (ao × ao × bo

or
√
2aT ×

√
2aT × 2cT) (c), and unfolded hypothetical tetragonal structure (aT × aT × 2cT) (d),

where ao =
√
2aT and bo = 2cT, aT and cT refer to a HfCuSi2-type unit cell. The correspondence

of the high symmetry points between the folded (green) and unfolded (purple) BZ is illustrated

in (e). (f-h) display the top view of the crystal structure of the As1 layer (left) and the Fermi

surfaces (right), where the green/purple shaded square on the left panel indicates the unit cell

corresponding to the folded/unfolded BZ.
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FIG. 7. The enlarged view of the calculated band structure around the Γ point. Panels (a) and

(b) show the bands without and with considering spin-orbit coupling, respectively. The sketches

of the spin-polarized topological surface state (TSS) and topological Dirac semimetal state (TDS)

are marked in (b). (c) An As(2,3) atom with its nearest neighbors. (d) Top view of the puckered

[LaAs(2,3)] layer, where the atoms are arranged in the checkboard square net fashion. The crystal

structure of LaAgAs2 is rearranged from Fig. 1(a) into panel (e), emphasizing the role of the

[LaAs(2,3)] layer played in the topological electronic structure.
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