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Abstract 

1T-IrTe2 exhibits an intriguing series of charge-ordered states in both bulk and 

atomically thin layers. The charge orders in IrTe2 emerge with consecutive first-order 

structural transitions involving in-plane Ir-Ir dimerization and interlayer Te-Te 

depolymerization, resulting in stripe patterns with various periods. Upon chemical 

doping, 1T-IrTe2 can also be driven into a superconductor. Despite the intense 

research effort, a comprehensive understanding of the nature of the charge ordering 

and its relation to the superconductivity is yet to be reached. This review provides an 

overview of the novel charge orders and the emergence of superconductivity in IrTe2. 

We further introduce the recent studies on IrTe2 nanoflake, in which novel charge 

orders attainable only in two-dimensional limits lay the grounds for an exotic phase 

diagram.  
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Section 1: Introduction 

The investigation of the ordered phases that spontaneously lower the symmetry of 

condensed matter systems is fundamental to understanding the physical properties of 

quantum materials [1]. Charge order is one of the most ubiquitous such ordered phases that 

manifests itself as a spontaneous reorganization of electrons, which arises from the complex 

interplay of electron-electron interactions, lattice distortions, and crystal fields [2-4]. In 

many complex quantum materials, charge orders occur near other ordered states with 

similar energy scales, indicating a small variance in the interplay among spin, charge, 

lattice, and orbital degrees of freedom may drive the materials system into completely 

different ground states [4-9]. For example, in unconventional superconductors, charge 

orders are typically found adjacent to the superconducting dome in the phase diagram, 

although whether these two ordered states compete or coexist is a subject of ongoing debate 

[3,5,9]. More recently, the boom of research on two-dimensional (2D) materials uncovers 

novel charge orders, suggesting that the reduced dimensionality is one of the key factors 

influencing the charge orders due to the changes in symmetry, limited phase space, and 

enhanced electron-electron interactions [10-12]. An improved understanding of charge 

ordering phenomena in relation to their concurrent ordered phases would provide us with a 

deeper understanding of the emergent properties in quantum materials and direct us toward 

engineering materials with tailored properties for innovative technological applications. 

Iridium ditelluride in the 1T structural phase (1T-IrTe2) is a fascinating compound in 

this regard. It belongs to a class of materials known as transition metal dichalcogenides 

(TMDC), which has a triangular lattice of Ir ions by edge-sharing IrTe6 octahedra in the 

layered structures, as shown in Fig. 1(a). Compared to the conventional van der Waals 

(vdW) layered materials, a standout property of 1T-IrTe2 is that its ratio between in-plane (a 

= 3.93 Å) and out-of-plane lattice constants (c = 5.39 Å), c/a = 1.37, is much smaller than 
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c/a = 1.6 ~ 1.8 in other isostructural TMDC materials [13-15]. The Te-Te interlayer distance 

(3.50 Å) is also much shorter than the expected vdW bond length 2RvdW = 4.12 Å, 

indicating strong interlayer coupling that makes (Te2)3- polymeric bonds and Ir3+ valence 

configuration [15]. In addition, the combined effects of strong spin-orbit coupling of Ir and 

a three-dimensional band structure due to the strong Te-Te interlayer coupling induce type-

II Dirac dispersions protected by C3v symmetry [16,17]. Upon cooling, 1T-IrTe2 undergoes 

a structural phase transition from trigonal (𝑃3#𝑚1) to triclinic (𝑃1#) structures accompanied 

by anomalies in electrical resistivity and magnetic susceptibility [15,18]. More importantly, 

it goes through a cascade of charge ordering with decreasing temperatures [15,19-22]. The 

charge-ordering transition in 1T-IrTe2 looks distinct from a conventional charge density 

wave (CDW): first-order transition to a commensurate structure results in a heavy 

reconstruction of electronic structure over a large energy window [23-27]. The phonon 

softening signifying the structural instability was not found in the phonon dispersion of the 

bulk 1T-IrTe2 [28]. Furthermore, unlike most TMDCs with superconducting ground state, 

for which the pressure suppresses the CDW but enhances the superconductivity, the 

opposite trend was observed in 1T-IrTe2 [29,30]. Due to these exotic properties, 1T-IrTe2 is 

a fascinating materials platform to study the relationship between structural phase 

transitions, charge orderings, band topology, and superconductivity. 

In this review, we mainly focus on charge-ordered phases in bulk and atomically thin 

1T-IrTe2. Section 2 presents the charge orders in bulk and surface of IrTe2. Section 3 

elaborates on the relations between the charge ordering and the superconductivity for 

cation- and anion-substituted, and thickness-controlled 1T-IrTe2. Section 4 introduces the 

novel charge order realized in monolayer (ML) 1T-IrTe2. A final summary and outlook are 

presented in Section 5.  
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Section 2: Stripe charge orders in bulk and surface of 1T-IrTe2  

Bulk 1T-IrTe2 stabilizes with a shorter interlayer distance than the expected vdW bond 

length, which implies a stronger Te-Te interlayer coupling [13-15]. The charge orders in 

bulk and surface 1T-IrTe2 show different behaviors. In bulk, 1T-IrTe2 exhibits two 

consecutive first-order transitions at 280 K and 180 K, accompanied by anomalies in 

electrical resistivity and magnetic susceptibility [18-22], as shown in Figs. 1(b,c). 

Concomitantly, superstructural modulations have been observed from 1 × 1 × 1 (trigonal 

1T structure) at high temperatures (HT) to 5 × 1 × 5 at ~280 K and 8 × 1 × 8 at ~180 K, 

respectively. The superstructures were characterized by transmission electron microscopy 

(TEM) [29] and X-ray diffraction (XRD) studies [18,31-33], and the ordering wave vectors 

q1/5 = (1/5 0 1/5) and q1/8 = (1/8 0 1/8) have been verified, respectively. Upon cooling from 

the HT to q1/5 transition temperature, in-plane lattice constant a decreases, while out-of-

plane lattice constant c increases, resulting in an increase of the c/a ratio from 1.37 (HT 

phase) to 1.40 (q1/5 phase) [15]. The ratio further increases to 1.42 across the q1/5 to q1/8 

transition. In contrast, on heating, the q1/8 phase directly transits into the HT phase at 280 K 

(Fig. 2), and the c/a ratio is reduced back to 1.37 in the HT phase. The stripe charge-ordered 

phases of 1T-IrTe2 stay metallic because Ir-Ir dimerization and Te-Te depolymerization at 

LT produce conducting planes running across the vdW gaps in between the dimer planes 

[15,20,32-35].  

The increased c/a ratios in the q1/5 and q1/8 phases imply certain degrees of the (Te2)3- 

interlayer bond breaking, which leads to partial Ir valence change from Ir3+ (d6) at HT to Ir4+ 

(d5) at low temperature (LT) [15,21,35] as shown in Fig. 1(e). As a result, Ir3+-Ir4+ charge-

ordered phases form with periodic lattice distortions (Fig. 1(d)). Moreover, Ir-Ir bond length 

decreases with in-plane Ir4+-Ir4+ dimerization in LT phases by up to 20%, which can be 
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clearly observed as large shifts in the Ir 4f core levels (Fig. 1(e)) [15,19,21]. Such a 

significant contraction of the lattice in IrTe2 cannot be understood within conventional 

CDW pictures [23-27,32-40]. Strong spin-orbit coupling is another important aspect to 

consider for a comprehensive understanding of Ir compounds [41-43]. Diamagnetic spin-

orbit Mott dimer states due to a strong spin-orbit coupling of Ir atoms were also suggested 

for LT phases of 1T-IrTe2 under a mean-field description [15,27]. 

At the surface of 1T-IrTe2, the charge-ordered phases are quite different and more 

complex compared to the bulk case due to the different coupling along the c-axis direction 

[44-47]. Scanning tunneling microscopy (STM) studies found additional 11 × 1 and 17 × 1 

surface modulations at LT (Fig. 2), with the tendency to generate a (3n+2) structure, where 

n is an integer indicating the number of dimers in a unit cell [44-46]. More interestingly, a 

6 × 1 superstructure, not seen in bulk, is observed as the ground state of the charge ordering 

at the LT surface. The surface transition temperatures are quite different from those of the 

bulk (Fig. 2), with several periodicities coexisting, which resembles the devil’s staircase 

behavior [46,47]. A key feature observed in the 6 × 1 charge order at the surface of 1T-

IrTe2 is more complete Ir dimer formations compared to the bulk (Fig. 1(d) and Fig. 2). The 

tendency to create more Ir dimers on the surface demonstrates the significance of Te-Te 

interlayer coupling and its breaking in the formation of the charger orders in 1T-IrTe2 [45-

51], considering the ordering involves Ir 5d to Te 5p charge transfer with Te polymeric 

bond breaking and the surface has a weaker interlayer coupling due to the absence of the 

upper layer [15,29,35]. 

To understand the distinct charge ordering in 1T-IrTe2, various mechanisms have been 

proposed. Since the hump structures of electrical resistivity and the step-like reduction of 

the magnetic susceptibility (Figs. 1(b,c)) with the structural phase transition are often 
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observed in the CDW materials, a Peierls-type CDW scenario was first suggested as the 

origin of the structural phase transition in 1T-IrTe2 [18]. However, the gap opening expected 

for the CDW transition was not observed in nuclear magnetic resonance (NMR) spectra 

[52], optical conductivity [34,38,53] and angle-resolved photoemission spectroscopy 

(ARPES) [23-27]. In addition, the CDW picture based on the Fermi surface nesting only 

provides the charge ordering vector q1/5 and cannot describe the charge ordering with q1/8 in 

bulk and q1/6 at the surface. A number of different mechanisms, including the orbital-

induced Peierls instability [24,25], local bonding instabilities of Te 5p orbitals [28,54,55], 

the van Hove singularity at the Fermi level [21], subtle balance in local interactions of Ir-Ir 

dimerization and Te-Te depolymerization [15,29,35], and an order-disorder transition [39], 

have been proposed to explain the origin of the charge ordering. The exact nature and the 

driving force of the charge-ordered phases in 1T-IrTe2 are still the subject of further 

investigation. 

Section 3: Tuning the charge-ordered phases in the vicinity of superconductivity 

Charge orders are often found in the vicinity of other quantum orders, such as 

magnetism and superconductivity [3-5,9]. While it is difficult to nail down whether the 

charge order competes or cooperates with other ordered phases, tuning the material 

properties around the charge-ordered phases by doping, gating, strain, thickness control, and 

other stimuli offers an ample opportunity to engineer novel functionalities and to explore 

new regimes of quantum phenomena [3,9]. In this section, we review works related to 

tuning charge orders and their interplay with superconductivity in 1T-IrTe2 by chemical 

doping and thickness control. 

3.1 The emergence of the superconductivity in Ir1-xMxTe2 
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Superconductivity in the vicinity of a competing electronic order often manifests itself 

with a superconducting dome, centered around a presumed quantum critical point in the 

phase diagram [3,5,9]. This common feature, found in many unconventional 

superconductors and TMDC superconductors, has supported a prevalent scenario in which 

fluctuations or partial melting of a parent order are essential for inducing or enhancing 

superconductivity [3-5,9]. A dome-shaped superconducting phase diagram appears in 1T-

IrTe2 by chemical doping (Fig. 3), similar to many TMDCs hosting CDW orders in the 

parent compounds [18,54-65]. 

As shown in Fig. 3, superconductivity in IrTe2 emerges when the charge orders are 

suppressed by Pt, Pd (electron doping) [18,57-64] or Rh (isovalent doping) substitution 

[55,56] for Ir, or intercalation of Cu and Pd [18,54,64]. The superconducting transition 

temperature (Tc) of Ir1-xPtxTe2 reaches a maximum of ~3.1 K for x = 0.04 [57]. With an 

increased level of substitution, the in-plane (out-of-plane) lattice parameters of Ir1-xPtxTe2 

and Ir1-xPdxTe2 increase (decrease) monotonically [18,57,59,66], while that of Ir1-xRhxTe2 

does not change [55]. Since RhTe2 can be partially crystallized in polymeric CdI2 structure, 

with lattice parameters and an octahedral distortion similar to those in IrTe2, partial 

substitution of Ir by Rh leads to little change of lattice parameters [55]. Despite the close 

similarity of the structures, the electron transfer between Te and transition metals would be 

much different from Rh and Ir cases, since Ir has more extended 5d orbitals [55,56,67]. This 

covalency difference leads to a modification in the dimerization with increased Rh doping 

and consequently alters the nature of the charge order and the onset of the emergence of 

superconductivity [64,67,68]. As a result, the doping level of Rh required to suppress the 

charge order and induce superconductivity is three times larger than that of Pt (Fig. 3). 

These results suggest that the suppression of the charge order and the emergence of 
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superconductivity are related to the changes of lattice parameters and the covalency in 1T-

IrTe2 [64-68]. 

On the other hand, the anion-substitution or the application of hydrostatic pressure in 

1T-IrTe2 just increases the charge ordering temperature without entering the 

superconducting phase (Fig. 3) [29,30,64,68-71]. This behavior contrasts with many 

previously studied CDW materials in the proximity of superconductivity; in many cases, 

both pressure and the anion-substitution suppress the charge order and induce the 

superconducting dome in their phase diagrams [3-5]. The Se substitution of Te and 

hydrostatic pressure drastically increases the charge ordering temperature of IrTe2 from 280 

K to 560 K with a sudden increase of c/a ratio [29]. Concomitantly, this enhancement is 

accompanied by the evolution of non-sinusoidal structure modulations from q1/5 to q1/6 

charge-ordered phases [29,64,68]. The increase in the c/a ratio is ensued by the weaker Te-

Te interlayer coupling and the changes of effective valences to Ir(3+d)+ and (Te2)(3+ d)-, 

respectively, even at HT due to the more electronegative Se [29]. The increased portions of 

Ir4+ valence states in 1T-IrTe2 lead to the formation of more Ir dimers in the charge-ordered 

phase, resulting in 6 × 1 × 6 superstructure even in the bulk [29,30,64,68-71]. This result is 

consistent with the emergence of 6 × 1 superstructure at the surface IrTe2 due to the 

weakened interlayer coupling. 

3.2 Thickness and cooling rate dependent superconductivity in 1T-IrTe2 

Thickness control can tune the stripe charge orders and introduce superconductivity in 

1T-IrTe2 without introducing quenched disorders. As the flake thickness decreases (Fig. 

4(a)), the charge ordering temperatures monotonically decrease [72,73]. This may originate 

from the out-of-plane elongation resulting from the thinning down process [72-76] or the 

substrate-induced in-plane tensile strain on the 1T-IrTe2 nanoflakes [72], which effectively 
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acts as a negative pressure effect. Simultaneously, the superconductivity emerges in 1T-

IrTe2 nanoflakes at a thickness of ~ 110 nm and disappears at ~20 nm with a dome shape in 

the thickness-dependent phase diagram (Fig. 4(a)) [72]. The maximum Tc reaches around 3 

K at ~70 nm thickness (Fig. 4(b)) [73], which is similar to the maximum value of the doped-

IrTe2 [18]. 

The thickness-dependent phase diagram significantly differs from the doping-

dependent phase diagram of bulk 1T-IrTe2. In the bulk case, the stripe charge-ordered and 

superconducting phases are mutually exclusive, and the coexisting region appears in the 

very narrow doping range [18,57-64,72]. Even in the coexisting phase, phase-separated 

patch structures have been observed [62,77]. However, in 1T-IrTe2 nanoflakes, the stripe 

charge-ordered phase completely covers the whole regions of the sample (Fig. 4(a)), 

confirmed by the spatial mapping of Raman and STM measurements [72]. The 

characteristics of superconductivity are also distinct in nanoflakes compared to those of the 

doped IrTe2. The superconducting gap ratio of IrTe2 nanoflakes is 2∆SC/kBTc ~ 5.3 [72], 

which is much larger than the BCS value of 3.53, and the one for the doped bulk IrTe2 has 

2∆SC/kBTc ~ 3.7 [61]. The coexisting stripe charge order in 1T-IrTe2 nanoflakes increases 

the out-of-plane coherence length and the coupling strength of superconductivity [20,72,73]. 

These results show a distinct feature compared to the doped bulk 1T-IrTe2, where the 

cation-substitution in 1T-IrTe2 mainly provides a source of chemical strain, which cause the 

reduction of Ir dimer density in charge-ordered phase and Te depolymerization, and results 

in the superconducting ground state more favorable [18,55,45]. On the other hand, the stripe 

charge ordered phase in nanoflakes 1T-IrTe2 dominantly prevails in the macroscopic length 

scale and serves as a normal state for the superconductivity without its complete or partial 

melting [72].  
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A control of the cooling rate can also induce superconductivity in 1T-IrTe2 flakes. For 

the standard cooling rate of 1 K / min, the stripe charge orders show up and the 

superconducting state is absence in IrTe2 [15,76] as described in Section 2. A high cooling 

rate of ~105 K s-1 by using the electric-pulse heating induces a resistivity drop in IrTe2 flake 

with Tconset ~ 3.1 K even though a zero resistance is not obtained [78]. When the more rapid 

thermal quenching (~107 K s-1) is applied, the charge order states in IrTe2 are fully 

suppressed and the thermally quenched state reaches zero resistance with Tconset ~ 3.4 K 

[78]. The current pulse-based rapid cooling kinetically hinders a first-order phase transition 

to a charge order state and induces the hidden metastable superconductivity in hexagonal 

IrTe2 [78]. This result is consistent with the emergence of the hexagonal superconducting 

patches at the surface IrTe2, which are locally formed and falls into a superconducting state 

below 3 K for the rapid cooling [77].  

Section 4: Novel insulating 2 x 1 fully dimerized structure in ML 1T-IrTe2  

 The absence of interlayer coupling and subsequent changes in the electronic structure 

and symmetry in monolayer (ML) TMDC often lead to novel physical, chemical, and 

optical properties distinct from the bulk [5,12]. Considering the polymeric Te-Te interlayer 

coupling plays a key role in the charge ordering of 1T-IrTe2, an intriguing question is what 

happens in ML IrTe2 where the Te-Te coupling is totally absent. Indeed, the weakened Te-

Te interlayer coupling by Se-substitution, hydrostatic pressure, and at the surface of IrTe2 

not only stabilizes the charge order strongly with increased transition temperature but also 

induces the q1/6 charge order not obtainable in bulk [19,29,44,51]. These suggest a possible 

dramatic change in the structural and electronic properties of ML 1T-IrTe2 due to the 

complete absence of the Te-Te interlayer coupling. 
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In order to realize ML 1T-IrTe2, molecular beam epitaxy (MBE) was applied on 

bilayer graphene (BLG) substrate [79]. The MBE is a well-known strategy to synthesize 

high-quality atomically thin film TMDC materials [12]. The BLG substrate, in many cases 

for TMDC overlayers, minimizes the substrate effect due to the vdW bond and its inertness 

[80-85]. MBE-grown ML 1T-IrTe2 on BLG substrate has an in-plane lattice constant of 3.90 

Å, which is quite comparable to the bulk value (3.93 Å), indicating a quasi-freestanding ML 

film [79]. The key finding in the charge-ordered phase of ML 1T-IrTe2 is that it only 

exhibits a 2 × 1 dimerized structure (a complete dimerization of Ir atoms), as shown in 

Figs. 5(a,b). This has never been obtained in bulk or surface IrTe2 compounds. More 

surprisingly, the 2 × 1 dimer ground state shows an insulating state with the size of the gap 

larger than 1 eV (Figs. 5(c,e)), without any transition in the Ir valency nor in the size of the 

gap from 10 K to 300 K (Fig. 5(f)). This is remarkable because every charge-ordered phase 

found in IrTe2, including q1/5, q1/8, and q1/6 phases, shows a metallic nature [15,27,77].  

First-principle calculations find that the existence of both charge and phonon 

instabilities at the M point in ML 1T-IrTe2, suggesting that 2 × 1 dimer structure in ML 

may be driven by the Fermi surface nesting induced CDW transition [79]. The Fermi 

surface, in particular, dominantly consists of Te 5p orbital, and this indicates that the role of 

Te atom seems important for the 2 × 1 dimer transition in ML 1T-IrTe2. However, the 

experimentally obtained results for ML 1T-IrTe2 are strongly deviated from the 

conventional CDW features. While typical CDW formation induces 1~7% lattice 

contraction, ML 1T-IrTe2 shows 20% lattice contraction with a heavy electronic 

reconstruction, and the size of the band gap is much larger than that originated from the 

CDW [79]. This suggests other essential ingredients, such as the local Ir bond formation, 

should be added for a fuller explanation. Generally, partially filled Ir compounds prefer 

locally forming a direct Ir-Ir singlet due to their extended 5d orbital nature [86-88]. ML 
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IrTe2 has an edge-sharing octahedral structure and only Ir4+ valence state (Fig. 5f) with one 

hole in t2g states, owing to the full absence of the polymeric Te-Te interlayer coupling. 

Although it is difficult to discern whether nesting or local Ir bond formation is more 

dominant or which one triggers the other in the 2 × 1 dimer formation, once any 

perturbations are triggered, the effect of both mechanisms amplifies each other, enabling the 

heavy electronic reconstruction with the large band gap and huge lattice distortion [79].  

The insulating 2 × 1 dimer structure in ML completely disappears in bilayer (BL) 1T-

IrTe2. BL 1T-IrTe2 shows the mixed metallic superstructure of 6 × 1, 5 × 1 and 3 × 1 

phases (Fig. 1(d)) [79], similar to the surface and Se-substituted 1T-IrTe2 (Figs. 5(d,e)) 

[15,19,29,51,70]. This is because the recovered Te-Te interlayer coupling in BL suppresses 

the Fermi surface nesting due to the split of the Fermi surface, which in turn eliminates the 

phonon softening and lattice instability [79]. At the same time, Ir3+ state partially exists in 

BL, just like surface of 1T-IrTe2, due to the additional polymeric Te-Te interlayer, and it 

prevents the formation of a fully dimerized structure. The suppression of the CDW 

instability and mixed Ir3+/Ir4+ valence states in BL prevent the conditions for the fully 

dimerized 2 × 1 structure. Instead, 6 × 1 and 5 × 1 phases are found as the ground states, 

similar to the surface and Se-substituted 1T-IrTe2 [15,29]. This novel metal-to-insulator 

transition from BL to ML 1T-IrTe2 reveals that the polymeric Te-Te interlayer coupling 

dramatically affects the phonon and charge instabilities in IrTe2, thus playing a vital role in 

defining the charge-ordered ground states of 1T-IrTe2 [12,79,89]. The breakdowns of the 

insulating 2 × 1 dimer structure were also obtained by the substrate-induced strain and band 

hybridization [90,91]. In these cases, ML films show  3 × 1 and  5 × 1 stripe charge 

ordering as found in BL and the surface of IrTe2.  

Section 5: Summary and outlook 
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In summary, we first reviewed the charge-ordered states in 1T-IrTe2 and its tunability. 

Bulk 1T-IrTe2 exhibits consecutive first-order structural transitions, accompanied by 

anomalies in electrical resistivity, magnetic susceptibility, and the ratio of c/a lattice 

constants [15]. By controlling the strength of the polymeric Te-Te interlayer coupling via 

Se-substitution, hydrostatic pressure, and the formation of a well-ordered surface, the 

charge-ordered phases can be tuned to be quite different and more complex compared to the 

bulk [29,51,54]. The reduced strength of the interlayer coupling induces the tendency to 

create more Ir dimers in charge-ordered states and enhance the transition temperatures. 

These characteristic behaviors in 1T-IrTe2 demonstrate that the charge order involves both 

interlayer Te-Te depolymerization and in-plane Ir-Ir dimerization [15,29,35].  

We also reviewed how the charge orders interplay with superconductivity in 1T-IrTe2 

in response to chemical doping, cooling-rate and thickness controls. Upon chemical doping, 

the stripe charge-ordered state is suppressed and 1T-IrTe2 can be transformed into a 

superconductor with a dome-shaped superconducting zone in the phase diagram (Fig. 3) 

[55-57]. The chemical doping from a cation-substitution not only serves as a source of 

chemical strain, but also results in the superconducting ground state by fully suppressing the 

charge orders in 1T-IrTe2. The direct comparison between electron (Pt, Pd) and isovalent 

(Rh) doping via cation-substitutions qualitatively shows that the suppression of the charge 

order and the emergence of superconductivity are related to the changes of the lattice 

parameters and the covalency in 1T-IrTe2. A control of the cooling rate is another way to 

induce superconductivity in 1T-IrTe2. The rapid thermal quenching by electric-pulse heating 

fully suppresses the charge order states in IrTe2 and induces the hidden metastable 

superconductivity in hexagonal IrTe2 [78]. These results indicate that the existence of the 

hexagonal patches in IrTe2 at LT is closely related to the emergence of superconductivity. 
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Thickness control can also manipulate the stripe charge orders and trigger the 

superconductivity in 1T-IrTe2. Superconductivity emerges in 1T-IrTe2 nanoflakes at a 

thickness of ~ 110 nm and disappears at ~20 nm, forming a superconducting dome in the 

thickness-dependent phase diagram [72,73]. Distinct from the chemical doping-induced 

superconductivity, the stripe charge-ordered phase completely covers the whole regions of 

the 1T-IrTe2 nanoflakes, indicating that the stripe charge-ordered phase can be a normal 

state for the superconductivity, in contrast to the doped bulk 1T-IrTe2 [72]. 

When thinned down to the ML limit, 1T-IrTe2 has a new type of charge-ordered 

phase. ML 1T-IrTe2 exhibits a unique insulating 2 × 1 dimer structure with a band gap 

greater than 1 eV. The complete absence of the polymeric Te-Te interlayer coupling in ML 

makes the Ir4+ valence state in all Ir atoms and a nesting condition at the Fermi surface. 

Peierls-like Fermi surface instability and Ir local bond formation cooperatively enhance and 

stabilize the fully dimerized charge order state in ML 1T-IrTe2. In the case of BL, the 

recovered polymeric Te-Te interlayer coupling suppresses those conditions owing to the 

split of the Fermi surface and the partial existence of the Ir3+ valence state, hindering the 

fully dimerized 2 × 1 charge-ordered phase [79]. 

1T-IrTe2 presents a fascinating complex system where the interplay among charge, 

orbital, spin, and lattice degrees of freedom lies at the core of the charge ordering 

phenomena and its adjacent quantum phases. Understanding the mechanisms behind the 

charge orders in 1T-IrTe2 holds great promise for advancing our knowledge of quantum 

materials and correlated electron systems [3-5]. In particular, investigating how external 

factors such as temperature, pressure, chemical doping, and thickness control influence the 

charge order in 1T-IrTe2 and related electronic and magnetic phases could offer insights into 

controlling and manipulating the electronic properties of quantum materials. Such tunability 
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also promises a future development of materials for advanced electronic, spintronic, and 

quantum devices. 
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Figure 1: (Color online) Crystal structure and physical properties of 1T-IrTe2. (a) 

Schematics of the crystal structure of bulk 1T-IrTe2. The orange wavy lines represent the 

polymeric Te-Te bond. (b,c) Temperature dependent electrical resistivity and magnetic 

susceptibility for bulk 1T-IrTe2, respectively. (d) Schematics of possible formations of stripe 

charge orderings in IrTe2. The boxes indicate the unit cell of the charge ordered phases. (e) Ir 

4f core level photoemission spectra for bulk IrTe2 taken at 300 K (HT), 260 K (q1/5) and 100 K 

(q1/5). Vertical left and right dashed lines represent the peak positions of Ir4+ and Ir3+, 

respectively. Figs .1 (b,c,e) are adapted from Ref. [15] © 2015 Springer Nature. Figs. 1 (a,d) 

are created by the authors.  
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Figure 2: (Color online) Summary of surface and bulk charge orderings in 1T-IrTe2 depending 

on temperatures for (upper panel) cooling and (lower panel) heating processes. The figure is 

created by the authors taking Ref. [15,18,44,51] as references. 
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Figure 3: (Color online) Schematics for the phase diagrams of cation- and anion-

substituted 1T-IrTe2. Cation-substitutions of Ir with Pt and Rh serve as electron- and isovalent 

dopings for 1T-IrTe2 in the phase diagram, respectively. Anion-substitution of Te with Se also 

provides an isovalent doping. The figure is created by the authors taking Ref. [18,29,55,57] as 

references.  

 

 

 

 

 

  

0

600

700

300

400

200

100

500

Temperature (K)

SC

SC

Ir1-xPtxTe2

IrTe2-xSex

Ir1-xRhxTe2
Pt content x

0.1

0.2

0.3

Superstructure
(1/6 0 1/6)

Isovalent doping 
(Anion-substitution)

Isovalent doping 
(Cation-substitution)

Electron doping 
(Cation-substitution)

Tc x 10

Tc x 10

Se content x



 26 

 

Figure 4: (Color online) Thickness-dependent phase diagram of 1T-IrTe2 nanoflakes. (a) 

Phase diagram of IrTe2 nanoflakes as a function of thickness t. Ts,up and Ts,dn represent transition 

temperatures for warming (up) and cooling (down) processes, respectively. Top and bottom 

backgrounds indicate the charge-ordered states in the phase diagram for warming and cooling  

processes, respectively. A lower bottom area is the superconducting state. (b) Temperature-

dependence of normalized resistivity [r (T) / r (300 K)] for the IrTe2 nanoflakes. Figures are 

reproduced from Refs. [72] © 2021 Springer Nature and [73] © 2018 American Chemical 

Society. 
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Figure 5: (Color online) Crystal structure and electronic properties of ML and BL 1T-

IrTe2. (a,b) Atomically-resolved STM image and a schematics of a top view of 2 × 1 dimer 

structure of ML IrTe2, respectively. (b,c) ARPES band structures of (c) ML and (d) BL 1T-

IrTe2. (e) The STS dI/dV spectra for ML and BL IrTe2. The inset is a close-up look of the 

dashed box near Fermi energy. (f) Temperature-dependent Ir 4f core level spectra. Figures are 

reproduced from Ref. [79] © 2022 Springer Nature. 
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