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Abstract 

In this study, we determined the effect of doping with the noble metal Ag on CuIr2Te4 

superconductors. Based on the resistivity, magnetization, and heat capacity, we explored the 

changes in the superconductivity (SC) and charge density wave (CDW) for Cu1-xAgxIr2Te4 (0 

 x  1) as a function of isoelectric substitution (Cu/Ag). We assessed a complete set of 

competing states from suppressed CDW in the low doping region to superconductor in the 

middle doping region and re-entrant CDW in the high doping region, thereby obtaining an 

electronic phase diagram, where the superconducting dome was near bipartite CDW regions 

with a maximum superconducting temperature (Tc) of about 2.93 K at an Ag doping level of 

12%. The lower Hc1 and upper Hc2 critical magnetic fields were determined for some 

representative samples in the Cu1-xAgxIr2Te4 series based on magnetization and resistivity 

measurements, respectively. We showed that Hc1 decreased whereas Hc2 increased as the 

doping content increased. The specific heat anomalies at the superconducting transitions 

Cel/γTc for representative samples comprising Cu0.92Ag0.08Ir2Te4, Cu0.88Ag0.12Ir2Te4, and 

Cu0.85Ag0.15Ir2Te4 were approximately 1.40, 1.44, and 1.42, respectively, which are all near the 

Bardeen-Cooper-Schrieffer (BCS) value of 1.43 and they indicate bulk SC in these compounds.  

 

Keywords: Cu1-xAgxIr2Te4, Superconductivity, Charge density wave, Superconducting dome. 



  

1. Introduction 

Most of the unconventional high-temperature superconductors (HTSs) are characterized 

by doping dependence of the superconducting dome close to a competing ordered phase, such 

as a spin density wave (SDW), charge density wave (CDW), or antiferromagnetic order [1-6]. 

A widely accepted explanation for this behavior is critical phase fluctuations in the intertwined 

electronic order. Despite many clear experimental results, the nature of these superconducting 

domes is still under investigation. A superconducting dome is not a general feature of 

conventional low-temperature superconductors, but it has been observed in several systems, 

including Fe with superconducting temperatures (Tc) below 2 K at pressures between 15 and 

30 GPa [7], and a gated LaAlO3/SrTiO3 interface [8] doped with SrTiO3 [9,10].  

The CDW state is a quantum mechanical phenomenon, which is usually accompanied by 

a periodic distortion of the lattice first predicted by Peierls [11], and it occurs in a wide range 

of materials, including the aforementioned HTSs and low dimensional transition metal 

dichalcogenides (TMDs). The interplay between CDW and the other electronic states of these 

materials is technologically important, and it has attracted much attention from the 

nanoelectronics community. CDW materials can be tuned with various parameters (e.g., 

chemical doping, physical pressure, and gating) to explore the links between various electronic 

orders [12,13]. In particular, a superconducting dome is commonly a function of a tuning 

parameter in the proximity of CDW in many TMDs [14-22]. Similar to high Tc cuprates or 

iron-based superconductors, the same feature with a superconducting dome around the collapse 

of CDW is also observed in chemical-doped TMDs, which is considered to provide a basis for 

understanding the mechanism in unconventional HTSs. Thus, studying the interaction between 

the CDW and superconductivity (SC) in TMDs remains a key focus.  

SC usually appears or it is enhanced when the CDW is drastically suppressed by disorder, 

intercalation, or pressure in the family of low-dimensional layered TMDs. In particular Li et 

al. [23] gradually substituted sulfur (S) for selenium (Se) in 2H-TaSe2 to obtain 2H-TaS2 and 

robust superconducting order was observed in the single crystal TaSe2-xSx (0 < x < 2) alloy. 

The Tc values of these TaSe2-xSx series are much higher than those of the two undoped 

compounds TaSe2 and TaS2, and the conductivity is higher near the middle of the alloy series 



compared with 2H-TaSe2 and 2H-TaS2, thereby indicating that SC competes with CDW in this 

system. In addition, further calculations showed that the disorder facilitates the SC state at the 

expense of CDW order, as also observed in the experiments mentioned above, according to the 

real-space self-consistent Bogoliubov–de Gennes calculations and momentum-space 

calculations involving density functional theory and dynamical mean field theory [24]. Another 

study demonstrated the coexistence of CDW and SC in 2H-TaS2 at low temperatures by 

applying hydrostatic pressures. A superconducting dome is observed with a maximum of Tc = 

9.1 K and the CDW is suppressed under compression. These calculations indicate that an 

electronic topological transition occurs before the suppression of phonon instability, thereby 

suggesting that the electronic topological transition alone does not directly initiate the structural 

change in 2H-TaS2 [12]. A recent study of the effects of pressure on the CDW and SC in the 

NbSe2 and NbS2 systems showed that the rapid destruction of the CDW under pressure in 

NbSe2 is due to quantum fluctuations when the lattice is renormalized by the anharmonic part 

of the lattice potential. However, based on the analogous superconducting gaps for both NbSe2 

and NbS2, the CDW does not affect the superconducting gap structure [13]. 

Recently, the coexistence of SC and CDW was observed in the quasi-two-dimensional (2D) 

CuIr2Te4 [25], which has a NiAs defected structure with the trigonal symmetry space group 

P3-m1 [25,26], a superconducting transition temperature of Tc = 2.5 K, and a CDW-like 

transition TCDW occurs at 186 K from cooling and 250 K from warming [25]. Chemical doping 

is an effective method for exploring new superconductors or tuning the physical properties of 

existing superconductors. We previously demonstrated that electron dopants (e.g., 3d Zn) [27] 

or hole dopants (e.g., 3d Ti; 4d Ru) [28,29] can suppress the CDW order, but the 

superconducting phase diagram was quite different. For example, Cu1-xZnxIr2Te4 variants 

doped with electrons exhibited robust SC in the whole doping range of 0  x  0.9, whereas the 

CuIr2-x(Ti/Ru)xTe4 series doped with holes produced a dome-shaped superconducting phase 

diagram, where the maximum Tc values were around 2.79 K and 2.84 K respectively [27-29]. 

However, this trend does not apply to 3p-5p dopants [30,31]. For example, iodine doping 

produced dome-shaped SC associated with suppression at a very low doping content but the 

unexpected re-appearance of CDW occurred under high doping [29]. Moreover, silver (Ag) 

has been used widely as a dopant or additive to improve the superconducting properties of 



HTSs because Ag can improve the inter-grain connections as well as enhancing the critical 

current and irreversibility field [32,33]. 

In this study, we chemically substituted Ag (4d) for Cu (3d), which is below Cu (3d) in the 

same column of the periodic table. We investigated the effects of substituting the non-magnetic 

noble metal Ag (4d) for Cu (3d) on the structural and physical properties of the CuIr2Te4 series. 

We identified several positive effects, including enhancement of the critical parameters such 

as Tc and Hc2, and a comprehensive electronic phase diagram was constructed to illustrate the 

overall behavior of Tc and CDW for our samples. 

 

2. Experimental details 

Polycrystalline samples of Cu1-xAgxIr2Te4 (0  x  1) were prepared using the conventional 

solid state reaction technique. Stoichiometric mixtures of Cu powder (99%, ~325 mesh, Alfa 

Aesar), Ag powder (99.9%, ~325 mesh, Alfa Aesar), Ir powder (99.9%, Macklin), and Te lump 

(99.999%, Alfa Aesar) were sealed in quartz tubes and heated at 850C for 5 days. The as-

prepared powders were ground, pelletized, and annealed in evacuated quartz tubes at 800C 

for 10 days. Cu1-xAgxIr2Te4 (0  x  1) samples are stable in the air. Powder X-ray diffraction 

(XRD) was conducted using a standard diffractometer (MiniFlex, Rigaku apparatus) with Cu 

Kα (λ = 1.5406 Å) radiation to probe the phase purity. The elemental ratios and distributions 

in samples were analyzed using a scanning electron microscope (EM-30AX PLUS, Kurashiki 

Kako Co. Ltd, Japan) equipped with an energy dispersive X-ray spectroscopy detector. 

Electrical transport, dc susceptibility, and specific heat measurements were performed at low 

temperatures (down to 1.8 K) using a physical properties measurement system (PPMS, 

Quantum Design). The temperature-dependent electrical resistivity was tested under different 

magnetic fields ρ(H,T) with rectangular samples using the standard four-probe method. The 

samples were also characterized based on dc-susceptibility measurements obtained with finely 

ground powders using the AC measurement system (ACMS) model. Tc was estimated 

conservatively as the intersection of the extrapolated abrupt slope for the susceptibility in the 

superconducting transition region and the normal state, as well as from the resistivity as the 

midpoint of the resistivity (T) transitions and from specific heat data Tc obtained using the 

equal area construction method. 



The field and temperature dependences of the magnetic susceptibility (H,T) were 

employed to identify the lower critical fields Hc1. The upper critical fields Hc2 were determined 

using resistivity data collected under increased magnetic fields near the superconducting 

transition. 

First-principles calculations conducted using the projector augmented wave method [34] 

implemented in the VASP package [35], as described in detail in a previous study [25]. 

3. Results and discussion 

The XRD patterns obtained at room temperature for the polycrystalline Cu1-xAgxIr2Te4 (0 

 x  1) samples are shown in Fig. 1(a–b). As shown in Fig. 1(a), the (h k l) reflection peaks 

indexed well to a trigonal structure with the P-3m1 space group, except for the peak denoted 

by * in Fig. 1(b) at 2θ = 40.86°, which was due to the small amount of unreacted Ir. The foreign 

Ir phase weakened as the amount of Ag doping increased, thereby indicating the enhanced 

homogeneity and purity of the Ag-doped samples. Thus, the Ag substitution process did not 

change the crystal structure of the parent material in the substitution range from 0  x  1. The 

lattice parameters were calculated for the Cu1-xAgxIr2Te4 samples by applying the pseudo-Voigt 

function for peak profile fitting and the structural model using FullProf software [36]. The 

lattice parameter values obtained for the representative sample Cu0.88Ag0.12Ir2Te4 were a = b = 

3.94155(3) Å, c = 5.4122(2) Å with the fitting parameters Rwp = 3.3%, Rexp = 2.04%, and Rp = 

2.85%, and 2 = 3.41. Table 1 shows the detailed Rietveld refinement results for the 

representative samples Cu0.88Ag0.12Ir2Te4, Cu0.5Ag0.5Ir2Te4, and AgIr2Te4, and details for the 

other compositions are given in Table S1 in the supplemental information. We detected a slight 

shift in the diffraction peaks toward lower angles (see the right panel in Fig. 1(b)) as the amount 

of Ag increased in the samples. Ag is located below Cu in the periodic table, so the Ag atom 

has a larger radius compared with the Cu atom. Thus, both the lattice constants a = b and c 

increased with the Ag concentration, as shown in Fig. 1(c). 



 

Fig. 1 Structural analysis of polycrystalline Cu1-xAgxIr2Te4 powders prepared at 300 K. (a) Rietveld 

refinement results for the representative sample Cu0.88Ag0.12Ir2Te4. (b) X-ray diffraction (XRD) pattern 

obtained for the Cu1-xAgxIr2Te4 polycrystals, where the impurity Ir line is denoted by *. (c) The unit cell 

size for the Cu1-xAgxIr2Te4 system depended on the Ag doping amount. 

 

 



Table 1. Rietveld refinement structural parameters for Cu0.88Ag0.12Ir2Te4, Cu0.5Ag0.5Ir2Te4, and AgIr2Te4 

based on the P-3m1 space group (No. 164). 

Cu0.88Ag0.12Ir2Te4 Rwp = 3.3%, Rp = 2.85%, Rexp = 2.04%, 2 =3.41 

Label x y z Site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.44 1 

Ag 0 0 0 2b 0.06 1 

Ir 0 0 0 1a 1 1 

Te 0.33333 0.66667 0.74508(1) 2b 1 2 

Cu0.5Ag0.5Ir2Te4 Rwp = 3.45%, Rp = 2.48%, Rexp = 2.1%, 2 =3.5  

Label x y z Site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.25 1 

Ag 0 0 0.5 2b 0.25 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74671(6) 2b 1 2 

AgIr2Te4 Rwp = 3.88%, Rp = 3.42%, Rexp = 2.11%, 2 = 3.66 

Label x y z 
SIT

E 
Occupancy Multiplicity 

Ag 0 0 0.5 2b 0.5 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.76405(3) 2b 1 2 

 

We conducted scanning electron microscopy-energy dispersive X-ray spectroscopy 

analysis to determine the distributions and ratios of the elements in the Cu1-xAgxIr2Te4 system. 

The crystalline structures of the samples are shown in Fig. S1, which indicates that the grain 

size decreased as the Ag content increased. In addition, the elements were uniformly distributed 

in the Cu1-xAgxIr2Te4 polycrystalline samples (see Fig. S2). The experimental percentages of 

Cu:Ag:Ir:Te in these samples were close to the target percentages (see Fig. S3 and Table S2). 

Figure 2(a–b) shows the temperature-dependent resistivities (ρ/ρ300K) normalized relative 

to their corresponding 300 K values for the samples investigated in the temperature range from 

1.8–300 K under zero applied field. The resistivities of the samples with x  0.15 decreased as 

the temperature decreased from 300 to 3 K, thereby indicating the metallic behavior of the 

samples investigated. We found that the resistivities of these samples could be fitted by ρ ~ T2 

in the low-temperature range, and thus they exhibited Fermi-liquid behavior (see the blue line 

in the inset in Fig. 2(a)). In addition, the resistivities of the samples with doping amounts of 0 

 x  0.3 suddenly decreased to zero at low temperatures due to the appearance of SC as the 

temperature decreased. The hump-like anomaly observed for the parent compound CuIr2Te4 

around 180 K was rapidly suppressed by adding a small amount of Ag (x = 0.02). However, 



the resistivity anomaly linked to the CDW order re-appeared again in the high doping area 

when x  0.2 and it shifted to higher temperatures as the Ag content increased (see Fig. 2(b) 

and the inset, which shows that the minimum of dρ/dT determines TCDWs). Similar behavior 

was also observed previously in an iodine and selenium doped system [30,31], which was 

caused by the disorder due to doping. 

 

Fig. 2 Electrical and magnetic characteristics of the Cu1-xAgxIr2Te4 system. (a) Normalized resistivity 

ρ/ρ300 K (T) curves below 300 K down to 1.8 K for Cu1-xAgxIr2Te4 (0 ≤ x ≤ 0.15), where the inset shows 

the temperature dependence of ρ(T) up to 300 K for the Cu0.88Ag0.12Ir2Te4 sample, which was fitted by 

ρ ~T2 (solid blue line). (b) Normalized resistivity ρ/ρ300 K (T) curves below 300 K down to 1.8 K for 

Cu1-xAgxIr2Te4 (0.2 ≤ x ≤ 1). The inset shows the first derivative of the resistivity d/d T (T) curve at 

high temperatures measured from cooling, which was used to evaluate the CDW-like transition 

temperature (TCDW). (c) Normalized resistivity ρ/ρ300 K (T) curves below 3.3 K down to 1.8 K. (c) 

Normalized dc magnetic susceptibility (T) in the zero field cooled (ZFC) regime at 30 Oe for Cu1-

xAgxIr2Te4 (0 ≤ x ≤ 0.4). 

Figure 2(c) illustrates the temperature dependence of the normalized resistivity below 3.3 

K. The samples in the range from 0 to 0.3 exhibited a sharp superconducting transition. The Tc 



values were determined from the mid-point of the normalized resistivity during the decrease in 

resistance for the SC. Interestingly, Tc was enhanced from 2.5 K for the undoped sample to 

2.93 K for x = 0.12. Subsequently, Tc decreased gradually with further Ag doping. For x  0.4, 

no signs of SC were observed above 1.8 K. Table 2 and Fig. S5 show that the increase in Tc 

was followed by an increase in the residual resistivity ratio (RRR = R300K/R5K) from 3.56 for 

the host sample to 6.68 for the optimal composition (x = 0.12) with the highest Tc, but the RRR 

values suddenly decreased for x > 0.15 to 2.94 for x = 1 (see Table 2 and Fig. S5). It should be 

noted that Ag-doped samples in the range from 0 < x ≤ 0.2 exhibited sharp superconducting 

transitions, thereby suggesting that these compounds were highly homogeneous. The decrease 

in RRR suggests that Ag doping significantly induced disorder and that Ag ions were effective 

scattering centers [37-39], which could explain the re-emergence of the CDW. Figure 2(d) 

shows the normalized zero-field cooling regime dc magnetic susceptibility (T) at H = 30 Oe 

in the vicinity of Tc for Cu1-xAgxIr2Te4 (0  x  0.4). The samples with 0  x  0.3 produced 

diamagnetic signals below the superconducting transition temperature, and the 

superconducting shielding fraction was around 72–96%. The Tc values extracted from the 

magnetic susceptibility measurements were consistent with those obtained from the electrical 

measurements, as shown in Fig. 2(c). 

 

Table 2. Dependences of the residual resistance ratio (RRR = R300K/R5K) on the Ag content (x) 

superconducting transition temperature (Tc), and CDW transition temperature (TCDW). 

Ag content (x) RRR = R300K/R5K Tc (K) TCDW (K) 

0 3.56 2.5 187 

0.02 3.85 2.63  

0.05 5 2.87  

0.08 4.4 2.92  

0.12 6.68 2.93  

0.15 4.35 2.91  

0.2 3.57 2.83 87 

0.25 3.44 2.7 105 

0.3 3.42 2.59 120 

0.4 3.40 1.8 140 

0.5 3.38  153 

0.6 3.42  178 

0.7 3.8  186 

0.8 3.42  207 



0.9 2.92  207 

1 2.94  216 

 

 

Fig. 3 Measurements of lower critical field Hc1. (a, b, c) Field-dependent magnetization isotherms for 

Cu0.95Ag0.05Ir2Te4, Cu0.92Ag0.08Ir2Te4, and Cu0.88Ag0.12Ir2Te4, respectively. The insets show the 

corresponding M-Mfit (H) at different temperatures. (d) Lower critical field fittings for Cu0.95Ag0.05Ir2Te4 

(orange), Cu0.92Ag0.08Ir2Te4 (blue), and Cu0.88Ag0.12Ir2Te4 (pink). 

 

The lower and upper critical fields (Hc1 and Hc2) were determined to provide a 

comprehensive overview of the mixed state characteristics of the type-II superconductors. Hc1 

is defined as the field where the magnetization curve begins to deviate from the linear track. 

Hc1 is linked to the free energy of the flux lines and it provides information concerning the 

crucial mixed state properties, such as the Ginzburg–Landau parameter (κ) and the penetration 

depth (λ). Figure 3(a–c) shows the field-dependent magnetization isotherms M(H) obtained at 

several temperatures for representative samples Cu0.95Ag0.05Ir2Te4, Cu0.92Ag0.08Ir2Te4, and 

Cu0.88Ag0.12Ir2Te4. The shapes of the M(H) curves suggest that Cu0.95Ag0.05Ir2Te4, 

Cu0.92Ag0.08Ir2Te4, and Cu0.88Ag0.12Ir2Te4 are type-II superconductors, as indicated by the linear 

shielding (“Meissner line”) at low fields (see the dashed green line in the main panels). Above 



~ 100 Oe, the shielding reduced as the magnetic flux started to penetrate the bulk and the system 

entered the vortex state. To determine Hc1(0), we used the most popular method for different 

superconducting systems [40], as shown in the insets in Fig. 3(a–c). The linear green dashed 

straight line in Fig. 3(a) denotes the Meissner shielding effects at low fields fitted using the 

Meissner line formula: M Hfit = A+B , where A and B are the intercept and the slope of the 

linear fitting for M(H) data at a low magnetic field, respectively. We subtracted the Meissner 

line obtained based on the low field magnetization slope from the magnetization (M) for each 

isotherm M-Mfit (H). The value of Hc1* was estimated from 1% M when it diverged from the 

fitted data (Mfit), as shown by the horizontal dashed purple lines in the insets in Fig. 3(a–c). To 

accurately estimate Hc1, we considered the demagnetization effects. The demagnetization 

factor (N) can be predicted from the
 
formula: N = 1/(4πχV +1), where M HVχ  = d / d  is 

the value of the fitted slope, as shown in Fig. 3(a–c). The N values were obtained as around 

0.58, 0.56, and 0.53 for Cu0.95Ag0.05Ir2Te4, Cu0.92Ag0.08Ir2Te4, and Cu0.88Ag0.12Ir2Te4, 

respectively. The Hc1 values obtained versus temperature are plotted in Fig. 3(d). These curves 

were fitted using the overall equation for Hc1: Hc1(T) = Hc1(0) (1-(T/Tc)
2), i.e., Hc1(0) was 

estimated from the extrapolation of the Hc1(T) data down to 0 K. The color online open symbols 

in Fig. 3(d) show that Hc1(0) = 181 Oe, 154 Oe, and 135 Oe for Cu0.95Ag0.05Ir2Te4, 

Cu0.92Ag0.08Ir2Te4, and Cu0.88Ag0.12Ir2Te4, respectively, which are all lower than that for the 

pristine CuIr2Te4 (280 Oe) [25], as shown in Table 3. 

Figure 4(a–c) show the temperature-dependent resistivities measured by applying 

different magnetic fields to Cu0.88Ag0.12Ir2Te4, and Cu0.8Ag0.2Ir2Te4. The magnetic field had no 

substantial effects on transition broadening. A sharp transition appeared even at higher fields. 

Tc(H) was taken from the 10%, 50%, and 90% criteria (see Fig. S5 in the supplemental 

information), which allowed us to fit the Hc2(T) phase diagrams for the selected compounds, 

as shown in Fig. 4(b–d). The best fits of the experimental data were obtained using the dirty 

limit equation [31]: 2 4

fit 1 2* 1 (1 ) (1 )h t C t C t       where t is the reduced temperature, C1 

= 0:153, and C2 = 0:152, which was shown by Baumgartner et al. to provide an excellent 

estimation of the dirty limit temperature-dependent upper critical field according to Werthamer, 

Helfand, and Hohenberg theory [41,42]. Using this equation, the upper critical field at any 



temperature below Tc can be obtained using the formula: *

2 fit

H (0)
H (T) = (T/T )

0.693

c
c ch [41,42]. The 

Hc2(0) values obtained for the Cu0.88Ag0.12Ir2Te4 and Cu0.8Ag0.2Ir2Te4 samples based on the 50% 

criteria were 2100 and 1400 Oe, respectively. These two samples exhibited a slight increase in 

the upper critical field compared with the pristine CuIr2Te4 (see Table 3). The Hc2(0) values 

are lower than the Pauli limiting field for weak-coupling Bardeen-Cooper-Schrieffer (BCS) 

superconductors estimated from HP = 1.86*Tc T/K [44], which are around 5.4 T and 5.2 T for 

x = 0.12 and x = 0.2, respectively. The HP values obtained for the doped samples were greater 

than that for the parent CuIr2Te4 (H
P = 4.65 T) due to their higher Tc values. The Ginzburg–

Landau coherence length at 0 K (ξGL(0)) was calculated using the following equation: 

)(2πH 2

2

GL0c /=  [45], where ϕ0 = 2.07 × 10-3 T µm2 is the flux quantum. The ξGL(0) values 

were determined for Cu0.88Ag0.12Ir2Te4 and Cu0.8Ag0.2Ir2Te4 as 40 and 48 nm, respectively. 

 

Fig. 4 Measurements of the upper critical field Hc2. (a, b) Field-dependent magneto-resistivity and Hc2 

phase diagram for Cu0.88Ag0.12Ir2Te4. (c, d) Field-dependent magneto-resistivity and Hc2 phase diagram 

for Cu0.8Ag0.2Ir2Te4. 

 

The lower critical field Hc1 is linked to the coherence length ξ and magnetic penetration 

depth λ by the relationship: Hc1 = (0/4πλ2) (ln(κ) + 0.5) [43], where κ = λ/ξ is the Ginzburg–



Landau parameter. For the optimal compound with x = 0.12, we obtained λ = 121 nm and κ 

=3.05, which correspond to a type II superconductor (κ > 1/√2) [46]. 

The temperature-dependent specific heat Cp(T) values at zero magnetic field (0 Oe) for 

Cu0.92Ag0.08Ir2Te4 and Cu0.88Ag0.12Ir2Te4 are shown in Fig. 5(a). The dashed colored lines 

denote the fit for the expression: Cp/T(T) = γ + βT2, where γ is the electronic specific heat 

constant and β is the phonon contribution term. The fitting characteristics were determined as 

γ = 12.1 ± 0.1 mJ mole–1 K–2 and ß = 1.98 ± 0.05 mJ mol–1 K–4 for Cu0.92Ag0.08Ir2Te4, γ = 13.9 

± 0.08 mJ mole–1 K–2 and ß = 2.12 ± 0.02 mJ mol–1 K–4 for the optimal compound 

Cu0.88Ag0.12Ir2Te4, and γ = 14.8 ± 0.1mJ mole–1 K–2, ß = 2.08 ± 0.05 mJ mol–1 K–4 for 

Cu0.85Ag0.15Ir2Te4. Thus, the constant β was used to obtain the distinct Debye temperature ΘD 

using the formula: 1/34

D nR/5β(12πΘ ) , where n is the number of atoms contained in one unit 

cell and R is the gas constant. The ΘD values were obtained for Cu0.92Ag0.08Ir2Te4, 

Cu0.88Ag0.12Ir2Te4, and Cu0.85Ag0.15Ir2Te4 as 189 K, 186 K, and 187 K, respectively. The 

electronic contribution of the specific heat Cel(T) measured at H = 0 Oe is shown in the inset 

in Fig. 5(a–b), which was derived by subtracting the phonon contribution Cph. The sharp 

anomalies comprising the thermodynamic transitions in Cu0.92Ag0.08Ir2Te4, Cu0.88Ag0.12Ir2Te4, 

and Cu0.85Ag0.15Ir2Te4 from the normal state to the superconducting state were detected at 2.67 

K, 2.86 K, and 2.77 K, respectively. Therefore, the compound with x = 0.12 had the highest 

bulk Tc in agreement with the resistivity and magnetic susceptibility data. However, the Tc 

values were slightly lower than those extracted from ρ(T) and (T) measurements, i.e., 2.91 K 

(x = 0.08) and 2.93 K (x = 0.12). This difference in the Tc values is not unusual in CDW 

materials [47]. The vertical line indicates the equal-area construction (light blue area) at Tc and 

the linear estimation of the Cel/T data immediately above and below Tc (solid orange lines). 

The specific heat jump was determined from the difference between the Cel values at Tc and 

the normal state, as shown by the vertical solid orange line in the insets in Fig. 5. The Cel/γTc 

values were determined as 1.40, 1.44, and 1.42 for Cu0.92Ag0.08Ir2Te4, Cu0.88Ag0.12Ir2Te4, and 

Cu0.85Ag0.15Ir2Te4, respectively. These values are all close to the BCS value of 1.43, thereby 

suggesting that these compounds are weak coupling superconductors. Using the D and Tc 

values, we obtained the value of the electron–phonon coupling constant (λep) based on the 



inverted McMillan’s expression [46]: 𝜆𝑒𝑝= 1.04+𝜇∗ln(𝛩𝐷/1.45T𝑐)

((1-0.62𝜇*)ln(Θ𝐷/1.45T𝑐)-1.04
, where µ* = 0.13 is the 

Coulomb pseudopotential, which considers the direct Coulomb repulsion between electrons. 

The values of λep were calculated as around 0.62 for both compounds. The Fermi level N(EF) 

near the density of states (DOS) can be obtained from the formula: 2 2( )=3 /(π (1+ )F B epN E k  , 

where kB is Boltzmann’s constant. The values of N(EF) were determined as 3.27 states/eV f.u. 

for Cu0.92Ag0.08Ir2Te4, 3.61 states/eV f.u. for Cu0.88Ag0.12Ir2Te4, and 3.68 states/eV f.u. for 

Cu0.85Ag0.15Ir2Te4, which are larger than that for CuIr2Te4 (see Table 3). The increase in the 

SC in the Cu1-xAgxIr2Te4 compounds can be explained according to the increase in the DOS of 

the Fermi surface N(EF), and it may also be related to the enrichment of electron–phonon 

coupling caused by Ag ion substitution compared with the host CuIr2Te4 (see Table 3). In 

addition, Table 3 compares data for the SC and normal states of non-magnetic element-doped 

CuIr2Te4 prepared using a solid state reaction method, where it shows that silver and iodine 

doped systems have the highest Tc values. The N(EF) and Hc2(0) values for the Cu1-xAgxIr2Te4 

system are comparable to those for other systems. These compounds are all weak coupling bulk 

superconductors because their specific heat jump values are close to 1.43. 

 



Fig. 5 (a) Specific heat versus temperature plot Cp/T (T2) in the temperature range of 2–5 K for 

Cu0.92Ag0.08Ir2Te4, Cu0.88Ag0.12Ir2Te4, and Cu0.85Ag0.15Ir2Te4, where the dashed lines represent the linear 

fits Cp/T(T) = γ + βT2. (b, c, d) Electronic specific heat values for Cu0.92Ag0.08Ir2Te4, Cu0.88Ag0.12Ir2Te4, 

and Cu0.85Ag0.15Ir2Te4, respectively. 

 

Finally, we determined the effects of Ag doping on the SC and CDW in CuIr2Te4. Figure 

6 summarizes the dependences of Tc and TCDW on x. In general, TCDW disappeared with a very 

low Ag doping concentration, followed by a dome-shaped superconducting phase. In the 

substitution range from 0  x  0.12, Tc increased slightly as x increased and reached a 

maximum of Tc = 2.93 K at x = 0.12, before decreasing at a medium doping content until full 

suppression down to 1.8 K at x = 0.4. The CDW-like state re-appeared as Tc decreased and 

TCDW increased, thereby leading to an interesting bipartite phase diagram with a 

superconducting dome confined between suppressed and re-appeared CDW states. This 

behavior of the CDW has also been found after substituting other elements such as iodine and 

selenium in the tellurium site [30,31]. An abnormal hump was not linked to the structural 

transition confirmed by the temperature-dependent XRD patterns for selenium doped CuIr2Te4 

at 20 K, 100 K, and 300 K [31]. Thus, these results differ from the case of IrTe2, where the 

resistivity hump was associated with the structural phase [46-48]. Moreover, they differ from 

the results after substituting Zn in the Cu site or Ru/Ti in Ir site in the parent compound 

CuIr2Te4 [27,28,51]. Therefore, we conclude that the doping effect on the CDW-like transition 

in our system appears to be dopant-dependent. Similar behavior was reported in Tl- 

intermediate Nb3Te4 single crystals [50] and it was ascribed to the disorder formed in quasi-

one-dimensional Nb chains. 

Similarly, the intercalation of a 3d transition metal in MxTiSe2 (M = Mn, Cr, Fe) produces 

analogous behavior, with suppression initially and then re-emergence of CDW order with the 

intercalation of higher amounts of 3d metals, probably due to the deformation degree of Se-Ti-

Se sandwiches [53,54]. The re-appearance of the CDW also occurs in higher doped 1T-TaS2-

xSex single crystals [20]. Another example is 2H-TaSe2-xSx (0 ≤ x ≤ 2) where CDW occurs 

simultaneously at two ends, and disorder is an important factor related to the CDW and SC 

behavior [55]. Based on these similarities, it is reasonable to suggest that the possible re-

emergence of the CDW-like transition in Cu1-xAgxIr2Te4 bulks is due to the disorder produced 



by Ag doping. In addition, RRR universally expresses the disorder in dirty superconductors 

[37-39]. It is also well known that the RRR is reduced in the dirty-band case [56-59]. However, 

in our study, the RRR generally increased as the doping content increased in the lower doping 

region from 0 to 0.12, but decreased as x increased at higher doping amounts of 0.12 < x ≤ 1. 

As shown in Fig. 6, Tc increased when the CDW transition was suppressed, whereas Tc 

decreased when the CDW transition re-emerged and TCDW increased as the doping content 

increased further. In general, our series exhibited opposing trends toward CDW and SC orders. 

Figure S6 shows the band structure for Cu0.9Ag0.1Ir2Te4. The Fermi level of Cu0.9Ag0.1Ir2Te4 

EF is 9.187 eV. The vertical axis of the energy band diagram is E-EF. Figure S6 shows that the 

Fermi level passes through the energy band, thereby indicating the metallic properties of this 

material. In addition, compared with the Fermi level of the undoped CuIr2Te4 (EF = 9.112 eV), 

the value of EF increased for Cu0.9Ag0.1Ir2Te4, thereby leading to an increase in Tc. Similar 

behavior has also been observed in a spinel system [60]. Therefore, we suggest that the initial 

increase in Tc and disappearance of the CDW were due to the increase in the DOS at the Fermi 

surface, and the re-emergence of the CDW with higher Ag doping might have been the result 

of disorder scattering by Ag impurities and the decrease in the DOS at Fermi surface because 

some portions of the Fermi surface were detached by CDW gapping to decrease Tc [56]. 

However, the mechanism responsible for the re-appearance of the CDW-like transition requires 

further investigation using low-temperature powder neutron diffraction, X-ray scattering, and 

high-resolution transmission electron microscopy methods at low temperature. The inset in Fig. 

6 shows the changes in the superconducting Tc as the c/a ratio decreased. Clearly, the change 

in Tc exhibited a dome-like shape as the unit cell increased (i.e., the c/a value), where Tc reached 

a maximum value of 2.93 K when c/a = 1.3731, and the continuous increase in the unit cell as 

the Ag doping content increased caused the decrease in Tc. 



 
Fig. 6 Electronic phase diagram for the system Cu1-xAgxIr2Te4. Tc values were determined from 

resistivity ρ(T) and dc magnetic susceptibility (χ(T)) measurements. TCDW values were determined from 

dρ/dT. 

 

Table 3 Characteristic parameters for Cu1-xAgxIr2Te4 compared with other telluride 

chalcogenide series.  
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Tc (K) 2.87 2.92 2.93 2.91 2.8 2.5 2.79 2.95 2.83 2.82 2.84 

γ (mJ/mol K2)  12.1 13.9 14.8  12.05 12.26 12.97 10.84 13.37 14.13 

ß (mJ/mol K4)  1.98 2.12 2.08  1.97 1.87 3.03 3.51 1.96 2.72 

ΘD (K)  189 186 187  190 193 165 157 191 171 

ΔCel/γTc  1.40 1.44 1.42  1.5 1.51 1.46 1.53 1.45 1.34 

λep  0.62 0.64 0.63  0.63 0.65 0.70 0.65 0.66 0.64 

N(EF) (states/eV 

f.u.) 

 3.27 3.61 3.68  3.1 3.15 3.24 3.11 3.41 

3.67 



4. Conclusion 

In this study, we successfully synthesized a series of polycrystalline Cu1-xAgxIr2Te4 alloys 

where 0  x  1. Powder XRD analysis clearly indicated that Ag substituted in the Cu site in 

CuIr2Te4 but without a structural phase transition. Temperature-dependent resistivity and 

magnetization analyses showed that the optimal Tc value was obtained at x = 0.12 with a 

maximum of 2.93 K. However, the CDW order vanished rapidly when x = 0.02 and then 

suddenly re-appeared at x = 0.2, and TCDW increased as x increased. In general, SC formed a 

dome-shaped area in the phase diagram linked by two CDW regions. These results provide 

insights into the mechanism responsible for the interaction between SC and the CDW. 
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Table S1 Rietveld refinement structural parameters of Cu1-xAgxIr2Te4 with the P-3m1 space 

group  (No. 164). 

Cu0.98Ag0.02Ir2Te4 Rwp = 3.88%, Rp = 3.02%, Rexp = 2.13%, 2 = 3.51 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.49 1 

Ag 0 0 0.5 2b 0.01 1 

Ir 0 0 0 1a 1 1 

Te 0.33333 0.66667 0.73967(9) 2b 1 2 

Cu0.95Ag0.05Ir2Te4 Rwp = 3.68%, Rp = 3.01%, Rexp = 2.02%, 2 = 3.32 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.475 1 

Ag 0 0 0.5 2b 0.025 1 

Ir 0 0 0 1a 1 1 

Te 0.33333 0.66667 0.74402(3) 2b 1 2 

Cu0.92Ag0.08Ir2Te4 Rwp = 3.18%, Rp = 3.05%, Rexp = 2.05%, 2 = 3.12 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.46 1 

Ag 0 0 0.5 2b 0.04 1 

Ir 0 0 0 1a 1 1 

Te 0.33333 0.66667 0.74422(2) 2b 1 2 

Cu0.85Ag0.15Ir2Te4 Rwp = 3.34%, Rp = 2.91%, Rexp = 2.06%, 2 =3.5 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.375 1 

Ag 0 0 0.5 2b 0.125 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74541(8) 2b 1 2 

Cu0.8Ag0.2Ir2Te4 Rwp = 3.4 %, Rp = 2.92%, Rexp = 2.1%, 2 = 3.52 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.1 1 

Ag 0 0 0.5 2b 0.4 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74572(6) 2b 1 2 

Cu0.75Ag0.25Ir2Te4 Rwp = 3.38 %, Rp = 2.35%, Rexp = 2.09%, 2 =3.48 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.375 1 

Ag 0 0 0.5 2b 0.125 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74589(4) 2b 1 2 

Cu0.7Ag0.3Ir2Te4 Rwp = 3.54 %, Rp = 2.45%, Rexp = 2.1%, 2 =3.54 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.35 1 

Ag 0 0 0.5 2b 0.15 1 

Ir 0 0 0 1a 1 1 



Te 0.33330 0.66667 0.74618(9) 2b 1 2 

Cu0.6Ag0.4Ir2Te4 Rwp = 3.59 %, Rp = 2.56%, Rexp = 2.11%, 2 = 3.54 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.3 0.5 

Ag 0 0 0.5 2b 0.2 0.5 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74627(9) 2b 1 2 

Cu0.4Ag0.6Ir2Te4 Rwp= 3.53 %, Rp= 2.44%, Rexp = 2.13%, 2 = 3.43 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.2 1 

Ag 0 0 0.5 2b 0.3 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74682(9) 2b 1 2 

Cu0.3Ag0.7Ir2Te4 Rwp = 3.75 %, Rp = 2.95%, Rexp = 2.15%, 2 = 3.28 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.25 1 

Ag 0 0 0.5 2b 0.35 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74827(3) 2b 1 2 

Cu0.2Ag0.8Ir2Te4 Rwp = 3.21 %, Rp = 3.13%, Rexp = 2.13%, 2 =3.22  

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.1 1 

Ag 0 0 0.5 2b 0.4 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74923(4) 2b 1 2 

Cu0.1Ag0.9Ir2Te4 Rwp = 3.39 %, Rp = 3.15%, Rexp = 2.04%, 2 = 3.35 

Label x y z site Occupancy Multiplicity 

Cu 0 0 0.5 2b 0.05 1 

Ag 0 0 0.5 2b 0.45 1 

Ir 0 0 0 1a 1 1 

Te 0.33330 0.66667 0.74923(6) 2b 1 2 

 

  



 

Fig. S1 SEM images of Cu1-xAgxIr2Te4 samples. 

  



 

 

Fig. S2 EDXS mappings of Cu1-xAgxIr2Te4 polycrystalline samples. 

  



 

Fig. S3 EDXS spectrum of Cu1-xAgxIr2Te4. 

  



 

Table S2: The element ratios of Cu1-xAgxIr2Te4 from EDXS results. 

Element ratio 

Sample  

Cu Ir Te Ag 

CuIr2Te4 [1] 0.97 1.96 3.93 0 

Cu0.98Ag0.02Ir2Te4 0.94 1.96 4.04 0.017 

Cu0.85Ag0.15Ir2Te4 0.89 1.95 4.07 0.127 

Cu0.70Ag0.30Ir2Te4 0.76 1.97 3.96 0.269 

Cu0.10Ag0.90Ir2Te4 0.13 1.92 4.06 0.867 

 

[1] D. Yan, Y. Zeng, G. Wang, Y. Liu, J. Yin, T.-R. Chang, H. Lin, M. Wang, J. Ma, S. Jia, D.-X. Yao, H. Luo, 

CuIr2Te4: A Quasi-Two-Dimensional Ternary Telluride Chalcogenide Superconductor, 2019, p. 

arXiv:1908.05438. 



 
 

Fig. S4.Doping dependent residual resistivity ratio (RRR) for Cu1-xAgxIr2Te4. 

  



 

 

 

 

 

Fig. S5. Definition of the criteria ρN 90%, ρN 50%, ρN 10% 

  



 

Fig. S6. Calculated band structure of Cu0.9Ag0.1Ir2Te4 

 

 

 

 

 

 

 

 

 

 

 


