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The relationship between charge-density-wave (CDW) and superconductivity (SC), two vital physical phases in con-
densed matter physics, has always been the focus of scientists’ research over the past decades. Motivated by this re-
search hotspot, we systematically studied the physical properties of the layered telluride chalcogenide superconductors
Culrp_ Al Teq (0 < x < 0.2). Through the resistance and magnetization measurements, we found that the CDW order was
destroyed by a small amount of Al doping. Meanwhile, the superconducting transition temperature (7;) kept changing with
the change of doping amount and rose towards the maximum value of 2.75 K when x = 0.075. The value of normalized
specific heat jump (AC/yT) for the highest 7. sample Culr; g25Alg.075Tes was 1.53, which was larger than the BCS value
of 1.43 and showed the bulk superconducting nature. In order to clearly show the relationship between SC and CDW states,

we propose a phase diagram of ¢ vs. doping content.

Keywords: layered telluride chalcogenide, superconductivity, charge-density-wave, Culr,_,Al, Tey

PACS: 74.70.Xa, 74.25.—q, 74.25.Dw, 71.45 Lr

1. Introduction

The continuous suppression of metal-insulator (MI) tran-
sition, charge-density-wave (CDW) transition, magnetism,
etc. leading to the occurrence of superconductivity (SC) in
the proximity of such quantum states has garnered great in-
terest and widespread study in solid-state physics.!!™* The
phase diagrams of unconventional high-temperature (high-
T:.) cuprates and iron-based superconductors exemplified such

[5-111" Nevertheless, how SC emerges in these

phenomena.
high-T; superconductors is intricate and remains extremely
puzzling. It is still essential to sort out the interplay between
the SC and the other quantum states, promoting further under-
standing of the mechanism of high-7; superconductors.
Low-dimensional layered transition metal dichalco-
genides (TMDs) are other opportune material platforms for the
exploration of various quantum instabilities,[!>~>! especially
the interplay between SC and CDW, in which the CDW order
refers to condensate with periodic modulations of the crys-
talline lattice and conduction electron density in real space.
Typically, the SC can be induced and a dome-shape supercon-
ducting phase diagram is formed upon suppressing the CDW

r,[22-27

orde I which is highly similar to the phase diagrams

of unconventional high-7; cuprates and iron-based supercon-
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ductors. Despite overall phase diagram similarities, there are
significant differences especially between their mechanisms,
where unconventional high-7; Fe-based and cuprate super-
conductors cannot be well explained by Bardeen—Cooper—
Schrieffer (BCS) theory but most of the TMD superconductors
can be explained by BCS theory. It has been generally consid-
ered that the collapse of CDW state accompanied by the im-
provement of superconducting transition temperature (7¢) is in
reference to the abrupt enhancement of density of states (DOS)
around the Fermi level N(Er) in the conventional supercon-
ductors owning to CDW state gaps out some regions of the
Fermi surface.l'"2] The formation of Cu,TiSe; O <x<0.1
from intercalating the Cu into 1T-TiSe, exemplified a vivid
phase diagram in the TMDs family,?! and further evoked the
continuous interest in searching for new superconductors in
TMD materials by gating, adding physical pressures, chemi-
cal doping or point contact method.?>-381 For example, Cu-
intercalation 2H-TaS, forms Cu,TaS; (0 < x < 0.12) and dis-
plays an enhancement of 7; from 0.8 K (x = 0) to 4.5 K
(x = 0.04).13% In addition, experiments show that the 7 of
WTe, can be increased to 7 K under an applied physical pres-
sure of 16.8 GPa.[*>! Moreover, manifold phase transitions
from MI to metal show in 1T-TaS, thin flakes with collapses

of CDWs, and finally SC are induced by ionic gating. 3]
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Currently, Culr,Te4, adopting a NiAs defected structure
of trigonal symmetry with the space group P-3m1, has been
found to exhibit the coexistence of the CDW-like transition
(Tcpw = 250 K on heating and 186 K on cooling) and SC
(T. = 2.5 K). Besides, recent electronic structure calcula-
tions have unveiled that the Fermi energy is mostly derived
from Ir 5d and Te Sp orbitals.3! More recently, experiments
have documented that both CDW and SC performances of
Culr,Tes can be modified via 3d, 4d transition metals (e.g.,
Ti and Ru) and 4p, 5p dopants (e.g., Se and I). Dome-shape
phase diagrams with respect to 7. vs. doping amount asso-
ciated with the suppression of CDW have been found in the
Culr,_,Ru,Tes and Culr,_,Ti, Teq systems, but dome-shape
diagrams crowded in the middle doping region with two CDW
regions at two sides in Se- and I-doped systems.**#3 Fur-
thermore, the non-magnetic element Al is usually selected as
the dopant because AI** ion has a closed shell electron con-
figuration and a clear oxidation state. The transport proper-
ties of Al-doped high-T;. copper-based superconductors (e.g.,
SmBayCuz_ Al Og 5, YBayCuz_,Al,O7) have been widely
studied.***] And nano Al has been used to improve the crit-
ical current in MgB, superconductor.*®! Therefore, it will be
interesting to explore the effect of 3s dopants (e.g., Al) on the
CDW and SC in Culr,Tey4.

In this work, we prepared polycrystalline Culr,_Al, Tes
(0 < x £ 0.2) compounds successfully by a solid-state reac-
tion method. Our results demonstrate that the CDW order
can be completely suppressed within a fine-tuned Al-doped
content as a result of the improvement of 7;. T initially in-
creases with the rise of doping amount until x = 0.075 and
reaches the highest value of 2.75 K, eventually forming a
dome-phase like electronic phase diagram. The acquisition
of the Culry_, Al Tes (0 < x < 0.2) system also provides some
enlightenment for the search of new superconductors.

2. Experimental methods

Synthesis Polycrystalline specimens of Culry_,Al,Tey

(0 < x £ 0.2) were prepared through the classical solid-
state phase reaction. First, the Cu (99%, Alfa Aesar), Ir
(99.9%, Macklin), and Al (99.95%, Aladdin) powder, and
Te lump (99.999%, Alfa Aesar) with an element ratio of
Cu:Ir: Al: Te=1:2—x:x:4.05 were sealed in quartz tubes,
then they were put in a muffle furnace with the ramping rate
of 1 °C/min to 850 °C and the furnace temperature was main-
tained for 5 days. The resulting samples were annealed at 850
°C for 4 days with a heating rate of 1 °C/min.

Instruments Powder x-ray diffraction (PXRD) MiniFlex,
Rigaku with Cu K radiation was used to examine the crystal
structure and phase purity of the Culr,_,Al, Tes (0 < x < 0.2)
compounds. FULLPROF software suite was used to determine
the cell parameters based on Thompson-Cox-Hastings pseudo-
Voigt peak shapes model. Measurements of the temperature-
dependence of electrical resistivity, specific heat, and mag-
netic susceptibilities (M(T,H)) were performed by a Dyna-
Cool Quantum Design physical property measurement system
(PPMS, Quantum Design, Inc.).

3. Results and discussion

The PXRD patterns of the Culr,_,Al,Tes; compounds
are presented in Fig. 1(a). PXRD analysis shows that Al
concentration is limited up to 0.2 since Al,Te; impurity
is found with further increasing Al content. As Al dop-
ing content increases, the (001) peak moves to the right,
which can be verified by the decrease of lattice constants a
and ¢ with increasing x (Fig. 1(c)), reflecting the compres-
sion of the CulryTes unit cell. As illustrated in Fig. 1(c)
clearly, both lattice constants (¢ and ¢) and c¢/a singly re-
duce with increasing Al concentration. It is found that a and
¢ reduce from 3.9397(5) A and 5.3965 (3) A for the pris-
tine sample to 3.9264(1) A and 5.3757(2) A (x = 0.2) in
Culr,_,Al,Teyq, respectively. The detailed refinement of the
selected sample Culr; gp5Alg075Tes is displayed in Fig. 2(a).
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Fig. 1. (a) and (b) PXRD patterns of the Culr,_,Al,Tes (0 < x < 0.2) compounds. (c¢) The evolution of lattice constants for Culr,_,Al, Teq (0 < x < 0.2).
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Fig. 2. (a) Refinements of Culr; 925Alp 075Tes polycrystalline sample. (b) and (c) The crystal structure of Culr,_,Al, Te4 in different direction views.
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Fig. 3. (a) Temperature-dependence of resistivity for the polycrystalline Culr,_ Al Tes (0 < x < 0.2) compounds. (b) The superconducting transi-
tion at 1.6-3.0 K for the polycrystalline Culr,_,Al Tes (0 < x < 0.2) compounds. (c) Temperature dependences of resistivity for the polycrystalline
Culr; g9p5Alg 975 Teq sample under various applied magnetic fields. (d) Temperature dependence of H for the polycrystalline Culr| g5Alg ¢75Te4 sample.

Most of the diffraction peaks have been indexed in terms
of trigonal symmetry with a space group P-3ml (No. 164)
and some small peaks indexed for tiny unreacted Ir are also
detected. The illustration shows that the disordered trig-
onal structure, in which the Cu is inserted between two-
dimensional (2D) IrTe; layers, Ir partial substituting by Al si-
multaneously (see Figs. 2(b) and 2(c)).

The temperature-dependent
(p/p300 k) of the Culr,_ Al Teq (0 < x < 0.2) compounds
is exhibited in Fig. 3(a). Besides, our previous finding in-

normalized resistivity

dicates that there is no structure transition for the pristine
sample. Thus, we propose that the normalized resistivity with
cooling and heating exhibits a distinct hysteresis associated
with the formation of CDW-like transition for the pristine
Culr,Tes sample. It is worth mentioning that no signature of
the abnormal hump can be observed above T, in p/p3p0 k of
the Al doping samples Culr,_ Al Tes (0 < x < 0.2), indicat-
ing the CDW-like transition can be suppressed with subtle Al
substitution for Ir, companying with the increment of 7. The
resistivity data for Al-doped samples show a metallic behavior.
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We can observe sharp drops of p(7T) for the Culr,_,Al,Tes
(0 < x <0.15) below 3.0 K (see Fig. 3(b)), which represent
the outset of the superconducting state. The transition width
of the Al-doped compounds is much narrower than that of the
pristine Culr,Tes. The T;. and residual resistivity ratio (RRR
= R(300 K)/R(3 K)) of the Culr,_,Al,Teq (0 < x < 0.2) sam-
ples are summarized in Table 1. As the Al content increases,
both 7; and RRR increase to the highest value at x = 0.075,
then decrease for further Al doping. For 0.075 < x < 0.5, the
RRR sharply decreases form 4.44 for x = 0.075 to 2.342 for
x = 2.34. This phenomenon indicates that high Al content in-
duces significant disorder in the polycrystalline Culr,_, Al, Teyq
series.

Table 1. The 7. and RRR of Culr,_,Al, Teq (0 < x < 0.2) compounds.
The Tt is determined by using 50% normal state resistance criterion.

X T. (K) RRR

0 2.50 4.149
0.05 2.74 4.367
0.075 2.75 4.444
0.1 2.72 4.115
0.125 2.71 2.865
0.15 2.41 3.846
0.2 2.342

To evaluate the superconducting properties of the
Culr; g9p5Alg.075Tes compound with the highest T in detail, we
have measured the resistivity under various applied magnetic
fields. 7¢’s shift to lower temperature with the increasing ap-

plied field (see in Fig. 3(c)). The upper critical field ptH.,(0) is
obtained from Werthamer—Helfand—Hohenberg (WWH) and
Ginzburg-Landau (GL) models.
WH(T) values of Culry gp5Algo75Tes at zero temperature

The upper critical field

can be extrapolated by GL formula using the data deriving
from 10%, 50%, and 90% criteria of pn (normal-state re-
sistivity). The GL formula is shown as follows: upH, =

1—-(T/T.)?
[.LOHCZ(O)*HET;TC;Z.WJ The pH:(0) values of 0.235 T,
C

0.250 T, and 0.255 T for Culr; g25Alp075Tes4 can be deter-
mined using the data 10%, 50% and 90% criteria of py, re-
spectively. Furthermore, we can acquire the uH.(0) val-
ues of 0.180 T, 0.191 T, and 0.193 T for CuIr1_925A10.075Te4
corresponding to the data 10%, 50%, and 90% criteria
of pn, respectively, via using the WHH formula uH., =
—0.693T. dH., /dT. for the dirty limit SC.[*8] The slopes,
dH.,/dT, are obtained from linear fitted Culry gp5Algg75Teq
sample for data 10%, 50% and 90% criteria of pn. Addi-
tionally, we fit the Pauli limiting field (uHT(T)) by the for-
mula uH®(T) = 1.86T;, which is shown in Table 2. Then,
the Ginzburg-Landau coherence length £gp(0) can be de-
rived from the equation gopoHeo(T) = ¢o/(27E; ), where
@o represents the flux quantum. For example, &gr(0) of
Culry 925Alp.075Tey is calculated to be 40.4 nm via using 50%
criteria of py data based on WHH model. Table 2 summarizes
all the relative experimentally measured and estimated param-
eters.

Table 2. Comparison of physical properties of Culr, Te4-based superconductors.

Compound Culry 925Al0.075Tes Culr; 925Tig o75Teq 3 Culr; 95Rug 5 Tey 32 Culr, Tey 131
T. (K) 275 2.84 2.79 2.50
¥ (mJ-mol~'-K~2) 12.12 14.13 12.26 12.05
B (mJ-mol~1.K~%) 2.20 2.72 1.87 1.97
Op (K) 183.5(1) 170.9(1) 193.6(2) 190.3(1)
AC/YT. 1.53 1.34 1.51 1.50
Aep 0.66 0.64 0.65 0.63
N(EF) (states/(eV-f.u)) 3.13 3.67 3.15 3.10
UHe (T) (50% pxy WHH theory) 0.191 0.212 0.247 0.12
wH® (T) 5.12 5.28 5.24 4.65
WUH, (T) 0.060 0.095 0.098 0.028
E6L(0) (nm) (50% pny WHH theory) 40.4 39.3 36.3 52.8

The superconducting transition has also been confirmed
by the magnetic susceptibility data (Fig. 4(a)) with strong dia-
magnetic signals under zero-field-cooling (ZFC) mode. The
superconducting volume fraction of the Culr,_,Al,Tes (0 <
x < 0.15) compounds can be calculated around 95%, which
manifests high purity of the polycrystalline Culr,_,Al,Teyq
samples. Next, we examine the lower critical fields (UH.)
by the field-dependent magnetic susceptibility M (H ) measure-
ments in a temperature range of 2-2.6 K. Figure 4(b) presents
the magnetization (M—H) curves at different temperatures be-
low T; of the representative Culry g25Alg 75 Tes. As shown by

the purple line in Fig. 4(b), the M(H) isotherms show a lin-
ear relationship with the magnetic field (H) at low magnetic
fields, indicating that it is a type-II superconductor. We can ex-
tract the demagnetization factor (N) following the expression
N =4myy + 1, where xy = dM/dH represents the linearly
fitted slope. The calculated N for Culr; 9p5Alg g75Tes is about
0.53. We can use the expression Mg = m+ nH to fit the ex-
perimental data at low magnetic fields, where m represents the
intercept and n stands for the slope of linear fitting from the
low magnetic field M(H) data. The inset of Fig. 4(c) displays
the (M-Mp,) data vs. H. Then, we can fit the uH.;(T) by
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the expression UoHc1(T) = poHY (T)/(1 —N), where uoH},
is the intersection point between the M—Mg, vs. H curves and
the field (purple line in the inset of Fig. 4(c)), which devi-
ates by ~1% above the fitted data (Mg) as customary. The
temperature dependence of poH.;(T) for Culry gp5Alg.075Tes
is displayed in the main panel of Fig. 4(c). Consequently,
we can further acquire the poH.i(T) using the equation
UoH:1 (T) = poHe1 (0)(1 — (T /T.)?). The estimated oHe;(0)
at zero temperature of Culr; g9p5Alg g75Teq sample is 0.060 T,
which is larger than that of the undoped parent sample (see
in Table 2).

0.2
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Fig. 4. (a) Magnetic susceptibility for Culr,_ Al Tes (0 < x < 0.2) com-
pounds under 30 Oe magnetic field with zero-field-cooling (ZFC) mode.
(b) The magnetization M(H) in a temperature range of 2-2.6 K for
Culr 9p5Alp075Tes.  (c) Temperature dependence of H. Inset: Dif-
ference between M and Mp; in a temperature range of 2-2.6 K for
Culry g25Alg.g75Tes.
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Fig. 5. (a) The specific heat data plotted as a function of T for
Culr; 9p5Alp075Tes.  (b) The electronic part of the specific heat in
Culry 925 Al 075 Tes.

To further convince that SC is an essential feature of the
highest 7. compound Culr; 935Alg 75 Tes, we also perform the
temperature-dependent specific heat measurement. Figure 5
illustrates the detailed characterization of the superconducting
transition in the highest 7. composition Culr; gps5Alg o75Tes
through specific heat measurements under the absence of mag-
netic field. The data C,/T vs. T2 can be fitted by the equa-
tion Cp = yT + BT above the T, to acquire the values of f§
and 7 being 2.20 mJ-mol~!-K~* and 12.12 mJ-mol~!-K~2 for
Culr; 9p5Al0 075 Tes, respectively, where yT represents the sum
of electron contributions (Ce].) to the specific heat and ﬁT3 is
the sum of phonon contributions (Cpp, ). Figure 5(b) shows the
sum of electron contribution to the specific heat at the tem-
perature near the 7; under O T, where C. is easily derived
from deducting the phonon part, Co. = C, — B T3. Appar-
ently, a sharp specific heat jump occurs in our representative
Culry g9p5Alg ¢75Tey, characteristic of bulk SC. The T; further
can be determined to be 2.70 K using the common equal-area
entropy construction method, which agrees well with those ob-
served in magnetization and resistivity tests. Based on the 7
and 7y values, we can determine AC,; /(yT;) = 1.53, which is
slightly larger than the value of 1.43 forecasted by the BCS
theory, revealing its superconducting nature. The Debye tem-
perature obtained using the equation @p = (127*nR/(5B))'/3
is 183.5(1) K, where R represents the gas constant, n expresses
the number of atoms per formula unit. The resultant electron—
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phonon coupling constant A, value further estimated by intro-
ducing the @p number into the inverted McMillan equation*°]

. ©p
1.04+p ln(1.45TC)

(C)5)
—1.04
1.45TC) 0

Following the formula

)vep:

(1 —0.62u*)ln(

for Culr; gr5Alpg75Tes is 0.66.

N(Ep) = 7, the A¢p and ¥ values can give the

electron density of states (DOSs) around the Fermi level
(N(Eg)). The obtained N(Ep) = 3.13 states/(eV-f.u.) for
Culr; 9p5Alg.075Tes, is greater than that of pristine CulryTeq
((N(Ep) = 3.1 states/(eV-f.u)). The enhancement of 7. may
be accompanied by the increment of the DOS states at the
Fermi energy in Culr,_,Al, Tes systems. As show in Fig. 5(b),
the specific heat data can be basically fit with the equation
Ce =Aexp(—A/(kgT)). Due to the limitation of experimen-
tal conditions, the specific heat measurement did not measure
the lower temperature region. Nevertheless, the R? value of
0.9998 shows that the data and the calculated curve are rea-
sonably consistent.

Finally, to further understand the effect of Al dopant on
the CDW and SC of Culr,Tey, the electronic phase diagrams
plotted as T; versus Al-content x have been established (see
Fig. 6). All the T;. values were obtained from the resistivity and
magnetization tests. From Fig. 6, we can find that the CDW or-
der is immediately suppressed while 7 increases with increas-
ing Al content up to x = 0.075 and rises towards the highest
value 2.75 K at x = 0.075. From this, we find that despite sub-
tle Al is substituted for Ir, it has a strong impact on the SC and
CDW. Besides, in contrast to our previously reported Ru/Ti-
doped Culr,Tes system, the similarity is the destabilization of
CDW upon small amount doping concentration no matter Ru,
Ti, or Al as dopants and formation of dome-shape like super-

32.33] Despite overall similarities,

conducting phase diagrams.|
there are significant differences between the Culr;_,Ru,Te4,
Culr,_, Ti,Tes, and Culr,_,Al, Teq systems. Substitution of Ir
by Ru or Ti in Culr, Te4 corresponds to a “hole” (p-type) dop-
ing of the IrTe; layers, while partial doping Al into Ir site in
Culr,Tey is an electron (n-type) doping. As for the high-T;
cuprate superconductors, where the competition between anti-
ferromagnetism and SC develops as a function of chemical
doping, the evolving balance between competing electronic or-
ders in CDW/SC systems is one of their most fundamentally
tempting properties. In our case, the bands in the neighbor-
hood of the Fermi energy Ef of the pristine sample Culr;Tey
mostly come from Ir d and Te p orbitals and locate at a flat
plateau, in which Al doping acts as a chemical pressure, clos-
ing the gap on the Fermi surface that usually leads to rapid
suppression of CDW. On the other hand, the increase of band
filling of the Fermi surface under chemical pressure could be

the mechanism of the promotion of SC. But further study and
evidence need to be collected to find out the competition be-
tween CDW and SC.

260
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\
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180f % * Tehw
2 357 [ s T8
é \\\
\
S 301 ‘cpw v,
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25}
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2.0t ?
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0 0.05 0.10 0.15 0.20

x content in Culry_,Al,Tey

Fig. 6. The electronic phase diagram of polycrystalline Culr,_,Al,Tesq
(0 <x<0.2) series.

4. Conclusion and perspectives

In conclusion, we have successfully synthesized a se-
ries of polycrystalline Culr,_,Al, Tes (0 < x < 0.2) samples
via a solid-state method and systemically studied the effect
of Al doping on the structure and electronic properties of
Culr,Tes. The ACe. /(YT.) = 1.53 for the highest T; sample
Culr; 9p5Al0075Tes is slightly larger than 1.43 (BCS value),
proving its bulk superconducting nature. We recognize that
the CDW order is suppressed immediately while 7; increases
as Al doping amount x rises and achieves a maximum T, =
2.75 K with Al doping content of 0.075. Our systematic study
of Culr,_ AL Tes (0 < x < 0.2) not only extends the family
of the TMD superconductors but also provides a platform for
further research on the relationship between the CDW and SC.
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