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The synthesis, structural analysis, and physical properties of dichalcogenide families Pd; Ir,Te, and
Pd,_.Rh,Te, with 0 < x < 1 are reported. All compositions show layered structures belonging to the P3m1 space
group at room temperature. These dichalcogenides show p ~ T2 regime at low temperatures, indicating a strong
electron-electron coupling. At high temperatures, the observed regime is p ~ 7, associated to electron-phonon
coupling. These regimes are characteristic of a Fermi liquid behavior. p(7) in both families presents two metals

with disordered alloys behavior associated with the residual resistivity ratio

SE0ry & X(1—x) where x is the

Ir or Rh molar fraction. Pauli paramagnetism is observed in all compositions in total agreement with a Fermi
liquid behavior with an important effective mass contribution. Hole-type carriers were determined by Seebeck
coefficient measurements, and we determined an entropy configuration using the Mott relation for the diffusive
regime and an extra term, which is independent of temperature (§).
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I. INTRODUCTION

During past decades, the condensed matter community
has extensively studied transition metal dichalcogenides due
to their fascinating and diverse physical properties, such as
superconductivity, spin-orbit coupling, charge-density wave,
topological insulating states, and large magnetoresistance
[1-13]. The electronic localization-delocalization transition,
in these strongly correlated electron systems, drives to a
quantum critical point (QCP). Today, it is well known that
superconductivity emerges close to a QCP and the strongly
correlated electrons change their behavior from Fermi liquid
to a non-Fermi liquid [14,15].

Tellurides with two different metals (M{ M, Te,;) show
changes in the spin-orbit Mott states, Debye temperature, and
superconductivity compared with the single metal dichalco-
genides. Trying to understand these changes, some authors
studied different solid solution metal tellurides. Takubo et al.
studied the compounds Ir;_Pt,Te, with (0 < x < 0.12) by
using resonant elastic x-ray scattering and resonant inelas-
tic x-ray scattering techniques, and demonstrated that a
charge-density wave can coexist with superconductivity [16].
Guo et al. synthesized the compounds Irjgs_,Rh,Te, with
(0 < x < 0.52) suggesting that electron-electron/phonon cor-
relation strength is an important factor that increases the
temperature of superconductivity (7;) [17]. Hooda and Ya-
dav determined that PdTe, and Cugo4PdTe, shows a liquid
Fermi behavior with two regimes in the electrical resistivity.
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These regimes are associated with electron-electron scattering
(at low temperature p ~ T2) and electron-phonon coupling
(higher temperatures p ~ T). Also, it is observed that by dop-
ing PdTe, with Cu, T increases as electron-electron scattering
and effective mass [18]. We have previously reported the
synthesis and crystallographic analysis of the novel solid so-
lutions Rhy_,Ir, Te, with (0 < x < 1) observed similar results
as Hooda et al., given an electrical resistivity and magnetic
response as Fermi liquid behavior [19].

These observations prompt a comprehensive exploration of
the electrical and thermal transport dispersion mechanism in
mixed metal chalcogenides, although the electronic (electri-
cal, thermal) transport properties are lacking in the literature.
Therefore, studying these properties opens a novel line of
research, with the aim of understanding the electric transport
behavior of these compounds and whether Fermi liquid or/and
Fermi gas pictures explain it.

In order to explore similar systems, we decided to synthe-
size two novel families of dichalcogenides, Pd;_.Ir,Te, and
Pd; \Rh,Te; (0 < x < 1), and present their crystallographic,
electric, and magnetic characterization. The aim of this work
is determine whether the Fermi liquid behavior is applicable
to these novel families of dichalcogenides.

II. EXPERIMENT

Polycrystalline samples of Pd;,Ir,Te, and Pd; Rh,Te,
with x = 0, 0.25, 0.50, 0.75, and 1 were synthesized using a
solid-state method with elemental precursors (Pd, Ir, Rh, and
Te high purity 99.9% STREM) in vacuum evacuated quartz
ampoules. Table I shows the synthesis conditions to obtain the
purest version of each sample. Samples of IrTe, and RhTe,
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TABLE I. Synthesis conditions for Pd, . Ir,Te, and Pd, ,Rh,Te,.

Sample PdT€2 Pd()_75 Iro_zs Tez
Thermal 500°C 700°C
Treatment 24 h 24 h
Sample PdTe, Pdy75Rhg»5Te,
Thermal 500°C 700°C
Treatment 24 h 36 h

Pdo_5olro_50Tez Pdo_zslrojsTez IrTe,
750°C 800°C 950°C 6 h+
24 h 24 h 600°C 18 h
Pdy.s0Rhg 50Te; Pdj25Rhg 75 Te, RhTe,
800°C 925°C 1100°C
48 h 60 h 96 h

were synthesized using the thermal treatment described by
Lurgo et al. [19]. All compositions were synthesized with a
temperature ramp of 5 °C/min in the warming-up process
and a fast cooling down (quenching with liquid nitrogen) to
obtain the layered phase of interest. The solid solutions were
synthesized at temperatures below 1000 °C because the impu-
rity phase PdTe (space group P6s3/mmc) is favored at higher
temperatures.

The structure was crystallographically characterized us-
ing x-ray powder diffraction (XRPD) with a PANalytical
X’Pert Pro diffractometer using Bragg-Brentano geometry
with a PIXcel detector at room temperature (RT). Crystal
structure refinements were performed by using the Rietveld
method [20] with the FULLPROF SUITE program [21]. Scanning
electronic microscopy (SEM) images were collected in two
different microscopes: FE-SEM Sigma and SEM-FEG FEI
Nova Nano SEM 230. Energy dispersive x-ray spectroscopy
(EDAX) measurements were performed at a SEM-FEG FEI.
Magnetization measurements were performed in a commer-
cial MPMS-5S superconducting quantum interference device
magnetometer on powdered samples in gelatin capsules from
5 to 300 K at 5000 Oe. Temperature dependence of electri-
cal resistivity [p(7)] and Seebeck effect [S(7)] experiments
were performed in a multipurpose equipment with two sam-
ple holder lances, respectively. Pellets of the samples were
cut into a rectangular polyhedron prism of approximately
11 x 2 x 2mm?. p(T) was measured in the temperature range
5-300 K using a cryostat with liquid helium, while S(7)
was measured between 77 and 300 K using a cryostat with
liquid nitrogen. To measure the Seebeck effect, two Lake
Shore 330 temperature controllers and an HP 34420A nano-
voltmeter were used. For electrical resistivity measurements
a programmable Keithley 6220 DC current source using a
constant electrical current between 0.1 and 100 mA and the
same nanovoltmeter and temperature controller were used.

In the Seebeck experiment, we used the same experimental
arrangement with copper probes to measure the voltage dif-
ference reported for our group in Lurgo et al. [19].

III. RESULTS AND DISCUSSION

A. Crystallographic and structural characterization

The XRPD data of Pd,_Ir,Te, and Pd,.,Rh,Te, with x =
0, 0.25, 0.50, 0.75, and 1 were collected at RT and correctly
refined using space group No. 164, P3ml (see Fig. 1 and
Figs. S1 and S2 of the Supplemental Material [22]). Tables 11
and III summarize the refined unit-cell parameters, Te and
Pd/Rh/Ir occupancies, and reliability factors. In this layered
structure, Rh*+/Ir**/Pd*+ cations are randomly distributed in
the 1a Wyckoff sites (0,0,0). The data of IrTe, was obtained

from synchrotron radiation-XRPD measurements at 300 K
from Lurgo et al. [19]. IrTe, and RhTe, samples show im-
purities of around 1% w/w (weight/weight) of the precursor
metals, in total agreement with Lurgo ez al. [19]. In addition,
the composition of Pdy 75IrgsTe, presents 1% w/w of PdTe
as an impurity. The rest of the compositions do not show
impurities refining the XRPD patterns. Small variations of
lattice parameters a, b, and ¢ with composition is observed at
RT in agreement with the similar ionic radii of metal cations:
r (Pd**) 0.615, r (Ir**) 0.625, and r (Rh**) 0.615 A. Metal
cations (M) are octahedrally coordinated by six Te?~ ions, and
the face sharing of MTe¢ octahedra forms M Te, layers. These
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FIG. 1. (a) Refined XRPD pattern for compositions PdTe,,
Pdy s0lrp50Te,, and PdgsoRhgsoTe;. Red circles: experimental pat-
tern; black line: calculated pattern; blue line: difference between
observed and calculated pattern; green vertical bars: Bragg re-
flections. (c) P3m1 structure using the VESTA program [24]. Blue
spheres: metal ions (Rh*'/Ir**/Pd**); orange spheres: Te?~ ions.
(c),(d) Evolution of the intensity of (001) reflection vs 26 for com-
positions with x = 0.25, 0.50, and 0.75 for Pd, ,Rh,Te, (c) and
Pd,_Ir,Te, (d).
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TABLE II. Pd,_Ir,Te, at RT. Refined unit-cell parameters, Te and Pd/Ir occupancies, refined compositions, and reliability factors obtain

from XRPD. Note: Nominal compositions are written in the text.

Compound PdTez Pd0A75Ir0A25T62 Pdoonro}SOTez Pd0A25Ir0‘75T62 II'Tez
a(A) 4.0378(6) 4.0172(1) 3.9930(3) 3.9616(5) 3.9297(2)
b(A) 4.0378(6) 4.0172(1) 3.9930(3) 3.9616(5) 3.9297(2)
c(A) 5.1546(9) 5.2250(2) 5.2749(5) 5.3578(8) 5.3989(5)
V(A% 72.781(2) 73.024(4) 72.836(2) 72.820(2) 72.201>(1)
o (deg) 90 90 90 90 90

B (deg) 90 90 90 90 90

y (deg) 120 120 120 120 120
Pd 1a (0,0,0)

Occ 0.083(1) 0.051(1) 0.033(2) 0.021(1)

Ir 1a (0,0,0)

Occ 0.033(1) 0.050(1) 0.062(1) 0.083(3)
Te 2d (1/3,2/3, 7) 0.268(2) 0.742(2) 0.745(4) 0.743(2) 0.748(3)
Z 0.164(2) 0.173(2) 0.167(1) 0.167(2) 0.167(2)
Occ

R, (%) 17.4 23.8 12.9 18.4 20.7
Ryp (%) 4.51 22.1 123 15.7 15.1
Rexpt (%) 1.79 3.96 2.92 3.29 3.92
Rprage (%) 6.31 7.67 7.11 9.48 3.78
Reacror (%) 4.44 522 4.68 7.37 3.32
Refined compositions PdTeL97 Pdoﬁllrongez Pd0‘4olr0'6oTez Pd0A25 ITO'75T62 IrTe2

layers are bonded by Te-Te bonding rather than weak van
der Waals forces [23]. We performed EDAX measurements
in three different zones in each sample and determine the
composition, in total agreement with Rietveld analysis (see
Fig. 2).

B. Magnetic behavior
We subtracted the diamagnetic contribution of the
gelatin capsule (Xcapsule & —4.01 X 1077 %) and the dia-

magnetic contribution of each of the atoms in each com-
pound from the magnetic susceptibility (M/H). To subtract

TABLE III. Pd;,Rh,Te, at RT. Refined unit-cell parameters, Te and Pd/Rh occupancies, refined compositions, and reliability factors
obtained from XRPD. Note: Nominal compositions are written in the text.

Compound PdTez Pd0‘75Rh0.25Tez Pd0,50Rh0,50Te2 PdO.ZSRhojsTez RhTez
a(A) 4.0378(6) 4.0180(4) 3.9933(2) 3.9571(3) 3.9250(2)
b(A) 4.0378(6) 4.0180(4) 3.9933(2) 3.9571(3) 3.9250(2)
c(A) 5.1546(9) 5.1886(5) 5.2884(3) 5.3503(9) 5.4031(4)
V(A% 72.781(2) 72.546(2) 73.032(2) 72.554(1) 72.085(1)
a (deg) 90 90 90 90 90

B (deg) 90 90 90 90 90

y (deg) 120 120 120 120 120
Pd 1a (0,0,0)

Occ 0.083(1) 0.062(2) 0.035(2) 0.021(2)

Rh 1a (0,0,0)

Occ 0.021(2) 0.049(2) 0.062(2) 0.102(5)
Te 2d (1/3,2/3, z)

b4 0.268(2) 0.744(6) 0.259(6) 0.756(5) 0.746(1)
Occ 0.164(2) 0.152(2) 0.168(2) 0.158(2) 0.167(2)
R, (%) 17.4 40.1 452 71.3 27
Ryp (%) 4.51 25.0 29.4 43.9 25.4
Rexpr (%) 1.79 11.54 8.55 14.64 1.62
Rpragg (%) 6.31 5.52 222 14.8 12.9
Riacror (%) 4.44 4.63 21.2 11.7 5.88
Refined Compositions PdTeL97 Pd0‘75 Rh()425 Teu;} Pd0'42Rh0'58T62 Pd0'25 Rh0,75Te()495 RhllzzTez

094104-3



LURGO, CARBONIO, AND SANCHEZ

PHYSICAL REVIEW B 109, 094104 (2024)

4.5UK!

Element Weight % Atomic %
4.05K RhL 11.07 12,99
3.60K PdL 15.38 17.45
Tel 7354 69.56
3.15K

2.70K

2.25K

1.80K

135K

0.90K’

0.45K

0.00K
0.0 13 26 39 5.2

6.5 7.8 91 104 117 130

FIG. 2. EDAX analysis of PdjsoRhg soTe,. Inset left: Quantification of the components. Inset right: SEM image of the analyzed zone.

these contributions, we used the corrected Pascal constants xp; [25]:

Te?~
—70 x 107% emu/mol

Rh4+
—18 x 107® emu/mol

Ir4+
—29 x 10~® emu/mol

Pd4+
—18 x 107® emu/mol

In Figs. 3(a) and 4(a), we show the thermal evolution
of x for Pd;,Ir,Te, and Pd; ,Rh,Te,, respectively. At high
T, these compounds show that the magnetic susceptibility is
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temperature independent and correspond to the delocalized
conduction electrons. This Pauli paramagnetism behavior is
characteristic of metals. Below 100 K, the Curie paramag-
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FIG. 3. (a) Magnetic susceptibility vs T for Pd; Ir,Te, (0 < x < 1). Ty is the observed phase transition temperature for IrTe, (x = 1).
(b) For all the compositions without a Curie tail and in order to better visualize the results, we plotted the susceptibility values as a function
of T in the range 100-300 K, which have the Pauli and Landau contributions, equivalent to 2/3 of Pauli susceptibility. (c) In black dots, x at

200 K vs x, which is compared with estimated xJ,,; = 0.6345 x 107

mol Oe

S (continuous black line). (d) The estimated effective mass ratio

(m*/my) vs x (blue dots). Dashed lines show an approximate values variation.
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1). (b) For all the compositions without a Curie tail and in order to

better visualize the results, we plotted the susceptibility values as a function of 7 in the range 100-300 K, which have the Pauli and Landau
contributions, equivalent to 2/3 of Pauli susceptibility. (c) In green dots, x at 200 K as a function of x, which is compared with estimated

emu
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netism is observed, which can be associated, for example,
to paramagnetic impurities or superparamagnetic clusters
[26-28]. These can come from impurities that cannot be
detected by conventional XRPD or EDAX techniques. Ac-
cording to the metallic Stoner susceptibility, the corrected
x (T) data [26,29] are as follows:

X(T) = XPauli + XLandau + % + aT27

where the third and fourth terms are the Curie paramagnetism
of impurities and the high-order temperature-dependent term
in the Pauli susceptibility, respectively. The first two terms are
the Pauli and Landau paramagnetism. Using this formula, the
Curie tail was subtracted [Figs. 3(b) and 4(b)], and only the
contribution of the Pauli paramagnetism is observed. These
results are observed in similar chalcogenides [29].

We observe in IrTe, a jump at 280 K (7;) due to the
phase transition in agreement with our previous report [19].
In the plotted warming curve of x(7) of Pdy,sRhg75Tes,
the small peak at around 50 K is a consequence of par-
tial oxygen contamination on the sample [30,31]. After the
warming process, the peak was not present in the subsequent
run.

Using the Fermi gas model of noninteracting electrons that
predicts that Pauli magnetic susceptibility xp,. = wzD(er),
we could calculate xp . for each dichalcogenide family.
For Pd;,Ir,Te,, we interpolated the values of density of
states calculations from literature, between PdTe, [D(er) =
1.75 states/eV] and IrTe, [D(er) = 1.94 states/eV] [32,33],

(continuous green line). (d) The estimated effective mass ratio (m*/my) vs x (olive dots). Dashed lines show an

with these data, and we obtain an average of Pauli sus-
ceptibility X ; = 0.6345 x 107 —SM__In the other case,
using D(er) PdTe, = 1.75 states/eV and D(ep) RhTe, =
2.32 states/eV [32,34] for the solution Pd,_,Rh,Te,, we deter-

mined an average of xJ,;; = 0.6996 x 10™*-SML_ The val-
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FIG. 5. Electrical resistivity as a function of 7 for Pd,_Ir,Te,
(a) and Pd,,Rh,Te; (b). In IrTe, is observed hysteresis between the
warming and cooling process, which is associated to the first-order
structural transition [19].
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FIG. 6. In dots, the experimental data of electrical resistivity vs temperature and in dashed lines the linear fit for all the compositions. In
(a) and (c) the data were fitted using expression p(T?) = py + A._.T? for Pd, I, Te, and Pd, Rh,Te,, respectively, between 5 and 50 K.
In (b) and (d) data were fitted using expression p(T) = p* + A,_,,T for Pd,Ir, Te, and Pd,.,Rh,Te,, respectively, between 100 and 300 K

approximately.

ues of D(er) show a low uptrend Dpgre,(€r) < Dpre, (€r) <
Drite,(€r), leading to a slight difference of XP(’)auli for each
dichalcogenide family but this cannot explain the experimen-
tal variation of the magnetic susceptibility.

In the temperature range 100-300 K, all the compositions
ShOW Yexpt > Xpouis this indicates that the electrons are inter-
acting with each other. In Fig. 3(c), we compared yeyp for
each compound at 200 K as a function of x. This temperature
was chosen because we previously studied Rhy_Ir, Te, and
the IrTe, compound presents a structural transition close to
room temperature. In order to compare the magnetic sus-
ceptibility for all family members with the same crystalline
structure, we took the values at 200 K [19]. The expected
value for a noninteracting system ( Xf(’)auli) as a function of x, is
represented by a horizontal dashed line. These magnetic sus-
ceptibility values can be explained by changes in the effective
mass parameter instead of changes in the density of states at
the Fermi level. Pd;_,Ir, Te, shows an asymmetric curve with
nonsystematic behavior; on the other hand, Pd; ,Rh,Te, is a
symmetric curve with a minimum atx = 0.5. This nonsystem-
atic behavior in solid solutions of dichalcogenides has been
observed for several authors [18,19,35].

AS Xexpt > Xpouii» the estimated contribution of free elec-
tron or Pauli magnetic susceptibility should be corrected by a
mass enhancement ratio factor (m*/my), which describes elec-
tron correlations in the system, where the effective mass is m*
and m;, is the band mass, to reproduce the experimental values,
i.e., Xexpt = (z—;) Xoui- In order to calculate the effective mass

ratio (m* /my), we use the ratio 292- —= (Z—: ). The dependence

Pauli

with x of (m*/my) and of Xeq Vs x, can be seen in Figs. 3
and 4.

As Xexpt and (m*/my) are directly proportional, the same
trend is observed in the plots. In Figs. 3 and 4 it is observed
that Pdg 75Irg 25Te,, Pdg solrg 50 Tes, and Pdg soRhg 50 Te, show
an estimated low electron correlation compared with the rest
of the compositions, which indicates less interactions and a
Fermi gas behavior. Different effects such as strong corre-
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FIG. 7. Residual resistivity (pp), electron-phonon (A._,,), and
electron-electron (A,_, ) coefficients as a function of composition for
Pd,_Ir,Te, (blue lines) and Pd,_.Rh,Te, (red lines).
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TABLE IV. Parameters A,_., po, and A,_,;, for Pd;_Ir,Te, (0 <x < 1).

Compound PdTez Pd0'751r0.25T62 Pdo(501r0A50Tez Pd0A25Ir0‘75T62 IrT62
A,_. 1075 (uQ m/K?) 37.2+£0.3 15.8£0.1 26+03 47+£0.2 15.8+£0.2
po (U2 m) 1.839 4+ 0.003 8.234 £ 0.001 1.480 £ 0.001 2.485 £ 0.002 0.907 £ 0.008
Ae_[,;,l()_2 (u2 m/K) 1.520 £ 0.003 1.070 £ 0.002 0.206 £ 0.009 0.389 £ 0.006 1.520 £ 0.003

lations, site disorder, and proximity to a QCP [36,37] can
produce the loss of Fermi liquid characteristics.

C. Electrical and thermal transport properties
1. po(T)vs T

In Fig. 5 we show the thermal evolution of electrical resis-
tivity (p) for Pd;_,Ir, Te, (a) and Pd;_,Ir, Te, (b) in a warming
and cooling process. IrTe, shows a hysteresis loop accord-
ing to the phase transition reported in recent years [19,35].
Temperature dependence of electrical resistivity [p(7)] can be
associated with a Fermi liquid behavior, in total agreement
to the magnetic results. At lower temperatures the relation is
o(T) ~ T?, while at high temperatures is p(T) ~ T.

At T < 50 K the data were fitted using the expression
o(T>Y= py + A._, T? where A,_, indicates electron-
electron scattering and py is the residual electrical resistivity,
which is sample dependent [see Figs. 6(a), 6(c), and 7(b)].
The po value obtained is in total agreement with the recently
estimated residual resistivity for powders and single crystals
of PdTe, and IrTe, [19,35,38,39].

The A,_, values obtained [see Tables IV and V, and
Fig. 7(a)] are similar for other dichalcogenides with strongly
correlated electrons, like Rhy_Ir, Te, [19,35], and indicates
the important electron-electron scattering in these com-
pounds. As described above, the electron density of states is
enhanced by electron-electron scattering; hence, the parame-
ter A.—. has the information of the electron density of states at
the Fermi level.

The compounds with two metals are weaker electron-
electron scatterers than those with one metal, which can
indicate a more Fermi gas behavior than a Fermi liquid, in
total agreement with the calculated ('" ) values.

At T > 50 K, the data can be fitted with the expression
o(T)=p*+ A._,,T where A,_,, is the electron-phonon
coupling coefficient and p* is the residual resistivity [see
Figs. 6(b) and 6(d)]. We obtained the same value of residual
resistivity as the p(T) ~ T? relation, which is in agreement
with Liu et al. [35]. For simplicity, we use py to describe the
residual resistivity.

The estimated A,_p; values [see Fig. 7(c)] are large
compared with Au and Cu, which indicates a strong electron-
phonon coupling in these dichalcogenides. Pdj75Rhg»s5Te;

and RhTe, present a strong electron-phonon coupling, as ob-
served in similar dichalcogenides, such as Irg94—,Rh,Se, and
Irg.95—xRh, Te, compounds [17,39].

Assuming metallic alloy behavior, we can represent l‘:—g(x)
with a parabolic relation (Fig. 8):

for Pd;_Ir,Te,,

o Po x=0 Po =1
Py = 20 (xy + =0 g ggx(1—x);
T 7 (x=0) o7 (x=1)
simplifying,
Z—O(x) = A(1-x) + Bx + £x(1—x);
T
and for Pd;_,Rh,Te,,
04 oS
20 ey = 20020 (1) 4 D000 0y x(1—x;
T T (x=0) PT (x=1)

simplifying, @(x) = (1=x) + Cx + £px(1—x),

where A described the relation % for PdTe,, B for IrTe,,
and C for RhTe,. Also, & is the disorder factor, entropic
contribution. The fitted obtained values are &)= 2.230 and
) = 1.800.

Parabolic behavior is observed for both families, a typical
behavior of metallic alloys like that of Cu-Au, Ag-Pd, and
Pd-Pt [40]. Normally, in the disordered alloys, the electrical
resistivity ratio between low temperature and room temper-
ature resistivity values are proportional to x(1—x). This is
due to the basic assumption that the disorder alloy can be
considered as an ordered periodic structure whose potential
is the average of the components metal potentials (Nordheim
model and Mathiessen rule [41]). ﬁ—g(x) < 1 is due to the
metallic behavior of all the samples.

2.85(T)vsT

In Figs. 9(a) and 9(c) we show the experimental See-
beck coefficient [Sexp(7)] as a function of temperature and
in Figs. 9(b) and 9(d), we plot the absolute Seebeck coeffi-
cient for all compositions in the 80-300 K temperature range,
which is obtained adding to Sexp(7), the Scy(7) contribution.
All the S(T) values are positive, indicating the presence of
hole-type carriers.

TABLE V. A,_., po, and A,_,;, parameters for Pd;.,Rh,Te, (0 < x < 1).

Compound PdTez Pd0.75Rh0.25T62 Pd0.50Rh0.50Tez Pd0‘25Rh0‘75T62 RhTez
A,_.107° (uQ m/K?) 37.2+£0.3 256 £0.5 15.5+£0.6 6.9+0.1 86.9+0.3
po (W2m) 1.839 £ 0.003 10.83 £ 0.03 31.49 £0.01 4.826 +0.01 13.18 £ 0.001
Ae,phl()_2 (2 m/K) 1.520 + 0.003 1.883 £ 0.002 0.92 £ 0.05 0.49 +0.01 1.990 +£ 0.004
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FIG. 8. [%] as a function of refined composition for

Pd,_.Ir, Te, (red circles) and Pd,_,Rh,Te, (blue circles). Continuous
lines show the quadratic behavior corresponding to a disorder metal-
lic alloy.

IrTe, is the only sample that shows a hysteresis in S(7)
across the structural phase transition temperature (7s) [35]. In
addition, this sample presents a different behavior than the rest
of the compositions studied, showing that the thermopower
increases with decreasing temperature. As temperature de-
creases, the phonon drag phenomenon should be observed,
which is proportional to the specific heat [Syy(T) ~ C,(T)]

3 r T : : .
Pdl_XIrxTez (a)
2.k ®
~~ x=1
2 R,
> K
31+
A
.
5
175}
X0 st b, g S B
, X=0.25 4555
4 T T T : :
Pd, Ir Te, (b)
3F K x=1
) x=0.75
= 2t g&%%
A —
75}
1F
0 1 1 L 1
0 50 100 150 200 250 300
T (K)

and its cubic temperature dependence. This phenomenon is
present in a wide range of temperatures and a maximum in
S should be present, close to 6p/5, where 6 is the Debye
temperature. 6p ~ 106.2 K for PdTe, and 6p ~ 200 K for
IrTe, as reported in literature [35,42,43]. Taking into account
the studies of Liu er al. [35], we interpreted that phonon
drag contribution in IrTe, is important and it quickly masks
the diffusive contribution. The Seebeck diffusive response is
due to the free electrons that generate an electric voltage to
equilibrate the gradient of temperature.

This dichalcogenides present a strong metallic behavior, so
the Seebeck coefficient is described by

(

where kg is the Boltzmann constant, e is the absolute value of
electron charge, and o (E) is the distribution of electrical con-
ductivity with energy (E). Experimentally, we observe a linear
S(T) behavior at T > 6p/5, which is expected for compounds
with itinerant electrons. However, we have not observed that
this linear behavior extrapolates to S =0 at 7 =0 K in all
the compositions as should be expected. Anyway, in order
to describe S(7), in the experimental measured temperature
range, we propose a phenomenological relation that includes
the Mott relation for diffusive regime and an extra term, which

_ 7’k T

§— dlno(E)
3e

oE

ey

3 | ' : ' T
Pd, Rh Te,
(c)
s 2
S
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FIG. 9. (a),(c) Experimental Seebeck coefficient for Pd,_ Ir, Te, and Pd; ,Rh,Te,, respectively, including copper (Cu) probe contributions.
(b),(d) Absolute Seebeck coefficient of Pd,_.Ir, Te, and Pd; ,Rh,Te, series, respectively. The copper probe contributions have been subtracted.
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TABLE VI. Fitted parameter values obtained using the expres-

sion S; = ”22:5‘: + § for all the dichalcogenides.
72 k3 T
Sq = 2efF +4
C d 1057 Y 5 (W
ompoun 2 eer (7)
PdTe, (389 £8) (0.06 £0.01)
Pdg 75Irg 25 Te, (403 £9) (—0.14 £ 0.02)
Pd()_5()II‘()_5()TCz (479 + 9) (022 + 001)
Pdy »5Irg 75Te; (232+9) (1.74 £ 0.02)
IrTe, (127 £5) 0.0*
Pd0_75Rh0_25T62 (442 + 8) (—008 + 001)
Pdy 50Rhg 50 Te, (674 £ 1) (0.69 £ 0.02)
Pdg,5Rhg 75Te, (777 £8) (1.77++£0.02)
RhTe, (678 £8) (0.14 £0.02)
2For IrTe,, § was obtained from literature [35].
is independent of temperature (§):
272
wky T
Sq=—L2—+35, 2
2€€F

where €F is the Fermi energy and é can be attributed to entropy
configurational contributions associated with disorder, or a
remanent phonon drag tail.

Table VI and Fig. 10 show the fitted values obtained for
the Pd;Ir,Te, and Pd; Rh,Te, series using Eq. (2). We
did not include the IrTe, data in Fig. 10, since Liu er al
published the thermopower measurements at 5-300 K with
a phonon drag contribution at lower Tand S =0at7 =0K
[35]. As Pdg25Irg75Te, and Pdgo5Rhg75Tes present a higher
6 value, compared with the other compositions, we attribute
this to a possible remanent phonon drag behavior or more
disorder in these compounds. Each family of dichalcogenides
presents similar slope values, except for Pdg,sIrg75Te, and
IrTe,. For the first compound, we assume more disorder in
agreement with the higher § value. The reduction of S(7) in

2.0 3.0
x=0 =0
a b
& x=0.25 ( ) & x=025 ( )
x=0.50 254 x=0.50
x=0.75 x=0.75
1.5 =1
;? ~ §§20-
= >
Z €
=10 = 1.5
(C 1
o 12
1.04
0.5
0.5
o Pd, Ir,Te, ,’*f:" Pd, Rh,Te,
0.0+ .

0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)

FIG. 10. In dots, Seebeck data, and in dashed lines, the linear

ﬂ2k2
2ef,,-T for (a) Pd;Ir,Te, and

fit using the expression S; — 8 =
(b) Pd,_,Rh,Te,.

the temperature range 220-260 K, observed in IrTe;, is due
to the reconstruction of the Fermi surface across the structural
transition [19,35].

Figures 10(a) and 10(b) show the Seebeck fitted data
(dashed lines), for all compositions, using the phenomeno-

logical expression S; — & = nzk’éFT . A diffusive Seebeck
behavior is observed and consequently, the thermopower is
increased by a disorder factor. The diffusive behavior of IrTe,
is described experimentally in literature [35].

We cannot correlate the Fermi liquid response with the
accessible experimental temperature range. The Fermi lig-
uid behavior is clearly observed in electrical resistivity and
magnetic susceptibility experiments. To observe the corre-
sponding effective mass presence in the diffusive regime in
Seebeck data, we would need to explore a wider experimental
temperature range inclusive above 300 K [44].

The phenomenological expression proposed in the Seebeck
section follows the Heikes formula, which proposes that the
thermopower in metals and semiconductors is governed at
high temperatures, by changes in entropy [45]. In the studied
dichalcogenides, this behavior may be due to polarons that
jump for the vacancies in the M site and generate the strong
observed electron-electron correlation. The entropy changes
that govern the Seebeck coefficient (§) in these compounds
are in total agreement with the determined disorder metallic
alloy behavior. They also explain the scattered values obtained
in po and justify the nonsystematic behavior in the measure-
ments of x(7), po(T), and S(T). Each composition exhibits
changes in entropy that can be given by orbital or local degen-
eracy of the electronic configuration on the site without (with)
a hole carrier [45], which is very difficult to calculate. The
influence of entropy on the electric transport and thermopower
of these dichalcogenides is a novelty and complements similar
reported works [19,35].

In summary, by adding a second metal in PdTe,, the elec-
tron correlation and change in effective mass decrease, leading
to greater Fermi gas behavior. In the measured temperature
range (5-300 K), the electric resistivity results can be ex-
plained as disorder metallic alloys with an important entropic
factor dominated the transport mechanism in the compounds
with two metals.

IV. CONCLUSIONS

We have synthesized and characterized the structural, mag-
netic, electric, and thermoelectric properties of Pd;_.Ir,Te;
and Pd; Rh,Te, (0 < x < 1). Fast cooling from synthesis
temperature was essential to obtain the metastable layered
phase P3m1 for all compositions.

All the compositions present metallic behavior, dominated
by electron-electron correlations, and the expected magnetic
Pauli susceptibility is amplified by an effective mass factor.
These characteristics correspond to a Fermi liquid behavior.
On the other hand, the compositions x = 0.5 present lower
electron-electron correlations and lose the Fermi liquid char-
acter. The electrical resistivity shows for the two different
series of compounds the typical disordered metal alloy behav-
ior with a parabolic dependence with the composition.

Seebeck experiments allowed the determination of hole-
type carriers for all compositions and a dominating electronic
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diffusion mechanism. A complete description of the exper-
imental data can be done by a phenomenological formula
that includes two terms. One of them is the Mott diffusion
contribution with the typical linear temperature dependence,
while the second one is a nondependent temperature term. It
has nonsystematic behavior with the composition. Neverthe-
less, this could be due to entropic changes associated with the
aleatory amount of cation vacancies present in the samples.
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