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Crystallographic analysis and thermoelectric studies of solid solutions Rh1-xIrxTe2 (0 � x � 1) are reported.
All compositions show layered structures belonging to the P3̄m1 space group at room temperature. IrTe2 presents
a first-order phase transition from the hexagonal to the triclinic lattice (P1̄ space group), which is monitored by
synchrotron radiation x-ray powder diffraction. In the cooling-down process the transition appears at 240 K
while in the warming-up process it begins at 280 K, showing a remarkable hysteresis. All compositions show
a strong metallic behavior with enhanced Pauli paramagnetism and two regimes in the electrical resistivity.
These regimes are associated with electron-electron scattering (at low temperature ρ ∼ T 2) and electron-phonon
coupling (higher temperatures ρ ∼ T ). The Seebeck coefficient shows hole-type carriers for all the compounds.

DOI: 10.1103/PhysRevB.105.104104

I. INTRODUCTION

Thermoelectric chalcogenides have been studied in recent
years due to their novel electrical properties; however, these
new materials are not environmentally friendly for techno-
logical applications [1,2]. Bi2Te3 has been the most studied
thermoelectric chalcogenide and crystallizes in a layered
structure belonging to the R3̄m space group; the layers stacked
along the c axis are · · · Te-Bi-Te-Bi-Te· · · Te-Bi-Te-Bi-Te· · ·
with strong covalent bonds in the layer Te-Bi-Te-Bi-Te and
weak van der Waals bonds between layers Te-Te. These weak
bonds explain the cleavage along the plane perpendicular to
the c axis and the anisotropic thermal and electrical transport
properties shown in this material [3]. For these reasons we
believe that layered chalcogenides are suitable candidates for
the development of materials with unique electrical and ther-
moelectric properties.

In the search for new chalcogenides for technological
applications that crystallize in layered structures, the dichalco-
genides MX 2 belonging to the structural families CdI2, CdCl2,
and MoS2 have shown good thermoelectric properties [4–6].
Their structural analysis has been reported in recent years
[7,8]. These compounds show a variety of crystal struc-
tures depending on the temperature at which they have been
synthesized; for example, AuTe2 crystallizes in two differ-
ent distortions of the CdI2 structural type: C2/m (calaverite)
at 600 °C [6,9] and Pma2 (krennerite) at 425 °C [7,10–12].
The metal/Te ratio is also very important in determining
the crystal structure of the system, for instance, for the
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rhodium-tellurium chalcogenide: (i) Rh/Te = 1.00 crystal-
lizes in P63/mmc (NiAs type), (ii) Rh/Te = 1.33 crystallizes
in I2/m (Cr3S4-type structure), (iii) RhTex crystallizes in
P3̄m1 (CdI2-type structure) if the ratio is 1.33 < Rh/Te � 2,
(iv) if the ratio is 2 � Rh/Te � 2.44 it crystallizes in Pa3̄
(pyrite-type structure), and (v) Rh/Te = 2.88 crystallizes in
R3̄m [13,14].

IrTe2 shows a structural phase transition at approximately
250 K, where formation of Ir-Ir bonds occurs along the b
axis. The breaking of Ir-Ir bonds that occurs in Ir1-xPtxTe2

results in the appearance of a structural critical point in the
T → 0 limit, at xc ≈ 0.035. Albeit both IrTe2 and PtTe2

are paramagnetic metals, superconductivity is induced at Tc =
3.1 K by the bond breaking in a narrow range of x�xc in
Ir1-xPtxTe2 [15]. Additionally, IrTe2 is of particular interest
as both Ir and Te have high atomic numbers. Spin-orbit cou-
pling is expected to be high which may lead to exotic states
such as topological superconductivity [16,17]. Unconven-
tional superconductivity (SC) often emerges in the proximity
of symmetry-breaking electronic and magnetic orders upon
their destabilization by chemical modifications, external pres-
sure, and fields, as seen in a diverse variety of quantum
systems [18–20].

In addition, chalcogenides with two different metal cations,
such as Ir1-xPtxTe2, Ir1-xRhxTe2, Mn1-xCrxSe, and Mn1-xTixSe,
show interesting properties such as superconductivity and
higher thermoelectric power as the number of charge carriers
decreases compared with the dichalcogenides with a single
metal cation [21–27].

For the reasons previously mentioned, we decided to syn-
thetize and crystallographically, electrically, and magnetically
characterize the family of dichalcogenides Rh1-xIrxTe2 in the
whole compositional range, 0 � x � 1). The synthesis and
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TABLE I. Synthesis condition of Rh1-xIrxTe2. All samples have been synthetized with a temperature ramp of 5 °C/min.

Sample RhTe2 Rh0.75Ir0.25Te2 Rh0.50Ir0.50Te2 Rh0.25Ir0.75Te2 IrTe2

Thermal Treatment 1200 °C 1125 °C 1050 °C 975 °C 950 °C 6 h +
72 h 60 h 30 min 48 h 36 h 30 min 600 °C 18 h

structural characterization of Rh-rich compounds are devel-
oped in this work.

II. EXPERIMENT

Polycrystalline samples of Rh1-xIrxTe2 with x = 0, 0.25,
0.50, 0.75, and 1 were synthetized using the solid-state
method with elemental precursors (Rh, Ir, and Te, high pu-
rity, 99.9% Strem Chemicals) in vacuum evacuated quartz
ampoules. Table I shows the synthesis conditions to obtain
the purest version of each sample. RhTe2 might crystallize in
both layered and pyrite structures [28]. We found that a fast
cooling down of the sample (quenching with liquid nitrogen)
is essential to stabilize the layered metastable phase P3̄m1
over the pyrite one. Otherwise, the pyrite phase is always
observed after the thermal treatment.

X-ray powder diffraction (XRPD) experiments were per-
formed with a PANalitycal X’Pert Pro diffractometer using
Bragg-Brentano geometry to determine the purity of the
samples. The structure was crystallographically character-
ized using synchrotron radiation x-ray powder diffraction
(SR XRPD) at the I11 beamline (high resolution powder
diffraction) at the Diamond Light Source. Data were col-
lected with two different detectors: a multianalyzer crystal
detector (MAC) and a position sensitive detector (PSD). High
resolution and low background diffractograms were obtained
with MAC detectors and good resolution and high intensity
with PSD detectors. Samples were loaded in a borosilicate
capillary spinner 0.1 mm in diameter. RhTe2, Rh0.25Ir0.75Te2,
and Rh0.50Ir0.50Te2 were measured with PSD detectors at 100
and 300 K. The rest of the compositions were measured
with MAC detectors at 100 K and 300 K. For IrTe2 and
Rh0.75Ir0.25Te2 experiments were performed on warming and
on cooling in the temperature range from 300 to 100 K using
the PSD detector and measuring a pattern every 2 K. Data
were collected in the 2θ range 2°–90°. The zero-point error,
wavelength (≈0.826 Å), and instrument contribution to the
peak profiles were determined against a NIST 640 Si standard
and fixed in all subsequent analyses. The crystal structure re-
finements were performed by using the Rietveld method [29]
with the FULLPROF SUITE program [30]. Scanning electronic
microscopy (SEM) images were collected from two differ-
ent microscopes: field-emission scanning electron microscope
(FE SEM) Sigma and SEM FEG (Field Emission Gun) FEI
Nova NanoSEM 230. Energy dispersive x-ray spectroscopy
(EDAX) measurements were performed on a SEM FEG (Field
Emission Gun) FEI.

Magnetization measurements were performed in a com-
mercial MPMS-5S superconducting quantum interference
device magnetometer on powdered samples in gelatin cap-
sules from 5 to 300 K at 100 Oe in warming conditions.
Also, magnetization in warming and cooling processes at
5000 Oe was measured for x = 1 and x = 0.25 samples.

The temperature dependence of electric resistivity [ρ(T )] and
Seebeck effect [S(T )] experiments were performed in a mul-
tipurpose equipment with two sample holder lances. Pellets
of the samples were cut in a rectangular polyhedron prism
with approximately (11 × 2 × 2)mm3. ρ(T ) was measured in
the temperature range 5–300 K using a cryostat with liquid
helium, while S(T ) was measured between 80 and 300 K
using a cryostat with liquid nitrogen. To measure the Seebeck
effect, two LakeShore 330 temperature controllers and a HP
34420A nanovoltmeter were used. For electrical resistivity
measurements a programmable Keithley 6220 DC current
source using constant electrical current between 0.1 and 100
mA and the same nanovoltmeter and temperature controller
were used.

III. RESULTS AND DISCUSSIONS

A. Crystallographic characterization

1. Rh1-xIrxTe2 with x = 0, 0.25, 0.50, 0.75 at 100 and 300 K

The SR XRPD data of Rh1-xIrxTe2 with x = 0, 0.25, 0.50,
0.75 collected at 300 and 100 K were correctly refined us-
ing the layered P3̄m1 (No. 164) model (see Fig. 1 and
Fig. S1 and Table S1 in the Supplemental Material [31]).
Table II summarizes the refined unit cell parameters, Te and
Rh/Ir occupancies, and reliability factors obtained from SR
XRPD data for Rh1-xIrxTe2 at 300 K. In the structure with
space group P3̄m1, Rh4+/Ir4+ cations are randomly dis-
tributed in the 1a Wyckoff sites (0, 0, 0). All samples showed
less than 1.0% w/w precursors impurity except the sample
Rh0.75Ir0.25Te2 that presents 4.5% w/w pyrite as impurity.

Rh0.75Ir0.25Te2 was refined using the P3̄m1 space group at
both temperatures (100 and 300 K). Nevertheless, we observe
a change in the Bragg reflections of the hexagonal phase in the
temperature range 100–300 K (decreasing intensity), which
suggests a phase transition, and this occurs in a large tempera-
ture range. In Figs. 2(a)–2(c) the Bragg reflections’ evolution
of the P3̄m1 phase show an intensity decrease suggesting
a phase transition; the pyrite phase impurity does not play
an important role in this phase transition, since at the mea-
sured temperature range, the pyrite phase does not show any
change in the intensity of the Bragg reflections. In Figs. 2(d)
and 2(e) is shown the thermal evolution (300–100 K)
of the most important Bragg reflections of the pyrite phase
(18° and 24.5°) and evidence that there is no change in in-
tensity. In future analysis, SR XRPD measurements at lower
temperatures (T <100 K) should be performed to elucidate
this possible phase transition.

Additionally, Table II shows the refined compositions ob-
tained from the occupancy values (Occ). Rh0.50Ir0.50Te2 and
Rh0.25Ir0.75Te2 show Te deficiency but do not show detectable
Te impurity peaks in the PXRD patterns. The compound
Rh0.75Ir0.25Te2 does not show Te as an impurity and this may
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FIG. 1. (a) Refined SR XRPD pattern for the compositions x = 0
and x = 1 obtained at 300 K. Observed pattern in black dots; calcu-
lated pattern in red lines; difference between observed and calculated
in blue lines and Bragg reflections in black bars (arrows indicate
the most important reflections of impurities Te in x = 0 and Ir in
x = 1). (b) Evolution of the intensity and of the plane (001) in the
compositions with x = 0.25, 0.50, and 0.75. (c) Unit cell parameters
as a function of Ir substitution in RhTe2. Inset: P3̄m1 structure using
the VESTA program [32].

be due to the presence of the pyrite phase. The deficiency of Te
in this compound can be crystallized in the pyrite phase. This
was particularity evidenced in the SEM images and EDAX
analysis with Te-rich regions and small bubbles of Te (see Fig.
S2 [31]), which allowed us to hypothesize about the synthesis
mechanism. Our hypothesis is that Te reacts in the gas phase
with the metal precursors in the solid phase. We propose this
because we observed an orange/brown gas inside the quartz
ampoule a few seconds before quenching it, suggesting that
two phases are involved in the synthesis. Additionally, the
vaporization temperatures of Te and the metals Rh/Ir are quite
different. The Tvap of Te is 987.8 °C, which is extremely low
compared to the rest of the precursors (T Rh

vap = 3.697 ◦C and
T Ir

vap = 4.130 ◦C). When we quenched the ampoules, Te gas
abruptly condensed, producing the small bubbles of Te ob-
served in SEM images at all compositions (see Fig. S2 in the
Supplemental Material [31]).

The lattice parameter a at 300 K slightly increases with Ir
content in the compositions x = 0.25, 0.50, and 0.75, but IrTe2

shows a lattice parameter very similar to RhTe2. This occurs
due to the small increase in ionic radii [r(Rh4+) 0.600 Å and
r(Ir4+) 0.625 Å]. The lattice parameter c at 300 K slightly
decreases with the Ir content, but the composition x = 0.75
shows a significant decrease and this can be attributed to the
presence of the pyrite phase. Ir4+/Rh4+ ions (M) are octa-

hedrally coordinated by six Te2- ions and the face sharing of
MTe6 octahedra forms MTe2 layers. These layers are bonded
by Te-Te bonding rather than weak van der Waals forces [33].

The Rh-Te system is extremely complex because the ratio
Te/Rh, synthesis method, and thermal treatment determine
the obtained structure. Using evacuated quartz ampoules for
the synthesis method the hexagonal P3̄m1 phase was stabi-
lized in the compositional ratio range 1.33 < Te/Rh � 2.00
[13,28,33]. Ding et al. [13] prepared this compound using an
isopiestic method, at 900°C for 23 days obtaining the mon-
oclinic I2/m phase in the compositional ratio range 1.09 �
Te/Rh � 1.74 and the hexagonal P3̄m1 phase in the compo-
sitional ratio range 1.74 < Te/Rh � 2.00. According to the
literature, stoichiometric P3̄m1 RhTe2 does not exist at room
temperature since there is Te segregation during the synthesis.
The samples crystallized in P3̄m1 with the higher content of
Te reported in the literature up to now are Rh1.06Te2 (Te/Rh =
1.88) and Rh1.16Te2 (Te/Rh = 1.72) [28]; we obtained the
composition Rh1.22Te2.

2. Thermal evolution of the crystal structure of IrTe2

in the range 100–300 K

IrTe2 shows a first-order phase transition in the temperature
range from 100 to 300 K. Both phases were correctly refined
at 300 and 100 K using the P3̄m1 and P1̄ (No. 2) space
groups, respectively (see Fig. 1 and Fig S1 in the Supplemen-
tal Material [31]). In Table III are shown the refined unit cell
parameters, Te and Ir occupancies (refined compositions), and
reliability factors obtained from SR XRPD at 100 K for IrTe2.

Temperature-dependent evolution of the cr lattice parame-
ter in IrTe2 together with the Rwp for the refinement performed
with a single-phase model (P1̄) are summarized in Fig. 3. In
this figure we also show a heat map denoting the changes
observed in the reflection (0 1 –1) throughout the phase transi-
tion. Figure 3 displays a clear discontinuity of the c parameter
around the phase transition. Full thermal dependence of the
lattice parameters is given in Fig. S3 (see Supplemental Ma-
terial [31]). The phase transition shows a clear hysteresis;
during cooling the transition starts around 250 K while in
warming it starts around 275 K, in total agreement with the
literature [34].

The origin of the phase transition in IrTe2 has been stud-
ied in recent years and there is still controversy around its
understanding. Transmission electron microscopy (TEM) ex-
periments and electron diffraction (ED) patterns suggest that
the structural transition is due to Ir-Ir and Te-Te dimer for-
mation with a modulation wave vector �q = ( 1

5 , 0,− 1
5 ). This

evidence determines that phase transition is produced by a
charge-orbital density wave (DW) [34], but 125Te NMR ex-
periments suggested that the transition is due to a lattice
distortion at low temperature, and it did not provide any
evidence for charge DW order [35]. Additionally, theoretical
studies indicated that the transition is caused by crystal field
effects, which split the Te energy levels in px, py, and pz,
resulting in a reduction of the kinetic energy of the electronic
system [36].
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TABLE II. Refined unit cell parameters, Te and Rh/Ir occupancies, refined compositions, and reliability factors obtained from SR XRPD
for Rh1-xIrxTe2 at 300 K. Note: Nominal compositions are written in the text.

Compound RhTe2 Rh0.75Ir0.25Te2 Rh0.50Ir0.50Te2 Rh0.25Ir0.75Te2 IrTe2

Main phase (%w/w) 99 95.5 100 100 98.5

a Å 3.92496(2) 3.92303(2) 3.93148(3) 3.95956(2) 3.92966(2)
b Å 3.92496(2) 3.92303(2) 3.93148(3) 3.95956(2) 3.92966(2)
c Å 5.40313(4) 5.39299(3) 5.40327(7) 5.35495(4) 5.39886(5)
V (Å3) 72.085(1) 71.879(1) 72.327(2) 72.708(1) 72.201(1)
α (deg) 90 90 90 90 90
β (deg) 90 90 90 90 90
γ (deg) 120 120 120 120 120

Rh 1a (0,0,0)
Occ 0.10196(5) 0.06008(5) 0.04015(5) 0.01988(3)
Ir 1a (0,0,0)
Occ 0.02315(3) 0.04315(3) 0.06344(4) 0.08317(3)
Te 2d (1/3, 2/3, z)
z 0.74600(1) 0.74522(2) 0.75741(3) 0.74926(2) 0.74765(3)
Occ 0.16667(2) 0.16667(2) 0.13592(4) 0.14908(3) 0.16744(2)

Rp (%) 27 13.1 33 24.8 20.7
Rwp (%) 25.4 8.15 22.8 3.48 15.1
Rexpt (%) 1.62 3.32 4.38 2.7 3.92
RBragg (%) 12.9 3.52 14.6 12.7 3.78
Rfactor (%) 5.88 2.46 13.5 14 3.32

Refined compositions Rh1.22Te2 Rh0.72Ir0.28Te2 Rh0.48Ir0.52Te1.63 Rh0.24Ir0.76Te1.80 IrTe2

Te/Rh 1.64a

aThe compositional ratio Te/Rh agrees with the literature [13,28,33].

B. Magnetic behavior

We subtracted the diamagnetic contributions of the cap-
sule and the diamagnetic atomic cores (i.e., for IrTe2 χcores ≈
−169 × 10−4 emu

mol Oe ) from the magnetic susceptibility (M/H).

In Fig. 4(a) we show the thermal evolution of χ for the
series. The tail observed at low T is the Curie paramagnetism
χCurie ∼ 1

T associated with localized spins, presumably due to
some magnetic impurity which is quite common in dichalco-

FIG. 2. Thermal evolution of the Bragg reflections of the sample Rh0.75Ir0.25Te2 where y is the intensity (arb. units) and x is (deg): (a–c)
Bragg reflection evolution of the P3̄m1 phase (8.7°, 16.5°, and 22.5°) in the temperature range 100—300 K. (d,e) Bragg reflection evolution
of the pyrite phase (18° and 24.5°).
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TABLE III. Refined unit cell parameters, Te and Ir occupancies (refined compositions), and reliability factors obtained from SR XRPD at
100 K for IrTe2. We quantified the phases: P1̄ 93.85% w/w, P3̄m1 4.7% w/w, and elemental Ir 1.45% w/w.

Compound IrTe2 Reliability factors Unit cell parameters

Main phase Rp (%) 34.2 a Å 6.95604(8)
Rwp (%) 22.2 b Å 6.66230(2)
Rexp (%) 14.99 c Å 14.24540(3)

% w/w 93.85 RBragg (%) 11.9 V (Å3) 357.760(2)
Rfactor (%) 7.26 α (deg) 80.30016

β (deg) 87.48904
γ (deg) 72.65700

Atomic positions
Ir 2 ι (–x, y, z) Ir 2 ι (x, y, z) Te 2 ι (x, y, z)
x –0.29021(3) x 0.34957(5) x 0.35802(4)
y 0.42606(5) y 0.21978(5) y 0.15854(5)
z 0.4105(4) z 0.1996(3) z 0.38881(6)
Occ 0.97647(5) Occ 1.01862(2) Occ 1.10423(5)
Ir 1a (0,0,0) Te 2 ι (x, y, z) Te 2 ι (–x, y, z)
Occ 0.47758(5) x 0.36218(5) x –0.26367(5)

y 0.28294(5) y 0.47655(4)
z 0.02201(5) z 0.23523(4)

Occ 1.07793(5) Occ 0.97300(4)
Te 2 ι (x, y, z) Te 2 ι (–x, –y, z)
x 0.07029(4) x –0.00637(6)
y 0.70005(4) y –0.03955(6)
z 0.4077(5) z 0.19027(6)
Occ 0.93993(4) Occ 0.95585(5)

genides [5]. With increase of the temperature, the magnetic
susceptibility is practically temperature independent as is
expected for metals. This behavior is typically observed in
delocalized conduction electrons (Pauli paramagnetism).

Using the Fermi gas model of noninteracting electrons
that predicts that the Pauli magnetic susceptibility is χ0

Pauli =
μ2

BD(εF ), and using D(εF ) = 1.94 states/eV (obtained from a
density of states (DOS) calculation for IrTe2) [37], we obtain

FIG. 3. Temperature-dependent evolution of the c lattice parameter. Also Rwp and (8.6°–8.9°) are plotted. The refinement was performed
with a single-phase model (P1̄).
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FIG. 4. (a) Magnetic susceptibility in the warming process from
5 to 300 K for Rh1-xIrxTe2 (0 � x � 1). TS is the observed phase
transition temperature. (b) χ at 200 K as a function of x, which
is compared with estimated χ 0

Pauli = 0.646 95 × 10−4 emu
mol Oe for IrTe2

and with χ∗
Pauli. These values are obtained subtracting the Landau

contribution of the conduction electrons from χ .

χ0
Pauli = 0.646 95 × 10−4 emu

mol Oe . At 200 K all the compositions
show that the experimental values are larger than the Fermi
gas model, χexpt > χ0

Pauli. This indicates that the electrons
are interacting with each other, and the Pauli magnetic sus-
ceptibility should be corrected by an effective mass factor
(m∗/me), and consequently χexpt = ( m∗

me
)χ0

Pauli. The magnetic
susceptibility of Rh0.75Ir0.25Te2 shows a shoulder in a large
temperature range 50–300 K. We can explain this behavior
with the temperature dependence of the Pauli paramagnetism
χ0

Pauli(T ) that introduces a temperature dependence of high
order in the expansion series of the electronic density of states,
increasing the magnetization. In the case of IrTe2 a jump is
observed at 280 K (TS), which is associated with the phase
transition.

Figure 4(b), as a function of x, shows (i) the magnetic
susceptibility (χ ) at 200 K represented with a line with filled
circles. (ii) The dotted line shows the magnetic susceptibility
(χ∗

Pauli) obtained as a result of subtracting the Landau sus-
ceptibility of the conduction electrons from χ . This value
should contain the information about the correlations present
in the system. (iii) The expected value for a noninteracting
system (χ0

Pauli) is represented by a horizontal dashed line.
The ratio χ∗

Pauli/χ
0
Pauli provides an idea of the variation of the

effective mass (m∗/me) with x, a parameter that describes
electron correlations in the system. The Ir-rich compounds
present a notable contribution to experimental susceptibility.
These high values can be explained by changes in the effective
mass parameter instead of changes in the electron density at
the Fermi energy, because Ir and Rh do not have significant
differences (they are in the same group of the Periodic Table).

C. Electrical and thermal transport properties

The samples are brittle and often cracked; the formation
of crack defects is helped by the change of phase during the

FIG. 5. Electrical resistivity as a function of T for Rh1-xIrxTe2

(0 � x � 1) is shown in plots (a,b). We change the ρ scale axis in (b),
to show more clearly the samples with a difference between warming
and cooling curves. This hysteresis is associated to the first-order
structural transition.

thermal cycling in the resistivity and Seebeck measurements.
Sometimes, after the electrical resistivity or Seebeck experi-
ment, we observed cracks, or the sample had broken. In the
electrical resistivity experiments, in some cases, we observed
that the thermal cycling produces a shift to high values due
to the formation of new cracks, which certainly affects the
geometrical factor. The resistivity values of Fig. 5 were in all
cases in the first thermal running; in the cases where we had
doubts, we checked by running with another sample of the
same composition.

Figure 5 shows the thermal evolution of electrical resis-
tivity (ρ) for Rh1-xIrxTe2. We observe metallic behavior for
all the compounds. We observe that the electrical resistivity
decreases with temperature for all members of the series,
except for IrTe2 around 280 K because it shows a signifi-
cant thermal hysteresis due to the phase transition observed
in the diffraction experiments. Rh0.75Ir0.25Te2 shows a slight
thermal hysteresis which suggests a phase transition, in to-
tal agreement with the observed changes in the evolution
of Bragg reflections of the P3̄m1 phase. In future analysis,
SR XRPD measurements at lower temperatures (T <100 K)
should be performed to elucidate this possible phase
transition.

At T < 50 K, the temperature dependence of the electrical
resistivity [ρ(T )] could be described as ρ(T ) ∼ T 2, which can
be associated with Fermi liquid behavior. In this temperature
range 5–50 K, due to the Fermi liquid behavior, the data
were fitted using the expression ρ(T ) = ρ0 + Ae−eT 2. The
Ae−e values obtained (see Fig. S4 in the Supplemental Ma-
terial [31]) are similar for other dichalcogenides with strongly
correlated electrons and Sr2RuO4 [5,38], which indicate that
there is an important electron-electron scattering. The param-
eter Ae−ehas the information of the electron density of states
at the Fermi level. The residual electrical resistivity (ρ0 ) term
is sample dependent and lower values indicate high quality

104104-6



SYNTHESIS AND STRUCTURAL, MAGNETIC, ELECTRIC, … PHYSICAL REVIEW B 105, 104104 (2022)

TABLE IV. Parameters Ae-e, ρ0, and Ae-ph for Rh1-xIrxTe2 (0 � x � 1).

Compound RhTe2 Rh0.75Ir0.25Te2 Rh0.50Ir0.50Te2 Rh0.25Ir0.75Te2 IrTe2

Ae-e 86.9 ± 0.3 17.4 ± 0.1 22.1 ± 0.3 33.5 ± 0.3 18.8 ± 0.5
10-5 (μ
 m/K2 )

ρ0 (m
 m) 13.18 ± 0.01 3.73 ± 0.01 12.69 ± 0.01 14.42 ± 0.01 0.907 ± 0.008
Ae−ph 1.990 ± 0.004 0.767 ± 0.003 1.880 ± 0.003 1.080 ± 0.003 1.520 ± 0.003
10-2 (μ
 m/K )

in polycrystalline samples. In Table IV we show Ae−evalues.
Compounds rich in Ir are weaker electron-electron scatterers
than those rich in Rh. ρ0 values are of the same order of
magnitude as those estimated for dichalcogenide PdTe2 in a
polycrystalline sample and single crystal [5,39,40]. At tem-
peratures higher than 50 K (and depending on the presence
and the position of the first-order transition), the data can be
fitted with the expression ρ(T ) = ρ0 + Ae−phT where Ae−ph is
the electron-phonon coupling coefficient, which has typically
linear behavior with temperature (see Fig. S5 in the Supple-
mental Material [31]). The data of the sample IrTe2 were fitted
in the temperature range 200–270 K due to the position of the
phase transition. In the rest of the compositions the data were
fitted in the range 200–290 K. This value is larger compared
with Au and Cu, which evidence a strong electron-phonon
coupling in these dichalcogenides.

For the samples that present thermal hysteresis in the
electrical resistivity, we measured warming and cooling ex-
periments of the magnetic susceptibility at H = 5 kOe. We
clearly observed the expected thermal hysteresis between 225
and 300 K for x = 1, which is associated with the first order
and structural transition (TS). In x = 0.25 sample, small dif-
ferences between the warming and cooling experiments are
observable, approximately, between 100 and 250 K (see Fig.
S6 in the Supplemental Material [31]).

In the Seebeck experiment, we used copper probes to mea-
sure the voltage difference across the input terminals of the
nanovoltmeter. This voltage can be expressed as

�V = −
[∫ TC

T0

SCu(T )dT +
∫ TH

TC

S(T )dT +
∫ T0

TH

SCu(T )dT

]
,

where S is the Seebeck coefficient of the sample; SCu is
the copper Seebeck coefficient used as voltage probes; T0 is
the temperature in the nanovoltmeter terminals; TH and TC

are the hot and cold temperatures, respectively, at both sample
sides of the sample where the voltage probes make contact.

Now, only for the copper probes, we have

∫ TC

T0

SCu(T )dT +
∫ T0

TH

SCu(T )dT =
∫ TC

TH

SCu(T )dT,

which simplifies the equation of �v,

�V = −
∫ TH

TC

[S(T ) − SCu(T )]dT .

For small temperature differences (�T <1), the Seebeck
coefficient value of the sample and copper probes can be con-
sidered as a constant. Assuming T = TH + TC/2 and �T �

T we have

S(T ) = −�V

�T
+ SCu(T ) = Sexpt (T ) + SCu(T ).

In Fig. 6(a) we show the experimental Seebeck coefficient
[Sexpt (T )] as a function of temperature, and in Fig. 6(b) we
plot the absolute Seebeck coefficient for all compositions in
the 80–300 K temperature range, which is obtained adding to
Sexpt (T ), the SCu(T ) contribution.

All the S(T ) values are positive, indicating the presence of
hole-type carriers. IrTe2 shows a hysteresis in S(T ) across the
structural phase transition temperature (TS). As the triclinic P1̄
phase arises close to TS , partial localization of hole-type carri-
ers can be responsible of dimer formation [39,41] and changes
in the Fermi surface topology are expected. Diffusive Seebeck
(Sd ) response is reported in the literature [27] for low values of
Rh substitution in the IrTe2 compound. This diffusive Seebeck
behavior is due to the free electrons that transport heat to
equilibrate the gradient of temperature, generating an electric
voltage difference in the sample. Seebeck is zero (S = 0) at 0
K and Sd increases linearly with temperature, which is observ-
able in the S experiment at T <40 K [27]. As the temperature
increases, the phonons contribute with an extra mechanism for
conducting heat (phonon drag). This contribution (Spd ) to the
total Seebeck is practically proportional to the specific heat

FIG. 6. (a) Experimental Seebeck coefficient for Rh1-xIrxTe2 in-
cluding copper (Cu) probe contributions. (b) Absolute Seebeck
coefficient of Rh1-xIrxTe2 series. The copper probe contributions have
been discounted.
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TABLE V. Rh1-xIrxTe2, Fermi energies estimated with the Mott
formula to describe the Seebeck diffusion of metals [see Eq. (1)] and
free electron concentration (n) estimated using the cell volume of
Table II and considering z = 2.

Fermi n = (z/V )
Compound energy (eV) (1022 electrons/cm3)

RhTe2 5.6 2.76
Rh0.75Ir0.25Te2 3.5 2.78
Rh0.50Ir0.50Te2 4.4 2.76
Rh0.25Ir0.75Te2 4.8 2.75
IrTe2 6.6 2.76

[Spd (T ) ∼ Cp(T )] and its cubic potential temperature growth
quickly masks the diffusive contribution. A maximum in S is
observable close to θD/5, where θD is the Debye temperature.
The phonon drag is present in a wide range of temperature.
Above T > θD, Cp is constant and the linear behavior by Sd

should be observed again. Also, Ref. [27] reports θD ≈ 200 K
for IrTe2.

The Seebeck coefficient in metals is described by

S = π2 k2
B T

3 e

[
∂ ln σ (E )

∂E

]
,

where kB is the Boltzmann constant, e is the absolute value
of electron charge, and σ (E ) is the distribution of electrical
conductivity in energy (E ), which is very complicated to
calculate. In general, this equation in the Seebeck diffusive
regime of the free electrons is given by the Mott equation:

Sd = π2k2
B T

2 eεF
. (1)

εF is the Fermi energy. We assume that the phonon drag
contribution is negligible above θD ≈ 200 K and the linear
behavior observed in S is due to the diffusive contribution.
Taking the S values at T = 250 K, we estimate εF using
Eq. (1) and the obtained values are shown in Table V. The
Fermi energy values are comparable with noble metals (Ag
and Au, 5.5 eV). On the other hand, we estimated the electron
concentration in the conduction band (Table II), considering
that the Ir or Rh atoms contribute with z = 2 electrons by unit
cell volume (V ). These values are comparable with similar
dichalcogenides PdTe2 and Cu0.04PdTe2 [5,42].

Unfortunately, it was not possible to measure the thermal
conductivity (κ). These measurements require very compact
pellets, with ϕ = δexpt

δtheor
∼ 99.9%, which prevents grain bound-

ary scattering, where δexpt = pellet mass
pellet volume (pellet volume =

πhr2) and δtheor is determined by Rietveld analysis. Calcu-
lations of ϕ for all the compounds show values of ∼60%
indicating low density pellets. Results reported in the litera-
ture measured with the frequency domain thermoreflectance
(FDTR) technique [43] with polished surfaces showed that
reflectance was diffuse, and also the signals were extremely
low. In addition to the electrical resistivity and Seebeck coef-
ficient, the thermal conductivity is another physical property
that is necessary to calculate the figure of merit.

The total thermal conductivity can be understood as the
addition of two contributions: κ = κe + κL where κe is the

TABLE VI. Electrical resistivity, Seebeck coefficient, and calcu-
lated electronic thermal conductivity at 300 K for Rh1-xIrxTe2. Values
compared with the two most studied thermoelectric chalcogenides:
Bi2Te3 and Sb2Te3.

κe = L0 T
ρ

Compound ρ (μ
 m) S (μV/K) (W/K m) Carrier/cm3

RhTe2 20.30 1.99 0.36 ∼1022

Rh0.75Ir0.25Te2 6.11 2.32 1.19 ∼1022

Rh0.50Ir0.50Te2 18.74 1.83 0.39 ∼1022

Rh0.25Ir0.75Te2 17.88 2.66 0.43 ∼1022

IrTe2 4.21 1.47 1.74 ∼1022

Bi2Te3 5.5 162 1.468 ∼1019

Sb2Te3 1.22 63 5.205 ∼1019

electronic and principal contribution in metals and the sec-
ond term (κL) is the contribution of the lattice. κe can be
estimated using the Wiedemann-Franz law κe = L0 T

ρ
, where

L0 is the constant Lorentz contribution L0 = π2

3 ( kB
e )2 = 2.45

×10-8 W 
 K-2 , and ρ is the experimental electrical resistiv-
ity. The estimated κe data at room temperature (∼300 K),
which can be the service temperature of a thermoelectric
device, are shown in Table VI. In general, κL values are
estimated subtracting these κe values from the total experi-
mental thermal conductivity (κ) or it is assumed as a constant
value that depends on the specific heat, mean free path of the
phonons, and sound velocity. We also assume that κe is larger
than κL and that κ ≈ κe is as it is observed in noble metals
(Cu, Ag, and Au) similarly to those reported for IrTe2 and
Ir0.9Rh0.1Te2 [27].

In Table VI we show ρ, S, and calculated κevalues at
300 K for Rh1-xIrxTe2. On the other hand, as reference,
we compare the electric and thermal transport properties
with two of the very well-studied chalcogenides. These
compounds are Bi2Te3 and Sb2Te3, which have good ther-
moelectric efficiencies [44]. Good thermoelectric values
were obtained with carrier concentrations of approximately
n ∼ 1019 carriers/cm3, which is characteristic of semicon-
ducting materials. The dichalcogenides synthesized in the
present work present a strong metallic behavior with n ∼
1022 carriers/cm3. The high n values reduce ρ and κ . On the
contrary, the high carrier concentrations are more effective at
transporting heat to equilibrate the gradient of temperature,
reducing S and notably ZT ∼ S2. The figures of merit ZT for
our samples of Rh1-xIrxTe2, studied in this work, are 104 times
smaller than Bi2Te3 (ZT∼0.98) or Sb2Te3 (ZT∼0.18) [44].
For future studies, dichalcogenides with heavier elements and
semiconducting properties should be synthesized, in order to
improve the thermoelectric power.

IV. CONCLUSIONS

We synthesized and characterized the structural, mag-
netic, electric, and thermoelectric properties of Rh1-xIrxTe2

(0 � x � 1). Quenching from synthesis temperature to liq-
uid nitrogen was essential to obtain the metastable layered
phase P3̄m1. RhTe2 has been successfully synthesized in the
layered P3̄m1 phase. IrTe2 shows a first-order phase transition
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from the hexagonal to the triclinic phase, which has been
monitored with SR XRPD. This is also observed as a thermal
hysteresis in the measurements of electrical resistivity, See-
beck effect, and magnetic susceptibility. For Rh0.75Ir0.25Te2,
thermal hysteresis and the evolution of Bragg reflections of
P3̄m1 phase show changes which suggest a structural phase
transition. In future analysis, SR XRPD measurements at
lower temperatures (T < 100 K) should be performed to elu-
cidate this possible phase transition.

The whole family shows a metallic behavior with an im-
portant electron-electron correlation. The expected magnetic
Pauli susceptibility is amplified by an effective mass fac-
tor. Also, quadratic temperature dependence in the electrical
resistivity at low temperature is observed. Both characteris-
tics correspond to a Fermi liquid. On the other hand, the
Seebeck experiments allowed the determination of hole-type
carriers in all compositions and a dominating electronic dif-
fusion mechanism, which can be described by the Mott
formula. The thermoelectric power of these dichalcogenides

is lower than the most studied Bi2Te3 and Sb2Te3 compounds,
principally due to the high carrier concentration of our
compounds.
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