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ABSTRACT: Although the pyrite space group is a high-pressure g020}
polymorph of FeTe,, here we report Fey4Pd,,Te, with the pyrite space

group Pa-3 prepared using Pd substitution on the Fe atomic site with
ambient pressure crystal growth methods. Fegg()Pdg41)Te, single
crystals show metal behavior above 15 K abided by the Bloch—
Griineisen relation and display resistivity upturn below 15 K due to

disorder-related scattering of correlated electronic states.

B INTRODUCTION

Transition-metal dichalcogenides (TMDCs) display a great
variety of physical properties, including superconductivity,'~*
Mott-insulator to metal transition,” charge-density wave,6 and
spin glass behavior.” FeTe, and PdTe, crystallize in marcasite
Pnnm (space group No. 58) and Cdl,-type space group P3ml
(No. 164), respectively.”” They are synthesized by heating at
1073 K for several days (FeTe,) or by adding Te to PdTe and
annealing at 573 K in an evacuated quartz tube for 30 days
(PdTe,), whereas pyrite-type FeTe, is synthesized only at high
pressure by heating to 1100 K, cooling to 400 K, and then
quenching to room temperature.~'® PdTe, not only features
an s-wave superconducting ground state below 1.69 K but also
hosts pressure-tunable type-II Dirac Fermions and exhibits
superior chemical and thermal stability of interest for
optoelectronic devices and detection in infrared and terahertz
ranges.'' ~>> PdTe, nanosheets exhibit 5-fold activity when
compared to that of commercial Pd, making it a rather
promising electrocatalyst material for high-performance energy
conversion.”” Enhanced catalytic activity is also obtained in
defect-engineered PdTe, crystals.”* Marcasite FeTe, with
vacancy defects on Fe atomic sites is a paramagnetic metal
with low thermal conductivity, whereas for full occupancy of
Fe, it shows antiferromagnetic transition at 79 K and
ferromagnetic below 35 K.>? FeTe, is of interest as cathode
materials in nanocomposites for aluminum-ion batteries due to
extremely long-time cycle performance.”’ Pyrite FeTe, is a
semimetal with a small effective moment."'® Given the recently
recognized importance of pyrite-type materials in energy

© 2025 American Chemical Society

7 ACS Publications

low temperature fit
——high fi
0 100 ®) 200 300

3.6

02 4 6 810121416
T

applications, it is of interest to explore new pyrite
structures.”® ™"

Pyrite-type crystal structures are characterized by the face-
centered cubic (fcc) AB, lattice where frustration of magnetic
interactions generated by moments arising from localized
electronic states/orbitals of rock-salt-arranged A atoms is well-
known, particularly when the next-nearest-neighbor interaction
is important.”' ~** Interestingly, chemical alloying may induce a
significant change in bond energies and enthalpies of formation
so that the high-pressure polymorph is stabilized even at
ambient pressure, resulting in new functionalities. For example,
Fey33Pdy¢;Se, in pyrite structure type displays metal-like and
magnetic spin-glass behaviors below 18 K and is stable at
ambient pressure, even though the pyrite structure is a high-
pressure polymorph for both FeSe, and PdSe,.” These studies
indicate possible crystal structure changes and property tuning
of PdTe, by cationic substitutions.

Here, we report the synthesis and characterization of
Feyg1)Pdo4yTe, single crystals with the pyrite space group
Pa3. To the best of our knowledge, the pyrite-type polymorph
of FeTe, is synthesized for the first time under ambient
conditions; the polymorphic phase is induced by Pd
substitution. Our studies indicate a paramagnetic metal state
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with an interplay of disorder and enhanced electronic
correlations at low temperatures.

B EXPERIMENTAL SECTION

Synthesis. Single crystals of Fey(;)Pdy 41y Te, were grown
from Te-rich melt with Fe:Pd:Te with a 1:x:10 mol ratio, with
the pyrite-type structure forming only when x = (1-2). The
source elements were put into an alumina crucible and then
sealed in a quartz tube with a partial pressure of argon gas. The
heating temperature for the tube was ramped slowly to 900 °C.
After brief 3 h soaking, the quartz tube was cooled to 500 °C
over 150 h, at which point crystals were decanted from the
liquid in a centrifuge. Excess Te was filtered out by decanting
through quartz wool.**~*’ Shiny single crystals of up to 1.6 X
1.5 X 1.4 mm® can be grown.

Composition and Structural Analysis. Chemical com-
positions were investigated by energy-dispersive X-ray spec-
troscopy (EDX) in a JEOL LSM-7900F scanning electron
microscope. To confirm phase purity, powder X-ray diffraction
data of the sample were collected by a Rigaku Miniflex X-ray
diffractometer with Cu K, radiation (4 = 1.55406 A). The unit
cell was refined using RIETICA software.”” For single-crystal
X-ray diffraction, crystals were selected under a microscope
and cut to dimensions of 0.10 X 0.10 X 0.089 mm”. They were
mounted on low-background plastic holders using Paratone N
oil, transferred to a goniometer, and placed under a cold
stream of nitrogen gas (ca. 200 K). Data acquisitions took
place on a Bruker APEX II CCD diffractometer using graphite-
monochromatized Mo K, radiation (1 = 0.71073 A). A total of
971 reflections were collected (20, ~ 60°), 138 of which
were unique (Tp/ Ty = 0.173/0.195, R, = 0.034). The data
collection, data reduction and integration, and refinement of
the cell parameters were carried out using the Bruker-provided
programs (SAINT; Bruker AXS Inc., Madison, Wisconsin,
USA, 2014). Semiempirical absorption correction was applied
with the aid of the SADABS software package (SADABS;
Bruker AXS Inc, Madison, Wisconsin, USA, 2014). The
structure was subsequently solved by direct methods and
refined on F* (8 parameters) with the aid of the SHELXL
package.”' All atoms were refined with anisotropic displace-
ment parameters with scattering factors (neutral atoms) and
absorption coefficients.”

Electrical, Magnetic, and Thermodynamic Measure-
ments. Electrical transport and magnetization measurements
were carried out in Quantum Design (QD) PPMS-9 and
MPMS-XL instruments. For resistivity measurement, crystals
were polished into a rectangular shape. Silver paint and thin Pt
wires were used to create contacts with about 10—20 Ohm
contact resistance. Resistivity was measured using an LR 700
resistance bridge with a 16 Hz excitation frequency. Magnetic
measurements were conducted using QD-provided straw
sample holders. Heat capacity was measured in QD PPMS-9
using a standard QD relaxation method.

X-ray and Ultraviolet Photoelectron Spectroscopy.
Our X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) experiments were carried
out in an ultrahigh vacuum (UHV) system with base pressures
less than 2 X 107° Torr, equipped with a hemispherical
electron energy analyzer (SPECS, PHOIBOS 100) and twin
anode X-ray source (SPECS, XR50) with Al K, (1486.7 eV)
radiation at 10 kV and 30 mA, as well as an ultraviolet source
(SPECS, 10/35) He(I) at 21.2 eV radiation. The angle
between the analyzer and X-ray source (and UV source) was

45°. XPS/UPS data were collected along the sample surface
normal before and after Ar* sputtering. Samples were sputtered
under an Ar gas pressure of 2 X 10~ Torr with 2 keV kinetic
energy of Ar" ions for 40 min. The data were analyzed using
Casa XPS. The XPS peak positions were calibrated using
adventitious carbon C 1s at 248.5 eV. The UPS spectra were
calibrated vs the Fermi edge of the Au(111) crystal. To obtain
a clear and accurate secondary electron emission cutoft for
work function measurement, the sample was electrically biased
by —10 V relative to the photoelectron energy analyzer.
Electronic Structure Calculations. To get insight into
the effect of Pd doping on the electronic properties and charge
distribution in Fe,4Pd,,Te,, we performed density functional
theory (DFT) calculations, using the GPAW code.” Starting
from the conventional cubic unit cell (space group Pa3), we
constructed a 2 X 2 X 2 supercell containing 32 Fe and 64 Te
atoms, which provides sufficient size to model the disordered
Pd/Fe distribution. To match the experimental stoichiometry,
12 randomly selected Fe sites were substituted with Pd,
yielding the composition Feg¢,sPd,;,5Te,. We generated five
distinct atomic configurations with the same Pd:Fe ratio but
different Pd arrangements in order to verify that our
conclusions are robust against variations in the dopant
distribution. All calculations employed the experimental lattice
constant of 6.442 A, with atomic positions fully relaxed using
the BFGS algorithm.44 The valence electrons of Fe, Pd, and Te
were described using the projector augmented-wave (PAW)
method** and a plane-wave basis set with an energy cutoff of
600 eV. Exchange-correlation effects were treated within the
PBE-GGA approximation,47 and Brillouin zone sampling was
performed using a 3 X 3 X 3 Monkhorst—Pack k-point grid.**
Atomic charges were evaluated via Bader charge analysis.*’

B RESULTS AND DISCUSSION

Crystal Structure and Stoichiometry. Powder XRD data
at room temperature are shown in Figure la. The data were
taken on pulverized single crystals (Figure la inset). The unit
cell (Figure 1b) is refined in the pyrite structure with space
group Pa3, and lattice constant a = 6.4422(1) A is larger than
that of high-pressure pyrite FeTe, (a = 6.2937(1) A),
FeysoNigsoTe, (a = 6.3541(1) A), or Fey33Pdog,Se, (a =
6.0542(3) A) synthesized using ambient pressure meth-
ods.'”>*° The average atom composition from the EDX
spectrum confirms that the single crystal is homogeneous
(Figure 1c). The measured Fe:Pd:Te atom ratio from multiple
points on different crystals grown in multiple batches using the
Fe:Pd:Te = 1:x:10 ratio was 0.53(5):0.49(4):2.00 for x = 1 and
0.50(7):0.50(7):2.00 when fixing the Te stoichiometry to be 2.
We note that the ambient pressure synthesis of pyrite-type
Fey6(1)Pdg.4(1)Te, is possible using a similar temperature profile
to that of pyrite-type Fegs4(4)Pdgg4(a)Se, albeit with higher
maximal heating and decanting temperatures. On the other
hand, the pyrite phase for Se-based materials forms with a
wider range of Fe/Pd ratios in the starting element
composition.”® In contrast to binary FeTe, and PdTe, pyrite
phases, pyrite-type Fej (1)Pdg4(1)Te, shows enhanced electrical
conductivity and a similar absence of magnetic order.

In the single-crystal X-ray refinement, the occupancy of the
Fe site when set free gave an unphysical deviation from unity
of about 121(1)%. Therefore, in agreement with the EDX data,
Pd was introduced and refined together with Fe on the same
site, showing a Fe:Pd random distribution with a ratio of Fe:Pd
= 0.711(6):0.289. The discrepancy with EDX could reflect
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Figure 1. (a) Powder XRD patterns of Fey()Pdg4;)Te, fit the Pa3
model. Inset: typical single crystal. (b) Schematic view of the crystal
structure projected down [001]. Displacement ellipsoids are drawn at
the 95% probability level. The unit cell is outlined. The corner-shared
octahedra of Te, centered by Fe or Pd atoms, are highlighted, together
with the Te—Te dimers. In pyrite structures, each cation is
coordinated by six anions in a slightly distorted octahedron, and
the anion octahedra are connected by shared corners. Energy-
dispersive spectroscopy (EDS) mapping (c) implies a homogeneous
distribution of Fe, Pd, and Te. The black line below each subpanel is a
25 pm scale bar.

somewhat different Fe/Pd ratios among investigated crystals,
i.e, Fegg(1)Pdg4(1)Te, stoichiometry. The final Fourier map is
featureless with the highest residual density of about 0.77¢”/
A3, situated 1.1 A away from Fe/Pd, and the deepest hole of
about —0.70e™/A3, situated 0.8 A away from Fe/Pd. Further
details of the data collection and structure refinements are
given in Table 1, and the positional and equivalent isotropic
displacement parameters are listed in Table 2. The final refined
structure (pyrite type, Pearson index cP12) is shown in Figure
1b, with anisotropic displacement parameters drawn at the
99% probability level. Fe and Pd atoms share the same atomic

Table 1. Selected Single-Crystal Data Collection and
Structure Refinement Parameters for Fe,,,Pd,sTe,
Measured at 200 K Using A = 0.71073 A”

refined composition Feg 7o) Te,
formula mass (g/mol) 325.20

space group Pa3 (no. 205)
Z 4

a (A) 6.4428(5)

v (&%) 267.44(4)
density (g cm™) 8.08

Hytoka (cm™") 270.0

R, [I>20(1)1° 0.017

wR, [I > 26(I))]° 0.035

APrexmin/e A7 0.77, —0.70

“The corresponding crystallographic information file (CIF) has been
deposited with the Cambridge Crystallographic Database Centre
(CCDC), depository number 2473324. “R; = ZIF,| — IF,I/ZIF,, wR,
= [Z[w(F — FP)?]/Z[w(F2)*]]"? where w = 1/[6*F2 + (0.0134 X P)?
+ (0.0604 x P)] and P = (F3 + 2F2)/3.

Table 2. Atomic Coordinates and Equivalent Displacement
Parameters A” of Fegg(1)Pdo 41y Te,

atom site 7 y z Wy”
Fe/Pd" 4a 0 0 0 0.010(1)
Te 8¢ 0.37025(7) x x 0.014(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor. "Refined ratio Fe:Pd = 0.711(6):0.289.

site; each M atom (M = Fe/Pd) is coordinated by six Te
atoms, forming a distorted MTes octahedron due to the
different radii between Fe and Pd atoms.

Magnetic, Electrical, and Thermodynamic Properties.
Magnetic properties of Fe,Pd,,Te, are shown in Figure 2a,b.
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Figure 2. (a) Zero-field-cooled (ZFC) and field-cooled (FC)
temperature-dependent magnetization measured in 1000 Oe parallel
to the a axis. (b) Magnetic hysteresis curve at S K. Temperature
dependence on ac susceptibility y'(T) measured in the 5 Oe ac field
(c,d). Frequency dependence of T (e). The solid line is the linear fit
to the T data. (f) Time-dependent thermoremanent magnetization
(TRM) at 10 K £, = 100 s measured at the dc field with fittings using
stretched exponential functions (solid lines, see the text). (g)
Magnetic field dependences of 7(s) (full) and 1 — n (open symbols).
(h) Temperature dependence of the resistivity p of single-crystal
Feg s(1)Pdp4(1)Te, from 1.8 to 300 K with Bloch—Griineisen fit (solid
line). The inset shows low-temperature regions with the correspond-
ing fit (solid line, see the text). (i) Heat capacity fitted by the double-
Debye model below room temperature.

We observe the absence of the long-range magnetic order,
relatively large Pauli-like paramagnetic susceptibility, and a
rather small magnetic hysteresis at 5 K. Very small hysteresis
could arise due to impurities, defects, or intrinsic high-
temperature magnetic order. Time-dependent ac magnet-
ization is a good probe of magnetic spin glass systems since
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Figure 3. (a,d) Fe 2p, (be) Pd 3d, and (c,f) Te 3d XPS spectra obtained from Fe4(;)Pd4(1)Te, at room temperature before and after Ar ion

sputtering.

spin interactions cause a highly irreversible metastable state.
The real part of the ac susceptibility shows a weak frequency
dependence (Figure 2¢,d) in an applied ac magnetic field of §
Oe, a relatively broad peak, and a decreasing magnitude of
2/ (T), all consistent with magnetic spin glass behavior.”" From
the frequency dependence of the peak shift, we estimate K =
0.0079(7) using K = ATy/TiAlog f (Figure 3e), in agreement
with the expected value range between 0.0045 and 0.08 of a
spin glass system.”’ Another hallmark of spin glass,
thermoremanent magnetization (Mrryy), is presented in Figure
2f. The sample was cooled from T = 100 K (above Tj) to 10 K
(below Ty) in several different magnetic fields and then held for
t, = 100 s. The magnetization decay Mgy (t) was measured
after the magnetic field was removed. We observe slow
relaxation of Mypy(t) at 10 K, and nonzero values even after
several hours (Figure 2f) also support the presence of spin
glass interactions.”’ The decay is fitted with the formula
M) = Mgexp[—(t/7)'™"], where M, 7, and 1 — n are the
glassy component, the relaxation time, and the critical
exponent, respectively. The 7 decreases with the magnetic
field increase up to 1 kOe, whereas the 1 — n value decreases
with increasing H (Figure 3g). Obtained 1 — # is in line with
the theoretical and experimental values found in other spin
glass materials.”

Figure 2h shows the temperature dependence of the in-plane
(pa) resistivity of Feg6(1)Pdo4(1)Te, single crystals from 1.8 to
300 K. The sample exhibits metallic behavior on cooling at
room temperature. Note that the resistivity linearly increases
when T exceeds about 50 K and shows a resistance minimum
at about 15 K. The generalized Bloch—Griineisen model was
used to express the contribution to the p(T) of materials from
the scattering of conduction electrons due to acoustic lattice
vibrations:>*

s
T 0,/T
p(T) =p, + C[G)_D] /0
(1)

where p, is the residual resistivity from defects and impurities
for T — 0; C is a constant, reflecting the electron—phonon

S
X

CEN

23828

coupling strength; and ©®y, is the Debye temperature. The last
term reflects the contributions from the electron—phonon
interaction. Resistivity fit from 15 to 300 K (red line in Figure
2h) yields p,, C, and Oy, values of 3.6(6) X 107> Q cm,
5.027(7) x 107* Q cm, and 220.1(1) K, respectively. The
result indicates that the dominant scattering mechanism is
electron—phonon intraband scattering, as expected for

. 35,53,54
materials that are not s or sp metals.””

The upturn in resistivity on cooling at low temperatures can
be explained by

p'(T) =p;y — mz’,\/? + (BT* - C,T%?) + BG )
where the p, is the residual resistivity obtained in high-
temperature fits, the second term arises from the Coulomb-
enhanced electron—electron interaction in disordered systems,
the third term denotes the contribution of the strength of
diftusive spin excitation, and the BG term depicts the scattering
of conduction electrons by phonons.” " The p(T) curve
below 15 K can be well fitted by using eq 2 (Figure 2h inset).
This is similar to NiMnSn and CuMn magnetic glass
alloys.35’58’59 The fitting parameters p,’, m,’, B, C;, C’, and
0, are 4.1(3) X 107° Q cm, 1.79(2) X 107° Q cm K2,
11(1) X 107 Q em K72, 8(2) X 107° Q ecm K2, 5.0(1)x
107* Q cm, and 220.1(1) K, respectively. When compared to
NiMnSn and CuMn alloys, the ~+/T is about 1 order of
magnitude higher, implying stronger electron—electron inter-
action effects, similar to that of Fey;;Pd,¢;Se,.>”

At high temperatures (Figure 2i), heat capacity approaches
the Dulong—Petit value of 3NR = 74.8(3) ] mol ™' K™'. Due to
the large atom mass difference between Fe and Pd atoms, in
the full temperature range, heat capacity can be fitted using the
double-Debye model along with a spin-glass term.*”®" The

total specific heat then becomes®”*
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Figure 4. (a,b) UPS spectra for Fey()Pd 4(;)Te, at room temperature and energy range near the Fermi level. (c) Distribution of atomic charges in
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text. Total (d) and (e) atom-projected densities of states of Fe¢,sPdy175Te,.
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where ®p, and ®p, are the Debye temperatures for each
sublattice, s is the number of oscillators in one sublattice, set to
a fitting parameter, and MT? is the spin glass contribution.®!
We obtained the Debye temperatures by assuming N = 3; fit
yields s = 1.03(7)—1, hence there are 2 oscillators in one lattice
and 1 in the other (N = 3, s = 1).” The acquired O}, Op,, M,
and y are 287(3) K, 165(3) K, 4.34(1) X 107! mJ mol™ K3,
and 7.5(2) mJ mol™' K2 respectively. The obtained Debye
temperatures ®p; and ©p, are relatively close to the ones
obtained resistivity fits (Figure 2h). This could indicate that
high-temperature phonon scattering involves both sublattices.
The Debye temperature ®p is smaller than that of of pyrite
Fey33,Pdy e, Se,”” but is similar to KNi,Se,.”

The Wilson ratio Ry = 7°kgyy/3 ugy, where y is the magnetic
susceptibility, ¥ is the electronic heat capacity, kg and uy are
the Boltzmann constant and Bohr magneton, respectively, is a
dimensionless quantity of the order of unity for noninteracting
systems, whereas it takes a value of 2 for strongly interactin
Kondo systems such as for the S = 1/2 Kondo model.®”
From y = 7.8(9) mJ mol™! K™% and y = 0.000185(5) emu
mol™' Oe™, we obtain Ry, = 1.71(3). This is comparable to
LiV,0,, suéggesting the presence of strong electronic
correlations.”

XPS and UPS Properties. XPS spectra of Fey(Pd,,Te,
taken at room temperature are presented in Figure 3a—f, with
Fe, Pd, and Te spectra shown in a,d; b,e; and c,f; respectively.
Data taken before (after) Ar* sputtering are presented in a—c
(d—f). Before Ar* sputtering, the XPS shows that all of the Fe,
Pd, and Te in the surface region, less than 10 nm, are partially
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oxidized. In the Fe 2p spectrum (Figure 3a), the peaks at 706.4
and 719.5 eV correspond to Fe 2p;/, and Fe 2p, ,, respectively,
indicating the presence of metallic itinerant Fe states (Fe’). An
additional doublet of peaks attributed to Fe,O; (Fe®") was
observed at higher binding energies of 710.9 and 724.5 eV due
to prolonged exposure of the crystal to the air, %078 Although
the Pd spectrum shows a negligible difference before and after
Ar* sputtering (Figure 3b,e), in the Te 3d spectrum (Figure
3c), peaks at 572.6 and 583.0 eV correspond to Te 3ds/, and
Te 3d,,,, which are associated with the metallic Te (Te°) zero
valence state. In addition, the doublet attributed to TeO,
(Te*) oxide was observed at 576.0 and 586.4 V.’

The peak positions and shape of the Fe2p and Te3d
observed here are in line with those of the FeTe, crystals with
10% Fe vacancies.” In the Pd 3d spectrum (Figure 3b), the
peaks at 336.2 and 341.5 eV correspond to Pd 3ds,, and Pd
3d;/,. The Pd 3d;,, values for metallic Pd and PdO were
reported in the range of 334.8—335.4 and 336.3—336.8 eV,*”°
respectively. Therefore, the observation suggests a mixture of
the metallic Pd valence state and PdO in the surface region.

To identify the chemical state of each element in bulk, the
sample surface was Ar'-sputtered in order to remove the
oxidized surface layers. The XPS in Figure 3d—f shows that all
of the Fe, Pd, and Te are in metallic states in bulk without
oxidized states as evidenced by the absence of oxidized
doublets of Fe 2p and Te 3d as well as the 0.6 eV shift of Pd 3d
toward lower binding energies. In details, the doublet peaks of
Fe 2p3/, and Fe 2p, /, at 706.5 and 719.6 eV correspond well to
706.7 eV binding energy for metallic Fe 2p, /,, as well as to the
overall spectral shape.”” ®® Compared to the typical metallic
state of Te 3ds,, in the range of binding energies of 572.7—
572.9 eV,°"% the doublet Te 3ds/, and Te 3d;), at 572.4 and
582.8 eV are slightly shifted, about —0.3 eV to —0.5 eV to
lower binding energy. Compared to the typical metallic state of
Pd 3dy/, in the range of 334.8—335.4 eV,°””" the doublets Pd
3ds), and Pd 3d;, at 335.6 and 340.9 eV are slightly shifted by
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+0.2 to +0.8 eV to higher binding energy. The above
observations suggest that the electropositive Pd cations are
surrounded by an electronegative Te atom as expected (Figure
1b). This is consistent with larger electron affinities of Te when
compared to Pd.

The UPS spectrum is depicted in Figure 4a. As depicted in
Figure 4b, the UPS shows the metallic nature at room
temperature, as evidenced by the density of state (DOS) curve
across the Fermi level. The secondary electron emission cutoff
at 16.7 eV, resulting from UV irradiation with a photo energy
of 21.2 eV, indicates that the work function is about 4.5 €V,
which is within the range of the theoretically predicted work
functions for FeTe, (4.23 €V) and FeTeS (4.65 eV).””

Although Te atomic vacancy defects do not change the unit
cell symmetry in marcasite FeTe, we note that metal
deficiency in IrTe, induces a pyrite structure via the
reinforcement of Te—Te bonds via charge decrease caused
by electron depletion in Te—Te antibonding states, thus
leading to Te, pairs.”””’ There is no evidence for metal
vacancies when Pd is substituted on the Fe atomic site in
Fe,¢Pd,Te, (Figure 1 and Table 1). Therefore, Te pairs are
likely induced by a somewhat larger covalent radius of Pd. The
possible mechanism includes a steric effect where Te atoms are
pushed apart by larger Pd favoring more symmetric packing or
changes in directional covalent preferences induced by larger
Pd atoms as in rock salt GeTe alloyed with Sn on the Ge
atomic site.”””> Finally, increased and more delocalized
valence electron count could also lead to a higher unit cell
symmetry due to covalent bond disruption in the parent
structure.”® Pyrite-type FeTe, synthesized at high pressure is a
semimetal, suggesting an increase in conductivity when
compared to marcasite-type FeTe,.'" Therefore, the metallic
state in our sample should be induced by both the higher unit
cell symmetry of the pyrite structure and the increased electron
count and orbital delocalization brought about by Pd atoms.

Electronic Structure. Our DFT calculations reveal no
evidence of Pd-induced charge localization at the Te, dimers,
ruling this mechanism out as the origin of the observed core-
level shift in Te. However, Bader charge analysis presents a
distinct perspective. Both Fe and Pd atoms exhibit 6-fold
coordination with Te nearest neighbors, with calculated Bader
charges of +0.21(1) and —0.23(1), respectively. Each Te atom
is coordinated with three transition-metal atoms (Fe or Pd)
and one Te atom. The Bader charge analysis reveals a
systematic dependence of the Te charge on its local
coordination environment, which can be classified into four
distinct categories based on the number of Fe nearest
neighbors (NNs): (i) Te-3: Te atoms coordinated with three
Fe NNs exhibit a charge of —0.11(2)e, (ii) Te-2: Te atoms
with two Fe and one Pd NN carry a charge of —0.03(2)e, (iii)
Te-1: Te atoms bonded to one Fe and two Pd NNs show a
charge of +0.05(2)e, and (iv) Te-0: Te atoms surrounded
exclusively by three Pd NNs possess a charge of +0.13(2)e.

In contrast, the charges on Fe and Pd atoms remain nearly
constant at +0.2le and —0.23e, respectively, with minimal
variation (+0.01e). This consistency reflects their stable local
environments, at least when only nearest-neighbor interactions
are considered. The histogram (Figure 4c) identifies the
common charges in the system. We note a large Pauling
electronegativity difference between Pd (2.20) and Fe (1.83).
This drives a partial electron depletion from Te atoms when
Pd replaces Fe in their coordination environment, as evidenced
by our Bader charge analysis, since Te charges become

progressively less negative with increasing Pd neighbors. Thus,
the dominant electronic effect stems from the Fe/Pd
substitution, rather than the absolute electronegativity ranking
of Pd and Te. The metallic character of the system, as
evidenced by the UPS spectrum, is further supported by our
DFT calculations (Figure 4d). A detailed examination of the
electronic states near the Fermi level reveals their hybridized
nature. As shown in the atom-projected density of states
(DOS) in Figure 4e, all three constituent elements contribute
to states at the Fermi level, with significant Fe 3d, Pd 4d, and
Te Sp orbital contributions.

In Feyg1)Pdya(1)Te, each Pd atom with Pauling electro-
negativity yp = 2.20 is coordinated by six Te atoms (yp = 2.10),
while each Te is coordinated by three transition metals, Fe (yp
= 1.83), or Pd, thus creating an asymmetry in coordination
number. Although Pd is slightly more electronegative than Te,
its per-bond effective electronegativity is diluted across six Pd—
Te bonds (about 0.37 per bond), whereas each Te turns into a
relatively higher per-bond electronegativity (0.70 per bond), so
Pd 4d electrons shift toward Te (away from Pd) along the Pd—
Te bonds. The intrinsic delocalized nature of 4d orbitals
overlaps with that of Te Sp orbitals in each Pd—Te bond,
expanding the integrated electron volume associated with Pd
and resulting in a total negative Bader charge (—0.23),
enhanced by Te Sp contributions in a relatively large Bader
volume compared to metallic Pd. Meanwhile, since the local
electron density of Pd 4d orbitals redistributes toward Te and
away from the Pd core as well as is symmetrically diluted
across six Pd—Te bonds, the screening of the Pd core levels is
weakened. This reduced screening shifts the Pd 3d levels to
higher binding energy in XPS. Fe exhibits a positive Bader
charge (+0.21) due to partial transfer of Fe 3d electrons to
neighboring Te because of its relative lower electronegativity,
but its itinerant delocalized 3d electrons maintain the metallic
Fe state. Te gains electrons mainly from Fe, producing a
negative Bader charge (—0.11); the increased local density
near the Te nucleus efficiently screens its core, resulting in a
reduced Te chemical state. Thus, coordination numbers, per-
bond electronegativity differences, and the delocalized nature
of d orbitals influence the spatial distribution of valence
electrons and, thereby, govern the chemical states observed by
XPS.

Bader charge analysis provides valuable insight into the
valence electron density redistribution for understanding
chemical states, but it does not always correlate directly with
the chemical states observed by XPS.””~”® Our combined DFT
and XPS study shows that chemical states are governed not
only by the total Bader charge but also by local coordination,
spatial charge distribution, and hence initial-state screening
effects. Thus, Bader analysis and XPS offer complementary
perspectives for a comprehensive characterization of the
electronic structure and chemical states, as demonstrated here.

B CONCLUSIONS

In summary, we report the synthesis of the high-pressure pyrite
polymorph of FeTe, using Pd substitution on the Fe atomic
site using an ambient pressure synthesis method. The pyrite
Feg6(1)Pdo4(1yTe, is a paramagnetic metal with a possible
disorder-induced scattering of correlated electronic states at
low temperatures, arising from magnetic spin glass and
diffusive spin fluctuations. Further interest would be to test
the catalytic properties of this material.
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