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Abstract

We report about the synthesis and characterization of Fe 3(4)Pdy 64(4)Se2 with a pyrite-
type structure. Feg 36(4)Pdp 64(4)Se2 was synthesized using ambient pressure flux crystal growth
methods even though Pa3 is high pressure polymorph for both FeSe, and PdSe;. Combined
experimental and theoretical analysis reveal magnetic spin glass state below 23 K in 1000 Oe
that stems from random Fe/Pd occupancies on the same atomic site. The frozen-in magnetic

randomness contributes significantly to electronic transport. Electronic structure calculations
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confirm dominant d-electron character of hybridized bands and large density of states near the
Fermi level. Flux-grown single crystal alloys in Pd-Fe-Se atomic system therefore open new

pathway for exploring different polymorphs in crystal structures and their novel properties.

INTRODUCTION

Electronic systems where magnetic atoms are in between localized and itinerant are subject of
competing tendencies of carrier hopping between atomic orbitals that promotes itinerancy and
electronic repulsion that stimulates localization. '~ This is of particular interest in superconduct-
ing and thermoelectric Fe pnictides and chalcogenides that feature coexistence of localized and
itinerant d orbitals.*> Whereas external parameters such as chemical substitutions, pressure and
magnetic field are common tuning parameters, different crystal structure polymorphs are seldom
used to tip the balance of interactions due to difficulties in high-pressure materials synthesis and
characterization. %~

Here we use ambient-pressure synthesis methods to grow Feg 36(4)Pdg 64(4)Sez2 single crystal-
s with pyrite structure. Whereas FeSe, and PdSe; crystallize in Pnnm and Pbca space groups
at ambient pressure, respectively, FeSe, and PdSe, polymorphs with pyrite space group Pa3 are
synthesized only at high pressure.!"13 FeSe, synthesized at high pressure is a semiconductor
with zero effective moment U,rr = 0, whereas pyrite PdSe; is 13.1 K superconductor at 21.2 G-
Pa.!%1415 In contrast to end members, magnetic properties of Feg 36(4)Pdo.64(4)Se2 single crystal
alloy indicate weak spin-glass behavior with spin freezing temperature T below 30 K in 1000 Oe.
Phonon-dominated metallic resistivity shows resistance upturn at low temperatures due to addi-
tional scattering caused by frozen-in magnetic randomness in the spin glass state, similar to glassy
quasicrystals. '® Our results suggest that ambient pressure synthesis conditions can be used to syn-

thesize high-pressure polymorphs of transition metal chalcogenides with new emergent properties.



EXPERIMENT

Synthesis.

Single crystals of Feg 36(4)Pdg 64(4)Se2 were grown using flux method for intermetalics from ex-
cess selenium melts with Fe:Pd:Se = 1:1:10 mol ratio.!” Variance of raw materials stoichiometry
among 1:1:10, 1:2:10, 3:1:10 and 1:3:10 resulted also in the pyrite-type crystal structure where
metal stoichiometry was identical to Feq 36(4)Pdg 64(4)Se2 within the resolution of structure and
composition analaysis, suggesting relatively wide region of stability at the Fe-Pd-Se ternary alloy
phase diagram where the only known Fe-Pd-Se compound is FePd,Se, that crystallizes in Ibam
space group. '® 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 to 800
°C and then cooled to 300 °C over 100 hours where crystals were decanted from liquid. Black
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single crystals up to 1.5 x 1.5 x 1.4 mm” can be grown.

Structure and Composition Analysis.

Chemical compositions of crystals was verified by the energy-dispersive x-ray spectroscopy (EDX)
on JEOL LSM-6500 scanning electron microscope. Single crystal measurement using a Bruker
Kappa Apex II diffractometer was performed on a crystal [0.50-0.50-0.30] mm? mounted at the
end of a glass fiber. Data collected at 293 K indicated cubic symmetry and space group Pa3. The
structure of Feg 36(4)Pdg 64(4)Se2 was solved by direct methods. 19 In the least-squares refinement,
anisotropic temperature parameters were used for all atoms. Since the palladium and iron atoms
occupy the same special position, the anisotropic thermal parameters for these two atoms were
constrained to be equal. The data were corrected for absorption using the multi-scan method. Table
1 contains details of the single crystal data collection and refinement. Powder X-ray diffraction data
of the sample were collected by a Rigaku Miniflex X-ray diffractometer with Cu K, radiation (A
=0.15418 nm). The data were used to confirm bulk phase identity and purity of the samples with

RIETICA software.2°



Electrical, Thermal Transport, Magnetic and Mossbauer Measurements.

Electrical and thermal transport, heat capacity and magnetic measurements were carried out in
Quantum Design PPMS-9 and MPMS-XL5. Sample mass and dimensions were measured by
Mettler Toledo XP2U balance and by Nikon SMZ-800 optical microscope with 10 um resolu-
tion. Consequently the relative errors arising from the contact size and position were about 2%
in resistivity and about 1% in magnetic and heat capacity measurements. The relative error for
both k and S was less than 5% based on a Ni standard measured under identical conditions. For
Fe( 36(4)Pdo.64(4)Se2, the measurement of the Mdssbauer effect in was performed in transmission
geometry using a >’ Co(Rh) source calibrated by Fe foil at room temperature (RT). The spectrum
of pulverized crystal was analyzed using WinNormos-Site software package.?! The isomer shift

value is in reference to metallic a-Fe 6 =0.

Electronic Structure Calculations.

The electronic structure of Pdg¢4Feg36Se; was calculated within the density functional theory
(DFT), as implemented in the Vienna ab initio simulation package VASP.22 In VASP, the core
electrons are treated by using projector augmented-wave (PAW) pseudopotentials,?® while the va-
lence electrons are represented via a plane wave set. To model the Pdg g4Fe( 36Se, ternary system,
we searched for lowest energy structures calculating several supercells in 3x1x1, 3x2x1, and
2x2x2 geometry with different spatial distributions of Pd and Fe atoms.

We optimized the lattice parameters of the pyrite-type FeSe; and FePd, end-compounds in the
first step of our calculations. The cut-off energy of the basis set was 350 eV, while a smaller cut-off
of 250 eV was used for the supercells. The k-point mesh for sampling the Brillouin zone was set to
9%x9x9 for the pure systems, and was proportionally reduced for the supercells. The generalized

gradient approximation (GGA) in the improved PBE implementation >*

was employed to describe
the exchange and correlation energy. Before constructing the supercells, the lattice parameter of
Pdo 64Feg 36Se2 (6.117 A) was determined by a linear interpolation of the calculated FeSe, (5.823

A) and FePd, (6.264 A) parameters. All atoms in the supercells were allowed to relax with a force
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criterion of 0.03 eVA!.

K2 code

The hyperfine parameters and DOS calculations were carried out with the WIEN2
in the optimized Pdg ¢4Fep36Se> supercell. WIEN2K is an all-electron code based on the DFT
and augmented plane wave (APW) plus local orbitals (lo), especially suitable for calculations of
electric field gradients and magnetic hyperfine fields where accurate electronic structure determi-
nation is needed. The RK,,,« parameter that determines the size of the APW+lo basis set was 8.
Muffin-tin spheres of 2.43, 2.26, and 2.15 a.u. were chosen for Pd, Fe, and Se, respectively. The
forces between the atoms were converged to less than 0.04 eVA~!. The hyperfine parameters were
then calculated from the self-consistent all-electron charge density.?® The isomer shift of iron was

obtained by matching the electron density at the nucleus with the reference value of bec iron.

RESULTS AND DISCUSSION

Structure and Compostion.

The average atomic composition from EDX spectra confirmed homogeneous crystals with Fe:Pd:Se
= 0.33(4):0.67(4):2.00. The refinement of the structure including the occupancy factors for the
palladium and iron atoms resulted in a formula of Feq 40(4)Pdg.60(4)Se, for the crystal, pyrite-
type crystal structure with space group Pa3, and lattice constant a = 0.60542(3) nm. The formula
Pd0.64(4)Fe0.36(4)Se2, consistent with error bars for both measurement is therefore used through-
out the text. The lattice parameter is larger than those of FeSe, [a= 0.5785(9) nm] with Pa3 space
group prepared at high pressure.!! Powder XRD pattern at room temperature is shown in Fig.
1(a), confirming bulk phase purity, Pa3 space group and lattice parameter a =0.6048(3) nm, in
agreement with single crystal X-ray diffraction.

Crystal structure of Feg 36(4)Pd 64(4)Sez likely features random occupancy of Pd and Fe atoms
on the same atomic position site in the unit cell [Fig. 1(b)]. To verify this, Mdssbauer spectroscopy
was used to provide additional information of the Fe atomic environment in the lattice. Coordi-

nation polyhedra of a metal ion M in MSe, with Pa3 symmetry consists of 6 selenium ions. The
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Figure 1: (a) Powder XRD patterns of Feg 36(4)Pdg 64(4)Se2 and fit to Pa3 model. The data are
shown by (+), fitting and difference curves are given by the red and green solid line below, respec-
tively. Inset shows photo of a typical single crystal. (b) Crystal structure of Feg 36(4)Pdg 64(4)Se2
in Pa3 space group. Metal atoms (Fe,Pd) are coordinated by six Se atoms, forming a distorted
(Fe,Pd)Se¢ octahedron. Note that 2 cell units are shown along the c axis. (c) Mossbauer spectrum
at 294 K of the Fe 36(4)Pdg 64(4)Se2 pyrite type structure. The observed data are presented by the
gray solid circles, fit is given by the red solid line, and difference is shown by the blue solid line.
The absolute value of difference is less than 0.036%. Vertical arrow denotes relative position of
the lowest experimental point with respect to the background, i.e. the relative transmission. The

inset shows the zoom of signal from -2 up to 3 mms ™.



Table 1: Crystallographic Collection and Refinement Data for Feg 36(4)Pdg 64(4)Se2 Single Crystal

Chemical Formula Fe( 36(4)Pdo.64(4)Se2
Formula Mass (g/mol) 244.10
Crystal System Cubic
Space Group Pa3 (No. 205)
a(h) 6.0542(3)
Z 4
Density (g/cm?) 7.306
Temperature (K) 293(2)
Wavelength (A) 0.71073
Volume (A?%) 221.907(19)
F(000) 424
Absorption coefficient (mm ) 40.075
Crystal size (mm) 0.50x0.5x0.3
Theta range for data collection(°) 5.84 ~ 32.55

Limiting indices
Reflections collected / unique
Completeness to theta = 32.55

Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole (e.A™%)
Ry = XIIF, I-IFN/ZIF,|

-9<=h<=9, -9<=k<=9, -9<=I<=9
5719/ 138 [R(int) = 0.0641]
100.0%
Semi-empirical from equivalents
0.7464 and 0.3373
Full-matrix least-squares on F2
138/0/9
1.249

R1=0.0180, wR2 =0.0471
R1=10.0184, wR2 =0.0473
0.041(4)

0.945 and -1.084
WR, = Z[W(IF,*-IF 1) [/Z[wIF, %]

Atom site X y z
Fe 4a 0.5 0.5 0
Pd  4a 0.5 0.5 0
Se 8¢ 0.38441(5) 0.11559(5) 0.88441(5)




regular octahedra is commonly tilted by about 5° from the ideal values and is surrounded by a
metal shell of 12 cations.?8 Assuming random distribution of Fe among the Pd, the number of Fe

in the nearest cation shell (n) is described by the binomial distribution:

P(n) = (12)c"(1—c)12_" (1)

where is ¢ = 1/3. The significant probabilities are obtained for n = 2, 3, 4, 5, and 6. The as-
sumption of multimodal distribution of quadrupole splitting was tested on a 2x2x2 supercell with
random substitution of eleven Pd ions with Fe ions. We then compared the magnitudes of the
largest component of electric field gradient (EFG) tensor (V,,) at Fe nuclei at 0 K. The select-
ed combination gives V,, values between -3.6 and -1.7 10! Vm~2 depending on the number of
Fe ions in the metal shell (NNFe = 1, 2, ... ,6) and on a permutation of their positions within
metal shell. This multimodal distribution of quadrupole splitting (A) is not in agreement with the
analysis of the Mossbauer spectrum, which shows that a model with one doublet is only suitable
[Fig. 1(c)]. The measured hyperfine parameters are: 0 = 0.520(2) mms ! and (A) = 0.230(3)
mms~—!. The width of the two Lorentz lines of the doublet is 0.267(5) mms !, with the line area
ratio of 0.97(3). Unequal line areas occur due to the effect of sample preparation of a crushed
monocrystal. Taking into account that the widest line of the calibrated o-Fe spectrum has a value
of 0.243(3) mms~!, the measured narrow doublet refers to a well ordered equivalent Fe positions
in the Feq 36(4)Pdg 64(4)Se2 pyrite type structure. This implies an uniform distribution of Fe ions
and at the same time excludes the magnetic impurity phases of iron.

This is indeed in agreement with our calculations, where the supercell with the lowest total
energy corresponds to a uniform distribution of Fe atoms within the metal sublattice. Our calcu-
lation at T = 0 K gives chemical shift § = 0.45 mms~!, V,, = -1.61 10*! Vm~2, and asymmetry
parameter 1) = 0.24 (N = |(Vyy — Vix)/Vzz|). For comparison we used the expression for the energy
difference (i.e. A) between the °'Fe ([1=3/2>) sublevels: 2

n2

1
A= eQVi\[ 1+ > )
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According to equation 2 the recalculated value of A = 0.270 mms ™! is obtained by using the >’Fe
nuclear quadrupole moment value of Q = 0.16 b and 1 mms~! = 48.075 neV.?%?° The calibration

constant for °’Fe, o =0.291 mms ™ 'a.u.3

is used to recalculate values of chemical shift §.3° The V,,
calculated result is in good agreement with the experimental result when temperature contribution
is taken into account. The second order Doppler shift correction (dsop) reduces 8cs at T > 0 K.
Hence, the measured 9§ at room temperature (8 = dcs + Osop) could indicate that the Fe 4s orbitals
is more depopulated than the Fe 3d orbitals with temperature increase.>!

It could be useful to compare the Mdssbauer spectroscopy result of Feg 36(4)Pdg 64(4)Se2 to the
end-member FeSe; with pyrite structure. Given that there are no experimental data for pyrite FeSe;
at ambient pressure, we calculated its hyperfine parameters: chemical shift § = 0.477 mms™!,
Vy, = -4.1 102! Vm=2, and n = 0. Using equation 2 we obtain A = 0.682 mms~!, which is
about three times larger when compared to Fe 35(4)Pd 64(4)Se2. In comparison with the results
of hyperfine parameters measured at room temperature on FeX; (X = S, Se) in both pyrite and
marcasite structure, the calculated A of pyrite FeSe; is in agreement with the one of pyrite FeSo,
while chemical shift § corresponds to marcasite FeSe,.3? Even though the Fe site symmetry is
lower in marcasite (Cy;,2) when compared to pyrite polymorph (C3;,3), the values of § and A
are somewhat higher for both pyrite compounds. A more populated 4s state of Fe in marcasite FeS
than in pyrite structure causes larger § at the latter polymorph.3 This might point to the enhanced
hybridization of the chalcogen sp valence states with Fe 3d — e, states.3* While there is covalence
in the iron-chalcogen bond, there is no indication of direct interaction between Fe-Fe ions which
would produce disparity of population among the valence orbitals, i.e. a larger A.> Complete
understanding of our result 6 = 0.520(2) mms~! and A =0.230(3) mms—!) requires further insight
into local crystal structure. Our calculations indicate that the coordination polyhedron around Fe,
as well as around Pd, is not distorted. The Fe-Se distances are distributed over a range of values,

from 0.2366 nm to 0.2513 nm; note that the calculated Fe-Se distance in pure FeSe, is 0.2414 nm.

All Fe-Se distances in Fe 36(4)Pdp 64(4)Se2 are shortened relative to the regular PdSeg octahedron.
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Figure 2: (a) Temperature dependence of resistivity p(7') in zero-field and magnetic susceptibility
x(T) in 1000 Oe of Fe( 36(4)Pdo.64(4)Se2. Zero-field-cooled and field-cooled data are shown by
open and full symbols, respectively. Red line shows high temperature Bloch-Griineisen and Curie-
Weiss fits for p(T') and x (T), respectively. (b) Low-temperature p(7T') (open symbols) and fit (blue
line, see text).
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Electrical and Magnetic Properties.

Figure 2(a) shows the temperature dependence of the resistivity p(7) of Fe( 36(4)Pdo.64(4)Se2. The
sample exhibits metallic resistivity from room temperature down to about 20 K. Further decrease
in temperature results in weak increase in resistivity. The p(7') curve above 25 K can be explained

within the framework of Bloch-Griineisen (BG) model of electron-phonon scattering: >

P(T) = po+Cilgy)* Jo ™" amrfiimemn d 3)

where pg is the residual resistivity from defects and impurities when 77 — 0, and the second
term (BQG) reflects the contributions from the electron—phonon interaction. Cj is a constant re-
flecting the electron-phonon coupling strength and ®p is the Debye temperature of phonons that
take part in the scattering process at high temperature. Good fit [red curve in Fig. 2(a)] indicates
that the dominant scattering mechanism in Fe 36(4)Pdp 64(4)Sez single crystal is electron-phonon
intraband scattering. 35,36 Fitting parameters pg and C; are 0.0999(2) mQ cm, 0.5751(1) m cm re-
spectively, and ®p is about 273.7(2) K. The magnetic susceptibility x(7') of Feq 36(4)Pdg 64(4)S€2
single crystal in magnetic field shows irreversible behavior below 23 K in 1000 Oe indicating
glassy transition [Fig. 2(a)], possibly induced by random occupancy of Fe/Pd atomic sites. The
x(T) above 60 K can be explained by the Curie-Weiss law: x(T) = C/(T-60)+), where C is the
Curie constant, 6 is the Curie-Weiss temperature, and temperature independent x includes core
diamagnetism, Pauli paramagnetism and Landau diamagnetism. The acquired values for C, 6 and
%o are 0.027(1) emu mol~! Oe~! K, -55.75(1) K, and 8.06(1)x10~* emu mol~! Oe~!, respec-
tively. A negative Curie-Weiss temperature indicates dominant antiferromagnetic interactions of
the Weiss molecular field. The effective high-temperature moment acquired from the relationship
Mefr = 2.83 (C/n)%> up (where n = 0.33 is the number of magnetic atoms in a molecular formu-
la Feg 36(4)Pdg 64(4)S€2) is 0.81(1) pp/Fe. The x(T) irreversible behavior is coincident with the
low-temperature upturn in p(7'). This suggests close correlation of changes in bulk magnetic and

transport properties.
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Magnetic contribution to the resistivity in spin glass state can be detected in BT>-C, T5/2 tem-
perature dependence, where coefficients B and C, represent the strength of diffusive spin exci-
tation.” Therefore, electron-electron scattering, and electron-phonon scattering contribute to the

low-temperature resistivity:

p'(T) = py—mNT + (BT? — C,T%/%) + BG “4)

where the p(’) is the residual resistivity, the second term arises from the Coulomb-enhanced
electron-electron interaction in disordered systems,® the third term denotes the magnetic spin
glass contribution, and the BG term depicts the scattering of conduction electron by phonons.
The p(T) curve below 20 K can be well fitted by using eq. (4) [Fig. 2(b)]. This is similar to
NiMnSn and CuMn magnetic glass alloys.**4" The fitting parameters p;, m,, B, C3, C" and @Y,
are 0.1049(1) mQ cm, 1.5572(8) nQ cm K1/2, 3.3992(2) nQ cm K2, 0.1234(3) nQ cm K /2,
0.2580(6) m€2 cm and 269.3(4) K respectively. When compared to NiMnSn and CuMn alloys,
the ~+/T is about one order of magnitude higher, implying stronger electron-electron interaction
effects in Feg 36(4)Pdg 64(2)Se2. 39,40

There is a linear field dependence of the magnetic susceptibility with no hysteresis at 300 K,
an S-shaped loop and weak ferromagnetism in the M-H curve at 1.8 K, typical characteristics of
magnetic spin glass [Fig. 3(a)].#! However, an S-shaped loop also reveals a weak ferromagnetic
component. Weak magnetic states are common in narrow-band materials.*** The overall shape
of the density of states (DOS) of Feq 36(4)Pdg 64(4)Se2 [Fig. 3(b)] is in agreement with possible
weak magnetic polarization of itinerant states. It resembles the pure pyrite-type PdSe, DOS, espe-
cially around the Fermi level, but with considerable overall enhancement. !> This is in contrast to
pyrite-type FeSe,.!'* As expected, Fe states dominate the partial density of states at the Fermi level
whereas Pd contribution is about half when compared to Fe.

The S-shaped M-H curve at 1.8 K, the linear M-H behavior at 300 K and the antiferromag-
netic Weiss temperatures illustrate the complex magnetism in Fe 36(4)Pdg 64(4)Se2. When local-

ized electronic states give rise to magnetic moments in metals, Ruderman-Kittel-Kasuya-Yosida
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Figure 3: (a) Magnetization M-H curves at 1.8 K and 300 K of Feq 36(4)Pdg 64(4)Se2. (b) (top)
Calculated density of states (DOS) for pyrite Feg 35(4)Pdg 64(4)Se2 using GGA. (bottom) Projected
density of states (PDOS) for Fe and Pd d-states in Fe 36(4)Pdp 64(4)Se2. The vertical dashed line
denotes the Fermi level. (c) Temperature dependence of ac susceptibility ¥’ (7) measured at four
different frequencies in 1 Oe ac field. (d) Frequency dependence of Ty. The solid line is the linear
fit to the Ty data. (e) Thermoremanent magnetization (TRM) as a function of time at 10 K 7,, =
100 measured at dc field with fittings using stretched exponential function (solid lines). (f) H-field
dependence of 7(s) (open squares) and 1 — n (solid squares).
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(RKKY) interaction mechanism could result in ferromagnetic (FM) or antiferromagnetic (AFM)
order, depending on the magnetic moment distance and carrier density. %6 It is likely that there is
a competition between ferromagnetic and antiferromagnetic interactions among localized states in
Fe( 36(4)Pdo.64(4)Se2 due to random and different Fe-Fe distances and carrier concentration changes
in the investigated temperature range.

In a magnetic spin glass, spin interactions result in a highly irreversible and metastable state
which is sensitive to time-dependent/ac magnetization. The peak in the real part of the ac sus-
ceptibility x'(T) shows strong frequency dependence in an ac magnetic field [Fig. 3(c)]. As the
frequency increases, the peak positions shift toward higher temperatures whereas the magnitude
of x'(T) decreases. This is a typical spin glass behavior.*! From K=AT ¢/ TyAlogf, from the
frequency dependence of the peak shift fits we obtain K = 0.035(1) [Fig. 3(d)]. This value is con-
sistent with the values between 0.0045 and 0.08 expected for a conventional spin glass system.*!
Figure 3(e) presents the magnetic field dependence of the thermoremanent magnetization (TRM).
The sample was cooled from T = 40 K (above Ty) to 10 K (below Ty) in different magnetic fields,
and then held for #,, = 100 s. Then, the magnetic field was removed and the magnetization decay
Mgy (t) was measured. It is found that Mgy (¢) decays slowly at 10 K; its value is nonzero
even after several hours as expected for a spin glass.*! The decay can be fitted with the formula:
Mrry(t)= Moexpl-(t/7)' "], where My, T and 1-n are the glassy component, the relaxation time
and the critical exponent respectively. The acquired 7 decreases up to 1 kOe and increases abruptly
at 5 kOe, while 1 — n value decreases with increasing H [Fig. 3(f)]. The attained 1 — n value is in
accordance with theoretical and experimental values found in other spin glass materials.*’

Similar frequency dependence of ac susceptibility x'(7) is also sometimes observed in su-
perparamagnetic materials,*® however the relation between T 1 and f for the Feg 36(4)Pdg 64(4)Se2
follows the Vogel-Fulcher expression (27f y = Toexp(A/(T ]»—Tg).49‘51 Here 7( is the microscopic
flipping time of fluctuating spins, A is the energy-related parameter, and T’ is the spin-glass transi-
tion temperature. Good data fit [Fig. 4(a) inset] supports the spin glass state in Feq 36(4)Pd 64(4)Se2

single crystals. The fitting parameters 7o and T’y are 1.63 X 1078 s and 22.54 K. In addition, for
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spin-glass systems, Ty ~ f curve agrees with a critical power law Qrf)~! = To(T /T g—l)*zv,41
where z is the dynamical exponent and v is the correlation length critical exponent. A good fit is
presented in Fig. 4(a) with parameters 7o = 3.89x 1077, T,=238Kand zv =9.0.

The zv value is within the 5 ~ 10 range expected for canonical spin glasses.*! The 7, values
obtained by the Vogel-Fulcher model and the critical power law are somewhat different from the

10719 - 10713 5 in typical spin-glass systems, >3

whereas they are similar to those observed in
frustrated ZnFe,Oy4 (tg = 108).2! The larger 7 likely arises from the frustration since, when com-
pared to conventional spin-glass systems, geometrical frustration strengthens the spin correlations

and enhances 7.>*

Thermodynamic and Thermal Transport Properties.

Figure 4(b) displays the temperature dependence of specific heat for Feg 36(4)Pdg 64(4)Se2 single
crystal. The absence of anomaly in thermal properties rules out the dominance of Kondo effect in
scattering mechanism in magnetic glassy state. At high temperature, the heat capacity approaches
the Dulong-Petit value of 3NR (where N = 3 is the atomic number in the chemical formula and
R is the universal gas constant 8.314 J mol~! K~1). From the fit using the formula Cp/T= v+
BT? at low temperature [inset in Fig. 4(b)], the linear coefficient of specific heat ¥ is 8.34(6) mJ
mol~! K~2. From 8 = 0.13(5) mJ mol~! K—*4, the Debye temperature is @pc =(127*NR /5)!/3 =
306.4(2) K. However, considering large atom mass difference between Fe and Pd atoms, it is also
instructive to consider specific heat in the whole temperature range using double-Debye model:
Co(T) =Y'T +9R(N — 5)(——)° /0 ®DI/T("LCJX

Op exX — 1)2 5)

T Om/T  yA4p*
9Rs(—)3 / = _dx+MT?
+ s(®D2) A e X+

55,56 ¢ is the number of

where ®p; and Op, are the Debye temperature for each sublattice,
oscillators in one sublattice (set to a fitting parameter), and the last MT? term denotes the contri-

bution from the spin glass.?’ The Cp(T) curve can be fitted well by using this model [Fig. 4(b),
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Figure 4: (a) Plot of log(T/T,-1) vs. log(f) with the best fitting based on the critical-power law
for Feq 36(4)Pdg 64(4)Se2, the inset shows 1/(Tf-Te) vs. In(f) and the best fitting with Vogel-Fulcher
expresion. Temperature dependence of the heat capacity (b) and thermopower (S, left axis) and
thermal conductivity (k;, right axis) (c) of Feg 36(4)Pdg 64(4)Se2 single crystals. Insets show low-

temperature region.
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red line]. The obtained s, ¥, ®p; and Op, are 0.98(1), 6.03(1) mJ mol~! K2, 242.1(1) K, and
560.3(1) K, respectively, whereas M = 0.023(1) mJ mol~! K3, This points to weak electronic
mass enhancement and strong magnetic excitation component of linear specific heat. Moreover
Debye temperature is in accordance with resistivity measurement [Fig. 1(a)] indicating that most
phonons take part in the scattering process at high temperature.

Thermopower S and thermal conductivity k of Fe 36(4)Pdg 64(4)Se2 are smaller than in marca-
site FeSe; or pyrite RuSe; [Fig. 4(c)].”%>° The sign of S(T') indicates that the electron-like parts of
the Fermi surface are dominant in electronic transport. The smaller values of thermal conductivity

could be explained due to the alloy disorder that contributes to scattering of heat-carrying phonons.

Electronic Structure.

In Fe( 36(4)Pdg.64(4)Se2 itinerant electrons have substantial d-character in hybridized bands with
enhanced DOS near the Fermi level that could promote weak Stoner enhancement [Fig. 3(b)]. At
the same time, Fe/Pd atoms are randomly distributed on metal sites, contributing to emergence
of spin glass. It should be noted that the alloying in between FeSe; and PdSe, creates not only
simple random distribution of atoms but also significant change in bond energies and ethalpies of
formation so that high-pressure polymorph is stabilized. The alloying decreases the two long M-
Se (M=Fe, Pd) distances of ambient pressure orthorhombic Pbca PdSe, and Pnnm FeSe; around
each M atom to form six equivalent M-Se bonds of Pa3 Feol36(4)Pd0.64(4)Sez.10’11 This is in a-
greement with chemical pressure effect. In PdSe, pyrite structure is favored for unit cell volumes
below 0.250 nm?. 1% Moreover, pyrite-type crystal structure features face-centered cubic (fcc) AB,
lattice where magnetic interactions are frustrated when the next-nearest-neighbor interactions are

t. 60-63

significan Both randomness and frustration contribute to the formation of the spin glass

phase and therefore magnetic frustration could also be important for stabilization of spin glass in

Feg 36(4)Pdo.64(4)Se2, as discussed above in the magnetic properties section. %4
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CONCLUSION

To summarize, we have synthesized single crystals of Fe( 354)Pdg 64(4)Se2 with pyrite structure
with random distribution of Fe/Pd atoms on metal sites. Weak magnetic spin glass is established
at low temperatures whereas magnetic scattering stemming from frozen-in magnetic moment ran-
domness is dominant in the glassy state. Pyrite structure for FeSe, and PdSe, commonly forms
only at high pressures, suggesting that chemical pressure effects in Feg 36(4)Pdg 64(4)Se2 are impor-

tant in stabilizing high-pressure polymorph.
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Figure 5: (TOC graphics and synopsis) Whereas pyrite structure is a high-temperature polymorph
for both FeSe, and PdSe;, here we report synthesis of pyrite Feg 36(4)Pdg 64(4)Se2 single crystals
using ambient pressure chalcogenide flux. By combining experimental and theoretical methods,
we show that Feg 36(4)Pdg 64(4)Se2 features magnetic spin glass state. The emergent property of
polymorph alloy is different from those of the end members and it stems from random occupancies
of metal atoms on the same atomic state.
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