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The electronic structure of Ag,MogSe11 as potential material for thermoelectric applications was
studied using high-energy-resolution fluorescence-detection x-ray absorption spectroscopy (HERFD-
XAS) and resonant inelastic x-ray scattering (RIXS) technique. The experiments were supported by
first-principle calculations using density functional theory (DFT). The analysis of obtained spectra
indicate the presence of subvalent (less than 14+) Ag in the Ag;MogSei1. The advanced HERFD-
XAS measurements allowed us to resolve the contribution of the electronic states at the Fermi level
of Ag,MogSei1 and monitor its dependence on the z value. Comparison of the experimental data
with the results of the DFT calculations suggests an importance of the Ag2-type sites with the
shortest Ag-Se distance for affecting the properties of AgzMogSess.

I. INTRODUCTION

Chevrel-phase related compounds' have became
known for their superconducting properties. Ternary
chalcogenides, such as M;MogQgs, where Q = S, Se, Te
and M can be simple or transition metal or rare-earth,
exhibit superconducting transition temperatures ranging
up to 15 K with high critical magnetic fields.?> The Mog
cluster compounds have also turned to be a good material
for producing the quasi-1D superconductors*® and some
of the Mog-based compounds have been recently shown to
exhibit interesting topological properties.” Compounds
with Mo clusters with nuclearity ranging up to 36 (Ref.®)
have been synthesized and besides the studies of their su-
peconducting properties, the research efforts have been
made to assess thermoelectric properties of the Mo-
cluster materials.% 1!

Recently, the dimensionless thermoelectric figure of
merit ZT of ~0.65 was found for Ag,MogSe;; (=3.8 or
3.9) at 800 K (Refs.'214) which is a significant improve-
ment over the best previously known value in the Chevrel
phase family. For this Ag,MogSe;; system, the low ther-
mal conductivity, comparable to values observed in state-
of-the-art thermoelectric materials, was obtained. While
such low thermal conductivity was assumed to be due
to the strong disorder induced by the Ag atoms com-
bined with their high ability to vibrate about their equi-
librium positions, it is not really clear how the Ag dop-
ing affects the electronic structure of the system. The
reported density functional theory (DFT) calculations of
the electronic structure of Ag,MogSe; predict the rigid-
band model behavior when the Ag content varies'? but
some experimental data, such as the results of the spe-

cific heat measurements,'® indicate that the rigid-band
approximation'® may not be fully applicable for this sys-
tem.

The validity of the the rigid-band approximation,
which is often used in calculating the thermopower in
doped narrow band semiconductors, has been discussed
with respect to potential materials for thermoelectric ap-
plications, such as selenides, tellurides and half-Heusler
compounds, in a number of publications (see Refs.1619
and references therein). However, there is no consensus
on the extent of the applicability of this approximation.

In our study, we employed the advanced x-ray spec-
troscopic techniques, such as high energy resolution fluo-
rescence detection (HERFD) mode of x-ray absorption
spectroscopy (XAS) and resonant inelastic x-ray scat-
tering (RIXS) to probe the electronic structure of the
Ag,.MogSe;; system. The experiments were also sup-
ported by DFT calculations and the results are not in
favor of the rigid-band model behavior. The improved
resolution of the HERFD-XAS compared to conventional
XAS allowed us to not only more efficiently study the
chemical state of inserted Ag in Ag,MogSe;; but to re-
solve the structures in the spectra of the Ag Lo and Se K
edges corresponding to the contributions of the unoccu-
pied Ag and Se states at the Fermi level in Ag,MogSe1;
and to monitor their changes with varying x.

II. EXPERIMENTAL METHODS

The samples used in the present work were the same
as those used for low-temperature transport proper-
ties measurements in Ref.'4. The two polycrystalline



Ag,MogSeq; samples with nominal compositions x = 3.4
and 3.9 were synthesized in an argon-filled glove box. In
a first step, the binary MoSes was synthesized from Mo
(99.999%) and Se (99.999%) powders in a sealed, evac-
uated silica ampule heated at 800°C for 48 h. Prior
to use, Mo powder was heated under Hy flowing gas
at 1000°C for ten hours to eliminate possible traces of
oxygen. The Ag,MogSe;; compounds were synthesized
from stoichiometric amounts of elemental Ag (99.999%),
Mo and MoSe; powders sealed in evacuated silica tubes
and heated at 950° for 48 h. The ingots were ground
into micron-sized powders and densified by spark plasma
sintering at 1050° under a uniaxial pressure of 80 MPa
during 10 min. The relative density of the pellets was
determined to be above 95% for both samples.

Powder X-ray diffraction patterns were recorded by us-
ing a Bruker D8 Advance diffractometer (Cu K«y radi-
ation; A = 1.5406 A). Both samples crystallize in the or-
thorhombic space group Cmcm, in agreement with single-
crystal data. Electron probe microanalysis was used to
determine the actual chemical composition for each sam-
ples. While a good correlation between the nominal and
actual compositions was found for the x = 3.4 sample
(actual x = 3.41), these analyses revealed that the actual
Ag content is slightly lower (z = 3.71) than the nominal
one in the z = 3.9 sample. Hereafter, the samples will
be labeled by their actual Ag contents.

The spectroscopic measurements were performed
at beamline ID26 of the European Synchrotron in
Grenoble.?? The incident photon energies were selected
using a double Si(111) crystal monochromator. Higher
harmonics were suppressed by two Si mirrors operating
in total reflection. The photon beam was focused down
to 50 x 250 pm? and directed on a sample, the directions
of the incident and emitted photons were 45° relative to
the sample surface.

The XAS spectra were measured in the HERFD mode
using an Johann type point-to-point focusing x-ray emis-
sion spectrometer.2! The sample, crystal analyzer and
avalanche photodiode detector were positioned on the
vertical Rowland circle of 1 m diameter. The Ag HERFD
spectra at the Lo edge were obtained by recording the
maximum intensity of the Ag LB1 (2p1/2 — 3d3/o tran-
sition) x-ray emission line at ~3150.5 eV as a function
of the incident energy. The emission energy was selected
using the <440> reflection of four spherically bent Ge
crystal analyzers (with 1m bending radius) aligned at
80° Bragg angle. The intensity was normalized to the
incident flux. The overall combined (incident convoluted
with emitted) energy resolution of ~0.4 eV was obtained
as determined by measuring the full width at half maxi-
mum (FWHM) of the elastic peak.

To measure the Se HERFD-XAS spectra the emission
spectrometer was tuned to the top of the Se Koy X-ray
emision line (~11224 ¢V) and intensity was recorded as
a function of the incident energy. The x-ray emission
energy was selected using the <844> reflection of a Si
crystal analyser aligned at 85° Bragg angle. The total

overall experimental resolution was estimated to be ~
1.9 eV.

The Ag L3-My 5 RIXS maps were recorded using a Jo-
hansson type in-vacuum tender x-ray emission spectrom-
eter 22. The spectrometer uses off-Rowland circle target
position combined with position sensitive detection of x-
rays. In our experiment, the sample was placed at a dis-
tance of 42 cm in front of the diffraction crystal, the first
order reflection of the Si(111) crystal with 0.5 m Rowland
circle radius was used, and the diffracted photons were
detected by a thermoelectrically cooled (—40°C) CCD
camera with 22.5 x 22.5 yum? pixel size.

III. COMPUTATIONAL DETAILS

The electronic structure was modelled using density
functional theory as implemented in VASP (Vienna Ab
initio Simulation Package) using pseudopotentials and

the projector augmented-wave method for the basis
set23-27

The starting crystal structure?® was taken from Inter-
national Crystallographic Structural Database (ICSD)2°
(icsd no. 38309) and the geometry was relaxed in two
steps. In the first step only the atoms were allowed to
relax and in the second step only the volume was allowed
to relax. For both cases the relaxation was stopped when
the forces acting on each atom was less then 0.05 eV/A.
The plane wave cut-off used was 250 eV (i.e. the largest
default value for Ag, Mo and Se as provided in the VASP
datasets). The k-point mesh was generated so that the
distance between k-points was less than 0.14 A~1 in each
reciprocal lattice vector direction. The electronic ground
state was converged to 1E-6 eV.

The supercell included 18 Mo atoms, 22 Se atoms and
8 positions for four inequivalent Ag-atom types. The
Agl, Ag2, Ag3 and Ag4 notations, which we use in the
present paper, correspond to those from Ref.?®. The pref-
erential occupancy of different inequivalent Ag sites in
Ag,MogSe; was taken into account in our calculations
in accord with Ref.!? (see Supporting Information sec-
tion) where the largest occupancy was found for the Agl
sites and second large occupancy for Ag3 from the anal-
ysis of the x-ray diffraction data. The calculations were
performed for the z values varying from 0.5 to 4.0 with
the 0.5 step. On going from the z = 3.0 compound to
the x = 4.0 compound, the increase in x in calculations
was provided by populating only the Ag4 sites in accord
with experimental data from Ref.'. Thus, the supercells
for x = 3.5 and x = 4.0 in Ag,MogSe;; contained 47 and
48 atoms, respectively. For x = 3.5, Ag populated 4 Agl
(8f), 2 Ag3 (8f) and 1 Agd (16h) sites. For z = 4.0, 1
additional Ag4 (16h) site was populated. Since the Ag2
occupancy was found to be the smallest in Ag,MogSe;
(Ref.'%), it was entirely neglected in the calculations to
avoid a further increase in the supercell size.
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FIG. 1: X-ray absorption spectra recorded in the high energy
resolution fluorescence detection mode (HERFD-XAS) at the
Ag Lo edge of Ag foil, Ag20O, AgO and Ag,MogSe11 (z=3.41
or 3.71).

IV. RESULTS AND DISCUSSION

Fig. 1 displays the HERFD-XAS spectra recorded at
the Ag Lo edge of Ag foil, AgoO, AgO and Ag,.MogSeq;
(z=3.41 or 3.71). The spectra were normalized at ~3590
eV. The spectra appear narrower and with better re-
solved structures compared to the conventional XAS
spectra (see the data for a number of reference Ag com-
pounds in Refs.??3). This is because the HERFD-XAS
technique leads to a reduction of the core-hole lifetime
broadening of the spectra. In HERFD-XAS measure-
ments at Ag Lo 3 edges, the 2p core hole (in the final
state of conventional XAS) is replaced by the 3d core
hole in the final state of the spectroscopic process. This
results in significantly better resolution because the 3d
core hole lifetime broadening (FWHM) is estimated to
be ~0.3 eV3? versus ~2.2 eV for the 2p core hole. Such
an improvement for the XAS measurements at the Ag Lo
edge has been observed in Ref.40.

At first glance, it seems that the Ag Lo edge shifts to
the low energy side when going from Ag metal to Ag,O
and to AgO. This behavior contrasts with the general
behavior of the x-ray absorption edges with changing ox-
idation state of the transition element. Similar behavior
is observed for the Cu Lo 3 edges, i.e. the shift to the
low energy side when going from Cu(0) to Cu(I) and to
Cu(II) compounds (see, for example, Refs.*1743 and refer-
ences therein). However, Behrens et al.3? have argued for
the case of Ag that the first peak (or white line) in the Ag
L3 XAS spectra of AgoO and to AgO develops as a results
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FIG. 2: Resonant inelastic x-ray scattering (RIXS) maps
around Ag La; and Las x-ray emission lines of AgO, Ag,O
and Agy;MogSe11 (z=3.41 or 3.71).

of the appearance of the unoccupied Ag 4d states due to
chemical bonding while for Ag metal, the first Ls XAS
structure has the 5s nature because the 4d is expected
to be filled. Their conclusions have been supported by
earlier band structure and XAS calculations®® for Ag,O.
Behrens et al.3? have studied a number of Ag compounds
and concluded that the intensity of the first Ag L3 XAS
structure/peak depends on the Ag oxidation state and
degree of localization/delocalization of electronic states.

Miyamoto et al.3¢ have performed measurements on a
series of the Ag(I) compounds and found that the first
Ag L3 XAS structure is proportional to the degree of co-
valency in chemical bonding. In contrast to the conclu-
sion of Ref.32, they have argued that this structure has
the 5s origin. However, the latter statement is in con-
tradiction with the reported results of various ab-initio
calculations39-33:35:37 which indicate a significant contri-
bution of the Ag 4d states to this structure. Furthermore,
the calculations of the matrix elements for the Ag 2p—4d
and 2p—5s transitions®® as well as for the Cu 2p—3d and
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FIG. 3: Total and partial densities of states of Ag,MogSei1
for z = 0.5. Only Agl sites assumed to be occupied. Zero eV
corresponds to the position of the Fermi level.

2p — 4s transitions*® have obtained much smaller values
for transitions to the s states. Bovenkamp®” has pointed
out the dependence of the energy position of the white
line in the Ag L3 XAS spectra of various Ag systems
on the electronegativity of the atoms in the first coordi-
nation shell of the Ag atom. The white line maximum
has been found to shift to higher energies with decreas-
ing electronegativity of the neighboring atoms and based
on comparison with FEFF calculations®” it has been ex-
plained to be due to a shift of the Ag 4d contribution to
the white line. The same considerations can be applied
for the analysis of XAS spectra at the Ag Lo edge.
While it has been assumed that Ag in the Ag,MogSeq;
system is in the Ag(I) state!? ' the results of our
HERFD-XAS measurements reveal a more complex sit-
uation. Referring to the discussed above sensitivity of
the white line to the Ag oxidation state and charac-
ter of chemical bonding, the observed energy position
and relative intensity of the Ag Lo HERFD-XAS line at
~3527.5 eV of the Ag,MogSeq; (x=3.41 or 3.71) samples,
as compared to the lines in the spectra of Ag, AgoO and
AgO, suggest a subvalent nature of the Ag atoms (less
than 14) in the Ag,MogSe;; system. An oxidation state
lower than 14 indicates an incomplete charge transfer
from the 5s and 4d electrons of Ag to the neighboring Se
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FIG. 4: Total and partial densities of states of Ag,MogSei1
for = 3.0. Zero eV corresponds to the position of the Fermi
level.

atoms. Thus, these electrons rather belong to the 5s and
4d bands because of the degree of delocalization of the
electronic states which is quite significant in comparison
with AgoO and to AgO.

The degree of localization/delocalization of the elec-
tronic states can be also assessed from the core-to-core
RIXS 2D-maps. Since such maps were not recorded dur-
ing experiments at the Ag Lo edge, they were obtained
for the Ag L3 edge using a Johansson type spectrometer
22 Fig. 2 compares the RIXS maps measured around the
Ag Loy, ag (Lg-My 5) x-ray emission lines for AgO, AgoO
and Ag,MogSe;; with £=3.41 and =3.71, respectively.
The resonating diagonal lines on these maps correspond
to the RIXS component which has the constant energy
loss for scattered photons and follows the increasing in-
cident photon energy. The sharpness of such diagonal
lines and the range of their extension on the incident
photon energy scale is defined by the degree of the local-
ization of the Ag 4d states participating in the 2p — 4d
excitation-3d — 2p deexcitation process. On going from
AgO to AgyO and further to Ag,MogSe;;, these diag-
onal lines become more smeared out and less extended
towards higher incident photon energies. Furthermore,
in Ag,MogSej;, most of the spectral intensity goes to
the non-dispersive fluorescence-like line at the constant
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FIG. 5: Total and partial densities of states of Ag,MogSei1
for x = 3.5. Zero eV corresponds to the position of the Fermi
level.

emitted energy in comparison with AgO and Ag,O. Such
a behavior of the RIXS patterns also indicates that the
Ag valence states in the Ag,MogSej; system are much
more delocalized /itinerant compared to those in AgO and
AgQO

To examine the changes in the electronic structure of
the Ag,MogSe;; upon gradual Ag doping, the DFT cal-
culations were performed for the x values varying from
0.5 to 4.0 with the 0.5 step. The calculated total and
partial densities of states of Ag,MogSei; for some x val-
ues are displayed in Figs. 3-6. In agreement with cal-
culations in Ref.!4, our calculations indicate a metallic
ground state for x < 4.0 while, for £=4.0, a semicon-
ducting state with a band gap of 0.7 €V is reached. By
comparing the results of calculations for various x, we
can see that the Ag doping mostly affects the Se states
in the valence band. This is not surprising because the
Ag atoms are mainly introduced into the MogSe;; lattice
voids close to the Se atoms'? ' leading to changes in the
distribution of the Se states via hybridization with the
Ag states in the valence band.

Taking into account some changes in the DOS and be-
havior of the Fermi level with increasing x, our calcula-
tions do not really support the validity of the rigid band
model in the Ag,MogSe1; system. Although, the shift of
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FIG. 6: Total and partial densities of states of Ag,MogSei1
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the Fermi level seems to be gradual and proportional to
the varying Ag content from z = 0.5 up to z = 3.5 (see
Fig. 7), this shift suddenly shows a significant increase
on going from z = 3.5 to = 4.0. In the latter case, the
shift is more than a half of the entire shift observed when
x varies from x = 0.5 to x = 3.5.
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FIG. 7: Total densities of states of Ag,MogSe;; for various
x. Zero eV corresponds to the position of the Fermi level.
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FIG. 8: Experimental Ag Lo XAS spectrum of Ags 41 MogSei1
compared to the calculated spectrum and unoccupied Ag d-
and s-DOS of Ags sMogSei11. The calculated spectrum is ob-
tained by broadening the Ag d-DOS to account for experi-
mental resolution.

A comparison of the broadened unoccupied DOS of
Ag in Ag,MogSe;; with HERFD-XAS spectra recorded
at the Ag Ly edge (Figs. 8, 9) shows that our calculations
describe the experimental data fairly well. The HERFD-
XAS spectra were brought onto the binding energy scale
using the elastic peak in the valence-to-core RIXS spec-
tra at the Ag Lo edge and aligning the maximum of the
Ag L~ line with the gravity center of the occupied Ag
4d DOS. The results of the calculations reveal that all
the structures in the Ag Lo HERFD-XAS spectra are
described well by the distribution of the unoccupied Ag
d DOS. On the other hand, the major structures of the
unoccupied Ag s DOS do not coincide with the spectral
structures thus indicating significantly lower Ag s con-
tribution to the measured spectra compared to the Ag
d states, in accordance with conclusions about the ma-
trix element ratio between the Ag 2p — 4d and 2p — 5s
transitions in Ref.33.

The first structure in the Ag L, HERFD-XAS
spectra of Ag,MogSe1; (=341 and z=3.71) is ob-
served at ~3524.5 eV (Fig. 1). This structure is
fairly weak in Ags 71MogSej; and somewhat stronger in
Agsz 41MogSe;;. When the Ag Lo HERFD-XAS spectra
of Ag,MogSej; are brought to the binding energy scale
(Figs. 8, 9), it becomes clear that their first structure cor-
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FIG. 9: Experimental Ag Lo XAS spectrum of Ags 71 MogSei1
compared to the calculated spectrum and unoccupied Ag d-
and s-DOS of Ags.oMogSei11. The calculated spectrum is ob-
tained by broadening the Ag d-DOS to account for experi-
mental resolution.

responds to the contribution of the Ag states at the Fermi
level. Ags 71MogSeq; is close to the x=4.0 composition
with the predicted semiconducting behavior, therefore it
is expected that the intensity of the first structure should
be lower than that of Ags 41 MogSeq;.

Since the DFT calculations for Ag,MogSe;; were per-
formed with the 0.5 eV step in the varying x value, the
measured spectra of Ags41MogSer; and Ags 71 MogSery
in Figs. 8-10 were compared with the results of the calcu-
lations for compositions close to those used in the mea-
surements, i.e. AgzsMogSer; and Agy oMogSe;q, respec-
tively. Ags.oMogSeq; is predicted to be a semiconductor
by the calculations with the Fermi level positioned at the
top of the valence band, therefore the first structure, cor-
responding to the contribution of the states at the Fermi
level is entirely missing in the calculated XAS spectrum
at the Ag 2p edge of AgyoMogSe;; in comparison with
a small peak at zero eV observed in the HERFD-XAS
spectrum of Agsr71MogSer;. Otherwise, agreement be-
tween the experimental data and results of calculations
in terms of the spectral shape for Ag in Ag,MogSe;; is
fairly good.

For Se in Ag,MogSe;1, the calculations also reproduce
the differences in the shape of the main structures of
the measured Se K edge between Ags41MogSe;; and
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FIG. 10: Experimental Se K XAS spectra of Ag,MogSei1
for x=3.41 and x=3.71 compared to calculated spectra and
unoccupied Se p-DOS of Ag,MogSeq1 for z=3.5 and x=4.0,
respectively.

Ags 71MogSer; (see Fig. 10), in particular in the region
of around 5-7 eV. The calculated unoccupied Se 4p DOS
of AgssMogSei; is peaking at the Fermi level and this
gives rise to a clear enhancement of the intensity at zero
eV of the calculated Se K XAS spectrum of the x = 3.5
compound compared to the z = 4.0 compound (Fig. 10).
As in case of the Ag Ly edge, the improved resolution of
the HERFD-XAS spectra at the Se K edge allows one to
observe the contribution of the Se 4p states at the Fermi
level of Ag,MogSe;; as a larger spectral weight around
zero eV for Ags 41 MogSe;; compared to Agz 71 MogSer.

Similar behavior of the unoccupied Ag and Se states
at the Fermi level (i.e. degreasing contributions at Ep
with increasing x) indicates the high degree of the de-
localization of electronic states in the Ag,MogSe;; Sys-
tem so that the electrons of Ag and Mo go to the band
rather than participate in the ionic bonding with Se. A

comparison of the intensity of the structure at the Fermi
level in the calculated and measured XAS spectra of
Ags 41MogSer; (Figs. 8, 10) shows that the calculations
predict somewhat higher hole concentration than what
is observed in experiment. A possible reason for such a
difference could be a neglect of the finite occupancy of
the Ag2 sites in Ag,MogSe1; in the calculations. While
the Ag2 occupancy is the smallest in comparison with
Agl, Ag3 and Ag4 sites (see Supporting Information sec-
tion in Ref.!4), the Ag2 atoms have the shortest Ag-Se
distance?® in Ag,MogSe;1. Therefore, this can be viewed
as an indication of the Ag2 importance for affecting the
properties of Ag,MogSe.
V. CONCLUSIONS

The use of the advanced x-ray spectroscopic technique,
such as HERFD-XAS, allowed for resolving the impor-
tant spectral structures at the Ag Lo and Se K edges of
Ag,MogSe1 not observable in conventional XAS spec-
tra. In particular, structures which represent the contri-
butions of the unoccupied Ag and Se states at the Fermi
level. The variation of these contributions with increas-
ing z follows the trend predicted by the DFT calculations
while our results show that a rigid-band approximation
is not fully applicable in Ag,MogSe;;. Inserted Ag in
Ag,MogSe1; was found to be rather subvalent than in
the Ag(I) state and the analysis of the data suggests the
importance of the Ag2 atoms with the shortest Ag-Se
distance for influencing the properties of Ag,MogSeq;.
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