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high-pressure potassium silver alloys
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The high-pressure structures of K-Ag alloys were examples of pressure-induced electron transfer from
the electropositive potassium to the electronegative silver. We re-examined the crystal and electronic
structures of KAg,, KoAg, and KsAg using powder X-ray diffraction and theoretical calculations. Our
findings establish a connection between the morphologies of these three phases and the precursor
face-centered cubic Ag. For K,Ag, we discovered a disordered structure that better matches the X-ray
pattern. Valence electron density distributions obtained from the maximum entropy method, along
with charge density calculations, provide a comprehensive understanding of the evolution of chemical
bonding in these systems. It was found that K atoms share their valence electrons during alloy
formation, contributing to K-Ag and Ag-Ag bonds in KoAg and KAg,, while no Ag-Ag bonds are present
in KsAg. These results indicate the Zintl-Klemm model may be too simplistic to describe the structure
and bonding in high-pressure binary intermetallic compounds.

Discovered in the late 1990s, K-Ag alloys were the first examples of potas-
sium forming intermetallic compounds with silver at relatively low
pressure"’, as K and Ag do not form compounds at ambient conditions. The
fast kinetics of the solid-state reactions at higher pressure was attributed to
the large electronegativity difference between the two elements facilitating a
charge transfer from K to Ag and forming compounds like K,Agand K;Ag'.
This description is similar to the formation of Zintl phases’. Early theoretical
calculations found that the band structures of K,Ag and K;Ag are
remarkably similar to the hypothetical Ag lattices with the K atoms
removed". The observation suggested the stability of both alloys as derived
from the interaction of Ag 5p orbitals filled by electrons donated by the K
atoms. Since then, the Zintl-Klemm concept5 has been invoked to elucidate
the structure and chemical bonding of various binary intermetallic com-
pounds at high pressures”™, such as the metal superhydrides showing
unprecedentedly high superconductivity critical temperatures. Despite the
simplicity and apparent successes of the concept, the fundamental
assumption of a large electron transfer between elements presenting large
electronegativity differences has not been thoroughly scrutinized to estab-
lish a sound theoretical foundation to explain the experimental results.
With this study, we wish to understand better the crystalline structure
and bonding of a prototypical series of binary alloys of K and Ag. This is
accomplished by analyzing the crystalline structures and the electron den-
sity distribution obtained from experiments and comparing them to our
theoretical calculations. For this purpose, we recorded and analyzed the
X-ray diffraction patterns of KAg,, K,Ag and K3Ag compounds synthesized
from mixtures of K and Ag subjected to low pressures at room temperature.

Electron density maps were derived by the maximum entropy method
(MEM)" using the intensity of the Bragg reflections and the Fourier
synthesis obtained from Rietveld refined powder X-ray diffraction
patterns””. In earlier studies'*™"*, we have shown that the MEM analysis of
powder X-ray diffraction patterns measured under high pressure in dia-
mond anvil cells can effectively unveil how electron density distributions
(ED) change under pressure. For instance, we observed the hybridization of
Sis, p,and d orbitals, leading to the metallization of densified silicon". In this
study, we aim to gain qualitative insights into how the electron density
distribution changes, hence addressing how the chemical bonding evolves
with the application of pressure in K-Ag alloys. Plane-wave density func-
tional theory calculations were performed to support our analysis. The
electron density distribution and wavefunction computed were analyzed by
employing density-based and projected localized atomic basis methods to
characterize the nature of electron interactions using conventional and the
familiar bonding descriptors.

The key findings of this investigation are succinctly summarized as
follows. K atoms donate their valence electrons to the system. The number
of electrons shared by each K atom does not change substantially with
pressure upon the formation of the respective K-Ag alloys, namely, KAg,,
K,Ag, and K;Ag. In the case of KAg,, the valence electrons donated by K are
utilized to form K-Ag and Ag-Ag covalent bonds. For K,Ag, we reinter-
preted the previous studies using our X-ray diffraction patterns and found a
K and Ag disordered hexagonal structure, different from the previously
suggested ordered structure. For K3Ag, it is found that the K atoms occupied
both the tetrahedral and octahedral voids of the face-centred cubic (FCC)
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lattice formed by Ag atoms, strengthening the K-Ag bonds, while no Ag-Ag
bonds are present. The electron density distribution derived from the
experimental data indicates that the K-K interactions are weak yet dis-
cernible for all structures identified. Our observations and results diverge
from the idealized complete electron transfer supported by the Zintl-Klemm
model of alloy formation.

The outline of the paper is as follows. First, we provide details on the
powder X-ray diffraction experiments and essential information regarding
the Rietveld full-pattern refinements and the analysis by MEM. Then, we
elaborate on the density functional calculations and the methodologies
employed to characterize chemical bonding. Discussion on the structures
and evolutionary pathways of the dense alloys. A comprehensive analysis of
experimental and theoretical charge density distribution is provided to
assess the chemical bonding. We conclude with a critical comparison
between experimental and theoretical results.

Methods

Powder X-ray diffraction using synchrotron radiation

Samples of potassium (Strem Chemicals; ampouled, 99% min.) and
silver (Sigma-Aldrich; powder, 99.99% min.) were prepared and
loaded in gasketed diamond anvil cells (P<25GPa at 295K) in
appropriate different molar ratios in an inert (Ar) atmosphere pre-
senting less than 1 ppm of oxygen and moisture. Most samples were
constrained in Re gaskets. Tests indicated that T301 stainless steel
gaskets were also appropriate. Once loaded without a pressure-
transmitting medium, reactants were checked for purity by X-ray
diffraction below the reactivity threshold pressure and, if adequate,
were further compressed and decompressed in a series of X-ray
diffraction experiments to study phase stability and changes. Pres-
sures were measured at room temperature by the photoluminescence
of Al,O3:Cr’" microspheres (about 10 um in diameter), loaded with
the samples. Typically, the spectral broadening of the photo-
luminescence developed at higher pressures, increasing uncertainty
to about 0.6 GPa above 10 GPa.

X-ray diffraction images were collected at the Wiggler High Energy
beamline at the Brockhouse Sector for X-ray Diffraction and Scattering of
the Canadian Light Source using photons at A =0.3497 A, following a
proven experimental method'. Given the inhomogeneous nature of the
microscopic samples, X-ray diffraction maps were recorded from each
sample with a spatial resolution of about 20 um. Hence, at a given sample
location corresponding to a specific K/Ag ratio, X-ray diffraction images
were recorded as a function of pressure. The images were processed for
calibration and data reduction'” and converted to X-ray diffraction patterns.
In most instances, the X-ray diffraction patterns consisted of mixed crys-
talline phases of unreacted K and/or Ag and pressure-induced compounds.
A preliminary analysis of the X-ray diffraction patterns was conducted using
XRDA'" to identify the alloy phases and provide initial cell parameters for
further Rietveld analysis.

Rietveld refinements and analysis by MEM

Phase identification and indexing of the X-ray diffraction patterns were
further conducted using the cell indexing module in the General Structure
Analysis System IT (GSAS-II) software". Initial background points com-
puted using the automatic algorithm were fitted using a 20-term Chebyshev
polynomial in GSAS-II. Additional points were added manually when
necessary to achieve a more accurate description of the irregular back-
grounds. The peak profile was described by a pseudo-Voigt function. 3D
Fourier maps were calculated by the internal modules of GSAS-II.

The Le Bail method implemented in Jana2020*° was employed to
extract the structure factors needed for the MEM analysis, accomplished
using Dysnomia”'. MEM calculations were initiated from uniform densities
and employed the zeroth-order single-pixel approximation (ZSPA)*' as the
optimization algorithm. Except for the analysis of K,Ag, which will be
addressed later, the convergence of the MEM calculation was achieved for all
reported results.

Computation details

All structural optimizations, charge densities, wavefunctions and electronic
band structures were calculated using the Vienna ab initio Simulation
(VASP) code® and Projector Augmented Plane Waves (PAW) potential”
and Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. The
PAW potentials employed 3p°s' and 44" 55" as valence states for K and Ag,
respectively. The k-point mesh used in the calculations were 21 x 21 x 10,
7 x 7% 10,and 7 x 7 x 7 for KAg,, K,Ag and K;Ag, respectively. The default
energy cutoff of 249.8 eV for the PAW potentials was used. The Wannier90
code” interfaced with VASP was used to obtain the band structure from a
GW?™ calculation and disentangle the electronic bands to generate the
Wannier orbitals. One of the objectives of this study is to unveil the electron
interactions of the alloys in the well-known chemical picture, addressing, for
instance, atomic charges, orbital hybridization, and bond order. The elec-
tronic distributions can be analyzed with the charge density or the projec-
tion of localized basis sets for K and Ag atoms to the plane-wave
wavefunctions. Bader’s quantum theory of “atoms-in-molecules”
(QTAIM)” was used for charge density analysis. The topology of electron
density is the physical manifestation of the forces acting within the system.
The electron density distribution is determined by the interaction between
two nuclei and chemical bonding. The associated topological properties at
the critical points, e.g., the bond critical point (BCP), provide a good
measure of the strength of the interaction. Topological analysis was
performed with the Critic2 program® using the charge density calculated
by VASP. In addition, net atomic charge and bond order were calculated
using the density-derived electrostatic and chemical (DDEC6) method
implemented in the Chargemol program™. This new method partitions
electron density into chemically meaningful components and delineates
the electron density of the system into atomic contributions, providing
insight into charge distribution, bonding patterns, and related properties.
Natural bond orbital (NBO)***" is a powerful method to reveal chemical
bonding by deriving local orbitals (i.e., the Lewis structure) from the
electron density of the system. However, to obtain a real space descrip-
tion of the bonding, it is necessary to project localized atomic orbitals
onto the plane wave. The reliability of the projection is subject to the
quality of the atomic basis sets and the parameters used in the compu-
tation of localized properties. In our calculations, the quadruple-zeta
Gaussian atomic orbital (AO) basis sets, def2-QZVP** were used. Orbitals
with very small exponents (diffuse) were removed. The quality of the
NBO projection was accessed by ensuring the total spread after projec-
tion is less than 1.0 x 107 The calculation of the natural atomic orbital
(NAO) occupation reflects the hybridization of the atom.

Results

Analysis of X-ray diffraction patterns

X-ray diffraction patterns of crystalline KAg,, K,Ag, and K;Ag" were
observed from compression/decompression experiments starting from
mixtures of elemental K and Ag. The X-ray diffraction patterns at 4.13
(KAg,), 441 (K,Ag), and 5.88 GPa (K;Ag) are shown in Fig. 1. The X-ray
diffraction patterns indicate the presence of residual K mixed from the
respective K-Ag alloy phases. The K contamination, however, does not
impede the quality of the patterns for Rietveld refinements and MEM
analysis. The different phases identified are discussed in detail below.

KAg,

KAg, is the lowest pressure compound among the K-Ag alloys identified
from the X-ray diffraction data. The phase is observed between 1.56 GPa
and 4.2 GPa at room temperature. The results of our analysis confirmed the
unit cell reported”. It has a hexagonal P6s/mmc space group with lattice
parameters a = 5.7237 A, c = 9.7411 A and Z = 4 at 2.26 GPa. In the unit cell,
the Ag atoms occupy the 24 and 6 A sites and the K atoms are located at the
4 f sites. The X-ray diffraction pattern (Fig. 2) shows the presence of cubic
phase I of K (Im3m, K-I). A Rietveld refinement on the combined patterns
was successful with R,, =0.91% with the KAg, to K-I ratio of about 10:1
(see Fig. 2).
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Fig. 1 | Representative X-ray diffraction patterns for K-Ag alloys. KAg; (top)
K,Ag (middle) and K;Ag (bottom).
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Fig. 2 | Comparison of the Rietveld refined and measured X-ray diffraction
pattern of KAg, at recorded 2.36 GPa. The pure potassium contribution to the
pattern belongs to the low-pressure body-centered cubic phase (Im3m K-I). The
KAg, was obtained by releasing the pressure from a higher-pressure phase. Inevi-
tably, different phases in small quality are present in the sample, resulting, for
instance, in a weak line at 20 = 9.7°.

An important feature of KAg, (Fig. 3a) that was overlooked in an
earlier study” is that its crystalline structure can be described by (Ag),
clusters constructed from two-dimensional (2-D) layers of corner-shared
triangular (Ag); units in the ab plane (plane A, Fig. 3b) linked through
coplanar apical Ag atoms (plane B, Fig. 3¢) in the ¢-direction. The in-plane
Ag-Ag distances are identical at 2.84 A. The distance from the apical Ag to
the Ag in the plane is slightly longer at 2.92 A. The K-Ag distances range
from 3.36-3.49 A. The shortest K-K separation is 3.39 A.

When viewed down the c-axis, the A, B planes of Ag stacking resemble
that of the precursor FCC Ag with the Ag atoms in the center of the
hexagons removed (Fig. 3¢c). In KAg,, these “voids” are replaced with pairs of
K atoms above and below and alternate the positions between planes
A and B.

A Le Bail refinement™ of the X-ray diffraction pattern was performed
to extract the Bragg reflection intensities. Using a set of 19 reflections,
convergence in the MEM analysis”" was reached. The electron density (ED)
distribution obtained is consistent with the crystalline structure and the
Fourier map resulting from the Rietveld refinement (Fig. 4). The MEM-
derived valence electron topology (Fig. 4b) shows that the electron densities
of the Ag atoms in the planar triangular clusters are spread along the c-
direction. The electron density at the K atoms is also slightly distorted from
the spherical distribution. The former observation suggests that there may
be a covalent interaction between the Ag atoms. The electron density dis-
tribution revealed from the 3D Fourier maps, assuming spherical atomic
scattering factors, also shows slight distortions around the K and Ag atoms
(Fig. 4a). Indeed, an examination of the (004) plane of the Ag; clusters in
both the MEM electron density distribution and the Fourier map indicates
the accumulation of electrons between the Ag atoms (Fig. 4c, d,
respectively).

K2Ag
The synthesis of K,Ag and its crystalline structure was first reported in ref.1.
At 4 GPa, the unit cell was reported to be the hexagonal P6/mmm space
group with Z = 1 and lattice parameters a = 5.5434 A and ¢ = 3.770 A. In the
hexagonal unit cell, Ag atoms are at the 1a (0,0,0) position, whereas the K
atoms are at the 2d (1/3,2/3,1/2) site. Both atomic species form layers stacked
along the c-axis. In the original study, Atou et al.". noted the absence of (00 1)
reflections in the X-ray diffraction pattern, which, with the assumption of
preferred orientation, led to the conclusion of the P6/mmm space group.
In the present study, high-resolution X-ray diffraction patterns
recorded at 2.24 and 3.22 GPa (upon pressure decrease) show the existence
of the K,Ag phase. Apart from a minor contribution of the K-I phase, the
patterns would be seen in agreement with the proposed P6/mmm unit cell' if
the (001) reflection could be ignored. However, other absent reflections,
particularly at higher scattering angles, indicate this is not the case. Table 1
lists the predicted but unobserved reflections below 15° (20) with the P6/
mmm space group'.

Fig. 3 | Structural motifs of crystalline KAg,. The
crystal structure is constructed from the precursor
face-centered cubic (FCC) Ag. a shows inter-

KAg, Ag - FCC

connected Ag-tetrahedra (open circles) and K atoms

(solid, purple). The Ag atoms are arranged in (b)

2-D quadrilateral (plane B) and hexagonal Gi—p

(Kagome) Ag planes (plane A). ¢ shows the Ag sites »
replaced by K. o
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Fig. 4 | Charge Density Distribution in KAg,.
Charge density distribution obtained (a) from
Fourier analysis of the Rietveld refined results using
spherical atomic scattering factors using an iso- 56
surface value of 13.0 e/a} and (b) from the MEM
analysis using an iso-surface value of 6.5 e/aj. Elec- 9 O

tron density distribution of KAg, in the (004) plane P
from (c) Fourier map and (d) MEM-derived. Note
the contour scales for the two plots are different. The 35 )

units of the scales are e/A>.
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Table 1 | Predicted but unobserved reflection for P6/mmm
space group

hkl 26 (%)
001 5.19

211 8.87

002* 10.40
1022 11.20
301 13.52
421 15.33
003 15.63

%indicates a reflection not reported in the earlier study' but observed in our experiments.

A unit cell indexing performed using GSAS-II and JANA2000 predicted
a P63/mmc space group, which matches better the X-ray diffraction pattern
with the same lattice parameters. The new space group assignment eliminates
the discrepancies related to the unobserved reflections as given in Table 1
(except for (301) line observed at 13.52°) and other high-angle reflections.
However, by assuming the P6s/mmc space group, Ag atoms would need to
occupy the 2a sites and K atoms the 4f sites. In this case, the resulting
crystalline structure gives unrealistically short interatomic distances. There are
two possible solutions to circumvent this issue to explain the observed X-ray
diffraction patterns: (1) partial occupancy of the atomic sites or (2) to invoke
the existence of a superlattice by doubling the cell along the c-axis.

Before further addressing the pattern refinement problem, we analyzed
the electron density distribution derived from MEM analysis in both P6/
mmm and P6;/mmc space groups. No convergence was achieved using
either space group. Nevertheless, upon examination of the crude EDs, we
found hints of atomic disordering along the c-axis in both space groups,
indicated by a continuous electron density distribution in the [001] direc-
tion. The results lead us to advance the possibility of a superlattice. We then
constructed a superlattice unit cell by doubling the c-axis for both space
groups. In both models, a very good Le Bail fit with R, less than 1% was
obtained. However, the P6/mmm supercell predicts an additional peak at a
low scattering angle that was not observed in the experiment.

As shown in Fig. 5, ED maps obtained in both space groups clearly
show a continuous electron density between the Ag atoms along the c-axis.
The “extended” charge distribution is too large for Ag-Ag bonding. We
speculate that there may be a “disordered” structure with Ag partial occu-
pancy halfway along the c-axis and between the two equivalent Ag atoms in
Wyckoff position 2b. In addition, the electron density distribution around
the K sites in the middle of the unit cell also appears to show disorder. Based
on this observation, we propose four possibilities for the structure of K,Ag: a
supercell (i) with no partial occupancy (i.e., with all atoms in their respective
Wryckoff symmetry positions) (ii) with the (0,0,1/4) site partially occupied
with Ag (iii) with K atoms displaced from the ideal WykofT sites, or (iv) with
one K and all Ag sites allowed to be partially occupied. We performed a
Rietveld refinement on the above-mentioned models without considering
the preferred orientation. Table 2 reports the R, -factor for the refined
models in the P65;/mmc space group.

The Rietveld refinements show gradual but significant improve-
ments in R,, when a supercell with doubling of the c-axis is adopted and
disordering K and Ag atoms when partial occupancy is considered. The
results lend support to the “continuous” electron distribution between
the Ag atoms due to the disordering as revealed by MEM analysis. The
best fit achieved is when partial occupancy of disordered K and Ag sites is
considered. It is noteworthy to indicate that low-angle, high-intensity
reflections bias the goodness-of-fit parameter, R,, of the Rietveld
refinement. However, a qualitative comparison of the calculated and
experimental patterns supports the results of the Rietveld analysis. With
no partial occupancy, some unobserved reflections appeared at high
angles and their intensities did not fit well. In contrast, when partial
occupancy is considered, those reflections disappear, and concomitantly,
fits to the intensity of the high-angle reflections improves. Even with the
best structural model, not all high-angle features are adequately
accounted for. As mentioned in the earlier study, the discrepancy could
be due to a preferential orientation of the sample. Indeed, we obtain a
significant improvement using a preferential orientation model that
reduces R,, to 0.83%. Furthermore, the refined isotropic thermal para-
meters are also very reasonable. A comparison of the measured and fitted
X-ray diffraction patterns is shown in Fig. 6. The final model gives a
stoichiometry of K,Agp o4, almost identical to the ideal composition. The
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Fig. 5 | ED maps derived from MEM analysis.
Supercells in P65/mmc (left) and P6/mmm (right)
space groups with non-distorted atomic posi-

tions were used. In both space groups, the Ag atoms
are located at the corners and the edges of the unit
cell, and the K atoms are inside the unit cells. The

40
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units of scale are e/A°.
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Table 2| R,, agreement factor for the Rietveld refinement of the
four proposed structural models in the P6;:/mmc space group

Table 3 | Parameters obtained from Rietveld refinement of the
data presented in Fig. 6, considering the disordered K>Ag
model in the P6;/mmc space group

Structure Ry, (%)
Supercell - no partial occupancy 8.14 Name x y z frac site Uiso (Az)
Supercell - K partial occupancy 6.76 Ag-1 0 0 0 0.7243 2a 0.1682
Supercell - Ag partial occupancy 3.78 Ag-2 0 0 0.25 0.2122 2b 0.0531
Supercell- K and Ag partial occupancies 2.62 K-1 0.3333 0.6667 0.25 1 2c 0.4931
Details of the refinement procedure is described in the K,Ag section. K-2 0.6667 0.3333 0.3866 0.5 4f 0.3577
1200 4 T T T T T T T ] (Fig. 7a) with ED obtained from the MEM analysis (Figs. 5 and 7b) shows a
> g::;:; remarkable resemblance.
1000 - — obecae| It is worth noting that although the Ag-Ag distance is longer than in the
@ K1 elemental phase, K,Ag maintains the morphology of 2D honeycomb layers,
'd 800 | KA 4 which stack in a (disordered) ...A-A-A... manner with layers intertwined
: with K atoms.
£ 600+ 1
2 KsAg
<, 400 . K;Ag is the highest-pressure K-Ag phase observed in this study, up to
B 13.2 GPa. It typically appears at pressures above 5.5 GPa. It has a cubic
‘2200 i. & ii é i . Fm3m structure and the unit cell parameter decrease from a=7.89 A at
3 5.5GPato a =7.41 A at 13.2 GPa'. The X-ray diffraction patterns show the
= 0 4 \ — — ] presence of a small amount of the K-I phase, which is taken into account
during the full-pattern refinement without complications. Le Bail and
-200 -+ Do LU o O Rietveld refinements were conducted on five diffraction patterns measured
-—rrr—7— at different pressures. A comparison of the refined and measured pattern at

2 4 6 8 10 12 14 16 18
269

Fig. 6 | Comparison of Rietveld refined and measured X-ray diffraction pattern of
K,Ag. Refinement was performed in the P65/mmc supercell with disordered Ag and
K atoms (for details see K,Ag section). For this refinement, a preferred orientation is
considered leading to an R,, = 0.83%.

structural parameters obtained from the Rietveld refinement of the final
model are presented in Table 3.

A similar analysis was performed considering the P6/mmm space
group. In this case, the agreement is significantly inferior. Moreover, a
diffraction peak at around 2.5°, predicted for the supercell, is not accounted
for in the experimental X-ray diffraction pattern. In addition, many pre-
dicted high-angle reflections are also not present in the data, resulting in a
poor fit. We rule out the possibility of a unit cell with the P6/mmm space
group on this basis. Our analysis thus indicates that the best structural model
consistent with the measured diffraction patterns of K,Ag has a P6;/mmc
supercell, with a=5.604 A, c=7.757 A and Z=2. The 3D Fourier map

5.5 GPa is shown in Fig. 8. In this case, the goodness-of-fit factor, R,, equals
0.84%. In the unit cell, the Ag atoms occupy the 4a site and the K atoms the
4b and 8¢ sites. The crystalline structure can simply be described with K
atoms inserted into the octahedral (4b) and tetrahedral (8¢) sites of the FCC
Ag lattice and expanding the unit cell parameter from 4.042 A of pure Ag at
5.5 GPa to 7.89 A for the K3Ag unit cell at the same pressure.

The MEM analysis converged readily on all X-ray diffraction patterns.
The 3D ED maps derived from the Rietveld refined patterns at five pressure
points are presented in Fig. 9. The 3D electron density distribution around
the K and Ag atom locations shows no apparent deviation from a spherical
distribution. A detailed examination of the charge density on the (100) and
(110) planes, encompassing the Ag-Ag and Ag-K atoms in the unit cell,
shows hints of K-K and K-Ag interactions as observed in Figs S1-S10.
However, no discernible interactions between Ag atoms are found. This
observation is at odds with a previous suggestion® based on theoretical band
structures whereas Ag accepts electrons from K to populate its 5p orbitals
leading to the formation of Ag-Ag bonds.

Theoretical analysis
Electronic structure. Although there are ambiguities in the structure of
K,Ag, nonetheless, the models proposed above are all based on the same
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Fig. 7 | Comparison of 3D Fourier map and elec-
tron density distribution obtained from MEM of
KAg,. a 3D Fourier map for the disordered structure
of K,Ag and (b) superposition of the rescaled
Fourier map with the electron density distribution
(grey colour) obtained from the MEM analysis.
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Fig. 8 | Rietveld refined and measured X-ray diffraction pattern of K;Ag. The
pattern (Fm3m) was recorded at 5.5 GPa.

basic structural motif, i.e., the stacking of hexagonal 2D-Ag layers with K
atoms situated between the layers, as derived from the P6/mmm space
group. As it is not possible to compute the electronic structure of the P65/
mmc disordered solid, we employed the ordered P6/mmm structure in
the calculation for comparison. The GW disentangled band structures
together with the dominant Wannier orbitals in the indicated electronic
band regions for KAg,, K,Ag, and K;Ag are depicted in Fig. 10. Exam-
ination of the electron band dispersions indicates substantially different
chemical interactions for the three K-Ag alloys considered.

In KAg,, the band structure shows mixing of the participating K and
Ag atoms. The Ag 4d bands are not distinguishable and are heavily involved
in the bonding. Disentanglement into K and Ag atoms is more complicated.
The Ag4dband is broad and extends from —5.5 eV to —4.0 eV. The shape of
the dominant Ag 4d Wannier orbitals (Fig. 10, top) is distorted from the
ideal atomic orbitals, indicating hybridization with other orbitals. K-Ag
bonding is observed from —3 eV to the Fermi level. Above the Fermi level, K
orbitals with “d” character start to appear. To accurately disentangle the
bands in the lower valence state in K2Ag, we employed a projection-based
method with the inner and outer disentanglement energy windows set to
—6¢eV and 0 eV, respectively. As depicted in Fig. 10 (middle), the disen-
tangled Wannier orbital shows the band mixing is primarily due to the 4d
and 5 s orbitals of the Ag atom. The localized bands between —4 ¢V and

—5.2 €V correspond to 4d orbitals of the Ag atoms, which do not participate
strongly to the bonding. Similarly, the bands around the Fermi level are
disentangled by freezing the electron states up to the Fermi level, with the
inner and outer energy windows set to —2 eV and 4 eV, respectively. The
Wannier functions around the Fermi level are mostly for Ag 4p. The
Wannier orbitals indicate that the Ag 4d and 5 s electrons are strongly mixed
with the K orbitals, showing a significant chemical bonding. In K;Ag, the Ag
atom dominates the lower energy valence states (Fig. 10 bottom). The 44
bands between —4.5 and 5.0 eV are very narrow and completely isolated
from the 5 s with a gap of 1 eV. Using inner and outer energy windows of
—1 eV and 2 eV, respectively, with the frozen state set to the Fermi level (i.e.
only states up to the Fermi level are included in the wannierization), the
Wannier orbitals extracted from the upper valence state and lower con-
duction bands reveal a significant contribution from K atoms to the bonding
states. The Wannier orbital shows a K's, p, and d (d,» and d,»_») hybrid
orbital.

The analysis of the calculated projected electron density of states
(PDOS) corroborates the qualitative description of the chemical bonding in
the K-Agalloys. The Ag and K projected density of states for the three alloys
are shown in Fig. 11. With 8 Ag atoms (each with 10 d-orbitals) and four K
atoms in the unit cell of KAg,, the 4d density of states dominates the lower
valence level from —7 to —3 eV. The 4d contribution relative to 5 s and 5p is
relatively significant up to the Fermi level (Fig. 11). In comparison, the
PDOS of Ag in K,Ag is more localized between —4.4 and 4.0 eV, albeit
mixed with a small amount of 5 s, and did not extend into the upper valence
region. The dominance of Ag 5s between —4.0 to —0.8 ¢V is discernible.
The PDOS of Ag is a mixture of 5 s and 5p orbitals close to the Fermi level
(Fig. 11). Clear separation of the 4d and 5 s bands is displayed in K;Ag
(Fig. 11). Contributions from the 5p orbitals are becoming more significant
around —0.8 ¢V.

The KPDOS in KAg, shown in Fig. 11 indicates strong participation of
the 3p orbitals in the entire valence region. In particular, the high PDOS
between —5.5 and —3.0 eV overlaps with the Ag 4d and 5 s bands (Fig. 11),
showing, unambiguously, Ag-K bonding. The PDOS of K profiles from
—3.0 €V to the Fermi level exhibit dissimilarities to the PDOS of Ag (Fig. 11),
indicating the likelihood of predominantly K-K interactions. In K,Ag, the
distribution of the PDOS of K (Fig. 11) of predominantly 3 s is quite broad
between —4.4 eV and —2.0 eV and corresponds well with the 4d and 5s
bands of the Ag atom, indicating K (4 5) - Ag (4d, 5 s) bonding. The pre-
dominantly 4 s PDOS profile near the Fermi level from —1.60 eV is not
similar to the Ag, so it likely indicates K-K interactions. The K “d” character
becomes stronger above the Fermi level. The PDOS of K in K;Ag is less
complicated (see Fig. 11). It overlaps with the Ag 5 s from —4.2 to 2.5 €V (cf.
Fig. 11). The peak at —0.8 eV matches the Ag 5p in the PDOS of Ag
suggesting Ag-K bonding. It is noteworthy to highlight that the PDOS of the
Ag atom near or at the Fermi level decreases as the K content increases in
the alloy.
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Fig. 9 | MEM-derived ED of K;Ag at the indicated 7.18GPa
pressures. The ED at 5.50 GPa has an iso-surface
value of 0.77 e/a3. All other pressures have an iso-
surface value of 2.0 e/a3.
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Discussion
Examining the computed electronic structures provides an overall picture of
a change in the nature of chemical bonding in KAg,, K;Ag, and K;Ag.
Particularly, a progressive localization of the Ag 4d band is most noticeable.
Atomic Ag has an electron configuration [Kr]4d'’5 s' and the d-shell is filled
formally. However, the 5s to 4d orbital proximity facilitates the sd hybri-
dization. This is evident in the case of KAg,. On increasing K content, the Ag
4d orbitals become more localized and do not participate in the bonding.
The anticipated charge transfer from the electropositive K to Ag certainly
affects the valence bonding. The conventional method of charge parti-
tioning implemented in most plane wave codes is subjected to arbitrariness
when choosing the atomic volume. Therefore, unbiased methods of
assigning atomic charges based on the calculated density are preferred. For
this purpose, we computed the atomic charge based on QTAIM and the
more recent DDEC6 algorithms. For comparison, we also evaluate the NBO
orbital occupancy using quadrupole zeta (def-QZVP) atomic basis sets.
Table 4 summarizes the computed atomic charges.

The atomic charges calculated from the plane wave electron densities
(viz. QTAIM and DDECS) are consistent with each other. As expected, the
K atoms lose the 4 s electrons to the system. The number of electrons lost for
each K atom seems to decrease with the increasing K content in a compound
and the number of electrons gained by Ag increases. The NAO charges
computed from the projection of localized atomic orbitals to the plane wave
wavefunctions show a similar trend. The calculated natural orbital occu-
pancies for Ag in KAg,, K,Ag, and K;Ag are 4d'°55"'5p"”, 4d'05s"%5p"*
and 4d"5s'75p™"", respectively; and for K, 4s*"*4p”?3d°%, 45"¥°4p"*34°
and 4s"%4p**3d"%, respectively. The results show K sp and Ag dsp hybri-
dization. The NBO populations are consistent with the density analysis,
which shows that the total number of electrons being transferred from K to
Ag increases with K content, but the population of the Ag 5p orbitals does
not increase significantly. This observation indicates that although Ag is
more electronegative, it does not fully accommodate all the available K
valence electrons when the potassium concentration is high.

The bonding in the alloys can be characterized by the bond critical
points (BCP) from the analysis of the electron density topology with
QTAIM and the bond order, which can be used as an indicator for bond

Table 4 | Computed atomic charges for K and Ag for the
different K-Ag alloys

Alloy Atom QTAIM DDEC6 NBO
KAg, K +0.666 +0.639 +0.715
Ag —0.334, —0.348 —0.295, —-0.32 —0.38, —0.36
KoAg K +0.585 +0.509 +0.480
Ag —-1.171 —1.018 —0.961
KsAg K +0.519, +0.506 +0.411, +0.474 +0.451, +0.430
Ag —1.531 —1.361 -1.311

strength, as computed from the DDEC6 method. In all cases, the Morse
sums are satisfled in the QTAIM analysis.

As illustrated in Fig. 12, many BCPs are found in KAg,. All BCPs are
located and situated almost halfway along the K-K, K-Ag, and Ag-Ag bond
paths. Therefore, the QTAIM analysis clearly reveals that the interactions
are found between all the atoms in KAg,. Bond orders (BO) calculated by
DDECS using the same charge density support this assignment (Table 5).
Although not a genuine two-electron bond, the calculated Ag-Ag BO values
0f 0.39-0.47 are reasonably high. The planar triangular Ag-Ag BO of 0.47 is
higher than that of the in-plane-apical Ag-Ag bond which is 0.39. This is
consistent with the difference for the Ag-Agbond lengths (Table 6). The Ag-
K and K-K bond orders are comparably weaker, around 0.09 and 0.03,
respectively. Thus, electrons from K atoms are not completely shared with
Ag atoms to form anions, as described in the simple Zintl-Klemm picture.
Instead, the electrons are involved to some extent in forming different
chemical bonds.

Following the electron density topological analysis, three distinct types
of bond critical points between Ag-Ag, Ag-K, and K-K atom pairs are found
in K,Ag (Fig. 13). The density (p(rpcp)), which can be estimated, is an
indicator of bond strength. In this case p(rpcp) for Ag-Ag, Ag-Kand K-K are
computed to be 0.015,0.008, and 0.007 (e/ ay), respectively. These values can
be correlated with the calculated bond order of 0.30, 0.1 and, 0.07, given in
the same order.
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Ag-Ag BCP

Fig. 12 | Bond critical points for KAg,. Ag-Ag, Ag-
K, and K-K bond critical points (BCP) found by
Critic2” for KAg,.

Ag-KBCP K-K BCP

Table 5| Bond order in KAg,, K,Ag and KzAg calculated by the
DDECS6 algorithm?

Alloy KAg, KoAg KsAg
Ag-Ag 0.46 (planar) 0.30 0.0

0.39 (apical)
Ag-K 0.09, 0.08 0.11 0.20, 0.07
K-K 0.03 0.07 0.08

Table 6 | List of experimental atomic separations in KAg,, K-Ag

and KsAg

Alloy Pressure / GPa Ag-Ag/A Ag-K/A K-Ag/A
KAg, 157 2.82,2.93 3.39,3.40 3.46, 3.84
KoAg 2.36 2.91 3.35 3.43,3.84
KsAg 5.56 5.58 3.42,3.95 3.42

Fig. 13 | Bond critical points for K,Ag. The hex-
agonal P6/mmm at 4 GPa was used in the calcula-
tion. Colour code: purple = K atom, silver = Ag atom
and black = bond critical points (BCP).

BCP and bond order analyses were performed on K;Ag at 6.4 GPa. The
primitive cell used in the calculation and the BCP are illustrated in Fig. 14.
Ag-K and K-K BCPs are found, but no Ag-Ag BCP is found. Two crystal-
lographically distinct K atoms are located in the tetrahedral and octahedral
sites of the Ag FCC lattice. There are noticeable differences in the K-Ag
interaction for the two sites. The p(rzcp) of 0.012 e/ay’ at the tetrahedral site
has a slightly smaller atomic charge 4-0.506¢ is higher than the K at the
octahedral site with p(rzcp) of 0.008 e/a,’ and a charge of +0.519¢. BO
calculations confirmed this assessment. The calculated BO for K-Ag at the
tetrahedral site is 0.195 and a much smaller BO of 0.070 at the octahedral
site. QTAIM analysis also revealed K-K interactions with a relatively small
p(rzcp) of 0.008 e/a,’. The corresponding BO is 0.076.

In passing, it is informative to elucidate the chemical bonding in the
K-Agalloys in the viewpoint of the crystal structures. A tabulation of the Ag-
Ag, Ag-K, and K-K separations in the crystal structure of KAg,, K,Ag (P6/
mmm), and K;Ag are summarized in Table 6. Interestingly, the Ag-Ag, Ag-
K, and distances in the two lower pressure phases, KAg, at 1.57 GPa and
K,Ag at 2.36 GPa, are very similar, even after considering the pressure
difference. So, it is not surprising that the atomic interactions revealed from
the theoretical analysis, that is, the presence of Ag-Ag, Ag-K, and K-K

bonds, are also similar. Only in the higher-pressure K;Ag are the bonds
somewhat weakened and the ionicity of K and Ag becomes larger. The Ag-
Ag separation increases abruptly from 2.91 A in K,Ag to 5.58 A in K;Ag
with the pressure change of 3.2 GPa. The long distance between the Ag
atoms prevents orbital overlap. The earlier postulation suggests that inter-
actions between the Ag 5p orbitals* are thus invalid. Instead, it is observed
from our experimental results and theoretical analysis that the acceptance of
the K electrons into the Ag 5 s and 5p orbitals facilitates Ag-K bonding.

Conclusion

The crystalline structures, electronic structure, and chemical bonding in
K-Ag alloys formed under the application of pressure' have been studied by
high-resolution powder X-ray diffraction using synchrotron radiation and
the analysis of the electronic structures. We found a systematic structural
trend with the insertion of K into the Ag FCC lattice. When K atoms are in
contact with Ag atoms, they lose their valence electron and become smaller
ions that diffuse progressively into the FCC Ag framework, forming the
different alloy structures. We also have re-evaluated the structure of K,Ag.
Through full-pattern Rietveld refinements, we found that a disordered
structure with a supercell of P6;/mmc symmetry fits better the observed
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Fig. 14 | Bond critical points of for cubic K;Ag.
The calculations were performed in the primitive
cell at 6.4 GPa.

X-ray diffraction pattern. Electron density distribution maps obtained from
MEM analyses indicated Ag-Ag and Ag-K bonding in the alloys. This
observation is supported by the examination of the nature of disentangled
Wannier orbitals, QTAIM topological analysis”** of the charged density
and the projection to localized atomic orbitals NBO* and DDEC6™ ana-
lyses. All results indicate that interactions of K 4 s, 4p, and 3d with mix Ag
5, 5p, and 4d orbitals dominate the valence bands of KAg, and K,Ag. In
comparison, the Ag 4d orbitals are localized in K3Ag. Succinctly, electron
transfer from K to the 5 sand 5p orbitals of Ag atoms helps to maintain Ag-K
bonding in these structures. Contrary to a previous suggestion’, no Ag-Ag
bonding via the overlap of Ag 5p orbitals is found. Nevertheless, the Zintl-
Klemm charge-transfer concept’ is broadly followed. This phenomenon is
also observed in the hydrogen-rich superhydrides, as demonstrated in the
study on the bonding of strontium hydrides'"’. However, a straightforward
application of this concept to elucidate high-pressure structures of inter-
metallic compounds® should be exercised with caution.

Data availability

Rietveld analysis of diffraction patterns was performed with the open-source
codes, JANA2020 and GSAS. The Dysnomia code was used for Maximum
Entropy Analysis. All electronic structure calculations were performed with
alicensed VASP code. Wannier functions were computed with Wannier90.
Any relevant data are available from the authors upon reasonable request.

Received: 27 March 2024; Accepted: 15 July 2024;
Published online: 24 July 2024

References

1. Atou, T., Hasegawa, M., Parker, L. J. & Badding, J. V. Unusual
chemical behavior for potassium under pressure: potassium—silver
compounds. J. Am. Chem. Soc. 118, 12104-12108 (1996).

2. Hasegawa, M., Atou, T. & Badding, J. V. High-pressure synthesis of an
alkali metal-transition metal Laves phase: KAg2. J. Solid State Chem.
130, 311-315 (1997).

3. SevovS.C.Inintermetallic compounds: vol. 3, principles and practice
(ed. Westbrook J. H. & Fleischer R. L.) Ch. 6 (John Wiley & Sons,
Ltd., 2002).

4. Tse, J. S, Frapper, G., Ker, A., Rousseau, R. &Klug, D. D. Phase
stability and electronic structure of K-Ag intermetallics at high
pressure. Phys. Rev. Lett. 82, 4472-4475 (1997).

5. Nesper, R. The Zintl-Klemm concept — A historical survey. Z. Anorg.
Allg. Chem. 640, 2639-2648 (2014).

6. Tse, J.S. Achemical perspective on high-pressure crystal structures
and properties. Nat. Sci. Rev. 7, 149-169 (2020).

7. Takemura, K. & Fujihisa, H. Na-Au intermetallic compounds formed under
high pressure at room temperature. Phys. Rev. B 84, 014117 (2011).

8. Shamp, A., Hooper, J. & Zurek, E. Compressed cesium polyhydrides:
Cs+ sublattices and H3- three-connected nets. Inorg. Chem. 51,
9333-9342 (2012).

9. Sun, Y. et al. Chemical interactions that govern the structures of
metals. Proc. Natl Acad. Sci. Usa. 120, e221840512 (2023).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Wang, Y. et al. Structural morphologies of high-pressure polymorphs
of strontium hydrides. Phys. Chem. Chem. Phys. 17,

19379-19385 (2015).

Sakata, M. & Takata, M. The principle of the maximum entropy
method. High. Press. Res. 14, 327-333 (1996).

Dinnebier R. E., Leineweber A. & Evans J. S. O. Rietveld refinement:
practical powder diffraction pattern analysis using TOPAS
(DeGruyter, 2018).

Tse, J. S. et al. Pressure-induced changes on the electronic structure
and electron topology in the direct FCC—SH transformation of silicon.
J. Phys. Chem. C. 118, 1161-1166 (2014).

Desgreniers, S., Tse, J. S., Matsuoka, T., Ohishi, Y. & Tse, J. J. Mixing
unmixables: Unexpected formation of Li-Cs alloys at low pressure.
Sci. Adv. 1, 1500669 (2015).

Flacau, R., Desgreniers, S. & Tse, J. S. Electron density topology of
cubic structure | Xe clathrate hydrate at high pressure. J. Chem. Phys.
129, 244507 (2008).

Smith, J. S. & Desgreniers, S. Selected technigues in diamond anvil
cell crystallography I: Centering samples using x-ray transmission and
rocking samples to improve x-ray diffraction image quality. J.
Synchrotron. Rad 16, 83-96 (2009).

Seto, Y., Nishio-Hamane, D., Nagai, T. & Sata, N. Development of a
software suite on x-ray diffraction experiments. Rev. High. Press. Sci.
Technol. 20, 269-276 (2010).

Desgreniers, S. & Lagarec, K. XRDA: A program for energy
dispersive x-ray diffraction analysis on the PC. J. Appl. Cryst. 27,
432 (1994).

Toby, B. H. & Von Dreele, R. B. GSAS-II: The genesis of a modern
open-source all-purpose crystallography software package. J. Appl.
Cryst. 46, 544-549 (2013).

Palatinus, L., Plasil, J. & Dusek, M. Jana2020 - A new version of the
crystallographic computing system Jana. Z. Kristallogr. 238,
271-282 (2003).

Momma, K., Ikeda, T., Belik, A. A. & Izumi, F. Dysnomia, a computer
program for maximum-entropy method (MEM) analysis and its
performance in the MEM-based pattern fitting. Powder Diffr. 28,
184-193 (2013).

Kresse, G. & Furthmdiller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169-11186 (1996).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59,

1758-1775 (1999).

Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).
Mostofi, A. et al. An updated version of Wannier90: A tool for obtaining
maximally-localised Wannier functions. Comput. Phys. Commun.
185, 2309-231 (2014).

Shishkin, M. & Kresse, G. Implementation and performance of the
frequency-dependent GW method within the PAW framework. Phys.
Rev. B 74, 035101 (2006).

Communications Chemistry | (2024)7:162

10



https://doi.org/10.1038/s42004-024-01245-9

Article

27. Bader R. F. W. Atoms in molecules: a quantum theory (Oxford
University Press, 1994).

28. Otero-de-la-Roza, A., Johnson, E. R. & Luafia, V. Critic2: A program
for real-space analysis of quantum chemical interactions in solids.
Comput. Phys. Commun. 185, 1007-1018 (2014).

29. Manz, T. A. & Limas, N. G. Introducing DDEC6 atomic population
analysis: part 1. Charge partitioning theory and methodology. RSC
Adv. 6, 47771 (2016).

30. Weinhold, F. & Landis, C. R. Natural bond orbitals and extension of
localized bonding concepts. Chem. Educ. Res. Pract. Eur. 2,
91-104 (2001).

31. Dunnington, B. D. & Schmidt, J. R. Generalization of natural bond
orbital analysis to periodic systems: Applications to solids and
surfaces via plane-wave density functional theory. J. Chem. Theory
Comput. 8, 1902-1911 (2012).

32. Pritchard, B. P., Altarawy, D., Didier, B. T., Gibson, T. D. & Windus, T. L.
New Basis Set Exchange: An open, up-to-date resource for the
molecular sciences community. J. Chem. Inf. Model 59,

4814-4820 (2019).

Acknowledgements

The experimental work described in this paper was performed at the
Canadian Light Source Inc., a national research facility at the University of
Saskatchewan, which is supported by the Canada Foundation for Innovation
(CFI), the Natural Sciences and Engineering Research Council (NSERC), the
National Research Council of Canada (NRC), the Canadian Institutes of
Health Research (CIHR), the Government of Saskatchewan, and the
University of Saskatchewan. JST acknowledges support from the Digital
Alliance of Canada for the allocation of computing resources. DR thanks
University of Saskatchewan, the Canadian Light Source for an INSPIRE
fellowship. JST and SD are supported by the Natural Sciences and
Engineering Research Council of Canada through the Discovery Grant
Program.

Author contributions

J.S.T. and S.D. designed the study. S.D. prepared all samples, conducted
the experiments, and initially processed the data. D.R. performed the
Rietveld refinements and the MEM analysis and interpreted the experimental
data. N.U., H.K. and J.S.T. performed and analyzed the calculations. N.U.,

D.R., H.K,, S.D., and J.S.T. interpreted the results. J.S.T. drafted the
manuscript. N.U., D.R., HK,, S.D., and J.S.T. revised the manuscript. N.U.
and D.R. contributed equally to the study.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-024-01245-9.

Correspondence and requests for materials should be addressed to
John S. Tse.

Peer review information Communications Chemistry thanks the
anonymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Chemistry | (2024)7:162

11


https://doi.org/10.1038/s42004-024-01245-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Structure and chemical bonding in high-�pressure potassium silver alloys
	Methods
	Powder X-ray diffraction using synchrotron radiation
	Rietveld refinements and analysis by MEM
	Computation details

	Results
	Analysis of X-ray diffraction patterns
	KAg2
	K2Ag
	K3Ag
	Theoretical analysis
	Electronic structure


	Discussion
	Conclusion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




