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ABSTRACT: Incommensurate order, in which two or more mismatched periodic patterns combine to make along-range ordered yet aperiodic
structure, is emerging as a general phenomenon impacting the crystal structures of compounds ranging from alloys and nominally simple salts
to organic molecules and proteins. The origins of incommensurability in these systems are often unclear, but it is commonly associated with
relatively weak interactions that become apparent only at low temperatures. In this Article, we elucidate an incommensurate modulation in the
intermetallic compound PdBi that arises from a different mechanism: the controlled increase of entropy at higher temperatures. Following the
synthesis of PdBi, we structurally characterize two low-temperature polymorphs of the TlI-type structure with single crystal synchrotron X-ray
diffraction. At room temperature, we find a simple commensurate superstructure of the TlI-type structure (comm-PdBi), in which the Pd sub-
lattice distorts to form a 2D pattern of short and long Pd-Pd contacts. Upon heating, the structure converts to an incommensurate variant
(incomm-PdBi) corresponding to the insertion of thin slabs of the original TII type into the superstructure. Theoretical bonding analysis sug-
gests that comm-PdBi is driven by the formation of isolobal Pd-Pd bonds along shortened contacts in the distorted Pd network, which is qual-
itatively in accord with the 18—# rule but partially frustrated by the population of competing Bi-Bi bonding states. The emergence of incomm-
PdBi upon heating is rationalized with the DFT-Chemical Pressure (CP) method: the TlI-type slabs result in regions of higher vibrational
freedom that are entropically-favored at higher temperatures. High temperature incommensurability may be encountered in other materials

when bond formation is weakened by competing electronic states, and there is a path for accommodating defects in the CP scheme.

1. INTRODUCTION

Incommensurability, in which the positions or occupancy of at-
oms are modulated with a periodicity decoupled from that of the un-
derlying host lattice, is being recognized in an ever-expanding range
of systems spanning from metals,' ionic salts,” alloys,** geological
samples,*” to as far as the crystals of organic molecules®” and the ac-
tin protein.'”"" Alongside intriguing structures, incommensurability
offers the possibility for high thermoelectric performance (through
lowering thermal conductivity)'? and non-zero optical activity in
centrosymmetric space groups.”® The clear presence of an average
structure in these crystals creates the impression that the modula-
tions arise from relatively weak interactions that perturb an other-
wise established structure."* Such is indeed the case in charge density
waves.”'* In these systems, the wave vectors of the high-energy va-
lence electrons of a system template structural distortions at low
temperatures. Likewise, in many other examples, incommensurabil-
ity can be removed by heating crystals to temperatures at which ther-
mal energy overwhelms the stabilization provided by the modula-
tion.'”*" It is tempting then to view such effects as low-temperature
behavior. In this Article, we illustrate an alternative mechanism in
which the atomic framework of the intermetallic material PdBi pro-
vides a path for thermal motions to induce rather than suppress
modulations.

As with many intermetallic phases,”*® the simple nominal com-
position of PdBi belies a much more complex structural chemistry.
A report from Zhuravlev in 1957 noted that PdBi crystallizes in an
orthorhombic 2x1x2 superstructure of the TlI-type structure (Fig-
ure 1).”” Later, in 1979, Schubert observed that the compound un-
dergoes a phase transition at 210 °C and that below this temperature
the structure exhibits a minute monoclinic distortion (=89.7°).*
The origins of the superstructure, the nature of this transition, and
the structure of the high-temperature form of PdBi, however, all re-
main unclear. Without answers to these issues, it is difficult to un-
derstand how the structural features of PdBi supports its unique
properties, e.g. electrocatalysis for the production of formic acid®
and non-centrosymmetric superconductivity (Tc = 3.8 K).*

Herein, we elucidate the polymorphism of PdBi with a combina-
tion of experiment and theory. With variable-temperature single
crystal diffraction experiments, we will confirm the general features
of PdBi’s room temperature 2x1x2 commensurate superstructure
(comm-PdBi), and demonstrate that upon heating the superstruc-
ture gives way to incommensurate order (incomm-PdBi) with par-
allels to the recently solved structure of Auln.” In this way, PdBi rep-
resents an example of a system in which incommensurability
emerges upon increasing rather than decreasing the temperature,
joining the brownmillerite-type structures of Ca;AlLOs and



Ca,Fe>Os whose transitions to incommensurately modulated struc-

tures occur on heating to 1090 K and 1100 K, respectively.*"*>

A refinement of the two PdBi structures within the (3+1)D super-
space formalism will emphasize the key differences between the
commensurate and incommensurate forms of the compound.
Through a theoretical analysis, we will see that the form of the
comm-PdBi superstructure is encoded in the bonding of the TII-
type parent structure: new Pd-Pd isolobal bonds are needed to reach
Pd 18-n electron configurations,”** but their formation must navi-
gate steric challenges highlighted by DFT-chemical pressure (CP)
analysis. >
allows for the dimerization to break down in a gradual fashion, lead-

However, as the temperature is raised, the CP scheme

ing to incommensurability. These results illustrate a mechanism for
how entropically-driven incommensurability can emerge from frus-
trated bonding and weakly-coordinated CP networks that can be an-
ticipated with theoretical calculations.
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Figure 1. The crystal structures of (a) the TII type and (b) the 2x1x2
supercell of the TII type reported for PdBi by Zhuravlev in 1957.%

2. EXPERIMENTAL

2.1 Synthesis and Characterization. Crystals of PdBi were
grown by sealing equimolar amounts of the pure metals in an evacu-
ated fused silica tube. The sample was subsequently annealed at tem-
peratures suggested by differential scanning calorimetry (see Sec-
tion 3.1 for further details). First, the sample was heated to 800 °C to
form a homogeneous liquid, followed by two annealing steps: crys-
tallization at 350 °C and further treatment at 580 °C to anneal the
substucture. This resulted in a silvery metallic ingot that broke into
small needle-shaped crystallites when cracked. On an in-house Xcal-
ibur 3 single-crystal X-ray diffractometer, crystals were screened to
find a high-quality specimen for further study. That specimen was
taken to beamline I19 at the Diamond Light Source, UK, for varia-
ble-temperature synchrotron X-ray diffraction. Measurements were

taken between room temperature and 300 °C using a hot air stream
at a wavelength of A = 0.4859 A. To prevent oxidation, the crystal
was encapsulated in a quartz capillary. Integration of the data, struc-
ture solution, and refinements were carried out with CrysAlisPro,”
Superflip,*’ and JANA2006,* respectively.

2.2 Energy Dispersive X-ray Spectroscopy. To investigate the
elemental composition, a PdBi crystal was imaged and analyzed in a
Jeol JSM-6700F SEM (voltage 20 keV) equipped with an EDS de-
tector.

2.3 Electronic Structure Calculations. Bonding schemes for
both forms of PdBi were calculated with the reversed approximation
Molecular Orbital (raMO) method.*” First, the geometry of each
structure was optimized with GGA-DFT,** using the Vienna Ab in-
itio Simulation Package (VASP).** Next, single-point calculations
were performed on the optimized geometries to obtain band ener-
gies and density of states (DOS) distributions to serve as a reference
for Hiickel models of these compounds. All calculations were per-
formed in the high-precision mode using the projector augmented
wave (PAW) potentials**® provided with the package. 10x4x10
and 8x6xS5 I'-centered k-point grids were used for TII-type PdBi and
its commensurate supercell (comm-PdBi), respectively, with an en-
ergy cut-off of 313.6 eV.

The program eHtuner*' was then used to refine the parameters for
the Hiickel models against the GGA-DFT results. Using these re-
fined parameters, provided in the Supporting Information, simple
Hiickel calculations were run with the program YAeHMOP* on
4x2x4 and 2x2x2 supercells (referring to the conventional cells) of
TII-type PdBi and comm-PdBj, respectively, to ensure that a collec-
tion of k points in the Brillouin zone of the structures are mapped to
the T point. The I' point Hamiltonian was then extracted and im-
ported into the in-house MATLAB programs makeramo, ra-
MOmovie, and Figuretool2 for the raMO analyses.”

Using CHGCAR files obtained from the PAW-GGA optimized
geometries, band structures for both forms of PdBi were calculated
with VASP via non-self-consistent calculations with fixed charge
density along specified paths in reciprocal space. For both structures
the following path of the monoclinic Brillouin zone was sampled: I'-
A-M-L-V-Z-T, with 39 k-points connecting each special point.

2.4 DFT-Chemical Pressure Analysis. The DFT-Chemical
Pressure (CP) schemes of PdBi were calculated to assess the role of
atomic packing in the structural variations of this system. First, equi-
librium (P = 0) geometries of each structure were obtained via a ge-
ometry optimization step with LDA-DFT using the ABINIT***
software package and Hartwigsen—Goedecker-Hutter norm-con-
serving pseudopotentials.®® No significant changes in overall geom-
etry and connectivity, aside from LDA’s systematic issue with under-
estimating cell volumes resulting from the optimizations (see the
Supporting Information). Next, single-point calculations were per-
formed at equilibrium volume, as well as slightly contracted and ex-
panded volumes, to produce the kinetic energy and electron densi-
ties, as well as the local components of the Kohn-Sham potential
used to produce the 3D chemical pressure maps.

From the ABINIT output, CP maps were calculated with CPpack-
age2, using core unwarping with tricubic interpolation® as well as the
mapping of the nonlocal pseudopotential energies.” Then, the CP
maps were partitioned into contact volumes between atom pairs us-
ing the Hirshfeld-inspired integration scheme.”” The pressures



within these contact volumes were averaged and projected onto
atom-centered spherical harmonics (I < 4), for visualization with

Figuretool2.

To account for charge transfer between Pd and Bi, charged free-
ion electron densities were used in the CP analysis during core un-
warping and contact volume construction. Atomic charges were ex-
tracted from the PAW-GGA electronic structures using the Bader
program.”** The Atomic Pseudopotential Engine (APE)® was then
used to generate radial electron density profiles for a range of per-
centages of the Bader charge (0% to 75%). The CP results presented
in the main text are for 50% of the Bader charges, with the results of
the other ionicities presented in the Supporting Information. The
results of the CP analyses were found to be qualitatively unaffected
by the assignment of reasonable numbers of localized electrons to
the Pd for purposes of allocating the Ewald and a energy terms.”®

3. RESULTS AND DISCUSSION

3.1 Differential Scanning Calorimetry. We began exploring
PdBi’s polymorphism with differential scanning calorimetry (DSC).
On cycling a sample of PdBi between room temperature and 800 °C,
three clear features can be seen in the DSC curve (Figure 2). First,
two endothermic peaks are found at $83°C and 628°C in the heating
curve. On cooling, an exothermic peak arises at 563°C. Two addi-
tional features in the heating curve are discernible on closer inspec-
tion: a small peak at 210 °C, as previously reported by Schubert,”
and another at 350 °C.

T/°C

100 200 300 400 500 600 700 800
[l 1 1 1 L 1 1 1

100 =

0 = -

DsSC/
mW/mg 1009

=200 = -
— heating

—— coolin
-300 = 9

5 = = 100
0 =
-5 = =0

psc/ —10 = DSC/
mWimg —15 = = =10

mW/mg
-20 = 0, [ \= -200
=~ 65°C
-30 = = -300
T T T T LU | r 111
160 180 200 220 240520 560 600 640

Figure 2. Differential s-z;r?ning curve of PdBi.T'1£00p panel: the DSC curve
of PdBi between room temperature and 800 °C. The heating curve is
shown in blue, and the cooling curve is in green. Lower left panel:
zoomed-in view of the endothermic (blue) and exothermic (green)
peaks around 210 °C. Lower right panel: the melting and solidification
hysteresis between 520 °C and 640 °C.

The peak at 210 °C coincides with the transition from PdBi rt to
PdBi ht described in the phase diagram proposed by Okamoto (Fig-
ure 3).* The exothermic peaks at 350 °C and 583 °C could denote
other processes within PdBi, with the 350 °C feature possibly corre-
sponding to the complete loss of the superstructure to yield a TII-
type structure. They could also reflect the formation or melting of a
Bi-poor phase (see phase diagram in Figure 3), respectively. Finally,

the endothermic peak at 628 °C can be attributed to the full structure
melting (as compared to the phase diagram melting temperature of
618 °C*). Following the green, cooling curve (Figure 2), the peak at
563 °C is best attributed to the crystallization of PdBi, 65 °C below
where the phase melts in our experiment. Based on these observa-
tions, we used the following temperature profile to optimize the
growth of PdBi crystals: we first annealed the sample at 350 °C to
nucleate PdBi well below its crystallization temperature, then heated
the sample to 580 °C (in the middle of the hysteresis range between
melting and solidification, Figure 2) to provide the highest possible
atomic mobility for the growth of crystals.
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Figure 3. Phase diagram of PdBi adapted from Okamoto.**

3.2 Single Crystal X-ray Diffraction of PdBi. With single crys-
tals in hand, we first attempted to understand PdBi’s polymorphism
via laboratory single crystal X-ray diffraction data. Analysis of the re-
spective data clearly established that the specimen is a single crystal
of the PdBi 1:1 phase but shows additional superstructure features.
Judging from thermal events observed in the DSC measurement, it
seemed likely that uncovering the full details of PdBi’s structural
chemistry would require X-ray diffraction experiments at various
temperatures. To collect data of sufficient intensity and at various
temperatures on the small needle-shaped crystallites of PdBi, meas-
urements were conducted at Diamond Light Source’s synchrotron
beamline I19 between room temperature and 300 °C.

At room temperature, the main reflections in the diffraction pat-
tern of PdBi can be indexed with a unit cell with parameters a =
3.6155(2) A, b = 10.7047(6) A, ¢ = 4.3794(3) A, a = 90°, B =
90.144(5)°, and y = 90°, corresponding to a TlI-type average cell
with a slight monoclinic distortion. These basic cell reflections are
joined by satellite reflections at q=Y2a*+V2c*, shown in the hk¥ re-
ciprocal lattice layer in Figure 4a. The superstructure reflections fall
along the red line along b* at a height of 2a* and indicate that at this
temperature a 2x1x2 supercell is adopted.

Heating to 200 °C (somewhat below the transition temperature
we see in our DSC experiments, though we should note that the tem-
perature here is that at the hot-air nozzle of the heating device rather
than the sample) changes the superstructure reflections. The corre-
sponding superstructure reflections are now indexed with q =
0.4848(6)a* + Vac*, revealing that PdBi has become incommensu-
rately modulated at this temperature. The small contraction of the
satellite reflections causes the peaks in reciprocal space reconstruc-
tions to move off the red line, highlighted by red arrows in Figure 4c.



While difficult to discern in the reciprocal lattice reconstructions, the
discommensuration is easy to see in histograms of satellite peak
counts as a function of distance to the nearest lattice point along a*
(Figures 4b, 4d).%
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Figure 4. Discommensuration of comm-PdBi upon heating. (2) Recon-
struction of the hkY4 layer of reciprocal space at room temperature. The
green circle begins at an absent main peak, with the arrow ending at a
satellite. (b) Histogram of peak counts as a function of distance to the
nearest reciprocal lattice point along the a* direction from CrysA-
lisPro.* (c)-(d) The analogous hk¥2 layer and histogram for PdBi at 200
°C. The red arrows indicate the shortened g-vectors. Pairs of satellites
from neighboring main reflections are not seen here due to the system-
atic absence conditions of the superspace group.

We can follow the evolution of the diffraction pattern as PdBi is
heated to even higher temperatures, shown in Figure 5 with recon-
structions of the hk%: reciprocal lattice layer. Figures Sa-b show
again the satellite reflections at room temperature and 200 °C, re-
spectively. In comparing these two images, the split from q = (13,0,
1) to q=(0.4848(6), 0, %2) is once again indicated by the slight per-
turbation of the satellite peaks when traveling along a*. Heating to
220 °C (Figure Sc) leads to a small contraction of the g-vector to
(0.4823(9), 0, %2), but also to the evolution of diffuse scattering un-
der the positions of the satellite reflections. At higher temperatures
the g-vector begins to lengthen, although the numbers become less
reliable due to the upsurge of diffuse scattering. By 250 °C (Figure
5d), the satellites have essentially vanished and the diffuse scattering
begins to dominate the reciprocal lattice reconstruction. Above this
temperature, the diffuse scattering grows so weak that it is barely vis-
ible, suggesting that PdBi has essentially transformed to the TlI-type
parent structure.

Throughout this process, the satellite reflections show variability
in their positions along the a* axis, but their component along c*
stays fixed at Yac*. To model these features, it then becomes conven-
ient to treat the ¢* component of the satellites by doubling the cell’s
c-axis and to handle the a* component as a modulation using
(3+1)D superspace techniques. This procedure yields non-standard
settings for the two modifications and unusual expressions for the
equivalent positions, but it makes them directly comparable, having
metrically the same unit cell (up to a small deviation in the mono-
clinic angle). As we will see below, this would not be possible using
the g-vector (14, 0, ¥2) since it is compatible with a unique b-axis but
not a unique a-axis.

In this way, comm-PdBi is described as a commensurately modu-
lated monoclinic structure whose basic cell has a doubled c-axis

when compared to the TII type, with unit cell parameters a =
3.6155(2) A, b = 10.7047(6) A, ¢ = 8.7588(6) A, a = 90°, B
90.144(5)°, y=90°, and q = (%, 0, 0). Likewise, incomm-PdBi is
indexed with a similar unit cell: a = 3.625(2) A, b = 10.6736(6) A, ¢
= 8.8428(5) A, B = 89.966(5)°, and a modulation vector of q =
(0.4848(6), 0, 0).
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Figure 5. Reciprocal space reconstructions of the hkV layer (TlI-type
setting) at (a) RT, (b) 200 °C, (c) 220 °C, (d) and 250 °C.

3.3 Refinement of the Crystallographic Models.

To begin solving the structures of PdBi at room temperature and
200 °C, we first need to assign the correct space group, which proved
to be non-trivial in this case. This fact is underscored by the previous
reports on the structure, where the space groups Cmc2,”” and P2,**
have both been cited as solutions. The lattice parameters observed
here are nearly metrically orthorhombic but attempts to solve and
refine the structure indicated that lowering the symmetry to mono-
clinic is necessary. In the case of the room temperature structure,
trial and error indicates that the b-axis should be taken as unique.

The symmetry reduction from orthorhombic to monoclinic
(unique b) lowers the space group from Cmcm to its C 12/c 1 sub-
group. With q = %3, 0, % (the standard setting), this would have
yielded the (3+1)D superspace group C 1 2/c 1(a0y). By instead
doubling c and setting the ¢* component of q to 0 we arrive at a non-
standard setting of the same superspace group with an X-centering.
Here, X refers to the centering vectors (0, 0, 43, %2 ), (%, %, 0, 0),
and (13, ¥, 15, 1), as suggested by the systematic absence conditions
hkim: I+m = 2n, h+k = 2n, h+k+l+m = 2n. The general positions for
the superspace group in this setting are (x1, x2, 3, x4), (-1, %2, Va-a3,
Ya-x4), (-1, %2, %3, -x4), and (x1, -x2, Va+3, %-x4). A more detailed
derivation of the (3+1)D superspace group can be found in Section
S2 of the Supporting Information.

Of the numerous alternatives we tried, structure solution and re-
finement in this space group provided the best agreement factors
(Table 1). Here the orthorhombic pseudosymmetry is reflected in



imbalanced twinning, with individual 1 having a much larger volume
of 87% than individual 2 with 13%.

The atomic model for comm-PdBi’s structure uses one symmetry
distinct site for the Pd atom and one symmetry distinct site for the
Bi atom. In this model, the Pd atoms are split into pairs of distinct
but symmetry-related domains along the x4 axis, modeled with one
crenel wave, as well as a sinusoidal wave to give a small amount of
curvature (Figure 6a). The domains are centered at different x1 po-
sitions (red and magenta) on either side of the green dashed line,
which indicates the glide operation transforming the magenta into
the red position and vice versa. This corresponds to Pd atoms dis-
placed along +x: or —xi1. The Bi site meanwhile is described with first
and second order harmonic waves (Figure 6b) which represent mo-
tions that are coordinated with the Pd displacements, as we will ex-
amine more closely soon.

Room Temperature
(comm - PdBi)

N x2=0.358 x1=0.500

0.05 015 %3

Figure 6. (3+1D) models of comm- and incomm-PdBi. (a) Cross-sec-
tion of the Fourier electron density associated with the Pd site in the
room temperature refinement of PdBi. Two symmetry-related atomic
domains for Pd are shown in red and magenta, with the glide operation
relating the two positions shown in green. (b) Cross-section for the Bi
atom at room temperature with the green line showing its atomic posi-
tion. (c)-(d) Corresponding plots for the 200°C data set, with red and
green lines indicating the models’ Pd and Bi positions, respectively.
As the slices are not integrated over any thickness along the other
directions, the electron density values should be viewed qualita-
tively.

The atomic geometry of comm-PdBi’s structural model is shown
in Figure 7. Here, the Pd atoms distort away from the Tl positions of
the T1I-type average cell (Figure 7a) to create pairs along the a-axis,
encoded by the crenel functions’ alternation along x. Moreover, the
phase of the pairing changes as one moves along the c-axis to create
a sequence of Pd. pairs (S) and Pd-~Pd gaps (L) in an
...SSLLSSLL... pattern. In this way, an alternation of rectangles
and flattened octagons, which we might refer to as an 8484 pattern,
appears when moving along the a-axis (as in Figure 7b). This dou-
bles the repeat period of the structure along c relative to that on the
original TII-type cell, accounting for the Y2c* component to the q-
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Figure 7. Pd connectivity in (a) TII and (b) comm-PdBi. The red
and magenta circles refer to the modeled atomic domains shown in
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T e ]

r.a
(]
O

S
S
L
L

Figure 6.

Table 1. Crystallographic information for the PdBi polymorphs.
Temperature RT 200°C
Refined formula PdBi
Formula weight, M: 315.4
Crystal size (mm?) 0.05 x 0.4 x 0.05
Color Gray
Crystal system Monoclinic
Space group X12/m1(a00)00 X2/m11(a00)00
Lattice parameters a=3.6155(2) a=3.625(2)

b=10.7047(6) b=10.6736(6)
c=8.7588(6) c=8.8428(5)
B=90.144(5) a=89.966(5)
Modulation vector (0.5,0,0) (0.4848(6),0,0)
Maximum order of 1 1
satellites
Formula units 8 8
Refinement Method P
Rine (I> 30) 9.37 7.95
Robs (I > 30; all) 8.54,9.08 6.99, 8.04
wR (I > 30, all) 25.36,27.82 18.67,19.44
Runain (I > 30) 5.61 6.66
Ra (I>30) 10.43 7.26
GOF (I > 30, all) 1.85,1.90 1.96,2.15
No of parameters 28 25
CCDC No. 1900572 1900573

At first, we modeled the high temperature data with an analogous
model, only changing the g-vector from (0.5, 0, 0) to (0.4848(6), 0,
0). For this polymorph, however, changing the setting so that a is
now the unique axis with a monoclinic angle a = 89.966(5)° results
in a far superior solution. The (3+1)D superspace group becomes
X2/m11(000)00.% Another change in the high temperature model
is the treatment of the Pd atoms: the two distinct Pd domains merge



into a more continuous function, which can be modelled with two
sinusoidal waves (just like the Bi positions, see Figures 6b,d).

Despite the change in the orientation of the unique axis, the place-
ment of atoms and their networks are remarkably similar in the
comm- and incomm-PdBi models, at least at the local level. At 200
°C, the incommensurate modulation leads to changes at a longer
length scale: comm-PdBi’s pattern of Pd-Pd pairing is interrupted by
stacking fault-like slabs where the dimerization is lost. This insertion
of faults is illustrated for a section of the structure (generated at to=
0) in Figure 8. We begin on the left with a connection fault, where
the structure displays an essentially undistorted TII-type network.
Further along the g-axis, the Pd-Pd interatomic distances gradually
lengthen and shorten to bring back the 8484-type network we see in
comm-PdBi. Closing in on the next fault, the interatomic distances
even out again until they reach their original T1I-type pattern.

Because a supercell’s size along a crystallographic direction is the
reciprocal of the g-vector’s length, the frequency of these stacking
faults can be simply related to the change in the q-vector upon heat-
ing. Going from room temperature to 200°C leads to a shift of q
from (0.5, 0, 0) to (0.4848(6), 0, 0), which corresponds to a disrup-
tion of the comm-PdBi structure in the high temperature incomm-
PdBi phase at a spacing approximated by the expression,

1 1
T 05-04848

qa,RT~ 9a,200°C
The number of atoms between the centers of the faults shown here
isin fact 33, i.e. half the number of the atoms predicted for the super-
structure.

This structural sequence suggests an interesting balance of ener-
getics and entropy are at work in this compound. At low tempera-
tures, the Pd-Pd pairing follows a commensurate pattern with no
connectivity faults appearing in our model. These findings are a hint
that this is the lowest energy configuration. The introduction of
these faults as the temperature is increased indicates that the incom-
mensurability is entropically stabilized. These trends are consistent
with a lock-in behavior on reducing the temperature, with the struc-
ture going from modulated to non-modulated. In the next section,
we will see how this behavior is in fact encoded in the atomic packing
and electronics of this compound, using simple bonding schemes
and a chemical pressure analysis.
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Figure 8. Connection faults in incomm-PdBi at 200°C. The number of
atoms separating the leftmost and central fault is 33; the central and
rightmost faults are separated by 34 atoms.

3.4. Electronic Driving Force for the Formation of comm-
PdBi. Now that we have a model for the structural variations that
PdBi undergoes as a function of temperature, let’s examine the

chemical factors driving this progression. We begin by considering
the advantages conferred by the room temperature superstructure of
comm-PdBi over its simpler TlI-type parent structure. The most
striking difference between these two forms is in their Pd-Pd con-
nectivity. In the TlI-type parent structure, the Pd atoms form a zig-
zag chain running along ¢ with Pd-Pd distances of 2.88 A. These
chains are relatively isolated from each other, with the shortest inter-
chain distances (3.68 A) arising as the chains stack along a. In the
transition to comm-PdBi, Pd zigzag chains twist to create pairings in
the inter-chain Pd-Pd contacts; the regular spacing along a in the
TII-type gives way to an alternation of short (3.09 A) and long (4.22
A) distances in comm-PdBi. The former contacts are now short
enough for Pd-Pd interactions to become non-negligible.

Structural distortions of this type are highly suggestive of a process
driven by states at the Fermi surface, such as a Peierls transition® or
charge density wave.®” A hallmark of such phenomena is the appear-
ance of a band gap or pseudogap in the electronic band structure at
the Fermi energy (Er), which can be detected as a minimum in the
density of states (DOS) distribution. In Figure 9, we compare the
DOS curves calculated for TlI-type and comm-PdBi. Both exhibit a
set of Bi s states at ca. -16 to -18 eV, as well as a large block of Pd d
states right below the E, with the higher energy states being largely
based on the Bi p, Pd s, and Pd p orbitals.

(a) Tll-type PdBi

(b) comm-PdBi

- Er (comm-PdBi)

1—Ti
---comm-PdBi DOS
Figure 9. The GGA-DFT density of states curves for (a) TlI-type PdBi

and (b) comm-PdBi. The features near the Er are overlaid in the inset.

Curiously, these similarities extend to the region near the Er. No
clear pseudogap arises in the transition to comm-PdBi. Zooming in
on this energy range reveals only slight differences: each structure
places the Erin a shallowlocal minimum in the DOS. While this min-
imum at first seems more distinct for the case of comm-PdBi, the ab-
solute value of the DOS (scaled to the same number of formula
units) is larger here than for the TII type. A close look at the band
dispersions between special points in the Brillouin zone leads to the
same conclusion (see the Supporting Information). The opening of
bands around the Er is evident at one special point, but there is the
closing of bands at others (Figure S3). Taken together, the for-
mation of comm-PdBi does not appear to be chiefly driven by elec-
tronic states near the Ek.



An alternative hypothesis that is less focused on the region near
the Er is provided by the 18—n rule,* in which the structural prefer-
ences of the Pd atoms are assumed to be guided by the favorability
of 18-electron configurations, such that all their valence s, p, and d
orbitals are utilized. In this bonding scheme, transition metal (T) at-
oms can share electron pairs with each other in multi-center, main-
group atom-supported functions isolobal to traditional T-T bonds.
Through electron sharing, the T atom can reach an 18-electron con-
figuration with only 18-# electrons, where 7 is the number of T-T
isolobal bonds in which it participates.*

From this point of view, a driving force for the distortion becomes
clear. As PdBihas 10 + 5 = 15 valence electrons/Pd atom, each Pd
would need to engage in three Pd-Pd bonds to reach an 18-electron
configuration. In the original TII-type structure, the contacts along
the Pd zigzag chains would allow for two such bonds. However, in
the absence of minteractions, each Pd atom would still be 1 electron
short of the 18—n count. On the other hand, the formation of the
comm-PdBi superstructure allows each Pd atom to make one addi-
tional Pd-Pd contact, suggesting that the distortion serves to coun-
teract this electron deficiency, with the effects being distributed
among the occupied crystal orbitals rather than focused on the states
near the Er.

The reversed approximation Molecular Orbital (raMO)
method™® offers an approach to explore this notion. In this method,
the occupied crystal orbitals from a DFT-calibrated Hiickel model
of the compounds are used as a basis set to reproduce local Molecu-
lar Orbital diagrams. The results of the analysis are a set of raMO
functions that represent the best possible reconstructions of the tar-
get MOs from linear combinations of the occupied orbitals.

To examine the role of 18-electron configurations, we started with
the raMO reconstruction of a Pd atom’s s, p and d valence orbitals in
the two structures (see the Supporting Information). After seeing
that the Pd 4d raMOs are tightly localized (corresponding to closed
d'° subshells), we focused on the raMOs generated for the Ss and Sp
orbitals. These reveal electron-sharing between Pd atoms, which is
easiest to see after taking linear combinations to create hybrid func-
tions (Figure 10).

For TlI-type PdBi (Figure 10a), the trigonal planar Pd environ-
ment suggests sp” hybridization, which we obtain via linear combi-
nations of the Ss, Spx, and Spy raMOs. Two of these show Pd-Pd
bonding character, sharing the same nodal properties as a typical o
bond but are supported by the surrounding Bi coordination sphere;
these are the two isolobal Pd-Pd bonds along the chain that we an-
ticipated above. The third sp> hybrid resembles a Pd lone pair that
engages in bonding with the surrounding Bi atoms. The raMO for
the unhybridized Sp. orbital partakes in « interactions along the Pd
zigzag chain, reflecting the electron-poor character of the phase.

In the transition to comm-PdBi with the new Pd-Pd contacts, the
Ss and Sp raMOs can now be combined in an sp® fashion to create
three isolobal bonds and a lone pair (Figure 10b). This presence of
three Pd-Pd bonds is just what the Pd needed to achieve its 18-elec-
tron configuration. However, hints of Pd-Pd = interactions remain
along the zigzag chain, suggesting that the Pd atoms still have some
electron deficiency. Apparently not all of the 15 electrons/Pd atoms
in the structure are associated with the Pd centers.

(a) Localized Pd-Pd sp? raMOs in Tll-type Pd
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Figure 10. Localized raMOs of PdBi inspired by 18— considerations.
(a) In TlI-type PdBi, the TlI-type PdBi forms sp* bonding interactions

along the zigzag chains, as well as a lone pair function. The unhybridized

Op,, T

5px raMO shows 7 interactions, indicating that the phase is electron
poor. (b) In comm-PdBj, a third Pd-Pd bonding contact is formed, re-
sulting in sp® hybrid functions. « interactions remain along the zigzag
chain (signaling electron deficiency).

Where are the remaining electrons? To isolate these electrons, we
attempt to create raMOs for each of the 128 Pd atomsina 4 x 2 x 4
and 2 x 2 x 2 supercell of TlI-type PdBi and comm-PdBi, respec-
tively. The results of such an analysis on T1I-type PdBi are shown in
Figure 11. The Pd 4d orbitals again give rise to tightly localized func-
tions, shown as the filled-in portion of the DOS in Figure 11a. The
remainder states left over from these reconstructions then serve as
the basis set for construction of, first, two sp’> bonds and, then, one
sp” lone pair on each Pd atom, a process called a remainder analy-
sis.”®”" We can successfully reproduce 117/128 possible Pd-Pd
bonding functions along the zigzag chain in TlI-type PdBi, corre-
sponding to 1.82 electrons/formula unit being localized to these



Pd d states, 10 e7/f.u. (b) Pd-Pd bonds, 1.82 e™/f.u.

(@

(c)

Pd lone pairs, 2 e7/f.u. bonds, 0.32 e7/f.u.

(d) Bi-

=

Er

emainde

Pd-Pd sp? bond raMOs,
~91% occupied

Energy (eV)

DFT-calibrated Hiickel DOS

Pd sp? lone pairs raMOs,
100% occupied

bond raMOs,
~16% occupied

7

i
/A

Figul:e 11. Electron counting in TlI-type PdBi, based on raMO analysis. (a) First, the Pd d states are localized to the Pd atoms, serving as a closed shell.
Then, subsequent remainder analyses reveal (b) 1.82 e™/f.u. localized to Pd-Pd sp? bonding functions, (c) 2 e”/fu. in sp? lone pairs, and (d) small

occupation of a bonding function associated with a Bi-Bi bridging contact.

Pd d states,
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(c)

Pd lone pairs,
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(d) Pd-Pd bonds,
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b Pd-Pd sp* bond raMOs,
~81% occupied
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69% occupied
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Figure 12. Electron counting of comm-PdBi, as derived from raMO analysis. (a) The Pd 4d orbitals compose a closed shell. Attempts to reproduce

three Pd-Pd bonds and a Pd lone pair reveal (b) partial occupation of the zigzag bonding functions and (c) the Pd lone pairs, as well as (d) full occupa-

tion of the new Pd-Pd bonds connecting adjacent zigzag chains. (e) A portion of the remaining electrons is in the Bi-Bi bonding function bridging non-

bonding Pd atoms in different zigzag chains, with the rest occupying delocalized Bi states.

functions (Figure 11b). A second remainder analysis successfully re-
constructs all 128 sp” lone pairs (Figure 11c), accounting for another
2 electrons/formula unit.

At this point, 13.82 of the 15 electrons per formula unit are ac-
counted for. A likely place to search for the remaining electrons is in
the unhybridized Pd p. orbital. These reconstructions, however,
quickly lead to delocalized Bi-rich states. In turning our attention
then to the Bi sublattice, we can localize ~0.32 of the remaining elec-
trons to a Bi-Bi bonding function that bridges the zigzag chains of
the structure (Figure 11d). The remaining 0.86 electrons/formula
unit are more diffusely spread across the structure. Clearly, this is
not an ideal bonding situation.

An analogous treatment of comm-PdBi reveals substantial im-
provement in the electronic situation (Figure 12). Here, the Pd at-
oms still retain closed-shell 4d configurations (Figure 12a). In the
next steps of the raMO analysis, we try to reconstruct the sp® func-
tions mentioned above: three Pd-Pd bonds and one lone pair. First,

the attempt to reconstruct isolobal bonds along the zigzag chains un-
covers considerable occupation of these bonding functions, with 104
of the 128 possible zigzag bonds successfully reproduced (Figure
12b).

Next, the remaining electrons serve as a basis for the reproduction
of an isolobal bond along the newly contracted Pd-Pd contact along
a, as well as Pd sp® lone pairs in the resultant long Pd-Pd contacts
along a. Reconstructions of the lone pairs reveal 88/128 occupied
states (Figure 12c), which is in fact a decrease from the case of the
original TII structure. The Pd-Pd isolobal bonds at the shortened
contacts along a, however, are very well recreated, with all 64 states
being occupied (Figure 12d). A final remainder analysis reveals
slightly more occupation of the bridging Bi-Bi bonding function,
with just shy of 0.5 electrons/formula unit existing in these func-
tions. In total, 14.48 electrons/formula unit are localized through
this analysis, with the unlocalized DOS corresponding to delocalized
Bi-based states (Figure 12e). While there is still substantial metallic



character in the bonding of comm-PdBi, it exhibits a much higher
degree of localization than its TlI-type parent structure.

Overall, the comparison of the raMOs of TlI-type comm-PdBi
suggests that the creation of new Pd-Pd bonds provides an energetic
driving force for the formation of the superstructure. The full opti-
mization of the bonding is limited, however, by competing elec-
tronic states, particularly the presence of low-lying Bi-Bi bonding
functions along contacts that are isolated from the Pd atoms. The
result is a curious juxtaposition of a structure that follows the geo-
metrical prescriptions of the 18-n rule without a significant
pseudogap appearing at the Er.

3.5. Atomic Packing Consequences for Atomic Motion in
PdBi. The non-ideal bonding in the comm-PdBi superstructure
would seem to set the stage for a transition to the TII-type parent
structure at higher temperatures. Experimentally, though, this is not
the first thing that is observed upon heating. Instead, an incommen-
surate structure containing strip-like domains of the TII-type ap-
pears. What underlies the formation of this intermediate step? One
promising way to find answers is by investigating how the atomic
packing factor directs atomic motions during these phase transi-
tions. The DFT-Chemical Pressure (CP) method provides a way to
visualize such effects. With this method, the macroscopic internal
pressures of a phase, as obtained in a DFT calculation, are resolved
into competing interatomic pressures that call for either the expan-
sion or contraction of different portions of the structure. The result-
ing schemes can highlight frustration in the space requirements of
the atoms as well as potential paths of facile motion.

In Figure 13, we show the CP scheme calculated for TII-type
PdBi, focusing on the capped trigonal prismatic coordination envi-
ronments of the Pd atoms. The scheme is represented with atom-
centered radial plots, where the size of the lobes is proportional to
the magnitude of the sums of the pressure contributions experienced
by an atom along that direction, while the colors of the lobes indicate
their signs. Black lobes represent negative pressures, or contacts that
would prefer contraction of the structure, while white lobes repre-
sent positive pressures, or contacts that would benefit from the ex-
pansion of the structure.

In TlI-type PdBi (Figure 13), each Pd atom experiences an asym-
metric distribution of positive CP; the largest lobe is along the apical
Pd-Bi contact of 2.87 A, while four smaller lobes radiate towards
equidistant basal Pd-Bi contacts of 2.90 A. The Bi CP distributions
also reflect these positive CPs along Pd-Bi contacts with white lobes
directed toward the Pd atoms. The Bi atoms also show the counter-
force that prevents the structure from simply expanding in response
to the overly short Pd-Bi contacts: large negative lobes pointing
along Bi-Bi contacts. Relieving the positive pressures within the Pd-
Bi interactions through expansion of the structure would require un-
favorable stretching of the Bi sublattice.

Together, these features guide how atoms can move from the TII-
type parent structure to form comm-PdBi. The motions of the Pd
atoms along a to form new Pd-Pd interactions increase the distance
of the apical Pd-Bi contact. This releases the major positive CP fea-
ture in the parent structure—every Pd atom would be expected to
take advantage of this. At the same time, though, the formation of
new Pd-Pd bonds should avoid compressing the already too-short
Pd-Bi contacts and stretching the Bi-Bi ones.

Tll-type PdEI: Positive Pd-Bi CPs Guide Pd-Pd Bond Formation

1000 GPa
‘“ g+ DFT Chemical
+ Pressure Anisotropy

Figure 13. CP scheme of TII-type PdBi shown for a Pd coordination

environment. The Pd-Bi CPs are positive, while the Bi-Bi CPs are nega-
tive.

In Figure 14, we focus on how these factors play out in the for-
mation of the comm-PdBi structure. We begin by considering a sin-
gle Pd/Bi layer in TlI-type PdBi running perpendicular to the b-axis
(Figure 14a). Here, the same CP features are evident: positive Pd-Bi
CPs (highlighted with red lines) and negative Bi-Bi CPs (black dot-
ted lines). Figure 14b shows the corresponding slab in the comm-
PdBi structure, with the yellow arrows highlighting the atomic mo-
tions that have taken place. A pairing of two Pd atoms necessitates
the bridging Bi atoms in the same layer to move away from the nas-
cent bond. The displaced Bi atoms in turn push apart the neighbor-
ing Pd-Pd pairs along the c-direction, leading to the pairing in the
next Pd chain running along a to be out-of-phase. The continued
propagation of this pattern leads to an alternation of Pd-Pd pairs and
gaps in a checkerboard pattern. Stacking the two layers of the slab
results in the 8484 pattern of Pd-Pd contacts mentioned in Section
3.3 (Figure 14c). In this way, the structure of comm-PdBi is essen-
tially determined by the desire of each Pd atom for one additional
close Pd-Pd contact and the pattern of Pd-Bi positive CPs.

The 2x1x2 superstructure of the T1I-type exhibited by the comm-
PdBi structure would thus seem to represent the ground state of the
system from both the electronic and atomic packing viewpoints.
How, then, does the incommensurate structure emerge as the tem-
perature of the system is increased? To understand this, it is useful
to consider the CP issues that would arise from a local breakdown of
the Pd, dimer pattern along the g-axis in comm-PdBi. In Figure 15,
we use a layer of the TII type to show how the insertion of an un-
paired Pd atom, which we will call 2 monomer (red circles), can be
accommodated.

On both sides of the monomer, the formation of the neighboring
dimers would set off a pattern of atomic motions to accommodate
the Pd-Bi positive CPs (as we saw for the formation of comm-PdBi).
This time, however, the presence of the monomer means that some
of the Bi displacements induced by the positive CPs on the neigh-
boring Pd: dimers interrupts the pairing pattern along a for Pdatoms
in the chains above and below the central one, as marked with x’s in
Figure 15. The result: the presence of one monomer promotes the



propagation of a larger pattern of monomers across the ac-layer
(dashed red circles in Figure 15a).
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Figure 14. The CP tensions within a single layer of TII-type and comm-

PdBi. In both structures, Pd-Bi bilayers are stacked along the long axis.
Viewing a single layer of the PdBi structure highlights the CP tensions:
positive Pd-Bi CPs (connected by red lines) and negative Bi-Bi CPs
(black dotted lines). Transitioning from (a) T1I-type PdBito (b) comm-
PdBj, results in Pd-Pd bonds along a that distorts the Pd sublattice. Pd-
Bi positive CPs within the layer necessitate the alternation of Pd dimers;
the resulting motions are highlighted with yellow arrows. (c) Stacked
Pd-Bi layers in TlI-type PdBi (left) and comm-PdBi (right). The result-
ing 8484 pattern of comm-PdBi can be derived from the CP tensions of
the parent structure.

From a central monomer, there are several possible paths for the
monomers to spread. The new monomers might occur either on op-
posite sides along a of the initial one (a trans arrangement, Figure
15a), or on the same side (a cis arrangement, Figure 15b). That these
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two patterns are not equally favorable can be seen from a close ex-
amination of the atomic packing requirements around the initial
monomer. In the trans arrangement, the Pd-Bi displacements rip-
pling around the initial monomer lead to it being compressed by Bi
atoms on opposite sides. As the Pd-Bi atoms are already overly short
in the TII-type parent structure, this would be expected to introduce
extra tension in the structure’s atomic packing.

The situation is different for the cis arrangement. Again, the two
concerted atomic motions lead to two Bi atoms coming closer to the
Pd monomer. Now, though, they approach the monomer from the
same side, leaving open a path for it to move away in the opposite
direction toward a neighboring Pd dimer, even offering the potential
for the formation of a Pd trimer. In this way, the cis arrangement al-
lows for the interruption of the Pd-Pd pairing pattern of comm-Pd
without obvious exacerbation of the structure’s CP issues relative to
the parent structure. Atleast in terms of atomic packing, this appears
to be the more favorable arrangement.

Possible Monomer Configurations in incomm-Pd
(a) trans monomers

P

Figure 15. The possible configurations of disrupted Pd-Pd dimers in in-
comm-PdBi. (a) Monomers arranged trans to each other (red circles).
These arrangements leave a Pd atom with shortened Pd-Bi contacts. (b)
A cis arrangement for the monomers, where the monomers are given the
flexibility to move and possibly form Pd trimers. (c) The extended pat-
tern of monomers in a cis arrangement, which closely matches the ob-
served connection faults in the incomm-PdBi structure.

‘What about the electronic consequences of disrupting the Pd-Pd
pairing? According to the 18—n rule, each Pd atom seeks to gain one
additional isolobal Pd-Pd bond when distorting away from the TII
type. In the comm-PdBi structure this is accommodated by a strict
dimerization pattern. Monomers, of course, will not have any addi-



tional Pd-Pd interactions relative to the TII type, and so their incor-
poration would lead to the phase becoming increasingly electron
poor. For the trans monomer arrangement where the Pd monomers
are squeezed from opposite sides, this would be the end of the story.
With the cis arrangement, on the other hand, the monomer has the
option of joining a dimer to form a trimer, where one Pd atom has
two rather than one extra Pd-Pd interaction. Through a balancing of
trimers and monomers—in a likely dynamic way at high tempera-
tures—the correct average number of new Pd-Pd contacts can be
maintained.

This viewpoint accounts for the overall features of the incommen-
surate structure of PdBi at 200°C, as it was depicted in Figure 8. The
incommensurability results from the insertion of connection faults
running along ¢ into the comm-PdBi structure. The Pd-Pd patterns
within these faults appear on average like domains of the TII-type. A
close inspection of the central regions for a column of Pd monomers,
however, reveals a cis arrangement. In fact, the alignment of the in-
commensurate component of the g-vector with the a-axis can be
seen as a direct consequence of the preference for the cis- over the
trans- configurations of adjacent monomers.

Viewed together, the results of our analyses of comm- and in-
comm-PdBi reveal the factors governing their relative stabilities. The
comm-PdBi structure allows for the release of the major Pd-Bi posi-
tive pressure (the apical Pd-Bi contact in the Pd coordination envi-
ronment) while achieving a Pd-Pd connectivity in accord with the
18-nrule, all without going significantly against any of the other pos-
itive CPs in the structure. The incorporation of Pd monomers in the
incommensurate structure introduces more ambiguity in the Pd-Pd
connectivity and will partially undo some of the CP relief along the
apical Pd-Bi contacts. The energetic penalties here would seem to
make the incommensurate structure unfavorable at low tempera-
tures, where entropic effects will be marginal.

At higher temperatures, though, the greater entropy provided by
geometrical flexibility of the incommensurate structure would likely
enhance its thermodynamic stability relative to the comm-PdBi
phase. We previously discussed how the incommensurate structure
could offer interchanges of monomers and trimers. In addition, the
CP scheme of TlI-type PdBi suggests that the connectivity faults
could be regions with soft atomic vibrations that could enhance the
entropy (Figure 12). Note that the CP features of the Bi atoms in
this parent structure show strong positive pressures perpendicular to
negative pressures, giving rise to quadrupolar character thathas been
associated with soft atomic motions.”” As this quadrupolar nature is
less prominent in the CP scheme of comm-PdBi structure, the rever-
sion to the TlI-type structure in the connectivity faults offers new vi-
brational freedom. Overall, then, PdBirepresents a case in which in-
commensurability occurs from the CP-guided path to incorporating
greater entropy at elevated temperatures without sacrificing Pd-Pd
bonding.

4. CONCLUSIONS

Using PdBi as an illustrative example, we have shown how incom-
mensurability can arise as an entropically-favored structural arrange-
ment at higher temperatures. We began by uncovering the tempera-
ture-dependent forms of PdBi: a room-temperature commensurate
superstructure of the TII type that becomes incommensurate at
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~200 °C. We followed this with theoretical investigation of the poly-
morphs, where comm-PdBi is favored by the 18—n rule and guided
by the CP relief of the major Pd-Bi tensions. The emergence of in-
comm-PdBi at higher temperatures can also be understood with the
CP scheme: breaking the pattern of Pd dimers to form a slab of the
TlI-type parent structure increases vibrational freedom in that re-
gion of the structure without propagation of CP tensions elsewhere.
The g-vector’s alignment with the a-axis is also a direct consequence
of the CP scheme, which shows that tilting q would lead to enhanced
strain on the unpaired Pd atoms at the cores of the TII-type slabs.

It will be interesting to see how this picture of entropy-driven
modulations on a commensurate superstructure might apply to
other TlI-type phases and intermetallics more broadly. For example,
we might investigate the role of entropy on the structurally related
compound Auln,® which also exhibits temperature-dependent
modulated polymorphs of the TII type. In particular, the different
nature of the modulations in Auln (stacking disorder along b and po-
sitional disorder along c), may be related to electronic requirements
distinct from those of PdBi due to their different valence electron
counts (14 vs. 1S electrons per formula unit). Furthermore, we
might consider how the structural behavior of PdBi and Auln might
enable us to predict similar behavior in other TII-type compounds
whose structures have not been completely characterized. More
generally, this mechanism could also play a role in lock-in phenom-
ena of other systems, in which incommensurate q-vectors are seen
to snap to commensurate values at low T.

In fact, the features of PdBi’s structural chemistry (electronically-
driven, CP-guided phase transitions) align well with a broader guide-
line that was recently described, called the Frustrated and Allowed
Structural Transitions (FAST) principle:* complex structural be-
havior, such as phase transitions and incommensurability, are more
likely to occur when the atomic packing and electronic factors work
together and less experimentally realizable when the factors are in
competition. Here, then, we see comm-PdBi emerge as an allowed
structural transition, where both CP relief and the ideal 18-n pre-
scription guide the formation of the superstructure. Unlike rigid, 3-
dimensional networks of positive CPs (PtGa.**) or paths of facile
motion outlined by CP quadrupoles (Fe:Als”* and the Nowotny
Chimney Ladders™), however, the weakly-coordinated, 2-dimen-
sional CP networks of PdBi provide an interesting setting for en-
tropy-driven structural phenomena: the occurrence of monomer-
type defects is allowed. We are looking forward to seeing what other
structural paths can be opened in the diverse topologies of CP net-
works offered by intermetallic chemistry.
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High T Incommensurat:on in Pd

Synopsis: Incommensurate order, in which mismatched periodic patterns combine to make an ordered
yet aperiodic structure, is emerging as a general phenomenon in the solid state. Here, we elucidate a
modulation in the intermetallic compound PdBi that illustrates how incommensurability can arise from
the controlled increase of entropy at elevated temperatures. Such behavior may emerge in other materials
when competing electronic states weaken a low-temperature superstructure, and the Chemical Pressure

scheme offers paths for accommodating defects.
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