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Using total and resonant X-ray scattering combined with large-scale structural modeling, we 
investigate the lattice modulations in Er₅Ir₄Si₁₀, which hosts coexisting incommensurate and 
commensurate charge-density waves (CDWs). We find that long-range CDW order emerges from a 
precursor state characterized by local lattice distortions, as evidenced by pronounced diffuse scattering 
in the diffraction data. These distortions involve displacements of Er, Ir, and Si atoms from their room-
temperature crystallographic positions that become increasingly correlated upon cooling, producing 
substantial changes in the local bonding network at low temperatures. Density-functional-theory 
calculations performed directly on the experimentally refined structural models reveal an extended 
soft/unstable phonon manifold on the qz=1/2 Brillouin-zone face in the precursor phase that includes 
the experimentally observed CDW modulation wave vector. Upon entering the CDW phase, the 
strongest phonon feature occurs at the corresponding physical wave vector, suggesting selection of the 
CDW modulation from this pre-existing soft manifold. The calculations also reveal a partial suppression 
of the electronic density of states at the Fermi level, consistent with earlier muon spin relaxation 
measurements. Our results identify correlated local lattice distortions and their associated phonon 
instabilities as important ingredients in the formation and evolution of CDW order in Er₅Ir₄Si₁₀ and 
support the broader view that precursor lattice distortions can play a significant role in the emergence 
of complex electronic phases in quantum materials.

Charge density waves (CDWs) are a quantum phenomenon arising from the collective behavior of interacting 
electrons and phonons, leading to coupled charge modulations and lattice distortions below a transition 
temperature, TCDW

1–5. The onset of the CDW state is accompanied by significant changes in the electronic 
properties arising from a concurrent reconstruction of the Fermi surface6–13. However, directly identifying 
the lattice distortions that precede or accompany CDW formation has proven challenging. As a result, key 
aspects of the CDW formation mechanism and its connection to anomalous electronic transport remain poorly 
understood. Materials hosting multiple or coexisting CDW phases provide a unique opportunity to address 
these questions by elucidating the roles of lattice distortions, electron-lattice coupling, and symmetry-breaking 
processes.

A representative example of such materials is the RE₅Ir₄Si₁₀ family of compounds14–24. The non-magnetic 
end member Lu₅Ir₄Si₁₀ exhibits competing CDW and superconducting orders below TCDW ≈ 85 K and TSC ≈ 
4 K, respectively25–27. In contrast, magnetic members with RE = Er, Ho, and Dy display coexisting CDW and 
antiferromagnetic (AFM) orders below, respectively, TCDW ≈ 200  K and a Néel temperature TN ≈ 5  K28–34. 
Among this family, Er₅Ir₄Si₁₀ is unique because it undergoes two CDW phase transitions involving coexisting 
incommensurate (I) and commensurate (C) CDWs. Single-crystal diffraction studies17,23,35 have shown 
that incommensurate and commensurate CDWs with modulation wave vectors qI−CDW = (0,0,1/4 ± δ) and 
qC−CDW = (0,0,1/2), respectively, emerge simultaneously below TI/C−CDW ≈ 155  K. Upon further cooling, the 
incommensurate CDW evolves into a purely commensurate superstructure with modulation vector qI−CDWC 
= (0,0,1/4) below TC−CDW ≈ 55 K. This phase persists into an antiferromagnetically ordered state that develops 
below TN ≈ 3 K29,30. It has been proposed that the qC−CDW = (0,0,1/2) modulation originates from a second-order 
phase transition at 𝑇𝑇I/C-CDW that doubles the unit cell, giving rise to an incommensurate CDW with wave vector 
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qI−CDW = (0,0,1/4 ± δ) defined with respect to the doubled unit cell. Upon cooling, the 𝛿𝛿 decreases and goes to 
zero at the lock-in transition temperature TC−CDW

23.
As typical for CDW systems, the high-temperature phase without long-range CDW order is metallic. 

However, the electrical resistivity ρ exhibits a highly nonlinear temperature dependence extending well below 
TI/C−CDW while retaining metallic character20. This behavior indicates that charge modulations in Er₅Ir₄Si₁₀ open 
a gap over only part of the Fermi surface rather than driving a full metal-insulator transition. A reduction of the 
density of states (DOS) at the Fermi level, Ef, due to the partial gap opening has been suggested based on muon 
relaxation time measurements36. The resistivity anisotropy has been found to be relatively small (~ 1:2) compared 
with canonical quasi-two-dimensional CDW systems such as NbSe₃, where it reaches ~ 1:2037, suggesting that 
the charge modulations develop along more than one crystallographic direction. A pronounced peak in the 
specific heat and a large entropy change have been observed at TI/C−CDW, suggesting the presence of substantial 
electron-phonon coupling23.

Interestingly, prior pressure- and magnetic-field-dependent studies have revealed distinct responses of the 
CDW states in Er₅Ir₄Si₁₀ to external stimuli in comparison with non-magnetic Lu₅Ir₄Si₁₀. In Er₅Ir₄Si₁₀, TI/C−CDW 
has been found to be essentially pressure independent, whereas TC−CDW appeared strongly suppressed with 
increasing pressure. This behavior contrasts with that of Lu₅Ir₄Si₁₀ where the single CDW transition decreases 
monotonically with pressure. Magnetic-field measurements on Er₅Ir₄Si₁₀ have further shown that both TI/C−CDW 
and TC−CDW are robust and remain largely unaffected by magnetic field, whereas the antiferromagnetic ordering 
temperature TN appeared reduced. Studies have also found that, at low temperatures, Er₅Ir₄Si₁₀ exhibits negative 
magnetoresistance, opposite in sign to that observed with Lu₅Ir₄Si₁₀38.

The prevailing view is that the unusual physical properties of Er₅Ir₄Si₁₀ are closely linked to its distinctive 
crystal structure. At room temperature the compound crystallizes in the tetragonal space group P4/mbm, in 
which two types of atomic layers are stacked along the crystallographic c axis. One layer contains Er, Ir, and Si 
atoms, whereas the other is composed only of Er and Si atoms. Within each layer, the atoms form interconnected 
networks of squares, rhombuses, and octagons, as illustrated in Fig. 1(a, b). Extensive single-crystal diffraction 
studies have not detected changes in the average tetragonal lattice symmetry down to T = 3 K. Nor have they 
identified clear lattice distortions associated with the onset of CDW order below TI/C-CDW. Consequently, 
definitive evidence for the roles of the different atomic species in the CDW formation, as well as the pattern 
of lattice distances that emerges when CDW order sets in, remains lacking. This lack of microscopic structural 
information has limited a comprehensive understanding of the mechanism underlying the CDW formation and 
the connection between the CDW order and the anomalous electronic properties in Er₅Ir₄Si₁₀.

Here, using total and resonant X-ray scattering combined with large-scale structural modeling, we show that 
Er₅Ir₄Si₁₀ exhibits lattice distortions already well above TI/C-CDW. The distortions involve displacements of Er, Ir, 

Fig. 1.  (a, b) Projections of the tetragonal S.G. P4/mbm crystal structure of Er₅Ir₄Si₁₀, where the unit 
cell is outlined by a thin gray line. The structure consists of two types of atomic layers stacked along the 
crystallographic c axis. Er, Ir, and Si atoms are represented by green, black, and magenta circles, respectively. 
(c) Temperature dependence of the normalized electrical resistivity (ρ) and thermoelectric power (TEP), 
adapted from Refs20,21. Both quantities exhibit pronounced nonlinearities in the vicinity of TI/C-CDW and 
TC-CDW. (d) Field-cooled (red) and zero-field-cooled (black) magnetization data. The magnetization exhibits 
a peak at the Néel temperature TN ≈ 4K, where the material undergoes a transition to an antiferromagnetic 
state. (e) Synchrotron X-ray diffraction (XRD) and (f) atomic pair distribution function (PDF) intensity maps 
for Er₅Ir₄Si₁₀. Arrows highlight nonlinearities in the temperature evolution of selected XRD and PDF peaks, 
appearing above and near 𝑇𝑇I/C-CDW ≈ 150 Kand at 𝑇𝑇C-CDW ≈ 55 K. (g,h) Superstructure satellites appearing 
when the temperature is reduced below TI/C-CDW. Their intensity is about 10− 2 weaker than that of the 
strongest Bragg peak in the XRD pattern.
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and Si atoms from their room-temperature crystallographic positions, which become increasingly correlated 
upon cooling, eventually leading to significant changes in the local bonding network below TI/C-CDW. Density 
functional theory (DFT) calculations performed directly on the experimentally derived structural models reveal 
an extended soft/unstable phonon manifold on the qz = 1/2Brillouin-zone face in the precursor phase that 
contains the experimentally observed CDW modulation vector, qC-CDW = (0,0,1/2). Upon entering the I/C-CDW 
phase, the strongest phonon feature occurs at the corresponding physical wave vector, suggesting selection of the 
CDW modulation from this pre-existing soft manifold. The calculations also reveal a partial suppression of the 
electronic density of states at the Fermi level. Taken together, our results suggest that precursor lattice distortions 
and their associated phonon instabilities make an important contribution to the emergence of CDW order in 
Er₅Ir₄Si₁₀.

Results and discussion
Sample preparation and properties characterization
Polycrystalline Er₅Ir₄Si₁₀ samples were synthesized by arc melting the constituent elements in an argon 
atmosphere. The arc-melted ingots were subsequently annealed at 900 °C for 10 days in a sealed quartz tube to 
ensure chemical homogeneity. In-house X-ray diffraction (XRD) measurements confirmed that the annealed 
material is single phase.

Electrical resistivity and thermoelectric power data reported in previous studies20,21 are summarized in 
Fig. 1(c). The resistivity, ρ, decreases slightly as the material is cooled from room temperature to approximately 
250 K and then remains nearly constant upon further cooling down to TI/C-CDW. At this temperature, ρ increases 
by about 5%, signaling partial charge localization associated with the onset of I/C-CDW order. The resistivity 
then remains nearly constant in the temperature interval between TI/C-CDW and TC-CDW. Upon approaching 
the C-CDW phase, however, ρ decreases rapidly, indicating significantly enhanced metallic behavior compared 
with the room temperature state. Thermal conductivity data reported previously21, summarized in Fig. S1 of 
the Supplemental Material39, also exhibit a strongly non-linear temperature dependence in the vicinity of both 
TI/C-CDW and TC-CDW. Our magnetization data obtained using a Physical Property Measurement System are 
shown in Fig. 1(d). They are consistent with earlier studies38, displaying a pronounced peak at approximately 
4 K, which marks the onset of antiferromagnetic order.

Use of total x-ray scattering in CDW structure studies
The superstructure associated with CDW is commonly determined by single-crystal diffraction through the 
observation and analysis of weak satellite reflections that appear at wave vectors offset from the fundamental 
Bragg peaks by the CDW modulation vector qCDW. Careful measurement of the satellite peak positions and 
intensities enables refinement of the modulated structure and determination of the modulation vector, symmetry, 
and amplitude of the lattice distortion. Temperature-dependent diffraction measurements further allow the 
evolution of the CDW order parameter, lock-in transitions, and commensurability effects to be tracked through 
changes in the satellite peak intensity and position3,40–42. When the satellite peaks are limited and/or poorly 
defined, however, the CDW superstructure, in particular the nature and amplitude of the lattice distortions, 
may be difficult to determine, as is the case with Er₅Ir₄Si₁₀. In such cases, an alternative approach based on the 
analysis of atomic pair distribution functions (PDFs), obtained from total x-ray scattering experiments, has 
proven useful. In contrast to single-crystal diffraction, which focuses on superlattice satellite reflections whose 
intensities are typically less than 1% of those of the main Bragg peaks, total x-ray scattering utilizes the entire 
diffraction signal, as all of its components—including Bragg peaks, satellites, and diffuse scattering—are sensitive 
to emergent lattice distortions43. Moreover, the data are analyzed in real space in the form of PDFs, which, 
similarly to the widely used Patterson function in crystallography, directly reflect all interatomic distances in the 
studied material. Thus, PDFs obtained from total x-ray scattering data via Fourier transformation have enhanced 
sensitivity to lattice distortions associated with short- and/or long-range CDWs. Representative examples 
include PDF studies of distortions in the Te nets in the incommensurate CDW phase of CeTe3

44, the emergence 
of a superstructure of Ta clusters in the CDW phase of 2 H-TaSe2

45, atomic displacement modes in the CDW 
phases of quasi-one-dimensional NbTe4

46, and the temperature- and composition-dependent evolution of lattice 
distortions and CDWs in the RENiC2 system (RE = Dy, Tb, Gd, and Sm)47. Additional examples include studies 
on the three-dimensional lattice modulations in LuIr3Si5

48 and the evolution of symmetry breaking across the 
incommensurate, nearly commensurate, and commensurate CDW phases of 1T-TaS2

49. Because total x-ray 
scattering experiments are typically performed using high-energy x-rays, the resulting diffraction patterns are 
compressed toward lower wave vectors, leading to reduced resolution of satellite reflections. As a result, it is 
difficult to determine the superstructure symmetry from PDF analysis alone. Consequently, PDF studies often 
benefit from prior high-resolution single-crystal diffraction results, particularly for determining the periodicity 
of the superstructure. In the present work, we take advantage of previous single-crystal studies indicating that 
the tetragonal unit cell of Er₅Ir₄Si₁₀ doubles below 𝑇𝑇I/C-CDW.

Total x-ray scattering experiments
Total x-ray scattering experiments were performed at the 28-ID-1 beamline of the National Synchrotron 
Light Source II (NSLS-II) at Brookhaven National Laboratory using x-rays with an energy of 74.46 keV and 
a PerkinElmer area detector. The sample was mounted in a liquid-helium cryostat, and data were collected 
while cooling from 300 K to 10 K in steps of 5 K. Intensity-colored maps of the diffraction patterns are shown 
in Fig. 1(e). The patterns display Bragg peaks, which change significantly at 𝑇𝑇I/C-CDW, satellite reflections that 
emerge below 𝑇𝑇I/C-CDW, and fluctuating diffuse scattering above 𝑇𝑇I/C-CDW (Fig.  1(g, h)). Total atomic PDFs 
were obtained from the experimental XRD patterns using standard data-reduction procedures50. The resulting 
PDFs are presented in Figs. 1(f) over a selected range of interatomic distances. Some atomic pair correlations, 
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for example near 9 Å, appear above TI/C-CDW and gradually strengthen while others, for example near 9.3 Å, 
become weaker with decreasing temperature. In contrast, certain correlations (e.g., near 8.8 Å) remain virtually 
unchanged from room temperature down to 10 K. These observations indicate that the crystal lattice undergoes 
a gradual, partial reconstruction over an extended range of interatomic distances, with this process beginning 
well above the onset of CDW order. In this sense, the partial reconstruction above TI/C-CDW may be viewed as 
a precursor to the emergence of the CDW state. Notably, such a reconstruction is unlikely to arise solely from 
conventional changes in thermally induced atomic vibrations, which would be expected to affect the PDF peaks 
more uniformly than observed in Er₅Ir₄Si₁₀.

The total PDFs, however, contain contributions from six distinct pair correlations among the constituent 
atoms: Er-Er, Er-Ir, Er-Si, Ir-Ir, Ir-Si, and Si-Si43,51. These contributions overlap strongly in the measured PDFs 
[Fig.  2(a)], making an unambiguous interpretation of the local structural changes challenging. To enhance 
sensitivity to atomic correlations involving Ir atoms, which are expected to play an important role in CDW-related 
lattice distortions, we performed resonant X-ray scattering experiments52,53 at the Ir K edge (76.111 keV). These 
measurements were carried out at beamline 1-ID-E of the Advanced Photon Source (APS) at Argonne National 
Laboratory using a Pilatus3X CdTe 2  M detector54. An Oxford 800-series Cryostream system was used for 
temperature control. Data were collected at several temperatures between 300 and 100 K, spanning the TI/C-CDW 
transition. At each temperature, two diffraction patterns were measured: one at 25 eV below the Ir K edge and 
the other at 525 eV below the edge. Representative diffraction patterns are shown in Fig. 2(c). From the intensity 
difference between these two patterns, Ir-differential PDFs were derived following the procedures described in 
Refs53,55. The resulting Ir-differential PDFs contain only pair correlations involving Ir atoms, namely Ir-Ir, Ir-
Er, and Ir-Si correlations [Fig. 2(b)], thereby providing element-specific structural information complementary 
to that obtained from the total PDFs [Figs. 2(d, e)]. The Ir-differential PDFs also exhibit a clear temperature 
dependence [Fig.  2(f)]. Consequently, they provide an important additional experimental constraint for the 
large-scale structural modeling described below.

Temperature evolution of the average crystal structure from analysis of Bragg peaks
The average crystal structure of Er₅Ir₄Si₁₀ was assessed through Rietveld refinement of the experimental XRD data 
using the GSAS-II software package56. Representative refinement results are presented in Fig. 3(a-c). As shown 
in the figure, a structural model based on the tetragonal space group P4/mbm reproduces the diffraction data 
well over a wide temperature range encompassing the room temperature and I/C-CDW phases of the material. 
These results confirm prior single-crystal studies showing that the average crystallographic symmetry does not 
change when the CDW order sets in23. The refined lattice parameters and unit-cell volume are summarized 

Fig. 2.  Partial atomic correlations contributing to the (a) total and (b) Ir-differential PDFs of Er₅Ir₄Si₁₀. As 
shown, correlations involving Ir atoms (Ir-Ir, Ir-Er, and Ir-Si) strongly overlap with correlations not involving 
Ir (Er-Er, Er-Si, and Si-Si) in the total PDF. In contrast, these non-Ir correlations are absent in the Ir-differential 
PDF, which contains only correlations involving Ir atoms. (c) XRD patterns for Er₅Ir₄Si₁₀ measured at photon 
energies 25 eV (red) and 525 eV (black) below the Ir K edge. Their difference, multiplied by a factor of two, 
is also shown (blue). (d) Low-r region of the total (black) and Ir-differential (red) PDFs measured at different 
temperatures. (e) High-r region of the total (black) and Ir-differential (red) PDFs measured at different 
temperatures. (f) Expanded view of the low-r region of the Ir-differential PDFs. Light-blue shaded rectangles 
highlight systematic temperature-dependent changes in the Ir-involving pair correlations.
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in Fig. 4. Their temperature evolution exhibits nonlinearities near 𝑇𝑇I/C-CDW and 𝑇𝑇CDW, indicating that lattice 
distortions significantly affect the average crystal structure. However, the precise nature of these distortions 
cannot be determined from analysis of Bragg diffraction peaks alone.

Temperature evolution of the local structure from small-unit-cell-based PDF-guided 
modeling
To gain insight into the impact of lattice distortions on the local crystal structure, we performed PDF analysis 
using the same single-unit-cell structural model with space group 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. The PDF analysis was carried out 
using the PDFgui software package60. The refinements were performed over a real-space range of 2–20 Å to 
obtain reliable structural parameters. This fitting range enables a uniform description of lattice distortions that 
are local at room temperature but become progressively more correlated upon cooling, eventually giving rise to a 
superstructure spanning several crystallographic unit cells. Representative fits are shown in Fig. 3(d-f). Overall, 
the model reproduced the experimental PDF data reasonably well. The refined lattice parameters and unit-cell 
volume obtained from the PDF analysis are shown in Fig. 4. In contrast to the Rietveld results, their temperature 
dependence exhibits pronounced inflection points near 𝑇𝑇I/C-CDW and 𝑇𝑇C-CDW. A weak inflection is also observed 
near 250  K. These results indicate that lattice distortions emerging above 𝑇𝑇I/C-CDW continue to evolve upon 
cooling, significantly affecting the local crystal structure. Nevertheless, noticeable residual differences between 
the experimental and calculated PDFs remain. These discrepancies suggest that, at the local level, the lattice 
distortions associated with CDW order in Er₅Ir₄Si₁₀ do not fully conform to the crystallographic space-group 
symmetry 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, indicating that this symmetry is locally broken.

Temperature evolution of lattice distortions from large-scale PDF-guided modeling
To obtain a more detailed picture of the temperature-dependent local lattice distortions, we refined large-scale 
atomic models against both the experimental total PDFs and Ir-differential PDFs obtained above and below 
TI/C-CDW using the reverse Monte Carlo (RMC) technique45,47,61,62. The calculations were performed using the 
fullrmc software package63. Initial atomic configurations containing approximately 22,000 atoms (corresponding 
to a 6a x 6a x 16c simulation box with dimensions of about 75 Å × 75 Å × 70 Å) were constructed for the room-
temperature, 180  K, and 140  K phases of Er₅Ir₄Si₁₀. These starting configurations were generated using the 
tetragonal lattice parameters (a and c) and atomic positions obtained from the single-unit-cell PDF refinements 
shown in Fig. 3(d), 3(e), and 3(f), respectively. The large size of the simulation cells enabled us to explore lattice 

Fig. 3.  (Upper row) Rietveld refinements (red lines) of XRD patterns (symbols) for Er₅Ir₄Si₁₀ obtained at 
different temperatures. Vertical orange bars mark the positions of Bragg peaks. The goodness-of-fit factor is 
approximately 9% for all refinements. (Lower row) Fits based on a single crystallographic unit-cell model (red 
lines) to total PDFs (symbols) for Er₅Ir₄Si₁₀ obtained at different temperatures. The goodness-of-fit factor is 
approximately 25%. For clarity, the residual differences between the experimental and calculated data (blue 
lines) are vertically offset.
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distortions extending up to 37 Å (half the size of the simulation box), irrespective of whether the distortions were 
periodic or not. During the RMC refinement, all atoms were initially allowed to move with a step size of 0.02 Å, 
which was reduced to 0.01 Å during the final stages of the modeling. Atomic displacements were not constrained 
to occur along specific crystallographic directions; however, interatomic distance constraints were imposed to 
prevent atoms from approaching closer than the sum of their respective atomic radii. The refinement process 
was terminated once no further improvement in the agreement between the calculated and experimental total 
and Ir-differential PDFs could be achieved. To assess the robustness and reproducibility of the refinements, the 
RMC simulations were repeated by varying (i) the fitting ranges, (ii) the number of RMC steps, (iii) the relative 
weights assigned to the total and Ir-differential PDFs, (iv) the model sizes (including 60 Å × 60 Å × 60 Å and 80 
Å × 80 Å × 80 Å models), and (v) the initial amplitudes of the atomic displacements from their high-symmetry 
positions. Several independent RMC refinements of the model atomic configurations were performed using 
different combinations of these modeling parameters. The resulting independently converged configurations 
produced statistically equivalent fits to the experimental data and yielded consistent pair-distance distributions, 
coordination environments, and atomic-displacement correlations. Three representative independently 
converged 22,000-atom configurations were selected as the final structural models, and the reported structural 
parameters were obtained by averaging the corresponding quantities extracted from these configurations. 
Although individual RMC configurations are not expected to be mathematically unique, the reproducibility 
of these structural features across independent refinements indicates that they are robust and well constrained 
within the resolution of the experimental data and the imposed modeling constraints. Results from converged 
RMC fits are shown in Fig. 5. Their quality is superior to that of the single-unit-cell PDF refinements presented 
in Fig. 3(d-f). Notably, although the structural models were refined exclusively against real-space PDF data, they 
also reproduce the emergence of weak satellite reflections in the reciprocal-space XRD data below TI/C-CDW (see 
Fig. S2), providing an independent validation of the models’ reliability.

Projections of the RMC-refined atomic configurations onto selected crystallographic planes, obtained without 
imposing local crystallographic symmetry constraints, are shown in Fig. 6. Projections of the electron density 
distribution onto the same planes, calculated from the RMC-refined models, are also shown. The atomic pair 
distances within orthogonal crystallographic planes of the tetragonal structure of Er₅Ir₄Si₁₀ exhibit significant 
temperature evolution. This evolution originates from correlated displacements of Er, Ir, and Si atoms from 
their room-temperature crystallographic positions, which begin to develop well above 𝑇𝑇I/C-CDW and are likely 
responsible for the changes in the PDF peaks (see Fig. 1(f)) observed both above and below that temperature. 
The displacements alter the pattern of bonding distances in different crystallographic planes, highlighting the 
three-dimensional character of the lattice modulations in the CDW state of Er₅Ir₄Si₁₀. At the same time, the 
spatial distribution of the electron density evolves with temperature, consistent with the presence of substantial 
electron-lattice interactions. Changes in the distances between Si atoms are highlighted in Fig. 7. While some 
Er-Er (Fig. 6(a-c)) and Ir-Ir (Fig. 6(g-i)) distances change by approximately 0.01–0.08 Å, some near-neighbor 
Si-Si distances are seen to vary by as much as 0.2 Å, indicating that the CDW lattice modulations are particularly 
pronounced for Si atoms. In this respect, Er₅Ir₄Si₁₀ resembles Gd₂Os₃Si₅64, where displacements of Si atoms have 
also been found to dominate the CDW lattice modulations.

Electron structure of Er₅Ir₄Si₁₀ from DFT calculations based on PDF-derived structure data
It is well established that experimental crystal structures provide useful structural models for electronic-structure 
calculations. To capture the temperature evolution of the electronic structure, we therefore performed density-
functional-theory (DFT) calculations using structural models representative of three temperatures: room 
temperature, 180 K, and 140 K, with the latter two lying just above and below the TI/C-CDW phase transition. 

Fig. 4.  Temperature dependence of the (a) and (c) lattice parameters and unit cell volume for Er₅Ir₄Si₁₀ 
obtained from Rietveld refinements (red symbols) and single-unit-cell PDF fits (orange symbols). As 
observed in many CDW materials47,57–59, the lattice parameters derived from Rietveld and PDF analyses 
differ significantly due to the presence of local lattice distortions. Notably, the PDF analysis yields a smaller 
unit-cell volume than that obtained from the Rietveld refinements, indicating that the local structure of 
Er₅Ir₄Si₁₀ is more compressed than the average bulk structure. All PDF-derived quantities exhibit pronounced 
nonlinearities near 𝑇𝑇I/C-CDW ≈ 150 K and 𝑇𝑇C-CDW ≈ 55 K (indicated by arrows), coinciding with the onset 
and evolution of CDW order. A nonlinearity is also observed near 250 K, consistent with an incipient lattice 
instability. Dashed lines are used as guides to the eye.
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The structural basis for the room-temperature structurally distorted CDW precursor phase of Er₅Ir₄Si₁₀ was 
constructed by folding the corresponding 22,000-atom RMC-refined model into a tetragonal 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎
unit cell used to generate the initial atomic configuration, without imposing local symmetry constraints on 
the atomic positions within the cell. In this procedure, each of the 38 atomic positions in the resulting unit 
cell corresponds to the geometric center of the projected positions of 576 equivalent atoms in the 22,000-atom 
RMC-refined configuration (See Table S1). The structural model used for the DFT calculations at 180 K was 
constructed in the same manner (see Table S2). For the 140 K structure, which represents the I/C-CDW phase, 
the corresponding RMC-refined model was instead folded into a 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎  tetragonal supercell, where a 
and c are derived from the PDFgui fit in Fig. 3(f). No local symmetry constraints were imposed on the atomic 
positions within the cell. The positions of the 76 atoms in the resulting unit cell (see Table S3) were defined by the 
geometric centers of the positions of equivalent atoms projected from the RMC configurations. This procedure 
preserves the experimentally determined tetragonal lattice parameters and the correlated component of the 
lattice distortions identified in Figs. 6 and 7. The calculations were performed within the framework of density 
functional theory using the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 
(PBE) exchange-correlation functional, as implemented in the Vienna Ab initio Simulation Package (VASP)65. 
The projector-augmented wave (PAW) potential PAW_PBE Er_3 was used for Er, in which the strongly localized 
4f electrons are treated as frozen core states and nine electrons with the 5p65d16s2 valence configuration were 
treated explicitly. Accordingly, no Hubbard-(U) correction was applied to the Er 4f electrons. The PAW potentials 
for Ir and Si explicitly included their 5𝑑𝑑76𝑠𝑠2and 3𝑠𝑠23𝑝𝑝2states as valence electrons, respectively. A Hubbard 
correction of U = 2 eV was applied to the Ir 5 d states66. To assess the sensitivity of calculated electronic structure 
to this choice, additional calculations were performed using U = 0. A comparison of the total DOS obtained with 
U = 0 and U = 2 eV (Fig. S4) shows that the choice of U does not change the main conclusions of this study. The 
plane-wave basis energy cutoff was set to 480 eV. Brillouin-zone integrations were performed using a 4 × 4 × 8 
Monkhorst-Pack (k)-point mesh for both the basic 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎  unit cell and the 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎  I/C-CDW 
model cells. A Gaussian smearing of 0.05 eV was used in the DOS calculations to provide sufficient resolution 
of the electronic states near the Fermi level while maintaining numerical convergence. Spin-orbit coupling was 
included self-consistently to account for relativistic effects, but it was found to have a negligible influence on 
the final results. A similar DFT computational protocol has been employed to assess the electronic structure of 
other CDW materials involving rare earth, 5d metal and Si species such as Gd2Os3Si5

64. Importantly, in contrast 

Fig. 5.  Reverse Monte Carlo (RMC) fits (red lines) to (upper row) total PDFs and (lower row) Ir-differential 
PDFs for Er₅Ir₄Si₁₀ obtained at different temperatures. The goodness-of-fit factor is approximately 7% for the 
total PDFs and 10% for the Ir-differential PDFs. For clarity, the residual differences between the experimental 
and calculated data (blue lines) are vertically offset. To capture possible longer-range lattice distortions, the 
fit range extends over distances comparable those in a 2a x 2a x 6c supercell, where the a and c are the lattice 
parameters derived from the fits shown in Fig. 3(d-f). This includes interatomic correlations within the 1a x 1a 
x 2c supercells associated with the I/C-CDW phase.
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to conventional DFT studies, no additional structural optimization of the RMC-refined models was performed. 
That is because the DFT optimization significantly alters the RMC-refined structure for Er₅Ir₄Si₁₀, leading to poor 
agreement with the experimental PDF data and substantial differences in the calculated electronic band structure 
(see Fig. S3). The validity of this approach has been demonstrated in our recent PDF studies on Lu₂Ir₃Si₅, NbTe4 
and APt₂X₂ (A = U, Ce, or La; X = Si or Ge) CDW materials46,48,67. The computed band structures are shown in 

Fig. 6.  Projections of the electron density distribution of Er₅Ir₄Si₁₀ onto the (001) and (010) atomic planes at 
(a, d,g) room temperature, (b, e,h) 180 K, and (c, f,i) 140 K. Er, Ir, and Si atoms are represented by green, black, 
and blue circles, respectively. In the (001) planes (a-c), the Si atoms form square-like motifs that gradually 
rotate with decreasing temperature. At room temperature and 180 K, these motifs are distorted, with long and 
short sides (black lines) of 2.92 and 2.74 Å, and 2.89 and 2.81 Å, respectively. At 140 K, the motifs become 
nearly uniform squares with a side length of 2.70 Å. Er atoms form rhombic motifs within the same planes. The 
corresponding Er-Er distances (black lines) increase from 3.68 Å at room temperature to 3.70 Å at 180 K and 
3.72 Å at 140 K. In contrast, the distances between Er atoms located at the vertices of neighboring rhombuses 
(white lines) decrease from approximately 3.77 Å at room temperature to 3.69 Å at 140 K. In the (010) planes 
(d-f), Ir and Si atoms form zigzag chains. Along these chains, the Ir-Si distances increase from 2.35 Å at room 
temperature to 2.36 Å at 180 K and 2.42 Å at 140 K. The Er-Si distances (white lines) increase from 3.06 Å at 
room temperature to 3.08 Å at 140 K. The pattern of Ir-Ir distances in the (001) atomic planes also evolves with 
decreasing temperature (g-i). The shorter Ir-Ir distances decrease from 4.21 Å at room temperature to 4.17 Å 
at 140 K, while the longer Ir-Ir distances decrease from 4.85 Å to 4.83 Å, respectively. Each atomic position 
shown in panels (a, b,d, e,g, h) represents the geometric center of the positions of 576 corresponding atoms 
projected from the respective 22,000-atom RMC-refined models. Each atomic position shown in panels (c, 
f,i) represents the geometric center of the positions of 288 corresponding atoms projected from the respective 
22,000-atom RMC-refined model. In both cases, no local crystallographic symmetry constraints were imposed 
on the atomic positions. As illustrated in the figure, the changes in interatomic distances are accompanied by 
a redistribution of the electron density, consistent with the presence of substantial electron-lattice interactions. 
Overall, the pattern of interatomic distances evolves with decreasing temperature due to lattice distortions 
associated with the emergence of CDW order. Notably, the 60 Å × 60 Å × 60 Å and 80 Å × 80 Å × 80 Å RMC 
models converged to patterns of interatomic distances that are virtually identical to those shown in panels (a-i). 
The uncertainty in all distances shown in the figure is ± 0.01 Å.
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Fig. 8. All exhibit metallic character, with electron and hole pockets present at the Fermi level. The corresponding 
total density of states (DOS) near the Fermi energy (Ef) is presented in Fig. 9. As shown, our structural models 
predict that the emergence of I/C-CDW order leads to a reduction in the DOS at 𝐸𝐸𝐹𝐹, consistent with muon 
relaxation time measurements36, thereby supporting the reliability of our structural models. The DOS begins to 
decrease already in the CDW precursor phase and is further reduced upon the emergence of long-range I/C-
CDW order. The reduced total DOS is consistent with the observed highly nonlinear evolution of the resistivity 
from room temperature to below 𝑇𝑇I/C-CDW.While further calculations of CDW-related properties are possible, 

Fig. 8.  Electronic band structures of tetragonal Er₅Ir₄Si₁₀ at 300 K, 180 K, and 140 K, shown along high-
symmetry directions in the Brillouin zone. Calculations at 300 K and 180 K use 1a × 1a × 1c RMC-derived 
structural models, while the 140 K results are based on a 1a × 1a × 2c RMC-refined structural model.

 

Fig. 7.  Projection of the Si framework in Er₅Ir₄Si₁₀ onto the (001) and (100) atomic planes. Each atomic 
position shown in panels (a-d) represents the geometric center of the positions of 576 corresponding 
atoms projected from the 22,000-atom RMC models refined against PDF data obtained at 300 K and 180 K, 
respectively. In panels (e, f), each position represents the geometric center of the projected positions of 288 
corresponding atoms in the 22,000-atom RMC models refined against PDF data obtained at 140 K. Si-Si 
distances shorter than 2.9 Å are shown in blue, while those in the 2.9–3.2 Å range are shown in red. The 1a × 
1a × 1c cell in (a-d) and the 1a × 1a × 2c supercell in (e, f) are outlined with thin lines. Significant changes in 
Si-Si distances along the a, b and c directions of the crystal lattice are observed upon decreasing temperature. 
The uncertainty in all distances shown in the figure is ± 0.01 Å.
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they are beyond the scope of the present work. To facilitate future computational studies of CDWs in Er₅Ir₄Si₁₀, 
we provide our structural models in Tables S1-S3 as Supplemental Material.

Phonon modes in Er₅Ir₄Si₁₀ from DFT calculations based on PDF-derived structural data
It is also well established that experimentally determined crystal structures can provide useful structural 
models for phonon calculations. Accordingly, the 1a x 1a x 2c structural model used to calculate the electronic 
structure of the I/C-CDW phase was also employed to compute the corresponding phonon dispersion using the 
PHONOPY package68. The resulting phonon spectrum is shown in Fig. 10(a). The phonon dispersion of the I/C-
CDW precursor phase above TI/C−CDW was similarly calculated using the 1a x 1a x 1c structural model employed 
for the electronic-structure calculations at 180 K. The resulting phonon spectrum is shown in Fig. 10(b). As 
in the electronic-structure calculations, no additional structural optimization was performed for either model 
in order to retain the experimentally derived lattice distortions shown in Figs. 6 and 7. This is because DFT 
optimization significantly alters the RMC-refined structures of Er₅Ir₄Si₁₀, leading to poorer agreement with 
the experimental PDF data (Figs. S3(a, b) and S5(a, b)) and substantial differences in the calculated phonon 
dispersions (Fig. S5(c) vs. Fig. 10(a) and Fig. S6 vs. Fig. 10(b)). Accordingly, the imaginary phonon frequencies 
discussed below should be interpreted as features associated with the experimentally derived finite-temperature 
structures rather than with DFT-optimized ground-state structures.

A prominent feature of the phonon dispersion in the precursor CDW phase is the presence of phonon 
instabilities, manifested as imaginary (plotted as negative) frequencies, along the Γ-X-M and Z-R-A-Z high-
symmetry paths in the Brillouin zone (Fig. 10(b)). In particular, the extended instability along Z-R-A-Z indicates 
a soft/unstable phonon manifold over a substantial portion of the qZ =1/2 Brillouin-zone face, rather than an 
instability localized at a single high-symmetry point. Importantly, this manifold contains the Z=(0,0,1/2) wave 
vector, corresponding to the CDW modulation vector qC−CDW=(0,0,1/2) determined by single-crystal X-ray 
diffraction experiments23. The phonon dispersion of the I/C-CDW phase also exhibits phonon instabilities, 
primarily along the Γ-X-M high-symmetry path in the Brillouin zone, with the strongest instability occurring 
near Γ, ((0,0,0)). In the reciprocal-space coordinates of the doubled 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎 cell used to describe the I/C-
CDW phase, Γ is equivalent, modulo a reciprocal-lattice vector, to (q=(0,0,1)), which corresponds to vector 
qC−CDW=(0,0,1/2) in the single 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎 cell used to describe the precursor CDW phase. Thus, the strongest 
phonon feature in the 140 K I/C-CDW structure occurs at the physical wave vector corresponding to the (Z)-
point component of the extended qZ =1/2 unstable manifold already present in the 180 K precursor structure. 
This systematic wave-vector correspondence suggests that the transition into the I/C-CDW phase can be viewed 
as a selection of the Z=(0,0,1/2) component from a pre-existing soft qZ =1/2 manifold, thereby retaining the 
characteristic modulation along the (c) direction while establishing the specific CDW ordering observed below 
𝑇𝑇I/C−CDW. Such persistence and wave-vector selection may also be relevant to the further evolution of the CDW 
state upon cooling toward 𝑇𝑇C−CDW. Furthermore, the broad Kohn-like dips69 in the calculated phonon dispersion, 
together with the small resistivity anisotropy and the absence of a sharp metal-insulator transition at 𝑇𝑇I/C−CDW, 
are consistent with the three-dimensional character of the lattice modulations in Er₅Ir₄Si₁₀ revealed by our study. 

Fig. 9.  Total electronic density of states (DOS) of Er₅Ir₄Si₁₀ calculated from RMC-refined structural models, 
shown over an extended energy range (left) and in the vicinity of the Fermi energy, Ef (vertical dashed 
line) (right), for 300 K (black), 180 K (magenta) and 140 K (green). Consistent with muon relaxation time 
measurements, the DOS is observed to decrease below 𝑇𝑇I/C-CDW. The reduction appears to begin above this 
temperature, likely reflecting the onset of short-range lattice distortions before long-range I/C-CDW order 
emerges. The DOS are normalized per eV per formula unit (f.u.).
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Broad Kohn-like features in the phonon dispersion have also been reported for other three-dimensional CDW 
systems containing rare-earth, 5(d)-metal, and Si species, such as LaPt₂Si₂70,71.

Conclusions
In summary, our study demonstrates that Er₅Ir₄Si₁₀ exhibits lattice distortions already above 𝑇𝑇I/C-CDW, below 
which coexisting incommensurate and commensurate CDWs emerge. These distortions involve displacements 
of Er, Ir, and Si atoms from their room-temperature crystallographic positions, with particularly pronounced 
distortions involving the Si atoms. As the temperature decreases, the atomic displacements become increasingly 
correlated, leading to a substantial reorganization of the local bonding network and the development of long-
range lattice and charge-density modulations below 𝑇𝑇I/C-CDW. At the same time, the spatial distribution of the 
electron density evolves with temperature, consistent with substantial electron-lattice interactions.

DFT calculations based directly on the experimentally derived structural models reveal an extended 
soft/unstable phonon manifold along the qz=1/2 Brillouin-zone face in the precursor phase, which includes 
the qC-CDW=(0,0,1/2) CDW modulation wave vector previously identified by single-crystal X-ray diffraction 
experiments. Upon entering the I/C-CDW phase, the strongest phonon feature occurs at the equivalent physical 
wave vector in the doubled structural cell. This wave-vector correspondence suggests that the CDW transition 
involves selection of the Z=(0,0,1/2) component from a pre-existing soft qz=1/2 manifold, while retaining the 
characteristic modulation along the (c) direction. Consistent with experimental observations, the calculations 
also predict a partial reduction of the electronic density of states at the Fermi level upon the emergence of 
CDW order. Together, these results support the reliability of the CDW structural information obtained from 
PDF analysis and reveal a close connection between precursor lattice distortions, wave-vector selection, and the 
unusual electronic properties of Er₅Ir₄Si₁₀.

The findings reported here are likely relevant to other members of the RE₅Ir₄Si₁₀ family and are consistent 
with our recent studies of the RE₂Ir₃Si₅48 and RENiC₂47families of CDW materials, further supporting the idea 
that local lattice distortions may contribute significantly to the emergence of CDW order in three-dimensional 
quantum materials. More broadly, the experimental and computational framework demonstrated here—

Fig. 10.  (a) Phonon spectrum computed for an unoptimized 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎 unit cell of Er₅Ir₄Si₁₀ at 140 K, 
derived from the large-scale RMC model described in the text. The spectrum is plotted along a selected high-
symmetry path in the Brillouin zone of the 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎 cell; Γ, X, M, Z, R, and A denote the corresponding 
high-symmetry 𝑞𝑞-points. Phonon instabilities, indicated by negative frequencies, are observed along the 
Γ-X-M high-symmetry path. The strongest instability (lowest negative value) occurs near the Γ point, 
𝑞𝑞 𝑞 𝑞0,0, 0), which is equivalent, modulo a reciprocal-lattice vector, to 𝑞𝑞 𝑞 (0,0, 1) in the reciprocal-space 
coordinates of the 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎 cell. (b) Phonon spectrum computed for an unoptimized 1𝑎𝑎 𝑎 𝑎𝑎𝑎 𝑎 𝑎𝑎𝑎 unit 
cell of Er₅Ir₄Si₁₀ at 180 K, derived from the large-scale RMC model described in the text. The spectrum is 
plotted along a selected high-symmetry path in the Brillouin zone of the cell; Γ, X, M, Z, R, and A denote the 
corresponding high-symmetry points. Phonon instabilities, indicated by negative frequencies, are observed 
along the Γ-X and Z-R-A-Z high-symmetry paths. In particular, the extended instability along Z-R-A-Z reveals 
a soft/unstable phonon manifold over a substantial portion of the qz=1/2 Brillouin-zone face. This manifold 
includes the Z=(0,0,1/2) point, corresponding to the experimentally observed CDW modulation vector qC-CDW 
= (0,0,1/2). In the reciprocal-space coordinates of the doubled cell, Z=(0,0,1/2) corresponds to the same 
physical 𝑞𝑞 𝑞 (0,0, 1) wave vector identified in the independently derived 140 K structural model. Thus, the 
180 K precursor state already exhibits an extended lattice instability containing the wave vector that becomes 
dominant upon entering the I/C-CDW phase. This correspondence suggests that the transition selects the (Z)-
point component from a pre-existing soft qz =1/2 manifold, preserving its characteristic modulation along the 
(c) direction while establishing the specific CDW ordering observed below the transition.
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combining element-specific total X-ray scattering with large-scale structural modeling and DFT calculations 
based on experimentally derived structures—provides a useful approach for uncovering subtle lattice distortions 
and their coupling to electronic degrees of freedom72.

Data availability
X-ray diffraction data are available at the Harvard Dataverse (2025), https://doi.org/10.7910/DVN/B9WA63. 
Additional data are available from the corresponding author upon reasonable request.
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