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Three-dimensional lattice modulations in the charge density wave system Lu,Ir;Sis
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Using total and resonant x-ray scattering coupled to large-scale computer modeling, we study the lattice
modulations in the complex charge density wave (CDW) material Lu,Ir;Sis. We find that it is a unique quantum
system where periodic lattice modulations related to emergent CDW order occur in three orthogonal atomic
planes of the crystal lattice, leading to the emergence of an unusual three-dimensional (3D) pattern of short
and long Ir-Ir and Lu-Lu bonds. The 3D character of observed lattice modulations explains the largely isotropic
character of the changes in the electronic properties occurring when the CDW order sets in, demonstrating
the strong electron-lattice coupling in Lu,Ir;Sis. The result is supported by DFT calculations based on the
experimental structure data. Altogether, our work provides strong evidence for the presence of a relationship
between the dimensionality of emergent lattice distortions and that of concurrent changes in the electronic
properties of CDW materials. The relationship may need to be accounted for when these materials are explored

for practical applications.
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I. INTRODUCTION

The interaction between spin, orbital, charge, and lattice
degrees of freedom in quantum systems leads to the emer-
gence of unusual collective electronic states such as charge
density waves (CDWs) [1-3]. In low-dimensional systems,
CDWs and associated lattice distortions are believed to be
due to Fermi surface (FS) nesting effects paired with electron-
lattice interactions [4—6]. In three-dimensional (3D) systems,
the origin of CDWs is still under debate, ranging between a
weak-coupling mechanism driven by electronic states near the
Fermi level and a strong-coupling scenario envisaging preva-
lent electron-electron and electron-lattice interactions [7—10].
This renders CDW phenomena a contemporary topic in quan-
tum materials research.

Rare-earth silicides RE>Ir;Sis (RE =Y, La, Ce-Nd, Gd-
Lu) are complex materials exhibiting intertwined supercon-
ducting, magnetic, and CDW orders [11-14]. In this series,
the end member Lu,Ir;Sis is of special interest, as it exhibits
superconductivity at 3.5 K and a first-order CDW transi-
tion at Tcpw of about 150 K and 200 K upon cooling and
warming the material, respectively. The transition is accom-
panied by large anomalies in the resistivity, heat capacity,
and magnetic susceptibility [15-18]. At room temperature,
the material adopts an orthorhombic space group (S.G.) Ibam
type structure where zigzag chains of Ir atoms running in
parallel to the ¢ axis of the crystal lattice are separated by
planes of Lu atoms, as shown in Figs. 1(a) and 1(b) and Fig.
S1 [19]. Recent studies have suggested that the CDW order
emerged below 200 K is incommensurate in character and
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accompanied by a unique orthorhombic-to-triclinic lattice
distortion involving Ir atoms [20]. However, other studies
have suggested that the CDW order involves correlated dis-
placements of Lu atoms from their average room-temperature
positions. It has also been suggested that the CDW state is
essentially phase segregated, where the volume ratio of the
CDW and non-CDW phases changes with temperature [15].
Using total and resonant x-ray scattering coupled to large-
scale structure modeling, we show that Lu,Ir;Sis is single
phase below Tcpw, where strong electron-lattice interactions
make a key contribution to the emergence of CDWs. More-
over, the material is a rare example of a quantum system where
periodic lattice modulations related to emergent CDW order
include distortion modes occurring in three orthogonal atomic
planes.

II. RESULTS AND DISCUSSION

A polycrystalline Lu,Ir;Sis sample was prepared by arc
melting in argon atmosphere. The arc-melted sample was
further annealed at 900 °C for 12 days, as sealed in a quartz
tube. In-house x-ray diffraction (XRD) experiments showed
that the resulting material is single phase at room temperature.
Magnetic data taken as a function of temperature show a
pronounced hysteresis effect, which is to be expected for a
first-order phase transition (Fig. S2 [19]).

Total x-ray scattering experiments were carried out at the
28-ID-1 beamline at the National Synchrotron Light Source-
II, Brookhaven National Laboratory, using x-rays with energy
of 74.46 keV. The sample was positioned inside a liquid He
cryostat used to control its temperature. Scattered x-ray inten-
sities were collected while decreasing temperature from 300 K
to 60 K in steps of 5 K using a PerkinElmer area detector. Total
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FIG. 1. Projection of the room-temperature structure for Lu,Ir;Sis down the (a) y and (b) z axis of the orthorhombic lattice as
determined by prior single-crystal studies. The structure features zigzag chains of Ir atom (red) sandwiched between planes of Lu
(blue) atoms. Silicon atoms are not shown for clarity. (c) XRD and (d) total PDF intensity-colored maps. The data are obtained
upon cooling the material. Arrows in (c) highlight a sharp shift in the position of XRD peaks taking place at Tcpw of about
150 K. Arrows in (d) highlight the emergence of an extra PDF peak, i.e., interatomic distances, at 5.2 A and merging of the PDF peaks at
544 and 5.6 A upon cooling the material to about 150 K. The intensity in (c), (d) increases linearly as the color changes from blue to red. (e)
XRD patterns for Lu,Ir;Sis taken at 35 eV (red) and 500 eV (black) below the K edge of Ir. Their difference (times a factor of 5) is also shown
(blue). (f) Representative total (black) and Ir-differential (red) PDFs obtained at different temperatures.

atomic pair distribution functions (PDFs) were obtained from
the experimental XRD patterns using standard procedures
[21]. Intensity-colored maps for the patterns and respective
total PDFs are shown in Figs. 1(c) and 1(d). Sharp changes
in XRD and PDF peaks are clearly seen to take place at
Tepw of about 150 K, confirming the presence of a first-order
phase transition. As obtained, however, total PDFs reflect
six distinct pair correlations between Lu, Ir, and Si atoms
in Lu,Ir;Sis [22,23], that is, Lu-Lu, Lu-Ir, Lu-Si, Ir-Ir, Ir-Si,
and Si-Si pair correlations. The correlations overlap heavily
[Fig. 2(a)], making it difficult to interpret the total PDFs
for Lu,Ir;Sis unambiguously. To obtain structure data with
increased sensitivity to atomic correlations involving Ir atoms,
which are suggested to participate in the lattice modulations
accompanying the CDW order [20], we carried out a resonant
x-ray scattering experiment [24,25] at the K edge of Ir species
(76.111 keV). Data were taken at several temperatures be-
tween 100 K and 300 K, where the temperature was controlled
by a cryocooler device. Resonant data were collected at the
beamline P21.2 [26] of the Deutsches Electronen-Synchrotron
using a PilatusX CdTe detector. At each temperature point,
two XRD patterns were collected using x-rays with energy
that is 35 eV and 500 eV below the K edge of Ir, respec-
tively. From the intensity difference between the two patterns
[Fig. 1(e)], Ir-differential PDFs were derived following a pro-
tocol described in Refs. [25,27]. As obtained, Ir-differential
PDFs reflect only correlations involving Ir atoms, that is,
Ir-Ir, Ir-Lu, and Ir-Si pair correlations [see Fig. 2(b)], which
renders them significantly different from the respective total
PDFs [Figs. 1(f) and 2(c)]. Hence, they provide an extra

Ir-species-specific experimental constraint for the structure
modeling described below. More experimental details can be
found in the Supplemental Material [19].
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FIG. 2. (a) Computed partial atomic correlations contributing to
the (a) total and (b) Ir-differential PDF for Lu,Ir;Sis. Note that
Ir-Ir correlations (green) heavily overlap with Lu-Lu, Lu-Si, and
Si-Si correlations in the total PDF data, which is not the case with
the Ir-differential PDFs. (c) Comparison between higher-r parts of
experimental total and Ir-differential PDFs revealing their significant
difference. (d) Expanded view of the low-r part of Ir-differential
PDFs obtained at different temperatures. Light-blue shaded rectan-
gles highlight systematic changes in the Ir-differential PDFs, i.e., Ir
involving interatomic distances, with temperature.

224108-2



THREE-DIMENSIONAL LATTICE MODULATIONS IN THE ...

PHYSICAL REVIEW B 112, 224108 (2025)

- 0.3
p= o 300 K
E 210 g 15(® ;
-d 0 2 b U E 1.0 b
201 = 051 | 05
& = 5
g U WA — S ; = 1
201 300K| & g5 T-0.5
=0 1.0 v

1 5 10 15 20

1 Rsadial agtanc%sr (A)zo

3 6 9 12
Bragg Angle 20 (deg)

Radial distance r (A)

0K S5 (h) 101<
=104 §¢
0.5 ‘
S 0.0
5-0.5
=-1.0

2 = 1.0
= = 0.5
= 0.1 )

z 3 0.0
Z 0.0 S

D

E -0.5

-0.1

20

3 6 9 12 5 10 15
Bragg Angle 20 (deg) Radial distance r (A)

"1 5 10 15 20 1 5 10 15 20
Radial distance r (A) Radial distance r (&)

FIG. 3. (a), (b) Rietveld fits (red) to XRD patterns (symbols) for Lu,Ir;Sis obtained at 300 K and 100 K. Vertical orange bars indicate
positions of Bragg peaks. Fits to Bragg peaks strongly evolving with temperature are shown in the insets. The goodness-of-fit factor is about
8% for the 300-K fit and 10% for the 100-K fit. (c), (d) Crystallographic unit-cell-based fits (red) to total PDFs (symbols) for Lu,Ir;Sis obtained
at 300 and 100 K. The goodness-of-fit factor is about 18%. RMC fits (red) to (e) total and (g) Ir-differential PDFs (symbols) obtained at 300 K.
RMC fits (red) to (f) total and (h) Ir-differential PDFs (symbols) obtained at 100 K. The goodness-of-fit factor for the RMC fits to total PDFs
is about 5% and that to Ir-differential PDFs is about 7%. For all fits, the residual difference (blue) is shifted for clarity.

The temperature evolution of the average crystal structure
for Lu,Ir;Sis was assessed by Rietveld analysis of the ex-
perimental XRD data using the software GSAS-II [28]. The
data collected at temperatures above 150 K were fit with an
orthorhombic S.G. Ibam—type model. The model successfully
reproduced the experimental data, as illustrated by the repre-
sentative Rietveld fit shown in Fig. 3(a). The data collected
at temperatures below 150 K were fit with a triclinically dis-
torted (S.G. P1) version of the orthorhombic S.G. Ibam—type
model suggested in Ref. [20], which has also been used to
describe the CDW order in EryIr;Sis and Ho,Ir;Sis [12,14].
As illustrated by the representative Rietveld fit in Fig. 3(b),
the model performed well, confirming the reduced average
crystallographic symmetry of the CDW phase of Lu,lIr;Sis
in comparison to the room-temperature phase. The Rietveld
refined lattice parameters and unit-cell volume are shown in
Fig. 4. As can be seen in the figure, they sharply change at
TCDW ~ 150K.

The temperature evolution of the local structure for
Lu,Ir;Sis was assessed by PDF analysis, where PDFs ob-
tained above and below Tcpw were approached with the S.G.
Ibam and S.G. P1 model, respectively. The advantage of PDF
analysis is that it takes into account both the Bragg and diffuse
scattering components of the diffraction data, rendering it
more sensitive to lattice distortions in comparison to Rietveld
analysis. The computations were done using the software
PDFGUI [29]. Representative fits are shown in Figs. 3(c) and
3(d), respectively. The orthorhombic model successfully fits
the PDF obtained above Tcpw, confirming the absence of
local lattice distortions in room-temperature Lu,Ir;Sis. The
triclinic model, however, appeared less successful in repro-
ducing the PDFs obtained below Tcpw, indicating that the
lattice distortions in the CDW phase of Lu,Ir3Sis are more

complex than suggested previously. PDF refined lattice pa-
rameters and unit-cell volume are summarized in Fig. 4. A
noticeable difference from the Rietveld results is that, locally,
Lu,Ir;Sis appears more compressed, i.e., with a reduced unit-
cell volume, in comparison to the bulk state.

To assess the CDW ground-state structure for Lu,Ir;Sis
more precisely, we refined large-scale models against the ex-
perimental total PDF and Ir differential obtained at 100 K
using the reverse Monte Carlo (RMC) technique [30-32]. The
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FIG. 4. Temperature evolution of the a, b, and ¢ lattice param-
eters and unit-cell volume V obtained by Rietveld (blue symbols)
and small-scale PDF (red symbols) fits. Note that, as found in
many complex materials [42—45], Rietveld and PDF refined structure
parameters differ significantly due to the presence of local lattice
distortions. The parameters and volume sharply change at Tcpw ~
150K.

224108-3



PETKOV, ZAFAR, JAKHAR, ABEYKOON, AND HEGEDUS PHYSICAL REVIEW B 112, 224108 (2025)

(010)

FIG. 5. Average atomic positions in the CDW (100-K) phase of Lu,Ir;Sis seen down the (a) y and (b) z axis of the triclinic lattice as derived
from large-scale RMC modeling. The structure features zigzag chains of Ir atoms comprising short (thick red line) and long (broken red line)
Ir-Ir distances (red). The chains are sandwiched between distorted planes of Lu atoms exhibiting short (thick blue line) and long (broken blue
line) Lu-Lu bonds. Silicon atoms are not shown for clarity. A commensurate approximation to the unit cell of the CDW phase Lu,Ir;Sis is
also shown (thin solid lines). It has been used to compute the electronic properties shown in Figs. 6(b) and 6(d). Projection of the electron
density distribution for the (c) room-temperature and (d) CDW phases of Lu,Ir;Sis onto the (010) plane where Ir atoms are shown as black
circles. All Ir-Ir distances (broken line) have the same length of 3.65 A at room temperature. Short (~3.4 A; solid black line) and long (~3.7 A;
broken line) Ir-Ir distances appear in the CDW phase. Projection of the electron density distribution for the (e) room-temperature and (f) CDW
phases of Lu,Ir;Sis onto the (002) plane Ir atoms are shown as black circles. All Ir-Ir distances (broken line) have the same length of 3.9 A at
room temperature. Short (~3.6 A; thick solid line) and long (~3.9 A; broken line) Ir-Ir distances appear in the CDW phase. Projection of the
electron density distribution for the (g) room-temperature and (h) CDW phases of Lu,Ir;Sis onto the (100) plane where Lu atoms are shown
as black circles. At room temperature, the plane exhibits short (4.0 A; dotted line) and somewhat longer (4.1 A; broken line) Lu-Lu distances.
In the CDW phase, the plane exhibits a complex pattern of short (~3.8 A; thick solid line), intermediate length ( ~4.0 A; dotted line), and long
(~ 4.2 A; broken line) Lu-Lu distances. In all plots the unit cell is outlined with a thin gray line. The electron density increases as the color
changes linearly from blue to red. The positions for Ir and Lu atoms in (a)—(f) appear as an average of 896 atomic positions of respective atoms
in the 36 000-atom RMC models. As can be seen in the figure, the emergence of lattice modulations is accompanied by a redistribution of the

electron density, indicating the presence of strong electron-lattice interactions.

model featured 80 A x 90 A x 80 A configurations of 36 000
Lu, Ir, and Si atoms in due proportions. The large model size
allowed us to probe a statistically representative variety of
distinct lattice distortions extending well beyond one crys-
tallographic unit cell without applying strict crystallographic
constraints that impose a particular lattice distortion pattern.
For consistency, RMC fits to total and Ir-differential PDFs
obtained at 300 K were also performed. Modeling details are
given as Supplemental Material [19]. The success of the fits
is demonstrated in Figs. 3(e)-3(h). An RMC-refined structure
model for the CDW phase of Lu;Ir3Sis is shown in Figs. 5(a)
and 5(b). Projections of the electron density distribution in
Lu,Ir;Sis at 100 K and 300 K onto different atomic planes
are shown in Figs. 5(c)-5(h), as derived from the respective
RMC-refined models.

Comparison between the unit cells for Lu,Ir3Sis above
[Figs. 1(a) and 1(b)] and below [Figs. 5(a) and 5(b)] Tcpw
reveals the presence of significant lattice distortions in the
CDW phase. In particular, in line with the results of Ramankr-
ishnan et al. [20], we find that both Ir and Lu atoms undergo
correlated atomic displacements from their room temperature
positions below Tcpw. Furthermore, in line with the results of
S. Ramakrishnan et al. [20], we find that the displacements
of Ir atoms lead to the emergence of short and long Ir-Ir

distances in the chains running in parallel to the ¢ axis of the
crystal lattice. The distances form a zigzag pattern in (010)
atomic planes [Fig. 5(c) vs Fig. 5(d)]. In addition, we find that
short and long Ir-Ir distances also emerge between adjacent
Ir chains [Fig. 5(e) vs Fig. 5(f)]. The distances alternate in
(002) atomic planes as shown in Fig. 5(f). Moreover, we
notice an unusual pattern of short and long Lu-Lu distances
in the planes of Lu atoms [(001) atomic planes] positioned
between the Ir chains [Fig. 5(g) vs Fig. 5(h)]. Altogether,
lattice modulations involving either Ir or Lu atoms appear
in three orthogonal lattice planes below Tcpw, rendering the
CDW in Lu,Ir;Sis three-dimensional in character. It has been
assumed but never proven that, largely, emerged lattice distor-
tions paired with strong electron-lattice interactions and not
changes in the geometry of FS are behind the changes in the
electronic properties of Lu,Ir3Sis below Tcpw. To verify the
assumption, we conducted density functional theory (DFT)
calculations, the details of which are given in the Supplemen-
tal Material [19]. The electronic band structure for Lu,Ir;Sis
at 300 K and 100 K is shown in Figs. 6(a) and 6(b), as
computed from the RMC-refined structure models shown in
Figs. 5(c), 5(e), and 5(g), and Figs. 5(d), 5(f), and 5(h) that
exhibit and do not exhibit lattice distortions, respectively. The
respective total density of states (DOS) near the Fermi energy
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FIG. 6. Electronic band structure for Lu,Ir;Sis at (a) 300 K and (b) 100 K, as computed from RMC-refined models shown in Figs. 5(c),
5(e), and 5(g) and 5(d), 5(f), and 5(h), respectively. (c) Total density of states (DOS) at 300 K (red line) and 100 K (black line). The Fermi
energy (Ey) is given with a vertical broken line. DOS at E is seen to decrease below Tcpw significantly but remains nonzero, which is
consistent with the strongly reduced, yet metallic conductivity of the CDW phase of Lu,Ir;Sis. Note that the difference between the atomic
configurations used to compute the DOS at 300 K and 100 K is the absence [Figs. 5(c), 5(e), and 5(g)] and presence [Figs. 5(d), 5(f), and 5(h)]
of lattice distortions, respectively. Therefore, the reduced DOS at E; at 100 K in comparison to 300 K may be attributed to the emergence of

lattice distortions and related charge density redistribution below Tcpw.

are shown in Figs. 6(c) and 6(d). As can be seen in the figure,
the total DOS decreases below Tcpw. The decrease can be
attributed to the emerged lattice distortion modes, providing
strong evidence for the presence of strong electron-lattice
interactions in Lu,Ir;Sis. The decrease may well explain the
observed drop in its electrical conductivity at Tcpw upon
cooling the material [13,18].

Previous studies have shown that CDW systems where
the lattice distortions emerging below Tcpw are anisotropic
also exhibit anisotropic changes in their electronic proper-
ties. Examples include NbSe; [33], 2H—NbSe, and 2H-TaSe;
[34], RETe3 (RE = La to Dy) [35], AV3Sbs (A = K, Sb, Cs)
[36], 1T—TaS, [37-39], RENiC, (RE = Sm, Gd, Tb, Dy)
[40], and LaPt,Si, [41] systems. Interestingly, the significant
changes in the electronic properties for Lu,Ir;Sis taking place
at Tcpw have been found to be comparable along the a, b,
and c axis of the crystal lattice, i.e., near isotropic [16]. Ev-
idently, not only the electron-lattice interactions in Lu,Ir;Sis
are strong, but also the dimensionality of the emerged lattice
distortions and that of the concurrent changes in the electronic
properties the material experiences below Tcpw are strongly
coupled.

III. CONCLUSIONS

In summary, in line with results from prior studies, we
find that Lu,Ir3Sis suffers strong lattice distortions leading

to a collapse of the average crystallographic symmetry from
orthorhombic to triclinic when CDW order sets in. The dis-
tortions involve correlated displacements of both Lu and Ir
atoms from their room-temperature positions in the crystal
lattice, leading to the emergence of ordered patterns of either
Ir-Ir or Lu-Lu short and long bonds lying in three orthog-
onal atomic planes. Concurrently, the electronic properties
undergo strong isotropic changes due to strong electron-lattice
interactions. Yet, the material remains single phase, which
can be described in terms of a unique structure model. The
observed relationship between the dimensionality of emerged
lattice distortions and that of concurrent changes in electronic
properties is likely to be relevant to other members of the large
2-3-5 rare earth-iridium-silicide family and 3D CDW systems
generally. Therefore, it may need to be accounted for when
the systems are explored for practical applications. The ad-
vanced experimental approach employed here, which includes
experiments sensitive to the arrangement of atomic species
participating in the CDW lattice distortions, such as resonant
x-ray scattering, coupled to large-scale structure modeling,
can reveal any type of distinct distortion modes, and hence,
facilitate that exploration.
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