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Modulated crystal structure of the atypical charge density wave state of single-crystal Lu2Ir3Si5
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The three-dimensional charge density wave (CDW) compound Lu2Ir3Si5 undergoes a first-order CDW phase
transition at around 200 K. An atypical CDW state is found, that is characterized by an incommensurate CDW
with q = [0.2499(3), 0.4843(4), 0.2386(2)] at 60 K, and a large orthorhombic-to-triclinic lattice distortion with
β = 91.945(2)◦. We present the modulated crystal structure of the incommensurate CDW state. Structural
analysis shows that the CDW resides on the zigzag chains of iridium atoms along c. The structural distortions
are completely similar between nonmagnetic Lu2Ir3Si5 and previously studied isostructural magnetic Er2Ir3Si5

with the small differences explained by the different values of the atomic radii of Lu and Er. Such a similarity is
unique to R2Ir3Si5 (R = rare earth). It differs from, for example, the rare-earth CDW compounds R5Ir4Si10 for
which Lu5Ir4Si10 and Er5Ir4Si10 possess entirely different CDW states. We argue that the mechanism of CDW
formation, thus, is different for R2Ir3Si5 and R5Ir4Si10.
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I. INTRODUCTION

Coexistence and competition of multiple phase transitions
observed in both inorganic and organic compounds have al-
ways attracted the attention of theorists and experimentalists
[1–4]. For instance, charge density wave (CDW) ordering has
been found to coexist with superconductivity or magnetism
in a variety of rare-earth intermetallic compounds [5]. An
important feature of the observed CDWs in those compounds
is the absence of explicit low dimensionality in their crys-
tal structures. It is worthwhile to recall here, that originally
CDWs are expected to occur in materials which possess quasi-
one-dimensional (1D) structures [6]. It was suggested that
such 1D structures favor nesting of the Fermi surface that
leads to the CDW transition. However, CDWs have been dis-
covered in a large number of compounds which do not belong
to this category. Examples include α-uranium [7], CuV2S4

[8–11], La3Co4Sn13 [12–14], RTe3 (R = La, Sm, Gd, Tb, Dy,
Ho, Er, and Tm) [15–17], RTe2 (R = La and Ce) [18,19],
R5Ir4Si10 (R = Dy, Ho, Er, Yb, and Lu) [5], and Sm2Ru3Ge5

[20]. Temperature-dependent single-crystal x-ray diffraction
(SXRD) experiments have established multiple phase tran-
sitions with incommensurate and commensurate CDWs in
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several compounds RNiC2 (R = Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, and Tm) [2,21–26]. The CDW in SmNiC2 is com-
pletely suppressed upon entering the ferromagnetic (FM) state
[21,22]. On the other hand, Kolincio et al. [26] have recently
discovered coexistence of CDW order and field-induced FM
order in TmNiC2.

Lu2Ir3Si5 has a complex three-dimensional orthorhombic
crystal structure with space-group Ibam at 300 K. Earlier
studies on polycrystalline Lu2Ir3Si5 suggested the presence
of a CDW phase transition at around 200 K [27,28]. Subse-
quent transmission electron microscope (TEM) measurements
established an incommensurate modulation below 200 K
with modulation wave-vector q = δ(1̄21) and δ = 0.23–0.25
[29], thus, confirming the CDW character. Investigations on
single-crystalline material revealed anomalies in the resis-
tivity (ρ), heat-capacity (Cp), and magnetic susceptibility
(χ ), suggesting a strongly coupled (electron-phonon) first-
order CDW transition at around 200 K [30]. Lu2Ir3Si5 has
also been shown to exhibit superconductivity below 3.5 K
[27].

Previously, we have investigated the CDW of the isostruc-
tural compound Er2Ir3Si5 [31–33]. SXRD has revealed super-
lattice reflections below 150 K at similar positions as found
for Lu2Ir3Si5, that is, q = [0.2495(2), 0.4973(1), 0.2483(1)]
at 75 K. However, we have discovered a strong mono-
clinic lattice distortion, which develops at the CDW phase
transition [33]. We found that the actual symmetry of the low-
temperature crystal structure of the CDW phase is triclinic.
The lattice distortion and concomitant lowering of point sym-
metry might actually be the driving force for development
of the CDW state. Recently, BaFe2Al9 was also reported to
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develop an incommensurate CDW accompanied by a strong
lattice distortion [34].

Here we report the low-temperature crystal structure of
Lu2Ir3Si5 in its CDW state. We find that the incommensu-
rately modulated structure is similar to that of Er2Ir3Si5 in
its CDW state [33]. We discuss the similarities and subtle
differences between the two compounds.

II. EXPERIMENT

Single crystals of Lu2Ir3Si5 were grown in a tetra-arc
furnace from a stoichiometric mixture of the elements, em-
ploying a modified Czochralski technique. The purity of the
reactants was 99.99% for Lu and Ir and 99.999% for silicon.
The 2:3:5 stoichiometry was established by energy-dispersive
x-ray analysis. X-ray diffraction confirmed the expected lat-
tice parameters. The crystal was then used to study the
physical properties reported in Ref. [30]. From the same crys-
tal a small part was crushed, and a piece of 0.13 × 0.09 ×
0.06 mm3 was selected for the present SXRD experiments.

X-ray diffraction experiments were performed at Beamline
P24 of PETRA-III extension at DESY in Hamburg, employing
radiation of a wavelength of 0.5000 Å. The temperature of the
specimen was controlled by a CRYOCOOL open-flow helium
gas cryostat. Complete data sets of intensities of Bragg reflec-
tions were measured at temperatures of 298, 260, and 230 K
[orthorhombic room-temperature (RT) phase], 200 K (mixed
phase), and 120, 60, and 20 K (CDW phase). Experimental
details are listed in Sec. S1 of the Supplemental Material [35].

In a second approach, the SXRD data were used to pro-
duce undistorted sections of reciprocal space, employing the
software CRYSALISPRO [36]. The (h 0 l ) sections clearly show
the orthorhombic lattice at 298 K [Fig. 1(a)], split reflections
of the two domains of the pseudomonoclinic lattice at 60 K
[Fig. 1(c)], and the simultaneous presence of orthorhombic
and pseudomonoclinic reflections at 200 K [Fig. 1(b)].

III. RESULTS AND DISCUSSION

Upon cooling the crystal, the SXRD experiments con-
firmed the Ibam crystal structure of Lu2Ir3Si5 at 298, 260, and
230 K. At 200 K we observe the coexistence of two phases: the
orthorhombic RT phase and the low-temperature CDW phase
(Fig. 1). The latter is characterized by superlattice reflec-
tions at positions q = [0.2523(7), 0.4685(7), 0.2254(4)]—
in agreement with TEM results [29]—and a strong monoclinic
lattice distortion with β = 92.027(3)◦ (Fig. 2; also see Fig. S1
and Table S4 in the Supplemental Material [35]). The coexis-
tence of the two phases at 200 K as well as the discontinuities
in the lattice parameters are in agreement with the first-order
character of the CDW transition.

At 120, 60, and 20 K only the CDW phase re-
mains. Cooling from 200 to 20 K results in a tendency
of the modulation wave vector towards the commensurate
value (1/4, 1/2, 1/4), but it never reaches this value with
q = [0.2494(3), 0.4848(4), 0.2378(2)] at 120 K and q =
[0.2499(2), 0.4868(4), 0.2388(2)] at 20 K (see Table S3 in
the Supplemental Material [35]).

The obvious lattice distortion implies monoclinic or lower
symmetries for the CDW phase (Fig. 2). However, consid-

FIG. 1. (h 0 l ) section of reciprocal space, reconstructed from
the SXRD data measured at: (a) 298, (b) 200, and (c) 60 K. Splitting
of reflections due to the pseudomonoclinic lattice distortion increases
with an increasing magnitude of the index h. The black bands are
due to bands of insensitive pixels between individual modules of the
Pilatus 1M CdTe detector.

eration of the point symmetry of the diffraction leads to
the conclusion of triclinic symmetry with superspace group
I 1̄(α β γ )0 (No. 2.1.1.1 with standard setting P1̄(α β γ )0
[37]). See Sec. S3 of the Supplemental Material [35]. This
is the same symmetry as has been found for the CDW phase
of Er2Ir3Si5 [33].

Lowering of the point symmetry at a phase transition opens
up the possibility of formation of a twinned crystal. The tri-
clinic lattice can form out of the orthorhombic lattice in four
different but equivalent orientations (Fig. 3). This implies four
possible twin domains. The SXRD data have been analyzed
under consideration of these four domains (see the discussion
in Sec. S2 of the Supplemental Material [35]). One result is
that our crystal formed with unequal volume fractions of the
domains in the CDW phase. Furthermore, we have observed
that the crystal quality deteriorates upon cooling through the
phase transition, even more so for Lu2Ir3Si5 than previously
found for Er2Ir3Si5. This is probably caused by the strain
induced by the lattice distortions. The combination of broad-
ened Bragg reflections with twinning then results in many
partially overlapping Bragg reflections that could not be used
for structural analysis.

At 60 K, the superlattice reflections of one domain can be
indexed by the incommensurate modulation wave-vector,

q1 = [0.2499 (2), 0.4843 (4), 0.2386 (2)]. (1)

The modulation wave vector is similar to those observed by
electron diffraction on Lu2Ir3Si5 [29]. The second and third
components differ from 1/2 and 1/4, respectively, by a larger
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FIG. 2. Temperature dependence of the lattice parameters. (a) Values of the lattice parameters relative to their values at T = 298 K: a
a(298)

(red circles), b
b(298) (triangles), and c

c(298) (diamonds) with a(298) = 9.9021(4), b(298) = 11.3131(5), and c(298) = 5.7279(3) Å. (b) Values
of the lattice parameters α (red circles), β (diamonds), and γ (triangles). Open symbols are for the orthorhombic phase at T > 200 K; full
symbols are for the triclinic phase at T < 200 K. At 200 K both phases coexist. Two regimes are clearly visible as discontinuities of the
temperature dependences of the lattice parameters a, b, c, and β.

amount than for Er2Ir3Si5 (Table I). Furthermore, we find that
the monoclinic lattice distortion is stronger in Lu2Ir3Si5 [β =
91.945(2)◦ at 60 K] than in Er2Ir3Si5 [β = 91.695(2)◦ at
75 K]. The stronger CDW distortion in Lu2Ir3Si5 than in
Er2Ir3Si5 appears to be in agreement with the higher transition
temperature in Lu2Ir3Si5 (Table I).

The Ibam crystal structures are based on six crystallo-
graphically independent atoms, Lu1, Ir1, Ir2, Si1, Si2, and Si3
(Table S8 in the Supplemental Material [35]). The Ir1 atoms
form regular zigzag chains along c with interatomic distance
d[Ir1-Ir1] = 3.657(1) Å at 298 K. For Er2Ir3Si5 we have
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FIG. 3. Flow chart depicting the loss of symmetry from or-
thorhombic Ibam to triclinic I 1̄ resulting in the formation of triclinic
twin domains of four different orientations. See Nespolo [38] for a
formal description of the symmetries of twinned crystals.

argued that the Ir1 atoms are responsible for the CDW because
the Ir1-Ir1 distance is the most affected by the modulation.
Specifically, Ir1 forms (Ir1a, Ir1b)∞ zigzag chains in the
triclinic CDW structure (Fig. 4). The lattice distortion is

TABLE I. Crystal data of the CDW phases of Lu2Ir3Si5 (present
paper) and Er2Ir3Si5 [33].

Compound Lu2Ir3Si5 Er2Ir3Si5

TCDW
a (K) 202–231 150–166

T (K) 60 75
a (Å) 9.8182(3) 9.8494(3)
b (Å) 11.4093(3) 11.4863(3)
c (Å) 5.6835(2) 5.7268(2)
α (◦) 90.001(2) 90.079(1)
β (◦) 91.945(2) 91.695(2)
γ (◦) 90.018(2) 90.051(1)
V (Å3) 636.34(3) 647.60(5)
qx 0.2499(3) 0.2495(2)
qy 0.4843(4) 0.4973(1)
qz 0.2386(2) 0.2483(1)
Distance Ir1a-Ir1bb

max (Å) 3.801(1) 3.818(2)
min (Å) 3.711(1) 3.714(2)
avg (Å) 3.755(1) 3.764(2)
Distance Ir1a-Ir1bc

max (Å) 3.761(1) 3.782(2)
min (Å) 3.002(1) 3.008(2)
avg (Å) 3.385(1) 3.398(2)

aThe temperatures of the hysteresis have been taken from the elec-
trical resistivity along c, reported in Ref. [30] for Lu2Ir3Si5 and in
Ref. [33] for Er2Ir3Si5.
bSymmetry code for Ir1b (x, y, z); given are the maximum (max),
minimum (min), and average (avg) distances.
cSymmetry code for Ir1b (x, y, z − 1).
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FIG. 4. Projections of the crystal structure of Lu2Ir3Si5 at 60 K. (a) Projection of one unit cell onto the (a, c) plane. Ir1a-Ir1b atoms are at
a basic-structure distance of 3.376 (5) Å for full lines and of 3.753 (5) Å for dashed lines. (b) Projection of one slab (half a unit cell along c)
onto the (a, b) plane. Atoms Lu1, Ir1, and Si3 are on the z = 0.5 plane; atoms Si1, Si2, and Ir2 are at z = 0.5 ± 1

4 . Zigzag chains (Ir1a, Ir1b)∞
run along c with the displacement parallel to a.

responsible for alternating short and long Ir1a-Ir1b distances,
whereas the shorter distance is the most affected by the
modulation. The result is a zigzag chain with a quasi-irregular
arrangement of (Ira,Irb) dimers and isolated atoms. For
Lu2Ir3Si5 we find an identical pattern of modulations (Fig. 5)
with interatomic Ir1a-Ir1b distances differing from those in
Er2Ir3Si5 by less than 0.02 Å (Table I). The unit-cell volume
is slightly smaller for Lu2Ir3Si5 than for Er2Ir3Si5. This is in
agreement with the slightly smaller atomic radius of Lu than
of Er (2.17 vs 2.26 Å) [39]. Lu2Ir3Si5 is diamagnetic [30],
whereas Er2Ir3Si5 is paramagnetic with a magnetic moment
per Er atom that is about 10% lower than the theoretical
moment of Er3+ [33]. This major difference is not reflected in
the CDW distortions. It might be understood on the basis of
our finding that the CDW is supported by (Ir1a, Ir1b)∞
zigzag chains, i.e., does not involve the rare-earth
atoms.

FIG. 5. t plot of the interatomic distances between atoms Ir1a
and Ir1b (x, y, z) and between Ir1a and Ir1b at (x, y, z − 1) for the
crystal structure at T = 60 K. Dashed lines give the distances in the
basic structure with values of 3.376 (5) and 3.753 (5) Å.

R5Ir4Si10 is another series of rare-earth (R) CDW com-
pounds [5], that is built from exactly the same elements as
the R2Ir3Si5 compounds. The change in entropy at the CDW
phase transitions is similar for both series of compounds, and
with �S = 0.42 R for Lu2Ir3Si5 [30] it is 5–50× larger than
for typical 1D CDW compounds [5]. Properties of R5Ir4Si10

have been found to depend systematically on R. Specifically,
TCDW increases with increasing atomic radius [40]. In contrast,
TCDW is higher for Lu2Ir3Si5 than for Er2Ir3Si5, despite the
smaller atomic radius of Lu. Other differences between the
two series include the observations that the CDW is com-
mensurate in Lu5Ir4Si10 [41], and it is incommensurate in
Er5Ir4Si10, whereas the present paper reveals the detailed sim-
ilarity between CDW distortions in Lu2Ir3Si5 and Er2Ir3Si5.
Furthermore, a lattice distortion (twofold supercell) accom-
panies the incommensurate CDW in Er5Ir4Si10, whereas an
additional lattice distortion is not present in Lu5Ir4Si10. These
differences between the CDWs in the two series support the
conclusion that the underlying mechanism is different for the
formation of CDWs in the R5Ir4Si10 and R2Ir3Si5 systems. In
view of the present results one might, thus, conclude that the
relevant contributions to the electronic states near the Fermi
level are not restricted to Ir atoms in the R5Ir4Si10 compounds.
This is agreement with density functional theory calculations
on Lu5Ir4Si10 by Mansart et al. [42], who reported involve-
ment of both Ir and Lu 5d orbitals in CDW formation in
Lu5Ir4Si10.

IV. CONCLUSIONS

Detailed structural information is provided for the normal
and CDW phases of Lu2Ir3Si5. The CDW phase is character-
ized by an incommensurate CDW modulation of the crystal
structure, accompanied by a strong lattice distortion achieved
through a lowering of the symmetry from orthorhombic to
triclinic. The CDW resides on zigzag chains of iridium atoms
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along the c axis. The structural distortions are completely
similar between Lu2Ir3Si5 and isostructural Er2Ir3Si5 with
the small differences explained by the different values of
the atomic radii of Lu and Er. Major differences between
Er2Ir3Si5 and Lu2Ir3Si5 are the higher transition temperature
TCDW and the larger hysteresis of the first-order phase tran-
sition of the latter compound. The absence of an effect of
the rare-earth element on the CDW distortions is explained
by a CDW supported by Ir atom zigzag chains, not involving
the rare-earth atoms. We argue that the mechanism of CDW

formation is different for R2Ir3Si5 than for the rare-earth CDW
compounds R5Ir4Si10.
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