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Charge density wave (CDW) orders in YNiC, are studied by means of combined experimental and computa-
tional techniques. On the experimental side, single crystals grown by the floating-zone method were examined
by means of x-ray diffraction, as well as transport and thermal techniques. Density functional theory (DFT)
calculations founded on the experimentally determined parent and CDW-modified crystal structures provide
details of electronic and phononic structures as well as electron-phonon coupling and resolve changes inflicted
upon entering the different CDW phases. Thereby, contrasting effects of subsequently emerging CDW states
characterized by incommensurate ¢;;. and commensurate ¢, modulation vectors are revealed. The former state,
on-setting below T;c 2~ 305 K, weakly modifies the electronic structure by opening an almost isotropic gap
on a minor part of the Fermi surface (FS). The latter phase, which takes over below 75, ~ 272 K has a more
pronounced impact on physical properties via a decomposition of larger parts of the FS. These dissimilar
behaviors are directly reflected in the electronic transport anisotropy, which is significantly weakened in the
qoc-type CDW state. As revealed by our DFT studies, CDW phases are very close in energy and their origin
is directly related to the anisotropy of electron-phonon coupling, which is linked to a specific orbital character
of related FS sheets. Specific heat and thermal expansion studies reveal a nearly reversible first-order phase

transition at around 75, >~ 272 K, where both CDW phases coexist within a 7" interval of about 10 K.

DOI: 10.1103/PhysRevB.111.195101

I. INTRODUCTION

Electron-electron and electron-phonon couplings give rise
to a broad horizon of physical phenomena, including su-
perconductivity and spin- or charge density waves. The
presence of multiple coexisting, intertwined, or competing
charge density waves (CDW) is typically associated with a
geometry of the Fermi surface (FS) that enables multiple elec-
tronic instabilities, or with a strongly momentum-dependent
electron-phonon coupling [1-3]. While the former, geometric
term prevails in systems with an essentially 1D electronic
structure, giving rise to nesting-susceptible planar FS sheets,
the latter plays a more decisive role in real systems with higher
dimensionality [4-7].

The coexistence or competition of distinct CDW instabili-
ties has been observed in various systems, including transition
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metal dichalcogenides [8—10], bronzes [11], rare-earth tel-
lurides [12-15], or recently, in metals with kagome-lattice
crystal structure [16—18]. In extreme cases, when the presence
of such multiple degrees of freedom brings two states close
in the scale of free energy, a small imbalance, driven by
external factors such as light, may become sufficient to open
a nonequilibrium state corresponding to another local energy
minimum [19].

An abundant sandbox for exploring interactions between
various types of order parameters is provided by rare-earth
nickel dicarbides RNiC,—a class of materials known for a
rich phase diagram comprising CDW phases, various mag-
netic states and superconductivity, systematically evolving
with the lanthanide contraction [20-26]. Their electronic
structure with quasi-one-dimensional character creates fa-
vorable conditions for CDW formation, in some cases with
multiple transitions. In RNiC, compounds (R = Pr — Sm)
with larger unit-cell volume, CDW superstructures are char-
acterized by a single incommensurate ¢ = (0.5, 0.5 + 7, 0)
modulation wave vector, which may finally lock-in to a com-
mensurate modulation g;. = (0.5, 0.5, 0) at low temperature
as reported for GANiC, [20-22]. Upon replacing the rare-
earth with heavier R-elements, one observes the emergence
and eventually a prevalence of CDW order characterized
by a commensurate modulation vector g,. = (0.5, 0.5,0.5)

Published by the American Physical Society
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TABLE I. Data collection and refinement details of the incommensurately modulated and triperiodic CDW phases of YNiC,. R and
wR2 values of the modulated structures at 280 and 250 K refer to refinements of all reflections, main reflections and first-order satellites,
respectively. For the commensurate structure at 250 K, the main reflections are defined as those with even k. Ry, is given for all reflections

(main and satellites).

T (K) 320
M 171.6
Space group Amm?2
a(A) 3.5724 (2)
b (A) 4.5069 (3)
c(A) 6.0321 (5)
B (deg.) 90
v (A% 97.120 (12)
z 2
Deyea (g cm™") 5.869
w (mm~h) 38.907
Crystal size (um?) 50 x 28 x 5
Ormax 41.21
Reflections

measured 2780

unique main 378

first-order satellites —
observed (I > 20 (1)) 377
first-order satellites —

Parameters 17
Rinc 0.0236
R > 20()) 0.0159
wR2 (all) 0.0400
GooF 1.73
Extinction (Gaussian) 180 (15)
Diff. el. density
min, max (e A~%) —0.44,0.67
Twin operation -
Twin volume fraction -
CSD Number 2392983

280 250
171.6 171.6
Amm2(30,0)000 Cm
3.5699 (5) 7.5223 (7)
4.5062 (6) 7.1387 (6)
6.0267 (9) 3.7635 (4)
90 106.498 (7)
96.95 (2) 193.78 (3)
2 4
5.879 5.883
38.975 38.999
90 x 77 x 60 60 x 37 x 20
4528 41.09
4548 8226
467 583
794 1073
467 543
469 414
22 32
0.0298 0.0524

0.0536, 0.0502, 0.0844
0.1379, 0.1275, 0.1813

0.0431, 0.0398, 0.0652
0.1116, 0.1020, 0.1659

1.78 1.18
160 (40) 138 (17)
—1.79, 2.01 —3.62,2.70
- 21021
- 73.2:26.8 (4)

- 2392982

[24-26]. YNiC; hosts both, the incommensurate g;i.-type and
the commensurate g,.-type CDW states [24]. Despite the ob-
served signatures, the driving forces governing these two elec-
tronic instabilities have not been identified and explored yet.

Here we report on single-crystal studies of YNiC,, via
x-ray diffraction, thermodynamic and anisotropic transport
measurements, aiming to explore the CDW phases and their
crossover from the g;i.-type CDW state to the g.-type CDW
ground state phase. Experimental studies are complemented
by density functional theory (DFT) calculations of electronic
and vibrational properties to investigate the driving forces of
CDW formation in this material.

II. EXPERIMENTAL

The polycrystalline material, needed to grow a single
crystal, has been synthesized using radio-frequency induc-
tion melting in a high-purity argon atmosphere (99.9999%).
Pure elements: Y (99.9%), Ni (99.99%) metals, and carbon

(graphite, 99.999%) have been used as precursors in this
procedure. In a next step, polycrystalline feed and seed rods
were prepared, using the same induction melting method, and
then used to grow monocrystalline YNiC, via the floating
zone technique in an optical mirror furnace (Crystal Systems
Corporation, Japan). Single crystals were finally oriented by
means of the Laue method and cut along the principal orien-
tations of the orthorhombic parent structure, in dimensions as
desired for specific measurements.

An initial characterization of the YNiC, crystal was per-
formed via scanning electron microscopy (SEM) using a
Philips XL30 ESEM with EDAX XL-30 EDX detector and
powder x-ray diffraction (pXRD) with an Aeris powder
diffractometer by Malvern Panalytical. A homogeneous 1-1-2
stoichiometry with no relevant inclusions of impurities was
confirmed by electron microprobe studies and is well sup-
ported by pXRD data.

Single-crystal diffraction data of small fragments of YNiC,
were collected on a STOE Stadivari diffractometer system
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[27] equipped with a Dectris EIGER CdTe hybrid photon
counting detector using MoK« radiation in a dry stream of
nitrogen in the 250 to 300 K range. Data were processed using
the X-Area software package and a correction for absorption
effects applied using the multi-scan approach implemented in
LANA [27]. The low-temperature (LT) commensurate CDW
phase was treated as a twin of index 2 (“HKLF5” style reflec-
tion data). Initial models were generated using the coordinates
of the isotypic LuNiC, structures [26]. The structures were
refined against F? using Jana2006 [28]. All atoms were re-
fined with anisotropic displacement parameters (ADPs). In the
twinned LT phase the ADPs of the two C and the two distinct
Y atoms were constrained to be equal up to the 2g91) oper-
ation of the high-temperature phase. The correct orientation
of all domains was unambiguously established based on the
Flack parameter. Data collection and refinement details are
compiled in Table I. Further details on the crystal structure
analyses of the triperiodic structure can be obtained from
the inorganic crystal structure database [29] on quoting the
depository listed at the end of Table 1.

To study thermal expansion above room temperature,
pXRD patterns were collected from 300 to 380 K using
a Panalytical X’Pert Pro diffractometer equipped with an
Anton-Paar HTK-1200 chamber with He atmosphere. Low-
temperature thermal expansion (4.3-310 K) was measured
by capacitive dilatometry employing a tilted plate geome-
try [30]. The size of the cuboid-like-oriented YNiC, crystal
used for heat capacity and LT thermal expansion studies was
1.46 x 2.28 x 1.24 ~ 4.13 mm>.

Heat capacity measurements from 2 to 380 K were carried
out on a commercial Quantum Design, physical properties
measurement system (PPMS) employing a relaxation-type
method. Apiezon-H grease was applied for measurements
above 300 K, while Apiezon-N was used as thermal contact
medium at below 310 K.

A conventional four-probe technique was used for the
electrical resistivity measurements in a PPMS system. Thin
(¢ =50 um) gold wires serving as electrical contacts were
spark welded to the polished surface of bar-shaped single
crystals with typical dimensions ~3 x 1 x 0.5 mm?® cut along
the principal orthorhombic orientations.

DFT calculations were performed using Quantum
ESPRESSO [31,32]. We employed optimized norm-
conserving Vanderbilt pseudopotentials [33], with the
Perdew-Burke-Ernzerhof exchange-correlation functional.
Kohn-Sham wave functions were expanded in a plane
waves basis set using a kinetic energy cutoff of 80 Ry.
For calculations of the orthorhombic and g;.-type CDW
we employed the experimental crystal structures, while
the giic-type structure was described using a 16-atoms
commensurate approximant. Due to the varying cell size,
we employed different meshes for Brillouin zone integration
for the parent, gi.-type and g,.-type unit cells, as detailed in
Sec. I of the Supplemental Material (SM) [34]. Densities of
states, band structures, and Fermi surfaces were computed
non-self-consistently on finer grids as detailed in Sec. I of the
SM [34]. The latter were visualized using Fermisurfer [40].

Phonon calculations were performed using density func-
tional perturbation theory, as implemented in Quantum
ESPRESSO, and interpolated using Wannier functions using

EPW [41,42] to obtain the phonon frequencies and linewidths
from the real and imaginary part of the selfenergy (for further
details including the wannierization windows, see Sec. II of
the SM [34]).

The special points for band structures and phonon
dispersions for the parent phase are defined according to
Ref. [35]: T' =(0.00,0.00,0.00); S = (0.00,0.50,0.00);
R = (0.00, 0.50, 0.50); Z = (0.00, 0.00, 0.50); T = (—0.50,
0.50,0.50); Y =(-0.50,0.50,0.00); X, =(0.39,0.39,
0.00); Ap =(0.39,0.39,0.50). The details on how we
obtained the corresponding points for the gi.- and ga.-type
CDW cells are given in Sec. II of the SM [34].

III. RESULTS AND DISCUSSION

A. Crystal structures

Like all members of the RNiC, family at elevated tem-
peratures, YNiC, also crystallizes in the orthorhombic Amm?2
aristotype structure [Fig. 1(a)] [44]. All metal atoms and the
C, dumbbells are located on sites with mm2 symmetry. The
Ni atoms and the C, dumbbells are located on the x =0
planes, the Y atoms on the x = % planes. The Ni and Y atoms
form linear chains extending along [100], whereby adjacent
atoms are related by the a lattice translation with interatomic
distances at 320 K, a = 3.5724 (2) A.

Figure 2(a) sketches the temperature-dependent evolu-
tion of structural phases. Below 7., YNiC, crystallizes
as twofold monoclinic Cm superstructure [qzc = %(a* +
b* + ¢*) modulation of the orthorhombic parent structure],
which is isotypic with the corresponding LuNiC, and
TmNiC, structures. The lost point group operations are re-
tained as twin operations (see Table I). The structure is charac-
terized by formation of Ni—Ni Peierls pairs in rods extending
along [100] with short distances of 3.4351 (9) A which alter-
nate with long distances of 3.7036 (9) A at 250 K. A detailed
description of the monoclinic structure type has been given
previously [25,26].

Between Tiie and T, YNiIC, adopts a 1D (along the
orthorhombic b axis) incommensurately modulated struc-
ture analogous to SmNiC, [45] with superspace group
symmetry AmmZ(%UZO)OOO, and modulation wave vector
qiic = %a* + oob* with 0, = 0.5138(8) at 280 K. Accord-
ingly, periodicity in the [100] direction is halved (doubling of
the a axis, as in the monoclinic Cm structures) fully retained
in the [001] direction and lost in the [010] direction. For
single-crystal XRD data taken right at 275 K, i.e., in the
vicinity of Ty, satellite reflections related to both modulation
wave vectors ¢, and ¢;. are observed and attributed to a coex-
istence of g.- and ¢,;.-type CDW domains (see Sec. II1 C for a
discussion on details of the related phase transition and Fig. S1
in the SM [34], for the diffraction image). Observe that the
¢2c and g1;c modulation wave vectors possess fundamentally
different ¢ components (% and 0, respectively) and therefore
the structures cannot be related by a unified superspace de-
scription. Thus, technically, the gi. to g transition is not of
lock-in type.

Since the basic structure of the incommensurate phase is
isotypic to the aristotype phase, comparable atomic coordi-
nates were used, up to the x coordinates, which were shifted
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FIG. 1. (a) The crystal structure of the orthorhombic Amm?2 aris-
totype phase of YNiC, viewed along (left) [100] and (right) [010].
Y (magenta), Ni (blue), and C (gray) atoms are represented by
ellipsoids drawn at the 75% probability levels. Symmetry elements
are indicated using the usual graphical symbols [43]. (b) Sec-
tions through the superspace of YNiC, centered around the (left) Ni
and (middle, right) Y atoms in the basic structure. The barycenters
of the atoms are indicated by blue (Ni) and magenta (Y) curves.
Contours are drawn at the (a) 20 and (b) 50 e~ A3 levels. () ¢ plot of
the Ni—Ni distances in the [100] direction in the incommensurately
modulated phases of YNiC, red solid line. There are two lines for
each case, as each row of Ni atoms extending in the [100] direction
alternates between short and long distances (except for ¢ = 0, %,
where Ni atoms are equidistant as in the aristotype structure). For
reference, the corresponding distances in the commensurate Cm
structures are indicated by dashed lines.

by % The Amm?2 basic structure contains two symmetrically
equivalent reflection planes parallel to (100) [see Fig. 1(a)]
and the origin may be chosen on either of the planes. In
the AmmZ(%UZO)OOO superspace group, these reflection planes
split in two distinct symmetry elements. The x = 0 plane
remains a proper mirror plane in the modulated structure. In
contrast, reflecting at x = 1 shifts the modulation functions by

2
half a period, which can be regarded as the incommensurate

TABLE II. Atomic coordinates and modulation functions in the
¢1ic incommensurately modulated CDW phase of YNiC,.

M X 0
y —0.00591(7) sin(2mx4)
Z 0.38848(3) — 0.00219(7) cos(2mwx4)
Ni X % + 0.01399(13) sin(27rx4)
y 0
z 0.00000(6)
C X % + 0.0049(7) cos(2mx4) — 0.0007(6) sin(27X4)
y 0.3494(7)
z 0.1886(5)

equivalent of a glide reflection. If the x coordinates of the basic
structure were retained (Ni at x = 0), the Ni atoms could not
be displaced in the [100] direction. The resulting model gives
refinements with excellent reliability factors, but is unlikely,
given the Peierls pair formation in the commensurate Cm
structures. Note that an analogous phenomenon is observed
in the commensurate LT phase: The reflection planes parallel
to (100) of the aristotype structure split into an alternation
of proper reflection planes and glide reflection planes with
an intrinsic translation component of %(b + ¢) [25]. There as
well, the Ni atoms had to be moved to x = %

The displacement modulation of all atoms was described
by first-order harmonics (see Table II). No discontinuity was
apparent in the modulation functions [Fig. 1(b)]. Since the Y
atoms are located on the x = 0 reflection plane, displacement
is only possible parallel to the (100) plane. For symmetry
constraints, first-order harmonic modulation waves only allow
modulation in the [100] direction for the Ni atoms and the
C atoms. Theoretically, second-order harmonics could allow
for an additional displacement in the (100) plane, but these
components refined to zero within experimental error.

The following discussion of the modulation will focus on
the the Ni atoms, which are the crucial point of the CDW
formation. The position of the Ni atom located at X in the basic
structure is given as

X1 =X+ [Axsin(27X - q)]a, (D

where Ax is the sine-component of the Ni displacement
modulation wave listed in Table II and assuming that the mod-
ulation phase ¢ equals O for brevity. Since the o; component
of the q vector is %, the Ni atom translated by an a lattice
translation in the basic structure is located at

1
X2 =§+a+{Axsin [2n<i-q+5)]}a

=X+ [l — Axsin(27X - q)]a. (2)

By subtraction of Egs. (1) and (2), one notes that in the [100]
direction, Ni atoms are arranged in lines spaced alternately by

x1 — x2 = [1 £ 2Axsin(27X - q)la, A3)

which corresponds to the Peierls pairs also observed in the
commensurate Cm phases. Here however, the amplitude of
the Peierls pair formation varies across the structure. Since
the modulation functions are continuous, each Ni—Ni distance
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FIG. 2. (a) Phase evolution as function of temperature in YNiC, compound. [(b)—(d)] Schematic representation of Ni—-Ni-distances in a
(100) section of: (b) the Amm?2 aristotype structure, (c) the incommensurately modulated CDW structure, viewed in the [100] direction, and
(d) both twin domains of the Cm commensurate CDW structures. In panels [(b)—(d)], the Ni-Ni pairs are represented by disks, and their colors
represent the relevant Ni—Ni distance as graphically explained in panel (e); white marks the average value (= a lattice parameter of the parent
structure), dark blue and pink colors represent the pairs with longest and shortest Ni—Ni distances, respectively. Y atoms and C, dumbbells are

omitted for clarity.

in the a — 2Ax to a + 2Ax range is realized. In particular,
rods where the Ni—Ni distances are a correspond to the Amm?2
aristotype structure with equidistant Ni atoms.

Figure 1(c) shows a ¢ plot of the Ni-Ni distances in
YNiC,. At its maximum, Peierls pair formation is slightly
less pronounced than in the commensurate LT phase. A
translation by b in the basic structure corresponds to a -
shift by o, & 0.514, i.e., short Ni-Ni distances follow long
Ni—Ni distances and vice versa. Moreover, intermediate Ni—
Ni distances are followed by intermediate Ni-Ni distances.
Figures 2(b)-2(d) show schematic representations of struc-
tural phases with color-coded Ni-Ni distances in a plane
parallel to (100). The color-code is graphically explained in
Fig. 2(e). The small deviation of o, from % results in a long
modulation wave. Since the ¢ plot in Fig. 1(c) is symmetric
byt =t+ %, the modulation wave repeats after 2/0.014 =~
36 unit cells of the basic structure [see horizontal arrow in
Fig. 2(¢)].

The lattice translation ;(b + ¢) of the Amm?2 basic struc-
ture increases ¢ by 1+ ER 1 . Thus, rods with pronounced
Peierls pairs are 1nterleaved by rods with virtually no Peierls
pair formation [green background in Fig. 2(c), t ~ I, n € Z
in Fig. 1(c)]. In contrast, rods with medium Pelerls pairs
combine with other rods of such Peierls pairs [orange back-
ground in Fig. 2(c), t & 24 n € Z in Fig. 1(c)]. A putative
lock-in phase with q = 2(a + b*) could be either of these
two extremes.

B. Electrical resistivity studies

A charge density wave is essentially a coupled lattice and
electronic instability, typically associated with the opening
of one or more gaps at the Fermi energy. The evolution of

the electronic component is directly reflected in the charge
transport properties, which can be explored by macroscopic
observables, such as the temperature-dependent electrical re-
sistivity, po(T). The latter, i.e., ps, Pp, pPc, measured for
single-crystalline YNiC, with current applied along princi-
pal orientations is displayed in Fig. 3(a) and reveals distinct
anomalies related to the two CDW transitions discussed in
Sec. IIT A. The first transition at 7j;c = 305 K (i) from the
orthorhombic CeNiC,-type parent structure to the orthorhom-
bic incommensurate g;;.-type CDW and the second transition
at To. = 272 K (ii) into a monoclinic commensurate g,.-type
CDW phase are well reflected by characteristic anomalies of
the electrical resistivity, kinklike at Tj;. and jumplike at T,
respectively.

At temperatures above Tijc, p(T') data of YNiC; in Fig. 3(a)
share the features of an anisotropic electrical resistivity
Pe > pp > p, as earlier reported for other RNiC, compounds
in their CeNiC,-type parent state [21,22,25,26]. At transition
(i), a clear minimum at 7j;., followed by a p(T') increase
upon lowering the temperature, is observed for all three
orthorhombic orientations [compare normalized resistivity
data in Fig. 3(b) and relative anisotropy data in Fig. 3(c)],
thus, revealing an almost unchanged anisotropy of p, versus
pp versus p. across Tjic. The latter is a characteristic fea-
ture of the second-order phase transition into the gji.-type
CDW state as previously reported for other RNiC, (R =
Sm, Gd, Tb) representatives exhibiting this specific gi.-type
CDW transition with a preserved orthorhombic point group
symmetry [21,22].

The transition (ii) from the g;.-type into the commensurate
¢r-type CDW state at T, is manifested by jumplike
anomalies of all three p(T) curves in Fig. 3(a), i.e., by
visible inflections seen simultaneously, yet clearly different
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FIG. 3. (a) Temperature-dependent electrical resistivity, p(7), measured on bar-shape YNiC, single crystals which were cut along
orthorhombic a, b, and c¢ orientations; (b) normalized electrical resistivity p(7T)/p(Tii.); (c) temperature-dependent relative anisotropy of

the electrical resistivity p,/0, and p./p,-

for the different orientations. While p,(T) and p.(T) show a
sharp downturn, the resistivity measured along the a direction,
previously weakly affected at 7};c, now visibly increases upon
lowering the temperature. The pronounced anomaly of
pa(T) accompanying the CDW crossover into the g.-type
CDW state is not a sole domain of YNiC,, but appears
to be a characteristic feature for this type of CDW order.
Similarly specific response of p,(7) has been previously
observed for single-crystalline TmNiC, and LuNiC, with a
single CDW transition directly to the g,.-type CDW state
[25,26]. With further decrease of temperature, the electrical
resistivity gradually decreases for all three orientations.
Within 100-200 K, a visible change of electronic anisotropy
takes place with both p,/p, and p./p, ratios gradually
decreasing and saturating closer to unity as 7 is lowered [see
Fig. 3(c)]. A rather weak anisotropy of the electrical resistivity
remains at lowest temperatures, with the lowest value for pp,
similar to earlier reported data of TmNiC, and LuNiC,

[25,26]. The residual resistivity of YNiC,, as measured at
2 K, is pso = 27 uS2em, ppg = 20 u2cm, pqo = 33 u2cm.
Motivated by a previous transport study of polycrystalline
YNiC,, which revealed the presence of a finite thermal
hysteresis opening approximately at 285 K and closing at
265 K [39], we have investigated the character of both CDW
anomalies in our single crystal via an electrical resistivity
measurement with specific care on an optimal temperature
stabilization (see Sec. III of the SM [34] for further details).
The corresponding p.(T ) measurement (see Fig. S2 in the SM
[34]) clearly confirms thermal reversibility of the electrical
resistivity upon heating and cooling across the second-order
transition (i) at 7j;c and reveals for transition (ii) a very narrow,
but nonetheless finite thermal hysteresis of about 0.1 K for the
anomaly at around 75.. From the double-peak-like character of
the temperature derivative of p(7"), we determine the width of
transition (ii) ranging from about 265 to 275 K (see Fig. S3(a)
in the SM [34]). Accordingly, the width of the transition
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FIG. 4. (a) Temperature-dependent specific heat of single-crystalline YNiC, where CDW phase transitions are marked by black arrows.
(b) Expanded view on both CDW phase transitions. (c) Specific heat anomaly related to the first order CDW transition at 7. as determined via
a slope analysis of heating (dark blue) and cooling (light blue) curves (see text).
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FIG. 5. (a) Temperature-dependent thermal expansion, Al/I(T),
of YNiC, along orthorhombic a, b, and ¢ orientations. In-
set zooms on corresponding normalized thermal expansion data,
Al(T)/AlL(380K), across the gji.-type CDW transition. Solid lines
are guides to the eye for revealing slope changes across Tjj.. (b) Ex-
panded view of the thermal expansion coefficients at the g,.-type
CDW ordering temperature T5.

(~10K) reveals to be two orders of magnitude larger than the
width of the thermal hysteresis (~0.1 K) and the transition is
thus almost perfectly reversible.

C. Specific heat and thermal expansion studies

Closer insight onto the nature of CDW phase transitions
in YNiC, is revealed by specific heat and thermal expan-
sion studies of YNiC, single crystals. The two CDW phase
transitions identified by the above XRD and electrical resis-
tivity studies are well reflected by corresponding anomalies of
the temperature-dependent specific heat, C,(T), and thermal
expansion, Al/I(T), measurements presented in Figs. 4 and 5,
respectively. Most striking, apart from specific characteristics
of the CDW transitions, is the overall strongly anisotropic
behavior of the thermal expansion in Fig. 5(a), which exhibits
the largest expansion along the conventional orthorhombic
a axis and the smallest along the c¢ axis, i.e., YNiC, shows
qualitatively a very similar behavior as earlier reported for
TmNiC, [25].

Focusing on the CDW phase transitions, a close-up view
on the specific heat anomalies presented in Fig. 4(b) re-
veals transition (i) from the orthorhombic parent-type to
the giic.-type CDW state at Tj;. = 305K via a second-order
jumplike anomaly, AC, >~ 1.5(2) ] mol'K~!, and (ii) a first-
order phase transition (FOT) from the gji.- to the g.-type
CDW state at around 7. >~ 272K is indicated by a peaklike
anomaly. Considering the first order nature of the latter tran-
sition (ii) and associated latent heat, a standard evaluation of
heat capacity data collected with a relaxation-type technique
[as applied for Fig. 4(b)] may yield erroneous results and,
thus, an adapted slope analysis for heating and cooling curves
across that specific heat anomaly has been applied as imple-
mented for this specific purpose in the software of the PPMS
heat capacity option. Specific heat data resulting from the
slope analysis of one such heating-cooling cycle is displayed
in Fig. 4(c) and reveals (within error bars imposed by ther-
mal gradients) an essentially reversible nature of the nearly
symmetric peak-shape anomaly when comparing the heating
(dark blue) and cooling (light blue) data (results of addi-
tional cycles with varying initial temperatures are shown
in Fig. S3(b) in the SM [34]) with a very similar width
(~266-276 K) as indicated by the above discussed electrical
resistivity data. The observed thermal reversibility across this
transition is, within error bar, consistent with the above men-
tioned almost perfectly reversible behavior of the electrical
resistivity, but nonetheless unexpected in context with a first
order nature of that phase transition. A quantitative evaluation
of the FOT anomaly in Fig. 4(c) yields associated enthalpy
and entropy changes, AH ~ 30(3) J/mol and AS ~ 0.11(1)
Jmol~'K~!, respectively.

Thermal expansion data of YNiC,, Al/I(T) as merged in
Fig. 5(a) with data from capacitive dilatometry (T < 310K)
and pXRD (T > 310K), feature the CDW phase transitions:
(i) via changes of slopes at T, i.e., by the typical thermal
expansion feature of a second-order phase transition, and (ii)
the transition at 75, via a pronounced steplike anomaly of
Al/I(T), which is indicative of a first order transition.

For both CDW transitions, the observed orientation-
dependent changes of the thermal expansion related to these
phase transitions, when comparing signs of Al/I(T) anoma-
lies along different orthorhombic orientations, imply reversed
thermal shifts of the CDW phase transition upon stress or
strain along these orientations (see below). At the second-
order CDW transition (i) at Tjic, Al/l curves display rather
subtle kinklike anomalies with an increase of slope upon
increasing temperature for a- and c-axis data, but a decrease
of slope for b-axis data [see inset in Fig. 5(a)]. Experimental
uncertainties caused by merging two different data sets right
near transition (i) at 7j;c impede a quantitative evaluation of
the changes of thermal expansion coefficients A«. At the first
order CDW transition (ii) at 75, jumplike anomalies Al, /I, ~
+1.5 x 107* and Al,/l, ~ +1.2 x 10~* are observed for or-
thorhombic a and b orientations, i.e., an expansion when
raising temperature across the FOT, but on the contrary a
length contraction, Al./l. ~ —1.0 x 10~*, which add up to
a relative volume expansion, AV/V ~ 4+1.7 x 1074,

The initial response of the phase transition temperature 75,
to uniaxial pressure on YNiC, (assuming a constrained cross-
section for the sake of simplicity) is evaluated via an adapted
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Clausius-Clapeyron relation, d75./do; = (Al/[;)V,u/AS ~
Al/l; x 2.7 x 107 Km?/N, where o; is an uniaxial pres-
sure along orientation i, V,, = 2.92 x 107> m?/mol is the
molar volume of YNIC, and AS ~ 0.11(1) J mol~'K~! is
the above determined FOT entropy gain. The thermodynamic
Clausius-Clapeyron relation, thus, yields an increase of T,
upon uniaxial pressure along the orthorhombic a and b axes,
ie., dTp./do, ~ +4.1 x 1078 sz/N (+41 K/GPa) and
dTs./doy, ~ 4+3.2 x 107® Km?/N (432 K/GPa) and, on the
contrary, for uniaxial pressure along the orthorhombic ¢ axis
a decrease dT»./do, ~ —2.7 x 1078 Km?/N (=27 K/GPa).

In the course of the orthorhombic-to-monoclinic CDW
phase transition, the formation of monoclinic twin-domains
(see Sec. III A) in combination with the highly anisotropic
length changes [see Fig. 5(a)] must obviously result in an
evolution of local stress/strain patterns and, thus, in a local
variation of 75.. The latter results in a finite thermal width of
the phase transition where gji.- and g,.-type CDW domains
coexist.

A close-up view in Fig. 5(b) on the anomalies of the ther-
mal expansion coefficients «;(7) across the phase transition
at T, further reveals an unexpected shape of the anomaly of
op(T). While those of «,(T) and with reversed sign «.(T)
display a peak-shape similar to that of C,(T), the anomaly
of «;,(T') exhibits a double peaklike maximum with the ab-
solute maximum being substantially shifted toward the lower
onset of the FOT. In the g,.-type CDW state, for the sake of
strain-energy minimization, a regular pattern of twin-domains
is formed which is accompanied with an accordingly aligned
pattern of stress and strain fields. With the disappearance of
twin-domains across the transition into the gji.-type CDW
state all stress and strain related to twin-formation will be
relaxed and corresponding strain energy will be released. In
addition, a lattice softening related to CDW sliding degrees of
freedom may become relevant at the transition to the incom-
mensurate ¢qi.-type CDW state where translation symmetry
is lost along the orthorhombic b axis. Both aspects may thus
contribute to some modifications of the thermal expansion

—~
[
=

anomalies as compared to the specific anomaly of the tran-
sition from the gic- to ga.-type CDW state. The strain effects
are further relevant with respect to the observed, but unex-
pected, almost perfect thermally reversible behavior across
the FOT at T5..

A reversible behavior in a first order structural phase tran-
sition results from a coupling mechanism which stabilizes
specific phase ratios within a finite temperature interval as
proposed earlier for a (similar to present case) orthorhombic-
to-monoclinic ferroelectric transition in a hafnium-zirconium
oxide film [46]. Local compressive stress evolving from
the orthorhombic-to-monoclinic structure transformation was
suggested to stabilize an orthorhombic phase fraction across
a wide temperature interval. The orthorhombic-to-monoclinic
CDW phase transition of YNiC,, as detailed in the previous
paragraph, is well suited to originate local strain patterns
which, in course of energy minimization, stabilize a mixed
pattern of gjic-type and go.-type CDW domains within a finite
temperature interval, i.e., within the width of the transition.
A simultaneous appearance of corresponding g and g»c
satellite reflections at around 275 K was also confirmed by
single-crystal diffraction data discussed in Sec. IIT A.

Contrary to the single-crystal case, anisotropic thermal
expansion of grains in a polycrystal will cause intergrain
strain already upon cooling within the orthorhombic parent
state and, indeed, CDW phase transitions of polycrystalline
YNIiC,; extend over about twice as large temperature intervals
(compare Ref. [39]). The nature of strain effects, originating
from intergrain strain as predetermined by thermal history
in polycrystals versus energy minimizing orthorhombic-to-
monoclinic phase coupling in monocrystals, is rather different
and, thus, the suppression of hysteretic behavior expected
to be less effective for polycrystals. The latter is supported
by resistivity data of polycrystalline YNiC, reported in
Ref. [39] and by a reference heat capacity measurement of
polycrystalline YNiC, analogous to that in Fig. 4(c), which
however did not at all reproduce the essentially reversible
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FIG. 6. (a) Electronic band structure and projected DOS in the orthorhombic type parent state of YNiC,. The bands are colored with a linear
combination of projections onto atomic orbitals. In particular, orange indicates the Ni-C, plane corresponding to the in-plane combination of
atomic orbitals, while blue indicates out-of-plane, as defined in the text. (b) Sketch of the YNiC, crystal structure highlighting the in-plane
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FIG. 7. (a) Fermi surface decorated with an in-plane projection,
cut with a plane (dashed lines). [(b),(c)] 2D cuts indicating nesting
vectors with g; ~ (0.5, 0.5, 0) and ¢, ~ (0.5, 0.5, 0.5) momentum,
respectively.

behavior of the single-crystal data (compare Figs. S3(b) and
S3(c) in the SM [34]).

D. DFT study of electronic and vibrational properties

To explain the origin of the experimental observations in
terms of the electronic structure of YNiC,, we performed
ab initio DFT calculations on the orthorhombic parent and
distorted CDW phases. We note that all calculations were
performed using the experimental structures, as reported in
Sec. 11, of course, except for the g;;.-type CDW phase which
lacks translation symmetry along the b axis and is, thus, sim-
plified to a 16-atom approximant cell, in the following referred
to as gi.-type CDW. For further details we refer the interested
reader to the SM [34].

Figure 6(a) presents the electronic band structure of the
orthorhombic CeNiC, structure-type parent phase of YNiC,,
projected onto two different subsets of orbitals, that from here
on we will name in-plane (orange) and out-of-plane (blue).
Their meaning is sketched in Fig. 6(b). According to this
definition, in-plane orbitals are C and Ni orbitals lying mainly
in the xy plane [orange plane in Fig. 6(b)], plus Y orbitals
along the z direction. Complementarily, out-of-plane orbitals
are C and Ni orbitals mainly in the z direction, and Y orbitals
in the xy plane [blue planes in Fig. 6(b)]. For a more detailed
definition see Ref. [47].

The choice of this unusual partitioning is motivated by the
direct observation of the Kohn-Sham wave functions near the
Fermi energy (Sec. IV of the SM [34]), as well as the Wannier
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FIG. 8. Electronic band structure in ¢j.-type (a) and g.-type
(b) CDW state. The black line indicates the orthorhombic parent
state, while the red line indicates the respective CDW phase. Blue
arrows point at local band splittings.

functions derived from those bands. The bands colored with
these projections are shown in Fig. 6(a); these are well sepa-
rated in the in-plane (i.e., in the Ni-C plane) and out-of-plane
characters, with the exception of a single band that changes
character as it crosses the Fermi energy in the S-R and I'-Z
line (coordinates of the reference points of the Brillouin zone
are provided in Sec. II). In addition to the bands, Fig. 6(a)
shows the atom-projected density of states (DOS) where from
—4 to —2 eV, the DOS exhibits mainly a Ni-d character, while
in the —2 to 2 eV window around the Fermi energy the atomic
character is evenly spread between Y, Ni, and C, consistent
with the hybrid character of these states.

As discussed in the following, the change of band char-
acter is closely related to the CDW formation in YNiC;.
The Fermi energy is crossed by bands in the S-R and
I'-Z lines, and in Z-T and T-Y [see Fig. 6(a)]. Resulting FS
sheets are shown in Fig. 7(a) with a color scheme indicating
an in-plane projection of the character of electronic states.
There are two different sheets: a main FS sheet formed by
open quasiplanar sheets which are connected by hourglasslike
pillars, and a small electron pocket centered around the Z
point. The orbital character of the main FS sheet is extremely
uneven (see Fig. 7), ranging from mainly in-plane around the
I'-Z direction (red color), to mainly out-of-plane around Z-T
and T-Y (blue color). It was pointed out earlier that the strong
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FIG. 9. Comparison of electronic bands along I'-S—R lines, col-
ored with a linear combination of projections onto atomic orbitals, in
the orthorhombic parent phase (a) and the g,-type CDW phase (b).
Aside, we show the probability density from the Kohn-Sham wave
function indicated with the black arrows with momenta (0.00, 0.50,
0.13) and (—0.047, 0.38, 0.64) for the orthorhombic parent phase and
q>-type CDW phase, respectively.

quasiplanar character of the FS creates proper conditions for
nesting with two primary g vectors [i.e., g; ~ (0.5, 0.5, 0) and
q> ~ (0.5,0.5,0.5)], which can be revealed via FS contours
obtained at proper 2D cuts of the Brillouin zone [48,49].
Accordingly, we show in Figs. 7(b) and 7(c) two slices of

Orthorhombic

the Brillouin zone hosting ¢; and ¢, nesting vectors, which
in our in-plane projection connect states with intermediate
(green-colored) character.

To investigate the impact of CDW formation on the elec-
tronic structure of YNiC,, we directly compare the band
structure of the orthorhombic parent phase with that of g-
and g,.-type CDW phases in Figs. 8(a) and 8(b), respectively,
always following the paths in reciprocal space corresponding
to the ones selected for the orthorhombic phase so that, folding
aside, the bands lie on top of each other (see Sec. I A of the
SM [34] for technical details and Fig. S6 for the difference in
DOS). Overall, both CDWs open a pseudogap (defined as a
partial depletion of electronic states, where some portions of
the Fermi surface develop an energy gap while others remain
conductive [50]), and thus, the system remains metallic. Here
we define the CDW gap as the energy range over which the
DOS in the distorted phase is lower than that of the undis-
torted parent phase (see Fig. S6). In momentum space, the
band structure reveals local band splittings, e.g., along the
T-Y (25 meV for g and 150 meV for ¢,.) and S-R lines,
in correspondence to the regions where the orbital character
changes from in-plane to out-of-plane. As a result, the only
bands that previously changed character are now broken into
two separate bands, each with its own well-defined character.
Although each individual splitting is small in magnitude, the
cumulative effect of gap formation at different k£ points (and

q,-type CDW
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T

FIG. 10. Fermi surface with color-coded projection onto in-plane states for (a) orthorhombic parent, (b) g;.-type CDW, (¢) ga.-type CDW
states with a side view perspective (top) and top view perspective (bottom). The orange and azure transparent boxes highlight common features
of the FS in the different phases: a ribbonlike and an hourglasslike feature, respectively.
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energies) removes electronic states near the Fermi level and is
seen as CDW pseudogap in the DOS.

The separation of wave functions into bonding and an-
tibonding states with distinctly distinguished in-plane and
out-of-plane character is highlighted in Fig. 9 via electron
probability density plots as obtained from the Kohn-Sham
wave function calculated for (a) the orthorhombic parent state
and (b) the monoclinic g,.-type CDW state (see also Fig. S5
in the SM [34] for projected band structures). This change
of character is directly related to the direction of the atom
displacements of the CDWs. Indeed, both are characterized
mainly by the displacement of Ni in the z direction, i.e.,
out of the xy planes in which Ni and C atoms are located.
This changes the hopping integrals, and lowers the energy
of bands with out-of-plane character, and raises the in-plane
ones, which lowers the total electronic energy as compared
to the undistorted phase. While both CDWs feature certain
similarities, it is clearly noticeable that the electronic struc-
ture modification caused by the g,.-type CDW is much more
pronounced: more, and larger band splittings open in the S-R,
T-Y, and I'-Z lines mainly below the Fermi energy, while for
the gi.-type CDW the main splitting is visible slightly above
the Fermi level. The resulting CDW pseudogap from the DOS
analysis is about 283 and 414 meV, for g,.- and g,.-type CDW,
respectively (see Fig. S6 in the SM [34]).

Figure 10 shows the Fermi surfaces decorated with a pro-
jection to in-plane states for the orthorhombic parent (a), the
q1c- (b), and the ga.-type (c) CDW states. In this perspective
the separation of bands into in-plane and out-of-plane charac-
ter is even more evident, as CDW order splits the FS sheets
into pockets of uniform character by removing a part of the
quasiplanar sheets which connect them. This effect is already
in action in the g|.-type CDW, where a part of the quasiplanar
sheet is already broken, and it further develops in the g,.-type
CDW state. Here, the FS becomes divided into a snakelike
sheet connecting the pockets with in-plane character (orange
transparent box) and in the characteristic hourglass-shaped
pillars with only out-of-plane character (azure transparent
box), while an isolated pocket around the Z point remains
essentially unchanged.

Having examined the direct effect of the CDWs onto the
electronic properties, we now move to establish its connec-
tion with the lattice dynamics. Figure 11 displays the phonon
dispersions (a) calculated for the orthorhombic parent struc-
ture, along with the atom-projected phonon DOS (b) and the
electron-phonon spectral function (c) and the nesting func-
tion ¢ (i.e., the static limit of the bare susceptibility) (d),
calculated as defined in Ref. [41]. The latter quantity shows
two broad, hump-shaped maxima located close to the points
corresponding to the ¢; and ¢, vectors. The broadening is
particularly pronounced in the vicinity to g;, where the max-
imum splits into two close peaks. The k-space shape of ¢y(q)
has previously been suggested to determine the presence or
absence of CDW in early-lanthanide-based RNiC, [48]. While
sharp and well-defined ¢y(g) peaks at g; were found to pro-
mote this type of CDW in NdNiC,, GdNiC,, and SmNiC,,
the broadened features, reminiscent to those reported here for
YNiC,, were seen in the case of LaNiC,, which shows no
CDW order.
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FIG. 11. Phonon dispersions (a), decorated with electron-phonon
coupling (red thick line), atom-projected phonon DOS, F(w) (b),
and electron-phonon spectral function, a?F (w) (c), with integrated
electron-phonon coupling. The projections onto Y, Ni, and C, are
indicated as turquise, gray, and red shaded areas. (d) static limit of
the bare susceptibility, ¢y, black line, and electron-phonon coupling
for the first phonon mode, A(u = 1), red line.

The phonon dispersions displayed in Fig. 11(a) present two
dips: one at the R point (¢3), and one halfway between Z and
Ay (q1)- As highlighted by the thick red line around the disper-
sion, and the red curve below, in these two points we find the
largest mode-resolved electron-phonon coupling A, ,—;. We
note that the electron-phonon coupling is strongly anisotropic,
and directly correlates with the orbital character (see Fig. S8
in the SM [34] for a direct comparison between the orbital
character and the electron-phonon coupling) [51-53]. The two
maxima of A, ,—; ultimately dictate the CDW modulation
vectors, rather than nesting alone, as argued in a general
framework in Ref. [7].

These results allow us to confirm that the tendency to
form both CDW phases is inherent to the orthorhombic parent
phase. In addition, phonon calculations for the two CDW
states (see Fig. S9 in the SM [34]) reveal that the precursors
of the g|.-type CDW are present in the g,.-type one, and vice
versa. Since all three phases are almost degenerate in energy
(see Table III of the SM [34]), and the depletion region of
the electronic DOS in the g .-type CDW state is narrower
than that of the g,.-type CDW, the tendency of the gj;.-type
CDW to form at higher temperature than the g,.-type can be
qualitatively explained as a kind of intermediate phase with
a slightly higher electronic entropy gain (see Fig. S7 of the
SM [34]).

IV. SUMMARY AND DISCUSSION

Shedding a light on the interplay between the competing
electronic instabilities in RNiC, family has been a long-
awaited step toward understanding the underlying physics.
Such an opportunity has been opened by recent obtaining
of high quality single crystals, allowing us for a direct and
detailed exploration of the character and mechanisms of two
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CDW-types occurring in YNiC, probed by the combination
of various experimental techniques with complementary the-
oretical calculations. The two types of CDW phases resolved
for YNiC,, and characterized by wavevectors ¢ic and g,
leave distinct footprint in crystal and electronic structures and
resulting experimental observables.

The qi.-type CDW phase, appearing as the first CDW
upon cooling from the orthorhombic parent state below Ti;c,
weakly modifies the crystal structure producing a small in-
commensurate lattice modulation. The onset of this state
opens a nearly isotropic electronic gap at Fermi energy. While
a part of the high temperature FS is nested and removed, its
overall character and topography is mostly conserved. The
quasiplanar FS sheets running perpendicular to a* of the
undistorted orthorhombic state, responsible for favoring the
a direction in the terms of electrical resistivity, retain most of
their area. For that reason, the p,/p, and p./p, ratios, being
the effective measure of transport anisotropy, remain rigid
across the transition toward the ¢;.-type CDW state.

The g.-type CDW, which prevails over the gj;.-type CDW
phase at lower temperatures much more significantly modifies
the properties of YNiC,. The crossover between the two CDW
types leads to a large modification of the underlying crystal
lattice, to the extent that it lowers the symmetry class from
Amm2 to Cm. Moreover, the gy.-type CDW state causes a
more drastic FS decomposition. This process removes a large
part of quasiplanar sheets, which in both, the orthorhombic
undistorted and the gc.-approximate CDW state, bridge the
subsequent FS counterparts. As a consequence, FS in the g;.-
type CDW state is reduced to smaller, yet multiple, isolated
pockets, predominantly with 3D character and dispersion in
all three dimensions. This phenomenon is directly reflected
by the suppression of electronic anisotropy as observed in
transport properties. In particular, one can notice, that the
thermal dependence of p, experiences a pronounced upturn at
T5., which is caused by removal of large FS part perpendicular
to a*. Simultaneously, pp(T) and p.(T') turn in the opposite
direction, which is caused by the increased contribution of
quasi-3D FS elements. Moreover, the contrast in the global
influence on the electronic structure is demonstrated by the
larger, as compared to the g.-approximate CDW state, de-
crease of DOS in the vicinity of the Fermi level, as shown in
Fig. S6 of the SM [34].

Although the impact on the FS differs significantly be-
tween the two CDW phases, there exists a common FS part,
which is decomposed in each of them. This is further sup-
ported by the bare susceptibility ¢,, which was calculated
within both states, gj.- and g, -type (see Fig. S9 in the SM
[34]), and shows no clear peaks corresponding to the com-
plementary CDW phase. The opening of a gap significantly
reduces the potential for a secondary FS modification caused
by nesting of that part which survives the first CDW tran-
sition. Therefore, YNiC, does not belong to the group of
systems where the onset of a secondary density wave insta-
bility complements the FS decomposition already inflicted by
the preexisting CDW, and removes its remaining components.
Such an avalanche of two or three subsequent CDW instabili-
ties has been reported in tungsten bronzes, where, in contrast
to the case of YNiC,, the independent orders supplement each
other and do not compete for the same FS spot [54,55].

An intriguing observation stems from the comparison of
the electron-phonon coupling parameter, A, calculated in the
q1c-approximate and the g,.-type CDW states, respectively.
Within each of the two CDW states, A(g) shows distinct
maxima corresponding to the alternative CDW modulation.
In particular, within the g -approximate CDW state, ¢o(q)
shows a weakly developed feature at g ~ g,, while a well-
defined, sharp peak is seen in A(g) at the same g position. This
observation suggests that momentum-dependent electron-
phonon coupling plays a decisive role in the first-order
incommensurate to commensurate CDW phase transition
occurring at T>.. Moreover, also in the g,.-type CDW state,
one can notice a clear maximum of A(g) at g;. Interestingly,
the signatures of such dormant adversary state precursors have
already been observed in SmNiC, and GdNiC, compounds
[21,22]. In these materials, where only the gji.-type CDW
develops a long range order, a weak x-ray diffuse scattering
signal remains observable at the g,.-position. Therefore, in
YNiC,, and likely also in other intermediate members of the
RNiC, series, small details may decide on the result of the
competition between g and g lattice modulations. The
suppression of one of these entities by internal or external
factors, such as rare-earth magnetism, uniaxial pressure or
strain, may give the other one a potential to take over.

V. CONCLUSIONS

We have explored physical properties of YNiC,, with par-
ticular emphasis on investigating the character, origin and
consequences of the two charge density wave transitions ob-
served in this compound. To obtain a detailed picture we have
combined a number of different experimental techniques and
theoretical methods, from single-crystal diffraction, through
thermal and transport studies to DFT calculations. Our
analysis shows the contrasting effects of the two CDW
states examined. The first transition near room temperature,
from the undistorted orthorhombic CeNiC,-type parent struc-
ture toward the CDW state with modulation vector gi;. =
(0.5,0.5+n,0), only moderately impacts the electronic
structure and related physical properties. The consequences
of the second CDW transition to a state characterized by the
modulation vector ¢g,. = (0.5, 0.5, 0.5) are more pronounced.
It not only changes the crystal structure by lowering the sym-
metry class and by generating larger atomic displacements,
but also leads to a more significant FS decomposition, which
is reflected in a considerably reduced anisotropy of transport
properties. Both types of CDW instabilities are triggered by
both FS nesting and momentum-dependent electron-phonon
coupling. This common thread, despite the large contrast
in the microscopic and macroscopic consequences imposed
by giic- and gp.-type CDW states, suggests that the balance
between electronic and lattice degrees of freedom plays an
important role in the competing interplay between them.
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