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BaNiyAs, is a nonmagnetic analogue of the iron pnictide superconductors, and in its tetragonal
state exhibits an incommensurate charge-density-wave (IC-CDW) and a sizable elastoresistance. In
this work, phonons in BaNiz As; associated with the IC-CDW and uniform in-plane lattice distortions
are investigated using high-resolution inelastic X-ray scattering. The in-plane transverse acoustic
phonons reveal no softening at temperatures where the elastoresistance increases strongly, indicating
the latter to be electronically driven. Systematic phonon measurements reveal the IC-CDW occurs
in two stages upon cooling: underdamped phonons first soften to zero energy well above the IC-CDW
ordering temperature, then the resulting quasielastic IC-CDW fluctuations gradually slow down and
coalesce into the static IC-CDW order. A possible origin for our observations is the IC-CDW in
tetragonal BaNizAss being uniaxial, which provides an additional Ising degree of freedom favorable
for disordered IC-CDW modulations, and accounts for the elastoresistance through a weak coupling

to the lattice.

How charge-density-waves (CDWs) arise is a persis-
tent question in condensed matter physics [1-3], as it
sheds light on the microscopic origins for the CDW in-
stability and how CDWs interact with orders such as su-
perconductivity [4-6] and electronic nematicity [7-9]. In
Peierls’ model, CDW order in an one-dimensional system
emerges when Fermi surface nesting drives a sharp Kohn
anomaly towards zero energy [2]. In the archetypal quasi-
two-dimensional CDW material 2 H-NbSes, phonon soft-
ening driven by electron-phonon coupling occurs over an
extended region in reciprocal space and the CDW order
sets in when phonons soften to zero energy [10]. In the
cuprates, a partial softening of phonons leads to a two-
dimensional CDW [11, 12], whereas a three-dimensional
CDW is associated with phonons that soften to zero en-
ergy [13]. A common theme of these CDW transitions
is that they are dominantly driven by phonon softening,
whereas studies of CDW transitions that occur through
the slowing down of quasielastic fluctuations have been
limited [14-16].

Recently, a variety of CDW states were uncovered in
Ba(Ni;_,Co,)2Ass and Baj_,Sr,NisAsy [17, 18]. In
combination with a superconducting ground state that
becomes enhanced due to strong nematic fluctuations
[19], these materials are excellent candidates for inves-
tigating how CDW states emerge and interact with ne-
maticity and superconductivity [19, 20]. BaNisAss, the
parent compound of these materials, is a nonmagnetic
analogue of the 122-family of iron pnictides, and becomes
superconducting below T, ~ 0.7 K [21, 22]. Upon cool-
ing from high temperatures, BaNigAsy first enters into
an incommensurate CDW (IC-CDW) with a propagation

vector qo =~ (0.28,0,0)/(0,0.28,0) below Tic ~ 150 K,
then exhibits a strongly first-order structural transition
at Ts =~ 136 K and transitions into a triclinic phase,
which hosts a commensurate CDW (C-CDW) [17]. While
the C-CDW in triclinic BaNiyAss is found to be uniaxial
[23, 24], the IC-CDW in BaNiyAss has been suggested to
be either uniaxial [17] or biaxial [18], and in the uniaxial
case it may be associated with orbital ordering [25, 26].
No energy gap or band folding is observed in photoe-
mission measurements for the IC-CDW [24, 27], which
suggests that it may be unconventional [17].

In the iron pnictides, the coupling between nematicity
and the lattice leads to a divergent elastoresistance in the
Byg channel [28] and a tetragonal-to-orthorhombic struc-
tural transition driven by the softening of in-plane trans-
verse acoustic (IPTA) phonons [29-35]. In BaNiyAs,, a
sizable elastoresistance in the By, channel appears upon
cooling towards Tic, and an orthorhombic distortion of
the lattice is reported for the IC-CDW phase [25]. The
elastoresistance becomes further enhanced and hysteretic
inside the IC-CDW state, suggesting the IC-CDW state
being associated with the ordering of a nematic order
parameter [19]. Whether the enhancement of elastore-
sistance in BaNisAss is associated with softening of the
IPTA phonons, and how the elastoresistance may be re-
lated to the IC-CDW, remain unresolved.

In this work, we use high-resolution inelastic X-ray
scattering to show that phonons in BaNisAsy soften in
an extended region around the IC-CDW ordering vector,
and upon cooling become overdamped prior to the ap-
pearance of static IC-CDW order [Figs. 1(a) and (b)].
These overdamped phonons correspond to fluctuations
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FIG. 1.

(a) Schematic evolution of BaNizAs, with temper-
ature. The IC-CDW order forms at Tic, and a structural
transition occurs at Ts. The insets in the three regions for
T > Tg are schematic phonon dispersions around go. (b)
Schematic energy scans in BaNisAsy at qo for T > Ts. (c)
Schematic of the reciprocal space probed in this work. The
light gray circles are IC-CDW peaks which occur for odd L,
and the black arrow represents a line along (1, K, 5), where
our measurements are carried out. The red arrows present
measurements of the IPTA phonons, with lattice distortions
in the Bi1g and Bag channels respectively probed by phonons
at (3+¢,3—¢,0) and (4,k,0). (d) Color-coded intensity
of elastic scans along (1, K,5) as a function of temperature.
Alignment in the tetragonal phase is used for scans in the tri-
clinic phase. (e) Temperature dependence of the integrated
intensity for scans in (d). The inset zooms in around 150 K.

that relax in time, with the relaxation rate at the or-
dering vector linearly extrapolating to zero around Tic,
indicating the slowing down of IC-CDW fluctuations. By
measuring the dispersion of IPTA phonons in BaNisAs,,
we find no detectable softening associated with nematic-
ity as in the iron pnictides, pointing to a weak coupling
between nematicity and the lattice. This in turns sug-
gests that the sizable elastoresistance is BaNigAs, is elec-
tronically driven and closely associated with the growth
of IC-CDW correlations, whereas the lattice plays a mi-
nor role.

BaNisAss single crystals were synthesized using a Pb-

flux method [21]. Inelastic X-ray scattering measure-
ments with the photon energy at 21.7476 keV and an
energy resolution of ~ 1.4 meV were carried out using
the BL35XU beamline [36] at SPring-8, Japan. Momen-
tum transfer Q are referenced in reduced lattice units,
using the tetragonal cell of BaNisAss with lattice con-
stants a = b~ 4.13 A and ¢ ~ 11.6 A. Measured phonon
spectra are fit to a general damped harmonic oscillator
(DHO) [37, 38] or a Lorentzian function, after convolu-
tion with the instrumental resolution. Additional details
on the experiment and data analysis are provided in the
Supplemental Materials [39].

The IC-CDW peaks in BaNisAs, exhibit fourfold ro-
tational symmetry [light gray circles in Fig. 1(c)], which
may be intrinsic due to a biaxial CDW [18] or result
from the twinning of a uniaxial CDW [17, 25]. To probe
the temperature evolution of the IC-CDW, scans along
Q = (1, K, 5) are carried out around K = 1.72 [Fig. 1(c)]
upon cooling across Tic, revealing the IC-CDW propa-
gating vector qg to be independent of temperature. From
the color-coded plot [Fig. 1(d)] and temperature depen-
dence of the integrated peak intensity [Fig. 1(e)], we find
that the IC-CDW peak onsets around Tic, experiences a
rather gradual increase upon cooling, and becomes com-
pletely quenched upon entering the triclinic phase below
Ts, consistent with previous report [17].

To probe how the IC-CDW emerges in BaNisAss,
phonons at Q = (1, K, 5) with K = 1.64, 1.69, 1.72, 1.75
and 1.80 were measured at several temperatures both
above and below Tic, shown in Fig. 2. For K = 1.64
and 1.80 [Figs. 2(a) and (e)], the phonons are clearly
underdamped with well-resolved energies, and do not
change significantly with temperature. On the other
hand, for K = 1.69, 1.72 and 1.75 [Figs. 2(b)-(d)], the
phonons form a single peak centered around zero energy
and sharpen upon cooling. For K = 1.72, the signal
becomes resolution-limited at 150 K [shaded gray areal,
consistent with the onset of IC-CDW order at Tic.

To quantitatively analyze the dynamics associated
with the IC-CDW in BaNiyAs,, we fit the data in Fig. 2
to a DHO function [37-39):

A vE

- exp(—kBET) (B? — E§)? + (Ev)?’ o

S(E)

shown as thick solid lines. In the DHO model, A is an in-
tensity scale factor, Ejy is the undamped phonon energy,
and v is the damping rate. A general DHO is under-
damped when v/(2Ey) < 1, and in this case the DHO
describes phonons with an energy E,, = \/E2 —~v2/4.
When ~v/(2Ep) > 1, the DHO describes overdamped
quasielastic excitations that do not oscillate but only de-
cay in time.

The fit values of v/(2Ep) are shown in Fig. 3(a), re-
vealing that while the phonons along (1, K,5) are un-
derdamped at 240 K, some already become overdamped



T T T
(b) Q =(1,1.69,5)

T T
=(1,1.72,5)

(d) IQ = (1,I1.75,5)I (e) IQ = (1,I1.80,5)I

Normalized Intensity

150 K,

-10 -5

0 5 -5 o 5
Energy (meV) Energy (meV)

FIG. 2.

-5 o 5
Energy (meV)

-5 10

o 5 -5 o 5
Energy (meV) Energy (meV)

Phonon measurements at several temperatures for (a) Q = (1,1.64,5), (b) Q = (1,1.69,5), (¢) Q = (1,1.72,5), (d)

Q = (1,1.75,5), and (e) Q = (1,1.80,5). The solid lines are fits to either the DHO model (thick lines with same color as
the symbols) or a Lorentzian model (thin black lines). The dashed lines are the elastic components in the DHO model, and
the dotted lines are the inelastic components. The experimentally measured instrumental resolution is parametrized using a
pseudo-Voigt function, and is represented as the shaded gray areas.

at 180 K, well above Tic ~ 150 K. The corresponding
phonon energies Ep, [Fig. 3(b)] exhibit clear softening
over an extended region at 240 K, similar to 2H-NbSes
[10]. This suggests a dominant role of electron-phonon
coupling in the formation of the IC-CDW in BaNisAss,
consistent with the absence of Fermi surface nesting as-
sociated with the IC-CDW ordering vector in photoemis-
sion measurements [24, 27]. On the other hand, whereas
the softening of phonons to zero energy occurs well above
Tic in BaNiyAso, it happens only right around the CDW
ordering temperature in 2H-NbSey [10].

Motivated by the observation of overdamped phonons
well above Tic, the dynamics at Q = (1, K,5) with K =
1.69, 1.72, and 1.75 are fit to a Lorentzian model:

B A rE
1-— exp(—ka) E?2 4+ T2’

S(E)

(2)

shown as thin black lines in Figs. 2(b)-(d) [39]. In the
Lorentzian model, A is an intensity scale factor, and T’
is the relaxation rate. At 240 K, the Lorentzian model
clearly deviate from the data, consistent with the un-
derdamped nature of the corresponding DHO fits. At
180 K and lower temperatures, much better agreements
are found, consistent with the phonons at these temper-
atures being overdamped or close to overdamped. From
fits to the Lorentzian model, we extract the values of '
and A, which are respectively shown in Figs. 3(c) and
(d).

From the relaxation rate I' for the three wave vectors in
Fig. 3(c), we observe that (1) I appears linear in temper-
ature for T' 2 Tic, and the slopes for such a linear behav-
ior does not change significantly between the three wave
vectors; (2) for K = 1.69 and 1.75, which are equally
distant from K = 1.72, their ' lines are almost equally
displaced from the K = 1.72 line; (3) I for K = 1.72 ex-
trapolates to zero at around 150 K, consistent with the
experimental data at this temperature being resolution-
limited [Fig. 2(c)]. Interestingly, such behaviors for T’
are in line with the model of magnetic fluctuations in
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FIG. 3. (a) Damping ratios v/(2Eo), and (b) phonon ener-
gies ELn, obtained by fitting the data in Fig. 2 to a general
DHO. (c) Relaxation rates I', and (d) the intensity scale fac-
tors A, obtained by fitting the data in Figs. 2(b)-(d) to a
Lorentzian model. The solid lines in (c) are a fit to Eq. 3, for
data inclusively between 150 K and 180 K. The solid lines in
(d) are a fit to Eq. 4, with Ao as the only free parameter and
the other parameters are from the fit in (c).

nearly antiferromagnetic metals [40], which was success-
fully used to describe the quasielastic spin dynamics in
the iron pnictides [41]. A similar model was also used to
describe the critical orientation dynamics in the plastic
crystal CDy [42, 43].

In the model for nearly antiferromagnetic metals, the
relaxation rate in the disordered state behaves as:

I'=To[T + 6+ &(q— o)’ (3)

where I'g and & are respectively related to the tempera-
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FIG. 4. Temperature evolution of acoustic phonons at
Q= (3+¢,3—¢,0) with (a) ¢ = 0.035 and (b) ¢ = 0.1.
(¢) Epn/q for phonons at Q = (3+ ¢,3 — ¢,0), the solid line
is a fit to Epn/q = Bsin(rDq), and the dashed line schemati-
cally shows the expected behavior for Fpn/q when the lattice
couples strongly to nematic fluctuations. (d) Temperature
evolution of acoustic phonons at Q = (4,%,0) for & = 0.05.
The solid lines in (a), (b) and (d) are fits to the DHO model.

ture dependence of the relaxation rate and the correlation
length, q is the ordering vector and 6 is the Curie-Weiss
temperature [41]. The data for the three wave vectors
at 150 K, 160 K and 180 K [Fig. 3(c)] are collectively
fit to Eq. 3 (shown as solid lines), resulting in an excel-
lent description of the data with qo = (0,0.2785(4),0),
6 = —149(1) K, I'y = 0.018(1) meV-K~!, and & =
123(4) A-K~1/2, The same model predicts that the in-
tensity factor A of the Lorentzian function behaves as:

A= Ao
S TH+0+&(a—qo)?’

(4)

by using the parameters from the fit in Fig. 3(c) and
introducing an additional intensity scale factor Ay, we
find the model also qualitatively captures how the inten-
sity factor A evolves with temperature and wave vector
[solid lines in Fig. 3(d)]. At 136 K (T' < Tic), I for
K = 1.69 and 1.75 clearly deviate from the linear trend
for T" 2 Tic, consistent with the appearance of static
IC-CDW order below Tic.

Having established that the IC-CDW in BaNisAss
emerges through a slowing down process, the evolution
of TPTA phonons are probed around 7Tic upon cool-
ing, as the IC-CDW correlations build up and the ela-
storesistance grows. Measurements were carried out at

Q=03+¢3-¢q0) and Q = (4,%,0), which are dom-
inated by TPTA phonons [Fig. 1(c)]. Due to having the
same symmetry, these IPTA phonons directly couple to
nematic order parameters in the Biz and Bas channels,
respectively. Figs. 4(a) and (b) show the evolution of
Q = (3+¢,3 — ¢,0) IPTA phonons with temperature
for ¢ = 0.035 and 0.1, and in both cases we find the
IPTA phonons do not exhibit a clear change in energy
between 160 K to 136 K, in strong contrast to the elas-
toresistance which grows substantially in the same tem-
perature range [19]. The dispersion of E,,(Q) around
Q = (3+¢,3— ¢,0) is extracted by fitting the data to
the general DHO model [solid lines in Figs. 4(a) and (b)],
and to accentuate the behavior of phonons at small g,
Epn/q is shown in Fig. 4(c).

The essentially temperature-independent dispersion of
IPTA phonons in BaNiyAsy can be described by Ey, =
Bsin(Dmq) [solid line in Fig. 4(c)] without invoking the
coupling to another order parameter. This is different
from the iron pnictides, where due to coupling with ne-
maticity, clear softening of the IPTA phonons at small
momenta are observerd [29-35]. This coupling would
manifest as a substantial drop in the value of E,n/q at
small ¢ [dashed line in Fig. 4(c)], clearly absent in our
data.

Our fit of the phonon dispersion at (3 + ¢,3 — ¢,0)
gives a sound velocity of 19.3(1) meV-A (2.9 km/s),
and the associated shear modulus is (C1; — C12)/2 =
58.4(3) GPa. For completeness, the IPTA phonons at
Q = (4,0.05,0) were also measured [Fig. 4(d)], and are
also found to be independent of temperature across Tic.
From these measurements, we estimate the sound ve-
locity to be 11.0(1) meV-A (1.7 km/s), and the shear
modulus to be Cgs = 19.1(2) GPa. The observation of
(C11 — C12)/2 > Cge is consistent with the absence of
lattice softening in the Bi, channel. In the iron pnic-
tides, a significant lattice softening [29-35] accompanies
the growth of elastoresistance, and through a divergence
of the latter the electronic origin of the nematic order pa-
rameter was identified [28]. In BaNiyAss, since the lattice
remains stiff [Fig. 4(c)] as the elastoresistance grows, this
directly indicates that the nematicity in BaNisAss is not
lattice-driven.

Given BaNisAss is nonmagnetic, a candidate for its
elastoresistance and nematicity is the IC-CDW being uni-
axial: strain acts to detwin the sample for T' < Ti¢
and favors one type of uniaxial IC-CDW fluctuations for
T > Tic, both leading to anisotropy in electrical trans-
port. This is reminiscent of what happens in the iron
pnictides, where strain favorably selects one type of mag-
netic order [44, 45] or magnetic fluctuations [46, 47]. In
the scenario of the IC-CDW being uniaxial, the coherence
of an Ising degree of freedom [whether the ordering vec-
tor is (0,0.28,0) or (0.28, 0, 0)] is required for static order
to onset, in addition to phase coherence of the IC-CDW
modulation. This is favorable for a disordered regime of



IC-CDW modulations above Ti¢, and for the static IC-
CDW order to emerge through a slowing down process.

Our findings of soft phonons and overdamped
quasielastic excitations in BaNig Aso suggest that the 1C-
CDW forms in two stages [Fig. 1(a)]. Firstly, the under-
damped phonons around qq soften to zero energy and be-
come overdamped (occurring between 240 K and 180 K),
with the IC-CDW modulations fluctuating in time. Then
upon further cooling, the IC-CDW fluctuations slow
down and become static at Tic [Fig. 1(b)]. Our observa-
tion of quasielastic IC-CDW fluctuations in BaNiyAss is
reminiscent of order-disorder structural transitions [48]
and superconductivity limited by phase coherence [49],
where amplitude of the order parameter forms prior to
phase coherence. Continuous magnetic transitions typi-
cally arise through a slowing down process with similar
quasielastic fluctuations, as in these cases the order pa-
rameter amplitude corresponds to spins, which persist
above the ordering temperature. In contrast, most CDW
orders form when phonons soften to zero energy, anal-
ogous to displacive structural transitions and supercon-
ductivity limited by pairing strength.

In conclusion, we find phonons around the IC-CDW
ordering vector in BaNisAss soften over an extended re-
gion in momentum space, and the static IC-CDW order
does not immediately form then phonons soften to zero
energy. Instead, the IC-CDW dynamics exhibit a slow-
ing down regime before coalescing into static order. The
in-plane transverse acoustic phonons associated with B,
distortions hardly change around the IC-CDW ordering
temperature, suggesting the enhancement of elastoresis-
tance is not lattice-driven, but likely associated with the
growth of IC-CDW correlations. Our results motivate
studies on BaNisAss and its doped variants for the criti-
cal dynamics of CDW transitions, as well as the interplay
between CDW fluctuations, nematicity and superconduc-
tivity.
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