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Since their theoretical prediction by Peierls in the 1930s, charge density waves (CDWs have been one of the
most commonly encountered electronic phases in low-dimensional metallic systems. The instability mechanism
originally proposed combines Fermi surface nesting and electron-phonon coupling but is, strictly speaking,
only valid in one dimension. In higher dimensions, its relevance is questionable as sharp maxima in the static
electronic susceptibility x(g) are smeared out, and is, in many cases, unable to account for the periodicity of
the observed charge modulations. Here, we investigate the quasi-two-dimensional LaAgSb,, which exhibits
two CDW transitions, by a combination of diffuse x-ray scattering, inelastic x-ray scattering, and ab initio
calculations. We demonstrate that the CDW formation is driven by phonon softening. The corresponding Kohn
anomalies are visualized in three dimensions through the momentum distribution of the x-ray diffuse scattering

intensity. We show that they can be quantitatively accounted for by considering the electronic susceptibility cal-
culated from a Dirac-like band, weighted by anisotropic electron-phonon coupling. This remarkable agreement
sheds new light on the importance of Fermi surface nesting in CDW formation.

DOI: 10.1103/PhysRevResearch.3.033020

I. INTRODUCTION

Charge density waves (CDWs) in solids are electronic
ground states arising from an intrinsic instability of a metallic
phase against a spatial modulation of the free carrier den-
sity, and are generally accompanied by a static distortion of
the crystal lattice. They have originally been predicted and
reported in low-dimensional metals (e.g., blue bronzes [1], or-
ganic salts [2], or tritellurides [3,4]), but since then they have
been reported in a vast variety of compounds encompassing
two-dimensional (2D) dichalcogenides [5], superconducting
cuprates [6,7], or more recently in nickel pnictide supercon-
ductors [8]. The existence of CDWs was proposed by Peierls
who showed that a 1D chain is unstable due to a divergence
of the static electronic susceptibility x(gq) at the wave vec-
tor ¢ = 2kp that perfectly nests two parallel portions of the
Fermi surface [9]. Through electron-phonon coupling (EPC),
the phonon spectrum softens at 2k, ultimately resulting in
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a static distortion of the lattice as a mode’s energy vanishes.
Unperfect nesting in real quasi-1D materials or in higher
dimension compounds, on the other hand, rapidly supresses
the susceptibility divergence [10], and thereby invalidates
the Peierls scenario in the vast majority of CDW materials
[11,12]. Even without resulting in a diverging electronic sus-
ceptibility, the presence of partial Fermi surface nesting in
dimension d > 1 can enhance locally the EPC and eventually
set the stage for the formation of a CDW [13]. Depending
on the system, alternative approaches have been proposed to
account for the formation of CDWs, which encompass strong
momentum [14-16] or orbital [17] dependence of the EPC
(in combination with strong anharmonic effects [18-21]), spin
fluctuations [22], or exciton condensation [23].

The family of RAgSb,, where R is a rare earth ion,
has attracted growing attention in the last years due to the
different low temperature ground states observed in these
compounds when varying the R ion [24,25]. Bulk LaAgSb, is
a yet relatively unexplored compound of tetragonal structure
(P4/nmm) that hosts two distinct CDWs with two critical
temperatures of T'cpw; = 207 K and T cpwz = 186 K as ev-
idenced by x-ray diffraction, transport, thermal, and NMR
studies [26,27]. The two CDWs present at low temperature in
LaAgSb, are aligned along the a and ¢ axes, with a rather large
real space periodicity of ~17 nm (CDW1, 7,~0.026 a*)
and ~6.5nm (CDW2, 1, ~1/6 ¢*) and argued to be
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FIG. 1. Three orthogonal cuts of the LaAgSb, reciprocal space across the I';yo Bragg node as a function of temperature. I'5 is situated in
the center of each panel. For clarity, multiples of the CDW modulation wave vectors 7; and t, are shown. Measurement above and below the

CDW transitions were taken within a temperature range § ~ 2 K.

consistent with Fermi surface nesting [26]. Interestingly, re-
cent magnetotransport [28] and angle-resolved photoemission
spectroscopy (ARPES) [29] investigations have indicated that
electronic bands in the vicinity of the Fermi energy involved
in the formation of CDWI1 are of Dirac type, dispersing
linearly as a function of momentum as in graphene, albeit
with a band velocity twice smaller. The estimated nesting
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vector ~(0.09 £ 0.04) 7 /a, is large but relatively close to 7.
Ab initio calculations further suggest that CDW?2 is also re-
lated to nested parts of the Fermi surface associated with
a distinct electronic band [25,26]. Time-resolved optical
measurements revealed two low energy amplitude modes,
suggesting that the CDW instability is triggered by the soft-
ening of a low-lying acoustic phonon mode [30]. To date,
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FIG. 2. (a) IXS spectra taken for LaAgSb, at 210 K along (3x1/6) line. Inset: dispersion of the soft mode at 210 K. Fit (solid lines)
corresponds to the sum of damped harmonic oscillators weighted by a Bose factor (which is different for the Stokes and anti-Stokes
contributions), convoluted with the experimental resolution function (for clarity, we show the decomposition as dotted lines for x = 0.039
only). The arrows indicate the phonon energy as extracted from the fits. (b) Temperature dependence of the IXS scan at the CDW vector

(3 0.026 1/6).
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however, the dispersion of the phonons in this system and their
possible role in the formation of the two CDW states has not
been investigated.

Having in mind the aforementioned considerations re-
garding Fermi surface nesting-driven formation of CDW in
dimensions d > 1, we have performed a series of temperature
dependent diffuse scattering (DS) and inelastic x-ray scatter-
ing (IXS) experiments in order to unveil the CDW formation
mechanism in LaAgSb,. The wave vectors of the CDW in-
stability can be directly identified in the normal state DS
intensity distribution, and IXS investigations confirm the soft-
phonon driven nature of the CDW instabilities. Interestingly,
we observe that the complex 3D momentum distribution of the
DS intensity accurately follows that of the “partial” electronic
susceptibility arising from the intraband contribution from the
linearly dispersing electronic states. These states do not form a
complete Dirac cone (as the dispersion is linear only along one
k-space direction, and parabolic in the orthogonal direction),
but their strong nesting locally enhances the EPC and yields
the CDW formation. This provides a textbook example for the
CDW formation in higher-dimensional materials and suggests
possible routes for the design of such states through band
structure engineering of metallic systems.

II. EXPERIMENTAL DETAILS

Bulk LaAgSb, crystals were grown by the self-flux method
[15]. Laser-cut disks (with ¢ axis normal to the disk surface)
were etched by nitric acid and immediately after, by concen-
trated alkaline solution. The resulting samples are lentil-like
with thickness ~50 um and diameter ~200 um. This pro-
cess leads to high quality unstrained material, with a size
adapted for diffuse scattering or IXS experiments, with neg-
ligible surface pollution. Diffraction patterns show only a
few powderlike residuals, presumably coming from antimony
derivatives.

Reciprocal space mapping was performed using the
diffraction station of ID28 ESRF beamline [31], operated at
0.6968 A wavelength. Frames were collected in shutterless
mode with the angular step of 0.05° and maximal available
distance to the detector—414 mm, preliminary data reduction
was done by the CRYSALIS package [32], final high-quality
reconstructions were produced by a locally developed soft-
ware. The IXS measurements were performed on the main
station of ID28 beamline, as described elsewhere [33]. Energy
scans were recorded with ~1.5 meV energy resolution and
~0.25x0.25 nm~! momentum resolution. In both cases, the
sample temperature was controlled by a Cryostream 700 Plus
[34].

III. FIRST PRINCIPLES CALCULATION

Density-functional theory (DFT) band structure calcu-
lations for the high-temperature tetragonal structure were
performed with the mixed-basis pseudopotential method
[35,36] in the local-density approximation [37]. Norm-
conserving pseudopotentials were constructed following the
description of Vanderbilt [38] and included the semicore states
La-5s, La-5p, Ag-4s, Ag-4p, and Sb-5s in the valence space.
We used experimental lattice parameters taken from [39]
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FIG. 3. Ab initio derived LaAgSb, momentum space maps [the
contributions to the Fermi surface are represented as isosurfaces of
exp(—E;*/w?), where E; is the energy of i band for given mo-
mentum and w is a common blurring parameter]: (a) four sheets
of Fermi surfaces and (b) the corresponding electronic susceptibility
x (q) projected on various reciprocal space planes. (c) Fermi surface
sheet 1 and its (d) intraband electronic susceptibility x ''(q) projected
on various reciprocal space planes. (e) Fermi surface sheet 2 and
its (f) intraband electronic susceptibility x2*(q) projected on various
reciprocal space planes. (g) Fermi surface sheet 3 and its (h) intra-
band electronic susceptibility x*3(g) projected on various reciprocal
space planes. To best see the momentum structure of the x'/(q),
we have plotted only the intensity above a constant background
(corresponding to the minimal value in the Brillouin zone) using
the same linear grey scale for all the x*/(q) (the scale for the total
susceptibility is different). To see the overall corresponding intensity
(without background subtraction), see of Figs. 5(e) and 5(f), where
line cuts along the (1 0 0) and (1 1 0) directions of these maps are
given.

(a = 4.3903 A, ¢=10.840 A), and relaxed the internal
atomic positions. In the mixed-basis approach, local functions
at atomic sites are added to plane waves, which provides
an efficient description of more localized components of the
valence states. Here, plane waves with a cutoff for the kinetic
energy of 24 Ry and local functions of s, p, d type for La
and Ag, and s, p type for Sb, respectively, were employed.
The self-consistent Kohn-Sham potential was obtained using
a tetragonal 24x24x12 k-point mesh in conjunction with a
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FIG. 4. Comparison of DS maps of LaAgSb, at Tepwi + 8(8 ~ 2 K) (upper panels) with the corresponding maps of x**(g) for the band

of interest (lower panels) after a 70-meV adjustment of the Fermi level.

Gaussian broadening of 50 meV. For Fermi surfaces and sus-
ceptibilities, band energies were evaluated on a much denser
100x 100x24 k-point mesh. Interestingly here, we note that
the tetragonal phase is stable against CDW instabilities in the
calculation (that is all phonon frequencies remain real). As we
shall see, the input from the calculation can be used to analyze
the DS data and unveil the origin of the CDW formation in this
system.

IV. EXPERIMENTAL RESULTS

The DS study covered the temperature range from 100 K
to room temperature (RT) with adaptive step from 5 to 20 K.
The DS signal is seen in the entire reciprocal space, but can
be best studied next to very weak Bragg reflections. In Fig. 1,
we show representative reconstructions of the reciprocal space
around the I';o9 = (3 0 0) Bragg reflection in various k-space
planes. In the reciprocal (& k 0) plane, at RT the DS intensity
is distributed within a diagonal cross centered around I3,
and forms hollow diffuse tubes along the c* direction. These
are not perfect cylinders and flatten along a*. Intensity max-
ima at the modulation vectors 7; and 1, are already clearly
visible at RT.

We first focus on the formation of the CDW1 which occurs
in the (h k 0) plane. Upon cooling, the DS intensity at 1
strongly increases, resulting in a set of sharp satellite CDW
reflections below Tcpwi. At 100K, these in-plane satellites
alongside higher harmonics can be also clearly distinguished
just above the second CDW transition along the (3 k£ 0) and
(h 0 0) lines (Fig. 1, top panel).

On further cooling, a second set of CDW reflections—
associated with CDW2—appears at commensurate value
7, = c*/6. At the lowest investigated temperature (100 K)
incommensurate satellites up to 6" order are observable and
combined satellites nt; + mt| + pt, are also clearly apparent
(71 and 7y are related by 7 /2 rotation around c¢*).

In order to check whether the temperature dependence of
the DS is of static (i.e., related to, e.g., an order/disorder tran-
sition) or dynamic origin (phonon softening), we have carried
out a series of energy-resolved IXS measurements. In order
to minimize the contribution of the elastic signal arising from
the central Bragg reflection, we have performed the inelastic
scans across the diffuse tube wall in the b* direction, starting
from I'300 + 72 = (3 0 1/6). All the spectra shown in Fig. 2(a)
have been recorded just above Tepw; and are dominated by the
inelastic scattering signal from a low-energy phonon. Further-
more, the mode softens upon approaching | so that Stokes
and anti-Stokes peaks nearly merge for (3 0 1/6) + 7, where
the DS intensity (Fig. 1) shows a maximum. While the rela-
tively low count rate for the chosen extreme values of energy
and momentum resolution preclude systematic explorations as
a function of temperature, our IXS results allow to conclude
that (i) the DS is essentially of inelastic nature and (ii) the
maximum of intensity corresponds to the lowest frequency of
the phonons.

We have therefore unambiguously established that the
strong temperature dependence of the DS above the CDW
transition originates from the softening of phonons, which
drives the CDW instabilities in LaAgSb,. Without any doubt,
this strong anharmonicity is rooted in the EPC, but the origin
of its momentum dependence remains to be clarified. In par-
ticular, given the quasi-two-dimensionality of the system it is
legitimate to wonder whether those can be associated with the
Dirac-like band, as suggested in previous studies [26,29].

V. ELECTRONIC SUSCEPTIBILITIES CALCULATION
AND DISCUSSION

We argue below that a direct comparison between the mo-
mentum distribution of the DS intensity and the calculated
electronic susceptibility of the normal state, out of which the
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FIG. 5. (a) Total phonon linewidth along the (1 0 0) direction obtained by summing the contribution of EPC to all phonon branches (see
text). (b) Total phonon linewidth along the (1 1 0) direction obtained by summing the contribution of EPC to all phonon branches (see text).
(c) Fermi surface nesting functions N;;(g) along the (1 0 0) direction. (d) Fermi surface nesting function along the (1 1 0) direction. In each
panel, the contributions from the different bands are isolated (the interband, off diagonal, contributions are summed). (e) Line cuts of the
susceptibilities x*/(g) along the (1 0 0) direction. (f) Line cuts of the susceptibilities x*/(g) along the 110 direction. In panels (e) and (f) the
total susceptibility has been divided by 10 and the off-diagonal contribution by 5.

CDWs emerge, provides a straightforward way to settle this

issue [40].

To do this, we have first calculated the real part of the static
generalized electronic susceptibility:

4
x@ =Y x"(,

ij=1

where x/(q) =Y, %‘W corresponds to a “par-
tial” susceptibility considering only the intra- (i = j) and
inter- (i # j) band contributions from each of the four bands
crossing the Fermi level to the total susceptibility [ng(E) is
the Fermi-Dirac distribution, and the energy dispersion for
each band is obtained from our DFT calculation]. We recall

here that the imaginary part of x (¢), which involves only the
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electronic states at the Fermi level vanishes in the static limit
due to causality [8]. Owing to the Kramers-Kronig relations,
all electronic states from the dispersion contribute to the real
part of x(q) which can therefore exhibit a richer momentum
structure than that infered from nesting of the states at the
Fermi level only.

As can be seen in Fig. 3(b), the momentum de-
pendence of x(q) is indeed quite complex, and in
particular much richer than the DS patterns seen in
Fig. 1. This is not surprising as DS does not directly
probe x (¢).

On the other hand, a very different picture emerges as we
inspect the individual x/(g) contributions to x(g). The largest
intraband contributions to the x(gq) are x 11(q), Xzz(q), and
x33(¢q) and are reported in Figs. 3(d), 3(f), and 3(h). They
arise from three of the bands crossing the Fermi level and the
corresponding Fermi surfaces are represented in Figs. 3(c),
3(e), and 3(g), respectively. These are much more intense
than x**(g) or than any of the interband contributions (see
Appendix A). All these x/(q) have pronounced and spe-
cific momentum dependences but, remarkably, only x>3(q)
shows a crosslike shape in the (4 k 0) plane and a tubular
structure along the ¢ axis, reminiscent of the DS patterns of
Fig. 1.

In Fig. 4, we compare in greater detail the DS patterns
around I'3p9 with the k-space structure of x*3(q). The precise
location of the calculated intensity maxima slightly differs
from those that are observed experimentally. This reminds us
of the mismatch between the proposed nesting vectors and 1
from previous studies [26,29], but this small difference can
be accounted for by a minor (~70 meV) adjustment of the
Fermi level, which is reasonable compared to the absolute
precision of DFT calculations (initial Er = 0.188 Ry became
0.183 Ry). Note that the shifted Fermi surface remains in very
good agreement with ARPES data from Ref. [29] (see the
Appendix).

Given the constrains imposed by these “nesting surface
shapes,” which are much stronger than those derived just
from the modulation vector, the excellent agreement we ob-
tain here largely validates the adequacy of DFT calculation
for the description of the band structure of LaAgSb,. Im-
portantly, all the features from our experimental data can
be directly associated with x33(q) and, conversely, none of
them can be found in the other x/(q) contributions. Note
finally that the small mismatch of the diffuse tube diameter
in two orthogonal directions (a* and b*, Fig. 4), which is
not seen in x33(q), is naturally explained by the fact that
the DS pattern is decorated by scattering selection rules from
phonons [41], from which the fourfold symmetry is neces-
sarily lost. This observation immediately raises the question
of why should x*(g) contribute to DS more than any other
%7 (g)? We show that this naturally arises from the mo-
mentum dependence of the EPC, which we evaluate through
that of the total (that is, summed over all branches) phonon

linewidth y%(q) =27, , wq,xIg‘;’f,»;m.j|25(Ek,i)3(Ek+,,, -
There 'g‘,’;[;k g is the matrix element corresponding to the
scattering of an electron by a phonon from branch A between

two points of the Fermi surface on bands i and j separated by
q (see also Appendix D).

hkO hki/2 kol hhl
1-1
1-2 | »

23| s 1] 11

2-4

3-4

= = = F

FIG. 6. Intra- and interband contributions to the electronic sus-
ceptibility x (q) projected on various reciprocal space planes. To best
see the momentum structure of the x%/(g), we have plotted only the
intensity above a constant background (corresponding to the minimal
value in the Brillouin zone) using the same linear grey scale for all
the x'/(q) (the scale for the total susceptibility is different).

In Fig. 5(a), we show that the overall contribution of EPC
to linewidths y (q) = 3, ; y'/(g) along the (1 0 0) reciprocal
direction exhibits a clear maximum close to t;, which arises
from y33 (@), that is, from the total contribution to EPC of the
electronic states that form the Fermi surface represented in
Fig. 3(g). It is interesting to note that the momentum structure
of y(q) closely follows that of the Fermi surface nesting
function given by the imaginary part of the electronic sus-

ceptibility N(g)=_,; Nij(q), with N;;(g)=1im,, X i}q,w):
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FIG. 7. Comparison between our calculated Fermi surface (black lines) with that experimentally measured in Ref. [29]. We show two cuts
of the Fermi surface in the k£, = 0 and &, = 0.5 planes for the original calculation (top line), and that for Eg shifted by 70 meV (bottom line),
from which we obtain the best agreement with our diffuse scattering data.

>k 0(Exi)8(Exiq,;j) as can be seen in Fig. 5(c). In other
words, the combination of a large electronic static susceptibil-
ity x33(q) [as seen in the line cuts on Figs. 5(e) and 5(f)] and
of a momentum dependent EPC, both peaked near 7; yields
strong electron-phonon scattering at T, which results in the
observed phonon softening (Fig. 2), explains the contribution
of x*(g) to DS close to [41] and finally drives the formation
of the CDW.

On the contrary, even though other x/(g) exhibit a strong
momentum dependence [e.g., x'!(q) or x*(g)], if not com-
bined with a matching EPC y%(q) that would enable the
scattering of the electrons by the phonons at the relevant
momenta (and thereby a softening of the phonons), they will
not contribute to DS. This conclusion is supported by the
observation of a featureless y*/(g) along the (1 1 0) direc-
tion [Fig. 5(b)], that could otherwise have triggered a CDW
instability in this direction, in which x?2(g) is, for instance,
particularly strong.

Taken together, these facts allow us to definitively claim
that the formation of the CDW in LaAgSb, is directly related
to a nesting mechanism in which anisotropic EPC is rooted.
It is important to highlight that this conclusion could not have
been drawn from the analysis of the total electronic suscep-
tibility x(q), in which the specific contribution of x33(q) is
averaged out. In other words, in a multiband system such

as LaAgSb,, it is absolutely crucial to examine each x(q)
contribution individually, as well as the momentum depen-
dence of the corresponding EPC y %/ (q)—rather than the total
x (q)—to assess the relevance of nesting for the formation of
the CDW.

We finally note that a comparison between Figs. 1 and 4
also reveals that the tubular shape of the DS pattern along
the ¢ axis is not affected by the soft-phonon condensation
at Tepw. This tubular structure is only visible in x33(gq),
which is therefore also responsible for the formation of the
CDW2 (but a different phonon branch is likely involved—its
identification is, however, beyond the scope of the present
study).

We end our discussion by noting that our result might
appear in contradiction with the common wisdom that nesting
is not relevant in d > 1 materials [8,9]. A detailed analysis
of the dispersion of the electronic states shown in Fig. 3(g),
which originate from the 5p, and 5p, states of Sb, reveals
a linear dispersion from (0.192 0.192 0.5) along the (k h 0)
reciprocal space direction, previously identified as a Dirac
feature [29]. Interestingly the electronic dispersion is steep
and linear, but only in this direction and it appears flatter and
parabolic in the orthogonal ones (see Appendix C). It is this
combination of a steep linear dispersion near Er with a strong
anisotropy that enables the strong nesting which contributes to
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FIG. 8. Electronic band structure of LaAgSb, in the vicinity of the Dirac-type points. Band crossings with linear dispersive bands appear
along the high-symmetry lines M-I" and A-Z at points (a) K; = (ky, k1, 0) with k; = 0.1920 and (b) K, = (k», k>, 0.5) with k, = 0.2028,
respectively. (c) Band dispersion along parallel to the z axis across K1 (c) and K2 (d), and along an orthogonal direction in the xy plane

(6 =0.05).

the CDW instabilities. This provides interesting perspectives
for the rational design of CDW states through that of Dirac-
like features in band structure engineering.

VI. CONCLUSION

In conclusion, we have performed DS and IXS experiments
across the two CDW transitions in LaAgSb,. The high quality
of our crystals allowed for the observation of a very rich
diffraction pattern including CDW satellites up to the sixth
order. We demonstrated that the formation of both observed
families of CDWs in LaAgSb, is driven by soft phonons.
The corresponding Kohn anomaly, visualized in three di-
mensions through the diffuse scattering, is confronted by the
electronic susceptibility and EPC within and between the
individual bands contributing to the complex Fermi surface.
The remarkable agreement between experimentally measured
and calculated patterns demonstrates that the combination of
Fermi surface nesting of a highly anisotropic dispersing band,
linear in one direction of the reciprocal space, with a strongly
momentum dependent electron-phonon interaction is directly
responsible for the CDW instability in this quasi-2D material.
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APPENDIX A: INTRA- AND INTERBAND
CONTRIBUTIONS TO x(q)

In Fig. 6, we show all the intra- and interband x%/(g) =

3, nelE ) kg
k= EG)—E (ktq)

tronic susceptibility x(q) = Zj‘ i—1 X" (g) calculated for the
four bands of LaAgSb, crossing the Fermi level and plotted
in selected high-symmetry directions of the reciprocal space.

contributions to the total static elec-
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As mentioned in the main text, x(q) is largely dominated by
the intraband contributions x??(g) and x>3(q).

APPENDIX B: CALCULATED FERMI SURFACE
AND COMPARISON WITH ARPES DATA

In Fig. 7, we provide a direct comparison of our calculated
Fermi surface with the experimentally determined one from
Ref. [29]. We show two cuts of the Fermi surface in the
k, = 0 and k, = 0.5 planes. Our calculation for the latter is
strikingly similar to that reported in Ref. [29], suggesting that
the authors of this publication used a finite k, for comparison
with the experiment (for which k, is always hard to define).
The agreement for the Fermi surface sheets close to the X
point appears better for the k, = 0 calculation, whereas the
central pocket shape in the experiment seems closer to that
calculated for k, = 0.5. In any event, the agreement between
the calculation and the experiment is very good, and is not
affected by the small 70-meV Fermi level shift we applied to
reproduce our diffuse scattering data.

APPENDIX C: DIRAC-LIKE POINT IN LaAgSh,

In Fig. 8, we show the electronic band structure of
LaAgSb, in the vicinity of the Dirac-like points. Band
crossings with linear dispersive bands appear along the high-
symmetry lines M-I" and A-Z at points K; = (kq, k1, 0) with
k1 = 0.1920 and K, = (k», k2, 0.5) with k; = 0.2028, respec-
tively [see panels (a) and (b)]. The linear dispersion is,
however, not observed along directions orthogonal to these
high-symmetry lines. This can be seen in panels (c) and (d),
where we display the band dispersion along lines through the
crossing points parallel to the z axis, as well as in panels
(e) and (f) along an orthogonal direction within the xy plane
(6 = 0.05). Along these orthogonal lines, all bands exhibit a
quadratic dispersion. This demonstrates that the band struc-
ture of LaAgSb, does not possess a true 3D Dirac cone with
linear dispersing bands in all directions.

APPENDIX D: PHONON DISPERSION
AND STRUCTURE FACTORS

Phonon frequencies and eigenvectors were obtained via
density functional perturbation theory as implemented in the
mixed-basis scheme [42]. In addition, this approach provides
direct access to the scattering potential induced by a phonon,
which is then subsequently used to calculate EPC matrix ele-
ments. To achieve convergence, phonon linewidths y/(q) =
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FIG. 9. Calculated phonon dispersion for LaAgSb, along the
high-symmetry line I'X. The vertical error bars represent the phonon
linewidth, and the color plot is the scattering intensity calculated
along the (3 k£ 0) line.

27 Y s wq,,\lg‘,’(’}i;kﬂ’j|28(Ek,,-)8(Ek+q,j) were evaluated by
performing the k sum over a dense 48x48x24 tetragonal
mesh, while replacing the delta functions by Gaussians with a
width of 50 meV. In the previous expression, g%’}hk ) stands
for the EPC matrix element corresponding to the scattering of
an electron by a phonon from branch A between two points
of the Fermi surface on bands i and j separated by ¢q. It
is evaluated as the matrix element of the (screened) first-
order change of the crystal potential, as induced by a phonon
mode, and two electronic (Kohn-Sham) states g’,’:i;k g =
(k +q, jl64.V |k, 7). The potential change 8,V is directly ob-
tained in density functional perturbation theory. The resulting
phonon dispersion along the (1 0 0) direction is plotted in the
Fig. 9, in which the vertical error bars represent the phonon
linewidths. The color map represents the scattering intensity
in the Brillouin zone centered around I'3py, where our IXS
measurements have been carried out in transverse geometry.
A clear Kohn anomaly of several optical branches is seen but
the modes are stable.
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