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Observation of a chiral wave function in the twofold-degenerate quadruple Weyl system BaPtGe
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Topological states in quantum materials are defined by bulk wave functions that possess nontrivial topological
invariants. While edge modes are widely presented as signatures of nontrivial topology, how bulk wave functions
can manifest explicitly topological properties remains unresolved. Here, using high-resolution inelastic x-ray
spectroscopy (IXS) combined with first principles calculations, we report experimental signatures of chiral wave
functions in the bulk phonon spectrum of BaPtGe, which we show to host a previously undiscovered twofold-
degenerate quadruple Weyl node. The chirality of the degenerate phononic wave function yields a nontrivial
phonon dynamical structure factor, S(Q, @), along high-symmetry directions, that is in excellent agreement with
numerical and model calculations. Our results establish IXS as a powerful tool to uncover topological wave
functions, providing a key missing ingredient in the study of topological quantum matter.
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In high-energy physics, chirality is an inherent quantum
property of fundamental particles that originates from the
Poincaré group. In condensed matter systems, however, chi-
ral quasiparticles (QPs) can only emerge from low-energy
effective models that must respect crystalline symmetries.
Well-known examples are Weyl fermions in topological
semimetals [1-6] and Weyl bosons in chiral lattices and op-
tical and spin systems [7-15]. Although these chiral QPs
emerge from the materials’ bulk wave functions, existing ex-
perimental studies have focused either on the consequences of
these quasiparticles, such as Fermi-arc surface states [16-25]
and chiral anomalies [26-30], or argued based on a compar-
ison of eigenvalues (band dispersions) between experiment
and theory [12,13,31], leaving the bulk wave function unre-
solved. This is unfortunate as the information of topological
invariants, such as the Chern number, C, and the chirality of
QPs, is carried by the bulk wave functions. Filling this gap
is challenging as it requires a bulk sensitive spectroscopic
probe that has high energy and momentum resolutions and
a well-defined scattering cross section that can be analytically
or numerically calculated. In this article, we demonstrate that
high-resolution inelastic x-ray scattering (IXS) combined with
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first-principles calculations provide direct evidence of topo-
logical phononic wave functions in the chiral cubic crystal
BaPtGe.

A fascinating property of BaPtGe is that it is predicted
to host multiple chiral topological states, including a new
and undiscovered twofold-degenerate quadruple Weyl node
(TQW) [32] that can only be realized in bosonic excitations,
like phonons, or electronic structures without spin-orbit cou-
pling. Unlike mechanical metamaterials [19,23,25], phonons
in crystalline materials are true quantum objects and correlate
with electronic and magnetic excitations [7,33]. Past work has
tended to assume that a Weyl node with large C requires a
large band degeneracy, n [6]. Indeed only C < n has been
experimentally observed to date. A remarkable feature of
TQW is that a large Chern number, C = 4, is realized in
the smallest possible band degeneracy, n = 2. This unusual
topological structure is induced by the chiral, cubic, and time-
reversal symmetry of BaPtGe (space group P23 #198) shown
in Figs. 1(a) and 1(d) that enforce certain Weyl nodes at
the time-reversal-invariant I' point. The low-energy effective
Hamiltonian near the I" point for the two modes that make up
a TQW point is

Aqxqyq;

_ B*(q? + wq; + oq?)
H(q) = (B(qg + ¢ + 0g?) ’

—Aqxqyq:

)]
where w= e?™/3, A is a real constant, and B is a complex
constant. q is the reduced momentum transfer in the first Bril-
louin zone. The leading ¢* term distinguishes TQW from all
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FIG. 1. Twofold-degenerate quadruple Weyl node and chiral wave functions. (a), (b) Crystal structure and Brillouin zone (BZ) of BaPtGe,
respectively. The high-symmetry points in the three-dimensional BZ and the projected two-dimensional BZ are shown in (b). (c) TQW node
with C = +4, —4 for each band. (d) Pseudospin derived from Eq. (1) at the eight symmetry-related R points. Colored arrows represent
pseudospin directions. Zoomed pseudospin textures near time-reveal-related momenta (0.5, —0.5, —0.5) and (—0.5, 0.5, 0.5) in reciprocal
lattice units (r.L.u.) are showing opposite chirality. (e) DFT-calculated phonon dispersion of BaPtGe. Solid circles at the I" points correspond
to the theoretically predicted TQW. Dashed rectangles at the I and R points are corresponding to threefold and fourfold double Weyl nodes,

which are zoomed in (f)—(g).

other Weyl nodes proposed in previous studies [see Fig. 1(c)]
[6]. For instance, the two modes that arise from diagonal-
izing Eq. (1) have special pseudospin properties (see more
detail discussions in the Supplemental Material [34]). Con-
tours encircling the TQW point involve four windings of the
pseudospin, reflecting the large C = 4. In Fig. 1(d), we show
pseudospin orientations at the eight R (£0.5, £0.5, £0.5)
points. At these high symmetry locations, pseudospin points
along the +z-direction with its sign [marked as blue or yellow
in Fig. 1(d)] determined by the sign of g,g,q.. Consequently,
the phonon wave functions of BaPtGe that make up the TQW
point involve opposite out-of-phase chiral atomic motions
around time-reversal related R points either side of the I'-
point. In addition to the TQW, BaPtGe also features other
topological structures, including the threefold double Weyl
phonon with n = 3 and C = 2 at the I" point and fourfold dou-
ble Weyl phonon with n = 4 and C = 2 at the R point [7,12].
All of them have chiral bulk wave functions [7,12,15,32]. In
Fig. 1(e), we show the density functional theory (DFT) calcu-
lation of the BaPtGe phonon dispersion along high symmetry
directions. A low-energy TQW is identified near 6 meV at the
I" point (purple circle), which involves primarily atomic vi-
brations of the heaviest element Pt. The threefold and fourfold
double Weyl nodes, that have been explored in both fermionic
and bosonic systems [12,35], are marked by dashed squares at
the I" and R points, respectively.

We now illustrate how IXS probes the phononic wave
functions. Under the harmonic approximation, the phonon
excitations are described by

Y " Daa(Q)e)(q) = e} (q), ©)
d!

where D(q) is the phonon dynamical matrix, and q is the
reduced momentum transfer in the first Brillouin zone. wj,

and eé(q) = [eéx(q), eéy(q), egz(q)] are the eigenvalue and
wave function of the phonon mode j at atom d, respectively.
IXS measures the bulk phonon dynamical structure factor
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where Q and G are the total momentum transfer and
the reciprocal lattice vector, respectively. n,, ; is the Bose-
Einstein distribution function. f;(Q) and M, are the atomic
form factor and atomic mass of atom d, respectively.
Wave function information enters S(Q, @) through the term
Q- e)(q).

For a topological chiral wave function, the three com-
ponents of eé (q) are complex numbers with different phase
factors, which determine how atoms move out-of-phase with
one another (see [34] for movies of the chiral atomic motions).
The chirality results in a nontrivial interference between
the displacements of different atoms, which is encoded
in the large imaginary parts of e/(q), i.e., chirality arises
when the three components of ¢,(¢) = [/, (), e[’iy(q), e ()]
have phase difference. Although the phase of the sum
Zd (...)is lost in S(Q, w) [see, Eq. (3)], the relative phase
of wave-function components e/, (q), e(’iy(q), e;.(q) that
describe the wave-function chirality, are preserved. Thus,
the chirality of the wave functions can strongly modify
S(Q, w) [34]. To quantitatively show this effect, we simulate
SPFT(Q, w), R(Q, ), and I(Q, w) along the high-symmetry
direction R;(—0.5,2.5,2.5) —TI'(0,3,3) — R»(0.5,3.5,3.5)
in Figs. 2(a) to 2(c), respectively. Here, R(Q, ») and /(Q, w)
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FIG. 2. DFT-calculated dynamical structural factor. (a)—(c) DFT-calculated S°T(Q, ), R(Q, ), and I(Q, w) along the high-symmetry
R1(—0.5,2.5,2.5) = T'(0, 3, 3) — R,(0.5, 3.5, 3.5) direction, respectively. R(Q, w) and I(Q, w) considers only the real and imaginary parts of

eé (q). (a)—(c) are shown in the same colorscale.

are calculations of the dynamical structure factor shown in
Eq. (3), but with e/(q) replaced with its real part, Re[e/,(q)],
and imaginary part, Im[e(jj(q)], respectively. The chirality of
the TQW near 6 meV is evidenced by the large intensity con-
tribution from the imaginary component of the wave function
along the R; — I — R, direction. As we will discuss in detail
later in the text, this observation is a direct consequence of
the TQW Hamiltonian [Eq. (1)]. Interestingly, we find that
the threefold double Weyl modes at the I point, including
the acoustic phonons [7,12,34], display large intensity asym-
metry in SPFT(Q, @) while they remain nearly symmetric in
R(Q, w) and I1(Q, w). This large asymmetry arises from the
coexistence of real and imaginary components with compara-
ble magnitude and hence have large interference effect. For
the TQW mode along the [111] direction since 1(Q, w) >
R(Q, w), the interference term is small and keeps SPFT(Q, w)
nearly symmetric.

To prove the existence of the topological chiral wave
function in BaPtGe, we present the experimental data
of SP(Q, w) that has been measured by IXS along
the three high-symmetry directions, X;(0,3,2.5)—T —
X5(0,3,3.5),M,(0,2.5,2.5) — T" — M»(0, 3.5, 3.5), and
R1(—0.5,2.5,2.5) — " —R»(0.5,3.5,3.5), in Figs. 3(a) to
3(c), respectively. To make a direct comparison with IXS,
we show the experimental resolution-convoluted SPFT (Q, w)
and R,(Q,w) along the same momentum directions in
Figs. 3(d) to 3(f) and Figs. 3(g) to 3(i). Here the subscript
r stands for resolution to distinguish from SPFT(Q, w)
and R(Q, ). S*P(Q,w) and SP'T(Q, w) show excellent
agreement, including the flatband near the TQW and the
strong asymmetry of the threefold double Weyl optical
and acoustic modes. This consistency is further confirmed
by quantitative comparisons between experiment and theory
shown in Fig. 4, where Figs. 4(a) to 4(c) displays the extracted
Q-dependent peak positions from S*P(Q, w) and SPFT(Q, w)
and Figs. 4(d) to 4(f) shows the extracted peak intensities
near the TQW from S*P(Q, w), SPFT(Q, w), and R, (Q, w).
Most interestingly, we find that wave functions near the TQW
are primarily real along the X; —I' — X, and M} — " — M,
directions [Figs. 4(d) and 4(e)], in strong contrast to the
Ry — T' — R, direction [Fig. 4(f)], where the real-part of the
wave function yields weak intensity near the TQW.

To understand the essential properties of the wave
functions in different directions, we developed a simpli-
fied model that considers only Pt atoms in the unit cell,
occupying the Wyckoff position 4a [36] with locations
rpg = (c,c,0), Tpo = (—c+ 5, —c,c+ 3), tpa = (—c,c +
%, —c+ %), rpy = (¢ + %, —c+ %, —c). At the I' point,
group theory dictates that we can describe the atomic mo-
tions in terms of three nondegenerate basis states with
irreducible representations of F(l) Fél), F;l), and three
threefold-degenerate basis states w1th irreducible representa-
tions of 1"(3) [36]. The basis states of I‘(l) and Fm that forms
the TQW can be derived by imposing chiral cublc crystal
symmetry and time-reversal symmetry

¢r, = (6;[21’ e;fzv 6;@, 9;124)
(Lo, o’ -1, —w, ?, -1, 0, —0*, 1, —0, —w?)
= m ,
)
or, = (615;17 Chirs €pis: 634)
(1, o o, —1, -0 0, —1,0%, -0, 1, —0?, —0)
= T ,
(%)

where w = ¢?"/3. ¢r, and ¢r, have opposite chirality follow-
ing ¢r, = ¢r.. In the vicinity of the I" point, the g-dependent
wave functions can be obtained by diagonalizing Eq. (1)
in terms of our ¢r, and ¢r, basis states. Along the [100]
and [011] directions, the diagonal components of Eq. (1) are
zero, imposing purely real wave functions, ¥ = (¢/?¢p, +

e 2¢r) /N2 and Yo = =i, — e 1¢p) NG
where 6 = arg(B). In contrast, along the [111] direction,
the off-diagonal components are zero yielding ¥, = ¢r, and
Y, = ¢r,, which have large imaginary components. This
model analysis thus demonstrates that the directional wave
function observed in Figs. 3 and 4 is a direct consequence
of the TQW Hamiltonian. This feature is unique among all
experimentally investigated topological structures (see [34]).
Figures 4(g) and 4(h) depict the chiral atomic motion of the
TQW along the [111] direction. The results are calculated

184301-3



HAOXIANG LI et al. PHYSICAL REVIEW B 103, 184301 (2021)

(c) -
is s*a. .
= High
£ G
3 &
2 ®
w c
Low
M, Rz
()
J High
s s o
— - o
Ew 10 — go- 33
3 — B — — E
g : Z - £ ' Nz
c
X M, r M, Ry r Ro
h i
(91)5 R(Q,w) ( 1)5 R(Q,w) ()15 R(Q,w)
High
- By
310 310 310 o
£ £ £ g
> - ’ > > =
S S S ®
e =D - fﬁ’“". <O baee £l B
Low
. <7 Sl o @ o -

X4 r Xo M, r M, Ry r Re

FIG. 3. Directional chiral wave function of the TQW. (a)—(c) Experimental S**?(Q, w) results along the three high-symmetry directions
[001], [011], and [111], where X; = (0, 3,2.5), X, =(0,3,3.5), M, =(0,2.5,2.5), M, =(0,3.5,3.5), Ry =(-0.5,2.5,2.5), R, =
(0.5, 3.5,3.5). Experimental resolution convoluted SPFT(Q, ), R, (Q,w) are shown in (d)—(f) and (g)—(i), respectively. The convolution
function is determined by measuring the elastic scatting from plexiglass, which possesses a pseudo-voigt line shape with AE ~ 1.4meV.
Panels (d)—(i) are shown in the same colorscale.
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FIG. 4. Q-dependent phonon intensity. (a)—(c) The extracted peak intensities from the experimentally determined S**P(Q, w) (orange dots)
and calculated S?FT(Q, ) (blue dashed lines) along [001], [011], and [111] directions, respectively. The curve near 6 meV corresponds to
the TQW. (d)—(f) O-dependent peak intensities of the TQW that are extracted from S*P(Q, w), SPFT(Q, w), RPFT(Q, w), respectively. Vertical
bars in panels (a)—(c) denote errors of the peak positions estimated based on the energy resolution and counting statistics. Error bars in panels
(d)—(f) denote one standard deviation assuming Poissonian counting statistics in the measured S*?(Q, w) intensity. Panels (g) and (h) depict
the chiral atomic motion of the TQW with C = 44 and —4, respectively. The results are calculated from the simplified model along the [111]
direction. Colored arrows are pointing to the directions of Pt motions at a given time. Chirality is determined by the (g) clockwise and (h)
anticlockwise motions.

184301-4



OBSERVATION OF A CHIRAL WAVE FUNCTION IN THE ...

PHYSICAL REVIEW B 103, 184301 (2021)

from the simplified model with the colored arrows represent-
ing the directions of Pt motions at a given time. The opposite
chirality yields opposite Pt motions, in agreement with our
numerical calculation of BaPtGe (see Supplemental Materials
[34] for movies of the chiral atomic motions). Finally, we
note that the intensity asymmetry of the threefold double
Weyl modes is also due to chiral wave functions as directly
evidenced from our numerical calculations (Fig. 2). However,
this finite q effect is beyond our simplified model where
the effective Hamiltonian of threefold double Weyl contains
only linear terms (see [34]). Slightly away from the I point,
higher-order terms become important and the linear term ap-
proximation fails to describe the phonon excitations. For the
TQW, the linear term is absent, and Eq. (1) with its square
and cubic terms remains valid for an extend momentum
space.

Similar to the electronic topological Hall effect [37], the
intrinsic thermal Hall effect is also proportional to Chern
number C [38,39]. The observed TQW may thus provide
an ideal platform to explore intrinsic thermal Hall effect
[40,41]. More importantly, our result paves a new route to
uncover topological excitations through bulk wave functions.
Similar attempts have been made in the study of topological
electronic structures via angle-resolved photoemission spec-
troscopy (ARPES) [42-44]. While the momentum-dependent
ARPES intensity provides important clue on the symmetry of
the surface wave function, the presence of surface Coulomb
potentials makes it difficult to calculate the ARPES intensity
from first principles [42]. Our approach, based on quantita-
tive intensity and dispersion comparisons between S**P(Q, w),
SPFT(Q, w), R(Q, w), and 1(Q, w), can also be extended to
inelastic neutron scattering to explore the bulk wave functions
of topological phonons and magnons, which may play a cru-
cial role in the giant thermal Hall effect observed in several
correlated quantum materials [39,45].

The recent discoveries of giant thermal Hall effect in the
cuprate high-7, superconductors [45,46] and Kitaev quantum
spin liquid candidate «-RuCls [47,48] generate great interest
on the novel topological nature of these quantum materials, in-
cluding fractional excitations [49,50] and topological bosonic
excitations [51-53]. Indeed, chiral phonons have been argued

as the driving force of the thermal Hall effect in the cuprates
[45,46]. Our result provides an experimental protocol to un-
cover the nature of these novel thermal transport properties
and shed light on topological excitations in correlated quan-
tum materials.
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