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Phononic drumhead surface state in the distorted kagome compound RhPb
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RhPb was initially recognized as one of CoSn-like compounds with P6/mmm symmetry, containing an ideal
kagome lattice of d-block atoms. However, theoretical calculations predict the realization of the phonon soft
mode, which leads to the kagome lattice distortion and stabilization of the structure with P6̄2m symmetry
[A. Ptok et al., Phys. Rev. B 104, 054305 (2021)]. Here, we present the single crystal x-ray diffraction
results supporting this prediction. Furthermore, we discuss the main dynamical properties of RhPb with P6̄2m
symmetry, i.e. phonon dispersions and surface Green’s functions using the modern theoretical methods based
on density functional theory. The bulk phononic dispersion curves contain several flattened bands, Dirac nodal
lines, and triple degenerate Dirac points. As a consequence, the phononic drumhead surface state is realized for
the (100) surface, terminated by the zigzaglike edge of Pb honeycomb sublattice.

DOI: 10.1103/PhysRevResearch.5.043231

I. INTRODUCTION

Discovery of the topological insulators with conducting
surface states in the form of the Dirac cone [1–4] opened a
period of intensive studies in the subject of fermionic topo-
logical systems [5–7]. However, a realization of the nontrivial
topological states is not limited only to fermionic systems,
but can be also expected in bosonic ones as well [8–12].
We can find several examples of the occurrence of phonon
Dirac/Weyl points [13–27], nodal lines [28–33], nodal rings
[33–38], and nodal nets [39–42]. Topological properties are
also manifested by the emergence of phonon surface states
[15–19,32,35,36,43–49] or phonon Hall effect [50–56]. As
a result, existence of the topological phonons with nonzero
Berry curvature [57] can give rise to the development of
nanodevices based on the heat transfer manipulation, i.e., in
phononics [58].

In the context of the topological properties, the kagome-
supported systems have been of great interest recently. The
basic property of the system with the kagome lattice is the
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formation of flat electronic bands [59–61]. One such exam-
ple of the kagome systems are CoSn-like compounds, which
combine kagome and honeycomb layers [62–65]. The elec-
tronic band structure exhibits a flat band and Dirac fermions
[62–70]. Some CoSn-like compounds exhibit frustrated mag-
netism with an important role for itinerant electrons [71],
like magnetically ordered FeGe [72], or FeSn [62,70,73,74].
However, most commonly, these compounds are paramagnets,
such as CoSn [73].

Motivation: Typically, the kagome net CoSn-like com-
pounds crystallize with the P6/mmm symmetry [62,63]. In
such a structure, the d-block element (e.g., Fe, Co, Ni, Rh,
or Pt) forms an ideal kagome sublattice, while the p-block
element (e.g., Ge, In, Sn, Tl, or Pb) has two nonequiva-
lent positions: one of the p-block elements is located in
the plane of the kagome sublattice when the second’s po-
sition forms honeycomb sublattice intercalated between two
kagome-sublattice planes. RhPb satisfies the mentioned con-
ditions, and therefore it should behave as an ideal kagome
metal [63]. However, theoretical investigations of the lattice
dynamics of RhPb show that this compound should be unsta-
ble with the P6/mmm symmetry [75]. Stabilization of RhPb
can be achieved by distorting the kagome lattice, resulting in
the P6̄2m symmetry (see Fig. 1). In this paper, we present
experimental evidence for the distorted kagome structure in
the RhPb system. Furthermore, we investigate the dynamic
properties of RhPb with a distorted kagome lattice. We show
that this compound is an excellent candidate for the study of
the phonon drumhead surface state.

The paper is organized as follows. First, we discuss the
results indicating formation of the distorted kagome lattice in
RhPb with the P6̄2m symmetry (Sec. II). Next, we present
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FIG. 1. Schematic representation of the ideal (left panel) and
distorted (right panel) kagome lattices, realized in the system with
symmetries P6/mmm and P6̄2m, respectively. In the ideal kagome
lattice, the system is centrosymmetric. The rotation of perfectly
ordered triangles by angle ϕ transforms the system into the noncen-
trosymmetric structure.

the theoretical study of the dynamical properties of this com-
pound (Sec. III). Finally, we summarize the paper with the
main conclusions in Sec. IV.

II. CRYSTAL STRUCTURE

Crystals of RhPb were grown from a high-temperature
Pb-rich melt [63]. A 1:3 atomic ratio of rhodium sponge
(Alfa Aesar 99.95%) and lead slugs (Alfa Aesar Puratronic
99.999%) were loaded into one side of a 2 mL alumina Can-
field crucible set [76] and then sealed in a fused silica ampule
under vacuum with a hydrogen-oxygen torch. The ampule was
placed in a box furnace and heated to 1000 ◦C or 1100 ◦C over
6 h. This temperature was held for 2 h to dissolve the rhodium
in lead and homogenize the fluid. The furnace was quickly
cooled to 900 ◦C over 3.5 h and held for 0.5 h before cooling
to 750 ◦C over 320 h (−0.47 ◦C/h) to slowly precipitate the
crystal. The hot ampule was removed from the furnace and
inverted into a centrifuge to fling the remaining liquid of the
crystals. In the batch used for single crystal diffraction, 5.4 g
of reactants yielded a single 4 × 7 mm crystal weighing about
1.2 g. It had a slightly skeletal hexagonal-prismatic shape
with a shiny metallic cluster [see Fig. 2(a)]. Other batches
of crystals yielded faceted euhedral blocky hexagonal prisms.
Crystals of RhPb are brittle with a conchoidal fracture and
have weak (001)-cleavage. Broken surfaces sometimes reveal

FIG. 2. Single crystal of RhPb grown from lead melt (a), and
crystal structure of RhPb with P6̄2m symmetry (b).

TABLE I. An important characteristic of refined structures of
RhPb at 293 K from single crystal x-ray diffraction. Note the sig-
nificant improvement of fit quality in the P6̄2m refinement.

Space group P6/mmm P6̄2m

xRh 1/2 0.4775(2)
Twin fraction N/A 0.568(25)
Triangle rotation, ϕ in Fig. 1 0◦ 4.45(3)◦

R(obs) (%) 6.01 2.83
Goodness of fit obs 4.91 1.65

inclusions of bluish metallic Pb metal that contrast with the
silver metallic RhPb surfaces.

To determine the crystal structure of RhPb, fragments of
the 1.2 g crystal were selected for single crystal x-ray diffrac-
tion (XRD). The crystal, approximately 60 × 40 × 10 μm3,
was mounted on the end of a Kapton loop with Locktite
glue for data collection at room temperature using a Bruker
D8 Quest diffractometer (0.71073 Å Mo Kα radiation). Data
were collected, reduced, and analyzed using APEX3 soft-
ware, including a semiempirical absorption correction based
on equivalent reflections. Structure refinement was performed
using JANA 2020 [77] for both P6/mmm (space group No.
191) and P6̄2m (space group No. 189) symmetries.

The first-principles density functional theory (DFT) calcu-
lations were performed using the projector augmented-wave
(PAW) potentials [78] implemented in the Vienna ab initio
simulation package (VASP) code [79–81]. Calculations were
made within the generalized gradient approximation (GGA)
in the Perdew, Burke, and Ernzerhof (PBE) parametrization
[82]. The energy cutoff for the plane-wave expansion was set
to 350 eV. Optimizations of structural parameters (lattice con-
stants and atomic positions) were performed in the primitive
unit cell using the 10 × 10 × 6 k-point grid in the Monkhorst-
Pack scheme [83]. As a break condition of the optimization
loop, we took the energy difference of 10−6 eV and 10−8 eV
for ionic and electronic degrees of freedom, respectively.

Structure: Initially, the RhPb structure was assumed to
possess the P6/mmm symmetry [63]. However, theoretical
analysis of the RhPb dynamical properties shows that such
a system is unstable [75]. Our single crystal refinement does
indeed reveal that RhPb adopts the distorted P6̄2m structure
based on a distinctly better fit quality over the P6/mmm
solution (Table I). DFT calculations estimate very subtle dif-
ferences in the lattice parameters for both structures (Table II),
but more stable phonons in the P6̄2m structure (detailed dis-
cussion in Sec. III A).

In the case of the P6/mmm symmetry, the Rh atoms
are located in the Wyckoff position 3 f (1/2, 1/2, 0), while
the Pb atoms in two nonequivalent Wyckoff positions 2d

TABLE II. Comparison of the experimental and theoretical
(DFT) lattice constants for RhPb with different symmetries.

a (Å) c (Å)

Exp. 293(2) K 5.6794(4) 4.4311(3)
Exp. 15 K (Ref. [63]) 5.66601(2) 4.41267(1)
DFT P6/mmm 5.740 4.487
DFT P6̄2m 5.762 4.466
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(1/3, 2/3, 1/2) and 1a (0,0,0). In the case of the P6̄2m sym-
metry [see Fig. 2(b)], the 3 f position of the Rh atom is
calculated to lie at (0.467,0.467,0). Experimentally, the posi-
tion of the Rh atom was estimated as (0.4775(2),0.4775(2),0).
The distortion present in the system corresponds to the ro-
tation of the triangles that form an ideal kagome lattice (see
Fig. 1) with angle ϕ = 6.5◦ determined by DFT, while the
experimentally obtained value is 4.46◦. The rotation of the
kagome triangles in RhPb reflects the modified kagome pat-
tern seen in the ZrNiAl-type materials [84–92]. The P6̄2m
space group does not alter the translational symmetry for the
lattice and therefore can only be distinguished from P6/mmm
by fitting the diffracted intensities. The smaller R and good-
ness of fit values reported in Table I demonstrate that the
lower symmetry structure better models the experimentally
observed intensities. More crystallographic data (e.g., CIF
files as well as XRD refinements) can be found in the Sup-
plemental Material (SM) [93].

Regardless of the symmetry, RhPb exhibits a metallic band
structure (see Fig. S2 in the SM [93]). The electronic band
structure obtained for both symmetries is very similar, and
in correspondence to other CoSn-like compounds, it contains
several flattened bands (detailed discussion can be found in
Sec. S2 in the SM [93]).

III. DYNAMICAL PROPERTIES

The dynamical properties were calculated using the di-
rect Parlinski-Li-Kawazoe method [94], implemented in the
PHONOPY package [95]. Within this method, the interatomic
force constants (IFC) are calculated from the Hellmann-
Feynman (HF) forces acting on the atoms after displacements
of individual atoms inside the supercell. We performed these
calculations using the 2 × 2 × 2 supercell with 48 atoms, and
the reduced k-point grid 3 × 3 × 3. Next, the IFC were used
to study the surface states, by calculations of the surface
Green’s function for the semiinfinite system [96], using WAN-
NIERTOOLS [97]. Additionally, we also calculate the phonon
dispersion curves for a finite temperature. In this case, the
calculations were performed for the thermal distribution of
multidisplacement of atoms [98], generated within the HECSS

procedure [99]. The total energy and HF forces acting on all
atoms are calculated with VASP for 100 different configura-
tions of atomic displacements in the supercell. In dynamical
properties calculations, we include second- and third-order
phonon contributions, which correspond to the harmonic and
cubic IFC, respectively.

A. Phonon dispersion curves

The phonon dispersion relations and the phonon density of
states (DOS) for RhPb with both symmetries are presented in
Fig. 3. In the case of the P6/mmm symmetry, there exists the
imaginary soft mode (presented as negative frequencies) [see
Fig. 3(a)]. This soft mode, with the frequency of −2.59 THz
at the � point, is characterized by the B1u symmetry. Atomic
displacements induced by this mode lead to the rotation of the
triangles forming the ideal kagome lattice [75] (see Fig. 1).
As a consequence, the P6̄2m symmetry is stabilized—after
the transformation, the phonon dispersion does not exhibit any

imaginary modes, so all frequencies are real [Fig. 3(c)]. The
analysis of the zone-center mode frequencies and symmetries
shows that in the distorted structure, the mode corresponding
to the soft mode has a frequency of 3.2 THz and an A-like
symmetry.

Soft modes observed in the P6/mmm symmetry are asso-
ciated only with the Rh atoms’ vibration, which is reflected in
the phonon density of states. In practice, all spectral weights
at DOS related to the soft mode [negative frequencies in
Fig. 3(b)] correspond to the Rh atoms contribution. For neg-
ative frequencies, the contribution of Pb atoms is negligible.
Indeed, stabilization of RhPb with the P6̄2m symmetry mainly
modified the Rh contribution [cf. Figs. 3(b) and 3(d)]. As
expected, independently of the system symmetry, the vibra-
tions of the heavy Pb atoms are located mostly in the lower
frequency range. The vibrations of lighter Rh atoms exist in
the higher frequency range.

Here, we should point out that the spontaneous kagome
rotation can also be achieved in other compounds, like
MgCo6Ge6 [100], at T = 100 K. Nevertheless, in the case of
RhPb, the theoretical investigation of temperature-dependent
phonon dispersion for P6/mmm always shows soft mode at
the � point (even up to 1500 K). From this, we can conclude
that the RhPb compound crystallizes only with the P6̄2m
symmetry, while the structure with the P6/mmm symmetry
is unstable even at high temperatures.

Symmetry realized by RhPb has an impact on the irre-
ducible representation of phonons at the � point. Indeed, the
exact analysis presented in Sec. S3 in the SM [93] clearly
shows differences between these two phases. In fact, due to
the different number of active modes in both symmetries, e.g.,
visible in the Raman spectroscopy, we can gain additional
evidence for the formation of the P6̄2m crystal symmetry.

B. Flat phonon bands

Typically, the kagome lattice allows the creation of flat
bands—this property is observed in the electronic band struc-
ture of CoSn-like compounds [63–66] as well as in their
phonon dispersion curves. For both symmetries, there are sev-
eral flat bands with a weak dispersion along the �-K-M-� and
A-H-L-A paths [e.g., the branch marked in yellow in Figs. 3(a)
and 3(c)]. A previous study on the similar CoSn system, sug-
gests that the flat bands are related to the collective vibrations
of d-block atoms (i.e., Co) [101]. However, as we have shown
for CoSn-like compounds in Ref. [75], phonon bands order
results rather from the mass sequence, and the flat bands
correspond to the vibrations of the heaviest (p-block) atoms.
Also, analysis of the polarization vectors of RhPb phonons,
presented here, clearly shows that dispersionless modes are
related to the vibrations of Pb atoms [marked with blue ar-
rows in Figs. 3(b) and 3(d)]. Moreover, the flat low-frequency
mode corresponds to the vibration of the Pb atom in the Rh
kagome net plane (see also partial DOS presented in Fig. S6
in the SM [93]). The separation of Pb phonon modes can be
understood by taking into account the significant Pb:Rh mass
ratio (207.2:102.9), which is responsible for the relatively
weak coupling of Pb vibrations with those of neighboring
Rh atoms and justifies the existence of separated and mostly
dispersionless mode. Furthermore, in the frequency range of
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FIG. 3. Phonon dispersion relations (left column) and phonon density of states (right column) for RhPb with P6/mmm (top row) and P6̄2m
(bottom row) symmetry. The branches marked with solid light red or light green lines corresponding to the doubly degenerate band along the
�-A and K-H directions, respectively. Similarly, the green arrows indicate triple degenerate Dirac points resulting from the intersection of the
doubly degenerate band with the nondegenerate band. Color lines in the right panels are related to the total DOS (gray) or partial DOS (red
and blue for lighter Rh and heavier Pb atoms, respectively). The inset in panel (c) represents the Brillouin zone and its high symmetry points.

flat bands, the chiral phonons (i.e., circulations of the atoms
around the equilibrium position) were predicted within the Pb
honeycomb sublattice [75].

The occurrence of the mentioned flat bands is reflected
in phonon DOS, by the relatively sharp peaks [marked with
red arrows in Figs. 3(b) and 3(d)]. Moreover, the phonon
DOS describes the frequency distribution of normal modes
inside the whole Brillouin zone, in contrast to the phonon
dispersion curves which only represent the modes along high
symmetry directions. Therefore, the truly flat bands (sepa-
rated from others’ contributions) are represented in DOS for
P6/mmm symmetry by very sharp peaks [see Fig. 3(b)]. In the
case of P6̄2m symmetry, however, a stronger k dependence
of phonon dispersion relations should be noticed, resulting
in much broader peaks of phonon DOS [see Fig. 3(d)].
It means, that the phonon bands for the P6̄2m symme-
try are more dispersive than in the case of the P6/mmm
symmetry.

C. Bands degeneracy and Dirac points/lines

The presence of three and sixfolded rotational symme-
try results in preserving band degeneracy of the � point
also along so-called high-symmetry directions. Indeed, the
degeneracy preservation is well visible along the �-A path
(i.e., for the z direction, perpendicular to the honeycomb and
kagome layers) [branches marked with the red solid line in
Fig. 3(c)]. Additionally, the hexagonal symmetry affects the
band structure along the K-H path, where some bands are
double degenerate and form the Dirac nodal lines. Irreducible
representations at the K (H) point allow for the realization
of double degenerate points. However, the symmetry of this
state is preserved for any point P with coordinates (1/3,1/3,u)
within the double degenerate state. Finally, the Dirac point at
the K (H) point [visible, e.g., in the form of characteristic band
crossing around 5.6 THz for both symmetries in Figs. 3(a)
and 3(c)], exists along the whole K-H path, forming the Dirac
nodal line.
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FIG. 4. Schematic representation of triple degenerate Dirac point
forming along the K-H path.

The intersections of doubly degenerate and non-degenerate
bands occurring along the �-A and K-H directions [pointed
out by green arrows in Fig. 3(c)] determine Dirac points with
a triple degeneracy. Figure 4 schematically illustrates how the
Dirac nodal line and triply degenerate Dirac point are defined.
Two bands (band 1 and 2) intersecting along the K-H path
form a nodal line, and another band (band 3) crossing this
line marks a triply degenerate point. Two additional Dirac
nodal lines are created where band 3 intersects bands 1 and
2. Here we would like to stress that the realization of (bulk)
Dirac point and nodal lines strongly affects the surface states
character. In the next paragraph, we will focus on this aspect.

D. Phonon surface states

Some hexagonal lattices, like honeycomb [102–104] and
kagome [105,106] nets, can form the electronic surface states
at the zigzaglike edge of the lattice. This is also true in the
case of the bosonic systems [43,107–110]. Indeed, the phonon
zigzag edge modes could be realized in RhPb at the (100)
surface [Fig. 5(a)]. Similar behavior was also earlier reported
for NbReSi, which possesses the same symmetry [111].

The calculated phonon surface states of RhPb for the (100)
surface are presented in Fig. 5. In our calculations, we con-
sider two types of terminations. The zigzag edge of the Pb
honeycomb lattice is realized in both of them. The “top”
surface also contains a chain of Rh atoms from the kagome
lattice. Similarly, the “bottom” surface contains a chain of
Rh-Pb atoms from the triangular lattice formed by the Rh
kagome net decorated by Pb atoms represented by nonbonded
black atoms in Fig. 5(a). Slablike calculations (for ten layers
of RhPb) clearly show the existence of surface states, indepen-
dently of the termination [blue and red lines in Fig. 5(c)]. The
phonon dispersion curves, in this case, contain many more
branches than the dispersion curves for the bulk [Fig. 3(c)],
what is the consequence of projection of all phonon states
from the bulk (3D) Brillouin zone onto the 2D Brillouin zone
of the surface [see Fig. 5(b)]. It is interesting that, in the case
of the surface directly terminated by the zigzag edge of the
Pb honeycomb lattice (i.e., top surface), the phonon surface
states at the highest frequencies exhibit behavior similar to
this observed in electronic surface states at the zigzag edge in

FIG. 5. The phonon surface states realized at the edge of the (100) surfaces of RhPb with P6̄2m symmetry. Surface terminations are
presented in panel (a). For simplification, we show only bonding between Rh atoms forming a distorted kagome lattice and Pb atoms forming
a honeycomb lattice. The Pb atom in the center of hexagons is placed in the plane of a distorted kagome lattice. (b) Relation between the bulk
(3D) and surface (2D) Brillouin zone. Phonon band structure calculated for slablike structure (c), containing ten layers. The colors correspond
to the states related to vibrations of the atoms at the top surface (blue), central bulklike part (gray), or bottom surface (red). The panels
from (d) to (f) present the spectral function calculated for the central bulklike part, the top surface, and the bottom surface part of the slab,
respectively. The arrows in (e) and (f) show the locations of the soft modes of the phonons realized on the top or bottom surfaces, respectively.
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FIG. 6. The surface spectral function for different cuts of the surface (2D) Brillouin zone (right panel), presenting k-point dependence of
the phonon drumhead surface state (marked with white arrows).

the graphene nanoribbon [102] [see the states with frequencies
around 5.75 THz, marked with yellow arrows in Fig. 5(e)].

Direct calculations of the spectral functions for the bulk
and surface regions are presented in Figs. 5(d)–5(f). The
phonon surface states can be, in a relatively simple way,
extracted from the bulk spectra, by comparing the spectral
function related to the bulk states [see Fig. 5(d)] with the
adequate spectral function for a specific surface [Fig. 5(e) or
5(f)]. Additional states, i.e., surface states, are marked with
arrows. Comparing the frequencies of surface states with the
bulk phonon DOS [Fig. 3(d)], we see that the surface states in
the low (high) frequency range are realized mostly by Pb (Rh)
atoms.

Probably, the most interesting properties of the slablike
structure can be observed for the highest branches of the spec-
trum. First, the signature of the bulk Dirac “point” [i.e., Dirac
lines from the K-H direction in the 3D bulk Brillouin zone
are projected on the 2D surface Brillouin zone, see Fig. 5(b)]
can be well recognized in the spectrum [white dashed crosses
in Fig. 5(e)]. Between these points, the previously mentioned
zigzaglike edge mode is formed.

However, a more precise analysis of this latter state un-
covers the realization of the drumhead phononic surface state.
Indeed, as one can recognize in Fig. 6, these surface states ex-
ists independently of momentum k, forming a 2D surface state
between the two bulk Dirac lines mentioned earlier. Formation
of the drumhead phonon surface state is presented schemati-
cally in Fig. 7. Remarkably, the projected bulk phonon surface
state creates a graphenelike spectrum, independently of mo-

FIG. 7. Schematic representation of the phonon drumhead sur-
face state.

mentum k. Note that the band crossing discussed earlier (red
line in Fig. 7) is visible as a Dirac “point” for any value of
k. Finally, the drumhead surface state is realized between the
Dirac nodal lines. It is remarkable that the frequency of the
phonon drumhead surface state strongly depends on momen-
tum k (see Fig. 6).

IV. SUMMARY

In this paper, we discuss the basic properties of RhPb
with the distorted kagome lattice of Rh atoms. Initially pre-
sented theoretical calculations [75] predict the realization of
the distorted kagome lattice in RhPb. Indeed, our single crys-
tal diffraction results confirm the predicted distortion of the
kagome net in RhPb.

We presented a study of the dynamical properties of the
bulk RhPb compound. In such a system, the emergence of
several flattened phonon bands is possible. However, a more
precise analysis shows that phonons in this band have even
broader dispersion than for an ideal kagome lattice. This be-
havior is clearly recognized in the phonon density of states.

The phonon dispersion curves exhibit several interesting
features, namely the (bulk) Dirac nodal lines and triple de-
generated Dirac points. Such structures have consequences
for the observed surface states. The most prominent example
is the phonon drumhead surface state, between two (bulk)
Dirac nodal lines projected on the surface Brillouin zone.
In this context, the RhPb crystal with the distorted kagome
lattice is an excellent platform to study the interplay between
topological phonon surface states and flat electronic bands.
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