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Broadband optical conductivity of the chiral multifold semimetal PdGa
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We present an optical conductivity study of the multifold semimetal PdGa, performed in a broad spectral range
(100-20 000 cm™!; 12 meV-2.5 eV) down to T = 10 K. The conductivity at frequencies below 4000 cm™' is
dominated by free carriers while at higher frequencies interband transitions provide the major contribution. The
spectra do not demonstrate a significant temperature evolution: Only the intraband part changes as a function
of temperature with the plasma frequency remaining constant. The interband contribution to the conductiv-

ity exhibits a broad peak at around 5500 cm™!

and increases basically monotonously at frequencies above

9000 cm~!. The band-structure-based computations reproduce these features of the interband conductivity and
predict its linear-in-frequency behavior as frequency diminishes.
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I. INTRODUCTION

The solid-state realization of massless Weyl fermions was
first theoretically discussed [1] and subsequently experimen-
tally confirmed in TaAs [2], one of the materials belonging to
a broad, by now, class of solids known as topological Weyl
semimetals. Since these discoveries, various families of other
topological semimetals—materials with the nontrivial band
topology relevant for the bulk states—were unveiled [3-7].
One particular example is multifold semimetals. In these
compounds, the topologically protected band crossings of
degeneracy higher than two are described by Weyl-like Hamil-
tonians: linear in momentum and in effective spin, which can
be larger than 1/2 [8,9].

Recently, a number of compounds from the cubic space
group 198 (SG198), which is noncentrosymmetric and has
no mirror planes, were confirmed to possess such multifold
crossing points [10-18]. In these materials, the band crossings
with different chiralities are situated at different energy posi-
tions, providing thus a realization of electronic chiral crystals.
Remarkably, the crystals of these compounds can be grown as
single enantiomers, i.e., with a given crystalline and electronic
chirality [18,19].

Generally, optics seems to be an ideal tool for studying
chiral materials and for manipulating the chiral degrees of
freedom, as the circularly polarized light can be directly
coupled to the chiral quasiparticles within such solids. For
such investigations, it is essential to possess an advance
knowledge of the linear optical response for the materials
of interest. In other families of topological semimetals, op-
tical spectroscopy, a genuine bulk-sensitive technique, was
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shown to provide insight into the bulk electronic properties
[7,20]. Thus, efforts were recently taken to calculate and
to measure the frequency-dependent conductivity, o(w) =
o1(w) + ioy(w), of the chiral multifold compounds. Specifi-
cally, the optical conductivity of two members of this family,
RhSi and CoSi, was studied theoretically [21,22] and ex-
perimentally [23-27]. Linear-in-frequency conductivity o (w)
due to interband transitions at low frequencies was evidenced
in both RhSi and CoSi, consistent with theory predictions
for multifold semimetals [28] and with general expecta-
tions for interband optical conductivity in linearly dispersing
three-dimensional electronic bands [29-31]. In this paper,
we expand the experimental studies of o(w) to another
multifold semimetal, PdGa. Recently, this compound was
thoroughly studied by angle-resolved photoemission spec-
troscopy (ARPES) [18] and scanning tunneling microscopy
[19], and a very high Chern number, |C| = 4, was evidenced
in these studies.

II. EXPERIMENT

PdGa single crystals were grown from its melt by the
self-flux technique, as described in Refs. [18,19]. First, a poly-
crystalline ingot was prepared using the arc melt technique
with a stoichiometric mixture of high-purity Pd and Ga. Then,
the crushed powder was filled in a thin-wall alumina crucible
and finally sealed in a quartz ampoule. The crystal growth was
done under a partial vacuum of 3 mbar. The ampoules were
heated to 1100 °C, kept there for 12 h, and then slowly cooled
to 900 °C at a rate of 1.5 °C/h. Finally, the samples were
cooled to 800 °C at a rate of 50 °C/h, annealed for 120 h, and
then cooled to 500 °C at a rate of 5 °C/h. PdGa single crystals
with average linear dimensions of a few mm were obtained.
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The crystals were first analyzed with a white beam
backscattering Laue x-ray diffractometer at room temperature.
The obtained single and sharp Laue spot could be indexed by
a single pattern, revealing the excellent quality of the grown
single-enantiomer crystals without any twinning or domains
(see the Supplemental Material [32] for a Laue-pattern ex-
ample). The structural parameters were determined using a
Rigaku AFC7 four-circle diffractometer with a Saturn 724+
CCD detector applying graphite-monochromatized Mo Ko
radiation. The crystal structure was refined to be cubic P23
(SG198) with a lattice constant a = 4.896 A.

Temperature-dependent transport measurements (longitu-
dinal dc resistivity and Hall) were performed in custom-made
setups at temperatures down to 2 K.

Temperature-dependent (7" = 10-295 K) optical reflectiv-
ity R(v) was measured on a PdGa single crystal (with roughly
1.5 x 1.5 mm? in lateral dimensions) over a broad frequency
range from v = w/(2m) = 100 to 20 000 cm~' (12 meV-
3 eV). The spectra in the far infrared (below 700 cm™!) were
collected with a Bruker IFS 113v Fourier-transform spec-
trometer using an in situ freshly evaporated gold overfilming
technique for reference measurements. At higher frequencies,
a Bruker Hyperion infrared microscope attached to a Bruker
Vertex 80v FTIR spectrometer was used. For these measure-
ments, freshly evaporated gold mirrors on glass substrates
served as the reference. No sample anisotropy was de-
tected, which is in agreement with the cubic crystallographic
structure.

For the Kramers-Kronig analysis, the zero-frequency ex-
trapolations were made using the Hagen-Rubens relation in
accordance with temperature-dependent longitudinal dc resis-
tivity measurements. For high-frequency extrapolations, we
utilized x-ray atomic scattering functions [33] followed by the
free-electron behavior, R(w) o< 1/ w®, above 30 keV.

III. CALCULATIONS

The band structure and optical properties of PdGa were
calculated by first-principles calculations based on the
density-functional theory with the Perdew-Burke-Ernzerhof
exchange-correlation functional implemented in QUANTUM
ESPRESSO [34]. Norm-conserving pseudopotentials with the
generalized gradient approximation (GGA) are adopted in
this work. We used the experimental structural parameters
[19] without any geometry optimization. The energy cut-
off of 35.0R, and a k-point grid with 24 x 24 x 24 (40 x
40 x 40) points were adopted for the band-structure (optical-
properties) calculations. The spin-orbit-coupling effect as well
as a frequency-independent broadening for interband transi-
tions due to electron scattering (0.2 eV) were included in the
calculations.

IV. RESULTS AND DISCUSSION

Examples of the frequency-dependent optical spectra are
shown in Fig. 1 for selected temperatures. The raw reflec-
tivity shows typical metallic behavior with R(v) approaching
unity as frequency diminishes [see Fig. 1(a)]. The spectra
of the real part of optical conductivity [Fig. 1(b)] demon-
strate corresponding behavior: o; increases as v — 0. This
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FIG. 1. PdGa optical reflectivity (a) and the real part of optical
conductivity (b) at selected temperatures as indicated. The insets
show (c) the dc resistivity vs T (line) together with the inverse optical
conductivity in the v — 0 limit used in the fits of Fig. 2 (bold dots),
and (d) zoomed permittivity spectra near the zero-line crossing. Note
that in (a), (b), and (d), the experimental curves are presented for all
indicated temperatures.

is in qualitative agreement with a simple free-electron Drude
model. The screened plasma frequency of free electrons vi*
can be estimated from the zero crossings of the permittivity
spectra, €;(v) = 1 — 20,(v)/v, shown in Fig. 1(d). We found
vSf‘ to be temperature independent at v;fr ~ 11000 cm~!,
corresponding to hw;fr = 1.37eV.

Comparing these findings with the experimental results on
v;fr in many other nodal semimetals [23,25,26,35-40], one
can immediately notice a very large value of v;fr in PdGa. For
example, it is roughly one order of magnitude larger than in
the sister compounds, the multifold semimetals RhSi, vSfr ~

1500-1700 cm~" [25,27], and CoSi, v~ 600-800 cm™!
[23,26]. This “metallicity” of PdGa is obviously related to its
band structure with the chemical potential situated far from
the nodes, as discussed below. Our Hall measurements [32]
also reveal the metallic nature of PdGa: Its electron density
is high and almost temperature independent, n = (3 £ 1) x
10?>cm~3,
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FIG. 2. Drude-Lorentz fits (lines) of the measured optical con-
ductivity spectra (symbols) at 10 and 295 K.

As seen in Fig. 1, the overall temperature evolution of
the conductivity spectra is rather weak: Only the low-energy
free-electron part shows detectable T-induced changes due to
the temperature-dependent electron scattering, in agreement
with the metal-like optical response. At v > 4000 cm™!, the
interband transitions start to become visible in o (v).

To analyze the optical spectra in a more quantitative way,
we first performed a standard Drude-Lorentz fit [41] for a
number of temperatures. The Drude contribution describes the
intraband response, while the Lorentzians are used to fit the in-
terband optical transitions. Examples of such fits are presented
in Fig. 2. In all the fits, we kept the zero-frequency limit of op-
tical conductivity equal to the measured dc-conductivity value
at every temperature [see Fig. 1(c)]. No other restrictions on
the fit parameters were imposed. The fits were obtained by the
simultaneous fitting of R(v), o1(v), and &;(v).

We found that we need at least two Drude components
(“narrow” and “broad”) with different scattering rates to pro-
vide accurate Drude-Lorentz fits to the experimental spectra.
This approach is often used to describe the intraband optical
response in different multiband materials [25,27,42—48], but
the exact interpretation of the two Drude terms remains ar-
guable [25,27,45]. PdGa possesses not two but many different
bands crossing the Fermi level (see Figs. 4 and 5). Hence, the
two components might be associated, e.g., with two different
sets of bands, or with different scattering mechanisms. In any
case, the two-Drude approach utilized here should be consid-
ered just as a minimalist model to fit the intraband optical
response in a Kramers-Kronig consistent way and to extract
the total spectral weight (the plasma frequency) of itinerant
carriers.

The fit parameters of the Drude terms are shown in Fig. 3 as
functions of temperature. Because of the temperature-induced
redistribution of the spectral weight between the terms, neither
of the scattering rates (y) is expected to follow the dc-
resistivity temperature dependence accurately. Nevertheless,
it is primarily the temperature variation of the narrow-Drude
scattering rate, which provides the reconciliation of the rela-
tively strong temperature dependence of dc conductivity [the
residual resistivity ratio is around 20, see Fig. 1(c)] and the
fairly weak temperature evolution of intraband optical con-
ductivity; see also the Supplemental Material [32].

While the parameters of the Drude terms vary apprecia-
bly with temperature, the total intraband unscreened plasma

24 T T T T T T
2 IA 128 L 4700
20
¥ PdGa 24
€ = <
o 18 < - —a—total {600 5
IS} D | —0o—broad Drude )
= I S I —e—narrowDrude 1 ~
> 16 120
14 L 420
11.6
12 J
r(a) (b)
10 " 1 " 1 " 1 " 1 " 1 " 1 0
0 100 200 300 0 100 200 300

Temperature (K)

FIG. 3. Temperature-dependent parameters of the two Drude
terms (narrow and broad) used in the Drude-Lorentz fits. Note differ-
ent vertical scales for the plasma frequencies (a) and the scattering
rates (b).

frequency v, remains almost temperature independent at
~21800cm~! (fiwp ~ 2.7 V). This value is significantly
larger than the one reported for RhSi (~11300 cm™! or
1.4 eV) [25], that is in qualitative agrement with the smaller
bulk Fermi surface of RhSi (see the Supplemental Material
[32]). Also, the fit-based vp in PdGa is consistent with the
screened plasma frequency v;]cr , obtained from zero crossings
of £;(v), if the higher-frequency dielectric constant e, is
assumed to be around 1.4, which is a reasonable value [cf.
Fig. 1(d)]. We recall that v;]“ = Vp1//Eco-

For a more elaborative analysis, we performed band-
structure calculations for PdGa and then computed its
interband optical conductivity, as described above. The results
of the band-structure calculations are shown in Fig. 4. It is
apparent that the Fermi level Er crosses a number of electron-
and holelike bands and that the multifold nodes near the I'
and R points are situated quite deep (0.5 eV or more) below
Er. Hence, PdGa possesses an extended bulk Fermi surface,

Energy (eV)

FIG. 4. Low-energy electronic band structure of PdGa with the
spin-orbit coupling included. The multifold fermions are supposed
to exist near the I' and R points.
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FIG. 5. Calculated bulk Fermi surface of PdGa (left) and its
cut at the middle of the Brillouin zone (right). The k, direction is
perpendicular to the picture plane.

which occupies a significant portion of the Brillouin zone
(see Fig. 5).

The large bulk Fermi surface and the consequent intense
intraband optical response make a direct comparison between
the interband conductivity computed from the band structure
and the experimental spectra challenging. As seen from Fig. 6,
the interband portion of optical conductivity is not zero down
to very low frequency. This might look surprising, as usually
there is an onset (a Pauli edge) in the interband-conductivity
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FIG. 6. Comparison of the measured (solid line) and calculated
(dashed and dotted lines) optical conductivity in PdGa. The inter-
band portion of o (w) (blue dotted line) is calculated from the band
structure. Adding two Drude terms (cyan dashed line) to this curve
provides a good qualitative match (red dashed line) to the experi-
mental spectrum. The green dashed line is the fit from Fig. 2. The
quasilinear interband conductivity at low frequencies is due to the
transitions between the multiple bands in the vicinity of the Fermi
level, as shown in the inset.

spectra for systems with the Fermi level situated far from the
nodes, which is the case for PdGa. However, PdGa possesses
multiple bands with a small energy separation, which (the
bands) cross the Fermi level (see Fig. 4 and the inset of Fig. 6).
The cumulative effect of the transitions between these bands
causes the quasilinearity of the interband o (v) in PdGa at low
frequencies. We note that at v — 0, o(v) flattens out. More
details on band-selective optical transitions in PdGa can be
found in Ref. [49].

In order to compare the experimental and computed in-
terband conductivity, the intraband (Drude) response can be
subtracted from the former spectra, as it was done, e.g., in
Refs. [25,27,50,51]. This procedure may obviously produce
ambiguities in determining the interband portion of the exper-
imental o} (v), especially at the lowest frequencies, where the
interband conductivity is low. Hence, we followed a slightly
different approach: Instead of subtracting the Drude terms
from the experimental spectra, we added them to the calcu-
lated interband conductivity. Basically, we performed a sort
of fit with two Drude terms and the interband o (v) obtained
from the band structure with a frequency-independent electron
scattering rate of 0.2 eV (~1600 cm™!). The results of this
analysis are shown in Fig. 6 as well as in the Supplemental
Material [32]. As a starting point, we used the Drude terms,
obtained from our Drude-Lorentz fits (Fig. 2). For the best
possible description of the experimental spectra, we had to
slightly change the parameters of these terms, but the zero-
frequency limit of o (v) remained to be equal to the inverse
of the measured dc resistivity.

Having in mind that the band-structure-based computa-
tions of o7(v) generally reproduce the experimental findings
only qualitatively [20,25,37,39,40,50], the match between the-
ory and experiment can be considered as rather good: In
the present case the general conductivity level observed in
experiment is reproduced by computations and the major
feature of the interband o (v)—the flat maximum at around
5500 cm~'—is seen in both computed and measured spec-
tra. The remaining discrepancies can be attributed, e.g.,
to a frequency-dependent electron scattering in the investi-
gated sample (as noticed above, we assumed a frequency-
independent scattering rate in our computations).

Due to the very high free-carrier concentration and rela-
tively large electron scattering (the broad Drude component),
direct experimental verification of the linear interband optical
conductivity at low energies, as it is predicted by theory for
multifold semimetals with the nodes situated in the vicinity
of Er [28], is impossible for PdGa. Nevertheless, our experi-
mental spectra can be well described as a sum of the interband
conductivity, obtained from the band structure, and a strong
Drude-like free-carrier contribution. Let us also note that this
strong electronic response prevents observation of any phonon
modes on the top of it (based on its crystallographic symmetry,
PdGa is supposed to have five infrared-active phonons).

V. CONCLUSIONS

We have studied the broadband optical conductivity
of the multifold semimetal PdGa. A prominent metallic
response is detected. The free-carrier Drude-like contri-
bution with a temperature-independent plasma frequency
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(hwy" = 1.37 eV) dominates the spectra at frequencies below
4000 cm™', preventing direct detection of the linear-in-
frequency interband conductivity predicted for the multifold
semimetals. At higher frequencies, the spectra calculated
from the band structure reproduce the experimental spec-
tra. Namely, the general conductivity levels obtained in
experiments and in computations match each other and the
frequency position of the most prominent feature in the ex-
perimental interband conductivity—the maximum at around
5500 cm ™! (680 meV)—is reproduced by the computations.
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