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Abstract: The ab-plane optical conductivity of the Weyl semimetal TaP is calculated from the band
structure and compared to the experimental data. The overall agreement between theory and
experiment is found to be best when the Fermi level is slightly (20 to 60 meV) shifted upwards in
the calculations. This confirms a small unintentional doping of TaP, reported earlier, and allows
a natural explanation of the strong low-energy (50 meV) peak seen in the experimental ab-plane
optical conductivity: this peak originates from transitions between the almost parallel non-degenerate
electronic bands split by spin-orbit coupling. The temperature evolution of the peak can be reasonably
well reproduce by calculations using an analog of the Mott formula.
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1. Introduction

Weyl fermions [1] are known to be observed as elementary excitations in condensed-
matter systems—the Weyl semimetals (WSMs) [2–8]. In WSMs, the valence and conduction
bands touch each other at selected points of the Brillouin zone (BZ), the Weyl nodes.

TaP belongs to the currently most studied family of WSMs, which also includes
NbP, TaAs, and NbAs. These materials are nonmagnetic non-centrosymmetric WSMs
with 24 Weyl nodes of two different types, usually dubbed as W1 (8 nodes) and W2
(16 nodes) [5,9–13]. The available band-structure calculations predict that in TaP the
W1 nodes are situated some 40 to 55 meV below the Fermi level EF, while the W2 nodes
are at 12 to 20 meV above it [11–13], see Figure 1.

The low-energy band structure of TaP and other WSMs determines their peculiar
physical properties [14]. One way to experimentally probe the band structure at low
energies is optical spectroscopy in the infrared (particularly, in the far-infrared) region [15].
The frequency-dependent conductivity, σ(ω) = σ1(ω) + iσ2(ω), of three-dimensional
linear bands has been well studied theoretically using model Hamiltonians [16–23]. It has
been shown that the interband portion of σ1(ω) for a single isotropic Weyl band has to
follow a linear frequency dependence [16–18]:

σ1(ω) =
e2

12h
ω

vF
, (1)

where vF is the band Fermi velocity (this formula is obtained assuming the electron-hole
symmetry). Such linear behavior of σ1(ω) at low energies has indeed been observed
in a number of established three-dimensional Weyl and Dirac semimetals, as well as in
candidate materials [24–30].

In many real materials of this type, however, the linear interband conductivity at low
energies is (partly) masked by other features, such as intraband (Drude) conductivity or
resonance-like interband contributions [30–35]. Particularly strong low-energy peak was
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observed in TaP [30,35]. In Ref. [30], this peak was assigned to electron-hole pair excitations
near the saddle points of the crossing bands, which form the Weyl nodes (Figure 1). To
our knowledge, this assignment doesn’t have a direct support from optical-conductivity
calculations based on band structure. Also, the total number of states near the saddle points
is relatively low. Hence, only relatively small kinks in the optical conductivity, rather than
strong peaks, are expected in this situation [20,34]. On the other hand, our earlier study
of the sister compound NbP [34] has demonstrated that the low-energy peaks, similar to
the one in TaP, appear in NbP and are due to multiple transitions between almost parallel
bands split by spin-orbit coupling (SOC). Based on our band structure calculations, we
argue in this paper that the same explanation of its low-energy peak holds also for TaP.

Ta

P

ΔE,W1 ≈ 40 – 55 meV

ΔE,W2 ≈ 12 – 20 meV 

(a) (b)

Figure 1. (a) Crystallographic structure of TaP and (b) a schematic diagram of its Weyl bands. Possible
transitions between the saddle points of the merging Weyl bands and between the SOC-split bands
are indicated as arrows.

2. Results and Discussion

In Figure 2, we plot our experimental optical spectra presented earlier in Ref. [35].
The measurements have been done on the isotropic ab plane of TaP (cf. Figure 1). The
prominent low-energy peak is clearly seen in the real part of the optical conductivity at 50
meV (it corresponds to a deep in the optical reflectivity).

To gain insight into the origin of this peak, we carried out band structure calculations
within the local density approximation (LDA) based on the experimental crystal structure
of TaP [36]. The calculations were performed using the linear muffin-tin orbital (LMTO)
method [37] with the Perdew-Wang exchange-correlation potential [38]. We used the
relativistic PY LMTO computer code [39] with SOC added to the LMTO Hamiltonian in the
variational step. BZ integrations were done using the improved tetrahedron method [40].
Additional empty spheres (E) were inserted at the 8b Wyckoff positions in order to minimize
the effect of atomic sphere overlap. The Ta, P, and E states up to the maximal orbital
quantum number lmax = 3, 2, and, 1, respectively, were included into the LMTO basis set
which is essential for calculation of the dipole matrix elements for the interband transitions
involving the Ta d- and the P p-derived bands. When calculating the real part of the optical
conductivity, we used the tetrahedron method on a dense 128× 128× 128 k-mesh in order
to resolve interband transitions between the SOC-split bands close to Weyl points [31,34].
No broadening has been applied to the computed spectra.

In Figure 3 we show the results of our band-structure calculations as well as the BZ of
TaP. Four non-spin-degenerate bands, numbered 19 to 22, can be resolved in the vicinity of
EF (at every given k point, the bands are numbered with increasing energy staring from
the lowest calculated band). Note that the bands in each of the two pairs, (19, 20) and (21,
22), are split by SOC because of the lack of inversion symmetry. Our results reproduce well
the published band structures of TaP calculated using the full-potential codes [11,13].
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Figure 2. (a) Experimental in-plane reflectivity and (b) the corresponding real part of the optical
conductivity of TaP at selected temperatures [35]. The arrows mark the feature discussed in this
paper. The increased σ1xx at low energies is due to intraband (Drude-like) absorption.
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Figure 3. (a) Brillouin zone of TaP. (b) Fermi surface cross sections calculated for ∆EF = 50 meV.
Black circles show approximate positions of projections of Weyl points onto ky = 0 plane. (c) Band
structure of TaP. Four bands closest to EF (marked 19 to 22) are shown in different colors. Black
and red horizontal dashed lines show the as-calculated position of EF and the Fermi level shifted
upwards by ∆EF = 50 meV, respectively.

Before we discuss the calculated optical conductivity spectra, we would like to note
that in WSMs the match between the measured and the calculated optical conductivity
at low frequencies is typically only qualitative: the calculations catch the major features
observed in the experimental spectra, but are unable to reproduce the exact frequency
positions of the features and their spectral shapes [13,15,30,31,34].

Another important point to be mentioned here is the unintentional (self-)doping,
which is inherent to many real materials, where impurities, crystallographic defects, and
vacancies may slightly change the position of EF. Such unintentional doping, varying from
sample to sample, has been shown to be relevant to TaP [41]. On the other hand, band
structure calculations themselves have finite accuracy (cf. the spread in the calculated
energy positions of the Weyl nodes, mentioned above). These considerations justify small
variation of the position of EF to get a better match between theory and experiment.
Hereafter, we vary the Fermi-level position within ∆EF = ±100 meV.

Figure 4 presents the results of our interband-conductivity calculations starting from
the self-consistent band structure shown in Figure 3. The black solid line in Figure 4 shows
σ1xx(h̄ω) obtained with as-calculated EF. The overall run of the experimental interband
conductivity is well reproduced by this curve: σ1xx(h̄ω) increases with frequency and
reaches a maximum at 1 eV (cf. Figure 2 and note that the intraband (Drude) contribution
has not been taken into account in the band-structure computations). Nevertheless, no



Crystals 2021, 11, 567 5 of 8

peak is visible in these computations at around 50 meV. A slight variation of EF provides
such a peak, but only if the Fermi level is shifted upwards (red and blue curves). Shifting
EF downwards does not change the σ1xx spectra in the desirable way (magenta and cyan
curves). The hight of the 50-meV peak reaches the experimental value of 2.5× 103 Ω−1cm−1

at ∆EF = 50 meV.
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Figure 4. Low-energy optical conductivity of TaP calculated from its band structure. Lines of different
colors correspond to different positions of the Fermi level, as indicated. The conductivity calculated
for smaller positive ∆EF is plotted in the inset. The contributions of 21→ 22 transitions are shown
by dashed lines.

In the inset in Figure 4, we present an expanded view of the low-frequency optical
conductivity calculated for small positive ∆EF. It is obvious, that already a very small EF
shift of 20 meV is sufficient to produce the 50-meV peak. Note, that for all three curves
yet another experimental feature—a broad shoulder at 0.3–0.5 eV—is also evident in the
calculated spectra. Thus, we can conclude that a tiny shift of the Fermi level allows one to
obtain a very reasonable overall description of the experimental σ1xx(h̄ω), including the
strong peak at 50 meV.

To understand what interband optical transitions are responsible for this peak, one
can take a look at Figure 3, where the original and shifted by 50 meV Fermi level positions
are shown by black and red dashed lines, respectively. In the vicinity of Weyl points, i.e.,
near the S point and along the N–M line, band 21 is above the as-calculated EF. The low-
frequency interband conductivity is dominated by the transitions between the initial band
20 and the final band 21. The shift of EF to higher energy leads to partial occupation of band
21. This suppresses the 20 → 21 transitions at low energy and, at the same time, allows
transitions from band 21 to band 22, which remains mostly empty. As these SOC-split
bands are almost parallel, the energies of such transitions are expected to be roughly the
same for different momenta. Thus, a sharp peak may occur in σ1xx(h̄ω).

To confirm this observation, we performed band-resolved optical-conductivity cal-
culations for the transitions between bands 21 and 22. The results of these calculations
for three ∆EF are plotted by dashed lines in the inset of Figure 4. It is apparent, that the
21 → 22 transitions provide the major contribution to the 50-meV peak, confirming our
proposition. A 21 → 22 contribution coming from the k volume near the middle of the
Γ–X line appears also for the as-calculated EF, but it is too weak to be responsible for the
50-meV peak.
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In order to model the experimentally observed temperature evolution of the 50-
meV peak, we introduced a temperature dependence of the calculated interband optical
conductivity by multiplying the interband transition probabilities with the factor f (εik)[1−
f (ε f k)], where f (ε) is the Fermi-Dirac distribution function and εik and ε f k are the energies
of initial and final states, respectively. Figure 5a shows that even this simple approach
allows one to reproduce the experimentally observed reduction of the 50-meV peak with
increasing temperature. A better agreement between theory and experiment is obtained, if
the optical conductivity is calculated using an analog of the Mott formula [42], which is
widely used to study the thermoelectric properties of metals. In this approximation,

σ(ω) =
∫

σ(E, ω)

(
−∂ f (E)

∂E

)
dE, (2)

where ∂ f (E)
∂E is the energy derivative of the Fermi-Dirac function and σ(E, ω) is calculated

with E being the energy which discriminates between the initial and final bands, so that
E = EF at T = 0. The results of these computations are shown in Figure 5b. We note that
we compute the temperature dependence of the interband contribution only. In order to
reproduce the upturn of the measured conductivity at low photon energies, one needs to
consider the temperature dependence of the intraband Drude term, which is beyond the
scope of this work.
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Figure 5. Temperature dependence of the optical conductivity calculated (a) by multiplying the
interband transition probabilities with the Fermi-Dirac function and (b) using the Mott formula.

Finally, we would like to emphasize the importance of the transitions between the
SOC-split bands. Such transitions can be considered forbidden in some models [20], while
in the real WSMs they play an important role, as we have shown earlier for NbP [34].
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These transitions are allowed, because the electronic bands can be characterized by their
well-defined spin polarization, 〈s〉 ' ±1/2, only for k-vectors faraway from the Weyl
nodes; closer to the nodes, SOC is strong and spin polarization is much less perfect. Thus,
transitions between any pair of bands are allowed there.

3. Conclusions

Summarizing, we have calculated the low-energy optical conductivity of the Weyl
semimetal TaP (in the ab plane) and compared it to the experimental results. The best match
between theory and experiment is found for a slightly shifted Fermi level (+20 to 60 meV).
This shift confirms a small unintentional doping of TaP, discussed earlier [35,41], and offers
a natural explanation of the strong low-energy (50 meV) peak reported in the experimental
data [30,35]: the peak is due to transitions between the almost parallel non-degenerate
electronic bands split by spin-orbit coupling.
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