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Recent experiments in the topological Weyl semimetal TaAs have observed record-breaking second-harmonic
generation (SHG), a nonlinear optical response at 2ω generated by an incoming light source at ω. However,
whether SHG is enhanced in topological semimetals in general is a challenging open question because their
band structure entangles the contributions arising from trivial bands and topological band crossings. In this
work, we circumvent this problem by studying RhSi, a chiral topological semimetal with a simple band structure
with topological multifold fermions close to the Fermi energy. We measure SHG in a wide frequency window,
ω ∈ [0.27, 1.5] eV and, using first-principles calculations, we establish that, due to their linear dispersion, the
contribution of multifold fermions to SHG is subdominant as compared with other regions in the Brillouin zone.
Our calculations suggest that parts of the bands where the dispersion is relatively flat contribute significantly to
SHG. As a whole, our results suggest avenues to enhance SHG responses.
DOI: 10.1103/PhysRevResearch.4.L022022
I. INTRODUCTION

Second-harmonic generation (SHG) is a nonlinear optical
response that is useful in interrogating quantum phases of matter; since it only occurs in media without inversion symmetry,
it is used as a proxy for spontaneous symmetry breaking
[1–6] and in studies of the surface and interfacial properties of
materials [7–12]. It is also widely applied technologically as
the basis for generating light sources at different wavelengths
[13,14]. Therefore finding systems without inversion symmetry and with a high second-harmonic yield is a contemporary
material science challenge.
A central challenge to finding materials with a large SHG
is identifying the microscopic origin of large nonlinear optical
responses. In two recent experiments [15,16], the topological
semimetal TaAs [17–23] was reported to exhibit a giant SHG
response at ω ∼ 1.5 eV (800 nm) [15], reaching a maximum yield ∼2 × 102 larger than the maximum response of
the semiconductor GaAs at 0.7 eV incoming photon energy
[16]. The ∼ eV frequencies at which the band structure was
probed, however, were far larger than the ∼60 meV energy
scale associated with the topological degeneracies of its lowenergy band structure, the Weyl nodes. Hence the existence of
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Weyl nodes cannot explain the enhanced response. Instead,
the enhancement was attributed phenomenologically to the
skewness of the polarization distribution [16], but a general
microscopic origin has yet to be uncovered. Moreover, the
role of topological degeneracies with linear dispersion, such
as Weyl nodes, in determining SHG remains experimentally
unclear mainly due to the complex band structure of TaAs
when probed at large (∼eV) frequencies [15,16,24].
In this work, we show experimentally, and demonstrate
theoretically that transitions between linearly dispersing
bands, specifically those close to topological band degeneracies, suppress rather than enhance SHG. We do so by studying
the chiral topological semimetal RhSi in space group 198,
which has a relatively simple band structure [25–28] as compared with TaAs [18,29]. Close to the Fermi energy (EF ) three
and four bands meet at the Brillouin center and corner, respectively, resulting in two topological degenerate points known as
multifold nodes [30–33,33]. Additionally, the cubic symmetry
and the absence of inversion and mirror symmetries in space
group 198 simplify the analysis of SHG from RhSi because,
unlike TaAs, there is only one independent component of the
SHG tensor, χ xyz . The simplicity of this space group has aided
the interpretation of other nonlinear optical responses, notably
the circular-photogalvanic effect [34–36]
We report χ xyz of RhSi over a wide frequency range
(see Fig. 1), i.e., from 0.27 to 1.55 eV, and compare it with
first-principles calculations which, at low energies, are also
benchmarked with a k · p model [36]. By identifying the regions in the band structure connected by optical transitions,
we can infer that contributions between linearly dispersing
bands are relatively small compared with those regions with
relatively flat dispersion. When linear contributions are active
Published by the American Physical Society
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dimensional analysis [42,43]; since the SHG susceptibility χ
has units of inverse energy squared (in units of fundamental
constants) and the linear bands have no associated energy
scale, the first finite contribution to SHG is due to quadratic
corrections to the linear bands. This contribution is frequency
independent because, by dimensional analysis, the SHG may
scale as 1/t 2 where t is inversely related to the band curvature.
Hence linear bands, where t is large, have smaller contributions than other points in the Brillouin zone. In contrast, flatter
parts of the Brillouin zone contribute with a larger density of
states, resulting in a comparatively larger SHG.
RhSi crystalizes in the cubic space group P21 3 (number
198). Several materials in this space group, notably CoSi,
RhSi, AlPt, PdGa, and PtGa [25–27,44–49], are known chiral
topological semimetals that lack inversion and mirror symmetries [30–33]. Photoemission experiments revealed that these
materials showed spectra consistent with a threefold degeneracy at the  point and a fourfold degeneracy at the zone corner
[27,44–47]. These are topological band degeneracies and lead
to exotic photogalvanic effects, including a quantized circular
photogalvanic effect [25,50–52], which has been proven to be
challenging to observe [34–36].
II. EXPERIMENT

FIG. 1. (a) Schematic diagram of setup used in SHG measurements. Optics are P, polarizer; WP, waveplate; LPF, longpass filter;
SM, spherical mirror; S, sample; DM, D-shaped mirror; A, analyzer;
M, mirror; SPF, shortpass filter; L, lens; D, detector. (b) Representative data and fit for ω = 1.24 eV. The data are in blue while
the fit to Eq. (A2) in Ref. [53] is in red. (c) Experimentally measured (red line with black error bars) and theoretically calculated
(colored lines) SHG susceptibilities. Fermi energies are indicated
by colors E f = 0.0 (blue), −0.15 (green) eV. Solid (dashed) lines
present theoretical results without (with) SOC. The scissors potential
is  = 1.23 eV. Shaded areas represent the photon energies at which
different transitions from the valance to conduction bands occur. See
also Figs. 2(a) and 3(a) for examples of these transitions. Shaded areas span ω ∈ [0.276, 0.58] (green), [0.58,0.74] (purple), [0.74,1.05]
(orange), and [1.05,1.33] (red) eV. For the definition of the error bars,
see the Supplemental Material [53].

(green and yellow regions in Fig. 1), the increase of the
SHG signal as a function of frequency is relatively small
compared with other frequency regions (purple and red regions in Fig. 1). We refer to this smaller contribution as
a suppression of the SHG signal. The best agreement with
the data is obtained after correcting the bare separation between bands by incorporating many-body effects [37–41],
suggesting that capturing other nonlinear responses in chiral
topological semimetals may require these corrections as well.
At the single-particle level, the suppression of SHG from
transitions involving to linear bands compared with transitions involving other types of bands can be understood from

Figure 1(a) shows a schematic diagram of our SHG setup.
The output of a regeneratively amplified Ti:sapph laser producing 1.2 mJ, 35-fs pulses centered at 800 nm at a repetition
rate of 5 kHz was used to pump an optical parametric
amplifier (OPA) from which we derived the incoming fundamental laser field in the 800 nm–4.5 μm wavelength range
(0.276 − 1.55 eV). More details on the experimental system can be found in the Supplemental Material [53]. The
intensity of the vertically polarized SHG output was measured as a function of incoming polarization angle φ, an
example of which is shown in Fig. 1(b) with a typical fit
to the expression 2/3[χ xyz cos(2φ)]2 . The fits were corrected
for the experimental parameters of pulse duration, spot size,
and instrument response and then normalized against a GaAs
standard in order to arrive at an absolute quantitative value
for the SHG susceptibility element χ xyz , with results in a
xyz
xyz
ratio χGaAs
/χRhSi
= 2.4 for photon energy ω = 1.24 eV. This
calibration procedure is described in detail in Ref. [16]. The
resulting SHG in the 0.27 − 1.5 eV energy range is shown in
Fig 1(c). We note that this spectrum covers over five octaves of
bandwidth and reaches, to our knowledge, a far lower energy
than any SHG previously reported.
III. THEORY

We have carried out the density functional theory (DFT)
calculation using the EXCITING package [54] based on
state-of-the-art full-potential linearized augmented planewave implementations. We have employed the generalized
gradient approximations within the Perdew-Burke-Ernzerhof
scheme [55] as an exchange-correlation functional. The lattice
parameters of the chiral cubic crystal RhSi have been chosen
based on experimental measurements [25,56]. Four atoms of
Rh and four atoms of Si in the unit cell are located in the
Wyckoff positions for the space group P21 3 [27,56]. We have
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FIG. 2. (a) First-principles band structure of RhSi without SOC.
Arrows indicate representative two-photon electronic transitions in
SHG, and their color code corresponds to that of the shaded areas
representing different frequency windows in Fig. 1(c). (b) Zoom to
the low-energy bands between  and M points close to the Fermi
level. Dashed lines indicate the Fermi energy at which the theoretical curves in Fig. 1(c) are plotted, namely, E f = −0.15 (blue) eV.
(c) Same as (b) but close to energy −1.6 eV. The zero of energy
scale represents the Fermi energy of the pristine system.

performed our calculations on a 50 × 50 × 50 k-point grid.
In the following, we present our results in the presence and
absence of the spin-orbit coupling (SOC).
The electronic band structure for RhSi along the lines connecting high-symmetry points in the Brillouin zone is shown
in Fig. 2 when SOC is not included and in Fig. 3 in the
presence of SOC. The energy is measured with respect to
the Fermi energy of the pristine system E f = 0 eV. Close to

FIG. 3. (a) First-principles band structure of RhSi with SOC.
Arrows indicate representative two-photon electronic transitions in
SHG, and their color code corresponds to that of the shaded areas
representing different frequency windows in Fig. 1(c). (b) Zoom to
the low-energy bands between the  and M points close to the Fermi
level. Dashed lines indicate the Fermi energy at which the theoretical
curves in Fig. 1(c) are plotted, namely, E f = −0.15 eV. (c) Same as
(b) but close to energy −1.6 eV. The zero of energy scale represents
the Fermi energy of the pristine system.
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FIG. 4. Calculated different components of SHG from twophoton (solid sky blue line), one-photon (dashed royal blue line)
transitions calculated without SOC as well as two-photon (solid
green line), one-photon (dashed dark green line) transitions in the
presence of SOC. Both sets of results are at Fermi energy E f =
−0.15 eV. The total SHG susceptibility is plotted in Fig. 1(c) and
scissors potential  = 1.23 eV.

the Fermi energy, the electronic structure possesses a threefold
degeneracy at the  point, Fig. 2(b) and Fig. 3(b), and a
fourfold degenerate point at the R point. We note that degenerate threefold crossings also exist at different energies at the
 point, e.g., around E ≈ −1.57 eV, a region magnified in
Fig. 2(c) and Fig. 3(c).
Our ab initio results for the nonlinear susceptibility χ xyz of
RhSi are shown in Fig. 1(c); see Ref. [53] for more details. As
in the experimental analysis, we also calibrate our results with
GaAs [57]. The position of the Fermi energy in our system is
determined indirectly, as in other optics experiments [35,36].
To account for the effects of disorder and finite temperature
in our experimental sample, we have employed a Gaussian
broadening with width δ = 0.1 eV, consistent with previous
findings [35]. We also include a scissors shift [39] of  =
1.23 eV to account for renormalized occupied and unoccupied
bands due to many-body effects; see Ref. [53].
Our results for RhSi, for Fermi energies that lie below
the threefold node (0.0 − 0.15 eV) in the presence/absence of
SOC, are shown in Fig. 1(c). For RhSi, we observe that for
ω  0.6 eV, theory (with/without SOC) and experiment are
in reasonable agreement. One should note that for ω < 0.4,
the agreement between theory and four data points of the
experiment deteriorates in which the experimental data exhibit
nearly 50% errors. This low-energy regime is, not coincidentally, where the experiment is extraordinarily challenging to
perform due to both a lack of sensitive detection technology
and an absence of standard candle calibrants.
The small SHG yield in the green frequency window ω ∈
[0.276, 0.58] in Fig. 1(c) is a result of the suppressed optical transitions between low-energy linearly dispersing bands
close to the  point; see green arrows in Figs. 2 and 3. To
support this conclusion we first separate one-photon (ω) and
two-photon (2ω) transitions contributing to χ xyz in Fig. 4.
We observe that two-photon transitions dominate the green
frequency region regardless including or excluding the SOC.
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FIG. 5. Optical joint density of states for SHG from two-photon
(a) and one-photon (b) contributions calculated without SOC (solid
blue lines) and in the presence of SOC (dashed magenta lines). In the
presence of SOC, spin-resolved JDOS is plotted. Note the different
vertical scales in each panel.

Next, we compare this result to the two-photon and onephoton joint density of states (JDOS) in Figs. 5(a) and 5(b),
respectively. The JDOS counts allowed optical transitions
between occupied (with energy ωn ) and unoccupied (with
energy ωm ) states 
ignoring their associated matrix elements,
i.e., JDOS() = m,n δ(ωm − ωn − ), where  = 2ω (=
ω) for the two-(one-)photon JDOS. In the green frequency
window, the one-photon JDOS dominates compared with the
two-photon JDOS, cf. Figs. 5(a) and 5(b). Comparing with
Fig. 4, this indicates that the optical matrix elements suppress
the one-photon contribution to χ xyz , reducing the overall SHG
for ω < 0.58 eV. The band structures in Figs. 2 and 3 suggest
that the contribution to one-photon processes in this frequency
region arises from linear bands around , whose matrix elements therefore suppress SHG.
In order to further understand the low-energy region and to
benchmark our DFT calculations, we have developed a lowenergy k · p model; see the Supplemental Material [53]. This
model captures low-energy excitations around the  point
and brings insight into understanding the optical transitions
resulting from the threefold node. Specifically, the SHG response around  displays a broad, low-energy peak below the
experimentally accessible frequencies. This single peak results from the merging of a dominant two-photon peak with a
subdominant one-photon peak due to the large δ ≈ 100 meV.
A qualitatively similar broadened peak is also present by DFT
when  = 0, which additionally receives contributions not
captured by the k · p model. Consequently, the DFT peak
is broader compared with that found using the k · p model.
When  = 0, the DFT results show that this low-energy peak
is largely suppressed. This is because  is a correction that
pushes occupied and empty bands away from each other, and
thus the optical transitions responsible for the peak are pushed
to higher energies, resulting in a better agreement with the
experimental data. These results highlight the fact that both
the many-body corrections, modeled with a scissors potential
, and the quasiparticle broadening δ are essential to explain
the experimental measurements.

In addition, we note that the scissors potential  favors
two-photon contributions. The reason is that, by separating
occupied and unoccupied states,  reduces the available phase
space for one-photon transitions with ω < . In contrast, the
phase space for two-photon transitions is only reduced for
lower photon energies, ω < /2. As a result, two-photon
transitions dominate for ω < , as seen in Fig. 4.
We move on to analyze the purple frequency window in
Fig. 1(c), i.e., ω ∈ [0.58, 0.74] eV. The SHG increases in
this region, a feature that is well captured in our calculation
when E f < 0 eV irrespective of whether SOC is included or
not. Separately plotting one- and two-photon contributions as
before in Fig. 4 reveals that the two-photon response in the
purple energy window is dominant. Consistent with our discussion in the previous paragraph, the rise of the two-photon
contributions occurs around ω ≈ /2 in the JDOS. When
compared with the band structure, the observation of a dominant two-photon transition in Fig. 4 suggests that two partially
flat bands close to the  point, separated by approximately
1.3 eV and connected by two-photon excitations (purple arrows) in Figs. 2 and 3, are responsible for enhancing χ xyz in
the purple energy window. The width of this energy window
is comparable to the quasiparticle broadening (δ = 0.1 eV),
supporting their flat band origin.
At photon energies ω ∈ [0.74, 1.05] eV, i.e., in the orange
window in Fig. 1(c), the data exhibit a plateaulike structure.
Our DFT calculations show that this feature is reproduced
better when SOC is present for E f = −0.15 eV. Naively, one
would expect that in this frequency window, the one-photon
electronic transitions from linear bands close to the R point
are activated. However, Figs. 4 and 5 reveal that the onephoton contribution (dashed lines) is small compared with the
dominant two-photon transitions. The small contribution of
the linearly dispersing bands close to the R point is expected
by dimensional analysis and confirmed by our results. The
two-photon transitions responsible for SHG in this region
likely involve dispersing valance bands around the M and 
points, as indicated by the orange arrows in Figs. 2 and 3.
Last, there is a drastic increase of χ xyz measured within
the red energy window of ω ∈ [1.05, 1.33] eV in Fig. 1(c).
Our theoretical results also report an increased SHG yield in
this energy range with a sharper rise when SOC is included.
Once more we can identify the substantial role of two-photon
transitions compared with the smaller one-photon contribution; see Figs. 4 and 5. The large photon energies that define
this energy window enable electrons to reach a considerable
number of bands exemplified by red arrows in Figs. 2 and 3.
As frequency increases, we observe quantitative differences
between our DFT results and the experimental measurements, especially when ω > 1.33 eV. These deviations could
be attributed to the insufficient many-body corrections in our
first-principles calculations.
IV. CONCLUSIONS

In summary, our SHG spectra on RhSi together with
our first principles and k · p calculations show that onephoton transitions among relatively linear bands have a
small contribution to SHG. Because of the linear dispersion,
these transitions are suppressed compared with the dominant
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two-photon transitions among other types of dispersive bands
including those between relatively flat bands, account for the
observed SHG signal. At the single-particle level, this result
is consistent with the expectation that one-photon transitions
are more likely to connect linear bands close to E f , which are
expected by dimensional analysis to suppress the SHG. An
additional, many-body effect results from a sizable scissors
potential , which separates occupied and unoccupied states
and favors two-photon over one-photon transitions. We expect
that materials in the same space group such as AlPt [46], PdGa
[47,49], and PtGa [48] behave similarly.
Our findings complement earlier observations that predict
the enhancement of SHG due to other factors, such as the
skewness of the polarization distribution [16] or a significant
intersite hopping [58]. Taken together, these results outline
strategies to find materials with high SHG yield.
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