
Letters
https://doi.org/10.1038/s41567-020-0859-z

1Department of Physics, Columbia University, New York, NY, USA. 2Key Laboratory of Artificial Micro- and Nano-structures of Ministry of Education 
and School of Physics and Technology, Wuhan University, Wuhan, China. 3Institute for Molecules and Materials, Radboud University, Nijmegen, The 
Netherlands. 4Department of Physics, Institute for Nanoscience and Engineering, University of Arkansas, Fayetteville, AR, USA. 5Department of Physics, 
Pennsylvania State University, University Park, PA, USA. 6Department of Physics, Florida State University, Tallahassee, FL, USA. 7National High Magnetic 
Field Laboratory, Tallahassee, FL, USA. 8Center for Computational Quantum Physics, Flatiron Institute, New York, NY, USA. 9Institute for Theoretical 
Physics, University of Hamburg, Hamburg, Germany. ✉e-mail: ys2956@columbia.edu; db3056@columbia.edu

Dirac fermions with highly dispersive linear bands1–3 are 
usually considered weakly correlated due to the relatively 
large bandwidths (W) compared to Coulomb interactions 
(U). With the discovery of nodal-line semimetals, the notion 
of the Dirac point has been extended to lines and loops in 
momentum space. The anisotropy associated with nodal-line 
structure gives rise to greatly reduced kinetic energy along 
the line. However, experimental evidence for the anticipated 
enhanced correlations in nodal-line semimetals is sparse. 
Here, we report on prominent correlation effects in a nodal-
line semimetal compound, ZrSiSe, through a combination of 
optical spectroscopy and density functional theory calcula-
tions. We observed two fundamental spectroscopic hallmarks 
of electronic correlations: strong reduction (1/3) of the free-
carrier Drude weight and also the Fermi velocity compared 
to predictions of density functional band theory. The renor-
malization of Fermi velocity can be further controlled with 
an external magnetic field. ZrSiSe therefore offers the rare 
opportunity to investigate correlation-driven physics in a 
Dirac system.

Correlated electron physics and topological Dirac and Weyl semi-
metals1–3 are two frontiers of modern condensed matter research 
that remain largely separated. Correlation effects in Dirac systems 
are usually weak, with the notable exception of twisted-bilayer gra-
phene4. However, correlations are anticipated to be enhanced in 
the recently discovered nodal-line semimetals (NLSMs)—systems 
that feature extended linear band-crossings along lines/loops in the 
Brillouin zone2,5,6. For non-dispersive nodal lines, the kinetic energy 
is completely quenched along the nodal-line direction in k-space 
(vF,∥ ∝ ∂ϵ/∂k∥ = 0) but can remain large perpendicular to the nodal 
line (vF,⊥ ∝ ∂ϵ/∂k⊥ ≈ 4.3 eV Å; refs. 6,7). Nodal-line metals are thus 
fertile ground for exploring correlations in systems with linearly 
dispersing Dirac quasiparticles8,9. However, it has proven difficult to 
disentangle the experimental signatures of correlations from other 
factors that impact the low-energy physics of NLSMs8–10. An impor-
tant exception is ZrSiS, where a recent high-field magnetotransport 
study found evidence of substantial mass enhancements on some 
Fermi surface sheets and a non-trivial temperature dependence of 
quantum oscillation amplitudes11. These findings were interpreted 
in terms of strong correlations and proximity to a quantum criti-
cal point at magnetic fields above 10 T. A pressing unresolved ques-
tion is whether the correlation effects are field-induced or already  
present in the zero-field state in NLSMs.

Infrared spectroscopy12,13 is an ideal probe of the nodal-line dis-
persion in NLSMs and also permits quantification of the strength of 
electronic correlations in solids13–15. The real part of the optical con-
ductivity (σ(ω) = σ1(ω) + iσ2(ω)) in NLSMs follows a distinct power-
law behaviour linked to the energy dispersion of nodal lines12,16,17. 
Furthermore, the frequency-integrated intraband σ1(ω)—the 
Drude spectral weight (SWDrude)—gives a direct estimate of the  
optical kinetic energy of the quasiparticles13,18,19. The experimental 
SW is expressed as18,19

SWðΩÞ ¼ 1
π2ϵ0c

Z Ω

0
σ1ðωÞdω ð1Þ

where Ω is the cutoff frequency to separate intra- and interband 
contributions, c is the speed of light and ϵ0 is the permittivity in 
vacuum. When compared with (non-interacting) band theory 
calculations, SWband, the degree of reduction in spectral weight,  
SWDrude/SWband, offers a valuable probe of the correlation 
strength13,15,18. Although one must always bear in mind the other 
possible sources of inaccuracy inherent in density functional the-
ory (DFT), this approach has been tested in correlated oxides and 
Fe-based superconductors and yields helpful results14,15. Finally, 
magneto-infrared spectroscopy enables direct access to the Fermi 
velocity through the dispersion of Landau-level (LL) transitions16,20–23 
and these results also can be compared to predictions of band theory.

In this Letter, we use a combination of zero-field and mag-
neto-infrared spectroscopy to study the NLSM state in ZrSiSe. 
Spectroscopic signatures of prominent correlations are identified 
in both zero-field and magneto-optics datasets by comparison with 
DFT predictions. At variance with a closely related ZrSiS system11,17, 
we find that ZrSiSe reveals enhanced correlation effects, even at 
zero magnetic field. The observed correlated state can be further 
controlled by a magnetic field, exhibiting strong renormalizations 
of Fermi velocity that are non-saturating up to 17.5 T.

We begin with a survey of the electronic band structure of ZrSiSe 
(Fig. 1) and discuss implications for the optical conductivity. Highly 
dispersive Dirac bands are apparent in the band structure obtained 
with DFT (see Supplementary Section II for details of the calcu-
lations). The nodal lines form a cage-like structure in momentum 
space (inset), in agreement with previous studies6,7,11. The energy 
offset of the Dirac nodes is small between the Γ-X and Γ-M direc-
tions, which are two cuts of the kz = 0 nodal loop. The key result is 
displayed in Fig. 1b, where the complete nodal-line (grey) dispersion  
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resembles a ‘sine wave’ in the energy versus kx and ky plot, in contrast 
to a hypothetical flat nodal line. Therefore, at some kx and ky, the 
Dirac points are situated below the Fermi level and at other points 
they are above, in contrast to the flat nodal line (Fig. 1d). These 
distinctions in the low-energy electronic structure lead to very dif-
ferent optical properties (Fig. 1c,e) in the realistic dispersive nodal 
lines and a hypothetical flat nodal line. As shown in Fig. 1c, DFT 
(grey) predicts increasing σ1(ω) at low frequency as a result of dis-
persive nodal lines12,16, in contrast to the frequency-independent 
σ1(ω) ∝ e2/h (refs. 12,17) expected for a flat nodal line. Including spin–
orbit coupling (SOC) opens gaps at the Dirac points (Fig. 1a), and 
we notice that the low-frequency absorption is replaced by a promi-
nent peak (Fig. 1c) in the interband optical conductivity near the 
SOC gap energy (2Δ ≈ 40 meV).

The effect of energy dispersion on SWDrude can be demonstrated 
with a simple model, shown in Fig. 1d, where each point along the 
nodal-line direction k∥ represents a 2D Dirac cone (inset). For a 
dispersive nodal line, SWDrude is proportional to ∫∣EF − EDirac(k)∣dk∥ 
and depends on the specific dispersion of the nodal line. For a flat 
nodal line, the SW would be proportional to EFk∥, because the rela-
tive Fermi energy is fixed for all k∥. Therefore, the flat nodal line 
will have a smaller SWDrude than the dispersive nodal line (Fig. 1e). 
Interestingly, nodal-line flattening is also predicted by G0W0 calcu-
lations of the ZrSiSe band structure (Supplementary Fig. 5).

In Fig. 2a we plot the optical conductivity spectra extracted from 
temperature-dependent reflectance measurements combined with 
ellipsometry (see Methods and Supplementary Information for 
details). The real part of the optical conductivity, σ1(ω), is domi-

nated by Drude free-carrier contributions at low energies. The 
Drude peak narrows and reveals suppressed SW at low temperature. 
A resonance peak appears around 380 cm−1 (~47 meV) at the low-
est temperatures and is attributed to the interband transition across 
the gap triggered by SOC (Fig. 1a,c). The interband optical conduc-
tivity of ZrSiSe is nearly frequency-independent below 3,000 cm−1 
and then develops a broad dip between 4,000 and 10,000 cm−1. This 
latter finding is in apparent contradiction with the fact that both 
DFT and angle-resolved photoemission bandstructures show linear 
Dirac bands extending over 1 eV in bandwidth6,7, well beyond the 
0.4 eV (~3,200 cm−1) anomaly in Fig. 2a. The oddity of the inter-
band response in Fig. 2a is explained by considering the full cage-
like nodal-line structure, where, at finite kz, the horizontal nodal 
lines vanish, leaving only eight Dirac points (Fig. 2b). The appear-
ance of van Hove singularities between the Dirac points leads to 
reduced bandwidth in certain directions (see also Supplementary 
Fig. 7). The suppression of optical conductivity beyond ΔEVHS 
(black arrows, Fig. 2c,d; VHS, van Hove singularity) then follows 
as initial and final states for transitions are suppressed (Fig. 2d and 
Supplementary Section III).

To quantitatively understand the electrodynamics of ZrSiSe, we 
compared the optical conductivity data obtained at T = 5 K to the 
DFT-derived conductivity spectra in Fig. 2c. The calculations (orange 
dotted) not only reproduce the energy of the peak due to SOC but 
also accurately predict the overall magnitude of σ1(ω). Deviations 
appear near 3,000–6,000 cm−1 (shaded blue region), where the 
experimental conductivity is higher than the calculated spectrum. 
Importantly, this difference is unlikely to reflect inaccuracies  
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Fig. 1 | Electronic structure and optical conductivity of ZrSiSe calculated using an ab initio method. a, DFT calculations of the band structure with 
(orange) and without (grey) SOC. The main effect of SOC is a small gap opening of ~40 meV at the nodal line. Inset: a red cage of nodal lines in the 
Brillouin zone of ZrSiSe. b, Energy versus kx and ky calculation (DFT) at the kz = 0 plane, showing the wave-like energy dispersion of the nodal line (grey). 
Grey and orange shaded planes are two-dimensional (2D) cuts along high-symmetry lines and correspond to planes in the 2D band structure plot (a). 
c, DFT calculations of the a–b plane interband optical conductivity of ZrSiSe. The peak near 40 meV corresponds to transitions across the SOC gap. 
d, Schematic of a sine wave dispersing nodal line and a flat nodal line along momentum k∥. Note that each point on k∥ represents a 2D Dirac cone in 
the perpendicular directions. e, SWDrude for the dispersive (grey) and flat (red) nodal lines in d, showing that SWDrude is reduced with flattened energy 
dispersion when the doping is not too large. The top and bottom insets correspond to the cases of EF = 0 and EF = Emax

I
, respectively. For a flat nodal line, 

EDirac(k) = const. and one recovers the known result for graphene: SWDrude ∝ ∣EF∣ (ref. 25).
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of DFT, as attested by the overall excellent agreement. Rather, such 
deviation may originate from effects not considered in DFT, such as 
electronic correlations10,19.

In correlated electron systems, there are two significant opti-
cal observables resulting from renormalization of the electronic 
bands13,14,24. One is the reduced SWDrude compared with band the-
ory and the other is renormalization of the Fermi velocity. We now 
explore each of these observables and find mutually consistent results.

For non-interacting metals such as copper and silver, the ratio 
SWDrude/SWband is very close to 1. In contrast, for Mott insulators, 
SWDrude/SWband is near 0, because SWDrude is completely quenched 
while SWband remains finite13. Mott insulators are therefore exam-
ples of the most extreme correlations. Many conducting materi-
als derived from Mott insulators display moderate correlations 
with SWDrude/SWband ≈ 0.5 (refs. 14,15). In ZrSiSe, the experimental 
SWDrude is ~3.48 eV2, considerably smaller than the DFT result, 
SWDFT ≈ 5.3 eV2 (see Supplementary Section II.A for the accuracy 
of the DFT calculation). We therefore obtain SWDrude/SWDFT = 0.67 
and the ratio would further decrease if we were to assume an 
extrinsically doped system in DFT calculations (Supplementary 
Fig. 4). The same comparison between experiment and DFT yields  
SWDrude/SWDFT ≈ 1 for ZrSiS. We interpret this strong suppression—
approximately one-third of the experimental SWDrude compared to 
the non-interacting theoretical value in ZrSiSe—as a signature of 
prominent short-range correlations13,15,19.

Finite spectral weight below the gap is also evident in Fig. 2c, 
and can be included in our analysis by parametrizing the observed 
features with Lorentzians (green dashed lines)17. Even with the 
contributions from these subgap absorptions, the total low-energy 

SW is still much smaller than band theory: (SWDrude + SWsubgap)/
SWDFT = 0.71. The enhanced SW in the range 3,000–6,000 cm−1 
compared to the DFT calculations is then consistent with correla-
tion-induced SW transfer from the Drude part to the mid-infrared 
band. From the difference Δσ1 = σ1(5 K) − σ1(DFT) plot in Fig. 2e, it 
is evident that the lost SW at low energies is mostly recovered by the 
excessive SW in the mid-infrared.

The SW obtained using equation (1) as a function of the cut-
off frequency provides experimental access into the energy scales 
associated with the SW transfer. In Fig. 2f we plot the experimental 
SW(Ω,T) as a function of cutoff frequency at different temperatures 
and compare our findings with the DFT calculations. The total 
SW from DFT (black dotted line) includes both the Drude (orange 
line) and interband contributions, with a jump near 2ΔSOC ≈ 40 meV 
(grey shaded area). At low energies, SWDrude is consistently smaller 
than the non-interacting theory (DFT total) value and we found 
SWDrude/SWDFT ≈ 0.6–0.7. The error comes from uncertainty in the 
cutoff frequency Ω (grey shaded area in Fig. 2f). Consistent with 
the SW transfer picture above, the SW integration at energy higher 
than 0.8 eV matches the DFT prediction. Therefore, the electronic 
correlations in ZrSiSe lead to a redistribution of the low-energy 
SW from the Drude response to finite energies. The agreement of 
the mid-infrared band energy and the SW transfer energy strongly 
suggests that the underlying energy scale for the observed correla-
tions effects is ~0.8 eV. We note that this energy scale is on par with 
the on-site Coulomb repulsion energy estimated (U ≈ 0.82–1.1 eV) 
from two-orbital Hubbard models for ZrSiSe10.

The electronic correlations effects manifest directly in renormal-
ized Fermi velocities in both conventional and Dirac systems24–28. 
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The enhancement of Fermi velocity due to long-range interactions 
has been established both theoretically and experimentally24–26 in 
graphene. However, the impact of short-range interaction on Dirac 
fermions is rather subtle27. Theory predicts that a moderate value of 
on-site U would reduce the Fermi velocity27,28, in qualitative agree-
ment with our magneto-optics data discussed below.

Magneto-infrared spectroscopy provides direct access to the 
averaged Fermi velocity through intra- and/or interband22,23,29 LL 
transitions. The quantized LLs for Dirac bands in nodal-line mate-
rials are obtained as16 E ± n ¼ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e_jnjBv2 cosðϕÞ þ Δ2

p

I
, where n is 

the LL index, v is the average Fermi velocity perpendicular to the 
nodal-line direction, Δ is the half-gap and ϕ is the angle between 
local nodal-line direction and the magnetic field direction (Fig. 3b). 
Following the dipole selection rule29,30, δjnj ¼ jnj0 � jnj ¼ ± 1

I
, the 

transition energy is obtained as16

ET ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e_jnjBv2 þ Δ2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e_ðjnj þ 1ÞBv2 þ Δ2

q
ð2Þ

where B ¼ B cosðϕÞ
I

 is the effective magnetic field parallel to the 
nodal-line direction16. This specific form implies that the ‘verti-
cal’ nodal lines (Figs. 2b and 3b) contribute most to LL transitions 
(Supplementary Section IV). All magneto-infrared measurements 
discussed in this work are in Faraday geometry (B∥kz, E⊥kz).

Notably, the magneto-optical response effectively provides 
‘momentum-resolved’ information for ZrSiSe due to the pecu-
liar Fermi surface geometry (Fig. 3b). Compared to ZrSiS 
(Supplementary Fig. 9), the Fermi surface of ZrSiSe features nearly 
gapped regions along the vertical nodal line (green circle, Fig. 3b), 

which results in vanishingly small Fermi pockets that are favourable 
for low-energy interband LL transitions. Indeed, at moderate mag-
netic field strength (B < 8 T), we observe prominent LL transitions 
in ZrSiSe but not in ZrSiS, where the band filling is always high 
(Supplementary Fig. 9).

Figure 3a plots reflectance spectra R(ω,B) normalized by zero-
field data R(ω,0 T) for ZrSiSe. A series of peaks (green and blue 
dots) evolve with increasing magnetic field in a notable departure 
from the linear law of magneto-optics followed by materials with 
parabolic bands23,31. Both the peaks16,20 and the inflection points21 
have been used to identify resonance positions, and we found that 
these two methods give consistent results (Supplementary Fig. 11). 
We attribute the observed trends to interband LL transitions in mas-
sive Dirac systems (Fig. 3c)16,30. Details of the dispersion can be visu-
alized via the derivative plot dR/dB (ref. 16) shown in Fig. 3d, where 
we also overlaid the peak features from high-field experiments  
in Fig. 3a.

We first discuss the low-field region (B < 7 T) where the non-
interacting massive Dirac equation (equation (2)) gives reason-
able agreement with experimental transition energies. The main 
dispersive features now manifest as zero-derivative (white) regions 
surrounded by areas with positive (red) and negative (blue) slopes. 
Green dashed lines are fits obtained using equation (2) with 
2Δ = 38 meV and v ¼ 1:65 eV

I
 Å. Importantly, interband LL transi-

tions can only originate from the Dirac points at finite kz (Figs. 2b 
and 3b and Supplementary Section IV), where the average Fermi 
velocity from DFT is vDFT ¼ ffiffiffiffiffiffiffiffiffiffiffiffivΓMvk

p ¼ 2:31 eV
I

 Å (Supplementary 
Fig. 10). The ratio between experimental Fermi velocity and band 
theory is then v=vDFT � 0:72 ± 0:02

I
. Consistent with zero-field 
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SW analysis, the average Fermi velocity also shows a reduction 
compared to DFT by ~30%. We remark that the slowdown of the 
Fermi velocity is consistent with the recent theoretical analysis of 
the role of on-site Hubbard interactions (U) in Dirac systems27,28. In 
a continuous Dirac model with local density–density interaction, 
the Fermi velocity renormalization is obtained as vF=v0 ¼ 1� fU2

I
 

(Supplementary Section VII.D), where f is a positive constant.
In contrast to the low-field regime, the high-field region in  

Fig. 3d shows strikingly large discrepancies between experiment 
and single-particle predictions (green dashed lines). The deviations 
grow with increasing magnetic field and depend on the index of 
the LL transitions. Such behaviours resemble previous LL spectros-
copy experiments in graphene, where long-range Coulomb inter-
actions renormalize the Fermi velocity in a field-dependent way32. 
The field-dependent renormalized Fermi velocity can therefore be 
extracted using the experimental transition energy as32

vFðBÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E01ðE01 � 2ΔÞ

2e_B

r
ð3Þ

where E01 is the energy for the LL−0→1 transition and 2Δ = 38 meV 
is the SOC gap determined from the fitting in Fig. 3. The result-
ing field-dependent vFðBÞ

I
 are shown in Fig. 4a. Compared to  

similar effects in graphene (blue triangles, Fig. 4a), the field-
induced changes in ZrSiSe are stronger and follow a qualitatively 
different scaling behaviour. Although the reduced vFð0Þ

I
 at zero 

field is consistent with short-ranged interactions, such pronounced 
field-tunability of vFðBÞ

I
 with modest magnetic field is not expected 

(Supplementary Section VI.B). On the other hand, the nearly linear-
in-B scaling of vFðBÞ

I
 can be understood by considering the screened 

Coulomb interactions (Supplementary Section VII). Following the 
treatment of screening in ref. 33, we obtained the Fermi velocity 
renormalizations due to the screened Coulomb interaction34 for a 
generic Dirac nodal line, vFðBÞ=v0 ¼ 1� ðeα=4_Þ 1

ðΔ=v0þqÞq B

I

, where 
α is the effective fine structure constant ðe2=_v0Þ

I
 and q is the screen-

ing wavevector. We remark that a full description of the reduction 
of v�F

I
 and its tunability with magnetic field requires both long-range 

and short-range interactions (Supplementary Table 2):

vF
v0

¼ 1� fU2 � eα
4_

1
ðΔ=v0 þ qÞq B ð4Þ

where the positive constant f and the screening wavevector q are 
treated as fitting parameters (f = 1.13 eV−2 and q = 0.44 nm−1).

The characteristic field dependence of the renormalized Fermi 
velocity in ZrSiSe due to the screened Coulomb interaction is 
another manifestation of electronic correlations. Theoretically, full 
understanding of correlation effects due to coexisting long-range 
and short-range interactions is beyond perturbation theories and 
has only recently been addressed by quantum Monte-Carlo calcula-
tions in graphene28.

Having demonstrated the enhanced correlations effects in ZrSiSe 
from both zero-field and magneto-infrared spectroscopy, we now 
analyse the trends of electronic correlations in Dirac materials1,3. In 
Fig. 4b, we assemble data for different Dirac metals (black dots) on 
a colour chart with a horizontal axis quantifying the degree of elec-
tronic correlations, SWDrude/SWband.

In this chart, Dirac metals with weak correlation (for example, 
topological insulator surface states) occupy the right-hand side, 
where SWDrude/SWband is approaching unity. The only well-charac-
terized Dirac correlated insulator located on the left-hand side is 
twisted bilayer graphene, with SWDrude/SWband ≈ 0. Of particular 
interest are systems with SWDrude/SWband < 0.7, where the correlation 
effects are quite prominent. We have demonstrated experimentally 
that ZrSiSe falls in this territory of moderate correlation strength. 
Note that, in a prototypical Dirac metal graphene, many-body 
interaction effects enhance the Fermi velocity in the vicinity of the 
Dirac point25,24. Nevertheless, SWDrude remains almost unaffected1,25 
and therefore SWDrude/SWband ≈ 1 (Supplementary Section II.C). The 
observed strongly reduced SWDrude and vF in ZrSiSe are prominent 
signatures of short-range interactions15,27,28,35, and are replicated in 
certain other Weyl semimetals36,37. The delicate interplay between 
electron–hole symmetry and Coulomb interaction strength is pre-
dicted to lead to drastically different many-body ground states 
for ZrSiS and ZrSiSe, even though their electronic dispersions are 
very similar8,10. The discovery of the correlated Dirac metal state 
in ZrSiSe paves the way for identifying future correlated Dirac and 
Weyl materials using optical and magneto-optical spectroscopies.
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Fig. 4 | Fermi velocity and Drude SW renormalizations for various Dirac 
materials. a, Fermi velocity v�F

I
 renormalization as a function of magnetic 

field for ZrSiSe extracted using equation (3). v0 is the non-interacting 
Fermi velocity from DFT. The GW calculation in ZrSiSe predicts a higher 
Fermi velocity compared to DFT (Supplementary Fig. 10). Data points 
for graphene are taken from LL spectroscopy experiments in ref. 32. Data 
points for ZrSiS are converted from the average mass enhancement 
(vF / 1=mα þ 1=mβ

I
) reported in ref. 11 (Supplementary Section V.B). The 

black dashed line is a fit using equation (4). b, Ratio of the experimental 
and band theory spectral weights, SWDrude/SWband. Metals are denoted 
with solid black dots. The value of the ZrSiSe data point and associated 
error bars are discussed in the main text. Values of SWDrude and SWband 
for other materials are obtained from BaFe2As2, paramagnetic (PM) 
and spin-density-wave (SDW) phase15,19,38, MgB2 (ref. 39), ZrSiS (ref. 17) 
(Supplementary Fig. 4), WTe2 (ref. 40), Bi2Se3 (ref. 41), (Bi,Sb)2Te3  
(refs. 23,41) and Co3Sn2S2 (ref. 36,37). The dashed circle for twisted bilayer 
graphene (BLG) represent predictions from the observed insulating state4. 
Data points are offset vertically for clarity. Error bars represent absolute 
minima and maxima.
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Methods
Single crystal growth. The ZrSiSe single crystals were synthesized using a chemical 
vapour transport method. Zr pieces, Si and Se powder with molar ratio of 1:1:1 
were sealed in a quartz tube under high vacuum, with iodine as transport agent. The 
mixtures were heated with a temperature gradient from 1,050 °C to 950 °C for three 
weeks. The composition of the single crystals was confirmed by energy-dispersive 
X-ray spectrometry (EDS) and the measured composition was Zr1.07SiSe0.96, 
relatively close to the expected stoichiometric composition ZrSiSe. The typical sizes 
of ZrSiSe crystals were ~2 × 2 × 0.1 mm. The a–b plane was easily cleavable due to 
the layered structure of ZrSiSe, and the side surfaces were rough and not polishable.

Optical and magneto-optical spectroscopy. Temperature-dependent broadband 
reflectance spectra R(ω) (0.01 eV to 1 eV) were obtained using an in situ gold-
overfilling technique in a Fourier-transform spectrometer (Bruker 66 v/S) with 
near-normal incidence. The high-frequency range of R(ω) was extended to 
~6 eV by room- and low-temperature ellipsometry measurements17,19 for more 
accurate Kramers–Kronig analysis13. The temperature-dependent ellipsometric 
measurements on ZrSiSe (0.7 eV to 6 eV) were performed using a VASE 
ellipsometer (J.A. Woollam) with custom-built ultra-high-vacuum chamber for 
two angles of incidence (60° and 75°). Reflectance spectra were calculated based 
on a pseudo-dielectric function obtained from ellipsometric measurements and 
then merged with Fourier-transform infrared spectra. Real (σ1) and imaginary (σ2) 
parts of the optical conductivity were extracted from the reflectance spectra using 
Kramers–Kronig analysis. The low-frequency extrapolation to d.c. conductivity 
was done with parameterization with Drude–Lorentzian fits (Supplementary  
Fig. 2). Magneto-reflectance measurements up to 8 T were measured in a Fourier-
transform spectrometer (Bruker Vertex 70V) coupled to an in-house split-coil 
magnet (Oxford Spectromag) via light pipes. For the ratio plot, R(B)/R(0 T), a field 
step of 0.25 T was used, and for the derivative dR/dB plot a field step of 0.1 T was 
used. High-field (up to 17.5 T) magneto-reflectance measurements were performed 
at T ≈ 5 K, with Faraday geometry, in the National High Magnetic Field Laboratory.

Drude SW calculation. The Drude SW, which is proportional to n/m (defined 
below), is directly related to the squared Fermi velocity averaged over the whole 
Brillouin zone (BZ):

SWDrude ¼ ω2
p ¼ 4πe2

R
BZ

d3k
ð2πÞ3

�∂f
∂ϵ v2ðkÞ ¼ 4πe2

R
BZ

d3k
ð2πÞ3

�∂f
∂ϵ

∂ϵ
∂k

 
∂ϵ
∂k

¼ 4πe2
R
BZ

�∂f
∂k

∂ϵ
∂k

d3k
ð2πÞ3 ¼ 4πe2

R
BZ

∂2ϵ
∂k2

f d3k
ð2πÞ3

¼ 4πne2
m

where f = f(ϵ) is the Fermi–Dirac distribution, n is the carrier density and 
m ¼ ð∂2ϵ=∂k2Þ�1

I
 is the effective mass. Therefore the calculation of SWDrude comes 

directly from the ab initio calculation of the DFT band structure (velocities)  
(see Supplementary Section II for more details).

Data availability
Source data for Figs. 1–4 are available with the online version of this paper.  
All other data that support the plots within this paper and other findings  
of this study are available from the corresponding author upon  
reasonable request.
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