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Nonlinear circular dichroism reveals the local 
Berry curvature
 

Nele Tornow    1, Paul Herrmann1, Clemens Schneider    2, Ferdinand Evers2,3, 
Jan Wilhelm    2,3   & Giancarlo Soavi    1,4 

The transfer of angular momentum between light and crystalline solids 
during nonlinear optical processes is typically interpreted in terms of 
angular momentum conservation and the rotational symmetry of the 
crystal lattice. However, these cornerstone principles rely on macroscopic 
symmetry arguments, providing little insight into the microscopic origin of 
angular momentum transfer. Here we show that changes in the spin angular 
momentum of light in high-harmonic generation processes, which we 
probe via nonlinear circular dichroism, are directly proportional to the local 
Berry curvature at a single optical resonance, therefore establishing a link 
between nonlinear light–matter interactions and the quantum geometry of 
electronic states. We demonstrate this relationship using second-harmonic 
generation in monolayer WSe2, using circularly polarized light to break 
time-reversal symmetry and lift the degeneracy between the valleys. The 
resulting second-harmonic circular dichroism can be controlled through 
the intensity and helicity of the circularly polarized light, hence offering a 
method for the control and readout of the optically probed Berry curvature.

Inside a crystal, electrons accelerated by an electric field acquire a 
longitudinal velocity parallel to the field itself, with an amplitude that 
depends on the dispersion of the energy bands. In the presence of a 
magnetic field, the motion of electrons is further modified by the Lor-
entz force, resulting in a transverse (Hall) velocity perpendicular to 
the electric field. Remarkably, electrons can acquire a transverse veloc-
ity even without a magnetic field if they travel a portion of the recipro-
cal space where a non-zero Berry curvature is present. In this case, the 
velocity of an electron wave-packet reads v = 1

ℏ
∇kEn(k) + ̇k ×Ω(k) , 

where the first term describes the longitudinal velocity for a band with 
dispersion En(k), ̇k is the time derivative of the crystal momentum (and 
it is parallel to the applied electric field) and Ω(k) is the Berry curvature. 
The anomalous velocity defined by the Berry curvature is responsible 
for a circular motion of the electron wave-packet, and it is thus natural 
to ask whether there is a link between the Berry curvature and the angu-
lar momentum conservation laws in light–matter interactions, as the 
electric field of light can drive both the longitudinal and transverse 
velocities. Furthermore, the Berry curvature is intimately linked to 

space inversion and time-reversal symmetries (TRSs), and thus to the 
valley physics1: space inversion symmetry requires Ω(+k) = Ω(−k), 
whereas TRS requires Ω(+k) = −Ω(−k). Consequently, Berry curvature 
and the associated anomalous velocity play a central role in valleytron-
ics and related transport and optical phenomena. More broadly, the 
Berry curvature constitutes the off-diagonal part of the quantum geo-
metric tensor and, together with the quantum metric and their 
momentum-space derivatives (dipoles), is a fundamental property of 
electrons in crystals. These quantities underlie a wide range of optical 
and photocurrent phenomena, including circular dichroism (CD) in 
time-invariant crystals2, valley-contrasted optical selection rules3 and 
the valley Hall effect4, the nonlinear Hall effect5–8, and the bulk photo-
voltaic effect9,10. The k-resolved Berry curvature is straightforward to 
compute from matrix elements of Bloch wavefunctions11, but a direct 
experimental measurement of this fundamental quantity is extremely 
challenging. On the one hand, seminal theoretical and experimental 
studies have given a microscopic interpretation of the photolumines-
cence (PL) valley CD based on the valley-contrasting Berry curvature12–15, 
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(mH-CD) directly probes the local Berry curvature Ω(kres) (Supplemen-
tary Section 1)

mH-CD = |P+(mω)|2 − |P−(mω)|2
|P+(mω)|2 + |P−(mω)|2 =

Ω(kres)
||dvc(kres)||2

, (1)

where P±(mω) is the circular harmonic polarization and dvc(kres) is the 
interband dipole matrix element. This equation is general and does not 
impose any symmetry-related restrictions, provided that the relevant 
energy levels are sufficiently well separated to prevent overlapping 
resonances involving multiple k-points. In this scenario, light–matter 
interactions can probe individual energy bands and their spin E↑ and E↓. 
We furthermore highlight that E↑(+k) = E↑(−k) when space inversion 
symmetry is preserved, and E↑(+k) = E↓(−k) when TRS is preserved. 
Thus, the requirements to fulfil equation (1) are only the existence 
of the relevant harmonics (for example, even harmonics are forbid-
den in the electric dipole approximation when space inversion sym-
metry is preserved) and the presence of a single optically accessible 
resonance in k-space, which can be treated as an effective two-level 
system. This can be readily achieved by TRS breaking either in a single 
optical resonance at Γ (Fig. 1a,b) or in valleys at opposite momenta 
in reciprocal space (Fig. 1c,d). It is worth noting that this equation is 
also not restricted to direct-gap semiconductors, but it applies gener-
ally whenever an optically accessible vertical transition gives rise to a 
resonant HHG response27. This formalism extends the finding of linear 
optics, m = 1 (refs. 12,13,28), and it directly links mH-CD to the interband 
polarization rotation and to the angular momentum conservation law 
in light–matter interactions.

Let us now consider a linearly polarized probe beam resonant 
with εcv impinging on the sample and generating high harmonics with 
a different efficiency for left and right helicities, namely a non-zero 
mH-CD. In this case, an initial zero spin angular momentum of light 
(linear polarization) converts into a non-zero spin angular momentum 
in HHG. This example readily highlights the direct link between local 
Berry curvature for a single optical resonance and angular momentum 
conservation in nonlinear optics. A more realistic situation, involving 
two energetically degenerate resonances at opposite momenta ±K, can 
be experimentally realized in monolayer TMDs, for which we derive a 
detailed analytical expression of the SH-CD. An off-resonant circularly 
polarized pump beam lifts the energy degeneracy in the ±K valleys 
and, subsequently, a probe beam with photon energy close to half of 
the optical band gap generates a resonant SH signal. As discussed, the 
change in spin angular momentum during the nonlinear process is 
captured by the SH-CD, defined as

SH-CD =
|χ(2)+ββ|

2 − |χ(2)−ββ|
2

|χ(2)+ββ|2 + |χ(2)−ββ|2
, (2)

where χ(2)σββ is the second order nonlinear susceptibility of a σ = ± circu-

larly polarized SH signal, given a linearly polarized probe beam along 
the generic Cartesian axis β. If the pump beam is switched off, the 
energy degeneracy in the ±K valleys is preserved (Fig. 2a,b), the SH-CD 
vanishes and a linear input probe beam generates a linear SH output. 
If the pump beam is so intense that the two valleys become highly 
non-degenerate (Fig. 2c,d) then the SH-CD is again described by equa-
tion (1), as for a single optical resonance. For an intermediate situation 
with a small (~10 meV for typical experimental conditions23,24) energy 
difference between the valleys (Fig. 2e,f), the SH-CD can be calculated 
analytically by including the valley-dependent optical Stark and Bloch–
Siegert shifts into the two-band Hamiltonian from refs. 23,29, leading 
to (see Supplementary Section 2 for details)

SH-CD =
∑k=±Kw(k, ℰ0,ω)Ω(k, ℰ0)

∑k=±Kw(k, ℰ0,ω) ||dvc(k, ℰ0)||2

= 2|Ω(±K)|σℰ20 g(ν) f(ω) + 𝒪𝒪𝒪𝒪40),
(3)

while on the other, recent works in the field of high-harmonic genera-
tion (HHG) have explored the interplay between Berry curvature and 
strong-field nonlinear optics16,17, often using transition metal dichal-
cogenides (TMDs) as model systems. However, none of these works 
provided an analytical expression to quantitatively relate an experi-
mentally accessible all-optical response to the Berry curvature, and, 
so far, only spin-resolved CD angle-resolved photoemission spectros-
copy has been proposed as a direct measurement to this end18–21, even 
though the range of validity and the resulting limitations of this 
approach are currently under discussion22. In this context, a quantita-
tive, broadly accessible tabletop, all-optical probe of the Berry curva-
ture with ultrafast time resolution could provide useful insights to our 
understanding of light–matter interactions and quantum geometry. 
Here we introduce such an approach via the nonlinear CD in harmonic 
generation. We show theoretically that for a single resonant crystal 
momentum the nonlinear CD constitutes a direct probe of the local 
Berry curvature, which further connects to the angular momentum 
conservation laws. We furthermore extend the model to the realistic 
case of multiple k-resonant optical transitions, and discuss nonlin-
ear CD in relation to the local Berry curvature when TRS is broken. 
Finally, we test the predictions of our theory with time-resolved 
second- 
harmonic generation (SHG) experiments in a prototypical WSe2 mon-
olayer TMD, where we break TRS by the coherent and valley-exclusive 
optical Stark and Bloch–Siegert effects23,24. With this, we measure a 
value of the Berry curvature of 6.2 ± 1.4 Å2, in good agreement with 
theoretical results from tight-binding25 and density functional theory26, 
and we thus establish second-harmonic CD (SH-CD) as an all- 
optical, ultrafast and non-invasive probe of the local Berry curvature.

SH-CD and Berry curvature
We work in an independent-particle two-band picture considering a 
single vertical transition at a well-defined crystal momentum kres and 
we treat εcv(kres)  as an effective resonance energy. At resonance,  
energy conservation reads εcv(kres) = mℏω, and the mth harmonic CD 

mH-CD = 0 mH-CD ≠ 0

TRS ≠ 0TRS = 0 ba

mH-CD = 0 mH-CD ≠ 0

c d
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Spin down
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Γ +K–K Γ +K–K

Γ K

Fig. 1 | Examples of mH-CD. a, Spin-up (upward-pointing red arrow) and spin-
down (downward-pointing blue arrow) energy bands are spin degenerate in 
Γ when both space inversion and TRSs are preserved. b, The breaking of TRS 
lifts the spin degeneracy, allowing a non-zero mH-CD. If the spin splitting is 
sufficiently large, the system can be modelled using equation (1). c,d, For crystals 
where space inversion symmetry is broken and TRS is preserved, energy degenerate 
levels at opposite momenta must have opposite spin (c). Breaking of TRS lifts the 
energy degeneracy between the valleys, allowing a non-zero mH-CD (d).
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where w(k, ℰ0,ω) is a positive weight that contains the valley-resolved 
resonance denominators, Ω(k, ℰ0) is the Berry curvature dressed by 
the pump beam field of amplitude ℰ0, and dvc(k, ℰ0) is the correspond-
ing interband dipole matrix element. We identify the product 
w(k, ℰ0,ω)Ω(k, ℰ0)  as the optically probed Berry curvature, that we 
measure in our experiments (Fig. 2b,d,f).

Equation (3) directly shows the dependence of the SH-CD on the 
absolute value of the Berry curvature of each unperturbed valley 
Ω(±K), on the intensity of the pump field (∼ ℰ20), which is a direct con-
sequence of TRS breaking via all-optical coherent effects23,27, and the 
sign reversal of the SH-CD upon changing the helicity σ = ±1 of the 
pump beam. The remaining proportionality factors in equation (3) 
are g(ν) = ν/(Δ2(1 − ν2)), where ν = ωpump/Δ is the normalized pump beam 
frequency and Δ is the equilibrium direct gap, and f(ω) = 2 + Re η(ℏω), 
which describes the detuning of the probe beam frequency ω from 
the equilibrium SH resonance at ℏω = Δ/2 via the complex resonance 
factor η(ℏω) = Δ/(Δ − 2ℏω − iℏ/T2), where T2 is the dephasing time of 
the optical resonance.

Considering a probe beam propagating along the z crystallo-
graphic direction and with polarization in the x crystallographic direc-
tion, the SH-CD can be further expressed as

SH-CD =
2Im [χ(2)xxx(χ

(2)
yxx)

∗
]

|χ(2)xxx|2 + |χ(2)yxx|2
, (4)

indicating that SH-CD can, in principle, only manifest in the point 
groups 1, 3 and 6  if TRS is preserved, where circular SHG is allowed by 
momentum conservation and both χ(2)xxx and χ(2)yxx are non-zero30. How-
ever, it is interesting to note that a further requirement for the SH-CD 
to be non-zero is that χ(2)xxx  and χ(2)yxx  are not in phase, a property that 
cannot be deduced from a simple macroscopic description of the 
nonlinear tensors. When TRS is broken, and considering the  
admissible spin directions27,31, SH-CD can be non-zero for all non- 
centrosymmetric magnetic groups with 1- and 3-fold rotational  
symmetry, that is 1, 2′, m′, 3, 3m′, 32′, 6  and 6m′2′, where the latter 
includes the case of monolayer TMDs with broken TRS. For all other 
magnetic point groups, circular SHG is forbidden either by parity 
(centrosymmetric crystals), or by angular momentum conservation.  

Equation (4), combined with equation (3), indicates that an asym-
metry between energy levels (E↑(+k) ≠ E↓(−k) and E↑(+k) ≠ E↑(−k)) and 
Berry curvature (Ω(+k) ≠ Ω(−k) and Ω(+k) ≠ −Ω(−k)) at opposite 
momenta in reciprocal space induces a phase mismatch between the 
emerging χ(2)xxx  and χ(2)yxx  components of the second order susceptibil-
ity. This provides physical insights that link macroscopic symmetries 
to microscopic features of the electronic band structure and 
quantum geometry.

Ultrafast all-optical control of nonlinear CD
We demonstrate ultrafast all-optical control of the SH-CD in a 
two-colour pump–probe experiment in a WSe2 monolayer. Exemplary 
helicity resolved emission spectra are shown in Fig. 3 for zero and 
long (that is, much longer than the pulse duration) delays between a 
left circularly polarized (LCP) pump beam and a linearly polarized 
probe beam, responsible for SH generation. The pump beam/probe 
beam wavelengths are fixed at 1,800 nm/1,460 nm (see Methods for 
details). In Fig. 3, the black/red curves represent spectra with co-/
cross-polarization with respect to the circular pump beam, while the 
blue curves show their difference. In all cross-polarized spectra, 
regardless of the pump beam to probe beam time delay, we observe 
the SH of the pump beam at 900 nm, as expected from spin angular 
momentum conservation32. This signal is absent in the co-polarized 
spectra. At zero delay (Fig. 3b), we further observe a sum frequency 
generation (SFG) signal between the pump beam and probe beam, 
which is again cross-polarized with respect to the pump beam. In the 
region between approximately 730 nm and 750 nm, we observe the 
most relevant signal for our study of SH-CD, namely the SH of the 
probe beam. This overlaps spectrally with the two-photon PL (TP-PL), 
mainly originating from the probe beam. When taking the difference 
between LCP and right circularly polarized (RCP) detection (Fig. 3, 
blue curves), the TP-PL always cancels out owing to its incoherent 
nature at room temperature33. By contrast, the probe beam second 
harmonic (probe SH) signal appears clearly in the RCP–LCP spectrum 
at zero delay, underpinning the SH-CD. The signal is drastically 
reduced at large delays, where the small residual is most likely due to 
an initial and uncompensated helicity of the probe beam. With this 
experimental scheme, we can further modulate the SH-CD by tuning 
the pump beam to probe beam time delay and the pump beam 
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Fig. 2 | Valleys and optically probed Berry curvature in monolayer TMDs. 
a,c,e, The equilibrium (a) and TRS broken (c and e) schematic band structure 
and Berry curvature ±Ω of a monolayer TMD. Red and blue areas indicate Berry 
curvature with opposite signs. c,e, A large shift in the bands yields a single 
resonance (c) while a smaller shift allows light to probe both valleys (e).  

b,d,f, Sketches of the optically probed valence-band Berry curvature in each 
valley (red/blue curves) and their sum (dashed black line) at equilibrium and for 
broken TRS. The sum of the optically probed Berry curvature at ±K defines the 
strength of the SH-CD, as captured by equation (3).
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intensity (Fig. 4). On the basis of equation (3), this provides a possible 
route towards the realization of ultrafast all-optical devices combin-
ing the valley degree of freedom with the engineering and readout 
of the local Berry curvature. Figure 4a shows the ultrafast dynamical 
change of the SH-CD, which occurs on a time-scale defined only by 
the pump beam and probe beam pulse duration (≤300 fs). The 
time-dependent response can be fitted by a Gaussian peak with a 
full-width at half maximum of 313 ± 40 fs, limited by the time profile 
of the pulses used in our experiments. This ultrafast response time 
is inherent to the approach used for TRS breaking with below-gap 
off-resonant excitation. The sign change of the SH-CD by reversing 
the pump beam helicity corresponds to a change in the energy offset 
between the ±K valleys, as predicted also by the linear dependence 
with σ in equation (3). Furthermore, the SH-CD is independent of time 
delay for linear polarization of the pump beam (Fig. 4a, red traingles), 
namely when TRS is preserved. A further experimental tuning knob 
is the pump beam intensity: coherent off-resonant band gap modula-
tion produces an asymmetry in the energy band gap of the ±K valleys 
that is linearly proportional to the light intensity, leading to the ℰ20 
dependence in equation (3) and in agreement with the experimental 
results in Fig. 4b. Finally, the experimental SH-CD as a function of the 
probe beam wavelength exhibits a sign reversal close to half the equi-
librium band gap (Fig. 4c), although the circular polarization of the 
pump beam is kept fixed. This behaviour is due to tuning of the SH 
wavelength across the light-dressed ±K valleys, resulting in a modu-
lation of the corresponding resonant contributions. Notably, this 
represents the TRS-broken counterpart of the effect reported in  
ref. 34 for linearly polarized excitation. Within our analytical frame-
work, this mechanism is captured by the frequency-dependent func-
tion f(ω) in equation (3). The best fit of equation (3) to our 
experimental data (Fig. 4c, dashed grey line) provides a direct 

estimate of the dephasing time T2 = 42 ± 11 fs and of the ±K resonant 
Berry curvature ∣Ω(±K)∣ = 6.2 ± 1.4 Å2, in good agreement with reported 
values from tight-binding25 and density functional theory26 simula-
tions. We highlight that T2 and ∣Ω(±K)∣ are the only free parameters 
in our fit, as all other variables in equation (3) are experimentally 
measured and thus fixed (Supplementary Section 4).

Conclusions
We have shown that nonlinear CD is a powerful ultrafast and all-optical 
method to reveal the local Berry curvature at optical resonances. Con-
servation of angular momentum always imposes that the momentum 
transfer from the electromagnetic field to the crystal lattice is quantized 
in multiple integers of rℏ, where r is the discrete rotational symmetry 
of the crystal. In addition to this fundamental conservation law, we 
demonstrate that the optically probed Berry curvature underlies the 
efficiency at which photons with opposite helicity are generated, result-
ing in a net nonlinear CD. We derived an analytical expression of this 
general model for a prototype atomically thin semiconductor with 
threefold rotational symmetry, focusing in particular on its SH-CD 
upon breaking of TRS with light-dressed states. This provides physical 
insights into the microscopic origin of the elements of the nonlinear 
optical susceptibility, and their link to the local quantum geometry. 
Finally, our analytical model qualitatively and quantitatively describes 
experimental results of the dynamical SH-CD in a monolayer WSe2 
sample, performed in a pump–probe configuration where the time 
delay, pump beam intensity and helicity, and probe beam wavelength 
are used as tuning knobs. This work offers an approach for the nonlinear 
all-optical readout of the local quantum geometry, and it paves the way 
to ultrafast all-optical devices combining the spin and valley degrees 
of freedom to the local Berry curvature, thus advancing the field of 
ultrafast all-optical valleytronics1,35–38.
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Methods
SH-CD measurements
For the two-colour SH-CD experiments, the pump beam and probe 
beam are taken from two synchronized optical parametric oscillators 
(Levante IR fs, A.P.E) pumped by an ytterbium-doped laser with a central 
wavelength at 1,030 nm, a repetition rate of 76 MHz and a pulse dura-
tion of ~100 fs (FLINT FL2-12, LIGHT CONVERSION). The time delay 
between pump beam and probe beam is tuned by a motorized delay 
stage (M-414.2PD, PI with controller C-863.12, PI). The probe beam 
polarization and power are controlled by a combination of a linear 
(WP25M-UB, Thorlabs) and a Glan–Thompson polarizer (GTH10M). The 
probe beam electric field strength was set to 0.16 V nm−1. The power of 
the pump beam is controlled by the combination of two linear polariz-
ers (WP25M-UB, Thorlabs). The polarization of the pump beam is tuned 
by combining a half-wave plate and quarter-wave plate (RSU 1.2.15 and 
1.4.15, B-Halle) in two motorized rotational mounts (PRM1/MZ8, Thor-
labs). The pump beam and probe beam are subsequently combined at 
a Polkadot beamsplitter (BPD5254-G01, Thorlabs) and focused onto 
the sample with a 40× reflective objective (LMM-40X-UVV, Thorlabs). 
After the sample, we use a lens (C330TMD, Thorlabs) and different sets 
of spectral filters to isolate the SH signal from the residual transmit-
ted pump beam and probe beam. To measure the ellipticity and CD 
of the SH beam, we use a quarter-wave plate (63-935, Edmund optics) 
at ±45∘with respect to a fixed linear polarizer (WP25M-UB, Thorlabs), 
which is aligned parallel to the SH of the probe beam. The spectra in 
Fig. 3 are taken with a monochromator (iHR320, HORIBA) combined 
with a nitrogen cooled silicon detector (Symphony II, HORIBA), and the 
probe beam is blocked by a shortpass filter (FESH0950, Thorlabs). For 
the measurements in Fig. 4a,b, we detect the SH signal with a silicon 
avalanche photodiode (APD440A, Thorlabs) and lock-in amplification 
(MFLI, Zurich Instruments), which filters the signal coming from the 
probe beam modulated at 967 Hz via an optical chopper (MC2000B, 
Thorlabs). Bandpass filters are chosen for each specific SH wavelength 
(FBHxxx-10, Thorlabs).

Sample preparation and characterization
The monolayer WSe2 was mechanically exfoliated from a bulk crystal 
(HQ graphene) onto polydimethylsiloxane and transferred onto a fused 
silica substrate using a commercial transfer stage (HQ graphene). The 
monolayer nature of the sample was determined by PL measurements 
and a cross-polarized SH polarization pattern with linearly polarized 
probe beam was performed to rule out the presence of strain in the 
sample (Supplementary Section 5).

Error estimation for Berry curvature and dephasing time
For the estimation of ∣Ω(±K)∣ and T2, we used the experimental values, 
including the error bars in Fig. 4c, and fitted equation (3) to it. The 
deviation given for the values are the standard deviations of the aver-
age results of 5,000 fits performed, where for each data point a value 
following a Gaussian distribution around the mean value within the 
standard deviation is chosen for each fit performed.

Data availability
The data that support the plots within this paper and other findings 
of this study are available from the corresponding author on request. 
Source data are provided with this paper.
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