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Referee #1 (Remarks to the Author): 

The paper entitled “Observation of interband Berry phase in laser driven Crystal” by Ayelet J. U.-N. 
et al., present a novel method to extract berry phase differences via attosecond interferometry. 

“The manuscript shows a conceptually new formalism of the Berry phase, accumulated in both 
discrete and continuous space. HHG spectroscopy allows us to realize Berry phase interferometry 
and probe the coherent properties of electron-hole wavefunction on a sub cycle time scale. The 
authors experimentally demonstrate this scheme and resolve, for the first time, the generalized 
Berry phase across a large energy range. Extension of the approach to a two color field enables 
sensitive probing of the Berry curvature.” 

These experimental and theoretical results are impressive. I think the paper is well presented and 
encouraging. However, I have a few concerns before recommend it for publication. 

Usually the Berry phase is defined in a closed path, however the interband Berry phase does not 
seem to follow a closed loop linear integral. Can the author comments on it, please? 

I don’t understand Eq. 2 very well, could the authors provide a more detailed explanation where is 
this Eq. 2 coming from and its relation with the Circular Dichroism? 

At the beginning once we read the paper, we are thinking in a topological material, but alpha-quartz 
is not, the author should mention it clearly. 

After this two minor points are fixed, I will recommend publication at Nature. 

Referee #2 (Remarks to the Author): 

The present work uses high harmonic spectroscopy to explore the Berry phase in dielectrics under 
optical excitation with intense laser fields. The authors refer to this as the 'interband Berry phase', a 
new term/quantity introduced here theoretically to account for both the excitation and 
recombination processes of electrons and holes. Thus, the authors consider it consider it as a a more 
'generalized' quantity compared to the 'traditional' Berry phase,, which is primarily linked to the 



 

intraband motion(s) of the charge carriers. 
 
The authors argue for the importance of this new term in understanding topological phenomena in 
solids, assuming that the importance of the traditional 'intraband' Berry phase will naturally be 
inherited to the newly defined quantity. 
 
Experimentally the study primarily involves control of the polarization state of the incoming laser 
pulse but experiments that utilize two-color, cross-polarized are also presented. The experimental 
work is systematic. There is generally a consistency among the theory behind the methodology 
presented and the experimental methods followed for the measurements. The manuscript is easy to 
read and to technically understand it. 
 
This referee unfortunately cannot offer recommendation of this manuscript in its current form for 
publication in Nature for a number of reasons enlisted bellow: 
 
I)By definition the new quantity to be measured, the interband berry phase, as the authors name it, 
is based on the bold assumption that high harmonic generation in quartz is an interband processes. 
More specifically, the authors argue along the lines of the generalized recollision picture introduced 
by Corkum and co-workers (Vampa et al., Nature 2015) as well as Brabec and coworkers (Vampa and 
Brabec PRL 2014 ) to explain early experiments of high harmonic generation in ZnO. 
 
Why is this assumption then a bold one? Because this picture is unfortunately not supported by the 
experimental evidence in dielectrics—and more particularly in Quartz-the system of choice of the 
authors to present their first study on this topic. 
 
Using attosecond spectroscopy (Garg et al, Nature 2016) has shown that the emission of high 
harmonics in this system is not compatible with the generalized recollision and interband picture. 
This was done by measuring high harmonic chirps and emission times-the hallmarks of the 
recollision picture. The group of Corkum, which proposed the generalized re-collision at the first 
place, has also transparently shown that this picture is not evidenced by their experiments in Quartz 
using a very different methodology to measure the emission phases (Hammond et al., Nature 
Photonics 2017). Moreover experiments for instance (Garg et al, Nat. Phot. 2018) and others have 
added more evidence for the inadequacy of the recollision picture in this system. 
 
It is therefore not accidental that the first works on the Berry phase by T.T. Luu et al., Nature 
communications 2018 and H. Liu, Nat. Phys. 2017 have based their studies on the intraband picture. 
 
 
I feel that these previous papers are improperly cited in the manuscript. These works have to be 
discussed at the very beginning of this manuscript while this manuscript need to start its story by 
quoting what will be new and more complete with the new methodology. 
 
Obviously we need to be open to potential scientific evidence that contradicts previous works- this 
all what science is about. Yet this evidence here, to my regret, is very limited. The authors calculate a 
DFT bandstructure and contrasted it to a harmonic spectrum. They argue on a correlation between 



 

amplitude of harmonics and the corresponding bands to make a case? But is this how nonlinear 
optics works ? One band at a specific energy defines the harmonic amplitude at that energy alone? I 
feel that this argument is not helpful and I would encourage the authors to avoid it in potential next 
steps of this work. It is not even a simulation, but a visual comparison. 
 
II) The authors argue on the importance of this work with reference to the importance of the Berry 
phase (the original one). But what they present is not the Berry phase, is something new. Previous 
works, (for example, Luu et al., Nature communications 2018) have used precisely the same system 
and it seems that their reconstructed Berry phase matches pretty well the expectations (to the 
extend a comparison is accurate). There the measured quantity is indeed connected directly to the 
broadly known Berry phase. 
For this work to stand higher than the previous two papers on this topic, this referee would expect 
that the Berry phases measured would have a more important metrological value, benchmarked by 
theory of SiO2 or, alternatively, other important experimental/theoretical quantities not captured by 
the previous works. I feel that this aspect is missing here and irrespectively of (I) I would feel 
uncomfortable to support this work without seeing these facts transparently presented. 
 
III) More technically. The authors assume that the “excitation” matrix element is independent of the 
polarization state of the strong pulse. In this sense the polarized field is simply decomposed to two 
perpendicular fields that guide the motion of the excited carrier(s) only. Is there experimental 
evidence that this is the case? Alternatively, is it supported by rigorous calculations? 
 
IV) It would be more appropriate and highly desirable to have simulations on the same system that is 
being studied. The authors show calculations in graphene? arguing that this still supports their 
argument. I believe that introducing new quantities requires dedicated simulations for the system in 
question to allow a strong case. 
 
 
 
Referee #3 (Remarks to the Author): 
 
Uzan-Narovlansky et al. present an interesting set of data by which they retrieve the Berry phase 
observed in HHG spectra by near-infrared driving of the coherent inter and intraband dynamics in a 
quartz crystal. To this end, they measure the emitted HHG in the multi-eV spectral range and 
perform interferometry while controlling the electons' trajectories by the polarization state of the 
incident near-infrared driving field. The main claims of the manuscript are a new concept to 
investigate the Berry phase, in particular during the energy-discontinuous quantum evolution given 
by the interband polarization, and the first direct observation of the interband Berry phase. 
The data are clear, the analysis is sound, and the results are exciting. However, as spectacular as the 
results may seem assuming a first observation, there is evident overlap with existing works. Schmid 
et al., cited as [40] by the authors, have already presented direct measurement of the Berry phase in 
a topological insulator at lower frequencies from mid-IR to VIS/UV. It is unclear why this reference is 
somewhat neglected by placing it at the very end of the main text rather than discussing the 
similarity with the present data. To be clear: the differences are interband as well as intraband Berry 
phases on the one hand and intraband-only Berry phases on the other, while the similarities include 



ballistic lightwave acceleration, high-harmonics generation, HHG interference, Berry curvature in 
general, the Berry curvature shown in Fig. 4c and [40] in particular, subcycle dynamics, polarization 
effects in HHG, Bloch's acceleration theorem, solid-state all-coherent polarization dynamics, and 
more. In this light, the authors would have to argue why their work is not an extension of previous 
works, that merely adds, technicalities aside, the interband Berry connection (although that result 
would still be quite interesting). 

While I like the results, I must ask for their placement to be revised. Under the current 
circumstances, I would not support publication in Nature owing to the limited degree of novelty as 
described above. Moreover, I list a few more issues below which the authors can certainly address. 

Validity of equation 1 is not straight-forward or intuitive to see. Some terms connect valence and 
conduction bands, others are intraband, without an easily recognizeable pattern. The authors should 
discuss the structure more in detail. 

The presentation of the data in Fig. 2 is not clear. The dashed lines suggest magnifications of areas of 
the spectra of panel c, but they actually show two cuts at the discrete harmonics. Moreover, panel e 
shows curves in the background which seem like the log of the intensity. No corresponding 
description is given. Then, the phase is shown by means of the real and imaginary part of 
\Delta\gamma_B, but for which harmonic? It would make sense to analyze the even harmonics, 
which also seems to be the case. 
Also, since the distinction of odd and even harmonics is crucial, the spectra in b should be labelled 
accordingly (rather than just energy in eV, which almost coincides with the hamonic number, 
somewhat by accident, since 1200 nm ~ 1 eV, the driving field energy). 

Somewhat disappointingly, the color plot of Fig. 3c does not have a scale bar. It is thus, strictly 
speaking, worthless, as there could be any mapping of color and intensity. 

One of the early investigations of this field which established the mechanism of coherent interband 
excitation and intraband transport is missing (Schubert et al., Nature Photonics 8, 119 (2014)).



1 Referee 1

The paper entitled “Observation of interband Berry phase in laser driven Crystal” by Ayelet J. 
U.-N. et al., present a novel method to extract berry phase differences via attosecond interfer-
ometry.“The manuscript shows a conceptually new formalism of the Berry phase, accumulated 
in both discrete and continuous space. HHG spectroscopy allows us to realize Berry phase 
interferometry and probe the coherent properties of electron-hole wavefunction on a sub cycle 
time scale. The authors experimentally demonstrate this scheme and resolve, for the first time, 
the generalized Berry phase across a large energy range. Extension of the approach to a two 
color field enables sensitive probing of the Berry curvature.”

These experimental and theoretical results are impressive. I think the paper is well pre-
sented and encouraging. However, I have a few concerns before recommend it for publication.

We thank the referee for his careful reading, valuable comments and support in the ac-
ceptance of the paper to Nature. In the following we provide a point-by-point response to the 
comments raised by the referee.

Comment: Usually the Berry phase is defined i n a  c losed p ath, h owever t he interband 
Berry phase does not seem to follow a closed loop linear integral. Can the author comments 
on it, please?

Answer: Indeed, the Berry phase, as any geometrical phase is a physical observable only 
if the wavefunction follows a close loop in the parameter space. Different g eometrical phases 
distinct from each other by their parameter space and their adiabatic conditions. However, all 
classes of geometrical phases require closed loop configurations. The common case of the Berry 
phase in condensed matter defines the parameter space as the momentum space, where a closed 
loop is achieved by integrating over the periodic BZ (figure 1 a i n t he m ain t ext, l eft panel). 
In our work, the wavepacket evolves along a closed loop as well, however, in contrast with the 
common case, here the parameter space is momentum-energy space (figure 1a in the main text, 
right panel). The closed loop is dictated by the nature of the interband HHG process – where 
the loop is closed by the recombination of the electron and the hole.

Changes introduced: To clarify this point, we modified l ine 95 in the main text, which 
now reads: ” First, the interaction is driven in a closed loop in energy-momentum space, induced 
by the ionization and the recombination steps, leading to the accumulation of the interband 
Berry phase [1]”

Comment: I don’t understand Eq. 2 very well, could the authors provide a more detailed 
explanation where is this Eq. 2 coming from and its relation with the Circular Dichroism?

Answer: We thank the referee for this important comment. Indeed, Eq. 2 was not well 
introduced. Following your comment, we have modified it in the revised v ersion. In the following 
we provide a detailed description of its derivation. Equation 2 captures the interference between 
two electron trajectories, induced along positive and negative half cycles, which are modified
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by the laser ellipticity (ϵ). It focuses on the regime of small ellipticities, ϵ << 1, where the
main parameters of the interaction are unchanged, while the ellipticity of the field induces a
small lateral drift to the electron trajectory. We have expressed the semi-classical action as:
S = Sinv +γB, where Sinv represents the inversion symmetric action and γB the non symmetric
action, defined by the Berry phase. The modification of the semi-classical action with ϵ can be
expressed as:

S(i)[K, t′, t] ≈ S
(i)
0 +

∂S(i)

∂ϵ
ϵ = Sinv,0 + γ

(i)
B,0 +

∂Sinv

∂ϵ
ϵ+

∂γ
(i)
B

∂ϵ
ϵ+

∂Sinv

∂ϵ2
ϵ2.... (1)

Here K, t′, and t are the stationary crystal momentum, ionization and recombination times,
Sinv,0 and γ(i)B,0 are the unperturbed symmetric and non-symmetric parts of the action, for linear
polarized field. Importantly, the first derivative of Sinv with respect to ϵ vanishes due to inver-
sion symmetry. Therefore, only the second order contributes: ∆Sinv ≡ ∆εg ∝ ∂Sinv

∂2Kst
x
ϵ2. This

term represents the suppression of the recombination due to the lateral shift of the wavepacket,
induced by the laser ellipticity. Such suppression is well known in the gas phase case [2]. Since
the ellipticity modifies the evolution of the wavepacket in energy-momentum space, it also leads
to the modification in the Berry phase defined by the first-order perturbation term ∆γB =

∂γ
(i)
B

∂ϵ
ϵ

(as this contribution is not inversion symmetric.)

The perturbation in the semiclassical action modifies the emitted field according to: E ≈
E0 exp(i∆γB + i∆εg), where E0 represents the unperturbed field. The perturbation of two
consecutive half-cycles is mapped onto the harmonics spectrum. Odd harmonics represent
constructive interference between the fields emitted along the positive and negative half cycles,
while even harmonics represent their destructive interference:

Eodd
even(ϵ) = E+(ϵ)± E−(ϵ) ≈ [E+

0 exp(i∆γ+B + i∆ε+g )± E−
0 exp(i∆γ−B + i∆ε−g ) (2)

where ∆γ±B , ∆ε±g represent the perturbation along the first and second half cycle. Along Γ−M ,
∆γ+B = −∆γ−B ≡ ∆γB, and ∆ε+g = ∆ε−g ≡ ∆εg. Therefore:

Ioddeven(ϵ) ∝ e−2 Im(∆εg)|E+
0 exp(i∆γB)± E−

0 exp(−i∆γB)|2

Changes introduced: Following the referee’s comment, we introduced changes to the
equation presented in the main text and also added the derivation above to the Supplementary
Information (chapter 6.2). The text now reads:

Finally, the complex perturbation is mapped into the odd and even harmonics according
to (see SI):

Iodd(ϵ) ∝ e−2 Im(∆εg(ϵ))|(E+
0 e

i∆γB(ϵ) + E−
0 e

−i∆γB(ϵ))|2

Ieven(ϵ) ∝ e−2 Im(∆εg(ϵ))|(E+
0 e

i∆γB(ϵ) − E−
0 e

−i∆γB(ϵ))|2
(3)

where E±
0 are the unperturbed prefactors, containing the dipole couplings, corresponding to

the interaction induced along positive and negative half cycles.
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Comment: At the beginning once we read the paper, we are thinking in a topological
material, but alpha-quartz is not, the author should mention it clearly.

Answer: We agree with the referee and therefore we have modified the text to explain the
difference between the intraband Berry phase, often associated with topological phases, and
the inter-band Berry phase we have introduced and measured in this work.

In our study we show that even in trivial insulators a laser field can drive the system
along a closed loop in the generalized space of crystal momentum (a continuous variable) and
band index (a discrete variable). The phase along this loop is also gauge invariant, it reflects
the intrinsic properties of the system (the Berry connections along the loop), and is observable,
e.g. via a nonlinear optical response as we have demonstrated.

Changes introduced: We added a short discussion in the main text (line 99) which
clarifies the main differences between previous studies and our study: ”The short time scale of
the mechanism provides the key advantage of our scheme. Schmid et al. Ref [16] revealed the
Berry curvature of topological insulators via HHG driven by THz field, having a fundamental
period of 40 fs. In their study, topology enables to overcome dephasing and scattering mecha-
nisms, revealing the geometrical properties of the system. Our measurement, performed on an
attosecond time scale, allows the probing of the Berry phase in trivial insulator.”

After this two minor points are fixed, I will recommend publication at Nature.
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2 Referee 2

Comments I-III: By definition the new quantity to be measured, the interband berry phase, 
as the authors name it, is based on the bold assumption that high harmonic generation in quartz 
is an interband processes. More specifically, the authors argue along the lines of the generalized 
recollision picture introduced by Corkum and co-workers (Vampa et al., Nature 2015) as well 
as Brabec and coworkers (Vampa and Brabec PRL 2014 ) to explain early experiments of high 
harmonic generation in ZnO.
Why is this assumption then a bold one? Because this picture is unfortunately not supported by 
the experimental evidence in dielectrics—and more particularly in quartz-the system of choice 
of the authors to present their first study on this topic.

Using attosecond spectroscopy (Garg et al, Nature 2016) has shown that the emission of 
high harmonics in this system is not compatible with the generalized recollision and interband 
picture. This was done by measuring high harmonic chirps and emission times-the hallmarks of 
the recollision picture. The group of Corkum, which proposed the generalized re-collision at the 
first place, has also transparently shown that this picture is not evidenced by their experiments 
in quartz using a very different methodology to measure the emission phases (Hammond et al., 
Nature Photonics 2017). Moreover experiments for instance (Garg et al, Nat. Phot. 2018) and 
others have added more evidence for the inadequacy of the recollision picture in this system.

It is therefore not accidental that the first works o n t he B erry phase by T .T. L uu e t al., 
Nature communications 2018 and H. Liu, Nat. Phys. 2017 have based their studies on the 
intraband picture.

I feel that these previous papers are improperly cited in the manuscript. These works have 
to be discussed at the very beginning of this manuscript while this manuscript need to start its 
story by quoting what will be new and more complete with the new methodology. Obviously we 
need to be open to potential scientific evidence that contradicts previous works- this a ll what 
science is about. Yet this evidence here, to my regret, is very limited. The authors calculate 
a DFT band structure and contrasted it to a harmonic spectrum. They argue on a correlation 
between amplitude of harmonics and the corresponding bands to make a case? But is this how 
nonlinear optics works ? One band at a specific energy defines the harmonic amplitude at  that 
energy alone? I feel that this argument is not helpful and I would encourage the authors to 
avoid it in potential next steps of this work. It is not even a simulation, but a visual comparison.

Comment IV) It would be more appropriate and highly desirable to have simulations on 
the same system that is being studied. The authors show calculations in graphene? arguing that 
this still supports their argument. I believe that introducing new quantities requires dedicated 
simulations for the system in question to allow a strong case.

Answer: We really appreciate these comments by the referee and fully agree with the 
general point – the ability to induce an internal interferometer and resolve the Berry phase is 
based on a complete understanding of the underlying physical mechanism. We also agree with
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the referee that our original manuscript did not provide sufficient evidence of the key physical
mechanism underlying our observations, as well as its proper comparison to the previous works.

The two major complementary mechanisms responsible for high harmonic generation in
solids are associated with intraband currents [3–5] and interband polarization [6]. The balance
between them depends on the laser parameters (carrier frequency, intensity and pulse duration),
the properties of the medium, and can change across the harmonic spectrum.

Following the referee’s criticism, over the past year we have performed an entirely new
experimental study that resolves the origin of high harmonic emission in quartz in our ex-
periments, showing the dominant role of the interband mechanism under our experimental
conditions. In addition, we have performed systematic theoretical analysis , including full first-
principles microscopic calculations in quartz and also simplified modeling of the macroscopic
far-field response. Our theoretical results agree with different experimental observations [7–9]
and show how the dominant harmonic generation mechanism varies with different experimental
conditions. Below we provide a detailed description of our new experimental and theoretical
study, starting with theory.

2.1 First-principle simulations

We performed time-dependent simulations in alpha quartz, using the code Quantum Espresso
with a PBE functional on a 12x12x12 Monkhorst-Pack grid for computing the band structure.
We then used the Wannier90 code [10] to generate the representation of the field-free Hamil-
tonian within the basis of maximally-localized Wannier functions. This procedure allows one
to obtain a consistent phase relation between the complex-valued dipole couplings at different
crystal momenta. The Bloch states were projected onto the sp3 orbitals of Si and the p orbitals
of oxygen, totalling 30 bands. The α-quartz real-space, reciprocal space, and band structures
are shown in Fig. 1. The Hamiltonian in the basis constructed from the Wannier functions was
then propagated in the presence of the laser electric field using the density matrix formalism
and the code we have described in ref. [11].

The laser wavelength was set to 1200nm, the full-width at half maximum pulse duration
was set to 50 fs, with the pulse intensity varied in the range of 0.9-30 TW/cm2. The dephasing
time was set to one or two cycles of the driving field, T2 = T0 = 2π/ω. Thanks to the shape
of the Brillouin zone, the kz component could be uncoupled in the calculation, allowing us to
use fewer points along kz and thus making the time-dependent calculations feasible within a
reasonable amount of time.

We performed calculations for the carrier-envelope phase CEP=0 and CEP=π and averaged
the results while imposing the symmetry constraints along each emission direction (currents
are subtracted along Γ−M and added along Γ−K). This does not affect symmetry-allowed
harmonics, or the weights between intra- and inter-band components, which is our main interest,
but removes the numerical artifacts that arise due to finite number of k-grid points, which
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(a) (b)

(c)

Figure 1: (a) α-quartz structure, (b) reciprocal space and (c) band structure. The unit cell is drawn in the center of the figure.
The band structure was obtained with a PBE functional. Our Wannier90 interpolation projects over the p orbitals of the O atoms,
and the sp3 orbitals of the Si atoms. The HOMO energy is set to 0 eV. In the Wannierization procedure, we use a window up to
12 eV, ensuring optimal fit to the band structure withing this window.
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can lead to weak symmetry-forbidden harmonic lines. With this procedure, convergence was
obtained for a 100x100x10 k-point grid.

The current operator is defined as

Ĵ =
i|e|
ℏ

[r̂, Ĥ(k, t)], (4)

where r̂ is the position operator and Ĥ(k, t) is the time-dependent Hamiltonian. In the length
gauge, H(k, t) = H0(k) + |e|E(t) · r, so that the interaction term commutes with the position
operator and the current operator can be written as

Ĵ =
i|e|
ℏ

[r̂, Ĥ0(k)]. (5)

Following the definition of the position operator given by Blount [12] in terms of the Berry
connection Ann′ ,

r̂fn(k) = i∂kfn(k) +
∑
n′

Ann′(k)fn′(k), (6)

we can write the current operator in a way such that we can separate intraband and interband
currents,

Ĵ = −|e|
ℏ

(∇kH0,nm(k)− i [A(k), H0(k)]nm) . (7)

The first term is non-zero when n = m and is associated with the intraband contribution, while
the second term contains the interband contribution.

Our results, presented in Figure 2, show that under the experimental conditions considered
in our analysis, where the laser intensity approaches the experimental value, 30 TW/cm2, the
interband mechanism dominates. The same is found at lower intensities.

Figure 2 shows the results for the field linearly polarized along the Γ −M direction, i.e.,
along the direction where the Berry curvature is maximal. We see that the interband current
contribution is higher by two to three orders of magnitudes (Figures 2c and 2d) compared with
the intraband contribution. We note that these results do not depend on the dephasing time,
as shown in Figure 3.

We shall see below that these conclusions are consistent with available experiments for
different laser parameters and by no means contradict the observations of intra-band mechanism
at shorter wavelengths [7].

Our first-principle simulations predict that we should observe attochirp of high harmonics
in our experimental conditions. This is the subject of our additional experimental measure-
ments.
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Figure 2: Calculated HHG spectrum for quartz along Γ − M , for the parallel (a,c) and perpendicular (b,d) components. The
laser intensity is I = 0.9 TW/cm2 in panels (a,b) and I = 30 TW/cm2 in panels (c,d); the dephasing time is T2 = 2T0. The
intra/interband currents are plotted in red/blue.
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Figure 3: Comparison of the calculated HHG intensities for the perpendicular polarization component, for a laser intensity of
I = 0.9 TW/cm2, for T2 = T0 (a) and T2 = 2T0 (b).
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2.2 Experimental study of the HHG origin

We have performed a new experimental study that reveals the underlying HHG mechanism in
our experiments. This experiment aims to confirm the atto-chirp of the emitted harmonics in
the spectral region of interest. To this end, we probe the HHG mechanism in quartz via the
application of the in-situ scheme [13], which we have developed during the past two decades,
using it in a large variety of atomic and molecular systems to resolve a range of fundamental
phenomena such as the tunneling dynamics [14, 15] or multielectron processes [16].

The in-situ scheme has now been extended to condensed matter systems. This scheme
was first applied by the NRC group to reveal the role of the interband mechanism in a low
band gap crystal such as ZnO [6]. Later, this scheme was applied by several groups to identify
the interband process in a high bandgap system such as MgO [17, 18]. This observation was
then confirmed by alternative spectroscopic approaches such as the CEP scans [9, 19] or the
appearance of spectral caustics [17]. Recently, the Weizmann and the MBI teams have applied
the in-situ scheme in MgO, and resolved laser-induced closing of the band-gap between adjacent
conduction bands, revealing the mapping between the HHG and the different conduction bands
[20].

Here, we apply the in-situ scheme in quartz. Our experiment consists of a strong IR field
together with a weak second harmonic (SH) field, controlling their sub-cycle delay τ . Each
trajectory acquires an additional complex phase σ(τ), which is accumulated along the entire
trajectory, serving as a sensitive label of its temporal properties. We can describe this phase
shift as a perturbation to the total action accumulated by the electron as: S(τ) = S0 + σ(τ).
The real part, Re(σ), is associated with an additional phase accumulated by the electron after
injection (tunnelling), while the imaginary part, Im(σ), is associated with a small perturbation
of the injection (tunneling) process [14]. The additional phase is mapped into the intensity of
both even and odd harmonics.

Scanning τ modifies σ(τ) in a periodic manner, modulating the harmonic spectrum. These
modulations (i) reveal the symmetry of the solid-state medium and (ii) provide insight into the
dynamical properties of the interaction.

First, we compare the in-situ measurement performed in MgO and quartz. Figure 4
presents the HHG spectrum as a function of τ for MgO and quartz. Clear modulations of
the harmonic signal are observed for both systems. Before we carefully analyze the phase
associated with each harmonic order, we focus on two main observables: the modulation’s pe-
riodicity and the modulation’s phase of both even and odd harmonics. In MgO the harmonics
oscillate with 2ωSH frequency (ωSH is the SH frequency), where even and odd harmonics are
modulated out of phase. In strong contrast, in quartz, the signal oscillates with ωSH frequency,
where odd and even harmonics are modulated approximately in phase. What is the origin of
this striking difference between the two systems?

We can understand this difference by considering the generation process induced during two
consecutive half cycles. The exact expressions are derived in the new chapter in the SI (chapter
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Figure 4: Two-color HHG spectroscopy resolved in MgO and quartz crystals. (a) and (b) Oscillating harmonic spectrum
resolved in MgO and quartz crystals, respectively, as a function of the time delay between the two fields (presented with respect
to the SH cycle period). (c) Comparison between the oscillation of the even (H18, red) and odd (H19, blue) harmonics, generated
in MgO crystal, showing out of phase oscillations. (d) Comparison between the oscillation of the even (H20, red) and odd (H19,
blue) harmonics, generated in quartz crystal, showing in phase oscillations.

5.3), here we present a general description that captures the complex nature of the perturbation.
The harmonic fields emitted during each half cycle can be described as: E1,2 = α1,2e

φ1,2 , where
1,2 represents the first and second half-cycles respectively. α1,2 represents the amplitude of
the harmonic emission, while φ1,2 represents its phase, which is dictated by the semi-classical
action, S, as well as the dipole phase. Adding the SH field adds a complex perturbation to
the harmonic’s field emitted during the two half-cycles, represented by σ1 and σ2. The HHG
spectrum encodes the interference between the two emission bursts according to:

IN ∝ |α1e
iφ1eiσ1(τ) ± α2e

iφ2eiσ2(τ)|2 (8)

where + is for odd and − is for even harmonics. In systems with inversion symmetry [13, 14]:
α1 = α2, φ1 = φ2, and σ1 = −σ2, therefore:

IN ∝ |α|2|eiσ1(τ) ± eiσ2(τ)|2 ∝

1 + (σi)2 − (σr)2 N is odd

(σi)2 + (σr)2 N is even
(9)

Here σi
1,2 = Im(σ1,2) and σr

1,2 = Re(σ1,2).

Thus, in inversion symmetric systems, the first order vanishes and the perturbation appears
in the second order only. Scanning the two-color delay thus modulates σ by ωSH and the
harmonic signal by 2ωSH oscillations. In contrast, in systems with broken inversion symmetry
the response to the perturbation is completely different. In this case, the harmonic signal
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behaves as:

IN ∝

2α1α2 cos∆φ(1 + σi
1 + σi

2) + 2|α1|2σi
1 + 2|α2|2σi

2 − 2α1α2 sin∆φ(σ
r
1 − σr

2) +O(σ2) N is odd

−2α1α2 cos∆φ(1 + σi
1 + σi

2) + 2|α1|2σi
1 + 2|α2|2σi

2 + 2α1α2 sin∆φ(σ
r
1 − σr

2) +O(σ2) N is even

(10)

where ∆ϕ = ϕ1 − ϕ2. Note that σ(τ) is a periodic function of the two-color delay τ . We
see that the perturbation appears in the first order, leading to ωSH oscillations.

This analysis fully captures our experimental observations of the different oscillation peri-
ods in MgO crystal vs. quartz crystal.

Next, we note that when the perturbation is dominated by its real component, the neighbor-
ing even and odd harmonics oscillate out of phase. In contrast, when the perturbation is dom-
inated by the imaginary component, the odd and even harmonics will oscillate in phase [6,14].

Clearly, the perturbation in MgO is dominated by the real component. In contrast, our
experimental results reveal that the perturbation in quartz is dominated by the imaginary
component of the perturbation. The dominant role of the imaginary perturbation originates
from two important properties. The first is the high band gap of quartz (9.3eV ), leading
to crucial contribution of tunneling and therefore large imaginary action. The second is the
asymmetry in tunneling during the two consecutive half cycles, associated with the symmetry
breaking (σ1 ̸= σ2) within each cycle.

Importantly, the tunneling step is common for both HHG mechanisms, inter- and intra-
band. The modulation associated with this step does not distinguish between the two. The
interplay of inter-band and intra-band mechanisms is encoded in the real perturbation associ-
ated with the phase accumulated by the trajectory. For the inter-band mechanism, this phase
reflects the length of the trajectories and the mapping between their length and the harmonic
orders.

We can isolate the oscillating real perturbation from the imaginary one by combining the
pairs of neighboring harmonic orders:

INodd − INeven ∝ α1α2 sin (∆φ)(σ
r
1 − σr

2) (11)

Such analysis removes the imaginary contribution and isolates the real perturbation.

Figure 5 presents the modulation phase, focusing on the harmonic emission associated
with the first conduction band (HH11-HH17), for the three values of the fundamental field’s
intensity. This analysis shows that the modulations of even and odd harmonics are slightly
out of phase, and that their phase difference changes with the harmonic order. In addition,
the phase variation of both even and odd harmonics strongly depends on the fundamental field
intensity, becoming almost flat at high laser intensities. We extract INodd − INeven and resolve
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Figure 5: Resolving the interband mechanism captured by the harmonics’ oscillation phase. (a-c) The oscillation
phase of the even (I2N , blue) and the odd (IN , red) harmonics, as well as the oscillation of their difference (IN − I2N , black),
generated using fundamental’s field intensities of approximately 3.8 ·1013W/cm2, 4.3 ·1013W/cm2, 5 ·1013W/cm2. (d) Semi-classical
calculations of the recombination time as a function of the emitted photon energy, for different driving field amplitudes (light to
dark: high to low laser intensity).

the modulation phase of each pair of neighboring harmonics. Such analysis reveals the temporal
information recorded in the experimental results (equation 11).

Crucially, we find that the modulation phase changes significantly with the harmonic order,
resolving the clear fingerprint of the interband mechanism. The variation of this phase from
one harmonic pair to another originates from the recombination dynamics and identifies the
mapping between the recombination time and harmonic order. Such response has been well
established in gas phase [13] and, as the referee correctly points out, extended to condensed
matter systems by Vampa et al in ZnO [6].

Importantly, our measurements also show how the interplay between inra-band and inter-
band mechanisms changes with intensity. In our measurements, the spectral slope of the
modulation phase decreases as we increase the fundamental field intensity. Such a response is
in full agreement with the semi classical inter-band picture. At the same time, as we increase
the laser intensity, the mapping between recombination time and harmonic order becomes
more flat, and thus the attochirp reduces. Our experimental results point to the fact that if
HHG is performed in quartz with very short driving pulses, which in practice necessitates high
intensities, all harmonics up to H17 will be emitted in phase, consistent with the intra-band
mechanism. However, in our experiment, this is clearly not the case.
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2.3 Analysis of HHG mechanisms based on macroscopic simulations

We now complement our microscopic analysis with macroscopic simulations, albeit for a sim-
plified microscopic model. This additional study allows us to better connect our numerical
calculations with experimental results, since the latter deal with the far-field HHG signal. Cru-
cially, this study also allows us to better examine the interplay between the different HHG
mechanisms under different experimental conditions, providing a broader picture and connect-
ing to previous experimental works of HHG in quartz, performed under different experimental
conditions.

To this end, we have developed a novel approach based on real-space-resolved evaluation
of the generated light in the basis of Wannier orbitals.

To demonstrate the strength and relevance of this method, let us start with the description
of the HHG using the adiabatic Houston basis and write the time-dependent wavefunction with
the initial crystal momentum k0 as follows [21]:

|ψ(t)⟩ = am,k0(t)|ψ
(H)
m,k0

(t)⟩. (12)

The time-evolution of the amplitude am,k0(t) is given by

i
∂am,k0

∂t
=

∑
m′

[ϵm′(k0 + A(t))δm,m′ − F (t)dm,m′(k0 + A(t))] am′,k0(t), (13)

where ϵm′(k) and dm,m′(k) are the band m energy and the transition dipole moment between
bands m and m′ at crystal momentum k, and F (t) and A(t) are the external time-dependent
electric field and vector potential at time t. Assuming negligible depletion of the ground state,
the intra- and interband current calculated from this model are given as follows:

j(ra)(t) = −
∑
m

|am,k0(t)|
2 ⟨ψm,k0+A(t)|p̂|ψm,k0+A(t)⟩, (14)

j(er)(t) = −
∑
m ̸=m′

[
a∗m,k0

(t)am′,k0(t)⟨ψm,k0+A(t)|p̂|ψm′,k0+A(t)⟩+ c.c.
]
. (15)

We now transform our representation into the Wannier basis, resulting in the following
expression for the intraband emission spectrum [22]:

j̃
(ra)
∆R

(Ω) =
∑
m

∫ ∞

−∞
dt |am,k0(t)|

2 e−i(k0+A(t))∆Rp∆R
m,me

iΩt. (16)

Here ∆R denotes the spatial separation between the two Wannier states (see chapter 3.3 SI). If
we now analyze the integral over t in Eq. (16) using the saddle-point approximation, we obtain
the following saddle-point condition [22]:

0 = Ω− F (ts)∆R =⇒ N ∝ ∆R, (17)
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Thus, the intraband HHG emission above the minimum band gap will be associated with lattice
site separations that satisfy Eq. (17).

In contrast, the interband emission in Eq. (14) depends on the interband momentum
matrix element, which rapidly decays with lattice site separation. Consequently, the interband
HHG emission will be dominated by coherences between relatively close lattice sites.

Therefore, we conclude that the intra- and interband HHG are governed by distinct real-
space dynamics, and that resolving the HHG emission above the minimum band gap according
to lattice site separation provides a means for distinguishing between the two mechanisms.

We now use this insight to analyse the combination of microscopic and macroscopic simu-
lations. To make the macroscopic simulations feasible, we use a simple one-dimensional micro-
scopic model of a crystal, with the periodic potential adjusted to obtain the desired band gap,
see SI chapter 3 for the full description of the model.

We simulate HHG emission across a radially symmetric Gaussian beam-front with a beam-
waist of 100 µm, peak electric field amplitude 0.014 a.u., and a pulse duration of eight optical
cycles for a driving field wavelength of 1200 nm. Figure 6 depicts the lattice site separation-
resolved radially integrated HHG spectra, after propagating the near-field signal from a 2D
sample by a distance of 1 m into the far field, assuming 10 fs dephasing time. The dashed
vertical red lines denote the harmonic order corresponding to the minimum band gap. The
dashed white line depicts the minimum lattice site separation for the intraband emission at a
given harmonic order, calculated using Eq. (17). The changing interplay of the two mechanisms
across the harmonic spectrum is clear, with the highest harmonics dominated by the inter-band
mechanism and the lower to mid-range harmonics demonstrating comparable contributions from
both.

We are now able to study the relative importance of the two HHG mechanisms on the
driving field wavelength. Figure 7 presents the HHG spectrum as a function of lattice site
separation for wavelengths of 0.6 µm, 0.8 µm, 1.0 µm, and 1.2 µm. For longer driving field
wavelength (c and d), the intra- and interband components of the spectrum are clearly separated
above the minimum band gap, where the emission is clearly dominated by the near-zero lattice
separation emission and is predominantly interband. For shorter wavelengths (panels (a) and
(b)) the situation is different. Reducing the wavelength increases the strength of the intraband
emission, and the separation between intra- and interband emission in the total HHG spectrum
is less clear. At a shorter wavelength, 0.6 µm (a), the intraband emission is the dominant HHG
mechanism.

This conclusion is supported by the time-frequency Gabor analysis of the emission shown
in Fig. 8, for the same driving laser wavelengths of (a) 0.6 µm, (b) 0.8 µm, (c) 1.0 µm, and (d)
1.2 µm. All Gabor transforms are normalized according to their respective maxima for photon
energies above the minimum band gap. For the driving laser wavelength of 0.6 µm in (a),
where the HHG emission is dominated by the intraband mechanism, no attochirp is observed,
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Figure 6: Lattice site separation-resolved far-field HHG spectra calculated with driving laser wavelengths of 1200 nm, driving
field beam waist of σ = 100 µm and a driving electric field amplitude of 0.014 a.u.. A far-field propagation distance of 1 m is
considered. The dashed white lines denote the minimum lattice site separation separation for HHG emission at a given harmonic
order calculated using Eq. (17) and the vertical dashed red lines denote the harmonic order of the minimum band gap.

as expected.

As we go to longer wavelengths, the attochirp becomes more pronounced. The above-band-
gap emission calculated with a 1.2 µm driving laser wavelength shown in (d) exhibits a clear
attochirp for nearly all photon energies above the minimum band gap, showing the dominant
role of the interband emission. The harmonics emission in the spectral range of HH14-HH21,
used for analysis in our experiment, clearly lie within the energy region which exhibits a clear
attochirp.

Our results clearly show that the dominant mechanism of HHG emission shifts from intra-
to interband as the driving laser wavelength is increased and that interband emission is the
dominant HHG mechanism for the experimental conditions used in this work.

At the same time, our results show that experiments performed with wavelengths below
800 nm will have very significant or dominant contribution from the intra-band mechanism, for
the large band-gap materials such as quartz.

What is the physical origin of this interplay?
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Figure 7: (a-d) lattice site separation-resolved far-field HHG spectra calculated with driving laser wavelengths of 0.6 µm, 0.8 µm,
1.0 µm, and 1.2 µm, respectively. All spectra are calculated with a driving field beam waist of σ = 100 µm, a far-field propagation
distance of 1 m, a peak driving electric field amplitude of 0.014 a.u., and are normalized for clarity. The dashed white lines denote
the minimum lattice site separation separation for HHG emission at a given harmonic order calculated using Eq. (17) and the
vertical dashed red lines denote the harmonic order of the minimum band gap.
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Figure 8: The short-time Fourier transforms of the radially integrated far-field HHG spectra shown in Fig. 7 (a-d) calculated with
driving laser wavelengths of (a) 0.6 µm, (b) 0.8 µm, (c) 1.0 µm, and (d) 1.2 µm showing the above-band-gap HHG emission. All
spectra are normalized to their peak above-band-gap emission.
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2.4 Physical interpretation of the interplay between inter-band and
intra-band mechanisms under different conditions

Intraband currents are initiated by the injection of the charge across the band gap at ti. These
currents are proportional to the number of injected charge carriers, the density nc(ti), and
their velocity v(t, ti) dictated by the band dispersion, j(t, ti) = nc(ti)v(t, ti). In contrast to
the intraband currents, the interband contribution is given by the coherence created between
the valence and the conduction bands upon electron injection. A simplified expression for the
induced polarization is: P (k; t) = ac(k, t, ti)av(k, t, ti)e

−i
∫ t
ti
ϵ(k(τ))dτ . This expression assumes a

fully coherent quantum evolution between injection at ti and observation at t. Here ac(k, t),
av(k, t) are the density amplitudes, with nc = |ac|2, nv = |av|2.

The main difference between the two processes is simple: in the intraband case the process
is dominated by the charge density while the interband process is dominated by coherence. For
small injection probabilities per half-cycle, coherence scales with the square root of the injec-
tion probability per half-cycle, while the intraband competitors scale with the full probability.
Therein lies the possibility to understand when one or the other dominate. In the case of low
frequency driving field and long laser pulses, the dominant mechanism for charge injection into
the conduction band is tunneling. In this regime, and for long laser pulses, the injection via
optical tunnelling per laser cycle is exponentially low. Therefore, the intraband contributions
becomes negligible while the interband contribution dominates the interaction. For few-cycle
laser pulses and higher frequencies, the injection rate per laser cycle is necessarily much higher,
making the intraband mechanism highly competitive. Since the intraband mechanism also does
not suffer from dephasing, it can dominate the resulting far-field emission.

Let us also look at it from another perspective. Harmonic generation, like any parametric
process, requires the system to return to its initial state. This applies to both inter-band
and intraband contributions. This condition is very clear in the case of interband process
(figure 9a). The electron in the conduction band, which tunneled across the band gap with
an amplitude aT, returns with higher energy and recombines across the gap with the hole
(⟨Ψv(k, t)|d̂|Ψc(k, t)⟩ + c.c.). This process is composed of only one tunneling step and scales
with aT. However, the intraband trajectory also must return to the initial state (figure 9b).
We can express this condition as a two step process, where the two steps are time-reversed
to each other (⟨Ψc(k, t)|d̂|Ψc(k, t)⟩ + c.c.). The electron tunnels across the band-gap, moves
inside the conduction band, and emits harmonic light during this motion. This step, described
by |Ψc(k, t)⟩, scales with the tunneling amplitude (aT). Then, the electron traces its route
backwards in time, including the tunneling step, which is described by ⟨Ψc(k, t)| and scales with
the complex conjugated amplitude a∗T. In this case the initial and the final states are both
associated with the conduction band and therefore they contain the tunnelling amplitude on
the both sides: the bra- and the ket- sides (The bra-side is time-reversed to the ket). The result
scales with tunnelling probability, a∗TaT = |aT|2.

Thus, as soon as we reduce the frequency of the driving field to bring the interaction into
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Figure 9: Illustration of the interband and intraband mechanisms. (a), In the interband picture, the electron tunnels
with an amplitude aT , evolves (|Ψc(k, t)⟩) and returns to the origin (⟨Ψv(k, t)|), emitting a photon. (b) In the intraband picture,
the electron tunnels with amplitude aT , evolves (|Ψc(k, t)⟩) and returns to the initial state according to the time reversal process
(⟨Ψc(k, t)|), acquiring additional tunneling amplitude a∗T .

tunnelling or the non-adiabatic tunnelling regime, the interband contribution should dominate
the intraband one for high harmonics: the second tunnelling step, back from the conduction to
the valence band, is not needed for the interband emission. This explains why the interband
contribution usually dominates in the low-frequency driving regime unless the laser pulses are
very short (few cycles). Indeed, in the case of a few cycle pulses, the driving field can be
very intense without destroying the sample [3, 7]. In fact, ultrashort pulse duration forces one
to use high intensities – otherwise the total integrated signal is low. High intensity makes
tunnelling ”less painful” and the price for the second – time-reversed – tunnelling event is no
longer penalizing. Moreover, since the intraband mechanism does not suffer from dephasing
and is also naturally well-collimated in the far-field, it can dominate the resulting emission.

To conclude, the inter-band contribution naturally dominates in the low-frequency regime
of optical tunnelling, whether adiabatic or non-adiabatic, because it scales with the tunnelling
amplitude per half-cycle and not the tunnelling probability per half-cycle. Detrimental effects
of ionization on the macroscopic high harmonic generation strongly limit tunnelling probability
per half-cycle in the multi-cycle, long-pulse regime. The intraband contribution can, however,
dominate for high harmonics in the nearly single-cycle pulse regime. This regime naturally
requires high intensities since there is only a couple of half-cycles that contribute to the signal,
and one needs to make sure that enough signal is generated per half-cycle. High intensity
lowers the tunnelling penalty. Then the simplicity of the harmonic phase associated with the
intraband contribution further enhances its role in the far-field signal.
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2.5 Analysis of recent measurements at NRC

Finally, as the referee correctly emphasizes, the NRC group has performed an in-situ measure-
ment in quartz, suggesting that the intraband mechanism dominates the HHG process. We
completely agree that this measurement requires a careful comparison with our analysis as well
as a proper citation. How can we understand the apparent contradiction between the results
of Hammond et al. [8] and our in-situ study?

Hammond et al. studied attosecond pulse generation, driven by a controlled subcycle
electric-field transients. They compare the generation mechanism in the gas phase (Xenon)
and crystals (quartz). The underlying HHG mechanism is probed via the in-situ scheme. In
contrast to the study described in this reply letter, Hammond et al. applied the perturbation
by the addition of a weak fundamental field in a non-collinear configuration, perturbing the
beam’s divergence.

As expected, scanning the relative delay between the strong and the perturbative fields in
Xenon leads to oscillations of the beam’s divergence with a periodicity of ω0 (the fundamental
frequency), where the oscillation phase changes across the spectrum, reflecting the well known
atto-chirp. The results in quartz are quite different, and the spectral dependence of the beam
divergence is weaker. A deeper insight into the experimental results, presented in the SI, shows
that in the case of quartz, scanning the two fields delay leads to modulation of the HHG
signal with a periodicity of 2ω0. Such observation cannot be explained by the broken inversion
symmetry of the target.

In the following we present a possible interpretation for these results. The authors generate
attosecond pulses from x-cut quartz. This crystallographic plane is different from the one in
our experiment and other works (z-cut). This plane induces birefringence and phase matched
second harmonic generation. Therefore, the propagation of both the fundamental field and the
perturbative field in the crystal generates SH as well, which seeds the harmonic’s generation
process. The oscillation of the beam divergence with 2ω0 periodicity shows that the SH field,
generated in the crystal, dominates the perturbative measurement. The flat spectral response
encodes the interplay between two nonlinear processes together – the SH generation as well
as the HHG. This experimental result is exciting and contains rich information regarding the
control of the HHG process via multiple nonlinear processes. However, we believe that the
interplay between these processes hinders the ability to isolate the HHG mechanism and identify
its underlying dynamics.

In order to avoid the interplay between different nonlinear processes, in our experiment we
have generated HHG with z-cut quartz [7,23], while perturbing the interaction with an external
SH field. Our scheme enables an independent control of the perturbing field, while allowing a
simple and direct understanding of the underlying dynamics.
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2.6 Overall conclusions

To summarize our new theoretical and experimental studies, the theoretical description, the
numerical simulations, and the new experimental results fully confirm that in our experimental
conditions the interband mechanism dominates the HHG process. We thank the referee for
raising this concern which initiated this extensive study. We believe that the experimental and
theoretical study is not limited to quartz. It provides a general picture, shadding light on the
interplay between the interband and intraband HHG mechanisms in condense matter systems.

2.7 Changes in the manuscript

Following the referee comment and the findings of our new study, we modified the manuscript
and the SI as following:

1. We have written a completely new chapter in the SI (chapter 3). In this chapter we
describe in detail the experimental and theoretical studies presented here. We believe that this
chapter will provide a broad and deep picture on the fundamental parameters that manipulate
the balance between the interband and intraband mechanisms.

2. Following the referee’s criticism we have removed from the main text and the SI the
direct comparison between the band structure and the harmonic spectrum.

3. We added the following description to the main text (line 140): ”In order to obtain
a deep understanding of the underlying mechanism that dominates our observations, we com-
bined detailed theoretical analysis with systematic experimental study. Following these studies,
we conclude that under our experimental conditions, the interband mechanism dominates the
harmonics emission. We note that such an observation is in contrast to previous observation of
HHG in quartz [33], performed with shorter wavelength and few-cycle laser pulses. A detailed
description of these studies is presented in the SI.”.

Comment V) The authors argue on the importance of this work with reference to the
importance of the Berry phase (the original one). But what they present is not the Berry
phase, is something new. Previous works, (for example, Luu et al., Nature communications
2018) have used precisely the same system and it seems that their reconstructed Berry phase
matches pretty well the expectations (to the extend a comparison is accurate). There the mea-
sured quantity is indeed connected directly to the broadly known Berry phase.

For this work to stand higher than the previous two papers on this topic, this referee
would expect that the Berry phases measured would have a more important metrological value,
benchmarke/theoretical quantities not captured by the previous works. I feel that this aspect
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is missing here and irrespectively of (I) I would feel uncomfortable to support this work without
seeing these facts transparently presented.

We completely agree with the referee that the original version of the manuscript did not
provide a proper comparison to previous works. More importantly, following your criticism,
as well as the review of referee 3, we have realized that we did not provide a clear description
of the novelty of our findings. In the following we provide a comprehensive description of our
study as well as its comparison to previous studies.

Over the past several years HHG spectroscopy has been applied as a unique probe of elec-
tron dynamics in broken inversion symmetry crystals [7, 23–26]. These studied have demon-
strated the ability to resolve the Berry curvature. In strong contrast, our paper demonstrates,
the first (as far as we know) measurement of the Berry phase. The ability to reveal the Berry
phase, which plays a significant role in condensed matter physics, defines the main novelty of
our study.

Indeed, these two quantities are related to each other, however they lead to different
phenomena in condensed matter physics [27]. The Berry curvature leads to the appearance of
the anomalous velocity and the classical Hall effect. The emergence of the Berry phase leads to
quantized electronic phenomena and new quantum phases of matter, such as the Quantum Hall
effect and Chern insulator. We totally agree that the original version of the manuscript did
not provide a clear introduction of these observables. We have remedied this defect in the new
manuscript. Furthermore, below we provide the formalism related to the Berry phase/curvature
and describe how they can be resolved experimentally.

When a quantum wavefunction evolves in the parameter space, it accumulates a phase,
referred to as the Berry phase (γB) [27, 28]. The Berry phase is described by the integration
over a vector-valued function, the Berry connection (An(k) = i ⟨un,k(x)|∇k |un,k(x)⟩). The
Berry connection, in every realization, is not a gauge invariant quantity and therefore it is not
an observable. Unlike the Berry connection, in the particular case of a closed loop, the Berry
phase becomes gauge invariant and can be measured. In this case, the Berry phase represents
a geometrical phase; a global quantity that depends on the contour of the evolution only,
γB(C). In analogy to gauge field theories, one can define a third quantity, the Berry curvature,
Ω(k) = ∇k ×A, which represents the flux inside the loop (figure 10). In contrast to the Berry
phase, the Berry curvature is a local (rather than global) gauge invariant quantity, defined at
every point in the parameter space, and can be measured even without a closed loop contour.
The three quantities are related according to:

γB(C) =

∫
C

dkA(k) =

∫
S

d2kΩ(k) (18)

While, both the Berry phase and the Berry curvature can be measured, there are important
differences between them:
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Figure 10: Comparison between Berry phase and Berry curvature. While the Berry curvature is defined at every point
(square) in the parameter space (Ω(k), blue and pink squares), the Berry phase, γB(C), depends on the closed path (black contour).

1. The Berry curvature is a local property, defined at every point in k space (figure 10).
Importantly, the Berry curvature does not depend on the evolution of the wavepacket. In con-
trast, the Berry phase depends on the contour of the evolution of the wavefunction. Therefore,
in contrast to the Berry curvature, it is not a static property of the medium but a dynamical
one that varies with the driving field. Therefore, one cannot define general characteristics of
the Berry phase in quartz.

2. The Berry curvature can be directly measured via the transverse polarization it induces
in light matter interactions, or via transversal resistivity (Hall resistivity) in transport mea-
surements. Such transverse polarization can be resolved in any system, as long as the inversion
symmetry or time reversal symmetry is broken [23].

However, resolving the Berry phase requires an interferometric scheme. Performing an
interferometric measurement in condensed matter systems is extremely challenging, due to
dephasing effects abundant in many-body systems. Electron-phonon, electron-electron inter-
action and scattering from impurities can lead to loss of the phase information. One of the
most important breakthroughs of this field was accomplished by achieving very clean samples
of GaAs-AlGaAs hetrostructures, establishing 2D electron gas system at extremely low tem-
perature (mK scaling) [29, 30]. The coherence is achieved by fabricating high quality devices
with high mobility. Only recently, interferometry experiments in intrinsic electronic systems
were performed in very clean graphene samples, at 60 mK [31]).

In contrast, in this work we resolve for the first time the Berry phase, in a trivial insulator,
under room temperature conditions.

In our paper we achieve coherence by performing the interferometric measurement on an
attosecond time scale, before any scattering or dephasing mechanism evolves. We believe that
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the ability to resolve the quantum nature of the wavefunction on extremely short time scales
is one of the most important advantages of attosecond science in condensed matter systems.

Changes made: Following the referee comment, we have added a new section to the SI
(chapter 5.5), where we provide a proper introduction and discuss in details the fundamental
difference between these two observables. In addition, we added a clarification in the manuscript
(line 199): ”While the Berry phase and the Berry curvature are strongly related, their physical
properties are inherently distinct, leading to different observations (see SI)”. Finally, we com-
pare our work with previous work as well as provide a proper citation (line 99): ”The short
time scale of the mechanism provides the key advantage of our scheme. Schmid et al. Ref [16]
revealed the Berry curvature of topological insulators via HHG driven by THz field, having
a fundamental period of 40fs. In their study, topology enables to overcome dephasing and
scattering mechanisms, revealing the geometrical properties of the system. Our measurement,
performed on an attosecond time scale, allows the probing of the Berry phase in trivial insulator.

Comment VI: More technically. The authors assume that the “excitation” matrix ele-
ment is independent of the polarization state of the strong pulse. In this sense the polarized
field is simply decomposed to two perpendicular fields that guide the motion of the excited car-
rier(s) only. Is there experimental evidence that this is the case? Alternatively, is it supported
by rigorous calculations?

We thank the referee for raising this important question. Indeed, the variation of the
excitation matrix with the driving field polarization cannot be neglected. Our model, which
considers the ”generalized Berry phase”, combines the common Berry phase notation, the
integration over the Berry connection, with the excitation matrix phase. A full description
is presented in chapter 5.1 in the SI, here we present the main points.

In a broken inversion system, the dipole coupling is a complex quantity, composed by real
and imaginary components. Adding the dipole phases to the action, defining the generalized
action, provides a gauge invariant quantity, as presented in the main text (Equation 1):

J
(i)
inter(ω) = i

∫
BZ

d3K

∫ t

−∞
dt′

∫ ∞

−∞
dtF (j)(t′) · |d(j)(K + A(t′))||d∗(i)(K + A(t))|e−iS(i)[K,t′,t]+iωt + c.c

S(i)[K, t′, t] ≡
∫ t

t′
[εg(K + A(τ)) + F(τ) ·Ag(K + A(τ))]dτ + ϕ

(j)
d (K + A(t′))− ϕ

(i)
d (K + A(t))

(19)

Here d(k) = i ⟨uv,k(x)|∇k |uc,k(x)⟩ is the dipole coupling between the valence and the con-
duction bands, uv/c,k(x) is the periodic part of the Bloch functions (ψn,k = eik·run,k(r)) and
εg = εc−εv is the two bands energy difference. Ag = Ac−Av is their relative Berry connection,
defined as Am(k) = i ⟨um,k(x)|∇k |um,k(x)⟩, in which m = v, c. F(t) and A(t) are the laser
field and its vector potential and K(t) = k − A(t) is the canonical crystal quasi-momentum.
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ϕd is the dipole coupling phase and j, i = x, y.
We separate the action into its trivial component, which controls the interaction in inversion
symmetric crystal and to the gauge invariant Berry phase:

S(i)[K, t′, t] ≡ Sinv + γ
(i)
B

Sinv[K, t′, t] ≡
∫ t

t′
εg(K + A(τ))dτ

γ
(i)
B [K, t′, t] ≡

∫ t

t′
F(τ) ·Ag(K + A(τ))dτ + ϕ

(j)
d (K + A(t′))− ϕ

(i)
d (K + A(t))

(20)

Due to time reversal symmetry, Sinv is symmetric at positive and negative crystal momen-
tum, Sinv(−k) = Sinv(k), while the Berry phase switches its sign, γB(−k) = −γB(k). Finally,
in order to simplify the time dependence of this expression we rewrite the Berry phase as:

γ
(i)
B [K, t′, t] ≡ γ̃B +∆ϕ

(i)
d

γ̃B ≡
∫ t

t′
F(τ) · [Ag(K + A(τ)) +∇Kϕ

(j)
d (K + A(τ))]dτ

∆ϕ
(i)
d ≡ ϕ

(j)
d (K + A(t))− ϕ

(i)
d (K + A(t))

(21)

We define γ̃B as a generalized Berry phase, which is a gauge invariant quantity that con-
tains the excitation dipole phase. The contribution of the excitation matrix is crucial for
the physical meaning of this quantity. Its contribution, ∇Kϕ

(j)
d (K + A(τ)) depends on the

driving field polarization in the same manner as the other term that contribute to the general-
ized Berry phase. In our experiment we resolve the generalized Berry phase that includes the
variation of the excitation matrix with the driving field polarization.

Changes made: Following your comment we have re-written chapter 5.1 in the SI and
clarified the contribution of the excitation matrix to the generalized Berry phase.
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3 referee 3

The data are clear, the analysis is sound, and the results are exciting. However, as spectacular as 
the results may seem assuming a first observation, there is evident overlap with existing works. 
Schmid et al., cited (as [40]) by the authors, have already presented direct measurement of the 
Berry phase in a topological insulator at lower frequencies from mid-IR to VIS/UV. It is unclear 
why this reference is somewhat neglected by placing it at the very end of the main text rather 
than discussing the similarity with the present data. To be clear: the differences are interband 
as well as intraband Berry phases on the one hand and intraband-only Berry phases on the 
other, while the similarities include ballistic lightwave acceleration, high-harmonics generation, 
HHG interference, Berry curvature in general, the Berry curvature shown in Fig. 4c and [40] 
in particular, subcycle dynamics, polarization effects i n H HG, B loch’s a cceleration theorem, 
solid-state all-coherent polarization dynamics, and more. In this light, the authors would have 
to argue why their work is not an extension of previous works, that merely adds, technicalities 
aside, the interband Berry connection (although that result would still be quite interesting). 
While I like the results, I must ask for their placement to be revised. Under the current 
circumstances, I would not support publication in Nature owing to the limited degree of novelty 
as described above. Moreover, I list a few more issues below which the authors can certainly 
address.

We thank the referee for his very positive evaluation of our experimental and theoretical 
work. The main concern of the referee is the novelty of our work compared to the (truly 
exceptional) work of Schmid et al. [32], as well as Refs. [23, 24, 26]. We would like to argue 
that our work reports a fundamental advance compared to previous works, as our study focuses 
on the Berry phase, while Schmid et al. have focused on resolving the Berry curvature. We 
attribute this misunderstanding to the drawbacks of the first version o f o ur m anuscript, and 
we have made significant modifications to  better place our work in  the context of  the previous 
studies [7, 23–26], and especially of the recent discovery by Schmid et al [32].

Specifically, S chmid e t a l. [ 32] o bserved h igh h armonic e mission u sing T Hz d riving field, 
generated from the surface as well as from the bulk 3D topological insulator (3D TI). This 
outstanding work shows the ability to isolate and control the contribution of the surface states 
to the harmonic emission. An evidence of their contribution is the generation of even harmonics, 
due to the appearance of large Berry curvature at the surface.

In the following we discuss the fundamental differences between the two studies:

• Schmid et al connected their measurements of HHG in a topological insulator to the
geometrical properties of the system focusing on the (intra-band) Berry curvature, but
not on the intrinsic Berry phase of system. In strong contrast, our work focuses on the
Berry phase in a trivial insulator and introduces a new type of the Berry phase, which
corresponds to a closed loop both in continuous (intraband) and discrete (interband)
variables.
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Figure 11: Intrinsic Berry phase and light driven Berry phase. (a) The intrinsic Berry phase appears at the surface states
of 3D toplogical insulator, accumulated by integrating over a loop around the Dirac point (this picture is taken from ref [33]). (b)
The light driven interband Berry phase, introduced in our work, accumulated during the evolution in a closed path between the
bands.

• While these two quantities are related to each other, γB(C) =
∫
C
dkA(k) =

∫
S
d2kΩ(k),

they are fundamentally distinct, leading to different observations in condensed matter
physics: The Berry curvature, which can also be found in trivial insulators [24], is the
origin of the anomalous velocity and the valley degree of freedom [26]. The Berry phase
leads to quantized electronic phenomena and topological phases, e.g. the Quantum Hall
effect and the Chern insulator [27]. For example, the value of the intrinsic Berry phase in
the system studied in the work of Schmid et al. must be π, while the Berry curvature that
was experimentally resolved presenting different values. For a more detailed discussion
see our answer to referee 2.

• The Berry curvature can be directly measured via the transverse polarization it induces
in light matter interactions or via transverse resistivity (Hall resistivity) in transport
measurements. Resolving the Berry phase requires an interferometric scheme.

• Performing an interferometric measurement in condensed matter systems is extremely
challenging, due to multiple dephasing channels found in many-body systems. Only
recently, interferometry experiments in intrinsic electronic systems were performed in
very clean graphene samples, at 60 mK [31]). To the best of our knowledge, in this
work we resolve, for the first time, a quantum phase in a trivial insulator under room
temperature conditions.

• The key to overcoming decoherence effects in our approach is the use of a different time
scale compared to Schmid et al. Ref [32] focuses on HHG driven by THz field, having
a fundamental period of 40fs. On this time scale, dephasing and scattering impose
significant limitations. Quoting from ref [32]:”efficient scattering and dephasing destroys
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the electronic quantum memory on extremely short timescales setting narrow limits to
strong-field quantum control”. Topology enables the authors to overcome this challenge:
”Non-trivial topology promises a paradigm change”. Our study overcomes this challenge
with a completely different approach: We perform the measurement on a time scale one
order of magnitude faster, such that scattering and dephasing mechanisms play a minimal
role.

We believe that these two studies do not overlap, but rather complement each other,
reflecting various approaches and aspects in this rapidly evolving field of research.

Changes made: Following the referee comment, we have added a new section to the
SI (chapter 5.5), where we provide a proper introduction and discuss in details the funda-
mental difference between these two observables. In addition, we added a clarification in the
manuscript (line 199): ”While the Berry phase and the Berry curvature are strongly related,
their physical properties are inherently distinct, leading to different observations (see SI)”. Fi-
nally, we compare our work with previous work as well as provide a proper citation (line 99):
”The short time scale of the mechanism provides the key advantage of our scheme. Schmid et
al. Ref [16] revealed the Berry curvature of topological insulators via HHG driven by THz field,
having a fundamental period of 40fs. In their study, topology enables to overcome dephasing
and scattering mechanisms, revealing the geometrical properties of the system. Our measure-
ment, performed on an attosecond time scale, allows the probing of the Berry phase in trivial
insulator”.

Comment: Validity of equation 1 is not straight-forward or intuitive to see. Some terms
connect valence and conduction bands, others are intraband, without an easily recognizable
pattern. The authors should discuss the structure more in detail.

Indeed, equation 1 is at the heart of our study, capturing the physical picture of the
Interband Berry phase, which is introduced here for the first time. A detailed mathematical
description is presented in the SI, chapter 5.4, here we present the key steps discussing its
structure and physics. The left side of the equation 1 reads:

lim
N→∞

⟨uv,k1|uc,k2⟩⟨uc,k2 |uc,k3⟩ · · · ⟨uc,kN−1
|uv,kN

⟩ · · · ⟨uv,k2 |uv,k1⟩ (22)

where |un,k⟩ is the periodic part of the Bloch function (n = v, c for the valence and conduction
bands). Eq.(1) describes the evolution of a wavefunction in a closed loop, generalizing the loop
to include not only continuous, but both continuous and discrete variables. The wavefunction
starts at ⟨uv,k1 | (the first ”bra”) and comes back to the same state |uv,k1⟩ (the last ”ket”). The
interband Berry phase is associated with this closed loop in the energy – momentum space, with
the evolution of the wavefunction including both propagation within the bands and transitions
between the bands.

We can separate the loop into four parts, as shown in the Figure 12. First, the electron
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Figure 12: Illustration of equation 1 in the main text. (a) The evolution of the wavepcaket, along and between the bands,
notated by wavefunction |un,k > (n = v, c). (b) A points loop presentation for (a), where the purple line represents continuous
evolution while the green and the blue lines represent the discrete evolution. (c) The associated phase for every step along the loop.

tunnels from the valence band to the conduction band (interband transition), associated with
the term ⟨uv,k1 |uc,k2⟩. Second, the electron propagates within the conduction band (intraband
evolution), changing its momentum from k2 to k3, etc, until kN−1. This evolution is described
by ⟨uc,k2 |uc,k3⟩ · ⟨uc,k3 |uc,k4⟩ · ⟨uc,k4 |uc,k5⟩ · · · ⟨uc,kN−2

|uc,kN−1
⟩. Third, the electron recombines

with the hole via the interband transition, associated with ⟨uc,kN−1
|uv,kN ⟩. The time-reversed

evolution of the hole in the bra closes the loop: the hole evolves within the valence band from
⟨uv,kN back to |uv,k1⟩. The Figure 12 describes this evolution pictorially.

The right hand side of equation 1 shows how this evolution is recorded by the accumulated
Berry phase. The phase of the term

ei
∫ t
t′ εg(k(τ))dτ+iγB,int (23)

contains the dynamical phase and the Berry phase, the latter given by

γB,int ≡
∫ t

t′
F (τ) · (Ag(k(τ)) +∇kϕd(k(τ)))dτ

Here εg = εc − εv is the band gap, Ag = Ac −Av is the electron-hole relative Berry connection
(An(k) = i ⟨un,k(x)|∇k |un,k(x)⟩), and ϕd(k) is the phase of the interband dipole coupling:
ϕd(k) = arg(i ⟨uv,k(x)|∇k |uc,k(x)⟩). The crystal momentum k(τ) = k −A(t) +A(τ) is con-
trolled by the laser field, where F (t) and A(t) are the laser electric field and the vector poten-
tial. The instants t and t′ define the transition times between the bands (the “ionization”, or
’injection’, and the recombination times).

We can transform the integral over time to the integral over momenta, taking into account

30



that dk(τ) = −F (τ)dτ :

γB,int = −
∫ kf

ki

[Ac(k)−Av(k)]dk + ϕd(kf )− ϕd(ki). (24)

This phase indeed captures the four steps of the energy- momentum loop: the phase asso-
ciated with the injection (phase of the dipole at the ionization momentum, ϕd(ki)), the phase
associated with the intraband evolution of the electron (

∫ kf

ki
Ac(k)dk), the phase of the recom-

bination dipole (ϕd(kf )), and finally the intraband evolution of hole (−
∫ kf

ki
Av(k)dk).

Changes made: We hope that the detailed description clarifies the origin of equation 1.
Following your comments, we have made the following changes to the manuscript:
We have added a detailed mathematical description and the derivation of eq. 1 to the SI, chap-
ter 5.4. In addition, we have added to this chapter the presented figure, giving the pictorial
description, together with the associated physical interpretation.

Comment: The presentation of the data in Fig. 2 is not clear. The dashed lines suggest
magnifications of areas of the spectra of panel c, but they actually show two cuts at the discrete
harmonics. Moreover, panel e shows curves in the background which seem like the log of the
intensity. No corresponding description is given. Then, the phase is shown by means of the
real and imaginary part of ∆γB, but for which harmonic? It would make sense to analyze the
even harmonics, which also seems to be the case. Also, since the distinction of odd and even
harmonics is crucial, the spectra in b should be labelled accordingly (rather than just energy in
eV, which almost coincides with the harmonic number, somewhat by accident, since 1200 nm
1 eV, the driving field energy).

Somewhat disappointingly, the color plot of Fig. 3c does not have a scale bar. It is thus,
strictly speaking, worthless, as there could be any mapping of color and intensity.

One of the early investigations of this field which established the mechanism of coherent
interband excitation and intraband transport is missing (Schubert et al., Nature Photonics 8,
119 (2014)).

We completely agree with your criticism, indeed the original presentation of these figures
was unclear. Following your comments we have modified figures 2 and 3 and included the
following changes:

• In figure 2, we changed the presentation of the data to keep the same logarithmic scale
through all the sub-figures. We added colorbar to figure 2b and 2c, as mention in the
caption as well.

• In figure 2d, we plotted the extracted signal of individual harmonics, at logarithmic scale
(Iodd or Ieven) and added their number as well. We added left and right y axes and a
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corresponding description in the caption.

• In figure 2e, we kept the same plots that are presented in figure 2d, in the background
(to avoid any confusion), and we added right y axis for the imaginary Berry phase. We
also changed the colors of the plots for better visibility.

• We have added the colorbar to figure 3.

• We have added the reference to Schubert et al.

We thank you for this important input.
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Reviewer Reports on the First Revision: 

Referees' comments: 

Referee #1 (Remarks to the Author): 

The presentation of the inter-Berry phase is more clear now, especially the attosecond 
interferometric concept to extract the inter-Berry phase sounds convincing to me. I recommend the 
paper for publication and recommend the authors consider citing: 
https://link.aps.org/doi/10.1103/PhysRevB.102.134115 in the introduction or in the section where 
they use the CD. 

The paper entitled “Observation of interband Berry phase in laser driven Crystal” by Ayelet J. U.- N. 
et al., present a novel method to extract berry phase differences via attosecond interferometry. 
“The manuscript shows a conceptually new formalism of the Berry phase, accumulated in both 
discrete and continuous space. HHG spectroscopy allows us to realize Berry phase interferometry 
and probe the coherent properties of electron-hole wavefunction on a sub cycle time scale. The 
authors experimentally demonstrate this scheme and resolve, for the first time, the generalized 
Berry phase across a large energy range. Extension of the approach to a two color field enables 
sensitive probing of the Berry curvature.” 

These experimental and theoretical results are impressive. I think the paper is well presented and 
encouraging. However, I have a few concerns before recommend it for publication. 
- Usually the Berry phase is defined in a closed path, however the interband Berry phase does not
seem to follow a closed loop linear integral. Can the author comments on it, please?
- I don’t understand Eq. 2 very well, could the authors provide a more detailed explanation where is
this Eq. 2 coming from and its relation with the Circular Dichroism?
- At the beginning once we read the paper, we are thinking in a topological material, but alphaquartz
is not, the author should mention it clearly.

After this two minor points are fixed, I will recommend publication at Nature. 

Referee #2 (Remarks to the Author): 

I certainly consider the effort taken by the authors to investigate the basic assumptions of their 
study both theoretically and experimentally a very essential step forward. Of primary importance I 
consider the experimental study as theory still needs to further develop to capture the experiments 
at a satisfactory level. 

The authors have conducted a series of omega-2 omega interferometric experiments to 
demonstrate the presence of atto-chirp on high harmonics. The technique was introduced by some 
of the authors in atomic systems some 20 years back. 



I have difficulties to understand how the original 2D color plots (Supplementary Fig.8, bottom) are 
translated into the data of (blue lines of Fig. 9). Looking at the false color data it is, for me at least, 
nearly impossible to discern a chirp. For instance, in the original work from Dudovich et al., 2004 the 
atto-chirp is rather obvious on the 2D data leaving no room for questions. 
Here this is not the case. The argument is then made on further analysis of the data which, at least in 
my eyes, is unclear regarding accuracy and errors. For such a small chirp demonstrated (blue lines un 
supplementary Fig. 9) it is of utmost importance that the analysis is carefully done and presented, as 
there is no doubt that the experiments will be repeated by other groups. 

Do the authors integrate over the harmonic signals versus delay to produce lines like the blue line in 
Fig.8 (bottom)? They probably do. And then, how is the phase derived? A peak-to-peak comparison 
is not possible as the data are rather noisy and irregular. Do they fit a sinusoidal curve to derive the 
phase and if so, what is the error of the phase. Note that the claimed phase variation is less than 0.5 
cycles! 

Moreover, I see that the authors are somewhat selective on the harmonics that they analyze to 
make their case both on experiment as well as on theory. The even harmonics in their spectrum 
span from the 12th to the 21st harmonic but the authors analysis only for a few of them around the 
middle range. Why is this the case? In fact, the higher harmonics have even stronger signals, why 
would one disregard them so easily. Of course, they authors could argue, “yes but only the ones 
shown are relevant for the band we study”. Yet this is not true in nonlinear optics. Transitions to 
higher bands do also create harmonics at the energy range of the “probed bands” how do we know 
if these are so weak, and they do not mess up conclusions? 

I suggest the authors to revisit the analysis for all three data sets acquired at three intensities. All the 
data shall be shown on false color plot as well as evaluated lines and their fittings for all harmonics. 
The final phases shall be presented with an errorbar so that readers will be allowed to evaluate 
better the accuracy of the claims. If the claims made here, survive this analysis this would be ideal. 

The comparison between theory and experiment in Fig.9 shall be done in a transparent way. For the 
same energy range. Clearly this not the case now and as a result the argument is not supported. 

The authors argue that few-cycle pulses need higher intensity and therefore these experiments will 
miss the interband picture. The argue that it is all interband but at high intensities the chirp reduces 
and apparently this makes it to look like an intraband. I do not agree with this argument. 
In Fig.9 C the blue line( if we believe that the error bar is the size of the point) we have an irregular 
curve, this is not a straight line that would be identified as interband or intraband. To me it looks 
more like noise. 

Last the authors argue that they used lower intensity than other studies. I would argue that they use 
the highest intensity in comparison to all previous time resolved studies. 

To my regret despite the mounting evidence that the distortions of the chirp data is dramatic when 



the reflective and transmission geometry are used the authors have still opted for a transmission 
study. Whereas their samples are some ~ 20 um thick, it is difficult for me to assess how important 
this is, given that the demonstrated degree of chirp with which the authors are supporting their 
argument is negligibly small. What would the authors comment on this serious issue? 

I believe that the authors recognize here a range of weaknesses that need to be addressed. 

Referee #3 (Remarks to the Author): 

After almost one year of time, the Dudovich group and collaboration partners have submitted a 
revised version of their manuscript on the inteband Berry phase probed by attosecond 
interferometry. 
In their response letter they state that they have dedicated extensive efforts to addressing the 
concerns of the referees. For my part, their responses have been fully satisfactory and I now 
recommend publication of the beautiful manuscript in Nature. The results are extraordinary. 

As a final remark, I just noticed that one of the references the authors claimed to have added is not 
to be found in the manuscript nor in the supplementary information.



1 Referee 1

The presentation of the inter-Berry phase is more clear now, especially the attosecond interfer-
ometric concept to extract the inter-Berry phase sounds convincing to me. I recommend the pa-
per for publication and recommend the authors consider citing: 
https://link.aps.org/doi/10.1103/PhysRevB.102.134115 in the introduction or in the section 
where they use the CD.”

We thank the referee for his careful reading, valuable comments and support in the accep-
tance of our paper to Nature.

In addition, we completely agree with the referee, indeed this reference is very important
and relevant to our study. Following the referee’s comment we added this reference to our
manuscript.

2

Author Rebuttals to First Revision:



2 Referee 2

Comment 1:
I certainly consider the effort taken by the authors to investigate the basic assumptions of their
study both theoretically and experimentally a very essential step forward. Of primary impor-
tance I consider the experimental study as theory still needs to further develop to capture the
experiments at a satisfactory level.

The authors have conducted a series of omega-2 omega interferometric experiments to
demonstrate the presence of atto-chirp on high harmonics. The technique was introduced by
some of the authors in atomic systems some 20 years back. I have difficulties to understand
how the original 2D color plots (Supplementary Fig.8, bottom) are translated into the data of
(blue lines of Fig. 9). Looking at the false color data it is, for me at least, nearly impossible
to discern a chirp. For instance, in the original work from Dudovich et al., 2004 the atto-chirp
is rather obvious on the 2D data leaving no room for questions. Here this is not the case. The
argument is then made on further analysis of the data which, at least in my eyes, is unclear
regarding accuracy and errors. For such a small chirp demonstrated (blue lines un supplemen-
tary Fig. 9) it is of utmost importance that the analysis is carefully done and presented, as
there is no doubt that the experiments will be repeated by other groups.

Do the authors integrate over the harmonic signals versus delay to produce lines like the
blue line in Fig.8 (bottom)? They probably do. And then, how is the phase derived? A peak-
to-peak comparison is not possible as the data are rather noisy and irregular. Do they fit a
sinusoidal curve to derive the phase and if so, what is the error of the phase. Note that the
claimed phase variation is less than 0.5 cycles!

I suggest the authors to revisit the analysis for all three data sets acquired at three in-
tensities. All the data shall be shown on false color plot as well as evaluated lines and their
fittings for all harmonics. The final phases shall be presented with an errorbar so that readers
will be allowed to evaluate better the accuracy of the claims. If the claims made here, survive
this analysis this would be ideal.

We thank the referee for reading our revised paper and considering our new experimental
and theoretical results. We agree that the ability to resolve the spectral chirp, encoded in our
experimental results, relies on a careful data processing and error analysis. We also agree that
the original version of the resubmitted manuscript did not include a detailed description of such
analysis.

In the following we provide a detailed description of the experimental results analysis, for
three values of the fundamental field’s intensity. Our analysis includes the following steps:
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Figure 1: a, The extracted oscillation phase, using Fourier analysis, of the even (blue) and the odd (red) harmonics, as well as the
oscillation of their difference (INodd − INeven , black), generated using 300µJ driving field. b, The 2D HHG spectrum as a function
of the two colors delay, together with the phase analysis presented in (a).

1. We describe the signal processing involved in the analysis of the 2D experimental results,
showing the HHG spectrum as a function of the two color delay.
2. We present the basic procedure in which we extract the two color oscillation phase, based
on a Fourier analysis. We then show the direct link between the 2D measurements and the 1D
spectral oscillation phase as a function of the harmonic order.
3. We provide a detailed description of the error analysis, presenting two models for extracting
the error of the spectral phase.
4. We elaborate on the procedure that extracts the real part of the perturbation – revealing
the spectral chirp in our experiment.

2.1 Extracting the two color phase

The main goal of figure 8 in the SI was to compare the two color perturbation in quartz
to the perturbation in MgO. This comparison clearly identifies the fundamental difference in
the oscillation frequency (2ω0 in quartz and 4ω0 in MgO), as well as the difference in the
relative phase of odd and even harmonics. Unfortunately, this spectrum contains second order
diffraction of the grating, of higher harmonic order, leading to a confusing presentation of our
results, where the low energy range is not properly presented. We agree with the referee that,
as a consequence, linking the 2D data in figure 8 to the 1D spectral phase in figure 9 is not
immediately transparent. In the revised version of the SI, we perform careful analysis, removing
the second diffraction peaks and focusing on the low energy spectral range.
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Figure 2: a, The extracted oscillation phase, using Fourier analysis, of the even (blue) and the odd (red) harmonics, as well as the
oscillation of their difference (INodd − INeven , black), generated using 350µJ driving field. b, The 2D HHG spectrum as a function
of the two colors delay, together with the phase analysis presented in (a).
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Figure 3: a, The extracted oscillation phase, using Fourier analysis, of the even (blue) and the odd (red) harmonics, as well as the
oscillation of their difference (INodd − INeven , black), generated using 400µJ driving field. b, The 2D HHG spectrum as a function
of the two colors delay, together with the phase analysis presented in (a).
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Figures 1b-3b present the 2D HHG spectrum as a function of the two color delay, applying
three different values of the fundamental field’s intensity. Experimentally, we resolve the oscil-
lations of the HHG spectrum over six optical cycles (of the SH field). Here we average the signal
and present its oscillations over three optical cycles (every two cycles are being averaged). We
emphasize that figures 1b-3b present the raw data, averaged over two cycles, where no further
analysis or data processing was performed.

In the next stage we extract, for each harmonic order, the oscillation phase. This phase is
extracted via the Fourier analysis. Performing Fourier transformation over the delay scans lead
to the appearance of a clear peak at 2ω0. The amplitude of this peak reflects the oscillation
amplitude, while its phase encodes the oscillation phase. Such Fourier analysis has been the
primary tool in extracting the oscillation phase in a numerous studies performed over the past
two decades [1]. A detailed description of the phase analysis is given in section 2.2.

Figure 1a-3a present the extracted phase, together with their error bars, as a function
of harmonic order, for three values of the fundamental field’s intensity. The red line follows
the phase of the odd harmonics while the blue line follows the phase of the even harmonics
(presented in fig. 9 in the SI). A careful analysis of the error is provided in section 2.3. In
addition, we compare the 1D measurement together with the 2D ones by plotting the 1D spectral
phases on top of the 2D measurements. The extracted phases and the maximum points of the
harmonics’ oscillations match perfectly. For clarity, we present both measurements in the same
units – [rad]. Note that a phase variation of 0.5 rad, as the referee mentioned, corresponds to
a shift of 0.08 optical cycles of the SH field.

In the next sections we will share our data analysis procedure, adding detailed error cal-
culation for the plotted phase.

2.2 Phase extraction using Fourier analysis

We extract the oscillation phase via the Fourier analysis. Such analysis has been well estab-
lished in previous studies [1–3]. Importantly, it allows us to collect the signal which oscillates
with high contrast, enhancing significantly the SNR, and therefore the accuracy of the phase
measurements. Our spectrometer is composed of XUV grating that reflects and splits the emit-
ted light to different harmonics order, into the MCP. Each harmonic signal spans over several
pixels, representing its spatio-spectral distribution (spatio–along the vertical axis, and spectral
along the horizontal axis). In our analysis, we perform a complete spatio-spectral analysis by
performing pixel-by-pixel Fourier transformation (labeled with index i). For each pixel, we
isolate the Fourier component at 2ω0 frequency which represents the response to the SH per-
turbation. We extract both the contrast of the Fourier peak (A2ω0(i) = |FFT (signal(τ)i|2ω0

)
and the phase (ϕ2ω0(i) = arg(FFT (signal(τ)i)2ω0)), where τ is the two color delay. This step
has two important advantages: We isolate the high contrast oscillating pixels while removing
the contribution of other frequency components which originate from the experimental noise.
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Figure 4: Fourier transform analysis. We plot the absolute value of the Fourier spectrum ([ar. u]) for harmonics H12,H14 and
H16, showing a clear dominant peak at 2ω0 frequency.

Next, we perform a coherent sum of the high contrast pixels only, for each harmonic, and
extract the two color oscillation phase, presented in figure 1a-1c:

Φ2ω0(N) = arg(
∑
i

A2ω0(i)e
iϕ2ω0 (i)) (1)

We hope that our transparent and detailed data analysis answered the referees concerns.

2.3 Error calculation study

In the following we present the analysis of the experimental error. The phase, extracted from
our measurement is resolved at the Fourier component of 2ω0. In contrast, the experimental
noise has a flat frequency response – being scattered across the entire Fourier spectral range
(figure 4). Therefore, we can evaluate the mixing between the noise frequencies with our signal
as:

X (ω) = X2ω0δ(ω − 2ω0) + |XN (ω)| eiΦN (ω) (2)

where X2ω0 = A2ω0e
iΦ2ω0 being the noise-free signal at 2ω0 and |XN (ω)| eiΦN (ω) is the

white Gaussian noise, which is a sequence of independent identically distributed (i.i.d) variables
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modeled with the distribution: XN (ω) ∼ N (µ, σ2)

ΦN (ω) ∼ U (0, 2π)
(3)

Here XN(ω) and ΦN(ω) are the noise amplitude and phase, respectively. In practice,
according to these definitions, the phase of noise can have any value between 0 to 2π and the
amplitude of the noise has a Gaussian distribution across the entire noise frequency range. To
obtain the mean amplitude of the noise we average over the spectral range higher than 2ω0.
Then, the different moments of our 2ω0 signal can be calculated as:

⟨Φ (2ω0)⟩ = −i
∫ π

−π

dΦN

∫ ∞

−∞
dXNfΦNXN

(XN ,ΦN) ln

(
X (2ω0)

|X (2ω0)|

)
(4)

⟨
Φ (2ω0)

2⟩ = −
∫ π

−π

dΦ

∫ ∞

−∞
dXNfΦNXN

(XN ,ΦN) ln
2

(
X (2ω0)

|X (2ω0)|

)
(5)

⟨|X (2ω0)|⟩ =
∫ π

−π

dΦN

∫ ∞

−∞
dXNfφNXN

(XN ,ΦN) |X (2ω0)| (6)

⟨
|X (2ω0)|2

⟩
=

∫ π

−π

dΦN

∫ ∞

−∞
dXNfΦNXN

(XN ,ΦN) |X (2ω0)|2 (7)

where ⟨Φ (2ω0)⟩ represents the average phase,
⟨
Φ (2ω0)

2⟩ represents its second moment, ⟨|X (2ω0)|⟩
is the average amplitude,

⟨
|X (2ω0)|2

⟩
is its the second moment and fϕNXN

(XN ,ΦN) being the
joint probability density function:

fΦNXN
(XN ,ΦN) =

1

2π

1√
2πσ2

e−
(XN−µ)2

2σ2 (8)

and noticing that:
Φ (ω) = −i ln

(
X (ω)

|X (ω)|

)
(9)

The total error of the phase is given by:

σΦ
2ω0

=
√
V ar (Φ (2ω0)) =

√⟨
Φ (2ω0)

2⟩− ⟨Φ (2ω0)⟩2 (10)

and the total error of the amplitude is given by:

σX
2ω0

=
√
V ar (|X (2ω0)|) =

√⟨
|X (2ω0)|2

⟩
− ⟨|X (2ω0)|⟩2 (11)

The error analysis can be intuitively explained by representing the signal in the complex
plane. Our background-free signal at 2ω0 is represented by a complex number: A2ω0e

iΦ2ω0 in
the complex plane (Re, Im). In this plane, the white noise distribution is represented by a circle
of radius µ around the origin. The experimental value of µ is calculated by averaging over the
high-frequencies tail of our signal. The addition of the noise shifts the phase of our signal. The
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maximal shift is achieved when the noise vector is perpendicular to the signal Φ2ω0 ± π
2

(see
figure 5). In total, the addition of the noise circle leads to a shift in the signal phase which is
in the range of:

σΦ
2ω0

≈ arctan

(
µ

A2ω0

)
= arctan

(
1

SNR

)
(12)

In figure 4 we plot the Fourier spectrum of harmonic 12, 14 and 16, resolved using a driving
field with an approximated intensity of using 350µJ driving field. The Fourier spectrum shows
clear peak at 2ω0 frequency, which is almost 20 times stronger compared to the noise. The high
contrast of the Fourier peak ensures the small error in its phase analysis. In figure 1a-3a, we
plotted the harmonic phases including their calculated error, using the analysis presented above.
Clearly the phase error is much smaller than the presented attochirp, across the harmonic range.

The revised version of the SI includes the error calculation and a summary of this analysis.

2.4 Extracting the real part of the perturbation

Finally, following the referee’s comment, we present a short discussion regarding the compar-
ison between the attochirp which was observed previously in gas phase [4] and the attochirp
that was extracted in our experiment.
Two color HHG spectroscopy probes the internal dynamics by perturbing light driven electrons
with a weak SH field. Such a perturbation leads to the accumulation of an additional phase:
S = S0 + σ, where S0 represents the unperturbed action and σ represents the perturbation.
Importantly, the perturbation is complex: σ = σr+σi. The imaginary component is dominated
by the tunneling mechanism, while the real component is dominated by the propagation of the
electron wavefunction within the bands. Since the tunneling dynamics is localized in time,
σi is almost constant for all harmonic orders, while σr varies smoothly across the harmonic
spectrum [1,5]. Furthermore, the imaginary perturbation affects both even and odd harmonics
simultaneously, while in the case of a real pertubation even and odd harmonics are modulated
out of phase. The interplay between the real and imaginary parts of the perturbation dictates
the oscillations of the harmonics with the two color delay. As the referee correctly pointed out,
in the 2006 paper [4] the two color oscillations show a clear slope as a function of harmonic
number. This slope can be directly observed in the raw data and does not require an additional
analysis. Indeed, in Ref [4], HHG were produced in Ar, where the perturbation was dominated
by the real part (odd and even harmonics oscillate out of phase). In contrast, the perturbation
in our study is clearly dominated by the imaginary component – where even and odd harmonics
are modulated in phase. Therefore, one cannot make a direct comparison between the obser-
vation in quartz and the observation in gas phase [4]. Previous studies performed by our group
demonstrated the ability to separate the real and imaginary components in gas phase [1]. In
our paper we perform such analysis in quartz and isolate the real part from the total complex
perturbation.
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In the following we describe the basic procedure to extract the complex perturbation in
systems with broken inversion symmetry. The complex perturbation along two consecutive half
cycles, is represented by two complex phases σ1 and σ2:

Ioddeven ∝ |α1e
iφ1eiσ1(τ) ± α2e

iφ2eiσ2(τ)|2 (13)

where α1,2 and φ1,2 are the amplitudes and phases associated with the harmonics fields emitted
along the two half cycles, respectively.

In systems with broken inversion symmetry the perturbation appears in first order:

IN ∝

2α1α2 cos∆φ(1 + σi
1 + σi

2) + 2|α1|2σi
1 + 2|α2|2σi

2 − 2α1α2 sin∆φ(σ
r
1 − σr

2) +O(σ2) N is odd

−2α1α2 cos∆φ(1 + σi
1 + σi

2) + 2|α1|2σi
1 + 2|α2|2σi

2 + 2α1α2 sin∆φ(σ
r
1 − σr

2) +O(σ2) N is even

(14)
where ∆ϕ = ϕ1 − ϕ2.

We can isolate the real perturbation from the imaginary one by combining the pairs of
neighboring harmonic orders:

INodd − INeven ∝ α1α2 sin (∆φ)(σ
r
1 − σr

2) (15)

Therefore, the real perturbation is not directly encoded in the slope of the two color phase. It
is encoded in the difference between two consecutive harmonics.

We apply this analysis and isolate the real part of the perturbation (the attochirp). Specif-
ically, for each pair of harmonics we extract INodd − INeven and resolve its modulation phase.
Figure 1a-1c presents these phases for three values of the fundamental field’s intensity. We find
that the modulation phase changes significantly with the harmonic order, resolving the clear
fingerprint of the interband mechanism.
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Figure 5: A schematic description of the estimated experimental phase error.

Comment 2:
Moreover, I see that the authors are somewhat selective on the harmonics that they analyze
to make their case both on experiment as well as on theory. The even harmonics in their
spectrum span from the 12th to the 21st harmonic but the authors analysis only for a few
of them around the middle range. Why is this the case? In fact, the higher harmonics have
even stronger signals, why would one disregard them so easily. Of course, they authors could
argue, “yes but only the ones shown are relevant for the band we study”. Yet this is not true in
nonlinear optics. Transitions to higher bands do also create harmonics at the energy range of
the “probed bands” how do we know if these are so weak, and they do not mess up conclusions?

This is a very interesting question which goes right to the core of perturbative versus
non-perturbative nonlinear optics. In perturbative nonlinear optics, nonlinear susceptibilities
responsible for harmonic generation always include summation over all possible intermediate
virtual states – infinitely many of them, in fact. Thus, why can one focus on a particular
conduction band? The same question applies to HHG in atoms (molecules, etc) – why do
we describe a particular high harmonic emission, Nω0, in strong laser fields, via one-photon
recombination from a continuum state with the energy E given by the energy conservation law,
Nω0 = E + Ip (Ip being the ionization potential)? Why do we not include the integral over all
other bound and continuum states which, according to perturbative nonlinear optics, should
also contribute?

The rigorous answer is by now well-known: in the strong-field regime, where the electron
action is very large, the corresponding integrals over all quantum paths (all states) are domi-
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nated by the semi-classical paths which correspond to real excitations, selecting the state with
energy E = Nω0 − Ip out of all possible recombination states. This selection becomes possible
thanks to the strong laser field and the very large action accumulated by the electron between
ionization and recombination. The formal mathematical analysis of the arising Green’s function
integrals in the time-domain is taken using the saddle point method, leading to the concept
of quantum trajectories and selecting a well-defined momentum state for the generation of a
particular harmonic. This answer applies to both atoms and solids, to both inter-band and
intra-band harmonics.

One should always remember the physics described by the virtual excitatations and by
the contributions of far-away virtual states: they describe laser-induced polarization of the
active band (or state), its distortion by the instantaneous laser field. Thus, other bands are not
irrelevant: they do contribute by describing field-induced modifications of the conduction band
of interest. Of course, this modification is fully included in all our simulations and it does not
in any way affect our concept of the inter-band Berry phase, which is accumulated during the
evolution in the laser-polarized conduction and valence bands. Such band polarization might
somewhat shift the emission point for a particular harmonic, due to the distortion of the band,
but in no way would it affect our general derivation of the interband Berry phase.

To summarize this point: we are in the strong field regime, where we have the luxury of
dealing with real excitations, which dominate virtual excitations. In contrast, virtual excitations
dominate in the weak field regime, where no real excitations occur. The demarcation line
between the two regimes is clearly visible in the harmonic spectra and is associated with the
long harmonic plateau, which is clearly the case here.

This demarcation applies to both intra-band and inter-band harmonics: once real injection
of electrons in the conduction band occurs, all harmonics are dominated by these real excitations
and not by virtual ones. The most stringent test on the relative role of virtual and real
excitations is done when studying the lower order harmonics, where the Brunel type lower-
order nonlinearities associated with real excitations are directly competing with the Kerr-type
nonlinearities of the same order, associated with virtual excitations. This transition between
the two regimes has been specifically studied in solids by P Jürgens, et al, (Nature Physics,
2020) [6]. Their conclusion was summarized above.

This is why in our study we focus on the specific range of harmonics emitted from the first
conduction band (harmonics H11-H17), even though our two color spectrum spans from H11
to H31: we wanted to make sure that the underlying dynamics is relatively straightforward
and does not include significant real excitations to higher conduction bands. As for the virtual
transitions, they are responsible for the distortion of the bands but do not change the concept
of the inetband Berry phase in any way. As stated above, all of this complexity is fully included
in the numerical analysis.

It is worthwhile to note that propagation to higher conduction bands in the strong field
regime would involve additional tunneling steps. Crucially, the concept of the interband Berry
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phase introduced here will remain fully valid throughout – only the pathways would become
more complex, spanning multiple bands. While these processes encode rich and complex dy-
namics, they are beyond the scope of this paper (see our recent publication [7] for pertinent
analysis).

We have included this discussion in the SI section 3.5: ”The physics of real and virtual
excitations in the strong field regime and their relative importance in HHG”.

Comment 3:
The comparison between theory and experiment in Fig.9 shall be done in a transparent way.
For the same energy range. Clearly this not the case now and as a result the argument is not
supported.

We completely agree with the referee’s comment, the theoretical plots in figure 9d led to a
confusion. This calculation was performed for gas phase HHG, and therefore naturally involved
different experimental conditions. The main goal of this calculation was to provide an intuitive
picture for the attochirp dependence on the fundamental field’s intensity. We now understand
that this figure led to misunderstanding, and therefore decided to remove it.

Comment 4:
The authors argue that few-cycle pulses need higher intensity and therefore these experiments
will miss the interband picture. The argue that it is all interband but at high intensities the
chirp reduces and apparently this makes it to look like an intraband. I do not agree with this
argument. In Fig.9 C the blue line( if we believe that the error bar is the size of the point)
we have an irregular curve, this is not a straight line that would be identified as interband or
intraband. To me it looks more like noise.

When the HHG process is driven by few cycle pulses and shorter wavelength, the intrabnad
mechanism becomes the dominant one (chapters 3.3 and 3.4 in the SI). Indeed, such experi-
mental conditions successfully revealed the intarband process in previous studies [8], while the
interband process played a minor role.

In our experiment, the HHG process is driven by a multicycle pulse and long wavelength.
Under such conditions the interband mechanism becomes the dominant one. This is true over
the entire range of fundamental field’s intensities, applied in our study (figure 9 a, b and c in
the SI and figures 1-3 in this letter). However, as we increase the laser intensity, the mapping
between time and energy changes as well. Previous studies in gas phase HHG identified the
modifications of the atto-chirp with the laser intensity. We agree with the referee that in
figure 9c, the interband mechanism is not pronounced. Therefore, we performed our analysis
at different field intensities, where the spectral slope of the two color phase serves as a clear
fingerprint of the interband mechanism.

We fully agree that the description of the high intensity measurement was unclear. Fol-
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lowing the referee’s comment we have modified the SI (chapter 3.2):
”Our study capture the dependence of the time-energy mapping on the fundamental field’s
intensity. In our measurements, the spectral slope of the modulation phase decreases as we
increase the fundamental field’s intensity. Such a response is in full agreement with the semi
classical interband picture. At the same time, as we increase the laser intensity, the mapping
between recombination time and harmonic order becomes more flat, and thus the attochirp
reduces.”

Comment 5:
Last the authors argue that they used lower intensity than other studies. I would argue that
they use the highest intensity in comparison to all previous time resolved studies.

We thank the referee for this comment. One important difference between our study
and previous studies is related to the pulse duration. In our experimental study we apply a
multicycle laser field, while previous studies apply a few cycles laser field [8, 9], allowing to
generate HHG with a higher peak intensity. Another important difference with respect to
ref [8] is the fundamental wavelength. As we demonstrate in the numerical analysis (chapter
3.3), the driving field wavelength plays an important role in the interplay between the interband
and intraband processes. Following the referee’s comment, the comparison between our study
and previous studies focuses on the driving field wavelength and the pulse duration. We have
included these changes in the modified version of chapter 3.4 in the SI.

Comment 6:
To my regret despite the mounting evidence that the distortions of the chirp data is dramatic
when the reflective and transmission geometry are used the authors have still opted for a trans-
mission study. Whereas their samples are some 20 um thick, it is difficult for me to assess
how important this is, given that the demonstrated degree of chirp with which the authors
are supporting their argument is negligibly small. What would the authors comment on this
serious issue?

We completely agree with referee – propagation effects can play an important role in solid
state HHG. Previous experimental studies have identified this role as well as its influence on
the underlying dynamics (SI of [8] and [10]). Acknowledging the important role of propagation
effects, we performed a dedicated study to identify them via a two-color HHG spectroscopy. A
detailed description of this study is provided in [11], here we summarize the main results.

HHG in solid samples are confined to be within few tens of nanometers close to the surface
of the crystal. However, both the fundamental field as well as the SH field can undergo nonlinear
light matter interactions as they propagate inside the crystal. Such propagation can lead to
a shift in their CEP, modification of their peak intensity (see SI in [8]) or of their central

14



14 15 16 17 18 19

0

1

2

3

4

b
14 15 16 17 18 19

0

1

2

3

4

Transmission

re�ection

11 12 13 14 15 16 17 18 19 20 21

2ω
 d

el
ay

 (2
ω

 c
yc

le
s)

0.5

1

1.5

0.5

1

1.5

High-Harmonic order

a

c

Figure 6: Resolving pulse propagation effects via Two color spectroscopy. a,b Comparing the two color harmonic spectrum
resolved in thick (a, 200µm) and thin (b, 100µm) MgO crystals. This figure is adapted from [11]. c, Comparing two color high
harmonic spectroscopy in transmission and reflection geometry, performed by G. Vampa et al., this figure is adapted from [10].

frequency [11]. When the interaction is driven using long pulses which are not CEP stabilized
the shift in their phase plays a minor rule. In addition, the accurate value of the peak intensity
does not play an important role as well. Our observables are based on the accurate probing
of the dynamics via the two color field. What is the influence of the nonlinear propagation on
two color HHG spectroscopy?

When the interaction is induced in thick crystal (200µm), non-linear interaction leads to
a frequency shift between the SH and the fundamental field such that: ωSH = 2ω0 + δω. In
this case we probe the dynamics with a non-periodic field, leading to a frequency shift of the
harmonic spectrum [11]. As we scan the two color delay, we modulate the central frequencies
of the harmonics (figure 6a). In contrast, if the interaction is induced in thin crystal (less
than 100µm), the harmonics oscillate with the two color delay, while their central frequency
remains unchanged (figure 6b). This observation was confirmed by another group [10], compar-
ing transmission and reflection HHG spectroscopy (figure 6c). Moreover, a comparison between
the attochirp observed in a thin crystal (40um thickness, [12]) in transmission geometry, and
the attochirp observed in reflection geometry [10] gave identical results. Our study in quartz is
performed with a thinner crystal (20um). Scanning the two color delay modifies the harmonic
signal, while their central frequency remains unchanged. This experiment reveals that in such
thickness there are no signatures of propagation effects pertinent to our analysis.
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3 Referee 3

After almost one year of time, the Dudovich group and collaboration partners have submitted
a revised version of their manuscript on the inteband Berry phase probed by attosecond in-
terferometry. In their response letter they state that they have dedicated extensive efforts to
addressing the concerns of the referees. For my part, their responses have been fully satisfac-
tory and I now recommend publication of the beautiful manuscript in Nature. The results are
extraordinary.

We thank the referee for his careful reading, valuable comments and support in the accep-
tance of our paper to Nature.

As a final remark, I just noticed that one of the references the authors claimed to have
added is not to be found in the manuscript nor in the supplementary information.

We completely agree with the referee that this reference describes one of most important
studies, performed during the early stage of the field. Therefore, we added this citation to the
introduction of solid state HHG.
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Reviewer Reports on the Second Revision: 

Referee #2 

(Remarks to the Author) 

I am satisfied with the efforts of the authors and despite some remaining concerns, I now believe 
that this study can be published. 
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