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1 Experimental setup

Transmission measurement were performed using a Ti: Sapphire laser amplifier system (45 fs, 800 nm pulses, pulse energy
of 2.5 mJ). Figure S1 shows the schematic of our experimental setup. For each successive laser pulse, the energy was varied
using a combination of half-wave plate (HWP) and polarizer. Light beams carrying orbital and/or spin angular momentum
were generated and controlled by OAM/SAM unit consisting of a combination of quarter-wave plates (QWP), linear polarizer
(LP) and a birefringent liquid crystal based phase plate called g-plate’>>. When an incident Gaussian beam propagates through
the g-plate with a topological charge g, it acquires an OAM defined by / = 4-2¢g with a phase singularity (optical vortex). The
singularity/null intensity region in the OAM beam was displaced by translating the g-plate, mounted on a x-,y-stages. Moving
the g-plate with a step size of 250 £ 10 yum translates to a displacement of the singularity by 300 £ 20 nm at the focus.

For every laser shot, the transmitted light signal on the photodiode (PD2) was normalized with the incoming light signal
on PD1, reflected off a glass plate positioned in the beam path. An aspheric objective lens (NA=0.3) was used to focus the
femtosecond pulses to a spot size 24-0.2 yum into solid samples mounted on a three-axis translation stage. A second aspheric
objective with the same NA collected and colliminated the transmitted light onto a photodiode (PD2), positioned immediately
after the objective. For each experiment, laser was focussed in the middle of solid sample with typical dimensions 10 x 10 x 1
mm. This was achieved by accurately finding the surface of the sample using back-reflected light that was imaged by a CCD
camera. The signals generated by PD1 and PD2 were stretched by an electronic pulse stretcher, discretized and recorded by a
data acquisition card. The incident pulse energies were measured before the objective. During the measurement, for every
laser shot, the sample was translated by 5 pm to irradiate fresh sample. A single-shot auto-correlator (not shown) continuously
monitored the pulse duration. The pulse duration at the interaction region was about 100fs.



FIG. S 1. Schematic of the experimental setup. The power control consists of a combination of linear polarizer (LP) and
half-wave plate (HWP). The OAM and SAM control consists of a combination of quarter-wave plates (QWPs), a birefringent
liquid-crystal phase plate (q-plate) and LP (a third QWP can be used to generate elliptically polarized OAM light). Photodiode
PD1 (PD2) monitors the incident (transmitted) light. The CCD camera was used to find the surface of the sample. A (X,y,z)

translation stage was used to displace the sample. A combination of two aspheric lens (NA=0.3) was used to focus and
collimate the incident and transmitted light.

2 Crystal symmetry from transmission measurement

Orientation dependent nonlinear absorption of helical light pulses in ZnO (11-20) and left-handed quartz (z-cut) crystal are
shown in Fig. S2 for a specific displacements of the singularity. ZnO (11-20) has a cubic unit cell with 4-fold rotational
symmetry and therefore shows a modulation with a periodicity of /2. Quartz has a cubic unit cell with 6-fold rotational
symmetry and therefore shows a modulation with a periodicity of 7 /3. Both crystals exhibit differential absorption between left-
and right-handed asymmetrical helical light, defined as HD(Type I). The orientation dependence of transmission is independent
of the position of the singularity. However, the magnitude of HD(Type I) signal remains invariant with crystal orientation.
Similar results obtained for MgO (100) were presented in the main text.
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FIG. S 2. Orientational dependent transmission of helical light in crystal. For linearly polarized (¢ = 0.05) asymmetrical
OAM beam (I = £+3 ) in (a) ZnO (11-20) for a displaced singularity (6 = —1200 nm) and (b) Left-handed a-quartz (z-cut) for
a displaced singularity (6 = —300 nm). The error bands represent the standard error at every position of the crystal for n=20.
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The crystal structure can also be reproduced using linearly polarized Gaussian light pulses as shown in Fig. S3a for MgO
(100) crystal, similar to the case of helical light (fig 1b-d). Therefore, the orientation dependent transmission is not limited to
helical light. Fig. S3b shows the energy dependent transmission for a linearly polarized symmetric OAM beam (I = +1,6 = 0)
plotted as a function of crystal orientation. As the pulse energy is increased, the transmission of helical light decreased due to
the increase in nonlinear absorption. For all three pulse energies above the onset for nonlinear absorption, the 4-fold symmetry
is present.
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FIG. S 3. Angle dependent transmission of helical light in MgO (100). (a) For linearly polarized (¢ = 0.05) Gaussian beam.
(b) Energy dependent transmission as a function of crystal orientation for linearly polarized (€ = 0.05) symmetrical OAM
beam (I = £3 ). The error bands represent the standard error at every position of the crystal for n=20.

Fourier analysis of the orientation dependent transmission identifies the different modulation periodicities associated with
the crystal symmetry. Figure S4 shows the Fourier power spectrum for the orientation dependent transmission curves of MgO
(black) and quartz (blue). For MgO, single peak at 90° corresponds to a 4-fold symmetry. The quartz exhibits a dominant peak
at 60 degrees and a smaller one at 120 degrees demonstrating the 6-fold symmetry. Stronger modulation depth in MgO than in
quartz could be due to different crystal nonlinearities.
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FIG. S 4. Discrete Fourier transform of the orientational dependent transmission in crystals. The black (blue) curve
demonstrate the /2 (7/3) periodicity in MgO (left-handed, z-cut, o--quartz).
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3 Tunability and scalability of HD(Type I) in crystals

Figure S5 shows experimental results on control and tunability of HD(Type I) in MgO, obtained by (i) superimposing Gaussian
and OAM beams, and (ii) varying the /-value. Similar to a-solids (Figure 5), the electric dipole-quadrupole coupling term is
non-zero for asymmetric LG beams resulting in HD(Type I). Since this coupling term contains the gradient of the electric field
it gives rise to /-dependence, both on its sign and value.

12 12
a . - b - :
) 10 OAM : Gaussian E% “h. 0] =-1=3 : 1 ,{ I
--m--90: 10 A ) e =1 : o 1
S 64 -—-=-33:70 : A PR £ 6 : !
< 10: 90 : x A !i = L
= 4 . A ﬁ’ o 4 Y .-+~
g LA i o s xf +~ i
> 2 e £ 2] . / ’j'
E 0 TR 5ol i;.i:? ...................
2 o -~
! 7 el i )
3] . . : o “-e... ¢ I
SRR R RS S 0] TTtrer !
= . *'*"l\ n ;/ ‘ . 5] Y
S 6 Y, : 5 6] A
S LI ¥ : £ a_g o
I ] s, ‘ .1 & ,
» 7 P
—10-%‘%‘ - 10 l§ !
-12 T i T T ; T T T -12 T T T T T T T
1800  -1200  -600 0 600 1200 1800 800 -1200  -600 0 600 1200 1800
Displacement of singularity in the focal region (nm) Displacement of singularity in the focal region (nm)

FIG. S 5. Tunability of Helical dichroism. Measured HD(Type I) in MgO as a function of the displacement of singularity for
a) variable ratios of superposition of linearly polarized (¢ = 0.05) OAM (I = £3) and Gaussian beams, and b) linearly
polarized (& = 0.05) helical light with [ = =7, +3. The error bars in b) and d) represent the standard error, of multiple
measurements, calculated for an average peak fluence range used to obtain HD.

4 Fluence calculation

In Laguerre-Gaussian beams with increasing /-value, the size of the null intensity region at the center increases. Consequently,
for the same spot size higher pulse energies are required to reach the threshold for the onset of nonlinear absorption®. However,
the peak fluence and intensity remains the same for all /-values as can be seen from the inset of Fig. 1a for /=3 and Fig.S6 for
[=0. From the threshold energies and peak power, the /-dependent peak fluence and the intensity was calculated based on the

following equations®:
—2r2 —2r2
J 2(‘”4’1)}’2'”6@ W 2<‘l|+1)r2‘[|em
U o () H=5|= SR @
cm |11 7w (2) 21D cm 117w (2)21+D)

where [ = 0;+1;+2;+3. .. is the orbital angular momentum value, r is the radial direction, w(z) is the radius of a beam
evaluated at z and E; is the threshold pulse energy, and P, is the peak power for different /-values.

The peak fluence was obtained by evaluating the radial parameter r at the maxima of the intensity profile, which occurs
when rl2 = w(2)|l|/2. So, for a Gaussian beam (I = 0) r =0, for l = 10AM beam r; = :I:%, and so on. Substituting the above
values for radial parameter, we obtain

E
For [ = 0 beam : Fy (ro) = 2—02 (2)
wg

—1 E;

Forl=1beam: Fj (r;) =2e 5
w3

3

The [-dependent peak intensity was used to obtain the Keldysh parameter (eq - main text) and the spatial displacement x.
Similarly, peak laser fluences or intensities were obtained for higher order OAM beams. In our experiments with different
[-values (Fig-1,4), HD was obtained by taking an average of differential absorption between left- and right- handed helical
light over a peak fluence range after the the onset of nonlinear absorption. This insured that response regime we investigated
remained the same.
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5 Differential absorption with circulary polarized Gaussian beam

Circular dichroism (CD), defined as differential absorption of circularly polarized (CP) Gaussian beam, is not expected to be
observed in amorphours solids. On the other hand, chiral solids such as quartz exhibit CD. However, solid-state CD signal is

often overshadowed by signals arising from macroscopic anisotropies and linear birefringence’, as can be seen in the figure
below.

To discern the role of polarization and phase of light, we performed transmission measurements with CP Gaussian beams
(I=0) in crystalline and amorphous solids. Figure S6 shows normalized transmission of a left- and right-CP Gaussian beam
propagating through left-handed quartz and fused silica. In the absence of phase, the two curves overlap in the linear regime
exhibiting no differential absorption. In the nonlinear regime, any signal fluctuations are within noise for both types of solids.
Similar results were obtained in the case of MgO and right- handed quartz (not shown).
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Fig S 6. Normalized transmission of Gaussian beams as a function of peak fluence in crystalline and amorphous solids.

Transmission curves for left-circularly polarized (s = +1) and right-circularly polarized (s = —1) light in a) left-handed
a-quartz and b) fused silica.

6 Noise check: Transmission measurements in air in the absence of sample

In order to check the background noise in our experimental setup, we performed transmission measurements conducted in air
(absence of a sample). Such measurements enable us to ensure that the photodiodes detect identical signals when changing the
helicity of the incoming linearly polarized light from +/ to —/. Fig. S7 a) shows transmission curves (ratio of PD,/PDy) of left
(black) and right (red) handed asymmetrical LG beams through air. The red and black curves overlaps (within 0.5% ) over
the entire fluence range. In addition, Fig. S7 b) shows the difference between the PD1 (PD2) signal for linearly polarized -1
and —/. Signals are centered about zero with a fluctuation of £0.05V and curves almost overlap over the entire energy range.
Both these results demonstrates that there is no arbitrary signal/noise introduced by the experimental setup to the observed
differential absorption in crystalline and amorphous solids. Transmission measurements in air were performed before every
experimental run and for every position of the displaced singularity.
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FIG. S 7. Transmission of linearly polarized (¢ = 0.05) helical light in air for an OAM beam. a) Ratio of PD2 and PD1
signals for [ = +3 (black) and / = —3 (red). b) The difference in photodiode signals for the two helicities, PD1 in black and
PD2 in red. PD1 (PD2) monitors the incident (transmitted) light.

7 Asymmetric Laguerre-Gaussian beams

Asymmetric Laguerre-Gaussian beams denoted by an asymmetry parameter, 8, was used in our theoretical analysis. For
arbitrary polarization in the paraxial regime, the field components can be written as’

oy (x,,2)
E*(x,y,2) = Bug (x,3,2) )
i (e i) MRS B0 1, 3.2) = 3 () + B (3:2)
( B Eug (xr3,2)
BE(x,y,2) = ak u(f(x ¥,2) (5)
i | (o i) ML DRI L (1, y.2) — 2 (@) — B(¥) g (%,3:2)

\

. R I
v 59,2) = Enexplf] (ﬁ (- ind) Oiz(y:FlC5))> oxp <_<xz +2yz>>L|p<z+jj>| <2p22 > ©)
o o

where f = A /27wy, wg is the beam waist, k is the wave vector, ® is the laser frequency and p = /x2+y2. The +
represents the rotational direction of / with no radial node, p = 0. The polarization factors & and 8 are normalized such that
|Ot|2 +1B |2 = 1. Displacement of the singularity was achieved by varying & and rotation in the x-y plane was achieved by
varying 1 and {. For generalization, we substituted 1 = 3/2 and { = 1/8, considering the movement of singularity to be
perpendicular to the polarization following experimental conditions. Ey is the normalization factor obtained by integrating the
intensity over all space (oo to + o), for (I = 1) it is given as:

2k2w3

o | ST PR T ST R ) v
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Intensity profile of asymmetrical Laguerre-Gaussian beam with varying singularity position (8) is shown in Fig. S8. The
contribution of the longitudinal component becomes significant when light is focused tightly using a higher NA objective and
was recently demonstrated in differentiating nanoparticle aggregates using helical light®. As a correction to the paraxial regime
(due to its finite / dependence) the longitudinal component of the field (E,) can be considered’-8.
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0

FIG. S 8. Asymmetrical Laguerre-Gaussian beam. Simulated intensity profiles of asymmetric OAM beams obtained by
varying the 0 parameter.

8 Multiphoton assisted tunneling

Absorption of electromagnetic field by any material results in electron transition from an unperturbed ground state to an excited
state or continuum (conduction band in case of solids). The transition mechanism is primarily governed by the energy of the
incident photon and energy difference between the ground and excited/continuum states. When photon energy is lower than
the energy difference, absorption is dominated by nonlinear process either via multiphoton absorption when the incident field
intensity is low or via tunneling when the field intensity is sufficiently large. The type of mechanism can be identified by
Keldysh parameter, 7, for both solids and gases. When y 2> 2, transitions are dominated by multiphoton and when y < 1 they
are dominated by tunnelling®~'!. 1 < y < 2 is the intermediate regime in which combination of both multiphoton and tunneling
contribute to electron transitions, known as Multiphoton Assisted Tunneling (MPAT).

In MPAT, electron transitions from the ground state (valence band in solids) to an intermediate state (band tail/defect states
in solids) by absorption of a single or multiple photons followed by transition to the continuum (conduction band in solids) via
tunneling. MPAT is therefore responsible for the smooth and continuous transition from the dominant multiphoton ionization
to the pure tunneling regime characterized by the varying Keldysh parameter. The idea of MPAT is based on the fact that
whenever an incident photon is absorbed it causes the wavefunction to extend to larger distances depending on the wavelength
and intensity of the incident light. Ionization via tunneling can readily occur from such extended and weakly bound states”.

Tonization probability for MPAT process can be qualitatively understood by a unified approach where the total probability
amplitude consists of a product of two separate amplitudes corresponding to single/multiphoton absorption and tunneling. It
can also be visually understood using Feynman diagram shown in Fig. S9 for all three different regimes. In general, transition

amplitude is defined as a projection of non-interacting state to a fully evolved state at large times'>~'* given by
My = lim (yy (1) Wi (1)) ®)

where W;(r) is the total wave function of time-evolved ground state, y,, when the laser field is turned on. ¥;(¢) is a solution
of the time-dependent Schrodinger equation, [iha% —H(1)]¥;(t) = 0. In the presence of the laser field, the full Hamiltonian
is given by H(t) = Hy + V (t) where Hy is the field-free Hamiltonian and V (¢) represents the interaction Hamiltonian of the
system at time 7. The final state y(z), and initial state are orthogonal, (/| ‘I/§'> = 0. The total wavefunction is obtained by
solving the the time-dependent Schrodinger equation using the Green function G(z,t'). The Green function is closely related to
the time evolution operators, G(z,t') = —i®(r —t')U (t,')'>'* where ©(r —1') is the Heaviside step function and U (z,') is a
unitary time operator. Therefore, the total wavefunction can be expressed as

l' 1

i (1)) = Uo(t,10) | W) — nly Ot — 1)U (t, )V (") |we(t'))dr' )

The first term corresponds to unperturbed evolution, Uy(t,), of the ground state and the second term corresponds to
evolution of the ground state when the laser is turned on at time #y. The transition amplitude is not limited to just initial and
final states. We can partition the total Hamiltonian to introduce intermediate excited states, which can be obtained by expanding
the time propagator U (z,7') in terms of the Dyson series'>~'. In the Dyson expansion, we consider up to the second order term
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FIG. S 9. Feynman diagrams for a) multiphoton regime, it takes an absorption of (n+ 1)%® to reach the conduction band. b)
MPAT process, absorption of n-photon leading to an excited/tail state and subsequent tunneling to the conduction band. c)
tunneling regime, the incident field is strong enough to force the electron to tunnel from the valence band(yy) to the conduction
band(l;/?).

which corresponds to first order MPAT process (a single photon absorption to the intermediate state and subsequent tunnelling
from this intermediate state to the continuum/conduction band). By substituting the expanded time propagator into the total
wavefunction (eq. 9) and afterwards inserting this expanded wavefunction into the transition amplitude (eq. 8) we obtain

My = [ wrtenielv@an +5 [ [ (0 (0 B lvim)ande (10)

where V; and Vf are the interaction Hamiltonian at time 7, and 7, respectively. Also, we used the property of the Heaviside

step function lim ®(z — t) = 1. The first term in the above equation represents standard ground state tunneling and the second
[—roo

term represents the first order MPAT process. When experimental intensities are not sufficient for ground state tunneling

(intermediate regime, 1 < ¥ < 2) the second term becomes dominant. Therefore, for a multitude of intermediate states, the
MPAT transition amplitude is given by

M=z T [ [ w019 (5) 13 () (o (10 (5. 70) By ) ar

|16

where we introduced the projection of the intermediate state 1 = Y,,,| W, (7)) (w;,,(7)|'6. Using the property (y,,(7)|U (7,71) =

(Wi (71)], and explicitly writing the time component we obtain
1 t N T A ) -
My = T [ @I @) vn(®) [ vl 0zl dma (12
m 710 0

The multiphoton component of the interaction Hamiltonian, V;, can be written in a non-dipole form containing E1, M1 and
. . . S 2, it - . .
E2 terms. For single photon absorption, we substitute V; (') = V;e™'®" in the above equation (where @ is the laser frequency)
to get

_ <Wm|‘7l|ll/g> i /t 0 i(Opy—0)T
My = ; 7(@ng — ) 7 s dt{yy (7)|Vy ()| ¥m(T)e (13)
Mspa MryL
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The transition amplitude My, is a product of time-independent transition amplitude, Mgp4, corresponding to a single photon
absorption to an intermediate state and time-dependent amplitude, M7y, corresponding to tunneling from intermediate state to
continuum/conduction band. V; (Vf) is the multiphoton (tunneling) interaction Hamiltonian.

For the n order MPAT process, the transition amplitude consists of a product of the n-photon absorption and subsequent
tunneling.

2 ' T o
M= (;) LL | s @ o) [ ai l? () )" () (14)

where an—l) (1) is the probability amplitude of the (n — 1) order perturbation (multiphoton probability amplitude)'”. The n®

order probability amplitude can be expressed as

T
(1) = (;_l) y t dt' (i |V (¢') [y)el" ™) (1) efm” (15)
1 0

Multiphoton transitions in MPAT will result in multitiude of excited state cross-correlation terms and coupling terms
arising from multipole expansion due to the tensor nature of the material response. However, the material cross terms (such as
electric—magnetic dipole and electric dipole—quadrupole coupling) will have similar qualitative behaviour as that of a single
photon case. Therefore, to keep the equations tractable, we consider the MPAT process using single photon absorption in the
manuscript.

Equations 12 can also be obtained by writting the time evolved initial state W,(7) as a linear combination of eigenstates

(bound-state) of the unperturbed Hamiltonian!”-18, as

v ( Zcm T Zcm )W (T (16)
where E,, is the energy of the m™ eigenstate, W, (), where @,; = (E,, — E;) /h

9 Total MPAT transition rate for linear polarization

To obtain a numerical estimate of the total transition rate, for simplicity, we consider the incident field as linearly polarized.
Therefore the probability amplitude from the main text (equation 11) becomes:

iAge spa Pem . 2hsin ((Eq+€ —nho) %)
M., = Jn (—ky) | lim 17
T (2 & TNt ke n;mn O T By + € — nho) (17
where € = Z’l‘f is the total kinetic energy, m*~! = mfl —my I'is the total effective electron mass and nfiow = Nho + o,

and assuming the intermediate and conduction band states have similar k ( X’ ~ k' = k) the material response p., =
Jougt (r)pully -d3r

Following the main text, we further define the tunneling transition contribution as

TNL mi Pem
Pem —W ke Z NJn (—Y0kx) (18)

Using the property hm 725" ( ) = 2nKT§ (€ + E; — nho) where x = (E, + € —nhw) %17, the transition rate from valence

to the conduction band, deﬁned as Wy, = ¢ |MCV| , can be expressed as

W, (k) = 2nthZ|PCmNL’ DS 25 (e + E, — nho) (19)

The total transition rate (per unit of volume) can be obtained by integrating over crystal momentum associated with the

discrete transition:
3k
W = / chv(k)
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Using the properties of Bessel’s functions, the weak-field limit for the non-perturbative discrete transition rate is given
by!19:20

1 M1 OPyet pem g eAy Mo\ BT/ (nha)—Eg) @n-172
V=G w1 ) \ame) 2 “onT1) (20)

m

where

SPA

1 " * 2 *
i o | BB o B 20 i 6+ S 07 ke [6°ViE] | 21

2
‘ - h2 (wmv o (D) i
Difference in the interband transition rates between left- and right-handed helical light with beam asymmetry parameter o

can be expressed as:

1

AW=W! -W;=— _
S S hz((l)mvfﬂ))z

X 2 * —x% — —
W {Q (3 u;nvgivjm> (Re [E;“ V,-Eﬂ —Re [Ei ViE; } )} DX -1) (@)
HD(Type I) can now be defined in terms of energy absorbed I normalized with respect to incident energy, &, as:

n

inc

AT=T"-T =
——
HD (Type I)

(W =W5)=2("-17) (23)

where W = !pﬁﬁA|2W from eq-29, 7 = (’;’)—D and Y* = Re [Ef*V,Eﬂ represent the optical helicity term describing the
handedness of helical light. The above equation was plotted in Fig.5 as a function of displacement of singularity in the main
text.
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