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Materials and Methods

Fabrication of Si-GPM

The poly-Si thin film with a thickness of 300nm was grown at a temperature of 590°C
on a SiO. (fused silica) substrate. The photoresist CSAR 6200.09 (Allresist GmbH,
Germany) with a thickness of 190nm was deposited on the poly-Si film and baked at 150°C
for 1 minute. For transferring the pattern onto the poly-Si film, the photoresist mask was
made using Raith EBPG5200 E-beam lithography system (Raith, Germany), then baked at
130°C for 1 minute, and subsequently etched using deep reactive-ion etching by F-ICP
Plasma Therm system (Plasma-Therm, FL, USA) for 30 seconds..

Supplementary Text

Quantum state tomography and reconstruction of the density matrix

To verify that the state emerging from the metasurface is indeed entangled, for example
the Bell state:

@) =% (o) =1)+[o)[=-1)),
the density matrix must be recovered. Theoretically, the density matrix for this state is by
definition:
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To perform the measurements, we shall pass the photon exiting the GPM through a SLM that
projects the wavefunction onto the different elements of the OAM basis. Subsequently, we

convert only the conjugated states back t0|£=0>, and couple them into the fiber of the SPCM.
For spin basis projection, these states are passed through a QWP, HWP and Pol.

To perform QST, a tomographically complete set of measurements is required. We show that to
fulfill this requirement for the OAM qubit, we chose the following measurements:
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and for the spin qubit we chose:
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If we find a set of 4 x 4 matrices I" that satisfy Tr[f‘afﬂJ =5,,, Where a, #=1,2,...,16, the set
of measurements If\>ij =, ®v; is tomographically complete, if and only if, the matrix
B, :Tr[f‘a FH is non-singular.

The matrix B is calculated according to the set of FA}J. measurements described in Table 1 and the

[" matrices that are simply SU(2) ® SU(2) generators. For the chosen I", we find that |B| =
—0.0039 and therefore non-singular, which means that the set is tomographically complete.

In order to reconstruct the density matrix from these measurements, we define
n, =/\/Tr[[)Pij].
We can find the normalization factor N easily by making the first measurement without any
projections (intensity) and get ny =N Tr[pl]|=\ .
The normalized measurements are defined as
nij AR
Sij = n_o = TI'['DPU]

One can reconstruct the density matrix simply by
16 16

/3=ZZSa(B_1)aﬂfﬁ (1)

a=1 p=1
However, calculating p this way is not optimal, due to the experimental errors in the measured
s, Vvector. Simply taking the inverse of the matrix B and substituting it in s, in Eq. 1 does not
take into account the fact that p should be a physical density matrix that contains variances in

the experimental measurements. Therefore, we use a Maximum Likelihood Estimation (MLE)
approach. Under the assumption of Gaussian noise, MLE is equivalent to least squares (34).

Since I, constitute an orthonormal set, we can write the density matrix as

16
p=>rl, (2).
a=1
From Egs. 1 and 2 we see that S = Br and we can find the vector r by least squares with the
proper constraints:

minimize ||§ - BF||2
suchthat p=p°
£=>0
Trp=1
We use the order described in Table 1 to take these measurements.



Single particle entanglement for quantum information

The main text presents entangled states generated both on a single photon (Figs. 1-3) and on
biphoton states (Fig. 4). In all cases the entanglement is generated by the metasurface (the GPM
in Figs. 2 and 4). Entanglement on biphoton states is widely considered as the building block of
optical quantum information systems, but entanglement on single photon states has been argued
to be “classical entanglement” (37). However, as shown by (37), this type of entanglement on a
single particle holds quantum properties which cannot be reproduced with classical light, and
hence can be used in quantum computation and other quantum information schemes. Several
schemes have been proposed for the utilization of two qubits encoded on a single photon for
qguantum information processing. In fact, several quantum gates (including universal quantum
gates) and quantum algorithms based on entanglement on a single particle have been proposed
(38). Experimentally, a quantum controlled-NOT gate based on entangled states on single photon
has been demonstrated in the lab (39). One should not confuse a non-separable classical mode
(which features classical entanglement) with an entangled state of a single photon. For example,
generation of a non-separable classical mode was demonstrated using classical light (39)
(manifesting “classical entanglement”). However, even in that experiment (39), when a single
photon was passed through the same apparatus - it generated a genuinely entangled quantum

state.



Fig. S1.
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Fig. S1. SWAP gate following the metasurface.
The measured density matrix of the state |<1)*>, which is generated by the GPM. After passing
through a HWP the state is transformed into |‘{’*> by performing a SWAP gate on the spin

qubit, leaving the OAM qubit unaffected. The experimental density matrix coincides with the

theoretical results at fidelity higher than 90%.



Table S1.

List of measurements of the QST. The SLM phase profile range are from 0 (black) to 2x (white).

Order Projection QWP [deg] HWP [deg] SLM profile
0 Intensity - -
1 |H)|¢ = 1) 0 0
2 V)¢ =1) 0 45
3 o)l = 1) 0 22.5
4 |D)|¢ = 1) 45 225
5 D)/ = —1) 45 22.5
6 o)l = —1) 0 22.5
7 V)¢ =—-1) 0 45
8 |H)|¢ = —1) 0 0
9 |H)|+) 0 0
10 V)+) 0 45
11 o) +) 0 225
12 |D)|+) 45 22.5
13 |D)|r) 45 225
14 o)) 0 22.5
15 [V)|r) 0 45
16 |H)|7r) 0 0
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