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Microscopic origin of polarization-entangled Stokes—anti-Stokes photons in diamond
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Time-correlated Stokes—anti-Stokes (SaS) scattering has been studied in different transparent media, more
frequently in diamond. While the nonclassical nature of the SaS scattered photons has been well established, the
presence of entanglement in this spontaneous four-wave mixing process has not been demonstrated. Here, we
show the violation of the Bell-type Clauser-Horne-Shimony-Holt inequality for the polarization of SaS photon
pairs near a Raman resonance in diamond. The degree of entanglement depends on the detuning of the photon
pairs from the degenerate two-photon pump and on the orientation of the polarization of the incident light with
respect to the crystallographic orientation of the sample. This result opens up the possibility to tailor the quantum
state of photon pairs without stringent constraints of phase matching and to combine quantum optics and SaS
Raman spectroscopy for new applications in materials science and quantum information.
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Raman scattering is the inelastic scattering of light by
matter, where incident photons lose (Stokes) or gain (anti-
Stokes) energy from a material. Most commonly the energy
exchanged between the photon and the medium is a phonon.
Of particular interest is the phenomenon where the same
phonon generated in the Stokes process is absorbed in an
anti-Stokes process, generating a pair of quantum correlated
Stokes—anti-Stokes (SaS) photons [1-4]. This process is a
special type of degenerate four-wave mixing, where two
incident photons of the same energy fhw; are annihilated
inside the material medium to create two photons of differ-
ent energies fiwg and hw,g, fulfilling energy conservation,
2hwy, = hws 4+ hw,s (see Fig. 1) [5]. The four-wave mix-
ing process can have a purely electronic microscopic origin
[Fig. 1(a)], or it can be mediated by a phonon [Fig. 1(b)].
The phonon-mediated process is clearly distinguishable when
resonance is obtained [Fig. 1(b)(ii)], i.e., when ws ,s = wr £
wph, Where the & stands for the anti-Stokes/Stokes scatter-
ing and fiwy, is the phonon energy [6,7]. When tuned out
of resonance [Figs. 1(b)(i) and 1(b)(iii)], the phononic SaS
pairing can still be mediated by a virtual phonon, having,
in this case, an intriguing parallel with the BCS theory for
superconductivity [8—11].

In condensed matter physics, the uncorrelated Stokes to
anti-Stokes intensity ratio gives the local temperature [2].
Under short pulse excitation, however, the Stokes—anti-Stokes
correlation generates rich phenomena in the light-matter in-
teraction [12-17], including their uses to create quantum
information transmission protocols [18,19], and to study
one-phonon Fock states [20]. This phenomenon is broadly
observed, including in liquids [8,21,22], H gas [23], and
in nonvibrational related Raman scattering [24,25], among
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others. Diamond is, however, the preferred material to study
such phenomena [9,20,26-29], where the dependence on ex-
citation laser power [9,27], Raman shift and momenta [9],
and lifetimes for both resonant (real phonon) and nonresonant
(virtual phonon) processes [29] have been explored.

While the nonclassical correlations between SaS pho-
tons in diamond are well established, entanglement has been
demonstrated only when two interfering pathways are engi-
neered, such as two different samples [30], or a time bin
with two different pulses [31]. What is missing is a report on
the presence of entanglement in the fundamental four-wave
mixing process in diamond. Here, we demonstrate polariza-
tion entanglement in SaS photon pairs generated through
the superposition of distinct microscopic pathways. In our
experiment, the electronic and vibrational four-wave mixing
processes shown in Figs. 1(a) and 1(b) collaborate to produce
pairs of photons entangled in polarization, verified using the
Bell-type Clauser-Horne-Shimony-Holt (CHSH) inequality.
The presence of entanglement depends on the crystallographic
orientation of the sample with respect to the pump polarization
and on the spectral detuning of the photon pairs from the
vibrational resonance, which controls the respective contribu-
tions of the two pathways illustrated in Figs. 1(a) and 1(b).

Figure 2 illustrates the experimental system, which
combines a Raman spectrometer with the time-correlated
single-photon counting (TCSPC) apparatus. A 200-fs pulsed
MIRA 900F laser tuned at 785 nm with a 76 MHz repetition
rate was powered by a Verdi G10 laser from Coherent. The
laser with polarization horizontal (H) with respect to the
laboratory reference frame departing from the MIRA 900F
passes through a half-wave plate (HWP) and a polarized
beam splitter (PBS) to control power and convert polarization

©2023 American Physical Society
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FIG. 1. Microscopic model evidencing the paths where two pho-
tons from a laser (w.) generate an SaS pair (ws and w,s): (a) purely
electronic four-wave mixing; (b) phonon-mediated process, which
can be resonant (ii) or detuned out of resonance: (i) negative
detuning; (iii) positive detuning. V, H are the orthogonal light po-
larizations. X, Y, Z are the diamond crystallographic axes.

to vertical (V) before reaching the sample. With the flip
mirror (FM in Fig. 2) in place, the sample can be spectrally
characterized through conventional Raman spectroscopy [see
Fig. 3(a)]. When the FM is removed, the scattered light is sent
to a 50/50 beam splitter (BS), following to a half-wave plate
(HWP), a quarter-wave plate (QWP), and a polarized beam
splitter (PBS), which are used to select the polarizations of the
S and aS photons. After the PBS, bandpass interference filters
centered on w,s and on wy (BP,ss) are used for selecting
the desired signals. Different BPg 4 are utilized to probe the
different spectral regions. The filtered signals are focused
on avalanche photodiode detectors (APDs, Excelitas model
SPCM-AQRH-14) using lenses Ly and L.

The sample is a highly pure diamond grown by the chemi-
cal vapor deposition (CVD) process [type Ilac Diacell design,
(100) oriented], with the laser propagating along the [001]
direction of the crystal. The sample is mounted on a rotation
stage so that the angle 6 between the diamond crystallographic
axes and the incident laser polarization can be varied. § = 0°
stands for the sample [100] direction along V and 6 = 90°
stands for the sample [100] direction along H.

Figures 3(b)-3(f) present the results of energy- and
polarization-resolved time-correlated SaS photon pair detec-
tion rates (ls,s) for three spectral regions: detuned from
resonance with |w; — ws as| < wpn [Figs. 3(b) and 3(e)]; in
resonance with the phonon, |w; — wss| = wpn [Figs. 3(c)
and 3(f)]; and detuned from resonance with |w; — ws 45| >
wph [Figs. 3(d) and 3(g)]. The top row [Figs. 3(b)-3(d)] stands
for 6 = 0° and the bottom row [Figs. 3(e)-3(g)] for 6 =
45°, where for 6 = 0°, V = X in Fig. 1, while for 6 = 45°,
V =X 47, which are the two inequivalent high-symmetry
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FIG. 2. Schematics of the experimental setup. (E) dielectric mir-
ror for high power, (HWP) half-wave plate, (PBS) polarized beam
splitter, (M) silver mirror, (BP, ) interference bandpass filter, (O;)
objective for focusing the excitation laser [20x, numerical aperture
(NA) 0.5], (O,) objective for collecting the scattered signal (100x,
NA 0.9), (N.) notch filter, (L; ».3.5,45) planoconvex achromatic lenses,
(FM) flip mirror, (BS) 50/50 beam splitter, (QWP) quarter-wave
plate, (BPs ,s) bandpass interference filter to Stokes, anti-Stokes.

directions in the XY plane of the cubic diamond crystal. Light
is propagating along Z. The observed normalized second-
order degree of correlation g?(t = 0) always exceeds the clas-
sical limit 2 [28], indicating quantum correlated intensities.

As shown in Figs. 3(b)-3(f) the SaS photon pair is always
observed with the same polarization, i.e., either in VgV,g or
HgH,s, with practically no signal being observed in VgH,g
or HgV,s. For 8 = 0° (top row), both VsV, and HsH,s are
seen, while for 8 = 45° (bottom row) only the VsV,g signal
can be seen. Notice from Fig. 3 that the amount of HsH,s
signal varies much more than the amount of VV,s signal when
changing the spectral region, HgH s being significantly larger
in resonance. Comparing the counts in the top and bottom
rows, it appears that the HgH,g signal observed when 6 = (°
is converted to VsV,g when 6 = 45°.

Out of the measurements displayed in Fig. 3, there are, in
principle, two Raman shifts at which entangled polarization
states could be produced when the polarization of the inci-
dent laser is oriented along the diamond crystallographic axis
6 = 0°: +900 and £1332 cm™~!. In both cases, the statistics
show a clear polarization correlation in the |Vs, V,s), |Hs, Hys)
basis. Here, as is customary when discussing photon pairs
produced by parametric down-conversion, we neglect the part
of the biphoton wave function with more than one photon
pair and use the shorthand notation |Vs, V,s) (|Hs, Hys)) to
designate a pair of vertically (horizontally) polarized SaS pho-
tons created out the vacuum. While we have not measured the
Schmidt number of the biphoton wave function, it is likely that
several pairs of temporal modes are populated in the process,
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FIG. 3. (a) Unpolarized spontaneous Raman spectrum from the
diamond crystal under pulsed excitation at 785 nm. Stokes (anti-
Stokes) photons are at positive (negative) Raman shifts. (b)-(g)
Time-correlated SaS photon pair intensity (/s,s) for the three sets
of spectral filters colored in (a): (b), () |0, — ws.as| = 900 cm™!
(gray region); (c), (f) |y — ws.as| = 1332 cm™! (blue region); (d),
(2) |owr — ws.as] = 1900 cm™! (red region). (b)—(d) 8 = 0°, (e)—~(g)
6 = 45°. For each spectral region, a set of bandpass filters was
utilized: (b), (e) Stokes filter: 850/10; anti-Stokes filter: 730/10. (c),
(f) Stokes: 875/25; anti-Stokes: 711/25. (d), (g) Stokes: 920/10;
anti-Stokes: 685/40. A/B refer to the filters’ center wavelength
(A) and bandwidth (B) in nm; they define the gray, blue, and red
spectral regions indicated in (a) where measurements in (b)—(g) took
place. Is,s were corrected to account for the spectral efficiency of
the experimental apparatus and different excitation powers, given in
counts/cm™' mW? s,

but the CHSH parameter discussed below is not affected by
the number of collected modes, as long as all pairs feature
entanglement.

In order to investigate whether the generated state is classi-
cally mixed or entangled, we focused first on the 900 cm™!
pairs [Fig. 3(a)] and took a two-step approach: First, we
rotated the polarization analyzers to also observe the pairs
in the linearly polarized +— and in the circularly polarized
RL bases. The results, shown in Figs. 4(a)—4(c), still display
correlated pairs of polarization in both bases, ruling out a
statistical mixture, for which all the populations should be
equal, and pointing to an entangled state of the type

[V)s.as = c1lVs, Vas) + c2|Hs, Has). (D

Here, ¢; = 4/0.72 and ¢y = +/0.28 can be extracted from
the relative counts of VsV, and HgH,s pairs displayed in
Fig. 3(a) and the phase (+4) is consistent with the presence
of {++, ——, RL, LR} pairs (an opposite phase would gener-
ate {+—, —+, RR, LL} correlations). This state is very close
to the [¢™) Bell state, |¥)s.s = +/0.95|¢T) + +/0.05]¢p7),
where [¢F) = ([VV) £ |HH))/\/§. Second, we validated this

FIG. 4. I, for a Raman shift of (a)—(c) 900 cm™! and (d)—(f)
+1332 cm™!, both at & = 0°. The incident light is always polarized
in V, and the Stokes and anti-Stokes scattered light are polarized
at three different basis: (a), (d) VH [same as Figs. 3(b) and 3(c),
respectively], (b), (e) +—, and (c), (f) RL.

entangled state by performing a standard Bell-type CHSH in-
equality, with the angles of the polarization analyzers properly
chosen for the inequality to be maximally violated by the
|¢T) state (see details in the Supplemental Material [32]). We
obtained |S| = 2.61 £ 0.03 for the CHSH violation, which is
much larger than the classically correlated limit of |S| = 2 and
close to the predicted value of |S| = 2.68 for the chosen angles
and the state in Eq. (1). The error in § was estimated with
a Monte Carlo simulation. The difference between the value
predicted by the theory and the one obtained experimentally
for |S| can be explained by a combination of the effects of a
small phase in ¢; (¢ < 0.17) and a small degree of state mix-
ing (purity higher than 0.95), both values obtained from the
data described in the Supplemental Material [32]. Therefore,
the SaS state is indeed very close to |¢™T).

For a Raman shift resonant with the optical phonon, on the
other hand, the violation is marginal, with |S| = 2.05 £ 0.16,
a possible consequence of the much larger background of
uncorrelated photons due to the large single-photon Stokes
scattering rate. This result is consistent with Figs. 4(d)—4(f),
which shows a smaller degree of correlation in the distribu-
tion of SaS pairs in the +— and RL polarization basis. The
downgrade of the correlation at the Raman resonance may
result from a statistical mixture of the SaS entangled pairs
with unentangled three-photon states. Three-photon states are
mainly due to the sum of a standard single-photon Stokes
scattering and a SaS pair. The detectors do not distinguish
between two- and three-photon events and the measurement
apparatus ends up bunching them in the same correlation
statistics. This behavior was already analyzed in previous pa-
pers as the physical origin of the severe lowering of the value
of the zero-delay cross-correlation function g%as (0) at the Ra-
man resonance [11,27]. We have confirmed it by performing
the tomography of the postselected two-photon states, obtain-
ing a purity (Tr[p?]) of around 0.6 (see the Supplemental
Material [32]), which indicates a largely mixed polarization
state. For the 6 = 45° orientation we seek no CHSH violation
because essentially all the photons are generated at the same
polarization. The same can be said for the 1900 cm™! pairs
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because the Hg, H,g counts are too low and the time-correlated
pairs are of the same order of the accidental counts [9,11].
At this spectral range the overall polarization state is al-
ways essentially |Vs, V,s), regardless of the crystallographic
orientation.

The observed polarization entanglement of photon pairs
at £900 cm~! Raman shift is proposed to result from the
coexistence of two independent pathways contributing to
spontaneous four-wave mixing [6,7]: The x® tensor is the
sum of one nonresonant contribution XISER) from electronic
transitions that are far-detuned from any energy involved in
the four-wave mixing process, plus one (near) resonant term
X 153) that results from vibrational Raman scattering. Using the
convention of Ref. [7], where the stimulated counterpart of the
process studied here was investigated, we label the indices of
the x® tensor in the following order, Xl.(;;l (Was, 0L, OL, W),
where i, j, k,l = X,Y =V, H, the latter equality being valid
for 6 = 0°. For example, the tensor element XI({S‘;VH is re-
sponsible for the creation of Hy, H,gs pairs under V polarized
pumping.

Now, since diamond is a cubic system (O, point symmetry
group), the nonresonant (purely electronic) part of the ten-
sor contains only three distinct nonzero contributions: XIEISR) =
Xiui + Xijji T Xiij;- Together with the experimental pump ge-
ometry for 6 =0°, it means that only xyyyy and Xgyyy
contribute, leading to Vs, V,s and Hs, H,s photon pairs, re-
spectively. Further, it was shown in Ref. [7] that |x{y | =
3Ixfvyyl, so that we would expect nine times more Vg, Vg
pairs than Hs, H,g pairs if only the electronic contribution
were at play. The form of the resonant (Raman) contribution
is further constrained by the symmetry of the optical phonon
that belongs to the triply degenerate T, irreducible represen-
tation, so that XI(€3 ) = xR, vy in the experimental geometry
for 8 = 0°. Note also that the phase of X,(f) experiences a
change of 7 when the Raman shift crosses the vibrational res-
onance so that photons generated from this pathway at larger
Raman shifts interfere destructively with the ones resulting
from xfy vy [7].

Altogether, if we neglect xj for the simplicity of the
discussion, we find that for a V polarized pump and 6 = 0°
the form of the third-order nonlinear susceptibility tensor is
just xGyyy + xRyvy. where the magnitude of the first term
is detuning independent while the magnitude of the sec-
ond term strongly depends on the detuning of the detected
photon pairs with respected to the vibrational Raman shift.

For a suitable choice of detuning (e.g., around 4900 cm™!

as we found here) the electronic and vibrational contributions
have similar magnitudes. Moreover, since photon pairs pro-
duced by the two pathways are otherwise indistinguishable
in their temporal and spatial modes, except for their polar-
izations, we do predict that the biphoton state should be of
the form |V )s.s = ¢1|Vs, Vus) + ¢2|Hs, H,s). Future work is
needed to explore to what extent the coefficients ¢; and ¢;
can be adjusted by spectral filtering, allowing for a tailored
quantum state.

To conclude, we have demonstrated the production of
polarization-entangled photon pairs in a diamond sample
through a four-wave mixing process. The entanglement is
obtained only when the crystal orientation favors two distinct
paths for generating the four-wave mixing. For light reaching
the sample in the [100] direction, entanglement is obtained
when the incident laser is polarized along one of the crystal-
lographic axes, since electronic four-wave mixing can either
conserve or change, but it preferably conserves the polariza-
tion of both Stokes and anti-Stokes photons, while vibronic
four-wave mixing (SaS scattering) necessarily changes their
polarizations. Entanglement comes from the indistinguisha-
bility of both processes, i.e., because it is not possible, even
in principle, to determine which process took place. As a re-
sult, the superposition of the two possible pathways generates
pairs of photons in the entangled polarization state |{)s,s =
c11Vs, Vus) + c2|Hs, Hys). Interestingly, our results indicate
that the different electronic and phononic pathways can in-
terfere in order to engineer the polarization of the two-photon
quantum state when light travels in the crystal in well-defined
geometries: Which process (electronic and phononic) took
place is therefore no longer a valid question. These results
display entanglement generated by “which physical process”
indeterminacy and they open up the possibility to explore Ra-
man spectroscopy in different ways. Since the SaS scattering
has been observed in many different transparent media, this
type of entanglement may be more general, conditioned to
the presence of different indistinguishable four-wave mixing
microscopic paths within the medium.
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