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We report, for the first time, the observation of spontaneous parametric down-conversion (SPDC) free of
phase matching (momentum conservation). We alleviate the need to conserve momentum by exploiting the
position-momentum uncertainty relation and using a planar geometry source, a 6 μm thick layer of lithium
niobate. Nonphase-matched SPDC opens up a new platform on which to investigate fundamental quantum
effects but it also has practical applications. The ultrasmall thickness leads to a frequency spectrum an order
of magnitude broader than that of phase-matched SPDC. The strong two-photon correlations are still
preserved due to energy conservation. This results in ultrashort temporal correlation widths and huge
frequency entanglement. The studies we make here can be considered as the initial steps into the emerging
field of nonlinear quantum optics on the microscale and nanoscale.
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Spontaneous parametric down-conversion (SPDC) is a
well-developed tool to produce entangled photons for
practical applications, such as quantum imaging [1–3],
quantum key distribution [4,5], and quantum metrology
[6,7], as well as for tests of quantum mechanics [8]. So far,
SPDC has exclusively been used in the phase-matched
regime: when the emitted daughter photons conserve the
momentum of the pump photon. Fulfilling the phase-
matching condition restricts both the choice of nonlinear
materials and the available states the daughter photons can
occupy. This has prompted the search for SPDC with phase
matching absent, in particular, in the emerging field of
nanoscale generation of entangled photons [9–12]. In this
Letter, we make the first steps in this direction: we generate
entangled photons on a microscale and solve the problems
caused by the small size of the source.
For SPDC, the probability of a pump photon, with wave

vector k⃗p, to decay into two daughter photons, signal and
idler with wave vectors k⃗s;i, strongly depends on the
momentum (wave vector) mismatch ℏΔ⃗k≡ ℏk⃗sþ
ℏk⃗i − ℏk⃗p. The allowed mismatch forms an uncertainty
relation with the volume over which the nonlinear inter-
action takes place. Its component parallel to the pump, or
longitudinal mismatch Δkk, is restricted by the inverse
length of the nonlinear material. The component
perpendicular to the pump, or transverse mismatch Δk⊥,
is restricted by the inverse nonlinear interaction area,
generally given by the Gaussian profile of the pump beam.
In a phase-matched process, Δkk ¼ 0, which is only

satisfied in a few nonlinear materials. More generally
Δkk ≠ 0, causing pairs to be generated out of phase with
respect to pairs generated earlier in the nonlinear material.
The relative phase difference depends on the nonlinear

interaction length L. If L is equal to an odd multiple of the
so-called coherence length Lc ¼ ðπ=ΔkkÞ [13], the inter-
ference between the emitted pairs is fully constructive
leading to a local maximum in the emission probability. At
L < Lc, the pairs are always generated in phase. Moreover,
at small L, the allowed longitudinal mismatch is very large,
which leads to a very broad spectrum of emitted photons,
both in frequency and in angle.
Figure 1(a) shows the allowed mismatch for a thick

crystal and an ultrathin layer. While the thick crystal
restricts the signal and idler angles and frequencies, the
ultrathin layer allows a broad range of modes to be
populated. The calculated frequency—angular spectrum
for SPDC from a single coherence length or its odd
multiple [Figs. 1(c) and 1(d)] is far broader than any
phase-matched SPDC spectra observed from a macroscop-
ically thick crystal [Fig. 1(b)]. The emission characteristics
differ so greatly between phase-matched and nonphase-
matched SPDC that they can be considered separate
sources of photon pairs [14].
While the possible emission angles and frequencies for

the signal and idler photons are determined by the longi-
tudinal mismatch, the correlation between the signal and
idler angles of emission is governed by the transverse
mismatch [15,16]. These correlations will be tight if the
pump has a large beam waist. Similarly, the frequency
correlations are governed by the bandwidth of the pump
[17,18] and will be tight for a narrow band continuous-
wave pump. For this reason, SPDC from an ultrathin layer
should produce photon pairs that are highly entangled in
angle and frequency: while these parameters are very
uncertain for a single photon, they are known with certainty
when the conjugate photon is detected. It is noteworthy that
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while previous attempts to boost the bipartite entanglement
have primarily focused on increasing either frequency or
angular entanglement [19,20], SPDC in an ultrathin layer
simultaneously has gains in both, leading to a massive
improvement over previous techniques.
The reduced interaction length, however, leads to a lower

SPDC emission probability. This can be partly compen-
sated for by using a highly nonlinear medium. Here, we use
an x-cut lithium niobate (LN) crystal and, by taking
advantage of the fact that we no longer need to phase
match, utilize the large d33 component of the nonlinear
susceptibility tensor by correctly orienting the pump
polarization. The d33 component of LN (40 pm=V) is
roughly 40 times stronger than the effective susceptibility
of β-barium borate (BBO), a standard crystal used for
SPDC experiments [13].
The experimental setup is shown in Fig. 2. The sample

tested was a thin layer of magnesium oxide doped LN on a
500 μm fused silica substrate. The z axis of LN was in the

plane of the layer. The thickness of the sample varied from
5.9 μm to 6.8 μm, due to the nonuniform fabrication of the
wafer. Therefore, by scanning the LN in the z-y plane
it was possible to tune the length (see Supplemental
Material [21]).
Despite the use of the highest nonlinear component

available in LN, the efficiency remained much lower than
for phase-matched SPDC in a macroscopic crystal. As a
result, fluorescence, which can usually be disregarded
when working with phase-matched SPDC, became the
dominant process in the spectral region of interest. The
measured fluorescence [Fig. 2(b)] was more than an order
of magnitude stronger than the expected SPDC emission.
Because of the broadband nature of nonphase-matched
SPDC, distinguishing the two-photon radiation from
fluorescence could only be done using correlation
measurements.
The correlation measurements were performed using the

Hanbury Brown–Twiss setup [Fig. 2(a)]. To begin with, the
normalized second-order correlation function gð2ÞðτÞ was
measured and a strong two-photon correlation peak was
observed [Fig. 3(a)]. Further, the value of gð2Þð0Þ was
measured for different pump powers [Fig. 3(b)]. The
measured value of gð2Þð0Þ − 1 had an inverse dependence
on the pump power, which is a fingerprint of two-photon
emission [26]. The correlation function gð2Þð0Þ, related to
the coincidences-to-accidentals ratio CAR ¼ gð2Þð0Þ − 1,
had a high value and an inverse dependence on the mean
number of photons, both of which are compelling evidence
of two-photon light generation.
The measured polarization dependence of the coinci-

dence count rate [Fig. 3(c)] confirms that the SPDC was
mediated by the d33 component of the nonlinear

FIG. 2. The setup used to detect SPDC from LN (a) and the
fluorescence spectrum measured with a spectrometer (b). The
dashed line indicates the degenerate wavelength where most of
the measurements were taken.

FIG. 1. (a) SPDC in a thick (left) and ultrathin (right) nonlinear
layer orthogonal to the pump. Middle panels: the frequency-
angular spectrum calculated for a phase-matched type-I BBO
crystal with L ¼ 1 mm (b) and nonphase-matched type-0 lithium
niobate crystal with L ¼ Lc ¼ 1.37 μm (c). The pump wave-
length is 405 nm and beam waist 100 μm. Note the different
x-axis scales between (b) and (c). Panel (d): the frequency-
angular spectrum expected for a nonphase-matched type-0
lithium niobate crystal with L ¼ 5Lc. Red dashed lines: the
angle of internal reflection, which limits the angle collected.
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susceptibility tensor, with the pump, signal, and idler
photons all polarized along the z axis. Indeed, the SPDC
was noticeable only when the signal and idler photons were
polarized along the z axis, in this case the coincidence rate
depended on the angle θ between the pump polarization and
the y axis as sin2ðθÞ (blue points, red fit). For the emission
polarized along the y axis, no real coincidences (see
Supplemental Material [21]) were observed (purple points).
The SPDC spectrum was measured using single-photon

spectroscopy [27,28] (see Supplemental Material [21]),
which allowed us to distinguish it from the fluorescence
spectrum. Light generated from LN was coupled into a
dispersive fiber. After propagation through the fiber the
two-photon wave packets spread in time. Therefore, the
difference in the signal and idler photon detection times
could be mapped to a frequency difference. The measured
normalized correlation function after the propagation
through 160 m of optical fiber is shown in Fig. 3(d).
The width of the peak corresponds to 200 nm. This was less
than the expected width of 600 nm [Fig. 1(d)] because of
the relatively narrow sensitivity range of the single-photon
detectors (see Supplemental Material [21]) and frequency-
dependent fiber coupling. The biphoton correlation time,
given by the inverse spectral width [27], was estimated to
be 10 fs. The full spectral range of 600 nm corresponds to a
correlation time of 3 fs.

Measurements with a 405 nm pump yielded a modest
coincidence count rate due to the high fluorescence back-
ground saturating detectors even at low powers. To opti-
mize this we moved to a 500 nm cw pump operating in a
similar power range. The shift in wavelength reduced the
fluorescence allowing a broader angle of emission to be
collected without saturating the detectors. In addition, we
tightly focused the pump to reduce the spatial mode content
of the SPDC radiation and used a high NA system to collect
large emission angles. Both the coincidence rate as a
function of pump power and the spectral bandwidth using
the single-photon spectroscopy method were measured
with the improved system (Fig. 4). With the improved
setup the coincidence rate at 220 mW pump power was
1400 Hz, gð2Þð0Þ was 5700 (see Supplemental Material
[21]) at 5 mW pump power and the spectral width was
measured to be around 150 THz (500 nm).
To demonstrate the high degree of frequency entangle-

ment, we measured the joint spectral intensity (JSI), quan-
tifying the joint probability Pðωs;ωiÞ of the signal and idler
photons having frequenciesωs,ωi, respectively. The JSIwas
reconstructed using stimulated emission tomography (SET)
[29], see Fig. 5(a) and the Supplemental Material [21].
By pumping with the second harmonic of the Nd:YAG

laser at 532 nm and tuning the seed beam wavelength
between 1500 and 1620 nm, a small part of the JSI
[Figs. 5(b) and 5(c)] was mapped out [Fig. 5(d)].
Because of the narrow tuning range of the seed, the full
spectral range of SPDC could not be obtained. Still, the
SET results demonstrate tight frequency correlations
(0.6� 0.2 THz, limited by the spectrometer resolution),
within a 13� 1 THz (limited by the tuning range of the
seed) range of the JSI. Using the Fedorov ratio [19,30],
given by the ratio of the conditional width and uncondi-
tional width of the JSI, the region probed confirms a degree
of entanglement of at least 20. This value is a huge
underestimation of the true degree of entanglement as

FIG. 3. Two-photon correlations from nonphase-matched
SPDC. (a) The normalized two-photon temporal correlation
function. (b) The normalized correlation function at zero time
delay measured versus the pump power (blue points) and fitted
with an inverse dependence (red line). (c) The rate of real
coincidences versus the pump polarization direction, for the
emission polarized along z (blue points, red fit) and along y
(purple points). (d) The normalized temporal correlation function
measured after propagation through a dispersive fiber. The
temporal delay is mapped into units of wavelength. The double
photon quantum efficiency, which limits the collection band-
width, is shown in red. The gray line indicates the degenerate
frequency. (e) The coincidence rate (blue points), for optimized
photon pair collection, as a function of the pump power centered
at 500 nm with the expected linear power dependence (red).

FIG. 4. The two-photon correlations for an optimized collection
system pumped at 500 nm. (a) Shows the coincidence rate (blue
points) as a function of the pump power, the expected linear
dependence is shown in red. (b) The frequency spectrum
measured after passing through a 780 nm longpass filter using
the single-photon spectroscopy method, the blue points are the
values of gð2Þ as a function of delay time after the biphoton has
propagated through a dispersive fiber, the red curve is the
calculated frequency spectrum after being cut at 780 nm.
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we cannot account for the broad spectral width and phase
information. From the simulated JSI [Fig. 5(b)] we antici-
pate, by using the Fedorov ratio again, the degree of
entanglement will be around 2 orders of magnitude larger
than stated.
Generating entangled photons with a broad spectral and

angular width has been a long-standing goal in quantum
optics [31–33]. Highly nonlinear ultrathin layers provide
both a platform on which to achieve this goal and, due to
their size and scale, a platform on which to design
miniaturized quantum-photonic chips [34]. To our knowl-
edge, here we have reported the smallest source of SPDC
(6 μm× 10 μm × 10 μm) found to date. Several semicon-
ductor materials, such as gallium arsenide, have much
higher second-order susceptibilities than that of LN [35]. In
addition, structuring such materials to enhance their reso-
nance response can further improve the SPDC efficiency
[36], thus allowing even thinner samples to be made.
The two-photon time and space correlation widths,

proportional to the inverse spectral and angular widths,
respectively, promise to be tighter than anything currently
observed. As such, the correlations in space and time could
become a new resolution standard. While the ultrashort
correlation time can be used to synchronize distant clocks
[7], the tight spatial correlations can dramatically improve
the resolution of many quantum imaging techniques such
as ghost imaging and imaging with undetected photons
[1–3,37]. In two-photon microscopy, such a source will

allow imaging well beyond the diffraction limit [38], as the
resolution will be determined only by the interaction
length.
Both the angle of emission and frequency can be used as

variables for encoding quantum information [39,40].
Because of the huge spectral and angular widths of non-
phase-matched SPDC, the expected degree of entangle-
ment, and thus the information capacity, for nonphase-
matched SPDC is almost an order of magnitude higher than
for a phase-matched process. Additionally, using the
principle of hyperentanglement, whereby the biphoton
state is entangled in more than one degree of freedom
[41], the nonphase-matched state increases the information
capacity as the product of both the entanglement in the
frequency and angular domain, leading to improvements by
several orders of magnitude.
Finally, we expect that highly nonlinear thin layers will

also be suitable platforms on which to observe higher-order
parametric down-conversion effects, such as the generation
of three-photon states from a cubic interaction [42]. Phase
matching for higher-order processes becomes increasingly
challenging due to the larger refractive index difference
between the pump photon and daughter photons. This
restricts the number of nonlinear materials to work with to a
far greater extent than for second-order processes.
Therefore, working in the nonphase-matched regime is a
reasonable trade-off as it allows one to utilize materials
with a huge cubic susceptibility.

FIG. 5. The setup for the SET measurement (a) and the calculated JSI for 5.8 μm LN pumped at 532 nm (b), with an enlarged interval
(c) to emphasize the small width. L1 and L2 are lenses and BP is a bandpass filter blocking the pump and the seed. Panel (d) shows a
fragment of JSI measured using SET, with the bounds limited by the tunability of the seed. The fainter line with a positive tilt in (d) is due
to second harmonic generation of the seed.
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