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Phase-Coherent Optical Frequency Up-Conversion with
Millimeter-Size Zn(3-ptz), Metal-Organic Framework Single

Crystals

Diego Hidalgo-Rojas, Juan Garcia-Gatfido, Javier Enriquez, Ricardo Rojas-Aedo,
Robert Alastair Wheatley, Rubén A. Fritz, Dinesh P. Singh, Felipe Herrera,*

and Birger Seifert*

Metal-organic frameworks (MOFs) have emerged as candidate materials for
nonlinear optics due to their enhanced optical and chemical stability in
comparison with conventional organic crystals. However, producing large
single crystals that support perfect phase matching conditions for frequency
conversion is a long-standing challenge due to the highly metastable
conditions in which MOF crystals tend to self-assemble in solution. By
modulating the synthesis and growth conditions, this limitation is overcome
to produce millimeter—sized Zn(3-ptz), uniaxial MOF single crystals.
Optimized MOF crystals with large birefringence in the visible An ~ —0.3 and
high transparency allow for the observation of strong second-harmonic (SHG)
and third-harmonic generation (THG) signals for the first time, using
femtosecond near-infrared pump pulses. For conditions of type-1 SHG
phase-matching, the measured effective nonlinear coefficient of Zn(3-ptz), is
d.s~ 0.10pm V~, the largest measured nonlinearity for MOF materials to
date. The experiments quantitatively agree with first-principles simulations
based on the crystal lattice structure. The damage threshold is estimated on
the order of 0.2 TW cm~2 for raw single crystals, which can be further
increased with additional crystal engineering steps. The demonstration of
efficient frequency up-conversion of light with long-range phase coherence
establishes MOF single crystals as promising materials for nonlinear optical
devices.

1. Introduction

Metal-organic framework (MOF) crystals
have attracted considerable interest in ma-
terials science because they can be tailored
for specific applications.!'3] The appropri-
ate combination of organic molecular link-
ers and metal ion nodes, together with
fine-tuned synthesis conditions, have en-
abled the development of MOFs exhibit-
ing record-high porosity and surface area
that results in outstanding performance
for gas storage,*’! chemical sensingl®’]
and energy storagel®®! applications. The
intrinsic design flexibility of MOFs en-
ables a convenient synergy between the
structural stability of inorganic crystals and
the strong electro-optical response of or-
ganic materials,[1®!2) which makes MOF
crystals attractive for nonlinear optics.

Several synthesis methods have been
demonstrated for producing MOFs with
second-order nonlinear optical response, by
self-assembling organic ligands that have
large hyper-polarizabilities with transition
metal ions that enable the formation
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of non-centrosymmetric coordination geometries.!'") Wide trans-
parency windows for the resulting MOF crystals can be designed
by selecting metal ions such as Zn?*+ and Cd?* with a complete
d-shell that prohibits absorptive losses in the visible and sup-
presses undesired charge transfer processes that would other-
wise make the crystals susceptible to oxidation under optical op-
eration conditions.!"*) Further enhancements of the second-order
nonlinearities can be achieved by choosing organic ligands with
electron-donor and electron-acceptor groups in their structure,
which enables additional contributions to the nonlinear crystal
polarization in response to external electromagnetic fields.['*].
Moreover, the electronic conjugation properties of organic lig-
ands are also known to be the source of large third-order non-
linear optical susceptibilities for MOF crystals already in powder
form.*]

In the Cambridge Structural Databasel'®l there are a few
thousand MOF crystals reported to date that would be suitable
for second-harmonic generation (SHG) in modern laser and
imaging devices!'"*] and integrated nonlinear photonics. For
dozens of these nonlinear MOF crystals, SHG signals have been
measured using polycrystalline samples with an ensemble of
randomly-oriented crystal grains with an average size on the or-
der of tens of micrometers.['*!2] In powder form, MOF samples
only allow the observation of weak statistically-averaged nonlin-
ear signals because morphological disorder along the optical path
does not allow for long-range phase-matching in a wave mixing
process. As a result of poor phase coherence, the SHG inten-
sity of powder samples only scales linearly with the propagation
length L2021 and the up-converted radiation typically spreads
over a wide angular range, %2122l which is undesirable for appli-
cations in coherent optics.[*2% In contrast, a single crystal with
the same propagation length gives a much brighter SHG output
intensity scaling with L. Therefore, producing crystals with high
optical transparency, large propagation lengths in the millimeter
regime, large polished incidence areas, and high laser damage
thresholds is an enabling step in the development of nonlinear
optical devices based on crystalline MOF materials.

Growing MOF single crystals to millimeter dimensions is a
significant challenge.[?-3%] Unlike more commonly used nonlin-
ear optical materials such as potassium dihydrogen phosphate
KH,PO, (KDP), of which the growth mechanism and kinetics are
well known,[*!] the general factors that control the self-assembly
and crystallization mechanisms of MOF structures are largely
unknown.32-34l Recent progress in this direction was reported
in Ref. [35], where a mechanistic study enabled the isolation of
key reaction intermediates that control the self-assembly of Zn(3-
ptz), (MIRO-101), a non-centrosymmetric MOF crystal whose
SHG activity was first observed in powder samples only.3¢l A
key step in the reaction mechanism is the formation of the meta-
stable zwitterion 5-(pyridin-1-ium-3-yl)tetrazol-1-ide (3-Hptz) un-
der acidic conditions. The presence of 3-Hptz in solution reduces
the available concentration of the anionic species 5-(pyridin-3-
yl)tetrazol-2-ide (3-ptz-), the organic ligand that feeds the growth
of Zn(3-ptz),. Modulating the in situ formation of 3-ptz- therefore
controls the nucleation and growth rates of Zn(3-ptz),, allowing
for the formation of large MOF single crystal samples.

In this work, we optimize the synthesis and growth conditions
of MIRO-101 single crystals to demonstrate the first millimeter-
size MOF-based optical crystal device that simultaneously gen-
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erates second-harmonic and third-harmonic (THG) radiation
via up-conversion of near-infrared photons with coherent phase
matching. The large crystal size allows for the determination of
the ordinary and extraordinary refractive indices, demonstrating
the large birefringence of this MOF material. The optical trans-
parency of MIRO-101 and its effective nonlinear coefficient for
type-I SHG are shown to be competitive with standard optical
materials, highlighting the great potential of MOF materials for
the development of nonlinear optical devices.

2. Results and Discussion

2.1. Metal-Organic Framework Single Crystals

Figure 1a shows the primitive cell of MIRO-101, with each zinc
ion coordinating four pyridyl-tetrazolate (3-ptz) ligands forming
a diamonoid coordination network without inversion symme-
try. The 3-ptz ligands coordinate with zinc through the electron-
aceptor tetrazole group, leaving a freely-rotating electron-donor
pyridyl group. This rotation introduces a degree of crystallo-
graphic disorder at the growth temperature of 105 °C*°! that does
not affect the optical transparency of the samples.l*’! Figure 1b
shows top and side views of one of the MIRO-101 crystal samples
used to obtain the frequency conversion results discussed below.
The top view highlights the birefringence. Figure 1c shows the
optical transmittance of a representative cut and polished MIRO-
101 crystal. From these measurements, the optical band gap E, =
3.71 + 0.01 eV was obtained for millimeter-sized single crystals
(see Figure S1, Supporting Information), consistent with previ-
ous measurements on polycrystalline samples.[*”3¥! Taking into
account Fresnel reflections at the entrance and exit surfaces at
normal incidence for both polarization components, the intrin-
sic optical transparency of the crystal in the spectral range 400—
800 nm is estimated to exceed 95% in the region, where the SHG
signal is expected (515 nm), which is comparable to commercial
frequency-doubling crystals. Linear absorption at the band edge
is only moderate in the region where the THG signal is expected
(343 nm).

2.2. Birefringence Measurements

The birefringence of a millimeter-size MIRO-101 single crystal
(see Figure 1b) was measured directly using a focused green laser
beam (4 =517 nm, P = 0.9 mW, cw) that undergoes ray-doubling
upon transmission inside the MOF. The distance between the
two transmitted beams at the end of the crystal was measured
as a function of the angle of incidence. The two parallel out-
put beams merge into a single beam when the beam direction
is collinear with one of the three principal axes of the crystal. Lin-
early polarized light propagating along the optic axis (c-axis) does
not change its polarization state. In this way, the optic axis could
be uniquely assigned. To obtain the ordinary refractive index n,, a
simple and robust method for determining the refractive indices
of plane plates was implemented.*®] Two different angular orien-
tations of the crystal, which correspond to two different angles of
incidence, generate a beam displacement between the ordinary
beam emerging from the crystal and a reference beam that did
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Figure 1. a) Zn(3-ptz), (MIRO-101) MOF crystal structure (CSD:184958 [36]). The tetrahedral coordination geometry of the repeat unit and the chemical
structure of the organic ligand (3-ptz) are also shown; b) Top and side views of one of the cut and polished MIRO-101 single crystal samples. The top
view highlights the large crystal birefringence; c) Transmittance spectrum of the sample in panel (b). The high transparency at the second-harmonic

(4p/2) and third-harmonic (4,/3) wavelengths are highlighted (4, = 1030 nm).

not pass through the crystal. By measuring the beam displace-
ment, the ordinary refractive index n, = 1.8 + 0.1 is obtained.
The method was validated by reproducing the reported refractive
index of a reference fused silica plate. Using the measured value
of n,, the extraordinary refractive index is obtained by estimating
the birefringence angle at normal incidence, givingn, = 1.5 + 0.2.
These index measurements are in agreement with the theoretical
Sellmeier curves obtained using periodic density-functional the-
ory DFT (n,=1.88 and n, = 1.50 at 517 nm!*’}, see also Section S2,
Supporting Information), confirming that MIRO-101 is negative
uniaxial. The birefringence of MIRO-101 An=n, — n, ~ —0.3 is
three times higher than the industry standard beta-barium borate
p-BaB,0, (BBO). Additional surface engineering of the crystals
would allow for more precise methods for measuring the opti-
cal constants based on wave-front-shearing interferometry!*!l or
uniaxial Brewster angle reflectometry.[*243]

2.3. Second-Harmonic Generation

SHG measurements were carried out by focusing near-infrared
pump laser pulses on different MIRO-101 crystal samples, as
illustrated in Figure 2a. For focused ultrafast pump lasers, the

(@)

SHG

Intensity (a.u.)

transverse field profile needs to be considered to extract mate-
rial parameters from the measured SHG power. When focusing
a Gaussian beam into a nonlinear crystal, it is common to apply
the Boyd-Kleinman focusing condition!*! L/b = 2.84, where L is
the crystal length and b the confocal parameter. This ratio maxi-
mizes the SHG power, but inside the crystal the wavefront devi-
ates significantly from a plane wave and the intensity of the pump
beam is not constant along the propagation direction. Figure 2b
describes the optical setup. The achromatic doublet lens, with a
focal length of 50 mm, produces a Gaussian beam in air with
beam divergence (full angle) ® = 36 + 3 mrad, beam waist w, =
18.2 + 1.3 um, and Rayleigh range z; = 1.00 + 0.08 mm. Under
normal incidence, the Gaussian beam focused into a transpar-
ent crystal with planar surface does not change its beam waist,
i€, Wy gyat = Wy o™ but the Rayleigh range increases inside
the crystal to zp (a0 = " 2g 4 Where n is the refractive index
of the crystal at the pump wavelength. The Rayleigh range of
the pump beam inside the MOF crystal is thus z, = 1.83 + 0.15
mm and z; = 1.66 + 0.14 mm for a 1 mm thick reference BBO
crystal (flatness 4/8 at 633 nm). In both cases, the values of L/b
are much smaller than the Boyd-Kleinman focusing ratio (L/b
= 0.37 = 0.04 for MOF and L/b = 0.30 + 0.03 for BBO), which
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Figure 2. a) lllustration of the frequency up-conversion process. The pump laser beam of wavelength 4, generates a second-harmonic signal at 4,/2
and a third-harmonic signal at 4,,/3 by propagating through a MIRO-101 MOF crystal; b) Scheme of the optical setup: HWP, Achromatic half-wave plate
for 690-1200 nm; L, Achromatic doublet lens with a focal length of 50 mm and antireflection coating for 400-1100 nm; MOF, Zn(3—ptz), MOF crystal
with three axes of rotation that run through the center of the MOF crystal; OBF, Optical bandpass filter that consists of two BG40 colored glass bandpass
filters (335 nm — 610 nm) in a row.
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implies that the wavefront of the pump beam in both crystals is
flat (plane waves) to a very good approximation. The beam radius
is practically constant upon propagation to the beam waist w,. De-
spite the slightly different refractive indices, the beam shape in
both crystals is practically identical, because the Rayleigh range
is larger than the crystal length. The longitudinal focus posi-
tion has been optimized manually. Because of the same beam
profiles in the crystals (only the crystal lengths are different) a
comparison of the optical properties and the SHG outputs is
straightforward.

The pump field comes from a fiber laser that generates ultra-
fast pulses with maximum pulse energy of 10 yJ and pulse dura-
tion of 340 fs. The pulse energy can be varied continuously. The
pulse beam has a Gaussian profile with center wavelength 4, =
1030 nm (see the pulse spectrum in Section S3, Supporting In-
formation). The laser is seeded by a Yb:doped femtosecond fiber
oscillator with a repetition rate of 29.2617 MHz. A pulse picker
then reduces this frequency by a factor of 256 to 114.304 kHz.
The laser is based on the chirped-pulse amplification (CPA) tech-
nique, and combines a Yb:doped fiber amplifier with a grating—
pair pulse compressor, as shown in Figure 2b. The pulses from
lasers based on the CPA technique frequently have complex tem-
poral profiles because the pulse compression is imperfect. These
temporal electric field characteristics can be accounted for by us-
ing a reference crystal. In this way, the temporal pulse profile
does not need to be known. For femtosecond pulses, the chro-
matic dispersion of the crystal must also be taken into account,
i.e., group velocity dispersion, temporal walk-off, and the spectral
acceptance bandwidth, the latter is discussed below.

The center of the SHG output is expected at 4,/2 = 515 nm
under conditions of perfect phase matching (PPM). Although
MIRO-101 crystals support both type-I and type-1I phase match-
ing conditions,[*! only degenerate type-I ooe (0+0 — e) phase
matching is measured here. The PPM condition for collinear
type-I phase matching using ordinary-polarized pump pulses at
4, = 1030 nm reduces to n,(4,) = n,(4,/2, 0), where 0 is the
polar angle between the propagation direction inside the crystal
and the optic axis. From the calculated Sellmeier curves for n,(4)
and n,(4) (see Section S2, Supporting Information ), MIRO-101
crystals should satisfy PPM at 6 = 21.7 ° when pumping at1030
nm. Assuming low conversion efficiency (no pump depletion),
the intensity of the pump beam I, at the crystal entrance and the
SHG intensity I, at the crystal exit under conditions of PPM
are given by [46]

28,1
Iy = —5—1 1)
nICo€o

where L is the geometric path length that the beams traverse, ap-
proximated here by the crystal length, o, is the pump angular
frequency, n, pump refractive index and d g the effective non-
linear coefficient of the crystal. Equation 1 is strictly valid for
plane waves with constant intensity in the beam cross-section,
and should be corrected by a factor if Gaussian beams are used.
However, this factor would be the same for the MOF and BBO ref-
erence, and therefore it is not important in the comparative anal-
ysis below. The effective nonlinear coefficient d.; of MIRO-101
is determined relative to a commercial BBO crystal with known
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d.g. Since the beam parameters and detection setup are the same,
the ratio of the nonlinear coefficients can be obtained from Equa-
tion 1 as

deff,MOF _ <nMOF>
de O 03:16)
where 1y, = 1.81 and nyp, = 1.66 are ordinary refractive indices
at 1030 nm. The thickness of the polished MIRO-101 crystal used
is Ly;op=1.35 mm and Ly, = 1.00 mm for BBO. Taking the ratio
of the nonlinear coefficients makes the estimate independent of
the pulse-dependent factors that convert from intensity I to power
P.

Intense second harmonic green light at 515 + 2 nm is gener-
ated by MIRO-101 single crystals upon illumination with 1030
nm pulses, as shown in Figure 3a for a polished crystal with
few millimeter dimensions. For a raw as-synthesized crystal
(Figure 3a, inset), the SHG signal is visible with the naked eye,
as green light scatters through the crystal in all directions due to
growth imperfections. After cutting and polishing the MOF sam-
ples, the SHG output beam leaves the crystal as a well-collimated,
intense, and coherent light beam. No further amplification is
needed for quantifying the nonlinear output, which significantly
improves the SHG brightness over previous Kurtz-Perry mea-
surements of Zn(3-ptz), in powder form.[*) Figure 3a compares
the measured SHG spectrum with an analytical curve based on
theoretical Sellmeier curves that assume a monochromatic pump
field (see Section S2, Supporting Information ). Both theory and
experiment show that the SHG spectral acceptance bandwidth of
the crystal is 6v & 1.0 nm for L = 1.35 mm, which is close to the
resolution of the spectrometer.

Figure 3b shows the SHG average output powers for three
MIRO-101 crystals samples of similar millimeter size, but with
different optical quality. The as-synthesized sample labeled “Raw
A” developed a large screw dislocation during growth that cov-
ered a significant fraction of the optically-accessible crystal sur-
face. Therefore, the output power was significantly lower (Pgy¢
< 10uW) than the other samples. The second as-synthesized
MIRO-101 crystal labelled in Figure 3b as “Raw B” was obtained
after a careful control of the reaction and growth conditions was
implemented.?>] The scattering losses were significantly reduced
and nonlinear output powers up to ~ 50 uW were achieved. After
additional crystal engineering steps that included cutting and pol-
ishing, the high-quality optical crystals shown in Figure 1b were
obtained. The input-output curve of the polished sample was
used to estimate d 4 below. Figure 3¢ demonstrates that the mea-
sured scaling of the SHG signal with the pump power P_, = P
is approximately quadratic (« =~ 2) for all the crystal samples used,
as expected from Equation 1.

As discussed above, a commercial BBO crystal with known
d.s was used as a reference to estimate d.4 for the polished
MIRO-101 crystal sample, using the same optical setup. SHG
measurements on the MOF sample were carried out at the
phase matching angle 6,, = 25°, which is close to the phase
matching angle predicted for monochromatic pump (21, 7 °, see
Section S2, Supporting Information). At equal average pump
power of Pyor = Pppo = 10 mW, for both crystals, the generated
average output powers are Pgy¢ yop = 0.30 uW for MIRO-101
and Pgy ppo = 550 pW for BBO. Low pump powers are used to

3/2 1/2
/ LBBO PBBO <PSHG,MOF> / (2)

LMOF PMOF PSHG,BBO

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD BAIR.D 3(qedldde ay) Aq pausenob afe sejoie YO ‘8sn JO S9N Joj AIq1T 8UIUQ A8]IA UO (SUOIPUCD-PUe-SWLBI W00 A8 | Afe.d 1 jpuluoy/:sdny) SUONIPUOD pue swie 1 8y} 89S *[£202/20/50] Uo Akeiqiauljuo A1 ‘B.x3 JO AiseAIun Ad ZyTO0EZ0Z Wope/Z00T OT/I0p/W00 48| im Areiq1jpuljuo//:sdny woly pepeojumod ‘0 ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

www.advopticalmat.de

o/%'x i
oo

¢ —O— Raw A
/ —O-- Raw B
/ --O-- Polished

P

(a) 4 T T (b) 50
3 4 S 40t
s !
> 5 30f
2 05} { 3 |
2 MIRO-101 & 20t
o g
= A, = 1030 nm g 10 i
0 i L 1 N N 0 C
510 515 520 525 0

Wavelength (nm)

spectrum predicted from ab initio calculations. The inset shows SHG radiation produced by a raw sample.; b) SHG output power P,

50 100 150 200

log(P;,)

Figure 3. a) Measured SHG spectrum of a polished MIRO-101 MOF crystal illuminated by ultrafast 1030 nm pump pulses. The solid line shows the
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avoid pump depletion, self-focusing and thermal dephasing. The
measured SHG power conversion ratio P, /P,, ~ 10~* repre-
sents a lower bound of the up-conversion efficiency that should
be expected for MIRO-101. The experimental setup can be fur-
ther refined to maximize conversion efficiency by using longer
pulses that match the spectral acceptance of the MOF crystal,
Boyd-Kleinman focusing conditions, and suppressing Fresnel
losses.

The effective nonlinearity d.g \;or of MIRO-101 can be esti-
mated using the value for BBO d 4 yp0=1.94 pm V! for type-I
ooe SHG at 1064 nm.[*’! Using Equation 2 with the power out-
put data in Figure 3b (polished sample), the uncorrected effec-
tive MOF nonlinearity is d.g \,0;=0.038 pm V~'. This estimate
needs to be corrected by taking into account the spectral accep-
tance bandwidth of both crystals. The acceptance bandwidth for
SHG at 515 nm is estimated to be AAgp,=8.3 nm for BBO (L
= 1.00 mm) and AA,r=1.1 nm for MIRO-101 (L = 1.35 mm).
The spectral bandwidth of the pump pulses at 1030 nm is 12 nm,
which is not much smaller than 2A Ay, = 16.6 nm. This means
that the BBO crystal phase—matches about 80% of the pump en-
ergy via birefringence phase matching , while the MOF crystal
phase-matches much less. Taking into account the difference
in spectral acceptance bandwidth, the bandwidth-corrected effec-
tive nonlinearity of MIRO-101 gives d.g yor = (80% X 8.3/1.1)%/2
X 0.038 pm V™' = 0.093 pm V!, where Pg, o d’ was
used.

Note that the pump laser, using CPA, does not generate
Fourier-transform-limited pulses with a perfect temporal Gaus-
sian profile, because then the bandwidth of the pulses would be
4.6 nm instead of 12 nm. It should also be noted that the effect
of the external angular acceptance of both nonlinear crystals on
SHG efliciency can be neglected because the L/b ratio is small,
which was already pointed out. There is another difference be-
tween the two crystals, the BBO crystal has an antireflection coat-
ing and the MOF crystal does not. The reflectances of the BBO
crystal are specified by the manufacturer as Rppp 10304, = 0.033
and Rggp, 5154, = 0.021. The reflectances of the MOF crystals can
be obtained from the Sellmeier coefficients“’l and Fresnel’s equa-
tions to give Ryor 1030nm = 0-083 (for n,) and Ryof 515, = 0.040
(for n,). Using the transmittance, T =1 — R, gives an improved
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value of the effective nonlinear coefficient for MIRO-101 given by

d _ TBBO,lO}Onm TBBO,SlSnm
eff MOF — T
MOF,1030nm

1/2
) % 0.093 pm V™!
TMOF,S]Snm

=0.10pmV™" 3)

This improved estimate is closer to the theoretical limit d g
= 0.35 pm V1,* and in principle can be further improved
with additional crystal engineering steps. The nonlinearity of
MIRO-101 MOF crystals under near-infrared pumping is com-
parable with typical nonlinear optical materials such as KDP
(d3s = 0.38 pm V71, 1064 nm!*’)) and «-SiO, (d,; = 0.30 pm V!,
1064 nm!*®)).

2.4. Third-Harmonic Generation and Optical Damage

Figure 4a shows the coherent emission spectrum of a large pol-
ished MIRO-101 crystal (L = 1.35 mm) measured with an UV
spectrometer, featuring an intense sharp peak centered at 342
nm, corresponding to the third-harmonic of the femtosecond
pump laser pulses centered at 4, = 1030 nm. THG produces
an ultraviolet collimated beam that is visible on a fluorescent
screen with the naked eye and propagates primarily in the for-
ward direction with the well-defined angular distribution shown
in Figure 4b. The THG signal was produced by rotating the crys-
tal such that the polar angle with respect to the optic axis was 6 =
34 + 2°. We infer that the THG signal corresponds to type-I oooe
phase matching because the theoretical perfect phase matching
angleis 0,, = 35.2°, from the Sellmeier equations for MIRO-101.
For other phase-matching configurations, we expect ,, = 42.3°
for type-1I ooee and 0, = 58.5° for type-I1I oeee, which differ sig-
nificantly from the observations. Further analysis of the polariza-
tion state of the THG output would be needed for a complete
characterization of the wave mixing process.

The narrow angular distribution of THG in Figure 4b rules out
three-photon pumped photoluminescencel*! and further sup-
ports the phase-coherent nature of the four-wave mixing process
inside the MOF crystal. UV-specific optical elements would be
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Figure 4. a) Normalized THG spectrum of a polished MIRO-101 single crystal, illuminated by ultrafast 1030 nm pump laser pulses; b) Angular spread of
the THG radiation produced by the MOF crystal. The inset shows an image of the blue THG spot produced on a screen 40 cm away from the MOF sample
in the forward direction; c) Normalized THG intensity at 343 nm as a function of the input pump power. The log-log inset plot shows the approximate
cubic scaling P, & Pf, and the shaded region marks intensities, where the THG signal is reduced by nonlinear absorption.
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Figure 5. a) Laser-induced damage of a raw MIRO-101 MOF single crystal
illuminated by intense 340 fs laser pulses at 1030 nm in air. The arrow
indicates the hole produced via laser drilling. The right edge of the crystal
was broken; b) Focused image of the hole surface.

needed to fully characterize the polarization state of the phase-
matched THG signal. Figure 4c confirms the approximately cu-
bic dependence of the THG signal with the average input power
P, of the pump pulses, as expected for a third-order nonlinear
process.[1+1]

Pumping the MOF crystal sample with pulses stronger than
about 45 mW average power produced a suppression of the non-
linear signal, keeping all other parameters constant. This could
be due to persistent modifications of the local refractive index via
self-focusing or local heat-induced chemical changes in the MOF
structure. Both mechanisms would alter the four-wave mixing
process and lead to a non-reversible decrease in the THG sig-
nal. For sufficiently intense pump pulses, the laser can drill holes
into the MOF crystal that are a few times wider than the beam
focus, as shown in Figure 5. The bulk damage threshold inten-
sity of as-synthesized MOF crystals was estimated to be about
0.22 TW cm~2 with 340 fs pulses at 1030 nm (385 nJ pulse en-
ergy, 114 kHz repetition rate). Note that a fair comparison with
other optical materials would require optical damage studies with
nanosecond pulses.>%

3. Conclusion

The linear and nonlinear optical properties of millimeter-sized
noncentrosymmetric MOF crystals have been investigated using
Zn(3-ptz), (MIRO-10113]) MOF single crystals with optimized
morphology as a case study. MIRO-101 crystals are negative
uniaxial with birefringence (An = —0.34) that supports phase-

Adv. Optical Mater. 2023, 2300142 2300142 (6 of 8)

matching conditions for feasible crystal rotation angles. The
measured refractive indices n, and n, are in agreement with pre-
vious ab initio theoretical predictions for this MOF material.[?]
The high transparency of MIRO-101 in the visible region is com-
parable to commercial nonlinear crystals such as BBO and KDP
when Fresnel reflections are taken into account. The generation
of second-harmonic (515 nm) and third-harmonic (343 nm) radi-
ation from the same MOF single crystal was demonstrated for the
first time. The frequency up-converted light is shown to preserve
phase coherence when propagating inside the crystal over mil-
limeter length scales, which is a significant improvement over
previous reports of MOF nonlinear optical activity with powder
samples,!l as randomly oriented micron-size crystals cannot
support long-range optical coherence. The effective nonlinear
coefficient for SHG with collinear type-I (ooe) phase matching
was measured to be dg = 0.10 pm V~! at 1030 nm, which is
close to the theoretical limit for this particular MOF material.
Although the THG signal overlaps slightly with the band edge
absorption of the sample, type-I oooe THG radiation is strongly
emitted in the forward direction as a well-collimated beam.

When carrying out the up-conversion experiments, a tempo-
ral drift of the phase-matching angles could often be observed,
which can be attributed to the thermal expansion of the MOF
crystals. The MOF crystals only partially dissipate heat because
the crystal holder is not made for this purpose. Crystal temper-
atures in the range 16-47 °C could be observed, depending on
the average pump power. The phase-matching angles were deter-
mined experimentally at average pump powers corresponding to
a crystal temperature of about 30 °C. The heat deposition in the
crystal also has to be considered locally, because the Gaussian
beam inside the crystal has a beam width w,, ~ 18um, i.e., a local
transverse temperature gradient is created inside the crystal. This
kind of local heating of a nonlinear crystal is known to cause ther-
mal dephasing.l>?] The temperature dependence of the refractive
index creates different optical path lengths in the crystal, and the
local mechanical stress generated by the local heat deposition
produces stress—induced birefringence. This thermally induced
phase mismatch inside the MOF crystal reduces the nonlinear
efficiencies for SHG and THG. How intense the thermal dephas-
ing is in the MOF crystals remains to be determined.

Our THG results with MIRO-101 single crystals expand
the understanding of the third-order optical response of MOF

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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materials and complement recent Z-scan measurements of two-
photon absorption and self-focusing of strong monochromatic
laser beams using polycrystalline ZSTU-1003] and NU-1000>*
MOFs at visible wavelengths (532 nm). Although these nonlinear
absorption and dispersion measurements do not monitor the
parametric processes involved in SHG and THG up-conversion
processes, they reassure the high performance of MOF materials
as nonlinear devices with increase photo-stability relative to
conventional organic crystals.

Further crystal engineering efforts could further improve
the intensity and spectral quality of up-converted light pro-
duced by pumping suitable MOF crystals with intense near-
infrared pulses. The large second-order nonlinearities measured
for millimeter-sized MIRO-101 crystals in this work, suggests
that nonlinear optical devices based on MOFs may perform com-
petitively relative to optical industry standards such as BBO and
KDP, depending on the target application and operating condi-
tions. Further experiments are needed to fully assess the real
potential of MOF materials in nonlinear optics. This work thus
paves the way for potential applications of MOF materials in bulk
and integrated devices for applications in classical and quantum
optical technology.

4. Experimental Section

MIRO-101 Single Crystals: The growth of millimeter-sized Zn(3-ptz),
MOF crystals by hydrothermal reaction of 3-cyanopyridine, sodium azide,
and zinc acetate in the presence of nitric acid, was reported in Ref. [35].
The size and morphology of the single crystal product was controlled by
optimizing the effective parameters that determine the growth and self-
assembly of MOF crystals, such as the molar ratios of the reactants to
ligand precursors, pH of the solution during mixing, level dilution of the
mixture, total reaction volume, furnace absolute temperature and ther-
mal fluctuations, and reaction time.3>38] The reaction product consists
of one or two large single crystals floating at the water/air interface,
which favors the growth of deformed octahedral crystals with large par-
allel faces.[*’] These crystals were suitable for the subsequent steps of
cutting and polishing needed to enable phase matching in frequency up-
conversion measurements. Optimum-size single crystals were achieved
below pH 3.0 for 24 h at 105 °C, for a reactant molar ratio 2:4:6 (zinc
acetate/3-cyanopyridine/sodium azide) in 7 mL total volume.
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