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Abstract: Due to the pronounced anisotropic response to circularly
polarized light, chiral hybrid organic—inorganic metal halides have
been regarded as promising candidates for the application in
nonlinear chiroptics, especially for the second-harmonic generation
circular dichroism (SHG-CD) effect. However, designing novel lead-
free chiral hybrid metal halides with large anisotropy factors and high
laser-induced damage thresholds (LDT) of SHG-CD remains
challenging. Herein, we develop the first chiral hybrid germanium
halide, (R/S-NEA);Ge;l7-H,O (R/S-NGI), and systematically
investigated its linear and nonlinear chiroptical properties. S-NGI and
R-NGI exhibit large anisotropy factors (gsue-cp) of 0.45 and 0.48,
respectively, along with a high LDT of 3.08x10° mJ/cm?; these
anisotropy factors were the highest values among the reported lead-
free chiral hybrid metal halides, together with a high LDT of 38.46
GW/cm?. Moreover, the effective second-order nonlinear optical
coefficient of S-NGI could reach up to 0.86 pm/V, which was 2.9 times
higher than that of commercial Y-cut quartz. Our findings facilitate a
new avenue toward lead-free chiral hybrid metal halides, and their
implementation in nonlinear chiroptical applications.

Introduction

Chiral hybrid organic—inorganic metal halides possess intrinsic
chirality and various unique properties, such as circular dichroism
(CD), circularly polarized luminescence,™! the chirality-dependent

circular photogalvanic effect,? the chiral-induced spin selectivity
effect,® and the chiral-phonon-activated spin Seebeck effect.!
Therefore, chiral hybrid metal halides have recently attracted wide
attention due to their potential applications in various fields, such
as circularly polarized photodetector,'® 2 51 circularly polarized
light sources,*a¢ 8l spin light-emitting diodes,! spin filters, [ 30
ferroelectrics,®® and nonlinear optics.[® Since chiral hybrid metal
halides simultaneously carry both CD and nonlinear optical (NLO)
properties, they can exhibit optical activity in both linear and
nonlinear optical processes, including second-harmonic
generation circular dichroism (SHG-CD).l*% However, only a few
studies have focused on the SHG-CD of chiral hybrid metal
halides. The first SHG-CD of chiral hybrid metal halides was
reported on (R-MPEA)15PbBr;s(DMSO)os nanowires, with an
effective second-order NLO coefficient of 0.68 pm/v.itod
Subsequently, the SHG-CD of bulk chiral hybrid metal halide
single crystals ((R/S)-3-aminopiperidine]Pbls) were investigated,
exhibited an anisotropy factor (gsne-co) of 0.21.%1 Moreover,
considering the toxicity of lead, the development of lead-free
chiral hybrid metal halide for nonlinear chiroptics is highly needed.
In this aspect, copper- and bismuth-based chiral hybrid metal
halides with gsne-co of 0.41 and 0.26 were reported.[*%2 19 Since
the upper limit of gswe-co is 2, it is still a great challenge to design
and synthesize eco-friendly chiral hybrid metal halides
possessing both a large gske-co and SHG coefficient, together
with a high laser-induced damage threshold (LDT).
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Over the past years, diverse metal cations such as Sn?*, Cu?*,

Mn2*, Ag*, Bi®*, Sb® and In®** have introduced to construct
environmentally friendly chiral hybrid metal halides.e 10¢ 1
However, a chiral hybrid germanium(ll) halide perovskite-
derivative has not been reported until now. Achiral germanium
halides (such as CsGels;, CH3NH3;Gels, CH(NH2).GeBr; and (n-
C4Ho),GeBrs) have attracted significant interest due to their
application in nonlinear optics and ferroelectrics.*? However, due
to thier intrinsic achiral nature, these germanium halides do not
possess any chiroptical response, such as SHG-CD. Therefore,
we believed that chiral germanium halides could be an excellent
platform to achieve both high gske-co and a large second-order
NLO coefficient. In this work, chiral germanium iodide perovskite-
derivatives, (R-NEA)s;Ge2l7-H,O (R-NGI) and (S-NEA)s;Ge:l7-H,O
(S-NGI) together with their racemic counterpart ((rac-NEA)Gels,
rac-NGI) were synthesized by introducing the chiral cations, R-
and S-1-naphthalen-1-ylethanammonium (R/S-NEA*).8 To the
best of our knowledge, this is the first report of a chiral hybrid
germanium halide. Both R- and S-NGI crystallized into the P2;
Sohncke space group, and exhibited a strong SHG response
under excitation from 800 to 960 nm. The second-order NLO
coefficient of S-NGI reached 0.86 pm/V, which was 2.9 times
higher than that of the commercial crystal Y-cut quartz. Moreover,
a high gsne-co of 0.48 was achieved for R-NGI, which was the
largest value among the lead-free chiral hybrid metal halides. Our
work facilitates a new avenue toward lead-free chiral hybrid metal
halides and their application in nonlinear chiroptics.

Results and Discussion

The chiral hybrid germanium halide was synthesized through a
cooling-induced crystallization method as illustrated in Figure 1a.
The detailed synthetic process for crystal growth is described in
the experimental section. The morphology of the as-grown crystal
is a thin plate (as shown in Figure 1c) with size of 4 mm. Single
crystal X-ray diffraction (SCXRD) was used to determine the
crystal structure. Both R- and S-NGI crystallized into the P2;
Sohncke space group and exhibited almost identical unit cell
parameters, while rac-NGI crystallizes into the Pbca
centrosymmetric space group (as summarized in Table S1). As
shown in Figure 1d and Figure S1, one-dimensional Ge,l-* chains
were formed through the face-shared Gelg* octahedral, which
indicated the 1D structure of R/S/rac-NGI. There are two types of
Ge-l bonds, shorter Ge-l bonds with bond lengths between 2.78
A and 2.84 A, and longer Ge-l bonds with bond lengths between
3.27 A and 3.45 A in R/S-NGI (as shown in Figure S2-S3). To
investigate the influence of the chiral cations and the lone pair
effect of Ge?* on the distortion of inorganic skeleton,** the bond
length distortion index (D) and bond angle variance (o) were
calculated based on Equations land 2:

ldi—dol
D=: 16 1 ldo : (1)

iil(ei —90)? @
where d; is the individual Ge-I bond length, do is the mean Ge-I
bond length, @ represents the angle of the I-Ge-1 bond.*" As
shown in Table S2, R-NGI and S-NGI exhibit much larger
distortion index (0.0324 and 0.0384) and bond angle variance
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(36.52 and 35.84 deg?) than that of rac-NGI (0.0160 and 32.41
deg?). Therefore, the distortion of the chiral germanium halide is
much larger than that of the racemic counterpart, which is possibly
caused by the lone pair electrons of Ge?* and chirality transfer by

the chiral cations.*2!
HIBH,PO;  single
Solubon crystal -
vasmllzatmn

Dcssolvo

Figure 1. The synthesis, morphology and crystalline structures of chiral hybrid
germanium halide. (a) The synthetic process of chiral hybrid germanium halide.
(b) The chemical structures of R/S-NEA. (c) The photograph of R/S-NGI single
crystal (scale bar is 3 mm). (d) The crystalline structure of the R/S-NGI.

XPS measurement was further conducted to determin the
valency of Ge in the crystal. As shown in Figure 2a, a peak located
at 1219.5 eV (Ge 2ps;) was observed, which agreed with the
binding energy of Gel,.!¥! Therefore, the valence of Ge in R/S-
NGI was 2+. Subsequently, the energy dispersive spectroscopy
(EDS) mapping was carried out to verify the composition and
elemental distribution in the chiral hybrid germanium halide. As
shown in Figure 2b and S4, the EDS mapping of the S-NGI and
rac-NGl crystal showed the coexistence of C, N, Ge and I, and all
elements exhibited a uniform distribution as expected.
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Figure 2. (a) High-resolution XPS spectra of Ge 2ps2 in the S-NGI crystal. (b)
SEM image and corresponding EDS mapping of the S-NGI crystal. (c, d)
Calculated electronic band structures (left panel) and partial DOS (right panel)
of S-NGI (c) and R-NGI (d).
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Figure 3. Linear optical properties of R/S/rac-NGI. (a) UV-visible diffuse
reflectance spectra of R/S/rac-NGI. (b) Tauc plots of R/S/rac-NGI. (c) CD
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To further understand the electronic properties of R/S/rac-
NGl, their electronic band structures and density of states (DOS)
were calculated based on density functional theory (DFT). As
shown in Figure 2c-d, R/S/rac-NGI exhibited direct bandgap
features with the valence band maximum (VBM) and conduction
band minimum (CBM) located at same K point. The partial DOS
(Figure S5) and isosurface plot of the wave functions of VBM and
CBM (Figure S6) indicated that the CBM of R/S/rac-NGI was
mainly composed by the chiral cations, while the VBM was mainly
composed of Ge 4s and | 5p orbitals. Therefore, the electronic
transition occurred from the inorganic framework to chiral organic
cations after photoexcitation.

The linear optical property of these chiral hybrid germanium
halides was initially investigated by UV-visible diffuse reflectance
spectroscopy. As shown in Figure 3a, a strong absorption peak
located at 392 nm was observed for R/S-NGI, while it was at 411
nm for rac-NGI. The band gaps of R/S-NGI (2.75 eV) is slightly
larger than that of rac-NGlI (2.69 eV, as shown in Figure 3b), which
should be attributed to the decreasing of orbital overlap of [Gelg]

spectra of R/S/rac-NGI. (d) Calculated gabs spectra of R/S/rac-NGl.
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Figure 4. NLO property of S-NGI. (a) Schematic of the home-built micro-area NLO characterization system. (b) The SHG intensity of the S-NGI crystal pumped at
various wavelengths. (c) Comparison of the SHG signals of S-NGI, rac-NGI and commercial Y-cut quartz under the same experimental conditions. (d) Polar SHG
intensity plots of the S-NGI crystal as a function of the rotation angle of the linear polarizer. The dots are the experimental data, and the solid line is the theoretical
fitting with the cos*8 function.l” (e) SHG intensity as a function of the rotation angle of the A/4 plate. The excitation and detection wavelengths are 880 and 440 nm,
respectively. (f) Polar SHG intensity plots of the S-NGI crystal as a function of polarization angle.

unit through introducing the chiral cations.* The stability of R/S-
NGI was also tested by measuring the time-dependent absorption
spectra. As shown in Figure S8, the absorption spectra did not
change after exposure to air for 1 hour. The CD spectra were also
measured to quantify the optical activity of R/S/rac-NGl. As
depicted in Figure 3c, CD signals with opposite signs at 392 nm
for R/S-NGI are observed, which was consistent with the

absorption peak. In addition, no CD signal was observed for rac-
NGI, as expected. Therefore, the chirality was successfully
transferred from the chiral cations to the inorganic skeleton of
R/S-NGI. The CD asymmetry factors (gass) were 3.75x10* and -
3.96x10*at 392 nm for R- and S-NGl, respectively, which is much
lower than that of the 2D chiral lead halides (Table S4).19 To
investigate the origin of this, the transition probability for the left-
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handed circularly polarized (LCP) and right-handed circularly
polarized (RCP) light absorption is calculated (as shown in Figure
S9). The transition probability difference between LCP and RCP

10.1002/anie.202309600

WILEY .« vcH

light is only 0.014 and -0.019 Dybe? for R-NGI and S-NGI at B
point, respectively, thus the gass of chiral germanium halide is
much lower than that of chiral lead halide.?"!
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Figure 5. Intensity and polarization dependent SHG feature of S-NGI. (a) SHG spectra of S-NGI under various excitation powers. (b) Logarithmic diagrams of the

power-dependent SHG intensity. The solid line is the linear fitting with a slope of 1.9. The SHG intensity drops when the incident power is higher than 38.46 GW/cm?,

indicating the laser damage threshold. The excitation and detection wavelengths are 880 and 440 nm, respectively. (c) SHG intensity as a function of the rotation

angle of the A/4 plate measured under different incident light intensities at 880 nm. (d) Polar SHG intensity plots of S-NGI under different incident light intensities at

880 nm. (e) gsre-co and SHG intensity as a function of the incident light intensities. (f) Comparison of deit and gswe-co in the literature and this work.

Next, we investigated the SHG characteristics of these chiral
hybrid germanium halides. All samples for SHG measurement
were prepared under N, atmosphere and measured using air-free
holders. As shown in Figure 4, Figure S10-S11, R/S-NGI exhibit
an evident SHG signal under a wide excitation wavelength from
800 to 960 nm. To evaluate the second-order NLO coefficient (def)
of R/S-NGI, a commercial Y-cut quartz with a dex of 0.3 pm/V was
used as the reference. The NLO coefficient is estimated according
to Equation 30;

deff (R/S-NGI) D L(r/s-NGl) Pin (ref) \/W ©)

deff (ref) Lirefy P(R/S-NGI) Tout (ref)

where the superscripts “R/S-NGI” and “ref’ refer to the samples
and Y-cut quartz, des are the effective second-order NLO
coefficient, L is the effective crystal thickness, Pi, represents the
incident light intensity, and lo.: represents the output intensity of
SHG. During the SHG measurement, the same laser conditions,
such as the same laser beam, power density and wavelength
were used for both R/S-NGI and Y-cut quartz. The thicknesses of
R-NGI and S-NGI for SHG measurement were 82.16 and 57.4 um
(as shown in Figure S12), respectively, which are similar with that
of the Y-cut quartz (50 ym). The calculated def is 0.65 pm/V for R-
NGI and is 0.86 pm/V for S-NGI, which was approximately 2.9
times larger than that of Y-cut quartz. Notably, these value were
larger than those of most noncentrosymmetric hybrid metal
halides, such as (R-NEA)CuCl, (0.4xY-cut quartz),'° [(R/S)-3-

aminopiperiding]Pbls (2.1xKDP, det of KDP is 0.4 pm/V),1o%
(BA)2(EA):Pbslio (0.4xKDP)Y and (2-FBA),PbCl, (0.9xKDP)?22,
We also measured the SHG response of rac-NGl, and a negligible
SHG signal was detected owing to the intrinsic achiral nature. To
thoroughly understand the nonlinear optical properties of these
chiral hybrid germanium halides, linear polarization-dependent
SHG was measured. The polarization sensitive signal followed a
dipole profile which was consistent with the cos*8 function for both
R-NGI and S-NGI (Figure 4d and Figure S11d). The maximum
SHG signal occurred at 0° and 180°, which should correspond to
the optical axis of the crystal. The polarization ratio, defined as p
= (Imax = Imin)/(Imax + Imin), Which is 0.46 for R-NGI and 0.55 for S-
NGI, respectively.

We further investigated the SHG-CD property of R/S-NGI.
During the measurement, the excitation laser was switched
between left- and right-handed polarization (LCP and RCP) by
rotating the A/4 plate. As shown in Figure 4e-4f and Figure S11b-
Sllc, the SHG intensity was changed following the rotation of the
A4 plate. In particular, the SHG signal of the R-NGI crystal under
RCP light excitation was much larger than that under LCP light
excitation, and the opposite trend was obtained for S-NGI. Then,
to quantify the SHG-CD effect of these chiral hybrid germanium
halides, the anisotropy factor (gsws-co) Was calculated based on
Equation 4:
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2(I.cp—Ircp)
o = —-LCPTRCP) 4
9sHG-cD (LcpHnee) (4)

where I .cp and Ircp represent the SHG intensities under LCP
and RCP light excitation, respectively. The calculated gshc-cp
values under 880 nm excitation is around 0.48 for R-NGI and 0.45
for S-NGI, respectively, larger than those of other lead-free chiral
hybrid metal halides (Table S3). The high anisotropy factor
demonstrated that chirality was successfully transferred to the
germanium halide, which could be directly used to distinguish
LCP and RCP light. The gsne-cp is much larger than gcp, which is
consistent with the previous reports.%d The irrelevant gspe-co
and gcp could be explained by the different physical process of
SHG and CD. The CD is the absorption difference between LCP
and RCP light which involves electronic transitions between the
ground state and excited state. However, SHG is a parametric
process involving virtual states instead of electronic transition (as
shown in Figure S13), corresponding to the destruction of two
fundamental photons followed by the generation of one second
harmonic photon. 2!

We further investigated the dependence of the SHG intensity
on the power of the excitation laser (Figure 5a). As shown in
Figure 5b, the SHG intensity showed a quadratic dependence on
the power of the pump laser, consistent with the two-photon
nature of the SHG process. Furthermore, the SHG intensity
dropped when the excitation power was larger than 38.46
GW/cm?, which can be consider as the laser damage threshold
(LDT) of S-NGI. The dependence of the SHG and SHG-CD
properties on the excitation power was also investigated. As
depicted in Figure 5c-e and Figure S11i, with increasing laser
intensity, the SHG intensity also increased, while the gsne-cp value
initially increased and then decreased for both R-NGI and S-NGI.
Therefore, the chiral hybrid germanium halides exhibited not only
large gsne-cp but also a high second-order NLO coefficient and
LDT (as shown in Figure 5f and Figure S14); thus, they are
promising platform for the investigation of the nonlinear chiroptical
effect. Notably, the gsuc.co value of chiral germanium halide was
larger than those of other chiral metal halides (Figure S15).
Moreover, different from the circularly polarized light detectors
working in the visible region, the chiral germanium halide
exhibited strong polarization sensitivity in the near-infrared region.

Conclusion

The first chiral hybrid germanium halides (R-NGI and S-NGI) were
designed and synthesized through the cooling-induced
crystallization method. These chiral hybrid germanium halides
exhibited strong nonlinear chiroptical effects under
photoexcitation from 800 nm to 960 nm, and the effective second-
order NLO coefficient could reach up to 0.86 pm/V, which was
approximately 2.9 times larger than that of the commercial Y-cut
quartz. Most importantly, the gsne-co Of 0.48 was attained for R-
NGI, which is the highest value of the lead-free chiral hybrid metal
halides. The chiral hybrid germanium halide not only possessed
large effective second-order NLO coefficient but also a high LDT
(38.46 GW/cm?). Our work is an excellent addition to the lead-free
chiral hybrid metal halide family along with its implication in
nonlinear chiroptical systems.
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The first chiral germanium halide is synthesized, which exhibits strong nonlinear chiroptical property. The second-harmonic generation
circular dichroism of the chiral germanium halide can reach 0.48, which is the highest value among lead-free chiral metal halides.
Moreover, a large effective second-order nonlinear optical coefficient of 0.86 pm/V and a high laser-induced damage threshold of
3.08x10° mJ/cm? are also obtained.
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