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ABSTRACT

Zirconium telluride, a transition metal dichalcogenide, was synthesized by a redox exfoliated method to obtain a 2D monolayer semi-metal.
After being characterized for compositional and optical analysis, its third-order nonlinear optical (NLO) properties were studied by the Z-
scan technique in the femtosecond (100 fs) regime at 800 nm. Interestingly, in this spectro-temporal regime and in the intensity range
exploited, the only third-order NLO effect observed was nonlinear refraction, giving rise to a positive value of the nonlinear refractive index
coefficient, n, = +(4.2 * 0.3) x 107'° cm®/W. Based on the calculated band structure and the excitation photon energies employed, the

physical origin of the refractive nonlinearity is discussed.

Published by AIP Publishing. https://doi.org/10.1063/5.0031649

The nonlinear optical (NLO) properties of photonic materials are
the basis for several technological applications, from harmonic genera-
tion to biomedical imaging.' The search for materials with the ade-
quate optical nonlinearities for an expected application has led to the
development of a myriad of alternative materials, from bulk organic and
inorganic, such as polymers, specialty dyes, and semiconductors, among
others,” to nanoscale optical materials, including metamaterials™*
and nanoscale two-dimensional layered metal dichalcogenides (2D-
LTMDs).”” The interest in 2D-LTMDs arose in the last decade after
the boom in graphene research,” not only to understand their basic
properties but also to exploit them in a diversity of applications.” "'
Most of the literature reports on 2D LTMDs, including NLO basic and
applied studies, exploit the semiconducting phase from group VI, MoX,
(X=S, Se, and Te) and WS,."”"* We have recently reported on NLO
properties of the 2D exfoliated metallic NbS, monolayer,”” which
belongs to group IVB transition metal dichalcogenides (TMDs)."®

2D-LTMDs can be synthesized by a variety of methods
and the modified redox exfoliation (Refs. 17 and 18 and references
therein) offers interesting possibilities with technological impact,
as in coating and ink technologies, associated with low cost and a

8-10

general platform for exfoliating LTMDs from group IV, like
NbS,,"” to group VII, like ReS,.'¢

In this Letter, we report on the third-order NLO properties of 2D
exfoliated semi-metallic zirconium telluride (ZrTe,) monolayers in
acetonitrile (ACN) suspension. The samples were prepared by the
redox exfoliation method, whose synthesis mechanisms are explained
in Ref. 18, and had their compositional analysis carried out by different
techniques, including Atomic Force Microscopy (AFM), UV-Vis-
near-infrared (NIR) spectroscopy, high resolution transmission elec-
tron microscopy (HRTEM), X-ray Photoelectron Spectroscopy (XPS),
and Raman Spectroscopy. The NLO studies were carried out using the
Z-scan method'”*® with 800 nm, 100 fs pulses @ 1 kHz. The semi-
metallic character of ZrTe, has been confirmed recently via angle
resolved photoemission spectroscopy (ARPES),” whereas in Ref. 22,
theoretical calculations lead the authors to describe ZrTe, as being a
topological semimetal. Based on our calculation of the band structures
of the ZrTe,, which corroborated similarly reported results,”** and
the excitation photon energy employed in the experiment, the origin
of the nonlinear refraction (NLR) and the absence of nonlinear
absorption will be discussed. Samples of the monolayer 2D exfoliated
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ZrTe, TMD used in this work have already been applied as nanoscat-
terers for random laser action.”

The synthesis and morphological characterization of monolayer
2D exfoliated ZrTe, TMD were described in detail in Refs. 17 and 18.
The exfoliation proceeds via in situ generation of polyoxometalates
(POM:s) via redox chemistry. Initially, the bulk powders are suspended
in acetonitrile and treated with a mild oxidant (cumyl hydroperoxide),
generating soluble metalates in solution. Assembly of these metalates
and subsequent adsorption is achieved via addition of reductant
(hydroquinone). Adsorption of these polyoxometalates results in
delamination via layer charging by assembled POMs.

Extraction of the exfoliated nanomaterial from the bulk nanoma-
terials is achieved via centrifugal separation. The exfoliated monolayer
ZrTe, flakes are obtained with successive sedimentation and redisper-
sion cycles in fresh anhydrous ACN. Further experimental details,
including the stoichiometric chemistries used and reaction durations,
can be found in Refs. 17 and 18 and associated supplementary mate-
rial. Exfoliated monolayer TMD samples were isolated and morpho-
logically and structurally characterized using SEM, AFM, TEM, and
XRD."'"** Nanoflakes with an average thickness of 1.54 = 0.91 nm
and an average lateral extension of 118 = 53 nm were obtained from
AFM and SEM data. Shown in Fig. 1 is the UV-Vis spectra of the
ZrTe, exfoliated samples in ACN (5 pg/ml), recorded on a Cary 5000
Spectrometer” with the diffuse reflectance accessory. Initially, absor-
bance and extinction measurements were obtained from dispersions of
the sample, and afterwards, scattering profiles were obtained by sub-
tracting the extinction spectra from absorbance spectra, where
Ext(4) = Abs(4) + Sca(4), as shown in Fig. 1. Careful analysis and
extrapolation of the absorption curve indicate an absorption onset at
~0 eV, which is in line with the semi-metallic character of the material.

The NLO characterization used the well-established Z-scan
method,"” recently reviewed in Ref. 20. In short, it relies on the
induced wave front distortion due to the spatial self-phase modulation
arising from the nonlinear refractive index of the medium. The sample
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FIG. 1. UV-Vis spectroscopy was performed on ZrTe, dispersions in acetonitrile
(5 ug/ml). The extinction and absorbance values were measured, and extraction of
the scattering profile was obtained via Extinction (1) — Absorption(4) = Scatter(4).
Note that, due to the metallic nature of ZrTe,, the absorption curves are featureless.
The noise in the 850 nm-900 nm region is due to the end of the spectrometer
range.
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is scanned in the Z-direction of a focused beam, and the transmitted
light is collected by a photodetector (PD). If a small aperture is placed
in front of the PD, the nonlinear refraction (NLR) is directly measured
in sign and magnitude, given that the beam intensity is known. If the
whole beam is collected, the nonlinear absorption (NLA) is obtained,
which can have several origins.”’ The equations to obtain the NLR and
NLA coefficients are well known as derived and described in Refs. 19
and 20. In the experimental setup employed, simultaneous measure-
ments of the NLR and NLA were obtained, which were also normal-
ized to the shot-to-shot fluctuations of the excitation source. The light
source was a Ti:sapphire-based regenerative amplifier (800 nm) oper-
ating at 1kHz and delivering 100 fs single pulses with the maximum
energy of 1 mJ. The beam was focused with a 15 cm focal length lens
onto a 1 mm quartz cuvette. The peak intensity was varied up to
I =140 GW/cm? (corresponding to a maximum fluence F = 75.6 m]/
cm?) for the present experiment. The nonlinear (NL) refractive index
(nnz) and NLA coefficient (en;) were measured, from which the val-
ues of Re 7 @ and Im y © could be inferred.

As a control experiment, Z-scan measurements were initially per-
formed for the solvent, pure ACN, which showed a positive (self-
focusing) NLR with the value of n, = 1.9 x 10~"7 cm*/W, compatible
with the literature,”” as shown in Figs. 2(a) and 2(b). The n, x I curve
shown in Fig. 2(b) was a constant, indicating that third-order NLR
was the dominant mechanism at such excitation conditions. Open
aperture measurements did not show any results for the range of
intensities employed and, therefore, NLA was negligible. Figures 2(c)
and 2(d) show the NLR result for ZrTe,, which behaved qualitatively
similar to the solvent, with the same positive sign for the NLR.

Similar to the solvent, NLA was not observed in the range of
intensities employed for the 2D exfoliated ZrTe, suspension. NLA can
arise, for instance, from one- or two-photon absorption, saturated
absorption, or reverse saturated absorption, among others. All these
phenomena have been identified in MoS, and WS,"* ** at intensities
higher than 200 GW/cm® and using appropriate excitation photon
energies compared to the bandgap of the material studied, including
the equivalent wavelength of 800 nm. Furthermore, in the recent work
on 2D exfoliated NbS, suspended in ACN and prepared by the same
method as in this work, NLR and NLA were measured in the same
experimental conditions as in the present work. It is important to
remind the metallic nature of the exfoliated NbS, suspension.

To determine the NLR coefficient, we employed the known equa-
tion for the closed aperture Z-scan:'**

4AD® g
(@2+1)(a®2+9)’

where AD®) = kn,I %ﬂ*“”” , k is the wavevector, n, is the third-
order NL refractive index, ay is the linear absorption coefficient, L is
the sample thickness, and a = z/z;, where z is the sample position
and z, the Rayleigh parameter. The value of ny;=+(42*0.3)
x 107'° cm*/W was calculated using Eq. (1). We note that although
we did not observe NLA in the low intensity (<140 GW/cm®) regime,
for intensities higher than 400 GW/cm?, NLA well above the noise
floor (noise made the data unreliable between 140 GW/cm?® and
400 GW/cm?) was observed in the ZrTe, sample in ACN suspension,
but it was also observed, with similar signal intensity, in ACN alone,
and therefore it could not be unambiguously separated. Therefore,

T=1+ (1)
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FIG. 2. Closed Aperture (CA) Z-scan curve for ACN at | =70 GW/cm? (F =44 mJicm?); (b) intensity dependence of ny; (c) closed aperture Z-scan curve for ZrTe, at
| =42 GW/cm? (F = 26.4 mJ/em?); and (d) intensity dependence of n, for ZrTe,. The continuous lines are theoretical fits [see Eq. (1)].

our NLR data analysis was restricted to the range indicated above
(maximum 140 GW/cm?).

It can be instructive to compare the obtained nonlinear refractive
index with that of other TMD suspensions under similar conditions.
We have recently reported on the characterization of both MoS, (semi-
conductor) and NbS, (metal), respectively, obtaining nonlinear indices
of +(45+03) x 107" cm*W and +(3.0+0.2) x 10 ' cm*W
(the latter obtained beyond a critical intensity).'” While the nonlinear
refraction at 800nm is similar for all three materials, important
differences can be highlighted. While ZrTe, and MoS, do not exhibit
measurable nonlinear absorption, this effect was observed for NbS,. In
addition, as MoS, is a semiconductor while ZrTe, is a semi-metal, the
spectral dependence of their nonlinear refraction and absorption is
certainly different, even though such a study is beyond the scope of the
present letter.

To qualitatively explain the origin of the NLR in the 2D exfoli-
ated ZrTe, monolayer suspension, its band structure was calculated
using Density Functional Theory (DFT), as shown in Fig. 3. The calcu-
lation procedure followed the same as for NbS,."” To summarize, we
used ab initio methods based on Density Functional Theory (DFT), as
implemented in Smsta code.”® We used exchange-correlation func-
tional with nonlocal van der Waals (vdW) correction,” an energy
mesh cutoff of 400 Ry, an energy shift of 0.03 ¢V, and a Monkhorst-
Pack grid of 20 x 20 x 1 for Brillouin zone k-point sampling.”*

In the analysis of Fig. 3, the arrow length corresponds to the pho-
ton energy (1.55eV) at the excitation wavelength (800 nm). They are
placed in two possible positions in K-space, where the transition prob-
ability is higher compared to other positions. The one photon

—Te
4 M - E 4
s L 5
i 2
o N— °
«VHS
?
. ; Te
K M r K PDOS (a.u.)

FIG. 3. Calculated band structure and projected density of states (PDOS) for ZrTe,
using the DFT method. VHS indicates a van Hove singularity.
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transitions corresponding to 1.55eV are indicated by the heavy lines,
whereas the dashed arrows indicate the additional 1.55eV for a two-
photon process. From the DFT calculations, it can be seen that there is
no one photon transition from the valence to conduction band neither
any two-photon transitions allowed by selection rule. This explains
that, in this experimental regime, there is no (or negligible) absorption
that can lead no nonlinear absorptive effects. Also, because the inci-
dent photon energy is below the gap corresponding to transitions to
higher conduction bands, only virtual transitions occur, and the self-
focusing nonlinear refraction measured is also explained by the band
structure calculation. It should also be pointed out that off resonance
transitions near point M of the band structure diagram are more likely,
since they take advantage of a van Hove singularity, which indicates a
higher oscillator strength. Clearly, changes in the bands’ shape and in
the distance between bands affect the optical nonlinearity of the TMD.
Important differences can be observed in the band structure of bulk
1T ZrTe,, as well as of monolayer ZrTe, in the 2H phase.
Additionally, defects are known to add energy-localized states, which
would also impact the obtained nonlinearity. Consequently, adjusting
flake thickness, phase, and defect content can be useful tuning knobs
for tailoring the optical nonlinearity.

In summary, we have reported on the third-order nonlinear opti-
cal studies of monolayer suspension of semi-metallic ZrTe, prepared
by a modified redox exfoliated method. The experimental results, sup-
ported by theoretical DFT calculations, showed a positive NLR and no
NLA at 800nm, 100 fs, 1kHz. This differs from recently reported
work in a similar spectro-temporal and intensity regime with metallic
NbS,, whereby NLR and NLA were observed, and with a change in
sign for NLR (from negative to positive) at a given intensity. Both val-
ues of n, in the range of 50-120 GW/cm® were in the same order of
magnitude, (3.0£0.1) x 107" cm®W for NbS, and (4.2 +0.3)
x 107" cm®/W for ZrTe,. Further time-resolved experiments as well
as a nonlinearity dispersion measurement will shed more light on the
understanding of the fundamental of light-matter interaction in this
nanomaterial.
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