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A new polar quaternary chalcogenide, NagMn,(Ge,Seg),, has been synthesized using the building-block
approach by reacting preformed NagGe,Ses and MnCl, at 750 °C. The structure consists of layers of [Na(1)
Mn(Ge,Seg)]>~ stacked perpendicular to the c-axis and sodium ions occupying the interlayer space. An
indirect bandgap of 1.52 eV has been calculated using density functional theory, which is expectedly un-
derestimated compared to the observed optical bandgap of 1.95 eV derived from diffuse reflectance
spectroscopic measurements in the UV/Vis/NIR region. Magnetic measurements confirm the paramagnetic

ﬁeﬁgv ords: nature of NagMn,(Ge,Seg), with an experimental magnetic moment of 5.8 i in good agreement with the
SHG theoretical spin only moment of 5.92 y; for high spin Mn?*. NagMn,Ge,Ses), exhibits a potentially wide
THG region of transparency in the measured range of 2.5-25pum. NagMn,(Ge,Seg), shows a modest second-
Polar crystal harmonic generation (SHG) response but with a high laser-induced damage threshold (LIDT) of ~9x
High LIDT AgGaSe,. Third harmonic generation (THG) measurements indicate that NagMn,(Ge,Seg), displays a high

Chalcogenides THG coefficient (1.9x AgGaSe,) at A =1800 nm.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Second-order nonlinear optical (NLO) materials that produce a
coherent beam in the infrared (IR) region find many applications in
telecommunications, IR remote sensing, and minimally-invasive
medical surgery [1-4]. On the other hand, third-order NLO materials
that exhibit third harmonic generation (THG), the frequency tripling
process, are less explored compared to second-order NLO materials.
THG materials can be used in several optoelectronic applications
[5-7]. While a noncentrosymmetric (NCS) structure is a prerequisite
to show second-harmonic generation (SHG), it is not necessary for
achieving THG. NCS quaternary chalcogenides with wide bandgaps

Abbreviations: NLO, Nonlinear Optical; LIDT, Laser-Induced Damage Threshold;
SHG, Second Harmonic Generation; TGH, Third Harmonic Generation
* Corresponding authors.
E-mail addresses: jjcoupling@sogang.ac.kr (J.I. Jang),
choudhurya@mst.edu (A. Choudhury).
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0925-8388/© 2021 Elsevier B.V. All rights reserved.

are perceived as promising NLO materials in the IR region of the
electromagnetic spectrum due to their exceptional transparency and
optimum bandgap compared to oxides [ 1-3]. A better understanding
and control of the synthetic methodology of chalcogenides has un-
locked several promising NLO candidates in the past decade for
example, LiGaGe,Qs [8], AxInpMQg(M = Si, Ge; Q = S, Se) [9],
LiszGES4 [10,1] ], LizMHGES4 [12] Na4MgM2565 [13], NazBaMQ4 [14],
AgZnPS, and LiZnPS4 [15], a-Li;ZnGeS4 [16], and Liz;MgGe,S; [17].
Among several main-group chalcometallate compositions, chalco-
germanates are unique because of their ability to form various
building blocks such as isolated ([GeQ4]*") [18], corner-shared
([Ge2Q7]°7) [19], and edge-shared ([Ge,Qs]*") [20] tetrahedral units
where Ge is formally in +4 oxidation state. On the other hand, there
exist Ge-Ge bond containing building units where Ge is formally in
+3 oxidation state as in the ethane-like building units, [Ge,Qg]®"
[21,22] and [Ge4Q10]% [22]. Depending on the mode of connectivity
between these building units and the other metal ions, M"*, where M
can be a rare earth, main group, or transition metal, different
structure types can be formed [12,13,16,23-28]. Though several
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compounds exist containing ethane-like chalcogermanate building
units [13,23,24,28,29], only NasMgGe,Seg crystallizes in an NCS
space group [13]. To the best of our knowledge, no transition metal
analogue of the NayMgGe,Seg structure-type has been reported thus
far, especially with the first row M?* transition metals (M = Mn, Fe,
Co, Ni). Hence, we sought to synthesize new NCS compounds con-
taining ethane-like building units and a transition metal. Towards
this approach, we have employed the solid-state metathesis route by
reacting preformed NagGe,Seg, which contains ethane-like building
units, and MnCl,. This strategy proved successful, as we have iso-
lated NagMn,(Ge,Seg),, which crystallizes in the polar, NCS space
group C2. In this article, we report the synthesis, crystal structure,
calculated electronic structure, and magnetic properties of
NagMn,(Ge,Seg), along with its linear and nonlinear optical prop-
erties, which make it an attractive new NLO candidate material.

2. Materials and methods
2.1. Synthesis

NagMn,(Ge,Ses), was synthesized using the metathesis route by
reacting NagGe,Seg and MnCl,. First, NagGe,Ses was prepared by
combining a stoichiometric composition of elements; 3 mmol of Na
(Sigma, 99.9%), 1 mmol of Ge (Acros Organics, 99.9%) and 3 mmol of
Se (Acros Organics, 99.5%) were heated in a sealed carbon-coated
quartz ampoule. The sealed tube was heated to 800 °C at a rate of
45 °C/h, held at that temperature for 2 h and subsequently cooled to
room temperature at a rate of 45°C/h. Greenish-yellow-colored
chunks of NagGe,Seg were recovered after breaking the ampoule
inside an argon-filled glove box. The crystals were found to be air
and moisture sensitive. The bulk purity of NagGe,Seg was confirmed
from laboratory-grade powder X-ray diffraction. NagGe,Ses and
MnCl, (1:1) were hand ground together for 15 min and the mixture
was loaded into a carbon-coated quartz ampoule. The sealed quartz
ampoule was heated to 750 °C at a rate of 25 °C/h and held for 96 h
followed by cooling to room temperature at a rate of 35 °C/h. Orange
color crystals were recovered after breaking the ampoule in air fol-
lowed by washing with 10% water in N, N dimethylformamide (DMF)
solution to remove the NaCl byproduct and to loosen the crystals. A
representative digital photograph showing DMF-washed crystals is
provided in Fig. S1 (Supplementary Material). The crystals were
found to be reasonably stable for several hours under ambient
conditions. NagMny(Ge,Seg), was also prepared by reacting a stoi-
chiometric combination of elements; 4 mmol of Na, 1 mmol of Mn,
2 mmol of Ge and 6 mmol of Se were heated in a sealed quartz tube.
The temperature of the furnace was raised to 600 °C at a rate of
20 °C/h and held for 96 h followed by cooling to room temperature at
a rate of 30°C/h. An appropriate crystal from the DMF-washed
product obtained from metathesis reaction was used for single
crystal X-ray diffraction.

2.2. X-ray crystallography

A good-quality crystal was chosen for single crystal X-ray dif-
fraction data collection on a Bruker Smart Apex CCD X-ray dif-
fractometer equipped with a sealed tube X-ray source with Mo Ka
radiation (A=0.71073 A). Low-temperature data sets were collected
at -53 °C with a step size of 0.3° in the  scan and 20 s/frame ex-
posure time using SMART [30] software. Data integration and ab-
sorption correction were done using the programs SAINT [31] and
SADABS [31], respectively. SHELXS-97 [32] and difference Fourier
syntheses were used to solve the crystal structures. Full-matrix
least-squares refinement against |F?| was carried out using the
SHELXTL-PLUS [32] suite of programs. Final refinements including
the anisotropic thermal parameters were carried out using SHELX-
2018 with the ShelXle graphical user interface [33]. The compound
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Table 1
Selected crystallographic data and refinement details for NagMn;,(Ge;Seg)>.

Empirical formula NagMn,Ge,Se,

Formula weight 1531.68 g/mol

Temperature 220(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group ()

Unit cell dimensions a=7727(4) A
b =11.943(7) A
c=7.085(4) A
$=106.682(6)°

Volume 626.4(6) A3

Z 1

Density (calculated) 4,061 Mgm™

Absorption coefficient 23.278 mm™!

Goodness-of-fit on F? 1.059

Ry I > 26(D)]F 0.0339

WR; (F?) (all data)® 0.0790

Absolute structure parameter 0.48(6)

Largest diff. peak and hole 2.021 and -1.234 e.A™3

°Ry = XlIFol = |Fel/ZIFol
PwRy =(Z[w(Fo* - FEVNZIWF* 1}, w =1/[c*(Fo)?
+2F2]/3

+(aP)? +bP], where P=[F,?

crystallizes in polar, NCS space group C2 (No. 5). Four sodium, three
selenium, one germanium and one manganese were easily located
from a difference Fourier map and refined isotropically with ac-
ceptable thermal displacement parameters. Taking into account the
occupancies of each element, a charge balanced formula of
NagMn,(Ge,Seg), was obtained (Z=1). It should be noted that in
order to be consistent with the previously reported compounds of
the general formula Najo_nxM'™*(M,Qg)2 (M = Si, Ge; M’ = Eu?*, La®*,
sm3, Pb%*, sSn®; Q = S, Se), [23,242829] a formula of
NagMn,(Ge,Seg), (Z = 1) has been used here instead of Na;MnGe,Seg
(Z=2). Selected crystallographic data and structure refinement de-
tails are provided in Table 1. Selected bond lengths are listed in
Table 2. Fractional atomic coordinates along with the corresponding
isotropic and anisotropic displacement parameters are provided in
Tables ST and S2, respectively (Supplementary Materials). The CIF
file has been submitted to CCDC (CSD 2126428) and can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Table 2
Selected bond lengths of NagMn,(Ge;Seg),.

Bond d(A) Bond d(A)

Mn1 - Se1#! 2.767(3) Na2 - Se2*® 3.032(6)
Mn1 - Se1#? 2.767(3) Na2 - Se1*’ 3.106(6)
Mn1 - Se2#? 2.826(3) Na2 - Se1*> 3.106(6)
Mn1 - Se2 2.826(3) Na2 - Se3 3.120(3)
Mn1 - Se3*> 2.837(2) Na2 - Se3*® 3.120(3)
Mn1 - Se3 2.837(2) Na3 - Sel 2.960(2)
Gel - Se3 2.345(2) Na3 - Se1*® 2.960(2)
Gel - Se2 2.344(3) Na3 - Se2#6 3.089(5)
Gel - Sel 2.364(3) Na3 - Se2*4 3.089(5)
Gel - Ge1** 2.402(2) Na3 - Se3*® 3.127(6)
Nal - Se3 2.990(5) Na3 - Se3*10 3.127(6)
Nal - Se3*4 2.990(5) Na4 - Se3*1! 2.932(6)
Nal - Se1*? 3.006(2) Na4 - Se3 2.932(6)
Nal - Se1*> 3.006(2) Na4 - Sel 3.006(6)
Nal - Se2*? 3.064(6) Na4 - Se1*!! 3.006(6)
Nal - Se2*> 3.064(6) Na4 - Se2*? 3.023(2)
Na2 - Se2*4 3.032(6) Na4 - Se2*® 3.023(2)

Symmetry transformations used to generate equivalent atoms:

*xoy, z-1; 2 x+1)2,y+112, 2, ¥ x, y, -z; ¥ x-1/2, y-1/2, z; ¥ x-1)2, y+1/2, z; #6
X+1)2,y+1)2, -2, *¥7 x+1,y, -z; ¥ x,y, z+1; #0 -x+1/2, y+1/2, -z+1; #10 x y,
-z+1; ¥ x+1,y, -z+ 1.
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Fig. 1. Comparison of simulated and experimental PXRD patterns of DMF washed
NagMn,(Ge,Seg), synthesized from solid-state metathesis reaction (NagGe,Seg +
MnCl,).

2.3. Powder X-ray diffraction

The laboratory-grade powder X-ray diffraction (PXRD) pattern
was obtained using a PANalytical X'Pert Pro diffractometer equipped
with a Cu Ko anode and a linear array PIXcel detector over a 20 range
of 5-90° with an average scanning rate of 0.0472° s~!. Hand-ground
samples were loaded into an air-tight cell covered with the Kapton
film to collect the PXRD pattern. The PXRD pattern of the DMF-
washed metathesis route synthesis product is provided in Fig. 1. The
experimental PXRD pattern matched very well with the simulated
pattern derived from the atomic coordinates of the single-crystal
structure solution, indicating phase purity. The finely-ground DMF-
washed samples derived from metathesis reactions were used for
further characterization and property studies. PXRD of the ele-
mental-route synthesis product is provided in Fig. S2
(Supplementary Materials), which shows presence of a small
amount of an unknown impurity. This sample was not used for any
property measurement or characterization.

2.4. Differential thermal analysis

Approximately 30 mg of sample was used to collect simultaneous
TGA-DSC data on a TA Instruments Q600 SDT from room tempera-
ture to 800 °C with a scan rate of 10°Cmin~! under an argon at-
mosphere. The DSC and TGA plots are provided in the
Supplementary Materials. The title compound was found to be
thermally stable up to 700 °C, after which it shows a melting be-
havior followed by weight loss, which could be due to selenium loss
(Fig. S3).

2.5. Magnetic measurements

The molar magnetic susceptibility —measurements of
NagMn,(Ge,Seg), were carried out with a Quantum Design MPMS
SQUID magnetometer while warming in a 2 T applied field from 2 to
300K under zero-field-cooled and field-cooled (ZFC and FC) condi-
tions. The isothermal magnetization was subsequently measured at
5 and 300K in varying applied magnetic fields of -5 to +5T.
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2.6. Diffuse reflectance UV/Vis/NIR spectroscopy

The optical bandgap was determined from the diffuse reflectance
data obtained from a Varian Cary 5000 UV-Vis-NIR spectro-
photometer. The specimen was quickly ground, pressed on top of the
100% reflectance standard, BaSO4 (Fisher Scientific, 99.92%), and
loaded into the Harrick Praying Mantis accessory. Scans were col-
lected between 2500 and 200nm at a rate of 600nm min ..
Wavelength values were converted to energy in electron volts and
reflectance data were converted to absorption through the Kubelka-
Munk equation [34].

2.7. Attenuated Total Reflectance (ATR) Fourier Transform Infrared (FT-
IR) spectroscopy

A Thermo Nicolet 380 FT-IR spectrometer outfitted with an at-
tenuated total reflectance (ATR) accessory was used to collect optical
transparency data in the IR region. This setup allows a diamond
crystal to be in optical contact with the sample, in this case a mi-
crocrystalline powder, resulting in a depth of penetration into the
sample that approaches the lower limit of the powder sample par-
ticle size, ~2 pm. As a result, the effect of thickness dependence on
the intensity of the obtained spectrum is rendered negligible [35].
The spectrum, collected and analyzed with the OMNIC software,
consists of 32 scans from 400 cm™! to 4000 cm™'.

2.8. Nonlinear optical (NLO) characterization

Polycrystalline powder of NagMny(Ge,Seg), was provided for
NLO characterization. Samples were sieved with size ranges of
20-45um, 45-75um, 75-90pum, 90-125um, 125-150 pm, and >
150 um to examine the phase-matching behavior of SHG and THG,
laser-induced damage threshold (LIDT) and two-photon absorption
(2PA) coefficient 8 of the sample. Each sample was sealed in a glass
capillary tube and mounted on a homemade sample holder. The SHG
and THG efficiencies of the sample were compared with an optical-
quality reference material, AgGaSe,, obtained from G&H, Cleveland,
that was ground to a powder and prepared in the same fashion as
the sample under investigation. Note here that the particle size
ranges for the reference are slightly different from those for the
sample, but this does not affect our determination of the NLO
properties.

The series of NLO measurements were carried out at room
temperature using the input wavelength (A= 1800 nm) and intensity
(0.67 GW/cm?). We confirmed that sample damage at this intensity
is insignificant. Coherent light with a wavelength of 1064 nm was
initially produced using an EKSPLA PL-2250 series diode-pumped
Nd:YAG laser with a pulse width, 7, of 30 ps and a repetition rate of
50Hz to generate tunable pulses. The Nd:YAG laser pumped an
EKSPLA Harmonics Unit (HU) H400, in which the input beam was
frequency tripled by successive NLO processes of SHG and sum
frequency generation (SFG). The beam then entered an EKSPLA
PG403-SH-DFG Optical Parametric Oscillator (OPO) composed of
four main parts: (i) a double-pass parametric generator, (ii) a single
pass parametric amplifier, (iii) a second-harmonic generator (SH),
and (iv) a difference frequency generation (DFG) scheme. The output
wavelength from the OPO used in our experiments was 1800 nm.
This wavelength was deliberately selected in order to ensure that
SHG (900 nm) occurs below the bandgap of both the test sample and
the reference. This implies that bandgap absorption of SHG can be
neglected in the x2) measurement. However, the corresponding
THG wavelength is 600 nm, which is above the bandgaps for the title
compound and the reference. On the other hand, the LIDT experi-
ment was performed at »=1064 nm, which is a typical wavelength
for DFG to generate mid-IR radiation. Since both the sample and the
reference are optically transparent at 1064 nm, two-photon
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absorption (2PA) is the major mechanism for laser-induced damage.
The SHG and THG signals were collected using a reflection geometry
and a fiber-optic bundle coupled to a spectrometer equipped with a
CCD camera. The data collection time was 30 s for SHG and 300 s for
THG. A detailed description of our laser and detection setup can be
found elsewhere [12].

2.9. Electronic structure calculations

Spin polarized electronic band structure calculations were per-
formed using DFT as implemented in the Vienna ab initio simulation
package (VASP) [36-39]. We employed the revised Perdew-Bur-
ke-Ernzerhof generalized gradient approximation (PBESol) [40] to
the density functional and used Projected Augmented Wave (PAW)
pseudopotential to describe the effect of the core electrons with the
following states treated as valence states: 4s and 4p for Se, 4s and 4p
for Ge, 3p, 4s and 3d for Mn, and 3s for Na. The kinetic energy cutoff
was set to 520 eV and Monkhorst-pack k-point grid size of 7x4x7
was used for Brillouin zone integration [41]. Total energy con-
vergence criterion was set to 107® eV. The rotationally invariant
Hubbard-U type (U = 3 eV) [42] was used to correct the strong cor-
relation of d electrons in Mn?* ion. The structure was fully relaxed
until the force on each atom was below 0.001 eV/A.

3. Results and discussion
3.1. Synthesis and crystal structure

Solid-state metathesis stands unique compared to traditional
elemental or polychalcogenide flux synthesis in terms of precise
product control. Our hypothesis was to replace two sodium ions by a
divalent transition metal ion, Mn?*, in NagGe,Seg expecting a pro-
duct in which transition metal ions will covalently connect the
preformed ethane-like building units, [Ge,Seg]®”, to form a layer
while the charge balancing Na* ions will fill the interlayer space. In
this way, one could avoid the formation of several thermo-
dynamically stable binary or ternary phases and form a quaternary
phase in which the transition metal preserves its original oxidation
state, and the building unit remains intact during the reaction. Fig. 2
shows the solid-state metathesis scheme adopted here with the
product retaining the starting building unit and illustrates the mode
of connectivity between ethane-like building units [Ge,Seg]®™ and
Mn?* to generate a more predictable composition and structural
features.

+ MI’]CIZ

e

Q@Ge
@ Na

Fig. 2. Schematic representation of the solid-state metathesis reaction, showing the mode of connectivity between ethane-like [Ge,Seg

to the formation of layers in the ab plane.
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NagMn,(Ge,Seg), crystallizes in polar, NCS space group C2, and it
is isostructural to NasMgGe,Seg [13]. The asymmetric unit of
NagMn,(Ge,Seg), consists of four sodium atoms located on 2b and
2a Wyckoff sites, one germanium atom and three selenium atoms
located on the 4c Wyckoff site and one manganese on the 2a
Wyckoff site (Fig. 3a). The structure of NagMn,(Ge,Seg), can be ex-
plained in terms of close packing (CP), where the anions form a
hexagonal close packing (hcp) array in which 5/6th of the octahedral
holes are filled by Na and Mn atoms, and the remaining octahedral
holes are filled by the Ge-Ge dimer placed parallel to the anion layer
(Fig. 3b). Such placement of the Ge-Ge dimer forces Ge to coordinate
with the two opposite trigonal faces of the octahedron forming an
ethane-like dimer. Considering the standard oxidation state of Na,
Mn and Se as +1, +2 and -2, respectively, a formal charge of +6 can be
assigned to the [Ge-Ge] unit. In other words, the structure contains
ethane-like building units, [Ge,Seg]®”, connecting the transition
metal ions and Na ion forming layers of [Na(1)Mn(Ge,Seg)]>. The
center of the Ge-Ge bonds is located in octahedral interstitials in the
[Na(1)Mn(Ge,Seg)]>" layers (Fig. 3c). The [Na(1)Mn(Ge,Seg)]*~ layers
are separated by sodium atoms along the c-axis of the unit cell.
Manganese and sodium ions adopt distorted octahedral coordination
with Mn-Se and Na-Se bond distances in the range of 2.767(3) -
2.837(2) and 2.932(6) - 3.127(6) A, respectively. Coordination en-
vironments of the four sodium atoms are provided in Fig. S4
(Supplementary Materials). The orientation of the Ge-Ge bond
(2.402(2) A) makes an angle of 18.43°(6) with the layer plane, similar
to the isostructural Na;MgM,Segs (M = Si, Ge). Though several com-
pounds with the general formula Naj,_n My""(Ge,Qs)z (Q = S, Se)
have been reported, there exist subtle structural differences among
them. Compounds containing trivalent metal ions (M>") with general
formula NagM(Ge,Qs)> (M = La3*, Sm>*; Q = S, Se) [24,29] crystallize
in a centrosymmetric space group in which rare earth (M) and
sodium ion occupy the same crystallographic site (25:75), with
Ge-Ge bond making an angle of 19.2° with the layer plane. Com-
pounds containing divalent metal ions with general formula
NagM,(Ge,Qs), (M = Eu?*, Pb?*, Sn?*; Q = S, Se) [23,28] also crys-
tallize in a centrosymmetric space group in which M** and sodium
ion occupy the same crystallographic site (50:50) with Ge-Ge bond
perpendicular to the layer plane. However, recently reported
NasMgGe,Seg adopts an NCS structure in which the Mg?* ion occu-
pies an independent crystallographic site with the Ge-Ge bond
making an angle of 18.54°(3) with the anion layer unlike other M?*
compositions. The reported compound NagMny(Ge,Seg), is thus
isostructural to the Mg analogue. These subtle structural differences

¢

1%~ units and transition metal Mn?", leading
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Fig. 3. (a) Asymmetric unit of NagMn,(Ge,Seg),; (b) View along the a-axis showing an ABAB-type close packing of anion layers with cations filling octahedral holes; (c) View along
the b-axis showing the orientation of the Ge-Ge bond with respect to the layer plane.

between the similar compositions could be due to the different ionic and a Curie-Weiss constant (6,) of -23.88 K, respectively. A Curie-

radii of the metal cations. Weiss constant (6,) with a negative value indicates overall anti-
ferromagnetic (AF) interactions between Mn(II) ions, albeit no sign
3.2. Magnetic properties of any AF ordering up to the lowest temperature measured. The

experimental magnetic moment per manganese derived from the

. . Curie constant is 5.8 g, which is very close to the spin-only
Fig. 4a shows the temperature dependence of magnetic sus- maenetic moment of 5.92 for high spin Mn2* with five unpaired

ceptibility and corresponding inverse molar magnetic susceptibility & I8 Hp &1 5P o P

of NagMns(Ge,Se), in an applied field of 2T from 2 to 300 K. The d electrons. The variable field isothermal magnetization measured at

asymptotic nature of y,, vs T plot within the measured temper.;lture 300K shows a sluggish increase in the magqetization to a.value of

range indicates a paramagnetic behavior without any ordering. The O.11 Nug at 5T, wh.er.eas at3K, the magnetlza.tlon gradua}ly increases

temperature dependence of the inverse magnetic susceptibility x;,' u5p Nt ° 2'f86 E“ Bl; gl‘.llnl%/l~§9 AFAOf ige theoretical saturation moment

(T) shows a linear behavior and fitting of the Curie-Weiss law be- (5 Nug) for high spin Mn®" (Fig. 4b).

tween 200 and 300K yields a Curie constant of 4.206 emuKmol™!
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Fig. 4. (a) Temperature-dependent molar and inverse molar magnetic susceptibility of NagMn,(Ge,Seg), acquired at an applied field of 2 T. The red line indicates linear fitting of
the data. (b) Isothermal M-H scans at 5 and 300 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5



S. Balijapelly, AJ. Craig, J. Bin Cho et al.

(a) s (b)

Journal of Alloys and Compounds 900 (2022) 163392

(c)s

44
= 3+ '(/)
£ o)
3 a
e, 2
1
O T T T T T

E-E, (eV)

Energy (eV)

r Y ™M A 71TlL TV

High symmetry points

Fig. 5. (a) Absorption vs photon energy constructed from the diffuse reflectance UV-Vis-NIR data of NagMn,(Ge,Seg),; (b) Partial density of states of NagMn,(Ge,Seg), calculated

using DFT +U by applying U =3 eV; (c) Electronic band structure of NagMn,(Ge,Seg).
3.3. Optical bandgap and band structure analysis

Diffuse reflectance measurements were performed on an as-
synthesized, powder sample of NagMn,(Ge;Ses),. The equation ahv
=A(hv - Eg)™ was employed to estimate the optical bandgap, where a
is the absorption coefficient (Kubelka-Munk function), hv is the
photon energy, and m =1/2 and 2 depending on whether the tran-
sition is direct or indirect, respectively. NagMn,(Ge,Seg), exhibits
linearity in the hv vs. (ahv)'? plot suggesting an indirect nature of
the bandgap with a value of 1.95 eV (Fig. 5a).

In order to understand the origin of bandgap and the contribu-
tion of orbitals to the Fermi level, spin polarized electronic band
structure calculations at the DFT level were carried out. Because of
the presence of localized d electrons, an additional Hubbard-like
term with simplified Dudarev approach Ueg =U - J =3 eV, was used
for Mn 3d orbitals. Fig. 5b displays the partial density of states
(pDOS) with a bandgap of 1.52eV. This value is in reasonable
agreement, i.e. expectedly underestimated, with the experimental
bandgap of 1.95eV obtained through diffuse reflectance spectro-
scopy (DRS) measurements. The pDOS shows that the states at the
top of the valence band have major contributions from Se p orbitals
and Mn d orbitals, whereas the bottom of the conduction band has
major contributions from Se p orbitals and Ge s orbitals. Band dis-
persion along the high symmetry points in the Brillouin zone is
provided in Fig. 5¢. The band dispersion shows the indirect nature of
the bandgap, which agrees well with the experimental DRS mea-
surements. The top of the valence band occurs at the I point and the
bottom of the conduction band occurs at the A point of the Brillouin
zone. Note that in the isostructural Na;MgGe,Ses, the contribution
from Mg to the top of the valence band is not very significant. This
suggests predominant ionic interactions between Mg and Se, thus
resulting in a wider bandgap of 2.53eV compared to
NagMny(Ge,Ses), which has the bandgap of 1.95eV as the Mn d
orbitals have significant overlap with the Se p orbitals and that raises
the Fermi level [13]. Therefore, substitution with other M*? metals
for Mn could further tune the bandgap of this compound.

3.4. Optical transparency

ATR FT-IR spectroscopy of a microcrystalline specimen of the title
compound was used to gain a preliminary assessment of the window
of optical clarity. NagMny(Ge,Seg), exhibits a potentially wide region
of optical transparency throughout the measured range of 2.5-25 pum
(Fig. 6). A more accurate assessment of the transparency can only be
determined on a high-quality, sizeable single crystal specimen. As
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Fig. 6. Transmittance (%) from 2.5 um to 25 pm for NagMny(Ge,Seg),.

generally expected for chalcogenides, the IR transparency is theo-
retically high and extremely attractive.

3.5. Second and Third Harmonic Generation (SHG and THG)

A plot of the SHG counts of the sample (red) and the reference
(black) as a function of particle size range for A =1800 nm is shown
in Fig. 7a. The compound is non-phase matchable, as the measured
SHG counts decrease with increasing particle size, although there
are some oscillatory behaviors in the middle sizes due to the phase-
matching factor of a sinc function squared [43]. The second-order
susceptibility of the sample, ;(5(2), was compared with that of Ag-
GaSe, using the Kurtz powder method [12,43] for the non-phase-
matching case;

SHG \1/2
22 = 2 k(B
S R ls I}gH(; '

(1)
where M6 and Iz%HC are the measured SHG counts from the sample
and the reference and Is and I are the experimentally estimated SHG
coherence lengths of the sample and reference, which are 60 and
32.5 pm, respectively. Using (¥~ 66 pm/V for AgGaSe, [16], our

SHG
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article.)

calculation yields xs(z)(Nagan(GezSeG)z) ~ 32+03pm/V at
1800 nm.

In order to assess the LIDT, the SHG counts of AgGaSe, and
NagMn,(Ge,Seg), of the powder diameter d =106 - 125 um were
measured as a function of input laser intensity at 1064 nm (Fig. 7b
and c). AgGaSe, and NagMn,(Ge,Seg), are both 2PA active at this
excitation wavelength. Note here that a lower 8 value corresponds to
a higher LIDT. The SHG counts, measured as a function of input in-
tensity, are expected to increase according to the square power law
as given by

I 2
we o 7 ) @

where [ is the fundamental intensity, Isyc is the SHG intensity, j is
the 2PA coefficient, d is the particle size of the microcrystalline
powder, and a is a proportionality constant that incorporates y?,
We estimated the LIDT as the intensity in which the data (dots)
deviate from the black dashed line in Fig. 7b and c. Accordingly, the
LIDT and 8 of AgGaSe, are 0.2 GW/cm? and 48.9 cm/GW and those of
NagMn,(Ge,Seg), are 1.8 GW/cm? and 4.8 cm/GW, respectively.

Although the second-order nonlinearity of the sample is small, it
is notable that the title compound is less prone to optical damage,
which may be due to its wider bandgap compared with that of the
reference. The figure of merit (FOM) for the SHG performance can be
defined by [y® [2/8. The corresponding values, including x‘), g, LIDT
and FOM for the sample and reference are listed in Table 3.

Lastly, the THG responses of NagMn,(Ge,Seg), and AgGaSe, were
examined using the smallest particle size with an incident wave-
length of A=1800 nm (Fig. 8), because it is quite certain that both
sample and reference would exhibit non-phase-matching THG with
a larger phase mismatch between the fundamental frequency and
the THG frequency, compared with the case for SHG. Note here that
THG radiation would be efficiently absorbed by both sample and
reference because the corresponding THG photon energy is about
2.07eV (600nm in wavelength) that is above their bandgaps.

Table 3
Comparison of NLO properties of the sample and the reference.
AgGaSe, NagMn, (Ge;Seg)2
2@ (pm/V) (1=1800 nm) 66 32:03
8 (cm/GW) (A =1064 nm) 489 48
LIDT(GW/cm?) (A= 1064 nm; =30 ps) 0.2 1.8
FOM 89.1 21+£10

A =1800 nm
600 - —— AgGaSe,

—_ NaMn (Ge,Se,),
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Fig. 8. THG measurements of AgGaSe, (black) and NagMn,(Ge;Seg), (red). (For in-
terpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Typically, a good SHG material also exhibits a good THG response.
Therefore, it is rather surprising that the THG counts from the
sample are about 3.8 times larger than those from the reference,
although this could arise partly from more severe THG absorption by
the reference having a smaller bandgap of 1.80 eV.

The x{¥ value for NagMny(Ge,Seg); was calculated from the ex-
perimentally measured THG counts from the sample (If¢) and the

reference (Iff¢) by using

3) — .0 (IsTHG )”2
Xs = = XR
IgHe (3)

where x is about 1.6x 10> pm?/V? [7] and the THG coherence
lengths, being much smaller than our smallest sieve size, are as-
sumed to be same for simplicity. Eq. (3) yields x{¥ ~3.0 x 10° pm?/v?
at 1800 nm for our sample. This value could be somewhat over-
estimated, but our initial assessment clearly indicates that
NagMn,(Ge,Seg), is a good candidate material for various applica-
tions utilizing the third-order nonlinearity.
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4. Conclusions

A new polar, paramagnetic semiconductor compound,
NagMny(Ge,Seg),, was synthesized. NagMny(Ge,Seg), shows high
LIDT (9x AgGaSe;) and modest SHG response. More importantly,
THG measurements indicate that NagMny(Ge,Seg), shows a strong
THG response at 1800 nm. The observed NLO properties of the title
compound are rather unusual, exhibiting a modest x{?) and an ex-
cellent ), which needs more investigation in the future. Although
NagMn,(Ge,Seg), is less attractive in terms of SHG efficiency at this
moment, it is believed that there are avenues to improve the NLO
properties by systematic derivatization of the constituent elements
to induce larger dipole moments. High LIDT, modest SHG, and strong
THG response along with potentially wide IR transmission range
make the title compound a promising candidate for various IR NLO
applications.
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